Composite Structures 128 (2015) 274-283

i i i i a COMPOSITE
Contents lists available at ScienceDirect STRUCTURES
Composite Structures ' \ I
l\_‘

journal homepage: www.elsevier.com/locate/compstruct A U\ N

Enhanced stiffness, strength and energy absorption for co-continuous
composites with liquid filler

CrossMark

-

Yilun Liu?, Lifeng Wang >*

2 International Center for Applied Mechanics, SV Lab, School of Aerospace, Xi'an Jiaotong University, Xi’an 710049, China
b Department of Mechanical Engineering, Stony Brook University, Stony Brook, NY 11794, USA

ARTICLE INFO ABSTRACT

Article history:
Available online 28 March 2015

In this work the quasi-static compressive behaviors of the co-continuous glassy polymer/liquid compos-
ites are studied. Due to the presence of liquid filler, the stiffness, yield strength and energy absorption of
co-continuous composites are significantly enhanced, which comes from the additional support of liquid
filler and the lateral expansion of the glassy polymer. The influence of different volume fraction of liquid
filler from 0.4 to 0.7 and different geometric structures of the glassy polymer, namely simple cubic (SC)
lattice, face-centered-cubic (FCC) lattice, and body-centered-cubic (BCC) lattice, is investigated. Here, SC
lattice structure is the most stretch-dominated structure during compression which has the highest stiff-
ness, yield strength, and energy absorption. A general power law can be used to describe the relations of
effective elastic modulus, yield strength, and energy absorption to the volume fraction of glassy polymer,
which shows almost the same power indices for the same geometric structure. These results provide
guidelines for engineering and tailoring the nonlinear mechanical behavior and energy absorption of
co-continuous composites for a wide range of applications and further creating multifunctional materials.
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1. Introduction

Energy absorption materials and structures (EAMS) are widely
used to protect persons and structures from external impulsive
loads such as impacting, blasting and ballistic bullets in automo-
tive, sporting and defense applications. Developing high perfor-
mance EAMS has attracted extensive research interest to both
scientists and engineers in recent years [1-6]. Two-component
co-continuous structures, widely existing in biological materials
(nacre, bone, exoskeleton, etc.) and manmade materials (co-con-
tinuous composite materials of block copolymers, bio-inspired
clay/polymer hybrid materials, graphene-derived materials, etc.),
are employed as good candidates of EAMS [7-11]. The two-compo-
nent co-continuous structures are usually comprised of hard and
soft phases, which can provide outstanding combinations of prop-
erties including stiffness, strength, toughness, impact resistance,
and energy dissipation by combining advantages of both hard
and soft materials [7,10,12]. Furthermore, the mechanical and
physical properties of two-component ordered structures can be
precisely adjusted by geometrical and topological arrangements

* Corresponding author.
E-mail addresses: yilunliu@mail.xjtu.edu.cn (Y. Liu), Lifeng.wang@stonybrook.
edu (L. Wang).

http://dx.doi.org/10.1016/j.compstruct.2015.03.064
0263-8223/© 2015 Elsevier Ltd. All rights reserved.

of the constituents, which provide routines to engineer the macro-
scale properties based on the requirements of specific applications.

At present, various technologies, such as block copolymer
chemistry, 3D printing, and lithography, are able to precisely fabri-
cate ordered microstructured materials over a wide range of length
scales [1,12,13]. As reported in our previous work, the co-continu-
ous composites of glassy polymer/rubbery polymer materials with
sub-millimeter feature size can be fabricated through 3D printing,
which have shown excellent mechanical properties of stiffness,
strength and energy dissipation [12]. The rubbery polymer is rela-
tive soft, but volumetrically incompressible, which plays as elastic
filler to enhance the load capacity of glassy polymer framework.
Meanwhile, the compressibility of the hybrid materials is not
weakened. Although the rubbery polymer is a good filler to
improve the performance of porous structures, the energy absorp-
tion of rubbery polymer itself is small and the interface binding
strength between glassy polymer and rubbery polymer should be
strong enough to make sure the deformation compatibility of the
two components. Recently, nanoporous materials functionalized
(NMF) liquid has shown impressive energy absorption ability, up
to 140 ]/g, which is about fifty times higher than the commercial
metal foams [14-16]. Besides, for some special applications of
EAMS, such as desert body armor, protective clothing for
firefighting, outdoor sporting protective equipment, and protective
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structures for power battery, heat dissipation is usually required
[17-19]. Therefore, the liquid cooling systems or phase-change
materials should be integrated into the protective structures to
conduct or absorb the thermal loads. However, the protective
structures filled with liquid systems have rarely been studied in
the literature.

