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A B S T R A C T It has been 20 years since the introduction of coherent gradient sensing (CGS) technique
for studying fracture problems. In this article, an up-to-date review of this full-field op-
tical method as an experimental fracture mechanics tool is presented. The primary focus
here is on contributions of the method to the advancement of fracture mechanics in gen-
eral and dynamic fracture behaviour of materials in particular. Optical results published
by various investigators using CGS to understand fracture of homogeneous materials,
bimaterials, particulate composites, fibre reinforced composites and functionally graded
materials are reviewed. A few promising new developments such as applications to load
bearing problems and combining CGS with other full-field optical methods to enhance
its measurement capabilities are also visited.

Keywords composite materials, contact stresses, experimental fracture mechanics,
functionally graded materials, optical metrology, particulate composites.

I N T R O D U C T I O N

Historically, the full-field optical methods such as photoe-
lasticity, optical caustics and moiré interferometry have
played a crucial role in the progress of fracture mechan-
ics in general and dynamic fracture mechanics in partic-
ular. The method of coherent gradient sensing (CGS)
has been a new addition to the cadre of full-field optical
techniques used in experimental fracture mechanics in-
vestigations in the past two decades. This method was de-
veloped and demonstrated in 1989 by the author and his
colleagues1 to measure surface slopes or in-plane stress
gradients in planar solids. The mechanical fields mea-
sured by this method being identical to the ones that pro-
duce optical caustic curves (or, the shadow-spot) caused by
stress concentrations in planar solids, the potential of the
method to study fracture mechanics problems was obvious
right from its conception. However, unlike the method of
caustics, CGS offered full-field measurement capability
with the help of a relatively simple optical arrangement to
quantify crack tip deformations. Soon its potential for dy-
namic fracture investigations became evident when it was
demonstrated successfully by employing a pulsed laser (in-
stead of a CW laser) as a coherent strobe light source and
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a high-speed camera as a recording devise. Subsequently,
CGS was employed to study dynamic fracture in opti-
cally isotropic transparent plastics and opaque metallic
sheets. An optical study of dynamic crack growth along
dissimilar material interfaces under stress wave loading
conditions led a period of widespread use of the method
to study subsonic and intersonic crack growth in bima-
terials. Investigation of impact induced fracture of fi-
bre reinforced composites, static and dynamic fracture
of functionally graded particulate composites and struc-
tural foams, and dynamic crack-inclusion interactions, all
using CGS as a measurement tool, have also ensued in
the intervening years. CGS has also been employed by a
few investigators in conjunction with other optical tech-
niques such as photoelasticity and moiré interferometry
to augment its capabilities for future fracture mechanics
investigations.

In this article, the description of the method and its ap-
plications to various fracture mechanics applications over
the years is reviewed. After describing a typical optical
set-up for implementing CGS, the governing equations
for the method are presented in a planar setting. Aspects
of optical alignment to execute the method successfully
are discussed further. An overview of contributions of
different investigators to fracture mechanics using CGS
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Fig. 1 Optical arrangement for implementing CGS in dynamic fracture mechanics studies using transmission and reflection CGS. (For
quasi-static studies a CW laser light and a SLR camera back can be used in place of pulsed laser light and high-speed camera.)

is presented in the final sections before summarizing the
accomplishments to date.

O P T I C A L S E T - U P A N D I M P L E M E N T A T I O N
D E T A I L S

Two representative experimental set-ups for fracture in-
vestigation of planar optically transparent and opaque ob-
jects using CGS are shown schematically in Fig. 1. They
consist of a collimated coherent light beam, a pair of
Ronchi gratings, a filtering aperture, a positive lens and a
camera back. In case of an opaque solid, the object sur-
face needs to be flat and mirror-like. A collimated laser
beam of diameter larger than the region of interest is
used to illuminate the object. For dynamic fracture stud-
ies, a pulsed laser beam is used as a coherent strobe light

illumination.∗ The object waves transmitted through or
reflected off the object surface propagate through two
parallel Ronchi gratings (G1 and G2) that are spatially
separated (separation distance denoted by �) along the
optical axis. The resulting diffracted wave fronts are col-
lected by a positive lens (L) and the diffraction (Fourier)
spectrum is registered on its back focal plane (or the fil-
ter plane) as shown. An aperture is used to filter out all
but the necessary diffraction orders of the spectrum. The
resulting interferograms are recorded in real-time using
a conventional or a high-speed camera depending up on
whether quasi-static or a dynamic fracture study is be-
ing carried out. It should be emphasized that the camera

∗ Most reports to date have used an Argon-ion pulse laser with an acousto-
optic shuttering device to produce short duration (25–50 nsec) repeating light
pulses (1–10 μsec intervals).
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system comprising of the positive lens and the image plane
of the camera needs to be focused on the object surface
during the initial optical alignment. That is, the object
and the image distances in the set-up obey the lens law.

The gratings used for CGS are typically chrome-on-
glass depositions with a rectangular transmission profile,
or the so-called Ronchi gratings. (The choice of Ronchi
gratings is based on commercial availability or ease of fab-
rication using microlithography but other grating profiles
could be used as well. Typical grating densities used are
in the range of 20–40 lpmm (or, 500–1000 lines pairs per
inch)). Anti-reflection coatings on Ronchi gratings (on the
chrome deposited faces) are essential for minimizing op-
tical noise due to multiple reflections in the gap between
the two gratings. Other parameters, such as grating pitch,
grating separation distance and focal length of the imag-
ing lens are chosen based on the need for (i) producing
sufficient spatial shearing of the object wave front with-
out compromising the accuracy of derivative representa-
tion of the measured mechanical fields and (ii) spatially
resolving the diffraction spots on the back focal plane of
the imaging lens for filtering the optical signal. (The use
of micro-positioning devices to achieve in-plane and out-
of-plane parallelism between the two gratings limit the
smallest grating separating distance to about 15 mm in
most reported studied to date.)

The surface preparation of opaque planar objects for
reflection-mode CGS study also needs special attention.
The surface of the test sample should be made optically
flat and specularly reflective in the region of interest. If
the specimen is made of a metallic material, lapping the
surface flat followed by an aluminium or gold film de-
position for achieving good reflectivity is recommended.
On the other hand, if the material being studied is a poly-
mer or a composite that cannot be readily lapped and
polished, an alternative method could be adopted. The
specimen surface is first machined flat and tool marks
are removed (say, by sanding the surface using succes-
sively finer grade sandpapers). Subsequently, an optical
flat (commercially available borosilicate glass disk), pre-
viously deposited with a thin layer of aluminium or gold
(using a thermal evaporator or a sputtering device) film,
is used to transfer the metal film deposition to the speci-
men surface. The transferring of metal film can be done
using a suitable adhesive such as low-viscosity epoxy that
bonds relatively strongly with the aluminium film when
compared to the optical flat. This process is depicted in
a self-explanatory schematic in Fig. 2. The thickness of
the adhesive should be minimum, a few micrometers, to
avoid potential shear-lag effects.

The CGS interferometer needs to be precisely aligned
to ensure (i) the planarity of the incident laser beam used
for interrogating the object and (ii) the parallelism of the
Ronchi gratings (G1 and G2 in Fig. 1) as well as the grating

Fig. 2 Schematic depicting aluminizing an opaque specimen
surface to obtain a mirrored surface for reflection CGS study.

lines. This is accomplished by mounting gratings G1 and
G2 on micro-positioning devices. Typically, one of the
two gratings, say G2, is mounted on a device with transla-
tional capability in the z-direction and rotational capabil-
ity about the z-axis. Separate coarse rotational capabilities
about the x- and the y-axes for G1 are also preferable. First,
parallelism between gratings G1 and G2 can be ensured
using the coarse positioning device for G1 by rotating it
relative to G2 about the x- and the y-axes. A high-degree
of initial collimation of the laser beam can then be ensured
using a front-coated mirror with a good flatness, (say, a
λ/8-mirror) as the reference surface during optical align-
ment. Assuming good parallelism between grating lines
of G1 and G2, when the incident beam is not a collimated
beam and is a spherical wave front, i (x, y) = x2 + y2/2 f,
f being the focal length of the collimating lens, a fringe
pattern similar to the one shown in Fig. 3a appears on the
image plane when the principal direction of the Ronchi
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Fig. 3 Typical alignment fringes seen when
the principal direction of the gratings is
along the y-axis. (a) Fringes due to
non-collimated (or spherical) wave front
and, (b) fringes due to rotational
misalignment between gratings G1 and G2.4

gratings is along the y-axis. Now, a planar wave front can
be obtained by translating the collimating lens relative to
the point source (pin-hole) until the fringe spacing in-
creases gradually covering the entire field-of-view as a
uniform bright field/fringe. For a planar wave front inci-
dent on the gratings, the rotational misalignment (about
the optical axis) between the two gratings would re-
sult in equally spaced fringes approximately along the
principal direction of the gratings, as the one shown in
Fig. 3b. These fringes can be eliminated by rotating, say,
G2 about the z-axis until the fringe spacing increases and
a single bright fringe occupies the entire field-of-view.
In practice, however, both these misalignments typically
co-exist resulting in equally spaced fringes oriented at an
arbitrary angle relative to the principal direction of the
two gratings. Hence alignment will have to be carried out
iteratively until a uniform bright fringe covers the entire
field-of-view.

