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In a previous paper, a theory was developed to describe the flow of a pure metal into a fibrous 
preform. This paper presents experimental data to test the results of the theory for pure alu- 
minum flowing into fibrous alumina preforms. An apparatus was designed and built for uni- 
directional infiltration under constant pressure and carefully controlled temperature parameters. 
A sensor was also developed to measure the position of the liquid metal in the fibrous preform 
during the experiment. This technique enabled quantitative comparison of theory and experi- 
ment. Experimental data are reported for the infiltration by 99.999 and 99.9 wt pet pure alu- 
minum of 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 ap- 
proximately 483 to 743 K, and metal superheat was varied from 20 to 185 K. Infiltration pres- 
sure was varied from I to 4.5 MPa (145 to 650 psi). Agreement between theory and experiment 
was very good under all the experimental conditions studied for the 99.999 wt pct pure matrix. 
The impurity level of  the metal was found to influence infiltration significantly. The measured 
preform permeability for 99.9 wt pct aluminum was much lower than that for 99.999 wt pct 
aluminum. 

I .  I N T R O D U C T I O N  

IN a previous paper, m 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 in- 
filtration kinetics was shown for the processing param- 
eters, including (a) fiber volume fraction, (b) fiber 
temperature, (c) metal superheat, and (d) applied pres- 
sure. Flow of metal into a fiber preform heated signif- 
icantly below the metal melting point was shown to result 
in the solidification of metal around the fibers to form a 
sheath. Also, it was shown that the effect of metal super- 
heat was to remelt this solid metal sheath at a remelting 
front separating two regions in the composite. The ces- 
sation of fluid flow was shown to be due to solidification 
from the mold wall progressing inward 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 paper, experiments are presented to test the re- 
suits of  the foregoing analysis. All experiments were 
performed with alumina fibers and aluminum metal. The 
experiments reported here were performed with the fi- 
bers initially at a temperature significantly below the metal 
melting point. This is the case of practical interest for 
the fabrication of  many fiber-reinforced metal compo- 
nents, including, for example,  diesel engine pistons. 
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I I .  E X P E R I M E N T A L  
APPARATUS AND PROCEDURE 

A. Fiber Preform Preparation 

SAFFIL* fibers were obtained from Imperial Chem- 

*SAFFIL is a trademark of ICI Americas, Inc., Wilmington, DE. 

ical Industries, London, England. SAFFIL is a nomi- 
nally 3-/.Lm-diameter, delta-alumina fiber that is chopped 
and pressed into disk-shaped prcforms. The preform 
fabrication operation tends to align the fiber axes per- 
pendicular to the pressing direction, resulting in a 
two-dimensional random arrangement of  fibers. The pre- 
forms used in this study were 100 mm in diameter by 
15-mm thick and featured a nominal fiber density of 24 
vol pct. 

Cylindrical plugs were cut from the mother preform 
using a knife-edged cutter 17 mm in internal diameter. 
These plugs were then tightly fitted into quartz tubes 
17 mm in internal diameter and 1 mm in wall thickness. 
Their orientation was such that metal infiltration was 
perpendicular to the fiber axes. In these experiments, either 
two or three plugs were placed atop one another within 
the quartz tube, resulting in fiber preforms 30 or 45 mm 
in length. Each plug cut from the preform was weighed 
to calculate fiber volume fraction; the plugs in any given 
experiment were always within 0.5 fiber vol pet of one 
another. A ceramic support rod was placed on top of the 
preforms to prevent them from moving upward in the 
quartz tube during infiltration. Figure 1 schematically il- 
lustrates the preform preparation process. 

Selected preforms (chosen at random for each batch 
of raw materials) were further characterized by a water 
permeability test. In this test, a falling head permeability 
apparatus t21 was used to measure the permeability of the 
preform to flowing water. 
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Fig. 1--Schematic drawing of fiber preform preparation process. 

