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Editor’s Preface

This book consists of 9 chapters encompassing both the fundamental
aspects of dynamic fracture mechanics as well as the studies of fracture
mechanics in novel engineering materials. The chapters have been
written by leading authorities in various fields of fracture mechanics
from all over the world. These chapters have been arranged such that the
first five deal with the more basic aspects of fracture including dynamic
crack initiation, crack propagation and crack arrest, and the next four
chapters present the application of dynamic fracture to advanced
engineering materials.

The first chapter deals with the atomistic simulation of dynamic
fracture in brittle materials as well as instabilities and crack dynamics at
interfaces. This chapter also includes a brief introduction of atomistic
modeling techniques and a short review of important continuum
mechanics concepts of fracture. The second chapter discusses the
initiation of cracks under dynamic conditions. The techniques used for
studying dynamic crack initiation as well as typical results for some
materials are presented. The third chapter discusses the most commonly
used experimental technique, namely, strain gages in the study of
dynamic fracture. This chapter presents the details of the strain gage
method for studying dynamic fracture in isotropic homogenous
materials, orthotropic materials, interfacial fracture between isotropic-
isotropic materials and interfacial fracture between isotropic-orthotropic
materials. In the fourth chapter important optical techniques used for
studying propagating cracks in transparent and opaque materials are
discussed. In particular, the techniques of photoelasticity, coherent
gradient sensing and Moire’ interferometry are discussed and the results
of dynamic fracture from using these methods are presented. The fifth
chapter presents a detailed discussion of the arrest of running cracks. The
sixth chapter reviews the dynamics of fast fracture in brittle amorphous
materials. The dynamics of crack-front interactions with localized
material inhomogeneities are described. The seventh chapter investigates
dynamic fracture initiation toughness at elevated temperatures. The
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experimental set-up for measuring dynamic fracture toughness at high
temperatures and results from a new generation of titanium aluminide
alloy are presented in detail. In chapter eight the dynamic crack
propagation in materials with varying properties, i.e., functionally graded
materials is presented. An elastodynamic solution for a propagating crack
inclined to the direction of property variation is presented. Crack tip
stress, strain and displacement fields are obtained through an asymptotic
analysis coupled with displacement potential approach. Also, a
systematic theoretical analysis is provided to incorporate the effect of
transient nature of growing crack-tip on the crack-tip stress, strain and
displacement fields. The ninth chapter presents dynamic dynamic
fracture in a nanocomposite material. The complete history of crack
propagation including crack initiation, propagation, arrest and crack
branching in a nanocomposite fabricated from titanium dioxide particles
and polymer matrix is presented.

I consider it an honor and privilege to have had the opportunity to edit
this book. I am very thankful to all the authors for their outstanding
contributions to this special volume on dynamic fracture mechanics. I am
also thankful to my graduate student Mr. Srinivasan Arjun Tekalur for
helping me put together this book. My special thanks to the funding
agencies National Science Foundation, Office of Naval Research and the
Air Force Office of Scientific Research for funding my research on
dynamic fracture mechanics over the years.

Arun Shukla
Simon Ostrach Professor
Editor
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Chapter 1

Modeling Dynamic Fracture Using Large-Scale
Atomistic Simulations

Markus J. Buehler

Massachusetts Institute of Technology,
Department of Civil and Environmental Engineering
77 Massachusetts Avenue Room 1-272, Cambridge, MA., 02139, USA
mbuehler@MIT. EDU

Huajian Gao

Max Planck Institute for Metals Research
Heisenbergstrasse 3, D-70569 Stutigart, Germany

We review a series of large-scale molecular dynamics studies of
dynamic fracture in brittle materials, aiming to clarify questions such as
the limiting speed of cracks, crack tip instabilities and crack dynamics
at interfaces. This chapter includes a brief introduction of atomistic
modeling techniques and a short review of important continuum
mechanics concepts of fracture. We find that hyperelasticity, the
elasticity of large strains, can play a governing role in dynamic fracture.
In particular, hyperelastic deformation near a crack tip provides
explanations for a number of phenomena including the “mirror-mist-
hackle” instability widely observed in experiments as well as
supersonic crack propagation in elastically stiffening materials. We also
find that crack propagation along interfaces between dissimilar
materials can be dramatically different from that in homogeneous
materials, exhibiting various discontinuous transition mechanisms
(mother-daughter and mother-daughter-granddaughter) to different
admissible velocity regimes.
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1. Introduction

Why and how cracks spread in brittle materials is of essential interest
to numerous scientific disciplines and technological applications [1-3].
Large-scale molecular dynamics (MD) simulation [4-13] is becoming an
increasingly useful tool to investigate some of the most fundamental
aspects of dynamic fracture [14-20]. Studying rapidly propagating
cracks using atomistic methods is particularly attractive, because cracks
propagate at speeds of kilometers per second, corresponding to time-and
length scales of nanometers per picoseconds readily accessible within
classical MD methods. This similarity in time and length scales partly
explains the success of MD in describing the physics and mechanics of
dynamic fracture.

1.1 Brief review: MD modeling of fracture

Atomistic simulations of fracture were carried out as early as 1976,
in first studies by Ashurst and Hoover [21]. Some important features of
dynamic fracture were described in that paper, although the simulation
sizes were extremely small, comprising of only 64x16 atoms with crack
lengths around ten atoms. A later classical paper by Abraham and
coworkers published in 1994 stimulated much further research in this
field [22]. Abraham and coworkers reported molecular-dynamics
simulations of fracture in systems up to 500,000 atoms, which was a
significant number at the time. In these atomistic calculations, a Lennard-
Jones (LJ) potential [23] was used. The results in [22, 24] were quite
striking because the molecular-dynamics simulations were shown to
reproduce phenomena that were discovered in experiments only a few
years earlier [25]. An important classical phenomenon in dynamic
fracture was the so-called “mirror-mist-hackle” transition. It was known
since 1930s that the crack face morphology changes as the crack speed
increases. This phenomenon is also referred to as dynamic instability of
cracks. Up to a speed of about one third of the Rayleigh-wave speed, the
crack surface is atomically flat (mirror regime). For higher crack speeds
the crack starts to roughen (mist regime) and eventually becomes very
rough (hackle regime), accompanied by extensive crack branching and
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perhaps severe plastic deformation near the macroscopic crack tip. Such
phenomena were observed at similar velocities in both experiments and
modeling [25]. Since the molecular-dynamics simulations are performed
in atomically perfect lattices, it was concluded that the dynamic
instabilities are a universal property of cracks, which have been subject
to numerous further studies in the following years (e.g. [26]).

The last few years have witnessed ultra large-scale atomistic
modeling of dynamical fracture with system sizes exceeding one billion
atoms [4, 5, 12, 13, 27, 28]. Many aspects of fracture have been
investigated, including crack limiting speed [10, 29-31], dynamic
fracture toughness [32] and dislocation emission processes at crack tips
and during nanoindentation [33, 34]. Recent progresses also include
systematic atomistic-continuum studies of fracture [29-31, 35-38],
investigations of the role of hyperelasticity in dynamic fracture [30, 39]
and the instability dynamics of cracks [22, 24, 39]. A variety of
numerical models have been proposed, including concurrent multi-scale
schemes that combine atomistic and continuum domains within a single
model {40-48].

1.2 Qutline of this chapter

In this chapter, we mainly focus on the work involved by the authors
in using simplistic interatomic potentials to probe crack dynamics in
model materials, with an aim to gain broad insights into fundamental,
physical aspects of dynamic fracture.

A vparticular focus of our studies is on understanding the effect of
hyperelasticity on dynamic fracture. Most existing theories of fracture
assume a linear elastic stress—strain law. However, the relation between
stress and strain in real solids is strongly nonlinear due to large
deformations near a moving crack tip, a phenomenon referred to here as
hyperelasticity. Our studies strongly suggest that hyperelasticity, in
contrast to most of the classical linear theories of fracture, indeed has a
major impact on crack dynamics.
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Fig. 1. Subplot (a): A schematic illustration of the simulation geometry used in our large-
scale atomistic studies of fracture. The geometry is characterized by the slab width l,

and slab length ly , and the initial crack length ¢. We consider different loading cases,

including mode I, mode II (indicated in the figure) and mode III (not shown). Subplots
(b) and (c) illustrate two different possible crack orientations. Configuration (b) is used
for the studies discussed in Sections 3 and 5, whereas configuration (¢) is used for the
studies described in Section 4. The orientation shown in subplot (c) has lower fracture
surface energy than the orientation shown in subplot (b).

The plan of this chapter is as follows. First, we review atomistic
modeling techniques, in particular our approach of using simple model
potentials to study dynamic fracture. We will then cover three topics: (i)
confined crack dynamics along weak layers in homogencous materials,
focusing on the crack limiting speed (Section 3), (ii) instability dynamics
of fracture, focusing on the critical speed for the onset of crack instability
(Section 4), and (iii) dynamics of cracks at interfaces of dissimilar
materials (Section 5). Whereas cracks are confined to propagate along a
prescribed path in Section 3, they are completely unconstrained in
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Section 4. Section 5 contains studies on both constrained and
unconstrained crack propagation. We conclude with a discussion and
outlook to future research in this area.

2. Large-scale atomistic modeling of dynamic fracture: A
fundamental viewpoint

2.1 Molecular dynamics simulations

Our simulation tool is classical molecular-dynamics (MD) [23, 49].
For a more thorough review of MD and implementation on
supercomputers, we refer the reader to other articles and books [19, 23,
50-52]. Here we only present a very brief review. MD predicts the
motion of a large number of atoms governed by their mutual interatomic
interaction, and it requires numerical integration of Newton’s equations
of motion usually via a Velocity Verlet algorithm [23] with time step At
on the order of a few femtoseconds.

2.2 Model potentials for brittle materials: A simplistic but powerful
approach

The most critical input parameter in MD is the choice of interatomic
potentials [23, 49]. In the studies reported in this article, the objective is
to develop an interatomic potential that yields generic elastic behaviors
at small and large strains, which can then be linked empirically to the
behavior of real materials and allows independent variation of
parameters governing small-strain  and large-strain  properties.
Interatomic potentials for a variety of different brittle materials exist,
many of which are derived form first principles (see, for example [53-
55]). However, it is difficult to identify generic relationships between
potential parameters and macroscopic observables such as the crack
limiting or instability speeds when using such complicated potentials.
We deliberately avoid these complexities by adopting a simple pair
potential based on a harmonic interatomic potential with spring constant
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k,. In this case, the interatomic potential between pairs of atoms is
expressed as

1 2
¢(r)=a0+§k0(r—ro) , ¢))

where 7,denotes the equilibrium distance between atoms, for a 2D
triangular lattice, as schematically shown in the inlay of Figure 1. This
harmonic potential is a first-order approximation of the Lennard-Jones
12:6 potential [23], one of the simplest and most widely used pair

potentials defined as
1% ToTe
#(r) =4 {7} —[7} - @

We express all quantities in reduced units, so that lengths are scaled
by the LJ-parameter o which is assumed to be unity, and energies are
scaled by the parameter s, the depth of the minimum of the LJ
potential. We note that corresponding to choosing £ =1 in eq. (2), we
choose a, =—1 in the harmonic approximation shown in eq. (1).
Further, we note that 7, = 2 ~1.12246 (see Figure 1). Note that the
parameter ¢ is coupled to the lattice constant g as o =a/ V2142
The reduced temperature is k,7 /& with k, being the Boltzmann
constant. The mass of each atoms in the models is assumed to be unity,
relative to the reference mass m . The reference time unit is then given
by t"=+m'c*/¢ . For example, when choosing electron volt as
reference energy (& =1¢eV), Angstrom as reference length (o =1 A),
and the atomic mass unit as reference mass (7 =1 amu), the reference
time unit corresponds to ¢ =~ 1.01805E-14 seconds.

Although the choice of a simple harmonic interatomic potential can
not lead to quantitative calculations of fracture properties in a particular
material, it allows us to draw certain generic conclusions about
fundamental, material-independent mechanisms that can help elucidating
the physical foundations of brittle fracture. The harmonic potential leads
to linear elastic material properties, and thus serves as the starting point
when comparing simulation results to predictions by the classical linear
theories of fracture.



Modeling Dynamic Fracture Using Large-Scale Atomistic Simulations 7

Various flavors and modifications of the simplistic, harmonic model
potentials as described in eq. (1) are used for the studies reviewed in this
article. These modifications are discussed in detail in each section. The
concept of using simplistic model potentials to understand the generic
features of fracture was pioneered by Abraham and coworkers [10, 12,

22,24, 31, 40, 56-58].

2.3 Model geometry and simulation procedure

We typically consider a crack in a two-dimensional geometry with
slab size / x/, and initial crack length a, as schematically shown in
Fig. 1. The slab size is chosen large enough such that waves reflected
from the boundary do not interfere with the propagating crack at early
stages of the simulation. The slab size in the crack direction is chosen
between 2 and 4 times larger than the size orthogonal to the initial crack.

The slab is initialized at zero temperature prior to simulation. Most
of our studies are carried out in a two-dimensional, hexagonal lattice.
The three-dimensional studies are performed in a FCC lattice, with
periodic boundary conditions in the out-of-plane z direction.

The slab is slowly loaded with a constant strain rate of
£, (corresponding to tensile, mode I loading), and/or & (corresponding
to shear, mode II loading). We establish a linear velocity gradient prior
to simulation to avoid shock wave generation from the boundaries. While
the loading is applied, the stress o, (corresponding to the specified
loading case) steadily increases leading to a slowly increasing crack
velocity upon fracture initiation. In the case of anti-plane shear loading
(mode HI), the load is applied in a similar way. It can be shown that the
stress intensity factor remains constant in a strip geometry inside a region
of crack lengths a [59]

Kl <a<(,—4l). 3)

Accurate determination of crack tip velocity is crucial as we need to
be able to measure small changes in the propagation speed. The crack tip
position a is determined by finding the surface atom with maximum
y position in the interior of a search region inside the slab using a
potential energy criterion. This quantity is averaged over small time
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intervals to eliminate very high frequency fluctuations. To obtain the
steady state velocity of the crack, crack speed measurements are
performed within a region of constant stress intensity factor.

3. Constrained cracks in homogeneous materials: How fast can
cracks propagate?

In this section we focus on the limiting speed of cracks, discussing
recent results on cracks faster than both shear and longitudinal wave
speeds in an elastically stiffening material [10, 12, 30, 31].

The elasticity of a solid clearly depends on its state of deformation.
Metals will weaken, or soften, and polymers may stiffen as the strain
approaches the state of materials failure. It is only for infinitesimal
deformation that the elastic moduli can be considered constant and the
elasticity of the solid linear. However, many existing theories model
fracture using linear elasticity. Certainly, this can be considered
questionable since material is failing at the tip of a dynamic crack due to

(a) (b)
large deformation .

~_nonlinear zone %mear

“singularity” ; heory
: w
0
@
=

173 s : ,

V. hyperelasticity”

small deformation " strain

Fig. 2. The concept of hyperelasticity (a) and the region of large deformation near a
moving crack (b). The linear elastic approximation is only valid for small deformation.
Close to crack tips, material deformation is extremely large, leading to significant
changes of local elasticity, referred to as “hyperelasticity”. Our research results show
that this local elasticity can, under certain conditions, completely govern the dynamics of
fracture, in which case the assumption of linear elastic material behavior becomes
insufficient to describe the physics of fracture [30, 60, 61].
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the extreme deformation there. Here we show by large-scale atomistic
simulations that hyperelasticity, the elasticity of large strains, can play a
governing role in the dynamics of fracture. We introduce the concept of a
characteristic length scale y for the energy flux near the crack tip and
demonstrate that the local hyperelastic wave speed governs the crack
speed when the hyperelastic zone approaches this energy length scale y
[30].

3.1 Introduction: The limiting speed of cracks

We show by large-scale atomistic simulation that hyperelasticity, the
elasticity of large strains, can play a governing role in the dynamics of
brittle fracture [30, 62, 63]. This is in contrast to many existing theories
of dynamic fracture where the linear elastic behavior of solids is assumed
sufficient to predict materials failure [14]. Real solids have elastic
properties that are significantly different for small and for large
deformations. The concept of hyperelasticity, both for stiffening and
softening material behavior, is reviewed in Figure 2, indicating the
region close to a moving crack where hyperelastic material behavior is
important.

A number of phenomena associated with rapidly propagating cracks
are not thoroughly understood. Some experiments [25, 64] and computer
simulations [22, 24] have shown a significantly reduced crack
propagation speed in comparison with the predictions by the theory. In
contrast, other experiments indicated that over 90% of the Rayleigh wave
speed can be achieved [65]. Such discrepancies between theories,
experiment and simulations cannot always be attributed to the fact that
real solids have many different types of imperfections, such as grain
boundaries and microcracks (either pre-existing or created during the
crack propagation), as similar discrepancies also appear in molecular-
dynamics simulations of cracks traveling in perfect atomic lattices.

Gao [62, 63] and Abraham [22, 24, 56] have independently proposed
that hyperelastic effects at the crack tip may play an important role in the
dynamics of fracture. Their suggestions have been used to help to explain
phenomena related to crack branching and dynamic crack tip instability,
as well as explaining the significantly lower maximum crack propagation
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d
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% 8011

Fig. 3. Concept of increasingly strong hyperelastic effect (subplot (2)). The increasingly
strong hyperelastic effect is modeled by using biharmonic potentials (subplot (b)). The
bilinear or biharmonic model allows to tune the size of the hyperelastic region near a
moving crack, as indicated in subplots (c) and (d) [30]. The local increase of elastic
modulus and thus wave speeds can be tuned by changing the slope of the large-strain
stress-strain curve (“local modulus” [30, 62, 63]).

speed observed in some experiments and many computer simulations.
However, it 1s not generally accepted that hyperelasticity should play a
significant role in dynamic fracture. One reason for this belief stems
from the fact that the zone of large deformation in a loaded body with a
crack is highly confined to the crack tip, so that the region where linear
elastic theory does not hold is extremely small compared to the
extensions of the specimen [14, 15]. This is demonstrated in Figure 2(a).

We have performed large-scale molecular-dynamics studies in
conjunction with continuum mechanics concepts to demonstrate that
hyperelasticity can be crucial for understanding dynamic fracture. Our
study shows that local hyperelasticity around the crack tip can
significantly influence the limiting speed of cracks by enhancing or
reducing local energy flow. This is true even if the zone of
hyperelasticity is small compared to the specimen dimensions. The
hyperelastic theory completely changes the concept of the maximum
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crack velocity in the classical theories. For example, the classical
theories [14, 15] clearly predict that mode 1 cracks are limited by the
Rayleigh wave speed and mode II cracks are limited by the longitudinal
wave speed. In mode III, theory predicts that the limiting speed of cracks
is the shear wave speed [14, 15]. In contrast, super-Rayleigh mode 1 and
supersonic mode II cracks are allowed by hyperelasticity and have been
seen in computer simulations [13, 31]. We have also observed mode 111
cracks faster than the shear wave speed [66].

3.2 Strategy of investigation

Our strategy of study is to first establish harmonic reference systems
with behaviors perfectly matching those predicted by the existing linear
elastic theories of fracture. Using a biharmonic model potentials [30],
we then introduce increasingly stronger nonlinearities and show that
under certain conditions, the linear elastic theory breaks down as the
material behaviour near crack tips deviates increasingly from the linear
elastic approximation. This is further visualized in Figure 3.

In comparison with experiments, a major advantage of computer
simulations is that they allow material behaviors to be fine tuned by
introducing interatomic potentials that focus on specific aspects, one at a
time, such as the large-strain elastic modulus, smoothing at bond
breaking and cohesive stress. From this point of view, MD simulations
can be regarded as computer experiments that are capable of testing
theoretical concepts and identifying controlling factors in complex
systems.

3.3 Elastic properties: The link between the atomistic scale and
continuum theory

3.3.1 The virial stress and strain

Stresses are calculated according to the virial theorem [67, 68]. The
atomistic stress is given by (note that ) is the atomic volume)
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Fig. 4. Elastic properties of the two-dimensional model system with harmonic potential,
including (a) stress versus strain and Poisson’s ratio, and (b) tangent Young’s modulus
as a function of strain. The figure shows the results for two different crystal orientations
(see left part of the figure) [70].
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We also use the concept of an atomic strain to link the atomistic
simulation results with continuum theory. For a 2D triangular lattice, we
define the left Cauchy-Green strain tensor of an atom / [69]

by = 12 i[(x,f —x ! = x4 )L )

3?‘0 T

with N =6 nearest neighbors, and the variable xf denoting the position
vector of atom /. Unlike the virial stress, the virial strain is valid
instantaneously in space and time. The maximum principal strain b, is
obtained by diagonalization of the strain tensor b,. The maximum
principal engineering strain is then given by &, = \/E -1.

The definition of atomic stress and strain allows an immediate
comparison of MD results with the prediction by continuum theory, such
as changes in deformation field as a function of increasing crack speed
[14]. This has been discussed extensively in the literature [29, 37, 51,
60, 61, 70, 71]. Some of these results will be reviewed later.
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3.3.2 Elastic properties associated with the harmonic potential: The
reference systems

The simulations considered here are all carried out in a two-
dimensional triangular lattice using a harmonic interatomic potential
introduced in eq. (1). For a harmonic two-dimensional elastic sheet of
atoms, the Young’s modulus is given by

E=—k, (6)

=

and the shear modulus is

u=—rk, (7

A‘&I

(see e.g., ref. [38]). The Poisson’s ratio for the two-dimensional lattice is
v = 0.33. At large strain, this two-dimensional harmonic lattice shows a
slight stiffening effect. The elastic properties for the harmonic potential
are shown in Figure 4, indicating that the harmonic potential leads to
linear-elastic properties as assumed in many classical fracture theories
[14]. We note that when k, = 36/32 ~ 28.57, E~33 and u~124.
The shear wave speed is

c,= £ (8)
P
the longitudinal wave speed is
E
CiI=,— > (9)
P

and the Rayleigh-wave speed is ¢~ 0.9235-c_, where p ~0.9165 is
the material density in the examples considered here.

3.3.3 Elastic properties associated with the biharmonic model potential

We adopt a biharmonic, interatomic potential composed of two
spring constants k, =36/ 32 ~28.57 and k, =2k, (all quantities
given are in dimensionless units), as suggested in [30].
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Fig. 5. Elastic properties of a triangular lattice with biharmonic interactions: stress versus
strain in the x-direction (a) and in the y-direction (b). The stress state is uniaxial tension,
with stress in the direction orthogonal to the loading relaxed to zero [30].

We consider two “model materials”, one with elastic stiffening and
the other with elastic softening behavior.

In the elastic stiffening system, the spring constant k, is associated
with small perturbations from the equilibrium distance 7, and the
second spring constant k, is associated with large bond stretching
forr >r,,. The role of k, and k, is reversed in the elastic softening
system (k, =2k;, and k, =36/ 3\/5). Purely harmonic systems
(corresponding to eq. (1)) are obtained if #,, is chosen to be larger than
Vyrear - The interatomic potential is defined as

Tk, (r—r)* ifr<r,

o(r) = . - (10)
a, +Lk(r-n)? ifrxr,.
The other parameters of the potential are determined to be
az :%ko(ron_ro)z—%kl(ron‘rl)27 (11)

and

K=5(F, +1r) (12)
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from continuation conditions. The elastic properties associated with this
potential are shown in Figure 5 for uniaxial stress in the x and y-
directions. This potential allows to smoothly interpolate between
harmonic potentials and strongly nonlinear potentials by changing the
parameter 7,, and/or the ratio of the spring constants &, / k.

3.3.4 Fracture surface energy

The fracture surface energy y is an important quantity for nucleation
and propagation of cracks. It is defined as the energy required to generate
a unit distance of a pair of new surfaces (cracks can be regarded as sinks
for energy, where elastic energy is converted into surface fracture
energy). The Griffith criterion predicts that the crack tip begins to
propagate when the crack tip energy release rate G reaches the fracture
surface energy G = 2y [72]. Knowledge of the atomic lattice and the
interatomic potential can also be used to define the fracture surface
energy. This quantity depends on the crystallographic directions and is
calculated to be

_A¢
d >

where A¢@ the energy necessary to break atomic bonds as the crack
advances a distance d. For the harmonic bond snapping potential as
described above, the fracture surface energy is given by y = 0.0332 for
the direction of high surface energy (Figure 1(b)), and y ~ 0.0288 for
the other direction (Figure 1(c); about 15 % smaller than in the other
direction).

V= (13)

3.4 Harmonic reference systems

After briefly defining the atomistic models in the previous sections,
we now discuss simulation results using the harmonic potentials as the
reference system.
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Fig. 6. Crack tip history (upper part) as well as the crack speed history (lower part) for a
soft as well as a stiff harmonic material [29, 35].

Our results show that the harmonic systems behave as predicted by
classical, linear elastic continuum theories of fracture [14]. For a mode I
tensile crack, linear theory predicts that the energy release rate vanishes
for all velocities in excess of the Rayleigh wave speed, implying that a
mode I crack cannot move faster than the Rayleigh wave speed. This
prediction is indeed confirmed in systems with the harmonic potential.
The crack velocity approaches the Rayleigh wave speed independent of
the slab size, provided that the applied strain is larger than 1.08 percent
and the slab width is sufficiently large (/, >1,000). Results for a mode I
crack and two different spring constants are shown in Figure 6.

In other studies, we find that the crack limiting speed of mode II
cracks is the longitudinal wave speed. Mode III cracks are limited by the
shear wave speed (details and results of those simulations are not
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described here). These results agree well with linear elastic fracture
mechanics theories [14].
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Fig. 7. Change of the crack speed as a function of &,,. The smaller the &,,, the larger the
hyperelastic region, and the larger the crack speed [30]. These results indicate that the
crack speed of mode I cracks is not limited by the Rayleigh-wave speed.

3.5 Biharmonic simulations: Elastic stiffening

Now we describe a series of computer experiments carried out with
the biharmonic interatomic potential introduced in eq. (4) and (5). The
results indicate that a local hyperelastic zone around the crack tip (as
schematically shown in Figure 2(a)) can have significant effect on the
velocity of the crack.

We consider hyperelastic effect of different strengths by using a
biharmonic potential with different onset strains governed by the
parameter 7,,. The parameter r, governs the onset strain of the
hyperelastic effect &, = (»,, —r,)/r,. The simulations reveal crack
propagation at super-Rayleigh velocities in steady-state with a local
stiffening zone around the crack tip.

Fig. 7 plots the crack velocity as a function of the hyperelasticity
onset strain €,,. We observe that the carlier the hyperelastic effect is
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Fig. 8. Shape of the hyperelastic regions for different choices of &,,. The smaller the &,
the larger the hyperelastic region. The hyperelastic region takes a complex butterfly-like
shape [30].

turned on, the larger the limiting velocity. Measuring the hyperelastic
area using the principal strain criterion, we find that the hyperelastic area
grows as &,, becomes smaller.

In Fig. 8, we depict the shape of the hyperelastic region near the
crack tip for different choices of the parameter & ,, . The shape and size of
the hyperelastic region is found to be independent of the slab width /_.
In all cases, the hyperelastic area remains confined to the crack tip and
does not extend to the boundary of the simulation. The results presented
in Fig. 6 show that the hyperelastic effect is sensitive to the potential
parameter and the extension of the local hyperelastic zone.

Mode I cracks can travel at steady-state intersonic velocities if there
exists a stiffening hyperelastic zone near the crack tip. For example,
when the large-strain spring constant is chosen to be k, =4k,, with
r, =1.1375 and r,,, =1.1483 (i.e “stronger” stiffening and thus
larger local wave speed than before), the mode I crack propagates about
20 percent faster than the Rayleigh speed of the soft material, and
becomes intersonic, as shown by the Mach cones of shear wave front
depicted in Fig. 9.
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Fig. 9. Intersonic mode I crack. The plot shows a mode I crack in a strongly stiffening
material (k, = 4k;) propagating faster than the shear wave speed [30].

We have also simulated a shear-dominated mode II crack using the
biharmonic stiffening potential. We define 7, =1.17, and r,, is
chosen slightly below 7, .. to keep the hyperelastic region small. The
dynamic loading is stopped soon after the daughter crack is nucleated.
The result is shown in Figure 10 which plots a sequence of snapshots of a
moving mode II supersonic crack. The daughter crack nucleated from the
mother crack propagates supersonically through the material, although
the hyperelastic zone remains localized to the crack tip region.
Supersonic mode II crack propagation has been observed previously by
Abraham and co-workers [13] using an anharmonic stiffening potential.
However, a clearly defined hyperelastic zone could not be specified in
their simulations. Our result proves that a local hyperelastic stiffening
effect at the crack tip causes supersonic crack propagation, in clear
contrast to the linear continuum theory.

The observation of super-Rayleigh and intersonic mode I cracks, as
well as supersonic mode II cracks, clearly contradicts the prediction by
the classical linear elastic theories of fracture [14].



20 M. J. Buehler and H. Gao

Fig. 10. Sequence of snapshots showing supersonic propagation of a crack under shear
loading. A small localized hyperelastic region (not shown here; see reference [30]) at the
crack tip leads to crack speeds faster than both shear and longitudinal wave speeds in the
material [30].

3.6 Characteristic energy length scale y

The problem of a super-Rayleigh mode I crack in an elastically
stiffening material is somewhat analogous to Broberg’s [73] problem of
a mode I crack propagating in a stiff elastic strip embedded in a soft
matrix. The geometry of this problem is shown in Fig. 11. Broberg [73]
has shown that, when such a crack propagates supersonically with
respect to the wave speeds of the surrounding matrix, the energy release
rate can be expressed in the form

(}_2

6=22 f(nepey) (14

E
where o is the applied stress, /4 is the half width of the stiff layer and
is a non-dimensional function of crack velocity and wave speeds in the
strip and the surrounding matrix (¢;,c, ). The dynamic Griffith energy
balance requires G = 2y, indicating that crack propagation velocity is a
function of the ratio #/y where y ~yE/c” can be defined as a
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Fig. 11. Geometry of the Broberg problem [30, 731, consisting of a crack embedded in
a stiff layer (high wave velocities, Young’s modulus E;) surrounded by soft medium
(low wave velocities, Young’s modulus Ejp).

characteristic length scale for local energy flux. By dimensional analysis,
the energy release rate of our hyperelastic stiffening material is expected
to have similar features except that Broberg’s strip width % should be
replaced by a characteristic size of the hyperelastic region #,, . Therefore,
we introduce the concept of a characteristic length

E
z=p5 ()
o

for local energy flux near a crack tip. The coefficient £ may depend
on the ratio between hyperelastic and linear clastic properties. We have
simulated the Broberg problem and found that the mode I crack speed
reaches the local Rayleigh wave speed as soon as //y reaches unity.
Numerous simulations verify that the scaling law in eq. (7) holds when
v, E and o is changed independently. The results are shown in Figure
12. From the simulations, we estimate numerically f~87 and the
characteristic energy length scale y =~ 750.

The existence of a characteristic length for local energy flux near the
crack tip has not been discussed in the literature and plays the central
role in understanding the effect of hyperelasticity. Under a particular
experimental or simulation condition, the relative importance of
hyperelasticity is determined by the ratio r, / ¥ . For smallr, / y, the
crack dynamics is dominated by the global linear elastic properties since
much of the energy transport necessary to sustain crack motion occurs in
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Fig. 12. Calculation results of the geometry defined in the Broberg problem [30]. The plot
shows results of different calculations where the applied stress, elastic properties and
fracture surface energy are independently varied. In accordance with the concept of the
characteristic energy length scale, all points fall onto the same curve and the velocity
depends only on the ratio }/ .

the linear elastic region. However, when r,, / ¥ approaches unity, as is
the case in some of our molecular dynamics simulations, the dynamics of
the crack is dominated by local elastic properties because the energy
transport required for crack motion occurs within the hyperelastic region.

The concept of energy characteristic length y immediately provides
an explanation how the classical barrier for transport of energy over large
distances can be undone by rapid transport near the tip.

3.7 Discussion and Conclusions

We have shown that local hyperelasticity has a significant effect on
the dynamics of brittle crack speeds and have discovered a characteristic
length associated with energy transport near a crack tip. The assumption
of linear elasticity fails if there is a hyperelastic zone in the vicinity of
the crack tip comparable to the energy characteristic length. Therefore,
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Fig. 13. Different length scales associated with dynamic fracture. Subplot (a) shows the
classical picture, and subplot (b) shows the picture with the new concept of the
characteristic energy length ¥, describing from which region energy flows to a moving
crack. The parameter J is on the order of a few millimeters for 0.1% shear strain in
PMMA [30]. Hyperelasticity governs dynamic fracture when the size of the hyperelastic
region (r,, ) is on the order of the region of energy transport ( ), or 7, / y >>1 [30].

we conclude that hyperelasticity is crucial for understanding and
predicting the dynamics of brittle fracture. Our simulations prove that
even if the hyperelastic zone extends only a small area around the crack
tip, there may still be important hyperelastic effects on the limiting
speed. If there is a local softening effect, we find that the limiting crack
speed is lower than in the case of harmonic solid.

Our study has shown that hyperelasticity dominates the energy
transport process when the zone of hyperelastic zone becomes
comparable to the characteristic length

E
y~ (16)

o)

Under normal experimental conditions, the magnitude of stress may
be one or two orders of magnitude smaller than that under MD
simulations. In such cases, the characteristic length y is relatively large
and the effect of hyperelasticity on effective velocity of energy transport
is relatively small. However, y decreases with the square of the applied
stress. At about one percent of elastic strain as in our simulations, this
zone is already on the order of a few hundred atomic spacing and
significant hyperelastic effects are observed. The concept of the
characteristic length y is summarized in Figure 13.
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Our simulations indicate that the universal function 4A(v/c,) in the
classical theory of dynamic fracture is no longer valid once the
hyperelastic zone size r, becomes comparable to the energy
characteristic length y . Linear elastic fracture mechanics predicts that
the energy release rate of a mode I crack vanishes for all velocities in
excess of the Rayleigh wave speed. However, this is only true if
ry /¥ <<1l. A hyperelastic theory of dynamic fracture should
incorporate this ratio into the universal function so that the function
should be generalized as A(v/cy,#, / ). The local hyperelastic zone
changes not only the near-tip stress field within the hyperelastic region,
but also induces a finite change in the integral of energy flux around the
crack tip. A single set of global wave speeds is not capable of capturing
all phenomena observed in dynamic fracture.

We believe that the length scale } , heretofore missing in the existing
theories of dynamic fracture, will prove to be helpful in forming a
comprehensive picture of crack dynamics. In most engineering and
geological applications, typical values of stress are much smaller than
those in MD simulations. In such cases, the ratio r, /¥ is small and
effective speed of energy transport is close to predictions by linear elastic
theory. However, the effect of hyperelasticity will be important for
highly stressed materials, such as thin films or nanostructured materials,
as well as for materials under high speed impact.

4. Dynamical crack tip instabilities

Cracks moving at low speeds create atomically flat mirror-like
surfaces, whereas cracks at higher speeds leave misty and hackly fracture
surfaces. This change in fracture surface morphology is a universal
phenomenon found in a wide range of different brittle materials. The
underlying physical reason of this instability has been debated over an
extensive period of time.
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Fig. 14. Crack propagation in a Lennard-Jones (see eq. (2)) system as reported carlier
[22, 24]. Subplot (a) shows the o,,-field and indicates the dynamical mirror-mist-hackle
transition as the crack speed increases. The crack velocity history (normalized by the
Rayleigh-wave speed) is shown in subplot (b).

Most existing theories of fracture assume a linear elastic stress-strain
law. However, from a hyperelastic point of view, the relation of stress
and strain in real solids is strongly nonlinear near a moving crack tip.
Using massively parallel large-scale atomistic simulations, we show that
hyperelasticity also plays an important role in dynamical crack tip
instabilities. We find that the dynamical instability of cracks can be
regarded as a competition between different instability mechanisms
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controlled by local energy flow and local stress field near the crack tip.
We hope the simulation results can help explain controversial
experimental and computational results.

4.1 Introduction

Here we focus on the instability dynamics of rapidly moving cracks.
In several experimental [25, 64, 74, 75] and computational [20, 22, 26,
76, 77] studies, it was established that the crack face morphology
changes as the crack speed increases, a phenomenon which has been
referred to as the dynamical instability of cracks. Up to a critical speed,
newly created crack surfaces are mirror flat (atomistically flat in MD
simulations), whereas at higher speeds, the crack surfaces start to
roughen (mist regime) and eventually becomes very rough (hackle
regime). This is found to be a universal behavior that appears in various
brittle materials, including ceramics, glasses and polymers. This
dynamical crack instability has also been observed in computer
simulation [20, 22, 26, 76, 77]. The result of a large-scale MD
simulation illustrating the mirror-mist-hackle transition is shown in
Fig. 14.

Despite extensive studies in the past, previous results have led to
numerous discrepancies that remain largely unresolved up to date. For
example, linear elasticity analyses first carried out by Yoffe [78] predict
that the instability speed of cracks is about 73% of the Rayleigh-wave
speed [14, 15], as the circumferential hoop stress exhibits a maximum at
an inclined cleavage plane for crack speeds beyond this critical crack
speed. This is in sharp contrast to observations in several experiments
and computer simulations. Experiments have shown that the critical
instability speed can be much lower in many materials. In 1992,
Fineberg et al. [25, 64] observed an instability speed at about one third of
the Rayleigh wave speed, which significantly deviates from Yoffe’s
theory [78]. Similar observations were made in a number of other
experimental studies in different classes of materials (e.g. crystalline
silicon, polymers such as PMMA). The mirror-mist-hackle transition at
about one third of the Rayleigh-wave speed was also observed in the
large-scale MD simulations carried out by Abraham et al. in 1994 [22]
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Fig. 15. The concept of hyperelastic softening close to bond breaking, in comparison to
the linear elastic, bond-snapping approximation.

(see Fig. 14). The instability issue is further complicated by recent
experiments which show stable crack propagation at speeds even beyond
the shear wave speed in rubber-like materials [79]. The existing
theoretical concepts seem insufficient to explain the various, sometimes
conflicting, results and observations made in experimental and numerical
studies.

The dynamical crack instability has been a subject of numerous
theoretical investigations in the past decades, and several theoretical
explanations have been proposed. First, there is Yoffe’s model [78]
which shows the occurrence of two symmetric peaks of normal stress on
inclined cleavage planes at around 73% of the Rayleigh-wave speed.
Later, Gao [80] proved that Yoffe’s model is consistent with a criterion
of crack kinking into the direction of maximum energy release rate.
Eshelby [81] and Freund [82] made an argument that the dynamic energy
release rate of a rapidly moving crack allows the possibility for the crack
to split into multiple branches at a critical speed of about 50% of the
Raleigh speed. Marder and Gross [26] presented an analysis which
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included the discreteness of atomic lattice [16], and found instability at a
speed similar to those indicated by Yoffe’s, Eshelby’s and Freund’s
models . Abraham et al. [24] have suggested that the onset of instability
can be understood from the point of view of reduced local lattice
vibration frequencies due to softening at the crack tip [22, 24], and also
discussed the onset of the instability in terms of the secant modulus [83].

Heizler et al.[84] investigated the onset of crack tip instability based
on lattice models using linear stability analysis of the equations of
motion including the effect of dissipation. These authors observed a
strong dependence of the instability speed as a function of smoothness of
the atomic interaction and the strength of the dissipation, and pointed out
that Yoffe’s picture [78] may not be sufficient to describe the instability.
Gao [62, 63] attempted to explain the reduced instability speed based on
the concept of hyperelasticity within the framework of nonlinear
continuum mechanics. The central argument for reduced instability
speed in Gao’s model is that the atomic bonding in real materials tends to
soften with increasing strain, leading to the onset of instability when the
crack speed becomes faster than the local wave speed.

Despite important progresses in the past, there is so far still no clear
picture of the mechanisms governing dynamical crack instability. None
of the existing models have been able to explain all experimental and
numerical simulations with a universal understanding applicable to a
wide range of materials.

We hypothesize that hyperelasticity is the key to understanding the
existing discrepancies among theory, experiments and simulations on
dynamical crack instability. We will show that there exist two primary
mechanisms which govern crack instability. The first mechanism is
represented by Yoffe’s model which shows that the local stress field near
the crack tip can influence the direction of crack growth. However,
Yoffe’s model is not sufficient. The second mechanism is represented by
Gao’s model [62, 63], which shows that hyperelastic softening drastically
reduces the speed of energy transport directly ahead of the crack tip;
hyperelasticity induces an anisotropic distribution of local wave speed
near the crack tip and causes the crack to kink off its propagation path.
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= . Whereas ¥y, 15 used to tune the cohesive stiess in the material, & is used to
control the amount of softening close to bond breaking.
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Figure 15 illustrates the concept of hyperelastic softening in contrast
to linear elastic behavior. We demonstrate that Yoffe’s model and Gao’s
model are two limiting cases of dynamical crack instability; the former
corresponds to completely neglecting hyperelasticity (Yoffe) and the
latter corresponds to assuming complete dominance of local hyperelastic
zone (Gao). We use large scale MD simulations to show that the crack
tip instability speeds for a wide range of materials behaviors fall between
the predictions of these two models.

In the spirit of “model materials” as introduced in Section 3, we
develop a new, simple material model which allows a systematic
transition from linear elastic to strongly nonlinear material behaviors,
with the objective to bridge different existing theories and determine the
conditions of their validity. By systematically changing the large-strain
elastic properties while keeping the small-strain elastic properties
constant, the model allows us to tune the size of hyperelastic zone and to
probe the conditions under which the elasticity of large strains governs
the instability dynamics of cracks. In the case of linear elastic model
with bond snapping, we find that the instability speed agrees well with
the predicted value from Yoffe's model. We then gradually tune up the
hyperelastic effects and find that the instability speed increasingly agrees
with Gao’s model. In this way, we achieve, for the first time, a unified
treatment of the instability problem leading to a generalized model that
bridges Yoffe’s linear elastic branching model to Gao’s hyperelastic
model.

4.2 Atomistic modelling

Although simple pair potentials do not allow drawing conclusions for
unique phenomena pertaining to specific materials, they enable us to
understand universal, generic relationships between potential shape and
fracture dynamics in brittle materials; in the present study we use a
simple pair potential that allows the hyperelastic zone size and cohesive
stress to be tuned. The potential is composed of a harmonic function in
combination with a smooth cut-off of the force based on the Fermi-Dirac
(F-D) distribution function to describe smooth bond breaking. We do not
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Fig. 17. Crack propagation in a homogeneous harmonic solid. When the crack reaches a
velocity of about 73 percent of Rayleigh wave speed, the crack becomes unstable in the
forward direction and starts to branch (the dotted line indicates the 60° plane of
maximum hoop stress) [60].

include any dissipative terms. The force versus atomic separation is
expressed as

-1
@y =ky(r—7) exp(r = —EJH 17)
dr Voreak
Assuming that the spring constant &, is fixed, the potential has two
additional parameters, #,,, and X. The parameter 7, ,
(corresponding to the Fermi energy in the F-D-function) denotes the
critical separation for breaking of the atomic bonds and allows tuning the
breaking strain as well as the cohesive stress at bond breaking. In
particular, we note that

O-coh ~ rbreak . (18)

The parameter = (corresponding to the temperature in the F-D-
function) describes the amount of smoothing at the breaking point.

In addition to defining the small-strain elastic properties (by
changing the parameter k), the present model allows us to control the
two most critical physical parameters describing hyperelasticity, (i)
cohesive stress (by changing the parameter r,,, ), and (ii) the strength of
softening close to the crack tip (by changing the parameter Z ).

Figure 16 depicts force versus atomic separation of the interatomic
potential used in our study. The upper part shows the force versus
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Fig. 18. Comparison between hoop stresses calculated from molecular-dynamics
simulation with harmonic potential and those predicted by linear elastic theory [14] for
different reduced crack speeds v/cg [29, 60]. The plot clearly reveals development of a
maximum hoop stress at an inclined angle at crack speeds beyond 73% of the Rayleigh-
wave speed.

separation curve with respect to changes of #, ., , and the lower part
shows the variation in shape when = is varied. For small values of =
(around 50), the softening effect is quite large. For large values of =
(beyond 1,000), the amount of softening close to bond breaking becomes
very small, and the solid behaves like one with snapping bonds. The
parameter ., allows the cohesive stress o, to be varied
independently. This model potential also describes the limiting cases of
material behavior corresponding to Yoffe’s model (linear elasticity with
snapping bonds) and Gao’s model (strongly nonlinear behavior near the
crack tip).

Yoffe’s model predicts that the instability speed only depends on the
small-strain elasticity. Therefore, the instability speed should remain
constant at 73% of the Rayleigh-wave speed, irregardless of the choices
of the parameters ;. and = . On the other hand, Gao’s model predicts
that the instability speed is only dependent on the cohesive stress o
(and thus 7, ., ):

coh

Gao __ O-cah oC 4 break (19)

P P
(note that p denotes the density, as defined above). According to Gao’s

model, variations in the softening parameter E should not influence the
crack instability speed.

v

inst
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In most of earlier computational studies, the analysis was performed
only for a single interatomic potential, such as done for a LJ potential by
Abraham et al. [22]. It remains unclear how the nature and shape of the
atomic interaction affects the instability dynamics. Here we propose
systematic numerical studies based on continuously varying potential
parameters ¥, . and Z. Our investigations will focus on the
predictions of Gao’s model versus those of Yoffe’s model.

4.3 Atomistic modeling results: Hyperelasticity governs crack tip
instabilities

We have performed a series of numerical experiments by
systematically varying the potential parameters r, ,, and Z. We start
with harmonic systems serving as the reference and then increase the
strength of the hyperelastic effect to study the dynamics of crack tip
instability in hyperelastic materials.

4.3.1 Harmonic potential — the linear elastic reference system

We find that cracks in homogeneous materials with linear elastic
properties (harmonic potential, achieved by setting = to infinity) show a
critical instability speed of about 73% of the Rayleigh-wave speed,
independent of the choice of #,,,. The crack surface morphology is
shown in Fig. 17. This observation is in quantitative agreement with the
key predictions of Yoffe’s model.

We find that the occurrence of the instability can be correlated
with the development of a bimodal hoop stress as proposed by Yoffe,
as is shown in the sequence of hoop stress snapshots as a function
of increasing crack speed depicted in Fig. 18. We conclude that in
agreement with Yoffe’s prediction, the change in deformation field
governs the instability dynamics in the harmonic systems.

4.3.2 Hyperelastic materials behavior in real materials

It is observed that crack dynamics changes drastically once
increasingly stronger softening is introduced at the crack tip and linear
clastic Yoffe model fails to describe the instability dynamics.
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Fig. 19. The critical instability speed as a function of the parameter Ty » fOT different
choices of = . The results show that the instability speed varies with 7, . and thus with

the cohesive stress as suggested in Gao’s model [62, 63], but the Yoffe speed [78] seems
to provide an upper limit for the instability speed. The critical instability speeds are
normalized with respect to the local Rayleigh-wave speed, accounting for a slight
stiffening effect as shown in Figure 4.



Modeling Dynamic Fracture Using Large-Scale Atomistic Simulations 35

The predictions by Yoffe’s model are included in Fig. 19 as the red
line, and the predictions by Gao’s model are plotted as the blue points.
As seen in Fig. 19, we observe that for any choice of r, , and E, the
instability speed lies in between the prediction by Gao’s model and that
by Yoffe’s model. Whether it is closer to Gao’s model or to Yoffe’s
model depends on the choice of #,,,, and &.

For small values of 7,,,, and =, we find that the instability speed
depends on the cohesive stress, which is a feature predicted by Gao’s
model.

Further, the instability speed seems to be limited by the Yoffe speed
(as can be confirmed in Fig. 19 for £ =150 and = =300 for large
values of 7,,,,). Whereas the observed limiting speeds increase with
Vo TOT 7y <122, they saturate at the Yoffe speed of 73% of
Rayleigh-wave speed for larger values of 7, =122 (see Fig. 19,
bottom curve for E=300). In this case, the instability speed is
independent of #, . and independent of X=. This behavior is
reminiscent of Yoffe’s deformation controlled instability mechanism and
suggests a change in governing mechanism for the instability speed: The
instability speed becomes governed by a Yoffe-like deformation field
mechanism for 7, ,, =21.22, whereas the instability seems to be
influenced by the cohesive-stress for r, , <1.22. We find a similar
transition for different choices of = ranging from Z =50to E =1,500,
with different values of 7,,, atwhich the transition is observed.

These results indicate that the instability speed depends on the
strength of softening (parameter = ) and on the cohesive stress close to
bond breaking (parameter 7,,,, ).

4.4 The modified instability model

We observe that the first derivative of the instability speed with
respect to the cohesive stress in our MD simulations agrees reasonably
well with Gao’s model. However, the observed instability speed differs
from Gao’s model by a constant value which seems to depend on the
softening parameter = . We measure the deviation from Gao’s model by
a shift parameter v, = VD _y% which is a function of . The

curve is shown in Figure 20.



36 M. J. Buehler and H. Gao

0.4

5 03

s

£

g 02

a

&

£ 0.1
% 100 200 300 _ 400 500 600 700
strong softening less softening
ry /o =1 vyl —0

Fig. 20. Change of shift parameter Vo 28 2 function of the smoothing parameter = .
Small values of = lead to cases where hyperelasticity dominates the instability onset
(r,; / y = 1), and larger values of = correspond to the case when the importance of

hyperelasticity vanishes and the instability onset is governed by changes in the
deformation field (r, / y — 0)

The physical interpretation of v, is that it accounts for the relative
importance of hyperelastic softening close to the crack tip: Gao’s model
corresponds to the limiting case when the softening region is large and
completely dominates the energy flow, and it therefore constitutes the
lower limit for the instability speed. Indeed, we find that for very strong
softening, that is, when & — 0, v, vanishes (Figure 20). In contrast,
Vg assumes larger values in the case of vanishing softening as
& — 00. The physical significance of this parameter can be understood
from the perspective of the characteristic energy length scale of dynamic
fracture

/i)
r~= (20)
o

proposed earlier (see Section 3) [30]. The characteristic energy length
scale y describes the region from which energy flows to the crack tip to
drive its motion. If the size of the softening region is comparable to y,
ie.,
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r
H 551, 21)
x
hyperelasticity dominates encrgy flow, thus v, —0, and the
predictions of Gao’s model should be valid. In contrast, if the size of the
softening region is smaller than y , i.e.

T, 22)

X
hyperelasticity plays a reduced role in the instability dynamics and the
purely hyperelastic model becomes increasingly approximate, so that
V. takes larger values and eventually Yoffe’s model of deformation
field induced crack kinking begins to play a governing role. The shift
parameter v, (E) should therefore depend on the relative size of the
hyperelastic region compared to the characteristic energy flow

Vo = f(%j (23)

With the new parameter v, , the instability speed can be expressed
as

Vinst = vshift [%J + % (24)

Based on the results of our numerical experiments, we propose that
eq. (19) and the Yoffe model should be combined to predict the onset of
instability at a critical speed. The critical crack tip instability speed is
then given by

¥ o
mod __ : H coh
Vinsg — M Vyorep s Vopig [_j ti— (25)
X P

where vy, = 0.73c, is a constant, independent on the hyperelastic
properties. We refer to this model as the modified instability model.
Fig. 21 compares the predictions by eq. (25) with the MD simulation
results (dashed curve).
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Fig. 21. Comparison of the modified instability model (see eq. (25)) for E =150 with
the MD simulation results, showing the transition from an energy flow controlled
instability mechanism to a deformation field controlled mechanism.

4.5 Stiffening materials behavior: Stable intersonic mode I crack
propagation

A generic behavior of many rubber-like polymeric materials is that
they stiffen with strain. What happens to crack instability dynamics in
such materials? Recent experiments [79] have shown intersonic mode I
crack propagation in rubber-like materials with elastic stiffening
behaviors. According to the existing theories, such high speed crack
propagation should not be possible in homogeneous materials. We
hypothesize that local stiffening near the crack tip may lead to a locally
enhanced Yoffe speed and enhanced energy flow, so that the onset of
crack tip instability is shifted to higher velocities.

Our simulations are based on a simple model in which we change the
large-strain spring constant and small-strain spring constant, similar to
studies described in the previous section except for the smoothing part
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Fig. 22. Subplot (a): Schematic of stiffening materials behaviour as assumed in Section
4.5. Subplot b): Extension of the hyperelastic stiffening region for the case of
r. =117, r =1.1375 and k1/ k0:4. Despite the fact that the stiffening

break on
hyperelastic region is highly localized to the crack tip and extends only a few atomic
spacings, the crack instability speed is larger than the Rayleigh-wave speed.

near bond snapping. The model is depicted schematically in Fig. 22(a).
Upon a critical atomic separation 7, (we choose r, =1.1375), the
spring constant of the harmonic potential is changed and switched to a
new “local” large-strain value.

Knowledge of 7, allows for clear definition of the extension of the
hyperelastic zone near the crack tip (for details see reference [30]), as
can be verified in Fig. 8 and Fig. 22(b). As described earlier, here we
also use the F-D-function to smoothly cut off the potential at 7, . We
discuss two different choices of the ratio k, /k, =2 and k, /k, = 4.

