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WAVE PROPAGATION IN FIBER COMPOSITE LAMINATES
 

ABSTRACT
 

An experimental investigation was conducted to determine
 

the wave propagation characteristics, transient strains and
 

residual properties for unidirectional and angle-ply boron/
 

epoxy and graphite/epoxy laminates impacted with silicon rubber
 

projectiles at velocities up to 250'ms-1 (820 ft/sec). The
 

predominant wave is a flexural one propagating at different
 

velocities in different directions. In general, measured wave
 

velocities were higher than theoretically predicted values.
 

The amplitude of the in-plane wave is less than ten percent of that
 

of the flexural wave. Peak strains and strain rates in the
 

transverse to the (outer) fiber direction are much higher than
 

those in the direction of the fibers. Strain rates up to
 

640 s/sec were measured. The dynamics of impact were also studied
 

with high speed photography. The projectile is completely
 

flattened within 50-70 ps. The total contact time is of the
 

order of 300 pS.
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IITRI Research Project No. D6073-III
 

WAVE PROPAGATION IN FIBER COMPOSITE LAMINATES
 

1.0 INTRODUCTION
 

The application of fiber composites to jet engine blades
 
exposes them to the hazards of foreign object damage, e.g., bird
 

impact on rotating blades. Such impacts occur at velocities up
 

to 305 ms- 1 (1000 ft/sec) and can cause extensive damage to the
 

composite blade. The high speed impact of these objects results in
 

short duration impact times of the order of 100 ps. Damage in
 

these cases is related to the wave propagation characteristics of
 
the laminate, i.e., velocities, attenuation, reflection and
 
amplitude of the induced stress waves and the response of the material
 

to the high stress (strain) rates produced.
 

A survey of wave propagation and impact on composite
 
materials was given by Moon.1 Theoretical analyses of impact
 

and wave propagation in anisotropic materials in general and
 

composites in particular have been discussed by many investigators.
 
It was shown that the motion under dynamic impulse is composed of
 

five waves, two waves related to in-plane motion and three related
 

to flexural plate deformations. Some experimental studies have been
 
reported on the subject but they do not deal specifically with the
 

transverse impact problem.7-11  The objective of the present task
 
was to study the effects of lamination residual stresses on stress
 

wave propagation in composite laminates under high velocity impact.
 

Two materials were investigated, boron/epoxy and graphite/
 

high modulus epoxy. Sixteen-ply unidirectional [016] and angle-ply
 

[02/+4512s laminates were impacted with silicon rubber projectiles
 
-
at velocities up to 250 ms 1 (820 ft/sec). The impact characteristics,
 

impact velocity and energy input, were determined by means of high

speed photography. The characteristics of the induced strain pulses
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were studied by means of surface and embedded strain gages.
 

Impact damage was assessed by measuring residual properties
 

of the laminates after impact.
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2.0 EXPERIMENTAL PROCEDURE
 

2.1 Specimen Preparation
 

The materials investigated were boron/epoxy ( 4 mil 

boron/AVCO 5505) and graphite/high modulus epoxy (HMS graphite/ 

ERLA 4617). The specimens were unidirectional [016] and 

[02/±4512s 25 cm x 22 cm (9.75 in. x 8.75 in.) 16-ply laminates. 
Some preliminary studies were conducted with a [+45/+45]s boron/
 

epoxy specimen.
 

All specimens were ultrasonically scanned before instru

mentation and testing. During this scanning the specimen is
 

immersed in a tank of water between two transducers, a transmitting
 

and a receiving one. The transducers are fixed inspace and the
 

specimen is slowly translated between them. The specimen is moved
 

so that the ultrasonic beam emitted from the transmitting transducer
 

traverses the specimen along equidistant parallel lines. The
 

transmitted and received pulses are amplified and displayed on a
 

cathode ray tube. The signal from the receiving transducer is
 

fed to an alarm circuit which measures the amplitude and initiates
 

an-audio and visual alarm should the signal fall below a
 

predetermined level. Calibration is a matter of adjusting the
 

alarm level such that the amplitude of the received signal passing
 

through a calibration plate of known integrity is just sufficient
 

to keep the alarm inactive. At this level any additional dis

continuity will activate the alarm.
 

The test specimen is passed between the transducers by
 

means of a horizontal slide mechanism which also drives a linear
 

potentiometer. The potentiometer supplies a signal to one channel
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of an X-Y plotter and gains are adjusted to drive the pen at
 

the velocity of the plate. When a discontinuity is encountered,
 

the alarm is activated opening a relay which causes the pen to
 

be lifted from the chart paper. After passing through the defective
 

area, the alarm is automatically reset closing the relay and
 

causing the pen to return to the normal writing position. After
 

completing one scan the test plate is moved vertically, the
 

recording pen displaced an appropriate distance in the y-direction
 

and another scan is initiated. By repeating this process the
 

entire test plate can be mapped. The end product is an array of
 

horizontal lines on the chart. Defects in the material are re

presented by discontinuous lines and areas without flaws by
 

continuous lines.
 

A typical scan of an unflawed specimen, that for the [016]
 

boron/epoxy specimen before testing, is shown in Fig. 1. All
 

other specimens made displayed similar continuous line patterns
 

before testing.
 

The specimens above were instrumented with surface and
 

embedded strain gages. The gage layout for the [+45/+45] s boron/
 

epoxy specimen used for preliminary testing is shown in Fig. 2.
 

The surface gage layout for the [016] and [.02/+45]2r boron/epoxy and
 

graphite/epoxy specimens is shown in Fig. 3. Two two-gage
 

rosettes were applied on the horizontal and vertical axes (at
 

90- and 0-degrees with respect to the 0-degree fibers) and two
 

three-gage rosettes were applied on the 45-degree axis. Specimens
 

containing embedded gages had a different gage layout as shown
 

in Fig. 4. The embedded gages were WK-00-125TM-350 (Micro-


Measurements) encapsulated two-gage rosettes. These gages with
 

attached ribbon leads (nickel-clad copper, 0.025 mm thick) were
 

bonded between two 0.013 mm (0.0005 in.) thick polyimide films
 

(Kapton) with ERLA 4617 resin. The assembly was cured in a vacuum
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bag in the autoclave. Subsequently, the Kapton sheets were
 

trimmed around the gages and the ribbon leads and the assembly
 

embedded between the fourth and fifth plies of the laminate.
 

Surface gages were bonded at the same locations on the top and
 

bottom surfaces after curing.
 

2.2 Loading_
 

Preliminary impact tests were conducted using an air
 

rifle with a smooth bore of BB caliber. Pellets of 4.50 mm
 

(0.177 in.) diameter were used. The pressure chamber is
 

pressurized by means of a built-in hand pump. The recommended ten
 

strokes of the pump build sufficient pressure to propel the
 

4.50 mm (0.177 in.) diameter steel pellets at 228 ms-I (750 ft/sec).
 

The velocity of the projectile was measured with the system
 

shown in Fig. 5. For seven strokes of the hand pump the average
 

measured velocity of the steel pellet was 182 ms-1 (598 ft/sec).
 

Preliminary tests with [0/+45/0/9U] boron/epoxy laminates
 

impacted with this pellet, resulted in complete penetration. This
 

was the case even at much lower velocities, when the number of
 

strokes in the hand pump was reduced to three. An 18-ply boron/
 

epoxy laminate of [0/+45/0/90]2s layup was almost completely penetrated
 

at 183 ms- (600 ft/sec) projectile velocity. Reduction of this
 

velocity (to four pump strokes) produced perforation on the front
 

face, delamination on the back face but no complete penetration.
 

Drastic reduction in air pressure (one pump stroke) produced only a
 

small surface indentation, but the velocity was too low to be of
 

interest in this task.
 

The steel pellets were replaced with silicon rubber pellets
 

of the same size. These were produced by casting RTV 21 in molds.
 

This RTV formulation has a specific gravity of 1.31 and a Shore A
 

durometer hardness of 50. The average measured velocity of these
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pellets (for seven pump strokes) was 200 ms-1 (657 ft/sec). At
 

this velocity the RTV pellets did not produce any visible damage
 

to the boron/epoxy laminates.
 

A new air gun with better velocity control allowing
 

for larger pellets was designed and built (Fig. 6). It consists
 

of a pressure chamber and a smooth-bore gun barrel with a 1.43 cm
 

(9/16 in) inside diameter. The pressurized air in the chamber is
 

suddenly released through the gun barrel by means of a solenoid

activated valve. The velocity of a 1.43 cm (9/16 in.) diameter
 

RTV sphere was monitored for different chamber pressures. Results
 
are plotted in Fig. 7. The RTV pellet penetrated easily a 9-ply
 

- -I
[0/+45/0/9U]-s boron/epoxy panel at 201 ms (661 ft/sec) and 219 ms
 

(718 ft/sec) and produced a small surface indentation at 130 ms1
 

-1
(427 ft/sec). At 232 ms (760 ft/sec) the pellet produced some
 

cracking and delamination on an 18-ply [0/+45/0/90]2s boron/epoxy
 
-
laminate. At 189 ms l (619 ft/sec) the delamination was slight and
 

at 166 ms-i (543 ft/sec) no damage was visible.
 

The air gun system built allows for easy interchangeability
 
-1
 

of gun barrels. To maintain high velocities between 183 ms
 

-
(600 ft/sec) and 305 ms 1 (1000 ft/sec) without risking visible
 

damage in the composite laminate, it was decided to use smaller
 

diameter pellets. A new gun barrel of 7.9 mm (5/16 in.) inside
 

diameter was used with silicon rubber pellets cast from Dow Silastic
 

A. The velocity of a 7.9 mm (5/16 in.) diameter Silastic sphere was
 
measured for different chamber pressures. Results are plotted in
 

Fig. 8.
 

All unidirectional [016] and angle-ply [02/+45]2s specimens
 

were impacted with 7.9 mm (5/16 in.) Silastic spheres with the air
 

gun described above. Impact velocities below the immediate damage
 

threshold for the various specimens were selected. Tests under normal
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and 45-degree oblique impact were conducted. The overall setup
 

for impacting the composite plates and recording strain gage
 

signals is shown in Figs. 9 and 10.
 

2.3 Data Recording
 

The strain gages were connected to potentiometric circuits
 

and their signals recorded on four dual-beam oscilloscopes. The
 

oscilloscopes were triggered when the Silastic projectile interrupted
 

a light beam parallel to the specimen and at a short distance from
 

it. A 0.5 mW He-Ne laser beam aimed at a photodiode was used.
 

