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L, Plugging - after the passage of the first stress waves, the plate
may fracture in response to the high shear stresses developed in the plate
near the lip of the projectile.

5. Radial fracture - the plate may fracture in response to high tensile

radial and circumferential stresses generated by reflection at an interio:

interface (laminates).

1.2.3 Material Parameters and Their Effect on the Various Modes

of Failure

1. Spall: The material and geometrical parameters that govern the
spall are the thickness-to-bullet-radius ratio and the tensile strength of
the plate in the direction of the projectile approach. (Fig. 5) The critical
perforation velocity is proportional to the tensile yield strength and
proportional to [l + (2\2] 1/2 where h is the thickness of the plate and
a is the radius of the projectile.

2. Cavitation: The material parameters involved in the cavitation
on the front side of the plate are the Brinell hardness of the plate or
equivalent by the yield strength, the density of the plate, and the com-
pressive ultimate stress. Increases in any of these reduce the penetration

due to cavitation. The geometric factor is the same as the spall failure.

3 and 4. Plugging and Petalling: If the plate does not fail by

fracture as the first stress wave passes, then the feilure of the plate
by plugging and peta.ling must be considered. Plugging is failure of the
plate by shear under the rim of the bullet, whereby a plug of plate

material is ejected. Petalling occurs when the plate fails in response to

13









SECTION 2

STRESS WAVE PROPAGATION IN THE PLATE

2.1 Introducticn

During the course of this study, the determination of the stresses in
the plate due to the impact was accomplished for a number of idealized

problems.

2.2 Linear Elastic Wave Propagation

The simplest of all problems, conceptually anyway, was the propagation

of a linear elastic stress wave.

The equations of motion are shown in Figure 6 and the linear elastic

stress-strain relationship used in the computation are shown in Figure T.

The boundary condition at the bullet plate interface was chosen to be
a uniform vertical stress acting over the contact area. While this is
not the exact solution, it is close enough for us to determine the physics

involved in the process of deformation.

Formal solutions for the equations of motion were obtained by application
of Fourier-Hankel integral transforms. These equations were solved by
partially analytical and partially numerical techniques for the following
three problems:

1. Elastic Stress Waves in a Half Space: The stress wave propagation

in an elastic half space, under the action of a vertical stress applied
uniformly over a circular region,was solved. Numerical solutions for the

stresses, displacements,and velocities throughout the region were computed.
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Figures 8 and 9 show the progression of the vertical stress into
the half space at various times. Figure 10 shows a profile of this vertical

stress on the axis of symmetry.

Quantitative features of interest are:
a. The stress jump under the bullet is almost uniform with é

The magnitude of the Jjump decays

0, = 9,° (1+(Z)2)7/?

b. This spike decays very rapidly behind the shock front with
its optical decay constant being roughly 1/2 =,
a
c. The static solution is established (to within 5%) after the

passage of the shear wave front. The magnitude of the static part here is

S o Zy2\-1
g, 0,° (1 +(3)2)

2. Elastic Stress Waves in Plates: The stresses on the axis of symmetry

for an elastic plate in response to suddenly applied uniformly distributed

vertical pressure, were calculated. (Fig. 11)

Typical values for the vertical stress for a moderately thick plate

(2 = 0.8) are shown in Figures 12 and 13.

It is seen that large compression stresses are generated as the wave
travels across the plate. The vertical stress is reflected with a reversed
sign at the free surface. The combined stress system becomes tensile a
little way from the back or free surface. It is at this point where

failure by spall will occur.
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2.3 Inelastic Wave Propagation

The second problem in the dynamic stress wave propagation is that of
the determination of the inelastic wave propagation. By inelastic wave
propagation we mean propagation of stress whose magnitude is above that
of the static yield stress. At the Fourth Hypervelocity Symposium, Hopkins
and Kolsk§ﬂgave a breakdown of impact phenomena as a basic mechanism
of deformation. The stress that is generated at the impact is proportional
to the velocity of impact. For velocities lerger than some transition
velocity, the dominant stress in the plate in that impact process is in the
plastic range. Hopkins and Kolsky computed the transition velocity from
elastic to plastic behavior for aluminumeto-aluminum impact and found it
to be in the neighborhood of 40 feet per second. The velocities in which we
are interested for the ballistic impact studies for the U, S, Army Materiel Com-
mand lie above this limit. Therefore, some investigation into stress

wave propagation where the stresses exceed the yield stress of the material

is indicated.

Several years ago, the author made a study of plastic flow under dynamic
and transient loading conditions which far exceeded the yield point. These
studies were conducted for the Air Force‘and for the Defense Atomic Support
Agencyf' Using the continuum theory of microscopic imperfections of intra-
crystalline and inter-crystalline nature, a constitutive stress-strain
strain-rate equation was developed. This constitutive equation well

represented the actual material behavior for face centered and body centered

metals. The basic strain.rate equation given by this theory is shown in
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complicated and yet it is the cnly model which will allow us to put in an
analytic solution in this particular geometry. Since the stresses are above
the static yield point for most of the deformation processes involved here,
another approach is desired which will demonstrate the effects of the inelastic
behavior on the ballistic resistance and on the properties of the perforation

and penetration process in general.

Since we are normally dealing with very thin plates, we turn to a
thin plate approximation and will reduce the geometrical problem to one
less dimension and time-integrate the effects over the thickness.
We note that after the stress wave has reflected at least once, the vertical

variation of the stresses over the plate thickness is very small.

Proceeding along this line we then develop a mathematical model for
a thin plate approximation involving plastic flow. Figure 26 shows the
bullet plate configuration. The only variation of the displacement allowed
was in the vertical direction, an approximation which is not very far
from the truth. The only variation of the displacement, strains, and particle
velocities allowed was in the radial direction. No variations in the vertical
direction were allowed. We assume also that a circular plug directly
underneath the cylindrical bullet is moving at a velocity equal to the bullet
at time t = 0. This accounts for the first stress wave propagations and
the momentum transfer during the first instant of impact. The resulting

equations and boundary conditions are shown in Figure 27.

These equations of motion were solved numerically on MRD's IBM 1620

digital computer. A finite difference method for the solution of these
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SECTION 3

APPLICATICNS

A large portion of the effort spent by MRD on this contract was in
the evaluation of the stresses in the plate as a function of position
and time. If the plate is to fail, it must fail in response to the stress.
The experimental work of Zhurkov has in“icated that, at least for constant
siress rate, there is a relationship between the time to fracture and the
level of stress§ The time to fracture is essentimlly the inverse of the
plastic component of the strain rate corresponding to that stress as
determined from the dislocation theory of plastic flow. The actual
magnitudes of the time to fracture that were measured by Zhurkov are very,

very short dn the order of lO'8 seconds) for very high stresses.

