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SECTION I
INTRODUCTION

The merhanical properties of heavy metal alloys avail-
able for use as long rod kinetic energy penetrators vary over
a wide range of values dcpending upon “he constituants of the
alloy and its heuat treatrent. The penetrator designer con-
fronted with such choices of material properties must attampt
to choose the particular alloy that will optimize penetrability.
To accomplish this, he muat understand the penetration process
and hew it is affected by penetrator configuraticnal and mate-
rial parameters.

Recently two theoretical investigations were undertaken
for the purpore of aiding the designer in his cloice of mate-
rial propexties for long rod penatration., 1In the firzt inves-
tigation (Raference 1) several heavy metal penetrators of
different designs wers ranked according to their penetrability
vhen impacted against a 5.08~cm-thick steel target. In the
sacond effort (Reference 2) one of the heavy metal penetrator
designs was chosen and the effect of varying penetrator mate-~
rial propertiss was examined. In particular, calculatiouns
involving the variation in penetrator matcrial yield strength,
spall threshold, shear modulus, and bulk modulus were performed,
and the effects of varying these properties on the projectile's
ability tu penatrate were investigated., Thae second effort led
to several tentative conclusions regarding the dependency ¢f
final orater geomatry on the various penatrator material
properties,

The current effort was undertaken in order to substan-
tiate or otherwise modify some of the earlier conclusions as
well as to investigate ranges of parameters not considered in
the previous investigations., In this report, data from the
current effor: are pooled with those generated in the previous
investigations and the analyses reported here cover all of the
data from all three of the efforts.

Section II of this report briefly describes the numer-
ical and material models employed in the HELP calculations,

1. Bedgwick, R, T. and L. J. Walsh, "High Density Penetrator
Performance in a Hard Target," AFATL-TR-74~201, ADB0O4857L,
Air Force Armament Laboratory, Eglin Alr Force Base,
Florida, Decenber 1974.

2. Hageman, L. J. and R. T. Sedgwick, "A Parametric Investi-
gation of the Effects of Varying the Material Properties
of a Heavy Metal Penstrator," AFATL-TR-75-152, Air Force
Armament Laborcatory, Eglin Air Force Base, Florida,
November 1975,




In Section 1II the parametric studies are summarized and the
calculation matrix presented. Section IV discusses changes
in the numerical model and validation of these changes by
comparison with experimental data. In Section V the results
from the calculations are presented and discussed. These
resulta include plots which show the dependency of final
crater depth and radius, final projactile length, and enexgy
coupled to the target on such material properties as shear
yield strength, failure threshold, shear modulus, and bulk
modulus. BSection VI presents the conclusions drawn from the
combined current and previocus investigations and provides
recomnmendations for additional work. . ,

The results from the combined parametric investiga-
tions of the effects of the miterial properties of heavy
metal penetrators on the dimensions of the crater in a stesl
tazget indicate that available numerical technigues can pro-
vide invaluable guidance to the penetrator designer regarding
the choice of penetrator material proper+ies for a given
penetrator design and given impact conditions.
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SECTION 11

NUMERICAL AND MATERIAL MODELS

2.1 NUMERTCAL TECHNIQUES

In the present material parametric study of heavy metal
penetrators, the HELP code was employed to solve a series of
impact: situations. 1In this section only a brief description
of the numerical techniques and material models employed in the
calculations is presented, since the HELP code is well docu-
mented (Reference-z 3 and 4).

HELP is a two~dimensional, multimaterial, Eulerian code
for solviag material flow problems in the hydrodynamic and
elastic-plastic regimes. Although the code is basically
Eulerian, material interfaces and free surfaces are prcpagated
through the calcuvlational mesh, in a Lagrangian mauner, as
discrete interfaces across which the materials are not allowed
to interdiffuse., Thls interface treatment gives HELP a -lis-
tinect advantage over other pura Eulerian codes and all . it
to be applied to the solution of a variety of complex, & 1lti-
material problema. The basic HELP techniques have been exer-
ciged over a wide range of solutions including hypervaloc.ity
and ballistic impact, fragmentation munitions, shaped charge
jet formation and shaped charge jet penetration. Considerable
confidence has been gained in the basic numerical model.

2.2 MATERIAL MODEL

The material model employed in HEL? includes an equation
of state, a deviatoric constitutive relation for elastic and
plastic deformations, and a failure criterion. These will be
discussed separately in the following paragraphs. The material
constants used for the heavy metal projectile and for the steel
target are given in Table 1.

3. Hageman, L. J. and J. M. Walsh, "HELP, A Multiple-Material
Eulerian Program for Compressible Fluid and Elastic-Plastic
Flows in Two Space Dimensions and Time," I and II, BRL-CR-
39, AD Nos. 726459 and 7626460, Ballistic Reswarch
Laboratories, Aberdeen Proving Ground, Maryland, May 1971.

4. Hageman, L. J., D. E., Wilkins, R, T. Sedgwick and J. L.
Waddell, "HELP, A Multi-Material Eulerian Program for
Compressible Fluid and Elastic-Plastic Flows in Two Space
Dimensions and Time," Revised Edition, Systems, S~ience
and Software Report SS5S-R-75-2564, July 1975,

VSN SEURSURY i S




TABLE 1.

MATERIAL PROPERTIES EMPLOYED

IN THE STANDARD CALCULATION

MATERIAL .
HEAVY METAL ALLOY STEEL

PROPERTY

by fg/em’) 18.62 7.8

A (dynes/cm?) 1.095 x 10t2 1.28 x 1012

B (dynes/cm?) 1.97 x 10*2 1.05 x 162

a 0.5 0.5

b 1.53 1.5

@ 5.0 5.0

8 5.0 5.0

B, (2rgs/q) 7.0 x 1040 9.5 x 10%°

Eg lerga/g) 6.73 x 10° 2.44 x 1010

E; (ergs/g) 2.37 x 101° 1.02 x 101l

G (dynes/em?) 7.75 x 10%! 8.0 x 10!

