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SUMMARY

This report covers the work done during the twelve-month
period beginning May 1976 and is devoted to making reliable,
quantitative impact pulse measurements for free~flight encoun-
ters between a spherical projectile and the desired target
material. This work builds on, but also contrasts with,
previous sﬁudies which involved indentations at programmed
incursion rates. Because of the change of techniques involved,
developing and verifying the associated instrumented and ccmpu-
tation systems were a major part of the effort. The materials
of interest continue to be polycarbonate PC, polymethylmeth-
acrylate PMMA, and epoxy resins. Inorganic glass was also used
as a target material because impacts can be confidently modeled
from theory in this case.

The experimental procedure involves mounting the specimen
on a long PMMA impact bar, which is free to swing in a pendulum-
like manner. A striker of desired mass and geometry is similarly
arranged to allow an impact with the specimen at a known impact
velocity at a controllable spot on the specimen. Momentum change
measurements are made, and the strain pulse as it travels down
the bar is sensed by a strain gage suitably amplified and re-
corded. The system was calibrated so as to relate the output
signal to the force on the bar.

Impact pulse determinations were made on the four target
materials with hardened steel strikers of 4.5 mm diameter tips
weighing 42 g and of 19 mm diameter weighing 28.3 g usually at
2.5 m per second. The general pulse shapes are increasingly
narrower and higher peaked in the order PC, epoxy, PMMA; giass.
A semi~quantitative analysis of tne general shape parameters
suggests there is littie irreversible energy of deformation
occurring during any of the impacts involving the 19 mm striker,

—r——

v ‘W - inmarE T DAGR FLANE.NOT FIIMED



but that 25% of the net energy imparted tc PC using the 4.5
mm striker was irreversibly absorbed. The fractional amount
absorbed in this series of measurements decreased in the
order PC, epoxy, PMMA, and glass. The value for the latter
is postulated as being zero.

Computer procedures were developed for analyzing and
correcting the detailed pulse shapes to reveal how the force
and penetration are related and to follow the evolution of
the various energy and momentum contributions. These analyses
are based on the somewhat simplified assumption that the pulse
is uniform over the cross section of the bar. The computer
procedures have been verified by using as input model impact
pulses calculated from Hertz elastic theory. However, when
the experimentally observed pulse shapes are used as input,
the computed force versus penetration behavior is at variance
with expectation. Distortion of pulse shape as it travels
down the bar is suggested as being responsible. Candidate
procedures for dealing with this problem are outlined,
additional possible factors are offered, and the implications
for future work at greater impact velocities are discussed.
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DYNAMIC IMPACT RESPONSE BEHAVIOR OF POLYMERIC MATERIALS

1. INTRODUCTION
The response of polymers to impact from small, hard bodies

has a wide range of technical and practical implications. As
stated in our previous reports, such a seemingly simple event

in fact involves a number of scientifically distinctly differ-
ent but coupled phenomena. The sorting out and determination

of the separate phenomena has been a non-trivial exercise. The
understanding and quantification of the various processes should
provide a basis for (1) achieving better impact resistance and
impact resistant materials on a rational basis, (2) diagnosing
impact failures and effects, and (3) characterizing and ranking
materials.

The present report covers the work done during the twelve-
month pericd beginning May 1976 and continues to focus on poly-
carbonate PC, polymethylmethacrylate PMMA, and epoxy resins.
The work was devoted predominantly to developing and verifying
the instrumentational and computational systems and to making
measurements on specimens subjected to a free-flight encounter
by a spherical striker. The materials of investigation were
attached to the ends of an instrumented Hopkinson bar. For
this purpose, measurements and calculations of the impact
process using inorganic glass were undertaken. This has
proven to be valuable in terms of providing insight and a
rigorous test of the entire experimental/analytical approach.
This year's work contrasts from that performed in prior years.
Previously the penetrating body was fixed to the movable member
of a mechanical test machine. That arrangement allowed the
penetration velocity to be held constant or programmed in an
independently controlled manner. The present work departs



from the past, both in respect to the instrumentation and
the kinds of experiments performed. However, impact veloci-
ties in this study were selected to overlap with those used
with the mechanical test machines to allow a direct compari-
son between the two methods.

The present work rests heavily on the results of the
four previous yearly programs(l-4). Therefore, this back-
ground, especially as it provides perspective to the present
effort, will be summarized. The remainder of this report
will describe the impact apparatus, present the impact data
obtained to date, outline the analytical computer procedures
developed to translate the strain pulse impact data into
reaction force-penetration information, and finally discuss
the results and required future effort. Some portions of
the test, e.g., background, description of materials, even
though previously reported, but which are needed for
completeness, will be incorporated into the present report.

1.1 Prior Work

The sustaining focus of the work has been to understand
in depth the processes that occur at the collision site
between the polymer of interest and the colliding object.
Because there is a large body of information available on
the physico-mechanical behavior of PC and PMMA, the approach
was to make as much use of this scientific background as
possible. Therefore, measurements were initially made at
small, constant velocities using mechanical test machines.
This work showed that the materials did not behave in the
expected classical viscoelastic manner. This rendered some
of the analytical structure that we developed inappropriate
for treating the experimental results. The observed response
of the polymers, even at the smallest detectable penetration
depths, exhibited an unexpected form of relaxation behavior.
This was coupled with an anelastic yield response mode of
significant magnitude.



The yield phenomena, which are revealed from examina-
tion of the force-penetration mechanical information, appear
to be associated with the development of a lens-like zone of
visibly altered material under the contact site. The growth
of this "disturbed" zone under the indentation was followed
in PC using motion pictures. The zone was found to form
virtually from the first moment of contact. The evolution
of the zone geometry was quantitatively determined from the
photographs. The volume of the zone is about 61 times the
volume displaced by the indenter. By assuming that the
material transformation is describable as an ideal plastic
yield process, the (anelastic) yield stress could be estimated
using this plus other observations. Two qualitatively differ-
ent estimates indicate that the yield stress in PC is between
9 and 29 ksi. The term anelastic is used because the disturbed
zone and the permanent deformation anneal out completely when
the polymer is heated to its glass transition temperature.
These somewhat pioneering aspects of the work are expected
to be relevant to other processes, such as the forming of
polymer shapes, cold flow processing, and concentrated com-
pressive loading of structural polymers.

Because classical viscoelastic theory was found to be
inadequate, it was necessary to develop an extensive data
base, and measurements of force versus penetration depths
have been obtained at velocities ranging from 0.0002 to 6000
inches per minute. A 4.5 mm diameter ball bearing (0.177
inches) has served as the standard size indenter or projectile.
However, balls two and four times as large have also been used,
as well as cones of various apex angles. The data for PC and
PMMA have been found to be representable by a phenomenological
"equation of state" for the force F having the form

F = Av" X0

where v and x are indentation velocity and depth, and A, n, and
m are experimentally determined constants.
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Considerable attention has been given to understanding the
force penetration behavior. For fixed velocity laws of the
form F = Cx™ R® have been proposed to describe the force F
behavior in terms of the diameter of the indenter R and the
penetration depth x. The other terms are characteristic con-
stants. When the material is ideally elastic, C = (4/3)E/(1-yz),
where E is the Young's modulus and y the Poisson ratio of the
material; the values of a and m are 1/2 and 3/2 in this case,
respectively. This is the behavior we expected in polymers at
large indentation velocities and/or at small indentation depths.
The response at high velocities up to or exceeding 300 m per
second is a long-range experimental program goal. The work has
focused on getting information in the regimes at which elastic
behavior is expected as a reference against which actual behavior
can be compared. However, no unambiguously elastic regimes were
found. Furthermore, on dimensional grounds (o + m) should equal
two. However, this value was generally not observed, implying
that additional factors are involved in the impact process. It
has become increasingly evident that time variations in velocity
have a large effect on the response behavior.

