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A Technique for High-Speed
Microscopic Imaging of Dynamic
Failure Events and Its Application
to Shear Band Initiation
in Polycarbonate
An experimental technique is reported, which can image the deformation fields associated
with dynamic failure events at high spatial and temporal resolutions simultaneously. The
technique is demonstrated at a spatial resolution of ∼1 µm and a temporal resolution of
250 ns, while maintaining a relatively large field of view (≈1.11 mm×0.63 mm). As a
demonstration, the technique is used to image the deformation field near a notch tip
during initiation of a shear instability in polycarbonate. An ordered array of 10 µm dia-
meter speckles with 20 µm pitch, and deposited on the specimen surface near the notch
tip helps track evolution of the deformation field. Experimental results show that the
width of the shear band (SB) in polycarbonate is approximately 75 µm near the notch tip
within resolution limits of the experiments. The measurements also reveal formation of
two incipient localization bands near the crack tip, one of which subsequently becomes
the dominant band while the other is suppressed. Computational simulation of the experi-
ment was conducted using a thermomechanically coupled rate-dependent constitutive
model of polycarbonate to gain further insight into the experimental observations
enabled by the combination of high spatial and temporal resolutions. The simulation
results show reasonable agreement with the experimentally observed kinematic field and
features near the notch tip, while also pointing to the need for further refinement of consti-
tutive models that are calibrated at high strain rates (∼105/s) and also account for damage
evolution. [DOI: 10.1115/1.4053080]
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temporal resolution, viscoplasticity, finite deformation, polycarbonate model,
computational mechanics, constitutive modeling of materials, dynamics, flow and
fracture, impact, mechanical properties of materials, plasticity, thermodynamics, wave
propagation

1 Introduction
In situ imaging of dynamic events has been of interest in exper-

imental mechanics for a long time. High-speed imaging has been
used in a wide range of disciplines to study a variety of events
such as cavitation [1], combustion [2–5], shock waves [6–8], adia-
batic shear localization [9–14], crack tip deformation fields [15–17],
twinning [18], and dynamic friction [6–8]. The advancements in
imaging of such dynamic events have been enabled by the rapid
evolution of high-speed camera technologies over the past
70 years and the high temporal resolution that they offer. At the
same time, there are several dynamic phenomena that occur not
only at small time-scales but also at small length-scales, examples
of which include hot-spot mechanisms in energetic materials;
dynamic failure of heterogeneous materials through crack propaga-
tion [19,20], adiabatic shear bands (SBs), twinning, dynamic fric-
tion, and cavitation. Imaging such events requires high temporal
and spatial resolutions simultaneously, i.e., high-speed microscopy.
The importance of high-speed microscopy in advancing our

understanding of dynamic response and failure of materials has
been highlighted in a recent National Research Council report [21].
Significant progress has been reported in the recent literature on

imaging at high spatial and temporal resolutions simultaneously.
Rubino et al. [8] reported an investigation on laboratory earthquakes
in which rupture of frictional interfaces was investigated by com-
bining high-speed imaging with the digital image correlation
(DIC) technique. The combination allowed them to measure the
deformation and stress fields associated with shear shock waves
and evolution of dynamic friction coefficient at the interface.
Based on the imaging technology and magnification reported in
their work, the spatial resolution of imaging can be inferred to be
27.8 µm based on the Nyquist criterion (sensor pixel pitch p=
30 µm, magnification= 2.16). Kannan et al. [18] reported a study
on dynamic twinning in single crystal magnesium by using high-
speed photography. They used a 105 mm Nikon lens coupled
with two teleconverter lenses and bellows in order to spatially
resolve twin nucleation and propagation. Based on the numbers
reported in their paper, imaging was done at a magnification of
5 µm per pixel, which implies a pixel-limited spatial resolution of
10 µm. Imaging at a temporal resolution of 200 ns, they measured
twin tip velocities of the order of 1 km/s; twin boundary growth
values and twin tip velocities of second-generation twins that nucle-
ate from boundaries of pre-existing twins were also reported.
Estrada et al. [1] used micro-cavitation as a rheometer to measure
viscoelastic properties of polyacrylamide gel under high strain
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rates. A pulsed laser was used to generate cavitation which was
imaged using a Phantom v2511 high-speed camera and bright-field
illumination with a halogen lamp. Images of bubble generation, col-
lapse, and subsequent oscillations were taken at a spatial resolution
of 5.52 µm and a temporal resolution of 3.7 µs. Combining bubble
kinematics with a constitutive model allowed them to extract mate-
rial properties of the gel in a minimally invasive manner. Ravindran
et al. imaged polymer-bonded sugar (PBS) [22,23] subjected to high
strain rate loading to identify deformation localization mechanisms.
They used Photron SAX2 high-speed camera at 100,000 fps along
with a Navitar extension tube and appear to have achieved a pixel-
limited spatial resolution of 20 µm. Using DIC to analyze the defor-
mation field, they showed that large strain localization occurs in
polymer rich areas between crystal boundaries while the deforma-
tion of crystals is minimal.
It is clear that there is a great deal of interest in measuring kine-

matic fields at high spatial and temporal resolutions simultaneously
in order to understand the deformation response and failure mech-
anisms in heterogeneous materials. Here, we present a technique
that offers such a capability with a temporal resolution of 250 ns,
spatial resolution of about 1 µm, and a field of view of about
1.1 mm× 0.63 mm. Section 2 presents the experimental setup.

2 Experimental Setup
A schematic of the experimental setup is shown in Fig. 1. The key

components of the high-speed microscopy system are (a) a

high-speed camera, (b) imaging optics, and (c) illumination. The
considerations that determined the choices made in assembling
the experimental setup are described first.

2.1 High-Speed Camera. Dynamic deformation and failure
events in solids typically occur over times scales of a few microsec-
onds, which necessitates a high-speed camera with framing rates of
106 s−1 or higher. As explained below, they also require a suffi-
ciently large sensor (i.e., pixel array size of 1000 × 1000 or
greater) and a fine pixel pitch to image at an acceptable field of
view combined with micron-scale spatial resolution. In addition,
low electronic noise of the camera is a requirement for measuring
the kinematic fields through DIC or particle tracking, particularly
for large deformations. Among the three most used technologies
for the present-day high-speed cameras are (a) single complemen-
tary metal-oxide semiconductor (CMOS) sensor cameras,
(b) gated-intensified cameras, and (c) rotating mirror cameras.
The single-sensor in situ storage cameras are the most popular

high-speed cameras at present. These cameras use a CMOS
sensor and on-chip storage of all frames, which allows them to
run at high frame rates. Depending on the read-out mechanism,
these sensors can offer varying resolutions at different frame
rates. Typically, the sensor resolution decreases as the frame rates
go up. This is due to limitations placed on the read-out speeds,
i.e., the speed at which an acquired image can be transferred to
the memory. However, certain cameras offer constant resolution
at all frame rates. Among the best specifications for these

