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Abstract

In this work we present some preliminary results of
optical experiments performed on dynamically deform-
ing thick polymeric-composite laminate plates. The
composites used for this study are unidirectional
graphite/epoxy fiber-reinforced composite plates, con-
sisting of 48 plies (6 mm thickness). Edge-notched
plates are impact loaded in a one-point bend
configuration using a drop-weight tower. The lateral
shearing interferometer of coherent gradient sensing
(CGS), in conjunction with high-speed photography, is
used to obtain real-time interferograms of the near-tip
deformation during dynamic crack initiation and
growth. Initiation fracture toughness data are obtained
and reported. Crack growth speeds of 900ms~" are
recorded and significant dynamic effects are observed
through emission of stress waves from the propagating
crack tip. © 1997 Elsevier Science Limited

Keywords: dynamic crack initiation, unidirectional
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1 INTRODUCTION

Fiber-reinforced polymeric composite laminates have
seen extensive use in the aircraft industry during the
past few decades. They have consistently proved their
capability for significant weight savings in aircraft and
spacecraft structures. It is now proposed to use thick
polymeric composite laminates in the construction of
submersibles and other naval structures. With the
growing use of composite materials in engineering
applications, the need for fundamental understanding
of their mechanical behavior becomes more compell-
ing. Of primary importance, especially as regards
integrity and safety of composite structures, is the
complete understanding of all damage and failure
processes that occur in composite materials. The term
damage, as applied to composite materials, usually
encompasses an array of possible events occurring
over a range of length scales and dependent on the

particular composite type (e.g. fiber or particle
reinforcement, metal or ceramic matrix, etc.). For
polymeric-matrix fiber-reinforced composite laminates
failure modes include ply delamination, fiber/matrix
debonding, fiber pull-out and matrix cracking. In
many service situations damage and failure can occur
in a dynamic fashion, usually triggered by some
sudden structural overload (e.g. foreign-object im-
pact). Even though in general a complicated
combination of these damage modes will be
responsible for failure of a service component, it is
extremely difficult to investigate experimentally all
failure modes simultaneously in real time in a
laboratory situation. In the present work we isolate
one of the many forms of failure. Here we concentrate
on the experimental investigation of dynamic crack
initiation and propagation in unidirectional fiber-
reinforced polymeric-matrix composite plates.
Quasi-static fracture of composite materials is a
subject which has been much investigated in the past
few decades, both theoretically and experimentally
(e.g. Prahizar et al.'). Several quasi-static fracture
criteria have been proposed in the past (e.g. Tohgo et
al.? Binieda er al’®) for unidirectional composite
laminates, and many experimental studies have been
conducted in support of them. In addition, recently,
Liu et al.* have investigated quasi-static fracture of
polymeric composite laminates by using the optical
technique of coherent gradient sensing (CGS).
However, very little work has been done which
involves the real-time investigation of dynamic
fracture of composite materials. The little that has
been done is primarily restricted to theoretical studies
of crack propagation in orthotropic or anisotropic
media, as for example the work of Tsai,” who studied
the dynamic behavior of a crack in an orthotropic
plate, or the work of Mannion and Pipkin,® who
investigated cracks paths in fiber-reinforced compos-
ites by utilizing various postulated fracture criteria. In
another example, theoretical predictions for the
limiting crack tip speed in a unidirectional lamina
were made in the work of Chiang.” To our knowledge,
very few experimental studies of dynamic fracture of
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fiber-reinforced composites have been performed. In
the work of Shukla and Khanna® the authors were
primarily concerned with the interaction of a matrix
crack approaching the fibers in a fiber-reinforced
brittle matrix, an event occurring at the composite
microscale. Dealing with a different length-scale
problem, Khanna and Shukla’ recently obtained an
expression for the most singular term of the stress and
strain fields surrounding the tip of a crack growing
dynamically in an orthotropic material. Using
well-positioned strain gauges, they utilized their
analytical result to obtain stress-intensity factor
histories in laboratory tests.

