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Stress-Strain Relationships in Yarns Subjected to Rapid
Impact Loading: 4. Transverse Impact Tests"

Jack C. Smith, Frank L. McCrackin, Herbert F. Schiefer, Walter K. Stone,
and Kathryn M. Towne
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1. Introduction

In previpus papors of this series [1, 2, 3" the
belinvior of textile varos subjectod to lopgitudinal
imparts of onler of ngnirluli:- Gl mysee was dis-
cusspd.  Equipment using high speed photography
wae desoribad. A provedure Tor obtsining stress-
atrain eurves at initinl rates of steaining of the order
of 5,000 pereent per steond (10,0007 per pin) wes
giver,  The concept of n limiting breaking velocity,
approximating the lowest velocity at which a testile
yvoarn will ruptury immedistely upon tensile anpaet,
was ntroduesd, and values of tlas characteristic
quantity were given for sevoral differeont yoms.

Equipment. Tor studying the bebhvior of yars
impnoted  transversely  at velovitios of  ovder of
magnitude 50 m/fsee has now been constructed.,  This
equipment i deséribod heee, A method of obtaining
slress-sirnin cupves from photorraplis:of thi sueies-
sive eonfizurations of & clomped varn subjected to
tennsverse impoct s ontlined,  Stress-steain dada
obtained m this woy are given for high-tenacity
varts of nylon, Fortisan,® and Fiberglas®

2. Apparatus

Ao pesemlily of the transviorse ipael equipent
s shown in feuare 1. The yarn specimen is climped
to o rigid mossive table, A, on which o coordinate
grid svatémn = msenibed.  Contenl transyvese opaet
18 made by o frecly fying projoctibe that hes beon
gtruek by n enpidly rotating bammer, . Appuestos
[or rotating snd stopping the himmer @5 soperile
from the specimen table o order (o wyoid jorring.

This B-in. hammer rotates under g powsrful torgue
through an are of 2707 before striking.  The foree
to rotate the hummer s applicd ot the surface of &
Lin, shaft by steaps fram ||ﬂ'llt' springs, whieh carl b
extended up to 20 in. by o motor, At full extonsion
the totnl tension i the Tour springs 18 800 I, The
hamemer s held in place by o lateh, which ean be
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The breaking totacilies are slichily

situiller ot tlieso Wigh tiost polies,

gtiddenly released by e solenoid.  Projectile speeds
hivv e sy prionsurod w8 Lol ds 50 migsee.

Refeeted wmnges of tho specimen alter impeet are
photographed by the high-spesd camern, ©, on the
table,  Either 7,000 oF 14,000 piotards per seoond
can be taken depending on which of two Fastox
camerns s used for this purpose.

Onher parts of the equipment shown in figure 1 are
the eontrol unit, CU, which puts timing pips on the
filen and telggers the hammer when the damets. is up
o spoed, the five 750 W 1|qu[l lumips, L, for illl}:nimu-
ing the specimen, the mirror, M, for reflocting the
iage of the specimen into the camers, and the box,
B, for cotehing thi projectile.

Fignro 2 shows a closcup of the spocimen, specimen
table, projectile, hammer, and deiving springs.  The
shivpis hiet Uhe specinien assumes ofter impeot, 68
recorded by the camera, are shown in fizure 8 for o
typical varn specimen.

Apparatus for dmpociing sprn spdeiiensy  breng-
verandy,
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3. Analysis of the Data

When a vivn = struck bransvessely by o projectile
traveling ot o volocity 17, o longitudins]l stradn
wave ! i3 propagated along the yvarn with velocity
outwrds moegel divection from the poing of ipact
(soe curve o in fig, 41, Io the stenned region bes
tween these wave fronts, 1he material of the yvarn is
set-in motion towaed the point of impact.  This in-
wistd Howitie mntorial forms iteell into o tent-shaped
wave with the mmpoeting projectile at the vertes.
The materisl forming the tent moves i the direetion
of the projectile with the velovity of the projeetile.
The base of the tent propuestes outward as w0 trans-
virse wave with velocity