Fig. 1 A schematic of high-speed microscope setup for imaging a sample impacted in a Kolsky bar. Key components of the
system are high-speed camera, microscope optics, and the laser for illumination. Cable connections between various compo-
nents are shown using arrows. The inset on the right shows the optical elements in detail. Illuminating rays are shown in blue
and image forming rays in red. (Color version online.)
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commercial cameras are (a) sensor size of 400 × 250 pixels2, (b)
image acquisition rate of 5 million frames per second, and (c) the
number of frames collected is 128. These cameras tend to be
lighter and more compact compared with the rotating mirror and
gated-intensified cameras but usually have large pixel size
(∼30 µm) and lower sensor resolution. The sensor chip architecture
also leads to lower fill factors (∼37%) which can cause aliasing and
inability to resolve higher spatial frequency content.
The gated intensifier cameras consist of an image intensifier unit,

coupling optics, and a CCD sensor. The heart of these cameras is the
image intensifier unit which can amplify the incoming photons by a
factor of over 1000. The intensification is achieved through a micro-
channel plate (MCP) that amplifies the photoelectrons received
from the photocathode and sends them to a phosphor screen for con-
version back to photons. The intensifier comes with an added
advantage of electronic gating which allows extremely small expo-
sure durations, of the order of nanoseconds. These cameras can
offer framing rates of up to a few hundred million fps with 200
ps exposures and collect up to eight frames. However, they suffer
from larger noise, loss of contrast, and poorer spatial resolution
[24,25], which are inherent to the intensification process and
optical coupling in this design. As mentioned in Ref. [8], extracting
useful quantitative information like displacements and strains from
images taken using an intensified CCD camera is not easy, espe-
cially to meet the stringent requirements of displacement, velocity,
and strain resolutions. Also, the total number of frames is small,
which may not be sufficient for capturing the full evolution of
dynamic events.
Rotating mirror cameras consist of multiple independent CCD

sensors spaced equally in two 120 deg arcs, positioned radially
with respect to a rotating mirror at the center. A light beam
hitting the mirror is swept across each of the arcs and focused on
the CCDs by relay lenses. A helium gas-turbine is used to drive
the mirror at high speeds, which yields framing rates of up to a
few million fps. The advantage of the rotating mirror cameras is
that the individual CCD sensors can be configured to have a large
pixel array with a small pitch to increase the spatial resolution (to
be discussed below). On the other hand, these cameras are bulky
and heavy; and their operation is much more complex compared
with the other technologies.
High-speed microscopy requires integration of a high-speed

camera and an optical microscope. The achievable temporal resolu-
tion of such a system is determined by the framing rate of the high-
speed camera. All the high-speed imaging technologies described
above satisfy the time-resolution requirements for imaging many
dynamic events in solids; however, they differ in the spatial resolu-
tion that can be practically achieved. The spatial resolution of any
optical imaging system is limited either by the numerical aperture
of the objective lens (diffraction limit) or the pixel size of the
imaging detector (sampling limit). The diffraction limit, given
through the Rayleigh criterion, can be expressed as

robj,d =
λ

2 NA
(1)

where λ is the wavelength of the illuminating light and NA is the
numerical aperture of the objective. On the other hand, pixel-limited
spatial resolution of an imaging system can be defined using the
Nyquist criterion as

robj,p =
2p
m

(2)

where robj,p is the finest feature that can be resolved, p is the pixel
pitch, and m is the magnification of the optical imaging system. The
spatial resolution of the system is given by the larger of robj,p and
robj,d. There is a wide range of commercially available microscope
objectives, which reduces the task of satisfying the Rayleigh crite-
rion to one of the proper optical design and integrating the micros-
copy optics with those of the high-speed camera. However, the
characteristics of the imaging sensors in commercially available
high-speed imaging cameras often set limits on the imaging resolu-
tion, minimum required magnification, and the field of view.
Table 1 illustrates the trade-offs for six different commercial high-
speed cameras. The table presents the minimum required magnifica-
tion of the optics and the achievable field of view for a target spatial
resolution of 0.5 µm. Note that in the case of gated intensifier
cameras, the resolution of the MCP can set the resolution limit
instead of the sensor pixel pitch. From Table 1, it can be seen
that the minimum optical magnification required for achieving the
target spatial resolution and the corresponding field of view at
that resolution differ widely between the cameras considered. An
optical system with a higher magnification has a correspondingly
lower depth of field, which limits the allowable out of plane
motion of the specimen during an experiment while keeping it in
focus. Moreover, a higher magnification objective tends to have a
smaller working distance, requiring it to be very close to the dyna-
mically deforming specimen surface (it could be as close as a mil-
limeter at high magnifications), which could be impractical. Thus,
the combination of lowest required magnification and the largest
field of view provides a practical criterion of choosing an appropri-
ate high-speed camera.
Based on these considerations (cf., Table 1), a rotating mirror

camera has been chosen in this investigation despite the complexity
of its technology, operation, and maintenance. The Cordin 560
rotating mirror high-speed camera used in the present setup consists
of 78 independent CCD sensors; the mirror can rotate at a speed of
up to 16,667 rotations per second, which gives a maximum framing
rate of 4 million fps. Each CCD is a monochrome 14-bit sensor with
a 1920 × 1080 pixel array and a pixel pitch of 7.4 µm. The camera
body has approximate dimensions of 24 in. × 30 in. × 26 in. and
weighs about 100 kg. However, since it operates as a microscope,
it is necessary to be able to move it at micron-scale precision for
alignment and focusing purposes. A 6-degree of freedom stage
has been custom-designed and built to meet these requirements
with the camera mounted on it (Fig. 2).
In addition to the above considerations, since one is often inter-

ested in imaging dynamic events, there are additional constraints
on the illumination system to minimize motion blur and the need

Table 1 A comparison of six commercially available high-speed cameras with respect to their ability to capture images at a spatial
resolution of 0.5 µm

Technology
Maximum

framing rate (fps)
Number of
frames

Sensor pixel
array size

Pixel pitch
(µm)

MCP
resolution

Magnification,
m for robj= 0.5 μm

Field of view
(mm2)

1 Rotating mirror 4 million 78 1920 × 1080 7.4 – 44× 0.48 × 0.27
2 Single CMOS sensor 5 million 180 924 × 768 30 – 120× 0.23 × 0.19
3 Single CMOS sensor 5 million 128 400 × 250 30 – 120× 0.1 × 0.06
4 Image intensifier 200 million 8 2000 × 2000 7.4 40 lp/mm or 25 µm 100× 0.15 × 0.15
5 Image intensifier 333 million 16 1360 × 1024 6.45 50 lp/mm or 20 µm 80× 0.11 × 0.08
6 Image intensifier 200 million 8 1360 × 1024 6.7 28 µm 112× 0.08 × 0.06

Note: The parameters of interest are the minimum magnification required to achieve this spatial resolution and the corresponding field of view. The
illumination wavelength is assumed to be 640 nm
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to make use of the available dynamic range of the imaging sensors.
Further details are discussed in Sec. 2.3.

2.2 Optics. The optical imaging system consists of a micro-
scope that forms an image of the specimen surface on a prescribed
plane at the entrance of the camera, from where it is relayed by the
internal optics to the sensor plane via the rotating mirror. The micro-
scope elements are shown in Fig. 2. The main elements are an
infinity-corrected long working distance objective and a tube lens.
An in-line illumination arrangement is chosen, where the illumina-
tion light enters the optical train normal to the optical axis and is
directed into the objective through a 50:50 beam splitter as
shown. A liquid light guide feeds light from a laser illumination
source to an aspheric condenser lens, the relative position of
which with respect to the end of the light guide determines the illu-
mination spot size on the specimen. A Koehler-type illumination
can be achieved by adjusting the condenser lens position to form
the image of the end of the light guide on the back focal plane of
the objective. On the other extreme, a highly focused spot can be
achieved by adjusting the condenser lens such that it collimates
the light from the liquid light guide. In our experiments, an interme-
diate configuration is chosen such that the illumination spot size on
the specimen surface is slightly larger than the field of view. Diffuse
reflection from the specimen is collected by the objective (see inset

in Fig. 1) and a tube lens forms a real image on the prescribed plane
near the entrance to the camera. A Nikon F-mount connects the
microscope optics to the camera. The system is configured for
three long working distance microscope objectives: 10×, 20×, and
50×. Table 2 shows the details of the objectives, the combined mag-
nification of the microscope optics and the camera internal optics,
spatial resolution, the limiting criterion that determines the spatial
resolution (diffraction limited versus sampling limited), and the
field of view. Figure 3 demonstrates that the calculated spatial reso-
lutions are indeed realized; it shows images of a resolution target
with the 20× and the 50× objectives. The former can resolve
1 µm features and the latter can resolve 0.5 µm features. Microscope
optics and illumination (described in Sec. 2.3) have been custom-
designed to serve the purpose of attaining large spatiotemporal reso-
lutions simultaneously. The know-how has been shared with
Cordin, which has made it commercially available.