For a first approximation,the time to fracture at a stress above the
static yield stress of the material is so short that it can be ignored,and
the time to fracture below this yield stress is so long that the material
will remein unbroken. As an approximation this turns out to be a very good
description for the fracture and failure criteria that would follow the

first wave across the plate.

Figure 30 shows an experimental time to fracture versus stress level

obtained by Zhurkov in his studies on fracture.

In response to the stresses that are generated in the rlate system
during the impact, the plate may fail by several mechanisms. ,The
mechanisms are:

: (08 Spall - the plate may fracture in response to high tensile stresses

generated by the reflection of the first stress wave from the back surface.
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APPENDIX B: SOME DEFINITIONS CONCERNING VECTOR

AND TENSOR SPACES OVER THE FIELD OF REAL NUMBERS

B.1 Scalar Multiplication in a Vector Space

The vector fis an undefined abstract quantity. Multiplying a

D
vector X, by a real number, b, is written (5,1)
> N
b*X or simply bX

The asterisk is used when there may be confusion with other product and
functional notations.
- N
1. 1*X =X
- -\ - —n
2. a*X+b*Y = b*Y+a*X
=2 -
3. a*(*X) = (@a*b) *X
- A -b
4. (a+b)*X = a*X+H*X
- b -t b
S. a*(X+Y) = a*X+a*Y

PN N
€. X+Y is undefined

B.2 Vector Spaces

. IS
Any n distinct vectors Xi may be used to generate a vector

R
_— " g 5 . . 1
space. The space is the collection of all possible a’ X1 where the a
X X i> .
are selected from the real numbers. The a Xi are also callead vectors.

§ et .
Since there are n vectors used in the linear form, a! X;, the space generated
i

is said to be n-dimensional.



A general vector in the space may be symbolized V=2a" X .

-A 1 -

The X; are called the basis or generator vectors (or just the basis) of
the space because all the vectors in the space are linear combinations

-~ : -t - 72
of )(1 The a! are called the components of the vector V = al Xl.

B.3 Vector Addition

Referred to a basis, the addition of two arbitrary vectors in

" ’ b § = . "
the space has the following meaning. If V=a" X; and W =5 X, the rules

T

defining scalar combinations of vectors may be used to express the ot:

wise undefined sum of two vectors.

V+W=a'X; +b X
V+ W= (a +b)x1

B.4 Vector Products
The addition of two different basis vectors is undefined except
in terms of components relative to some other basis. However, several

products of basis vectors are defined in terms of their propertins.

B.5 Dot Product

The dot product of a pair of vectors is a scalar.

0 — i —
V+-W=V-+W=some scalar

—

(av) - W

—b

a(v'W)=V' (a‘TNL)

]

b —ta S —>
a(V+W)=aV+aw
















Ay 59,99 @Gy
Bam=Gn® 9p,
g =~ . _ — 2=
Bl - By =G - GY* T * Gy - o)

B.11 Permutation Symbol

B.12

The permutation symbol is used in building determinants.

It is defined as (6, 85)

E”k = 1 for even permutation of (i,j,k)

]

-1 for odd permutation of (i,j,Kk)

0 otherwise

This definition is extended to more or fewer indices .

Volume Tensor

In some preferred basis '51 (usually, but not necessarily,. one

for which €] - 'é'j = Jij), the volume tensor is defined as

V=t 9% 9%, @6,
ijkn R k -
Where E is the permutation symbol.
Now the components in all other bases are defined by the rules of tensor

transformation. In other than the preferred basis, the volume tensor components

are written V2 to avoid confusion with the nermutation symbol EUX? (which

are not the components of a tensor).










For convenience in notation, time will be included with the

spatial coordinates to make a four dimensional manifold. Time in the

uncerlying space is represented by z4 14. The material and spatial
coordinates are chosen at time zero and usually are not changed thereafter.

The spatial coordinates may be defined by

21 = glo (xj)} foriand j = 1->3

: 1 i

and inversely X' = sle(z))
A

and x*s 24

The material coordinates may be defined by

2l = Mi ° (xj)\' foriand j=1=->3
and inversely x!=mlo (zj)
and x4 =24
These definitions are usually made so that at time = z% = 0 the xt = Xi
numerically..

The deformation of a material is described by the relation of the

x1 to the X' at later times.

X'=rlepd)||j=1 4
and inversely x' = fi ° (Xj) i=1 3
and ).’4 = x4 = 24
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APPENDIX D: COVARIANT DIFFERENTIATION

We shall define covariant or absolute differentiation of a tensor
with respect to some path S as the ordinary differentiation of the tensor
along the path whenboth (tensor and path) are expressed in the underlying

jre=

coordinate space z I;. Absolute differentiation is indicated in vector form
independent of coordinates. For example, the derivative of the second

- - —
order tensor T with respect to the displacement vector dP is written dT/dP.
Since the tensor and path are usually described in some other coordinates,
formulae must be derived for covariant differentiation with respect to
arbitrary metrics.

To properly derive these formulae, the tensor product of two

—
vector spaces should be reviewed (5,29). The tensor basis GIK derived

from an arbitrary vector basis EI is-EIK =-E ® GK where ® indicates the

I

%*
tensor product. Just as all vectors in the vector space may be referred
al— -—
to GK' all second order tensors in the vector space may be referred to GIK’
-
The covariant derivative is a tensor of one higher order than T.

In general curvilinear coordinates given by

z' = zI (xk)

or X =X

* The properties of the tensor  product are almost the same as the dot
product. X @ (Y+Z') Y®Y+X®Zande®Y X®bY b 6(®Y)
andX® @72 = X®Y) @7Z. However, ingeneral X® Y £V @ X
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APPENDIX E: A NUMERICAL METHOD FOR THE SOLUTION OF

SOME PARTIAL DIFFERENTIAL EQUATIONS

E.l Introduction

The purpose of this section is to present a numerical procedure
for solving finite difference approximations of some systems of nonlinear
partial differential equations.

To illustrate the scheme, we shall discuss an example involving
a two-dimensional, rectangular, finite differeace mesh. Several variables
are tabulated at each of the mesh points. At every mesh point there is
defined one difference equation for each dependent variable (at that mesh
point).

The exact form of the difference equations will depend on the
original differential equations, the bcundary conditions, and the type of
difference approximations used.

This method requires that the system of difference eguations
have an exact solution with some specific properties. This poses no
difficulty in most physically oriented problems.