To characterize the impact dynamics a moderately high speed
 

camera (Fastax) was used to record the impact and rebound of the
 

Silastic projectiles. Tests for various gun chamber pressures were
 

conducted on all four types of specimens, boron/epoxy, graphite/
 

epoxy, unidirectional and angle-ply. The projectile was photographed
 

during its approach and rebound from the specimen with a Fastax
 

16 mm camera operating at rates between 7100 and 7460 frames per
 

second.
 

A series of tests using a high-speed Beckman and Whitley
 

Model 189 framing camera was conducted to characterize further the
 

impact of the projectile on the composite plates and determine
 

variation of contact area with time. The overall experimental setup
 

for these tests is shown in Figs. 11 and 12. This camera is
 

capable of recording twenty-five 35 mm images at rates up to
 

1,250,000 frames/second by means of a rotating mirror, 25 pairs of
 

relay lenses and a stationary strip of film. Shuttering is
 

accomplished by means of diamond stops, one located at the objective
 

lens, and the other between each pair of refocusing lenses. With
 

the normal apertures employed here, the exposure duration is one
 

third the interframe time. Illumination was provided by an
 

electronic light source prepared for the purpose. This source
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employs a xenon flash lamp (GE Model FT 220). The system provides
 

for variable duration of illumination. Kodak 2479 AR film was
 

used and developed in D-19 developer.
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3.0 RESULTS AND DISCUSSION
 

3.1 Preliminary Testing
 

To establish pertinent timescales of interest and basic
 

instrumentation parameters, preliminary tests were conducted-by
 

impacting a [+45/+45] s boron/epoxy laminate instrumented with
 

surface strain gages. The strain gage layout used was shown in
 

Fig. 2. The specimen was impacted normally at the center with
 

0.450 cm (0.177 in.) diameter RTV pellets and the strain gage
 

output recorded on oscilloscopes. Results of one test are shown
 

in Fig. 13. The dominant wave seen in these signals is the
 

flexural wave propagating with a measured velocity of
 

v = 1,900 ms-l (75,000 in/sec)
 

This value is identical to the values of shear wave velocity
 

parallel and perpendicular to the fibers measured by Tauchert and
 

Guzelsu.19 This velocity is the same in both the x-direction and
 

the 45-degree direction. The phenomenon of isotropic propagation
 

of flexural waves is described by Moon. 5 The flexural or bending
 

motion has three waves associated with it. The lowest flexural
 

wave propagates with an isotropic velocity
 

1 /2
 
v = [C66 K/p]

where 
2 

S= is Mindlin's correction factor 

C 66= transverse shear modulus
 

p = density 
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3.2 Impact on Unidirectional Boron/Epoxy Laminates
 

Preliminary tests were conducted on [016] boron/epoxy
 

specimens to determine athreshold impact velocity below which
 

no visible damage could be seen in the plate. This velocity
 
-
was established as 213 ms (700 ft/sec). The first specimen
 

(Specimen 9BU-l) was ultrasonically scanned as described before,
 

instrumented with strain gages according to the gage layout of
 

.Fig. 3 and impacted with 7.9 mm (5/16 in.) diameter Silastic
 
-1
 

projectiles at 210 ms (690 ft/sec).
 

Figure 14 shows strain gage signals along the y-axis
 

(fiber direction) from two strain gage rosettes located at
 

stations 5.08 cm (2 in.) apart. The predominant pulse observed
 

corresponds to the transverse flexural wave in the direction of the
 

fibers. The average wave propagation velocity measured from
 

five tests is
 

-1
CllLF = 2159 ms (85,000 in/sec) (Flexural velocity) 

This flexural wave is related to the transverse shear modulus G13
 

(where 1- and 3- denote directions along the fibers and normal
 

to the plate) and the density by the relation
 

1l3
 
elILF p
 

Using the value of
 

G13 G12 = 0.8 x 106 psi
 

we obtain
 

-1
 
65,000 in/sec 1,650 ms
CllLF= 


The discrepancy between the measured and calculated values is due
 

to the fact that the G13 modulus is actually higher than GI2 due
 

to the pressure applied in the 3-direction during curing.
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Figure 14a also shows evidence of a very low amplitude
 

high-velocity precursor pulse which may be related to a longi
tudinal wave along the boron fibers. No accurate measure of this
 

velocity could be made from these records.
 

Figure 15 shows strain gage signals along the x-axis
 

(transverse to the fibers) from two strain gage rosettes located
 
at stations 5.08 cm (2 in.) apart. Here, the precursor pulse
 

corresponding to in-plane wave propagation is very pronounced.
 

Measured velocities of propagation for the in-plane and flexural
 

waves are
 

-I
022LI = 3,790 ms (149,300 in/sec) (In-plane velocity)
 

-1 
22LF = 1,790 ms (70,330 in/see) (Flexural velocity) 

The calculated velocities for these two waves are:
 

-
022L1 0(lv 12v2 1) = 3,280 ms (129,000 in/sec)
 

C22LF P .,p23) 23)!3 ~p~~v 2p(l+v23
 

-n)/3.15 x 106 x 386 74,500 in/see = 1890 ms 
2 x 0.073 x (1+0.5) 

The differences between measured and calculated values are likely
 

due to the uncertainty about the exact values of the elastic
 

constants involved.
 

Figure 16 shows strain gage signals along the 45-degree
 

axis from two three-gage rosettes located at stations 7.62 cm (3 in.)
 
apart. A small in-plane precursor wave followed by a much more
 

pronounced flexural wave is seen. Measured velocities of these two
 

waves are:
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-
C45LI = 3,380 ms 1 (133,200 in/sec) 

C45LF = 1,940 msi-1 (76,300 in/sec) 

The calculated values for these velocities are-:
 

x?6

=/-_E45 2.51 x 10 x 386 4-p(l-v 4 5v 45) 0.073 (1-0.5 x 0.5)

-

- 133,000 in/sec = 3,380 ms 

1 

-=0 45/3 = _E33 /_ E22 

c45LF p 2p(l+v 45/3) 2p(l+v2 3)
 

= 1890 ms-i (74,500 in/sec)
 

The agreement here between theoretical predictions and experimental
 

values is very good.
 

The maximum strain rates measured at the first station
 
2.54 cm (1 in.) from the point of impact along the y-axis (parallel
 

to the fibers) averaged for three tests are:
 

- 340 s/sec
 

dt
 

dE 22  240 s/sec
 

The maximum strain rate in the x-direction measured along the x

axis is
 

d--- - 640 s/sec 

which is much higher than the maximum strain rate along the y

axis. This is due to the fact that the rise times to peak strain
 

are approximately the same in both directions, since the flexural
 

wave velocities are approximately equal, and the fact that c22 has
 

the highest peak value.
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The plate showed visible damage'after a few impacts.
 

The extent of the damage is plainly manifested in the ultra

sonic scan taken after the impact tests. (Fig. 17).
 

A second 16-ply unidirectional boron/epoxy specimen
 

was prepared with surface and embedded gages according to the
 

gage layout of Fig. 4.
 

The instrumented specimen was impacted with 7.9 mm
 
(5/16 in.) diameter Silastic spheres at 192 ms-1 (630 ft/sec).
 

Strain gage signals on the top (front), bottom (back) and middle
 

surfaces were recorded on oscilloscopes. Figures 18 and 19
 
show signals obtained along the y-axis (fiber direction). One
 
pair of traces in each figure shows surface strains and the
 

other pair shows strains in the middle of the laminate. The
 

surface strains are predominantly flexural strains whereas the
 
mid-surface strains represent the in-plane component of the pulse.
 
Based on such records from gages 1 through 6 the following in-plane
 

and flexural wave propagation velocities were obtained, respectively:
 

-
C11LI = 12,700 ms (500,000 in/sec)
 

-i
 
CllLF = 2,090 ms (82,270 in/sec)
 

Figures 20, 21 and 22 show strain gage signals along
 

the x-axis. Flexural wave velocities were obtained from records
 

such as that of Figure 21a. The in-plane wave velocity was
 

obtained from embedded-gage strains such as those of Figs. 20b.
 

21b and 22. The average measured velocities from gages 7 through
 
-
12 are: C22LI = 3,490 ms l (137,400 in/sec)
 

-
C22LF = 1,710 ms (67,250 in/sec)
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The near symmetry of the two traces in Fig. 20a shows that
 

the pulse is predominantly flexural. The bottom trace of
 

Fig. 21a shows clearly the precursor in-plane pulse in front
 

of the slower flexural pulse. The similarity of the top and
 

bottom traces in Figs. 22a and 22b shows that the in-plane
 

component of the pulse can be obtained by summing the two
 

opposite-surface strains, and that the neutral plane coincides
 

with the mid-surface of the laminate.
 

The measured velocities above for the two specimens
 

tested are tabulated in Table 1 and compared with calculated
 

values obtained using the known properties of the material. The
 

discrepancy between the measured and computed values for c1lL
 

is probably due partly to the fact that the measured time interval
 

in the records was too short to be measured with accuracy and
 

partly due to pulse propagation along the fibers themselves at a
 

higher velocity than the one based on a homogeneous material. The
 

reason for the higher experimental value for c22L is probably that
 

the static value for E22 used in the computation of c22L is lower
 
than the dynamic value under impact conditions. The measured
 

flexural wave velocity in the fiber direction is higher than that
 

in the transverse to the fiber direction. The calculated values
 

show the opposite relationship, but it must be due to the
 

approximations used for the pertinent shear moduli G13 and G23 .
 

In the 45-degree direction the agreement between measured and
 

calculated values is very good.
 

The specimen with surface and embedded gages was subsequently
 

impacted obliquely by rotating it by 45-degrees, first about the
 

x-axis and recording gages on the y-axis and then rotating it about
 

the y-axis and recording gages on the x-axis. Typical strain
 

gage records are shown in Fig. 23.
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Table 1
 

WAVE PROPAGATION VELOCITIES IN TRANSVERSELY
 

IMPACTED [016] BORON/EPOXY SPECMEN
 

I
Velocity Direction and Velocity, ms- (in/sec)

Type of.Wave Measured Calculated
 

e11LI 12,700 (500,000) 10,110 (398,100)
 

e22LI 3,640 (143,300) 3,280 (129,000)
 

C45Li 3,380 (133,200) 3,380 (133,000)
 

C11LF 2,120 ( 83,630) 1,650 ( 65,000)
 

C22LF 1,750 ( 68,790) 1,890 ( 74,500)
 

C45LF 1,940 ( 76,300) 1,890 ( 74,500)
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Peak strains were measured at various stations both on
 

the outer surfaces and in the middle surface. These strains
 

are tabulated in Table 2 for normal impact and in Table 3
 

for oblique impact. The in-plane components of strain are in
 

general less than 10 percent of the flexural ones. The peak
 

flexural strains under oblique impact range between 38 and 56
 

percent of those under normal impact. This reduction is
 

accounted for by the reduction of the normal force component
 

and the reduction in the amount of absorbed kinetic energy due
 

to the obliqueness of the impact.
 

