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ABSTRACT: Microscale and mesoscale hollow sphere foam
(HSF) materials have attracted tremendous attention in recent
decades due to their potential applications. Here, we study the
effective thermal conductivity (ETC) of HSFs using an
equivalent model, in which hollow spheres are first treated
as equivalent solid particles, and then are combined with the
ETC models that have been previously developed for solid
particle filled composites. Compared with the rule of mixture
model and syntactic foam models, this model shows better
accuracy in predicting the ETC of HSFs. The theoretical
model, together with finite element simulations, is then used to
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guide the design of HSFs. The results show that smaller size (nanoscale), lower packing fraction, lower shell conductivity, larger
shell porosity, longer binder length, and higher interfacial thermal resistance lead to significantly lower ETC, while packing
pattern, sphere size distribution, pore size of the porous shell, and binder radius have relatively minor influences. Moreover, size
effects are investigated to use the proposed model for microscale and nanoscale problems. Aside from the well-known Knudsen
effect, the size effect induced by interfacial thermal resistance should also be considered when the sphere size is smaller than a
critical length. Interestingly, the Knudsen effect in the pores of a porous shell is shown to have an insignificant influence on the
ETC. This study provides deep understanding of the thermal (and electrical, equivalently) behavior of the HSFs, which will
potentially aid future design of novel and multifunctional HSF materials.
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1. INTRODUCTION

Hollow sphere foam (HSF) material is a class of cellular solids
that exhibit low density, large void space, and large specific
surface area, which offer great potential for novel mechanical,
physical, and chemical applications at different length scales.
Traditionally, macroscale (millimeter scale or larger) HSFs are
widely used in applications like energy absorption,"” thermal
management,” fluid permeability control,* and ultrasensitivity
sensors.”® In recent decades, synthetic approaches based on
microscale and mesoscale removable templates”” have enabled
the manufacture of hollow spheres with various materials and
sizes ranging from micrometer to nanometer.” ' The
synthesized hollow spheres are then assembled into relatively
defect-free foam materials with a binding,9 sintering,10 or self-
assembling process'>~'? (Figure 1 shows two typical HSFs).
Moreover, methods such as surfactant-templating’® and
interfacial reactions”' enable the synthesis of hollow spheres
with porous shells,”* while synthetic strategies like lost wax
approach”™ and layer by layer assembly method** enable the
formation of foams with a multilayer shell.”>*® The great
advances in synthesis technology have enabled various
microscale applications of HSFs such as confined catalyst
supports,”’ ~*” photonic crystals,’”*" drug storage/delivery
nanocontainers,”*> and multilayer shell supercapacitors.”>*°
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Figure 1. Typical microscale HSFs. (a) SEM image of orderly
arranged monosized hollow silica nanoparticles, showing the transition
from dilute sphere filling (left) to dense sphere filling (right).
Reproduced with permission from ref 18. Copyright 2012 American
Chemical Society. (b) SEM image of hollow spheres with size
distribution (average diameter ~65 ym). The spheres are assembled
with minimum contact binding; the inset shows the binder between
hollow spheres. Reproduced with permission from ref 9. Copyright
2017 Springer Nature.
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Figure 2. Schematics of hollow sphere and solid particle filled composites. (a) Hollow sphere filled composite with three phases, the matrix, the core,
and the shell. (b) Solid particle filled composite with particle distribution equivalent to part a. (c) Hollow sphere foam is a special case of hollow
sphere filled composites where both the matrix and core materials are air, and the spheres are aggregated together ensuring self-support of the foam.
(d) The equivalence of a hollow sphere as a solid “equivalent particle”. The outer radius of the sphere is r; the thickness of the shell is t. K,,, K, and
K are the conductivity of the matrix, the core, and the shell, respectively, and K is the conductivity of the equivalent particle. (e) Two special types
of shells are widely adopted in multifunctional HSF designs: porous shell (top) and multilayer shell (bottom).

Compared to the huge technological leap in the synthesis and
applications of microscale HSFs, the study of their thermal,
mechanical, and electrical properties has lagged behind.

In HSF applications such as thermal insulation or catalyst
supports, or when the cooling/heating rate should be finely
controlled, the heat transfer in HSFs is of great interest. The
thermal behavior of heterogeneous materials (e.g., composites,
foams) can be evaluated with effective thermal conductivity
(ETC), by which heterogeneous materials are treated as
homogeneous materials. The earliest effort in finding the ETC
of heterogeneous materials dates back to Maxwell>> and Lord
Rayleigh,”* who have obtained the ETC of solid particle filled
composites by equalizing the far-field temperature distribution
of the composite to an effective medium, which is known as the
effective medium theory. Bruggeman and Landauer’ have
developed another approach to predict the ETC by
incrementally introducing infinitesimal changes to the matrix
material. Their model is more accurate for high filler volume
fractions, but the ETC is given implicitly, which is not desirable.
Later on, Benveniste’® and Hasselman and Johnson®” have
independently taken the interfacial thermal resistance (ITR)
into consideration. Nan®® has introduced an ETC model for
predicting the thermal conductivity of arbitrary particulate
composites based on the multiple-scattering approach. There
have been many other efforts, for which references 39—41
provide a comprehensive review. Aside from these theoretical
studies, numerical methods have also been developed to study
the ECT of composite materials including the effective unit cell
approach,™ finite element simulation,”** and lattice Boltz-
mann method.*>*

