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The object of this work has been to gain a greater understanding of the Q

means by which needled fabric absorbs energy when struck transversely by
a projectile ¥,

Needle punched fabric has been subjected to a slow speed penetration
test using a rigid steel probe, and to impact with a free flying pro-
jeczile. The first method of test helped establish the mechanism by
which this material deforms during impact. During high speed tests
deformation was studied using high speed cine photography and various
phenomena observed. Detailed observation of fabric behaviour around the
impact point when multil r samples are in use has been carried out
using an embedding and sectioning technique. Projectiles extend fabric
until thickness is reduced and no further resistance is offered.(i}w
Previous work has been reviewed and its relevance to the ballisti Brob-
lem analysed. An existing theoretical approach to the dynamics of N\
impact has been extended and provided the possibility that fabric pro-
tection capability could be roughly calculated from data generated during

a simple tensile test (U).

14. Keywords: Ballistic Inpact; Protective Clothing; Nonwoven Fabric:
Needled Fabric; Energy Absorption; Body Armor.
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ABSTRACT

The object of this work has been to gain a greater understanding
of the mcans by which needled fabric absorbs energy whenm struck
transverscly by a projectile,

To this end needle punched fabric has beon subjected to a slow
speed ponetration test using a rigid steel probe, and to impact with a
free flying projuctile, The first method of test helped establish the
mechanism by wiich this material deforms during impact, During high
speed tests deformation was studied using high specd ciné'photography
and various phenomena observed; thesc included the initial inward
movement of fabric during impact,the prescnce of broken fibres on
projectile emergence, and tho nature of projectile emergence, Detailed
observation of fabric behaviour around the impact point when multilayer
samples are in use has bheon carried out using an embedding and
sectioning technique. It seems that projectiles extend fabric until
its thickness is reduced to such a level that no further resistance
is offered.

Previous work on the: structure and mechanical properties of
needled fabric has been reviewed and its rclevance to the ballistic
problem analysed, .in existing theoretical approach to the dynamics
of impact has been extended and provided the possibility that fabrie
protection capability could be roughly calculated from data gemerated
during a simple tensile test,
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s INTRODUCTION

‘ 1. Gemoral g
; It has prcviousiy been shown that ncedle punched fabric can be

. utiliged to good «ffoect as a means of stopping f{ragment gimulator

; ' projectiles, Intcrest hus thus becen created in the possible use

. of this material as the protcctive element within foagmentation

' vests issued tc combat troops. The current protective clemunt
within vcste consists of twelve l-yers of 1 basket wcave 14oz/sq.yd.
nylon fabric, producing a mediww sized vest weighing 8% 1ba,

The advantage of needled fabric for ballistic purposes is
that at low arcal dengitius it is posgible-to produce felts at /]
half the weight of this standurd woven fubric while still retaining -
92/6 of its ballistic protection, At high arcsl denmsitics
(18 oz/sq.ft.) the protcetion offered by both fabric and felt
is ecasentially the same, Thus a recent military specification
(1) dorands that six layers of 12 oz/sq.yd. nylon felt shall provile
protecction againgt a fragment simulator projectile travelling at
betwoen 1050 and 1135 ft/sec; for the standard woven assenbly the
specified velocity (2) is 1225 ft/sec,

2. Progent State of Knowledge

Provious vxperiuental and theoretical work ca the application
of ncedled fabric f¢o ballistic purposes has been documented by
Laitle and Henry (3). Thoy have cited various fibre and
fabrication paraucters which may affect ballistic resistance and
discussed thecir importance on the basis of work already done, This
has made apparent the gaps in present knowledge, o:ny being caused
by the tedious znd difficult experimentation required to fully
understand several factors, The majority of experimental werk
has involvel the rconufacture of fabric in which fibre and
fobrieation parameters have been varied, with subsequent V50
ballistic testing to establish whether the particular modifications

have becen succegsful,

The notable cxception to this is the work of Ipsen & Wittrock
(4) who devised tno Spark G-.p Technique as a ncans of studying in
Jetail the pattern of defornation during a needled felt-projectile
interaction., They werc able to plot displacement-time, velocity-
time and force-tise zraphs for the impact process., Based on their
experinental findines o predictive cquation was produced which is
accurate when impact velocity is well below ‘the ballistic limit,
However, 2s impact veloeity approaches ballistic linmit velocity
the Jdiscrepancy botween theory and experircuent increases sharply,

Ehlers and Angelo (5) huve produced an empirical equation
rclating the V50 liniting veloeity to felt parameters, The
validity of this equation nver a wide range of fclt materials has
not buen checked, £

* The V50 ballistic limit, n statistical quontity,is inter-
pretable as the strikinsg velocity at which 50/ of individunl
inpacts within a velocity range of 125 ft/sec will result. in
conplete pencetration,
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Apart from detailed knowlodge gained soncerning the effect
of various paraueters on ballistic resistznee, sou: general
informaticn relating to needloed felt-projectile impacts has been
gathered, Circular fabric specimons deforr into a conical shape

rd

e B

on inpact and a large areva of fabric is affected by the collision.
It is necessary that the felt be allowed to respond freoly to the
impact process or maxirun resistance is not realised. When thick

felts arc tcates this freo response is not possible, momentun is

not transferred from projectils to fult and breakdown occurs nore
" easily. This is why at high areal densities the «fficiency of

felt natorial is rcduced to iiat of the standard woven fabrie,

3. Provious work on Necdled Fobric,

Comparatively littlsc scientific work has beea published on
needle punched fabric, However, it is thought relevant in this
roport to include briet details of . these studies, so that any

.infornation  which may boe useful in solving Ehe ballistic

problen is made availuble. /
Most attention has becn paid to the iﬂ?lquce of various
factors on the tensile characteristics of needled fabric as
measured by a2 uniaxial tensile test that can be perforned on an
Instron Tensile Tester at constont rate of elongation, Valuces

"of fabric tenacity, breaking extension, initial modulus and the

general shape of the stress-strain curve have been compared for
fabrie nade by variation of tho uachince and web parameters which
will be discussed in Chaptor II, The ultimate ain of this work
has been theoreticel analysis of tho relationship between fobric
structure, mode of dceformation and ultimately fubric tensile
propertics, as a acans of isolating the importance of various
factors in producing strength within the ncedled structure, One
such attempt has been published (6) but is in the process of

being revised (7)'in the light of more rccent knowladge of fabric

structure (7,8). A discussion of the general principles uader-
lying the origin of strength in o neellc?! structure has been
presentel by Hearle (9). ]

‘

The effect of web and fobric wd&ght on fzbric propertics has

been shown (10), along with variatiéns caused by change in web
gtructure and the direction of test, HMachine paraneters such as
needlinj; density and depth of needle penetration interaet with

web weight in their influcnce on tensile behaviour (7,11), nakin

e
>

their individu-l offects 1ifficult to isolate and charccterise,
Chznges induced by the stretchingl shrink: e cord reinforcenent
of ncedled fobrie have been considered (123, and 21s0 the
influence of fibre type and dimensions (13),

The incorporation of anti-slip cocapounds such as colloilal
silica (syton) in needled fabric for belliastic purposcs has been
suggested (5). The offect of such treatment on fabric tensile

propertics has becn shown by Hearle and Husnin (14), Troatnent

of fibres with syton before rrocessing caused a detericration in
nechznical propertivs of tne fobrics subsequently produced, 1In
this cose high friction must cause podr behaviour in processing,
which was coafirmed by Bacr Sorter diagrans for the ‘fibres at

