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PART I: TRANSIENT RESPONSES AND BREAKING ENERGIES OF NYLON YARNS

ABSTRACT

The transverse deformation and rupture of yarns under high-speed missile
impact is being studied to gain a better understanding of the ballistic perform-
ance of textile materials. A specially designed guided projectile transverse
impacter has been constructed. This system restrains the motion of the missile
and yarn to a single plane and allows high-speed photographs to be taken of the
entire sequence of events. The first phase of the program has been concerned
with direct determination of the loss in missile kinetic energy occurring during
the yarn deformation and rupture processes. This was calculated from the reduc-
tion in missile velocity which was obtained from a series of flash photographs
taken at time intervals ranging from 50 to 1700 microseconds.

Four commercial nylon 6/6 yarns were studied, providing a series with gradedmechanical properties, ranging in tenacity from 1.00 to 8.45 grams per denier.
Impact velocities ranged from 25 to 420 meters per second, corresponding roughly
to strain rates of 3 x 105 to 6 x 106 percent per minute. For each yarn, the
loss in missile energy increased with missile impact velocity to a maximum value
and then decreased rapidly toward zero. Comparisons made with the four yarns
showed that these energy loss envelopes increased monotonically with yarn tenac-
ity both in energy magnitude and velocity range. Also the peak values of missile
energy loss showed opposite tenqcity dependence from the static breaking energies
obtained by Instron testing. The estimated breaking strains under impact for
these yarns were all less than their static values and, with one exception, were
roughly the same for all yarns, in contrast to their widely differing static
values. From the photographs estimates were also made of the missile traveldistance and transverse wave travel distance at break.

Subsequent analysis showed that the loss in missile kinetic energy is con-
verted into both yarn kinetic energy and yarn strain energy. The yarn kinetic
energy term goes through a peak as a function of missile impact velocity because
of constraints at the clamped ends of the yarn specimen, thus causing the ob-
served peak in the total energy loss envelopes. Consideration of both the impact
velocity at these peak values (kinetic energy term) and the estimated breaking
strains for the impact tests (strain energy term) provided an explanation for
the opposite tenacity dependences mentioned above. Each of these energy loss
envelopes for the yarns was somewhat similar in shape to actual ballistic energy
loss versus velocity relationships reported for nylon felts. For the high-
tenacity yarn, the breaking strain energy component at high-speed impact was
estimated and then compared to the breaking energy obtained directly at lower
strain rates. This comparison indicated that the strain energy to break for
this nylon yarn goes through a minimum at intermediate strain rates, in general
agreement with trends deduced from data reported by others. All of this suggests
that yarn behavior observed at low rates may have little significance for yarn
response at ballistic rates of deformation.



FOREWORD

Although at low areal densities textiles offer a very respectable ballistic
performance, thetre is a continuing need to improve still further the degree of
protection furnished by textile materials against the threat of bullets and frag-
ments. This requires more knowledge of details of the transient behavior of the
component elements of textile structures during high-speed impact, particularly
over a range of impact velocites or strain rates. The work described in this re-
port was undertaken to develop techniques suitable for such an investigation and
to provide data concerning the dynamic response of constrained yarn specimens.

The authors wish to express their appreciation to various persons in the
AMMRC machine shop for their interest and s!ill in the construction of the Guided
Projectile Transverse Impacter and the projectiles from the detailed designs fur-
nished by the authors.

The work for this program was performed under Department of the Army Project
1F162203A150 in FY 69 and Project 1T06210SA329 in FY 70.
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I I. INTRODUCTIONI
The purpose of this program is to acquire a better understanding of the var-

ious factors which determine the ballistic performaiice of textile materials. The
first step has been to develop techniques suitable for a scientific investigation
on a laboratory scale of the transient responses of textile materials to high-
speed mechanical impact. Small textile elements, namely yarns, were chosen for
study because of their simplicity and their availability in a variety of chemical
types and mechanical properties. Exploratory efforts indicated that multiple-
exposure microflash photographF provided a way to follow the deformation process
from impact to rupture, and, in combination with a recently developed pneumatic
impactet, could yield direct measurements of the projectile kinetic energy loss

"resulting from the deformation and rupture of the yarn specimen.

In recent years, studies of the high-speed deformation of single yarns have
f been-conducted by other groups of investigators. For example, tension testing

at velocities up to 18.3 ft/sec has been done by Dogliotti and Yelland, 1 and at
velocities up to 20 meter/sec by Hall. 2  Pilsworth 3 has studied the longitudinal
impact of yarns at velocities of 150 ft/sec. Transverse impacts upon yarns have
been conducted by Petterson et al. 4 , 5 at velocities up to 1900 ft/sec, and by
Smith et al. 6 "9 at velocities up to 725 meter/sec. The principai purpose of
these studies has been the derivation of stress-strain curves oppropriate to the
conditions under which the material was tested-

It was felt" by our group at AMMRC that the quantity probably most closelyrelated to ballistic performance would be the energy-absorbing capability of the

target material.' A good index of this quantity, and one for which we had devel-
oped a laboratory technique, involves the measurement of the projectile kinetic
energy loss resulting from its interaction with the target material. Another
motivating factor in our approach has been the desire to relate the high-speed
yarn behavior to specific material properties. This requires that a study be
made of a series of materials varying systematically in only one selected prop-
erty, with all other properties kept constant. Therefore, we established a pro-
gram believed to be unique in that it combined three important factors:
(a) transverse impact at high velocities, (b) with direct measurement of the
projectile kinetic energy loss, and (c) for s series of chemically identical
yarns differing systematically in tenacity. We have thus undertaken an integrated
experimental program which involves a direct and materials-oriented approach to-
ward an improved understanding of the ballistic performance of textile materials.

This report will describe the first stages of work performed under this
program, including descriptions of the yarns which were studied, the instrumen-
tation and techniques which were developed, and the results obtained to dateconcerning various aspects of the transient behavior of the impacted yarns.

II. DESCRIPTION AND STATIC TESTING OF NYLON YARNS

A. Description

A A series of four commercial nylon 6/6 yarns was chosen for study. These four
yarns provide a series with graded mechanical properties. The actual values of

1



denier* were measured by the manufacturer; the tenacityt and percent elongation-
to-break and initial modulus values were taken from the longitudinal singie-yarn
stress-strain curves supplied by the manufacturer. See Figure 1 for typical
%.urves. The energy-to-break was computed at ANMRC from these stress-strain
curves. The molecular weight data are the manufacturer's. The yarns and their
properties are listed in Table 1. The dependences of elongation-to-break and
energy-to-break upon the tenacity are shown graphically in Figure 2 (static
longitudinal properties only).

Table I. PROPERTIES OF FOUR SELECTED COMMERCIAL NYLON 6/6 YARNS

... Elonga- Energy-
Molec- Tenac- tion-to- Initial to-

Yarn Yarn ular Den/Fil Actual ity, Break, Modulus, Break,
Code Category Weight (Nominal) Denier Twist* g/den g/den Joule/g

A Tire 20,000 840/140 863 0.5Z 8.45 17.6 53.2 81

B Textile 15,000 70/34 71.4 0.5Z 5.05 24.9 45.2 104

C Textur- 17,?00 2S00/136 2685 0.5S 2.69 67.8 6.5 131
ized

Carpet

D tUndrawn 17,500 -/34 1031 1 1.00 1 379 7.2 211

*Twist is specified by the number of turns per inch and the direction of the
twist. For instance 0.SZ means 0.5 turns per inch in the right-handed

direction, and 0.SS means 0.5 turns per inch in the left-handed direction.

,B. Static Testing

1. Purpose, Apparatus, and Procedure

Samples of the same series of nylon 6/6 yarns were subjected to static
(Instron) testing, both longitudinal and transverse, to determine the following:

a. how closely the manufacturer's longitudinal stress-strain results

could be reproduced at AMMRC;

b. comparisons of the breaking energy for transverse and longitudinal
static tests; and

c. the relationships between breaking energy for static tests and
transverse impact tests.

The Instron machine was a Type TT-Cl floor model. Type 4C pneumatic cord
and yarn grips were used. The conditions for the longitudinal static tests

*Denier: A measure of the linear density expressed as the weight in grams per

9000-meter length.
tTenacity: A measure of the ultimate tensile strength, expressed as the break-
ing force per unit linear density, in units of grams per denier. To convert
from g/den to psi, multiply by 12,800 2 density, where density is in g/cm3.
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performed at WNRC were chosen to duplicate those used by the manufacturer,
namely, gage length 10 inches, crosshead speed 12 in./min (thus strain rate was
120 percent/min) for all yart-b except the undrawn nylon. For this yarn, the
manufacturer's tests used a gage length of 5 inches and a crosshead speed of
12 in./min (thus strain rate was 240 percent/min). For the undrawn nylon, the
AMIRC tests used the same crosshead speed but a shorter gage length (2.1 or 4.1
inches, thus strain rate was 570 percent/min or 290 percent/min) to ensure com-
plete yarn breakage within the available crosshead travel distance, see Table II.