In this paper, the compressive behaviors of co-continuous
glassy polymer/liquid composites are systemically investigated.
The interface between the glassy polymer and the liquid are close
to those of triply periodic minimal surfaces. These structures have
been found in a few material systems, such as block copolymers,
micellar materials, nanocomposites, and biological exoskeletons
[13,20-22]. Theoretical studies have shown theses structured
materials have optimal simultaneous thermal and electrical con-
ductivity as well as optimal multi-functional properties such as a
combination of high bulk modulus together with high electrical
(or thermal) conductivity, so that they have attracted a great
research interest to physical scientists, material scientists, and
biologists [23,24]. In Section 2, the enhancement mechanism by
the liquid filler will be explored through a theoretical analysis on
a simple cross-shaped structure. Then, three lattice structures with
triply periodic minimal surfaces have been constructed for finite
element method (FEM) simulation, which are simple cubic (SC) lat-
tice, face-centered-cubic (FCC) lattice, and body-centered-cubic
(BCC) lattice. Furthermore, the quasi-static compressive behaviors
of the three lattice structures have been studied via FEM sim-
ulation, and the enhancement of stiffness, yield strength and
energy abosption by the liquid filler has been analyzed in
Section 3. Moreover, the discussions of possible failure mecha-
nisms of the co-continuous glassy polymer/liquid composites are
presented in Section 4, followed by conclusions in Section 5.

2. Co-continuous glassy polymer/liquid composites

Due to liquid filler, the mechanical performance of co-continu-
ous glassy polymer/liquid composites will be significantly
enhanced, which comes from the additional support of the liquid
filler and the lateral expansion of the glassy polymer structures.
In this section we will first explore the enhancement mechanism
of the liquid filler for a simple structure of three dimensionally
cross-shaped structure, as shown in Fig. 1. Thereafter, three type
lattice structures with triply periodic minimal surfaces are con-
structed for further FEM simulations.

2.1. Theoretical analysis of the enhancement by liquid filler

The compressive behaviors of three dimensionally cross-shaped
structure with liquid filler are explored. The surrounding of the co-
continuous composites is sealed to construct the energy absorption
system, as shown in Fig. 1(a). Here, the cross-shaped structure is
consisted of three orthogonal bars, where the cross section of the
bar is square with size a and the distance between neighboring
intersection points is I. By considering the periodic nature of the
co-continuous composites, the compressive deformation of one
unit cell is studied in this work. Due to the force equilibrium of
the unit cell in x and z direction, the stresses in the ligaments on
the surfaces of the unit cell are 6, = 0, = (A, /As)P, where P is the
pressure in the liquid, As = a? is the cross section area of the liga-

ments on the surface and A; = I> — @? is the cross section area of
the liquid on the surface, see Fig. 1(b). Generally, the stress dis-
tribution in the cross-shaped structure can be separated into three
regions, that are the intersectional region (region III), the vertical
uncrossed region (region I) and the lateral uncrossed region (region
1), as shown in Fig. 1(c). In this work we aim to explore the

enhancement mechanism of the liquid filler, and for the simplicity
of theoretical analysis, the stress distributions in the three regions
are assumed homogeneous, respectively. Based on the
assumption, the stresses in region I are oy, gy, 0y, in region II
are O, Oy, Oz, and in region Il are oy, owy, Guz, where
Ox =01, =—P, oy =0,=-P, o= (A/As)P and oy, = oy,
Oy = Oz = (AL/As)P. During compression, the pressure P in the
liquid is positive, and thus oy, is also positive which will cause lat-
eral expansion of the unit cell. According to the stresses in the
three regions, we can obtain the strains in the three regions as

Region |
1
&x =& = E [P —v(ay - P)],
) (1a)
&y = i (o + 2vP),
Region II
Eix = % <%P + 2vP>,
> . " (1b)
L
&y = &z = E |:—P — V(A—S — ‘1>P:|7
Region III

1[A A
8IIIx:8HIz:E {A*:P*\(O'Iy +/T; >}7

1 A
Eny = E <0]y — ZVIT]S'P>,

where E and v are Young’s modulus and Poisson ratio of the solid
material. The volume change of the unit cell is

(1c)

AV =L — P, 2)

where, I, = [(1+ey)(—a)+ (1 +emy)a], k=1L=[1+ew)l—a)+
(1 + émx)a). Substituting Egs. (1a)-(1c) into Eq. (2), the volume
change of the unit cell is

AV = % {aly(1 - 2\)%) + 2%1)(1 - 2\)%) +6vP(1 - %)] B, (3)
while the volume change of the solid is
AVs = 2AV, + 4AVy + AVyy

= (e + &y + &) (| — @)@ + 2(ene + &y + &1z) (I — a)a®

+ (emx + &my + &mz) @

_ Oy 21 - Pr A A2

= Ela (1 2v)+E< 6+12v+2AS 4vAS la
P

—p(-6+ 12v)ae. (4)