Yo'(dynes/cmz) l1.01 x 10lo 6.0 x 109

Yl (dynes/cmz) 0 0

Yz (dynes/cmz) 0 0

E, (ergs/q) 2.28 x 10° 1.3 x 100

S (dynes/cmz) 2.7 x 1010 3.8 x 1010

*
Values of A, G, Yo and S given in this table for
the heavy metal alloy were employed in Calcula-

tions 1, 10, and 18.

The values used in the

remaining calculations are given in Table °.

el
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2,2,1 Equation of State

The Tillotson (Reference 5) equation ot state, modified
to give a smooth transition between condensed and expanded
states, was employed. In Equations (1) through (3), p, E and
p are pressure, specific internal energy and mass densxty,
respectively; n = p/p = u + 1, and pq, a, » Eqy EZy A, B,
a and 8 are constants for the particuiar materxgl. For the
condensed states, i.e., when p/p_ > 1, or for any cold states,
E <Eg the equation of state has the form

Pp=p,=|a+ P lEp + Ay +BUE . (1)

E
— + 1
Eon

For expanded hot states, i.e., when p/p <1l and E > E;, the
equation of state has the form

2
p=pg = aEp + _____JL__ + ape~Blog/o-1) | malp /=107 g

__,+1
E n

A smooth transition between the condensed and expanded states
is insured by a transition equation for the intermediate region
defined by E_ < E < Es and p/po < 1. This blended portion of
the equation of state has the form

(E = Eg)pg + (Eg ~ E)p,
p - E‘ - E A4 (3)
8 -]

2,2,2 Elastic-Plastic Constitutive Relation and Yield Criterion

The deviatoric stress increments, ds. if’ are determined
by using the elastic relation

5. Tillotson, J. H., "Metal.ic Equations ¢f State for Hyper-
velocity Impact,” General Atomic Report GA-3216, July 1962.




where G is the modulus of rigidity and de are the increments
of deviatoric strain, Wwhen such an increﬁént cf stress causes
the von Mises yield criterion,

5y48,4 < 202 (5)

»

to be violated, each strass component is proportionately reduced
to bring the stress normally back to the yield surface. A vari-
able yield strength :

Y o= (Y, + You o+ quz) (1 = E/Em) (ﬁ)

is defined to account for the increase in strength at high
pressures and the decreare of strength at alevatad values of
the specific internal energy, E.

2,2,3 Failure in Tension

Given the spall threshold, S, based on plate slap
experinents and expressed as a negative pressure, the maximum
distension of a material is approximated in the HELP code by
regarding the pressure as a linear function of the hulk modulus,
ignoring higher order terms in p and any energy dependence.
Therefore, given the spall threshold, S, and the bulk modulus
A, the scalar quantity (p/p,) . associated with the maximum
distension of a material f0218ws from

s=a (lo/og), - 1) . (7)
i.e.,

(b/pg)y =3 +1 . (8)

2.2.3.1 Dependence of Failure on Specific Internal Energy

Pravious to these three studies, the material failure
criterion in HELP was based solely on material distension as




A e a—

indicated by the scalar quantity (p/p,)s. However, in the
present parametric studies, this criteérion was extended to
account for the effect of heating on the material's ability
to withstand tension. It was assumed that the spall thresh-
old approached zero as the material's specific internal
energy approached Bmelt’ the energy needed to melt the mate-
rial.

The density corresponding to the melt state, Pmelt’
was determined such that

P = 0, (9)

Prelt’ Bmelt)

If the material was between the cold and melt states, then

l S I Plell
(p/p ) o= (— + 1) 4 cn—— ——r——
o's A Emelt [ Yo

5

(X + 1) {10)

which is a straight-line interpolation in the E - p plane be-
tween the values associated with the cold and melt slales.

2.2.3,2 Gradual and Abrupt Failure Models

When the distension, p/p_, of the material in a computa=-
tional cell was less than (p/p °) , the material was presumed
to have failed. In all but on® 8f the calculations in these
studies, thz material was failed gradually over a characteristic
time. The characteristic time was datermined for each cell by
dividing the cell diagonal by the sound speed of the material.
The material in a cell had to be subjected to conditions that
would cause fallure for a time duration equal to the charac-
teristic time in order for the material in that cell to be com-
pletely failed., If the stress conditions changed before the
cell completely failed, the material was considered only par-
tially damaged. In order to keep track of this damage, a
failure array, F,, was added to the code, When Fk = 0, the
material in the ﬁth cell had not failed, and when'F, = 1, it
had completely failed. Intermediate values of F wohld be asso-
ciated with cells which had satisfied the failure criterion for
a time duration less than the characteristic time. The total
:trelse?lcalc?lated in each damaged cell were reduced by the

actor - F).

]
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In the abrupt failure model employed in Calculation 19,
the valuo of F was set immediately to 1 once the material was
subjected to conditions which violated the failure criterion.

In both the gradual and abrupt failure models, the
failure parameter, F, was transported so as to associate it
with a volume of material rather than with a fixed computa-
tional cell. Therefore, values of F between 0 and 1 could
rasult from material that was gradvally failing over a char~
actaristic time when the gradual failure model was employed,
or from failed material being transported when either model
was employed,
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SECTION III
DESCRIPTION QOF THE PARAMETRIC STUDIES

The HELP calculations performed in the two previous
investigations and in the current parametric study involved
the normal penetration of a heavy metal projectile into 5.08-
. em~thick rolled homogeneous armor (RHA) at a velocity of
5.5 x 10" cm/sec. The material properties and design of
the penetrator in Calculation 1 of the first study was chosen
' as the standard fur the subsequent material property para-
metric studi2r, The material properties of the projectile in
Calculation 1 were chosen as being representative of a real
heavy metal alioy. The dimensions of the projectile are
given in Figure L. The material properties of the stecel tar-
get weru held constan: throughout the studies. (The material
constants usat for tthe standard projectile and the steal tar-
get ara given irn Table l.)