2.3 Illumination. The combination of high temporal and
spatial resolutions places severe requirements on the illumination.
Since the interest is in imaging dynamic events, image blur due
to object motion must be minimized. As an example, consider the
case of the characteristic particle velocity within the field of view
to be of the order of 100 m/s. To restrict the particle displacement
during optical exposure (i.e., motion blur) to be within the

Fig. 2 High-speed microscope setup at Brown University. The important components of the
system are highlighted: Cordin high-speed camera mounted on a 6-dof stage, microscope
optics, microscope objective, pulsed laser, the liquid light guide that carries illumination
pulses from the pulsed laser to the condenser lens for in-line illumination and the delay gen-
erator that acts the master clock to synchronize all events. The incident bar and sample holder
with the sample are also shown.

Table 2 A comparison of different objectives used in the optical train of the high-speed microscope setup

Objective NA
Working
distance mtotal

Spatial
resolution Limiting criterion Field of view

10 ×Plan Apo Infinity-Corrected Long Working Distance Objective 0.28 34 mm 6.67× 2.22 µm Pixel-Limited 2.13 × 1.20 mm2

20 ×Plan Apo Infinity-Corrected Long Working Distance Objective 0.42 20 mm 13.33× 1.11 µm Pixel-Limited 1.07 × 0.60 mm2

50 ×Plan Apo Infinity-Corrected Long Working Distance Objective 0.55 13 mm 33.33× 0.58 µm Diffraction limited 0.43 × 0.24 mm2

Note: All objectives are long working distance objectives. As the magnification increases, the working distance decreases and the spatial resolution increases.
The 50 × objective gives the highest resolution of 0.58 µm mtotal=mobjective× 2/3.
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imaging resolution (say 1 µm), the illumination duration must be no
more than 10 ns for each frame. A pulsed laser is a convenient
source for generating a sequence of such short illumination
pulses. Another vital difference between high-speed imaging
with a large field of view of the order of a centimeter and high-
speed microscopy is that in the latter each pixel of the CCD
sensor collects photons from a very small area of the specimen
surface. In the system under consideration here, for a magnifica-
tion of 20×, each pixel collects photons from an area of approxi-
mately 0.56 µm×0.56 µm. In order to make use of the dynamic
range of the CCD pixels and obtain sufficient image contrast,
the number of photons collected by each pixel multiplied by its
quantum efficiency needs to be a significant fraction of the CCD
full well depth, which in the present case is 44,000 electrons.
Based on this number, one can calculate the power requirement
on the laser source by accounting for the losses along the
optical path (for example, losses in the light guide, passing
through the beam splitter twice, diffuse reflectivity of the specimen
surface, collection efficiency of the objective, etc.) and the finite
illumination pulse width. Such a calculation, based on a pulse
width of 10 ns, shows the required power to be a few hundred

Watts. To satisfy the requirement, a Specialized Imaging LUX640
pulsed laser source is used to illuminate the specimen, which is a
400 W pulsed laser that emits a low coherence beam at a wave-
length of 640± 10 nm (cf., Fig. 1).

3 Experimental Demonstration
The capability of the experimental system is demonstrated by

imaging the initiation of a SB from a notch tip in a polycarbonate
specimen subjected to impact loading in a Kolsky bar. SBs are
zones of intense plastic shear strain that are typically formed
under high strain rates as a result of a competition between material
hardening and softening mechanisms. SBs have been extensively
studied in a variety of materials including metals, alloys, bulk
metallic glasses, and polymers [9,26]. However, in the context of
real time imaging, it is worth mentioning a few relevant references
that report measurement of strain and stress fields in the vicinity of
initiating and propagating SBs [11,13,27–29]. These efforts used a
typical field of view of a few centimeters and measured the far field
stress and strain fields that correspond to the mixed mode loading of
the pre-existing notch. A phenomenological criterion for SB initia-
tion could be formulated in terms of the mixed mode loading param-
eters (for example, the stress intensity factors) and their rates. For
example, in the context of edge-impact of notched plate experi-
ments [12,27–29], it was reported that a locally mode-I crack initi-
ated for impact velocities below a critical value and a SB initiated
above it. At the same time, as reported in Refs. [13,30], a post-
experiment microscopic investigation of the specimens that failed
in mode-I showed the presence of an initiated and arrested SB at
the notch tip. Interestingly, the local mode-I crack that propagated
at an oblique angle initiated from the notch tip—not from the
arrested SB tip. In other words, even at velocities below the critical
velocity for mode transition, a SB initiated at the notch tip, propa-
gated, and got arrested, before reflected waves from the specimen
boundary modify the notch tip stress field to force the crack to ini-
tiate in a different mode. As such, a high-speed microscopy capabil-
ity offers the benefit of capturing the sequence of events at the
micron-scale more accurately. For the purposes of this study, the
well-studied edge-notched plate configuration is used, which was
impact loaded in a Kolsky bar. Polycarbonate is chosen as the speci-
men material, partly motivated by a prior investigation of similar
nature by Ravi-Chandar [29].
Specimens were cut from a Lexan 9034 polycarbonate sheet and

have the following dimensions: 19 mm×9.53 mm×1.5 mm
(Fig. 4(a)). A pre-crack is made in the polycarbonate sample at the
tip of the machined notch using a sharp razor. The specimen is con-
strained in a steelfixture to enforce the boundary conditions shown in
Fig. 4(a). An edge-on impact is carried out on the specimen using the
incident bar of the Kolsky bar. The incident bar is 6.3 mm in dia-
meter, 61 cm in length and is made of C350 maraging steel. A
striker of the same diameter and material and a length of 15.24 cm
sends a compressive pulse of 50 μs duration through the incident
bar. Imaging is done with a 20× objective. The deformation field
is measured through particle tracking by depositing a grid of
10 μm diameter circular copper dots with a pitch of 20 μm in both
directions (Fig. 4). The dots were deposited near the crack tip
using a lift-off photolithography process, as illustrated in Fig. 1 in
Supplemental Section 1 available in the Supplemental Materials
on the ASME Digital Collection. The polycarbonate sample is
cleaned with isopropanol using sonication. The sample is spin-
coated with LOR-5A photoresist followed by a hard-bake at 100 °
C in an oven. Another photoresist, AZ1505A, is spin-coated on
top of the previous layer and soft-baked at 95 °C. A maskless
aligner (MLA150, Heidelberg Instruments) was used to selectively
expose the photoresists at a calibrated exposure intensity of
150 mJ/cm2. The photoresist is developed using CD-26 (nine parts
CD-26 and one part DI water) for 60 s, followed by a DI water
rinse. An O2 plasma de-scumming process is performed before the
metal deposition process. A 200 nm layer of Cu is deposited using
an e-beam evaporator (Kurt J. Lesker). Final lift-off is done with

Fig. 3 Demonstration of imaging resolution using a resolution
target with groups of 2 µm, 1 µm, and 0.5 µm wide lines. The
images are taken using a (a) 20× and (b) 50× objective. For
each magnification, a full-resolution image is shown on the left
while the region of interest is outlined in a dashed blue line
and a magnified view shown right below the full image. The
yellow curves are variations in intensity across a group of
lines. As shown in Table 2, the 20× objective has a calculated
resolution of 1 µm, which is demonstrated by its ability to
resolve the 1 µm and 2 µm wide lines. The 50× objective
system has a calculated resolution of 0.58 µm, which is demon-
strated by its ability to resolve the 0.5 µm wide lines. Note that
the images have been cropped to show the area of interest and
do not represent the entire field of view. The length of the scale
bar is 50 µm in both images. (Color version online.)
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methanol in a sonicator. The copper dots form a reflective fore-
ground against the transparent polycarbonate background, providing
good contrast.
Experimental preparation consists of aligning the impact face of

the specimen with the middle of incident bar cross section, fol-
lowed by focusing the camera on the area of interest on the speci-
men surface. Strain gage signal from the incident bar is used to
trigger the camera. An important element of the experimental pro-
cedure is to ensure that the illumination pulses are synchronized
with the optimal mirror positions with respect to the CCD
sensors by accounting for signal delays at many interfaces in the
experimental setup. The corresponding signal timing diagram is
shown in Fig. 5.
As alluded to earlier, depth of field is an important consideration

in any microscopy application, particularly in high-speed micros-
copy where out-of-plane movement of the specimen surface is una-
voidable due to the deformation itself. The effective depth of field
for the present application is characterized experimentally by trans-
lating the specimen along the optical axis and imaging the specimen
(see Fig. 6). An out-of-plane displacement of 25 µm does not result
in a significant loss in the definition of dots. However, at a displace-
ment of 62.5 µm, some of the neighboring dots begin to coalesce
with each other, but individual dots can still be distinguished,
which can thus be treated as the “practical” depth of field for the
purposes of imaging the dot pattern.

