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ABSTRACT

A viscous silicone oil coating was applied to glass
and Kevlar fibers in a high-density polyethylene matrix. The
composites were tested in ballistic impact, and the energy
absorption measured as the loss in translational kinetic
energy of a .22 caliber long rifle bullet with a muzzle
velocity of 380 m/sec. Composites with coated 3-ply glass
yarn absorbed 75.81 J, compared with 26.05 J absorbed by
composites with uncoated glass yarn, an increase of 175%.
Composites with triple strand untwisted glass fibers, and
with Kevlar 29 and 49 fibers showed lesser increases in energy
absorption with coated fibers. It is suggested with composites
incorporating fibers with greater elongations-to-break show
greater increases in energy absorption with coating on the
fibers because of increased shear of the fluid coating, and
that twisted fibers allow even more fluid shear as they
elongate and untwist. Composites with coated fibers are
proposed for high-velocity impact applications in automobiles
and aircraft.
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For now we see through a glass, darkly; but then face
to face: now I know Ln part; but then shall 1 know
even as also 1 am known.

1 Coninthians 13:12
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work of plastic deformation (static)
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tensile strength of fiber

12



fiber volume fraction

stress in matrix when fiber breaks
work of plastic deformation of bullet
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strain in bullet

deformed volume of bullet

shear stress in fiber
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shear strain rate of fluid

work of fluid shear
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I. INTRODUCTION

Fiber-reinforced thermoplastics are high strength
materials which are easily processible into finished parts by
thermoforming techniques. Increasing their energy absorption
upon impact would make them attractive for high velocity impact
applications such as automobile bumpers, highway guard rails,
and aircraft and automobile fuel tanks.

Incorporation of high strength, high modulus fibers
into thermoplastics generates significant increases in static
properties including modulus of elasticity, tensile strength,
and fracture strength, but tends to decrease the impact resis-
tance of the material. The effect of the fibers is to initiate
and propogate cracks, and to cause localized stress concentra-
tions that lead to brittle fracture in materials which would
otherwise yield under impact loading without catastrophic
failure.

The methods of energy absorption operative upon fail-
ure of a fiber-reinforced plastic include fracture of the com-
posite, fiber-matrix debonding, and fiber pullout from the
matrix. The fracture energy of a given fiber-matrix system
can be increased with fillers and carefully controlled proces-
sing, but the improvements possible with these techniques are
very limited. Previous attempts at increasing energy absorp-
tion have concentrated on fiber-matrix debonding and fiber

pullout.

14



1.1 Previous Attempts at Increasing Energy Absorption

Atkins and Ma.rtson1 experimented with alternating
regions of strong and weak fiber-matrix interfacial bonding
within composite materials. Regions of weak bonding were
produced by coating the fiber surface with silicone vacuum
grease or polyurethane varnish. The strong bonds imparted
static strength to the matrix material, while the weakly
bonded areas served to blunt the tips of propagating cracks,
thereby increasing fracture toughness.

Morley, et a1.2 incorporated a duplex fiber consisting
of an outer core strongly bonded to the matrix, and an inner
core weakly bonded to the outer core. The composites supported
static loads greater than those supported by conventional mate-
rials, absorbed large amounts of energy in cyclic loading, and
absorbed up to 2.5 times as much energy as austenitic stainless
steel in ballistic impact.

Fa.vre3 used various materials as delamination promoters
between layers of graphite fibers, graphite-epoxXxy prepregs or
graphite-phenolic prepregs and epoxy-resin. He found an in-
crease in energy absorption in composites which normally dis-
play brittle modes of fracture when as little as a three per-
cent volume fraction of thin metallic or polymeric sheets was
incorporated into the lay-up, witk no effect on static and
fatigue strength. The method proved inadequate, however, for
composites where pullout, debonding or delamination mechanisms

were already predominant in fracture.
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Jones4

presented the concept of coating the fibers

with a viscous fluid to increase the fracture toughness of
composites. By optimizing coating thickness such that the
shear force in the fluid coating is maximized without exceed-
ing the tensile strength of the fiber, a large amount of energy
can be absorbed in the fluid as the fiber is pulled from the
matrix. For a composite of glass fivers coated with silicone
oil in a briftle polyester matrix, Jones increased fracture
toughness as measured by Izod tests by more than 150% over

that of uncoated glass fiber-polyester composites. The poten-
tial applicability of the process to a polyethylene matrix was
demonstrated by a ballistic impact test in which energy absorp-

tion of a coated fiber composite increased by 11% over that of

an uncoated fiber composite.