in this report the results of the calculations from the
second study were combined with those of the current investi-
gation so that firmer conclusions regarding the effects of
penetrator material properties on the penetration process
could be made. Table 2 provides the calculational matrix.
Moat of the caloulations shown in Table 2 involved variations
from the stundard values assigned to the spall threshold,
shear yield strength, bulk modulus, and rigidity modulus in
Calculation 1. Two of the calculations, numbers 10 and 18,
were performed to assess the effects of specific numerical
techniques: abrupt failure and the addition of an artificial
viscosity term to cell boundary stresses. An analysis of the
results of Calculations 10 and 18 is given in Section IV of
this report. It should be noted here, however, that the re-
sults of those calculations indicated that Calculations 1 and
2 should be omitted from the material property parametric
study and that Calculation 18 should bacome the stancdard in
place of Calculation 1.

Table 3 indicates the specific calculations which were
chosen for investigating the effects of varying each of the
four material properties. These effects are discussed in
detail in Section V.
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TABLE 3, SPEC{FIC CALCULATIONS USED TO INVESTIGATE
EACGH OF TIE FOUR MATERIAL PROPLRTY LFFECTS

MATERIAL PROPERTY

CALCULATION NUMBERS

Shear Yield, Yo
Spall Threshold, §
Shear Modulus, G

Bulk Modulus, A

3' 4' ll’ 12' 13
6, 7, 18, 19

8, 14, 15, 18

16, 17, 18
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SECTION 1V

EFFECTS OF CHANGES TO THE NUMERICAL MODEL AND
COMPARISON WITH EXPERIMENT

In the Eirst study (Referdhce 1), the drsign which was
chogsen for Calculation 1 was tested experimentully and the
resulting crater dimensions were compared to those predicted
by the HELP code, The discrepancy of 10 percent was somewhat
surprising since the results of the HELP code i: other impact
studies had been significantly closer to experimental results
(References 6 through 8). In reviewing the precise model used
in that first study (Calculations 1 and 2), it was concluded
that the addition of an artificial viscosity term in the form of
a cell boundary stress was not only unnecessary, bui it was prob-
able that by smearing the stress field the added viscosity had
significantly reduced the interface velocity and the predicted
final crater depth. The addition of an artificial viscosity
tearm was based on studies made on a very brittle material in
which small noises in the stress field led to unrealistic prop-
agation of failure, 1Initially, it was thought that such unreal-
istic failure might occur in the heavy matal penaetrator even
though it was relatively ductile. In the subsequent studies,
however, the additional artificial viscosity term was cmitted
from most of the calculations, and no evidence of unreslistic
failure propagation was observed.

In the current study the first calculation was repeated;
it is reported here as Calculation 18. The crater depth of
Calculation 1 (with viscosity) was 1.382 cm, whereas the

6. Sedgwick, R. T., and L. J. Hageman, "Numerical, Analytical
and Experimental Investigation of Penetration by Kinetic
Kinetic¢ Energy Projectiles," AFATL-TR-72-48, March 1972,

7. Sedgwick, R. T., M. S, Chawla and L. J. Walsh, "Parametric
Application of Computer Codes to Metallic Projectile/
Target Interactions," Systems, Science and Software Final
Report $55-R-73-1631 under Contract F08635-71-C-0094,
April 1973,

8. Sedgwick, R, T., and J. M. Walsh, "Effccts of Projectile
Shape on Thin Plate Perforation at Normal Incidence,"
BRL-CR~-1J8, May 1971,
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crater depth of Calculation 18 (without viscosity) was

1.53 cm, an increase of 10.7 percent which brings the calcu-

lated results within a percent of the experimental results.

Crater depth as a function of time is plottsd for Calcula-

tions 1 and 18 in I"igure 2. As thege curves indicate, the

crater formation process ia nearly identical in the two cal-

culations for the first 50 us after impact. lcom then on,

however, the added artificial viscosity in Calculatior 1

significantly reduces the rate of crater growth and the r
final crater depth.

Bacause of its close agreement with experiment, Calcu- \
lation 18 becomes, in this current study, the basic calcula-
tion in place of Calculation 1. Calculation 2 is omitted
from the comparisons in this report since it also was part of
the first study and reflects the use of an additional artifi-
clial viscoslity term. Furthermore, the rigidity modulus used
in Calculation 2 was 10 percent lower than that used in Cal-
culatione 6 and 7, thereby making the previous conclusions on
the effect of varying the shear yield strength unneressarily
‘tentative.

In the second study an additional artificial viscosity
term was employed in Calculation 9 in which the projectile
material bulk modulus was twice th? standard value. In view
of the above observations on the effects of this added vis-
cosity, Calculation 9 is omitted from the current analysis of
the effects of varying the projectile material bulk modulus.
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Figure 2. Crater Depth Versus Time for
Calculations 1 and 18
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SECTION V
RESULTS OF HELP CALCULATIONS

5.1 SUMMARY PLOTS AND TABLES

The HELP calculations reported here followed the pene=~
tration process until the depth of the crater became constant.
The effectiveness of each projectile material modeled ig mea-
sured primarily in terms of the final crater depth. The values
of crater radius and projectile length at that final time as
well as the total energy coupled to the target are presented
as indicators of differences in the penetration process and are
not meant to represent the ultimate values of these parameters
which may continue to change after the final crater depth has
been established.

To illustrate the intermediate stages of the penetration
process, plots of the projectile/target configurations at
various times for the standard calculation (number 18 in Table
2) are shown in Figure 3. (The configuration plots for all
nineteen HELP calculations as well as the grid zoning employed
in all of the calculations are presented in Appendix A.)

