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ABSTRACT

A mathematical solution to the pressure assisted 
infiltration of powder compacts is presented and confirmed 
experimentally by the infiltration of 100 grit green a- 
silicon carbide with aluminum, aluminum-1 w t . pet. silicon 
and aluminum-1 wt. pet. magnesium. Applied pressure was 
required for infiltration of this system to occur. The 
"threshold pressure" required was dependant upon alloying 
addition and ranged from 69kPa to 98kPa at temperatures up 
to 670°C. Pressure was also necessary for infiltration 
at 1050°C however the "threshold pressures" were not 
determined. An initiation time was found to be associated 
with the infiltration of silicon carbide with aluminum.
The initiation time was dependant upon alloying and 
decreased with increasing temperature and pressure. 
Infiltration kinetics data were also obtained. The range 
of infiltration rates determined experimentally was 
comparable to calculated rates, however the effect of 
alloying, temperature and pressure could not be discerned 
experimentally due to inadequate sensitivity of the test 
procedure.
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1. INRODUCTION

Metal matrix composites have attracted interest as 
potential engineering materials for aerospace structural 
applications. The advantages obtainable with metal matrix 
composites as opposed to conventional materials are 
superior strength to weight ratios, elastic modulii and 
dimensional stability. In figure I the specific (density 
normalized) strength and stiffness of composites are 
compared to that of conventional metals. Metal matrix 
composites demonstrate strength to weight ratios comparable 
to titanium alloys, in addition to specific stiffnesses as 
much as six times greater than the conventional alloys.

The properties of metal matrix composites can be 
tailored by the volume fraction and/or orientation of the 
reinforcement within the matrix. The effect of varying the 
volume fraction of silicon carbide particles or whiskers on 
the Young's Modulus of aluminum matrix composites is 
demonstrated in figure 2. When continuous fiber 
reinforcement is used the resulting mechanical properties 
which are highly directional may be altered by changing the 
number and/or orientation of the plies. Presented in
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figures 3 and 4 is the effect of varying fiber volume 
fraction and cross ply angle on the stiffness and 
coefficient of thermal expansion of a graphite fiber - 
magnesi um matri x composite.

The most interesting point of figure 4 is that a zero 
coefficient of thermal expansion is obtainable in a 
graphite reinforced composite. Coefficients of thermal 
expansion much lower than conventional metals are 
obtainable through the use of many ceramic reinforcing 
materia 1. This is an important property for space 
applications where 220°C fluctuations in temperature are 
experienced during each orbit of the earth.

Metal matrix composites have been fabricated by various 
techniques; the most successful of which have been the solid 
state processes. These include powder metallurgy processing 
and 1 a m inati on of f i bers and meta1 by di ffus i on 
b o n d i n g ( Z ) .  Liquid metal processes have had less success 
however they are potentially more economical. Moderate 
success has been experienced with both the addition of the 
ceramics to the liquid metal prior to casting and the 
infiltration of ceramic p r e f o r m s ^ ) .  The primary obstacle 

to the liquid metal techniques is the non-wetting nature of 
the ceramics which results in floculation, voids at the 
interfaces and incomplete infiltration. Various
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techniques have been employed to overcome these 
problems(4). a better understanding of the properties 
which affect the infiltration behaviour will enable these 
problems to be overcome by the modification of the liquid 
metals and/or ceramic reinforcements.

1.1 SCOPE OF RESEARCH

The low density of an aluminum matrix reinforced with 
the mechanical properties of silicon carbide has made 
silicon carbide-a1uminum matrix composites one of the most 
attractive engineered materials. Presented in table I are 
some of the more important properties typical of these 
components. In addition to low density, aluminum offers 
precipitation strengthening and relatively low cost.
Silicon carbide has high stiffness and strength and is 
stable at elevated temperatures. In comparison to other 
ceramics, silicon carbide has good thermal shock resistance 
due to its high thermal conductivity and low coefficient of 
thermal expansion. Developments over the past few years in 
the production of silicon carbide whiskers and fibers have 
made these materials more economically attractive(5).
These developments include; production of silicon carbide
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Table I

Typical Properties of Silicon Carbide Reinforcements and 
Aluminum Matr i ces(2*5,6)

Density Tensile Strength Young's Modulus CTE 
(g/cc) (MPa x 10’ 2) (MPa x 1CT5) ( C - ^ x l O 6

SiC
Whiskers 3.17 141-423 4.92-10.52 4.3
Filaments 3.35 28.2 4.56 3.8

A1 A 1lovs
2024(0) 2.77 1.9 0.70 23.6
2024(T6) 2.77 4.9 0.70 23.6
6061(0) 2.70 1.3 0.70 23.6
6061(T6) 2.70 3.2 0.70 23.6
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monofilaments by chemical vapor deposition onto a carbon 
fiber core, production of relatively inexpensive silicon 
carbide whiskers from rice hulls and the development of 
multifilament silicon carbide yarn from a spun polymer 
precursor.

The most important factor in designing a composite 
system is that the components must be brought together to 
form a strong bond at their interface. This has been 
demonstrated with silicon carbide-a1uminum matrix 
c o m p o s it e s (^ . The mechanical properties presented in 
table II are evidence that satisfactory bonding occured at 
the fiber/matrix interface.

The Arco material mentioned in table II was 
manufactured by mixing silicon carbide whiskers with 
prealloyed aluminum powder, cold compacting and vacuum 
degassing and then by hot pressing above the solidus 
temperature of the alloy to achieve 100 pet. 
densification. This processing sequence has been used to 
combine silicon carbide whiskers, fibers and particulate 
with a number of heat treatable aluminum alloys. Billets 
produced by this method can be subjected to further 
thermomechanical treatments such as extrusion and 
forgingO). The primary disadvantage of powder metallurgy 
processing is the cost and that it is unsuitable for
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Table I 1

Base 1ine Meehani c a 1 Properti es of Silicon Carb i de- 
A 1um i num Matrix Compos ites

Process ing 
H istory

Extruded from Extruded from powder
cast billet" metallurgy billet""

Materi a 1

Yield 
Strength(MPa)

15 v/o part i d e s  
6061-T6 2014-T6

346 463

20 v/o whiskers 
606I-T6 2124-T6

446 655

Tensi1e 
Strength(MPa)

355 502 586 826

E 1ongati o n (%) 3.0 3.2 2.3 1 . 0

Modulus x 10” 3 (MPa) 95.8 95.6 120

* Durai Aluminum Composites Corp.; San Diego, Ca. 
** Arco Chemical Co.; Greer, S.C.
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continuous fibers which may be necessary for the 
opt i m i zation of mechan ica1 propert i e s .

Continuous silicon carbide f iber-a1uminum matrix 
composites have been fabricated by solid state 
processes(2). Monolayer sheet and tape have been 
produced by roll bonding and step pressing. More complex 
parts such as jet engine fan blades have been fabricated by 
hot pressure bonding. The primary drawback to these 
processes are the limitations on shapes and fiber 
orientation. Cross plying or poor alignment of fibers may 
result in fiber breakage when subjected to the pressure 
required for diffusion bonding.

Liquid metal processes which have had limited success 
are compucasting, pultrusion and infiltration^). The 

problems associated with the liquid metal processes are due 
to non-wetting and dégradât i on of the sili con carbide by 
reaction with the aluminum(lO). Non-wetting of particles 
results in floculation of the SiC when mixed into the melt 
prior to casting^ This problem has been overcome by
Compucasting(12). Compucasting involves stirring the 

silicon carbide into the melt while it is maintained 
between the liqui dus and the solidus temperatures. Since 
the liquid metal and particles form a slurry the silicon 
carbide can be maintained in a dispersed state until it
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reacts with the aluminum and a bond is formed. To date, 
composites produced by this process have been characterized 
by voids and poor bonding at the interface.