A special scalar parameter k, is introduced in the diffcrentlal,
and hence the difference equations. The difference equations are then
written in homogeneous form fm = 0, so that a point residual R, may be
defined as the sum of the squares of the difference functions a, the point
The index m enumerates all of the mesh points. A system resicual S is
defined as the sum of all the equation residuals. Since the systcm residual
is necessarily positive, the solution of the system may be reachec by
minimizing S as a function of all the dependent variables throughout the
mesh. Because the difference equations arc loosely connected, minimi-
zation using a variation of Newton's method in many variables is computa-
tionally feasible. Stabil: ty is not a problem with this tcc;niqup, but in

requlrc,ments may become excessive,

We have developed a computer code (IBM-7040/FORTRAN 1V)
for the solution of a formidable set of equations describing a two-dimensional
high velocity impact cf elasto-plastic materials. Our numerical experience
with this problem will be discussed later.



E.2 Notation and Paramcnterization of the Equations

The original system of differential equations and boundary
conditions must be rewritten to include a special scalar paramecter, k.
At some value of the parameter, the cquations must be identical with the
original equations. At another value of the parameter, the eguations must
degenerate to a form with a known solution. Also, at every intermediate
value of the paramecter, say k = ¢, the corresponding solution Wc and the

solutions Wk for neighboring values of k must be such that

limit (‘VV;\) = WC

K——: ~cC

As a very simple example, consider Poisson's equation in two
indepencent variables, x ancd y.
Vz °V=g°(xl Y)
and
V=hoe {xa(s), Yy o (s)] = h o (s) over the bouncary s.

Possible choices for the parameterized equations are

2
Viev=K*g. (x,y)

anc
V=k*hoo(s)

Clearly there is a known solution for k = 0, viz., V=0, and the desired
equations arc¢ duplicated when k = 1. From physical considerations it is
plausible that solutions exist for all 0 < k sJ1. When the differential
equations are converted to the difference approximations, k will appear in
a similar role in the diiference equations.

V2

eV =k *g o (x,y) might be approximated at internal mesh points
by
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- *
O=-k*gs(X .y )+ titli72"Vi,i%Vioy Vi i3 TN, 5m1
1,71, 2 ¥ 2
X Y

and V=k * h o (s) at boundary points (for simplicity we are not considering
curved boundariecs) would simply become

0=V-k*he [x(s), (S)]

At each of m times r mesh points, there are two associated
independent variables (coordinates x and y of the mesh point), and the
dependent variable V. For bookkeeping purposes, a control number is
also listed at each mesh point. For example, within the region covered
by the mesh, there may be boundary points, internal or external points,
and changes in the governing equations. Therefore, in general, the
difference equations will not be identical at all the mesh points.

Further discussion requires some notational definitions. Often
there is more than one dependent variable and necessarily the same number
of difference equations at each mesh point. The equations associated with
mesh point P . are symbolized fpi .= 0. The dependent variables tabulated
at Py j are wr ritren Vi,j,p- The indices i and j refer to the mesh point. The
index p lists the equations and corresponding dependent variables at Pi,j'
The independent variables are written as Wi,j'

The equations at P; . usually will contain variables listed at
Pi,' and only a few ne1ghbor1ng points. Therefore, fpi,j = 0 is a loosely
connected system of equations.

The set of all the V Ji. and W i will be relabeled Z and ){r
respectively. The homogeneous cnfference eguations may now be written

o k,Z_,X) =0

to show the functional dependence. Note that each fpi . usually cepends
on only a few of the 2, and )& if the numerical values’ of the Zm are chosen
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properly, they will simultaneously satisfy all the fp "= 0, This is an
exact solution to the system for the parameter value f( and will be written
Zm (k). A set of Z,, which is not an exact solution is a trial solution, and
will simply be written Z, (k).

E.3 The Convergence Process

Let a known solution Zp, (k) for k = A be tabulated throughout
the mesh. The solution for k = B is desired. The range of k is divided
into q equal (for simplicity) parts, generating a sequence of g + 1 values
of k over the interval A to B. Denote this secuence by kq. In a time
dependent problem the parameter enters naturally as time, so that k = time.

The convergence process uses the solution Zm (kg) to proceed
toward the solution Z (k +l)‘ Starting with k = A, the process is repeated
(as k —=B) so that 1t converges to the final solution Z , for k = B.

At this time the equation, point, and system residuals (or errors)

need to be defined. The equation residual Epi j for equation fpi,j(k,zm) =0
is simply !

P _ (P
B k) =17 (kZp)

The point residual is the sum of the squares of the equation residuals at
the point.

2
- Y (P
Rl,j (k,Zm) 5 (E i,j)
The system residual is the sum of all the point residuals.

Sk,z,) = L

i,3 i)

For a given k, the system residual S(k,2 ) may be interpreted
as a surface above an m dimensional hyperplane. A point on the hyperplane
represents a possible choice of values of the set of independent mesh
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The correction array Ci j is given by

P

where
o< Lg 1

Essentially, the p partials at a point determiine a "gradient" direction in
which the error changes the fastest. This calculation assumes that the
interaction with the surrounding points is less than the influence of the
point on its own error.

The correction at each point is' made in the negative of the
"gradient" direction. The magnitude of the point correction is the point
error divided by the rate of change of the point error. Even though the
errors at surrounding points are affected as each point is moved, this
correction method does indeed converge for many systems.

L is introduced to prevent overshoot and to avoid making the
errors bigger, leading to instability. This is important at the start of the
correction cycle when the errors are relatively large. In a nonlinear problem,
generally L should start around 0.1 and go to 1.0 as the errors diminish.

See Figure 1.
L /// Termination Level T
1}
|

Largest Point Error

FIGURE 1
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The value of L as a function of the largest point residual 1s
determined mostly by experience with a given problem.

A corrector termination level, T, is set so that when the largest
point error is less than T, the trial solution is considered sufficiently
accurate and the computations for the next value of k are started.

The procedure is repeated until the solution Z,, for k = B is
reached.

During the corrector procedure, many artificial devices can be
used to vastly speed the convergence in particular problems. A great ieal

depends on the investigator's ingenuity and his intuitive feel for the behavior
of the solution.

E.S Computational Aspects

In implementing the algorithm on a digital machine, several
aspects de-zrve attention.

The point errors will usually be reduced in some parts of the
mesh faster than others and therefore will reach an acceptable value
well before other parts. Much time can be saved if zeros are placed in
the correction array wherever the point error is .ess than the cutoff level.
They are called zero points for the moment. Then in the next corrector
cycle no calculations are performed at zero points for which the neighbor
points they depend on are also zero.

The elimination of calculations at zero points also avoids the
round-off noise that soon arises and becomes evident at points requiring
little correction.

For simple systems of equations, the derivatives may be evaluated
by an analytic formula derived from the difference equations. In more
complicated cases, it is usually easier and just as fast to take a finite
difference. For one thing, this allows the alteration of the system equations
without having to rederive the derivative formulas. We found this convenient
in our program for elasto-plastic dynamics where the governing equations are
exceedingly complicated.