G O V E R N I N G E Q U A T I O N S

A detailed derivation of the governing equations for the
CGS interferometer based on a first-order diffraction
analysis was provided by Tippur et al.1,2 Subsequently a
higher order Fourier optics analysis was presented by the

author.3 In the following, a simpler geometric analysis
based on diffraction theory4 is presented for complete-
ness.

Upon reflection from the object surface or transmis-
sion through the thickness of the planar object, the ob-
ject wave front is incident on the grating G1 as shown in
Fig. 4. The information regarding deformation of the pla-
nar object is encoded in the form of local non-planarity of
the initially collimated incident beam. Let the perturbed
object wave making an angle φ with the optical axis in
the y–z plane be transmitted through gratings G1 and G2

of pitch p with principal grating direction, say, along the
y-axis. The separation distance between the two gratings
along the optical axis (the z-axis) be �. The diffracted
light beam emerging from the first grating consists of
a zero and several odd diffraction orders, each denoted
by the corresponding complex amplitude distribution E.
For simplicity of analysis consider three diffraction or-
ders E0, E+1 and E–1 after the first grating G1. These
waves propagate in discretely different directions accord-
ing to the diffraction equation θ = sin−1(λ/p) ≈ (λ/p) for
small angles. Each of these diffracted wave fronts diffract
once again as they pass through the second grating G2

and the corresponding nine wave fronts propagating in
several discrete directions are denoted by E(i,j) (i = 0,
±1, j = 0, ±1) where the first subscript corresponds

c© 2010 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–27
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Fig. 4 Schematic representation of
diffraction of light waves and Fourier
filtering of light waves in a CGS set up.

to diffraction order at the first grating G1 and the sec-
ond subscript at the second grating G2, respectively. The
wave fronts E(±1,0) and E(0,±1) contribute to ±1 diffrac-
tion spot on the focal plane. (And, the diffracted wave
fronts E0,0, E+1,–1 and E–1,+1 contribute to the zeroth
order.) By letting ±1 diffraction order to pass through
the filtering aperture (+1 order is being let through the
filter in Fig. 4), interference fringes resulting from the
corresponding complex amplitudes can be evaluated. To
do this, let l0 and l±1 denote the optical path lengths
of E0 and E±1, respectively, between the two gratings.
Then, the complex amplitudes E0 and E±1 can be repre-
sented as E0 = A0 exp(ikl0), E±1 = A±1 exp(ikl±1) where
A’s denote amplitudes, k is the wave number (=2π/λ) and
i = √−1. Noting that no additional path difference be-
tween these two waves occurs beyond G2, the intensity
distribution on the image plane for a 1:1 magnification is
proportional to

I±1 = (E0,±1 + E±1,0)(E0,±1 + E±1,0)∗

= A2
0 + A2

±1 + 2A0 A±1 cos k(l0 − l±1), (1)

when ±1 diffraction spot is let through the aperture at the
spectrum plane. In the aforementioned, (•)∗ denotes the
complex conjugate. From the geometry, the optical path
lengths l0 and l±1 can be expressed as

l0 = �

cos φ
= �(

1 − φ2

2!
+ φ4

4!
− · · ·

) ,

l±1 = �

cos(θ ± φ)
= �(

1 − (θ ± φ)2

2!
+ (θ ± φ)4

4!
− · · ·

) ,

(2)

by expanding cos(•) in the neighbourhood of (•) = zero.
For small angles, by neglecting the terms of the order of

(•)3 and beyond, Eq. (2) can be written as

l0 ≈ �(
1 − φ2

2!

) ≈ �

(
1 + φ2

2

)
,

l±1 ≈ �(
1 − (θ ± φ)2

2!

) ≈ �

(
1 + (θ ± φ)2

2

)
,

(3)

using the binominal expansion.
Substituting for the path difference (l0 − l±1) from

Eq. (3), the intensity distribution (Eq. (1)) on the

+1

0

-1

y'

E0,+1

E+1,0

Fig. 5 Overlapping but sheared wave fronts on the image plane
(x′–y′ plane) for filtering all but +1, 0, −1 diffraction spots. The
solid and broken circles correspond to zero order and +1 or −1
diffraction orders passing though the aperture, respectively. Each
circle represented a circular beam of light.
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Fig. 6 Transmission CGS fringes representing contours of
∂(σx + σy )/∂y in the vicinity of a circular cut-out (diameter
12.5 mm) in sheet subjected to uniaxial loading. The trace of the
periphery of the hole and its shifted counterpart in the y-direction
can be readily seen.

image plane when ±1st diffraction order is allowed to
pass through the filtering aperture becomes

I±1 ≈ A2
0 + A2

±1 + 2A0 A±1 cos
[

k�

(
θ2

2
± θφ

)]
. (4)

The constructive interference occurs when the argu-
ment of the cosine term in Eq. (4) is 2Nd π where
Nd = 0,±1,±2, . . . , is the fringe order. Here the sub-
script d is used to emphasize that the fringe order corre-
sponds to the deformed object wave front. By substitut-
ing for the wave number and simplifying a relationship
between experimental parameters and the angle φ can be
obtained as

�

λ
θ

(
θ

2
± φ

)
= Nd . (5)

When the specimen is in the unformed state (φ = 0 in
Eq. (5)), the fringe order of the initial uniform
bright fringe can be denoted by Nu = (�/λ)θ (θ/2) =
(�/p)(θ/2) = constant (Nu = 0, ±1, ±2, . . . ,), using
θ ≈ λ/p . By incorporating the expression for Nu in
Eq. (5), the magnitude of angular deflection of light beam
locally on the surface can be written as

φ = (Nd − Nu)
p
�

= N
p
�

,

or,

N = (Nd − Nu) = 0, ±1, ±2, . . . (6)

In the aforementioned, it is not necessary that the value
of Nu (the initial fringe order) is known as long it is
a constant over the entire field of view. Thus, N in
Eq. (6) represents fringe orders relative to the initially
planar surface.

The fringe formation in the overlapping region can be
schematically represented as shown in Fig. 5 where solid
line is used to represent the un-diffracted wave after G2

and the dotted line represents either +1 or –1 order wave
front. From Eq. (6) it is clear that the sensitivity of the
interferometer for measuring angular deflections of light
rays depends on the ratio of the grating pitch p and the
grating separation distance �. This in turn offers a degree
of experimental flexibility for altering measurement sensi-
tivity by appropriately choosing experimental parameters
p and/or �, an added advantage over other full-field meth-
ods used in fracture mechanics. (More often than not, it is
convenient to vary � instead of p.) Also, it should be noted
that interference fringes obtained by filtering all but +1
or –1 diffraction orders can be interpreted as forward and
backward differences of the optical signal.