Vacuum casting and pressure(squeeze) casting(*3) have 
been applied to the infiltration of silicon carbide fibers. 
The application of these processes has had limited success 
due to partial infiltration and poor fibei— matrix 
bondi n g (14). They do however offer cons iderab1e 
potential for the production of billets and more 
shapes such as tubes and missile cases where the 
advantage of continuous fibers may be realized.

1.2 OBJECTIVE OF THE PRESENT RESEARCH

The advantages of producing silicon carbide-aiuminum 
matrix composite by liquid metal infiltration techniques 
cannot be fully utilized without improvements related to the 
understanding of the infiltration behaviour and fiber/matrix 
bonding. Previous investigations have focused on the 
effects of processing parameters such as pressure, 
temperature, void characteristics and a 11oying(15* 16).
The present work investigates the validity of an 
infiltration behaviour model which considers the physical

economic 
intricate 
ful 1
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properties of the liquid and preform. These include 
viscosity, density, surface tension, wettability and pore 
size. The objective is to correlate the infiltration 
behaviour anticipated on the basis of known physical 
properties of the materials with the results obtained 
experimentally. In addition it is postulated that the 
infiltration behaviour can, in turn, be related to the 
bonding of the components.
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2.0 LITERATURE REVIEW

In order to improve our expectations of the results of 
the experiments to be performed, published literature was 
reviewed. The subjects of interest were the physical 
properties of liquid aluminum, the wetting of silicon 
carbide by aluminum and the bonding between aluminum and 
silicon carbide. The literature reviewed was found with 
the assistance of a computer search of Metals Abstracts and 
Chemical Abstracts, and references listed in various 
publicat ions.

2.1 PHYSICAL PROPERTIES OF ALUMINUM

This section reviews the physical properties which are 
expected to influence the infiltration behaviour of 
a 1 urni num and a 1 urninum a 11oys into a s i1i con carbide 
preform. Since the published data were obtained by various 
investigators with different techniques and alloy systems, 
some discretion has been excerc i sed in presenting the most 
consistent data within the text. Additional data has been 
prov i ded in the Append ices.
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2.1.1 Vi scositv

The viscosity of a fluid is a dynamic property related
to its resistance when subjected to a shear rate. Most
theoretical treatments of the internal mechanics of 
viscosity of liquid metals can be attributed to the work of 
Andrade^17,18). Andrade postulated that the viscosity of 
a liquid metal is related to the ability of the atoms to 
transfer momentum between themselves. The viscosity at the 
melting point can be related to the interatomic forces by

n = 5. 1 x 10-1* (ATm /Va 2/3)1/2,

where n is the viscosity, A is the atomic weight, Tm is 
the melting temperature and Va is the volume of a 
gram-atom at temperature Tm . The effect of increasing 
temperature is to interfere with the exchange of momentum 
resulting in a decrease in viscosity. Andrade postulated 
that viscosity exhibits an Arrenhius behaviour described by

nV 1/3= Ae<C/VT),

where A and C are constants, V is the specific volume and T 
is the temperature.
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Methods used for measuring the viscosity of liquid 
aluminum can be grouped into either rotational or 
oscillating viscometers. The principle behind the 
rotational viscometer is that a body rotating relative to a 
fluid encounters a drag force which results in a torque 
that can be related to the viscosity of the fluid. The 
other approach is to oscillate a pendulum in a fluid and 
observe the dampening due to viscous drag. References 19 
and 20 offer a good review of these techniques.

The primary difficulty in applying either technique to 
measuring the viscosity of aluminum is minimizing 
oxidation. Since the viscosity of aluminum is extreme1 y 
low relative to its dross any oxide formation will have 
significant effect upon the test results. For this reason 
the oscillating viscometers have become more popular in 
recent studies since their design facilitates better 
atmosphere control.

Viscosity data for aluminum and some of its alloys is 
available in references 21-28. All of these investigations 
have demonstrated that the viscosity decreases with 
temperature. There are some indications that a sharp 
increase occurs near the melting point. There may also 
exist a transition point around 7650C above which the 
viscosity remains nearly constant.
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The effect of alloying is dependent upon the system. 
Jones and Bartlett have found that the viscosity of a 
binary eutectic increases with alloy content up to the 
limit of solid solubility; decreases between the limit of 
solid solubility and the eutectic composition, then 
increases with alloy content above the eutectic. This 
behaviour is in disagreement with the work of Gebhardt 
which is presented in figure 5.

2.1.2 LIQUID-VAPOR SURFACE TENSION

Li quid-vapor surface tension is the result of 
incomplete atomic coordination at the interface between the 
liquid and its vapor or a nonreactive atmosphere.
Theoretical calculations of liquid metal surface tensions 
have been made based upon the energy required to break 
chemical bonds and changes in electron distribution and 
plasmon density due to creation of a new s u r f a c e (29). 

Correlations have been made with parameters such as melting 
point, heat of vaporization, coordination number of atoms, 
molar volume, atomic number, plasma frequency and bulk 
modu1 u s (30,31,32,33)# The temperature coefficients of the 

surface tension of liquid metals has been correlated with 
the bulk coefficient of thermal expansion, molecular weight.
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surface active solutes and differences between the 
densities of the liquid and vapor(34,35)e

Several methods have been developed for the measurement 
of 1iquid-vapor surface tension. References 36 and 37 
offer reviews of these techniques and their application to 
liquid metals. The most used techniques are the 
pendant-drop and drop-weight methods because they eliminate 
contamination from sources such as supports and capillary 
tubes.

Liquid-vapor surface tension values for aluminum and 
aluminum alloys are cited in references 38 and 39. There 
are however significant discrepancies in reported values 
primarily due to differences in measurement techniques.
Caution must therefore be taken when comparing data from 
different sources, but may at least be used to indicate 
trends in alloying and temperature effects. There is 
agreement that the surface tension generally decreases 
linearly with temperature however their are discrepancies 
as to the coefficients and their physical 
s i g n i f i c a n c e ^ ^  . The effect of alloying is dependent 
upon the alloying elements. This is demonstrated in figure 
6 which presents values obtained by Lang(^1,42,43)#



AT
 

7
0

0
°C 

(kg
 

- s
'2

)

T-3396 20
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Figure 6 . Variation of the Surface Tension of Aluminum at 
700°C with Alloying Weight Percent
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2.1.3 WETTABILITY

Wettability is not a physical property per se, however 
it is commonly used to describe the interaction of the 
surface tensions acting on a two phase system. The most 
common method of assessing wettability in a two phase 
system is the sessile drop experiment in which a drop of 
the liquid phase is observed on a flat substrate of the 
solid phase. The forces acting on the drop at equilibrium 
are described by the Young-Dupre equation;

ysv = YSL + YLV c o s  0 ,

where ysv* YSL* and YLV are the sol id-vapor, 
solid-liquid and 1iquid-vapor surface tensions respectively 
and the contact angle, 6 , is formed by the tangent to the 
liquid surface at a point of contact with the solid as 
depicted in figure 7. The contact angle is often used as a 
measure of wettability. Values of 0 less than 90° 
indicate wetting, similarly non-wettability is defined by 
values of 0 greater than 90°.