To our knowledge, the only studies in which optical
techniques and high-speed photography have been
utilized to investigate damage in composites have
dealt with real-time imaging of dynamic delamination
and penetration in composites. Chai et al.!° and Chai
and Babcock,'" using the shadow moiré technique,
performed optical measurements on composites
subjected to low-velocity out-of-plane impact. More
recently Epstein er al.'> used dynamic moiré
interferometry to measure the deflection of impacted
composite plates. Zhu et al.* photographed very-high-
speed projectiles penetrating Kevlar laminates. Al-
though the results of these studies are not directly
related to the subject covered in the present paper, i.e.
fracture of unidirectional composites, they do however
provide evidence of the feasibility of performing
real-time visualization of impact in composite
materials.

The novelty of the research we are presently
conducting is based on the real-time visualization of
dynamic fracture initiation and growth in pre-cracked
composite laminate plates subjected to in-plane,
one-point bend impact loading. The optical method
used for real-time visualization was the newly
developed full-field optical method of coherent
gradient sensing (CGS) in reflection.’*'* Imaging was
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performed with a rotating-mirror high-speed camera.
Our aim in this paper is to provide evidence of the
feasibility of the use of CGS interferometry for
imaging dynamic deformation and fracture of
composite laminates and to visualize for the first time
macroscopic dynamic crack growth in thick polymeric
composite laminates subjected to impact loading.

2 DETAILS OF EXPERIMENTS

2.1 The optical method of CGS in reflection
Consider a planar wave front normally incident on an
optically flat and specularily reflective surface of an
opaque plate. The undeformed specimen surface
occupies the (x, x,) plane (see Fig. 1). After impact
the specimen surface deforms and acquires an
out-of-plane displacement us(x,, x,). Incident parallel
rays reflected from the deformed specimen surface
will deviate from parallelism after reflection. In this
situation the reflected wave front will no longer be
planar. The CGS set-up is used to provide full-field
information about the amount of deviation from
parallelism of each reflected ray. It is possible, as
shown in detail in Rosakis,"” to relate the resulting
interferograms with either the slope or the difference
of out-of-plane displacement us.

A schematic of the experimental apparatus is shown
in Fig. 1. When the rays are reflected from the
specimen, they are processed by a pair of high-density
gratings, G, and G, separated a distance A apart (in
these experiments typically 60mm). In a typical
set-up, the gratings have their rulings parallel to either
the x, or x, direction. The grating pitch is denoted by
p which is equal to 0-0254 mm in these experiments
(i.e. 40lines/mm). The action of the gratings is to
displace (shear) the reflected beam and recombine it
with itself, thus creating an interferogram after G..
The light emerging from G, is collected by a filtering
lens L and its frequency content (diffraction spots) is

High Speed
Camera

Fig. 1. Schematic illustration of CGS set-up in reflection for use in dynamic fracture experiments of composite materials.
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displayed on the back focal plane. By locating a
filtering aperture around either the +1 diffraction
orders, information regarding the change of out-of-
plane displacement u; along either the x; or x, axis is
obtained on the image plane.

As demonstrated by a first-order analysis described
by Tippur et al.* or a higher order Fourier optics
analysis by Lee et al.,' when the two diffraction
gratings G; and G; are placed very close to each other
(i.e. small A) the resulting bright fringes can be related
to gradient components of u, as follows:
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where
L = {m fora=1,m=0,+1, :1:2,...}

nfora=2n=0+1,£2,..

