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Abstract: Porous metals can be created through a wide variety of processing techniques, and the
pore morphology resulting from these processes is equally diverse. The structural and functional
properties of metal foams are directly dependent on the size, shape, interconnectedness and volume
fraction of pores, so accurately quantifying the pore characteristics is of great importance. Methods
for analyzing porous materials are presented here and applied to a copper-based metallic foam
generated through solid state foaming via oxide reduction and expansion. This process results in
large voids (10s of microns) between sintered particles and small pores (10 microns to less than 50
nm) within particles. Optical and electron microscopy were used to image the porosity over this wide
range, and the pore characteristics were quantified using image segmentation and statistical analysis.
Two-dimensional pore analysis was performed using the Chan-Vese method, and two-point
correlation and lineal path functions were used to assess three-dimensional reconstructions from FIB
tomography. Two-dimensional analysis reveals distinct size and morphological differences in
porosity between particles and within them. Three-dimensional analysis adds further information on
the high level interconnectedness of the porosity and irregular shape it takes, forming tortuous
pathways rather than spherical cells. Mechanical polishing and optical microscopy allow large areas
to be created and analyzed quickly, but methods such as focused ion beam (FIB) sectioning can
provide additional insight about microstructural features. In particular, after FIB milling is used to
create a flat surface, that surface can be analyzed for structural and compositional information.
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Abbreviations

2D: Two-Dimensional EBSD: Electron Backscatter Diffraction

3D: Three-Dimensional EDS: Energy-Dispersive X-ray Spectroscopy
AERO: Additive Expansion by the Reduction of Oxides FIB: Focused Ion Beam

CCI: Channeling Contrast Imaging SEM: Scanning Electron Microscopy

CDF: Cumulative Density Function TEM: Transmission Electron Microscopy
LPF: Lineal Path Function TPCF: Two Point Correlation Function

1. Introduction

In nature, porous materials (e.g., wood, pumice, and sponge) are ubiquitous. They possess a
unique combination of properties, such as absorption, buoyancy, and good strength with low density
that make them structurally and functionally advantageous. These advantages make synthetic
analogues desirable as well, but efficiently creating and controlling porosity in engineered materials
is an ongoing challenge. The difficulties encountered in producing these foamed materials (or more
appropriately, cellular solids [1]) are hardly new. Metallic foams were first described early in the
20" century, but did not gain significant momentum until the late 1950s and 1960s when commercial
operations began [2]. In reality, these “advanced” materials have been in development for nearly a
century. Metallic foams continue to be scientifically interesting for use in structural applications and
those involving filtration, catalysis, acoustic management, thermal management, and many other
applications [3] that are uniquely satisfied by the combination of metallic properties with a reduced
effective density.

Using these materials in demanding applications requires a fundamental understanding of their
properties, so processing and characterizing these materials is significant for establishing the
processing-structure-property relationships. Pore size and morphology, the degree of pore
interconnectedness (coalescence) and the openness of the pores to the material surface (percolation)
all play definitive roles in the mechanical and physical properties (e.g., [1,3,4]). For instance, foams
with closed porosity are more suitable for structural applications, buoyancy, acoustic and thermal
insulation and impact energy absorption. Open cell foams often serve in functional applications such
as filtration, heat exchangers, catalyst support and other applications which benefit from the ability to
flow substances through the pores and to utilize the increased surface area provided.

The porosity of metallic foams (and therefore the properties) is directly controlled by material
parameters (e.g., alloy chemistry) and processing parameters (e.g., [4-9]). Since there is variety of
desirable properties for metallic foams, the manufacturing schemes must also vary. The two primary
manufacturing categories are liquid state and solid state foaming. Liquid state methods include direct
(gas injection) and indirect (blowing agent) foaming of a metallic melt [7], casting over hollow
spheres [10] and gas-metal eutectic reaction (gasars) [31,38]. Solid state methods for producing foam
structures include electrodeposition [11-14], sintering around a fugitive template [1,15-21],
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dealloying [22,23,24] and gas entrapment [25-30]. Each of these methods creates porosity of varying
size, morphology and volume fraction, so characterization methods must be tailored as well.