Although the sessile drop experiment is a common method 
of determining contact angle, there is a lack of consistency 
between available data for the silicon carbide-a1uminum



XSL

Figure 7. Schematic of a Sessile Drop
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s y s t e m (44,45)# The measurement is complicated by the 

nature of the silicon carbide-a1 urninum interface. Since 
both constituents generally have an oxide layer some 
sources may actually be reporting equilibrium contact 
angles for aluminum in contact with an oxide. While it is 
believed that this oxide layer may decompose given adequate 
time and temperature(^ ^  this may be accompanied by the 
formation of aluminum carbide at the interface.
Measurements of the contact angle for this system are 
therefore very sensitive to material preparation, time, 
temperature and atmosphere.

Data obtained by Kohler(46) for several aluminum 

alloys in contact with silicon carbide are presented in 
figure 8 . This data indicates that these systems 
experience a transition from non-wetting to wetting between 
900°C and 1000°C. Outside of this range temperature 
has very little effect. This transition may be the result 
of either the breakdown of a passive oxide and/or the 
formation of aluminum carbide. Alloying additions 
apparently do not affect the degree of wetting outside the 
transition temperature range but do alter the temperature 
range over which the transition occurs.
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2.1.4 DENSITY

A review of techniques for the measurement of the 
density of liquid metals is presented in reference 47. 
Density decreases linearly with temperature. The effect of 
small alloy additions is also linear; however, the 
direction and magnitude are dependent upon the alloy 
system. Data obtained by Gebhardt et a 1(48) for some 
binary aluminum alloys are presented in figure 9.

2.2 BONDING BETWEEN SiC AND ALUMINUM

The objective of this section is to provide a better 
understanding of the physical nature of the interface in 
silicon carbide-a1uminum composites. A theoretical 
approach to designing the interface is presented in section 
3.3. Composite models from the early stages of composite 
development(49,50,51) assumed ideal bonding whereby an 

interface of zero thickness can transfer loads between a 
fiber and matrix with no slippage. More recent 
works(52,53,54) have examined the effect of the interface 

region upon the mechanical properties of a composite. The 
importance of these works has been to demonstrate that the
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desirable properties of the interface are not the same for 
all types of loading. For example, a strong interface may 
be desirable for transferra 1 of tensile loads between the 
fiber and matrix. On the other hand a weak interface may 
act as an energy sink or impede crack growth and therefore 
be desirable for fracture toughness, impact or fatigue 
loading(55). This section therefore examines the types 
of interfaces found in silicon carb ide-a1 urninum compos i tes 
while section 3.3 offers a theoretical approach to 
modifying the interface.

Metca1f e (54) has proposed a scheme for the 
classification of interfaces. The proposed classifications 
are;

Class I - filament and matrix nonreactive and insoluble 
Class II - filament and matrix nonreacti ve but soluble 
Class III - filament and matrix react to form 

compound(s ) at interface.
The interface of Class I composites can be considered to be 
of zero thickness such that these composites may obey the 
more basic composite theories such as the rule of 
mixtures. However, the bonding which may be partially or 
totally mechanical, may be weak allowing slippage to occur 
at the interface. The bonding in Class II and Class III 
composites is generally stronger however these types of
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bonding are considered undesirable when formation of a 
brittle compound or solid solution occurs, roughening of 
the surface reduces the maximum stress which the fiber can 
withstand without fracture due to the notch effect,(56) 
the effective diameter of the fiber is reduced and/or the 
fiber is consumed(57)e

The silicon carbide/a 1uminum system falls into a group 
referred to as the pseudo-C1 ass I Composites. Composites 
in this group behave as Class I composites when fabricated 
by solid state processes however thermodynamic 
considerations indicate that they could react. The 
reaction usually considered at the interface of silicon 
carbi de-a1 urninum composi tes is

3S i C ( s ) + 4 [ A 1 ] ] -» A 1 4C3 ( s ) + 3 [ S i ] ] .

The free energy of this reaction is given by(58)

A G (J•mo1“ 1) = 113900 - 12.06T(lnT) + 8.92xl0"3T2 +
7.53 x IO"1*! 1 + 21.5T + 3RT( 1 naj;SÎ 3 ) ,

where a[s 7] is the a c t ivity of sili con in the 1i q u id
aluminum. If the silicon concentration within the aluminum 
is low the activity of the aluminum liquid is essentially
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unity so the reaction may occur spontaneously. As the 
reaction proceeds the amount of silicon increases along 
with the activity until the reaction saturates. The 
concentration of silicon at which saturation occurs can be 
calculated from the a c t ivity by

N [ s  ,• ] = 3 a [ S i ]  /  ( 4  ( I - a  [ s f 3 ) +  3 a  [ 5  j 3 ) .

The solution of these two equations simultaneously 
indicates that at 800°C the reaction is saturated at 9.6 
wt. pet. silicon which is in agreement with the ternary 
diagram presented in figure 10. The phase diagram in 
figure 11 and prediction using the two equations above 
indicate that at 500°C a silicon concentration of 0.01 
wt. pet. is adequate to equilibrate this reaction. The 
development of the reaction zone can be described by a 
parabolic growth l a w ; (59)

X = K(t )1/2

where X is the thickness, K is a constant and t is the 
time. This has been demonstrated with silicon carbide 
fibers in a titanium m a t r ix(60)e That study also 
demonstrated that the reaction constant, K , is related to
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the diffusion coefficient through the reaction layer, D , by

K = (2D)1/2 .

Studies of the interface in silicon carbide-a1uminum 
composites fabricated by solid state processes have found 
no evidence of a reaction occurring at the 
interface(61). The diffusion of aluminum across the 
interface was however detected by Arsenau11 (^2) jn 

material processed at 500°C. The formation of aluminum 
carbide at the interface of silicon carbide in contact with 
liquid aluminum and the effect of increasing the activity 
of silicon as predicted by the thermodynamic equations has 
been conf i rmed(58,63,64)e Based upon these studies the 
silicon carbide-a1uminum system can be classified as a 
pseudo-Class I composite since it behaves as either Class 
I,I I or III depending upon the fabrication process.
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3.0 THEORY

Infiltration of silicon carbide preforms with molten 
aluminum is considered to be an attractive method of 
fabricating composites. A better understanding of the 
infiltration process is however necessary in order to 
overcome the problems which have been encountered such as 
incomplete infiltration and poor bonding. This requires an 
understanding of the theoretical aspects of the process and 
confirmation of these concepts by experimentation. In this 
study only the thermodynamics and kinetics of the process 
have been explored experimentally however the writer has 
chosen to also discuss the theoretical concepts which 
relate the infiltration behaviour to the bonding.

3.1 THERMODYNAMICS OF INFILTRATION

Shaler et a l (65) have explored the thermodynamics of 
infiltration and defined an infiltration index, 1, which 
indicates the tendency for complete infiltration to occur 
either spontaneously or with the assistance of applied 
pressure. The infiltration index is simply the difference 
between the sums of all the surface free energies of the
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system before and after infiltration. The model which 
Shaler selected will be thoroughly discussed in the 
following paragraphs. Although it is very much an 
idealized system it demonstrates the sequence of 
calculations which may lead to conclusions about a 
particular system and points out through implication many 
of the departures from ideality which may occur in a 
complex system.

The arrangement consists of a semi-infinite plate 
containing an array of regularly distributed, straight, 
smooth surfaced cylindrical pores. The pores which are 
perpendicular to the face of the plate have equal and 
uniform radii. This configuration simplifies the solution 
by eliminating the effect of surface geometries. The 
liquid, which is the exact volume to fill all of the pores, 
is initially in the form of a uniform layer adjacent to the 
plate and is then brought in contact with one face of the 
plate. Both the liquid and the solid are single phases and 
do not react with each other. They do not contribute to 
the gas phase, have nothing adsorbed upon them and have 
zero coefficients of thermal expansion. The liquid has a 
zero specific gravity so that no fluid head is involved.