1.2 Impact Testing of Fiber-Reinforced Thermoplastics

Thermoplastic materials are very ductile at low strain
rates and tend to not break in conventional Izod and Charpy

5 demonstrated that glass-HDPE composites

impact tests. Jones
could be perforated by a 17-grain pellet at velocities exceed-
ing 779.2 ft/sec (256 m/sec).

Impact tests providing complete breakage or perfora-
tion of the samples were desirable, as is a complete break in
conventional tests, for comparison of energy absorption among
different composites. With the expectation of increasing

energy absorption and, therefore, perforation velocity, a high

velocity ballistic impact test was selected.
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1.3 Studies of Ballistic Impact

6

1.3.1 Energy and Momentum Analysis. Goldsmith™ ana-

lyzes projectile penetration and perforation of thin plates

from both energy and momentum considerations. His energy

analysis considers a static work term of plastic deformation,

and a dynamic work term associated with accelerating the

deformed portion of the plate from rest to the speed of the

projectile
projectile.
Ws
or
Ws
and
W3
where
Or
h
0
R
r
m*
t

[}
and r is a

assuming the plate deforms to the geometry of the

These are given respectively as:

= = r ds
= OY S deo oy fo S

N nthoo

4
t d?r to dm dr
Ly acz ° gt at

yield stress of plate in uniaxial tension

plate thickness

= projectile radius
= radius of hole in plate

= displaced mass

time for projectile to perforate plate

function of time.

The dynamic work integral can be calculated for a

given projectile geometry. For an ogive, the standard ammuni-

tion geometry.

v,t
L
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where

v initial projectile velocity

1
L

length of nose of projectile
assuming constant velocity during perforation. Equation 2

then gives

W

ViR 2 2
a 1.86p (_E—) Il hoR

o)

density of plate

Combining Ws and Wd we get total work for a thin plate

perforated (completely penetrated) by an ogival projectile as:
= 2 ViR,
W= Th,R [1.860 () + %0 ]

Goldsmith's momentum analysis considers the initial momentum
of the projectile, mv,, to be equal to the sum of the final
projectile momentum mv and Cy? the plate momentum within the
deformed region, when Cx is given as:

9E<r , x>

r
Ty = 21Ip hofo vr, "X dro

The function g<r,, x> is a deformation function postulated from
experimental observation. In the case of a conical projectile
of nose angle 2a, perforating a plate which deforms to its

shape,

E=x (tana—ro) cosa
and

z, = Nph,v tana (l-sina) (xtana)?

X
This analysis agrees well with experiments but postulates no

relation between material properties and energy absorption.
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i.3.2 TForce-Velocity Analysis. Awerbuch and Bodner '

consider a three-stage penetration during projectile perfora-
tion of metallic plates. In the first stage, inertial forces
resist acceleration of the mass of the plate in contact with
the projectile and compressive forces due to the compressive
strength of the plate material act to resist the projectile.
These forces continue to -act during stage two peﬁetration.

In addition, a shear force results from relative motion between
the plate and a plug of plate material which accelerates with
the projectile. 1In the third stage the ejected plug moves with
the projectile and is acted upon only by a shear force on its
surface area. When accompanied with experimentally determined
deformation geometries, this force analysis provided good
predictions of post-perforation projectile velocities and
perforation times. It provides no corrélation, however,

between material properties and these empirical considerations.
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II. THEORETICAL ANALYSIS OF ENERGY ABSORPTION

Energy absorption in perforation of fiber-reinforced
thermoplastics is expected to be determined by plastic defor-
mation and fracture of the composite, plastic deformation of
the bullet, fiber elongation and fluid shear, and inertia and
friction effects. Each of these energy absorbing mechanisms

is considered below.

