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Abstract The dynamic fracture behavior of layered archi-
tectures is experimentally studied. Specifically, crack pen-
etration, trapping, and branching at an interface are exam-
ined. A newly introduced optical technique called Digital
Gradient Sensing (DGS) that quantifies elasto-optic ef-
fects due to a non-uniform state of stress is extended to
perform full-field measurements during the fracture event
using ultrahigh-speed photography. By exploiting the
richness of two simultaneously measured orthogonal
stress gradient fields, a modified approach for extracting
stress intensity factors (SIFs) is implemented for propa-
gating crack-tips under mixed-mode conditions. The
method is first calibrated using a quasi-static experiment
complemented by finite element simulations before
implementing it for studying dynamic mixed-mode frac-
ture mechanics of layered configurations. The layered sys-
tems considered consist of two PMMA sheets bonded
using an acrylic adhesive with the interface oriented nor-
mally to the initial crack propagation direction. Interfaces
are characterized as ‘strong’ and ‘weak’ by their crack
initiation toughness. The dynamic fracture of monolithic
PMMA sheet is also studied in the same configuration for
comparison. The crack growth and fracture parameter his-
tories of propagating cracks are evaluated. The interface is
shown to drastically perturb crack growth behavior
resulting in higher dissipation of fracture energy by excit-
ing crack trapping, branching, and mixed-mode growth
mechanisms.
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Introduction

Transparent materials are used in various aerospace, automo-
tive, and military applications as windshields, protective can-
opies, face-shields, etc. In such applications, layered architec-
tures are routinely employed (e.g., safety or laminated glass)
to enhance their mechanical performance. The ability of these
materials to bear load, absorb energy, and remain transparent
upon impact is critical especially when human lives and crit-
ical instruments are involved [1, 2]. Hence, it is essential that
the mechanical fracture and failure characteristics of such
transparent materials and structures under impact loading con-
ditions are well understood. In this context, a few select lay-
ered polymethylmethacrylate (PMMA) architectures are stud-
ied in this work since PMMA is an optically transparent struc-
tural polymer used as a lightweight alternative in many engi-
neering applications including aerospace applications [3, 4].
In homogenous brittle solids it has been observed that a
crack usually propagates under locally mode-I conditions at
sub-Rayleigh wave speeds below the crack branching velocity
[5, 6]. Tt is also observed that even when an asymmetric far-
field load is imposed, a dynamically growing crack tends to
readjust itself to follow a locally mode-I path which makes it
physically difficult for it to propagate in mixed-mode or pure
mode-II conditions in homogeneous materials [7]. However
when a crack grows along a weak path in an otherwise ho-
mogenous solid, the tendency of the crack to branch or kink
out of the weak path is suppressed. This permits the crack to
propagate faster than in a monolithic solid at speeds as high as
the Rayleigh wave speed [8, 9]. When the crack reaches a
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critical speed, it is energetically favorable for it to branch
and produce multiple crack-tips. An interface if intro-
duced in such a homogeneous material can in principle
interfere with the crack propagation [10]. Depending on
its properties relative to the parent material, the interface
could alter the mechanics of fracture. A crack may arrest
at or get trapped in the interface depending on the direc-
tion of growth relative to the interface [11]. Further, a
crack trapped in an interface with its fracture toughness
distinctly different from the adjoining materials has a ten-
dency to branch, kink, or propagate straight ahead de-
pending on factors including the toughness of the inter-
face relative to that of the joined materials. If the interface
has a lower fracture toughness relative to the adjoining
materials, the crack tends to propagate as a trapped
mixed-mode crack. The dissimilarity in the moduli of
the joined materials, loading asymmetry, and geometry
also contribute to the mode-II component in such scenar-
ios [11-13]. Whether the crack advances along the inter-
face or kinks out of the interface depends on the fracture
toughness of the interface relative to that of the joined
solids.

From the above review it is evident that an interface
greatly affects the crack growth behavior. Previous studies
have reported mixed-mode dynamic crack growth involv-
ing interfaces using photoelasticity [7, 12, 14, 15] and/or
high-speed photography [13]. Coherent Gradient Sensing
(CGS) has also been used to study dynamically loaded
stationary crack-tips [16] as well as propagating crack
problems [17—19]. One of the earliest studies on dynamic
interface crack growth was carried out by Tippur and
Rosakis [17] using CGS wherein they reported unusually
high crack velocities approaching the Rayleigh wave speed
of the more compliant constituent of a bi-layered dissimilar
material as the crack propagated along an interface.
Subsequent investigations showed that the interfacial crack
speeds could become intersonic [7, 9, 20] and supersonic
[21, 22] in such bimaterials. Xu and Rosakis [14] have
visualized different modes of failure in homogeneous but
layered configurations subjected to impact loading and re-
ported various failure mechanisms involving inter-layer
and intra-layer cracking. Further, Xu et al. [7] have ex-
amined the effect of interface angle and its strength in a
homogeneous bi-layered system with an inclined inter-
face on crack penetration/deflection mechanisms. They
have reported that the angle of incidence of the crack
relative to the interface plays a significant role in its
penetration vs. deflection mechanisms. In a similar
study by Chalivendra and Rosakis [12], the effect of
crack velocity as it approaches the interface at an incli-
nation has been examined. Another recent study by Park
and Chen [13] reports crack growth visualization in glass
using high-speed photography. Specifically, they have

SEM

observed several interesting effects when a crack impinges
normally on an interface and its subsequent growth behavior.

Though many of the above mentioned studies have dealt
with the visualization of crack initiation and growth along
interfaces, quantitative examination of a dynamically
growing crack approaching a normal interface, subsequent
growth along the interface, and branching into the next
layer is sparse. Hence, the mechanics of a dynamically
growing crack entering and exiting an interface besides
growing within an interface in terms of crack velocities
and fracture parameter histories needs further insight.
This paper attempts to shed some light on these aspects
by examining the dynamic fracture of bi-layered PMMA
sheets. A relatively new full-field optical technique—
Digital Gradient Sensing (DGS) [23, 24]—is implemented
to visualize dynamic crack propagation and quantify crack-
tip parameters under mode-I as well as mixed-mode con-
ditions. Further, dynamic fracture behavior of layered
PMMA is comparatively studied relative to monolithic
counterparts to bring out the effects of an interface.

