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ABSTRACT
4
S

“ This thesis studied the impact damage tolerance of

composite cylindrical panels subjected to low velocity

impacts. Graphite/Epoxy and Kevlar/Polyester panels _with

)

ply lay-ups of [0/90]23’ [145/90/0]3, and [0/90]3s

ngnvestigaﬁed.

STAGSC-1, the f?hite element program used to perform
the analysis, can not ana]}ieva laminated woven material
such as Kevlar/Polyester, 55\£fsimp1e method was devised to
model the material as an orthdiropic laminate. The
equivalent material properties agreed to within 5% of the
experimental properties determined by standard material
property tensile tests.

A nonlinear collapse analysis was performed to predict
the strength of the undamaged panels. The experimental
collapse loads differed by as mgch aé 62% (lower) from the
finite element predicted 1oads.i;¥he sensitivity of the
composite panel to small imperfections accounts for the
difference between analytical and experimental loads.
Imposing a transverse sinusoidal imperfection with a maximum
amplitude equal to the thickness of one ply resulted in
analytical loads that agreed with experimental loads to

within 16% at worst.
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AN

Graphite/Epoxy and Kevlar/Polyester curved panels were
impacted with energies of 1-3 ft-1bs (velocities of
3.40-5.36 ft/sec). No damage occurred for impact energies
below 1-3 ft-1bs, depending on the ply lay-up. The residual
strength of the damaged panel was only 2-6% lower than the
strength of undamaged panels.

Ultrasonic C-Scan and microphotographs were taken of
panels impacted with energies between 8-17 ft-1bs
(velocities of 9.62-13.89 ft/sec) to investigate and
characterize impact damage from the material response point
of view. Even at low impact energies, C-scans and stereo
X-rays show that internal damage occurs even though no
exterior signs of damage are visible. The damage can be
characterized by matrix cracking, delamination, and fiber

et .*_ \

breakage. " .. ... SR : T,
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IMPACT DAMAGE TOLERANCE OF

COMPOSITE CYLINDRICAL PANELS

1. INTRODUCTION

BACKGROUND

Compression of composite cylindrical panels has been
studied at the Air Force Institute of Technology (AFIT)
since the late 1970’'s. Wilder [1] presents a good
background on the study of shell collapse. Becker [2]
investigated the instability of composite cylindrical panels
at AFIT in 1979. Janisse [3] studied the effects of surface
imperfections and small cutouts in 1982.

Fiber breakage, matrix cracking, and/or delamination of
composite materials may result from low energy impacts even
though no damage can be seen on the surface. Little
information is available on impact damage and impact damage
tolerance of composite cylindrical panels. Much has been
written about impact damage of flat plates and their
compressive residual strength after impact [4-10]. In most
cases, the impacted plates were cut into tensile or
compression coupons with the majority of the damage
contained in one coupon. This was done since compression
fixtures for flat plates were not available. While testing
this way gives some insight into how impact damage can

weaken a structure, it confines all the damage to one




concentrated area. The true structural reaction to the
damage is not shown.

Meyer [11] did investigate low energy impact of
filament-wound Kevlar/Epoxy panels. He was able to
characterize the damage by calculating the energy absorbed
by the panel and by inspecting cross-sections of the damaged
curved panels. Wilder [1] performed a study where impact
damage to a cylindrical Graphite/Epoxy panel was simulated
by implanting a teflon insert into the panel when it was
manufactured. The insert left a completely debonded region
between two plies similar to the delamination that occurs in

flat plates.

PURPOSE

The purpose of this thesis was to study the damage
tolerance of composite cylindrical panels subjected to a
single low energy impact. Two materials and three ply
orientations were studied. The compressive residual
strength was obtained. Another purpose was to investigate
and characterize impact damage of composite cylindrical
panels. Ultrasonic C-scan, stereo X-ray, and

microphotography were used to perform the investigation.