B. Pressure Infiltration Apparatus 

Figure 2 is a schematic drawing of the pressure cast- 
ing apparatus that was constructed for this study. The 
fiber-filled quartz tube discussed above was secured to 
the cap of the apparatus with an O-ring fitting, above 
which was attached a stainless steel tube to act as a chill 
in the event of  overinfiltration. The fibers were heated 
by a helically wound resistance heater consisting of a 
3.2-mm-diameter sheathed heating element wound around, 
and silver-soldered to, a 15.2-cm-long steel cylinder 
(1.6-mm wall thickness). The heater assembly was placed 
over the quartz tube in the vicinity of the fibers; the space 
between the heater and quartz was filled by a 1.6-mm- 
thick layer of FIBERFRAX* insulation. Temperature 

* F I B E R F R A X  is a t r a d e m a r k  o f  S t a n d a r d  O i l  E n g i n e e r e d  M a t e r i a l s  

C o . ,  N i a g a r a  F a l l s ,  N Y .  

control was maintained with a thermocouple placed be- 
tween the quartz tube and the heater at the midpoint of 
the fiber preform length. Temperature differences mea- 
sured within the furnace over the 45-mm length occupied 
by the fibers were found not to vary by more than -+3 K. 

A second resistance furnace for metal melting was lo- 
cated in the bottom of the pressure vessel portion of the 
pressure casting apparatus. It measured 11.4 cm in internal 
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diameter and 15.2 cm in height. Metal, either 99.9 or 
99.999 wt pet aluminum, was melted in a thick-walled 
graphite crucible in air to preserve metal purity. 

Pressurization was achieved with nitrogen gas, which 
was delivered to the apparatus through two inlets via 
two 10.2-mm internal-diameter high-pressure hoses. Fast 
pressurization of the apparatus (~1 .2  seconds) was 
achieved by prepressurizing a holding tank, from which 
nitrogen was released via two 10.2-mm orifice ball valves. 
Thus, the infiltration experiments were conducted at 
constant pressure over most of  their duration, typically 
of  about 10 seconds. This feature of the procedure, com- 
bined with the unidirectionality of infiltration, enabled 
us to use results from calculations presented in Reference 1 
to interpret the data. 

Compression experiments were performed on the un- 
infiltrated fiber preform material along the axis of  infil- 
tration. These were performed within a heated quartz tube 
so as to replicate the actual conditions of the infiltration 
experiments. Strain was measured from crosshead dis- 
placement. It was found that preform deformation re- 
mained relatively small (<0 .03  engineering strain) up to 
a pressure of about 3.5 MPa, at which the preform started 
deforming significantly. Therefore, applied pressure was 
varied from 0 to 3.5 MPa in the infiltration experiments 
to avoid complications related to preform compression 
during infiltration. The preform deformation that oc- 
curred during infiltration was limited to a strain of  only 
0.03, which resulted in an imprecision in the volume 
fraction V I of less than 0.01. 

C. Liquid Metal Position Sensor 

A technique was developed to sense the position of 
the liquid metal front as it advances through the fiber 
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preform during infiltration. An SiC filament and the 
molten metal were used as a variable resistor, and as a 
result of  its change in resistance during the experiment, 
the liquid metal position could be calculated. The fila- 
ment was a 140-/xm-diameter SCS-2 SiC fiber manufac- 
tured by AVCO-Specialty Materials Division, Lowell,  
MA. It is very stiff, which is ideal for specimen prep- 
aration, and has a relatively high electrical resistivity 
(-~10 l l / m m ) ,  which is important for resolution of the 
metal position. 

A single SiC filament was inserted through the center 
of the preform during specimen preparation. The top of 
the filament above the preform was nickel-plated and at- 
tached to the fitting at the top of the quartz tube. The 
portions of  the filament within the preform and extend- 
ing out the bottom were unplated and allowed to hang 
free. The interface between the plated and unplated parts 
of the filament was located exactly at the top of the pre- 
form. A load resistor was placed in series with the fil- 
ament, and a constant potential was applied between the 
load resistor and the metal crucible, with the molten metal 
acting as a switch to close the circuit (Figure 3). The 
potential drop across the SiC filament was recorded as 
a function of time. As the metal infiltrated the preform, 
the potential measured across the filament decreased due 
to the decrease in its effective electrical length, so that 
by monitoring the potential drop during infiltration, the 
position of the metal front and its velocity could be de- 
termined. Examples of typical infiltration profiles, in terms 
of infiltration length vs time, are given in Figure 4. The 
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Fig. 3 - - S c h e m a t i c  drawing of  liquid position measurement  tech- 
nique. An SiC filament detects movement  of the liquid metal. 
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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 
I0 pet. 