In many physical problems, especially those in fields, stress
analysis, etc., a reasonably good initial prediction can be made. For
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Thus, the force component due to plastic deformation has been defined
in terms of the dynamic shear strength, Young's modulus, and the static
tensile yield. It is independent of projectile shape. Its derivation is
based upon the assumption that the material will yield plastically with-
out brittle cracking.

Acceleration of mass produces another force component which
acts upon the projectile. This force would be present even if the mave-
rial had no shear strength. Its magnitude depends upon the mass which
is being accelerated. Consider a frictionless, non-viscous, compress-
ible fluid. The mass being accelerated dépends, not only upon the den-
sity of the material, but also upon the volume being accelerated. The
volume of accelerating mass is a function of compressibility. A highly
compressible fluid will compress to accommodate the volume of the
intruding projectile readily while a rigid material will not. Hence,
compressive waves usually travel much slower in a compressible mate-
rial than in a less compressible material of the same density. The pres-
sure associated with the velocity at which the projectile surface moves
against the fluid 1s given by:?"3

P = pCV = VVKp (4)
where p 1is pressure
1s mass density

1s wave velocity

< () ©

1s velocxty. normal to the interface

1s bulk modulus

[
v

Thus, for a conical, rigid projectile moving through a frictionless. non-
viscous fluid, the force opposing motion 1s given by

Fi:ﬂrz‘\/Kp Vesin o (5)

Equation (5) represents the inertial force opposing motion of a conical
projectile having a half-angle.o, and 1s, therefore, the inertial force
component acting during penetration of such a projectile 1nto a thick,
ductile target.

Finally, the third identified component results from frictional
resistance at the sliding interface between the projectile and target
material. Pressures arising from the shear and inertial components
act on the surface of the cone. The friction force 1s related to the

130













P
r (=]
— v o
b+ Yt Aot e T I o o S = el o & <
b+ - bt potst bty -t B sttt b <«
-+ fedtit4 4+ 4 5 -4 S TR A
+ v oyt e - . 5 11 B RS
b+ + + 4+ ++ -ttt o #$+-E-fdt bt -p
i 2% | R e +44 ¢ . Y A
-1 rrrr ettt r bttt e -4t b b 2 4
41 ++4+4++4+4+ 444 —_ ! 1 550 1 1 K BRS¢
4-+ SIS IRES ¢ $ 344t T Rttt bttt
+ T -~ O
4+ $44 o s 3 S S
’ R $ = | T A
+X R + T R &
—+ bt 4 L= S |15 O A0 58 OB S 4 ¢
-1 . $=t-4-4- a S 1 90 18 T 0 D B
Py 3244 =g YEARER UG
SRR *-eagl SR i +4 4+ 4+
e +1 +J 444+ 4+ 14+ e
4+ 4+ +4 A+ +o + ++4t4-1-+ 4+ b
(s g
e + v . ped
T o 1T -
+ v 4t
=8 4 & s +
3 n Tt
H.Ft.r " b v+ v
b "" - .
e e e e R
AEEmay PENE NN
=
H’_'Zl:"‘ v .
++ O
4+ U 94 bttt ttr 4+t 11
bttt St r bt rrrrr ettt 4+
4+t 2 et .y
-Io—v—v—f—r-?'f' A =T
= R EtE R S e S SRS +-+
L1 l_rLf.. b4ttt + -ttt tr + ~y
Y*{,.r»quo-?'r»v- +or ) 5 2
+—+ : 4}—11—4-».1»11»..‘ ', +—+ o
¥ 1T b+t r v e et ——+ S
+ >
NN R e =
SSSEEEEENSSSEEISEESE SASSENAREN INNERERREE
THRECRABEN E. L e o e e m an S
ey VSH D SR U5 55 WS TN TN 18 WS T BN A8 S8 O
Al LLEEX L P L L Ll st i L
b+ 500 0 0 S O B 5 1 0 A A ¢
. {1 1 IEPEE 55 T RV N AN 55 I I A .
1 PO 6 T8 1 0 O 0 1 U U O T W W0 6 AN I S ¢
H +v FUR 05 SN T W . N 1. .
. —
;. 1 (NSNS SN NN
{ ; & P RS
b+ . -+ @ -ttt
4 +¢4 & 4ttt
. 1 1 orm -+
L+ 4 -t - bttt
b4+ . +4 o B
B +t1 Y @ Tt o
e 'o;:'#rv"’*f—f et
— —_ 2 T et
0 vn-.-a;~wv‘7>7—f' _:
. e Y R
1 =0 - A
- e T R e
H.S 1 o 3ttt
8 1Y 21112 @ I T
b+ 4 8 att1 8 ~ 1 -+ -+
] SN 1aal - faanasans
44 ten =ttt o = e e e e
——e tc Ot ™ v B
b +— 4 redo- Pt
-+ . ttt r-q'»y-—; voet v
L+ -+ »TT, T T’*HJTT‘T*
4 + -t +< _f-I—«Y—vT
4 + "'*O’F}T 11t
< . .. .. r
-1 il 1 1111
sssSSSENTENESEasaas T T
| 0 0 O 3 O ] I 11 o

2000
1000

(sdj)¥Mp -4310012 TENPISIY

134

Initial Velocity- ‘-'o(fph)

Ballistic Resistance Comparison of Glass Blocks With and

Without LLateral Confinement.

Figure 3.



PERFORATION OF RIGID, DUCTILE TARGETS BY HARD,
BLUNT PROJECTILES

Post-impact remnants were used to mock-up the perforation
shown in sectionon Figure 4. The rigid, ductile plate of homogeneous
steel armor was impacted by a cylindrical steel fragment (Watertown
Arsenal Laboratory 825-grain simulator). During initial impact,
pressures approach Hugoniot pressures computed from equation (4)
where V is one-half the impact velocity. For a steel-steel impact at
2, 000 feet per second, the pressure 1s about 2, 000, 000 p. s. 1. Elastic
and plastic waves travel each way trom the interface, accelerating the
plate plug and decelerating the projectile. The perforation is dia-
grammed in Figure 5. Simple wave mechanics will show that this
‘acceleration-deceleration process takes place while the impact inter-

. A% .
face moves no more than -6 T where V, C, and T are impact velocity,

wave velocity, and plate thickness. Consequently, this process is com-
pleted very early during perforations at nominal impact velocities.
Shear stresses set up at the impact interface periphery may exceed
dynamic shear strength. If the sliding velocity between the plug and

the plate, external to the shear area, reaches about 25 feet per second,
an '"'adiabatic'' shear zone will appear and the plug will shear out de-
forming the plate very little. 7 This second stage of perforation

involves the work done 1n shear at the plug periphery. If the plate 1s
thick (i. e., the thickness considerably exceeds half the length or diam-
eter of the projectile), the shear stresses initially set up at the periphery
may not be sufficient to overcome shear strength. Material will then

be extruded laterally so as to form a crater. In a thick aluminum tar-
get, as the crater deepens the peripheral shear area decreases and an
adiabatic shear zone may be created. In such a case, cratering ceases

and a plug, thinner than the plate thickness, 1s ejected.

