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FOREWORD

The development of superior ligntweight armor depends to a large
extent upon better understanding of the various response processes
which occur in the impacted materials. This recuires an investigatior
into details of material: behavior during and after a ballistic impact.
Because of experimental difficulties, the development of todols and
teclinigques for such studies has frequently been copfined to situations
involving less extreme conditions of mechanical loading. This report
describes some of t’ie early results of an investigation into two aspects
of the response of a plastic to ¢ low-speed mechanical impact.
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ABSTRACT

In order to develop techniques for studying the transient behavior of
plastic materials subjected to mechanical impact, a preliminary photographic
investigation was undertaken with an electronic image converter camera
system. Two types of evcats were recorded with CR-39 plastic serving as
the specimen material:

1. Stress pulses, produced in the plastic by mechanical impaction,
were studied by observation of the resulting fringe patterms. The pulse
fronts were characterized in terms of shape and propagation velocity. An
empirical equation was derived to express the decrease in slope of segments
of the pulze front as it propagated through the specimen.

2, Propagating cracks, generated in the plastic by mechanical

impect, were subjected to photogravhic analysis. Crack nroragation velocities

and estimeted cracik initiation times were obtained. These. served to yi€ld @
rough estimate of the magnitude of the incident longitudinal pulse level at
which crack initiation occurred,

viii
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PHOTGGRAFHIC STUDY OF STRESS WAVE T'RCPAGATICN AND
CRACK GROWTH IN A TRANSPARUNT PLASTIC

Introduction

In order to develop a better understanding of the behavior of plastic
materials subjected to ballistic impact, members of this Laboratory
have undertaken an investigation into some of the r=sponses occurring
during impaction of plastic specimens. It was desirable that this study
include the magnitudes, durationk,; and time seguences of certain events
preceding and accompanying failure of the specimen. For this study, two
types of events were chosen; these were the incident stress pulse, and the
beginning of crack growth. These events are important ones which must be
included in any comprehensive investigatiocn of ballistic impact and pene-
tration.

Because stress wave propagation and crack growth occur rapidly,
usually in times measured in microseconds, very fast detecting and
recording technigues were requirec for study of these phenomena. In
addition, it was necessary that the specimens be instrumented without
unduly altering their behavior. Therefore photographic techniques were
employed for observation of these dynamic material responses.

This report will describe in some detail the techniques and results
of a preliminary investigation in which an electronic image converter
camera was used to study stress wave propagation and crack growth
generated in CR-39 plastic by low-speed mechanical impaction.

PART I. INSTRUMENTATION AND GENERAL PROCEDURE

In the course of developing suitable high speed photographic techniques
for studying the birefringence accompanying the stress pulse in transparent
plastics subjected to mechanical impact, it became evident that satisfactory
data could not be obtained with a medium-speed camera (26,000 frames per
second) whose first frame was taken at an uncontroiled time during a 38-
microsecond time span(l). This 38-microsecond uncertainty represcnted,
in some cases, an appreciable fraction of the time during which the first
important events were in progress. In addition, the 38-microsecond period
between eazh of the following frames was too great a time span for accurate
deliiieation of the subsequent events. What was required was either a much
higher-speed camera (to reducs the uncertainty of the time at which the
first frame was taken and to reduce the time span between the following
frames) or a camera whose indiv:dual exposures could be set independently
at any desired times after generation of a synchronizing pulse. For this
reason, a 4-unit electronic image converter cimera was acquired., Each of
the 4 pictures coaid be taken at independently preset delay times. This
arrangement provided much greater flexibility for studying rapidly changing
events,




T .

o= pa
+

' s

1, Imoge converier camers —

‘
-

This image converter was an Abtrcnics, model 3-4R electronic
camera, manufactured by Abtronics, Inc.,, Livermore, California.¥
This model contains four individual remote recording units, connected
by cable to the control unit. Each recording unit produces one
photograph. The major components of each recording unit are an
image converter tube, a 135 millimeter, £/2.0 objective lens, and
a Polaroid camera. The izagc converter tube serves as the shutter
and is activated by a high voltegz pulse.,/ The duration of the
exwiosure is determined by the tnise width -and can be varied in steps
from 5 nanoseconds -ty 1.0 microsecond, The delay time between each
ohotograph can be varied fram O to 10,000 microseconds. The image
converter tube contains a cathode and an anode. An image of the object
to be photographed is focused on the 2,5-inch diameter cathode. Appli-
cation of the high voltage pulse accelerates photoelectrically emitted
electrons from the cathode to the anode. A recreated image, formed
on a phosphor layer, is photograrhed by the rolaroid camera,