] 1

i
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different stages of fabric production, In contrast, troatment of
the neecdled web produccd 2n iuprovenent in mechanical properties,
because =n increase in friction within a preformed necdled structurec
causus greater resistance to extension and 2 consequent increczse in
strength, It is not easy to relate these findings to offects on
ballistie resistancc without performing the necessary cxperinent-
stion, Excessive rusistance to coxtension will reduce the ability
of felt to stop projectiles by cauzin, fabric breakdown through
fibre breakage,

4, The Prcgent Approach

The object of this work is tc isolete the means and mechanisps
by which ncedlel fabric absorbs cnergy during impact with = high
spoed projectile,

OQur pruevious work on ncedled fabric structurs: and mechanieal
properties has boen reviewed, with the aim of expoging any
inforzation which is relovant to the bnllistic resistance and
enorgy cbsorbing capabilities of this muterial,

A prelininary study o the behaviour of needled fabric subject
to traiasverse inpact was curried out using a slow speel test, whicn
involved the penctration of a steoel rod through fabriec, This
provided infornation concerning the bagsic deforumation nechanism
operativs within the fabrie luring impact, =2nd showed how a
greater fabric irca oucomes involved in providing resistance as
loading inereascd,

The impnct of a free flying projectile with fabric hos been
gtudicd by ucans of high specd cine photography in the attempt to
isolate means by which cner y is transferred from projectile to
fabric, and to obsurve final brenkdown on the occasions when
projectile velocity wuzs too great to be nullified by the fabric,
Various ocecurrcnces during impnet hnve been isolated, and it has
buven possible to study changes in defori:ition ng additional fabric
lhyers were added to the speciuen under test,

The deformation of indivi.lual layers within aulti-layer
sanples which stopped projectiles has beoen stulied by rcans of
an enbedding ond sectioning tuechnique,

from 0
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CHAPTER II

NEEDLE PUNCHED FABRIC

1., Introduction

4s this work ic primarily concerned with needle punched fabric
it i3 considered necessary to include some discussion on the nature of
this wetericl, Such information will facilitatc understanding of
suggested deformztion mechanisma and provide an up to datc account of
our knowledge on the relationship between the structure and mechanical
rroperties of necdled felt, These ideas cnan then be applied to the
balligtic problem,

2. General Nature of the Structure

The process of necdle punching employs barbed reedles to reorient
some fibres originally in the horizohtal place of a card web into the
verticel direction, It is unlikely that the whole length of a fibre
will be tranaferred into the vertical plaae (unless breskage occurs),
and this contact between fibres in both fabric planes increases
tensile strength above that which would be possible if two distinct
levels of structure existed. It is thought that any factor which
destroys or reduces this contact (such as excessive depth of ncedle
penetration) will causc a decrcase in fabric tenacity; this has been
shown in the casc of needle penetration at certain web weights (7).

Thus fundamentally needled fabric structure consists of o series
of vertical fibre pegs joined by arcs of fibre. Between these pegs pass
fibres which have not been disturbed during needling {this will depend
on needling dencity) and around them nass fibres which have not corme
under the direct influence of necdles but have been pushed asgide to
make way for the vertical structure, .-

The pegs or tufts arc themselves formed by the rclcase of fibres
held by needle barbs during punching. Fibres loop round barbs and
are often left in this configuration within the fabric (8), unless
fibre breakage takes place and the loops are broken, Under these
conditions the peg is left as a cylinder of fibres, although the work
of Gardmark and Martensson (15) has shown that theoretiecally a
vertical fibre tuft should take the form of an inverted cone, They
showed that half the reoriented fibres are wicked up from the top
fifth of the web, with successive smaller amounts reoriented from
succeeding layers.,

A study of Fig (1) will clarify this deseription, This is a
machine dircvetion cross-gection of necdled matericl made froo o web .
the top 20% of which was coloured fibre making the vertical structure,
more c¢asily visible, It is not possible at this time to tell whether
cny one fibre exists in-adjacent pegs and the are joining them, but -
this must occur cespecizally at high necdling densities, As menticned
e2arlier this should have the considerable cffect of incrensing fabrie
strength, ‘

e

Preceding page blank
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The horizontal structure of needled fabric is difficult to
characterise as it is based on the structurc and tibre orientations
in the origihal card web, Only generalisations such as that in
parallel laid fabric fibres pass around the cirecular tufts in
alliptical fashion, con be made, In cross-laid fzbric fibres pass’
round tho tufts in two directions giving a more regular appearance
to the points of contact between the horizontal and vertical structure,
This variation in the card web and subsequent needled structure has
congiderable influcnce on fabric projpertivs as will bé "shown later,

3. Factorg affecting gtructure , N
(a) Gemeral:

There are numerous factors which affect the structurc of a fabric
made by needling, Their influwnce on structure is reflected in fabrio
nmechanical properties and is thus of relevance here, Thesc variables
can be divided into two categorics, web and machinug parameters as shown

below.
EB MACHINE
Weight (thickness) Web movement/loom cycle
Structure Dapth of ncedle penetration
blade gcuge
Composition —fibre type Needle Variables= number of barbs

~-fibre dimensions “barb size

Each is worthy of a brief mention,

(v) Influence on vartical gtructure

¥hen a web is made heavier by increasing the nurber of layers in its
make-up then it becomes thicker, and for a given depth of ncedle
penetration below the bed plate more of the needle enters thc web
.roviding an opportunity for increased fibre pickup.

If a web atructure presents a range of fibre orientstions to a
penetrating needle,it is to be ex;ected that more will be picked up than
if all the fibres lie in one direction, Funching force measurenments (18)
have confirmed this; over a range of wcb weights (before breckage
during needling interferes) higher forces werv record:d wnen punching
croass-laoid material than with parallel laid fabric,

Fibre coefficient of friction and the density of tho web produced
govern the effect of fibre type on reoriontation; more fibres will be
picked up when needling a dense web or ono in which high frictional

. forces exist betweon constituent fibres., An increase in fibtre length
within the weh czuses a decrease in the number of fibres reoriented,
vecruse for o given weight a web containing longer fibres will be less
Zense. Fibre diameter determines the number of fibres which can be
held for a given barb size and shajpe, )




o) 600 pumshos por square inch

Figure {
EFrFECT OF NEEDLING DENSITY ON FABRIC VERTICAL 3TRUCTURE

d from ::EE”
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(a)'/47 (8) /27 (c)3/gn

Figure 2.

EFFECT OF NEEDLE PENETRATION ON FABRIC VERTICAL STRUCTURE
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The effect of web movement per loom cycle and hence needling
density on fabric vertical structure is not iumediately apparent,
Pig,1 illustrates the affect on vertical structure of needling the
same web (viscose rayon 23" 3 den, woight = 427 g/m?) at 3"
penetration and the needling densitius shown, A study of the
photographs shows that an increase in neadling density reduces
fabric thickness (because of the increase in nucber of fibres
reoriented per unit arez) and also the number of fibres reoriented
per ncedla insertion. This latter fact can be explained as follows.
The closer together consecutive needle renetrations the ‘greater the
restrictions placed on fibre movement by previocus inscrtions, and
hence fuwer of the fibres which come iato contact with a ncedle are
able to umove sufficicntly within the web to be pulled down into the
structure, .

