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™ for gencurating high strain rate plastic yiald information was developed. RMuture work

will extend this approach to oblique impacts, multiple plates, and, if the results of
ougoing phanomenclogy experiments establish their importance, to other microstructural
damage nodes. :
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I  INTRODUCTION AND SUMMARY

The objective of this three-year joint 3RL/AMMRC/SRI program is
to develop improved material models for computationally simulating long
rod penetration of spaced armor, thereby providing. the capability to
predict the behind-the-armor fragment environment for given penetrator

attacks as well as to aid in armor and penetrator design.

Our approach to meet this objective has six main parts. Firset,
materials were selected for study, and penetration phenomenoclogy experi-
ments are being performed in which rods are fired at various angles of
incidence against target plates. The rod and target specimens are
F recovered, sectioned, and metallographically examined to reveal the key

microstructural damage mechanisms that govern failure of both penetrator

and target.

The baseline materials chosen for study are depleted uranium (DU)-
3/4 wtZ tiraniur alloy rods fired against rolled homogenevus armor (RHA)
targets. Additional materials to be studied are tungsten alloy rods

and electroslag-remelt (ESR) steel armor,

In the second part of the program, laboratory material property
characterization experiments are being performed, where necessary, to

measure the properties that govern the damage mechanisms.

Third, previously developed computational models of the various
damage processes are being modified and adapted to describe the observed

failure mechanisms.

Fourth, these mcdels are calibrated against the experimental data
with computaticni” simulations of the maxerial characterization

experiments.



In the fifth part of the approach, the calibrated material models
are being incorporated in a two dimensional wave propagation code,
HEMP, developed by Dr. Mark Wilkins and coworkers at Lawrence Livermore
Laboratory (LLL). This code must be modifisd somewhat to accomodate
the material models.

Finally, in the sixth part of the program the ability of the models
to correctly predict the main features of long rod penetration of spacad
armor is being assessed and, if the results are promising, the models
will then be used to predict behind-the-armor fragment environments and
to aid in armor and penetrator design.

The progress made on the program during tha first year is summarized

below. RHA material was obtained from BRL early in the program,

and the metallurgical characterization has been completad (see Tables

1 and 2, and Pigures 1-6). Quasi-static teusile tests and dynamic
expanding cylinder tests have also been performed by SRI on this

material, and plate slap experiments have been performed by BRL personnel.
Phenomenology experiaents involving singla, wonolithic RHA targets
impacted normally by 4340 steel rods have been compeltad and analyzed

(see Figures 7-9), and in addition, metallurgical examinations have

been completed on DU fragments from rods that have impacted spaced RHA
targets at obliquc_an;los of incidence (Figyres 10 and 11).

. cn R R

The phenomenology experiments performed to dzte indicate that the ‘
4 primary microstructural damage mode for erosion of the penetrator nose :
' and for plugging of the target is adiabatic shear banding. The primary \
l microstructural damage mode for rear surface armor damage (spall and/or .
petalling) is probably ductile void nucleation, growth, and coalescence.
; The primary damage mode for failure of the rear portion of the DU rod

is as yet undetermined, although flash x-ray pictures suggest brittle
fracture.

Significant progress was made this year on adapting a previously
developed ductile void grcwth model to the armor penetration problem.
However, because of the observed importance of adiabatic shear banding

in the failure of both penetrators and armor, we have concentrated on




shear band model modification and acdaptation during the first year and
are witholding judgement on the importance of ductile voic kinetics
until all the phenomenoclogy results are in.

From available datz on expanding cylinders of 4340 steel (Figures
12-16), we confirmed chat the onczet of adiabatic shear banding can be
trested as a simple plastic instability, in agreement with suggestions
made by many previous workers. The instability is triggered when the
decrease i1 yield strength caused by adiabatic thermal softening in the
prelocalization material exceeds the increase caused by the work
hardening (Figures B.l and B.2). The matarial becomes globally con-
stitutively unstable at the equivalent plaatic strain at which th~ true
effective stresa begins to decrcasze with increasing strain. Thereafter,
any perturbation will localize ancd grow. We derived a simple formula
for roughly estim: .ng this critical threshold strain based on the
yield stress, work hardening exponent, and the thermal softening
coefficient. This formula was found to corractly rank the propensity
of various materials to form adiabatic shear bards (see Table B.l), and
we expect the formula to be useful for back-of-the-envelope assessment
of armor and penetrator matarials.

Once the thieshold conditions for shear Land nucleation are
fulfilled, the computational model must describe the shear band numbers,
sizes, and degree of coalescence to predict the fragmentation. The
associated nucleation, growth, and coalescence models have been cali-
brated by analysis of available data frcm contained fragmenting cylincer
(CFC) tests on 4340 steels of several hardnesses (see Figures 20-24),
The resultiag models w.ll be applied during the next year to similar
data now being generated for RHA steel and to be generated for DU.

Finally, preliminary computational simulations for normal impacts
of long rods on single target plates have been performed with a simple
HEMP-like wave propagation code (called TROTT). In these calculations
the improved adiabatic shear band model (SHEAR3) was tested, and r~he
feasibility of using SHEAR3 to activate preexisting slide lines was

examined. These runs were successful (see Figures 29-31). Furthermore,




penatration mechanisms such as penetrator bulging and impact of the
bulge shoulder with the target surface were studied. The resulcs showed
that double slide lines will be required in HEMP to handle the case of
axtreme bulging of ihe peneirator rose in normal impact, as is expected
at impacts near the balliatic limit, and to handle the case of oblique
impuct when the side of the rod impacts the target surface. Fortunately,
Mark Wilkins and coworkers at LLL have recently inserted a doudle slide
line algorithm in one version of HEMP. We have requested this version
of BEMP, and we will implement the double slide line algorithm during

the next year.