D. Aluminum-Lead Experiments 

A technique was developed for infiltrating a small 
amount of aluminum followed by molten lead. In these 
experiments, 2 to 3 g of  aluminum were melted and 
floated on a bath of molten lead. When the system was 
subsequently pressurized, a small amount of aluminum 
preceded the lead into the preform. While the aluminum 
solidified in the preform during infiltration, the lead flowed 
into those volumes not occupied by solid aluminum. This 
provided a high-contrast metallographic observation of 
the volumes where the aluminum first flowed and solid- 
ified, because lead is darker than aluminum under the 
optical microscope. 

E. Metallographic Examination 

Metallographic preparation of composite samples was 
achieved by polishing on an automatic polisher with dia- 
mond paste on hard synthetic cloth, followed by a final 
polish with magnesium oxide on a soft billiard-type cloth. 
Some samples were chemically etched to reveal grains 
by immersing for 2 to 3 seconds in an etch-pitting so- 
lution of 50 ml nitric acid, 47 ml hydrochloric acid, and 
3 ml hydrofluoric acid. TM Observation of the samples under 
crossed polarizers accentuated the etch pits and readily 
showed differences in their orientation across different 
grains. 

The purity of the material after infiltration was deter- 
mined by chemical analyses of  samples taken from un- 
reinforced portions of the casting located close to the 
fiber preform. 

I I I .  E X P E R I M E N T A L  R E S U L T S  
AND C O M P A R I S O N  W I T H  T H E O R Y  

A series of  28 infiltration experiments were conducted 
in this study at various values of  pressure, fiber volume 
fraction, metal superheat, metal purity, and fiber tem- 
perature. Experimental conditions are listed in Table I 
along with measured results. 

The total length of flow into the preform, L/in Table I, 
was determined from measurement on longitudinally sliced 
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Table I. S u m m a r y  of Experiments  with Pure A l u m i n u m  

Nominal Mold 
Run Metal Radius T i APt To L V~t = tp 

Number Purity (mm) V i (K) (MPa) (K) (m/V's)  (ram) 

Metal Purity 
after Experiment 
(when Analyzed) 

l 3N 5.5 0.245 1023 0.72 1023 - -  
2 3N 5.5 0.250 983 0.46 983 - -  
3 3N 5.5 0.250 973 0.26 973 - -  
4 3N 5.5 0.250 603 3.59 960 * 
5 3N 8.5 0.250 603 3.52 955 0.0144 
6 3N 8.5 0.250 575 3.55 959 0.0113 
7 3N 8.5 0.240 559 3.42 951 0.0101 
8 5N 8.5 0.240 560 3.48 953 0.0137 
9 5N 8.5 0.240 562 3.48 951 0.0136 

10 5N 8.5 0.240 546 3.52 950 0.0129 
11 5N 8.5 0.240 530 3.52 953 0.0115 
12 5N 8.5 0.240 504 3.45 950 * 
13 5N 8.5 0.240 741 3.45 948 0.0304 
14 5N 8.5 0.240 483 3.42 943 0.0051 
15 5N 8.5 0.240 645 3.45 948 0.0201 
16 5N 8.5 0.235 528 3.42 1180 0.0147 
17 5N 8.5 0.245 528 3.31 1011 0.0104 
18 5N 8.5 0.240 527 3.45 1073 0.0125 
19 5N 8.5 0.235 528 3.42 1023 0.0121 
20 5N 8.5 0.220 484 3.45 953 0.0144 
21 5N 8.5 0.240 558 2.35 953 0.0100 
22 5N 8.5 0.240 558 1.30 953 0.0052 
23 5N 8.5 0.260 528 3.38 953 0.0070 
24 5N 8.5 0.220 529 3.38 956 0.0158 
25 5N 8.5 0.240 562 2.28 950 0.0119 
26 5N 8.5 0.240 558 4.52 951 0.0141 
27 5N 8.5 0.245 560 0.90 948 * 
28 5N 8.5 0.240 557 1.73 952 0.0079 

0 
0 
0 

23.0 
43.5 
33.5 
20.5 
38.5 
39.0 
33.0 
29.5 
22.0 

>45 
11.5 

>45 
37.0 
23.0 
33.0 
30.0 
36.5 
29.0 
10.5 
14.5 
45.0 
34.5 
39.5 
4.0 

21.0 

99.990 pct 

99.991 pct 

99.987 pct 

99.990 pct 

99.947 pct 

3N indicates starting purity of 99.9 pet. 
5N indicates starting purity of 99.999 pet. 