and m and n are the fringe orders for the x,, x,
gradient contours, respectively. For grating rulings
perpendicular to the x, axis the resulting fringe
pattern is proportional to d(us)/dx,, a = (1,2). For the
case in which separation A becomes large compared
with the angular deviation of the light rays, a
difference rather than derivative approach must be
used (see Bruck and Rosakis'”'®). In such a case
formation of constructive interference on the image
plane is governed by:

k
Au3:u3(x+§) _u3(.r‘_§) =ﬁ

5 5 A k:integer (2)

where Au, denotes the difference of u,, x is the
position vector of any point in the interference of the
laser beams (as seen in Fig. 2). In eqn (2) ¢ is the
shearing distance (also shown in Fig. 2) and is easily
evaluated from &= AA/p, where A is the wavelength
of light used. Since we do not expect a substantial us
during the deformation of the relatively brittle
composite, a large A will be utilized so as to increase
the sensitivity of the interferometer. Therefore all
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Fig. 2. Interpretation of interferograms by utilization of a
difference approach for large beam shearing. Apparent
crack tips are centered at O’ and O".

analysis performed in Section 3.2 will be based on a
difference approach (i.e. eqn (2)).

2.2 Specimen preparation and characterization

The particular composite chosen for this study was a
unidirectional graphite/epoxy system, with a fiber
strength of 231 GPa (33 X 10° psi) and a fiber volume
fraction of 0-65. The in-plane dimensions of the plate
specimens used were 76 mm X 1532 mm (3in X 6in) or
101 mm X 152 mm (4 in X 6 in). The plates consisted of
a total of 48 plies, resulting in a nominal thickness of
6 mm (0-25in). In all cases a precrack of length 0-2W
(where W is the width of the plate) was machined in
the center of the plate, parallel to the shorter side and
along the fiber direction. A crack length of 0-2W was
used because this has been seen in the past to produce
reliable results in dynamic fracture experiments in
homogeneous materials.'” To minimize residual
cutting stresses a low-speed diamond saw was used to
generate the precrack. Precracks resulting from this
procedure had a notch width of approximately
1-5mm. In certain cases a sharper precrack was
introduced by extending the diamond saw notch with
a sharp razor blade. Results will be presented for both
the case of a sharp precrack and a blunt notch.

In order to perform interferometric experiments on
opaque composite plates at least one surface must be
optically flat and specularily reflective. Such a surface
was achieved by applying an extra layer of resin on
one side of the composite plate before -cure.
Subsequent curing of the composite under pressure
against an optically flat tool (a thick glass substrate)
resulted in an optically flat surface. The optically flat
composite plates were provided by Composite Mirror
Applications Inc. of Tucson, Arizona. To become
highly reflective, the specimens were coated in-house
with aluminum in a vacuum deposition chamber.

To assess reliably any results from the dynamic
experiments a detailed understanding of material
response of the composite system is necessary. A
sequence of experiments was performed to determine
the material properties of the particular
graphite/epoxy system used in this study. The material
was assumed to be transversely isotropic. Properties
Eyi, vi2 and uq;, (see Fig. 3 for definition of axis),
Young’s modulus, Poisson’s ratio and shear modulus
respectively, were measured by performing quasi-
static tests in an MTS hydraulic loading machine. The
remaining properties were evaluated in the manner
described in Walter and Ravichandran® after
measurement of the dilatational and shear-wave
speeds through the thickness of the composite. Since
the procedure of measuring the properties of our
material closely follow the lines of Waiter and
Ravichandran®® no further details will be given
here. For a quasi-static strain rate of approximately
107*s™" the measured material properties are shown
in Table 1.
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Fig. 3. Coordinate geometry of unidirectional composite specimen.

It is well known that certain polymer-matrix
composites may exhibit significant strain-rate sen-
sitivity over a range of loading rates (see, for example,
Refs. 21-23). A preliminary study was therefore
conducted to investigate the strain-rate sensitivity of
our particular system. A split Hopkinson/Kolsky
pressure-bar (SHKPB) apparatus was used to
determine the variation of the material parameter E,

over a range of strain rates. It is beyond the scope of
the present paper to described in detail the SHKPB
apparatus. For specific details of this apparatus the
reader should refer to Kolsky.” The experimentally
obtained variation of E,, versus strain rate (&) is
shown in Fig. 4. It can be seen that a significant rate
sensitivity exists in this material, at least along the
fiber direction. To fully characterize the material

