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Protection of U.S. infantry personnel in ground warfare environments
requires constant technical vigilance on the part of Government scientists
to assure that the most advanced state-of-the art is being implemented for
the benefit of the soldiers This paper addresses that requirement as
related to protection of personnel against fragmenting mmitions,

Though the level of ballistic protection already achieved and cur-
rently being fielded exceeds anything ever developed in the past, the
potential exists for even greater improvement in protection against frag-
menting threats, and the need exists for protection against new threats.
New.developments in weapons technology utilizing surface coatings, novel
shape factors and higher density materials continually challenge the level
of protection achievable with existing armor systems*

A more intensified scientific approach must be devoted to the ballis-
tic problem to provide adequate protection against the rapidly changing
threat patterns in the field. The problem is a difficult one for a number
of reasons. Fibrous materials have proven their worth both ballistically
and functionally, but relatively little snientific information has been
developed in this area as compared to other material disciplines. Pene-
tration mechanics of such materials are physically unique and somewhat
confounding, and are not clearly defined. Finally, scientific contribu-
tions from the private sector have been essentially non-existent due to

ij'j the marginal commercial attraction of armor items.
J• It is expected. that through this paper a firmer scientific base

will be established and that the future use of this technology will even-tually lead to a better understanding of the physical interaction betweenflexible fabric and penetrating projectile.
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GINERAL APPROACH -____
The approach taken in this study is to analyze the projectile

impact of a fabric in logical steps, and perform laboratory experiments
to quantify the various physical responses which are actives The event
involves a number of fiber characteristics and penetration mechanisms
interacting in microseconds of timee-,

(.The procesi-begi with the initial contact of a projectile upon an
orohogonally woven fabric. This sets up a Votential.exchange. f 4arjeo-.
tile kinetic energy into yarn tensile strosv-strain energy. As long as
the tensile mode of response remains in effect, the energy of the projec-
tile is translated longitudinally along the yarns in continuous pulses
which can be thought of as wavelets of stress-strain energy. These travel
at velocities which vary with the crystalline character of the target| ~~materials The amount of yam• which becomes involved through this moth- •

anism increases from the time of initial contact until the projectile :
penetrates the fabric and the strain is released.e-1..

t• the*7 same, tim as the in-plane exohaine" f energy takes place,
Sprojectle energy is also dissipated through fabric transverse motion.
The forward thrust of the projectile carries target fabric out of its
original plane The displaced material takes the shape of a pyramid (1,2)
whose base and hlight dimensions continually increase until penetration
occurs.

SThe problem is appaoaobed through an analysis of the energy dissipa-
tion in these two modes (planar and transverse). Theoretical energy
absoiption is derived after quantification of appropriate parameters. The
computation for planar energy encompasses penetration time, wave velocity,
number of contacted yarns, and yarn energy absorption potential. Oompu-
tation of the transverse component of energy involves the shape and dimen- -

sions of the fabric distortiong the average missile/fabric velocity, and
the mass of the fabric displaced.

These computed energy absorptions are then compared with that meas-
ured in actual tests. The agreement obtained will establish the importance
of the studied parameters and their application to future efforts in the
field.

MATERIALS
The main thrust of this analysis was toward the behavior of woven

fabrics as opposed to other constructional forms.
Fabrics representative of two polymer types were studied; nylon 66 A

(polyamide) and Kevlar 29 (polyaramid). Fabrics were selected with con- -
structional features as nearly identical as possible. Characteristics of . *

the two materials are tabulated below. J u
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Table 1
Characteristias ofKeviar 29 and Nylon 66 Fabrics Used for Analysi'

Polymer Type Polyaramid Polyamide
Yarn Fineness, Tex (Denier) 311 (1000) 117 (1050)
Weave 2 x 2 Basket 2 x 2 Baket
Weight, m2 (oly 2) 431 (12.7) 505 (14.9)
Yarns/cm, w x f 19.7 x 1703 20.5 x 17.3
Yarn Crimp (I), w x f 10.1 x 1.0 12.5 x 4.5
xperiments were performed to obtain a) actual measurement of fabric

energy absorption under ballistic impact and b) datawith1 which to compute
this energy based on hypothetical energy transfer modes. Measurement of
actual energy absorption is described under Fab eri The .; a T
remaining experl~ments for yarn stress-strain prprt~iieipistrain wve vl-
ocity, penetration time and transverse displacement were for computed data.

