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Co-Continuous Composite Materials for Stiffness, Strength,

and Energy Dissipation

Lifeng Wang, Jacky Lau, Edwin L. Thomas, and Mary C. Boyce*

Two-component ordered structures in which both phases
are solid and continuous (co-continuous solid structures) are
unusual in nature and in commercial applications. Natural
and synthetic co-continuous structures, comprised of hard and
soft materials can provide outstanding combinations of prop-
erties including stiffness, strength, impact resistance, tough-
ness, and energy dissipation.[”! The geometric and topological
arrangement of the constituents provides avenues to engineer
the macroscale properties. Various chemical processing routes
and technologies now enable the precise production of ordered
co-continuous microstructured materials over a wide range
of length scales. For example, block copolymer chemistry can
be tailored to provide periodic bi-continuous structures with
feature size of sub-micrometer® while immiscible polymer
blends can yield random bi-continuous structures. Solid co-
continuous microstructures in other material systems have also
been of recent interest, including metal-ceramic compositest®!
and metallic glass matrix composites.! In this paper, we dem-
onstrate the potential to design and fabricate co-continuous
glassy polymer/rubbery polymer materials with enhancements
in stiffness, strength and energy dissipation using a 3D printer
with sub-millimeter feature size.

The model systems of co-continuous polymer composites we
study here are based on microstructures which possess inter-
faces close to those of triply periodic minimal surfaces. These
structures have been of great interest to mathematicians, phys-
ical scientists, material scientists, and biologists. Close physical
approximations to triply periodic minimal surfaces arise in a
few material systems, such as block copolymers,’*”] micellar
materials,®l nanocomposites,’l and biological exoskeletons.[11]
Recent theoretical studies have shown that bicontinuous two-
phase composites with minimal interface structures exhibit
optimal simultaneous thermal and electrical conductivity!?l a
well as optimal multi-functional properties such as a combl-
nation of a high bulk modulus together with a high electrical
(or thermal) conductivity.'3] Recent investigations of periodic
porous cellular microframes have demonstrated that level set
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equations are useful analytical approximations to minimal
surfaces and can be parameterized to systematically explore
families of surfaces with fixed symmetries but variable volume
fractions and surface curvature. Level set structures can pro-
vide better elastic properties compared to their corresponding
rod-connected counterparts due to the effect of curvature in the
ligaments.' Furthermore, these structures can be scaled down
(or up) and fabricated; for example using photolithography for
sub-micrometer length scale structures that enable the coupling
of mechanical deformation with photonic or phononic proper-
ties, 114151 i e, the creation of mechanically tunable photonic or
phononic band gap materials.'17) Therefore, the relationship
between macroscopic mechanical response and constituent
material properties and geometric arrangement holds great
promise in the multifunctional design of engineering struc-
tures and materials and even metamaterials.!'®]

In this paper, we consider three types of co-continuous
structures with simple cubic (SC), body-centered-cubic (BCC),
and face-centered cubic (FCC) Bravais lattices (see Figure 1)
described by Equations 1-3 from Reference 14, which cor-
respond to the level set structures associated with triply peri-
odic minimal surfaces known as P, I-WP, and E-RD,1%20
respectively. We compute the linear and nonlinear mechanical
behavior of the level set structures including their elastic stiff-
ness, yield, post-yield, and dissipative behaviors. We also fabri-
cate certain level set structures using a 3D printing process and
experimentally measure their mechanical behavior. The proper-
ties obtained for these co-continuous structures are compared
with conventional particle-reinforced composites (PC), fiber-
reinforced composites (FC), and lamellar composites (LC).

Figure 1 displays the 3D periodic SC, BCC, and FCC co-
continuous structures under consideration where the volume
fraction of each phase is set to 50%. We investigate the elastic-
plastic mechanical response of these composites using finite
element analysis (FEA) of micromechanical models of repre-
sentative volume elements (RVEs) for each microstructure,
varying the relative volume fractions of each phase.?? The
constituent phases A and B are taken to be either a representa-
tive glassy polymer or a representative elastomer material. The
stress-strain behavior of the glassy polymer is captured using
an elastic-viscoplastic model?*?’l which includes the classic
features of initial linear elasticity, yielding, post-yield strain
softening, and subsequent strain hardening at larger strains
(see Supporting Information). The set of material constants is
taken from a glassy, crosslinked epoxy material, SU-82¢! with
a Young’s modulus of 3.30 GPa, Poisson’s ratio of 0.33, and a
yield stress of 105 MPa. The elastomeric stress-strain behavior
is modeled as a nearly incompressible neo-Hookean material
with shear modulus of 3.3 MPa and bulk modulus of 1.0 GPa.