The properties of a metallic foam, structural and functional, are determined by the pore structure,
so characterizing the porosity is a foundational step. In certain cases the porosity is designed by
means of a sacrificial space holder, by sintering ordered arrays of hollow spheres or otherwise
creating a regular size, shape and spacing of pores [26]. It is more common, however, that pore size
and morphology resulting from commercial production techniques are random, and these stochastic
foams present a greater need and challenge to be characterized, especially as pore size trends toward
the nanoscale for surface-sensitive applications.

In this work, methods for characterizing porous metallic materials are presented, with a specific
focus on a foamed metal microstructure created using a recently developed solid state foaming
method referred to as the Additive Expansion by the Reduction of Oxides (AERO) process. This
material presents an interesting case for characterization as it combines unique microstructural
properties and multi-scale porosity ranging from tens of microns to tens of nanometers. Furthermore,
the pore morphology is not dominated by spherical cells, but rather is comprised of a tortuous series
of interconnected pathways. A variety of characterization and statistical analysis techniques have
been used to describe this material. Samples were prepared through mechanical polishing and optical
microscopy (Section 3.1) and by focused ion beam (FIB) sectioning and electron microscopy
(Section 3.2). Porosity was assessed using image segmentation and statistical analysis, and FIB
sections were also examined in regard to grain structure and composition. Alternative methods of
characterizing porosity and related considerations are described in Section 4.

2. Materials and Method

A copper-antimony (Cu-Sb) alloy was created by mechanically alloying elemental powders of
Cu and Sb (Alfa Aesar, 99.9% and 99.5%, respectively) for 4 h at cryogenic temperature (—196 °C)
using a modified SPEX 8000M Mixer/Mill. The elemental powders were weighed and combined to
achieve 5 at% Sb in Cu. The powders were stored and milled under Ar (less than 1 ppm O,), but the
as-received Cu contained approximately 5000 ppm O, according to the manufacturer’s certificate of
analysis. This represents oxide content sufficient to cause the expansion of pores during annealing
under a reducing atmosphere. The ball milling process was used to intimately mix the elements as
well as to refine and distribute pre-existing oxides. The alloyed powder was annealed at 600 °C for a
period of 1 h under 3% H, (bal. Ar) to achieve the porous structure. The working hypothesis of this
mechanism is that the oxide particles are reduced by the hydrogen and produce steam which results
in the expansion of a void at each oxide location. The foaming process progresses from external
surfaces inward toward the center until all oxides have been reduced and the metal is fully foamed.
These concepts and results are detailed in prior work on the AERO process [31].

Light microscopy was performed using a Nikon Epiphot 300 microscope, and samples were
processed with consecutively finer grits of abrasive and final-polished with 0.5 um alumina paste.
Scanning electron microscopy (SEM) was carried out on loose powder (on carbon tape) using an FEI
Nova Nano Lab 600 dual beam microscope. Cross-sectional preparation was performed using a
focused ion beam (FIB). Analysis of grain size was conducted using FIB channeling contrast
imaging (CCI). Chemical analysis was performed using energy-dispersive X-ray spectroscopy (EDS)
area and line scans. Image processing was performed using Image J, and statistical analysis of the
microstructural data was performed using MATLAB.
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3. Results

The AERO process [32] creates a porosity of approximately 40% within powder particles, and
results in approximately 67% overall porosity when first compacted into pellets and then expanded.
The most unique aspect of this process is that porosity develops within individual particles, and it is
not the consequence of particle spacing or gas entrapment between particles. A recent study [31] has
shown that the particle size is an important aspect to the foaming rate, since porosity progresses
inward from the surface, and larger particles require more time to fully foam (porosity to the center).
Particle size is approximately 60 um on average, and the pores created by the reduction and
expansion of the dispersed oxide phase range from 10 pm to 50 nm or less.

The character and extent of the porosity was assessed using optical microscopy on polished
sections of the foamed copper alloy. As shown in Figure 1, there are many small pores interspersed
with larger voids. The large voids are created by particle boundaries remaining from incomplete
compaction (~80% dense after uniaxial pressing to 2 GPa). Therefore, the largest porosity is not
attributed to the foaming process, but is related to the compaction and sintering process. Because of
the unique nature of this intraparticle expansion technique, there is an advantage to analyzing both
the larger interparticle porosity as well as the porosity within the individual particles. This bimodal
porosity is analyzed in the next few subsections, but the methods may be applied to any regular or
stochastic porous material.

