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Fracture behavior of unidirectional graphite/epogpmposite materials is
investigated. Single-edge notched coupons are estudinder geometrically
symmetric impact loading. The notch orientationaflal to or at an angle relative
to the fiber orientation is considered to producedel as well as mixed-mode
fracture. Stress-wave induced crack initiation ampid crack growth events are
studied using the digital correlation technique dmgh-speed photography.
Surface deformations histories in the crack-tipnitg are obtained by analyzing
speckle image recordings. Measured deformatioddiate used to extract mixed-
mode fracture parameters and examine the effedibef orientation on crack

initiation and growth behaviors. The maximum craspeed observed is the
highest for mode-I dominant conditions and decreaséh increasing fiber

orientation angle. With increasing fiber orientatiangle, crack takes longer to
attain the maximum speed upon initiation. The cratkation toughness values
decrease with increasing degree-of-anisotropy.

1. Introduction

In view of the vast range of strain-rates fibenfeiced plastics encounter during
service life, it is important to study the fracturehavior under elevated rates of
loading. The past studies have primarily focused on quasiestor mode-I
fracture behavior of unidirectional composite laatgs containing through-the-
thickness notches. Very few studies have beenechout for investigating the
mode-Il or mixed-mode conditions. Some of the ppasiworks have used optical
methods such as moiré interferometry [1], lateh@lasing interferometry [2], and
laser-speckle interferometry [3] to study the peobl Since full-field
measurements can be made in real-time using tleebaitues, transient events
can be investigated. However, surface preparatemuired for implementing
these techniques is often quite challenging. Adoglg the present work is an
attempt to investigate mixed-mode dynamic fractbedavior of multilayered
unidirectional composites using the method of diginage correlation coupled
with high-speed photography. This experimental metbffers the advantage of
relative simplicity in terms of surface preparatioh specimens and recent
developments in digital imaging technology can lhier exploited beneficially
to study this challenging problem.
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In the current work, dynamic crack growth in comem$aminates was produced
in edge-notched rectangular samples with diffefdo@r orientations by impact
loading. Fast fracture at crack velocities of sel/bundred meters per second was
captured using a digital high-speed camera. Thehadetof digital image
correlation (DIC) [4, 5] was employed in conjunctiowith high-speed
photography to examine full-field surface-displaests in the vicinity of a
rapidly growing crack and subsequently extractttraec parameters. It is worth
noting that, due to the unavailability of ultra higpeed digital cameras capable
of digitizing image intensities at relatively higksolution until quite recently,
DIC has not been extensively used to study stressewnduced failures in
general and dynamic fracture mechanics of fibenfoeced composites in
particular. Accordingly, this work introduces nayein terms of extending DIC
to study dynamic fracture mechanics of fiber reioéa composites using digital
high-speed photography.

2. Displacement Fields Under Mixed L oading

Let a planar unidirectional composite with a crdek subjected to mixed mode
(mode-I and mode-Il) static loading. Then the iaf@ displacement components
in the vicinity of crack tip of the material arevgn by [6]:
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where ux represents the sliding displacemeut,the opening displacement, and
quantitiesp;, g;, andz (j = 1, 2) are defined as:
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sj(i,j =1, ..., 6) are the elements of compliance matrix.

Subscripts 1 and 2 denote the fiber direction amglane cross-fiber direction,
respectively. The coordinates and y are the two principal directions of a
composite sample as illustrated in Fig. 1. Heis the radial distance from the
crack tip,8the angle with respect to theaxis, andBthe fiber orientation angle.
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Figure 1. lllustration of crack-tip neighborhodd £ 200 mm,W = 50 mm,a =
0.2W, B = 6.2 mm).

Quantitiesy4 (j = 1, 2) are the two roots of the characteristigagigpn,
Sl = 2807 + (2312 + see)ﬂz — 28,0 +S,, =0 (2)

with positive imaginary part (the other two are jogates of these roots). For
general anisotropic materials and orthotropic ni@er roots are complex
numbers and pure imaginary numbers, respectiveshduld be noted that, at the
moment, similar expressions for crack tip displaeets for the case of a
dynamically growing crack in a unidirectional corsfie sheet is only limited to
mode-| conditions.

