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FOREWORD
a

Needle-punched felts have shown some promise in the area of
ballistic resistance for 13 years. Although information has been
available to the military and to the scientific community on some .....
aspects of the ballistic resistance of needle-punched felts, there has
been a need for a summary report, a void which this review attempts to
fill. While the temptation is to emphasize only that inforation which .
can be explained and discussed definitively, this report takes a dif-
ferent approach, itemizing each of the factors influencing the properties
of needle-punched felts and discussing not only our knowledge of these
various factors but also areas requiring additional work. To accomplish
this purpose better, the report is divided into sections concerned with
all krown fiber and fabrication parameters. Each of these parameteri
is then discussed individually and, when necessary, together with other
closely interacting parameters.

It is hoped that this review will serve as an effective guide
for future work in this ares-. The study was performed under Project
Number 1T062105A329-02, Organic Materials Research for Army Materiel.
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As part of the continuing effort to improve ballistic materials for

personnel armor, the fiber and fabrication parameters, dynamics of felt
impact, and predictive equations attempting to connect ballistic resist-
ance to known measurable parameters were reviewed for needle-punched
felts. The ballistic resistance of needle-punched felts at low areal
densities has been found to be superior to that of any other known mate-
rial. On the other hand, at increased areal densities and against higher
velocity missiles, other materials become competitive.

The extent to whiclh needle-punched felts maintain their superiority
to other materials at moderate areal densities is dependent upon certain
fiber and fabrication properties. The highest tenacity polyamide fibers
are .urrently the best available material. In fabrication, a relatively
low degree of needling furnishes the best ballistic properties. In gen-
eral, the thicker the felt that cau be tolerated (at the same weight and
areal density), the better the ballistic resistance. In addition, it is
apparent that the level of ballistic protection varies depending upon the
method of attaining the desired thickness.

The need is shown for additional work to determine the effect of
fiber properties such as fiber denier, molecular weight, molecular weight
distribution, and elongation upon the ballistic properties of the result-
ing felts. This work, in turn, will depend upon the availability of
model fibers in which these parameters can be studied independently.

vi
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A REVIEW OF THE DEVELOPMENT OF BALLISTIC NEEDLE-PUNCHED FELTS

1. Introduction

As a result of the proved effectiveness of body armor in reducing
combat troop casualties, the U. S. Army has supported research and devel-
opment programs t: improve ballistic resistant materials for personnel
armor. The current Army standard fragmentation vest is an all-textile
assemblage, of which the b4sic ballistic protective component is a twelve-
layer, basket-weave, 14 oz/sq yd nylon duck weighing approximately 8-1/2
pounds per medium sized vest. The weight of this item clearly needs to be
reduced without sacrificing protection.

As early as 1956, non-woven needle-punchad felts offered significant
ballistic protection as well as promise of significant weight savings over
woven fabrics. The first military specification prepared in 1967 was for
a felt which sacrificed about 20 percent in ballistic pro:ection but was
one-third the weight of the standard fabric assembly.

High areal density felts lose their advantage over standard fabric.
Thus, at 18 oz/sq f^;, which is the areal density of the standard fabric
assembly, the ballistic protection of felt and fabric is essentially the .
same. At low arhal densities, attained by using multiple layers of low
density felt, it is possible to prepare felts at half the weight of the
standard woven fabric vest while retaining 92 percent of its ballistic
protect iun.

The mechanisms through which needle-punched felts defeat or react to
a given missile are largely unknown. It is clear, however, that the
mechanism is different from those operating in other materials such as
woven fabrics, metals, ceramics and plastics. The mechanism of felt defor-
mation appears to be highly dependent upon fiber-fiber friction, described
as a "stick-slip" mechanism.

The ultimate level of ballistic protection theoretically, or even
practically, attainable is difficult to ascertain. A systematic variation
of each of the important parameters separately which affect the b'lliatic
resistant performance of needle-punched felts is not possible experimental-
ly at the present time. For example, it would be difficult to obtain
experimental samples within a given class of polymers having systematically
varied molecular weights for an investigation of structure-property rela-
tionships. It would also be a formidable venture to obtain these same
materials, convert them into fibers, make them into felts, and measure
their ballistic performance to relate the parameters of molecular weight

I
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and ballistic performance. As a result of this kind of difficulty,
compromises were made between that which is desirable theoretically and
that which is possible from a practical standpoint.

Despite experimental difficulties associated with the systematic stv-dy
of needle-punched felts, efforts of the past 10 years have resulted in a
wealth of information that has not been condensed and correlated. The
purpose of this report is to digest and analyze the existing state of the
art of needle-punched felts for ballistic applications and to predict and
project the foreseeable future for this interesting class of materials.

This review is organized, so far as possible, to isolate the numerous
parameters which individually orin combination could affect the ballistic
performance of felt materials. From this analysis, many gaps in knowledge
become apparent which illustrate the difficulties associated with the
preparation of"the ideal felt."

Finally, the-reader would hope for a standard test method, ballistic
or mechanical, which would allow one to rate the felt materials in a
definitive manner. Factors such as missile shape, spin and size can
affect variations in ballistic response for different materials. This is a
field of active study in military laboratories, but this information is not
available for public dissemination at the present time. Most avail: ble
information concerns teats with the 17-grain, .22 caliber fragment simulator,
and the results of such tests will be used throughout this report as a
measure of the comparative effectiveness of various felts.

2
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2. Discussion

Most of the information available on felts is concerned with
natural felts, felts which have incorporated a binder, or felts which
have been heavily needle-punched. The important variable parameters
associated with the preparation of needle-punched synthetic felts,
especially as they might be related to ballistic resistance, have not
been reported.

In this review, the influence of applicable fundmental fiber and
fabrication parameters on ballistic resistant performance is examined.

Each factor is treated separately so far as possible. This method makes
it possible to isolate critical factors which need future work. It is
also a useful method for a discussion and correlation of present and
past felt studies. The factors to be considered in this review are tabu-
lated (Table I) in two separate listings, one of the basic fibers, the
other of fabrication parameters.

