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Capacitance Monitoring of the Infiltration of Ceramic
Particulate Preforms with Liquid Metals at 750 to 850 °C

T.R. Jonas, J.A. Cornie, and K.C. Russell

The authors previously developed a capacitance technique to determine the position of the infiltration
front as a function of time during the pressure infiltration of ceramic particulate preforms with liquid
metals. In the present work, the technique was extended to higher temperatures and was used to monitor
the infiltration of alumina particulate preforms with Al-Mg alloys and silicon carbide particulate pre-
forms with Sn and an Al-Si alloy. The infiltration front position could be determined in the alumina pre-
forms. However, it was not possible to clearly interpret the results obtained from the infiltration of
semiconducting silicon carbide preforms. The observed range of capacitance circuit voltage to infiltra-
tion distance ratios agreed with the predicted range for both simulated and alumina preform infiltration
experiments. Formation of unstable infiltration fronts could also be detected.
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1. Introduction

LIQUID-STATE processes for producing metal-matrix com-
posites combine metal and reinforcement when the metal is
molten. Such processes have been proposed as more economi-
cal alternatives to solid-state processes such as diffusion bond-
ing and powder metallurgy. Pressure infiltration processes,
which use applied pressure to force the liquid metal into a pre-
form of reinforcement material, have already found limited
commercial use.

For unidirectional infiltration processes, the ability to moni-
tor the position of the infiltration front allows both process con-
trol and study of the fluid flow occurring during the infiltration
process. Fluid flow is influenced by the magnitude of the capil-
lary pressure, which is a function of the wetting of the rein-
forcement by the metal. Therefore, study of the fluid flow also
reveals information about the wetting in the system.

Two different techniques have been developed to continu-
ously monitor the infiltration front position during unidirec-
tional pressure infiltration. The first involves inserting a SiC
fiber into a nonconducting fiber preform and measuring its re-
sistance during the infiltration experiment.l! 3] Ag the metal
advances into the preform, the length of the fiber contributing
to the measured resistance decreases. The second technique,
which the authors developed, is noninvasive. An electrode is
placed on the outside of the sample tube, and the capacitance
between this electrode and the liquid metal on the inside of the
tube is measured during infiltration.[*] This second technique
was previously tested for temperatures on the order of 300 °C,
below the melting point of most alloys of commercial interest.

This article discusses the results obtained using the capaci-
tance technique to monitor the infiltration of alumina particu-
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late preforms with AI-Mg alloys and the infiltration of SiC par-
ticulate preforms with Sn and an Al-Si alloy. Most experiments
were conducted at 750 °C. The results of infiltration simulation
experiments are also examined because they aid in interpreting
infiltration results.

2. Basis of the Capacitance Technique

The capacitance technique determines infiltration distance
by measuring capacitance during the infiltration process. As il-
lustrated in Fig. 1, a metal signal electrode placed on the out-
side of the sample tube and the liquid metal inside the tube
comprise the capacitor electrodes. The dielectric consists of the
sample tube and any gaps between the electrodes and the sam-
ple tube. A specially built circuit applies a potential difference
between the two electrodes, charging the capacitor. As infiltra-

i 200nm
i
Fig. 1 Schematic of the capacitance technique. The capaci-

tance between the electrodes depends on the effective capacitor
length, X, which depends on the infiltration distance.
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tion proceeds, the effective capacitor length and thus the ca-
pacitance increases. Further details of the technique are given
elsewhere.[*51 Another section of the circuit provides a peak
voltage proportional to the capacitance.