*Indicates insufficiently long linear portion on L vs ~ t  curve for accurate measurement of slope. 

samples.  The paramete r  L/V~t = &, introduced in 
Reference 1, is also listed. It was de te rmined  as de-  
scribed below.  

For  each run, data  such as those in F igure  4 were re- 
plotted as L vs ~tt ,  as shown in Figure  5. In these plots,  
there was invariably an initial transient of  about 1 second 
during which the s lope increased (region I in Figure 5). 
We  attribute this to the transient pressure  bui ldup in the 
chamber.  Fo l lowing  this initial t ransient ,  a region II was 
generally observed in which the slope was constant; lastly, 
in region III,  the s lope was observed  to decrease  with 
time. 

Data for L/V~t  in Table  I represent  the s lope o f  curves 
in region II such as that in Figure  5. This  was taken to 
be the value o f  L / ~ t t  = ~b measured  after  the steady- 
state pressure level was reached,  but before  sufficient 
sol idif icat ion f rom external  heat loss occurred to signif- 
icantly affect f low. 

The pressure differential, which drives flow of  the metal 
into the preform,  was def ined in our  previous  paper  ltl as 
Ap~, = Pr - P~ - Apv,  where Pr is the appl ied  pressure 
at the entrance o f  the preform,  Pg is the ambien t  pressure 
in the pre form at the infil tration front,  and Apv is the 
pressure drop  in the l iquid metal  due to surface tension. 
To enable correla t ion of  appl ied pressure  with infiltra- 
tion kinet ics ,  the capi l la ry  pressure d rop ,  Apv,  must  be 
known. According to the theory presented in Reference 1 

(Eqs. [471, [511, [58], and [601), a plot  of  ~2 = L2/t  as 
a function of  A Pt  (i.e.,  Pr - P~) should be l inear  at zero 
metal  superheat,  with its intercept  on the absc issa  axis 
equal  to A p ,  (Eq. [47] with Xs = 0). With  a low super-  
heat,  such as 20 K for a luminum,  the deviat ion f rom lin- 
ear i ty  is small .  In F igure  6, L2/t  is plot ted for a series 
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Fig. 5--Typical plot of length vs square-root time showing regions I, 
II, and III discussed in the text. This particular curve is from run 8, 
Table I. 
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of runs with low superheat and identical values of  all 
parameters except for the applied pressure APr. A straight 
line through these data points intersects the abscissa at 
approximately 1 MPa, and this is the value used for AP 7 
in the calculations that follow. This approximate value 
is corroborated by the observation that at applied pres- 
sures at or below 0.9 MPa, no or very little infiltration 
of the preforms was observed (Table I, runs 1, 2, 3, and 
27). Given the relatively small range of fiber volume 
fraction explored in this work, we ignore variations in 
Apy with fiber volume fraction and use the constant value 
of Apv = 1 MPa in all applications of equations derived 
in Reference 1. 

Figures 7 through 13 are plots of data from Table I 
and show comparisons of  these data with curves calcu- 
lated using the analysis of  Reference 1. Table II sum- 
marizes the values of thermal and physical constants used 
in the calculations. 

Solution of the equations also required a value for the 
fiber radius, r:. Fibers in the preforms used in this in- 
vestigation ranged mostly from 0.75 to 2.5 /zm in ra- 
dius, with a nominal value reported to be ~1 .5  /xm. In 
order to assign a single value for fiber radius, we mea- 
sured the permeability of  the preforms to water using 
standard techniques TM and calculated the resulting ap- 
parent fiber radius from Eq. [26] of  Reference 1. This 
yielded an apparent fiber radius of  1 .9/zm, satisfactorily 
close to the nominal value of 1.5 /zm reported by the 
supplier. Thus, we used r: = 1.9/xm when applying 
equations derived in Reference 1. 

