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ANISOTROPIC STRUCTURE TO CONTROL NUCLEATION AND
PROPAGATION: FRACTURE DIODES

The contents of this chapter are also presented in "Fracture Diodes: Directional
Asymmetry of Fracture Toughness" by N.R. Brodnik, S. Brach, C.M. Long, K.
Bhattacharya, B. Bourdin, K.T. Faber, and G. Ravichandran, which is currently in
preparation. N.R. Brodnik led the experimental portion of the work, and was assisted
by C.M. Long. S. Brach led the numerical simulations. Bhattacharya and Bourdin
supervised the numerical simulations while Faber and Ravichandran supervised the
experimental work. All authors were involved in discussing all aspects of the work,
and preparing the manuscript.

0.1 Introduction
In the previous chapter, the effect of anisotropic structure on fracture properties was
discussed in the context of the effect of inclusion structure on crack propagation.
Surfing load experimentswere used to provide stable crack growth, but all observations
of mechanical response were made well within the crack propagation regime, and
crack tip position was always readily identifiable. However, if designed anisotropy is
to be suitable as a toughening mechanism in practical applications, the anisotropic
structures must be able to function in scenarios where loading occurs well before
macro-scale crack propagation has begun. This means exploring the effects of
designed anisotropic structure on both nucleation and propagation of the crack.

The surfing load experiments explored in Chapter 2 provided a promising means to
investigating designed anisotropy under stable crack growth conditions, but some
characterization limitations arose when exploring anisotropic structures. The first
limitation was related to crack pinning and subsequent unstable propagation events.
Because load progression was displacement controlled, stability was lost during
nucleation and renucleation events because the crack would arrest, but the sample
would continue to be loaded as it travelled along the diverging rail. This load buildup
led to sudden propagation events, where the crack would propagate too quickly to
be properly characterized. The second limitation with the surfing load condition
was related to directionality. Because the surfing load applies a controlled load
from a single direction, anisotropic toughness can only be explored by directly
characterizing and comparing the toughness values of anisotropic structures from
different orientations, which can prove difficult due to the already mentioned crack
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pinning and unstable propagation.

The focus of this chapter is to demonstrate the influence of designed directional
asymmetry on bulk fracture under loading scenarios that do not require stable growth
of a preexisting crack. These scenarios were investigated by changing the loading
condition to be unbiased, and exploring failure from a phenomenological standpoint.
Under unbiased loads, such as uniaxial tension, because failure is equally possible
from multiple directions, the effect of structural asymmetry manifests through
consistent fracture from a particular direction rather than as differences in fracture
toughness. The possibility of this was suggested in numerical simulations by Hossain
et al.[1] through the exploitation of material architecture that lacks mirror symmetry.
Consistent directional failure under unbiased loading also inspired the name "fracture
diodes" for specimens exhibiting this phenomenon. The current work explores the
potential of this phenomenon through numerical simulation, and demonstrates it
experimentally by realizing asymmetric microstructures through 3D printing of a
brittle photopolymer.

0.2 Methods
0.3 Specimen Design
Since this investigation was centered on the mode and direction of the failure event
rather than the measured toughness, the design for the fracture diode specimens was
chosen to be relatively simple. The asymmetric inclusions were chosen to be triangles
and the inclusion phase was chosen to be a void, rather than the partial changes
in thickness used in the surfing load investigations. This meant that in addition
to the voids acting as a compliant inclusion phase, any cracks that formed in the
brittle polymer would have to renucleate out of each void, allowing for investigations
into both nucleation and propagation. This simple arrangement of triangular voids
was also well-suited to numerical investigation, as continuum simulations of a
single phase with voids are not less computationally demanding than more complex
structures. An example of a simulation domain and analogous printed specimen is
shown in Figure 0.1.

0.3.1 Numerical Methods
Variational phase-field simulations Similar to the surfing load tests, crack propa-
gation in the fracture diodes was investigated numerically through the variational
fracture approach developed by Bourdin et al.[2, 3] For these numerical analyses, the
photopolymer system was treated as a perfectly-brittle elastic material. The crack
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Figure 0.1: An example pattern of asymmetric triangular voids used for the numerical
simulations (left) and experimental tests (middle). The inset (right) shows the relevant
geometrical parameters of the triangular voids as well as the directions of crack
propagation considered in this study, labeled here as ‘forward’ and ‘backward’ with
respect to void orientation.

propagates through this established domain as a damage phase rather than a strict
discontinuity, with completely damaged phase being unable to bear any load. Within
this domain, the brittle phase through which the crack travels is discretized into a
mesh structure and the crack has an established nucleation length which describes
both its half-width and the minimum discrete length over which it can nucleate or
propagate. The mesh structure used to describe the homogeneous brittle phase is
chosen to be much smaller than the characteristic nucleation length in the area around
the inclusions, but is then coarsened away from the inclusions for computational
efficiency. An example mesh is shown in Figure 0.1.

The fracture problem is solved by alternatively minimizing the total energy functional
with respect the two state variables, which are the damage phase and the displacement.
The constrained minimization with respect to the damage phase is implemented using
the variational inequality solvers provided by PETSc [4–6], whereas the minimization
with respect to displacement field is a linear problem, solved by using preconditioned
conjugated gradients. All computations are performed by means of the open source
code mef901.

All equations used in the numerical analyses are non-dimensionalized, and geometri-
cal parameters are chosen to match the experimental configurations chosen for the
printed diode structures.

Numerical Load Configurations The focus of this investigation was to look at
the phenomenological aspects of failure and evaluate how designed anisotropy could

1Available at https://www.bitbucket.org/bourdin/mef90-sieve.


