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Interpenetrating phase composite (IPC), also known as co-continuous composite, is one type of material that may
exhibit an unusual combination of high stiffness, strength, energy absorption, and damage tolerance. Here we
experimentally demonstrate that IPCs fabricated by 3D printing technique with rationally designed architectures
can exhibit a fracture toughness 16 times higher than that of conventionally structured composites. The
toughening mechanisms arise from the crack-bridging, process zone formation and crack-deflection, which are

intrinsically controlled by the rationally designed interpenetrating architectures. We further show that the
prominently enhanced fracture toughness in the architected IPCs can be tuned by tailoring the stiffness contrasts
between the two compositions. The findings presented here not only quantify the fracture behavior of complex
architected IPCs but also demonstrate the potential to achieve tailorable mechanical properties through the
integrative rational design and the state-of-the-art advanced manufacturing technique.

1. Introduction

Structural systems in the defense, aerospace, automotive, energy,
and semiconductor industries are often subjected to complex loading
conditions, such as multi-axial loading, vibration, shock, and high-ve-
locity impact. This triggers the demands for the development of in-
novative structural materials, possessing a compelling combination of
mechanical robustness, lightweight, affordability, and versatility.
Composite materials consisting of multiple compositions can have im-
proved overall performance due to the synergistic contribution of each
composition in the composites. Among these composites, inter-
penetrating phase composite (IPC, also known as co-continuous com-
posite), in which each constituent phase forms a completely inter-
connected three-dimensional (3D) network, has attracted a lot of
research interests [1-4]. Indeed, the interpenetrating microstructures
are widely spread in biological structural materials, such as sea urchin
skeleton [5], human bone [6], microvascular networks [7], and bota-
nical systems [8]. These natural IPCs exhibit rich multifunctionalities
including thermal, mechanical, and other transport properties. In-
trinsically, these prominent properties are controlled by their inherent
architectures. Each constituent phase completely interpenetrates
through the composite microstructure in all three dimensions and
contributes the maximum of its most desirable properties to the overall
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properties of the composite, thereby endowing the composite with a
more attractive combination of properties and functionalities.

To understand the multifunctionalities observed in the natural IPC
systems, considerable efforts have been recently devoted to developing
analytical models and computational frameworks to evaluate the ef-
fective thermal and mechanical performance of synthesized IPCs. For
example, analytical methods based on Voigt and Reuss models can
accurately predict the effective thermal and mechanical properties of
the IPC [8-11]. Numerical methods such as finite element analyses
have been extensively employed to capture the elastic, thermal, dy-
namic, and fracture properties of IPCs [12-23]. It should be pointed out
that most of these IPCs are fabricated using conventional methods, such
as squeeze casting process and pressureless melt infiltration [24,25],
where each phase of these IPCs is randomly distributed. Though the
volume fraction can be precisely controlled, the inherent architecture is
still ill-defined. For example, the dimensions of the ligaments have a
nonuniform feature and each composition is randomly dispersed, which
poses a great challenge to fabricate IPCs with fewer defects and accu-
rately predict their effective properties.

Recently, studies show that materials with well-defined archi-
tectures could be exploited to explore new properties and novel func-
tionalities [26-30]. Computational design methods, such as topology
optimization algorithms, have been developed to define the ideal
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arrangement of composites with two or more materials to achieve op-
timum macroscopic properties [31], mostly focusing on the mechanical
[32-34], electrical [35] and thermal properties [36]. Along with these,
advanced additive manufacturing techniques, such as 3D printing, have
gained much attention due to its capability of creating complex topol-
ogies with fine features composed of a multitude of materials with
varying mechanical properties quickly, cheaply, and at a large scale
[37-41]. For example, improved impact resistance has been observed in
3D printed bioinspired composites with hierarchical conch shell struc-
tures, indicating a crack-arresting mechanism embedded in the natural
architecture [42]. As reported in our previous work, the 3D periodic
IPCs based on the triply periodic minimal surfaces (TPMS) of glassy
polymer/rubbery polymer materials at micrometer resolutions can be
readily fabricated through 3D printing [22]. A combination of high
stiffness, strength, energy absorption, and damage tolerance have been
achieved in the 3D printed IPCs with different lattice symmetries. More
recently, more TPMS topologies are used to design IPCs and their
compressive properties and electrical conductivities [43] are experi-
mentally tested [44-46] and numerically analyzed [43,45]. However, a
quantitative understanding of the fracture behavior of architected IPCs
is still lacking and especially the measurement of the fracture toughness
of such complex materials is less well defined.

