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The work needed to mechanically drive molten metal into a porous solid preform when producing a
composite material by infiltration can significantly exceed the energy change required for thermody-
namically reversible infiltration. We measure, by quantitative metallographic analysis of partially infil-
trated, particle- or fiber-based non-metallic preforms, the evolution with saturation of the three interfaces
present during the process. Results show that irreversible energy losses in the infiltration of alumina pre-
forms by molten copper, aluminium or aluminium-tin alloy cannot be ascribed to the creation of liquid
meniscus surface area at intermediate metal saturation. This result agrees with similar observations in
soil science and gives experimental confirmation of predictions from a recent simulation of capillarity-
dominated metal infiltration [Acta Mater., vol. 210, 2021, 116831].
© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

One of the principal methods used to produce composite ma-
terials is infiltration, where the matrix in fluid form is made to
invade open pores within a solid “preform” of the reinforcing
phase. Infiltration can produce composites with a matrix of ce-
ramic, metal or polymer, reinforced with phases that can be chosen
across a wide range of geometries, including fibres, microcellular
solids, whiskers or particles [1-8].

The process of infiltration has been the subject of extensive re-
search, both within the materials community and also in other dis-
ciplines or areas of technology, including for example soil science,
reservoir engineering, CO, sequestration or chemical engineering.
Extensive monographs and review articles exist on the subject [9—
12].

From a thermodynamic standpoint, the volumetric energy re-
quired to fully and reversibly infiltrate a unit volume of porous
solid preform equals the specific surface area of the reinforcement
preform, S;, times the unit area work of immersion of the solid
preform, defined as:

‘/\/l-zo'stUSVz 7O'ch05(9) (1)

where o is the matrix/reinforcement interfacial energy, oy is
the surface energy of the dry reinforcement phase, oy is the lig-
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uid matrix surface energy and 6 is the wetting angle of the liquid
matrix measured on a flat surface of the solid reinforcement phase.

In practice, the infiltration process can be highly hysteretic,
meaning that expenditure of more work than S{W; can be required
to create the composite. This denotes the presence of mechanisms
for irreversible energy loss as the fluid is made to invade the
porous preform. Such energy loss can have several origins. The two
most obvious in metal/reinforcement systems that do not form an
interfacial phase by chemical reaction between the metal and the
reinforcement are (i) surface energy associated with liquid/vapour
interfaces that must temporarily be present within the equilibrated
structure of partially saturated preforms, and (ii) irregular, jump-
like dissipative liquid meniscus motion between points at which it
is temporarily pinned.

We show here, by means of quantitative metallographic anal-
ysis of partially infiltrated metal matrix composite materials, that
the first mechanism can be discounted, pointing in turn to a dom-
inance of the second mechanism.

Alumina preforms of two types, namely particulate or fibrous,
were infiltrated with pure copper, pure aluminium, or an alloy of
Al-50 at. pct. Sn. Particulate alumina preforms of average diameter
14mm and height 14mm were prepared by pouring in a single step
alumina F-320 particles of average particle size 29 pm, acquired
from Treibacher Schleifmittel (Germany), into an alumina mould
and then sintering for 10 hours at 1500°C. The alumina volume
fraction attained in those particulate preforms was about 0.42, as
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determined by comparing the density of the preforms calculated
from their weight and dimensions to the density of pore-free alu-
mina (3.99 g - cm—3).

Fibrous alumina preforms were prepared from chopped Saffil™
short alumina fibres (produced by ICI in Runcorn, UK), cut from
uniaxially pressed silica-bonded fibre disks in which the fibres are
arranged in planar random orientation. Samples were cut such that
fibres are oriented within a plane perpendicular to the axis of
cylindrical preforms having the same dimensions as the particulate
preforms.

Infiltration was performed either (i) at 700°C with aluminium
(99.99% purity), or (ii) at 1150°C with copper (99.95% purity) or
with an alloy of Al-50wt.pct.Sn prepared at EPFL from 99.9% pure
tin and 99.99% pure aluminum. This last alloy was selected be-
cause its contact angle on alumina is significantly lower than for
pure copper or aluminium [13]. The AlSn alloy was prepared in a
high-vacuum induction furnace, the chamber of which was initially
purged five times with argon. Metals composing the alloy were
then melted under argon at 0.8 bar. Once formed, the alloy was
poured into a copper mould previously coated with boron nitride.