Table II. CONDITIONS FOR STATIC TESTING

Gage Speed, in./minl

Tested Length, Cross- Cross- Strain Rate,
by Yarn in. head arm %/min

Longitudinal

Mfr All but un- 10 12 120
drawn nylon

Undrawn nylon 5 12 240

AM4RC All but un- 1.0 12 120
drawn nylon

lUndrawn nylon 2.1 or 12 570 or 290
ee4.1

Transverse

AMIRC All but un- 12 12 See Table III
lidrawn nylon

Undrawn nylon 4 12 See Table III

The transverse static tests were performed at AI4RC. A fixture was specially
designed and built to hold the yarn specimen in a horizontal position. This fix-
ture was attached to the lower (movable) crossarm of the Instron and mojed down-
ward during the test. A slotted bar holding a standard missile (to be described
in Section ILIA) was suspended veitically from the upper crosshead. The yarn
specimen passed through the slotted bar and ý,ver the impact face of the missile.
The ends of the yarn were held in flat-faced clamps w.1th rounded edges. During
tl:e test the yarn moved downward while the missile remained stationary. The force
on the missile (at the apex of the growing yarn cone) was obtained from the load
ce12 in the usual way and was recorded on the strip chart along with the lower
crosearm travel distance. These tests used a gage length of 12 inches, for all
yarns except the undrawn nylon, to duplicate the 12-inch length of the samples
to be impacted transversely. The undrawn nylon gage length was 4 inches, again
to permit complete yarn breakage for this highly extensible yarn. The crossarm
speed for all the transverse static tests was 12 in./min, see Table II.

*For the transverse static tests, it must be noted that the strain rate is
not constant in spite of the constant crossarm speed, due to the changing dimen-
sions of the triangle formed by the stretching yarn. The strain rate increases
monotonically during the course of the test according to the equation

4



I
I xd

Strain rate x d- (1)

where 10 is one half the original yarn length, x is the crossarm travel distance,
and dx/dt is the crossarm speed. Typical strain rates are shown in Table III
for the two-gage lengths used in these transverse tests. Values of strain are
also included for comparative purposes.

From analyses performed at Table III. TRANSVERSE STATIC TESTING
AI4RC, it was determined that AT 12 INCHES/MINUTE
for the transverse static tests,
the energy-to-break could be Gage Length
computed simply by integration 12-Inch 4-Inch
of the force-distance curve Crossarm 1
obtained from the Instron. Travel Strain Strain
Accordingly, this was done for Distance, Strain, Rate, Strain, Rate,
the transverse test data. in. % %/min % %/min

2. Experimental Results 0 0 0 0
1 1.4 33 12 268

The breaking energy data 1.4 33 1 26
for the static tests appear in 2 5.4 63 41 424
Table IV. It is seen that for 3 12 89 80 499
both types of static tests, the 4 20 111 124 S37
AMNRC energy data change with
yarn type in the same way as do S 30 128 169 557
the mazlufacturer's data (breaking 6 41 141 216 570
energy increases with decreasing
yarn tenacity as in Figure 2). 7 54 152 264 577

Compaxi'.ons between various 8 67 160 312 582
tests for each yarn are also made 10 94 171 410 588
in Table IV. The ratio numbe s12 124 179 508 92
refer to the purposes mentioned
in the beginning of Section TIB. ® 200 600
Ratio 1: It is seen that theS ANMRC longitudinal tests absorbed
somewhat less energy than the manufacturer's tests, except for the undrawn nylon.

I Ratio 2: The transverse static tests absorbed considerably less energy than the
longitudinal tests, again except for the undrawn nylon.

We do not know at this point what are the theoretical relationships between
the longitudinal and transverse types of tests or if they might be entirely
equivalent. However, it appears that the transverse test specimens would be sub-
jected to a greater degree of stress concentrations at the clamps than would the
longitudinal specimens because of the smaller radii of curvature at the edges of
the flat-faced clamps compared with the pneumatic grips used for the longitudinal
tests. In addition, there would be stress concentrations at the center of the
transverse test specimen in the region where it contacts the missile face. The
net effect would be that the transverse test specimens would undergo premature

S



Table IV. BREAKING ENERGY DATA PER MASS YARN IN JOULES/GRA14

Static Test, 1 Yarn

Yarn Tenac- Longitudinal Transverse Ratios,%*

Yarn Code ity, g/der Mfr AMMRC AMMRC 1 2
86 74 46

A 8.45 81 (n) 62 (i) 39 (46 77 63

0(*18) .108 82
B 5.05 104 99 65 ( -) 95 66

i 139. .134. 93
C - 2.69 131 139 125 - 83' (• 95 66

Texturi zed
219 275 13D D-Undrawn 1.00 211 (20-2) 266 T2,-2) 287 (ý1-=) 126 108

*Ratio 1 - Longitudinal: AMMRC/Mfr

Ratio 2 - AMNRC: Transverse/Longitudinal

Figures in parentheses show spread of values

failure and thus absorb less energy. This is confirmed by a comparison of the
approximate breaking strains observed for both types of tests and which are listed
in Table V. (The values for the transverse tests are only very approximate be-
cause of the asymptotic nature of the beginning of the curve on the strip chart.)
It is seen that tha transverse test specimens did have lower breaking strains for
all except the undrawn nylon. It is notable that the transverse/longitudinal
ratio of breaking strains given in Table V varies with tenacity in the same way
as the transverse/longitudinal ratio of breaking energies listed in Table IV,
showing that the energies and strains are apparently closely related.

A further point to be made here involves the susceptibility of the yarns to
failure by the creation of stress concentrations. If one considers that the ra-
tios given in Table V are an inverse measure of the degree of premature failure

Table V. APPROXIMATE BREAKING STRAIN FOR STATIC TESTS
DONE BY AMMRC

Strain, %

Transverse Transverse
Yarn Tenac- Longi- (very ap- Longitudinal,

Yarn Code ity, g/den tudinal proximate) %

A 8.45 17.3 7 40

B 5.05 30 15 50

C - 2.69 76 40 53
Texturized

D -Undrawn 1.00 505 564 112

6



i
(the lower the ratio, the sooner the transverse failure), it is seen that the
higher tenacity yarns are more prone to fail under the localized stress concen-
trations produced by the transverse tests. This seems reasonable in terms of
the concept of brittle and ductile behavior, which might be represented to a
fair degree by the value of yarn tenacity.

III. TRANSVERSE IMPACT TESTS

A. Instrumentation

1. Introduction

The transverse impact tester developed for this research study has the fol-
lowing features: (1) provides for the capability of testing materials in the
form of thin strips or yarns under test conditions similar to those used in
personnel armor evaluation testing; (2) provides for a considerable degree of
control of experimental parameters such as pre-impact alignment of projectile
and test material orientation of projecti!e face during impact time, and the
type projectile impact face geometry; (3) constrains the projectile to linear
motion and the yarn to motion in a plane during the test time, which in turn
allows for improved precision of transverse wave measurements and projectile
velocity measurements from high-speed photographic records of transverse impacts
over a wide range of impact velocities; and (4) provides good potential for auto-S mating measurements of the projectile velocity before, during, and after the

impact-to-break time. Commercial and research type of transverse impact .esting
instruments, 4' 6 , 8' 10 lack two or more of the above desired features.

It should be noted that the instrumentation described in this report
reflects the first prototype and preliminary evaluation of the concept of this
transverse impact tester.

2. Description and Operation of the Loading System and the High-Speed
Photographic System

i a. Loading System. The transverse impact tester consists of a pneumatic

loading system and a high-speed photographic system shown in Figure 3.
The unique components of the loading system, designed by John J. Ricca,

consist of a square cross section slotted projectile guide and projectile (see
Figure 4). The device is called a "Guided Projectile Transverse (GPT) Impacter."
The grooves in the projectile guide extend along its entire length and the rails
of the projectile ride in these grooves. The projectile rails have a close-
tolerance slide fit in the grooves and are the only part of the projectile which
comes in contact with the projectile guide. The height of one of the extended
sides of the projectile guide has been cut away so that a portion of the projec-
tile extends above this side to allow for the photographing of the projectile
during the impact time (see Figures 6 and 8 for typical photographs).

The geometrical configuration of the projectile used in all experiments,
(with the exception of the work related to part (b), Projectile Impact Face
Geometry presented in Section IIIA6), is shown in Figure 4. The projectiles in

7
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all experiments were constructed from aluminum and weighed approximately 5 grams.
The semicylindrical sections (Figure 4) were machined from the body of the proj-
ectile to reduce projectile weight and also to provide a point on this projectile
(P) which would lie in the same photographic plane as the test yý.rn and measure-
ment scale.

The projectile is loaded into the slotted projectile guide from the front
end. The test specimen is placed through the open slotted portion of the square
barrel and the ends of the specimen are held by an upper and lower clamp. The
test specimen is then aligned so that its long axis is perpendicular to the long
axis of the barrel and aligned with the center of the impact face of the projec-
tile. A gas reservoir is then pressurized, from a considerable larger volume
tank of compressed helium, to the pressure required to obtain a desired projec-
tile velocity. The pressure is released into the square slotted projictile guide
by an electrically operated solenoid valve. Under conditions where the test spec-
imen is completely broken the projectile goes into a catch box lined with soft
felt. The same projectile can be used in a considerable number of experiments.
The projectile velocity range extends from approximately 7 to 480 meter/sec for
a projectile weight of 5 grams, and the gas pressure ranges from 10 to 1050 psi
to obtain this velocity range. In order to obtain impact velocities above 330
meter/sec, without increasing the length of the square barrel portion of the
projectile guide, a special membrane valve, designed by Lonnie M. Cole, was used.
This valve is operated by presetting the desired reservoir pressure on one side
of a 10-mil Mylar membrane and causing the membrane to rupture by very rapidly
heating a nichrome wire formed in a single 0.6-inch-diameter open-ended loop
clamped to the surface of the membrane. This valve provides for a 0.5-inch
circular aperture from the reservoir straight through to the 0.5-inch square
cross section of the slotted projectile guide.

b. High-Speed Photographic System. The arrangement and the components
of the high-speed photographic system are shown in Figure S. The operation of
this system is as follows: A special holder permits positioning of a fine wire
in the path of the projectile and is broken by the projectile before impact of
the test specimen. The wire is positioned to one side of the test specimen im-
pact area of the projectile. The wire is connected to an electronic pulser and
the breaking of this wire triggers an Edgerton, Germeshausen and Grier, Inc.
(EG&G) multiple microflash unit (Model 502) which then generates a sequence of
ten light flashes equally spaced
in time. Each flash is one micro- BREAK WIRE
second in duration and the fre- FLH AM--CLAMP

quency of these flashes can be L TEST SPECIMEN
varied from 25 Hz to 100 KHz. COL"XI2"..