* Farjbric kier9. Absocrption
Tests to measure the enoerg absorption of single fabric layers were

performed in two series using the two different fabric clamping arrange-
ments depicted in Figure 1. The first uses a pair of aluminum plates H
between which the fabric is clamped. The targ•t area is a 22.9 am [A

, NM

Boom-

Fiui Camp Ue d

Figuare 1. Fabric Clamps Used For I•ergy Absorption Tests.
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diameter circe which has been out out of the plates* The second clamp

system ham the same outside dimensions but uses thickerl heavier aluminum
plates. Rather than using a single target circlet it halive 265 am air-
ales out from the lates, This clamp was discussed in more detail i a
previous repor (31.

Energy absorption for Kevlar and nylon fabrics was measured using
both clamping arrangements at projectile velocities ranging from stopping
velocity to about 500 m/s. The test apparatus and methodology were do-
scribed in a previous study (, Briefly, the energ absorbed using
either fabric clamp is computed from accurate measurement of projectile
velocity before and after penetration using electronic sensing devices and
digital aounters. These velocities are converted to kinetic energrg the
difference (Kin -. out) being the projectile energy absorbed or transmitted
to the fabric.
Yarn Strees.Strai~n i

Tensile stress-strain curves were generated for individual yarns
using an Instran Tensile Tester. A gage length of 12.7 em was used with a
crosshead speed of 5 cm/min resulting in a straining rate close to 40/min.

Data at higher rates of strain will be referenced in the Discussion
portion of this paper. These data were developed prior to this study
usingJ pneumatic#14 driven tensile test equipment to achieve rates in theorder of 3 x 10)b/min, The best estimates of exte.1ally euplied strauinin
rates under balstic impact are in the range of 10 to 10/mine

sttrain waa v•eoiMeasurement Of strain wave velocity in the fabrics was made using an i

extension of a method developed by Kota (5) for similar measurements in
single yarms, Fabric target samples were arranged as shown in Figure 2.

F .W

Figre 2. Test Setup For Fabric Strain Wave Velocity.
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The fabric was clamped at the top but only 10 yarns extending from the
bottom edge were clamped below@ These were the ends of the same yarns to
be contacted by the projectile at the center of the fabric@ A piezoelec-
tric crystal load cell was fastened to the bottom clamp as show and its
output direct3d to an oscilloscope. Knowing the distance between the load
cell and the point of contact of the projectile with the fabric, it was
only necessary to measure the time of travel of the wave over this dis-
tance to obtain wave velocity. To accomplish this the test was performed
with the room in darkness and with a multiflash generator md camera set
up to photograph the flight of the projectile. The first flash was syn-
chronised with the sweep of the dual oscilloscope beams. The upper beam
recorded load cell response vertically vs time horizontally. The lower
beam gave a spike signal for each flash* The example in Figpue 2 shows
that the projectile contacted the fabric on the 3rd flash which on the
load-time recording is a point of no apparent load (point A). The res-
pon** of the load cell occurs at point B a measurable time later. The
distance AB represents the travel time of the waves

Wave velocities were measured in this way for both nylon and Kevlar
fabrics in both warp and filling directions. Projectile velocities of
approximately 305 mi/s were used for these tests.
Penetration Time ,.

The time elapsed during penetration was measured over the same range
of projectile velocities as used for the fabric energy absorption tests.
The fabric clamp with the 22.9 cm diameter hole in the center was modified
to facilitate this experiment. A 0.6 cm slot was bored upward from the
bottom edge of the clamp on the inside face of each plate. This relieved
about 10 yarns frc.,n the clamping pressure during testing. Theme were the
same yarns contacted by the projectile at the center of the target. They
were extended downward to the clamp and load cell which were coupled to-
gether below the target as shown in Figure 3. Penetration time (t) was

F r s Su F

Figure 3. Setup For Penetration Time Tests.
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measured from the oscilloscope force-time trace as that time from the
initial response of the load call to maximum load (penetration). Test
specimens weie oriented with the filling yarns vertical. Since these had
leos crimp than the warp yarns, sharper loading curves were produced.

