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A B S T R A C T   

A numerical model based on crack phase field analysis is introduced to study the quasi-static fracture process in 
interpenetrating phase composites (IPCs). Materials were considered elastic solids, and the interface was 
assumed to be perfectly bonded. Tougher and stiffer tougheners lead to more fracture in the brittle phase, but less 
fracture in the toughening phase. Thus, the overall fracture performance results from competition between 
increasing breakage in the brittle phase and declining breakage in the toughening phase. The toughening 
mechanisms are discussed from both stress-strain and crack topology viewpoints. The toughening phase transfers 
the load from the crack tip to the whole domain until the maximum stress is reached, and impeded crack growth 
occurs afterwards. The load transferring and impediment effects made the brittle phase engage in fracture, and 
several crack propagation patterns were identified for the sacrificial fracture behaviour, namely, crack deflection, 
crack bridging, crack branching, microcracking and crack blocking. Moreover, fracture in three different mi
crostructures (co-continuous, particle-reinforced, laminar) was compared, and the most effective toughening 
morphology depends on the tougheners and the loading states. This methodology enables optimum micro
structures to be identified to achieve high toughness in aerospace and energy generation applications, increasing 
safety and reducing weight.   

1. Introduction 

Preparing composites is an important strategy to enhance the me
chanical performance of brittle materials with desired functionality. 
According to the morphology of the brittle matrix and tougheners, 
composites are divided into three types: Interpenetrating Phase Com
posites (IPCs), Particle-Reinforced Composites (PRCs), and Laminar 
Composites (LCs). IPCs are composed of two phases with a 3D spatially 
interconnected structure, and each phase is self-supporting. Benefitting 
from the co-continuous structures, IPCs enable an exciting design 
strategy which has been demonstrated in structural materials [1–3], 
solid batteries [4], semiconductors industry [5,6], biomedical materials 
[7], and soft actuators [8–10]. 

In applications such as aerospace structures, the mechanical prop
erties of IPCs are of great significance, and have been extensively 
researched. Experiments using different composite systems have 
demonstrated that, in comparison with a particle-reinforced 

morphology, the co-continuous morphology greatly enhanced fracture 
toughness [11–14], impact strength [11,12,15–17], and fatigue prop
erties [18]. Simulation models have also been proposed to predict the 
mechanical behaviours of IPCs. Based on the element free Galerkin 
method, Agarwal et al. [19] used the Ramberg-Osgood model to simu
late the elastoplastic behaviour, and a progressive damage model to 
mimic the failure of IPCs. Xie et al. [20] used a 3D finite element (FE) 
model to generate IPCs and investigated the elastic and elastoplastic 
behaviours. Zhang and colleagues [21] numerically predicted the 
stress-strain curves and von Mises stress maps of various 3D-printed IPCs 
under compression. 

The toughening mechanisms of IPCs have also been investigated. 
Cavitation and void growth [13,22], as well as plastic deformation [13, 
17,23], were demonstrated, and the effect of interface on them was 
studied in PLA/PA11 [17] and PLA/PMMA grafted natural rubber 
thermoplastic vulcanizates [13]. When the interface was weak, the crack 
nucleates and grows along the interface zone, leading to a brittle 
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fracture surface from the pull-out effect. When the interfacial adhesion 
was improved, the fracture surface became much rougher because of the 
formation of highly stretched bridging microfibrils. In addition, based 
on the crack growth topology, crack deflection, crack bridging and 
microcracking [14,22,24] were also reported. 

Although the above studies provide good explanations for the su
perior mechanical properties of IPCs, they have not placed any emphasis 
on the role of the co-continuous microstructures. Recently, sacrificial 
fracture behaviours have been proposed in interconnected structures [8, 
25–27]. The sacrificing concept has been previously reported in 
double-network (DN) hydrogels and elastomers [28–31], which are 
composed of two interconnected polymeric networks with distinct me
chanics, and display much higher fracture energy compared with 
traditional gels. Sacrificial behaviour occurs when the stiff network 
breaks massively, acting as sacrificial bonds, while the soft network 
maintains the structural integrity upon stretching. The load between the 
two networks is transferred via molecular interactions such as physical 
crosslinking. Considering that IPCs have a similar double-phase 
network, it is not hard to imagine that sacrificial toughening mecha
nisms exist in co-continuous composites. 

