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I. INTRODUCTION

Bluhm!, in 1956, reported the results of a study in which thin
plates were impacted against stationary projectiles instrumented with
wire resistance strain gages. Similar reverse-ballistic tests have since
been reported by others including Arajs? and Lascher, Henderson, and
Maynard®, Reverse ballistics offers the advantage of a stationary projec-
tile which may be easily instrumented with strain gages. However, the
diameter of the impacting target is limited by the gun bore and the impact
velocity is limited by the target mass, and these limitations may be
severe., Forward ballistics, in contrast, imposes few restrictions on the
target, but the moving projectile is more difficult to instrument. Both
forward-ballistic and reverse-ballistic techniques have been used for
instrumented penetrator studies at the Ballistic Research Laboratory
(BRL). This report describes both techniques, discusses problem areas
which have been encountered, and presents a preliminary assessment of
results,

II. FORWARD-BALLISTIC TECHNIQUE

Forward ballistics refers to the usual ballistic approach in which
projectiles are launched at stationary targets. Projectiles are commonly
much less massive than the target so this approach should permit impact
velocities higher than those which can be achieved when the target is
launched in reverse-ballistic studies. The objective of the BRL investi-
gation has been to examine the strain response of long steel rods as they
penetrate steel armor. The higher impact velocities possible with forward
ballistics made this technique desirable but presented the problem of
instrumenting a moving rod.

A. Probes and Contacts.

A way of monitoring gage resistance is n:cessary if rods instrumented
with strain gages are launched at stationary targets. Figure 1 shows
configurations which were tested to determine if a low-resistance path
could be maintained between a stationary probe and an electrical contact
moving at ballistic velocity. Metal plates which served as contacts were
mounted on the front surface of a plastic sabot. These contacts were
connected by a resistor which simulated a strain gage and were isolated

Yy. I. Bluhm, "Stresses in Projectiles During Penetration', Proc. Soc.
Exptl. Strese Analysie, Vol. 13, 1956, pp. 167-182.

2yisi Arajs, "An Investigation of Forces on a Projectile During Perfora-
tion of Thin Aluminum Plates", Masters Thesis, Air Force Inst. Tech.,
June 1971,

3F. R. Lascher, D. Henderson, and D. Maynard, '"Determination of Penetra-
tion Foreing Functiom Data for Impact Fuzes", Avco Systems Divisionm,
Wilmington, Mase., Technical Report AVSD-0306-75-RR, January 1975.
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by a plastic shield which was intended to prevent electrical conduction
through surface ejecta. Soft cylindrical probes (A) and folding probes
(B) accumulated on the surface of thick contacts and were found to pro-

]vide a high-resistance path which, in the case of folding probes, varied

by as much as 10 ohms. Lower resistances were achieved with tapered
probes (C and D) which pierced the contacts, and thinner contacts produced
smaller variations in resistance. The results suggested that resistance
and its variation depended on the amount of severely deformed metal in
the conducting path, and the combination of tapered steel probes and thin
steel contacts decreased the resistance variations to approximately 0.2
ohm. Most of this 0.2 ohm variation was later attributed to the influ-
ence of mechanical disturbances on the carbon load resistor which was
connected between contacts on the sabot surface. When this resistor was
relocated at the back end of a stationary probe, most of the variation
disappeared. Occasional variations in resistance during a measurement
could usually be attributed either to poor probe alignment, or to begin-
ning a measurement too soon after the probe pierced the contact, when

the interface area was small.