4 Results and Discussion
Figure 7 shows a sequence of images of the dot pattern when the

striker impact speed is 17.4 m/s. The images were acquired at a rate
of 4 million frames/s, but the sequence presents only a selected set

of images, showing the evolution of deformation upon arrival of the
loading wave and subsequent initiation of a SB at the notch tip. A
video of the event generated by collating the individual images is
included in the supplemental material on the ASME Digital Collec-
tion. Even without quantitative analysis, one can visualize the strain
field evolution from the change in the slope of the lines connecting
the dots along vertical and diagonal directions in the undeformed
configuration. The notch tip plastic zone is evident through the
appearance of a dark region and degraded focus due to the out of
plane motion of the specimen surface. However, it is still possible
to identify the positions of the dots through image processing as
illustrated in Fig. 7( f ).
The first step in extracting the displacement and strain field from

the images is to correct for slight differences in the fields of view of
successive images. As noted above, the Cordin camera consists of
78 different CCD sensors. Since light is relayed through a different
optical path for the formation of each image, slight differences in
the extent and orientation between successive images are expected.
For more details, see Kirugulige et al. [31]. Since the particle track-
ing algorithm used here is sensitive to such misalignments, it is nec-
essary to correct the images to set the same global coordinate axes

Fig. 4 (a) Edge-on impact on the polycarbonate specimen. The
specimen is fixed on the bottom half at the back to prevent rigid
translation. Fixing on the bottom face and bottom half of the front
face impedes rigid rotation. Lateral confinement (not shown
here) is provided on either side of the specimen plate to minimize
out of plane motion. The field of view with a 20× objective is
shown. 10 µmsized Cu dots spaced 20 µmapart are used for par-
ticle tracking. (b) High-speed camera image of the specimen
before the arrival of longitudinal compressive wave at the
crack tip.

Fig. 5 A typical timing diagram at a frame rate of 4 million fps.
Assume that the incident wave arrives at the strain gage at t=0
and at this instant, the strain gage triggers the Delay Generator.
At t=Δt1 (≈60 μs), the compressive incident wave arrives at the
specimen impact face. A 5 V transistor-transistor logic (TTL)
trigger is then sent to the camera at t=Δt1+Δt2 where Δt2
accounts for the time delay between impact at specimen inter-
face and the time when compressive wave first reaches the
notch tip. An Enable signal with a pulse width of Δt3 is sent to
the Laser Pulse Driver (a unit that controls synchronization of
laser illumination pulses with input pulses from the camera)
before the camera is triggered. There is a time gap of Δt4
between the TTL trigger to the camera and the alignment of the
rotating mirror with the first charge-coupled device (CCD) after
the trigger signal is received. Due to the mirror rotation, optical
exposure of each CCD is not uniform during one inter-frame
time period, which is depicted using triangular pulses. The
optimal location of exposure lies at the peak of these pulses,
whereby the rotating mirror is said to be aligned to the CCD. Illu-
mination pulses need to be centered at these peaks. This is
achieved by sending capture pulses from the camera to the
Laser Pulse Driver in advance by a time duration of Δt5. Δt5=
0.185 μs is found to work well. Δt6 indicates the inter-frame
time (=250 ns at 4 million fps). An illumination pulse width,
Δt7 = 20 ns, is used in these experiments but this width can be
brought down to 5 ns.
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on all images. The procedure followed here is similar to that used by
Kirugulige et al. [31]. A camera calibration is performed by imaging
a static sample with a grid pattern of 50 μm circular dots, spaced
100 μm apart (see Fig. 8(a)). All images are thresholded and binar-
ized, followed by locating the centroids of the dots. One of the 78
CCD images is chosen as a reference and centroid locations in
the rest of the frames are tracked with respect to the reference

image. It is assumed that the optical distortion of the images can
be modeled as a homogeneous deformation. Therefore, the coordi-
nates in these images can be related to the coordinates in the refer-
ence image through a transformation of the form

xi
yi

( )
=

a b
c d

[ ]
x0
y0

( )
+

e
f

( )
(3)

Fig. 6 “Practical” depth of field measurements for the optics with the 20× objective using a
grid pattern of circular dots. The dots are 10 µm in diameter and spaced 20 µm apart. A
sample with these dots is mounted on a translation stage and moved toward the objective,
starting from the focused position in (a). In (b)–( f ), the sample is moved in increments of
12.5 µmm to a final position of 62.5 µmm away from the focused position. At this point, the
image becomes blurry, and the neighboring dots begin to coalesce with each other. Note
that the entire field of view is not shown. A scale bar of 100 µm length is shown in red at the
bottom corner of each image.

Fig. 7 As acquired images of the notched polycarbonate plate undergoing deformation taken
at different time instants: (a) t=6.18 µs, (b) t=9.79 µs, (c) t=12.88 µs, (d ) t=15.19 µs, and
(e) t = 20.6 µs. The images were taken at a frame rate of 3,883,495 fps. As the deformation pro-
gresses, a zone of localized plastic deformation forms ahead of the crack tip. Particle tracking
is performed until t=15.19 µs. By t=20.6 µs, the top half of the specimen has moved ahead of
the lower half by ≈120 μm, indicating the development of a large shear strain. Deformation in
the vicinity of the notch tip at t=15.19 µs is shown in a magnified view in (f ).
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where (xi, yi) are coordinates of deformed images, (x0, y0) are coor-
dinates of the reference image, the matrix with (a, b, c, d ) constants
corresponds to the assumed homogeneous deformation gradient,
and the vector (e, f ) corresponds to in-plane rigid translation. The
unknown constants are determined using least-squares minimiza-
tion. A set of these unknowns is shown in Figs. 8(b)–8(d ). The diag-
onal components (a, d ) of the deformation gradient differ from 1 by
less than 1% and the off-diagonal components (b, c), which repre-
sent the shearing/rotation, are less than 0.5% for the most part.
However, the rigid translations e and f are significant. Hence, a
set of static images is obtained just prior to each dynamic experi-
ment, which is used to determine the correction constants for
each experiment. All experimental parameters such as the frame
rate, illumination settings, and delays are kept identical between
the static imaging and the actual dynamic experiment that follows
immediately. The correction constants are used to perform an
inverse transform to align each image with the reference image.