An Eastman commercial CASSETT FRONT VIEW OFPOLAR -iD 
LT E POE TL

8 x 10 inch still camera with a SQUARE BARREL
An Estmn cmmecia CASETESFONTE VIOEW T O

specially modified 10 x 12 inch GUIDE
Polaroid X-ray cassette is used. S •"•"CLAMP

Just prior to the firing of the STILL
projectile the room is complete- EGB
ly darkened and the camera shut-FLASH UNIT PULSER

ter opened. When the projectile
is fired, the light from the ten Figure 5. High speed photographic instrumentation
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flashes is reflected from the successive positions of the test specimen and proj-
ectile thus producing ten separate images on a single 10 x 12 inch Polaroid radio-
graphic packet type 3000X film. A Polaroid film processer manufactured by Picker
X-Ray Company processes the film in ten seconds. Typical high-speed photographs
of actuA1 impacts are shown in Figures 6 and 8. The photographic field of view
is 12 inches wide and the image magnification is approximately 0.8X.

3. Method of Holding Yarns

Several holding techniques were evaluated; however, only the technique used
to acquire the data in thiz report will be discussed.

The clamps used are of the conventional-compression type tightened with a
screw action and have 3/4-inch long by 1/2-inch wide smooth clamping faces. The
yarn holding technique used in conjunction with these clamps involved the fol-
lowing procedure. Two smooth 1/8-inch diameter, 2-inch long steel pins are
placed in slide fit holes drilled in a metal bar. The pin separation is equal
to the distance from the top of the upper clamp to the bottom of the lower clamp
and the yarn ends are tied on these pins with a knot. The pins with the yarn
are then removed from the bar and the yarn is placed in the upper clamp with the
steel pin sitting on the top of the clamp as seen in Figures 6 and 8. The clamp
is tightened just enough to hold the yarn in place (small compressional clamping
force). When more than one yarn is used, the bundle is given a 4-turn twist at

Ig
OA

Figure 6. Photograph of yarn bundle impacted at low velocity, showing deformation and rupture. Bundle contains
4 yarns of Code C nylon 6/6 yarn Impact velocity 104 meters per second. Time of 325 microseconds betwb.-n
flash exposures.

10
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this time. The second pin together with the yarn is placed through the open slot
portion of the projectile guide and positioned in the lower clamp in the same
manner as in the upper clamp. When several yarns are used the bundle is formed
with one continuous yarn looped around the two pins. The clamps are rigidly
fixed to a table which provides x, y, and z orthogonal adjustment.

The edge- of the clamping faces from which the transverse wave reflects
were rounded ith a 1/4-inch radius. Experimental results obtained when using
clamp edges uith a smooth right-angle geometry are very similar to those
described below using a smooth right-angle projectile impact face.

Yarn breakage, when occurring at or near the clampea end, did not occur at
the steel pins. The principal advantage of this holding method is that it pro-
vides for a fixed-end boundary condition which prevents yarn slippage and also
eliminates high local compressive clamping stresses. The method relies on fiber-
to-fiber friction and fiber-to-pin friction to provide the fixed-end condition.
The method is presumably limited to somewhat nonbrittle fibers.

4. Effect of Yarn Pre-Tension and Twist

Specially designed experiments indicated that (1) variations of pre-tension
on the yarn which were inherent in the experimental procedure, and (2) yarn
bundles with no twist and a 4-turn twist, had no effect on the kinetic energy
loss of the projectile within the sensitivity of measurements of the present
testing instrumentation.

The reason for introducing a 4-turn twist when testing bundles of yarns wasS to provide conditions which make the bundle of yarns behave more as a single unit.
This in turn provided better definition from the photographic record of (1) the
position and time when complete breal-age occurred, and (2) the transverse "tent
like" displacement wave.

S. Measurement Procedures for the Determination of Projectile Kinetic
Energy Loss

Projectile kinetic energy loss was calculated from projectile velocity meas-
urements before impact and after complete breakage of the yarn test specimen.
Draftsmen dividers were used to obtain the actual projectile travel distance from
the photographic record of the impact with the aid of a photograph taken separate-
ly of a scale marked in millimeter divisions.

The times between successive flashes of the EG&G unit were used in the cal-
culations of projectile velocities. The oscillator frequency of the EG&G unit
which determines the time between flashes was measured with a lO-MHz Systron
Donner :ounter timer.

6. Considerations of Instrumentation Parameters

a. Projectile-to-Guide Friction. One of the most important considera-
tions involving the utilization of the slotted projectile guiee concept is the
determinatinn of the loss in projectile kinetic energy resulting from projectile-
to-guide friction. Experiments designed to evaluate this parameter have shown

11



that the frictional energy contribution is within the experimental data spread.
These evaluation tests were conducted over a range of impact velocities extend-
ing from 60 to 340 meter/sec for the highest tenacity yarn only (Code A).

The first group of experiments involved the measurements of the uniform-
ity of projectile velocity over the 12-inch slotted portion of the projectile
guide with no test yarn. The projectile velocity measurements varied randomly
within 2.5 percent over this 12-inch length.

The second group of experiments involved the measurements of projectile
kinetic energy loss when the yarn is impacted in free flight. Free flight re-
stilts showed good agreement with the related constrained projectile experiments.
Free flight types of experiments are, in general, difficult to conduct and often
limit the range of impact projectile kinetic energies which can be used with a
particular yarn strength. These limitations are caused by projectile turning
effects and departure of the yarn and projectile from the photographic film plane.
Thus one of the advantages of the use of the GPT impacter is apparent here.

b. Projectile Impact Face Geometrg. To minimize the effect of high
local stresses introduced into the yarn by sharp or small edge radii of the
projectile, the projectile's impact face was machined to have a 0.5-inch-radius
'V' groove with the upper and lower edges of the groove rounded approximately
to a 0.2-inch radius. The purpose of the 'V' groove is to insure that the test
yarn maintains its alignment with the center of the projectile during the time
of impact and deformation.

Preliminary experiments employing a 'V' groove with smooth right angle
edges have shown a considerable reduction in kinetic energy loss by the projec-
tile, and a yarn breakage occurring at the impact face at considerably lower
velocities than observed with the rounded impact face described above.

Projectiles with an 0.15-inch radius on the edge of the 'V' groove were
also used and showed no difference from the 0.20-inch radius in the projectile
kinetic energy loss. The projectile impact velocities ranged from 150 to 335
meter/sec for each of these impact face geometries.

B. Wave Propagation

Figure 6 is an actual photograph of a yarn bundle impacted at a low velocity,
showing the progressive deformation of the specimen followed by the rupture.
Also evident are the s..ccessive positions of the transverse wave, conforming
closely to the behavior described by Smith et al. 6 According to Smith, the
various yarn configurations can be depicted as in Figure 7. Position A shows
the transverse wave propagating toward the clamps. Position B shows the trans-
verse wave just at the clamps. Position C shows the reflected transverse wave
propagating back toward the missile. Position D shows the transverse wave prop-
agating toward the clamps after reflection at the missile. This behavior will
continue until the yarn breaks. At low impact velocities we observed as many
as four reflections before rupture.

In addition to the transverse wave, the impact produces a longitudinal wave
which travels a," the sonic velocity of the material. This wave is not visible in
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our photographs and can be observed 4 ,C
only with difficulty, such as by marking CLAP
the yarn at intervals and performing
precise measurements on the photograph
to detect displacement of the markings.
The longitudinal wave velocity is gen-
erally greater than the transverse wave
velocity; 9 hence, at a given time, its t
wave front is usually far ahead of the
kink in the yarn which corresponds to
the position of the transverse wave. MISSILE

Yarn rupture occurs either at the mis- A 8 C 0
sile or at the clamp because the stress
associated with the longitudinal wave
increases at each reflection from a /
fixed boundary.

At higher impact velocities the
yarn breaks sooner. If the impact veloc-
ity is sufficiently great, the yarn will
break before the transverse wave reaches CLAMP

the clamp for the first reflection as Figure 7. Various yarn configurations after transverse impact.

shown in Figure 8. This is due to the Transverse wave reflects back and forth between missile andclamps as shown by arrows.
high-stress level associated with the
longitudinal wave, which means that fewer
reflections of the longitudinal wave are required to produce yarn rupture. Thus
the yarn breaks qooner and, if soon enough, the transverse wave will not have
reached the clamp.

As an illustration of comparative wave velocities for a high-tenacity nylon
yarn believed to be similar to the high-tenacity nylon yarn used by us, Smith et
al.9 observed a longitudinal wave-front velocity of 2800 meter/sec, whereas they
found 8 transverse wave velocities ranging from 100 to 650 meter/sec for transverse
impacts ranging from 0 to 650 meter/sec. Hence, in our experiments as exemplified
in Figures 6 and 8, the longitudinal wave has reflected back and forth many more
times than has the transverse wave.