100 pm 7y e i 50 pm A
e = -d |

Figure 1. Optical microscopy performed on the polished cross-section of a powder
compact at increasing magnification (A-C). Large voids (white arrows) represent
incomplete compaction of the powder, not porosity created during the foaming process
(black arrows).

3.1. Interparticle and intraparticle porosity using optical imaging

There are multiple microstructural length scales that can be observed in the metal foam shown
in Figure 1 (i.e., larger interparticle voids as well as intraparticle porosity from the foaming process
itself). Quantitative analysis of the largest length scale of the foamed microstructures can be easily
performed from these optical microscopy images. In this analysis, approximately 20 images at
multiple magnifications (see Figure 1) were analyzed to quantify the microstructure of these larger
interparticle pores. Figure 2 details the multiple steps in the image segmentation procedure.
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First, the image is converted to an 8-bit image (i.e., intensity 0—255), the background is leveled
using quadratic functions in the x, y, and x-y directions, and the image intensity distribution is
stretched to enhance contrast and normalize the intensities. Second, a binary mask is produced using
a low threshold intensity value (e.g., 10) and a feature size criterion to produce the initial state for the
active contour segmentation. The threshold value does not need to be precise, but rather it just needs
to highlight pixels within the regions of the large interparticle pores (see Figure 2). Last, the active
contour-based segmentation (a sparse-field level set method [33,34]) uses the binary mask image as a
starting point and evolves the segmented regions to best capture the associated image (microstructure)
features. The Chan-Vese method [35] was used for the active contour, i.e., the regions can either
shrink or expand in an unbiased manner. As shown in Figure 2, this segmentation method performed
well at capturing the large interparticle pores for subsequent quantitative analysis.

Figure 2. Image segmentation method utilized to segment the large microstructure
features (e.g., porosity, voids) in the polished cross-section of a powder compact at
increasing magnification. The different steps (from left to right) are: A) original optical
image, B) conversion to 8 bit image, C) leveling the background and contrast stretch, D)
initialize regions for active contour, and E) segmented features overlaid on original
image after active contour segmentation.

The statistics can then be quantified and analyzed using the segmented microstructures. Figure 3
presents cumulative distribution function (CDF) plots of seven different normalized (between 0 and 1)
properties of the segmented pores in the foamed Cu microstructures. These properties are 1) area, 2)
eccentricity, 3) major and 4) minor axis lengths, 5) perimeter length, 6) solidity, and 7) equivalent
diameter. The area, perimeter, major and minor axis lengths, and equivalent diameter are commonly
used to quantify the morphology of different features. The eccentricity is the ratio of the distance
between the foci of the ellipse and its major axis length with a value between 0 and 1 (i.e., 0 is a
circle and 1 is a line segment). The solidity is the ratio of area of the region to that of the convex hull
of the region (see Figure 4). The aforementioned segmentation procedure captured all of the large
pores, but other techniques may be required to capture the smaller pores (to be discussed later).

The cumulative distribution plots show the corresponding percentiles and distribution shape for
various properties of the different pores. The minimum and maximum values of the properties—
corresponding to normalized values of 0 and 1, respectively—are listed in Table 1. The steep slope
of many of the CDF plots (see Figure 3) indicates that the majority of the pores are small (low area,
perimeter, major/minor axis length, and equivalent diameter) with a much smaller fraction of large
pores. The lower initial slope of the eccentricity and solidity is because the pores tend to be
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elongated ellipses (eccentricity > 0.5 with a high solidity); both of these measures are independent of

size.

Table 1. Minimum, mean, and maximum values of properties of segmented pores in the
foamed microstructures.

It should be noted that Table 1 indicates a large difference between the minimum and maximum
properties of the pores. For instance, the pore area changes by 5 orders of magnitude and the
equivalent diameter by about 3 orders of magnitude. Much of this is due to the low magnification
image (Figure 1A) containing more large pores while the higher magnification image (Figure 1C)
contains much more of the smaller pores. The significance of these distributions is that this wide
range of sizes and shapes is indicative of multiple length scales of porosity in this foamed material,
specifically large interparticle pores and smaller intraparticle porosity.
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Figure 3. Cumulative distribution plot of normalized properties of segmented pores in
the foamed microstructures, including area, eccentricity, major and minor axis lengths,
perimeter length, and solidity. The stars and labels are examples of the n® percentile
particles of the distribution, in association with particles from the low magnification