4.1 Particle Tracking. Particle tracking has been used in this
study to calculate the displacement field. Another commonly used
method for measuring deformation fields is DIC. Individual parti-
cles are tracked in particle tracking to infer displacements directly,
whereas in DIC, the displacements at a given point are obtained
after establishing correlation of a subset of pixels. To achieve
similar resolution with DIC, speckles with sizes significantly
smaller than the current particle size are needed. Since the current
technique involves a relatively small depth of field and is sensitive
to out of plane motions, smaller speckles would get blurred at
smaller deformations, which is expected to result in a poorer corre-
lation and hence larger errors, especially in the shear band region
where deformation gradients are large. While particles in particle
tracking also suffer from blurring, the effects are expected to be
smaller due to larger particle sizes.
Particle tracking involves two steps: (a) identifying positions of

particles in each image and (b) tracking the trajectories of individual
particles across all frames to deduce displacements. The first step
can be carried out with pixel-scale accuracy using Gaussian
fitting [32–34] or radial symmetry methods [35,36]. Particles can
then be tracked using nearest neighbor search, relaxation methods
[37–39], feature vector based methods [40], and topology-based
methods [41] among several others. In general, average inter-
particle distance is an important parameter in single particle tracking
methods. It is not possible to resolve sinusoidal displacements with
a period smaller than inter-particle distance according to the
Nyquist criterion. Therefore, to resolve high spatial frequency
content, smaller inter-particle distance and hence higher particle
density are favorable. An inter-particle distance of 20 μm is used
here, which was found to be satisfactory.
For the first step of locating the particles, all images are thre-

sholded and binarized to extract regions corresponding to each par-
ticle/dot. The centroid of each particle is chosen as the
representative of its location. Due to intensity gradients across the
image, a small subset of the particles could not be thresholded in
a few images. A GUI is written in MATLAB 2019a (The MathWorks
Inc., Natick, MA) to interactively allow for manual addition of
approximate centroid locations for these particles, which are subse-
quently refined by Gaussian fitting to obtain more accurate centroid
estimates. For the second step of tracking the particles, an iterative
tracking scheme is adopted, i.e., the image It+Δt is correlated to
image It. A reference particle is chosen in all images. It+Δt is trans-
lated and overlaid on top of It so that the location of reference par-
ticles in the two images matches exactly. Following this, a nearest
neighbor algorithm is used to match particles. Since the displace-
ment between consecutive frames is substantially less than the inter-
particle distance, this simple scheme works well.

4.2 Deformation Fields. Displacements of particle centroids
are determined by tracking their locations. These displacements
are interpolated using a cubic, ℂ2 continuous, triangulation-based

polynomial. Data points are obtained every 5 pixels (2.75 µm)
from the interpolated polynomial. To be able to reliably calculate
gradients from the noisy displacement data, a nonlocal means
(NLM) filter [42,43] is2 used for de-noising and smoothing the dis-
placement fields. The NLM filter preserves sharp displacement gra-
dients expected in and around the shear band region. The usual
“local” means filters smoothen a discrete field by taking the mean
value of a group of neighboring values. This results in a lower
noise level but at the cost of smoothing out sharp features. A “non-
local”means filter, on the other hand, calculates a weighted mean of
field values within a search window Ω around the target location.
The weights are chosen based on the similarity of N×N neighbor-
hoods within Ω, to the N×N neighborhood of the target location.

Fig. 8 (a) Grid pattern of circular dots used for CCD misalign-
ment calibration. Constants for transformation matrix are
shown in (b), (c), and (d ). (d ) Shows translations in pixel
coordinates.

2https://ch.mathworks.com/help/images/ref/imnlmfilt.html
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An exponentially decreasing function is typically used to assign
weights, with the weight value decreasing with a decreasing
degree of similarity. The degree of smoothing is controlled using
a parameter hs that controls the rate of decay of the weighting func-
tion. In this study, the NLM filter is applied to interpolated displa-
cement fields. Here, we use a search window size Ω= 7 × 7 data

points (=81.6 × 81.6 µm2), a neighborhood size N= 7 data points
(=27.2 µm) and a degree of smoothing hs= 0.5. The effect of
NLM parameters on deformation fields is explored in the Supple-
mental Sections 2 and 3 available in the Supplemental Materials
on the ASME Digital Collection. To reduce the temporal noise
arising from uncertainty in centroid location for particles in the

Fig. 9 Displacement in the x-direction, u1 plotted at (a) t=6.18 µs, (b) t=9.79 µs, (c) t=12.88 µs, and (d ) t=15.19 µs.
Contour values seen in the crack opening behind the notch tip is an artifact of displacement interpolation; no physical
significance should be attributed to the same.

Fig. 10 Displacement in y-direction, u2 plotted at (a) t=6.18 µs, (b) t=9.79 µs, (c) t=12.88 µs, and (d ) t=15.19 µs.
Contour values seen in the crack opening behind the notch tip is an artifact of displacement interpolation; no physical
significance should be attributed to the same.
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vicinity of the highly deformed region at the notch tip (Fig. 7( f )), a
mild temporal smoothing of displacement fields is performed using
the “smooth” function in MATLAB. A degree of smoothing of 0.2 is
used. Such a smoothing also helps reduce any CCD misalignment
errors that remain after calibration.
The extracted u1 and u2 displacement fields are shown in Figs. 9

and 10, respectively, at four different instants of time. Note that all
the deformation fields are evaluated from t= 1.55 µs to t= 15.19 µs.
The compressive wave first reaches the left edge of the field of view
at 1.55 µs. It can be seen in Figs. 9 and 10 that there is a pronounced
concentration of displacement contours at the crack tip which sug-
gests large displacement gradients there, as expected. Note that u1
displacements are significantly larger than the u2 displacements,
which is characteristic of the predominantly mode II loading of
the notch tip. At the same time, the small specimen dimensions
result in wave reflections from the boundaries, resulting in some
crack opening displacement during the observation time window.
Strains are expressed in the form of a Green-Lagrange strain E,

which is computed from the deformation gradient F as follows:

F = I + ∇u (4)

E =
1
2
[FTF − I] (5)

where u is the displacement field and I is identity tensor. Displace-
ment gradients are found using a finite-difference scheme. At the
boundaries, forward or backward finite-difference schemes are
used. At the interior locations, central finite-difference scheme is
used. The shear strain E12 is the most relevant quantity for studying
shear localization; its evolution is plotted in Fig. 11. As the notch tip
gets loaded by the stress waves from the impact face, a plastic zone
develops at the notch tip. When the loading rate is sufficiently high,
the plastic zone transitions into a SB. A complete characterization of
SB initiation requires knowledge of the stress field as well, which

cannot be obtained directly from the kinematic fields being mea-
sured here. If the high strain rate constitutive response of the mate-
rial is known, the stress field can be calculated from the measured
strain field. At t= 6.18 µs, it can be seen that concentration of
shear strain near the notch tip has already begun (Fig. 11(a)). The
zone of plastic deformation evolves with time, leading to accumu-
lation of shear strains as large as 1.4 in magnitude by t= 15.19 µs.
To gain further insight into evolution of shear strain and localiza-

tion near the notch tip, it is instructive to examine the deformation
of the dots along referential vertical lines (referred to as columns in
the discussion below) at different distances from the notch tip, as
illustrated in Figs. 12 and 13. Deformation of a column closer to
the initial crack tip, i.e., column 5 and a column farther away
from the crack tip, i.e., column 13 are plotted, to encompass the
region of large shear strain. Figure 13 shows u1 and E12 as a func-
tion of position along the vertical coordinate (y) for these columns
and their evolution with time. Each line corresponds to a different
time, which is color coded as shown.
From Fig. 13(a), it can be clearly seen that as time evolves, the

x-displacement of the fifth column of dots (c= 5) is localized in
an observable band of approximately 75 µm in width, which is cor-
roborated by the strain field shown in Fig. 13(c). However, the pres-
ence of a finer band below the resolution limit of the experimental
measurement within the 75 µm band cannot be ruled out. The strain
field also shows that the localized zone of intense plastic shear strain
increases in width with time before reaching a plateau. The width is
found to increase as one moves away from the notch tip until a dif-
fused plastic zone is reached at c= 13 (Figs. 13(b) and 13(d )).
Figure 13(d ) shows two local maxima in the shear strain along
the y-direction at earlier times, indicating the formation of two
bands. However, at later times (|t > ∼10 μs|), one of the bands
takes over the localization process while the other gets suppressed.
It is important to note that the accuracy of the strain values reported
here is bound by the resolution limit imposed by the discreteness of
the measurement points (i.e., the dots). Further improvements in the

Fig. 11 Lagrangian shear strain, E12 plotted at (a) t=6.18 µs, (b) t=9.79 µs, (c) t=12.88 µs, and (d ) t=15.19 µs. Contour values
seen in the crack opening behind the notch tip is an artifact of displacement interpolation; no physical significance should be
attributed to the same.
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Fig. 12 (a) Shear strain, E12 field at t=15.19 µs plotted on the reference undeformed image. (b) A zoomed in figure showing
query locations for displacements, strains, and strain rates. Deformation along columns c=5 and c=13 (vertical white lines)
has been analyzed as a function of time. A straight line just ahead of the crack tip is probed for strains and strain rates, at points
(white circles with blue outline) labeled P5 to P13. Location of this straight line is just below the initial crack plane and corre-
sponds, approximately, to the region of maximum shear strain. P5 to P13 lie on columns of Cu dots from c=5 to c=13.
(Color version online.)