In this work, we explore the mechanical behaviours and sacrificial 
toughening mechanisms in IPCs via simulations. A crack phase field 
model is employed to study tensile fracture in epoxy IPCs formed by 
spinodal decomposition. This paper presents a description of the nu
merical models applied to investigate the toughening mechanisms and 
quantitative evaluations of fractures in co-continuous structures. 
Moreover, fracture in different microstructures was compared to iden
tify the most effective morphology. This methodology enables industry 
and researchers to identify the optimum microstructures for high 
toughness in aerospace and energy generation applications, increasing 
safety and reducing weight. 

2. Methods 

2.1. Simulation setup 

Considering the complexity of co-continuous structures, it is hard to 
sketch the morphology manually. In this study, a two-step simulation 
strategy was adopted. The morphology of brittle matrix and tougheners 
were obtained by simulation of the phase separation process and then 
used as the basis for the fracture analysis. A domain size of 100 μm * 100 
μm was selected as being suitable to capture the features of the typical 
microstructure and was meshed into identical square elements with 

element size hFEM, as shown in Fig. 1a. A value of hFEM = 1 μm was used 
for the numerical simulation, and hFEM = 5 μm is shown in Fig. 1a for 
clear viewing. 

First, algorithms to generate the morphology were implemented, and 
accordingly, the domain was divided into an epoxy-rich phase (EP) and a 
toughening phase (TP) with the same volume fraction. The interface 
between phases was considered perfect bonding. Fig. 1b displays the 
microstructures investigated in this study: co-continuous microstructure 
(IPC), particulate microstructure (PRC) and laminar microstructure 
(LCV or LCH). For co-continuous and particulate microstructures, five 
IPC specimens and five PRC specimens were randomly generated. The 
simulation details are given in Section 2.2, and the obtained morphol
ogies are shown in Fig. S1 in the supporting information. For the laminar 
microstructure, laminar composite (LC) specimens were generated via 
customized codes. When the crack direction was perpendicular to the 
laminar alignments (vertical), the specimen is denoted LCV, and when 
parallel (horizontal) is denoted LCH. It should be noted that LCV spec
imen and LCH specimen are unique, so only a single microstructure is 
required for analysis. 

In the fracture simulation, a 20-μm-long single-edge notch was 
introduced, and the crack tip was always located in the epoxy-rich 
phase. The specimens were fixed at the bottom boundary and 
stretched at the top boundary with a constant increment size of 1 × 10−6 

mm (Fig. 1c). For a piece of single-phase material, the stress-strain curve 
and crack pattern are presented in Fig. 1d, and the toughness Γ is 
defined as the area under the stress-strain curve. The details of the crack 
phase field method are given in Section 2.3. 

2.2. Simulating morphology development via phase separation 

In a binary system, an initially uniform blend can divide into mul
tiple phases upon heating or reaction. A mathematical description of the 
morphology evolution is given by the Cahn-Hilliard equation [32], 

∂c
∂t

=MΔ
[

df (c)
dc

− γΔc
]

(1)  

where c is the concentration of one component, t is time, M is the 
mobility coefficient, γ is a constant related to interphase thickness, 
and f(c) is a free energy density function. In the phase separation 
simulation, periodic boundary conditions were adopted for the domain. 
A time step dt = 5 × 10−6 s, mobility coefficient M = 1 m2/s, γ = 0.01 
m2/s, and f(c) = 100⋅c2⋅(1-c)2 were used. An initial c value was 
randomly assigned, with normal distribution N(c0, 0.01), to each 

Fig. 1. Schematic of fracture simulation. (a) The domain is meshed by identical square elements. hFEM = 5 μm for clear viewing; (b) Microstructures investigated in 
this study; (c) Boundary conditions for fracture analysis; (d) Simulation results from a single-phase material. 
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element at t = 0. Depending on the initial concentration c0, the resulting 
phase morphology can be either particulate (Fig. 2a) or co-continuous 
(Fig. 2b). The numerical simulation of phase separation was per
formed using an open-source Python code provided by FEniCS [33,34]. 
A cut-off value of concentration was applied to distinguish the 
epoxy-rich phase and toughening phase, and the cut-off value was 
adjusted to ensure that the two phases have the same volume fraction. 

