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Abstract

A novel experimental technique is developed for time-resolved detection and tracking of dam-
age in the forms of delamination and matrix cracking in layered materials such as composite
laminates. The technique is non-contact in nature and uses dual or quadruple laser interferom-
eters for high temporal resolution. Simultaneous measurements of differential displacement and
velocity at individual locations are obtained to analyze the initiation and progression of interfa-
cial fracture and/or matrix cracking/delamination in a polymer matrix composite laminate system
reinforced by graphite fibers. The measurements at multiple locations allow the speeds at which
interfacial crack front (mode-I) or matrix cracking/delamination front (mode-II dominated) prop-
agates to be determined. Experiments carried out use three-point bend configurations. Impact
loading is achieved using a modified Kolsky bar apparatus with a complete set of diagnostics
for load, deformation, deformation rate, and input energy measurement. This technique is used
to characterize the full process of damage initiation and growth. The experiments also focused
on the quantification of the speed at which delamination or damage propagates under primarily
mode-I and mode-II conditions. The results show that the speed of delamination (mode-I) or the
speed of matrix cracking/delamination (primarily mode-II) increases linearly with impact veloc-
ity. Furthermore, speeds of matrix failure/delamination under primarily mode-II conditions are
much higher than the speeds of mode-I crack induced delamination under mode-I conditions.
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1. Introduction

Damage in layered materials such as composite laminates has been extensively stud-
ied over the past 20 years. Initial studies considered damage under quasi-static con-
ditions and revealed the basic mechanical processes of damage initiation and growth.
One area of interest is foreign body impact on composite laminates. The mechanisms
for damage due to low velocity impact include matrix-cracking, fiber breakage and
delamination (Abrate, 1991, 1994, 1998). Delamination is by far the most important of
these mechanisms since it causes the greatest reduction in strength. Delamination is a
concern to the aircraft industry. For example, delamination can be caused by in-service
impact events such as tools dropping on structures, hail falling on surfaces, collision
with birds, and rocks or debris being kicked up at high velocities into aircraft. Since
layered composite materials are extensively used in modern aircraft, a design method-
ology to improve damage tolerance has been sought. A study concerning aircraft wing
panels was conducted by Wiggenraad et al. (1999). They analyzed impact damage
to heavily loaded, blade-stiffened composite wing panels and found that delamination
can lead to global bending, instability and collapse. Delamination damage caused by
dropped tools is difficult or impossible to detect visually, but will grow during subse-
quent compressive loading. It is important to understand how delamination initiates and
grows in a structure in order to prevent catastrophic failure caused by the reduction in
strength of the layered component.

Transverse shear stress is the primary cause for damage in layered composite struc-
tures under conditions of low-velocity impact (Joshi and Sun, 1986). Delamination and
matrix-cracking have been found to be the major damage modes (Joshi and Sun, 1985)
and the damage behavior of composite structures is significantly influenced by matrix
material, stacking sequence, and specimen thickness (Cantwell and Morton, 1991). It
is known that the property mismatch in layered composite materials is one cause for
delamination (Agarwal and Broutman, 1990). Test results have shown that upon impact
a laminated composite panel can suffer a significant loss of its design strength with-
out visible indication of damage on the impacted surface. Once delamination begins,
it can influence the fatigue behavior of the material and can initiate crack branching
or intra-layer cracking in the transverse plies (La Saponara and Kardomateas, 2000;
Pelegri and Kardomateas, 1998).

1.1. Initiation and propagation of interlaminar delamination

Experiments have shown that a threshold velocity exists below which no delam-
ination is detected (Davies et al., 2000). Above this threshold, damage may appear
limited as impact indentations on the surface. However, significant internal damage
may be present in the forms of matrix-cracks and interlayer delamination. Early studies
focused on the effect of impactor shape and delamination area in glass epoxy compos-
ites (Cristescu et al., 1975). Delamination only occurs between layers with different
orientations (Dost et al., 1991). Investigators have studied the shape of delamination
zones (Joshi and Sun, 1985; Joshi and Sun, 1986). Takeda et al. (1982) reported
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matrix-cracks in the presence of delamination. They described the average spacing of
matrix-cracks in the damage zone created during impact.

Chang and coworkers (Chang et al., 1989, 1990a,b; Chang and Lessard, 1991;
Choi et al., 1990, 1991a,b) completed extensive experimental and numerical studies
of impact-induced damage. They used a gas gun to apply loading on laminated com-
posites with a line impactor. The material studied is a carbon fiber/epoxy reinforced
system. Various cross-ply lay-up schemes are considered. They showed that in-ply
matrix-cracks are the initial damage mode. Shear and bending matrix-cracks are also
identified. The shear cracks appear inside the laminate and are located away from the
impacted area and grow at an angle to the ply interface. Delamination initiates once
the matrix-cracks have propagated to the interfaces between plies with different orien-
tations. These matrix-cracks are referred to as “critical matrix-cracks”. A shear matrix
crack can cause a substantial amount of delamination along the bottom interface away
from the impacted area and a small confined delamination along the upper interface
towards the impacted area. In the case of a shear matrix crack in a 90° layer, delamina-
tion is initiated in mode I and the subsequent propagation of delamination is primarily
mode-II. This failure mechanism is confirmed by Salpekar (1993) who showed that
a significant mode-I component of the strain energy release rate is present at delami-
nation initiation. Others also studied the mode of propagation for delamination (Choi
et al.,, 1991b; Grady and Sun, 1986; Liu et al., 1993; Sun and Manoharan, 1989; Tao
and Sun, 1997). These studies clarified the mode of delamination propagation under
different loading conditions.