Then, the volume strain of the liquid is

0 P
&yL = (AV — AVS)/VL = %k] +E(k2 + ’(3)7 (5)

_ P(-2va)-l*(1-2v) _ AL @l-4va)P—(2-4v)ld®
where ki = P32’ ke =3 P-3ld> +2a3 and
- W2 —(— ) 2_a3 . . . .
ks = %}l;‘g“a‘”. Therefore, the pressure in the liquid is
P = —Keu, (6)

where K is bulk modulus of the liquid. Substituting Eq. (5) into Eq.
(6), we get the relation between pressure P and oy is
O'kal

P:_k2+k3+%. (7)
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Fig. 1. Schematic illustrations of the co-continuous glassy polymer/liquid composite. (a) The energy absorption system of the co-continuous composites and (b) the unit cell
of the polymer/liquid composites. (c) The cross section of the unit cell corresponding to red dashed line in (b). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

The effective compressive strain of the unit cell in y direction ¢,
is
Oy

&y = [Sly(l — a) + 8mya)] /l = T — gk47 (8)

where k4 = 2v(l/a — 1). Solving Egs. (7) and (8) respecting to P and
oy, the pressure P can be rewritten as
ESyk]

P
kiks + ky + k3 +%

9)

Thus, the effective compressive stress of the unit cell with the liquid
filler is

oyL = (0yAs — PAL) /(As + Av)

=Eg,

As +( A A k) 3
As+AL " \As+AL As+A ") ks + ko + ks +E|
(10)

However, for the cross-shaped structure without the liquid filler the
effective compress stress is

A
Oyp :ESYASTSAL’ (11)
which is equal to the first term in the right of Eq. (10). Hence, the
second term of Eq. (10) is the enhancement of the liquid filler which
comes from the additional support by liquid filler and lateral expan-
sion of the porous solid structures. The stiffness, strength, as well as
energy absorption are simultaneously improved. In the theoretical
analysis we only consider the three dimensionally cross-shaped
structure in the elastic deformation region. However, in practical
applications the solid structure may be very complex. Besides, plas-
tic yielding and buckling are usually occurred during compression,
leading to very complicated compressive deformation, which is
usually coupled with shear and bending deformation. Therefore it
is hard to theoretically analyze the compressive deformation of
such complex 3D composite structures. In the following sections
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we will study the compressive mechanical behaviors of the co-con-
tinuous composites with triply periodic minimal surfaces through
FEM simulations.

2.2. Simulation model of co-continuous composites with triply periodic
minimal surfaces

The model systems of co-continuous glassy polymer/liquid
composites studied here are based on microstructures which pos-
sess interfaces close to those of triply periodic minimal surfaces.
These structures can provide better elastic properties compared
to the rod-connected counterparts due to the effect of curvature
in the ligaments [25]. Besides, based on our previous work the con-
tinuous interfaces are also beneficial to the load transfer between
glassy polymer and rubbery polymer [12]. The stress concentration
in glassy polymer is effectively suppressed and cracking behavior
has not been observed under the compressive strain up to 25%.
Here, three lattice structures (SC, FCC, and BCC) have been studied
via finite element method.

Three types co-continuous structures with cubic symmetry are
constructed based on the level set structures of triply periodic
minimal surfaces. A level surface is defined by a function of the
form F:R® — R that satisfies the equation F(x,y,z) =t, where
t € R is a constant and {x,y,z} € R® are the coordinates of a point
on the level surface. The level-set technique can be utilized to
rapidly find suitable candidate functions that are invariant under
the space group symmetry operations. The surface structures in
Fig. 2 can be described by equations

fsc(x,y,2) = cos (x) + cos (¥) + cos (z) — 0.5 cos (x) cos (¥)

—0.5cos (y) cos (z) — 0.5 cos (z) cos (x) + t,
frcc(x,y,2) = cos (x) cos (y) + cos (¥) cos (z) + cos (z) cos (x) + t,
frec(®,y,2) = 4 cos (x) cos (¥) cos (z) + cos (2x) cos (2y)

+ cos (2y) cos (2z) + cos (2z) cos (2x) + t, (12)
where ¢ is a constant that determines the volume fraction of the

solid phase. As a result, the symmetry and volume distribution in
these structures can be precisely controlled.

999
(32
¥ ¥

Fig. 2. (a) Unit cells of three lattice structures controlled by Eq. (1) with volume
fraction 0.5, simple cubic (SC) lattice, face-centered-cubic (FCC) lattlce and body-
centered-cubic (BCC) lattice. (b) The corresponding phase A and (c) the correspond-
ing phase B.
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Fig. 3. The uniaxial tensile stress-strain curves of SU8 fiber in experiment (solid
line) and FEM simulation (dashed line).