At first glance this conclusion appears to be at variance
with the observations made under conditions of constant velocity
in which the force required to drive an indenter into the polymer
was found to be relatively insensitive to the rate of indentation
over a span of 7 1/2 decades of the velocity. However, the reason
was not that the apparent elastic modulus was so insensitive to
rate, but was due rather to the surprisingly strbng dependence
of the characteristic stress relaxation time on the prior inden-
tation velocity. At high velocities, the relaxation time was
short, whereas at low velocities the relaxation time was long.

As a result of these compensating factors for a given penetra-
tion depth, the force developed while the indenter is moving
is only weakly dependent on velocity.

The pronounced effect of time dependence is revealed most
vividly under conditions in which the rate of incursion is
akruptly changed or reduced to zero. Such work was done in



detail on PC and PMMA as a part of Contract N00019-75-C-0320
under a broad range of conditions. Pronounced hardening of
the material was noted when the material was allowed to rest
after having been deformed. That is, the compliance was
markedly reduced on restarting the incursion process, after
having stopped it temporarily, relative to what it would be
if it had not been stopped. These measurements were made as
a function of halt duration to determine the effect of history
on the material response. Similar measurements were made over
a range of depths to define how the relaxation process varies
with deformation. Complementary studies were made of the creep
recovery of the defocrmation crater as a function of time under
several s2ts of conditions. These combined results provide a
relatively complete picture of the relaxation responses over a
broad range of conditions. Applying this information to PC and
PMMA, it was possible to correct the observed curves of the
force versus depth for relaxation effects. This results in the
establishment of the "instantaneous" response curve for these
materials, i.e., the inferred response if the material could
be deformed infinitely fast.

The load relaxation upon halting the indentation was found
to be given over a wide range of times by the unusual equation

F(t) = F(o) (1 + At) P

where F(t) is load at time t after stopping the indenter, F (o)
is the load at the instant of stop, and A and B are experimental
constants. The constant A is strongly dependent on the indenta-
tion rate, and the second constant B being much less dependent.
For the polymer to respond quasi-elastically, no relaxation must
occur during the period of loading. This means that the product
AB must become zero. Over the velocity regime explored to date,
there is no clsar evidence when this will occur. A relatively
simple molecular model was formulated which "predicts" the
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identical stress relaxation law which had been empirically
found to provide the best fit of the relaxation data. The
model also predicts the experimentally found proportionality
between the constant A and the penetration rate (prior to
stopping the indenter). However, further work is needed to
test the validity of the model under other sets of conditions,
such as sinusoidal loading, free impact, etc.

Although the use of mechanical test machines is conven-
ient, indentations in which velocity is held constant indepen-
dent of depth do not correspond to the physical event of a
free impact. During a collision between a (rigid) projectile
and the polymer target material (free impact), the projectile
velocity constantly decreases because the indentation forces
decelerate the projectile, i.e., the velocity is an implicitly
determined variable. Thus, determining the force-time penetra-
tion response when the velocity was varied in an independently
controlled manner, was undertaken as a problem of intermediate
level of complexity. Data on PC and PMMA were obtained for
several incursion amplitudes and periods. The above "equation"
of state" was partially successful in describing the response.

The work just described sets the stage for undertaking the
next level of complexity, viz., determining, analyzing, and
finally predicting the response due to free-impact encounters
up to velocities of about 300 m per second. Preliminary work
showed that in principle an instrumented ballistic impact bar
could be used to make the required observations, but that there
would be substantial experimental, instrumental, computational,
and conceptual challenges in quantitatiVely bridging the gap
between the mechanical test machine work of the past and the
ballistic impact work.

1.2 Present Objectives
The original objectives set forth in the work statement were

(1) to measure the impact response from a 4.5 mm diameter steel
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projectile over the velocity range of 100 to 1000 feet per
second, (2) to measure the respcnse when mass, diameter, or
other shape variables are altered, (3) to obtain cinemato-
graphic records of impact testing for use in qualitative and
quantitative interpretation, and (4) to develop further theore-
tical and analytical models of impact behavior to further
define the basic constituent physical processes.

During the pursuit of the work, it became clear that the
tasksof developing the instrumentation, detecting, processing,
and understanding of the results would be more demanding than
originally expected. Accordingly, whereas the objectives
given above provided the long-term framework, the work can
better be described in terms of the following nearer-term
goals:

(1) Set up an instrumented Hopkinson bar impact apparatus
and demonstrate its capability for detecting the impact pulse
with sufficient resolution and accuracy to permit analysis of
the data which can provide continuity with the previous work.

(2) Calibrate and establish the reliability of the impact
apparatus.

(3) Obtain stress pulses in which the radius, mass, and
velocity of the projectile are varied using PC, PMMA, and
epoxXy as the target materials.

(4) Provide velocity overlap between the upper end of the
mechanical test machine experiments and the lower end of the
gas gun capability. '

(5) Develop the computer software needed to translate the
observed stress pulse into force, penetration, energy, momentum
transfer, and other related information. ‘

(6) Develop further and critically analyze theoretical models
which can permit calculation of the force produced under conditions
of varying velocity.

The details of this work are presented in Sections 3 and 4.
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2, MATERIALS AND SPECIMEN PREPARATION
The PC and PMMA materials were unchanged from those used

in the previous study. Specimens were used as cut out of sheet
stock, making sure that all burrs were removed. The standard
specimen size was 1 x 1 x 0.5 inches. The other target mater-

ials are described below.

2.1 Polymethyimethacrylate
Specimens were cut from a single sheet of Type G Plexiglas()

PMMA (produced by Rohm and Haas). Continuing with our former
practice. the sheet was marked off in squares for cutting and a
record kept so that the original location of each specimen in
the sheet could be identified.

2.2 Polycarbonate
The PC resin was manufactured by the General Electric

Company and is designated as Lexan resin general purpose
glazing sheet, Type 9034-112. A single sheet of 0.5 inch thick
material was used, and specimens marked, and records kept as
for the case of PMMA.

2.3 Epoxy

The epoxy specimens were of previous stock which was molded
out of a mixture of 20% by weight of methylene dianiline with
Epon 828 resin manufactured by Shell Chemical Co. Resin was
cut into a 0.5 inch slab, cured, and cut into 1.0 x 1.0 inch

samples.

2.4 Inorganic Glass

Two types of samples were used having different compositions.
One type was a Pyrex glass cut and ground into 0.5 x 1.0 x 1.0
inch samples. The other type was a soda lime glass cut into
0.75 x 0.75 inch samples from sheets 0.022 inches thick.
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3. IMPACT MEASUREMENTS
This section describes the development of the impact

bar apparatus, the various critical componesnts, and the
experimental procedure for making the impact observations.
Tl:is is followed by a description of required certain auxil-~-
iary measurements, and finally by a presentation of the stress
pulses obtained on PC, PMMA, epoxy, and glass under several

conditions.