1.2. Time-resolved detection of delamination and damage

Even though the mechanisms responsible for delamination are understood, it is impor-
tant to characterize the conditions under which interfacial and matrix fracture initiates
and propagates. Quantification of the effects of loading conditions and loading mode
is especially lacking. Most experiments have focused on the examination of damage
after impact loading or on the characterization of the post-impact behavior of materials.
Analyses of the influence of fiber properties, matrix properties, interphase properties
and fiber stacking sequence are primarily based on post-impact observations. These
postmortem analyses essentially use a snapshot at the end of the damage progress to
assess material behavior and response. Time-resolved assessment of damage progres-
sion during loading is important for understanding the behavior of layered materials.
There is a strong need for useful tools and techniques that allow detection and analy-
sis of the initiation and growth of delamination. The following techniques allow for a
degree of in situ or time-resolved monitoring of damage progression:

The load history and delamination load threshold (DLT) method: The impact force
history has often been used to interpret damage (Cartic and Irving, 2002; Lagace and
Wolf, 1993; Schoeppner and Abrate, 2000; Strait et al., 1992). The maximum force
preceding a rapid decrease in the force profile is often called the threshold force (P.).
This value and the time at which it occurs are often associated with initiation of damage
in the forms of matrix-cracking, fiber breakage and delamination. Davies and Zhang
(1995) and Davies et al. (2000) related the threshold force to the mode-II delamination
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toughness in a quasi-isotropic laminate as

25,3
e = 7922? f}:z) G, (1)
where Gyic is the mode-II interlaminar critical energy release rate, £ is the equivalent
Young’s modulus, v is the equivalent Poisson’s ratio and /4 is the thickness of the
material. Cartie and Irving (2002) showed that this relation holds true for a number
of commercially available carbon/epoxy composite laminates. It must be noted that
the maximum load provides only an approximate indication for rapid development of
damage. Minnaar and Zhou (2004) have shown that it does not provide an accurate
indication of the initiation of damage.

High-speed photography: High-speed photography has been employed by some to
determine the onset and propagation speed of interfacial cracks. Takeda et al. (1982)
used a back-light photographic technique to record the positions of a delamination
front in translucent materials. They reported delamination speeds on the order of 200—
500 ms~'. Chai et al. (1983) used a high-speed camera coupled with a shadow-Moire
technique to measure delamination propagation in a composite panel. Hallett (2000)
used a modified Kolsky (split Hopkinson) bar apparatus and high-speed photography
to correlate the failure of impacted beams to abrupt changes in measured deflection.

Acoustic emission and electric resistance method: Acoustic emission techniques have
been combined with microscopic observations to obtain continuous monitoring of dam-
age growth. Benmedakhene et al. (1999) used such a technique to study the effect
of impact velocity on mode-I strain energy release rate. They are unable to precisely
correlate the initiation of damage with acoustic emissions and had to revert to surface
mounted strain gauges to determine the initiation of through thickness cracks. Abry
et al. (1999, 2001) suggested that increases in electrical resistance during monotonic
loading of carbon-fiber-reinforced polymers are indicative of fiber breakage. However,
the technique has not been used under impact conditions nor has it been shown to
apply to other damage modes. Todoroki et al. (2002) suggested that the delamina-
tion zone size and location can be inferred from a series of electrodes mounted on a
specimen. Calculations are based on measured changes of resistance between two elec-
trodes. However, determination of the location of crack front is challenging since the
electric-resistance can change between two electrodes even when the crack is located
far away from the electrodes. Also, the measurement was not made in real-time.

Surface mounted gauges: Tsai et al. (2001) and Guo and Sun (1998) measured crack
speeds in a modified end-notched flexure specimen (ENF) by means of conductive
aluminum lines deposited on the edge of the specimen. The conductive lines break as
the crack front propagates, allowing the crack tip speed to be inferred. A very low
loading rate of 0.025 (mm)s~—! was used to facilitate numerical calculations. However,
they reported crack speeds in excess of 1000 ms~!. They also experienced difficulties
in measuring speeds under pure mode-II loading. It is unclear if this method would
work under impact loading since an enamel layer has to be applied to the edge of the
specimen to conductively insulate the deposited wires from the specimen. This layer
could debond and crack during an impact event.
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Full field laser interferometry: Lambros and Rosakis (1995) and Lambros and
Rosakis (1997a) presented an advanced technique to obtain real-time full field vi-
sualization of crack growth in composite laminates. They used the Coherent Gradient
Sensor (CGS) in conjunction with high-speed photography to obtain real-time inter-
ferograms of the out-of-plane deformation on a surface. The configuration involved
transversely impacted quasi-isotropic laminates. They found that delamination growth
appears to occur in bursts and that delamination speed increases with impact velocity.
The experiment requires special preparation of the specimen surface. Interframe times
are on the order of 100 ps. Huang et al. (1999) studied, analytically and experimentally,
the mode-I and mode-II propagation of a single crack in a uni-directional composite.
Using the CGS system, they showed that mode-I crack growth never exceeds the shear
wave speed and that for mode-II propagation there exists a crack tip velocity higher
than the shear wave speed at which the crack will propagate in a stable manner.