In the remainder of this report we discuss the above topics in
some detail, although frequent reference will be made to References
1 through 11, the relevant monthly progress reports. In some cases,
for convenience of access, key portions of these references will be

- repeated almost verbatim. In Section II we describe both the phenomernology

and msterial characterization experiments. Section III covers the
computational model development, the calibration of the models with
experimental data (in particular, the calibration of SHEAR3 with 4340
steel data), and the preliminary computational simulations of penetration
experiments. In Section IV we discuss our conclusions and outline plans

for the coming year.

e MO .
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I1  EXPERIMENTS

A. Material Seleciion, Procurement, and Metallurgical Analysis

The baseline materials selected for study in cooperation with BRL
and AMMRC personnel were a rolled homogeneous armor steel (RHA) and a

depleted uranium alloy (DU). In addition, tungsten alloy penetrator
material and ESR steel armor material will be studied.

Early in the program, three 18 inch x 19 inch x 4 inch thick plates
of RHA material vere shipped to SRI by BRL. The mechanical property
and metallurgical charactarizations of this RHA material are described
in detail in References 5 and 8. The composition was ausumed to de
the same as that measured from a 4-inch-thick plate of the same heat

of RHA by lcnckn and nnuvcru. and is given in Table 1.

To our knowledge, the thermal propearties of the RHA have not been

meagsured. Bowever, its thermal properties should be siamilar to those

of steels alloyed in tha same manner. The Metals Reference Bookla

reports a thermal conductivity of 0.082 cal/hr ¢m °C and a specific
heat of 0.118 cal/g°C for a 3Z Ni~Cr low alloy steel.

The alpha phase Hugoniot of this heat of RHA has becn measured by
Hauvor_u. In plotting the wave velocity (v) versus the particle
velccity (u), the Bugoniot is given by: v = 4.51 + 1.43 u. The
Hugoniot of RHA is very similar to the Hugoniots of pure iron and AISI
steel.

Matallographic amlysils showed that the RHA from the 4-inch plate
is quite clean for a commercial heat of such dimensions. It should be
rated at no more than Field No. 1 on the ASTM inclusion content scale.
In general, the physical and microstyuctural characteristics of this
RHA appear reasonably uniform and isotropic within a 7.5-cm (3-inch)

central core.




Table 1

COMPOSITION OF AN RHA PLATE 10 CM (4 IN.) THICK

_Eleaent weZ
Carbon 0.27
Manganese 0.27
Phosphorous 0.001
Sulfur 0.008
Silicon J.15
Nickel 3.47
Copper 0.05
Chromiunm 1.37
Vanadium 0.01
Molybdenum 0.10/0.25
Aluminum 0.03
Iron Balance

« 12 13
Taken from reports by Benck™ and Hauver.




Nevertheless, che mechanical properties exhibit significant
anisotropy that is related to tha inclusion orientations. To investigate
this anisotropy, as well as to study microstructural fracture mechanisms
and to confirm that our material is essentially identical to that studied
by lcncku and uamntn
tests on specimens machined in different orientations. These experiments
and the results are discussed in detail in Reference 8; in the following

paragraphs we summarized the procedures and the kay results.

, wa performed several smooth round-bar tensile

The round-bar rensile specimens were 0.250 inch (6.33 mm) in
dismeter, 3.750 inches (9.52 cm) in length, and with a 1.0-inch (25.4
ma) gage length. They were machined from the RHA plate in the three
principal orientations: in the plane of rolling and parallel to the
rolling direction ("rolling" direction), in the plane of rolling and
perpendicular to the rolling direction ("long transverse” direction),
and the through~the-thickness direction ("short transverse'" direction).
The rolling direction wvas identified during the previous metallurgical
analysis. The specimens vare machined from the plate starting 1 inch
(25.4 wm) 1in trom any surface to eliminate adge effects such as
hardening from the cutting torch or surface hardening from the rolling

process.

Quasi-static uniaxial tensile tests were performed on the specimens
in accordance with ASTM Specification E-8. 1In all cases the specimens
were pulled to failure at a crosshead speed of 0.02 inch/min (0.51 wm/
ain) using a standard Instron testing machine. This gave a nominal
strain rate of 10-4 scc-l. All tests were performed at room temperature.
For one specimen in each orientation, the plastic scrain to failure
was measured with a calibrated, l-inch (25.4-mm) gage length extensometer.
On the remaining specimens, axial and lateral plastic strain in the
neck region vas measured using sirgle-frame photography. From these
data, we obtained load-deflection curves and true stress-true strain

curves for each orientation.

T T s e e m s a e m e macm s
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One fractured specimen in each orientation was sectioned aiong its
axis to study the void growth characteristics in the neck region and
beyond. In additiom, the fracture surface of one specimen in each
orientation was examined using scanning electron microscopy (SEM).

Table 2 summerizes the test results for each specimen. The true .

fracture stress (TFS) was determined by dividing the load at failure

by the minimum cross-sectional area of the neck at failure. It is
apparent that the rolling and long traverse directions exhibit similar
properties but that the short transverse direction exhibits significantly
degraded properties, particularly in the ductility-dependent properties
(true fracture stress, elongation to failure, and reduction in area).
This type of snisotropy between the rolling plane and the through-the-
thickness plane is claracteristic of thick, as-rolled plates.

Pigure 1 shows the true stress-true strain behavior of specimens
R-1 (rolling directiom), L-2 (lomg transverse direction), and $-2
(short transverse direction) as measured from the photographs of the
neck. The loading path in true itress-true strain space is same in all
three directions. The only signiiicant discrepancy betwean the rolling
and long trangverse directions and short transverse direction is in
true strain to failura. Hence, the deformation in all three directions
should be describable by the same flow equation. These data (at least
up to a true strain of 0.8) are describable by a power law hardening
equation of the form:

o = Ke

vhere 0 = true stress, K = 200 ksi (1.38 GPa), € = true strain, and -
N = 0.19.

Also plotted in Figure 1 are the true stress-true strain quasi- -
static tensile data on 4-inch-thick (10.16-cm) RHA plate reported by

*
Bencklz at BRL. Although there is some scatter, the SRI data and the

*
The values of K and N in Equation (II-1) were calculated usii.o both
the SRI data and the BRL data.
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data collected ot BRL in the three plate orientations agrex reasonably
wall (compare also Table IT in Benck*? with Table 2 in this report).