While all the above ETC models are developed for solid
particle filled composites, reports on the HSFs are relatively
limited, especially for microsized and nanosized foams. Fiedler
et al.*” have studied the effect of solid material fraction on the
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ETC of macroscale sintered hollow metallic foams, and Liang
and Li** have experimentally measured the thermal insulation
property of a hollow glass bead filled composite polymer. More
recently, Thiele et al.*’ have combined numerical simulation
and Felske’s model™ to predict the ETC of spherical mono-
and polydispersed core—shell particles, showing that ETC is
independent of the spatial distribution of spheres. Pal,>’
Profiri,** and Park’” have also developed models that accurately
predict the ETC of syntactic foams, which are reviewed in ref
54. In addition, discussion of metallic HSFs with multifunc-
tional applications can be found in ref 55. These studies have
laid a solid foundation for predicting the ETC of HSFs.
However, the syntactic foam models are not accurate for HSFs
with high packing fractions, and the study on modeling
nanoscale HSFs is relatively limited. To the best of our
knowledge, the ETC of HSFs with porous shell and multilayer
shell and the size effects have not been studied systematically.””

In this paper, we evaluate the ETC of HSFs by transferring
the hollow sphere foam problems into traditional solid particle
filled problems using Nan’s theoretical equivalence,””** which
enables us to use all the previously developed ETC theories of
solid particle filled composites. The theoretical models are
verified by numerical simulations and then used to study the
effect of sphere size, ITR, and porous shell and multilayered
shell, providing guidelines for the design of microscale HSFs.
Furthermore, the effects of sphere size distribution and binder
shape are also investigated with combined numerical simulation
and theoretical modeling. Finally, the relation between the
effective thermal conductivity and the effective Young’s
modulus is plotted in a material property chart to examine
the design space of HSFs.
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2. MATERIALS AND METHODS

To evaluate the ETC of HSFs, we first consider a hollow sphere filled
composite with three phases, namely, the matrix, the shell, and the
core (Figure 2a). For simplicity, the spheres are first assumed to be
monosized. Knowing that the ETC models for solid particle filled
composites (Figure 2b) have been well-developed, a very straightfor-
ward way to calculate the ETC of the hollow sphere filled composites
is by transferring the hollow sphere problems (Figure 2a) to solid
particle problems (Figure 2b), as depicted in Figure 2d. Then, the key
is to find the equivalence relation between a hollow sphere and an
equivalent solid particle, as will be discussed in Section 2.1. Note that
the HSFs can be regarded as hollow sphere filled composites, where
both the matrix and the core material are air (Figure 2c).

Generally, three heat transfer modes contribute to the total effective
thermal conductivity of HSFs, namely, heat convection, heat
conduction, and heat radiation. Heat convection mediated by fluid
flow is insignificant when the Rayleigh number is smaller than 1000.""
For most HSFs (sphere radius <20 mm in air), this condition is
satisfied.'’ On the other hand, thermal radiation can be estimated
using the unit cell method*® as K* = 8F}0rT°, where T is the mean
temperature, ¢ is the Stefan—Boltzmann constant, F{ is radiation
exchange factor [F¥ = 1/(P™" — 1)], and P is porosity. For porous
materials Ff = 0.2—0.6, when cell radius r ~ 100 ym, T ~ 300 K, K" is
estimated as 0.8—2.4 X 107" W/m K. Except for HSFs with extremely
low ETC (e.g, aerogel), or unless the material is used at very high
temperatures, radiation will not play a significant role. For most
mesoscale foams, K is a relative small amount, therefore, only thermal
conduction is discussed in this study.

2.1. Equivalence between a Hollow Sphere and a Solid
Particle. To find the equivalence relation, consider a hollow sphere
with outer radius r, core conductivity K. surrounded by a shell of
thickness t and conductivity K, sitting in a matrix of conductivity K,
(Figure 2d). The solid “equivalent particle” is assumed to have
conductivity of K, and radius r, surrounded by matrix of conductivity
K, It turns out that this equivalence relation has been Ergviously
derived on the basis of the effective medium theory’®*® (see
Supporting Information), which is

3+ (KJ/K, = 1)(1 + 20)
PT O34 (KJK, - D(1—v) °

(1)

where K is the thermal conductivity of the equivalent particle, and v =
1+t r§_3 is a dimensionless geometric parameter.

Another issue that should be considered is the ITR, since
temperature discontinuity might be developed at the interfaces and
imperfect contacts.”” The temperature difference across an interface
can be described by the following equation®®

0T, oT,
K— = K,— =
on on (2)
where T), T, are the temperatures at two contacted surfaces; k), k, are
the conductivities of the two materials in contact; and S is the “skin
constant”. Referring to the concipt of Kapitza resistance, Rpy,® which
3 A1), the ITR in this study is

is defined as the reciprocal of 5°° (Rpy =
defined as Rpy = lim  (t/K,), which is analogous to the limiting
0,K—0

t—0,K;—
case of heat transport across a thin and poor conductivity shell.”
Passing eq 1 to the limit of t = 0 and K; — 0, and combining it with
the definition of Ry, the ETC of a solid particle with ITR is (details of
derivation provided in the Supporting Information)

