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Impact Response of Graphite/Epoxy Cylindrical Panels
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Graphite/epoxy curved cylindrical panels were impacted in the center by an impact machine capable of
measuring load during the test. Load, deflection, and strain as functions of time were measured for six
symmetric lay-up configurations for impact energies of 0.5-4.5 ft-b. Damage was produced in all panels for
certain impact energies. The extent and location of damage was determined from C-scans and optical mi-
croscopy of panel cross sections. The cross sections indicated that both delamination and transverse cracking
contribute to internal damage. An in-house nonlinear finite element code was used to predict the panel
deflections and stresses. The analysis produced good results in predicting the [0/90]3; panel deflection, and
indicated transverse failure stresses were present in the panel center region. The deflections indicated that the
panel boundary was between simply supported and clamped conditions, with good agreement obtained for

hinged support at each edge.

Introduction

HE use of composite materials in aerospace applications,

where high strength-to-weight and stiffness-to-weight ra-
tios are essential, requires the understanding of the laminate
behavior not only under in-plane loading, but also its response
to forces normal to the laminate, including impact loading.

Characterization of the laminate response under impact
loading is particularly important because of the susceptibility
of the composite to low-velocity impact damage from tools
and other objects dropped during manufacture or repair. Sev-
eral types of damage can result from impact including delam-
inations, transverse cracks within the layers, surface damage
or indentation, and layer tensile failure.

The purpose of this research was to compare impact damage
in cylindrical graphite/epoxy panels to a dynamic analysis of
the impact. Using the force-time response measured during the
experiment as the applied loading, the experiments were an-
layzed with a finite element model based on shell elements
incorporating transverse shear deformation. Deflection and
strain output were then compared to the experimental results.
Post-test inspection to quantify the extent and type of damage
used both C-scans and optical microscopy of the panel cross
sections.

Experimentation
Materials

The specimens used in this series of tests were curved cylin-
drical panels made of AS4/3501-6 graphite/epoxy. The panels
have surface dimensions of 8 X 8 in. with a radius of curvature
of 12 in. Six stacking sequences were investigated: [0/90]s,,
[90/0]35, [ = 4513, [0/901¢s, [90/0)ss, and [ + 45].
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Instrumentation

The specimens were held in place between an aluminum
support block and a curved steel plate and secured by 12 bolts
surrounding the panel edges. The cutout area in the plate and
support block measures 5 X 5 in. (see Fig. 1).

The panels were impacted normal to the surface in the panel
center by a 6.84-1b drop weight impact machine. A load cell is
attached to the drop weight to measure the load applied by the
impactor during the time it is in contact with the panel. The
impact velocity is determined from the time required for a
metal strip to pass a photodetector beam placed above the
panel surface.

In addition, a direct measurement of the panel deflection at
its center was obtained using the MTI-1000 Fotonic Sensor.
This instrument is a displacement sensor equipped with both
emitting and collecting optical fibers. This instrument is
placed under the panel and aimed at the target center at a
point directly opposite the impact location. The emitting
fibers send out a beam of light that is focused on a small area
of the target. The light is reflected from a piece of reflective
tape affixed to the back of the target beneath the impact point
and collected by the collecting optics. Based on the distance of
the target from the collecting optics, the amount of light
collected increases as the target gets closer to the optic probe,
as long as the probe is not near the focal length from the
target. The light level seen by the collecting fibers is converted
by the MTI-1000 to a dc voltage signal, which is collected by
a high-speed data acquisition system.

A stacked rosette of strain gauges was attached to the panel
underside at a point 0.5 in. along the circumferential direction
from the panel center, measuring the 0- (longitudinal), 90-
(circumferential), and 45-deg strains.

The IEEE-488 bus to which the strain gauges and displace-
ment transducer signals were sent has a frequency response up
to 1 MHz. For these experiments, data were collected at 100
kHz. The MTI-1000 has a low-pass filter response with rolloff
occurring above 100 KHz. The response of the strain gauges
has been shown to be adequate to measure dynamic events of
duration of a few microseconds.! The load cell response is
limited by the data acquisition equipment to which it is con-
nected, set to collect measurements at 40 kHz.

Experimental Results

The experiments produced measurements of a number of
parameters, including load, deflection, strain, and impact
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MTI-1000 Fotonic Sensor

Fig. 1 Test setup.

energy. Figure 2 shows an example plot of load and energy as
functions of time. The load shows a large oscillatory behavior
beginning as the load reaches a level of about 290 1b; however,
the fluctuations subside as the load is removed. In this in-
stance, damage was produced in the panel as confirmed by
C-scans and cross sectioning of the panel. By comparison,
panels impacted at lower drop heights (and proportionately
lower impact energies) did not produce this oscillatory behav-
ior and showed no damage under C-scan,
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The time period over which the load is applied has been
observed to be constant for any given laminate stacking se-
quence and thickness. The loading times were 10.4, 9.9, and
11.3 ms for [0/90]s5, [90/0])ss, and [45];,, respectively, and
4.6, 4.5, and 4.5 ms for [0/90]¢s, [90/0)¢s, and [+45],, re-
spectively. Consequently, the loading function has been ideal-
ized as a sinusoidal force with amplitude directly proportional
with the impact velocity. This correlates well with the mea-
sured loading function.