The angular deflections of light rays can be related to
surface deformations of the object. Let the propagation
vector of the object wave front be d = ∂(δS)

∂x e x + ∂(δS)
∂y e y +

e z where δS denotes optical path difference and e i is a unit
normal in the ith direction. When light rays are described
in the y–z plane, ∂(δS)

∂y ≈ φ for small angles.
When a transparent object is inspected using trans-

mission CGS, the optical path S through the speci-
men is S = (n − 1)B where n is the refractive index of

c© 2010 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–27
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Fig. 7 Transmission CGS fringes representing stress gradients near a notch tip in a three-point symmetric bend PMMA specimen. The
superposed dotted lines on the fringes correspond to synthetic CGS contours based on least-squares analysis of fringe data outside the crack
tip 3D zone using Williams’ asymptotic expansion for crack tip stresses.

the material and B is the thickness of the planar object
in the unstressed state. Upon deformation, the optical
path length becomes S + δS where δS = Cσ B(σx + σy ),
Cσ = (− ν

E + Co )(n − 1) is the elasto-optic coefficient and
Co is a stress-optic constant of the material. It should be
noted that Cσ accounts for stress induced refractive index
changes as well as thickness changes due to the Poisson
effect. Thus, angular deflections of light rays in transmis-
sion CGS relate to the mechanical fields as

φ ≈ ∂(δS)
∂y

= Cσ B
∂(σx + σy )

∂y

= N
p
�

, N = 0,±1,±2, . . . (7)

Thus, in transmission CGS, fringes are proportional to
the gradient of the trace of the stress tensor of a planar
solid in the direction of wave front shearing. An example
of fringes around a circular stress concentration in a large
PMMA sheet subjected to uniaxial compression in the far-
field is shown in Fig. 6. Highly discernible and symmetric
fringes surround the periphery of the stress concentration

and the far-field is occupied by an easily recognizable
bright zero order fringe. The rest of the fringes can be
ordered using the boundary conditions of the problem.

When an optically opaque object is studied using reflec-
tion CGS, the optical path difference is δS = 2w, where
w is the out-of-plane displacement along the z-direction.
Then, angular deflections can be related to the mechani-
cal fields as

φ ≈ ∂(δS)
∂y

= 2
(

∂w

∂y

)
= N

p
�

, N = 0,±1,±2, . . . , (8)

where w is the out-of-plane deflection of the wafer in the
z-direction. Thus, in reflection CGS surface slopes in the
direction of wave front shearing are obtained as fringes.

C G S A S A N E X P E R I M E N T A L F R A C T U R E
M E C H A N I C S T O O L

In the following, an overview of experimental frac-
ture mechanics studies carried out using CGS by var-
ious investigators since its inception is presented. The

c© 2010 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–27
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Fig. 8 Selected transmission CGS (a) and reflection CGS (b) interferograms at different instants of dynamic growth in a PMMA sheet
impact loaded in a drop-tower (impact velocity 2m/sec) in 3-point bend configuration. Recorded at 100,000 frames per second and exposure
time 25 nsec. Fringes are proportional to ∂(σx + σy )/∂x in (a) and ∂w/∂x in (b) where x is along the crack direction.2,6

description is categorized based on material types namely
homogeneous materials, bimaterials, fibre reinforced
composites, particulate composites, functionally graded
composites undergoing quasi-static or dynamic loading.
A few applications of CGS to study load bearing prob-
lems are also included. Efforts of various investigators to
combine CGS with other optical methods to extract more
information than the one from CGS alone are reviewed
at the end.

Fracture of homogeneous materials

The first demonstration of CGS to study fracture me-
chanics was made in the reflection mode by Tippur et al.1

In their work, crack tip surface slopes in the direction of an
edge crack in a lapped and polished AISI 4340 steel sheet

subjected to static three-point symmetric bending were
measured for different statically applied loads. A good
agreement between mode-I stress intensity factors evalu-
ated from surface slope fringes (∂w/∂x, ∂w/∂y , x-being
the crack direction) at discrete fringe locations outside the
zone of dominant crack tip triaxiality and the analytical re-
sults demonstrated the feasibility of CGS to experimental
fracture mechanics investigations. In a follow-up publi-
cation,2 the same authors proposed transmission CGS to
examine crack tip fields in transparent solids. An edge
cracked Plexiglas sheet (284 mm × 126 mm × 9 mm
sheet and different edge notch lengths) subjected to sym-
metric three-point bending was studied. The measured
mode-I fringes proportional to crack tip stress gradients
(∂(σx + σy )/∂x, ∂(σx + σy )/∂y) (see Fig. 7) were anal-
ysed successfully to quantify stress intensity factors using

c© 2010 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–27
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Fig. 9 Synthetic fringe patterns reconstructed from K-dominant
(one-term) (solid lines) and higher-order (broken lines) transient
analysis superposed on the corresponding transmission-mode CGS
interferogram from a dynamic crack growth experiment on
PMMA.6

appropriate Williams’ asymptotic expansions,

Cσ B
(

∂(σx + σy )
∂x or ∂y

)
= Cσ B

∞∑
N=1

AN

(
N
2

− 1
)

× r( N
2 −2) cos

sin

(
N
2

− 2
)

θ = M
P
�

,

M = 0,±1,±2, . . . , (9)

where (r, θ ) denote polar coordinates centred at the crack
tip and AN are the constant coefficients of the expansion
with A1(kI /

√
2π ) proportional to mode-I stress intensity

factor K I. This paper also presented three major break-
throughs that solidified CGS as a valuable photomechan-
ics tool for fracture mechanics. First, the need for employ-
ing higher order terms in the Williams’ crack tip asymp-
totic expansion field in the optical field analysis using CGS
was revealed. For the first time, using CGS field quanti-
ties, identical to those which give rise to an optical caustic
for a mode-I crack, the authors were able to demonstrate
the deficiencies of shadow spot measurements based on
only the singular stress terms of the asymptotic field.2,5

Second, this work established a framework for perform-
ing linear overdeterministic least-squares analysis of CGS
fringe data, routinely used until then by photoelasticians,
to accurately extract fracture parameters by considering

Fig. 10 Transmission CGS interferogram for a mixed-mode crack
tip deformation in a modified flexural geometry.3

non-singular terms of an asymptotic expansion field. (The
synthetic fringes generated using this approach and super-
posed as dotted lines on fringes in Fig. 7 demonstrate a
close agreement between the two.) Third and possibly the
most important, the feasibility of CGS to dynamic frac-
ture mechanics investigations was demonstrated by cou-
pling transmission CGS apparatus with a rotating mirror
high-speed camera and a Argon-ion pulse laser to capture
interferograms representing instantaneous stress gradi-
ents (∂(σx + σy )/∂x) near a dynamically growing crack
(∼250 m/sec) in a PMMA sheet subjected to symmetric
low-velocity impact (2 m/sec) loading in a drop-tower.
Figure 8a shows a selection of interferograms recorded
at 100,000 frames per second with an exposure time of
50 nsec from that experiment. Highly discernable fringes
in these early experiments strongly hinted at the poten-
tial of the method for dynamic fracture investigations.
An example of the same is shown in Fig. 9 where fringes
from the CGS technique are superposed with the syn-
thetic contours (superposed dotted lines) generated us-
ing overdeterministic analysis of optical data (discrete
data points shown in the right-half) using a six-term

c© 2010 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–27
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Fig. 11 Transmission CGS interferograms representing ∂(σx + σy )/∂x contours in a dynamic eccentric impact (see inset) experiment on a
PMMA sheet with a edge notch subjected to mixed-mode loading. At early stages of impact, the crack is in dominant mode-II condition and
transitions (as seen by the rotation of fringe lobes) to a dominant mode-I conditions with passage of time after initial impact. (Ref. [11],
Courtesy A. J. Rosakis.)

asymptotic expansion for (σx + σy ) of a steadily growing
crack. Also notable in this figure is that the optical data and
synthetic contours are poorly correlated if K-dominance
based on only the leading term of the asymptotic expan-
sion is assumed.

Shortly after these initial successes with transmission
CGS to study dynamic crack growth, the method was ex-
tended to the case of opaque solids using reflection CGS.6

The effectiveness of the method in the reflection-mode
was demonstrated by capturing surface slope (∂w/∂x)

c© 2010 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–27
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Fig. 12 A sequence of CGS interferograms in the vicinity of a
propagating shear band from a pre-crack in C300 maraging steel
subjected to impact loading as shown in the schematic. (Ref. [14],
Courtesy: A. J. Rosakis.)

fringes around a dynamically propagating mode-I crack in
a AISI-4340 steel and Plexiglas sheets subjected to sym-
metric low velocity impact loading in three-point bend
configuration. In case of the former, the sample surface
had to be lapped and polished to obtain a flat mirror-like
surface finish whereas the surface of as-received stock was
deposited with aluminium film in the latter. A few se-
lected reflection CGS fringes from a PMMA sheet are
shown in Fig. 8b. The optical results of these exper-
iments were interpreted using conventional asymptotic
analysis as well as a transient higher order asymptotic
analysis.7 The agreement obtained between CGS data
and the higher order asymptotic analysis emphasized that
contributions of the non-singular terms to the total stress
and deformation fields are too important to be generally
ignored.