K

C

" 14 aK /K,

AT - 1)

s

K,

ITR 3)
where @ = RygK,/r is a dimensionless parameter indicating the
strength of the ITR. The value of Rp4 can be calculated theoretically or
measured experimentally.®”>”

It should be pointed out that in eq 1 the normalized ETC (K,/K,)
of the equivalent particle is independent of the matrix property K,
which only depends on the conductivity ratio K./K, and relative
thickness t/r, indicating no size effect. Therefore, eq 1 is applicable to
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small scales when the cell size is sufficiently larger than the phonon
wavelength; thus, the scattering effect is negligible (phonon wave-
length 1—-10 nm in silicon®). By contrast, when the ITR is considered,
the size effect takes place because the radius r is included in the
dimensionless parameter a. As such, the ETC not only depends on t/r
but also depends on the value of radius 7, as will be further discussed in
Section 3.1. This effect together with the Knudsen effect are two size
effects that should be considered in nanosized foams.

2.2. ETC of a Hollow Sphere with Interfacial Thermal
Resistance. To further consider the ETC of a hollow sphere with
ITR, eq 1 is combined with eq 3, which gives the normalized ETC of a
hollow sphere (as an equivalent particle) with ITR as

ITR
KK, =

34+ (s.— (1 +2v)
sal3+ (.= DA =v)] + a3+ (s. — (1 + 2v)]

(4)

where s, = K./K, and s, = K,/K; are conductivity ratios of the core
and the matrix, respectively.

Equation 4 is the general form of ETC for composites with three
material phases (K, K, K;) and with ITR. HSF is a simplified case
where the core and matrix have the same material (K. = K, s, = 5, =
s); e.g, both are air. In such a two-phase composite, when the shell
material has a much higher conductivity than the matrix (and the core)
K, > K,, corresponding to s < 1, s < @, the limit of eq 1 gives K, =
2K(1 — v)/(2 + v), while the limit of eq 4 gives K;TC K./a. By
contrast, when shell material has a much lower conductivity than the
matrix K, < K., corresponding to s > 1, s >> a, both eqs 1 and 4 give
the same limit K, = K;'° = K,(1 + 2v)/(1 — v). This limit analysis
suggests that ITR tends to have an ignorable effect for hollow spheres
with extremely poor conductivity shells, while for good conductivity
shells, the ITR effect is more important.

2.3. ETC Prediction of HSFs. With the derived equivalence
relation eq 4, the hollow spheres are now equivalent to solid particles
with K.'C. Subsequently, all the theoretical models for solid particle
filled composites can be used to predict the ETC of the hollow spheres
aggregated foams. Some of the most popularly used ETC models of
solid particle filled composites are listed in Table 1. The series and
parallel models are often considered as the lower and upper bounds.
The effective medium model, i.e., the Maxwell model, provides a good
prediction for dilute filling fractions but tends to underestimate the
ETC at dense fillings, in which case the inverse Maxwell model is
derived by exchanging the role of particle and matrix. The Chiew and
Glandt model is an improved form of the Maxwell model with higher
order term corrections, and the values of fitting parameters are given in
Table 1. The Benveniste model is another popular model that is based
on a self-consistent scheme and is applicable to the nondilute filling
case. Furthermore, the Lewis—Nielsen model covers a wide range of
particle shapes and filling patterns. The shape factor A for a sphere is
1.5, and ¢,, is the maximum filling volume fraction for a specific
packing pattern.

Taking advantage of these models, the ETC of HSFs can be
calculated by substituting Kif (in Table 1) with K;TC (eq 4) as the
equivalent particle conductivity. The various available models in the
table make this method versatile, and the model that gives the best
prediction for a specific problem can be chosen. In addition, some
models (e.g, Chiew and Glandt model) are based on experimental
data and have fitting parameters, which can be further adjusted to
obtain a perfect prediction.

2.4. Finite Element Simulation. To validate the proposed
theoretical model, a number of HSFs with various relative shell
thicknesses and packing fractions are created. We first use three cubic
symmetric Bravais lattices to mimic the isotropic thermal behavior of
HSFs, which are simple-cubic (SC), body-centered-cubic (BCC), and
face-centered-cubic (FCC) lattices (Figure 3a—c). Different packing
fractions are then achieved by partially removing the spheres in the
original packing patterns. Note that the spheres should be removed in
a controlled way that keep the foams cubic symmetric and self-
supported. To achieve this, we first create super-representative volume
elements (RVEs) based on 2 X 2 X 2 primitive unit cells of SC, BCC,
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Table 1. List of the ETC Models for Solid Particle Filled
Composites

model equation for ETC prediction

series model k¢ Ky /K

Km — Kp/Km+d(1-K5/K,) where ¢
particle filling, Ki¥ and K, are the thermal conductivity of the
solid particle and matrix, respectively

is volume fraction of

parallel Kt _ 4 + H(K¥/K. -1
model Kin 9 P/ o )
Maxwell Ko _ (1 +20)K5/ Ky +2(1-¢)
model™ Kn (=@ /Ky+(h+2)
inverse Ko _ 20Ky /Kyn+(3-2¢) Ky
Maxwell Kn  G-PK /Kntd Ky
model
Chiew and Ky _ 1+206+ (-39 Kp~ Km

