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HOPKINSON BAR PERFORATION OF LAMINATED 
GRAPHITE/EPOXY COMPOSITE 

SylvanusN. Nwosu 

1. INTRODUCTION 

The proposed work deals with Hopkinson bar experiments on laminated plates where the 

kinetic energy is sufficiently large to perforate the plate. The qualifier "Hopkinson", originated 

from pioneering impact tests on materials performed by a British physicist, B. Hopkinson (1914). 

By impacting a long cylindrical bar on one end with a projectile, a compressive stress wave pulse 

was generated at the impacted end. The incident wave propagated along the bar and was 

reflected at the opposite free end as a tensile stress wave. In conventional applications due to the 

extended work of Kolsky (1949,1953), two bars are commonly used. Referred to as a split 

Hopkinson bar, the sample to be tested is sandwiched between the incident and transmitter bars. 

Other researchers (Dutta et al.   1987, 1991) have applied the Hopkinson bar method for high 

strain rate testing of materials at cold temperature. 

The proposed tasks under this contract have two technical objectives: 

1. The design and application of the Hopkinson bar apparatus for perforation 

experiments and quantification of energy expended in the perforation process. 

2. An investigation of the relationship between fracture surface morphology and the 

rate at which failure occurs. 

The purpose of this report is to present completion of the first objective. When a 

projectile velocity approaches the ballistic limit velocity, the majority of energy is dissipated in the 

form of damage generation. Our interest is to understand the wave propagation phenomenon 

which causes plate damage and to characterize the damage mode. Compared to the conventional 

(ballistic) projectile experiment, the Hopkinson bar is ideal for examining the effects of projectile 

(indentor) velocity and the resulting stress wave on the damage of laminated plates near the 

ballistic limit. With the low velocity penetration afforded by a Hopkinson bar, the damage 

process can be better controlled, and it is possible to quantify the damaging stress wave using a 

digital oscilloscope. Materials can be penetrated at a precise location with no projectile deflection 

(in contrast to ballistic experiments). 

Hopkinson bar experiments are designed to investigate strain rate sensitivity and are able 

to incorporate strain rate and stress wave effects in the perforation process. As such, Hopkinson 
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bar experiments differ considerably from static tests that have no strain rate effects, Charpy and 

Izod tests that do not account for stress waves and ballistic tests in which the stress waveform is 

difficult to measure. The Hopkinson bar method is less expensive and more reliable for studies of 

complex anisotropic and heterogenous systems such as composites. The mode of failure for such 

systems is complex and determined by several energy absorbing mechanisms operative during the 

perforation process. Within a certain energy range, it is possible that the damage mechanism is 

dependent on energy absorbed by the sample. Within other energy ranges, the damage 

mechanism may be governed by the striker velocity. 

For the purpose of this investigation, the damage mechanism of a composite specimen, 

due to the penetration of an indentor, is accomplished in three successive stages of indentation, 

partial penetration, and perforation (complete penetration). Indentation is characterized by a 

small crater or indentation localized at the contact point with no visible crack on the exit side. 

The indentor may rebound with no penetration or dent sustained by the plate. The partial 

penetration stage involves entrance of the indentor into the plate and is characterized by 

formation of a deeper crater on the entrance side and with visible cracks and bulging on the exit 

side (Zhu et al. 1992). The penetration process increases the number of damaged fibers which 

results in a decreased resistance of the plate to damage. Perforation on the other hand is a 

complete penetration of the indentor through the plate characterized by punch-through and plug 

formation (where visible light can be seen through the plug hole). Embedment of the indentor 

increases and causes a further decrease in the plate resistance. Initiation of the punch-through and 

plug formation stage of perforation is when the tip of the indentor emerges from the plate. In 

terms of failure or fracture of the composite, such perforation is characterized by further global 

growth of the bulge, matrix cracking, fiber failure, plug push out, and delamination. Thus, 

depending on the impact conditions (impact energy, indentor geometry, or impact load), the 

indentor may rebound from the plate (resulting in no penetration), penetrate the laminate, or 

perforate it with plug formation. Since indentation and perforation are special cases of the 

penetration process, we will generalize the process as penetration with specific reference to 

perforation. 
The penetrating process should be differentiated from conventional impact (short time 

duration loading). In contrast to actual impact between the striker and the incident bar, the SHPB 

penetrating head (the indentor) is already in contact with laminate before the test. The indentor 



penetrates through the laminate by the impact between the striker and the bar. No impact occurs 

between the indentor and the laminate. Damage occurs by energy transfer during the penetration 

or perforation process. 

The ultimate aim of the project is to achieve a perforation close to ballistic limit velocity 

(the threshold velocity necessary to just achieve a perforation). To accomplish this, the split 

Hopkinson bar system is modified by attaching a conical hemispherical-nosed indentor to the 

incident bar, while a fixture holding the laminated circular plate to be tested is attached to the 

transmitter bar. Since the objective is to test for the response of the laminates to impulsive 

loading during the penetration process, it is necessary that the indentor or incident bar emerge 

undamaged as a result of its encounter with the test materials. 

A high stress level is generated along the bar from a longitudinal impact between a striker 

and the bar. The duration of the impact lasts for a few hundred microseconds (round-trip time of 

elastic longitudinal wave in the striker bar), and it takes a small time for the stress wave to enter 

and propagate through the test laminate at the opposite end of the incident bar. The impact 

results in development of a high compressive stress along the bar and a reflecting compressive 

wave (tensile stress) along the bar-laminate interface. Failure can be initiated if the combination 

of incident stress intensity and duration exceeds a critical value for the laminate [Zukas et 

al. 1992]. The test specimen (and holding fixture) is sandwiched between the incident bar (with a 

hemispherically nosed indentor attached at the free end) and the transmitter bar. The mechanical 

behavior of the specimen determines the shape of reflected and transmitted pulses. Thus, the 

specimen properties' (in general) can be characterized in terms of density and stress reflectance of 

the wave forms measured from the strain gages [Nwosu et al. 1994]. 

Kinetic energy delivered to the incident bar provides the driving force necessary for 

indentor penetration, which is achieved due to the bar's high mass and low velocity as compared 

to ballistic impacts. 



2.    TEST APPARATUS AND INSTRUMENTATION 

The experimental set-up for the perforation system consists of (1) a stress generating 

system comprised of the striker driven by compressed air and the split Hopkinson bar, (2) a test 

plate perforation fixture that consists of the specimen holder and the indentor, (3) a stress 

measuring system made up of sensors, (typically resistance strain gages and PVDF sensors), and 

(4) a data acquisition and analysis system. Each component of the system is described below. 

2.1 Stress Generating System 

Figure 1 is the design layout of the split Hopkinson pressure bar (SHPB) photographed in 

Figure 2. The SHPB apparatus is comprised of incident and transmitter bars made of cylindrical 

maraging steel rod (300 maraging AMS 6414 steel) of 0.0254 m (1-in) diameter and 3.66 m (12 

ft) length, and a striker bar having an identical diameter and 0.305 m (1 ft ). The striker is housed 

inside a 0.610 m (2 ft) launch cylinder (see Figure 3). The striker is a piston, driven by 

compressed air of up to 1.72 MPa (250 psi). The compressed air reservoir is of high volume so 

that the desired pressure is maintained at constant air volume. A full-function automatic motor 

activates the compressor to recharge the reservoir whenever the pressure drops below 230 psi. 

To begin each test, the desired pressure is set by a gauge between the launch cylinder and 

the air reservoir. A switch in the control room activates a quick-acting solenoid to open and 

allow the compressed air to accelerate the striker down the launch cylinder to impact the incident 

bar. Thus, the driving force of the striker is the potential energy of the gas converted to the 

kinetic energy of the striker. The impact end of the striker is spherically rounded with a 0.0508 m 

(2 inch) radius for a repeatable point of contact with the incident bar and on a plane centrally 

normal to the longitudinal direction of the wave propagation. Proper axial alignment between the 

striker and incident bars is maintained to minimize the generation of flexure. Uniaxial wave forms 

generated in the bar also determine the rate at which energy is transferred from the bar to 

laminated plate. The shape of the wave form is controlled by the geometrical shape of the striker 

and the impact velocity.   The stress wave amplitude varies with impact velocity, while the stress 

profile changes with striker geometry [Dutta 1968]. 

As shown in Figures 1 and 2, the incident and transmitter bars are each guided through 

four pillow blocks with low friction ball bearings allowing only ±1° misalignment. The ball 



bushings support the bar shaft without restraining it. The bars run longitudinally through the low 

friction ball bushing supports mounted on a 127 mm (5-inch) steel channel. The support can be 

adjusted laterally and vertically for proper alignment. To assist alignment and system stability, the 

channel and bars are mounted on a long rigid 0.165 m x 0.203 m (6.5" x 8") I-beam mounted on a 

0.610 m x 0.610 m x 9.75 m (2' x 2' x 32') structural stand designed for maximum rigidity. The 

entire system is installed on the third floor of Stern Hall at Dillard University. To minimize 

vibration, the structural stand (Figure 2) is anchored on steel beams running through a 102 mm (4 

in) steel reinforced concrete deck. A vibration test was performed on the system at the end of 

the installation and to certify rigidity. There was no detectable vibration within the sensitivity and 

trigger level of the sensor used for both the vibration test and the wave form measurements. 

