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FOREWOKD

The design oF textile msterials for the military requires consider-
ation of a broed spectrum of uses and related perlormarce regquirements,
Among the most severe of these are materials suach ag those used for high
speed deceleration of aircraft, which undergo large %e¢vsile shock loadings,
or body armor materials which must resist high energy coarsverse impa2is.
Continuous improvement in material properties is necessary to meet the
constantly increasing performence demands in these areas. In considex=iion
of these needs, advances in related technology must also keep pace,

This work was conducted under Project 1T062105A329, Organic Materiulis
Research for Army Materiel., The bulk of the study howvever was conducted
under Trenslation of Fiber Prorerties into Fabric Structures, which deals
with the mechanical behavior of high performance textile systems, partic-
ularly from the point of view of the response of component substructures
to impact forces, It aims at characterization of fiber and yarn elements
by lavoratory methods and combinations of these into higher strueture at
or near end-item levels. The ult.mate objective is effective correlation
between actual use and lsboratory performance under simulated end use
conditions,
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E ABSTRACT

3 Fibrous structures of increasing complexity, as introduced by ply

and twist, nave been subjccted to high and low speed tensile tes... The
ratio of the strength at high speed to that at low speed is always greater
than one but decreases with increasing complexity, The ratio of the

B elongation to break at high speed to that at low speed is always less than
3 one and also decreases with increasing complexity of structure, The ability
, to absorb energy markediy increases with increasing complexity of geometry
4 at the low slrein rates characteristic of the Instron., The reasons for
this additional enzrgy absorbiion are discussed., Tests at high rates of

3 straining point out the inebility of many complex textile structures to

3 translate their superior energy absorbtion characteristics to high strain
rates, The results obtained and the principles demonstrated are applied
to the development of improved materiuls for use in acrial delivery and
hallistic applications.,
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THE MECHANICAL PROPERTIFS JF TEXTILE MATFRIALS AS
INFLUFNCED BY STRUCTURE AND STRATN RATE

I. TIntroduction

Textile items used by indusiry, the military, and the individual
conswmer are subjected to variocus ompiex stresses, It has been recog-
rized for some time that the speed at vhich stresses are applied mist be
considered in evaluating such textile items. IDIvaluation of a textile
item under Ins. .n conditions of 50-200 %/mim:.te may not give accura.e
information concerning the bresking strength of an autc seat belt suvbjected
to strain rates several decades greater, For this reason, scientific
personnel in industrial, university and government latoratories have
devised and utilized various instiumens such as the falling weight,
pneumatic or hydraulic piston devices, and even devices utilizing impact
directly or indirectly with a missile to attain the higher strain rates
characteristic of the end use applications. At the U, S, Army Natick
Laboratories the strain rates used most freguently have been 100 %/minute
and 288,000 %/minute,

Generalizations may be made concerning the changes in the mechanical
properties of a textile yarn accompanying this three decade rise in strain
rate, The breaking strength rises, the breaking elongation decreases, the
modulus increases and the work to rupture may inecrease, decrease or stay
the same with increased rate of testing. However, problems arise, some
of vwhich teni to invalidate this generally accepted behavior. For exanple,
the strain rate of 288,000 %/minute may still be too lew to duplicate the
conditions operating at strain rates characteristic of ballistic impact.
Or the strain history may not be at a simple constant rate as obtained
with a pneumstic tester but may be a more complex strain history as is
cperating in the opening of » parachubte, These two problems, although
beiag addressed, are far from solved, This report is concerned with a
third problem; that of complexity of structure as it interacts with strain
rate.

Comple)(iijy itself has been studied in the past. noiably by Treloar
anud Riding 1 , who derived relgtionships for the stress-strain properties
of yarns based on their structural geometry and the known stress-strain
behavior of component filaments, Treloar'‘:/ also used a similar approach
to predict plied yarn behavior, and Riding(:’) checked this theory experi-
mentally, obtaining satisfactory agreement,

Platt U“), Kilbyw), Symes (6) , and others have also analyzed the many
stractural factors involved in yarn construction, In the presemt study,
the influence of ply and twist are exemined with the emphasis on commonly
used amounts of these,
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A, Materials

A variety of yarns were used to make various comparisons in this

study. The identification of these is as follows:

Fiver Designation Denier Producer
7igh Modulus X~500, Type 1 1120 Monsanto
3 Polyamide
High Modulus X-5C0, Type 3 1125 Monsanto
- Polyamide
Glass E Glass 2100 United Merchants &
4 Manufacturers
Polyamide Nylon 6, Bal-1l0 1059 Mlied
Polyamide Nylon 66, Type 728 840 DuPont
3 Polyamide Kylon 66, Type 330 219 DuPont
Polypeptide $ilk - Size F 1170 A, H. Rice
] Polypeptide JKS-1 156 Gulf South Research
Institute
Polypeptide JKS-2 157 Gulf South Research