The results of the nineteen calculations are summarized
in Tables 4, 5, and 6. Table 4 lists the quantitative predic-
tions regarding the final crater depth and the corresponding
crater radius and projectile length. Table 5 normalizes thesc
quantities to Calculation 18, the basic case in the parametric
study. Table 6 indicates the final timae for each calculation
(L.e., the time at which the final crater depth was estab-
lished) and the total energy coupled to the target from the
time of impact to the final timc.

5.2 EFFECTS OF VARYING THE PROJECTILE SHEAR STRENGTH

The effects of increasing the shear yield strength of
the projectile, as predicted by the HELP calculations, can be
seen by comparing the results of Calculations 12, 11, 13, 3
and 4 in which the projectile yleld strength was 0.75, 1.51,
2,55, 7.56, and 15.1 kilobars, respectively. The final con-
figurations of these calculatlions are given in Figure 4. It
is clear from these configuration plots that the hardness of
the projectile material significantly affects the final depth
and shape of the crater. From the curves drawn through the
data points in Figure 5, it is apparent that, as the shear
yield strength of the projectile is increased, the crater
radius decreases almost linearly, whereas the crater depth
ig essentially unaffected by increasing the projuctile shear

le
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TABLE 6. TIME OF CRATER ARREST AND TOTAL ENERGY COUPLED
TO TARGET FOR CALCULATIONS 1 THROUGH 19

ensunanion | o, |l B,
’ (us) (ergs x 10'!)

1 150 1.486
2 160 1.261
3 160 1.415
4 200 1.619
5 210 1.943
6 235 2.607
7 220 1.764
fo 8 200 1.637
/ 9 150 1.356
g 10 150 1.315
11 200 1.793
12 205 1.930
13 190 1.645
14 210 1.536
15 160 1.629
16 210 1.516
17 220 1.567
18 160 1.502
19 160 1.544

20




Calculation 12 Calculation 11
Y = 0,75 kb Yy = 1,51 kb
o o

Calculation 13 Calculation 3
Yo = 2,55 kb YQ = 7,56 kb

Calculation 4
Yo = 15.1 kb

Figure 4, Predicted Final Configurations of Calculations
12, 11, 13, 3,and 4
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Figure 5a. Plot of Final Crater Radius Versus Projactile

N Shear Yield Strength for Calculations 3, 4, 11, 12 and 13
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Figure 5b. Plot of Final Crater Depth Versus Projectile
Shear Yield Strength for Calculations 3, 4, 11, 12 and 13
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yield strength from 0.75 to 7.56 kilobars and is increased
by 24 percent when the projectile shear yield strength is
increased from 7.56 to 15.1 kilobars,

The aecond parameteric investigation of heavy metal
penetrators predicted a minimum in the crater depth versus
projectile shear yield strengih curve correspunding to the
results of Calculation 2. The additional calculations com-
pleted as part of the present study (numbers 12 and 13) in-
dicate a slight upturn in the curve at very low values of
the projectile shear yiaeld atrength. However, by excluding
the results of Calculation 2 fram the present analysis, the
importance and magnitude of the minimum point are greatly
diminished.

Additional data extracted from these HELP calculations
suggest a rather abrupt change in the extent of projectile
deformation as thm projectile yileld strength is raised above
7 kilobars. It is already clear from the configuration plots
in Figure 4 that the hardness of the projectile significantly
affacts how much of the projectile mass becomes part of the
ejecta and how much 1amains essentially undeformed. 1In Figure
6 the curve showing the relationship between projectile hard-
ness and final pro?actile length drops off abruptly between
yield strengtns of 7,56 and 2.55 kilobars., Outside of this
range, howaver, the slope of the curve predicts a much weaker
dependence of final projectile length on projectile hardness.
There appears to be a relalively narrow ranga of valuecs for
projactile shear yield strength (between 2.55 and 7.56 kilo-
bars in the impact situation moduled by thase calculations)
which defines a transition between the projectile materials
in which all or most of the projectile mass becomes part of
the ejecta and those in which a significant portion of the
back of the projectile remains essentially undeformed. This
critical range of values probably is a function of the impact
velocity, the material properties of the taryet,and the other
material properties of the projectile. For example, a lower
tensile failure threshold in the projectile or a higher yield
strength in the target might cause this transition to occur
at higher values of projectile yield strength.

A basic difference in the .cratering process due to the
use of hard rather than soft projectile materizls also is in-
dicated by the crater depth versus time curves in Figure 7.
When the harder projectile materials (Y, > 7.56 kb) are used,
Calculations 3 and 4 predict that the fgnal crater depth is
established earlier and more abruptly than when the softer
materials (Y, < 2.55 kb) are chosen, as in Calculations 11,

12, and 13. gy taking the first derivative of these curves, the

velocity of the projectile/target interface can be obtained.
Figure 7 therefore indicates that in Caleulations 3 and 4 the
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Figure 6. Plot of Final Projectile Length Versus
Projectile Yield Strength for Calculations 3, ¢,
11, 12, and 13
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Figure 7. Crater Depth Versus Time for
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interface velocity remains nearly constan: until about 100 us
and then over the next 40 us quickly approaches zero. By
contrast, in Calculations 1l and 12, where Y . < 1.51 kb, the
interface velocity drops off very slowly for 175 us and goes
tc zero only wher the residual length of the projectile ag-
proaches zero (at seen in Figure 4), Calculation 13, in which
Y. = 2,55 k:ar, represents a transition between the extremes.
Tgo deceleration of the projectile/target interface occurs more
rapidly, as it does when the haxd materials are employed, but
the interface continues to move until most of the projectile
material has been consumed, which is characteristic of the
softer materials.

This difference in crater growth rate and in reusidual
projectile length suggest that when the yield strength is
sufficiently high (> 7.56 kb), the projectile is stopped by
stresses within the projectile as well as by those within
the targe:. Furthermore, when the yield strrngth of the pro-
jectile material is sufficiently low (< 1.51 kb), thesse
stresses are not sufficient to stop the projectile until it
is entirely consumed by the cratering process.