B. Experimental Arrangement.

Tapered steel probes and thin steel contacts were incorporated into
the experimental arrangement used for early experiments. This experi-
mental arrangement is shown in Figure 2. In this arrangement a steel rod,
8.1mm in diameter and 250mm in length, is launched in a sabot which is
constructed primarily of polypropylene. The base of the rod is supported
by an aluminum-alloy plate, and mid-rod support is provided by a phenolic
guide at the front surface of the sabot. The rod is instrumented with
either four or six strain gages, and each strain gage is connected by
leadwires to a pair of 0.4mm thick steel contacts located on the front
surface of the sabot. Leadwires, like the strain gages, are bonded to
the rod surface. One steel contact is common to all gages, so seven
contacts are required for six gages. A cavity was placed behind each
contact after measurements suggested that the rod might be perturbed
when sabot material was displaced by the probes. Probes are allowed to
penetrate several millimetres through the contacts before the gage
circuits are triggered, and the compressive wave usually does not arrive
at the gage location until from 10 to 20 us later. This time is important
because the reference baseline from which strains are determined becomes
more stable as the interface area between the probe and contact increases.
A steel shield placed in front of the target surface protects the probes
and wires from ejected particles. These experiments are conducted in a
vacuum and conducting air shock is not a problem. However, at impact
velocities above 950 m/s, conducting vaporous ejecta expands around the
ejecta shield and can reduce the resistance between probes, producing a
false signal which resembles compressive strain. Surface ejecta will be
considered in more detail later when problem areas are discussed. False
signals from conducting ejecta are prevented by insulating all conductors
exposed on the target side of the probe support. Vaporous ejecta has
also been an occasional problem when probes pierce the contacts on the
sabot. Interaction between gages has been prevented by interposing

8
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Figure 1. Configurations of probes and contacts tested to
determine if a low-resistance electrical path
could be maintained between stationary probes
and contacts moving at ballistic velocity.
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shields and coating probe and contact surfaces with a thin film of
plastic which insulates against vaporous conduction without affecting
conduction between the probe and contact.

C. Strain Gages.

Type EP high-elongation foil gages manufactured by Micro-Measurements,
Inc., were selected because this type of gage was used by Sharpe" for
impact studies with annealed aluminum in which he demonstrated close
agreement with interferometric measurements of strain to eight percent.
Although Sharpe reported accurate response for 1.57mm (0.062 inch) foil
gages, he found that 6.35mm (0,250 inch) foil gages failed to respond
correctly and indicated a maximum strain that was 20 percent low. In the
instrumented rod measurements, gages were bonded to the steel rods with
the M-Bond AE-15 epoxy system marketed by Micro-Measurements, Inc., and
it was not known that this adhesive would provide the response reported
by Sharpe. Consequently, a series of impact experiments was performed
with 1.57mm and 3.18mm Type EP gages bonded to annealed aluminum with
AE-15 epoxy. These tests were performed at The Johns Hopkins University
and duplicated earlier experiments by Bell® in which the strain was
measured by ruled diffraction gratings. Strain measured by the 1.57mm
gages was in agreement with strain measured by gratings, although strain
measured by 3.18mm gages lagged the correct strain and reached a maximum
value which was approximately 13 percent low. These results were in
general agreement with results reported by Sharpe. When impact experi-
ments were later performed with 1.57mm and 3.18mm gages at the same
location on steel rods, the measured strains were closely comparable.
These results indicate that the presence of a large gage reduces the
strain in measurements on annealed aluminum, but has a negligible influ-
ence in measurements on hard steel. There has been interest in the 3.18mm
gage because the manufacturer reports that the maximum elongation capabil-
ity exceeds that of shorter gages. However, the ability of 3.18mm gages
to measure compressive strains larger than those which can be measured by
1.57mm gages has not yet been fully investigated in impact experiments.
It has been determined that the 1.57mm gage can respond to apparent
compressive strain of 25 percent or more in impact experiments. Debond-
ing has not been observed and the reason for signal loss is not always
well established. Signal loss will be considered more fully in the later
discussion of problem areas. Although gages respond to compressive
strains apparently greater than 20 percent, the reliability of dynamic
strain measurements above 8 percent has not yet been established. Relia-
bility will be discussed later when problem areas are considered in more
detail.

“W. N. Sharpe, Jr., "Dynamic Plastic Responge of Foil Gages', Experimental
Mechaniocs, Vol. 10, No, 10, October 1970, pp. 408-41d.

5/, F. Bell, "Propagation of Large Amplitude Waves in Annealed Aluminum",
J. Applied Physics, Vol. 31, No. 2, February 1960, pp. 277-282.
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D. Strain-Gage Circuit.