2.3. Crack phase field analysis 

An open-source Abaqus implementation of the crack phase field 
analysis [35] was employed to investigate the fracture of the compos
ites. In the model, a crack was denoted by a continuous scalar d ∈ [0, 1], 
where d = 0 represents intact material and d = 1 represents the fully 
broken state, and its characteristic width was considered as constant, lc 
= 2hFEM = 2 μm. Materials were taken as elastic solids, and their me
chanical behaviours were defined by two parameters, tensile modulus E 
and fracture surface energy density gc. To investigate the effect of 
tougheners, we kept gc, EP = 40 J/m2 and EEP = 4 GPa, and changed gc, TP 
and ETP. As shown in Table S1, the tougheners with different gc,TP and 
ETP were denoted as TPij, i = A, B, C, D standing for gc,TP = 500, 200, 80, 
40 J/m2, and j = 1, 2, 3, 4 standing for ETP = 4, 2, 1, 0.5 GPa. For 
example, TPA1 means tougheners with gc,TP = 500 J/m2 and ETP = 4 
GPa. The IPC-TPD1 specimens were identical to the EP specimen. The 
effects of the model parameters on the stress-strain behaviours of the 
tougheners are presented in Fig. S2. 

3. Results and discussion 

3.1. Relationship between stress-strain curves and co-continuous 
structures 

The tensile behaviour of the EP and the IPC-TPA2 specimens are 
presented in Table 1 and Fig. 3. Compared with the EP specimen, the IPC 
specimens are much stronger and tougher, but less stiff. This is as ex
pected, in accordance with the properties of the tougheners. Crack 
patterns are presented at four selected points for each IPC specimen: 
crack nucleation, maximum stress, catastrophic crack propagation, and 
final rupture. Crack nucleation (point 1) is defined when the maximum 

crack phase field d is larger than 0.9 within the whole domain. Although 
the crack nucleated in the epoxy-rich phase (Fig. 3, a1-e1), the IPCs 
show a larger strain at crack nucleation and greater Ultimate Tensile 
Strength (UTS) compared with the EP specimen. These are because the 
load is transferred from the crack tip to the whole specimen via the 
continuous TP networks (Fig. 3 a2-e2), and the load transferring effect is 
less likely to be affected by the co-continuous patterns. Afterwards, 
unstable crack growth in EP network leads to a dramatically reduced 
stress (point 3), and upon further stretching, the final rupture of the 
specimen occurs (point 4). At this stage, the TP network was not able to 
relieve the stress concentration effectively and played the role of the 
impediment to crack growth. In the IPC1 and IPC2 specimens, a slight 
toughening effect after point 2 can be observed, because crack growth 
was hindered by the tougheners (Fig. 3, a3 & b3). After the crack 
penetrated the impeded tougheners, the final rupture occurred quickly 
(Fig. 3, a4 & b4). Compared with the other IPC-TPA2 specimens, they 
have similar toughness values due to the similar crack growth processes. 
The IPC3 specimen showed the lowest toughness since the crack was 
barely impeded after the UTS, (Fig. 3, c1-c4). The difference between the 
strain at point 2 and the strain at point 4 is only 0.3%, indicating a large 
portion of brittle fracture with little toughening effect. In the IPC4 
specimen, the maximum tensile strength and strain at crack nucleation 
were observed, as the precut crack was blocked by the tougheners. In the 
IPC5 specimen, the crack propagated in the parallel aligned EP networks 
and formed extensive crack branches (Fig. 3, e2 & e3). This special co- 
continuous pattern made IPC5 specimen the toughest specimen among 
this group, being almost twice as tough as the IPC3 specimen. Above all, 
the crack resistance after point 2 and the strain at rupture are dominated 

Fig. 2. Morphology development of (a) particulate microstructure, and (b) co-continuous microstructure via phase separation depending on the initial concen
tration, c0. 