TABLE I

FIBER AND FABRICATION PARAMETERS

Fiber• Fabrication

1. Molecular Type 1. Type of Needling

2. Molecular Weight 2. Density of Needling

3. Tenacity 3. Angle of Needling

4. Molecular Weight Distribution 4. Crimped vs Uncrimped

5. Crystallinity 5. Length of Fibers

6. Draw Ratio 6. Thickness of Felt or
Density of Felt

7. Zlongation
7. Angle of Ply

8. Work-to-Break

9. Fiber Surface

10. Fiber Denier

3
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a. Fiber Parameters

(1) Molecular Type. The first report of the effects o
variation in molecular type was published by Laible and Supnik-() in
1964. A portion of this work is shown in Table II. The results indi-
cate that the ballistic resistance of polyamide-type fibers is superior
to that of the other fibers studied.( 4nother polymer type, polypropylene,
also appears worthy of consideration'. jqpite the iqSoductory nature
of this work, additional studies by Ehlers'' and Keith confirmed these
findings in hundreds of carefully conducted tests.. The types studied in-
cluded acrylic, modacrylic, polyester, cellulose acetate, rayon, polyvinyl
alcohol, polypropylene, and polyamide fibers. The same conclusion was
reached, namely, that polyamide fibers performed best and that polypropylene
was an interesting second choice.

No attempt was made In.he first study 0 ) and little effort was expended
in the next two studies- "to optimize the ballistic resistant performance
of each fiber type. It is probable that by appropriate application of the
other principles to be discussed, the performance of some of the fibers
studied could be improved so that they would be competitive with the poly-
amides. At the present time, however, it would appear that the inherent
nature of the polyamide structure makes it the most desirable from a
structural point of view, at least of these structures evaluated to date.
In specialized applications, such as the preparation of felts which were
buoyant vests as well as 2 tective, the use of treated fine denier acrylic
fibers has been advocated (; however, it has been the experience of the
authors that the&e buoyant vests are never ballistically equivalent to the
polyamide felts. The second place listing of polypropylene may be con-
firmed by the fact that a combination of polypropylene felt, foam and nylon

fabriciha ppeared as a Navy flotation vest with ballistic protective
qualitiese

It is interesting to note that naturally, ccurring polypeptides have
been shown to have extremely high strengths (. Although sufficient spider

isilk has not been available for the preparation of a felt, work on individ-
ual spider silk filaments shows several points of interest. Extremely high
strengths are found, especially in filaments from the Nephila Clavipes
species. The stress-strain curves for spider silk filaments exhibit quite
different behavior than that characteristic of the usual high strength
synthetics. The stress-strain curve in Figure 1, for example, illustrates
not only high strength and high elongation, but a differently shaped stress-
strain curve, indicating that a different mechanism is operating in these
materials which conceivably could lead to felts with improved energy-
absorbing abilities. One does not necessarily conclude that spider silk
should be incorporated in felts, but rather, that it is an interestingmodel material, showing that synthetic polypeptide fibers might have promise.

4
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(2) Molecular Weight. The molecular weight of commercially
available polyamide fibers has increased from about 10,000 20 years ago
to 21,000 today, the latter figure representing the high-strength tire
cord presently available. The effect of molecular weight variations upon
the ultimate ballistic resistance of felts and fabrics is closely related
to another parameter, tenacity. As the molecular weight of polyamide
fibers increased throughout the years, so did the strength.

It should be noted that beyond a certain level of molecular weight,
increasing increments of molecular weight will yield progressively de-creasing increments of strength and/or ballistic resistant advantage.
In fact, beyond some limit of molecular weight, entanglements will hinder
the spinning and subsequent drawing operations and a poorer product will
result. The problem is to determine this endpoint and to reduce the

* :molecular weight until the optimum is achieved.

(3) Tenacity. Tenacity is strength related to a linear density,
when the linear density is unity on the basis of a weight of one gram for
9,000 meters in length of fiber. Relating strength to a linear density
rather than to cross-section makes it possible to compare different fibrous
materials on a we:ight basis. Since the Importance of decreasing the weight
load on the combat soldier is paramount, this basis proves to be both
realistic and practical.

"* - The importance of tenacity in the ballistic resistance of needle-

_-5punche elts was noted early in the mathematical model obtained by
Ehlers This empirical equation:

V log 4t d Wi (1)

gave toughness, Wi, the same importance as areal density, Ad. Toughness
is proportional to tenacity multiplied by elongation. The V in Equation
(1) is the V50 , velocity in feet per secondpand t is the thickness in
inches. V5O is defined as the velocity at which 50 per cent of the mis-
siles of a given geometry and weight will penetrate the target. It is
calculated by averaging 10 shots in a velocity range of 125 ft/sec, five
of which penetrate and five of which do not. The V50 , reported were all
obtained using a 17-grain (1.1 gm in the metric systeml, .22 caliber
fragment simulator with ogive shaped geometry.

The toughness index, Wi, assumed a triangular stress-strain curve
of PE/2 with P - tenacity and E - strain at break. The agreement of
this equation with actual performance was quite good with regression
existing urder the "t" test at 95 per cent probability. It is interest-
ing to note that a different least square regression line formula exists

6
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for each fiber type, again confirming the importance of the first fiber
parameter discussed. In Figure 2, the importance of tenacity is shown
for both fabric and felt prepared from polypropylene fibers.

(4) Molecular Weight Distribution. The discussion of molecular

weight distribution has been purposely separated from that of molecular
weight, for although molecular weight is related to tenacity, the molecular
weight distribution may be more readily related to the rheological proper-
ties of the polymer. For example, one might properly expect the low molec-
ular weight fraction (tail) to respond more quickly to a deformation than
the high molecular weight fraction. However, it is more likely that the
prosence of low molecular weight fractions leads to excessive crystallinity.
It could be surmised that the narrowness of molecular weight distribution,
at least in condensation polymers such as the polyamides, will lead to the
best mechanical properties (high tenacity, high work to rupture). In any
event, it is possible to alter the molecular weight distribution from the
most probable state, where the weight average molecular weight is double
the nuber average. The difficulty is in maintaining the polymer in a
less probable state throughout the melting and spinning operations.

