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ARTICLE INFO ABSTRACT

Knowledge of the mechanical properties of porous metallic hollow spheres (MHS) thin wall is of key importance
for understanding the engineering performance of both individual ultralight MHS and the innovative MHS-
based bulk foams. This paper presents the first integrated experimental and numerical study to determine the
elasticity and yielding of the porous MHS wall and their dependence on its microporosity. Nanoindentation was
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I:;zz:fﬁ:::ﬁ;{; used to probe the Young's modulus and hardness of the nonporous MHS wall material, and synchrotron X-ray
Tomography computed tomography (XCT) conducted to obtain its porous microstructure and pore morphology. Three-

dimensional finite element modeling was performed to obtain the mechanical response of microcubes with
varying porosity trimmed from the XCT-derived real digital model of the porous MHS wall. Results show that
both the Young's modulus and yield strength of the porous wall decrease nonlinearly with increasing porosity,
and their relationships follow the same format of a power law function and agree well with prior experimental
results. The empirical relations also reflect certain features of pore morphology, such as pore connectivity and
shape. These findings can shed lights on the design, manufacturing, and modeling of individual MHS and MHS-

based foams.

1. Introduction

Metallic hollow sphere (MHS)-based materials, a kind of innova-
tive, high-performance cellular foams, are made of ultralight, thin-
walled MHS. The advantageous mechanical properties of MHS-based
foams include, for example, very low density, high specific strength
(i.e., strength to mass ratio), and very high energy-absorbing capability.
They are widely used or have the great potential for being used in many
functional structures such as car bumpers, automotive structural
components, biomedical artificial limbs, ballistic armors, sound bar-
riers, and damping devices, among others [1]. With latest metallurgical
technologies, the characteristics of individual MHS such as the
diameter and wall thickness can be finely tuned, and an assemblage
of MHS can be bonded together by sintering, soldering, or epoxy resin
to form different structural configurations and arrangements (e.g.,
simple cubic, body-centered cubic, face-centered cubic packing, hex-
agonal-closed packing, and completely random packing). To under-
stand the mechanical performance of the MHS-based foams, prior
experimental investigations commonly focused on the compressive,
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tensile, fatigue, and dynamic behavior [2—-5]. In addition, a few studies
were conducted to model their mechanical properties, and such
numerical modeling typically dealt with the mechanical behavior at
large plastic deformation as well as their energy-absorbing capacity
[6,7]. These work concluded that a better prediction of the mechanical
properties of MHS-based materials and structures could be obtained if
the microstructure (e.g., porosity and pore size) and properties of the
MHS wall material itself are clearly known. In this regard, Caty et al.
conducted X-ray computed tomography (XCT) to characterize the
microstructure of a MHS-based foam material, and used the real
microstructure obtained by XCT as the input model for finite element
modeling (FEM). This method's significant advantage was the use of a
physically realistic digital model that reflected the real morphology and
microstructure of the porous MHS-based foam, instead of idealized,
assumed, or sometimes over-simplified microstructure models [8].
Furthermore, Shufrin et al. [9] proposed a simplified continuum model
for a hollow-sphere assembly using the Cosserat's three-dimensional
(3D) continuum theory to describe the negative Poisson's ratio of MHS-
based materials subject to small strains where various regular config-
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Fig. 1. Three different types of porosities in MHS-based foam materials: (a) a cross-section showing three kinds of pores at different scales; (b) and (c) cross-sections of the porous thin

wall showing micropores.

urations of spheres were considered [9].

Generally MHS-based materials have distinctly high energy-absorb-
ing capability due to their ultrahigh porosity, and hence accurate
control of porosity plays an important role in tuning their mechanical
performance. Normally, three different types of porosities at different
scales exist in most MHS-based materials (Fig. 1): macroporosity,
mesoporosity, and microporosity [10]. Macroporosity is the large
central pore inside each MHS, which is mainly influenced by the
diameter and wall thickness; Mesoporosity refers to the void space
among spheres, and their different packing configurations result in
variable mesoporosity; The void fraction within the porous thin wall of
the MHS makes up the microporosity. In fact, besides the solid
material itself and bonding types of MHS-based foams, most prior
studies focused on the mode of MHS arrangement and size of
individual spheres, which are mainly related to mesoporosity and
macroporosity, respectively. To date, it appears that the effects of
microporosity on the performance of MHS-based materials have
received little attention, despite the fact that most of these materials
consist of hollow spheres with porous thin walls. Apparently, an
excessively high microporosity can degrade the mechanical properties
such as elastic modulus and yield strength of the porous thin wall that
makes up the MHS. On the other hand, a too low microporosity
increases its density and load capacity, but decreases the energy-
absorbing capacity, making the MHS-based foams less attractive as a
unique functional material. Therefore, it is of significant importance to
understand how microporosity affects the mechanical properties of the
porous thin wall, particularly based on its real physical microstructure
and pore characteristics.