SCOPE
One set of panels tested in this thesis was made of

AS4/3501-6 Graphite/Epoxy with ply orientations of [0/90]28,

1-2




[t45/90/0]s, and [0/90]38. Panels with the same ply
orientations but made of Kevlar/Polyester, which is a weave
material, were also tested. Panels from each group were
tested in compression to establish the original strength of
the panels. Similarly, panels from each group were
subjected to low energy impacts of between 1-3 ft-1bs.
C-scans and stereo X-rays were taken of these panels to
determine damage size. They were then tested in compression
to determine residual strength. Lastly, panels from each
group were subjected to higher impact energies (8-17
ft-1bs). C-scans and microphotographs were taken of these

panels in an effort to characterize the damage.
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2. Experimentation

The main purpose of this thesis is to investigate how
well composite cylindrical panels made of Graphite/Epoxy and
Keviar/Polyester resist low velocity impacts. Testing this
resistance took the form of finding the residual strength of
the panels after they have been impacted. With this in
mind, panels of each material were subjected to low velocity
impacts and tested in compression. 1In addition to residual
strength testing, several techniques were used to capture

and characterize the damage from a material point of view.

Impact of Composite Cylindrical Panels

A great deal of work has been done in the area of
impact on composite flat plates [4-10]. However, the author
could find very little published work regarding impact of
composite cylindrical panels (or shells for that matter).
while it is not the primary purpose of this thesis to study
the dynamics of impact, a brief discussion on the phenomenon
as it relates to the testing of the cylindrical panels is
presented. The approach is from the impact testing point of
view,

Impact tests were carried out on Graphite/Epoxy and
Kevliar/Polyester panels with the geometry shown in Figure

2.1. Displacements in the x- and z-directions are measured




I

N JJ“‘J
k\ L

8.

Figure 2.1 - Panel Geometry




in units of length while displacements in the y~direction
are measured in radians.

The panels were subjected to a single, transverse (-z
direction) impact normal to the surface of the panels.
A GRC 8250 Dynatup Impact Test Machine (hereafter called
Dynatup) made by General Research Corporation, was the test
fixture used (see Figure 2.2) [12]. The impactor used was a
1/2" diameter tup weighing approximately 5.5 pounds and
instrumented with an accelerometer to measure the contact
force between the tup and the panel. The data obtained from
the accelerometer is acquired and analyzed by a GRC 730-1
Instrumented Impact Test Data System.

Two quantities important in discussing impact problems
are the impact energy and the impact velocity. The Dynatup
Test Data System calculates the impact energy from the

simple relation

E, = Wh (2.1)

where W is the weight of the impactor in pounds and h is the
drop height in feet. The impact energy is also simply the
kinetic energy of the impactor at the instant it contacts

the panel.

E, = 1/2(mv®) (2.2)




Figure 2.2 - Dynatup Impact Test Machine




Realizing that the impactor weight is just W=mg, we can
substitute this into Equation (2.1), set Equations (2.1) and
(2.2) equal to each other and solve for the impact velocity,

V.
V = ¥ 2gh (2.3)

where g is the local acceleration of gravity (nominally
32.174 ft/sec’).

The Dynatup actually calculates the impact velocity by
use of a velocity flag. A metal "flag" similar to the one
shown in Figure 2.3 is attached to the impactor. The flag
is adjusted so that just prior to impact it trips a beam of
light. The beam remains off as the first prong passes
through the beam. After the first prong passes through the
beam, the beam is then intact as the space between the
prongs pass through. The second prong then breaks the beam
again. The data acquisition system measures the amount of
time that passes between the two breaks in the 1ight beam.
Knowing the distance between the edges of the two prongs,
the system calculates the impact velocity by dividing this
distance by the measured time.

Information available from the Dynatup on an impact
test include Load vs. Time, Deflection vs. Time, Velocity
vs. Time, Load vs. Deflection, Energy vs. Time, or any other

combination of these parameters. An example of Load vs.