Inherent disadvantages exist in the above techniques. For example, surface-mounted
gauges can perturb the process under consideration and may fail as the surface de-
forms. Techniques based on conductivity or acoustic emissions infer damage indirectly
and can be sensitive to factors unrelated to damage. It is not always clear that the
measurements are actually attributed to delamination, matrix-cracking, fiber breakage,
or fiber/matrix debonding. The load history method does not distinguish the effects
of different damage mechanisms. It only provides an approximate indication of rapid
development of damage and cannot capture the condition of damage initiation.

2. Description of technique

In this paper, a novel experimental technique is described. The laser interferometer-
based technique developed here provides a non-contact approach for the characteriza-
tion of delamination and matrix cracking. It is valid for time-resolved analyses over
the whole history of an experiment. It offers very high temporal resolutions of up to
0.1 pus and can easily be applied to and reconfigured for different loading conditions
and specimen configurations. It is expected that this method will yield novel experi-
mental data and allow new insight to be gained into the dynamic process of damage
development in layered materials.

2.1. Material

The material used is a [0°/90°/0°] layered composite laminate made from NCT-301-
1G150 (50 K) graphite/epoxy impregnated tape, which is highly toughened and contains
unidirectional carbon fiber reinforcements. The material parameters are listed in Table
1. The microstructure of the two-phase epoxy-matrix/carbon-fiber reinforced composite
that forms each layer of the material is shown in Fig. 1. The fiber diameter is 5 pm.
The average fiber volume is 50%. The local fiber volume can be as high as 62% in
fiber-rich areas and as low as 40% in resin-rich areas.
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Table 1
Material parameters for the NCT-301 carbon fiber reinforced epoxy analyzed

Parameter Value
Tensile modulus E1; 113.9 GPa
Tensile modulus E;; 7.985 GPa
Tensile strength oy 1621 MPa
Tensile strength g 48.28 MPa
Poisson ratio vy 0.288
Poisson ratio vy 0.02

Shear modulus Gy, 3.137 GPa
Shear strength S 33.3 MPa
Density p 1480 kg/m?
Dilatational wave speed parallel to fibers C{’ 8773 ms~!
Dilatational wave speed perpendicular to fibers C]f- 2323 ms~!
Shear wave speed Cs 1560 ms~!

2.2. Experimental configurations

Three-point bend loading is used to generate predominantly mode-I and mode-II
loading conditions, allowing delamination behavior under the respective settings to be
studied and characterized.

Fig. 2(a) shows a schematic illustration of the opening mode specimen which is a
rectangular strip 150 mm x 18 mm in size and 3 mm in thickness. It is simply-supported
at its two ends and is impacted at the center. A line-nosed impactor is used to en-
sure a uniformly distributed load across the width of the specimen. This uniform load
produces uniform damage throughout the width of the specimen, simplifying the im-
pact damage process to a two-dimensional event, Choi et al. (1991a). A 0.3 mm
thick diamond-grinding wheel is used to cut a starter crack in the longitudinal ply
of the composite beam. The 1 mm deep starter crack is located at the center and ex-
tends across the width of the beam. This pre-crack serves as the initiation site for
a matrix crack and the subsequent delamination from the location where the matrix
crack intersects the ply interfaces. Impact occurs at the center of the specimen on
the side opposite to the starter crack. In the experiments conducted, L =9.03, 11.71 or
14.95 mm. The distance between the two locations of measurement d, ranged between 2
and 5 mm.

Fig. 2(b) shows a schematic illustration of the shear matrix-crack (Mode-II) con-
figuration. Again, the specimen is a rectangular strip 150 mm x 18 mm in size and
3 mm in thickness. The specimen is clamped at both ends and impacted at the center,
causing shear matrix-cracks to form in the transverse ply. Delamination initiates at the
points where the matrix-cracks reach the ply interfaces. Delamination grows towards
the impactor in the upper interface and away from the impactor in the lower interface.
The interferometers are positioned such that the propagation of delamination in the
lower interface (away from the impact side) is measured. The same L and d values as
those in the configuration in Fig. 2(a) are used in this configuration as well.
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Fig. 1. Microstructure of the material analyzed.

In both configurations, the specimens are mounted on a rigid fixture. The fixture
is adjustable, allowing specimens with different span lengths to be tested. Different
impact velocities in the range of 3-8 ms~! are used to delineate the effects of loading
rate on the deformation and failure behavior of the material analyzed. The experiments
are designed to allow analyses of the onset and progression of delamination due to
transverse impact loading. The impact loading is achieved on a modified Kolsky or
split Hopkinson bar apparatus, as illustrated in Fig. 3. The length of the striker bar
used is 0.6 m. The shaped impactor is attached to a bar 1.5 m in length, giving rise
to a loading pulse duration of 0.242 ms. A stopper is used in some experiments to
ensure that only one loading pulse is applied to the specimens. High-speed digital
oscilloscopes are used to record the signals from the strain gauges mounted on the
incident bar and from the laser interferometers with a time resolution of 0.1 ps. The
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Fig. 2. Experiments for non-contact detection of interfacial fracture: (a) center-crack (primarily mode-I)
configuration, (b) shear-crack (primarily mode-1I) configuration.
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Fig. 3. Modified Kolsky bar apparatus for dynamic loading and time-resolved interfacial fracture analyses.
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strain gauge signals are used to deduce histories of applied force, impact point velocity,
impact point displacement, and input energy. The analysis of these quantities follows
the technique developed by Park and Zhou (2000).

