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SUMMARY,

A variety of tertile fabrics and other sheet msatarials have been
testea for penetration by small high-speed missiles. Pellots were
fired by en air-gun at a circular fabric desk. Methods of measuring
the change of velocity on penetration or rebound were developed. The
spyed of the pellet was varied by passing through layers of polyethylene

film. Impacted fabrics were examined by scanning electron microscopy.

The fabrics were further characterised by slow-speed penelration

tests and by tensile tests on an Instrun tester and by measurement of
dynemic modulus.

Over a considerable range, the reduction in velocity was proportional
to the target weight as the number of layers was increased. Paper wes
the least effective and woven nylon the mout effective of the materiuls
tested, The effects of various changes in test conditions are reported

in detail and discussed.

The general conclusion is that thc most effective materials are
those with a high work of rupture and a low work factor (1.6.a load=-

elongation curve which shows stiffening at higher elongation).
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Textile fubrios have been uscd for many years as a form of
flexible body armour in order to give protection against high-speed
fragmentss  Practical trinle have led to constructions which are
reasonably effective, but, like moat high-specd phenomena, the fundamerntalas
of the behaviour of these systems nre not well undorstood. Nor is it
rexsonable to assume that ompirical development has led to optimum
dosigns,

It iz worth notirg that, except for the elomentary introduction
to the subject and the simplest basic relations, studies of impact
yhenomena in other systems arc not of great assistance. Becauso of
the complexity of the problems, simplifying assuwnptions are always
introduced ~ and the simplificatiecns appropriaste to one class of
system arc not appropriate to another class, Thus in metals, as
brought out in Johnson's (1) recent hook, the material properties are
taken to be elastic-plastic and a dominant feature is the energy
absorbed in bending at the "plastic hinge', Put in most textile
miterials, the load-deformalion curve is of & very different shape,
a5 indicated in figure (1}, and the sheet has little resistance to
bonding bucausc of the frecdom of relative movement of fine fibres:
and when these featwres ¢re less marked, as in bonded fibre fabrics, the
impact resistancc is peor,

The aim of the pres-mt work was to give some increasc in understanding
of the impact plhicnomena Ly a mixture of experimental work and simplo
theory. In the present state of the art, claborate theory and complicated
computer programming is rot justified, since a complete solution of the
mechanics of the problem is impossible, demanding as it would an analysis
of the interaction of miilions of elements: general qualitative
understanding is needed before the right assumptions and models can
be developed, A simple theorctical approacii might however lead to
seni-empirical reclations of practical value.

The features which ore important in the applization are:

(a) the limiting conditions for non-penetration of the fabric
by missiles,

(b) the energy absorbed from missiles which do penetrato,
(¢) the magnitude of deformation,

For a given misgile in particular fired at a given fabric, the
relevant paramcter is the initial velocity. Other features which
will be invelved arce the mass, dimencions and shape of the missile;
the angle of impact; the natwic of any bucking material.

In this report, the work carried out during the year is summarised
and discusscd. This work starts with thc development of the previous
ballistic apparatus to allow for velocity measuroment and energy
calculation, Thc cxperimental procedures for measuring the ballistic
resistance of a small miscellancous collection of materials have been
given, and the results compared and discusseds The behaviour of
matorials during slow-spced tensile tests and penetration tests on the
Instron tester have beon investigated, and the relationship between
the difforent fabric paramcters have been deduced: this helps to
characterise and give better widerstanding of the factors which influence
ballistic penetration of textile materiauis,
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3.

The offect of varying the impact speed on the energy absorption
of fabric lLas been examined and discusused for both woven and warp
knitted fabrics, mnd tho reoults have beon discusseds The effect of v
reinforcing the impact point by otrong fabricue has been testoed, and
tho influenge of loading the fabrie around the impact point has buun
tried und investligated, )

The fabriec fracturc duc to dmpact has been studiod with thoe S.E.M.
to throw light on the mechanism of fabric failure due to ballistic
penctration of different matcerinlc.
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Chapter Ce

EXPERIMENTAL METHUD,

The balliatic penetration equipmont.

-
The basic apparatus was used fn the rrevious work(“) at UMIST,
and it connisted, nas illustrated in Fig. (2) ofs

(&) A WEBLEY Mark 3 air rifle (0.22 in boru) with a firirg velooity
M6 m/secs, fixed on a supporting base which wan bolted on n rigid table.

(b) A currounding frame constructed from two aluminjum side platen
fixed to the toble by two steel angles, und acrous them at the end a
steel pellet-stopping plate with a thick (13") foam pad atuck to it
for pellet containment, The side plates had pairs of sliding guidea,
80 that the specimen frame could be slid into place, in alignment with
the rifle centre line. The specimen-clamping frame consintod of twa
squere aluminium plates 8' x 8" x v thick, with a O diametor hole in
the centre. The square fabric apecimen (8" x 8") could be olampod
bhotwoon the two plates which were prossed together by 8 bolts and nuts
to allow perfect gripping, especially of woven fabrics which were not
so eacily held, A sccond spucimen holder wus used when needed, in arder
to hold material through which the pellet pusced to give different
initial volocitica on the teot spucimen.

(c) The projoctile used was a waisted load pellct of weight 0,88 gm

and oalibre 0.22, trade mark MILBRO CALEDONIAN, and fig. (3) shows tho
shape of thesc pellets. :

v.looigl meagureomont,

T™wo methods have been developed for measuring tho pellet velooity
boefare and after pencotration, and these are dosoribed in the following.