In this paper, we investigate the fracture toughness of a group of 3D
printed IPCs with different lattice symmetries. Three-point bending
tests are performed on the singled edge notch bend (SENB) samples to
quantify the fracture properties. The results are compared with con-
ventionally architected composites with particle reinforced, fiber re-
inforced, and laminates topologies. Furthermore, we demonstrate that
the fracture toughness of the proposed IPCs can be tuned through
controlling the stiffness contrast and volume fraction of the composi-
tions.

2. Materials and methods
2.1. Architected IPCs

The model system of the IPCs studied here is based on micro-
structures which combine the rod-connected lattices and their inverse
counterparts. Here three lattice symmetries are considered including
simple-cubic (SC), body-centered-cubic (BCC), and face-centered-cubic
(FCCQ) lattices. Fig. 1(a—c) displays the proposed 3D periodic SC, BCC,
and FCC IPCs where the volume fraction of each phase is set to 50%. In
our design, the phase of rod-connected lattices is set as the hard domain
and the inversed phase is set as the soft domain. Compared to previous
IPCs with triply periodic minimal surfaces [22], these IPCs with rod-
connected counterparts are easier for design with simple geometric
parameters and unit cells. The symmetry and volume distribution in
these structures can be precisely controlled by tailoring the radius of
rod ligaments. The relations between the volume fraction of rod-con-
nected lattices’ domain, g and the radius/periodicity ratio, r/l are given

by:

5= 3”(%)2 — cl(%)3 for SC, @
7= 4\/§7r(§)2 - C2(§)3 for BCC, 2
5o 12\5”6)2 _ c3(§)3 for FCC, 3)

where the radius of the rod ligaments is r and the length of the unit cell
is 1. The cubic correction coefficients C; = 11.318, C, = 39.201 and
C; = 154.518 have been identified from fitting Egs. (1)—(3) to CAD cal-
culations [47].

In addition to the IPCs, the particle-reinforced composites (PCs), the
fiber-reinforced composites (FCs) and the laminal-reinforced
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composites (LCs) are also designed and fabricated with the same
amount of compositions to compare the fracture toughness.

2.2. Sample fabrication

The specimens are fabricated using a multi-material 3D printer
(Objet Connex 260, Stratasys) and multiple photocurable prepolymers
are used to form the hard and soft components. In this work,
VeroWhitePlus, a glassy polymer, is used for the hard domains (Iabeled
“A”) and TangoPlus, which is highly rubbery, is used for the soft do-
mains (labeled “B”). The stiffness contrast between these two phases
can be tailored by mixing VeroWhitePlus and TangoPlus via a digital
material mode in the printer. The mixed materials are used for the soft
component (labeled as “B1”, “B2”, “B3”, “B4” and “B5”). The specimens
for the fracture toughness measurement are shown in Fig. 1(d), which
consist of 54 X 12 X 6 unit cells, resulting in a dimension of
135mm X 30 mm X 15mm. The minimum geometric size of inner
structures in the composites is around 200 pm, which is at least one
order of magnitude greater than the minimum resolution (16 um)
provided by the 3D printer. Considering the anisotropic nature of 3D
printing, the layer orientation is found to influence the mechanical
properties of the material; therefore, all the specimens are printed along
the same orientation. The as-fabricated specimens are kept at room
temperature for 7 days to allow for the saturation of the curing. (See
Supplementary Information for more details).

2.3. Mechanical testing

The uniaxial tensile tests for the constitutive materials and uniaxial
compression tests for IPC specimens are performed using the same MTS
mechanical tester (C43 frame). All the experiments are conducted in a
quasi-static regime with a constant strain rate of 0.001 s~ 1. The load-
displacement curves measured from the uniaxial compression tests are
then transferred into nominal stress-strain behaviors based on the
measured dimensions of the specimens. Young's modulus Exx and yield
stress oxy for each specimen are calculated from the nominal stress-
strain curves. For fracture toughness measurement, three-point bending
tests are performed with the same mechanical tester at a constant dis-
placement rate of 0.5 mm/min. Images of the specimens at various
loading conditions are taken at a rate of 0.08 FPS. (See Supplementary
Information for more details).