We observe that if there exists a hyperelastic stiffening zone, the
Yoffe speed is no longer a barrier for the instability speed and stable
crack motion beyond the Yoffe speed can be observed. This behavior is
shown in Figure 23. We find that the stronger the stiffening effect, the
more rapid the increase of instability speed with increasing value of
Fyou (seethe curves for k, /k, =2 and k, /k, =4 in Figure 23).

Note that all points fall together once 7,,,, becomes comparable to
r,, » corresponding to the case when no hyperelastic zone is present and
the potential is harmonic with smooth F-D bond breaking (here the
potential shape is identical because bonds rupture before onset of the
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Fig. 23. MD simulation results of instability speed for stiffening materials behaviour,
showing stable super-Rayleigh crack motion as observed in recent experiment (see the
legends in the lower left). Such observation is in contrast to any existing theories, but can
be explained based on the hyperelastic viewpoint.

hyperelastic effect). As can be clearly seen in Fig. 23 for &k, /k, =4,
the instability speed can even be super-Rayleigh and approach intersonic
speeds.

This is inconsistent with the classical theories but can be understood
from a hyperelasticity point of view. This observation suggests that the
stiffening materials behavior tends to have a stabilizing effect on straight
crack motion.

4.6 Discussion and conclusions

Our simulation studies strongly suggest that the large-deformation
elastic properties play a critical role in the instability dynamics of cracks.
Our results indicate that the onset of instability can be understood as
a competition between energy flow governed instability (Gao’s model
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Fig. 24. Importance of accurate large-strain properties of bond breaking during fracture
in silicon [85-87]. The results suggest that the large-strain properties close to bond
breaking is critical in determining how and under which conditions cracks propagate.
Subplot (a) shows results without correct large-strain elasticity, whereas subplot (b)
depicts the results with correct large-strain elasticity at bond breaking. The difference of
bond breaking is shown in subplot (¢), indicating the incorrect behavior of the Tersoff
potential at bond breaking.

[62, 63]) and stress field governed instability (Yoffe’s model [78]), as
summarized in eq. (12). To the best of our knowledge, Eq. (25)
describes for the first time this transition between Yoffe’s and Gao’s
model of instability dynamics (see Fig. 21). We hypothesize that the
transition between the two mechanisms depends on the relative
importance of hyperelasticity around the crack tip, as described by the
ratio of the size of the hyperelastic region and the characteristic energy
length scale r,, / y. In most experiments and computers simulations,
materials show a strong softening effect. Therefore, hyperelastic
softening near the crack tip may explain the reduced instability speed
observed in experiments.

In the case of a locally stiffening hyperelastic region, we find that the
critical speeds for crack instability could be higher since the local
hyperelastic zone with local higher wave speed allows for faster energy
transport and higher local wave speeds; in this case, the small-strain
Yoffe speed is no longer a barrier due to local stiffening. This concept
provides a feasible explanation of recent experimental observations of
stable mode I cracking at crack velocities beyond the shear wave speed
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in homogeneous materials that show a strong stiffening hyperelastic
effect (see Fig. 23).

The notion that large-strain elastic properties close to bond breaking
are important has recently also been demonstrated in studies of fracture
in silicon [86]. Figure 24 shows a comparison of fracture dynamics by
changing the description of bond breaking from an empirical Tersoft-
type [88] to a first principles description using reactive potentials [89].
Only if a correct quantum mechanical derived description of bond
breaking is used, the MD model is capable to reproduce important
experimental features of fracture of silicon.

The work reported here, together with the results on the maximum
crack speed (see Section 3), strongly suggest that hyperelasticity can play
governing roles in dynamic fracture.

S. Dynamic crack propagation along interfaces between dissimilar
materials: Mother-, daughter- and granddaughter cracks

Cracking along interfaces has received significant attention in the
past decades, both due to technological relevance for example in
composite materials, as well as because of scientific interest. In this
section, we review recent progress in large-scale atomistic studies of
crack propagation along interfaces of dissimilar materials [37, 66, 90].

We consider two linear-elastic material blocks bound together with a
weak potential whose bonds snap early upon a critical atomic separation,
as shown schematically in Fig. 25. This approach confines crack motion
along the interface. In the two blocks, atoms interact with harmonic
potentials with different spring constants adjacent to the interface. An
initial crack is introduced along the interface and subjected to tensile
(section 5.2) and shear (section 5.3) dominated displacement loading
along the upper and lower boundaries of the sample.

Under tensile loading, we observe that upon initiation at a critical
load, the crack quickly approaches a velocity a few percent larger than
the Rayleigh-wave speed of the soft material. After a critical time, a
secondary crack is nucleated a few atomic spacings ahead of the crack.
This secondary crack propagates at the Rayleigh-wave speed of the stiff
material. If the elastic mismatch is sufficiently large (e.g. ten as in our
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weak fracture layer
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Fig. 25. Geometry used in the studies of crack dynamics at interfaces. We study both
mode I (tensile) and mode II (shear) dominated loading,

study), the secondary crack can be faster than the longitudinal wave
speed of the soft material, thus propagating supersonically. At this stage,
supersonic crack motion is clearly identified by two Mach cones in the
soft material. Our study suggests that such mother-daughter transition
mechanism, which has been previously reported for mode II crack
motion in homogeneous materials [13, 31, 38], may also play an
important role in the dynamics of interfacial cracks under tensile loading.
We also include some studies of unconstrained crack motion along
interfaces of dissimilar materials, and demonstrate that the crack tends to
branch off into the softer region, in agreement with previous study by Xu
and Needleman [91, 92].

Under shear dominated loading, upon initiation of the crack, we
observe that the crack quickly approaches a velocity close to the
Rayleigh-wave speed of the soft material. After cruising at this speed for
some time, a secondary crack is nucleated at a few atomic spacings
ahead of the crack. This secondary crack, also referred to as the daughter
crack [37, 38, 93], propagates at the longitudinal-wave speed of the soft
material. Shortly after that, a tertiary crack, referred to as the
granddaughter crack, is nucleated and begins to move at the longitudinal
wave speed of the stiff material. The granddaughter crack is supersonic
with respect to the soft material and is clearly identifiable by two Mach
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cones in the soft material [37]. Our results indicate that the limiting
speed of shear dominated cracks along a bi-material interface is the
longitudinal wave speed of the stiff material, and that there are two
intermediate limiting speeds (Rayleigh and longitudinal wave speeds of
the soft material) which can be overcome by the mother-daughter-
granddaughter mechanism.
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Fig. 26. Crack tip history and crack velocity history for a mode I crack propagating at an
interface with X = 10. Subplot (a) shows the crack tip history, and subplot (b) shows the
crack tip velocity over time. A secondary daughter crack is born propagating at a
supersonic speed with respect to the soft material layer.

5.1 Atomistic modeling of cracking along a bimaterial interface

To model a crack along an interface between two -eclastically
dissimilar materials, we study two crystal blocks described by harmonic
interatomic potentials with different spring constants k; > k,. For
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Fig. 27. Stress fields a, , o, and g, for a crack at an interface with elastic mismatch
Z= 10 before the secondary crack is nucleated. The red color corresponds to large
stresses, and the blue color to small stresses.

simplicity, we consider two-dimensional triangular lattices with isotropic
elastic properties. The harmonic potential is defined as in eq. (1).

We choose k, =36/ /2 ~28.57 with the corresponding Rayleigh-
wave speed ¢, ~ 3.4, shear wave speed ¢, =3.68 and longitudinal
wave speed ¢, = 6.36. The difference in Young’s modulus of the two
materials can be related to the ratio

kn .

The wave speeds ¢, (with I =(R,s,/)) of the two materials thus

differ by a factor v E :

—
=
—

¢ =VE ¢ 27)

Atomic bonds across the weak interface have spring constant &, and
break upon a critical separationr;, ,, =1.17.

The simulation slab is subjected to an applied tensile and/or shear
strain rate along the upper and lower boundaries, as shown in Fig. 25.
The system size is given by [ ~ 2,298 and / =~ 4,398. Further details
on modeling fracture based on harmonic potentials, as well as a detailed
analysis on the elastic and fracture properties can be found elsewhere
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o o,

Fig. 28. Stress fields oy, , o,, and o, for a crack at an interface with elastic mismatch
= = 10 after the secondary crack is nucleated. In all stress fields, the two Mach cones in
the soft material are seen. The red color corresponds to large stresses, and the blue color
to small stresses.

[13, 30, 31, 38] (see also discussion in previous sections). In
homogeneous materials, it has been shown that the simulated results of
limiting crack speeds, the energy flow fields and the stress fields near
rapidly propagating cracks are in good agreement with continuum
mechanics predictions (see results discussed in Section 3).

The geometry of our atomistic model, the loading as well as the
crystal orientation of crack propagation is described in Fig. 25. The
upper (left) block of the simulation slab is relatively stiff with higher
Young’s modulus and higher wave speeds than the lower (right) block.

5.2 Tensile dominated cracks at bimaterial interfaces: Mother-
daughter mechanisms and supersonic fracture

In all cases studied in this paper, the cracked bi-crystal is loaded
under tensile loading with a strain rate £ = 0.000,1 (the orientation of
the loading is shown schematically in Figure 25) [37, 90]. In some cases,
the loading is stopped as indicated in each case. Although there is usually
no pure mode I interfacial cracks due to complex stress intensity factors,
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Fig. 29. The potential energy field for a crack at a biomaterial interface with elastic
mismatch = = 10. Two Mach cones in the soft solid can clearly be observed. The mother
(A) and daughter crack (B) are marked in the figure. The mother crack is represented by a
surface wave in the soft material after nucleation of the secondary crack.

the stress field near the crack tip is expected to be mode I dominated
under pure tensile loading.

5.2.1 Mode I dominated interfacial cracks: Constrained simulations

All studies reported in this Section are carried out with an elastic
mismatch of = =10. Figure 26(a) shows the crack tip history, and
Figure 26(b) shows the crack tip velocity over time. The crack nucleates
at time 7 ~ 35, and quickly approaches the Rayleigh wave speed of the
soft material v—>c¢, , 3.4. As the loading is increased, the crack
speed increases slightly and becomes super-Rayleigh with respect to the
soft material. We observe a large, discontinuous jump in the crack
velocity at # ~110, when a secondary crack is nucleated that quickly
approaches the Rayleigh speed of the stiff material
v—e,, #10.8>¢,, ~6.36.
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Fig. 30. Atomic details of nucleation of the secondary crack under tensile dominated
loading. The plot shows the shear stress field o, near the crack tip. Atoms with the
energy of a free surface are drawn as larger, bluish atoms. The plot suggests that a
maximum peak of the shear stress ahead of the crack tip leads to breaking of atomic
bonds and creation of new crack surfaces. After the secondary crack is nucleated, it
coalesces with the mother crack and moves supersonically through the material.

The secondary crack is nucleated approximately at a distance
Aa =11 ahead of the mother crack and rapidly propagates at Mach 1.7
with respect to the soft material. Nucleation of the secondary crack
under tensile loading is only found under high strain rate loading (here
we use £ . = 0.000,1). If the strain rate is too low, the crack moves at a
sub-Rayleigh speed (soft material) until the solid has separated, without
nucleation of secondary cracking. The mechanism of nucleation of a
secondary crack is reminiscent of the mother-daughter mechanism
predicted by the Burridge-Andrew mechanism [94, 95] and observed in
MD simulations for intersonic mode II cracks in homogeneous solids
[13, 31, 38].
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Fig. 31. Crack dynamics in homogeneous material without a weak layer (case (ii)).
Unlike in the other cases, in this simulation we allow atomic bonds to break anywhere in
the system. We observe that before the daughter crack is nucleated, the crack starts to
wiggle and is thus limited in speed. Further, we observe that the crack branches off into
the soft material and continues to propagate there. The plot on the right hand side shows a
zoom into the crack tip region, showing the initial crack surface roughness (A) and the
dominant branch (B) into the soft material. We observe a tendency of branching into the
soft region from the wiggling stages (point A, for instance).

These results suggest that a mode I dominated interface crack under
very large loading can propagate at the Rayleigh wave speed of the
stiffer material, which can exceed the longitudinal wave speed in the soft
material. This observation has not been reported in experiments so far,
nor has it been predicted by theory. In experimental studies of mode I
dominated cracks along bi-material interfaces, the crack speed has been
reported to exceed the Rayleigh wave speed of the soft material, but has
never been observed to attain supersonic velocities with respect to the
soft material.

As the next step, we take a closer look at the deformation fields
before and after nucleation of the secondary crack, taking advantage of
the “computational microscope” that MD provides. Figure 27 shows the
stress field before the secondary crack is nucleated. At the time the
snapshots are taken, the crack propagates at a (slightly) super-Rayleigh
speed with respect to the soft material. Since the crack motion is still
subsonic, no shock front is observed. Figure 28 shows the stress ficld
and the particle velocity field after nucleation of the secondary crack.
The secondary crack propagates supersonically with respect to the soft
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material and the Mach cones in the right half space (soft material) are
clearly visible. Figure 29 shows the potential energy field for a crack
after the secondary, supersonic crack is nucleated. The two mach cones
can clearly be seen. Similar mother-daughter mechanism for mode I
dominated interfacial fracture has also been observed for smaller elastic
mismatch ratios 2=2, Z=5, and = =7 (however, not in all cases crack
motion is supersonic with respect to the soft material since the Rayleigh-
wave speed of the stiff material may be smaller than the longitudinal
wave speed of the soft material).
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Fig. 32. Crack tip extension history as a function of time for the cases (i) and (ii)
described in Section 4. The plot illustrates that once the daughter crack has been
nucleated it does not branch off into either the weak or the soft material, but instead
continues to propagate along the weak interface. If crack motion is unconstrained from
the very beginning, it starts to branch off at low speeds (see also Figure 31) and
eventually branches off into the soft material. In this case, a daughter crack is never
nucleated.

What is governing nucleation of the secondary crack? MD
simulations can be particularly helpful in investigating the atomistic
details of the mechanism of nucleation of secondary cracks. In Figure
30, we plot the shear stress field o,, for several instants in time during
nucleation of the secondary crack (note we chose quite small time
intervals between the snapshots). Atoms with the energy of a free surface
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are colored blue and highlighted by larger spheres. The plot suggests that
a peak of shear stress ahead of the crack tip may have caused breaking of
atomic bonds. After the secondary crack is nucleated, it coalesces with
the mother crack and moves supersonically with respect to the soft
material. This mechanism via a peak in shear stress is quite similar to
the understanding of nucleation of secondary cracks in shear loaded
cracks in homogeneous systems as discussed in [38]. We note that the
location of the maximum tensile stress o does not coincide with the
location of nucleation of the secondary crack; rather, the latter was found
to correlate with a peak in shear stress ahead of the mother crack. We
there conclude that there exists a peak in shear stress ahead of a mode 1
dominated interfacial crack moving at the Rayleigh wave speed of the
soft material and this peak shear stress leads to subsequent nucleation of
a secondary crack which breaks the sound barrier at the soft Raleigh
speed.

5.2.2 Unconstrained simulations

In this section, we relieve the constraint that crack propagation be
restricted to the interface between the stiff and the soft material (glue).
We report the results of three cases: (i) Crack motion is constrained
along the interface until the secondary daughter crack is nucleated, and
from then on crack motion is left unconstrained (we relieve the constraint
at t =126). (ii) Crack motion is unconstrained from the beginning of the
simulation; the condition for breaking is given by #, . =1.17 in both
stiff and soft solid (therefore, the fracture surface energy is lower in the
right half space than in the left half space). (iii) Crack motion is
unconstrained from the beginning of the simulation; in contrast to case
(ii), here we adjust 7, in the left material such that the fracture surface
energy is equal to that in the right material so that the slab has a
homogeneous fracture energy:

left right
Poreak = Vo == (Ty = Vyroat (28)
-

right

and thus for 7, =1.17 we assume that r,2, =1.13749.

reak
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Fig. 33. Crack dynamics at a bimaterial interface with homogeneous fracture energy
everywhere in the slab (case (iii)). In this study, the fracture surface energy in both the
stiff and soft materials is equal. We observe that the crack continuously branches off into
the soft solid and creates numerous small cracks. This indicates a general tendency of the
crack to branch off into the soft material.

In case (i), we observe that the crack continues to move along its
original direction and does not branch off into the soft or the stiff
material until the bi-crystal is completely broken.

In case (ii), we observe that before the daughter crack is nucleated,
the crack starts to wiggle and is thus limited in speed. Figure 29 shows
the simulation snapshots of case (ii). We find that the crack branches off
into the soft material and continues to propagate there. The plot on the
right hand side in Figure 31 shows a zoom into the crack tip region,
showing the initial crack surface roughness (A) and the large dominant
branch (B) into the soft material.

Figure 32 plots the crack tip history for case (i) and case (ii). It
clearly reveals that in case (ii) nucleation of a secondary daughter crack
does not occur. However, the crack speed increases to speeds beyond the
Rayleigh-wave speed of the soft material. In case (i), crack speed
remains at the longitudinal wave speed of the stiff material, even after
the constraint is relieved.

In case (iii), when the fracture surface energy is equal in the stiff and
the soft materials, we observe a tendency of the crack to branch off into
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the soft region. Figure 33 shows a snapshot at late stages of simulation
(here the loading rate was £, = 0.000,02, and loading never stopped).
The branching into the soft region (right half) can clearly be recognized.
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Fig. 34. Crack tip history for a shear loaded crack propagating along an interface with
stiffness ratio Z=3. This crack tip history plot reveals a mother-daughter-granddaughter
mechanism: After a critical time, a secondary crack (the daughter crack) is nucleated
ahead of the mother crack. Shortly afterwards, a tertiary crack (the granddaughter crack)
is nucleated. The transition in crack speed is from the daughter to the granddaughter is
more continuous compared to that from the mother to the daughter (see also the velocity
history plot depicted in Fig. 35).

5.3 Shear dominated cracks at bimaterial interfaces: Observations in
MD simulation

While noting that the basic observations here will hold for a range of
elastic mismatch ratios, we mainly discuss the results at Z=3. The
primary crack is observed to initiate at time ¢ =~ 34 and quickly
approaches the Rayleigh speed of the soft material v — ¢, , ~3.4.
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Fig. 35. Crack tip velocity history during the mother-daughter-granddaughter mechanism
for a shear loaded crack propagating along an interface with stiffness ratio Z=3. The
plot is obtained by numerical differentiation of the crack tip history shown in Fig. 2. The
crack speed changes abruptly at the nucleation of the daughter crack, and rather
continuously as the granddaughter crack is nucleated.

Figure 34 shows the history of crack tip location, and Figure 35 that
of the crack tip velocity [90]. Both curves are shown over a time interval
close to the nucleation of secondary and tertiary cracks. We observe a
discontinuous jump in the crack velocity at ¢ = 100, as the daughter crack
is nucleated in front of the mother crack. The daughter crack forms at a
distance Aa = 10 ahead of the mother crack and quickly approaches the
longitudinal wave speed of the soft material v — ¢, ~ 6.36. The
mechanism of nucleation of the daughter crack is reminiscent of the
mother-daughter mechanism of mode II cracks in homogencous
materials [31, 38].

Shortly after the daughter crack is nucleated, another change in
propagation speed is observed at time ¢ ~ 108 (see Figures 34 and 35).
This is due to initiation of a tertiary granddaughter crack ahead of
the daughter crack. The nucleation of the granddaughter crack occurs
at a short time (A¢ = 8) after nucleation of the daughter crack (Figs. 34
and 35).
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(1) | (2)

Fig. 36. The plot shows the potential energy field near a shear loaded interface crack
with stiffness ratio Z=3 (color code: red corresponds to high potential energy and blue
corresponds to the potential energy of atoms in a perfect lattice). The plot shows a small
section around the crack tip. The crack surfaces are highlighted red. In the upper left plot,
the initial configuration with the starting crack is shown. As the loading is increased, the
mother crack starts to propagate, eventually leading to secondary and tertiary cracks. Two
Mach cones in the soft solid and one Mach cone in the stiff solid can be observed in the
lower right figure, suggesting supersonic crack motion with respect to the soft material
and intersonic motion with respect to the stiff material.

The transitions from mother to daughter and daughter to
granddaughter cracks are quite sharp, and the crack motion stabilizes
after the granddaughter crack is nucleated. Figure 36 shows a few
snapshots of the potential energy field from the initial configuration until
the birth of the granddaughter crack. A similar sequence is shown in
Figure 37, depicting the o,, stress field.

In Figure 38, we show a blowup plot of the potential energy field
close to the crack tip, with crack surfaces highlighted with “larger” atoms
in red color. The mother (A), daughter (B) and granddaughter (C) cracks
can be clearly identified.
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Fig. 37. The plot shows the o, stress ficld near a shear loaded interface crack with
stiffness ratio Z=3 (color code: red corresponds to high stresses), for a similar sequence
as shown in Figure 36. The Mach cones can clearly be seen in snapshot (4).

The result suggests that shear dominated cracks along a bimaterial
interface can reach the longitudinal wave speed of the stiffer material and
can become supersonic with respect to the wave speeds of the soft
material. Similar observations have been made in experiments. Rosakis
et al. [96] reported crack speeds exceeding the longitudinal wave speed
of the softer material and, at least on one occasion, reaching the
longitudinal wave speed of the stiffer material. In another experimental
study by Wu and Gupta [97], a crack at Nb-saphire interface was found
to approach the longitudinal wave speed of the stiff material. Our results
suggest three critical wave speeds for shear dominated interface cracks:
the Rayleigh-wave speed of the soft material, the longitudinal wave
speed of the soft material and the longitudinal wave speed of the stiff
material.
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Fig. 38. The plot shows the potential energy field in the vicinity of the crack tip, shortly
after nucleation of the granddaughter crack (color code: red corresponds to high potentia
energy and blue corresponds to the potential energy of atoms in a perfect lattice). The
mother, daughter and granddaughter cracks can be identified. In the blow-up on the right
the mother (A), daughter (B), and granddaughter (C) are marked. The mother and
daughter cracks are represented by waves of stress concentration in the soft material. For
the daughter crack (B), the Mach cone associated with the shear wave speed in the soft
material can clearly be observed. The granddaughter crack (C) carries two Mach cones in
the soft material.

Atomistic studies are particularly suitable for studying the details of
the processes close to the crack tip. Figure 39 shows a time sequence of
the shear stress field very close to the crack tip during the nucleation of
the secondary and tertiary cracks. The results suggest that a peak
(concentration) in shear stress ahead of the crack causes nucleation of the
daughter and granddaughter cracks. The shear stress peak ahead of the
mother crack moves with the shear wave speed of the softer material (see
Fig. 39, snapshot (2)). In Fig. 39, snapshot (3), the daughter crack has
just nucleated, but there appears another peak in shear stress a few
atomic spacings ahead of the daughter crack moving close to the shear
wave speed of the stiffer material. In Fig. 39, snapshot (4), the
granddaughter crack has appeared, as indicated by two shock fronts in
the softer material. These observations are, at least qualitatively, in
agreement with the mother-daughter mechanism observed for mode 11
cracks in homogeneous materials [31, 38]. The corresponding times of
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the snapshots are given in the caption of Fig. 39, and can be compared
with the crack tip history and crack speed history shown in Figs. 34 and
35.

5.4 Discussion and conclusions: dynamics of interfacial cracks

The studies reported in this paper shows that cracking along a
bimaterial interface is a rich phenomenon. We show that, barring
hyperelastic effects, the limiting speed of an interfacial crack is the
longitudinal wave speed of the stiffer material. A shear-dominated
interface crack can propagate supersonically with respect to the softer
material. We find that the crack speed changes discontinuously as the
loading is increased, with more detailed analysis revealing a mother-
daughter  (tensile dominated loading) and mother-daughter-
granddaughter mechanism (shear dominated loading) to achieve the
ultimate limiting speed (see Figs. 25, 34 and 35). A clear jump in crack
velocity can be observed when the daughter crack is nucleated. However,
the nucleation of the granddaughter crack occurs with a more continuous
velocity change.

A mother-daughter-granddaughter mechanism in shear dominated
cracks has been reported in previous MD simulations of crack
propagation along an interface between a harmonic material and an
anharmonic material having the same elastic wave speeds under small
deformation [13]. In the present study, we show that the mother-
daughter-granddaughter mechanism not only occurs in nonlinear
materials but also for linear elastic bimaterial interfaces. The fact that the
mother-daughter-granddaughter mechanism occurs in both systems
suggests that the phenomenon is robust and may occur under a wide
range of conditions.

The elastic field of an interface crack can be very different from that
of a homogeneous crack [98-101]. If crack propagation is supersonic
with respect to one of the materials, multiple shock fronts are expected.
The shock fronts shown in Figures 28, 29, 36-38 indicate that crack
propagation is supersonic with respect to the soft material. A more
detailed comparison of continuum theory and MD simulation is left to
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future work due to the known difficulties related to the oscillatory
character of the continuum mechanics solutions.

We also simulated the dynamics of interfacial cracks with
unconstrained crack branching under mode I dominated loading. The
results of these studies are depicted in Figures 31 and 32. Figure 33
seems to reveal that there exists a tendency for cracks to branch off into
the softer half space. This is in accord with observations made by other
computational approaches at the continuum level by Xu and Needleman

(1) @

©) (4)

Fig. 39. Shear stress field during the transition from the mother crack (subplot (a)) to
propagation of the granddaughter crack (see snapshot (1)). The analysis of the
deformation field suggests that the large shear deformation ahead of the mother crack
causes nucleation of the daughter crack. The peak in shear stress can be observed in
snapshot (2), and appears by the dark red color. In snapshot (3), the daughter crack has
nucleated, and there is still a peak shear stress ahead of the crack leading to initiation of
the granddaughter crack (snapshot (4)). Here the granddaughter crack has appeared
propagating at the longitudinal wave speed of the stiff material, while leaving two shock
fronts in the soft material. Snapshots (1-4) are taken at times 1=82.2, 1=98.76, r=104.4,
and r=115.2 respectively.
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[91, 92]. However, we observe that if the constraint of interfacial crack
motion is turned off affer the secondary crack is nucleated, the crack
maintains its supersonic speed without branching into either the soft or
the stiff half space.

We find that the tendency to branch off into the soft material can not
be explained by a difference in fracture surface energy. In a focused
simulation study (case (iii)), we have adjusted the fracture surface energy
so that it is equal in both the soft and the stiff regions and still observe a
tendency of the crack to branch off into the soft region. This tendency of
branching into the soft material may explain why supersonic cracking
along interfaces has not been observed in experiments so far.

Our results suggest that successive generations of cracks via mother-
daughter or mother-daughter-granddaughter mechanisms may be an
important aspect of interface cracking. The detailed mechanisms should
be subjected to more rigorous mathematical analysis and interpretations.
This is left to a forthcoming article to be published elsewhere.

The present study illustrates that atomistic simulations can provide
useful insights into the dynamics of crack propagation along bimaterial
interfaces. Combining large-scale atomistic simulations with continuum
mechanics is a powerful approach in modern studies of dynamic fracture
mechanics.

6. Summary and conclusion

We have presented a review of some of the recent results on large
scale MD modelling of dynamic fracture. We have reported progresses
in three areas of focus: (i) crack limiting speed, (ii) crack tip instabilities,
and (iii) crack dynamics at interfaces.

The main conclusion is that hyperelasticity, the elasticity of large
deformation, is crucial in order to form a clear picture of the failure
process near a rapidly moving crack tip: Both the maximum crack speed
and the dynamic instability are strongly influenced by the large-strain
elastic properties. Phenomena such as intersonic mode I fracture
(Figure 9) and supersonic mode II fracture (Figure 10) can not at all be
addressed by classical, linear elastic theories. The observation of stable
cracks in homogeneous materials at speeds beyond the Rayleigh-wave
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speed, as shown in Figure 23, can only be understood from a hyperelastic
point of view. Further, we have shown that hyperelastic softening can
significantly reduce the critical instability speed in cracks, as shown for
instance in Figure 19. Classical linear elastic theories such as the Yoffe-
model [78] fail when significant softening is present at the crack tip. Our
new concept of a characteristic energy length scale } helps to
understand the relative significance of hyperelasticity in dynamic
fracture (see Figure 13), both for the limiting speed of cracks (Figure 12)
and for the instability dynamics (Figure 20).

Further, we find that interfaces and geometric confinement can play
an important role in the dynamics of cracks. Crack propagation
constrained along interfaces can significantly change the associated
maximum speeds of crack motion. This is illustrated for instance by the
studies using the concept of a weak fracture layer where the Rayleigh-
wave speed of cracks can be attained by cracks (see Figure 6), versus the
studies of cracks in homogenecous materials where the crack starts to
wiggle at 73% of the theoretical limiting speed (see Figure 17). If cracks
propagate along interfaces of eclastically dissimilar materials, the
maximum crack speed can significantly change and new mechanisms of
crack propagation such as daughter and granddaughter cracks appear, as
illustrated in Figures 24, 32 and 33, leading to supersonic fracture
relative to the soft material.

The results discussed in this article suggest that the definition of
wave speeds according to the small-strain elastic properties is
questionable in many cases, and a more complete picture of dynamic
fracture should include local wave speeds near the cohesive failure of
materials near a crack tip.
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The dynamic crack initiation toughness is a measure of material resistance
to fracture under transient loading conditions. As of today, there are no
standardized techniques for the assessment of this property. This chapter
provides a detailed presentation of recently developed experimental techniques,
largely based on the author's experience. Each technique is thoroughly and
critically discussed to provide the necessary background for the practitioner.
Selected results are described in an attempt to establish a relationship between
microstructure aspects and mechanical characteristics. Future directions are
pointed out.

1. Introduction

Since the early days of Griffith, fracture mechanics has made
considerable progress, and from a practical point of view, one considers
that the resistance of a material to crack propagation (fracture) under
quasi-static conditions is represented by the so-called fracture toughness
— K, . Recommended experimental procedures are available for the
selection of the specimen, loading conditions and processing of the
results'. However, quasi-static loading conditions are not always
encountered and structures must frequently withstand transient loading
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conditions, subsequently referred to as dynamic loading. The subject of
dynamic fracture mechanics has for long aroused much scientific
interest, and basic solutions are available for two selected cases: the
dynamically initiated crack and the rapidly propagating crack™ °. The
dynamically propagating crack has traditionally drawn much more
attention, in both its analytical and experimental aspects with emphasis
on the maximum achievable crack speed and the issue of crack
bifurcation. By contrast, despite its important practical aspect, dynamic
crack initiation has drawn much less attention, so that the experimental
aspects of the dynamic initiation toughness have not been widely
investigated.

Therefore, compared to the vast amount of literature on the quasi-
static fracture toughness as a material property, relatively little is known
on the dynamic initiation toughness as a potential material property.
Also less known are aspects such as how to measure it, and eventually
how to introduce it into design criteria.

This chapter addresses the dynamic crack initiation toughness — K }ic
— from an experimental point of view. Its purpose is to familiarize the
practicing engineer with the basic concepts and experimental techniques.
Each technique will be presented along with its theoretical background.
Two main aspects will be discussed: the mode I and mode II initiation
toughness with its peculiarities such as the so-called failure mode
transition. The techniques and results presented here are largely drawn
upon the author's experience. Therefore, this chapter does not mean to
present a complete and exhaustive review of the available techniques and
their evolution, but rather to focus on simple and easily implemented
techniques for the characterization of the dynamic fracture properties of
materials. The following discussion will be restricted to stationary cracks
in linear elastic materials, allowing for the development of small scale
yielding at the tip of the crack.

We will first briefly present a path-independent integral based method
which was developed as a new framework for mode 1 dynamic fracture
investigations, with applications to mixed-mode fracture. This technique
was soon greatly simplified, as will be shown in detail, to yield the one-
point impact technique that is currently used on a routine basis for
dynamic initiation toughness measurements. Selected results on the
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dynamic initiation toughness of various materials, and its rate
dependence, will then be presented to establish a preliminary correlation
with fracture micromechanisms. It will then be shown that mode II
measurements are the natural extension of the above-mentioned
technique, with a special mention of the failure mode transition
phenomenon which is of very high importance. Thermomechanical
issues related to dynamic crack initiation will be briefly introduced. The
chapter will be concluded by a discussion on future directions.

2. Mode I initiation toughness: Compact compression Specimen
and H integral

Path independent integrals are particularly interesting to circumvent a
detailed characterization of the immediate vicinity of a crack-tip. Path-
independence can be practically taken advantage of in two selected
cases: a vanishingly small path around the crack-tip, and a large path
encompassing the specimen boundaries, where measurements are usually
made. An elastodynamic path independent integral (the H integral) was
originally devised by Maigre and Bui*, which is a particular case of the
dynamic weight functions”. For the special case of mode I loading, the
integral writes as:

- 1 exp 6uref _ 1- V2 x| of
HO)= HT v dr —E—{Kldp K| 1
S

This expression combines, through convolution products (%),
experimental (exp) and reference (ref) quantities. The left hand side of
the expression represents the specimen's outer boundaries where the
experimental load 7% is applied to any linear elastic structure containing
a stationary crack of length a. The right hand side of eqn. (1) contains
two stress intensity factors: K ;" that is to be determined, and a reference
stress intensity factor, K7 . The reference displacement u, its derivative
with respect to the crack length g, and the corresponding stress intensity
factor are all calculated numerically. All the components of eqn. (1) are
time dependent. The meaning of eqn. (1) is that, given a cracked
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structure subjected to dynamic loading conditions, the stress intensity
factor K ;P () can be determined by solving the integral equation, i.e.
through a deconvolution procedure. This approach emphasizes boundary
measurements instead of direct crack-tip monitoring.

A special specimen was later devised by Rittel et al.>® which was
especially adapted to the concept. As shown in Fig. 1, the Compact
Compresston Specimen (CCS) contains a crack that opens under
compressive loads applied on its boundaries.

This specimen can easily be inserted between the bars of a split
Hopkinson (Kolsky) pressure bar’. While a detailed description of the
Kolsky bar is beyond the scope of the present chapter (for additional
details, see, e.g. Meyers®), we will just remind that this setup applies
stress wave loading to a specimen (of any shape). While the bars
(incident and transmitter) remain elastic, thus justifying the use of
elastodynamic 1-D wave theory, the specimen may either crush or

fatigue
notch  precrack

!

Fig. 1. Schematic representation of the compact compression specimen (CCS). This
specimen allows crack opening as a result of compressive loads on its branches. The
degree of mode-mix depends on the symmetry of the applied loads.



Dynamic Crack Initiation Toughness 73

fracture. As a result of the striker's impact on the incident bar, an incident
strain pulse - ,,. - progresses towards the specimen, is partly reflected at
the bar-specimen boundary - ¢,,, and partly transmitted to the
transmitter bar after passing through the specimen - &,,. Each bar is
instrumented with a set of strain gauges in order to measure those
signals. The experimental setup is shown in Fig. 2.
The interfacial loads and displacements that are applied to the
specimen by means of the bars are given by:
Fin :EA( €inc + 8iref)
)
Fout =EA(8tra)
where E and 4 stand for Young's modulus and diameter of the bars
respectively.
One should note that, as a result of the transfer time of the signals
through the specimen, F;, and F,, are generally not equal during the
initial period of the loading. This point will be discussed later. Therefore,

Strain gauges

Transmitted bar Incident bar

Specimen

Striker

Fig. 2. Schematic representation of a Kolsky (split Hopkinson) bar, with the CCS
sandwiched between the bars. A compressed air gun fires the striker against the incident
bar, which induces a compressive stress pulse. The latter travels towards the specimen,
gets partly reflected and partly transmitted through the specimen to the transmitter bar.
The transient strains are measured away from the specimen, using strain gauges cemented
to the bars.
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once the structure and applied loads (boundary conditions) are selected
and determined, the dynamic crack initiation toughness is defined as the
value of the stress intensity factor at the onset of crack propagation:

K;iC :Kld (t) @t = tﬁ'acture (3)

The fracture time is determined by single wire fracture gauges that are
connected to a timing circuit. A typical experiment lasts a few tens of
microseconds. It should be emphasized that accurate assessment of the
fracture time is crucial, since the typical stress intensity rate is of the
order of K, =10° MPax/m /s . As a result of the linearity of the problem,
the approach can be extended to mixed-mode loading, using the
symmetric 0.5(F;,,+F,,) and anti-symmetric 0.5(F},-F,,) components of
the loading with appropriate mode I and mode II boundary conditions,
respectively’. The SCS was used in a series of validation experiments
with various brittle materials.

A key observation was that the brittle specimens fractured at a time
where F;, # 0, while F,,, was still equal to 0. This indicates that fracture
is purely inertial, and the crack propagates upon the first passage of the
stress wave prior to exiting the specimen at the transmitter bar-specimen
interface. This observation opens the way for the testing of unsupported
specimens, since fracture occurs before the wave has reached the
supports. In spite the symmetry of the CCS, the lack of symmetry of the
applied loads at fracture preclude the development of a pure mode I
fracture. Consequently, the specimen may experience a mixed mode
loading with slant initial crack trajectory. However, this situation can be
controlled through the use of one point loaded structures (e.g. beams), as
discussed next.

Keeping in mind these points, the ensuing developments focused on
the application of the so-called one-point impact technique'.
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3. The one-point impact technique

An alternative to the deconvolution technique mentioned in the
previous section consists of calculating the response k of the cracked
structure to a unit impulse. As before, the stress intensity factor will be
given by the convolution of the applied load with the unit impulse
response:

A

K, =Fxk (4)

The dynamic initiation toughness will be again given by eqn. (3).
This approach is less involved than the (unstable) deconvolution process,
although it requires one calculation per given crack length. A great
advantage of the method is that one can now enforce pure mode I
conditions by selected (symmetrical) beam specimens, for instance. The
experimental setup is schematically represented in Fig. 3. A significant
advantage of this setup is that the beam is not supported, so that the
numerical calculation of k is greatly simplified when compared with 3
point bend experiments (e.g. Charpy) for which the boundary conditions
at the supports may be ill-defined.

incident bar
/ incident wave

reflected wave

fracture gauge

Fig. 3. The one-point impact technique. A single instrumented bar is brought in contact
with the fracture (beam) specimen. A striker is fired against the bar, which induces a
compressive signal that loads the specimen. The latter is unsupported and fractures by
inertia. The fracture time is measured by means of a single wire fracture gauges cemented
on each side of the specimen. For this geometry, pure mode I loading is ensured.
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8 mmI

Fig. 4.1. Dimensions [mm] of the short beam specimens used by Weisbrod and Rittel'.
Note that the dimensions of the beam dictate the use of numerical analysis techniques to
determine the dynamic stress intensity factor.

23 mm

Although (fatigue) cracked beam specimens are commonly used, the
beams' dimensions are not restricted by any specific geometrical
assumption. Weisbrod and Rittel'' investigated the fracture properties of
short beams made of tungsten heavy alloy (Fig. 4.1), using the one-point
impact technique.

Typical experimental signals are shown in Fig. 4.2, as they are
collected on the incident bar (&, and &), and close to the crack-tip by
the fracture gauge.

The wvalidity of the approach was assessed by comparing the
measured and calculated strains ahead of the crack-tip. Miniature strain
gauges were mounted close to the crack-tip to determine &%) at (r,6). At
the same time, the strain was calculated from K, (#) based on the
applied load and eqn. (4). As shown in Fig. 5, the simple assumption of a
1 term LEFM, K-dominated strain, yielded an excellent approximation of
the measured strain in several distinct experiments. These experiments
showed the feasibility of the one-point impact approach for dynamic
initiation toughness measurements.
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Fig. 4.2. Typical raw (not time shifted) experimental signals, including the incident and

reflected pulses. A miniature strain gauge has been cemented on one side of the specimen

and a single wire fracture gauge on the other side. Both indicate quite similar fracture

time. (Reprinted from [11]).
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Fig. 5. Typical evolution of the Ki(t) in a one-point impact experiment of a short beam.
The SIF is calculated from the boundary conditions (eqn. 4) and measured using a
miniature strain gauge. Note the excellent agreement between the two signals. The
dashed vertical line indicates fracture time, beyond which the determination of Ky(t) is no
longer valid. (Reprinted from [11]).
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We will now discuss two important aspects of the experiment, namely
the accuracy of fracture gauge readings, and the duration of the contact
phase between an unsupported specimen and the incident bar in typical
experiments.

4. Specific issues related to the one-point impact technique

4.1 Determination of the fracture time

As mentioned before, one should tend to achieve the best possible
accuracy in determining the onset of crack propagation. There are
basically only two available methods to determine the onset of fracture.
The first relies on single wire fracture or miniature strain gauges, and the
other on high speed photography (visual detection). One should keep in
mind that while we are currently limited to surface monitoring of the
specimen, (dynamic) fracture is a three-dimensional process during
which a finite time is required for microcracks that initiate at mid-
thickness of the specimen, to coalesce into a main crack, visible on its
surface. Unfortunately, more sophisticated techniques such as acoustic
emission, flash X-ray or potential drop techniques have not yet lifted the
limitation related to surface monitoring. Other techniques, essentially
optical, rely on direct crack-tip monitoring through high speed
photography, and they still require the crack to emerge on the free
surface of the specimen. Therefore, one can conclude that the fracture
time, determined using either technique, is the upper bound
corresponding to the final stage of fracture, e.g. gross specimen
separation. The reader interested in a quantitative estimate of the time
delays that characterize the process is referred to a paper by Aoki and
Kimura'?, who analyzed the method of caustics in dynamic fracture.

In a set of experiments, a steel specimen was tested, which was both
instrumented with a fracture gauge on one side and monitored by high
speed photography on its other side. The low test temperature (specimen
extracted from liquid nitrogen) induced a brittle fracture mode. Figure
6.1 shows the evolution of the recorded load and the fracture time
indicated by the fracture gauge. It can be noted that fracture occurs
beyond the maximum load peak and that after some time, the load drops
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to zero (this point will be addressed later). With the time origin taken as
the arrival of the stress wave on the specimen, the measured fracture
time, from the fracture gauge, was found to be 32.3us. The estimated
fracture time, from the photographic record was 34.0 ps (Fig. 6.2). An
excellent agreement was observed between the two crack detection
methods". Therefore, while additional effort is indeed required to refine
our detection capabilities of early damage, fracture gauges can be
considered as a cheap and reliable method to assess the onset of fracture.
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Fig. 6.1. Typical variation of the applied load, F(t), in a one-point impact experiment.
Fracture is detected by means of the single wire fracture gauge. Note that the onset of
fracture starts past the maximum load at t=32.3us. The load drops to zero at t~60us,
indicating completion of the fracture process. (Reprinted from [13]).
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Fig. 6.2. High speed photographic recording of the experiment shown in Fig. 6.1. the
crack originates between frames 4 and 5 corresponding to a fracture time of 34ps, in
excellent agreement with the fracture gauge reading of 32.3ps. (Reprinted from [13)).

4.2 Contact time between the specimen and incident bar

It is well established that an impacted and unsupported structure will
not immediately start to propagate upon impact. Rather, a certain amount
of time will elapse, during which waves travel back and forth in the
structure, causing its step-like rigid body motion. It is therefore important
to have an idea of the duration of the contact phase between the
specimen and the bar, as compared to the fracture time. In other words,
one would like to be sure that the specimen fractures while it is still in
contact with the bar, and not as the result of its later impact on some
restraining structure or wall. However, contrary to 1-D wave propagation
analysis, the 2-D case of the beam specimen must be investigated
experimentally and/or numerically. In this context, impact experiments
were performed on steel (Charpy) specimens that were loaded in a
1-point configuration’. The specimens, made of ductile steel at room
temperature, were monitored using high speed photography and the
duration of the contact phase was assessed visually. Here, the specimens
did not fracture, but rather took off the bar after a given time. Since the
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incident and reflected signals were recorded during the experiments, the
applied load was calculated (eqn. 2) so that when it dropped to zero, the
hypothesis was that the specimen separated from the bar. One should
note that a zero load condition means that the incident and reflected
signals are equal, which alternatively means that the end of the bar acts
as a free surface (total reflection). The separation time, thus determined
was found to be 80us (Fig 7.1). On the other hand, the high speed
sequence of photographs clearly shows a tiny gap that opened between
the specimen and the bar at about 82.5us (Fig. 7.2). This experiment
clearly shows that the contact phase duration can be reliably estimated
from the load-time data, even if this point is obvious from a theoretical
point of view. One can now compare the fracture time of 34 ps with the
duration of the contact phase of 80 s in this series of experiments, and
the obvious conclusion is that the brittle specimen fracture in the 1-point
impact test occurs during the contact phase with the loading bar.

However, this conclusion should not be generalized to any 1-point
impact test. Indeed, the contact phase depends, among other factors on
the geometry and the material of the test specimen. Intuitively, one
would expect that the higher the wave velocity of the material, the
shorter the contact period. One should also pay attention to the
slenderness of the beam specimen, which may cause temporary loss of
contact as a result of the mode shapes of the specimen. Fortunately, these
points can be reliably investigated using finite element simulations.
Figure 8 shows a numerical simulation of the 1-point impact test,
including the various stages of deformation of the beam specimen until it
definitely separates from the bar'*. From these simulations, the contact
time can be reliably estimated and was also found to match the
experimental observations. In addition, such simulations may be
extremely useful for the design of one-point impact experiments with
specimens of various geometries, when one wants to compare the contact
time with that required for the stress wave to reach and interact with the
crack-tip.
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Fig. 7.1. Typical incident and reflected signals. The time at which they reach equal levels
indicates a free end condition (specimen take-off or fracture), in excellent agreement with
high speed photographic recordings. (Reprinted from [13]).

The practitioner should therefore keep in mind that the experiment
yields redundant information by means of the fracture gauges and the
strain pulses. The most obvious indication that fracture indeed occurs
during the contact phase is obtained from the fact that fracture time is
noticeably shorter than the time at which contact cessation is recorded,

i.e. load drop to zero.
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Fig. 7.2. Two separate sequences of high speed photographs in a one-point impact
experiment of a Charpy specimen at room temperature. The specimen did not fracture.
The rigid body kinematics is evidenced from the growing gap that develops at the
specimen-bar interface. The first evidence of loss of contact appears between frames 4-5,
corresponding to t = 82.5 ps. (Reprinted from [13]).
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Fig. 8. Finite element simulation of the one-point impact tests. The simulation allows a
precise estimate of the specimen-bar contact phase as well as the various vibration modes
of the specimen, in order to optimize the specimen geometry. (Reprinted from [14]).
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One last, but not the least addressed question concerns the accuracy
of the experimental determination of the dynamic crack initiation
toughness using the above mentioned methods.

4.3 A cross-technique comparison

As mentioned in the introduction, the determination of the dynamic
crack initiation toughness is not a standardized practice. So, every
researcher develops his own methodology. As of today, the author is not
aware of any round-robins aimed at assessing the accuracy of the
measurements. However, a first comparison of that kind was recently
carried out by Rittel and Rosakis", in which two radically different
approaches were compared. The selected material was a bulk metallic
glass that is well known for its limited ductility to fracture and tendency
to fail by (adiabatic) shear band formation. In one series of experiments,
plate specimens were dynamically loaded (mode I) by an impact
pendulum, while the crack-tip displacement field was monitored
(imaged) in real time using the Coherent Gradient Sensing (CGS)
method and high speed photography. The evolution of the stress intensity
factor was subsequently determined until the onset of fracture, as
evidenced from the photographic recording. The fracture toughness was
thus determined according to eqn. (2). An independent series of
experiments was carried out on the same material, using small beam
specimens and the one-point impact technique, as described above. Fig. 9
shows the dynamic crack initiation toughness, as determined from the 2
methods, as a function of the stress intensity rate (by analogy with the
strain rate in constitutive tests). As can be noted, the 2 techniques yielded
rather similar results, in terms of both K i and its dependence onK -
The good agreement between the 2 techniques opens the way towards
more standardized tests on one hand, and also allows for a more reliable
comparison of results originating from different sources on the other.
One should nevertheless keep in mind that the main bottleneck in these
experiments remains the accurate determination of the fracture time,
regardless of the experimental approach.
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Fig. 9. Dynamic initiation toughness of a bulk metallic glass, as determined by 2 different
experimental techniques: CGS and one-point impact. Note the excellent agreement of the
two techniques. (Reprinted from [15]).

5. Characteristic experimental results

Having described and discussed some approaches to the experimental
determination of the dynamic crack initiation toughness, we will now
present selected results about this material property, in an attempt to
clarify the underlying physical mechanisms. While Fig. 9 showed the
rate sensitivity of K% for a bulk metallic glass, Figs. 10 and 11 show
results obtained for 2 more material systems. The first is a glassy
polymer (commercial polymethylmethacrylate - PMMA) that was tested
using the CCS technique'®. The second material is porous ceramic
skeleton (TiC) infiltrated with a steel binding phase"”.

Fig. 10 shows that the dynamic initiation toughness of PMMA is
noticeably higher than the quasi-static fracture toughness. Dynamic
loading conditions produce values that are twice the quasi-static values,
even if at the higher stress intensity rates, the crack was observed to
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Fig. 10. Dynamic initiation toughness of commercial PMMA as a function of the stress-
intensity rate. Two corresponding points correspond to the 2 fracture gauges on each side
of the specimen. At the highest rate, fracture is unsymmetrical and exhibits mode-mix.
(Reprinted from [16]).

extend at a slant angle, thus indicating some mode-mix. In addition,
fracture was not always symmetrical and different values were recorded
on each side of the specimen, indicating asymmetrical initiation
conditions.

Figure 11 shows the distribution of the quasi-static and dynamic
fracture toughness of the TiC-steel cermet, for which the steel matrix has
been subjected to various heat treatments. While additional information
about this material can be found in Rittel et al.”, it is interesting to note
at that stage that the dynamic fracture toughness is again markedly
higher than the quasi-static, and it may triple its quasi-static value, on the
average. Therefore, Figs. 9-11 all point to the same observation: the
dynamic fracture toughness is affected by the stress intensity rate, in the
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sense that higher loading rates correspond to higher toughness values.
This observation cannot be generalized to all the classes of materials,
since in certain cases the dynamic initiation toughness may be lower than
its static counterpart or even remain unaffected by the rate of loading, as
reported in the literature. However, if one considers the brittle materials
in particular, the present results point to the puzzling fact that the
apparent material resistance to crack propagation is higher under
dynamic conditions. While the physical mechanism responsible for this
trend is not elucidated, it seems obvious that strain rate dependent
mechanical properties (e.g. plasticity) can be ruled out since they play a
minor role in the brittle fracture process. The following section presents
some results and clues on this issue.
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Fig. 11. Static and dynamic fracture toughness of a TiC-steel cermet. The steel matrix
underwent various heat treatments, as indicated (As-received, Quenched, Tempered at
300 and 400C). Note the significantly higher dynamic fracture toughness. (Reprinted
from [17]).
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6. On the rate sensitivity of the dynamic initiation toughness

In the absence of a well-defined (universal) explanation for the rate
sensitivity of the dynamic crack initiation toughness, one can tentatively
explain the observed trend on the basis of simple micromechanical
considerations, namely damage, for which the specific mechanism is
material dependent. In other words, the failure mechanisms must be
characterized using optical and scanning electron microscopy as well as
other materialographic techniques.

In the above mentioned work on commercial PMMA', it was noted
that the region immediately adjacent to the crack front was significantly
rougher for the dynamically loaded specimens, while it was relatively
smooth for those which were loaded quasi-statically. In addition, away
from the crack initiation area, the crack propagation region was observed
to be relatively smooth to an extent that one could not differentiate static
from dynamic specimens. This observation points to a distinct signature
of the dynamic initiation process. It was therefore suggested that the
dynamic initiation process differs from the quasi-static one in the sense
that, whereas the latter proceeds by a self-similar extension of the crack-
front, the former seems to consist of the nucleation on multiple
microcracks, responsible for the observed roughness. In such a case, a
finite time is required for these microcracks (damage) to coalesce with
the main crack-front, during which the macroscopic stress intensity
factor may increase. As of today, there is no analytical model for this
complicated phenomenon. Yet, the simple argument that final failure is
delayed in time by a given micromechanism, may well be responsible for
the high fracture toughness values that are measured.

In the second case of the composite TiC-steel cermet’’,
metallographic sections, perpendicular to the fracture plane, were
prepared in the vicinity of the crack-origin. As shown in Fig. 12, the
quasi-statically loaded specimen shows no apparent damage below the
main fracture plane. By contrast, several cleavage microcracks can be
noted in a limited radius around the crack-tip. These microcracks are
confined to the ceramic phase, as was shown by transmission electron
microscopy'®.
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Fig. 12.1. Longitudinal cross-section through the fracture plane. Static fracture. The dark
gray particles are TiC skeleton and the clear gray phase is the steel matrix. Note the lack
of apparent damage below the main fracture plane. (Reprinted from [17]).

FRACTURE SURFACE

Fig. 12.2. (A) Longitudinal cross-section through the fracture plane. Dynamic fracture.
Note the extensive cleavage cracking of the TiC phase. (Reprinted from [17]). (B) ibid. at
higher magnification using transmission electron microscopy. (Reprinted from [18)).