(5) Crystallinity. In the past, poorly characterized fibers
have been used to prepare felts and fabrics, which were changed at will
with little divulgence of these changes being made. The U. S. Army Natick
Laboratories is now in the process of obtaining fibers which will be
characterized not only by stress-strain properties but also by X-ray dif-
fraction, light and electron microscopic techniques, and light scattering.

The melt spinning, drawing and heat setting operations obviously
influence the crystallite size, orientation and perfection, but the effect
of subsequent crimping, needling and hot-pressing operati( (for reduction
of the felt thickness) should not be overlooked. Samuels has furnished
a good model in utilizing eie.t techniques to characterize polypropylene
fibers thoroughly. These techniques include wide-angle X-ray diffraction,
birefringence, density, sonic modulus, dark field microscopy, small angle
light scattering, tensile modulus, and small angle X-ray diffraction.

The use of nucleating agents to minimize the adverse effects of
spherulite formation could be of benefit. Actually, the use of titanium
dioxide as a delusterant has a side effect of reducing crystallite size
because of its nucleating effect. Thus, the obvious experiment of comparing
the efficiency of polyamide fibers with and without delusterant is indicated.

(6) Draw Ratio. Drawing a fiber orients the molecules, usually
increasing the longitudinal strength and decreasing the lateral strength
in a way favorable to resistance to catastrophic crack propagation. High
tenacity polyamlde fibers used in tire cord have a draw ratio in the range

8
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of 4.9 - 5.2. Increasing this draw ratio further can increase the
strength and modulus to only a small degree, partly because the draw
ratio used in industry is nearly the maximum attainable for high-speed
production of the specific polymet used. This draw ratio is only at-
tained by using an 18-inch heated "heel" plate. The method of obtaining
fibers with properties superior to those currently available will combine
the use of high draw ratio with increased molecular weight.

The total orientation of a fiber actually results from the orientation
introduced in the spinning operation as measured by the spin birefringence
and from the additional orientation in':.oduced by the subsequent drawing
operation. A study has been conducted , a influence of draw ratio
upon the mechanical properties of nyl.:.L. 66M J. The draw ratio was varied
from 4.7 to 5.5 in increments of 0.2. Tena.ity increased from 6.8 to 9.0
"grams/denier as the draw ratio was inu-eased. The elongation to break
dropped from 22.3 percent at the lowe~t draw ratio to 15.6 percent at the
highest level.

No felts were prepared ix this study so that expresiing a direct
relationship between draw rt.a .• and the ballistic properties of felts is
not possible. The study is swintioned only to demonstrate the influence of
draw ratio upon other paranet.rs discussed in this paper.

(7) Elongation. The role that the elongation-to-break of the
component fibers plays should be equivalent to that played by tenacity,
according to the equation described in Section 2.a.(3). There are, however,
some felt properties which negate any overemphasis upon the ultimate prop-
erties of the component- fibers. If a natural felt of wool fibers with a
high degree of compactness is broken in tension, considerable evidence of
broken fibers is obtained. This is also true of felts containing a binder
rather than depending upon needle-punching to maintain integrity. On the
other hand, there is no evidence to indicate that fiber destruction is an
important mechanism in felt breakage during ballistic impact. Even the
stress-strain curve for felt gives us some indication of a different
mechanism operating (Figure 3). The elongation to break for the felt is
equal to or several times that of the component yarns. The mechanism is
more likely a "stick-slip" variety rather than a stretching-to-break type.
The term "stick-slip" is used to describe the phenomenon in which the
fibers are stretched until the resulting force is great enough to overcome
friction; the fiber slips and then sticks in a new position, and the entire
process is repeated.

The stress-strength curves for felts at different rates of elongation
can be nearly superimposed, as contrasted with the strong time-dependency
that would be exhibited by the component fibers (Figure 4).

10
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(8) Work-to-Break. The work-to-break or "toughness" of a
textile material is the area under the stress-strain curve under the -.
conditions of test or interest. It is composed of the tenacity and
elongation, which have been discussed previously. Work-to-break was
the actual term used in the "Whlers formula, Equation (1). The obvious
caution in considering this factor is that the fibers in a felt are not j
necessarily broken during ballistic impact.

An additional factor to be considered in optimizing work-to-break
is the index advanced by Rosenthal where thl •enacity multiplied by the
square root of the elongation is a constant@9. This would mean that
increases in tenacity would be accompanied not only by decreases in
elongation, but also by decreases in overall work-to-break.

(9) Fiber Surface. The mechanical testing of felts and yarns
has indicated that needle-punched felts deform by a frictional "stick-slip"
mechanism. As a minimum, the interaction between the individual fibers
plays a predominant role in determining the mechanical properties of needle-
punched felts. One could logically hope to .mprove the performance of a
fel; by using a simple lubricant (silicone) or abrasive (colloidal silica)
to adjust the friction to the optimum degree. One also could consider ap-
plying a polymeric treatment to absorb the greatest quantity of energy
possible during the impact. The absorption of energy during a ballistic --
impact is much more dependent upon response time than are the usual
energy-absorbing demands posed by most comnercial uses of materials.

McLoughlin(I 0 ) documented this problem quite well. Using data from
Ferry(ll), it can be seen how the mechanicalloss (somewhat equivalent to
the energy-absorbing ability) of methacrylate polymers varies with strain
rate and temperature. For exampleopoly n-hexylmethacrylate has a loss
peak at 1,500,000 cycles/sec at 125 C but at 6 cycles/sec at room
temperature. As the higher figure is more closely related to the strain
rates of interest than the lower, it is seen that this polymer exhibits
its best behavior at too high a temperature. As the glass transition
temperature of poly n-hexylmethacrylate is about -5 0 C, it appears that the
high rate energy absorption, at least for this type of polymer, occurs at1000C above the glass transition and that the use of polymers with lower
transition points is indicated.