The displacement probe and strain gauge responses are
shown in Figs. 3 and 4 for two [0/90]s, panels; the first shows
the response at low impact energy (no damage produced in the
panel) and the second shows the response at a high enough
impact energy to cause damage. At the time damage occurs to
the panel, the 90-deg (circumferential) strain shows a marked
increase, whereas the other two strain measurements show
only a small change.

The displacement probe signal rapidly drops at the time of
material failure. The cause of this is distortion of the reflective
tape applied to the panel. However, the displacement up to
this time is measured accurately by the instrument.

The displacements at which damage occur are approx-
imately 0.13 in. for the [0/90]s;; and [=+45];, panels, 0.10 in.
for the [90/0];5 panel, and 0.07-0.10 in. for the 24-ply lami-
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nates. The deflection at which damage initiates in the [0/90];,
and [ +45];, panels is over twice the panel thickness, accentu-
ating the need for a nonlinear analysis.

The panels that sustained damage (as identified by a C-scan)
were cross sectioned along the longitudinal axis using a water-
cooled diamond saw. The central region was removed from
the panel and potted in epoxy. The samples were polished and
photographed with an optical microscope.

A photograph of the [0/90];; specimen cross section is
shown in Fig. 5. The panel shows two modes of damage:
delamination between the individual layers and transverse
cracking within the circumferential (90-deg) layers. The de-
lamination occurs at 90/0 interfaces near the panel center.

Analysis
Approaches to the solution of nonlinear geometric prob-
lems incorporating transverse shear deformation without the
use of shear correction factors have been investigated by
Reddy? and Dennis and Palazotto.? The static solution derived
by Dennis and Palazotto has been incorporated into a dy-
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Fig. 4 Strain and deflection for [0/90]3; panel, impact energy =2.3
ft-1b.

Fig. 5 View of [0/90]3s cross section beneath impact point: 50 x
magnification.
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namic analysis by Tsai and Palazotto.* This method has been
used in the analysis of the experimental data.

The Dennis-Palazotto approach assumes a parabolic trans-
verse shear-strain distribution through the thickness, satisfy-
ing the requirement that the transverse shear strains be zero at
the upper and lower surfaces. The lamina is assumed to be
transversely isotropic relative to the 2-3 plane. By neglecting
the normal stress o,, but retaining the 7,, and 7,, terms, the
stress-strain relation reduces to

gy Qu Qi O 0 0 €1
) Qr On 0 0 O €
T3b=1] 0 0 Qu O 0 €4 6}
T13 0 0 0 Oss O €s
T2 0 0 0 0 Qe €

where g, 0,, and og are the in-plane longitudinal, tangential,
and shear stresses, respectively; o4 = 753 and g5 = 73 the trans-
verse shear stresses; ¢; and ¢, the in-plane strains in the fiber
direction and tangential to the fiber direction, respectively;
€4 = v and €5 = 73 the engineering transverse shear strains
(v23 = 2¢,3); and € = vy the in-plane engineering shear strain.
The coefficients of the matrix [Q] are as follows:

Ou=E/(1 —vpry)

O = v E/(1 — vpv2))

On = Ey/(1 — viava))
Qu=0Gn, Os=0y,

where E;, E,, and »;, are the longitudinal and tangential
moduli and the in-plane Poisson’s ratio, respectively; »;;, =
v2E,/Ey; and Gy,, G3, and Gas are the shear moduli in the 1-2,
1-3, and 2-3 planes, respectively.

The strain-displacement relationships used in the analysis
are the Donnell cylindrical shell relations at the midplane. The
expressions derived by Dennis and Palazotto based on the
Donnell approximations are as follows:
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Fig. 6 36-DOF shell element.
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3 d
dxds  ds ox ox 0s

I J
€t = <a—'; + ¢s> + 3r2k<3—”: + xps)
Exy = <(;_: + ‘//x> + 3{”‘(%?5 + \[’x>

where u, v, and w are the displacements in the x, s, and ¢
cylindrical coordinate system, respectively; v, and ¥, the com-
ponents of rotation not due to transverse shear deformation;
{ the distance from the midplane measured positive toward the
center of curvature; R the radius of curvature; and k = —4/
3h? a thickness parameter.