3.1 Impact Apparatus
The overall apparatus is shown schematically in Fig. A.

The detailed descriptions of the various components follow.
3.1.1 The Impact Bar. Conventionally the materials to

be studied under impact, using the instrumented Hopkinson bar
technique, are made into a bar. The end is struck by a pro-
jectile, and the stress (or strain) pulse detected at some
position along its length by a suitable sensor. The motion
of the bar is used to measure the momentum transfer.

However, in our work we wish to examine a number of mater-
ials under a variety of conditions. Therefore, our plan has
been to mount specimens of the materials of interest onto the
end of a given impact bar. The samples are held in place by
a viscous acoustic coupling substance, which also facilitates
the transfer of the pulse generated by the impact to the bar.

In order to minimize any problems due to acoustic imped-
ance mismatch that could cause the signal to be reflected at
the specimen/bar interface, the>bar material was chosen to be
PMMA. The acoustic impedance is given by vEp, where E is the
Young's modulus and p is density. Since the densities of
polymers are nearly constant and since the moduli vary within
a factor of about two for the polymers of present interest,
the impedances are relatively well matched. This would not
be the case if the bhar werc metal or glass. A further
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advantage of using PMMA for the bar is its relatively small
value for E. Hence, a correspondingly large strain is
developed for a given magnitude of stress. Since a strain
gage is used to detect the pulse, less signal amplification
is needed, with benefits tfor the signal-to-noise ratioc.
Preliminary measurements indicated that the expected
stress pulse duration would be 500 microseconds in length.
Since the sound velocity in PMMA is about 2000 m per second,
a bar length of at least 1 m is indicated. A bkbar of about
twice this length was selected.
The bar has a square 0.75 x 0.75 inch (19 mm x 19 mm)
cross section, is 72 inches (1.83 m) long, and weighs about
800 g. Two SR- strain gages are mounted on opposite sides
of the bar, about 30 cm from the struck end so as to compensate
for possible bar bending due to the impact. A planar horizon-
tal support is provided overhead. This provides a base for
attaching fine strings which support the impact bar and the
striker in such a way as to permit pendulum swinging motion
to occur in the direction of the long axis of the bar. Side-
wise motion is prevented by use of a bifilar, V-shaped arrange-
ment in which the bar and also the striker are attached to the
apex, and the ends of the arms are attached to the overhead
support. The plane of the V is oriented perpendicularly to
the long axis of the bar, preventing transverse motion.
By adjusting the strings, the position of the bar is fixed,
except for the degree of freedom of motion along its long
axis. The bar is suspended 108 cm beneath the overhead support.
The strain gages are embedded in the bar about 2 mm deep,
and the necessary electrical leads follow the string supports
80 as not to interfere with the free swing of the bar. It was
found that orienting the strain gages so that they were on the
sides of the bar, and not on the top and bottom, was preferable.
The reason was that some gravitational bending of the bar was
unavoidable, so that some excitation of bending modes in the
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vertical plane always occurred. Even so, some horizontal
bending or buckling modes were excited. It was, therefore,
found to be beneficial to locate the strain gages at a nodal
position for this motion, which was located at one-sixth of the
bar length. The strain gage and support arrangement is shown in
Fig. A, and the effect of moving the gages from an anti-node to
a node position is shown in Figs. B and C.

As a means of measuring the motion of the bar caused by
the impadﬁ, a rider traveling along a taut wire is moved by
a metal finger attached to the bar. A steel ruler is mounted
behind the wire for convenience in determining the change in
position of the rider. This is the quantity D shown in
Fig. 3.1A.

3.1.2 Striker. The projectile (striker) was 4ttached
to the end of a single bifilar, V-shaped string support, as

bar

described in 3.1.1 for the case of the impact bar. By careful
location of the upper attachment eyes and adjustment of the
two legs of the "V," the impacter could be made to strike the
specimen target reproducibly on the longitudinal axis of
symmetry of the bar. Different strikers were used. In the
case of 12.7 and 19 mm diameter steel ball bearing strikers,
the mass was adequate to produce a substantial impact with an
approximately 250 cm per second impact. This was produced by
allowiag the striker to drop about 30 cm from its starting
height., shown as Hoa11 in Fig. 3.1A. As noted in our previous
work and when using the gas gun, 4.5 and 9 mm (2.25 and 4.5 mm
radii of curvature) diameter projectiles have been standard in
our work. Thus, short (ca. 7.5 cm), threaded, hardened steel
bars were made, and the ends ground to these radii of curvature.
Five threaded attachable masses of 7 g each could be screwed
onto the strikers. 1In this way momenta corresponding to
velocities of about 60, 120, 180, 240, and 300 m per second
can be imparted to the striker using the standard pendulum
geometry. These bar-shaped strikers were fitted with two



bifilar supports to ensure that the striker remained aligned,
with its long axis coinciding with that of the impact bar, as
well as possible.

The striker was held in the poised position, ready to be
released for impact by means of an electromagnet. This facili-
tated easy measurement of its initial position. A metric ruler
positioned along the path of the striker trajectory, along with
a camera, positioned for minimum parallox error was used to
measure the recoil, Dball in Fig. 3.1A, of the striker. A
cathetometer was provided to measure the height of the striker
in its initial and contacting positions.

3.1.3 Electronic Instrumentation. The instrumentation

consisted of (1) a strain gage bridge and power supply, (2) a
differential amplifier linear to frequencies in excess of 1 MHz
to amplify th: strain gage signal prior to introducing it to
the storage oscilloscope, (3) a digital storage oscilloscope to
detect and store the pulse allowing it to be recorded later at
slower speed, and (4) a time-base strip chart recorder. These
units are described more fully next.

(1) The SR- strain gages are of type FAE-25-12S6EL with
a gage factor (i.e., relative change in resistance per unit
strain) of 2.06+t1%. Each gage had a resistance of 120.0%0.2
ohms. Two strain gages were located in non-adjacent arms of
a conventional Wheatstone bridge circuit.

(2) The strain gage conditioning unit was a Daytronics
package comprised of a 9005 main frame power supply and a 9171
strain gage conditioner. This unit provided a stabilized,
filtered 5 volt DC excitation voltage to the bridge.

(3) A Tektronix differential amplifier model 5A22N was
used to amplify the strain gage signal with as little distor-
tion as possible. The bandwidth for this amplifier ranges
from DC to 1 MHz and the input impedance is 1 megohm. A
fixed gain of about 250 was maintained with a maximum common
mode rejection ratio of 100,000:1.



(4) Data accumulation was performed by means of a Nicolet
1090A Explorer digital oscilloscope. This instrument has the
capability of detecting and storing up to 4096 12-bit data
entries at intervals as close as 1 usec. Plug-in differential
amplifiers, 93A +type D, were used to ensure a broad frequency
response from DC to 5 MHz. The input impedance is 1 megohm
and the common mode rejection ratio is 2500:1.

(5) Permanent data storage was achieved by recording the
information gathered by the_preceding instrument onto a high
impedance Huston Omniscrib strip chart recorder. This
permitted data to be recorded such that the full scale of the
paper, 10 inches, corresponds to the full scale on the oscillo-
scope, and 1 inch on the time base represents 160 usec.

3.2 Experimental Procedure

The impact experiments in broad outline involve:

(1) Attaching the specimen to the end of the bar using
Dow resin 276-V9 to provide acoustic coupling. Visual inspec-
tion is made to ensure good overall contact, centering of the
specimen relative to the bar and alignment of the bar and
striker.