For this electrode configuration, the capacitance is propor-
tional to the capacitor length. If end cffects can be neglected,
the capacitance of a capacitor with coaxial circular cylindrical
electrodes and a homogeneous dielectric is given by:

~ 2nKe oL
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In Eq 1, K is the dielectric constant; €, is the permeability of
free space; L is the capacitor length; r; is the radius of the outer
conductor; and ry, is the radius of the inner conductor. In the in-
filtration experiments, the dielectric was not homogeneous, but
consisted of both the sample tube and a gap between the signal
electrode and the sample tube. For a coaxial geometry, the ca-
pacitance becomes:
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where ry is the radial position of the inner conductor; 7| is the
radial position of the interface between the inner and outer di-
electric; and ry is the radial position of the outer conductor. K
and K, are the dielectric constants of the inner and outer dielec-
tric, respectively. During the infiltration simulation experi-
ments, an additional gap existed between the inner electrode
and the sample tube; the appropriate form of Eq 2 therefore
contains an additional dielectric term in the denominator.

The presence of gaps allows the electrodes to shift so that
the geometry is no longer coaxial, changing the capacitance per
unit length, C/L. The expected range of C/L values can be cal-
culated from the solution for the capacitance of hollow cylin-
ders placed one inside the other:[6]
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where a is the radius of the inner cylinder; b is the radius of the
outer cylinder; and ¢ is the distance between the centers of the
cylinders. For constant radii @ and b, the capacitance predicted
by Eq 3 is minimum when the cylinders are coaxial and maxi-
mum when they are nearly in contact. Therefore, the lowest ex-
pected capacitance per unit length is for coaxial electrodes. It
can also be shown that the capacitance per unit length between
any two nonconcentric cylinders placed one inside the other is
less than if the outer cylinder were replaced by a concentric cyl-
inder of smaller radius such that the distance between the new
outer cylinder and the inner cylinder is equal to the minimum
distance between the old outer cylinder and the inner cylinder.
Therefore, C/L for a hypothetical signal electrode whose inner
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Fig.2 Schematic of the infiltration simulator. The movement
of liquid metal into the preform is simulated by moving an alu-
minum rod into an empty sample tube.

diameter is equal to the outer diameter of the sample tube pro-
vides one upper bound on the expected capacitance per unit
length.

3. Experimental Materials and Methods

3.1 Simulation Experiments

Adevice that simulated pressure infiltration was used to test
the proportionality between the circuit output and the effective
capacitor length. The device is shown schematically in Fig. 2.
Changes in infiltration distance during the infiltration experi-
ment were simulated by moving an aluminum rod into a quartz
tube surrounded by signal and shield electrodes. The 4 cm long
aluminum rod, of average diameter 4.85 mm, fit within the 5
mm ID, 8§ mm OD by 13.5 cm long inner quartz tube. A screw
controlled the position of the rod in the tube and electrically
connected it to the base of the device, to which the voltage was
applied. The signal electrode consisted of layers of <0.1 mm
thick copper sheet wrapped tightly around the inner tube and
held in place with a piece of 9 mm ID by 11 mm OD quartz tub-
ing. The signal electrode was approximately 6 cm long and
started approximately 2 mm from the bottom end of the quartz

Journal of Materials Engineering and Performance



* to lid lines
Il

water cooled lid | |

o-ring fitting

]

I
sample 1
tube 11
I
I
I
I
11
1
1

main
furn

7

_ DN
7 //722)

N 7

77

srucible

TS

% RS 1
I
I
1l
1

11

hamber _ggi= L= g [0 PTESSUTC
lines = gauges

insulation

water cooled base

Fig.3 Schematic of the pressure infiltration unit. The preform
is indicated by the small squares inside the sample tube. The
electrode assembly for the capacitance technigue is not shown.
Thermocouple positions are indicated by an x.

tube. The grounded shield electrode was constructed in the
same way and held in place with a piece of 12 mm ID by 14 mm
OD quartz tubing. Additional copper sheet was wrapped
around the outer tube to hold the tube assembly in place in the
base of the device. The circuit output peak voltage was meas-
ured for several positions of the aluminum rod within the inner
tube. The depth of the aluminum rod within the tube was meas-
ured with a pair of calipers. Section 4 discusses the simulation
results.