2.1 Plastic Deformation and Fracture

Assuming the compésites to be rigid-perfectly plastic,

the work of plastic deformation, W_, is given by

p
Wp = [f1y 4V
where
T = shear strength of composite
= shear strain in composite
V = deformed volume of composite

Shear strength of the composite can be taken as one-half the
tensile strength by the von Mises' yield criterion. Tensile

strength is given by

O, = Og Vg + 0/ (1-V¢) (2.1)
where

0o = composite strength

O = fiber strength

Vf = fiber volume fraction

omf= stress in matrix when fiber breaks

20



The stress in the matrix when the fibers break is either the
matrix yield stress oy, or the product of matrix modulus and
ultimate elongation of the fibers E, €g» whichever is less.

Wp, then, is given by

W, =Sk [of Ve + 0 (1-vf)] ydv  (2.2)

where shear strain, y, and deformed volume, V, are measured

from tested samples.

2.2 Bullet Deformation

The work of plastic deformation of the bullet is

likewise.

W

B fcbeb dVb (2.3)

where
Oy = bullet yield strength
€p = strain in bullet

Vb = deformed volume of bullet

The yield strength for lead can be found in tables; the strain

and deformation are measured from the test samples.

2.3 Fiber Elongation and Fluid Shear

Fiber motion relative to the matrix, whether by elonga-
tion or pullout, causes shear in the fluid coating the fiber.
For viscous Newtonian fluids, the shear stress resisting fiber

motion is

av
T 3 ——
T

21



and the energy absorbed in shear is

W S tdA ds

'S

where
shear stress on the fiber

~
it

p = fluid viscosity
dr = strain rate
A = fiber surface area = 2lr&

ds = change in fiber length

Assuming the fiber moves with the bullet at velocity V, within
a uniform coating of thickness t, the strain rate in the fluid
may be estimated as V/t. 1If the fiber elongates to its break-
ing strain, ds can be estimated as 2de where £ is the length
of fiber elongated as measured from the deformed area in the
tested samples, and de is the ultimate fiber elongation.

Energy absorption is then given as:
W.=/fu¥2nretde (2.4)
s t )

2.4 Inertia and Friction Terms

An inertia or dynamic work term may be evaluated as
proposed by Goldsmith.8 Assuming the deformed voiume dv of
the composite to be accelerated from rest to the bullet velo-

city, the energy required is

_ dr? dm dr
Wd-fm d—t-z-dr"'fa-:Ea?dr
where
m = displaced mass
r = radius of determined area

22



For a standard bullet of ogival geometry

- msin T Ut
r = Rsin 5 T,
where
R = bullet radius
V = bullet velocity
t = time required for bullet to perforate plate
L = length of bullet nose

Evaluating the integral for Wy gives

1.860 (V—Ilf)2 mh, R (2.5)

Wg
where
density of plate

O
]

h = thickness of plate

A frictional energy term can be estimated assuming a normal
force equal to the yield stress of the matrix acts over the

surface area of the bullet. This gives

S W.=foc A=fo 2rre (2.6)
£ y y ( )
where
f = friction coefficient
°y = matrix yield stress

A

fiber surface area

2.5 Summary

The energy absorbed in fiber pullout or elongation, and
fluid shear is dependent upon fluid viscosity, strain rate,
coating thickness and fiber properties. Varying the thickness

of the fluid coating on the fiber will vary the strain rate in

23



the fluid. The viscosity of the fluid will also vary, as a
result of its strain rate dependence as shown in Figure 2.1.

At exceedingly high strain rates, applied for short time spans,
the fluid displays a transient response as shown in Figure 2.2.
Increasing coating thickness will decrease strain rate, and,

if viscosity effects are predominant, will decrease energy
absorption. If, however, the strain rate is high enough and
duration of the deformation is short enough that transient
response is the major etfect, energy absorption should follow
a curve similar to the transient response of the fluid. Expec-
tations are that the transient response will predominate at
small coating thicknesses, and strain rate-viscosity effects
will predominate at greater coating thicknesses.

Energy absorption in fluid shear is also dependent
upon the behavior of the fiber. A strong fiber may withstand
the impact of a bullet and be pulled from the matrix, causing
fluid shear along the entire length of the fiber. A weaker
fiber would break, absorbing only the energy required to break
jt. A fiber strong enough not to break immediately upon impact,
yet not strong enough to be pulled from the matrix, should
elongate before breaking, causing fluid shear and energy
absorption along the portion which elongates. A more elastic
fiber should, therefore, lead to more energy absorption.