2. Light source

The 1ight source used to illuminate the photo field was a xenon
flash lamp {Jeneral Electric FT-506) powered by a Beckman & Whitley
model 357 flash unit. The flash unit had been modified to increase
the intensity of the light pulse to a value estimated at approximately
10 7peak beam candlepower. An oscilloscope record of the modified
light pulse intersity appears in Figure 1. The total pulse duration
was 4 milliseconds.

A
PN
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Figure 1 - Oscilloscope Record of the
Modified Light Pulse Intensity

#¥This preduct line is now sold by Beckmin & Whitley, Inc., San Carlos
Califorria. ’



3. Polariscore, scale, chart, filters, film

To observe the birefringence produced in the impacted specimen, a
dark-field sircular polariscope was used. A scale and a resolution chart
were alsc located in the photo field. To render these visibie within
the dark-field pclaiiscope, one layer of transparent plastic tape was placed
over them. This added retardation permitted enough light transmittance
to silhouette the mar'.ings. Becsuse a narrow bandwidth of light was required
fer good fringe resolution, two filters (Wratten 77A and S8B) were used;
these were fastened to the frort of each objective lens on the recording
units. Poiaroid film; type 47, speed 2000, was employed in each camera
unit to record the images.

4. Small field

In spite of the high~speed Polaroid film, it was difficult to obtain
good film exposures, owing to the great attenuation of light by the polariscope
and the two filters. Hence, it was necessary to concentrate the light over a
small field. This was done by placing the flash tube and its 43-inch reflector
about 2 inches from the Iirst component of the polariscope. The field actually
observed irn the photographs was a circular one, about 34 inches in diameter.
Because of this small field size; it was nct feasible to focus more than two
of the four recording units to observe any one event. Hence, in all the results
to be described, only two photographs were obtained for each event. For those
event.s where four photographs are shown, the event had been repeated and two
additional photographs were taken at difierent delay times, In some cases,
this was repeated a third time to yield a series of six sequential photographs.

5. OSpecimen material: CR-39

Because it was required to observe birefringence in the impacted specimen,
it was necessary that the specimen material be transparent and optically
active {(i.e., become birefringent when stressed). Previous work with CR-39
plastic in these Laboratories (1) had indicated that this material was suitable
for such a study. CR-39 is a commercial poiymer of allyl diglycol carbonate,
available in sheets of various thickness., Straip specimens of this material,
1/4 inch thick and 1-1/4 to 1-1/2 inches wids, were used throughout the subject
of this report. Static visual examinations of these specinens in the polari-
scope showed iittle or no optical nonuniformity both before and after non-

destructive impact,

6. Arrangemen: of sy .cimens. anvils, and impacting mechanism

For the stress wave study (Fig. 2, upper drawing), the CR-39 strip
specimens were approximately 7-1/2 inches long. They were set in a 1/8-inch
deep groove in a wood platform and tutted against another plastic strip.
Anvils were used both to prevent cracking of the specimen and to shape
the pulse propagated into the specimen. The anvils were either blocks of
CR-39, 1/4 inch thick, 1 inch high and 3/8 inch long, or blocks of lead,
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1/L inch thick, 1 inch kigh, and 1/4 inch long. These were attached with
Du Pont "Ducc" cement to the end of the specimen. Aluminum foil gap
contacts were cemented to the other face of the anvils,

For the crack growth study (Fig. 2, lower drawing), the CR-39 specimens were
2-3/} inches long. They also were mounted an the grooved platform. The
stee, anvil, cemented at the back edge of the specimen to generate cracks,
was a trapezoid, 1/4 inch thick, 5/8 inch long, with front and rear edges
1/l inch and 7/8 inch high, respectively. The back of the anvil butted
against a steel strip. The foil gap contact was cemented directly to the
front edge of the specimen.