Table 1. Quasi-static elastic constants of the graphite/epoxy composite
laminates used in this study

Stiffness properties

Compliance properties

E,, =150 GPa

E,=E;=11-6GPa

Vi = V¥i3= 0'36
vy = 0-187
Mz = 3'5 GPa

1
by=—=666x10"2Pa

11

b22=b33=52;=513;=8-64x10"'9a

biz = by = —;‘2: _1%2;: ~2:4x107*Pa
by = by = —g—lj: —fgi= ~2:4X1072Pa
by=byp= —-2= _Y2_ _161x107" Pa

" E, Ejy

1
be=—=2-86X10"""Pa
Hi2




Dynamic crack initiation

and growth in thick plates

59

400

200

E,, {(CPa)

1 1

2000

4000

Strain rate ¢ (s7)

Fig. 4. Variation of E,, versus strain rate (¢€).

behavior one needs to perform similar measurements
for all the independent elastic constants. As this is a
preliminary study on dynamic fracture initiation in
composites, an attempt to fully characterize the
material was not made. When analysing the
experimental results we, knowingly, made use of the
quasi-static values of material properties quoted in
Table 1. In a subsequent section we will investigate
the validity of our assumption and estimate the error
it introduces in the numerical results.

2.3 Experimental set-up and procedure

A symmetric one-point bend loading configuration
was used to generate dynamic crack initiation and
growth in our composite system. Each composite plate
was loaded by means of a drop-weight tower. In all
cases the impact speed used was 4ms~'. A schematic
of the experimental set-up is shown in Fig. 1. Impact
occurs on the top surface of the plate. Stress waves
traveling down the width of the specimen and
reflecting from the boundaries arrive at the notch or
crack tip. Because of material anisotropy, these stress
waves travel at different speeds in different directions.
In addition, in a certain direction, e.g. along the fibers,
the dispersive nature of wave propagation in the
material causes a lengthening of the loading pulse. In
any event, after some time a dynamic crack runs
between fibers across the specimen width. As the time
of crack initiation is around 25 us after impact, the
effects of dispersion are not very important since the
length of the applied stress pulse, even in its
undispersed form, is very long (around 120 us)
compared with the time of crack initiation. Loading is
therefore continually applied throughout the whole
event.

In ali cases it was observed that fracture occurred in
between the fibers (mostly along the fiber/matrix
interface) and the crack propagated straight across the
width of the specimen. The time-varying deformation
fields surrounding the initially stationary and subse-
quently propagating crack tip produce a changing
out-of-plane deformation on the surface of the
composite plate. The reflection CGS technique in
conjunction with high-speed photography was used to
record in real time the slopes of the out-of-plane
deformation field of the front surface. The light source
used for specimen illumination was a Spectra-Physics
argon-ion pulse laser (model 166-09). Two fine
diffraction gratings (40lines/mm) were used to
provide optical differencing of the resultant distorted
beam. A rotating-mirror high-speed camera (Cordin
model 330A) was used for imaging. It is capable of
running at framing rates of up to 2 X 10° framess™'. In
the current tests the camera was operated at a framing
rate of 590 000 frames s " (i.e. 1:7 us/frame). By using
short laser pulses of 30 ns duration we were able to
freeze the fast-changing deformation and thus produce
sharp interference patterns. The laser pulsing was
triggered by a strain gage on the specimen that sensed
the impact of the drop-weight-tower hammer. The
strain gage signal controls the start of the experiment
completely.