The energy absorbed in deforming and fracturing the
composite is a strong function of composite strength, assuming
the composite will fracture in a brittle manner at ballistic

impact velocities. Since composite strength is directly
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related to fiber strength by Equation 2.2, a stronger fiber
should increase energy absorption. This increase is expected
to be not as pronounced as the increase in energy absorption
with coating thickness and fiber elasticity.

Energy absorption associated with bullet deformation
and inertia effects is not expected to vary very much with
changes in coating thickness or fiber properties. No energy
is absorbed in friction between fiber and matrix when the
fibers are coated. Experiments to substantiate the theoretical

analysis contained herein are described in the next chapter.



III. EXPERIMENTAL PROCEDURES

A program utilizing Jones' method of toughening compo-
sites with a viscous fluid coating on the fibers, and using
ballistic impact tests to determine energy absorption was
conducted. Thermoplastics were selected as the matrix mater-

ial because of their ductility and high fracture toughness.
3.1 Materials

3.1.1 Matrix. A Texaco high-density polyethylene was
used as the matrix material. It's ability to fiow at low
temperature (125°C), to mold without leaving apparent voids,
and to cool without crystallizing contributed to the ease of

fabricating composites. Its properties are shown in Table 3.1.

3.1.2 Fluid Coating. DC-200, a Dow-Corning polydi-

methylsiloxane fluid, was used to coat the fibers. Because
the energy absorbing capability of the composite is expected
to increase with the viscosity of the fluid, the highest

available viscosity fluid, 100,000 centistokes, was used.

3.1.3 Fibers. Composites were made with both glass
and Kevlar fibers. Owens-Corning Fiberglas ECG 75 1/0, a
one-ply glass yarn with Z 30 TPM (i.e., 30 twists per meter
in a "Z" configuration, 0.7Z twists per inch), were used in
a single strand configuration, as well as a triple strand

configuration with no further twisting. Owens-Corning ECG 75

28



TABLE 3.1: PROPERTIES OF HDPE

Yield Strength
Elongation at Yield
Ultimate Tensile Strength
Ultimate Elongation
Modulus of Elasticity
Flexural Strength
Flexural Modulus
Compressive Strength
Poisson's Ratio

Bulk Modulus

Density

Melting Temperature

29

7 /2

3 x 10
9%
3 x 10° N/m?
600%
x 107 N/m?
.9 x 107 N/m?
.5 x 10° N/m?
7
.43

1
4
1
4.5 x 10
0
5.0 x 102 N/m?
0.97 x 10° kg/m>

125° C



1/3, a 3-ply yarn with Z 163TPM (3.8Z TPI) was used as sup-
plied. Composites were also made with DuPont Kevlar 49 and
29 single strand fibers with no twist; both are high strength
fibers of an aromatic polyamide. Kevlar 29 was also plied and
twisted into a 3-ply yarn to compare with the 3-ply glass yarn
composites. The physical and mechanical properties of the

fibers are shown in Table 3.2.

3.2 Fabrication

Composites were made by passiﬁg continuous strands of
fiber through a beaker of silicone o0il, and through one or
more dies of varying diameters to control coating thickness.
The fibers were wrapped around a 12" square by 1/8" thick
aluminum frame which was mounted in an engine lathe. The
fibers were fed along the length of the frame by the lathe tool
bed as the frame rotated in the chuck, such that they were
evenly spaced along the frame. Layers of 15 mil (.006 cm)

HDPE film were alternated with layers of fibers. Tne frame

was rotated 90° after each layer of fiber was layed-up, result-
ing in a biaxial fiber orientation. For, the initial glass and
Kevlar composites, fiber spacing was 28 per inch (11.28 per
cm); the triple strand glass fibers were spaced 14 per inch
(5.6 per cm). After lay-up on the lathe, the entire assembly
of 12 layers of fibers and 15 layers of HDPE was placed in a
hot press with 9-inch square aluminum face plates, heated to

130°C, and molded under 65 psi pressure for 30 minutes. The
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TABLE 3.2: PROPERTIES OF GLASS AND KEVLAR FIBERS