images shown in Figure 4.
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The range of the pore morphology within some of the low magnification optical images (Figure
1A) is shown in Figure 4. The pore size spans two orders of magnitude, and the majority of pores are
small (i.e., the 50" percentile pore is closer in size to the minimum pore size than the maximum pore
size). As an example of eccentricity, Figure 4B shows the n™ percentile pore for eccentricity along
with the extremes of this metric (0 is a circle, 1 is a line). As observed in Figure 3, very few pores are
circular, and the majority of pores are elongated. Last, recall that the solidity is the ratio of the area
of the pore to the area of the convex hull of the pore (i.e., an example of the convex hull is outlined
in red for the 1* percentile pore in Figure 4C). As shown in Figure 4C, the large pores tend to have a
low solidity, while the smaller pores are more “solid” (more convex-shaped). Note that solidity is
defined by assuming the analyzed feature is a particle, not a void, and so a high solidity is actually
associated with a greater ratio of open area in the real material. Pore analysis reveals that many of the
pore properties are associated with being either interparticle (large, complicated morphology, low
solidity) or intraparticle (small, ellipsoidal, high solidity). One strategy for fully characterizing these
samples is to understand pores at multiple length scales, spanning from 100s of microns to the
smallest resolvable sizes.
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Figure 4. Pores associated with the n® percentile (in black) of the A) area, B)
eccentricity, and C) solidity distributions for the low magnification optical images (see
Figure 1A). Values of the properties are shown in red. The 0™ and 100" percentile pores
of the distribution correspond to the minimum and maximum properties. For solidity, the
convex hull is shown in red for the 1* percentile pore.

3.2. Intraparticle porosity and microstructure using FIB tomography

To fully decouple porosity between and within particles and to improve resolution, SEM
imaging can be used on individual particles. FIB tomography (or serial sectioning) can be used to
generate two-dimensional surfaces within a single particle. This allows a cross-section to be created
without structural damage, which may occur in abrasive polishing processes [36], though beam
damage and artifacts are still concerns [37]. Some approaches used to reduce beam damage include
the use of a sacrificial platinum deposition layer and a progressive reduction in milling intensity as
the section reaches a finished condition. It was found that the porous nature of the samples reduced
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the benefits of a platinum layer, and the reduction of the ion beam current during final polishing was
used solely. Even with this procedure, creating a smooth surface can be difficult due to the
inhomogeneous microstructure of the material (i.e., pores, in this case) [38], and surface streaking (or
“curtaining”) is present as a consequence. SEM examination (Figure 5) of the particle cross-section
confirms that microscale porosity exists in a range of sizes, and the pore morphology is irregular. At
higher magnifications (e.g., Figure 5E), nanoscale porosity is also observed.

2 nm 500 nm
il 8

Figure 5. FIB cross-section of foamed Cu-Sb particle. Porosity is evident on the exterior
of the particle (A), and FIB sectioning (B-E) reveals a distribution of pore sizes as well as
the pore morphology.

Two-dimensional and three-dimensional pore statistics can be extracted from single particles as
well. The methodology used for this follows a similar path to that described earlier: image
preparation, segmentation of features, reduction to a binary image, and quantification of pores (e.g.,
Figure 2). By collecting and stacking a series of 2D images, a 3D structure can be generated.
Visualization and quantification of this pore structure has shown [32] that the porosity within the
particle is ~37%, the equivalent pore diameter is on the order of 1 um with wall thicknesses on the
same order of magnitude, the mean eccentricity is approximately 0.70 (similar to that in Table 1),
and that greater than 90% of the pores are interconnected beneath the observed 2D image.

Here, the length scales associated with the pore structure and wall thickness of the foams is
quantified using two-point statistics and lineal path functions. The two-point correlation function
(TPCF) is the probability of two points distance » apart, lying within specified phases. This is
sometimes normalized by their respective area/volume fractions f;, where the subscript 1 refers to the
phase (pore = 1, matrix = 2). The lineal path function (LPF) is the probability that a vector of length r
lies completely within a single phase. It is noted that in both cases, the vector/distance r has a
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directionality component (6) associated with it. In the following discussion, TPCFs and LPFs are
denoted Py;(r) and L;,(r), respectively.