(a) Photographic method,

[ gy S 4 ——

The principle of this method is based on photographing the pellet
with successive flashes before and after penetration. If the time
betwoen two successive flashes is known, the velocity of the pellet
can be calculated by measuring the distance betwoer the two successive
photographod positions of the pellet. Fig. (lta) shows a diagrammatic
skotoh of the sot-up of apparatus used in this method.s The sucoessive
tined floshes were given by two Stroboscopes (max.freq.l150,000 c/min)
one flashing on the inward passage of vhe pellet, and the second flashing
on the outward passago after penctration. The photography was carried
out by a still camora using o fast film (Kodak royal, XPAN, rated at
1600 A,S.,A.)e The test was carricd out in darknoss, where the gun was
fired during simultwncous flashing ot 150,000 ¢/min (2500 Hz) from the two
stroboscopes, and continuous opeaing of the camera shutter, The camera
shuttor was then closed immedintely after firing. Tho suitable frequency
of flashing was calculated to give at loast two succsssive positions of
the pollet within the illuminated runge of the passage., Fige. (5) showo
typical photographs with tho pellet shown in successive positions, iIn
beth the cases of penctration and rebound. The scales were fitted on
the apparatus near thc inward and outward pascoges of tho pellet, and
appuared in the same picture, so tha® the distance between the two
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9.

successive positions of the pellet on the inward and outward passages
could be measured using a travelling microscope. The shape of the

plastically deformed fabric and the maximum transverse deformation '
were also shown on the same picture. ¢

Knowing the time between the two successive flashes to be G.l4 gt sec,., )
and measuring the distance between the two successive photographed ﬁ
positions of the pellet, the velocity of the pellet can be calculated

before and after penetration.

(b) Photo-cell method.

. .

This method is base. on the idea of causing the pell:t to cross {
beams of light falling on photocells at i stations along its passage,
. two stations before penetration and two stations after penetration, '
: A fifth station is used to trigger the recording. The signal caused ‘
: by the pass.age of the pellet oppor .te to each photocell is recorded on
an oscilloscope, so that the time between each pair of signals can be
measured and the velocity of the pellet before and after penetration ‘
can be caiculated. Fige (4b) illustrates diagrammatically, the seteup
of the apperatus using the photo-cell-stations technique, and fige (6)
shows the electronic circuit of the 5 photo-cells. The photo-cells are
fitted at 5 positions close to the passage of the pellet, the first -
one triggering the oscilloscope, and the other four as recording
stations., An ordinary oscilloscope (type D67) has beea used at a setting
of 0.2 or 0.5 ms/division (depending on the magnitude of the emerging
velocity) so that the 4 blips recorded at the 4 stations could be enzlosed
in the screen. The set-up of the developed ballistic equipment is
shown in fige (7). The shutter of a still camera, set opposite to the
oscilloscope screen, was left open during the firing in darkness, and
the 4 successively appearing blips were registered on the film as
illustrated in fig. (8). The time between each pair of successive blips
was measured from the negative film using a travelling microscope reading L
Cel mm. Knowing the real distance between each pair of successive
stations, the velocity of the pellet can be calculated both before apd
after penetration. The photo-cell method has been found easy, more C
rractical, and more accurate than the photographic method, and so it has
been preferred to be used as the main experimental method for measuring
the pellet velocity in this study. The photographic method has been used
occasionally to investigate the fauric derormation during penetration.
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FIG. 7 SET.UP OF THE DEVELOPED BALLISTIC EQUIPMENT
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a- TRACE WITHOUT MATERIAL
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FIG.8 4-blip trace recorded on the oscilloscope
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Materials used.

followlng table:

13,

The selcction cf materinls used in the toets are given in tue

i

Type of mat-orial

Weight g/me

1.

2.

S

Se

6.

7

8.

9.
10.

11,

Paper (writing pad paper).
Polyethylene film (a) heavy weight.

(b} light weight.
woven steel fabric, 280 threads/in in both
warp and weft, using stecl wirc threads S.Steﬁ
Spun-bonded nonwoven fabric, polyester
filaments. (By Du Pont).
Bonded-fibre nonwoven (polyester fibre
and acrylic binder).
Spun-bonded nonwoven fabric, polypropylenc
filamenis. (Typar by Du Pont)
Bonded-fibre nonwoven (nylon fibre and
acrilic binder).
Woven cotton fabric (40 ends/in,break spun
yarn 37 tex, and 40 picks/in,ring spun yarn
37 tex).
Needle-felt from nylon fibre.
varp knitted nylon fabric, 22 wales/in,and
37 courses/in,using 100 den. multifilament

yarn.

woven nylon fabric . <nds/in.and 52 picks/ir,
both from 205 den.multifilament yarn.

Kevlar woven fabric, Kevlar PRD 49, 17 ends/in
and )7 picks/in, both 158 tex multifilament

yarn. (Style 328 fabric by Du Pont).

77

200

50

128

106

185

110

157

133
230

85

116

220
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Impact test prolédurc.

() Varying target woirht at constant dmpact velocity,

A saries of samples with waccessively increusing numbers of layerre
wasd mevared from eash materiul. The layers in one sample, being in
contiuct with cuch other, form a whole toxget resisting the penetration
by the pellet on the dmpact penetration cquipment. The camera was sct
up opposite to the oscilloscope gerecen with its slmtter open in durkness
during the firing of the gun. The shutter was closed after firing,
for the set up of the next test, The procedurc for u serics of tests
can be carried out systemutically without uny pruactical trouble, or
difficulty, or readjustment. By the cnd of a sories of experiments,
the whole negative film was token from the ecamera, and developed, to
obtain a scries of U-blip traces, cach corresponding to one known
sample, and indicating the velocity of pcllet before and after ponetration
through this sample.

(b) Varying tho impact velocity.

In ardcer to vary the impact velocity of the pellet, cheets of
polyethylene film were used to slow doen the pellet velocity. The second
frame carrying the required number of sheets was used on the ballistic
equipment as an initial tarnet in the pussage of the pellet at a position
bafore the triggering station. The number of polyethylene layers
requirvd to give n definite velocity coulu oe dotermined from the
experimental relationship between the emerging veloaity and the target
weight for polyethylenc. 4 series of constant-weijht target specinens,
each consisting of one layer, from the same material was tested at
succesaively decrcasing impact velocity, using o successively increasing
number of polycthylenc sheets in the slowing dovn target. The &4-blip
trace for eanch test was registered and analysed in the same way as
explained before. The polyethylene shects sceemed not to change the
pellet orientation «fter slowing it dewn as was noticed from the symetry
of the fractury in the impacted targetc ind the circular shape of the
removed plugs.