Institute

The nylon 66 yerns obteined from E., I. duPont deNemours & Co., were
210/34 single ply. They were plied to various levels (2, 3, 5 and 7),
with various amounts of twist (2, 5 and 9 t.p.i.). This provided a yarn
4 series with gradually increasing complexity which could be examined for
3 effects of either plying, twisting or a combination of both, The processing
for this series was performed at the Iowell Technological Institute, ILowell,
Massachusetts,

- The silk is g three«ply sewing yarn made from mulberry silk by the
| “e Ho Rice Co, It was tested both in its final form and in unplied single
3 a%rands,

The twe polypeptides from Gulf South, the nylon 6 and the X-500 are
experimental developments currently under investigation at the U, S, Army
Natick Iaboratories,
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The fibrousgless varr was exbtracted from 20,000 denier roving, vhich
had been woven into an experimen’al febric by Uaited Merchawts and
Manufacturers,

X~500 is a high modulus aromatic pclyamide available in three hasic
types, with variations of each type. Thnse used in this syudy were Type-
1, which has the highest modujius, highest strergth ard lowest elongation,
and Type-3, with the lowest modulus, lowest strenzth and higrest
elongation,

B. Methods

Tensile properties, (breaking strength, elongation, work-to-break,
knot strength, and modulus), were measured at conventional test rates on
an Instron Tester, and at impact rates with a FLITS* Impact Tester, The
Instron Tester speed was 5 inches/minute which resited in a strain rate
on the test specimen of 100 %/minute., High speed tests were performed
at 20 feet/second for a strain rate of 288,000 %/minute.

The FRITS Tester is a pneumatic piston type instrument which utilizes
compressed nitrogen as a source of povwer. A piezoelectric crystal load
cell transmits forces to an oscilloscope readout., A displacemert-time
signal is also provided by means of a pre-marked magnetic tape, Fhoto=-
graphs of the oscilloscope screen are made to permanently record each test,

Twisting of X-500 and nylon 6 yarns was performed at NIABS with a
Suter Twister under constant tension of 30 grams,

ITITI, Results and Discussion

'‘franslational effects in manufactured textile materials have been
recognized for many years. The tensile strength of the finished item is
rarely equal to the sum of its component yarn or fiber strengths, The
elongation, on the other hand, is wsually greater than that of the
components due to sadditional plying, twisting, or weaving, which iutro-
duced additional "structural' clongation,

Though the efficiency with vhich an item translates mechaniesl
properties may be dependent upon the type of fiber used, it is alsc
dependent upon structursl geomeiry. Wher a material is stressed, eivher
exially or transversely, there is a natural tendency for the component
members to orient in the directien of load, and to reinforce one arother
in resistving the load, The extent tc which this reorientation takes

¥Made by Favbric Research Laporatories, Dedram, Messachusetts
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¢e detarmines the stre cu&ux- ferey \okuv ¢f the total Syst&n. The amownt of
a.d.j istment which can take place is controlled by two factors: (1) The
imiu alliowed by the par ticular LU!.LJ.b\LLU.b.LUI., l.e,, & wover fabr .u., with
3ll its yarns oriented in the direction of load, will translate strength
better “han a braided cord, whose component yarns :estrain each other from
a perfectly axial orientation; and (2) The speed with which the load is
applied. Internal readjustment is a time dependent process which can only
reach the optimue point if loading takes plece very slowly, As loads are
applied more and more rapidly, there is less time four total adjustment

<o vake place, and efficiency losses are noted,

These rate-depend~nt effects make the study of translational efficiency
wnder rapid loading rates particularly important when characterizing
materials for impact applications.

A, Complexity by Ply and Twist

Figure 1, shows gensralized stress-strein curves for a typical
fiber loaded at a conventional (slow) speed and & speed approximately
3000 times faster. Expressing the response of this material as the ratio
of Ligh speed to low speed output, it can be seen that the stress ratic is
approximately one. Computing rati . in this manner gives an index of the
percent output for a particular v»arameter at high speed compared to that
at low. For convenience, in the following discussion these indices will
be referred to as "impact performance ratios.” Impact performance ratios
were exemined for the strength, elongation, and energy outputs of a series
of nylon yarns. A gradual build-up in complexity of structure vithin the
series was obtained through the addition of ply and twist, Thus, “rends
in impact performance could be observed and relsted ic the vaxrious )
complexity levels, Figure 2, shows styength impact performance vatic
plotted agsinst twist for various plied ysrns, It is seen that the ratios
ave all grzaaler tkan one which reflects the inherent characteristics of
the polymer tc exhibit greater strength at high speed. However, the
downwerd trends with both ply and twist indicate that strength translation
at high speed becomes increasingly poor with additional complexity. The
effect of twist is more severe than that of ply especially at the higher
ply levels, The combined effects of ply and twist are illustrated in
Figure 3, with the impact performsnce ratio plotted against (ply x twist)z
as a complexity factor. This further depicts an overall downward trend
in strength impact performance with increasing complexity.

