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FOREWORD

Many important uses of military textiles involve the
application of force during very short time intervals. Impact
or chock loading conditions occur in textiles used for -'arachute•
body armor, climbing rope., and even sewing thread. In a
conventional high-speed sewing operation, for example, the
acceleration of the thread can reach over 1,000,000 cm/sec 2 .
When a missile is stopped by body armor, mhch greater accelerations
occur in the fibers and yarns. It has long been apparent that
the performance of textiles at these high accelerations is
different from that observed under the relatively static
conditions that characterize conventional laboratory testing.
Accordingly, a significant part of the Quartermaster research
and development program on textiles has been concerned with the
study of the properties of textiles under these loading conditions
which correspond to the end use of the particular material.

Research supported by the Quartermaster Laboratories has
led to significant advances in both the development of instrument-
ation for studying the mechanical properties of textiles at high
rates of strain and the evaluation of the properties of many
fibrous materials. At the Chemical Warfare Laboratories, the
Quartermaster Corps supported work on the measurement of strain
phenomena in impacted armor fabrics, under the general direction
of Dr. Floyd A. Odell; at the National Bureau of Standards work
on the rotating disc technique, under Dr. Herbert F. Schiefer,
and in the Textile Division of the Massachusetts Institute of
Technology, work using a falling weight apparatus and, more
recently, a pneumatic/hydraulic tester, this work directed by
Dr. Stanley Backer. In addition, significant work had been
done in our own laboratories by Dr. George Susich, Dr. W. James
Lyons, and Mr. Roy C. Laible on several aspects of the impact
behavior of textiles.

In view of the growing importance of work in this area and
the many contributions that have been made through our own
laboratories and by many other workers, it was considered
desirable to prepare a monograph which would summarize the
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knowledge in this field. We planned to make the monograph a

suitable text which could be used for reference by scientists
and technologists interested in aspects of the theory of high-
speed dnalysis, in instrumentation for measurin& impact properties,
and in the mechanical behavior of textiles under impact loading.
Dr. Lyons has done an outstanding job In preparing this monograph.
Dr. Lyons spent several years with the Quartermaster Laboratories
at Natick in charge of our research and development program on
ballistic textiles and is now Associate Research Director of
the Textile Research Institute in Princeton, New Jersey. The

monograph was prepared under contract by the Textile Research
Institute.

In addition to those individuals who contributed to the
preparation of this monograph, whose contributions are acknowledged
by Dr. Lyons in his Preface, Dr. W.E.C. Yelland and Mr. Louis I.
Weiner of this Division were associated with this program at
various stages of its development.

S. J. KENNEDY
Research Director
Clothing & Organic Materials

Division

Approved:

DALE H. SIELING, Ph.D.

Scientific Director
QA Research & Engineering Command

MERRILL L. TRIBE
Brigadier General, USA

Commanding
Q! Research & Engineering Command
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PREFACE

The aim of the author in the preparation of this monograph
has been to provide, under one cover, an account of the developments
that have taken place in the study of impact phenomena in texctiles
over the past half-century. Cognizance has been taken of all ma-
terial, pertinent to the subject, to come to light and be made
available. At the same time, the possible utility of the various
items of information has been the criterion determining the depth
with which they are treated. Use of the book not only by scientists
with advanced knowledge of mathematics and the theories of elasti-
city, rheology and molecular mechanisms, but also by technical
people of limited training in these particular fields, has been
anticipated (successfully, it is hoped).

The methods and apparatus of impact research on textiles
(Chap. III) have been covered quite thoroughly, in that mention,
at least, has been made of each one to come to the author's atten-
tion. It is believed that sufficient descriptions are given, and
the pertinent principles stated, so as to be fully understandable
to an experienced research scientist or instrument engineer in all
important respects. The results of studies of impact phenomena
(Chap. VI) that have been included have been selected to cover a
broad spectrum of fiber types, with emphasis on those of modern or
potential interest in the mechanical field.

Repetitious results, merely confirming earlier findings, have
been, for the most part, omitted. The volume of material in the
literature has prohibited incorporating within the scope of this
treatise all the reported experimental details. For such items
the reader is referred to the publications cited.

In the initial phases of the preparation of the Bibliography
the author bad the assistance of William P. Virgin. Mr. Virgin
also prepared rough drafts of parts of Chaps. II and U!. The
author is happy to acknowledge the cooperation of Roy C. Laible,
Project Officer representing the QM Research and Engineering
Command during most of the contract period. Mr. Laible was very
helpful in providing Government reports and other material used
in the present work. The author has also had the benefits of the
comments and encouragement of John H. Dillon, who read the original
manuscript as the successive chapteis were completed.

W. J. L.

January 1962
Princeton, N. J.



ABSTRACT

Subjects discussed are as follows, by chapter: (1) Review
of textile applications involving impact, and developments that
have occurred in the study of impact behavior since 1910. (2)
Mechanical properties of materials in general. (3) The methods
and apparatus that have been used in the impact testing of
textiles. (4) The theories of deformation and rupture under
/high-speed impact, in both linear structures and fabric systems.
(5) Related dynamic properties. (6) Mechanical behavior under
impact loading. (7) Summary discussion of applications and
recommendations. A bibliography of 102 entries is included.7 a



Chapter I

INTRODUCTION

I. Textile Applications Involving Impact

In many mechanical applications, textile materials are
subjected to rates of loading or straining that are many times
greater than those encountered in ordinary apparel or household
uses. it has been estimated, for instance, that in a regular
passenger-car tire, traveling at 50 mi./hr., the cords are repeated-
ly strained at rates that are equivalent to sinusoidal frequencies
in the order of hundreds of cycles/sec. 141]. In terms of average
extension, the rate approaches, or may even exceed 1000%/sec.0
depending on the constitution of the fabric and the conditions of
use. Calculations indicate that in the brief interval before the
opening of a military parachute the suspension lines are subjected
to an average rate of straining of about 250%/sec., with an
attendant force of about 1 ton. Modern high-speed stitching, in
the commercial manufacture of textile articles of all kinds, sub-
jects the thread to impact velocities which may be equivalent to
even greater rates of extension. Stone, Schiefer and Fox [88]
mention velocities ranging from 1 to 10 m./sec. being imposed on
thread as often as 5,000 times/min. It can be readily geduced that
the corresponding accelerations are in the order of 10 cm./sec. 2

Calculations of the present authok# based on an analysis cf the
high-speed stitching operation by Morgan [60], indicate that the
accelerations of the thread can reach, at least 3.6 x 106 cm./sec. 2

The behavior of textile materials under conditions of impact
or shock loading is important not only in the applications mentioned
above: pneumatic tires on highway vehicles and off-the-road
equipment, and parachute suspension lines, but in many other uses.
In the military supply system are such items as armor clothing and
climbing ropes, which depend, for their adequate performance, on
the ability of the component yarns to withstand the effects of
shock loading.

The advent of the airplane, with the attendant high velocities,
especially in military operations, brought new and unprecedented
problems in areas where textile structures were put to use.
Aircraft tires during landing are subjected to severe impact loads
at the instant of touchdown. The military use of aircraft has
extended, in the last quarter-century, to the aerial delivery, by
retarded fall, of combat personnel (paratroopers) and arms and
supplies. This, in turn, has led to the development of a broad
technology in the design, construction and use of parachutes, which,



-2-

with auxiliary equipment, are almost wholly textile structures.
Consideration must be given to the ability of such components as
canopies, static lines and harness, to absorb the energy of impact
loading, especially during deployment and opening of a parachute.
Another aeronautical application of the parachute, where agair the
impact properties of textile components are important, is in the
deceleration of high-speed aircraft during landing.

Among the industrial applications of textiles where impact
behavior is the crucial property are the safety belts and lines
used by construction workers, and the heavy ropes used in the marine
and other industries.

These expanded, modern uses of textiles have brouqgt with them
the realization that the performance of the materials in these
structures depends upon a set of properties quite different from
those that determine the performance of textiles in their more
familiar uses. It became apparent that these "impact" properties,
as they came to be called, could not be reliably deduced or infer-
red from the behavior the materials under relatively slow applica-
tion of load. The evaluation, comparison and analysis of these
properties, accordingly, calls for test methods and theoretical
concepts different from those conventionally employed. As Leaderman
aptly says, "There is no justification for evaluating the fatigue
behavior of a tire-cord or the resistance to shock load of a para-
chute fabric by means of the usual standard tensile test . . ." [38].
Thus, there have been developed a number of experimental techniques
for studying the impact properties of textile structures in various
ranges of strain rate.

2. Early Studies

While technological developments in the last twenty years
have stimulated interest in the investigation of the properties of
textiles at high rates of strain, the desirability of testing such
materials by an impact method was recognized a half century ago.
In 1910 Lester [39] described a "ballistic" method for measuring
the work of rupture, employing a falling pendulum to which one end
of the specimen was attached. Res;ults on a cotton sewing thread
were given. Lester was evidently interested ±n the technique
principally as a better way of obtaining the work of rupture than



-3-

the tedious computation from stress-strain diagrams.* However, he
concludes, among other things, that: "Since the method gives proper
importance to the elasticity of the sample, it indicates better
than existing methuds the true 'strength' of the yarn, the 'tough-
ness' and the actual working quality. I+ gives the amount of re-
sistance of yarn to the shocks of weaving, and it gives the resis-
tance of cloth to those strains which most commonly cause it i.,
fail in use."

Five years later Balls, in his early book [9], described a
pendulum apparatus, inspired by the Lester article, for impact tests
on bundles of cotton fibers. About this time, interest was develop-
ing in the adaptation of impact pendulums to the testing of fabrics.
Pickard and Wallace in 1919 [70] described an instrument for measuring
the impact resistance of fabrics, which eliminated a defect in de-
sign in an earlier pendulum machine having the same purpose. A
description of the latter instrument was not published until about
ten years later, when it was used (without modification) by Morton
and Turner [61] in a comparison of various strength tests on fabrics.
Both teams concluded that, because of the variability in results
between specimens of the same sample, and for other reasons the
impact test is unsuitable for evaluating fabrics. The interest in
impact tests during this early stage continued tf be in the quality,
convenience and speed of these tests, as replacements for dead-load
methods. The importance of the fact that the two types of test
measure material properties under significantly different condi-
tions was only dimly recognized; though Morton and Turner did record
their opinion "that fabrics in general use are not ordinarily subject
to impulsive forces of the type operative in the impact tester, so
that a priori there is no real application for a test of this kind."
Summing up the situation during this period, Balls, in his later
book [10], says: "The impac. test measures the energy absorbed in
the act of breaking the yarn, and it has great advantages of
convenience. Yet it has been repeatedly advocated and discarded
by students of textiles." In this book he describes another
pendulum device for impact tests on yarns. Making the point that
the impact test is distinctive, Balls says "...the Time Factor
intervenes, so that dead-load measurements have no exact relation

* of incidental interest, and surprise, considering that it was
made as late as 1910, is Lester's remark that "... it has never
been customary, as far as I am aware, to make stress and strain
diagrams from specimens nf textiles. Nor is the writer prepared
even to suggest that the preparation of such diagrams should
be encouraged...."
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to the reality of instant breakage."

There was interest in this factor, the effect of the rate of
loading on properties of fabrics used in early aeronautical craft,
going back as far as 1910 [111. The times to rupture involved in
these studies, however, were in a range corresponding to slow
quasi-static testing. Recalling Lester's pioneering work, Denham
and Brash [201, in 1924, described in some detail an impact pendulum
for "ballistic" measurements,* and presented an imposing array of
data on silk yarns, intended to explore the reproducibility of the
technique, and the effects of varying certain experimental parameters.
In the same year Foster [261 published some energies of rupture of
bundles of cotton fibers, measured on an undescribed pendulum impact
tester.

In 1926 F. T. Peirce, singly and in collaboration with others,
published a series of papers on the tensile testing of fibers and
yarns, in which the role of the "time factor" or rate of loading
was comprehensively explored. In the first paper, Mann and Peirce
[461 described experiments on cotton fibers in which the rate of
loading (gm./sec.) was varied over a 1000-fold range, but all of
the tests were conducted on what were essentially quasi-static
instruments, the highest rate of loading (3.57 gm./sec.) being
equivalent to an average velocity of about 0.047 cm./sec. A
falling pendulum for the impact testing of yarns,,built and oper-
ated along the lines of the Lester instrument, was described in
a subsequent article by Midgley and Peirce [571, who also gave
the results of a number of experiments with the instrument. In
a companion article the same authors (58] reported on the effect
of the rate of loading on results obtained by static and quasi-
static methods as well as by the impact method, using their pen-
dulum apparatus. In the last of the papers involving the rate of
loading, Peirce [64, 65] presented the theoretical dynamics of
three types of tensile testing instruments, including the impact
pendulum, and discussed the effects of time or rate of loading in
experiments on various testers.

*i, earlier years, use of a falling pendulum was quite commonly
called a "ballistic" method, because, no doubt, it involved
load application that was "instantaneous" in comparison with
conventional practice. The term, however, has become mislead-
ing, since there are now methods, employing free-flying missiles,
with which "ballistic" is more appropriately associated.
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With the work of Peirce and his colleagues the theory and
practice of impact testing by means of the pendulum may be consider-
ed to have been brought to maturity. The explanation given for
one of the findings in this research, namely, that the work of
rupture is not exactly proportional to the length of the specimen,
led to a development which has important bearing on the statistical
theory of the testing, not only of textiles, but materials generally.
The same result was obtained by Denham and Brash, who made no com-
ment, and before them, by Lester, who found the "disctepancy" inex-
plicable. Midgley and Peirce ascribed this result to irregularity
in strength along a yarn, the time required to stretch a yarn to
rupture, and an energy factor. Peirce, in a separate article,
applied the idea of irregularity to conventional, breaking-test data,
to develop the statistical "weakest-link" theory, for which he has
become well-nigh famous.

The literature discloses little new work being done on the
impact testing of textiles during the next decade, in the 1930's.
Evidently, impact testing according to a set procedure had become
common practice in some laboratories, for Peirce mentions the
ballistic tester as being, in 1927, "now a standard commercial
instrument" [65]. Such a machine was the Goodbrand Ballistic
Tester [271, of the pendulun type, used by Turner and Venkataraman
early in this period, in a comprehensive study of yarns from stan-
dard Indian cottons [93]. While developments continued in the
impact testing of metals and to a lesser extent, of plastics [73],
at really high speeds, what interest there was in the rate of
loading of textiles was limited to speeds in the quasi-static
region [12, 21]. Leaderman mentions work published in Russia during
this period, on the impact testing of bast fibers [341.

3. Gravity Instruments Since 1940

With the onset of World War II, there was renewed awareness
that many textile items in military use were subjected to shock
loading, and that in some cases, human survival depended on the
proper functioning of the items. There was a coiLesponding renewed
interest in the impact testing of textiles. A relatively massive
machine, described by Leaderman [38] and Schwarz [77] was installed
at Massachusetts Institute of Technology, for the tensile impact
testing of heavy linear specimens. This apparatus employs the
vertical, falling-weight principle, and was equipped with an
elictrical strain gage [30], so that the instantaneous tension in
the specimen during rupture could be obtained. Smith, in his 1944



-6-

Marburg Lecture, gave a force-extension crurve for nylon, obtained
at 21 ft./sec. with this mac. . Ane [78 (pp. 36-7)]. Dickson and
Davieau [22] have described three impact testers of the pendulum
type constructed in 1943 and following years. These instruments,
of various capacities, ranging up to 67.5 ft.-lbs., were used
for impact tearing and tensile tests on a wide variety of fabrics,
as well as for impact tensile tests on yarns.

In 1945-46 Newman and colieagut.s [63, 87] described equipment,
of the falling-weight type, to measure the impact rupture proper-
ties of nxylon and sisal ropes and of parachute webbing. A few
years later, Wegener, in a series of papers [99], reported studies
of stress-strain-time relationships in rayons, in which also the
falling-weight principle was employed. These were followed by a
paper by him and Geuthe [100] in which the free-fall method was
compared wit! the constant-rate-of-loading method for determining
the stress-extension curves of silk and synthetic fibers. In 1953
Schiefer, Appel, Krasny and Richey [74] described a falling-weight
apparatus and presented the impact properties of a wide variety of
yarns and monofils of man-made materials. In all of these free-fall
devices, except that of Wegener, the test specimen, mounted verti-
cally, supported a metal plate or rod. impact loading was achieved
by allowing a weight to drop through a known distance on to the plate
or rod.

There evidently had been further developments at Shirley
Institute on the falling pendulum of Midgley and Peirce, mentioned
above. In the British Standards Handbook of 1949 [13] are given
specificttions for tear testing with a modified version of this
instrument, in which the single pendulum is replaced by two pendu-
lums. The second, light-weight pendulum is used to hold one end
of the specimen, preparatory to impact by engagement with the other
heavier pendulum at the bottom of its swing. Thus, as in the
falling-weight devices, the specimen remains stationary until the
instant of impact. During the early post-war period, other new
designs, aimed at improving the falling-pendulum techniques, were
reported. Thus, Neredith [53], in a study of the effect of the
rate of extension on the load-extension properties of cotton yarns,
uspd a pendulum apparatus on which the stationary clamp was support-
ed through a cantilever strain-gauge. He was thus able to obtain,
by means of a drum camera, a time record of the load on the
specimen during the impact process. About the same time, Lang [37]
described equipment and methods tor adapting the falling-pendulum
technique to the impact testing oE very short textile specimens



(0.1 in. minimum).

The accumulation of data on a wide variety of structures and
materials, which these experiments of the 1940's and early 1950's
provided, gradually established the fact that there is no universal
relationship between the quasi-static and the impact, mechanical
properties of textiles. Attempts to devise formulae by which some
impact property could be estimated from quasi-static data, disclosed
exceptions beyond limited ranges of structures or materials. In
some cases, exceptions fitted a pattern, but from this little
better than a posteriori rules covering the exceptions, could be
devised.

The lack of quantitative correlation between low-speed and
impact properties was further brought out in the work of Lyons
and Prettyman (43]. They used, on a variety of tirecords, a pendu-
lum tester substantially of the original type of Midgley and Peirce,
but with the specimen differently mounted, not affixed to the pen-
dulum. The specimen was held so as to form a 'IV" in a horizontal
plane, so that it was struck by the pendultua bob at the apex of
the "V". An improvement in the technique was the use of a high-
speed camera to follow the impact rupture process photographically;
by this means measurements were not limited to rupture energy, but
were extended to loading force and corresponding elongation.

More recently Parker and Kemic [25, 71) and Ballou and
Roetling [8] have described equipment for the impact testing of
textiles, also employing the falling pendulum as the loading device.
In both apparatuses the specimen is mounted in conjunction with
load and elongation transducers* so that by means of electronic
circuitry, the stress-strain curve is presented as a trace on a
cathode-ray oscilloscope. While the speed of impact in the Ballou
and Roetling apparatus is rather modest (2.12 m./sec.) an average
strain rate in the order of 2000%/sec. is obtained by the use of
a short (5-in.) specimen.

During recent years (1955-59) research on the impact behavior
of textile structures has been actively revived at M.I.T. 147, 48,
49], using the falling-weight instrument mentioned above, for the
experimental phases of the studies. This machine has been modi-
fied so that heavier textile assemblies such as webbings, can be
tested. In addition to improvements in the design of the machine
for safety aWd facility of operat-4on, there were installed an
extensometer employing magnetic tape, and piezo-electric gauge for



the measurement of instantaneous load on the specimen. With this
equipment impact measurements have been made on yarn, thread, cord
and webbing, principally of nylon.

A falling-weight device, mounted in a tall, outdoor, struc-
tural-steel frame, has recently been used in work done for the
duPont Company [24] to compare the impact energy-absorbing pro-
perties of nylon, Dacron, manila and steel-wire ropes. Provisions
were made for measuring the tensile force on the specimen during
impact, by means of a load cell, from which the specimen wis sus-
pended. The extension of the specimen to break was accurately
traced on an oscillograph by means of a driving connection between
the falling weight and a potentiometer.

4. Methods Employing Non-Gravitational Forces

The velocities of impact obtainable with pendulums or falling
weights are limited by the availability in laboratories, of suf-
ficient height from which the impacting mass may be dropped. To
obtain very high impact velocities, comparable to those found in
some textile operations or applications, other means have been
employcr to provide the impacting force.* In the early 1950's
Meredith 154] designed an instrument with which extension ratee up
to about 1100%/sec. were obtained, in a study of the strain-rate
effect on the rupture properties of various yarns. The extension
mechanism consists essentially of a rotating disk carrying a pro-
jection. When a steady, high speed has been attained, this pro-
jection is made to engage a clamp holding one end of the specimen,
By means of an optical lever the extension as a function Of time
is recorded on photographic paper in a drum camera.

At about the same time Schiefer and colleagues [51, 881
started a program of studies on the very rapid loading of yarns#
also involving, in its initial phase, the use of a rotating-disk
machine. While the specimen is impacted longitudinally, as in the

A mechanical lever, having unequal arms, would evidently serve
as a means of indefinitely multiplying the impact velocity of
a gravity device. This scheme, however, appears never to have
been used.
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Meredith apparatus, their equipment is much more massive. A high-
speed camera, with a system of mirrors, is used to obtain a photo-
graphic record of the motion of the ends of the specimer, ond from
this record stress-strain relationships are computed. I--ults
have been obtained on a number of synthetic yarns at impact velo-
cities ranging from 20 to 200 9t./sec. with corresponding rates of
extension ranging up to 4 x 10 %/min. [75].

A rotating-disk machine was developed by Parker and Kjmic
[25, 711 for the impact testing of tireeord noj longitudinally,
as has been the almost universal practice, but transversely. With a
rather ingenious technique, they measured rupture energies at impact
velocities up to 30 ft./sec.

For independent studies of reccvery phenomena in single fibers,
Wood and Chamberlain [102] and Cross and Garrett [18] have devised
instruments for rapidly loading conparatively short specimens to
predetermined levels, below the rupture point. These machines,
embodyivg much electronic instrumentation, provide rates of exten-
sion in the range 10 to 1000%/sen. In the researches to which
these devices were devoted, the interest was primarily in recovery
in fibers after rapid extension; no intentional provision was made
for detailed study of the impact pzzcess itself.

To attain higher veiccities of impact, in the order of those
of missiles in military combat, recourse has been taken to ballistic
methods, in which a suitable mass is projected into free flight,
and thus strikes the test specimen. In all the adaptations of these
methods to textiles, to date, the specimen yarns or fabrics have
been impacted transversely. A description of the operating pro-
cedure, involving such a ballistic technique for the acceptance
testing of armor vests, and their protective fabrics, was issued
by the U. S. Army, Aberdeen Proving Ground [95], in 1953. In this
(frequently-called) "V " test, 0.22-caliber steel missiles of50
special shape are fireA, by means of an explosive powder, from a
rigidly-mounted rifle, at a panel of the fabric system under test.
Means are provided for measuring the velocities of the impinging
missiles. By altering the powder charge in the rifle the operator
can obtain various velocities. The criterion of ballistic resis-
tance is taken as the mean of the velocities, within a specified
narrow range, at which 50% of the projectiles are, in effect,
stopped by the test panel.
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Impact by free-flying missi~es is similarly used by the U. S.
Navy for the evaluation of the resistance of textile and other
armour materials, in a technique :eported to have been developed
in the early 1940's.* In this ".'-,ward fragment spray" test, a
panel of the material to be evalu ted is placed 3 ft. behind a
1/8-in. mild steel plate, in the :ine of fire. An explosive-
loaded projectile is fired at the ,;teel plate, which, on being
punctured, detonates the projectilk charge; the resulting projectile
fragments retain the forward motion-• and, as a spray, impact the
test panel. The measure of resistc;-ce to impact by fragments is
the average number of complete penetrations for a minimum of five
specimen panels.

The ballistic acceptance method of the U. S. Army, and modi-
fications of it, employing a missile in free flight, have been
adapted to research purposes, ard become the basic elements of
elaborate electronic systems in a number of laboratories. Petter-
son, Stewart, Odell and Maheux [69] have reported a study of strain
in single yarns under high-speed impact, in which a gun powered by
compressed helium was used to attain a range of high impact ve-
locities, up to 1900 ft./sec. By means of high-speed, flash
photography and other novel, optical techniques [33], records of
the propagation of strain in yarns impacted transversely were ob-
tained. Similar equipment was developed about the same time by
Coskren and Morgan at Fabric Research Laboratories [5, 25]. A
contribution of the research in which this equipment was used was
an analysis of the part played by aerodynamic drag in the deforma-
tion of an impacted yarn, an effect not previously considered.

Supplementing their longitudinal-impact studies with the
rotating-disc machine, Schiefer and colleagues [85] have used
a spring-driven device for projecting a missile into free flight,
in transverse-impact tests on nylon, Fortisan and Fiberglas yarns.
With this apparatus, missile impact velocities up to 225 ft/sec.
have been obtained. By means of high-speed photography the dis-
placement of the yarn, ana its sequential configurations immediate-
ly following impact, were recorded. Lewis [40] and Holden [31]
have recently described apparatus in which a missile fired from an
air rifle impacts a pivoted arm, and thereby rapidly strains longi-

* Private communication from C. S. Green, U. S. Naval Weapons
Laboratory, 17 Nov. 1960.
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tudinally a yarn specimen attached to the arm. Through electronic
transducers and circuitry, stress and strain are registered simul-
taneously on a cathode-ray oscilloscope, and recorded photographi-
cally. The rupture properties of yarns of a number of man-made
fibers were obtained at rates of extension ranging up to
66,000%/sec. More recently, Hall [29] has used this equipment
and that of Meredith, to study strain-rate effects in oriented
isotactic polypropylene monofils, through a six-decade range of
strain-rates, up to 49,000%/sec.

One of the newest methods for the impact testing of textiles
is that developed by Williams and Benjamin [101) for the U. S. Air
Force, for use on heavy nylon webbing. This method is an adaptation
of an instrumented rocket sled of the type used in aeronautical
research to simulate on the ground the high-velocity conditions met
with by aircraft in flight. By means of telemetry and other elec-
tronic circuitry, data on the breaking loads and energy absorption
of the webbings were obtained at velocities up to 750 ft./sec.

Recent years have witnessed the analysis and experimental
study, by Morgan and others [603, of the dynamic behavior of yarns
and threads in high speed textile processes, such as weaving and
stitching. Rounding out a half-century of study of the impact pro-
perties of textiles, development and exploration continue on new
devices for the very rapid straining of specimens. Most of these
later developments thus far described in the literature, depend
on pneumatic pressure, directly or indirectly, to load the speci-
mens. Such are the machines described by Supnik and Silberberg
[90], Krizik, Mellen and Backer [35], and by Laible and Morgan [361,
in which tension is rapidly applied to the specimen by the action
of compressed gas on a piston to which the specimen is attached.
While capable of applications to a variety of materials, these de-
vices have been used on yarns to achieve rates of elongation up to
10,000 in./min. In another investigation, Chu, Coskren and Morgan
(16] have participated in the design of a system of apparatus for
the impact testing of heavy textile structures such as webbing,
having quasi-static breaking loads in the order of tons. The
impacting force is provided by a free-flying missile propelled from
a gas gun employing either nitrogen or helium. Velocities up to
800 ft./sec. aze attainable with this equipment. In all of these
testing assemblies, as in others developed in recent years (mention-
ed in preceding paragraphs) ample use has been made of electronic
ir.struments to measure the pertinent quantities, and of photo-
graphy to record the results.
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A pneumatic instrument for single fibers is in use at the
laboratories of the Celanese Corporation of America*, and a machine
powered by heavy rubber bands, for impacting yarns, is under develop-
ment at the Quartermaster Research and Engineering Center.**

Work continues at the National Bureau of Standards, under
J. C. Smith, on the advanced theoretical analysis of impact pheno-
mena in yarns, and the evaluation of the parameters characterizing
various samples under both longitudinal and transverse ilupact
[79, 80, 86]. Smith has recently contributed to a mo.: general
treatise a chapter reviewing principally experimental techniques
for both longitudinal and transverse impact testing of yarns [23].
Morgan has contributed to the same volume a discussion on the
theory of impact behavior as a stress-relaxation phenomenon, with
experimental results obtained on textile samples.

Private communication.

* Private communication.



Chapter II

MECHANICAL PROPERTIES OF MATERIALS

1. Introduction

The following sections are presented to clarify for those
readers who are not fully conversant with the technical aspects
of the subject, the basic concepts and terms used in delineating
the deformational behavior and propertijs of matter. The contents
are intended to provide some background for the moce detailed
analysis of phenomena at high rates of strainiig given in later
chapters.

2. Stress, Strain and Hooke's Law

Stress and tenacity. - When external forces act upon a body
so as to change its size or shape, internal forces develop in he
body to resist the change. Stress is such an intprnal reaction
expressed as force per unit area.* Stress is to be regarded as
acting at every point in the area with which it is associated,
though it may not be uniform over the whole area. The stress at
a point, then, is defined as the force acting on an infinitesimally
small, elementary area including the point, divided by the magnitude
of the area. An average, or mean stress, which is frequently used,
on the assumption that the stress is uniform over the whole area
of a specimen, is given by the relationship:

6'= F/a: (2.1)

where O denotes the stress, F is the applied force, and a is the
area over which the force acts. Thus, consider two bars each of
which is subjected to a stretching force 2or load-of 1 gm. Let one
bar have a cross-sectional area of 1 cm. and the other an area
of 2 cm.2 Then the (mean) stress in the first bar is

2
= 1 = 1 gm./cm.2

1

* The word stress is sometimes used to denote the condition in
a body, but it should not be confused quantitatively (or
dimensionally) with for:" alone,
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and in the second bar,
2

ýY= 1 = 0. 5 gm./cm.

Tensile stress, called tension; compressive stress, called
pressure or thrust; and shearing stress exist in a body according
to how the external forces tend to deform the body. If the exter-
nal forces tend to increase the length of the body, i.e., when
they act along the same line away from boundaries of the body, the
induced stress is tension. Thus, in the bar shown schematically in
Fig. 2.1. there is acting across any section AB a tension such that
the forces a-ting on the ends of the two parts are equal in magni-
tude but opposite in direction. If the forces acting on the ends
of the bar, or of either pare are 100 gm., then the tension at AB
is 100 gm. divided by the cross-sectional area of AB.

Pressure or thrust is developed in a body when the external
forces, acting along the same line toward the boundaries of the
body, tend to decrease the length in the direction in which they
act. In the case of a bar, compressive forces acting on the ends
would tend to shorten it. Shearing stress is developed in a body

A

I I~

'-"1--

B

Fig. 2.1. Forces acting across a section of a bar
under tension.
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when a pair of equal and opposite external forces, not in the same
straight line, act on the body in such a way that adjacent parts
tend to slide over one another. Compressive and shearing stresses
play minor roles in the mechanics of textiles.

In textile technology the internal forces which are induced
in a yarn or filament, tending to oppose an increase in length
when external stretching forces are applied at the ends, are refer-
red to the linear density (fineness) of the specimen rather than
the cross-sectional area. Linear denity is the mass (less rigor-
ourly, the weight) of material in some standard length.* The
condition of tensile stress in a textile specimen, expressed with
reference to linear density, is called tenacity. In textile yarn-
numbering systems, tenacity is given in gm. (of force)/den. or
gm./tex.

Strain. - The relative change in position in parts of a body
as a result of the application of forces, is called strain. Thus,
the ratio of the change in length of a bar (either an increase or
a decrease) to the original unloaded length is, in most applica-
tions, taken to be the strain in the bar. Symbolically, tensile
strain or extension is given by the relationship:

S = , (2 2)

where ý is the strained (total) length, and ý the original

length of the specimen. From the rigorous viewpoint, C, like (y,
is a mean, but it is frequently used to characterize the condition
at every point in a body, on the assumption that the strain is
homogeneous** As an example of the application of Eq. (2.2),
suppose that a yarn 10 in. long is stretched until it is 11.5 in.

* In the C.G.S. system of units, this standard is taken as unit
length, and linear density is expressed *s gm./cm.; in the
denier system of yarn numbering, the graj., is also used as the
unit of mass, but the standard length is taken as 9000 m., and
the linear density is expressed in deniers; in the new tex
system, the gram is also used, and the standard length is taken
as 1 kilometer (1000 m.), the linear densIty being expressed
in tex. The followinq relationships hold between these units:
1 gm./cm. = 9 x 105 den. = 10 tex.

In the consideration of strain-propagation effects in Chap. IV,
there arises the situation whero the strain is not the same at
every point in a yarn, at every instant.
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long. Then the extension is

G = 11.5 - 10 - 1.5 0.15,
10 10

which would, most frequently, be expressed as 15%.

When I in Eq. (2.2) is smaller than ko, e is negative, and
the strain is compression. Still another type of strain is the
shear associated with shearing stress, mentioned above.