One can therefore identify two phases of dynamic damage evolution:
cleavage damage in the ceramic phase which dissipates energy that
would otherwise be available for crack-propagation, and the second
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phase which, consists of bridging the ceramic cleavage cracks across the
steel ligaments to complete the final failure process. Additional evidence
of energy dissipation through cleavage microcracking can be found in the
work of Rittel et al.'. This work, which was carried out on bainitic steel,
showed a correlation between the fracture energy, the qualitatively
assessed roughness of the fracture surfaces and mostly the extent of
cleavage microcracking beneath the main fracture plane.

Concerning the above-mentioned bulk metallic glassls, it was
observed that the static and dynamic fuilure mechanisms are quite
different. As shown in Fig. 13, the quasi-static fracture specimen fails
essentially by cleavage with some dimples. This failure mechanism is
deemed to consume less energy than the ductile mechanism (dimples)
observed in the dynamically fractured specimens. Qualitatively, the two
failure mechanisms correspond to the trend observed in the initiation
toughness values recorded for these specimens.

Fig. 13 Static (A) and dynamic (B) fracture surfaces of a bulk metallic glass. Note the
difference in failure mechanisms, showing mostly cleavage and some dimples in (A), as
opposed to profuse dimples in (B). (Reprinted from [15]).

The present observations are brought to illustrate the point that the
dynamic initiation toughness and its rate sensitivity are dictated by
micromechanical damage and failure considerations. The damage and
failure mechanisms should be systematically characterized for each case,



92 D. Rittel

so that distinct classes can ultimately be identified, thus allowing for
prediction of the rate sensitivity of the dynamic initiation toughness.

The next subject to be addressed concerns dynamic fracture under
mode II loading.

7. Dynamic mode U loading

7.1 Failure mode transition

Dynamic fracture under mode II conditions has been less investigated
by the engineering community than mode 1. By contrast, the geophysics
community has a strong interest in mode II because of its occurrence
during earthquakes (the reader can find a comparative review in [20]). In
parallel, the formation of adiabatic shear instabilities (shear bands) has
drawn a large analytical and experimental interest, although outside of
the fracture mechanics framework. However, seminal work by Kalthoff
et al.”' has shed new light on dynamic mode 1I fracture by revealing the
so-called "failure mode transition". This phenomenon, which was first
discovered for maraging steel specimens, consists of a dramatic change
of fracture path of dynamically loaded mode II cracks, as a function of
the impact velocity. In the range of "low impact velocities" (to be
determined for each material, and probably experimental setup), the
crack proceeds roughly along a 70° inclined path. The selection of this
path is determined by a maximum normal stress criterion, as e.g. in a
brittle fracture case. However, when the impact velocity increases
beyond a certain value ("high impact velocity"), the crack extends
parallel to itself at a 0° angle. The crack is therefore driven under shear
loading, thus responding to a different criterion that is more adequate to
ductile failure. And indeed, the 0° angle was found to correspond to
adiabatic shear failure, thus tying fracture mechanics and adiabatic shear
banding. The transition in crack-path is called the failure mode transition.
Following this observation, both analytical and experimental work was
carried out on other materials. Kalthoff's experiments were repeated by
Ravi-Chandar on polycarbonate®, confirming the failure mode transition
for this polymer. Zhou and coworkers® performed similar experiments
on maraging steel and a titanium alloy, which were modeled by finite
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element simulations®. The latter work included the thermomechanical
coupling ahead of the crack/notch tip, to replicate the observed transition.
Rittel et al.” investigated the failure mode transition in commercial
polycarbonate, for dynamically loaded sharp fatigue cracks, and
confirmed the existence of a failure mode transition in this material, in
accord with Ravi-Chandar®. However, one noticeable difference is the
fracture mechanics framework adopted in [25], within which the authors
sought for a critical mode 1T stress intensity factor that triggers the failure
mode transition. The main advantage of this approach is that by contrast
to a critical impact velocity which is much dependent on specimen and
setup, a critical Ky is of a more universal character. However, the actual
criterion for the failure mode transition is not yet universally established
and much additional experimental work is needed to clarify this issue.

Therefore, at this stage, the reader might want to note that depending
on the loading conditions, 2 different failure modes may develop, each of
them answering a different criterion. The most important point is that a
similar situation does not occur in mode I loading, so that it is important
to investigate the possible occurrence of the transition for a given
material that will be subjected to mode II loading conditions.
Consequently, the rest of this paragraph will be dedicated to mode II
loading, from an experimental point of view.

7.2 One-point impact experiment

fracture gauge

Fig. 14. Typical setup for mode II experiments, using one-point impact
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The one-point experiment shown in Fig. 14 is again quite convenient
to perform dynamic mode II experiments, provided the stress-intensity
factors are well characterized. As before, the main advantage of this
setup is that the boundary conditions are those of a free specimen.

x10°
f+}

SHEAR PC12

K [Pa.m*1/2]

time [sec] ' —4

Fig. 15. Typical evolution of the dynamic SIF's for a side impacted polymeric plate
(numerical calculation). Note that up to t=120 ps, the crack experiences almost pure
mode II loading. (reprinted with permission from [25])

7.3. The stress intensity factors

The stress intensity factors of the side impacted plate specimens have
been calculated, using finite element simulations”. Fig. 15 shows the
typical evolution of the stress intensity factors for a crack that
experiences frictionless contact conditions.

The main outcome of this calculation is that during a significant part
of the loading history, the crack experiences pure mode 1I conditions. At
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a later stage, corresponding to multiple wave reflections in the specimen,
the situation evolves into a mixed-mode loading condition. It should be
mentioned that the influence of friction (Coulomb) was investigated
preliminarily in the same work, and the numerical calculations show that
friction of the crack flanks has a very minor influence on the history of
the SIF's. The main influence of the contact between the crack flanks is
to limit closure effects that would otherwise develop, as shown by Lee
and Freund”®. One should note that dominance of an almost pure initial
mode II component is rather remarkable, when one thinks of quasi-static
testing for which pure mode II is not so easily achieved!

7.4 Determination of the fracture time

Similar to mode I tests, fracture is determined using single wire
fracture gauges that are cemented close to the crack-tip. However, two
possible cases may be encountered. In the first case, due to low impact
velocity, the crack propagates at a given angle and actual fracture occurs,
so that the fracture gauges provide an accurate estimate of the onset of
crack propagation. In the second case, due to a high velocity impact, the
actual specimen fragmentation occurs at a later stage that is preceded by
adiabatic shear band formation and fracture along the original crack
direction. In that case, the initial lack of fragmentation will most often
correspond to some tunneling of the crack/shear band underneath the
fracture gauge, so that there is no clear indication of the fracture time.
This lack of crack opening precludes the determination of the
corresponding stress intensity factors. This problem may be
circumvented using miniature strain gauges cemented in the vicinity of
the crack-tip, although their accurate position requires a preliminary
assessment of the angles at which the strains will be best measured and
also the radius at which to position these gauges to ensure K dominance
with respect to the anticipated plastic zone size. For such experiments,
high speed photographic recording provides valuable information, either
in the form of photo elastic patterns or through direct observation. In
both cases, numerical simulations must be carried out to verify the actual
stress field ahead of the crack-tip.
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For slant crack propagation, additional information can be gained by
measuring the initial crack angle. If a fracture criterion is assumed, such
as a maximum normal stress, the latter can be calculated from the
simulated history of the stress intensity factors. The outcome is the
evolution of the corresponding angle as a function of time”’, so that the
observed angle will indicate the fracture time. However, the reader
should keep in mind that measurement of the initial kink angle may be a
delicate task since this angle may not have an identical value on each
side of the specimen, or may even vary within the crack plane itself such
that a good engineering judgment might be required. The information
provided by the initial kink angle value is of redundant nature if valid
gauge readings are obtained. If this is not the case, the kink angle will
provide an approximate estimation of the fracture time which would not
be available otherwise.

8. Effects of thermomechanical couplings in fracture

Since the fundamental contribution of Taylor and Quinney®, it is a
well known fact that the mechanical energy invested during a mechanical
test is partly dissipated into heat and partly stored in the deformed
microstructure as the so-called stored energy of cold work?”. When high
rates of deformation prevail, heat cannot leave the specimen by
conduction and convection, so that the temperature of the specimen
changes. For instance, this phenomenon is particularly evident in the case
of adiabatic shear banding. One can distinguish two heat sources: the
first one, related to elastic deformations, is reversible and relates to the
volume change. For the vast majority of materials, hydrostatic expansion
will cause a temperature drop, while compression will cause a
temperature rise. This thermoelastic effect causes very small temperature
changes of the order of 1K in smooth specimens of metallic materials
and slightly more in polymers. The second heat source, thermoplastic
coupling, is linked to the dissipated energy, and it will always cause a
temperature rise that is much more significant than that related to
thermoelastic effects. Therefore, at this stage, it is evident that dynamic
crack initiation (and propagation) is certainly not an isothermal
phenomenon. While the issue of thermomechanical coupling is not the
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main concern of this chapter, it should nevertheless be mentioned for the
sake of completeness of the physical picture.

The crack-tip is characterized by a strong stress and strain gradient,
and geometrically, the crack-tip surrounding can be divided into a plastic
zone surrounded by an elastic zone, the extent of which is dictated by
fracture mechanics considerations and the mechanical properties of the
selected material. Rice and Levy” addressed the thermoplastic coupling
effect at the tip of dynamically loaded cracks and provided estimates of
the temperature rise, on the generally accepted premise that thermoelastic
effects are negligible. From a practical point of view, this result shows
that the crack-tip material is hotter than the surroundings so that the
dynamic initiation toughness is affected and may thus differ from its
static counterpart. While this does not account for inertial effects on the
micromechanisms of dynamic crack initiation, it would be quite desirable
to perform experiments aimed at quantifying the effects of temperature
on the quasi-static fracture toughness, and compare it to the dynamic
toughness to establish some sort of time-temperature equivalence for this
property.

While it is commonly admitted that thermoelastic effects are
negligible with respect to thermoplastic effects, early work by Fuller et
al.’' showed that this may not always be the case. These authors used
infra-red sensing techniques to measure the temperature ahead of a
propagating crack in a brittle polymers, and their results clearly show a
thermoelastic cooling effect that precedes the temperature rise as the
crack traverses the field of view of the detector. This point was further
investigated by Rittel® for commercial polymethylmethacrylate.
However, these authors investigated the crack initiation process, directly
related to the initiation toughness. The experimental technique consisted
of embedding small thermocouples in the close vicinity of the crack-tip.
The reliability of transient temperature sensing using embedded
thermocouples  was  thoroughly  assessed  beforehand, both
experimentally®® and analytically’®. A typical temperature recording
until crack propagation is shown in Fig 16. The temperature ahead of the
crack-tip remains constant until the stress wave impinges upon the crack.
A striking observation is that the temperature drops, as expected, but the
drop itself is not negligible and may reach a few tens of degrees. Looking
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Fig. 16. Transient record of the temperature ahead of the crack-tip of a dynamically
loaded PMMA specimen. Note the significant temperature drop, that occurs prior to crack
extension, as indicated by the fracture gauge. (Reprinted from [32])

at the indication of the fracture gauge, one may note that the temperature
drop actually precedes the onset of crack propagation.

To rationalize this observation, one must first assume that plasticity
effects are negligible in this material so that the crack-tip surroundings
remain essentially elastic. In addition, assuming that LEFM applies, the
expression for the temperature change is given by:

T(0)=T,| 1+°% p(t) s)

P

where T is a reference temperature, « is the linear expansion coefficient,
p the density, ¢, the heat capacity and p stands for the hydrostatic
pressure. Equation (5) is valid for an elastic solid under adiabatic
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conditions. It predicts that the temperature change is of a singular nature,
like the crack-tip stress field. This prediction makes no physical sense at
the very crack-tip, just like it makes no sense regarding the stresses or the
strains. One may nevertheless insert the material properties of this
polymer and investigate the nature of the temperature drop as a function
of the distance from the crack-tip. The outcome of this exercise is that up
to distances of the order of several hundred microns, the temperature
drop is not negligible and certainly superior to 1K*"*2, Here it should be
noted that the distances in question are quite physical, and certainly of a
size that is currently dealt with in conventional fracture mechanics. The
same exercise can also be carried out for metallic materials, and again,
there will be a noticeable temperature drop, closer to the crack-tip *°.

At this stage, the discussion of thermomechanical couplings in
fracture might be summarized by noting again that dynamic crack
initiation is not an isothermal phenomenon. Two heat sources (sinks)
compete, namely thermoelastic and thermoplastic effects. While
thermoplastic effects, if present, are deemed to exceed by far
thermoelastic effects, these should not be neglected a-priori, without
estimating the plastic zone size and the extent of the K dominated elastic
zone. Indeed, real materials always tend to display some crack-tip
plasticity (even if limited), but the latter is affected by the high strain rate
which acts to reduce the plastic zone size by increasing the flow
properties of the material. The same high strain rates do not affect the
elastic properties of the material, so that when elasticity becomes
dominant, crack-tip cooling effects may be significant. This issue
requires additional experimental and analytical/numerical work. It should
also be noted that, from a practical point of view, a local temperature
drop may in some cases trigger a ductile to brittle transition. However,
again, the thermal effects may be difficult to single out since the
operating fracture micromechanisms seem to be different under dynamic
loading conditions, as discussed above.

9. Discussion and conclusion

The preceding paragraphs have presented experimental procedures
for the determination of the dynamic crack initiation toughness.
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Irrespective of the crack loading mode, it was shown that one-point
impact experiments provide valuable information which compares to that
obtained with more sophisticated techniques involving high speed
photography. A major advantage of the technique is that the specimen
lays unsupported so that simple and reliable numerical models can be
built, which are useful for data reduction and interpretation.

When compared to other techniques, such as direct impact of the
specimen by a projectile, the one-point impact test has the advantage that
the applied boundary conditions (loads and displacements) are well
defined and measured. The validity of the hybrid experimental-numerical
approach was established by several independent tests. For example, the
crack-tip stress fields were simultaneously measured and calculated, and
an excellent agreement was noted, thus validating the overall procedure
used to determine the SIF's.

A key issue is that of the accurate determination of the onset of crack
propagation at which the critical fracture conditions are met. The use of
single wire fracture gauges was emphasized throughout this chapter, and
their reliability was established by comparing gauge readings and
photographic recordings. Specimen design considerations were discussed
with respect to the duration of the loading phase. It was shown that
compact specimens will remain in contact with the loading apparatus for
a significant time, whose extent can be modified through suitable
geometrical design and numerical simulations.

Typical results were shown for various materials, including those
obtained through a limited round-robin test. One can observe that the
dynamic fracture toughness, whether a material property or not, is
definitely a rate dependent quantity. From our experience with quasi-
brittle materials, the dynamic fracture toughness increases markedly with
the rate of loading. It appears that this trend may well be dictated by the
operating fracture micromechanisms at the very crack-tip. Some of these
mechanisms may include multiple cracking and localized damage, whose
purpose is to dissipate energy around the crack-tip, thus "shielding" it
from the main fracture process.

An additional physical effect that is likely to influence dynamic crack
initiation is the existence of thermomechanical couplings that will cause
local shifts in the crack-tip temperature. It seems that additional work is
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required to comprehend the extent to which coupling effects influence
the dynamic initiation toughness, while separating them as much as
possible from the specific failure micromechanisms.

Mode I dynamic fracture was shown to be analogous, in
experimental terms, to mode I fracture. Yet a noticeable difference lies in
the selection of the failure mode, crack trajectory and micromechanisms,
that is not observed for mode I fracture.

To conclude this chapter, it seems that while the experimental
techniques and accuracy will certainly improve in the future, the
following two points ought to be investigated further. The first calls for a
multiplication of round-robin tests to cross-validate the various
techniques, unify them and produce a reliable database of the dynamic
fracture properties of materials. This concerns not only mode I but also
mode II fracture (and of course mixed-mode) for which additional
progress is required to pinpoint the onset of crack propagation and define
the appropriate fracture mechanics framework.

The second important aspect of dynamic crack initiation concerns its
micromechanical aspects. As of today, little, if none, is really known on
the physics of early crack propagation from a micromechanical point of
view, acting fracture mechanisms and so on. This information is essential
to identify an adequate criterion from a fracture/damage mechanics point
of view. As digital high speed cameras become increasingly available
with improved performance (higher frame rate and higher resolution), it
appears that new micromechanical experiments can be thought of by
developing high speed microscopes. Such microscopes will have the
capability to monitor the immediate vicinity of the crack-tip, thus
revealing the physical details of dynamic crack nucleation, local stress
fields and dynamics of microcrack coalescence, most of which remains
to be investigated.
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The dynamics of fast fracture in brittle amorphous materials are reviewed. We first
present a picture of fracture in which numerous effects commonly observed in
dynamic fracture may be understood as resulting from an intrinsic (micro-branching)
instability of a rapidly moving crack. The instability, when a single crack state
undergoes frustrated microscopic crack branching, occurs at a critical propagation
velocity. This micro-branching instability gives rise to large velocity oscillations,
the formation of non-trivial fracture surface structure, a large increase in the overall
fracture surface area, and a corresponding sharp increase of the fracture energy with
the mean crack velocity. We present experimental evidence, obtained in a variety of
different materials, in support of this picture. The dynamics of crack-front
interactions with localized material inhomogeneities are then described. We
demonstrate that the loss of translational invariance resulting from this interaction
gives rise to both localized waves that propagate along the crack front and the
acquisition of an effective inertia by the crack. Crack-front inertia, when coupled
with the micro-branching instability, leads to an understanding of the chain-like
form of the micro-branch induced patterns observed both on and beneath the fracture
surface.

1. Introduction

1.1 The equation of motion for a rapidly propagating crack

The detailed dynamics of a rapidly propagating crack have been the
object of intensive study since the early scaling theories of Mott'?, which
were initiated during the second World War. These theories generalized
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the concept of energy balance, which was first introduced by Griffith® in
1920 to describe the onset of fracture. Griffith proposed that fracture
occurs when the potential elastic energy per unit area released by a unit
extension of a crack is equal to the fracture energy, I', defined as the
amount of energy necessary to create a new unit of fracture surface. This
concept was generalized by Mott and, later Dulaney and Brace" % to
include a global accounting of the kinetic energy within the elastic
medium that is released by a propagating crack. Utilizing dimensional
anaylsis, these first theories predicted that, in a two-dimensional medium
of infinite extent, a crack should continuously accelerate as a function of
its instantaneous length to a limiting, but finite, asymptotic velocity.
Stroh* noted that this asymptotic limit could be reached by either
asymptotically increasing the amount of energy stored in the material or,
equivalently, by reducing I to zero. With I' — 0, a crack propagating at
its asymptotic velocity is equivalent to a disturbance moving across two
free surfaces. As the speed of a disturbance moving along a free surface
is the Ralyeigh wave speed, Vg, of the medium, Stroh concluded that this
must be the asymptotic velocity of a dynamic crack. This intuitive idea
was later”” shown to be rigorously correct, when a quantitative theory for
dynamic fracture was developed.

The scaling arguments mentioned above yielded the general form of
an equation of motion. The first quantitative description of the motion of
a rapidly moving crack in a 2D linearly elastic material was, however,
derived by considering the form of the stress singularity surrounding the
tip of a crack. As first noted by Irwin and Orowan® ? the stress field, Gijs
at the tip of a crack is singular in a linearly elastic material. The form of
the singularity at a distance r and angle 0 from the tip of a crack moving
at velocity, v, is given by’:

oi = Ki/(2mr)"” £i(v,0) (D

where the stress intensity factor, K;, measures the strength of the
singularity.

In a linearly elastic material there is no intrinsic dissipation of energy.
The only location where energy can be dissipated is at the singular point
at the crack's tip. The energy release rate, G, is defined as the energy
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flux, per unit of extension, that is flowing into the tip of a crack. Irwin
showed that G is related to K by:

G = (1-V})/E- AW) K/ )

where v and E are, respectively, the Poisson ratio and Young's modulus
of the medium. A(v) is a function of the instantaneous crack velocity, v.
Energy balance, as originally invoked by Mott, is now used locally
(along a path surrounding the crack tip) to obtain an equation of motion
for a crack by equating G with the fracture energy, I'.

To obtain this equation of motion a tacit assumption is used; that al/
of the dissipation in the system occurs within a "small" region
surrounding the tip of the crack. The dissipative region is small in the
sense that all of the dissipative mechanisms, inherent in the fracture
process, occur in a region for which the surrounding stress field is
entirely dominated by the singular stress field described in Eq. 1. This
condition, called the condition of small-scale yielding, is, in essence, the
definition of a brittle material. The small zone surrounding the tip in
which all nonlinear and dissipative processes occur is defined as the
process zone. Thus, the fracture energy, I', need not necessarily be
simply the energy cost to break a single plane of molecular bonds — but
embodies all of the complex nonlinear processes that result from the
action of the putatively singular stress field near the crack tip. The
condition of small-scale yielding is at the foundation of the theoretical
basis for describing the motion of a rapidly moving crack. This condition
ensures the equivalence of the global energy balance criterion used by
Mott with the locally formulated equation of motion inherent in:

G=(1-vV)/E- AW) K#=T (3)

Using Eq. (3), an explicit equation of motion was obtained by
Eshelby, Kostrov and Freund>” for the (rather general) case where all the
externally imposed stresses can be mapped onto the fracture plane. This
was accomplished by explicitly calculating the velocity-dependent piece
of Ki(v) as well as A(v). Surprisingly, (for the types of loading
considered) Freund demonstrated that Ky(L,v) has the separable form
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Ki(L,v)=Ki(L)k(v). Ki(L), which can be explicitly calculated, is solely
dependent on the external loading configuration and the instantaneous
value of the crack length, L. In addition, both k(v) and A(v) are universal
functions of only the instantaneous velocity v of the crack. Freund® also
found that, to a good approximation k(v)-A(v) ~ 1-v/Vy thereby yielding
the following equation of motion:

G = (1-v})/E- AW) K ~ (1-v3)/E- (1-v/VR) K(LY* =T )
®» v/ Vi = 1- EI/[(1-v*) K(L)*] )

1.2 Discrepancies with theoretical predictions

Eq. 5 should describe the motion of any dynamic crack. Experimental
tests of this equation of motion, however, were both disappointing and
confusing. One firm prediction of this equation was that the limiting
speed of a Mode I crack should be the Rayleigh wave speed, Vg. Early
experiments'*'? in brittle amorphous materials consistently showed that
the velocity of a crack never really approached Vg, with the maximal
observed velocities'® between 0.5 and 0.6Vg. At very high velocities, in
fact, large increases in the energy release rate, G, only resulted in
incremental increases in propagation velocities, as shown in fig. 1.
Dynamic cracks, however, in either crystalline materials'*"” or along a
weakened plane in amorphous materials'® were easily seen to propagate a
velocities approaching 0.9Vg.

In light of the puzzling stubbornness of a crack in amorphous
materials to be pushed beyond 0.5-0.6Vyg, it was perhaps surprising to
find that Eq. 5 appeared to be in good quantitative agreement with
experiments at relatively low velocities. Bergquist'® found, in
experiments conducted on the brittle acrylic PMMA, that the equation of
motion worked very well in experiments on crack arrest, where the
propagation velocities were less than 0.3 V.
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There were a number of ideas proposed to explain these puzzling
results. One of these, a velocity dependence of the fracture energy, T, is
"hidden" within the equation of motion derived in Eq. 5. Although the
fracture energy is assumed to be a material-dependent parameter, it need
not be constant. If T'(v) were a rapidly increasing function of the crack
velocity, v, then many of the apparent discrepancies of the equation of
motion could be explained. Measurements of I'(v), in fact, do show that
beyond 0.3-0.4Vg, the fracture energy is indeed a rapidly increasing
function of the crack velocity. Some representative measurements of the
energy release rate, G, as a function of the crack velocity, are presented
in Fig. 1. Although this idea may formally solve the discrepancies
between the measurements and the predicted equation of motion, one
still has no fundamental idea of why T'(v) has this high rate dependence
for crack velocities exceeding 0.3-0.4Vg. Thus, the strong effective rate
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Figure 1. The velocity dependence of the fracture energy, G(v) for (a) AISI 4340 steel
from [19], (b) Homalite-100 from [12], and (c) PMMA from [20].
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dependence of the fracture energy does not really present a solution to
understanding the problem of the dynamics of a rapidly propagating
crack. This behavior, instead, simply demonstrates that Eq. 5 is not
necessarily inconsistent with observed crack dynamics.

Additional discrepancies between Eq. 5 and experiment were
suggested by a series of experiments on the brittle acrylic, Homalite-100,
by Ravi-Chandar and Knauss>"**. In these experiments, high-speed (5 ps
between exposures) photographs of the caustic formed at the tip of a
crack initiated at high loading rates were performed. The velocity of the
crack, as deduced from the position of the crack tip in the photographs,
was compared with the instantaneous value of the stress intensity factor,
which was derived from the size of the caustic. These authors found that
at low velocities (below ~0.3Vy) a change in the value of the stress
intensity factor resulted in an "instantaneous" change in the crack's
velocity, exactly as the theory predicts. On the other hand, at higher
velocities significant changes in the stress intensity factor produced no
discernible corresponding change in the crack's velocity. These
experiments have been interpreted as indicating that the stress intensity
factor is not a unique function of crack velocity. This is in direct
contradiction with the equation of motion, described by Eq. 5, which
predicts a one to one correspondence between the instantaneous values of
the crack velocity and stress intensity factor.

Eq. 5 was derived on the assumption of a single propagating crack.
An alternative picture of the fracture process, that crack propagation is
due to the coalescence of microvoids or preexisting defects situated in
the crack’s path, was then proposed”. The observation of parabolic
markings on the fracture surface of many brittle polymers prompted the
suggestion that the propagation of a dynamic crack takes place by the
nucleation, expansion and subsequent coalescence of microscopic voids,
or defects, in the crack's path. In this picture, defects ahead of the crack
will start to propagate due to the intense stress field that exists in the near
vicinity of the crack tip. The parabolic markings left on the fracture
surface were shown to be consistent with the interaction of a planar crack
front with small spherical voids that initiate ahead of the front and
expand toward it**. The idea that the dynamics of rapid cracks needed to
be described by a mechanism other than an equation of motion for a
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single crack was further enforced by experiments in Homolite 100. Using
high speed photography?', these experiments showed that cracks, at high
speeds, are surrounded by an ensemble of small propagating cracks. As
defects exist in most materials, the view of crack propagation as a
process of micro-void coalescence would suggest that crack propagation
via interacting micro-voids should, in general, occur as a randomly
activated process and not by the dynamics predicted by Eq. 5.

2. A quantitative comparison of the equation of motion with
experiment

We will now suggest an alternative explanation for the fracture
process that is based on a series of experiments in brittle amorphous
materials. These experiments suggest that the motion of a rapidly moving
crack is well-described by the equation of motion derived in Eq. 5 until
the crack reaches a critical velocity, or, equivalently, a critical value of
the energy release rate. At that point, an intrinsic instability is excited in
which a single propagating crack is no longer stable. We will then show
that, beyond this critical velocity, the character of the instability entirely
governs the details of the fracture process.

2.1 Description of the experimental system

Let us briefly digress to describe the experimental system that was
used to obtain many of the results that will be described in this section.
This description is important to both understand how the results were
obtained as well as to point out some of the limitations (and advantages)
of other experimental techniques.

The experiments described in the following section were conducted in
thin, quasi-2D sheets of brittle, amorphous materials. Materials used
were either the brittle acrylic poly-methyl-methacrylate (PMMA), soda-
lime glass, brittle polyacrylamide gels, or rock. The experimental system
is shown schematically in Fig. 2, where we define the thickness direction
as Z, the direction of applied loading as the Y direction and the direction
of crack propagation as the X direction. Details of this apparatus can be
found in [13, 25-27]. Stress was applied to the sample via steel bars,
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which were ground to be straight to within 10um tolerances, and glued to
the opposing faces of the sample at each of its vertical boundaries. In this
loading configuration, samples were loaded via uniform displacement of
the vertical boundaries with the fracture was initiated at a constant
displacement. Prior to loading, a small "seed" crack is introduced at the
edge of the sample, midway between the vertical boundaries. Tensile
stress (Mode I loading) was applied quasi-statically until arriving at the
desired stress. Crack propagation was initiated either by allowing
fracture to start spontancously or by the gentle application of a razor
blade in order to sharpen the initial crack tip.

The sample geometry could be varied to provide either steady-state
crack propagation at a constant energy density within the sample, or a
continuously changing velocity throughout the experiment. Steady-state
propagation was achieved by using a thin strip configuration with the
ratio of its vertical (Y) to horizontal (X) dimensions between 0.25 - 0.5.

Ow

. A/D conversion
Bridge 12 bit @ 10MHz

Analog |
Differentiator

Figure 2. A Schematic picture of the apparatus used to measure crack velocities. A thin
conductive coating, whose resistance varies with the instantaneous length of the moving
crack, is evaporated onto one or both of the sample faces. As the crack progresses, both
the change and value of the sample's resistance are monitored at 12bit resolution at a
10MHz rate. This yields both the location of the crack tip and its instantaneous velocity
along the measurement plane to better than a 0.1mm precision throughout the experiment.
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When the crack tip is sufficiently far from the horizontal boundaries of
the system, this geometry approximates an infinitely long strip with
approximate "translational invariance" in the direction of propagation.
This state is realized when the crack reaches a length of about half of the
vertical size of the system. At this point, advance of the crack by a unit
length frees an amount of energy equal to the (constant) energy per unit
length stored in the plate far ahead of the crack. Under these conditions,
a crack arrives at a state of constant mean velocity with the energy
release rate given by G = 6’L/(2E) where o is the applied stress at the
vertical boundaries, L the vertical size of the system and E the Young's
modulus of the material. In this geometry we can directly measure G to
within an 8% accuracy.

The crack velocity was measured by first coating the side(s) of the
sample with a thin (0.1-1um) resistive layer. Upon fracture initiation, a
propagating crack will cut this coating, thereby changing the sample's
resistance. As the crack propagates across the sample, we measure its
resistance change by digitizing the voltage drop across the sample to 12
bit accuracy at a rate of 10 MHz. Thus, in PMMA, the location of the
crack tip can be established to a 0.lmm spatial resolution at 0.1psec
intervals. The use of an analog differentiating circuit circumvents the
need for numerical differentiation of the signal and enables a velocity
resolution of better than 25 m/s. The relation between the crack length
and sample resistance was calibrated after each experiment.

This experimental apparatus has a number of distinct advantages over
other methods used to measure crack velocities. The first of these is an
unprecedented accuracy in both the instantaneous location and velocity
of a rapidly propagating crack tip throughout the entire duration of a
given experiment. This is in contrast to most velocity measurement
methods based on high-speed photography, which are generally limited
either by the achievable frame-rates or the total number of photographs
that can be acquired. Another advantage of this method is that it enables
simultaneous high accuracy measurements on two different XY planes
(on both sample faces). This is a decided advantage if the propagating
crack front (i.e. the leading edge of the crack) undergoes dynamics which
are non-uniform in the Z direction. An application of this will be later
presented.
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Disadvantages of this method are that it only gives the location of the
leading edge of a crack on a given XY plane. This is fine as long as a
crack has not undergone large-scale crack branching. If the lengths of
the branched cracks remain small compared to the overall crack length,
the method is still accurate — but the information that it provides is the
velocity and location of the leading crack. If one is interested in the
detailed dynamics between two or more bifurcating cracks, one must
revert to methods such as high-speed photography.

2.2 The validity of the equation of motion for a dynamic crack

Let us now consider the equation of motion derived in Eq. 5. We have
seen that there had been indications that it may be valid for relatively
slow crack velocities'™ %!, whereas for higher crack velocities there were
questions raised regarding its applicability. Sharon et al.”® were the first
to conduct a detailed and quantitative examination of Eq. 5, using the
experimental apparatus described in the previous section.

In these experiments, the detailed dynamics of rapidly propagating
cracks were measured in both PMMA and soda-lime glass, two brittle
amorphous materials. As the experiments were designed as a quantitative
test of the validity of Eq. 5, they were conducted using relatively large
samples of both materials, whose geometry was conducive to precise
numeric calculation of the static stress intensity factor, Ki(L), for each
value of the instantaneous crack length, L. As Eq. 5 neglects the effects
of elastic waves reflected from the system's boundaries, the
measurements were solely considered for times shorter than those
necessary for waves, reflected from the system boundaries, to return to
the crack tip. To quantitatively examine the predictions of Eq. 5, the
experiments were designed to compare the values of the fracture
energy, I'(v), for widely different experimental conditions. By inverting
Eq. 5, the functional dependence of I' with the crack velocity, v, is
predicted to be:

I = (1-v*)/E- (1-v/Vg) Ky(LY (6)
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where K(L) is a numerically calculated value® that is a quadratic function
of the applied stress, o. The instantaneous crack velocity, v, and crack
tip location, L, are quantities that are obtained to high resolution for any
given experiment, usng the measurement system described previously.

If Eq. 6 is valid, we would expect the value of I'(v) to be independent
of the conditions of a specific experiment. Thus, values of I'(v) derived
from Eq. 6, using values of L and v which are obtained by performing
measurements for a variety of different experimental conditions, should
all collapse onto a single curve for each material tested.

The results of these experiments were surprising. As we see in Fig. 3,
the experiments indeed collapse onto single curves for both glass and
PMMA at crack velocities that are less than 0.4Vy in each material. This
indicates that the equation of motion derived in Eq. 5 is indeed in
excellent quantitative agreement with experiments for crack velocities
below 0.4Vg. The collapse of the data for both glass and PMMA is
significant, in that the micro-structure of these two materials is entirely
different. These results are also consistent with the earlier results of
Bergqvist'® and Ravi-Chandar et al.>! which showed that for relatively
low crack velocities, cracks appear to behave in a way that is, at least,
consistent with Eq. 5.

What occurs for velocities that are greater than 0.4Vg? The results of
the same experiments are presented in Fig. 4 for the entire range of
measured crack velocities. These results are compared®® to independently
measured values of T for PMMA that were performed by Sharon et al*’.

? In this comparison we use values of Ky(L) that were calculated from the static stress
intensity factor of a stationary crack of length L for the precise geometry of our
experimental system. Strictly speaking, the theory predicts that one should use the
integral: Jp/Vx dx from the initial crack length, Lo to L, where p(x) are the tractions
applied to the crack faces® 2. These two formulations coincide when Ly~0, but differ for
finite values. As the experiments were performed for small values of L, the first
formulation better approximates the effects of the close proximity of the lateral boundary
at L=0, whereas the formulation used in [6] is more appropriate for large values of L.
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Figure 3. Fracture energy, I', derived using Eq. 6, as a function of the mean velocity for
soda-lime glass (a) and PMMA (b). Top: Velocities of cracks driven with different initial
stresses and seed crack lengths as a function of their instantaneous lengths. The data were
smoothed over a Imm length, to filter out velocity fluctuations. The dashed lines indicate
the highest values of v used to derive the corresponding T'(v) (lower plots). These are
350 m/s (0.38Vy) in PMMA and 1325 m/s (0.40Vg) in glass. The observed data
collapse to a single (material-dependent) function, I'(v) is a quantitative validation of the
equation of motion (Egs. 5 and 6) derived for a single crack. Data were taken from [26].
Values of Vi for PMMA and soda-lime glass are, respectively, 930mv/s and 3,300m/s.

Fig. 4 demonstrates that the excellent quantitative agreement between
the Eq. 6 and directly measured values® of T breaks down for v~0.4Vxg.
The error bars in the figure are not the result of systematic error but,
instead, indicative of the increasing scatter that occurs when one attempts
to use Eq. 6 to derive T for velocities above 0.4Vg. These velocities are
also those for which the stress intensity factor appears® *> ** to be a
"non-unique" function of v. It is obvious that something interesting is
happening at these velocities. An explanation for this and other observed
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Figure 4. The measured fracture energy® (squares) compared with the values of T
(triangles) derived® from Eq. 6. Shown are data from PMMA as a function of the mean
crack velocity, where the velocities are scaled by the Rayleigh wave speed, V. The error
bars are not the result of systematic error, but rather indicative of the increasing scatter in
the results when, after 0.4Vg, derivation of I" from Eq. 6 is attempted.

(and otherwise unexplained) characteristics of dynamic fracture will be
presented in the next section.

3. Instability in dynamic fracture

3.1 The onset of instability in dynamic fracture

In the previous section we saw that behavior inconsistent with Eq. 5
occurred for velocities beyond 0.4Vy. Let us now look carefully at the
dynamics that occur for crack velocities above this range.

In Figure 5 we present the dynamics and photographs of the resulting
fracture surfaces in typical experiments in both PMMA® and brittle
polyacrylamide gels®. In both of these experiments, the cracks
accelerated rapidly up to a maximal mean velocity of about 0.6Vy. In the
initial stages of fracture the velocity smoothly accelerates. At this stage,
the fracture surface formed by the crack is smooth and mirror-like, with
no apparent structure. At a critical velocity of v, = 340m/s (0.36Vy) in
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PMMA® ' and 1.7m/s (0.34Vg) in polyacrylamide®® the crack
undergoes a dynamic instability. Rapid oscillations appear in the
instantaneous crack velocity and, at the same time, non-trivial structure
appears on the fracture surface. As the crack velocity increases beyond
v, both the size and amplitude of these fracture surface features increase,
as the fracture surface becomes increasingly rougher and the velocity
oscillations increase in amplitude. In PMMA, a roughly periodic
structure, which is approximately in phase with the crack velocity
oscillations is formed. This rib-like structure is generic to PMMA, but is
not necessarily evident in other materials. In gels, the structure on the
fracture surface’® formed at v, (shown in Fig. 5b) is similar to that
formed in soda-lime glass*’. We will return to a discussion of the details
of the fracture surface structure later.
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Figure 5. (a) (top) A typical plot of the crack velocity in PMMA as a function of time.
Note that the character of the crack velocity changes qualitatively, once v is greater than a
critical velocity, v,= 340m/s = 0.36Vy (shown in figure). (bottom) Photographs of
typical fracture surfaces created in PMMA prior to v, slightly above v, and well above
v. {b) (top) Plot of the crack velocity as a function of its length in a polyacrylamide gel®.
At a critical velocity (arrow) the crack undergoes the same instability as in PMMA
(bottom). A photograph of the fracture surface formed. Note that at the critical velocity of
v=0.34Vy (dashed line) non-trivial structure is formed on the fracture surface.
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3.2 Frustrated micro-branches as the instability mechanism

Let us now consider the mechanism that gives rise to the instability
from "featureless" dynamics, that are well-explained by the equation of
motion derived in Eq. 5, and the onset of both oscillating, non-trivial
crack dynamics and the abrupt formation of non-trivial surface structure.

The answer to this question lies beneath the fracture surface. As we
see in Figure 6, the onset of instability is marked by a change in the crack
topology. Instead of a single propagating crack, as envisioned in the
derivation of Eq. 5, we now observe that the main crack loses stability to
a state composed of a large "mother" crack surrounded by an ensemble
of small "daughter" cracks. Once formed, these daughter cracks are not
very long-lived, but rapidly arrest, while the mother crack continues. The
daughter cracks do not run parallel to the mother crack, but branch out
from it, as shown in Fig. 6. Although the fracture surface formed by the
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Figure 6. (a) Photographs in the XY plane of the two half-surfaces formed by the main,
"mother" crack in PMMA for 4 different velocities. The (straight) path of the mother
crack is indicated by the white region along the center of each photograph. At v, micro-
branches, frustrated microscopic crack branches, are formed beneath the fracture surface
of the mother crack. The micro-branches become progressively longer and more complex
with increasing velocity. The photographs, of length 0.75mm, are to scale. (b) Typical
photographs (left) and XY profiles (right) of single micro-branches in PMMA (top) soda-
lime glass (center) and a polyacrylamide gel (bottom). The functional form of micro-
branches in each of these very different materials is nearly identical with a roughly
power-law form of Yo X%7.
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instability can have a very different appearance in different materials
(see e.g. Fig. 5), Figure 6b demonstrates that the functional form of each
daughter branch is material-independent. A single micro-branch has a
roughly power-law shape in the XY plane of Y oc X *7. This functional
form has been observed in three very different materials: PMMA?, soda-
lime glass* and brittle polyacrylamide gel*® (Fig. 6b). This approximate
form is also observed, numerically, in simulations of dynamic crack
propagation in a lattice model with randomly distributed quenched
noise”. Recent analytical work has also predicted a functional form,
consistent with these observations, for crack branches®®*’.

Micro-branches first appear at v = v.. As Fig. 6a (top) demonstrates,
no micro-branches are observed for v < v.. The materials in which this
instability was observed were not "perfect” in the sense that numerous
pre-existing microscopic voids and defects were interspersed within each
material. Although these small defects certainly interact with the moving
crack, no micro-branches are observed below the threshold velocity, v..
An excellent example of repeated perturbations due to material
inhomogeneities is in the parabolic markings formed by voids coalescing
with the crack front* in brittle polymers. Despite a crack's interaction
with these voids, which exist both before and after v., only beyond v,
were micro-branches observed to propagate.

The velocity fluctuations evident in Fig. 5 result from the repetitive
birth and death of micro-branches. The fluctuations of the instantaneous
crack velocity in a given XY plane are correlated®® ** with the
appearance of micro-branches at the same spatial point. The velocity
fluctuations can be understood in the following picture. As a single crack
accelerates, the energy released from the potential energy stored in the
medium is channeled into creating new fracture surface (i.e. the two
crack faces). When the crack velocity reaches v,, the energy flowing into
the tip of the crack is now divided between the mother and daughter
cracks, which are formed by branching events. Thus, less energy is
directed into each crack and the velocity of the crack ensemble
decreases. The daughter cracks, competing with the main crack, have a
finite lifetime, presumably because the main crack can ‘‘outrun’ and
screen them from the surrounding stress field. The daughter cracks then
die and the energy that had been diverted from the main crack returns,
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causing it to accelerate until the scenario repeats itself. The acoustic
emissions broadcast by these repetitive accelerations are quite strong. In
PMMA’* * their onset corresponded to the previously measured value of
v,, whereas the acoustic emission onset at 0.42Vy was the first
measurement of the onset of the micro-branching instability in glass™.
This mechanism of deceleration and acceleration was also observed in
finite element simulations™ *' of brittle amorphous materials.

3.3 The influence of micro-branches on surface structure and fracture
energy

In PMMA, detailed studies of the dependence of the micro-branches
with the mean crack velocity were carried out™® *> 273139 These studies
showed that, beyond v, the character of the micro-branches was
correlated with the mean velocity, or alternatively, with the energy
release rate, G, driving the crack ensemble. Although consistent with the
observed properties of micro-branches in other materials, such detailed
measurements have yet to be performed in materials other than PMMA.

Let us first consider the correlation between micro-branches and the
formation of the non-trivial structures on the fracture surface. A
comparison of the velocity dependence of the RMS surface amplitude
with the mean micro-branch length is presented in Fig. 7. In both figures
data from a number of different experiments all collapse onto a common
curve. The sharp transition, in both figures, to the micro-branching
instability at v, is evident. For v > v, both the mean surface amplitude
and mean branch lengths increase linearly with v. A comparison of the
scales in the two graphs shows that the micro-branch lengths are, at any
given crack velocity, nearly two orders of magnitude larger than the
typical surface structure size. This indicates that the micro-branches are
the dominant objects formed by the instability. The structure formed on
the fracture surface is simply the initial section of a micro-branch that is
observed before the main body of the micro-branch "disappears" beneath
the fracture surface.

Figure 7a indicates how the typical length of a micro-branch grows
with the mean crack velocity. An important question is the amount of
additional surface area that is being formed by these branches. Sharon
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Figure 7. The mean micro-branch length (a) and the RMS surface amplitude (b) as a
function of the mean crack velocity in PMMA. The critical velocity of 340 nmys in
PMMA is indicated in both plots. The different symbols in both (a) and (b) are from
different experiments. For details see [27, 33].
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Figure 8. (a) The total surface area formed by both the mother and daughter cracks,
formed in PMMA as a function of the crack's velocity. The relative surface area is the
total surface area normalized by the surface area created by a single straight crack.
Different symbols correspond to different experiments and conditions (for details see
[20]). (b) The relative surface area as a function of the measured energy release rate”® for
the experiments presented in (a). The energy release rate as a function of crack velocity in
these experiments was presented in Fig. lc.

et al.”’ performed detailed (and rather arduous) measurements of the total
surface area formed in PMMA by the micro-branches. The main results
of these measurements are reproduced in Figure 8.

Below v, the total fracture energy for PMMA was nearly constant
and consistent with the value obtained by calculation of the crazing
energy needed to separate two polymer surfaces”. As Fig. 8a shows,
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beyond v, the total fracture surface produced in PMMA increases
significantly with the mean crack velocity. At 600 m/s (1.8v.), for
example, 6 times more fracture surface is produced by a crack together
with its surrounding micro-branches than is produced by a single straight
crack. Beyond 600 m/s, measurements of the total fracture surface could
not be performed by the optical method used in [20]. This was because
the complexity of the branched surfaces (see ¢.g. the lower panel of Fig.
6a, which corresponds to a mean velocity of 580m/s) was not amenable
to quantitative measurement by direct visualization.

The direct measurements of the energy release rate (Fig. Ic) as a
function of the mean crack velocity together with the corresponding
measurements of the fracture surface area increase (Fig. 8a) enabled, for
the first time, a direct comparison of the increase of the fracture surface
area with the energy release rate’®. The results of this comparison, which
are presented in Fig. 8b, were surprising. Beyond mean velocities of
approximately 1.15v,, the energy release rate is a linearly increasing
function of the fracture surface. Significantly, the slope of this graph is
consistent with the value of the fracture energy corresponding to a single
crack. This suggests a simple, geometric explanation for the observed
increase of the fracture energy with mean crack velocity. The energy cost
to propagate a crack at any given velocity is simply equal to the energy
to create a unit crack surface times the total surface created by both the
main and daughter cracks. The observed increase in fracture energy with
the crack's mean velocity is simply a reflection of the amount of extra
fracture surface created by the micro-branches surrounding the main
crack. It is worth stressing here that, when viewed without the use of a
microscope, the crack ensemble appears (by eye) to be a single crack.
Even at the highest crack velocities obtained in laboratory experiments,
where the total fracture surface was nearly an order of magnitude greater
than that formed by a single crack, the crack ensemble simply appears to
the eye as a single, relatively rough, "hackled" surface. The large amount
of subsurface structure formed by this crack is not trivially apparent.

To the author's knowledge, no measurements analogous to those
presented in Fig. 8 have been performed in materials other than PMMA.
It still remains to be shown that the above explanation for the origin of
the sharp increase in fracture energy observed in other materials can be
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explained by this simple mechanism. It does not seem unreasonable,
however, that this simple geometrical explanation for the increase in the
effective fracture energy with velocity is generally applicable. This is
because the evolution of the surface structure with velocity (i.e. beyond
v, the fracture surface roughness increases along the fracture surface of
accelerating cracks, giving rise to the phenomenological "mirror-mist-
hackle" progression of the fracture surface appearance) as well as the
appearance and evolution of the micro-branching instability seems to be
a general property of brittle amorphous materials. These important
(although difficult) measurements, however, have yet to be performed in
other materials.

3.4 The value of the critical velocity for the onset of micro-branching

There is, as yet, no conclusive quantitative theoretical description for
the either the onset or subsequent evolution of the micro-branching
instability. Experiments performed in glass®* ** and brittle polymers
(PMMA or Homalite 100)"**" % suggest a value for the critical value,
v, of close to 0.4Vy. The most precise values for v, are available in
PMMA and representative measurements”” ' are presented in Figure 9.
The values in the figure were the crack velocities measured at the onset
of the characteristic surface structure shown in Fig. 5. The values of v, in
Fig. 9 were plotted as a function of the crack length at which the
instability onset occurred. This roughly reflects the mean acceleration
that the cracks in the different experiments had undergone. The
experiments were conducted in sheets of PMMA that were formed in
different thicknesses with different manufacturing processes. The
experiments were also conducted with a variety of different loading
conditions. The measured values of v./Vx were constant, within
experimental resolution, with a value of v, /Vg = 0.36 £0.02. The value
of v=0.4Vy was also inferred for Homalite'> ¥, and v.=0.42Vy was
measured by both the onset of acoustic emissions®® and the onset of non-
trivial fracture surface structure®® in the fracture of soda-lime glass.

More recent measurements of v, in brittle polymer gels® suggest that
the value of v. may not be constant, but may depend on the crack's
acceleration in the following sense. For values of acceleration that are
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Figure 9. The critical velocity, v, (normalized by Vy), for the initiation of non-trivial
structure (as e.g. in Fig. 5b) on the fracture surface as a function of the crack length at the
onset of the instability. The data were obtained in a number of different experiments on
PMMA. Symbols denote different experimental conditions and sample geometries
(see [27, 31]).

comparable to those measured in the experiments on PMMA and glass,
the critical velocity is approximately v.~0.34Vg, which is compatible
with the values of v, measured in these other materials. In these
experiments, (for a typical example see Fig. 5b) the crack accelerated to
v, over a distance of over 1 cm or so (approximately 10% of the sample
width). These acceleration rates were typical for quasistatically loaded
cracks, where the maximal imposed strain in the sample did not exceed
10% before the onset of propagation.

Higher acceleration rates, on the other hand, produced (on average)
much higher values for v.. These acceleration rates in the Livne et al’®
experiments were attained via highly dynamic loading. As Figure 10a
demonstrates, the critical velocity is significantly delayed when these
material are subjected to high loading rates, and is roughly a linearly
increasing function of the crack's acceleration.

An interesting feature of Fig. 10a is the large apparent scatter in the
values of v, for a given value of the crack acceleration. This scatter is
intrinsic, and is far larger than the measurement error. This can be seen
in the histogram, presented in Fig. 10b, of the time interval between the
moment when v surpasses 0.34Vy until the appearance of the first micro-
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Figure 10. (a) The critical velocity, v, for the onset of micro-branches in a
polyacrylamide gel increases systematically with the mean acceleration, a, over the range
0.34Vy <v, < 0.75Vg (where 0.34Vy, is the minimum observed value of v,). The slope of
a linear fit (line) yields a characteristic ‘“activation’” time of 1==0.5ms. (b) A histogram of
the time intervals between v=0.34Vy and the onset of the instability at v.. The mean value
of these activation times, 0.6 ms, is consistent with the value of © derived from (a). This
figure is reproduced from [30].

branch. This uncertainty was shown in [30] to result from the fact that
the micro-branching instability, at least in this material, undergoes a sub-
critical (hysteretic transition) bifurcation from a single crack state. A
large amount of hysteresis in v was observed® for the reverse transition
from a crack state with micro-branches to a single-crack state. In light of
this clear hysteresis, the minimal observed value of v, (0.34Vg) may
simply be indicative of the intrinsic noise level within the system
(e.g., vibrations induced by the loading). This picture would predict a
distribution of the activation times which is similar to Fig. 10b. Once
within the bistable region of velocities, where either a single or multi-
crack state could exist, the instability may be triggered when random
perturbations surpass a critical threshold for triggering the first micro-
branch*’. This would yield a finite probability to bifurcate at each time
interval after crack velocity surpasses a minimum value of v, and
produce an exponential distribution similar to Fig. 10b.

The bistability of multi-crack and single crack states above a
minimum critical velocity may provide at least a partial explanation for a
number of "open" problems in dynamic fracture. The first of these is the
observation of the non-uniqueness of the stress intensity factor at high
loading rates”. The delay in the onset of micro-branching would
certainly yield non-unique values of the measured values of the stress
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intensity factor for given values of v. This would occur because either a
single crack state or a crack surrounded by an ensemble of micro-cracks
would be equally probable for the high acceleration rates induced by
high loading rates. The local stress fields or, equivalently, the stress
intensity factors, would be expected to be significantly different for each
of these highly different states. An additional explanation for the
observed non-uniqueness of K; measurements could be that the crack
velocities, as defined by the distance between successive frames in high
speed photographs, were not be sufficiently resolved. The mean
velocities over the 5us intervals, that were used to deduce non-unique
values of Ki(v), may not be sufficient to resolve the instantaneous values
of v, when, beyond v, the crack velocity undergoes large amplitude, high
frequency oscillations (see Fig. 5) due to the micro-branching instability.
An additional observation that may be explained by the delayed
onset of micro-branching with crack acceleration comes from geological
observations of rock structures surrounding large meteor impacts*> *. In
these regions of intense energy fluxes, large-scale dynamic fracture of
brittle rock occurs. The loading rates in these cases are extremely high,
as the loading is due to the outgoing shock waves generated at impact.
One might expect that under such extreme loading conditions, extensive
micro-branching at all scales would occur. This, conceivably, would lead
to extensive fragmentation of the rock down to very small scales.
Although mean velocities approach Vg (more on this later) and crack
branches at many scales are indeed observed, surprisingly, extensive
fragmentation reaching the scales of the rock grains is not observed. The
surprising amount of intact rock in these events could be explained by
delay of the micro-branching instability (Fig. 10) at high loading rates.
Under shock-wave loading of finite duration (approximately the
meteorite's impact time), the acceleration of the resulting cracks would
be immense. Let us now consider the distribution of activation times for
micro-branching presented in Fig. 10b. The mean activation time for
such a distribution is finite, although its precise value for brittle rock can
only be surmised. Any finite activation time, t, for micro-branching,
however, would define a mean length scale, 8x ~ Vit , for a micro-
branch size. In rock, a 10us activation time would yield micro-branches
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whose mean length would be a few centimeters, a scale consistent with
field observations*>*.