C. Missile Kinetic Energy Loss

Each impacted specimen consisted of a number of parallel yarns twisted into

a bundle. To determine the relative behavior of the four types of nylon yarn, it
was desired to keep the weight per unit length approximately the same (10,000 de-
nier) for the test specimens of all four yarns. Since the yarn deniers differed

No. of Yarns Calculated greatly, it was necessary to use

Used per Bundle Bundle different numbers of yarns per
Yarn Code for Most Tests Denier test bundle to give approximately

this same bundle denier for all
A 12 10,356 test specimens. The number of
B 140 9,926 yarns used per bundle is shown in

C -Textur- 4 10,740 the accompanying table. Each test
ized specimen was 12 inches in length.

D -Undrawn 10 10,310

13
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Figure 8. Photograph ci yarn bundle impacted at high velocity showing deformation and rupture.
Bundle contains 140 yarns of Code B nylon 6/6 yarn. Impact velocity 344 meters per second.
Time of 75 microseconds between flash exposures.

To compare our energy data with values reported in the literature, we have fol-
lowed the convention of expressing the results in terms of the energy dividedby the mass of the yarn bundle, to give a normalized energy term in units of

joules per gram of yarn.

Each of the data points reported below is the average of a number of shots,
generally four. The averaged impact velocities and losses in missile kinetic
energy for the yarns are presented in Table VI. To show the spread in energy,
the maximum and minimum values are listed for each average impact velocity. it
is seen that the energy spread is greater at impact velocities above those of
peak energy loss. To illustrate the magnitudes of missile velocity decrementsI occurring during the tests, values of the initial and final missile velocities
are presented for the cases of maximum and minimum energy loss. The average
impact velocities and missile energy losses are also plotted in Figure 9. The
general shapes of the curves are quite similar to each other, the main differences
being the relative heights of the curves, their maximum values, and the velocities

14
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Table VI. SUMMARY OF MISSILE IMPACT DATA OF FOUR COMMERCIAL NYLON 6/6 YARNS

impact Maximum Energy Lost Minimum Energy Lost

Number Veloc- Energy Energy Initial Final Energy Initial Final
Yarns/ ity, Avg Lost, Avg Lost, Velocity, Velocity, Lost, Velocity, Velocity,
Bundle m/sec joule/g joule/g m/sec m/sec joule/g m/sec m/sec

Code A Yarn, Tenacity of 8.45 g/den

1 26 48.2 51.6 26.5 7.9 45.7 25.9 10.3
1 60 55.7 61.0 58.8 52.0 4b.3 62.0 57.2
1 92 52.2 72.9 92.5 87.5 33.3 92.5 90.2
4 93 54.6 55.9 93.0 76.7 53.5 93.0 77.5

12 92 51.5 56.3 90.5 10.7 49.7 92.7 35.0
4 100 63.7 71.4 100.8 82.7 58.8 98.5 83.4

12 135 64.6 66.4 133.5 92.3 63.5 134.6 96.1
12 169 80.1 81.6 171.0 131.5 77.1 167.5 129.5
12 170 70.6 73.6 168.7 134.8 66.5 170.0 140.0
12 234 87,3 89.8 233.3 204.7 83.9 233.3 206.6
12 267 124.4 144.2 272.0 232.0 110.5 263.2 232.2
12 298 131.9 138.7 300.8 266.6 122.6 293.3 262.5
12 316 152.1 167.1 319.0 280.0 139.9 313.0 280.0
12 321 138.0 145.7 322.2 288.9 135.5 320.0 289.0
12 333 156.4 169.2 337 298 137.7 331 299
12 336 134.8 149.4 340.0 305.9 111.5 330.6 304.7
12 338 138.4 160.3 341.2 305.9 120.2 337.6 311.7
12 354 118.8 140.7 358.6 330.0 89.7 347.1 328.5
12 372 82.0 123.2 373 348 28.6 372 360
12 395 101.8 144.7 400.0 378.5 76.6 393.8 380.0
12 417 0 0 1 424 424 0 409 409

Code B Yarn, Tenacity of 5.05 g/den

10 29 39.2 40.1 29.9 21.7 38.1 27.1 18.3
70 62 35.3 36.1 62.4 35.0 34.8 61.7 35.1

140 107 35.7 42.4 108.3 73.8 29.2 105.2 82.2
140 153 41.6 41.9 152.0 130.0 41.4 156.5 135.5
140 192 50.9 53.8 193.6 172.6 48.0 190.8 172.0
140 224 54.6 S8.5 226.4 206.4 49.5 221.4 204.3
140 276 88.1 96.5 275.0 248.7 83.7 276.2 253.7
140 305 71.4 92.3 315.0 292.5 40.5 305.0 295.0
140 333 47.0 53.1 333.3 321.3 41.3 332.0 322.7
140 345 21.5 30.9 346.7 340.0 12.3 344.0 341.3
140 377 0 0 377.3 377.3 1.-- ..

Code C (Texturized) Yarn, Tenacity of 2.69 g/den

<1 30 45.5 47.8 29.7 18.4 41.7 30.6 25.0
1 50 50.2 54.4 51.0 20.0 48.3 52.2 27.8
2 65 45.6 49.0 63.8 10.4 43.0 64.3 25.6
4 104 45.5 47.3 104.0 56.3 43.8 104.3 61.5
A 157 42.6 49.3 154.0 127.0 37.3 157.0 137.5
4 219 61.0 63.3 220.0 195.3 56.4 219.4 197.5
4 248 53.0 65.4 248.5 226.2 43.3 246.9 232.3
4 271 36.8 77.3 270.8 246.7 8.3 269.2 266.7
4 320 0 0 320 320 1.-- ..

Code D (Undrawn) Yarn, Tenacity of 1.00 g/den

10 66 12.2 13.3 64.9 46.7 11.0 67.0 53.0
10 103 14.9 15.1 104.3 92.6 14.2 103.1 92.0
10 135 20.3 20.4 135.3 123.3 20.3 134.7 122.7
10 161 21.4 22.6 162.0 151.0 20.3 159.5 149.S
10 186 9.6 11.0 185.7 181.1 8.3 185.7 182.3
10 200 0 0 200 200 .. ....-
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Figure 9. Missile en :w ss (average) as a funtion of missile impact velocity (average)
for the four nylon Flb ydrns

at which occur the maximum values ant. zero values of the energy lost. It is seen
from Figure 9 that, except for the two middle curves at velocities below 230
meter/sec, the heights and positions of the curves change monotonically with yarn
tenacity (static). No special efforts were made to determine precisely the val-
ues or positions of these characteristic points of the curves, except for the
highest tenacity yarn where enough data were taken to permit an average curve to
be drawn -other than a point-to-point curve as with the other three yarns.

Here the comment should be made that, according to the manufacturer, their
Code C yarn (tenacity of 2.69 g/den) has been subjected to a texturizing treat-
ment which affects 'he tenacity. Obvious differences in this yarn are its greater
denier and an appearance of being crimped. Hence, we are somewhat uncertain
About the "true" or "effective" tenacity of this yarn. This difference in Code C
yarn may be responsible for the inversion in position of this yarn and Code B
yarn in Figure 9 at velocities below 230 meter/sec.

A few additional tests were run to determine the behavior of untwisted yarn
bundles. These were performed with Code A yarn at impact velocities of about 170
and 340 meter/sec. The losses in missile kinetic energy did not differ signifi-
cantly from those obtained at the same velocities with the standard 4-twist bun-
dle. Hence, it was concluded that this twist (given to the yarn bundle for
clearer .ilages in the photographs) did not significantly alter the energy
relationships being investigated.

Other tests were performed to determine the effect of bundle size upon the
normalized energy loss of the missile. Some data for Code A yarn appear in
Table VI where 1, 4, and 12 yarns per bundle were impacted at 92 to 93 meter/sec.
it is seen that the energy loss ranged from 51.5 to 54.6 joule/g, showing
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essentially no change. Some additional tests, not listed here, were done for
this yarn with 24 yarns per bundle at impact velocities of 330 and 380 meter/sec.
Again, the normalized missile energy losses did not differ significantly from
those at these velocities with the usual 12 yarns per bundle. Hence, it can be
concluded that within the scope of these bundle size variations at these impact
velocities, the normalized missile energy loss is independent of the number of
yarns per bundle.

The peak energy losses appearing in Figure 9 are plotted against yarn tenac-
ity in Figure 10, along with longitudinal static breaking energies for the same
yarns as reported in Section IIB of this report, Table IV. Figure 11 is a plot
of two characteristic velocities obtained from Figure 9, again showing monotonic
dependence upon yarn tenacity. Since the curves in Figure 10 could not be drawn
smoothly through all the points, preference was given to the points representing
the three yarns not subjected to the texturizing treatment.

In Figure 10 the monotonic increase of loss in missile energy with yarn
tenacity is unmistakable. However, this is in contrast to the opposite depend-
ence of the breaking energy during "static" Instron tests shown in Table I and
Figure 10, indicating that certain of the energy absorption mechanisms must be
significantly rate dependent. Further discussion of this will appear later
in the repert.