Following the demonstration of feasibility of CGS to
study fracture problems, a detailed Fourier optical analy-
sis for the interferometer based on Fresnel diffraction the-
ory was provided by the author.3 In that work, light waves,
represented as complex amplitudes passing through var-
ious optical elements of the CGS set up leading to
the formation of interference fringes as perturbations of
the initial planar object wave front, were analyzed and
the validity of the earlier first-order diffraction analy-
sis was demonstrated. The sensitivity analyses were car-
ried out by Bruck and Rosakis8 for transmission CGS in
the study of mode-I cracks. They interpreted fringe data
as gradients (geometric interpretation) and finite differ-
ences (physical interpretation) of hydrostatic stress fields.
Their results showed that increasing the sensitivity of
CGS improved both the quantity and quality of fringe
data. The results also indicated that the apparent size
of the region on the image plane affected by crack tip
triaxiality increased as measurement sensitivity was in-
creased. This in turn increased the differences between
the geometric and physical interpretations of CGS fringe
data.

Not too long after the initial success of CGS to study
mode-I crack problems in transmission and reflection
modes, the possibility of using CGS for mixed-mode frac-
ture investigation of homogeneous solids was explored. A
modified edge cracked Plexiglas beam with a horizontal
edge crack subjected to three-point bending was used in
Ref. [3] to demonstrate transmission CGS to generate
mixed-mode (mode-I and -II) loading under static con-
ditions. A mixed-mode fringe pattern from that work is
shown in Fig. 10. The asymmetry of the fringes about the
axis of the crack/notch is indicative of the mode-mixity
(defined as tan−1 KII

KI
where K I and K II are mode-I and -II

stress intensity factors) in the local mechanical fields. The
mixed-mode crack tip fields for the optical measurement
are expressed as
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Fig. 13 Transmission-mode CGS interferograms representing fringes proportional to ∂(σx + σy )/∂x in the vicinity of a dynamically
propagating interfacial crack in a PMMA/aluminum bimaterial. Fringes are visible only in the PMMA-half of the biomaterial.24
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Fig. 14 Enlarged view of transmission-mode CGS fringes in the
intersonic crack growth regime showing occurrence of crack face
contact. Here the crack is growing from left to right along a
PMMA/steel interface. Fringes are visible only in the PMMA
(upper) half of the biomaterial. (Ref. [32], Courtesy A. J.
Rosakis.)
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where AN and BN are the coefficients of the asymptotic
expansion and other terms as defined earlier in Eq. (9).
As before, the terms associated with N = 1 represent the
two stress intensity factors. The work was subsequently
extended by Ramaswamy et al.,9 and Tippur and Ra-
maswamy10 using a different flexural geometry to gen-
erate a wide range of mode-mixities ranging from 20◦ to
65◦. They also verified their measurements relative to an-
alytical predictions based on flexural analysis of cracked
beams.

The dynamic mixed-mode fracture behaviour of ho-
mogeneous solids was first explored by Mason et al.11

They used transmission CGS apparatus to study a spec-
imen geometry mimicking uniform pressure pulse im-
posed on the edge of a sheet with an edge crack (see
Fig. 11). The choice of the loading geometry was moti-
vated by the theoretical and numerical solutions for the

problem of a crack in a semi-infinite elastic sheet un-
der the action of a suddenly imposed uniform pressure
pulse, reported by Lee and Freund.12 In the experiments,
the pressure pulse was generated using a flat rectangu-
lar punch attached to the falling weight of a drop-tower
impacting an edge notched PMMA sheet along the edge
adjacent to a pre-notch. The recorded optical patterns
obtained using high-speed photography and pulsed laser
light showed the evolution of dominant mode-II fringe
patterns at the initial stages of loading followed by a
time period during which fringe patterns transitioned to
mixed-mode conditions, eventually becoming a dominant
mode-I crack tip field before fracture initiated. The mea-
sured mode-I and -II dynamic stress intensity factor his-
tories using least-squares analysis of the optical data were
shown to closely match the predicted results. This work
led Rosakis and co-workers13,14 to investigate dynamic
failure mode transition in C300 maraging steels using re-
flection CGS. Kalthoff and co-workers15 had previously
demonstrated that a crack subjected to dominant shear
impact caused a failure mode-transition at a critical im-
pact velocity. That is, below the critical impact velocity
the crack path was dictated by conventional fracture me-
chanics theories whereas shear band formation occurred
above the threshold value. Guduru et al.14 were able to
successfully capture surface slopes near a shear band gen-
erated from the tip of a fatigue crack subjected to shear
dominant impact loading. A sequence of CGS interfer-
ograms from their experiment is shown in Fig. 12 along
with the loading geometry used. In this work, thermal
fields generated by the adiabatic deformations were also
mapped simultaneously using a high-speed thermal imag-
ing system. By combining optically measured stress in-
tensity factors and thermal field measurements, they were
able to make several new observations pertaining to shear
band formation in steels. Among them, a critical range of
K II values for shear band initiation from a crack tip was
identified.

Another report by Anderson and Rosakis16 used reflec-
tion CGS to study loading rate effects in 6Al-4V titanium
alloys. They compared optically determined stress inten-
sity factors with the ones from strain gages and crack
tip opening displacements. They were able to quantify a
significant drop in stress intensity factor (K I−cr) at crack
initiation with increasing loading rate characterized by
K̇I

17 (because most materials show an increasing K I−cr

with increasing K̇I, these results with an opposite trend
for Ti alloys emphasized the need for dynamic fracture
testing of materials). More recently, Yao et al.,18 have
used transmission CGS to study local deformation fields
near V-notches of various included angles from 0◦ to 150◦

in PMMA beams. They compared their optical contours
with finite element computations for the same geometry
successfully.
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Interfacial fracture mechanics

A major contribution of CGS to fracture mechanics has
been in the area of interfacial crack growth. Although
foundation for interfacial fracture mechanics was laid
some 20 years earlier (see, e.g. Refs [19–22]), advances
in engineering composites and electronic devices rejuve-
nated interfacial fracture mechanics activity in the late
1980s. Until then only a few optical investigations23 had
been published on this topic. By taking advantage of its
ability to investigate fracture problems effectively, CGS
was extended to interfacial fracture mechanics study by
Tippur and Rosakis.24 They studied a bimaterial beam
made of equal thickness sheets of PMMA and aluminium
bonded along a straight interface (elastic mismatch or os-
cillatory index ε = 0.098). A strong bond was created
by roughening the aluminium half and using an adhesive
made of methyl methacrylate monomer to avoid a dis-
tinctly different third material. The bimaterial beam was
optically examined using transmission CGS resulting in
crack tip interferograms only on the polymer half of the
bimaterial. Using the characteristic oscillating singular-
ity solution involving leading terms for hydrostatic stress
gradient
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= M
P
�

, M = 0,±1,±2, . . . (11)

they were able to successfully extract the magnitude of
the complex stress intensity factor K = (K1 + i K2). In the
aforementioned expression ε denotes the elastic mismatch
index and Q1 and Q2 are related to the magnitude of the

stress intensity factor as |K | = |K1 + i K2| =
√

Q2
1 + Q2

2.
The discrepancies they observed regarding the phase an-
gle (defined as � = tan−1(Q2/Q1) using Q1 = |K | cos ψ

and Q2 = |K | sin ψ) suggested the need for employing
higher order terms of the asymptotic stress fields. Another
lasting contribution of this work was in the area of dy-
namic decohesion of coherent interfaces. In fact, until its
publication there were no reports on photomechanics in-
vestigation of dynamic crack growth along dissimilar ma-
terial interfaces despite a need for understanding failure

behaviour of layered materials and composite structures
under impact loading. In this ground-breaking optical
investigation, Tippur and Rosakis24 observed unusually
high crack speeds during dynamic fracture of bimaterial
specimens subjected to low-velocity impact. They studied
the same bimaterial beam used in their static tests using
transmission CGS and high-speed photography (140,000
frames per second). The bimaterial specimen with an edge
notch along the interface was impact loaded on the alu-
minium half (velocity 2 m/sec) close to the interface us-
ing a drop-tower in a three-point bend configuration. A
record of angular deflections of light rays in the inter-
facial crack tip vicinity in the PMMA half they obtained
is shown in Fig. 13. In this sequence of interferograms,
time instants shown correspond to times before (nega-
tive) and after (positive) crack initiation. The dynamic ef-
fects are clearly visible as sharp kinks in otherwise smooth
fringes. Also, rotation of fringe lobes before crack ini-
tiation suggests changing shear to normal stress ratios
at the crack tip with the passage of time. Initially the
crack tip experiences dominant shear deformations due to
higher elastic wave speeds in the aluminium half relative
to the PMMA half. At later time stress waves returning
from the far boundaries increase the tensile stresses at
the crack tip until crack initiation. In the post-initiation
period, the crack tip fringes seem relatively self-similar.
These interferograms were used to record the instanta-
neous crack tip location and the crack velocity history was
deduced. Surprisingly high crack velocities, approaching
80% of the Rayleigh wave speed of the compliant con-
stituent (PMMA) of the bimaterial, was recorded. At the
time of this research, there were only a few theoreti-
cal studies on this topic25–28 and explicit crack tip field
equations to extract fracture parameters, such as stress
intensity factors, mode-mixity and energy release rate
were absent. Additionally, there were disagreements on
issues related to terminal interfacial crack speeds. For ex-
ample, the results of Willis27 differed from that of Atkin-
son28 regarding the terminal velocity. The former claimed
that the terminal velocity of an interfacial crack to be
slightly greater than the lower of the two Rayleigh wave
speeds of the constituents whereas the latter suggested it
to be equal to the lower of the two Rayleigh wave speeds.