The curves drawn in Figures 7 through 13 were cal- 
culated from Eqs. [47J, [511, [56], [58], and [60] of 
Reference 1. The values of  fiber volume fraction, fiber 
temperature, and metal temperature were taken directly 
from the processing parameters of each experiment 
(Table I). 

The influences of fiber volume fraction and fiber tem- 
perature are shown in Figures 8 and 9, respectively. The 
sensitivity of the kinetics of  preform infiltration to fiber 
volume fraction is a result of  the dual role of  an increas- 
ing fiber volume fraction in decreasing the spacing be- 
tween fibers and in increasing the amount of solid formed 
per unit volume of preform. This dual effect signifi- 
cantly decreases the permeability for a relatively small 
increase in fiber volume fraction. 

The effect of metal superheat is shown in Figure 10. 
Metal superheat is seen to play a minor role in the effect 

0.02 

A 
I 

0.01 

--.,. 

..i 

0 ! | 
o ' ; " ; ' 3  4 

-- Theory I 

J , Experiment J 

I A- -  
Alumina fiber 

I 3.8p.m dia. 

-o5 '4 ' ' 3 '  

P r e s s u r e  d r o p ,  &P ( M P a )  
g 

Fig. 7 - - E f f e c t  of  pressure drop on L/V"[; the theoretical curve drawn 
is for 20 ~ of superheat, and was calculated from Eqs. [47], 151], 
[58], and [60] of  Ref. 1. Experimental data are plotted with the as- 
sumption that the capillary pressure drop at the infiltration front is 
I MPa. 

A >- 
g 

0.03 , �9 = �9 , 

0,02 

0.01 

0 .00  
0.20 0.30 

, i a I i i 
0.22 0.24 0.26 0.28 

Fiber  volume fraction, Y t 

-- Theory ] 

�9 Experiment J 

99.999% AI 
Alumina fiber 

3.8g die, 
Tf =528-530 K 
APT = 3.38-3.52 MPa 
To= 953. 956 K 
theory: &Pp.= 2,45 MPa 

Fig. 8 - - E f f e c t  of  fiber volume fraction on L/~/~; curve drawn is for 
20 ~ of superheat. 

m 

E 

0.05 

0.04 

0.03 

0.02 

0.01 

0.00 
373 

! i t ! 

473 573 673 773 

Fiber  Temperature ,  T f ( K )  

; Th.ory [ 
Experiment 

99.999% AI I 
Alumina fiber 

3.8p, dia. 
Vf =0.24 
&P . 3,42-3.52 MPa I 
Tf T . 943-953 K I 
theory: AP..2.45MPa I 

i 

g73 

Fig. 9 - - E f f e c t  of  fiber temperature on L/g/t; curve drawn is for 20 ~ 
of superheat. 

9 9 . 9 9 9 %  AS 
Alumina fiber 

A 3,8p.m dia. 
Tf = 557-563 K 
Vf = 0.24 

~E T O - g50-953 K 
t 

% 

0 
0 1 2 3 

Applied pressure Ap T (MPa) 

Fig. 6 - - E x p e r i m e n t a l  values o f  infiltration kinetics as a function o f  
total applied pressure. 

0.03 

A 
- 0,02 

E 

0.01 

0.00 i I I , I , I ' 
933 983 1033 1083 1133 1183 1233 

I n i t i a l  metal temperature T (K) 
o 

Fig. 1 0 - - E f f e c t  of  metal superheat on L/~/t. 

- -  Theory 

�9 Experiment 

9 g . 9 9 9 %  AI 
Alumina fiber 
3.8F dia. 
Tf .527-530 K 
Vf =0.235-0.24 
AP T . 3.42-3.52 MPa 
theory: AP =2.45MPa 

METALLURGICAL TRANSACTIONS A VOLUME 20A, NOVEMBER 1989--2553 



~" 50 

..~ 40 

30 
e 

.~ 20 

== lO 

I 1  = 0 
M.  