Fig, 2 illustrates the effuct of ncedling the same web (viscose
rayon, 24 3 den, weight = 564 g/m?) at 105 punches per sq. inch
and various penetrations,

It 'appears that an increase in depth of necdle penetration increases
the nuuber of fibres which are recoriented duriig a single acedle
ingertion, At low penctration rcorisnted fibres remain in the loop
form 23 they are¢ releasecd from the ncedlz at itz lowast point before
any breukage occurs, As penetration increases mor: harbs enter thza web
and thus more fibres are either attached to the barbs, or oecome
involved with those which are, causing increased reorientation,

The importance of necdle varicbles barb size and number of harty
(whicn interacts with depth of ncedle penetration) is obvious, In
normal needle production barb size is proportional to blode gauge, and
thus with all else con:tant it is to be expected that an increase in
blade guuge will czuse more fibres to be reoriented,

(¢) Influence on horigontal structure

It hes been explained how various web and machine parameters
deterrnine the size of individual reoricntation points within needled
fabric, The size of the vertical fibre tufts governs the amount of
distortion applied to fibres in the horizontal web plane during
needling and thus nffects fabric horizontal structure, as does the
frequency of these re-orientation points. Thus from what was shown
earlier the use of low needling density or high penetration increases
the distortion suffered by fibres in the horizontal plzane,

Other factors affecting horizontal structuroc are:

1) needle arrangezent in tle loom

2) fibre orientation in the card wed

The more obvious effects of fibre orientation on horizontal
gtructure have been mentioned, but the difficulty of characteriging c rd
web structure and the arrangement of punching points in the fabric
. limits the precise information available aond obtainable on needled
fabric horizontal structurs, Photographs showing the effect of necdling
on card web horizontal structurc have previously heon pres-onted.(8),

Preceding page blank
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4. Mevhanical Properties of Needled Felt

Tho properties of a textile product aro olosely rolated to its
structure, In the case of needled fabric factors which affect the
precise structure obtainud by the needling operation have been discussed
in the previous section; it follows that those same factors will
influerco the properties of the fubric produced, Tho majority of
published work in this area (11,12,13) has been concernod with the
variations in fabric tcnsile pronerties which czn be obtained by
alteration and combination of different wuc and macnine parameters;
the present discussion will conaid.ur this information with comnment on

. how the same factors could influence the ballistic resistance of

needled folt,

(a) Load-elongation characterictics of necdled felt

When needled fabric is subject to a uniaxial tensile test at
constant rate of elongation (as on Instron Tznsile Tester) a trace such
as shown in Fig, 3 is obtained, This shows the S-shape typical of
needled material and can be explained as follows, Initially there is
low reaistance to straining due to casy straightening of fibre slaclmess
and curl and the generallydisordered nature of the unsiretched fabric;
hence the low initial modulus charecteristic of this material., On
further extension the curve steepens as fibres are pulled into a tightly
packed structure, This is a self locking mechanism with further cxtension
taking place through intermittent zlippage, Finally near the rupture
point extension aguin becomes casicr presumably due to fibre breakago.
The extent of the stick-slip pattern is dependent on fibre frictional
choracterictics and its presence indicatea the inmportance of slippage
during needled fabric dreakdown, Once fibres have been aligned during
injitial fabric extension,iator-fibre forces build up to restrict further
extension and stresses duvelop within the fabric, When these stresscs
are sufficient to overcome t. . intor-fibre forces slippage occurs with a
consequent drop in loaa on the fabrie, Imuediately the load rises as
inter-fibre forces build up again between fibres in their new positions,
and in thies way the stirz slip vittern is formed., The increase in
frictional contact as the gtructure tecomes tightly packed is illustrated
by the increased amplitude and reducad frequency of the oscillations as
the rupturc point is approached. In this region fibres will stick for a
longer period before slippage can take ploee,

It has been possible to show (17) certain general effccts of 2
uniaxial temsile test on necdled fabric structure, On initial extension
adjocent vertical puegs are pulled closer togetier by the straightening
and alignment of fibres in the fabric horizontal plane, Subsequent
extengion produces a lockzad struecture in which the tufts are compressed
into clliptical form along th2 direction of test, This is the point at
which fibres in the bhorizontal planec must begin to slip, Lateral
contraction of the fabric takes place ard groups of regs are consequently
drawn closer together acrogs its width, Thus the low initial modulus
of necdled felt is due to the straightening of fibres which takes place
during initial extension, ‘hen fibres in the horizontzl planc are
packed tightly againgt the vertieal tufts causing their compression,
stress is built up in the fabric and the load--clongation curve rises
steceply, Breakdown oczurs when the stross generated within the fabric
by extension cannot be sustained Ly the inter-fibre frictional forces,
and takes place through a combination of fibre brenknge and slippage,
Variations on this generzl Zeforuztion pattern have been proposed ?17)
for fabric made using different values »f needling density and depth
of needle penctration.
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This is the general pattern of needled fabric behaviour during a
uniaxial tensile teat illustrating the various mechanigams involved, ;
It has been shown (3) that the load-oclongation curve of needled fabric ;
is virtually independent of astrain rate, and thus it is reasonable
to agsume that thssc same mechanisms will play some part in fabric ,
deformation during high speed tranaversc impact, )

(b) Effoct of verious paremetors

1. Wgb Weight (10,17,18)

The influence of web and hence fabric weight on needled fabric ‘
mechanical properties is difficult to isolate becuuse of its close ,
interaction with the machine parameters of needling demsity and
depth of neadle penetration, For a givea fibre type and dimensions
an increase in web weight is achieved by an increase in web thickness
and thus for a given depth of needle penetration more of the needle
onters the web during punching, Thus more barbs may eonter the web
causing increased fibre reorientation, and in addition fibres picked
up from the.web surface by the first barbs on a needle travel a
greater distance during a single penetration.-.This may increase - - -~
the level of fibre breakage within & fabric, Both these factors
would have a definite effect.on the properties of the resultant
fabric,

A systematic study designed to isolate the influences of
web weight noeedling density and dapth of needle penatrstion
on fabric mechanical properties has not been carried out but some
general comments can be made,

Fabric tenacity increases witii web weight up to z maximum
value with a subsequent decrease above an optimum weigat, This
weight is governed by the machine parameters; for instance, high.
needling and de.th of penetration will induce the strength reduction.
at a lower web weight than if less drastic needling pcrameters are
employed, but may give better fabric properties before this ontimum
is reached. :

Therc are two reasons why fabric tenacity will decrecse above
an optiomum valus of web weight:

a) so many fibres arc reoriented into the vertical fabric plane that
few are left in the horizontal plane to build up inter-fibre torces
to resist straining, This cage applices when using aigh values of
necedling density and depth of needle penetration at low web
weights,

b) as mentioned earlier, when reoriented fibres ‘rom the web surface

in wedb thiclmess much of the contact tetween the norigontal and:
vertical structure is destroyed and this is essential for the

¥

mechanisn will eventually occur with any conbination of needling
parcneters as web weight is increased,

realisation of m~aximum strength from a needled structure, This: ~§F7

N
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are pulled a greater distance through the wel. because of an increase v\ES‘
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Fabric initial modulus increases with web weight because with a
greater number of fibres in the vertical plane larger forces are
developed by fibre straightening and alignment during initial extension,

Fabric breaking extension reduces with web weight regardless of
machine parameters employed., This is initially due to restrictions on
fibre movement in the hurizontal plane caused by the increased number
of reoriented fibres at higher web weights, and subsequently (past
the web weight giving moximum fabric tenacity) due to fibre breakage
reducing the amount of extension necessary to cause fabric breakdown,

The effect of web weight on fabric tensile properties at fixed
values of noedling density (240 punches/sq.in.) and depth of needle
penetration (¥") for fabric made from viscose rayon (2&" 3 den) is
shown in Fig. 4, (aftor Hearle & Sultan (10)).