4. Crack Front Waves

4.1 Introduction and theoretical background

Non-trivial crack dynamics can be induced by the interaction of a
crack with material defects. These interactions, under the proper
conditions, will generate long-lived disturbances, coined "Crack Front
Waves", that propagate along the leading edge of the crack. As we will
see, these disturbances can both generate and be generated by micro-
branching events.

In the work summarized in the preceding sections, only ideal (defect-
free) quasi-2D materials were considered. In two dimensional materials,
a crack’s tip is a singular point progressing through a perfect two-
dimensional sheet. As long as the material is homogencous along the Z
(thickness) direction, translational invariance exists in this direction and
an effectively two-dimensional description of fracture is justified. Let us
now consider a crack progressing through an initially homogeneous
three-dimensional plate of finite thickness. The tip of a one dimensional
crack now becomes a singular one-dimensional front (“crack front”)
defined by the leading edge of the two—dimensional fracture plane. A
crack front is schematically shown in Figure 11. We’ll now assume that

Figure 11. A schematic view of a crack front propagating with velocity v, encountering
an asperity, a spatially localized perturbation whose fracture energy is either below or
above that of the surrounding medium.
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the crack front encounters an asperity, defined as a spatially localized
inhomogeneity whose fracture energy is either higher or lower than that
of the surrounding medium. The existence of the asperity breaks the
system’s translational invariance in the Z direction.

An asperity's effect on the subsequent evolution of the crack was first
considered”™* in scalar (Mode IIT) models of fracture. These models
suggested that a crack front will continually roughen under repeated
interactions with asperities. The interaction of a Mode I crack with a
single asperity has been theoretically considered by both Morrissey and
Rice’” *' and Ramanathan and Fisher’’, Ramanathan and Fisher, using
Willis and Movchan’s™ 3 calculation of the change in G induced by a
localized perturbation, analytically demonstrated that a single asperity
interacting with the crack front will induce a new type of wave coined
"crack front waves". Front waves (FW) induce velocity fluctuations
within the fracture plane and propagate along the crack front with a
velocity, Vrw, relative to the material's frame of motion. Viw was
predicted to lie between 0.94Vy and V.

FW were shown to be marginally stable for constant (velocity
independent) values of the fracture energy, I', and predicted®” to grow
(decay) if I were a decreasing (increasing) function of the crack velocity,
v. FW were observed by Morrissey and Rice’” *! in dynamic finite
element calculations. These calculations also predicted that, under
repeated interaction with asperities, linearly increasing roughness™ of the
crack front with time would occur at constant propagation velocities.

4.2 Experimental observations and characteristics of Crack Front
Waves

The dynamics of the interaction of a crack front with an externally
induced asperity were first considered experimentally in soda-lime
glass® **®. Work by Sharon et al.*> °* *7 showed that coherent, and
long-lived waves, identified with the predicted crack front waves, could
be quantitatively studied by means of tracks left on the fracture surface
upon the interaction of a crack front with externally imposed asperities.
Later experiments demonstrated the existence of these waves in both
brittle polyacrylamide gels and rock™ *. In Figure 12 we present
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examples of tracks formed by front waves that were generated by either
externally induced or intrinsic asperities on fracture surfaces of glass,
volcanic obsidian, gels and rock.

Front waves that were considered theoretically resulted from
perturbations to the crack front, where both the perturbations and
resultant disturbances were confined to within the fracture plane. In
experiments, the tracks observed on the fracture surface were out-of-
plane disturbances. Do these result from the same phenomenon? One

Figure 12. Tracks on the fracture surface of soda-lime glass as a result of the interaction
of crack fronts with (a) a single asperity externally induced on the sample surface and (b)
a number of such externally induced asperities32, 56, 57. In (a) and (b) the width of the
fracture surface was 3mm. (c) Pairs of counter-propagating front waves induced by the
interaction of crack fronts with intrinsic material inhomogeneities in (top left) rock46 and
(top right) volcanic obsidian (adapted from [61]). FW generated by micro-branches are
shown in glass32 (lower left) and polyacrilamide gel30 (lower right). In all of the frames
shown the crack front was propagating from right to left.
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firm theoretical prediction52 is that Vgw should lie in the range 0.94Vy <
Vrw < Vg, when Vyyw is measured in the material’s reference frame. The
simple geometric construction®” 3 presented in figure 13a shows that
tracks formed by two intersecting FW form an angle, a, defined by

v = Viw - cos(0/2) @)
for crack fronts oriented normal to the propagation direction and
v = Vgw - cos(a/2)/cos(B) ®)

when the crack front is oriented at an angle [ relative to the propagation
direction. An example of intersecting tracks with f=0 is shown in Figure
13b.
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Figure 13. The front wave velocity can be measured by means of two intersecting front
wave tracks by means of (a) the geometrical construction leading to Eq. 7, where front
profiles of tracks left by two intersecting front-waves are drawn schematically at constant
time intervals. (b) A photograph of intersecting tracks on the surface of soda-lime glass.
Values of VFW derived using Eq. 7 and measured values of both v and the intersection
angle a. Values of VFW= 0.95+0.03VR for gels30 (¢) and VFW= 1+£0.05VR for soda-
lime glass56 (d) are in excellent agreement with predicted values. Values of VR and the
shear wave velocity, VS are indicated.
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Inverting Eqs. 7 and 8, Vrw can be obtained by measurement of the
instantaneous values of v and front-wave intersection angles, a. The
values of Vpyw for a large number of such independent measurements in
both soda-lime glass® and polyacrylamide gel™ are reproduced in Figure
13¢,d. The values of Vew= 1£0.05Vy for glass and Vpy = 0.95+0.03Vy
for gels are in excellent agreement with predictions.

In both gels and glass the measured FW velocities significantly (by
two standard deviations) differ from the shear wave velocities. This is
one way to differentiate between FW formation and the fracture surface
features formed by Wallner lines®. Wallner lines result from the
interaction of the crack front with shear waves generated -either
externally or, for example, by a point source near the crack front. It has
been argued that FW may be confused with this mechanism®* . A closer
look at the characteristic features of the observed front waves indicates
that front waves are, indeed, distinct entities.

Theoretically predicted FW's were considered as in-plane velocity
perturbations of the crack front, whereas the observed tracks on the
fracture surface suggest a more three dimensional character. Let us now
look more closely at the velocity fluctuations carried by the FW tracks.
This can be done by correlating the behavior of the crack velocity along
the measurement plane with the arrival of the FW tracks at this plane.
This is possible because the velocity measurements described in Fig. 2
are performed only along the specific XY planes located at the faces of
the samples used. The surface amplitude and instantaneous crack
velocity along this measurement plane are compared for both glass> and
rock” in Figure 14a. In both of these materials, a high degree of
correlation between the velocity fluctuations and local amplitudes of the
front wave tracks is apparent. In addition, although the surface features
have an extremely small amplitude (less than 1pum for glass and about
Imm in rock), they generate large velocity fluctuations (hundreds of m/s
in glass and over 1km/s in rock). This suggests that the in-plane velocity
fluctuations may be the dominant effect caused by the front waves. These
large velocity fluctuations then couple to a relatively small out-of-plane
component that generates the observed structure on the fracture surface.
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Figure 14. Characteristics of front waves. The amplitudes along the fracture surface
formed by front waves have both a characteristic profile and are correlated with large
fluctuations in the crack velocity. (a) Comparisons of the fracture surface amplitudes
(blue) and fluctuating components of the velocity (red) in soda-lime glass®® (left) and
rock® (right). Both the surface height and velocity measurements were performed on the
same XY planes, at the sample faces. (b) Despite large variations in initial conditions,
front wave profiles on the fracture surface converge to a unique characteristic profile’ 5.
(left) Two examples (in glass) of initial profiles together with their final asymptotic form.
(right) A superposition of six asymptotic profiles taken from different experiments in
which the initial scale of the perturbations driving the front waves varied over a factor of
6. The profiles collapse onto the same shape when normalized by their initial widths (for
details of the figure see [56]).

The existence of this out-of-plane component enables us to perform
quantitative measurements of front-wave properties. FW are relatively
long-lived. Once generated, FW surface amplitudes initially decay
exponentially with a characteristic scale, «, the size of the initial
perturbation that generated them. The front wave amplitudes then level
off at a small, but finite, values’. Once arriving at this amplitude, FW
can propagate long distances. They undergo reflections at the free
boundaries of the sample and have been observed to propagate for up to
7 successive reflections. One interesting FW property is highlighted in
Figure 14b, where we examine the asymptotic profile of front waves
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measured on the fracture surface of glass™. These measurements show
that the asymptotic form of the front waves is independent of the initial
conditions that formed the wave. Profiles generated at a variety of
different scales and initial conditions all converge to the same final form.
Both the spatial extent of the asymptotic profile as well as the
characteristic size of their initial decay FW scale with the size, a, of the
initial perturbation that generated the FW.

4.3 Shatter Cone formation in large meteorite impacts: Front Waves
as geophysical probes

Shatter cones are rock structures typically found surrounding the site
of large meteorite impacts. Sagy et al.*® provide a detailed description of
these phenomena. Two photographs of shatter cones are presented in
figure 15. Although these structures have been studied for many years,
their characteristic forms have remained, until recently, an enigma.
Shatter cones range in size from a few centimeters to a few meters. They
are characterized by curved surfaces that are decorated with radiating
striations. Shatter cones are often observed as part of a hierarchic
structure, many generations of small shatter cones emanating from
progressively larger ones. As shatter cones are formed by the shock wave

10 cm

Figure 15. Examples of shatter cones, rock structures formed by the impact of large
meteorites*> 4.
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generated by the impact of a large meteorite, their formation should be
related to dynamic fracture.

The sharp, V-like striations that are characteristic of shatter cone
surfaces, provided the key for understanding their origin. In figure 16 we
present a close-up view of the surfaces of two shatter cones. In these
photographs the characteristic striations decorating the shatter cone
surfaces are easily apparent. Detailed measurements by Sagy et al®
showed that, for each given rock sample, the angles formed by striation
pairs belong to a relatively narrow distribution. They surmised that these
characteristic striation pairs were front waves which resulted from the
interaction of large-scale cracks generated by the meteorite impact with
heterogeneities within the surrounding rock. Thus, as demonstrated in the
figure, striation pairs may simply be viewed as counter-propagating front
waves. Using Eq. 7, the angles formed by the striations can be used to
quantitatively measure of the crack-front propagation speed at the instant
of shatter cone formation. The very acute (10-15°) angles typical in

Friill

Figure 16. Photographs of the shatter-cone striations in two rock samples (bottom) are
accompanied by a schematic picture (as in Fig. 13a) of the front-waves forming the
striation angles (top). The striation angles in the two samples yielded propagation
velocities of 0.96Vy (a) and 0.93Vy (b). Note (see Eq. 7) that, at these large propagation
velocities, the striation angle is a very strong function of the ratio v/Vy, so that small
differences in v are easily detectable.
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shatter cones indicate that these structures were formed by cracks
propagating at velocities approaching Vg, an observation consistent with
the huge energy fluxes inherent in the impact events.

Field observations by Sagy et al*> * found that the striation angles
systematically increased with the distance from the impact site. As the
angle, a, in Eq. 7 increases with decreasing v, this observation is also
consistent with the front-wave explanation, as the energy flux, hence the
mean crack velocities would be expected to decrease with distance.

Onge the origin of the striations on the shatter cones was understood,
the additional features characteristic of shatter cone structure could be
explained by the same mechanism®. Shatter cones can simply be
understood as "large" micro-branches. Their scale is small compared to
the huge (km or more) scale of the crack front that formed them, but
large compared to the 10-100um scale micro-branches that are typically
observed in laboratory experiments. The overall curved "spoon-like"
structure of shatter cones is simply a reflection of the 3D form of micro-
branches. Their characteristic hierarchical structure is indicative of the
large-scale hierarchical branching that occurs at the huge values of the
energy release rate generated by the meteorite impact. Qualitatively
similar hierarchical branching structure can be seen at laboratory scales
(see e.g. Fig. 6a) when cracks are driven to (relatively) high velocities.

5. Three Dimensional Effects and Crack Front Inertia

The equation of motion (Eq. 5) derived in the first section has the
interesting property that the crack velocity, v, has no dependence on the
crack's acceleration. In other words, the equation describing crack
dynamics attributes no inertia to a moving crack. As Eq. 5 indicates, a
local change in the fracture energy should cause an immediate
corresponding change in the instantaneous velocity of a crack. In
addition, the moment that a crack’s tip passes an asperity’s immediate
vicinity, both G and v should instantly revert to their initial values, and
no “memory effects” should be evident.

As we showed earlier, this equation works well as long as the system
can be considered as a single crack propagating through an infinite two-
dimensional medium. In the previous section, we demonstrated that
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when the translational symmetry in the Z direction is broken, crack front
waves are formed. Here we will describe an additional consequence of
the breaking of this symmetry by an asperity; the acquisition by the crack
of an effective inertia. We will show that, once translational invariance is
broken, a crack retains a "memory" of its prior history, and thereby
exhibits inertial behavior that is not described in the framework of Eq. 5.
In figure 17 we demonstrate a crack's acquisition of inertia®>*’. In the
figure, a profilometer measurement of the fracture surface is presented in
which decaying oscillations are observed ahead of the point at which the
crack front encountered an externally introduced asperity. The
amplitudes of these oscillations decay exponentially in X, with the decay
length scaling (Figure 17b) with the size, a, of the initial disturbance.
Each of the oscillations generated a crack front wave, which propagated
parallel to the FW generated at the asperity's location. Such parallel

tracks are also observed in the photographs of the fracture surface
presented in Fig. 12a.

)

g o, (b)
N 4

< . *

£ 0.1 :

2 .k

R -

é (=]

<E 0.01 a !

0 3 6 9
Peak location/asperity width

Figure 17. Aligned trains of propagating front waves are typically generated by the
interaction of a crack front with a single asperity. (a) A high-resolution profilometer
measurement of the fracture surface amplitude where a single asperity, situated at the
point (X,Y)=(0,0), generated the front wave train shown. The crack front was propagating
in the direction of increasing X. The dotted line traces the envelope of the maximum peak
amplitudes, A, , of the front waves generated ahead of the asperity. (b) Ap. as a
function of the distance AX from the initial asperity, where AX is normalized by the
asperity width, a. Note™ *7 that the initial amplitude of cach FW in the train
exponentially decays with a characteristic decay length of 1.8a.
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Micro-branches (fracture surface view)

Figure 18. Photographs of branch-lines along the fracture surface in a polyacrylamide gel
(left) and soda-lime glass (right). The branch lines are formed by chains of aligned micro-
branches. In both photographs the crack was propagating from left to right.

The effects of asperity-generated oscillations, as presented in Fig. 17,
disappear rapidly as their amplitude decays exponentially. These
oscillations were generated at velocities that were below the critical
velocity, v, for the onset of the micro-branching instability. What occurs
for v>v, when the crack front is perturbed? Figure 18 demonstrates the
generation of branch-lines in both glass and gels beyond v.. These chains
of aligned micro-branches have also been observed in the fracture of
rock®.

Above y., as shown in Fig. 18, micro-branching events themselves
serve as FW sources since, like an asperity, they effectively increase the
local value of the fracture energy. Micro-branches, once excited, are not
randomly dispersed throughout the fracture surface but, as shown in Fig.
18, are aligned along straight lines in the propagation direction®® ** > %
We will call these aligned lines of micro-branches “branch lines”.

As demonstrated in Figure 19, the internal structure of a branch line
has a rough periodicity®> >’ in X. This periodicity is a consequence of the
crack-front inertia presented in Fig. 17. Instead of the exponentially
decaying "ring-down" experienced by the crack front for v<v,, for v>v,
each oscillation ahead of the crack becomes a trigger for the next micro-
branch in the chain. As in Fig. 17, where the spatial interval between
oscillations scaled with the asperity size, the distance between sequential
branches scales with the width, AZ, of the preceding micro-branch. The
observation (fig 19¢) that both glass and gels, materials with entirely
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different micro-structures, exhibit nearly indistinguishable quantitative
behavior indicates the universality of this effect. This rough periodicity
has also been observed in recent studies of dynamic fracture in rock®.
One difference in the scaling behavior of micro-branches between
glass and gels is the range of scales over which branch-line periodicity is
observed. In soda-lime glass, branch-line widths extend over 3 orders of
magnitude to below pm scales. It is conceivable that these scales extend
much lower than the micron scale, but branch-line visualization was
limited by the (~1um) diffraction limit. In polyacrylamide gels® a clear
lower cut-off (Fig. 19a) at approximately 50um exists for branch-line
widths. We surmise that this cut-off is related to the polyacrylamide
micro-structure and may possibly be related to the size of the process
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Figure 19. Branch-line scaling in both polyacrylamide gel®® and glass™ ¥, Close-up
photographs of single branch-lines in gels (a-top) and glass ( b-top). In both materials the
distance, AX between successive branches scales with their width, AZ. The ratio,
AX/ AZ, is plotted for hundreds of different measurements as a function of AX in both
materials (a-bottom) and (b-bottom). Both the mean value of AX/AZ ~ 3 and
distributions of the measured values (c) are nearly indistinguishable for both of these
very different materials. Data from gels (glass) are marked by squares (circles).
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zone in these materials. In both glass and gels no upper scale cutoff for
branch-line widths is observed, other than the overall sample widths.

As a consequence of the increased surface area created by micro-
branches upon branch-line formation, the energy release rate, G, into the
front can not be evenly distributed as a function of z. The total energy
dissipated by a branch line at a given z location should be significantly
larger than in the surrounding, featureless surface. This inhomogeneous
distribution of G, which is perpetuated for the life of a branch line,
indicates a nonlinear focusing of energy in the z direction.

It is important to note that crack-front inertia, the resulting branch-
line structure and inhomogeneous distribution of G are all intrinsically
three-dimensional effects. Theoretical descriptions which are based on
the assumption of a two-dimensional medium, such as that leading to the
derivation of the Eq. 5, can not describe these phenomena.

6. Discussion and conclusions

We have summarized, here, results of experimental work in which the
detailed dynamics of rapid crack propagation in brittle amorphous
materials were studied. These results were divided into three, perhaps
overlapping, sections; the micro-branching instability, the interaction of a
crack front with localized inhomogeneities, and the existence of crack
front inertia.

6.1 The origins of the micro-branching instability

In the section describing the micro-branching instability, we
demonstrated that many previously open problems in dynamic fracture
may be understood as consequences of the micro-branching instability.
This instability has been observed in the fracture of brittle acrylics,
glasses, brittle gels, and rock. The generality of this instability suggests
that it is an intrinsic feature of dynamic fracture, independent of the
specific details of a material's underlying micro-structure. Some of the
important aspects of dynamic fracture that can be understood as resulting
from the micro-branching instability are:
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o The origin of the fracture surface structure (e.g. the "mirror, mist,
hackle" scenario) that is commonly observed in the fracture of the brittle
materials

e The relevance and region of applicability of the equation of
motion derived in the linear elastic fracture mechanics (LEFM)
framework for a dynamic crack.

e A simple explanation for the strong dependence of the fracture
energy with crack velocity for rapidly propagating cracks

¢ An explanation of the apparent non-uniqueness of the stress
intensity factor that had been observed for high loading and propagation
rates

e The micro-branching instability may provide a key towards
understanding the origin of crack branching, if we assume that large-
scale crack branching is due to the development and evolution of micro-
branches.

The robust nature of the instability is demonstrated by its appearance
in molecular dynamic simulations of fracture®***. Abraham® in a 6-12
Lenard-Jones crystal and Zhou et al. using a Morse potential®
demonstrated that, despite the explosive loading necessary to reach
dynamic crack velocities in the small (10° atom) sample, the instability
was observed at respective velocities of 0.32Vy and 0.36Vk.

Despite the apparent universality of the micro-branching instability,
our theoretical understanding of its origins is surprisingly unclear.
Although the LEFM framework provides an excellent quantitative
description of the dynamics of a single crack, there are few analytical
frameworks that provide criteria for the onset of the instability. One such
candidate is a classic calculation in the framework of LEFM by Yoffe” ®
showing that the hoop stress develops an off-axis maximum beyond
approximately 0.6V;. Yoffe suggested that this may provide an
explanation for crack branching, although both the high value of the
critical velocity and the predicted 60° branching angle do not
quantitatively agree with experiment. Gao, using a piecewise linear
model for the behavior of the effective elastic moduli in the vicinity of
the crack tip, suggested that v, corresponds to a Yoffe-like instability,
where the local wave speed is governed by local (near tip) value of the
shear modulus™ "', This work proposes that an explanation for the



Dynamic Fracture in Brittle Materials 141

similar values of v, for different materials is that the ratio of the yield
stress to shear modulus is similar in many materials.

The necessity of considering non-linear continuum models for the
process zone is highlighted by the fact that to even obtain straight-ahead
propagation of a crack at any velocity, one must consider the material
behavior away from the crack tip’®. If only the stress fields at the tip are
considered™ ™ the entire problem is severely ili-posed. In these models
there is essentially no velocity at which a single propagating crack is
stable. A crack, at all velocities, becomes unstable to off-axis motion.
Linear instability calculations in a number of cohesive zone models have
stubbornly refused to yield evidence of a micro-branching instability™®.
In summarizing the work performed in this class of models’* Langer and
Lobkovsky stated that "... the general conclusion is that these cohesive-
zone models are inherently unsatisfactory for use in dynamical studies.
They are extremely difficult mathematically and they seem to be highly
sensitive to details that ought to be physically unimportant".

A continuum framework that yields frustrated crack branching is that
of phase field models”™® in which the process zone region is
approximated by a local Ginzburg-Landau equation describing the
"damage" inherent in the near-tip vicinity. These models, however, have
yet to make a quantitative connection with real materials and are, at this
time, still being actively developed. Explicit predictions by these
models”™ ® of sinusoidal oscillations of the crack path, whose period is
dependent on the system size, have not been experimentally observed for
rapid fracture.

Lattice models with and without explicit dissipation
have qualitatively observed similar bifurcation sequences. In contrast to
the phase-field and cohesive zone models, there is no need to explicitly
simulate the process zone in these models. The process zone simply
comes out of the microscopic description that is imposed on the "atoms".
Marder has noted that, although these models are perhaps better
representations of an ideal brittle crystal than of an amorphous material,
it is possible that simply the intrinsic discreteness of these models is
necessary for exciting the instability. This supposition is supported by
finite element calculations of fracture that use a cohesive zone
formulation in the vicinity of the crack tip*” *'. These calculations

13, 81-83 13, 44, 82, 84-87
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reproduced the appearance of many observed experimental features. It
turns out®™, however, that even the existence of micro-branching is very
dependent on the grid size used in the simulations. Micro-branching
tends to disappear in the limit where the grid size goes to zero.

In all of the experiments, the onset of the instability is very close to
0.4Vy in materials with very little microscopic similarity. This suggests
that this velocity is, in some sense, a universal critical velocity. No first
principles explanation, however, exists for this number. Recent analytical
work by Adda-Bedia for both mode III loading®and general loading” in
which the Eshelby criterion (the Eshelby condition states that crack
branching may occur if sufficient energy is available to propagate two
cracks simultaneously) was shown to yield upper limits of 0.50-0.52Vy
for the instability, depending on the crack path criteria that was assumed.
These calculations, however, were performed under the assumption that
the system is truly two-dimensional. As we have seen, micro-branching
first appears when the micro-branches are highly localized in the Z
direction. Once micro-branching occurs, empirically, the energy flux in Z
becomes highly non-uniform. Thus, the Eshelby condition does not
provide a stringent limiting condition for instability — since micro-
branches can bifurcate while taking up only a negligible percentage of
the sample's thickness.

A hint to understanding why this instability seems to be so difficult to
"crack" might be found in the recent experiments by Livne et al.*® in
brittle gels. Their observation of a hysteretic transition from a single-
crack state to one in which micro-branching occurs could explain why
perturbative approaches have consistently failed to yield an instability. In
analogy to problems such as turbulent pipe flow, which has been shown
to be linearly stable for all flow velocities, infinitesimally small
perturbations might not be sufficient to trigger the instability. Finite
sized perturbations might be necessary to drive the system into an
unstable state. Additional experiments are required in order to determine
whether this intrinsic bi-stability is a universal feature of dynamic
fracture.
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6.2 Crack inertia and the three-dimensional nature of fracture

The generation of inertia via the interaction of a crack front with a
localized material inhomogeneity is an intrinsically three-dimensional
effect. These effects are certainly not incorporated in current analytic
theories of fracture in which massless cracks propagate within a two-
dimensional medium. When coupled to the micro-branching instability,
this crack front inertia generates the branch-line structure and scaling
that, as we observed, appears to be a characteristic of dynamic fracture in
glass, gels and rock. There are hints that this effect is also observed in
numerical simulations of the in-plane behavior of a crack front that
encounters a localized asperity®'. In these simulations, Morrissey and
Rice showed that a distinct overshoot of the crack front occurred
immediately after the crack front's interaction with a localized asperity.

We believe that this effect is an important one, which may be linked
with the generation of crack front waves. Sharon et al.*> showed how a
protrusion (indentation), breaking the front's translational invariance, can
influence (be influenced by) other parts of the front via stress waves. As
shown in [91] for a static crack front, the local deviation of the front
creates a local decrease (increase) in K; that acts as a "restoring force"
which drives a crack front back towards its initial (flat) state. Any
addition of inertial effects would cause the front to "overshoot" and
thereby lead to ringing behavior similar to that presented in Fig. 17.
Effects similar to these have recently been calculated by Dunham et al.”
as a mechanism drive a mode II (shear) crack to super-shear velocity
upon encountering an asperity.

The qualitatively different structure of the fracture surface in PMMA
(see Fig. 5) might be related to the rapid decay of front waves in this
material. Although very transient front wave tracks have been observed”’
in PMMA, the increase of the fracture energy with v in these materials
(see the comparison of I'(v) in glass and PMMA in figure 3) may, as
theory’” predicts, lead to their rapid decay relative to gels and glass. The
suppression of front waves in PMMA may also suppress the inertia
induced in the crack front. We would then not expect branch-lines to be
observed. Indeed, it seems that the length scale observed in the rib-like
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patterns on the fracture surface of PMMA can be ascribed to their
molecular weight of its polymer building blocks” >,
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Chapter 4

Optical Methods For Dynamic Fracture
Mechanics

Hareesh V. Tippur

Dept of Mechanical Engineering
Auburn University, AL 36849
htippur@eng.auburn.edu

In this Chapter, prominent optical interferometers that have contributed to the
advancement of dynamic fracture mechanics in the recent past are reviewed.
Specifically, the methods of 2-D photoelasticty, Coherent Gradient Sensing (CGS) and
moiré interferometry are discussed. Following a brief introduction of each method,
sections on typical experimental set up, working principle and a few prominent examples
of applications to dynamic fracture investigation are provided for each of these three
methods.

1. Photoelasticity

Several milestones in the field of fracture mechanics in general and
dynamic fracture mechanics in particular are attributed to photoelasticity.
From the classical work of Post and Wells [1] that raised questions on
crack tip K-dominance, Dally and coworkers’ observations on K, —v
relationship [2-4], Kobayashi and Ramulu [5]’s works on dynamic crack
curving to the recent Shukla and Singh’s [6] observation of Mach waves
near dynamically growing interfacial cracks have all one thing in
common. They all have used 2-D transmission photoelasticity as the
investigative tool.

The method of transmission light photoelasticity uses transparent
amorphous model materials which are optically isotropic in unstressed
state and become anisotropic when stressed. This optical effect, first
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observed by Sir David Brewster (1816), is referred to as temporary
optical birefringence and is similar to permanent double refraction
observed in some naturally occurring crystals. The interference fringes,
commonly referred to as isochromatics, observed by this method are
proportional to the maximum in-plane shear stress at a point in the model
when studied using a standard circular polariscope.

1.1 Experimental set up

A typical experimental set up used for dynamic photoelastic
measurement is shown in Fig. 1(a). It consists of a pair of plane
polarizers (P and A) and a pair of quarter-wave plates (Q, and Q,) when
monochromatic incoherent illumination is used. The light is polarized in,
say, the vertical direction by the first polarizer P (polarization axis shown
is by the solid arrow) before reaching the first quarter-wave plate Q.
The ‘fast’ and ‘slow’ axes of Q; are oriented at +45° relative to the
polarizer axis such that the emergent light is circularly polarized before
entering the planar photoelastic object. (Note that in Fig. 1, only the
‘fast’ axis is shown using a solid arrow and the ‘slow” axis is
perpendicular to the ‘fast” axis and is not shown.) The state of stress at a
generic point in the stressed object causes emerging light waves to be
elliptically polarized. Upon transmission through the second quarter-
wave plate Q,, with its ‘fast’ and ‘slow’ axes reversed relative to Qq,
elliptically polarized light vector with an altered phase emerges. A
component of the emergent light from the analyzer, with its polarization
axis shown horizontal in this schematic, results in an intensity
distribution as isochromatic patterns. An imaging device, typically a
rotating mirror high-speed camera, is used in conjunction with a pulsed
light source to record isochromatic patterns during a dynamic fracture
event. It should be noted that when a high-intensity plane polarized
pulsed laser is used instead of an extended light sources as shown in
Fig. 1(a), the polarizer P can be entirely avoided.

In early dynamic fracture investigations, a spark-gap camera of the
Cranz-Schardin type was relatively more common (see, Fig. 1(b)) when
compared to the rotating mirror type camera (Fig. 1(a)). In this, an array
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Pulsed

light source Quarter-wave

Plate (Qq)
45" Quarter-wave
.L\ / Plate (Q2)

; High-speed
Collimator camera

Polarizer (P)

Figure 1(a). Schematic diagrams for 2-D dynamic photoelastic investigation of cracked
bodies when a pulse laser is used as the strobe light source in conjunction with a rotating
mirror high-speed camera.

Spark-gap
Array
- Quarter-wave
: Plate (Q,)
e 45" Quarter-wave
e L\ Plate (Q;)
. \ :
i - ‘E Image/film
Collimator i p l:fme

Anal;yzer (A)

Figure 1(b). Schematic diagrams for 2-D dynamic photoelastic investigation of cracked
bodies when a sequentially delayed spark-gap array is used as light sources in
conjunction with a large format film plane.
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of spark-gaps (commonly 4 x 4 array) acts as light sources which are
switched ‘on” and ‘off” sequentially using a delay circuit. A large format
film held stationary at the image plane is used to register fringe patterns
at corresponding conjugate spatial locations.

1.2 Working principle

When an incident wave crosses into a stressed birefringent medium,
double refraction occurs and two linear/plane polarized light beams, one
called the ‘ordinary beam’ and the other an ‘extraordinary beam’ with
polarization in two mutually perpendicular planes emerge from the
stressed medium. Experiments show that these directions coincide with
the directions of the two principal stresses at a generic point. These two
refracted beams propagate at two distinct velocities in the medium
depending upon the local stress state. Consequently a phase difference
develops between them upon exiting the object. The two velocities can
be interpreted in terms of two refractive indices for the medium. Hence,
the phase difference « in radians can be expressed as,

27B

azT(nm—noz), (1.1)

where ny, and n, are the two refractive indices, B is the sheet thickness
and A is the wavelength of light. For plane stress condition, it can be
further shown that (rzo1 —noz) is proportional to the principal stress
difference (O'1 - 0'2) [7]. Hence, (O'1 -0, ) can be expressed in terms of

the phase difference to get,

Nf, a
o —0,)=—<, N=—=0,21,£2..,, 1.2
( : 2) B 2 (1-2)

2

. . A). :
where N is the fringe order, f :[Bj is called the photoelastic

material constant where D is a constant of proportionality between the
refractive index difference and the principal stress difference.
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Formation of interference fringes can be understood by tracking
variations to the complex light amplitude as light propagates through
various optical elements of a standard circular polariscope shown
schematically in Fig. 2. Here 4; (i = 1-14) represent complex amplitudes
at various locations of the polariscope. The polarization axis of each
element is shown by solid arrows in the figure and the ‘fast axis’ of each
of the quarter-wave plates is marked ‘F.A.’.

When an un-polarized light source is used, the light emerging from
the Polarizer P is plane polarized along the polarization axis, as shown.

The corresponding light vector can be expressed as, A4, = Acos ot

~

where A is the amplitude and @ is the angular frequency of light.
Upon incidence on the first quarter-wave plate Q;, 4, is resolved along

at +45relative to the polarization axis as shown. If A, and A4, denote

~ A 1 =
the light vectors along +45°, then 4, = 4, = Bcoswt andB=—=A4.

Np)

The quarter-wave plate Q, introduces a phase difference of 7 /2 (or, a
path difference of 4/4) between 4, and 4, upon exiting the optical

element. That is, the emergent complex amplitudes 4, and 4, can be

expressed as,

A, = écos(a)t+—7zj = —Bsin ot
2 (1.3)

A= Bceos at

It should be noted that since 4, and 4, have identical amplitudeé ,

superposition of these two vectors represents a circularly polarized light.
These light vectors 4, and A, upon incidence on a birefringent stressed

object at a generic point where principal directions are oriented at an

T
arbitrary angle (Z—{— ﬁ) relative to the x- and the y-axes, are resolved

along the principal directions as,
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Figure 2. Schematic for describing polarization states of light as propagation occurs through various optical elements of a standard dark-

field circular polariscope.
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A6:A4cos,B—Assin,B=—l§’sin(a)t+,B) (14)
A, = 4,sin B+ 4 cos B = Beos(awt + ) .

In the above, [3 represents the angle relative to the polarization axes

of the quarter wave plates. Upon exiting the stressed model, a phase
difference o proportional to the principal stress difference at that point

occurs between the two light vectors 4, and 4,. Thus, light vector

exiting the stressed model can be expressed as,
A, =—Bsin(ot+ f+a)
A4, = Beos(wt+ )

Light vectors 4, and 4, upon incidence on the second quarter-wave

(1.5)

plate Q. are again resolved along the two polarization axes oriented at

+45° relative to the horizontal and vertical directions as shown. If

A.and A . are the components along the ‘fast’ and the ‘slow’ axes of
10 11 p g

Q,

Ay = A4y cos B+ A, sin B =~Bsin(wt+ B +a)cos B+ Bcos(at + B)sin B

Ay, =—A;sin B+ 4 cos f = Bsin(wt + f+a)sin B+ Bcos(wt + ) cos
(1.6)

Since the ‘fast’ and the ‘slow’ axes of Q, are reversed relative to
those for Qi, the phase difference of 77/2 between the emerging light
vectors A4,and A4, is introduced as follows:

A

12 =

A

10
A, :B’sin(mt+,8+a+%jsinﬂ+l§cos(wt+ﬁ+%jcosﬂ (1.7)
= Bcos(at+ f+a)sin f— Bsin(wt + f)cos 3

Next, when 4,,and A ,are incident on the analyzer, a component of

each of the two vectors along the polarization axis of the analyzer
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emerge and produce a light intensity distribution visualized by an
observer or captured by an imaging device. If A4,is the amplitude

distribution of the emerging light from the analyzer,

A, :é(2cos%{2wt+4ﬂ+a}sin%) (1.8)

~ 1 ~ . .
where C= TB . Since the circular frequency of light is of the order of
2

10" rad/sec, the cosine term in A ,can be ignored in optical metrology

and experimental mechanics investigations. Thus the intensity observed
at a generic point can be expressed as,

I =4Csin? <.
2

Evidently, for the occurrence of destructive interference at a point,
a=2Nr, N=0,t1,+£2,... where N represents the fringe order.

1.3 Applications

The demonstration of a unique relationship between instantaneous
stress intensity factor (K(¢)) and the velocity of a propagating crack (v) is
among the major contributions of photoelasticity to dynamic fracture
mechanics in the past two decades. This was researched in the late 70’s
by Dally and his coworkers [2-4] using epoxy and polyester compounds.
An example [8] of the same is shown in Fig. 3 where a sequence of
isochromatic fringe pattern in the vicinity of a dynamically propagating
crack in Homalite-100 polyester sheet is shown. The images were
recorded using a Cranz-Schardin type high-speed camera consisting of
an array of sixteen spark gaps which were triggered sequentially by an
event trigger, say, crack initiation. Each spark-gap acted as a broad-band
point source which was subsequently collimated before illuminating the
specimen in the circular polariscope. The images shown were recorded
on a large format film with an observation window of approximately
275 ps. From such photoelastic fringes, instantaneous stress intensity
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Frame I3 " 225us Frome 14 242 45 Frome 15 258 s Frame 16 275us

Figure 3. A sequence of isochromatic fringes near a dynamically propagating crack in
Homalite-100 sheet. Successful crack branching of the main crack is evident at later time
instants as crack reaches higher velocity. (Ref. 8, Courtesy: A. Shukla)

factors [9] and crack lengths and hence crack speed were extracted.
Using separate experiments, the dynamic behaviors of a propagating
crack from initiation to arrest and initiation to branching were
characterized by relating instantaneous values of K and v. They were
able to suggest K- v curve as a material property. A schematic
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representation of such a behavior is shown in Fig. 4. The values of K
associated with v = 0 (denoted as Ki,) at crack arrest and v = vy,
(denoted as Kjy) at successful branching were attached special
significance. The arrest value of K was noted to have a slightly lower
value compared to the crack initiation value Kj.. Small increases in K
above this minimum level resulted in very sharp increases in crack
velocity followed by a transition zone to a saturation velocity. In the
latter region, significant increases in K values are essential for producing
even small increases to crack velocity. The fracture surface in the latter
region shows very high roughness due to the formation of many small
fractures in the vicinity of the main crack tip. The same is evident in the
later frames (last row) in Fig. 3.

A crack velocity (v)
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Figure 4. Schematic of variation of stress intensity factor with crack speed in Homalite-
100.
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Dynamic fracture mechanics of dissimilar material interfaces has
drawn attention of the mechanics community in the past decade due
to its relevance in a vast range of applications from microelectronic
devices to aerospace structures. The photoelastic investigation by Singh
and Shukla [6] of a dynamically growing crack along a coherent
(bonded) interface of a polymer-metal bimaterial sheet is particularly
worth noting in this context. The bimaterial system they studied was a
Homalite-100 polyester sheet bonded to Al-6061 aluminum sheet of
equal thickness (6.35 mm) along a square edge. The metallic half of the
specimen was subjected to projectile impact (velocity 30 m/s) along the
edge opposite to a pre-existing starter crack in the form of a disbond.
The impact was achieved using a cylindrical steel projectile launched
using a gas-gun. This loading scenario is schematically shown in Fig. 5.
The impact being on the metallic half, the crack is subjected to dominant
shear loading in the early stages after impact before wave reflections

125 mm—ed

Material - 1
150 mm
—f - 25 e igg i
A B ~&— Impact
150 mm
A - Starter Crack
Material - 2 B - Interface

Thickness = 6. 35 mnm

Figure 5. Specimen geometry and loading configuration used for interfacial crack growth
studies in a polymer-metal bimaterial. (Ref. 6)
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occur from the far-boundaries of the sample. This is because waves
propagate much faster in steel compared to Homalite (longitudinal wave
speed, shear wave speed and density of (Homalite, steel) are (2330,
5400) m/sec, (1330, 3195) m/sec at a strain rate of 1000 sec’ and
(1190, 7830) kg/m’, respectively). Further, large mismatch in acoustic
impedance between the two materials prevented transfer of stress waves
across the interface during this period. Figure 6 shows a set of
isochromatic fringe patterns from this experiment where fringes are

t=18us v=1250 P it=27 us v= 1180 m/s i

t=37ps  v= 1200 mfs t=55us v= 1460 m/s

=595ps v=1475mis t=73ps  v=1660 mis

E
t

Figure 6. A select set of isochromatic fringe patterns obtained for dynamic crack growth
along a Homalite-100/aluminum biomaterial interface subjected to impact loading.
(Ref. 6, Courtesy R. P. Singh and A. Shukla)
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Figure 7. Crack-tip speed history for a dynamically growing crack along Homalite-
100/aluminum bimaterial interface under impact loading. (Ref. 6, Courtesy R. P Singh
and A. Shukla)

visible in the Homalite-100 half of the specimen. The crack speed
history obtained from the images is plotted in Fig. 7. During the event,
crack growth at sustained speeds in excess of shear wave speed of
Homalite-100 is readily evident and hence crack growth is termed
intersonic suggesting that crack speeds are bounded by the shear and
longitudinal wave speeds of Homalite-100. Such an intersonic crack
speed has a direct influence on the nature of crack tip shear stress field.
At the beginning when the crack is propagating at subsonic speeds,
fringes are smooth and continuous. When the crack speed is in excess of
the shear wave speed for the material, fringes are squeezed in the
propagation direction while elongated normal to the interface. Further,
in the latter case the fringe pattern does not have a single focus along the
interface. Instead, the rear and front fringe lobes intercept the interface
over a finite length suggesting a large scale contact of the crack faces
along the propagation direction. A second consequence of intersonic
crack growth is that a discontinuity in the shear stress field is also
evident implying the formation of a Mach wave in the stress field around
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the moving crack tip. The observed Mach wave matches the theoretical
prediction of the same by Liu, et al. [10].

In the past few years, there has been an emerging interest
investigating the mechanics of dynamic sliding between incoherent
interfaces. Frictional sliding between geological layers causing
earthquakes has motivated these investigations and initial results suggest
many crack-like features integral to this problem and hence would be of
great interest to the dynamic fracture mechanics community in the future.
Among the photoeleastic investigations in this area, the recent report by
Coker et al., [11] is notable. In this work, a pair of identical Homalite-
100 sheets (see, Fig. 8), initially pressed against each other along a
common edge using far-field compression, was subjected to edge impact
near the incoherent (or, unbonded) interface. The impact loading was
imposed using a gas-gun fired cylindrical steel projectile traveling at
10-60 m/s. A steel buffer plate was bonded to the edge of the lower

Zo
2[1=152 mm
interface
— [ b
w(t)
w=140 mm

PTTILTTT

Figure 8. Specimen configuration to study frictional sliding behavior of two monolithic
Homalite-100 sheets along an incoherent interface by projectile impact.
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Figure 9. Isochromatic fringes near a sliding tip along frictionally held interfaces between
equal thickness Homalite-100 sheets. The sliding tip is moving from the left to the right.
(a) Static compressive stress 9.4 MPa and impact velocity 33 m/s, (b) Static compressive
stress 9.4 MPa and impact velocity 42 m/s. Insets highlight Mach lines (solid line)
associated with the sliding tip. (Ref.11, Courtesy, A. J. Rosakis).

sheet to prevent shattering of the polymer at high impact velocities.
Initial impact induced an approximately planar wave and the measured
loading profile was a trapezoid having a 10-20 ps rise time followed by a
40 ps steady velocity period. The stress fields in a 160 mm diameter
field of view were recorded using photoelasticity and high-speed
photography. Two representative results from these experiments for a
compressive stress %, of 9.4 MPa and impact velocities 32.7 and
42.2 m/s are shown in Fig. 9(a) and 9(b), respectively. In Fig. 9(a)
isochromatic fringes for the lower velocity case are shown where the
loading wave front (traveling at longitudinal wave speed C}) arrives from
the left. Behind this initial loading wave is the shear Mach cone seen as
a sharp kink in an otherwise smooth fringe pattern highlighted by a solid
line in the inset. This tip corresponding to the intersection of the Mach
cone with the interface is the sliding tip traveling at intersonic speeds of
approximately 1800 nv/s. In the same isochromatic field there is also
evidence of a Rayleigh wave due to the wave emanating from the
projectile corners traveling at some distance behind the sliding tip as a
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second concentration of fringes. Other observations include (i) higher
fringe density in the lower plate where impact occurs compared to the
upper since the energy is not transferred easily across the interface and
(ii) the fringe discontinuity at the interface due to sliding occurring in a
crack-like mode. When the impact velocity is increased to 42 m/s, the
propagation velocity of the sliding tip is about 1950 m/s. Although the
general characteristics of Fig. 9(b) are same as the ones in Fig. 9(a),
additional features are evident. In addition to the Mach line emanating
from the sliding tip, a second Mach line of a shallower slope
corresponding to a propagation speed of approximately 2600 m/s, which
is supersonic with respect to the plane stress longitudinal wave of speed
of Homalite-100, is visible. This second Mach wave eventually catches
up to the first and only one Mach line continues to propagate in the
material subsequently [11]. In each experiment, the speed of the leading

sliding tip is found to remain constant and between J2¢ ¢and C, .

2. Coherent Gradient Sensing (CGS)

Coherent Gradient Sensing is a relatively new addition to the family
of optical methods used for dynamic fracture investigations. The
technique was formulated and demonstrated in 1989 by the author and
his colleagues [12] to study surface slopes and in-plane stress gradients
near quasistatically loaded cracks. In view of its full-field capability
coupled with a relatively simple optical arrangement for measuring field
quantities which produce optical caustic near a crack tip, CGS offered an
alternative method for investigating crack problems. Soon its potential
for dynamic fracture investigations became quite evident when it was
demonstrated successfully using high-speed photography. These early
studies gave way to a period of widespread use of the method to study
subsonic, intersonic and supersonic crack growths along dissimilar
material interfaces, impact damage and fracture of fiber reinforced
composites, dynamic fracture of homogencous and graded particulate
composites and foams, and dynamic crack-inclusion interactions, to
name a few.
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Figure 10. Schematic of the experimental set-up used for dynamic fracture studies using
reflection-mode CGS.

2.1 Experimental set-up

Typical experimental set-up used for dynamic fracture investigation
of opaque planar objects is shown schematically in Fig. 10. The set-up
can be easily modified if a transparent object is to be studied instead.
The object is illuminated by a collimated laser beam. The object waves
reflected off of the object surface are transmitted through two parallel
Ronchi gratings separated by a distance (A). The diffracted wave fronts
are collected by a positive lens and the resulting diffraction spectrum
is registered on its focal plane as shown. An aperture is used to block
all but the necessary diffraction orders as depicted. The interferograms
are recorded in real-time using a high-speed camera. It should be
emphasized that the camera system comprising of the lens and the photo
sensor array or film needs to be focused on the object surface during
initial optical alignment. That is, the object and the image distances in
the set-up obey the lens law.

The gratings used in CGS are typically chrome-on-glass line-pair
depositions commonly referred to as Ronchi gratings. The choice of
Ronchi grating plates is based on commercial availability or ease of
fabrication but the method should function equally well with other
grating profiles such as sinusoidal rulings. It should also be noted that
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anti-reflection coatings (typically, magnesium fluoride coatings) are
essential for minimizing optical noise in the form of ‘ghost fringes’
which would otherwise occur due to multiple reflections in the cavity
between the gratings. Other parameters such as grating pitch, grating
separation distance and focal length of the imaging lens are chosen based
on the need for (i) producing sufficient spatial shearing of the object
wave front without unduly compromising the accuracy of derivative
representation of the out-of-plane displacements, and (ii) resolving the
diffraction spots sufficiently on the back focal plane of the imaging lens
for easy filtering. The use of micro-positioning devices to achieve in-
plane and out-of-plane parallelism between the two gratings limit the
smallest grating separating distance to about 15 mm in most reported
studied to date.

Specimen preparation of opaque planar objects for reflection-mode
CGS study also needs attention. The test sample should be made
optically flat and specularly reflective in the region of interest. If the
material being studied is metallic, this is generally achieved by lapping
the surface flat followed by a metallic (aluminum, gold) film deposition
for high reflectivity. On the other hand, if the material being studied is a
polymer or a metal matrix composite, an alternative method needs to be
adopted. This involves machining the specimen surface flat followed by
removing tool marks by sanding the surface using successively finer
grade sandpapers. Next, an optical flat previously deposited with a thin
layer of aluminum in a thermal evaporator (or a sputtering device) is
transferred to the specimen surface. The transferring of metal film can
be done using an suitable adhesive (say, low-viscosity epoxy) which
preferentially bonds strongly with aluminum compared to the glass
optical flat. This process is depicted in a self-explanatory schematic in
Fig. 11.

2.2 Optical alignment

The shearing interferometer needs to be aligned to ensure (i) planarity
of the incident laser beam used for interrogating the object surface and
(ii) parallelism of the Ronchi gratings G; and G, as well as the grating
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Figure 11. Schematic depicting aluminizing an opaque specimen surface for reflection-
mode CGS study.

lines. This is accomplished by mounting gratings G; and G, on micro-
positioning devices. One of the two gratings, say G, is mounted on a
device with translational capability in the z-direction and rotational
capability about the z-axis. Separate coarse rotational capabilities about
the x- and the y-axes for G; are also preferable. First, parallelism
between the gratings planes G; and G, can be ensured using the coarse
positioning device for G; by rotating G, relative to G, about the x- and
the y-axes. A high-degree of collimation of the laser beam can then be
ensured using a front-coated mirror with a high-degree of flatness, say
a A/8-mirror, as the object. Assuming parallelism between grating lines

of G; and G,, when the incident beam is a spherical wave front
2 2

i(x,y) =21
2f
fringe pattern as shown in Fig. 12(a) would result on the image plane
when the principal direction of the Ronchi gratings is along the y-axis.
Now, a planar wave-front can be obtained by adjusting the collimator to
widen the fringe spacing until a uniform light fringe covers the entire
field-of-view. For a planar wave front incident on the gratings, the
rotational misalignment would result in equally spaced fringes along the
principal direction of the gratings, as the one shown in Fig. 12(b). The

formation of these fringes is due to coherent self-imaging phenomenon
2p°

, T being the focal length of the collimating lens, a

along the z-axis at the so-called Talbot intervals Zt = These

rotational fringes can be eliminated by rotating G, about the z-axis until
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the fringe spacing increases and a single light fringe covers the entire
field-of-view. In reality, however, both these misalignments occur
simultaneously resulting in equally spaced fringes at an arbitrary angle
relative to the principal direction of the two gratings. Thus, optical
alignment will have to be carried out iteratively until a uniform light
fringe covers the entire field-of-view.

spherical wave 1 Y
front
. | |
i I I
} }
— | |
] I |
N o G

Figure 12. Optical alignment fringes when the principal direction of the gratings is along
y-axis. (a) Fringes due to spherical wavefront, and (b) Fringes due to relative rotational
misalignment between gratings.
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Figure 13. Schematic representation of diffraction and Fourier filtering of wave fronts in
Coherent Gradient Sensing (CGS).

2.3 Working principle

Consider, an object wave making an angle ¢ with the optical axis in
the y-z plane transmitted through a pair of Ronchi gratings G, and G; of
pitch p with principal grating direction, say, along the y — axis (Fig. 13).
The separation distance between the two gratings along the optical axis
(the z-axis) be A. The diffracted light emerging from the first grating
consists of a zero and several odd diffraction orders, each denoted by the
corresponding complex amplitude distribution £. For simplicity only
consider diffraction orders E; (i = 0, £1) after the first grating G;. These
waves are propagating in discretely different directions according to the
diffraction equation (& = sin™(A/p) = (A/p) for small angles). Each of
these diffracted wave fronts diffract once more at the second grating G,
plane and the corresponding wave fronts propagating in several discrete
directions are denoted by E; ) (i = 0, =1, j = 0, £1) where the two
subscripts correspond to diffraction order at the first and the second
grating, respectively. The wave fronts £y ¢ and £, ., contribute to the
+1 diffraction spot on the focal plane. And, diffracted wave fronts E ,
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Ey . and E, 4 contribute to the 0™ order. By letting +1 diffraction
order to pass through the filtering aperture, interference fringes resulting
from the corresponding complex amplitudes can be evaluated. Let /; and
l; denote the optical path lengths of E, and E.,, respectively, between
the two gratings. Then, complex amplitudes E, and Fi; can be
represented as  E, = A, exp(ikl,), E,, = A, exp(ikl,;), where A’s

denote amplitudes, k the wave number (=27/A), and i =+/—1. Noting
that no additional path difference occurs beyond the grating G,, the
intensity distribution on the image plane for a 1:1 magnification is
proportional to,
I, = (EO,il + Eil,() )(Eo,il + Eil,O)* = Aé + Aizl + 2A0Ail cos k(lo —lJ_rl)’
2.1
when %1 diffraction spot is let through the aperture at the spectrum plane.
In the above, (¢) * denotes the complex conjugate. Based on geometrical
considerations, the optical path lengths /; and I.; can be expressed as,
LA A po A A ,
" cosg (1_¢i+_¢i_ )’ 1 cos(@+¢) [1 CET)S +(6’i¢)4 B j

20 41 2! 41
2.2)
by expanding cos(e) in the neighborhood of ()= zero. For small

angles, when the series is truncated by neglecting the terms of the order
of (+)’ and beyond, Eq. (2.2) becomes,

loszA(Hf_} ,;A(IMJ
N 2 O CEY)S 2
21 2t

where binominal expansion

(1+ p)* ={li%p+ q(qz‘—l) P q(q—l;(q—2) P’ +..}for

(p* <1, ¢g#0,1,2,...)is used.