The finite element formulation is based on the 36-DOF shell
element shown in Fig. 6, allowing both rigid-body and shear
components of rotation at the corner nodes. The solution
algorithm developed by Dennis and Palazotto® is applied by
Tsai and Palazotto* to dynamic problems by the use of Hamil-
ton’s principle, such that

6j E-T-W,)dt=0 )

5}

where E contains the strain energy, energy loss due to damp-
ing, and the body force energy term, T is the kinetic energy,
and W, is the work from external forces. In our analysis,
damping and body forces have been neglected.
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The finite element formulation obtained from the equations
follows the form

M]{u} + [Cl{u] + [K]{u] = (P()} ®

However, the global stiffness matrices incorporate terms up to
quadratic in displacement. The stiffness matrix [K] is given by

[K1=[Ko+ N\/2 + N/3] ©)

where K|, is an array of constant coefficients, N, an array of
coefficients that are linear in displacement, N, an array of
coefficients that are quadratic in displacement, P(¢) a column
of loads at the nodes, and {u} a column of nodal displace-
ments (and rotations).

Force-displacement equilibrium is iteratively solved by the
Newton-Raphson method. Newmark integration was used as
the time-marching method of integration in all analyses.

Numerical Results

Analysis of several tests were performed to compare the
strains and displacements to experimental results.

For the [0/90];; panels (12 ply), only one quadrant of the
test area needed to be modeled since the twisting coefficients
As, Azs, Dis, and Dyg are zero for laminates containing only
plies with fibers aligned in the 0- and 90-deg directions. An
8 x 8 grid (0.3125-in. element size) was sufficiently refined for
analysis of these tests.

For the [ & 45]s, test, it was necessary to model the full
panel. This is because the bending-twisting coefficients Dg
and D,4 are not zero, and so the deflection pattern in the panel
will not be symmetric in the four quadrants. The element size
was kept constant and the total number of elements was
quadrupled to 256.

The time step size used was 0.05 ms in all analyses. Other
parameters included in the analysis were the following: mass
density = 1.5088 x 10~* slug/in.3; ply thickness = 0.005 in.;
E, =20.46 x 10% Ibf/in.2; E,=1.34x 105 Ibf/in.2; Gy =
0.8638 x 10° 1bf/in.2; Gj3 = 0.8638 X 10¢ 1bf/in.2; Gp=
0.4319 x 10° Ibf/in.?; and »;, = 0.3131.

The load was applied as a point force at the panel center.
Material outside the S5- X 5-in. opening was neglected. The
boundary conditions (BC) are defined as follows:

Clamped:

along x =0 in., symmetry BC: u =w, =¢, =0

along s =0 in., symmetry BC: v =w =y, =0
along x = + 2.5 in.,

| geometric BC: u =v=w=w;=y; =y, =0
along s = + 2.5 in.,

geometric BC: u =v=w=y;=w, =y, =0

Hinged:
along x =0 in., symmetry BC:u =w, =y, =0
along s =0 in., symmetry BC: v =w,; =y, =0

along x = + 2.5 in.,

geometric BC: u =v=w=w;=y,=0
along s = + 2.5 in.,
geometric BC: u =v=w=w,=y,=0

where subscripts ,x and ,s denote derivatives with respect to x
and s, respectively.



PALAZOTTO, PERRY, AND SANDHU:

_.030
b4

2025
£ 020
§ 015
= 010
8 0.05
N 0.00

1 1 1 1 1 1 1 1 1 J
-25-20-15-1.0-05 0.0 05 1.0 15 2.0 25
Y position (inches)

. 0.30

[7:]

@ 025

0.20
0.15

=010

2 0.05

inch

=

osition

z

o
v Tr1rrr~uari

kil L 1 ) 1 1 1 ) L I J
-25-20-15-1.0-05 0.0 05 1.0 1.5 2.0 25
X position (inches)

Fig. 9 Deformed geometry of [0/90]3; panel at time of failure.
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Fig. 10 Comparison of experimental and analytical strains at the
time of damage.

Three of the [0/90]; tests were selected for analysis. The
tests were those in which the impactor was dropped 1, 2, and
3.5 in. The corresponding impact energies are 0.55, 1.14, and
1.89 ft-1b, respectively. Damage was produced on the 1.89-ft-
Ib test, and so this is a good case for comparison. The maxi-
mum displacements at the panel center are shown in Table 1
for both clamped and hinged analytical solutions and the ex-
perimental measurement from the MTI-1000 Fotonic Sensor.

The results are graphically shown in Fig. 7. At the time that
the third panel was damaged, the center deflection was almost
exactly half the height from the panel top to its edge. The
hinged boundary conditions provide a good comparison with
the experimental data. Thus, the hold-down plate may be
keeping the panel from pulling out from under it, but the
clamping action fails to restrict rotation.