Probes are connected to bridge circuits which are triggered after
the contacts have been pierced. A circuit is shown schematically in
Figure 3, and is essentially a bridge circuit of the type examined by
Rice®. Each gage is connected (through the contacts and probes) to a
circuit by ten metres of coaxial cable with a characteristic impedance ;
of 125 ohms. A 5-ohm resistor in series with each 120-ohm gage initially !
provides the correct termination. Data have been recorded with oscillo-
scopes, and the coaxial signal cable has been terminated at the oscillo- ‘
scope with its characteristic impedance of 185 ohms. With this choice }
of cables and bridge resistances, the gage and signal cables are correctly ”
terminated in both directions. During a test the sabot and rod are |
loaded into the gun, and gages on the rod are not used for calibrations.
Instead, oscilloscopes are calibrated with a substitute gage which is
temporarily connected to the gage cable. Calibration consists of pulsing
the gage with several values of parallel resistance; the results are used
to evaluate constants in the circuit equation and establish a deflection
factor. The correct resistances of gages on the rod are introduced for
the determination of strain. Signals are usually divided and recorded by
two oscilloscopes, one recording 0 to 5 percent strain, and the other
0 to 25 percent strain. The circuit was designed to operate below the
threshold of apparent strain for gages with a length of 1.57mm. Calcula-
tions supported by heating tests on pulsed temperature sensors indicate a
temperature increase of less than 50°C for a pulse duration of 100 ps.
During calibration switch S2 is usually closed after 70 us to divert
current from the gage cable and reduce the danger of damaging the gage
by overheating. The use of a substitute gage for calibration eliminates
the possibility of destroying a gage on the rod if S2 does not function.

E. Sabot Orientation.

The forward-ballistic technique requires each probe to be correctly
oriented with respect to the corresponding contact. During launch, the
sabot must maintain the correct orientation with which it was loaded in
the breech. Rotation has not been a common problem of projectiles
launched from the 100mm light-gas gun which is used for these tests.
When rotation has occurred, it has apparently been associated with the
us- of an unbalanced projectile. When unbalance cannot be avoided, the
projectile is loaded in the orientation it naturally assumes on a hori-
zontal surface plate.

II1. REVERSE-BALLISTIC TECHNIQUE

Reverse ballistics refers to the experimental approach in which
targets are launched at stationary projectiles. A reverse-Ballistic

6M. H. Rice, "Calibration of the Power Supply for Manganin Pressure
Gages", Air Force Weapons Laboratory Technical Report No. AFWL-TR-70-120,
November 1970. 12
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experiment with an instrumented long-rod penetrator is shown schematically
in Figure 4. Reverse-ballistic experiments have been performed at the BRL
using a light-gas gun with a bore of 100mm and a length of 14m. This bore
imposes a restriction on the target diameter. Furthermore, this gun is
operated in the laboratory and the target and penetrator must be retained
in a catcher. The energy limitation of the catcher imposes a restriction
on either the target mass or the impact velocity. Despite the limitations
of reverse ballistics, it nevertheless offers some important advantages.
The strain-gage signals are usually superior to those from forward-
ballistic experiments, and signal quality is a major consideration in
analyses. Reverse ballistics also does not impose a limitation on the
number of gages, and analyses benefit from data of more than three gage
pairs. Reverse ballistics also permits experiments with longer rods and
longer recording times, and this allows the slowly-moving high strain
levels to be recorded at widely spaced rod locations. The forward-
ballistic configuration in Figure 2 does not permit observation times
longer than 70 or 75 us at an impact velocity of 1000 m/s. Finally,
reverse ballistics provides a situation in which penetrator displacement
results only from particle motion associated with the stress waves; with-
out large displacements associated with the impact velocity, other measure-
ment techniques are more accurately employed to provide data which can be
compared with strain-gage results,

The sections on strain gages and the strain-gage circuit, which were
included under forward ballistics, also apply to the reverse-ballistic
technique. Constant gage excitation prior to a penetration experiment
could be used in reverse ballistics, but pulsed operation permits the
use of higher excitation currents and provides larger signals for an
improved signal-to-noise ratio.