Slow-speed penetration tcst jrocedure,

An attachment was designed to be fitted to the Instron tester
for penetrating the material at a low speed (2 em/min) as illustrated
in fig. (9). The specimen in thic test had the same dimensjions and
clamping conditions ns in the ballisti: tests., The clamping frame was
attnched to a framew.ok mounted on the cross-head. The penoetrating
arm was attached to a framework suspended from the load-cells The tip
of the penetrating wrm consisted of a pellet similar to that used in
the impact tcsts. From the load-deformation curve recorded on the
instrument, values indicating he penetration characteristics of the
fabric were calculated., The problem of quantities and units involves
difficulties, but for the present, the following nuantities will be used:
(a) Penetration stiffness, defined as the slope, at the point of origin,
of the curve representin,; the relationship between the normalised load
and the strain, where the normalised load is egual fo the load divided
by the mass/unit area of fabric (units are g.wt{/m<)”",)and the strain
is equal to the transverse defermation divided by the specimen diameter
(dimensionlﬁés). The units of the penetration stiffness are therefare

gewt(g/me)~L,

—
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(b) Penetrotion strenpth defined as the foree causing ruptupe divided
by the muss/unit aren of th fabric, the units ove g.wt(g/m )“1.

(e) Maximun fulge straln, defined as the maximum transverse deformation

ocourring in the fabric duc to penstration, divided by the specimon
diameter (dimensionleas).

Instron tensile tests,

Taensile teats were carried out on the above maturianls in both
the lengthwise and crosswise directions, using o strip apecimen
(20 x 2,9 cm), at a speed of extension 2 cm/min, and chart-to cross
head spued ratio of 2,5, and load-cell CTM., ¥rom the recorded load-
extension curve, the average value of tue two tests in the lengthwise
and crosswide direstions was calculuated for t'ie modulus, the tenacity,
the brueuking extension and the energy (aren under the stress-satrain
curve; .

Dynumic modulus tcst:

The dynamic modulus wins meusured, for cach of the above materials
using the Morgan dymanic riodulus tester (type PPM-5R). The basis of
this method is the measuremeat of the velocity of propagation of o pulse
with n frequency in the range from 3 to 10 kHz. The test was carriced out
for both the lengthwise and crosswise directions of the fabric, and the
average of the two directions was taken to indicate the dynamic modulus
of the fabric.

Pellet orientation aftcr penetrating through polyethylene

Thu orientation of the pellet, after passing through the polyethylene
target, did not ¢hwange and the pellet hit the stopping plate with the
same orientation s+ith which it left the gun barrel. The evidence
supparting this judgement was the shape of thoe accumulatel smashed
pellets at the surface of the stopping plate contained in the foam pad.
After a number of impact tests, these smashed pellets were found
Auperimposed conncentrically and sticking over each other, forming a
symetrical conical shape. This showed that all the pelleic impacted
the stopping plate at the sume point and with the same urientation after
passing through the polyethylene sticets.

Anotlier obscrvation which showed that no change in pellet orientotion
occurred due to passing through the slowing-down polyethyiene shects, was
the circular or squarc shape of plugs removed from target impacted by
pellets which had been slowced-down by polyethylene shuects, The Symetry
in the shape of the plugs shows that the pellets hit the target with its
initial oriuntation.




F‘:’ _. Hgterial Liniting volooity
4 (1) Knitted nylon fabric (853/32) 85 m/s
22; Woven nylon fabric (116g/m<) 105 m/s
3) Woven Kevlar (Style 328

fabric 220g/m“ > 16 m/s

(4) 20 layer target of polyethylenc
5 6 m/s
Knitted nylon (OLp;/m™) rei ~od 146 m/c
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EXPRRIMPITAL WESUL T,

i h=speed dnpact tostu,

Velocity reduction on penciratior,

Fige (10) chows the oftfeet of increasing the targel woelght by
incrcoasing the munber of layers of diflcrent materials on the emerging
velocity ot the pellet after penetration with an initial velocity of
146 m/secs Values of the cpeciric velocity reduction of the waterinle
are compared in Table Ile. 1t appears that the omerging velocliy deercascesn
lincarly with tlo increase of tarvet wedpght over moust of the range, but
it tends to decrcace at a higher rate near the stonping weipht.  The
rnte of decrease in the cmerging velocity due to an inoreasc in target
weight differs accordingg to the type of matoerial, Tho slope of the
lincar relationship between the cmerging velocity and the target welght -
(the spesific velocity reduction)- could then be taken as on indicat'on
to the cffoectiveness of the material for encrgy absorption in dmpact
penetration, It can be noted that paper shows the least offectivencns
in cnergy absorption (lcast slope), while the warp knitted nylon fabric
shows the highust offectivencss.  This differcence in cnergy absorption
could be related to the difference in the mechanical propertics and
the structure between the differcent matorinls, us will be discussed
in the next chapter.

Effoct of varying initial voelocity,

Fig. (11) shows the effeet of decrensing the impact velocity on
the encrgy absorption of the target for both woven and warp knitted
nylon fabrics, The decrease in the impact veloeity tends to ducrcase
the onurgy absorption of the target, but when the limiting velocity
of the target (vilocity just to penctrate the target and stop) is
approached, the encrgy aboorption tends to inerease. This ineruasc
in cnergy absorption near the limitin: velocity is more noticeable
in the case of the woven fabric than in the knittced fabric. Comparing
the woven fubric with the knitted fablie in the previous figure, it can
be notized that the target with the higher oncerpy absorption (the woven
fabric) shows a bigher limiting velocity than the target with the lower
cnergy absorption (the knitted fabric). The limiting velocity will
therefore depend on both the weight and the effectiveness of energy
absorption of the material,

Limiting velocity for penetration.,

The initial veloeitices below which the pellet failed to penotrate
the target were as follows: qaple 1

at the impact point by =« sguare of
needle nylon felt (230 g/n<) 2.5x
2+5cm stitched along the
circunference of the squarc,
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Tabh) ¢ ARy