In the case of ballistic rcsistance the cffect of web and fabric
weight will be different, This is because felt for ballistic purposes
is employed in unattached layers and thus optimum tensile properties
can be achieved in individual laycrs and the required thickress
made up by a combination of these layers. The foregoing discussion
will be applicable to the tensile properties of individual layers
which in themselves should not be too thick or frec response of the
whole to impact will not be obtained,

2, MNedb Struocture

The stress-strain curves for parallel and cross laid fabric made
from the same web weight, fibre type and dimensions, and under the sane
production conditions are shown in Fig., 5. It is seen that although
tke parallel laid fabric is much stron-oxr in the machine direction,
because the majority of fibres liein that direction and can
contribute directly to strength, its cross-wise strength is very
low, A greater all round strength a3 is required for transverse
impact is obtained by using cross-laoid material in which a greater
range of fibre oricntations is present, Under transverse impact
parallel laid material will split along the wachine direction
because the cohesive forces between fibres across the fabric width
are low,

3. HNeb comrogition

Ag slippage is larpely respongible for the dcformatioh of necdled
fabrie, fibre frictionzl charncteristics will play an important part
in determining resultant fabric strength (12), This has been
racognised and work carried out to modify fibre frictional choracter-
igtics to improve ballistic resistqince (3) and the uniaxial tensile
properties of needled fabric (14).

The importance of individual fibre tenacity in determining fabrie
strength is not understood in detail, although needled fabric is
one textile structure in which the first ~pproximation to the fabrie
stress-strain curve is that of the constituent fibres (9), Fibre
tenacity is an important fnctor during the ectual ncedling process
since thc use of weak fibres would lecad to cxcessive breckage during
reorientation,

A
L,
ok
$)
Eo)
SO
e
v
o
v




16

o1} [
: 0'6 1 1.3 b
-
\
hd .
3 1.‘ 3
&
> =
= 04} : 1,‘,.
3 = 0.9
~
u 2. %
7
o2t E
& 3,
@ 0-sp 4
) 200 400 600 o) 200 400 600
NEEDLING/SO. INCH. NEEDLING / 5Q.INCH.

o
[

°
A

o
»

o
iy

INITIAL MODULUS  (gf/tex)
o
w

200 400 600
NEEDLING / SQ. INCH.

o

The Eftect of Machine Parameters on Needied Fabric
Tensile Properties.

Cross laid web (340g/m?)

Fig.6.

Preceding page blank



Best Available Copy

17

From the ballistic protection standpoirt it appears that increaged
fibre tenacity improves fabric resistance (3).

As fibre dimensions povern the extent to which frictional
characteristics can be utilised within a fabric they are of primary
importanve in determining fabric strength, Hearle & Sultan f13)
huve shown that with all else constant longer fibres produce stronger
needle punched fabric, This is hecause higher inter-fibre frictional
forcea can be generated along their leongths to resist slippage: It
is important to note that although a given fibre length is stipulated
a8 having been used to produce.a particular needled product, breakage
occurs during carding and needling and thus the average length of
fibres present in the fabric is probably only half the original;
depending on the values of machine variables employed, Thua if
longor fibres are used initially moro breakage is acccptable during
processing before fabric stroangth declines,

If fine fibres are used during ncedling breakage will occur, but
can be reduccd by the use of finor gauge ncedles or fower barbs. ‘On
theoretical grounds it ig to be cxpccted that stronger fabric will be
produced by uging fine fibres because higher frictional forces can
be built up, {Thc analogaus case for staple fibre yarns has been
explainod by Hearle (19 ] This might explain the improved balliastic
resistance shown by decreasing the deaicr of modacrylic fibres used
in a ncedled feit.(3).

4, Necdling Dengity

The effect of needling density on fabrie properties is iependent
on the web weight ond depth of ncedle pimetration cmployed,

Az increouased needling increases the number of rcorientation poixuts
within the fabric, larger forces are huilt up during initial extension
(giving increased vnlues of initial modulus) and there is greater
registance to slippage throushout extengion (ineroased fatric strength)
As fibres bucome locked togcther more quickly during extension
breaking strain veluus decrease with incrcased needlinz dencity,
However for any combination of web weight aond needle penctration
values thore is a limiting nendling density a1bove which exeessive
fibre breankage occurs producing fabric breskdown,

5. Depth of Needle Penetration -

The coubined effects of thig factor and needling density on a
crogs-1laid web of weight 340 g/m2 are shown in Fig,6,It izseen thatevenatthe
higuest needling density employed fabric tenacity ie gtill iicreasing
at the lowest penetration, In this case strength is being maintained
by small vertical tufts because there is a high level of contact
between the horizontal and vertical structure, Ixcessive penctration
degtroys this contact and eoven though larger tufts are produced
fabric strength falls., Thus high strength fabric can be produvced
by using high necdling dencity and low penctration; however, if web
weight is too high low neadle penetrations will causc the resultant
fabric to bo bulky and consequently difficult to handle and make

up.
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For ballistic purposos fabric should be flexible, but if the
wad 1s not securely held togother breakdown will occur during
transverse impact due to fibres being drafted from the fabric, Thus
compromise values of these ncedling paraweters must be uged, It
sooms probable that low nesdling donsity and high ponetration would
be moat suitable for this purpose, .

6. N v bl

Tho type of neodle used during fabric production is governed
by the type and dinonsionsg of fibre in use, For instance low
denior fidbres require fine gauge needles, whoreas bulky fibres
would probably be beat needled with heavy gauge naeclles making
uge of tho larger barbs, . The wrong use of needlos will cause a
deterioration in fabric teasile prorurtios due to fibre breakage,
Some basic riss for ncedlec sclaction have been published (20),

() Recovery characterigtics of needled folt.

Another mechanical proporty of needled fabric possibly
relevant to its ballistic protection capability is the ability to
recover from applied extensions, The effect of various paramotera
on this property have been reported end will be mentioned here,

Hearle & Sultan (10) have shown that recovery dsereases with
extongion owing to fibrc slippage., At very low strains a nperiod
of increased recovery was sometimes observed due to fibre straightening
and alignment in the unstretched fabric, but as slipnage becomes
pronounced rucovery decrcascs. In general recovery is -poor and ot 10%cxt,
is of the ordsr of 207 for a viscose fabric, decreasing with incruesed
fabric waeight, ’ '

Wool fabrics made at ¥' penctration were tested (11) and showed
increnscd recovery as needling dencity was increased, This ocgurs
because at higher ncedling denzities more fibre straightening is
necessary before slinpage can occur,

Fibre properties are important in rdctermining fabric rccovery
(13), Courtelle and wool fabrics giving much higher elagtic recovery
than rayon fabric., This rufloacts the better recovery projcrtics of
those fibres as opposed to viscose, In addition viscoge fibres are
more casily consgoliduted during needling anu this wm.y hinder recovery,

(4) Conclusiong

The objcct »f this chapter has been to review the present state
of knowledge on the structure of ncecdled felt, and the variation of
fabric meechcnical properties with web and machine paranceters,

Although the reoaction of needled material to high specd trangverse
impact at the point of collision may not follow a simple streas-sirain
curve, fabriec forming tac surface of the deformation cone will in
some part be subjoct to mechanisms similar to thosc described here
as cnergy absorption takes pluce through fibre straightening,
alignment and slippagze.