—

Time and Energy vs. Time is shown in Figure 2.4. The load
is nothing more than the acceleration of the tup as obtained

I from the accelerometer, multiplied by the the mass of the

impactor. The Deflection vs. Time curve shown in Figure 2.5
is obtained by integrating the acceleration vs. time curve
twice with respect to time. (Recall from simple dynamics
that the acceleration is the second derivative of
displacement with respect to time). Knowing the load and
deflection at every instant of time, a Load vs. Deflection
curve, as shown in Figure 2.6, can be constructed. Lastly,
the Energy vs. Time curve shown in Figure 2.4 is found by

integrating the Load vs. Deflection curve ([(13] since
E = f F dx (2.4)

One last thing to discuss is the kinematic relations
for a cylindrical panel and how they might affect impact
test (and damage) results as compared to flat plates. Even
though the structure under study here is a cylindrical
panel, the kinematics are the same as for a complete
cylindrical shell. Thus, the nonlinear strains and
curvatures for a cylindrical shell as a function

displacements can be written as [14]




s

Figure 2.3 - Dynatup Velocity Flag




LOAD( 1b ) *40

g *r ~ ' ™ 1
AUG 14, 1989 ‘
< 81824 4 -
1 GAT-12-002 | ¥
S 133
St =
~ ; Load -
// —-—Energy
‘T" L ' , L2
-5.0 -1.0 3.0 7.0 1.0 15.0
TIME ( msec )
Ipact

Specimn Id  Temp Veloc. Energy Tise Load Energy
() (ft/onc) (ft-1b ) (ooec) (b)) (ft-1b )

Max Ld Total Max  Maxld Total

6RT-12-002 R, 579 294 465 1068 32 285 (W

Figure 2.4
Example Plot of Load and Energy vs. Time for Impact Test
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DEFLECT. ( inch ) *10%x-1

AUG 14, 1989
™1 GRT-12-002
=t J
w r J
ETET 3.0 7.0 14.0 15.0
TIME ( msec )
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Specimen Id  Temp Veloc. Energy Tine Load Energy
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Figure 2.5
Example Plot of Deflection vs. Time for Impact Test
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LOAD( 1b ) %10
13.0 22.0 3.0 40.0

4.0

. 5.0

L
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Figure 2.8

Example Plot of Load vs. Deflection for Impact Test
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o) >
e =z u, + 1/2 B°
x X
v,
= —L + X 4 428
Y R R y
° u’y
Ve ° - v, + BB (2.5)
Kx = Bx,x
Ky = ﬁy,v / R
ny = 1/2 (Bx,y / R + By,x]
where
Bx = - w’x
g = . T
v R R
(2.6)

R is the radius of curvature of the cylindrical shell and

u, v, and w are the middle surface displacements. Equations
(2.5) and (2.6) represent the Sanders kinematic relations
for shells specialized for cylindrical coordinates [14].

These equations apply under the following assumptions [14]:

a. The shell is thin, that is the thickness-to-radius
ratio is much less than 1 (h/R << 1).

b. The strains are small compared to unity.

c. Transverse shear and normal stresses are negligible
(plane stress condition).




d. The middle surface strains are of the order of
magnitude of the total strain squared.

e. The rotations Bx and By are of the order of
magnitude of the total strain.

f. The rotations relative to the normal to the middle
surface are relatively small.

If one examines Equations (2.5) and (2.6), one sees
that there are additional terms in the strain and curvature
equations for a cylindrical shell brought about by the
curvature of the shell. Thus, the curvature provides some
additional strain energy to the structure. Given this, one
would expect that a greater amount of force (or energy)
would be required to deflect a curved shell the same amount
as a flat plate. Or, looking at it from an impact damage
point of view, it would require more force (or energy) to
damage a cylindrical shell than it would to damage a flat
plate of the same thickness and ply orientation. The extra
energy is required to overcome the additional strain energy
inherent in the structure.