The difference between the TPCF, Pj(r), and the LPF, L;(r), is schematically depicted in
Figure 6. For this schematic, we chose a 1-D representation of 2 phases: the porosity phase in gray
boxes and the matrix phase in white boxes. Figure 6 shows the combination of boxes that are
accounted for in both Py;(r) and LPF L,;(r) for distances of r = 1, r = 2, and r = 3. First, notice that as
the distance increases, the number of possible combinations for the TPCF increases. Again, the
TPCF does not consider the boxes between end points, only the boxes at the ends of the line. In
contrast, the LPF requires that all boxes along the line belong to a particular phase, and therefore, the
probability of a line encountering only a single phase decreases with increasing length. Additionally,
this schematic shows that the TPCF represents the spacing between porosity while the LPF
represents the connectivity of porosity. This concept was applied to a previously reconstructed 3D
reconstructed foamed microstructure [32] from an individual particle to assess the length scales of
the porosity and matrix “phases”.

TPCF,R,(r)  LPF,L,(r)
r=1 (1] 1]
r=2 (1T [LT]
B =

r=3 1 [ [(TTT]
(T[]

(111
BTN

I Phase 1 [ | Phase 2

Figure 6. One dimensional schematic showing the difference between two-point
correlation functions and lineal path functions for distances of 1, 2, and 3 pixels.

The length scales of the microstructure can then be assessed from these statistics, and Figure 7
shows an example of how the TPCF evolves as a function of distance for (A) multiple slices and (B)
multiple orientations. Notice that the TPCF is divided by the square of the area/volume fraction of
porosity such that the normalized TPCF approaches 1 at large distances. This makes sense; at large
distances where you would not expect any correlation, the probability of pixels at distance » both
lying within one phase is simply related to the probability that either pixel is that phase (i.e., the
area/volume fraction f;). At short distances, however, the TPCF can provide useful information about
the length scale associated with the microstructure. For instance, as shown in Figure 7B, a criterion
of 10% or 50% above the converged TPCF at large distances (i.e., P;; = 1.1 or Py; = 1.5, respectively)
can be used to define a length scale of a particular microstructural feature over multiple directions (to
indicate the degree of anisotropy of microstructure).
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Figure 7. Normalized two-point correlation function P;(r) plot for porosity as a function
of distance (a) for individual slices through a foamed particle and the mean behavior, and
(b) along different directions (given by 0) within the microstructure.

In a similar manner, the lineal path function (Figure 8) converges to 0 as the distance increases;
that is, there is eventually no (or little) probability of a line of length » completely lying within a
particle phase given a particular length scale of the microstructure. In this respect, the length scale
can be assessed from the LPF by using a criterion based on the (n™ percentile) probability that a line
of length » will completely lie within a phase, i.e., 10%, 25%, 50% lie in that phase. Figure 8 shows
the lineal path function as a function of line length for all slices in the 3D dataset as well as the mean
behavior for one direction in the microstructure (in this case, 0°). The corresponding line length (i.e.,
length scale) for 1%, 10%, 25%, and 50% occurrence are shown by dotted lines in the plots and their
length scale values are listed.

The length scales based on these various criteria for TPCF and LPF is given in Table 2. As
shown in Figure 7B, the length scale depends on both the orientation and the phase being considered.
In general, both the TPCF and LPF criteria give length scales that are on the order of 1-2 pm. The
LPF statistics suggest that the matrix length scale is larger than the pore length scale, on the order of
3—4 times. Additionally, by comparing the 0° with the 90° LPF length scales, this trend is fairly
isotropic within the microstructure. Recall that L; = 25% is the length scale where 25% of lines
randomly placed in the microstructure will fall within the particular phase. This is also reflected in
the TPCF length scales; the matrix length scales are noticeably smaller than the pore length scales
(i.e., the matrix converges more rapidly to a critical spacing than the porosity). Both of these length
scales are influenced by the area/volume fraction of the porosity or matrix.
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Figure 8. Lineal Path Function (LPF) as a function of line length (r) for (a) the porosity,
i.e., Lii(r, 0°) and (b) the matrix, i.e., Los(r, 0°). The colored lines are the LPF computed
from individual slices (red for porosity, blue for matrix) and the dashed lines show the
line length (scales) for particular probabilities of occurrence within the LPF (1%, 10%,
25%, 50%).

Table 2. Length scales of pores and Cu matrix in the foamed particle microstructures for
different TPCF and LPF criteria.