Stress-strain relationships.- That a solid body may be dis-
torted by the application of external forces has undoubtedly been
known in qualitative fashion since antiquity. It is widely recog-
nized, furthermore, that if the applied forces are not too great
the body will return to its original configuration when these forces
are removed. The property by virtue of which a body recovers its
original size and shape is called elasticity, and the upper limit
of the range of stress in which the body exhibits perfect elasti-
city is termed the elastic limit.

The general relationship between the stresses and strains that
develop in a body when it is loaded is shown graphically in Fig.2.2.
With most elastic materials, when successively higher and higher
tensile forces are applied to a body the extensions which first
occur are proportional to the forces (or stresses). This observa-
tion was first made by Robert Hooke. His statement of this rela-
tionship in 1678 is known as Hooke's law. In Fig. 2.2 the pro-
portionality between stress and extension is represented by the
straight segment OA' of the cure. The stress OA above which the
curve departs from its straight-line character is called the
proportional limit.

Laws similar to Hooke's have been found to hold for the other
types of strain, as well as for extension. Hence, the generalized
Hooke's law states that the stress associated with any strain in
a body is proportional to the strain. Expressed mathematically,
this statement is: stress equals a proportionality constant times
the strain. For the tensile case, with which we will concern
ourselves solely:

G= E *, (2.3)

where E represents the proportionality constant, called Young's



-17-

E -E

(n1

C D
13Q B,

A /
uj /1/
Fn

//
/ I

/ I
/

/I

o / r

0 D G F
EXTENSION
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modulus or the stretch modulus. Since 6 is the dimensionless quantity
being simply a rati? of two lengths, E is expressed in the same
units as 0' (gm./cm. , for example).

Some materials, notably rubber-like polymers, show elastic
iecovery from extensions above the point A' in Fig. 2.2. Hence,
in general the elastic limit OB will be above the proportional
limit OA. In many materials (though not all polymers) there is a
stress slightly greater than the elastic limit at which a very
small increase in stress results in a large increase in extension.
The stress OC at which this occurs is called the yield stress or
yield point. In metals the i.rcrease in extension at thir point may
even be accompanied by a drop in stress.

In not all textile materials is the Hookean region OA' as
prominent, nor are the points A', B' and C' on the stress-extension
curve as distinct as they appear in Fig. 2.2. For many fiber types
the curve departs from linearity very early in the test, so that
it is difficult to identify a proportional limit. Some materials,
such as certain nylons and silk, exhibit no yield point before
rupture. In metal technology the points B' and C' are considered
to coincide, while for steel, in particular, all three points A',
B' and C' coincide. Not shown on the curve in Fig. 2.2 is a seg-
ment frequently found in actual chart tracings for textile fibers.
Such a segment would practically coincide with the negative exten-
sion axis. This phase of the extension of the specimen corresponds
to the "unbending" associated with removal of crimp in the specimen.
Its behavior in this region is a function of the :.onfiguration im-
posed on the specimen, and noC of the intrinsic character of the
material.

In textile technology, where tenacity (rather than stress) is
taken as the property responsible for resistance to deformation,
the proportionality constant corresponding to Young's modulus has
been called elastic modulus, elastic stiffness [78, 9, p. 17]
and more recently, textile modulus 12]. As Young's modulus is ex-
pressed in the same units as stress, so the textile modulus is ex-
pressed in the same units as tenacity (gm./den. or gm./tex, for
exampie).*

* For a fuller discussion of the terminoloqy used in the regular

enginaering and the textile systems. for various mechanical
properties, the reader is referred to Appendix C of Smith's
Marburg Lecture [78].
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The tensile measurements from which the stress-extension
curves are obtained are usually made under quasi-static conditions,
i.e., with application of the force at such a slow rate that it
acts like a dead load. Under tnese conditions the proportional
limit of a Hookean material will be found to have a specific value.

3. Behavior Above the Elastic Limit

Plasticity. - Many materials, as for instance, steel, exhibit
perfect elasticity at the levels of load (below the elastic limit)
at which they are normally used. If loaded beyond the elastic
limit of its constituent materials, however, a body will develop
a permanent set; i.e., a deformation from which it cannot recover.
The mechanism of internal rearrangement by which this occurs is
termed plastic flow. In general, a body deformed plastically will
recover some of its original size and shape. Thus, if a rod is
loaded to some point D' in Fig. 2.2, above the elastic limit, and
is then immediately unloaded, the stress-extension relationship
would have the general character of the dashed line D'D. The
unloaded bar would be permanently extended by the amount OD. The
degree of recovery varies for different materials; in most metals
and textile fibers the slope of the recovery curve is more or less
like that of the line D'D, while in lpad or putty the recovery curve
is practically vertical.

Another important feature of the behavior of solids in the
region of plasticity, besides permanent set, is that, in practi-
cally all materials, under continuous load beyond the yield point,
the deformation is time-dependent. This is to say that if a body
is loaded to the point D', and the stress is maintained at the
corresponding value, the extension will increase indefinitely.
In general, some of the extension will be recoverable, as it is
when the body is unloaded immediately from the point D', but most
of the additional deformation under constant stress will be perman-
ent. This phenomenon of progressive deformation under constant
load is known as creep.

The plasticity of solids, as reflected in the tendency for
creep to occur, bears a similarity to the viscous flow of liquids.
The application of force (gravitation or other forms) is required
for the flow of all real (viscous) liquids. Viscous materials
are distinguished from solids in their elastic region in that in
the former there is no unicile stress corresponding to each level
of strain. Stress arices from deformation, to be sure, but its



-20-

value depends on the rate of deformation, becoming zero when this
rate becomes zero, i.e., when the deforming process ceases. Thus,
in purely viscous flow, there is no force tending to restore the
body to its original size and shape. Any force, however small,
produces an irreversible deformation that continues to increase for
as long as an external force is applied. Plastic flow, in its
general nature, is the same as viscous flow except that, as indicated
in a preceding paragraph, the applied force or the stress must reach
a yield value greater than zero, before any substantial flow starts.

Viscoelasticity. - Among -he phenomena considered in the fore-
going sections are the two extreme situations of a solid behaving
elastically, with no permanent deformation resulting, and of a vis-
cous liquid flowing, with no spontaneous recovery possible. These
different types of behavior are considered, in the ideal cases, to
define distinct forms of matter, or, at Least, to define sequential
stages in the deformation of a given sample. In the real cases of
textile and many other polymeric materials, however, the mechanical
behavior reflects simultaneous elastic and viscous effects. In
most cases, no fixed elastic limit exists; flow occurs along with
elastic deformation, and the total deformation at any instant is
the sum of those due to the two mechanisms. Recovery from the load-
ed condition may involve only the elastic deformation. In other
cases, the elastic recovery may be quite complete, but be retarded
because of internal viscous resistance. When a body of such material
is loaded very rapidly, the over-all strain will lag behind the
applied force, so that, in general, the proportional limit may be
changed, or if a rapid cycle of loading and unloading is imposed on
the specimen, the linear segment of the stress-extension curve may
disappear altogether and be replaced by a loop.* The property of
matter giving rise to these types of behavior is called visco-
elasticity. It is exhibited in varying degrees by all rubbers and
plastics, as well as by textile materials.

T I' the latter case, the stress is no longer a single-valued

function of extension, and while there is at each poiriL of the
curves a rate of change of stress with extension (varying from
point to point), the material cannot, strictly, be considered
to have a modulus. The existence of a modulus implies a constant
rate of such change, the moduius being that rate.
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A better insight intol the nature of viscoelastic behavior may
be obtained from a brief consideration of the molecular mechanism
of deformation. The conventional natural and man-made textile
materials consist of aggregations of long, chain-like molecules.
In general, these are supposed to have, in an unstrained fiber, a

variety of configurations ranging from a form in which the molecule
is curled up on itself to a nearly-straightened form. Few molecules

will be straightened to their full, maximu~a length. The molecules

are thought to be intertwined with each other in varying degrees,
and to have come chemical forces acting between them. In most

textile fibers the chain molecules tend to be lined up along the
fiber axis. The situation is shown schematically in Fig. 2.3.

Fig. 2.3. Configurations of chain molecules
in a typical, unstrained textile
fiber.
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Shown within the dotted lines dre crystalline domains, usually called
crystallites, in which, over limited portions of their lengths, a
number of molecules are locked in an orderly arrangement with respect
to each other.

A tensile force applied to a fiber tends to straighten out
the molecules, and improve their orientation along the fiber axis.
In the first stage of this process, some molecules that are already
nearly straight will become completely so, and will resisi- further
extension with primary valence forces. In this configurational
state the molecular network may be thought to have reached its
elastic limit, for with the removal of the external force the weak
stresses arising from secondary bonds between molecules would sup-
posedly return the network to its original pattern. With the appli-
cation of tensile force beyond this limit, the flow of molecules
past each other - somewhat like the viscous flow of layers of liquid -

sets in. Stresses arise between segments of different molecules;
local kinks and bends are removed, and an increasing number of
molecules are straightened out. The ouset of this flow corresponds
to the yield point of the material. With the removal of the ex-
ternal force, the flow in the direction of this force will cease.
However, in general, the molecular configurations at that instant
will not persist. A new system of secondary-bond stresses (and
perhaps some primary-bond, also) now exists, and will return the
network to a less-extended pattern, though not the original one.
This process corresponds to the partial recovery mentioned in con-
nection with Fig. 2.2. If the external force is not removed, the
flow will be maintained, and more and more molecules will become
oriented. With the improved orientation of the chain molecules
will come increasing resistance to the applied force, so that in
the later stage of the deformation of the network, equal increments
of extension will require increasingly larger force. This situation
in the molecular network supposedly accounts for the rise in the
stress-extension curve of Fig. 2.2, represented by the (sometimes
concave-upward) segment D°E'.•

* A detailed discussion of aspects of viscoelasticity that are

outside the scope of the present work, is given by Alfrey [1].
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Rupture. - When the strain at some point in the network, as
finally oriented, reaches a certain value, the stress arising
from the cohesive force oE the valence bonds attains a maximum.
With the increase of strain beyond this point the cohesive force
declines. Thus the applied force is no longer balanced by stress
at this point, so that more force is availablt= for application at
other points in the same cross section. The same process is re-
peated there, with the result that very quickly the total force
applied to the network ceases to be balanced by stresses in the
network. With greatly reduced resisting stresses acting through
the cross section under consideration, the portion of the network
on the side of the applied force is rapidly accelerated in the
direction of that force. This mechanism is, in brief, the molecular
aspect of the process by which the observBd rupture or breakage
of the specimen occurs.

In a tensile experiment, the breaking point is characterized
by the breaking stress, i.e. the maximum stress that is attained
as rupture occurs, and breaking extension, the corresponding strain.
Breaking stress is frequently called the ultimate tensile strength.
In this specific sense, then, tensile strength has the dimensions
of stress, and is properly expressed in such units as gm./cm. or
lb./in. 2 . In textile terminology, since stress is replaced by
tenacity, the breaking point is characterized by the breaking
tenacity, defined analogously to the breaking stress. Breaking
tenacity, evidently, is expressed in the same units as tenacity and
textile modulus, i.e., gm./den. or gm./tex.

Work or energy of deformation. - A straining force, in acting
on a body through a finite distance, does work on that body. The
amount of this work, or expended energy, in a tensile experiment,
depends upon the foice acting at each instant and the distance
through which the end of the specimen moves during the stretching.
A mathematical discussion of the subject, involving the calculus,
and providing more exact definitions, is given in Chap. lV. Suffice
it to say here that the strain energy (as it is called) at any
extension is proportional to the area under the stress-extension
curve up to that point. Expressed in terms of the coordinates of
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such a stress-extension graph as that of Fig. B*, the area under the
curve is strain energy per unit volume of material in the specimen.

If a body is strained to some point below the elastic limit,
and the load is then removed, the stored strain energy will be
:ecovered. This is to say that the body can do work on its environ-
ment in recovery. However, if the body is loaded beyond the yield
point, so that plastic or viscoelastic flow occurs, energy expended
in producing this flow is lost, being dissipated as heat. Thus, on
removal of the load only a part of che energy expended in the de-
formation will be recovered. The ratio of the recoverable work or
energy to the total expended, i.e., area DD'G/area OC'D'G in
Fig. 2.2, is known as resilience or degree of resilience [78, p. 50].
If the body is strained to rupture no recovery is considered to
occur, even though in some cases the broken ends may partially re-
tract. The energy required to achieve rupture is variously denoted
work to rupture or breaking energy. If E' is taken to be the breaking
point in Fig. 2.2, the area OC'D'E'F will be the breaking energy
per unit volume of material.

When breaking tenacity is used, instead of breaking stress,
to characterize the force agency associated with rupture, the
energy involved in the process is thereby referred to some unit of
mass (rather than unit volume) of the materials in the specimen.
This work or energy parameter is called breaking toughness
[2, 78, p. 49]. If the breaking tenacity is expressed in qm./den.
the breaking toughness, as given by the area under the tenacity-
extension curve, will be gm.-cm./den.-cm., or gm./den. Analogously,
the breaking toughness may be given in gm.-cm./tex-cm. or gmi./tex.**
A quantity derived from physics and engineering usage, equivalent
it, fundamental dimensions to breaking toughness, is breaking energy
density. This parameter, employed by Smith, Schiefer and colleagues,
is discussed in Chap. IV.

In performing this computation it should be borne in mind that
percentage extensions are to be expressed as fractions.

** The reader is cautioned that when computed from data in these
textile units, the breaking toughness is proportional, but not
equal to the energy per unit of mass in the C.G.S. system, i.e.
energy/,m.



Chapter III

METHODS AND APPARATUS FOR IMPACT TESTING

1. introduction

The methods of impact testing of textiles are L .. ewhat
influenced by the end-use to which the particular structure is to-
be put, While the behavior of a material under certain conditions
may be inferred to some extent, from properties determined under
different conditions, it is preferable, in the intercsts of the
reliability with which the results can be applied, that the con -
ditions under which measurements are made, duplicate as nearly as
possible those that will be encountered in service. Thus, for
example, the ability of a static-line webbing to withstand the
shock loading to which it might be subjected would be best evalu-
ated in an experiment in which the impact is made longitudinally.
On the other hand, the effectiveness with which a fabric destined
for use in personnel armor, will defeat free-flying missiles is
measured in a test in which the specimen of fabric is impacted
transversely by a projectile, at ballistic velocities.

Impact testing apparatus may be classified according to the
method used tW .i,•leve the rapid loading. Gravity devices, such as
the pendulum and falling weight have been used on textiles for
fifty years, as has been brought out in Chap. I. The pendulum-
type testers depend essentially on a falling weight to apply the
impact load to the test specimen. However, their design and
operation differ enough from oth&r fallýhq-weight typeA that:.it. is...
logical .to::cohsider the two as separate classes. To achieve higher
impact speeds than can be attained conveniently by relying on the
acceleration of gravity, the rotating-disk machines and free-flying,
ballistic missiles have been more recently adapted to the testing
of textiles. Finally, in the last few years, have come pneumatic and
hydraulic devices that have been used for the impact loading of
tcxtiles, among other materials.

2. Falling-Pendulum Impact Tester

Theory. - The mechanical principles of operation of this type
of impact tester are those of the compound pendulum. The pendulum
proper consisto of a bar suspended at one end from a pivot point,
about which it is free to rotate in one plane, and having at the
other end a bob, in which most of the mass of the as7.,mbly is
co'icentrated. The essential features are shown in Fig. 3.1. In
operation, the bar is displaced through some angle,8 0 from its



- 26 -

/,r \

II

Fig. 3.1. Schematic diagram of falling-pendulum, showing
geometric quantities involved in measurements
with the instrument.

freely-hanging, vertical position, usually 90°0 or less, and held

there. on release, the bar and mass swing downward under the
force of gravity. At the lowest point in its path the pendulum
applies the impact load. The alternative experimental arrange-
ments by which this is accomplished will be discussed below.
After breaking the specimen, the pendulum continues its swing and
rises to an angle 0, which is less than 0 0. In practice, 0 0 is
fixed, in a given experiment, while 0 varies from specimen to
specimen. The angle e is indicated on a dial at the axle of the
pendulum, or a circular scale located near the path of the bob;
either dial or scale is centered on the axis of suspension of the
pendulum. From the angular displacement and the parameters of the
apparatus, without auxiliary equipment, the energy absorbed by
(or work done upon) a textile specimen in breaking or tearing it,

can be calculated.

In Fig. 3.1, G is the center of gravity, of the combined wass M

r/

of Lll the moving parts of Lhe pendulum, ' ' is the distance from
the cente-r of suspension (pivot point) to Zhe center of gravity,
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and h is the height of the center of gravity G before release of
the pendulum above the position of G at the instant of impact.

The energy available for extending or rupturing the specimen
is the kinetic energy of the pendulum at the point of 4mpact.
This energy is given by the potential energy Vo of the pendulum in

its raised, stationary position, less the energy lost in friction
in the bearings and in air resistance in the first downward swing
of the arm. While the frictional losses are generally small, and
not readily measurable directly, they may be eliminated from the
calculations by consideration of the potential energy V1 of the

pendulum at the end of a full swing with no specimen in the appara-
tus. This is evidently

V1 = V - H (3.1)

where F1 is the frictional energy lost in the full swing.

Now V is given by the familiar expression Mgh, g being the
0

acceleration of gravity. In turn, h = 9 (1-cos 80), so that
g

V = Mg P (i-coseo), (3.2)
o g

Similarly,

1J = Mg Ug (1 - cos8l), (3.3)

where 91 is the angle of deflection of the bar at the end of its
"dummy" swing. Clearly, then, the energy lost in friction is

H1 % VO - V1 = Mg4 (cos 81 - cos 80). (3.4)

If the experiment is now performed with a specimen in place,
the pendulum at the end of its swing will have a potential energy
V < V.. in practice, V is fixed, in a given experiment, while V
variel from specimen to specimen, because of non-uniformity or
sample differeaces. The loss in energy Vo-V will include the
energy Ad expended in deforming, breaking or tearing the specimen,

as well as a frictional luss H, distinct from H1 . As in the case
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of Eq. (3.4),

Ad + H = V - V = Mg9  (cos 8 - Cos 8 ), (3.5)
dO g 0'

where 8 is the angle of deflection of the bar at the end of its
swing with the specimen in place. We may reasonably assume that
H1 and H are proportional to the distances of travel of the pen.-
dulum arm in the two cases. Hence,

H= + o0  H1  (3.6)

e1 + eo

1 0

0 Mg (Cos 9 - Cos e ). (3.7)
S+ 80 g 1 C

Subtracting Eq. (3.7) from Eq. (3.5), we obtain for the strain or
rupture energy

S6 + +°

A = Mg cos 9- 0 cos - 0 s e.(3.8)
d 19o o ( + )00] (c.8 )

In practice, the mass M is usually adjusted for a particular
sample so that 8 does not differ greatly from 81, thus making the
frictional losses nearly equal in the two cases. When this is
done, the term e + 80 becomes nearly equal to unity, and

/ ~ 81+8
_1 - + 8° becomes negligibly small. Furthermore, the latter

term is the coefficient of a small fraction (e = 90 approx.),
so that the product may be neglected. Thus Eq? (3.8) reduces to
the approximate form,

Ad = M" n (cos 8 - cos 6 1). (3.9)
d J~g1

It is by means of this equation that the work done upon the
sample, in deforming or rupturing it, is calculated.

The masses of the penduLunr should be. so distributed with
respect to its linear dimensions that the point of impact is at
the center or percussion.* When this is so, the pendulum, on im-
pacting the specimen, will tend naturally to continue its rotation
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about its axis of suspension. If the impact occurs at any other
point, the pendulum will tend to rotate about an axis different
from that of the shaft on which it is suspended; the bearings will
experience a jar, and vibrations will be set up in the pendulum
bar and its supports. Thus, some of the kinetic energy at the
instant of impact will be dissipated in the internal friction
associated with these vibrations. This loss being indistinguish-
able from the work done on the specimen, the quantity measured, as
work, tends to be fictitiously high.

The kinetic energy of the falling pendulum at the instant of
impact is equal to the initial potential energy Mgh, less the
frictional loss incurred in the falling of the pendulum through
the angle 90. Since, as has been implied above, the latter loss
is negligibie, we have for the angular kinetic energy on impact.

2 2
1MK (v/ ) = Mgh, (3.10)
2 o p

where K is the radius of gyration of the pendulum, v0 is the

velocity of the center of percussion (impact velocity), and
P

is the radius of percussion. The radius K is given by the
formula

(3.11)

Hence, Eq. (3.10) may be simplified,
2

,/g /p )V 0  = 2gh,

so that the impact velocity

v = (2gh)/ - (3.12)

The radius of percussion, i.e., the distance p (Fig. 3.1)

from the suspension axis to the center of percussion, is given
by the relation

iP= I/M ýg (3. 13)

where I is the moment of inertia of the moving partj of the
pendulum. The moment I may be calculated from the masses and
dimensions of the various parts of the pendulum, according to
standard formulas. If the geometric forms of the parts of the
pendulum are simple, which is frequently the case, such a calcu-
lation is not very difficult. A more convenient method for
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locating the center of percussion depends on the period T of pen-
dulum, i.e., the time required for one full swing from any position
back to that position again. If means are available for measuring
T accurately, this method is perhaps preferable. The radius of
percussion is then given by

~~ 2 ~=gT/47 1 (3.14)

p

Methods of mounting the test specimen. - There are, basically,
two ways in which the impact Load can be applied to the specimen;
either longitudinally, or transversely. By far, most of the
adaptations of the falling-pendulum tester to textiles have employed
the former type of loading. In the method introduced by Lester
[39] and Midgley and Peirce [57, 65] for a breaking test, the speci-
men is attached at one end to the bob of the pendulum, and at the
other end to a fixed, rigid support, with suitable clamps, as shown
in Fig. 3.2. If the specimen is long enough, it may be clamped
direcLly to the bob and the fixed support. Adjustments are made
so that the specimen is taut when the pendulum is at the lowest
point in its swing.

Fig. 3.2. Falling-pendulum impact tester
used by Midgely and Peirce [57].
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For cases where the specimens are too short to be mounted in
this fashion, another method is to make the specimen only a part
of the line from the pendulum to the fixed post. The connecting
element should be flexible enough that it does not imped• the motion
of the pendulum, and should have an extensibility that is negligible
in comparison with that of the specimen, to avoid an unknown amount
of energy being lost in stretching this element. Balls [9), and
later, Lang t37] have described such arrangements for breaking
cotton, wool and other staple fibers.

Lang's description of hia method is as follows: "The sample
was mounted in identically shaped clamps, the leading one being
hooked on the rear of the pendulum and the following clamp being
fixed to a length of brass chain attached at a suitable height
behind the pendulum, to a rigid anchorage on the base of the instru-
ment. As the pendulum fell, the chain followed, until the bottom
of the swing was reached, where, when it became taut, the sample
broke and the chain fell to the base. The leading clamp travelled
with the instrument. The length of the sample and the position of
break were easily adjustable. The speed and efficiency of operation
were considered satisfactory." Views of the device are shown in
Figs. 3.3 and 3.4. While this method was considered successful, in-
accuracies were Inteoduced by. the .tendenby'.ofLthe .chain to flip
upward when the specimen broke. This action would result in a loss
of energy that would be reflected in the reading obtained on the
instrument.

Other methods for breaking staple-fiber bundles by impact
were devised by Lang, but only one of these seems to have been
acceptable. This one is based in principle on the modification
at the Shirley Institute of the pendulum instrument of Midgley and
Peirce, mentioned in Chap. I. According to Lang, in his apparatus,
"the pendulum bob of cylindrical shape, with its long axis perpen-
dicular to the plane of motion and suspended by two rods at its
ends, was slotted through its lower half in the centre, so that
it might swing astride a narrow, adjustable pedestal on the base.
To provide a flat contact surface for the foremost clamp, which
was fitted with a stout crossbar, short lateral slots were made on
either side of the front face of the above-mentioned slot at the
lcvel of the centre of percussion of the system. Two small brass
clips or, preferably, small adhesions of 'Plasticine' on the cross-
bar arms enabled the pendulum to retain the leading gcip, after
breaking the sample." A sketch of the arrangement is shown in
Fig. 3.5.
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Fig. 3.3. Pendulum tester using trailing
chain; specimen about to be
broken [37).

Fig. 3.4. Pendulum tester using trailing
codin; close-up view of specimen
and clamps[7.
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Fig. 3.5. Pendulum tester using stationary
crossbar and-clamp; close-up vieWq,
including bob [37].

In the much larger Shirley instrument the forward clamp is
suspended by means of two rods, from the same shaft as the main
pendulum, thus forming, as has been noted in Chap. I, a second
pendulum [13]. The rear end of the test specimen is attached to
a rigid post on the base of the machine. Corresponding to the
crossbar in Fig. 3.5 are means of engagement with the falling
pendulum at the center of percussion, in its lowermost position.
The forward clamp is carried along by the impact, thus deforming
and (in most tests) separating the specimen.

Some of the kinetic energy of the falling heavy pendulum
goes into setting the forward-clamp assembly in motion (in the
Lang, as well as in the Shirley apparatus). However, Eq. (3.9)
may still be used to detetmine the onergy expended on the specimen,
;f a1 is determined with the forward clamp in its engagement

position. Although the apparatus is described as being used for
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impact tearing tests on fabrics, it is equally capable of tensile
breaking tests on heavy yarns and cords and fabrics.

Another method for mounting yarns and cords for longitudinal
impact tests was devised by Lyons and Prettyman [43). This has
been described by them as follows: "Mounted in supporting brackets
on the right-hand edges of the supporting frame F [see Fig. 3.61
at about the level of the center oý percussion of the pendulum in
its equilibrium position, are the cord clamps E, of the conventional
snubbing type. Opposite the clamps, on the left-hand side of the
instrument, is a light extension member G, to the outer end of which
is affixed, by means of binding posts, the cord K, used for aligning
the test specimen L, in the path of the pendulum." The scheme for
mounting and breaking the test specimen is clearly depicted in
Fig. 3.6 (b).

While this method of mounting places the specimen in the
path of the pendulum, the loading of the specimen is essentially
longitudinal, rather than transverse. It was noted that "in
practically no case has rupture been found to occur in the segment
of the test specimen with which the bob comes into contact. The
breaks generally occur in one or the other of the two straight
sections of the looped specimen." Acceptably reprcducible results
were obtained with this method of mounting, coefficients of varia-
tion in the range 2.6 to 7.7% being found fo. cord toughness values
for rayon and nylon tirecords.

Contrariwise, the mounting of specimens at the bottom of the
pendulum swing, so that the impact loading of the specimen is
initially, and remains, predominantly transverse, 6csinc uon~ii=-
tently to lead to great variability. Morton and Turner [61], in
impact tests on fabrics mounted their specimens in a vertical plane
across the path of the pendulum. They found qualitative, as well.
as quantitative variability in their results, noting that some
specimens gave "values as much as 70% greater than others fi'om
the same piece of cloth." Such results seem largely to account
for these workers' dissatisfaction with the impact test. Lyons
and Prettyman made some initial trials with single-cord specimens
mounted perpendicular to the plane of the pendulum, in the path
of the bob. Independently, they reached the same conclusion as
Morton and Turner, stating that "with this method of mounting,
the observed individual values ',ere found to be too scattered to
be a..ceptable." The deficiency in• transverse mounting evidently
arises from the fact that the resisting force exerted by the
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specimen depends greatly on its varying configuration during the
impact process. This follows from the law for the resolution of
forces. The configuration, and the prevailing tension in the
specimen, in turn, are highly sensitive to the initial tension
under which the specimen is mounted. This initial tension
evidently requires closer control than has been practicable.

MeasuremenL of force and extension in specimen. - From the
foregoing discussion of the theory of the falling pendulum, it is
evident that only the energy of deformation or rupture, atid the
velocity of impact can be measured with this instrument alone.
Of frequent interest, however, is the force-extension curve of a
sample under impact conditions. To obtain information of this
nature, auxiliary apparatus must be employed in conjunction with
the pendulum.

For such supplementary apparatus, Meredith 153] used a canti-
lever spring for measuring tension in the specimen, and a rotating-
drum camera to obtain the tension as a function of time. The yarn
specimen was mounted between a clamp attached to pendulum at its
center of percussion, and another clamp on the vertical cantilever
spring. The geometry of the system was such that the impact load
was applied to the yarn at the bottom of the swing of the pendulum,
thereby deflecting the free end of the spring. A mirror on the
spring provided means for reflecting a beam of light to photographic
paper in the camera.

Of these innovations, Meredith says, "The movement of the
tension-measuring spring was arranged to be very small (0.003 cm.
for tension of 1,000 gm) in order to reduce inertia errors and
to enable a constant rate of extension to be attained. This
movement was magnified (790 x) by an optical-lever system so that
the calibration factor was 425 gm./cm. deflection on the recording
paper . .

"A synchronous motor geared to give 25 r.p.s. turned the
2-inch diameter drum which carried the recording paper. The
record obtained from the instrument was a load-time record from
which the breaking load and time to break could be deduced
directly. If the velocity of the pendulum could be considered
constant during the extension of the specimen, then the record
would also be a load-extension curve.

'This constancy of velocity was achieved by making the
kinetic energy of the pendulum large compared with the energy
required to rupture a specimen and ensuring that the extension
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of yarn took place with the pendulum at the bottom of its swing
so that its kinetic energy was changing very little . .
The constancy of the velocity, of course, was only approximate
since some energy was absorbed during the rupture process, and
the pendulum therefore retarded. Meredith cites as an example,
however, an experiment in which the initial impact velocity was
45 cm./sec., while the calculated average velocity was 44 cm./sec.,
a difference of only 2%.

The breaking elongationmwas• c&lcilated by multiplying the
mean time to rupture, obtained from the photographic record, by
the average velocity of the clamp at the center of percussion.

High-speed photography of the moving pendulum during the
impact process was used by Lyons and Prettyman [43] to derive
force-extension curves of tirecords. They set up a scale at the
level of the bob as it approached, broke and left the specimen
held in its path. A pointer attached to the bob was so positioned
as to traverse the face of the scale. A high-speed camera was
set up to view the scale at such a distance that the scale nearly
filled a frame on the film. By operation of the camera during the
impact process, a photographic record of the position of the pointer
on the bob at fractional-millisecond intervals was obtainable.

These writers go on to describe this technique further:
"By means of a microfilm reader, scale-and-pointer readings were
taken from the film, frame by frame. The readings were then plot-
ted on a frame-vs.-distance graph. Both film records gave, for the
initlal stage, a linear relationship between time (as measured
by number of frames) and distance, indicating that the pendulum
had not yet reached the cord. This section of the graph was
followed by one of downward curvature, representing the decelera-
tion of the pendulum as it broke the cord. The final section of
the graph was again linear, as the pendulum bob moved away from
the broken cord.

"An enlarged plot of the curved section of each graph was
next made, and on this, slopes at every 2.5 frames were read.
The results of these readings were, in turn, plotted on a frame-
vs.-velocity (in./frame) graph, and a smooth curve of best fit
was drawn through the plotted points. Finally, slopes were read
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on this graph, giving a relationship between deceleration and
frames. The deceleration, at this stage, was conveniently expressed
in 0.0005 in./frame . Instead of plotting the deceleration data
against frame numbers, however, recourse was taken to the initial
plots relating distance with frame number. Thus, it was possible
to plot deceleration as a function of distance of pendulum travel
(or cord elongation).

"Using the known speeds of the films, the [units in which 2
decelerations were expressed] were readily converted to cm./sec.
and these, in turn, converted to angular measure by dividing by
the radius of oscillation (93.1 cm.) of the pointer on the pendulum
bob. The torque of the breaking cord, exerted on the pendulum so
as to decelerate it, is given by the relation

T = I , (3.15)

where I is the moment of inertia of the pendulum (11.1 x 10 gnr-cm.
p

and OC is the angular acceleration (or deceleration). The decelera-
ting force, or force with which the cord is progressively loaded
during the rupture process, is given by

F = T/d, (3.16)

where d is the distance of the impact point on the bob from the
axis of suspension (78.5 cm.). By means of these considerations,
it is possible to interpret the deceleration as loading force,
remembering that this force is divided between the two hsalves of
the test cord on either side of the pendulum bob."

Ballou and Roetling [8] have described another method, which
they followed, to obtain the stress-strain curves of textile
specimens under impact conditions, using a falling pendulum.
A schematic diagram of their apparatus appears in Fig. 3.7. They
state: "The specimen to be tested is mounted with one end attached
to a transducer and the opposite end attached to a clamp (referred
to as the head clamp) which rests upon a support (support not
illustrated) but is otherwise free to move. This clamp is picked
up by a falling peidulum and moves with the velocity of the pendu-
lum to strain the yarn. The stress-strair curve is obtained by
connecting the amplified output sign•] of the transducer to the
vertical deflection plates of an oscilloscope while at the same
time applying a signal proportional to strain to the horizontal
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Fig. 3.7. Schematic diagram of pendulum apparatus
using a stress transducer, with
auxiliary electronic instruments [8].

plates. Thus the stress-strain curve is displayed on the face of
the oscilloscope and is recorded by means of a 35-mm. camera."
A similar method was used by Parker and Kemicr25] for impact studies
on tirecords. The latter employed a ring potentiometer connected
to the horizontal-sweep plates of an oscilloscope for strain
measurement [711.