IV. DISCUSSION OF PROBLEM AREAS AND RESULTS

A number of problem areas have been encountered during experiments
with instrumented long-rod penetrators. Before useful data were obtained,
problems from target ejecta had to be solved. When useful strain/time
results were obtained, records were frequently found to end at low strains
and the reasons for premature loss of signal were explored. Records were
commonly troubled by noise and distortion, and sources of these troubles
were examined. The number of strain gages used to instrument a penetrator
became an important consideration in the analysis of data, and further
influenced the choice of measurement techniques. Data reduction has
presented problems, and procedures have been modified frequently in
efforts to achieve greater accuracy. Finally, the reliability of data
and analyses has needed verification; although there has been progress in
this area, further study is needed. Each of these areas will be con-
sidered in this section of the report.

14




A. Target Ejecta.

Trouble from electrically conducting target ejecta was encountered
during development of the forward-ballistic technique. Consequently,
impact and penetration were examined photographically to determine the
nature of target ejecta. Figure 5 shows selected photographs from the
framing camera record of an experiment in which a steel rod, launched at
1000 m/s, penetrated a 25mm thick target of rolled homogeneous armor.
Time, relative to impact, is shown in the lower right corner of each
photograph of the sequence. Immediately after impact, a high-velocity
steel jet is produced as the hemispherical tip of the rod encounters the
plane target surface. The leading portion of this jet is composed of con-
ducting vapor which produced a false signal when it arrived at the probes
which were uninsulated in early forward-ballistic experiments. The
vaporous portion is followed by small particles which also move away from
the impact area at a wide angle. The vaporous ejecta quickly dissipates,
and as it does, the slower moving massive ejecta becomes evident.
Fragments of the slower ejecta which can be identified in successive
photographs indicate motion directed away from the rod at a narrow angle
and this suggests that gages could be carried for some distance into the
hollow column of slow ejecta without being destroyed. It was anticipated
that an ejecta shield would be effective for confining the vapor and small
particles which move away from the rod at a wide angle. Shields were
included in the experimental arrangement for forward ballistics where
they were not highly effective in suppressing false signals. However,
shields were later used effectively to confine the vaporous ejecta in
reverse ballistic experiments, providing clear optical observations of
detail on the surface of the rod.

Jetting is undoubtedly influenced by the configuration of the rod
tip. A hemispherical tip was used initially because this was the common
configuration. Although the tip configuration has not received much con-
sideration in the instrumented rod investigation, the hemispherical tip
has been found to be preferable to a flat end because it tends to
suppress Pochammer-Chree oscillations.

B. Signal Loss.

Strain/time records frequently end while gages are still at low
strain levels. Signal loss is a concern in both forward-ballistic and
reverse-ballistic experiments. The premature end of a strain record
implies either shorting or loss of electrical continuity; debonding of a
gage has never been clearly identified in instrumented penetrator experi-
ments. Signal loss is believed to result from damage to either the lead-
wire or the gage.

In the experimental arrangement for forward ballistics, shown in
Figure 2, leadwires are especially vulnerable at the location where they
cross from the rod to contacts on the sabot. After impact, particle
velocity associated with the compressional wave in the rod produces

15




-squouTiadxa ITIST{(Eq-9SIIASX 103 juoweSuerze Teiuduwriadxy ¥ aan8tg

330VdS

[~

YOWv awwhmJ'

N E h“nvnvnvb

ww g

e ww Qg€ >

o

s/wOLL




Figure 5.

Photographic study of target ejecta produced when a long
steel rod strikes steel armor at a velocity of 1000 m/s.
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deceleration, and the rod is graduaily displacec from the sabot which
continues at the impact velocity. If single-conductor leedwires of
AWG-34 copper are rigidly secured to the rod and sabot near the cross-
over point, the gage signal is lost quickly. If these leadwires con-
tinue to the back of the rod and return through the sabot to contacts on
the surface, signal loss is delayed; the amount of delay depends upon the
configuration at the back end of the rod. The most successful leadwire
for forward ballistics has been vinyl-insulated AWG-26 stranded copper,
secured to the rod and sabot by minimal fillets of Hysol 608 epoxy.

This configuration produced the strain/time records shown in Figure 6.
These records are from a forward-ballistic test in which an instrumented
steel rod impacted a 25mm thick RHA target at a velocity of 1000 m/s.