In the ensuing sections, the principle behind DGS and the
associated methodology employed in this work is briefly de-
scribed. First, the DGS technique is demonstrated for studying
mixed-mode crack problems using an edge cracked strip subject-
ed to far-field uniform tension. Next, the bi-layered specimen
preparation, interface characterization, DGS experimental setup
and the dynamic testing procedures are explained. This is follow-
ed by experimental observations and results including fractured
samples, stress gradient contours and fracture parameters such as
crack length, crack velocity, mixed-mode stress intensity factor
and energy release rate histories. Finally, the major findings of
the current study are discussed and summarized.

Digital Gradient Sensing

A schematic for the experimental setup for transmission-mode
DGS is shown in Fig. 1. In transmission mode DGS [23, 24] a
random speckle pattern on a planar surface, referred to as the
‘target’, is photographed through a planar, optically transpar-
ent sheet being studied. White light illumination is used for
recording random gray scales on the target. The speckle pat-
tern is first photographed through the specimen in its unde-
formed state to obtain a reference image. That is, a point P on
the target plane (xo - yo plane) is recorded by the camera
through point O on the specimen plane (x — y plane). Upon
loading, the non-uniform stresses due to the imposed loads
change the refractive index of the specimen in the crack-tip
vicinity. Additionally, the Poisson effect produces non-
uniform thickness changes. A combination of these, common-
ly known as the elasto-optic effect, causes the light rays to
deviate from their original path as they propagate in the
crack-tip vicinity. The speckle pattern is once again
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Fig. 1 The schematic of the
experimental setup for Digital
Gradient Sensing (DGS)
technique to determine planar
stress gradients in phase objects

[24] P

photographed through the specimen in the deformed state.
Then a neighboring point O on the target plane is recorded
by the camera through point O on the specimen plane after
deformation. The local deviations of light rays can be quanti-
fied by correlating speckle images in the deformed and

Fig. 2 Analytical contour plots
of ¢, and ¢, for (a) K;=0 and (b)
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reference states to find displacement components d, and J,.
The angular deflections of light rays ¢, and ¢, in two orthog-
onal planes (x-z and y-z planes with the z-axis coinciding with
the optical axis of the setup and x-y being the specimen plane
coordinates) can be computed if the distance between the
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Table1 Some properties and dimensions of cast PMMA used [23, 24]
Parameter Static value Dynamic value
Density 1010 kg/m’ 1010 kg/m®
Elastic modulus 3.3 GPa 5.0 GPa

Poison’s ratio 0.34 0.34

Elasto-optic constant -0.9%x1071° m*N -1.08x107"° m¥N
Thickness 4.5 mm 8.6 mm

specimen plane and the target plane is known. A detailed
analysis under paraxial conditions by Periasamy and
Tippur [24] shows that the local angular deflections are
related to the gradients of in-plane normal stresses as,

o(0y + 0y) ol
bp = CO'BT = CO'BE (1)
b — 820 o gl )

where C, is the elasto-optic constant of the material, B is its
initial thickness and /,=(o,+0,) is the first invariant of stress
for plane stress condition and o, and o, denote thickness wise
averages.

110 mm

25.2 mm

Fig. 3 Specimen geometry used for quasi-static mixed-mode tension
experiment
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Fig. 4 Experimental setup used for measuring mixed-mode crack tip
fields in a tensile strip using DGS. Inset shows close-up view of the edge
cracked specimen and the target

Using asymptotic expansion for /; in Equation (1), expres-
sions for angular deflections in case of a mode-I static crack-
tip become [25, 26],

o, —CB%—CBZAN( ) s )cos(g—z)e) (3)

¢y = -C BZAN< )r A %m((%—z)e) (4)

Similarly, expressions for angular deflections in case of a
mixed-mode (mode-I + -1I) static crack-tip are [20],

AN(%_I) (3 )cos<(];/—2>0) .
+Dy (%—1> r(52)sin < g —2) 9)

ol
= CeB—
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N=1
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I ER

where (7,6) denote the crack-tip polar coordinates, A,
=K; \/Z with K; being mode-I stress intensity factor
us

(SIF) and D, :KH\/% with K being mode-II stress
intensity factor. Using the above analytical expressions
(3)-(6) with N=1, the angular deflection contours are
plotted as shown in Fig. 2 for a mode-I and a mixed-
mode case. The tri-lobed contours with 120° symmetry

(6)
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Fig. 5 Speckle image of the target plate through the transparent edge
cracked specimen at (a) no-load and (b) far-field stress o.,~6 MPa. The
two black dots are 10 mm apart. (¢) Logarithm of the absolute of the
magnitude of FFT of the speckle pattern. (d) The histogram of the
speckle pattern

relative to the crack axis for ¢, and asymmetry for ¢,
in case of mode-I is evident in Fig. 2(a). For the mixed-
mode case on the other hand, the contours rotate rela-
tive to the crack axis as shown in Fig. 2(b). These
contours were generated using only the K-dominant
terms in the asymptotic expressions and hence the size
of each set of lobes are identical. However, in finite
geometries and/or transiently varying states of stress,
the size of each set of lobes could be different due to
the presence of higher order terms (N>1).

Overall Experimental Aproach

In this study, the proposed approach was first calibrated using
a quasi-static mixed-mode tension experiment using
transmission-mode DGS. A series of photographs of random
speckle pattern on a target plate was recorded through a rect-
angular tension specimen with an inclined edge crack. Initial
image was recorded in the undeformed state and subsequent
images were recorded as the specimen was loaded. Using 2D-
DIC (Digital Image Correlation) these images were correlated
with the reference image (in the undeformed state) to obtain
data representing ¢, and ¢,. From these orthogonal angular
deflections, mode-I and mode-II SIF values for each image
were evaluated using an over-deterministic full-field data
analysis. A finite element (FE) analysis of this experiment
was also carried out. Using regression analysis on crack open-
ing and crack sliding displacements, the mode-I and mode-II
SIFs were evaluated during FE simulations.

Subsequently, this approach was extended to study dynam-
ic mixed-mode crack propagation across interfaces in bi-
layered specimens. The geometry and loading configurations
were inspired from similar studies reported in the past [12—15,
27]. Yet, the sample size was relatively smaller due to the need
to control interface thickness (to be discussed later on). Again,
the random speckle pattern was recorded through the trans-
parent specimen during the transient event using an ultrahigh-
speed digital camera. Thirty-two pairs of images, each pair
containing one image each from the undeformed and de-
formed states, were recorded. Each image pair was analyzed
separately to obtain full-field DGS data as a rectangular array
in the region of interest. This was repeated for all 32 sets of
images. From this, angular deflections in two orthogonal di-
rections and subsequently SIF histories were evaluated. The
details regarding these are reported in the following sections.