Theoretically, of course, there is no upper limit to the
impact velocity attainable with a falling-pendulum tester. Higher
and higher impact velocities evidently can be attained by increasing
the radius of percussion, as well as by raising, toward 1800, the
angle through which the pendulum is made to fall before impact. In
practice, however, considerations of convenience of operation and
economy of floor space have limited the size of the machines, and
hence the available maximum impact velocity. Typical of the order
of impact velocities attainable in actual pendulum devices are the
3.8 m./sec. of Lyons and Prettyman, and 2.1 m./se,. of Ballou and
Roetling. Thte latter obtained a high rate of exte.,sion, 10 5%/min.,
by using a short (5 in.) gage length. Impact velocities in a
higher range are attainable with falling-weight types of testers,
which are more compact thar would be falling pendulums giving
comparable velocities.
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3. Falling-Weight Apparatus

Theory. - Falling-weight impact testers are similar to
pendulum testers in that the velocity or energy with which the
load ib applied to a specimen depends on the height from which a
weight is allowod to fall before engaging the specimen. While in
the pendulum tester the weight is constrained to follow a circular
path, so that its velocity is horizontal at the instant of impact,
in a falling-weight apparatus a mas is allowed to fall freely, and
follows a vertical nath

In falling-weight devices, the velocity of impact is that of
the center of gravity of the weight. This velocity is given by
the equation:

v = 2gh, (3.16a)g

where h is the distance through which the center of gravity falls.
Correspondingly, the kinetic energy of impact is given by the
expression Mgh, where M, in this case, is the mass of the falling
weight. This expression for the impact energy is based on the
reasonable assumption that no energy is dissipated in friction
during the descent of the weight, before engaging the specimen.

Leaderman [38] has described two methods in which the falling-
weight tester may be used. In the first of these, which he calls
the "variable-velocity-of-deformation" type, the weight is allowed
to drop from a height h above the impact bar or weight pan. The
"energy required to break the specimen is obtained by measuring
the kinetic energy remaining in the weight after the instant of
rupture," the rupture energy being the difference between this
residual energy and Mgh. in the other, "zero-velocity-of-defor-
mation" method, the height h "to which the weight must be raised
in order just to break' the sample is determined, presumably on
a succession of specimens, assumed to be identical. Each specimen
would be tested at a different value of h. In this method, the
rupture energy is the impact energy, and is given by Mgh, where
h now has the limiting value determined by this procedure. Since,
vheorctically, the weight has no residual kinetic energy at the
instant of rupture, its velocity, and therefore, the velocity
of deformation of the specimen at that instant, is zero. This
method was used by a firm that tested a variety of ropes for
duPont [24].
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Leaderman has commented that this zero-velocity method favors
samples having a low extension to rupture, Since these are under
load a shorter time than a more extensible sample would be. A
disadvantage of changing the impact energy by altering the height
from which the weight is dropped, is that the impact velocity is
changed at the same time. Thus, different rupture energies found
by this method, for a number of samples, would not be strictly
comparable, since the impact velocities would differ. This short-
coming can be avoided, for the impact energy Mgh can be altered
by changing the mass M of the falling weight, and keeping the height
cf drop h, and therefore the impact velocity vg constant. A method

similar to this was followed by Schiefer, Appel, Krasny and Richey
[74] in impact tests on yarns made from a variety of fibers. They
tested five specimens of a yarn sample with such a weight and
height of drop that the impact energy was insufficient to break'
any of the specimens. Five specimens were then tested at each of
a number of higher energies, obtained by adding plates, in equal
increments, to the falling weight. The height of drop was held
constant, so as to give an impact velocity of about 6000 in./min.
The percentage of specimens that failed at each energy level was
plotted as a function of impact energy. It was found that a
straight line could be fitted to the plotted points. The average
rupture energy was then taken as the point on the graph corres-
ponding to failure of 50% of the specimens in a group.

While tht, rupture energy was of secondary interest to them,
Newman and Wheeler [631 followed this procedure of varying the
weight by the addition of plates, keeping the height of drop
constant, in order to obtain relationships between impact energy
and stretch in nylon and Sisal ropes.

General types. - Representative designs of falling-weight
apparatus are shown schematically in Fig. 3.8. In Fig. 3.8(a)
appears the arrangement described by Leaderman [381 for measure-
ments on heavy yarns and cords. Either of two falling weights,
W, having masses of 500 and 25 lb., was used, depending on the
impact energies desired. These had a square C shape in horizontal
cross section. The specimen S was hung from a rigid support R,
and attached at its lower end to an impact bar B, seen end-on
in Fig. 3.8 (a). The opening in either weight was of sufficient
size tbht when the latter was dropped, it would clear the support
R and the clamps holding the specimen. The bar B, however, was
made sufficiently long that iz was engaged by the falling weight,
thus applying an impact load to the specimen.
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The method depicted in Fig. 3.8(b) 'is in p~inciile, ,that
used by Newman and colleagues [63, 87], by Schiefer and colleagues,
and in the work done for the duPont Company, cited above. The
specimen S is supported, from overhead, by a massive, rigid frame-
work. The impacting weight W has an axidl, vertical hole of suf-
ficient diameter to clear links and clamps when the weight is
allowed to fall down about the specimen. Suspended from the lower
end of the specimen, to which it is firmly attached, is a weight
pan WP, or other means of intercepting the falling -:eight. A
slight modification of this arrangement, in which the travel of
the weight is entirely below the specimen, as. shown in Fig. 3.8(c),
was used by Baker and Swallow [7].

The measurement of the kinetic energy remaining in the
falling weight after rupture of a specimen, outlined by Leaderman,
as mentioned above, is not as simple as the corresponding measure-
ment in the falling-pendulum type of tester. A disadvantage of
the falling-weight type is that the residual energy is not con-
served at the end of an impact breaking test. The residual
energy is dissipated in stopping the falling weight; this has,
in some cases, involved the use of special shock-absorbing plat-
forms (as on the M.I.T. impact tester, for instance). The rupture
energy, where it has been obtained, has usually been calculated
as a by-product from measurements of force and elongation as
functions of time, with auxiliary electronic equipment.

Measurement of force and extension in specimen. - Most of
the falling-weight devices that have been used on textiles have
been provided with means for these measurements. In the apparatus
described by Leaderman (Fiy. 3.8(a), a resistince-wire-strain
gage was attached (in parallel) to the "weight" bar G from which
the specimen S was supported. Thus, by virtue of a prior cali-
brztion, the forces in the specimen could be related to the
resistance of the strain gage. Changes in this resistance, in
turn, were converted into voltage changes, and these, suitably
amplified, could be registered on an oscilloscope, or recorded
on photographic film. Thus, an instantaneous record of the
force-time relationship La the specimen, during impact, could be
obtained. By conducting the tests under suitable conditions
(specimen si-e, height of drop, etc.), the rate of stretch could
be made substantially constant. This represents a linear rela-
tionship between stretch, or change in length L_. and time
t: = t, where vg is tte impact velocity. Thus this method

gives not only a force-time curve, but a force-elongation curve
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for the specimen during the impact process.

Newman and Wheeler [63] devised a method for measuring the
stretch in ropes under impact, but had no means for obtaining
forces in the specimens during the test. These workers placed
a column of clay, C in Fig. 3.8(b),,on thebfldor-.beineath the
weiqht pan WP. They describe their measurement: "The distance
from the bottom of the weight pan to the floor was measured before
test, and the height of the clay column was measured after the
impact load had been applied. The difference between the two
measurements is the stretch of the specimen under the impact
load . . .. Where all of the strands of a specimen parted, it
was impossible to determine stretch under load."

In a later modification of this equipment [87], four wire,
strain gages were cemented to the surface of the shank if the
eye-bolt from which the specimen hung. Each of these gages formed
one of the arms of an electrical (Wheatstone) bridge, so arranged
that the output was proportional to tensile force exerted on the
eyebolt by the specimen as a result of the impact. Suitably
amplified and fed into an oscillograph, this output provided a
photographic record of the impact force on the specimen as a func-
tion of time: the force-time curve, such as was obtained by
Leaderman. The clay-column technique was used to measure the
maximum stretch of the specimen, but this, obviously, is inadequate
for deriving the force-elongation curve. For this, the instant-
aneous elongation as a function of time is needed. This relation-
ship was calculated from the differential equation of motion of
the dropped weight and weight-pan after impact:

2d S = mg - F (3.17)

dt2 M + m M + m

where s is vertical distance (elongation), t is time, M is the
mass of W, m is the mass of the weight pan, and F is the force
in the specimen resulting from impact, as given by the photo-
graphic record. Since F was thus known as a function of time
F (t), Eq. (3.17) could be integrated numerically to yield the
elongation as a function of time s(t). By plotting the measured
forces against the calculated elongations at corresponding times,
the force-elongation curve was obtained.

in the work done for duPont [24] on ropes of various types,
the specimens were similarly suspended from a stress-measuring
load ceil, the output of which was registered on a multi-channel
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oscillograph. The motion of the falling weight, from the instant of
release to the completion of the impact process, drove the slider of
a potentiometer, through a system of pulleys and cable attached to
t..•e weight. The output of the potentiometer, in turn, was fed into
another channel of the oscillog.7aph, so that the position of the
falling weight, and hence, the elongation of the specimen at every
instant during the impact process was indicated. From the tracings
of force and elongation as functions of time it was possible to cal-
culate the energy absorbed by tne specimen, presumably by measuring
the area under the force-elongation curve. Data for heights of drop
Jus sufficient to rupture a sample were used in the calculations,
so that the results reported were breaking energies.

In the Baker and Swallow apparatus [7] the yarn specimen S
was similarly suspended from a force-measuring gage, G in Fig. 3.8(C),.
This was a U-gage having on its open ends plates which formed an
electrical condenser. The downward deflection of the lower arm when
a force was applicd, altered the capacitance of the condenser.
This alteration, through electronic circuitry, was registered as an
oscilloscope tracing, which was photographed with a drum camera,
rotating at constant, known speed. The gage system having been
calibrated by incremental static loading, it was thus possible to
obtain a force-time curve when the specimen was impact loaded, by
allowing the weight W to fall on to the pan WP. For the measurement
of elongation a small spotlight and battery were affixed to the
rod-and-pan assembly just below the specimen. Motion of the point
of light when the system was impact-loaded was photographed with a
drum camera, thus providing an elongation-time record. As in the
procedures described above, this and the force-time record, along
with the length and linear density of the specimen, gave the data
for plotting the tenacity-extension curve.

When the weight W was dropped from small heights insufficient
to break the specimens, Baker and Swallow observed damped oscilla-
tions in the force-time and elongation-time tracings, presumably
about the static equilibrium position of the loaded rod-and-pan
system. In order to obtain the data for the tenacity-extension
curves, the weight was dropped from a sufficient height to break
the specimens on impact.

In later modifications of the M.I.T. falling-weight tester,.
origanally described by Leaderman (38] and Schwarz[77] a piezo-
electric crystal transducer, having the advantages of high elec-
trical output and high frequency response, was used, to obtain
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higher sensitivity for the measurement of force in impact tests on
yarns [47, 48]. The signal generated by a device of this type is a
voltage proportional to the applied force. Suitably amplified, this
voltage was displayed on an oscilloscope screen and photographed,
to give a force-time record. For force measurements on heavier
structures, such as webbings, a system of four resistance-wire strain
gages was used, substantially in the manner of Stang, Greenspan and
Newman [87], described above.

Elongation of the specimen was measured by means of a magnetic-
tape extensometer. Prerecorded on the tape was a sinusoidal signal
of known constant frequency. The tape was inserted in guides in the
extensometer so as to pass over the open end of a U-shaped electro-
magnetic coil. One end of the tape was firmly attached to the impact
bar, which was supported by the specimen. Thus, on impact, the tape
was pulled through the extensometer at the same rate at which the
impact bar, and (assuming proper clamping) the lower end of the
specimen, moved downward. By virtue of the periodic signal on the
magnetic tape, its movement over the coil generated an alternating
voltage, the frequency of which was proportional to the speed of the
tape. This voltage was amplified, fed into an oscilloscope and
photographically recorded. With the known pre-recorded wave lengths
on the tape and the time of oscilloscope sweep, the resulting record
permitted the calculation of the velocity of the end of the specimen,
in selected intervals of time during the impact process. The dis-
placement of the end of the specimen, and hence the elongation during
the impact process, could be obtained from a count of the number of
waves on the record, since the length on the tape, of each wave,
was uniform and known. A typical record is shown in Fig. 3.9.

Backer et al. (6, 35] have given another method in which the
magnetic-tape transducer has been adapted to elongation measure-
ments. Their description is as follows: "Two or more tapes can
be used at one time to describe the displacement history of any
designated pair of gage marks, and the differences between these
two displacements at any time furnish data on the local strain of
that portion of the specimen. Two-point impact strain readings have
been found entirely feasible on many textile structures of sheet
form Ipact strain measurements on yarn specimens have been taken
with a single tape attached to the moving flat jaw in cases where
jaw breaks did not occur. This latter tape also provides a check
on test velocities. The use of two-point strain reading for impact
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tests on twisted structures (such as ropes) has been found possible,
but the torsional rotation of the rope during the test has interfer-
ed significantly with the reliability and reproducibility of the
results. I ý Q

"The sLrain readings obtained with the magnetic tape system
eliminate the effects of the strain inhomogeneity in the region of
the jaws. However, the stress concentrations of such regions may
still seriously affect the maximum load readings obtainable for a
given textile specimen. Also, to avoid penetration of the strain
inhomogeneity into the center of the specimen, iL is often necessary
to use a specimen of length six to ten times its width." The use
of tape in impact testing is limited to velocities below 100 ft./sec.

In reporting on some phases of this later work on the M.I.T.
tester, Cheatham [25] noted that because of the elastic aspect of
the impact, and the conservation of momentum, the impact bar and
lower -lamp tended to bounce away from the falling weight. Advan-
tage was taken of th*s effect, to increase the effective initial
velocity. Since the magnetic tape gave a record of the motion of
the impact bar, and not of the falling weight, it was possible to
measure this initial velocity. It is reported that velocities
approaching 40 ft./sec. were obtained on yarns, using the 25-lb.
falling weight, where the velocity of the latter at impact was
about 25 ft./sec. [48 (Final Report)].

Another phase of the remodeling of this tester that received
important consideration was the installation of safety features
in the suspension for the 500-lb. falling weight. Originally the
weight was raised by cables and held in its drop position by
energized electromagnets. In the modified design, the weight is
held by horizontal, solenoid-actuated pins in a movable frame or
jacket. Support of the weight is thus of positive nature. The
jacket is permanently attached to cables, by which it can be raised
to any level up to the full height of the machine. Thus, it is
possible to vary the height of drop, and accordingly, the impact
velocity, an added feature of the new design.

As noted by Stone, Schiefer and Fox [88], the dimensions of
laboratory rooms have limited the maximum velocity attainable with
pendulums and falling weights to about 20,000 in./min. .(28 ft./sec.),
corresponding to a height of drop of about 12 ft. The "bounce"
effect may raise this velocity slightly, under certain favorable
conditions, as mentioned above. To reach appreciably higher impact
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velocities, recourse has been taken to power-driven devices,
such as are described in the following sections.

4. Rotating-Disk Methods

Background. - The rotating disk has been employed in the
impact testing of textiles to achieve velocities higher than
those attainable with practicable methods depending on the accel-
eration of gravity. This device represents the adaptation of the
principle of a machine described by Mann [451 twenty-five years
ago, for impacting metal specimens. Mann's machine had two
parallel, motor-driven disks carrying horns or lugs, which could
be released to engage a clamp holding the specimen, when the
desired speed had been aLtained. In the testers of this type that
have been built for the testing of textiles in tension, the angu-
lar momentum of the disk or drum is so great at impact that the
loss of velocity or energy, on accelerating, deforming and breaking
a specimen, is undetectible. In consequence, with these devices,
unlike the adaptations of the pen, .ulum and, in some cases, the
falling weight, no quantitative information about the impact
behavior of a sample can be obtained without making observations
directly on tne specimen.

Method of Mereditb. - The apparatus used by Meredith [54],
to obtain constant rates of extension from 20 to 1000%/sec., in
13-cm. specimens of yarns, is shown in Fig. 3.10. This author
describes his equipment as follows: "A cast steel cantilever
(L) is mounted on a rigid pillar (P) which is further strengthen-
ed by a steel strut between this pillar and the gear box behind
the rotating disk (D) which is driven at different speeds by a
synchronous motor (T). The cantilever carries a grip at its free
end, and its width is tapered to reduce inertia. The yarn (Y)
is held between a brass washer and a vulcanized fiber washer (V)
to minimize grip breaks. A small Duralumin plate (N) carried
three needle points, arranged in the form of an isosceles tri-
angle, with one needle point bearing on the polished surface of
the cantilever, and the other needle points resting in a conical
hole and V-groove made in the ends of two hardened steel ad-
justing screws (see inset). The plate carries a concave galvano-
meter mirror (M) and is held in place by a rubber band. The mass
of the moving parts is kept to a minimum to reduce inertia: it
is estimated that the maximum inertia error due to the galvano-
meter mirror and its support would be about 0.2% for a 500-gm.
brectkitr.! i.oad ind the maximum inertia error due to the mass of



500

'.4

4 J

4-)

'U

4-)
0T

LL 4.0

Ital rZ



- 51 -

the cantilever spring and grip would be about 0.4%.

"The optical system comprises a source of light, lens, slit,
galvanometer mirror, and drum camera. Light from an 18-watt
lamp (A) is focused by a lens (B) on to the concave galvanometer
mirror (M), which focuses an image of the horizontal source slit
(E) on to fast photographic paper (Kodak RP30) in the drum camera
(C). Louvers (H) prevent extraneous light falling on the sensitive
paper during the brief exposure time required to complete a test.
A light-tight screen was fitted over the apparatus when the
general level of room illumination was high.

"The rotating disk carries two lugs (F) that strike the
light-weight yarn grip (G), and carry it away at the circumfer-
ential speed of the disc, when the grip-holder is pulled down
into the path of these lugs by a solenoid (S). At the lower speeds
of rotation, the grip-holder may be held down permanently, but
at higher speeds it is necessary to allow the disk to reach a
constant speed of rotation before lowering the grip holder. Also,
at the highest speeds, closing the solenoid switch by hand would
not guarantee that the grip-holder had moved fully into position
before the lugs reached it. Accordingly, a thyratron is incor-
porated in the circuit, controlled by a switch on the rotating
disk in such a way that the solenoid is energized just after the
lugs reach top dead centre. This allows the duration of almost
a complete revolution of the disk for the armature above the
solenoid to close.

"As described above, a beam of light moves in a vertical
plane to record tension in the specimen; the drum of the camera
is rotated by a cord passing round the rotating disk to record
extension at a magnification of just less than unity, so that
a load-extension curve is recorded. The camera is tilted so that
the relation between the displacement of the light beam on the
recording paper and the displacement of the cantilever is linear
over the 6-cm. length of drum used in these tests.

"The magnification produced by the optical lever is about
1140x, so that the grip on the end of the cantilever moves less
than 0.15 mm.* for a full scale deflection of 6 cm., that is,

* This value should evidently be 0.06 mm., to agree with the
magnification and other values given in this sentence.



- 52 -

less than 0.05% of a 13-cm. test length. Accordingly, by tra-
versing the other grip at: a constant speed, a constant rate of
[elongation, and hence] extension is obtained." The rate of
elongation, i.e., the impact velocity, is given by the expression

v = 2irrR, (3.18)

where r is the radius of the path of the impact point on the disk,
and R is the rotary velocity in revolutions per unit time.

The photographic record that Meredith obtained was a force-
time curve, for, by static calibration of the cantilever, the
deflection of the light beam could be readily expressed as force.
Since the rate of extension was constant in any one experiment,
an extension scale could be fitted to the time axis. From the
known linear density of the specimens, it was thus possible to
plot tenacity-extension curves at various rates of extension,
which was the form in which Meredith expressed his results.

While, in principle, rotating-disk devices are capable of
overreaching gravity instruments in the impact velocities they
can provide, the highest velocity used by Meredith in his reported
work was only about 140 cm./sec. (4.6 ft./sec.). This velocity
could be easily obtained with a pendulum or falling weight, since
it would require a height of drop of only 4 in.

Method of Stone, Schiefer and Fox. - Set up at the National
Bureau of Standards is rotating-disk equipment with which can
be obtained longitudinal impact velocities far exceeding any
that could be obtained with a practical gravity device [88].
The central features of this apparatus are shuwn schematically
in Fig. 3.11. The specimen (yarn, cord or heavy monofil) is
attached at its ends to cylindrical nieces of metal, as shown
in Fig. 3.12. One of these, called the "head mass," has a cross-
bar on it. This assembly is mounted in a trai:sparent tube, and
placed in a horizontal position so that the head mass lies just
above the top of a massive disk, which is in the same vertical
plane as the specimen. The disk is rotatable and carries on its
flat surface two hammers extending beycnd the periphery of the
disk. At the oui-set of a test the crossbar on the head is in a
vertical position; so that the hammers of the rotating disk pass
on either side of it, as indicated in Fig. 3.11, and the upper
view of Fig. 3.13.
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Fig. 3.11. Simplified representation of detail of
rotating-disk apparatus designed by
Stone, Schiefer and Fox [88].

When a test is to be madL, the disk is set in rotation
by a variable-speed motor. When the3 desired velocity has been
reached, the transparent-tube-and-specimen assembly are very
rapidly turned through 900, axially, by electromedhanical means,
through an intricate triggering circuit. The crossbar of the
head mass is thus brought into position to intercept the hammers
of the rotating disk, as shown in the lower view of Fig. 3.13.
The head is struck on Lhe 5ubsequenL passage of the hammers,
and is thereby driven forward. The resultant motions of the head
and tail, the mass at the other end of the specimen, are photo-
graphically recorded by a high-speed camera.

A photograph of the assembled equipment is shown in
Fig. 3.14. In the foreground is the high-speed camera, which is
connected to the triggering circuit so that when the film attains
the proper speed, an electric switch is closed, thereby rotating
the head mass into impact position. Images of the head and taf.l
masses and a centimeter scale, before and after impact, are
focussed on the film through a system of mirrors, as indicated in
Fig. 3.14. The images appear one above the other in each frame,
as shown in Fig. 3o15o
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TAILI t

HEAD

Fig. 3.15. View of field on photographic
film, showing head and tail
masses before impact [88].

The sequence of pictures obtained in a typical experiment
is shown in Fig. 3.16. These were taken at 2630 frames/sec.
Impact occurred between the second and third frame; the events
recorded in the subsequent 17 frames shown, evidently occurred
in about 6.5 millisecs. The elastic impact of the metal hammers
on the metal head causes the latter to bounce away from the
hammers. This can be seen in the lower halves of frames 6 and
7 (where the hammers can be seen coming into the field of view),
and in the following three or four frames.

From the positions of chosen points on the head and tail
with reference to the scale, as shown by these film records, the
distance travelled by these masses could be plotted as a function
of frame number, and hence, of time. Typical such curves ob-
tained by Stone, et al• are shown in Fig. 3.17. Writing of their
interpretation of this particular graph, and the velocity-time
curves which can be derived therefrom, these authors say:

"The distance-time curve of tVe head [A of Fig. 3.17] is
slightly concave downwali, indicating that the head is slowing
down. The slope of this curve at any point (time) is equal to
the velocity of the head at that time. The velocity-time curve
of the head is plotted in[Fig. 3.18]. Immediately after impact
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Fig. 3.16. Film strip showing motion of head and tail
masses following impact, which occurred
between frames 2 and 3, with maximum tension
between frames 10 and 11 [88].



- 59-

0

I0

-- IMPACT •

20

30 I

I- IW --

•-73 -- 0

go-

90-

TIME- MILLISECONDS
100 1 1 1 l I T, I I I I .

1 3 5 7 9 II 13 15 17 19 21
FRAME NUMBER

Fig. 3.17. Graphs of positions of head and tail
on successive frames following impact
of a nylon yarn [88].
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the velocity of the head is about 45 m./sec. At 4 millisec. after
impact, it is reduced to 30 m./sec.

"The distance-time curve of the tail [B of Fig. 3.17], is
concave upward, indicating that its velocity increases with time.
At 3 mil iisec. the slope of the distance-time curve for the tail
is equal to that for the head, indicating that the velocities of
the head and tail are equal. The velocity-time curve of the tail is
also plotted in [Fig. 3.18]. The velocity of the tail is zero before
impact, then increases slowly immediately after impact. It increases
most rapidly at 3 millisec. after impact when it attains the head
velocity of 35 m./sec. It then increases less rapidly, becominy
essentially a constant, 54 m./sec, at 5 millisec." When the head
and tail velocities are equal, at 3 millisec., the elongation and
tension in the specimen are at their maxima. At later times the
tail starts to overtake the head, so that the specimen tends toward
becoming slack.

As in the case of the velocity-time curves similarly derived
from film records by Lyons and Prettyman, discussed in Sec. 2
above, the slopes of these curves at any instant give the accelera-
tions of the bodies to which they apply. Stone et al. computed, in
this manner, the acceleration of the tail, in particular. The
resulting curve is shown in Fig. 3.19. The force acting on the tail
at every instant, to give it the indicated acceleration, is given,
according to Newton's second law, by the relation:

F =nm at , (3.19)

where nm is the mass of the tail, and at is its acceleration. This
is the force, then, with which the rear end of the specimen acts
on the tail, except for the negligibly small additional force re-
quired to overcome air resistance. By multiplying the accelerations
by the constant rm, one can thus devise a scale so that the accelera-
tion curve also represents the force or stress at the tail end of
the specimen, as a function of time. Such a scale has been applied
to the right-hand ordinate in Fig. 3.19.

The vertical distances between the curves A and B, in Fig. 3.17,
are Pvidently the lengths of the specimen at various times after
impact, and the differences between these distances, and that at
impact represent the instantaneous elongations. These are given
gjraphically by the distances between the curves A' and B, wh-,r'
is curve' A transposed dow.-ward so that A' dnd B coincide for the
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period up to the instant of impact. From these data, expressing
the changes in length as percentages of the original length of the
specimen, Stone et al. have been able to plot curves of average, or
over-all extension as a function of time, such as that shown in
Fig. 3.20.* From the force-time and extension-time curves, force-
ex:tension relationships can be developed, as has been done essential-
ly by a number of the other workers mentioned above. The fuller
analysis of the results that have bccn obtained on this N.B.S.
apparatus, and the interpretation of the force-extension (or stress-
strain) curve obtained is presented in Chap. IV.

With this equipment effective impact velocities in the range
of 10 to 100 m./sec. are attainable. Corresponding rates of ex-
tension may range up to 5 x 10 5%/min. [75, 88].

Method of Parker and Kemic. - Apparatus that has been devised
for rupturing cords in transverse impact (25, 71] is shown schemati-
cally in Fig. 3.21. Unlike the rotating-disk methods Jescribed
above, this one involves the change in angular velocity of the disk
on rupturing a specimen. The specimen, held in rigid clamps at
either end, is supported at its mid-section by a two-pronged fork
or hook, above the rotatable disk and perpendicular to its plane.
In turn, the fork, which is vertically movable, is held in its
raised position by an electric solenoid. The disk is driven by a
variable-speed motor through a friction clutch. At one point on
the periphery of the rotating disk is a projection, which clears
the specimen in its raised position, as shown in Fig. 3.21. In
making a test the disk is brought up to the desired constant speed,
the clutch is disengaged, and the solenoid is made to release the
fork, so that the specimen falls into the path of the projection on
the rotating disk, and is broken.

The quantity measured by this technique is the energy absorbed
in breaking the specimen. This is obtained directly by measurement
of the change in speed of the disk before and after impact. For
this purpose two Polaroid sheets are used, one mounted on the motor
axle near the clutch, and the other one mounted on the disk axle
on the other side of the clutch. A beam of light from a suitable
source passes through the two Polaroid sheets and falls cni a photo-
electric cell. So long as there is no relative motion between the
two sheets, as when the clutch is engaged and the sheets are ro-
tating at the same velocity, the intensity of light reaching the
photoelectric cell will be constant, and the electric signal from

* Stone et al. use the term "clongation" in the relative sense in

which "extension" is used in the present work.
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the cell to a recorder will be constant. When, however, the clutch
is disengaged and there is a difference in velocity between the two
Polaroids, due to friction in the rotating disk, or to energy loss
in breaking the specimen, the light intensity at the photoelectric
cell will fluctuate cyclically, with a frequency equal to the dif-
ference in circular velocity between the two axles. The signal
to the recorder will vary with the same frequency, so that the
difference in the velocities of the two axles can be measured on the
chart. From this difference and the known constant speed of the
motor, the velocity of the disengaged rotating disk can be readily
computed. The energy A. lost in rupturing a specimen can then be
calculated from the relationship:

2 2
A 1 I (0 -. 1 ), (3.20)
b 2 1

where Id is the moment of inertia of the rotating-disk-and-axle

system, 0o. is the angular velocity of this system, in radians per
sec., Just before impact, and W. the angular velocity just after
impact. 1

Parker and Kemic have reported that disk velocities up to
2100 rev./min. have been obtained. This is stated to be equivalent
to an impact velocity of 1800 ft./min. (30 ft./sec.).

5. Ballistic Methods

Background. - To determine the performance to be expected of
textile materials under impact at high velocity, by free-flying,
ballistic projectiles, or missiles, experimental methods that are
themselves ballistic have been developed. In most of these,.the
projectile is accelerated and put into flight by being driven
through the bore of a gun by an expanding gas. In all the methods,
except one (in which the projectile itself does not strike the
specimen), the textile test-piece is subjected to transverse, rather
than longitudinal impact. Both yarns and fabrics have been tested
and studied by one or the other of the ballistic methods.

Test for the V5 0 limit. - A procedure employing a ballistic

projectile has been developed by the U. S. Army Ordinance Corps
(95] for the acceptance testing of fabrics for armor vests. The
property which it is intended this test evaluate is the ability of
a fabric to resist penetration by a free-flying, fragmentary missile.
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The criterion of this property is taken as the lowest (limiting)
missilc velocity at which complete penetration of the fabric test
panel (emergence of the projectile) will barely occur. Because
of sample non-'iniformity and variability in the test procedure, no
absolutely reproducible value for this limiting velocity can be
found. Hence, a statistical quantity, called the V5 0 ballistic
limit, is determined; it is interpretable as the striking velocity
at which 50% of tne individual impacts will result in complete
penetration.

A schemnatic diagram of the experimental arrangement is shown
in Fig. 3.22, and a photograph of typical range facilities, in
Fig. 3.23. The projectile used is a blunt-(though not flat-) nosed
cylinder of hardened steel, having a caliber of 0.22 in. and a
weight of 17 gr. It is intended to simulate a-piece of shrapnel,
or a fragment of a grenade. The projectile is fired from a rigidly
mounted rifle by means of an explosive, propellant powder. In the
path of the projectile at a distance of 13.5 to 14 ft. in the stan-
dard method, is set up a panel of the fabric under test, so that
the trajectory of the projectile is normal to the surface of the
fabric. Behind the panel, as viewed from the gun, 's a sheet of
Dural (aluminum alloy). Both are mounted in a rigid frame.

Between the gun and the test panel, in the line of flight, are
two frames, known distances from each other and from the test panel.
These frames, called "lumiline scieens," form part of a chronograph
system. Each has a photoelectric cell at the bottom and a linear
source of light at the top, so that there is, effectively, a sheet
of light lying across the path of the projectile. The lumiline
screens are connected to an electronic counter, through a circuit
such that at the instant the projectile alters the beam of light
falling on the photoelectric cell of the first t reen, the counter
is started; conversely, when the projectile -asses tZ..:cugh the
second screen the counter is stopped. There is thus obtainable a
zeading, in millisec., of tne transit time of thc. projectile be-
tween the two screens.

In the practice of tnis method, the object is to fire pro7.-.
jectiles at the test panel at a variety of stziking velocities, so
as to obtain complete penetration of the target in 50% of the cases,
and partial penetration (stoppage of the projectile) in the othez
50%. The panel io shiftcd after each firing so that a different
point of impingement is e.:=osrd t(, the missile each time, A new
miss.lle is used in each firing. The strikit.g velo-ities v are
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Fig. 3.23, Range facilities for V50 ballistic-limit

test, s~howing lumiline screens of
chronograph circuit (2), and mounting for
specir.:ern panel and witness pl~ate (3) [95].
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calculated from the chronograph data for each firing according to
the formula:

_dl
Vs =t (1 - kdf2)ir) (3.21)

where d1 is the distance between screens, t is the transit time

between screens, k is the drag coefficient of the projectile, d 2 is

the distance from the midpoint between the screens to thp face of
the target, and lair is the relative density of the air. The varia-

tion of the striking velocity upward and downward, so as to obtain
complete penetration in 50% of the cases, is achieved by altering
the powder charge, on the basis of experience. The criterion of a
complete penetration is that the projectile pass through the test
panel with sufficient residual energy to puncture the Dural witness
plate, 6 in. behind the panel. If the projectile is lodged in the
panel, or passes through it with insufficient residual energy to
puncture the witness plate, the penetration is considered partial.