The various terms which describe the geometry of the 
system and the various stages of infiltration are depicted



T-3396 35

in figure 12. In each sketch an area is enclosed between 
dotted lines which define the individual cells within which 
the goemetrica1 features of the system are represented.
The complete system is merely the sum of many identical 
cells. The porosity, <j>, is the ratio of the volume of 
the pores to the volume of the plate whose thickness is h. 
For this system

4> = a/ ( A+a) or A = a ( 1 /> - 1) .

Since the volume of the liquid is the same as that of the 
pores of each cel 1

(A+a) 1 = ah or 1 = <J>h .

The geometry of the system can therefore be fully described 
by r , h and <#>.

The calculation of the energy balance, or index of 
infiltration, requires values of specific surface free 
energies, applied pressures and that the shape of the 
meniscus be defined. The surface free energies are related 
by Young's equation;

Y s 1 = Ysv - YlyCOSe
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where ys ] is the solid-liquid surface tension, ysv is the 
sol id-vapor surface tension, yjv is the 1i qu i d-vapor surface 
tension and 0 is the contact angle. The shape of the 
meniscus is considered to be a spherical cap and has the 
area Zttv2 / ( 1 +s i n6 ) . The work done by applied pressure 
moving the liquid one unit distance in or out of the pore 
is irr2 (p 1-P2 ) » where pi is the pressure upon the liquid
layer and P 2 is that in the pore.

The tendency to go from one of the states depicted in 
figure 12 to another, defined by the symbol IXy, can be 
determined by summing the surface energies in each state 
and computing the difference between the surface energies 
of the initial and final states selected. The difference 
in energy thus computed is the work that must be performed
in going from the first to the second state. If it is
positve the change is spontaneous given that there are no 
metastable states between them. If it is negative then 
work must be done by external sources to effect the change 
from the first to the second state.

In state "a" the sum of the surface free energies is

2(Ay s v ) + ZnrhYsv + 2(A + a)y i v

The sum of the surface energies in state "b" is
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A y s v  +  2 i r r h Y s v  +  a Y l  v  +  A y i  s  +  ( A + a )  y i  v

The difference between the free energies in state ”a M and 
state "b” is then

lab = Ay s v  + (A+a)y iv “ s y i v ” Ay i s  

By substitution we obain

lab = irr2Y i v C ( 1 /<#> “ 1 ) (cose + I ) ]

The resu 11 i ng i ndex of infi 11 rat ion, I at> * 13 Pos i t i ve 
for ail values of <f>, 6 , r and yi v since cos© can have values 
wh i ch range from 1 to -1 ; <#> can vary between 0 and some 

maximum less than 1, and y ]v 15 always positive. This 
means the transformation from state "a” to state "b” will 
occur spontaneously in all systems without requiring 
pressure. Figure 13 presents a series of curves 
describing ] v versus the contact angle, 6 , for
various values of 4>. It can be concluded that the 
tendency for initial infiltration increases with

1) decreasing contact angle
2 ) decreasing porosity and
3) increasing surface tension.
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The index of infiltration for going from state "b” to 
state "c” is given by

2 1 1I hr = 2Trr ([ - - --------- 3 Y lv + mr( p x - p 2 )DC 2 I + sin© ,v

where mr is a volume along the pore axis related to the 
average distance the liquid travels on entering the pore in 
order to establish a meniscus. The value of m is dependent 
upon 0 , however I i s  generally negative so a meniscus 
does not form spontaneously.

For a change from state "b” to state ,,d" the index of 
infiltration is

2 I I fh fh
I. = 2irr {[ - - --------- + —  cose ] y. + —  (P1 - P2 )}
Da 2 1 + sine r ' 2

where f is the fraction of the total thickness which is 
infiltrated. When f is small the index is always negative 
whether or not external pressure is applied, indicating 
that infiltration can never be started. At values of the 
contact angle less than 90, however, I^d becomes positive 
when fh/r is on the order of 0.5. This occurs when the 
liquid is displaced by some externa 1 perturbâtion into the 
pores to a depth on the order of half a pore radius. At
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larger values of fh/r, that is when infiltration is well 
underway, and if the porous body is thick relative to the 
pore radius, I&d is governed by fh/rcos© such that

I bd = Z irrfhY] vcose .

The theoretical treatment discussed above can be 
applied to more complex systems such as powdered compacts 
in order to deduce what modifications to the system should 
lead to enhanced infiltration. The exact calculations for 
such complex systems are impossible, however, because of 
difficulties in mathematically describing the geometry of 
such a body, including pore d istr i but i o n , tortuos i ties, 
interconnections, capillary dams, changes in pore-surface 
roughness and local variations in porosity.

3.2 INFILTRATION KINETICS

The understanding of the thermodynamics of infiltration 
provides a foreknowledge of whether infiltration will occur 
spontaneously for a given system or whether work must be 
performed upon the system. The thermodynamic approach
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does not however provide a basis for developing a kinetics 
model. The behaviour can described by equating the rate of 
change of momentum in the system to the forces acting upon 
it. This approach was first developed by B r ittin(6 6 y67) 

for the rate of rise of a liquid in a capillary . For a 
wetting system the surface tension acts to move the liquid 
up the capillary while resistance to this motion results 
from the gravitational, viscous and end-drag forces. This 
is presented schematically in figure 14. The resulting 
change i n momentum due to these forces i s :

d dh
) = F y + Fg + F n + Fed

where m(t) is the mass of the liquid in the capillary at 
time t, Fy is the force due to surface tension, Fg is 
the force due to gravity, Fn is the force due to 
viscous resistance, Fecj is the force due to end-drag and 
h is the height of infiltration at time t. The expanded 
form of th is equati on is:

2 d dh 2 dh 1 2 dh 2
irr p— (h— ) = Zirry, cos© - irr pgh - B-rrnh—  - --nr p ( —  ) 

dt dt v dt 4 dt

where r is the capillary radius, p is the density of the 
liquid, y iv 13 the 1iquid-vapor surface tension, 0 is the
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Figure 14. Schematic Showing the Forces Acting within a 

Capi11 any
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liquid-solid contact angle, n is the viscosity of the liquid 
and g is the gravitational constant. This equation was 
later applied to the infiltration of porous-metal bodies 
by Semiak and Rhines(6 8 )e The porous body may be regarded 
as a tangled bundle of tubes with irregular radii. An 
"effective radius" can then be determined experimentally.

For this study the following model for a non-wetting 
system was developed. Because pressure must be applied to 
induce infiltration in such a system, it was decided to 
measure the flow rate at which the liquid aluminum flows 
downward through a silicon carbide powder compact, since 
this requires a simpler experimental arrangement than would 
be required to induce upward flow. A schematic describing 
this model is presented in figure 15. The parameters 
necessary to describe the geometry of this system are;

hro = initial height of the liquid in the reservoir 
hc = distance the liquid has infiltrated at time t
Ac = cross sectional area of the compact
rc = radius of the compact
r^ = effective pore radius (hydraulic radius)
dp » particle diameter
4> = void fraction.

The total cross sectional area of the pores, A^, can be 
equated to the area of the compact by the void fraction:
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Ah — ^Aq

Using the principle of continuity, the height of the fluid 
in the reservoir at time t, hr , can be equated to the 
infi1trati on d i stance by :

<t>A
hr = hc ' hr°

The origin is located at the interface between the 
reservoir and the compact with the positive direction being 
that in which the fluid is forced to flow.