To compare this.type of peretration with that accomplished by
a sharp projectile, it will be helpful to identify equivalent force compo-
nents. The inertial or wave component 1s associated with the accelera-

tion of the plug material. This componert produces severe pressures
at the impact interface which, subsequently, create plastic flow of the
projectile and target materials so as to render the impact highly inelas-
tic. This component would be present even if the plate plug was com-
pletely detached from the plate prior to impact. The shear force acting
to decelerate the projectile-plate plug mass, after the initial accelera-
tion of the plug, causes increased pressure at the impact interface as
well. Thus, the plestic shear work accomplished by this component
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Figure 4. Blunt Fragment Perforation of a Rigid Ductile Plate.
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occurs in two places. Friction at the projectile periphery i1s probably
quite low and has been neglected in analyses. The authors have derived
residual velocity and ballistic limit relationships, using this model,
which may be found in the published reference. s Figures 6 and 7 show
the degree of correlation between residual velocity data and the following
analytically derived equation:

Mp Al r2 <2
VeEge g 19 - ¥, (7)
Mp + Mgn
Figure 6 concerns a thin, mild steel target impacted by a cylindrical

steel fragment. Figure 7 concerns a thick aluminum target impacted
by the same projectile. In the latter case, the form of the equation 1s
modified somewhat to account for the difference between initial and
ejected plate-plug mass; the modified form is derived 1in the reference
In equation (7) above, the following nomenclature is uzed

<
I

initial (impact) velocity, fps
= residual (post perforation) velocity, fps

<
]
!

Vxn = minimum perforation velocity; normal impact, fps

4
8

projectile or fragment mass, slugs
= ejected plate plug mass at normal obliquity, slugs

g
&
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Figure 8. Response of Non-woven Nylon Felt to Ballistic Impact. 125
Microseconds After Impact by 17-Grain Fragment Simulator.
Initial Velocity About 900 Feet per Second. Felt-56 Ounces

per Square Yard.

Figure 9. Response of Non-woven Nylon Felt to Ballistic Impact. 250
Microseconds After Impact by 17-Grain Fragment Simulator.
Initial Velocity About 900 Feet per Second. Felt- 56 Ounces

per Square Yard.



Figure 10.

Figure 11.
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AN
Response of Non-woven Nylon Felt to Ballistic Impact. 150
Microseconds After Impact by 17-Grain Fragment Simulator.

Initial Velocity About 1400 Feet per Second. Felt- 56 Ounces
per Square Yard.

Response of Non-woven Nylon Felt to Ballistic Impact. 85
Microseconds After Impact by 17-Grain Fragment Simulator.
Initial Velocity - 765 Feet per Second. Very Close to Ballis-
tic Limit Velocity. Felt-25 Ounces per Square Yard.
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motion are either nearly equal to projectile velocity, or zero, depending
upon whether the shear wave has passed that radius. Radial particle
velocities normal to the projectile trajectory result from the passage

of the tensile wave. These experiments were conducted to obtain
dynamic tensile properties of yarn materials.

As a first step in the development of the analytical model, care-
ful experiments are being performed to obtain the information which
shows how felts behave during ballistic penetration. Subsequentanalyses
will seek to illustrate why they behave as they do. These analyses will
define the role of the several important material parameters and will
provide the basis for material selection and armor design criteria.
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EXPERIMENTAL PROGRAM

The objective of the present experimental program is two-fold.
The study of the total force opposing projectile motion, as a function
of time and displacement during felt material impact, is important,
Even more important is the collection of data revealing the manner
in which felt materials react to impact. This latter information is
utilized to develop relationships defining the various components of
the total projectile decelerating force. An expeririental procedure has
been developed which provides the desired information. The data ob-
tained defines the displacement-time history for numerous points on
the rear surface of the felt test specimen. These points form an out-
line of the felt's deformation profile. Velocity. strain, and strain-rate
during the penetration process can be determined. This experimental
technique uses an open-shutter camera to photograph the instantaneous
location of these points at pre-set time intervals during the history of the
impact. The instantaneous location of these points is defined by a
spark of one-half microsecond duration, which appears at each of these
points at the desired time. This technique eliminates the need for high
speed cameras, or of high frequency strobes for illumination. In order
to obtain these sparks, a wire is attached to the rear surface of the
felt test panel at equally spaced points along a lire which passes over
the point of impact. At each point of attachment, a small section of
the wire is removed to form a gap so that arcing will occur when a
high voltage is applied to the wire. Figure 12 1s a photograph of the
rear surface of a panel that has been tested. This photograph 1llustrates
the wire attachment technique. The slack in the wire is necessary to
ins ure that the movement of the arc-gap will be truly representative of
the movement of the felt material at this location. Because of this
requirement, it is also necessary to obtain secure attachment over a
very small area. This 1s done by the application of a small amount of
plastic cement, or by sewing the wire to the material, depending upon
the severity of the test impact conditions.

The voltage pulses necessary to produce the sparks that appear
simultaneously at each arc-gap for one-half microsecond at high
frequencies, are obtained in the following manner. An aluminum foil
switch is mounted on the front surface of the felt material at the point
of impact. Upon initial impact of the projectile with the felt, this
switch closes causing a capacitor discharge which forms the initial
trigger signal. This signal is fed directly into a Tek -Tronix (type 161)
pulse generator. The output of this generator 1s a square gate signal
of variable duration. This gate signal activates a Tek- Tronix (type 162)
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waveform generator, which sends out pulses for the duration of the
gate signal. The frequency of these pulses is pre-determined by the
setting of the waveform generator and checked by a Hewlett-Packard
chronograph. This series of pulses' is then fed into a Hewlett-Packard
221A pulse generator, which then sends out pulses of sufficient ampli-
tude to trigger a Model-3 airborne radar modulator. The radar modu-
lator shapes these pulses into square waves of one-half microsecond
duration at 12, 000 volts, This voltage is applied to the wire attached
to the rear surface of the felt. The frequency and total number of
voltage pulses can be varied over a wide range of values. Present
equipment is capable of 11, 600 cycles per second. The number and
timing of the voltage pulses obtained during a test are checked by re-
cording the output of the wave generator on an oscillograph. Figure 13
represents such a record. The horizontal sweep speed was one hundred
microseconds per division. It can be seen from this record that for
this particular test, eleven sparking voltages were applied at 90-
microsecond intervals.