3-ply l1-ply Kevlar Kevlar
Glass Glass 29 49

Tensile Strength (NM/mz) 690 690 2758 2758

Modulus of Elasticity (MN/mz) 72000 72000 62000 124110

Elongation to Break 4.8%2 4.8% 4.0% 2.5%
Density (g/cmS) 2.54 2.54 1.44  1.44
Denier 1786 595 200 195
Diameter (cm) .007 .004 .002 .002
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composites were left in the press to cool, and then cut into
4 inch (10 cm) square panels, approximately % inch (0.6 cm)
thick. One hundred foot lengths of the fibers were weighed
before and after coating to determine the amount of fluid
coating on the fibers. It is given in weight of fluid per
unit length of fiber. Figures 3.1 and 3.2 show fabrication

of the composites and the finished composite.

3.3 Test Procedures

3.3.1 Tensile Tests. Each of the fibers was tested

in tension in an Instron machine to measure fiber strength,
elongation and modulus of elasticity. Samples were prepared
by placing fibers between cardboard tabs, securing them with
epoxy cement, and cushioning them with RTV Silicone Rubber
to prevent breakage at the edges of the cardboard tabs. One
of the Tensile Test specimens' is shown in Figure 3.3. The
samples were clamped in the machine and tested at a crosshead
speed of 0.5 inches per minute, with an 8-inch gage length

between the clamps.

3.3.2 Ballistic Tests. Ballistics tests were con-

ducted in the Strobe Laboratory at MIT. The composites were
held in a clamp and fired at with a .22 caliber long rifle,
using 40 grain bullets with a muzzle velocity of 380 m/sec
(1160 ft/sec). An EG&G Mutliple Microflash Unit was triggered
by a microphone pickup of the sound of the rifle to flash a

strobe light 10 consecutive times at 100 usec intervals (10
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FIGURE 3.1: FABRICATION OF COMPOSITES
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FIGURE 3.1: FABRICATION OF COMPOSITES
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FIGURE 3.1: FABRICATION OF COMPOSITES



FIGURE 3 2: FINISHED COMPOSITE
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FIGURE 3 2: FINISHED COMPOSITE
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FIGURE 3.3: TENSILE TEST SPECIMEN
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FIGURE 3.3: TEXNSILLE TEST SPECIMEN
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KHz frequency). A camera with open shutter in a darkened room
recorded the event on Polaroid film. The resulting photograph
showed ten consecutive images of the bullet and sample, before,
during and after perforation, from which was measured the
initial and final bullet velocities. The energy absorbed by
the composite was calculated as the change in the translational
kinetic energy of the bullet. The test set-up and one of the
resulting photograpbs are shown in Figures 3.4 and 3.5 respec-

tively.

3.3.3 Charpy Tests. Some of the samples were tested

in a Tinius & Olsen Charpy Impact tester to compare energy
absorption at a lower impact velocity than that of ballistic
tests. Samples were cut from the prepared panels at one inch
(2.5 cm) widths, approximately % inch (0.6 cm) thick and

4 inches (10 cm) long.
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FIGURE 3.4: BALLISTICS TEST SET UP
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FIGURE 3.4:

BALLISTICS TEST SET P



FIGURE 3.5: MULTIPLE MICROFLASH PHOTOGRAPH
OF BALLISTIC IMPACT
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FIGURE 3.5: MULTIPLE MICROFLASH PHOTOGRAPH
OF BALLISTIC IMPACT



IV. RESULTS

4.1 Tensile Tests

The fiber properties measured in tensile tests are shown

in Figure 4.1.

4.2 Ballistics Tests

4.2.1 Three-ply Glass Yarn. The energy abscrption of

composites with three-ply glass yarn is shown in Figure 4.2.
The composites with zero coating on the fibers absorbed 23.73J.
Energy absorption increased with amount of coating by 175%, to
75.81J at a fluid coating of 9.17 x 10-4g/cm of fiber length,
which corresponds to a coating thickness of 5.97 x 10"3cm,

with excessively heavy and non-uniform coatings, the energy

absorption decreased.

4.2.2 Triple Strand Glass Fiber. Attempts to make

composites with single strand glass fibers were unsuccessful
because the small diameter of the fibers made them difficult
to handle without abrasion and subsequent breakage, and dif-
ficult to evenly coat with the coating fluid. The strands
were tripled to overcome these problems, and to compare with
the three-ply twisted yarn. The fiber volume fraction was
reduced to maintain spacing between fibers.