The impact launch cylinder and absorber components are pictured in Figure 3. A 6.35 mm 

(0.25-inch) diameter rod is attached to one end of the striker and protrudes outside the cylinder as 

a means of adjusting the stroke length or striker displacement. Two 19.1 mm (0.75-inch) 

diameter holes in the front side of the striker provide a means of venting the air inside the cylinder 

to the atmosphere and to provide a lower pressure zone in front of the striker. These holes also 

provide the means of venting the driving air at the end of the launch cylinder to prevent multiple 

impacts by the striker. A 7.62 mm (0.3-inch) tolerance between the striker's Teflon bearing and 

inside cylinder was enough to provide close fit, yet minimize air leaks and friction. 

2.2 Test Plate Perforation Fixture 

Figure 4 shows a schematic of the perforation assembly for the Hopkinson bar system. 

The figure shows, the indentor and specimen support that holds the laminated plate. The fixture is 

sandwiched between the incident and transmitter bars as shown in Figure 5. The indentor is 

attached to the end of the incident bar through its inner diameter. The inside of the indentor is 

slightly recessed in to allow for complete contact with the incident bar. The sample holder fixture 

is attached to the transmitter bar with its open end facing the indentor. The space between the 

end of the fixture and the back side of the test plate allows for complete penetration or perforation 

beyond the thickness of the plate and without reaching the end of the fixture. [Note: In 

experiments performed near and beyond the perforation threshold (ballistic limit) the indentor 

punched through and impacted the end of the steel fixture resulting in damage to the indentor. 

The design has been modified and will be presented in future reports]. 



2.3 Stress Measuring System 

The stress measuring system consists of resistance strain gages supplied by Measurement 

Group, Inc. The bridge for the gage is formed by two active diametrically opposing gages bonded 

to the mid-point of each bar. (The two gages are needed in order to cancel any bending that may 

result from bar misalignment.) The gages are connected into a four-arm, full-bridge configuration 

using a three wire technique. The gages' four-arm bridge completion is achieved with two 

350-ohm fixed resistors. The bridge completion circuit is connected to a Micro Measurement 

amplifier which provides bridge balance through its internal bridge completion resistors and a 

bridge excitation of 12 V. A double shunt calibration circuitry was used to determine the total 

system gain and to reduce the sizable effect of lead wire resistance. Without an MTS machine, 

calibration of the system (to measure gage performance) has been indirect and needs some 

improvement. Figure 6 shows the electronic diagram necessary to measure the stress pulse. 

Following the application procedure recommended by Measurement Group, Inc., gages were 

bonded with M-Bond 200 at room temperature. An external trigger circuit uses a 6 volt battery 

to initiate the test by electrical contact between the striker and the incident bar (Figure 3). 

2.4 Data Acquisition System 

The data acquisition system is a Nicolet Pro 42 digital oscilloscope. Incident and reflected 

waves are sampled and recorded in channel 1 and the transmitted wave in channel 2 at a sampling 

rate of 20 million samples per second. The system has 12 bit digital resolution and a storage 

capability of 250v000 samples per channel. The scope is IBM DOS compatible and stores data on 

floppy disks. The recorded waveforms are shown in Figure 7. The analysis is accomplished by a 

Nicolet Spectrum Analyzer, capable of converting the data to Lotus and Excel formats. A 

consistent data manipulation technique was developed to handle data analysis. 
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High-Performance Split Hopkinson Bar System (A) 
and Pillow Ball Bearing Support (B) 

Figure 2. Diüard University high-performance spHt Hopkinson ban 
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Launch Cylinder (A) and Impact Absorber (B) 
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Figure 3. Launch cylinder and impact system 
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Plate Penetration Assembly showing 
Indentor and Graphke/Epoxy Support 

Figure 4. The test plate perforation fixture« 
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Figure 6. Schematic diagram of electronics set-up. 
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3.   THEORY OF OPERATION 

3.1 Basic Concepts 

A mechanical wave in a solid is created by a localized mechanical disturbance that propagates 

from one section to another.   For the present investigation, the disturbance is dynamic and 

characterized by a change in particle velocity and variation in physical quantities such as stress 

and strain that contribute to the time dependent description of the system. The mechanical wave 

of interest is generated by a rapidly varying boundary condition caused by the striker impact on a 

cylindrical solid bar. 

Of primary importance in this study is the characterization of the damage process and its 

dependence on the materials and impact properties. The strength of a material, for example, is 

related to the maximum stress that it can withstand. The stress wave pulse propagates with a 

wave velocity that is characteristic of the medium through which it propagates. During 

propagation, particles that make up the medium undergo displacement from their equilibrium 

positions depending on the nature of the wave. The wave is considered transverse if the particle's 

motion is perpendicular to the direction of propagation. For a longitudinal wave, the particle 

displacement is along a line that is parallel to the direction of wave propagation. Since maximum 

stress is directly proportional to maximum particle velocity, they are important experimentally 

and can be determined from the stress wave data. An axial compression wave in a rod is 

approximately longitudinal when Poissons effect and the associated radial particle velocity are 

negligible. 

Wave characteristics depend on the boundary conditions. When a propagating mechanical 

wave reaches a boundary that is neither free, nor fixed (e.g. the boundary between two dissimilar 

materials, as in this investigation), a portion of the incident wave is reflected due to an impedance 

mis-match between the boundaries. The remainder of the wave will be transmitted. For a free 

boundary surface, a compressive incident wave is reflected as a tension wave, and vise versa. If 

the interaction is at a fixed boundary, a compressive or tension wave is reflected as compression 

or tension wave with no change in shape, phase, or intensity. A detailed review of wave theory is 

presented by others (Zukas et al. 1992 and Graff 1975). Only an outline pertinent to the present 

investigation is included below. 

Important assumptions for mathematical description of material deformation under 
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dynamic impact are as follows [Kolsky 1953, Bickle 1970]: 

1. The composite plate is elastic and its properties remain unchanged by the impact. 

2. The state of the stress over the cross sectional area is one-dimensional and uniaxial. 

3. The wave is non-dispersive 

4. The state of the stress at any instant is homogenous and in equilibrium over the entire 

composite plate. 

5. Transverse strain, lateral inertia, and body forces are all negligible 

Assumption 1 allows one to use the elementary wave theory to describe wave propagation 

within the composite. Neglecting minor local heating of the specimen, the material properties will 

remain unchanged throughout the penetration process. If d and L are the diameter and length of 

the bar, respectively, Poisson's effect is negligible when the Poisson's ratio is small compared to 

unity. (For compression, the Poisson's ratio is the ratio of fractional lateral elongation (Ad/d) to 

fractional axial contraction (AL/L) of the bar). Elementary wave theory that neglects Poisson's 

effects are valid for the description of wave motion in a SHPB if the wavelength (A) of a 

propagating waves is ten times the diameter (d) of the bar (Bickle 1970). In the present 

investigation, the wavelength of the incident pulse is 610 mm compared to 25.4 mm of rod 

diameter. Thus, elementary wave theory is valid. 

A one-dimensional uniaxial state of the stress is necessary. Otherwise, the wave will 

deviate from a planar wave to a non-planar wave having a curved front. The planar condition is 

satisfied by making the bars prismatic and slender. Such a plane wave will remain planar and 

parallel to the cross section as it propagates from one section to the other. If I is the bar length 

traveled by the wave, the condition of one-dimensional planar state of the stress is satisfied if the 

slenderness ratio d/L < 1/50 [ Zukas et al. 1992]. Our test apparatus has a slenderness ratio of 

1/144. Thus, any deviation of the wave motion from a one-dimensional and planar state is 

negligible. The striker generates a long pulse (122 us) which will be discrete and planar for a 365 

us travel time before being interfered by a returning wave. 

A wave is dispersive if it changes shape (or has some components that travel at different 

velocities) without losing energy (in contrast to attenuation where the wave loses energy). Issues 

rated to the effect of dispersion in a SHPB at high strain rate are worthy of verification because 

composite materials undergo elastic deformation under dynamic or non-uniform loading 
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conditions, making it possible for the pulse to change in amplitude and duration after transmitting 

through the specimen. Since the axial stress in the specimen depends linearly on the axial strain 

on the transmitter bar, dispersion could result in underestimating the strength of the materials. 