(2) Deducing the initial impact velocity of the striker
from its initial height above the point where it contacts the
bar, correcting for damping in the pendulum motion.

(3) Determining the recoil of the striker by a similar
procedure. ‘ .

(4) Deducing the recoil velocity of the impact bar from
its maximum travel, correcting for frictional effects in the
motion of the rider (see 3.1.1). '

(5) Measurement of the various masses, permitting a macro-
scopic test of conservation of momentum to be made.

(6) Initial adjustment of the balance and voltage applied
to the strain gage bridge circuit.

(7) Adjustment of the digital storage oscilloscope to
ensure proper triggering and suitable time and signal level
scale.
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(8) Transfer of information from the oscilloscope, after
the impact event is recorded and detected, to a strip chart
recorder for a permanent record.

(9) Recording, point by peint, in some cases of the
initial parts of the impact pulse after contact has just been
made by the striker. The oscilloscope permits digitized visual
readout of the detected signal at 1 microsecond intervals.

(10) Reading the strip chart information by means of a
digitizer to translate it into numerical data for computer
processing.

3.3 Auxiliary Measurements

For carrying out the computations to be described in
Section 4, it is necessary to know the velocity of sound
in the impact bar and to have a calibration of the strain
gages.

The sound velocity is conveniently measured by simply
noting the time t between the passage of the maximum in the
initial compressive impact pulse and its reflection as a
corresponding tensile pulse. The velocity is thus simply
2L/t, where L is the distance from the strain gage to the
reflecting end of the impact bar. The observed value was
2095 m per second.

Calibration of the strain gage was accomplished by
first determining the (long-term) Young's modulus of the
bar. Then by dead-loading the bar compressively in the
axial direction, the imposed strain is computed from the
modulus, load, and bar cross section. This is then compared
with the strain signal detected at the storage oscilloscope.

The long-term modulus was determined by bending the bar
transversely using known loads, noting the deflection, and
calculating the Young's modulus from the well-known beam
bending formulas. The measured value was 3.13 x 10!° dynes/cm?.

The strain gage signal was found to be linear with the
applied load within experimental error over the explored strain



range, i.e, up to 20 x 10~® cm/cm. This procedure provided a
direct means for relating the strain to the oscilloscope output
display. This observed calibration factor was 4.29 x 10-7 cm/cm
per mV at the oscilloscope for the set of instrument settings
held fixed during all measurements.

3.4 Experimental Impact Results

Impact measurements were made on Pyrex glass, PC, PMMA,
and epoxy targets using 4.5 and 19 mm diameter strikers weigh-
ing 42.0 and 28.3 g, respectively. Systematic measurements at
this time were made in at least duplicate and, in some cases,
triplicate. In all cases except when impacting glass with the
19 mm steel ball, a nominal impact velocity of 2.5 m per second
was selected. A lesser velocity of 1.7 m per second was used
with the glass to avoid cracking the specimen target.

Representative impact pulses as recorded directly on the
strip chart are presented in Figs. A to H. 1In addition, the
average pulse shape parameters are given in Table A. Note that
the momentum is proportional to the pulse area. It can be seen
that the momentum transferred to the glass was markedly less
in the case of the 4.5 mm impact on glass than when the polymers
were struck. The broadest pulse occurred using PC, followed by
epoxy, and PMMA as measured by any of the peak shape parameters,
i.e., time for the peak maximum to occur, time breadth of peak
at half maximum strain, total duration of pulse, or momentum.
The maximum strains rank in the reverse order. To show typical
reproducibility, an example of replicate results is shown super-
imposed in Fig. G for PMMA. The curves nearly coincide except
for small departures at the leading and trailing portions.

As can be seen in the figures, the trailing portions of the
pulses often appear to be somewhat oscillatory. The reason for
this is not completely determined at this time. This may be due
to excitation of bending modes, if the impact is not exactly
on center, or may be due to surface waves resulting from Poisson
lateral deformations.



These post-pulse waves will probably become more severe
problems as the impact velocity is increased. This can be
seen from the pulse shown in Fig. I obtained when a PMMA
target was struck at about 100 m per second by a 4.5 mm ball
shot from a compressed air gun. No attempt has been made to
analyze this complex pulse at this time. 2Analysis of the
pulses in terms of the underlying phenomenological physical
processes is discussed in Section 4.



TABLE 3.4 A
Experimental Average Pulse Shape Parameters

6-¢

MATERIAL GLASS PC PMMA EPOXY

Striker Diameter* 4.5 19 4.5 19 4.5 19 4.5 19
mm

Injtial Impact 245 174 251 256 248 258 250 260

Velocity, cm/sec

Maximum Strain 6.9 5.2 3.5 4.4 4.5 5.5 3.9 4.8
x 10"

Time to Maximum 82 52 197 108 142 83 175 103
usec

Pulse Duration 352 283 499 354 425 347 474 360
usec

Pulse Time Width at 93 53 243 141 178 102 217 124

Half Peak Height
usec

Momentum, g cm/sec 11303 5344 14276 10409 13411 9466 14119 10059

*Mass of 19 mm striker =
* " 4.5 mm " = 42.0 g



4, ANALYSIS OF DATA
4.1 Basic Equations
The basis for deducing the force indentation response in

the impact event from the impact pulse was discussed in Section
6.5 of the previous report(4) and is incorporated here with
minor revision for convenience.

Because the impact occurs over a concentrated area, the
compressive acoustic pulse radiates initially as a spherical
wave. However, as it travels down the bar, the compressive
wave becomes increasingly planar. If the initial impact does
not occur on the axis of symmetry of the bar, then flexural
modes can be excited in the bar. Furthermore, surface and
transverse waves can be expected as well. Thus, the signal
detected at the strain gage comprises a complex superposition
of waves. 1In spite of this, the data will be treated as if
the strain pulse consisted only of the planar compressive
component. This means the analysis will bas somewhat in error
and that calibration to provide the necessary corrections
would be desirable.

For purposes of analysis, it is convenient to refer to
the position of the struck end of the bar as the origin of the
z axis and the time t = 0 as the instant of first contact between
the ball and the bar. The ball has a mass m and is assumed to
be incompressible.

Deceleration of the spherical projectile results from the
local opposing material reaction force which in turn is supported
elastically in the impact bar. Hence, the instantaneous deceler-
ation force is Ao (t) where A is the cross section of the bar,
and o the area~averaged longitudinal stress. Therefore,

mZ = - Ao(t) Eq. (a)

= - AEe(t) Eq. (b)



This can be integrated directly to give
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where E is the Young's modulus of te bar, € is strain, and

Vg is the initial velocity of the projectile. However, the

collision causes the impact bar to ba elastically compressed.
Therefore, the end of the bar is displaced in the direction
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of sound. Thus, penetration is given

X =2 -W Eq. (f)

projectile relative to the end of the

X =12z - ce Eq. (qg)

to rebound with a velocity Ver its
equal the momentum impacted to the
time integral of the force (neglecting

- vg) = AE J7 eat , Eq. (h)
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in which Vs and Ve are the (algebraic) velocities and can have
positive or negative values depending on whether the motion is
in the direction of the initial impact or its reverse, respec-
tively.