The data of BRL also indicate anisotropic behavior in the through-the-
thickness direction. It thus appears probable that the RHA plate rested
by SRI 1s from the same é-inch~thick (10.16-cm) plaie of RHA tested by
Beuck and that spot-to-spnt variations in this plate do not appear to

be excessive. There.ore, the results of dynamic end static failure mode
experinments conducted by SRI on RHA can be fairly compared with the
reuslts of the experiments conducted at BRL.

These tensile tast results indicate that this 4-inch-thick (10.16
ca) plate of BHA axhibits significantly reduced 'ductnlty in the through-
the-thickness direction relative to the rolling plane directions.
Moreover, microstructural characterization indicated that this REA
plate was reasonably isotropic with respect to grain size, grain shape,
and constituent phases; hence, these microstructural characteristics
canmot ba the cause of the ductility anisotropy. Bowever, the micro-
structure wvas observed to contain large, nonuniformly distributed MnS
inclusions. The inclusions were either roughly spherical or oblong,

10 to 20 im in diameter, and concentrated in clusters that were elcngated
in the direction of rolling.

Figure 2 is a scanmning electron micrograph of the fracture surface
of specimen R-1 (rolling direction). The fracture surface exhibits a
cup-and-cone type of fracture, that is, tensile void nucleation, growth,
and shearing of the remaining ligaments between the voids in the center
of the specimen, followed by shearing around the periphery. Specimen
L~2 (long transvaerse direction) exhibited a similar fracture surface.
Figure 3 details the void structure in the center of specimens R-1 and
L-2. The voids in both specimens are« in general small (v 1 um),
spherical, and quite deep. The particles that muvcleated these voids
ctould not be identified, but their small size suggests that they were
oucleated around the fine (v 1 ym), uniformly dispersed iron carbide
(r¢3C) particles characteristic of a bainitic -1cro.tmcture.15 It
thus apvears that the fracture process in the rolling and long trans-
verse sp.cimens is controlled by the nucleation and growth of voids
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(b) SPECIMEN L-2 (Long Transverse Direction)
MP-7893-28

FIGURE3 DETAILS OF THE VOID STRUCTURE IN THE CENTER
OF THE FRACTURE SURFACES OF SPECIMENS R-1 AND L-2

"" .A ¢ - » . ! . :
2 pm
F—
(a) SPECIMEN R-1 (Rolling Direction)
;
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around the small, uniformly disparsed roac particles. The larger Mn$S
inclusions that are concentrated along planes parallel to the rolling
direction do not appear to significantly affect the fracture process of
the rolling and long transverse specimens.

Figure & 18 & scancing electron micrograph of the fracture surface
of specimen $-2 (short transverse direction). Approximately 50% of the
fracture surface exhibits a ductile dimple characteristic, and approxi-
sately 40X exhidbits a shear lip. The asymmetric appearance of the
fracture surface suggests that the ductile dimple fracture process was
controlled by the nucleation and growth of voids around a nonuniform
distribution of large inclusions. Figure 5(a) shows some of the large,
elongated dimples found on the flat part of the fracture surface. The
particles visible at the bottom of the voids were identified as MnS by
nondispersive x-ray analysis. The large dimples visible in Figure 8(a)
are larger than any found on the fracture surfaces of the rolling plane
specimens (Figure 3). However, the fracture surface of the shear lip,
Figure 5(b), is very similaxr in appearance to the fracture surfaces of
the shear lips on the rolling plane specimens (R-1 and L-2). It thus
appears that the lower ductility observed in thc short transverse
specimens can be attributed tc the nucleation and growth of large voids
across at least part of the neck region, followed by plastic tearing of
any remaining ligament. It also appears that these large voids were
nucleated around large MnS particles observed to be concentrated in
clusters elongated in the direction of rolling.

Figure 6 shows the polished cross sections uf one fracture specimen
in each of the three principal directions. The size and distribution
of voids in the vicinity of the neck in specimens R-1 [Figure 6(a)]
and L-2 [Figure 6(b)] are quite similar. As expected, the void size
and distribution are much different in spe:imen S-2 [Figure 6(c)] in
vhich a number of large voids are concentrated primarily under the flat
portion of the fracture surface. It is these voids that reduce the
ductility of the short transverse specimens relative to the rolling
and long transverse specimens. Note also that the voids in specimens
R-1 and L-2 are elongated in a direction parallel to the load, while

14
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FIGURES

(b)

MP-7893-30

DETAILS OF THE FRACTURE SURFACE OF SPECIMEN S-2 (Short Transverse Direction)

(a) Shows the large elongated ductile dimples characteristic of 60% of the fracture surface.
(b) Shows that the shear lip is covered by small shallow dimples distorted by shear.
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(a) SPECIMEN R-1 (Rolling Direction)

(c) SPECIMEN S-2 (Short Transvers Direction)
MP-7893-31

FIGURE 6 POLISHED CROSS SECTIONS OF TENSILE SPECIMENS IN THE THREE PRINCIPAL
ORIENTATIONS COMPARING RELATIVE INTERNAL VOID ACTIVITY IN THE
VICINITY OF THE NECK

17




the voids in specimen S-~2 are elongated in a direction perpendicular

to the load. This indicates that the large MnS /nclusions in the short
transverse specimens are elongated in a direction perpendicular to the
load axis (parallel to the rolling direction) and that the voids nucleated
by such inclusions had not grown much by plastic flow (hzd not elongated
in the loading diraction) -at the time of fracture.

We conclude that the observed mechanical anisotropy s due to
clusters of large MnS inclusions elongated in the rolling direction.
The fracture process in the rolling and long transverse directions is
controlled by the nucleation and growth of voids around the fine
(< 1 ym) uniformly dispersed "3‘: particles characteristic of bainitic
microstructures, followed by shearing of the remaining ligaments. The
fracture process in the short transverse direction is controlled by the
nucleation and growth of voids around the large MnS inclusions elongated
in the direction of rolling, followed by shesring of the remaining
ligaments.

B. Phenomenclogy Experiments

1. Response of RHA to Normal Impacts of Long Steel Rods

Ve performed a series of experiments in which flat-nosed 4340
rods (R c50) were fircd at normal incidence into RHA plates. The rods
vere 1/4 inch (0.635 cm) thick and 1/2 inch (1.27 em) long. The RHA
target plates were machined from the plate discussed above and were
3 inches (1.18 cm) square and 1/4 inch (0.635 cm) thick. The impact
velocities were chosen to range from just below to just above the
ballistic limit, and the targets were recovered and sectioned after the
shots for metallographic examiration.