Adv. Mater. 2011, 23, 1524-1529



ADVANCED
MATERIALS

A
Mk

www.MaterialsViews.com

SC

BCC FCC

(b)

(d)

Figure 1. (a) 3D periodic co-continuous composites consisting of 2 x 2 x
2 unit cells with simple cubic lattice, body-centered-cubic lattice, and face-
centered-cubic lattice. (b) The corresponding phase A in these compos-
ites. (c) The corresponding phase B in these composites. Phase A and B
are separated by intermaterial dividing surfaces of level set structures.'l
(d) The corresponding cross-section in diagonal view.

Mechanical properties were experimentally measured for the
BCC structures with 50%/50%, 35%/65%, and 65%/35% glassy
A/rubbery B phase content using glassy/rubbery 3D printable
materials.

Figure 2 depicts the simulated mechanical response of the
glassy polymer/elastomer co-continuous composites of Figure 1
during uniaxial compression. The true stress-true strain
curves of these composites exhibit initial linear elasticity, fol-
lowed by yield and post-yield strain hardening (Figure S3).
Figures 2a, 2c, and 2d show the effects of volume fraction
on the composite Young’'s modulus, yield stress, and energy
absorption (which we compute as the work after 25% axial
strain) for the case of <100> uniaxial compression on each
of the structures. At any given volume fraction, the SC com-
posites provide a higher <100> Young’'s modulus, yield stress
and energy absorption ability than either tahe BCC or FCC
structures. The SC structure possesses an axially oriented
columnar glassy region — which supports load in direct com-
pression deformation giving the stiffer, stronger behavior
as compared to the FCC structure which carries the <100>
loading primarily through bending/shear deformation of the
constituents. Furthermore, for each structure, the elastomer
enhances the mechanical response due to its support and con-
straint on the glassy polymer phase which increases and fur-
ther distributes the stress level in the glassy regions. Figure 2e
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shows the comparison of the von Mises stress, axial stress and
axial strain contours of the co-continuous composites and the
corresponding glassy polymer/air porous structures, showing
that glassy polymers contribute more significantly to the stress
response (and hence enhance the stiffness) in co-continuous
solid/solid composites.

For the cubic structures there are three independent elastic
constants. The Zener anisotropy ratio A=2Cy, /(C; —Cy;) is
used to characterize the elastic anisotropy of these structures,
where the three Cj; denote the three independent Voigt elastic
stiffness coefficients.?’] The Zener ratio reflects the ratio of the
shear modulus (in the cubic axis system) of the anisotropic
cubic structure, 2C,y, to that of an isotropic material possessing
the same extension/contraction behavior (Cy;, Cy,) of the cubic
material. For isotropic materials, A = 1. Figure 2b depicts the
anisotropy ratio as a function of the volume fraction for SC,
BCC, and FCC composites, indicating strong dependence on
the volume fraction as expected. It is found the anisotropy ratio
A is close to 1 for the composites with 50%/50% volume con-
tents. Additional effects of anisotropy on modulus as well as on
yield stress and energy absorption are discussed later.