Tlanverse DisDlacement
The component of projectile energy transmitted transversely in the

fabric is a function of the size of the-fabric pyramid formed during pone-
trationo The pyramid dimensions wera measured from photographs of the
exit side of the fabrics taken at projectileponetration (Figure 4).

SI.

Nylon Kovlar

Fig:.ure 4s Transverse Distortion of Nylon and Kevlar Fabrics at Penetration
Measurement of the base dimensions of the pyramid were made directly from
the photographs which were actual size. The pyramid heights were measured
from the peak of the extended pyramid back to the location of the point of
initial contact of the projectile. This point was established as the
intersection of the diagonals drawn from the corners of the pyramid base.

Projectile velocities for these tests were at the point at which
penetration just takes place and the largest pyramids occur.

DISCUSSION
The energy absorbed by single layer fabrics under transverse impact

is propagated by two mechanismas a) tensile streos-strain work performed
by thoeindividual yarns acting within the fabric plane, and b) transverse
kinetic motion of the displaced fabric mass. Tne in-plane energy absorp-
tions, 3 can be computed as the products

i6
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hre- 2(t)(c)(n)( E.) (Equation 1)

whoesol p Fabric in-plane energy absorion (J)
t Penetration time e) (a
o m Strain wave velocity in fabric (m/8) 00
n m Number of yams under strain
S- Yar energy potential (J/m)

The constant "2" accounts for the propagation of energy in both directions
from the point of impact along the contacted yarns*

The transverse energy component, 3 , can be estimated from ;Vramid
dimensions and projectle/fabric velooitee a&so

T A _2 (Equation *

whores . = Transverse energy (W)

A mArea of pyramid base Cm2)
W Fabric weight (kN/4m)

* Average velocity of projectile during penetration (me/)

The input parameters to the above equations can vary substantially depend-
.ing upon fabric construction and ballistic test conditions. These vari-
ables along with other relevant fajtors will be discussed in the following
eectione,

The prediction of in-plane energy absorption by equation 1 is appli-
cable as long as the resistance to penetration is through tensile work done
by the yasns, It i. probably fair to assume that tensile straining of
yarns takes plaoe, to some extent at least, in ballistic impacts of all
fibrous materials. However the impinging energy will ultimately cause
failure through the path of weakest resistance of a given materials Two
such modes have been observed in previous ballistic experiments, They are
failure due to low heat resistance (melting failure) and failure due to
excess stiffness (brittle failure). These are illustrated in the scanning
electron micrographs of Figure 5.

The polyamide fibers are representative of the nylon 66 used in this ,1
study. Melting is obvious at the broken fiber ends. Melting has also
been noted on the surface of unbroken fibers outside the perimeter of
missile contacte.

Brittle failure is illustrated by on experimental polyaramid which
exhibited poor ballistic resistance despite its high strength. The sharp
transverse failure shown is typical of other high strength brittle fibers
such as glass and steel.

I

'I, .. ~
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Polyamide Experimental Polyaramid

Figure 5, Fracture Morphology of Fibers with Poor Heat
and Shear Resistance.

Kevlar, which is also a polyaramid with brittle characteristics,
apparently maintains sufficient shear resistance to withstand thr trins-
verse pressure of the missile. Figure 6 shows Kevlar fibers after ballis-
tic impact. Neither of the failure modes of Figure 5 are evident. The
fibrillated broken ends are typical of thoce from laboratory t&. silk- tests.

I/1

Figure 6. Fibrillation of Kevlar Fibers
After Ballistic Impact.

Yarn Streos-Strain Enerz
The nvlon and Kevlar yarns used in this study exhibit the character-

istic stress-strain behavior shown in Figure 7 when tested at a quasi-
static straining rate of 40%/min. Pr9vious studies (6, 7) have shown that
for tensile straining rates of 3 x lIO%/min differences exist in the
ultimate strength, ultimate extension and initial modulus properties.

r
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However the energy absorbed by
the yarns, as measured by the
areas under the stress-strain

ISO • curves, remains essentially the
same as at the slow strain rate.
Similar trends in tensile behav-
ior have also been noted for a

100 wide variety of other polymeric
materials tested at high and low
rates of tensile strain (8).
Hechanical properties of nylon

NOLOW so and Kevlar yams at the two
strain rates are shown in Table 2.