Table 1 
Mechanical properties of IPC specimens with TPA2 tougheners.  

# E (GPa)a UTS (MPa) εrup (%) Γ (MJ/m3) 

EP 4.50 65.41 2.04 0.74 
IPC1 3.15 93.40 4.72 2.67 
IPC2 3.13 93.70 5.16 2.51 
IPC3 3.14 92.90 3.98 2.09 
IPC4 3.16 103.04 6.72 3.07 
IPC5 3.15 97.78 9.78 3.89  

a Modulus is calculated as the slope between points at ε = 0 & ε = 0.1%. 
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by the impediment effect of the tougheners, which is largely affected by 
the microstructure of the co-continuous patterns. 

3.2. Mechanical performance in IPCs with different tougheners 

Fig. 4 presents the mechanical properties of the IPC specimens with 
different tougheners. It can be seen that tougheners with high gc, TP can 
enhance all the mechanical properties except stiffness, which is only 
related to ETP. The use of a stiffer toughener favours high stiffness and 
strength, but reduces the strain at rupture and toughness. Compared 
with modulus and strength, strain at rupture and toughness are largely 
affected by the co-continuous patterns, as indicated by the size of the 
error bars. This aligns well with the above discussion, where the TP 
networks play the role of impediment after point 2. Note that the outliers 
of IPC-TPB2 in Fig. 4c & d, indicated by the large error bars, were 

induced by the extremely large value in the IPC5-TPB2 specimens, 
where crack blocking occurred. 

In Fig. 5, the volume fraction (Vf) of the broken area of IPC and EP 
specimens is summarized. For comparison, the EP specimen was 
assumed to be composed of half EP networks and half TP networks 
(TPD1). Elements with d > 0.9 were considered as broken, and the Vf of 
the broken area was calculated by: 

Vf of total
/

EP
/

TPbrokenarea=
thenumberof total/EP/TPbrokenelements

thenumberof totalelements
(2)  

where the number of total elements in the present work was 10,000. 
Fig. 5a displays the Vf of the total broken area in different IPCs, and 

the effect of tougheners seems irregular. When the broken area in EP and 

Fig. 3. The relationship between co-continuous patterns and stress-strain curves in the TPA2 group. (a) IPC1; (b) IPC2; (b) IPC3; (d) IPC4; (e) IPC5.  
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TP networks is investigated separately, it can be seen that stiffer 
tougheners lead to more fracture in the epoxy-rich phase (Fig. 5b), but 
less fracture in the toughening phase (Fig. 5c). The effect of increasing 
modulus of the tougheners on the overall mechanical performance is a 
result of competition between increasing breakage in the epoxy-rich 
phase and declining breakage in the toughening phase. This 
competing effect explains the irregularity of Vf of the total broken area 
and the relatively inconspicuous relationship between toughness and 
ETP. 

3.3. Sacrificial toughening mechanism 

As mentioned in the introduction, a brittle matrix can break abun
dantly and act as a sacrificial phase to consume energy in co-continuous 
structures. In the present work, load transferring and impediment of TP 
networks are identified as the reasons for sacrificial fracture mecha
nisms, and as a result, the UTS can be enhanced, and crack patterns are 
displayed. 

3.3.1. From the viewpoint of stress-strain behaviour 
Based on the discussion in Section 3.1, the stress-strain curve can be 

divided into three stages (Fig. 6a): In stage 1, the load transferring 
through tough TP networks plays an important role in relieving the 
stress around crack tip and postponing the crack nucleation. In stage 2, 