The composite elastic modulus and yield stress are domi-
nated by the glassy polymer phase in the composites and the
scaling laws generally used for cellular structures!!! may be
used to assess the response of these co-continuous compos-
ites. For example, the Young’'s modulus, E*, of the composite
can be described as a function of solid polymer modulus, Ej,
and the relative volume of the glassy polymer, v, = V*/V, via
E*=CE,(vs)" where C and n can be obtained by fits to experi-
mental data. The scaling exponent » close to 1 indicates stretch-
dominated deformation behavior of the ligaments whereas an
exponent of 2 typically indicates bending-dominated deforma-
tion.[?8l Various cellular materials have been found to exhibit
different scaling exponents such as metal foams (n ~ 1-3),12%]
ordered nanoporous silica (n ~ 0.6-1),3% and periodic epoxy
nanoframes (n ~ 1.26).°7 Considering the case where phase
A is the glassy polymer (phase B is the elastomer) and axial
loading along the <100> direction, it is found that n = 1.2 for
SC composites, n = 1.03 for BCC composites, and n = 2.3 for
FCC composites (for volume fractions of the glassy polymer
ranging from 20% to 70%). This implies SC and BCC compos-
ites are close to “stretch-dominated” while FCC composites are
more “bending-dominated” when axially loaded in the <100>
direction. As discussed earlier, the stretch-dominated aspect
of SC and BCC composites are due to the “columnar” regions
along <100> which are not present in the FCC as was evident
in 0y, contours in Figure 2e. When the composites are axially
loaded in the <111> direction, it is found that n = 1.84 for SC
composites, n = 2.31 for BCC composites, and n = 1.79 for FCC
composites, indicating more bending-dominated deformation
occurs in SC and BCC composites when loaded in the <111>
direction. Interestingly, the scaling exponent n is smaller in
the two-material co-continuous composites compared to the
porous counterparts, indicating less loss in elastic stiffness
when decreasing the volume fraction of the glassy phase (Table
S2). Similar trends hold for the yield stress. Moreover, the
energy dissipation values for compression to 25% strain vary
from 7-12 MJ/m? for co-continuous composites with 50%/50%
volume distribution, depending on the microstructure. Note that
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Figure 2. Mechanical response of the glassy polymer/elastomer co-continuous composites. (a—d) Young’s modulus, anisotropy ratio, yield stress and
energy absorption dissipation at 25% strain of co-continuous composites with varying volume fraction of phase A. (e) von Mises stress (MPa), axial
stress (MPa), and axial strain contours of three co-continuous composites (left) (50% volume fraction, only glassy polymer phase is shown) and the
corresponding porous structures (right) at a macroscopic compression strain of 1%.

the average density of the co-continuous composites is ~1050—
1200 kg/m?, depending on the volume fraction of each phase;
the specific energy absorption could be as high as 6-11 MJ/Mg.
This value rates among the highest values reported for com-
mercially available polymer foams.[!! The stress contours in the
post-yield region (see Figure S3c) reveal that a greater volume
of material yields in the co-continuous composites as compared
to the corresponding glassy/air structures. This energy dissipa-
tion capability implies that the co-continuous composites can
be tailored to provide enhanced dissipation mechanisms that
engage more of the material in plastic deformation.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In order to study the co-continuous polymer composites
experimentally, representative BCC structures are fabricated
and tested at the sub-millimeter scale. The polymer/elastomer
co-continuous composites were fabricated using the Connex500
3D printer (Objet Geometries, USA) which allows the simulta-
neous printing of two different materials. TangoPlus (a rubber-
like flexible material) and VeroWhite (an acrylic-based photo-
polymer) were used in the composites.?” Figures 3a and 3b
show the representative 50%/50% BCC composites consisting
of 4 X 4 X 4 unit cells fabricated via 3D printing. Three samples
for each volume fraction of BCC composite were tested using a

Adv. Mater. 2011, 23, 1524-1529
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geometries and are found to be highly pre-
dictive of the behavior of the co-continuous
composites (see Table S3 for the comparison
between simulated and experimental results).
The simulated yield stresses are slightly
higher than the corresponding experimental
values most likely due to the fidelity of the
3D print process. Although Connex500 has a
stated resolution of ~30 um, the accuracy can
still affect the volume fraction and distribu-
tion of each phase. As expected, the compos-

10 mm
I

c) 40- ) d) 404 i . .

(©) —— Experiment (d) . I\En}::':iirli?rz:iction ! ites with greater content of glassy polymer
Y Mcdel prediction & 30 [ ./ provide higher Young’s modulus and yield
= = 65% B - . /' stress. For the composites where phase B
2 5 e 3 A e i is the glassy polymer, the yield stress is
@ - ; 5 » | [T b increased by a factor of 2.7 (for experiments
£ il [ 2 iol .. » G and 2.1 for simulations) when the glassy
5 T~35% A 5 Al ——50%B polymer content changes from 50% to 65%.
= = At larger strains (>25%), cracking is observed

%0 01 02 o3 04 05 %o 0.1 02 03 to occur in the interior of a glassy polymer

MNominal strain

(e)

(9)

£=-0.45

£=-0.45

Figure 3. Experimental study of BCC co-continuous composites. (a,b) BCC co-continuous com-
posites with 50% volume fraction of each phase fabricated through 3D printing where glassy
polymer is white and elastomer is transparent: (a) phase A is glassy polymer; (b) phase B is
glassy polymer. (c,d) Nominal stress—strain curves showing comparison of simulation result
and 3 experimental tests at two volume fractions: (c) 35% and 50% of glassy polymer phase A;
(d) 50% and 65% of glassy polymer phase B. (e,f) Experimental images of BCC composites at
different levels of macroscopic strain: 0, —0.06, —0.12, and —0.18. (g) Deformed configuration
under a compression strain of 0.45 showing cracking contained in the glassy polymer (arrows
in left figure) for the case phase A is the glassy polymer and global shear failure (right) for the
case phase B is the glassy polymer. The line indicates location of shear band.

