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Abstract

The effect of impact velocity on the dynamic crack growth across a weak interface, oriented perpendicular to a mode-I crack
path was studied using experiments on PMMA bilayers. This is a follow-on study of previous reports by the authors (Sunda-
ram and Tippur in Exp Mech 56:37-57, 2016; Sundaram and Tippur in J] Mech Phys Solids 96:312-332, 2016) wherein
direct crack penetration or branching events were observed at a weak interface in an elastically homogeneous PMMA bilayer
with different interface locations relative to the initial notch tip. The focus of this work is on the effect of impact velocity on
crack growth morphology. A modified Hopkinson pressure bar was used to dynamically impact pre-cracked samples in a
wedge loading configuration. Three different striker impact velocities were used and subsequent crack growth behaviors were
studied with the location of the interface fixed within the bilayer. Time-resolved optical measurement of crack-tip deforma-
tions, velocity and stress intensity factor histories was performed using transmission-mode Digital Gradient Sensing (DGS)
technique in conjunction with ultrahigh-speed photography. The results show that the increase in impact velocity of the striker
bar promoted crack branch formation at the interface. The crack branching and penetration mechanics hypothesized by the
authors in the previous report (Sundaram and Tippur in J] Mech Phys Solids 96:312-332, 2016) supports this observation
namely the higher stress intensity factor of the mode-I crack-tip due to increased impact velocity leads to interface debonding
before the crack-tip arrival at the interface causing the crack to branch. A higher spatio-temporal resolution experiment was
also carried out to obtain visual evidence to support this hypothesized mechanism. Finally, higher impact velocity promoting
crack branching was evaluated for an increased interface strength and different interface location as well.
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Introduction control the failure behavior of layered structures, the nature

of crack interactions with an interface namely whether the

Polymeric materials are attractive for transparent armor
applications due to the lightweight, impact resistant and
high optical transparency traits. Such structures—automo-
tive windshields, aircraft canopies, personnel face-shields
and protective enclosures, structural windows, to name a
few—are often multi-layered to enhance impact energy
absorption and protect personnel and/or critical instruments
[1-3]. Hence, it is essential that their failure mechanics be
understood for better design. Among the key factors that
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crack gets trapped before getting deflected by the interface
or directly penetrate it before propagating to the next layer
is critical. The trapped crack when extends to the subse-
quent layer, often produces multiple deflected crack fronts
consuming more energy [4] than otherwise. Many factors
including interface properties, crack growth direction rela-
tive to the interface, properties of individual layers, govern
crack penetration vs. deflection behavior. When the fracture
toughness of the interface is lower than that of the layer, the
crack tends to branch and deflect from its initial direction
of propagation. An interface whose fracture toughness is
comparable to the layers themselves tends to promote direct
crack penetration [5-7] into the next layer. The former
behavior is due to the debonding of the interface by the ema-
nating stress waves from the growing crack tip resulting in
momentary entrapment of the crack by the interface before
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branching as kinked cracks into the next layer. Furthermore,
elastic and toughness mismatch between the layers and/or
crack incidence angle could also affect the penetration vs.
branching behavior. That is, while a crack-tip approaching
an interface at a steep angle tends to penetrate the interface,
the one approaching an interface at shallow angle tends to
deflect into the interface [8, 9].

Several experimental techniques including caustics [10,
11], photoelasticity [8, 9, 12—-14] and Coherent Gradient
Sensing (CGS) [15, 16] have been used in the past to inves-
tigate dynamic interfacial crack growth in bilayers. One of
the earliest studies was by Dally and Kobayashi [12] wherein
the dynamic crack propagation across a similar bilayer inter-
face, or what they called ‘duplex’ specimen, was studied
using photelasticity. It was observed that a crack arrested
at the interface for a short duration before reinitiating in the
subsequent layer. Theocaris and Milios [10, 11] have stud-
ied dynamic crack propagation across bimaterial interfaces
using the optical technique of caustics. They again observed
that interface caused the crack to arrest momentarily before
reemergence in the second material; the process of crack
arrest was primarily dependent on the interface rather than
the layers themselves. In certain cases where the two layers
were identical, crack bifurcation was observed, which was
not observed by Dally and Kobayashi. However, no correla-
tion of these observations to the properties of the layers or
the interface was reported. Riley and Dally [17], designed
a model experiment wherein the wave propagation along
a high impedance mismatch bilayer was investigated using
dynamic photoelasticity and identified several theoretically
predicted stress waves from the isochromatic fringes. The
work of Tippur and Rosakis [15] examined dynamic inter-
facial crack growth using CGS and reported an unusually
high crack velocity approaching the Rayleigh wave speed
of the more compliant constituent of the bimaterial geom-
etry as the crack propagated along the interface. Subsequent
investigations reported that in such bimaterials the interface
cracks could attain intersonic [8, 16, 18] and supersonic [19,
20] velocities. Xu and Rosakis [13] have visualized various
failure modes involving inter-layer and intra-layer crack-
ing in homogeneous bilayers subjected to impact loading.
Further, Xu et al. [8] studied the effect of interface angle
and its strength on crack penetration vs. deflection modes in
homogeneous bilayers. They have reported that the angle of
incidence of the crack relative to the interface plays a sig-
nificant role in the mode selection. Wang and Xu [21] inves-
tigated the so-called Cook-Gordon mechanism leading to
crack deflection in layered materials under dynamic loading
conditions for inclined interfaces. A similar study involving
inclined interfaces to study the effect of crack tip velocity
on the crack deflection/penetration behavior was reported
by Chalivendra and Rosakis [11]. Park and Chen [12] stud-
ied crack growth across an interface in glass bilayers using

SEM

high-speed imaging and reported that the adhesive thickness
affected the overall fracture behavior.