3.2 Infiltration Experiments

Experiments were conducted with alumina and silicon car-
bide particles. Sedigraph testing showed both batches of pow-
der to have a median diameter of approximately 9 um. The
powders were packed into preforms with a volume fraction of
approximately 0.5. Binderless Saffil alumina paper was placed
at the preform entrance after packing to keep the powder in
place.

The sample configuration for the two types of preforms was
slightly different. The alumina preforms were packed within
alumina sample tubes of average ID of 4.88 mm and average
OD of 6.27 mm. The silicon carbide preforms were packed
within the same quartz sample tubes used in the simulation ex-
periments. For both types of preforms, the nickel signal elec-
trode was formed to fit closely around the sample tube and
contained within a slightly larger diameter quartz tube glued to
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the sample tube. The electrodes used in the alumina experi-
ments had average inner diameters ranging from 6.69 to 6.88
mm. As described previously,!4lalumina insulation was placed
on top of the preform to insulate it from the chill rod in thermal
contact with the lid of the pressure vessel. For the alumina pre-
form experiments, approximately 0.7 g of titanium granules
was placed between the alumina insulation and the chill rod to
remove oxygen from the atmosphere.

The pressure infiltration unit used to perform the experi-
ments, illustrated in Fig. 3, was similar to that used in the pre-
vious experiments at 300 °C.l4] However, a booster furnace
was added to reduce the temperature gradient along the sample.
In addition, vacuum gages were installed at the base and lid of
the machine for the alumina preform experiments.

The infiltration portion of the experiment consisted of a
pressurization step followed by a venting step. First, both the
sample tube and the pressure chamber were pressurized with
gas. The furnace controls were adjusted until both the upper
and lower thermocouples indicated fairly stable temperatures
that were within the desired range. Infiltration of the preform
was started by venting the gas in the sample tube to atmosphere
or to an atmospheric pressure reservoir. Re-equalization of
pressure between the sample tube and the pressure chamber
halted the infiltration. The creation of a pressure difference be-
tween the pressure chamber and the sample tube by venting gas
from the sample was necessary to reduce variations in sample
temperature during the experiment.

The experimental conditions were different for the two
types of preforms. The alumina preforms were infiltrated with
Al, Al-2.3 wt% Mg, and Al-5.8 wt% Mg at 750 °C under an ar-
gon or nitrogen atmosphere. The Al-2.3 wt% Mg alloy was also
tested at 850 °C. Both the pressure chamber and the sample
tube were evacuated and backfilled with argon or nitrogen be-
fore beginning the infiltration experiment, and the sample tube
was vented to an atmospheric pressure reservoir filled with ar-
gon or nitrogen. The silicon carbide preforms were infiltrated
with Al-12 wt% Si and Sn at 750 °C in air. No special evacu-
ation or venting steps were used.

4. Simulation Experiments

The capacitance circuit voltage was found to be propor-
tional to the amount of positive overlap between the electrodes
and thus the effective capacitor length. Figure 4 illustrates the
relationship between circuit voltage and electrode overlap ob-
tained for a typical simulation experiment; the conversion fac-
tor between circuit voltage and electrode overlap in this
experiment was 0.41 V/cm. The conversion factors measured
in other experiments ranged from 0.35 to 0.60 V/em.

The predicted conversion factor between circuit voltage and
metal position, V/L, can be obtained by multiplying the ex-
pected capacitance per unit length, C/L, by the conversion fac-
tor between circuit voltage and capacitance, V/C. The expected
capacitance per unit length can be calculated as discussed in
Section 2. The dielectric constant of quartz at room tempera-
ture is approximately 3.75./ " and the permittivity of free space
is 8.85x 10712 F/m. The conversion factor between circuit
voltage and capacitance was measured as 0.13 V/pF, so that the
theoretically predicted lower bound was 0.33 V/m, whereas the
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theoretically predicted upper bound was 0.59 V/cm. The theo-
retically predicted values compared well with the experimen-
tally observed range of 0.35 to 0.60 V/cm. Therefore, the
variation in V/L observed experimentally can be explained by
the shifting of electrode positions from one experiment to an-
other. The shifting was allowed by the gap between the sample
tube and the electrodes.