Two-Point Correlation Function Analysis
Phase Length Scale r (pm) @ P,;=1.1 Length Scale r (pnm) @ P,;=1.5
0 45° 90° -45° 0° 45° 90° -45°
Pore (i=1) 1.46 1.23 1.26 1.73 0.81 0.68 0.72 0.95
Mairix (i=2) 1.08 0.88 0.94 1.24 0.16 0.14 0.16 0.19
Lineal Path Function Analysis
Length Scale r (um) Length Scale r (pm) Length Scale r (um)
Phase @ L=0.1 @ L=0.25 @ L;=0.50
0* o0° 0° o0° o° o
Pore (i=1) 12 1.4 04 0.5 N/iA N/A
Matrix (i=2) 33 3.9 1.6 2.0 04 0.5

These methods of sectioning, image segmentation and statistical analysis can be applied to
images generated through various methods (e.g., mechanical polishing, FIB milling, etc.), at varying
length scales and to 2D and 3D structures. The method chosen to characterize the material is
important for more than just the pore morphology. A benefit of FIB sectioning is the ability to
perform site-specific characterization on 2D surfaces and to generate 3D reconstructions. In addition
to milling, the FIB beam can also be used to generate ion-channeling contrast (ICC) images. The
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differing grain orientations result in a commensurate deviation in the signal intensity received by the
detector, and therefore can be used to assist in identifying grain size. A FIB ICC image of the
sectioned foam is shown in Figure 9A. This combination offers direct correlation between the pore
morphology and microstructure within the material.

Sb: 4.35 at%
Cu: 95.65 at%
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Figure 9. FIB sectioning allows for site-specific analysis using multiple methods. (A)
Ion-channeling contrast (ICC) reveals a fine grain size combined with regions of
nanoscale grains (identified by white arrows). (B) Chemical verification by EDS analysis
of a large area of the sample confirms the presence of Cu and Sb in the expected atomic
ratios. (C) Secondary electron image of fine grained and nanostructured regions
(boundary noted by white arrows) identified in (A) are subjected to an EDS line scan,
and (D) the line scan reveals no compositional difference between fine-grained and
nanostructured regions.

ICC imaging reveals that the matrix has a fine grain size overall, with some areas exhibiting
nanostructured characteristics (see white arrows in Figure 9A). High-energy ball milling, as used
here, is capable of creating nanocrystalline metals and alloys [39—45], but retaining nanoscale grains
at the annealing/foaming temperature of 600 °C would require a stabilized structure (e.g., [46—49]).
Sb has been studied as a grain size stabilizer for copper [50-53], but was found ineffective when
added up to 1 at%. The larger concentration used here (5 at%) may result in segregation of the Sb to
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grain boundaries and surfaces due to its insolubility at room temperature [54,55] and provide the
necessary presence to retain nanoscale grains.

Because FIB sectioning can be combined with other, in situ analysis, chemical verification by
EDS analysis can be performed at areas of interest as soon as they are identified. An area scan of the
sample (Figure 9B) confirms the presence of Cu and Sb in the expected atomic ratios without
appreciable contamination. To determine whether the nanostructured regions are enriched in Sb, a
line scan extending from the fine-grained interior to the nanostructured region was used (see Figure
9C). The fine-grained and nanostructured regions are only faintly visible in the secondary electron
images (Figure 9C, D), and the elemental line scan reveals no significant change in composition from
one area to the next, including possible contaminants from the milling process (i.e., Fe, Cr and Ni).
Note that the vertical placement of the elements identified in Figure 9d are arbitrary, and only Cu and
Sb were identified in appreciable quantities. The lack of compositional difference between fine-
grained and nanostructured regions, and the fact that these regions are exclusively located along pore
surfaces, suggests that this is a redeposition of material during the FIB milling process [37]. This
highlights the balance between benefits and concerns in this type of analysis, as well as the
importance of thorough examination.

4. Discussion

Foamed metals retain some of the most attractive qualities of metals while also effectively
reducing their characteristically high density. Metallic properties can then be paired with much lower
density, high specific surface area, tailored thermal and acoustic properties, efficient energy
absorption, constant crushing load, etc. [1-5,56]. Manufacturing techniques that ensure these
materials possess the required characteristics can only be developed and monitored through efficient
and accurate characterization. As pore size decreases into the micron and nanoscale regime,
advanced methods of characterization are needed.