Specific velocity roductionu al different number of layer:,

Type of Matarial Speeific leocgty reduction
rim (;:/m")“1
Number of layoers
1 5 10 <0 30
2 ] v . .
le Paper 77 pg/u L01 <OVL2 00 052 «009Y
e Polyothy%cnu
50 g/m Nel 0036 WOH .03 029
3s Polyethylgne
200 g/ 023 2020 L0023 $037 -
b Woven ustgel
128m /m” W031 - - - -
Se Spun-bonded
polyostor,
106 g/m"” 038 036 - - -
6. Bondcd-fibre
polyestor,
18% g/w 043 2023 - = ~
7+ Spun=bended
polypropylene
110 g/u” 3 LY - - -
8, Bonded-fibre.
nyleon 157g/m” w76 SO0k - - -
9. Wovun Cotion
132 g/m" 0.165 - - - -
10.Neodile-telt
nylon 230g/m" Ot - - - -
1l.Warp knitted
nylon 85g/m 0,56 - - - -
l2.Woven nylon
116g/m” 04578 - - - -

- .4
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FIG.11 Effect of initial velocity on energy absorption
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Experiments on modified targets

(a) Targets reinforced at the impact point:

when the target is reinforced at the impact point by squares of
needle felt, the energy absorption of the target increases and its
limiting velocity increases accordingly, as illustrated in table III,

Table ITI Reinforcement of impact point.

Method of reinforcement fixation. Lffect on penctration resistance

l. Sticking with twin-stick at the No significant gain in the penetr-
four coruers of the square. ation resistance of the reinferced

2. Stitching at the centre ol the target.,
square. No significant gain in the penetr-
ation resistance of the reinforced

target.

3. Stitching along the circunference | Considerable gain in penetration

of the square. resistance, stopping the pellet
(V50 of the reinforced target-~
146 m/sec Compared to VS0 of 85.5
m/sec. for the fabric without
reinforcement).

4, Stitching along the diagonals Stopping a~d bouncing of pellet,

of the square (V50 is higher than 146 m/sec,that
is higher resistance to penetration
than the previous case).

The improvement in thc energy absorption of the reinforced Larget has
been found to depend on both the penetration strength of the reinforcing
material and the method of its fixation to the basic target. The
diagcnal stitching of the reinforeing squares to the knitted target

gives morc improvement in energy absorption than the circumferential .
stitching. If the reinforcing squarc is not strongly fixed to the target,
it will not provide any substantial improvement in the energy absorption
of the modified target.

(b) Targets loaded around the impact point:

The loading of the targct (warp knitted nylon) around the impact
point by sticking lcad discs doces not improve the energy absorption of
the modified target, but on the contrary, the loading tends to decrease
slightly the energy absorption of the target, as can be seen frem table IV,

Table IV Fabric Loading and penctration strength.

Percentage increase in target weight.| BEncrgy absorbed by target.
% kg cm
0 51
95.5 48
191 b5.3

This test shows that the effect of the kinetic energy of the target

is not important as compared to its deformation energy.
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Nature of deformation.

The observed form of deformation of the target during and after
penetration has been found to depend on the properties and the structure
of the target materisl. The following cases have becnh observed:

(a) Stiff fabrics:

The stiff fabrics with a random fibrous structure such as paper,
bonded-fibre nomwovens, and spun-bonded
nonwovens showed a very limited eclastic deformation throughout most of
the target, with the exception of the impact zone which showed large
plastic deformation. After penetration, thc target showed no sign of
any dimensional. change or any permancnt deformation, except at the
impact zone where the plastic deformation causing the fracture took
rlace. The permanent dceformation at the impact zone noticeable to
an c¢xtent depending on the impact velocity and the plasticity of the
target material, At lower impact velocities, and higher plasticity
(such as polyethylene) the permanent deformation was noticeable, while
at higher impact velocities and lower plasticity, (such as bonded-fibre
nonwovens) no plastic deformation was noticed a. the impact zone as can
be seen from fig. (12a).

(b) Needle felt:

The needle felt targcet showed substantial plastic deformation
throvghout the whole target, reaching its maximum value at the impact
zone, and decreasing gradually towards the target boundaries as can
be scen from fiz, (12,b). The excessive plastic deformation associated
with the deformation of this target caused a considerable change in the
dimensions and the shape of the circular target which was deformed
into a permanent conical shape.

Woven nylon fabric.

The woven nylon fabric was deformed with large elastic strains
extending from the impact point to the target boundaries until the
threads at the impact zones were plastically deformed and penetration
occurred, After penetration, the target showed no permanent deformation
except at the impact point where the threads orthogonal at the impact
zone, were fractured and slackened.

Knitted nylon fabric.

The deformation of the knitted fabric showed large strains throughout
the target, and after penetration the fabric showed permanent deformation
especially near the impact zone where the threads were fractured.

Woven steel fabric.

The fabric showed very limited elastic deformation throughout the
target, but arowd the impact point, plastic deformation occurecd,
leading to fracture of a plug of fabric across both the warp and the
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a -Bonded.fibre nonwoven b .Needle.felt

} FIG.12 GENERAL VIEW OF PENETRATED FABRICS
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welt threads, The penetrated fadn ic showed sone Learing across the warp and
the weftl threads around the impact point, but the rest ol the tarpgel showed no
girn of any permanent dimensional change,

= ——

The ballistic penetration of the pellet through the target tended in generol,
to remove a plug of the material, wvhich was carried awav by the pellet., Jowever,
in some fabrics, the penetration occurred not due 1o the removal of a plug from
the material, but due to the fracture of ithe fabric at the impact point, such as
the cases of the woven nylon {abric, the knitted nylon fabrie and thie spun-honded
polynropylene fabrie. In sowe cases, the plug was not completely removed, but
it remained attached to the target at one side, such ¢ the case of the necdle
nylon felt,

Jn the case of stiff fabrics wiih random fibrous structure, such as the
honded-fibre falLries or paper the removed plurs were approximately circular,
But in the case of the woven cotton fabric or the woven steel fabric, the removed
plugs were square. This is clearly because the fracture cccurs across lines
depending on the structural anisotropy.