The glassy polymer in our model systems is taken from an
epoxy, SU8, which is widely used in 3D micro- and nano-fab-
rication. The uniaxial tensile behaviors of SU8 fiber with diameter
of 25 um [12] are given in Fig. 3. Here, the stress-strain relation is
linear for tensile strain smaller than 3%, which gives the elastic
modulus of 2.9 GPa, and the Poisson ratio is set to 0.33 based on
previous work [26]. In order to describe the plasticity and strain
hardening effects of SUS8, the isotropic hardening plasticity model
is employed, where stress ¢ is represented by plastic strain ¢, as
0 =Yy + E,e®»/0%, Here, Y,=107 MPa is the yield strength and
Ej = 2.7 MPa is the hardening modulus. Based on the elastic-isotro-
pic hardening plasticity model, the uniaxial tensile behaviors of
SU8 fiber are well depicted by FEM simulation, as seen the solid
and dashed lines in Fig. 3. As in this work we only study the
quasi-static compressive behaviors of co-continuous glassy
polymer/liquid composites, the strain rate dependent mechanical
properties of SU8 are not considered in our FEM simulation.

The liquid is described by equation of state (EOS) method in
ABAQUS which is used in previous work to study the mechanical
properties of microtruss/NMF liquid structures [16]. The relation-
ship between the pressure P and the density p of liquid is

PoCih Ton
_m<1 5 ) + LopoEm, (13)
where p, is the reference density and p is the density of the liquid
during compression, # is a state variable, defined as 1 =1 - p,/p,
and p,c3 is equal to the bulk modulus of liquid at small strain.
Here, in this work the liquid is assumed as water, that is
Poc3 =2 GPa. Currently, the EOS model in ABAQUS does not
account for the macroscopic flow viscosity of liquid. However, for
the present problem where the liquid is confined in porous SU8
structures, the macroscopic flow of liquid is negligible, so the flow
viscosity has little influence on mechanical properties of the co-con-
tinuous glassy polymer/liquid composites.

3. FEM simulation results

The uniaxial compressive deformation of unit cells with SC, FCC,
and BCC lattices is simulated via FEM simulations. The top surface
of the unit cell is compressed vertically to the bottom surface with
a constant strain rate of 0.01/s. Periodic boundary conditions are
applied to lateral directions. For each lattice four kinds of material
composition are considered, that are: phase A is SU8 and phase B is
liquid (SU8-A/liquid-B), phase B is SU8 and phase A is liquid
(SU8-B/liquid-A), phase A is SU8 and phase B is air (SU8-A), and
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phase B is SU8 and phase A is air (SU8-B). For the co-continuous
composites, a tie procedure is used to constrain the surfaces of liq-
uid and solid, while for the porous structures the general contact
procedure is employed to describe the self-contact of the porous
structures. Both of SU8 and the liquid are described via C3D8R ele-
ment and a mesh convergence study is carried out.

3.1. Quasi-static compressive behaviors

The dimensionless nominal stress and nominal strain curves are
given in Fig. 4(a-c) for SC, FCC and BCC lattices, respectively. The
volume fraction of phase A is 0.5 for the three structures. Here,
the dimensionless nominal stress is defined as F,/AYop, where F,

a) 25-
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Fig. 4. The uniaxial compressive stress-strain curves for (a) SC, (b) FCC and (c) BCC
lattices for two co-continuous composites SU8-A/liquid-B (black solid line), SU8-B/
liquid-A (red solid line) and two porous structures SU8-A (black dashed line), SUS-B
(red dashed line), respectively. The volume fraction of phase A is 0.5 for all three
structures. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

is compressive force acting on the top surface of the unit cell dur-
ing uniaxial compression, A is the cross sectional area of unit cell,
Yo is the yield strength of SU8 and p is volume fraction of SU8.
The nominal strain is defined as the ratio of the compressive dis-
placement to the length of unit cell u,/I. The unit cell length is
I=6.28 mm for all of the cases studied in this work.

The compressive stress—strain curves are linear at the beginning
of compression followed by plastic yielding and plastic strain hard-
ening for all of the lattices and material compositions studied here.
Based on the stress-strain curves, effective elastic modulus and
yield strength can be derived which will be discussed later. As
shown in Fig. 4(a-c), because of the additional support of the liquid
filler the effective stress of the co-continuous composites is always
larger than their porous counterparts without liquid filler, so that
the stiffness, strength and energy absorption are improved
simultaneously. Besides, the yield strain of the co-continuous com-
posites is also larger than that of the porous structures for all three
lattices. This is because the stress distribution in SU8 ligaments of
the co-continuous composites is more uniform than that of the
porous structures and the stress concentration is effectively sup-
pressed, so that the SU8 ligaments of co-continuous composites
can endure higher compressive strain before yielding.