Quasi-Static Mixed-Mode Crack
Specimen Preparation and Geometry

A 110 mmx25.2 mm rectangular specimen of 4.5 mm thick-
ness was machined from a cast PMMA sheet. Some of the
relevant properties of PMMA used in this study are listed in
Table 1. A 45° inclined edge notch of length 9.8 mm was
introduced into the specimen as shown in Fig. 3 using a dia-
mond impregnated circular saw of approximately 300 um
thickness. The crack-tip was sharpened by scoring the notch
tip with a fresh razor blade. The target plate used for DGS
measurements was prepared by spraying a fine mist of black
and white paints successively on a flat surface to create ran-
dom speckles. Two heavy black dots were marked 10 mm
apart on the target plate to relate the spatial dimensions on
the image to those on the target plate and the specimen.
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Fig. 6 (a) The Angular deflection contours (contour interval=4x
107 rad) around the mixed-mode crack tip in (a) global coordinates (x-
y coordinate system) for a representative load level obtained from DGS.
The contours on the left represent ¢, (in the x-z plane) and the contours on

Experimental Setup and Procedure

A photograph of the experimental setup used to demonstrate
DGS to study mixed-mode crack problems is shown in Fig. 4.
An Instron 4465 universal testing machine was used for load-
ing the specimen in tension and in displacement control mode
(crosshead speed=0.005 mm/sec). The speckled target plate
was located at a distance of A=27.3 mm from the specimen
mid-plane behind the specimen. A Nikon D100 digital SLR
camera fitted with a 70-300 mm focal length lens (with an
aperture setting of F22) and an extension tube was used to
record the speckles. The camera was placed in front of the
specimen at a distance (L) of approximately 1400 mm with
the camera focused on the target through the specimen.
Both the camera and the testing machine were controlled
using a computer. Two regular incandescent lamps were used
to illuminate the target plate uniformly. Incandescent light
source compensation setting was used to account for the
yellowness of the light source. During recording, a camera
resolution of 1504 %1000 pixels was used to acquire 8 bit
images.

A reference/undeformed image of the target plate speckles
through the crack-tip vicinity was recorded in no-load (load<
1 N) condition. As the sample was loaded gradually, the
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the right represent ¢,, (in the y-z plane) (b) local coordinate system (x'-)'
coordinate system) for a representative load level obtained from DGS.
The contours on the left represent ¢, (in the x-z plane) and the contours
on the right represent ¢, (in the y-z plane)

perturbed images of the target plate were recorded using
time-lapse photography at 20 frames per minute. Two repre-
sentative speckle patterns, one in the reference state and the
other in the deformed state, are shown in Fig. 5. The recorded
images correspond to 30 mm X 20 mm region on the specimen.
Using a pair of heavy black dots (see, Fig. 5(a) and (b))
marked on the target plate, the dimensions on image in terms
of pixels were related back to specimen/target plate dimen-
sions (1 pixel=approx. 20 pm on the target plane).
Sufficient care was also exercised to obtain a near Gaussian
distribution of gray scales for each image in the mid-range of
0-255 (8 bit) scale by positioning the lamps appropriately.
When examined carefully, it can be seen that the speckles
are noticeably smeared in Fig. 5(b) in the vicinity of the stress
concentration (particularly ahead of the crack-tip) whereas the
speckles are largely unaffected in the far-field.

Image Analysis

The 2D-DIC was carried out using ARAMIS® software.
A facet/sub-image size of 25x25 pixels with an overlap
of 10 pixels (i.e., step size of 15 pixels) was used dur-
ing speckle correlation. Each speckle covered approxi-
mately 9-10 pixels. The resulting data matrix of size
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Fig. 7 Variation of measured mixed-mode SIFs with far-field stress and
comparison with FE counterparts. (a) K; (b) Kj;

64x98 was exported to MATLAB for post-processing
including the evaluation of orthogonal angular deflec-
tions in the region of interest. The angular deflection
contours in the horizontal (x-z) and vertical (y-z) planes
(global coordinate system) for a select far-field uniform
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Fig. 8 Specimen configurations studied. (a) Monolithic (b) Bi-layered

Table 2 Characteristics

of Weldon 16 acrylic Adhesive properties and characteristics

adhesive

Parameter Value
Color Clear
Viscosity 800 cps
Working time 2-3 min
Fixure time 5-6 min
80 % strength 16 h
Specific gravity 1.02+0.04

tension of 6 MPa is shown in Fig. 6(a). A heavy white
line is overlaid on the resulting contours to represent
the edge crack.

Evaluation of SIFs

To facilitate analyzing DGS data in the local crack-tip coordi-
nates (x' and y"), the corresponding angular deflections ¢, and
¢,» were expressed in terms of ¢, and ¢, in the global coordi-
nates (¥, y) using the transformation angle « as,

by = P08 a+ @ sin (7)

Py = ¢ Sin a + P,cos (8)

Now, the angular deflections for a mixed-mode static crack-tip
can be expressed in the local coordinates as,

ol » | An (g—l)r(%’z)cos<(g—2> 9)
¢¢=CoBrr=CoB Y

g V=1L 4 Dy (%—1>r(%*2)sin< g —2> 9)

©)

N o) @) (Y-
e B%:_CBi AN<5 l)r( )sm<(2 2)9)

) (%_1>,(%72)m(<%—2) 0

—
—
=

=

where [,=(o,+0,)=(0,+0,) is used and (r,0) denote polar
coordinates defined as shown in Fig. 3, C; is the elasto-
optic constant of PMMA, B=4.5 mm is the initial thickness
of the specimen, 41 = K; % with K; being the mode-I
stress intensity factor and D; = Kj; % with K;; the
mode-II stress intensity factor. In this experiment, the SIFs
were evaluated using Equation (9) by employing an over-

deterministic regression analysis of the measured data and
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Fig. 9 (a) Photograph of the experimental setup for the interface
characterization. (b) Measured load-deflection response for fracture
specimens with 25 um and 100 pum interface thicknesses. (¢) Variation
of crack initiation toughness with interface thickness. (Note that all
interfaces have lower crack initiation toughness than the virgin material.)

N=4. (Alternatively, Equation (10) can also be used to

evaluate the SIFs; results presented here are based on
Equation (9)). Discrete angular deflection values around

SEM

the crack-tip in the region 0.4<r/B<1.5 and —135°<#<
135° were used in the regression analysis. This ensured
that the data used was sufficiently close to the crack-tip
yet outside the region of dominant triaxial effects near
the crack-tip [18]. This also indirectly helped in minimizing
the error in locating the crack-tip due to the edge effects intro-
duced by the image correlation operation.