Fig. 13 (a), (b) x-displacement, u1, profiles of columns 5 and 13, respectively, from t=1.55 µs to t=15.19 µs. (c), (d ) Lagrang-
ian shear strain, E12, profiles of columns 5 and 13, respectively, from t=1.55 µs to t=15.19 µs. The dots on displacement and
shear strain profiles indicate the experimentally measured values at particle centroids. Note that the shear strain profiles are
not drawn at all time instants captured, to allow for clarity in the figures. A localized region of plastic deformation is shown for
column 5 in (a), (b), (d ), and (e) using dotted lines. In (d ), shear strain is shown to localize in two bands (black arrows) at earlier
times. At later times, the band on the top takes over while the band at the bottom is suppressed.
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resolution can be achieved by decreasing the dot diameter and the
pitch.
Shear strains are plotted at multiple points ahead of the crack tip

as shown in Fig. 14. Despite the noise, especially near the notch tip,
an increase in the shear strain rate can be seen at t∼ 7–8 µs for all
locations. Such a transition in the shear strain rate is a possible kine-
matic signature of the onset of localization near the crack tip. Shear
strain rate magnitude of the order of 105 s−1 can be inferred for P5.
As expected, points away from the crack tip experience smaller
strain rate magnitudes compared with those near the crack tip.
To sum up, the experimental method described above combines

high spatial and temporal resolutions. Its application to study crack
tip deformation in polycarbonate specimens subjected to predomi-
nantly mode II loading allows: (i) direct measurement of the evolu-
tion of the kinematic fields near the crack tip subjected to transient
loading at micron-scale spatial resolution; (ii) in situ measurement
of the width of the strain localization band; (iii) observation of
two incipient shear localization bands, one of which eventually
becomes the dominant band while the other gets suppressed; and
(iv) identification of a possible kinematic signature associated
with initiation of the shear band in the form of a distinct increase
in the shear strain rate ahead of the crack tip. Note that these
include new insights into the formation of SBs in polycarbonate
as a result of imaging at high spatial and temporal resolutions
simultaneously.
As noted above, the experimental setup described above mea-

sures the near crack tip kinematic fields only. Determination of
the stress fields and prediction of the observed experimental features
would require a reliable thermomechanical constitutive model of
polycarbonate over a wide range of strain rates and temperatures.
In other words, the experimental observations offer benchmark
data to examine the accuracy of constitutive models. In Sec. 5, a
computational simulation effort is presented that makes use of a
constitutive model for polycarbonate, which is a modified version
of a model reported in the recent literature. The simulations are
carried out to interrogate the potential spatial and temporal resolu-
tion limitations in the experiments. A comparison between the
simulation and the experimental results can help guide experimental
improvements (and possibly model improvements as well).

5 Computational Simulations
5.1 A Constitutive Model for Polycarbonate. A specialized

rate-dependent thermomechanical model that was previously devel-
oped and presented in Refs. [44–47] is used in the simulations pre-
sented here. Compared with the general amorphous polymer model

in Refs. [44–47], here we have chosen different (simplified) rela-
tions for some of the temperature and rate-dependent material
parameters. These simplified relations reduce number of model
parameters that are needed for polycarbonate. For completeness,
we summarize the specialized model and material parameters for
polycarbonate that were used for simulations. Polycarbonate is
assumed to follow a rheological model consisting of two microme-
chanisms as shown in Fig. 15. The first mechanism is a nonlinear
spring-dashpot in which the spring represents an elastic intermolec-
ular bond-stretching, and the dashpot represents thermally activated
inelastic flow due to chain-segment rotation and relative slippage of
the polymer chains between neighboring mechanical cross-linkage
points. The second micromechanism is a nonlinear spring that
represents changes in the free energy and corresponding elastic
response due to stretching of the molecular chain networks.
The two micromechanisms in Fig. 15 are represented using

superscripts (1) and (2). The total free energy density per unit refer-
ence volume for the glassy polymer is taken as

ψR = ψ (1) + ψ (p) + ψ (2) (6)

Here, ψ(1) is a free energy of intermolecular interactions repre-
sented by the “stiffness” spring in Fig. 15 and modeled using the
elastic Right-Cauchy Green tensor, Ce; ψ(2) is a free energy associ-
ated with the stretching of polymer chain network (represented as a
spring in the second micromechanism in Fig. 15) and modeled
using the total Right-Cauchy Green tensor, C. ψ (p) (≡ ψ (p)(1) for
the spring parallel to the dashpot in the first micromechanism) is
an energy associated with inelastic deformation and assumed to
depend on an internal variable tensor, A. This energy leads to the
development of a back-stress that allows modeling Bauschinger-
like response observed in cyclic loading of polymers. The free
energy, ψ(1) is defined as

ψ (1) = G|Ee|2 + 1
2

K −
2
3
G

( )
(trEe)2 − 3Kα(θ − θ0)(trEe)

−
c

2θ0
(θ − θ0)

2 (7)

where E e is an elastic logarithmic strain measure and G, K, α, c, θ0
are the shear modulus, bulk modulus, coefficient of thermal expan-
sion, specific heat capacity, and reference temperature, respectively.
The free energy component ψ(2) is taken to account for network
stretching using the Gent model [48]:

ψ (2) = −
1
2
μRIm ln 1 −

I1 − 3
Im

( )
(8)

where I1 =
def

trCdis is the first principal invariant of the distortional
Right-Cauchy Green tensor (Cdis). μR and Im are two materials
parameters, representing the ground-state rubbery shear modulus

Fig. 14 E12 versus time at points P5, P6, P7, and P13. Data closer
to the notch tip are noisier as expected. The magnitude of the
shear strain rate increases at t≈8 μs, as shown by the arrows.

Fig. 15 A schematic of spring-dashpot representation of the
model
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and limited chain extensibility, respectively. We have selected the
Gent model in our study. Other nonlinear rubber elastic models
[49,50] can also be considered to mathematically represent free
energy from polymer chain network stretching.
With the tensorial variable A defined in a form similar to a loga-

rithmic strain as

lnA =
∑3
i=1

ln ai li ⊗ li (9)

where li are the principal directions of A, the inelastic free energy
ψ(p) is taken as

ψ (p) =
1
4
B[(ln a1)

2 + (ln a2)
2 + (ln a3)

2] (10)

where B is a back-stress modulus. The evolution equation for ten-
sorial internal state variable A is taken as

Ȧ = DpA + ADp − γνpA lnA, with A(X, 0) = 1 (11)

where γ≥ 0 is a parameter that controls the dynamic recovery of A
and νp is an equivalent plastic shear strain rate. In the evolution
Eq. (11) for A, the term γνpAlnA represents a dynamic recovery
term. In the absence of this dynamic recovery term, A will evolve
same as the Cauchy Green inelastic tensor Bp. Corresponding to
the free energy Eq. (6) and the schematic in Fig. 15, the Cauchy
stress for glassy polycarbonate is given by

T = T(1) + T(2) (12)

where each of the terms on the right-hand side correspond to the
stress due to the corresponding micromechanism described above.
For the free energy ψ(1) in Eq. (7), the Mandel stress is