The most basic two-dimensional characterization method for metallic foams is cross-sectional
examination by optical microscopy (e.g., [25,26,57]). Unfortunately, in stochastic foams which
possess nanoscale pores, this method is insufficient to create a holistic understanding of the size and
morphology, even though the majority of microscale pore volume can be resolved. In cases where
the porosity is entirely nanoscale (e.g., [11,58,59]), optical methods are unsuitable. To characterize
sub-micron and nanoscale porosity alternative techniques such as electron microscopy by
SEM [29,59,60] and TEM [11,13] are beneficial.

All of these methods are valuable tools in determining the characteristics of porosity, but they
provide two-dimensional information about a three-dimensional structure. For that reason, the most
comprehensive characterization will involve methods which can examine the entire pore volume.
These methods vary greatly in their applications and ease of use. Traditional, abrasive polishing can
be used to reconstruct 3D microstructures using automated equipment (e.g., [61]). The advantages
include the ability to observe large areas quickly while maintaining good resolution (slices of
hundreds of nanometers or microns). This process is suitable for metallic foams with pore sizes large
enough to be fully resolved by optical microscopy (millimeter to micron range).

To address the challenge of sub-micron and nanoscale porosity, methods such as high-resolution
X-ray tomography [62-65], transmission electron tomography [66,67] and FIB serial
sectioning [31,32,68-71] can be used. The benefit of X-ray and -electron tomographic
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characterization is that it can provide detailed volumetric information in a nondestructive manner,
and can even be used to assess materials during in situ deformation [63].

FIB tomography (or serial sectioning) also provides valuable, volumetric information to
examine a variety of microstructural features [37,72]. For instance, it can be used to assess phase
distributions  [73,74,75], grain structure [71,76], and even biological and geological
specimens [77,78]. The sample volume is typically limited to micrometer dimensions, but can
achieve resolution in 10s of nanometers, giving it higher resolution than X-ray tomography, but
lower than TEM tomography.

Despite the diverse applications FIB tomography is applied towards, there is relatively little
work on porous materials. With dual beam microscopes becoming increasingly common, this method
is thought to present a valuable option for analyzing and reconstructing micro- and nanoporous
materials by serial sectioning. When combined with analysis such as electron back scatter diffraction
(EBSD), ICC and/or EDS (including area mapping), the material can be simultaneously assessed
with regard to pore size, volume and morphology, grain size and orientation, and elemental content
and distribution. Porous structures created by the AERO process may have important features
regarding all of these aspects, and a complete description requires a multi-faceted approach to
characterization.

The analysis utilized here provides a relatively simple method for generating a quantitative
description of porosity. Although these methods are applicable to any porous material, this approach
is especially important in materials which do not have regular pore geometries and exhibit a range of
pore sizes. The AERO foaming process provides a unique combination of characterization challenges
because of its structure, and a detailed investigation requires multiple techniques. In previous work
[32], FIB serial section was used to analyze and reconstruct porosity in three-dimensions. Here two-
dimensional sections of much greater area were analyzed to provide a complementary data set which
displayed similar results of pore morphology to the 3D analysis, though with less overall information.
Depending on the pore characteristics and the level of detail required, characterization and image
analysis techniques can be chosen which efficiently provide data. By combining methods suited for
multiple length scales and which incorporate additional utility, such as crystallographic and
elemental analysis, a comprehensive understanding of the microstructure can be achieved.

5. Conclusion

The challenges and opportunities associated with characterizing micro- and nanoscale stochastic
porosity have been identified and demonstrated using a unique metallic foam created through solid
state processing. The attributes of the foam were assessed using mechanical polishing and optical
microscopy as well as focused ion beam cross-sectioning. The majority of pore volume is made up of
microscale pores which can be resolved in the optical images, but the porosity cannot be fully
described since many pores are sub-micron and nanoscale. FIB sectioning reveals these pores in two-
dimensional surfaces and allows three-dimensional analysis to be accomplished tomographically.
Pore characteristics were assessed in regard to factors such as solidity, eccentricity, equivalent area
and perimeter using image processing and statistical analysis. In compacted and sintered samples it
was found that pores within powder particles tend to be convex (high solidity) and those between
particles are irregular with a low solidity. The capabilities of various characterization methods for
porous materials were also described, and in particular, methods which also incorporate elemental or
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microstructural analysis are seen as being quite valuable to developing a holistic understanding of the
material.
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