Prior to firing a test section of fabric, a calibration picture
is taken. This provides the scaling factor necessary when enlarging
the negative of the test results so that true dimensional measurements
can be made during the data reduction process. The negative is placed
in an enlarger, which is adjusted to project the image of the data at the
desired magnification. This image is reproduced on a sheet of paper,
which is then used to accurately measure the displacements.

Figure 14 is a reproduction of a photograph of test results ob-
tained using the above-described, experimental technique. In this
particular test a narrow strip of felt was utilized instead of a square
panel. Although it represents an impact condition related to an essentially
one -dimensional type target, it is presented here to iliustrate the tvpe
of data obtained. Eleven arc-gaps were placed at one -half inch intervals
on the rear surface of a one-half inch wide strip of nylon felt. The
impact velocity was relatively low: approximately 300 f.p.s. Nine
voltage pulses were applied at 150-microsecond intervals starting at
the time of initial impact. Strain wave propagation is beautifully illus-
trated in this figure. It is seen that the axial movement of the projectile
creates shear waves which propagate outward forming the deformation
profile. These shear waves create tensile waves which move out radially
at a higher velocity than the shear wave: notice the inward flow of the
material before it is displaced axially by the shear wave. This figure
illustrates how this test method can be used to investigate strain wave
propagation phenomena in felt materials.
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Figure 14.

imed Spark Sequence Recording the Motion of Each Spark-
Gap Attached to the Rear Surface of the Felt. Thin Felt
Strip Impacted at 300 Feet per Second by 17-Grain Fragment
Simulator. 150 Microsecond Interval Between Successive
Sparks.



Test data concerning the penetration of felt material by fragments
is presented in Figure 15. Tlver arc-gaps were placed at one -half inch
intervals on the rear surface of a 7 X 7-inch square piece of 0.40-inch
thick nylon, needled felt of the type VEE-1348. The impact velocity of
the 17-grain W. A.L. Fragment Simulating Projectile was measured
before impact as being 690 feet per second. The electrical equipment
was set to produce ten voltage pulses at intervals of 100 microseconds
beginning at initial impact; this was verified by the oscillograph record
obtained for this test. Therefore, a spark appeared at each arc-gap
(thereby causing a pinpoint exposure of the film) at the time of initial
projectile -target contact, and every 100 microseconds thereafter, for
a total period of 900 microseconds. The points shown on Figure 15
define the location of the immediately adjacent felt material at ‘hese
instances of time during the deformation process.

Identification as to which set of points represents a given time
can easily be made since it is definitely known that ten sparks had to
appear at each arc-gap. Referring to Figure 15, ten distinct points
are discernible for the center arc.gap which was placed behind the
point of impact. The first point ( i~am*hoiton to tos ¥ corresponds to
the position of this gap at the time of the first spark, or the original
felt position at the time of initial impact: the second point in this series
corresponds to the position of this gap at the time of the second spark,
or 100 microseconds after impact; the third point 200 microseconds
after impact. The tenth and last point is at 900 microseconds. For
the arc-gaps placed one-half inch from the center, eight points were
obtained. The last point (farthest left) must correspond to the tenth
spark or the position of the felt material on a one-half inch radius from
the point of impact at 900 microseconds after impact. The next to last
spark of this series is the ninth spark (800 microseconds). the next
the eighth, etc. By counting back it is seen that the first point repre-
sents the first, second, and third sparks, superimposed upon one
another. This means that the material at this location (one -half inch
from center} was not disturbed by the impact until after the third spark
or between 200 and 300 microseconds. Therefore, neither the shear
nor tensile waves had propagated out to this radius before 200 micro-
seconds. At one inch radius, it 1s seen that the tensile wave reached
this point some time between 200 and 300 microseconds. but the shear
wave did not arrive until after 400 microseconds  This method 1s
used at each radius to establish the timing of each point and, thereby,
determine the contour and displacement of the deforming material as
a function of time after impact.
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Figure 15.

Timed Spark Sequence Recording the Motion of Each Spark-
Gap Attached to the Rear Surface of the Felt. 7-Inch Square
of 56 Ounce per Square Yard Non-woven Nylon Felt Impacted
at 690 Feet per Second by 17-Grain Fragment Simulator.

100 Microsecond Interval Between Successive Sparks.

151




26

In order to obtain more accurate data, the arc-gaps are placed
at one -quarter inch intervals and higher voltage pulse frequencies are
used. Suchdata are not presented here, because the confusion created
by the large number of points would have interfered with the illustration
and explanation of the exp rimental procedure. This data, and photo-
graphs such as Figure 15, show that the primary development of the
deformation profile is somewhat hemispherical in shape (the initial
hemispherical shape becon.es less pronounced as the impact velocity
approaches the ballistic limit velocity) As the deformation profile
continues to develop, the shape becomes more conical, except at the
base directly behind the shear wavefront where the material has rotational
momentum. This change in shape of the profile 1s indicative of a changing
velocity distribution. This velocity distribution is to be expected due to
the shape of the shear stress wave being applied and to the rotational
momentum produced by this stress wave. Radial dispersion of the
cylindrically expanding stress waves reduces stress magnitudes and
the associated particle velocities. The velocity distribution within the
deformation profile is very imporcant for the determination of strain
and strain rate. The strains developed can be seen in Figure 15 by
noting the relative distance between the various points which were imitially
one -half inch apart.

Other significant data being obtained from. the test results are
the shear and longitudinal strain wave propagation velocities as related
to strain and to strain rate. To date, the data obtained indicate that
the shear wave velocity is far from being constant during the penetration
process. Early in the process, the shear front 1s propagating outward
at a higher veiocity, and then decays to a constant velocity as time
progresses. At the early stages of impact, the shear strains and the
strain rates are very high 'his apparent increase 1n propagation
velocity with strain and with strain rate 1s evidence that the shear stress-
shear strain curve for the felt materials tested 1s concave upward 1n
nature and/or that the apparent shear modulus is sensitive 1n a positive
degree to strain rate. This situation is also indicated for the tensile
strain wave propagation velocity.