In general the actual measurement of the pulse consists
of a strain gage voltage reading as a function of time. This
strain is presumably proportional to the strain averaged over
the cross section. However, for reasons already discussed,
strain at the gage itself may depart from the average strain.
Assuming the average planar strain € is simply proportional
to the observed strain eg at the gage, i.e., & = Beg, we can
write for the correction factor 8 , using Eq. (h)

o

B = m(vy, - ve)/[AE L egdt] Eq. (i)
Wherever ¢ appears in the preceding equations, is should be
replaced by Beg- Thus, in principle, the striker velocity 2,
penetration velocity x, penetration depth, resisting force,
and other related quantities can be computed from the impact
pulse.

Energy is distributed within the specimen and the bar in
several ways. Some of the energy is localized near the site
of the impact, e.g., that expended in the non-recoverable
(anelastic, plastic, viscous) deformation process. There is
also a local elastic energy stored in the impact region that
subsequently is transferred back to the striker Qhen it
rebounds. Finally, there is both a distributed kinetic and
potential energy associated with the pulse as it moves along
the impact bar. This later energy can be compared as it
develops with time. The elastic Potential energy is given by

U, = f{(strain energy/unit volume) .d (volume)

t
= % AEC £ c2dt Eq. (j)
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From the principle of equipartition of energy, this also
equals the kinetic energy of the pulse so that the aggregate
distributed energy associated with the pulse is

t
U= AEc [ eZdt . Eq. (3')
)

This energy is trapped in the bar, and excites the bar vibra-
tionally, ultimately ending up as heat.

The kinetic energy of the striker can be determined as a
function of time. However, we have found no simple way as yet
of computing the amount of recoverable energy as a function of
time during the course of the collision. Incidentally, neither
was there a way to do this in our prior work using the mechan-
ical test machines. The final irreversible work performed on
the specimen, of course, is simply the initial kinetic energy
of the striker, less its recoil kinetic energy and the pulse
energy U.

4.2 Integration Procedures
As can be seen from the preceding section, determination

of the various penetration, velocity, energy, and correction
quantities requires evaluation of the integrals [edt. [[edtdt,
Je?dt. Once the strain is available in digitized form, the
evaluations are straightforward using standard computer tech-
niques. The uncertainties arise primarily from the impact
pulse itself. 1In principle, the pulse should rise from a base
line, representing the zero strain condition and should then
return to the same base when the striker, upon rebound, breaks
contact with the target. However, this idealized situation is
usually not observed. The possible reasons for this will be
discussed in Section 5. As discussed in 4.1, the value of the
correction term B depends on the value of the integral of strain
over the duration of the total pulse. Assuming the shape of the



pulse to be correct in other respects, an incorrect assignment
of B will lead to such computational aberrations as the striker
continuing to exert a reaction force after it has left the
specimen. Hence, a way of dealing with this situation is
required. This will be considered again in more detail in

4.4 following the presentation of typical computations on the
pulse information in Section 4.3.

In summary, starting with the record of the pulse from
the strip chart recorder and the experimental observations,
the procedure for analyzing the data can be outlined as foliows:

(1) Determine the momentum change in the striker and the
momentum imparted to the impact bar. Compare. Average the
values.

(2) Convert the recorded pulse into digital form.

(3) Translate the digital information into time and strain
units.

(4) Compute the various time integrals of strain.

(5) Determine the calibration factor B8.

(6) Compute the kinematic information such as penetration
depth, force, striker translation, striker velocity, pulse energy,
bar momentum, as a function of time using the equations in 4.1.

(7) Compute correction for the extended long-term tail
on the pulse. (See 4.4.)

(8) Repeat steps 4 to 7 using corrected pulse.

(8) (Alternative) Fourier analyze corrected pulse.

(9) Reconstruct pulse as it would be at site of impact.

(10) Repeat steps 4 to 7 using reconstructed pulse.
Items 8 (Alternative) and 9 are explained in Section 4.5

4.3 Momentum Measurements

Determination of the momentum change in an impact is
basic to the determination of the correction factor B. Con-
servation of momentum requires that the change in momentum



of the ball must be exactly equal to the momentum imparted to
the impact bar (or other parts of the system).

The procedure used here was to measure both the momentum
change for the striker and for the bar. This was done by
measuring the striker height before it was released and at
the position of impact with the bar. This was done to 0.1 mm
using a cathetometer fitted with a telescope. A correction was
made for damping in the swing of the striker for a 10 cm initial
swing amplitude as shown in Fig. A. The damping is logarithmic
and is about 5.6% per cycle. Observations on a single cycle at
the amplitudes used for the impact experiments gave a decrement
of 4.0% for the velocity. Thus, in the quarter cycle of a
swing that occurs during an impact test, the velocity is about
1% less than the value calculated using the simple theory.

The damping of the motion of the impact bar was found to
be negligible. However, there was a noticeable correction due
to frictional effects for the rider that marks the horizontal
movement of the bar. The rider, which weighs 0.42 g, would
just move on the wire when it was tipped about 13° from hori-
zontal. Thus, the frictional force was about 100 dynes. Since
momentum is the integral of force over time, a momentum correc-
tion of 51 g cm/sec was computable from the time for the bar
to swing to its maximum amplitude, 0.52 secor.”s. The estimated
error in reading the horizontal component of the bar movement
is 0.2 mm. The velocity V of the bar and, thus, the momentum
are calculable from geometries and the simple equations of

motion using
1/2
V = [2g(R - /R? - L%)]

where L is the amplitude of the swing, R is the length of the
bar supporting thread, and g is gravitational acceleration.



Bven with these refinements, the momentum as computed
from the striker data was 2.2% greater than that computed
from the bar movement, the range of the absolute standard
deviation being *1.2%. The re:son for this systematic bias
is not known. The greatest uncertainty in the measurements
results “rom the error in reading the rider position. This

-l  which

is estimated to result in an error of 100 g cm sec
is between 1% and 2% relative error and is less than the
systematic value. In making the estimates for B, the average

value has been used.

4.4 Correction for Post-Pulse Behavior
Ideally an experimentally observed pulse is preceded by

a steady, zero-strain signal from the strain gage. The signal
should again return to this zero-strain level following the
passage of the pulse, i.e., after the striker has rebounded and
there is no reaction force possible. In practice a steady pre-
pulse signal is usually observed, but the post-pulse level does
not always return to this value.

In the case of impacts with the glass targets, the post-
pulse signal often exhibits a kind of low amplitude oscillation
with a period that approximates the pulse duration. After some
"hunting" the value approaches the original pre-pulse level.
This is shown in Fig. A for the case of a 4.5 mm diameter, 42 g
striker impacting a glass target at 2.45 m per second. In
contrast, when the target is a polymer, the post-pulse signal
is quite steady, often slowly diminishing and persists for long
times at levels appreciably differen. from the pre-pulse value.
The extended pulse resulting from a similar impact as just
described buvc with PC as the target is given in Fig. B.

At this time it is not certain what is causing the extended
"tail" in the case of the polymer impacts. Based on our previous
work, it seems reasonable that plastic flow or the somewhat
delayed strain relaxation in the region of the impact are invol-
ved. Residual internal strains in the bar would seem to be
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eliminated from consideration because the strains produced in
the bars are relatively low <10~°, and the post-pulse behavior
depends on the target, whereas the level of strain produced is
about the same in all of the impact experiments. This can be
seen in Table 3.4A.