The control samples with triple strand glass fibers
absorbed 30.67 J. Energy absorption increased by 50% to
46.01 J at a coating of 9.11 x 10~%g/cm, or 8.45 x 10 3cm.
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3-ply Glass

Triple Strand Glass

Kevlar 49

Kevlar 29

FIGURE 4.1:

Tensile
Strength

63 x 103psi

(434 MN/m?)
3 .

52 x 10" psi
(359 MN/m%)
3

103 x 10 psi
(710 MN/m?)
194 x 10°

(134 MN/m?)
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Elongation Modulus
to of
Break Elasticity
1.95% 3.2 x 10%psi
(22064 MN/m2)
2.06%  2.55 x 10%psi
- (17582 MN/m?2)
1.95%  5.29 x 10%psi
(36475 MN/m2)
3.48%  5.57 x 10%psi

TENSILE TEST RESULTS

(38405 MN/m>)
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The results are shown in Figure 4.3.

4.2.3 Kevlar 49 Fibers. Kevlar 49 - HDPE composites

absorbed 23.07 J with zero coating on the fibers. Energy
absorption increased 57% to 36.29 J at a fluid coating of
3.4 x 10'4g/cm, or 4.57 x 10"3cm. The increase in energy
absorption is less dramatic than that demonstrated by the
glass yarn composites, and, as can be secen in Figure 4.4, is
not as consistent with the aﬁount of fluid coating on the

fibers.

4.2.4 Kevlar 29 Fibers. The results of tests con-

ducted on composites made with Kevlar 29 fibers are shown in
Figure 4.5. The samples with uncoated fibers absorbed 24.62
J. Energy absorption increased by 65% to 40.53 J at a coating
of 0.371 x 10-4g/cm, or approximately 9.5 x 10'3cm coating
thickness. The increase in energy absorption is greater than
that of the composites made with Kevlar 49, but less than the
increase in energy absorption of composites made with 3-ply
glass yarn.

Kevlar 29 fibers were plied and twisted into the same
configuration as the 3-ply glass yarn for direct comparison
with that yarn. The silicone oil, however, failed to wet the

yarn.

4.3 Charpy Tests

The samples tested in Charpy impact tests failed to

break. The impact strength of the materials could, therefore,
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not be measured. The samples, after impact, are shown in

Figure 4.6.



A. Unnotched

B. Notched

FIGT"T 4.8: CHARPY TEST SPECIMENS
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V. DISCUSSION

5.1 Three-Ply Glass Yarn Composites

The composites with three-ply glass yarn showed an
increase in energy absorption of 175% with increased coating
thickness. Data measured from the composites with greatest
energy absorption is used in the following analysis, except
where otherwise noted, to correlate the theoretical analysis

with experimental results.

5.1.1 Plastic Deformation and Fracture. Energy

absorbed in deformation and fracture of the composite is given

by Equation 2.1 as

W =
p ny Yy dv

where
T, = [ofvf * o2 (1-vf)] (5.1)

and O and oﬁ are material properties. Owens-Corning gives O

for their yarn as 6.9 x 108 N/m2. VanKrevelen®

gives oé for
high-dénsity polyethylene as 3 x 107 N/mz. Fiber volume frac-
tion was determined by weighing 2 10 cm square x 0.6 cm thick
sample, calculating-its density and taking the density of glass
as 2.54 g/cc and the density of HDPE as 0.94 g/cc, calculating
the volume percentage of each. Fiber volume fraction is cal-

culated as about 10% by this method. Tested samples showed a

shear strain deformation angle estimated to be constant at
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0.305 radians over a volume with conical geometry of 1.79 x
10-4 cm3, as shown in Figure 5.l. Substituting these values

into Equation 5.1 gives a plastic work term
W_=23.99 J
P

This figure is within 5% of the total energy absorbed by the
composite with uncoated fibers. In that sample, the shear

strain is approximately 0.343 radians, and deformed volume is

.280 cm3; giving an estimated energy absorption of 28.81 J.