3 OBSERVATIONS AND RESULTS

3.1 Crack tip speed

Figure 5 contains a selected sequence of CGS
interferograms depicting dynamic crack growth in a
unidirectional fiber-reinforced graphite/epoxy com-
posite system. Crack propagation is parallel to the
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Fig. 5. Selected sequence of interferograms depicting

dynamic crack growth in a unidirectional fiber-reinforced

graphite/epoxy composite plate. Propagation is in the fiber
direction.

fiber direction (along the vertical direction in Fig. 5).
Time ¢ =0 us is used to denote crack tip initiation.
Thus negative times correspond to pre-initiation

interferograms. For the experiment shown in Fig. § a
76 mm X 152 mm (3in X 6in) plate containing a blunt
starter notch was used. Impact occurred at around
t= —24 us. Also of interest is the travel time of a
dilatational wave to propagate the width of the
specimen, reflect from the free end and reach the
stationary notch tip. Considering a wave speed
(ignoring dispersion) in the fiber direction of
10000 ms™', this transit time is around 9 us. The
formation of interference fringes seen in Fig. 5 is
governed by eqn (2). Therefore each fringe represents
a constant value of the difference of out-of-plane
displacement u; in the x,; direction (the direction of
shearing in this particular experiment). All fringes
converge at the crack tip location. It is clearly seen
that the crack tip location moves with time, indicating
crack growth. By measuring the variation of crack tip
position with time is possible to obtain crack tip
speed, v. For the specimen shown in Fig. 5 (which had
in-plane dimensions 76 mm X 152 mm (3 in X 6in)) the
crack tip speed history can be seen in Fig. 6. Positive
time values denote events after crack initiation.
(Clearly, for negative times, v =0ms ') The crack
tip accelerates from about 700 ms™"' at initiation to
around 900ms ! in a short time. However, it
decelerates to less than 500 ms™! in under 40 us after
initiation. It is believed that this deceleration is
because of the fact that the growing crack tip enters a
region of high compressive stresses as it approaches
the loading area.

The crack tip speed history for an experiment on a
102 mm X 152 mm (4in X 6in) specimen is shown in
Fig. 7. In this specimen a sharp precrack was
introduced using a razor blade. It can be seen from
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Fig. 6. Crack tip speed history in a 76 mm X 152 mm (3 in X 6 in) unidirectional graphite/epoxy composite plate containing a
blunt starter crack.
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Fig. 7. Crack tip speed history in a 102 mm X 152 mm (4 in X 6 in) unidirectional graphite/epoxy composite plate containing a
sharp starter crack.

Fig. 7 that in this case the crack tip speed starts at a
lower value than in the previous experiment, around
500 ms ', This is expected since the sharp crack used
here would store less energy before initiation than the
wide notch used in the experiment of Fig. 5. In
addition, and for the same reason, a longer

acceleration time is necessary to reach 900ms™'.

However, the speed remains constant at 900 ms™! in
our time window of observation. This is a direct
consequence of the fact that the loading point is now
25mm (lin) further away from the near-tip region
than in the previous experiment.

In Fig. 5 we can clearly see the propagation of
discrete stress waves that have been emitted by the
growing crack as energy is released. Such waves have
been observed in the past during highly dynamic crack
growth in steels and other materials.'”> However in this
case, unlike in homogeneous materials, the emitted
wavefront is not circular. Figure 5 shows a distorted,
almost elliptical, wave front traveling in the
composite. This is a direct consequence of the
anisotropy of the composite material. The wave speed
along the fiber direction is much larger than along any
other direction, thus leading to an elongation of the
emitted wave along the fibers. The presence of
emitted stress waves suggests a highly dynamic crack
growth event. It is unknown at this point what the
terminal crack growth speed for our graphite/epoxy
system is. However it is believed that higher growth
speeds will be achieved when the loading rate is
increased.

A quantitative analysis of the interferograms shown
in Fig. 5 is possible by utilization of the asymptotic

crack tip fields obtained by Khanna and Shukla.’ In
the interest of brevity it is the aim of the present
paper to describe only qualitative features about the
dynamic crack growth portion of our experiments
while concentrating primarily on measurements of
initiation fracture toughness. The propagation part of
the experiments are currently being analysed and will
be discussed in a subsequent publication.