- B O T
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CHAPTER IIT

BEHAVIOUR Or NEEDLED FABRIC SUBJECT TO TRAVSVIRSE IMPACT

- i ——— i s

1. Introduction

Initially a slov spcod test was euployed in an attempt to study
the mechanism of deformation during the transverse impact of needled
felt, Subsequent testing involved the use of relatively highk speed
projectiles fired from a fixed velocity air rifle, High speed cine’
photography has beea used to study the deformation process, and
sections cut through pieces of impacted fabric have provided
information on the response of individual layers within a multi-layer
systenm,

2, Fagbric Manufasture

Cross-laid web was utilised throughout this investigation as
preliminary tests had shown that the necessary all round fabric
stren;th was not possible when parallel laid material was employed,
The needle loom waz a Byvater Model Kil, This loom operates at 240
punches :er minute (industrial machines usually oparate at three
times this speed) and has a neecdlu bosrd containing 550 ncedles
facilitating the easy and relatively quick changing of ncedlea for
experimental purposes. It hcs previously been found satisfactory
for the manufacture of fabric for testing purvposcs,

Unless otherwiss stated fabric was manufactured at 250 punches/
sq.in and ¥ penctration (using necdles 15 x 18 x 32 x 3, 9 barbs),
the resultant weight being 12.5 oz/sq.yd. Viscose rayon fibra
(2%" 3 den) was commonly used, fibre type being considered uniunortant
when considering deformation mechanisms in general,

3, Slow 3 Tegt,

(a) Mcthod of Test

Eklors and Anzelo (5) concluded that their particulsr form of slow
specd test did not produce results which correlatzd withV.. figures,
However, if a piecc of fabric (4" x 2") is allowed to freé?y deform
when contaet with a steel rod occurs, a mode of deformation
comparable with that resulting from high speced fragments occurs; an
area of fabric in the vicinity of the penc¢tration point tuking on a
conical shape, The experimental arrangement is illustrated in Tig.7.
As no means of checking mcasured lozds against Vg0 values was
available at thisstage of the investigation, only the nature of the
load-penetration curve rccordod during this slow speed testing
was regarded as of intercst, More extensive comparative studies would
be appropriate when a Vgg or similar test was ulso carried out,

(v) Pattern of behaviour.

At a cross head speed of 2 cm/min the Instron was sufficiently
sensitive to record detnilced variatioms in load as the probe passed
into the fatrie, Such a curve is shown ng Fig, 8, and it is secen to
be largely composed of stick-slip oscillations as is the cagse
when needled fabric is extended in u uniaxial tensile teat (Fig, 3].

N ———
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The patterr of this recorded behaviour can bo explainad as follows,
Initial contact botween probe and fabric causes fabric compression
and a congequent steady increase in load, Eventually fabric
extension in the transverse direction reachos a level at which
fibres begin to slip, resulting in a momentary drop in the load
lovel which the fabric is capable of sustaining, Immediately .
fibres become gripped again in their new positions and the load rises,
The increase in amplitude of the oscillations near the fabric
breakdown load suggestas that final fabrie failure occurs when
transverse extension is such that regripping of fibres becomes .
increasingly difficult until eventually they separate allowing
fabric rupture.

. Thus it seemg that mechanisms similar to those apparent
during uniagxial straining are in operation during a <runsverse
impact test., This is not surprising as any permanent deformation
of needled fabric must involve fibre slippage, .

(e¢) Fabric deformation

An embedding and sectioning technique which has been used in
tnis laboratory 8) to invegtigute the structure of ncedled fabric
was adopted to study the deformed material, A similar method has
been used in the study of woven fabric subjeet to transverse
impact (21), So that the behaviour of fibres could be studied
during the deformation process, several layers of coloured fibrewere placed
on the surface of the white prior to needling, Picces of this
fabric were then subject to a series of increasing loads using
the Instron test method., An ares sufficient to include all that
affected by tha penetration process was cut frow each fabric and
set in Araldite resin, From thc recsultant bloeck of resin and
fabric, sections were cut through thc couc of deformation using
a mechanical savw, Tha sections werc grouni and polished with
varying grades of enmery paper and are as siown in Fig, 9, In this.
case the fabric was subjected te traonsverse loads of 5,10 and 20 kg,
and it can be seon that as the load increases so does the base
length of the deformation cone as more of the fabric beccomes
involved in an attempt to restrict probe movement, Fabric vertical
structure is only ristorted in a region close to the impact poin’
and fabric thicimess has been reduced in this area, possibly due
to extension. Around the pojnt of impact fibres have been plucked
from the fabric surface and drogged along in the path of thc ateel
rod as extension has occurred,

The object of this preliminary study into necdled fabric
transt~rse deformation has been to show that fibre slippage
governs fabric doforzztion in tho same manner as with uniaxial
extension, It ic alsoc ccen that deformation is not rectricted
to the immediate area surrounding the point of impact but affects
an arca the radius of which incresges in size with fabric extension,

4, High Spoed Tegting Q%}

As no facilities for true Vgo testing were available, the study
or fabric Zaformation was continucd by using a free flight projectile
fired from 2 fixed velocity air rifle. The projectile employed
was a waisted lead pellet of weight 1 gm fired with a valocity of
534 ft/sec, Circular fabric specimens of six inches diameter were
held in aluminium framc. mounted rigidly in a rack capable of holding
three such framos, 'tho centros of the specimens coinciding with
the projectile path, In this manner it was possible, when required,to
dlow down the proicctils by passage through an initial specimen and
to atudy the deformation of subsequent fabrics,

L R e——— ity o i b e o
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Although tho maximum possible projectile velocity was less then
that required to test the suitability of fabric prepared 'wnder the
military specification, by reducing the thickness of fabric tusted
realistic behaviour can be observed : i

Study of the deformation procoss took the form of higb apeed :
cind’ photography using a Fastax camera capable of ruaning speeds :
up to 9000 fromes/second, The speed found suitable for and utilised i
in the present study wzs around 5000 frames/sccond, - i

In most instances fabric deformation was studied from a
position at right angles to the axis of rrojectile travel, However,
to study more closely the apcx of the cone of deformation, the
steel buffer plate agninst which projoctiles were stopped was
replaced by a sheet of bullet proof glass, In this manner
photography could be carried out along the uxis of the projectile
path or at a small angle to it,

Various phenomsna apparent during deformation are shown by these
filng .= Sections from the most important will be presented hersz and
the evidence discussed within the next chapter,