In the case of the malerials whose tearing strensth was very low, such
as paper and the woven steel, the recmoval of the plug was associated with s
tearing along directions perpendicular Lo the circumference of the penetration
hole.

SEM studies of impacted materials

The impactl zone was investigated Ly SIM for a number of penctrated and
unpenetrated materials, and the remarks observed on each malerial are given in
the following:

Penetrated voven cotton fahric

Fig, (13) shows the SEM rhotographs for both the impact zone in the fabric,
and the plug carried away with the pellet. The impact zone shows that both warp
threuds and welt threads are ruptured. The square plur shows that the impact
energy was mainly absorbed by a low number (about 5) of both warp and weft

threads intersecting with the impact vone, as illustrated in the following diapram,

places of rupture
across tho _
orthogonal yarns.

threads carrying
the inpact strain-
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Impact Zone of penetrated woven cotton fabric,

Fig. (13) (impact velocity 146 m/scc)
Fabric¢ fracture at the impact zone, showing ruptusce of both warp
uand weft yarns,
Fractured Cotton fibres at the impact zone.
Shape of fractured cnds of the cotton fibres in the fabric.
Plug of fabric carried away with the pellet.
Fractured ends of fibres in the plug.

Fracture surface of fibre in the plug.
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IMPACT FRACTURE OF COTTON FABRIC
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Peneiroted wvoven nylon fabrie

Fig, (lh) ghows the SIM photomraphs of the impnct zone in the fabric,
The fabric fracture shows the rupture of hoth warn and wveft thremds interseetine
the impact zone., JIn this fabrie no plug was removed from the fabrie, proesumably
due to the effect of dmpact on Lthe weakening of the threads at the dnpact peint,
leadingy to the initintion of rupture at this point, The presence of fused fibre
ends could show the effect of the high rate of streining on 1ie heating of the
broken fibres to the extent of fusion, This fusion could also be due to the
rubbing of the pellet with the ruptured yarns during its passage al a high speed
through the hole penclrated in the fabric,

The Ligh rate of stroiniog in the varns invelved ia the impact vone causes
excessive inter-yarn {riction,

This excessive friction could cause surfnce fusion of the nylon filaments
as can be scen in fig, (14f). The yarns which are nol involved in the impnct
zone and do nct make contact with the pellet show no surface damage Jdue to fus=ion
by friction, The following diarrammatic sketch illustrates the expected places
to be damaged by frictional fusion of fibres:

i Places of surfucce
Place of 4 fusion,
rupturo~ -

IS A

Boundaries of tarpex
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Jopact zone of penetrated wover nylon fabric. =
Fige (14) (impact velocity 146m/scc). |

~ A group

- Surfacc

showing

- Surface

showing

Fabric fracture at the impact zonc, showing rupture of both warp
and weft yarns.

Fractured nylon filamento in the ruptured yarn at the impact zonc.

Fractured filament c¢nds fused together at the impact zone. {

of fractured and fusced filwient ends at the impact zonce

of filaments in the yarns not involved in the impact zone, |
ne sign of surface Jdanmage or fusion,.

of filaments in the yarns involved in the impact zone,
fusion along its lenglh duce to inter-yarn friction,




IMPACT FRACTURE OF WOVEN NYLON FABRIC
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Ponetrated warp konitted nyvloa fabric :
|

1

Fin. (15) ows the SIM photoprephs taken ror the impact zone in the
warp knitted nylon fabric. The fracture of the yarn scen to bhe ot the curved
pari of the loop, Some of the broken filoment ends vere fused and stuck .
topether, but this was to a less extent than in the woven nylon fabrie, o
Surface fusion of the filaments was also obseprved near the impact zone, in .
the yarns involved in the rupture, k

/

Yenetrated woven steel fabrice

Fig. (16) shoss the SIM photographs of the woven sleel fabric token
at the impact zonc, The fracture of the steel wires inteprrccting with the
impact zone ocuurred at the cress-over points on the impnet tuce of the
fubric, The straining of the gteel wires intevsecting the impact zone
causes damnge to these wires at cross-over puints near the jvpact zone, ,
The steel fabrie showed tearing nt twe coraers of the syuare hole coused {
by penctration as illustrated in the following diagrammatic sketch,
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3.
Impnet zonc of penctrated warp knitted nylon {-bric,

Flg. (1Y) (dmpact velocity 146 m/uec)

- Fabric fractur: at the impact »ene, showing rupturced y:rns,
- Disturbunce of the knitted loops at the dmpact zone.

= Fracturud nylon filaments in once of the ruptured loops, showing
fracture at the curved part of the loop.

= Fractured nylon filaugnts cused togethor at the impact zone,

- Surface of yarn involved in impact fracture, showing fusion
aiong the length of the yman near the cross-over point.

= Surface fusion of nylon filaments in the removed plugse




FIG.15 IMPACT FRACTURE OF KNITTED NYLON FABRIC
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33.

Impact rmonu of penetrated woven stecl fabrie,

Fig. (16) (3mpact velocity 14( m/sec)
Edge of the fractured squarc hole in the fabric, showing local
bending of the steel wires at cross-over pointe,
Damage and distorsion ol the steel wires in the impact zone,

Fracture and damage of the steel wires at the cross~over pointy
facing the impact ride,

Tearing in the fabric around the impact zone, showing fracture
of the steel wires at similar cross-over poinvs fasing the impact
sidco,

Plug of fabric carricd away with the pellet, showing fracturce of
wires at similar crosseover pointu.

Shape of fractured end of the steel wire in the plug, showing
the shenr effect at Lhe cross-over peints.




IMPACT FRACTURE GF WOVEN STEEL FABRIC

FIG.16
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Penetrated polyethylene sheet:

The SEM photographs for the impact zone of the polyethylene target
are shown in fig. (17). This material shows high plastic dcformation
at the impact zone. In the multilayer target, the plastic deformation
was higher in the back layer than the front one. The cross-section of
the plug of this target, shown in f£ig. (17e) shows that the back layer
has more drawing effect and morc thinning out than the front layer.