The force balance in the z direction for this model is:

d dh
Fp + F + F = — (m(t)— c )

9 n dt dt

The primary difference between this force balance and that 
developed by Britt in is that the end-drag and surface 
tension are incorporated within a pressure related force, 
Fp, which also accounts for the applied pressure and the 
fluid pressure. This force is related to the pressure drop 
across the porous body by:

F p  = AP<#>AC



T-3396 47

where :
AP = Pho - Phc

P^o 15 the pressure in the liquid at the reservoi i— compact 
interface and Phc is the pressure at the front of the 
infiltrant. The pressure at the reservoir-compact 
interface is the result of the applied pressure in the 
reservoir, Pqr» the fluid pressure and the end-drag. The 
magnitude of this pressure can therefore be expressed by:

* dhc 2
Pho = PGR + pghr " :p(~  }2 dt

where p is the density of the liquid and g is the 
gravitational constant. The pressure at the front of the 
infiltrant is the result of the gas pressure within the 
compact, Pq q , and the pressure due to surface tension.
The magnitude of this pressure is:

^  ^
rh

The pressure drop across the compact is then :
2 y . cosG 1 dh 2

AP = P^p - Pnr + ---     + pgh - - p ( — C )
GR QC IV r 2 dt
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The resistance to a fluid flowing through a powder 
compact can be developed by applying the equation for 
laminar flow through a tube, which Semiak and Rhi nes used, 
or by using Ergun's equat ion.(69) The first approach 
yields:

4>A dh
Fn = - ^h

Using Ergun's Equation the result is:

dhc dhc 2F = -<f>A [ K 1nh —  + K 2ph (—  ) ]
n c dt dt

K . = --- =-- =-- K_ =1 2 2 ,x2 2* d * dP P

The gravitationa1 force acting upon the liquid w it h in 
the compact is :

Fg — *Acpghc .

The change i n momentum term can be recasted as :

d dh d dh
— (m(t )—  ) = p*A — ( h —  ) 
dt dt cdt dt
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Equating the sum of the forces described above to the rate 
of change in momentum and dividing through by <t>Ac we 
obtain :

d dh „ 2y cose dh 2
p— (h —  ) = P +   + pgh — p (—  )
dt cdt r. r dth

dh dh 2
- [K n h —  + K.ph (—  ) ] + pgh

dt dt

*
where P = Pq r - Pq c • Infiltration will only occur if

2Y cose
p + --------- + pghro > 0 *

rh
The expression on the left defines the effective pressure, 
Pef f . When Peff is zero, P* defines the threshold 
pressure, Pth* which is the applied pressure that must be 
exceeded in order to initiate infiltration.

The subsequent solution to the equation of motion may 
be simplified and the results interpreted on a broader 
basis, by recasting the equation in dimensionless form. 
Using t and ç to represent the dimension 1 ess values of 
time and height, respectively, the infiltration equation is 
expressed as:

2d 2ç dç 2 dç
ç --2 + B ( —  ) + X 1C—  - A2C = 1

d% d% dx
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where

h Peffx1/2C c )t
<h> <h> p

K 1n<h> pg<h>
X i 1/2 x 2 = ( 1 -<t> )

peff

and <h> is a reference height of some arbitrary (but 
convenient) value. For the system being studied Xi 
is large enough relative to the other terms that they may 
be neglected. Thus, on neglecting these terms and 
integrating, the approximate solution obtained is:

3.3 RELATIONSHIP BETWEEN INFILTRATION AND BOND STRENGTH

In the previous sections it was demonstrated that the 
thermodynamics and kinetics of infiltration can be related 
to the surface free energies by the y ]vcos6 term, which 
is related to the solid-liquid and sol id-vapor surface 
tensions by Young's Equation:

2-Ç
2

0 . 1 x< ç << 1
i
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Y|VCOS0 = Ysv - Y s 1•

The intent of this section is to demonstrate the 
relationship between these terms and the solid-solid bond 
energy, (Ybond)» which results when liquid A is brought 
into contact with solid B and allowed to solidify. The 
approach is based upon the work of Mi edema and will 
demonstrate the role which electron configuration has upon 
both infiltration and bonding.

M iedema(70,71) derived the following expression for 
the surface free energy between liquid A and solid B:

Ysl = ( < , > 8  + (^ ( > A  + Ys(Z

The first two terms are physical contributions while the 
last term is the chemical contribution. The first term 
represents the increase in enthalpy for the surface layer 
of atoms in the solid. It can be expressed as a fraction 
of the heat of fusion for solid B, (Hf)g, so:

(Ysl*8 = A(Hf )B

where A is a constant. The second term considers the 
decrease in entropy, S * , due to short range ordering
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within the surface layer of the liquid. Therefore:

< < ( > A  = BS*

where B is a constant. All other interactions between the 

solid and liquid are included in Ysl« It is assumed 
that this chemical term is the same for the case of an 
isolated atom B in A as for the case of a droplet of A on B 
only the additional surface area must be accounted for, 
resulting in:

= CHForm

where C is a constant and Hporm is the heat of formation, 
the exact form of which will be discussed later. In 
summary, the surface free energy between liquid A and solid 
B can be expressed as:

Ysl = A(Hf )B + BS* + CHForm .

For the surface free energy between two solids in 
contact, yss , Mi edema derived the expression

= ySeom chem 
ss ss ss
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The first term is related to the geometry of the contact 
surface and is comparable to the energy of a grain 
boundary. For two solids of quite different lattice 
structure this is equivalent to the energy of a high-angle 
grain boundary. An estimation of this term is given by:

y f f "  = 0.15 [Cy s v )a + (YSV)B ] •

This estimation is an upper bound since the boundary may 

actually be coherent or semi-coherent resulting in an 
energy contribution comparable to a 1ow-ang1e grain 
boundary. The second term is equivalent to the chemical 
interaction in the case of the solid-liquid system so

chem ///
Yss “ Y sl ■

Therefore,

Yss ■ ° - 15 C (ys v )A + (ysv)b ’ + Ys "  •

The change i n surface free energy or the bond energy 
which results when two solids are brought together is given 
by:

Ybond “ Y ss ^ y s v ^A + ^sv^B^

Substituting for y s s results in:
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Ybond = r " '  " 0.85 [CY ) + (Y ) ]

The bond strength is increased as the surface free energy 
is lowered. The first term will always be negative 
(attractive) while the chemical term may be negative 
(attractive) or positive (repulsive).

The inter-relationship between infiltration behaviour 
and bond strength may now be demonstrated. For the 
1iquid-sol id system:

YIvcose = (ys v )b - CA(Hf )B + BS + CHForm]

and for the solid-solid system:

Ybond = CHForm “ 0'85 C ^ s v ’a + (Ysv)B]

An increase in the y ivcos® term will improve infiltration 
while a more negative bond energy improves the bond 
strength. By decreasing the heat of formation term,

Hporm» or increasing the so 1id-vapor surface tension of 
the substrate, both the infiltration behaviour and the bond 
strength can be improved.

M iedema(72,73) developed relationships for both the 
heat of formation and the sol id-vapor surface tension based 
upon electronic considerations. The heat of formation is



T-3396 55

the result of three terms :

Hporm = -P(A*“ )2 + Q(Anw s 1/3)2 - R .

The first term is an attraction resulting from differences
in chemical potential. P i s a  constant while

At* = (**)a - ($*)B .