For porous materials, several approaches have been developed
concerning the relationship between the mechanical property and
porosity. Many formulae were proposed based on the micromechanics
method [11-13] and minimum solid area (MSA) method [14,15]. Most
of these formulations are semi-empirical in nature since the real
microstructure corresponding to a particular formula is not precisely
known. In addition, they may unlikely provide powerful predictions for
the porous wall with nonuniform pore sizes and irregular pore shapes,
the two typical parameters accounting for the geometrical nature of
porosity. For example, Roberts and Garboczi used FEM to study the

influence of porosity and pore shape on the elastic properties of some
porous ceramics, and established three types of models to find the
dependence of elastic modulus and Poisson's ratio on porosity: over-
lapping solid spheres, overlapping spherical pores, and overlapping
ellipsoidal pores [16]. Other FEM simulation work [17,18] also
considered hard (such as carbide precipitates) or soft (such as cracks)
inclusions in a uniform matrix, which may provide guidance on
modeling materials with pores (i.e., same as soft inclusions).
Although most of the pores in the considered materials are spherical
or oval, irregular polygonal pores also exist in the randomly configured
microstructure. Such results are certainly very useful, but they all suffer
from the limitation that one deals with errors from both theoretical
approximations and incongruence between the real microstructure and
idealized pore models. Therefore, it is more rational to obtain and use
the real pore geometry (e.g., size, shape), spatial distribution (e.g.,
spacing), and pore connectivity (e.g., closed vs. open pores) for the
modeling of these porous materials.

Although the porous nature of the MHS thin wall has been
recognized, little effort has been made to study the mechanical
properties of the porous wall material itself, probably owing to partly
the shell-like shape of the thin wall and partly the relatively small size
of the MHS. This paper presents the first effort that integrates
experimentation and FEM simulation to investigate the elasticity and
yielding of the porous MHS thin wall and their dependence on its
microporosity. Experimental work consisted of nanoindentation and
high-energy synchrotron XCT, while FEM simulation was performed
on selected, three-dimensional (3D) porous microcubes of varying
porosity extracted from the XCT-derived digital model of the MHS thin
wall. Simulation results are then used to derive the relationships
linking Young's modulus and yield strength with porosity. These
findings can expectedly advance the design and manufacturing of
individual MHS and MHS-based materials as well as the modeling
and prediction of their mechanical performance.
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2. Materials and methods
2.1. Materials

The studied MHS, acquired from Fraunhofer Institute for Advanced
Materials (IFAM) (Dresden, Germany), were made of ferrous alloys
whose mechanical properties are not exactly known. The size of the
MHS varied slightly with a range of 2—3 mm in diameter, and the wall
is highly porous and has a variable thickness of approximately 0.01—
0.04 mm (Fig. 1b and c). Careful observation of the wall cross-section
under an optical microscope revealed that the morphology of pores on
the wall is highly irregular in shape and is hardly discernible distinctly
at low magnifications. Most MHS are different, and each MHS has its
own diameter, wall thickness, and porosity. Careful measurements
showed that the bulk density of individual MHS ranges from 0.40 to
0.63 g/cm?. As discussed later, the approximate microporosity of the
MHS wall ranged from ~5% in local sections to as high as ~42% for an
entire cross-sectional surface.

To prepare the cross-sectional surface of the MHS wall for
nanoindentation testing, a whole single MHS was first embedded in a
fast-curing Samplkwick acrylic (Buehler Inc., Illinois, USA) to facilitate
subsequent polishing. Owing to its lightweight, a MHS tended to float
on the surface of the liquid acrylic before it hardened. Therefore, a two-
stage embedment method was adopted. In the first stage, the MHS was
only partially embedded in the hardened acrylic owing to its floating. In
the second stage, more liquid acrylic was added to the surface of the
hardened acrylic and the previously partially embedded MHS then
became fully submerged and embedded inside the acrylic. Since the
MHS was stuck to the hardened acrylic, it would not become floated on
the liquid acrylic during the second stage. Upon complete hardening
(e.g., at least 1h), the cured acrylic sample was removed from the
mold, and then progressively polished in a MetaServ 250 polisher
(Buehler Inc., Illinois, USA) with sandpapers of increasing grain
fineness (i.e., from # P180 to # P4000), and the final polishing was
achieved by 0.03 um alumina suspension (Fig. 2a and b). The final
polished surface was further cleaned with filtered pressurized air and
alcohol to remove residual polishing dust prior to accepting indenta-
tion.