(a) Fabrie penetrnted

'Figure 10 is o sequence of film showing the penetration of a
gingle layer of -tha fabric whose manufacture was described in
gection 2 of thig chaptor, he pellet ~pparently leaves the fabric
in frame 4 after impact, with an attendant tail of fibres protruding
from the fabric, Up to this point transverse fabric deformation
bad occurred in the form of a cone, the base of which increases
in dismeter with extension, After the pcllet has emerged maximmum
extension in the transverse direction is reduced, but fabric
occupying the whole six inch diameter circle moves forward to
some extont, As initially the specimen was held under slight
tension within the frame this must mean that the whole fabric
is under strain absorbing the energy transferred from the projectile
during their briof contact., Subsequently as the energy is
digsipated some fabric relaxation occurs,

(b) Projectile stopnod

The gcquence shown ns Fig 11 depicts the sawe impact process
as in Fig, 10 (i.e. same fabric in use) except that the projectile
had been showed down an undetermincd amount by pasgsage through a
piece of needled felt, placed threc inchos in front of the test

specimen,

In this casc the pellet approachcs the fabric surrounded by
fibres romoved from the initial specimen (this suggosts the possibility
of a breakthrough mechanism in which a tuft of fibres is pulled from
the fabric). The impact process follows the same pattern as prev1o1sly
in that a maxiuum transverse cxtonsion is reached and subsequently
the whole fabric area cxpands outwards. In this case the pellet
did not emorge, and reccvery is such that the fabric began to
turn inside out,
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FProm the film sequences showa in Figs 10 and 11 it appears
that transverse fabric extension, in the form of a cone, takes
place until either a projectile is defeated or euwerges from the
fabric, The energy thus absorbed from the projectile is then
digsipated within the fabriec cs a whole causing a reduction in
maxioum extension, B

(e) E;ngl;tahzis_hxsézggzg-

In the fabric which was penetrated, final breakdown occurred
by the pulling out’' of one arm of the loop of fibres which surrounds
the pellet during impact,  This suggests weakness in the fabric,
more useful material should give a uniform deformation in the break-
through area. The observed nechanisn is depicted in (a).

At  least one other nmachanism of fabric

. breakdown has been noted and is seen
(a) in figure 12 arnd in (b).
' ]
o
. [

In this case it appears that the
area in close proxinity to the
" inpacting nissile has been stretched
. \\\\\ ,//// (v) . until breakthrough hag occurred by
\ neans of fibre separation by sglippage.
Ll ! The two arms of the geparated 'loop!’
Y are clearly seen,

One other phenomenon which was obhserved on projectile emergence
is fibre breakage., In the sequence shown as Fig,13 pieces of broken
fibre are seen as the pellet breaks through, It is not suggested that
fibre breskage is a major source of failure in needled fabric -during
tronsverse impact, but that it may accompany other mechanisms part-
icularly if fibre novement is restricted in some way. It is also
possible that broken fibres nay have existed within the fabric,
having been caused by the needling operation, and bte released by
inpact, : ‘

(d) U,s, iroy ncedled nylon fabric, .

For o more systematic study of needled fabric deformntion, pieces
of nylon fobric (10,5 ozs/sq.yd, platen pressed) surplied by Natick
Laboratories were tested, : -

_‘The deformation of a single layer of this fabric is shown in Fig.,
14, It appears that the projectile ecuerges by stretching the fabric
until extension is such that no further resistance is possible,

Wher a specimen consisting of two unattached layers of this fabric
was fired nuch greater extension, about one inch greater than for a
single layer, is achieved. 1In this case (Fig.15) the pellet is
atopped, and it is scen that the main cone of deformation is
stretched into a cone of much smaller radius surrounling the pellet.
High localiged fabric extension has occurred in this region, This
specimen recovered violently and ultinately turned completely inside
out due to the absorption of all the projectile energy. Neither
layer was penetrated by the projectile and yet the first layer had
extended further than during the sinzle luayer test, This illustrates
the influence of the back up loyer which prevented breakdown,

—
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Whon tho specimen thickness is incrcased to four layers the pellet

is halted more easily. Fig,16. Fabric extcnaion is the same as in the
single layer case and undue stresses arse not placed on the area
around the impact point, As cnergy absorption takes place over a
larger fabric area,recovery behaviour was not as dragtic as in the
two layer case,vien it is probable that the projectile wns only

Just pruvcnteu from penetrating.

Trese films show that using the lighteotfabric possible to
astop the projectile produces excessive fabric oxtension, An
incresse in this weight provides rasistance against projectiles
of higher velocity and also reduces the extension which occurs
whilst stopping projectiles in the lower velocity ranges. Any
reduction in the cone height during deformation will make necdled
fabric of more practiccl use,but maans should be founid for

_achieving this othcor than by a weight increase,

(o) Drojectile shotogranhy,

The steel buffor rlate placed at the end of the speciuen
holder rack to gtop cmerging pellets was replaced by a piece of
bullet proof glass, Deformation could now be viewed along the
fabric axis or at a slight angle to it, This allows the whole
fabric surface to be viewed during impact,

One interesting photographic sequence obtained by this means
iz shown as Fig. 17. The fabric testeld was mnde from a web which
had a surface of red fibres, On needling some of the red fibres
were pulled through the web and show on the base, The needling
lines produced can be seen on the film (a diagonal needle arrangement
was uged to makc this fabric resuliing in thege straight lines of
needling alongz the machine direction - better fabric is make using
o more 'randomised! arrangement of ncedles), It is observed how
this linec moves inward towards the point of impact but as the huse
of the deformation cone enlarges and meets the iine its direction
changes and it noves outwards, This behoviour is in accordance
with previous observztions (4) nade usineg the spark gap technique,
which showed how the fabric initiclly moved inwards due to the
inward radial velocity imparted to the felt by the longitudinal
tensile wave, and subsequently reversed direction due to tke action of
the transversc wave,

A scquence of filn taken with the camera at a slight angle to
the projectilc axis is shown in Fig 18. In this case the pellet
was sprayed a black colour to make it more clearly visible. The
fabric under test was a single layer of the nylon materizl previously
discussed, The photographs show that the projcctile emerges during
the third frame of deformation, b:fore the cone has -spread over a-
wide area, although its localised extension is congiderable, It
seers that the pellet has pessed through the apx of the cone by
extonding it to such a derree that scparatioh of the fibres has
occurred,

ot \
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A further method of studying fabric defcrmation under impact “”(i{)
is by meana of the embedding and sectioning technique used to “JV

produce Fig., 9., This can only bo applicd to fabrics wnich are

not penotrated by projcctiles as any loose fibre roduced by total
breakdown would be distorted during the embedding n»rocess, For
this study fabric was used with coloured fibre surface layers so
taat the deformation could be more clearly seen in the resultant
gections,

The sequences of high speed ciné,film Previously shown have
iniicated the changes which occur in fabric botwecn the point of
maximun extension and when the samples becowms stationary, Fabrie
defornation during an unsuccegsful penetration is considerably greater
than appears from tho fabric after testing; this oust be taken into
account during interpretation of these results,

Fig, 19 shows cross-sections through single,double and tretle
layer fabrics after impact, Fig 19 (&) shows part of the deformztion
cone (each sample was originzlly six inches in diapeter) of a single
piece of fabric struck by a projzctile which had previously been
slowed down by passage through another piece of sinilar material,