Unpenetrated woven nylon fabric.

Fig. (18) shows the SEM photographs of the woven nylon fabric after
impact without penetration., The impact zone shows that the impact of
the pellet caused the complete fracture of one of the warp threads and
partial fracture of othcer warp threads, but no fracture in the weft
threads (due to the high crimp in weft relative to warp). This could
show that il is the fracture of the warp threads which initiates the
fabric rupturc in penetration. Fig.(18,b) shows the squushing of the
weft thread which was under the fractured warp thiead. This squashing
should have also affected the fracturc of the missing warp thread, which
was appearing on the impact face at the squuashing point before rupturc.

Unpenetrated woven Kevlar fabric.

-

———

Fig. (19) shows thc SEN photographs of the unpenetrated woven Kevlar
fabric. The impact zonc shows distortion of the threads in the fabric but
to a small extent not sufficient to create a hole for the pellet passage.
The Kevlar fibres at the impact zone, showed surface damage due to splitting
tendency of the fibres.
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36.
Impact zone of penetrated polyethylene sheet.

Fig. (17) (impact velocity 146m/scc)

Bad view of the impact zone in the first layer of a multilayer
target, (6 sheets), showing plastic deformation around the
impact zoue.

End view of the impact zone in the 6 th layer of the target, showing
more plastic deformation that the first layer,

Top view of the penetrated hole in the first layer.

Top view of the penetrated hole in the last layer, showing
smaller hole size than the first layer.

Cross scction of the plug of the multilayer target, carried away

with the pcliet, showing more thinning out of the last layer than that
in the first layer.
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FIG.17

IMPACT FRACTURE OF POLYETHYLENE SHEET
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38,
Impact zone of unpenectrated woven nylon fabric.

Fig.(18) (impact velocity 100m/sec).

Impact side of the fabric, showing distortion of both warp and
weft threads, and missing of one warp thread at the impact zone,

Distorsion and squashing of threads at the impact zone, and some
of the filaments in the ruptured yarn showing on the face of the
fabric,

Back of the fabric showing the ruptured warp thread which is
missing on tae face,

Back of the fabric, showing ruptur¢ of filaments across the yarn,
and partial fracturc in warp yarns only.
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Impact zone of unpenetrated woven Kevliar fabric

Fig. (19) (impact velocity 146 m/scc)

Distorsion in both the fabric structurce and the yarn structure at
the impact zone.

Damage of Kcvlar fibroes at the impact zonc.
Fibre splits at the impact zonc,

Splitting of Kevlar fibre at the impact zonc.
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FIG.19

IMPACT DAMAGE IN UNPENETRATED KEVLAR FABRIC
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Slow Pencetration Tests,

Shape of thc load-deformation curvet

Fig. (20) shows typical load-penctration curves recorded on tha
Instron tester., This type of curve consists of a short initial casy~
deformation stage and then the main lincenr stage with higher resistance
to deformation losting till the fabric is penctrated., The shape
of the load-deformation curve in the slow penetration test was, morc or
lees, the swme for the diffcerent tested fubrics, although the shape
of the tensile load~dcformation curves of thesce fabrics differed
considerably, as can be Seen from the previous figurc.

Modulus, strength and extensibility,

In the slow penetration test, the higher the penetration syiffnces
of the fabric, the lower was its penctration strength and maximum

deformution as can be deduced from table V, In other words, stiff fabrics
tended to give a lower penctration strength and a lower maximus deformation.

Table (V) Slow Penetration tests.

Type of Stiffnes Strengtg Maxdmum Strength Encrgy
Material gewt(g/m")=1 | gowt(g/m 1 bulge bulge Kgecm/g
-1 strain. product __{
g.wt(g/m3)
-1
1. Paper 359 15.1 J0k2 0.63 4167
2, Polycthylene 49,9 22 168 Je7 1,2k
3. Woven steel 682 4z 9 <097 4,17 1,2
L, Spun-bonded :
polyester 2nk 60.5 $138 8.95 242
5. Bonded
polyester 62 83.3 221 17.5 Ly37
6. Spun borded ‘
polypropylene 347 111 173 19.2 6ol
7. Bonded nylon 36,6 93 «305 28,4 6,17
8. Woven Cotton 21.5 105 o 33 34,6 8
9. Needle felt
nylon 25 152 . 33 51 13,8
10,Warp knitted
nylon 16.5 247 . 38 94 17.4
1l.Woven nylon 65.5 365 .« 30 109 25

Penctration Energy:

The area under the load-deformation curve recorded in the slow
penetration test represents the cnergy absorbed by the target. It
can be secn from tablc (V) that the energy of penectration differs
according to the type of target material, Stiff high modulus fabrics

tend to give lower encrgy absorption than flexible, low modulus fabrics.
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PENETRATION LOAD-DEFORMATION CURVES WITH THE SAME SHAPE

FIG. 20 LOAD-DEFORMATION CURVES FOR BOTH TENSILE
AND PENETRATION TESTS
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The encergy absorbed by Lhe faibric ia the slow-ponetration tost i
was found to he proportional to the cnergy absorbed in the impact test
au can be ceen from table Y1, This proportionality was found to be
approximatcly lincar as illustrated in fig. (21). The fabric which
had a bigh cnergy abserption in the impact test also showed o high
anergy absorption in the slow penetration test. This could show
that the parameters, mainly influcncing the ecnergy sbsorption in
both of the two diffcerent tests, arce nearly the sane,

Table VI Slow-penetration encrgy and impact cnorgy.

Type of iliaterial Slow punetration Impact penetration
enorgy kgecn/g. energy Kg.cn/g.
1, Paper <167 597
) . 2. Polyethylcne .24 2.9
3. Woven steel 1.2 1.9
L, Spun-bonded palyester 2.2 2.33
S« Bonded polycster Y 1,77
! 6. Spun bonded poly-
propylcne 6.1 4,8
| 7. Bonded nylon 6417 4,28
8. Woven Cotton 4 10,8
9. licedle felt, nylon 13.8 18,5
10,Wurp knittcd nylon 17.4 28.5
k 1l.Woven nylon 28 2962
N

Y

Strength-bulge product.