EXTENIION N%)

Figure 7. Stress-strain Behavior

of Nylon and Reviar Yarns*

It is assumed :sor purposes of this study tht yam energy absorption at
ballistic strain rates (estimated at 100-10 /min) remains at the levels
of Table 2. The conversion of Table 2 energy data to the units of equa-
ties I give 3, values of 3.9 J/m for Kevlar and 7e9 J/m for nylon.

Table 2
Tensile Proper-tn 2L. Nylon 66 $ad Kevlar 29 Yarns at Low and HIgh . .

Rates orP §train"

Break Stress (g/Tex) 79 19
Break octension 19 16 4.3 3e7
Initial Modulus tTex) 387 540 3?00 5400
Preak •er• 7.4 7.3 3.5 3.7

W L - 40ý6/mif rain rate
*X - 3 x 5lb%/min strain rate

Strain Wave Velocity
The longitudinal propagation of stress along single yarns has been

treated theoretically by many researchers (9, 10, 11). In general, strain
waves travel in continuous pulses from the point of stress (contact of pro-,
3ectile) outward along the yarn with a velocity (c) which is related to .

ysr'l modulus (E) by o - (Ef4)'when I is expressed in textile linear den-
sity units, They continue until they lose their intensity or they re,,ch
a b,)undary such as a test clamp from which they are reflected back toward

4.-. ... ..... .. ..
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the point of impact. Se feel that this causes a multiplication of
stress at the point of reflection which, given sufficient time, will cause
failure at these locations. This may be a contributing factor to the
change in response from tensile to other possible modes of failure die- . A .•:

oussed earlier*
Application of yarn wave theory to the fabric case is complicated by

such reflections from successive yarn crossovers and also by the crimp
formed in the yarns during weaving. Theaefore it was decided that direct
measurement of the wave velocity in the comstructed fabric was the only
appropriate method of analysis for this stud. Tests were performed in
both warp and filling fabric directions. Results were ao iared to pre-
viously obtained data for single uncrimped yarns and are shown in Table 3.

Table 3. Strain Wave Velocity Measured in Va1-4 ane Free YamStrjai wave Meai ity (m/m ,li)

Warp 900 goo
Filling 5000 1000
Free yarn 7600 2400

Velocities are greatest in the uncrimped free yarns for both mater-
ials. Once these same yarns are woven into fabric however, the velocities
are reduced due to fabric structural effects. The extent of this struc-
tiual interference on wave velocity varies with fabric direction. It can
be related to crimp in the manner shown in Figure 8. The superior wave

propagation ;haracteristic of
O iuncrimped Kevlar is gradually

reduced until this advantage
%X- UNC.lMPO YARNS is totally lost at approxi-
0- CeKVIMAn PYARNC mately 10% fabric crimp. This
O-NYLON FUARIC result emphasizes the impor-

tance of fabric structural
effects on ballistic perform-
ance. It has been shown(3,4)

4 that Kevlar fabrics woven with
a minimum of interlacns and
yarn crimp (satin weave) per-

'a " form significantly better than .1

tighter weaves. This construc-
tional advantage which had
previously been attributed to
improved transverse mobility

O0 4 e 1 1O 1 is now shown to be related to
CRIMP W%) in-plane energy parameters.

Figure 8, Effect of Fabric Crimp
on Strain Wave Velocitp.
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Penetra~tion Time

Penetration time defines the period during which the yarns are under
stress and therefore the distance travelled by the strain waves. Penetra-
tion times (t) were measured for input to equation I over the series ofI
projectile velocities shown in Figure 9. Kaviar shows a distinct depend-
ency on projectile velocity which reflects the reduction in extension with
increased strain rate observed in Table 2.

1 0100 . NYLON

go go.

~40- ~4OIi

130 ::- : 130ot909 o

0 -- -- 0A
to0 S00 400 600 g00 So0 400 Go0o

IMPACT VELOCITY We/r) IMPACT VELOCITY (m/&)

Figure 9. Effect of Projectile Velocity on Time of Penetration
for Kevlar and Nylon Fabrics.

Nylon does not show the rate dependency of Keviar but rather an
erratic pattern which may have some explanation based on heat phenomena.
No further attempt is made to explain these results at this time*

Alteration of the clamp faces to facilitate measurement of penetra-
tion time eliminated the barrier effect of the clamp on the waves travel-
ing in one of the four directions away from the impact point. This un-
doubtedly increased the penetration time over that which would apply for
a totally clamped fabric. A correction of 25% was used to reduce the :
values for Kevler. A similar correction for nylon was not considered
necessary since it does not appear that the tensile mode was active.