Energy-dispersive X-ray spectroscopy (EDXS) was also performed
on a single MHS to analyze its chemical composition in an FEI
Magellan 400 XHR scanning electron microscope (SEM, FEI Inc.,
Hillsboro, OR, USA) with a built-in Oxford X-MAX EDXS spectro-
meter. The examined sphere was also roughly polished to expose its
cross-sectional surface of the thin wall so that elemental composition of
the thin wall's interior as well as the external surface could be obtained.

2.2. Nanoindentation testing

A Keysight G200 nanoindenter (Keysight Technologies, Inc., Santa
Rosa, CA) equipped with a Berkovich diamond indenter tip of <20 nm
in radius was used to perform indentation tests on the MHS thin wall.
To obtain the mechanical properties of the nonporous wall material,
five (5) indents were made on carefully selected (under the assistance
of a built-in optical microscope), nonporous locations on the polished
surface, preferably near the centerline of the wall. Indentation loading
employed a continuous stiffness measurement (CSM) module with a
constant indentation strain rate (/4) of 0.05 1/s to a maximum depth
of 2000 nm. A duration of 10 s for holding load constant was allowed at
the maximum load to eliminate the effect of creep on the initial slope of
the elastic unloading curve. Based on the recorded load-displacement
curves, the Young's modulus (E) and hardness (H) were determined by
the Oliver and Pharr [19] method.

The hardness of the material, H, is given by:
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where F,,,4x is the maximum indentation load, A, the projected contact
area between the indenter tip and sample. For an indenter tip of known
geometry, this contact area is a function of the indentation depth h,
which is determined by calibrating the indenter tip on standard
materials (e.g., fused silica, aluminum) with known mechanical proper-
ties. The reduced modulus (E,) of the contacting interface is given by:

E o T
T 2pJAc @

where f is a dimensionless correction factor for indenter tip geometry,
commonly taken as 1.05 for a Berkovich tip, S the contact stiffness that
is determined by solving the vibration equations for the indenter-
sample system owing to the use of the CSM loading method. The
Young's modulus, E, can be determined by [20]:
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where E and E; are the Young's moduli of the sample and diamond tip,
respectively. v and v; are the Poisson's ratio of the sample and diamond
tip, respectively. For a diamond tip, E; and v; are 1141 GPa and 0.07,
respectively. For the nonporous MHS wall, v is assumed to be 0.3.
Noteworthy is that a small variation in the assumed Poisson's ratio of
the sample has negligible influence on the calculation of its Young's
modulus [21]. Residual indents were also imaged by the aforemen-
tioned SEM used for chemical analysis.

2.3. X-ray computed tomography

X-ray computed tomography (XCT), a non-destructive technique
for material characterization (which can minimize disturbance to the
pore morphology and pore network of the MHS thin wall), was used to
characterize the 3D porous microstructure and micromorphology of the
MHS wall [22]. A single as-received (i.e., without any pre-processing to
avoid disturbance to the pore morphology) MHS was directly examined
by high-energy synchrotron XCT in the 2-BM-A Beamline at the
Advanced Photon Source (APS), Argonne National Laboratory, using
a filtered white beam from the bending magnet source. The peak energy
of the beam was 60 keV, and the projection images were recorded by an
X-ray microscope that is composed of a sSCMOS camera (pco.edge 5.5),
a 7.5x Mitutoyo long-working-distance lens, and 20 pum thick LuAG:Ce
scintillator. Totally 1500 images were acquired in the rotation angle
range of 0—180° with a step size of 0.12°. Tomography reconstruction
was performed by the Gridrec algorithm [23] implemented in Tomopy
[24].

Since the two-dimensional (2D) cross-section images obtained by
XCT cannot show the 3D volumetric porosity and pore morphology,
further processing was performed to reconstruct the 3D digital model
of the XCT-scanned section within the individual MHS. The 2D slice
images were segmented and binarized with a Python-based Scikit-
image package [25]. The segmented binary images were then input to a
program, Avizo (FEI Inc., Hillsboro, OR, USA), to reconstruct the 3D
digital model of the scanned MHS section. The resulting slice images
had an isotropic voxel size of 0.87 um.

