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Introduction

The infiltration of porous and particulate materials for
metallographic examination with low-melting alloys was first
described by Rose and DeRoos [1]. The use of Wood’s metal
to fill porosity in sandstone was reported by Craze [2], by
Dullien [3], and by Yadev et al. [4]. Changes in pore structure
and phase dispersions in iron ore pellets after simulated blast
furnace reduction were reported by Shultz et al. [5], wherein
liquid Bi-Sn impregnation was used to prepare cross sections of
deformed and reduced pellets for backscatter electron imaging.
Steele and Engel [6] also applied the technique to examine the
microstructure in commercial boron nitride (BN). In that
study porosity formed by leaching the B,O; phase was filled
with liquid metal to allow argon-ion etching to expose the BN
microstructure. The characterization of cracks and porosity
in cement-based materials after filling with Wood’s metal has
been reported by Nemati et al. [7, 8]. Cracks developed during
compression testing of marble were studied by in-situ metal
impregnation in Chang et al. [9].

The technique, which will be described in this article,
involves pressure impregnation with low-melting liquid
bismuth (Bi) alloys that shrink or have a low-volume expansion
when they solidify. This leads to penetration of open pores
according to the classic mercury intrusion relation when the
liquid alloy is non-wetting for the material being impregnated
(Ritter and Drake) [10]. The diameter of the smallest pore
opening penetrated by the liquid metal is given by:

d=-40cos(0)/p ¢))

In this equation, p is the pressure on the liquid, 6
is the contact angle between the liquid and solid being
impregnated, and ¢ is the surface tension of the liquid
alloy. If the contact angle # ~ 140° and the surface tension
0 ~ 480 dynes/cm (as for mercury with a ceramic material),
then d = 213/p, where d is in um when p is in psi. Thus at
P = 5,000 psi the smallest pore that would be penetrated by the
liquid metal would be, d = 0.04 um (400 A), and at p = 10,000
psi then d = 0.02 um. Hence porous materials and powders
with extremely small open porosity can be filled by pressure
impregnation with a low-melting liquid alloy and prepared
for examination by standard grinding and polishing methods.
This infiltration technique is essentially the same as a Mercury
Porosimetry experiment of Ritter and Drake [10] with a slightly
higher temperature.

Some of the advantages obtained using this mounting
technique include grinding and polishing of friable materials
without pull-outs or damage to the porous material, char-
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acterization using electron probe instruments of many
materials without coating, and the ability to argon-ion etch
the mechanically polished samples. These advantages will be
illustrated by several specific examples of porous materials
that are difficult to prepare and examine with an SEM or
microprobe.

The Pressure Impregnation Technique

Several commercial alloys that can be used for the impreg-
nation of porous samples and powders are listed with their
properties in Appendix 1. These alloys include Bi as the major
alloying element, because it produces low-melting eutectic type
alloys, and has the unusual property of expanding upon solidi-
fication. The most effective alloy, because of its hardness and
solidification properties, is Cerrotru™ (58wt%Bi and 42wt%Sn),
which solidifies at or below the eutectic temperature of 138°C.
Lower melting point alloys, including CerroBend™, which has
its eutectic melting temperature at ~70°C, and Indalloy™, which
melts at ~ 47°C, can be used if the porous material is sensitive
to or changed by the 150°C heating required for Cerrotru™.

The pressureimpregnation experiment canbe carried outin
a standard mounting press if O-rings are used for containment
of the liquid alloy under pressure. Two O-ring holders
must be machined to allow an O-ring seal against both the top
and bottom pistons of
the mounting press

when pressure is
applied. Figure 1
shows a schematic

diagram of this type
of pressure chamber.

Heating the
mounting cylinder to
above the liquidus
temperature for the
alloy being used and
then increasing the
pressure will cause the
non-wetting  liquid
metal to penetrate all
open-pore throats lar-
ger than diameter d, (as given by the Washburn equation 1). Thus
by applying 10 ksi pressure, all open-pore throats larger than
about 20 mm (200 A) will be penetrated and open porosity will
be filled with the liquid metal. Cooling the cylinder to solidify
the liquid metal while maintaining the pressure will produce
a metallographic mount that can be ground and polished by
standard methods. Figure 2 shows a macro-photograph of a
l-inch diameter Cerrotru™ mount of a sample of a partially

Figure 1: Diagram showing the mounting
press with O-rings hold the liquid metal under
the pressure needed to infiltrate a porous
sample.
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Liquid Metal Impregnation for BSE Characterization

reduced hematite pellet as
described in Shultz et al. [5].

Results
In the following
examples, SEM  micro-

graphs of porous materials
and powder samples that
have been mounted using
the pressure-impregnation
technique will be presented
Figure 2: Photograph of a 1-inch and discussed. These
diameter Cerrotru aIon. mount of a  ipclude images of the
partially reduced Taconite (Hematite) . .
pellet from Shultz et al. [5]. following microstructures:
(1) mono-size (0.5 micron)
silica sphere packing, (2) New Mexican ancient pueblo pottery,
(3) magnesia refractory brick, and (4) wood (dried cedar).

Example 1: Micrographs from a 0.5 Micron
Mono-size Silica Sphere Packing

Mono-size silica sphere packings with diameters of 0.2 to
0.5 microns aresimilar in structure to natural or synthetic opals
[11]. Figure 3 shows a secondary electron image from a fracture
surface of 425-nm diameter spheres packed in a regular array
[12], which shows both (100) and (111) type planes. Figures 4
and 5 show backscattered electron images of cross sections

). * o
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>

Figure 3: Fracture surface of 425-nm mono-size silica sphere packing
showing (100) type planes and close-packed (111)-type planes (from Mayoral
et al. [12]).