Transverse Eneray
The amount of projectile energy lost through transverse fabric

motion is estimated from equation 2, which measures the kinetic energy
of the displaced fabric mass at the average penetration velocity.
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Measurements were made of the fabric pyramids formed during impact at
velocities near that at which penetration just occurs and the largest
pyramids are formed. J values obtained under these conditions were used
to estimate those at hivher velocities through the use of data of Roylance
(2). This resulted in a reduction of transverse energy absorption with
increasing impact velocity (Figure 10).'-' I'

-. KVLAR

J-,4 IM 4
• I:

0oo 0oo 400 600
farcIMPACT VELOCITY (mA)

Figure 10. Effect of Projectile Velocity on Transverse•ii/Energy Absorption of Kevlare

Theoretical vs. ExJerimental herfv Absorytig nI
Single layer fabric samples were tested for energy absorption over

a range of projectile velocities using 2.5 and 22.9 cm diameter clamps.
Figure 11 shows the effects of the clamp boundaries on the results. The
maximum energy absorbed by the two materials at the velocity of initial
penetration (left most point) is reduced about 50% in going from the
larger to the smaller target. This difference becomes smaller however
an projectile velocity increases due to the accompanying reduction in
penetration time and wave propagation distance. The reduction in energy
absorption (50%) is not proportional to the ratio of target diameters
(11%). Considerable yarn strain was evident In all directions beyond the
2.5 cm boundaries, indicating that the strain wave intensity was suffi-
cient to force through the nearby boundaries resulting in more yarn
involvement and energy absorption levels greater than predicted.

i :•"•.. . . . ... i "• • .. :.. .•:..",
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Is j00
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Figure l2 e C p ari t o f Clomp Boundaries on Experiment tcr
Ab nerpo Abforption.

The theoretical energy trend for the 220 am Kevlar targets showedo.l.oae agreement with that obtained experimentally (Figure 12)s This

to o o o

IMPACT VELOCITrY WIIa]• •

Figure 12, Comparison of Experimental and Theoretical Energy <"!

Absorption for Kovlaro +:
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indicates that the tensile and transverse response modes predicted by
equations 1 and 2 were active and the Kevlar achieved its maximum poten-

In the case of nylon (Figure 13), the theoretical energies were

actually greater than those computed for Kevlar due to its superior yarn
energy absorption potential. The experimental results however showed the
actual performance of nylon to be in the range of 25-50% of potential.
This inefficiency is attributed to the disruption of the idealized res-
pones pattern due to the influence of heat.4 0 . ...... i

"S, NYLON

II

I.1Ito , --
0 -THEORETICAL KL I X-EPERIMENTAL

t00 300 400 500
IMPACT VELOCITY (r/a),

Figure 13. Comparison of Experimental and Theoretical
Energy Absorption for Nylon

The energy from a ballistic projectile incident on a fabric tsrset
is dissipated through two distinct modes, namely energy absorbed within
the fabric plane and energy exerted in displacing the fabric transversely,

Maximum ballistic resistance is achieved when the projectis energy
dissipated within the fabric plane is absorbed through tensile resistance
of the yarnso When this response mechanism is active, the time for pro-
jectile penetration is maximited, resulting in increased material involve-
ment and increased energy absorption through both modes.

Performance models based on idealised tensile response and practical
fabric parameters can be used to predict maximu expected energy absorp-
tion, Deviation from predicted performance is indicative of non-tensile

|H
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failure responses such as melting and shear which severely reduce ballis-
tic efficiencyo The acnning electron microscope is a valuable device
for verification of such failure patternes. s

Fi Strain wave velocity is the most important parameter influencing
ballistic perfozmance. Rapid propagation of stress away from the point of
impact incorporates more material into the resistive processe. It also
distributes the energ such that the energy/mas. ratio is kept below

t!- levels at which shear or heat failures may otherwise occur. Strain wave
velocity is significantly affected by fabric construction. Potential for
improved ballistic performance exists through loose fabric weave design
and reduced yarn crimp.
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