The experimental study of dynamic crack propagation in
layered structures is rather challenging relative to the mono-
lithic counterparts. Accordingly, multiple numerical investi-
gations using finite element analyses, either using stiffness
degradation techniques [22] or cohesive elements [23],
and peridynamic simulations [24] have been reported on
dynamic crack propagation across interfaces. Liu et al. [25]
has investigated the strain rate effect on growth dynamics of
a crack-tip trapped by an interface situated perpendicular to
the crack path. The possibilities of interfacial crack growth
as well as its emergence in the next layer as two bifurcated
cracks are also examined.

In this context, authors have experimentally investigated
the effect of interface namely its strength and fracture tough-
ness relative to the layers themselves [4] and its location [26]
within the bilayer on the crack penetration vs. deflection
behaviors of poly(methyl methacrylate) (PMMA) when the
interface was normally oriented to the approaching crack-tip.
The crack velocity, stress intensity factor (SIF), and strain
energy release rate histories were monitored throughout the
dynamic event from the first layer into the second via the
interface. It was observed that the introduction of a relatively
weak interface greatly affected the crack growth behavior
resulting in the occurrence of crack branch formation. How-
ever, by increasing the fracture toughness of the interface,
but lower than that of the layers themselves, the interfacial
crack growth could be prevented (see Fig. 1) which then
can possibly transition to direct crack penetration without
branching. Also, by varying the location of the interface
within the bilayer geometry, the crack growth morphol-
ogy can be significantly altered from direct penetration to
branching behavior (see Fig. 2). Another factor that affects
the crack deflection vs. penetration behavior is the projectile
impact velocity, and thus the crack velocity, which is the
topic of the current study.

This work examines the effect of impact velocity on
crack branching behavior when a propagating mode-I crack
encounters a discrete interface located normally to its path.
In this experimental investigation, PMMA bilayers are
dynamically loaded to initiate a mode-I crack and subse-
quently study its interaction with the interface at various
striker velocities. The measurement of crack-tip deforma-
tions was carried out using high speed photography along
with the full-field optical technique, Digital Gradient Sens-
ing (DGS) [27], previously used by the authors to study
polymers [28] and glass [29-31]. The crack tip stress inten-
sity factors (SIFs) and crack velocities were evaluated prior
to, during, and after its interaction with the interface. A
mechanism for the crack path selection involving interfacial
debonding is hypothesized. Furthermore, a separate experi-
ment with higher spatial and temporal resolution to confirm
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Fig. 1 Photographs of reas-
sembled fractured specimens
showing crack path selection
in a Monolithic, b ‘weak’
bilayer, ¢ ‘strong’ bilayer.
Arrowhead indicates crack
growth direction [4]
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the hypothesis of interfacial debond occurrence ahead of
the propagating crack-tip is demonstrated. In the following,
a brief description of the optical method, specimen prepara-
tion/geometry, experiment setup, and the crack growth mor-
phology for various impact velocities is presented. Next, the
measured crack-tip fields and crack length histories used to
evaluate velocity and SIF histories and hypothesize a crack
branching mechanism are discussed. An optical setup capa-
ble of recording high temporal and spatial resolution images
near the interface was used to verify the hypothesis that the
emanating stress waves from the mode-I crack tip debond
to the interface causing crack to branch. Empirical observa-
tions for the interplay between impact velocity and interface
strength are also presented.

Optical Method

A schematic of the experiment setup used for transmission-
mode DGS technique is shown in Fig. 3. In this technique
[27] a random speckle pattern on a planar surface, referred
to as the ‘target,” is photographed through a planar, optically
transparent specimen. Ordinary white light illumination is
used to record random gray scales on the target. The speckle
pattern is first photographed in the undeformed state of the
specimen to obtain a reference image. That is, a point P
on the target plane (x,-y, plane) is recorded by the camera
through point O on the specimen plane (x—y plane). Upon
loading the specimen, the non-uniform state-of-stress alters
the refractive index in the specimen including the crack-tip
vicinity. The Poisson effect produces non-uniform thick-
ness changes as well. A combination of these, called the
elasto-optic effect, causes the light rays to deviate from
their original path as they propagate in the crack-tip vicin-
ity. The speckle pattern is once again photographed through
the specimen in the deformed state. As a result, the point
P appears to have shifted to point Q when recorded by the
camera through point O on the specimen after deformation.

‘Weak’ Interface ‘Strong’ Interface

12 mm

(b)

The local deviations of light rays can be quantified by cor-
relating speckle images in the deformed and reference states
to obtain pseudo speckle displacements in the x- and y-direc-
tions as 6, and é,, respectively. Once 6, and 6, are deter-
mined, the angular deflections of light rays ¢, and ¢, in two
orthogonal planes namely the x—z and y—z planes, the z-axis
coinciding with the optical axis of the setup and x—y being
the specimen plane coordinates, can be calculated know-
ing the distance between the specimen and target planes. A
detailed analysis shows that the local angular deflections are
related to the gradients of the in-plane normal stresses as,

oo, +0,,)

_ y

¢x;y - iCaB ox;y ’ M
where C, is the elasto-optical constant of the specimen
material, B is its initial thickness and o, and oy denote the
thickness-wise averages.