Experimental Results

Figure 6(b) shows the orthogonal angular deflection plots for a
select far-field stress (0, ~ 6 MPa) in the local coordinate
system (x' and )'). A heavy white line is overlaid on the
resulting contours to represent the edge crack. It should be
noted that the contour lines adjacent to the crack faces and
specimen edges show unavoidable edge effects. It can be seen
that the angular deflection contours in the local coordinate
system ¢, and ¢, have similarities with the analytical angular
deflection contours for mixed-mode crack shown in Fig. 2(b).
The variation of SIFs obtained from the regression analysis of
measured data with the far-field stress (o..) levels are plotted
in Fig. 7. The error bars correspond to the SIFs obtained by
using different subsets in 0.4<7/B<1.5 and —135°<6<135°
range. A complimentary FE analysis was also carried out for
this experiment and SIFs were evaluated as described in
Appendix 1. The SIFs evaluated from the numerical simula-
tion is superimposed on the measured SIFs in Fig. 7. A good
agreement between the two is clearly evident.

Dynamic Crack Propogation in Bi-Layered
Specimens

Specimen Geometry and Preparation

Two different specimen geometries were used in this
study and are shown in Fig. 8. One of the geometries is
for a monolithic specimen whereas the other is a bi-
layered geometry. The layered specimen was prepared
by bonding two PMMA sheets (152 mmx50.8 mm of
thickness 8.6 mm) using a commercially available acrylic
adhesive, Weldon 16, whereas the monolithic specimen
was a single PMMA sheet (152.4 mmx101.6 mm of
thickness 8.6 mm). In case of layered configurations,
bonding surfaces of the constituent layers underwent ad-
ditional surface preparation prior to bonding. They were
first sanded using 400-grit sandpaper in the direction per-
pendicular to the thickness of the specimen and then
cleaned using lint free cloth soaked in isopropyl alcohol
to remove any residue. The two layers to be bonded were
placed on the bed of a drill press vise. The adhesive was
applied to one of the two bonding surfaces and both the
surfaces were squeezed against each other using the jaws
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Fig. 10 Schematic of the
experimental setup used for
dynamic fracture study (top view)

Delay Generator

Computer

of the vise. Steel spacers of required thickness were
placed between the two layers to control the resulting
interface thickness. The joint was cured for 24 h before
experimentation. The adhesive characteristics and proper-
ties are shown in Table 2. The properties of PMMA sheet
are shown in Table 1. A 40° V-notch was machined on
one edge of both monolithic and bi-layered specimens and
was subsequently extended into the specimen for 2 mm.
The extended notch was sharpened by scoring with a
sharp razor blade. The wedge shaped end of the long
impactor bar (see Fig. 11) matched the V-notch of each
of these specimens. The overall dimensions of both mono-
lithic and layered specimens were the same.

Flash lamp

Flash lamp / -

Specimen

Camera

Fig. 11 Photograph of the close-up view of the experimental setup used
in dynamic fracture experiments
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Interface Characterization

The interface was characterized by its quasi-static crack
initiation toughness. Three-point bend tests on edge
cracked geometry were used for this purpose. Two rect-
angular PMMA pieces of 70 mmx 15 mm and thickness
of 8.6 mm (see Fig. 9(a)) were bonded together to form
the test specimen. The bonding surfaces (8.6 mmx
15 mm) were prepared similar to the one used for prepar-
ing dynamic fracture specimens. The adhesive (Weldon
16) was applied to one of the surfaces, and the two pieces
were held in the drill press vise to bond the surfaces. A
pair of steel spacers of known thickness was placed be-
tween the bonding surfaces to obtain required bond thick-
ness. Specimens with various bond layer thicknesses from
25 um to 1.3 mm were prepared and were used to make
multiple 70 mmx15 mm fracture specimens from each
plate to measure interfacial crack initiation toughness. A
3 mm long disbond was introduced along the interface of
each sample during preparation. The specimen was left in
the vise for 24 h before performing the fracture tests.

An Instron 4465 loading machine was used to perform
symmetric 3-point bend tests. The specimen was loaded in
displacement control mode with a cross-head speed of
0.005 mm/sec. The load was applied on the interface of the
edge cracked beam samples (span=120 mm) as shown in
Fig. 9(a). The applied load history was recorded up to fracture.
Representative load deflection plots for two select interface
thicknesses are shown in Fig. 9(b). The samples fractured in
a brittle fashion and from the measured peak load and the

SEM
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Undeformed

Fig. 12 Speckle images in the undeformed (zop) and deformed (bottom)
states recorded by the high-speed camera though the bi-layered PMMA
specimen

specimen geometry the crack initiation toughness was evalu-
ated using Equation (11) [26]:

rs 39" [1.9975(175){2.1573.93@) + 2.7(5)2}]

K, =
"7 BwP 2(1426) (1)

, g=2

(11)
where, F is the peak load applied, S is the span, B is the
thickness of the specimen, w is the width of the specimen
and a is the initial crack length.

This was repeated for various interface thicknesses to esti-
mate the dependence of crack initiation toughness on interface
thickness. The results thus obtained are plotted in Fig. 9(c) for
different interface thicknesses. From the plot, it can be seen
that the crack initiation toughness decreases with the interface
thickness, especially after 75 um. Two cases, one with an
interface thickness of 25 um and another with 100 um were
chosen as the ‘strong’ and ‘weak’ interfaces, respectively. The
critical static mode-I SIF for neat PMMA was also measured

SEM

using symmetric 3-point bend tests and was recorded as 1.31=+
0.07 MPa\m (dotted line in Fig. 9(c)) which is higher than the
crack initiation toughness of both the interface thicknesses
studied. The weak and strong interface toughness were
~52 % and ~77 %, respectively, of virgin PMMA.

Experimental Setup and Procedure

Dynamic fracture study of monolithic and layered PMMA
specimens was carried out in conjunction with DGS technique
and ultrahigh-speed digital photography. The schematic of the
experimental setup used is shown in Fig. 10. A Hopkinson
pressure bar was used for loading the specimen. It included a
6 ft long cylindrical bar of 1 in. diameter with a polished
wedge shaped tip held against the unconstrained specimen
with an identical wedge shaped V-notch (see, Fig. 8). A
12 in. long, 1 in. diameter rod held inside the barrel of a gas-
gun was co-axially aligned with the long-bar and was used as
the striker. Both the long-bar and the striker-bar were made of
AL 7075-T6 eliminating any impedance mismatch between
them.