Tippur and Rosakis’24 experiments inspired several
follow-up theoretical, numerical and experimental works
on interfacial fracture of bimaterials. Yang et al.,29 devel-
oped instantaneous field equations for a steadily propagat-
ing interfacial crack. The sum of the two in-plane normal
stresses from their analysis are given by

(σx + σy ) = A(t)√
2πr1

⎡
⎢⎢⎣

(
1 + α2

x − 2ηαs
)

exp{ε(π − θl )} cos
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2
− �(t) − ε ln rl
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where

A(t) =
(
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l − α2
s
) |K d (t)|
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, K d (t) = K d

1 (t) + i K d
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and αl ;s are functions of crack tip velocity, longitudinal
and shear wave speeds of the material and Kd is the com-
plex dynamic stress intensity factor expressed in terms
of its components K d

1 and K d
2 . The variables (rl ;s , θl ;s )

represent contracted polar coordinates which account for
the rapidly growing crack and elastic mismatch param-
eter ε(≡ε(v)) as well as D and η are functions of crack
speed. These steady-state crack growth results were sub-
sequently enriched by a detailed transient analysis of a
dynamically propagating interfacial crack by Liu et al.30,31

An important conclusion of the new theoretical analyses
was that as the crack tip approached the lower of the two
Rayleigh wave speeds of a bimaterial, a finite amount of
energy was required for the crack tip to maintain propaga-
tion at the Rayleigh wave speed with a non-zero complex
stress intensity factor. This observation was unlike the
ones for homogeneous counterparts that required infi-
nite energy to maintain crack propagation at the Rayleigh
wave speed.30,31 Thus, the restriction for the crack to ex-
tend along the interface at speeds in excess of the Rayleigh
wave speed was absent in a bimaterial. An experimental
evidence for this was reported by Lambros and Rosakis32

who conducted an optical investigation on PMMA-steel
bimaterials using transmission CGS. In their experiments
a gas-gun (instead of a drop-tower used earlier in Ref.
[24]) was used for impacting the specimens at substan-
tially higher velocities. The resulting interferograms were
used to track crack growth history as well as map crack
tip deformations. By analyzing the interferograms they
demonstrated the need for a transient higher order crack
tip field description instead of a steady-state K-dominant
description29 to capture the local behaviour satisfactorily.
Their measurements revealed that interfacial crack speed
exceeded not only the Rayleigh wave speed for PMMA
but its shear wave speed as well. In a set of experiments
when a blunt interfacial notch (capable of storing signifi-
cant amounts of strain energy prior to initiation) was used,
they reported crack speeds approaching the longitudinal
wave speed of PMMA and demonstrated the possibility of
interfacial crack propagation at intersonic (between shear
and longitudinal wave speeds) speeds. They were also able
to provide visual evidence of crack propagation in the in-
tersonic regime. By comparing CGS fringes at early stages
of propagation with the ones at intersonic speeds, they
observed the main fringe lobes (ahead of the crack tip)
to have a squeezed appearance in the crack growth di-
rection along with ‘shock-like’ discontinuities. The crack

propagation in the intersonic regime also revealed cer-
tain special features. In the subsonic range the interfacial
crack showed evidence of fringe lobes coming to focus
at a single point along the interface, the apparent crack
tip. When the crack attained intersonic speeds, however,
the rear and front lobes intercepted the interface over a
finite length without a common focus suggesting large-
scale crack face contact. This can be seen in a transmission
CGS interferogram (in the PMMA half above the bima-
terial interface) from that work shown in Fig. 14 where
the length between the front and rear lobes is marked
by the letter d. (Even though crack propagation occurred
at speeds in excess of shear wave speeds, they could not
visualize the shear stress discontinuity because transmis-
sion CGS measurements were proportional to (σx + σy ).
This necessitated the use of photoelasticity by Rosakis and
coworkers, subsequently.) As interfacial crack tip field ex-
pressions had become available by that time, estimation
of relevant complex stress intensity factor histories (and
hence energy release rate and mode-mixity) from inter-
ferograms using over-deterministic least-squares analysis
of optical data were carried out by the authors. The en-
ergy release rate (G) history showed a highly unstable
crack initiation event resulting in a steep drop in G values
during the time period when crack accelerated to inter-
sonic speeds after initiation. During the same time period,
the mode-mixity continued to increase rapidly. They also
noted that during interfacial crack growth crack tip open-
ing angle remained constant.

A few other interfacial fracture mechanics studies aided
by transmission CGS have also been reported in the
intervening years. A modified flexural geometry proposed
by Ramaswamy et al.,9 to study mixed-mode fracture of
homogeneous materials was extended by Ramaswamy and
Tippur10 to bimaterials. They studied bimaterials with a
large elastic mismatch made of PMMA and aluminium
beams with cracks along the interface under quasi-static
loading. They were able to achieve a crack tip mode-
mixity of approximately –50◦ to –10◦ (with crack length
as the scaling parameter) using this specimen geometry.
Their measurements compared well with analytical re-
sults based on flexural analysis of bimaterial beams. They
were also able to establish a critical energy release rate
versus mode-mixity map for this bimaterial system using
their optical measurements. In a subsequent work, Xu and
Tippur33 employed single edge cracked asymmetric four-
point bend geometry for the same bimaterial system. They
also used transmission CGS to measure crack tip fringes
and deduce mode-mixity for various off-set loading dis-
tances relative to the interface. A much larger range of
mode-mixities, between –75◦ and +90◦ with 1 mm as the
length scaling parameter, were achieved and a critical en-
ergy release rate versus mode-mixity map was produced.
A fourfold variation between the lowest and the highest
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Fig. 15 Transmission CGS interferograms at crack initiation (left) and post mortem optical photographs (right) of two selected dynamic tests
yielding different initiation mode mixities. The loading configuration used in each case is schematically shown in the centre of the figures,
which correspond to δr = −25 mm (top row), δr = +25 mm (bottom row). (Ref. [35], Courtesy J. Lambros.)

value of critical energy release rate was reported. Further
a large difference in crack initiation fracture toughness
at large negative and positive mode-mixities was also ob-
served. They also studied the role of surface roughness on
the apparent fracture toughness of interfaces. These au-
thors34 also undertook dynamic fracture study of PMMA-
aluminium bimaterial interfaces using transmission CGS
and high-speed photography in order to establish crack
initiation toughness as a function of mode-mixity under
stress-wave loading conditions.