Sample Preparation

Two cast PMMA sheets 170 mm tall and 8.6 mm thick of
widths 28 mm and 72 mm were bonded along 170 X 8.6 mm
faces using an acrylic adhesive to create bilayer specimens.
The adhered surfaces were sanded using 400 grit sandpa-
per and then cleaned to remove any residue before bonding.
The specimens were then machined to their final dimen-
sions of 150 X 100 x 8.6 mm (see Fig. 4). Weldon 16, a
transparent acrylic adhesive with an elastic modulus same
as PMMA was used to bond the PMMA sheets to produce
elastically homogeneous bilayer specimens with a discrete
plane of weakness. The interface thickness was maintained
as 100 pm in all the specimens by using shims during bond-
ing. The quasi-static and dynamic crack initiation toughness
values for the interface were ~ 50% and 64% that of the vir-
gin PMMA (see "Appendix"). A 40° V-notch was machined
at the mid-span of the first layer. The notch was extended

SEM
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Fig.2 Photographs of reas-
sembled fractured specimens
showing crack path selection in
bilayers with ‘weak’ interfaces
and different interface loca-
tionsad= 7 mm, bd= 17 mm,
cd=28mm, and d d= 42 mm
configurations, respectively.
Arrowheads indicate crack
growth direction [25]

by 2 mm using a 300 pm thick diamond impregnated cir-
cular saw resulting in a total notch length a of 21 mm. The
extended notch tip was subsequently sharpened by scoring it
with a steel razor blade. The dynamic properties of PMMA
are listed in Table 1.

Experiment Setup

The dynamic crack growth in PMMA bilayers were stud-
ied using transmission-mode DGS in conjunction with
ultrahigh-speed digital photography. The schematic of
the experimental setup employed is shown in Fig. 5.
A modified Hopkinson pressure bar was used for load-
ing the pre-notched specimen. It was a 1.83 m long-bar
of 25.4 mm diameter with a wedge-shaped tip pressed
against an unconstrained, freestanding bilayer specimen
with the matching V-notch (see, Fig. 6). A 305 mm long,
25.4 mm diameter rod held inside the barrel of a gas-gun

22 mm

was co-axially aligned with the Hopkinson bar and was
used as the striker. Both the long-bar and the striker were
made of AL 7075-T6 eliminating any impedance mismatch
between them during impact.

The speckle images were acquired using a Cordin-550
ultrahigh-speed digital camera with a sensor resolution of
1000 x 1000 pixel and 32 independent CCD sensors posi-
tioned radially around a five-facet rotating mirror. The
imaging system also included two high-energy flash lamps
producing white light illumination. The experimental param-
eters such as the trigger delay, flash duration, framing rate,
CCD gain, and data storage were controlled using a com-
puter. A 28-300 mm focal length macro zoom lens mounted
on an adjustable bellows was used for imaging the dynamic
event. Further, the lens aperture was kept open as widely as
possible (numerical aperture F*5.6) to achieve a good expo-
sure with minimum electronic gain setting during recording.
The specimen was located approximately 850 mm in front
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Fig.3 The schematic of the
experiment setup for transmis-
sion-mode Digital Gradient
Sensing (DGS) technique to
determine planar stress gradi-
ents in phase objects [27]

of the camera. (The speckle size was such that they covered
4-5 pixels on average; the scale factors were in the range of
22-24 pixels/mm.) The specimen was placed on an adjust-
able platform with a 2 mm thick strip of putty pressed on the
top and bottom edges of the specimen, as shown in Fig. 6.
The putty strips helped to achieve symmetric, approximately

100mm
19mm —- Interface
90°
40° >_ 1503mm
~ d=T7mm
Layer-I Layer-ll |

Fig.4 Specimen configuration used for impact velocity study

> X0

Speckle
target

‘free surface’ boundary conditions at the top and bottom
specimen edges. A target plate covered with random black
and white speckles was placed behind the specimen at a
distance A =29.3 mm from the mid-plane of the specimen.
A pair of heavy marks (see Fig. 8) on the target plate helped
to relate the dimension on the image to the actual specimen/
target dimensions during analysis of images.

The region-of-interest in this study was around the inter-
face of the bilayer. Accordingly, the camera was focused on
the target a square region of 45 X45 mm on either side of
the (vertical) interface. Prior to loading, a set of 32 images
of the speckles were recorded in the undeformed state of
the specimen at 200,000 frames per second. (The choice
of the framing rate was to balance information gathering
over the dynamic event covering crack growth (a) in layer-1,
(b) along the interface, and then (c) in layer-II with accept-
able spatial as well as temporal detail, and the capabilities
of the camera.) Sufficient care was exercised to achieve an
approximately Gaussian distribution of gray scales for each
image by trial and error, typically in the mid-range of 0-255
(8 bit) gray scale by adjusting the flash lamp location. Next,
without altering any of the camera settings, the striker was

Table 1 Some relevant properties of cast PMMA [4]

Parameter Dynamic value
Density ~ 1100 kg/m®
Elastic modulus 5.0 GPa
Poison’s ratio 0.34

Elasto-optic constant —1.08x 107" m¥N
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Fig.5 Schematic of the experi-

ment setup (top view) used o [ —
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Transparent
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Specimen

Strain Gauge Long Bar

Barrel

Delay Generator

Computer

launched towards the long-bar. When the striker contacted
the Hopkinson bar, a compressive stress wave was set-off
in the bar, which propagated over its length before loading
the specimen along the two inclined faces of the V-notch.
The duration of the loading phase of the stress pulse gener-
ated was ~ 120 us. Three different striker velocities of 13.5,
16 and 22 m/s were studied. A strain gage, placed on the
long-bar recorded the incident and reflected stress pulses.
The strain histories recorded on the long-bar for these three
different impact velocities are shown in Fig. 7. From the
figure it is evident that an increase in the impact velocity
of the striker leads to higher strain amplitude and hence the
transmitted energy into the specimen.