An attempt was made to evaluate the material attenuation
 

of the pulse by fitting an expression of the form
 

ae-kr
 
max F_ 

to the peak strain distribution. Here r is the distance from the
 

point of impact and k is the coefficient of attenuation. The
 

factor 1/_F- accounts for the geometric attenuation. The two types
 

of attenuation can be separated by plotting Emaxv-versus r
 

on a semilog scale (Fig. 24). Points were plotted for the peak
 

flexural strains xx and yy along the x-axis and y-axis,
 

respectively and for the peak in-plane strain axx along -_thex-axis.
 

The plot was normalized by dividing the function cmaxVr by its
 
value at r = 2.54 cm. A straight line drawn roughly through all
 

points yields a coefficient of attenuation
 

k = 0.105 cm-
I 
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Table 2 

PEAK DYNAMIC STRAINS IN NORMALLY IMPACTED
 

[016] BORON/EPOXY SPECIMEN 

Gage Location 

Strain (ye) x(cm) y(cm) Surface 

= 2620 2.54 0 Top (Front) 

-1380 -5.08 0 Top (Front) 

900 7.62 0 Top (Front) 

cyy = 130 2.54 0 Top (Front) 

-50 -5.08 0 Top (Front) 

15 7.62 0 Top (Front) 

xx -220 2.54 0 Middle 

-120 -5.08 0 Middle 

-85 7.62 0 Middle 

YY = 14 2.54 0 Middle 

11 -5.08 0 Middle 

7 7.62 0 Middle 

Exx = -900 0 2.54 Top- (Front) 

380 0 -5.08 Top (Front) 

250 0 7.62 Top (Front) 

cyy = 1400 0 2.54 Top (Front) 

860 0 -5.08 Top (Front) 

-450 0 7.62 Top (Front) 

-xx= 120 0 2.54 Middle 

65 0 -5.08 Middle 

25 0 7.62 Middle 

= 100 0 2.54 Middle 
40 0 -5.08 Middle 

25 0 7.62 Middle 
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Table 3
 

PEAK DYNAMIC STRAINS IN OBLIQUELY IMPACTED
 

[016] BORON/EPOXY SPECINEN
 

Gage Location 

Strain (vis) x(cm) y(cm) Surface 

= 1150 2.54 0 Top (Front) 

-800 -5.08 0 Top (Front) 

190 7.62 0 Top (Front) 

=yy= 50 2.54 0 Top (Front)
 

-50 -5.08 0 Top (Front)
 

15 	 7.62 0 Top (Front)
 

a = 	 -90 2.54 0 Middle
 

-85 -5.08 0 Middle
 

-35 7.62 0 Middle
 

y 12 2.54 0 Middle
 

7 -5.08 0 Middle
 

5 	 7.62 0 Middle
 

Exx = -500 0 2.54 Top (Front)
 

140 0 -5.08 Top (Front)
 

200 0 7.62 Top (Front)
 

Eyy = 640 0 2.54 Top (Front)
 

.540 0 -5.08 Top (Front)
 

-200 0 7.62 Top (Front)
 

= 	 90 0 2.54 Middle 

30 0 -5.08 Middle 

20 0 7.62 Middle 

yy= -15 0 -5.08 Middle
 

20 0 7.62 Middle
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3.3 Impact on Unidirectional Graphite/Epoxy aLaminates
 

Preliminary tests were conducted on [016] graph
 

epoxy specimens to establish a safe impact velocity that would
 

not produce visible damage on first impact. Specimens split
 
-1
at impact velocities as low as 141 ms (464 ft/sec). An
 

-1 
impact velocity of 91 ms (300 ft/sec) was selected for all
 
subsequent testing. The specimen (No. 9GU-l) was instrunented
 

with surface strain gages according to the gage layout of Fig. 3
 
and impacted with 7.9 mm (5/16 in.) diameter Silastic projectiles.
 

Figure 25 shows strain gage signals along the y-axis
 

from two strain gage rosettes located at stations 5.08 cm (2 in.)
 

apart. The pulse observed is that of the dominant flexural
 

(transverse) wave in the direction of the fibers. The average
 

wave propagation velocity measured from fifteen sets of gage
 

readings in nine tests is
 

ClILF = 1,930ms-1 (76,100 in/sec)
 

which compares well with the calculated value of
 

IC-JO,
IG~ 
-
clTLF-- -1995 ms (78,600 in/sea)
 

Figure 26 shows strain gage signals in the x-direction
 

for two pairs of gages located at stations 5.1 cm (2 in:) apart.
 
The average flexural wave propagation velocity computed from strains
 

in the x- and y-directions is
 

= -1 
C22LF 1,290 ms (50,900 in/sec)
 

The theoretical value is obtained as
 

G2 E33  -/.02 x 106 x 386 
p22LF 2 ( + 2 x 0.06 x (1+0.5) 

1
 
46,800 in/sec = 1,190 ms= 
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The lower theoretical value is probably due to the fact that
 

E33 was approximated by the lower value of E22.
 

Figure 26b also shows the precursor in-plane pulse
 

along the x-axis. The measured wave propagation velocity is
 

C22L1 2,380 ms-I (93,600 in/sec)
 

which is appreciably higher than the calculated value of
 

-
e22Lm-Cp(l-v 1vvl12v 21) = 2,060 ms (81,300 in/see) 

Figure 27 shows strain gage signals along the 45

degree axis. The measured velocity of the flexural wave is
 

-
045LF- 1,430 ms (56,200 in/see)
 

The measured velocity of the in-plane precursor visible
 

in Fig. 27c is
 

C45LI= 2,090 ms 1 (82,100 in/see)
 

which is much lower than the calculated value of
 

=e45LI p(17 -- 45C4 p(- 45 45  2,860 ms (112,600 in/sec)
 

Measured and calculated values of wave propagation
 

velocities are tabulated in Table 4. The measured value of
 

C22LIis higher than the calculated one, as in the case of the
 

boron/epoxy specimen before, because the static value for E22
 

used in the computation is lower than the dynamic value under
 

impact conditions. The measured propagation velocities of the
 

flexural wave in the fiber and transverse to the fiber directions
 

are in good agreement with calculated values. Furthermore, the
 

flexural wave velocities in the two directions are appreciably
 

different because the transverse shear moduli G13 and G23 are
 

different in a realistic composite.
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Table 4
 

WAVE PROPAGATION VELOCITIES IN TRANSVERSELY IMPACTED
 

[016] GRAPHITE/EPOXY SPECIMEN
 

Velocity Direction Velocity, ms (in/see)
 
and Type of Wave Measured Calculated
 

Cl1LI 11,560 (455,000) 

C22LI 2,380 (93,600) 2,060 ( 81,300) 

C45LI 2,090 (82,100) 2,860 (112,600) 

CllLF 1,930 (76,100) 1,995 ( 78,600) 

0 22LF 1,290 (50,900) 1,275 ( 50,200) 

C45LF 1,430 (56,200) 1,300 ( 51,200) 
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Peak strains measured from the various strain signals
 

from the gages nearest the point of impact are tabulated in
 

Table 5 below:
 

Table 5
 
PEAK DYNAMIC STRAINS IN TRANSVERSELY IMPACTED
 

[016] GRAPHITE/EPOXY SPECIMEN (PC)
 

Gage Location 

Signals x-axis y-axis 45-deg. axis 

E11 135 1280 110 

'22 3900 -900 3580 

£45 - - 2120 

The transverse to the fibers strain on the x-axis (normal
 

to the fibers) is the highest, reaching a value of 3900 pc. This
 

is an appreciable fraction of the transverse ultimate strain of
 

the unidirectional material 5100 pe. This result also indicates
 

that the transverse ultimate strain was probably exceeded at
 

points closer to the point of impact, resulting in immediate damage.
 

Maximum strain rates measured from the various strain
 

signals from the gages nearest the point of impact are tabulated
 

in Table 6 below: 

Table 6 

MAXIMUM STRAIN RATES IN TRANSVERSELY IMPACTED 

[016] GRAPHITE/EPOXY SPECIMEN (£/sec)
 

Gage Location
 

Strain Rate x-axis y-axis 45-deg. axis
 

£11 16 260 50
 

£22 520 180 85
 

£45 - 230
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3.4 Impact on Angle-Ply Boron/Epoxy Laminates
 

An angle-ply [02/+4512s boron/epoxy plate of dimensions
 

24.8 cm x 22.2 cm (9.75 in. x 8.75 in.) was prepared and tested
 

(Spec. No. 9BA-l). The specimen was instrumented with surface
 

strain gages according to the gage layout of Fig. 3. It was
 

impacted with 7.9 mm (5/16 in.) diameter Silastic spheres at
 

210 ms -I (690 ft/sec).
 

Figure -28 shows signals of gages on the y-axis (0-deg.
 

fiber direction). The gages in the y-direction respond primarily
 

to the flexural wave and those in the x-direction to the in-plane
 

wave. Measured propagation velocities of these waves are:
 

- I
CyyLI - 6,950 ms (273,700 in/sec) 

-
cyyLF = 1,890 ms (74,600 in/see) 

Theoretical values for these velocities are:
 
SE -1
 

=YYLI ~vxy - 7,750 ms (305,000 in/sec)Pl y 


CyyLF =_ p = 1,650 ms (65,000 in/sec)
 

The reason for the lower theoretical value in the flexural velocity
 

is that the transverse shear modulus Gyz is higher than the in-plane
 

shear modulus.
 

Figure 29 shows strain gage signals on the x-axis. The
 

gages in the y-direction respond primarily to the in-plane wave
 

along the x-axis, those in the x-direction respond primarily to
 

the flexural wave along the x-axis. Measured propagation velocities
 

of these waves are:
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CXXLI - 3,510 ms-1 (138,100 in/see) 

-
CxxLF = 1,890 ms (74,300 in/see)
 

Theoretical values for these velocities are:
 

FE_
xx -i
 
-CxXLI p(l-v yv 3,310 ms (130,200 in/see)
 

xy yx
 

z
CxLF =-G ' 2 - 1,650 ms (65,000 in/see)
 

The discrepancies are most likely due to the uncertainty about
 

the exact values of the elastic constants involved.
 

Figure 30 shows strain gage signals on the 45-deg. axis.
 