A pair of Polytec QFV-511 laser vibrometers is used for the simultaneous mea-
surements of the displacements and velocities on the two sides of the specimen at
each location (e.g., location A in Fig. 2). An array of interferometers are positioned
at multiple locations along the specimen (e.g., locations A and B in Fig. 2) to capture
the progression of delamination. The signals are used to obtain the time of onset of
delamination at various locations away from the impact site. This novel capability is es-
pecially useful in directly measuring the speed at which delamination fronts propagate.
In this research, four interferometers are used to capture the onset and propagation of
delamination. The average speed of interfacial delamination between locations A and B
along the span of the specimens is calculated using the measurements from the optical
sensors.

An one-point configuration with two laser interferometers is used in the early stages
of this study. Most experiments are carried out with measurements at two locations as
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illustrated in Fig. 2. Each laser interferometer system consists of an optical fiber sensor
head and an interferometric controller. The four OFV-511 interferometers are used with
a combination of both standard OFV-102 fiber heads and side-exit probes to achieve
precise positioning of the laser beams in the tight space around the specimen. Each
controller contains two separate decoders, one for velocity measurement and the other
for displacement measurement, allowing both the displacement and velocity associated
with each beam to be recorded independently and simultaneously. The displacement
and velocity decoders operate in different measurement ranges. For the experiments
conducted, the velocity decoder is set to a full-range scale of £10 ms~' with a reso-
lution of 5.0 (um)s~! and has a maximum frequency of 1500 kHz. The displacement
decoder is set to a full-range scale of 20.480 um with a resolution of 4.8 um and has
a maximum frequency of 100 kHz.

In addition to the laser vibrometers and strain gauges, an IMACON 200 high-speed
digital camera is used to record deformed shapes of the specimens during the experi-
ments. The camera offers framing rates of up to 200 million frames per second. Each
frame has a resolution of 1024 x 1280 pixels.

2.3. Measurement scheme

The detection and tracking of interfacial fracture use the fact that motions of the
front surface (impact side) and the back surface of a specimen diverge upon interfacial
separation. The primary objective of the experimental design is to obtain the differential
displacement and differential velocity between the two sides through measurements of
the respective surface displacements and velocities. Separate laser beams are used for
each side. The lasers are aligned such that the two beams are coaxial and perpendicular
to the specimen surfaces before impact. An optical scheme is used to achieve this
alignment. This scheme involves the use of a cube beam splitter and the adjustment of
beam locations and orientations in the absence of the specimen before the experiment.
The alignment scheme is illustrated in Fig. 4. Specifically, the two laser beams enter
opposite sides of the cube and are reflected at 90° to their respective incident paths.
The reflected laser beams exit the cube from opposite sides. One side of the cube,
where one of the reflected beams exits, is coated with a reflective layer so that beam
is reflected back into the cube and is caused to exit the cube from the same side and in
the same direction as the other beam. The two laser heads are then adjusted until the
laser beams coincide at two or more locations, indicating coaxiality. The cube beam
splitter is removed and the specimen is inserted into the setup after the alignment
process. To ensure perpendicularity of the beams relative to the specimen surface,
small pinholes are used to cause the reflected beams to return along the same paths
as the incident beams. This involves the adjustment of specimen orientation until the
reflected beams go through the same pinholes as the incident beams at distances away
from the specimen. The specimen is fixed onto the rigid mount after all adjustments
are made.

The interferometers measure both the velocities and displacements at the two points
on the opposite surfaces of the specimen, in the direction perpendicular to the initial
specimen surface. To understand how delamination is detected, consider the general
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Fig. 4. Alignment of laser beams.
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Fig. 5. Measurement of interfacial separation during specimen translation without rotation.

deformation of a specimen. Assume that the specimen behaves elastically except for
the separation along the interface. Since dimensional changes associated with bulk
deformation are extremely small, the specimen deformation can be regarded as a com-
bination of the rigid bulk motion and interfacial separation due to fracture.

To facilitate discussion, consider the transverse motion of a specimen in the negative
y-direction, as illustrated in Fig. 5. At #;, the specimen is stationary and D, =D; =0,
where D) is the displacement of the impact side surface and D, is the displacement of
the rear surface of the specimen, as measured by two interferometers. Displacements
in the direction of impact are defined as positive for both interferometers. At ¢, the
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specimen moves by an amount A; and both interferometers record the same displace-
ment, i.e., D, =D; = /A,. The interferometers also measure the same velocity, because
the points move together during the rigid body motion of the specimen. Between ¢,
and £, the specimen traverses an additional distance, A,, and undergoes interfacial
separation at the location of measurement. The points cease to move with the same
displacement and velocity. Each interferometer measures an additional displacement
due to delamination. Let y; be the additional amount measured by the interferometer
on the impact site and let y, be the additional amount measured by the interferometer
on the rear side due to delamination. Clearly,

0=D) =Dy =y —7 (2)

is the difference between the measured displacements due to the separation at the layer
interface. This differential displacement is a direct measure of the amount of separation
at the point of measurement. Similarly, the corresponding differential velocity

AV =V, -V, (3)

is also a direct measure of the instantanecous rate of separation at the location of anal-
ysis. Both measures are equally valid and complement each other, with the differential
velocity being a more sensitive indicator of interfacial fracture.

