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ABSTRACT

This work presents the study of Low Velocity Transverse Impact damage of
graphite-epoxy T300/5208 composite material. An energy dissipation model

was developed to predict the residual strength from fracture mechanics con-
cepts. The specimens, 100 mm diameter clamped plates, were impact damaged

by a cantilever-type instrumented 1-inch diameter steel ball. This study was
Timited to impact velocity 6 m/sec. Rectangular strips, 50 mm x 125 mm, were
cut from the impact-damaged specimens so that the impact damage zone was in
the center of the strips. These strips were tested to obtain their residual
strength. Predictions were compared with the test results.

INTRODUCTION

The resistance of the structure to the impact of projectiles is an important
parameter in consideration of the vulnerability of military aircraft. The
impacts from hails and bird strikes in the air, runway debris, and even gro-
und service equipment can reduce the strength of the structure. In graphite-
epoxy structures, though the surface damage may not be visible, the internal
damage in the laminate is quite substantial. A typical evidence of such
damage is shown in Fig. 1 [1]. In situatins of low velocity transverse imp-
acts, the matrix cracking and fiber-matrix debonding are the first sign of
the internal damage in composite laminates [2]. Because of the difficulty in
determining the fiber breakage energy nondestructively, an energy balance
model was developed to first calculate the energy absorbed by delaminations,
I4. Tests have indicated that the flexural stiffness decresed with increase
in load. If it is assumed that the drop in the stiffness of the plate is
primarily due to delaminations followed by fiber-breakage, it is possible to
calculate the delamination energy. The fiber-breakage energy If responsible
for reducing the strength of the structure will be the difference between
the net absorbed energy Iz and the delamination energy I4. Using the fiber
fracture strain energy release rate Gyc, the ammount of fiber damage in ter-
ms of equivalent s1it was then determined. Using the Linear Elastic Fracture
Mechanics, the residual strength of impact damaged specimen were then predi-
cted from the equivalent slit-damaged plate.
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It is often possible to depict the assumed process of d i
1oad—def1ect1qn curve of composite materia]g. Fig. 2 sh§52n21Tgagrggf$ggti
curve for a single f1per in a brittle matrix subjected to an applied ]oadOn
égbte§1on. The load rises linearly to a maximum at A. During the process of
Whegnp;?$052etgﬁzg ;?;lz s*ﬁien]y tofatﬁoinﬁ B and then decreses gradually

hen : area o e shaded region 0 i
dissipated due to debonding [3]. When a number of f?bers ?Eeg};32152§ eSﬁE?{
pullout commences, thg load-deflection curve shows a saw-tooth form és
shown by curve C 1in Fig. 2. If the shaded region OAB represents the’de1amin—

ation energy due to a small load increment AP, the total delamination energy

will be
n

Id ='Z ) area OAiBj (1)
. 1= i
where n is the number of load increments to reach the maximum load.

Load-deflection characteristics: Transverse loading of i i

give structura! and membrane effects, hertzian cogtactcg$?g§;§e ;gg172§:?
ihear deformation effects. These effects, mathematically, can bé written in
erms of flexural, indentation and shear stiffnesses. Since these are actin
§1mu!taneous1y, they can be simulated by three springs in series, as shown i
in Fig. 3. The equivalent stiffness K is given by ;

K= [ 1/Ki + 1/Ke + 1/Kg 17 (2)
where Kj, K¢, Kg are respectively the indentation, flexural and shear stif-

fnesses. Fo
s r large deflections of plates, the energy and force relations

I

2Eh5/aD2 [(s/h)2 + .58 (6/h)4] (3)

P = 4EN%/aD2 [ 6/h  + g(s/h)3] | e

0]

where E, h, D are respectively the elastic mod i i
s : ulus, thickness and di
oT thg p]ate,'a 15 a geometry constant and g8 is a membrane parameter?msgﬁr
S];s%;;iggggz1gr of Ehs E;aie, g equals .443 [6]. Impact test results of 8-
i uggeste a can be e i ici
dgat et pe = [?] xpressed in terms of the coefficient

= .443 e2
8 3e (5)

where e is the coefficient of restitution of th i i
t f e target. The idealized
@heory of f1bgr—re1nf9rcrd gompogite laminates assumes that the fibers gcgar

z-direction [8]. Assuming that shear deformati i i
r ; N : ons are elastic-plastic duri
loading and elastic dur1ng unloading, the coefficient of restigutioncwagr1ng
computed by the following relationship [9]:
e = Si/(pVCt) In(1 + MoCV/M'S5) (6)