Here, the compressive deformation mechanism is different for
different lattice structures. For SC lattice, the compressive defor-
mation of phase A and phase B is mostly stretch-dominated and
the effective stress-strain curves of SU8-A/liquid-B and SU8-B/lig-
uid-A are almost identical, larger than that of the two porous struc-
tures (the effective stress—strain curves of the two porous
structures are also almost the same). This is also due to the same
volume fraction of phase A and phase B. For FCC lattice, the com-
pressive deformation of phase A is more bending-dominated, so
that the effective stress of SU8-A is smaller than that of SU8-B
for both the co-continuous composites and the porous structures.
In contrast, for BCC lattice the compressive deformation of phase
B is more bending-dominated, so that the effective stress of SU8-
B is smaller than that of SU8-A. This point is further verified by
the von Mises stress distribution in Fig. 5 and the power indices
of the relations of the effective elastic modulus, yield strength
and energy absorption to the volume fraction of SU8 in Table 1.

The von Mises stress distribution in SU8 ligaments at nominal
compressive strain 0.05 for the three lattices is given in Fig. 5.
Here, the nominal compressive strain 0.05 is close to the yield
point, as can be seen in Fig. 4. The von Mises stress distribution
in the co-continuous composites is more uniform than that of
the porous structures for SC, FCC, and BCC lattices. This is because
the lateral expansion caused by the liquid filler will generate lat-
eral stresses in lateral ligaments of the co-continuous composites.
Therefore, the lateral SU8 ligaments of the co-continuous compos-
ites have higher stress than that of the porous structures, such as
for SC lattice the stress in lateral ligaments of SU8-A/liquid-B and
SU8-B/liquid-A is on the same level of the stress in vertical liga-
ments. But for the porous structures the stress in lateral ligaments
is almost zero, as can be seen in Fig. 5. The similar phenomenon is
also observed in FCC and BCC lattices. Therefore, more volume of
SU8 is utilized to contribute to the load capacity and energy
absorption, which is why the stiffness, strength, and energy
absorption of the co-continuous composites are all enhanced as
compared to that of the porous counterparts. Besides, from von
Mises stress distribution we can also clarify the stretch-dominated
and bending-dominated deformation behaviors, such as for SC lat-
tice the main deformation is the compression of the vertical part,
while for FCC lattice, such as SU8-A and SU8-A/liquid-B, and for
BCC lattice, such as SU8-B and SU8-B/liquid-A, the main compres-
sive deformation is the bending deformation of the interconnected
ligaments, as can be seen in Fig. 5.
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Porous structures(SU8-B)

Fig. 5. von Mises stress distribution in the co-continuous composites and the
porous structures at nominal compressive strain of 0.05. (a) von Mises stress
distribution in co-continuous composites SU8-A/liquid-B for SC, FCC and BCC
lattices and (b) the porous counterpart of SU8-A. (¢) von Mises stress distribution in
the co-continuous composites SU8-B/liquid-A and (d) the porous counterparts of
SU8-B.

In Fig. 6 the lateral expansions for SC, FCC and BCC lattices dur-
ing uniaxial compression are given. Due to liquid filler, the lateral
expansion of the co-continuous composites is larger than their por-
ous counterparts. For SC, FCC and BCC lattices, the lateral expan-
sion of co-continuous composites & and &, can be described by a
uniform form

1
—1
V1-¢

Furthermore, this relation is also valid for different volume fraction
of SU8 from 0.25 to 0.6 studied in this work. The reason is that for

& =& = (14)

Table 1
The relations of the effective elastic modulus, yield strength and energy absorption to
the volume fraction of SU8 for the co-continuous glassy polymer/liquid composites.

Structures Elastic Yield Energy

modulus strength absorption U

E/Eo Y/Yo (MJ/m?)

a n b m c(MJ/m3) n
SC (SUS-A/liquid-B) 092 12 093 11 31 1.1
SC (SU8-B/liquid-A) 0.98 14 0.97 1.2 33 1.2
FCC (SU8-A/liquid-B) 2.2 29 12 22 46 22
FCC (SU8-B/liquid-A) 1.0 1.9 1.0 2.0 34 1.8
BCC (SUS-A/liquid-B) 086 13 083 13 29 13
BCC (SU8-B/liquid-A) 1.5 3.1 1.5 34 46 2.6

co-continuous composites with liquid filler the volumetric defor-
mation under uniaxial compression is negligible, especially in the
post-yielding region. The volume of the unit cell after compression
is V= 13(1 —&)(1+¢&)(1+ &). Because the structures are sym-
metrical in x and z direction, the lateral expansion in x direction
equals that in z direction, &, = &. Then, if V is constant and we

can obtain the lateral expansion & =¢&, =1/(1- sy)o's — 1, which
describes very well the lateral expansion of co-continuous compos-
ites, see Fig. 6. However, for the porous structures, because of the
voids in the structures there is volumetric deformation during uni-
axial compression, so that the lateral expansion of porous structures
is smaller than that of the co-continuous counterparts for SC, FCC,