/ 
I I i I , I i l , 

1 2 3 4 5 

l ;  Theory 

Experiment 

90.999% AI 
Alumina fiber 

3.Spin die. 
T. = 557-563 K 

I Q = 0.24 
I ~o - g50-g53 K 

Pressure drop, 6Pg  (MPe) 

Fig. 11 - - E f f e c t  of  pressure  drop on f inal  inf i l t ra ted length.  Calcu-  
lat ions assume h, = 200 W / m  2 K. 

on infiltration kinetics, in agreement with results from 
our model. This is because to impart a significant effect 
on overall permeability, a considerable portion of the 
composite must be remelted. Remelting of aluminum re- 
quires a large amount of  energy, which is not obtained 
for metal superheats normally encountered in foundry 
practice (at most 200 K), so remelting distances are 
moderate and the effect on infiltration kinetics is minimal. 

Using the aluminum-lead experiments as a verification 
of the role of superheat, the optical micrograph in Figure 
14 shows the results for metal with 60 K superheat. Note 
the existence of a region at the base of  the composite 
where the aluminum was entirely replaced by lead. At 
the end of the experiment, therefore, this region was en- 
tirely liquid; any aluminum which had solidified was re- 
melted. In 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. It is also evident from this figure that 
fingering occurred at the remelting front (i.e., the planar 
remelting front was unstable, resulting in cells or =fin- 
gers" of fully liquid matrix composite protruding into the 
partly solid matrix composite), analogous to observa- 
tions on fluid displacement in porous media. 14] 

Indication of a two-zone structure in cast aluminum 
matrix composites was observed when the superheat was 
sufficiently high to yield a region of large columnar grains 
in the upstream portion of the composite (Figure 15). 
Note that this is also experimental evidence that the fi- 
bers do not act as nucleation sites for the growth of solid 
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metal. A microstructure taken further downstream in the 
same sample and in the vicinity of  the infiltration front 
is shown in Figure 16, where many orientations of  etch 
pits in a small volume indicate a fine-grained matrix. 
This is a consequence of the high nucleation rate achieved 
by rapid cooling by the fibers at the infiltration front. 

The curves of final infiltration length, shown in 
Figures 11 through 13, were calculated from Eq. [34] of 
Reference 1. As a first approximation, the external heat 
loss was assumed to be limited by convection to the sur- 
roundings and described by a single heat transfer coef- 
ficient, he, between the sample and its surroundings at 
the fiber preheat temperature. Thus, the growth of solid 
from the mold wall was calculated by Eq. [65] of  
Reference 1. The best agreement of theory with exper- 
iment was obtained by assuming 200 W m-2 K-~ for he. 
Although agreement with all experimental data using a 
single value for he is satisfactory, a more detailed anal- 
ysis would be necessary to account for the complexity 
of  heat transfer from the sample to the mold and its sur- 
roundings, consisting of successive layers of insulating 
material, a furnace, and pressurized gas. The value of 
h~ of 200 W m -2 K -~ is satisfactory, however, in that it 
lies between the typical values of  3000 W m -2 K - '  ob- 
served in casting fluidity experiments with aluminum, 
where all heat was extracted into a quartz mold wall, 151 
and 10 W m -2 K -] for cooling by natural convection in 
air. t6] Using the above value of he, it is seen that the 
effects of  the processing parameters on Lr mirror those 
of L/Vtt, with the same experimental agreement with 
theory. The curves 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, 
which was found experimentally to be small. 

The calculation of L I is based upon the assumption that 
external heat losses are responsible for the cessation of 
infiltration. The physical model of solidification from the 
mold wall is confirmed by a reexamination of the 
aluminum-lead experiment of  Figure 14. Near the mold 
wall, the matrix is aluminum, indicating complete solid- 
ification of the aluminum at the mold wall prior to in- 
filtration by lead. This corresponds to region 2 of  the 
discussion in Reference 1. Figure 14 of this paper is to 
be compared with Figures 1 and 11 of Reference 1. 