Thie Fulﬂ:!ii-_i‘. [ is o funetion of the téngon, 77
and strain, & 10 the varn o the eegion of the traons-
verse wave front, and of the mass per wnit lengeeh, MW
of the unsteaimed varn:  This velationship, dofived
separntely, s given by
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where I7 iz in Laprangian ecordinates.® The trans-
verse wave always propsgates more slowly than the
longitudingl strean weve,

en the yarn specimen is clanped ai two points
cquidistant from the poins of impact, reflcetions of
the longitudinal sitrain wave will alternately oceur
at the ps and at the projectils. At thess reflec-
tions the local strain incrcases by =mall inerements.
After several of thess reflections heve ocourred and
hefore the rupture strain is sttained, the transverse
wave front usually arrives at the clamp. As the
material forming the tent moves in the direction of
the projectils and with the velocity of the projectils,
it is apparent that the arrival of the transversa
wave at the stationary clamp is equivalent to a
new impact giving rise to o new longitudinal strain
wave as well A5 A new transveras wave,

It is appropriate to consider this behavier as a
reflection of the trensverse wave at the elamp. This
reflaction is manifested by a marked change in the
configuration of the specimen, s sudden increase in
local strain, and » sodden increase in fransversa
wave velocity., A simiar refloction oceurs when
the {ransverse wave arrives at the projectile
Again & marked ch cccwre in the sonfiguration
of the specimen, togo with & sudden inerease in
local strain and & sudden increase 1n traneverse wayve
velpoity. These effects are readily discernible in the
sartes of pictures taken with the high-speed camers,
figure 3, and in the typical succesarve configurations
u b, ¢, and d in figure 4. In addition to the phe-
nomens just deseribed, interactions will nlso take
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place between the longitudinal end the transverse
waves. Thia complex behavior will be described
m future papers in tlag scries, It las= wlso been
considered theoretically by Crages [4].

The photographic daia, such as that shown in
figure 3, are analyzed as follows: The positions of
the trensverse wave front, the projactile, and clamp
for one side of the yarn specimen are measnored
from enlargenments cbtained with a microfilm reader,
and configurations of the specimen are drawnh on
graph paper, The lengths L, I, and Iy, as defined
m figure 4, are then measured for the configuration
corresponding fo each Irame of the p}hﬂtﬁgmphic
record, and the average strain, ¥, in the apecimen
i= computed from the formula

R 4
* L

From these length measurements the positions of
the transverse wave front, given by i In TONZIan
cordinates are calculated for sach frame. The dif-
ferences between velues of £ for suecessive frames
are plotted ab each midpoint between these {rames,
and from the curve obéained the velus correspond-
ing to each frame is rend off. Veloeity I7 is equal
to the product of this quantity by the camera
speed In frames per second. ie tension jn tle
spectmen, js then found from the formule®

T=IA {147%).

(2)

(3}

If T is cxpressed in terms of the more familisr
textile unit of grams per denier, and 7 is in centi-
meters per second, the squation for tension is

T—1.134 X107 75145, (4)

Tvpical data from a test with s nylon apecimen ore
shown plotted in figures b and 6.  Curve A of figure 5
ia & plot of average strain, e, vorsug frame tumber
The curve ie zcalloped with sbrupt changes in strain
oceurring &t each reflection of tie irAnaverse wave
{designated by K).  The rate of straining increases
as the strain incresses, cevsing the stress-strain
ewrve obtained to have & stee slope st mpture
strain than it would bave had if the sample had been
slongated uniformly at the initial rate.

Elongation at brealk is sstimated from several
considerations. Frequently the specimcen s seen to
brealk. (Hien the transverse wars velocity decrasses
abruptly or the configuration of the apecimen be-
comed irregular, indicating a decrease in tension.
Breaking frequently occurs upon rteflection of the
transverse wave. Jhe time of hreak can usually ba
localized to within one frame.