The inhevent tendency of the basic polymer to exhibit decreased
s"ongation at high strain rate is observed in Figure 4 where impact
rerformance ratios for elongation are all less than one, iHere again,
iecreasses are noted in impact performance with inereases in both ply and
twist, A downward trend with complexity 1s also noted in Figure 5. This
indicates that although structural elongetion is increassing with the
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addition of ply and twist, it is not reflected in the ability of the yarns
Yo eiongate at high strain rate, Internal structural reinforcement when
loads are applied instantaneously cannot progress to the same lavels that
can be attained at conventional speeds,

The combined losses for strength and elcrgation are shown in Figures
6 and 7 where energy impact performance ratios are plotted. It is seen
that at the highest complexity level, the maiterial at high speed trans-
la;tes just over 50% of the energy capacity exhibiied at low speed {Figure
7 L]

These effects may apply to problems in the field of aerial uelivery.
e to the complexity of suspension cords, tie down straps, knotted Joints,
erd splices one gets an impression frcem low and quasi statie test dats of
greater energy absorption, strength, and elongation than is actually
availgble under actual use conditions. Thus, materials of this type
furrish an excellent exzmple of Tthe interaction of complexity and speed
cf testing. Questicns then arise as to the application of this complexity-
rate of testing interaction to other areas, One of these areas, baliistic
impact, has previously been investigated from the viewnoint of rate of
testing, but never with the added coasideration of complexity.

Ia general, it is kuown that textile yarns and fiters with good
mechanical properties, namely high strength and high modulvs and with
sufficient ductil.ty even umder static testing conditions, ars prime
candidates for the preparation of felts and febrics with optiimm ballistic
properties, However, cccasionally a fiber or yain with good static
properties performs poorly ballistically. or one with fair or pcor
mechanical properties under static conditions performs better than
expected. The simplest explanation would appear to be the rheological
behavior of the material; the fact that processes of relsxation vhick can
occur under a slcw speed test are no longer able tc occur at the very
high speeds of test characteristic of g bellistic impaet, In some cases,
this explanetion suffices ani it may only bve necessary to raise the
testing rate a few decades to see the improved or degraded preperties.

Hovwever, observation of the complexity of the structure governing
the behavior of felted or woven fibers snows that s simple tensile test
may be insufficient to predict or eluncidate the baliistic performance
of & new material. As a specific case, a new series of high modvlus
polyamide fibers with the designation X=50C became availsble from
¥Mcnsante Chemical Company. Two types examined had the following properties:

Breaking Stress (gpd)  Breaking Elopgation (%) Modulus (gpd)

'ij'pe I 1:4‘ 20 5-‘4-.0 550

Tvoe III 6.5 20 150
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Type I had the high breaking stress and nigh modtdius which should be

useftd. for ballistic applications. Actualliy, tvis material was useless

as & needle-punched felt and performed poorly in fabric, giving a V.50
bellistic limit value with the 17-grsin fragment simulator c¢f 1070 ft/sec
as ccmpared to greater than 1225 ﬁ;/ sec for nylen 66 fabric plied to the
came areal density, The ballistic limift valie cen be described as the
velocity with vhich a missiie would have a 50% chence of penetrating the
target meterial, To further investigate this pocr Lallistic behavior, 2
yarn complexity eanalysis was performed on %he %.5C0, Type I material in
one and two ply yarns was tensile tested at verious twist levels from

"0" £,p.i. to "8" t.,p.i. Figure 8 shows 2 marked decreacs in the strength
of the plied and wnplied yarns as a function of twist even at the static
rate of testing (100%/min}. In contrast. & nylon 6 yarn shows a barely
perceptible drop in strength with incressing %wist, The nylon 6 in fabric
form is known to give a higher ballistic vesistance, Impact loading of
the X.500 further reflects the compledbty effect distissed earlier, vhers
the losses due to increased twist are accentuated at the high speed. The
loss observed (Figure 8), is particularly severe, with only 25% of its
original strength retained at 8 turns per inch, This behavier iljustrates
the extreme sensitivity of this material %o structural influences, which
helps to explain its poor ballistiz performance,

A materisl this structure-~sensitive would most likely ne very
susceptitle to failure at stress concentration pnints such as the yarn
crossovers in a woven febric, Observation cf experimental ballistic
panels supports this idea, The hole formed by penetration of the missile
into the fabric is square in many cases for X-500, indicating tkai the
yarns were cleanly sheared off along the crossovers on the outer zdges
of the failure, This is in contrast o more rendom failure patteras in
nylon ballistic fabrics, Clesrly the energy at the point of impact of
the missile 1s not being translated beyond the nearest yarn crnssovers.