The impacting mechanism has been described previously (1). Briefly,
a right cylindrical steel missile (1 inch long and 1/2 inch in diameter)
was propelled almg a steel pipe (1/2 inch internal diameter) by the gas
pressure applied from a helium gas cylinder. See Fig. 2. The end of the
pipe was placed close enough to the end of the specimen so that the missile
never completely emerged from the pipe. This was necessary to insure good
impact alignment. When the end of the missile struck the thin aluminum
foil gap contact, a synchranizing pulse was sent from a thyratron pulser
to the image converter control unit. The values of time delay, programmed
previously into the control unit, then determined the time at which each
recording unit was activated. A.l photographic exposures were 1 microsecond
in duration.

PART II. STRESS WAVE STUDY

A, Results and discussion: CR-39 anvil

1, Methods

When the steel missile impacted a CR-39 anvil (upper drawing of Fig. 2)
at about 100 feet per second, a relatively steep pulse was produced in the
attached CR-39 specimen. Three separate non-destructive impacts were made;
two photographs were taken for each impact. The resulting six photographs,
arranged in time sequence, are shown in Figure 3. The accompanying delay
times refer to the elapsed time between impact on the front face of the anvil
and the taking of the picture. Each exposure time was 1 microsecond. The
upper strip in each photograph contains a scale marked in inches and a resolution
chart for focusing purposes. For each photograph, measurements were made of
the distance of each dark fringe from the end of the specimen facing the anvil
and were converted to actual distances by comparison with the photographed scale.
These measurements were made along the central axis of the specimen.

-



Figure 3 - Image Converter Fhotograrhs of Fringes Traveling in
CR-39 Specimen After Impact Upon Attached CR-39 Anvil. (Delay
times expressed in microseconds after impact. Exposure times
of 1 microsecond.)
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2, Description and significance of photographs

The first photograph shows the CR-39 anvil and the end of the CR-39
specimen. The fringee in the specimen are curved only slightly, showing
that loading was fairly uniform over the end of the specimen., Here the
first dark fringe has reached the l-inch mark; the higher-order {ringes
lie progressively farther behind., The position and spacing of the fringes
indicate both the distance travelzd by the siress pulse and its generali
shape, The second photcgraph shows that the pulse front has progressed
beyond the 2-inch mark., The third photograph shows a peculiar distortion
in the fringe pattern; indicating nonuniform stress distribution in
transverse sections of the gpecimen. This distortion is not evident in
the first dark fringe; this fringe remains quite flat during its passage
along the strip. Therefors the nonun{formity appears to be a function of the
stress level, This transient distortion may also be partially due to some
reflectione of the rulse from the edges of the specimen during the early
stages of propagation. The fcurth and fifth photographs show continued
progression of the pulse with gradual straightening of the distorted fringes.
This growth and decay of distortion in the fringe pattern was repeatedly
observed in other similar experiments. The sixth photograph shows that the
pulse front has passed the 6-inch mark and that the fringe distortion has
almost disappeared.

The fringe orders are plotted against their positions on the specimen
in Figure 4. Each of the six curves refers to measurements made from the
photograph taken at the specified delay time. Because the fringe order
gives some measure of the stress or strain amplitude at that point, each curve
represents, in effect; a profile of the pulse front et that particular time.
One sees, therefore, a progression of the pulse front along the specimen axis,
ranging up to a distance of about 5-1/2 inches. The transient distortion,
noted previously, is seen most markedly in the third curve at 52 microseconds,
and has virtually disappeared in the last curve at 100 microseconds. Because
the usable iight field was relatively small, the peak of the pulse is not seen
in these photograrhs. Hence, the peak amplitude of the pulse is not known,

3. Slopes of pulse front smaller at longer delay times and apparent fringe
velocity decreases with increasing fringe order

One sees in Figure i that the slopes of the curve are smaller at longer
delay times, This indicated that the lower-order fringes appear to travel
faster; the trend is shown graphically in Figure 5. Here the cverage apparent
velocity of each fringe (measured between the 24- and the 10C-microsecond
positions to avoid the period of the distorted fringes) is plotted against
the order of the fringe. There is a smooth decrease in fringe velocity with
increasing fringe order. This trend has been observed by others (2), and is
caused by dispersion effects which change the shape of the pulse as it propagates
along the specimen, Because this material is viscoelastic in nature, some of the
dispersion noted here is produced by the effects of attenuatiun. In general,
attenuation effects vary with the mechanical properties of the material (3).