All gages show a small in-plane precursor wave followed by a
 

much more pronounced flexural wave. The in-plane strains are
 

positive in the x-direction and 45-deg. direction and negative in
 

the y-direction. Measured velocities of these two waves are:
 

C45LI = 6,230 ms I (245,200 in/see)
 

C45LF = 1,770 ms 1 (69,600 in/see)
 

Theoretical values for these velocities are:
 

C45LI = v(-45v_45) -- 4 5  5,850 ms (230,000 in/see) 

C = -45/z 2- = 1,650 ms-1 (65,000 in/sec) 

'45LFV P
 

The discrepancies are most likely due to the uncertainty about
 

the exact values of the elastic constants involved.
 

Maximum strain rates were measured from the various strain
 
gage signals. Average values of these strain rates are tabulated
 

below:
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Table 7 
MAXIMUM STRAIN RATES IN [02/±4512 s BORON/EPOXY SPECIMEN 

UNDER NORMAL ITPACT, (e/sec) 

Gage Location
 

Strain Rate x-axis y-axis 45-deg axis
 

xx 340 67 310
 

6yy 14 170 120
 

45 - -380
 

Peak strains measured from the various strain gage signals
 

are tabulated below:
 

Table 8
 

PEAK STRAINS IN [02/+45]2 s BORON/EPOXY SPECIMEN
 

UNDER NORMAL IMPACT, (pe) 

Gage Location
 

Strain x-axis y-axis 45-deg axis
 

e 3,700 -2,050 2,500
 

-600 2,000 -660
 

£45 - 2,500
 

A second 1 6-p ly [02/+4512 boron/epoxy specimen (No. 9BA-2)
 

was prepared with surface and embedded gages according to the
 

gage layout of Fig. 4. The instrumented specimen was impacted
 

as the other specimen before. Strain gage signals on the top
 

(impacted), back and middle surfaces of the laminates were recorded
 

and analyzed.
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The wave propagation velocities were close to those
 
measured with the surface instrumented specimen No. 9BA-l.
 

The measured values of these velocities averaged for all tests
 

on the two specimens tested are tabulated in Table 9 and
 
compared with calculated values. The discrepancies between
 

measured and calculated values in the in-plane wave velocities
 

are probably due to the fact that the measured time intervals
 
in the records are too short to be measured with accuracy. The
 

measured flexural wave velocities are different in different
 

directions and higher than the calculated value which is based
 

on an approximate value for the transverse shear moduli equal
 

to G12. The wave velocity cyyT along the direction of half of
 
the fibers is higher than cxxT in the transverse to the surface
 

fiber direction.
 

Peak strains, measured at various stations both on the
 

outer surfaces and in the middle surface, are tabulated in Table
 

3-10. The in-plane components of strain are ingeneral less
 

than 10 percent of the flexural ones.
 

As can be seen from Tables 7, 8 and 10, the strain
 

rates and peak strains in the x-direction on the x-axis are higher
 

than those in the y-direction on the y-axis. This difference was
 

much more pronounced in the case of the unidirectional specimens,
 
as discussed before. This difference could be explained roughly
 

by assuming nearly isotropic propagation of energy through the
 
flexural wave and that this energy is roughly proportional to
 

C 2 dt in the x-direction and YY C dt in the y-direction.
 
Assuming further the same time variation of the pulse in both
 

directions one would obtain
 

C6	'S!=E; 2.35
 

yy xx
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Table 9
 

WAVE PROPAGATION VELOCITIES IN NORiALLY
 

IMPACTED [02/+4512s BORON/EPOXY SPECIMEN
 

-

Velocity Direction Velocity, ms (in/sec)
 

and Type of.Wave Measured Calculated
 

CxxLI 3,520 (138,400) 3,310 (130,200) 

Cyyfl 6,970 (274,400) 7,750 (305,000) 

C451i 6,230 (245,200) 5,850 (230,000) 

CxxLF 1,810 (71,400) 1,650 (65,000) 

CyyLF 1,900 (74,800) 1,650 (65,000) 

C45LF 1,770 (69,600) 1,650 (65,000) 
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Table 10 

PEAK DYNAMIC STRAINS IN NORMALLY IMPACTED 

[02/± 4512s BORON/EPOXY SPECIMEN 

Gage Location, (cm) 
Strain (sE) x y Surface 

Exx = 3900 2.54 0 Front 

-1560 -5.08 0 Front 

600 7.62 0 Front 

-3850 2.54 0 Back 

1560 -5.08 0 Back 

-730 7.62 0 Back 

-62 -5.08 0 Middle 

-18 7.62 0 Middle 

=yy -750 2.54 0 Front 

-75 -5.08 0 Front 

-38 7.62 0 Front 

820 2.54 0 Back 

-47 7.62 0 Back 

= 2360 0 2.54 Front 

-360 0 -5.08 Front 

-170 0 7.62 Front 

-2580 0 2.54 Back 

-240 0 7.62 Back 

-280 0 -5.08 Middle 

-180 0 7.62 Middle 

s = 2100 0 2.54 Front 
yy 

1380 0 -5.08 Front 

-620 0 7.62 Front 

-2000 0 2.54 Back 

890 0 7.62 Back 

150 0 -5.08 Middle 

78 0 7.62 Middle 
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This is only a rough approximation since it does not account for
 

the different stress biaxiality in the two directions and the non

uniform distribution of kinetic energy. The latter would tend
 

to reduce the predicted ratio of peak strains above and bring it
 

closer to the actually measured ratio of peak strains.
 

The attenuation characteristics of the various pulses
 

along the various directions appear to be different. The flexural
 

E strain shows the lowest attenuation along the y-axis (direction
 

of outer fibers). This attenuation is appreciably lower than that
 

of the Oxx flexural strain along the x-axis.
 

3.5 Impact on Angle-Ply Graphite/Epoxy Laminate
 

An angle-ply [02/±45]2s graphite/epoxy plate of dimensions
 

24.8 cm x 22.2 cm (9.75 in. x 8.75 in.) was prepared and tested
 

as before (Spec. No. 9GA-I). The specimen was first instrumented
 

with surface strain gages as in the case of the unidirectional
 

specimen. It was impacted with 7.9 mm (5/16 in.) diameter Silastic

-i -I
 

spheres at velocities of 91 ms (300 ft/sec) and 122 ms
 

(400 ft/sec).
 

Figure 31 shows signals of gages on the y-axis. The
 

gages in the y-direction respond primarily to the flexural wave
 

and those in the x-direction to the in-plane wave. Measured
 

propagation velocities of these waves are:
 

-
=yyLI (280,000 in/sec)
7,110 ms
 

==yyLF1,740 ms -1 (68,400 in/sec) 

Calculated values for these velocities are:
 

EY
 

c - _x = 8,520 ms - I (335,000 in/sec)

yyLI 3yp(l-v v ) ( , n
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-I
CyyLF =' 12_ 1,990 ms (78,300 in/sec)
 

The observed discrepancies may be due to the uncertainty about
 
the exact values of the elastic constants.
 

Figure 32 shows strain gage signals on the x-axis.
 
The gages in the y-direction respond primarily to the in-plane
 

wave along the x-axis, those in the x-direction respond primarily
 

to the flexural wave along the x-axis. Measured propagation
 

velocities of these waves are:
 

CxxLI = 3,150 ms-I (124,000 in/sec)
 

exxLF = 1,335 ms-I (52,600 in/sec) 

Theoretical values for these velocities, based in part
 

on computed or approximated values of the elastic constants are:
 

xx(-xyvy x
 0CxxLIxxL plvv ) 2,540 (100,000 in/see)
 

xz 12cXXFCxx LF - =P 72 - 1,990 ms - I (78,300 in/sec)_ p 

The discrepancies observed are probably due to the uncertainty
 
about the exact values of the elastic constants.
 

Figure 33 shows strain gage signals on the 45-degree axis.
 
The gages in the y-direction show the influence of the in-plane
 

wave. Measured wave propagation velocities are:
 

- I
C45LI = 5,880 ms (230,000 in/sec)
 

C45LF = 1,370 ms-1 (53,900 in/see)
 

Theoretical values for these velocities are:
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6,240 ms-I (246,000 in/see)
 

1
945LF = 1,990 ms (78,300 in/sec) 

The same specimen above was subsequently instrumented
 

with additional surface gages on the other side located exactly
 

opposite the original set of gages. A series of tests was
 

conducted with the gages on opposite faces of the plate recorded
 

individually in pairs as shown in Figs. 34 and 35. These
 

signals confirm the fact that the primary pulse propagating in
 

the plate is a pure flexural pulse. The only evidence of an in

plane precursor wave appears in Fig. 34d (gages in x-direction
 

on the y-axis) and in Fig. 35b (gages in y-direction on the
 

x-axis). To isolate the pure flexural component of the pulse the
 

algebraic differences of the gage signals were recorded directly
 

as shown in Figs. 36 and 37. To obtain the pure in-plane
 

components of the pulse the gages at each station on opposite faces
 

of the specimen were connected in series for recording. Figures
 

38 and 39 show the records obtained. The measured in-plane
 

wave velocities are:
 

CxxL = 3,630 ms -I (143,000 in/see)
 

CyyLI = 8,380 ms-l (330,000 in/sec) 

The same specimen was subsequently loaded obliquely by
 

rotating it by 45-deg. first abput the x-axis and recording the
 

gages on the y-axis and then rotating it about the y-axis and
 

recording the gages on the x-axis. The signals of Figs. 40 and
 
41 show that the in-plane contribution of the oblique impact
 

is very small, as in the case of normal impact. The primary pulse
 

is again the flexural one.
 

The measured wave propagation velocities in the various
 

tests above are tabulated in Table 11 and compared with calculated
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Table 11
 

WAVE PROPAGATION VELOCITIES IN TRANSVERSELY
 

IMPACTED [02/+4512 s GRAPHITE/EPOXY SPECIMEN
 

Velocity Direction and Velocity ms' (in/sec)
 
Type of Wave Measured Calculated
 

CxxLI 3,390 (133,500) 2,540 (100,000)
 

cyyLI 7,750 (305,000) 8,520 (335,000)
 

C45LI 5,880 (230,000) 6,240 (246,000)
 

CxxLF 1,335 (52,600) 1,990 (78,300)
 

CyyLF 1,740 (68,400) 1,990 (78,300)
 

C45LF 1,370 (53,900) 1,990 (78,300)
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values.. The discrepancies between measured and calculated values
 

in the in-plane wave velocities are partly due to the fact that
 
the measured time intervals in the records are too short to be
 
measured with accuracy and partly due to some uncertainty about
 

the exact elastic constants used in the computations. The measured
 
flexural wave velocities are different in different directions and
 
lower than the calculated value which is based on an approximate
 

value for the transverse shear moduli equal to G12' The wave
 

velocity cyyLFalong the direction of the surface fibers is appreciably
 

higher than cxxLFin the transverse direction.
 