A difference in the effect of the hard and soft pro-
jectile materials is reflected also by Figure 8 in which the
total energy coupled to the target is plotted versus projec-
tile shear yield strength. The softer projectiles (Y, < 2.55
kb), which form wider craters and thereby distribute their
load over a larger gsurface area, couple mora total energy to
the target than do the harder projectiles (¥° > 7.56 kb).
These results are not surprising in light of“the fact that
more of the hard projectile's kinatic energy is converted to
heat by plastic work and therefore less of it is available to
be coupled to the target. In addition, the hard projectile,
because it flows less radially, focuses its load over a
smallexr surface area and thereby forms a desper, narrow
crater even though it couples less total energy tc the target.
The crater profiles in Figure 9 show the change in crater
shape as the yield gtrength of the projectile material is
increased.

predict a 24 percent gain in crater depth when the projectile

material shear yield strength is increased by a factor of two

from 7.56 to 15.1 kilobars. However, when this parameter is

increased from 0.75 to 7.56 kilobars, a factor of ten, Calou-

lations )2 and 3 predict narrower but not deeper craters. !
Crater depth, therefore, has a nonlinear dependence on projec- ;
tile hardness over the range of values considered here (0.75

to 15.1 kb). Furthermore, above a critical value of projec~-

tile yield strength, the cratering process apparently changes

To summarize, the results from Calculations 3 and 4 4
[]
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Figure 8. Total Energy Coupled to the Target Versus
the Shear Yield Strength of the Projectile for
Calculations 3, 4, 11, 12, and 13
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Figure 9a, Final Crater Profiles of
Calculations 3 and 12
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Figure 9b, Final Crater Profiles of
Calculationg 3 and 4




character; i.e., the residual projectile iength . ...eases i
rapidly, the growth of the crater ends abruptly, and before -
all of the projectile is consumed. fThis critical wvalue is i
very probably a function of the impact velocity, the target
material properties, the other projentile wmaterial proper-
ties, and the initial dimensions ¢f .e projectile.

5.3 EFFECTS OF VARYING THE TUNSILE PFAILURE THRESHOLD OF
' THE PROJECTILE

The effects of changing the tensile failure threshold
of the pronjectile can be seen by comparing the resultas of
Calculations 6 and 7 and those of Calculations 19 and 19.

As indicated in Table 2, the projectiles in Calculations 6

and 7 were relatively soft, having a yield strength of 3.78
kilobars, whereas the projectiles in Calculationa 12 and 19
had a yield strength of 10.1 kilobars, representing a rela-
tively hard matarial. 1In both sets the spall threshold of

one was 27 kilobars {(Calculations 7 and 18), and the other

was 18 kilobars (Calculations 6 and 19).

The failure criterion employed in these calculations
is described in Saction II., Hownver, a brief description of
how the criterion is applied seems appropriate at this point.
When the material in a calculational cell satisfies the
failure criterion over a characteristic time, the code presumes
that the material has become a collection of small particles
which 15 unzble to withstand tension (negativa pressure) and
has no strength in shear. However, the code doces assume that
this failed material can later sustain hydrostatic pressures
1f it becomas sufficiently compressed or heated.

As the gonfiguration plota and the crater depth versus
time plots in Fiqurews 10 through 12 indicate, varying the
tensile threshold of a soft projectile (Y, = 3.78 kb) has a |
significant effect on the final crater geometry; whereas,
this parameter when varied from 18 to 27 kilobars in a hard
penetrator material (Y, = 10.1 kb) has essentially no effect
on the final crater dimensions or on the paenetration process.
These conclusions are summarized by Figures 13a, 1l3b, and 1l3¢
in which final crater depth, crater radius, and projectile

, length are plotted versus the projectile spall threshold for
Calculations € and 7 and Calculations 18 and 19, For the
harsd projectiles (18 and 1Y) all of thesma gquantities are
assaentially the same, For the soft projectiles (6 and 7),
however, crater depth is clearly affected by changes in the
tensile failure of the projectile; the crater radius and the
final length of the projectile are also affected but to a
lesser degree. In fact, the final length of the projectile -
is more sensitive to projectile yield strength than it is to
spall threshold as is evidenced by the spread in the data for
the soft and hard projectiles in Figure l3c. ]
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Calculaiion 6 Calculation 7
S = 18 kb S = 27 kb

Y, = 3.78 kb

\k"-_lf E\ﬂ <.___..._..| |
| . .

Calculation 19 Calculation 18
S = 18 kb S = 17 kb

Y, * 10.1 kb '

'Figqure 10. Predicted Fin . Configurations of Calculations
6, 7, 19 and 18
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! These results raise two interesting questions. (1)
why does decreasing the spall threshold of a soft projectile
mak: it a better penetrator? (2) Why does decreasing the
spall threshold of a hard projectile have no effect on its
penetrability? It appears that the answers tc both questions
involve the effect of projectile shear yield strength on the
penetration process.

In the first instance, the increased tensile failure in
the projectile has two effacts »n the cratering process. It
drastically reduces the plastic work of the projectila mate-
rial, and it narrows down the area across which the projectile
load iy delivered. The first of those effocts enables the pro-
jactile to couple inore of its energy to the target, and the
second enables it to form a deeper crater. Figures lda and
14b show the effect of projectile spall threshold on the plas-
tic work of the projectile and the total energy coupled to the
target.

In the second instance, it can be concluded that the
high strength of the hard projectile inhibits the radial
flow of the material within the crater volume which, in turn,
prevents hydrostatic tensions above 18 kilobars from occur-
ring. This conclusion is supported by Figure 15 which com-
pares the extent of failed material at 160 us for the cal-
culations involving soft and hard projectiles, both having
a spall threshold of 18 kilobars. 1In Figure 15 the shaded
calls contain material which is expanded (p < p,) and which
at some point has failed. The calculations p:oaict consider-
able failure of projectile material within the crater volume
for the soft projectile (Calculation 6) and essentially none
for the hard projectile (Calculation 19)., It can be concluded,
therefore, that the spall threshold for the hard projectile
must be lower than 18 kilobars for it to affect the projec-
tile's penetrability.