The above analysis does not consider the rotation of the specimen during deforma-
tion. This effect is illustrated in Fig. 6(a). Assume the angle of rotation is 6 at the
location of analysis. If y; is the measurement by the interferometer on the impact site
and y4 is the measurement by the interferometer on the rear side induced due to the
rotation, the differential displacement due to the rotation is

h

0= —h=p—7, )
cos 0

where, / is the thickness of the specimen. As illustrated in Fig. 6(b), an upper limit
(conservative) estimate for 0 for the configuration in Fig. 2 is

O(L')=tan™" (ﬁ) ~ %, (5)

where, A is the average surface displacement measured by the interferometers and L’
is the distance between the closer support and the measurement location. This estimate
is conservative since it assumes that the deformed shape of the beam is bi-linear.

More accurate accounts of the effects of rotation can be obtained with estimates
of the rotation angle using quasi-static solutions of the deflection curves for simply
supported and clamped beams under a center load. The approximate rotations angles
are, respectively,

3(H? — L'HA
Ly="—1""=
L) = S (6)
for the opening crack configuration, and
R
oLy = 6(H — LA )

3HL —2L'?
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Fig. 6. Effect of rigid body rotation on measurement, (a) output due to rotation, (b) an upper bound estimate
of the rotation angle.

for the shear crack configuration. H is the half span of the specimens as illustrated in
Fig. 2. Corrections w to the separation ¢ due to these rotations are to be calculated
according to Eq. (4). It can be shown that the error o is actually quite small under the
conditions of the experiments carried out here. A specific estimate of the upper bound
of the correction in an actual experiment will be given later in Section 3. In general,
O(L")<1° at onset of fracture, giving rise to only very small errors.

3. Results
3.1. Detection and tracking of interfacial crack and damage propagation

To illustrate the application and sensitivity of the method developed here, the mea-
sured histories of surface displacements, differential displacement, and differential ve-
locity from an experiment without delamination are shown in Fig. 7. The configuration
in Fig. 2(a) with the opening mode specimen is used. The impact velocity is 2 ms™!
and no delamination or damage is observed in the specimen after the experiment. The
two surface velocity profiles coincide. The differential displacement and differential ve-
locity profiles remain close to zero throughout the experiment, consistent with what is
expected for this experiment. The histories of input work, displacements, differential
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Fig. 7. Histories of displacements, differential displacement and differential velocity for a mode-I experiment
without delamination (¥ = 2.0 ms—!).

displacement and differential velocity are plotted. The input work is calculated using
the histories of applied load and the load point velocity. Specifically, the input work
is

W= /0[ F(t)V(r)dr (8)
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experiment with delamination (7 = 6.7 ms™!).

with F and V' being the load on the specimen and load-point velocity, respectively.
The input work increases during the loading pulse, indicating continuously forced
deformation.

The results for an experiment with an impact velocity of 6.7 ms™' are shown in
Fig. 8. The configuration used is that in Fig. 2(a). The location of measurement is
11.71 mm from the impact site (L = 11.71 mm). The differential displacement and

1
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682us “-

Fig. 9. High-speed photographs showing the deformation in a center crack specimen with ¥y = 6.7 ms~—!.

velocity profiles show that crack front reaches the point of measurement at 800 s,
when both the differential displacement and differential velocity begin to deviate from
zero. A sequence of high-speed digital images recorded for this experiment is shown in
Fig. 9. The impactor and a laser probe are visible on the left of the frames. The images
show that delamination initiates between 580—682 ps and that the crack front reaches
the point of measurement between 780—880 ps providing visual confirmation of what
the interferometer measurements indicate. The differential displacement also provides
an approximate measure for the interfacial opening displacement. The results show that
the interfacial separation is on the order of 1 mm and oscillates under the conditions
of the experiment.

An analysis of the effect of specimen rotation on the differential displacement mea-
surement is carried out for the experiment in Fig. 8. An upper bound for the contribution
to the differential displacement by rigid body rotation is estimated according to Egs.
(4) and (5). The result is shown in Fig. 8(c). Clearly, this contribution is small and
increases gradually from O to 0.1 mm. In addition, it has no appreciable effect on the
determination of the arrival of the crack front at the location of measurement since it
varies slowly and smoothly with time. Note that the onset of delamination is associated
with an abrupt upturn of the differential displacement.

At the time of the onset of delamination, 9.3 J of mechanical work has been im-
parted to the specimen. The absolute displacement of the surfaces is 3.2 mm at the
point of measurement. At approximately 1.4 ms, the specimen surfaces attain a local
maximum displacement. Subsequent deformation shows oscillations of displacement
partly associated with the structural vibrations of the specimen under dynamic loading.

The result of an experiment with two-point measurement of displacements and ve-
locities for crack speed analysis is shown in Fig. 10. The impact velocity is 8.0 ms™!
and the opening mode specimen in Fig. 2(a) is used. The histories of displacements
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and differential displacements at the two locations are shown. Location B is 5.8 mm
from location A which is closer to the starter crack or the site of impact. The onset of
delamination is 0.316 ms at location A and 1.148 ms at location B, yielding an average
crack speed of 7.0 ms~! between these two points.