However, the rate of dispersion is small and negligible when the rise time (the time required for 

the stress to increase from 10% to 90% of its final value) of the stress pulse is two or three times 

greater than the time required for the pulse to traverse the diameter of the rod. The theoretical 

rise time is given as 

T1W90«1.96vM(Zy^«[-|=) (i) 
'El?) 

where L is the wave propagation distance, d is the diameter of the rod, and v is the Poisson's ratio 

[Bickle 1970]. For our experimental set-up, the rise time for the incident wave pulse is 15 us 

compared to 5 us to traverse the diameter of the rod (three times greater). Following a recent 

estimate by Ravichandran and Subhash (1994), the effect of dispersion is minimized if (rA) > 0.1, 

where r is the radius of the bar. Using Rayleigh's approximation and defining the frequency of the 

propagating input wave or its Fourier component in terms of phase velocity, the frequency of the 

input pulse f (rj) can be written as 

ATi)=/0[i-(vioy] (2) 

where/ (rj) is taken as an integral multiple of fundamental frequency of pulse in the bar, 

f0 =C0/r and rj = r/A [Zukas et al. 1992]. For our SHPB setup where r, C0, and v values are 

12.7 mm, 5010 m/s, and 0.3 respectively, and using r\ =0.1, dispersion is minimized if f (r)) is at 

least 0.99^ or if the period or duration of the input pulse is at least 2.6 us (f (rj)= 3.91 x 105 s"1) 

Comparatively, the input pulse duration for our SHPB is 122 us . Rayleigh's approximation also 

shows that within 1% error, the wave can be assumed to propagate with its fundamental 

frequency,/0 (3.95 x 105 s"1). 

The state of the stress wave in the specimen is homogeneous if the wave travel time 

through the specimen is small compared to the duration of the incident wave. Since the wave 

velocity through a graphite/epoxy composite is about 8467 m/s, the transient time (to) required to 
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traverse a 32-ply (for example) is 4.3 us, which is short compared to 122 us for duration of the 

incident wave. The stress will be homogeneous within the specimen when the time to equilibrate 

(r) is at0, where a is the number of multiple reflections within the specimen [Ravichandran and 

Subhash (1994)]. With the short transverse time of 4.3 us, several multiple reflections are 

possible such that the state of a wave within the specimen will be homogenous as shown in the 

Lagrangian diagram in Appendix E. The effects of non-uniform stress and non-equilibrium within 

the short specimen used in this study are also minimized by using longer bars (longer 

wavelengths). Assumption 5 is satisfied since the impact is normal to the longitudinal direction 

and an axial compression is generated in the bar. Lateral expansion is negligible since the 

condition on rise time is satisfied. 

3.2 Mathematical Formulation 

For a typical experiment, the striker of length SL is pulled back in the cylinder to a stroke 

length of Ss. A set pressure (p) is applied at one end of the striker. The impact stress or release 

of the striker is controlled by a solenoid valve such that when the valve is opened, stored 

potential energy of the compressed air accelerates the striker over a displacement, Ss. Neglecting 

any losses in energy along the ram, the change in the kinetic energy of the striker is equal to the 

net work done by the applied force (pA), so that, the impact velocity of the striker in terms of 

applied air pressure can be written as 

^o= N 
2p 

R (3) 

where R =S/SL is the ram ratio, and p is the density of the striker. 

The longitudinal impact load F0 of the striker acts for a time dt on a section dx of mass m 

and cross sectional area A . From Newton's second law, 

F0dt=mV0=(pAdx)V0 (4) 

The impact generates a compressive stress wave pulse that propagates through the bar. From 

equation 4, the initial compressive stress on the bar is given as 
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A 

where C0 = dx/dt, is the bar wave velocity. Using equation 3, the initial stress can be expressed in 

terms of impact and bar parameters as 

o0=-^K^R (6) 

where pC0 = E0IC0. The value £ is a conversion factor equal to 0.0158 (m/kg)'/2 for pressure (p) 

in Pascal or 1.31 for/? in psi, and the ram ratio R= S/SL is a dimensionless constant. The 

amplitude of the wave pulse depends on the impact velocity (a function of the applied air 

pressure), the ram ratio and material properties of the striker. The greater the ram ratio, the 

higher the impact energy. The kinetic energy of the indentor is equal to work done by the 

indentor compressive load (neglecting energy losses) such that the work-energy relation can be 

written as 

^bV
2

pb=fo
bP(y)dy (7) 

where V b is the indentor penetrating velocity, 6 is the maximum penetration or perforation depth, 

and P(y) is the indentor contact force for perforation. The functional dependence of P(y) on 

depth of penetration y can be estimated from the area under the force-displacement curve. 

Contact law [Zukas et al. 1992] can be written for all the regions of the loading and unloading 

[Tan et al. 1985] and used to estimate the perforation velocity. This is the subject of further 

investigation to be presented in future report. 

The particles in the incident bar will propagate to the right at a relative velocity of Vb in 

the longitudinal direction of the wave pulse. We adopt the convention that: (1) particle velocities 

are positive when they are in the same direction as the associated propagating wave and 2) the 

compressive stress are positive. At the incident bar/specimen boundary (Interface B), part of the 

wave pulse will be reflected back into the incident bar as a tensile wave pulse because of the 

impedance mis-match, while others will be transmitted through the specimen with a particle 
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velocity of Vs. For equilibrium at the interface (Figure 5), the continuity for force requires that 

Fi=(o-;
+<>r)A

=^<ö,M, (8) 

and continuity of velocity at the interface implies 

vb=v-v=vs (9) 

where from equation (5) 

' (pQb 

T (pQb 

v= 

(10) 

' Ws 

and Vt = V0 at the striker-bar interface. The subscripts i, r, t are for incident, reflected and 

transmitted waves, respectively and the subscripts b and s refer to the bar and specimen, 

respectively. The minus sign is from the fact that reflected particle velocity is in the opposite 

direction upon reflection. Solving equation 9 using equation 10, the particle velocity transmitted 

into the specimen is written as 

V=-±(o-o) (11) 

and the transmitted and reflected stresses are expressed in terms of incident wave and mechanical 

impedance Z (where Z= pCA=E0A/C0) as 

a,= 
ss   a     sJ 

z+zh   , s      b     j 

O. (12) 
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°r= 
(w o, (13) 

Equation 13 shows that a compressive wave is reflected in compression (+ar) if Z s > Zb, and in 

tension (-<7r) if Z s < Z 6. For impedance matching, <7r = 0 since (Z, - Zfc)= 0. 

To determine the displacement or penetration of the particle at time t, consider Xt and Xx 

as positions associated with the ends of the incident and transmitter bars respectively. A sample 

of thickness Ls is sandwiched between the ends of bars. A compressive incident wave on arriving 

at the interface X^ is partially reflected (because of the impedance mis-match) and partially 

transmitted. The X, interface is displaced by w, (due to the incident wave) and ur (due to the 

reflected wave). Thus, the net displacement of the X{ surface of the incident bar is given in 

equation 14 as 

Utf)^rv=-£lo[°J®-<>M ' (14) 

Similarly, at the X, interface the transmitter bar is displaced by u, (due to the transmitted wave, 

neglecting the effect of the boundaries due to the specimen holder) such that the net displacement 

at X, is expressed as 

U,(t)=ut(t)=-^('ot(t)dt (is) 

The net displacement in the sample is approximately equal to the penetration and is given as 

Uff)-Uff)=uß)=^t
0[oft)-o<,r)-oft)]dt (16) 

For a bar of cross sectional area of A, the instantaneous force, F/t), exerted on the specimen by 
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the indentor and Ft (t) exerted on the specimen by the transmitter bar are given respectively as 

Fft)=A{oft)+ar{t)} (17) 

and 

P,=Aat(t) (18) 

The net energy produced by the indentor in penetrating the sample is 

EjrfclM»n (19) 

and can be obtained as the integrated area of the force-displacement curve over the wave's 

duration. Damage to the laminate occurs by the transfer of energy given by equation 19 during 

the penetration process. Neglecting energy losses within the fixture, the total energy absorbed by 

the specimen is the incident energy minus the reflected and transmitted energies through the 

specimen and expressed as 

EA= 

(ACA 

Eo; 
![o0-°tff-otfftdt (20) 

whereE = (AC0/E0)\a
2 dt for incident (EJ, reflected (Er) and transmitted (Et) energies. 

Equation 20 is the total energy absorbed by the system and includes the energy lost by vibration, 

stretching of the plate, friction, and contact. For perforation, the indentor emerges through the 

plate of thickness, a, to height h. (As defined below, h is the distance the indentor travels beyond 

the plate in a punch through event or the height of the cone of the damaged area above the 

thickness of the plate). The total energy required to perforate (E^ the plate under dynamic 

conditions is expressed as: 

EperfPn,b+Ep (21) 
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where Pm is the average force over the duration of the perforation event and obtained from the 

integration of the force-time curve; Ep is the energy produced by the indentor necessary for 

penetration (from equation 19) and the term Pm 8 is the additional energy required for punch 

J L« 

through, where ö = a + h. 