To obtain the characteristics of the projectile deceleration as
a function of time, the motion of the rear surface of the material behind
the point of impact 1s equated to the projectile motion. This assumption
is justified by the fact that this material and the projectile must. very
quickly, assume the same velocity. Figure lo shows a plot of the dis-
placement-time data for the rear surface of the material under the point
of impact. These data were obtained from F.gure 15 by measuring the
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displacement of the center series of points. Displacement is plotted
with reference to the front surface of the test material. The rear sur-
face material under the point of impact remains at i1ts original position
for a short period of time until the impact shock wave reaches 1t and
causes it to move. By this time, the projectile will have been deceler-
ated only slightly, and the slope of the time-displacement curve of the
projectile and material, at the point of impact, will be slightly less |
than that which indicates the impact velocity of the projectile (690 feet
per second). The impact velocity line 1s shown on Figure 16. This
straight line is used as a guideline in plotting the initial portion of the
curve through the data points. The curve represents the projectile
time -displacement curve. Figure 16 1llustrates the consistency of the
data being obtained and the smoothness of the curve described by these
points.

In order to obtain the projectile velocity-time relationship, the
time -displacement curve is graphically differentiated once with respect
to time. Figure 17 shows the results of graphically differentiating the
curve of Iligure 16  The points shown on Figure 17 are the slopes of
the displacement curve measured at 50 microsecond intervals.

The projectile velocity is seen to decrease very quickly with
time. However, this deceleration is much less than i1t would be if
the impacted material were rigid. Since the slope of the velocity time
function is proportional to the deceleration force being applied by the
felt material, it is seen that the force increases rapidly after impact,
reaches a maximum quickly, and then decays with time. The siope of
the curve in Figure 17 was measured at various points and plotted as
force versus time on Figure 18. The curve, drawn through the points,
defines the total reaction force of the felt material which is opposing
the projectile motion as a function of time after impact. This curve
shows a maximum force being developed of approximately 310 pounds
at a time near 80 microseconds after impact. This type of data can be
used in conjunction with the analytical model, expressed i1n terms ot
stresses, to analyze the maximum stresses being developed during
impact, and, thereby determine the r'elatlonshxp between the maximum
impact velocity and the various dynamic strength values of the materials

The €orresponding force-distance curve is shown as Figure 19
The area under this curve 1s equal to the 1nitial kinetic ¢nergy of the
projectile and, therefore, is also equal to the total amount of work
done by the felt during the impact process. This typc ot data can be
used to analyze the amount and manner of energy absorption by the
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felt material. This energy will be absorbed as kinetic energy of the
felt material.and as deformation energy. The kinetic energy of the felt
material as a function of time can be accurately estimated by complete
analysis of the test data shown on Figure 15. By subtracting the kinetic
energy of the felt material from the change in kinetic energy of the
projectile, the energy absorbed by the felt due to deformation (strain
energy and friction) can be determined.

The experimental program is revealing the manner in which
felt materials react to impact. It is also providing essential data con-
cerning the dynamic properties of these materials. Analytical equations
being developed are expressed in terms of these properties: it is there-
‘ore essential that these properties be known.
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SUMMARY AND CONCLUSIONS

Non-woven, synthetic, fibre felts offer a lightweight means for
defeating blunt projectiles. Below a critical transverse impact velocity,
they resist shear at the impact periphery, and momentum is transferred
radially into the material by shear waves. For this reason, much more
target material must be accelerated. Felts differ from rigid. ductile
materials in this respect, and are able to decelerate projectiles over
much longer distances and periods of time. Consequently, impact
and shear stresses are much lower. This decelerationisaccomplished
through a deformation of the target which approximates a cone growing
with time. The rate of change of momentum of the projectile is equal
and opposite to the rate of change of momentum in the target material.
To fully understand the penetration process so as to be able to write the
equations of motion, the behavior of shear waves, and longitudinal waves
induced by the shear waves, will have to be well understood first. These
wave mechanics will be a function of the material properties as well as
geometry. An experimental program is being conducted to determine
how the materials behave. Analytical models will be developed to explain
why they behave as they do. These models will include functions relating
the material properties to the penetration process, and will serve as the
basis for optimizing felts for various armor applications.
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The V., values obtained for fabrics made from these two yarns

50
were 1178 feet/second for the PNR #4 and 1100 feet/second for the PNR
#3.

The ballistic properties of a fabric are probably dependent in some
complex way upon the modulus and work to rupture of the component yarns.
Actually, a simple factor composed of the tenacity plus 10 percent of the
elongation can be used to relate static mechanical properties to ballistic
resistance for a particular fiber type. This was done both for poly-
propylene and for nylon (Fig., 1). From such curves, one can predict the
mechanical properties

1350+
/ that should be required

5
b of a yarn to reach a
g 1250+ x 3 ——
z particular ballistic value.
o NYLON
2 1200+ For example, to obtain a
“
9 1150+ plied polypropylene fabric
> POLY PROPYLENE
with a Vg of 1300 feet/
"OOT
second would require a
1050 +——+ - } + + +——t—
8 9 10 I 12 13 14 15 16

STRENGTH - ELONGATION FACTOR yarn with a tenacity of

FIG 1 - Vgq AS A FUNCTION OF STATIC 5 B G 05 alaagation

MECHANICAL PROPERTIES
to break of 12 percent.

On the other hand, for nylon to reach the same ballistic level, the more
moderate requirements of a tenacity of 10 gpd and an elongation of 15 per-

cent would be sufficient. The main conclusion to be drawn from these
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STUDY OF THE PHENOMENON OF COLD-DRAWING
(PLASTIC YIELD) IN HIGH POLYMERS

An exploratory study of the phenomena of cold-drawing and plastic
yield in high polymers has been conducted in which the stress-strain
properties and the geometry of yielding were investigated for two glassy
amorphous polymers: polystyrene and polymethyl methacrylate. Stress-
strain properties and cold-drawing behavior of polystyrene (PS) were
obtained in tensile tests at constant strain rate as a function of temperature
and degree of pre-orientation. The drawing of polystyrene in dead-load
tensile creep wes also investigated. The properties of polymethyl
methacrylate (PMMA) were investigated in tensile tests at constant strain
rate as a function of temperature, strain rate, molecular weight, and
cross -linking, Compression tests were run on both polymers tc study
the effect of a different stress field; effects of temperature and of density
changes produced by thermal history were also examined. Throughout
these experiments, the exact deformation and/or fracture mode was noted.

Our work has presented the results of a preliminary six-month
research project having as its aim a general exploratory survey of the
effects of several of the significant variables, utilizing these two
amorphous polymers -- PS and PMMA., We wished to characterize as
well as possible some of the principal features of the drawing (or yield)
phenomenon, in such a way that recommendations could be made as tc
what approach would be desirable in a more full-scale and long-range
investigation of the phenomenon.
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interval, as is shown in
Figure 4. The useful
portion of the pulse occur-
red during the first milli-
second following the peak.
A bandwidth of light from
approximately 5000 to

6000 angstroms was ob-

tained with a Wratten 58B

Figure 4 - Oscilloscope record of the filter.

modified light pulse intensity. Each

large horizontal unit equals 0,5 milli- 2. Photocell Detection,
second,

The photocell technique
was an alternate method used in observing dynamic birefringence., The same
B&W flash system served as the light source. The technique consisted of
projecting left-handed circularly polarized light through a slit 1/16-inch wide
and 1/2-inch high masked off on the specimen. The light emerging from the
slit then passed through a right-handed circular polarizer, a combination
of filters (Wratten 77A and 58B), and a lens which converged the light on a
small area of the photocell cathode (RCA Type 935).