Copolymers of 2-ethylhexyl acrylate and butyl methacrylate were
prepared and solutions of these polymers used to treat felts. The felts
were treated with add-one of 2.5 and 5 percent and subjected to ballistic
testing. The results are summarized in Table III.

I
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TABLE III

INFLUENCE OF POLYMERIC TREATMENT UPON

BALLISTIC RESISTANCE OF THE STANDARD FELT

(54 oz/sq yd 1/3 in. thick Nylon Felt)

Copolymer Add-On(%) V50 (fps) No.

50-50 2-ethylhexyl acrylate 5.0 800 T76-66
and butyl methacrylate

50-50 2-ethylhexyl acrylate 2.5 884 T562-66

and butyl methacrylate

30-70 2-ethylhexyl acrylate 5.0 900 T103-66
and butyl methacrylate

30-70 2-ethylhexyl acrylate 2.5 914 T102-66
and butyl methacrylate

Control - No Add-On 0.0 1059 T101-66

All the treatments resulted in a decreased ballistic performance. The

static stress-strain properties were also altered, in some ways

beneficially.

The tests were conducted on one-inch wide strips utilizing a con-

stant rate of elongation of 12 in./min and a gage length of four inches.

The results of these tests on a control felt and on treated felts are j
plotted in Figures 5 and 6.

The only encouraging note was that the copolymer with the greater

quantity of acrylate (lower glass transition temperature) suffered the

lesser ballistic impairment. If treatments of this type were to have

13
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any potential, the next logical step would be to treat the felts with

polymers possessing extremely low glass transition temperatures. A

series of siliconea with molecular weights from 5,000 to 150,000 was

used for this purpose with the rationale that the silicones all have

effective glass transitions in the region of interest (less than -100 0 C).

The results of ballistic tests on these felts are given in Table IV.

TABLE IV

BALLISTIC RESULTS OF FELTS TREATED

WITH DIMETHYL SILICONE FLUIDS

Identification Viscosity of M.W. of
No. Add-On(%) Silicone Silicone V50 (fps)

1. 10 50 5,000 864

2 10 264 12,000 877

3 5 1,015 25,000 911

4 10 1,015 25,000 888

5 15 1,015 25,000 871

6 10 10,270 57,000 746

7 10 28,600 80,000 779

8 10 100,000 100,000 ---

9 10 1,058,000 150,000 811

Control 0 -- -- 980

1* 15



In stary, treatments utilizing polymers with low, intermediate,
and high molecular weights and/or glass transition points have not
improved the properties of felts. Any new approach to fiber surface
should start with inspection of the polyamide fiber surface with the
Scanning Electron Microscope in the original condition (Figure 7) andas altered by ballistic impact (Figure 8), and by use of surface treat-

ments which can be chemically attached to the fibers in small amounts.

(10) Fiber Denier. The influence of fiber denier upon bal-
listic resistance is difficult to determine, both in felts and fabrics.
From a practical standpoint, it has been impossible in the past to obtain
fibers differing in denier but possessing similar ultimate mechanical
properties as shown by the stress-strain curves. A specific attempt was
made in the past to study the influence of fiber denier upon the bal-
listic properties of fabrics using Nylon 6,6 of 3, 6 and 15 denier.
Superior results were obtained with the six denier fiber, but differences
in the mechanical properties of the different fibers made it impossible
to isolate denier as a single measurable parameter.

In felts, work has been conducted to determine the optimum denier
of acrylic fibers. These were extremely low density felts used for their---
buoyancy as well as their ballistic properties. Figure 9 shows the
influence of denier of a modacryli 4qtaple fiber upon the ballistic re-
sistance of resultant felt batting• . The use of small denier fibers
would be indicated in this case.

b. Fabrication Parameters

(1) Type of Needling. A limited study of the effect of
needle(.te upon ballistic resistant properties was recently con-
cluded The results of this study are shown in Table V.

TABLE V

EFFECTS OF NEEDLE TYPES ON BALLISTIC FELTS

Felt Style Needle Type Areal Density V5 0  Normalized(-oz/sq yd) C•

48-04-1 TMW-3 6.56 1051 1037

48-04-2 TMW-7 7.06 1126 1098

48-07 Torrington 7.22 1088 1057

48-08 TMW-5 6.60 1070 1062

16
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! The TMW needles are all special needles* which differ in efficiency,
i.e., fiber-carrying capacity. TMV3 has a throat depth of 0.002-inch

Sand a pickup of 0.001-inch. TMW5 has a throat depth of 0.004-inch and a
• pickup of 0.001-inch. TMW7 has a throat depth of 0.O05-inch and a pickup
' of 0.002-inch. All the TMW needles have three close barbs, one per side.

'The major conclusion is that the type of needle used is not an
important parameter. This is not to say that improper selection of
needles could not result in inferior felts, but rather that variations
in needle type by a manufacturer skilled in the art will produce little

S~variation.

• (2) Density of Needling. By examining the mechanical proper-
S~ties of felts at slow speeds, high speeds and while under impact, several
S~points are clarified. The first is that the process is dependent upon
S~fiber-fiber interaction, rather than breakage, to a very large degree,

and that anything that interferes with this interaction (treatments,
S~binders, reinforcing fabrics)tends to lower the ballistic resistance.

Secondly, the slow speed of the reaction of the felt to impact by a mis-
sile can be determined by high-speed photographs (Figures 10 and 11).
These figures show typical silhouette photographs of felt impacted with
the 17-grain fragment simulator. These photographs are of the same mis-
sile impact with a time separation of 77 microseconds. From such photo-
graphs, it is possible to determine the speed with which the material"
reacts to gross deformation to the impact. This deformation can be
designated as a "kink" wave velocity, which is the north-south direction °
in the figures shown.....