Tabile (V) shows the relation Letween the strength bulge product and
the cnergy absorption of the material. The higher the strengthebulge
aroduct of the fabric, the higher was its energy absorption ns
Alustrated in fig, (22). This shows that fabrics with high strength
and high extensibility in penctration would give a high energy
thsorptions It should be noted herc that a fabric which has a high
st rongth and a high extensibility in the tensile test does not
Leces3arily have the same in the penctration test, because in the
penetration test, there is another fuctor (the shape of tensile
stress-strain curve) which plays an importunt role in determining the
penetration strength and extcnsibility,

Instron tests and dynamic modulus,

Shape of tensile stress-strain curve:

The shape of the stress-strain curve was found to differ considerably
from one nmaterial to another in the group of materials tested. The stiff
fabrics, such as bonded-fibre nonwovens and spun-bonded nonwovens, gave
a curve with a steep rise in stress at the start, followed by easy plastic
deformation with declining stress towards the breaking point. On the
other hand, the flexible fabrics, such as tre knitted fabric and the
needle {elt, gave a curve with a slight increase in stress at the start,
followed by more incrcasc in stress towards the breaking point., The
work factor could be taken to describe quantitatively the shape of the
stress-strain cwve (3).
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Curvew with work fiuctor larger than 0.5 show non-locking derormation,
whilc ¢wrves with work factor less 4luu 0% show locking deformation,

Comparing the work factor o’ the waderial with its cnergy absorption

in penetration, it has been found that the lower the work factor, the
higher the cnerpgy absorption,

Tonsile R dynamic modulus.

Table (VII) shows the Instron tensile propertics and the dynamic
nodwus of thu fabrica.

Table (VII) Tensile teosts and dynamic modulus,

Type of Work Modulus Strengtin [Breaking | Energyt Dynamic
material factor gewt/tex gewt/tox lext. % | Kgeom/| mecdulus
o gewt/tex

1. Paper 0452 650 5067 1.7 k75 93k
2. Polycth~

ylena, 92 15 2l 1150 1700 48
3, Woven

stecl ) 176 4,65 16 55.8 667
4, Spun-bonded

polyeoter .69 158 6.5 Ly, 204 126
5« Bonded

pOIyGStL‘r 0657 1505 2027 35-9 55 82
6. Spun-bonded .

polypropylcn&bl 110 571 L34 191 119
7+ Bondad nylon %2 63 1.53 32,2 34,6 19
8. Woven Cotton .35 6l 5e27 1L 313 61
9. Needle felt

nylon «38 2 Sel 72 143 20
10,Warp Knitted
nylon .29 0.88 7.2 33549 160 Lok

1l.Woven nylon 5 24,5 13.9 273 193 66

It can be seen that the tensile modulus is proportional to the dynamic
modulus. The fabrics which have high tensile and dynamic modulus

are fabrics which have high penetration modulus. Comparing the modulus
with the cnergy of penctration for the different tabrics, it can be deduced
that tle higher the modulus, the lowor the energy absorption. Although

the higher modulus always indicates better strain propagation, it is
indicating the contrary in penetration, because the penetration involves
large strains and the sodulus is not the factor governing the propagation
of large strains, but thaere is another factor which governs the propagation
of large strains, naucly the shape of the stress-strain curve.
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Tensilo strength,

Comparing the tensile test with the venctration test, it can be
deduced that the fabric with highor vensile strength tends to give higher
penctration strengti., However, this is not always true, as the modulus
has an effect on th¢ penetration. For example, paper and needle felt both

have necarly the same tensile strength, but becauce of the very high modulus

of paper it gives considerably lower penetration strength than the ncedle
felt,

Breaking cxtension.

Comparing the tensile test with the penctration test, it can be
deduccd that the Lreaking cxtension is not proportional to the maximun
bul;;e caused by penetration. The maximum penetration bulge, relative
to the breaking extension, depends on the shape of the tensile stress-
strain curve as will be explained later in the discussion,

Tensile cnergy.

The cnergy absorption in the tensile test was found to be not
proportional to the cnerpy absorption in penetration, The ratic of the
pcnetration cniergy to the tensile cnergy was dependent on the work factor
as can be saeen fiem fig. (23, The stiff fabrics, with work factor
larrer than G.o, peve - low ratio of wenetration to tensile energy, while
the {7 dble fabries sheowed a high ratio. This showed that the tensile
energy alone ic ot sufficient to indicate the energy absorption in
nenetrotion but the worxk jactor is a very important factor determining
the enevgy aboorption in penetration,

When “he tencile onergy was compared with the impact penetration
ener .y, the tensile energy wes also found to be not proportional to the
impact penctration -neyyty.  The ratio of the ballistic penetration energy
w0 thic tensile erncrgy wan Zound to depend on the work factor of the
material as can we nren [row fig. (24Y. This shows that the shape of
the tensile stress-cirain curve delermines the degree to which the
potential tensile wiergy of the materials could be utilised in both slow
penetration and inpact penetration,
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Chapter L,
DISCUSSION.

Understanding of the phenomena of ballistic energy absorption if
textile materials demands an understanding of two complicated situations:
penetration mechanics and high speed effects. During the second stage
of this research, we sholl endeavour tc follow up these problems with
simple theoretical studies. However, at this stage, we present a
tentative attempt at qualitative discussion of what happens.