With this brief introduction to impact and how the
Dynatup calculates its results, we can proceed with a

discussion of the impact testing.

Impact Testing Procedur
Since the Dynatup could not accommodate curved panels,

curved aluminum blocks had to be manufactured to support the




panels during the impact tests. Figure 2.7 shows one of
these blocks with a Graphite/Epoxy panel resting on it. A
steel cover plate, also shown in Figure 2.7, was made to
hold down the panels during the tests. A §" x 5" cutout was
made in both the cover plate and the aluminum support blocks
to allow the impactor to strike the panel and to allow the
panel to deflect. The clamped boundary conditions are
simulated at all four edges. The panel is centered on the
block such that the center of the panel is aligned with the
centers of the cutouts. The cover plate is then bolted into
place with its cutout aligned with the cutout of the support
block. The final assembly of the panel on its support block
is shown in Figure 2.8,

The panel-support block assembly is placed on an
adjustable support plate underneath the impactor. As was
mentioned earlier, the mass of the impactor used was
approximately 5.5 1bs. Therefore, the impact velocity and
subsequently the energy is varied by changing the drop
height. For the Dynatup, the drop height was set using a
tape measure. The height can be adjusted by using an
Up-Down switch on the control panel shown in Figure 2.2.

A more accurate way to set the drop height is to
calculate the impact velocity associated with the desired
drop height using Equation (2.3). Then, placing a scrap
panel on the support block, adjust the height of the

impactor until the velocity determined by performing a




Figure 2.7 - Cover Plate, Panel, and Support Block

Figure 2.8 Assemblied Cover Plate, Panel, and Support Plate




velocity check [13] matches the calculated velocity. This
method, however, is still not very easy to do on the Dynatup
because there is no fine-tune or vernier adjustment
capability on the drop height.

Once the drop height is set, a brake is set to catch
the impactor as it rebounds off the panel, preventing
multiple impacts. The impact test is ready to begin. The
data acquisition system is started [13], a switch is thrown
to arm the system, and a release button is pressed to
electronically release the impactor. The test data is
acquired and stored to disk so that at any time after the

test, the data may be analyzed.

Minimum Damage Energy

O’'Kane and Benham [5] showed in their work that there
is an impact energy level below which no damage is sustained
by a composite flat plate. Since the goal is to test panels
for residual strength, the panels must be impacted with
enough energy (or force) to cause damage. With this in
mind, the minimum energy levels required to cause damage to
Graphite/Epoxy panels with ply orientations of [0/90]28,
[145/90/018, and [0/90]3s were determined.

A trial and error method was used to determine the
minimum energy levels. The [0/90]28 and [:t45/90/0]s

orientations were initially impacted with a velocity of 9.67

ft/sec. The [0/90]38 was initially impacted with a velocity




of 11.85 ft/sec. These initial impacts were subjected to
ultrasonic C-scan to determine the extent of the damage, if
any. Based on the results of the C-scans, the impact
velocity (energy) was increased or decreased accordingly.
This process was repeated until the minimum energy level
that caused damage was determined. Table 2.1 summarizes the
minimum damage energies for the three types of

Graphite/Epoxy panels.

Table 2.1
Minimum Damage Energy for Gr/Ep Panels

[0/90]28 [145/90/0]s [0/90]3s

Energy (ft-1bs) 1.27 0.99 2.46

By looking at Table 2.1, we see how the thickness and
ply orientations affect the panels ability to absorb the
impact. The [145/90/0]s panel was the most easily damaged,
while the thicker [0/90]38 panel required more energy to
damage it. A more in depth discussion of the impact damage
will be presented in Chapter 3.

In order to insure that enough damage is present in the
panel to see a difference in the residual strength tests,
the impact energies used in the actual testing were
increased 20% above those shown in Table 2.1. These

increased energy levels are shown in Table 2.2.