Firing at the test panel is continued until at least five
complete and five partial penetrations, at striking velocities
lying within a range of 125 ft./sec., are obtained. Generally,
because of the inevitable non-uniformity mentioned above, the
results in this range will be mixed, i.e., there will be some par-
tial penetrations at higher striking velocities than the lowest
for complete penetration. The mean of the five lowest velocities
giving complete penetration and the five highest velocities giving
partial penetration is taken as the V5 0 ballistic limit.

In the acceptance testing of the nylon fabric currently (1961)
used by the U. S. Army for body armor [96, 97], for ballistic
resistance, the test panel consists of twelve layers of fabric,
about 15 in. by 15 in. For such a panel, when tested with the
designated .22-caliber projectile (T-37), a V50 limit of not less

than 1225 ft./seu. is specified. In research and aevelopment studies,
of course, other combinations of fabrics may be used.* The areal
density of an experimental panel, i.e., its total mass divided

* For such studies, fragment-oimulating projectiles in a number
o: '4eights from 1.5 to 207 gr. are available.
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by the area of the surface exposed to impact by the projectile, is
however, always taken into consiaeration in assessing the signifi-
cance of the ballistic limit. An analytical discussion of the rela-
tion of the V5 0 limit to areal density is given in Part B of Chap.
IV.

Method of Chemical Warfare Laboratories. - Ballistic tech-
niques that grew out of those of the test for the V5 0 limit were

developed by the Chemical Warfare Laboratories of the U. S. Army
for research studies on textile materials undcr high-speed impact
[69, 44]. An outstanding feature of these studies was the use of
high-speed photography to observe the behavior of both fabric assem-
blies and single yarns during the impact process. The arrangement
of the ballistic facilities is essentially the same as those for
the V5u test, shown in Fig. 3.22, though the gun-to-target distance
is much shorter. Both a conventional, powder-propellent gun, and
one in which the propellent is rapidly expanaing helium, have been
used. The same .22-caliber projectile that is used in the V5 0 test

has been used with these guns. Instead of lumiline screens, elec-
trically conductive, metallic grids, printea on thin paper, are
used to start and stop a chronograph counter. Passage of the pro-
jectile through the grids breaks them; the resulting loss of elec-
trical contact, appropriately actuates the counter circuit. It is
stated that, with these facilities, velocities could be measured
to less than 0.2% error and times of impact to ± 2 microsec.

For the high-speed photography, cameras are set up at the
target to view it along a plane perpendicular to the line of
flight of the projectile, i.e., the plane of the photographic film
is parallel to the line of flight. In the first arrangement, which
was for the study of the behavior of panels of armor fabric, a
motion-picture camera providing about 15,000 frames/sec., was used.
A light source illuminatea the back of the test panel. By this
means a photographic record. at very short intervals of time
(fractional milliseconds), of the progressive deformation of the
babk of a panel was obtained. In another arrangement a microflash
technique was used, i.e., the back of the test panel, with a -camera
focussed on it, was illuminatea once, for a fraction of a milli-
second, at some predetermined time after impact. This involved
use of an electronic interval generator which, triggered by rupture
of the second chronograph grid, produced a pulse that actuated
the light source, after a;: accurately-known delay. From measure-
ments on photographs of a se::ies of specimen panels of a fabric
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sample, it was thus possible to plot the displacement of the point
of impact as a function of time [44].

A similar microflash technique was used in these laboratories
for the study of the displacement and longitudinal strain of nylon
yarns impacted transversely by the same projectile [68]. As
finally developed, the method employed a comparatively long
specimen (120 cm.), to avoid the complicating effects of the re-
flection of strain fronts from the -:lamped ends. This required, in
order to get a photographic record of the middle (impact) and lower
portions of the yarn, the use of three cameras, one above the other,
in about the same position as in the fabric experiments. The yarn
had narrow black "tick" marks, spaced at equal distances, placed on
it, for purposes of these studies. In carrying out an experiment,
the yarn, hanging under a small load, was photographed before being
impacted. The camera backs were tnhn slightly shifted manually,
without removing the film. The projectile was fired at the yarn,
with the same sequence of events as in the fabric case. In the
initial experiments a single microflash exposure was made during
the transverse displacement of the yarn by the projectile. It was
found that the transversely-displaced portion of the yarn assumed
a very sharp V-shape, with the projectile at the apex. This V ex-
panded along the yarn as the projectile moved forward. The junctions
of the V with the undeflected segments of the yarn have been called
transverse waves.

A typical set of photographs from the three cameras is shown
in Fig. 3.24, covering the yarn from a point above the impact
region (A) to the bottom clamp (C). Measurements were made on the
negatives with a microprojector, which throws onto a ground glass
screen an enlargement of the image on a film. From measurements
of the position of the transverse wave relative to the impact point,
on films exposed known times after impact, the transverse-wave
velocity could be calculated. Thus, it was possible to establish
the relationship between this velocity and striking velocity. By
measuring the aistances between tick marks along the images of the
yarn, before an( after impact, the tensile strain in the yarn at
various points could be found. These measurements also gave the
position of the strain front or wave, i.e., the point ahead of
which the yarn is yet unstrained,* at the known instant the photo-
Sraph was made. Since the time after impact was known, the
strain-wave velocity could also be calculated.

• Foi an explanation of t.C zLraln- :oppgation phenomena trans-
pirinc. -.. - - c: ±der is r Zerrec! to Part A of Chap. IV.
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A B C

Fig. 3.24. Photographs of yarn specimen shortly
after impact, obtained by method of
Chemical Warfare Laboratories [69).

The microflash method described in Uhe foregoing two paragraphs,
required a separate shot, on a different specimen in each case, in
order to get a record of the strain in a yarn as a function of time
after impact. It evidently would be preferable if the strain his-
tory could be obtained on a single specimen with a single shot, at
one striking velocity. To accomplish this, Petterson et al, in a
later arrangement [33], made use of Lhree microflash units, each
set, through its own interval generator, to flash in sequence at
selected intervals. To avoid having the images of the undeflected
segments of the yarn at each stage overlap on the film, thus ob-
scuring the tick marks, it was necessary to find some means of
slightly displacing the images from each other. This was accomp-
lished by placing a rotating mirror in the optical path between
the yarn and the cameras. The cameras, in this arrangement, were
mounted so that their lines of sight, directed at the mirror, were
parallel to the trajectory of the missile. In order that the mirror
would be in the proper positions to reflect to the cameras the
images of the yarn at each instant that the microilash units went
on, firing of the projectile was timed by the mirror itself. To
achieve this a mercury swit.-, navitig contacts that rotated with
the mirror, was employed. The proper position of the contacts
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relative to the mirror was computed from tne mirror velocity, the

expected projectile velocity, gun-to-target distance, and the delay

times of the system. A representation of the type of record ob-

tained by this technique is shown in Fig. 4.9, Chap. IV.

These ballistic, photographic procedures were further elaborf-

ated with the use, sometimes in conjunction with the multiple-flash

technique, of continuous illumination of the yarn during the impact

process. The illumination was from a stuaio speea lamp tha't gave a

flash of about 200 microsec, duration, and was set to be tiriggered

just before the projectile struck the yarn. The image of the il-

luminated yarn was swept across the photographic film by the rotating

mirror, thus tracing the loci of the tick marks at every instant
during the impact process. From measurements on these loci the
longitudinal strain at various points in the undeflected portions
of the yarn at any instant could be calculated.

A final development of the C.W.L technique for yarns is in
use at Fabric Research Laboratories [5,36]. The unique feature is
the use of an Edgerton high-speed stroboscopic light source that
is capable of producing 15 accurately timed, consecutive flashes,
each of very short duration. This unit replaces the bank of two
or more single-flash units originally used at C.W.L. Facilities
for launching the projectile, the position of the camera, etc., are
substantially the same. The equlpment provides, on a single film,
a rather detailed record of the position of the V-shaped deflected
section of the test yarn during the rupture process.

Method of National Bureau of Standards. - Smith et al. 162,85]
assembled apparatus for what may be considered a ballistic method
in that a specimen yarn was struck transversely by a free-flying
projectile, though the means of propulsion are not conventionally
"ballistic" in the modern sense. These authors dcscribe their
equipment, a photograph of which appears in Fig. 3.25 as follows:
"The yarn .specimen [S] is clamped to a rigid massive table, A, on
which a coordinate grid system is inscribed. Central transverse
impact is made by a freely flying projectile that has been struck
by a rapidly rotating hammer, H. Apparatus for rotating and stop-
ping the hammer is separate from the specimen table in order to
avoid jarring.

"The 6-in. hammer rotates under a powerful torque through
an arc of 2700 before striking. The force to rotate the hammer is
applied at the surface of a 2-in shaft by straps from four springs,
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Fig. 3.25. Apparatus of National Bureau of Standards for trans-
verse impact of yarn [85].

which can be extended up to 20 in. by a motor. At full extension
the total tension in the four springs is 800 l.b. The hammer
is held in place by a latch, which can be suddenly released by
a solenoid. Projectile speeds have been measured as high as 70m./sec.

"Reflected images of the specimen after impact are photographed
by the "high-speed camera, C, on the table. Either 7,000 or 14,000
pictures per second can be taken depending on which of two Pastex
cameras is used for this purpose.

"Other parts of the equipment shown (in Fig. 3.25] are the
control unit, CU, which puts timing pips on the film and triggers
the hammer when the camera is up to speed, the five 750 W. flood
lamps, L, for illuminating the specimen, the mirror, H, for re-
flecting the image of the specimen into the camera, and the box,
B, for catching the projectile."
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A typical photographic record that is obtained, showing the
position of the yarn specimen at consecutive intervals of about
0.7 millisec., is shown in Fig. 3.26. With the use of a micro-
film reader, the positions of the projectile, the transverse wave
front and the clamps, in each frame, are measured. How Smith et al.
use these data to derive the stress-strain curve of a yarn sample
is described in Part A of Chap. IV.

Method of Lewis and Holden. - In order to achieve higher
strain rates on yarns and monofils than had previously been attained
in his laboratory by Meredith's method, described above, Lewis [40]
developed a ball~stic method to load the specimen longitudinally.
In this technique the free-flying missile did not strike the textile
specimen, but served as a means of rapidly accelerating a rotatable
arm to which the specimen was attached. A schematic diagram of the
apparatus is shown in Fig. 3.27.

The specimen was mounted on one fade of a piezoelectric stress
gage, the other face of which was attached to a fixed horizontal
steel rod. The other end of the specimen was attached to the upper
end of a.vertical arm, which was rotatable about a fixed pivot at

PIEZOELECTRIC
STEEL RGD GG.EWN

SI| Ik .ARM

FOILS

AIR GUN ANVIL PIVOT

i1/

Ficý. 3.27. Schematic diagiam of ballistic apparatus used by Holden
for impauL tests on monofils and yarns [31].
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its lower end. The small (0.95 gm.) projectile that was used was
fired from an air rifle at an anvil midway along the arm, with a
striking velocity of about 500 ft./sec. The resulting tensile force
applied to the yarn was detected by the stress gage, and through
an electronic circuit, was registered on the Y channel of a
double-beam cathode-ray oscilloscope. There was thus obtained by
photography, on the basis of a prior calibration, a record of the
tension in the specimen as a function of time during the impact pro-
cess.

The rate of extension of the specimen, which was considered
to be Constant, was given by the interruption, by the swinging arm,
of two beams of light falling on the cathode of a photoelectric
cell. This cell was connected to the Y2 plates of the oscilloscope,

so that as the arm interrupted first one, and then the other light
beam, discontinuities appeared on the oscilloscope tracing, which
could be photographed. The sweep on the time (X)-axis, for both
tracings, was triggered by fhl momentary contact between two foils
when they were punctured by the missile. From the known distance
between the light beams and the sweep speed of the oscilloscope
(which gave the time between discontinuities), the rate of extension
could be readily calculated. With a record of both the tensile force
and extension of the specimen as functions of time, the force-exten-
sion curve could be plotted in the usual manner. Such data were
obtained on nylon, acetate and Terylene samples at rates of exten-
sion above 20,000 %/sec.

Holden [31] modified this apparatus so that it was capable
of providing rates of extension up to 6E,000 %/sec. Bssentially,
his remodeling consisted of pivoting the arm, of light hard
aluminum, at its upper, rather than lower end; arranging to impact
the arm with the missile at a point very near the specimen attach-
ment; and using only one beam of light, carried to the photoelectric
cell through a Perspex, internal-reflection, light guide, to measure
extension.

Equipment at Fabric Research Laboratories. - Among the most
massive ballistic apparatus for the impact testing of textiles is
that described by Chu, Coskren and Morgan f16]. The equipment is
said to have been built to study the impact behavior of such
products as "parachute components used in missile, nose cone, and
space-ship recovery.... safety belts, suspension lines, crash helmets
and the drrestation nets used to restrain a jet plane landing on
an aireratt zarrier." [3]. The complete installation consists of
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a gas gun, two ballistic pendulums, and a photographic recording
system. A schematic diagram appears in Fig. 3.28, and an overall
photographic view in Fig. 3.29.

In operation, a missile 2.5 in. in diameter is fired from the
gun at the specimen, mounted in a V-shape in the path of the missile
on the back of the first pendulum. When the projectile strikes the
specimen the pendulum is set in motion. The displacement of the
pendulum is recorded on the deflection devices shown in Fig. 3.28.
and at the same time, the posicions of the missile and of markings
on the specimen are photographically recorded at known intervals
after impact, by means of the Edgerton stroboscopic light source
described above. If, as is usually the case, the specimen is rup-
tured, the missile passes on to the second pendulum where it is en-
gaged and stopped. The displacement of this pendulum resulting
from the impact is recorded on a scale, as in the case of the first
pendulum.

In the gun, which has ar over-all length of about 10 ft.,
nitrogen or helium under pressure is used to launch the missile.
The latter is a cylinder, with a semi-cylindrical nose. The nose
and tail are of phenolic plastic, while the mid-section may be

II

(5)DEFLECTION DEVICES

II

II I
II !

I I
!I

(1) GAS GUN (2) MISSILE (3) PENDULUM NO.I (4) PENDULUM NO.2

(7) CONTRGL PANEL (6) CAMERA a LIGHT

Fig. 3.28. Schematic diagram of ballistic equipment
at Fabric Research Laboratories, for impact
testing of textiles [161.
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either solid or tubular, and made of plastic or metal, depending on
the mass required to deform or rupture the test material. Projec-
tiles of 8, 16 and 40 oz., and 10 lb. have been used. Each pendu-
lum consists of a set of cables hung from the ceiling supporting
an aluminum tube (through or into which the missile passes) fitted
with exterior rails for supporting weights that may be edded, in
order to increase the mass of the unit. Masses up to 1 ton are
attainable.

The equipment is operated, by remote control, in a darkened
range, with an open-shattered camera focused on the test specimen
and the impact region. On the basis of calibration curves, the
proper gas pressure is preselected to give to the missile, of the
particular size being used, the desired striking velocity. The
circuit of the stroboscopic, or multiple-flash light source is
triggered so that the flashing starts an instant before the be-
ginning of the impact process. There is thus obtained, on a
single-photographic film, images of a gage mark on the missile,
after each interval of time marked off by the stroboscope. On
the same film are also the corresponding images of two or more gage
marks placed on the test piece. The consecutive distances between
pairs of images provide a record of the extension of the specimen
during the impact process. A typical photograph of an impact on a
specimen of heavy tape is shown in Fig. 3.30.

Fig. 3.30. Photographic record of impact process obtained on
F. R. L. equipment by multi-flash technique [16].
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From measurements on the film record of the successive dis-
placements of the missile, in much the same manner as was done by
Lyons and Prettyman [43] for the motion of a pendulum bob,' as
described in Sec. 2, Chu, Coskren and Morgan are able to compute
the velocity, deceleration and force of the missile during the
impact process, up to rupture. In addition, as indicated above,
from measurements directly on the image of the specimen, extension
as a function of time can be obtained. From the force-time and
extension-time relationships a force-extension curve can be readily
derived. Finally, the work to rupture can be obtained either by
reasuring the area under the force-extension curve, or Dy calculation
from the velocities of the projectile before impact and at or after
rupture, according to the equation:

1 2 2Ab= m (vs- vr ), (3.22)

where Ab is the work to rupture, m is the mass of the missile, vs

is the striking velocity of the missile, and vr its velocity at
rupture. These velocities, as indicated above, are obtained from
the film. The rupture force and work to rupture obtained in this
manner may be checked by calculating these properties from the dis-
placements of the two pendulums.

Striking velocities up to 800 ft./sec. and rupture forces up
to 200,000 lbs. are attainable. The advantages of this equipment,
according to Morgan [3], are: "l) it can test large samples having
up to 10,000 lbs. static strength, including not only basic mater-
ials, but fabricated structures as well; and 2) precise measure-
ments are possible enabling the accurate calculation of stress-strain
data . The latter was not the case in the multi-mile rocket-sled
track previously used for heavy impacting of parachute components,
and the sled track had the further disadvantage of extra expense
and time consumption per test."

6. Other Recently Developed Method3

Pneumatic and hydraulic apparatus. - In recent years have come
out descriptions of equipment employing pneumatic or hydraulic
xeans., or combinations of these, for the impact loading of textiles.
The impact velocitiez obtained are not in the order of those pro-
vided by ballistic methods, or even some of the rotating disks,
such as that at N.B.S., but they are adequate for many research
purposes. The pneumatic and hydraulic devices in general., but



- 83 -

especially those having high load capacity, can be more conveniently
and safely operated than can falling-weight machines providing the
same impact velocity and capacity.

An impact tester, called the MITEX, employing a pneumatic-
hydraulic system, has been developed at M.I.T. for the testing of
yarns and other textiles at velocities ranging from 1 in./sec. to
20 ft./sec. The operation of this tester, as described by Krizik,
Mellen and Backer [35], depends upon the initial application of the
pneumatic pressure of a nitrogen supply to one side of a piston and
the hydraulic pressure of an oil to the other side. cn the piston
rod, the axis of which is vertical, is mounted the lower clamp for
the specimen. In the performance of a test, the pneumatically
pressurized upper end of the cylinder is connected to the main ni-
trogen reservoir. The hydraulic fluid in the lower end of the cyl-
inder is then suddenly vented, through a large hand-operated valve,
into a reservoir at atmospheric pressure. The resulting rapid
downward movement of the piston imposes the impact load on the
specimen. A schematic diagram of the pneumatic-hydraulic system
is shown in Fig. 3.31. The tester has a load capacity of 500 lbs.

The upper clamp of the instrument is suspended from a screw
jack mounted on the frame of the machine, as shown in Fig. 3.32.
By means of the screw jack the gage length of the specimen may be
varied. The methods of measuring and recording the force on the
specimen, and the elongation, as functions of time, by means of a
piezoelectric transducer, magnetic tape, and an oscilloscope, are
very much the same as were used on the M.I.T. falling-weight tester,
described in Sec. 3 above. In the present apparatus the magnetic
tape may be attached to either the lower jaw or the specimen.

A somewhat similar, commercially available tester, called the
Plastechon* [90], also has been used in the impact testing of
textiles [36]. In this machine the hydraulic system is said to
be operable by air also. Constant loading rates up to 10,000 in./min.
are claimed, with a capacity in tension of 10,000 lbs., in one
model. Force is detected by means of a strain gage, while elonga-
tion is measured with a potentiometric transducer. Both signals
are transmitted to the screen of an oscilloscope so as to display

* Manufactured by Plas-Tecb Equipment Corp., Natick, Mass.
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the force-elongation curve of the specimen during the testing
process. Provisions are made for photographically recording the
curve.

Equipment actuated by a pneumatic system has been built for
the laboratories of the Celanese Corporation of America, for im-
pact testing of single fibers.* A schematic diagram of the appara-
tus is shown in Fig. 3.33. As in the MITEX tester, the loading
mechanism is a piston, to which thiough the piston rod, the lower
end of the fiber specimen is attached. To minimize mass and thus
achieve higher accelerations, the piston and rod are constructed
of aluminum. The upper end of the specimen is attached to a piezo-
electric force transducer. Because of the extreme sensitivity re-
quired of the transducer for measurements on single fibers, it is
sensitive to acoustical noise and vibration. The transducer is
therefore mass loaded and supported on a very soft spring, which
isolates the transducer, yet does not respond to the rapid impact
force. The transducer is connected to an oscilloscope, through an
amplifier.

PEZOELECTRIC FORCE SPRING
TRANSDUCER ECPIG

AMPlLIFIER OSCILLOSCOPE.
SPECIMEN oo

N ITRjEN

rig. 3.33. Schematic diagram of pneumatic impact tester for fibers,
at Cela,,ese Corp. laboratories [private comm.].

• Private communication. Also H. M. Morgan, R. J. Coskren,
B. S. Sprague and R. W. Sinql.~ion, Fiber Society Meeting,
West Point, N. Y., 12 Oct. 1961. Article to be submitted to
Textile Research Journal.
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In the performance of a test, compressed nitrogen is admitted
to the top of the cylinder, thus driving the piston downward.
The tension induced in the specimen acts on the transducer with a
resultant signal that is proportional to the tensile force. There
is thus displayed on the oscilloscope screen a tracing of this
force as a function of time. Typical photographs of tracings on
the oscilloscope screen that are obtained with this system (and
similar ones) are shown in Fig. 3.34.

Calibration of the hydraulic system with respect co piston
speed is achieved by employing prerecorded magnetic t&.pe in the
same fashion as has been used to measure specimen extension on the
M.I.T. testers, described above. Data from which force (or tena-
city)-extension curves can be derived are thus made available.
With the use of short (1-in.) specimens, and attainable piston
speeds of 30 ft./sec., rates of extension in excess of 106 %/min.
are achieved. Tae apparatus has a load capacity of about 40 lbs.

The rocket sled. - What may be regarded as the most massive
and elaborate equipment ever to be employed in the impact testing
of textiles is the rocket-sled system at Edwards Air Force Base
[101]. This system was designed originally to simulate on the
ground the conditji ns of high speed and high acceleration encounter-
ed in modern aeronautics. Its capabilities have been adapted to
a variety of studies, including aero-medical research, parachute
development, etc. The use of the rocket sled for the testing of
heavy nylon webbing, which will be considered here, is only an
incidental application. Because the equipment (having been de-
signed to do much more than the impact testing of particular types
of textiles) is so overlavish in this application as to be of little
practicality, it will be only brief3.y discussed.

The outdoor installation consists of several miles of two-rail
track, on which slides a more-or-less streamlined vehicle, driven
by rocket engines. For the tests on the nylon webbing, the sled
was equipped with a "bumper," located at the front in such a po-
sition that it would engage the specimen, mounted between the rails
in a V-configuration, as shown in Fig. 3.35. Between the clamps
holding each end of the webbing specimen, and the fixed supports,
.•re strain-gage units for measuring the force on the webbing during
the impact process. The signal from the force-measuring unit war
transmitted through electronic circuits to an oscillograph in a
remote control room. In the original arrangement, the elongation
of the specimen as a function of time seems to have been determined
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0.60 ft./sec. 0.60 ft./sec.

POLYETHYLENE DARVAN

6.0 ft./sec. 6.0 ft./sec.

Fig.. 3.34. Typical photographic records of tracings on
oscilloscope screen for various fibers, at
two impact velocities, as obtained at Celanese
laboratories [private comm.].
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by recording, by high-speed photography, the position of a pointer
on the sled, with reference to a track-side scale, in much the same
manner employed by others to follow the motion of a pendulum bob
during an impact process, as described above. Other refinements,
such as radio telemetry of force measurements, from the speeding
sled, were introduced or projected.

In the reported procedure [101], for each experiment four
specimens were mounted at positions several yards apart along th•
path of the sled. The sled was started some distance back on the
track, and was accelerating as it encountered the specimens at the
consecutive locations. In most experiments, the impact velocity
was about 750 ft./sec. (500 mi./hr.) when the fourth specimen was
reached.



Chapter IV

THEORIES OF DEFORMATION AND RUPTURE UNDER
HIGH-SPEED IMPACT

A. LINEAR STRUCTURES

1. Introduction

When a force is applied at a point in a deformable body, as
for instance, at the end of a textile specimen in a tensile test,
an infinitesimal s4 rain occurs instantaneously at that point, In
the next instant, through molecular interaction, the atrain spreads
to adjacent points, whil.e the strain at the point Wr application
tends to increase. Generally, the strain spreads or propagates
very rapidly, compared with the rate at which the specimen is
elongated* in, for instance, the conventional tensile test, or
even some of the so-called "impact" tests which operate, in the
lower speed ranges. Thus, it can be said that, on the time-scales
of such tests, the strain, through direct propagation and reflec-
tion, is instantaneously distributed over the whole specimen.**
From measurements of the force at one end of the specimen, and of the
over-all elongation, at each instant or periodically during such
a test, there is ottained a functional relationship between average
stress and average strain: the stress-strain. or tenacity***-
strain curve.

2. Longitudinal Impact

When the velocities of impact become large, and especially
when they approach the velocity at which strain is propagated in
a test material, erroneous conclusions may be drawn from the
assumption that stresses and strains are uniform along the specimen

* In the present discussion the term "elongation" will be used
to designate increase in length in units of length (cm.,in.),
while "extension" and "strain" will have the usual connotation
of proportional deformation.

** In the conventional tensile test it is, in effect, assumed that,
corresponding to each level of increasing, applied force or
stress, there is an average, uniformly distributed strain that
is the same as would be found if the force were held at the
particular level indefinitely - that is, applied statically -

and there were no creep effects. For this reason such tests
are called "static" or "quasi-static."

W When theory is actually applied to textile experiments it is
geijcrally more convenient to use tenacity, the tensile force in
a yarn or filament per unit mass per unit length (linear density)
of the unstrained specimen.
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during the impact process. For a more realistic understanding
of the process, one must take into consideration the fact, for
instance, that at one instant the strain may be very great at one
point in the specimen, and yet non-existent at another point. To
obtain a more detailed picture, let us analyze the elementary
process.

Mechanism of strain proDaqation under longitudinal impact. -
Let it be supposed that the end of a long rod, representing a
textile fiber or yarn, is initially at rest at the position A in
Fig. 4.1. If this end is moved to the right by suitable means, at

I I'

8' D D' A A

Fig. 4.1. Deformation and strain propagation
in rod after longitudinal impact.

a constant (instantaneously attained) impact velocity, v at the
0

same instant too a condition of longitudinal strain, namely the

minute displacements of atoms or molecules which represent strain,
will start to move from the end toward the left in the rod with
a certain velocity. in general, tois velocity will vary as the
strain increases, but during a small time interval Lt, it may be
considered to have the constant value c. After the time interval
at. ýhe impacted end will have traveled a distanre v At and be0
at the position A'. In the same time 6t, the strain front* will
move a distance cAt, to B'. Ahead of this front the elementary

* It .s assumed that plane cross-sections of the unstrained

material remain plane under strain, so that an initially plane
strain front advances as a plane.
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particles of the material will be, as yet, completely unaffected
by the impact. At time t,= t + At, the only portion of the bar in0
a state of strain is the segment A'B'.

Evidently, an original length of rod, AB' now has the length,
A'B'; i.e., an elongation A'A has occurred. The small strain e0

occurring in the time increment At,. is given by A'A, and thus
AB'

0= =41 v • (4 .1 )

0 cAt c

c is called the velocity of propagation of strain (or sometimes,
of the strain wave). The relationship given by Eq. (4.1) was
established for tensile iiLipact by Thomas Young in 1807 [98].

Consider now any plane D (Fig. 4.1) which was originally a
distance al from the plane that at time t is occupied by the
front B'. Assuming homogeneous strain (which is implicit here),
the plane D will have moved a distance E 0 A , to the position

D', in the time required for the strain front to move the distance
A'. This time is given by L9/c. Hence, during this interval the
velocity of the p1ane D is

Co 9/(Q/c) = 60 - c = vo. (4.2)

This result indicates that the whole of the mass of the rod be-
tween the end and the strain front B' has the velocity vo at

the instant t = to + At.

The mass of the segment A'B' per unit cross-section is p cAt,
where2 is the density of the unstrained material. Hence the mo-
mentum at time t is.? c~tvo, and the rate of change of momentum,
. cvo. The change of momentum in the AB' segment is produced by
the force of the impact. This force is equal to the rate of change
of momentum (Newton's second law), and hence, referred to unit
cress-section, has the value pcvo. The strain co produced by
the impact sets up a stress i sufficient to balance the applied
force on unit cross-section at every instant. Thus one has
eo = pcvo. But, from Eq. (4.1), vO - cco, so that

2
~ =c e& (4.3)



94

In general, the stress set up in the material by the strain could
be expectdd to be a function of this strain, as well as of other
variables. The stress, therefore, is given, in terms of strain,
by Cr' (0(7'1ý e) eos so that Eq. (4.3) becomes

0

c (4.4)

From this, one gets for Unt: ve-lucity of propa,_jatiuu of the strain
front

c /JO (4.5)

It can be seen from Eq. (4.5) that c is not, in general, a
constant, but depends on Da'lý e, th, slope of the stress-strain
curve. However, if the value of aC7'/aE:-is taken at all times as
that corresponding to the strain front, where co = 0,ýDo'/ý-C Will
be the slope of the stress-strain curve at the origirs, a unique
value. What this means, then, is that the strain front, the plane
B' in Fig. 4.1, travels with a constant velocity. The trailing
increments of strain, however, will in general travel with a
different velocity: lower, if the stress-strain curve is concave-
downward. In fact, this is the necessary condition to prevent the
trailing increments of strain from overtaking the strain front
"shock-wave" phenomena.

If, at all levels of strainc)O'/ý c has the same value as
it has at co = 0, we have a linear stress-strain curve, implying
that Hooke's law is obeyed. Then we may place e)rlla e= E, Young's
modulus, a constant up to the yield point of the material. Thus,
Eq. (4.5) becomes

C (4.6)

which is the familiar expression for the velocity of propagation
of a deformational wave (such as sound) through an elastic medium.

The relationship given by Eq.(4.1) provides an estimate of
the limiting velocity at which a free, unclamped yarn can be
ir-,.,-cted longitudinally without immediate rupture at the point of
impact. This limiting velocity evidently cannot be greater than
CE: bl where e . is the break-ng extension of the material. Inter-
preted physically, this meav-, that the motion of the impacted end
of týiu yarn cannot be trans;,. tted to the rest of the yarn because
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the breaking strain is reached immediately on impact. As Smith
et al. [82] point out, for example, a Fiberglas yarn, having
c = 3500 m./sec., and eb = about 2%, would be likely to break
immediately if impacted at a vel.ocity of 3500 x 0.02 = 70 m./sec.
A yarn of some other material having the same e b' but a higher c,
would be set in motion by the impact, without rupture.

Reflection of strain front. - Consider a yarn attached at
both ends to rigid, but movable masses, and suppose one of these
masses, the "head", is rapidly set in motion so as to give the
attached end of the yarn an impact velocity.

The strait e0 produced at the end of the yarn, through the
head mass, will travel backward in the specimen in the manner
described in the preceding paragraphs, until it reacheb the "Lail"
mass. Here the strain front will be reflected and propagate to-
ward the head. The strain will be approximately fully reflected,
so that at the tail immediately after the front is reflected, the
strain will be doubled. Accompanying the propagated strain is a
state of tension, roughly proportional to the strain (depending
on how well the material obeys Hooke's law). This tension on
reaching the tail has the effect of accelerating this mass.

The reflected strain front, on reaching the head will again
be reflected. Thc accompanying tension here has the effect of
further decelerating the head mass. Reflections will. continue
to occur at head and tail at time intervals of L/c, where L is
the length of yarn between head and tail. At each reflection the
local strain is increased by about 2e , twice the in±tial strain.0
and the local tension is correspondingly increased. The process
is illustrated schematically in Fig. 4.2, from Stone et al. [88].
Quoting them, with regard to this representation: "Before impact
the specimen is represented in A by a series of adjoining circular
springs. After impact in B, the circular spring next to the head
is deformed into an ellipse and the strain pulse is indicated by the
adjacent cross-hatched circle and ellipse. The arrow indicates
the direction of strain propagation. Sketches C and U show the
arrival and reflection of the strain pulse at the tail. At this
woment the tail is set in motion and the ellipse before reflection
is deformed to one of greater eccentricity after reflection.
Sketch E indicates the arrival of the reflected strain pulse at
the head. After reflection at the head, the strain pulse is shown
in sketch F as travelling toward the tail about midvwy betwe.en
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TAIL
TAIL 

HEAD

Fig. 4.2. Schematic diagram of strain propagation
in linear specimen, represented by adjoining
circular springs, after impact of head
(towara right) at an instant between
configurations A and B [88].
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the head and tail. In G the strain Pulse io shown as travelling
toward the head after reflection at the tail, and the high strain
is indicated by the highly eccentric ellipses. After the next
reflection at the head, it is assumed that the rupture strain is
attained, and the ruptured specimen is shown in H, After rupture
the strain is released. This condition is represented in H by
the reconversion (recovery) of the ellipses of high eccentricity
to ellipses of low eccentricity or to circles for complete recovery.
The propagation of the strain--release pulse is indicated by the
arrow. The ruptured end will snap toward the tail with a very high
velocity, and the momentum acquired by the specimen Ywfhen the strain-
release pulse reaches the tail, may be sufficient to stop the tail
mass or to reverse its motion."