2.4. Calculation of fracture toughness

The fracture toughness is determined using a singled edge notch
bend (SENB) sample following the procedure outlined in ASTM stan-
dard E1820 (ASTM E1820, 2013), as shown in Fig. 1(d)-(f). This
method is designed to determine the fracture toughness of metallic
materials which are pure homogeneous. While with the rapid devel-
oping of modern material manufacturing, many new materials such as
composites and cellular materials have been designed and fabricated.
Recently, this method has been applied to study the fracture toughness
of these new materials with non-homogeneous structures or phases
[48-50]. Moreover, our previous study shows that 3D periodic IPCs of
glassy polymer/rubbery polymer materials tend to be isotropic on the
macroscopic scale and their mechanical behavior is often similar to
homogeneous materials [22]. Therefore, this method based on ASTM
1820 is well-suited for detecting and calculating the fracture behavior
for the 3D printed periodic IPCs. The combination of starter notch and
fatigue pre-crack shall conform to the ASTM standard requirements
shown in Fig. 1(e). A very sharp notch tip with the angle of 30° is de-
signed to promote early crack initiation. The J-approach is employed to
capture inelastic contributions to the fracture resistance using the
elastic compliance method in ASTM E1820. Compliance measurements
from the unloading curves are made at intervals Av = 0.25, 1 and 1 mm
for the SC, BCC and FCC IPC samples, respectively. Calculation of the
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Fig. 1. Schematics of 3D IPCs with different lattice symmetries. (a) 3D periodic IPCs consisting of 2 X 2 X 2 representative volume elements with simple cubic, body-
centered-cubic, and face-centered-cubic lattice symmetries. (b) The corresponding phase of a rod-connected counterpart in each IPC. (¢) The corresponding inverse
phase in each IPC. Experimental setup for the 3-point bending test. (d) Single edge notched bend (SENB) specimen and test configuration. The dimensions of the
specimen are defined as the width W, the length L and the thickness B. The load P is applied in the mid of specimens and the span length is S. The initial length of the
notch is defined as ao. (e) The crack starter notch, where the width of the notch is defined as w and the angle of the initial crack tip is 30°. (f) The experiment setup of

3-point bending test of SENB specimen.

current crack length uses the compliance along the loading line, and the
J-approach is calculated using the measured applied load and crack
mouth opening displacement, 8. The fracture toughness, Kj;), is related
to the J-approach by K;u = (Jy)E')Y/2, where E’ is the plane strain
Young's modulus, E’ = Eg/(1 — v?) and v is the Poisson's ratio. Since the
samples were composites and not homogeneous solid materials, this
study used the measured compressive moduli along the span length,
Exx. (See Supplementary Information for more details).

3. Results and discussion
3.1. Fracture behavior of IPCs

Before systematically examining the fracture behaviors of proposed
IPCs, the fracture response of the two base materials used for 3D
printing the composite, material A, and material B is first investigated
(Fig. 2(a)). The load-displacement curves obtained from the three-point
bending test of SENB samples clearly show the significant distinction
between the constitutive behaviors of these two materials. From the
compression tests we have performed on the 3D printed materials, the
results show that the stiffness of material A is three orders of magnitude
higher than the stiffness of material B, by a factor of #1350. Therefore,
the more compliant base material B fails at an order of magnitude
higher displacement than its less compliant counterpart A. Moreover,
both samples fail in a brittle manner immediately upon crack propa-
gation.

Fig. 2(b) plots the load, P, as a function of load-line displacement, v,
for three lattices, SC, BCC, and FCC IPCs. The load-displacement curves
for IPCs exhibit initial linear elasticity, non-linear plasticity before the
maximum load and the drops in load which are related to the failure of
structures. Compared with the fracture behavior of each composition,
the IPCs samples show a highly nonlinear behavior. The continuous soft
material phase distributes stress and strain effectively throughout the
sample, inducing an additional support to generate more plastic de-
formation instead of the brittleness of the hard material. Therefore, the
extrinsic and intrinsic toughening mechanisms of 3D periodic IPCs from
inhibiting damage mechanisms include stretching of the hard polymer
that bridges the advancing crack and is also associated with plasticity.