The moment the striker contacted the long-bar, a trig-
ger signal was also produced to commence recording of
a second set of 32 images corresponding to the deformed
state of the specimen at the same framing rate. A trig-
ger delay was used to account for the time taken by the
stress waves to traverse the length of the long-bar before
loading the specimen. Thus, a total of 32 pairs of images
in the deformed and undeformed (reference) states were
recorded at 5 ps intervals between successive images. Two
representative speckle images in the region-of-interest,
one in the undeformed (reference) state and the other in
deformed state for a layered specimen configuration, are
shown in Fig. 8. The speckles are noticeably distorted in
the region of the propagating crack-tip (in the deformed

SEM

High Energy Flash
Lamps

\_

Lamp Control
) Unit

image) whereas they seem unaffected in the far-field. The
interface is evident as a gray vertical line at the center of
each image. The two images corresponding to the same
sensor but one in the undeformed and the other in the
deformed state were paired from the two sets and each
of these 32 matched pairs was correlated separately [32].

Image Processing and Data Analysis

The correlation of images was performed using the image
analysis software ARAMIS®. During analysis, each image
was segmented into sub-images consisting of 25 X 25 pix-
els. A sub-image overlap of 20 pixels, or a step size of 5
pixels, was also used. These chosen parameters resulted in
194 % 194 array of data in the region-of-interest for each
of the two orthogonal displacement fields. These displace-
ment fields were imported into MATLAB™ for further
analysis. The corresponding angular deflections of light
rays were subsequently determined using the known dis-
tance A between the specimen and target planes.

The position of the crack-tip in each digitized image
was used to measure the instantaneous crack length. The
stress singularity at crack-tip and the resulting ‘zero’ con-
tours converging towards it in the angular deflection (or
stress gradient) fields, were utilized to locate the crack-tip
[4]. This generally introduces errors to the computed crack
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Fig.6 Close-up photograph of the experimental setup used in
dynamic fracture experiments (Inset: schematic of the loading con-
figuration used)
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Fig.7 Measured strain histories on the long-bar for various striker
impact velocities

velocity histories obtained via numerical differentiation.
To minimize such errors, a quadratic Bézier curve [33, 34]
was fitted to the crack length data at a time instant ‘i’ as,

a;(s) = (1 = 5)%a; + 25(1 — $)a,,; + 5°8;,5,0<s <1, (2)

Reference

Initial
notch-tip

Smm

Deformed

propagating.
crack tip’

Fig.8 Speckle images in the reference/undeformed (top) and
deformed (bottom) states recorded by the high-speed camera though
a PMMA bilayer

where s, a and a are the smoothing parameter, the digitized
crack length, and the smoothed crack length, respectively.
In the above expression &;, a,,,, a;,, are the control points
of a,(s). The value of s was 0.5 such that the smoothed data
point is at the middle of the interval. The crack velocity (V)
was estimated from the smoothed crack length history using
backward difference method,
_a;— a4,

A
oty )

where a and ¢ are crack length and time, respectively.
Using the two orthogonal angular deflection fields,
the instantaneous crack-tip fields in the local coordinates
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(x’ .y )(x’ coincides with the local crack growth direction)
for a moving crack were obtained by performing coordi-
nate transformation. The mode-I and mode-II SIFs were
evaluated from an over-deterministic least-squares analysis
of the crack-tip data in conjunction with the asymptotic
equation (see [4] for details),

by (1) = (1) cOs 0(1) + (1) sin O(1)

—cBl-L  rvie, coa 39
=C, [_51 {f( ;CL. Co)A (2) cos <7>

. 30,
+g(V;Cp, Cg)D (1) sin <_7> }

“
where f and g are functions of instantaneous crack velocity,
and (r,, 91) denote the contracted crack-tip polar coordinates,
C, is the elasto-optical constant of the material, and B is its
initial thickness. Further, (r;, ;) can be expressed in the
local Cartesian coordinates (x,y) as,

7\2 2( )2 1/2 -1 (o
r,={(x) +“L(y) } and 6, = tan <;—,>.Thecoef—

ficients of A, (¢) and D, (¢) in the asymptotic series are related
to the mode-I and mode-II stress intensity factors K,(¢) and

K,(t), respectively, as A|()= K,(t)\/g and
D(t) = K,,(t)\/g . The functions f and g in the above are,

1+a3)(1=ad?
f(V;CL,CS)=<1+V)( s)( L)27
-V 4aLaS—(1+a§)

14+vy  205(1-a7)

g(ViCp. Cg) = ( 3)

I—v dajag — (1 +a§)2’

1 1
where a;, = [1 - %Vz] “and ag = [1 - fVZ] * for plane
stress, u and p are shear modulus and mass density, respec-

tively. a; and & can also be represented in terms of dilata-
tional (C;) and shear (Cg) wave speeds as

o, = /(1 - (CKL)Z) and ag = /(1 — (Cls)z) [16]. The data
in the region (0.25 <#/B <0.75) and (-135° < #< 135°) near
the crack-tip was used for analysis. When mixed-mode crack
growth occurred, the SIFs were used to evaluate the effective
SIF (Keﬁ-) and mode-mixity (y) using,

K
K (1) = \/K3(1) + K2(0), tany (1) = K’I’((;)) (6)

SEM

Experiment Results
Crack Path Histories

The photographs of reassembled specimens after the frac-
ture events are shown in Fig. 9a—c. As the striker veloc-
ity V, increased from 13.5 m/s to 16 m/s, the crack growth
across the interface changed from a direct penetration into
layer-II to the one that involved interface debond forma-
tion causing the mode-I crack to deflect followed by mixed-
mode crack branching into layer-II. Further increase in the
striker velocity did not produce significant change. That
is, within the experimental variability, the crack growth at
22 m/s also resulted in crack getting trapped by the interface
before branching into layer-II as mixed-mode cracks. The
interface crack traveled for approx. 10 mm and 8 mm, with
crack emergence angles of 26° and 21° respectively for the
impact velocities of 16 m/s and 22 m/s. These experiments
were quite repeatable in terms of fracture behavior and the
evaluated crack-tip parameters as shown in the previous two
reports by the authors [4, 26].