In Figure 12, kink position versus time after impact has been plot-
ted for nm~erous tests on nylon ballistic fabric and on nylon needle- -
punched felt. The above statement of the slowness of felt to react to
the impact becomes apparent from Figure 12, especially as compared to
the faster reaction time exhibited by the nylon fabric. Because of
this fact, a felt's ability to absorb the energy of a missile (as
compared, for example, to that of a fabric) is strongly dependent upon "
the relatively high elongations attained even during ballistic impact.

Finally, all previous work intended to investigaze the influence
of needling -wes in the range of many hundreds of penetrations per inch
and, in fact, showed little effect of needling. Of all the parameters...
that could be selected (angle of needling, type of needling, angle of
ply, fiber length) it may seem strange that the amount of needling was
given primary emphasis. However, the importance of fiber mobility
(fiber-fiber interaction) for effective performance made this direction ...

*Made for Fiberwoven Corporation, Elkin, North Carolina by the
Textile Machine Works, Reading, Pa.
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FIGURE 10. FELT DEFO,'IAfZION INDUCED By IMPAcT
WITH 17--(-LA4 FRAQIENT SILATOR

211

S-- - 21S AVAILABIT PfPYIi



"Ilq •EVAgCrM Ml TO 64Q FT/Wl

A NV.•N FIT-NTI*L 11S.E

VIRDOTY. M0 TO OGI FT/IS

to..

am---

vmm

so ISO om
T.. AFTIo OWT (Ip SI0

.IGRII 12. CCOMARA•fVE KINK POSITION OF NYlON FABRIC
AND NYLO FELT AT EQUAL IMPACT VEILCITIES

22

.I



more logical. From these studies, it was concluded that previous work
and most industrial applications and "know-how" had led to over-needling
of a complete order of magnitude. A new study of needling started with
only 277 penetrations per inch and added additional needlings. Th-%
results of this study are illustrated in Figure 13. The materia.ls desig-
nated as A. (VEE 2011), 0. (VEE 2012), B. (VEE 2013), and C. (VEE 2014)
were prepared as designated in the following paragraphs(1 3 ):

a -VN7Wos

/A --- ",o

FIUR 13 V5 A-- A' FUCINoFAEA ESIYFRET

iff

S* 4 g 6 /0 , /4 1d /8 • ,1, $' ..

,!•h •'•/FY(atr//d,')

FIGURE 13. V 50 AS A FUNCTION OF AREAL DENSITY FOR FELTS ""

WITH DIFFERENT DEGREES OF NEEDLING
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(a) A - VEE 2011

This needle-punched felt was prepared from 67 per
cent,6-denier, 3-inch staple uncrimped nylon, and 33 per cent, 3-denier,
2-1/2-inch staple crimped nylon. The 4-ounce batts resulting from the ii
carding operation were needled (277 penetrations per square inch) and
cross-lapped at about 200. Four batts were needled together (277 pene-
trations per square inch) to give a felt with a thickness of 0.110 to
0.125-inch and a weight of 13.3 ounces per square yard.

(b) 0 - Viz 2012

This felt was produced by taking Felt VEE 2011,
which had 277 needlings per square inch, and needling the opposite sur-
face an additional 277 penetrations per square inch. The resulting
weight was 11.8 oz/sq yd and the thickness equal to 1.090 to 0.095 inches.
The 277 penetrations per inch used on the original 4-ounce/sq yd batts
are generally ignored, since they are common to all the felts, used only
for furnishing integrity to them, and neither add nor detract from the
ballistic performance.

(c) B - VEE 2013

VEE 2012 was given two additional needlings of 277
penetrations per square inch -- one on each side. This felt with a total
of 1108 penetrations per square inch has a weight of 11.7 oz/sq yd and a
thickness of 0.085 to 0.095-inches.

(d) C - ViE 2014

This felt was produced by doubling VEE 2012 and
"needling once on each side. The resulting felt had a weight of 25.4 -.....
oz/sq yd and a thicknecs of 0.135 to 0.150-inches.

From these studies it was concluded that the optimum needling fo919)ballistic purposes is the single needling of 277 penetrations per inch .

The curve of ballistic resistance (as shown by V50) versus areal
density is of a different form for the lightly needled felt. The more
heavily needled felts lose their advantage over other materials (i.e.,
fabric, the regulation 1/3 inch felt) at much lower areal densities.

A comparison between the lightly needled felt for various numbers
of layers, the regulation nylon fabric, and the heavy 50 oz/sq yd highly
needled standard felt is given in Figure 14.

p
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(3) Angle of Needling. Techniques are available which allow
a felt to be needled at different angles. One would expect that great
differences in felt properties would occur, depending upon the average .

direction of the fibers introduced by needling. A photomicrograph of
a needled felt shows the influence of needling in forcing some fibers
to asstme the through thickness direction (Figure 15).

The preliminary results of needling studies are shown in Table VI.

These initial studies indicate that angle of needling is in fact
a rather minor parameter compared to the previous factor, amount of
needling. This conclusion applies whether crimped or uncrimped fibers
are used. It should be emphasized that these studies are still in a
preliminary stage and it is possible that it is not yet known how to
obtain the greatest benefit ballistically from angle of needling.

(4) Crimped versus Uncrimped Fibers. The use of crimped
and uncrimped fibers in various proportions has been the subject of
several studies. Results of the latest study are shown in Table VI.