The image acquisition system included a Cordin-550 ultra-
high-speed digital camera capable of recording images at a
maximum rate of up to 2 million frames per second at a res-
olution of 1000 1000 pixels on 32 independent CCD sensors
positioned radially around a five-facet rotating mirror. The
imaging system also included two high-energy flash lamps
producing broad-band white light illumination. Experimental
parameters such as trigger delay, flash duration, framing rate,
the CCD gain and image storage were controlled using a com-
puter connected to the camera. A 28-300 mm focal length
macro zoom lens along with an adjustable bellows were used
for imaging. Further, an aperture setting of F5.6 was selected
to achieve a good exposure and focus with minimum gain
setting for signal amplification during high-speed imaging.
The specimen was at a distance of approximately 900 mm in
front of the camera. The specimen was placed on a flat adjust-
able platform with a layer of putty on the top and bottom edges
of the specimen, as shown in Fig. 11. The putty was placed to
achieve similar and ‘free’ boundary conditions at the top and
bottom surfaces of the specimen. A target plate with random
black and white speckles was placed behind the specimen at a
fixed distance A=29.3 mm away from the mid-plane of the
specimen to perform DGS measurements. A pair of heavy
black dots (see Fig. 12) were marked on the target plate to
relate the dimension on the image to the actual specimen/
target dimensions. The vertical long edge of the specimen
containing the V-notch was held against the wedge shaped
tip of the long-bar.

The region of interest in this study was around the in-
terface; hence the camera was focused on a square region
of 52 mmXx52 mm in the vicinity of the vertical interface
and on both of'its sides. Prior to loading, a set of 32 images
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Fig. 13 Photographs of fractured
specimens showing crack path
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of the target plate through the specimen in the undeformed
state were recorded at 200,000 frames per second and
stored. Sufficient care was also taken to obtain an approx-
imately Gaussian distribution of gray scales for each im-
age, typically in the mid-range of 0-255 (8 bit) scale by
positioning the lamps appropriately. Without changing any
camera settings, the striker was launched towards the long-
bar using the gas-gun at a velocity of ~15 m/s. When the
striker contacted the long-bar, a compressive stress wave

Fig. 14 Angular deflection
contour plots (contour interval =
8x10* rad) proportional to
stress-gradients in the x- and y-
directions for a monolithic
specimen. (Crack growth from
left to right)

was generated in the long-bar, which propagated along its
length before loading the specimen along the two inclined
faces of the V-notch. The duration of the stress wave pulse
generated was ~107 ps. When the striker contacted the
long-bar, a trigger signal was also generated. This initiated
recording of a second set of 32 images (deformed state) at
the same framing rate at a preset trigger delay of 445 us.
Thus, a total of 32 pairs of images in the deformed and
undeformed states were recorded at 5 ps intervals between
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successive images. Two representative speckle images record-
ed through the specimen in the region of interest, one in the
undeformed state and the other in deformed state for a layered
specimen configuration, is shown in Fig. 12. It can be seen that
the speckles are noticeably smeared in the vicinity of the prop-
agating crack-tip (in the deformed image) whereas they are
largely unaffected in the far-field. The interface is seen as a
translucent vertical line at the centre of each image. The corre-
sponding two images for each sensor were paired from the
undeformed and deformed sets and each of these 32 matched
pairs were correlated individually.

Image Analysis

The 2D-DIC was again carried out using the image analysis
software ARAMIS”. The recorded image corresponds to ap-
proximately 52 %52 mm? region on the specimen. Each image
was segmented into facets/sub-images consisting of 25 x
25 pixels during analysis. An overlap of 20 pixels (i.e. step size
of 5 pixels) was used during image correlation. Each speckle
covered approximately 4-5 pixels. This resulted in 194 %194
matrix of data points in the region of interest for each of the two
orthogonal angular deflection fields. Using MATLAB, in-plane
orthogonal deflections were evaluated using the known dis-
tance A between the specimen and the target planes.

Evaluation of Crack Velocities and Stress Intensity
Factors

The position of the crack-tip in each digitized image was used
to measure the instantaneous crack length. Using the crack
length history, crack velocity C was evaluated using backward
difference computations. Since two-orthogonal angular de-
flection fields are available from DGS for a propagating
mixed-mode crack, Equations (7)—(8) can be used to rotate
the instantaneous angular deflection fields from the global
coordinates to the local coordinates (x” and y”) along and per-
pendicular to the current crack-tip orientation as,

¢y (1) = ¢x(t)cos 0(2) + ¢, (¢)sin O(z) (12)
¢y (1) = = (1)sin 0(2) + ¢, (t)cos 0() (13)

Further, Equations (9)—(10) can be modified for a dynamically
propagating steady-state' crack as [19],

" The crack speeds in the interface vicinity show gyrations and
hence using transient crack-tip field descriptions [28] involv-
ing derivatives of SIF values are more appropriate. However,
in view of potential inaccuracies associated with numerical
differentiation of SIF values, a steady-state approximation is
adopted in this work.
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where f and g denote functions of instantaneous crack
velocity, and (r;,6;) denote the contracted crack-tip polar
coordinates for a growing crack. Further, (7,6, can be
expressed in the local Cartesian coordinates (x',y’) as,
r,:{()c’)ero&(y')z}”2 and 6, = tan™! % . The coeffi-
cients of 4(f) and D,(f) in the asymptotic series are related to
mode-I and mode-II stress intensity factors K f) and Kj(?),
respectively, as

Al(l) :K](l)\/% anle(t) :K]](l‘)\/%. (16)

For plane stress, the functions f and g are given by [18,
19, 29],

1 +’V> (1 + O(sz)(l_O(Lz)

j(C7 CL7CS) = ( = Jao o (1 a 2)2 andg(C; CL,Cs) (17)
LAS™ S

_ (1 +v> 205 (1-0t,?)
1—v 40(L065*(1 + 0652)2

where o = [1—”%—:’)C2 *and o5 = 1—%C2 :

In the above equations, C is the crack-tip velocity, C; and
Cy are longitudinal and shear wave speeds respectively, p is
the mass density, ;4 and v are shear modulus and Poisson’s
ratio respectively. Further, note that Equations (14—17) reduce
to the form of a dynamically loaded stationary crack in the
limit C—0.