In Fig. 8, the radial displacement contours are shown for
the [0/90];, panel test section at the time of failure, obtained
from the analysis. Lines of zero radial displacement are seen
to occur at approximately one-fourth of the test section width.
Within this area the deflection is inward (positive w), whereas
outside the region the displacement is negative in the radial
direction. This is more easily visualized in Fig. 9, where the
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deformed geometry at the time of damage is shown after
conversion to Cartesian coordinates.

Comparison of the experimental and analytical strains
yields some interesting results. In Fig. 10, the axial and hoop
(or longitudinal and circumferential) strains are shown at the
time of damage (before the jump in hoop strain) for both
the analysis (hinged) and experiment. The analytical results,
shown as + symbols, were fit to a third-order polynomial
(solid lines). The axial strain in the experiment at the time of
damage compares very well with the analysis; however, the
hoop strain at the gauge location is significantly different than
that predicted by the analysis. The corresponding stresses
provide a potential explanation for this phenomena.

The peak tensile stress in the panel occurs on the bottom
layer directly beneath the impact point. The maximum tensile
stress calculated in the test producing damage is 189 ksi. This
is still less than the material ultimate strength, and so no fiber
breakage is expected. The experiments showed no surface
damage at all on either the bottom or top surface. However,
the circumferential (or hoop) stress in the 0-deg layer is ap-
proximately 19 ksi at the panel center. This is over twice the
material transverse strength, and so transverse failure of the
layer is expected. This would be similar to the damage ob-
served in the 90-deg layers from the cross-sectioned specimens.
Had the analysis been able to relax the transverse stiffnesses of
the elements exceeding the ultimate transverse stress, the sur-
rounding materials would have higher tensile strains and a
larger region of the panel underside would have been in ten-
sion. The hoop stress drops off rapidly, so that the region over
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Fig. 11 Radial displacement contours for [ & 45]3; panel at maximum
load.

Table 1 Center deflections of [0/90]3; panel under impact loading

Impact energy, ft-lb Max load, 1b Peak deflections, in.
0.55 152 0.064 Experimental
0.0645 Analysis hinged
0.0552 Analysis clamped
1.14 216 0.093 Experimental
0.0954 Analysis hinged
0.0836 Analysis clamped
1.89 2622 0.131 Experimental

0.1217 Analysis hinged
0.1090 Analysis clamped

2Peak load would have been 280 1b if the panel had not been damaged. Deflec-
tions reported at time of damage.

Table 2 Center deflection for the [ +45)3; panel

Impact energy, ft-1b Max load, b
1.91 265

Peak deflection, in.

0.134 Experimental
0.109 Analysis clamped
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which damage occurs is predicted to be less than 0.5 in. in
diameter. Cross sections and C-scans of the specimen showed
that damage occurred on this test over a 0.6-in. diameter.

One [+45];, panel was analyzed as well. For the +45-ply
lay up, it is necessary to model the entire panel, since the
deflection is not symmetric in the four quadrants. A 16x 16
element model was used, with clamped boundary conditions
applied on all four edges and the load applied as a point force
at the panel center. Results of the analysis are shown in Table
2 for the peak deflection.

A contour map of radial contours is shown in Fig. 11 for
this test for the load at the time of damage. It is expected that
the hinged boundary conditions would prove more accurate in
predicting the peak deflection. Additional analyses should be
performed to determine the accuracy of the analysis for other
conditions.

Conclusions

Impact damage in graphite/epoxy panels occurs initially
from transverse cracking and delaminations. Only at much
higher impact energies is it necessary to consider surface dam-
age and fiber failure. The impact energies necessary to pro-
duce damage in 12-ply panels can be less than 2 ft-lb. For
24-ply panels, damage occurs in the range of 4-5 ft-lb.

Damage can be characterized by C-scan and optical mi-
croscopy of panel cross sections. The C-scans indicate the
general shape of the damage, whereas the cross sections iden-
tify the layers (or interfaces) in which the damage is present.
Damage in the form of transverse cracks is prevalent in all ply
lay ups studied. Delaminations occur at interfaces where the
directional stiffness changes (by a change in ply angle).

The deflections of the panel were measured using a noncon-
tacting optical sensor. The deflections that correlate with the
impact energies necessary to cause damage are approximately
1.5-2 times the thickness of the panel for the 12-ply and 0.8
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times the thickness for the 24-ply panels. Strain was also
measured on the panel underside using strain gauge rosettes.

A dynamic finite element model incorporating nonlinear
geometry and transverse shear deformation predicted the peak
deflections of the panel accurately by treating the boundary
conditions as hinged. Although clamped boundary conditions
were not obtained, the panel edges were restrained from in-
plane motion.

The longitudinal strain was predicted accurately by the
model; however, the circumferntial (or hoop) strain was un-
derpredicted by a large amount. It is expected that the cause of
this discrepancy is reduced transverse stiffness subsequent to
the material failure in the transverse layers.
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