Zwick Mechanical Tester (Zwick 2010, Zwick Roell, Germany).
The nominal stress- nominal strain curves show the repeatability
up to 40% compression strain as shown in Figure 3c and 3d
at a strain rate of 0.01 s7'. The simulation results consider the
stress-strain behaviors of the 3D printed constituent materials
(see Supporting Information) together with the microstructure
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region rather than at an interface between
phases (see Figure 3g left). However, these
cracks do not reduce the stress level signifi-
cantly, but are evident by the drops in the
experimental stress-strain curves in Figure 3c.
The co-continuity of the structure constrains
the cracking and enables these composites to
provide energy absorption to larger strains
before catastrophic failure. For the BCC com-
posite where phase B is the glassy polymer,
cracking is not observed, instead a global
shear failure occurs (see Figure 3g right).
Thus, for this composite, strain hardening
curves are smooth in all experimental tests
(Figure 3d) while the failure strain is smaller
as compared to the case in Figure 3c. More-
over, experimental curves harden at lower
strain than the model prediction because
localized shear deformation occurs in the
finite sized samples in the experiment and
this is suppressed in the simulations due to
the periodic nature of the RVE. These results
suggest good ability to tailor the microstruc-
ture to achieve different failure mechanisms
to enhance energy dissipation under large
deformation.

The stress transfer and strain sharing
mechanisms are particularly important for
the co-continuous composites with a brittle
component since the continuous elastomer
phase constrains the brittle phase which
increases the macroscopic failure strain by
both limiting crack propagation and ena-
bling a multitude of cracking events. The &; strain contour in
Figure S4 shows a positive value in the center of the glassy poly-
mer at large strain which explains the observation of multiple
cracking in these regions at large compressive strain (Figure 3g
left) with the cracks oriented parallel to the axis of applied com-
pression. None of these cracks catastrophically propagated, but
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Figure 4. Mechanical response of the particle-reinforced composites (PC), fiber-reinforced
composites (FC), lamellar composites (LC), SC, BCC, and FCC co-continuous composites
under uniaxial compression as a function of off-axis loading angle in the 12 plane and in the
<111> direction (right column): (a) schematic of the loading direction (b) Young’s modulus;
(c) yield stress (0 presents the case without apparent yielding); (d) energy absorption dis-
sipation at 25% strain. Here the volume fraction of each phase is fixed to be 50% for all
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conducted on the conventional PC, FC, and
LC composites with the same constituent
material properties and volume fraction, the
lowest modulus anisotropy degree is 0.65,
0.016, and 0.016, respectively. Although FC
and LC composites have a higher modulus
and yield stress in the direction parallel to
the fiber axis or lamellar plane, the off-axis
loading simulations show relatively poor
mechanical behavior. As is well known, this
is a limitation in use of conventional compos-
ites in applications that have off-axis loading
conditions that typically forces the construc-
tion of cross-ply laminates with lamellae of
different orientations. Compared to the con-
ventional composites, the co-continuous com-
posites are 3D multi-directionally reinforced,
are less dependent on material distribution,
and simultaneously provide relatively high
stiffness, strength and energy absorption in
all directions. These properties suggest co-
continuous composites as excellent energy
dissipative elements in advanced structures
or armor by controlling volume fraction and
tailoring geometric arrangements to meet
different requirements.3-3°]

In summary, we have investigated the

composites.

instead cracks were found to initiate at all of the equivalent
locations within the microstructure. The cracking mechanism
provides additional energy dissipation. The mutual support of
the two co-continuous phases provides load transfer even in the
face of cracking and imparts damage tolerance.