even when the crack is starting to propagate, the stress concentration 
can be weakened, and the stress kept increasing until unstable crack 
growth in EP networks occurred. This enhanced stress effect after crack 
nucleation is an important toughening mechanism in co-continuous 
structures and helps to achieve strength-toughness balance. In stage 3, 
TP networks may not effectively release the stress anymore, but still can 
impede the crack growth and so dissipate energy. The strain energy is 
accordingly divided into three terms, e1, e2, and e3, and their depen
dence on tougheners is shown in Fig. 6b-e. All the energy terms are 
favoured by tougher TP networks, and to be noted, e2 is almost 0 when 
gc, TP = gc, EP, indicating tough TP networks are of great significance to 
the stress-enhancing effect. With increasing ETP, the energy before crack 
nucleation (e1) tends to be constant, but the energy during stress 
enhancing (e2) declines (Fig. 6b & c). The non-monotonic trend of e2 in 
the TPB series resulted from the outlier values in IPC4-TPB4 specimen, 
where e1 was abnormally large and e2 was almost zero because crack 
nucleation was blocked. In Fig. 6e, a negative relationship can be 
observed between (e1+e2) and ETP, and the error bars of (e1+e2) are 
much smaller, indicating the effect of the load transferring mechanism 
can be enhanced by tougher and softer tougheners, and is barely related 
to the co-continuous patterns. The irregular trends with ETP and large 
error bars of e3 in Fig. 6d demonstrate the importance of co-continuous 
patterns in this stage, which is reasonable considering that tougheners 
work as impediments to crack growth. 

Fig. 4. Mechanical properties of IPC specimens. (a) Modulus; (b) Ultimate tensile strength; (c) Strain at rupture; (d) Toughness.  

Fig. 5. The volume fraction of (a) Total broken area; (b) Broken EP area; (c) Broken TP area.  
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3.3.2. From the viewpoint of the crack topology 
Five toughening mechanisms based on crack propagation topology 

were identified, as shown in Fig. 7, namely (a) crack deflection, (b) crack 
bridging, (c) crack branching, (d) microcracking, and (e) crack blocking. 
Crack blocking refers to a situation where an existing crack is trapped by 
tougheners and a new catastrophic crack forms somewhere else. 

The effect of TP properties on the crack growth patterns is summa
rized in Fig. 7f. Five specimens with the same tougheners were studied 
as a group, and the frequency of crack deflection, crack bridging, crack 
branching, microcracking, and crack blocking among each group was 
counted. Frequency varied from 0 to 5, while 0 stands for the toughening 
mechanism not being observed in the group, and 5 stands for the 
toughening mechanism being observed in all five specimens in the 
group. Crack deflection always can be observed, as long as mismatches 
between EP and TP exist. All toughening mechanisms were favoured by 
tougher TP networks, especially crack branching, and crack blocking, 
which were not observed in specimens with gc, TP = 80 J/m2 and gc, TP =

40 J/m2. With stiffer tougheners, the frequency of crack bridging and 
microcracking declined, while the frequency of crack branching 
increased. This may suggest that crack bridging and microcracking 

benefit from ductile tougheners, and crack branching requires high 
toughener strength. 

3.4. Fracture performance in different microstructures 

Fractures in co-continuous, particulate, and laminar microstructures 
were compared to identify the effect of microstructures. For all speci
mens, ETP was fixed at 0.5 GPa, and gc, TP varied from 40 J/m2 to 500 J/ 
m2. The toughness of all specimens benefited from increasing gc, TP, but 
the most effective toughening microstructure changes with gc, TP 
(Fig. 8a). When gc, TP is smaller than 100 J/m2, the toughness among the 
IPC, PRC and LCV specimens is similar. Upon increasing gc, TP, the 
toughness of all specimens with different microstructures increases, but 
the IPC and PRC specimens present a marginal decreasing effect of 
toughness gc, TP, while LCV specimens do not. The highest toughness 
occurred in IPC specimens at gc,TP = 200 J/m2, and in the LCV specimen 
at gc,TP = 500 J/m2. The mechanisms responsible for these effects are 
explained below. 