Table 2.2
Energy Levels Used for Impact Tests

[0/90]25 [t45/90/0]s [0/90]3s

Energy (ft-1bs) 1.52 1.19 2.92

Impact Tests

Using the impact energies shown in Table 2.2 and
following the impact testing procedures described earlier,
three Graphite/Epoxy and three Kevlar/Polyester panels were
impacted with the same energy for the given ply orientation.
For example, three [0/90]28 panels of each material were
impacted with 1.52 ft-1bs of energy.

Figures 2.7 7,14 show one Load and Energy vs. Time
plot for eacn .anel type. The small oscillations apparent
in the Load vs. Time curve result from noise in the Dynatup
as ths impactor falls, strikes the panel, and rebounds. 1In
the Graphite/Epoxy panels (Figures 2.9, 2.11, and 2.13), we
notice larger oscillations in the force, corresponding to
the panels being damaged. The Kevlar/Polyester panels hit
with the same velocities show no such indications of damage.
However, C-Scans indicate some damage resulted from the
impact.

For each ply orientation, we also notice the impact
generates a greater force in less time in the Graphite/Epoxy
panels as compared to the Kevlar/Polyester panels. For

instance, the maximum load for [O/SO]28 Graphite/Epoxy is
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Figure 2.9
Load and Energy vs. Time for [0/90]28 Gr/Ep Panels
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Figure 2.10
Load and Energy vs. Time for [0/90]28 Kev/Poly Panels

2-19




LOAD( 1b ) x40
10.0 15.0 0.0

5.0

0

s

GRT-Q-003

AUB 14, 1989
| 10: 9: 47 Jw

ENERGY (ft-1b )

/ Load
/ — -—Energy
J./. '8 L 1 o
-4,0 .0 4.0 8.0 2.0 6.0
TIME { msec )
Inpact
Secimn Id  Tesp Veloc. Energy Tis  Losd Energy
(f) (ft/osc)(ft-10) (mesc) (1)  (ft=1b)

Max Ld Total Max  Maxld Total
GAT-@-003 . am® 1B 7.0 5.8 (5.3 (2@ .608

Figure 2.11
Load and Energy vs. Time for [t45/90/0]s Gr/Ep Panels
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Figure 2.12
Load and Energy vs. Time for [:t45/90/0]s Kev/Poly Panels
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Figure 2.13
Load and Energy vs. Time for (0/90]as Gr/Ep Panels
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Figure 2.14
Load and Energy vs. Time for [0/90]3s Kev/Poly Panels
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199.3 1bs and occurs at 7.02 msec. For a [0/90]28
Kevlar/Polyester panel, the maximum load is 157.8 1bs
occurring at 9.13 msec. The Kevlar/Polyester panel
dissipates some of the energy by deflecting more because it
is more flexible. This greater deflection shows up in the
greater amount of time required for the panel to reach the

peak load.

Compression Testing Procedure

The test fixture used to compress the panels, shown in
Figure 2.15, was provided by the Air Force Flight Dynamics
Laboratory. The panel is placed into the fixture between
the top and bottom plates with the top and bottom curved
edges of the panel clamped. The vertical edges are
restrained by a simple support knife edge. The clamped edge
condition is achieved by placing a series of six 1/2" steel
chucks along the top and bottom edges. The edges of the
chucks have a 12" radius of curvature so that they butt
evenly against the panel. Each chuck is held in place by
two set screws. See Reference (1] for a more complete
description of the compression fixture. Mathematically, the

boundary conditions are

Top edge: u=free; v=w=w,x=w,y=0
Bottom edge: u=v=w=w,x=w,y=0
Vertical edges: u=w,x=free; v=w=w,y=0
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Figure 2.15 - Curved Pane) Compression Fixture
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Figure 2.16 - Strain Gauge Placement
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As the panel is compressed, a l1oad cell measures the
total load applied to the top edge while a LVDT (Linear
variable Differential Transformer) measures the vertical
axial displacement, u. Additionally, unidirectional strain
gauges were mounted on each panel as shown in Figure 2.16.
The two strain gauges near the top edge of the panel provide
information to insure the load is being anplied as evenly as
possible across the top edge. The two strain gauges in the
center of the panel (placed back to back) measure the strain
reversal that occurs when the panel buckles.