Crack Velocity Histories

Figure 10 shows plots of crack velocity histories for all
three impact velocities used. These histories correspond to
the upper branch of the branched crack configurations; the
lower branches show similar history in each case [4] and
are not shown for clarity. Note that =0 ps represents the
time at which the crack initiated at the original notch tip.
The solid-line and the dotted line circles marked on each of
these three graphs represent the values at an instant before
the crack enters the interface and the instant it emerges from
the interface. That is, for impact velocities of 13.5, 16, and
22 m/s, the crack velocities upon the arrival at the interface
were approximately 265, 355, and 351 m/s, respectively.
From the plot it can be seen that the velocity histories for
16 m/s and 22 m/s striker impact follow a similar pattern
whereas the lower impact velocity of 13.5 m/s has resulted
in a distinctively different behavior. In the former, the crack
velocity transitioned from a lower to higher value as the
tip approached the interface. When it entered the interface
and changed from being a single mode-I crack to bifur-
cated interfacial cracks, the velocity increased rapidly to a
peak value. Increase in impact velocity from 16 to 22 m/s
increased the peak velocities (in the interface) marginally
from approximately 590 to 620 m/s. Following a rapid
increase in velocity, an equally steep drop, generally close to
or below the value corresponding to the one at the entrance
to the interface occurred. Subsequently, these crack-tips
simultaneously broke out of the interface into layer-II as
mixed-mode cracks at velocities lower than when it entered
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Fig. 9 Photographs of reas-
sembled fractured specimens
for different striker velocities:
a 13.5m/s, b 16 m/s, and

¢ 22 m/s. Arrowhead indicates
crack growth direction

the interface before increasing again. The final crack veloc-
ity was expectedly the highest for 22 m/s impact among all
the cases. In contrast, for an impact velocity of 13.5 m/s, it
can be observed that the velocity increased when the crack
approached the interface but it continued to gain speed rather
smoothly as it propagated past the interface without any
interfacial growth, eventually attaining a maximum veloc-
ity of ~367 m/s before slowing down as it propagated fur-
ther into layer-1I to a final velocity of ~270 m/s during the
observation window. The crack velocity history in layer-II
for the 16 m/s is between the other two cases.

SIF Histories

The effective SIF histories (K,4) and the corresponding
mode-mixity (y) variations evaluated from DGS for all
configurations are plotted in Fig. 11a and b, respectively.
The effective SIF histories for the two striker impact veloci-
ties V,=16 and 22 m/s that produced crack branching show
similarities whereas it is distinctly different in the unbranched
(Vy=13.5 m/s) case. (Again, these histories correspond to
the upper branch of the bifurcated cracks and =0 represents
the time at which the crack initiated at the original notch tip.)
The solid-line circle marked on each of these plots represents
the value at an instant before the crack enters the interface
and the dotted-line circle represents the instant at which
the crack emerged in layer-II from the interface. In all these
cases, Keﬁ values increased monotonically as the mode-I crack
approached the interface. The values of the effective SIF were
significantly higher for the crack branching cases (V,=16 m/s
and 22 m/s). As the interfacial debonding and bifurcated crack
growth ensued along the interface, a steep drop in K, ;to alow
value (approx. 0.6 MPa \/ m, below the nominal crack initiation

toughness of PMMA) occurred in these two cases, resulting in
amomentary arrest not detected due to the temporal resolution
of 5 ps chosen to cover the entire fracture event. After the flow
of additional energy into the crack tip, a gradual increase from
this low value causes the interface crack to kink into layer-II
ata K,y lower than the one at the entrance to the interface. For
V,=16 m/s and 22 m/s, when the two crack-tips exited the
interface, the values of effective SIF were nearly the same.
This implies that once a critical value of effective SIF was
attained, the crack kinked into layer-II. As the mixed-mode
crack growth in layer-1I continued, an increase in K, was seen.
On the contrary, in the unbranched case (V,=13.5 m/s), K5
increased monotonically as the crack reached the interface,
continued to increase as it penetrated the interface and then
into layer-II. A gradual drop in the effective SIF ensued in
this case after growing into layer-1II, well-beyond the inter-
face. The mode-mixity y (Fig. 11b) for the two branched cases
shows similar variation whereas the one for the unbranched
configuration in the entire observation window is nearly zero
as expected. In the former two cases, as the crack transitioned
from layer-I into the interface, a steep increase in y occurred
due to increased mode-II SIF. The mode-mixity values when
the cracks kinked into layer-II vary and for V,=22 m/s, it is
marginally lower than that for 16 m/s consistent with a lower
crack emergence angle in the former. During evaluation of
SIFs and mode-mixites in the vicinity of the interface, enough
care was taken to consider only the angular deflections corre-
sponding to individual crack tips. Furthermore, the evaluation
of fracture parameter right when all three crack tips are in
proximity of the interface is prone to maximum uncertainty.
However, making appropriate changes to the region of interest
can minimize these effects [4].
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Discussion
Crack Penetration vs. Branching Mechanism