By comparing the crater depth curves versus time for
Calculations 6 and 7 (Figure ll) and for Calculations 3, 4,
11, 12,and 13 (Figure 7), it is apparent that tha yield
strength of the projectile does affect the early stages of
the cratering process, whereas the ductility of the projec-
tile does not have a significant effect on the crater depth
until after 100 us., These results seem to suggest that to
optimize the performance of a heavy metal penstrator against
a thick steel target it is important for it to have a high
shear yield strength for the early stages of penetration and
to have a low spall threshold for the late stages.

5.4 EFFECTS OF VARYING THE SHEAR MODULUS OF THE PROJECTILE

By comparing the results of Calculations 8, 14, 15, and
18, the effects of varying the projectile material shear
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Calculation 19
Yo = 10.1 kb

Calculation 6
Yo = 3,78 kb

Figure 15, Configuration Plots of Calculations 6 and 19
at 160 us, Failed Cells With Zero Stresses are Shaded.
The Spall Threshold in Buth Calculations was 18 Kilobars
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modulus can be cbserved. ' The shear modulus of a real heavy
metal alloy, as modelad by Calculation 18, is 7.75 x 1l¢i!
dynes/cm?, This value halved, i.e., 3.875 x 10! dynes/cm?,
wag used in Calculation 15, and in Calculations 8 and 14 the
standard value was increased b¥ factors of two and four to
give shear moduli of 15.5 x 10'! dynes/cm? and 31.0 x 10'!
dynes/cm?, paspectively. Thase four calculations therefoce
otgcfirolultl over a substantial range of projectile shear
modull.

As the configuration plots in Figure 16 suggest, the
final crater dimensions are rather insensitive to changes in
the rigidity of the projectile. All of the craters are nearly
hemispherical, and there is less than a 6 percent variation in
the final crater dapth or radius from the average values
(E = 1,617 cm, R = 1.514 om) predicted by these four calcula-
tions.

The final crater depths and radii are plotted versus
projectile shear modulus in Figure l7a and 17b. Aside from
the fact that there is some scatter in the crater depth data,
a nearly horizontal line can be drawn through both the crater
depth and crater radius data. Likewise, as indicated by
Figure l7c, essentially the same total energy is coupled to
the target during the cratering process by all four projec-
tiles. Therefore, these results clearly predict a very weak
relationship between projectile rigidity and penetrability.

The final length of the projectile, on the othexr hand,
appvars to increase significantly as the projectile shear
modulus drops below 15.5 x 10!! dynes/cm?, as seen in Figuxe
18a, It should be noted again, howevsr, that the final pro-
jectile length is obtained at the tims in the calculation
that the final crater depth is established. As a result,
these data points are an indication of how much of the pro-
jectile material is consumed in establishing a final crater
depth, and they are not necessarily an indication of the pro-
jectile length when all of the projectile's kinetic enerxgy
has been dissipated. These calculations ssem to indicate
that while the back of the projectile is still moving towazd
the target, a significant amount of the projectile material
flows radially and becomes part of _he lip and debris befors
coming close enough to the projectile/target interface to
affect the depth of the crater. In the plot of residual pro-
jectile kinetic energy versus projectile shear modulus in
Figure 18b, it is evident that the projectiles with the low-
est shear modulus have the largest residual kinetic enexgy
as well as the greatest length when the crater depth is
finalized. Consequently, at the time that the projectile
kinetic enexgy goes to zero in Calculations 15 and 18, the
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Calculation 18 Calculation 18
G = 3.875 x 10'! dynes/cm? G = 7,75 x 10'! dynes/cm?

} g% W

Calculation 8 . Calculation 14
¢ G = 15,5 x 10! dynes/cm? G = 31.0 x 10'! dynes/cm?
C

Figure 16, Final Configuration for Calculations
8, 14, 15,and 18
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A

projectile length might be reduced to that of the projectiles
in Calculations 8 and 1l4. Therefore, it is posaible that the
true final dimensions of the projectila as well as those of
the crater are essentially unaffected by the rigidity of the
projectile.

Finally, the similar shape and slope of the crater
depth versus time curves in Figure 19 for Calculations 8, 14,
15, and 18 suggest that the growth rate of the crater is also
essentially independent of the rigidity modulus of the pro-
jectile materijal.

5.5 EFFECTS OF VARYING THE BULK MODULUS OF THE PROJECTILE

Calculations 16, 17, and 18 were performed for the pur~
pose of investigating the effect@pf varying the bulk modulus
of the projectile material. 1In the standard calculation (18)
the bulk modulus of a real heavy metal alloy, 1.095 x 10!?
dynes/cm?, was used. One-half of this value, or 5.975 x 10!}
dynes/cm?, was used in Calculation 16 and four times the
ata2dlr§7va1ue, or 4.38 x 10!'? dynes/cm?, was used in Calcu-
lation 17,

Figure 20 shows the pradicted final projectile/target
configurations for these three impact situations. It is
evident from the projectile length and lip formation at
crater arrest that the c¢ratering process is somewhat affected
by the bulk modulus Of the projectile. However, the plots in
Figure 21 show that the final dimensions of the cratar and
thea energy coupled to the target are relatively insensitive
to the bulk modulus of the projectile within the range repre-
sented here, It is apparent from the crater depth versus
time curves in Figure 22 that the growth rates of the craters
in these three calcuvlations ars not atrongly affected by
changes in tha projectiles bulk modulus. The curves remain
colncident or parallel until 75 us, and they all bagin to
level off at about 125 us. Only the very late stages of the
penetration, after 150 us, do their mlopes significantly

diverge.