The results are shown in Figures 7 thrcugh 9. Several
observations can be made immediately. First. the RHA material is
fairly resistant to shear bandirg. Nevertheless, the target failure
mechanism is shear banding and resultant plugging. Second, shear
banding is the erosion mechanism for the nose of the 4340 steel

18




Shear Banded

1/ (4

MP-7983-32A

FIGURE7 PCLISHED AND ETCHED CROSS SECTION THROUGK CENTER OF
RHA TARGET IMPACTED BY A BLUNT-NOSED 4340 STEEL PRO-
JECTILE AT 2150 FT/SEC (855 m/sec)

Note abssnce of shear banding in target material.
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(a)

Shear
Banded
Penetrator
Nose
Fragments

(b) 1/4”

B ~-
T3 TN

FIGURES8 IMPACT SIDE OF (a) AND POLISHED AND ETCHED CROSS SECTION
{b) THROUGH CENTER OF RHA TARGET IMPACTED BY BLUNT-
NOSED 4340 STEEL PROJECTILE AT 2330 FT/SEC (710 m/sec)

MP-7893-41A
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1/ ”

:

FIGURE 9

(b)

MP-7893-42A

BLUNT-NOSED 4340 STEEL PROJECTILE WITHIN PLUG ON REAR
SURFACE OF TARGET PLATE (a) AND POLISHED AND ETCHED
CROSS SECTION THROUGH RHA TARGET AND PLUG FOLLOWING

IMPACT AT 2600 FT/SEC (792 m/sec) (b)
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penetrators. Notice that the mushrooming nose fragments cause a
discontinuous or scalloped crater in the target. Finally, the mush-
rooming effect of the fragmenting penetrator nose combined with the
resistance of the RHA to shear banding and plugging has caused the
onset of shesr banding in the RHA to occur first at a radius around

the impact center that is significantly greater than the original radius
of the penetrator. (Pi;uri 9 shows a case vhere the plug radius is
about 33X larger than the original penetrator radius.)

2. Response of RHA to Oblique Impacts of Long DU Rods

In cooperation with BRL and AMMRC personnel, we have procured
DU penetrator rods for use in penetration phenomenology experiments
involving impacts at various velocities and angles of incidence against
singla and multiple RHA target plates. These DU rods are described in
Section V. Posttest recovery and metallographic examination of sectioned
target and penetrator fragments will be made to study the microstructural
failure wodes. A key consideration is the influence of the failure
rachanisms on scaling. For example, brittle fracture of the rear portion
of the penetrator using bending stresses is expected to be sensitive to
the plastic szone size,

2
GC - A(Rlcloy) (II‘Z)

wvh~Te A is a geometry-dependent coefficient, ch is the fracture
toughness, and oy is the yield atreco.l

At the date of this writing, these phenomenology experiments
have not yet been completed. However, preliminary information has been
obtained from metallographic exanination of samples from experiments
performed at BRL in which DU penetrators were fired obliquely at RHA
targets. Figure 10 shows polished sections of the rear portion of a
65-g DU rod that had penetrated scaled triple armor with an impact
velocity of 985 m/sec and a residual velocity of 562 m/sec. (The angle
of incidence is unknown). Figure 11 shows a section through a RHA

22
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target in which a DU fragment is embedded. (The impact velocity and
the angle of incidence are unknowm.)

It is clear from Figures 10 and 11 that adiabatic shear
banding was the key failure mechanism of the penetrator nose in both
cases. Of particular interest is the band shown in Figure 11. Here
the martensitic platelats are seen to dend sharply as they enter the
band, showing clearly the localization of plastic strain.

The shear bands in Figures 10 and 11 were also seen to contain
voids, in agreement with obsarvations reported by Rogeru.n

In summary, although definite conclusions must await completion
of the phenomenoclogy experiments, it appears that shear banding is the
. key damage mechanisa for both the RHA target and the nose of the DU
penetrator. However, we expect taat ductile void growth will also be
important for high impact velocity cases for which back surface spall
occur.

3. Response of RHA to Impacts of long Tungsten Alloy Rods
AMMRC personnel are planning to perform a series of oblique
impact experiments with long tungsten alloy rods. Discussions have
been held with John Mescall of AMMRC to determine if posttest recovery
of fragments will be possible to examine failure phenomenology. In

addition, BRL personnel plan to parform normal impact experiments with
tungsten alloy rods (L/D = 10) fired against 2-inch-thick RHA target
plates that are instrumented with stress gages. Discussions with
George Hauver of BRL have been held to plan for posttest recovery of
penetrator and target fragments for failure phenomenology examinations
at SRI.

Thus, tungsten alloy penetrator failure phenomenology data
should be forthcoming during the next year.

23
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(a) Owersil view of the recoversd penetrator showing
how the impact end was fractured and the shaft

bent during perforation.

(b View of the microstructure of the penetrator
shaft back from the impact end. The holes
most likely resulted from oxide inclusions
strung out siong the extrusion axis and then
pulled out during grinding and electropotishing.

MP-7803-70
FIGURE 10 RECOVERED URANIUM-3/4 wt% TITANIUM AFTER PERFORATION
OF SCALED TRIPLE ARMOR (First Plate: 0.24 cm; Second Piate: 0.68 cm;
Third Plate: 1.26 cm)

The impact velocity was 985 m/sec and the residual velocity was 562 m/sec.
The residual mass was 128 g.
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c. Material Characterization Experiments

1. Contained Fra ti linder (CFC eriments

The CFC axperiments were developed in an earlier projoctu

to measure the parameters in our computationsl model for shear banding.
The technique, described in detail in Reference 18, entails detonating
explosive in a thick-walled tube of the material of interest. The

tube is surrounded by concemtric luyers of plastic and steel respectively,
80 that the expansion of the inner tube can be haltad at various stages
of development by varying the thickness of the plastic layer. The
explosive density can also be varied, and the strain histories car

thereby be tailored by varying the explosive density and the plastic
layer thickness. The strain histories throughout the specimen tube
are calculated with our two-dimensional wave prepagation code, TROTT.