(@) 0257 g¢
= —— SU8-A/liquid-B )
g 0.201 —— SU8-B/liquid-A D
I ----SU8-A 3
Eo1s ----8U8-B
U 05
5 = = =il
(’) -
S 0.10 s
o PR
x - -
) LTl
® 0.05 R
2 .z°" i
© "
S 1 ... .
0.00 4=== . ; .
0.0 0.1 0.2 0.3
(b) 0.25- E65 Nonimal strain (mm/mm)
. —— SU8-Alliquid-B i
E 0.204 —— SU8-B/liquid-A J
s ----SU8-A ;
£ ----8U8-B
£ 0.15 i
5 - = =115 )1
w -
& 0.10- PEA
o _ - _ - -
X LT -
[} .- - -
T 0.05- P
5 g
© LD
- g=°--
0.00 . , :
0.0 0.1 0.2 0.3
(o} Nonimal strain (mm/mm)
- —— SU8-A/liquid-B 5
g 0.20{ —— SU8-B/liquid-A 7
I ----SU8-A B
E 45/ - ~SU8B J
~ 0.151 0.5
§ | s
8 -
S 0.10- LEE
[o% 5 F T
3 e
o L
S 0.05- e L
kD .
© s*
— e
0.00 : ; .
0.0 0.1 0.2 0.3

Nonimal strain (mm/mm)

Fig. 6. The lateral expansion of SC, FCC, and BCC lattices during uniaxial
compression. (a) The lateral expansion for SC lattice of SU8-A/liquid-B (black solid
line), SU8-B/liquid-A (red solid line), SU8-A (black short dashed line) and SU8-B (red
short dashed line), respectively. (b) The lateral expansion for FCC lattice and (c) The
lateral expansion for BCC lattice. The green dashed line is Eq. (14). (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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and BCC lattices. The lateral expansion of the porous structures is
complex and depends on the lattice structures, as shown in Fig. 6.
The lateral expansion further depends on the material composition,
such as in Fig. 6(b) for FCC lattice the lateral expansion of SU8-A is
larger than that of SU8-B.

3.2. Enhancement of the mechanical properties

In Fig. 7(a) the effective elastic modulus of the co-continuous
composites for different volume fractions of phase A and different
lattices of SC, FCC, and BCC is analyzed. Here, the effective elastic
modulus is defined as the slope of the linear region of the stress—
strain curves, as shown in Fig. 4(a-c). The effective elastic modulus
increases as the volume fraction of phase A increases for material
composition SU8-A/liquid-B. Otherwise it decreases for material
composition SU8-B/liquid-A. It can be easily understood as the load
is mainly carried by SUS8, so that the composites with higher con-
tent of SU8 have higher stiffness. Generally, for the porous materi-
als, such as metal foams and lattice structures, the relation
between the effective elastic modulus E and relative density p
can be described by a power law E ~ p" [7,27,28]. Therefore, for
the co-continuous composites with liquid filler we borrow this
relation to describe the relation between the effective elastic
modulus and the volume fraction of SU8 as E/E, = ap". Here, as
SU8 is the major load carrier, Ey is Young’s modulus of SU8 and
p is volume fraction of SU8, a and n are two underdetermined
parameters which can be obtained through fitting the FEM results.
For SC, FCC, and BCC lattices, the two parameters are given in
Table 1. The power index n equal to 1 indicates stretch-dominated
deformation behavior such as axial compression of honeycombs
and microtrusses, whereas power index n equal to 2 indicates
bending-dominated deformation behavior such as metal and poly-
mer foams [1,27-29]. For power index larger than 2 (usually found
in aerogels and carbon nanotube foams) it means some parts in the
materials are inefficient for load transfer [30,31]. The power index
of the co-continuous composites ranges from 1.2 to 3.1, as shown
in Table 1. The power index for SC lattice with material composi-
tion SU8-A/liquid-B is 1.2, so that the compressive deformation is
almost stretch-dominated and the effective elastic modulus is the
largest, see Fig. 7(a). In contrast, the power index for BCC lattice
with material composition SU8-B/liquid-A is 3.1 (the largest) and
the effective elastic modulus is the smallest. This is because for this
type of structure the compressive deformation is the bending of
the interconnected ligaments and a major part of the material does
not contribute to the load carrier, see the von Mises stress dis-
tribution in Fig. 5. Therefore, a large volume of the material is
insufficient to load transfer. The similar phenomenon is found for
SU8-A/liquid-B of FCC lattice.