Glandt Ky 1-po » where f = K+ 2Ky,

61 m
model K, is a function of ¢
the formula with fitting parameters suggested in ref 61 is
Kefp _ 1426+ (2f° = 0.1)p% + 005 exp(4.55)¢>
K 1-p¢
Benveniitée Keff _ 2a(1 - ) + [(1+2¢) + Ky / Kpy(2 — 29)]
model Ko aC+d)+[(1-0) + Ky / Kn(2+20)]
. Ko _ (1+20) + K5/ Kin(2 = 2¢9)
for perfect interface, a — 0 K = (=)7K K5 20)
L?Iv'isl— K = iﬂiz A is shape factor, for sphere A = 1.5
ielsen -
model

KKl 4 S b i the maximu fil
KK 2’ w=1+ ¢2¢¢mlstema.x1mum er

i
volume fraction

B=

and FCC (Figure 3a—c), and mark the spheres at equivalent locations
in the super-RVE with the same number (and color). The spheres are
sequentially numbered according to their distances to the corner.

Spheres with the same number must be removed simultaneously to
retain cubic symmetry, and the connectivity of the spheres is checked
to make sure that the resultant RVE is self-supported. Two super-
RVEs created this way are shown in Figure 3d,e. The resultant packing
fraction is calculated by ¢ = Fgp, where F is the fraction of remained
spheres and ¢, is the packing fraction of the original RVE. Following
this procedure, 4, 6, and 13 different packing patterns are generated on
the basis of the SC, BCC, and FCC super-RVEs, respectively (details
are provided in the Supporting Information). Overall, 23 numerical
foams with different packing patterns (packing fraction ¢ = 0.25—
0.71) are generated in the simulation (Figures S3—S5).

Having constructed the geometric models of the HSFs, FEM
simulation of ETC is based on the super-RVEs with periodic boundary
conditions applied. A steady heat transfer problem without heat source
can be simplified as

V2T =0 (%)

with§ = —kVT

where T is the local temperature, g is the heat flux vector, VT is the
temperature gradient vector, and k is the second rank thermal
conductivity tensor. For cubic symmetric materials, k degrades into a
constant, and the material has isotropic thermal behavior. The thermal
periodic condition is realized by applying a temperature gradient along
the [100] direction, while all the other surfaces are adiabatic
equivalently (Figure 3f). The temperature and heat flux distributions
are then solved with the commercial finite element package Abaqus
(standard solver, element type DC3D4 and DC3D8), and the ETC is
evaluated with Fourier’s law

B /fst_jds

(T - 1) (6)

adiabatic surface

1

~

/
/

Figure 3. FEM modeling of HSFs with (a) SC (simple-cubic), (b) BCC (body-centered-cubic), (c) FCC (face-centered-cubic) packing
arrangements. 2 X 2 X 2 primitive cells (the primitive cell of SC is highlighted with the dashed cube) are adopted to create a super-RVE
(representative volume elements). The spheres with equivalent locations in the super-RVEs are marked with the same color, and numbered by their
distance to the corner. (d) BCC based super-RVE with no. 3 (yellow) and no. S (red) spheres removed, leaving 3/4 of the spheres. (e) FCC based
super-RVE with number 1 (brown), 3 (green), and S (yellow) removed, with 25/32 of the spheres retained. (f) ETC simulation based on a super-
RVE. T, — T, is the applied temperature difference along the [100] direction, while the other surfaces are set as adiabatic. S is the area of each

surface, and [ is the length of the RVE.
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Figure 4. Hollow sphere—solid particle equivalence. Normalized conductivity of the equivalent particle plotted against relative thickness for (a) good
conductive shell K./K; < 1 and (b) poor conductive shell K./K; > 1 without considering ITR. (c) Effect of ITR for hollow spheres with K./K, = 1/30
and K./K; = 30 (inset). (d) Size effect contributed by ITR at relative thickness t/r = 1/30 (—) and t/r = 1/50 (---). Also shown is the critical cell
size r, for t/r = 1/30 and Ryq = 10% which is estimated by letting K]I,TC = 0.95K,,.

where heat flux § is integrated over the surface S, and [ is the length of
the unit cell. Moreover, the binder between spheres is defined by
binder radius (r,) and binder length (d,) (Figure S2). Unless
otherwise specified, the shell material used in the simulations is
specified as glass (0.8 W/m K); the matrix and core material are
specified as air (0.0257 W/m K), and the binder sizes are r, = 0.15r,
and d,, = 0.03r.

3. RESULTS AND DISCUSSION

3.1. Hollow Sphere—Solid Particle Equivalence. We
first discuss the equivalence between a hollow sphere and a
solid particle without including the ITR. Using eq 1, the
conductivity of the equivalent particle (normalized by the
conductivity of the core K_) is plotted as a function of relative
shell thickness t/r. Two different scenarios with K, < K, (HSF)
and K, > K; (solid particles with poor conductive coating) are
plotted in Figure 4a,b, respectively. Results show that, in both
cases, the conductivity of the equivalent particle strongly
depends on the shell thickness (independent of K,,), indicating
that the shell thickness can be designed to tune the effective
conductivity. The effect of varying ITR is then discussed with
eq 4, assuming K./K; = 1/30 (Figure 4c) and K /K, = 30
(Figure 4c, inset). As expected, a greater a (ie. higher ITR)
leads to lower normalized conductivity K:,TC/Km. Interestingly,
K;,TC is much more sensitive to the ITR for shells with good
conductivity than shells with poor conductivity. For example,
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when K./K; = 1/30 and t/r
conductivity reduces by 90% as « increases from 0 to 1,
while the amount of reduction is about 10% for a poor
conductivity shell K./K, = 30 (Figure 4c). Note this difference
is more significant for thick shells than for thin shells (see
Figure S1). Moreover, this observation is consistent with the
limit analysis provided in Section 2.2, which suggests that ITR
is ignorable for extremely poor conductivity shells. It is also
worth noting that HSFs typically have good conductivity shells;
thereby, ITR should be handled carefully.