Kimberley and Lambros35 used transmission CGS and
high-speed photography to study interfacial crack kink-
ing phenomenon in bimaterial panels subjected to impact
loading. They examined PMMA and Homalite-100 bima-
terial (elastic mismatch index ε = 0.0028) panels bonded
along a straight interface and impact loaded at various lo-

cations on edges behind or in front of a pre-notch along
the interface using a gas gun. The optical transparency
of both halves of the bimaterial yielded interferograms
in the upper as well as the lower halves of the speci-
men (see Fig. 15). By varying the impact location, they
were able to generate and optically quantify a wide range
of mode-mixities and complex stress intensity factors at
crack initiation by analyzing the CGS fringes. By cou-
pling the optical measurements with measured crack kink
angles from fractured specimens, a crack kinking criteria
for bimaterials was suggested. They concluded that the
maximum opening stress or maximum energy release rate
criteria based on quasi-static crack tip fields was sufficient
to capture crack kinking behaviour for dynamic loading
as well when elastic mismatch between the two halves of
the bimaterial is small.
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Particulate composites

CGS has been used in a few recent investigations to ex-
amine the dynamic fracture behaviour of composites with
particulate reinforcements. Due to the opacity of partic-
ulate composites, these studies employed reflection CGS
technique. The effect of filler particle size on the mode-
I fracture behaviour of glass-filled epoxy was studied by
Kitey and Tippur.36 They examined composites made of
10% volume fraction of spherical glass beads of different
average size in the range of 11–200 μm dispersed uni-
formly in epoxy. They also considered adhesion strength
between reinforcement and matrix as a parameter. The
sample surfaces were aluminized (see Fig. 2) to make
the crack tip region amenable to reflection CGS and
high-speed photography. Edge cracked beams subjected
to symmetric one-point impact loading were used to prop-
agate mode-I cracks dynamically and map surface slopes
near the growing crack tip. Using high-speed imaging and
least-squares analysis of fringe data they quantified crack
speed, stress intensity factor at crack initiation, and during
steady growth as a function of average filler particle size. A
significant particle size effect on fracture toughness (both
crack initiation and steady-state growth values) in case
of composites with weakly bonded reinforcements was
reported. Their experiments also revealed an optimum
mean particle size of ∼35 μm for which fracture tough-
ness values were the highest. That is, fracture toughness
decreased as particle size increased or decreased relative to
this particle size. The maximum crack speed also increased
as particle size decreased for weakly bonded reinforce-
ments. The steady-state crack speed showed an inverse
relationship with the steady-state fracture toughness. The
results also showed that particle size had a negligible ef-
fect on fracture toughness values when filler particles were
strongly bonded to the matrix. Furthermore, steady-state
fracture toughness values for all reinforcement sizes were
consistently lower than the corresponding ones for com-
posites with weakly bonded filler, a rather counterintuitive
result.

The dynamic fracture studies on particle reinforced
epoxy composites motivated Kitey and Tippur37 to vi-
sualize how a dynamically growing crack in a matrix in-
teracts with a stationary stiff inclusion. They investigated
this problem in a 2D setting using cylindrical glass inclu-
sion positioned in the prospective crack path in a brittle
epoxy sheet. They again employed reflection CGS and
high-speed photography to record surface slopes near a
rapidly growing crack as it initiated from a pre-notch in
a beam subjected to impact loading. Strongly and weakly
bonded inclusions at different off-set distances between
the inclusion centre and the crack line (eccentricity de-
noted as e) were studied (see Fig. 16). Distinctly differ-
ent crack trajectories were seen when the inclusion was

Fig. 16 Crack-inclusion geometry (e = 0) used to study dynamic
crack growth past a stiff inclusion in a matrix. Reflection CGS
interferograms at time instants when crack arrest and reinitiation
occur in samples with weakly bonded and strongly bonded
inclusion. The vertical line parallel to the initial notch is 10 mm
away from the crack line.37
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Fig. 17 Variation of mode-mixity for
weakly and strongly bonded inclusions
(eccentricity e = 3d/4). Crack attraction and
deflection can be readily seen in fracture
samples and confirmed by positive and
negative mode-mixities measured using
reflection CGS.37

bonded strongly or weakly to the matrix. They noted that
a weaker inclusion-matrix interface attracted a propagat-
ing crack whereas a stronger interface deflected the crack
away. Multiple stress waves observed from the CGS in-
terferograms (see Fig. 16) as the crack interacted with the
inclusion were used to understand the failure process. The
optical trace of the stress waves associated with crack arrest
and reinitiation were concentric for the strongly bonded
inclusion suggesting both to have originated from rela-
tively close spatial positions near the interface with a time
delay between arrest and reinitiation. On the other hand,
the trace of the same two waves were seen as two nearly
equal intersecting circles as they originated from two dif-
ferent spatial locations on the interface due to sponta-
neous debonding of the weak inclusion-matrix interface.
Also, for the crack propagating towards a weakly bonded
inclusion, the effective stress intensity factor (K e) attained
a constant value and then dropped when the crack tip
was very close to the inclusion or lodged into inclusion-
matrix interface. In the strongly bonded inclusion cases,
however, K e increased monotonically as the crack propa-
gated towards the inclusion. The opposite signs of crack
tip mode-mixities (see Fig. 17) near the inclusion fur-
ther substantiated crack attraction and repulsion be-
haviour of a crack propagating towards inclusion-matrix

interface in weakly and strongly bonded inclusion cases,
respectively.

Functionally graded materials

Since the early nineties there has been a growing inter-
est in a family of bio-inspired materials called function-
ally graded materials (FGM). FGMs are macroscopically
isotropic but non-homogeneous materials with contin-
uously varying material properties along one or more
spatial directions. These novel materials were initially
proposed for mitigating deleterious effects of discrete in-
terfaces encountered in traditional layered materials and
composite structures in extreme loading environments.
The gradual variation of material properties in FGMs are
generally achieved using composite architectures in which
volume fractions of individual constituents are spatially
varied. In a particulate metal-ceramic composite FGM,38

for example, the variation could be from 100% metal at
one end to 100% ceramic at the other in a continuous
manner. The mechanical characterisation in general and
fracture behaviour in particular is at the heart of under-
standing mechanical integrity such novel materials. In-
vestigating the fracture behaviour of FGMs using optical
methods has been part of this broader endeavour.
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CGS has contributed to the understanding of fracture
mechanics of FGMs. Tippur and co-workers,39–45 exam-
ined the influence of continuous compositional gradients
on the fracture response of functionally graded compos-
ites using reflection CGS. They studied glass-filled epoxy
composite sheets with continuously varying filler volume
fraction. The FGM they developed was made from either
solid glass microspheres (35 and 42 μm average diameter)
or hollow glass microballoons (60 μm average diameter
and ∼0.5 μm wall thickness) as filler materials in epoxy
matrix. The former FGM was a non-homogeneous mate-
rial with a monotonic unidirectional volume fraction vari-
ation of solid filler particles from approximately 0 to 40%
over a length of approximately 45 mm. In the latter, a sim-
ilar volume fraction variation was achieved using hollow
microballoons resulting in lightweight syntactic structural
foam with closed-cell porosity. While solid glass spheres
increased the stiffness continuously, the hollow microbal-
loons decreased the same in the FGM. Due to the opacity
of these non-homogeneous materials, the specimens were
made optically reflective for implementing CGS using the
method detailed earlier. Butcher et al.,39 compared quasi-
static fracture parameters of a bimaterial beam with a
sharp interface and the one with a linearly graded archi-
tecture (with an approximately linear variation in Young’s
modulus normal to the crack orientation). Their measure-
ments favoured the graded architecture in terms of failure
response. The asymmetry of interferograms also indicated
mixed-mode deformation of the crack tip and led to an
investigation40 of fracture response as the location of the
crack in the graded region of the beam was varied. They
noted that fracture performance of FGM in terms G/Gcr

(G and Gcr being energy release rate and measured frac-
ture toughness, respectively) were consistently better than
the corresponding bimaterial counterparts. They also ex-
amined crack kinking for different crack locations within
the graded region and noted that the initial kink angle
in FGMs matched those based on maximum tangential
stress theory used for homogeneous brittle solids. In a
separate study on edge cracked glass-filled epoxy func-
tionally graded beams, Rousseau and Tippur42 examined
crack tip stress fields using CGS when the elastic gradi-
ent was along the crack direction. The optical measure-
ments revealed that for a crack on the compliant side of
the FGM beam to have a significantly lower stress in-
tensification (by a factor of ∼1.5) when compared to the
one with a crack on the stiff side. They also measured
crack tip stress intensity factors to an accuracy of 10–20%
relative to the analytical results by assuming a locally ho-
mogeneous crack tip field. Rousseau46 later on re-visited
these results but using crack tip stress field expressions
which account for non-homogeneity of the material. He
was able to improve the accuracy of stress intensity factor
determination significantly.