The ratio of the effective elastic modulus of the co-continuous
composites to their porous counterparts is also studied, as shown
in Fig. 7(b). It ranges from 1.1 to 1.3 as the volume fraction of phase
A changes from 0.25 to 0.6 for all the co-continuous composites
studied in this work. For SU8-A/liquid-B, the relative enhancement
decreases as the volume fraction of phase A increases, and for SU8-
B/liquid-A it increases which is opposite to the relations of the
effective elastic modulus to the volume fraction of phase A, as com-
pared in Fig. 7(a) and (b). This is because the relative enhancement
originates from the additional support of the liquid filler, so that
the higher content of liquid filler has larger relative enhancement.
However, the relative enhancement of SU8-A/liquid-B for FCC lat-
tice at the volume fraction of 0.54 is larger than the values at the
volume fraction of 0.5 and 0.33. This is because the deformation
of FCC lattice is very complex which combines with bending-domi-
nated deformation and insufficient load transfer (the power index
is 2.9). The liquid filler may suppress the insufficient load transfer

so as to increase the relative enhancement at the volume fraction
of 0.54.

The yield strength and the energy absorption for different
volume fractions of phase A are also studied and shown in
Fig. 7(c-f). Here, the energy absorption is defined as the area
enclosed by the stress-strain curves at the compressive strain of
25%. The reason of selecting 25% compressive strain is that based
on the previous work, the co-continuous composites and porous
structures are intact at the compressive strain [12]. In this work,
we do not intend to study the fracture process. Similar to the effec-
tive elastic modulus, the yield strength and the energy absorption
increase as the volume fraction of phase A increases for SU8-A/
liquid-B and they decreases for SU8-B/liquid-A. Besides, the co-
continuous composites whose deformation is stretch-dominated,
such as SC lattice, have higher yield strength and energy absorption,
while the co-continuous composites whose deformation is bending-
dominated, such as SU8-B/liquid-A of BCC lattice, have lower yield
strength and energy absorption. It is also consisted with the behav-
iors of the effective elastic modulus. The relations of the yield
strength and the energy absorption to the volume fraction of SU8
can also be described by power laws which are Y/Y, = bp™ for yield
strength and U = cp" for energy absorption, where Y, is yield
strength of SU8. The underdetermined parameters b, m and c,
can be obtained by fitting to the simulation results. From Table 1
we can see the power indices of the effective elastic modulus, yield
strength, and energy absorption are almost the same for the same
structure which means the effective elastic modulus, yield strength
and energy absorption are mostly determined by the deformation
mechanism resulting from the composite geometry.

The ratios of the yield strength and the energy absorption for
the co-continuous composites to their porous counterparts are also
analyzed. The relative enhancement of the yield strength and the
energy absorption ranges from 1.1 to 2.3 compared to 1.1 to 1.35
for effective elastic modulus. Therefore, the liquid filler is more
efficient to improve yield strength and energy absorption of the
co-continuous composites. This is because the yield strength and
energy absorption are significantly influenced by the local plastic
yielding of the glassy polymer and the liquid filler can effectively
suppress the local deformation of the glassy polymer, so that it is
more efficient to improve the yield strength and energy absorption
of the co-continuous composites. For the yield strength, the SC lat-
tice (stretch-dominated deformation) has larger relative enhance-
ment, see Fig. 7(d). But for energy absorption, the co-continuous
composites with bending-dominated deformation, such as SU8-B/
liquid-A for BCC lattice, have larger relative enhancement, see
Fig. 7(f).

The liquid filler can increase the stiffness, yield strength and
energy absorption of the co-continuous composites, but the cost
is to increase the mass of EAMS. Therefore, we have compared
the specific elastic modulus E/p of the porous structures and the
co-continuous composites studied in this work, and also other
porous materials reported in previous literature [1,29,30,32], as
shown in Fig. 8(a). Generally, the specific elastic modulus of the
co-continuous polymer/liquid composites is on the same order of
the porous structures. But due to the liquid filler, the density of
the co-continuous composites is larger than the porous structures.
The benefit is the density of the co-continuous composites is
almost constant and one can tune the mechanical properties of
the co-continuous composites with their density unvaried.
Compared to other porous materials reported in previous litera-
ture, the specific elastic modulus of the co-continuous composites
is also among the top values [1,29,30,32]. One should be noted the
porous materials with high specific elastic modulus, such as solid
Al,05 lattice and hollow Al,Os lattice, are usually brittle [32], while
the co-continuous composites have very good compressibility and
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energy absorption. The similar relation is also found for the energy
absorption per mass of the co-continuous composites and the por-
ous structures, see also Fig. 8(b). Compared to the other previously
studied materials, the co-continuous composites have very good
energy absorption capability [33]. Besides, the functional fillers
(e.g. NMF liquid, phase-change materials, dielectric elastomer,
etc.) can further bring multifunctionality to the protective struc-
tures, which hold great potential applications in desert body
armor, smart structures, and energy harvesting structures, etc
[16,18,34].