When the fabric is hit by the pellet, the area around the impact
point will deform until the rupture strength and strain of the mater;al
are reached, If this condition is achieved without substantial propaga-
tion of the local strain to the rest of the target, the target will absorb
a low caount of cnergy, mostly due to the deformation of the local impact
area. But if the achievement of rupture is associated with the
mropagation of the large strains to the rest of the fabric, the target
will abszorb a high amount of energy. This propagation of the large
strains to the rest of the target increascs the maximum transverse
deformation of the target, and accordingly increases the energy absorptions.
In other words, if two fabrics have the same rupture streugth, but one is
more efficient in large-strain propagation thun the other, this fabric
will give higner energy absorption in penetration than the other,

The energy absorption of the materiul will, therefore, depend on
the ability of its structure to facilitate the propagation of large
strains, as well as on the penetration strength. The efficiency of the
materinl in large-strain propagation depends on the shape of its tensile
stress-strain curve. The shape of the stress-strain curve shows whether
the material has a locking or non-locking structure. In the locking
structure the increasc in the plastic deformation occurring around the
impact poin® is associated with a rise in stress, leading to the
mopagation of these large strains to the rest of the target, But
in the non-locking structure, the increase in plastic deformation
around the impaet point continues without substantial rise in the
stress, leading to no propagation of large strains to the rest of
the targcet.

The two main factors which causc the strain around the impact point
to be the maximum strain in the target are: the zoncentration effect, and
the propagation effect. The concentration effect appears in fabrics
with random orientation, where the stress decays as we move from the
impact point to the voundary of the target duc to the increase of the area
carrying the load. The propagation effect causes the strain around the
impact point to be the maximum as this is the zone firstly deformed in the
target, when other zones have not yet known of the defarmation. The
concentration effect depends on the fibre orientation in thc fabric;
woven fabrics with biassed orientation in orthogonal directions will
give no stress concentration around the impact point, but the stress will
be the same from the impact point,

to the target boundary. The propagation effect depends
on the shape of the stress-strain curve of the fahric. If the curve
indicates a locking structure, this means that the large strains achieved
at the impact zone will be associated with the locking of the structure
and a hipgher resistance to deformation. This locking counteracts the
advance of large strains due to the impact effecct, so that these strains
will have che chance to propagate through a great extent of the target.
In other words, the locking of the impuct zonc- reases its rate of
deformation, relative to the other zones, and so gives
chance to reach the other zones. The locking structure enab
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zone to deform plastically, but deluys the rise in stress until the
strain reaches the other zones and contribute to the maximum deformation
of the target. The energy absorption in ballistic penetration of this
type of structure is muinly due to the plastic deformation of most of
the zones of the targets The needle felt and the warp knitted fabrioc
are good examples of this type of structure,

If the stress-strain curve indicates n non-locking structurc, this
means that the large plastic strains at the impact zone will be
ossociated with much casicr deformation than in the other zones which
carry only small strains or have not yet carried any strains., This will
cause the rate of deformation at the impact zonc to be excessively higher
than that at the other zones. The impact zone will, therefore, reach
the rupture strain before any large strains have propagated to the other
zones in the target. This effect of non-locking plasticity adds to the
effect of advancing strains due to impact, and both effects cause the
strain at the impact zone to be excessively higher than the strains at
the other zones. The impact zone will, therefore, reach the breaking
strain of the material before substantial plastic strains have propagated
to the other zones in the target. In other words, the non-locking
structure causes the impact zone to defarm plastically without waiting or
giving the chance to the rest of the target to participatu in carrying the
large strains. The encrgy absorption in the ballistic penetration of
this type of structure is mostly due to the local plastic deformation of
the impact zone, while the rest of the target contributes only with small
elastic energy, which cannot be compared with the large plastic cnergy. So,
the energy absorption in ballistic penctration of this type of
structure is usually very small due to the loucal contribution, ins.ead
of the integral contribution, of the torget. The bonded-fibre nonwovens
and the spun-bonded nonwovens are good exanples of this type of non-
locking structurc,

The second main factor, influencing the energy absorption in
ballistic pencetration is the penetration strength of the target. This
penetration strength does not only depend on the tensile strength of the
material, but it depends also on its modulus. This comes from the nature
of the deformation of the impmot zone which envolves bending of the
structure, This bending will develop tensi™ stresses which add to the
tensile stresscs already developed in the structure. The magnitude of
these bending stresscs depends on the modulus of the material. In a
very stiff material, the bending stressces are very high, so that the
fracture occurs at a low penetration strength compared with the tensile
strength, But in a flexible material, thc bending stresses are very
small so that the fracture occurs at a high penetration strength compared
with the tensile strength. Acccerdingly, if two materials have the samc
tensile strength, (such as paper and needle felt), the stiffer fabric
will give the lower penetration strength. This modulus effect contributes
to a greater energy absorption in the penetration of the lower modulus
materials than in the higher-modulus matorials.

Combining the deformation with the strength of the material in
ballistic penetration, it can be deduced that the material which mrqvides
a high extensibility combined with a high penetration strength could provide
high energy absorption in ballistic penetration. As has been shown, the
locking structure is characteriscd by both high strength and deformation
in penetration and accordingly it provides a recommended structure for
energy absorption in ballistic penetration. This could lead to the
trend in the design of a fabric with a locking-structure providing
efficient energy abscrption in ballistic penetration. )
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The fabries which ars constructed from threads, such as woven or
knitted fabrics, provide efficient propagation of strain through the
target, and even if they are stiff, they provide higher energy absorption
than stiff fabrics with a random fibrous structwre which lead to higher
streses concentrations.

The investigation of the impact zone by the S£EM helps in the
understanding of the type of damage in the different types of target
structures. For example, in the case of stiff non..locking structurcs,
such as the woven steel fabric, damage due to the shearing of fibres
was prodominant, while in the case of extensible locking-structurcs,
guch 23 the woven cotton fabric, damage due to the tensile rupture of
the fibres was mredominant,

The investigation of the unpenetrated wovon nylon fabric showed
that the threads with the lower extensibility (warp threals) started
to break before the threads with the higher extensibility (weft threads).
This could help in th: design of a fabric with equal extensibility in
both of the warp and weft directions, to give better share of penetration
resistonce between the two systems of yarns.

The Kevlar woven fabric, showed that the rema: .able high tenacity of
Kevlar {ibre provided a resistance to the tensile rupture of the fibres,
and the fibre damage occurred duc to the splitting of the fibres.
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