2.3)
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By calculating the path difference (/,~/,;) from Eq. (2.3), the

expression for intensity distribution Eq. (2.1) on the image plane when
+1* diffraction order is allowed to pass through the filtering aperture is,

2
L, = A + A, +24,4,, cos {kA [% + 9¢H : (2.4)

The constructive interference occurs when the argument of the cosine
term in the above equation is 2N,z where N, =0,=1,%+2,..., is the
fringe order. After substituting for the wave number we get,

%6‘(§i¢j = N,. When the specimen is in the undeformed (¢ = 0)

state, the fringe order of the uniform bright fringe of the undeformed

A8

object can be denoted by N, = _(Ej: constant (N, = 0, £1, £2,...),
p

where @ = A/ p is utilized. By incorporating the expression for N,, the

magnitude of angular deflection of light at a point on the surface can be

written as,

¢=(Nd—Nu)§=N , N=(N,-N,)=0,+1,%2,...

B> |~

2.5)

The fringe formation in the overlapping region can be schematically
represented as shown in Fig. 14 where the solid line is used to represent
the un-diffracted wave and the dotted line represents either +1 or -1 order
wave front. Evidently, the sensitivity of the interferometer for measuring
angular deflections of light rays depends on the ratio of the grating pitch
p and the grating separation distance A. This offers experimental
flexibility for controlling measurement sensitivity by suitably choosing p
and A. Clearly this is an added experimental advantage over other
methods used for dynamic fracture mechanics. Also, it should be noted
that the interference fringes obtained by filtering all but +1 or -1
diffraction orders can be interpreted as forward and backward differences
of the optical signal.
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Figure 14. Overlapping but sheared wave fronts on the image plane (x’-y’ plane) for
filtering all but +1, 0, -1 diffraction spots. The solid and broken circles correspond to zero
order and +1 or —1 diffraction orders passing though the aperture, respectively.

The angular deflections of light rays can be related to surface

deformations of the object using a first order approximation. Let the
o(oS

propagation vector of the object wave front be d =% e+
X

8(55)

5 €, +¢e, where S denotes optical path difference and ¢, is a unit
Y
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normal in the i-th direction. For light rays in the y-z plane,

8(55)
& ¢

when small angles approximation is invoked.

When a transparent object is studied using transmission-mode CGS,
the optical path S through the specimen can be expressed as
S'=(n—-1)B where n is the refractive index of the material and
B is the thickness in the unstressed state. Upon deformation, the
optical path length becomes §+0S where 65=C,B(o, +0,),

(o

C = (—%+ Co)(n—l) is the elasto-optic coefficient and Cis a

stress-optic constant of the material. It should be noted that C_ accounts

for stress induced refractive index changes as well as thickness changes
due to Poisson effect. Thus, angular deflections of light rays in
transmission mode CGS relate to the mechanical fields as,

o(S5S oo +o
L208)_ . pilo,va)
o dy
When an optically opaque object is studied using reflection-mode CGS,
the path difference is &S =2w where w is out-of-plane displacement

along the z-direction. Then, angular deflections can be related to the
mechanical fields (surface slopes) as,

5205 W) NP N=0,£L%2,..., (2.7
oy 0y A

where w is the out-of-plane deflection of the wafer in the z-direction.

@ :Nf’ N=0,£1,%2,... (2.6)

2.4 Applications

The first demonstration of CGS for dynamic fracture studies was
reported by Tippur, et al,, [13] after the method was implemented
to study deformations surrounding a growing crack in a nominally
brittle solid. In this, transmission mode-CGS was used along with high-
speed photography. A Plexiglas (PMMA) three-point bend specimen
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(dimensions 300 mm x 150 mm x 8.2 mm) having an edge notch (25 mm
long) was subjected to low-velocity impact (impact velocity ~ 2 m/s) and
dynamic crack growth was recorded using high-speed photography
(framing rate - 100,000 fps and exposure time - 50 ns). A pair of Ronchi
gratings was orientated along the initial crack direction such that the

oo, +0,)

measured field quantity was proportional to , X being the

ox
direction along the initial crack. Selected fringe patterns from that
experiment are shown in Fig. 15. Highly discernable fringes in these
early experiments clearly hinted at the potential of the method for
dynamic fracture investigations. Also, by contrasting computed stress

Figure 15. Selected transmission-mode CGS interferograms at different instants of
dynamic growth in a PMMA sheet impact loaded in a drop-tower (impact velocity 2m/s)
in 3-point bend configuration. Fringes are proportional to (o, +0,)/0x with x along
the crack growth direction. (from Ref. 13)
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Figure 16. Synthetic fringe patterns reconstructed from on-term (solid lines) and higher-
order (broken lines) transient analysis superposed on the corresponding transmission-
mode CGS interferogram from a dynamic crack growth experiment on PMMA.
(from Ref. 14).

intensity factors based on K-dominance assumption between quasi-static
and dynamic experiments, they emphasized the significance of full-field
transient effects neglected in earlier experiments using the method of
optical caustics. An example of the same is shown in Fig. 16 where a
fringe pattern from CGS technique is superposed with synthetic ones
(dotted line in the left-half) obtained using over-deterministic analysis of
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optical data (shown as discrete data points seen in the right-half) using
asymptotic expansion (six-terms in the expansion for(o, +0,)) for a

steadily growing crack. The right-half of this figure shows a relatively
poor correlation between the optical data and the synthetic field if K-
dominance assumption were enforced. Shortly after this initial success
of using transmission-mode CGS to study dynamic fracture problems,
the method was extended to reflection-mode with an intention of
studying opaque solids [14] using this method. The effectiveness of the
method in the reflection-mode was demonstrated by capturing surface
slope (Ow/0Ox) fringes around a dynamically propagating crack in a
AISI-4340 steel and a Plexiglas sample subjected to impact loading in
three-point bend configuration. In case of the former, the sample surface
had to be lapped and polished with diamond paste to obtain a flat mirror-
like surface finish while in case of the latter the surface was simply
deposited with a layer of aluminum using vacuum deposition. Another
major contribution of CGS to dynamic fracture has been in the area of
interfacial fracture mechanics. Until early 90’s, there were no reports of
optical investigations on dynamic crack growth along dissimilar material
interfaces despite an overwhelming need for understanding failure
behavior of layered materials and composite structures under mechanical
shock and impact loading. In a ground-breaking optical investigation,
Tippur and Rosakis [15] observed unusually high crack speeds during
dynamic fracture of bimaterial specimens subjected to low-velocity
impact. They studied a bimaterial beam made of equal thickness sheets
of PMMA and aluminum bonded adhesively along a straight edge. A
strong bond was created by roughening the aluminum half and using an
adhesive based on methyl methacrylate monomer to minimize the
possibility of introducing a distinctly different third material. The
bimaterial was studied in a transmission-mode CGS apparatus using
high-speed photography (framing rate 140,000 fps). The bimaterial
specimen with a pre-cut edge notch along the interface was impact
loaded on the aluminum half (velocity 2 m/s) close to the interface using
a drop-tower in a three-point bend configuration. A record of angular
deflections of light rays representing derivatives of stresses in the
interfacial crack tip vicinity in the PMMA half obtained by them is
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shown in Fig. 17. In this sequence of interferograms, time instants
shown correspond to times before (negative) and after (positive) crack
initiation. The dynamic effects are clearly visible as sharp kinks in
otherwise smooth fringes. Also, continuous rotation of fringe lobes
before crack initiation suggests changing ratio of shear to normal stress
at the crack tip. Initially the crack tip is experiencing dominant shear
deformations due to higher wave speeds in the aluminum half relative to

t=-42p8 o 42848 te=-14ps

=14ps ) t%?éslzs

=0 ... CRACK INITIATION PMMA AL

Figure 17. Transmission-mode CGS interferograms representing fringes proportional to
to d(o,+0,)/0x in the vicinity of a dynamically propagating interfacial crack in a
PMMA/aluminum bimaterial. Fringes are visible only in the PMMA-half of the
bimaterial. (from Ref. 15)
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the PMMA half. With the passage of time stress waves returning from
the far boundaries increase the tensile stress component at the crack tip
up to crack initiation. In the post-initiation period, the crack tip fringes
seem relatively self-similar. Interferograms were used to record crack
growth and hence the crack speed history. A surprisingly high crack
speed of about 80% of the Rayleigh wave speed (relative to the
compliant constituent of the bimaterial) was recorded. At that juncture,
due to the intrinsic difficulties associated with the dynamic problem,
there were only a few theoretical studies on this topic [16-19] and
explicit crack tip field equations to extract fracture parameters such as
stress intensity factors, mode-mixity and energy release rate were absent.
Additionally, there were disagreements between investigators on issues
related to achievable/terminal interfacial crack speeds. The results of
Willis [18] disagreed with that of Atkinson [19] regarding the terminal
velocity in such a situation. The former claimed that the terminal
velocity of an interfacial crack to be a little greater than the lower of the
two Rayleigh wave speeds of the constituents while the latter suggested
it to be equal to the lower of the two Rayleigh wave speeds.

Tippur and Rosakis’ [15] experiments inspired several follow-up
theoretical, numerical and experimental works on interfacial fracture of
bimaterials. Yang, et al [20] reported field equations for a steadily
propagating interfacial cracks which was later on enriched by a transient
analysis of a dynamically propagating interfacial crack by Liu et al, [21].
An important conclusion of the new theoretical analyses was that as the
crack tip approached the lower of the two Rayleigh wave speeds of a
bimaterial a finitc amount of energy was required for the crack tip to
maintain propagation at Rayleigh wave speed with a non-zero complex
stress intensity factor. This observation was unlike the ones for
homogeneous counterparts requiring infinite amount of energy to
maintain propagation at the Rayleigh wave speed [22, 23]. Thereby in a
bimaterial case the restriction for the crack to extend at speeds in excess
of the Rayleigh wave speed was absent. An experimental proof for this
was reported by Lambros and Rosakis [24] who conducted optical
investigations on PMMA -steel bimaterials using transmission-mode CGS
apparatus. In their experiments a gas-gun was used instead of a drop-
tower for impacting specimens. The interferograms were used to track
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crack length histories as well as map crack tip deformations. Their
measurements revealed that interfacial crack speed exceeded not only the
Rayleigh wave speed for PMMA but its shear wave speed as well. In a
set of experiments when a blunt interfacial notch was used, they reported
crack speeds approaching the longitudinal wave speed of PMMA
demonstrating the possibility of interfacial crack propagation at
intersonic (between shear and longitudinal wave speeds) speeds. They
were also able to provide visual evidence of crack propagation in the
intersonic regime relative to PMMA. By comparing CGS fringe pattern
at early stages of propagation with the ones at intersonic speeds, they
noted a squeezed appearance of main fringe lobes as well as ‘shock-like’
formations in interferograms. Crack propagation in the intersonic regime
also pointed to special features about the crack tip. In the subsonic range
the interfacial crack showed evidence of fringe lobes coming to focus at
a single point along the interface which is the crack tip. When the crack
attained intersonic speeds, however, the rear and front lobes showed
interception of the interface over a finite length without evidence of a
common focus suggesting large scale contact. This can be seen readily
in a representative transmission-mode CGS interferogram (in the PMMA
half) in Fig. 18 where the length between the front and rear lobes is
marked by the letter ‘d’. (Even though crack propagation occurred at
speeds in excess of shear wave speeds, they could not visualize the shear
stress discontinuity since transmission-mode CGS measures a quantity
proportional to (o, + o ,)- This necessitated the use of photoelasticity to

accomplish the same by Rosakis and coworkers subsequently.) The
availability of explicit crack tip fields also enabled estimation of relevant
complex stress intensity factor histories (and hence energy release rate
and mode-mixity) from interferograms using over-deterministic least-
squares analysis of optical data. The energy release rate (G) history
showed a highly unstable crack initiation event resulting in a steep drop
in G values during the time period when crack accelerated to intersonic
speeds after initiation. During the same time period, the mode-mixity
continued to increase rapidly. They have noted that during interfacial
crack growth crack tip opening angle remains constant.
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Figure 18. Enlarged view of transmission-mode CGS fringes in the intersonic crack
growth regime showing occurrence of crack face contact. Here the crack is growing from
left to right along a PMMA/steel interface. Fringes are visible only in the PMMA (upper)
half of the bimaterial. (from Ref. 6, (Courtesy R. P. Singh and A. Shukla)

In the past decade there has been a growing interest in a family of
new materials called Functionally Graded Materials (FGM). These
biologically inspired materials are macroscopically isotropic and
nonhomogeneous with continuously varying material properties along
one or more spatial coordinates. FGM are proposed for mitigating
deleterious effects of discrete interfaces encountered in conventional
layered materials and engineering structures which experience extreme
loading environments of thermal shock and/or mechanical impact.
Material property variation is often achieved using multiphase materials
in which volume fractions of the constituents are spatially tailored to suit
an application. For example, in a metal matrix composite FGM [25], the



Optical Methods For Dynamic Fracture Mechanics 179

variation could be from (100% metal, 0% ceramic) at one end to (0%
metal, 100% ceramic) at the other in a continuous manner. Mechanical
characterization in general and fracture behavior in particular is at the
heart of understanding mechanical integrity of this relatively new and
novel class of materials. Optical investigation of dynamic fracture
behavior of FGM using the method of CGS has been part of this broader
endeavor. For example, Tippur and coworkers [26-28] have examined
the influence of continuous compositional gradients on dynamic fracture
response of functionally graded composites. They have studied glass-
filled epoxy particulate composite sheets having varying volume fraction
of filler material. The FGM is made from solid A-glass microspheres
(35 and 42 pum average diameter) or hollow glass microballoons
(60 um average diameter and ~0.5 um wall thickness) as filler materials
in epoxy matrix. The former is unidirectionally nonhomogeneous with a
monotonic volume fraction variation of solid glass spheres from
approximately 0% to 40% over a length of approximately 45 mm. In the
latter, the same volume fraction variation is achieved using hollow
microballoons resulting in a light-weight ‘syntactic foam’ material with a
closed-cell microstructure. While solid glass spheres act as microscopic
reinforcements increasing the stiffness of the mixture, hollow
microballoons reduce the same. The resulting FGM is a microscopically
heterogeneous material and is optically opaque. Hence it requires
specimen preparation (as detailed earlier) to create an optically specular
and flat surface for interrogation by a reflection-mode CGS apparatus. In
Fig. 19, selected interferograms (framing rate 200,000 fps and 40 ns
exposure time) from Kirugulige, et al., [28] are shown for crack growth
occurring from an initial notch cut into the compliant edge of a syntactic
foam FGM sheet towards the stiffer edge where impact occurs. In each
of these interferograms, deformations associated with the impact point
and the crack tip can be seen as two sets of fringe concentrations near the
top and the bottom edges of the sheet, respectively. The three images are
for different time instants with Fig. 19(a) just before crack initiation, Fig.
19(b) just after crack initiation and Fig. 19(c) after substantial dynamic
crack growth. In Figs. 19(b) and (c), surface waves emanating from the
crack tip can be seen as sharp kinks in otherwise smooth fringe patterns.
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Figure 19. Selected reflection-mode CGS interferograms representing surface slopes
(dw/dx) in crack growth direction in a functionally graded syntactic foam sheet subjected
to symmetric impact relative to the crack plane. In this sheet volume fraction of hollow
microballoons vary from ~40% at the bottom of the sheet to ~0% at the top. Time
corresponds to instants after impact.

Similar experiments have also been reported when the direction of crack
growth is reversed by situating an initial crack on the stiffer edge of the
FGM and impacted on the compliant side. The stress intensity factor
histories for the two cases of graded foam sheets were extracted using
over-deterministic least-squares analysis and are shown in Fig. 20. (The
inset in Fig. 20 is used to illustrate the least-squares analysis based fit
obtained for the digitized optical data for the case of the graded foam
with crack on compliant side. The experimental data (symbols) and the
least-squares fit (solid line) shown in the figure are for 100 us time
instant after impact. The least-squares fit considering K-dominant
solution shows good agreement with optical data.) In each case, crack
tip stress intensification is evident only after ~50 us after impact due to
finite resolution of the optical technique. The stress intensity factors
monotonically increase until crack initiation (indicated by vertical bands
in the plot). The crack initiates earlier when situated on the compliant
side of the sheet (£, > E;) than on the stiffer side (E, < E;). At crack
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Figure 20. Mode-I dynamic stress intensity factor histories (Impact velocity=5.8 m/s)
both for the crack on the compliant side (E, > E;) and the crack on the stiffer side
(E, < E)) of functionally graded foam sheet. The crack initiation is indicated by the
vertical bands, (dash-dash: E, < E;, dash-dot: E; > E;). Inset shows an example of the
quality of least-squares fit of the digitized data for E; > E; at 100 ps. (Ref. 28)

initiation, a noticeable dip in the stress intensity factor history is seen
suggesting a sudden release of stored energy from the initial notch.
Subsequently, stress intensity factors for a growing crack increase for the
case of a crack on the compliant side of the sheet while a noticeable
reduction is seen when the crack is on the stiffer side. These can be
attributed to the fact that fracture toughness of the foam decreases as
volume fraction of microballoons increase in the foam.

Recently, Kirugulige and Tippur [29] have extended their study from
dynamic mode-I fracture of FGM to mixed-mode crack growth under
impact loading conditions using reflection-mode CGS and high-speed
photography (framing rate of 200,000 fps and 40 ns exposure time). In
this investigation they have used functionally graded particulate
composite sheets made of solid glass microspheres (35 pm mean
diameter) for matrix reinforcement. Samples with monotonic,
unidirectional variation of volume fraction of filler with a crack on the
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compliant or the stiffer side are studied separately by one-point impact
loading occurring eccentrically relative to the crack plane as shown in
Fig. 21(a). The variations in the Young’s modulus and mass density over
the width of the sample are also shown (Fig. 21(b)). Representative
optical results of this investigation are shown in Fig. 22. The images on
the left and the right are for two separate situations of initial crack
located close to the edge of the specimen with a lower and a higher
volume fraction of reinforcement, respectively, compared to the edge
where impact occurs. The crack paths in each of these images at time
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Figure 21. (a) Schematic of syntactic foam FGM specimens studied under one-point
asymmetric impact. (b) Spatial variation of material properties in the FGM. (Ref. 29)



Optical Methods For Dynamic Fracture Mechanics 183

Figure 22. Fringe patterns representing surface slopes dw/dx (w being out-of-plane
displacement) near dynamically propagating cracks in FGM subjected to impact loading
as shown in Fig. 1. Distinctly different crack paths are obtained depending upon the
functional gradient (E,/E, ~ 0.4 in the left image and ~ 2.5 in the right image). (Ref. 29)

instants after significant crack growth from the initial crack tip are
strikingly different. The crack path in the former (E, < E,) is nearly self-
similar even though the crack tip loading is a combined mode-I and —II
type while in the latter (E; > E,) the crack kinks from the initial tip and
grows at a nearly constant angle relative to the pre-notch. Further, crack
tip fringes in the FGM on the left show different asymmetries relative to
the local crack orientation. The loading configuration and the sample
geometries of the specimens studied being identical in these two cases,
the differences in crack paths are attributed to compositional gradients
(a combination of elastic and material strength gradients) present in the
two FGM. A homogeneous sample of identical geometry and loading
configuration is also studied for comparative purpose and the results are
not shown here for brevity. Using over-deterministic least-squares
analysis of interferograms corresponding to different time instants after
impact, a history of stress intensity factors Ki(f) and Ky(¢) were evaluated

4K
and hence mode-mixity angle histories W (f)=tan IEH— were

I
estimated. Just prior to crack initiation (¢) values approach zero

suggesting initiation under predominantly mode-I conditions. In the
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post-initiation period mode-mixity histories show a small positive value
of mixity in case of FGM with (£, < E;) while it is a small negative value
in case of FGM with (£, > E;). Interestingly, the mixity history in the
post initiation period for the homogeneous sample remains close to
w(f)= 0 in the window of observation, consistent with dynamic crack

growth in homogeneous brittle solids. These preliminary results raise the
possibility of non-zero Kj; during mixed-mode dynamic crack growth in
brittle FGM if confirmed by further experimentation.

Reflection-mode CGS has also been used in dynamic fracture
behavior studies on fiber reinforced composites. At the moment there
are only a few reports of real-time measurement of crack tip fields in
these materials. Lambros and Rosakis, [30] are the first ones to extend
CGS technique to study fast-fracture in thick unidirectional graphite-
epoxy composite plates (48 plies/6mm thick, fiber diameter 7.3 um, fiber
strength 231 GPa, fiber volume fraction 0.65) subjected to symmetric
one-point impact loading. They observed that for low-impact velocities
(4 m/s) a mode-I crack attained speeds of nearly 0.5 Cr where Cy is the
Rayleigh wave speed traveling in the direction of fibers of a half-space.
The consequence of material anisotropy is revealed optically as an
elliptically shaped stress wave emanating from the initial notch (root
radius 0.75 mm) upon crack initiation. They have analyzed fringes at
time instants close to initiation to estimate crack initiation toughness
(K ~ 2.3 MPaVm) of the composite. In a more recent study, Coker and
Rosakis [31] have examined crack growth behaviors in unidirectional
graphite-epoxy composites (mass density 1478 kg/m’) also using CGS
and high-speed photography but with an emphasis on shear dominated
fracture behavior at higher impact velocities. The dynamic material
characteristics for the coordinate shown in Fig. 23 are tabulated in the
accompanying table. They have used an off-axis impact loading
configuration (impact velocity 21 m/s) to generate dominant shear
loading at the initial notch tip. Selected interferograms from their
experiment is shown in Fig. 24. In this figure, time ¢ = 0 corresponds
to crack initiation. The nature of the crack tip fields suggests that the
crack tip is primarily in mode-II condition prior to initiation with
dominant side lobes tilted ahead of the crack tip. Soon after initiation,
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Figure 23. Cross-sectional view of fiber-reinforced unidirectional graphite-epoxy
composite and definition of the coordinatesystem with respect to the material symmetry
axes. The table shows plane strain elastic characteristics of the composite. (Ref. 31,

Courtesy A. J. Rosakis).
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Figure 24. A sequence of reflection CGS interferograms for shear dominated crack tip
loading in a unidirectional fiber-reinforced composite. The crack growth is along the
fiber direction. The time ¢ = 0 corresponds to crack initiation. The crack is propagating
intersonically in the last two frames. (Courtesy - A. J. Rosakis)

however, the fringe lobes on the two sides of the crack tilt backwards,
indicating high crack speeds and acceleration. During this early period
soon after crack initiation, authors have estimated the crack speed to be
~2100 m/s, well above the shear wave speed for the material of 1560 m/s
(see, Fig. 23), and an acceleration of 10° m/s’. As the crack continues to
propagate, the shape of the fringe lobes change even more drastically to a
nearly triangular wedge shaped region with a line of highly concentrated
fringes emanating from the crack tip at a distinct angle. This line
represents a region of high stress gradients which eventually forms a
discontinuity in stresses resulting in a shear shock wave. Based on their
mode-I and mode-II crack growth observations, Rosakis and coworkers
[30, 31] conclude that mode-I or opening mode cracks can propagate
only subsonically along the fibers with an upper bound as the Rayleigh
wave speed. However, mode-II or shear cracks can grow at intersonic
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speeds parallel to the fibers. They have observed crack acceleration from
values close to shear wave speed to dilatational wave speed
corresponding to the fiber direction.

3. Moiré interferometry

Ever since the development of a methodology for affixing high-
frequency moiré gratings by a replication process by Post and his
colleagues [32, 33], the technique of moiré interferometry has found
widespread utilization in a variety of quasi-static elastic [34] and elasto-
plastic [35] fracture investigations. Yet, its utility in the area of dynamic
fracture mechanics has remained relatively sparse. Nevertheless the
potential of the method to measure displacement components on object
surfaces at extremely high optical resolutions cannot be overlooked.
This feature is particularly relevant as dynamic fracture research
proceeds towards microscales placing a severe demand on resolution.
An exception in this regard has been the works of Kobayashi and his co-
workers [36] who have extended the method to dynamic fracture
mechanics applications in recent years.

3.1 Experimental method

The first step in moiré interferometry is the creation of a high-density
grating pattern capable of following surface deformations. This is
done by producing a high-frequency master grating (grating density up to
4000 lines/mm has been achieved) on a photosensitive glass plate. A
standing wave on the emulsion side of a photographic plate is created by
two uniform intersecting coherent laser beams. Processing of the
photographic plate produces high-density undulations in the emulsion.
The processed photographic plate is next deposited (using vacuum
deposition, sputtering, etc.) with a metallic (typically aluminum or gold)
film. This undulating grating pattern on the photographic plate is
subsequently transferred to the specimen surface using a process [33]
similar to the one depicted in Fig. 11. Generally, the thickness of the
adhesive layer used in the grating transferring process ranges between
15-25 pm. If this is too thick a layer to faithfully follow deformations
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in the underlying substrate, Ifju and Post [37] recommend using the
so-called ‘zero-thickness’ gratings. This is made of highly adherent .
reflective film deposited directly on the specimen surface and coated
with photoresist. The photoresist is then exposed to intersecting laser
beams and chemically etched to create a grating pattern on the
substrate/specimen directly.

A typical experimental set-up for dynamic fracture studies is shown
in Fig. 25. Due to short exposure times needed for freezing transient
moiré fringe patterns, a high-power laser (an argon-ion laser) is
commonly used as the light source. It also provides the necessary
coherent illumination. The laser beam before expanding is modulated
using an acousto-optical device (either internal or external to the laser
cavity) to accomplish shuttering when used in conjunction with a
continuous access high-speed camera such as a rotating mirror camera.
The light beam is collimated using a collimating lens and subsequently
split into two symmetric coherent beams using a front coated optical
mirror before illuminating the cracked specimen surface. The optical
arrangement is such that the specimen, printed with a high-frequency
grating of pitch p, is illuminated by the two beams at an angle *« and

1 2
the equation —=— is obeyed. The diffracted light beams
p Asina

bouncing off of the specimen surface create an interference pattern
representative of the surface displacements in the direction of the
principal grating direction.

In situations where complete determination of surface strain field is
needed, two orthogonal displacement fields are to be recorded
simultaneously during a transient event. Kokaly, et al., [34] describe an
optical set-up where they use two pairs of collimated laser beams in two
mutually perpendicular planes. Resulting dual pairs of interfering object
waves carry surface displacement information but are polarized in
orthogonal planes when the laser beam used in the experiments is
initially plane polarized. They recommend using a dichoric cube beam
splitter to separate the two displacement fields before recording using a
single high-speed camera or using two different ones if available.
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Figure 25. Schematic of moiré interferometry set-up used for dynamic fracture
investigations.

3.2 Working principle

For simplicity of analysis, let the transmission function of gratings
affixed to the specimen be a simple sinusoidal function of the form,

2
t(y)= 4+2Bcos=2 3.1)
P

The above represents linear gratings of pitch p with the y-direction as the
principal direction and 4 and B are constants. Now, consider a plane
wave illuminating the gratings at an angle o to the z-axis as shown
in Fig. 26. The complex amplitude distribution £on the specimen plane
can be represented in this case as E; seo = C exp(iky sin a)where Cis
the amplitude and k is the wave number of light. The resulting complex
amplitudes corresponding to the diffracted light beams £ E and

r,0 2 r,+l

r

E_, can be obtained (in case of an opaque specimen) as,
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Figure 26. Diffraction of light waves when a linear sinusoidal grating on a specimen
surface is illuminated by a plane wave.

E| = Cexp(ikysina){A+Bexp{,2_7;l]+Bexp(

1
:ACexp(iz%ysina)+BCexp{i2ﬂy(sma — }
p

sina 1

__)jl E +Er+1 Er,—l (3.2)
p

+ BC exp{iZﬂy(

In the above, subscripts 0, =1 are used to represent various diffraction
orders and diffraction angle & is related to the wavelength of light and

the grating pitch as 1 = ﬂlg Then,
p A
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E

r

2 ) _
M:ACeXp(i ”ysmaj+BCexp[iZzy(sina-i—sm@)}

+BCexp[i 2Zy(sina—sin 0)} (3.3)

Each term in the above represents a plane wave propagating in a
distinctly different direction. If the illumination angle is adjusted such
that = ,then

E,

= ACexp[izﬂTysinHJ+ BCexp{i 272)} (2sin¢9)}+ BC (34

where

BC=E,_

1

ACexp(i 27;)/ sin Hj =E ,,BCexp {i—z—z—y(Z sin 9)} =E, >

In the above F, ; is a plane wave propagating in the z-direction. When
the object undergoes deformation, the grating pitch p changes locally to

, 1 sin@ .
sayp'=p p, p plxyad—= SH; where ' =0'(x, y).
P

Then
N 2y . . 2ry, . .
E]| ,=A4Cexp|i 7 sina |+ B'Cexp| i 7 (sma+sm9)
+B’Cexp[i%l(sina—sint9’)} (3.5)

where ACexp[i%Xsina] = E;,O , B’Cexp{iMTy(sina +sin 0’)} =E .

and B'Cexp {i 2723} (sina—sin 9’)} =E'_| and the prime notation is used to

denote the parameters after deformation.
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Figure 27. Schematic of diffracted waves due to symmetric dual illumination of a
specimen grating by two plane waves.

Now consider a situation when the deformed object is illuminated by
two coherent collimated light beams at angles + and — as shown in
Fig. 27. The two incident plane waves are,

E,=Cexplikysina) , E,=Cexp(-ikysina (3.6)
il 0 i2 0

and the diffracted light beams for each incident beam can be written as,
E], = ACexp(—ikysina)+ B'Cexp (—iky (sina +sin 49'))
+ B'Cexp (—iky(sin o —sin 9’)) =E, +E,

r2,+1

+E, 137
and
E!, = ACexp(ikysin a)+B’C(z’ky(sina+sin 9'))

T B’C(”‘y (sina —sin 9’)) =E tE | +E, | (9
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Then E;1,~1 and E;2,—1 are propagating towards the imaging device.

The intensity distribution recorded will be proportional to

I= (E;l,—l +E, )(E;l,—l +En )*

_ Z(B'C)z [1 N Cos(zky(sina —sin 49'))]

=2(B'CY {1 +cos 27[)/[2(—[1;—?))} (3.9)

where (o)* represents the complex conjugate. Recognizing that and
are equal, the argument of the cosine term represents a low frequency
intensity variation in the form of interference fringes. Note that the
argument of the cosine term contains the factor ‘2’ resulting in doubling
of the fringe sensitivity compared to traditional moiré methods. A
constructive interference would occur when,

2y 2(l———1~’j =2nr n=0,%1,%+2,... (3.10)
p p

The similarity of the above expression with the ones for geometric moiré
fringe formation [38] when two linear gratings of slightly different pitch
pand p'are superimposed on each other is obvious. The only difference
between the two being the factor ‘2’ in moiré interferometry, the
governing equation relating optical interference with surface
deformations v is,

v=N§, (N =0,%1,42,..)) G.11)

3.3 Applications

Among the few instances when moiré interferometry has been used
to study dynamic fracture behavior of materials, the works of Kobayashi
and his co-workers [36] are notable.  They have used moiré
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interferometry in conjunction with high-speed photography to measure
transient displacement fields around a running crack in 7075-T6
aluminum alloy. They have employed a single edge notch (SEN)
specimen geometry with either a fatigue crack or a blunt notch to
produce low or high crack velocities, respectively. They have utilized a
relatively low-spatial frequency of 40 lines/mm on a mirror finished
specimen surface due to the presence of large-scale plastic yielding of
the material in the crack tip vicinity. A IMACON-790 high-speed
camera has been used to record four to eight moiré fringe patterns
corresponding to either vertical or horizontal displacements at framing
rates of 10,000 or 100,000 frames per second for fatigue cracked or blunt
notched specimens, respectively. Multiple recordings of identically
loaded SEN specimens at different delay timings have been used to
record the entire fracture event lasting approximately 1.2 ms. They have
been able to successfully record either the horizontal (u-field) or vertical
(v-field) displacement field only at a given time instant due the lack of
two high-speed cameras and experimental difficulties associated with
image shifting method. A composite of u- and v- displacement fields in

Figure 28. Dynamic moiré interferometry fringes at the onset of crack propagation in
7075-T6 aluminum alloy. A composite image of the two displacement fields was created
from different experiments.
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the crack tip vicinity at the onset of crack propagation is shown in
Fig. 28. In their experiments crack velocities have varied between 35
and 300 m/sec depending upon a fatigued pre-crack or a blunt notch were
used, respectively. Based on the measurements, they note that crack tip
opening angle (CTOA) depends on crack velocity. A slowly propagating
crack propagates with a CTOA of around 4° while the one propagating at
the higher velocity has a CTOA of approximately 7.5°. Interestingly, a
blunt notch transitioning from higher velocity to the lower velocity
shows transitioning of CTOA values between the two levels.
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Strain gages are the most commonly used type of strain sensors because of the
fact that they are easy to use and relatively inexpensive. The application of
strain gages to investigate propagating cracks in homogeneous materials,
composites and bi-material interfaces is discussed in this chapter. A brief
review on strain gage instrumentation and data acquisition is provided at the
outset. The importance of using appropriate gage location and gage orientation
relative to the crack path in obtaining reliable measurement of the fracture
parameters is highlighted. The theory and analysis procedure for obtaining the
crack speed and stress intensity factor are discussed for each type of material.
Typical results, available from existing literature, are also presented.

1. Introduction

There are very few techniques available for real-time investigation of
fast running cracks in materials. Photoelasticity, Moiré¢ interferometry,
Caustics and Coherent gradient Sensing are the commonly used optical
techniques. Coupled with high speed imaging these techniques gather
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detailed information about the mechanical fields near the tip of a
propagating crack in real time. While the data obtained from optical
techniques is full field in nature and therefore more comprehensive, these
methods are not simple, call for an imaging system with very high
framing rates and not easy to use outside laboratory environments.

Electrical resistance strain gages on the other hand are the industry
standard for stain measurement, relatively noninvasive, easy to install,
less expensive and can be used with ease in most environments.
However, measurements can be made only at selected locations and the
measured strains are in fact local averages. The last one and half decade
has seen considerable progress on research aimed at the application of
strain gages to measure fracture parameters for both stationary and
propagating cracks. Along with the availability of extremely small strain
gages, high bandwidth strain conditioners and high speed recording
instruments, this technique has matured into a reliable and robust method
for investigating dynamic fracture in a wide variety of materials. The
contents of this chapter are structured primarily based on the works of
Berger et. al [1], Sanford et. al [2] and Shukla ez. al [3-7].

For the sake of completeness, a brief overview of strain gage
instrumentation and signal conditioning is included. Subsequently, the
application of strain gages to obtain fracture parameters for cracks
propagating in isotropic materials, orthotropic materials and cracks
propagating along the interface of dissimilar materials is discussed in
detail.

2. Strain gage instrumentation

Electrical resistance strain gages have been in use for over five decades.
A typical strain gage installation for investigating dynamic fracture
comprises of foil type strain gages, strain conditioners and the recording
system. In this section, a brief description of these systems is provided to
apprise the reader about the desired system characteristics for obtaining
reliable information.

The foil type strain gage is bonded to the material and forms a part of
it. When the material deforms, the gage is subjected to the same
deformation which changes the resistance of the gage material. This
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resistance change is measured in terms of voltage change using a
Wheatstone bridge circuit. The voltage differential from the bridge
circuit is typically on the order of 5-10 uV/ue (micro volts per micro
strain) and needs to be amplified.

Typically the crack speeds encountered in dynamic fracture are in the
range of 200 m/sec to over 1200 m/sec depending on the loading and
material type. The strain signals during dynamic fracture are of short
duration (microseconds) and not repetitive in nature. Therefore adequate
bandwidth for both the amplifier and the data acquisition system along
with high sampling rates are required to ensure that the strain signals are
recorded without distortion. A recording instrument capable of sampling
rates of 1 Mega samples/sec or greater will provide adequate temporal
resolution. This could be a digital oscilloscope or PC based data
acquisition. The foil strain gages themselves have a fast response time of
less than a micro second [8] and recent investigations indicate that their
bandwidth can exceed 300 kHz [9]. Strain conditioners of bandwidth 200
kHz have been used successfully in the investigations listed earlier. A
high bandwidth differential probe coupled with an oscilloscope can also
be used.

In dynamic fracture, the total time of data collection is typically few
milliseconds and therefore thermal drift of the system and fluctuations in
excitation are not a serious concern. Any offset caused due to these can
be corrected during post processing of the data. However, averaging
errors are not negligible and can be minimized by selecting gages of
smaller grid size and by judicious selection of the gage location and
orientation as will be explained later. Further information on strain gage
instrumentation is available in Dally [8].

3. Dynamic fracture in isotropic and homogeneous media

It is a well established fact that the stress field near the tip of stationary
and propagating cracks in homogeneous isotropic materials exhibits the
classical inverse square root singular nature. Thus the stress and strain
will have steep gradients as one approaches the crack tip. Assuming
small scale yielding, linear elastic fracture mechanics postulates the
existence of a singularity dominant zone near the crack tip, in which the
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stress field can be characterized by a single parameter. For fast moving
cracks, the stress field close to the crack tip is characterized by the single
parameter called the dynamic stress intensity factor (DSIF). The
determination of the instantaneous crack speed and the DSIF for the
duration of crack propagation constitutes the crux of any dynamic
fracture investigation. This would require real time recording of an
appropriate mechanical field such as stress, strain or displacement and
analyzing this information using the relevant elastodynamic field
equations. In the case of strain gages, the field equations would imply the
representation of the strain field surrounding the propagating crack.
These field equations are developed in the next section.

3.1 Dynamic strain field equations

The strain field equations are derived from the available solution for the
stress field around a crack tip moving with constant velocity (c) under
steady state conditions [10]. For a two dimensional case, the dynamic
stress field for a moving crack is written in a series form as

o, =D{(1+2Af —Z)Rel, - (ff%)}{erz +(1+24 = 4)ReY, —(1+ﬂ§)ReY2}

o, = D{—(lmﬁ)Rer, + (fjﬂjg) ReT, +(1+ 2)ReY, —ReYl)}
2

25\2
o, = D{U,, (ImT, — ImT)~ 22, Tm ¥, + & ;j;l) ImYz}

(3.1)

2 2 2
where D:L”, ,11:1_/’0_2,/12:1_1702
At -1+ 4) < ¢

The complex functions I'j, I';, Y, and Y, are defined as a series as
follows

N N
Ni(z)=2,C,z™" and T(z,) = )" C,z3™"
=0 =0

M M
Y,(z)=Y.D,z" and Y,(z,)= YD, 2} (3.2)

m=0 m=0
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Figure 3.2. Location and orientation of strain gage.

The complex variables z; and z; are defined in figure 3.1, ¢; is the
dilatational wave speed and ¢ is the shear wave speed in the material. A
judicious location and orientation of the strain gage with respect to the
crack path has to be established such that the strain signals recorded will
have clear signatures from which the instantaneous position of the crack
tip relative to the gage location can be determined unambiguously. In
order to establish this, a strain gage oriented at an angle « to the direction
of crack propagation is considered as shown in figure 3.2. The rotated
x- y axis is fixed to the strain gage and orients with it as shown in figure
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3.2. Using Hooke’s law and the strain transformation relations, the strain

at the center of the gage, point G, can be obtained in terms of the inplane
stress components as

26, = % {(1 -vlo,+0o,)-(1+v)o, -0, )cos2a+2l+v)o,, sin Za} (3.3)

where E is the elastic modulus of the material and v is the Poisson’s
ratio. Substituting for the stresses from equation 3.1, we get

26, = Dic(Z - 2)ReLy(z) + Re Y, () ]+ (1 + £)ReT (z,) + Re Y, (z,)|cos 2
_ ff% ReT, (z,)cos2a — (1 + £)ReY, (z,)cos 2a

+ [2}1[— ImT(z,) + ImL,(z,) - ImY, (z,) ]+ %ImYz(zz)]sin 2a}

3.4

where K::—V and u is the shear modulus. Taking N=/ and M=0 in
14

equation 3.2, a three parameter representation of the strain can be
obtained as

2/15)(5;' =C0f0 +C1f1 +Dog0;

1, :D{pl”{lc(/lf —/1§)cos%+(1+/112)c0s2azcos%+2/11 sin2asin%‘—:l

44,7
-p,'"? —gcos2acos¢—+ 24, Sm2asm¢—
[+4 2 2

2

f :D{ 1/2!:,((12 /12)005‘ ¢

-p,)? 4/1—2'3005 20 cos = ¢, — 24, sin2a sinﬁ
1+2 2 2

2

+(1+/12)cos2acos 4 -24, sm2asmq;}

g, =D(A — A )(k + cos2a)
3.5)
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In equation 3.5, there are three unknown constants, Cy, C; and D,. Of
these three, the constant Cy is related to the DSIF, Kp, as K;p=Cy \/(2”)
and Dy is related to the constant non-singular stress acting parallel to the
crack. If the strain gage is located in the singularity dominant zone, the
first term of equation 3.5 corresponding to C, alone is sufficient to
provide accurate representation of the strain field. The value of C; is very
close to zero in specimen geometries like the single edge notch [11]. One
can notice that g,, the term corresponding to D, will vanish if the gage
orientation is such that

cos2a =—k (3.6)

Equation 3.6, provides two values for angle « for a given material,
one will be acute angle (@) and the other obtuse angle (). Either
choice will cancel the effect of the term corresponding to Dy in the strain
field and neglecting the term corresponding to C; the gage strain can be
related to the DSIF directly as

K - 4 4 ~ . $
2ue,, = D\/—ZI_?:{'DI ”2[1((/112 —lﬁ)cos;‘ +(1+ A} )cos 2acos?1+ 24, sin 2a sm?l}
-py"? ﬂ/lzicos 2acos Py 2, sin 20:sin¢—2
[+4 2 2
3.7)

3.2 Synthetic strain profiles

For cracks following a straight path, the vertical location of the gage
from the crack path (y, in figure 3.2) remains constant but the coordinate
x, keeps changing. The strain recorded by the gage will vary as the crack
approaches and passes past the gage location. The variation of the strain
as a function of the distance of the gage relative to the crack tip has to be
first characterized for different crack speeds keeping the DSIF constant
to understand the type of strain signals one can expect. The strain
variation for both acute and obtuse angle orientation of the gage
generated using equation 3.7, is shown in figure 3.3. In generating
this figure the dilatational and shear wave speeds were assumed as
2220 m/sec and 1270 m/sec respectively. For the assumed Poisson’s ratio
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Figure 3.3. Strain as a function of gage location relative to the crack tip for different
crack velocities (cg = 1186 m/s).

of 0.35, the gage orientations are «;=59.4° and a,=120.6° respectively.
The strain profiles for different crack speeds were generated assuming a
DSIF of 1 MPaVm.

Figure 3.3 indicates that for both gage orientations, the strain initially
increases and then decreases as the crack traverses the gage location. The
abscissa in figure 3.3 is the gage location, x,, relative to the instantaneous
crack tip. In the case of the obtuse angle, the strain attains peak value
when the gage is directly below the crack tip for all crack speeds, thereby
providing a definite signature for determining the crack tip location
directly from the strain profile. For acute angle orientation the strain
attains peak value just before the crack reaches the gage location. More
importantly in this case the nature of the strain changes from positive to
negative (zero crossing) once the crack has passed the gage location. The
location of the crack tip relative to the gage when peak strain is recorded
is relatively insensitive to the crack speed. However, this is not the case
for zero crossing. Another important aspect is that for the same value of
DSIF, the obtuse angle gage records peak strains which are 30% larger
than that for the acute angle and hence provides better sensitivity.
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Figure 3.4. Strain as a function of gage location relative to the crack tip for different
C,/Cy ratios (c/cg=0.3).

If the strain gage is not within the singularity dominant zone and C,
values are not negligible, equation 3.7 can give erroneous results. In such
cases, the effect of the term corresponding to C; in equation 3.5 on the
strain profile has to be considered. To characterize this, strain profiles
corresponding to different ratios of Ci/C, are generated using equation
3.5 keeping the rest of the parameters same as that used in generating
figure 3.3.

Figure 3.4 indicates that for obtuse angle, the peak strain magnitude
is highly sensitive to C,/Cy ratio where as the peak strain is recorded
when the crack tip is very close to the gage location (within 0.3 mm).
The peak strain magnitude however varies to the extent of £15 % for the
case shown in figure 3.4. This would imply that one can still locate the
crack tip with sufficient accuracy, however; to obtain accurate values of
DSIF, equation 3.7 is not sufficient. In the case of acute angle, it is
interesting to observe from figure 3.4 that the magnitude of the peak
strain is almost insensitive to C,/Cy where as the relative location of the
crack tip when peak strain is recorded is influenced by C,/Cy. The
analysis procedure employed in each case, acute and obtuse, is discussed
in the next section.
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3.3 Analysis of strain gage data

An array of strain gages have to be used to obtain the crack speed and
DSIF history. These gages can be placed at regular spacing and the data
from each recorded on a separate channel of the data acquisition system.
The gage could be oriented in either angle and typically placed at a
vertical distance in the range of #/2<y, < h, where h is the specimen
thickness.

3.3.1 Acute angle gage configuration

In the acute angle configuration, the velocity of the crack can be
determined with sufficient accuracy using the time corresponding to
either the peak strain or the zero crossing. Knowing the gage spacing and
the time from each strain signal corresponding to peak or zero crossing, a
crack tip location versus time graph is constructed from which the crack
speed can be obtained. The subsequent procedure is to locate the crack
tip relative to each of the gages. This is done by using the zero crossing
feature of the strain profile along with a triangulation and iteration
scheme [1]. For this, equation 3.5 is written as
2pse _ o G
?0 =fi Fof 2 (3.8)
In equation 3.8, f; and f; are functions of crack velocity, ¢, and the
coordinate, x,, which keeps changing as the crack propagates. For a pair
of adjacent gages a and b, we will consider the instant of time ¢ defined
as the time corresponding to zero crossing for gage a. At this time, the
crack has advanced past gage a yet not reached the location of gage b. It
is assumed that the crack speed and the ratio C;/C, remains constant as
the crack propagates from gage a to gage b. With both y, and ¢ known, a
value of C;/Cy is assumed and the value of x,, is determined through
iteration, such that equation 3.8 gives zero strains for gage . In order to
ensure the correctness of the assumed C,/Cy, and hence the calculated
Xga, @ second check is necessary. This is done by using the ratio (&/&) of
the strains recorded from gages a and b. Having determined xg,, the
position of gage b, i.e. x, is easily calculated from the gage spacing.
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First the ratio (&/&) is calculated theoretically using equation 3.8 for the
assumed value of C;/C, at a time #-Ar. This ratio is compared with the
ratio obtained from the experimental strain profiles corresponding to the
same time. If the comparison is not satisfactory, then C;/C; is revised and
the procedure repeated until the difference between the two ratios is
negligibly small. The DSIF corresponding to time ¢ is then calculated
using the converged values of C;/Cy and x, and the experimentally
measured &(?), in equation 3.8. This procedure is repeated for each pair
of gages in succession.

Berger et. al [1] used the acute angle gage orientation to investigate
dynamic fracture in 12.7 mm thick 4340 alloy steel plate using the
compact tension specimen shown in figure 3.5. Shallow side grooves of
depth 5% of the specimen thickness were made on each side of the
specimen to guide the crack path. Six strain gages were installed at a
distance of y,=10.4 mm and at an angle of 61.3°. The specimen was
loaded to failure and the strain signals were recorded through an
oscilloscope. The strain profiles obtained from the experiment are shown
in figure 3.6. It can be noticed that these are very much similar to the
theoretically generated ones shown in figure 3.3 (b). The peaks and zero
crossings are very distinct. The crack propagated with a constant velocity
of 650 m/sec. The DSIF and Cy/C; ratio for each gage pair calculated
through the triangulation procedure described earlier are given in table
3.1. The results indicate a decreasing DSIF and increasing Cy/C; ratio.

Table 3.1. Fracture parameters for propagating crack in 4340 steel [1]

Gage pair DSIF (MPaVm) Cy/Cy
1-2 131.4 262
2-3 123.8 277
3-4 1224 275
5-6 120.9 -30.9
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Figure 3.5. Compact tension specimen for studying dynamic fracture in 4340 steel [1].
(all dimensions in mm)
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Figure 3.6. Strain records for a propagating crack in 4340 steel [1].

3.3.2 Obtuse angle gage configuration

Figure 3.3 indicates that the obtuse angle configuration provides a well
defined peak in the strain profiles when the crack tip is directly below the
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strain gage. In an experiment, the strain is recorded as a function of time
and the time corresponding to the peak strain value will provide the time
at which the crack tip is directly under the gage. By recording the time
corresponding to the strain peaks from each of the gages, one can locate
the crack tip as a function of time from which the crack speed can be
obtained. If the gage is placed within the singularity dominant zone, then
the DSIF can be calculated from the magnitude of the peak strain using
equation 3.7. When the crack is directly below the gage, x,=0 resulting in
O0=¢,= ¢»=n/2 , r=y, and neglecting the C; term, the DSIF will be given
by the expression

K= %(sg)peak\/;y;{%[x(ﬂf — )+ (1+ 22)c0s 2a + 2.4, sin 2

-1
—%{fj:'jg cos2a+ 2/, sin Za}} (3.9)
where (&)pear 15 the peak strain value obtained from the strain profile of
each gage.

In certain specimen geometries the effect of C; cannot be ignored and
in such cases, equation 3.9 does not provide accurate estimate of DSIF.
In such cases, a revised procedure similar to that employed by Sanford
et. al [2] for the acute angle configuration can be used. It can be noticed
from figure 3.4 (a) that, even when the effect of C, is considered, the
peak strain occurs when the crack is directly under the gage. The crack
speed can therefore be calculated accurately following the procedure
explained earlier. The term C; influences the magnitude of peak strain
and also the spread of the strain signal. For example, the range of x, (or
the equivalent time duration) for which the strain is greater than 75% of
(&)pea 18 influenced considerably by the value of C;. A master curve
which gives this 75% width can be generated theoretically for different
ratios of C,/Cy and crack speeds. From the knowledge of the crack speed
and the 75% width obtained from the experimental strain signal one can
easily determine the appropriate value of C;/Cy using the master curve.
This value of C; can be used in equation 3.5 to calculate the DSIF when
the crack is directly below the gage.
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Figure 3.7. Single edge notched specimen for studying dynamic fracture in 7075-T6
Aluminum [3]. (all dimensions in mm)
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Figure 3.8. Strain records for a propagating crack in Aluminum [3].

Shukla er. al, [3] investigated dynamic fracture in 7075-T6
Aluminum, using the obtuse angle configuration. They used the single
edge notch specimen shown in figure 3.7 with four strain gages of grid
size, 0.79 x 0.81 mm”. The specimen thickness was 6.25 mm. Side
grooves were provided for guiding the crack path. The experimental
strain profiles shown in figure 3.8 closely resemble those generated
theoretically. The crack speed in this study was 1075 m/sec. The
technique of dynamic photoelasticity in reflection was also employed to
investigate the dynamic fracture simultaneously. Figure 3.9 shows DSIF
as a function of crack length obtained from both measurements. There is



On The Use of Strain Gages In Dynamic Fracture 213

10 A
o T T T T T T T T T
0.30 0.37 0.44 0.51 0.58 0.65 0.72 0.79 0.86 0.93 1.00

Normalized crack length

Figure 3.9. DSIF for Aluminum as a function of crack length [3].

clearly a good agreement between the values of DSIF obtained from the
strain gage and the photoelastic full field data establishing the feasibility
of using strain gages for studying propagating cracks in isotropic
homogeneous materials.

3.4 Discussion

By properly choosing the location of the gage and its orientation, both
crack speed and the DSIF can be determined with sufficient accuracy.
The two gage orientations, acute and obtuse each have their own
characteristic merits and limitations. In both cases, it is possible to
accurately determine the crack velocity. In the case of obtuse angle gage,
locating the crack tip is relatively easier and DSIF can be directly
obtained provided the gage is located within the singularity zone.

When investigating low yield strength materials, the gages might
have to be placed further away from the crack path to ensure that it is
outside the plastic zone. In such cases a single parameter representation
of the strain field is not acceptable and the acute angle configuration is
more appropriate. However when investigating hard and highly brittle
materials such as ceramics, the expected strain levels will be very small
and the obtuse angle configuration offers increased sensitivity.
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4. Dynamic fracture in orthotropic composites

With the advent of composite materials, there is considerable interest in
their failure patterns. These materials due to their opaque nature are not
amenable to optical techniques in transmission mode. Due to the
presence of the fibers, which are considerably stiff compared to the
matrix, and the associated orthotropic behavior the dynamic fracture of
fiber composites is more complex compared to isotropic materials.