First optical investigation of dynamic fracture of FGM
with continuous variation of properties used reflec-
tion CGS. Rousseau and Tippur41 studied mode-I
dynamic crack growth along the compositional gra-
dient in functionally graded beams subjected to one-
point impact using CGS and high-speed photography.
Their optical measurements revealed strikingly different
post-crack initiation stress intensity factor histories and
crack growth resistance behaviours in glass-filled epoxy
FGMs with monotonically increasing and decreasing
compositional gradients. They analyzed the CGS fringes
using expression for instantaneous steady-state crack
tip out-of-plane displacements47 for non-homogeneous
materials,
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In the aforementioned equations, λ is Lamé’s constant,
μc = μo exp(αct) where α the non-homogeneity parameter
and c is the crack speed. The coefficients A0, A1 and A2

are unknown coefficients of the asymptotic expression.
Evidently, as the material gradient parameter α becomes
zero, the equations reduce to that of its homogeneous
counterpart. A continuous increase in the dynamic stress
intensity factors occurred when the crack propagated into
a region of progressively increasing filler volume fraction
while an opposite trend was observed in the case with
an opposite compositional gradient ahead of the growing
crack. They attributed these differences to a combination
of stiffness and fracture toughness gradients in FGMs.

Reflection CGS was also used to study mixed-mode dy-
namic fracture of unidirectionally graded FGM beams
by Kirugulige and Tippur.48,49 In their work, differences
in fracture behaviour in terms of crack initiation time,
crack path, crack speed and stress intensity factor histories
were evaluated optically in glass-filled epoxy beams. Two
FGM configurations, one with a crack on the compliant
and the other with a crack on the stiff side, were studied
under one-point impact applied eccentrically relative to
the crack plane, as shown in Fig. 18. (The variations in
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Fig. 18 Fringe patterns representing surface slopes dw/dx (w being
out-of-plane displacement) near dynamically propagating cracks in
FGM subjected to impact loading as shown in the schematic. The
elastic (E) and mass density (ρ) variations in the vertical direction
are shown in the plot. Distinctly different crack paths are obtained
depending upon the compositional gradient (E1/E2 ∼ 0.4 in the top
and ∼ 2.5 in the bottom reflection CGS
interferograms).48

the Young’s modulus and mass density over the width of
the sample are also shown in Fig. 18.) Two representative
optical interferograms from this investigation are shown
in this figure. The images on the top and the bottom,
respectively, are for two different situations when the ini-
tial crack was located at the edge of the specimen with
a lower (E1 < E2) and a higher (E1 > E2) volume frac-
tion of filler particles compared to the edge where the
impact occurred. As evident from the interferograms,
the crack paths in these images were strikingly differ-
ent. The crack path in the E1 < E2 case was nearly
self-similar even though the crack tip was subjected to
combined mode-I and -II loading (by eccentric impact)
whereas in the E1 > E2 case the crack kinked from
the initial tip and grew at an angle relative to the pre-
notch. The loading configuration and the sample ge-
ometries of the specimens studied being identical in
these two cases, the differences in crack paths were at-
tributed to a combination of elastic and fracture tough-
ness gradients present in the two FGM configurations.
Using over-deterministic least-squares analyses of inter-
ferograms corresponding to different time instants af-
ter impact, a history of stress intensity factors K I(t) and
K II(t) and mode-mixities ψ(t) = tan−1 KII

KI
were evaluated.

Just prior to crack initiation, ψ(t) values approached zero
suggesting failure initiation under predominantly mode-I
conditions. In the post-initiation period mode-mixity his-
tories showed a small positive value of mixity in case of
FGM with E1 < E2 whereas it was a small negative value
in case of FGM with E1 > E2. Interestingly, the mixity
history in the post-initiation period for the homogeneous
sample remained close to zero in the window of observa-
tion, consistent with dynamic crack growth in homoge-
neous brittle solids. These results raised the possibility of
a non-zero K II during mixed-mode dynamic crack growth
in brittle FGM.

In the past few years, CGS has also been found use-
ful in the study of fracture behaviour of syntactic struc-
tural foams∗ by Tippur and his co-workers.44,45 These
authors have investigated static and dynamic fracture re-
sponse of syntactic foam sheets with functionally graded
porosity. Further, mechanics of fracture of these materi-
als were studied in homogeneous, non-homogeneous and
sandwich configurations. In case of monotonically graded
foams subjected to symmetric one-point impact load-
ing,45 they reported that mode-I stress intensity factors
increased when crack growth occurred from the compli-
ant side to the stiffer whereas the opposite occurred when
the growth was from the stiffer side to the compliant.

∗ Syntactic foams are lightweight structural foams made by dispersing hollow
ceramic or polymeric microballoons into metal or polymer matrix materials
resulting in a closed-cell microstructure. The porosity in these foams is typ-
ically microscopic unlike the conventional structural foams and is controlled
by the volume fraction of the filler material in the matrix.
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They attributed this to the reduction in fracture
toughness with increasing microballoon volume fraction
in the foam and the resulting differences in the in-
plane crack tip constraint. For sandwich configurations
with non-homogneous foam core (bilinear gradation with
stiffer foam near the face-sheets and compliant foam in the
middle), a suppression of face-core interfacial separation
was observed during dynamic fracture experiments.

Fibre reinforced composites

CGS has been found to be a rather convenient tool in the
study of fracture behaviour of fibre reinforced composites
as well. At the moment there are only a few reports on the
investigation of crack tip fields and fracture parameter
measurement in these materials. Liu et al.,50 examined
the feasibility of reflection CGS to investigate crack tip
fields in unidirectional graphite/epoxy composites. They
represented surface slopes in the crack tip vicinity in a
planar orthotropic solid with a crack oriented in the fibre
direction using dominant terms as

∂w

∂x
= B

4
√

2π
r−3/2 (

KI Fxx(θ ) + KII Fxy (θ )
) = N

P
2�

,

N = 0,±1,±2, . . . , (13)

where w is the displacement in the out-of-plane direc-
tions and Fxx(θ ) and Fxy (θ ) are angular functions of θ as
well as orthotropic material constants. (A detailed list of
these angular functions can be found in Ref. 50.) Using
least-squares analysis of interference data in conjunction
with crack tip stress fields, they showed that the optically
measured stress intensity factors agreed well with those
obtained from direct load measurements and analytical
predictions. They also quantified the crack initiation frac-
ture toughness and crack growth resistance. Lambros and
Rosakis51 were the first to extend CGS to the study of
fast-fracture in unidirectional graphite-epoxy composite
plates. They studied symmetric one-point impact loading
(impact velocity ∼4 m/sec) geometry. The crack growth
in their tests occurred under nominally mode-I conditions
at speeds reaching nearly 50% of the Rayleigh wave speed
(CR). As a consequence of material anisotropy, an ellipti-
cal stress wave emanating from the initial notch triggered
by crack initiation event was also observed. By analyz-
ing fringes at crack initiation they estimated initiation
toughness of the composite (K Ii ∼ 2.3 MPa√m). Uni-
direction graphite/epoxy composite sheets, IM7/8551–7,
were also studied by Liu et al.,52 under mode-I impact
loading conditions. They used reflection CGS to capture
fast fracture in specimens at a rate of 600,000 frames per
second. A few interferograms from their experiment for
crack growth along the fibres is shown in Fig. 19. De-
spite the high stiffness of the material, highly discernable

Fig. 19 Variation of fracture toughness with crack speed in
unidirectional graphite/epoxy IM7/8551–7 composite measured
using CGS. (Ref. [52], Courtesy C. Liu.)

fringes surround the propagating crack tip. The authors
used interference patterns along with a newly developed
stress-field expressions to extract energy release rate his-
tory. From the interferograms they also determined crack
length history and deduced instantaneous crack veloci-
ties to be in the range of 500–2200 m/sec (1875 m/sec

c© 2010 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–27



22 H. V . T IPPUR

Fig. 20 Cross-sectional view of
fibre-reinforced unidirectional
graphite-epoxy composite and definition of
the coordinate system with respect to the
material symmetry axes. The table shows
plane strain elastic characteristics of the
composite. (Ref. [53], Courtsey A. J.
Rosakis.)

being the shear wave speed). Using these, they were able
to show (see Fig. 19) that mode-I energy release rate in
unidirectional composite to be a decreasing function of
crack speed.