To date, four CFC experiments have been performed using RHA
specimen tubes having a lemgth of 3-3/4 inches, an I.D. of 1-1/8 inches,
and a wall thickness of 1/4 inch. The experimental parameters and some
qualitative results are shown in Table 3. The recovered specimen tubes
were sliced in half along a plane containing the axis, and the final
wall thickness was measured as a function of axial position. The
oqu:l.valoet plastic strain (EP) was calculated by the formula e = /3
€ Q +6E!)’ vhere €. (the radial plastic strain) equals the natural
logarith-rof the ratio of the final wall thickness tc the original wall
thickness and €, (axial plastic strain) equals the fractionsl increase
in length of the specimen. Figure 12 shows the results for all four
specimen tubes in terms of equivalent plastic strain versus axial
position.

Metallographic examinations have been completed on the RHA
specimen tubes L2 ard LA, whose axes were parallel to the long trans-
verse direction of the RAA slab. Figure 13 contains two views of one
half of the specimen L4, showing large shear band damage extending
almost the entire length of the tube, but concentrated in two specific
circumferential regions, and lesser damage adjacent to these regions.
A polished and etched section perpendicular to the axis of the tube
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' g Specimen — o — .
002 - ‘ Number L2 TITTIYY) b
“ 4 e

0 1 | L ] | 1 |

0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
DISTANCE FROM BOTTOM OF TUBE — inch

MA-7893-45A

FIGURE 12 EQUIVALENT PLASTIC STRAIN DETERMINED FROM MEASUREMENTS
OF RHA SPECIMEN TUBES RECOVERED FROM CFC EXPERIMENTS
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MP-7893-43

FIGURE 13 TWO VIEWS OF HALF OF THE RHA SPECIMEN TUBE L4 RECOVERED FROM
CFC EXPGRIMENT

(Plane in Figure 14 is cut at a distance of 2-3/8" from bottom of specimen tube.)
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at a distance of 2-3/8 inches from the bottom end is shown in Figure 15.
Except for a few small bands, all of the shear bands--from the incipient
bands barely noticeable along the inside radius to the couple of large
bands that have extended completely through the tube--have a direction
that is approximately parallel (within about 15°) to the rolling
direction. This anisotropy is caused by planes of shear weskness in
the rolling direction due to the rolling process.

We then machined the specimen tubes labeled T1 and T3 with
the tube axis in the short transverse direction, as shown in Figure 15.
It is clear from Figure 15 that shear bands that cut across the rolling
direction should be easier to produce in the short transverse specimens,
because in these specimens the plane of weakness induced by roliing will
be closer to the mode 2 orientation, as defined in Figure 16, and the
tube expansion in the mode 2 orientation produces only about half the
resolved shear strain produced in the mode 1 orientation.

Indeed, the recovered specimens labeled Tl and T3 in Table 3
showed a large number of mode 1 incipient bands distributed uniformly
around the circumference; the bands appeared only after equivalent
plastic strains greater than about 80X, as compared to a nucleation
threshold strain of less than 50% for the bands in the rolling plane
in the L specimens.

The following conclusions can therefore be drawn from work
completed to date: (1) there is a significant anisotropy in the
resistance of RHA to shear banding; (2) bands in planes parallel to
the rolling plane nucleate at equivalent plastic strain (€P) less than
502, whereas bands in planes perpendicular to the rolling plane nucleate
(Ep) A 80%; and (3) our computational shear-banding mcdel may have to

account for this anisotropy. .

In armor penetration (specifically by a blunt-nosed projectile
impacting at right angles) plugging is caused by growth of shear bands
in planes perpendicular to the rolling plane. These bands can be
activated in CFC specimens with axes parallel to the short transverse
direction of the RHA slab (T-specimen). Incipient shear-band levels
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MP-7893-44

FICURE 14 POLISHED AND ETCHED SECTION THROUGH RHA SPECIMEN TUBE L4, |
SHOWING PREPONDERANCE OF SHEAR BANDING DAMAGE IN ROLLING
DIRECTION
(Plane is cut at a distance of 2-3/8" from bottom of specimen tube.)
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Long Transverse

T Specimens.__|
4

Short
Transverse

Rolling Direction

MA-7893-47

FIGURE 16 CFC SPECIMENS MACHINED FROM RHA SI.AB, SHOWING MODE 1 SHEAR
BANDS IN PLANES PERPENDICULAR TO ROLLING PLANE
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ORIENTATION MOODE 1

r
* £ = Length in Direction
Perpendicular to
Slip Motion
d - Depth Along 45°
Slip Plare
8 - Shewr Displacement
Along Slip Plane
Z - Axisl Direction
z ORIENTATION MODE 2 r - Redial Direction
# — Circumferentisl
Direction
Z
ORIENTATION MODE 3
r
|
:
| MA-5084-21

FIGURE 18 GEOMETRY AND NOMENCLATURE FOR SHEAR BANDS IN CONTAINED-
FRAGMENTING-CYLINDER EXPERIMENTS
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have been achieved thus far; shots are now under way to produce higher
damage levels.

Shear Landing in planes parallel to the rolling plane may be
important in other armor-penetrator geometries (e.g., oblique impact
of hemispherical-nosed or ogival-nosed projectiles), particularly in
the case of RHA, vhich is less resistant to shear banding in those
pianes. These bands can be activated in CFC specimens with axes
parallel to the long transverse direction (L-specimen). If future
phenomenclogy experiments show that these bands are important, additional
CFC experiments will be performed with L-specimens to obtain incipient
to moderate levaels of damage (higher levels of damage have already
been obtained)-.

2. Symmetric Taylor Tests

As will be discussed in Section III, the dynamic (adiabatic)
stress—-strain curve above yield is an important component in our com-
putational damage models. The onset of shear banding is particularly
sensitive to the dynamic work hardening and adiabatic thermal softening.
In addition, ductile void growth and the size of the plastic zone
(vhich governs the resistance of the penetrator rod and target plate
to brittle fracture; see Eq. 1I-2) are strong functions of the dynamic
yield function. We therefore need to obtain yield data at the rates of
interest for RHA and DU (as well as for tungsten alloy and ESR steel
later in the program).