Referral again to Figure 9 shows the notable increase in missile kinetic
energy loss with increasing impact velocity (at velocities below those of peak
energy loss). It is obvious that the available kinetic energy of the missile
increases with the square of the impact velocity. This increase in available
missile kinetic energy with impact velocity is more rapid than the increase in
the loss of missile energy during impact as is seen in the curves of figure 12.
Here the ratio of energy lost to energy available is plotted against missile
impact velocity for each of the
3-bundle .sizes for one of the Wo0
yarn types. It is evident that
the fraction of incident energy t
lost decreases as the impact BreakingiEnag

velocity increases. Also appar- Q Missile Energy

ent here is the reason for using 3200 Lost During

several bundle sizes. The 12- . Transverse
yarn bundle at velocities below IS Impact

(Peak Value)
92 meter/sec was causing a loss &Mo
of nearly all the available ki-
netic s, irgy. When the bundle
size "ds reduced to 4 and then 0 o
to 1 yarn, the fractional energy
lost decreased correspondingly,
giving a constant value for the 0 so
normalized energy loss at this
impact velocity, as discussed
previously. On the other hand, 00 k ,

1.0 2.0 30, 0 So 6 7~ 8.0 9.0
the 1-yarn bundle could not be Yarn Tenacity (Static) in Grams/Denier

used at velocities above 92 Figure 10. Peak missile energy loss and static breaking energy as

meter/sec because only a functions of yarn tenacity for the four nylon 6/6 yarns
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negligibly small fraction of the
incident kinetic energy was
t ig lost. Hence, the impact
1.ocities at which the size of

450 -cne yarn bundle is changed mustr be determined empirically and
40.. are chosen to maintain a ratio

of energy lost to energy avail-
Zero Energy Lo able which will not lead to

inordinate errors in the deter-
miration of the energy lost.

c 300
"Pa EIt is also evident from

Figure 12 that there appears to
be a cusp in the curve at about
330 meter/sec, the velocity of

p200 maximum energy loss for this
yarn as seen in Figure 9. This

1,0o cusp is due to the beginning of
the decrease in energy loss as

1I00 a function of impact velocity
o .0 2.0 36 4P 5o Q0 7.0 8. 9.0 and, hence, the ratio of energy

Yarn Tenacity (Static) in Grams/Denier lost to energy available will
Figure 11. Impact velocity versus yarn tenacity for the four nylon 6/6 yarns, begin to decrease more rapidly
Lower curve: Impact velocity at which the missile energy ioss reechacted at this point in Figure 12.
peak value. Upper curve: Approximate impact velocity at which the missile
energy Ion became zero. D. Other Experimental

ObservaA ions

Measurements have been made
1.00. from selected photographs regard-

ing some of the details of the
transient yr•n deformation mag-

0 o80, nitudes. For example, with the
SI Ihighest tenacity yarn (Code A)

.: -- O2Yarns the distance traveled by the
1 2yarn apex at the time of rupture

is plotted against the missile000-impact velocity in Figure 13.\ý4 Yarns

\4vn •Because the rupture occurs at a
1 Yarn time which is unrelated to the

%L. [ N.n• time of the flash exposures, the
0 50 100 W 20 0 250 W 3O 40 450 rupture event can only be brack-

Missile Impact Velocity in Meters/second eted between two of the sequen-
Figure 12. Fraction of initial kinetic energy of the missile lost during tial flashes, namely, the last
interaction with the yarn bundle as a function of missile impact velocity, flash before rupture and the
Code A nylon 6/6 yarn. first flash after rupture. The

data in Figure 13 are thus pre-
sented in this fashion, the
actual distances falling some-
where between the two curves
shown here. The data suggest
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I that the apex travel distance is fairly independent of impact velocity up to
about 330 meter/sec, the velocity of maximum missile energy loss. At higher
velocities the rupture occurs at much smaller travel distances. Hence, it ap-
pears that the average elongation-to-break decreases abruptly at the velocity
of peak energy loss.

Estimates were then made by direct measurement of the percent average strain
at break for the yarns during these transverse impact tests. Measurements were
made of the yarn length in the last photo before rupture and in the first photo
after rupture. (After rupture, this measured value would include whatever gap
had appeared between the broken end and the clamp or the broken end and the mis-
sile, thus this value would be a maximum estimate.) These measured yarn lengths
were then compared with the original yarn length to obtain the strain in the
yarn just before and fter break. Hence, the true strain value at break will
be located somewhere between these two estimates. It was assumed that there was
uniform strain in the yarn; hence, these estimated values are average values over
the length of the yarn. These bracketing strain estimates appear in Figure 14 as
a function of impact velocity for the highest tenacity nylon yarn (Code A). Sev-
eral separate photographs were measured at each nominal impact velocity. The
points plotted here are the highest strain value before break and the lowest
strain value after break for each nominal impact velocity to reduce the size of
this gap as much as possible. (Because the values for each pair of plotted poir -
usually come from different experiments, the pairs of points are sometimes slight-
ly displaced from each other on the velocity scale in Figure 14.) The method of
presentation produces an irregular envelope within which the average breaking
strains are located. From this plot and similar ones for the other yarns, it was

ncluded that the average breaking strains for each yarn were reasonably constant
up to the velocity of peak energy loss of the missile and then decreased somewhat
at higher impact velocities. This is shown by the dashed line in Figure 14.
These average breaking strains are given in Table VII for the four yarns, along
with the values obtained for the static longitudinal tests. It is remarkable

120. First Photo after Break 24.0
First Photo after Break

cýP 1.0 -20.0-

Last Photo before Break 0 s

E Last Photo before Break
2 6.0 4

II 1 0 I I I I I I I 0 ,. I ._

00 50 10 150 200 250 300 0 400 450 0 50 100 150 200 250 300 350 400 450
Missile Impact Velocity in Meters/Second Missile impact Velocity in Meters/Second

Figure 13. Distance traveled by yarn apex just before break Figure 14. Average strain In yarn just before break and just
and just after break as functions of missile impact velocity. after break as functions of missile impact velocity. Code A
Code A nylon 6/6 yam. nylon 6/6 yarn.
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that, except for the texturized yarn, the average dynamic breaking strains are
about the same for all the yarns. The large differences between yarns observed
statically are completely gone, producing a uniformly low value. The larger dy-
namic strain value for the texturized yarn indicates that even under the short
times available during the impact test, there are some deformation modes accessi-
ble to this yarn and not to the others. However, the loss in missile energy for
this yarn is not unduly great in relation to the other yarns as seen in Figure 10.
Hence, this additional strain occurs without much additional energy absorption,
thus suggesting that it may be largely a straightening of the crimp which involves
very little energy.

Table VII. COMPARISON OF PERCENT With the same series of pho-
BREAKING STRAINS tographs for this yarn, measure-

SType of Test ments have also been made of the
Tp of Test vertical component of the dis-

Static Avg. Impact, tance traveled by the transverse
Yarn Longitu- up to Veloc- wave before rupture of the yarn.

Tenacity, dinal, ity of Peak Again, this event can only be
Yarn Code g/den AMMRC Energy Loss bracketed by the series of flash

A 8.45 17.3 13-14 exposures, hence an exact deter-
mination is not possible. Because

B 5.05 30 12-13 the position of the transverse
wave tends to become indistinct

Texturized after yarn rupture, it was pos-
sible to measure the transverse

D -Undrawn 1.00 505 13-14 wave position only before rupture,

thus giving the minimum of the
vertical component of the dis-

tance traveled by this wave.
This minimum distance is plotted

50 against missile impact velocity
zo in Figure 15. Although there is

some scatter in the data, there
60 4 is a definite decrease in wave

travel distance with increasing
50o impact velocity. The right-hand

0 side of this graph indicates the
Sapproximate vertical travel dis-

tance corresponding to each re-
a flection of the wave. Thus at
S•30 * -J2 the lowest velocity of impact
> E there were four reflections before
E- ZwhlhiesD 20rupture, while at the highest ve-, 20 -

.5 - locities (above the velocity of
0 peak energy loss of the missile)

there were no reflections before

IL ---- 0 rupture. An interesting applica-
0 0 10 150200 250 30 3o 400 450 tion of this relationship may re-

Missile Impact Velocity in Meters/Second sult from extrapolation of this
curve to zero wave travel distance

Fiqure 15. Minimum of the vertical component of the distance travle by
the transverse wave as a function of missile impact wplority. Code A to give an estimate of the criti-
nylon 6/6 yarn cal impact velocity. This will

be discussed in more detail in the
next section.
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I
IV. DISCUSSION

A. Explanation of Curve Shapes

The explanation for the shapes of the curves in Figure 9 can be given in
the following way. 11 The energy lost by the missile is acquired by the yarn
bundle in the form of both strain energy and kinetic energy.

The maximum amount of storable strain energy is equal to the area under the
appropriate dynamic stress-strain curve taken up to the dynamic breaking strain
for the yarn. For our highest tenacity yarn (Code A), we assumed the stress-
strain properties to be similar to those reported by Smith et al. for high-
tenacity nylon. 8  From Figure 16 of that reference, we obtained an average
dynamic modulus of 80 g/den. From our own work (Table VII), we took the dynamic
breaking strain to be 14 percent. From the expression

Breaking strain energy = 1/2 Eeb 2  (2)

where E is the modulus and cb is the breaking strain, we calcillated a breaking
strain energy of about 70 joule/g of yarn. This is approximately the maximum
strain energy that can be stored in this yarn under these conditions of high-
speed loading.

For a given impact velocity, the yarn possesses the maximum amount of ki-
netic energy when the transverse wave has just reached the clamp to begin the
first reflection. At this time the entire yarn specimen is undergoing transverse
motion at the impact velocity (neglecting the slow down of the missile). For
our highest tenacity yarn (Code A), the impact velocity causing peak energy
loss (rupture occurs when the transverse wave reaches the clamps) was about
32S meter/sec. A simple calculation yields a value of yarn kinetic energy of
about 50 joule/g for this impact velocity. A more detailed calculation, to
include the effect of interaction of the reflected longitudinal wave with the
transverse wave, gives a more accurate value of about 70 joule/g. This is
then the maximum amount of kinetic eaiergy this yarn can contain when subjected
to the geometry and constraints of these impact tests.