After a panel is placed in the fixture, the 1/2"
chucks and vertical knife edges are l1oosely set in place. A
preload of approximately 200 1bs for Graphite/Epoxy panels
(100 1bs for Kevlar/Polyester panels) is applied. The
preload makes sure the top and bottom edges of the panel are
flush against the base plates. The support bolts and set
screws are then tightened finger tight. The preload is then
eased to approximately 100 1bs for Graphite/Epoxy panels (50
1bs for Kevlar/Polyester panels) and the support bolts and
set screws tightened with a wrench and screwdriver. This
preload procedure prevents movement of the panel before it
begins to take on the load.

Once the preload procedure is complete, the panels are
loaded in compression. A uniform displacement of 0.05

inches/minute is applied to the top edge with a load cell
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measuring the resulting force and the vertical LVDT
measuring the top edge displacement.

The load is applied until the panels buckle. For the
Graphite/Epoxy paneis, a loud "“pop” can be heard when the

panels snap into their buckled shape. For the

Kevlar/Polyester panels, no “"pop"” was heard due to the
greater flexibility of the material. The movement of the
panel as it buckles is not as quick, thus it becomes more
difficult to distinguish the buckling load. As a result,
the output from the load cell was monitored and the test
stopped when the l1oad began to decrease. The maximum load
observed was called the buckling load. Once the buckling
load was determined, the test was stopped, the load removed,

and the panel removed from the test fixture.

Compression of Panels

Three undamaged Graphite/Epoxy and three undamaged
Kevlar/Polyester panels of each ply orientation were
compressed to establish the baseline strength of the panels.
The loads measured will be used for comparison purposes to
determine how the impact damage weakens the panels. Table

2.3 summarizes the collapse loads of the undamaged panels.
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Table 2.3
Collapse Loads of Undamaged Panels

[0/901,, | [+45/90/01, | [0/901,

Load Gr/Ep 2802 3551 7667

(1bs)

Kev/Pol 813 1103 2408

Three Graphite/Epoxy and three Kevlar/Polyester panels
of each ply orientation were impacted with the energies
shown in Table 2.2 using the procedures described earlier.
These panels were then compressed to determine the residual
strength of the panels. The residual strengths are

summarized in Table 2.4.

Table 2.4
Collapse Load of Damaged Panels

[0/90]g§> [t45/90/0]s [0/90]3s
Gr/Ep 2750 3359 7492

Load
(1bs)

Kev/Pol 769 1118 2346

Comparing the values in Tables 2.3 and 2.4, the damaged
panels were 2-6X weaker than the undamaged panels. The only
exception is the [145/90/0]s Kevlar/Polyester panels. The
average strength of the damaged panels was 15 1bs greater
than that of the undamaged panels. One should not infer

from this that this particular panel becomes stronger after
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it is impacted. Recall, the values in Tables 2.3 and 2.4
were based on a sample of three panels. One must also keep
in mind the relative insensitivity of the compression
fixture alluded to earlier. And, there is always a certain
amount of experimental scatter to live with. Thus, the
results of this test for [t45/90/0]s Kevlar/Polyester panels
should be interpreted as the impact energy used having
little or no effect on the panel’'s compressive strength.
However, ultrasonic C-scans of the damaged panels taken
after the one time compression load showed the damaged area
in the panel had spread. The damaged area before the
compression test was approximately 1/2" in diameter. After
the compression testing of the damaged panels, the damaged
area of the Graphite/Epoxy panels did not grow appreciably,
while the damaged area of the Kevliar/Polyester panels grew
to approximately 1-1/4" to 2" in diameter, depending on the
ply orientation. It would be reasonable to assume that if
the panels were loaded in compression again, they would
buckle at lower loads than shown in Table 2.4.