Furthermore, the size effect of ITR is highlighted when the
sphere radius approaches the nanometer scale. For a specified
matrix and interface, K, and Ry, are constants, so o = Rp4K,, /7
only depends on radius r, which is a source of the size effect.
This dependency of K;TC on sphere radius r is plotted in Figure
4d, with material parameters set as K. = K, = 0.0257 W/m K
(air), and K; = 30K, (glass). We find that the relative
conductivity decreases rapidly with decrease of the sphere
radius below a critical radius r,. One estimation of the critical
size is obtained by letting K;TC/KP = 0.95, which gives r, =
20Ry:K,,. The physical meaning of this ITR induced size effect
is that ITR depends on the specific surface area of the interface;
for spheres, the specific surface area is proportional to 1/,
thereby, the smaller sphere size, the larger specific interfacial
surface, and thus the poorer ETC. By contrast, for HSFs with r

1/10, the normalized
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Figure S. Verification of the theoretical predictions with FEM simulations. ETC as a function of relative thickness (fixed ¢ = 0.68) for parts a, ¢, and
d, and packing fraction (fixed t/r = 1/32.5) for part b. The material properties are K;/K,, = 31 and K, = K,,, in parts a—c. The theoretical predictions
are obtained by combining the equivalence relation with the models listed in Table 1. (b) The numerical results correspond to 23 numerical foams
(¢ = 025—0.71) generated on the basis of the SC, BCC, and FCC super-RVEs, which sit almost perfectly on a line indicating packing pattern
independence. The shaded area shows the packing fraction range of randomly packed monosized HSFs. (c) Comparison between the original model
(“rule of mixture”), syntactic foam models (Felske model, Profiri model, and Park model), and the current equivalence model (the equivalence
relation combined with the parallel model). (d) Effect of low conductivity filling gases.

> ., the conductivity is dominated by the hollow sphere
structure instead of the ITR.

3.2. ETC Prediction of HSFs. Having found the
equivalence between a hollow sphere and an equivalent
particle, we then calculate the ETC of HSFs by substituting
eq 4 into the models listed in Table 1. Note that the ITR is not
included (a = 0) in comparison with numerical simulations.
Figure Sa,b plots the ETC as functions of relative thickness and
packing fractions using the models in Table 1. Results show
that the equivalence relation combined with the parallel model
and inverse Maxwell models agrees well with FEM simulations,
especially at small ¢/r; while at larger t/r, the theoretical results
slightly deviate from the simulation results. This discrepancy
originates in the equivalence relation, where the effective
medium theory assumes small perturbations, while for a large t/
r, this assumption is not accurate. Also note that although the
effective medium theory alone cannot accurately predict the
ETC of HSFs with percolation, when combined with the
parallel model/inverse Maxwell model, the prediction is quite
acceptable.

Furthermore, the ETCs of the foams with the SC, BCC, and
FCC super-RVE are simulated and plotted in Figure Sb.
Interestingly, regardless of the various sphere packing patterns
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(see Figures S3—SS), all the numerical simulation points sit
almost perfectly on a curve, suggesting that the ETC of HSFs is
nearly independent of packing pattern, and the packing fraction
@ is the major controlling parameter. This finding is consistent
with a previous report.”” The observed packing pattern
independence also suggests that the proposed theoretical
model should be applicable to randomly aggregated HSFs. In
addition, the packing fraction of randomly packed monosized
foams satisfies 0.4 < @ < 0.64,°>° in which range the
theoretical models are quite accurate.

Next, we compare the proposed model to the broadly
adopted “rule of mixture”,**~*® syntactic foam models,”*~** and
FEM simulations. The “rule of mixture” model calculates ETC
by directly adding the conductivity contribution of the solid and
the matrix Kog = @Kq + (1=9)Ky,, where @ is the volume
fraction of the solid phas.e.11 Three syntactic foam models,
Felske model,*° Profiri model,** and Park model,>® are chosen
for comparison, where two-phase material formulas are used
(see Table S1 in Supporting Information). The results in Figure
Sc show that the proposed equivalent model (the equivalence
relation combined with a parallel model) provides better
accuracy than both the original “rule of mixture”, and the
syntactic foam models at ¢ = 0.68. The predictions from
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syntactic foam models are poor because they are built for
relative low particle filling fractions (syntactic foams typically
have ¢ < 0.5),>* and cannot accurately represent the
connectivity of HSFs after percolation. Also note that the
Park model can be treated as a special case of the proposed
equivalent model which is the equivalence relation combined
with the Maxwell model.