The corresponding process that occurs when the tail.end is
immovably clamped is illustrated in more quantitative fashion in
Fig. 4.3, taken from the article of Smith et al. [81]. Here the
length of the filament or yarn is taken as defining a negative
x-axis, with the head end at x = o, and the fixed end at x = -L.
As was assumed in the abov3 discussion of the mechanism of strain
propagation, the head end instantaneously, at time t = 0, acquires
a velocity v. in the positive direction. A strain pulse of magni-
tude e = v /c will travel along the yarn in the negative direction

with velocity c. Reflections will occur alternately at the fixed
end and at thc head, as described above. In Fig. 4.3 are plotted
theoretical. graphs of the strain at various points (local strain)
along the yarn (x = o, L/4, L/2, etc.), as functions of time.
Since the position of the pulse at any instant depends on its
velocity c and the distance L which it must travel before reflec-
tion, the time (in the general case) must be expressed as a
multiple of L/c.

The strain pulse of magnitude e arriving at either end is
itself fully reflected, since the enR masses are assumed to be so
large and rigid as to absorb none of the strain. Thus, the strain
at either end is increased by the amount 2c on each reflection.
While the strain at each point increases wi~h time, it can be
readily seen that the strain is not uniform at all times along
the length of the yarn. Thus, Zor example, an instant before
t = 3L/c, the strain is 3co at x = o, -L/4, -L/2, and -3L/4, and
is 2e at x = -L. At a slightly later instant, however, at (say)0
t = 27L/8c, the strain distribution has altered considerably: the
local strain is still 3%o 0t x = o, -L/4 and -L/2, but is 4e0
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Fig. 4.3. Local strain as a ftinction of time, in a
filament clamped at x = -L and rapidly
elongated at x = 0 £81].
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at x =-3L/4 and -L. Since the strain in the yarn at any instant
varies from point to point, it is clear that one cannot deal
precisely with a single strain for the whole yarn specimen. The
strain to be considered must be the local strain at some selected
point. This local strain itself varies with time.

The stress-strain curve. - Since tbe properties of the yarn
specimen are..implicitly assumed to be uniform along its length,
the behavior at any one point may be taken as representative.
Consider the strain at x = -L. When that point is fixed (as was
assumed in the foregoing paragraph), the strain is given, as a
function of time, by the top graph in Fig. 4.3. In order to compare
the results of this type of analysis with the experimental results
of Schiefer and colleagues 151,8M3,the ýfact,.that'there..is- a movable
tail mass at x = -L must be taken into consideration. As was
brought out in the discussion of Fig. 4.2, the arrival of the first
strain pulse at the tail mass sets this mass in motion. This move-
...ant of the tail mass has the effect of relieving the strain at
x - -L, so that the increase of strain by the amount 2e does not
remain indefinitely, but tends to decline as the strain pulse
travels back toward the head and is there reflected. When the
reflected pulse reaches the tail, the reduced strain is again
given an increment 2c0.

This process continues until the velocity of the repeatedly
accelerated tail mass reaches such a value that the strain at
x = -L is decreased between reflections at that point by amounts
increasingly greater than 2 e?. Ultimately, in the ideal case,
all strain in the specimen wil1 disappear. With a movable tail
mass, therefore, the theoretical local strain-time curve for
x = -L in Fig. 4.3 is distorted to the shape of the graph in
Fig. 4.4, in which strain is expressed in units of e . The curve
was calculated by Smith et al. from the solutions* o? the classi-
cal wave equation:

2 = c x • u (4.7)

where u = the displacement of a cross section at x from its po-
sition in the unstrained state of the specimen. The displacement

The applicable solutions are gilvn In an appendix of the
article of Smith et ail. 181).
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Fig. 4.4. Strain as a function of time, in a filament
having a mass at one end (tail) and being
rapidly elongated at the other end (head)
[after Ref. 81].

u is related to the strain by the equation e= Z•u/c x. The
analysis involving Eq. (4.7) is beyond the scope of this mono-
graph, but may be fourid in the original article (81].

The experimental technique of Schiefer and colleagues pro-
vides a high-speed photographic record of the motion of the
tail mass, from which a velocity-time curve can be obtained.
From the slope of this curve and the mass of the tail, the force
exerted on it by the strained yarn can be computed, as has been
indicated in Chap. III. Thus the local force or stress ac the
tail can be obtained as a function of time. From measurements
on the record of the motions of both the head and tail masses
the average strain in the specimen can evidently be obtained as
a furi.tion of time. Correlating these data at corresponding
times yields a local stress-average strain curve. To develop the
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comparable theoretical curve it is necessary to obtain representa-
tions of average strain, as well as of local stress at the tail,
as functions of time.

In the case of a movable tail mass, the average over-all
strain ? in the yarn at any time t is giv'n by the initial strain
Co= vo/c - vot/L (where t is expressed in multiples of L/c), less
the decrease in strain due to the displacement of the tail-end.
The displacement of the tail-end is given by the quantity u, which,
in general, is a function of the position x, and the time t. For
the present purposes, u is evaluated at x = -L. Smith et al.- give
the relationship,

vot - u (-L,t) (4.8)

L

and have calculated this average strain, using the solutions of
Eq. (4.7) in Eq. (4.8), with the result shown in Fig. 4.4.

The solutions of Eq. (4.7) obtained in the above-mentioned
analysis assume the validity of Hooke's law. For many textile
materials, the actual behavior under high-speed impact sufficiently
approximates this condition that there is justification for the
assumption. Hence, the local stress at the tail can be taken as
proportional to the local strain at that point. The local strain-
time curve in Fig. 4.4 can then be taken as the local stress-time
curve, with the stress expressed in arbitrary units, or conven-
tional units if Young's modulus for the material is known. The
local stress at various times can then be correlated with the
average strain. The plot of such a relationship is shown in
Fig. 4.5, for both the loading and unloading of the yarn.

In these theoretical graphs, now, the quantities plotted,
stress at the tail and average strain, are the same as those
obtained experimentally by Stone, Schiefer and Fox [88]. The
loading and unloading curves they obtained for a nylon yarn are
shown in Fig. 4.6. The delay in the rise of stress at the tail
until the arrival of the strain pulse, and the subsequent stepwise
increase in stress with increasing average strain, which are seen
in Fig. 4.5, are found experimentally. Presumably, this behavior
accounts for the regularity with which the experimental points
for the loading half-cycle in Fig. 4.6 are scattered about the
average curve. It can be seen that the dashed curve drawn through
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Fig. 4.5. Local stress at tail, as a function of
average strain in a filament rapidly
elongated at head.

the experimental points has a sinusoidal form.. Analysis of the
data for the nylon yarn, by Schiefer and colleagues, indiated
that this sinusoidal effect has a period of about 6 x 10- sec.
Since this represents the time required for the strain pulse to
travel from the tail to the head and back again, the velocity of
strain propagation can be calculated. Such a calculation yielded
for the nylon yarn (0.65 m. long) a propagation velocity of about
2200 m./sec.

Breaking energy density. - While breaking stress or tenacity
is an important criterion of the impact behavior of a textile
material in certain applications, and breaking strain or extension
is important in other applicatinns, a rore general parzaretei for
characterizing impact resistance is breaking energy density. This
quantity is the work per unit mass of specimen required to strain
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Fig. 4.6. Force (load) at tail as a function of average
extension (elongation), for the impact loading
and unloading of a nylon 66 yarn [88J.
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the specimen until rupture oc-'irs. The br.eaking energy density
is proportional to the area utuder the stress-strain curve. In
the quasi-static test, for which the stress-strain relationship is
likely to be accurately known, the breaking energy can be obtained
in this way. In impact tests, however, the stress-strain curve
appropriate to the high-speed conditions may not be known, or
known with sufficient certainty to allow the use of this technique.

Generally, in impact testing, breaking energies can be found
directly by measuring the kinetic energy lost to the textile
specimen by the impacting body. In the falling-pendulum type of
impact experiment, for example, this loss of kinetic energy has been
obtained by measurement of the height to which'the pendulum,
after impact, swings from a fixed initial position; as has been
brought out in Chap. III.

It a body having unit length and cross section is given an
infinitesixtal extension Ae by a tensile stress of, the work done
on it will be the product of the force by the displacement O0-e,
The amount of work necessary to carry the body to rupture will
then be

w de, (4.9)
b

where e is the rupture strain in the general case, including ther
quasi-stptic. If the material obeys Hooke's law, the stress is
given byff"= Ee, and Eq. (4.9) becomes

er2

w = E ede = Ee . (4.10)
b 2

Since w refers to a unit cube, it is the breaking energy per
b

unit volume. Hence, for the breaking energy density, as defined
above, we have

W wb 1 dr
w V¶ = -- =- (4.11)

SJo
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or for Hookean behavior,
2

W = E .r (4.12)
b 2J2

While Eqs. (4.11) and (4.12) are definitive, analytical
expressions for an important parameter, they are ziot- very:
useful for calculating Wb, since the direct measurenqent of c isr
not feasible, nor is the function e" known a priori with much
accuracy. The device of measuring the kinetic-energy loss, to
arrive at the breaking energy of a yarn sample, generally cannot
be used with the high-speed experimental techniques, such as that
of Schiefer and colleagues, because the impacting mechani.m has,
relatively, such enormous kinetic energy that the loss'is imper-
ceptible. Approaching the problem with a view to the dynamics of
the system of yarn specimen and head and tail masses, Smith et a!.
[821 have derived an expression for breaking energy density in-
volving only experimentally measurable quantities. The following
treatment substantially follows that of these authors.

in the system to be considered the yarn is taken to have
mass m, the head mass hm, and the tail mass nm. Half of the mass
of the yarn is assumed to be concentrated in the head and half in
the tail. Strain propagation effects are neglected. When the
head mass is impacted longitudinally it will be given an initial
velocity v . The corresponding initial momentum of the head is
(h + -)mv°. When the whole system is in motion its center of mass

has a velocity v m, so that its momenttu is (h + n + 1) mv . On
m m

account of the conservation of momentum, these two momenta must
be equal, so that one can write:

v = h + I/2 v , (4.13)

m h + n+l 0

The effect of the impact will be to elongate the yarn. The
stress accompanying this elongation tends to decrease the velocity
of the head and increase that of the tail, so that these velocities
tend to become equal. At the instant this occurs these velocities
are also equal to vm , and the specimen attains its maximum
elongation [51]. If this is equal to the breaking elongation of
thb material it is at this instant that the specimen will rupture.
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The energy available to cause rupture in this system is the
kinetic energy lost by the decelerating head mass minus the kinetic
energy gained by the tail mass. The yarn must be supplied with just
the amount of energy necessary to cause rupture. An excess would
be wasted on extraneous effects, and lead to spurious estimates of
the breaking energy. The neccosar. Y minimum energy is supplied when,
for a given set of head and tail masses, the head is given a certain
sufficiently high, initial velocity vhn. This can be found ex-

perimentally by determining, in a series of trials on a number of
specimens of a sample, the minimum velocity at which breaka.e can
be made to occur.

The initial kinetic energy of the head mass will then be
2

im (h + 1/2) v
2 hn

When rupcure occurs, the head mass, as indicated above, will have
velocity vi , given by Eq. (4.13), so that its kinetic energy at

this instant is

2 2
1 (h .- i/2)v
2 i (h + 1/2) = Vhn(h+ n + 1)2

Hence the energy lost by the head mass will be 2
(h + 1/2) 21 m (h+l1/2) 1 - v

2 2 hn
2(h +n + 1)

The kinetic energy gained by the tail mass, starting from rest,
will be

2
2 1 (h + 1/2) 2

im (n + 1/2)v =m (n + 1/2) v [cf. Eq.(4.13)]
2 m 2 2 hn

(h + n + 1)

Finally, the breaking energy, the difference between the latter
two expressions, is found, after some algebraic manipulations, to
be

2I m (h + 1/2) (n + l_ V

2 h + n + Vhn
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Dividing this quantity by the mass of the yarn m gives the
work done on unit mass, or breaking energy density,

2
Wb,hn = 1 Ch + 1/2) (n + 1/2) V2 .- 14)

b ih 2 h+n+l1 hn

where the subscripts h and n indicate that the energy density
has been determined at the breaking impact velocity corresponding
to head and tail masses hm and nm, respectively.

Limiting breaking velocity..- If Wb,hn for a particular

material is taken to be a constant, independent of the impact
velocity, we can identify it with Wb, mentioned above. Evidently,

then, vhn will have to be increased to cause rupture if either
the head or tail mass is reduced. Suppose that the tail mass
is reduced to zerc. In this case the xuass of the yarn can be
associated with the head only, so that the factor (h + 1/2)
becomes (h + 1) and Eq. (4.141) reduces to

K' = 1 h + 1 v . (4.15)
b 2 h + 1 ho

Since the terms containing h cancel out, vho is evidently
independent of this expei.imental parameter, and can be taken as
a characteristic of the matorial. Designating this as vb, we
thus have

W =lv 2
b

or

v b= 2--.ib (4.16)
b 'b

McCrackin et al. [51] have .called vb the limiting breaking
velocity. This value represents the maximum longitudinal Ln-
pact velocity that a particular textile material can possibly
withstand without rupture. The velocity vb corresponds to that
at which the rupture strain ' is reached immediately on impact,
discussed earlier in this chapter. This can be readily seen if
we suppose a yarn of Hookcan material to be impacted longitu-
dinally so as to cause immediate rupture. Then, from Eqs. (4.1)
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and (4.6),

2 22 v mv2 = V (4.17)

D 2

c E

where v is the immediate-ruptu."e velocity. The rupture strain,

designated e in Eq. (4.9) is nov b Hence, by Eqs. (412) and
r (4)so

(4.16):

Vi =".b =/ 2 Wb=vb. (4.18)

It should be noted, as a matter having practical implications,
that this upper limit on longitudinal impacL velocity cannot be
raised by increasing thb size or massiveness of the yarn or
textile structure into which the material is formed.

Frcaa Eqs. (4.11) and (4.16) one can write for the limiting
breaking velocity,

vb y--- b•de. (4.19)

Through considerations of the propagation of what they term
"1plastic" strain in long rod-like solids, .on Karman and Duwez
1981 have derived an expression for a critical velocity vc t
above which instantaneous rupture on impact will occur. They
obtain

c
v _de, (4.20)

S op

where cc is the maximum strain attained at impact velocity vc
Since their theory leads to the conclusion that rupture is
likely to occur when the strain reaches this point, e can bec
taken equal to e

As Smith et al. [82] point out, v depends on the shapec
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of the stress-strain curve, because of the presence of the slope,
ael/•6 , in the expression on the right-hand side of Eq. (4.20),

whereas vb depends on the area under the stress-strain curve, the

iniegral h'de . In general, for materials having stress-

Jo
strain curves that are concave downward, vc is less than vb, by
varying amounts. For materials obeying Hooke's law, vb and vc

are the same, since the expressions on the right-hand sides of
Eqs. (4.19) and (4.20) both reduce to l 6b. The von Karman

theory applies strictly only to materials having stress-strain
curves that are not concave upward, and that do not change in
shape with rates of straining. Despite the fact that the stress-
strain curves for most textile fibers and yarns have concave-
upwara segments, and are strain-rate dependent, their character
at high strain rates approximates the Hookean. Hence, the con-
cepts underlying the principle of critical velocity can be and
have been fruitfully applied in the analysis of the behavior of
textiles under high-speed impact.

3. Transverse Impact

When a linear structure, as represented by a textile yarn,
is struck transversely by a rigid object, the former is deflected
in the direction of motion of the striking object or missile.
A longitudinal strain is set up in the yarn at the point of im-
pact. This strain is propagated outward: along the yarn in both
directions, in the manner described in the foregoing sections
for strain resulting from longitudinal impact. As the strain
fronts propagate outward, material of the yarn behind the.fronts
moves inward, as the yarn tends to accommodate itself to the
new configuration.

This new configuration consists of a V-shape with the apex
at the point of impact. As the impacting missile and the apex
move forward, this V-shaped segment spreads outward along the
undeflected yarn in both directions. This transverse motion of
the yarn, generally called the transverse wave, is propagated
with a certain velocity, which is always lower than that of the
concurrent strain propagaLion. lt will be of interest to consider
the simple theory of transverse impact, and to establish some



- 110 -

relationships between striking velocity, transverse-wave velocity,
tension in the specimen, etc.

Transverse-wave velocity. - Consider a yarn lying in a
horizontal plane, and suppose it to be impacted transversely at
time t by a missile having a striking velocity v . The motion

of the missile being represented as vertical, the configuration
of the yarn at some time t after impact (and before any strain
reflection occurs) will be that shown by the solid line in Fig. 4.7.

0

//I

S TRANSVERSE

I 
I Q

I\ P [:•] AiMN

I r'/ -.-. F1~

Fig. 4.7. Configuration of yarn, and strain
propagation after transverse im-
pact (vertically).

The configuration bzi'.ig always symmetrical about the apex, we
need concern ourselves with the behavior of the yarn in only
one half of the inverted V, say the right-hand side in Fig. 4.7.
At time t, this half is in the position OP. At sumie ii6ihtly
later time t + 4 t the yarn will have moved to O'P'Q. The point
on the yarn originally at P will be displaced parallel to the
trajectory of the missile, to the position P', in the time At,
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Fig. 4.C. Tenacity(stress)-strain curves of high-tenacity
nylon 66 yarn at various strain rates [after
Ref. 85].
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The distance PP' = 00'. it is assumed that the energy of the
missile is sufficiently large that, compared to vs, the loss of

velocity, not only in the intervalt, but in the whole transverse
deformation process is negligible. Hence we may place 00' = vs L t,

so that we have PP' = v s A t. If we take vt as the velocity with

which the transverse-wave fiont moves from P to Q, the distance
PQ = vt t.

Let M = the mass per unit length (lincar density) of the yarn
in the unstrained state. Then the mass per unit length of the yarn
having a total strain E will be M/(l +6). If e is the strain in
the segment P'Q, then the mass of this segment will be

M 1/2 2 2 2
1 + S Vt L t, where vs+ vt t is evidently the

length P'Q. The transverse momentum of this segment, travelling

at the velocity vs , will then be

p V /v + v 4t. (4.21)

1+E V+

All of this momentum represents a gain during the interval 8 t,
since the segment was at rest. at PQ at time t.

By the principle of the conservation of momentum this gain
must be equal to the momentum lost by the missile during the
interval A t. This loss is given by the product of the rate of
change of momentum and the time interval. But this rate of change
of momentum is the retarding force acting on the missile. This
force, in turn, is the transverse component of the tension or
stress e in the strained yarn, multiplied by the cross-sectional
area A of the latter. According to the resolution of vectorial
quantities, the transverse-force component bears to the tensile
force -cIA in the. yarn the ratio of the lengths PP'/P'Q, that is,

VsAt// V2 + V2 At. Thus, the retarding force acting on theS/ s t v c' A

miizile is given by f S s (4.22)
v + Vt

Equating the gain of momentum of the yarn p, given by Eq. (4.21),
to the loss of momentum of the missile fAt, we have

M / 12 2 2 2
MlVs Vs vttv= vs v 2 + At (4.23)s ++t t s vt
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Simplifying this equation, and noting that M/A =•, the (volume)
density of the unstrained yarn, we have: J

.÷ S 2 + 2 •" (4.24)

S

Rearranging Eq. (4.24) gives us an expression for the trans-
verse-wave velocity:

v + e v s (4.25)

The velocity vt, as derived above, and expressed by Eq. (4.25),is
relative to a coordinate system at rest with respect to the labora-
tory. Since the unstrained portion of the yarn (ahead of the
strain front) is at rest with respect to the laboratory, vt is
relative also to this portion of the yarn.

An expression that is sometimes useful is that for the trans-
verse-wave velocity relative to the stained segment of yarn
(behind the strain front), which flows inward to form the inverted
V. Consider a particle in the strained yarn. As time goes on,
the particle will move inward with increasing velocity, and the
strain in its neighborhood will increase, until so-celled "plastic"
strain is reached. Under this condition the inward-flow velocity
becomes constant, at vf, as does also the strain, at p. Rela-

tive to the particle, in the expanding coordinate system of thestrained state, the transverse-wave is advancing on the particle

with velocity
v "vt + v f

t +I (4.26)

p

From other considerations, Smith et al. [83] have shown that
v -• (- (4.27)

vt' " (1 + •p

From what has been said about the constancy of the strain after
the plastic ievel is reached, it is evident that a = 0 . This

P
strain is not altered by the passage of the transverse front.
Thus, there is a uniform distribution of strain in the transverse
wave, except in the rare cases of some materials in which the
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transverse froc-t propagates faster than the plastic strain front.

The stress-strain curve. - Smith et al. [85] have developed
procedures based on the foregoing theory, for obtaining the
stress-strain curve of a yarn sample from observations of trans-
verse-impact experiments. The method to be described here is
applicable when the striking velocity is sufficiently low that
the difference between local strain e at the transverse front

p

and average strain F is negligible.

From measarements on high-speed photographs of the yarn at
successive times after impact, the lengths bI1 of the transverse
wave (OP, O'Q, etc. in Fig. 4.7) and the lengths L2 of the

undisplaced yarn from the transverse front (points P, Q, etc.) to
the end of the yarn, are obtained. The average strain & at each
time is then computed using the relation

_ L + L - L
6 1 2 ,(4.28)

L

where L = the initial length of the unstrained yarn from the point
of impact to the end. The successive values, at known tine inter-
vals, of L expressed in terms of the expanding coordinate system,
provides measures of vt,. Then the tension or stress is computed

by means of the relation
2

vt ( +E) , (4.29)

which is derived from Eq. (4.27), withE replacing e.". The
stress-strain curve is obtained by plotting values of 9 against
those ofd at corresponding times. A typical such curve for a
high-tenacity nylon yarn is shown in Fig. 4.8 for a rate of strain-
ing of 5000%/sec. (300,000%/min.)* Compared with this curve are
those obtained at three quasi-static rates of loading.

* This curve is in excellent agreement with one obtained on

the same material by longitudinal impact at an initial strain-
ing rate of 315.000%/mim. 175].
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The foregoing analysi, applied to nylon data, shows that
increasing the rate of strAining tends to displace the stress-strain

curve to the region of higer stress for a given strain. Schiefer
et al. [75], using the sare rapid impact techniques, and before
them, Peirce [65] and ot1-rs [43, 54] using lower speeds, have
found the same effect on wide variety of fiber types. Petterson,
Stewart et al. [67, 69], pith their ballistic techniques which
produce initial rates of btraining in the order 10 6%•/sec., have
thrown further light on t6e influence of the rate of straining on
thestress-strain behavior of textile materials.

By placing ink tick marks on the test yarn at regular intervals
and employing high-speed photography, these workers have obtained
full records of local strain, before and at various times after
transverse impact. in Fig. 4.9 is shown an idealized drawing of
a triple-flash photograph of'such a marked yarn in the neighbor-
hood of the transverse wave, obtained as described in Chap. III1
The images of the yarn at the three different times after impact
are slightly displaced horizontally by use of a rotating mirror
in the optical path between yaun and camera. The. image. of the
yarn before impact is separated from the others on the photograph
by a manual technique. It will be seen that points in the trans-
verse wave do actually travel substantially parallel to the tra-
jectory of the missile as was postulated in connection with the
discussion of Fig. 4.7.

By means of this technique it has been possible to obtain
the local strain in the yarn aks a function of distance x from
the point of impact (the axial distribution of strain) at
selected times t after impact, and at various transverse striking
velocities. The measurements were made in sufficiently short times
that no reflection effects enter. A typical set of curves for a
nylon sample, obtained from the records of four shots at an
average striking velocity of 235mia/sec. is shown in Fig. 4.10.
Two 3iportant observations were made on these data. First, it
was found that, for a particular striking velocity, the average
of the velocity of propagation x/t of a selected strain, such
as 4i in Fig. 4U in•OgrtaIs ftetr.Am-
pact, was substantially constant. This finding implied that a
constant propagation velocity is associated with this strain 6-.
A different velocity was found to be associated with each leveA
of strain, the lower strains having the higher velocities.
Secondly, it was found th3t while the propagation velocity of a
particular strain genterally increases with striking velocity, the
velocity of the strain front (where the strain is infinitesimally
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Fig. 4.9. Idealized drawing of successive imiages of
yarn inmpacted transversely, as obtained by
triple-flash technique [33].
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small) has constant value for all striking velocities. These
experimental findings correspond to the concept of the "elastic
wave," advancing with a certain velocity, followed by a slower
"plastic wave," introduced by von Karman [98], and further inter-
preted by Smith et al. [83].

In Fig. 4.11 are summarized results on a nylon yarn at four

14 -
'N.

N>

\0ON

U) 4

0 1000 2000 Z700

S-TRAIN \JELOCVT--- (m./sec)

Fig. 4.11. Strain in yarn as a function of strain
velocity x/t, for four different transverse
impact velocities [after Ref. 67].
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average transverse striking velocities, showing the effects
noted above. It would be desirable to obtain the relationship
between strain and strain velocity over the greatest possible
ange.Thd;,pper limit of the range in which the above-described

tecnnique can be applied is evidently the relationship corresponding
to the transverse critical velocity (T.C.V.), at which, in theory,
the specimen breaks immediately on impact. At this and higher
velocities no record translatable into 6 and x/t values is obtain-
able.

The form of the E -vs.-x/t curve corresponding Lo the trans-
verse critical velocity can be calculated if a relationship between
6 and x/t, based on the ekperimental data for lower velocities,

is known.* Petterson and Stewart [67] found such an empirical
relationship for each striking velocity:

e e-k(l - /ct) (430e J -e, (4.30)

1- e

where P = the maximum stxain in the yarn, occurring in the:neigh-
m

borhood of the projectile;** k = a dimensionless constant character-
istic of the particular striking velocity; and c = velocity 6f
propagation of the elastic strain front (the value 2700 m./sec.
in Fig. 4.11, for instance).

From the measurable values of 6. 6 x/t and c, values of
m

k corresponding to various transverse striking velocities can be
calculated by means of Eq. (4.30). The4, considering 6 and k
as functions of striking velocity, their values can be "btained

• Being based in part, on data for lower velocities, the
calculation is substantially an extrapolation of these
data, and has the uncertainties inherent in such a practice.

* The strain E will be recognized as being the e discussed

m p
earlier in this section. Petterson and Stewart represent

Em as having zero propzgat2.on velocity, rather than a finite
congtant velocity.. Theit; Oata, how~V.r, pb6bablyndb not pre-
clude the latter inerpretation.
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Fig. 4.12. Stress-strain curves of 210/5 nylon 66 yarn,

in quasi-static test and for various trans-
verse impact velocities [after Ref. 67].
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graphically at the known transverse critical velocity. Sub-
stituting these values in Eq. (4.30), one can then calculate
6 for various values of the strain-propagation velocity x/t, and
thus obtain the form of the curve at the transverse critical
velocity. The function obtained by Petterson and Stewart for the
nylon yarn is shown as a dashed line in Fig. 4.11.

In order to obtain the stress-strain curve, these authors
make use of Laplace's wave equation, given above [Eq. (4.7j, in
the form

2 -..- 2U 
(4.31)

t Pt2 P 2

where E is the instantaneous modulus corresponding to the strain±

(i at time t.. Since f = t/ x, one can obtain an expression

for u by integration of Eq. (4.30) with respect to x, and applica-
tion of the boundary condition: displacement u = o at x = ct.
This operation leads to

Uk . f .2_ t 1 -- e -tlc - x) (4.32)

l-e k

Taking the second partial derivatives with respect to t iand x,
separately, and substituting the resulting functions in Eq. (4.31),
one obtains

(x/t)2, (4.33)

where the subscript i on the right-hand side indicates that the
strain velocity x/t is that corresponding to the particular strain
ti.

By means of Eq. (4.33), values of the modulus Ei can be

calculated for various selected velocities (x/t)i. These veloci-
ties would be in the range covered by graphs such as Fig. 4.11.
The Ei s can then be plotted against the ei's corresponding to the
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same (x/t).'s for each striking velocity, as given by graphs ofI J

the type of Fig.4.11 Since E DOId6 , graphical integration of
the resulting curves gives Ojas a function of 6 , the stress-strain
curve for each striking velocity. The family of such curves ob-
tained by Petterson and Stewart for the nylon yarn, employing this
technique, is shown in Fig. 4.12. An experimental quasi-static
stress-strain curve for the same sample, obtained at 400/.
extension/min., is shown for comparison.

B. FABRIC SYSTEMS

1. Introduction

An extension to two-dimensional structures, such as f-ilms
and fabrics, of the theory for yarns given in the foregoing section-Z,
has not thus far appeared in the published literature. A theore-
tical treatment of the impact behavior of fabric systems, based
on energy considerations, without regard to the mechanism of
strain propagation, has, however, been developed by Mrs. Rogers
[72). It will be of interest to review this treatment, not only
as an analysis of the energetics involved when a fabric system is
impacted normally (or transversely) by a high-speed missile, but
also as an example of a different theoretical approach.

2. Experimental Background

As has been outlined in Chap. III, the standard method
[95) for the ballistic evaluation of fabrics for personnel armor
consists essentially of impacting the fabric sample with a special,
free-flying missile of measured velocity. The average of the
striking velocities corresponding to five complete and five par-
tial penetrations of the test panel, determined according to the
procedure described in Chap. TII, is taken as the V 50 ballistic

limit. It is interpreted as the striking velocity(for the parti-
cular type of missile) at which, in a large number of impacts on
specimens of the fabric sample, 50% will result in complete
pen--trations. A little reflection will disclose that the V 50
velocity represents the limiting value at which the missile will
barely puncture the fabric panel and witness platc, and come to
rest in the latter. The kinet--.., týnergj of the missile correspond-
ing to V 50 is a measure of all of the energy which the panel-and-

plate system is capable ot absorbing, at the particular missile
velocity-
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It is intuitively evident that as fabrics of a particular
construction and fiber type are made heavier, or as the number of
layers of a particular fabric in a panel is increased, the V5 0

ballistic limit will be increased. In Fig. 4.13 such a dependence
of V5 0 on the areal or surface density of a panel of standard nylon

armor fabric is shown, the variables being expressed in arbitrary
units [72]. Here the increase in areal density is achieved simply
by increasing the number of sheets of fabric, one sheet having a
value of 0.015 units on the scale used here.

The parabolic character of the curve in Fig. 4.13 suggests
that, approximately,

V 50 / h (4.34)

where ph is areal density, p being the mass per unit volume
(density) of the textile ma erial, and h the effective thickness
of the fabric panel. For two layers (each of one or more sheets)
having ballistic limits (V5 0 )a and (V50)b, Eq. (4.34) suggests
the following relationship for the limit of the combination:

(V ) -411(V )2 + (V )2
50 )b = 50 a 50 b (4.35)

This equation is reported to have been found in experiment to
hold approximately, at higher velocities, for many materials.
impacted with non-deforming missiles of the fragment-simulating
type [721.

From Eq. (4.34), one would expect that for a panel consisting
of n like sheets, the V5 0 limit would be given by /- (V5 0 ) 1 ,

where (V5 0 ) 1 is the ballistic limit of one sheet. It is found,

however, that for the case of 12 sheets of nylon armor fabiic, the
limit is

(V5 0 ) 1 2 = 1.85 (V5 0 )1 1 (4.36)

which is considerably less than 12 (V5 0 ). The implication is
that the parabolic relationship represented by Eq. (4.34) does
not hold for such low striking velocities as (V5 0 )1 . In the

-o-lo-ing sections are outlined the considerations of Mrs. Rogers
leading to a theoretical explanation of Eqs. (4.35) and (4.36),
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Fig. 4.13. Ballistic limit (V50 ) of nylon arzor

fabric, as a function of areal density
(nuaiber of layers) of panel [after
Ref. 72j.
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based on a relationship having more general validity than Eq. (4.34).

3. Theory of Ballistic Limits

Basic equation for the ballistic limit. - From Newton's
second law of motion we have, for the retarding force actin-, on
a projectile at any instant, as it penetrates a fabric panel,

F = -dT/dx, .(4.37)

where T is the kinetic energy of the projectile, aud x is the
distance it has penetrated into the target. Rear.anging the terms
of this equation, and integrating over the total distance of pene-
tration h, we have

odx = dT/F,

where To is the kinetic energy with which the projectile strikes
the target fabric, corresponding to x = o, and Te is the energy
with which the projectile must emerge from the fabric in order
barely to puncture the witness plate. Then

rT

h = - I dT/F. (4.38)

J0
•0

F is considered to be a function of T.