(In this case the coloured fibre layers are in the middle of the
fabric) Fig 20(b) shows the effcct of impact on a-double layer

of fabric, One problem with the apnlieation of the embedding
technique in this instonce is the possibility that resin will not
penetrate completely to all .arts of the sample, lecving holes in

the scctions and making good photograthic reproduction more difficult,
The pellet ic s..own cmbedded in the fabric and it is seen that the
loyor which hos been in direct contact with tne nissile is bent

almost double around it, Microscopic examination of the actual cross-
gection revecls that coloured fibres exist all round the pellet, which
while causing transverse fnbric extension hus pushed these fibres

in front of it, At the point of contact with the projectilc the white
portion of the falric is zcen to be highly compressed, and & comparison
of fabric tiickness around the cone of deformution shows that there
has been a corcentration of fahric extension in tho highly localised
area of collision,

Fabric rccovery after the defeat of a projectile is clearly
seen in this two luoyer sample., During iapact the second layer was
highly compacted locally (the outline of the pellet nose is clearly
seen) in the effort to prevent wissile passage; subsequently when
a2ll the pellet energy had becn absorbed go.ie reluxation of the inrer
layer occurred, Fig 20(c) shows the effcet of impact on a three layer
sanple, The same fcatiures are apparent - high fabric compaction in
th2 local ‘area o iugact (agnin ccloured fibres surround the pellet)
and some rccovery after the pellet is successfully halted,

6., Cornclusiong,

Within this chanter it has becn shown that the mozt likely nmethod
of energy absorption durins needled fabric transvorse impact is fibre
povenent within the structure, This involves a large aren,of fabric
in deformation wad high extensions in the area immediately surrounding
tne impact point. It secus that projectiles 1o not actually enter the
individunl layers of fabric but caucc their compression at the point
of collision, Lxtension then occurs by the pushing forward of fabric
in front of the projectile,
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ENERGY ABSORPTION BY NELCDLED FABRIC

1._' General Concopts

In considoring experimental results, it is nccessary to bear in
nind that thore is a discoatinuity in the relations betwecen tests
which stop the particle and those which allow the particle to
penotrate., The force-displacement relations in the two solutions

are?
= N F

- .o \ T !
2 z, ° =

(a) just atopping (v) Just penetrating

If the particle is stopped, the area under the curve must
equal the impact energy; but if it penetrates there is only a--—— v
snall reduction in cnergy, It is iupossible for & projectile to
emerge at slow speed,

Only the initial region OA of tests which gtop the projectile
is of any real interest in relation to the effectiveness of protection,

_ Understanding of the situation is helped when it is realised
that there arc two distinct features involved in determining whether
a projectile will penetrate:

(n) the magnitude of the maxizum force developed

(b) whethor the maximun force oxceeds the force needed to
rupture the fabric,

These two features are rot simply related, The magnitude of
force develored depends primarily on the deformation dynamics at
the edges of the deformation region|[(a) in diagram]while the
penetration force depends on the propertics at the region in contac:

with the projectilejzb) in diagran,

D @ The force developuent will be related te
egﬂ the stress-strain behaviour of the material
. y (in the simplest case the modulus) and to
" \/’ the material mass; and its prediction will

require a proper golution of the wave dynamics,
The nature of the stress-strain relctions concerned need to be assessed
properly in terms of:

1) the geouetry of deformation

2) the rate of deformation,
though one might take the ordinary results

from a teansile test as a guide,
_Preceding page blank
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The per.etration force will depend .on ths area of tie particle
and tho traacity of thae fabric, Once again the geometry and rate
effocts eed to be properly assessed, but uvither the ordizary strength
or a slow speed penetration test night be takon as a guiide.

2, Jevelopuent of Ipgon theory.

. The theory dpvelopadey Ipson and Wittrock (4) can be extunded
to tike account of the above. view point,” However, i1t must be remermbered
tha’ Ipann's theory is based on some rather drastic agsumptions
inctluding linearity of stress-strain relations, a constancy of
ra' wmeters, 2 siuplified golution of th: wave equation based on the
x s~dinensional soluticn and a1 simplified means of taking account of
t+'.e radial wave, The spirit of thuse assumptions is continued and
amaq additional assunptions nade in what follows,

Ipson's thaory wsives the following expression for the projectile
3/,

velocity during inpact,

=-1,86m gyl_l (wt)

. Mp

Vp = Voe

V. = 4initial projectilc velocity

V.~ = projuctile velocity at tiume t

_f = Dass dengity ; T = fabric thiclness
R = projectile radius ; Mp = projectile nass
¥ = transvorse wave velocity

If w 1is assuncd constant

3/2
v = Ve -Bt
) o ’
' ' 3/
where 2
B = 86n OT w
. 1‘-§;§lJal
Differentiating:
) 3/2 %
ap ~Bt 3
it v, (e ) (<#/2 Bt?)
3/,

™) e,
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The retarding force F is given by: 3/
, 2
F = MpaVp = 3 Bldot}o -Bt
dt 2° C

where M = initial nomentun of projectile (Mp.vo)

Vo .. F
..... t
Put F = At% e'Bt. : where A = 3/2 Mo
3 3
2 /2
-g% N L e - R e Bt " (32 3h)]
=2 e [+ - 33t]
At maxioun force dF = O, Ore obvious solution is:
dt
: 3
_---._‘e-Bt,_/z = O0att=o0
But the relevant solution is given by:
t ,"k ~-3Bt =0
o / n.:.
3
t. 2 - 3B
‘ i 2/3
.. t:‘l = (3B)

1
1/ -'/3
Fuax = 3/, m_ (38) ~ 3 .

o o 2 .2 ' 1
R .F\max - :/3 B/3 Moe -/3
- 2

Now, B = 1.861:34" w/2 (gg

€3
where Mf = fabric nass/unit area = P T
2/ -
‘ot = (3B) = 7 =(3x1.8n1) " /3 v
and 2 . 2/ 1 2/
Fanx = 373 (1.86n) 3 r/3 4 Eig 3

2

"

ggp.g% /3
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Fmex= (3] §§,‘)2/3 §ﬂi;2/3h ‘31/3 ¥ ¥o

2e 1/3 My ' ; |
. 273 1 2/5 ; A :
.‘.‘ Fomax = [ (3_1_1.4&5_’!) ] (Mo R /3) é_lﬁ; v ;
2 '3 e | |
' 1 2 ,
x(Numerical corstant), Hp Vo R /3 Mg /3 . ‘
s 23 vo we/3 2
=K Mp'/3 R Vo M w |
=K (RM>) /3 Vo Mg /3 T - ?
Numerical Function of Fabric - Wave.. f re
constant projectile  Mass/unit area velocity s
. 2/ ‘:
1090 mx = K. f (prOjectile). M‘f /) . w i‘_.

Fabric failure will ocour :f Fmax > Py

where Fb = force required for penetration.,

For good protection from a useful (i.e. light weight) fabric

we need, high F,, low Mf, low w, I . <
Momentum which produces psnetrationforce Fb is given by "" ~
1/ - 2/ ! Sk
(Mo)max = 2277 2, v 4o =1 (,1-_1_2; 3o -
[sSTmm /s T /3) bigy ¥

As approximations we can put

(1) - , v o= B -
- T UEma _\

where B is fabric specific modulus (gf/tex)

+ i longitudinal sonic velocity

{from equation E(dynes/cm?) = #2 (cm/sec) F (gm/cm3)]
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(2) P, = 2ra R M f

B

is a measure of fabric tenacity

K
! aR is effoctive fabric radius for rupture

1/ K 2/3 . 3

1 1
= (a3 (ammd)?) %5 ()23
IR g o R (Egng / e Iy e

| 2
= Numerical ) 1 /3
E constant) < Mf /3 (Mp R) fg

vE
Now (Vo)max = (¥o)

Mp

where (Vo)) ' ic paximum projéctile velocity which th: fabric can

sustain., This is close to VSO for a variahle spccimen,

2/3
(Vo) oy = (w.c) “ﬁ ) Mf1/3 jg
P R
2 1
(Vo) -k =3 ) /3 £
max : '(Plp; -\/—S'

where K is a constant involving the numerical constant and a,
Ir fB is assumed to be fabric tenacity during a uniaxial tensile

teat, and E fabric specific modulus during such a test, then

_ o pabms e eire mben
E = 3B where °® = fabric breaking strain
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If ¥ = fabric work of rupture, aasumiug linnarity of the
stress-strain curve, : .