The strain rates of interest range from 102 sec.1 to 105 sec_l,

a relatively inaccessible aud largely unexplored region of measurement.

The two experimental methods that appear to hold the most promise for

exploring this strain rate region are the dynamic torsion test19 and a

modification of the Taylor test.zo'21

The dynamic torsion test is currently being developed and

adapted to measurements on armor and penetrator materials under con-

tract with BRL by Minneapolis Honeywell Corporation.22 Therefore, in

our wvork we have concentrated on a modified version of the Taylor test.zo
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The classicsl Taylor test involves impacting a rod on a rigid surface.
Our modified version entails the symme:ric impact of two identical

right circular cylinders, each about 3/8 inch i{n diameter and 1-1/2
inzh long (these dimensions may be varied). Figure 17 shows a schematic
drawing of the experiment. One of the cylinders ia accalerated by a
light gas gun to a velocity in the range of 0.5 to 1.0 km/sec, where

it impacts a stationary cylinder. Both cylinders are supported by
stiff, but weak fixtures, so that the supporting fixtures interface
negligibly with the wave propagation and deformation resulting from

the impact. Immediately following impact, a high-speed framing camera
records a series of photographs at approximately 1,000,000 frames/sec

to produce a record of the "mushrooming" plastic deformation at the
interface of the two projectiles. Posttest recovery examination of
projectiles, including metallographic examination of eny internal shear
banding or tensile failure, completes the data. The experiment is then
computationally simulated in iterative calculations with a two-dimensional
computer code. The dynamic yield surface parameters are varied until
the experimental and computational "mushrooming" zgree.

The symmetric Taylor test has two advantages over the classical
Taylor test. The first is the elimination of possible computer simulation
problems regarding the movement of the cylinder-target interface and
any possible yielding or failure in the actually nonrigid target. The
second advantage is the elimination of the uncertainty of whether the
projectile sticks to or slides freely along the target interface, a
problem that again leads to computationul uncertainities. In the
symmetric Taylor test, the interface between the two cylinders dces
not move axially in ths center-~of-mass coordinate system, and the two
cylinders stick precisely together as their interface expands rapidally
outward. We note that to attain the same impact conditions in the
symmetric Taylor test must be approximately twice as high as that in
the classical version. However, this is not a problem for the metals

of interest in this program.
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Tc date, wa have performed two symmetric Taylor tests to test
tha experimental procedure. PFigure 18 shows the framing camera records
and the recovered specimens from a test with aluminum rods. The experi-
msntal paramaters wers chosen to closely simulate a classical Taylor
test performad by Wilkins et .1.21 on the same material. After the
cest the rods were recovered, sectionud, and exsained to see if the
mushrooaing was due completaly to homogeneous piastic flow, as desired,
or whether heterogenacus failure wechanisms had been active. Figure 19
shows that, for this experiment, the permanent deformation was due

entirely to homogenaous plastic flow, as expected from Wilkins's work.

In future work this technique will be applied to RHA and DU
rods. In preparation for the analysis, Brian Scott of BRL plans to
test our procedure for obiaining the dynamic yield function by running
HEMP computer simulaticns of the above aluminum rod impact experiment
and comparing the resu’ts with the framing camera data.

3. Smooth Round Bar Tension Tests

The smooth round bar tension tests on RHA material were
discussed eariler in Section IIA in connection with the microstructural
tonsile failure mechanisa, namely, anisotropic nucleation of voids at
MnS inclusions, followed by growth and coalescence to cause fracture.
These tests also give us the quasi-static yield function to use as a
starting point for the iterative calculations of the symmetric Taylor
tests for evaluation of the dynamic yield functiom.

Similar round bar tension tests of DU material may be performed
in the future if available data are found to be ambiguous.

4. Plate Impact Tests

Plate impact tests designed to produce short-lived tensile
pulses in the target material under conditions of uniaxial strain are
useful for studying dynamic tensile failure phenonenology.23
Dr. Gerald Moss has performad a series of such experiments at BRL with
24 and RHA naterial.zs

tungsten alloy and he is designing similar
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MP-314542-128

FIGURE 19 PHOTOGRAPHS OF RECOVERED ALUMINUM ROD SHOWING THAT
THE PERMANENT DEFORMATION WAS DUE ENTIRELY TO HOMO-
GENEOUS PLASTIC FLOW
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experiments with DU to be performed if the phenomenology experiments
reveal ductile void growth to be an important failure mechanism for the

DU penetrators.

The results from these experiments will be analyzed to provide
input to the RAG model for dynamic ductile void growth.
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IIT ANALYSIS

A. Computational Model Adaptation

The computational material model used in the armor penetration
simulations wmust have the potential to describe elastic-plastic
deformation, quasi static and dynamic tensile fracture, and adiabatic
shear banding. In the followving paragraphs we describe these portions
of the wmodel.

1. Elastic-Plastic Model

The elastic-plastic model we are now uaing applies a von Mises
yield function with linear work hardening. Nonlinear work-hardening
rate~dependant models are available if needed. No new development of
elastic-plastic models vas undertaken during this program; instead,
ve have applied these models currently available in our wave propagation

computer codes.

2. Ductile Fracture Model for Intermediate Strain Rates

During projectile penetration, fracture can occur at several
positions along the pcnccr;tor axis and on the back surface of the
target. In all cases the fracture probably occurs in 10 to 100 usec.
For usual penetrator and target materials, the fracture occurs by a
ductile mode and is initiated by the growth of voids, although brittle
fracture may also occur. We have begun to develop a ductile fracture
model that will permit detailed simulation of these damage processes.

The model includes:
* Nucleation or activation of new voids either as a function
of stress and time (as in DFRACTZG) or as a function of
plastic strain (as in DFRACTS27).

* Elastic void expansion and cuntraction, as outlined by
Seaman et al.28 .
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¢ Void compaction under compression, as described by
Seaman et al.2

* A static fracture threshold as described by Gurson. 29

With these features, the model can simulate static and

dynamic ductile fracture over the complaete range of strain rates con-
qidarod in this study.