Anisotropy is another interesting property for structural
materials and composites. Anisotropy can be used to advan-
tage, however it can also cause unexpected failure if the struc-
ture or material has a very compliant and weak loading resist-
ance in any direction. To investigate the anisotropy of the set
of co-continuous composites, FEA simulations are conducted
on RVEs subjected to systematic off- <100> axis loadings (see
Figure 4 schematic). Young’s modulus, axial yield stress, and
energy absorption at 25% compression strain are computed
from the uniaxial compression simulations in different orienta-
tions and are shown in Figure 4b—d, respectively. To evaluate the
results for SC, BCC, and FCC composites, the anisotropy degree
is defined as the ratio of the minimum value/maximum value for
each of the Young’s modulus, yield stress, or energy absorption.
The calculated anisotropy degree varies from 0.66-0.9(Young's
modulus), 0.5-0.97(yield stress), 0.69-0.95(energy absorption),
depending on the co-continuous microstructure. For instance,
the BCC composites where phase A is the glassy polymer have
an anisotropy degree of 0.80, 0.88, and 0.92 for Young’s mod-
ulus, yield stress, and energy absorption, respectively, which
can be considered a quasi-isotropic material. This is consistent
with the Zener anisotropy ratio shown in Figure 2b, where the
BCC and FCC composites with 50%/50% volume content are
close to isotropic materials (A = 1). From similar simulations

wileyonlinelibrary.com
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macroscopic mechanical response of 3D peri-

odic glassy polymer/elastomer co-continuous

composites with different geometric arrange-
ments of the constituents through simulations and experiments.
We have shown that 3D periodic co-continuous composites can
have enhanced mechanical performance achieving a unique
combination of stiffness, strength and energy absorption as
compared to the conventional particle-reinforced composites,
fiber-reinforced composites, and lamellar composites. Of partic-
ular note, the mutual constraints between two phases of the co-
continuous structure enable enhanced dissipation by spreading
of the plastic deformation and by containing cracking leading
to a multitude of non-catastrophic dissipative events, which also
provides damage tolerance of the co-continuous composites.
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 fur-
ther creating multifunctional materials. For example, polymeric
materials which can change shape 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. Polymer co-continuous composites also provide the
potential of 3D shape memory or tailored viscoelastic behavior
where the two phases can be chosen to tune the shape memory
or the viscoelastic behaviors to be activated at multiple tempera-
tures and/or multiple time scales. The periodic and multiphase
nature of the structures also enable mechanically tunable band
gap (phononic or photonic) materials, and tunable sensors in
tissue engineering. While the feature lengthscale of the current
study is at the millimeter scale, these results extend down to
micron or sub-micron lengthscales where fabrication challenges
can be met with innovative lithography!!® and other processing
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techniques such as block copolymer for periodic structures.3¢
At these smaller scales, further property enhancement may
result due to lengthscale effect on, for example strength and
ductility.'26] Ongoing and future research addresses the study
of the shape memory effect, thermal and electrical conductivity,
and opportunities at different lengthscales.

Experimental Section

The polymer/elastomer co-continuous composites were fabricated
using the Connex500 3D printer (Objet Geometries, MA, USA) that
allows the simultaneous printing of two different materials. TangoPlus
(a rubber-like flexible material) and VeroWhite (an acrylic-based
photopolymer) were used in the composites; the chemistry of these
materials is proprietary to Objet Geometries. The elastomer (TangoPlus)
has shear modulus 0.213 MPa and density of 1141 kg/m3; the glassy
polymer (VeroWhite) has Young’s modulus 1.8 GPa, yield stress
75 MPa and density of 1174 kg/m3. The stress—strain behavior of these
constituent materials is provided in the Supporting Information. Input
level set based structural geometries were prepared in a CAD software
(SolidWorks 2009, Dassault Systémes SolidWorks Corp., Massachusetts,
USA) and then exported as Stereolithography files (in STL format) for
direct printing in the Connex500. Preset composites of model materials
were jetted from designated nozzles in ultra-thin layers onto a build tray.
Each photopolymer layer was cured by UV light immediately after it was
jetted, producing fully cured models. Each composite sample consists
of 4 x 4 x 4 unit cells with a periodicity of ~3.5 mm. The sample height
is 14 mm and the feature size is ~500 um. The stated resolution of the
Connex500 is ~30 um. The as-fabricated composites were then kept at
room condition for 7 days to allow for saturation of curing.

Tensile tests were conducted using a Zwick Mechanical Tester (Zwick
7010, Zwick Roell, Germany). The compression tests were conducted at
a strain rate of 0.01 s7. The load was measured with a 10kN load cell.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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