At 20mm and 40mm from the tip of the »oc, signals continued to the limit
of observation at strain of 0.150 (15 percent). At 60mm, the record
ended at strain of 0.064 (6.4 percent). These data were combined with
data from an identical experiment, and a simple-wave analysis was per-
formed to obtain the stress/strain and particle veleccity/strain relation-
ships shown in Figure 7. Strain/time records were then converted to
particle velocity/time and integrated to provide the displacement/time
curves shown in Figure 8. Figure 8 suggests that signal loss occurred
when displacement between the rod and sabot was approximately 1.5mm.
Although a displacement of 1.5mm at the cross-over point might break the
AWG-26 leadwire, further consideration is appropriate.

Displacement/time results were also used to construct a time/
distance diagram in laboratory coordinates. This diagram appears in
Figure 9 and includes paths for the elastic wave in the rod and the fast
and slow target ejecta. The diagram suggests that gages are destroyed
as they arrive at the target surface. Strain/time records from a reverse-
ballistic experiment at a lower impact velocity were also analyzed to
find where signal loss occurred. These strain/time records, shown in
Figure 10, are superior to the records shown in Figure 6. Stress-strain
and particle velocity/strain results from a simple-wave analysis of these
records arc shown in Figure 11. Following the same procedure, a time/
distance diagram was constructed in laboratory coordinates and is shown
in Figure 12. This diagram also suggests that gages are destroyed close
to the target surface, in fact, claser than suggested by the gage paths
at 20 and 40mm. These paths end at the onset of bending. I1f continued
to where signal loss actually occurred, the 20mm gage survives to within
1.5mm of the surface and the 40mm gage survives to within 1.0mm. The
gage at 80mm was still intact at the end of the recording interval and
there is no estimate of where signal loss occurred.

The forward-ballistic test at 1000m/s .and the reverse-ballistic
test at 710 m/s both indicate that signals end when gages arrive at the
target surface. When measurements to high strain are an important con-
sideration, reverse-ballistic tests are performed using a target with a
reduced diameter which permits eroded rod and target material to move
away from the rod. With a target diameter/rod diameter ratio of 3.0,
gages at 20, 40, and 60mm from the tip of the rod have recorded apparent

18
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strains of 0.25 (25%) or higher in an experiment at 1000 m/s. A ratio of
4.0 caused premature loss of signal, while a ratio of 1.6 apparently pro-

vided an unstable forcing function and produced erratic strain/time
records.

Signal loss apparently occurs for different reasons. Leadwires can
fail during the displacement that occurs after impact. However, if lead-
wires are properly selected and supported, they survive the displacement
and signal loss eventually results from gage destruction. With a semi-
infinite target, gages are destroyed by ejecta as they arrive at the
target surface. However, if the target diameter can be reduced, eroded
material moves away from the rod and strain-time measurements can be
continued into the target.

C. Signal Distortion and Electrical Noise

Signal distortion has been encountered only in forward-ballistic
measurements. The record at 60mm in Figure 6 is distorted, and this
distortion is believed to have resulted when the rod was perturbed by
sabot material displaced by the probes. This type of distortion was not
observed after cavities were introduced beneath each contact on the sabot
surface. Distortion is also produced by variations in resistance that
are not related to the strain. Some variations in resistance can be
attributed to the probes and contacts, especially at early times after
the contact is pierced when the interface area is small. Such distortion
precedes the signal in Figure 13-A. As the interface area increases with
time, the resistance becomes less variable., The basic problem is actually
related to the time available for measurements. Probe lengths have been
100mm, and at an impact velocity of 1000 m/s, this length permits a maxi-
mum recording time of 100 us; at higher impact velocities, the maximum
recording time is even less. After allowing time for circuits to stabil-
ize and for probe-contact resistance to diminish, 70 us or less remains
for the strain-gage signal, and this is only enough time for a 20 percent
strain level to travel approximately 50mm in a steel rod. In principle,
probes could be lengthed for measurements further from the tip of a rod,
but the sabot would have to be redesigned to eliminate the aluminum base
plate which would be contacted by longer probes.