VW = 4-:3 o

, . . Uy
/3 (M i
0) e AP

where X! = Kv2

In order to test the validity of this equation, needled felt of
known V.. values would be subjected to uniaxial tensile tasts to determine
work of”rupture, Different fabric weights should e employnd, as well
as projectiles of varying radius and weight. i e

Attempts should also be made to develop more realistic treatments
of some parts of tnis analysis. é

3 Fabric characteristics

Energy absorption by needled fabric during transverse impact will
take place initially by fibre straightening and ~ignment within the ‘
structure. When this process is complete and if -he projectile is .
still not halted, fibre slippage will occur; if this is excessive :
fobric breckdown takes place, Both these mechanisms will be
accompanied by fabric extonsion which is easily achieved during
initial "loading but subscquently becomes more limited as fibres lock
together, Thus the essence of energy absorption by needled felt
involves relatively large fabric extensions, The optimum needled
fabric for ballistic purposes will be attained by increasing the
resistance of the fabric by means of a combination of the varizbles
discussed within Chapter 2 without destroying the slippage mechanism,
Total restriction on fibre movement after the stroightening znd
alignment stage will allow a projectile to totally venetrate the
fabric by means of fibre breakage. The cnergy absorption process
inherently involves fabric extension but this must be reduced to a
minimum for practical applications of this material without
impairing efficiency., This can be achicved to some extent by
variation of web and machine parameters employed during manufacture,
but unless fabric weight is increased to unacceptable limits (1,e.
no advantage over woven fabric), where efficicncy is somewit
reduced by lack of freedom of rccponse to impact, it seums that
transverse extension will be a drawback to usage of this materinl,
It is interesting to note that in previous work (4) the fabric
providing the best resigtance exhibited the greatest extension,
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Extension can be restricted by incrzasing the frictional
forcus botweon fibres, but if too much resistance to movement is
generated in this fashion, fabiric breadown will again occur

through fibre breakage,

Anothur method of gripping fibres more tightly in the
structure is to increase needling density, If a felt is produced
at very high ncedling density fibre movement will be restricted
and fabric oxtension reduced., Under those conditions little
energy will bc abeorbed during impzct as the tightly gripped fibres
will themsclves be broken without the energy absorbing mochanisms
bocoming fully operative, 1In contrast if n web is needled too little
there will be less resistance to straightening, and fidres will
immediately slip, Such fabric will extend to a greater cxtent but
in go doing d:es not realisc the optimum energy absorption
capobilities of the needled structure, as little or no resistance
is applied by mcans of vertical tufts to initinl straightening and -

alignment, . .

Optimum needling density will depend on web weight and must
also be considered together with depth of necdle penetration., It
has already been shown that the optimum values of needling density
and ncedle penetration for one web weight, may boe of little use in-
strengthening a web of different weight., The highest possible
penetration should Le cmployed without destroying all the contact
botween vertical and horizontal structure,ss this inereases the
gize of individual tufts within the fabric and thus the energy
absorbed during the fibre straightening process. The optimum value
of noedling density will have the same effect,and also increase
the forcc required to cause fibré movement during suhsequent

slippagse.

A largo area of fabric is affected by impact »ecausc the
individual units of the materinl i.,e, the fibres, are not continuous
and in themselves provide no resistance (although the choice of fibre
type affects the transfer of fibre strength into needled fabric
strength); this originates from their combination in thc needled
felt structure and the realisation of gtrength in this gtructure by
extension, during which energy is absorbed from a projectile,

This discussion relates to the factors desirable in a single
layer of felt, For ballistic purnoscs felt will be best used as a
combinution of sevrral unattached layers, This will provide far
greater flexibility of the structurec a2nd a better response to impact.

The variables employed during production will govern thc response
of individual fabrie l.yers to the impnet process., Theoretical work
earlier in this chapter has showvm the importance of the transwerse
wave velocity set up on impact., The maximum force set up during
collision was shown to be directly proportional to fabric miss per

unit arez (to the power of 2/3) and wave vclocity, The value of

this wave velocity must be sufficicntly high so that energy is
dissipated widely within the fabric otherwise rupture will occur
ecgily, but not too high or the strain imposed at any point wiil
be too great for the muterial to withstand,




]
i
i
[
3
1

48

The experimental results of Ipeon & /ittrock (4) showed that a
nylon fabric gave the lowest value of fmax within the range of
fabrics thay tested but the greatest value of extension,

Similarly it was shown that the timg required to reach this
maximum force ia invorsely proportional to the same factors. Thui
by reducing the value of wave velocity maximum force ia decreased
but the time over which it is suctained by the fabric increased;
with 2 consequent poesible increaae in fabric transverse extonsion,
The oxperimental results of Ipson and Wittrock (4) showed that the
nylon fabric they testod showed the lowest vulue of P'may within the
rango of fabrics they tested but the gruatest value of oxtension,

It moems that although maximum force cam be reduced thus making
fabric breakdown less likely, this must be accompunied by greater
transverse extensions as the projectile velocltj is nullified over a
longoer period of tlma.

4. Future vork. 1
|

The work reported here indicates that the following aspecta of
the problem merit further astudy.

(2) A proper derivation of the dynamies, For the reasons put
forward by Ipson an gnalytical solution is very difficult to obtain,
and probably of little uge in that it would be restricted to a
particular stress-struin relationship., A more promigcing route
would be a computer simulation, enabling the bchaviour of materials
with various properties to be predicted,

(b) In the absence of a full theory the approximate heory should
be tested for validitv by means of a greater experimental programme,
It should be poasiblo to test the influence of parameters

M f
R, Mp, _L end B/
’ ! Mp vE

(¢) The question of what are the appropriate 'strengths' and 'moduli'
to take account of should %e studied experimentally and theorctically.
This is essantially & study of whot are che appropriate material
properties” to substitute in the dynamic analysis, or, in the ahsence
of a full annlysis in the approximate theory developed above,

(d) The relation of the rclevant material properties to the needled
fabrie structure (and ultinately the production process) and fibre
properties should bc further studied,

(e) The behaviour of composite systems should be examined, namely
multiple layers of fabric and fabric backed by the body. There are
indications in the present work that 2 simple summation is not an
adequate representation of “he behaviour, The dynamic response and
the force required to penetrate the fabric are likely to be different
in the whole system,:

(f) Recognition of the nature of maximum and penetration forces and.
of the areas to which they are related might lead to the develovment
of improved materials with n more complex geometry which leads to a
high resistance to penetration over a small area whilo giving a

low modulug for large scale deformation,
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