However, for purposes of carrying out the various inte-
grations outlined in 4.2 and for getting as "clean" a base
pulse for subsequent analysis, a procedure for correcting the
pulse for this tail would be beneficial. A procedure for
accomplishing this has been developed based on the assumption
that (1) the tail is linearly extrapolatable to short times from
its behavior at long times, and (2) that for times less than
corresponding to the peak strain, the amplitude of the tail
component increases proportionélly with strain. In addition,
we require that at the moment the striker breaks contact with
the target upon rebound, force can no longer be exerted on the
target.

Thus, a methodology has been developed which is based upon
self consistency with the simple laws of nature which require
conservation of momentum on the one hand and transfer of momentum
only as long as the impacting bodies are in contact. For example,
by requiring that the tail amplitude has a given value at some
selected time, a slope is defined by this procedure. This
provides a description of the tail, which can then be subtracted
from the observed pulse to give a corrected pulse.

However, the use of this procedure will become more important
after a satisfactory method has been achieved for correcting the
pulse for changes of its shape as it travels down the bar. This
is discussed in more detail in Sections 4.5 and 4.6



4.5 Studies Using Inorganic Glass Targets

Because of the uncertainty regarding the process that
extends the tail of the impact curve and the absence of
a priori information as to what the pulse shape should be
when a polymer is impacted, the impact between a steel pro-
jectile and an inorganic glass specimen was examined in some
detail. The completely elastic behavior of glass makes it
possible to calculate the pulse shape fron the Hertz analysis.

The computed pulse shape could then be treated as if it had
been experimentally obtained and introduced into the computer
programs for computing velocities, penetrations, etc. This
procedure provided confirmation of the validity of our compu-
tational apparatus. Then by experimentally impacting a glass
specimen, we were able to compare the pulse with the theoreti-
cally computed pulse. Furthermore, the studies with glass
allowed examination of the question of the importance of acoustic
impedance matching between the specimen and the impact bar. These
points are covered in more detail in the sections that follow.

As an unexpected by-product, we discovered that the glass
when struck by the steel striker produced a nearly dead impact,
i.e., with very little rebound of the striker. In contrast, a
polymer target when struck results in a substantial rebound.
T.ais observation was contrary to our intuition, and its examin-
ation led to further insight into the impact process.

We had expected the glass target to resuit in a greater
recoil than in the case of the polymer because no significant
inelastic processes would be involved. Instead the striker
upon impact behaved almost as if it had struck putty. This was a
general phenomenon that occurred whenever the target material
mounted onto the end of the PMMA impact bar was a stiff elastic
material, e.g., silicon carbide, tungsten carbide, hardened
steel. Our initial hypothesis was that the acoustic impedance
mismatch was somehow preventing the pulse from propagating into
the bar.



However, the answer was found to be in the elas -ic
energy expression, Eq. 4.1j', and the ce term in Eq. 4.lg.
The combination of a very stiff target and a relatively
compliant impact bar causes substantial compressional shor-
tening of the bar and a large amount of energy to pass into
the impact bar. As the striker reacts against the hard
target material, it causes the struck end of the bar to
accelerate in the direction of the impact. By the time the
striker slows down, the end of the bar is moving away from
it fast enough for the penetration depth to be substantially
reduced at this point in time. Hence, from the Hertz relation-
ship it is clear that the force available to push the striker
back is accordingly also reduced. Thus, most of the kinetic
energy initially present in the striker is now assocciated
with the pulse that is traveling down the bar.

4.5.1 Theoretical Elastic Impact Pulse. The usual
expression for a dynamic elastic impact by a ball on a

planar surface is given by relating the deceleration force
F to the indenter travel z through the Hertz law

3/2 Eq. (a)
2 2 =1
l - v, l - v,
E; + E2 ) '

F = kz

where k = % /R (

v being the Poisson ratio, E the Young's modulus for the
target and striker materials, and R the radius of curvature
of the striker. If m is the mass of the ball then

3/2 Eq. (b)

- mZ = kz
This eqmation can only be solved approximately. However,
maximum incursion depths, time of contact, etc., can be
found in various stendar? works. Note that the equations
(a) and (b) are reversible. Thus, an ideal loss-less,
elastic collision is predicted by this model.



However, as noted in Egs. 4.1f and g, it is the incur-
sion depth x and not the travel z that determines the force.

That is,
- mZ = k(z - cftedt)3/2 Eq. (c)
)

should replace Eq. b. This somewhat awkward equation can be
readily integrated by computer. The solution in terms of the
force versus time and of the striker velocity versus time is
given in Figs. A and B. As can be seen, the inclusion of the
bar compliance results in a distinctly skewed impulselcurve
and predicts that the rebound velocity will be much less than
the impact velocity even with ideally elastic materials. Thus,
the correction for the motion of the target has a major quali-
tative effect. This computation was made for the example of

a 19 mm steel ball impacting a glass target mounted on the end
of a PMMA impact rod.

When the theoretically derived impact curve is introduced
into the analytical apparatus for deducing the force penetration
law responsible for the observed pulse, the Hertz law behavior
is deduced. 1In other words, assumption of the Hertz law alliows
synthesis of the pulse shape. Analyzing that pulse shape reveals
and confirms that the Hertz law governs the pulse. Hence, the
eénalytical procedures and associated computer programs we have
developed are valid.

4.5.2 Critical Experiments. As discussed above glass is
an ideal medium for testing the impact bar equipment and for

allowing straightforward comparison between theory and observa-
tion. The work described in this subsection had the dual goals
of (1) establishing the validity of the procedure in which
specimens are mounted onto the striking ends of bars of another
material, and (2) providing a direct comparison between an
observed pulse and a puise computed from theory using the

same input conditions.



In Section 3.1.1 the problem of acoustic coupling between
the specimen and the bar was briefly discussed. When the
target material mounted on the PMMA impact bar is glass, the
ratio of the acoustic impedance of the bar to that of the
specimen is 1:5. By contrast, when the target is PC or epoxy,
the impedance match is typically 3:4. If the bar itself is
the target or if the target and bar are made of the same
material, there is no mismatch. However, in the latter case,
the coupling resin could conceivably cause signal distortion.

In order to test to what extent the signal is affected
by less than perfect coupling, the following experiments were
performed:

(1) A 25 mm diameter Pyrex rod, 1.3 m long, has SR-4
strain gages applied to it, analogously to the PMMA'Empact
rod. The bar was held with the long axis vertical and a 19
mm diameter hardened steel ball dropped on the instrumented
end from a height of about 22 mm. This produces an impact
velocity of about 1 m per second. The pulse was detected
and recorded using the same instrumentation as used with the
PMMA bar. Because of the greater stiffness of the glass,
more amplification was needed. The resulting pulse is shown
in Fig. A.

(2) The same instrumented glass bar as used in (1) above
had a Pyrex glass specimen mounted on the end to be struck
using the standard acoustic coupling resin. The observed
pulse produced by a nominally identical impact is shown in
Fig. B.

(3) The standard PMMA instrumented impact bar was held
vertically, a Pyrex glass specimen attached to the end to be
struck as in (2) and subjected to the same kind of impact as
before. In this case less amplification gain was required.
The resultant pulse is shown in Fig. C.

As can be seen, the pulses in (1) and (2) are identical
within the noise uncertainty of the measurement. The pulse
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in (3), requiring less gain, has considerably less relative
noise content, but otherwise appears to be identical with

the other two. Thus, except for possible subtleties obscured
by the noise, there are no major qualitative differences attri-
butable to the method of mounting the specimen to the acoustic
match of the impact bar with the target specimen. It may be
noted that there was a strong rebound of the striker in
experiments (1) and (2) but a "dead" response in (3).