Signal noise arises from different sources, and is undesirable
because it reduces the accuracy of test data. Figure 13-A shows noise
which is attributed to vinyl insulation on leadwire used in forward-
ballistic tests. When vinyl-insulated wire was replaced by polyimide-
insulated wire, signal quality improved. Single-conductor AWG-34 copper
wire insulated with polyimide film was used in reverse-ballistic tests to
obtain the records shown in Figures 13-B and 13-C. Bursts of noise along
an otherwise noise-free signal are produced when forward strain gages are
destroyed. The most degrading noise is that shown in Figure 13-D. This
signal is noise free until the first gage is destroyed; noise is then
continuous and severe. Crowbarring the destroyed gages had no influence
on this noise. Epoxy which secured leadwires to the rod was suspected
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Figure 6, Strain/time records from an early forward-ballistic
experiment with strain gages located 20, 40, and
60mm from the tip of the rod.
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Figure 7. Stress/strain and particle velocity/strain relationships

obtained by a simple-wave analysis of strain/time
records which included those shown in Figure 6.
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Figure 9. Time/distance diagram in laboratory coordinates, showing

a steel rod impacting a steel target at 1000 m/s.
23




COMPRESSIVE STRAIN , PERCENT

20

15

10

T

80mm

Fgure 10.

TIME , us

Strain/time records from a reverse-ballistic
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impacted by a steel target launched at 710 m/s.
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but was found not to be a contributor. Residual magnetism was also
suspected. In reverse-ballistic tests, gages on the rod are pulsed to
rebalance the bridge circuits after calibration; an increase in magnetism
is found after the eight or ten gages have been pulsed. Rods were given
a final demagnetization before the test even though noise-free signals
were previously obtained with steel rods without following this procedure.
Despite the final demagnetization, noise persisted. The noise was traced
to a single lot of rods, although all lots were prepared from the same
source of VIMVAR processed tool steel and should have received identical
heat treatments. The behavior of this single lot of rods has not been
explained.

Noninductive strain gages have been considered for rod locations
where noise levels tend to be higher, but have not been tested to learn
if induced noise is suppressed. Noninductive gages have been prepared
and at low strain levels their response agrees closely with the response
of single gages; agreement at high strain levels has not been tested.
These noninductive gages were fabricated from high-elongation strain
gages, bonded in register using AE-15 epoxy. The overlaid gage was
partially etched away, and rebuilt with electroplated copper to provide
a total resistance only slightly more than 120 ohms. The registered
gage elements were then opposed in series with the overlay acting essen-
tially as an antenna. Data have been reduced by applying a gage factor
of (2+c) to the total resistance of the noninductive combination.
Investigations with noninductive gages were not actively pursued after
it became apparent that the most degrading source of signal noise could
be avoided by heat treating procedures.

D. Number of Gages

The number of gages used in each experiment has increased as instru-
mented rod investigations have progressed; the additional data have been
helpful in analyses. Early forward-ballistic experiments employed four
gages, but the number was soon increased to six, providing diametrically
opposed pairs at three locations on the rod. The six gages required
seven probes and contacts, with one contact common to all gages. Con-
fidence in sabot alignment during the launch did not justify the use of
additional gages, and this has been a major limitation of the forward-
ballistic technique. From eight to ten gages are commonly used in
reverse-ballistic experiments, and signals from the three or four pairs
of forward gages are divided and recorded at different deflection
sensitivities for improved resolution. (Unloading at the back end of
the rod prevents the back gages from experiencing high strains.) Gages
are usually arranged in diametrically opposed pairs; this practice is
followed because bending is more common than suggested by the early
penetration experiments with instrumented rods. Bending is evident in
the oscilloscope records shown in B and E of Figure 13,
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E. Data Reduction

Signals from strain gages on instrumented penetrators are reduced to
obtain strain and time. Strain, €, is determined by the relationship,

e = x/g,

where x includes the gage resistance and resistance change, and g is the
gage factor. The gage factor for high elongation gages is assumed to be
(2+€), and this assumption is supported by quasi-static tests by Franz’

who compared optical and foil-gage measurements to strain of 0.16 (1€
percent). The term, x, is given by

x = [(c1 Dt)/FRg]/[l-Dt(CZ/F)] ,

where Dt is the measured signal displacement. C1 and C2 are circuit
constants, where
¢ = (R0 + R3) [1 + RO(R3 + R4)/R3R4 + RO(R1 + Rz) R4(Ro + R3)] ,

and
C, = [(Ro * R (Ry + Ry) R3"4] + Ry(R + Ry)) /R (R + R))