The observed crack penetration or deflection at an inter-
face was examined using measured fracture parameters,
namely, the instantaneous crack velocity V and SIF K in
layer-1I for each of the impact velocities. It was hypoth-
esized that crack branching is a consequence of interface
debond evolution ahead of the incoming crack tip due
to the tensile stress waves in the crack growth direction
emanating from the growing crack impinging on the weak
interface [26]. The position of the crack-tip in each image
prior to its arrival at the interface was used to measure the
instantaneous distance r; of the interface from the crack
tip. Knowing 6 = 6, = 0 at the point-of-interest, the tensile
stress on the interface in the crack growth direction was
evaluated using the K-dominant expressions [35],

K;(t<0)
6,=—4——3% (6=0,V), 7
2xr;
where,
1 (1+ag)(1+2a] - ) <9L> dagay <9s>
o= = cos| = | — cos [ =
=~ D NG 2 Vs 2

SEM

20 40 60 80 100
Time (us)

. 2
1- <Vsm0> ,tanOg.; = ag; tan 0
CS;L

In the above, K(¢) is the instantaneous mode-I SIF, Cg
and C; are the shear and dilatational wave speeds, and V' is
the crack velocity. Figure 12a shows the histories of (axx)i
at the interface, directly ahead of the moving crack-tip until
the crack arrived at the interface. Evidently, the stress com-
ponent (O-xx)i increases rapidly at the point-of-interest on the
interface as the growing crack-tip approaches it. By extrapo-
lating the plot to t=0, (axx)i values as the crack-tip arrived
at the interface were estimated to be approximately 20, 50,
and 75 MPa for impact velocities of 13.5 m/s, 16 m/s and
22 m/s, respectively. The tensile strength of the interface
was also measured independently by performing direct ten-
sion experiments on bonded specimens, as detailed in Ref.
[26], and was 23 +0.3 MPa. The comparison between the
tensile strength and the crack growth induced interfacial
tensile stress for all the three impact velocities as the crack-
tip approached the interface clearly shows that the 13.5 m/s
impact velocity could not produce high enough tensile stress
on the interface ahead of its arrival (at t = — 5 ps) to nucleate
a debond. However, 16 m/s and 22 m/s impacts drove the
mode-I crack at higher velocities and higher K, to generate
local tensile stresses on the interface greater than its strength
(at t=— 7 ps) nucleating an interfacial debond that led to
lodging of the crack in the interface followed by branching
into the next layer after some amount of interfacial growth.
In other words, the interface experienced the critical tensile
stress for longer duration of time in case of 16 and 22 m/s
cases leading to its delamination or debonding.
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In the branched crack cases, the kinking of the interface
crack into layer-II was examined using the critical value of

SIFs (K,g). <= (‘ [K? + K121> ) for the 100 pm thick inter-

face at different mode-mixities (see Fig. 12b) and mixed-
mode dynamic crack initiation toughness data for PMMA
(see Fig. 12c) [26, 28]. The tendency of the crack to kink out
of the interface instead of continue propagating along the
weak interface can be explained by the increasing critical
effective SIF of the interface (K4 ). with mode-mixity (see
Fig. 12b) making it favorable for the daughter cracks to enter
layer-1I. Interestingly, the mode-mixity of approx. 24° and
23° were observed for impact velocity (V) of 16 and 22 m/s,
respectively, when crack kinking occurs at the interface. The
mixed-mode fracture envelope of PMMA is used to examine
the favorability for crack kinking into layer-II to occur. The

20 40 60 80 100
Time (us)

critical values of K; and Kj; are plotted in Fig. 12c as solid
circles and the fitted band of data represents the dynamic
fracture envelope for PMMA. The band captures the (a) vari-
ability of SIF during analysis of optical data, and (b) repeat-
ability of individual experiments. The measured K; and K
at the instant the crack kinks or penetrates layer-1I for the
two higher impact velocities are plotted as green and blue
solid diamond and triangle overlaid on the fracture envelope
for PMMA in Fig. 12c. Also shown in this figure as a red
symbol is the mode-I SIF value for the unbranched case
when the crack tip had just crossed the interface. The fact
that the SIF values for the emergent crack tips of branched
cracks grown past the interface fall outside the fracture enve-
lope of PMMA and the one for the unbranched case is inside
the envelope adds to the explanation.
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Fig. 12 Fracture characteristics of monolithic PMMA: a Temporal
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SIF vs. mode-mixity plot for 100 um interface, and ¢ Dynamic frac-
ture envelope for PMMA

The marginal difference in the interface crack growth and
the crack emergence angle between the two latter impact
velocity cases (16 and 22 m/s) may be attributed to the
increase in mode-I stress intensity factor of the crack-tip as
it enters the interface. Furthermore, the decrease in the angle
of emergence can also be attributed by an increase in the
mode-I SIF leading to a decrease in mode-mixity during the

SEM

initial phase of propagation in layer-II. Additionally, there
seems to be a limit for the distance traveled by the crack
along the interface. This can be ascribed to SIFs reaching
a critical value favorable for the crack to kink into layer-II.
When the crack neared the free surface, unstable growth
occurred due to a loss of in-plane constraint.