The results of this experimentation tend to verify
Wilder’'s technique [1] of implanting teflon inserts to
simulate impact damage. His results showed a decrease in
global strength of 13.2% for a quasi-isotropic ply
orientation. One must bear in mind that Wilder's technique
would only give one an idea of the global behavior of the

panel. Near the impacted region, the behavior may be quite




different. In an impacted panel, the damaged area may still
have some strength left in it depending on the amount of
energy imparted to the panel. The teflon inserts Wilder
used provides a totally debonded region. Thus, the teflon
insert technique would tend to yield a conservative estimate
of an impact damaged panel’s global response to compression.
Figures 2.17-2.22 show plots comparing load vs.
in-ptane displacement, u, for damaged and undamaged panels
of each material and ply orientation used to generate Tables
2.3 and 2.4. 1In each case, little difference in the
stiffness of the damaged panels can be seen compared to the

undamaged panels. Only the collapse load differs.
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Figure 2.17
Load vs. Displacement for [0/90]28 Gr/Ep
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Load vs. Displacement for [0/90]2s Kev/Poly
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Figure 2.19
Load vs. Displacement for [145/90/0]s Gr/Ep

Damaged and Undamaged Panels
(Impact Energy = 1.19 ft~-1b)
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Figure 2.20
Load vs. Displacement for [145/90/0]s Kev/Poly

Damaged and Undamaged Panels
(Impact Energy = 1.19 ft-1b)
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Figure 2.21
Load vs. Displacement for [0/90]3s Gr/Ep

Damaged and Undamaged Panels
(Impact Energy = 2.92 ft-1b)
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Load vs. Displacement for [0/90]3s Kev/Poly
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3. DAMAGE CHARACTERIZATION

In this chapter, we take a closer look at the damage
sustained by the panels from a low velocity impact. First,
stereo X-rays were taken of the Graphite/Epoxy panels used
to determine the minimum impact energy to cause damage.
Second, a series of photographs and ultrasonic C-Scans were
taken of Graphite/Epoxy and Kevlar/Polyester panels impacted
with velocities ranging from 9.62-13.89 ft/sec (energies of
7.96-16.57 ft-1b). We therefore get an idea of what happens
as the impact energy increases. Lastly, [0/90]2s
Graphite/Epoxy, [0/90]2s Kevlar/Polyester, [t45/90/0]S
Graphite/Epoxy, and [145/90/0]s Kevlar/Polyester panels were
cross-sectioned through the impact point and viewed under a
microscope. This shows the damage through the thickness of

the panel.

Stereo X-ray of Panels

Stereo X-rays provide a way of getting
three-dimensional information on a damaged composite by
combining two images taken at slightly different angles into
one apparent three-dimensional image. The three-dimensional
image is produced much the same way the human eye perceives
it. Each eye sees an image at a slightly different angle

due to the separation between the eyes. The brain then




merges the two images together to form a three-dimensional
image.

For this thesis, the stereo X-rays were prepared as
follows [15]. A 1/8" hole was drilled in the damaged area
of the panel to allow a dye penetrant, tetrabromoethane
(TBE), to soak into the damaged area via capillary action.
The TBE provides a color contrast between the damaged and
undamaged areas of the panel. Next, film is placed behind
the panel and exposed by using an X-ray tube. Two exposures
are taken at *15°on either side of a plane perpendicular to
the panel (see Figure 3.1). These two images may be
recombined by using a "stereo viewer" to obtain a
three-dimensional view of the damaged area.