4. Discussions

In practical applications, the co-continuous glassy polymer/liq-
uid composites should be sealed to achieve the enhancement of the
liquid filler. For example, the co-continuous composites can be
sandwiched by two face panels. Then, the external impulse energy
can be absorbed by the co-continuous composites and face panels
[3,35]. Here, the possible failure mechanisms of the co-continuous
composites are fracture of the glassy polymer structures and leak-
ing of the liquid filler. For glassy polymer SUS, its tensile strain at
fracture is larger than 0.4, as shown in Fig. 3. Therefore, it is very
suitable to construct the solid frameworks of the co-continuous
composites and the optimal design of proper arrangements of
SU8 constituents to avoid large stress concentration during com-
pression. One of the possible routines is to construct the co-con-
tinuous composites based on the level set structures of triply
periodic minimal surfaces. Previous experimental work has shown
the cubic symmetrical lattice structures (e.g. SC, FCC, BCC) can
endure compressive strain up to 0.25 without cracking [12].
Besides, the liquid filler is also beneficial to decrease the stress con-
centration in the co-continuous composites. In the future work,
more geometrical and topological structures should be tested to
combine the deformation of plastic yielding, plastic buckling, and
elastic buckling to achieve higher compressibility of the co-con-
tinuous composites.

The sealing is another challenge problem for the co-continuous
glassy polymer/liquid composites. If leaking occurs, the enhance-
ment by the liquid filler is weakened or even vanished. In order
to maintain the integrity of the sealing during compression, three
requirements are needed: (1) the sealing should have enough
strength to constrain the liquid in the co-continuous composites
during compression, (2) the deformation of the sealing should be
compatible with the co-continuous composites and the outside
structures, such as the face panels of the sandwich beam, (3) in
addition, the sealing should better be robust which means the
failure of the sealing at one point does not influence the whole
co-continuous composites. One of the possible solutions is modu-
lar sealing with rubbery polymer. The co-continuous composites
can be divided into relative small cells and every cell is sealed
separately with rubbery polymer, and then the encapsulated cells
are assembled into the protective structures. Here, the rubbery
polymer sealing can be fabricated through 3D printing which
shows very good interface strength [12]. The rubbery polymer is
also flexible and can deform compatibly with the co-continuous
composites and the outside structures. Besides, due to the modular
sealing the failure of one cell does not cause the catastrophic
failure of the whole co-continuous composites.

In this work we have only studied the quasi-static compressive
behaviors of the co-continuous glassy polymer/liquid composites.
Indeed, the dynamic effects (e.g. micro-inertial effect, shock wave
effect, and strain rate effect of the materials) have very signifi-
cantly influence to the mechanical behaviors of protective struc-
tures [5]. Especially for the glassy polymer SUS, its yield strength
significantly increases as strain rate increases. Besides, the leaking

of liquid filler is also suppressed at dynamic loads. In the future
work, the dynamic effects of the co-continuous composites will
be systematically studied.

5. Conclusions

In summary, we have investigated the compressive behaviors of
co-continuous glassy polymer/liquid composites with different
geometric arrangements of SC, FCC, and BCC lattices. We have
shown that the effective stiffness, yield strength and energy
absorption of the co-continuous composites can be enhanced
simultaneously by the liquid filler. The enhancement originates
from the additional support of the liquid filler and the lateral
expansion of the glassy polymer structures. The stress distribution
is more uniform in the co-continuous composites. Hence, more
materials contribute to the load capacity and energy absorption.
The compression of SC lattice structure is stretch-dominated,
which has the highest stiffness, yield strength and energy absorp-
tion, while the compression of SU8-B/liquid-A for BCC lattice is
more bending-dominated, which has the lowest stiffness, yield
strength and energy absorption. A general power law can be used
to describe the relations of the effective elastic modulus, yield
strength and energy absorption to the volume fraction of SUS.
The power indices of the three characteristics are almost identical
for the same structure. These results provide guidelines for engi-
neering and tailoring the nonlinear mechanical behaviors and
energy absorption of co-continuous composites for a wide range
of applications and further creating multifunctional materials. For
example, polymeric materials and/or liquid filler, which can
change shape, volume and material properties in response to
external stimuli such as a temperature or electric field, can provide
additional functionality when used as one of the phases. While the
feature lengthscale of current study is at millimeter scale, these
results can extend down to micron or sub-micron lengthscale
where fabrication challenges can be met with innovative lithogra-
phy and other processing techniques such as block copolymer for
periodic structures [13,36-38]. At these smaller scales, further
property enhancement may result due to lengthscale effect on,
for example, strength and ductility [26,39-41]. Ongoing and future
research addresses the study of multifunctionality, smart struc-
tures, as well as wave propagation and vibration control.
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