Maximum strain rates were measured from the various strain
 
gage signals at stations 2.54 cm (1 in.) from the point of impact.
 

Average values of these strain rates are tabulated below:
 

Table 12
 

MAXIMUM STRAIN RATES IN [02/±45 12s GRAPHITE/
 

EPOXY SPECIMEN UNDER NORMAL IMPACT (e/sec)
 

Gage Location 

Strain Rate x-axis y-axis 45-deg. axis 

xx -610 -73 350 

Lyy -10 400 -17
 

S45 - 230
 

The peak strains recorded on one side of the plate at the
 

same stations 2.54 cm (1 in.) from the point of impact are tabulated
 

as follows:
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Table 13 

PEAK STRAINS IN [02 /+4512s GRAPHITE/EPOXY 

SPECIMEN UNDER NOR11AL IMPACT (Ps) 

Gage Location
 
Strain x-axis y-axis 45-deg. axis
 

a 2600 -1600 2200 

a -330 980 -400
 

*45 - - 1260
 

As in the case of the boron/epoxy specimen before, the
 

peak strains (and strain rates) in the x-direction on the x-axis
 

are higher than those in the y-direction on the y-axis.
 

Pure flexural strains were determined from the algebraic
 

differences of the gage signals of Figs. 36 and 37. In-Plaae
 

strains were determined from the algebraic sums of the gage
 
signals of Figs. 38 and 39. Peak flexural and in-rlane strains
 

measured at stations 2.54 cm (I in.) from the point of impact are
 

compared in Table 14 below:
 

Table 14
 

PEAK FLEXURAL AND IN-PLANE STRAINS IN [02/+ 4 5 12s 

GRAPHITE/EPOXY SPECIMEN UNDER NORMAL IMPACT (pa) 

Gage Location Strain Flexural In-Plane
 
x-axis E 2600 80
 

xx 

a 330 -30
 
yy

y-axis xx 1500 -56
 

46
960
yy 
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The in-plane components range in magnitude from 3 to 9 percent
 

of the flexural components. The radial components of the in

plane pulse (xx on x-axis and Syy on y-axis) are tensile which
 

indicates that the specimen is drawn slightly towards the center
 

due to the high flexural deformation produced at the point of
 

impact.
 

Peak strains under oblique impact were measured from the
 

records of Figs. 40 and 41. These are compared below with
 

those under normal impact:
 

Table 15
 

PEAK STRAINS UNDER NORMAL AND OBLIQUE IMPACT
 

IN [02/±4512s GRAPHITE/EPOXY SPECIMEN (ye)
 

Normal Oblique 

Gage Location Strain Impact Impact 

x-axis axx 2600 1090 

y-axis E 	 980 435
 

These strains are 42 to 45 percent of the corresponding strains
 

under normal'impact. If the total impact force were the same
 

under oblique and normal impact, then the obliquity would produce
 

a normal force component equal to sin 450 = 0.707 of the force
 

under normal impact. This corresponds to change in linear momentum.
 

Change in kinetic energy would yield an apparent force component
 

equal to (sin 450)2 = 0.5. The measured strains appear to correlate
 

better with the change in kinetic energy.
 

3.6 	Residual Propertie6-of Imp&f&C-&Tbfi/Epoxy Laminates
 

Unidirectional [016] and angle-ply [02/+4512s boron/
 

epoxy plates were subjected to a single impact at one point with
 

a 7.9 mm (5/16 in.) diameter Silastic sphere at a velocity of
 

-
210 ms (690 ft/sec). Ultrasonic C-scans taken of the specimens
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before and after impact did not reveal any differences, although
 

the unidirectional specimen showed clear evidence of transverse
 

failure at the point of impact.
 

Coupons were machined from the impacted specimens around
 

the points of impact. One specimen was taken around each point
 

of impact for each of the two principal material directions of
 
the laminate. These coupons were tabbed, instrumented with strain
 

gages, and tested statically to failure. A similar set of specimens
 

was prepared from similar undamaged laminates and tested statically
 

to failure. Stress-strain curves for each pair of specimens are
 

shown in Figs. 42 to 45. Results are tabulated in Table 16.
 

The only significant effect of the single impact was
 

on the transverse strength of the unidirectional laminate. The
 

strength was reduced from the initial value of 61 MPa (8.8 ksi)
 

to 8.6 MPa (1.25 ksi) after impact. This was accompanied by a
 

slight reduction in modulus. The unidirectional laminate in the
 

fiber direction showed also a slight reduction in modulus, which
 

may not be significant, however. The [02/+ 451 2s laminate showed
 

a small, approximately 6 percent,reduction in strength at 90

degrees to the 0-deg. fibers possibly due to some transverse to
 

the fibers damage. The modulus and Poisson's ratio remained
 

unchanged.
 

3.7 Residual Properties of Impacted Graphite/Epoxy Laminates
 

The material used in these tests was a new batch of
 

graphite/epoxy which is said to have properties similar to Modmor
 

1/ERLA 4617 which was no longer available. This material is HM-S
 

graphite/Code 69 resin supplied by Fothergill and Harvey Ltd.
 

Unidirectional [016] and angle-ply [02/±45]2s plates of this
 

material were subjected to a single impact at one point with a
 
-I
 

7.9 mm (5/16 in.) diameter Silastic sphere at a velocity of 192 ms


(630 ft/sec). Ultrasonic C-scans taken of the specimens-before
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Table 16 

COMPARISON OF INITIAL AND RESIDUAL PROPERTIES 

OF BORON/EPOXY LAMINATES IMPACTED WITH 7.9 mm 

(5/16 in) SILASTIC SPHERES AT 210 ms -1 (690 ft/sec) 

Initial Properties Residual Properties 

Laminate 

Strength, 
S 

MPa (ksi) 

Modulus, 
E 

CPa (106 psi) 

Poisson's 
Ratio 
v 

Strength 
S 

MPa (ksi) 

Modulus 
E 

GPa (106 psi) 

Poisson's 
Ratio 
v 

0 
[016] 1403 (203) 218 (31.7) 0.18 1459 (211) 214 (31.0) 0.17 

0j~ 

[9016] 
16 

61 (8.8) 22.2(3.22) 0.013 8.6 (1.25) 21.3 (3.0B) 0.012 

[02/±4512s 753 (109) 124 (17.9) 0.61 773 (112) 124 (17.9) 0.60 

-i 

CZq 
RI 

[902/4512s 101 (14.6) 39 (5.7) 0.18 95 (13.7) 39 (5.7) 0.18 



and after impact did not reveal any differences, although the
 

unidirectional specimen showed some evidence of transverse
 

failure at the point of impact.
 

Coupons were machined from the impacted-specimens around
 

the points of impact. One specimen was taken around each point
 

of impact along each of the two principal material directions of
 

the laminate. These coupons were tabbed, instrumented with
 

strain gages and tested statically to failure. A similar set of
 

specimens prepared from similar non-impacted (undamaged) laminates
 

was tested for comparison purposes. Stress-strain curves for
 

each pair of specimens are shown in Figs. 46 to 49. Results
 

are tabulated in Table 17.
 

The most significant effect of the single impact tests
 

is on the transverse strength of the unidirectional laminate. The
 

strength was reduced from the initial value of 26 MPa (3.7 ksi)
 

to one-tenth that value after impact. The unidirectional laminate
 

in the fiber direction showed also some reduction in strength and
 

modulus. The angle-ply laminate did not show any significant changes
 

in strength and modulus after impact.
 

3.8 Impact Dynamics
 

A series of tests using a moderately high speed camera
 

(Fastax) was conducted to characterize the impact energetics. Impact
 

tests for various gun chamber pressures were conducted on all four
 

types of specimens, boron/epoxy and graphite/epoxy, unidirectional
 

and angle-ply. The Silastic projectile was photographed during its
 

approach and rebound from the specimen with a Fastax 16 mm camera
 

operating at rates between 7100 and 7460 frames per second. Two
 
-
sequences of frames for incident velocities of 250 ms (820 ft/
 

i 1
sec) and 192 ms- (630 ft/sec) are shown in Figs. 50 and 51.
 

The relative magnitudes of incident and rebound velocities are clearly
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Table 17
 

COMPARISON OF INITIAL AND RESIDUAL PROPERTIES
 

OF GRAPHITE/EPOXY LAMINATES IMPACTED WITH 7.9 mm
 
-
(5/16 in.) SILASTIC SPHERES AT 192 ms (630 ft/sec)
 

Initial Properties Residual Properties 
X Strength, Modulus, Poisson's Strength, Modulus, Poisson's 
m S E 6 Ratio S E 6 Ratio 
w Laminate MPa (ksi) GPa (10 psi) MPa (ksi) GPa 
 10 psi) v
 
o [016] 1308 (190) 203 (29.5) 0.31 1178 (171) 197 (28.6) 0.21 

[9016] 26 (3.7) 8.3 ( 1.2) 0.015 2.6(0.38) 8.3 ( 1.2) 

[02/± 45]2s 696 (101) 110 (16.0) 0.68 667 (97) 108 (15.7) 0.69
 

C [
 
r1 90/±45]2 172 ( 25) 30 (4.4) 0.22 184 (27) 28 (4.1) 0.21
 

http:2.6(0.38


visible in these records. Graphic plots of projectile distance
 
from the specimen versus frame number (or time) were obtained
 

from the photographic records (Figs. 52 to 59). Incident
 

and rebound velocities were computed from these graphs. Chamber
 
pressure was plotted versus incident and rebound velocity
 

(Fig. 60). This relationship between chamber pressure and
 

incident velocity is more accurate than the one described before,
 

because of the purely optical method used in this case. The
 
rebound velocity seems to be relatively independent of the type
 

of specimen used probably because the flexural stiffnesses of
 

the various plates are not too far apart. The energy imparted on
 

the specimen was computed as the change in the kinetic energy of
 

the projectile.
 

= 1 2 2) 
I m (v iI vrE 

2 r 

where 

E = energy
 

m = projectile mass
 

vi, v = incident and rebound velocities, respectively
 

The imparted energy, like the rebound velocity, was independent of
 

the type of specimen used. The variation of this energy with
 

incident velocity is plotted in Fig. 61.
 