** is the electronegativity parameter of the material 
which is related to its Fermi level (ie. the highest 
occupied energy state of an electron in a material). The 
second term in the heat of formation expression is a 
repulsion that resu1ts from discontinuities in the charge 
density at the Wigner-Seitz Boundary. Q is a constant and

A^ws1/3 = (^ws)A 1/3 “  ̂̂ ws)B 1/3 •

Hws 15 related to the charge density at the
Wigner-Seitz Boundary. The last term in the heat of 
formation expression accounts for an additional 
hybridization energy that occurs if transition metals are 
placed in contact with polyvalent non-transition metals.
Mi edema's formulation for the sol id-vapor surface tension.
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derived from a semî-emperica1 mode 1, is:

Ysv - nWs5/3( ^  0 .6 )2 + DT

where D is a constant and T is the temperature.
This model then predicts that both the infiltration 

behaviour and the bond strength may be improved by 
increasing the Fermi level difference between the 
infiltrant and the porous body. In the case of the silicon 
carbide-a1 urninum system, alloying the liquid aluminum with 
magnesium would be expected to increase the difference 
between the Fermi levels while alloying with silicon would 
be expected to have the opposite effect. An alternative 
approach would be to dope the silicon carbide to increase 
or decrease the Fermi level difference. This concept is 
demonstrated schematically in figure 16.
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4.0 EXPERIMENTAL PROCEDURE

The objective of the experimental work was to test the 
infiltration kinetics model and to determine whether the 
infiltration of a silicon carbide powder compact with 
molten aluminum could be enhanced by increasing their fermi 
level difference by alloying.

4.1 CHOICE OF PARAMETERS

The infiltration kinetics model suggests that altering 
1) pore morphology of the compact, 2 ) viscosity of the 
liquid, 3) density of the liquid 4) surface free energies 
or 5) applied pressure will effect the infiltration rate. 
The properties selected for study were those associated 
with the liquid (ie. surface free energies, density and 
viscosity). The alloys selected for comparison to aluminum 
were a 1 urn i num- 1 w t . pet. sili con and a 1 urn i num- 1 w t . pet. 
magnesium since alloying with these elements has equal but 
opposite effect upon the fermi level of the infiltrant.

The temperature regions of interest were 1050°C where 
aluminum alloys will wet silicon carbide, reference figure 
8 , and near the melting point (or liqui dus temperature)
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where reaction of the silicon carbide with aluminum is less 
significant. The viscosities of pure aluminum and its 
alloys have been found to demonstrate a sharp increase as 
the liqui dus is approached on lowering the temperature.
Some investigators have attributed this to short range 
ordering. The effect of this behaviour was restricted by 
limiting the temperature for comparing the alloys to 
670°C, IOC above the melting point of aluminum.
Additional testing was however performed on aluminum 3C 
above the melting point and aluminum-1 wt. pet. silicon 6C 
above the 1iqui dus and 2C below the 1iqui dus to observe the 
change in infiltration behaviour as the melting point is 
approached.

The applied pressure was selected on the basis of first 
experimentally determining the minimum pressure necessary 
for infiltration of the pure metal or alloy at the 
temperature selected. In order to define this pressure, 
refered to as the "threshold pressure", a time limit of 30 
minutes was selected within which infiltration occured or 
it was concluded that the applied pressure was below the 
"threshold pressure". This pressure could be defined 
within 3kPa. In order to resolve the effect of alloying on 
the kinetics, data were obtained for each alloy compositon 
using the greater of the "threshold pressures" for the
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three compositions compared. This pressure was above the 
threshold pressure for aluminum so an additional series of 
tests was performed with aluminum at 670°C using its 
"threshold pressure" in order to demonstrate the effect of 
pressure.

4.2 DETAILS OF MATERIALS USED

The silicon carbide used was 100 grit green a-si1icon 
carbide. Green silicon carbide is of higher purity than 
the more common type which is black in color. The nominal 
composition of this material provided by the producer* is 
presented in table III. The size and shape factor 
distribution was evaluated using a Jeol JXA 840 Electron 
Probe Analyzer with a Particle Recognition and 
Characterization Program. The shape factor is defined as 
per i meter2 / (area x 4tt) . These results are also 
presented in table III. A photomicrograph of a typical 
particle sample is presented in figure 17.

Aluminum** of composition 99.95 wt. pet. was used in

* Norton Industrial Ceramics D i v .; Tonowanda, N.Y.
** Aesar, Johnson Matthey Inc., Seabrook, N.H.
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Table III
Characteristics of the 100 Grit Green 

a-Si 1 icon Carbide

Nomina1 Compos i t i o n , w t . pet.
SiC Si Sj02 C Fe A 1

98.65 0.15 0.63 0.36 0.08 0.08

Dimensional Analysis*
Parameter Average Std. Dev

Ave. Diameter(wm) 47.73 24.08
Max. Diameter(urn) 91.05 40.74
Min. Diameter(ym) 25.97 17.57
Shape Factor 2.35 0.66

*based upon 524 particles evaluated
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2 0 0 /i.m

Figure 17. Photomicrograph of Silicon Carbide Powder
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the experiments and for preparing the alloys used. The 
alloys were analyzed with an Applied Research Laboratories 
34000 Optical Emission Spectrometer. The silicon alloys 
were determinedto be 1.00/1.07 wt. pet. silicon and the 
magnesium alloys contained 1.03/1.13 wt. pet. magnesium.

4.3 SAMPLE PREPARATION

A drawing of the fixture used to contain the specimens 
is included in figure 18. An alumina tube*, 12.5 mm 
inside diameter x 19.0 mm outside diameter x 92.0 mm long 
was inserted into a stainless steel fixture. A sintered 
stainless steel filter with a nominal pore size of 15 
microns** was then inserted into the tube. The tube was 
filled with 8.5 grams of the silicon carbide powder and a
6.0 gram aluminum (or aluminum alloy) slug. The slugs were 
precast to match the inside diameter of the alumina tube 
and cut to the desired weight. The sample was then packed 
by applying a load of 8900 N to the top of the slug via a 
hardened metal punch using a hydraulic press. The pressure

* Coors Porcelain Co.; Golden, Colo.
** Nupro Co.; Willoughby, Ohio
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Figure 18. Schematic of the Experimental System;
a) pressure gage, b) chamber, c) vent, 
d) furnace, e) valve, f) argon, g) fixture, 
h) AI2O 3 tube, i) aluminum, j) compact, 
k) screen, 1) crucible, m) thermocouple
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developed assured that the powder compacts were packed 
uniformly and also upset the slugs securing them tightly in 
the tube so that the specimen would not be disturbed during 
handling prior to the experiment.

The stainless steel fixture was then assembled to a 
stainless steel tube, which supplied argon to the top of 
the specimen using tube fittings*. The tube fittings 
were arranged such that when they were tightened they 
forced a copper ferrule* to seat into the inside diameter 
of the specimen tube which then acted as a gasket. This 
seal was very critical and a good seal was difficult to 
obtain due to the poor (but normal) tolerance in the 
diameter of the alumina tubing. Standard tube fitting 
designs were tried but proved unsuccessful due to 
differences in the coefficients of thermal expansion 
between stainless steel and alumina and resulted in the 
sea 1s break i ng during heating T h is prob1em was for the 
most part overcome by designing the seal such that the 
copper ferrule was on the inside of the alumina tube.