As a result, it is effective against the initiation and propagation of
cracks. Fig. 2(c-e) presents the in-situ images of the deformed config-
uration of each IPC at different displacements. Before the first peak
load, the large deformation of the material around the precrack tip is
visible on the surface of each IPC. After the first peak load, the fracture
propagation could be observed. The drops in load after the maximum
peak are not continuous but have several steps. This is because the
inherent architectures of IPCs play a significant role in preventing the
propagation of cracks continuously. Based on the energy principles, the
crack will choose the path of the least resistance such as in the soft
material. However, the structures of 3D periodic IPCs contain con-
tinuous hard and soft materials with multiple constrains which will
inhibit the crack propagation in only one phase. Furthermore, FCC IPC
exhibits smaller load dropping steps due to the more complexity of
microstructures compared with SC and BCC IPCs. For the SC IPC, the
images clearly portray that the crack path eccentrically is upon the
initial crack tip. Similarly, in the BCC and FCC IPCs, evidently the
fracture path has the zigzag shape and the lateral surfaces of the crack
are very rough. This phenomenon can be explained based on the energy
principle that the crack path will result in a trade-off between the
minimum crack deflection angle and the path of least stiffness. More-
over, it's observed that the interfacial adhesion of the 3D printed con-
stituent materials is so strong that the composites do not fail at the
interfaces. The proposed IPCs exhibit impressive mechanical char-
acteristics activated by the rationally designed interpenetrating archi-
tecture.

To further understand the fracture behavior of the proposed IPCs,
Digital Image Correlation (DIC) measurement system is used to quan-
titatively understand the deformation and crack propagation of these
specimens. Fig. 3(a) shows the measured force-displacement relation of
three-point bending test and the images in Fig. 3(b) and (c) exhibit the
horizontal strain contours related to the main deformation of the IPC-
BCC and IPC-FCC respectively which also reflect the stress distributions
during the whole loading process. Notice that in the elastic loading
stage, the strain distributes mostly behind the crack tip (bl and cl).
Prior to tip failure, as shown in b2, c2, and c3, the strain concentrates
ahead of the crack tip to inhibit damage mechanisms, such as cracking
which will toughen the IPCs. After tip failure, clearly, the fracture
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Fig. 2. 3-point bending tests of the SENB specimens. (a) Load-displacement curves of material A and material B. (b) Load-displacement curves of IPCs with SC, BCC
and FCC lattice symmetries. (c)-(e) Images of test specimens at various loading displacements which are marked in the load-displacement curves. Scale bar: 1 cm.

appears in several positions where the strain distributes around as
shown in b3-b6. A similar phenomenon could be visualized in c4-c6.
With crack propagating, the strain concentration delocalizes to different
directions and form longer crack path as shown in b7-b8 and c7-c8,
which will extend the load-displacement curves in Fig. 3 (a). Therefore,
these images clearly portray that the 3D printed IPCs exhibits im-
pressive mechanical characteristics in terms of fracture propagation.
The periodic IPC structures toughen the composites with improving the
plasticity of the hard material. Moreover, the soft material delocalizes
the stress concentration, enabling the crack propagates in a stable
fashion through the system and allowing the sample to sustain in-
creased deformation and significant loading throughout large portions
of the fracture process. Furthermore, the periodic interpenetrating
phases diverge and extend the crack path which will improve the
fracture toughness of the IPCs.

It's demonstrated that both intrinsic toughening mechanism (en-
larging of plastic deformation of hard polymer) and extrinsic tough-
ening mechanism (crack deflection, process zone formation and brid-
ging controlled by hard polymer) are synergistically responsible for the
enhanced fracture behavior of the proposed IPC composites. Typically,
the extrinsic toughness mechanism is effective in resisting crack pro-
pagation and is strongly dependent on the crack size. As a result, in-
stead of a constant fracture toughness, the crack-propagation resistance
curve (R-curve) exhibits a gradually increasing behavior as the crack
advances. To further understand these two different mechanisms, the
materials R-curves for the proposed IPC composites are measured. As
shown in Fig. 4, all of the IPC composites with SC, BCC, and FCC lattice
symmetries exhibit an increased J-integral as the cracks propagate. The
absolute value of J-integral in FCC composite is the largest while the SC
composite shows the lowest J-integral. Noticeably, when converting the



T. Li et al.

(a) 250 : . .
c3
200+ c -
g b4,
pd
~ 3 b5 -
Q. 150 b3
'8' ; b2
- c —
§100r Y —scc) \,
b1 s8a ‘b
50 } S\ C I
s, c7
vt c8
b8
0 1 1

0 4 8 12 16
Displacement (mm)