TABIL VI

FELT. CRInPED AND CRIMPED/UNCRIMPED

Style Angle of Areal .
SNo. Description Needling D V50  Normalized

(Degrees) (o/sq yd) (fps) (fps)

48-10 Nylon, Crimped 12 5.33 1125 1142

48-11 Nylon, Crimped 8 5.21 1124 1144

48-12 Nylon, Crimped 20 5.35 1152 1168

48-15 Nylon, Crimped 0 5.13 1123 1145

48-09 65/35 Uncrimped/ 0 4.91 966 993
Crimped Nylon

48-13 65/35 Uncrimped/ 8 7.11 984 956
Crimped Nylon

48-14 65/35 Uncrimped/ 12 5.55 954 966
Crimped Nylon

48-17 65/35 Uncrimped/ 20 6.27 994 988
Crimped Nylon

*Normalized Range, Crimped Nylon 1142-1168

Normalized Range, 65/35 Uncrimped/Crimped 956-993
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An attempt was made to keep all factors except the use of crimped
and uncrimped fibers constant. Angle of needling was altered in some
cases, but even here each sample has a counterpart with the same angle
of needling and only the amount of uncrimped fiber changed. The conclu-
sion to be drawn from these data is the superiority of the felts prepared
from crimped fibers. The use of crimped and uncrimped fibers is still
the subject of intense investigations, since unpublished work done at
Natick Labs has shown that careful laboratory preparation of a felt from
100% uncrimped fiber can give ballistic results superior to any of those
shown in Table VI. This apparent anomaly is due to the three factors
involved in comparing uncrimped and crimped fibers. The first of these
factors is that uncrimped fiber generally has higher strength than the
crimped fiber. The second factor is that uncrimped fiber has an oppor-
tunity for greater fiber-to-fiber contact than the uncrimped fiber. The
last factor concerns the extra entanglement which may occur with crimped
fibers.

(5) Length of Fibers. In general, ballistic resistance rises
with the length of staple fiber used. The rise is rapid in the very
early stages from one to four inches and very moderate thereafter. It
is more and more difficult to process a felt as the length of fiber is
increased beyond four inches; therefore, this area of very long fibers
has not been suitably investigated. An infinite fiber length can also
be produced by an entirely different, new method of processing, known
only to a few industrial concerns.

(6) Thickness of Felt. The thickness of the felt for a
given weight is one of the most important parameters in determining its
ballistic resistance. In general, the thicker the felt, the higher the
ballistic resistance. For the clothing designer, the thinner the felt,
the easier it is to incorporate into the clothing system. For this
reason, the attempt is made to lower the thickness of the felt to a rea-
sonable level with the least loss possible in ballietic performance.
The worst way to lower the thickness is by needling. The best method
is to press the felt at the lowest temperature possible. Examples are
given in Table VII.

SCopy
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TABLE VII

EFFECT OF THICKNESS UPON TIM BALLISTIC RESISTANCE

I OF NEEDLE-PUNCHED FELTS

sample t(indiv layer-in.) t(total-in.) Areal Densit V50 (fps)
(oz/sq MF I

Falters Nylon *5U .332 1.33 8.8 1491

Falters Nylon #5P1  .155 .62 8.8 1388

Falters Nylon #OP2  .133 .80 8.6 1209

Falters 1.1 .520 .520 6.0 1118

Felters 1.2 .330 .330 5.6 1069

The results show that tcIte fi'rs;e -eLt #)U lost cver 100 fps when
properly pressed from t to U.i55-inch and fired as a four-layer
structure of 8.8 oz/sq ft. The third felt listed was prepared from the same
felt, #5U, but the pressing procedure so altered the structure that five
layers were needed to obtain the same areal density. Needling could have
been used to attain the decreased thickness, but the loss would have been
even more severe as shown in Section 2.b.(2), Density of Needling. The last
two felts listed show the effect of pressing upon the ballistic resistance
of a one-layer felt. The loss was quite moderate but the thickness change
was also more moderate than in the previous example.

(7) Angle of Ply. The apex angle is the angle made by the web
in the cross lapper as it is formed into a battin,-. The web is a very thin
film of fibers (approximately one to four oz/sq yd) leaving the card or
Garnet machine. This apex angle is usually about 280 in all or 140 as meas-
ured from the perpendicular. Small changes in the apex angle apparently
cause very little change in the ultimate ballistic properties of the felt.

c. Dynamics of Felt Impact

The dynamic properties of needle-punched felts have been investi-
gated in some depth. One method used tensile testing of felt strips at
different rates of straining. Rates of 30%/min and 300%/mmn were attainable
using an Instron tester, and a pneumatic type tester was used to obtain a
straining rate of 300,0007./minute. The results of these tests have been
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discussed briefly and shown previously (Figure 4). The important
feature is the almost complete lack of time dependence exhibited. This
was one of the pieces of evidence which led to the concept of a "stick-
slip" mechanism rather than the usual fiber breakage mechanism charac-
teristic of fabrics.

Additional evidence for this mechanism from the same study was
given by the characteristic elongation of the felt (80 to 100 per cent),
or four or five timas that expected from extension of the fibers alone.

A second method of studying the dynamic properties of felt involved
the use of a high-speed compression penetration test, This test utilized
a penetration probe with a point shaped like the 17-grain frapgent simu-
lator snd for ballistic evaluation and a test speed of 10,000 inches per
minute . The test restlts for various felts correlated quite well with
t!e missile energies calculated from the V5 0 results (Figure 16).

I"i40-

$ I0 IIs
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FIGURE 16. RELAT~IONSHIP BETWEEN WORK-TO-RUPTURE BY
C014PRESS ION PENET ION TESTS AND
V50 BY BALLISTIC FIRING
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The third method used to investigate the dynamLc propertes of
felt irnolved the actual impact of the felt with a mlssil.a trapwnt.

High-speed photography was used to follow the interaction (Figure 17).

I

I L
,f

FTGUR 17. SEQUENCE PHOTOGRApHs oF miSSILE-FELT I=TRACTION
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The 17-grain frapgent simulator moves from right to left with each
frame, stopping the action 77 microseconds after the frame directly
"above it. The Dynafax high-speed camera was actually capable of speeds
equivalent to microseconds/frame, but only alternate frnmes are shown
in this strip

Because a silhouette method was used, there is a tacit assunption
that the deformation is homogeneous within the cone and that the velocity
of all the felt material within the cone is the same. Based upon this
assumption, information concerning the amount of material in the cone
and its velocity can be obtained. The results of such studies for both
felt and nylon ballistic fabric at the same impact velocity (500 fps)
are described in Figure 18. Figure 18, obtained by a simple kinetic
energy calculation, shows that the fabric picks up kinetic energy from
the missile much faster than the felt. (This was one of the facts le4)
ing to the development of a lightly needled felt with more mobility.)