The total energy required for perforation can also be predicted from the energy balance 

model by accounting for the energy absorbed (EA) by all the competing processes (Shivakumar et 

al. 1985) during the perforation event as 

EA=Ec+Eb+Ef+Ee+E
V
+E

X (22) 

where, Ec is the energy lost by the indentor during Hertzian contact, E^ is the energy lost by the 

plate due to bending, E{ is the energy lost by the indentor due to friction, Ec is the energy 

associated with elastic stretching, Ev is the energy associated with indentor vibrations, and £x is 

the energy lost to the test fixture. Thus, the threshold (critical) impact velocity is approximately 

equal to the ballistic limit expressed as 

Vmr 
\ 

±-E 
ml 

perf 
(23) 

where the bar mass, mb = (pAL) can be expressed in terms of density, cross sectional area and 

length of the bar. The change in kinetic energy of the bar and the associated residual velocity can 
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be expressed respectively as 

Mr\mtVpb-Eperf (24) 

"^ 
-A£r (25) 
m 

The residua] energy, AEr, can also be estimated as {FJi), where Fp is the average peak contact 

force for the duration of the perforation event and h is the height beyond the specimen thickness. 

A plot of residual velocity (Vr) versus perforation velocity (Vp) or striker impact velocity (Vi of 

equation 2) estimates the critical velocity. The critical impact (or perforation) velocity is the 

impact (or perforation) velocity when residual velocity is set to zero. Complete presentation of 

this will be presented in the final report. 

The specimen's strain, strain rate and stress can be respectively expressed in equation 26 

as 

L    Jo 

&,(0   -2C0 

dt        L. 
*r(0 (26) 

s 

os(t)=j-E0tt(t) 

where A and A,, are the cross sectional areas of the transmitter bar and specimen, respectively. 
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4. MATERIALS AND EXPERIMENTS 

Each test specimen is a circular plate having a geometry and fiber lay-up as shown in 

Table 1. The plate is simply supported around a circular inner diameter of 2.0-in the perforation 

fixture and held in place by the indentor slightly pressed against it without stress. A rubber band 

was used to keep the indentor and sample in contact. 

Targets tested in the present investigation consist of graphite/epoxy (Hercules toughened 

thermoset 8551-7A) material ranging from 8-plies to 32-plies. Each ply contains unidirectional 

continuous fibers. Thin targets were expected to flex and have damage (in the form of 

delamination) initiate at the rear surface (opposite the point of contact). Conversely, thick targets 

were expected to sustain extensive subsurface damage (local to the point of contact) and little 

flexure (Daniel et al. 1990). Experimental results indicate that increasing the thickness increases 

the resistance of the plate to perforation. 

All laminates are unidirectional and subjected to transverse compressive load. This means 

that the load is perpendicular to the fiber direction. Studies have shown that transverse 

compressive load usually result in matrix shear failure, and matrix shear failure with constituent 

debonding and/or fiber crushing [Agarwal et al. 1979]. Thus, in the order of energy levels, 

damage can occur as minor matrix cracking, fiber breakage, delamination, penetration and 

perforation (or a combination of matrix cracking, fiber fracture, and delamination). The major 

experimental objective is to characterize the generation of damage during a penetrating process 

(indentation, penetration and perforation) in terms of energy expenditure and size of visible 

(surface) damage. 

The following experiments were designed to accomplish the objectives: 

A       Preliminary feasibility perforation impact test at CRREL. 

B. Effect of laminate thickness on damage for a constant impact energy. 

C. Effect of incident stress (impact energy) on energy absorbed for the same 

thickness. 

D. Effect of impact energy on penetration with impact energy for different thickness. 

E. Effect of fiber lay-up on the nature of damage generation for a constant 

thickness. 

F. Effect of impact energy on energy absorbed for different thicknesses. 

G. Interactions of two or more of the above parameters. 
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A consistent low noise technique was developed and used to measure the stress-strain 

history as a function of time during performance of the above experiments. The data analysis was 

achieved using a Nicolet Spectrum Analyzer and suitable software to obtain the following 

information: 

1. Variation of stress and strain with time and displacement. 

2. Contact force as a function of time. 

3. Penetration and particle velocity variation with time. 

4. Variation of size of surface damage (area, length of crack and size of surface 

indentation) as a function of test parameters. 

5. Variation of energy absorbed with particle velocity, penetration, impact force, 

thickness, and fiber orientation. 

6. Crack propagation as a function of impact velocity. 

The response strain signal is measured in volts. Electronic double shunt calibration of the 

system indicated a conversion factor of 0.833 micro strain/mV or 171.8 MPa/mV (25,000 

psi/mV) using Young's modulus (E0) of 2.07 x 105 MPa (30 x 106 psi) for maraging steel. The 

strain pulse was measured as a function of time and converted to stress using o(t)= s (t)E0. A 

calibration of the system under static and dynamic impact conditions of known force was not used 

in the present analysis because double shunt calibration data were obtained under uniform 

dynamic conditions. 
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TABLE 1 

CHARACTERISTICS OF GRAPHTTE/EPOXY SPECIMENS 

Thickness 8-ply sample (GP1) = 1.042mm (0.041 in) 

8-ply sample (GP2) = 1.042mm (0.041 in) 

16-ply sample (GP3) = 2.083mm (0.082in) 

32-ply sample (GP4) = 4.064mm (0.160in) 

Specimen Diameter    = 617 mm (2.43 inches) 

Lay-up GP1 [±45]* 

GP2 [±45/0/90]s 

GP3 [±45/0/90]^ 

GP4 [±45/0/90]4s 

Experimental Data on Maraging Steel: 

Young's Modulus of Maraging Steel 2.07 x 105 MPa (3 0 x 106 psi) 

Wave Velocity in the Hopkinson Bar 5010 m/sec (16,43 7ft/sec) 

Density of Maraging steel 8000 kg/m3 

Yield Stress of Maraging Steel 2.03 x 105 MPa (295 x 105 psi) 

Impact Properties: Indentor is 3/16" hemispherical nosed maraging steel 

Ram Ratio, R=l (12" striker displaced through a 12" ram to impact) 

Impact Energy (J) = 1.06 x Impact stress (in psi) 
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S. RESULTS AND DISCUSSION 

5.1 Characterization of the Wave Forms 

Figure 7(a) shows a typical measured stress signal for incident and reflected waves. An 

extreme similarity of the results (between 8, 16, and 32-ply samples) is noted when uniform 

impact conditions are applied. According to equation 6, the incident stress depends on the bar 

material, the length of the striker (SL), the compressed air pressure (p) driving the striker, and the 

striker displacement, Ss (stroke length) before impact in the direction of wave propagation. 

However, the reflected wave (due to an impedance mis-match at the interface) depends on the 

interface and specimen properties, and suggests mechanical information about the materials 

defining the interface. The double reflected wave shown in Figure 7 is due to impedance mis- 

match at the bar/indentor interface and will be discussed later. 

5.2      Damage Initiation and Penetration Process Stages 

The results shown in Figure 8 illustrate the variation force, particle velocity, energy 

absorption, and penetration history for graphite/epoxy laminates with a conical hemispherical 

indentor. The complete penetration process involves three possible inter-dependent damage 

events: compression, shear plug formation, plug separation, delamination, and perforation (Zukas 

et al. 1992). The perforation is preceded by matrix cracks, crack growth and intersection, leading 

to debonding and delamination. These events are completed in the four penetration stages 

identified and discussed below. Plotted values are scaled for comparison purposes. 

Stage L Compressive Loading and Unloading Stage. This first stage is mainly 

compressive and corresponds to the initial loading. As the indentor decelerates into the plate, the 

contact force increases and the plate is pushed or flexed forward with increasing particle velocity 

and decreasing indentor energy.   Similarly, energy absorbed by the plate (energy lost by indentor) 

increases very rapidly as the indentor transfers its kinetic energy to the plate. Damage in the form 

of crack formation can be initiated at the contact region depending on both the stress level and the 
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material's properties. This region commonly represents the fracture initiation site. The load 

increases during this stage resulting in a build up of elastic strain energy on the specimen. The 

force increases to a critical value at the end of the loading stage during which deformation may 

occur. Since the perforating velocity during this initial loading is greater than the forward velocity 

of the laminate, it is conceivable that matrix cracking and penetration are initiated depending on 

the threshold kinetic energy at which these events can occur. At the time of the peak force, it is 

possible that all of the available energy has been stored by the specimen and none remaining for 

damage initiation. No permanent damage such as delamination will occur in the laminate if the 

laminate stores all of the available perforation energy at the time the load returns to zero. This is 

because the indentor begins to rebound after this point and no energy is retained for damage 

propagation. We assume that the initial perforation energy is the sum of energy required for 

fracture initiation plus the energy required for fracture propagation. Thus, if all the energy is 

expended in fracture initiation, none will be available for its propagation and therefore major 

events such as perforation and punch through may not be reached. 

As the indentor continues to decelerate, force applied to the laminate is reduced. A 

sudden decrease in impact load (contact force) is indicative of incipient damage (Sun et al. 1985). 