5. Infiltration Experiments

5.1 Expected Stages of the Infiltration Process

Figure 5 schematically shows the physical stages in the in-
filtration experiment. After both the inside of the tube and the
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Fig.4 Typical simulation. This figure illustrates the linear rela-
tionship between circuit voltage and electrode overlap for a typi-
cal simulation experiment. The line shown was obtained from a
least-squares fit.
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pressure chamber are pressurized to the initial pressure P, the
liquid metal should be near the bottom of the sample tube. After
the gas within the sample tube begins to vent into the atmos-
pheric pressure reservoir, the pressure in front of the meniscus
will begin to decrease and the liquid metal will rise into the
tube. Once the liquid metal reaches the preform, it enters when
the pressure difference driving the flow exceeds the minimum
capillary pressure for infiltration. As the metal flows through
the preform, the infiltration front should move in accordance
with fluid flow laws, which predict an increase in infiltration
distance proportional to the square root of time at constant ap-
plied pressure for both saturated and unsaturated flow.[8-101
Because the liquid metal can enter the preform before the pres-
sure difference driving the flow has reached its full value, it
may take some time to develop the proportionality between
voltage and time characteristic of the applied pressure differ-
ence. At the end of the experiment, the sample space is repres-
surized, stopping the flow of metal in the preform.

5.2 Infiltration of Alumina Preforms

5.2.1 [Infiltration Curve Results

A plateau region of approximately constant circuit signal
usually appeared near the beginning of the experiment, typi-
cally within a second of the decrease in sample line pressure. In
some experiments, the initial signal level was significantly
lower than this plateau value, and a rapid transition between the
two levels was observed, as shown in Fig. 6. In other experi-
ments, the initial signal level was approximately at or above the
plateau value, as illustrated by Fig. 7. In both figures, the pres-
sure difference plotted is the difference between the pressure in
the chamber and the sample line at the lid. This pressure differ-
ence will be different than that driving the flow if the pressure
in the preform is higher than that at the preform exit.

As the two figures illustrate, some time could be required
for the plateau value to stabilize. Typically, the plateau was not
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Fig. 5 Physical stages in the infiltration experiment. At the start of the experiment, the liquid metal is at the bottom of the tube. As gas be-
gins to vent from the sample tube, the metal will begin to advance into the tube. However, the metal will not start to enter the preform until

the pressure at the preform entrance is less than Py — AP,
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Fig. 6 Low initial signal level. Circuit voltage and pressure dif-
ference versus time obtained for an experiment with a low initial
signal level. The pressure difference is defined in the text. Run
8: Al-2.3 wt% Mg at 750 £ 5 °Cin Ar.

completely flat. When the signal was oscillating, the plateau
value was taken as the average of the upper and lower oscilla-
tion values and the uncertainty as the difference between the
average and the extreme values. When the signal trend was
either increasing or decreasing, the last value before infiltra-
tion appeared to begin was taken as the most likely value, and
uncertainty was assigned based on the magnitude of the pre-
ceding trend. Relatively well-defined plateau values were
found for most experiments. Those experiments without well-
defined plateau values were not useful for further analysis.

After some time, the plateau region ended, and the circuit
signal began to increase. Often, the increase began several sec-
onds after the start of the experiment. The increase usually oc-
curred after the pressure transducer at the lid of the pressure
vessel indicated atmospheric pressure. As Fig. 6 and 7 indicate,
the rate of signal increase generally became roughly propor-
tional to the square root of time. The increase was not always
smooth; only those experiments showing a relatively smooth
increase were analyzed. Sometimes, the gradual rise in signal
was interrupted by a rapid jump, as illustrated in Fig. 8. Exami-
nation of the preforms from these experiments revealed the for-
mation of an unstable infiltration front, which usually confined
itself to the edge of the preform near the tube wall, as shown in
Fig. 9. Therefore, only the information before the rapid rise in
signal was considered representative of the infiltration process.