The photographic records described above obtained with
 

the Fastax camera did not have sufficient detail to yield information
 

on the projectile contact area and contact time. A new series
 

of tests using a high-speed Beckman and Whitley Model 189 framing
 

camera was conducted to characterize further the impact of the
 

projectile on the composite plates. This camera is capable of
 

recording twenty-five 35 mm images at rates up to 1,250,000 frames/
 

second by means of a rotating mirror, 25 pairs of relay lenses and
 

a stationary strip of film. Shuttering is accomplished by means
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of diamond stops, one located at the objective lens, and the
 

other between each pair of refocusing lenses. With the normal
 
apertures employed here, the exposure duration is one third the
 

interframe time. Illumination was provided by an electronic
 
light source prepared for the purpose. This source employs a
 
xenon flash lamp (GE Model FT 220). The system provides for 
variable duration of illumination. Kodak 2479 RAR film was used 

and developed in D-19 developer. 

A sequence of frames taken at a rate of 85,700 frames
 

per second and showing the impact and rebound phenomenon is
 
shown in Fig. 62. The projectile in this figure is impacting a
 

-1
[02/+45]2s boron/epoxy plate at a velocity of 180 ms (590 ft/
 
sec). The impacting projectile gives the appearance of a splashing
 
drop of water with a rapid increase in contact area. The contact
 

area as a function of time is plotted in Fig. 63. The projectile
 

is completely flattened within approximately 70 ps after impact
 
2
reaching a maximum contact area of 3.25 cm (0.5 in2). The
 

maximum contact radius at this point is 20.3 mm (0.80 in.) which
 

is more than two and one-half times the diameter of the undeformed
 
projectile. The total contact time is longer than 300 ps. The
 
force and pressure distributions associated with this impact
 
cannot be determined from the photographic records alone. It can
 

be said, however, that the peak contact pressure occurs between
 

0 and 70 ps after initial contact.
 

A similar photographic record was obtained for a higher
 

incident velocity, 242 ms ~I (794 ft/sec) (Fig. 64). The variation
 

of contact area with time is shown in Fig. 65. The time to peak
 
contact area is shorter than before (approximately 50 ps), however,
 

there is a longer dwell time during which the area is near the
 
maximum and the projectile is nearly flat.
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4.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
 

Stress wave propagation in composite laminates under
 

projectile impact was studied experimentally. Two materials
 

were investigated, boron/epoxy and graphite/high modulus
 

epoxy. Sixteen-ply unidirectional [016] and angle-ply [02/+ 45 12s
 

laminates were used. The specimens were ultrasonically scanned
 

before instrumentation and testing. They were instrumented with
 

surface and embedded gages. An air gun system was designed and
 

built for propelling projectiles on the specimens. It consists
 

of a pressure chamber and a smooth-bore gun barrel of 7.9 mm
 

(5/16 in.) inside diameter. The specimens were impacted with
 

silicon rubber (Silastic) spheres at velocities up to 250 ms-1
 

(820 ftfsec). Impact velocities were kept below the immediate
 

damage threshold for the various specimens. Tests under normal
 

and 45-degree oblique impact were conducted. Wave propagation
 

characteristics were studied by recording the strain gage signals
 

at various stations. These records were analyzed to determine
 

the types of wave, propagation velocities, peak strains, strain
 

rates and attenuation characteristics.
 

Unidirectional boron/epoxy specimens were impacted with
 

Silastic projectiles at velocities of 192 ms -I (630 ft/sec) and
 

210 ms-l (690 ft/see). The predominant wave induced was a flexural
 

wave propagating at somewhat different velocities along the different
 

directions contrary to the theoretical prediction of isotropic
 

propagation. 5,6 This is because of the inhomogeneous nature of
 

the plate which makes the various transverse shear moduli different
 

in different directions. Experimental results indicate that the
 

flexural wave propagation velocity is direction-dependent and it
 
-1 
decreases from the maximum value of 2,120 ms (86,360 in/sec) in
 

the fiber direction to 1,750 ms-I (68,790 in/sec) in the transverse
 

to the fiber direction. The theoretical value in the fiber
 

direction is much lower, 1650 ms- (65,000 in/sec) because it
 

approximates the transverse shear modulus G13 with the lower
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in-plane shear modulus G12. A low amplitude in-plane precursor
 

wave was evident in some of the signals. It was most pronounced
 

in the transverse to the fiber direction. The measured velocities
 
of the in-plane wave were higher than the calculated values. The
 

high measured value of cllL is due partly to the fact that the
 
measured time interval was too short to be measured with accuracy
 

and partly due to pulse propagation along the high-modulus fibers
 

themselves at a much higher velocity than the one based on a
 

homogeneous material. The reason for the higher measured value
 

for c22L is that the static value of E22 used in the computation
 

of the theoretical value is lower than the dynamic value of E22
 

under impact conditions. The agreement between measured and
 

calculated values of wave propagation was best in the 45-degree
 

direction.
 

Peak strains were measured at the various stations. The
 
maximum strains measured at a station 2.54 cm (I in.) from the
 

point of impact were Fl, = 1400 ps and E22 = 2620 ps in the fiber
 
and transverse to the fiber directions, respectively. The difference 

in these two peak strains can be explained in part assuming nearly 

isotropic propagation of energy. A similar relationship exists 

between the two corresponding peak strain rates, i = 340 s/sec 
and $22 = 640 s/sec because the flexural velocites and rise times 
to peak strain are roughly the same 'in both directions. Strain 

gage signals from the top, bottom and middle surfaces of the laminate 

indicate that the neutral plane coincides with the mid-plane of the 
plate. The in-plane components of strain were in general lower than 

10 percent of the flexural ones. The flexural wave is still the 
predominant one under oblique 45-degree impact. The peak flexural 

strains under oblqiue impact range between 36 and 56 percent of 
those under normal impact. This reduction is accounted for by the 

reduction of the normal force component and the reduction in the 
amount of absorbed kinetic energy due to the obliqueness of the 

impact. An exponential fit for the measured peak strains indicated 
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that there is appreciable material attenuation of the pulse.
 

Unidirectional graphite/epoxy specimens were impacted
 
-I
with Silastic projectiles at a velocity of 91 ms (300 ft/sec).
 

The flexural wave propagation velocities measured were 1,930 ms 1
 

(76,100 in/sec) and 1,290 ms-I (50,900 in/sec) in the fiber and
 

transverse to the fiber directions, respectively. These values
 

were in good agreement with calculated values based on realistic
 

values for GI3 and G23. The measured in-plane wave velocity
 

c22L' 2,380 ms-± (93,600 in/sec) is higher than the calculated
 
one probably because the static value of E22 used in the computation
 

is lower than the dynamic value under impact conditions.
 

Peak strains measured at a station 2.54 cm (I in.) from 

the point of impact were £11 = 1280 pc and 622 = 3900 le. The 

difference between these two strains is higher than in the case 

of the boron/epoxy specimen because the modulus ratio El1/E22 
is higher for the graphite/epoxy. The value of 3900 ps is an 

appreciable fraction of the transverse ultimate strain of the uni

directional material E22T 5100 pa. It is quite probable that 

this ultimate strain was exceeded at points closer to the point 

of impact, resulting in immediate localized damage. This damage, 

however, was not easily detectable by ultrasonic scanning. Maximum 

strain rates corresponding to the peak strains above were il = 260
 
=
s/sec and 22 520 s/sec.
 

Angle-ply [02/+451 2s boron/epoxy specimens were impacted
 

with Silastic projectiles at a velocity of 210 ms- I (690 ft/sec).
 

Along the y-axis (0-deg. fiber direction) gages in the y-direction
 

respond primarily to the flexural wave and those in the x-direction
 

to the in-plane wave. Along the x-axis, gages in the x-direction
 

respond primarily to the flexural wave and those in the y-direction
 

to the in-plane wave. Along the 45-degree axis all strain gage
 
signals show a small in-plane precursor wave followed by a much
 

more pronounced flexural wave. The measured in-plane wave velocities
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CXXLI = 3,520 ms-1 (138,400 in/see) and CYYLI = 6,970 ms- I 

(274, 400 in/sec) are close to the calculated values. The
 

flexural wave velocity in the direction of the outer fibers,
 

CyyLF= 1,900 ms-I (74,800 in/see), is a little higher than that
 
-I
in the transverse direction, CxxLF= 1,810 ms (71,400 in/sec).
 

Both of these measured values are higher than the calculated
 
-I
value of 1,650 ms (65,000 in/see) based on an approximation
 

of transverse shear moduli with G.2.
 

Peak strains measured at a station 2.54 cm (I in.) from
 

the point of impact were exx = 3900 pa and eyys 2100 Vs.
 

Assuming isotropic energy propagation, a rou h estimate of the
 
ed.


ratio of these two strains equal to e__2.5wsredct
-_!Y _ 2.35 wspredicted. 
6yy 
 Exx
 

This estimate does not take into account the different stress biaxiality
 

in the two directions and the nonuniform distribution of kinetic
 

energy. The latter would tend to reduce the predicted ratio above
 

and bring it closer to the actually measured ratio of peak strains.
 

The attenuation characteristics are different in different directions.
 

The flexural eyy strain shows the lowest attenuation along the
 

y-axis, much lower than that of the exx flexural strain along the
 

x-axis.
 

Angle-ply [02/± 4 512s graphite/epoxy specimens were
 
-I
impacted with Silastic projectiles at velocities of 91 ms (300 ft/
 

I
see) and 122 ms- (400 ft/sec). As in the case of the boron/epoxy
 

specimen above, along the two principal material axes the radial
 

gages respond primarily to the flexural wave and circumferential
 

gages respond primarily to the in-plane wave along the respective
 
=
radial direction. Measured in-plane wave velocities were CxxLl


I
3,390 msI-1 (133,500 in/sec) and cyyLI= 7,750 ms- (05,000 in/sec)
 

which are somewhat different from predicted values because of some
 

uncertainty in the elastic constants and some inaccuracies in the
 

measured short time intervals. The measured flexural wave velocities
 
= -1
 

are cxxLF= 1,335 msI-1 (52,600 in/sec) and cyyLF 1,740 ms
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(68,400 in/sec), which are lower than the calculated value
 
-
of 1,990 ms 1 (78,300 in/sec). The latter was based on
 

approximation of the transverse shear moduli with G1 2.
 

Peak strains measured at a station 2.54 cm (1 in.)
 

from the point of impact were sx. = 2600 Va and yy= 980 s.
 

The predicted grossly approximate ratio of these strains is
 

c xx/ yy- 3.35. Measured peak strain rates were xx = 610 s/sec
 

and syy= 400 s/sec. The measured in-plane components of strain
 

range in magnitude between 3 and 9 percent of the flexural
 

components. The radial components of the in-plane strains are
 

tensile, which indicates that the specimen is drawn slightly
 

towards the center due to the high flexural deformation at the
 

point of impact. Peak strains under 45-degree oblique impact
 

are 42 to 45 percent of the corresponding strains under normal
 

impact. This reduction is due to the reduction of the normal
 

component of force and of the portion of absorbed kinetic energy
 

due to the obliqueness of the impact.
 