2.4. Finite element modeling

FEM simulation was conducted to analyze the mechanical proper-
ties of the porous thin wall using a commercial platform, ABAQUS
v.6.10 (Dassault Systemes Americas Corp., Waltham, MA, USA). A
series of porous micrometer-sized cubes of varying porosity were
trimmed from the aforementioned XCT-derived 3D digital model of
the porous wall, and hence each microcube model was based on the
real microstructure and pore morphology. Depending upon their
locations and orientations, the microcubes had a side length of either
20 or 30 um and were meshed in Avizo (FEI Inc., Hillsboro, OR, USA),
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Fig. 2. (a) and (b) Polished MHS sample for nanoindentation testing; (c) optical micrograph showing the wall microporosity and a residual indent; and (d) a residual indent observed

under a scanning electron microscope (SEM).

and their porosities were calculated directly from the 3D digital
models. Each model was then imported into ABAQUS from Avizo for
further FEM simulation of uniaxial compression testing using the
C3D4 as the basic element type. In the simulation, a deformable
microcube was placed between two rigid and smooth end platens, with
the bottom one as a fixed boundary and the top one as a loading punch.
All degrees of freedom were constrained for the two end platens except
the vertical displacement of the top platen, so that the compression was
performed along the vertical direction via a displacement-controlled
mode. Because nanoindentation testing only provided its Young's
modulus and hardness, the nonporous wall material was simply treated
as a linearly elastic, perfectly plastic material. As such, three para-
meters were needed to describe its mechanical behavior: Young's
modulus, initial yield strength, and Poisson's ratio. The former two
were obtained from the nanoindentation testing, while the Poisson's
ratio was again assumed to be 0.3. For the contact properties between
the microcube and rigid platens, the tangential behavior was defined as
frictionless, whereas the normal contacts were assigned as the “hard
contact” algorithm. All simulations were performed under the ABAQUS
standard mode to obtain the elastic response and initial yield strength
of the porous microcubes of varying porosities.

3. Results and discussion
3.1. Chemical composition of the MHS

Fig. 3 shows the EDXS spectra obtained from both the external
surface and wall interior, and Table 1 summarizes the quantitative
results. Clearly, except the presence of < 1.0 wt% P, which is likely an
impurity introduced by polishing, the sphere surface and wall interior
have nearly the same elemental composition and nearly identical
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spectra. The sphere is made of nearly entire Fe (96—-98 wt%), with C
content ranging from 0.8 to 1.99 wt%. Again, the higher carbon content
of the wall cross-section may be caused by the impurities from the
embedding resin and polishing. These data suggest that the MHS
material is a kind of medium carbon steel.

3.2. Mechanical properties of the nonporous wall material obtained
by nanoindentation

A prepared MHS specimen embedded in acrylic and a representa-
tive residual indent are shown in Fig. 2. Clearly the wall is very thin
when compared with the diameter, and it is indeed highly porous.
Fig. 2c and d show typical residual indents on the MHS thin wall
observed by optical microscopy and SEM, respectively. Under the
optical microscope, the indent appears to be made on a pore-free spot
and does not interfere with the nearby pores. However, under the SEM,
much smaller pores become observable, and the indent is interfered by
relatively small pores. Such observation may help interpret the sub-
sequent nanoindentation results.

Five representative indentation load-displacement curves for the
nonporous wall material are shown in Fig. 4a. Apparently, the
maximum forces are nearly the same (i.e., 225—-250 mN) to reach the
maximum indentation depth of ~2000 nm, and the material exhibits
certain creep behavior, as evidenced by the continuous increase in
depth during the 10 s period of holding constant load. The loading
curves are slightly scattered at the depth of >700 nm, but all the
unloading curves nearly overlap with each other, indicating a consis-
tent elastic response to unloading. As discussed below, the scattering in
the loading curves may be caused by the pores within the indented
zone, and some pores are too small to be discernible under the optical
microscope.
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Fig. 3. Chemical analysis of MHS by EDXS:
analyzed spots shown in (a) and (b).

Table 1
Elemental composition of the MHS obtained by EDXS.