4.1 Dynamic strain field equations for orthotropic composites

Using the dynamic stress fields in the vicinity of a fast propagating crack
tip in an orthotropic medium [12], Khanna and Shukla [5] obtained the
expression for strain at any point along a particular direction with respect
to the crack path assuming steady state crack growth. The crack
propagation direction (x axis in figure 3.1) was assumed to coincide with
one of the elastic symmetry axis. Only the final expression for the strain
is presented here and further details are available elsewhere [5, 12]. For a
strain gage oriented at an angle of ¢ with the x axis (similar to figure
3.2), following the procedure similar to that in section 3.1, the strain for a
crack propagating with constant velocity (¢) can be written as follows

Epp = AC“CO{ \/Zcos(gl { (S,,co8> ¢+ S,,sin’ §) — p’L(S,,cos’ #+ S, sin ¢)}
1

+ Lcos(&) pL; (S, cos’ @+ S,,sin’ §) + M(Su cos’ g+ S, sin’ §)
Jn 27 gl I

6 6

@, 1 .
+ Apl,C, sin(——) — —=sin(——=*
’ {ﬁ 2

2
plh }{S“ cos’ ¢+ S, sin’ 4}

}sm gcosg

+ AC, B[

4

@.1)
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where C; and S; are the material constants [5, 12] and p the mass
density. The coefficient C, is related to the DSIF, K;p as K;p=Cy 1/(27r)
and B, is related to the constant non-singular stress acting parallel to the
crack. The contribution of this term, By, can be eliminated by satisfying
the following condition

Ry

tan’ ¢ = —% N (4.2)

12 VLT

Equation (4.2) gives us two gage orientations, one acute and the other
obtuse, and these angles depend only on the Poisson’s ratio v;r of the
material. The rest of the procedure is more or less similar to what was
followed in section 3.2. Synthetic strain profiles are to be generated for
different crack speeds for both gage orientation to establish the
appropriate signatures in the strain profile that will enable the
determination of the crack speed and crack tip location. The study by
Khanna and Shukla [5] indicate that the strain profiles are similar to that
for homogeneous materials given in figure 3.3. The crack tip is exactly
below the gage when peak strain is recorded in the case of the obtuse
angle. In the case of acute angle, the crack tip is ahead of the gage when
peak strain is recorded, but there is a definite zero crossing. They also
observed that the strain recorded by an obtuse angle gage is more
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sensitive to the crack speed than the acute angle gage (see figure 3.3).
Also for the same crack speed and DSIF the obtuse angle gage has more
sensitivity. They also point out that for the same crack speed and DSIF,
the magnitude of the peak strain is a strong function of the degree of
anisotropy (E;/E7). With increasing degree of anisotropy, the peak strain
reduces considerably for both gage orientations and one should therefore
choose the instrumentation carefully to sense the small strain. In the case
of obtuse angle, the DSIF can be obtained directly from the peak strain
using equation 4.1. Further details are available in Khanna and Shukla

[5].

5. Dynamic interfacial fracture of isotropic bi-materials

Multi phase materials like fiber reinforced composites, layered armor
systems, particle and whisker reinforced composites all have interfaces
between the different phases involved. The overall response of these
systems is intrinsically linked to the behavior of these interfaces, which
are often the weakest link. Rapid failure of these interfaces leads to
physical separation of the phases causing loss of system integrity.
Dynamic interfacial failure is an arca of considerable interest to the
fracture mechanics community [13-19].

In a bi-material system involving two dissimilar materials joined
together, the dynamic behavior of an interfacial crack is influenced by
the combination of the materials constituting the interface in addition to
the loading and geometry. Due to the elastic mismatch the fracture is
inherently mixed mode. Crack speeds can be in the subsonic or intersonic
regime depending on the elastic mismatch. The application of strain
gages to cvaluate the fracture parameters in such systems is not as
straightforward as that for homogeneous materials. The contents of this
section are based on the work by Ricci et. al [6].
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5.1 Dynamic strain field equations in isotropic bi-materials

A bi-material system consists of a stiff component (Material 2) and a
compliant component (Material 1), joined together as shown in figure
5.1. Across the interface there is a discontinuity in the material
characteristics. Crack propagation is subsonic if crack speed is less than
the shear wave speed, ¢, of the more compliant material i.e. Material 1.
The stress field for subsonic interfacial crack growth given by Yang et.
al [13] is a coupled oscillatory field scaled by the complex stress
intensity factor as given in equation 5.1.

_ Re{Kdr(iW)} ~.1 Im{KdV(iév)} 52(9 V) (51)

o, =L 5 g+ L5
where  and @ are polar coordinates in the translating crack tip reference,
v is the crack speed, K¢ = K +iK; is the complex stress intensity factor
and &;and & are real dimensionless angular functions [15]. The
oscillatory index ¢ in equation 5.1 is given as

petnlzs (5.2)
27 1+

where £, which is a function of the elastic constants of materials 1 and 2
and crack speed, is given by Deng [15]. Using Hooke’s law with

Material-1

&1

Material-2

X4, Xo Fixed coordinates.
&1, £, Coordinates moving with crack tip

Figure 5.1. Coordinate system for a crack propagating along a bi-material interface.
(interface along the x; axis)
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equation 5.1, the strain at a point (r, 6) in Material 1, along a direction 6,
with the x; axis can be written as

e=CK/-CK/
1 ~ ~ ~ N ~ .
C = N {cos(g In r)[(o-,‘l —V,Gy)c08” 8, + (8, —v,6,,)sin’ 6, + 267, cos 9, sin b, ]
1

+sin(gIn r)[(Efl —Gy)cos’ 0, +(53, —v,5,)sin’ 6, + 267, cos B, sin Hg]}
1 . ~ ~ ~ i s ~ .
G = e {sm(s In r)[(o-ll1 —1,83,)c08” 0, + (5, —v,5,,)sin’ 6, + 257, cos B, sin Qg]
1

~2 ~2 2 ~2 ~2N s 2 ~2 :
—cos(¢ln r)[(O'11 ~V,0,)c08” 0, + (5, —v,&;;)sin” 6, + 257, cos &, sin Hg]}

(5.3)

where E; and v; are the elastic modulus and Poisson’s ratio of the
compliant material (Material 1). In equation 5.3, there are three
unknowns, the crack speed, v, K/ and K . If the crack speed is known,
one needs strains from two different locations measured at the same time
instant for evaluating K, and K7 using equation 5.3. The details of the
scheme for measuring the crack speed and K/ and K are discussed in
the following sections.

5.2 Selection of strain gage location and orientation

The strain gage should be positioned and oriented such that the strain
signals will have distinctive features that enable the location of the
instantaneous crack tip. Since only the singular term is considered in
equation 5.3, the strain gage should be located within the singularity
dominant zone. This can be ensured by placing the gage at a vertical
distance of 0.5B from the interface, where B is the thickness of the
material.

The strain gage orientation should be such that the crack tip can be
located from the strain peaks. This particular orientation can be identified
by investigating iso-strain contours around the crack tip for gage
orientation, @, varying from 0 to 179 while keeping K?constant. A
typical case of Aluminum-PSM-1 interface, for which the elastic
properties are given in table 5.1, is considered for illustration.
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Table 5.1. Properties of Aluminum-PSM-1 bi-material system

PSM-1 Aluminum 6061-T6
Elastic modulus E (GPa) 2.76 71
Poisson’s ratio 0.38 0.33
Density (kg/m®) 1200 2770

For this particular case, the strain contours for a gage angle of
6,=114° are shown in figure 5.2 for two crack speeds, 0.3¢, and 0.6¢;
(cs is the shear wave speed in PSM-1). Figure 5.2 indicates that the
apogee of all the contours fall on the vertical axis passing through the
crack tip. This suggests that a gage oriented at this angle would record
peak strain when the crack tip is in the vicinity directly below the gage.
For other gage orientations the strain lobes would tilt with respect to the
interface hence, locating the crack tip from strain records will be
difficult. Subsequently, the strain profiles are generated for a given K”
and crack speed by changing the gage orientation slightly from the
chosen angle (114°). The location of the crack tip relative to the gage is
further inspected for this set of angles as shown in figure 5.3. It can be
seen from figure 5.3 that the location of the crack tip relative to the gage
datum is considerably influenced by the gage orientation and figure 5.3
reiterates the fact that for ,=114° the crack tip is almost directly below
the gage when the peak strain is recorded.

Gage Orientstion 6 = 114°; Velocity v=0.3 ¢, Gage Orientation § = 1147; Velocity v=0.6 ¢,

14 / \\ 1
24
,g 10 4 //
a //
> 61 / /
41 /
24 (\
5 4 2 o 2 4 6 -§ -4 -’Q 0 i 4 [
(o} Intexrfiace (x-exis) st Crack Tip (mm) @) Interface (x-axis) st Crack Tip (mm)

Figure 5.2. Iso-strain contours for a gage orientation of 114°C in an Aluminum-PSM-1
bi-material system [6].
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Figure 5.3. Effect of gage orientation on the crack-tip location relative to the gage at the
time of peak strain (v=0.3c,) [6].
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Figure 5.4. Strain as a function of crack tip location relative to the gage datum for
different crack speeds for a gage orientation of 114° [6].

Once the optimum angle is identified as explained earlier, one has to
investigate the effect of crack speed on the strain profiles especially the
exact location of the crack tip relative to the gage datum when the peak
strain is recorded. This can be done by calculating the gage strain for the
chosen gage orientation for different positions of the crack tip relative to
the gage datum while keeping a constant value of K. As shown in figure
5.4, it is clear that as crack speed is changed the position of the crack tip
when peak strain is recorded is not exactly at the gage datum. However,
the shift in crack tip position is very small and for the range of crack
speeds considered in figure 5.4, one can conclude that the crack tip is
very close to the gage datum when the peak strain occurs.
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Another factor to be considered in fracture of bi-material systems is
the effect of mode mixity on the strain profile, especially the peak strain
and location of the crack tip when peak strain is recorded. Mode mixity,
¢, gives the relative strength of K¢ to K’ and is defined as arctan of
(K7 /K). A plot of the strain profiles for different mixity in the range of
15° to 60° is shown in figure 5.5 for a crack speed of 0.3c,. This figure
indicates that for a gage oriented at 114°, the crack tip is either directly
below the gage or very near to the gage datum for the range of mixity
considered.

Strain at the gagS, &y (um/im)
- 8 B EE B E 8

4 34 a2 a4 3 1 2 3 4
~coordinate relative to the gage, x (mm)

Figure 5.5. Effect of mixity on the location of the crack tip corresponding to peak strain
for a gage orientation of 114° and crack speed of 0.3¢, [6].
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Figure 5.6. Crack tip location relative to gage datum for a gage orientation of 114° for
varying mixity and crack speed [6].
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By generating a comprehensive plot of the crack tip location relative
to the gage datum for different mixity and crack speed, as shown in
figure 5.6, one can establish a crack tip location window which specifies
the possible crack tip locations when peak strain is recorded. If one were
to assume that the crack tip is directly below the gage when the peak
strain is recorded by the gage, the maximum error induced by this
assumption is indicated by this window for an anticipated range of crack
speeds and mixity values.

For the particular bi-material system considered, the maximum error
is £0.1mm, which is in fact negligibly small. By this way the optimum
location and orientation of the strain gage can be determined for any bi-
material system and for an expected range of mixity and crack speed one
can also establish the bounds of uncertainty in locating the crack tip from
the peak strain.

5.3 Analysis of strain gage data

An array of regularly placed strain gages located at a constant height
from the interface (crack path) is needed for obtaining the fracture
parameters. Once the strain-time records have been obtained, an initial
estimate of the crack speed can be made by assuming that the crack is
directly below the gage at the time instant corresponding to the peak
strain. From the strains recorded by two adjacent gages, / and 2, at an
instant of time at which the crack tip is in the vicinity of the gage datum
of gage I, K/ and K can be calculated using the following relations

a_ G -G
bocicl-cict
K=SE Ge
G -GG

(5.4)

where superscripts indicate the gage label, ¢ and & the strain recorded
by adjacent gages / and 2 corresponding to the time instant when the
crack tip is below gage /. C; and C; defined in equation 5.3 have to be
calculated using the coordinates of each gage relative to the
instantaneous crack tip. From this estimate of K7and K! the mixity can
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be calculated and using this mixity and the crack speed one can correct
for the error in crack tip location from figure 5.6. With the corrected
crack tip location, K and K¢ can be recalculated using equation 5.4 and
the procedure can be repeated until the mixity converges.

Another scheme of analysis is to use the strain from three adjacent
gages I/, 2, and 3 to simultaneously determine the location of the crack
tip and K/andK;. The crack speed is estimated first from the time
corresponding to the peak strain of each of the three gages and the gage
spacing. From this information, the instantancous crack speed when the
crack tip is near gage 2 can be obtained. Now for this crack speed,
K/ and K are extracted using equation 5.4 from the strain records of
gages / and 2 by shifting continuously the crack tip location around
datum of gage 2. This provides us with a record of K/andK{ for
different crack tip locations centered on gage 2. Through a similar
approach K/ and K{ are calculated from the strain records of gages 2 and
3 for different crack tip positions. These two sets of K and K¢ obtained
from gage pairs (/, 2) and (2, 3) are then compared as shown in figure
5.7. The intersection of the two plots gives the exact location of the crack
tip and the corresponding values of Kand K .

Ricci et al. [6] investigated interfacial crack propagation in
Aluminum-PSM-1 bi-material given in table 4.1 using strain gages.
Simultaneously the crack propagation was investigated using dynamic
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Figure 5.7. Simultaneous determination of crack tip location and K ld and Kf from three
gages. Point of intersection gives the exact crack tip location and Kld and sz [6].
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Figure 5.8. Specimen geometry and gage configuration used in dynamic interfacial
fracture study [6].
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Figure 5.9. (2) Strain records for a propagating interfacial crack in Aluminum-PSM-1
bi-material. (b) Crack tip position and crack velocity. (assuming peak strain occurs when
crack tip is directly below the gage) [6].

photoelasticity and high-speed photography. The specimen geometry
shown in figure 5.8 was loaded in tension until crack propagation. Four
strain gages, each having a gage length 0.38 mm and grid width 0.51
mm, installed on the PSM-1 half at an angle of 114° as indicated in figure
5.8 were used. The gages were positioned at a height of Smm above the
interface and had a spacing of 5mm between them. PSM-1 being the
compliant material among the two will give larger strain magnitudes for
the same stress intensity factor. Figure 5.9 shows the experimentally
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recorded strain profiles, the crack tip location history and crack speed
history calculated from the time of peak strain for each gage.

The magnitude of the dynamic complex stress intensity factor, IK dl,
obtained by the two gage method of analysis and from the three gage
analysis is shown in figure 5.10 as a function of time along with the
values from photoelastic data. Ricci ef al. [6] also provide a master plot
which can be used to select the optimum gage orientation for any given
mismatch parameter as shown in figure 5.11. This figure is generated for
propagating interfacial cracks considering a range of mixity values and
subsonic crack speeds such that the crack tip location window (see figure
5.6) is centered on the gage datum.

"
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Figure 5.10. Magnitude of complex stress intensity factor as a function of time for
interface crack propagation in Aluminum-PSM-1 bi-material [6].
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Figure 5.11. Optimum strain gage orientation for studying subsonic interfacial fracture as
function of mismatch parameter [6].
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The static mismatch parameter ¢ used in plotting figure 5.11 is
defined as

|
U

e=— In A 2 (5.5)
ro |k 1
Hy Ky

where & ,=(3-v;.))/(1+v, ;) for plane stress x;,=(3-4v; ;) for plane strain
and p,, are the shear modulus and v;, are the Poisson’s ratio for
materials 1 and 2 respectively.

5.4 Discussion

The method described in this section for obtaining the fracture
parameters, for propagating interfacial cracks in bi-materials, using strain
gages considers only the singular term (') in the expansion of the
stress/strain field. However, the stress field around the crack tip is
represented as a series and the higher order terms in fact have an effect
on the strain field. In particular the term corresponding to (#°) which is
referred to as the non-singular stress (oy,) or the T-stress does have a
physical significance as well.

In the case of homogeneous materials (section 3), the effect of this
term (Do) has been nullified by proper selection of the gage orientation.
In the case of bi-materials determining a gage orientation which will
nullify the effect of the non-singular stress and still give strain signals
with clear signatures indicating the crack tip location is difficult due to
the complexity of the stress field equations. The gage orientation is
therefore determined to satisfy the primary requirement that the crack tip
is very close to the gage datum when the peak strain is recorded and
changes in crack speed and mixity do not alter this requirement
significantly.

The non-singular stress can change in magnitude and sign as the
crack propagates. When calculating K/ and K; without considering the
effect of the non-singular stress, K, and K; will be forced to compensate
for the effect of non-singular stress. This causes the discrepancy between
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deho,o and K”gage in figure 5.10 as explained by Ricci er a/ [6]. However
by using strain gages of small grid size and placing them close to the
crack path, such errors can be minimized to a level acceptable for
practical applications. If one decides to install the gages in the stiffer half
i.e. Material 2, then the optimum gage orientation has to be determined
following the steps outlined earlier.

6. Dynamic fracture of interface between isotropic and orthotropic
materials

The use of composite materials is on the rise in recent years and many
times hybrid systems consisting of composite and metallic parts joined
together are used. Invariably this joining has to be through a bond which
is essentially an interface across which there is a sudden change in the
elastic properties along with a change in the material nature. Though
metals are isotropic, composites being orthotropic will bring in additional
complexities depending on the orientation of the material axes relative to
the interface. Ricci et al [7] have effectively used strain gages to study
the behavior of cracks propagating along the interface between an
isotropic and orthotropic material.

6.1 Strain field equations

Crack propagation is considered subsonic for crack-tip velocities, v,
below the shear wave velocity, c¢,, of the more compliant material.
Figure 6.1 illustrates the moving coordinate system at the tip of a crack
propagating subsonically along an interface between two elastic
materials: Material-1, the more compliant material and Material-2, the
stiffer orthotropic material. Considering the orthotropic constitutive
relations for Material 2 along with the stress field equations given by
Deng [15] and Lee [20], the stress field for the present system was
obtained by Lee [21]. The stress field is coupled oscillatory in the
mismatch parameter similar to that given in equation 5.1; however, the
mismatch parameter will further depend on the orientation of the material
axis with respect to the interface. Using this stress field and the
appropriate stress-strain relation one can obtain the singular strain field
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Figure 6.1. Coordinate system for a crack propagating along a bi-material interface.

for either material. For the sake of brevity, only the final expressions are
given and the reader is referred to [7, 21] for the definition of the terms

and constants in the following equations. For material 1, the in plane
strain components are
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For material 2, the strain components are
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For a strain gage oriented at an angle 6, with the interface (x;) axis,
the strain can be obtained through appropriate strain transformation
relations. The final expressions can be written as follows

£=C\(&,r,0,0, VK -C,(&,7,6,6,,V)K; (6.3)

where K = K/ +iK is the complex stress intensity factor.

One can easily appreciate the fact that the strain field equations have
a form similar to equation 5.3 for the isotropic case; however, the angular
functions, mismatch parameter and the other constants used to obtain C;
and C; are defined differently. The overall methodology for obtaining the
preferred gage orientation therefore is very much similar to that
discussed in section 5.4; however, the orientation of the material axis of
the orthotropic material with respect to the interface (denoted as «
subsequently) will be an additional governing parameter.

6.2. Optimum gage orientation and location

To ensure that the singular strain field describes the gage strain
accurately, the gage has to be located at a vertical distance of 0.5B from
the interface, B being the thickness of the material. For explanation, a bi-
material consisting of PSM-1 as the isotropic half and Soctchply 1002, a
unidirectional glass fiber composite in epoxy matrix as the orthotropic
half will be considered with the strain gage installed in the orthotropic
half (Material 2). The material properties of this system are provided in
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table 6.1. The two cases of a= (0°, for which the fibers are oriented

parallel to the interface i.c. along the x; direction and &= 90°, for which
the fibers are perpendicular to the interface will be analyzed.

Table 6.1. Properties of Scotchply1002 -PSM-1 bi-material system

PSM-1" Scotchply® 1002"
Young’s Modulus, E (GPa) 2.76 E.=30
Er=7
Poisson’s Ratio, v 0.38 vir=0.25
Density, p (kg/m’) 1200 1860

* Manufactured by Measurements Group, Raleigh, NC, USA
** 3M® unidirectional, glass-fiber-reinforced epoxy

The first step is to arrive at a gage orientation which will record
maximum strain when the crack tip approaches the gage datum for the
range of anticipated crack speeds. This can be determined by plotting
the iso-strain contours around the crack tip for a given value of K for the
range 0 < ¢, < 180 and identifying the angle for which the contour
apogee falls on the vertical axis through the crack tip. For the material
combination used, this exercise gives angle of 6,=55° for o= 0° and
6~100° for a= 90°. Subsequently theoretical strain profiles are
generated for a given K for different gage orientations which are close to
the values chosen from the earlier exercise to reconfirm optimality.

The distance of the crack tip from the gage datum at peak strain is
then inspected for a range of crack speeds and mixity. Figure 6.2 shows
the location of crack tip when gage records peak strain for both fiber
orientations (=0 and 90). For the case of §,=55° and o= 0°, shown in
figure 6.2 (a), the crack tip is very close to the gage datum when the gage
records peak strain and change in velocity or mixity does not shift the
location of crack tip considerably.

For 6,=100° which corresponds to a= 90°, figure 6.2 (b) indicates
that the crack tip is behind the gage datum when peak strain is recorded
by the gage. However, the relative shift in the crack tip location with
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Figure 6.2. Crack-tip location relative to the gage datum for varying mixity and velocity
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change in velocity and mixity is still considerably small. This leads to the
conclusion that if one assumes that the crack tip is at the gage datum
when peak strain is recorded by the gage, the error in the velocity
estimate due to this assumption is still negligible. However the same is
not true for in the case of K and K7 as the absolute location of the crack
tip relative to the gages is required in this case.

6.3 Analysis of strain gage data

The analysis procedure is identical to that given in section 5.3 for the
isotropic bi-materials. The crack speed is first estimated from the time
records of the peak strains from each gage and the gage spacing.
Subsequently, a two gage analysis or three gage analysis described
earlier can be used to determine K, and K. Ricci et al [7] investigated
crack propagation along the interface between PSM-1 and Scotchply
1002 for two different fiber orientations, = 0 and 90 using the
specimen geometry and loading similar to that shown in figure 5.8. The
fracture phenomena was simultaneously studied using dynamic
photoelasticity. Typical strain pulses for the case of a=0 are shown in
figure 6.3. The estimated crack speed from the strain peaks was
600 m/sec and this was in close agreement with that estimated from the
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Strain at gage {(pm/m)

Time {ums)

Figure 6.3. Typical strain records for a propagating interfacial crack in a isotropic-
orthotropic bi-material for fibers parallel to the interface, = 0° [7].
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high speed photographs. The magnitude of the complex stress intensity
factor as a function of the instantaneous crack length obtained from the
strain signals as well as from the analysis of photoelastic fringes is
shown in figure 6.4 for both fiber orientations. One could see that there is
close agreement between the two.

7. Closure

Experimental observation of dynamic failure of materials resulting from
fast crack propagation is highly challenging due to the rapidness of the
phenomena and a comprehensive thought process should precede the
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design of the experiment and choice of the technique. This chapter and
the papers cited [1-7] demonstrate the applicability of the strain gage
technique, which is simple, elegant and robust, to obtain reliable
information on the behavior of propagating cracks in a variety of
situations involving systems of different nature. Appropriate choice of
the gage size, its location and the orientation is mandatory for the success
of this approach. This is achieved through an extensive parametric
investigation of the strain profiles before the experiment is undertaken.

Finally, we would like alert the reader that the cases discussed in this
chapter are mostly steady state crack growth. The crack velocity is
essentially constant and there are no drastic changes in stress and strain
field with time. For situations that are different from this, one might have
to use gages that are more closely spaced and reevaluate the whole
procedure for the particular problem at hand.
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Chapter 6

Dynamic And Crack Arrest Fracture
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This chapter is primarily concerned with the dynamic propagation behavior of a
crack in a brittle material and the arrest event that occurs when self-sustaining,
rapid crack propagation ceases. The basic fracture mechanics concepts of
dynamic fracture and crack arrest are reviewed. Experimental procedures for
measuring the dynamic and crack arrest fracture toughness are presented and
the limitations of the procedures are discussed.

1. Basic Concepts

In order for a crack to initiate and propagate in a structure, the
stresses and strains in the vicinity of the crack tip must be high enough to
separate the material and there must be sufficient energy available to
form the new surfaces and drive the crack forward. Under linear eclastic
conditions, the stress intensity factor, K, provides a single parameter that
describes the stress and strain fields in the vicinity of the crack tip,
outside the crack tip plastic zone and is related to the energy release rate,
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G, through the relationship: G = K¥E. A crack will initiate when the
applied stress intensity equals the critical value for the material, termed
the fracture toughness, K..

Once initiated at the onset of a fast fracture event, a rapidly
propagating crack experiences a sudden increase in crack velocity. The
crack will continue to propagate as long as the crack driving force,
expressed in terms of G or K, exceeds the resistance to fracture of the
material. The dynamic fracture toughness of a rapidly propagating crack
can be considerably less than the initiation toughness and, quite often,
crack initiation is followed by complete and catastrophic failure of the
structure. Whether or not a crack will propagate completety through a
structure is a function of the evolution of the crack driving force as the
crack extends and the material dynamic fracture toughness of the
material.

The rate of crack tip advance or, crack speed, is a function of the
material’s dynamic fracture toughness, a =a(K,,,T), where a is the
crack speed, Kjp is the dynamic fracture toughness of the propagating
crack and T is the temperature of the material. This relationship is
shown schematically in Figure 1. At low stress intensities, the crack
speed increases rapidly with small changes in the stress intensity factor.

Crack Speed

KIm

Dynamic Stress Intensity, K|

Fig. 1. Schematic representation of the characteristic relationship between crack speed
and the dynamic stress intensity, Kip.
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At high stress intensities, the crack speed approaches a terminal velocity
and is relatively insensitive to changes in the stress intensity. As the
crack approaches the terminal velocity, it may begin to branch into two
or more active cracks. The value of the stress intensity factor that
corresponds to zero velocity is the minimum stress intensity required to
maintain crack growth, Ky,. The crack will arrest if the stress intensity
falls below this value and K, represents the true crack arrest fracture
toughness of the material. The steep decrease in crack velocity as the
dynamic stress intensity approaches Ky, leads to an abrupt arrest event.
Analytical techniques for predicting the dynamic fracture behavior of
a structure require characterization of the dynamic fracture toughness
(as a function of crack speed) and the crack arrest toughness of the
relevant structural material. Several approaches for characterizing the
dynamic and crack arrest fracture toughness have evolved over the last
50 years. This chapter reviews several aspects of dynamic fracture
toughness and crack arrest including:
e cxperimental characterization of the dynamic fracture toughness
of various materials;
e initial attempts at characterizing the crack arrest performance of
structural steel alloys;
e a summary of the research leading to the development of a
standard method for measurement of the crack arrest toughness;
e large-scale, dynamic fracture experiments used to validate small
specimen test procedures and analytical procedures for
predicting structural behavior; and

e recent advances in characterizing the crack arrest behavior of
steel alloys.

2. Measurement of dynamic fracture toughness

Direct measurements of the dynamic fracture toughness of a rapidly
propagating crack and the corresponding crack speed relationship of
engineering structural materials are relatively rare due to the difficulty in
making such measurements. The experimental techniques for measuring
the dynamic fracture toughness of running cracks include optical
methods such as photoelasticity' and the method of caustics®® and strain
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gage-based methods®. Indirect methods couple experimental
measurements of key boundary conditions with numerical analysis
techniques, such as finite elements, to infer the fracture toughness during
dynamic crack propagation’.

Photoelasticity was used to make some of the earliest experimental
observations of the stress field surrounding a running crack®.  High-
speed flash photography was used to record the isochromatic fringe
patterns associated with a running crack in a brittle polymer. Irwin’
demonstrated that the stress intensity factor could be determined from the
size and shape of the isochromatic fringe loops surrounding the crack tip.

Dynamic photoelasticity was subsequently used for many model
studies of the dynamic fracture phenomenon. Kobayashi and Dally' used
the technique to measure the relationship between crack speed and the
stress intensity factor for a birefringent polymer, Homalite 100, as shown
in Figure 2. Their work showed that there was a unique relationship
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Fig. 2. Crack speed vs. stress intensity relationship for a brittle polymer, Homalite 100"
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between the instantaneous crack velocity and the dynamic stress intensity
factor for each material, independent of the specimen geometry. They
observed that the a(Kyp) relationship was bounded by a terminal
velocity at high values of stress intensity and a minimum stress intensity
for continued crack propagation, Ky,,. Crack branching was noted at
sufficiently high values of the stress intensity once the terminal velocity
had been achieved.

The dynamic photoelasticity technique was not limited to transparent
materials and strictly model studies.  Kobayashi and Dally® were
successful in using a photoelastic coating applied to an AISI 4340 alloy
steel compact specimen to determine the a (Kip) relationship for that
steel. The a(Kyp) relationship for the 4340 steel specimens, shown
in Figure 3, exhibited the same general characteristics as the curves
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Fig. 3. Crack speed vs. stress intensity relationship for 4340 alloy steel ®.
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developed for the photoelastic polymers. Two of the three specimens
produced consistent a(Kjp) relationship. The third specimen had a
much lower terminal velocity than the first two and a much smoother
fracture surface. They attributed this difference to a variation in the heat
treatment of that specimen.

The method of caustics coupled with high-speed photography has
been used by several investigators to measure the dynamic stress
intensity factor in transparent polymers and in high strength structural
alloys>™'®.  The high stresses surrounding the crack tip produce local
out-of-plane contraction of the material surrounding the crack tip. This
deformation acts as a diverging lens and scatters the light rays passing
through a transparent specimen. The resulting shadow is called a caustic
and the size of the spot can be related to the stress intensity factor
through the asymptotic crack tip stress fields and the laws of optics for
the particular optical arrangement used in the experiment. For opaque
materials such as structural metals, the technique can be applied in a
reflection mode by observing the highly polished surface of the
specimen.

Kalthoff, et al.® used the technique to quantify dynamic effects in
typical fracture specimen geometries during dynamic crack propagation
and arrest. Their work demonstrated significant difference between the
true dynamic stress intensity factor compared with that determined from
a static analysis. Immediately after initiation, the dynamic stress
intensity fell below the statically calculated value as stored elastic energy
was converted to kinetic energy in the specimen. At longer times, the
dynamic stress intensity exceeded the static value as kinetic energy in the
specimen was converted back into strain energy. The dynamic effects
were most severe for rectangular double-cantilever beam specimens and
decreased for tapered DCB specimens and were the smallest for a
compact specimen geometry. They observed significant oscillations in
the stress intensity factor after crack arrest which damped out with time.

Strain gage techniques have long been used for observations of
dynamic fracture events. Brittle fracture experiments by Videon and
coworkers'' employed strain gages for estimating the crack speed in
large plate fracture experiments. Eftis and Kraft'? analyzed the strain
gage results reported by Videon ef al''., to demonstrate a relationship
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between the crack speed and the stress intensity factor. It should be
noted that Eftis and Krafft'? assumed a one-parameter, static
representation of the crack tip stress field which leads to some errors in
the actual results. Nevertheless, their results qualitatively showed the
typical crack speed vs. K relationship reported by others using optical
methods.

Berger, et al” developed a strain gage-based procedure for
determining both the crack tip position and the stress intensity factor in
dynamic fracture experiments. They employed a three-parameter
characterization of the dynamic crack tip stress field to relate the strains
measured near the crack path to the crack tip position and the
instantaneous driving force. The technique was used to determine the
dynamic stress intensity factor and the crack speed history in a wide-
plate crack arrest test. Since the wide-plate specimen had a thermal
gradient along the crack path, the resulting a (Kip, T) relationship was
actually a trajectory of a path on the crack speed - stress intensity -
temperature surface for the plate material as shown in Figure 4.

C (m/s)

B &8 &8 8 8 ¢

m(h. I K, (MPa-m~0.5)

Fig. 4. Crack speed vs. stress intensity and temperature for A533B steel plate from a wide
plate experiment®,
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3. Characterization of crack arrest toughness

3.1 Temperature-based approach to crack arrest

The earliest studies of crack arrest were directed at characterizing the
conditions of stress and temperature that would prevent catastrophic
failure of steel plates in which a fast-running crack was initiated.
Robertson'* devised a test to determine the ductile arrest temperature of
steel plates. The test piece, shown in Figure 5, was welded to pull tabs
and subjected to a remote tensile force. A temperature gradient was
imposed across the specimen width by cooling the notched region and
heating the opposite end of the specimen. A brittle crack was initiated by
impacting the rounded end of the specimen with a projectile fired from a
gun. The brittle crack propagated across the specimen into progressively
warmer, and therefore tougher, material until it arrested. A series of tests
were conducted at various stress levels to determine the relationship
between the arrest temperature and the stress level. A typical result
from Robertson’s experiments is shown in Figure 6. At the lower
temperatures, there is a relationship between the arrest temperature and
the applied stress. At a certain temperature, which Robertson called the
ductile arrest temperature, the crack always arrested independent of the

Fig. 5. Schematic drawing of the test specimen in the Robertson crack arrest test. The
test specimen was welded to pull tabs and subjected to a remote tensile force.
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Fig. 6. Typical result from a series of Robertson crack arrest tests. The ductile arrest
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applied stress level. The ductile arrest temperature was shown to be a
function of specimen thickness.

Feely and co-workers' at Esso Research and Engineering Co.
devised a similar test, the Esso test, that was used to determine the “Esso
brittle temperature.” In the Esso test, a large single-edge notch specimen
(16 in. wide x 60 in. long) is subjected to a remote tensile stress of 18
ksi. and cooled to a uniform temperature. A brittle crack is initiated by
firing a wedge from a gun into a short transverse notch on one edge of
the specimen. This is a “go or no-go” test in which the crack either
propagates entirely across the specimen or arrests after a short distance.
The lowest temperature at which the crack arrests is termed the
“Esso brittle temperature”.

The explosion bulge test was developed by Pellini and co-workers'®
at the Naval Research Laboratory to determine the upper temperature
limit for crack propagation under purely elastic loads. This temperature
was designated the nil-ductility transition temperature (NDTT). In the
explosion bulge test, the test piece has a brittle weld placed in the center
of one surface and the weld bead is notched. The specimen is clamped in
a rigid circular die and a crack is initiated by subjecting the specimen to
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an explosive load. The NDTT is the lowest temperature at which the
crack arrests before propagating through the specimen. Subsequently, a
smaller specimen, the drop-weight specimen was developed and
standardized in ASTM E208, to determine the NDTT.

Another test used in early crack arrest studies is the double tension
test developed by Yoshiki and Kanazawa'’. The double tension crack
arrest specimen is shown in Figure 7. Similar to the Esso test, this is a
“g0 or no-go” test when performed as an isothermal test. The specimen
is subjected to a remote tension and the crack is initiated in this test by
means of an auxiliary loading tab on the notched edge of the specimen.
The notch is embrittled to promote initiation of a brittle fracture and the
crack either arrests when it enters the main test section or propagates all
the way across the specimen. This test is used to determine a crack arrest
temperature that is a function of the applied stress level and specimen
thickness.

3.2 Fracture mechanics approach to crack arrest

The temperature-based approach to crack arrest had several
significant drawbacks. The crack arrest temperatures were specific to a
particular stress level and material thickness. Results could not be easily
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transferred to other loading conditions and the tests required large
specimens and were expensive to perform. A fracture mechanics based
approach to crack arrest could potentially avoid some of the short-
comings of the temperature-based approach and could lead to a
predictive methodology that the temperature-based approach could not.
Irwin and Wells'® proposed that crack arrest could be viewed as a simple
time reversal of the crack initiation event. Viewed in this manner, it was
suggested that there might exist a material property, the crack arrest
toughness, K4, analogous to the fracture initiation toughness, K.

3.3 Measurement of the Crack Arrest Fracture Toughness

Some of the earliest reported measurements of the crack arrest fracture
toughness were reported by Crosley and Ripling'>°. They used tapered,
double cantilever beam (TDCB) specimens to investigate the dynamic
crack initiation and arrest fracture toughness of pressure vessel steels.
The tapered specimen design, shown in Figure 8, had the advantage of
having a constant ratio of stress intensity, K, to force, P, over a wide
range of crack lengths. Only the initiation and arrest loads were needed
to determine the fracture toughness. Under fixed displacement
conditions, the stress intensity factor in the TDCB specimen decreases

t
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Fig. 8. Tapered double cantilever beam specimen employed in initial crack arrest tests of
Crosley and Ripling".
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with increasing crack length so that the crack would tend to arrest as
it propagated across the ligament. They calculated the crack arrest
toughness based on a static analysis of the specimen and the load
measured immediately after the crack had arrested. They designated the
crack arrest toughness with the symbol, K;,. Their results are presented
in Figure 9.

They observed that the crack arrest toughness, Kj,, was insensitive to
the amount of unstable crack extension and exhibited less scatter than the
initiation toughness. The crack arrest data established a lower bound to
the initiation toughness that was not as sensitive to specimen thickness as
the initiation toughness, Ky.. The crack arrest data for the 25.4 mm
(1 inch) thick specimens tested at low loading rates showed an increase
in K,. It was suggested that this increase was due to low crack speeds in
these tests resulting from non-plane-strain conditions in the thinner
specimens.
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Fig. 9. Crack initiation as a function of loading rate and crack arrest toughness from DCB
specimen tests of Crosley and Ripling ®.
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Soon after Crosley and Ripling published their initial results, it was
argued by Hahn and co-workers®' that a static approach was unsuitable
for crack arrest determinations and that a dynamic approach was
necessary. Kanninen et al.”” performed a dynamic analysis of the DCB
specimen using a beam on elastic foundation model of the specimen and
a finite difference approach to solve the equations of motion for the
specimen. They computed the dynamic energy release rate, G, from the
relationship:

M

___dgz— da da

l{dW dU dT}
B

where

B = specimen thickness,

W = work done by external forces,
U = elastic strain energy,

T = kinetic energy,

a = crack length

The dynamic analysis showed that inertial effects were important to
properly describe the dynamic crack propagation, arrest and possible
reinitiation events in specimens of finite geometry. Their calculations
predicted that the loading system compliance could have a great
influence on the crack propagation and arrest behavior in a DCB
specimen. Figure 10 compares calculations of the crack extension in a
contoured DCB specimen loaded by a wedge, which results in a
relatively stiff system, and by a more compliant, machine-loaded system.
The wedge-loaded specimen exhibits a single run-arrest event while the
machine-loaded system produces several bursts of crack initiation and
arrest followed by reinitiation.

The calculations also predicted that the dynamic stress intensity
factor would exhibit significant post-arrest oscillations about the static
arrest value as shown in Figure 11. These oscillations could lead to
reinitiation of the arrested crack and further supported the notion that a
static analysis was unsuitable for the analysis of crack arrest behavior.
The analysis further indicated that K, was sensitive to the amount of
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Fig. 10. Predicted dynamic crack growth vs. time for a specimen with a stiff loading
system (a), and a complint loading system (b), showing dynamic behavior of system
influences the crack growth and arrest behavior 2,

crack jump and the initiation value, Kq, during the test. The static
approach was therefore concluded to only be valid for very small crack
jumps and low crack velocities.

Experimental measurements of Kipp and crack velocity made by
Kalthoff and Winkler* lent support to the idea that a dynamic analysis
was necessary to accurately determine the crack arrest fracture
toughness. They used high speed photography and the method of
caustics to make direct observations of the local deformations
surrounding a rapidly propagating crack tip in brittle epoxies. The local
contraction of the material surrounding the crack tip acts as a diverging
lens and produces a shadow spot pattern at the crack tip. The size of the
shadow spot is related to the instantaneous stress intensity factor. An
example of their results for the wedge loaded DCB specimen is presented
in Figure 12. The figure shows that Kjp falls below the statically
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Fig. 11. Post crack arrest oscillations in the stress intensity factor from dynamic analysis

of a run-arrest event in a DCB specimen 2.

calculated value of K just after initiation and then increases above the
static value as the crack propagates through the specimen. At arrest, the
dynamically calculated value is considerably higher than the value
calculated based on a static analysis - up to 50% for specimens that
achieved the highest crack velocities and the longest crack jumps. For
very small crack jumps and low crack velocities, the difference between
the static and dynamic values was shown to be small. The experiments
by Kalthoff and co-workers also demonstrated that the dynamic stress
intensity factor exhibited large oscillations after arrest in the DCB
specimen as shown in Figure 13. This confirmed the behavior predicted
from the computational models of Kanninen, et al.*.

An alternative crack arrest test procedure, based on a dynamic
analysis of the crack propagation and arrest process, was developed by
rescarchers at Battelle Columbus Laboratories™. They utilized a duplex
DCB specimen that had a high strength AISI 4340 steel crack starter
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section that was electron beam welded to the test material. The specimen
had a blunt notch to permit a large amount of elastic energy to be stored
in the specimen prior to crack initiation. The high strength starter section
limited the amount of plasticity at the blunt notch.

The initiation load was used to determine the stress intensity at crack
initiation, Kq, and the amount of crack extension to the point of arrest,
Aa, was measured. The dynamic stress intensity during the test, Kip, and
the crack velocity, were determined from a calculated relationship
between the ratio Kip/Kq, Aa, and crack velocity shown in Figure 14. In
this manner, each crack arrest test yielded an estimate of Kp and crack
velocity for a specimen. The Kip vs. crack velocity results from a series
of tests were fit to a straight line to determine the value of Ky
corresponding to zero velocity that represented an estimate of Ky,
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Fig. 14. Calibration curves for determining K;p and crack speed in a duplex crack arrest
specimen®.

The American Society for Testing and Materials (ASTM) initiated
the Cooperative Test Program to examine the two procedures for
measuring the crack arrest toughness with the aim of developing a
standard test method®*. A wedge-loaded compact specimen design, the
compact crack arrest (CCA) specimen, was utilized in the test program.
The specimen, shown in Figure 15, is loaded by a wedge thru a split pin
inserted along the crack line. This produces a stiff loading system that
approaches fixed displacement conditions during the run-arrest event.
A notched, brittle weld bead serves as a crack starter at the root of the
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Base Plate

Fig. 15. Compact crack arrest specimen and split-pin wedge loading arrangement used in
the cooperative test program.

machined notch. An alternative design employed a duplex specimen that
consisted of a hardened AISI 4340 steel crack starter section that was
electron beam welded to the test material. The specimens had sharp
grooves machined along the intended crack path to help control the crack
path and suppress the tendency of the crack to branch. The test is
conducted by heating or cooling the specimen to the desired test
temperature and then slowly driving the wedge into the split pins until a
brittle crack initiates and arrests. The static approach calculated Kj,
based on the arrested crack length and the crack opening displacement at
crack arrest measured on the notched edge of the specimen a short time
after arrest. The dynamic approach used the procedure described in the
preceding paragraphs to determine Kip based on the initiation stress
intensity, Kq, and the crack jump, Aa.

The results of the Cooperative Test Program supported the static
approach to calculating K,>. The crack arrest values calculated using
the static approach were insensitive to the initiation value, Kq, as shown
in Figure 16. The Kjp values increased as a function of Kq as shown in
Figure 17 and this behavior would be expected if the crack velocity was
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a function of Kyp. Higher Kq values provide more stored elastic energy
and should drive the crack at a higher velocity. The lower bound of the
Ky data are in agreement with the scatter band in the K, data, showing
that the dynamic and static approaches yielded similar values of the
crack arrest toughness, Ky, = Ky,.

The similarity between Ky, using the dynamic approach and K, from
the static approach was explained by further experimental measurements
of Kip and crack velocity in steel specimens using the compact specimen
geometry. Kalthoff, et al.’ again used high speed photography and the
method of caustics in a reflection mode to determine Kip and the crack
velocity in steel specimens of various geometries including the DCB and
compact specimen. The results presented in Figure 18 and 19 showed
that the transverse-wedge loaded compact specimen was not as sensitive
to dynamic effects as the DCB specimen and that the statically calculated
K, was very close to the experimentally measured value. The DCB
specimens had a much greater dynamic effect which was attributed to the
flexibility of the loading arms of the specimen.

Based on the results of the Cooperative Test Program, ASTM
conducted a follow-on round-robin to validate a standardized procedure
for measuring the crack arrest fracture toughness using the compact
crack arrest specimen geometry”®. The procedure used in the round-
robin eventually became the Standard Method for the Determination of
Plane-Strain Crack-Arrest Fracture Toughness, ASTM E1221. The test
method incorporates several validity requirements to ensure that the
measured crack arrest fracture toughness is insensitive to specimen size
and that the static approach employed in the analysis is suitable. For
example, the crack must propagate beyond the initial plastic zone that
develops at the notch tip and the arrested crack tip must be sufficiently
removed from the specimen edge so that the crack tip plastic zone at
arrest is completely surrounded by elastic material. There are additional
requirements on crack front straightness, specimen thickness and the
extent of unbroken ligaments behind the crack tip.

It can be difficult to obtain strictly valid test results using the test
method depending upon the temperature selected for conducting the
crack arrest test. In the upper transition region it can be difficult to
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initiate a brittle crack reliably. Once a crack does initiate, it may
propagate too far, branch or curve from the center plane of the specimen.
The test method is also unsuitable for relatively tough materials in
thinner sections where the specimen has insufficient thickness to meet
the validity requirements. The success rate for the tests conducted as
part of the ASTM round-robin was less than 50%°. Other rescarchers
have also reported a low success rate with the test procedure when using
it to evaluate weldments and tough steel alloys used for modern ship
hulls*”*.  Notwithstanding these limitations, the test method is still a
useful tool.

Bonenberger and Dally” suggested several modifications to the test
method in an attempt to increase the success rate and extract additional
information from the test. The most notable suggestion is the use of a
chevron-style sidegroove. The crack front is very narrow at the initial
crack tip to increase constraint and promote crack initiation at a low load.
As the crack propagates along the crack plane, the effective thickness of
the specimen increases, which reduces the driving force and promotes
crack arrest. They reported an improved success rate by employing these
modifications but their validation involved only a few specimens.

4. Large-scale crack arrest tests

A number of alternative experimental procedures have been
developed to investigate dynamic fracture and crack arrest behavior.
Many of these procedures involve large-scale tests to better simulate
structural conditions relevant to a particular problem of interest. Others
seek to develop alternative methods of measuring the crack arrest
fracture toughness for situations where the ASTM standard test method
cannot be applied successfully. Several examples of these approaches
are presented below.

4.1 Wide plate tests

The U.S. Nuclear Regulatory Commission sponsored a series of crack
arrest experiments using very large single edge-notch tension, SE(T),
specimens which have been called wide-plate tests. The nominal



258 R. E. Link and R. Chona

specimens were approximately 10m long by 1m wide with a thickness of
100-150 mm as shown in Figure 20. The objective of this series of tests
was to characterize the crack arrest fracture toughness of prototypical
nuclear reactor grade pressure vessel steels in the upper region of the
ductile-brittle transition region, near the onset of the upper shelf of the
Charpy transition curve. These experiments were also designed to
provide dynamic fracture data for relatively large amounts of crack
extension and serve as validation tests for predictive models of dynamic
fracture and crack arrest®. The specimen size was selected to minimize
the effect of reflected stress waves on the crack propagation and arrest
events.

The SE(T) specimen exhibits an increasing driving force with crack
length under fixed grip and fixed load conditions. In order to arrest a
brittle crack in a rising K-field, such as that in the SE(T) specimen, it is
necessary to have the fracture toughness increase across the width of the
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Fig. 20. Wide plate specimen geometry used to determine crack arrest toughness in the
upper transition region of reactor pressure vessel steels. (All dimensions are in mm).
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specimen so that it exceeds the crack driving force and thus arrests the
crack. This was achieved in the wide-plate test series by applying a
linear thermal gradient across the test section, cooling the notched edge
of the specimen and heating the opposite edge so that the fracture
toughness increased across the specimen along with the temperature.

The specimens were instrumented with crack opening displacement
gages, strain gages and thermocouples. Strain gages were mounted on
the surfaces of the specimen along a line approximately 100mm above
and parallel to the crack plane. The strain gages were used to infer the
crack tip position and crack velocity during the crack run-arrest event.
The tests were analyzed using an elastodynamic, generation-mode, finite
element analysis™’. In a generation-mode analysis, the crack tip position
as a function of time is used as a known boundary condition in the finite
element model. The remote boundary condition was assumed to be
either fixed load or fixed displacement.

The results from a typical wide plate test are plotted in Figure 21.
This specimen featured seven run-arrest events and crack arrest values
were calculated from the dynamic finite element analyses for each arrest
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Fig. 21. Crack arrest toughness vs. temperature from static analysis and generation mode
dynamic finite element analysis of several run-arrest events in a wide plate test.
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event. Crack arrest values were also calculated using static formulas for
K based on crack length and both fixed load and fixed displacement
conditions. For the first two arrest events occurring at the lowest
temperatures, the predictions from the two finite element analyses are in
good agreement. At later times, corresponding to the arrival of reflected
stress waves from the load points to the crack tip, the finite element
results start to diverge with the fixed load case approaching the fixed
load static solution. The correct remote boundary condition lies
somewhere between the two limiting cases that were analyzed. The
results based on a static analysis for either assumed boundary condition
do not consistently agre¢ with the dynamic finite element results,
indicating that a static analysis is not suitable for this specimen and these
test conditions.
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Fig. 22. Summary plot of crack arrest toughness transition curve determined from large-
scale wide plate specimen, thermal shock and pressurized thermal shock tests™.
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The wide-plate and thermal shock tests were generally successful in
characterizing the crack arrest behavior of a reactor pressure vessel steel
in the upper region of the ductile brittle transition as shown in Figure 22.

4.2 Double tension test

The double tension test specimen has been used not only to determine
a crack arrest temperature as described previously, but also to determine
the crack arrest fracture toughness’™. The test is conducted as an
isothermal test and the crack initiates in the embrittled crack starter
section by applying a load to the secondary loading tabs. The embrittled
crack starter region extends into the main test section and is grooved
along one face to help control the crack path and promote a brittle crack
initiation. The crack either propagates entirely across the specimen or
arrests a short distance into the main test section.

It is possible to determine a crack arrest toughness for tests that
exhibit crack arrest. The crack arrest toughness is calculated from a
static analysis based on the arrested crack length, the applied stress in the
main test section, and a dimensionless function of plate geometry and
crack length. The calculated crack arrest toughness will depend on
whether constant load or constant displacement boundary conditions ate
assumed in the static analysis as shown in Table 1, which lists results
from double tension crack arrest tests on 1.5% Ni steel reported by
Wiesner, ef al.”. The specimens were 880 mm wide and 1500 mm long.
The use of a static approach for analyzing the double tension test
specimen is based on several arguments. Previous work® has
demonstrated that dynamic effects are diminishingly small for short
crack jumps and low crack velocities. Willoughby and Wood®' contend
that the static approach is valid as long as reflected stress waves from the
specimen boundary do not interact with the run-arrest event. A dynamic
analysis of the double tension specimen indicated that the dynamic stress
intensity factor was less than 15% lower than the static stress intensity
factor for short arrested crack lengths®. Once reflected stress waves
come into play, a dynamic analysis of the specific specimen becomes
necessary.
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Table 1 - Crack arrest resuits from double tension specimen tests of 1.5% Ni steel
reported by Wiesner, et al.®.

Specimen Identification Code M3-17 M3-23 M3-24 M3-25
Temperature (°C) -87 -92 -87 -87
Arrested crack length, a, (mm) 156 62 280 66
Time at arrest (us) 260 80 300 66
K, (constant load) (MPa-m'?) 264 147 288 188
K, (constant displacement) 209 139 173 176
(MPa-m'?)

The time, f¢, for an unloading stress wave to reach a specimen
boundary and return to the crack tip is given by ¢, =2//c, where / is the
distance from the crack tip to the nearest specimen boundary and c¢ is
the velocity of the stress wave (approximately 5000 m/s in steel). The
time for the crack to propagate and arrest, 7, can be estimated from
t. =Aa/v, where Aa is the crack jump and v is the average crack speed.
Typical crack speeds for brittle cracks in steel range from 100-1500 m/s.

For the tests listed in Table 1, the cracks arrest at relatively short
distances (arrested crack length/specimen width < 32%) in the main
plate. For the shortest arrested cracks in Table 1, the difference between
the crack arrest values based on constant load and constant displacement
is small, on the order of 6%. The crack propagation times, 7, listed in
the table are less than ¢, , which is approximately 300us. For the other
two tests, both exhibiting longer arrested cracks and longer crack
propagation times, the difference between the calculations is greater than
25%. Neither of the assumed boundary conditions is correct and
dynamic effects may be coming into play.

4.3 Thermal shock and pressurized thermal shock tests

Under certain postulated accident scenarios, such as a loss of coolant
accident, nuclear pressure vessels may be subjected to emergency
cooling procedures which can result in a thermal shock on the inner
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surface of the pressure vessel that may also be accompanied by an
increase in the internal pressure. Preexisting flaws on the inner surface
of the vessel may initiate brittle cracks as a consequence of the high
thermal stresses that develop on the inner wall surface and the cooling of
the material into the ductile-brittle transition region. The pressure
vessels must be able to arrest any crack before it can propagate through
the vessel wall thickness. Several large-scale thermal shock experiments
(TSE) and pressurized thermal shock experiments (PTSE) have been
performed to investigate the crack arrest behavior of cylindrical pressure
vessels under loading conditions representative of those predicted for
various thermal shock and pressurized thermal shock accident
conditions®?’.