The plate may continue to flex forward causing a rapid drop in the contact force between the 

indentor and plate. This reduction in contact force is primarily caused by the presence of damage 

in the laminate. As the penetration increases, the force decreases as more fibers deform under the 

crushing of the indentor. Energy absorbed locally by the deforming plate becomes constant 

around the indentor as the failurein stage I reaches its outer boundaries. The peak energy is the 

maximum energy available for the perforation process (equation 19). In general, the point of 

maximum energy absorbed by the specimen is not necessarily the point of failure initiation. 

Incipient damage may be initiated before this point or not initiated at all. 
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Figure 8. Energy, penetration, particle velocity and force history measurements of (a) 8-ply 

(b) 16-ply, (c) 32-ply graphite/epoxy laminates penetrated at 133J striker impact energy, 

and (d) indentor laminate interface. (Note: Energy (J) x 10"; Particle Velocity (m/s) x 105; 

and Penetration (meters) x 10^) 
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Stage II: Equilibrium Stage. Any crack or fracture created in stage I is propagated in a 

progressive manner during this stage. When the perforation velocity matches the forward motion 

of the laminate, a shear plug may form. Thus, the specimen can fail catastrophically. The energy 

absorption begins to attain a constant value corresponding to a constant particle velocity stage in 

which there is little or zero net contact force and the indentor's forward motion terminates. The 

constant velocity is also expected from the continuity condition at the bar-specimen interface 

(equations 9). It is important to note from Figure 8 that the propagation of the failure, 

penetration depth and energy absorbed all continue to increase even at loads of zero. This 

observation shows the rate effect of stress wave which continues to propagate with constant 

energy through the specimen even at zero contact force. The indentor continues to penetrate 

through the plate at almost constant particle velocity while the plate is held fixed by the 

perforation fixture. As the force provided by the indentor diminishes to zero, the indentor 

experiences some vibration . The slight vibration shown in the force diagram (Figure 8) results 

from the fact that thin plates bend and behave like a spring-mass system in the contact region. 

Stage HI: Reloading (Tensile Wave) Stage. The compressive wave now reaches the rear 

surface of the specimen and is reflected off as a tensile wave. This is indicated by the observed 

reversal of the force direction (in the force-displacement curve). This represents a tensile release 

force at the plate interface and acts normal to the laminate interface increasing from the rear 

surface to the impacted surface. This causes a sharp decrease in absorbed energy since the 

reflected energy is subtracted from the total energy. The decrease could also be the release of the 

elastic strain energy stored in the specimen during the loading stage.   Czarnecki (1991) 

demonstrated that a tensile wave/compressive interaction zone exists for damage transitions from 

shear plugging to delamination. The tensile forces acted normal to the laminate and was identified 

as a potential source of delamination. It appears from Figure 8 that the dynamics of crack growth 

leads to a sudden unloading in the surface traversed by the crack front and emits tensile stress 

waves from the surfaces. The effect of such a tensile wave is to influence further motion of the 

crack, and delamination in the fiber direction increases progressively at the laminate rear surface. 

The energy absorbed and penetration continues to increase due to displacement of the indentor 

through the plate and propagation of the incident compressive wave. The velocity begins to drop 
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because of the rebound of the indentor and corresponding reflected wave. The absorbed energy 

will start to decrease at the beginning of the increasing tensile wave (because the total energy is 

the incident energy minus the sum of the reflected and transmitted energies). The laminate also 

returns some part of its residual or absorbed energy to the indentor after a major damage. 

Stage IV: Vibration Stage. This stage involves the residual energy absorbed by the 

system. In this stage, indentor is stopped and the system assumes a state of constant residual 

energy. This energy includes the vibration energy due to oscillation of the indentor and the plate 

as shown in the force vs displacement curve. Studies have shown that the vibration mainly 

originates from elastic waves traveling back and forth in the impactor (Sjoblom et al. 1988) and 

that the amplitude of such vibration increases with impactor velocity. 

5.3      Multiple Reflections due to Impedance Mis-Match at Indentor/Specimen Interface 

Multiple reflections (double-peaks) observed in the results shown in Figures 8 and 9 

warrant some discussion. The multiple reflections are caused by reflections due to impedance 

mis-match from the incident bar/indentor interface and indentor/specimen interface. Wu et 

al.(1994) measured the force history of the impact of a tipped striker on a thin aluminum plate 

using laser Doppler Anemometry and the observed double-peak phenomenon was attributed to 

the vibrating effect of the plate during impact. In the case of nonperforated impact, they proposed 

that the first peak represents the initial impact stage in which the projectile pushed the plate 

forward and the second peak is the result of rebound from the projectile when it can no longer 

push forward. The results indicate that near the ballistic limit, cracks occur in the contact region 

and the double peak disappears. Beyond the ballistic limit, the peak force remained constant and 

no double-peak phenomenon was observed. The studies concluded that the second peak force 

occurs when the indentor's final velocity is equal to zero and the double peaks phenomenon 

occurs when the projectile velocity is not high enough to produce incipient damage on the target. 

For the perforation of graphite/epoxy laminates presented, where the indentor is initially in 

contact with the plate, damage or penetration is caused by energy transfer as the indentor pushes 

forward through the plate. Thus, double impact from the indentor is not possible, although the 

plate and indentor could vibrate at the contact region due the incident compressive stress and 
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striker impact. 

The results of a quasi-static punch-through test of graphite/epoxy strongly suggest that 

double peaks correspond to initiation of different damage mechanisms (Sun el al. 1993). With 

this in mind, the first peak may be identified as the onset of delamination induced by matrix cracks 

while the second peak corresponds to formation of a shear plug of the same diameter as the 

indentor. No visible damage may be seen ordinarily on the surface of the contact region or rear 

side. The second peak may indicate delamination, rear face fiber breakage, or shear plug 

formation. This plug is pushed out under a decreasing load which eventually attains a constant 

value [Sun et al. 1993, 94]. The second peak could also be part of the local reaction (resistance) 

force exerted on the indentor by the plate support. This results when the indentor can no longer 

push the plate forward in agreement with Wu et al. (1994). Under this situation, the plate has a 

tendency to rebound or recoil. At the rear exit surface, delamination is formed due to the 

reflected tensile wave and shows up as a second peak with greater amplitude because of greater 

damage area. 

While we agree that different damage mechanisms could cause double peak phenomenon, 

it appears that the phenomenon observed in this report is mainly caused by a mechanism different 

from a damage mechanism or double contact. This is because the phenomenon was also observed 

in some cases where there was no detectable visible damage or internal damage to the laminate. 

We now postulate that the double peak phenomenon (double reflection) observed here is caused 

by an impedance mismatch between the indentor and the incident bar. To investigate this, a series 

of impact experiments (no penetration or perforation) were designed with the indentor attached 

to the bar free end and without contact with the laminate. The result in Figure 9 (a) shows the 

appearance of multiple reflections. The first reflection (shown by the arrow) is from incident 

bar/indentor interface since this is the only boundary interface encountered by the wave before 

reflection from the bar free end (second reflection). Figure 9(b) shows the result when the 

interface is eliminated by removing the indentor. The absence of a first reflection in Figure 9 (b) 

clearly demonstrates that the multiple reflection is occurring from an earlier reflection from the 

indentor/bar interface due to impedance mismatch between those interfaces. 

3Z 



6 

*=-    4 
tn 
es 2 
S   o 

5    -2 

-4 

-6 
C 

LA 
I f            i              i 

500 1000      1500      2000 

TIME (microsec.) 

25 DO 

— @ 30 J 

(a) 

6 

=-     4 
ul 

.sc 
—     2 
in 
in      o 
o 

5    "2 
-4 

-6 
500        1000       1500      2000      2500 

TIME (microsec.) 

30 J 

(b) 

Figure 9. (a) Reflection from incident bar/indentor interface without contact with the 

laminated plate and (b) absence of reflection when indentor is removed. 

Because the indentor is attached to the incident bar through its inner diameter (see 

Figures 4 and 5), the first small reflection is due to an early reflection of the incident wave from 

the indentor's inner diameter interface with the incident bar. The reflection is small because of 

the slight impedance mismatch at the boundary possibly due to small change in cross sectional 

area. In Figure 8, the portion of the incident wave that reaches the laminate is heavily reflected 

back (causing the second reflection of greater amplitude) because of the higher impedance 

mismatch between the laminate and indentor. Delamination could also be a contributing factor to 

the multiple reflections and is further being investigated. In more recent studies [Nwosu et al. 

1995], multiple peaks and greater distortion of wave occurred in penetration of laminate but 

absent in perforation. This is due to continuous damage and vibration caused by the embedded 

indentor inside the laminate without perforation. No such distortion is observed in perforation 

since the major event is punch-through and plug push out with most of the residual energy 

returning to the indentor. Thus, it is possible that the double peak phenomenon will disappear in 

that case as observed by Wu et al.(1994). One must be careful, however, not to equate damage 

generation in single homogenous aluminum plate with that of laminated composite plate. 