In addition, a low thermal conductivity gas is often used as a
filling gas in the capsules of HSF to reduce the ETC in some
applications.'' For such scenarios, a three-phase materials
problem (K. # K; # K;) should be considered. To demonstrate
the effect of low conductivity filling gases, we select argon (k =
17.9 mW/m K), krypton (k = 9.5 mW/m K), and CO, (x = 6.8
mW/m K) as filling gases, and glass as the shell material (x =
0.8 W/m K). The theoretical predictions are calculated with the
equivalence relation combined with a parallel model. Figure 5d
shows that the amount of reduction achieved by using a low
conductivity gas is relatively constant over a wide range of
relative thickness. Therefore, this reduction accounts for a
substantial portion of the total ETC only at small t/r. As a
result, filling low thermal conductivity gas offers an effective
method for improving the thermal resistance in thin shell HSFs
but not for thick shell foams.

3.3. Effect of the Shell Porosity. HSFs with microporous
or mesoporous shell (see Figure 6) have received tremendous

(@) Ky (b)
Knudsen - pore / - K
effect .~ /
capsule
K - 4[!’"
m ‘
Lt oy
e /r
porous shell multilayer shell

Figure 6. Schematic of hollow spheres with a porous shell and a
multilayer shell. (a) Porous shell sphere with shell porosity P, and
mean pore size d. Gas conductivity in the pores K, is controlled by
the Knudsen effect, while no Knudsen effect takes place inside the
hollow sphere capsule (suppose r > 1 ym). (b) Multilayer shell with
two alternating shell materials, layers are numbered from inside as

layer 0, 1, 2, ..., N, and ,, r; are the thickness and radius of the ith layer.

research interest in multifunctional applications like adsorption
and storage, catalysis, and biomedicine.””**** The subtle
combination of the hollow architecture with the porous shell
structure brings special characteristics like extraordinarily large
specific surface, efficient transfer of reactants and products, and
a much smaller diffusion length.””®” Aside from the multi-
function, shell porosity may also significantly modify the ETC
of HSFs, which should be considered properly. Here, we
inspect the effect of shell porosity from two aspects: (1)
partially removed shell material and (2) Knudsen effect inside
the microporous shell.

To investigate the effect of removing shell material (see
Figure 6a), we first treat the porous shell as a homogeneous
solid material (with K'") using the Maxwell model®*

Kbl B (1 +2P)K,/K, +2(1 — P)
K (1 = P)K,/K,+ (P +2)

S
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where P is the shell porosity, K, is the gas conductivity in the
pore, and K, is the conductivity of the constituent shell
material. We then calculated the ETC of HSF with porous shell
by combining eqs 1 and 7 with the proposed equivalent model.
Figure 7a shows the resultant ETC plotted against shell
porosity with four different shell materials, Al (x = 200 W/m
K), A1,0; (k = 20 W/m K), glass (k = 0.8 W/m K), and silica
(k = 1.4 W/m K). For the glass HSF, 50% shell porosity
reduces the total ETC by 31%, while for the Al foam the
reduction is up to 50%. This strong dependency on shell
porosity makes sense because shell material is the main
contributor to the total ETC; thus, removing shell material
reduces the ETC considerably.

Next, we investigate the Knudsen effect on the shell porosity,
a partial suppression of gaseous thermal conductivity induced
by small size, which is known to have a significant influence on
nanoscale foams, e.g., aerogel and nanosized silica foams. Since
the Knudsen effect inside the hollow sphere capsule has been
well-studied,”**® here we only consider this effect inside the
pores of the shell. To do so, we assume the hollow sphere
radius r > 1 pum, which guarantees that the Knudsen effect
inside the capsule of hollow sphere is ignorable. The frequently
used formula for estimating the gaseous thermal conductivity
with Knudsen effect is®**®

0
Kg

K,=—"—
& 14 2¢Kn (8)

where { is a parameter that considers the energy transfer
between gas molecules and the limiting structure (for air { ~ 2)
and K{g) is the thermal conductivity of a free gas at atmospheric
pressure. Kn is the Knudsen number defined as Kn = [,/d,; d.,
is the mean pore size, and I, is the mean free path of gas
molecules in free space, evaluated by°

kT
V2ndgp ©)

where kj is the Boltzmann constant (kg = 1.38 X 107 J K™'),
T and p are the gas temperature and pressure, and d, is the
diameter of the gas molecule (dg = 3798 x 107 m for
nitrogen).

The evolution of K, with respect to the pore size d,, is shown
in Figure 7b, inset, which decreases rapidly when pore size
decreases from 1 ym to 10 nm. The effect of the Knudsen effect
on the ETC of the microporous HSF (K%, pore size d,,) is then
calculated by substituting eq 8 in eq 7, and following the
equivalent model. Note that K. is normalized by HSF with the
same shell porosity but a large pore size K§  to highlight the
Knudsen effect. Quite unexpectedly, the reduction of ETC
induced by Knudsen effect inside the porous shell is very small,
as presented in Figure 7b (Kg’f“f/K‘:;“f:w decreases less than 5%
even for 80% shell porosity). The reason is that the pores in the
shell have both a small total volume fraction and a small Kg/ K.