Element External surface Cross-section
wt% atom % wt% atom %
C 0.80 3.58 1.99 8.50
(6] 0.28 0.95 0.34 1.09
Ti 0.38 0.42 0.50 0.54
Fe 98.54 95.02 96.62 88.95
P - - 0.56 0.93
Total 100.00 99.99 100.01 100.01

Fig. 4b and c show the corresponding Young's modulus and
hardness obtained from the five indents, respectively. At small depths
(e.g., h <150 nm), significant scattering exists for both the Young's
modulus and hardness, most likely caused by the surface roughness or
other surface imperfections caused by polishing. As such, data within
this depth range (i.e., h < 150 nm) are not considered as representative
properties. Interestingly, both the elastic modulus and hardness
decrease with increasing indentation depth. In other words, they both
exhibit size-dependent behavior. In fact, size-dependent elasticity has
been observed in small-dimensional materials (e.g., nanowires, nano-
beams) [26—28]. For the studied MHS wall material, several factors
may contribute to the observed size-dependent Young's modulus: (1) it
may be the intrinsic behavior of the ferrous alloy (i.e., the wall material
itself) [29,30]; (2) the elastic zone caused by indentation loading is
significantly greater than the observed residual indent, and such a large
elastic zone may contain pores near and beneath the selected non-
porous indenting spot (as discussed early, Fig. 2d); and (3) since the
wall is very thin, the elastic indentation zone may readily extend into
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(a) and (b) SEM micrographs showing the EDXS-analyzed spot on external surface and wall cross-section, respectively; (c¢) Spectra of the

the embedding acrylic that is much softer than the ferrous alloy. As
such, the combined elastic response of the load-affected indentation
zone depends upon the nonporous wall material, pores with this zone,
and the softer embedding acrylic, and this becomes more pronounced
with increasing indentation depth (i.e., the elastic indentation zone
may easily propagate outside the thin wall owing to its very small
thickness of 30—40 um). A detailed discussion of size-dependent
elasticity is out of the scope of this work. Nevertheless, the Young's
modulus at smaller indentation depth should be more representative
for the nonporous wall. In this study, the values at the depth of 150 nm
are considered to be the true elastic properties of the nonporous wall
material. Data at depths of <150 nm are affected by surface roughness
and other surface imperfections, while data at depths of > 150 nm may
be affected by nearby pores and the embedding acrylic. The average
Young's modulus from the five indents is E=207 + 10.4 GPa. To check
the accuracy of this value, Table 2 lists the reported Young's moduli for
a range of ferrous alloys obtained by both uniaxial tension and
nanoindentation testing. Clearly, the value obtained in this study
agrees very well with those reported in the literature. Noteworthy is
that certain variation in Young's modulus reported in Table 2 is caused
by the difference in the ferrous alloys' composition.

Indentation size effect is apparent in the hardness-indentation
depth curves shown in Fig. 4c. Such a size effect may also result from
the material's intrinsic behavior as well as the nearby pores and
embedding acrylic. However, compared with the Young's modulus,
hardness is much less prone to be affected by the defects nearby the
indent, because the plastic zone is much smaller than the elastic zone.
Therefore, with the consideration of indentation size effect, the Nix-
Gao model [31] is used to obtain the macroscale hardness of the
nonporous wall material:
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Fig. 4. Results of nanoindentation testing: (a) load-displacement curves for five indents; (b) and (c) derived Young's modulus and hardness, respectively; (d) Fitting the size-dependent

hardness with the Nix-Gao model.

Table 2

Comparison of the Young's moduli and yield strengths of ferrous alloys obtained by tensile testing and nanoindentation.

Ferrous alloy E; (GPa) E, (GPa) H, (GPa) Oyry (MPa) Oy(n) (MPa) Reference

AISI 316L 187+ 18 2.3+0.1 Ballarre et al. [33]
DP490 205 299 Kim et al. [34]
DP980 195 1026 Cheng et al. [35]
H13 288 + 64 6.6+£2.3 Kumar et al. [36]
Mild270 225 143 Kim et al. [34]
MHS wall 207 +10.4 2.95 £0.09 982 This study

E, and E,, denote the Young's moduli determined by tension and nanoindentation testing, respectively; H, denotes the hardness obtained by nanoindentation; oy, and oy, denote the

yield strength determined by tension and nanoindentation testing, respectively.

H h*
— =1+ =
Hy h 4
where H is the nanoscale hardness obtained by indentation; H, the
hardness at an infinite depth, or a macroscale hardness; h” the
characteristic length based on the tip geometry, shear modulus, and
Hy. The hardness-depth data for the MHS thin wall can be fit by the
Nix-Gao model, as shown in Fig. 4d. The average value of the Hy from
the five indentations is 2.95 + 0.09 GPa.