Resistances Ro’ Rl’ Rz, RS’ and R4 are identified on the circuit diagram

in Figure 3. The deflection factor, F, is determined by calibrations.
Calibration consists of introducing parallel resistances, R_, to produce

resistance changes, AR"; depending upon the strain range of the record,
calibrations correspond to strains of 0.01, 0.02, and 0.05, or 0.05, 0.10,
and 0.20. F is determined from the relationship,

F=Dc[(C1+C2AR)AR],
where D, is displacement measured on the calibration record, Cf and C;

are the circuit constants, and AR” is determined by the usual expression
BR* = RS [RC/(RC + R, )-1] :

Primed values refer specifically to the calibration, with R” being the

resistance of the gage used for all calibrations, and Ci and Cé based on

’R. E. Franz, "Volume Changes in Metal Alloys Due to Plastic Deformation”,
Ballistic Research Laboratory Memorandum Report (In Preparation).
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primed values R;, Ri, and Ré. Data are presently reduced using the mean
value of F based on a calibration with three values of Rc'

Oscilliscopes have been used to record strain-gage signals. The
photographic records of these signals are slightly distorted, and this
distortion can complicate record reduction and degrade the accuracy of
results. The CRT display and the photographic film undoubtedly contrib-
ute to the distortion, but their contribution is not easily isolated
from that of the recording camera which is believed to be the major con-
tributor of positive distortion. Camera records are frequently photo-
graphed on Polaroid Type 410 film. If these records are copied to
produce a transparency, additional positive distortion is introduced.

Small differences in the deflection factor, F, can usually be
attributed to the influence of distortion. However, distortion is not
being considered in the present determination of strain. Distortion
is presently considered only in the determination of time. In the exper-
iments with steel rods, the velocity of higher strain levels may approach
one-eighth of the elastic-wave velocity, and total recording times of
150 pus must be used to record some complete records. At this record
duration, 0.025mm (0.001 inch) on the .record may represent 0.1 us. With-
out corrections, timing errors of one microsecond or more can occur
either directly from the distortion or from record misalignment which
results from the presence of distortion. An example of record distortion
is shown in Figure 14, and probably represents a combination of lens
distortion and a secondary influence by mechanical instability of the
recording camera. The square grid corresponds to the undistorted area
which would be occupied by the signal or calibration. Image distortion
is exaggerated in Figure 14 by using a magnification factor of 31.5 to
plot the displacement of grid corners. The ‘lower right corner of the
distorted grid, for example, represents an actual horizontal displacement
of +0.111mm (+0.0044 inch).

The procedure for treating distortion in the determination of time
can be explained by reference to the strain-gage record shown in Figure
15. A reference sweep, located centrally where the influence of distor-
tion is minimal, is provided for record alignment. Timing marks are
superimposed on a square wave which is recorded twice, once above the
reference line and once below the reference line, bracketing the total
record. Time marks identified as line T2 serve as a reference, and time
marks along line T3 are assumed to be displaced by a constant time differ-
ence. All time/distance relationships (T1l, T2, T3, and T4) are repre-
sented by cubic fits. Time corrections, TCl, are required along T1, and
time corrections, TC4, are required along T4. These corrections are also
expressed by cubic fits, and the correction is assumed to vary linearly
from T2 to T1 and from T3 to T4. No correction is used in the region
between T2 and T3.
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F. Reliability of Data and Analysis