As indicated in Table 4, the spall thrashold, S, of the
projectile in Calculations 16 and 17 was different from the 27~
kilobar threshold used in Calculation 18. This difference arose
from using the same value of (p/po) for the projectile in the
three calculations despite the change in the materia}l bulk
modulus, A, (Note from subgsaction 2.2.3, (p/oo - + ).
The analysis of the effect of varying the projocﬂile spall
threshold in sulisection 5.3 reveals, howevaer, that whea hard
material projectiles are used, the cratering proceess and the
final crater dimensions are assentially unaffected by a 50
percent increase in the spall threshold (from 18 o 27 kb).
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Calculation 16 Calculation 18
A= 5,975 x 10'! dynes/cm? A= 1,095 x 10'? dynes/cm?

I VAN

Calculation 17
A = 4,38 x 10'? dynes/cm?

—I—

Figure 20. Predicted Final Configurations of
Calculations 1G, 17, and 18
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SECTION VI
CONCLUSIONS

In the current study the HELP code was employed to
calculate eight impact situations to augment two earlier para-
metric investigations involving the effects of projectile i
material properties on penetration into a thick steel target. .

In all of the calculations heavy metal penetrators were im- I
pacted nornally into a 5.08-cm~thick steel plate at a velocity

of 5.5 x 10" cm/saec. The projectile material properties

that were varied were the shear yleld strength, the tensile
failure threshold, the shear modulus, and the bulk modulus.
Analysic of the results from the current calculational effort
combined witl. the results from the two pravious studies has
led to the following conclusiong. Thesae conclusions apply to ]
the particular impact situation studied.

¢ There exists a critical value of projectile
material shear yield strength sbove which the
crater depth is significantly increased by
hardening the projectile material. Below this
critical value, the crater depth is not strengly ]
affected by increasing thae shear yield sirength |
of the projectile, and the trend is actually re- '
versed when very soft (Y, < 1.0 kb) projectile
materials are employed. ;}

e Within the range of projectile material shear
yleld strengths considered in these astudies
(0.75 kb & ¥, < 15,1 kb), the soft:y projec-
tiles (Y, < 8.55 kb) form wider sraters and
couple more total energy to the target than do
the harder projectiles (7.56 kb < Y, < 15.1 kb).

e Since the crater depth resulting from an impact
of a soft projactile (Y, < 2.55 kb) is not
egtablished until nearly all of the projectile
mass has been consumed by the venetration pro- v
cess, the initial dimensions of the projectilea
beccmes an important parameter when the projec- }
tile material is relatively soft. »

¢ Increasing the brittleness of a low yield strength
projectile material (Y, = 3.78 kb) by decreasing
the tensile failure threshold from 27 to 18 xilo-
bars results in a significantly deepex crate:.
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¢ Increasing the brittleness of a high yield
strength projectile material (Y, = 10.1 kb)
by lowering the tensile failure threshold from
27 to 18 kilobars has essentially no effect on
the crater dimersions. The l0.,l-kilobar yield
strength of the srojectile material apparently
prevents it tro: developing tensions that ex-~
ceed the lower l--kilobar failure threshold.

e The crater dimensions remain essentially the
same when the shear modulus of the projectile
material is increased an order of magnltudo
from 3.875 x 10'! dynes/em?® to 3.1 x 10!
dynas/cm?.

® Changes in the bulk modulus of the projectile
material between 5. 975 x 10'! dynes/cm’ and
4.38 x 10'? dynes/cm* do not atrongly affect
the final crater dimensions,

The results of these parametric studies indicate that
the yield strength and the tensile failure threshold of a
hoavy metal penetrator strongly influence its ability to
penetrate a thick steel target. Hcwever, a closer examina-
tion of the intaerdependence of the tensile failure threshold
and the shsar yiscld strength of the projmctile material is
required in order to optimize the effects of both character-
iaties. In particular, by employing numerical tools such as
the HELP code, both materia) parameters can be varied in a
series of calculations to find the optimum strength charac-
teristics for a heavy metal penetrator.

Perhaps the most important extension of tliese para-
metric studies, however, should be the investigation of
obligue impacts. Some of the above conclusions may very
well be ali{weiad whan the targets are impacted with signifi~
cant degrees of obliguity. For example, brittleness of the
projectila material, which seems to be an advantage in the
normal impact situation studied here, may actually cause a
long heavy metal penetrator to prematuraly break in half
when it impacts a target obliquely. Newly developed three-
dimensional numaerical techniques are available for the study
of oblique impactasa.

It is felt that finite difference numerical maethods,
when coordinated with experimental programs and when applied
to parametric investigations such as the one reportad here,
can efficiently and economically provide valuable guidance
to the designers of heavy metal penetrators.
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APPENDIX A

PROTECTILE/TARGET CONFIGURATIONS AT VARIOUS TIMES
FOR CALCULATIONS 1 THROUGH 19

{n Figure A-l, the grid zoning employed in all of the
HELP calculations is shown relative to the dimensions of the
target and projectile., The remaining figures of this appen-
dix give the predicted projectile/target confiqurations at
various times for the nineteen HELP calculations used in the
current analysis. In all cases calculational times of 5, 30,
60, 90, and 120 us and the final time corresponding to ar-
rested crater growth are given. In each figure caption the
spall threshold, S, shear yleld strength, ¥ , bulk modulu. A,
and shear modulus, G axe indicated in units of dynes/cm?.
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t =5 us

I

t = 30 us

|

t » 60 us

t = 90 us

tw 120 us

e

t =« 150 us

Figure A-2. Projectile/Target Configuration at Various
Times for Calculation 1 (5 = 2.7 x 10'*, Y = 1.01 x 10'°',
G=7.75 x 10'', A = 1,095 x 10%?%)




t = 10 us t = 90 us

t = 30 us t = 120 us

I s

t = 60 us t = 160 us

Figure A-3., Projectile/Target Configurations at Various
rimes for Calculation 2 (S = 3,6 x 10'°Y, Y, = 3.59 x 10°,
G= 7.02 x 10}, A = 1.095 x 10'?)




t =5 us t = 90 us

t = 30 us t = 120 us

N

t = 60 us t = 160 us

Figure A-4. Projectile/Target Confi?urations at Various
Times for Calculation 3(S = 3.6 x 10"
G=7.75 x 10'!, A = 1,095 x 10!?)