7
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L. Average longitudinal strain gradient between fringes decreases monotonically
with increasing distance

The slope of the pulse front was characterized by considering small
segments of each of the curves in Figure 4. For example, consider fringe
orders 5 and 6. These high-order fringes were chosen to avoid the transient
distortion in the lower-order fringes. From previous wave studies of bire-
fringence and strain in impicted CR-39 specimens, conducted in these Laboratories
(1), the approximate dynamic longitudinal strain-fringe constant for CR-39 had
been determined. The value was 255 microstrain-inch thickness per fringe. This
value was used along with the positions of fringe orders 5 and 6 in Figure 4 to
determine the average longitudinal strain gradient between fringe orders 5 and 6.
This gradient is plotted in Figure 6 as a furction of the distance traveled by
fringe order 5, The strain gradient decreases monotonically with increasing
distance. This again shows the effects of attenuation and dispersion in the
‘specimen.,

5. Equation to express decrease of longitudinal strain gradient with increase
in distance traveled by this porticn of pulse

In order to characterize more quantitatively this decrease of the pulse
slope or strain gradient with distance, attempts were made to fit these results
to an empirical equation. The data in Figure 6 are shown in a log-log plot in
Figure 7. Although there is still some scatter; a straight line derived by the
method of least squares represents the trend to a fair degree. The measured
slope was -0.6. This then yields the equation

g = Cldao"é (1)

where g is the longitudinal strain gradient in percent strain per inch

d is the distance traveled in inches, and
(1 is a constant

This equation represents; in an empi: :cal fashion, the decrease of pulse slope
with increase in the distance traveled by this portion of the pulse. The
negative exponent is a measure of this change. A similar value for this exponent
was obtained by treating fringe orders 7 and 8 and fringe orders 1 and 2
(excluding the distorted region) ih the same fashion,

B. Results and discussion: Lead anvil

l. Methods

Another series of impacts at about 100 feet per second was conducted, in
which a lead anvil was used (upper drawing of Fig. 2). The resultant stress
pulse in the attached CR-39 specimen was much less steep at its leading edge
than in the experiments where the CR-39 anvil was used. Two separate non-
destructive .mpacts were made and two photographs were taken for each impact.

9
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The resulting four photographs, arranged in delay time sequence, appear in
Figure 8, Each exposure was 1 microsecond in duration. As befcre, the
distance of eacn dark fringe from the impacted end of the specimen was measured
along the central axis of the specimen.

2, Description of photographs

The first photograph shows a nearly concentric set of fringes appearing
to emanate from the middle of the impacted edge of the specimen. This indicates
that the pulse was propagating in two dimensions, both longitudinally and
laterally. Apparently the 1/4-inch lead anvil transmitted the load mainly to
the central area of the edge of the specimen. This produced more of a point
loading of the specimen than in the previous example where the 3/8 inch CR-39
anvil produced a more uniform loading over the entire edge of the specimen. The
second photograph shows that the leading frinzes have reached the specimer edges and
are not very curved, whereas the following higher-order fringes are still highly
curved. This one photograph, therefore, shows the transition from 2-dimensional
propagation, both longitudinal and lateral; to an approximately l-dimensional
longitudinal propagation. The third and fourth rhotographs show the progress of
the leading fringes as they approach the 6-inch mark.

It is apparent that tha fringe spacing at 100 microseconds in Figure 8 is
much greater than that at 100 microseconds in Figure 3., This difference in fringe
spacihg between the two specimens is some measure of the difference in steepness
of the pulse front, and is a consequence of the different loading conditions
experienced by the specimens. This difference in specimen loading is probably
due both to greater pulse degradation in the lead anvil than in the CR-39 anvil
and to the geometrical expansion occuring in the lead-~loaded specimen between
the pcint of loading and the full specimen width.

A plot of the fringe orders versus their positions on the specimen aprears
in Figure 9. Each of the four curves is constructed from measurements made from
the photograph taken at the specified rielay time. Again, each curve represents,
to a certain extent, a profile of the leading edge of the pulse at that particular
time, There is no evidence of the transient distortion noted in the previous
series, As before, the veak of the pulse was not visible because of the small
light field. The vertical broken line is an approximate indication of the
transition from 2- to l-dimensional propagation as seen in the second photograph
of Figure 8,

3. Change in slope of pulse front with increasing distance

Figure 9 shows the marked change in slope of the puise front with increasing
distance, The resultant effect on the apparent fringe velocities is similar to
that shown in Figure 5; the fringe velocity decreases monotonically with increas-
ing fringe order.