In a more recent study, Coker and Rosakis53 examined
crack growth behaviours in unidirectional graphite/epoxy
composites using reflection CGS and high-speed pho-
tography. Shear dominated fracture at high velocities was
the primary focus of their work. The dynamic material

characteristics for the coordinate system shown in Fig. 20
are tabulated in the accompanying table. They used an
off-axis impact loading configuration (impact velocity 21
m/sec) to generate dominant shear loading at the initial
notch tip. A few interferograms from their experiment are
shown in Fig. 21. (In this figure, time t = 0 corresponds to
crack initiation.) The nature of the crack tip fields suggests
that the crack tip is primarily in mode-II condition prior
to initiation with dominant side lobes tilted ahead of the
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Fig. 21 A sequence of reflection CGS interferograms for shear dominated crack tip loading in a unidirectional fibre-reinforced composite.
The crack growth is along the fibre direction. The time t = 0 corresponds to crack initiation. The crack is propagating intersonically in the
last two frames. (Ref. [53], Courtesy A. J. Rosakis.)

crack tip. Soon after crack initiation, however, the fringe
lobes on both the sides of the crack tilt backwards, in-
dicating high crack speeds and acceleration. During this
early period soon after crack initiation, the crack speed
was estimated at ∼2100 m/sec, well above the shear wave
speed for the material of 1560 m/sec (see Fig. 21), and
an acceleration of ∼109 m/sec2. As the crack continued
to propagate, the shape of the fringe lobes changed even
more drastically to a triangular wedge shaped region with
a line of highly concentrated fringes emanating from the
crack tip at a distinct angle. They associated this line to
a region of high stress gradients that eventually became a
stress discontinuity resulting in a shear shock wave. Based
on their mode-I and mode-II crack growth observations,
Rosakis and co-workers51,53 concluded that mode-I or
opening mode cracks could propagate only subsonically
along the fibres with Rayleigh wave speed as the upper
bound. However, mode-II or shear cracks could grow at
intersonic speeds parallel to the fibres. They also observed
crack acceleration from values close to shear wave speed
to dilatational wave speed corresponding to the fibre di-
rection.

C O N T A C T S T R E S S A N D B E A R I N G
L O A D E V A L U A T I O N S

A few investigators have employed CGS to study stresses
and deformations near contacting bodies where stress
concentration and eventual crack growth or damage often
occurs. In their work on dynamic fracture mechanics of
dissimilar material joints, Tippur and Xu34 used transmis-
sion CGS and high-speed photography to estimate the
impact load history on the specimen. The interference
fringes near the impact point were used in conjunction
with classical Flamant’s solution for a line load acting on
an elastic half-space. They recorded a rapid load increase
of ∼1750 N over a period of 80 μsec (or, a loading rate of
∼22 × 106 N/sec). Later on, Xu et al.,54 used finite ele-
ment analysis to compare their optical measurements and
found good agreement. The representative interference
patterns at the impact point (impact velocity ∼5 m/sec)
and the measured load history are shown in Fig. 22. De-
formations due to dynamic impact of a rectangular rigid
punch on an elastic half-space were measured by Rubio-
Gonzalez and Mason55 using CGS and high-speed pho-
tography. Their primary interest of examining punch-tip
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Fig. 22 Transmission CGS fringes near the vicinity of a line load
acting on the edge of a PMMA sheet. The estimated contact load
history P(t) obtained analyzing fringes with the aid of Flamant’s
solution (solid symbol). The dotted line in the graph was obtained
using finite element analysis.54

deformations was pinned on the fact that materials ex-
perience limited plasticity prior to failure requiring the
knowledge of elastic stress concentration at punch corners
under impact conditions. Interestingly, using an analogy
between a mode-I crack tip stress field and a rectangular
punch tip stress field, they deduced an equivalent stress

Fig. 23 Transmission CGS fringes in the vicinity of a square
punch tip loading a PMMA sheet. Note the qualitative similarity
between mode-I fringes near a crack tip and the punch tip.55

intensity factor for the punch tip to assess failure. An op-
tical interferogram in a PMMA sample subjected to static
load using a square punch is shown in Fig. 23. Qualita-
tive similarity between these fringes and the ones near a
mode-I crack (on the left-hand and right-hand sides of
the crack in Fig. 7) can be readily seen. They were able
to demonstrate good agreement between measurements
and theoretical predictions of punch tip stress intensity
factors in both isotropic and orthotropic solids.

H Y B R I D O P T I C A L T E C H N I Q U E S
I N V O L V I N G C G S

A few investigators have successfully coupled CGS with
other optical methods, such as photoelasticity, opti-
cal caustics and moiré interferometry to recover addi-
tional field quantities and/or complement CGS measure-
ments with others. Prabhu and Lambros56 successfully
combined optical caustics and transmission CGS. They
claimed that redundancy of optical data to be more useful
in situations where repetition of experiments is not fea-
sible and/or expensive. Yao et al.,57 measured two sets of
interferograms from the same crack tip deformation field
at two different sensitivities (by using two different grat-
ing separation distances) by splitting the object wave front
and processing them through two CGS interferometers
simultaneously. By doing this they doubled the number of
crack tip fringes for a more accurate stress intensity factor
measurement.

In an interesting recent publication, Mello et al.,58 have
extended CGS to measure in-plane and out-of-plane dis-
placement gradients by combining it with moiré inter-
ferometry. They replicated a high density, reflective, fine
pitch cross-grating pattern on the specimen surface and
illuminated it using a pair of obliquely incident collimated
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Fig. 24 CGS interferograms obtained by
lateral shearing of the in-plane and
out-of-plane diffracted wave fronts
(generated by a specular cross-grating
printed on the specimen) on along the x1-
and x2-directions.58

laser beams. The resulting first-order diffractions prop-
agating along the optical axis were prevented from in-
terfering and instead sent through a CGS set up where
each beam was sheared by a pair of Ronchi gratings. The
first-order diffractions were Fourier filtered and the re-
sulting interferograms were recorded (see Fig. 24). Sub-
sequently phase shifting methods were implemented to
generate a phase map of each differentiated wave front.
By adding and substrating the two complementary phase
maps through post-processing they were able to extract
both in-plane and out-of-plane displacement gradients.
They have implemented this novel idea to measure crack
tip deformations under mode-I, mode-II and mixed-mode
conditions successfully.

Another novel hybrid technique involving CGS has also
been recently reported by Kramer et al.59 In this work,
transmission CGS was coupled with transmission pho-
toelasticity to study a birefringent plate with a V-notch
as a stress concentrator. A circularly polarized light beam
was used to illuminate the specimen, which after trans-
mission through the specimen was split into two beams
using a non-polarizing beam splitter. One of the two legs
of the object wave front was used for CGS and the other
for photoelasticity. They employed a six-step phase shift-
ing method to determine isoclinic (principal direction)
and isochromatic (principal stress difference) parameters

associated with the photoelastic measurements. To re-
move jumps in the phase measurements a phase unwrap-
ping algorithm was employed. A four-step phase shifting
method along with unwrapping and integration of the re-
sulting phase provided the sum of the principal stresses.
A combination all these were able to provide separated
principal stresses and principal directions in the vicinity
of the V-notch.

S U M M A R Y

In a relatively short span of 20 years, the full-field optical
method of CGS has made a number of significant contri-
butions to the field of fracture mechanics. The simplicity
of implementation of the interferometer and the resulting
fringe analysis are attractive features of the method. The
relative insensitivity to rigid motions and vibrations has
also added to its overall appeal making CGS a particularly
useful method to the field of fracture mechanics in gen-
eral and dynamic fracture mechanics in particular where
only a handful of full-field methods have been found to
be feasible.

To date CGS has contributed to the understanding
of crack tip K-dominance in finite size fracture geome-
tries and has revealed the importance of higher order
terms of asymptotic mechanical fields in the analysis of
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measurements near dynamically growing cracks. The
method has assisted fracture mechanics investigators to
make a number of the original observations pertaining to
dynamic crack growth along dissimilar material interfaces
such as intersonic crack growth and the conditions for
such a highly transient event to occur. Many previously
unknown features regarding dynamic fracture mechanics
of FGM including crack path selection due to composi-
tional gradations has been demonstrated using CGS. The
method has also helped visualize of crack attraction and
deflection mechanisms and quantify the associated frac-
ture parameters when a dynamically growing crack inter-
acts with an inclusion embedded in a matrix. Though only
a few studies on dynamic fracture mechanics of fibre rein-
forced composites have been reported to date, the poten-
tial of CGS to this field is well demonstrated including the
one regarding the possibility of supersonic crack growth
in unidirectional composites under shear dominant load-
ing. The potential of the method to study dynamic impact
and load bearing problems appears to be enormous and
needs attention in the coming years. The recent develop-
ments of coupling legacy CGS interferometer with other
optical methods/tools show a great deal of promise and
excitement. These could lead to the enhancement of CGS
in terms of its versatility.
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