It is generally agreed that indentation hardness is essentially a
measure of the plastic yield strength for most metallic materials. In
fact, according to the Tabor Law [32], the yield strength Y; can be
roughly estimated from the macroscale hardness Hy via the following
equation [32]:

H, =~ 3Y, %)

As such, the yield strength Y of the nonporous ferrous alloy making
up the MHS can then be taken as 982 MPa. This value is also compared
in Table 2 with the yield strengths of other ferrous alloys reported in
the literature [33—-36], and the difference may be caused by the alloys'
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compositional difference. In summary, by means of nanoindentation
testing on the pore-free locations in the MHS thin wall, the Young's
modulus and yield strength of the pore-free ferrous alloy are obtained,
which can then be used as the essential input parameters for
subsequent FEM simulation of the mechanical response of porous
MHS thin wall.

3.3. Microstructure characterization by synchrotron XCT

Fig. 5 shows four selected synchrotron XCT micrographs for the
horizontally sliced cross-sections of an individual MHS. As the
horizontal cross-section moves closer to the center of the sphere, the
observed “apparent” wall thickness becomes smaller, and the actual
thickness (which is better reflected in Fig. 5¢ and d) is about 15-35 um.
Even on the same cross-section, the wall thickness varies considerably,
and the sliced cross-sectional ring is not a perfect circle. The corre-
sponding two-dimensional (2D) porosity @ (i.e., the ratio of the total
area of the pores within the wall to the total area of the porous wall, the
latter including both pores and solid metal) of each cross-section is also
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Fig. 5. XCT slice images showing the shape of the cross-sections and pore morphology of the MHS thin wall: images on the right column are the magnified view of a small-boxed section
in the left column and same row.

shown in the micrograph. In fact, the 2D porosity from different cross- Further noteworthy is the micropore morphology, including shape,
sections varies significantly and, for the four selected micrographs, size, and interconnectivity. As seen from the zoomed view of small
ranges from 18.50% to 42.34%. segments selected from each of the cross-sections (Fig. 5), the shape of
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Fig. 6. XCT-derived 3D digital model of the porous MHS thin wall: (a) a MHS showing the scanning segmentation; (b) reconstructed 3D digital model of the entire scanned section; (c) a
zoomed view of the cross-section of the thin wall; (d) a 3D microcube trimmed from the thin wall digital model.

the pores is highly irregular. Most pores are elongated, and circular
pores are indeed rare. Certain small pores are interconnected or
merged together to form a highly elongated, relatively large void or
cavity. Moreover, most pores at both the inner and outer edges of the
cross-sectional ring are not self-closed, but are open to the hollow
center or to the outer space. As discussed later, these characteristics of
pore morphology actually affects the elastic and yielding behavior of
the porous MHS wall. Finally, the size of the pores also varies
significantly and randomly. The smallest pores are in the range of a
few micrometers, while the large ones can reach to 10-15 um.

Fig. 6a and b shows the reconstructed 3D digital model of the entire
section scanned by the XCT. Neither the external or internal surface of
the MHS is smooth. Moreover, the internal surface has randomly
distributed, irregular protrusions and hence has a much higher rough-
ness than the external one. Fig. 6¢ shows the details of wall cross-
section at a much higher magnification. Again, the pores are highly
irregular in shape and are randomly distributed, and the size of the
pores ranges from a few micrometers to 10-15 pm. Some pores are
interconnected and it is hence difficult to differentiate one from the
other. Such a 3D digital model allows for the detailed study of
microstructure features, including the presence of inclusions, cracks,
and pores, and the 3D porosity can be calculated directly from the
digital model.

The complexity of the pore size and morphology makes it difficult
and challenging to use artificially constructed physical models with
idealized porous microstructure to simulate the porous wall's mechan-
ical properties. Therefore, the XCT-derived 3D digital model of the
MHS wall reflecting the actual microstructure and pore morphology
was used to simulate via FEM its mechanical properties. Fig. 6d shows
a typical microcube of 30 um in size trimmed from a relatively thicker
section of the wall. Clearly, the shape of the pores is again highly

irregular, and some pores on the surfaces of the cube are not self-
closed.