3. Optical Method

DIC method involves recording gray scales of rangmtiern in the undeformed
and deformed states. The relative change in tisétigo and distortion of sub-
images of the image are evaluated to find displacgsn and displacement
gradients. In the current work, a three-step Dpfraach [4, 5] implemented in a
MATLAB ™ environment was used to estimate in-plane displecés. First, an
initial estimation of displacements was made usag2D cross-correlation
between two corresponding sub-images of undeforanelddeformed states using
fast Fourier transforms [7]. The peak of the catieh function was detected to a
subpixel accuracy using bicubic interpolation. Tgrecess was repeated for the
entire image to estimate in-plane displacemastsinduy, over an array of grid
points. At this stage, however, displacement fietohtains significant random
noise. In the second step, the previously obtadisplacements were refined by
minimizing a 2D correlation coefficient [8] iteraéily using displacements from
the first step as initial guesses. In this stepigaificant amount of noise present



in the earlier displacement estimation was remove&dally, smoothing
algorithms based on regularized restoration fikéth second order fit was
applied to the displacement fields separately. Stheothing process employed in
the present work allows discontinuity of displacaiseacross the crack faces.
Details on the smoothing process are reported in[&e

The experimental set-up consisted of an instrungedtep tower for delivering
low-velocity impact and a high-speed digital cam&macapturing images. The
impact force and support reaction histories duiimgact were recorded. Two
high-intensity flash lamps, triggered by the camevare used to illuminate the
gray scale patterns. The recording devise wastating mirror-type high-speed
camera with multiple CCD arrays. The camera is bkgpaf capturing images up
to 2x10 frames per second at a resolution of 1,800,000 pixels per image.
There are 32 independent CCD arrays positionedimiferentially around a five-
facet rotating mirror, which reflects and sweepghtli over the sensors. Each
sensor is illuminated by a separate optical reaysisting of separate lenses and
partial mirrors.

Prior to impacting the specimen, a set of 32 imagebe region-of-interest was

photographed at a desired framing rate (250,00@dsaper second in the current
work). After aligning the optics, the rotating narrwas brought to the desired
speed. The camera and flash lamps were triggetedn@Xy by the operator. This

produceed a set of 32 images of ttedeformed specimen surface. While

maintaining all camera settings unchanged, a sewmidof 32 images is

photographed as the specimen was subjected to ingaing (impact speed =

4.8 m/sec)i.e., another set of 32 images of tteformed specimen surface. Thus,
for every image in the deformed image set, there av@orresponding image in
the undeformed set.

Fracture specimens were prepared from sheets nidaat-oompression molded
T800/3900-2 prepreg tapes. A total of 35 plies wataeked together, resulting in
6.2-mm thickness, with fibers aligned in one di@ctt Panels were cut into 200
mm x 50 mm rectangular coupons with four different filoeientations, 9 15,
3¢, and 485, relative to the width of specimens. The matesialperties arek; =
171.6 GPak; = 8.25 GPaGi, = 6.21 GPa, andh, = 0.344, in which subscripts 1
and 2 represent the directions parallel and (imglgperpendicular to the fiber
orientation, respectively (see Fig. 1). Each speaniwas then pre-notched by a
0.3-mm thick diamond wafer blade followed by a razdade for further
sharpening. The initial pre-notch of length 10 mmaswnade along the line-of-
symmetry at the sample edge and oriented alongntpacting direction. Pre-
notched samples were then sprayed with black arii \phint to obtain a random
speckle pattern.



4. Results

A few representative speckle images are showngn ZiDynamic crack growth
along the fibers is clearly visible from the lowenage and the crack tip is
identified by an arrow. From the displacement noasifor each time step, the in-
plane displacement contour plots (contour intenZalsm) were obtained. The
correspondingi-field andu-field for the images are also shown in Fig. 2. The
discontinuity in displacements at the crack tigvident across the crack faces in
each image. The accuracy of displacement measutsnsenl.8um as detailed

in Ref. [5]. These displacement values are used atng with Eq. (1) to
compute stress intensity factors.
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Figure 2. Representative speckle imagesfer45 case (30 mnx 30 mm) with
full-field ux anduy displacement contours (crack initiation takes @latt ~ 84 /).
Moving crack tip is indicated by an arrow and tlkdline is the initial pre-notch
in photographed images. Color-bar indicates digpteent in micrometers.

Crack-tip velocity histories were computed from tnack length history data for
each case using smoothed cubic Bezier curve (snmgogarameter of 0.5). The
crack-tip velocities were determined from the @tteurves. The maximum
velocity in these cases is in the range of 4600-fesec, with the highest velocity
for S = (°. The peak of velocity occurs earlier 8= (°, and progressively later
for 15°, 3, and 48. This can be explained in terms of increasing shea
deformations as fiber orientation increases. Fpreanotch that is not along the
fiber orientation, a significant portion of the aowulated energy at the crack tip is



consumed by the crack initiation event due to ther§ bridging across the crack
flanks. In view of this, even after crack initiatiat takes relatively longer time to
reach the maximum velocity for highgvalues. Furthermore, following crack
initiation, the crack-tip velocity in each case toues to increase monotonically
for longer durations with increasing fiber oriemtat the shortest duration is for
the @ case and the longest for the’4%se. Once the crack has attained the peak
velocity, a decreasing trend exists due to incrgpshear component as well as
the compression dominated impact region.