The effect of the mold radius is shown experimentally 
in Figure 17. Note that a change in mold radius does not 
influence the infiltration profile during the early stages 
of infiltration, but it does have an influence on the total 
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Table II. Values of Selected Thermal and Physical Constants 

Property Units Aluminum tl31 SAFFIL 1141 Quartz t~51 Air [16] 

p (kg/m 3) 2.4 x 10 3 3.3 X 10 3 2.2 • 10 3 1.1 x 10 ~ 
pC (J/m 3 K) 2.6 • 10 6 4.0 • 10 6 3.1 • 10 6 1.1 • 10 3 
k (W/m K) 93 8 2 2.6 x 10 -z 
ot (mZ/s )  36 >( 10 -6 2 X 10 -6 0.65 X 10 -6 2.4 x 10 -5 
pAH ( J / m  3) 9.5 x 108 - -  - -  - -  
/z (Pa" s) 1.3 • 10 -3 - -  - -  - -  

time of  flow. Theoretically, the mold radius should in- 
fluence only the external heat loss kinetics and not the 
interaction between the metal and fibers which is ac- 
counted for in the adiabatic model of  Reference 1. 
Therefore,  the slopes of  the infiltration profiles during 
the early stages o f  infiltration will remain unchanged for 
the two different mold radii, while the final infiltration 
lengths will increase as the mold  radius increases, as 
confirmed experimentally by data in Figure 17 for 99.9 wt 
pct pure aluminum. 

Metal purity was noted to have a very strong effect 
on the infiltration kinetics, as shown in Figure 18. Not  
only was there a pronounced difference in flow behavior  
between 99.999 and 99.9 wt pct aluminum, but when 
repeatedly using a melt o f  99.999 wt pct aluminum, a 
significant effect on infiltration kinetics was detected when 
the melt purity dropped to only 99.95 wt pct. The effect 

of  metal purity on results of  a vacuum casting fluidity 
test was studied by Feliu et al. ,[7] who reported an 8 pct 
decrease in fluidity when changing from 99.99 to 99.9 wt 
pct aluminum. They concluded that the impurities influ- 
enced the mode  of  solidification, which,  in turn, affected 
the drag between the liquid and stationary solid metal. 
This conclusion has also been supported by observations 
of  the transition from planar to cellular solidification 
interfaces due to small changes in solute levels.t81 There- 
fore, it is plausible that the lower purity metal does not 
initially solidify at the infiltration front in a form that 
approximates that of  a smooth cylinder surrounding the 
fibers, but solidifies following a different morphology,  
which is probably more akin to what  is observed when 
an alloy solidifies in the presence o f  fibers after infiltra- 
tion.t9,1~ These data confirm conclusions in our previous 
publication till on infiltration by 99.9 wt pct aluminum, 

Fig. 1 4 - -  Optical micrograph of  a cross section of a sample infiltrated 
by a luminum followed by lead. Dark regions are lead or fiber, and 
light regions are aluminum. Infiltration occurred upward. Infiltration 
parameters were V: = 0.23, 99.9 pct pure AI, T: = 608 K, To = 993 K, 
APt = 3.5 MPa; sample diameter was 11 mm.  

Fig. 15 - -Op t i ca l  micrograph of the preform entrance region of etch- 
pitted SAFFIL alumina-fiber-reinforced 99.9 pct pure aluminum matrix 
composite viewed under crossed polarizers in the optical microscope. 
Large columnar grains are visible (in white) in this region. The pre- 
form entrance is at the bottom of the figure, and infiltration occurred 
upward. Horizontal striations are due to delamination of the preform. 
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Fig. 18--Effect  of metal purity on infiltration behavior. 

Fig. 16--Photomicrograph of the same sample as in Fig. 15, viewed 
as before but at higher magnification. This micrograph was taken far- 
ther away from the preform entrance, closer to the infiltration front, 
above the region in Fig. 15. Here, etch pits display a variety of ori- 
entations over a much smaller area of composite (many etch pits are 
in white and thus distinguishable from fibers and the rest of the ma- 
trix), denoting a grain size on the order of 10 p.m, close to the infil- 
tration front. 

wherein discrepancies between our results and those of 
Fukunaga et al. were attributed to a difference in metal 
purity. 

IV.  V A L I D I T Y  OF A S S U M P T I O N S  

In what follows, each of the main assumptions intro- 
duced in the theory of Reference 1 is briefly justified for 
the system investigated here. Table II is a list of  the 
physical and thermal properties for the SAFFIL-reinforced 
aluminum composites studied in these experiments. 