To evaluate SIF histories, the angular deflection fields were
digitized by identifying the current crack-tip location and
crack direction. Subsequently the local Cartesian and polar

Fig. 15 Angular deflection contour plots (contour interval = 8x 10~ rad) p
proportional to stress-gradients in the x- and y-directions for a bi-layered
specimen with ‘weak’ interface



Exp Mech

(b) ¢y Contours



Exp Mech

coordinates were established. A number of discrete data points
(orthogonal angular deflection values) around the crack-tip in
the region 0.25<r/B<0.75 and an angular extent —135°<6<
135° were collected and stored. This ensured that data close to
the crack-tip where triaxial effects are dominant and the data
near the crack faces influenced by edge effects are largely
excluded from the analysis [18]. At each data point the angular
deflection components in global coordinate system as well as
their location were stored. These digitized data along with the
angle of rotation of the crack at that time instant were used in
Equation (14) for N<4 to perform an over-deterministic least-
squares analysis to estimate both mode-I and mode-II SIFs.
This process was repeated for all 32 pairs of images and for
each time step to generate SIF histories. Since the crack
growth occurred in mixed-mode conditions, the SIFs were
used to evaluate strain energy release rate, G, and mode-
mixity, ¢, as [30],

2 2
G(l) — KI (t) ;Kll(t);w(t) — tanfl <II<<III((;))> (18)

where F is the elastic modulus.

Experimental Results
Crack Path Selection and Angular Deformation Histories

Photographs of three fractured samples from each config-
uration representing monolithic and two layered speci-
mens with ‘weak’ and ‘strong’ interfaces are shown in
Fig. 13. The impact point is located on the left edge along
the V-notched faces of each image and crack propagation
direction is from the left to right as shown by the arrow-
head. In each case it is evident that the crack propagated
self-similarly under mode-I conditions until it reached the
interface vicinity. Differences in crack paths occurred sub-
sequently for layered configurations whereas for the
monolithic specimen, the crack continued to grow in a
self-similar path until it reached the final third of the un-
cracked ligament beyond which it deviated from its initial
path due to a loss of in-plane constraint [31] as it
approached the free edge. Figure 13(a) shows the crack
path for a monolithic specimen. Figure 13(b) and (c) show
crack paths for a weak and strong interface, respectively.
In these, more complex fracture patterns involving inter-
facial crack growth and mixed-mode crack branching in
layer—II are evident. Thus, the interface caused a single
mode-I crack in layer-I to branch into two nearly sym-
metric interface cracks before emerging as two mixed-mode
daughter cracks in layer-II. This clearly shows that the
introduction of the interface greatly perturbs crack growth
causing the crack to branch and create greater surface

SEM

area. In the specimen with a weak interface, the trapped
interface cracks traveled for a longer distance (~12 mm)
along the interface when compared to the specimen with a
strong interface (~4 mm). Further, the angle of emergence
of the two daughter cracks in layer-II is higher in case of
the strong interface (~28°) when compared to the weak
counterpart (~18°) as the crack emerged into layer-II.
Despite the intrinsic complexities, these experiments were
quite repeatable as detailed in Appendix 2.

Plots of angular deflection contours derived from the image
correlation data are shown in Figs. 14, 15, and 16. Note that
plots presented here are only for four select time instants for
the sake of brevity. (The angular deflection contours, the con-
tour levels and the scale bar are shown in the first plot in each
set and are applicable to the other plots as well.) In these /=
0 ps represents the time at which the crack initiated at the
original sharpened notch tip. In each figure, sets (a) and (b)
correspond to ¢, and ¢, contours, respectively.

Figure 14 shows angular deflection contours for a mono-
lithic specimen. The crack followed a nearly straight path
during the time window of interest suggesting a predominant-
ly mode-I behavior. The overall size of contours remained
approximately unchanged during crack growth suggesting a
constant stress intensity factors in the window of observation.
It should also be noted that ¢, contours are symmetric in shape
and magnitude with respect to the growing crack whereas ¢,
contours are only symmetric in shape but antisymmetric in
magnitude. Figure 15 shows angular deflection contours in a
layered material with a weak interface. Initially the crack
travels self-similarly in layer-I as in the monolithic specimen.
When it approaches the interface, a distortion in the lobes
ahead of the crack-tip for ¢, contours is evident while no
significant distortion is observed in the corresponding ¢, con-
tours. Later it can be seen that the interface causes the crack to
branch into two symmetric (with respect to the x-direction)
daughter cracks propagating along the interface in mixed-
mode condition as evident from asymmetric (relative to crack
growth direction) tri-lobed structures typical of crack-tip stress
gradient fields [16, 32]. Subsequently two daughter cracks
emerge from the interface into layer-II and propagate nearly
symmetrically, again under mixed-mode condition.
Interaction between these two daughter cracks can also be
observed as some of the contours of the upper branch are
linked with those of the lower branch.

The same distinct features at various time instants can be
observed in the angular deflection contours for the specimen
with a strong interface in Fig. 16. Major differences here in-
clude the extent of crack growth along the interface and angle
of emergence of the two daughter cracks into layer-II.

Fig. 16 Angular deflection contour plots (contour interval =4 x 10™* rad) p»
proportional to stress-gradients in the x- and y-directions for a bi-layered
specimen with ‘strong’ interface
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Fig. 17 Crack growth histories: (a) Crack velocity histories and (b)
Crack length histories, for specimens with ‘strong’ and ‘weak’
interfaces and a monolithic specimen. The region between the vertical
broken lines qualitatively represents the interface vicinity

Crack Growth Histories

Figure 17(a) and (b) show the plots of crack velocity and
length histories, respectively, for all the three configurations.
It should be noted that 7=0 ps represents the time at which the
crack initiates at the original notch tip. Five distinct regions in
the velocity histories can be seen for bi-layered specimens
relative to the monolithic counterpart. A pair of vertical bro-
ken lines is used to qualitatively demarcate the time instants at
which the crack-tip is in the interface vicinity. In region-I,
following crack initiation, a constant crack velocity trend for
propagation in layer—I under mode-I conditions can be seen.
The crack velocities of specimens with interfaces are similar
to that of the monolithic specimen in this region. In region-II, a
step increase in crack velocity for the two bi-layered cases is
observed as the crack-tip approaches the interface. This sug-
gests an increase in crack-tip driving force as stress waves

22 T T T T T T
| | s
Weak mterface ! ! Ky (Monolithio)
18+ : : —o— Ky (Monolithic) 2
1 | —e— Kj(Weak mterface)
o : : —o— Ky (Weak mterface)
K14 et 1
O= |
£ 10f .
3
&5
»n 06 1
02+ 1
_0'2 I 1 o | I I 1 i 1 L
20 40 60 80 100 120 140 160 180 200 220
Time(us)
22 T T —TTT T T T T T
[ et
Strong mterface | ! +— K (Monolithic)
18t : : —eo— K1 (Monolithic)
[ —e— K| (Strong mterface)
— f : : —e— Ky (Strong mterface)
2 M ) m/\k:\* —
(=)
= || F.M
§ 10 -t 1
2 | |
7 06Ff 'v
1\ 9l 3
A/he
02F e 1
(b)
-0.2 .