3.4. Effect of microporosity on the properties of the MHS thin wall

To facilitate the extraction of some simple material's properties
such as Young's modulus and yield strength of the porous MHS wall, a
total of 14 microcubes of 20 or 30 um in size were trimmed from the
3D digital model (Table 3), followed by fine meshing for subsequent
FEM simulation. A special consideration for selectively cutting the 14
microcubes was to vary their porosities as widely as possible. In fact,
the 3D volumetric porosity of these microcubes ranges from 5.41% to

Table 3
Summary of the size, porosity, and simulated Young's modulus and yield strength of the
MHS wall microcubes.

Sample ID Cube dimension (pm) D (%) E/Eq Y/Ys
1 30 0.00 1.00 1.00
2 20 5.41 0.87 0.72
3 20 7.22 0.84 0.70
4 20 9.53 0.78 0.56
5 30 11.11 0.76 0.51
6 30 11.60 0.72 0.50
7 30 12.25 0.7 0.51
8 20 12.98 0.69 0.47
9 20 13.11 0.72 0.49
10 20 13.60 0.67 0.41
11 20 14.61 0.63 0.40
12 20 15.92 0.59 0.39
13 20 19.22 0.58 0.34
14 20 26.08 0.49 0.31
15 30 32.88 0.28 0.16
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Fig. 7. FEM simulated von Mises stress distribution within eight selected microcubes with different porosity that have been subjected to a uniaxial compression strain of 0.5%. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

32.88% (Table 3). Fig. 7 shows the von Mises stress distribution of 8
selected microcubes that have been subjected to a uniaxial compression
strain of 0.5%, and Fig. 8 shows the uniaxial compression stress-strain
curves obtained by FEM simulation for all 15 microcubes, including 14
porous microcubes and one with 0% porosity. For consistency, the
nominal engineering strain is defined as the ratio of the displacement
of the top rigid platen to initial height of the microcube, and the
nominal stress is defined as the reaction force of the top rigid platen
divided by the total cross-sectional area (i.e., including both the area
occupied by the solid metal as well as the area of pores) of the cube.
Noticeably, these microcubes are considered as a composite material
with two different phases: a solid phase and an air phase. The
properties of the solid phase is taken as E;=207 GPa, Ys=982 MPa,
and v=0.3. For the air phase, the pores inside the microcubes, the
mechanical parameters are all taken as 0. As shown in Fig. 7, the von
Mises stress is nonuniform within the microcube owing to the presence
of irregular voids. At a 0.5% compression strain, the blue regions
indicate elastic zones, while the red regions imply the yielded zones.
Most red regions take place around the pores due to stress concentra-

142

tion around the irregular pores. In Fig. 8, the curve with 0% porosity
represents the stress-strain behavior of the pore-free ferrous alloy.
With increasing porosity, the stress-strain curve is getting lower, the
Young's modulus, yield strength, and the yield strain all becomes
smaller. After yielding, the porous material behaves perfectly plastic,
which is the assumed material behavior.

The FEM simulation results also summarized in Table 3 and also
plotted in Fig. 9. Both the Young's modulus and yield strength of the
porous wall decrease nonlinearly with increasing porosity. These data
are fitted by two equations that can describe the dependence of the
Young's modulus and yield strength upon porosity:

E _ (1 ~ L )2.31
Eg 0.847 (6)
1 _ (1 ~ L)&OS
Y, 0.847 (7)

where E and Y are the Young's modulus and yield strength of the
porous wall, respectively; @ is the volumetric porosity, and the range of
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Fig. 8. Uniaxial stress-strain curves for all simulated microcubes with porosities ranging

from 0% to 32.88% (the red arrow indicates the direction of increasing porosity). (For

interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 9. Dependence of Young's modulus and yield strength on porosity, including FEM
simulated results and fitted curve.

0=<®<50% is considered in this study. The coefficients of determination
(i.e,, R? for the two fitting equations are 0.9745 and 0.9621,
respectively. The parameters in these two equations should not be
interpreted as the percolation exponent or threshold, respectively.
When @ is 30%, the porous wall loses its stiffness by ~60% and yield
strength by ~80%. When @ is greater than 50%, the material almost
loses its entire stiffness (i.e., by ~90%) and load-carrying capability
(i.e., by ~95%), so the porosity should be controlled accordingly to
warrant the desired mechanical properties of individual MHS and
MHS-based foam materials.

3.5. Comparison with published data

An extensive review of the pertinent literature has found a series of
equations that were proposed to account for the dependence of
elasticity on porosity for porous metallic materials, and five most
relevant ones are summarized as follows:

E

-9 ®
E_.