Considering the impact Tike a single i i i
it e D by [10]: g mode vibration event, the impact force c

P=V (MK )=z (7)

For a particular impact velocity, the equivalent impact force and deflection

2935

were computed by iteratively processing the equations (2) to (7). The compu-
ted variation of load and deflection for an impact velocity of 6 m/sec is
shown in Fig. 4. Since, for the sake of convenience, the plate vibrations
were not considered, this computed curve corresponds to load-deflection cur-
ve for static loading situations. The curve A represents the elastic behavi-
or of the laminate (B8=.443) as if there was no debonding. The curve B shows
load-deflection for a progressively delaminating plate. The curve C represe-
nts the elastic behavior with membrane parameter correspondind to the maxim-
um load. The curve D was derived by unloading the plate from the force Ppax
assuming that the delaminated plate behaves elastically during unloading.
The area bounded by the curves B and C shows the energy absorbed by delamin-
ations.

The dynamic load-deflection curve of the plate can be computed by considering
the first mode of vibrations of the flexural plate. Fig. 5 gives an example
of such a prediction and is compared with the test data obtained from the
output of the accelerometer at an impact velocity of 3.15 m/sec. The compar-
ison looks reasonably well, in view of considering only the first mode of
vibrations of the plate.

Fiber-Breakage Energy: In Fig. 4, the area bounded by the curves B and D is
the net energy absorbed by the plate, I3. Thus the fiber breakage energy If
will be the area bounded between the curves C and D, such that

If = I3 - Ig )

The net energy absorbed by the plate can also be computed with the help of
the coefficient of restitution e, such that

Ip=1(1-e2) {5)

Fig. 6 shows the computation of the energy distribution of Iy, If and Ig
with respect to the impact velocity. It is to be emphasized that the energy
losses due to indentation and air drag were neglected.

Design of equivalent s1it damage: The classical Griffith-Irwin's fracture
criterion [11], for fracture of orthotropic materials [12] assumes that the
energy Gyc required to create unit area of fracture surface is

G1c = K12/ E (10)
where E is the effective modulus of the laminate and Ki. is the fracture
toughness which is given by

KIC = O'R 1\'(L+L0) (]1)

where 9g is the residual strength of the plate having a central slit of len-
gth 2L and Lg is the inherent flaw size of the composite material. For a un-
slitted specimen, the fracture toughness is given by

Kie = 96 VLo (12)
where og is the tensile strength of an un-slitted specimen. Equating the

equations (11) and (12), the residual strength of the slitted specimen is
given by

op = Uo'\/Lo/(L + Lg) (13)
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The equivalent s1it Tength for an impact damaged specimen can be obtained
from strain release rate and fiber-breakage energy:

L =T1¢ s { 2hGge-) (14)

Substitution of the slit length from the equation (14) gives the residual
Strength of the impact damaged specimen. Reviewing the strain release and
fracture_toughness relations indicate that the critical strain energy relea-
se rate is proportional to the product of inherent flaw size and the work per
unit volume necessary to breake the specimen, Wpo»> and is given by

Who

i

ot /2 (15)

where Eois.the failure strain. The stress %, in case of brittle materials
like graphite/epoxy composite materials, can be written by oo= E e,. Thus,

W = 1/2 e.2/E (16)

In order to in increase the strain energy release rate or the work per unit
vo]ume.for breakage of the specimen or the impact damage resistance, the
?om$051tes should be developed so they can carry more strain before they"
ail.

Test-Results and Discussions: The impact-damaged specimen were first screen-
ed by ujtrasonic C-scan to detect the damage zone, and then tested in tension
to obtain their residual tensile strength. The fracture toughness was obtai-
ned from the slitted fracutre-mechanics specimens.