Me = 2GEe
0 + K(trEe

0)1 − 3Kα(θ − θ0)1 (13)

The corresponding contribution to the Cauchy stress from micro-
mechanism 1 (intermolecular resistance) can be obtained as

T(1) = J−1ReMeReT (14)

where Re is the rotation tensor of elastic deformation gradient F e.
For the free energy ψ(2) in Eq. (8), the contribution from network
stretching (micromechanism 2) is given as

T(2) = J−1μR 1 −
I1 − 3
Im

( )−1

(Bdis)0 (15)

where (Bdis)0 is the deviatoric part of the distortional Left-Cauchy
Green tensor. For the inelastic free energy, ψ(p) in Eq. (10), a
back-stress (symmetric and deviatoric) is obtained as

Mback = B lnA (16)

The driving stress for plastic flow is an effective stress given by

(Me
eff )0 =Me −Mback (17)

The equivalent shear stress and mean normal pressure are
defined as

�τ =
def 1��

2
√ |(Me

eff )0|, and �p =
def −

1
3
trMe (18)

respectively.
We use the Kroner-Lee multiplicative decomposition of the

deformation gradient, F, into elastic (Fe) and inelastic (Fp) parts
as F=F eFp. Kroner-Lee decomposition has been frequently used
in literature for a variety of viscoelastic and elasto-plastic modeling

[51,52]. With Dp as plastic stretching tensor, for the flow rule, the
evolution equation for Fp is assumed as

Ḟ
p
= DpFp, Fp(X, 0) = 1, Dp = νp

(Me
eff )0
2�τ

( )
,

τe = �τ − (S1 + S2 + αp�p),

νp =
0 if τe ≤ 0,

ν0 exp −
Q

kBθ

( )
sinh

τeV

2kBθ

( )[ ]1/m
if τe > 0

⎧⎨
⎩

(19)

where νp is an equivalent plastic shear strain rate, τe is a net shear
stress for plastic flow; αp is a pressure-sensitivity parameter; ν0 is
a rate parameter; Q is an activation energy; kB is Boltzmann’s cons-
tant; V is an activation volume; and m is a strain rate sensitivity
parameter. S1 and S2 are internal state variables. S1 represents tran-
sient shear resistance due to microstructural disordering, and S2
models increasing shear resistance to plastic flow as chains are
stretched and interact with each other at large strains.
It is assumed that the material disorders with applied plastic defor-

mation and causesmicroscale dilatation, which increases the value of
φ (a disorder parameter). Increase in disorder affects resistance S1
and results in a transient change in the flow stress of the material
during plastic deformation. The evolution of stress-like resistance
S1 is coupled to disorder parameter φ. Internal variables S1 and φ
are taken to obey the following coupled evolution equations:

Ṡ1 = h1(S
∗
1 − S1)ν

p, with S∗1 = b(φ∗ − φ), and S1(X, 0) = 0

(20)

and

φ̇ = g(φ∗ − φ)νp, with φ(X, 0) = 0 (21)

where φ∗ denotes the critical value for the order parameter such that
φ < φ∗ implies that the material disorders whereas φ > φ∗ implies
that material becomes less disordered. The evolution of S2 is
assumed as

Ṡ2 = h2(�λ
p − 1)(S∗2 − S2)ν

p, with S2(X, 0) = 0 (22)

where h2 and S∗2 are constants,B
p as the inelastic Left-Cauchy Green

tensor and �λ
p =
def �������

trBp/3
√

is the effective plastic stretch. For
temperature-dependent parameters in the model, the following rela-
tions are used:

B(θ) = X(θg − θ) (23)

φ∗(θ) = k1 + k2(θg − θ) (24)

g(θ) = g1 + g2(θg − θ) (25)

μR(θ) = μ0 + N(θg − θ) (26)

where θg is the glass transition temperature of the polymer, andX, k1,
k2, g1, g2, μ0, and N are temperature related material parameters.
Balance of energy gives the following equation for temperature:

cθ̇ = −Div qR + qR + ω �τ +
1
2
Bγ|lnA|2

( )
νp (27)

where qR is the heat flux in reference frame, c is the specific heat, and
ω≈ 0.8 is the fraction of plastic work converted to heat.

5.2 Model Parameters for Polycarbonate. Parameters for
polycarbonate were calibrated using simple compression experi-
ments conducted at various strain rates and temperatures below
the glass transition temperature, θg of the polymer [45,47]. The cal-
ibrated material parameters are shown in Table 3 (parameter calibra-
tion was conducted since the parameters in the modified model used
here differ from those the previously published in Refs. [45,47]).
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The model fit to the experiments for PC at 25 °C, 70 °C, and 105 °C
and at strain rates 0.001 s−1, 0.01 s−1, and 0.1 s−1 is shown in
Fig. 16. The predictions of calibrated model for the room tempera-
ture high strain rate experimental stress–strain results from Garg
et al. [53] at rates of 0.5 s−1 and 3400 s−1 are shown in
Fig. 17(a). A comparison of model predicted temperature rise and
Garg et al. [53] measurements are shown in Fig. 17(b).

6 Numerical Modeling Results
The constitutive model described above is implemented in

ABAQUS through a user sub-routine (VUMAT). The mesh for a
specimen region around the notch is shown in Fig. 18. In the
region behind the notch, a structured mesh with an element size

of 5 μm is used. The sample geometry is meshed with eight-noded
thermally coupled three-dimensional brick elements. The simula-
tion geometry also includes the striker and incident bar in the
model, which are not shown here. Displacement, strain, stress,
and temperature fields are extracted at locations that match with
the corresponding points in the experiments.
Simulated u1 displacements and shear strains (E12) in columns

close to the notch tip (c= 5) and farther away (c= 13) are compared
with experimental observations in Figs. 19 and 20, respectively. In
general, there is a good agreement between the simulated and exper-
imental displacements (Fig. 19). At early times, simulations slightly
under-predict the displacement magnitudes but match well with the
experimental observations at later times. However, shear strains
near the crack tip (Fig. 20(a)) predicted by the simulations are
higher in magnitude than those seen in experiments. For column
5, the simulations predict a shear strain localization zone of
∼70 μm (Fig. 20(a)), which is in close agreement with the experi-
mentally observed value of ∼75 μm for column 5.
For the region farther away from the notch tip, e.g., for column

13, simulated shear strain localizes into three different bands
(Fig. 20(b)) as opposed to a single band observed experimentally.
The presence of these bands can be seen in Fig. 19(b) as well in
which the undulations introduce deviation between the simulated
and measured displacements. The evolution of shear localization
in the simulations is better visualized through the strain fields at dif-
ferent times, as shown in Fig. 21. The shear strain is shown to local-
ize in a single band at earlier times (Figs. 21(a) and 21(b)) and then
divide into three bands at latter times (Figs. 21(c) and 21(d )). It
should be kept in mind that the constitutive model used does not
account for damage and fracture of polycarbonate, which would

Table 3 Material parameters for PC

Parameter Value Parameter Value

θg(K) 418 h1 58
G (MPa) 638 b (MPa) 5850
νpoi 0.37 g1 10.3
X (MPa/K) 1.5 g2 (K

−1) −0.038
γ 26 k1 2.6 × 10−3

αp 0.12 k2 (K
−1) 1.5 × 10−5

ν0 (s
−1) 2.1 × 1016 h2 0.12

m 0.08 S∗2 (MPa) 150
Q (J) 1.46 × 10−19 μ0 (MPa) 4
V (m3) 2.95 × 10−28 N (MPa/K) 11.4 × 10−2

Im 7.5

Fig. 16 Fit to the model for experimental stress–strain curves for PC at 25 °C, 70 °C, 105 °C and at strain rates of (a) 10−3,
(b) 10−2, and (c) 10−1 s−1. Experimental data are plotted at solid lines and the model fit is shown as dashed lines.
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lead to an artificial accumulation of shear strains beyond what the
material can sustain in reality. If the material damage and conse-
quent loss of strength are accounted for, one of the multiple
bands would be expected to grow while suppressing the others.
However, the tendency to form multiple bands is in good qualitative
agreement with the experimental observation discussed in Sec. 6.2

in the context of Fig. 13(d ) in which two incipient localization
bands are seen.
Furthermore, shear strain evolution is compared for a few points

on the crack plane in Fig. 22. The simulation results are in reason-
able qualitative agreement with the experiments, i.e., the simula-
tions predict transition to a higher strain rate when the material
localizes. However, significant quantitative differences emerge at
later times. There are two features worth noting here. The simula-
tions support the proposition discussed in Sec. 6.2 that the quick
transition to a higher strain rate ahead of the crack tip is associated
with the localization event. The quantitative differences between the
strain rate histories can be attributed to the fact that the constitutive
model was calibrated up to strain rates of ∼103/s that are orders of
magnitude less that what is experienced within the shear band
(∼105/s). The absence of damage in the constitutive model further
contributes to the observed differences.