» ¥ = 7.56 x 10°,




t = 90 us

t =S us
t = 30 us t = 120 us
t = 60 us t = 200 us

Figure A-5. Projectile/Target Configurations at Various

rTimes for Calculation 4 (5 = 3.6 x 10'°, Y, - 1.51 x 10'°,
G = 7.75 x 0%}, A = 1.095 x 10!'2)
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t = 90 us

t w5 yus
{
' t » 30 us t = 120 ps
A
[
t = 60 us t = 200 us

rigure A-6, Projectile/Target COnfiqurations at Various
Times for Calculation 5 (S = 1.2 x 10'%, ¥ = 5.04 x 10°,
Gw7.75 x 101!, A = 1,095 x 10'?)
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t =5 us t = 90 us

-4
t ~ 30 us t = 120 us
Jx[—lf "i
t = 60 ps t = 220 us

Figure A-7., Projectile/Target Configurations at Various
Times for Calculation 6 (S = 1.8 x 10'¢, Y, = 3.78 x 10?,
C = 7.75 x 10", A = 1.095 x 10!2)




't = 5 us - t = 90 us

C—

t = 30 us t =« 120 us
N U
!
t » 60 us t = 220 yus

Figuras A-8, Projactile,/Target Configurations at Various
Times for Calculation 7 (S = 2.7 x 10}°Y, Y, = 3.78 x 10°,
G= 7.75 x 10'!, A = 1,095 x 10%?)
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t"SuS t'QOUS '
B
|
N |
N t = 30 us t = 120 us
N |
N '
) L
- § t = 60 us ~ t = 200 us

Figure A-9. Projectile/Target Configurations at Various
Times for Calculation 8 (S = 2.7 x 10'°, Y, = 1.01 x 10'°,
G = 1.55 x 10'%, A = 1.095 x 10'?)
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1
/i
*
t » 95 us t «» 90 us
T = 30 Hs + = 120 ps i
L)
t = 60 us . t = 150 1=

Figure A-10, Projectile/Target Confi?urations at Various
7imes for Calculation 9 (S = 2.7 x 10!¢, 15 ™ 1,01 x 10'°, !
G= 7.75 x 10'!, A = 2,19 x 12'%)

i e L o U S




t =5 yus ‘ t = 90 us
\/

t = 30 us t = 120 us

t = 60 us t = 150 us

Figure A-11l. Projectile/Target Configurations at Various
Times for Calculation 10 (S = 2,7 x 10'?, Y5 = 1.01 x 10'°,
G =7.75 x 1n'!, A = 1.095 x 10'%, Abrupt Failure)
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t =5 u3 t = 90 us
]
t = 30 us t = 120 us
t = 60 us t = 200 us

Figure A-12. Projectile/Target Co
rTimes for Calculation 11 (s = 3.6 x 10", ¥,

G = 7.75 x 104,

nfigurations at various
' - 1.51 x 10",

A= 1,095 xllo“)
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LV

i

t = 90 us

t = 95 g
]
e
t = 30 us £ = 120 us
R I . ,L____,___
t w 60 us ¢t = 200 us

Figure A-13, Projectile/Target Configurations at Various
Times for Calculation 12 (S = 3,6 x 10, Y, = 7.5 x 10°,
G = 7.75 x 10'', A = 1,095 x 10'%)
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t =95 us t = 90 us

iy e

t = 30 us t = 120 us

) t = 60 us t = 190 s

Figure A-l4, Projectile/Target Configurations at Various
Times for Calculation 13 (S = 3.6 x 10!2, Y, = 2.55 x 10°',
G= 7.75 x 10'%, A =» 1,095 x 10'?)

63




t =5 us t = 90 us
r—
A Wa
t = 30 us t = 120 us
t = 60 s t = 210 us

Figure A-15. Projectile/Target Configurations at Various
Times for Calculation 14 (s = 2.7 x 10'°, Y, = 1.01 x 1009,
G=3.1 x10'2, A = 1,095 x 10'?) ‘
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—

o

t= 5 us t = 90 us
—
N
t = 30 us t = 120 us
t = 60 us t = 160 us

Figure A-lé. Projectile/Target Configurations at Various
Times for Calculation 15 (S = 2.7 x 10'°, Y, = 1.01 x 10'°,
G = 3,875 x 10!, A = 1.095 x 10}?)
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t =5 us t = 90 us

t = 30 us t = 120 us
t = 60 us t = 210 us

Figure A-17. Projectile/Target Configurations at various
Times for Calculation 16 (s = 2.7 x 10°%, Y, = 1.01 x 10te,
G = 7,75 x 10'!, A = 5,975 x 10!!)
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t =95 us

t = 30 us

t = 60 us

t = 90 us

t = 120 us

A

t = 220 us

Figure A-18. Projectile/Target Configurutions at Various
Times for Calculation 17 (S = 2.7 x 10%°Y, Y, = 1.01 x 10'?,
G = 7.75 x 10!, A = 4,38 x 10'?)
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t =5 us t = 90 us
[ ]
t = 30 us | t = 120 us

t = 60 us t = 160 us

Figure A-19. Projectile/Target Configurations at Various
Times for Calculation 18 (s = 2,7 x 10'%, ¥_ = 1.01 x 10!’
G=7.75 x 1n'', A = 1,095 x 10'?) .
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t =5 us

t = 30 us

t = 60 us

t = 90 us

t - 120 us

— Nz

t = 160 psA

Figure A-20. Projectile/Target Configurations at Various
Times for Calculation 19 (s = 1,8 x 10!°, Y, = 1.0 x 10'°,
G = 7,75 x 10!}, A = 1,095 x 10!?)
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