Visualization of Interface Debond Evolution Causing Crack
Branching

Next, the hypothesis that the crack branching occurs when
the interface ahead of the propagating crack-tip debonds
before the arrival of the mode-I crack-tip was optically tested
using DGS. A specimen configuration in which the interface
was situated at 42 mm from the initial notch tip [26] was
used for this purpose. This configuration had previously pro-
duced crack entrapment by the interface (details in Ref. [26])
followed by a relatively significant interfacial travel prior
to penetration into layer-II. The experimental details were
similar to that described earlier except for was the choice of
the imaging system and region-of-interest (ROI). A single
sensor Kirana-05 M ultrahigh-speed camera (924 X 768 pix-
els) operating at five times the framing rates (1000 K fps)
of Cordin-550 (200 K fps) camera (1000 x 1000 pixels) in
conjunction with DGS was used for optical visualization.
The camera was focused on the speckle target through the
ROI on the specimen, on both sides of the interface, where a
mode-I crack was expected to arrive. The ROI was approxi-
mately 30 mm X 24 mm in size. The speckle images were
recorded and analyzed using ARAMIS®; here, unlike in ear-
lier experiments with the Cordin high-speed camera, one of
the speckle images well before the start of the impact load-
ing event on the specimen was used as the reference image.
Figure 13 shows a selection of recorded images along with
the angular deflection contours of ¢, at three time instants
during the nucleation of interfacial debond ahead of the
growing mode-I crack tip. It can be seen from the contours
that there are three discernible crack-tips in the field-of-view
at each of these time instants. It should be noted that the
growing mode-I mother crack in layer-1 is yet to arrive at
the interface in each of these time instants. Yet, there are two
additional daughter crack-tips, evident as packed clusters of
qﬁy contours, which have bubbled up on the interface, one
above and another below mother crack’s prospective path.
The phenomenon can be better visualized using animations
provided as supplementary material.

Interface Strength and Interface Location with Impact
Velocity

The observation that higher striker velocity promoted
crack branching instead of direct penetration is somewhat
counterintuitive. Yet, a Cook-Gordon-like phenomenon
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Fig. 13 The left column represents deformed images recorded at
select time instants and the right column represents the correspond-
ing angular deflection contours (contour interval =4 x 10~ rad) of <,

[36] explains reasonably well the underlying mechanics
as it correlates well with the interface debond evolution
ahead of a dynamically growing crack-tip. To further
ascertain the conclusion that a higher impact velocity
promotes crack branching is generic or limited to the cur-
rent experimental setup/specimen geometry, tests were

The red arrows point to the location of current crack-tip and debond
tips. Refer supplementary videos for more details

repeated for a higher interface strength (by decreasing
the interface thickness; see Appendix A) and its location
within the geometry. It has been reported previously by
the authors that an increase in interface strength promotes
crack penetration and increase in distance from the initial
crack-tip promotes crack branching [4, 26]. Using the same
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Fig. 14 Photographs of frac-
tured specimen with d=7 mm
and ‘strong’ interface for striker
impact velocity of a 13.5 m/s,

b 16 m/s, ande 22 m/s

Fig. 15 Photographs of reas-
sembled fractured specimens
with d=17 mm and ‘weak’
interface for striker impact
velocities of a 13.5 m/s,

b 16 m/s, and ¢ 22 m/s

wedge loading configuration at different impact veloci-
ties (V,=13.5 m/s, 16 m/s, 22 m/s) a mode-I crack was
driven towards the interface. The photographs of the reas-
sembled fractured specimens are shown in Fig. 14. Since
the interface was stronger in these set of specimens, the
increase in the impact velocity from 13.5 m/s to 16 m/s
did not produce crack branching as in the weak interface
counterpart. However, with a further increase in impact
velocity to 22 m/s, the crack grew faster and with a higher
SIF, similar to the ones shown in Fig. 11a. This resulted
in higher tensile stress o, on the interface ahead of the
growing crack which was sufficient to nucleate a debond
at the interface resulting in entrapment of the incipient
crack and its subsequent branching. Thus, the increase in
the impact velocity caused the crack to branch. (Again,
the waviness of the crack path towards the edge of the
specimen can be again attributed to the loss of in-plane
constraint.) This experiment was repeated for specimens
with interface located farther away (d =17 mm instead of
7 mm in Fig. 9) from the initial crack-tip. The photographs

of the fractured specimens are shown in Fig. 15. A similar
trend can be seen here. That is, with an increase in the
impact velocity from 13.5 m/s to 16 m/s, an increase in
the interfacial crack growth (distance crack traveled along
the interface) increased from ~2 mm to~ 11 mm. Further
increase in the impact velocity did not produce any sig-
nificant change but decreased the interfacial crack growth
slightly to 11 mm. This is because the crack tip energy was
significantly larger and it exceeded the fracture toughness
of layer-II resulting in the emergence of cracks in the sec-
ond layer more readily. Thus, increase in the striker impact
velocity promoted crack branching in various specimen
configurations.

Conclusions

In this study, dynamic fracture of PMMA bilayers wherein
encounter between a dynamically growing mode-I crack
and a normally oriented weak interface in an otherwise
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homogeneous sheet were studied experimentally. This
is s follow up study of earlier reports by the authors with
emphasis on the effect of impact velocity on the ensuing
crack penetration vs. branching mechanics at the interface.
A modified Hopkinson bar in conjunction with the optical
methodology of transmission-mode Digital Gradient Sens-
ing (t-DGS) was employed in this study to record the opti-
cal distortions around the dynamically propagating crack
tip that in turn translates to stress gradient fields through
image processing and series of data analyses thereafter. The
stress gradient fields and the position of the crack tip were
used to evaluate apparent stress intensity factors and veloc-
ity histories. Apart from that, the properties of the interface
such as tensile strength, shear strength, and mixed mode
fracture toughness was carried out to provide a mechanics-
based explanation. The major observations and conclusions
of this study are:

e The mode-I crack penetrated the interface and the sec-
ond layer (layer-1I) of the bilayer un-perturbed when the
interface at higher impact velocity resulting in higher
crack-tip velocities). On the other hand, when the impact
velocities were lower (hence the crack tip velocity was
also relatively lower), the mode-I mother crack bifurcated
into two interfacial cracks, propagated in the opposite
directions by nearly equal length and then penetrated the
second layer as two mixed-mode daughter cracks all the
while maintaining global symmetry relative to the load-
ing/specimen geometry.