After the experiment was stopped and the pressure in the
sample space began to increase, the circuit voltage generally
began to level off. Occasionally, the signal made a sudden jump
up or down. The signal value taken as representative of the end
of the experiment was the average of the maximum and mini-
mum values observed after the pressure in the sample space be-
gan to increase and before any jump in signal occurred. For
those samples with an unstable infiltration front, the repre-
sentative end value was taken as that present before the rapid
rise in signal occurred.
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Fig.7 High initial signal level. Circuit voltage and pressure
difference versus time for an experiment with a high initial sig-
nal level. The pressure difference is defined in the text. Run 16:
Al-5.8 wt% Mg at 750 £ 5 °Cin Ar.
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Fig. 8 Rapid signal rise for an unstable front. An example of
the rapid rise in signal level associated with the formation of an
unstable infiltration front. Run 6: Al at 750 £ 10 °C in Ar.

5.2.2 Discussion of Infiltration Curves

The observed plateau in the signal near the beginning of the
experiment was assumed to correspond to the metal front
reaching the start of the preform. The plateau probably resulted
from the liquid metal being stopped at the entrance of the pre-
form until the pressure within the preform became low enough
for the metal to enter. Calculations of the pressure at the pre-
form entrance as a function of time support this explanation.!>!
From the discussion presented in Section 5.1, the signal was
expected to be low at the beginning of the experiment and then
increase to the value corresponding to the start of the preform.
However, for some experiments, the initial signal was approxi-
mately at the plateau value. The high initial signal level could
have been caused by traces of metal left within the tube from
the evacuation steps. Such traces were observed for a run that
was stopped after evacuation.
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Fig. 9 Formation of an unstable infiltration front along the
wall of the sample tube at right. The dark regions at left are areas
of the preform that were not infiltrated with metal during the ex-
periment. The light areas indicate infiltrated regions. The main
portion of the infiltration front is shown near the bottom of the
photograph. Note the projection of the infiltration front near the
tube wall, particularly in the upper half of the photograph. Infil-
tration signal is shown in Fig. 8. Run 6: Alat 750 £ 10 °Cin Ar.

Because the stable platcau value was sometimes lower than
preceding circuit voltage values, it is likely that not all the
changes in signal taking place at the start of the experiment
were due to changes in position of the liquid metal inside the
sample tube. Transient changes in the signal were also ob-
served at the end of the experiment. The speed or direction of
most of the changes made it unlikely that they were due to
changes in metal position. One possible explanation is that the
flow of metal up the empty portion of the tube at the start
of the experiment and the re-equalization of pressure at the end
of the experiment may physically move the sample tube with
respect to the electrodes, producing a change in capacitance.
However, because most of the effects at the beginning of the
experiment appear to disappear before infiltration occurs and
the effects at the end of the experiment do not obscure the sig-
nal analysis, determination of infiltration distance from capaci-
tance measurements is not seriously affected.
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Fig. 10 Circuit voltage versus infiltration distance. Correspon-
dence between changes in circuit voltage and final infiltration
distance for different experiments. The line shown was obtained
from a least-squares fit through the points.
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Fig. 11 Silicon carbide infiltration signal. Typical circuit volt-
age and pressure difference versus time for infiltration of a SiC
preform. Run 022391n2: Al-12 wt% Si at 750 °C in air.

The increase in signal following the plateau then corre-
sponded to infiltration of the preform. The increase in signal
approximately proportional to the square root of time was in
agreement with expected fluid flow behavior.