The major effort was devoted to the static fracture thrashold,
vhich was the most difficult factor to incorporate. The threshold
problem is discussed below, and an outline is presented of a technique
for combining the four items listed above into a single model.

To resolve the threshold problem, we used a simplified form
of Gurson's model??, Gurson treated a aphere of rigid-plastic material
containing a spherical void. As the tensile stress state was increased,
regions of plastic deformation formed around the void. The void growth
threshold was reached when the plastic zones had extended to the point
that void expansion could occur without resigtance by the remaining

rigid material. Stress states from pure shear to uniform tension ;
(hydrostatic) were examined. The thrashold stress function was written
as a yield curve ¢, where
52 3p
¢ = — +2f cosh |35)- 1-£% = 0 (I1I-1)
Y2 Y
=2 - 2 ' '
vhere O 2 oij cij
o 302 2 V2 V2 V2 '2
2 Gn + oyy + ozz + 3 oyz + ozx + oxy in which .
aij' aij = gtress and deviator stress in the i direction
on a plane normal to the j direction
Y = yield strength
f = void volume /fr.-u eics
P = % Oyq = % ifxx + Oy + cz%> = average stress. :
\ '
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Gurson also shows that a normality flow rule describes the
stress-atrain relations for the material in the yielding range. The
normality rule is a condition between the stresses Oij (average values
over the boundary of the sphere of material) on the yield curve and

the average plastic strains ¢ P throughout the sphere.

1)

Ido,  de 0 (I11-2)

P-
13 713
This normality flow rule is commonly used in some form in plasticity
problems.
In our use of Gurson's model, we simplified the yield function

to the ellipse as follows:

32 + 9 p?
24 - 6?2 4YZ(2n £)°

This ellipse has the correct intercepts and normality properties at

the intercepts.

The requirements of the normality rule for an isotropic
material governed only Ly the invariants O and P lead to a relation
between the plastic strains. The ratio S of the stress invariant
increments dl’P and dap corresponding to these plastic strain increments

is

c 3¢

_p -~ = =
s-‘”P - °,N‘ - g“ (I11-4)

dp PN op \FKS%

where ¢ is the yield function, G and K are the shear and bulk moduli,
respectively, EN and PN are invariants computed from the total strain
increments, and 0 and P are computed from the elastic components of
the strain iacrements. The usual normal to the yield function ¢ has

the slope
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By comparing Eqs. (III-4) end (III-5), we see that the slope corre-
sponding to the normality rule is proportional to the normal slope of
the yield curve. With the normality rule for the plastic stress-strain
relations, a solution procedure for astresses under incremental strain
loading can be formulated.

The solution procedurs for stress caused by any strain incre-
nent is developed by first assembling the conditions that must be met.
These are reduced to a single implicit equation for pressure. The so-
lution is then obtained by a regula falsi technique. The four conditions
that must be satisfied simultaneously are:

(1) The plastic strains in the strair interval must be

normal to the mean point on the yield surface during
the interval.

(2) The stress point must be on the yield surface.

(3) The void volume is determined by the pressure and
internal energy in the solid material.

(4) The yield stress is determined by the cumulative plastic
strain.
These four requirements dctcrninc'a; P, £, and Y. Below, each require-
ment is derived in analytical form and then combined to form a single
squation for pressure P.

The normality condition outlined above leads to a relation
betveen the plastic components of O and P and the stress normals So and
S1 at the initial and final states of the interval.

P N = S +58S
Ao g -ag _ o 1 (111-6)

ap? PN_op 2

where 55? and APP are plastic components of ENand PN. Expressions for
S° and S1 are obtained from Eq. (III-4) and the function ¢ in Eq. (III-3)

G 4o(ln £)?

V3K 9Q - £)?

(111-7)




When Eq. (III-7) is inserted into Eq. (III-6) and that equation is
solved for 0, the result is

T = AP [‘ ks ”] (111-8)

vhere

2(1n f)’c -

2 2/ 2 3
_afa-n kG In fo\ (1 _eY 6K T

- 2
i Pr, a-¢) xo'“a N
- 2
% (n £)* 6

-

C-y(l-f)le - _1..

2(1n £)? G, Y -

Here it is notad that B is a known value, but A and C are functions
of £, the void fraction.

The work-hardening relation used is the linear form

~P

Y=Y +Y -« Ac (II1-9)
o n

where Yn is a work-hardening modulus, and AEP is an increment of plastic

strain.

The void volume Vv is computed fur the current stress state
by Jirst determining the solid vol-ue Vq =V - Vv' The solid volume
is relaed to the solid rr«ssure Ps by the Mie-Gruneisen relation

Pg ‘
P = Kg 5" 1]+ ToE (I11-10)
/

vhere Ks is the bulk modulus of the solid material; Pg and p, are the

solid and initial densities, respectively; T is Gruneisen's ratio: and
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is internal energy. According to Carroll and Holt3°, the average
pressure P on the cross section is reduced from Ps by the ratio of
gross to solid density

- £ -
P ps PS (IT1-11)
Solving Eqs. (I1II-10) and (III-11) for Vs - llps, ve obtain
1 - PVp /K
V. — 2o S (111-12)

S
2
o = I‘po E/Ks

The void fraction is then

(III-13)

This expresaion for void fraction naturally accounts for elastic and
thermal expansions of the void because both effects are present in the
solid volime calculation.

The expression for pressure P can now be written by substi-
tuting O from Eq. (III-8) into Eq. (III-3). The result is

+
P= Y (111-14)

‘/Az(l + Bp)? + 9
(1 - £)2(1 + cp)? 4(ln £)*?

where Y and f are obtained from the associated Eqs. (III-9) and (III-13),

and the value of P in the radical is from a previous estimate.

The solution procedure then has the following steps: T

(1) Estimate an initial pressure P..
(2) Compute the void fraction f from Eq. (III-13).
(3) Compute A, B, and C.

il WA e
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(4) Compute pressure P from Eq. (III-14).

(5) Reestimate P_ and return to step 2 if P and P_ are not

sufficiently close.