5. Discussion

Stress intensity factors were evaluated from meaksdrsplacement fields. Data
was collected in the region (0.5 < 1.5) so that far-field effects as well as the
near-tip effects could be minimized. The displacenfesld data was analyzed
using an over-deterministic least-squares analysi).

Ideally, stress intensity factors can be evaluatgidg any of the two measured
displacement components anduy, or using transformed components in polar
coordinates, namely radial and tangentialup) displacements. Previous works
by the authors [xx] and other investigators havewshthat radial displacements
offer a relatively robust estimation of crack tigress intensity factors.
Accordingly stress intensity factors presented webéained by analyzing the
radial displacement field. The details are avoidexe for brevity.

In Fig. 3(a), mode-l stress intensity factdf)( histories for different fiber
orientations are presented. In general, regardiieaagles, mode-I stress intensity
factors monotonically increase before crack inmiatand attains a peak value
close to crack initiation time. A steady increase de explained by increasing
crack tip loading up to the initiation event. Mapecifically, the peak values in
Fig. 3(a) are somewhat different from one anothdre K, values at crack
initiation (close to the peak value of history) iease modestly from°Gand 18
and they increase relatively rapidly for higher lasg For lowerg (viz., @° and
15%), due to lower resistance against crack initiatidong the fiber direction,
crack initiation occurs earlier. On the other hdiod,highers (viz., 3¢° and 45),
crack initiation occurs much later after impacta€l initiation times for the four
cases considered are 33, 54, 63ug4or 5= 0, 15, 30 and 45respectively. The
magnitude of stress intensity factor at crack atitn for different fiber
orientation angles increases with increasing fdyentation angle.
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Figure 3. Mode-I stress intensity factor (a) anddegtdl stress intensity factor (b)
against time for various angles under dynamic legdondition.

In Fig. 3(b), mode-Il stress intensity factdf;§ histories for the four fiber
orientations are presented. Interestingly, in eeabe, mode-Il stress intensity
factors continue to remain negative as the craokamates. This is unlike mixed-
mode fracture of isotropic brittle materials (fotaenple, see Ref. [4]) whellg,
jumps from a negative to a near zero value asrdmekdnitiates and remains same
during crack growth in a direction normal to thedbmaximum tangential stress
(or, the so-called;, = O criterion).

Lastly, it is also instructive to compare stredemsity factors at initiation for all
the four cases off examined. As expected, stress intensity factoniéiaition
increases with increasing fiber orientation anglamely, 2.36, 2.54, 3.15, and
3.97 MPa(my? for °, 15°, 3%, and 48, respectively. The exponential
relationship between fiber orientation angle amdsst intensity factor at initiation
becomes clearer, if stress intensity factor is esged in a function d./Eyy ratio,
also known as the degree-of-anisotropy. Each fim@entation angle can be
uniquely expressed in terms of the degree-of-ampgt In the present work, the
values are 20.8, 7.5, 2.4, and 1.0 f6y 05, 3(P, and 45, respectively. Upon

plotting the effective stress intensity factdf { = K?+K} ) as a function of

degree-of-anisotropy, an exponentially decay canldserved as shown in Fig. 4.
Parhizgaret al. [10] reported a similar result for quasi-staticcttae of glass

fiber/epoxy system. Rowlands [11] also reportedraasing critical stress
intensity factor with increasing angle, but thenttewas not an exponential
variation possibly due to the multidirectional carsjte laminates he has studied.
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Figure 4. Effective stress intensity factor as acfion of degree-of-anisotropy
(Ex/Eyy). Error bars indicate standard deviation from ¢hdéfferent values (one
before and after crack initiation) due to uncettaof crack initiation time.

6. Concluding Remarks

The DIC technique coupled with high-speed photogyap shown to be effective

for characterizing stress-wave induced fracture uofdirectional composite

laminates. High-speed photography using a rotatmgor-type digital camera

enables quantification of crack growth behavioreTdptical method serves to
determine full-field deformations in the vicinity a dynamically growing crack

tip and fracture parameters. An over-determinigast-squares analysis of radial
displacement components provide stress intensitpifs.

The graphite epoxy laminates show differences actéire responses depending
upon the fiber orientation relative to the init@ahck and loading directions. The
maximum observed crack speed is the highest forerh@dnditions and decrease
with fiber orientation anglg8. With increasings, crack takes longer to attain the
maximum speed following initiation. Further, cragiowth occurs under non-zero
Ky conditions. The effective stress intensity fachbrcrack initiation increases
with increasing value of. Alternatively, it is shown to decrease with tregycke-
of-anisotropy. Changes in crack tip shear deforomstiwith 5 are attributed to
these differences.
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