e The distance of interfacial propagation, and the angle of
emergence were affected by the magnitude of the crack
tip velocity itself. Eventually however, both the daughter
cracks showed a tendency to attain mode-I condition.

e Careful examination of the stress intensity factor and
crack-tip velocity histories along with crack tip fields
suggested that at higher incident crack velocities, the
interface directly ahead of the crack-tip experienced a
large enough tensile stress, exceeding the strength of the
interface, nucleating a micro debond before the arrival
of the incipient mode-I mother crack, resulting in two
interfacial daughter cracks growing in opposite direc-
tions along the interface. The amount of interfacial crack
growth increased with the incident crack velocity and
continued until penetration into the second layer was
energetically favorable due to a competition between
mixed-mode crack growth along the interface and mixed-
mode crack growth into the next layer. This is akin to the
so-called Cook-Gordon mechanism under quasi-static
condition.

PMMA
specimen

loading pin
interface
disbond

LN
s

-
o

Fig. 16 Photograph of the experimental setup used to characterize
interface fracture toughness

e A separate experiment was carried out with higher
spatio-temporal resolution to obtain definitive evidence
of the said crack-tip nucleation ahead of the incipient
mode-I crack-tip. As hypothesized, the crack tip nucle-
ated at the interface ahead of the propagating crack tip as
it approached the interface.

Appendix
Quasi-static Interface Fracture Toughness

The bilayer interface was initially characterized using
mode-I crack initiation toughness under quasi-static loading
conditions. Symmetric 3-point bend tests on edge cracked
geometries were used for this purpose. It consisted of two
rectangular PMMA strips of 70 X30 mm and thickness of
8.6 mm joined together as shown in Fig. 16. The bonded
surfaces (8.6 X 30 mm) were prepared similar to the one used
for making dynamic fracture specimens. The bilayer sheets
with various bond layer thicknesses from 25 ym to 1.3 mm
were fabricated and subsequently machined to make multi-
ple fracture specimens from each sheet. A 3 mm long edge-
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 carryout
symmetric 3-point bend tests. The specimen was loaded
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Fig. 17 a Measured load—deflection response for fracture specimens
with 25 pm and 100 pm interface thicknesses. b Variation of crack
initiation toughness with interface thickness. (Note that all interfaces
have lower crack initiation toughness than virgin PMMA)

in displacement control mode with a crosshead 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. 16. The applied load history was recorded up to frac-
ture. Representative load deflection plots for two select inter-
face thicknesses are shown in Fig. 17. The samples fractured
in a brittle fashion as evident from the abrupt drop in load
at fracture. Using the measured peak load and the speci-
men geometry, the crack initiation toughness was evaluated
using [4],

_FS 3(&)"2[1.99 - &(1 — £){2.15 — 3.93(6) + 2.7(6)* }
" Bw 21 +28)(1 - &) ’

£=2
w
The tests were repeated for various interface thicknesses

to quantify the dependence of crack initiation toughness
on adhesive layer thickness. The results thus obtained are

SEM

100 mm

Interface

fff
L

150 mm

Initial
notch tip

Fig. 18 Specimen geometry and loading configuration used for meas-
uring dynamic fracture toughness of the interface by growing a crack
along the interface

plotted in Fig. 17b. It can be seen that the crack initiation
toughness generally decreases with the interface thickness.
Based on these results, two cases, one with an interface
thickness of 25 pm and another with 100 pm were identified
as ‘strong’ and ‘weak’ interfaces, respectively. The critical
static mode-I SIF for neat (virgin) PMMA was also meas-
ured using symmetric 3-point bend tests and was recorded as
1.31+0.07 MPa\/m (dotted line in Fig. 17b) which is much
higher than the crack initiation toughness of both interface
thicknesses studied. That is, the ‘weak’ and ‘strong’ interface
crack initiation toughness were ~52% and ~77%, respec-
tively, of that of virgin PMMA.

Dynamic Interface Fracture Toughness

The dynamic interface fracture toughness was evaluated for
the interface using a Hopkinson pressure loading and DGS
in conjunction with high-speed photography similar to the
experimental setup discussed earlier and employed to per-
form full-field measurements. Two interface thicknesses of
25 um and 100 um (‘strong’ and ‘weak’ interfaces, respec-
tively) were studied. The specimen geometry and loading
configuration is shown in Fig. 18. The specimen preparation,
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Fig. 19 Angular deflection contour plots (contour interval=2x 107 rad) proportional to stress gradients of (c,, + c,,) in the x- and y-directions

for a 25 um interface. (=0 corresponds to crack initiation)

experimental procedure, image analysis and evaluation of
fracture parameters are identical to the ones described ear-
lier. The in-plane orthogonal angular deflection fields at two
different time instants for a ‘strong’ interface are shown in
Fig. 19. The velocity and SIF histories for both the inter-
face thicknesses are plotted in Fig. 20a and b, respectively.
The crack speeds reached approx. 800 and 600 m/s in the
‘weak’ and ‘strong’ interface cases, respectively. These

are substantially higher than the corresponding ones in a
monolithic sheet, typically in the 250-300 m/s range [4].
The measured fracture toughness of the ‘strong’ interface
(0.94 MPa\/ m) is higher than that of the ‘weak’ interface
(0.72 MPa\/ m). When compared with the dynamic frac-
ture toughness of PMMA (1.12 MPa\/ m) [28], the fracture
toughness of ‘weak’ and ‘strong’ interfaces were 64% and
84%, respectively.
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