3.4. Effect of the Multilayer Shell. Another interesting
design of the hollow spheres is the multilayer shell structure
shown in Figure 6b. Multilayer shell hollow spheres are often
used in drug release®® and acoustic cloaking.70 Recently,
multilayer HSFs are adopted in designing supercapacitors™>”°
and electrochemical energy storage devices,” since the hollow
structure can provide a larger accessible surface area that
facilitates charge and ion transport. Moreover, spheres with
multilayer shells are proven to be a new type of thermal
metamaterial, exhibiting remarkable thermal shielding abil-

=
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Figure 7. Effect of shell porosity and multilayer shell. (a) Normalized ETC plot as a function of shell porosity, KEg™*/Kis° is the ETC of porous
shell foam normalized by ETC of foam with no shell porosity. Four typical shell materials are plotted as Al, A1,0;, glass, and silica; the matrix
material is air. (b) Knudsen effect with respect to the pore size. K‘:'f“f/ K‘:‘f“f:m is the ETC of porous shell with mean pore size d,,, normalized by porous
shell with a large pore size (no Knudsen effect). (c) ETC of the equivalent particle with N-layer shell Kg] normalized by ETC of the matrix versus
layer number N. Two shell conductivity ratios Kg,/Kg, = 30, 100; two shell material sequences (1st layer material is S1 or S2) and two ITRs (a =0,
0.005) are plotted for comparison. (d) Normalized ETC of the multilayered shell HSF K.5F/K,, versus layer number N, with fixed total shell
thickness ¢ = r/20. The influences of packing fraction ¢, ITR, and K,/Ks, are presented.

ity.”"’> In such applications, the thermal or electrical

conductivity are matters of great concern. With the knowledge
that the thermal conduction problem and electrical conduction
are governed by similar equations and are thus equivalent, our
discussion here focuses on the ETC (i.e., thermal conduction
problem) of the multilayer HSFs. To estimate the ETC of
multilayer shell materials, a layer by layer calculation is applied.
For a multilayer shell, the layers are numbered as 0, 1, 2, .., N
from the innermost layer, with the core denoted as layer O
(Figure 6b). We assume two shell materials are deposited
alternatively, denoted as material 1 (S1) and material 2 (S2).
Noting eq 4 as a function f, the ETC of an equivalent particle
with 0 to i + 1 layer shells can be written in a recursive
relationship as

i+1

Ky

K,

K t

_P Tm i

] y Uiy
K Ky

{

where t, r, and @; are the thickness, outer radius, and ITR for
the ith layer, respectively, Kg; and Kj, are the shell conductivity

0<i<N
" (10)

f

N j=1,0ddi
with Zti=tand !

v j=2,eveni
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for material S1 and material S2, respectively, and ¢ is the total
shell thickness. For simplicity, it is supposed that each layer has
the same thickness t; = t/N; thus, r, = ry + it/N.

The equivalent particle conductivity KPN (with N layer shell)
is then solved with eq 10. The effect of varying layer sequence,
the ITR, and shell conductivity ratio are plotted against the
total layer number N (with fixed t; = r/400 and Kj,/K,, = 10) in
Figure 7c. Note the two possible shell material sequences are
layer 1 with material S1 (Figure 6b), or layer 1 with material S2.
Interestingly, when N increases, KII:’ varies along a zigzag
polyline and approaches a limit value. In addition, since there
are N + 1 interfaces, the conductivity is very sensitive to the
ITR; even a small @ (0.005) has a noteworthy influence on Kf,\] .

With Ky determined, we further explore the ETC of foams
packed by spheres with multilayer shells. Without loss of
generality, we study the effect of increasing layer number with
the total shell thickness fixed (¢t = r/20), t, = t/N, K,/K,, = 10,
and set the material of the first layer as S1. The influences of
packing fraction, ITR, and shell material are summarized in
Figure 7d. Results show that lower packing fraction, lower shell
conductivity, and higher ITR lead to lower thermal
conductivity. The ETC is more sensitive to layer number at
small N, while for large N, ETC approaches a limit controlled
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by packing fraction and ITR. Interestingly, the ETC of an odd
layer number is more sensitive to N than an even number.
Therefore, proper total layer number and material sequence can
be selected to tune the ETC (and electrical conductivity) of
multilayer shell HSF.

3.5. Effect of Sphere Sizes. So far, our discussions are
based on monosized HSFs, but the constituent hollow spheres
might have a size distribution, as depicted in Figure 1b. In our
theoretical model, the two controlling parameters are shell
relative thickness t/r and packing fraction ¢, which cannot deal
with size distribution directly. However, the sphere size
distribution will have effect on @, which in turn affects the
ETC. To find out whether the model will have a reasonable
prediction of HSF with size distribution, here we numerically
constructed HSF with two sphere sizes in the super-RVE. As
shown in Figure 8a, the size of no. 2 spheres (occupying 50% of

#.2
20%
smaller

(b) 3.0 ————————r—
—— Chiew & Glandt
« L |—— Parallel
\% 25 Inverse Maxwell
X = Monosized
&) v Two-sized +20%
ul_J ¥ Two-sized -20%
- 2.0 i
Q) L
N L
S L
= [ KJ/K ~31
8 15- =Km -
< t/r=1/32.5
1.0 L : 1 |
0.2 0.4 0.6 0.8

Sphere packing fraction, ¢

Figure 8. Effect of sphere sizes. (a) Upper part shows RVE with the
no. 2 sphere (green) size decreased by 20%, and the bottom part
shows the no. 2 sphere size enlarged by 20%. (b) Monosized BCC
packing foams compared with BCC packing with two sphere sizes,
with different packing fractions achieved by partially removal of the
spheres.

the total spheres) is either decreased by 20%, or enlarged by
20%, and then part of the spheres is removed in a manner
similar to the procedure described in Section 2.4. Note that the
relative thickness of all spheres is kept constant when the
sphere radius is scaled. Figure 8b shows that the Chiew and
Glandt model, paralle] model, and inverse Maxwell model give
acceptable predictions. Interestingly, for spheres with size

1154

distribution, the Chiew and Glandt model best depicts the
trend of the numerical results (but not for monosized foams),
which suggests the versatility of the proposed model. More
importantly, the numerical simulation points stay within a
relatively narrow band in Figure 8b, indicating that the sphere
size distribution also has a relatively insignificant influence on
the ETC.