From what has been said above regarding the significance
of V 0 , TO and T , it is apparent that

o 50 e

2
T 0=1! KV50 (4.39)

2

where M is the mass of the projectile. Hence Eq. (4.38) takes
the form 2

h = e dT/F = C 50 dT/F, (4.40)

2 d2
2 MV50
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T e

Ohe term dT/F is a constant, so that if, after multiplication

through by Eq. (4.40) is differentiated with respect to V5 0 '
one obtains

2
d(fh) = - • MV , (4.41)
dV5 0  r 50

where, now, F represents the retarding force acting :,. the
0

infinitesimally thin front surface of the panel [72]. From this
equation we have

F = Mf V5 0 dVsd(f h). (4.42)

For the higher areal densities ph(and striking velocities)
the data of Fig. 4.13 can be represented by the function

2
V5 0  = 0.42 + 6.72 fhf, h 0.2. (4.43)

From Eqs. (4.42) and (4.43), then,

F0 = 3.36 Mep h >,, 0.2. (4.44)

This relationship indicates that, at the higher values of V50

and Ph, the initial retarCing force is independent of the
striking velocity.

By means of graphical differentiation of the ctirve in
Fig. 4.13, and the application of Eq. (4.42), values of F/Nr
(which is proportional to the retarding force for a given missile)
can be calculated. The results show that at the lower striking
velocities for penetration, V50, the retarding force becomes

greater [72]. To fit the data at the lower velocities, without
int-roducing serious error at the higher ones, Eq. (4.44) is
modified to the form

F = Mý p (1 + l/qV5 02), (4.45)

where p;3. 3 and qz4.5. Mrs. Rogers makes the implicit



- 127 -

assumption that Eq. (4.45) not only holds at the front surface of
the target, but represents the relationship between the instantane-
ous retarding force F and the missile velocity v during penetration.*
Thus, one has

F dT Mpp(1 +I/qv ) (4.46)

dx )
2

Since T = Mv /2, dT = Mvdv, so that one can rearrange Eq. (4.46)
as follows:

Mvdv (4'.47)2= •Mp pdx•i
1 + 1/qv I

These expressions can be readily integrated, yielding

q .V+2 v -2 px const. (4.48)
q q J

Evaluation between the limits v = V0 at x = o, and v = Ve at

x = h, results finally in the relationship
2 2 2 2

V _ 1 ln(l + qV ) = 2 ph + ve - 1 In(l + qv ), (4.49)
50 q 50 P q e

where ve is the velocity with which the fragment-simulating
missile must emerge from the fabric panel in order barely to
puncture the witness plate.

Eq. (4.49) represents an expression by means of which the

ballistic limit V5 0 , of a fabric panel can, in principle, be cal-

culated from the experimental parameters Y h and ve , and the

curve-fitting constants p and q. Eq. (4.49) is to be considered
a refined version, based in part on dynamic theory, of the purely
empirical Eq. (4.43) for the curve of Fig. 4.13. The expression

* For the penetration process, p and q may be expected to have
effective numerical values different from those quoted above.
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2 2
v e 1 n(l + qve i n Eq. (4.49) is a constant for a parti-

q 2
cular type of missile. It and the "corrective" term on V ,

1 5+ ), taken together (though (not constant-', may be

thought of as corresponding to the constant 0.42 in Eq. (4.43).

Ballistic limit of two layers at high velocity. - We will now
apply the theoretical Eq. (4.49) to the derivation of zq. (4.35),
considered as an empirical expression for the V ballistic limit50
of two lavers, each of known ballistic limit.* Let the areal den-
sities of the two layers** be (h)a and ( h)b ' so that the areal

density of the combination is (• h)a + (y h)b.*** The expression

for the combination then becomes, from Eq. (4.49),

2 1 2
'%50'ab - ... + q(v5O) 2p [ (ph)a + h)b]

2 . 2)
-v -2- ln(l + qv , (4.50)

e q e

But Eq. (4.49) also gives expressions involving the ballistic
limits (V 50)a and (V50)b for each of the two layers separately:

2 1 2
(V50)a - q n[l + q(V5 0 )a ] = 2p (fh)a

21 2
+ ve qin(l + q (4.51)

* Eq. (4.35) evidently can be derived from the approximate
Eq. (4.43), if the constant 0.42 in the latter equation is
neglected.

** The term "layer" used in this section refers to one or more
sheets of fabric considered as a unit.

* The present derivation is a generalization of that of Mrs.
Rogers [72], who considered both lay-rs to have the sa,,e1,
i._.., to be composed of the samo material (fiber type). This
restriction is unnecessary.
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and

V 21l~ + qV 2
(V50)b intl q(V 5 0 )b] = 2p (f h)b

q
2 1 2

+ v - j ln(1 + q'e ). (4.52)

Adding Eqs. (4.51) and (4.52), subtracting the result from
Eq. (4.50), and rearranging terms, leads to

1 2 _ 1~ +2(V ) 2 (V )2+( 2-. 2[V50]ab " ln~ l + N(Vs0)a2 50)a2+ (V 50)b Veq
2

1 + qve

qlf l 2 2 (4.53)
50 1 50)2

For relatively high V50 velocities, in the range 1 to 2, in

the arbitrary units used here, ve (--0.35 units) and certainly,

its square, are negligible. Thus, one may write, to a good approxi-
mation,

2 2
(V50)ab = (V50 )a + (V )2 + R, (4.54)

2l+q(
where R -l 1 + (V50)ab

q, [1 + q(V )2 . [1 + q(V )2]
50 a 50 b

The argument of the logarithm here has a fractional value for all
values of (V50 )a and (V50)b. Thus, the logarithmic term R repre-2
sents the negative residual between the (V50)ab given by Eq. (4.54),

50 2band the approximate empirical sum (V50)a2 + (V50)b For the range
of velocities considered here, however, R is sufficiently small*

The rationale adopted here differs from that of Mrs. Rogers,
who states that the whole logarithmic term R in Eq. (4.54)
approaches zero as (V50)a and (V50)b increase to very large

values. This stateitent is not vajidj since, under these con-
ditions, the argument -- 0, and R-- - eo.
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that it may be neglected, without introducing a discrepancy larger

than the uncertainty in the experimental data themselves. Thus,

we obtain

(V (b )/ )2 + (V) 2 (.5
50' = V50 a 50 b

in agreement with Eq. (4.35).

An idea of the extent to which neglecting R alters calculated

values is given by the following example. For (V5 0 )a = (V50)b

1.225 units, and q = 3, the logarithm defining R has the value
-1.2,so thaL R = -0.4. From Eq. (4.54), then, taking R into con-

sideration, one obtains (V50)ab = 1.61 units. Neglecting R, i.e.,

calculating (V50)ab from Eq. (4.55), one obtains 1.73 units.

Actually, the result from Eq. (4.55) agrees as well with the
empirical value indicated by Fig. 4.13, about 1.66 units, as does
the result from Eq. (4.54).

Ballistic limit of twelve sheets. - Eq. (4.49) can be, likewise,
applied directly to the derivation of an expression for the ballis-
tic limit of n like sheets, in terms of the limit of a single
sheet. For such a single sheet, having azeal density •h, and the
ballistic limit (V 5 0 )1 , .I

2 2 2
(V50 )1, ln[l + q(V 5 0 )1 ] = ph + ve

~1 2

In (1 + qv (4.56)
qe

Similarly, Eq. (4.49) gives for n of the same sheets, having the
limit (V50) n,

)2 -2 l 22(_ I_ n [i + q( 2n 2 ns~ph + v2
(V5 0 n q (V 5 0 ) = e

1 2
- - in (1 + qv ) (4.57)

q e
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Multiplying Eq. (4.56) by n, one obtains from the two equations,
2 12 2 2

(V ) -- in [1 + q(Vs) ]=n(V5) -nin [1 + q(V
50 n q 50 n 501I q 50 1

2 2
•.(n-l)v + (n1 in (1 + qv e ). (4.58)

q
Assuming that (V5 . ) is sufficiently large that the terms

in ve can be ignored, one hao from Eq. (4.58),

( )2_I in [1 + qV 2 n(V50)1 Iki 1+qVý2] (4.59)
50n q 5 .501 q 5

The logarithmic terms in this equation may be represented by the
series defined by the formula

2in (1 + x) = x - -2_ + x_ . . . . ..
2 3

For small values of x the logarithm is approximated by the first
two terms of the series. When this substitution is made,
Eq. (4.59) becomes

2 1 [ 2 2 4 n

V50n q q50n -_50

2 n )l 2 2 4(
"- nV 5 0 )i - q (V5 0 )I - q (V5 0) 1  (4.60)

L ~ 2 1

or,
4 4

q(V ) q(V50)50n =n 51

2 2

Taking the fourth root on both sides of this equation, one has

(V5 0 ) n- !n (V5 0 )1 . (4.61)

For the case of n = 12,

(V ) = i/12 (V ) = 1.86 (V ) . (4.62)502 V~ 501i 50 1
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This relationship can be seen to be in very good agreerient with
the empirical Eq. (4.36).

The precision of the foregoing derivations evidently depends
on the validity with which, in the particular application, the
assumption ve = 0 can be made, and the other indicated approxima-

tions, in connection with Eqs. (4.54) and (4.59) adopted. Regard-
less of this point, the derivations provide an insight into the
physical factors that come into play in the penetration uf a fabric
panel by a ballistic missile. The agreement of Eqs. (4.55) and
(4.62) with empirical findings indicates that the postulated physi-
cal relationships are substantially correct.



CHAPTER V

RELATED DYNAMIC PROPERTIES

1. Introduction

Vne impact properties of a material may be considered to be
special aspects of its dynamic mechanical properties, in the genera].
sense. More particularly, however, the term dynamic properties
has come to refer to the behavior of a material under very rapid
cyclic stressing or straining at amplitudes sufficiently small that
rupture does not occur, and in most cases, so that not even much
permanent deformation results. Impact properties, on the other
hand, have been taken to be those related to the rapid permanent
deformation, and usually rupture of a material, as has been brought
out in the preceding chapters. The same molecular mechanisms and
parameters that determine the dynamic properties of a material would
undoubtedly also define its behavior during an impact process, at
least in the initial phase. It is therefore of interest to con-
sider briefly, in connection with impact phenomena in textiles,
the nature of the elementary dynamic properties.

It was pointed out in Chap. II that in polymeric materials
such as textiles, elastic and viscous effects occur together. If,
then, a force is applied to a textile filament or yarn, tending to
stretch it, this force must overcome combined elastic and viscous
reactions. According to Eqs. (2.1), (2.2) and (2.3), the elastic
reAistance is

acr = aE = a Es, (5.1)

where s is the displacement (in units of length) of the
end of the sample: and the other symbols have the meanings given
in Chap. II.

Assuming that the viscous process conforms to the law for
an ideal fluid, i.e., that stress is proportional to the rate of
deformation or extension, this part of the resistance will be
given by the expression .

a T/t (A -M) v dt (52

where /. is a proportionality constant characterizing the internal
friction associated with the viscous behavior of the material.
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The total resistance to extension of a textile spectrien is
given approximately, then, by the equation of motion:

a tL d s + a Es = F(t), (5.3)

To dt )o

where F(t) is the applied force, in equilibrium with the resisting
forces, at every instant. The behavior of a viscoelastic body
represented by Eq. (5.3) is the same as that of a spring connected
in parallel with a dashpot, i.e._, a leaky piston in a cyli-Lder.
Such a mechanical model, the Voigt, as it is called, is shown at
the left in Fig. 5.1.

F cos u*t

I .rl ads

Lf-Volgt Model-I

Fig. 5.1. Idealized mechanical model of
vibrometer system, with Voigt
model representing viscoelastic
yarn 141].
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z. Measurement of Ljynamic Properties

The parameters E and ] , when measured under rapid cyclic
loading, and others derived from them, specifically represent, or
constitute the dynamic properties of a material. When measured
in this manner, E is called the dynamic Young's (or stretch)
modulus. has been called (among other designations) the
coefficient of internal friction.

Methods thus far developed for the measurement of the dynamic
propr+riaQ of textiles have generally involved the use of a vibrating
mass to which the specimen is attached [41, 42, 92].* A schematic
diagram of typical apparatus is shown in Fig. 5.2. The principle

-UU

Fig. 5.2. Schematic diagram of stretch-vibro-
meter and auxiliary equipment [42].

* Reference 92 cites literature describing various versions of

this apparatus developed during the 1950's.
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and operation of such a stretch vibrometer have' been described
by Lyons [42] as follows: ". . the method consists of passing a
small oscillating current of known frequency through a coil which
rests in the field of a strong electromagnet and is supported co-
axially by two equal lenyths of the test string, which are necessar-
ily under tension. The passage of the current through the coil
causes it to vibrate axially, thus alternately elongating and re-
laxing the specimen string. The amplitude of vibration is measured
by means of a micrometer microscope focused on a mark on the vi-
brating system. The stretch-vibrometer has been so calibrated that
for a given length of sample (usually 25.4 cm.) readings of the
vibrating-coil current, its frequency, and the amplitude of vibration
provide the necessary data from which the desired dynamic parameters
can be calculated. Measurements are made at resonance. Typical
extremes in axiplitude of vibration are 0.080 cm. (0.3 percent)
for a nylon cord, and 0.010 cm. (0.04 percent) for glass cord."

Because the rapidly accelerating and decelerating coil-and-
weight assembly, as well as the two lengths of specimen, forms
part of the vibrating system, the mass of this assembly must be
taken into consideration for the complete equation of motion. The
reaction of this mass, considered as another force resisting the
applied one, and being gi-'en by the product of mass and acceleration,
must be added to the resistance presented by the specimen, as given
by Eq. (5.3). Furthermore, as the force F(t) applied by the vi-
brating coil is not a steady pull, but one varying sinusoidally
(or very nearly so) with time, an explicit expression can be intro-
duced for it. Thus we have for the equation of motion underlying
this method:

m d2s + A d+Es =FcosejOt (5.4)
dt 2  q dt q

where m. is the effective mass of the vibrating assembly; q is

PO/2a, o 0being the initial length of each of the matched halves

of the specimen; and F is the amplitude of the applied force, which
varies with a frequency of 1O/2'IT cycles/sec. This equation
reflects the simplifying observation that instrumental, frictional
losses are negligible. The force amplitude F is obtained from a
uaIibration of tha instrument giving force as a function of the
currenL through the field coil.
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The solution of Eq- (5.4) Icads to the following formulas
for the basic dynamic properties:

2
dynamic modulus, E = qmuJ , (5.5)

0

coefficient of internal friction,

sF .(5.6)

m 0

The quantity W0 represents the value of W at resonance, while s
0 m

is the maximum amplitude (at resonance).

It was pointed out in the discussion of viscoelasticity in
Chap. II, that in the rapid cyclic loading of materials showing
such behavior, the strain lags behind the applied force. This
phenomena, which is associated with the internal friction of the
material, is called hysteresis. It represents a loss (in the
generation of heat) of a part of the energy supplied by the im-
pressed force. Following are expressions for this hysteretic loss,
given by the solution of Eq. (5.4):

total energy loss per cycle, Hc = FS IT', (5.7)

hysteretic constant (energy loss per cycle

per unit volume),H cv= /Is m 2o/ o 02 (5.8)
- FSmiT/2a Jo (5.9)

3. Energy-Loss Functions

Energy loss at unit strain-amplitude. - The hysteretic
constant H evidently applies td specimens of a particularWv
length 2o strained at a particular displacement sm, since both

of these variables appear in Eqs. (5.8) and (5.9), and no other
quantities in the expressions compensate for them. .t is de-
sirable, however, to have a parameter that is characteristic of
the material, not explicitly involving the experimental conditions
under which it is measured. To this end, a quantity that does not
depend on the strain amplitde Sm//1 o, and that is hence more nearly
a material constant than H was introduced [42]. This quantityC,v
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has beer called, preferably, the energy loss at unit stra.n-amnli --

tude. Since, as Eq. (5.8) shows, energy loss is proportional. to
the square of the sLrain-amplitude (sIn/ýo)2, this energy-loss

function is obtained by dividing the hysteretic constant by

(Srf!o)2 . Energy loss at unit strain-amplitude is thus aiven by the

expression ?U)7t'. When energy losses are thus adjusted (in effect)
0

to a uniform strain-amplitude, in this case unity, compazisons can
be made between mntcrials testcd aL di fferent strain-anmlitudes.
Ideally, values obtained for different samples bear the same rela-
tions to each other as if they had been tested at the same amplitude.
Lyons cautions, however: "Because it is found experimentally that
even energy losses referred to unit strain-amplitude are not, in
general, strictly independent of strain-amplitude itself, the
amplitude range should not be too wide."

Energy loss at unit stress-amplitude. - In most mechanical
applications of textiles, they are the load-carrying elements.
Different materials in a particular service, in general might
experience widely varying strains, because of differences in pro-
perties. This results when the forces imnosed on an element of one
material are the same as those imposed on an element of a replacement
material, and no compensation is made by altering the amount of ma-
terial used. In applications involving cyclic tension such replace-
ments would generally introduce different strain-amplitudes, but
stress-amplitudes would tend to be the same. lf, for ex...pic, one
textile material in a pneumatic tire is replaced by acaothcr, approxi-
mately cord for cord, the individuals of the two samples could be
expected to experience cycles of nearly equal stress-amplitude,
under similar operating conditions. Where such are the applica-
tions, it is unrealistic to make comparisons on the basis of unit
strain-amplitude; rather, they should be made in terms of energy
loss at unit stress-amplitude.

The total of the stresses in a body at any instant arise
from viscous as well as elastic effects. Effectively, the total
stress-amplitude is given by the so-called "vector" sum of the
elastic component, ESm/e 0 , and the viscous, /Wsm/.O i.e., by

( + (o s ) As in the case of energy loss ai

unit strain-amplitude, dividin_ the hysteLetic constant, as given

in Eq. (5.8), by the square of the total stress-amplitude, yields
the energy loss at unit stress-amplitude. Thus, one obtains for
this function,/4)0o7r/(E 2 +?2 0o2). In substituting actual values
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of E, and 6)o in this formula, it is found that for textile
2 22

materials, Eis much larger than a), usually byafctro

1000 or more. The precision with which E can be calculated does
not warrant retaining the relatively much smaller addend id• 2,
and accordingly, energy loss at unit stress-amplitude has been
calculated [42] aspOo7'/E2. This quantity, like that referred to

unit strain-amplitude, is not a perfect constant, blit varies when
strain-amplitudes cover a wide range.

Loss tangent. - On the right-hand side of Eq. (5.4) time is
represented by an angle, one of 0 radians corresponding to 1 sec.i
2 r 1/W sec. is the duration of one cycle. The interval of time
ny which, as noted above, strain lags behind applied force because
of hysteresis, also can be represented by an angle 0 , called
the loss or phase antle. This is to say that the strain reaches
its maximum value in a cycle, 0/1W sec. after the impressed force
reaches its maximum and starts to decline. This lag is on the order
of a small fraction of a second in the type of measurements consi-
dered here.

The tangent of the loss angle, or loss tangent, tan 0 , is.
another parameter that has been used to characterize the hysteresis
of a material. The expression for tan 9 , the derivation of which
is beyond the scope of the present treatise, is 4)/E. At
resonance, tan & =/W/E. The loss tangent is not an absolute
measure of the hysteregic energy, but is proportional to the ratio
of the energy dissipated (represented by/UO) to the maximum
stored energy (represented by E) in a cycle. It can be seen that
for a series of materials having equal moduli E, the loss tangents
will increase with increasing .4, provided the dynamic-property
measurements are made at the same angular frequency c). That is,
other parameters being uniform, a high loss tangent reflects high
internal friction.

4. Characteristics of Dynamic Stretch Moduli

Absence of frequency-dependence. - Lyons and Prettyman [421
conducted an experiment on cotton tirecord in which 19 different
combinations of specimen length PC and vibrating mass m. were used
W•th a constant static teasion of 2.0 kg. on the specimen. They
found values of the modulus E, calculated by means of Eq. (5.5),
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10 2
varying from 9.6 to 10.7 x 10 dynes/cm. The dispersion
of values appeared to be essentially random; it could not be cor-
related with the variations in )o or m, nor with those in the
resonant frequency w0/27rthat resulted when or m was changed.

o 0

These results confirmed the expectation that E is a parameter of
the material in a particular state, not dependent on the instru-
mental factors .o and m used in its measurement. Furthermore, the
experiment demonstrated that, over the range of frequencies employed
(70 to 300 cycles/sec.), E is independent of frequency. A very
similar experiment employing a high-tenacity nylon 66 monofil led
to the same conclusion.

This lack of strong dependence of the dynamic modulus on
frequency or strain rate was also found by Tipton [92] in measure-
ments on viscose rayon yarns in wide ranges of frequency and
strain-amplitude. Representative results are shown in the upper
part of Fig. 5.3.* It can be seen that the trends with frequency
(if any) in modulus values found at any given strain-amplitude,
are not very consistent among the various strain-amplitudes. The
dispersion in modulus values ( 1 dyne/cm2 ) is about the same
as that found by Lyons and Prettyman.

Dependence on static tension or mean strain. - When measure-
ments were made on the cotton cord, discussed above, with a
constant length, o and mass m, but with different static tensions,

a substantial, systematic increase in the resonant frequency was
found, as the tension was increased. Thus the modulus as given
by Eq. (5.5) showed a corresponding increase with tension. The
results e - presented graphically in Fig. 5.4. The increase in the
dynamic modv •s can be considered to reflect the chaage in slope
of the quasi-static force-extension curve of the cotton cord.
Such a curve is concave upward so that the slope at each point
(corresponding to what has been called the "tangent modulus")
increases with tension. In the dynamic experiments, then, as the
tension is increased, the specimen may be considered as being
rapidly extended and compressed around equilibrium positions
associated with higher and higher stress-to-strain ratios.

* F.r the significance of the loss tangent, for which data are
are plotted in Figs. 5.3 and 5.6, see Sec. 5, this chapter.
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Fig. 5.4. Effect of initial static
tehsion in specimen on the
dynamic modulus of 11/4/2
cotton cord [42].
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Tipton found similar increases in the dynamic moduli of yarns
of a wide variety of fiber types when the moduli were plotted as
functions of mean strain, i.e., the strain that is imposed on the
specimen when it is mounted in the apparatus preparatory to test-
ing. His results are shcwn in Fig. 5.5. The cellulose acetate,

2 0

0.1

CELLULOSE ACEic T

WORSTED WOOL

C0 0.0$ 0-10 *Is 020
MEAN STRAIN

Fig. 5.5. Effect of initial static (mean)
strain on the dynamic moduli of
various textile materials [92].
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viscose, nylon and Terylene samples were low-twist continuous-
filament yarns. Their behavior, as shown by the curves in
Fig. 5.5, then, can be considered to be substantially that of the
filamentous materials themselves. The curves for the natural staple-
fiber yarns, wool, cotton and linen, like that of the cotton cord
in Fig. 5.4, reflect the influence of yarn structure, as well as fibe:c
properties. Since static tension is directly, if not linearly re-
lated to mean strain, Tipton's results may be considered as sub-
stantially confirmatory extensions of those based on varying static
tension.

Tipton makes the following observation concerning this behavior:
"There is generally an increase in modulus as the fibers are strained.
This is a result of an increase in Orientation of the fiber material
with strain, which also shows up as an increase in the optical aniso-
tropy . . . The more highly oriented fibers, whether natural or
man-made, show the highest modulus values, and also the highest rate
of increase of modulus with mean strain."

Influence of strain-amplitude. - When dynamic measurements are
made on yarns at various strain-amplitudes, the moduli obtained are
found to fall off sligbthy with increasing amplitude. This is
shown by Tipton's data for a continuous-filament, single yarn in
Fig. 5.3. He also found this behavior in nylon, Terylene, and cellu-
lose acetate samples. In the upper part of Fig. 5.6 are shown his
results on the moduli of a low-twist single and a cabled continuous-
filament, viscose yarn at various mean strains from 0.01 to 0.15.
The positions of the curves for each mean strain reflect the trend
shown for the viscose sample in Fig. 3.5. On the basis of percen-
tage of the value of each curve at zero strain-ampliLtude, the decline
in modulus is practically the same for all mean strains, at least
in the single viscose yarn.

The decline in the dynamic modulus with increasing strain-
amplitude Tipton has ascribed to inter-fiber friction effects. At
the lower strain-amplitudes the segments of adjacent fibers in
contact tend to stick toqether. As the strain-amplitude is in-
creased, and with it, the dynamic stress, the static frictional
force is overcome, and fiber segments slip past one another. Thus,
.here result relatively larger over-all extensions of the yarn for
a given applied force; effectively, the dynamic modulus is reduced.
This effect would be expected to be most pronounced in twisted and
cabled yarns, especially those composed of staple fibers, where the
extensibility of the assembly is controlled in large degree by
inter-fiber friction. As the atean strain in d twisted ycLta is
increased, it becomes lateraliy more compact, i.e. adjacent fibers
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come into more intimate contact. The normal inter-fiber forces, it
is postulated, are increased, so that larger applied axial forces
are required, to obtain a given extension. This represents at a
particular strain-amplitude, higher moduli as the mean strain is
increased, an effect that can be seen in Fig. 5.6.

Comparison of dynamic and quasi-static moduli. - In Table 5.1
are given the dynamic stretch moduli of 15 samples of te:tile
materials, glass fiber and steel wire, in the order of descending
values of the moduli, as reported by Lyons [41]. Each of the dyna-
mic parameters E is an average of at least three measurements made
with different vibrating masses and specimen lengths. A uniform
tensile load of 2.0 kg. was applied to all the specimens except the
steel cord, on which a 2.9-kg. load was used. In column 7 is given
the resultant static tension in each sample during the dynamic
experiment.

Loading and unloading curves for the 15 samples, for at l.east
two complete cycles, were also obtained in conventional low-speed
quasi-static tests. The number of strands in each specimen were
selected in each case so as to duplicate the cross-sectional area
of the sample in the dynamic test. From the mean slope of L1e curves
in the second cycle or loop for each sample, a parameter taken to
be the "static modulus," was calculated. This is entered in column
5 of Table 5.1.

While the "static modulus" derived in this manner is a rather
arbitrary quantity, and not a true modulus, its comparison with the
dynamic is of interest. In this regard, Lyons says: "It will be
observed that for all samples except the steel monofil the ratio of
dynamic to static modulus . . . is substantially greater than unity.
This may be interpreted as indicating that during the slow static
loading, quasi-elastic, if not plastic flow occurs, thus contributing
to the observed elongation corresponding to a given load. The
computed static modulus is thus smaller than it would be, were this
contribution absent. In the dynamic test, there is insufficient
time for the flow and orientation of the molecules of the filaments,
o0 Cor the rearrangement and shift of th2 fibers and filaments of
yarns and cords, b2fore the applied force is reversed. The more
plastic the material, the greater the ratio of dynamic to static
modulus. Thus for the steel monofil, for which, in this static
test, there was little opportanity for plastic flow, the ratio is
a minimum, while for the newer synthetic organic filaments - Fiber A,
Vinyon N, and Velon - which exhibit pronounced elongation in standard
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Fig. 5.6. Dynamic Young's modulus and loss
modulus of viscose yarns as func-
tions of strain amplitude, at
various static (niean) strains [92].

creep experiments, the maximum ratios are found. The role played
by plastic flow in determining the ratios of dynamic to static
moduli for various filament samples is eloqueni.ly shown by comparing
the ratios for Vinyon N, nylon, and rayon yarns in Table 5.1 with
the creep of these yarns." In creep tests on these three samples
the continuous-filament viscose, with a ratio of ].86, was found
to hav4 the least creep, while Vinvon N, having a ratio of 2.41,
had the greatest creep; nylon, with a 2.04 ratio, was intermediate
in creep.
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5. Internal Friction and Energy Losses

Dependence of ,. on frequency. - Values of the coefficient /
calculated according to Eq. (5.6) from measurements made at
different resonant frequencies show a decline as the frequency is
increased. In Fig. 5.7 are plotted such data for a nylon 66 monofil
tested at more than 20 different combinations of specimen length
and vibrating mass [41]. SJmij]ar results on a variety of fiber types,
but with fewer individual data on each sample, are plutted in Fig.5.8.
In most cases the experimental points confotm very well to the hyper-
bolic law: LA ) = constant. Experimentally, this law implies that

A /0
as Jo for a particular sample is changed, so as to alter q in
Eq. (5.6), F or sm vary in such a way that the term qF/sm remains

substantially constant. The constant product/ad will be recognized

as being the numerator of the fraction defining the loss tangent.

p J0o is sometimes called the loss modulus.

That the loss modulus is largely independent of frequency was
observed hy TiPton also. His results on a continuous-filament rayon
yarn in a range of frequencies at various strain-amplitudes are
shown in the lower part of Fig. 5.3.

Hysteretic properties of various materials. - In Table 5.2
are listed the friction-dependent properties of 14 of the samples
in Table 5.1, the samples being in the same order. The tabulated
values of the coefficient/A for most samples were interpolated or
extrapolated for 180 cycles from the curves plotted in Figs. 5.7
and 5.8. Also shown are loss tangents, and dynamic energy losses
at unit strain-amplitude and at unit stress-amplitude. It can be
seen that, as would be expected from the differences between the
formulas by which they are calculated, no simple correlations exist
among the values of any of the energy-loss functions.

Characteristics of the loss tangent. - The loss tangent
1A Wo/E would be expected to vary only slightly with frequency, for,
as has been pointed out in the foregoing paragraphs,/AWo is a
constant or very nearly so, and E is sensibly independetL of
frequency, other conditions being uniform. How well this expecta-
tion is met by typical results is shown in Table 5.3, in which are
given the spreads between extreme 1'alues in the loss tangents of
the 14 samples listed in Table 5.2. The important variable here
was resonant frequency, though other experimental conditions, such
as specimen length, were necessarily varied also.
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Fig. 5.8. Coefficients of internal fric-
tion of various yarns and cords
as functions of frequency [42].
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It can be seen that the loss tangent, while not strictly con-
stant, tends to remain within a narrow r7ange. as the frequency
is varied over a range which might be as high as fourfold, as in
the case of the cotton cord. It was noted [41], regarding these
data, what the extremes of the frequency range are not to be identi-

TABLE 5.3

EXTREME SPREADS IN LOSS TANGENT
OF VARIOUS CORDS, Y:.RNS, AND MONOFILS, RESULTING

FROM VARIATIONS IN RESONANT FREQUENCY [41]

Range of
Sample description Frequency range loss tangent

(cycles/sec.) /d We0/E

Steel monofil; 6-mil. 128-195 0.0027-.0045
Fiberglas c-rd 232-359 .0262-.0298
Ramie cord 154-231 .0250-.0291
Rayon, J.,00-den. yarn 114-225 .0259-.0303
Fiber A (du Pont) yarn 105-165 .0607-.0647
Rayon, 4100/2 cord 99-160 .0297-.0310
Fiber V (du Pont) cord 95-155 .0276-.0298
Vinyon N yarn- Type NORU 81-129 .0470-.0493
Cotton cord 68-305- .0540-.0695
Nylon 66 yarn 100-170 .0344-.0370
Nylon 66 cord 79-127 .0262-.0287
Nylon 66 monofil; high-tenacity 65-300 .0275-.0340
Velon 66 monofil 72-115 .1648-.1708
Nylon 66 inonofil; 12-mil. 67-109 .0545-.0563

fied with those of the loss-tangent range, i.e., they were not
necessarily obtained in the same experiment. Hence, no systematic
increase or decrease of the loss tangent with frequency is to be
deduced from these data.

The manner in which the loss tangent is influenced by strain-
amplitude is shown in the lower parts of Figs. 5.3 and 5.6. It
can be seen that the loss tangent increases with increasing strain-
amplitude, and most markedly in the cabled yarn. Tipton ascribes
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this trend to the same inter-fiber mechanism that is thought to
account for the decrease in the dynamic modulus, namely, the greater
relative motion of adjacent fiber segments at the higher amplitudes.
Since surface friction is involved, this mechanism provides for
greater energy dissipation, which is reflected in the increase in
the loss tangent. This inter-fiber movement would be expected to
be most pronounced in the cabled yarn; and consistently, there is
a much greater increase in loss tangent with strain-amplitude in
this sample. Inter-fiber slippage, however, is not to be considered
the sole cause of energy dissipation. In the low-twist, continuous-
filament yarn, where relative inter-fiber movement is minimal, in-
ternzl friction (at the submicroscopic level) undoubtedly plays an
important role.

Fig. 5.6 reveals also that the loss tangent decreases with in-
creasing mean strain, at any given strain-amplitude. This behavior
is the opposite of that of the dynamic modulus, as it is with respect
to increasing strain-amplitude. In fact, the change in the loss
tangent P U)o/E with mean straiti ,ppears to be largely due to the

change in E, with /Aw. remaining substantially constant.