[ A 2P
]

L e

A

(*puodoesoqdtw [ Jo sewr3 aansodxy
T 3oeduT J93JB SPUDOSSOJOTU
passaadxe sewyy Lefsaq) °TTAUY ped] peudeljly uodp Joeduy Ja9Jy cmawo&cm

6€-4D ut JurTesed] sadutray Jo sydesdoqoyq JojIeAU0) o9Fewl - g oanBTY

e e



el R
4 . -

(*3oeduT J93Je SPUCISSOJIOTU UT possoJdxs sawry Ae[sq) °AWLL Keleq
yoey 9® STXy Uswinadg 8y} FuoTy UOTATSOJ 3sutedy P30T JOpI0 BBUTLI - 6 N T

S3IHONI NI NIWID3dS NO NOILISOd
0'S 0 4 o'y n“n O”n n“N OHN n“_ ol $0

SANODJ3ISOUOIN NI SANIL AVI3A

|
»e
001

¥3QHO0 3IONIYI



4. Average longitudinal scrain gradient between fringes decreases monotonically
with increasing daistance —

The slope of a segment of the rulse front was cnaracterized by edamining
fringe orders 1 snd 2 in Figure §,(exciuding the 24-microsecond data to eliminate
the 2-dimensional region). Use was made cf the longitudinal strain-fringe
constant to convert the fringe orders and fringe distances to the average
longitudinal strain gradient between fringe orders 1 and 2, This gradient appears
in Figure 10 as a function o the distance traveled by fringe order 1. As with
the CR-39 anvil, the average iongitudinal strair gradient decreases monotonically
with increasing distance, cwing ¢ the effects of attenuvation and dispersion in
the specimen,

5. Equation to express decrease of longitudinal strain pradient with increase
in distance traveled by this portion_of pulse

A log-log plot of the data in Figure 10 is shown in Figure 11. A straight
line drawn through these points by the method of least squares has a slope of
-0.8, yielding the empirical equation

€= CnuJO 8 (2)

wiiere g is the iongitudinal strain gradient in percent strain per inch
d is the distance travelsd in .nches; and

02 is a constant

C. General discussion

It is interesting to note that the valus of the negative exponent in

Eq.(2) is somewhat close to that in Eg.{l), considering the approximate nature
of the measurements which could be mede from the photographs. Agreement of
this sor% tended to confirm the suitability or the foregoing empirical treat-
ment in describing the behavior of the puise front, especially ccnsidering
that the measurements in the two cases were made with differently shaped pulses
and at different strain levels during the leadirig edge of the pulse., This
suggests that this exponent may be a useful measure of the overall disrersion
proéesses, some of which cccur in the plastic specimen as a resalt of various
molecular motions which rcause energy dissipation and pulse attenuation.

It is realized that 4ae fringe pattern o longitudinal strain front seen
here cannct be directly subjected to a viscoeiastic analysis., Instead, one
could resoive the pulse into a series of Fourier components and treat the
behavior of each one in accordance with viscoelasticity principles(3). In this
report our observation and treatment has been concerned only with the total
pulse, not with the behavior of these components. It is not claimed that Eqe(1)
and (2) are the only types of empirical expressions which would describe the
data, Certainly, more rigorous curve-fitting treatments might express the data
better, However, the above esquations are simple and reasonably satisfactory.
The applicability of these equaltions is claimed only for CH-39 specimens of this
size and only for pulses of this general shape and magnitude,
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PART III. CRACK GROWTH STUDY
1. Methods

Impaction at about 100 feet per second of the CR-39 specimen, as shown in
the lower drawing of Figure 2, produced both a fringe pattern and growing
cracks. These are visihle in the Polaroid phovographs shown in Figure 12.
Two pictures were taken for each impact,(E-31 and E-37), 135 and 170 micro-
seconds after impaction. The scale at the top of each photograph is marked
at 1/2-inch intervals. Impact occurred at the right end of the specimen.
Because the trapezoid-shaped anvil produced large shear stresses at the back
end of the specimen, the cracks began at the left end, as seen in the photo-
graphs, and grew toward the right. No cracks were generated at the impacted edge
of the specimen; possibly there was some reinforcement by the contact foil
cemented to this edge of the specimen.