Cross flow through a square array of cylinders: It was 
observed that even though the infiltration front features 
numerous fine spikes on a microscopic scale, on a 
macroscopic scale as measured in these experiments, the 
infiltration front progresses as a plane, a short distance 
behind which all pores in the preform are filled. The 
"slug-flow" assumption of Reference 1 is thus justified. 

Data in the review of Jackson and James f~2] indicate 
that the geometry of the fibrous arrays is not a significant 
factor for the measurements of  their permeability as long 
as flow of the metal is perpendicular to the fiber axes. 
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�9 " �9 Tf . S O 3  K EE 40 ad=u= 85ram 
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Fig. 17--Effect  of mold radius on infiltration behavior. 

This was the case for the vast majority of  the fibers in 
the SAFFIL preforms. 

Darcy's law: Throughout this work, it is assumed that 
Darcy 's  law describes the flow of metal through the pre- 
form. As discussed in Appendix I of Reference l, this 
constitutes a valid assumption for Reynolds numbers less 
than I. In these experiments, the maximum velocity 
measured is on the order of  0.01 m/s .  This yields a 
Reynolds number on the order of 0.08, clearly within 
the region of validity of  Darcy 's  law. 

Negligible heat transfer ahead of the infiltration 
front: The effect of  thermal losses ahead of the infiltra- 
tion front is described in detail in Reference I. Referring 
to Figure 8 of the same reference, this effect is signifi- 
cant only when the value of B (defined in Eq. [43]) falls 
below unity. For the values of  ~b = L / V t  encountered 
in experiments reported here, B is always greater than 
10. The effect of heat transfer ahead of the infiltration 
front is therefore negligible for all the experiments con- 
sidered in this work. 

Negligible temperature gradients over the composite 
sample diameter perpendicular to the infiltration direc- 
tion in the presence of external cooling: We assume that 
the rate of  heat extraction at the mold wall is limited by 
convection to a surrounding medium at temperature T I ,  
the initial fiber temperature. The Biot number gives a 
measure of the significance of temperature gradients within 
the composite, defined as: 

heRi 
B i =  

kc 

where he is the interfacial heat transfer coefficient be- 
tween the metal and mold, Ri is the inside radius of  the 
mold, and kc is the thermal conductivity of  the compos- 
ite. The assumption of negligible temperature gradients 
across the sample diameter is consistent with the value 
for he derived from experimental data, which yields 
Bi = 0.03. 

V. S U M M A R Y  AND C O N C L U S I O N S  

1. An apparatus was designed and built for the infiltra- 
tion of molten metal into porous preforms under con- 
trolled processing conditions. The apparatus utilized 
pressurized gas to cause infiltration under a constant 
applied pressure. 
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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 quan- 
titative measurements of infiltration kinetics. 

3. Quantitative agreement of  theory with experimental 
values of infiltration kinetics and final infiltrated length 
has been shown under a variety of processing con- 
ditions. For example, it was shown that an increase 
in fiber volume fraction of only 10 pct from 0.22 to 
0.24 caused a drop in infiltration length of 46 pct, 
and an increase in fiber temperature by 10 pet from 
523 to 553 K increased infiltration length by 35 pet. 
The effect of applied pressure on infiltration length 
is parabolic after correction for the capillary pressure 
drop at the infiltration front; doubling the pressure 
that drives fluid flow results in a V'2 increase in in- 
filtrated length. 

4. Metal superheat induces a gradual remelting at the 
preform entrance of  solid previously formed. This 
mechanism was verified by metallographic observa- 
tion 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. 

5. The effect of metal purity on infiltration was ex- 
tremely pronounced. A decrease in purity from 99.999 
to 99.9 wt pet resulted in a decrease in infiltration 
length of 50 pct. This observation is interpreted by 
assuming that the impurity level affects the mode of 
solidification; the assumption that the metal solidifies 
as a smooth sheath surrounding the fibers is no longer 
consistent with infiltration kinetics. 

6. These experimental results provide confirmation of 
the analysis of infiltration of metal matrix composites 
presented in Reference 1. Therefore, it is suggested 
that physical models for the infiltration process of 
three-dimensional shapes proposed in that work can 
be used with some degree of confidence in the anal- 
ysis of more complex preform and mold geometries. 
Numerical techniques would be required for solution 
of most of these cases. 
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