Comparisons with other filamentous materials. - The use of the
stretch-vibrometer to measure the hysteretic properties of materials
not of the usual textile type has been reported by Lyons. Dynamic
properties of steel wire and cord, and glass-fiber cord are given
in Tables 5.1 and 5.2. The method was also used for measurements
on a material exhibiting superelasticity. In Table 5.4 are given
results on a rubber thread of the Lype used to form go]f balls,
together with those on some typical textiles and a steel wire, which
have a range of values for dynamic properties. It may be noted that
as one goes through the list or materials, from steel, in the order
of declining dynamic modulus, there is a marked and steady decline
in the energy losses at unit strain-amplitude, but, in general, an
upward trend in the energy losses at unit stress-amplitude.



-153-

1 :%0) ID r-

43e

14 6 I U r'

V 1-4 .4) OD f I

041 . 0 u

ulN u

OD 0 04 0 0 0
4) NJI 43D ý4 N !DN

-4ý

0

4343 4 - 4 -

040

Ci) 4)00 0 C , I

Ln ~ ~ 0 44M 3A ý

v 0' 5L

4-4 - 4 :% -

C.)t

0 0
-4 N

w04 UN N0

00

-4

443
44' 0

00 '
-.4 V4 CD -

0 43q Na 0 c

43 ~ : IIt 4 0

0 ~ ~ to 41 E
40 0N U)'-

.- 44 f 4J *1%

o ~ý t4'-0 to0
.4~~ U) '-0 4 *



Chapter VI

MECHANICAL BEHAVIOR UNDER IMPACT LOADING

1. Introduction

Load-extension behavior and rupture properties associated
with impact have been studied in a variety of textiles, ranging
from single fibers to complex fabric structures. Most measure-
ments have been made on linear structures subjected to longitudinal
strain, but, as has been brought out in preceding chapters, some
observations have been made under transverse impact. A fpw typical
results are given in Chap. IV. The following sections are devoted
to a more thorough review of the findings on the impact behavior
of various textiles. No attempt has been made at an uncritical
tabulation, in historical sequence, of all or most results that
have been obtained. Rather the plan has been to cite data and
observations representative of the performance of textiles under
particular conditions. The emphasis has been placed on the more
recent definitive results, and those having more general interest
and significance.

2. Linear Structures

Single fibers and monofils. - A few impact measurements have
been made on single filaments. Hall [291 has studied the effect
of strain rate on the stress-strain curve of oriented isotactic
polypropylene, in connection with low-temperature tensile tests.
His sample was a monofil produced with a draw ratio of about
5.5/1, and having a linear density of about 8.1 tex (73 den.).
In measurements at room temperature (20 0 C.) he employed strain
rates ranging from 3.3 x 10-4 to 4.9 x 10 2/sec., using the appara-
tus of both Meredith [54] and Holden [31], as well as conven-
tional testers.

Hall's stress-extension results are shown in Fig. 6.1.
It may be noted in this graph that as the strain rate is in-
creased the curves in any range of extensions move systematically
to higher levels of stress. The breaking stress thus is found
to increase with strain rate in most cases, for while there is
a decline in breaking extension, it is insufficient to offset
the higher stress levels of the more rapid tests. Breaking ex-
tensions fall into two groups: above ca. 400% for the low strain
rates, and ca. 15 to 2Y1 for the high rates. It is noticeable
that che post-yield inflexion in the curves for the low, quasi-
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static rates ( < 3.3 x 10-2 sec.) disappears from the high-rate
curves. At the high strain rates the monofils reach their rupture
point so rapidly that there is no time for the occurrence of the
plastic flow that accounts for the. inflexion regions.

On some semi-theoretical considerations, Hall presents the
following equation:

logT = 1-n loge + n logE-! log E, (6.1)
m m m

where m and n are empirical, material constants and 9 is the
strain rate. On the basis of this equation, Hall concluded that
if the logarithm of the stress O is plotted against the logarithm
of the strain E , a series of straight lines whose slope is in-
dependent of the strain rate should be obtained. Some of his
results, plotted in this manner, are shown in Fig. 6.2. It can
be seen that between 1 and 10% strain at high strain rates, and
between 3 and about 12% strain at low strain rates the curves are
linear, with substantially the same slope for all strain rates,
as the theory would predict.

Eq. (6.1) also predicts that if logCt is plotted against
log 6 for constant values of C , a series of straight lines whose
slope is independent of 6 should be obtained. Hall's results,
plotted in this manner, for certain selected strains, are shown
in Fig. 6.3. The lines are not straight but at any given strain
rate their slopes are quite uniform over the 0-to-14% range of
strains. On the basis of these results, Hall concluded L1...

Eq. (6.1) should be modified to read:

1-n 1
logO - 1-n logE + -- log[f(e )] - - log E, (6.2)m m m

in which the function f(E ) replaces E itself.

In Fig. 6.4 the breaking parameters of the polypropylene
are plotted as functions of the strain rate. The energy to
rupture was obtained by integration of the load-extension curve,
using a planimeter. Also shown in Fig. 6.4 are the stresses
and extensions at the yield point. it can be seen that at strain
rates above about 30%/sec. the yield and breaking points merge,
reflecting the fact, noted above, that, the specimens break
before they can yield. Further regarding these results, Hall
stateo: "The changes in breaking and yield stress with increas-
ing strain rate are somewhat different. As the strain rate is
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increased from 3 x 10 to 4 x 10 sec.. [0.003%/sec. to 0.4%/sec.]
the yield and breaking stresses increase, but the rate of increase
of yield stress falls and the breaking stress decredses as the
strain rate is further increased." As has been noted, the curves
converge upon each other in the 10%/sec. reTho. The breaking
stress remainE. o nstant with further increases in strain rate
up to about 3000%/sec., where a distinct rise in breaking stress
occurs.

Morgan et al.* have reported high-speed impact results on
single:fibers of a number of synthetic materials. In Fig. 6.5
are shown tenacity-extensiou curves of Orlon 42 acrylic fibers, at
five strain rates ranging from the quasi-static (10%/min.) to
1.2 x 106 %/min. There is a consistent increase in the yield tena-
city or stress with increasing strain rate, as was found by Hall
in polypropylene (Fig. 6.4). However, in the Orlon 42 there
appears to be no systematic dependence of breaking tenacity and
extension, nor ot initial modulus and yield extension on the strain
rate.

Morgan and his colleagues were interested in obtaining some
evidence about the possible embrittlement of fibers at high rates
of loading. A measure of embrittlement was considered to be the
loss of ductility, i.e., the ability of the specimen to stretch
in the post-yield region, before rupturing. However, as Fig. 6.5
shows, the Orlon 42 exhibited no such loss as a consistent effect
of increased strain rate. These authors note, further, that
this "high ductility at high testing speeds is even more apparent
in several other fibers. At a testing spe'e'i of 4.3 x l0• %/min.
(6 ft./sec.) the yield stress of Arnel [Fig. 6.6.] is almost
equal to that of the breaking stress, yet the fiber exhibits
practically the same total elongation as that found in testing
under standard . . . conditions."

These same conclusions regarding yield stress and ductility
can be drawn from the cur;?es in Fig. 6.7, for Arnle 60, a cellu-
lose triacetate of improved order and molecular orientation.

Private communication. Also H. M. Morgan, R. J. Coskren,
B. S. Sprague and R. W. Singleton, Fiber Society Meeting,
West Point, N.Y., 12 Oct., 1961. Article t6 be submitted
to Textile Research Jourtial.
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201

Fig. 6.6. Tenacity(_--hress)--ztrain curves
of Arnel triacetate fibers at
various strain rates [Celanese
Corp. of America].
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Fig. 6.7. Tenacity(stress)-strain curves
of Arnel 60 triacetate fibers
at various strain rates[Celanese
Corp. of America].

While the increase in yield tenacity with increasing strain
rate, found by Morgan et al. agrees with Hall's resilts for poly-
propylene, the latter's results, as given in Fig. 6.1 do show
a marked toss of ductility at strain rates of 0.23/sec.
(1.4 x 10 %/min.) or higher. The absence, at high strain rates,
of the flow or relaxation that is manifested in ductility was
also found by the Morgan group in another polyolefin, polyethylene.
These results are shown in Fig. 6.8. At a strain rate of 10%/min.
this sample yields at about 6.5 gm./den., permitting such flow
to occur that a 28% extension is obtained before the specimen
breaks. Some ductility remains at 100%/min. However, the molecular
relaxation processes are relatively so slow In this material that,
at some strain rate between 100 and 4.3 x 10 %/min. tho available
time intervals become too short for effective occurrence of the
processes, so their influence on the behavior of the material is
absent. Hence, at the hjqh strain rates, no yielding before
rupture is seen in Fig. 6.8.
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Fig. 6.8. Tenacity(stress)-strain curves of polyethylene

fibers at various strain rates [Ce)anese Corp.
of America).

A similar situation was found to prevail in nylon 66 fila-
ments, as is shown in Fig. 6.9. Here, however, there is an in-
cipient yielding at the 4.3 x 104 %I/min. strain rate.

Morgan et al. speculated that some light might be thrown on
the structural dependence of brittleness, by an analysis of the
tim-s required fol- tb- tr;j-s rel.axation processes within a fiber.
To lead into this analysis, the tenacities at various extensions,
as functions of the time required to reach the particular exten-
sions, were desired. The theory underlying this treatment re-
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Frig. 6.9. Tenacity(stress)-strain curves of nylon

66 fibers at various strain rate-s.
[Celanese Corp. ot America].

quires a constant rate of strain, such as is obtainable with

the Morgan device. Since this strain rate was known in each
of the tests, the time (after the instant deformation started)

required to reach a given extension could be readily calcula-
ted, From a tenacity-extension curve, then, the correspond-

ing tenacity could be found. It was thus possible to plot

the tenacity at any selected strain as a function of the time

required for that tenacity to be reached in the rupture pro -
cess. The results on the polyethylene sample, for 3 aad 6

extensions, are shown in Fig. 6.10. These curves are interpre-
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Fig. 6.10. Tenacity(stress) in polyethylene fibers, at two
extensions (from Fig. 6.8), as a function of
time to reach these extensions [Celanese Corp.

of America].

table as representations of the decay or relaxation of tenacity
with increasing time, in a specimen held at a constant extension.

An auxiliary experiment was conducted, in which the poly-
ethylene sample was stretched to a 3% extension, and held there.
The tensile force was then recorded as a function of time. The
use of this method expanded the time range a hundredfold; the
points o~btained are connected by the dashed line in Fig. 6.10.
It .:an be seen that this line does indeed appear to merge with
the 3%-extension curve obtained by the impact method.
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Fig. 6.10 indicates that the character of the relaxation
at 3% extension is quite different from that at 6%. Tn the very
short and in the highest tinge intervals very little, if any,
stress relaxation occurs at the 3% extension. However, at 6% ex-
tension, to quote Morgan et al., "significant amounts of relaxation
occur at both ends of the measured time scale (10-6 to 10-4and
10-1 to 100 min.). There is a rather flat portion of the curve
between these times, indicating very little relaxation. It must
be concluded, therefore, that additional molecular mechanisms
with different relaxation times are involved at the higher strain
levels."

Yarns and cords. - By far the largest number and widest
variety of impact experiments have been performed on yarns. A
brief look at Lester's (39] limited results will be of interest,
as showing that the distinction between impact and quasi-static
values was recognized even in this early work. His reported tests
with a falling pendulum were on a 75/6 unbleached sewing cotton,
having an average breaking load of 420 gm. by a conventional low-
speed method, using a 50-cm. gage length. From the load-extension
diagr=. Lester calculated an average energy to rupture of 1882
gm.-cm. In impact tests on the sample, using the same 50-cm.
length, he found an average energy to rupture of 1995 gm.-cm.
Finding the impact energy to rupture to be greater than the quasi-
static presaged many similar results that were to be obtained
in the following four decades.

Lester also tested his sample on the impact instrument
using a 25-cm. gage length, half that mentioned above. He found
a rupture energy of 1204 gm.-cm., and noted that, if the rupture
energy were strictly proportional to the length )f the specimens,
he should have obtained 997 gm.-cm. The reasun for .he discrep-
ancy, though it was not recognized by Lesteý, is that in the
.onger gage length there is greater probability .,f finding weaker
flaws. a concept in extreme-value statistics.

Using an impact pendulum, Denham and Rrash [20] found a
similar dependence of rupture energy on specimen length in an
undegumimed silk yarn (2/18 den.). They tested their sample at
4 lengths, using a bundle of 2 or 3 specimens in each test.
Thirty specimens were broken at each length. The results are
shown in Table 6.1. It can bc spen that the breaking energies
per cm. for the I-, 2-, 3- ard 4-cm. l9ngths are -5.8, 33.2,
32.3 and 31.8 gm.-cm., i•spectively, i.e., there s a consistent
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TABLE 6.1

BREAKING ENERGY OF SILK YARN AT
DIFFERENT LENGTHS [20]

Number of Yarns Length Mean Breaking
in Bundle of Yairns Energy / Yarn

(cm.1, (gm.-cm, )

3 1 35.8

3 2 1 66.4

3 3 97.0

2 4 127.4

decline as the testli-g lcngth is increased.

Recognizing the regularity of this decline in energy/unit
length, Denham and Brash derived the following simple equation
to express the dependence of the rupture energy Ar on the initial
length k of the specimens:

Ar = a f +0 b , (6..3)

where the constants a and b are 30.6 gm. and 5.2 gm.-cm., respect-
ively, for this particular sample. Eq. (6.3) gives for the
following rupture energy for each testing length:

1 cm. :35.8 gm.-cm.

2 66.4

3 " 97.0

4 127.6

Tnese wl.l be seen to be in very good agreement with the energies
listed in Tnble 6.1.
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Denham and Brash appear to be perhaps the first to inquire
into the influence of impact velocity on the breaking energy of
textiles. They broke 2-cm. specimens of the undegummed silk yarn
by allowing the pendulum to fall from three different heights,
to obtain three impact velocities. A large number of determinations
were made at each condition. The velocities of impact (at the
center of percussion) were checked. by allowing the pendulum to
fall with no specimen in place. The results of these experiments
are summarized in Table 6.2. The data displayed thexein tend to

TABLE 6.2

BREAKING ENERGY OF SILK YARN AT
DIFFERENT IMPACT VELOCITIES [20]

Number of Total Mean Breaking Impact
Yarns in Number of Energy / Yarn Velocity
Each Test Yarns

B.coken (gm.-cm.) (cm./sec.)

1 90 66.5 82.1

2 90 66.9 82.1

I 90 65.8 119.0

2 90 b6.5 119.0

3 810 66.4 119.0

4 92 b7.5 119.0

3 270 57.5 137.6

4 92 69.7 137.6

support these workers conclusion that a "comparison of these mean
values indicates an increased absorption of energy with increasing
velocity of the pendulum at the time of break, the mass of the
pendulum and of the rider [on the scalel remaining constant."
The effect, however, is so small as hardly to be significant.
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These Autho-s made comparisons of their impact results
with those obtained from stress-strain diagrams for quasi-static
tests, but presented no data. They concluded, however, "that
the work done in breaking by a slowly increasing load is about
one-half only of the work done in breaking by the pendulum."

While Midgley and Peirce [58, 64] thoroughly analyzed the
performance of the impact pendulum and other tensile-testing
equipment, they did not publish many results of general interest.
They did, however, present some data related to the question
discussed above; but, rather than consider impact velocity direct-
ly, they focussed their attention on the speed with which the
rupture was accomplished, i.e. the rupture time-interval. In
separate experiments they varied the speed in two ways: "by
breaking similar specimens with different heir-hts of fall, or by
breaking different numbers of threads with the same fall." By
the first method the rupture interval would be altered because
the velocities at the instant of impact would be changed. In the
second method the speed of rupture is controlled by the resistance
offered by the specimens.

In both experiments the sample was a No. 36 Sakel cotton
yarn of good regularity. For the first method, 54 specimens of
30 yarns each, 24 in. long, were tested at each height of fall.
The latter quantity was reported in arbitrary units related to
the geometry of the machine; a larger number of units represents
a greater height of drop. The results of this experiment are
given in Table 6.3.

In the second experiment, 20 specimens of each bundle size
(number of yarns), 67.4 cm. long, were tested at a constant
height of fall of 1100 units. The data obtained employing this
method are summarized in Table 6.4. The rupture intervals enter-
ed in Tables 6.3 and 6.4 were calculated according to an equation
derived by Peirce [64], involving the breaking extension of a
specimen and the kinetic energy of the pendulum at any instant.
This calculation was apparently based on the assumption (now re-
coanized as unwarranted) that the hreaking extension is the same
in impact loading as in a quasi-static test. Accordingly, the
rupture intervals Siven in the tables can, at best, be taken only
as relative.

These data show a trend that is in agreement with the results
of Denhaw and Brash, i.e., an increased r..bsorption of energy
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TABLE 6.3

BREAKING ENERGY OF COTTON YARN
BROKEN BY PENDULUM RELEASED FROM

VARIOUS HEIGHTS (58]

Height Rupture Breaking
of Drop Interval Energy

(arbitrary
units) (sec.) .(gm.-cm./cm.)

500 0.034 15.5

700 .024 15.8

900 .019 15.5

1100 .017 16.1

TABLE 6.4

BREAKING ENERGY OF COTTON YARN
BROKEN IN BUNDLES OF VARIOUS NUMBERS

OF YARNS, WITH CONSTANT HEIGHT OF DROP [58]

Numb. of Yarns Rupture Breaking
in Bundle Interval E.nergy

(sec.) (gm.-cm./cm.)

80 0.038 15.7

60 .026 15.8

40 .021 16.0

20 .018 16.3

10 .01b 17.0
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(breaking energy) as the speed of the rupture process is in-
creased. Midgley -Id Peirce recognized that the diffe:ences were,
however, too small to permit estimation of the relationship in
quantitative fashion.

The latter authors attempted to calculate breaking loads
from the energies given in Tables 6.3 and 6.4, agaiii on the
erroneous assumption that breaking extensions are constant over
all rates of loading. It was not until ele(;cz2nic devices were
adapted to impact testing that load-extensiou: relationships during
the impact rup-ure process could be followed directly. What is
perhaps the eariiest published diagram showing such a relationship
is shown in Fig. 6.11 [78], in comparison with that for the quasi-
static loading of the same sample. These curves were obtained on
nylon 66 (supposedly a heavy continuous-filament yarn or cord)
with the M.I.T. equipment descri"e& ii Chap.IIi [30,717]. TIe
dynamic (impact) rate of loading of 21 ft./sec. is 1200 times
greatear Lian tLL Of Lhe quasi-static teEL, 12 in./min. In these
curves can be seen the tendency for the breaking load to increase
and the breaking extension to decrease at high strain rates, as
was later found for single fibers of some other man-made textiles
in the work o0: Hall and Morgan et al., cited above.

Si I I

M6

extesion beavo of nyon6

! [

I I *.--"• i I I I

o 5 1o I', 20
ElOngohfon, per cent

Fig. 6.11. Effect of strain rate on load-
extension behavior of nylon 66
yarn [78].



- 171 -

In their work employing a falling-weight apparatus,
Schiefer et al. [74) determined the impact rupture energy of a wide
variety of threads, yarns and monofils. Their procedure, as des-
cribed in Chap. III, gave them (in effect) the kinetic energy of
the falling weight at which 50% of the specimens of a given sample
could be expected to break. For comparison with the impact re-
sults, they also obtained low-speed load-extension data on the
sample, and from these computed quasi-static rupture energies.
The samples tested are listed in T3ble 6.5. There is some daplica-
tion, but all the data have been reproduced here, since this will
,urovide the reader with some insight into reproducibility and the
influence of minor differences.

The results of the quasi-static and impact tests are
given in Table 6.6. Some specimens of each sample were loaded
Lp to only 80% of their average breaking force in the low-speed
tensile tester, and then were completely unloaded. Force-extension
curves were obtained for both halves of the cycle. Measurement
of the area under the loading curve gave the work done on, or
energy put into the specimen, while the area under tbe unloading
curve gave .thp energy recovered from the specimen in this part
of the cycle. The latter area was then expressed as a fraction
of the input area, in percentage, to give the energy recovery,
values of which, for each sample, are given in Table 6.6. Rupture
energy is given in the table as breaking toughness, i.e., as
energy per unit length per unit linear density (see Chap. II).

Concerning these rasu]ts, Schiefer et al. noted that they
reflect basic differences, not masked by the variety in number
of filaments, iinear density and twist of the samples: "Thus
the energies, both [quasi-]static and impact, to break the yarns
of low [breaking] tenacity and very high elongation were reld-
tively high. The recovered energies for the yarns of high and
very high [breaking] tenacity and ordinary [breaking] elongation
ranged from moderately high to very high . . . The impact
energies to rupture of the yarns of very high elongation, nos. 1,
2, 3, 4, and 5, are about equal to their corresponding static
aeiergies. On the other hand, the yarns having high or very high
[breaking] tenacity and ordinary [breaking] elongations, nos. 12,
13, 14, 15, 16, 17, 19, arid 20, have values for impact energy
to rupture which are considerably greater than the static ener-
qies."
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Fig. 6.12. Ratio of impact rupture energy
to quasi-static energy of vari-
ous samples, plotted at corres-
ponding quasi-static breaking
extensions [74].

In Fig. 6.12 the ratio of the impact rupture energy to the
quasi-static energy of each sample, expressed as a percentage,
is plotted against the quasi-static breaking extension (elongation).
It can be seen that there is a tendency for this ratio to become
large as the quasi-static breaking extension decreases, especial-
ly below 50%/.. The plot brings out again what was noted above, in
slightly different language, namely, that where the sample has
great ductility, i.e., is capable of considerable elongation,
as are the undrawn samples nos. 1, 2, 3, 4, and 5, the rupture
energies tend to be the same, whether the sample is broken in
impact or quasi-statically. No rigorous generalization, however,
can be drawn from these data. The Schiefer team conclude:
"There appears to be no general relationship between the
[breaking] tenacity and impact energy to rupture of thc yarns,
or between the impact energy to rupture and [breaking] elonga-
tion." This is to say that the quasi-static tensile properties
of textile samples provide no reliable bases for estimating
their impact rupture energies.

The unpredictability not o::Iy of iimpact rupture energies,
but of impact breaking forces, from low-speed properties was
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brought ouc in the work of Lyons and Prettyman on tirecords [43).
They used a falling pendulum that provided an initial impact
velocity of about 380 cr,./c. (c 9000 in./min.), and, for the
quasi-static tests, a constant-rate-of-traverse (Scott X-3), and
a constant-rate-of-loading (Scott IP-4) machine. Their results,
comparing impact and quasi-static energies of rupture of a variety
of tirecords, including one made from an experimental, saponified
acetate fiber, are shown in Fig. 6.13.* The impact energies were
obtained from the usual readings on the penuluri, scale. while
the low-speed values were obtained by measurement of the areas
under the load-elongation curves on tensilgrams.

I I/1

IM.,Cr TOU1IIE.S INDX (ER-&VF O.itMR") i
Fig. 6.13. Comparison of the impact and low-

speed rupture energies of various
tirecords. The letters "A!0 and
"B" refer to different samples
ot the same type of cord [43].

* The term 'toughness index" is used in Fig. 6.13 as an alterna-
tive for breaking toughness. The toughness indices in the
figure have the same dimensions (though not the same units) as
breaking •oughness in Table 6.6. The unit in.-Ib./in.-den.'=4.45 x 100 erg/cm.-den.
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Shown in Fig. 6.13 as a broken line is the locus of equal
quasi-static and impact values. Tt can be sern that there is a
qualitative agreement between the two sets of experimental values
in that the fiber types rank the same in the two sets. Further-
more, the points for three of the samples, Fiberglas, cotton,
and Dacron, fall on the equa) value line. However, it can be seen
that the low-speed indices are much higher than the impact indices
for the nylon 66 (about 35% in one case) and the experimental
(about 30%) cords. For the rayon cords, on the other hand, the
impact indices are the higher (by 20 to 25%, on the average). It
may be noted that while these results show the nylon 66 cords to
have greater quasi-static than impact breaking toughness, Schiefer
et al. found (Table 6.6) the reverse for their sample no. 20, a
low-twist nylon 66 yarn, presumably of tirecord quality (34 fila-
ments, 208 den.). The inference from a comparison of these data
is that nylon 66 loses a substantial fraction of its energy-
absorption qualities on being twisted and formed into cord.
Viewing as a whole the Schiefer, and Lyons and Prettyman results
in this area, they point up the hazards of attempting to predict
the impact behavior of one fiber assembly from low-speed pro-
perties measured on a different assembly of the same fiber type.

As described in Chap. III, Lyons and Prettyman employed a
high-speed photographic technique to derive force-extension
diagrams. Such diagrams, as well as corresponding low-speed
(12 in./min.) diagrams, were obtained for the experimental cord
and a conmercial viscose rayon cord, botn of 1650/2 construction.
All these data are plotted together in Fig. 6.14. It can ne
seen that with the 750-told increase in the rate of elongation
in going from the quasi-static to the impact test, the viscose
control exhibits a slight increase in thc breaking force, and a
decrease in the breaking extension. Such alterations in force-
extension curves for comparable changes in strain rates have
been noted in results cited above, as for example, those shown
in Fig. 6.11. In the experimental sample, however, there is a
30% drop in breaking force between the low-speed and the impact
tests. In fact, in this sample the whole character of the ten-
sii, curve is changed: from being concave-upward in the quasi-
static test it becomes concave-downward in the impact test.

In most impact experinients,Schiefer et al. had a rate of
exten%%ion of about 1000%/sec., though for some short specimens
(samples nos. i through 5, thce atLdined a rate of about 5000%/sec.
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Fig. 6.14. Comparison of force-extension
curves of two cellulosic tire-
cords obtained in impact and
low-speea tests [43].

In Lyons and Prettyman's studies the impact strain rates were
about 750%/sec. The influence on force-extension relationships
of rates intermnediate between these and the quasi-static was not
studied by either of these teams. This was done by Meredith
154] for a variety of yarns, at rates of extension ranging from
0.0007 up to over 1000%/sec. By his method, which employed a
rotating-disk for the high-speed tests, he was able to obtain
directly a photographic record of what was substantially the
force-extens-on diagram, for each specimen. Typical results are
shown in Figs. 6.15, 6.16 and 6.17.*

* The "specific stress" cppeariig in Figs. 6.15, 6.16 and 6.27

is the same quantity as tenacity, here expressed in
"i08 dynes/gm./cm.," instead of "gm./den."
10 dvnes/gm./cm. = 0.111 gm./den. = gm./tex.
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Fig. 6.15. Tenacity-extension curves of ceihi-u
lost.-acetate yarn at various rates
of extension (in %/sec.) [54].
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Fig. 6.16. Tenacity-3xtension curves of silk
yarn at various rates of extension
(in %/sec.) [542.
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sion (in %/sec.) [54].
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Meredith summarizes his findings as follows: "At any given
extension the stress is higher the higher the rate of extension
ani is approximately linearly related to the logarithm of the
rate of extension for all the yarns except the cellulose acetate.
The strength [or breaking tenacity], and the modulus of elasticity
for the initial linear part of the specific-stress vs. strain
curves, increases approximately linearly with the logarithm of the
rate of extension. The breaking extension . . of cellulose
acetate rayon is independent of the rate of exterision. Breaking
extension increases considerably with rate of extension for the
silk yarn, whereas the breaking extension of the nylon yarns show
a maximum value for a rate of extension of about 2 %/sec."

How well the breaking tenacities of the silk and nylon 66
yarns vary linearly with the logarithm of the extension rate is
shown in Fig. 6.18, the data being estimated from Meredith's curves.

I e

Y

x

CD 2 8 1 I X 
I I I I

j. -5 -2 .. 2 3
Fig. 6.18. Breaking tenacities of silk and nylon 66

yarns as functions of the logarithm of
the rate of extension (estimated from
Meredith'z data in Figs. 6.16 and 6.17).
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The most extensive results on the impact properties of yarns
and the influence of strain rate are those published by the
Schiefer-Smith group over the past six years (75,82,85,881. In
one of their early studies [75] they were concerned with comparing
the force-extension behavior of "dry" and "wet" yarns at different
strain rates, without rupturing the specimens. The dry specimens
were in equilibrium with atmospheric conditions of 50% R.H. and
70 0 F., while the wet specimens had been immersed in water for 3 to
6 hr. before testing. Curves obtained in the loading and unloading
of high-tenacity nylon 66 yarns are shown in Figs. 6.19 and 6.20.
The curves for the dry condition show a greater slope for impact,
than for quasi-static loading, with an even larger difference in
the low-extension region than was found by Meredith (Fig. 6.17).
Comparing Figs. 6.19 and 6.20: water in the sample appears to have
a softening effect in the impact tcst, so that at. a given level of
tenacity (load), the extension is at least 50% higher than in the
dry tests. Even more pronounced changes in tenarnty-Axtensioll
curves were found to result from the introduction of water into
Fortisan and experimental saponified acetate yarns.

Smith et al. have recently published the results of their
experimental survey of rupture properties as functions of strain
rate for 19 different yarn samples in 12 fiber types [86]. In
their quasi-static tests, they employed strain rates of 1, 10 and
100%/min. on all samples. For the determination of breaking tena-
city and extension under impact they used the transverse method,
providing strain rates on the order of 5000%, in most cases. The
longitudinal impact technique was also used, but only to obtain,
directly, breaking energy density. Representative results are
presented in Table 6.7; the quasi-static data are those obtained
at 100% min., while the impact values are those given by the trans-
verse method. The breaking energy densities for both types of
test were computed from the areas under the tenacity-extension
curves.

Concerning features of the results common to all the fiber
types, Smith et al. note that "curves obtained at the higher rates
of straining have steeper initial slopes [higher moduli]. The
initial linearity of these higher-rate curves tends to persist
to higher values of stress. The breaking tenacities are usually
higher, but the breaking elongations may be greater or less than
the values obtained at couventional rates ot testing, depending
upon the material tested."
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TABLE 6.7

RUPTURE PROPERTIES OF VARIOUS YARNS IN QUASI-STATIC
AND TRANSVERSE IMPACT TESTS [861

Fiber Type i Initial Breaking Breaking Breaking

of Yarn Textilei Tenacity Extension 'Energy
Modulusi Dentity

j(gm/tex) (gm/tex) (gm/tex) jjoles/gML
Cellulose acetate A 370 11.2 32.0 25.8

B 350 14.6 30.7 34.9
Cellulose triacetate At 450 12.7 24.2 22.5

__ B 400 16.8 15.6 18.9
Cotton(sewing thread) A 570 28.0 6.4 9.7

_B 860 34.5 6.8 13.6
Polyester A 1100 - 44.0 22.3 80.3

B 1100 60.5 8.0 24.3
Glas fiber A 2430 64.5 2.7 8.5

BI 2470 63.1 2.6 8.1
Human hair, 50 strands A] 380 14.4 36.7 60.9

B 420 17.3 3.6 71.8
Vinal A 940 58.3 15.1 41.0

B 1130 68.9 14.3 48.2
Nylon 66, high tenacity A 480 75.8 15.5 55.4

B 860 81.4 I1.1 38.5
Acrylic A 980 50.6 17.0 43.2

B 1020 60.6 14.6 46.5
Rayon, low-tenacity A 610 18.3 20.7 24.6

B 590 22.8 19.3 28.3
Rayon, tire yarn A 500 26.0 19.0 28.1

B 650 38.8 19.1 44,8
Saran A -130 ... 18.7 18.3 -16.9

B 170 21.7 15.3 17.4
Silk, braided A 470 36.5 19.0 43.6

:ish line B 490 42.3 17.9 46.4

• Method of testing: A = quasi-static at 100%/min.; B = trans-

verse impact at about 40m../sec. (missile velocity).
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Tenacity-extension curves for all 19 samples were presonted
by Smith ct al. Their curves for cellulose acetate, triacetate
and human hair are very similar to those of Meredith for the first
of thcoo materials (Fig. 6.15). Not unexpectedly, the curves for
the glass-fiber yarn, which is not a viscoelastic material, are
strictly linear, with little difference between those obtained in
the quasi-static and in the impact tests. The curve for the be-
havior of high-tenacity nylon 66 yarn under transverse impact is
very similar in shape to that of Meredith for longitudinal impact
at 1096%/sec. (Fig. 6.17), and the loading section of the impact
curve of Schiefer et al. for the dry yarn (Fig. 6.19). The Smith
tcam's impact curvo, however, shows about 100% higher tenacity for
any given extension than do either of the earlier curves. The
curves tor the rayon samples, from low-, through medium-, to high-
tenacity and tire cord yarns all show the same shapes a more
pronounced yield region and extended intlection region than appear
in curves for nylon 66, for example. Typical curves for rayon
are shown in Fig. 6.21.