As indicated previously, measurements by Sharpe and similar measure-
ments during the present investigation have supported the reliability of
high-elongation foil strain gages in dynamic measurements of strain below
0.08. Tests have also been performed to assess the reliability of both
the gage measurements and the simple-wave analysis by which data have
been treated. The particle velocity/strain relationship shown in Figure i
4 was used to convert the strain/time signals in Figure 10 to particle
velocity/time. Integration then provided displacement/time. Optical
experiments were then undertaken to measure displacement/time for compari- ZL
son. The experimental arrangement for optical measurements is shown in b
Figure 16 and is similar to the experimental arrangement for strain-gage
measurements shown in Figure 4. However, an ejecta shield has been added
to confine the target ejecta which can partially obscure detail on the i
rod surface. The steel rod was chemically darkened by gun bluing and an ! 4
airbrasive unit was used to lightly abrade diffusely reflecting lines at
40, 60, and 80mm. These lines were then coated with aluminum by vacuum
evaporation. The lines were illuminated by a Cordin High-Intensity Xenon
Flash Unit and photographed by a Beckman and Whitley Model 339 Streak
Camera as the rod was impacted by a target of rolled homogeneous armor
launched at a velocity of 710 m/s. A representative displacement/time
record is shown in Figure 16, and the actual photographic record is shown 2
in Figure 17. Displacement begins with arrival of the elastic wave and
each line is observed continuously until it is finally obscured by
arrival of the ejecta shield. Figure 18 shows the comparison obtained at
the 40mm location. The dots represent data from the optical measurement
of displacement, and the solid curve represents displacement based on the
simple-wave analysis of strain data. Essentially exact agreement is 4
obtained to strain of 0.068 (6.8 percent) where the rod is obscured by
the ejecta shield. As a test of sensitivity, the simple-wave analysis
was repeated assuming that measured strains were five percent low. As
shown by the dashed curve in Figure 18, assuming a five percent error
shifts the curve well out of agreement with the optical results.

The highest strain level, 0. '68, was obtained at the 40mm location
on the rod. Since gages measure to apparent strain of 0.25 or higher,
it is desirable to assess the reliability of measurements and analysis
well above the 0.068 strain limit of the test described. It was esti-
mated that a lower impact velocity of 450 m/s would permit observation
to strain of 0.20 without obscuration by the ejecta shield. It is
important not to encounter bending because optical and strain data are b
then more difficult to compare; a gage cannot be placed where the rod is

. observed optically and it is commonly located at a position diametrically
opposed to the observed line. Preliminary results have indicated that
the time to bending increases as the impact velocity decreases. There-
fore, it was anticipated that bending should be less of a problem at '
450 m/s than at 710 m/s.

An experiment was performed at 450 m/s, again employing the experi-
mental arrangement shown in Figure 16. The photographic record from
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Figure 16. Reverse-ballistic arrangement used for optical measurements
of rod displacement during penetration.
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Figure 17.

Photographic record of rod displacement during
penetration (reverse-ballistic experiment).
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this experiment was similar to the record shown in Figure 17, but con-
tinued to much larger displacements. As in the experiment at higher
impact velocity, strain data were analyzed to provide displacements
which could be compared with optical measurements of displacement.
Figure 19 shows this comparison, again at the 40mm location on the rod.
There is exact agreement at values of strain below 0.20. By strain of
0.23, the displacement based on strain data is clearly becoming smaller
than the displacement measured optically. This is understandable because
by strain of 0.23 the strain gage is clearly beginning to debond from
the rod. In other experiments, measurements have continued to higher
strains without evidence of debonding. Debonding certainly depends on
a number of factors including gage size and surface preparation. In
addition, it has been noted that gages are more resistant to debonding
when the time between bonding and testing is short. The close agreement
to strain of 0.20 provides additional confidence in the measurements of
strain and in the simple-wave analysis which supplied the relationship
between particle velocity and strain.

V. SUMMARY AND CONCLUSIONS

Both forward-ballistic and reverse-ballistic techniques are being
used for strain measurements on long steel rods as they penetrate steel
armor. Although forward ballistics imposes less severe limitations on
the target size and impact velocity, the present state of the technique
restricts the number of gages and the observation time, and produces
data of somewhat lower quality than those obtained from reverse-ballistic
experiments. Restricted targets of the reverse-ballistic technique have
been accepted in order to achieve versatility and superior data during
the preliminary efforts which are intended to develop a better under-
standing of dynamic rod behavior during penetration. The reliability of
experimental data has been confirmed to strain of 0.20, and confidence |
in the analytical procedure was partially established since part of the i
procedure was successfully employed in the test of reliability. !L
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