5.4      Energy Absorbed vs Particle Velocity 

Particle velocity and vontact force are is independent of laminate thickness but dependent on 

impact energy. The particle velocity transmitted through the specimen increases gradually with 

absorbed energy during the loading and unloading stage before attaining a constant at the maximum 

value. The results (Figure 10) show that the particle velocity is independent of laminate thickness but 

strongly depends on impact energy level (Figure 11). This is further explained in Figure 12. 
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Figure 10. Particle velocity-time history for 8-, 16-, and 32-ply graphite/epoxy laminates 

using striker impact energy of 133 J. 

5.5      Impact Energy vs the Total Deformation. 

Compressive wave/tensile wave interaction zone is marked as the point when particle 

velocity and energy absorbed start to decrease. Figures 11 and 12 represent the variation of 

force and particle velocity versus penetration for 16- and 32-ply specimens penetrated at three 

impact energy levels. The results show that the peak force and penetration increase with impact 

energy level but remain independent of the specimen's thickness throughout the penetration 

process (Figure 12). This is because a particle's motion about its equilibrium position depends 
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mainly on the chemical (atomic) properties of its material and not on the material physical 

properties. The higher the impact energy, the greater the load on the bar and therefore the greater 

the disturbance or vibration of the particles. 
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Figure 11. Particle velocity variation with penetration for (a) 16-ply and (b) 32-ply 

graphite/epoxy laminates varying impact energies. 
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Figure 12. (a) Force and(b) particle velocity variations with penetration for 8,16, and 32- 

ply graphite/epoxy laminates at 133 J impact energy. 



The ringing in the 32-ply laminate at 186 J (Figure 11) is an indication of greater vibration for 

the 32-ply sample resulting from greater residual energy than for the thin sample. Such vibration is 

less in the 16-ply sample that was perforated. Note the reversal of the particle velocity (shown by 

the arrow) due to the multiple reflection discussed earlier and the gradual decrease to zero at the end 

of the penetration process. The initial rapid increase in velocity with penetration occurs during the 

loading stage as the indentor accelerates through the plate. This is followed by the constant velocity 

stage, then a slower drop in velocity to zero at the end of the penetration. For the three incident 

stress levels, the measured penetration are 1.10 mm, 0.95 mm, and 0.82 mm for 186 J, 159 J, and 133 

J, respectively for the 16 and 32-ply samples. Although the penetration increases with incident stress 

level, for a given impact energy the amount of penetration is identical for both thicknesses. While 

crack formation and damage can clearly be observed on 16-ply samples, none is observed on 32-ply 

samples below 233 J. It is conceivable that subsurface damage exists. This is presently being 

investigated by C-scan, deply, and SEM studies at the University of New Orleans. 

The maximum particle velocity further indicates the velocity at which the indentor and 

plate move forward in unison in the incident direction. For plate velocities less than this value, 

the indentor accelerates into the plate with a contact force increasing positively with time [Dutta 

et al. 1991]. At the instant of penetration, the interaction between the indentor and plate is 

inelastic. However, because the plate is able to flex, its velocity relative to the indentor can be 

zero. If the plate velocity becomes greater than the indentor velocity, the indentor will lose 

contact or rebound, resulting in a tensile force near the laminate rear surface. The result in 

Figure 13 was achieved at low impact energy at 133 J. Only a dent was observed on the entrance 

side of the 32-ply sample. The force and perforation variations with time show that penetration 

through the plate increases with time. The force curve shows the characteristic initial rapid 

increase followed by a slower decrease to zero. Energy absorbed starts to decrease when the 

initial compressive force reflects back in tension. The variation of absorbed energy with time 

shows that although force and penetration are the same, the 32-ply sample absorbed more energy 

than the 16- and 8-ply samples although the total peak energy associated with 32-ply specimens 

was less than that of the thinner laminates. 

The reflected force amplitude for 32-ply specimen's was also less than that of the thinner 
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specimens which shows that although the incident force can be the same (due to the same incident 

stress), the extent of damage differs with thickness. Penetration at the time of force reversal gives 

an estimate of the total deformation of the plate but not the nature of the deformation. The 

reflected stress wave form carries information about material properties and the nature of damage. 

From the results, it can be seen that the amplitude of the reflected compressive stress wave 

(tensile wave) in most cases decreases with sample thickness. This could be because most of the 

energy has been used in the damage process and less returned to the indentor. Comparison with 

post-test specimen photographs shows that samples with lower amplitude reflected waves suffer 

less rear surface cracking and fiber breakage. Maximum penetration and force release is reached 

after 650 us. The time is independent of thickness but depends on the impact energy. The higher 

the impact force the greater the total energy transferred, and the higher deformation. The value of 

the absorbed energy (Figure 13 (c)) after this point gives a good estimate of the residual 

properties for the damage process. Figure 14 describes the variation of energy absorbed with 

penetration at three energy or stress levels. The absorbed energy increases with impact energy. 

The difference in peak energy for the 32-ply laminates is uniform compared to the 16-ply. 

5.6      Effects of Laminate Thickness and Impact Energy on Energy Absorbed 

Energy absorbed by the laminate depends on thickness and impact energy. In Figure 15, a 

linear relationship is described between energy loss of the indentor (net energy absorbed by the 

specimen) and peak penetration energy. The solid curve is a polynomial nonlinear fit to the 

experimental data. The fit assumes zero energy absorbed at zero initial force, velocity, and 

penetration for perforation. Peak energy is the maximum energy expended by the indentor and is 

obtained from the peak value in the energy vs time curve. Neglecting all the energy losses to the 

fixture, the peak energy is approximately the maximum indentor energy available for perforation. 

Some part of this energy will be lost to such damage mechanisms as vibration, friction, plastic 

deformation, etc. and the rest will be absorbed by the plate or returned to the indentor. 
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Figure 14. Energy absorbed vs penetration depth for (a) 16-ply and (b) 32-ply 
graphite/epoxy laminates at three impact energy levels. 
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5.7      Damage Process 

Damage process is not a linear function of impact energy for all regions of the damage 

process. Figures 16(a-d) describe peak energy absorbed vs incident stress, peak force, 

penetration, and particle velocity, respectively. Tests were performed using a consistent launch 

velocity (equation 2). Although more experimental data are needed to confirm the observed 
trends, the relationship between energy absorbed, particle velocity, and amplitude of the incident 

stress as in Figures 16 (a-d) are quadratic during the initial stage and linear at a higher incident 

stress, particle velocity, and penetration. From wave propagation theory, energy transferred to 

the specimen is proportional to the square of the incident wave amplitude. As shown in Figure 16 
(b), the higher quadratic term in the non-linear fit, shows that the relationship between energy 

absorbed and peak force is more linear for the 32-ply sample (without perforation) than the 16-ply 

samples (with penetration). The point of deviation appears to be an indication of transition to 

another damage mechanism, possibly from matrix cracking and fiber breakage or delamination and 
perforation. For the same impact conditions, the 16-ply laminate approaches the perforation 

threshold earlier than the 32-ply. After a perforation is achieved at the threshold kinetic energy 

for a 16-ply sample, the energy absorbed may deviate from linear variation of impact energy. 

Most of the energy, after the material failure, is returned to the indentor while energy absorbed by 

the specimen remains constant. This is equivalent to being outside of the specimen's elastic 
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response region. This energy conservation can also be seen in Figures 16 (a-d) which seems to 

demonstrate that the damage process is not a linear function of the impact energy for all stages of 

the damage process. Further investigation and data are needed to verify this. The important 

difference between these results is that perforation was achieved on the 8- and 16-ply specimens 

for all impact energies, but no perforation occurred on the 32-ply samples at these energies. The 

analysis neglects the effect of the indentor's conical shape and changes in contact area with 

penetration. As the indentor penetrates, its contact area increases. This is not true with the 

32-ply specimen because there was no penetration for impact energy used for Figure 16. The 

indentor is currently being modified with a longer uniform protruding nose to avoid the anomaly 

of having the contact area increase with penetration. 

5.8      Delamination Threshold and Damage Propagation Energy 

A delamination threshold kinetic exit for graphite/epoxy and crack propagation along the 

fiber direction increases with impact energy. As further characterization of the damage process, 
the height (h), delamination damage length at the rear surface (Ld), and entrance width (w) of 

16-ply specimen, under different impact energies and same fiber lay-up, were measured and their 

ratio plotted against energy absorbed in Figure 17(a). The variation or progression of length 

(along the diameter) of the damaged area with impact energy is shown in Figure 17(b) and the 

associated photographs in Figure 26. The result shows that the damage length or area propagates 

linearly with impact energy as 

Lä=GVI+G0. (27) 

. where 1/G is a measure of the rate of crack propagation and G0 is a constant. Earlier 

investigators (The et al. 1993) observed the same phenomena via C-scan and demonstrated a 

threshold impact velocity above which cracks will begin to propagate. This threshold velocity 
was obtained by extrapolating the line to a zero-damage width and determining the velocity value. 