5. Complexity by Xnots

The distribution of stresses about the missile in a vallistic
impact is a complex subject, nnt to te treated in depth in this report.
Considering it briefiy, however, examinztion of layered fabric panels
viich have been tested at their V50 balilistic iimit speed, indicates that
g combinatior of fiber, yarn and weave properfies contribute to the
overall resistance of the complsie layered agsembly. it is not implied
that the same effect to bte discussed will ccouwxr st impact speeds cor-
siderably greazter or less than the V=50 speed, Initial penetration of the
first layer is normally a concertrated rywiure with only very localized
resistance from the contacted yarns, Failures st this point appeaxr to be
in shesr, with the level of failure highly deoszndent upon modilus, or
stiffness, as well as copecembrations of berding stresses at crossover
voints, As the missile proceeds through the layered panel, a depariure
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from this initial shattering effect tekes place. In the lnst layer

renetrated, a draving of the yarns seems to take place, which indicates

a more longitudinal or tensile yarn responsce to the apmliad load. Much

of the resistance at this point is provided by the tenacity, elasticity,
* and toughness characteristics of the material, The stress is also dis-
persed over a wider area, allowing for "abhric constructional Ceatures to
contribute to the resistance of forces, At present, the combined effects
. of shesr, elasticity, weave, etc., cun only be evalvated by actual missile
= firings on layered panel specimens, However, the isolation of these and
many other effects in the laboratory contritutes greatly toward the
evaluation of candidate materials for bellistic applications, Standard
lahoratory temsile tests at high speeds provide information related to the
quasi-longitudinal responses in ballistic resisvance. The sheur-like
responses related to the initial missile penetration, however, have been
more difficult to assess in the leboratory, Methceds based on the
evaluation of tensile moduli or wave velocity, such as the Pulse Propo-
gation Meter, nave at times proved useful in understanding impact or
ballistic hehavior, In other instances (i.,e., X-500} the high modulus
and high wave velocity are inconsistent with the poor ballistic perform-
ance exhibited and one is inclined to search for another method of
eveluation, One method which combines materiel stirfness charecteristics,
stress concentration, and complexity effects is the simple knot test.
This test provides a means for evaluating a wide variety of materials
easily aud quickly., Figure 9 shows the percent of normal strength retained
by knots under impect ioading, as a function of high speed elongation,
It is seea that the X-500 yarn, Type I, which displayed such ponr
ballistic resistance, had & strength retention of only 12% while nylon 6
and nylon 66 which possess relatively good ballistic resistance, retain
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529 of their strength vwhen knotted,
weil in the knotted form, possesses good ballistic resistance, The
protein fibers shown are experimental and have not been evaluated

ballistically. Another example is that of glass, The krot strength

The silk, which also retains strength

retention was 30%. It is known that glass yarrs in fabric form exhibit
very low baliistic resistance and, therefore, glass with a reasonably
kigh strength (10 g/d), and a high modulus (300 g/d), is limited by its
jack of ductility, This plot suggests the simple expedient of determining
slongation and forgetting the knot strength test, However, it is inter-
esting to note that uuiy 10-15% elongetion is needed to insure good
perfcrmsnce in bthe knot test, and that additional elongation to obreak is
wmnecessary, This featuvre of the curve may explain the good ballistic
performance: of a low elongation materiel (polyvinyl alcohol)(7) and the

relatively gcgor performance of a very high elongation material (poly-
prcpylene)( .

%~500 has a good potential for impact resistance because of its high
modulus and accompanying high wave propogation velocity., It is the lack
of ductility and translational ability that mullifies its usefulness in
ballistic applications, In Figure 9, an X.500 yarn with greater ductility
is represented. This yarn, Type III, was able to retain 57% of its
breaking strength as compared to only 12% for Type I, Type III also

~e

exhibited much improved ballistic resistance (124l ft/sec).

IV. Conclusions

Translational efficiency at high speed must be carefully considered
in tensile or ballistic appiications, The usual tensile strength and
elongation changes with strain rate are eltered in the case of complex
structures, The strength Impact Performance Ratio, which is normally
expected to be greater than one, is shown to steadily decresse with
complexity, This trend can be carried to the point where complex braided

cords used in parachutes actuslly have strength I.F.R.'s less than one,
ané ~nerzy I,P.E.'s as low as 0.5,

Increased stiffness and elasticity are advantageous only to certain
limits in baldlistic resistance. High medulus maierials respond better
ballistically, but only to the point vhere materials are too stiff to
translate shear energy effectively. More extensible materials seem to
translate more efficiently, but beyond a fairly low elongation level,
extensibility has no further effect on traaslation. The proper balance
of modulus, extensibility, and strength in a fiber seems to be the key
T2 improved impact performance,
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