2, Photographs: fringe patterns

The fringe patterns are interesting because of their unusual shapes in
the vicinity of the cracks. The patterns appear as cusps which point to the
heads of the growing cracks. These cusps indicate unusual stress distributims
and are presumably related to the crack growth process.

3. Average crack velocities calculated

From measurements made of the crack head positiocns at each of the two
delay times it was possible to calculate an average crack velocity. These
are given in Tahle I.

TABLE I: CRACK VELOCITY AND CRACK INITIATION TIME

Crack Average Crack Estimated Crack
Experiment Location Velocity Initiation Time
ft/sec psec
E-31 Top 1660 40
Middle 1370 31
Top 1590 43
E-37 Middle 1680 49
Bottom 1610 L9
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It is seen that the average crack velocities are quite close in value
except for one which is scmewhat lower. These velocities fall in the
same general range as those rerorted for Plexiglas by Schardin (4). Very
little information is available concerning crack propagation velocities
in plastic materials; however, it has been stated (4) that although
dif ferent crack velocities occur in plastic materials, each one, once it
has arpeared, is nearly stable.

L. Crack initiation time estimated

It is interesting to study the crack growth in some detail, especially
to estimate the time at which crack initiation occurred. It was assumed that
each crack propagated at a constant velocity; the crack growth was then
extrapolatad backward in time to the back edge of the specimen where
initiation presumably had occurred. It is belizved that the gross breakup
of the specimen in the vicinity of the anvil did not occur until after
passage of the growing cracks through this region. Use of the average
value of stress pulse velocity in CR-39 (1)(16 microseconds per inch)
vermitted the determination of the time after impact at which the leading
point of the precec’1g stress pulse had reached the back end of the specimen.
These two extrarolations yielded the elapsed time between the arrival of
the incident stress pulse and the initiation of the crack, These time
relationships are shown schematically in Figure 13. The position on the
specimen of the incident stress pulse and of the crack head are given as
functions of time after impact. The elapsed time difference at the back
edge of the specimen was designated as the crack initiation time and ie
given in Table I,

-

0.215 %
STRAIN

—

| l—s MICROSECONDS

Figure 14 - Oscilloscope Hecord of the Leading
Edge of a Longitudinal Strain Pulse in CR-39 at
the Gage Site (6-3/4 inch from impacted end of
anvil) as a Function of Time

5., Magnitude of incident longitudinal pulse estimated at time of crack
initiation

Use of this crack initiation time then permitted a rough estimate of the
magnitude of the incident longitudinal pulse at the back end of the specimen
at the time of crack initiation. This was done by using unpublished strain
page data cbtained during similar impacts on CR-39 strip specimens (1). The
result produced with a 3/8~inch CR-39 anvil cemented to a CR-39 specimen
in this previous work is shown in the strain gage record of Figure 14.
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This gives the longitudinal strain as a function of time at the strain gage

site, located 6-3/8 inches from the impacted end of the anvil. To estimate the
shape of the strain pulse at a distance of 2-3/4 inches from the impacted end

(to correspond to the position where crack initiation had occurred in the present
experiments), use was made of Eqs (1) and (2) to estimate an average exponent
valuve of -0.7, to give the equation

5 » c3_d'°°7 (3)

in the same units as the previous equations. At a distance of 6-3/8 inches

from the impacted end, the average rate of the main portion of the leading

edge of the pulse in Figure 14 is 28,000% strain per seccnd. This is roughly
eq.ilvalent to & gradient of 0.45% strain per inch, calculated from the average
pulse velocity. A log-log plot of Eq. (3) was used to estimate a leading-edge
gradient of 0.80% strain per inch at a distance of 2-3/4 inches from the impacted
end. This was converted back to a rate of 50,000% strain per second at the

2-3/l, inch distance.

The average crack initiation time for the two experiments listed in
Table I was 35 and 47 microseconds, respectively. A time of 5 microseconds
was subtracted from each of these to yield the approximate length of time
during which the strain increased at a significant rate. (The first 5 micro-
seconds of the longitudinal strain pulse, such as that of Figure 14, has produced
relatively little increase from the zero or base-line value,) Applying these
adjusted values of 30 and 42 microsecond rise times to the leading edge of the
new pulse derived from that of Figure 14 gives strain magnitudes of ebout 1.5
and 2.1 percent, respectively. This would then give the longitudinal strain
at the back edge of the specimen at the time of crack initiation, if one neglects
the presence of the interfaces at the back edge of the specimen.