From Figure 17(b), the threshold velocity (striker velocity) for initiation of cracks in a 16-ply 

specimen is 13.5 m/s. The threshold impact energy for initiation of a visible crack on the rear 

surface of 16-ply specimens is 106 J. Given an impact velocity of 13.1 m/s and using equation 
5(b), the difference between the experimental and predicted values remains less than 4%. Since 

the rear surface crack is initiated before perforation is achieved, the critical velocity for crack 

initiation may be less than the ballistic velocity. An extension of the analysis to determine ballistic 

limit velocity based on experimental and energy models will be included in the final report. An 

experimental estimate of the ballistic limit energy is in Figure 17. The present analysis however, 

45 



shows clearly that a threshold kinetic energy exists above which crack initiation on the rear 
surface will be visible. The crack length and size increase with impact energy. Examination of the 
damage pattern shows that the periphery of the hole's entrance side was smooth while fibers were 
still attached to the rear side. For complete penetration or perforation, the damage pattern on the 
rear side forms a flat top conical structure of height, h. Although more experimental points are 
needed near the ballistic point region, Figure 17(a), shows perforation is expected for impact 
velocities above 13.1 m/s and the crack propagates linearly from that point according to equation 
27. This result collaborates with Figure 17(b) and shows a definite trend towards critical 
velocity. Further investigation is needed at very small increments of impact energy to determine 
the abrupt drop near this critical region. 
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Figure 17. (a) Schematic of perforated laminated plate, (b) variation of surface crack length 
with impact velocity, and (c) residual velocity vs impact velocity for 16-ply graphite/epoxy. 
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5.9 Effect of Fiber Lay-Up on Surface Damage and Delamination 

Figures 18-21 compare the effect of fiber orientation on the nature of damage. GP1 has 

a stacking sequence of [±45]^ while GP2 has a sequence of [45/0/90]s and the same thickness 

(0.25 mm) and cross sectional area. GP3 and GP4   have   sequences of [45/0/90]^ and 

[45/0/90]4s respectively. The energy absorption curve for GP2 is less than that of GP1. The 

figure also indicates a decreasing energy during the equilibrium (constant velocity) stage for the 

GP2 laminate and larger amplitude of the force reversal in GP2. These two observations indicate 

that greater internal damage and residual energy are possible for the GP2 laminate than for GP1. 

Although the particle velocity appears to be independent of the fiber lay-up, Figure 21(b) shows 

some vibration and ringing for the GP1 specimen. It appears that GP1 is experiencing a higher 

sample stress factor and more energy absorption in the damage process than GP2. This is further 

revealed in the photographs of Figure 21 and shows that the major damage event for the GP2 

laminate is fiber push out and delamination which starts much earlier than in GP1 as shown by the 

early decrease in energy in Figure 20 (a). 

Figure 21 (a & b) displays the rear exit surface of the plate and shows fact that the 

damage pattern is consistent with failure in the fiber direction for the GP2. Since previous studies 

show that delamination increases from rear surface to the contact point, it appears that GP2 has 

a tendency to split in the middle. The GP1 failure pattern, on the other hand, appears to involve a 

tensile fracture which is transverse to the direction of the fiber and appears to grow obliquely to 

the interface (Figure 21b). Although small delamination may be occurring, it appears that the 

major damage event in GP1 is matrix cracking and more localized fiber breakage which are 

expected to occur at lower energies than delamination. This observation is similar to that of other 

researchers [Sierakowki (1993)]. Internal crack studies by Dashin (1987) using SEM shows that 

in the absence of delamination, transverse cracks grow perpendicular to lamina interface but when 

delamination exist, it grows obliquely to the laminar interfaces. Thus, when subjected to identical 

energies the GP2 sample has a greater tendency to suffer more catastrophic failure than GP1. In 

all the cases investigated, GP2 suffered more catastrophic failure than GP1 (given identical impact 

conditions). Results also show that it is conceivable for transverse cracks and delamination to 

occur simultaneously depending on fiber lay-up and orientation. 
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8-ply graphite/epoxy laminate for [±45]2s (GP1) and [±45/0/90]s (GP2) at 133 J striker 

impact energy. 

5.10 Damage Initiation 

Damage initiation depends on thickness and impact energy. Figures 22-26 show the 

results of experiments to investigate the threshold of crack initiation on the rear surface, 

perforation, and plug push-out for 16- and 32-ply samples. The 16-ply specimens (Figures 24 and 

26) were penetrated at 106 J, 133 J, 159 J, 186 J, and 212 J striker impact energies, while the 

32-ply specimens (Figures 23, 25, and 26) were penetrated at 133 J, 159 J, 186 J, 212 J, and 260 

J (not shown in the Figure but in photograph) impact energies. The point of force reversal marks 

the total deformation of the laminate and the maximum area of perforation (contact area). The 

point of the maximum force and subsequent rapid drop is correlated with the onset of damage that 

begins with matrix cracking and leads to plug push out and delamination. Note that particle 

velocity and energy absorbed begin to attain a zero slope just after the initial compressive contact 

force drops to zero. This marks the beginning of a transition zone from one form of damage 

mechanism to another. It appears that at this zone, the compressive stress wave begins to reflect 

back as a tensile wave. Such reflection is the primary cause of mode I delamination. In the 

present investigation, the tension results from a reflecting stress wave. All force-displacement 
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MATERIAL: GRAPHITE/EPOXY 
FIBER LAY UP: [+45/0/90]* 
PLATE TfflCKNESS: 1.042mm (0.041 in) 
DENSITY: 1624.92 kg/m3 (5.87 x 10"2 lb/in3) 
IMPACT ENERGY: 133J (8.59 x 105 Pa) 

MATERIAL: GRAPHITE/EPOXY 
FD3ERLAYUP:[±45]25 
PLATE THICKNESS: 1.042mm (0.041 in) 
DENSITY: 1624.92 kg/m3 (5.87 x 10-2 lb/in3) 
IMPACT ENERGY: 133 J (8.59 x 105 Pa ) 

MATERIAL: GRAPHITE/EPOXY 
FIBER LAY UP: [±45]2s 
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Figure 21. Photographs of damaged graphite/epoxy laminates showing the damage pattern 

for (a) [±45/0/90]s and (b) [±45]* and varying impact energies (133 J and 159 J) 
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curves show that the amplitude of the force reversal depends on orientation, sample thickness, and 

initial compressive load. 

Incipient delamination for the 32-ply sample occurs when the impact energy is above 233 J 

as clearly indicated by the vibration in Figure 22 (a). Note that the major change in the amplitude 

of the force release occurs at 233 J (Figure 22 (b) and Figure 23 (b)). The presence of the tensile 

wave shows that some stable damage is occurring in the laminate before a major event above 233 

J (Figure 23 (a)). With the exception of the abrupt increase at 159 J in Figure 22 (a) (which could 

be an experimental or statistical uncertainty), the peak force appears to be constant until this 

major event in the neighborhood of threshold kinetic energy for perforation. Studies have shown 

that failure of brittle materials such as graphite/epoxy is initiated at the penetration of the contact 

area and governed by the material's tensile strength [Zukas el al. 1992]. The comparison of 

absorbed energy with time (Figure 24) shows that the 32-ply samples absorb slightly more energy 

than 16-ply samples. The energy absorbed by the penetration event is not linear and may exhibit 

an energy region between perforation and penetration threshold. Although such region is not very 

clear in this result, the result leads to a quantitative search for such transition energy region. 
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Figure 22. (a) Force-displacement and (b) particle velocity-displacement at varying impact 

energies of the striker for damage initiation study of 16-ply graphite/epoxy laminates. 
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Figure 23. (a) Force-displacement and (b) particle velocity-displacement at varying impact 

energies of the striker for damage initiation study of 32-ply graphite/epoxy laminates. 
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Figure 24. Variation of absorbed energy with impact energy for (a) 16-ply and (b) 32-ply 

graphite/epoxy laminates at varying impact energies of the striker. 
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5.11    Plugging and Delamination 

Plugging and Delamination of 16-ply specimens occur at 186 J and 260 J for the 32-ply. 

The photographs in Figures 25 and 26 clearly show a difference in the level of damage, and reveal 

that the major event is plug push out and delamination. The figures show entrance and exit side 

damage effects of the laminate and demonstrate showing matrix cracking, buckling, and fiber 

breakage. For the 16-ply laminate, a rear surface crack became visible at 106 J (not shown) and 

propagated as the energy increased to perforation at 159 J. Notice the lateral damage 

propagation and punch-through perforation at the 212 J impact energy. Although it is not 

noticeable in the figure, a rear surface crack on the 32-ply laminate was first observed at 233 J. 

The crack propagated as the energy increased until a complete plug push-out and failure occurred. 