Curve B of figure 5 1 & plot of trinsverse wave
velogity in centimeters per frame versus fromea
mumber. Thiz curve iz alse acalloped, velocity
Increasing aa the tension incresses. character

&I Welige thin equaklan, the Il gteain st fee toangvesss wawe ook Should e
ot Estead of Lhe ayersge glrali, ¥ Thin hooal abrain differs al wost Toon b

average straln man;:]zmtmmrtbe lecal Btealn polses traversiog Hhe opesi-
AT, Mgaplaecuh iezditea eed 1n Me teata of Ehls Taper thes 5Fram:puhaa
ane amall ths aprroimeton made b warcanted




e+
=]

1
A
=
-
5
EHIG— *‘
';»“5“ g
£ L
o
5B o
||J'|5_ )
=T (]
g
5
4] | 1 1 1
a S 4] 15 20
FRA&ME MUWAER

Flavre 5. Ame

zereely impacted nylon yarn specimen,

Outyd A, Avmwage grlo vérma as pumber; B,

vELE it qubiber,  Piots
Emateliival,

'w wiTh

irmin and lranaversE wode pefocily  od
Funcéion of (e (pholographie Sramne number) for o frane-

broosreoss muhuulw
F lodimate faos dn which 3 redectbmn of the

T T 1 T I ] I T
M. E
5 ]
R o r-
-
|
X
o
A i
& "
5 1
'n-'b-!,_ -
[
ol +_! -
i
i L E
f
.!
+
1 L A ] 1 1 1 1
o [ L ] & 1. 12 ] 16

F1avRE 6. Stress-sirgin ewree for a trensmersely dmpacled
yors apeciman.,

nylon,

Broken Hne, scalloped aurre oddained (oo dubs shown 1o figore 5 scid
ammviethad-oul, greeruin coree. tiea,

STRAM , PERCENT

STRESS, GMANS 7 OEWIER

L b 1 1 1 1 1 1

X a4 ¥ ] [} '] H I [ ]
STRAIM, FERCENT

FiGunk T, Sirezs-afrain curees for h‘igﬁ-lﬂﬂﬂﬁlﬁl‘ #wilon BpEci-

thens impacked frenxmersely.

A, Topact ppeed 25 mfses, hall-lengCh 3 cm, Tata of straEng 4000 puum;_: e

mtl, B, tmmul:

A im]:JIMIEJE
samn ) Impe
Hrnln 44 S,MI{M aanoud,

85 mised hall-length 30 oo, fals of 3k

45 my3ea, bali-lengil ™ or, tab of
peed pind
L apead 65 mises, LElMsftn 30 o6 it o

i

ATHESD, GRaME SIERIER

T T T T T T T T
Lo LT B
IA0AA0 ¥ S MIN LR
13709 % ¢ 506
I SMIN
brLan
1 1 1 1 1 1 | 1 v

Frague 8,

Strﬂu-ﬂmm curpek  for  kiphelenaerdy

+ B a 12 14 & & 2p
ETRAIN  PERCEMT

nylon of
rarioux rafar of afegining.




Tanwe 1.  Trarsverss impos deta for high-tengoily wiplon »
Impact | H s Tima ko Initial Breokug | Breaking
Tt weloalty 11} ‘Buta of pteaining break tomalla BAtesin tenasIby
mednlun
mJa &t W e gidemier aidemier
45§ & lrﬂﬂﬁ paLLL & T 1] I?E F
.0 - 1 000 T 3, [ a0 7] Wi LU
Ly 0 2000 to B 0 FY ] il WA 1.8
Wy 4 3,000 o B, 500 ol -] B 14,7 4,10
472 L] L0001 B, 000 2 A 132 460
43 an 5000 1o B, 500 by ] 1] 131 20
AL 0 5000 o B, 000 174 1] 185 L]
1.5 ) L0000 1o B 500 1@ B LB ]
5. 7 )] 2, 500 to B, 500 270 BY 16,0 1,10
L 4 1] 3 000 to B 00D a4 B 15,3 a5
LN H 4,500 1o 12, 500 LT B 8 R
&, & H 4,000 10 12, 500 174 L) LE L]
L] H A, 000t 14, S0 L& ] 15.8 7.40
[ 0 A, Nt 24, 00 LEZ &5 JL ) aTs