3.2. Computational validation and analysis of method

The method for detection of fracture used here depends on the opening displacement
across crack surfaces which manifest through the differential displacement and velocity
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at specimen surfaces. For pure mode-I or mode-I dominated loading conditions, this
method works in a straightforward manner. For pure mode-II loading without a com-
ponent of opening mode of loading, the method described here would not be applicable
since there would be no significant normal crack opening displacement for the detec-
tors to measure. Having pointed this out, it is noted that neither configuration in Fig.
2 involves pure mode-II loading. For the opening mode of loading in Fig. 2(a), the
applicability of the method used here is obvious: fracture initiation is directly asso-
ciated with crack tip surface separation. The only question that remains is “do the
laser interferometers detect crack initiation right when fracture occurs at the location
of measurement since the laser interferometers are sensitive to displacements larger
than 4.8 um and velocities higher than 5.0 (um)s~!?”. For the primarily shear mode
of loading in Fig. 2(b), crack-plane sliding dominates and there may or may not be a
significant opening displacement component to allow the method to work. Even when
a significant opening component is present, a question exists as to whether the opening
component occurs early enough at the propagating shear crack tip to allow a valid
determination of delamination time such that vibrometers are not measuring just the
subsequent opening of already formed shear crack surfaces. Further complicating the
issue is the fact that, for the configuration in Fig. 2(a), discrete matrix cracks at 45°
precede interfacial separation and cause delamination when they reach the interlaminar
interfaces. It is possible that there may not be a single propagating (mode-II) crack
tip for the shear mode specimen in Fig. 2(b). The questions that arise are then: (1)
does this configuration induce a significant component of mode-I loading such that
the crack surface opening as measured by the interferometers closely follow the actual
damage and failure in the specimen?; and (2) what type of failure behavior do the
laser interferometers detect?

To answer the above three questions, finite element simulations that provide explicit
account of the fracture processes, material layered structure, and dynamic loading are
carried out. The cohesive finite element method (CFEM) developed by Minnaar and
Zhou (2004) is used to obtain the displacement histories and compare them with actual
crack positions. Details of the CFEM model, numerical approach, material character-
ization and material parameters are provided in the above reference. The conditions
analyzed are primarily mode-I, mixed-mode, and primarily mode-II. The configura-
tions analyzed involve a center crack model (primarily mode-I, Fig. 2(a)), shear crack
model (mixed-mode with primary mode-II loading, Fig. 2(b)), and an end-notched
flexure (ENF) specimen (primarily mode-II, not an actual configuration in our exper-
iments, see Guo and Sun, 1998; Schon, 2000; Schon et al., 2000; Tsai et al., 2001).
The ENF specimen has exactly the same size, shape, and layup as that in Fig. 2(a),
except that it does not have the starter crack in the middle of the specimen and in-
stead has a 7 mm horizontal pre-crack in the middle of the 90° ply at the left end. In
all three cases, a constant velocity is specified at the center of the specimens which
have a [0/90/0] layered structure. The center crack specimen has a pre-crack in the
lower longitudinal ply that starts at the surface and ends at the interface between the
lower longitudinal ply and the transverse ply. In the case of the ENF specimen, a
pre-crack exists at the left end of the middle layer. There are no pre-cracks in the
shear crack model. The boundary and loading conditions cause the pre-cracks to grow
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towards the upper interlaminar interface in both the center crack and ENF specimens.
Matrix cracks form in the middle 90° layer in the shear crack model, propagate toward
the upper and lower ply interfaces, and cause delamination along the interfaces.

The simulations mimic the experiments in that the differential displacements of
two measurement positions (A and B) corresponding to those in the experiments are
recorded. In Fig. 11, the calculated histories of differential displacements and surface
displacements in the center crack model are shown by a horizontal dash line. For a per-
spective on what the readings from the laser interferometers may look like, the threshold
(sensitivity) level of the interferometers (4.8 um) is also shown. The deformed shapes
of the region around the interfacial crack of the specimen at two different times (110
and 330 ps) are shown along with the histories of the displacements. The contours
of grey indicate the variation of the stress component in the y-direction (o3;). Each
measurement beam is denoted by two vertical lines, outlining the finite size of the laser
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beam which is focused at that location of the specimen. At approximately # =110 ps,
the magnitude of the differential displacement at A reaches the threshold of the inter-
ferometers, indicating the approximate time at which delamination would be detected
at that location by the interferometers. On the other hand, the stress contours at this
time show that the lobe of high stress concentration around the crack tip is at location
A, suggesting that the crack front intersects the measurement line at this location at
the time indicated by the displacement profiles. The differential displacement at point
A increases as the delamination propagates towards point B. The crack front intersects
the measurement line at B at approximately 330 ps which is also the time when the
differential displacement at B reaches the interferometer threshold. To summarize, the
calculation shows that interfacial fracture in the mode I loading of Fig. 2(a) is quite
well captured by the laser interferometers. Consequently, the time difference of fracture
detection between A and B can be used to obtain the average interfacial crack speed
between these two locations in an experiment.

The calculated results for the shear mode specimen in Fig. 2(b) are shown in Fig. 12.
The deformed configurations and the contours of a1, show the advancing delamination
front preceded and driven by multiple, distributed 45° matrix cracks that grow towards
the ply interfaces. The matrix cracks cause delamination at the points where they
intersect the ply interfaces with the intersection at the lower interface occurring first.
The differential displacement at A reaches the interferometer sensitivity threshold at
approximately ¢ =484 ps. The corresponding stress contours show multiple 45° matrix
cracks intersecting the lower interface near A. No clear separation along the lower
interface itself is visible between the matrix cracks that have formed ahead of the
delamination which is visible to the right of point A. The results for =487 ps when the
differential displacement at B reaches the interferometer sensitivity threshold are similar,
with a matrix crack intersecting the lower interplay interface. Clearly, damage and
failure in the shear crack specimen occurs primarily through the formation of discrete
45° matrix cracks and normal separation along the interplay interfaces clearly trails
behind the formation of matrix cracks. It is reasonable to conclude that the differential
displacements measured by the laser interferometers at both A and B are primarily
the contributions of the 45° matrix cracks, not those of interfacial separation. Partly
because these matrix cracks are not perpendicular to the laser beams, the differential
displacements do not indicate the initiation of matrix crack formation exactly at A or B.
Therefore, the differential displacements are only approximate indications of the onset
of damage in the middle ply near the locations of measurement. In Fig. 12, damage
occurs at or near A and B at approximately 484 and 487 s, respectively. Although
later in Fig. 18 experimental measurements at A and B for shear mode specimens will
be used to calculate a “delamination speed” for relative comparison with the results for
the opening mode specimens. The speed so cited should be regarded as an approximate
measure for the rate of lateral progression of damage in the specimen, not as a measure
for the speed of an interfacial crack.