Figures 3.2-3.4 are photographs of the X-rays for the
minimum damage of each type of Graphite/Epoxy panel. In
each figure, some damage to the fibers as well as some
cracking of the fibers and matrix can be seen. The figures
also show the extent and shape of the delamination that
occurs. It is not very easy to pick out of the photographs
by eye, but under the stereo viewer, one can see the
delamination occurring at several different layers through
the thickness of the panel. We‘only get a feel of relative
positioning though. It is still difficult to pinpoint

between which two plies the delaminations actually occur.
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Figure 3.2
Stereo X-Ray of [0/90]28 Gr/Ep Impacted Panel

(Impact Energy = 1.27 ft-1b)
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Figure 3.3
Stereo X-Ray of (1:45/90/0]s Gr/Ep Impacted Panel

(Impact Energy = 0.99 ft-1b)
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Figure 3.4
Stereo X-Ray of [0/90]3s Gr/Ep Impacted Panel

(Impact Energy = 2.46 ft-1b)
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Photographs and C-~Scans of Panels

In this phase of testing, Graphite/Epoxy and
Kevlar/Polyester panels were impacted with increasing
velocities and C-Scanned. By doing this, we can track how
the damage spreads as the energy imparted to the panel
increases.

We begin by considering [0/90]28 Graphite/Epoxy panels
impacted with velocities ranging from 9.62-12,.68 ft/sec.
Figures 3.5-3.7 shows the impacted side, a C-Scan of the
internal damage, and the back side of Graphite/Epoxy panels
impacted at 9.62 ft/sec, 11.34 ft/sec, and 12.68 ft/sec
respectively. As seen from the C-Scans, the internal damage
increases as the impact velocity increases. The damage
occurs in the form of a circular region at the point of
impact and is approximately the same diameter as the
impactor (1/2"). Additionally, two triangular regions are
damaged on each side of the impact point in the
circumferential direction. Since the impactor is
hemispherical, one would not expect any directional
preference of the damage. However, the curvature of the
panel seems to dictate the direction of the damage. This
also helps to explain the fiber.sp1itting and fracture that
occurs on the back side of the panel. Locally, the panel
undergoes a high concentration of bending and tension. The

panel is able to deflect circumferentially, but since it is




(a)

(b)

(c)

Figure 3.5 - Impacted [0/90]2s Gr/Ep Panel

(vVelocity = 9.62 ft/sec; Impact Energy = 7.96 ft-1b)
(a) Impacted Side (b) C-Scan (c) Back Side
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(a)

(b)

(c)

Figure 3.8 - Impacted [0/90128 Gr/Ep Panel

(Velocity = 11.34 ft/sec; Impact Energy = 11.08 ft-1b)
(a) Impacted Side (b) C-Scan (c¢) Back Side
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(a)

(c)

Figure 3.7 - Impacted [0/90]28 Gr/Ep Panel

(velocity = 12.68 ft/sec; Impact Energy = 13.77 ft-1b)
(a) Impacted Side (b) C-Scan (c) Back Side
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much stiffer longitudinally, the fibers break in response to
the contact force created by the impact.

In Figures 3.8-3.10 we look at [0/90)2s
Kevlar/Polyester panels impacted with the same velocities as
the equivalent Graphite/Epoxy panels. The C-Scans show the
damage growing in the circumferential direction as the
impact velocity increases, just as for Graphite/Epoxy. The
width of the damaged area remains approximately the diameter
of the impactor. We do notice something different about the
Kevlar/Polyester panels however. As the velocity increases
from 11.34 ft/sec to 12.68 ft/sec, the shape of the internal
damage becomes more circular. It appears as if the type or
shape of damage that occurs depends on the impact velocity
(or possibly energy). As the velocity increases, the damage
to the back side changes from a slit where the fibers
fracture to a cross where the fibers fracture in both
directions. Also, we notice some damage occurring along
diagonals extending from the impact point to the corners
where the panel is supported by the support block and cover
plate. A permanent indentation remains as a result of the
impact. It appears that as a result of the transverse
displacement, the material stretched, causing damage