7 Discussion and Summary
An experimental method capable of capturing dynamic failure

events at high spatial and temporal resolutions simultaneously
is reported here. The setup can capture images at rates of up to

Fig. 17 Comparison of constitutive model predictions against high strain rate compression experiments at 0.5 s−1 and
3400 s−1, at an initial temperature of 25 °C. (a) Stress–strain and (b) the corresponding rise in surface temperature of the speci-
mens. The experimental data from Garg et al. [53] are plotted as solid lines while the model predictions are shown as dashed
lines.

Fig. 18 Mesh for simulations of edge-on impact of polycarbon-
ate plate. Region ahead of the notch uses a structured mesh with
an element size of 5 µm, whereas the region behind the notch tip
has a free mesh with much smaller elements near the notch tip.

Fig. 19 Comparison of u1 displacements between experiments and simulations (experiments: solid lines, simulations:
dotted lines) for columns 5 and 13
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4 million fps at a sub-micron spatial resolution by using a commer-
cial high-speed camera, coupled with custom built optics and a high-
power pulsed laser. The method is demonstrated by imaging the
deformation field near a crack tip subjected to dynamic loading to
initiate a shear band. Pre-notched polycarbonate plates are impacted
on the edge in a Kolsky-bar while measuring the evolution of the
displacement field through a micro-dot pattern deposited on the spe-
cimen surface. Displacement and strain fields indicate localization
of deformation in a ∼75 μm wide band near the crack tip. A sharp
increase in the shear strain rate appears to be the kinematic signature
of the onset of localization. More broadly, it is anticipated the tech-
nique reported here can help understand the role of microscale mate-
rial heterogeneities in the mechanisms of fracture and failure during
high strain rate loading of materials and structures.
Previous experimental studies by Zhou et al. [12], Guduru et al.

[13], Guduru [30], Bjerke et al. [54], Zehnder et al. [55], Ravi-
Chandar et al. [28] and Ravi-Chandar [29] have all measured the

elastic stress field in a large region (of the order of a few centime-
ters) surrounding the crack tip. In contrast, this study focuses on the
near crack tip strain fields within the plastic zone and the subsequent
localization. As noted in Sec. 6, an important insight from this study
is a direct measurement of the shear bandwidth in polycarbonate
(∼ 75 μm). There have been a number of estimates of the shear
bandwidth based on evolution models reported in the literature.
For example, Wright [56] presented an expression for half band-
width in terms of material properties and local loading conditions
as follows:

δM =

����������
2mk
sλâ

( )
c

√
(28)

where δM is the mechanical half bandwidth, k is the thermal conduc-
tivity, s is the shear strength of the material, γ̇ is the shear strain rate,

Fig. 20 Comparison of shear strains (E12) between experiments and simulations (experiments: solid lines, simula-
tions: dotted lines) for columns 5 and 13. The range of y-axis is shortened compared with Fig. 13 to focus on a
smaller region of interest.

Fig. 21 Simulated Lagrangian shear strain, E12 plotted at (a) t=6.18 µs, (b) t=9.79 µs, (c) t=12.88 µs, and (d ) t=15.19 µs.
The scale bar (shown in white at the bottom left of each figure) is 100 µm.
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m is the strain rate sensitivity, â is the relative thermal softening, and
λ is a parameter related to shear strain rate through γ̇ = λ e−z/mc

where mc is a small constant and z is a function of temperature.
Using the yield strength model for polycarbonate presented by
Aranda-Ruiz et al. [57] and taking a shear strain rate of 105 s−1

(obtained in the experiments above), the shear bandwidth predicted
from Eq. (31) is in the range 3–5 μm. The predicted value is an order
of magnitude smaller than the observation (∼75 μm). Moreover, as
seen in Fig. 20, the simulations also predict a shear bandwidth
similar to that in the experiments. However, as noted above, a
finer scale band beyond the measurement resolution cannot be
ruled out. The discrepancy between the experimental and theoretical
(Eq. (31)) shear bandwidths indicates an opportunity to revisit the-
oretical models of shear band evolution, particularly for polymeric
materials such as polycarbonate; or further enhancement in spatial
resolution of the experimental technique to resolve finer features.
The main findings of the work can be summarized as follows:

(i) A high-speed microscopy setup is reported for imaging
dynamic events at high spatial (<1 µm) and temporal resolu-
tions (250 ns) simultaneously.

(ii) The experimental setup is used to image the deformation
field near a crack tip subjected to dynamic and predomi-
nantly mode II loading. The field of view is approximately
1.07 mm×0.6 mm. A microfabricated micro-dot pattern
on the specimen surface allows deformation and strain
field imaging through a particle tracking method. The fol-
lowing insights are enabled through the combination of
high spatial and temporal resolutions:
(a) The width of the shear band that forms near the crack

tip, which is a salient feature of the band that emerges
from a combination of the dynamic mechanical and
thermal properties of the material, is directly measured
to be ∼75 µm.

(b) An estimate of the shear bandwidth based on a classical
shear band models in the literature underpredicts the
shear bandwidth by an order of magnitude, which
offers an opportunity to refine the theoretical models
for shear band evolution in polycarbonate and other
similar polymers. It also highlights the need for
further enhancement in the spatial resolution of the
experimental technique to examine the possibility of
formation of finer scale features within the currently
observable band.

(c) The measured shear strain field in the vicinity of the
crack tip reveals the presence of two incipient

localization bands. One of them eventually takes over
the localization process while the other is suppressed.
This observation motivates the need to develop a theo-
retical framework to predict and understand the
mechanics of initiation and growth of multiple shear
bands from a crack tip in polycarbonate and other
similar polymers.

(d) From the experimental measurements, a rapid increase
in the shear strain rate at material points ahead of the
crack tip appears to be a kinematic signature of the
onset of shear localization.

(iii) A computational simulation of the experiment has been
carried out in which an independently calibrated constitutive
model of polycarbonate is used. The constitutive model
includes two micromechanisms to represent intermolecular
and molecular network response. The results of the simula-
tions and their comparison with the experimental observa-
tions offer the following insights:
(a) The computational simulations reveal the shear band-

width near the notch tip to be close to that measured
in the experiments, which can be viewed as a good
benchmark validation of the constitutive model used
under extreme loading conditions.

(b) The computational simulations can accurately capture
the evolution of displacement fields, both near and far
from the notch tip. The simulations also support the
proposition that the rapid transition to a higher shear
strain rate ahead of the notch tip corresponds to the
onset of shear localization.

(c) Simulations indicate larger shear strain magnitudes than
observed experimentally, resulting possibly from a finer
mesh size compared with the pitch of dots in experi-
ments. Therefore, there is a need to design future exper-
iments with higher spatial resolution than achieved here.

(d) The constitutive model needs better calibration at higher
strain rates and needs to account for damage and frac-
ture for more realistic predictions.
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