3.2 Dynamic initiation fracture toughness

Several authors have obtained the asymptotic nature
of the stress and displacement fields surrounding the
tip of a crack in a transversely isotropic medium
subjected to quasi-static far-field loading.”* Recently
Liu et al® provided explicit expressions for the
near-tip out-of-plane displacement field surrounding
such a crack. Their results are suitable for use in
interpretation of CGS fringes using eqn (2). The
out-of-plane displacement field for the case of
symmetric loading derived by Liu et al.* is given by:

= hK, [Mz(—bm#%'*‘bsz)cosﬂ
? 2\/2_” (#2_“’1)\/;1 2

_ pa( = by us+ baz)cos i}
(n,— Hq)\/r—z 2

3

In eqn (3), h is the plate thickness, K; is the mode-I
stress-intensity factor, r, = Vx?+ y_x3 and 6, = tan"!
(pax2/x;) with x, x, Cartesian coordinates centered
between the two apparent crack tips (see Fig. 2).
Quantities u, depend upon material properties in a
complicated fashion as derived in Liu et al.* The
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values by are the elastic compliances of the material
and are related to the elastic stiffnesses measured in
Secton 2.2. These relationships, as well as their
numerical values, are shown in Table 1 along with the
measured elastic stiffnesses.

The combination of eqns (2) and (3) can be used to
analyse quantitatively pre-initiation interferograms
obtained in our experiments. (Analysis of propagation
Interferograms is possible only if eqn (3) is substituted
with the equivalent expression for a dynamically
growing crack.) A difference approach is used to
analyse the experimental results, Since the diffraction
gratings produce a shearing and recombination of the
laser beam, two distinct crack tips, at O’ and O”, will
be visible in the final image (see Fig. 2). By
substituting eqn (3) in eqn (2} and utilizing Cartesian
to polar coordinate system transformations, the
formation of interference fringes on the image plane
in regions where the displacement field is well
approximated by eqn (3) will be governed by:

u?,(r”, 6”) - u3(r'. 0’)
__hK, {pa( = bupi+ bsy) it

2\67;1 (12— #1)\/"_’1' o 2
(= baps+by) bapi+ bsz } hK]
( #1)\/"_5
% {P«z( — b3 i + b3) 8
(M2 — Ml)\/;—i 2

4!-’41(_531#%'*532) 9_} kpe
2

(i — i )V73 " W

A region on the specimen in which the most
singular term of the asymptotic expansion for stresses
and displacements (eqn (3)) well describes the actual
stress and displacement field is called a K-dominant
region. If experimental data of x,, x, and n are taken
from interferograms exhibiting such a K-dominant
region then extraction of K is possible by performing
a least-squares fitting procedure of eqn (4) to the
experimental data. Note that in eqn (4) the primed
and double primed coordinate systems are centered at
the two apparent crack tips (Fig. 2).

When analysing all interferograms, data points lying
directly ahead of the crack tip or within a circular
region of r/h<0-5 (h: specimen thickness) were
excluded. It is well known from studies in quasi-static
and dynamic fracture of homogeneous materials®>*
that a zone of three-dimensional deformation for
homogeneous solids extends up to about 0-5h away
from the crack tip. In addition it has been seen that
during dynamic fracture along a bimaterial interface a
three-dimensional deformation zone extends ahead of
the crack tip along the interface.” To the best of our
knowledge, no results for the three-dimensional
nature of the deformation surrounding the tip of a

crack in an anisotropic medium exist at this point,
aithough the authors are currently investigating this
issue. As a first-order approximation, therefore, it was
decided to use the largest possible three-dimensional
zone (that of a bimaterial interface) in order to
increase the chances of getting data from a region of
two-dimensional plane stress.