-

5.1.2 Bullet Deformation. Energy absorbed in plastic

deformation of the bullet is, from Equation 2.2,
W, = i) O €p dVb (5.2)

The yield strength of sand cast lead for ammunition is given

10

by Suh and Turner as 0.8 ksi. The strain measured from the

test results, as indicated in Figure 5.2, varies from 0.61 to
1.20. The measured deformation volume is 0.1148 cm3. These
values, substituted into Equation 5.2, give an average energy

absorption of 0.583 J, which is insignificant when compared

with total energy absorption.

5.1.3 Fiber Elongation and Fluid Shear. Assuming

the fibers within the deformed volume of the composite are
pinned at the periphery of the deformation zone and strained
to their ultimate elongation, an average length of fiber of

3

9.21 x 10" °m over 12 layers of fibers spaced 11.3 to the
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FIGURE 5.i: COMPOSITE AFTER PERFORATION
CROSS SECTIONAL VIEW
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FIGURE 5.2: MULTIPLE MICROFLASH PHOTOGRAPH
SHOWING BULLET DEFORMATION
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FIGURE 5.2: MULTIPLE MICROFLASH PHOTOGRAPH
SHOWING BULLET DEFORMATION



centimeter is strained by 4.8% for a total fiber elongation of
5.39 x 10'2m. The energy absorbed in shearing the fluid coating

can be estimated as

W =fu%dAd1 (5.3)
where

== = shear strain rate = ~ where Vo= average fiber
. 2t 2
velocity

V = bullet velocity = 350 m/sec

t = coating thickness

p = fluid viscosity = .10 m/sec (105cs)
dA = surface area of fiber = 2mri

dl = total fiber elongation

The coating thickness can be estimated from the measured weight
gain per unit length of yarn assuming a circular cross-section.
In terms of weight per unit length W, fluid density p, fiber

radius r, and coating thickness t,

W=pA = p'{Tr(R+t)2 - ™R%}
Solving for t gives
2 W

t=/R +-“,—6 - R (5.4)

In the case of maximum energy absorption, t = 7.998 x 10'3cm.

Equation 5.3 then gives
WS = 256.57 Joules

This value is much greater than the total energy absorbed.
Errors in estimating shear stress and fiber elongation are

believed to be the cause.
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Shear stress is the product of fluid viscosity and
strain rate. The strain rate approximation using bullet velo-
city and coating thickness could be inadequate at high veloci-
ties and low coating thicknesses. Coating thickness is not
always uniform ard is 2a possible source of error. Further,

a constant viscosity was assumed, but viscosity does vary with
strain rate, and fluid behavior at the strain rates encountered
herein is not fully understood. These possible sources of
error indicate an inaccurate approximation, yet also indicate

possible areas.in which energy absorption may increase.

5.1.4 Inertia and Friction Effects. The dynamic work

term for inertia effects for a thin plate perforated by aa

ogival projectile is from Chapter II.

1.86 p(‘%‘)2 mh R (5.5)

=
o))
n

where
= plate density = 0.94 g/cc

p
v = bullet velocity = 350 m/sec
R = bullet radius = 0.254 cm
L = bullet nose length = 0.5 cm
h, = plate thickness = 0.635 cm
in which case we have
5

W, = 7.11 x 10~

a Joules.

This is negligible compared to total energy absorption.

. Similarly for friction we have

We = fAfoy A dl
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where

f = friction coefficient )
cy = material yield stress = 3 X 107 N/m2

A = surface area between bullet and plate = 27rh,

1 = length of bullet = 0.9 cm

Assuming a maximum friction coefficient of 0.5,

Wf = 13.68 Joules

This represents 18% of the total energy absorbed. It does not

vary significantly over the range of samples tested.

5.1.5 Summary. The previous discussion shows that
energy absorption in p1as£ic deformation of the composite
and the bullet, and inertia and friction effects are fairly
constant over the range of samples tested, with energy absorbed
jn fluid shear increasing with coating thickness. Plastic
deformation of the composite absorbs approximately one-third
of the energy in the most energy-absorbing composite. Because
fibers were not pulled out of the composite with the bullet,
it was unclear why the energy absorption increased. Composites
with triple strand glass fibers were made and tested to examine
the effects of fiber twist and elasticity upon energy absorp-

tion.