Each curve appearing in Figure 9 comprises the sum of certain fractions

of these maximum energy contributions. These can be discussed in terms of
three regions of behavior. 1 1

1. Quasi-Static Yarn Response

At very low impact velocities the kinetic energy term is very small for two
reasons: (a) the low velocity term in the expression for kinetic energy, and (b)
rupture does not occur until after a number of reflections of the transverse
wave. By this time the entire yarn is no longer moving at the missile velocity;
instead the transverse velocity distribution along the yarn ranges from zero at
the clamped end to the missile velocity at the impact point, thus giving an aver-
age yarn transverse velocity considerably less than the missile velocity. For
example, at a missile velocity of 30 meter/sec this average kinetic energy of
the yarn is about 1/3 joule/g. Thus for tests conducted at these low missile
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velocities, the kinetic energy term should vanish and each curve of Figure 9
should approach asymptotically the breaking strain energy for that yarn. This
principle was used to furnish directly the breaking strain energy values at
impact velocities of 25 to 30 meter/sec appearing in Figure 17.

2. Dyanmic Yarn Response

At very high impact velocities, the immediate strain produced at the point
of impact exceeds the breaking strain and the yarn %ill rupture in a short time.
The term "critical velocity" is often employed when dealing with quick rupture
events and is considered to be the minimum impact velocity at which the breaking
strain is immediately exceeded. However, bec'"se of time-dependent effects, the
yarn does not break immediately but at a short time later, depending on the im-
pact velocity as shown in Figure 11 of Reference 8. Hence, it becomes very dif-
ficult to determine experimentally the precise value of critical velocity. As
the critical impact velocity is approached, the amount of energy absorbed by the
yarn becomes very small because of the almost immediate yar- rupture. This
reduces the amount of yarn involved in both the longitudine strain energy term
and in the transverse kinetic energy term. Hence, at progressively higher impact
velocities the energy lost by the missile becomes smaller and smaller and tends
to approach zero as seen in the curves of Figure 9. A useful working definition
of the critical velocity might be the minimum impact velocity at which (a) the
missile energy lobs becomes zero (as seen in Figure 9), or (b) the transverse
wave travel distance becomes zero (by extrapolation of Figure 15).

3. Dynamic System Response

At intermediate impact velocities, the loss in missile energy increases to
a peak and then decreases. As the impact velocity is increased from the lower
values, the kinetic energy content of the yarn in transverse motion increases
with the square of the velocity, causing the observed rise in the missile energy
loss. At the same time, the number of reflections of the transverse wave (prior
to rupture) decreases with increasing impact velocity as shown in Figure 15.
The peak energy loss occurs at the impact velocity at which the yarn breaks just
as the transverse wave reaches the clamp for the first time, because under this
condition the entire yarn specimen is moving at the missile velocity, and thus,
at this point, the kinetic energy component of the yarn is at a maximum. At
higher impact velocities the yarn breaks before the transverse wave reaches the
clamp. This decrease in the amount of yarn involved in the transverse wave
motion more than compensates for the increased velocity and thus the kinetic
energy content of the yarn decreases. As the critical velocity is approached,
the amount of yarn involved in the longitudinal strain energy region also de-
creases and hence both energy c,.'mponents of the yarn decrease toward zero.

It is interesting to note that for the highest tenacity yarn (Code A), the
estimates made at the beginning of this section for the maximum strain energy
component and kinetic energy component were both 70 joule/g, giving a total esti-
mate for the peak of this curve as 140 joule/g. This estimate is in reasonable
agreement with the experimentally determined average of about 150 joule/g appear-
ing in Figure 9. Unfortunately, this kind of comparison cannot be discussed for
other portions of the curves, because theoretical estimates of the kinetic energy
and strain energy components cannot be readily made for these other velocity
regions since the appropriate dynamic moduli values are not known.
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I
From the preceding analysis, it becomes apparent that at a given impact

velocity the kinetic energy component for all four yarns (belcw the velocity of
peak energy loss) is essentially the same, neglecting any differences in the lon-
gitudinal particle velocity te:.n. This is because the yarn masses per unit length
are all the same (about 10,000 denier) as are the transverse yarn velocities.
Therefore, at a given impact velocity the differences in energy loss from yarn
to yarn are due only to differences in the strain energy components. If• the
strain energy to break is constant for each yarn, the curves in Figure 9 should
all rise equally with impact velocity, maintaining constant differences between
them. Or, if the strain energy to break for all four yarns has the same rate de-
pendence, the curves should also rise equally and maintain the same differences.
Examination of Figure 9 indicates that there is some nonuniformity in the curves,
i.e., they rise at somewhat different rates. This implies that the breaking
strain energies of the yarns have somewhat different strain rate dependences.

Even though it is now apparent that the data appearing in Figures 9, 10, and
11 include effects due to kinetic energy components as well as to strain energy
components, the curves show the importance of yarn tenacity in determining the
total energy loss of the missile. In particular, Figure 11 shows the role of
tenacity or modulus in the impact performance of nylon yarns, for not only are
the missile energy losses increased for high-tenacity yarns but also the velocity
ranges over which can occur useful energy losses are correspondingly extended.

B. Apparent Similarity to Ballistic uata for Felts

The yarn behavior noted in Figure 9 is similar to that observed for textile
materials in the form of felts which have been impacted with the standard 17-
grain fragment simulator. From ballistic limit studies combined with residual
velocity measurements, plots may be constructed showing the reduction of projec-
tile kinetic energy as a function of impact velocity1 2 as shown in Figure 16.

280- AMMRC Static AMMRC Impact

E Longitudinal at 25-30 Meter/Sec
INITIAL KINETIC From R. F. Recht. Univ. of Denver " 0. g/d

ENERGY OF 17-Grain WAL FSPPROJECTILE Material: 0.369 lb/ft2  200

W \
. 160

25 _ 2.. 2.69 g/d

.4)ORAL so- 5.05 d -S

._•8.45 g/d
00

0 iooo 2000 3000 0 I 2 3 4 5 6
!mpact Velocity (ft/sec) Loglo. Strain Rate in Percent Strain/Minute

Figure 16. Ballistic results for four materials compared at the Figure 17. Breaking energy for the AMMRC static
iame areal density: reduction of projectile kinetic energy as a test and the AMMRC low-speed impact test as a

function of impmct velocity, function of log strain rate for each of the four
nylon 6/6 yarns
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Here the curve for the nylon felt follows the initial kinetic energy curve for
the projectile up to the ballistic limit (V50 value) and then decreases rapidly
toward zero although it levels off before actually reaching zero. This abrupt
decrease in loss of missile kinetic energy above the ballistic limit does not
occur for the steel, aluminum, and Doron in Figure 16, and thus appears to be
peculiar to textile materials.

This similarity in shape of the energy loss curves for the yarns (Figure 9)
and for the felts (Figure 16) suggests that high-speed impact tests with yarns
may be useful indices of performance for textile materials in forms more related
to end items, such as fabrics and felts. The implication here is that there may
be some fairly direct relation between the ballistic limit velocity for the felt
(expressed as the velocity of maximum energy absorption per unit areal density)
and the velocity of peak missile energy loss for the yarn. In other words, for
the felt subjected to a ballistic test, there may be a characteristic velocity
at which the projectile kinetic energy absorbed per unit felt areal density
reaches a maximum value, and this may be related in a potentially informative
way to the velocity of peak energy loss as observed in these yarn impact studies.

C. Estimated Strain Rates of the Impact Tests

Virtually all of the data reported in the literature concerning dynamic
behavior of textile yarns are expressed in terms of the strain rate where machine-
type testing is involved. To make comparisons with our impact results to examine
the rate dependences, we must be able to express our impact testing in terms of
an estimated strain rate. An analytical expression for the strain rate can only
be an estimate because of a variety of complicating factors. Therefore, we have
adapted the following simplifications: (1) the presence of the transverse wave
is ignored and we consider that the yarn is always in the form of a smooth tri-
angle defined by the apex and the two clamps; and (2) we assume that the entire
yarn is strained to the same degree, i.e., there are no strain gradients. With
these simplifications in mind, we consider Equation 1 developed in Section IIB

for th. static transverse tests.