The gas-driven pressure infiltration chamber that was used to
prepare the composites was conceived and designed to dynam-
ically track the metal volume ingress during infiltration of pre-
forms immersed in the molten metal; see Refs [14,15] for a de-
scription of the apparatus and method. In essence, the apparatus
is a high-temperature analogue to a mercury porosimeter. It com-
prises a pressure chamber with induction heating and a device that
measures dynamically the volume of metal that ingresses into the
preform by tracking the movement of a rod attached to a floater
resting atop the liquid metal. The metal is driven into the preform
against capillary forces that oppose infiltration, by slowly releasing
pressurized argon into the evacuated infiltration chamber once the
metal is fully molten. The rate of change of the applied gas pres-
sure and the ensuing rate of metal infiltration are sufficiently low
for capillary forces to predominate over forces arising from viscous
friction or inertial effects. As a result, the melt essentially remains
in capillary equilibrium during infiltration. Given the high compli-
ance of pressurized gas, infiltration in this apparatus is de facto
conducted under pressure control (as opposed to volume control
characteristic of similar room-temperature infiltration experiments
conducted in soil science or in studying oil extraction).

Partially saturated samples of this work were prepared by ceas-
ing to increase the gas pressure at a value below the range re-
quired for full infiltration, ending the pressure cycle with a hold
sufficiently long for the measured rate of metal ingress to have
fallen near zero before solidification of the composite. This was
done to ensure that the solidified metal geometry be governed
chiefly by capillary forces. The solidified, cold, partially infiltrated
composite sample was then retrieved, and the remaining pores
within it were infiltrated with a reticulating polymeric resin. This
was achieved by drilling a small hole into the partially infiltrated
composite and then flowing a pressurized epoxy-based resin typ-
ically used in metallographic sample preparation (EpoFix, Struers
Inc., Cleveland, USA) into the hole in order to fully infiltrate the
remaining pores within the composite sample. Samples were then
cut and polished following standard procedures for metallographic
examination (SiC paper down to 1200 Grit then 6 um, 3 wm and
1 um diamond paste with hard cloth, followed by 1pum diamond
paste with soft cloth). Unetched microstructures were then ob-
served by scanning electron microscopy in backscattered electron
mode (to reinforce phase contrast) using a Zeiss® Merlin SEM (Carl
Zeiss, Germany). Local elemental compositions were measured by
Energy-Dispersive X-ray spectroscopy (EDX) analysis using an Ox-
ford Instrument apparatus mounted in the SEM with a voltage of
10keV and a probe current of 700 pA. The software ETAS® INCA
v.7.0 was used to quantify EDX results. Metallographic characteriza-
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tion gave no signs of the formation of an interfacial reaction phase
within the composites of this work.

Microscopic images containing on the order of ten or more re-
inforcing elements (fibres or particles) along their shorter edge
were collected from different parts of each sample in regions con-
taining a homogeneous distribution of the metal phase. From 4 to
10 images were taken of each sample, at up to three magnifica-
tions. Only images with metal saturation values that were within
5% of densitometry estimates were used, leading in the end to plot
data from 2 to 6 images for each reported composite and satura-
tion.

An image analysis program was developed using available tools
within the licensed LabView™ software to quantify the different
interfaces present in each image. To this end, the following pro-
tocol was applied in turn to each of the three phases present: (i)
thresholding each phase so as to distinguish it from the remainder
of the microstructure, followed by (ii) quantification of the perime-
ter of each thresholded phase. It was found by trial and error that
no treatment was needed to smooth the phase surfaces (slight
smoothing changed the results by less than 2%). It was also unnec-
essary to adjust the brightness and contrast because the different
phases are clearly distinguished on micrographs. Using a greyscale
histogram, the threshold values were determined so that the resin
phase was between 0 and 55, the particle phase was between 56
and 150, and the metal phase was between 151 and 255 with 0
for white and 255 for black. Only the micrographs of the materials
that had been infiltrated with the AlSn alloy required an additional
step because precipitates present within this matrix have a similar
grey shade to the alumina particles. To address the issue, a size cri-
terion was established for each micrograph, with entities 50 times
smaller than the mean area of the largest particles in the micro-
graph becoming part of the metal phase. It was found that for each
micrograph, this operation produced particle volume fractions that
were coincident to those of composites with similar preforms in-
filtrated with Al or Cu, where phase discrimination by image anal-
ysis was free of this complication. Fig. 1 shows an original image
from a partially infiltrated particulate preform, along with the var-
ious thresholds applied to each of the phases, which are coloured
in turn in red.

From those three perimeters measured on each 2D micrograph
for each phase present, namely the solid alumina (subscript S),
the formerly liquid metal infiltrant (subscript L) and uninfiltrated
pore space (subscript V, now replaced with resin), relative inter-
facial perimeters corresponding to each phase were then defined
and calculated as indicated in Fig. 2. In a microstructure where the
orientation of interfaces is statistically random, as is the case here,
each of the three areal interface perimeter values I;; (ij =S, V or L)
is 7 /4 times the volumetric surface area of the corresponding in-
terface [16]. Given that the microstructure remains statistically the
same into the depth of the figure for both the particulate and the
fibre composites, ratios of those 2D data are then unbiased sam-
ples of the actual 3D volumetric interface surface area ratios within
the partially infiltrated composites.