The calculated results for the ENF specimen are shown in Fig. 13. The histories of
displacements at A and B and the deformed shapes of the region around the interfacial
crack in the specimen at four different times are also shown. The crack front intersects
the measurement line at location A at approximately 674 ps, as indicated by the lobe
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of the contours of g,. At this time, the magnitude of the differential displacement is
below the detection threshold of the interferometers. The differential displacement at
point A increases as the delamination propagates towards point B and the magnitude of
the differential displacement at A reaches the threshold at 675 ps, resulting in a delay in
detection of approximately 1 ps. At 675 ps, the crack tip is approximately 0.6 mm past
point A. This distance is the spatial delay in crack detection at A. Similarly, the delay
in detection at point B is approximately 2 ps (680 ps vs. 678 ps) in time and 0.5 mm
in space. The delays are due to the detector sensitivity and due to the smaller opening
displacements associated with the primarily shear mode of loading in this specimen
configuration. Note that, if the interferometers had a sensitivity of 0 um, crack arrivals
at A and B would almost instantaneously be reflected in the differential displacement
profiles. Obviously, the measurement error for the ENF specimen is larger than the
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error for the opening mode specimen. Whether this level of error is acceptable or not
depends on the circumstances of an analysis. The result obtained here would support
the use of the experimental method for the ENF specimen configuration, if the delays
seen here are regarded as acceptable for a particular problem.

The possibility of crack detection through normal differential displacements for the
above three specimen configurations depends on an appreciable opening component
present during the fracture process. The simulations show that this is true even for
the shear and ENF specimens. The conclusion here does not automatically justify the
use of our method under conditions not analyzed here. Analyses are needed for other
situations with primarily shear conditions.
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3.3. Effect of loading rate

Initially, only two interferometers were available and, therefore, only one-point mea-
surements were made. The speed of delamination was estimated from the one-point
measurements, using results from different specimens with identical loading conditions.
Specifically, the locations of the interferometers along the span of the specimens are
varied between experiments. The time for the onset of delamination is recorded in each
case and the difference in the times is used to calculate the average speed of the inter-
facial crack front. For the center crack specimen configuration, this estimate is more
accurate, since delamination always initiates at nearly identical times from the location
of the pre-crack. The results are repeatable for various boundary and load conditions.
This is not the case for the shear crack specimen, however. The analysis assumes that
matrix cracking/delamination initiates at the same location and the same time and pro-
gresses in the same manner in all specimens. It was quickly realized that one-point
measurements are insufficient to obtain repeatable results for the shear configuration.
The reason is that the location and time of the initial matrix crack vary among ex-
periments due to local changes in the fiber volume fraction (Fig. 1) and due to other
experimental factors. The simultaneous use of four interferometer systems focused on
two locations eliminates the above issue. Such a setup obviates the need to know
the specific time and location of damage initiation. The difference between the times
of crack detection at the measurement points and the distance between them directly
yield the average crack speed. Results of the one-point measurements are discussed
first, followed by discussions of the results obtained using the two-point setup.

Experiments are conducted at impact velocities of 3.5, 4.5, 5.6 and 6.7 ms™! to
analyze the effect of loading rate on interlayer fracture. We first focus on results from
the opening mode specimens.

Fig. 14 shows a summary of the histories of the differential displacement at different
impact velocities at a distance of L =11.71 mm from the center of the specimen. The
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Fig. 15. Detection of delamination front at different locations (opening mode specimen).

time of crack detection decreases from 5.6 to 0.6 ms as the impact velocity is increased
from 3.5 to 6.7 ms~!. Note the stress wave speeds in Table 1. In particular, it takes
23 us for the shear wave to propagate from the center to the end of the specimen
and 16 ps for the dilatational wave (perpendicular to the fibers) to reach the end of
the specimen. At the time of detection, the (slower) shear wave has completed 12
reverberations between the center and the end of the specimen. Therefore, the process
here is not only driven by dynamic effects alone. The process is also affected by layered
material structure, support conditions and specimen size scale.

Multiple experiments with the same impact velocity are performed, allowing mea-
surements to be taken at different locations under the same conditions. Fig. 15 shows
the results of these experiments, for four different levels of impact velocity. The av-
erage speed of delamination between the locations of measurement is calculated. The
calculation uses the difference in the times of detection and the distance between the
measurement points. The results are plotted in Fig. 16. The average speed calculated
between L = 9.03 and 11.71 mm is between 3 and 13 ms~'. No clear trend is dis-
cernable in the speed as the impact velocity is increased from 3.5 to 6.7 ms~!. The
average crack speed between L = 11.7 and 14.43 mm varies between 2 and 33 ms™',
depending on impact velocity. It appears that the speed of delamination increases as
the impact velocity is increased from 3.5 to 6.7 ms~!, with the exception of the case
with an impact velocity of 4.5 ms~! (which has a crack speed of 2 ms~!). We note
that the estimate of crack speed using results from multiple specimens carries higher
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levels of errors. Firstly, there is a slight variation in impact velocity among experi-
ments intended to have exactly the same loading conditions. Secondly, the material
inhomogeneity seen in Fig. 1 causes small variations in response among specimens.
Thirdly, variance in the width and depth of the starter crack can also lead to variations
in behavior among different specimens. The influence of these factors on crack speed
measurement can be avoided by calculating the speed of delamination from two-point
measurements made simultaneously during a single impact event on a single specimen.