Fig. 6. Energy decomposition of IPC specimens. (a) Schematic of how total energy is divided into e1, e2 and e3; the effect of toughener properties on (b) e1; (c) e2; (d) 
e3; (e) e1 + e2. 
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3.4.1. Comparison between IPC and PRC specimens 
Although IPC and PRC specimens present similar toughness at gc,TP 

= 40 J/m2 and gc,TP = 80 J/m2, their divided energy terms are different. 
The IPCs show a larger (e1 + e2), as shown in Fig. 8b, benefiting from the 
load-transferring effect of the continuous tougheners, and PRCs show 
larger e3 (Fig. 8f), benefiting from crack deflection induced by the soft 
toughener particles (Fig. S5). Note that this modelling assumes perfect 
adhesion between the two phases. When gc, TP increases to 200 J/m2 and 
500 J/m2, the toughness of the IPCs increases mainly resulting from (e1 
+ e2), indicating an enhanced load transferring effect. Compared with 
co-continuous specimens, particle-reinforced specimens present a much 
smaller increment of toughness, as neither (e1 + e2) nor e3 shows a 
significant increase. The reasons are, in PRCs, although the toughening 
particles are becoming tougher, their discrete nature means that it is 
hard to transfer load effectively, and pull-out can substitute for rupture 
of the toughening particles to facilitate crack growth (Fig. 8i & Fig. S5). 
Note also that other mechanisms such as cavitation, not modelled here, 

may also occur for PRCs [36,37]. 

3.4.2. Comparison between IPC and LC specimens 
At a high toughness of gc, TP = 500J/m2, the energy consumed during 

stage 3 of LCV specimen is the main reason why it is the most effective 
toughening morphology, where the rupture of tougheners plays an 
important role. As shown in Fig. 8i, the volume fraction of broken TP 
declines with increasing gc, TP in IPCs and PRCs because tougher mate
rials are more difficult to break. However, the Vf, broken TP in LCV spec
imens was independent of gc, TP, because the unique microstructure 
forces the crack to penetrate tougheners rather than detour tougheners 
(Fig. S5), and this makes LCV benefit most from increasing gc, TP. Note 
that although the maximum toughening effect was obtained in the 
vertical laminar microstructure (LCV), the poorest toughening effect 
was observed in the horizontal laminar microstructure (LCH), whose 
mechanical properties barely benefit from tougheners. The high 
anisotropy in the laminar microstructure suggests that the use of any 

Fig. 7. Crack growth patterns in IPCs. (a) Crack deflection; (b) Crack bridging; (c) Crack branching; (d) Microcracking; (e) Crack blocking; (f) Dependence of crack 
growth patterns on toughener properties. 
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laminar microstructure must be carefully considered during application. 
This concurs with work which has studied the delamination of com
posites, where the orientation of the laminar structure parallel or 
perpendicular to the crack has a very large effect on the toughness. 

4. Conclusion 

A numerical model based on phase field method has been proposed 
to study crack growth in interpenetrating phase composites. It was found 
that with tougher tougheners, the composites always present enhanced 
strength and stretchability, while with stiffer tougheners, the composites 
present enhanced strength, but declined stretchability. It was also found 
that tougher and stiffer tougheners lead to more fracture in the brittle 
phase, but less fracture in the toughening phase, and overall fracture 
performance was a result of competition between them. 

The sacrificial toughening mechanisms were identified from the view 
of stress-strain behaviour and crack topology. Before the maximum 
stress was reached, the toughening phase transferred the load from the 
crack tip to the whole specimen to achieve larger energy consumption, 
and afterwards the tougheners played the role of impediments to crack 
growth. Besides, five crack growth patterns were observed: crack 
deflection, crack bridging, crack branching, microcracking, and crack 
blocking. The frequency of the patterns changed with different 
tougheners. 

Furthermore, the toughening effects in co-continuous (IPC), partic
ulate (PRC), and laminar (LCV & LCH) microstructures were compared. 

With increasing toughness of tougheners, the fracture performance 
presented the most significant enhancement in LCV specimen, while 
negligible benefit in LCH specimen. How tougheners were involved in 
the fracture process is a crucial factor to the results. In addition, 
compared with PRC specimens, IPC specimens showed better perfor
mance because the co-continuous microstructure contributed to a better 
load-transferring effect. 
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