6. Pulse reflections at back edge of specimen: role in creating unequal

stress levels and causing cracks

Consideration was then given to the pulse reflections at the back edge of
the specimen. It is evident from the lower drawing of Fig., 2 that two types of
interfaces were present: specimen-air, and specimen-steel. In the region of
the former interface, the pulse reflected back into the CR-39 specimen would be
tensile, thus giving zero stress at the back surface of the specimen. In the
region of the latter interface, the reflected pulse would be compressive and
would thus add to the remainder of the incident pulse. The assumption was made
that this rapidly-rising incigent pulse was elastic in nature. Then the magni-

de of the reflected pulse, VYR, can be related to the incident pulse magnitude,
I, by the following expression:

6 - Z.-7 (%)
= A v
U %8 + Zp

where Zs and Zp are the acoustic impedances of steel and CR-39, respectively,
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This ratio of reflected to incident pulse magnitude is about 91%. Thus the
total stress level in the specimen, at the interface backed up by steel, was
about 1.91 times the incident stress.

Table II gives a summary of these results together with published values
of the static compressive and tensile strengths of CR-39,

TaBLZ IIt ESTIMATED FULSE LEVELS AT TIME OF CRACK
INITIATION. COMPARISON WITH COMPRESSIVE
AND TENSILE STRENGTHS OF CR-39 '

Estimated incident longitudinal compressive
strain at time of crack initiation 1.5 - 2.1 percent

Estimated incident longitudinal compressive
stress at time of crack initiation 7100-9900 psi?

Total estimated stress level at steel-
backed interface at time of crack initiation  13,500-18,900 psiP

Static strength of CR-39
Compressive 23,000 pSlc
Tensile 5,800 psi®

a
Computed from the est%mated lc..gitudinal strain together with
the value of 4.7 x 107 psi for the dynamic modulus(1l)

bComputed with the factor of 1.91 obtained from Eq(4)

Obtained from PPG Chemicals Bulletin No. 307 (5)
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It is seen that the total compressive stress level a2t the steel-backed
interface (at the time of crack initiation) is less than the static compressive
strength of the material. This ineouality would vrobably be even larger if
one considered the dvnamic compressive strength cf the material, since the
dynamic value is presumably somewhat larger than the given static value.
Therefore at the steel-backed edge of the specimen, compressive failure would
not occur., Neither would it occur at the air-backed edge of the specimen
where the stresses would be zero. Hence, it seems most likely that failure
began at the boundery between these two regions where the specimen would
undergo 3 shearing effect. The corners of the anvil represented points in
the hack edge of the specimen across which there was a large shearing effect
due to these unequal stress levels (0O and 13,500 to 18,900 psi). This caused
generation of the cracks. Although the actual stress and strain levels near
the back edge were not measured directly (these stress and strain distributions
would be complex because of the discontinucus boundary conditions), the
foregoing estimation of the magnitude of the’ longitudinal stress and strain
is a measure of the incident pulse level at which the shearing effect caused
the crack initiation.

Even though thi; has been a very much simplified and approximate analysis,
it does give some quantitdtive estimate cf the pulse msgnitude renuired to
generate cracks in CR-39 plastic when this material is subjected to the
rulsges and geometrical constraints described ahove, Irta of this sort, when
cbtained for a variety of plastics, may be very useful in exrlaining observed
differences in cracking and spalling behavior of specimens subjected to
ballistic impact.

Summary and conclusions

In the absence of peak values of the strain pulse and without resolution
of the pulse into its Fourier components, empirical c<ata can be obtained which
describe certain propagation and dispersion effects occurring in impacted
transparent plastic specimens., In addition, it appears possible to measure
crack velocities and to estimate values of pulse levels at which cracks are
initiated under certain conditions of loading.

It is concluded that high-speed photographic studies of this nature will
be capable of yielaing much useful information about the transient responses
of transparent materials subjected to impact loading. These techniques should
prove useful in more axtended and more detailed studies of materials undergoing
actual ballistic impact.
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