When the specimen was impacted, the fringes, seen as alternate light
and dark areas in Figure 5, produced a modulation of light intensity on the
photocell as this optical disturbance propagated past the slit, The slit was

located a measured distance (1/2 inch or less) in front of the strain gage.
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The outputs from the photocell
circuit and the strain gage cir-
cuit were simultaneously record-
ed with a dual-beam oscilloscope
(Tektronix, Type 551) fitted with
a Polaroid camera,

IV. Experimental Results

The preliminary experimental

efforts were concerned with pro-

duction and detection of stress

Figure 5 - CR-39 specimen impacted waves in commercially available
from the left (missile not shown in

photograph)., Optical wave is propa- transparent plastics, For the
gating to the right at approximately

5000 feet per second, Large dark initial tests, the photographic
spot in each frame is the strain gage.

Time interval between frames is 38,5 method of detecting birefringence
microseconds; exposure time of each

frame is 1 microsecond., Scale marked was chosen to observe the prop-

in 1/2-inch divisions,
agating stress wave. The purpose

was to observe the performance of the apparatus and to determine if the wave
propagation was essentially one-dimensional in the regions more than several
inches from the impacted surface. For one-dimensional propagation, where
the component wavelengths are long compared to the transverse dimensions
of the specimen, the elastic wave velocity is given by the simple relationship

E X
L = /P Equation (1)

where E * is the dynamic modulus or elasticity and ? is the density of the

material,
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Figure 5 is a photographic record of a propagating stress wave pro-
duced in CR-39 plastic by an impact. In frame 1, the fringes are moving
to the right and are approaching the strain gage; subsequent frames show
the fringes passing the gage. In frame 5 a second group of fringes appears
at the left end and moves to the right; these correspond to the trailing edge
of the pulse., The area between the
two groups of fringes defines the
peak of the pulse, where the fringe
order is almost constant. The
fringes at the leading edge of the
pulse are perpendicular to the longi-

tudinal axis of the strain gage, show-

@~NOOODLHBUWN -

ing that propagation is essentially

one-dimensional in this region.

These optical data delineate the

Figure 6 - CR-39 (left) and PVB general shape of the pulse.

(right) composite specimen im-

pacted from the left, Arrow Birefringence can also be used
points to the interface. (Missile

not shown in photograph). Optical to show a strain pulse crossing an
wave is propagating to the right

at approximately 5000 feet per interface between two unlike materials,
second in the CR-39 and 2300 feet

per second in the PVB, Time in- Figure 6 illustrates this for a similar
terval between frames is 38.5

microseconds; exposure time of impact with photographic conditions
each frame is 1 microsecond.

Scale marked in l-inch divisions. identical to those of the previous figure.
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EVALUATION OF CERAMICS FOR PERSONNEL PROTECTION

The purpose of this study is to correlate physical properties of various
ceramics with their ballistics performance. An attempt has been made to
choose materials with a significant range in properties. Table I lists the

materials to be investigated and some of their proper.ies:

TABLE 1

SiC Al203 TiB?2 BN
Hardness, Mohs 9.2 9 9 2
Knoop (100g) 2500-3000 2000 2700 -
Density (g/cc) 3.21 3. 986 4.52 2.27
(Theoretical x-ray
density)
Density (g/cc) 2.1 3.5 4.3 2.1
(available and to be 2.7 3.7
used in this program) 3.1 3.9
Modulus of Rupture 20-30, 000 30-60,000 19,000 7-16,000
(psi at rt)
Modulus of Elasticity  56-60x10%  50x106 53x106 5-12x106
(psi at rt)

Specifically, Carborundum intends to use "KT'" silicon carbide, a self-bonded
silicon carbide having a density of 3.1; an SG silicon carbide composition, a
material similar to "KT' silicon carbide but not as dense; and a ""Delta"
silicon carbide composition, a low density recrystallized form of polycrystal-
line silicon carbide. The alumina used in this study will, in large measure,
be sintered alumina. Tests will also be conducted on hot pressed alumina
having a density of about 3. 93. The titanium diboride and boron nitride will
be hot pressed materials. Boride ""Z", a zirconium diboride, molybdenum

silicide composition, will also be investigated.
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Figure 1 - Riehle Universal Screw Testing Machine
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The tests to be made include: modulus of rupture, compressive strength,
impact strength, modulus of elasticity and microhardness. The results of
these tests will be correlated with density and microstructure.

The equipment available for this program includes: a Riehle Universal
Screw Testing Machine, an Impact Tester of Carborundum design, a Tukon
Hardness Tester, a sonic modulus of elasticity apparatus, and a variety of
metallographs. The Riehle apparatus (Fig. 1) may be used for compressive
and tensile strength measurements. The use of such accessories as the model
DU deflectometer and the Pend-O-Matic Strain Rate Indicator make it possible
to measure moduli of rupture and elasticity. A fou. -point loading jig will be
used for MOR (flexural) testing. A maximum load of 60, 000 pounds can be
applied at a controlled rate. The impact tester (Figs. 2 & 3) is a device used
to measure the energy required to break ceramic bars. A stainless steel
plunger is permitted to fall upon the sample from a controllable height. The
energy absorbed in breaking the bar is determined by subtracting the kinetic
energy of the plunger after breaking the bar from the kinetic energy of the
plunger dropped with no test bar. The kinetic energy is computed by measuring
the velocity of the plunger by using an electric eye, the light of which is cut
by a shoulder on the plunger, and an electronic counter which measures the
time the electric eye current is interrupted. Microscopic examinations will
be made to determine grain size, shape, and orientation, and other features
of importance. Modulus of elasticity measurements will also be made sonically
for comparison with those made using the Riehle Tester. The sonic apparatus

is shown in Fig. 4.
209



Figure 2 - Impact Tester
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Figure 3 - Impact Tester

During testing, the plunger, 4, is dropped from a height controlled by the
limit switch, 2. After breaking the specimen, 7, the plunger is returned to
its former height by means of a magnetic pick-up, 2, which is part of the
return mechanism, 1. The time interval meter, 10, measures the length of time
the electric eye current, 5, is interrupted.
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Figure 4 - Sonic Apparatus for Measuring
Modulus of Elasticity
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