Residual elastic properties and strength were measured
 

around the point of impact after a single impact and compared with
 

initial values from unloaded specimens. In the boron/epoxy plates
 

the most significant effect of the single impact was a reduction
 

in the transverse strength of the unidirectional laminate from
 

61 MPa (8.8 ksi) to 8.6 MPa (1.25 ksi). The [02/+4512s laminate
 

showed a small reduction, approximately 6 percent, in strength
 

in the 90-deg. direction. Results were similar for the graphite/
 

epoxy plates. The transverse strength of the unidirectional
 

laminate was reduced from 26 MPa (3.7 ksi) to one-tenth that value
 

-after a single impact. The unidirectional laminate also showed
 

some modulus and strength degradation in the fiber direction.
 

Photographic records of the impacting projectile
 

were taken to characterize the dynamics of impact to some extent.
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A series of records taken with a Fastax camera at rates of
 

up to 7460 frames per second was used to determine the incident
 

and rebound velocities of the projectile, hence the energy
 

imparted on the specimen. The rebound velocity, hence the
 

imparted energy, appeared to be relatively independent of the
 

type of laminate used, probably because the flexural stiffnesses
 

of the various plates are close to each other. A second set
 

of high-speed closeup photographic records was obtained with a
 
Beckman and Whitley camera at a speed of 85,700 frames per second.
 

The Silastic projectile gives the appearance of a splashing drop
 

of water and is completely flattened within 50-70 vs. The
 

variation of contact area with time was determined. The maximum
 

contact diameter is more than two and one-half times the diameter
 

of the undeformed projectile. The total contact time is of the
 

order of 300 is. Increasing the velocity of impact reduces the
 

time of maximum area contact, reduces slightly the total contact time
 

but it increases the dwell time during which the contact area is
 

near maximum.
 

The scope of the work reported here should be extended to take
 
full advantage of the expertise developed in the course of this
 

investigation. It is proposed to conduct a systematic investigation
 

to study the dynamic deformation, wave propagation, induced
 

damage, and residual elastic and strength properties in composite
 

plates subjected to impact loading as a function of a number of
 

material and loading parameters. It is recommended that materials
 

such as boron/epoxy, graphite/epoxy, S-glass/epoxy, Kevlar 49/epoxy
 

and hybrids thereof be investigated in unidirectional and angle-ply
 

configurations. The materials and hybrids could be graded from the
 
point of view of impact resistance with a view to approaching an
 

optimum hybrid. The effects of parameters such as impact velocity,
 

projectile mass and elasticity and material prestress should also
 

be investigated.
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Fig. 1 	 ULTRASONIC SCAN OF [01 BORON/EPOXY SPECIMEN 
BEFORE IMPACT. 16 
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Point of Impact
 

Fig. 2 	 STRAIN GAGE LAYOUT FOR [+45/±45] s BORON!
 

EPOXY SPECIMEN USED FOR PRELIMINARY TESTING
 

(Dimensions are in mm and inches) 
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y 

O0-Degree Plies 

4 3 

6 8 

75-1.510 

9 

12' / I 

11. 11 y 

Gage No. mm (in) 
 mm (in)
 

1,2 0 25.4(1.00) 

3,4 0 76.2(3.00)
 

5,6 25.4(1.00) 0 

7,8 76.2(3.00) 0
 

9,9.5,10 -18.0(-0.71) -18.0(-0.71) 

11,11.5,12 -71.8(-2.83) -71.8(-2.83) 

Fig. 3 GAGE LAYOUT FOR [016] AND [02/+4512. BORON/EPOXY
 

AND GRAPHITE EPOXY PLATES 
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y 

0-Deg Plies
 

Q O-IIII%----- Q x 

r ~IO 

x y Through the Thickness
 
Gage No. mm (in) mm (in) Locations
 

1,2 0 25.4 (1.00) Top, Middle and Bottom
 
3,4 0 -50.8 (2.00) Top, Middle and Bottom
 
5,6 .0 76.2 (3.00) Top, Middle and Bottom
 
7,8 25.4 (1.00) 0 Top, Middle and Bottom
 
9,10 -50.8. (2.00) 0 Top, Middle and Bottom
 

11,12 76.2 (3.00) 0 Top, Middle and Bottom,
 

Fig. 4 STRAIN GAGE LAYOUT FOR SPECIMEN WITH SURFACE AND EMBEDDED GAGES
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Fig. 5 SCHEMATIC DIAGRAM OF SETUP FOR MEASUREMENT OF PROJECTILE VELOCITY 
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K , , 

Pressure Chamber Gun Barrel RTV Sphere 

Diam. = 11.4 cm (4.5 in.) I.D. = 1.43 cm (9/16 in.) 1.43 cm (9/16 in.) Diam. 

Length = 20.3 cm (8 in.) Length = 180 cm (71 in) 

Fig. 6 AIR GUN FOR PROPELLING 1.43 cm (9/16 in.) DIAMETER 
RTV SPHERES
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Fig. 8 	 VELOCITY OF 7.9 mm (5/16 in.) DIAMETER
 
SILASTIC PROJECTILE AS A FUNCTION OF
 
CHAMBER PRESSURE 
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Spe c1e 

Air Gun 

Fig. 9 EXPERIMENTAL SETUP FOR 1MPACTING COMPOSITE PLATES AM 0RECORDING 

INSTRUMENTATION 
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Fig. 10 EXPERIMENITAL SETUP FOR IMPACTING COMPOSITE PLATES AND RECORDING INSTRUMENTATION 
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Fig. 11 EXPERIMENTAL SETUP FOR PHOTOGRAPHIC RECORDING OF PROJECTILE IMPACT 
ON COMPOSITE PLATES 
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Fig. 12 EXPERIMENTAL SETUP FOR PHOTOGRAPHIC RECORDING OF PROJECTILE IMPACTON COMPOSITE PLATES
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Fig. 13 STRAIN GAGE SIGNALS IN TRANSVERSELY IMPACTED [+4 5 12s 
(SUFEP: 20 wsec/div; Refer to
BORON/EPOXY LAI-IINATE 


Fig. 3-2 for Gage Layout).
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Em-I-.n. 
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(a) 

ENHMEEHEN2 
o Ii m
 

(b) 

Fig. 14 STRAIN GAGE SIGNALS ALONG y-AXIS OF TRANSVERSELY IMPACTED
 
[016] BORON/EPOXY SPECIMEN (Sweep: 20 lis/div)
 
(a) Gages in y-direction 5.08 cm (2 in.) apart
 
(b) Gages in x-direction 5.08 cm (2 in.) apart
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Fig. 15 STRAIN GAGE SIGNALS ALONG x-AXIS OF TRANSVERSELY 
IKPACTED t016] BORON/EPOXY SPECIlNN (Gages in
 

cn (2 apart).x-d.irection 5.03 in.) 
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(c) 
Fig. 16 	 STRAIN GAGE SIGNALS ALONG 45-DEGREE A)IS OF TRANSVERSELY 

IMPACTED [016] BORON/EPOXY SPECIMEN (Sweep: 20 is/div) 

(a) Gages in y-direction 7.62 in.cm aparti3 

(b) Gages in x-direction 7.62 cm Sin. aart
 
(c) Gages in 45-degree direction 7.62 cm (3 in.) apart
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Fig. 17 	 ULTRASONIC SCAN OF [0 16] BORON/EPOXY SPECIZEDN AFTER
 

IMPACT TESTING (Specimen 9BU-1)
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Fig. 18 STRAIN ',AGE SIGN~ALS (LOTWITUDINAL) ALONG y-AX-IS OF TRAUTSVERSEL 
IMPACTED [016 BORON/EPOXY SPECINII (Sweep: 20) is/div) 

(a) Gages in y-direction 2.51; cin and 5.05 crm 
from Ceriter on TonD Surface 

(b) Gages in y-direction 5.08 cmn and 
from Center in Middle Surface 

7.62 cm 
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v-AXIS OF TRANSVERSELY 
Fig. 19 STRAIN GAGE SIGNALS(TRANSVERSE)ALONG 

(Sweep: 20 us/div)

IMPACTED [016]1 BORON/EPOXY SPECJIMEN 

cm and 5.08 cm from
(a) Gages in x-direction 2.54 

Center on Top Surface
 
from
 

(b) Gages in x-direction 2.54 cm and 5.08 cm 

Center in Middle Surface 
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(b) 

Fig. 20 	 STRAIN GAGE STGNALS AT ON t x-AXIS OF TRANSVERSE LY 
IMPACTED [016] BORON/EPOXY SPECIMEN (Sweep: 20 uis/div) 

(a) Gages in p-direction 5.08 cm from Center on
 
Top, and Bottom Surfaces
 

(b) Gages 	 in v-direction 2.54 cm and 5.08 cm 
from Center in Middle Surface
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12T + 12B
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nLz no i n 

(b) 

Fig. 22 STRAIN GAGE SIGNALS ALONG x-AXIS OF TRANSVERSELY
 

IMPACTED [0161 BORON/EPOXY SPECIMEN (Sweep: 20 ps/div)
 

(a) Gages in x-direction 2.54 cm from Center. Top
 
Trace: Sum of Top and Bottom Surface Strains;
 
Bottom Trace: Strain in Middle Surface
 

(b) Cages in x-direction 7.62 cm from Center. Ton
 
Trace: Sum of Top and Bottom Surface Strains;
 
Bottom Trace: Strain in Middle Surface.
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Fig. 23 OBLIQUE IMPACT STRAIN CAGE SIGNALS IN 

TRANSVERSELY IMPACTED [016] BORON/EPOXY
 

SPECIMIEN ALONG x-AXIS. (Sweep: 20 is/div)
 

(a) Gages in x-direction 2.54 cm and 5.08 cm
 
from Center on Top Surface
 

(b) Gages in x-direction 2.54 cm and 5.08 cm
 
from Center on Middle Surface.
 