5.2.3 Proportionality Between Circuit Voltage and
Infiltration Distance

Figure 10 compares the final infiltration distance to the volt-
age obtained by subtracting the plateau voltage from the end
voltage for different experiments. The central length of the
main portion of the composite was taken as the infiltration dis-
tance. Although Fig. 10 shows some scatter, larger voltage
changes are clearly correlated with larger infiltration distances.
The ratio of the change in voltage to the infiltration distance,
V/L, was calculated and ranged from 0.39 to 1.69 V/cm, with an
average value 0f 0.80 £ 0.27 V/em.
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The observed proportionality between changes in circuit
voltage and infiltration distance agrees with the expected be-
havior of the measurement system. Calculation of expected
V/L values for the infiltration experiments was complicated by
the temperature dependence of the electrode dimensions and
the dielectric constant of alumina. The diameters of the sample
tubes and the signal electrodes at experimental temperatures
were estimated using appropriate values for the thermal expan-
sion of polycrystalline alumina and nickel. 1121 The cal-
culated elongation values were as follows: 1.38% for Ni at
850 °C, 1.20% for Ni at 750 °C, 0.699% for Al,O5 at 850 °C,
and 0.605% for Al,O5 at 750 °C. The dielectric constant of the
pressurizing gas was assumed to be essentially temperature in-
dependent. Although the temperature dependence of the di-
electric constant of the alumina sample tubes was not known,
alumina of similar purity and density has a dielectric constant
of approximately 11 at 750 to 850 °C and frequencies of 104 to
10° Hz.[13]

The experimental values ranged between 1.69 and 0.39
V/cm, with an average of 0.80 V/cm. The highest expected
value, calculated using Eq 2, was 3.20 V/cm at both 750 and
850 °C. The lowest expected value was (.60 V/cm at 750 °C
and 0.59 V/cm at 850 °C. Although the experimental values
tended to cluster around the lower bound, reasonable agree-
ment was obtained between the observed and calculated val-
ues, particularly when the approximate nature of the
calculations and their sensitivity to the dimensions of the signal
electrode were considered. Lower values of the proportionality
constant between circuit voltage and infiltration distance could
be produced by lower values of the dielectric constant of alu-
mina or slightly different sample tube or signal electrode di-
mensions.

5.3 Infiltration of Silicon Carbide Preforms

For these experiments, a distinct plateau region was not ob-
served near the start of the experiment. Instead, as illustrated in
Fig. 11, the initial region of rapid increase in circuit signal was
followed by a region of slower, but definite, increase. The sec-
ond region was followed by a region where the signal began to
increase more rapidly, then leveled off. In the third region, the
increase was not proportional to the square root of time because
the curve tended to flatten at long times. The time at which the
third region began tended to be later than for the alumina ex-
periments.

Because the region where infiltration occurred and the start
of the preform could not be clearly identified, it was not possi-
ble to definitively interpret the circuit signal to determine infil-
tration distance as a function of time. One possible explanation
is that at 750 °C the conductivity of silicon carbide is high
enough to interfere with the capacitance measurement, causing
the uninfiltrated regions of the preforms to contribute to the ca-
pacitance signal. It is known that the conductivity of silicon
carbide increases with temperature.! 14,151 The contribution of
the uninfiltrated preform to the signal may also depend on the
extent to which pressure improves the electrical contact be-
tween the particles. As the metal moves up the empty portion of
the sample tube and reaches the start of the preform, it will
make electrical contact with the particles at the start of the pre-
form and apply pressure to the preform. The applied pressure
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difference will increase as gas vents from the preform, which
could produce an increase in signal due to improved electrical
contact between the particles. This might explain why no pla-
teau region was observed. In addition, if uninfiltrated regions
of the preform contribute to the signal, the entire length of the
preform will appear to be infiltrated before it actually is, which
might explain why the signal leveled off at the end of the ex-
periment even though infiltration was not complete.

6. Conclusions

The capacitance technique was extended to higher tempera-
tures. Appreciable conductivity of the preform material at the
test temperature can limit the use of the technique. The capaci-
tance technique could not be used to interpret infiltration re-
sults for semiconducting silicon carbide preforms at 750 °C.
However, the technique could be used to determine the infiltra-
tion front position during the infiltration of insulating alumina
preforms. The observed range of circuit voltage to infiltration
distance ratios agreed with the predicted range for the simula-
tion and the alumina preform infiltration experiments. The for-
mation of unstable infiltration fronts could be detected.
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