I1 The data from the high-speed photographs of the missile-felt interaction
can be reduced to give projectile displacement information (Figure 19).

[! I
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These data can, in turn, be differentiated graphically to yield
a velocity-time plot (Figure 20). A second derivative gives a
deceleration-time profile which is simply converted into a force-time
plot (Figure 21).
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Another method was available for decermining the response speedof a material like felt, using the Henry Morgan ILH Sound VelocityMeasuring Device. The results of some of the studies conducted are
- shown in Figure 22.

0O°

"-- " - - - - 0g IO fte w O-0

S~.402 too 40/mm 
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FIGURE 22. VELOCITY OF SOUND IN NYLON FELT
AS A FUNCTION OF ORIENTATION
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The conclusions most easily obtained from Figure 22 are as fol-
love: (1) Considering the method of manufacture, tie felt is ratherisotropici (2) Stretching the felt in the machine direction increased the

sound velocity in that direction, as would be expected; and (3) the
velocities ara rather low: 0.5 x 105 cm/sec or 1500 fps as contrasted
with a velocity of 8500 fps expected for the component fibers.

Most of the preceding studies were deficient in assuming homogeneous
deformation within the cone of deformation. To determine displacement-
time data for many points on the felt specimen simultaneously, it was
necessary to utilize a new technique entitled "The Spark Gap Technique.'(l 6 )
In this method, the points are located and defined as spark gaps on the rear
of the felt specimen to be impacted. These spark gaps are obtained by sew-
ing fine wires into the felt at 1/2-inch inter,als (Figure 23). The wire
between the spark gaps is not taut to protect the experiments from adverse
interactions during impact. During the impact by a .22 caliber fragment
from a Hornet rifle, the felt specimen was held in a four-inch diameter
circular opening. A switch was placed in the path of the missile (on the
front of the felt surface) to trigger the electrical pulse from the pulse
generator. Thus, a 10,000-volt pulse traveled to the back of the felt
via the wire to the spark gaps. These pulses were of 2 microseconds dura-
tion and occurrad 86 microsecends apart. Pinpoints of light at the spark

gaps defined the location of each station every 86 microseconds. These
pinpoints of light exposed a film and produced results typically like those

shown in Figure 24. The data were then plotted to show the position-time
relationship during the impact event for the stations on the rear surface
of the felt. The following conclusions can be realized from this work:

(1) The felt is deformed in different amounts within the cone :

dependent upon the distance from the impact.

(2) Fprce-time curves can be obtained by double differentiation
of the position-time data. This information could be valuable for pre-
dicting the dynamic properties of the felts and for improving the felt I
system. The difficulty is the large error inherent in double
differentiation. I

I

i0

36 ~~



Ak-

ilk'

-4 .14

A I

FIGUR 23- ATTACHMM.1 OF SPARK GAP WIR To
REAR SURFACE OF NYLON FrLT SAIJLE

37

BEST AVAILABLE COPY



FTGtTRE 24. PROFILE OF FELT DEFORMATION BY "SPARK GAP" TZCHNIQUE
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d. Predictive Equations

Based upon a combination of momentum conservation and an

assumption of an empirical relationship V - Vo' /2, a -- edictive

equation was developed by Ipson and Wittrock (16)of the L kring form:

v - J..Voe -43yp R [s4t) 3/2 ~r3/21 (2)
mp

where: V a velocity of projectile at time t

Vo = initial impact velocity of the projectile at time zero(fps)

Vp - projectile velocity at any time, t (fps)

w M radial transverse wave velocity relative to the r

coordinate (fps) - - u

Ct radial transverse wave velocity relative to stationary

felt material (fps)

W radial velocity of felt material imparted by

longitudinal wave (fps)

r = radius measured from the axis of the projectile

(inches and feet)

t - time after initial contact of projectile and felt

material (seconds)

mp = projectile mass (slugs)

24
p - mass density of felt material (lb - sec /ft )

R W radius of .22 caliber fragment simuliting projectile (.0183 ft)

T - thickness of the felt material (inches)

39
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In addition to the assumption inherent in positing the exponential

empirical relationship between the projectile velocity at any time and

the impact velocity, there is also an assumption that the material

velocity decays according to the expression suggested by Rinehart:

Vr V ~ (3)

Using this equation, prediction of experimental velocity - time

data is quite accurate when the impact velocity is half of the V5 0 or

lose.

The empirical relation

Vp v/oe-t 3 /2 (4)

requires knowledge of the term K in terms of material properties. To gain

this knowledge requires additional assumptions connecting V and V r; the

p z

projectile velocity and the material velocity, respectively, are

necessary.

Equation (2) accurately predicts the results when the impact
velocity is well below the ballistic limit value. However, as the impact
velocity approaches the ballistic limit value, the discrepancy between
the prediction of empirical equations and experiments increases sharply.
The reason for this is that K was assumed to be a constant dependent
only on the parameters of the material. The fact that K may not be
constant as the impact velocity approaches the ballistic limit value may
well be the reason why the theoretical and experimental data do not agree
at this stated limit. This, therefore, leaves the task of establishing
the relationship between material parameters and ballistic properties in
the region where the impact velocity approaches the ballistic limit value.

The main failure of the model at higher impact velocities may have
been due to the felt materials becoming predominantly visco-plastic at
the higher stresses and strain rates associated with the higher impact
velocities. In any event, it is obvious from many experimental
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observations that the behavior of felt cannot be approximated by any
simple stress-strain relationship. In addition, the degradation of the
transverse motion as a function of radius probably is not a simple
function of geometry. The absorption of plastic energy probably perturbs
this degradation considerably. Future work in this area would have to
be based initially upon a two-dimensional system using narrow strips of
felt. The three dimensional case is too large a step forward frcm the
yarn analysis conducted by Fenstermaker, Smith, Shiefer, et al.at the
National Bureau of Standards(1 7 )( 1 8 ).

'3. Conclusions

As indicated in the Introduction, one of the main goals of this
report was to assess the importance of isolatable parameters in ballistic
resistant felts. The following sections attempt to summarize this so
far as it is possible.

a. Fiber Parameters

(1) Molecular Type. At the present time, experimental evidence
favors the polyamide type fibers over all other fiber types.