The variation of the stress-intensity factor, K,, with
time for pre-initiation stages is shown in Fig. 8.
Negative times correspond to instances before crack
initiation, which is taken to occur at r=0 us. The
results shown in Fig. 8 are for the case of a
76mm X 152mm (3in X 6in) specimen containing a
blunt starter notch. For this experiment impact
occurred at around ¢ = —24 us. The stress-intensity
factor is seen to increase progressively towards its
value at initiation. This increase occurs as more and
more stress waves continually arrive at the crack tip.
At a value of K,-=2-31 MPam'”? crack initiation
occurs. For the case of a sharp starter crack a similar
variation in K; was seen. The measured initiation
stress-intensity factor in that case was K=
1-66 MPam'?, which as expected is lower. It is
instructive to compare the values for mode-I1 dynamic
intiation [racture toughness with those for crack
intiation under quasi-static loading conditions.
Unfortuantely, for the material system used in this
study, mode-1 quasi-static fracture toughness data are
not available. However, in the work of Liu er al.®
mode-1 quasi-static fracture toughness of a similar
graphite-fiber-reinforced composite material system
was measured at K;c=1-8MPam'”, a value that
compares well with the present results.

3.3 Importance of material strain-rate sensitivity

In all results presented above the quasi-static values of
material properties (seen in Table 1) have been used.
However, as was seen in Fig. 4, the elastic constants of
our particular material are definitely rate sensitive. It
is for this reason that the actual numerical values for
dynamic initiation fracture toughness quoted in the
previous section must be critically evaluated. They are
only meant to be characteristic rather than precise
values of toughness, However, the trends seen in Fig.
8 and between the different experiments will be
preserved even when utilizing different material
properties.

It i1s possible to estimate the reliability of our
measurements by evaluating the spatial distribution of
the instantaneous strain rate in the vicinity of the
crack tip at each time. In the interest of brevity this
will be performed only for the interferogram
corresponding to crack initiation in one experiment. A
measure of the strain rate used will be the equivalent
strain rate defined as:

&, = V&8, 5
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Fig. 8. Time history of dynamic stress-intensity factor for pre-initiation stages. Crack initiation occurs at t = 0 us.

From the work of Liu er al.* we can evaluate the
through-thickness average strain rates by utilizing the
rate of change of Ki(¢). A contour plot of the spatial
distribution around the crack tip of equivalent strain
(eqn (5)) at an instant corresponding to the initiation
of crack extension, for the experiment shown in Fig. 8,
is presented in Fig. 9. For this test the rate of change
of K\{z) at intiation, sometimes defined as the loading
rate, was 1-3 X 10° MPam'?s™ L. It can be seen that
the strain rate decreases to relatively low levels (less

than 10°s™") in the region from which experimental
data is extracted to obtain the stress-intensity factor.
However, it must be pointed out that the contour plot
of eqn (5) itself has utilized the quasi-static values of
material parameters. The result therefore represents
an inclusion test, i.e, we can determine the minimum
radius outside of which strain-rate effects can be
neglected. It is therefore believed that the effect of the
variation of material properties through rate, though
definitely present, will not substantially alter the
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Fig. 9. Contour plot of strain-rate variation at the instant of crack initiation, ¢ =0 s, for the experiment shown in Fig. 8.
Loading rate K; =1:3 X 10° MPam'~s~",
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fracture toughness measurements made from data
points outside r/k = 0-3.

4 CONCLUSIONS

In this paper we have demonstrated that it is possible
to use the optical method of CGS in reflection to
provide real-time imaging of dynamic fracture of
composite plates. A one-point bend impact loading
geometry was used fo generate dynamic crack
initiation and growth in unidirectional graphite/epoxy
composite plates. Crack growth speeds up to 900 ms ™'
were measured and significant dynamic effects were
observed through emission of stress waves from the
propagating crack tip. Measurement of the dynamic
initiation fracture toughness for our composite system
was possible from the experimental interferograms.
Fracture toughness was seen to depend on notch
radius. This phenomenon has been observed in the
past in homogeneous and bimaterial fracture. The
measured fracture toughness quantities are close to
typical values of fracture toughness of epoxies. This is
to be expected because in the unidirectional lay-up
crack initiation and growth occurs in the matrix
material, avoiding fibers completely, since that is the
weakest growth path.
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