Impgct specimens: Impact specimens were made from T300/5208 graphite-epoxy
]am1pate ﬁav1ng the layup [45/0/—45/90]5. The specimens were circular, 100
mn d1ameter, with clamped boundsry. The tensile strength and elastic modulus
of the laminate, loaded along 0° fiber direction, were respectively 555 MPa
§nd 54 GPa. A1l the specimens were C-scanned before they were impacted to
insure Fhat they were free from defects like air-filled debonds and porosity.
C—sc§nn1ng was done at 6-dB attenuation level. Impact testing was done on a
gant1]ever7type instrumented impactor, shown in Fig. 7. The steel ball with
its effective mass .108 kg was used to simulate the damage by tool drops. The
Efceleroweter_f1xed on the top of the steel ball had the capacity to measure
Lne accelerations upto T 20,000 g. The cantilever had the flexural stiffness
qf 50.1 N/m. With a maximum strech of the cantilever by about 350 mm, the
impact energy and the impact velocity were, respectively, 3.3 joules and 7.8
m/sec. The variation of impact velocity with drop height was calibrated by

equatipg the potential energy to the kinetic energy of the impactor and is
shown in Fig. 7.

Rebound velocity of the impactor in impact tests was obtained by integration
gf.the acceleration-time characteristics during the impact event. The coeff-
1c1ent of restitution is the ratio of rebound to impact velocities. After
impact, eagh impact impact-damaged specimen was ultrasonically C-scanned
wh1chtprov1ded the boundary of the impact-damage zone around the point of
impact.

Residual strength tests: With the help of C-scan view of the impact damage

zone, 50 mm x 125 mm strips were cut from the impact damaged specimens in

sggh a way that (i) the length of the strip along 0° fiber orientation, and
(ii) the impact damage zone was in the center of the strip. Maximum size of
the damage zone was found about 32 mm x 25 mm at impact velocity 5.3 m/sec.
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These strips were tested in tension and the load at fracture gave the resid-
ual strength of the impact-damaged specimens.

Fracture mechanics tests of mechanically slitted specimens were conducted to
obtain the inherent flaw-size and the fracture toughness of the laminate[13].
They were, respectively, equal to 2.634 mm and 49.85 MPa~m. The ultimate
strength of unslitted fracture mechanics specimen was found to be 555 MPa.

Prediction of Residual Strength of Impact-Damaged Specimens:

For a particular known parameter, the equation (9) was used to compute the
net kinetic energy absorbed by the target. Experimental values of Iz were
obtained by computing the area of load-deflection curve derived from the out-
put of the accelerometer. The predicted and test results of Iz are shown in
Fig. 6; the comparison is within 15 percent limits.

Fiber-breakage energy If of the impact damaged specimen were obtained from
equation (8), wherein the energy absorbed by delaminations was computed by
equation (1). The equivalent slit length of the impact-damaged specimen was
calculated by using equation (14) and hence the residual strength from equ-
ation (13). Fig. 8 shows the predicted variation of the residual strength
with impact energy. The trend in reduction in residual strength was found
well in agreement with the predictions for circular specimens in this study.
and for rectangular specimens [1].

Conclusijons: Impact damage of composite laminates by Jow velocity transverse
impacts consists primarily of delaminations and fiber-breakage. A model was
suggested to predict the energy dissipation during impact. Large deflection
of such laminates, during impact loading, was characterized by a membrane
parameter which was assumed to be a function of the coefficient of restitut-
ion of the impactor. Load-deflection characteristic for an impact loading has
been described by an equivalent spring stiffness model which compares well
with the test results.

During the ioading part of the impact event, the drop in stiffness was assum-
ed to hea conseauence of debonding and a function of the coefficient of res-
titution. Using these concepts, it is possible to evaluate the energy ab-
sorbed by delaminations. If the plate behaves elastically during unloading
part of the impact event, it is possible to determine the net energy absorb-
ed by the laminate, and hence the fiber-breakage energy. Using the energy
absorbed by fiber-breakage, the residual strength of an impact damaged lam-
inate was predicted from linear elastic fracture mechanics concepts.

The comparison between the predicted dynamic load-deflection characteristic,
net energy absorbed by the target and the residual strength with their res-
pective test-data are encouraging and supports the various assumptions used
in the analysis. The analysis suggests that in order to have better impact-
damage resistance, the composite materials should be developed so they can
carry more strain before they fail.
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Figure 1. — A ical view of impact damage zone obtained
%;rultrasonict%gscanning. Impact energy, I = 1.475 joules.
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LOAD < PULLOUT

0 CENTRAL DEFLECTION

Figure 2. — Load-deflection curve during debonding process.
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