Strainrate- x dx

t 10io2 + x2 dt (1)

where x is the apex travel distance, 10 is one half the original specimen length,
and dx/dt is the instantaneous misbile velocity. For very large apex travel
distances (x >>10), this equation reduces to

Strain rate = 1 dx (3)

With this simplified expression the strain rate is independent of x. This
equation leads to the values presented in Table VIII. According to this approx-
imation, our impact tests produced strain rates of the order of 106 to 107 per-
cent strain per minute. However, these appear to be maximum estimates because
(1) the yarns actually break before x greatly exceeds 10, thus the actual strain
rates are lower; and (2) the missile velocity (dx/dt) becomes smaller during the
course of the test, thus also decreasing the strain rate.
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A better estimate of the strain rate can be made by the use of Equation 1
if more accurate values of x and dx/dt are available. Since Equation 1 was de-
rived on the basis of a smooth triangular shape of the yarn, Equation 1 would be
valid only for times when the transverse wave had just reached the clamps. This
condition obtains at the peak of the energy loss curves in Figure 9 because rup-
ture occurs just when the transverse wave reaches the clamp. For example, with
the highest tenacity yarn (Code A), the peak energy loss is 150 joule/g at an
impact velocity of 325 meter/sec. Knowing the mass of the yarn specimen (0.350 g)
and the mass of the missile (4.74 g), we calculate the corrected missile velocity
(dx/dt) at the time of rupture to be 2.89 x 104 cm/sec., From our previous esti-
mate of the breaking strain of this yarn as 14 percent, and knowing the value of
10 (6 inches) to be 15.24 cm, we obtain a value Of missile travel distance (x) at
the time of rupture of tS.35 cm. Putting these values of x, 10, and dx/dt into
Equation 1, we calculate the value of strain rate at the time of rupture to be
about 5.5 x 106 percept strain/min. This value is about 43 percent of the value
estimated by Equation 3 in Table VIII at the same impact velocity of 325 meter/
sec. Thus, by the use of a corrected (smaller) value of dx/dt (289 instead of
325 meter/sec) and by using a real value of x (instead of simply letting x >>l,,),
we can obtain an estimate of the strain rate at the time of yarn rupture. Howv~'er,
this more accurate expression (Equation 1) can only be used under those conditions
where the necessary data are sufficiently well known.

A more direct measure of the strain rate can be made from the type of photo
measurements already described in Section HID which led to estimates of the per-
"cent average strain at break. From measurements of the yarn length in the last
two flash exposures before yarn rupture, the percent strain at these two times
was determined (again with the assumption of uniform strain in the yarn). Know-
ing the time between these two flashes, one can immediately compute the percent
average strain rate during this portion of the deformation. For impact veloc-
ities in the range of 25 to 30 meter/sec, the measured strain rates ranged from
3 x 105 to 4 x 105 percent strain/min. For impact velocities in the range of
325 to 355 meter/sec, the strain rates ranged from 3 x 106 t, 6 x 106 percent
strain/min. These results are listed in Table IX. CompariL n of these values
with those estimates appearing in Table VIII indicates that these measured values
are 25 to 50 percent of the values estimated by Equation 3. This confirms the

Table VIII. ESTIMATED STRAIN
RATE AS A FUNCTION OF MISSILE Table IX. COMPARISON OF ESTIMATED STRAIN RATES
IMPACT VELOCITY (FROM EQ. 3) FOR AMMRC LOW AND HIGH VELOCITY IMPACT TESTS

Impact Estimated Strain Rate, % strain/min
Velocity, Impact By Photo
dx/dt, Strain rate,I mte/se sran/in Velocity, Measure-

meter/sec By Eq. 3 By Eq. 1 ments

25 0.98x106  25 0.98 x 106  
-- 3-4 x 105

100 3.94 x 106 325 1.28 x 107 5.5 x 106 3-6 x 106

225 8.36 x 106

325 1.28 x 107

425 1.67 x 107
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approximate nature of Equation 3 and its tendency to overestimate the strain rate.
It is also seen that these measured strain rates for impact velocities in the 325
to 355 meter/sec region are in good agreement with the value of 5.5 x 106 percent
strain/mn calculated for this velocity region by the use of Equation 1.

What cannot be assessed, however, is the local strain and strain rate at the
portion of the yarn where failure occurs. If the strain gradients are large, it
is possible that the local strain rate in the failure region might be considerably
different from these estimated values. Hence, our estimates are intended only
as a rough guide for comparisons to published data.

D. Comparison of Yarn Breaking Energies With Fracture Energy Calculated
From Molecular Parameters

It is of interest to compare the values of energy required to break the yarns
in these impact tests to the values of fracture surface energy calculated with
the aid of a simplified molecular model. The model assumes that the molecular
chains are all perfectly aligned parallel to each other and perpendicular to the
fracture surface. The breaking energy would then be that energy required to break
one molecular bond for each chain passing through the plane of the fracture sur-
face. The fracture surface area would be the yarn cross-sectional area and was
computed to be 9.7 x 10-3 sq cm from the value of 10,000 denier and a volume den-
sity for nylon of 1.14 g/cu cm. The number of molecular chains cqossing this
area was computed as 4.7 x 1012 from the estimated value of 20.5 A2 for the
cross-sectional area of a hydrocarbon chain. 1 3 The energy of a carbon-carbon
single bond was taken to be 83.1 kcal/mole. 14 These figures yielded a value of
2.7 x 10-6 joules required to break a 10,000-denier nylon yarn along one plane
perpendicular to the yarn axis.

The breaking energies for our yarns (exclusive of the kinetic energy compo-
nents) were estimated to range from 10 to 70 joule/g. Since the yarn specimens
have been approximately 10,000 denier and are 12 inches long (mass of 0.338 g),
these breaking energies range from 3.4 to 24 joules. These give ratios of actual
breaking energy to theoretical bond breaking energy ranging from 3.4/2.7 x 10-6

to 24/2.7 x 10-6 or 1.2 x 106 to 8.8 x 106. Therefore, there is of the order of
106 to 107 more breaking energy involved than that due simply to bond breakage
at one plane, indicating that strain energy stored in the entire yarn length far
exceeds that required to cause rupture at just one point in the yarn.

It is interestin to note that these ratios of 106 or 107 greatly exceed
the value of about 10 for the ratio of measured to theoretical surface energy
for Plexiglas, a rigid polymer in sheet form. 15 The much higher ratios for the
yarn are apparently due to the fact that the yarn absorbs strain energy along its
entire length; whereas for a sheet polymer, such as Plexiglas, the depth of the
resultant oriented layer along the fracture surface may be only about 1500 X'15

Thus with the yarn, far more peripheral material is involved in the deformation
process than with the sheet polymer.
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E. Effects of Tenacity and Rate

1. Shape of Static Breaking Energy Curve as a Function of Tenacity

With the static tests there is a marked dependence of breaking energy upon
tenacity as seen in Figures 2 and 10. The large amount of deformation and draw-
ing which occurs during the test with the low-tenacity yarns apparently more than
offsets the low tenacity of the yarns, thus resulting in a high value of breaking
energy. The amount of deformation and drawing which can occur during the test
becomes less with the higher tenacity yarns because these higher tenacities have
been produced by prior cold drawing which presumably has "used up" more of the
total available deformation. Hence, the static breaking energy becomes progres-
sively lower with higher tenacity yarns.

2. Shape of Peak Missile Energy Loss Curve as a Function of Tenacity

In Figure 10 the peak missile energy loss increases with increasing yarn
tenacity. We have already seen that the missile energy loss is divided between
a kinetic energy term and a strain energy term. For the low-tenacity yarns, the
peak energy losses plotted in Figure 10 were obtained at low-impact velocities
as seen in Figure 9. Thus, the kinetic energy component is smaller for the low-
tenacity yarns than for the high-tenacity yarns. Also we have seen that the im-
pact breaking strains were essentially the same for all the yarns (except the
texturized one). Since the breaking stresses would decrease with decreasing yarn
tenacity or decreasing modulus, the strain energy component would be smaller for
the low-tenacity yarns than for the high-tenacity yarns. Hence, both the kinetic
energy and the strain energy components would change with yarn tenacity in such
a way as to give the trend exhibited in Figure 10 for the total missile energy
lost during impact.

3. Relative Energy Magnitudes for Low-Yarn Tenacities

At the low tenacity end of the curve of missile energy loss in Figure 10,
the strain energy component is obviously much less than the longitudinal static
breaking energy plotted above it. This lower value is undoubtedly due to a rate
effect, where the time available Is so small during the impact test that these
large deformation and drawing processes cannot occur as seen by a comparison of
breaking strains in Table VII. In other words, the energy absorbing mechanisms
available to the low-tenacity yarns at low rate testing simply cannot be utilized
at the rates corresponding to the impact tests.

4. Relative Energy Magnitudes for Nigh-Yarn Tenacities

At the high tenacity end of Figure 10, the curve for the missile energy loss
has higher values than that for the static longitudinal test. For the highest
tenacity yarn (Code A), we have already seen that the breaking strain energy com-
ponent for the impact test has been estimated at about 70 joule/g at an impact
velocity of 325 meter/sec. This value is comparable to the value of breaking
energy obtained for both the AMMRC static longitudinal and static transverse
tests, and iý only slightly less than the manufacturer's static longitudinal
value. Therefore, apparently the characteristics of this yarn are such that the
breaking stress at high rates is enough higher than that at low rates to
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comnensate for the decreased breaking strain shown in Table VII and can thus keep
the strain energy component at a high value. (It must be remembered that the
high tenacity end of the missile energy loss curve in Figure 10 also includes a
large component of kinetic energy and hence the total energy plotted here exceeds
by a large amouw the energy shown plotted below it for the static test.)

S. Breaking Energy as a Function of Strain Rate

The breaking energy data obtained at AMMRC with the series of four nylon
yarns are presented in Figure 17 for both static and low-speed impact tests.
The static energies plotted here from Table IV are the longitudinal ones because
of the uncertainties associated with the transverse static test. The low-speed
impact (25 to 30 mete./sec) energies plotted here were taken from Figure 9 either
directly or by extrapolation. These values can be considered the breaking strain
energy because we have seen in Section IVA that at this low-impact velocity the
kinetic energy component is negligible. 11 The strain rates corresponding to the
static tests are those listed in Table II; the strain rate for the low-speed
impact test is taken from the photo measurement method as listed in Table IX.
In Figure 17 the breaking energy decreases with increasing strain rate for all
four yarns. It is also evident, that the rate of decrease with strain rate is
greatest for the low-te,.acity yarn and the rate decreases monotonically with in-
creasing yarn tenacity. Thus, the yarns exhibit great differences in their rate
dependence. The breaking strain data in Table VII also indicate large differences
in the rate dependence as seen from the marked variations from yarn to yarn in
breaking strain increment between the static value and the impact value.