-7 ©
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2.23
E _ (1 _ L)
E, 0.652 (10)
E ¢ 2.5
E ( N G) (11
E_
-9 (12)

where E, E; Y, Y5, and @ have been defined previously. Eq. (8) is
proposed to obtain the elastic modulus of a binary composite material
based on the volumetric fraction (or porosity if one of the two phases is
void) using the so-called “rules of mixtures” [37]. Eq. (9) is the
differential and dilute results of the Coble-Kingery correction to
describe the elastic modulus of a porous material with spherical pores
[38]. Meanwhile, it is also applicable to open-cell materials. Eq. (10) is
an empirical correlation based on computational results that can be
used to estimate the elastic modulus of a porous material consisting of
overlapping solid spheres with inter-sphere porosity [16]. Eq. (11) is
used to measure and predict the elastic modulus of the porous 8360
cast steel [39]. Eq. (12) is derived by Maiti et al. for materials
containing self-closed pores [40]. It is clearly seen that each of the
above equations can be re-written as a unified format:

(-]
E? ¢0
where the constant @y may correspond to a characteristic porosity of
the porous material, and the constant n may be related to the pore
characteristics, such as pore size and its distribution, pore shape, and
pore spacing and location distribution, among others. Furthermore, @
should be combined with the characteristics of elastic modulus and
yield strength comprehensively instead of interpreted as a threshold.

Fig. 10a compares the newly derived model obtained in this study
with those previously developed equations for porous materials with a
porosity ranging from 0% to 50%. The empirical formula derived in this
paper lies in between the Coble-Kingery correction function (i.e., Eq.
(9)) and the Maiti et al. equation (i.e., Eq. (12)) for materials with self-
closed pores, but is much more closer to the later. This observation may
imply that the porous MHS wall material contains both self-closed and
open pores, and the percentage of the former is greater than that of the
latter. As discussed earlier, the XCT-derived microstructure images do
support this kind of pore morphology: most pores within the wall are
self-closed, while some pores on the edge of the wall are open.

Khor et al. [41] have studied a porous wall material made of
stainless steel, which has a randomly-packed hollow sphere (RHS)
configuration. It was processed by spark plasma at high temperatures.
Their experimental data of Young's modulus and porosity are here
compared with the results of different methods in Fig. 10a. For
porosities @ < 0.4, the newly developed equation has an excellent
agreement with the experimental data. When @ > 0.4, a very small
difference exist between them. In general, the new formula developed
in this paper matches the experimental data very well.

There are much fewer reported studies on the yield strength of
porous ferrous alloy or other foam material, one of which proposed the
following formula for an open-cell foam material — [42]:

13)

Y 0301 - 90
y, =V 1 -¢)2 14)
The volumetric porosity, @, is always greater than 0.37 in this
equation. In Fig. 10b, the yield strength-porosity relationship obtained
in this study is slightly lower than that calculated by Eq. (14). The
difference may be caused by the different pore morphology: Eq. (14)
was developed for open-pore materials, while Eq. (7) developed in this
study is derived from a material with mostly self-closed pores. In
addition, for the porous MHS wall, when @ > 0.37, the porous wall can
hardly possess load-carrying capability, and Eq. (14) may overestimate
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Fig. 10. Comparison of the new formula developed in this study with prior results: (a)
Young's modulus; (b) yield strength.

the yield strength by assuming unrealistic pore size or pore morphol-
ogy.

4. Conclusions

This paper presents an integrated experimental and computational

study on the effects of microporosity on the elasticity and yielding of
the porous MHS thin wall. Based on the above analyses of results and
discussion, the following conclusions can be drawn:

The mechanical properties of the nonporous MHS wall material
were probed by nanoindentation, giving a Young's modulus of
207 GPa, hardness of 2.95 GPa, and yield strength of 982 MPa;
The MHS thin wall is highly porous with typical pore sizes ranging
from a few micrometers to 15 pm and microporosities of up to 42%.
The Young's modulus and yield strength of the porous MHS thin
wall both decrease nonlinearly with porosity, and their dependence
on porosity can be described by two power functions of similar
format, but with different power values (i.e., a power of 2.31 for the
elastic modulus, while a power of 4.05 for yield strength).

The new FEM-derived mechanical property — microporosity rela-
tionships agree much better with experimental data than other
simplified theoretical and empirical correlations.

The morphology of the pores in the MHS thin wall is very complex,
and both open and self-closed pores co-exist.
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The integrated approach developed in this study is based on the real

microstructure of the porous MHS thin wall, and hence provide a
more accurate correlation between the mechanical properties and

porosity.
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