(2) Molecular Weight. In general, increases in molecular weight
improve ballistic performance. Presently available coimnercial materials
are produced at molecular weights of up to 21,000. It can be anticipated
that molecular weights even higher than the current 21,000 figure will
result in slightly improved ballistic performance. Reduced molecular
weights generally lead to reduced tenacity and thus to poorer ballistic
performance.

(3) Tenacity. Increased fiber tenacity generally leads to
increased ballistic performance in either felt or fabrics.

(4) Molecular Weight Distribution. Little knowledge is available
concerning the influence of the molecular weight distribution upon the
ballistic performance of the fiber in felt or fabric form. There is
considerable potential for improvement of fiber properties by altering
distribution of molecular weight since narrowness of distribution is thought
to give improved properties to fibers (e.g., higher tenacity). With con-
densation-type polymers such as the p.Dlyamides, inherent difficulties
in conducting such a study result from the tendency of the polymer system
to revert to the most probaole state (where the weight average is double
the number average molecular weight).
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(5) Crystallinity, The importance of the crystallinity
parameters of fibers relative to ballistic performance has not been
studied. It is expected that relatIvely significant improvements may be
realized as more knowledge is gained of the size, perfection and orienta-
tion of crystalline components in fibrous polymers.

(6) Draw Ratio. Draw ratio currently appears to be more or less
maximized (for specific molecular weights of high performance textile
materials) in regard to longitudinal strength. Further increases in draw
ratio can only be attained by use of higher molecular weight polymers.
Higher molecular weights, however, may be difficult to maintain during
the transformation from polymer to fiber, and it is problematical whether
increased draw ratios will be assured due to complexities such as molecular
entanglement.

(7) Elongation. Nc correlation is presently available between
fiber elongation and the resulting ballistic performance of a felt. It
can be predicted, based upon very limited experience, that minimum
elongation-to-break is more important to the ballistic performance of a I
felt than to that of a fabric. Most studies,by necessityphave been
restricted to fibers having elongations of 20 percent. For example, at-
tempts to prepare felts from low elongation fibers such as glass, poly- - ...ester, and polyvinyl alcohol have resulted in poor ballistic performance

compared to polyamide fibers.

(8) Work-to-Break. There is only very limited correlation of
work-to-break of component fibers with the ballistic performance of the
resulting felts. A series of fibers of the same family and different
work-to-rupture values has yet to be adequately evaluated.

(9) Fiber Surface. Finishes used on polyamide felts generallydiminish ballistic performance. Silicones, colloidal silica and polymeric

treatments have produced felts with diminished ballistic performance even
in cases where the mechanical properties of the felts (e.g., strength)
were improved. It is thus concluded that polyamide fibers used in bal-
listic felts have frictional characteristics very near the optimum and
extreme care will be necessary to produce even marginal improvements
in ballistics by finishing techniques. Other fiber types may require
a finish to realize their ballistic potential because of less than
optimal surface characteristics. The use of blends of fibers with dif-
ferent surface characteristics, for example, may offer the possibility
of significant improvements in ballistic performance. The greatest
potential should be offered by the new industrial procedures for modify-
ing fiber surfaces by chemical modifiers and/or radiation.
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(10) Fiber Denier. Past work, specifically on acrylic fibers
used in low density felts, has shown that ballistic performance is favored
by low denier fibers. In the case of polyamide fibers, appropriate deniers
have not been available for a corresponding study, and, therefore, correla-
tion of denier to ballistic performance has not been investigated.

b. Fabrication

(1) Type of Needling. The type of needle is not a primary factor
in the imprcved ballistic performance of a felt.

(2) Density of Needling. Low density needling favors improved
ballistic performance.

(3) Angle of Needling. Angle of needling has been found to
play an unimportant role in the resulting ballistic performance of a
needle-punched felt.

(4) Crimping of Fibers. Anonalous data exist concerning the
effect of crimping upon the ballistic performance of a felt. The pres-
ence of some crimped fiber is necessary to facilitate production of the
felt. Studies have been initiated to determine not only the influence-
of crimped and uncrimped fibers upon the performance of a felt, but also
the role played by the amplitude and frequency of the crimp introduced.

(5) Length of Fibers. In the range from 1/2 inch to 2-1/2
inches the ballistic performance of a felt is directly dependent upon
fiber length. Additional increments in fiber length do not significantly
improve ballistic performance.

(6) Thickness of Felt. The ballistic performance of a felt, all
other factors being equal, is directly proportional to its thickness. The
usual pressing operation conducted to attain a thickness of felt amenable

* to tailoring results in reduced ballistic performance.

(7) Angle of Ply. The angle of ply playb a very minor role
in the resulting ballistic performance of a felt.
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= p2. A&STRACT

As part of the continuing effort to Improve ballistic materials for personnel
armor, the fiber and fabrication parameters, dynamics of felt impact, and predictive
equations attempting to connect ballistic resistance to known measurable parameters
were reviewed for needle-punched felts. The ballistic resistance of needle-punched
felts at low areal densities has been found to be superior to that of any other
known material. on the other hand, at increased areal densities and against higher
velocity missiles, other materials becom competitive.

The extent to which needle-punched felts maintain their superiority to other
materials at moderate areal densities is dependent upon certain fiber and fabrication
properties. The highest tenacity polyamide fibers are currently the best available
material. In the case of fabrication, a relatively low degree of needling furnishes
the best ballistic properties. In general, the thicker the felt that can be
tolerated (at the same weight and areal density), the better the ballistic resistance
In addition, it is apparent that the level of ballistic protection varies depending
upon the method of attaining the desired thickness.

The need is shown for additional work to determine the effect of fiber
properties such as fiber denier, molecular weight, molecular weight distribution,
and elongation upon the ballistic properties of the resulting felts. This work, in

* ~turn, will depend upoan the availability of model fibers in which these parameters
can be studied independently.
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