Fig. 17(a) shows the histories of the differential displacements at two measurement
locations for a specimen with an impact velocity of 7.0 ms~!. The distance between the
two points is 5.6 mm. Delamination is observed at £ =0.316 ms at A and /= 1.148 ms
at B, giving rise to a crack propagation time of 0.832 ms and an average crack speed of
6.7 ms~! between the two locations. The results of experiments with a range of impact
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velocities are summarized in Fig. 18(a). A slight increase of crack speed with impact
velocity is seen. The rate of increase is approximately 0.2 ms~! for every 1 ms™!
increase in impact velocity. This is somewhat expected since the loading rate is low
and the time scale of the fracture event is much longer than the time it takes for the
longitudinal and shear stress waves to propagate to the specimen boundaries. Also,
it is noted that the delamination speed is small compared with the speeds of stress
waves.

Two-point measurements are also used to analyze the influence of impact velocity on
damage propagation speed under primarily shear modes of loading. Recall that the dam-
age and failure for this specimen configuration does not involve a single, well-defined
interfacial delamination front and that the progression of damage along the specimen
involves multiple matrix cracks. The propagation of damage analyzed here can only
be interpreted in an approximate, averaged sense. Fig. 17(b) shows the histories of
the differential displacements at two locations along the span of a specimen with the
configuration in Fig. 2(b). The average speed of damage progression measured between
the measurement points is 34 ms~' at an impact velocity of 3.7 ms~!. The speeds at
other loading rates are summarized in Fig. 18(b). There is a significant increase of this
speed with loading rate. A comparison of the speeds of delamination propagation for
opening cracks and the speeds of damage propagation for shear cracks is given in Fig.
18(b) as well. The speeds for the mode-II specimen are significantly higher and more
loading rate sensitive than the speeds for opening cracks. This observation is consistent
with the results of higher crack speeds in mode II reported by Huang et al. (1998,
1999).

4. Summary and discussion

A novel technique for time-resolved analyses of interfacial fracture in layered ma-
terials has been developed. The technique uses laser interferometers to record surface
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displacements and velocities. The analyses of interfacial fracture involve the deduc-
tion of normal crack face separations as a function of time. Measurements at multiple
locations are used to obtain average crack speeds between the measurement points. Ex-
periments and numerical calculations show that, for primarily opening mode of loading,
this technique provides a reliable and sensitive means for quantifying the time history
of fracture progression along an interface, time history of crack face opening displace-
ment, and crack speed. The analyses show that this technique also provides a useful
measure for identifying the approximate times for the onset of damage at different loca-
tions in the shear crack specimen and for approximate characterization of the interfacial
delamination speeds in the ENF specimen. Experiments have provided quantification
of interlaminar crack speeds (opening mode specimen) and the damage propagation
speeds (shear mode specimen) in layered composites under conditions of low velocity,
transverse impact loading. The crack and failure propagation speeds are between 5 and
100 ms~—!, much lower than those reported by Lambros and Rosakis (1995, 1997a,b)
and Rosakis et al. (1999). Opening cracks propagate at relatively lower speeds. Higher
damage propagation speeds are observed under primarily shear modes of loading. In
addition, a significantly stronger dependence of speeds on loading rate is found under
primarily mode-II conditions. It is important to point out that, since the current method
uses normal displacements for failure identification, it is unsuitable for situations in-
volving pure mode-II loading without an appreciable opening mode of deformation.
The results and conclusions presented here are specific to the three experimental con-
figurations (two of which are actually used in the experiments, one has been used in
the literature but is not used in the experiments of this paper). The applicability of this
technique to other configurations not discussed here should be specifically analyzed.
As a possible further extension of this technique, laser interferometers that measure
transverse (in-plane) displacements and transverse velocities can be used to analyze
the initiation and propagation of cracks under purely mode-II conditions. Such inter-
ferometers are indeed available and could provide an improvement of the technique
introduced here.

The method developed here offers many advantages over other experimental tech-
niques. The technique allows time-resolved tracking of the onset and progression of
delamination and/or damage throughout the course of an experiment. It also allows
measurement of interlayer crack speeds. The technique is optical and non-contact in
nature, allowing measurements to be taken away from the specimen. Therefore, no
perturbation of the deformation being measured occurs. The high temporal responses
of the laser interferometers and the digital instrumentation ensure time resolutions un-
available in other experimental approaches. The system described here includes a com-
plete set of diagnostics for measurement of histories of load, deformation, and input
work. The technique focuses on delamination along interfaces and matrix cracking
in layered systems and allow their effects of be quantified. It is worthwhile to point
out that the laser interferometers and optical fiber heads here can be used even for
diffuse surfaces with poor optical characteristics and tolerate specimen surface rota-
tions. Unlike Moire-interferometers (Lagace and Wolf, 1993) and the CGS system
(Lambros and Rosakis, 1997a), optically flat surfaces and high surface reflectivity are
not required.
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