A schematic of the experimental configuration for a typical
pressurized thermal shock test is shown in Figure 23. The tests were
modeled using finite element models with varying degrees of
sophistication to determine the dynamic stress intensity factor and the
crack arrest toughness of the material. The analyses assumed either
static or dynamic conditions to predict the crack arrest behavior of the
vessel. The dynamic analyses were performed using an “application
mode” analysis where the dynamic stress intensity vs. crack speed
relationship is specified as a material constitutive parameter and the
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Fig. 23. Example of pressure vessel geometry used in a pressurized thermal shock
experiment. (All dimensions are in mm)*®.
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crack tip position as a function of time is predicted. Results by
Cheverton, et al.38, Brickstad and Nilsson®**® and Keency-Walker and
Bass'' demonstrated that static analyses produced conservative estimates
of crack arrest in thermal shock and pressurized thermal shock tests
compared with dynamic analyses.

Results from an analysis by Brickstad and Nilsson* postulated loss of
coolant accident in a pressure vessel, resulting in a pressurized thermal
shock, are presented in Figure 24 in which the static and dynamic crack
driving force are plotted as a function of crack size. Crack arrest is
predicted to occur when the crack driving force falls below the crack
arrest curve, Ky,. For the PTS experiment, Ky, is a function of crack size
owing to the thermal gradient through the vessel wall and the
dependence of Kj, on temperature. In this example, the static analysis,
shown by the solid line, predicts a longer, more conservative, estimate of
the arrested crack length, a, = 80mm, than the dynamic analysis result of
a,~ 60 mm.

Jung and Kanninen*” analyzed several thermal shock experiments and
showed that static analyses could produce slightly non-conservative
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Fig. 24. Comparison of static and dynamic analyses to predict the crack arrest behavior
in a pressurized thermal shock test “C.



Dynamic And Crack Arrest Fracture Toughness 265

predictions of crack arrest but suggested that static analyses were
nevertheless useful for predicting the dynamic fracture response of
pressure vessels under thermal shock conditions.

It is not entirely clear under which conditions a static analysis will be
non-conservative. For short crack jumps, static and dynamic analyses
appear to produce nearly identical results in both small specimens and in
more complex structures®. Most of the analyses cited in the literature
tend to indicate that a static analysis will lead to a conservative
prediction of crack arrest. Static analyses are not generally suitable for
predicting the post arrest behavior of a structure when the possibility of
reinitiation of the arrested crack must be considered. The post-arrest
behavior will be governed by the dynamic response of the structure and
the dynamic initiation and propagation toughness of the material *'.

5. Characterization of the crack arrest transition curve

Crack initiation and crack arrest toughness measurements of steels in
the ductile-brittle transition region exhibit considerable scatter. In the
case of crack initiation toughness, the scatter is a result of the local crack
tip stress field, the spatial distribution of cleavage initiation sites in the
material surrounding the crack tip and a statistical size effect of the crack
front length. A so-called “Master Curve Approach” has been developed
by Wallin for characterizing the cleavage fracture initiation toughness of
steels’. In the master curve approach, the scatter at a fixed temperature
in the ductile brittle transition region is described by a three-parameter
Weibull distribution where the probability of failure is given by:

B| K, —K .
P, =1—exps ——| =L ——min 2
d P OI:KO—Kminjl @

where B is the specimen thickness, B, is a normalizing thickness, K is
the fracture toughness corresponding to a failure probability, Pg, Kiin is @
fitting parameter usually taken as 20 MPa-m'?, and K, is the fracture
toughness corresponding to a 63.2% probability of failure. The
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temperature dependence of the mean fracture initiation toughness follows
an empirical master curve given by the expression

K, =30+70exp[ 0.019(T-T,)] 3)

where Kj is the mean fracture toughness, T is the temperature (deg. C),
and T, is the reference temperature corresponding to a mean fracture
toughness of 100 MPa-m'?. The master curve approach has been
demonstrated to characterize the cleavage initiation behavior of many
ferritic steels and weldments and an ASTM standard, E1921 Test
Method for the Determination of Reference Temperature, T,, for Ferritic
Steels in the Transition Range, has been published.

It has been shown that the same master curve used to characterize the
initiation toughness can be used to characterize the temperature
dependence of the crack arrest toughness of ferritic steels*”. The crack
arrest master curve is identical to the crack initiation master curve except
that the reference temperature, T,, is replaced by the crack arrest
reference temperature, Tky,. The crack arrest fracture toughness for nine
different sets of Ky, data for pressure vessel steel is plotted in Figure 25
along with the crack arrest master curve.

Wallin® points out that the scatter and size effects on initiation
toughness and the arrest toughness are expected to be different as a result
of different fracture mechanisms. Whereas crack initiation is a result of
triggering a local initiating particle, crack arrest requires that the local
driving force decrease below the crack arrest toughness over a much
larger region of the crack front. Therefore, the crack arrest toughness
is more a function of the average matrix properties versus local
inhomogeneities.  Consequently, the crack arrest toughness should
exhibit less scatter than the initiation toughness and the statistical size
effect seen in initiation should not be present in crack arrest.

At a given temperature, the scatter in crack arrest toughness is
assumed to follow a log-normal distribution instead of a three-parameter
Weibull distribution. For the data shown in Figure 25, the combined
scatter of the data set is 6=18% compared with 6=28% for the initiation
toughness.
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Fig. 25. Crack arrest master curve for nine different pressure vessel steels with a wide

range of crack arrest reference temperatures .

The relationship between the reference temperature, T,
corresponding to crack initiation and Ty, for crack arrest is not constant
but varies considerably between materials®. It is possible to develop
relationships between T, and Ty, for specific materials or classes of
materials. Such relationships would facilitate prediction of the crack
arrest properties of a material from the crack initiation toughness.

6. Summary

An overview has been presented of the principal investigations that
have led up to the current thinking on how best to characterize the crack
arrest toughness of a structural material. By its very nature, the crack
arrest event must be preceded by a segment of rapid, self-sustaining
crack propagation and dynamic fracture and crack arrest behaviors are
thus intertwined.

Investigations seeking an improved understanding of the crack arrest
phenomenon have always been challenged by the complexity that results
from the need to properly account for dynamic effects that necessarily
become part of the picture. For this reason, much attention has been
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given in the past, and will probably continue to be given in the future, to
creating test conditions that allow quasistatic analyses to be used without
significant error for laboratory-scale experiments. Equal amounts of
attention have been given to creating scenarios in which statically-
determined values of the crack arrest fracture toughness are conservative
estimates of the true dynamic fracture toughness associated with the
actual instant of arrest. The compromise that results is nothing other
than the age-old one where the desire for full and complete accuracy has
to be balanced against the need for simplicity of experimental procedure,
accompanying instrumentation, and complexity of associated analyses.

Much progress has been made in the past four decades on better
understanding how dynamic fracture and crack arrest concepts can be
brought to bear on assuring the safety of critical structures such as
nuclear reactor pressure vessels. It can reasonably be expected both that
such efforts will continue and that such efforts will extend into other
arenas as the costs of replacing an aging infrastructure become
increasingly higher in many industrialized nations.

Crack arrest fracture toughness is an attractive parameter for both
design and safety assessments. If designers can ensure that the driving
force associated with any fast-running crack that develops in a structure
will fall below the crack arrest fracture toughness of the material from
which the structure is fabricated, and does so before the crack exits the
structure, then an arrest event is guaranteed. If conditions can be created
in which no re-initiation of the arrested crack takes place, then the
integrity of the structure is assured. The resulting avoidance of
catastrophic structural failures, with their accompanying unacceptable
economic and societal consequences, is a worthwhile goal indeed.
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The dynamic crack propagation in materials with varying properties, i.e.,
functionally graded materials is presented. First, an elastodynamic solution for
a propagating crack inclined to the direction of property variation is introduced.
Crack tip stress, strain and displacement fields are obtained through an
asymptotic analysis coupled with displacement potential approach. Next, a
systematic theoretical analysis is provided to incorporate the effect of transient
nature of growing crack-tip on the crack-tip stress, strain and displacement
fields. The analysis revealed that crack tip stress fields retain the inverse square
root singularity and only the higher order terms in the expansion are influenced
by material inhomogeneity. Using these stress, strain and displacement fields,
contours of constant maximum shear stress, constant first stress invariant and
constant in- plane displacements are generated and the effect of
nonhomogeneity and transient nature of crack tip on these contours is
discussed.

1. Introduction

The combination of several materials in one component offers, in many
cases, significant improvements to its functional performance. Optimally,
material properties throughout a component should be tailored to its
specific application. This requires combinations of properties that are
unattainable with a single homogeneous material. Functionally graded
materials (FGMs) offer an advantageous means of combining materials,
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providing a spatial variation in composition and properties, as an
alternative to homogeneous materials and bimaterial interface structures.
Functionally graded materials (FGMs) are a new generation of
engineered materials wherein the microstructural details are spatially
varied through nonuniform distribution of the reinforcement phase(s).
The resulting microstructure produces continuously or discretely
changing thermal and mechanical propertics at the macroscopic or
continuum scale. FGMs may be used as joints between different types of
materials, graded surface coatings or simply as graded components.
More recently, graded composites have become a focus for tailoring
thermal, mechanical and other properties for enhanced performance in
structural, high temperature and other specialized applications. Man-
made functionally graded materials (FGMs) copy natural biomaterials,
such as bamboo (see Fig. 1), bone and shell etc., with a gradient in
chemical composition or microstructure from one side to the other side in
the material. The concept of functionally graded materials was proposed
in 1984 by material scientists in Sendai (Japan). Since then studies to
develop high-performance heat-resistant materials using functionally
graded technology have continued. Various techniques have been
employed to the fabrication of FGMs, including Chemical Vapor
Deposition (CVD) / Physical Vapor Deposition (PVD), powder
metallurgy, plasma spraying, electro-plating and combustion synthesis.
The principal motivation for FGM development is that a spatial
variation in composition and propertics at a joint between two different
materials has the potential to reduce the stresses at the joint as compared
to a bimaterial interface. Additionally, there is an increased interfacial
strength at the joint and thus the likelihood of debonding is reduced. This
1s illustrated in Fig. 2 in the context of a potential application of FGMs,
as thermal barrier coatings for high-speed space access vehicle
applications. In this situation, a heat resistant ceramic must be strongly
bonded to the metal structure to prevent spalling or surface cracking due
to thermally induced stresses. A graded ceramic—metal composite
interface has been shown to reduce thermal damage and delamination.
Even though the initial research on FGMs was largely motivated by the
practical applications of the concept on a wide variety of thermal
shielding problems, materials with graded physical properties have
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almost unlimited potential in many other technological applications.
Mechanics research on FGMs is needed to provide technical support for
material scientists and for design and manufacturing engineers to take
full advantage of their certain favorable properties in new product
development.

Bimaterial Interface

|

Heat Resistance
Ceramic Coating

Stress Discontinuity

Gradeg Interface

Heat Resistanee
Ceramic Coating

Fig. 1. Gradation in wood. Fig. 2. FGM advantage.

The absence of sharp interfaces in continually graded FGMs largely
reduces material property mismatch, which has been found to improve
resistance to interfacial delamination and fatigue crack propagation [1].
However, the microstructure of FGMs is generally heterogeneous, and
the dominant type of failure in FGMs is crack initiation and growth from
inclusions. A crack in an FGM may exhibit complex behavior. The
degree of complexity of this behavior is governed by the function
describing the variation in the mechanical properties of the material.
Extensive efforts have been made to characterize the crack tip stress field
in FGMs under quasi-static loading conditions. Delale and Erdogan [2]
studied various fracture mechanics problems of FGMs and presented a
number of stress intensity factor solutions. Jin and Noda [3] showed that
the inverse square root singularity at a crack tip still prevails in FGMs
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provided that Young's modulus and Poisson's ratio are continuous and
piecewise continuously differentiable, which is an extension of Eischen's
result [4] for nonhomogencous materials with sufficiently smooth
material properties. Gu and Asaro [S] and Becker ef al. [6] studied crack
deflections in FGMs. Jin and Batra [7] and Anlas er al. [8] investigated
the K-dominance problem in FGMs. Parameswaran and Shukla
developed the asymptotic stress field for stationary cracks along the
gradient in FGMs [9]. Recently, Jain ef a/. developed the crack-tip stress
fields for a crack oriented in an arbitrary direction from a linearly
varying property variaton in an FGM [10]. Li er al. experimentally
investigated the crack growth in a UV irradiated polymeric sheet with a
small property gradient [11]. Marur and Tippur demonstrated the
possibility of measuring mixed-mode SIFs using strain gages near the
crack-tip in FGMs [12].

Recently, lot of attention has been focused on characterizing the
behavior of a running crack in an FGM. Atkinson [13] was first to study
crack propagation in media with spatially varying elastic properties.
Wang and Meguid [14] proposed a theoretical and numerical treatment
of a crack propagating in an interfacial layer with spatially varying
elastic properties under the anti-plane loading condition. Nakagaki et al.
[15] addressed a numerical treatment to dynamic crack propagation in
the functionally graded materials and determined the effect of gradation
on crack-tip severity as it propagates in FGM. Jain and Shukla developed
the explicit expression for the stress fields around propagating crack-tip
and studied the effect of nonomogeniety on the same [16]. They
considered both opening and mixed mode cracks in their investigation.
Considering the firm theoretical basis developed for dynamic fracture in
FGMs, it appears, by contrast, that the understanding of the dynamic
fracture process of FGMs is still limited due to lack of experimental
evidence. Parameswaran and Shukla [17] investigated dynamic fracture
in FGMs with discrete property variations using photoelasticity.
Rousseau and Tippur studied the crack-tip deformation and other fracture
parameters in FGMs subjected to low velocity impact [18].

In most of the studies performed on propagating cracks in FGMs, the
crack tip speed was assumed to be constant. Freund and Rosakis [19]
investigated transient nature of mode-I plane elastodynamic near-tip
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fields during crack propagation in homogeneous materials. They found
that the square-root-singular term alone in the steady state asymptotic
expansion of the crack tip fields does not fully describe the crack tip state
during transient crack growth, which is attributed to the dependence of
local fields on the past history of time dependent quantities such as crack
velocity and stress intensity factor. They demonstrated experimentally
that by incorporating transient higher order expansions, an accurate
description of crack tip fields under fairly severe transient conditions can
be achieved. The transient solution for elastodynamic crack growth in
FGMs provides a strong foundation for the interpretation of experimental
measurement in dynamic fracture testing of these materials. In fact, the
usefulness of transient higher order solutions are certainly not confined
to propagating cracks or to the interpretation of experimental results;
they can be employed to describe the responses of stationary cracks and
other singularities under dynamic loading conditions, and can be used in
numerical simulations of such singularities during transient dynamic
events. It is therefore that one complete section of this chapter is devoted
to provide a theoretical analysis of the dynamic behavior of a transient
mixed mode crack in an FGM with exponentially varying elastic
properties.

In this chapter, first, expressions for individual stress, strain and in-
plane displacement fields around a steadily growing crack—tip in an FGM
are developed. Such information is required to analyze the full field
experimental data obtained from various experimental techniques like
photoelasticity, Moiré interferometry, holographic interferometry and
coherent gradient sensing (CGS). These stress and displacement fields
developed are then used to generate the contours of constant maximum
shear stress (Isochromatics), constant in-plane displacements (Moiré
fringes) and constant first stress invariant (Isopachic fringes) and the
effect of nonhomogeneity on these contours is discussed. Next, a
systematic theoretical analysis is provided to incorporate the effect of
transient nature of growing mixed mode crack-tip on the elastodynamic
stress, strain and displacement fields. In this context, transient crack
growth is understood to include processes in which both the crack tip
speed and dynamic stress intensity factor are differentiable functions of
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time. The effect of transient nature of moving crack-tip on crack-tip
fields is also discussed.

2. Elastodynamic stress, strain and displacement fields for steady
state crack propagation

2.1 Theoretical considerations

The elastic properties at any point in FGM’s can be assumed to be same
in all directions hence at the continuum level FGMs can be considered
as isotropic nonhomogeneous solids. The nonhomogeneity makes
analytical solution to elastodynamic problems extremely difficult for
FGMs. An asymptotic analysis similar to that employed by Freund [20]
for homogeneous materials, can be used to obtain the stress, strain and
displacement fields around a propagating crack in an FGM. In the
present analysis the crack tip stress, strain and displacement fields are
obtained by assuming direction of crack propagation to be inclined to the
direction of property variation which is presumed to be the case in most
of the practical situations. Localized crack-tip plasticity and three-
dimensional effects are neglected in this formulation.

Figure 3. Propagating crack orientation with respect to property variation direction in
FGM.
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2.2 Theoretical formulation

Consider a crack moving with a velocity (¢) in an FGM as shown in
Fig. 1. The original coordinate system is a spatially fixed Cartesian
coordinate system X-Y and a moving coordinate system x-y at the crack-
tip is defined such that crack velocity is in X - direction. The shear
modulus and mass density are assumed to vary exponentially in X1
direction as given in equation (1) and the Poisson’s ratio (v) is assumed
to be constant. The property gradation direction is at an angle ¢ to the
Y=0:

A
H=pgexp(8X)), p = pyexp(dX)), k=; (1)
where ppand p, are the shear modulus and mass density at X = X; =0

and Jis a constant having dimension (Length)™. Eq. (1) can be written in

terms of (X, Y) coordinates by using a simple transformation as shown
below.

HX.Y)=p,expla X+ BY), p(X.¥)=p,explaX +BY)  (2)

S 0 tang (3)

» B
Vi+ tan2¢ \/1+ tanzgo

The equations of motion for a plane problem can be written as

a =

Oxxy tOxry =PU,, Oy x TOwy = PV,,5 (4)
where o; are the in-plane stress components and u, v are in-plane

displacements.
The Hooke’s law for plane problem can be written as

Oxy = (uo + Zuo)u,er/lov,y)eXp(aX + BY)
Oy = ((2'0 +2u, )V7Y+/10v’Y)eXp(aX + pY) ®)
Oxy = (”’Y+V’x )/‘o exp(aX + AY)

Introducing the displacement potentials (& and ¥) as

u=0, +¥,, , v=0,-¥,, (6)
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Substituting Eq. (6) in to Eq. (5) and substituting the resulting equation
in to Eq. (4), the equation of motion can be expressed in terms of
displacement potentials @ and ¥ as

2 2 2
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H, Ot oY , Of oX o0XoY

2 2
ﬂ26(D+6‘I2’_6‘}2’ o
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oo oY ach}_o

ﬂ{(k or Paxer Trhaxe

Eq. (7) can be rewritten as
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k+2)V2D - -— — =
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Now introducing the moving crack-tip coordinates (x-y) as

& L, (10)

x=Xcty=v, 2.9 &
Y X’ ot S
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Using the transformations given in Eq. (10), Eq. (9) can be written as

, 0’0 oD o> oD 1 oY | o¥
a, P +a —+ti@—+f—f———ja——-f—=
X y ox o) k+2| oy Ox (11)
Z\I] 2
afa X +—~—8T+ aa_\P+ﬂa_‘}’ +k aag—ﬁag =0
ox° Oy ox oy oy Ox
2 1/2 9 1/2
where, «, :(I—LJ , a, =[l-—p°—cj
Mok +2) Hy

The above equations would reduce to the classical 2-D wave equations of
motion by assigning « and f to zero. Due to nonhomogeneity, these
equations loose their classical form and remain coupled in two fields @
and ¥, through the nonhomogeneity parameters @ and £.

2.2.1 Asymptotic expansion of crack tip fields

In the asymptotic analysis, a new set of coordinates is introduced as
n=xle, n=yle and 0<e<l (12)

where ¢ is a small arbitrary positive parameter. The parameter ¢ is used
here so that the region around the crack — tip is expanded to fill the entire
field of observation. As ¢ is chosen to be infinitely small, all the points in
the x, y-plane except those near the crack-tip are mapped beyond the
range of observation, and the crack line occupies the whole negative 7;
axis. Assuming that the displacement potentials (@ and ¥) can be
expressed in powers of ¢ as [20]

w© m+3

D(x,y) = O(en,,&m,) = ZST¢m(77[’772)

w  mt3

W(x,y) =¥ (En,em) =D& 2 ¥, (1,,1,)
m=0

(13)

The first term of series (m=0) corresponds to the expected square root
singular contribution proportional to » ' in the asymptotic near-tip
stress field.
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By substituting assumed asymptotic form (13) into the governing
equations (11) leads to an infinite series involving differential equations
associated with each power of € as written below,

0 1 0
= | M3 2 54 s al:a;f;n+k+2 al/?;m:' mi7
e o e 2 : U lvez [L]p=0
on~  on, o¢ 1 oy
+ﬂ _m - ¥ m
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o | (& 2 wsl g o 1
PRI [afal//;”+avlg’]+gz g (RN {.. }t=0
m=0 on, on, oy, o4,
+ fpl -k
on, on,

(14)

For Eq. (14) to be valid, the differential equation corresponding to each
power of & (&% ¢, ¢%...) should vanish independently. This leads
to a system of coupled differential equations in @ and ¥ [16]. These

equations have a general form as

o* 82 0 0
2 0% O, +{a b +ﬂa¢m_z}+ ! {a Vs _ﬁawm-2}:
an, on, on, on, k+2 on, on, (15)
2 2 a 6
asz 6 l//;n +a V/;n +{a al//m—Z +ﬂ sz}‘Fk{a ¢m72 _ﬁa¢m—2}:o
on, on, on, on, on, on,
where b, = v, Jfor k=0
“TE o for k<0
For m=0and 1, we get
2 2 2 2
o3 e T O TV (16)
on, on, omn, on,

These partial differential equations are exactly similar to that for a
homogeneous material having elastic properties same as that of the
elastic properties of the FGM at the crack tip. These equations can be
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easily reduced to Laplace's equations in the respective complex domains
Sp=mtia,, ¢ =1, tian, i=1-.

Since the crack is propagating at an angle to the direction of property
gradation, the stress field near the crack-tip is a combination of both
opening and shear modes (mixed mode). For elastic solution the stress
field related to opening mode and shear modes can be superposed to
obtain the mixed mode solution. The solutions for m = 0 and 1 are same
as homogenous material [20] and can be written as

1 1
$.(0,0)=4,p""? cos;(m+3)0, +C, pmI? 51n5(m+3)9,

m=0, 1
v,.(0,,6,)=B,p"" sin % (m+3)8.+D,p"™>'"? cos % (m+3)8,
(17)
where
pr=lvai]”, tn6, =2 p = [p2 +a?p2]” and tang, = 22
m m

Using the definitions of dynamic stress intensity factors K;p and Ky for
opening and shear modes [21] and considering the crack face boundary
conditions,

4 +ad) K, 2

4= 3o —(+al)) p2z " 1+al “ (18)

2
8a, K, _l+a;

C, = , D, =
P3¢l -+ p2n’ T 20

C,.

The solution for higher orders of m can be obtained in a recursive
manner [16, 22].
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v, =B, Singes_ [
s +sin 5 0.{aB, (1) — D, (1)}

b |eos2 00— a0}

W2k
5(f-al)”
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2.2.2 Stress, strain and displacement fields

The stress, strain and displacement fields around the crack tip can now
be obtained using displacement potentials (® and ¥ ) found in the
previous sections (Eq. 17-19). These are found to be the functions of the
material properties, nonhomogeneity parameters, fracture parameters
(Ao, A1.. By, By)) and coordinates (r, 8). The method for finding the
detailed expressions for stress, strain and displacement fields are given in
Appendix L.

2.3 Discussions on solutions

The asymptotic representation of crack-tip stress and displacement fields
is many times used to extract fracture parameters from experimental
data. The fracture parameters such as stress intensity factor and non-
singular stress components are related to the coefficients of the
asymptotic expansion of the crack-tip stress, strain and displacement
fields. These coefficients can be obtained by using experimentally
obtained full field data such as the isochromatics [23], isopachics [24],
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Moiré fringes [25] or CGS contours [26]. To get an insight into the
effects of nonhomogeneity on the contours of constant maximum shear
stress (isochromatics), contours of constant first stress invariant
(isopachics) and contours of constant in-plane displacement (Moiré
fringes) are generated for different values of the non-homogeneity
parameter using crack tip stress and displacement fields developed in the
previous sections. The contours are generated for an assumed value of
the dynamic stress intensity factor (coefficient 4,), whereas the higher
order coefficients 4;, 4>, B; and B, are assumed to be zero. However the
nonhomogeneity specific part of the higher order term (r'?), which has
Ay and By as the coefficients is retained. The higher order terms can be
given specific values, however, this will not add to the discussion, which
is to show the influence of non-homogeneity parameter on stress and
displacement fields near the crack tip for fixed values of stress field
coefficients.

2.3.1 Contours of constant maximum shear stress

Constant maximum shear stress (Tnax) at each point around the crack-tip
can be determined by substituting the stress field equation, obtained in
the previous sections, in Eq. (20).

2
6, -0,
Tonax = [”—] +o3, (20)

The synthetically generated isochromatics for exponential property
variation are shown in Fig. 4. These contours are generated for opening
mode loading assuming the opening mode stress intensity factor (Kip) =
1.0 MPa-m"? and shear modulus at crack tip (1) = 1 GPa.

Figs. (4a-f) shows the effect of nonhmogeneity and crack velocity on
the contours of maximum shear stress (isochromatics). These contours
are generated for two different ratios of crack velocity to shear wave
velocity (c/c;) = 0.1 and 0.5. The crack is assumed to be on the negative
x-axis and the crack tip is located at (0, 0). The figure shows that the
nonhomogeneity does not alter the structure of the contours very close to
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the crack-tip as compared to homogeneous material. However, slightly
removed from the crack-tip, the size and tilt of contours changes with the
introduction of nonhomogeneity. Figs. (4 a, ¢, e) show that for low
values of c/cs the contours are similar to their static counterparts. For
c/cs = 0.1, the contours are upright for homogeneous materials. However,
for o > 0 the contours tilt forward and for o < 0 the contours tilt
backwards. For the case of a > 0, the material ahead of the crack tip is
stiffer than material behind the crack tip. Thus, for a given loading the
material ahead of crack tip offers more resistance to deformation than the
material behind the crack tip. This results into positive stress acting
parallel to the crack, which causes the fringes to lean forward. As c/c,
increases to 0.5, the number and size of fringes around the crack tip
increases as shown in Figs. (4b, d and f). For higher values of values of
c/c, the aspect ratio of fringes increases and fringes become leaner. It can
also be observed that in homogeneous materials (o = 0) fringes
associated with crack propagating at high velocities tilt backwards as
shown in Fig. (4b). Both these features are due to inertia effects that are
dominant at these high velocities. Figs (4 d and f) show fringes tilt
heavily backward in case of & < 0 and only slightly forward when a > 0,
which might be due to the fact that forward tilt due to a positive
nonhomogeniety parameter compensates some of the of the backward tilt
due to crack speed.

2.3.2 Contours of constant stress invariant

Fig. (5) shows the effect of nonhomogeneity and crack velocity on
contours of constant first stress invariant (cyt0y,) for materials with
exponentially varying elastic properties. These contours are generated for
opening mode loading assuming opening mode stress intensity factor
(Kip) = 1.0 MPa-m"? and shear modulus at crack tip (i) = 1 GPa. The
contours are plotted for two different c/c, ratios (0.1 and 0.5) with three
different values of nonhomogeniety parameters (0, -0.2, 0.2). These
contours represent the isopachic fringe patterns obtained with
holographic interferometery. Figs. (5a, c and e) show that for low values
c/cs the contour shape and size resembles their static counterparts [27].
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0 0.5 | Al -0. 0 0.5
x/t x/t

(e)clcs=0.1, =02 ) cles=0.5a=0.2

Fig. 4. Opening mode isochromatics for an FGM with exponentially varying properties
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0 E
x/1 x/t

(©)c/cs=01,a=-02 (d) c/e, =05, 0=-0.2

x/t ’ ’ x/t

(e)clec;=0.1,0=0.2 ) cleg=0.5,0=02

Fig. 5. Contours of constant maximum first stress invariant (oy,+oy,) around the crack-tip
for opening mode loading in an FGM having exponentially varying properties
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It can also be noticed that by introduction of nonhomogeneity the
contours shift towards the stiffer side for both the values of ¢/c,. One can
observe that the size of the contours decreases in the compliant side and
increases in the stiffer side, which might be due to the higher resistance
offered by the stiffer side. It can also be observed that as crack velocity
increases the number and size of the fringes around crack tip increases.

2.3.3 Contours of constant in-plane displacements

Another important method to measure fracture parameters from
experimental data is Moiré interferometery. Moiré fringes, which
typically represent the in-plane displacements u and v, can be used to
determine the coefficients in the analytically developed displacement
field expressions. The displacement field equations developed in the
previous sections are used to generate the contours of constant in-plane
displacements (u, v). These contours are generated for an assumed value
of K;= 1 MPa-m'?, for exponential varying property gradation. Fig. (6)
shows the effect of crack velocity and nonhomogeneity parameter over
the contours of in-plane displacement (u) for a propagating crack. It can
be observed that the contours tilt away from crack face for oo > 0 and tilt
toward crack face for o < 0. This is due to the fact that in case of o > 0
material towards crack side is more compliant than the other side which
makes it more prone to deform than the other side. Fig. (7) shows the
effect of nonhomogeneity parameter over the contours of in-plane
displacement (v) for a propagating crack for exponential property
gradation. Similar to the case of in-plane displacement (u) the contours
tilt away from direction of gradient for oo > 0 and tilt towards the
direction of gradient for o < 0 due to the difference in the stiffness of the
material ahead and behind the crack tip. It can also be noticed from
Figs. (6) and (7) that as the c/c. ratio increases from 0.1 to 0.5 there is no
significant change in the shape of the contours but the contours become
more dense which means the value of the in-plane displacements, u and
v, at a particular point is more for a crack propagating with a higher
velocity.
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0 05 o
X/t x/t

(a)c/cs=0.1, =0 b)cle;=05,0=0

(c)ycles=0.1,a=-0.2

0 I I o 05 0 05 1.0
x X7t
(e)c/es=0.1,00=0.2 ®) c/cg=0.5,0=0.2

Fig. 6. Contours of constant in-plane displacement (u) around the crack-tip for opening
mode loading in an FGM having exponentially varying properties (K; = 1.0 MPa-m"?,
Thickness (t) = 0.010 m)
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x/t x/t
(©cleg=0.1,0=-02 (d) c/e,=0.5,0=-0.2
10 1.0
o &
05t 05
2
o S o e
-0.5 -0.5
-1lq.0 -0. 0 i | '1qu0
x/t x/t
(e)cle,=0.1,0=02 0 c/c,=0.5,0=0.2

Fig. 7. Contours of constant in-plane displacement (v) around the crack-tip for opening
mode loading in an FGM having exponentially varying properties (Kj= 1.0 MPa-m"?,
Thickness (t) = 0.010 m)
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3. Elastodynamic stress, strain and displacement fields for transient
crack propagation

3.1 Theoretical formulation

Consider a crack moving nonuniformly in an FGM. Suppose that the
crack propagates with a nonuniform speed, ¢(?)), and the crack faces
satisfy the traction free boundary condition. The shear modulus and mass
density are assumed to vary exponentially as given in Eq. (1) and the
Poisson’s ratio (v) is assumed to be constant.

Following the steady state formulation it can be shown that the
equation of motion for the plane elastodynamic problem can be written
as Eq. (9)

Now introducing the moving crack-tip coordinates (x-y) as

x=Xct)t, y =Y

o B 62 32 o* a & . dc @h
— == 5 c where ¢=-—
oxr &t o 6x o 6x Oxot ot

Using the transformations given in Eq. (21), the Eq. (9) can be written as
,0'd  &*D FoLs G ) 1 Fok L
Gt He—+pf—r———a——-f—
ox- oy ox oy oy ox
2, { oD O a@}

+— e 4
wk+2) "o e o8 (22)
2 2
@ S e G A ke T p 2
Oox oy oy
2
Lt P éa_‘I’+ oY 6‘I’
H(k+2) | ox oxdt ot

The above equations would reduce to the classical 2-D wave equations of
motion by assigning « and £ to zero. Due to nonhomogeneity, these
equations lose their classical form and remain coupled & and ¥, through
the nonhomogeneity parameters a and f.
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3.1.1 Asymptotic expansion of crack tip fields

Using the asymptotic expansion as discussed in previous section
the @ and ¥ can be expressed in powers of ¢ as given in Eq. (13)

Substituting the assumed asymptotic form (13) into the governing
equation (22), we obtain two equations whose left hand side is as infinite
power series in & and whose right hand size vanishes. Since ¢ is an
arbitrary number, the coefficient of each power of & should be zero.
Therefore the governing equation reduces to a system of coupled
differential equations in @ and ¥. These equations will have a general
form as

2 2
alza¢m+a¢m+{aa¢m_z+ ﬂa¢mﬁ2}+ ! {aawm_z_ ﬁawmz}

on’  on,’ om, om, | k+2| on, om,
n ,Docl/2 2 o2 0d,,_, _ Ao 82¢m—4 _
Lo(k+2) ot on | mk+2) of (23)
2 2
on, o, on, on, on, on,

n /00‘31/2 2 o2 o, , P 62';””,74 _
Ho O om | m(k+2) or
Bove for k>0

h W, =
where  ge.ys {o for k<0

For m = 0 and 1 Egs. (23) are not coupled in @ and ¥ and reduce to
Laplace’s equation in coordinates (77;, oy1, or & 17;) (similar to that for a
homogeneous material having elastic properties equal to the elastic
properties of the FGM at the crack tip). Indeed, as will be seen, ¢yand
wohave the same spatial structure in both transient and steady state
cases. This is not so, however, for @,, ¥, if m> 1.

For elastic solution the stress field related to opening mode and shear
modes can be superposed to obtain the mixed mode solution. The
solutions for m = 0 and 1 are same as homogenous material and can be
written as



294 A. Shukia and N. Jain

8,(01.6,,1) = 4, () p{">" cos%(m +3)6,+C, (0 p{"" sin%(m +3)6,

=0, 1
v,,(p,0,,8) =B, () p"" sin%(m +3), + D, () p" " cos%(m +3)8,
24)
where
po=lt +ai3]”, tano, =4 p =gt +aln}]” and tang, = 42
m Ui

The solution (24) appears to be the same as for steady state crack growth.
However, they differ in the fundamental respect that the coordinates
(0, 6) now depend upon time. It is the crack speed that determines the
degree of distortion of these coordinates, and the crack speed is now a
function of time. Also one should note that the coefficients of the series
solution given in Eq. (24) are time dependent.

Using the definitions of dynamic stress intensity factors K;p and Kjp
for opening and shear modes and considering the crack face boundary
conditions,

41+a?l) K, @ 2a,
A — =_
NG e, —(+a)) gor’ B, () Tt 4,@) (25)
B 8a, K,p(®) 1+a!
CO(t)_3(4asa,—(l+af)2)ycm’ By (0= 2a, G

The solution for higher orders of m can be obtained in a recursive
manner.

b = 4005 cos>6, —J‘zpf“[cosl@ (1) + BC,(0)}+ sin -6, {aCy (1) —ﬁ'Aom}}
2 405, 2 2

2 s s/2 5 _ o
—gmps [cosges{aBo(t) D, ()} 81n249:{aBO(t)+ ﬂDO(t)}}

1 1 g 1 30,
E[DI {Aou)}+EB;*(r>}cos5’—gB;*a)cos;’
1

1 1 .6 1 . 36,
+ E[DI {C,)+ EBIC (t)} sm~2’— + §BIC(Z) smT’

(26a)
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(26b)
All the coefficients in the above given solution are defined in the
Appendix-1.

3.1.2 Stress, strain and displacement fields

The stress, strain displacement fields around the crack tip can now be
obtained using displacement potentials (® and Y') found in the
previous sections. The method for finding the detailed expressions for
stress, strain displacement fields are given in Appendix-1.

3.2 Discussion of solutions

To get an insight into the effects of transient terms on dynamic fracture
process, contours of constant maximum shear stress (isochromatics),
contours of constant first stress invariant (isopachics) and contours of
constant in-plane displacement (Moir¢ fringes) are generated for opening
mode loading conditions. The contours are generated for an assumed
value of the dynamic stress intensity factor (coefficient 4,), whereas the
higher order coefficients 4;, 4,, B; and B; are assumed to be zero.
However the nonhomogeneity and transient specific parts of the higher
order term r'* which has A, and B, as the coefficients is retained. The
typical values of material properties and material thickness used in
generating contours are as follows: Poisson’s ratio = 0.3, shear modulus
at the crack tip 4, = 1 GPa, density at the crack tip p. = 2000 kg/m® and
thickness ¢ = 0.01m. The nonhomogeneity parameter « for plotting these
contours was obtained by fitting an exponential curve in the property
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variation profile of the in-house
fabricated polymeric FGMs [17]. The
nonhomogeneity parameter « for
FGM fabricated in this study was
0.57.

3.2.1 Contours of constant maximum
shear stress

Constant maximum shear stress (7,q.)
at each point around the crack-tip can
be determined by substituting the
stress field equation, obtained in the
previous section, in Eq. (20). Figure 8
shows the effect of rate of change of
mode-I stress intensity factor (dKip(?)
/dt) on contours of constant maximum
shear stress for opening mode loading
around the crack-tip corresponding to
a =057, Kp = 1.0 MPa-m'?, ¢ =
650 ms™. The crack is assumed to be
moving with a uniform velocity i.e.
dc/dt = 0. As observed by Dally and
Shukla [28] the rate of change of Kjp
at crack initiation could be of the
order of 10° MPa-m'"*-sec’’, the values
of dKip(t) /dt was varied over six
orders of magnitude for generating the
contours. The crack occupies negative
x-axis and the crack tip is located at
(0, 0). It can be observed from the
figure that as the dK;p(?) /dt increases,
the size and number of the fringes
around the crack tip increases. As can
be seen in figure 8a for dK;p(2) /dt = 0
the fringes have negligible tilt. High

xit

(a) dKpp/dt =0

10
X/t

(b) dKjp/dt = 1e5 MPa-m"? s™!

1.0

x/t

(¢) dKpp/dt = 1e6 MPa-m"%s’!

Fig. 8. Effect of rate of change of
stress intensity factor on contours
of constant maximum shear stress
around the crack-tip



Dynamic Fracture in Graded Materials 297

velocity has the tendency to cause a
backward tilt in fringes but this is
compensated by the gradient in
Young’s modulus, which is increasing
in the direction of crack propagation.
As the rate of change of dynamic stress
intensity factor increases the fringes
start tilting backward (Figure 8(b and
¢)). The significant changes in pattern
of these contours around the crack-tip
suggest that the transient terms can
have a major influence on the crack-tip
field.

Figure 9 shows the effect of crack
tip acceleration (de/df) on contours of
constant maximum shear stress. The
value of dc/dt was varied over eight
orders of magnitude. Dally and Shukla
[28] also showed that the rate of
change of velocity at crack initiation
could be of the order of 10’ ms>
Changes in fringe size and shape up to
crack tip accelerations of 10° ms? are
negligible (figure 9a). Further increases
in acceleration result in a decrease in
size of fringes around the crack tip
(figures 9 b and c). It can also be
observed that the fringes begin to tilt
forward as crack tip acceleration
increases.

3.2.2 Contours of constant first stress
invariant

Figure 10 shows the effect of rate of
change of mode-I stress intensity factor

x/t

(@) de/dt =1 e 6 ms?

(c) dc/dr = 1 ¢ 8 ms™

Fig. 9. Effect of crack-tip
acceleration on contours of
constant maximum shear stress
around the crack-tip
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(dKp(t) /dfy on contours of constant
first stress invariant (OCxtoy,) in
functionally graded material. These
contours represent the isopachic fringe
patterns obtained in experimental
techniques such as holographic inter-
ferometery. These contours correspond
to @ = 0.570, Kip (1) = 1.0 MPa-m'?,
¢ = 650 ms"'and dc/dt = 0. The figure
shows that the transient effects do not
alter the structure of the contours very
close to the crack-tip as compared to
homogeneous material [27]. However,
slightly removed from the crack-tip,
the size and tilt of contours changes
significantly by introduction of
transient terms in the crack tip stress
field. It can be observed from figure 10
that as the rate of change of stress
intensity factor increases the size and
number of contours around crack tip
increases. The aspect ratio of the
contours changes and they become
elongated as the rate of change of
mode-I  stress  intensity  factor
(dKp(t)/dt) increases.

Figure 11 illustrates the effect of
crack tip acceleration on contours of
constant first stress invariant around
the crack tip. The figure shows that as
the crack tip acceleration increase
beyond the value of 10° ms™” the size
and number of contours around the
crack tip starts decreasing.

y/t

(©) dKuy/dt =1 e 6 MPa-m*%s™

Fig. 10. Effect of rate of change of
stress intensity factor on constant
maximum first stress invariant
(6wt oyy) around the crack-tip
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3.2.3 Contours of constant in-plane
displacements

Figure 12 shows the effect of rate of
change of Mode 1 stress intensity
factor on the contours of in-plane
displacement (u). The contours of
constant  in-plane  displacements
(u and v) represent the Moiré fringes,
which are sometimes used to measure
fracture parameters. It can be
observed from the figure that as rate
of change of mode-I stress intensity
factor (dKp(t)/dt) increases contours
become more dense which indicates
an increase in the value of the in-plane
displacements, u.

Figure 13 shows the effect of
crack-tip accelerations on the contours
of in-plane displacement (v). No
significant change is noticed in the
shape and size of contours until the
crack tip acceleration reaches
10° ms?, beyond which number and
size of contours around crack tip
decreases. It can also be observed that
the contours tilt away from crack face
as the acceleration increases.

4. Closure

A systematic theoretical analysis is
presented for development of crack tip
stress, strain and displacement fields
for a crack propagating at an angle
from the direction of property

x/t

(a) de/dt =1 ¢ 6 ms™

x/t

(c)dc/dt = 1¢8ms™

Fig. 11. Effect of crack-tip
acceleration on  contours  of
constant maximum first stress
invariant (Gitoy,) around the
crack-tip
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0
x/t

(a) dK;p/dt =0

e 05 0 0.5 1.0
x/t

(c) dK;p/dt =1 ¢ 6 MPa-m'? §7!

Figure 12. Effect of rate of change
of mode-I stress intensity factor on
constant in-plane displacement ()
around the crack-tip

yit

0 05
X/t

(a) de/df =1 ¢ 6 ms™

o 05 0 05 10
xft

(b) dc/dt= 17 ms™

Ny

0 05 1.0
x/t

(c) de/dt = 1¢ 8 ms™

Figure 13. Effect of crack-tip
acceleration on contours of
constant in-plane displacement
(v) around the crack-tip
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gradation in an FGM. The crack tip fields were obtained through an
asymptotic analysis coupled with displacement potential formulation.
These stress, strain and displacement fields were developed for
exponentially varying property gradation. This analysis showed that for a
crack propagating in the direction of property variation, the leading term
of the expansion still has the classical inverse square root singularity.
However, the higher order terms differ considerably from their
counterparts in homogencous materials, which alter the nature of the
stresses around the crack tip. These stress and displacements fields are
used to generate the synthetic contours of constant maximum shear
stress, constant stress invariant and constant in-plane displacement. The
contours very close to the crack tip were found to be identical to the
homogeneous materials. However, as one moves away from crack tip,
contours start deviating from the homogeneous materials showing the
affect of nonhomogeneity.

Motivated by the transient nature of the growing crack-tip, an
approximation of the near-tip field in the form of an asymptotic
expansion has been introduced. The higher order terms in the expansions
take into account recent past history of the stress intensity factor and
crack motion. The re-examination of the crack-tip fields for
elastodynamic crack growth in FGMs under transient conditions has
potential to significantly alter the crack-tip fields from the commonly
assumed steady state crack propagation. This was shown by discussing
the effect of crack tip acceleration and rate of change of stress intensity
factor on synthetically generated contours of constant maximum shear
stress and constant stress invariant. It was found that transient effects
cause significant spatial variation in these contours. Therefore, in
studying dynamic fracture of FGMs, it is appropriate to include the
higher order transient terms in the crack tip fields for the situations of
sudden variation of stress intensity factor or crack tip velocity.
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Appendix
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On substituting Egs. (24) and (26) in Eq. (6) the in-plane displacements

(u, v) can be obtained as
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In-plane strains can be obtained using these displacements in Eq. (A-2)
as
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By substituting Eq. (6) in to Eq. (5), in-plane stress component can be
written in terms of displacement potentials @ and ¥ as,
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where p =3 -4y for plane strain and , - 3=V for plane stress
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Chapter 8

Dynamic Fracture Initiation Toughness at
Elevated Temperatures With Application to
the New Generation of Titanium Aluminides

Alloys
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*NASA Glenn Research Center
Cleveland, OH 44135

Recently, a new generation of titanium aluminide alloy, named Gamma-Met
PX, has been developed with better rolling and post-rolling characteristics.
Previous work on this alloy has shown the material to have higher strengths at
room and elevated temperatures when compared with other gamma titanium
aluminides. In particular, this new alloy has shown increased ductility at
elevated temperatures under both quasi-static and high strain rate uniaxial
compressive loading. However, its high strain rate tensile ductility at room and
elevated temperatures is limited to ~ 1%.

In the present chapter, results of a study to investigate the effects of loading
rate and test temperature on the dynamic fracture initiation toughness in
Gamma-Met PX are presented. Modified split Hopkinson pressure bar was
used along with high-speed photography to determine the crack initiation time.
Three-point bend dynamic fracture experiments were conducted at impact
speeds of ~1 m/s and tests temperatures of up-to 1200°C. The results show that
the dynamic fracture initiation toughness decreases with increasing test
temperatures beyond 600°C. Furthermore, the effect of long time high
temperature air exposure on the fracture toughness was investigated. The
dynamic fracture initiation toughness was found to decrease with increasing
exposure time. The reasons behind this drop are analyzed and discussed.

310
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1. Introduction

The design of structures against catastrophic failure requires the
knowledge of material fracture properties over a wide range of loading
rates and service temperatures. These properties include crack initiation,
propagation and arrest. For aerospace applications, events such as soft
foreign object damage (bird strike), hard foreign object damage (debris),
and engine fan-blade containment under catastrophic failure require a
detailed knowledge of the fracture behavior of all materials considered in
such events. However, these events involve both high loading rates
combined with elevated temperatures.

Over the last two decades, the gamma titanium aluminides have
been evaluated as candidate aerospace materials to replace the heavy
nickel-based superalloys. However, poor ductility and low fracture
toughness have remained the primary road blocks for the full
utilization of these alloys. Over the last decade, a large number of
experimental studies have been performed to evaluate the fracture
toughness of gamma titanium aluminides; the results of these studies
have provided valuable information to relate the fracture toughness to the
chemical composition'?, microstructure and microstructural features®”.

However, most of the aforementioned previous work has focused on
determining the quasi-static fracture toughness of gamma titanium
aluminides, and the dynamic fracture toughness of these alloys has been
studied by relatively few researchers. Enoki and Kishi® investigated the
effect of loading rate on the fracture toughness in fully lamellar and
duplex Ti-48Al (at.%) microstructures using the Charpy impact machine.
They also investigated the relationship between dynamic fracture
toughness, grain size, and the volume fraction of the y phase. The
fracture toughness was found to decrease with increasing colony size,
and increase with increasing volume fraction of the y phase. Sun et al.’
studied the fracture toughness of fatigue pre-cracked three point bend
specimens of Ti-45Al1-1.6Mn (at.%) at impact velocities up to 10 m/s in a
servo hydraulic test machine. They showed that the fracture toughness of
the material was about 25 MPa.m'?, and was independent of the impact
speed.
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At high strain rates and elevated temperatures, Matsugi et al'®
studied the Charpy impact properties at clevated temperatures for two
different types of spark sintered Ti-53Al (at.%) microstructures in the
notch region. The test temperature ranged from room to 1100°C, and the
impact-speed employed in these tests was about 2.5 m/s. It was found
that the Charpy impact energy increased monotonously with an increase
in test temperature, However, the maximum load measured by the
instrumented Charpy machine showed an increase at test temperatures up
to 600°C for first microstructure and 520°C for second microstructure,
and was almost the same at each temperature for the two microstructures.
However, beyond these test temperatures the maximum load shows a
continuous drop up to 1127°C. Although this behavior could be
explained in terms of a change in fracture mode from trans-granular to
mixed inter-/trans-granular to predominantly intergranular with
microvoids at the higher temperature, no attempt was made to correlate
the uniaxial behavior of the material to the measured Charpy energy.
Similarly, Fukumasu ef al."' studied the dynamic fracture toughness of
Ti-45A1-1.6Mn (at.%) alloy at elevated temperatures and at loading
velocities of 0.1 m/s and 1 m/s using a servo hydraulic machine. The
fracture toughness at 0.1 m/s was observed to be always slightly higher
than that measured at 1 m/s. Moreover, the fracture toughness increased
with increasing test temperatures for all impact velocities up to 600°C,
followed by drop in fracture toughness. This behavior was also
consistent with uniaxial test data for this material, which showed a yield
anomaly at 600°C.

Although gamma titanium aluminides is targeted for an operating
temperature of 900°C, embrittlement by oxidation has limited the
maximum temperature to 700°C. Several authors had attempted to study
the effect of chemical composition, microstructure, and environment on
the oxidation behavior of gamma titanium aluminide systems. Most of
these studies have focused on oxidation kinetics and scale structure while
little has focused on oxidation effects on mechanical properties. Studies
on the scale structure had shown that the outermost scale layer is TiO,
and the subsequent layers are a mixture of TiO, and ALO; *'* The
effects of various alloying elements have been studied with Nb appeared
to be the most influential element as it provides an effective barrier to the
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oxidation rate'’. Other alloying elements such as Si, Cr and V were also
found to improve oxidation resistance'® "’

With regards to oxide scale effects on the mechanical properties,
Cheng'® and Huang et al."” studied the effect of thermal exposure at
700°C for up to 3000 hours on the stability of various gamma
microstructures. Their studies showed that although there was evidence
of micro-structural instability, it did not lead to degradation in
mechanical properties of these alloys. However, this was contrary to the
findings of Loretto et al?®, who observed that the microstructural
changes were accompanied by a significant drop in mechanical
properties as o, phase changes to the y phase. Similarly, Wright and
Rosenberger’’ reported degradation in fatigue properties after high
temperature air exposure of certain gamma alloys tested at elevated
temperatures, with the largest effect being in the temperature range 500-
550°C. A detailed study by Pather er al.** showed that including the
surface scale lead to a significant drop in tensile strength. Moreover, this
drop was dependent on the alloy composition and the materials restored
their strength after machining the surface layer.

Recently, due to the ingoing efforts, a new generation of gamma
titanium aluminides, named Gamma-Met PX, has been developed by
GKSS of Germany in cooperation with Plansee AG of Austria. Gamma-
Met PX is available in both sheet and bulk forms. It has better rolling
characteristics and improved post-rolling mechanical properties.
Moreover, it does not need the costly fabrication processes typically used
for intermetallic components. Shaping and forming can be carried out at
relatively low temperatures to produce parts which are more uniform
than those obtained with other methods. Components can be
economically fabricated in normal production settings with the same
equipment as that used for conventional titanium alloys®. The lack of
information about this material, and its potential use for air frames as
well as aero-engine components makes it important to understand its
fracture behavior not only due to impact loads but also coupled with
elevated temperatures. Recent study by Shazly et al* has shown that
Gamma-Met PX has high strength at room and elevated temperatures
when compared with other gamma titanium aluminides. It also showed
increased ductility at elevated temperatures under quasi-static uniaxial
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loading and under high strain rate compressive loading. However, the
high strain rate tensile ductility at room and elevated temperatures was
limited to a maximum of 1%. In a recent study, Draper et al.”> observed
that the ductility of Gamma-Met PX falls off after exposure at 700 °C and
800°C for 200 hrs in air and dry oxygen. However, after removal of the
surface layer, the material’s ductility was restored. Different
embrittlement mechanisms were investigated. While no microstructural
instability was found, hydrogen embrittlement was found not to be
responsible for the loss of ductility. The most probable source for the
loss of ductility was attributed to subsurface oxidation; however,
microhardness indentations close to the surface did not reveal any
information.

In the work presented in this paper, a series of experiments was
conducted to determine the dynamic fracture initiation toughness of
Gamma-Met PX at room and elevated temperatures. Moreover, the role
of oxide scale, formed by long time high temperature air exposure, on the
dynamic fracture initiation toughness was investigated. Three point bend
sample were used to obtain conduct the dynamic fracture tests using the
modified split Hopkinson pressure bar at both room and elevated
temperatures. For the study involving the effect of high temperature air
exposure on fracture initiation toughness, the samples were exposed at
700°C for 100 hours, 200 hours, and 300 hours, in air prior to testing at
room temperature.