"Crawford Fitting Co.; Niagra Falls, Ontario
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4.4 BODY CHARACTERIZATION

In order to test the infiltration model, values for the 
void fraction, effective particle diameter and the 
effective pore radius must be obtained. The last two 
quantities are not directly measureable for a body 
containing a mixture of different sizes and shapes of 
particles. However if the void fraction is known these 
quantities can be retreived from results of experiments 
which are correlated using Ergun's equation^®)
(discussed in section 3.2) for a system with established 
phys i c a 1 propert i e s .

The void fraction was determined by slowly adding water 
to silicon carbide powder compacts prepared by the same 
procedure as described in section 4.3, but with the 
aluminum slug missing. In order to assure that the compact 
was not disturbed by the water, only one drop was added at 
a time using a burette and the distance between the burette 
and the compact was minimized. The specimens were weighed 
before adding water and after water appeared at the top 
level of the compact. The void fraction was then 
calculated using the weight of the water added rather than 
the volume because of a higher precision in making this 
measurment.
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Pressure drop versus flow rate measurements were then 
obtained for argon flowing through silicon carbide 
compacts. The range of flow rates selected was such that 
the flow behaviour would be similar to that expected in the 
in f i 1tration studies. This was obtained by first 
calculating the range of Reynold's numbers which would be 
expected in the infiltration study and then determining the 
argon flow rates which would cover this range. The 
Reynold's number is defined as :

Re = - ^

6 dh Q
where S@ = - and V@ = <J>—  or -

d P  d t  A <

Q being the volumetric flow rate and Vo the superficial 
velocity. In this region of interest only the viscous term 
in Ergun's equation is significant so the equation may be 
simplified by eliminating the inertial term which would 
only become significant if the flow rates in the 
infiltration experiment were on the order of meters per 
second or greater. Ergun's equation (when the fluid is a 
gas) must also take into account the compressibility of the 
argon so the appropriate form now becomes :
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d 1
dP Go RT 

K,n- (— ) 
P M

where G0 is the superficial mass flux (pQ/Ac ), R is the 
gas constant, T is the absolute temperature, M is the molar 
weight and P is the absolute pressure of the gas. By 
integrating over the length of the compact this becomes:

where Pg is the pressure at the top of the compact as 
indicated by the pressure gage, Po is the barometric 
pressure which is present at the bottom of the compact and 
L is the length of the compact. Ki can then be obtained 
from the slope of a plot of 0 .5Pg (Pg+ 2Po) versus Go.
Knowing Ki and <t>, the effective particle diameter can be 
calculated from the definition of Ki and then be related to the 
effective pore radius by:

RT
K inL— G0

M

4.5 INFILTRATION TESTS

The specimen arrangement within the furnace is
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presented in figure 18. In order to assure temperature 
uniformity within the working zone the furnace used was a 
tube furnace with a high length to diameter ratio (9.1 m 
long x 0.1 m inside diameter) and a thermocouple was placed 
in the working zone. The furnace was heated directly to 
the target temperature and allowed to become uniform under 
a cover gas of 99.998 pet. argon at an over pressure of 
3kPa. Once this isothermal condition was achieved the 
specimen was lowered into the working zone and subsequently 
the gas pressure was increased to the value selected for 
the particular test. The specimen was allowed time to 
reach thermal equilibrium (approximately 90 min.) before 
the test was begun. To initiate the test, the argon supply 
to the furnace chamber was shut off and the chamber vented 
to the atmosphere resulting in a pressure drop across the 
compact. A hose connected to the vent was submerged in a 
beaker of water. If the seal at the top of the specimen 
tube was not leak-tight this was detected from argon 
bubbling through the water and the test was aborted. Once 
the desired time had elapsed, as indicated by a stop watch, 
the vent was closed and the argon supply valve was opened. 
The specimen was then raised into the cold zone. After the 
specimen had cooled it was ejected from the alumina tube 
using a hydraulic press, although this often resulted in
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the tube breaking.

4.6 EVALUATION..OF INFILTRATED SPECIMENS

The specimens were evaluated on the basis of the 
infiltration distance versus the infiltration time. If no 
infiltration had occured or if the total length of the 
specimen had been infiltrated then this was noted. The 
specimens which were only partial 1 y infiltrated were 
sectioned longitudinally with a diamond saw and the 
infiltration distance along the center 1i ne was measured 
using vernier calipers. Examples of infiltrated compacts 
at different stages of infiltration are presented in figure 
19. The data obtained from the partially infiltrated 
specimens were used to obtain an average infiltration rate 
and initiation time by the method of least squares linear 
regression analysis. Selected samples were also observed 
using a scanning electron microscope to determine whether 
there was any effect of alloy composition on the appearance 
of the silicon carbide-aluminum interface. The samples 
were prepared by grinding with 600 grit paper to remove any 
aluminum which had smeared during the cutting operation. 
Coarser grit sizes were not used in order to avoid pulling
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Figure 19. Photograph of Compacts at Different Stages of 
Inf i1tration
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out the silicon carbide particles. The coarse texture of 
the samples made them unsuitable for optical microscopy at 
magnifications above 1OOx and no benefit was realized from 
polishing or etching.
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5.0 RESULTS AND DISCUSSION

5.1 BODY CHARACTERIZATION

The flow rates of argon through three silicon carbide 
compacts were measured over a range of pressure drops. The 
results are presented in figure 20 along with similar data 
for the stainless steel screen. A linear regression 
analysis of this data was performed. A zero intercept 
value was expected however this discrepancy could be 
accounted for by the zero-calibrat ion error of the 
instruments. The important piece of information was the 
s 1 ope of the 1ines from which the value of Ki is 
determined. The coefficient of determination for the data 
was found to be 96.4 pet.; indicating good linear 
correlation. The slope of the line is the resistance to 
flow. Since the compact and the screen act as resistances 
in series the resistance due to the compact alone was 
obtained from the difference between the slope of the line 
for the compact data and that of the screen. The value of 
K i determined by this method was 2.577 x 1011 s~3 •

The pore fractions of five compacts were measured 
following the procedures described in section 4.4. The
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average pore fraction was found to be 0.426 with a standard 
deviation of 0.007. Application of this value to the 
equation for K i provided a value of 32.6 urn for the 
effective particle diameter which agreed well with the 
particle measurements performed on the scanning electron 
microscope. The corresponding effective pore radius was 
calculated to be 4.02 urn.

5.2 INFILTRATION EXPERIMENTS

Data obtained from the infiltration experiments are 
presented graphically in figures 21 - 26. Included with 
the data are the results of the linear regression analysis.

5.2.1 COMPARISON BETWEEN TEST RESULTS AND MODEL

Comparison between the threshold pressures measured in 
the test and values calculated from the infiltration model 
indicated that the measured values were consistently lower 
than expected. Furthermore, the infiltration rates measured 
were consistently high. The only common factor that could 
account for these simultaneous discrepencies was the void 
fraction. The effect of an increased void fraction would
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Figure 21. Infiltration Distance vs Time for Aluminum at 
670°C with an Applied Pressure of 90kPa
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Figure 22. Infiltration Distance vs Time for Aluminum-1 wt.
pet. Silicon at 670°C with an Applied Pressure 
of 90kPa
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Figure 23. Infiltration Distance vs Time for Aluminum-1 w t .
pet. Magnesium at 670°C with an Applied Pressure 
of 90kPa
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Figure 24. Infiltration Distance vs Time for Aluminum at 
670°C with an Applied Pressure of 69kPa
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Figure 26. Infiltration Distance vs Time for Aluminum-1 wt.
pet. Silicon at 660°C with an Applied Pressure 
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be to increase the effective pore radius and decrease the 
value of K i. The void fraction was therefore reevaluated 
by examining samples which had been infiltrated. The 
appearance of the samples at 1ow magni f icat i on indicated 
that the void fraction was indeed greater than 0.43 . 
Photomicrographs such as the one presented in figure 27 
were used to determine the silicon carbide volume fraction 
by the point-count method. The void fraction obtained by 
this method was 0.80. Based upon this value the effective 
pore radius was calculated to be to be 21.7 urn and the 
reestimated value of Ki was 8.87 x 109 . There was good 
correlation between the experimental results and 
calculations based upon these values, presented in table 
IV. It is apparent that the bouyancy forces and shear 
forces produced by the turbulent eddies within the pore 
structure of the compact result in an increase in the pore 
size of the infiltrated specimens.