F. Comparison to Published Results

Breaking energy data for nylon yarns, obtained by other investigators, 1 ,2,7

are plotted in Figure 18 as a function of strain rate. These other tests were
all longitudinal in na'.ure and were performed with testing machines except for
one test done by transverse impact at 41 meter/sec. Most of these other tests
show a decreasing breaking energy with increasing strain rate as do our tests
shown in Figure 17.

The breaking energies obtained by us for the high-tenacity nylon (Code A)
are also plotted in Figure 18 from the data given in Table X (the first two points
for this yarn are also plotted in Figure 17). The static breaking energy listed
in Table X was the longitudinal value rather than the transverse value because of
the uncertaintics associated with the latter tet. The breaking energy for the

Table X. SUMMARY OF BREAKING ENERGIES
AND STRAIN RATES

Breaking 0upact Estimated
Energy, Velocity, Strain Rate,
joule/g meter/sec % strain/min SOURCESOF DATA

62 -- 1.2 x 102 AMMRC Static Lontudinal Test.

45 25 3.S x 105 AMMRC Impact Test and Photo Mhsurements

(average) a #Vf in Tale IX.

S X 106 AMMRC Impact Tea, Refer0ce 8, and Eq. 2 for th energy;
70 32S 2I Eq. I a gven in Tale IX fo t8 train rt.

28



25-meter/sec impact could be 180

taken directly from the average
curve for this yarn as shown in
Figure 9 because at this low- 170

impact velocity the kinetic en-
ergy component is negligiblei 1

as pointed out in Section IVA. 160 ,

The value listed for the 325-
metex/sec impact was that ener-
gy estimated' 1 by Equation 2 in 150o

Section IVA for a simila~r high-
tenacity nylon yarn impacted
transversely.8 14o

An overall view of Figure
18 shows the general trend of 130

decreasing breaking energy with
increasing strain rate. The E
first two points for the yarn o
we studied (Code A) fit right \
in with this trend. The two 0nylons in Figure 18 showing the S t

highest absolute values and the E
greatest negative slopes were >,

those studied by Hall (Enkalon 1100,
and Nylon 100), and have rela-

tively low tenacities (4.3 and 90

5.3 g/den, respectively) com- 9°
pared ta the other yarns in -
this figure. Thus, these low- .1 80
tenacity yarns exhibit the same
relative behavior (high break- m °°G toft/

ing energy and large rate de- E0.-e, 4(

pendence) as the low-tenacity 70vo 0 DI1r tro
yarn stua ad by us and shown DOPWLIOVI YEL

in Figure 17. The yarn in -
Figure 18 with the highest
values of breaking energy is /or a' Y
the undrawn nylon 6/61 (tenac- 50- L

ity less than 1 g/den), again
agreeing with our data as T
shown in Figure 17. However,
the opposite rate dependence 40
of this yarn in Figure 18 is I

not understood, although this 0
rate dependence may be equiv-
alent to that of the high-
tenacity nylon studied bySmi h e a .7 in Figure 18 at 20 ,J•

S 0 I 2 3 4 5 6 7
lower rates which also shows
this opposite rate dependence. Logo, Strain Rate in Percent Strain/Minute

Figure 8. Breaking energy values reported in the literature for nylon yarns
and plotted by AMMRC a j function of log strain rate
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In other words, the low-tenacity nylon may show behavior similar to the high-
tenacity nylon if it is studied at correspondingly higher strain rates.

Our impact tests have produced strain rates higher than those attainable by
machine-type tests (5.5 x 106 compared to 2.0 x 106 percent strain/min). However,
the value of missile kinetic energy loss determined by our method also includes
the yarn kinetic energy component which is difficult to evaluate. Hence, the
strain energy component which is needed for direct comparison with the data in
Figure 18 is not directly available. We have seen that for a high-tenacity nylon
yarn believed similar to the one we have studied (Code A), a combination of pub-
lished data 7 , 8 and our own measurements has led to an estimated breaking energy
of 70 joule/g at an impact velocity of 325 meter/sec. This estimate can be
further substantiated by the calculation made for this report in Section IVA1 1

of 70 joule/g for the yarn kinetic energy component at this impact velocity.
Subtracting this latter value of 70 joule/g from the total missile energy lost
(150 joule/g at this impact velocity as seen in Figure 9) gives a strain energy
component of about 80 joule/g. This agrees fairly well with the direct estimate
of 70 joule/g for the strain energy component. This value ýf 70 joule/g which
appears in Table X was plotted as an additional point for the yarn studied by us
(Code A) in Figure 18, thus indicating a reversal to an upward trend in the break-
ing strain energy as a function of strain rate. This result shows a significant
change in what has previously been considered by us as a steadily decreasing
breaking energy with increasing strain rate for nylon yarn.

Some support for this apparent minimum in the breaking energy curve as a
function of strain rate comes from a closer look at the results of Smith et al. 8

In Figure 16 of that reference are plotted stress-strain curves for high-tenacity
nylon yarn studied at various strain rates. The breaking energies corresponding
to the curves at 1, 10, 100, and 290,000 percent strain/min are those tabulated
in Reference 7 and plotted by us in Figure 18. This breaking energy decreases in
the interval between 100 and 290,000 percent strain/min, in concert with the gen-
eral trend displayed in Figure 18. Returning now to Figure 16 of Smith et al.,R
one finds two more stress-strain curves plotted from 0, V data obtained at still
higher impact velocities (495 and 650 meter/sec). By wcasuring the areas under
these curves, it was found that the breaking energy continued to decrease to the
value of 18 joule/g at 495 meter/sec impact velocity but then increased to a
value of 35 joule/g at 650 meter/sec. Therefore, these results of Smith et al.
also indicate a minimum in the breaking energy of nylon yarn followed by an
increase at still higher strain rates.

Still more confirmation for this minimum in the breaking energy of nylon yarn
is found in some recent work of Hall. 16 He determined the ctress-strain curves
for nylon 6/6 and other yarns at a series of strain rates ranging from 0.6 to 2 x106 percent strain/min by the use of testing machines. ,-the areas under the curves

provided values of the breaking energies of these yarns. For the nylon 6/6 yarn,
the breaking energy as a function of strain rate showed the same behavior as the
data of Smith et al.' which we have plotted in Figure 18. The data of Hall 16 show
a maximum (about 70 joule/g) at low strain rates, followed by a minimum (about
35 joule/g) at higher strain rates. The approximate strain rates of these maxi-
mum and minimum breaking energies are listed in Table XI along with that for the
minimum found in our work at AIMRC. It is seen that where comparisons can be made
there is a general agreement for these strain rate values, even though the data
points of Smith et al. 7 and AMMRC are not numerous enough to locate precisely
thcse critical strain rates.
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Table XI. STRAIN RATES OF NYLON 6/6 YARNS AT MAXIMUM
AND MINIMUM BREAKING ENERGIES

Breaking Energy Strain Rate (%/min)
(joule/g) at Maximum at Minimum

Investigator Mlaximum Minimum Energy Energy

Smith et al. 7 , 8  55 (18)* 1.0 x 102 (495 m/sec)t

Hall 16  70 35• 1.5 x 102T 9.0 x 104f

AMMRC -- _45 -- 3.5 x 105

*Estimated by ANMRC from Figure 16 of Reference 8
tAvailable only as impaAt velocity
tEstimated by AMI4RC from Figure 7 of Reference 16

V. CONCLUSIONS

The transverse impact method in combination with high-speed photographic
observation has been shown to provide a wealth of information regarding the tran-
sient behavior of missile and yarn during the impact, deformation, and rupture
processes. The determination of the missile kinetic energy loss provides a direct
measure of the total energy absorbed by the yarn during these processes which oc-
cur at high rates. Other measurements provide information concerning the apex
travel distance, breaking strain, transverse wave propagation effects, and an
estimate of critical velocity. All of these phenomena can be studied as functions
of impact velocity and as functions of systematic variaitions in farn properties,
such as tenacity, as described in this report. It is believed that this study
has been one of the first to focus upon the transient behavior of a series of
systematically related yarns subjected to high-speed transverse impact.

It is not known at the present time whether the str, "n energy component or
the total energy lost by the missile or absorbed by the yarn is the quantity
which can be most closely related to the ballistic performance of more complex
structures, such as fabrics and felts, made from fibers and yarns of these same
materials. It has already been pointed out that the resemblance between our to-
tal energy loss curves for yarns and those obtained from ballistic testing of
nylon felts may be significant. However, where the interest lies in determining
the strain energy component of the total energy absorbed by impacted textile yarns
at high-strain rates, the method described by Smith et al. 8 ,9 would be preferred-.
From separate determinations of the breaking strain, the stress-strain curve
could then yield the value of breaking strain energy.

The necessity of high-speed testing becomes apparent from a comparison of
nylon and polypropylene; nylon fabric generally has a better ballistic perform-
ance than that of polypropylene, whereas comparison of their static breaking
energies would lead to the opposite prediction 1 7  Obviously, the laboratory
tests must be conducted at rates comparable to those obtaining for actual ballis-
tic events. Further investigations are necessary to develop useful predictive
relationships between laboratory tests of the type described here and actual bal-
listic performance of end item structures composed of these textile elements.
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