".70,000% / MIN
(4500%/SEC)

30 '
- O%/MIN

W

10-

S-'/ MI

I0

2 4 6 8 10 12 14
STRAIN, PERCENT

Fig. 6.21. Tenoci.ty(stress)-extension
curves of medium-tenacity
rayon yarn at various rates
of extension [86].
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With his ballistic method, Lewis 1401 attained rates of

strain in the order of 23,000 %/sec, from 3 to 17 times the

rates employed by Smith a.t.al His results for a nylon 66 monofil,

and continuous-filament cellulose acetate and polyethylene tore-

phthalate (Terylene) yarns are shown in Fig. 6.22. It can be

seen that up to about 12% extension the curve for nylon closely

resembles the loading curve of the same material found by Schiefer

(Fig. 6.19). Lewis' curve shows a second yield point, at about

12%, not generally found at very high rates of strain, as(for

example) in Meredith's work, shown in Fig. 6.17. Tioe acetate yarn

exhibits the same extended yield region shown for Lhis material

in Fig. 6.15, but the breaking extension is nearly 50% less than

that found by Meredith, as well as by Smith et S1. (Table 6.7).

This reduction in breaking extension as the strain rate is greatly

increased has been noted in other textile samples, as, for

instance, in connection with fig. 6.1.

Fig. 6.22. Tenacity(stress)-extension curves
of nylon monofils (A)# cellulose
acetate (B) and Terylene (C) yarns
at a strain-rate of about
23#000%/sec. (40).
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It is ei,1cantly not invariably true that the breaking exten-

sion decrease* in all textile materials as the strain rate is

increased indefinitely. Using a modified version of Lewis'
apparatus, Holden (311 investigated the effects of strain rates

tip to 66,000 %/sec. in nylon 66 yarns of several types. He
found the breaking strain of undrawn, annealed nylon to increase
from about 16 to 29% as the strain rate was raised from 0.033 to

66,000 %/sec. His results for drawn nylon are shown in Pig. 6.23,
in which are also included the results of Meredith (541 and Smith,
Schiefer 9& &1, (851. At low strain rates there is an increase in
breaking extension with increasing rate up to the neighborhood of

1 to 10%. As the strain rate is increased to the order of
.3

10 %/sec. the breaking extension drops, but passes through a
minimum. Pig. 6.23 places the minimum at about 4000%/sec. Lewis'

EREAKING STRAI4S FOR DRAWN NYLON

0 3 FILAMiNY, MIRKOITH

2S 0 MONOIL, L
O10 FLAMCNT,5 IMIS WORK

V HIGH OMNACITY, 2CHI&t1PI

20-

60O% (NATI OF S*RAI N Mu 69c)

Pig. 6.23. Breaking extensions (S) of vazious drawo
nylon 66 samples as functiona of the
logarithm of the rate of extension L31).



- 187 -

results on the drawn nylon monofil in Fig. 6.22, where the break-
ing extension is shown to be about I!;%, suggests that the MinLim=
may be at a strain rate 5 times higher. In any case, the results
show the bre'aking extensions to rice When the strain rate is at
66,000%/sec., in all three samples tested at that rate. Holden
offers no explanation for this apparent, more or less anomalous
behavior.

Of interest are relative works to rupture calculated by Holden
for various strain rates, given in Table 6.8. Theso values are

TABLE 6.8

RELATIVE WORK TO RUPTURE OF VARIOUS YARNS
AT - En. ......

Strain Rate (%/sec.) 0.033 3.3 4,000 66,000

Nylon, "Type 100" 0.80 1.081 0.83 1.05

Nylon, "Type 300" 0.91Q * 1.12 1.31 1.50

Nyion, undrawn 0.80 1.09 2.71 3.30

Nylon, monofil 0.82 1.07 0.89 1.15

Terylene 1.0 1.0 1.06 1.0

Cellulose acetate 0.98 1.03 1.06 1.03

* Obtained at 0.33%/sec.

relative to an interpolated value for a 1%/sec. strain rate.
They can only be regarded as approximate, since they are based
on the products of breaking tenacity ana extension. Such a
calculation, in effect, assumes a atrictly linear tenacity-
extension curve up the breaking point. The departures from
linearity in the actual curves, however, may not be sufficiently
great to introduce much error.

More recently, Krizik, Mellon and Backer (35), using a
fallinq-weight and a pneumatic-hydraulic tester, have obtained
on yarns of a variety of fiber types; .tenacity-extension results
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similar to those of Meredith, Schiefer and Smith, and Lewis,
They also ,tudied the effect of different strain rates, up to
3.6 x 1,05 %/min., on the rupture properties of nylon yarns from
webbing exposed to sunlight for various periods of time, Plotting
their results in a mannor similar to that of Fig. 6.10, they
found that, in general, the breaking loads of the exposed yarns
increased, and the breaking extensions decreased with increased
strain rate. Similar graphs were obtained for nylon thread,
tested as a single straight specimen and with two pieces of thread
looped through each other, in the manner of two chain links. These
plots showed that for both types of specimens, the breaking load
rose slightly with strain rate, while breaking extension appeared
to be unaffected. They made the further observation that "it
appears . . . that the variability of the breaking strength of
straight and looped samples is not affected as much by strain rate
as is the variability of extension at rupture."

Using conventional quasi-static testers, pnieumatic and hy-
draulic machines, and a ballistic method, such as are described in
Chap. 1II, Laible and Morgan (361 have studied the dependence of
the tenacity-extension relationships of polyvinyl alcohol (vinal)
yarn on strain rate. Their experiments were conducted on a 1220-
den. continuous-filament, oriented sample. The strain rates ranged
from 20 to 2 x 106 %/min. (0.2 to 7.2 x 105 in./min.). The more
significant of their findings are grapnically summarized in
Fig. 6.24. It can be seen that the family of curves generally
follows the same pattern, as the strain rate is increased, as has
been found for other fiber types. Breaking energy density was
found to remain practically constant (43 joules/gm) for all stL'in
rates.

The quasi-static and impact tests were performed with such
a surplus of energy in the rupturing machine or missile that there
was no sensible loss of velocity during the deformation and rup-
ture process. Thus, this process could be thought of as baing at
a constant strain rate. By a procedure similar to that of Morgan
and thb Celanese group (described in connection with Fig. 6.10),
the tenacity at a given extension could therefore be plotted as
a function of the time required to reach that tenacity (or ex-
tension). Such a graph is shown in Fig. 6.25 for each of three
extensions. Interpreting theec resulL3 in terms of a distribu-
tion of relaxation times, Laible and Morgan concluded that their
highly crystalline, oriented vinal. sample showed a sizable viscous
component in its tensile behavior, and at even the highest attain-
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Fig. 6.24. Tenacity(stress)-extension curves
of oriented polyvinyl-alcohol yarn
at various rates of extension (30).

able strain velocities, no pure elasticity. This observation
appears to be true of textile polymers generally.

&Mae. - A comparison of the impact strengths of sisal
and nylon climbing ropes was made by Newman and Wheeler, using
tnr falling-weight apparatus previously described (631. The
specimens were spliced so as to have, at each end, loops that
engaged a supporting link and a link affixed to the pan on which
the weight fell. The m'asurement of elongation of the specimen
included stretch in the loops or eyes at-the ends of the specimen.
Specimens S and 10 ft. long were used, and the height of drop
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rig. 6.25. Tenacity(stress) in polyvinyl-alcohol
fibers, at three extensions (from
Fig. 6.24) as a function of time to
reach these extensiuns [36).

was fixed at twice the specimen length. Impact energy was varied
by changing the number of disks which, bolted together, formed
the falling mass. Impact energy was computed as the product of
the weight of this falling mass by the height of drop, including
elongation of the specimen, plus this elongation times the weight
of thn pan.

Newman and wheeler were primarily interested in determining
the Impact energy required to break one strand of the specimen,
such a break being taken as the criterion of failure, Hence, the
loads usod for the falling weight ranged from relatively low ones
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TABLE 6,51

RUPTURE PROPERTIES OF ROPEO IN
QUASI-STATIC AND IMPACT TESTS 1631

Sample Load Breaking Impact
(lb.) Extension Energy* Energy

M• (ft. -lb. ) (ft.-lb.)

Sisal, Quasi-
4 strand static 18.1* 1860
9/16-in. diam.

97 13.8 2080
to to to
162 28.4 3700

Nylon, Quasi-
Type 300 static 52.7* 6490
3- strand,
7/16 in. diam. 268 45.8 6740

to to to
328 51.3 8570

* Refers to the rupture of one strand.

that merely stretched the specimen in impact, without breaking any
strands, through loads that broke one or more, if not all Lhe
strands. Each specimen was impacted only once. Quasi-static
tests, in which the specimens were stretched to failure at the
rate of I in./min., were also conducted. From these data the
energy required to break one strand of a specimen having the
average length of those used in the impact tests was computed. The
results of the tests on the 10-ft. specimens are summarized in
Table 6.9. The impact velocity was evidontly in the neighborhood
of 35 ft./sec.
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It is evident that these data support the authors' conclusion
that "the energy required to cause failure under impact loading
was greater than the energy required to cause failure under (quasi]-
static loading. The stretch of the ropes at failure was practically
the same under impact and static loading." The authors gave the
further opinion that the results indicated that energy valuum coin-
puted from quasi-static tests of these ropes gave safe estimates
of their performance under impact loading. The results that have
been cited for fibers and yarns in the foregoing sections show
this opinion to have limited applicability.

Tn work conducted for the duPont Company (241 a series of
impact tests were made comparing nylon 66 and Dacron ropes with
ones composed of the natural manila fiber and steel wire, In the
falling-weight method that was used, the specimens were 15 ft.
long with eye splices on each end, as in the Newman and Wheeler
tests. The falling Weight, ranging from 400 to 900 lbs., was
dropped from various heights 8o as to give impact velocities from
about 11 to 28 ft./sec. The mechanical properties of the samples,
and the breaking energy densities determined in the impact tests
are presented in Table 6.10 the particular impact velocity or
velocities at which these values were obtained was not reporte6.

The relative ratings of the samples for equal weight of
rope (proportional to breaking energy density itself), for ropes of
the same diameter, and for ropes of equal quasi-static breaking
force,* were computed and are quote* in Table 6.10. The contri-
bution of extensibility to breaking energy is strikingly brought
ouL 1.y comparing the impact data on the nylon and steel wire
samples, both having about the same breaking force, The breaking
extension of the nylon tope would appear to be 10 to 15 times that
of the steel rope.

3. Woven Structures

Wide-fabris,. - Relatively few impact measurements have been
made on fabrics. Studies of the effect of rate of loading on the

* Designating the latter parameter thus, implies that the force-
extension curves are linear, which is only approximately true.
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the strength of balloon fabrics were made by the British Aeronauti-
cal Research Committee as far back as World War I (11]. The tests
were actually made on specimens of 2-in. width, and not on yarns
taken from the fabrics; but the times to rupture were on the order
of minutes, so that the rates were not at the impact level. More
recently, some insight into the impact behavior of fabrics has
been sought in high-speed tests on yarns taken from the fabrics
of interest [35, 481. Reference has been made to the results of
some of these studies in the foregoing section. Most Lernsile tests
of actual fabrics have been made on webbings, but a few nave been
made on specimens cut from fabrics of the more common widths.

Impact breaking tests on plain-woven cotton and Dynel fabrics,
using a falling pendulum, have been reported by Dickson and Davieau
[22]. The tests were made on strips raveled to 1 in.. with a -i-in.
length between clamps. The averages of results on five specimens of
each sample are given in Table 6.11. As can be seen,measurements were

TABLE 6.11

IMPACT RUPTURE OF FABRIC STRIPS [221

Fiber Fabric Count Cotton Breaking.
Type Weight 2  of Fabric Count Ene rergjy

(oz./yd. ) (yarns/in.) (nanks/lb.) in.(i. lb.)

W F W IF W 'F

Cotton 4.18 71 58 23.7/1 24.7/1 31.4 52.7

Cotton 9.02 30 26 4.8/1 4.8/1 104 108

Dynei 6.16 37 28 16.5/1 8.0/1 353 216

Dyneel 10.5 38.3 28.5 10.3/2 10.0/2 , ,

W = warp; F = filling

* mLd not break.
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made in both the warp and filling directions. It may be noted that
in the cotton fabrics the breaking energies are roughly proportion-
al to the fabric weights, and that the Dynel fabrics, in comparable
weights, must have had brealking energies many times those of the
cotton.

In a study of Lhe translation of yarn into fabric properties,
Krizik, Mellen and Backer donducted impact tests on a light-weight
parachute fabric, as well as on the yarns from which they were
woven [35]. The interest was in determining what effect rate of
extension has on the efficiency with which yarn properties are trans-
lated into corresponding p~ioperties in a fabric. Two parameters
were employed to express the yarn-tc-fabric relationship quantita-
tively. One was load efficientcy, which is obtained by dividing
the fabric breaking force by the number of yaris broken, and ex-
pressing this as a percentage of the breaking force of yarns taken
from the fabric, in the same direction. The other parameter was
strain ratio, which is the breaking extension of the fabric in one
direction divided by the breaking extension of yarns in the same
direction.

The specimens used were ravelled strips 1 in. wide, with a
gage length of 8 in. Tests were repeated with the test length
lying in both the warp and filling directions, and at two quasi-
static rates of elongation and one impact rate. Five specimens
were used for each test. The results are shown in Table 6.12.
The authors noted the tendency, mshown in these data, for the load
efficiency 3to rise appreciably at the high rate of loading
(2.9 x 10 in./min.) in the impact test. The yarns used in this
fabric were of low twist. The substantial reinforcement afforded
the yarns by the weaving, as reflected by the generally high load
efficiencies, appears to.be even more pronounced under impact
loading. The force-extension behavior of a strip (8 in. by 1 in.)
of this fabric, in both the warp and filling directions, in a
low-speed and an impact test is shown in Fig. 6.26.

K~izik et al. also studied the behavior of seams under impact
loading, as compared with behavior in low-speed tests. In this
work a quantity called seam efficiency was used; tnis is the break;
ing force of a fabric strip across a seam, expressed as a percentage
of the breaking force of a strip of the sample without a seam.
The experiments were conducted on a nylon parachute cloth
(1.1 oz., 126 x 115 construction)* with and without seams. The
* Probably the same fabric as that discussed in the preceding

paragraph.
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Fig. 6.26. Force(load)-extension curves of parachute
fabric, in warp and filling directions,
at two rates of elongation [35].
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specimen was 2 in. wide, not ravelled, with slits 1/2 in. long
cut on both sides of the seam and parallel to it, on both edges of
the strip. The strips not containing seams were similar.ly notched.
This special form of specimen was adopted to avoid abncrmal behavior
of the seam, leading to very low values. The gage length was again
8 in., with the seam at the middle of the strip. The same three
testing speeds mentioned above were employed in this work. The
results. summarized in Table 6.13, show a sharp decrease in seam
efficiency as the rate of loading is increased from the quasi-static
to impact. The sample without a seam shows the usual (though, in
this case, small) increase in breaking force at the higher rates of
elongation.

TABLE 6.13

EFFECT OF RATE OF ELON.GATION ... EFFICIENCY O" SEAMS
IN PARACHUTE FABRIC [35]

Test Breaking Force (lb.) Seam Strain
Speed With Without Efficiency Ratio
(in./min.) Seam Seam (%)

1 32.0 28.1 114 1. 31

10 35.8 34.6 103 1.37
4

2.9 x 10 26.0 36.8 70 0.81

Webbing. - Stang, Greenspan and Newman obtained force-
elongation data on two types of nylon and one type of cotton web-
binq0 using falling-weight apparatus equipped with a strain gage
[87]. The webbings, all 1 3/4 in. wide, of the type used in
parachute harness, consisted of a rib-weave nylon, a herringbone-
weave nylon, and a herringbone-weave cotton. The falling-weight
used in the impact tests had a constant mass of about 200 lb.,
while the gage length was about 36 in., in all cases. At least
six specimens of each webbing type were tested; in most uases the
specimens were not ruptured. Only one specimen of each type of
webbing was tested at low speed (4 in./rnin.), for representative
-uasi--static b•h•avior. The results of these tests are summarized
in Fig. 6.27. Initial impact velocities were around 24 ft./sec.
for the nylon samples and around 11 ft./sec. for the cotton.
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It can be seen that the force at any elongation is, in general,
higher in the impact test than in the quasi-static, in line with
results that have been cited for single filaments, yarns and other
fabrics. However, except in the case of the cotton webbing, the
differences are not great; but, then, the impact velocities were
not very high. Obviously, computed energy absorption, at any given
elongation, is greater in the impact test than in the low-speed,
in all samples. Only three nylon and two cotton specimens were
impact loaded to rupture. While the data for the conclusiomn are
thus rather meagre, these workers state that the energy absorbed
by the broken nylon specimens is more than three times that of the
broken cotton specimens.

As an example of the performance of their ballistic equipment,
Chu, Coskren and Morgan [16) have presented curves obtained on a
sim.ilar structure at 0.5 in./min. and 175 ft./sec. These also
show that the impact force at any selected elongation is higher
than the quasi-static. The sample was not identified as to size,
weight, or fiber content.

Typical results obtained with the rocket sled described in
Chap. III have been reported on four nylon webbings, designated as
3600-, 6000-, 9000-, and 10,000-lb. (the quasi-static breaking load)
[1011. For each run V-shaped specimens were mounted at tach of
the four positions at which the sled had successively higher ve-
locities. The position and velocity of the sled at successive
times duriag a runl was determined by means of track-side pickups
spaced at 50-ft. intervals. Since it was found that in most cases
the webbing specimens did not significantly decelerate thc slcd,
it was thus possible to compute the impact velocities at each
position. Breaking forces were measured with tensiometers on the
sled, as well as with such units attached to the clamps holding
the ends of the V-shaped specimens.

In Table 6.14 are summarized the average velocities and
breaking forces at each position for a number of runs with each
of the four samples. It can be seen that there is no discernible,
consistent trend in breaking force with impact velocity. While
Williams and Benjamin [l01] acknowledge that the data are insuf-
ficient to justify a firm conclusion, they tentatively advance the
inference that over the velocity range 200 to 750 ft./sec. the
breaking force is not significantly affected by impact velocity.
Table c.14 would seem to indicate that this range could be extended
downward to 30 ft./sec. In any case, these authors speculate that
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if this inference were substantiated as a fact by additional data,
the average breaking force, with an adequate safety factor, could
be used as a pertinent parameter in the design of equipment in
which webbing is cmplcoved. Goir further, they call attention to
the fact that, for the various types of webbing, the over-all aver-
age breaking force was a fairly constant fraction of the nominal
quasi-static breaking force: 0.60, 0.74, 0.60, and 0.64 for the
successively heavier webbings, respectively.

Also included in Table 6.14 are average breaking extensions
based on data from some of the runs in which the breaking forces
were obtained. The elongations of the specimens, from which these
breaking extensions were computed, were measured as follows: The
time from the initial application of force to a specimen to the
instant the maximum (breakinq) force was reached (a fraction of
a second) was determined from oscillograph records of the tensio-
meter signals. Multiplying this value by the sled velocity (taken
to be constant) gave the stretch.

The extensions shown in Table 6.14 are in the range of the
30 to 35% reported for the quasi-static breaking extensions, and
are higher than were expected by these workers, on the basis of
impact tests on other materials. However, these breaking extensions
are not out of line with the force-extension curves (for 36-in.
specimens) shown in Fig. 6.27 for nylon webbing. As in the case
of breaking force, no consistent effect of impact velocity on
breaking extension is seen in the extension data in Table 6.14.

A study of some aspects of the mechanics of the static-line
system used to accelerate the deploymenL and inflation of a para-
chute canopy, was made by Coy [17]. The static lines, 15 ft.
long, were tormed from heavy nylon webbing by having the edges
turned inward, so as to overlap, and stitching them down the middle,
the full length of the line. As a part of his study, Coy obtained
the impact tensile properties of the static lines at elongation
rates of 25, 30 and 35 ft./sec., using a falling-weight method, with
electrical gages for measuring force and extension. Two falling
weights of 200 and 300 lb. were used, to obtain different energies
at the same impact velocity. Conventional quasi-static force-
exLension curves were also obtained. Only one type of nylon webbing
(Type XIII, Spec. MIL-W-4088) was studied in these tensile tests.
The results are presented in Fig. 6.28. These curves can be seen
to resemble closely those for the nylon webbings in Fig. 6.27.
Evidcxtly, forming a length ot nylon webbing into a static line
does not noticeably alter the character of its force-extension curve.
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Specialized studies of body-armor fabric. - Fabrics of
numerous constructions, weights per sq. yd., and fiber materials
have been evaluated in U. S. Dept. of Defense and contractors'
laboratories, for use as the protective element in armor clothing,
such as the combat soldier's yes.. These fabrics have been tested
ballistically in layers ranging from 1 to perhaps 25 or 30, by
methods such as those described in Chap. III. Typical of the
results obtained in a V5 0 test, when the number of layers is

varied, are those on a 2 x 2, basket-weave nylon 66 armcLr fabric,
of approximately 14 oz./yd. 2 , similar to the present standard
material [96]. Panels were prepared having 2, 4, 8, 10, 12 and
16 fabric layers. These were then tested for the V5 0 ballistic

limit, using the standard procedure, with the results shown
graphically in Fig. 6.29.*

w12-
_ / I

* 4

In 2

* 53
3/-1

, 1
o L I L I LW

12 24

AREAL cEM 311Y - (OZ./FT)

Fig. 6.29. Ballistic limit of nylon fabric
as a function of the areal density
of tbhe panelc formed from various
numbers of layers of fabric
[private comm.].

Private communication, Roy C. Laible, Quartermaster R. and E.
Command, Natick, Mass. (M. E. R. No. 2365).
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t was on an experimental curve such as that shown in Fig.
6.29 that the generalized curve (Fig. 4.13) proposed for theore-
tical diLcussion in Chap. IV was based. In the region of the
experimental points the curve was found to be well fitted by the
equation

0.357
V5 0 = 456 (f h) , (6.4)

2
whe.te ph is the areal density of the test panel, in oz./ft. • 2
This empirical equation appears not to be valid below 2 oz./yd.
giving V50 values lower than those found experimentally. It will be

recognized as being a different version of the proportionality ex-
pressed by Eq. (4.34), which could be written:

0.5
V = constant x ( h) .

An extensive microscopical examination of a 12-layer panel
of nylon armor fabric, after it had beun subjected to a V50 test,
was conducted by Susich, Dogliotti, and Wrigley [89]. While not
yielding d±rect!y, numerical parameters of a mechanical nature,
this study has provided some important insights into the phenomena
occurring in fabric structures during the impact process. Photo-
graphs, at low mag'uLfications, were obtained of the holes produced

in the panel by t-e impinging missiles. These were views over the
faces of the fabric layers, alo-0g the surfaces of the fabrics,

and of cross sections of the ... cles. made in both the warp and
filling directions. To obtain the latter, an imbeddin; technique
(involving polymerization) ,which "froze" the distorted and broken
yarns in place, was used, so that the structure would not be
di sturbed by the cutting edge. At higher magnifications, the
character of the mechanical and thermal damage to the individual
filaments was studied.

Susich ez al. summarize their findings as follows: "The
microscopical study revealed permanent deformation and damage
in the impacted area. Dislocations, flattening, straightening
out, extension, unravelling, and rupture in both yarn systems, and
various types of defects of nylon filaments were observed. These
consisted of softening, melting accompanicd by dporientation, heat
relaxation, even decomposition, burning, and fibrillation . . .
These phenomena represent dpmage brcause they alter fiber proper-
ties essential for protection against the impact of the missile ...
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"It became evident that the permanent alterations of the
fabric due to impact were limited to - region close to the path
of the projectile. The impact remains confined in the panel to a
relatively small area because the presence of two yarn systems pre-
vents the propagation of the stress wue along the whole yarn length.
Apparently cross yarns behave like cla.;ps, limiting the stress to
the neighborhood of the impacted spot. The cross yarn closest to
the impact may not act completely; how,,ver, the next or the one after
does. This restricts the impact to thai area of the fabric which
was in close contact with the missile. ý,i. exception to this behavior
is the slight dissipation of stress in 'Layers exposed to the essen-
tially decelerated missile without appreciable backing. These layers
were either insignificantly ruptured or remained entirely unbroken.
They did not contribute much to the ba]Listic resistance of the
panel."



CHAPTER VII

SUJMMARY DISCUSSION

1. Apolications

While the impact and dynamic behavior of fibers, yarns and
frs•b~o b-. . .fairly well explored and subjected to measure-
m,,nt, there is little information (quantitative, in particular)
in the literature about the dynamic performance of the end-use
structures composed of these textile elements. Some consideration
has been given to the requirements of textile items in pudreiicular
impact applications, but in almost no case have these been the sub-
ject of experimental measurement.

For instance, in discussing the application of a textile materz
ial to use in a safety rope, Schiefer et al. [74], brought out the
idea that high impact rupture energy should not be the criterion,
exclusively. They pointed out that yarns that have high energy
recovery, i.e., have the ability to store a large portion of the
total work done in stopping the fall of a man (where rupture does
not occur), would be unsuitdble. The reason is that when the fall
is finally stopped, such a rope would jerk the man upward, increasing
the hazard to him. Schiefer et al. go on to say: "A low value for
energy recovered . . indicates that there will be little or no
rebcund. it also indicates that the material will be permanently
stretched and therefore no longer effective for absorbing an impact
load. Safety equipment made from such material would be unsuitable
for further use after an impact load that utilizes any considerable
part of its energy-absorbing ability."

These writers state that impact data on yarns are not adequate
for predicting tie impact properties of intermediate components,
such as ropes and webbings, made from the yarns. Having in mind
safety equipment made from rope and webbing, they recommend further
that the equipment itself be impact tested. They say: "This is
important because in siich equipment, points of suspension may
deviate critically in their behavior from the rest of the rope."
Obviously, in the absence of any soundly-based principles on which
the impact properties of fibers or yarns can be interpreted for
increasingly more complex structures, the precautions have quite
broad applicaLion.

Further consideration %.!as gien to the performance of ropes
in safety lines by McCrackio, Schiefer et al. in another publication
t5t,. un tole basas of the limiting breaking velocity of nylon
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yarn (200 m./sec.), as derived from longitudinal-impact data, they
computed the minimum weight of safety rope required barely to stop
and support a construction worker falling through a specified dis-
tance. For a 200-lb. worker falling 20 m., this weight of rope was
found to be 2 lb. Further consideration revealed that the size of
'I'llon rope which would meet this minimum requirement would have a
tuau.;i-statiC breaking force of about 4000-lb. Thus, it was con-
ciuded that a rope having a strenqth 20 times the weight of the
worker would provide no safety factor whatever. The computation,
however, was based on the assumption that the rope has the samc
impact behavior as yarn; this assumption, these writers recognized,
should be examined experimentally. Nevertheless, the calculated
results indicate the hazards that lie in the uncritical application
of quasi-static parameters to impact situations.

As has been noted, textiles may be, and usually are, subjected
to impact loadiug in processing, as well as in some of the services
into which they are put. in a study of the. interaction of textile
structures anid high-speed processing, Morgan[60] analyzed some
results obtained on the weaving operation- An appreciation of the
cyclic impact loading that the yarns undergo can be gained from his
statement: "At a loom speed of 190 picks/min. the frequency of the
complete [warp] tension cycle is 3.1 cycles/sec. However, the time
duration of the beat-up force pulse is much shorter than the com-
plete tension cycle, and has been found to be approximately 30
millisec . . . Thus, the beat-up cycle can be thought of as having
a frequ1ency of approximately 33 cycles/sec.. .

Consideration of the forces involved revealed that the beat-up
action had a tenacity amplitude of about 0.15 gm./den., applied
in 30 millisec. Morgan further noted: "While the warp tension
varied between 20 and 27 gm. [on a 140-den. yarn]. . . the cor-

responding fabric tension on the other side of the beat-up reed
varied from 5 to 25 gm., approximately. Thus the tension varia-
tions on the fabric side are more severe than on the warp side . .0

Morgan also studied the loading cycle on a thread in a high-
speed sewing operation. The motions of the thread and needle as
functions of time thruugh one such cycle are shown in Fig. 7.1.
In the op2ration studied the sewing rate was 5000 stitches/min.
with a maximum needle velocity of 25 ft./sec. At the start of
the cycle shown in Fig. 7.1, a particular point on the threed has
just been carried through the fabric by the needle. The thread
is hooked by the bobbin, and its speed is accelerated to an esti-
mated 100 ft./sec. downward. The needle, at thdt instant, is
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Fig. 7.1. Motion of thread and needle in
sewing machine, as a function of
time through one cycle [601.

moving upward at 25 ft./sec., so that there is a relative velocity
of 125 £t./sec. beLwee, the needle and thread. When the point
(on the thread) that is being followed reaches its lowermost posi-
tion, the take-up mechanism pulls the thread upward at a velocity
which very quickly reaches 190 ft./sec. Thus, there is a change
in the velocity of the thread of 290 ft,!sec. in an interval of
about 12 millisec. Morgan remarked that the actual upward thread
velocity might be even higher than the estimated 190 ft./sec.

That further studies are needed in just this one area of
processing and service where textile structures are subjected to
high-speed loading, is reflected in Morgan's suggestion that the
complex and expensive equipment required be made available to an
academic institution, so that a complete investigation of sewing
could be undertaken, to the benefit of technology generally.

2. Recommendations for Future Research

Such parameters as the "snatch" force exerted on a parachute
load by the opening canopy, through the suspension lines,have been
calculated or measured [14. 28, 84] for various conditions.
However, in most cases (by far) only the quasi-static mechanical
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properties of the textile components seem to be taKen into consider-
ation in relating these components to the adequacy of the end-item
under impact conditions. Indeed, Brown says, "Generally, the elas-
ticity of the fabric or of the cordage in the rigging [suspension]
lines has no measurable effect on the ability of the parachute to
withstand shock loading." [Ref. 14, p. 1271. The elasticity to
which he refers is undoubtedly that measured in quasi-static tests.
Undoubtedly (also), data of this type are used as design criteria
because they are the only type that are generally availabie.

it is suggested thiat there is need for research correlating
the impact properties: breaking force, extension and energy, of
various textile taterials and assemblies, with their performance
under impact loading :n the end-use structure of which they form
a part. It is conceivable that, ultimately, it might be found
that materials having superior impact properties not reflected in
quasi-static tests, could be used with savings in the amounts, and
hence, weights, of material required, with no diminutions in safety
tactors. Alternatively, improvements in safety factors might be the
desired achievements. Related new applications involving impact
loading, in which textiles could be advantageously used, might
suggest themselves in such a study.

The V5 0 test for the ballistic limit of armor fabrics and vests
[95] yields data in which the variability, by some standards, might

be considered high. It is suggested that the V5 0 test be reviewed,
with respect to experimental design as well as physical equipment,
in view of the crucial role played by it in the procurement and
acceptance of personnel-armor items. Consideration should be given
the possible application of newer statistical techniques. It would
seem to be preferable to have this review conducted by an external
statistical organization, under contract to the Government.

From the dearth of information on the impact behavior of
fabrics, as has been brought out in Chap. VI, there is obviously
a need for a broad research program in this area. It is suggested
that investigations be made into the influence of yarn geometry
(Zo74": twist, etc.) on the impact properties not only of the yarns
themselves, but of 1he fabrics and other assemblies (such as ropes)
that they form. Fabric construction (within the woven and knit
categories), as a variable influencing impact behavior, would seem
to show much promise for profitable study. A Deginning in this
direction has been made at the National Bureau of Standards where,
under Smith,w the influence of yarn structure on the impact pro-
* Private communication; work yet unpublished.
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pertes of the yarn has been studied on a limited number of samples
employing a cellulosic fiber.

It is recommended that further work along the lines pursued
by Morgan [23]. Laible aad Morgan [36], and Hall [291, aimed at
relating the impact and dynamic behavior of textile polymers to
viscoelastic parameters and molecular structure, be encouraged.
Such research should lead to fuller knowledge of the influence of
such characteristics as molecular weight, degree of crystallinity
and orientation, on macroscopic impact properties. The ultimate
obJective would be to make possible the definitive selection of the
most suitable material and the optimum processes of fiber manu-
facture to achieve maximal performance in particular impact applica-
tions.

Furt-er development of the theory of impact phenomena along
the lines initiated at the Chemical Warfare Laboratories [66, 67],
could be profitably pursued. The theory would be brought nearer
satisfactory completion with: a) a treatment of the case in which
the stress-strain curve of the model yarn is not concave downward;
b) experime-ntal verification of the strain at particular positions
along the yarn, as a function of time, as given by theory; c) a
study of stress-strain behavior at strain rates in the
+ to 5 x 10 6 %/sec. range, to determine whether, as these , orkers

predict, there is a peak breaking stress in this range; and d) fur-
thar study of the strain distributicn in a yarn after reflection
of the strain front.

The extension of the dynamic theory of impact loading, as
developed at the N-B.S. and C.W.L. for linear structures, to trans-
verse impact on two-dimensional structures (fabrics) holds promise
of advancing the understanding of the processes involved in the
defaat of a missile by body armor. It is expected that such a
Lheoretical analysis would itself suggest a parallel experimental
program.
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