2. The Modified Split Hopkinson Pressure Bar (MSHPB)

For years the Charpy test has been the method of choice for classifying
materials and to determine their ductile to brittle transition temperatures;
this has primarily been because the Charpy test is relatively inexpensive
and easy to perform. The instrumentation of Charpy test, by attaching a
strain gage on the tub and/or on the specimen, has permitted the
determination of the load-time history upon impact. The time-load
history can be used along with the classical quasi-static facture
mechanics analysis to obtain the relevant fracture mechanics parameters.
However, due to the effects of inertia, the load obtained from the strain
gages oscillates about the actual load. Moreover, the time at which the
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maximum load is reached does not coincide with the crack initiation
time”™. Therefore, the determination of the dynamic fracture initiation
toughness based on the maximum load and simple quasi-static formula
for stress intensity factor may lead to incorrect results. As a better
alternative, the Modified Split Hopkinson Pressure Bar (MSHPB)
technique, shown in Fig. 1, which makes use of the one dimensional
wave propagation theory in elastic bars, can be used to determine the
load-displacement history at the load point on the specimen during the
impact loading process. The advantages of MSHPB over Charpy
methods include (a) its relatively simple set-up, (b) accurate
determination of both the load and the load-point displacement using
one-dimensional wave analysis, and (¢) minimization of material inertia
effects.

The first implementation of the MSHPB began in the mid 1980’s with
the work of Ruiz and Mines”’. They used two strain gage stations on the
incident bar to measure the incident and reflected stress waves and used
them to infer the load and displacement at the specimen. The same
technique was employed by Bacon et al.*® for the determination of the
dynamic fracture toughness of PMMA. In the late 1980’s, Yokoyama
and Kishida®® used the same technique but supported the specimen in two
transmitted bars. Four strain gage stations were employed, one on the
incident bar, two on the transmitted bars, and one on the specimen near
the crack to detect the onset of crack propagation. In their work, based on
the arrival of the transmitted waves, they concluded that the specimen
lost contact with the support for very short period of time. Weisbrod and
Rittel’® and Rittel ez al.*' used the MSHPB in a one point bend impact
configuration to determine the fracture toughness of relatively small
sized specimens.

The MSHPB technique has been successtully used by several
researchers to determine the fracture initiation toughness in different
systems of materials. For example, Irfan et al.* in the dynamic fracture
of discontinuously reinforced aluminum composites, Popelar et al.® in
the dynamic fracture toughness of 4340 steel, Martins and Prakash® in
the dynamic fracture of linear medium density polyethylene, and more
recently Evora and Shukla® in the characterization of plyester/TiO,
nanocomposites.
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Fig. 1. Schematic of the Modified Split Hopkinson Pressure Bar utilized in the present
study.

2.1 MSHPB theory

Upon the impact of the striker bar to incident bar, a compressive stress-
pulse propagates down the incident bar towards the three-point-bend
specimen. The amplitude of this stress-pulse is controlled by the impact
velocity while the duration is controlled by the length of the striker bar.
The impact force is transmitted to the specimen at the incident bar
specimen interface, also referred to as the load-point of the specimen.
The wave propagation in the incident and the striker bars is shown
schematically in Fig. 2. In all experiments the impact-velocity must be
controlled such that the striker and incident bars remain essentially
elastic during the entire duration of the experiment.

The stress and particle velocity relationship that governs the
propagation of elastic longitudinal stress waves in the striker and the
incident bars are given by a system of 1% order hyperbolic partial
differential equations, i.e.

dx
F £ (pc), AV = const along gt = FcC. (1)

where, F is the axial force; p is the mass density; ¢ is the longitudinal
wave-speed in the bar; (pc) . A is the longitudinal impedance of the
striker and the incident bars; and V is the particle velocity.
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Fig. 2. Time distance diagram for the wave propagation in the MSHPB bars.

Using the method of the characteristics, the force and particle velocity
F ,V) at the loading point (State (4)) can be related to the force and
particle velocity in States (2), (3) and (5) by
E-F-F)
(pe), A
Note that in the present case, State 2 represents the incident wave,
State 3 represents the reflected wave and State S is a zero state, i.e. Fs=0,
and Vs=0. It is interesting to note that both force and load point
displacement can be expressed solely in terms of the forces F,, F; and
F,, and the longitudinal mechanical impedance of the incident bar. The

force and displacement at the loading point are expressed in terms of the
measured incident and reflected waves as

F()=F+F—F,and V(t) = )
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F(t)= AE[e, (1) + &, (1), ©

and
t
u(t) = cf{em (T) = €, (T)]dT. 4

0

2.2 Calculation of dynamic fracture initiation toughness

Nakamura et al*® have quantified the effects of material inertia in
laboratory three-point-bend fracture specimens. Their work suggested
several avenues to minimize such effects. In particular, they have shown
that the behavior of a dynamically loaded three-point bend specimen can
be characterized by a short time response dominated by discrete waves,
and a long time response that is essentially quasi-static. At intermediate
times, the global inertia effects are significant but the local oscillations at
the crack tip are small due to kinetic energy being absorbed by the crack
tip plasticity. Furthermore, to distinguish short time response from the
long time behavior, they defined a transition time,? , as the time at
which the kinetic energy and deformation energy in the specimen are
approximately equal. From this analysis they concluded that the effects
of material inertia dominate prior to the transition time, but the
deformation energy dominates at times significantly greater than ¢, .
Thus, for £ >> ¢, inertia effects can be neglected and quasi-static models
can be applied in the interpretation of the experimental results.
From the analysis of Nakamura er al.*, the transition time t,1s
given by
t, = DAZ 5)

c

o

where, W is the width of the specimen; A is a geometric factor; ¢, is the
wave speed; and D is a non-dimensional constant denoted by
A
D=¢— 6)
A

1,

T
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In Eq. 6, 4 is the instantaneous load point displacement, and A is the
rate of load point displacement, both being evaluated at =7, .

The quasi-static analysis conditions can be met by minimizing 7 .
This can be achieved by (a) decreasing the applied displacement rate, i.e.
by decreasing the impact velocity and/or employing a relatively low
impedance incident bar instead of the conventional maraging steel bar
employed in split Hopkinson bar apparatus, and (b) by decreasing the
width of the specimen. Following this, the fracture toughness initiation
can be calculated using the quasi-static formula’’

P
Kfsz(a/w)a @)

and

3£ a )
fla/W)= 2(1 . Qg)z/l;;)m ‘1.99 —%[l —%}{2.15 - 3.93[%] T 2.7[%] H

®)
In Eq. 7, P is the maximum load and is obtained from the experimental

load versus displacement plot, B is the specimen thickness, W is the
specimen width, §'is the span, and a is the crack length.

3. Experimental work

3.1. Material

Gamma-Met PX has a chemical composition of Ti-45A1-5Nb-B-C (at.%)
with Nb content higher than other classical gamma titanium aluminides,
which have usually a 2% (at.) of Nb. The material used in the present
study was supplied by Plansee AG in the form of sheets having a
thickness of 5.5 mm. Microstructural investigation (Fig. 3) shows that
the material consists of a duplex microstructure with some elongated
grains in the rolling direction. The duplex microstructure has been shown
to provide these alloys with the best tensile elongation combined with a
reasonable strength. The toughness is ranged between 10 and 16
MPa.m"? with low resistance to crack propagation®.
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(b)

Fig. 3. Microstructure of the as received Gamma-Met PX: (a) in rolling direction and (b)
normal to rolling direction.

3.2 Specimen design

The specimen used in the present study, shown in Fig. 4, was designed
according to ASTM E 812-91°®%. Due to the brittle nature of this material
no fatigue pre-cracking was performed, however, the notch was extended
1 mm beyond the V-notch using an EDM wire of diameter 0.006”
giving a notch radius of 75 um. A detailed study was performed by Pu
et al’ to determine the effect of notches and microstructure on the
fracture toughness of Ti-46.5A1-2.5V-1Cr (at.%) alloy. The fracture
toughness was found to be independent of the notch radius up to a certain
critical value after which the fracture toughness increases linearly with
the square root the notch radius. This critical notch radius for each
microstructure was comparable the grain size of the corresponding
microstructure. For the current study the average colony size is about
25 pm which is three times less than the notch radius. However, Gamma-
Met PX has a yield stress of about 1000 MPa, which is twice as that for
the material used by Pu ef al.”. This and the fact that when Pu ez al.’ used
a notch radius of one and half of the average colony size they reported an
increase in fracture toughness by 8.8% from the precracked specimen,
assure that the notch radius will have a minimal effect of the measured
fracture toughness of the material.
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Fig. 4. Three-point bend specimen used in the present study

3.3 Experimental setup

The schematic of the Modified Hopkinson Pressure Bar (MSHPB)
apparatus is shown in Fig. 1. In order to minimize the effects of
impedance mismatch between the incident bar and the specimen, the
incident bar is made from Aluminum 7075-T6 alloy. Also, in order to
generate a single well defined loading pulse, the striker bar is also made
from the same material as the incident bar. The diameter of the incident
and the striker bars is 19.05 mm and the radius at the end of the incident
bar that is in contact with the specimen, i.c. at the load point, is machined
to be approximately SOmm.

The incident and the reflected strain in the incident bar are measured
by a pair of strain gages attached to the surface of the incident bar at a
gage station. A pair of diametrically opposite semiconductor strain gages
(BLH SPB3-18-100-U1) is used to minimize bending effects. A 15V
Tektronix PS-280 power supply is used to power the Wheatstone bridge
circuit. The signal from the Wheatstone bridge circuit is amplified by a
differential amplifier having a cut off frequency of 1 MHz (Tektronix
5A22N) and recorded on a digital Oscilloscope (Tektronix TDS-420)
having a minimum frequency bandwidth of 100 MHz. The measured
strain profiles are used in conjunction with one-dimensional elastic wave
theory to obtain the load versus displacement history at the incident bar
specimen interface. The load versus displacement history is used along
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with principles of linear elastic fracture mechanics (LEFM) to obtain the
dynamic fracture initiation toughness.

For the high temperature experiments, the specimens were heated
using induction heating technique by using a water cooled Hiittinger TIG
10/100 RF generator. This generator uses 3-phase 230-V power line and
delivers a maximum power of 10 kW at 100 kHz. The power is coupled
to the specimen by using 0.125” copper tubing coils. In the present study,
a coil of 1.0” inside diameter and four round turns around the specimen
was used. The coil was shaped such that it allows the incident bar to pass
though it and contact the specimen. The temperature of the specimen was
monitored by thermocouple wires attached to the specimen surface near
the notch. A 0.015”chromel-alumel wire is spot welded to the specimen
to monitor the specimen temperature prior to the test. This allows testing
to be carried out over the range from room to 1200°C.

Prior to testing, the bar is moved away from the specimen, and the
heating process is started. The temperature is increased slowly until it
reaches 50 to 100°C above the desired test temperature. At this moment,
the heating system is shut down and the bar is moved manually and
brought in contact with the specimen. When the specimen is close to the
desired test temperature (usually 5°C above the test temperature) the
projectile is fired and the test is performed.

4. Results and discussions

4.1 Assessment of inertia effects

In the present study, in order to determine the influence of inertia, a
series of experiments were conducted at room temperature and impact
velocity ranging from 1.0 m/s to 3.6 m/s. The high speed camera (DRS
Hadland ULTRA 17) with a framing rate of 150,000/sec was used to
determine the crack initiation time and correlate it to the strain gage
measurements. Figure 5 shows an example of the strain gage signals
measured in one of these experiments at low impact speed (1 m/sec).
Using Egs. 4 to 7, the force-time diagrams is constructed and shown in
Fig. 6. The corresponding high speed camera frames are shown in Fig. 7
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Fig. 5. Strain gage output signal in MSHPB experiment no. Frac004.
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Fig. 6. Forces at states 2, 3 and 4 inferred from strain gage measurements for experiment
Frac004.
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Frame No. 13 67 sec) Frame No. 14 (87 usec

Frame No. 15 (307 psec) Frame No. 16 (327 psec)

Fig. 7. Selected frames from a video of experiment Frac004. Frames are also marked on
Fig. 6.

which shows clearly the coincidence of the load drop as shown in Fig. 6
to the crack initiation as observed from the high speed camera
photographs. Figures 8 and 9 show the force time diagram for
experiments performed at impact speed of 3.6 m/sec and the
corresponding high speed camera frames in Figs. 10 and 11. The results
of this series of experiments are summarized in Fig. 12. From Fig. 12, it
can be clearly observed that for impact speeds less than 2.5 m/sec, the
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Fig. 9. Forces at states 2, 3 and 4 inferred from strain gage measurements for experiment
Frac008.
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S 132 ;isec

Frame 13: 157 psec Frame 14: 162.5 psec

Fig. 10. Selected frames from a video for experiment Frac007. Frames are also marked
on Fig. 8.

crack initiation time coincides with the maximum load while for higher
mmpact speeds inertia effects dominate and the crack initiation time no
longer coincides with the peak load. The agreement of crack initiation
time with peak force in low impact velocity experiments is similar with
recent work conducted by Evora and Shukla® where they employed the
photo-elastic technique along with the high speed camera to determine
the crack initiation time, while for high impact velocities the
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Fig. 11. Selected frames from a video for experiment Frac008. Frames are also marked
on Fig. 9.

disagreement of crack initiation time with peak force is similar to the
work conducted by Kalthoff et al*® using a drop-weight machine and
Rittel ez al.*' using the MSHPB. This disagreement can be attributed to
either a complex stress wave pattern that is developed in the specimen
and/or inertia effects under the high impact velocity loading. However,
the results we obtained are consistent with the finite element analysis by
Nakamura et al.*® where for the current specimen design and slow
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loading rate (A=1 and ¢,=6622 m/sec) the transition time is ¢, ~15us .
Times corresponding to the maximum load for the high speed impact
experiments (~3.6 m/sec) are about 15 and 21 psec, respectively, which
are close to the transition times given by Eqs. 8 and 9 (shown in Figs. 8
and 9) and the corresponding high speed camera frames shown in
Figs. 10 and 11. In the present study, in order to avoid the effects of
inertia and assure fracture initiation at the maximum load, all the
elevated temperature dynamic fracture experiments were conducted at an
impact speed of about 1.0 m/s. Figure 12 shows an increase in the
dynamic fracture initiation toughness with increasing impact velocity up
to the point where the crack initiation time corresponds to the maximum
measured load. However, this contradicts the reported results for other
gamma titanium aluminides by Sun et al’® where the fracture toughness
initiation was found to be independent on the load rate and the results by
Fukumasu et al."' where the fracture initiation toughness was found to
decrease with an increase in loading rate.

40
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Fig. 12. Effect of impact speed on the crack initiation time.
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4.2 Elevated temperature dynamic fracture toughness of
Gamma-Met PX

To study the effect of test temperature on the dynamic fracture initiation
toughness of Gamma-Met PX, the elevated temperature MSHPB was
utilized. The temperatures were increased in steps of 200°C from room
temperature all the way up to 800°C after which the temperature was
increased in 100°C steps. Figure 13 shows the effect of test temperature
on the dynamic fracture toughness at crack initiation. The room
temperature dynamic fracture initiation toughness is about 22.5 MPa.m'?
and drops to about 13 MPa.m"? at 1200°C. Moreover, the dynamic
fracture initiation toughness is independent of the test temperature up to
about 650°C. Although, for most metallic materials the fracture
toughness is expected to increase with temperature, the observed fracture
behavior is consistent with results obtained Gamma-Met PX under
uniaxial dynamic tensile loading where the material shows a drop in the
flow stress while maintaining the same room temperature ductility*.
Under dynamic bend loading, where the material fails in a tensile mode,
the specimen is expected to fail at the same crack-tip opening

35
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25}
201s i RN

15F . -

K, (MPa.m'?)
‘
/

10F

ENETENTE EFEUTEEN ST RN TR SR
00 250 500 750 1000 1250 1500

Temperature (°C)

Fig. 13. Effect of test temperature on the dynamic fracture toughness initiation.
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displacement regardless of the test temperature. In addition, since with
increasing test temperatures, the material’s flow stress-drops, it is
expected that the material will require less force to initiate the crack.
These observations are also consistent with the results of Matsugi et al.'’
and Fukumasu ef al.'!.

Figure 14 shows the fracture surface of sample fractured at relatively
low impact velocity and test temperatures ranging from room to 1200°C.
The room temperature fracture is cleavage like fracture, as shown in
Fig. 14(a). With an increase in test temperature the fracture mode
changes from brittle cleavage to ductile like fracture with void growth.
At 600°C, Fig. 14(b), the fracture surface shows a mixture of cleavage
and ductile modes of fracture, while at higher temperatures the fracture is
essentially ductile.

(b) 600°C

(c) 900°C (d) 1200°C

Fig. 14. Fracture surface morphology for samples tested at low impact velocity and test
temperatures ranging from room to 1200°C
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4.3 Effect of long-time high temperature exposure on dynamic
Sfracture toughness of Gamma-Met PX

In this part of the study, the high temperature exposed specimens were
tested at room temperature using the same low impact velocity that was
employed in testing the as-received specimens at room and elevated
temperatures. Figure 15 shows the effect of exposure time on the room
temperature dynamic fracture initiation toughness. The toughness drops
from approximately 22 MPa.m"? at no exposure to about 12-13 MPa.m"?
at a long-time exposure of 300 hours at 700°C.

To understand the reasons behind the reduction in the dynamic
fracture toughness, the oxide morphology on the exposed samples was
investigated. In order to examine the exposed specimens under the SEM,
the samples were cut using ISOMET 4000 precision saw and with an
abrasive wheel #4207. The cutting speed was 2500 rpm and the cutting
force was set to 330 grams. These samples were then set in Buehler
Ultra-Mount ™ room temperature fast-setting epoxy. They were then
polished using Buehler Metaserv 2000 polishing machine. The SEM
micrographs for these samples are shown in Fig. 16. It is clearly shown

30
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Fig. 15. Effect of high temperature air exposure times on the dynamic fracture initiation
toughness.
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# £
(c) 300 hours

Fig. 16. SEM micrographs of oxide scale thickness formed after exposure at 700°C for
different times.
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that the oxide scale increases from 1.4310.64 um after 100 hours of
exposure to 2.6310.66 um after 200 hours and reaches 4.15+1.13 um
after 300 hours of exposure. However, the structure of the oxide scale,
analyzed using a microprobe, showed that it eventually consists of a
layer of TiO, and Al,Os, Ti/Al-N layer at the specimen-scale interface,
and an Nb enriched phase at the grain boundaries, as shown in Fig. 17.
Finally, nanoindentations on the subscale were performed on samples
prepared according the procedure listed above. A Hysitron Triboscope
head, mounted on Digital Instruments Dimension 3100™ atomic force
microscope, was used. The head transducer is capable of providing a
maximum force of 11000 uN and a maximum displacement of 4 um. The
nanoindenter tip used was a Berkovich tip with a radius of curvature of
100 nm to 200 nm. Three different force levels, i.e. 3000, 5000 and
7000 puN, were used to obtain the hardness at different locations. A
typical trapezoidal loading cycle of 5 seconds loading, 5 seconds dwell at
maximum load and 5 seconds for unloading was used in the indentation
process. Figures 18 to 20 show the hardness profile as function of
distance measure from the sample surface at different exposure times.
Although no distinction is found for samples exposed for 100 hrs and
those exposed for 200 or 300 hrs, the hardness profile in all cases
extended up to about 30-40 um. The simple fracture mechanics
calculation®” shows that the plastic zone (process zone) size under plane
strain conditions is about 21 um for a fracture toughness of 20 MPa.m"?
and yield stress of 1000 MPa, which is well inside the region of influence
of the hardness profile. Although the maximum scale thickness was
4.15£1.13 um, the extension of the region of “hardness-influence” is
attributed to the diffusion of alloying elements in this region. The most
influential element is most likely Nb, as shown in Fig. 17, and reported
by Schmitz-Niederau and Schiitze', where under elevated temperature
air exposure it had a higher concentration at the subscale than at the bulk
material. This could be the reason for the drop in fracture toughness of
the exposed samples. Also the extension of the profile to between 30-40
pm is somewhat consistent with what Draper ef al.®® reported for the
restoration of ductility upon the removal of 25-50 pm of the specimen
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surface layer. However, the drop in toughness as exposure time increases
could be attributed to the change in critical flaw size as the oxide scale
increases.

TiO,
AlLO
Ti203/A|203 =

Fig. 17. Near surface microstructure of an as-extruded sample exposed to 800 °C for
200 hours in air
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5. Summary

A new technique has been presented to determine the dynamic fracture
toughness initiation at elevated temperature. In the relatively low impact
velocity (less than 2.5 m/sec) experiments the fracture initiation
corresponds to the maximum load measured in the samples. At higher
impact velocities, however, the initiation occurs after the peak-load as
inertia effects become more dominant. The use of a notched specimen
has a minimal effect on the fracture toughness. The dynamic fracture
toughness initiation was found to decrease with increasing test
temperature and this can be correlated to uniaxial dynamic tensile
properties of Gamma-Met PX.

Long-time high-temperature air exposure were found to decrease the
fracture toughness in Gamma-Met PX. This drop could be attributed to
subscale embrittlement by Nb diffusion and an increase of the defect size
as the scale thickness increases with exposure time.
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The fabrication of nanocomposites using various techniques is
presented. In particular, the coupling of ultrasonics with an in-situ
polymerization technique to produce nanocomposite with excellent
particle dispersion, as verified by transmission electron microscopy
(TEM), is discussed in detail. Dynamic fracture toughness testing is
carried out on three-point bend polyester/TiO, nanocomposite
specimens using a modified split-Hopkinson pressure bar, and results
are compared to those of the matrix material. An increase in dynamic
fracture toughness relative to quasi-static fracture toughness is
observed. Scanning electron microscopy (SEM) of fracture surfaces is
carried out to identify toughening mechanisms. A relationship between
dynamic stress intensity factor, Kj, and crack tip velocity, a, is
established. Dynamic photoelasticity coupled with high speed
photography has been used to obtain crack tip velocities and dynamic
stress fields around the propagating cracks. Single-edge notch tension
and modified compact tension specimens were used to obtain a broad
range of crack velocities. Fractographic analysis was carried out to
understand fracture processes. Results showed that crack arrest
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toughness in the nanocomposites was 60% greater than in the matrix
material. Crack propagation velocities prior to incipient branching in
the nanocomposites were found to be 50% greater than those in
polyester.

1. Introduction

Advancements in material performance depend on the ability to
synthesize new materials that exhibit enhancements in their structural,
thermal, electrical, and optical properties, to name a few. Nanocomposite
materials are ideal materials to meet this challenge, as it has been shown
that they have the potential to deliver the aforementioned enhancements
oftentimes with minimal increase in weight, as well as with minimum
effect on other desired properties; a luxury not always realized with
conventional composites or metals. The building blocks of
nanocomposites are in the nanometer length scale, typically defined as
1-100nm. This is the range where phenomena associated with atomic and
molecular interactions strongly influence material properties.

Nanocomposites were first conceived by a group of researchers led
by Koichi Niihara, at the Toyota Central R & D Laboratories in Japan
just over 15 years ago. Observing that common reinforcement materials
for polymers such as glass fibers and clays were not homogeneously
dispersed at the macroscopic level, researchers hypothesized that a
nylon/clay hybrid using a layered silicate clay might have improved
results. Silicate stacks were separated into individual Inm thick platelets
and dispersed throughout the resin. This dramatically increased the
polymer stiffness and strength without sacrificing its toughness. This
early pioneering research generated several commercial products for
Toyota as well as other companies, and simultancously sparked
excitement in the scientific community, thus stimulating a great deal of
interest in expanding the technology to other areas such as electronics,
medicine and health, space exploration, environment, energy, etc. The
expansion to these areas was facilitated by the invention in the 1980s of
instruments such as scanning tunneling, atomic force, and nearfield
microscopes which provided the “eyes” and “fingers” required for
nanostructure measurement and manipulation. As stated by Horst
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Stormer, Nobel Laureate, “Nanotechnology has given us the tools...to
play with the ultimate toy box of nature — atoms and molecules...The
possibilities to create new things appear limitless.”[1].

Polymer resins have been, and continue to be, the matrix of choice for
many high-performance components in the aerospace, automobile, and
electronics industry owing to their mechanical, electrical, and chemical
properties. However, some highly cross-linked thermosetting polymeric
materials such as unsaturated polyester for instance, are extremely brittle
owing to their covalently bonded network structure, and thus are poor
inhibitors of crack initiation and propagation. Nevertheless, researchers
have been able to improve their toughness with the addition of soft, as
well as rigid fillers [2-4]. These fillers typically take the form of spheres,
platelets, or tubes (see Fig. 1).

Fig. 1. Nanoparticle morphologies: (a) spherical; (b) tubular; (c) platelet.
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Fillers with tubular morphologies, in particular, carbon nanotubes
(CNT), have drawn a great deal of attention over the last decade.
Polymer/CNT composites have shown high mechanical strength and
good electrical conductivity at low filler concentrations [5,6]. The
enhanced eclectrical conductivity stems from the high aspect ratios of
CNTs [7,8]. It should be pointed out that, irrespective of the filler
morphology used, the degree of enhancement of a particular property in a
nanocomposite is highly dependent on the matrix/filler type system used,
the extent of filler adhesion to the matrix, and the level of dispersion of
the filler throughout the matrix.

Most of the mechanical characterization of nanocomposites done to
date has dealt primarily with measurements of elastic modulus, strength,
and quasi-static fracture toughness, in other words, they’ve dealt
primarily in the quasi-static regime [9,10]. However, an understanding of
the principles governing dynamic fracture is very important as it helps to
explain the response of materials to dynamic stimuli. Dynamic fracture
studies of conventional monolithic and composites materials often tend
to focus attention on the characterization of crack initiation and/or
propagation, with less attention paid to run-arrest behavior. However, an
understanding of the principles governing the latter is of great
importance, as it lends insight as to how the catastrophic failure of
materials can be stopped, or at the very least, subdued.

In this chapter, the fabrication of nanocomposites using various
techniques is presented and discussed. Particular attention is paid to the
in-situ polymerization technique which results in nanocomposites with a
uniform distribution of the filler material throughout the matrix. The
dynamic fracture characterization of nanocomposites via a crack
velocity/stress intensity factor relationship is then discussed in detail and
compared with that of the monolithic matrix.

2. Nanocomposite fabrication

The nanometer building blocks of nanocomposites possess an
enormous surface area which translates into a large number of interfaces
between the intermixed phases. It is believed that the special properties
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of nanocomposites arise from the interactions of its phases at the
interfaces. Consequently, in order to tap into this “nano effect” it is
essential that nanocomposite materials possess a well-dispersed filler
throughout the matrix. This, however, is not an ecasy task, as
nanocomposites tend to form agglomerates, or clusters, containing
numerous nanoparticles, that tend to negate the sought after “nano
effect”[11].

2.1 Fabrication techniques

Several techniques have been employed over the years to synthesize
nanocomposite materials. Sol-gel is a traditional method in which a
precursor of the filler, in the form of a solution, is mixed with a solvent
to form a solution. The monomer of the desired polymer is added to the
solution to undergo polymerization to form a gel. The gel is subsequently
dried to evaporate the solvent to form the nanocomposite [12]. This
method has been found to produce nanocomposites with a high level of
porosity, which may not be desired for commercial applications [13].
Melt intercalation is an approach that is typically used for the synthesis
of polymer/layered silicate nanocomposites. In this process, the polymer
and clay are mixed and heated for several hours above the polymer-melt
temperature, thus allowing the polymer chains to diffuse into the spaces
between the parallel layers of clay platelets [14]. Other researchers have
used hot pressing of powders and pressureless sintering as fabrication
methods [15-17].

In recent years the use of acoustic energy, or more specifically,
ultrasonics, has become a popular method to help disperse nano-fillers
within a matrix [9,10,18,19]. Some researchers have actually fabricated
nanocomposites by coupling ultrasonics with in-situ polymerization, a
technique in which the resin and filler are cast in a mold, and
subsequently polymerized [9,10,18]. A detailed description of such a
technique is presented in the next section.
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2.2 Coupling of ultrasonics with in-situ polymerization to fabricate
nanocomposites

The nanocomposite fabrication procedure reported here was
developed by Evora et al. [9]. Few nanocomposites are commercially
available and are very expensive. Furthermore, they are typically
available from the manufacturer in small pallets the size of a grain of rice
that must be melted and extruded into desired shapes suitable for
mechanical testing. On the other hand, general purpose resins are readily
obtained from manufacturers that are castable and easily cured using
relatively simple procedures. The sample resin described in this section
is a general purpose unsaturated polyester manufactured by Ashland
Chemical Company (MR17090), which is highly cross-linked,
transparent, and very brittle. The filler in this case was spherical TiO,
(titania) nanoparticles with 36 nm average diameter, obtained from
Nanophase Technologies Corporation. The particle size distribution was
such that 95% of the nanoparticles had diameters smaller than 60nm.
Mechanical and optical properties of the polyester resin and
polyester/1% vol. TiO, nanocomposites are shown in Table 1. This table
also shows properties of birefringent coatings which will be discussed
later.

Table 1 Mechanical and optical properties of polyester and polyester/1% vol. TiO,
nanocomposites, and PS-1A birefringent coatings.

Property Polyester Nanocomposite Coating
'Young’s Modulus, E

(GPa) 3.62 3.78 2.48
Initiation Fracture toughness, K;¢

(MPa-m'?) 0.54 0.85 N/A
Shear Modulus, G

(GPa) 1.53 1.58 0.91
IFringe Value, f,

(N/m) 28,000 N/A 7,000

Titania nanoparticles were added to 230 mg of polyester resin at
varying volume percentages, and mechanically mixed in a glass beaker
for approximately 5 min. The mixture was then placed in a vacuum
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chamber at 28 Torr for 5 min to remove trapped air bubbles generated
during the mechanical mixing process. After the deaeration process, the
mixture was poured into a stainless steel beaker surrounded by an ice
enclosure, and a 20 mm diameter acoustic probe from a Vibra-Cell
ultrasonic processor resonant at 20 kHz was used to disperse the
nanoparticles throughout the matrix. Ultrasonic energy was employed for
70 min in the pulsing mode (10 sec on, 10 sec off) for an effective
sonication time of 35 min. Although pulsing was primarily used to
inhibit heat build-up in the specimen, it additionally enhances material
processing by allowing the material to settle back under the probe after
each ultrasonic burst. The ice enclosure was simultaneously used to
inhibit heat build up. After the sonication process, the catalyst methyl
ethyl ketone peroxide (MEKP) and the accelerator cobalt octate were
added separately to the mixture and mixed thoroughly at 0.85 and 0.03%
by weight of polyester, respectively, to initiate and accelerate the
polymerization process. The mixture was then very briefly deaerated at
28 Torr to remove trapped air bubbles generated during the sonication
process. The brevity of the second deaeration process was necessary as
polymerization commences almost immediately after the catalyst and the
accelerator are added. The final mixture was poured into a rectangular
mold lined with thin (0.18 mm) mylar sheets to obtain smooth flat
surfaces. In order to prevent particle settlement at the bottom, the mold
was rotated at 2 rpm for at least 6 h until the mixture was rigid enough so
that particles could no longer migrate. The resin mixture was allowed to
cure at room temperature for 72 hours. After this time, the specimen was
taken out from the mold and post-cured in an air-circulating oven for
4 hours at 52°C followed by 5 hours at 63°C. After allowing the oven to
come down to room temperature, the specimens were taken out and
machined to desired shapes. The above procedure was perfected after
numerous iterations of different combinations of sonication times,
intervals, and resin quantities. The fabrication evolution is shown
schematically in Fig. 2.

Transmission electron microscopy (TEM) analysis of the cast
specimens was conducted to verify the level of nanoparticle dispersion in
the matrix. TEM micrographs of specimens containing 1, 2, and 3 vol.%
TiO, are shown in Fig. 3.
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Fig. 2. Nanoparticle fabrication process.

As can be observed, the fabrication procedure employed produced
nanocomposites with excellent particle dispersion, particularly in
specimens containing 1, 2, and 3 vol.% TiO,. Ultrasonics and in-situ
polymerization can therefore be easily combined to obtain adequate filler
dispersion within a matrix, so long as manufacturer’s curing
recommendations are followed, and initial trials are conducted to
determine optimum sonication times and intensities for desired filler
dispersion levels.

3. Dynamic fracture

Dynamic fracture studies involve the characterization of crack
initiation, propagation, and run-arrest behavior in materials. In linear
elastic brittle solids under small scale yielding, nonlinear deformations
and crack front irregularities are usually negligible, so that the stress field
surrounding a moving crack tip can be represented by a single parameter,
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the stress intensity factor, K. This fact has lead to the suggestion of a
dependence of crack velocity, a, on K. Although some debate has
surrounded this dependence [20], researchers have mnonetheless
characterized monolithic materials via the a -K relationship [21,22]. In
this section, the dynamic fracture behavior of polyester/TiO,
nanocomposites is presented via an a-K characterization, and via
dynamic fracture toughness testing.

Fig. 3 TEM showing nanoparticle dispersion. Volume fraction: (a) 1%; (b) 2%; (c) 3%.
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3.1 Dynamic fracture toughness characterization of
nanocomposites

3.1.1 Testing setup

Dynamic fracture toughness testing was carried out by loading three-
point bend specimens to failure in an instrumented modified split-
Hopkinson pressure bar (SHPB) apparatus (see Fig. 4). Polyester/TiO,
nanocomposite specimens were fabricated using the procedure described
in the preceding section. A description of the testing methodology is now
presented. In-depth theoretical details of the test methodology may be
found elsewhere [23].

Tncident bar

3-point bend specimen
Projectile / P P T~
l — | -

Strain gage

Rigid block

\

Fig. 4 Schematic of modified SHPB.

A cylindrical projectile was propelled down the barrel of a gas gun by
means of compressed air. Upon impact with the cylindrical bar, a
compressive pulse was generated, which traveled down the length of the
bar to the bar/specimen interface. Upon reaching the specimen, the
impact force of the pulse was transmitted to the specimen, which
ultimately loaded the crack tip. Incident and reflected strain-pulse
histories were obtained from two diametrically opposed strain gages
located at the mid-point of the bar. In an effort to minimize the effects of
impedance mismatch between the polyester-based nanocomposites and
the bar, the latter was made from polymeric LEXAN®. The projectile
and bar were both made from the same material in order for a well-
defined single pulse to be generated. The force history at the
bar/specimen interface was obtained using one-dimensional elastic wave
propagation theory according to the following relation [24]:
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F(t) = [&(t) + e(O]EA (1)

where F is the force, ¢; and ¢, the incident and transmitted strain pulses, £
the dynamic Young’s modulus, and A4 is the cross-sectional area of the
bar. Since the time to fracture was allowed to be sufficiently long, inertia
effects could be neglected, and the following mode 1 stress intensity
factor relation [25] could be used to calculate the dynamic fracture
toughness:

F(#)
Ki() = B\/TV_ f(a/W) 2)

where K is the stress intensity factor, B the specimen thickness, W the
specimen width, a the initial crack length, and fa/W) is a geometric
factor. The dynamic fracture toughness (Kip) then corresponded to the
value of stress intensity factor at the time of crack initiation, i.c.,

Kip = Ki(tinitia) 3

Photoelastic analysis using high-speed photography was initially used on
transparent polyester specimens to ascertain that the crack initiation time
thus obtained coincided with the peak force obtained using the modified
SHPB technique. This analysis also served to validate the value of Kip
calculated using Eq. (3).

3.1.2 Testing results

Fig. 5 shows the variation in dynamic fracture toughness obtained as
a function of volume percentage of TiO, nanoparticles. Also included in
the figure for comparison is the variation obtained by quasi-static loading
of specimens using an INSTRON machine. The error bars represent a
95% confidence interval resulting from the average of five tests
conducted at each volume fraction.

It should also be pointed out that in all the experiments using the
SHPB the projectile velocity was such that the loading rate was
approximately 6.9MPa-m"* (ms)”’. The dynamic profile obtained is
similar to that obtained using quasi-static loading, with the exception of
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an upward shift in the former. Moreover, in the dynamic case, there is no
precipitous drop in fracture toughness with the 4% vol. specimens.
Specimens containing 1% vol. (3.5% wt.) of TiO, particles yielded the
greatest increase in fracture toughness vis-a-vis the virgin polyester: 57%
and 75% respectively, for quasi-static and dynamic testing. Postmortem
scanning electron microscopy (SEM) analysis of the region near crack
initiation in specimens tested quasi-statically were conducted and are
shown in Fig. 6 for the case of virgin polyester and a nanocomposite
specimen containing 1% vol. TiO,. It was speculated that the increase
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Fig. 5. Quasi-static and dynamic fracture toughness as a function of %vol. TiO,
nanoparticles.

Fig. 6. SEM photographs of fracture surfaces resulting from quasi-static fracture
toughness testing. Volume fraction of TiO2 nanoparticles: (a) 0%; (b) 1%.
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in fracture toughness observed in Fig. 5 was related to the apparent
presence of toughening mechanisms, such as crack trapping and crack
pinning, believed to be observed in the SEM micrograph of the
nanocomposites.

3.2 Crack velocity — Stress intensity factor characterization of
Nanocomposites

Studies involving a -K; characterization to study dynamic crack
propagation have been conducted in monolithic materials [26-29]. To
date, however, to the best of the author’s knowledge, there has only been
one such study done in nanocomposites [2]. Moreover, dynamic fracture
studies often tend to center attention on the characterization of crack
initiation and/or propagation, with somewhat less attention paid to run-
arrest behavior. An understanding of the principles governing crack
arrest is nonetheless of great importance, as it lends insight into how the
catastrophic failure of materials can be stopped, or at the very least
subdued, once crack propagation has occurred. Details surrounding the
experimental procedure and analysis of such a characterization
conducted in polyester/Ti0, nanocomposites are now presented.

3.2.1 Specimen geometry

In order to capture the large velocity gradient (crack arrest and crack
branching) inherent in an a -K characterization of a material, more than
one specimen geometry is typically needed. Modified compact tension
(MCT) and single-edge notch tension (SENT) are geometries commonly
used for this purpose; photographs of both geometries are shown in
Fig. 7.

The MCT specimen geometry is known as a decreasing-K geometry,
whereas the SENT specimen geometry is known as an increasing-K
geometry. Thus, MCT specimens were used to capture velocities
approaching crack arrest values, and SENT specimens higher
propagating velocities.



352 A. Shukla, V. Evora and N. Jain

(b) 76

200

le 150 N|

Fig. 7. SENT (a) and MCT (b) specimens (dimensions in mm).

The MCT specimen was composed of sheets from two different
materials, Plexiglas and polyester/TiO, nanocomposite. The reason for
the two-part specimen had to do with the limitation on the amount of
nanocomposite material that could be fabricated using the technique
previously discussed, while still maintaining a good dispersion of
particles within the matrix. The large circular hole was made on the
separate sheet of Plexiglas, and the two pieces were bonded using extra
fast setting epoxy adhesive. The crack was subsequently machined.
Plexiglas was chosen as a suitable mating part because of its
compatibility with polyester in terms of density and modulus. Starter
notches were made on all specimens with a band saw. Sandpaper was
then used to round the blunt notch and to eliminate microcracks induced
during the cutting operation. The normalized crack length a/W, where W
is the specimen width, used for the SENT and MCT specimens were
0.125 and 0.31, respectively. In order to ensure failure in tension and to
guide the propagating crack in a straight line, shallow face grooves were
made on both sides of the specimens. Crack detection gages (CD-02-
10A, Micro Measurements, Inc.) were bonded near the starter notch to
detect the initiation of fracture.
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3.2.2 Birefringent coatings

Birefringent coatings are typically employed to conduct photoelastic
studies on opaque specimens, such as the polyester/TiO, nanocomposite
discussed herein. Birefringent coatings allow for displacements at the
specimen/coating interface to be transmitted without amplification or
attenuation. Unlike strain gages, birefringent coatings allow whole field
response. In this study, a split birefringent coating technique is employed,
in which the coating is placed on both sides of the specimen, and a small
distance (2mm) away from the anticipated crack path (Fig. 7).
Birefringent coatings consisted of 3mm thick polycarbonate sheets with
vacuum deposited aluminum on the back surface. The sheets were cut to
desired dimensions while using liberal amounts of cooling fluid to ensure
minimum development of residual stresses. Extra fast setting epoxy
adhesive was used to bond the sheets to the specimens. Coating
properties are shown in Table 1. Methods to account for the influence of
the coatings, as well a dynamic validation technique employed are
discussed later.

3.2.3 Specimen loading

An INSTRON 5585 apparatus and a crack-line-loading frame were
used to conduct experiments on SENT and MCT specimens,
respectively. SENT specimens were statically loaded to a predetermined
force value corresponding to initiation stress intensity factor, K o - Upon
reaching the prescribed load values, crack propagation was initiated by
tapping a sharp razor blade on the specimen notch. Once crack
propagation was initiated, crack detection gages mounted near the starter
notch triggered an electronic circuit that caused a high-speed camera to
commence taking a sequence of photographs of the isochromatics. MCT
specimens were loaded by expanding two semicircular split D’s to create
the loading configuration depicted in Fig. 7. The D’s were forced apart
by forcing a wedge into the split opening with the aid of a hydraulic
cylinder. The wedge force was monitored with an in-line load cell
calibrated to 0.23mV/N. Crack propagation was initiated using the same
procedure used with SENT specimens.
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3.2.4 Photoelastic analysis
3.2.4.1 Background

The method of photoelasticity has been used for many years to
conduct dynamic fracture studies [2,21,22,30-32]. It is based on the
stress-optic law that relates the optical properties of the material to the
stress field components [331. The relationship is given as:

2
_ O--] _0-2 O-J/y_o-xx 2 Nf
Tmax - = + =—9 4
2 \/( 2 ] > " n @

where 7,4 is the maximum in-plane shear stress, o; and o3 are in-plane
principal stresses, N is the fringe order, f, is material fringe value, and A
is the length of the optical path through the material. In the case where
photoelastic coatings are employed, /# corresponds to twice the coating
thickness. The stress intensity factor is obtained by combining the stress
optic law with dynamic stress field equations [32]. If the assumption is
made that the strains in the coating are equal to those in the specimen due
to adequate bonding, and that strain gradients through the coating
thickness are negligible, the stress intensity factor in the specimen can be
related to the stress intensity factor in the coating by [33]

ES1+0¢ .

Ky =Fgp——=<K (5)
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where E is the Young’s modulus, v is Poisson’s ratio, and the subscripts

¢ and s refer to the coating and specimen, respectively. F, is a

reinforcement correction factor that accounts for the fact that the coating

carries a portion of the load, causing the strain on the specimen to be

reduced by a certain amount. Fy, is given as

WS E€ 1+0°

Fo = B 100

(6)

where #° and h° are the thickness of the specimen and coating,
respectively.
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3.2.4.2 Testing setup

The schematic of the photoelastic configuration used to test MCT and
SENT nanocomposite specimens is shown in Fig. 8. Xenon flash lamps
were used as light sources to illuminate the specimen in the reflection
mode. Upon crack initiation, crack detection gages mounted near the
starter notch triggered the circuit and caused the camera to commence
taking a sequence of 16 photographs. Camera interframe times ranged
from 8-15usec depending on the specimen type and geometry used.
Interframe times were thus chosen to ensure that the dynamic fracture
event of interest was captured within the 16 frames.

Birefringent Coating

Light

Circular Polariscope

N\

High speed camera

Specimen

Fig. 8. Photoelastic setup for dynamic fracture study of nanocomposites.

3.2.5 Results and discussion
3.2.5.1 Validation of use of birefringent coatings

A birefringent coating validation experiment was initially conducted
using an innovative setup which permitted, in a single experiment, the
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simultaneous capture of isochromatics on the coating mounted on a
transparent specimen, and-on the specimen itself (Fig. 9).

The method involved the mounting of a coating on just one half of an
SENT polyester specimen. Polarizers were placed on either side of the
specimen so as to simultaneously form a light-field circular polariscope
on the transparent end, while allowing the other end containing the
coating to end up with a single polarizer. Flash lamps were then
positioned to illuminate the transparent end of the specimen from one
side, and the end containing the coating from the other side. Tensile load
was applied with the INSTRON machine until a load of 9600N was
reached. A sharp razor was then tapped in the notch to initiate fracture.
Figure 10 shows isochromatic fringes generated in the specimen and in
the corresponding coating as the crack propagated. It can be seen that the
fringes in the coating were of the same nature (Mode-I fringes) as those
developed in the clear specimen. Furthermore, Fig. 11 shows good
agreement (within 5%) between the stress intensity factors obtained from
analysis of the isochromatics developed in the specimen and in the
coating.

Light Source

Specimen

High speed

Birefringent
Coating

Circular Polariscope

Fig. 9. Photoelastic setup for validation of use of birefringent coatings.
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Frame 5, 130usec Frame 6, 14Susec Frame 7, 160usec Frame 8, 175pusec

Fig. 10. Coating validation experiment showing simultaneous isochromatic fringes
obtained on a polyester specimen and on the coating during crack propagation.
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Fig. 11. Good agreement of results from birefringent coating dynamic validation
experiment conducted on a polyester specimen.
3.2.5.2 Crack propagation and run-arrest profiles

Experiments were conducted on SENT and MCT specimens in order
to obtain crack propagation and run-arrest profiles. Crack tip velocities
were obtained by the curve-fitting and subsequent differentiation of
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experimental data from crack position versus time profiles. Typical crack
position versus time profiles pertaining to run-arrest and propagation
events are shown in Figs. 12 and 13 for polyester and nanocomposite
specimens, respectively. In both figures, respective polyester and
nanocomposite specimens were loaded to the same load levels.
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Fig. 12. Typical crack length versus time profile obtained using the MCT specimen.
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Fig. 13. Typical crack length versus time profile obtained using the SENT specimen.
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For the run-arrest case, the crack propagated in the nanocomposite
with an average speed of 260m/sec up to a crack length of 0.14m,
decelerating rapidly to 67m/sec in the following 0.01m. In the polyester,
the average crack velocity was 278m/sec up to 0.16m, decelerating to
72m/sec in the next 0.02m. Figure 13 shows typical propagation profiles
obtained using SENT specimens. In these particular cases, cracks
propagated with nearly constant velocities of 360m/sec and 660m/sec in
polyester and nanocomposites, respectively. Photographs of typical
fracture surfaces obtained using SENT polyester and nanocomposite
specimens are shown in Fig. 14.

Fracture surfaces in SENT polyester specimens were typically
characterized by three distinct patterns: mirror, mist, and hackle. The
emergence and severity of the hackle pattern was dependent on the level
of stress intensity factor. The fracture surfaces of nanocomposites, on the
other hand, were characterized by two patterns: mirror and rough (hills
and valleys).

Figures 15 and 16 show typical isochromatic fringes obtained using
polyester and nanocomposite SENT specimens.

@

Mirror Mist Hackle
(b)

Mirror Hills and Valleyé '

Fig. 14. Typical fracture surface patterns obtained using the SENT specimen. (a)
polyester; (b) nanocomposite.
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Fig. 15. Typical isochromatic fringes obtained using SENT polyester specimens.
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_
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Fig. 16. Typical isochromatic fringes obtained using SENT nanocomposite specimens.

Isochromatics from each of the frames were analyzed using the
procedure described earlier. Raleigh surface waves were also observed in
the nanocomposite and polyester specimens after the termination of the
main crack at the frontal boundary. The Raleigh surface wave speed (Cy)
in the nanocomposite and polyester were 1050m/sec and 1000m/sec,
respectively. This observation was significant because crack propagation
velocities discussed above approached 0.62 times the Cr in
nanocomposite, whereas in isotropic homogeneous materials crack
speeds are generally limited to 0.4 times Cy in the absence of
superimposed stresses. The high velocity ratio obtained indicates that the
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nanocomposite specimens can sustain higher velocitics before crack
branching occurs.

3.2.5.3 a-K Relationship

Results obtained above were compiled so that a constitutive
relationship between crack velocity and dynamic stress intensity factor
could be developed for polyester and polyester/TiO, nanocomposites.
Such relationship is shown in Fig. 17. The a - K; profile consists of three
distinct velocity regions: low, intermediate, and high. In the low-velocity
region, the velocity is very sensitive to changes in Kj, with the slightest
increase in K resulting in large velocity gradients. This region is
commonly referred to as the “stem” of the a- K; profile. In the
intermediate-velocity region the velocity becomes less sensitive to
changes in K, whereas in the high-velocity region large increases in K;
are required to produce small increases in velocity. The low-velocity
region ranges approximately from 70m/sec to 270m/sec and 70m/sec to

800
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700 | ® T, )
o Polyester ()
Y o® oglhee {°%
€ °
600 - P o
g ® ° Incipient branching
£ 500 ° /
= ~ O & ® O
2 400
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Fig. 17. Crack velocity vs. stress intensity factor relationship for polyester/TiO,
nanocomposites and polyester.
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300m/sec for polyester and nanocomposite, respectively, while the
intermediate region ranges from 270m/sec to 430m/sec and 300 to
630m/sec for polyester and nanocomposite, respectively. The high-
velocity region runs all the way to incipient branching at 460m/sec and
730m/sec for polyester and nanocomposite, respectively. It should be
pointed out that the a- K profile obtained in this study is similar to
those obtained by other researchers [21,21,28] on Homalite 100 and 4340
alloy steel, in that the three aforementioned velocity regions were
observed.

Crack initiation fracture toughness, Kjc, was higher than the
corresponding arrest toughness, Ky, by 8% and 4% in polyester and
nanocomposites, respectively. Crack arrest toughness observed in
polyester and nanocomposites was 0.5MPa-m'” and 0.82MPa-m'’,
respectively, obtained from the curve fitting of experimental data points.
The increase in Ky, was significant as it indicated premature crack arrest
in nanocomposites vis-a-vis the virgin material once catastrophic failure
had occurred. Ideally, one hopes to obtain a value of Ky, based on an
observed zero crack velocity. However, in this case, the lowest velocities
observed were around 70m/sec. Comparison of polyester and
nanocomposite propagation profiles in the high-velocity region revealed
that propagation velocities were approximately 50% higher in the
nanocomposites. An initial attempt to branching occurred at K; values of
1.3MPa-m"? and 2.2MPa-m"? respectively, for polyester and
nanocomposites; a 70% increase. These incipient branching values
represent 2.4 and 2.6 times the corresponding values of K¢ in polyester
and nanocomposites, respectively.

4. Closure

A discussion has been presented on the fabrication and dynamic
fracture testing aspects of nanocomposite materials; particular attention
has been paid to a polyester/TiO, system. Various conventional
nanocomposite fabrication techniques were briefly discussed, and an
in-situ polymerization fabrication technique using direct ultrasonification
was discussed in detail. TEM observations of specimens fabricated using



Dynamic Fracture of Nanocomposite Materials 363

this latter technique revealed that specimens containing 1, 2, and 3%
volume fractions of TiO, possessed excellent dispersion of nanoparticles
throughout the polyester matrix. It was also evident that in specimens
containing 4% vol. TiO,, more and larger nanoparticle agglomerations
were present, although the vast majority of these were still in the
nanometer size range. Ultrasonics and in-situ polymerization were thus
shown to be easily combined to obtain adequate filler dispersion within a
matrix.

Dynamic fracture testing aspects of using a modified SHPB on
polyester/TiO; nanocomposite were discussed. Test results showed that
dynamic fracture toughness was higher than quasi-static fracture
toughness for all volume fractions tested (0, 1, 2, and 3%), with
specimen containing 1vol.% TiO, nanoparticles possessing the highest
value (0.95MPa-m'?). Fracture surface features such as thumbnail
markings and out-of-plane flaking, as observed by SEM, indicated that
toughening mechanisms such as crack pinning and crack trapping are
inherent to the polyester/TiO, nanocomposite system; crack pinning
being the dominant type.

Experimental aspects surrounding the dynamic fracture constitutive
characterization of polyester/TiO, nanocomposites were discussed in
detail. Birefringent coatings were used to obtain isochromatics in the
opaque nanocomposite specimens. Dynamic photoelasticity combined
with high-speed photography was used to study crack propagation and
run-arrest events. Dynamic fracture constitutive characterization was
subsequently performed and results were compared with those obtained
using virgin polyester. A relationship was established between crack tip
velocities and dynamic stress intensity factors. Crack arrest toughness
increased by 64% in the nanocomposite relative to the virgin polyester,
indicating that the nanocomposite is a better suppressor of crack
propagation once catastrophic failure has occurred. The inability to
obtain a Ky, value based on a zero velocity was due to the abrupt
deceleration of the crack (2x10°g). At such high rates, interframe times
were not sufficiently low to capture a zero velocity arrest. Crack
propagation velocities in nanocomposites were found to be 50% greater
than those in the virgin polyester. The high ratio (62%) of propagation
velocity in nanocomposites to Raleigh wave velocity indicated that the
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nanocomposites could sustain higher velocities before the onset of
branching. In fact, initial attempt of branching values in the
nanocomposites were found to be 1.7 times those in polyester. Incipient
branching values were found to be 2.4 and 2.6 times the corresponding
values of K¢ in polyester and nanocomposites, respectively.
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