P+ P —
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Fig. 3 shows micrographs taken at different metal saturations
for the four composite systems. Fig. 4 reports the final result of this
work, namely relative interfacial area measurements versus satu-
ration for each of the four systems. Two main conclusions emerge
from the data. First, there is for the particulate preforms a nearly
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Fig. 1. Phase thresholding in a partially saturated composite of F-320 alumina particles infiltrated with copper: (a) Original image; (b-d) thresholded images showing in red

the resin phase (b), particle phase (c) and metal phase (d).
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Fig. 2. Interface perimeter determination from measured phase perimeters
(P: perimeter; subscripts S: solid, L: liquid and V: void).

one-to-one correlation between the fraction alumina surface cov-
ered with metal and the fraction pore space that is infiltrated. Sec-
ondly, the measured liquid/vapour interface area within the com-
posite remains comparatively negligible in equilibrated structures
of all stages of the infiltration process across all four composites of
this work.

Both observations agree with similar data for the infiltration of
samples of soil (see Figs. 7 and 8 of [17]) or of packed spheres (see
Fig. 21 of [9]). They also agree with predictions of a recent model
for capillarity-dominated infiltration of porous structures contain-
ing pinning points (see Fig. 6 of [18]).

The second observation, namely that within the preform
the liquid metal/void, i.e.,, meniscus surface area remains small
throughout the infiltration process, differs on the other hand
from measurements produced via indirect methods (NMR or tracer
tracking) of the water and oil meniscus areas in the infiltration of
a fused silica aerolith [19] or of samples of soil or sand [20]. Those
studies report liquid meniscus areas that can be well above 10% of

the solid phase surface area. The discrepancy may have to do with
differences in path or geometry of the samples, or it may result
from the existence, within samples of those investigations, of thin
films of the liquid whose surface area was evaluated while such
films were covering the dry solid phase surface.

The picture that emerges from the present characterization
of partially saturated, locally equilibrated, microstructures is thus
that the progression of infiltration in metal composite fabrication
occurs by the sudden filling of larger pore volumes delineated
by several reinforcement elements and separated by constrictions
bridged by narrow metal meniscuses. A process of metal infiltra-
tion dominated by such jumps (called “Haines jumps” [9, 22]) then
explains why liquid meniscus areas measured here are negligibly
small while there can still be significant dissipation of irreversible
energy in the infiltration process, Fig. 4: pinning of the metal be-
tween jumps occurs at narrower constrictions within the preform.
The dominance, in initial phases of infiltration, of percolation ef-
fects, the importance of which in the context of composite infil-
tration processing was demonstrated in Ref. [21], further reduces
the area of liquid meniscuses in the equilibrated partly infiltrated
preform because percolation effects drive infiltration to progress in
larger jumps that fill at once several neighbouring pore volumes.

Data of this work are, thus, consistent with a process of infil-
tration that progresses by intermittent, pinning/depinning jumps.
If constriction-separated individual pore volumes are of roughly
equal size, as is the case for particulate preforms, then the rela-
tion between metal saturation and liquid/solid interface area will
be close to linear, while if the pore space is more irregularly sized,
as seen for fibrous preforms (Fig. 3), then that curve will deviate
from a straight line (and be concave upwards, larger pores being
filled first by a poorly wetting infiltrant). A pinning/depinning in-
termittent jump-dominated progression of infiltration thus also ex-
plains the shape of curves in Fig. 4.
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Fig. 3. Metallographic cuts of composites at variable saturation (S): F-320 alumina particles infiltrated with copper at (a) $=0.23, (b) $=0.48, (c) S=0.74 and (d) S=1.00;
F-320 alumina particles infiltrated with Al at (e) $=0.10, (f) $=0.17; (g) S=0.26 and (h) S=1.00; Saffil™ preforms infiltrated with copper at (i) S=0.08, (j) $=0.28, (k) S=0.69
and (1) $=1.00; F-320 alumina particles infiltrated with Al-50wt.pct.Sn at (m) $=0.05, (n) $=0.59, (0) $=0.73 and (p) S=0.91.
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Fig. 4. Ratio of the metal/preform interface and of the metal/void, i.e., meniscus volumetric surface area relative to the preform volumetric surface area, given by
Is1/(Is.. + Isy) and Iv/(Is + Is.y) respectively, within the four composites of this work versus the infiltrating metal saturation. The ratio corresponding to the preform/void
(solid/void, S-V) surface area is the complement to the sum of the two ratios plotted above.
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In conclusion, the present experiments provide experimental
confirmation of a mechanism whereby irreversible energy losses
that can accompany the infiltration of ceramic preforms with lig-
uid metal are not caused by the temporary creation of significant
liquid metal surface area at intermediate phases of the infiltration
process. Rather, in the equilibrated partly saturated preform, the
liquid metal meniscus surface area remains negligibly small com-
pared to other interfacial areas. Data presented here point to an
infiltration process in which irreversible energy is dissipated dur-
ing sudden (“Haines”) jumps, consistent with the simple, pinning-
depinning dominated, model of pressure infiltration presented in
Ref. [18].
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