5.2 Triple Strand Glass Fibers

Owens-Corning ECG 75 1/0 glass fibers were supplied as
single strand fibers with 0.7 TPI. Three strands of the fibers

were used together, a triple strand fiber without twist. The
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spacing between fiber bundles was increased to prevent adja-
cent fibers from touching, though the fiber diameter would
have been nearly the same as the three-ply yarn had the triple
strand bundles remained nearly circular in cross section.
Comparison between triple strand and 3-ply yarn composites
must, therefore, consider the difference between fiber volume
fraction. Comparisons within each group of composites is
possible, however,

The effect on energy absorption of the difference in
fiber volume fraction between the composites with 3-ply glass
yarn and those with triple strand glass fibers is minor. The
composite strength as given by Equation 2.1 is 98.5 MN/m2 for
the composite with 10% 3-p1y'g1ass yarn, and 64.3 MN/m2 for
that with 5% triple strand glass, but the energy absorption
with uncoated fibers is approximately the same. The energy
absorption of composites with triple strand glass fibers did
increase with increased coating thickness, but not as much as
did that of the 3-ply glass yarn composites. The twisting of
the fibers is believed to allow more elongation and movement
of the fibers within the fluid as they elongate and untwist.
The resulting increase in fluid shear increases the energy

absorption of the composite.

5.3 Kevlar Fibers

Kevlar fibers are said by DuPont to have a tensile
strength four times that of glass fibers, 2760 MN/m2 (400 ksi).

Tensile tests conducted in association with this work, however,
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measured the tensile strength of Kevlar 49 at 1339 MN/m3 (194
ksi). The elastic moduli of the two fibers were measured as
36,570 and 38,640 MN/m2 (5.3 and 5.6 x 106 psi) whereas DuPont

gives them as 124,000 and 58,500 MN/m2 (18 and 8.5 x 106

psi),
respectively. The failure of the composites with Kevlar fi-
bers to show the expected increased in strength and plastic
deformation over the composites with glass fihers might be
because of this discrepancy in tensile strength and modulus
of the fibers. The small increase in energy absorption with

fluid coating is partially because of the poor wetting of the

fibers by the fluid, and the resulting non-uniform coating.

5.4 Summary

The tensile strength of the fibers has been shown to
have little effect on the ballistic impact resistance/energy
absorption of the fiber-matrix system at fiber volume fractions
of 5-10%. The composites with fibers with higher elongations-
to-break showed greater increases in energy absorption with
increased coating thicknesses in the cases of both glass and
Kevlar fibeers. Three-ply glass yarn composites showed an
increase energy absorption with coating thickness of 175%,
compared with 50% for triple strand glass fiber composites;
Kevlar 29 composites showed an increase of 65%, compared with
57% for Kevlar 49 composites. It is clear that the most dra-

matic increase was shown by the 3-ply twisted yarn composites.
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VI. CONCLUSIONS AND RECOMMENDATIONS

It has been demonstrated that the energy absorption
of fiber-reinforced thermoplastics at high impact velocities
can be increased by coating the fibers with a viscous oil.
Energy absorption increased with coating thickness until the
coating became excessively heavy and non-uniform. Fibers
with higher elongation-to-break were shown to exhibit greater
increases in energy absorption with coating thickness than
were more brittle fibers. The greater elongation within the
fluid increases the energy absorbed in fluid shear. A 3-ply
twisted yarn demonstrated the greatest increase in energy
absorption with increased coating thickness. This is believed
to be caused by jncreased fluid shear as the fibers elongate
and untwist.

An optimal relationship between fiber strength, modulus
of elasticity, degree of twist, and coating thickness could
likely be defined with further tests of the type described
herein. An optimal configuration would probably depend as
well upon the impact velocity, and could be defined in terms
of that parameter) It is recommended that further study be
directed at defining this optimal relationship.

This work has considered only the impact velocity of
a .22 caliber long rifle bullet. It is recommended that
further study éonsider other impact velocities, particularly

those encountered in automobile accidents. Such tests would
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affirm the applicability of these materials to automobile
parts.

The fabrication methods used in this work were very
slow and tedious. If these materials are to be widely used,
a more efficient methods of producing them needs to be deter-
mined. It is recommended that further study investigate means
of producing coated fiber-reinforced thermoplastics in sheet

form and of thermoforming them into finished parts.
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