3.6. Effect of the Binder Shape. For foams generated by
sintering or binding the spheres together, a connecting binder
between spheres is generally found (Figure 1b).” A typical
binder can be defined by the binder radius , and binder length
dy, (minimum distance between two adjacent spheres) as shown
in Figure 9a, inset. The effects of binder radius and length on
ETC are studied numerically by constructing foams with
different binder sizes. Note that the theoretical models cannot
directly predict the effect of varying binder radius, and the effect
of binder length change is also included in the packing fraction.
Two binder radii r, = 0.15r and 0.13r are plotted as a function
of relative thickness with binder thickness fixed at d,/r = 1/
32.5. As expected, a large r,, contributes to a larger ETC (Figure
9a), but the influence of binder radius is found to be
insignificant. By contrast, the effect of varying binder length
dy (t/r = 1/32.5) is found to have a more significant influence
on the ETC (see Figure 9b), since it has a large influence on
the packing fraction of the spheres. The observation that ETC
is more sensitive to binder length (strongly affects ¢) than
binder radius (does not affect @) confirmed that ¢ is a key
parameter controlling the ETC.

3.7. Design Space. In most multifunctional HSF designs,
acceptable mechanical properties are often required, since the
device should have certain stiffness and strength to support
loads. Here the materials property chart’ is used to visualize
the correlations between thermal and mechanical properties of
HSFs. Figure 10 plots the ETC against Young’s modulus for
HSF with varying materials, relative shell thicknesses, and
packing patterns. Three shell materials (Al, A1,05, and glass)
are plotted with t/r varying from 0.01 to 0.2. The theoretical
ETC predictions are calculated with the proposed equivalent
model, and 0.4 < @ < 0.64 is used to estimate the ETC of
randomly packed foams,”> while the SC, BCC, and FCC
packed foams are evaluated with ¢ of 0.52, 0.68, and 0.74,
respectively. The Young’s modulus is calculated with the fitted
equations proposed in papers.””’* Numerical results of ETC
and Young’s modulus of HSF with BCC packing are also
obtained with FEM simulation based on periodic boundary
conditions’®”” with r,, = 0.3, dy/r = 1/32.5. The results show a
very wide design space of HSFs enabled by varying materials,
packing patterns, packing fractions, and relative thicknesses.
Such a wide design space, together with the further design of
shell porosity and multilayer shell, makes hollow sphere foam
materials very versatile and promising as engineering materials.
In addition, our recent study** shows that introducing hierarchy
could reduce ETC while improve stiffness.

4. CONCLUSION

In this work, we have presented a micromechanical model that
accurately predicts the effective thermal conductivity of hollow
sphere foam materials. This model takes advantage of the
models previously developed for solid particle filled compo-
sites; thus, it is easy to use and versatile. As a demonstration,
the proposed model is applied to study the effect of varying
sphere packing fractions, filling gases, porous shells, and
multilayer shells. The results are further verified by FEM
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Figure 10. Materials property chart for monosized HSF; ETCs are
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calculated by the proposed ETC model combined with the parallel
model (—) and the inverse Maxwell model (--). Relative Young’s
modulus is calculated with equations proposed in refs 73 and 74. The
points show the FEM simulation results, and the shadows indicate the
regions of randomly packed foams.

simulations, showing that the model provides accurate ETC
prediction of HSFs with different packing patterns, binder
shapes, and sphere size. More importantly, this work provides
insights into hollow sphere foam design through parametric
studies. For instance, aside from the well-known key parameters
(sphere relative thickness and sphere packing fraction), we
highlight that ITR, nanosize, shell porosity, binder length, and
multilayer sequence are other important features that can be
used to design low (or tunable) ETC and multifunctional
HSFs.

Furthermore, two sources of size effect have been evaluated
to extend the model to nanosized HSFs, namely, the Knudsen
effect and the interfacial thermal resistance effect. Both effects
tend to increase thermal resistance at a smaller length scale,
suggesting that a “small characteristic length scale” might be
important to produce HSFs with extremely low thermal
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conductivity. The Knudsen effect takes place in the HSF
capsule at cell size smaller than 1 gm (air). By contrast, the ITR
induced size effect should be considered at cell size smaller than
20Rp4K,,. Surprisingly, the Knudsen effect within the porous
shell is found to be insignificant regardless of the pore size. In
addition, since the governing equations are essentially the same
for thermal and electrical conduction problems, a similar
procedure can be adopted to predict the effective electric
conductivity of HSF. The findings reported here provide a new
route to estimate the ETC of HSFs, paving the way to design
traditional, nanoscale, microporous, and multilayer shell HSFs
with novel multifunctional applications.
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