Composites Science and Technology 167 (2018) 251-259

004 &,

Fig. 3. 3-point bending tests of the SENB specimens of IPC-BCC and IPC-FCC. (a) load-displacement curve. Experimental strain contours of (b) IPC-BCC and (c) IPC-

FCC using digital image correlation at various loading displacements which are marked in the load-displacement curves. Scale bars are both 1 cm.
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J-integral into equivalent fracture toughness, SC composite exhibits the
largest fracture toughness while FCC composite exhibit an intermediate
absolute value. Yet, a gradually increasing toughness still persists in the
all of these composites as the cracks propagate. Three major toughening
mechanisms are synergistically responsible for the enhanced fracture
behavior of the proposed IPCs. The first is the development of a crack
bridging zone, in which the hard material phase stretches between the
faces of the crack for some distance behind the crack tip. It is clearly
seen in Fig. 2(c) that these bridging ligaments begins to stretch im-
mediately behind the crack tip and continue to stretch as the crack
advances until they reach a rupture strain, at which point they break.
The energy dissipated by these stretching ligament as the crack tip
advances by a unit increment gives the increase in the J-integral asso-
ciated with bridging. The second toughening mechanism for the rising
R curve is the process zone formation ahead and behind the crack tip.
The strain contours of the IPCs during crack propagation (Fig. 3(b) and
(c)) exhibit that the process zone with large Mises stresses and sec-
ondary cracking forms quickly and grows significantly. The formation
of process zone is because of the enlarging of plastic deformation of
hard material phase from soft material phase's additional support. As
the crack grows, the crack tip passes through this zone and materials
behind the crack tips begin to unload elastically from a state of plas-
ticity. Upon unloading, the dissipated energy contributes to the
toughness of the material. Moreover, the increasing process zone will
result in an increasing fracture toughness during the crack propagation.
The third toughening mechanism accounting for the rising R curve is
the crack deflection. Fig. 2 (c)-(e) clearly show that the crack path ec-
centrics the initial crack tip and continues with a zig-zag shape. The
crack deflection increases the area of the fracture surface which ele-
vates the toughness. Above all, the importance of the interpenetrating
phase morphology in IPCs show advantages in the resistance of crack
propagation. Though it has been extensively demonstrated that natural
structural materials such as hierarchical nacreous composites exhibit
both intrinsic and extrinsic toughening mechanisms [51,52], similar
toughening mechanism are achievable in rationally designed and 3D
printed architected composites.

Since IPCs exhibit impressive fracture behavior due to the inherent
microstructures, the fracture response of IPCs is compared with several
conventional composites, including particle-reinforced, fiber-re-
inforced, laminal-reinforced topologies. Here, 50% volume fraction of
hard material for each design is used for the purposes of fair compar-
ison. For IPCs and PCs, three lattice topologies as SC, BCC, and FCC are
selected. For FCs and LCs, two topologies with fiber or laminal as 0° and
90° are selected. The specific composite topology has a significant im-
pact on the overall mechanical response of the SENB samples under

Composites Science and Technology 167 (2018) 251-259

three-point bending test. From the load-displacement curves (Fig. 5(a)),
the conventional PCs, FCs and LCs exhibit relatively poor mechanical
behaviors compared with IPCs. This is because, in conventional com-
posites, the matrix is soft material while the phase of the hard material
is not continuous. During the fracture propagating, the crack will
choose the path of least resistance which is the continuous compliant
matrix. In Fig. 5(b), the crack propagates along the soft material in
conventional composites. By contrast, the structures of 3D periodic IPCs
contain continuous hard and soft materials with multiple constrains
which will inhibit the crack propagation in only one phase. The fracture
toughness, Kjc at the crack initiation of each composite calculated
based on Equation (S9), is plotted in Fig. 5(b). Here, we demonstrate
that the detection and measurement of cracks, particularly in the early
stages of a specimen's life, are difficult. Therefore, we first use the DIC
to observe the surface strain contour and the crack occurring. For ex-
ample, Fig. 3(b) clearly shows some white spots which is corresponding
to the initial crack propagation positions even some microcracking
during the crack propagation. Combining the DIC images and the load-
displacement curves, we determine the force P, at the crack initiation.
For most of the samples, we found that the cracks start to propagate
near the point of maximum load. Therefore, we determine that the
initial cracking load P, is equal to the maximum load P,. However,
there may exist two different situations. When the original crack tip is
in the hard material phase, the force P, at the crack initiation is equal to
the maximum force P,,, such as at the point ¢3 of IPC-FCC (Fig. 3 (a)).
While when the original crack tip is in the soft material phase, such as
in the IPC-BCC, the crack will first propagate in the soft phase before
reach the hard phase. This process causes a first max force P,,;, a stage
and a second max force P,,,. Because our composites are non-homo-
geneous materials and for the fair comparison, we determine the force
P, at the crack initiation is equal to the second maximum force P,,,. As
expected, the IPCs achieve a higher fracture toughness than that of
conventional PC, FC, LC composites. For example, the fracture tough-
ness of FCC IPCs is about 16 times of that of FCC PCs. Therefore,
combining additive manufacturing methods such as 3D printing tech-
nique, we provide a new insight to design periodic IPCs with complex
3D structures to achieve enhanced fracture behaviors.