The second major reason for measuring the impact response
of glass was to investigate the reason for the observed soft
response during the very initial stages of impact. This was
noted in preliminary experiments with PC and PMMA specimens.

As may be recalled from our earlier work using the mechanical

test machines, deciding when the first moment of contact occurs

is often difficult. giged on the assumed validity of the Hertz
v

force often provided an unambiguous determination of the time

law, plotting (force) ersus time and extrapolating to zero
of first contact. The slope of this curve is related to the
compliance of the material. 1In the case of the present experi-
ments using the polymer targets mounted on the impact bar, a
similar procedure could be followed using the initial portions
of the pulse. However, the slope was anomalcusly low by abou
an order of magnitude. Therefore, the determination of the
pulse shape for glass, in which the Hertz constant is unique
because of its near-ideal-elastic behavior, provides a powerful
tool for investigating this effect. Furthermore, it would be
obvicusly satisfying to get good detailed agreement between the
observed pulse with that calculated from theory.

The observed and the theoretical pulses corresponding to
a 19 mm steel ball striking a Pyrex specimen attached to a PMMA
bar with an impact velocity of 1.74 m per second is given in
Fig. D. As can be seen, there is good correspondence in the
general shape in the vicinity of the maximum. However, the
gradual tapering ramp on the leading edge of the experimental
pulse is not predicted theoretically. :



Whereas the theoretical pulse is that calculated for the
struck end of the bar, actually the pulse is detected about
30 cm from the site of the impact. Hence, some distortion of
the pulse can be expected as it travels due to dispersion and
attenuation effects. Probably the most direct way to examine
this would be to analyze the pulse in terms of its various
frequency components. The pulse could then be reconstructed
at some other position in time and space after applying the
appropriate adjustments for the phase and amplitude values
for each component. Some preliminary work in this direction
is discussed in the following subsection. It is possible that
other factors may contribute significantly to the (presumed)
alteration in pulse shape, such as reflections, different
propagation modes, etc.

4.5.3 Preliminary Fourier Analysis. As is well known,

within very broad limits, any finite function of some indepen-
dent variable, such as time, definable over some range of

that variable, can be expressed as a Fourier sine, cosine, or
both series. An alternative representation, employed here,

is to express the function f(t) in the form

[

f£(t) = n__2=0A(n) sin (2mv_t + § ) Eq. (a)

where A(n) is the amplitude of the nth harmonic of the fund-
amental frequency Vo? and Gn is the phase shift for that
harmonic. Thus, A(n) represents the strength or relative
contribution of a given frequency to the total function. If
f(t) represents the shape of the impact pulse, then the values
of A(n) and dn can be computed by well-known procedures. |

If dispersion occurs, then each component frequency will
travel at a somewhat different velocity. This means that if
a signal is known at a given position along the impact bar,
the signal at some more distant position can be determined
by an appropriate adjustment of the phase, viz., by subtrac-
ting the quantity 2wnv°L/C(nvo) from Gn. The term L is the



distance between sensing locations, and C(nvo) is the sound
velocity as a function of component frequency Ny, . By noting
that Young's modulus E = pc? where p is density, the dependence
of the sound velocity C on frequency can be determined from the
1974 report(3), Fig. 7A. Over the range of current interest,
this can be given by

C = 1.737(1 + .0481Ln(v)) /2

m/sec Eq. (b)
Preliminary Fourier analysis of a theoretically computed
impact pulse has been performed by using a modification of a
previously developed computer routine. The pulse was then
shifted to a position 30.5 cm down the impact bar (correspond-
ing to the position of the strain gage relative to the specimen
force), using the procedure outlined in the previous paragraph,
and using Eq. (a) to describe the dispersion. However, it was
quickly recognized that there is considerable arbitrariness
in this procedure because a Fourier representation predicts
that the function répeats with a period corresponding to the
fundamental frequency Vo© However, the pulse is a single event.
That is, the strain gage senses a long period of no signal
followed by the pulse, followed (ideally) by another iong
period of no signal. Therefore, for purposes of the Fourier
analysis, the periods of no signal are part of the function
to be analyzed. Therefore, the procedure was tc add a null
interval both preceding and following the calculated impact
pulse. The results are given in Fig. A. The one curve shows
the initial pulse calculated for the case of a 4.5 mm projec-
tile having a mass of 42 g and an initial velocity of 150 cm
per second, impacting a glass target mounted on a PMMA impact
bar. The other two curves show the predicted shapes of the
pulse detected 30.5 cm down the bar when the preceding and
trailing null signals are 10 and when they are 200 microseconds
each.



As can be seen, the predicted pulse shape is a sensitive
function of the duration of the null portions relative to the
actual pulse duration. Since, in principle, the null portions
extend indefinitely, extending the null regions to infinity
transforms the Fourier series analysis to a Fourier integral
analysis. Another approach is to examine the behavior as the
null portions are made increasingly longer. However, the
number of computations increases as the square of the total
length of the signal to be analyzed. Hence, even using a
computer, this approach becomes awkward, and suggests that
it may be necessary to use the Fourier integral approach
instead.

In any case, dispersion appears to have the expected
effect of extending the leading edge of the pulse as it moves
down the impact bar. More work is needed to establish whether
this accounts for the departures of the experimentally observed
pulses from the theoretical computed ones, as shown in Fig.
4.5.2D,

4.6 Treatment of Pulse Data
4.6.1 Detailed Kinematic Analysis. Sections 4.1 and
4.2 discussed the basic equations needed to convert the pulse

curves into information regarding reaction force, penetration
depths and velocities, ball velccity, various energy and
momentum terms, etc. The observed pulse results from an impact
between a steel striker and a glass target fixed to a PMMA bar
have been analyzed as have the experimental pulse data for two
cases when the target was PMMA. 1In addition, theoretical pulses
for the steel glass encounter were computed under identical
impact conditions as were experienced in the experiments. The
remaining data have not been processed as yet because it appears
at this time that some kind of a pulse shape correction, such
as discussed in Section 4.5.3, will need to be applied in order



to get correspondence between the pulse shape and a valid
kinematic analysis. This will be discussed in more detail
later.

Table 3.4A presented the average results for several
replicate measurements. However, the analyses require as
input the results of particular runs. The designation for
a 4.5 mm diameter, 42 g, and for a 19 mm diameter, 28.3 g
steel striker impacting glass at 2.45 and 1.74 m per second,
respectively, are GL3N-2 and GL1N-1l. The resulting pulses
have been analyzed and compared with the results derived
from the theoretically expected in Table 4.6A. Specimen
computer analyses for the case c¢f the GLIN-1 impacts are
given in Figs. A and B and the deduced force versus penetra-
tion relationships is shown in Fig. C for the same examples.

The analysis of the theoretical pulse reproduces, within
certain errors due %o numerical integration procedures, the
Hertz force law assumed in the first place. However, as can
be seen in Fig. C, the force law deduced from the experimentally
observed pulse is quite different. As already mentioned, the
apparent compliance in the experimental case is initially much
greater than expected. This is believed to be caused by a
distortion of the pulse due to attenuation and/or dispersion
effects. Analysis on the distorted pulse leads to a ficti-
tious force law.