20 40 60 80 100 120 140 160 180 200 220
Time(us)

Fig. 18 Stress intensity factor (SIF) histories for a bi-layered specimen

with (a) weak interface and (b) strong interface and their comparison with

those for a monolithic counterpart

reflect off the interface, communicating to the crack tip the
presence of a region of weakness (relative to the monolithic
material) ahead. In region-III, a rapid increase in crack veloc-
ity (and crack length) is observed as the crack propagates
along the interface in the form of two trapped interfacial
crack-tips. The computed crack velocity in case of a specimen
with a weak interface is generally higher when compared to
the strong counterpart. This is in agreement with the higher
travel distance for the crack along the interface in case of a
specimen with the weak interface as compared to the strong
interface. In region-IV a rapid deceleration of the two daughter
cracks” can be seen as the crack is about to exit the interface
and penetrate layer-II. This is because of the resistance offered
by layer-II for the crack propagation as compared to the inter-
face as well as formation of two daughter cracks resulting in

2 Note that data for only one of the two cracks is shown in
Fig. 17.
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greater crack surface area. It can be seen that for a specimen
with a weak interface, the dip in crack velocity is greater when
compared to the one with a strong interface, which is to be
expected. Region-V shows crack velocities (and crack length)
in layer-1II for bi-layered specimens to be much lower relative
to the monolithic counterpart.

SIF, Strain Energy Release Rate and Mode-Mixity
Histories

The stress intensity factor histories for all the configurations
evaluated from the angular deflection fields and the least-
squares analysis discussed earlier is plotted in Fig. 18. The
set of vertical broken lines qualitatively suggests the interface
“vicinity.” Figure 18(a) shows SIF histories of a specimen with
a weak interface relative to a monolithic specimen. It can be
seen that K; for a monolithic specimen is nearly constant and
K7 1s oscillatory about zero for the duration of crack growth in
the observation window. This behavior is to be expected since
crack growth occurred in the monolithic case predominantly
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under mode-I condition. (It should be noted that oscillations
seen in the K; values about zero suggests the accuracy of the
least-squares analysis undertaken in this work.) Initially, K; for
the specimen with a weak interface is same as that for the
monolithic case but as the crack approaches the interface, K;
increases gradually to a peak value of 1.62 MPa\vm whereas
K remains nearly zero until it reaches the interface. Further,
as the crack enters the interface, K; drops while K;; increases
rapidly suggesting a significant increase in the shear compo-
nent and hence mode-mixity as the trapped cracks propagates
along the interface. When cracks penetrate layer-II, K; in-
creases to values above that in the monolithic configuration
before decreasing gradually whereas Kj; attains it peak value
of 0.41 MPaVm just as it emerges from the interface before
dropping off precipitously. (/¢ is worth noting that the values
of K; and Kj; in the interface and layer-1I are shown for only
one crack-tip (upper branch) in these plots and in reality there
are two daughter cracks to consider.) It can be seen that the
final K; for the specimen with a weak interface is much lower
than that of the monolithic case whereas Kj; is marginally
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Fig. 19 Strain energy release rate (G) and mode-mixity (¢/) histories for a bi-layered specimen with (a) weak interface and (b) strong interface and their

comparison with those of a monolithic counterpart
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higher suggesting a reduction in the final crack driving
force. Figure 18(b) shows the SIF histories of a speci-
men with a strong interface relative to the monolithic
counterpart. The sample with a strong interface also
shows similar distinct characteristics; a peak K; value
of 1.51 MPaVm and a peak K;; of 0.49 MPaVm. Final
K; values towards the end of the observation window
(with a substantially lower K;;) for bi-layered specimens
are much lower relative to the monolithic case demon-
strating that the introduction of an interface reduces the
stress intensity factors significantly as more energy is
expended in the formation of two daughter cracks and
new surfaces. It can also be seen that, throughout the
crack propagation, K; and Kj; for the specimen with a
weak interface is higher than the specimen with a strong
interface suggesting that more energy was dissipated in
the former.

The strain energy release rate (G) and mode-mixity (1))
histories evaluated using K; and K;; data are shown in
Fig. 19. Similar to the earlier discussion on SIFs, the same
distinct features can be seen in the G histories. The final G
for specimens with an interface (both strong and weak cases)
is much lower (~130 Nm ') than that of the monolithic coun-
terpart (~280 Nm '), shown in Fig. 19(a) and (b) (left), which
is about 54 % reduction without altering the weight to the
structure. (As noted earlier, the values of G in case of bi-
layered specimens, along the interface and in layer-1I, are
shown only for one crack-tip, the upper branch in these plots,
and in reality there are two daughter cracks to consider.)
Referring to the mode-mixity plots, the specimen with a weak
interface compared to the monolithic specimen, shown in
Fig. 19(a) (right), an oscillatory mode-mixity about zero can
be seen until the crack reaches the interface vicinity. As the
crack enters the interface, the mode-mixity increases rapidly
to a maximum value of ~39°. Subsequently, as the crack
emerges from the interface the mode-mixity decrease gradu-
ally to ~8°. In case of a specimen with a strong interface,
shown in Fig. 19(b) (right), similar features can be seen
as well. The peak mode-mixity of ~33° is observed when
the crack travels along the interface. Further, as the crack
penetrates layer-1I, the mode-mixity gradually falls and
as it travels further in layer-II, the mode-mixity ap-
proaches zero. (Towards the end of observation window,
the mode-mixity increases, possibly a local aberration.) It
is observed that the mode-mixity during crack penetra-
tion into layer-II is higher (~21°) in case of specimen
with a strong interface when compared to that with a
weak interface (~16°). This is consistent with the earlier
observation of higher angle of penetration into layer-II
for the strong interface case when compared to its weak
counterpart.
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Fig. 20 Interaction between branched cracks: (a) Mode-I, and (b)

mode-II SIF histories for the two daughter cracks in layer-II for bi-

layered specimen with a weak interface. Out-of-phase oscillations in

K; values for the two daughter cracks are evident during propagation

in layer-II

Interaction Between Daughter Cracks

As observed in the earlier sections, there are two successful
daughter cracks in layer-II for both types of bi-layered speci-
mens. Also, in all the earlier plots, the SIF histories for one of
the daughter cracks (top branch) were presented. In this sec-
tion, SIF histories for both the top and the bottom cracks are
discussed. Figure 20(a) and (b) show K; and Kj; histories,
respectively, for both the daughter cracks. The crack-tip fields
show interaction with each other as noted earlier
(Figs. 15 and 16) and the resulting intertwined pattern
of K; histories is evident in Fig. 20(a). Interestingly, K;
of the top crack is higher than that for the bottom crack
at an instant whereas the values reverse in the next.
This behavior can be observed rather consistently
throughout the observation window in layer-II and are
highlighted by a pair of opposing arrows in Fig. 20(a)
at a few time instants. That is, when one crack-tip is
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experiencing a high value, the other is at a low value.
At the same time instants, the K;; values (Fig. 20(b)) for
the two daughter cracks are comparable in magnitudes
but are opposite in sign. That is, the upper crack is experienc-
ing a positive shear and a positive K;; whereas the lower is
experiencing a negative shear and a negative Kj;.