3.2. Effect of material properties of compositions

3D printing technique not only enables the fabrication of complex
structures in a timely and cheap manner but also allows for manu-
facturing composites with various combination of compositions. For
example, IPCs with filled lattice structures including polyurethane/sand
[53], metal/nano-particle liquid [54], and glassy polymer/rubber [55]
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Fig. 5. 3-point bending tests of the SENB specimens of IPCs, PCs, FCs and LCs. (a) Load-displacement curves. (b) The calculated fracture toughness, K; at zero crack
extension of each IPC, PC, and LC. Images of specimens at failure strain showing the path of crack propagation for the SC IPC, SC PC, FC90, and LC90. Scale bar: 1 cm.
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toughness, K, normalized toughness T/T, and the normalized stiffness ratio of each composite, Exx/E4. The dashed lines in (c) and (d) are guides to the eye. Here

the volume fraction of material A is 50% for each composite.

all exhibit enhanced energy absorption ability. It has been also shown
that the contrasts of the compositions have a significant impact on the
mechanical response and fracture toughness [56-58]. Here the effect of
stiffness ratio of two materials, Eg/E5, on the evolution of fracture
toughness is investigated. The material properties of the individual
constituent materials are found by tensile testing of dogbone specimens
comply with the ones prescribed by the ASTM D412 and ASTM D638.
Fig. 6(a) presents the stress-strain relations of six different constitutive
materials. It is clearly noted that material A, B4, and B5 behave relative
stiff and brittle like glassy polymers while material B, B1, B2, and B3
are complaint ductile which are rubber-like polymers. The calculated
tension modulus varies from around 1 MPa to 1 GPa, result in the
stiffness ratios from 0.001 to 1 as shown in Fig. 6(a). However, material
B1—BS5 are constructed from a mix of material A and B and the mixing
ratios are preprogrammed in the 3D printer and cannot be changed in
the current setup. Therefore, the limited selection of materials available
in Objet printing system constrains the value of stiffness ratio could not
reach from 0.02 to 0.8. Fig. 6(b) displays the load-displacement re-
sponse of SENB samples with a variety of constituent materials. The
load-displacement curves indicate a wide variation of composite be-
havior as the constitutive behavior of the matrix (B) is tuned. It is
clearly noticed that the composites transition in behavior from very stiff
and brittle to a complaint ductile response. Moreover, the Ashby plots
(Fig. 6(c)-(d)) show the relationship between the fracture toughness at
crack initiation, K¢, the normalized toughness, T/T, and the stiffness
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ratio, Eg/Ea, the normalized stiffness of composites Exx/Es, respec-
tively. First, the fracture toughness at zero crack extension increases
with increasing the stiffness ratio because the initial fracture toughness
based on ASTM E1820 is largely affected by the maximum loading force
during bending tests of SENB specimens and the stiffness of the com-
posites. Therefore, the composites with stiffer and stronger matrix
materials have larger fracture toughness at zero crack extension.
Nonetheless, the displayed Ashby plots exhibit different trends for the
normalized toughness which is a performance of engineered composites
during the whole crack propagation process before catastrophic failure.
It's shown that more compliant matrix phase is capable of creating
tougher composites. This phenomenon is due to the fact that the weaker
phase shifts the nature of load transfer in the composite to a more ad-
vantageous one [56]. Indeed, this mechanism has been observed in
many biological materials [52]. These findings indicate that it is indeed
possible to tune the interactions of the composite constituent phases
through controlling the stiffness ratio to fundamentally alter the frac-
ture mechanical properties of the composites.