Figure 4: Backscatter image of 0.5 micron silica sphere packing that has
been filled with Bi-Sn alloy. The stacking faults and the grain-like packing of the
spherical particles can be observed.

Figure 5: A higher magnification BSE image of a polished section of 0.5 micron
silica sphere packing showing filled interstices through the silica particles.

prepared after liquid metal impregnation of a lightly sintered
packing of 0.5-um diameter mono-size silica spheres.

Example 2: Microstructure of Ancient Pueblo
Pottery

The microstructure of pottery shards from an Anazazi
pueblo ruin in New Mexico [13] were examined after filling
with liquid Cerrotru™and mechanically polishing. The sections
were examined using backscatter imaging in an SEM. Figures
6 and 7 are inverted backscatter images that show prior
porosity (now filled with Bi-Sn alloy) as dark contrast and clay
and temper particles with lighter contrast. The micrographs
were obtained without coating. Figure 7 shows the clay
microstructure, which has been suggested to be partially
transformed to mullite.

Example 3: Magnesia-Chromite Refractory Brick
The microstructure of magnesia (MgO)-chromite (Cr,0O;)
refractory brick [14] is illustrated with the inverted backscatter
electron micrographs (shown in Figures 8, 9, 10, and 11). Open
porosity is filled with liquid Bi-Sn allowing argon-ion etching
to be used to expose fine spinel precipitates within the MgO.
These spinel precipitates form as a result of diffusion of Cr or Fe
from the chromite or hematite ore particles (Ostyn) [15] where

1 mm

Figure 6: Inverted BS image of pottery shard after filling with Bi-Sn and
polishing. Varying gray shades are the result of atomic number contrast.
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Figure 7: Higher magnification view of the microstructure of a pottery shard.
Note that the clay microstructure consists of two phases that may be the result
of incomplete transformation to mullite.

MF

Figure 8: Low-magnification inverted backscatter image of a magnesia-
chromite refractory brick. Note: MgO = white, Pores (P) = black, Cr,03 = light
gray, and Feo03 = dark gray.

Figure 9: Inverted backscatter image showing chromite interface and spinel
precipitates within the MgO phase. The filled pores and cracks that connect
them can be readily observed. The scale marker is 0.1 mm.
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Figure 10: Higher-magnification backscatter image of MgO regions showing
SiO, layers separating MgO grains that have fine spinel precipitates formed
within them.

Figure 11: High-magnification inverted backscatter image showing a silica
layer between MgO grains that contain fine spinel precipitates. Argon-ion
etching of the mechanically polished surface is required to observe these fine
cruciform-shaped spinel precipitates.

they are bonded to the MgO. Figure 8 gives a low-magnification
inverted backscatter image of the MgO refractory brick, where
the Bi-Sn filled pores and cracks are black and the MgO is
white. Chromite and hematite ore particles, which are used as
initial constituents in the brick, are shown by atomic number
contrast with varying shades of gray.

Example 4: Microstructure of Dried Cedar

Figures 12 and 13 show the microstructure of dried cedar
in inverted backscatter images. The dark regions are pores that
were filled in by the Bi-Sn impregnation. The low-magnification
image shown in Figure 12 shows the ring pattern and the
different types of cells formed by the tree. The higher-magnifi-
cation image (Figure 13) shows the fine micro-cracks present
in the dried wood and the different types of cells present in
cedar. The larger cells are likely vessels, and the double cells
separated by a thin wall are likely tracheids (illustrated in
Figure 13) in the cedar structure. The cracking pattern in the
walls of the fine wood fibers is clearly shown. This cracking
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Figure 12: Low-magnification inverted backscatter image of dried cedar. Note
the growth rings and the presence of many larger vessels or tracheids.

Flgure 13: Higher-magnification inverted backscatter image of the
microstructure of dried cedar.

Appendix 1: Properties of Low-melting Bi-Sn Alloys from Alloy Digest by

Engineering Alloys Digest, Inc. [16]

[13] J Steele, Micros Microanal 15
(supp 2) 2009, paper 474.

Property

Cerrotru™

Cerrobend™

[14] TH Steele, Micros Microanal 8

Indalloy™
naatoy (supp 2) 2002, p. 1262CD.

Composition (wt%)

Bi-58% Sn-42%

Bi-50% Pb-27%
Sn-13% Cd-10%

Bi-45% Pb-23%

In-19% Sn-8% Cd-5% [15] KM Ostyn, CB Carter,

M Koehne, H Falke, and H

Density @ 20°C (gm/cc) 8.7 9.4 8.9 Schmalzried, ] Am Ceram Soc
Melting Temperature 281°F (138°C) 158°F (70°C) 117°F (47°C) 67(10) (1984) 679-685.

Volume Change (Lig.-Solid) | +0.77% 7% —1.4% [16] Engineering Alloys Digest, Inc.,
Tensile Strength 8,000 psi 5,990 psi 5,400 psi ’12”705)? Digest, Upper Montclair, NJ,
Brinell Hardness 22 9.2 12

MT

may be the result of drying or some type of decay in the cedar,
as the sample was a piece of a dead branch.
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