Nevertheless, in many other respects, there is good
agreement between the theoretical and experimental results.
Striker recoil velocities are close to predicted values;
hence the momenta are also in good agreement. The predicted
peak force is about 20% greater than the observed value.
However, it appears earlier with respect to the first detec-
table departure from a zero signal. Although the observed
pulse width is about the expected value, the observed pulse
tail stretches out to much longer times. The theoretical
analysis shows that the local stored energy in the target



is completely expended in causing the striker to rebound. In
contrast, the analysis of the experimental data indicates that
about 10% of the initial kinetic energy of the striker remains
in the impact bar after the rebound has occurred, in some form
other than being associated with the traveling impact pulse.

These deviations between the experimental results and
theoretical expectations, under conditions in which nearly
ideal impacts are experimentally expected, was interpreted as
indicating that the full analysis of the pulse data is premature
at this time. RNevertheless, analysis of rep.esentative polymer
data has been performed on runs PM3N-2 and PMIN-3 in which a
4.5 mm diameter, 42 g, and 19 mm, 28.3 g steel strikers having
initial velocities of 2.48 and 2.56 m per second, respectiveiy,
were used to produce the impacts. These results are also given
in Table A.

As can be seen the recoil velocity in the case of PMMA is
appreciably greater and reflects itself in the greater momentum
transfer. The peak force is substantially less and the pulse
width correspondingly greater than is the case for the glass
impact. This is expected from the greater elastic modulus for
glass. It is interesting to note in the case of the polymer
that the peak force develops earlier than the maximum penetra-
tion. This may simply be a computational artifact, or it may
reflect the relaxational processes expected to occur in PMMA.
Finally, the residual localized energy in the case of the 4.5
mm striker is nearly twice that calculated for ahy of the other
experimental pulses and probably reflects a real non-reversible
energy absorption.

4.6.2 Macro Kinematic Analysis. Because the fine struc-

ture of the pulse causes certain complications in the detailed
analysis of force, depth, energy, etc., versus time, it is of
interest to examine what kind of information can be obtained
from less detailed descriptions of the pulse data. Such infor-
mation was presented in Table 3.4A for the three polymers
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investigated and glass. For example, if an approximate
measure of the final value of the integrals [edt and [e?dt
could be established, then it may be possible to estimate
the non-recoverable energy that remains localized in the
region of the impact.

For this purpose we note that El the energy extracted
from the striker, i.e., its initial kinetic energy less its
rebound energy is given by

E, = p(V, - {’ﬁ) Eq. (a)

where p is the measured change in momentum resulting from

the impact, VO is the velocity at impact of the striker and
. . 2 : - ° = . 2

m is its mass. Defining Q = t0-5 emax and J tO.S € nax’

we also consider the possibility that

[}

k. Q= [ edt Eq. (b)
q o
@
and k. J % [ e?at Eq. (c)
J o
where € nax is the measured peak pulse strain, to.s is the

time breadth of the pulse at half the peak strain, and kq
and kj are proportionality constants to be determined. As
given in Egq. 4.1lh

p = AE [ edt ,
o
and introducing this into Eq. (b) gives:

kq = p/AEQ

Similarly from Eq. 4.1j'

00
Ug = U(=) = AEc g e?dt



which when combined with Eq. (c) gives

kj = Uf/AEcJ
The value of Ufis not known without resorting to a detailed
pulse analysis. However, in the case of glass, it can be
assumed that there is no non-recoverable energy left in the
glass following the impact. Hence, specifically for glass

Uf = El or

k.
J

El/AEcJ

This cannot be assumed a priori for the other materials.
Therefore, the impacts with glass will be assumed to provide
a means of calibration.

The experimental results from Section 3.4 are analyzed
in terms of the above discussion in the following table. The
values for the bar modulus E, the sound velocity C, and the
cross-sectional area A are 5.18 x 10!° dynes/cm?, 2.095 x 10°
m/sec, and 3.61 cm?, respectively, were used when needed to
compute the parameters given in the table.

The results shown in the table for k_and kj suggest
that this macro approach can give interpretable quantitative
information, and the constancy of kq indicates that the impact
pulses more or less scale in a regular way. The major depar-
ture occurs in the case of the impact on glass at low velocity.
The two impacts on glass give values for kj that differ by
merely 5% for rather disparate impact conditions. Taking the
average value 0.74 allows computation of the ratio of the energy
estimated to be tied up with the traveling pulse relative to
the energy transferred to the target and impact bar, i.e.
(ijEcJ)/El. These results suggest that the impacts using the
19 mm striker are substantially reversible, if not elastic.
However, with the 4.5 mm striker, the amount of irreversible
work increases in the order G<PM<EP<PC. This seems to be in
accord with expectation.
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5. DISCUSSION

The data and analyses presented in Sections 3.4, 4.5, and
elsewhere demonstrate that high quality, reproducible impact
pulses can be produced and that the computational tools devel-
oped for analyzing the pulses work properly. Summarizing
briefly, impact measurements have been made on PC, PMMA, epoxy,
and glass. The measurements on the polymers show that for a
given intensity impact the compliance and amount of irrever-
sible deformation increase in the order glass<PMMA<epoxy<PC.
These coriclusions are based on the macro-scale analysis of
the pulse data and are in accordance with our general expecta-
tions. However, the detailed analyses of the force as a
function of penetration, and penetration as a function of time
are at variance with the results of our prior work and also
with the predictions based on a theoretical modeling of purely
elastic collisions.

The use of glass as a target material has been particularly
useful in defining the nature of the problem related to the
detailed analysis. Measurements on this material provide a
reference base for establishing the correspondence attainable
between the calculated results and actual material behavior.
It is almost certain that a basis can be found by which the
observed pulse can be corrected for the attenuation and disper-
sion effects, even though the correction formulae are not now
firmly known. However, other factors must also be considered,
such as contributions from surface elastic waves, shear waves,
and anelastic/plastic effects.

It has already been noted and as shown by comparing
Fig. 3.4I with 3.4H, the pulse becomes more complex at higher
impact velocities. Increasing the impact velocity increases
the content of the higher frequency components. This may
require consideration of the dimensions of the impact bar's
small dimension relative to the wave length of a given
acoustic component. If A is large relative to the minor
dimension of the bar, then the use of Young's modulus to



define velocity is valid. If A is relatively small, then the
bar acts as a bulk solid and the bulk modulus is needed. For
the case of PMMA, the sound velocity corresponding to trans-

mission in bulk material is some 40% greater than for trans-

mission down a long, thin bar. Thus, bar gecmetry can affect
the diapersion corrections.

These kinds of considerations will need to be addressed in
seeking to describe fully the impact process at increasingly
higher velocity. The degree of refinement practically attain-
able will be a function of the ease of its achievement and
need, and will be determined largely by experience. However,
it is gratifying to note that even without a detailed analysis,
much qualitatively useful information can be derived from
observations of the general pulse characteristics as was
discussed in Section 4.6.2.
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Fig. 3.4A. Strain pulse produced by impact of 19 mm
diameter striker with glass target at a velocity of
174 cm/sec.
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Fig. 3.4B. Strain pulse produced by impact of 19 mm
diameter striker with PC target at a velocity of
256 cm/sec.
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diameter striker with PMMA target at a velocity of
258 cm/sec.
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Fig. 3.41I. Strazn pulse produced by impact of 4.5 mm
diameter striker with PMMA target at a velocity of
100 m/sec.
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