3.3. Effect of volume fraction of each phase

It has been demonstrated the inherent architectures of IPC are of
great importance to their fracture behavior [14,24,25]. Here, the effect
of volume fraction on the evolution of fracture toughness is quantified
(Fig. 7(a)). With the increase of volume fraction of the hard material,


http://www.astm.org/Standards/D412
http://www.astm.org/Standards/ASTM
http://www.astm.org/Standards/D638
http://www.astm.org/Standards/E1820

T. Li et al.

—_
QO
~—
—
N

K,.=2.28p"*MPa-m'"

o
©

o
o))

©
w

Fracture toughness, K. (MPa-m"?)

o

oo

Volume Fraction

Composites Science and Technology 167 (2018) 251-259

—~~

O

S—
-—
N

—
-—

—_
o
T

Fracture toughness, K, (MPa-m'?)

o
©

15 30 45 60 75 90
Printing direction, 6 (°)

0

Fig. 7. The effect of the volume fraction of material A on the mechanical response of FCC IPCs. (a) The calculated fracture toughness, K; at zero crack extension of the
FCC IPC with different volume fractions. The effect of the 3D printing direction on the mechanical response of FCC IPCs. (b) The calculated fracture toughness, K; at
zero crack extension of IPCs. The inset schematically illustrates the printing direction. The dashed line is the fitting curve.

FCC IPCs exhibit a higher fracture toughness. This is because the load is
mainly carried by the glassy polymer phase so that the composites with
a higher content of material A show higher stiffness and strength. For
cellular materials, such as metal foams and lattice structure, the rela-
tion between the effective elastic properties such as the elastic modulus
E and the relative density g can be described by a power law E ~ g"
[59]. The scaling law is used to quantify the relation between the
fracture toughness and the volume fraction of material A as Kj;c = Cp".
For FCC IPCs, the scaling exponent n fitting from the experimental re-
sults equal to 1.32. This nearly linear scaling relation indicates that it’s
possible to design lightweight yet toughen composites. These results
suggest good ability to tailor the geometric features of architected IPCs
to achieve tunable mechanical properties and fracture toughness for
purposeful mechanical applications.

3.4. Effect of 3D printing orientation

The effect of the 3D printing direction is also investigated on the
mechanical response and fracture toughness of SENB samples as shown
in Fig. 7(b). It can be seen that the direction of 3D-printing clearly
influenced the fracture toughness. Note that the fracture toughness for
composites printed in 0° and 90° directions are almost the same,
whereas the weakest direction is depicted in 45° directions. This is
because 3D printing induces anisotropy [60]. The 3D printed photo-
polymers exhibit that the elastic behavior, yield behavior, and plastic
deformation all depend on the printing direction. Moreover, the ma-
terial strength is highly anisotropic, which is usually much weaker
along the printing direction. Considering the anisotropy effect inherited
from the layer-wise processing feature, all the previous 3D printed
samples except this group are fabricated along 0° directions. This
finding suggests that fracture properties of IPC can be tailored by
controlling the printing directions, thereby offering opportunities to
design tough composites subjected to prescribed loading directions.

4. Conclusion

Through integrative rational design, 3D printing, and mechanical
testing, we have quantitatively demonstrated that architected IPCs
show improved fracture toughness compared with other conventional
structured composites. Crack-bridging, process zone formation, and
crack-deflection contribute to the enhanced fracture toughness, which
are intrinsically controlled by the rationally designed interpenetrating

architectures. A moderate increase in fracture resistance with crack
growth is observed for the 3D printed IPCs. The proposed IPCs with the
rod-connected counterparts and their inverse domains can be designed
and tailored readily compared with other IPCs. Moreover, with the
advance of 3D printing, the architected IPCs proposed here exhibit
tunable fracture toughness, which enables the proposed architected IPC
to confront complex loading conditions. Specifically, it's found that the
interaction between a stiff and soft phase in an IPC could be tailored to
create a tunable material system that exhibits significant stiffness
combined with superior toughness. With the advance of additive
manufacturing, it is possible to manufacture the proposed IPCs with
different types of constitutive materials at various length scales, en-
abling us to further explore other material properties and functional-
ities, such as transport, thermal, phononic, and photonic to name a few.
The findings presented here open avenues to explore advanced archi-
tected composites with multifunctionalities and tailorable properties
through integrating rational architecture design and the state-of-the-art
manufacturing techniques. Ongoing and future research addresses some
approaches to simulate the mechanical properties especially the frac-
ture behavior of these architected IPCs.
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