= N ylon Ledled Wed duFProot Lype
FOOY i oaslsy.  3pechnens weare lmpocded
77T, the kagihne wers 5

A
bor the sagmencs oo eaely gkle of The lmpactlng projactia,

of the scallops indicate=s how the tension depends
upon the loeal strain,

The dotted line stress-strain eurve in figure § is
obtained by plotting data taken from figurc 5. The
scallops are due annipa]]:r to use of the average
strain, ¥, in the plotting and the caleulstions, rather
than the local strain at the transverse wave {front,
The average strsin ju“ before roflection of the
transverse wave (indicated by R) most closely
approximates this lecal atrain., The smgothed
strese-gtrain curve, shown az & solid line, i3 drewn
through these points,

As an indication of the reproducibility of this
method for obtaining strase-stran curves, data from &
number of tests on nylen yarn specimens are pre-
sented in table 1. It is evident from these data that
if duplicate tests are made with transverse impaet
velooity and specimen length kept constant, the
values obtained for bresking tenscity, bresking
strain, and initiel modulus are in good agreement.
Moreover these Prapmien are not affected greatly
by the range of impsact velocities and specimen
lengths used in thess tests.

In table 1, tests 6T and 7T, in which the specimen
half-length, L is 30 em, have an average breaking
time of 3.8 107® gec and an average breaking strain
of 14.6 percent. ‘The corrcsponding average rata of
straining 12 roughly 4,000 percent per second.
Similarly for tests 42T, 74T, and 75T, in which L
is 20 em, the average rate of straning 1= 54500 por-
cent per second. Of the tests conducted at 65
mysec, 18T and 19T, for which L 18 30 em, have
an average rate of stralning of 5500 percent per
gecond, and 76T and 77T, wiath L 20 em, have wo
average rate of straining of 8,500 parcent per second.
Curves of average data for the four tests just de-
geribed mre plotted in figure 7. These four curves
do not differ greatly so the curve of averugn deta
for all the tests Listed in table 1 may be eonsiderad
wepresentative,  This curve iz plotted in fizurs B,

& piF, 2ul denier por ply, 3 2 twkt, 1025 danker totel, obtaloed fom U5,
transversaly mlﬂm&h@twuu alam Lo
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and the rate of straining assigned 1= 5,000 percent
per sccond.

The strass-strain curves for nylon at low rates
of atraining, plotted in fizere 8, were obtained with
&n Instron tensile toster, These curves arc average
data from five tests anch on gpecimena 10 in. long.
The specimens wera conditioned and tesied at a
Lemperature of 72° F snd relative humidity of 50
percent. (The tempersture and humidicy in the room,
where the transverse impact testa wers made were
nat controlled.)

Similar deta for Fortisan and Fiborgle= sre pre-
sented in figeres @ and 10 and In taﬁas a ﬁ.l‘.ll? 3.
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Table 4 summarizes the aversge dota characlerizing
the curves plotted in figurcs 8, 9, and 10. In com-
paring the Eﬂ.t-n. for n¥lon, Fortisan, and Fiberglas it
i3 seen that in each case inereasing the rate of atrain-
g tends to make the slope of the atress-strain curve
steeper at the origin; 1. &, increases the inrtial tensile
modualus. In additon the initial linearity of the
stress-strain eurve persists up to increasingly large
values of the stress. This type of behevior has
provigusly been observed by Merodith for textils
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vorns [3), by the authors forThair and silk [6], and
by Campbell for mild steal [7]. It is similar to the
tvpe of behavior obeserved when he stress-sirain
curve 15 obtained at standard rates of stmining, but
et low temperatures. Typicel curves for specimans
measured under these conditions have been published
by Kaswell [3] and by Coplon [9].

The stress-strgm curves for Fibecglas, figure 10
become inerensingly hinear in the rate of streining
ronge 1 to 100 pereent per minute. However, the
nonlmearity of the 1 percent per minute curve may
be attributed in part to filament slippage. The
1,000 percent per zecond corve is slightly eoncava
npwa This latier effect moy be attributed to the
mevease 1 rate of stralning which occurs in this
method al jnereasing etress,
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