The threshold pressures were estimated on the basis of 
a contact angle value of 155° for all compositions and 
temperatures since there was insufficient available data. 
The discrepancies between the calculations and results 
collected may also be the result of applying bulk 
thermodynamic data to a powder compact where the surface 
condition and small rad i i of curvature of the particles
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Figure 27. Photomicrograph Showing Silicon Carbide Volume 
Fraction after Infiltration
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Table IV

Comparison between Measurements and Predictions

A 1 loy Temp(°C) P (kPa)
A 1 urn i num 670 90
Al-lSi 670 90*
A 1 — 1 Mg 670 90
A 1 urni num 670 69*
A 1 urni num 663 98*
Al-lSi 660 98*

Experimental Calculated**
dh mm dt~» mm
- C c— > — c (— > p
dt sec dt sec th

1 1 1 13 71
9 19 71
1 1 96 67
25 19 71
1 17 71
6 17 71

* denotes threshold pressure(+3.5/-0), P^h for A 1- 1 Mg at 
670°C is 72kPa

** calculations based upon <#> = 0.8 and 0 = 155°
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may effect the surface free energies. The infiltration 
rates calculated for the systems tested near their 
threshold pressures are within the 90 pet. confidence 
intervals of the experimental results. At larger values of 
the effective pressure, Peff* the differences in the 
measured values and the predictions cannot be accounted for 
by systematic errors in the experiment.

5.2.2 EFFECT OF ALLOYING

The effect of alloying upon the infiltration behaviour 
was demonstrated by observing the required pressure for 
infiltration to occur, the infiltration rate, and the 
appearance of the silicon carbide-aluminum interface after 
infiltration. The importance of the threshold pressure as 
a means of comparing alloys is related to the ycos9 
term which couples Mi edema's bonding theory to the 
infiltration process. If the infiltration process can 
indeed be enhanced by increasing the Fermi level difference 
between the liquid and solid, this should be apparent from 
its effect upon the threshold pressure which does not 
involve the dynamic properties affecting the infiltration 
rate. On this basis, alloying with magnesium would be 
expected to decrease the threshold pressure while silicon
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should have the opposite effect. The results presented in 
table IV indicate that silicon did increase the threshold 
pressure significantly however magnesium also increased the 
threshold pressure. This may be the result of the effect 
alloying has upon the vapor phase or reactions between the 
liquid at the silicon carbide interface. Further research 
is therefore necessary to establish definitive statements 
regarding the effect of the Fermi level difference upon the 
infiltration behaviour. There was nevertheless an apparent 
effect of alloying upon the initiation time and rate.
However, statistical evaluation of the data indicated that 
at a 90 pet. confidence level the only conclusion that could 
be made is that the initiation time for the aluminum was 
less than that for the alloys. Examination of the samples 
with a scanning electron microscope indicated that alloying 
with silicon is detrimental to the wetting of the silicon 
carbide. Presented in figure 28 are photomicrographs of the 
type of interfaces characteristic of each composition 
tested. The aluminum and aluminum-1 wt. pet. magnesium 
appear to have adhered to the silicon carbide whereas the 
a 1 urn inum-1 w t . pet. silicon d id not. This is corre 1atab1e 
with the threshold pressure data.
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5.2.3 EFFECT OF PRESSURE

Increasing the applied pressure apparently decreased 
the infiltration rate of aluminum at 670°C and the 
initiat ion time. At a 90 p e t . confidence 1 eve 1 no 
conclusion could made as to whether there is a difference 
in the infiltration rate however it could be concluded that 
increasing the pressure decreased the initiation time.

5.2.4 EFFECT OF TEMPERATURE

The tests conducted near the 1iqui dus were 
characterized by 1ong initiation t imes and sig n ificant 
scatter in the data. This may be consistent with the 
variability reported in viscosity data which has been 
attributed to short range ordering when solidification is 
approached. The tests performed below the 1iquidus 
resulted in the liquid phase infiltrating and the 
precipitated solid phase being trapped behind.

When the temperature was inceased to 670oC the 
threshold pressure for both the aluminum and aluminum- 1 wt. 
pet. silicon decreased. As shown in figure 29 the effect 
was more pronounced with the aluminum. Tests performed at 
I050°C demonstrated that contrary to what the published
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contact angle data indicates, applied pressure is required 
for infiltration to occur. Tests were run at this 
temperature for periods as long as 24 hours without applied 
pressure and infiltration never occured. Further work was 
not conducted because the equipment, particularly the 
pressure seals, could not perform at these temperatures.
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6.0 CONCLUSIONS

1) A pressure difference is required to initiate 
infiltration of silicon carbide powder compacts with 
aluminum within the temperature range of 660°C to
1050°C.

2) The pressure difference required for infiltration of 
silicon carbide compacts with aluminum is dependent on 
the alloy composition. Alloying with 1 wt. pet.
silicon and 1 w t . p e t . magnesiurn were both found to 
increase the value of the pressure difference; silicon 
having the greatest effect.

3) The pressure difference required for infiltration of 
silicon carbide compacts with aluminum decreases with 
increasing temperature.

4) There is an initiation time associated with the 
infiltration of silicon carbide compacts with 
aluminum. This initiation time decreases with 
increasing pressure difference and temperature, within 
the ranges tested.
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5) Alloying with silicon was detrimental to the
partiel e-matrix bonding. Magnesium had no apparent 
effect upon the interfacial bond.

6 ) When a silicon carbide powder compact is infiltrated 
with aluminum the void fraction and effective pore 
radius are increased due to an interplay of the 
buoyancy forces excerted by the aluminum liquid and the 
shear stress produced by the turbulent eddies induced 
by the flow of the liquid within the porous medium.
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7.0 RECOMMENDATIONS FOR FURTHER RESEARCH

A more sensitive procedure for conducting the 
experiments must be developed in order to evaluate the 
kinetic behaviour of the infiltration. It is recommended 
that a pressure and flow transducer in conjunction with a 
recording device be incorporated into the system. The 
infiltration rate of the aluminum could then be correlated 
to the flow rate of argon, as the aluminum is injected into 
the compact.

The infiltration rate may however not be relevant to 
certain methods since the rates are high enough that they 
may not offer a limitation to the production of composites 
under these situations. The most important parameter 
singled out for investigation is the y j vcos9 term and 
its relationship to the threshold pressure and bond 
strength. The relationship between threshold pressure and 
temperature requires further study to determine whether the 
threshold pressure values are consistant with surface 
tension and contact angle data. It was demonstrated in 
this study that at 1050°C the infiltration behaviour does 
not agree with that implied by the contact angle data. The 
threshold pressure experiments should be supplemented with 
mechanical testing of the compacts to determine its
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relationship to bond strength
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APPENDIX B - ADDITIONAL SURFACE TENSION DATA
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Figure B - 1. Effect of Alloying on the Surface Tension of 
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APPENDIX C - ADDITIONAL SPECIFIC VOLUME DATA
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