Discussion

Similar to the previous studies [7, 12, 13], in a homogenous
monolithic specimen the crack propagated dynamically under
mode-I condition whereas in bi-layered configurations with an
interface the crack propagated in mixed-mode along the inter-
face and in the subsequent layer even when loaded symmet-
rically in the far field. In case of mixed-mode crack propaga-
tion, the DGS contours show similarities with the mixed-
mode CGS contours reported in a few previous works [17,
19]. Further, the availability of two orthogonal stress gradient
fields in DGS offered additional ways of extracting fracture
parameters relative to the ones previously demonstrated [19].
During crack propagation along the interface, there was a
dramatic jump in crack speed [7, 12]. Further, higher crack
speeds along the interface were observed in case of the weak
interface with values comparable to a few previous reports [7,
12, 17]. Further, as in the earlier studies [7, 12, 13, 14], there
were crack penetration into layer-II. Unlike the previous stud-
ies, a combination of crack branching and penetration mech-
anisms was observed at an interface. The crack initially
deflected into and subsequently branched off the interface
before penetrating layer-1I. The two daughter cracks in layer-
II propagated symmetrically relative to the initial crack path in
layer-I, not observed previously. There was a significant re-
duction in crack velocity in the layer-1I with the introduction
of an interface, largely attributed to crack penetration and
mixed-mode propagation in layer-II. Further, the results pro-
vide both qualitative and quantitative evidence that the two
propagating daughter cracks continuously interact with each
other as they grow in layer-II resulting with an out-of-phase
(pulsating) variation of K; for the two crack tips. The physical
significance of this, if any, is yet to be understood. Further, a
significant reduction in stain energy release rate caused by the
introduction of the interface was observed. That is, layering of
the material enhanced the fracture energy dissipation in other-
wise homogeneous material. The results also suggest the pos-
sibility of enhancing fracture energy absorption by tailoring
interfacial fracture toughness without altering the weight to
the structure. Other possibilities such as increasing the number
of interfaces, grading interface strengths sequentially and tai-
loring individual layer thicknesses need further investigation.

Conclusions

DGS is a powerful full-field optical method useful for study-
ing fracture and failure mechanics of monolithic and layered
materials. In this work it is successfully extended to visualize
and quantify dynamic crack initiation and growth characteris-
tics of monolithic and layered PMMA sheets. An approach for
evaluating SIFs of mixed-mode cracks using DGS technique
is outlined. The approach is successfully extended to examine
dynamic fracture mechanics of layered architectures. Unlike a
monolithic specimen, crack branching and mixed-mode crack
propagation occur in layered counterparts. The SIF histories
as well as crack velocity histories for growing cracks entering
and exiting an interface as well as when trapped in the inter-
faces show significant gyrations. Final crack velocities/crack
lengths observed in specimens with interface suggests that
interfaces can effectively obstruct and perturb crack propaga-
tion in otherwise homogeneous materials. The energy release
rate at branched crack-tips in both strong and weak interface
cases is lower than their monolithic counterpart at advanced
stages of crack growth. Further, higher mode-mixity and strain
energy release rate throughout the fracture event in the spec-
imen with a weak interface (relative to the strong interface)
shows that it is a more favorable configuration. More impor-
tantly, the weight of the layered configurations is nominally
identical to the monolithic counterpart.
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Appendix 1
Mixed-Mode FE Simulation

A complementary quasi-static finite element simulation of the
mixed-mode tension experiment was carried out using
ABAQUS® software. The model was discretized into 4589
four node bilinear plane stress quadrilateral elements. The
local seeding around the crack-tip was used to generate a fine
mesh in the crack-tip vicinity. Table 1 shows the material
properties of PMMA used in the simulation. The discretized
model and the boundary conditions used are shown in Fig. 21.
Displacements corresponding to the cross-head speed during
the experiment were imposed at one end of the specimen in a
series of steps. A local coordinate system aligned with the
crack direction was defined for post-processing the data. The
crack opening (COD) and crack sliding (CSD) displacements
were extracted along the two crack faces. This was repeated
for each displacement step. The apparent mode-I and mode-II
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Fig. 21 Details of the numerical simulations; finite element model
showing the discretization and the boundary conditions used

SIFs, (K})app and (Kj;),p, at each displacement step were com-
puted using [26],

_EV2m

(K1) gpp = WAL (r,0 =m) (19)
(K11) %"x 3 (r,0 =m) (20)

where E is the elastic modulus, (7,0) are the crack-tip polar
coordinates, u,- is the half COD and u, is the half CSD of the
crack flanks. By extrapolating the linear portion of (K}),,, and
(K11)app values plotted as a function of the radial distance 7 to
the crack tip, the true K; and K;; were determined.

Appendix 2
Experimental Repeatability

Multiple experiments were conducted for monolithic and bi-
layered configurations (both weak and strong interface cases)
to ensure repeatability in terms of dynamic fracture behavior as
well as fracture parameters. Fig. 22(a) shows photographs of
two fractured samples of monolithic specimen whereas

SEM

Fig. 22(b) and (c) show two fractured samples of specimens
with strong and weak interface, respectively. A high de-
gree of reproducibility in crack paths throughout the
fracture event (well past the interface) is clearly evident
in Figs. 22(b) and (c). Figure 23(a) and (b) show SIF
histories for two different samples with a weak and a
strong interface, respectively. Again, repeatability can
be readily seen in the measured values of SIF histories
too. That is, the SIF histories of multiple samples closely
agree with each other before the crack reaches the in-
terface. After the crack penetrates the second layer there
are only marginal differences between the two SIF his-
tories. Despite the highly transient nature of the prob-
lem, and the possibility of potential variations in mate-
rial and interface characteristics, a rather high degree of
reproducibility is evident.

(C) Specimens with weak interface.

Fig. 22 Multiple fractured samples of each configuration
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