70
 



1.0
 

0.9
 

0.8
 

0.7
 

0
 

0.6 	 O Flexural c on s-axis
 

Flexural on y-axis
 

0.5 [ 	 In-plane exx on x-axis 

% ae -kr
 e
0.4 -a 


-
k = 0.105 ecm 

1 2 3 (in) 
068 10 (em) 

Distance, r 

Fig. 24 SEMILOGARITHMIC PLOT FOR SEPARATING MATERIAL AND GEOMETRIC ATTENUATION
 
IN [0161 BORON/EPOXY SPECINEN IMPACTED NORMALLY WITH A SILASTIC SPHERE
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Fig. 25 STRADI GAGE SIGNALS ALONG y-AXIS IN TRANSVERSELY IMPACTED 
[016] GRAPHITE/EPOXY SPECIMN
 

(a) Gages in y-direction 5.08 cm (2 in.) apart
 

(b) Gages in x-direction 5.08 cm (2 in.) apart 
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Fig. 26 	 STRAIN GAGE SIGNALS ALONG x-AXIS IN TRANSVERSELY IMPACTED 
[016) GRAPHITE/EPOXY SPECIMEN 

(a) Gages in y-direction 5.08 cm (2 in.) apart
 

(b) Gages in x-direction 5.08 cm (2 in.) apart
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Fig. 27 STRAIN GAGE SIGNALS ALONG 45-DEGREE AXIS TN TRANSVERSELY IMPACTED
 
[016] GRAPHITE/EPOXY SPECIYEN
 
(a) Gages in y-direction 7.62 cm (3 in.) apart
 

(b) Gages in s-direction 7.62 cm (3 in.) apart
 

(c) Cages in 45-degree direction 7.62 cm (3 in.) apart
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Fig. 28 STRAIN GAGE SIGNALS IN TRANSVERSELY IMPACTED
 

[02/±45]2s BORON/EPOXY SPECIMEN 9BA-1 ALONG
 

VERTICAL AXIS.
 

a) Gages in p-Direction
 

b) Gages in x-Direction
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STRAIN GAGE SIGNALS IN TRANSVERSELY IMPACTED
 

[02/45]12S BORON/EPOXY SPECIMEN 9BA-1 ALONG
 

HORIZONTAL AXIS.
 

a) Gages in y-Direction
 
b) Gages in x-Direction
 

Fig. 29 
-d6
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Fig. 30 	 STRAIN GAGE SIGNALS IN TRANSVERSELY I--PACTED [92/+4512
BORON/EPOXY SPECIMIEN 9BA-1 ON 45-DEGPREr AXIS 2 s 
(Sweep: 20 	psec/di-v)
 

(a) in y-Direction
(b) GagesGages in x-Directio
 
(c) Gages in 45-degree Direction
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Fig. 31 STRAIN GAGE SIGNALS IN TRANSVERSELY IMPACTED
 

[02 /T4512s GRAPHITE/EPOXY SPECI4EN 9GA-1
 

ALONG VERTICAL AXIS
 

a) Gages in y-Direction
 
b) Gages in x-Direction
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Fig. 32 STRAIN CAGE SIGNALS TN TRANSVERSELY IMPACTED 

[02/45 12 GRAPHITE/EPOXY SPECIMEN 9GA-1 ALONG 

HORIZONTAL AXIS 

(a) Gages in y-Direction 
(b) Gages in x-Direction 
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STRAIN GAGE SIGNALS IN TRANSVERSELY IMPACTED [02/± 451 2s
'8O
 

GRAPHITE/EPOXY SPECIMEN 9GA-1 ON 45-DEGREE AXIS
 

a) Cages in y-Direction
 
b) Gages in x-Direction
 
c) Gages in 45-Degree Direction
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(d)
(c) 
Fig-. 34 	 STRAIN CAGE SIGNALS ON OPPOSITE FACES OF TRANSVERSELY IMPACTED [02/±4512 S
 

GRAPHITE/EPOXY SPECIMEN 9GA-1 ALONG y-AXIS (Sweep: 20 psec/div)
 
(a) Gages 	in y-direction 2.54 cm (1 in) from center
 
(b) Gages 	in -direction 7.62 cnm(3 in) from center
 
(c) Gages 	in s-direction 2.54 cm (1 in) from center
 
(d) Cages 	in x-direction 7.62 cm (3 in) from center
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Fig. 35 

(c) (d) 

STRAIN GAGE SIGNALS ON OPPOSITE FACES OF TRANSVERSELY IMPACTED (02 /+4512s 
GRAPHITE/EPOXY SPECIMEN 9GA-1 ALONG x-AXIS (Sweep: 20 vsec/div) 

(a) Gages in y-direction 2.54 cm (1 in) from center 
(b) Gages in y-direction 7.62 cm (3 in) from center 

(c) Gages in x-direction 2.54 cm (1 in) from center 

(d) Gages in.x-direction 7.62 cm (3 in) from center 
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Fig. 36 DIFFERENCES OF STRAIN GAGE SIGNALS FROM OPPOSITE
 
FACES OF TRANSVERSELY IMPACTED [02/±4512s GRAPHITE/
 
EPOXY SPECIMEN 9GA-1 ALONG y-AXIS
 
(Sweep: 20 psec/div)
 
(a) Gages in y-direction 5.08 cm (2 in) apart
 
(b) Gages in x-direction 5.08 cm (2 in) apart
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ig. 37 DIFFERENCES OF STRAIN GAGE SIGNALS FROM OPPOSITE 

FACES OF TRANSVERSELY IMPACTED [02/+4512s GRAPHITE/ 

(Sweep: 20 psec/div)EPOXY SPECIMEN 9GA-1 ALONG x-AXIS 


(a) Gages in y-direction 5.08 cm (2 in.) apart
 
(b) Gages in x-direction 5.08 cm (2 in.) apart
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SUMS OF STRAIN GAGE SIGNALS FROM OPPOSITE
Fig. 38 

FACES OF TRANSVERSELY IMPACTED [02 ±4512s
 

GRAPHITE/EPOXY SPECIMEN 9GA-1 ALONG y-AXIS
 

(Sweep: 20 psec/div)
 

(a) Gages in y-direction 5.08 cm (2 in.) apart
 
(b) Gages in x-direction 5.08 cm (2 in.) apart
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SUMS OF STRAIN GAGE SIGNALS FROM OPPOSITE FACES
Fig. 39 

OF TRANSVERSELY IMPACTED [02/+4512s GRAPHITE/
 

EPOXY SPECIMEN 9GA-1 ALONG x-AXIS
 

(Sweep: 20 psec/div)
 

(a) Gages in y-direction 5.08 cm (2 in.) apart
 
(b) Gages in x-direction 5.08 cm (2 in.) apart
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Fig. 40 	 OBLIQUE IMPACT. STRAIN GAGE SIGNALS ON OPPOSITE 

FACES OF TRANSVERSELY IMPACTED [021/45)2s GRAPHITE/ 

EPOXY SPECIMEN 9GA-1 ALONG y-AXIS 

(Sweep: 20 psec/div) 

(a) Gages in y-direction 2.54 cm (1 in.) from center
 
(b) Gages in Y-direction 7.62 cm (3 in.) from center
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Fig. 41 	 OBLIQUE IMPACT. STRAIN GAGE SIGNALS ON OPPOSITE
 

FACES OF TRANSVERSELY IMPACTED [021+4512s GRAPHITE/
 

EPOXY SPECIMEN 9GA-1 ALONG x-AXIS
 

(Sweep: 20 psec/div)
 

(a) Gages 	in x-direction 2.54 cm (I in.) from center
 
(b) Gages 	in 'x-direction 7.62 cm (3 in.) from center
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STRAINS IN [0116 BORON/EPOXY SPECIMENS UNDER 
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LAMINATES (Impact Velocity: 210 ms-; 
690 ft/sec) 
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STRAINS IN [016] GRAPHITE/EPOXY SPECIMENS UNDER UNIAXIAL TENSION 
FROM UNDAMAGED AND IMPACTED LAMINATES (Impact Velocity: 192 ms-y; 
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Fig. 49 	 STRAINS IN [902/±4512s GRAPHITE/EPOXY SPECIMENS UNDER UNIAXIAL TENSION
 
FROM UNDAMAGED AND IMPACTED LAMINATES (Impact Velocity: 192 ms-T;
 
630 ft/sec)
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Fig. 51 SEQUENCE OF FRAMES OF PHOTOGRAPHIC (FASTAX) RECORD OF A 7.9 mm 
(5/16 in) DIAMETER SILASTIC SPHERE IMPACTING A [0163 BORON/ 
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EPOXY PLATE AT 192 ms (630 ft/sec) (141 lis/frame)
 



40 

32 

Incidence 

v1 192 ms-1 (630 ft/sec) 

24 

~Rebound 

v2 =45 ms (146 ft/sec) 

E-H 16 
H 

8 

0 8 16 24 32 40 48 56 64 
Frame No. 

Fig. 52 PROJECTILE DISTANCE FROM IMPACTED PLATE AS A FUNCTION OF FRAME NUMBER 
(Barrel Pressure: 276 kPa, 40 psi; Plate: [016] Boron/Epoxy; 141 s/frame) 
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Fig. 53 	 PROJECTILE DISTANCE FROM IMPACTED PLATE-AS A FUNCTION OF FRAME NUMBER
 
(Barrel Pressure: 587 kPa, 85 psi; Plate: [016] Boron/Epoxy; 141 ps/frame)
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Fig. 54 PROJECTILE DISTANCE FROM IMPACTED PLATE AS A FUNCTION OF FRAME NUMBER 
(Barrel Pressure: 656 kPa, 95 psi; Plate: [02/+45]2s Boron/Epoxy;
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Pressure: 69 kPa, 10 psi; Plate: [016] Graphite/Epoxy; 138 vs/frame) 
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Fig. 56 PROJECTILE DISTANCE FROM IMPACTED PLATE AS A FUNCTION OF FRAME NUMBER (Barrel
 
Pressure: 138 kPa, 20 psi; Plate: [016] Graphite/Epoxy; 137 vs/frame)
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Fig. 58 PROJECTILE DISTANCE FROM IMPACTED PLATE AS A FUNCTION OF FRAME NUMBER (Barrel 
Pressure: 138 kPa, 20 psi; Plate: [02/+45]2s Graphite/Epoxy; 146 vs/frame) 
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Fig. 59 	 PROJECTILE DISTANCE FROM IMPACTED PLATE AS A FUNCTION OF FRAME NUMBER (Barrel

Pressure: 207 kPa, 30 psi; Plate: [02/± 45 12s Graphite/Epoxy; 137 ps/frame)
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Fig. 62 IMPACT OF 7.9 mm (5/16 in.) IAMETER SILASTIC SPHERE ON [02/+45]2s

" 
BORON/EPOXY PLATE AT 180 ms (590 ft/sec). (Camera Speed:
 

85,700 frames/second).
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Fig. 64 IMPACT OF 7.9 mm (5/16 in) DIAMETER SILASTIC SPHERE ON 102/+45]2s 
BORON/EPOXY PLATE AT 242 ms- (794 ft/sec). (Camera Speed:
85,700 frames/second) 
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