The critical energy for perforation is about 159 J (10 J/ply) for the 16-ply specimen. The 

perforation result for a 32-ply was inclusive, however, there was plug push-out at 260 J. It 

appears from the visible nature of the damage that the impact energies of 212 J and 260 J may 

have exceeded the ballistic limit energy of these specimen and may also have been affected by 

changes in the contact area. A difference of 27 J (233 J to 260 J) of energy, in the case 32-ply 

specimens, caused a major difference in the propagation of the damage around the ballistic limit 

region. This shows the very critical nature of this region and the necessity of further 

investigation. Table 2 below summaries the results. The results are also collaborated with 

previous results from Figure 17 which establishes the threshold velocity in the neighborhood of 

13.5 m/s (113 J). 

Table 2. Damage initiation energy (J)/ply in graphite/epoxy 

Specimen Crack 
Initiation 

Perforation Plug Push-out 

16-ply 106 J 159 J 212J 

32-ply 233 J Not Determined 260 J 

Energy (J)/ply 7±1 10 11 ±3 

Energy (J)=1.06 impact stress (psi). 
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MATERIAL: GRAPHITE/EPOXY MATERIAL: GRAPHIT^EPOXY MATERIAL: GRAPH.TE/EPOXY 
FIBER LAY UP: [±45/0/90]« FiBER LAY UP: [±45/0/90]« FIBER LAY       [±45/0/90]« 

PLATE THICKNESS: 4.064mm (0.160 in) PLATE THICKNESS: 4.064mm (0.160 in) PLATE THICKNESS- 4 064mm (0 160 in^ 
DENSITY: .624.92kg/m>(5.87x .0«) DENSITY: .624.92kg/m'(5.87x .O-^lb/iniDENSn-Y? .6249^ LJ,U "K 
IMPACT ENERGY: .59 J (,.03 x 10« Pa)   IMPACT ENERGY: 233 J (1.50 x_W Pa)   IMPACT ENERGY: £ /(i 681,1^ 

B 

Figure 25. Photographs of damaged graphite/epoxy laminates showing the damage pattern 

for 32-ply (a) entrance surface damage (b) rear surface damage for varying impact 

energies (159 J, 233 J and 260 J). 
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MATERIAL: GRAPHITE/EPOXY MATERIAL: GRAPHI! G/EPOXY MATEUIAL' GRAPHITE/liPOXY 
FIUER LAY UP: (±45/O/90]u- F|BER ^y „f. |±45/0/90|i, K1BER ^y w. |±45/0/90|„ 

PLATE THICKNESS: 2.08J mm (0.082 in)     PLATE THICKNESS: 2.083 mm (0.082 in) PLATE THICKNESS  2 08J mm (0 082 in) 
DENSITY: 1624.92 kg/m' (5.87x 10'lb/in') DENSITY: 1624.92kg/m»(5.87 x 10'lb/in') DENSITY:  1624.92 kg/m-(5.87 x 10'lb/in' 
IMPACT ENERGY: 133 J (8.59 x 10' Pa)       IMPACT ENERGY:   1591 (1.03 x 10" P») IMPACT ENERCY: 186/(1.20 x 10- P.) 

MATERIAL: GRAPH1TE/EPOXY 
FIBER LAY UP: IMMWOlu 
PLATE THICKNESS: 2.083 mm (0.082 in) 
DENSITY:   1624.92 k|)/m' (5.87 x 10' lb/in' 
IMPACT ENERGY: 212 J (1.37 x 10" P») 

Figure 26. Photographs of damaged graphite/epoxy laminates showing the damage pattern 

for 16-ply (a) entrance surface damage and (b) rear surface damage for varying impact 

energies (133 J, 159 J, 186 J, and 212 J). 
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5.12 Validity of the Perforation Experiments 

The results of preliminary studies (Sivapuram et al. 1994) conducted at CRREL are 

displayed in Figures 27 and 28. The similarity of CRREL and Dillard results, although using 

different approaches of experimentation and data analysis, serve to verify the validity of the 

techniques, the functionality of the apparatus, and the precision of the results. The CRREL test 

samples are 30-ply [^S/O^OJ^ laminates of graphite/epoxy impacted at 80 psi and 100 psi 

impact stress. The double reflection is noticeable, but is so small that it did not appear in the 

force curve. The results (Figure 28) indicate that the higher the impact energy (stress), the 

greater the damage on the laminate with fiber pull-out and greater delamination as shown in 

Figure 28 (b). 
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Figure 27. Variation of impact force and energy absorbed for experiments performed at 

CRREL. 
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(a) 

Figure 28. Photographs of damaged 30-pIy graph ite/epoxy laminates for experiment 

performed at CRREL at (a) 80 psi and (b) 100 psi. 
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6. CONCLUSIONS 

1. The Dillard University High Energy Impact Research Laboratory (HEIRL) has been 
successfully established for perforation and wave propagation studies of composite materials. A 
Hopkinson bar, with appropriate modifications, has been applied towards perforation studies of 
graphite/epoxy laminates. 

2. A threshold energy exists below which a crack will not form and propagate. The 
threshold kinetic energy per laminate needed for damage initiation in unidirectional graphite/epoxy 
laminate is 7 — 1 J/ply for crack initiation at the rear surface, 10 J/ply for perforation and 11 ± 3 
J/ply for plug push out. Analysis to separate perforation threshold from that of push out needs 
more examination to improve the accuracy and precision of the measurements. 

3. Incipient damage is revealed by increased force reflection (greater amplitude of the 
force reversal). Crack formation propagates linearly with impact energy. For 16-ply laminates, the 
striker threshold impact velocity to initiate damage is 13.5 m/s corresponding to 113 J impact 
energy. 

4. Incident stress is proportional to striker impact energy but independent of plate 
thickness. The particle velocity and loading force on the specimen linearly depend on the incident 
stress. The energy transferred to the specimen in the damage process increases with increase in 
incident stress. 

5. High oscillations are observed in the particle velocity curve at high stress levels and 
indicates greater specimen damage. Although stress waveforms, particle velocity, and force do 
not vary with laminate thickness for the same impact energy, the energy absorbed is thickness 
dependent. The thicker the plate, the greater the energy lost by the indentor (absorbed by the 
plate). 

6. The relationship between energy absorbed, particle velocity, impact velocity, and 
penetration during the first damage stage (assumed to be matrix cracking and fiber breakage) 
appear quadratic. The relationship appear to change to linear as a critical particle velocity and 
impact energy is attained. As a first-order approximation, the onset of delamination is identified at 
the impact energy corresponding to a major increase in the reflected force amplitude and the point 
of deviation from linearity (see Figure 16). 

7. Fiber lay-up has very strong effect on the nature of damage. The damage pattern 
sustained by the [±45]^ lay-up is localized in the transverse direction and oblique to the interface 
while damage pattern for the [±45/0/90]s lay-up is the direction of the fiber as an indication of 
delamination due to tensile stress wave. From a design view point, [±45]^ will suffer less 
catastrophic damage than the [±45/0/90]s lay-up at the same impact energy. 
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8. The multiple reflections observed in this study is mainly an anomaly caused by 
reflections at the interfaces due to impedance mis-match at the incident bar/indentor interface and 
indentor/specimen interface. 

9. The agreement between research performed at Dillard's High Energy Impact Research 
Laboratory (HEIRL) and that at the Cold Region Research and Engineering Laboratory (CRREL) 
establishes the validity of procedures and results presented here. 

7. CONTINUING RESEARCH 

1. Further research (involving deply and SEM analysis of the perforated samples) is being 
performed at the University of New Orleans to characterize the failure mode. C-scan evaluations 
of the laminates will be performed to establish the areas of damage and the extent of delamination 
from the rear surface of laminate. 

2. Different physical models namely, impulse momentum, energy-balance, quasi-static 
Hertzian contact, and a combination of the above are being applied to predict the ballistic limit 
energy. 

3. Further investigation is needed to determine if damage mechanism contributes to 
double-peak phenomenon in the perforation of composite plate. 

4. Use of appropriate methods to determine the interactions between the parameters 
investigated in this report. 

5. Appropriate scaling theory is being investigated for determination of the region of damage 
mechanism. 
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APPENDIX A 

Design Layout of the Launch Cylinder 
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APPENDIX B 

IMPACTOR FOR THE HOPKINSON BAR 
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HOPKINSON SET-UP IN THE ROOM 

APPENDIX C 
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APPENDIX D 

List of Publications in Preparation 

Dl: Experimental Determination and Modeling of Ballistic Limit of Graphite/Epoxy Laminate 

D2: Effect of Thickness and Fiber Orientation on Nature of Damage 

D3: Stress Wave Propagation and Effect of Stress Level on Penetration of Impact of Laminated 

Plate 

D4: Characterization of Energy Expenditure and Mode of Failure of Laminated Graphite/Epoxy 

D5: Modeling of Mixed-Mode failure Characterization of Laminated Plate 
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APPENDIX E 

LAGRANGIAN X-7 DIAGRAM OF STRESS PULSE WAVE PROPOGATION 
IN SPLIT HOPKINSON BAR 
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