If ongoing phenomenology expariments indicate quasi-static
void growth to be an important damage mode, we will then incorporate
this ductile fracture model into a computer subroutine during the
next year.

3. Fracture Models for High Strain Rates

In previous vork,z3

dynamic fracture models were developed
that describe the nucleation, growth, and coalescence of statistical
numbers of brittle cleavage cracks or ductile plastically growing .
voids. In this program we have not developed these models further,
but will adapt them in their current form by calibrating them with

the data obtained from the BRL plate impact requirements.

4. AMisbatic Shear Banding Model

As discussed above, the phenomenology experiments performed
to date indicate that adiabatic shear banding is the single most impor-
tant aicrostructural damage mechanism for long rod penetration because
it governs both the erosion of the penetrator nose and the plugging of
the target. Therefore, we have devoted a large effort to further
developing and calibrating our previous shear band model.ls The pre-
vious shear band model subroutine, discussed in Reference 18, is named
SHEAR2, whercas the new, upgraded subroutine is named SHEAR3.

The following changes were made to convert SHEAR2 to SHEAR3:

* The shear band size distributions were changed from a
series of discrete points to an analytical form (see
Reference 27 and Appendix A).

* The stress relaxation associated with damage was com
pletely rederived (see Reference 4 and Appendix A).

* The nucleation and growth laws were generalized to allow
more strain rate dependence (see Reference 11 and Section
I1I-B).




* The numder of special variables per cell required by the
subroutine was rveduced (see Reference 11 and Appendix A).

* The threshold conditions for initiation of shear band
activity vere derived from plastic instability theory
and a simple formula was derived for predicting the
critical strain for shear banding.
The abuve changes are described in some detail in Appendices
A and B. Appendix A describes the SHEAR3 subroutine and Appendix B
describes the derivation of the threshold conditions for onset of shear

banding.

A key result discussed in Appendix B is the critical strain
for onset of adiabatic shear banding, as given by a formula of the form

1
n Bk —
P - :—T' n+l , (ITI-15)
o

where € is the critical equivalent plastic strain; and n is the
hardening exponent in a hardening law of the form

T = ro(?)“ , (111-16)

vhere T is the effective shear yielding stress; Sm is the specific melt
energy; o is the density; and a is a linear thermal softening
coefficient from the relation

E o » (111“17)

where W is the specific plastic strain energy density.

The Eq. (III-15) clearly shows the competitive effects of
strain hardening and thermal softening, and expresses the criterion
that the shear banding will begin as a plastic instability when the
global thermal softening caused by adiabatic plastic deformation
overwvhelms the global work hardening. Appeundix B also gives a formula
for more complicated thermal softening behavior. Finally, Appendix B
compares predicted critical strains for onset of shear banding for
several metals with observations, and shows that the correct ranking is

predicted. *
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B. Generation and Testing of Shear Banding Model Parameters

The material parameters for the shear banding wmodel, SHEAR3,
are generated at present almost entirely from contained fragmenting
cylinder (CFC) data. In the curreant stage of the program, we have
data bases for two materials, 4340 steel and RHA steel. CFC data
for DU will be generated in future vork. By far the most extensive
data base is that for 4340 steel of three hardnesses; these data were
generated by SRI in a previous program for AHHRC31. In the following
paragraphs we describe the current state of analysis of tie data for
both 4340 and RHA steel.

l. Analysis of 4340 Data

Extensive shear banding data were available from six
contained-fragmenting-cylinder expsriments on 4340 steel hardened to
ntto. thalv. taken several steps to use 4340 data to aid in the
development and verification of the shear band model. In Reference 7
ve made a first attempt to deduce initiation, nucleation, and growth
descriptions for the shear bands. In that effort we assumed that the
shear band nucleation and growth rates should correlate with strain
rate histories that peaked about 20 usec. after detonation. However,
later examination of our computational simulations showed that the
deduced threshold strains of about 0.2 were not reached until later,
vhen the strain vate vas significantly lower. Therefore, we next
reduced the shear band data to a fora where nucleation and growth
processes could be more clearly identified and quantified. The shear
band model was then modified to account for these observed processes.
The detonation process in TROTTBz, the two-dimensional wave propagation
code used for the fragmenting-round simulations, has also been modified
to better represent the explosion in low-density PETN. To avoid
tangling of the computational cells in the numerical representation of
the explosiva, an automatic rezoner has been written and debugged.

The shear band data reduction, shear band model changes, and the
detonation algorithm are described here. The rezone method will be

described later after we have gained more experience in using it.
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The 4340 data were obtained by counting and measuring the
shear bands observed on the surfaces of six cylinders after contained-
fragmenting-round experiments. The experimental configuration is
shown in Figure 20. The buffer thickness and the density of the explo-
sive wvere varied to provide .a range of strain rates, peak strains, and
levels of shear banding.

Following counting of the shcar bands, the cumulative numbers
were plotted in graphs like Figure 21. Then each distribution was
fitted to the axponential relacion

Ng = N, exp (-R/R,) (I11-18)

vhere N_ is the cumulative number of bandslcnz
with a radius greater than R

N, is the total number of banda/cnz
‘1 is a size paramester for the distribution.

With the distributions reduced to two characteriring parameters, No and
‘1’ plots can be made to study the initiation, nucleation rate, and
growth rate of the bands. |

The initiation and nucleation rate of shear bands was examined
by plotting No as & function of plastic gtrain for £ll the cylinders,
as shown in Figure 22. The plastic strain was obtaived by measuring the
thickness change in the cylinders or large fragmente after the test.
As derived in Reference 33, equivalent strain is

P

e 15y = VSUED? + (€2 + (D) (111-19) :

u“n

vhere er, ee, e‘ are strains in the radial, circumferential, and axial
directions, respectively. For the calculations, we assume that the
axial and volumetric plastic strains are zero, so that

P

P
€ * ~%p
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For a change in thickness from a o t© 8¢ the average radial strain is

S¢ da .f N
€ -/ — = fnl{— (111-20) v
r a a .
a \©° ]
and
2 _ + ¥ 4 _
€ - {3-!.:1 -‘—o- (111-21)

i
By its definition from the thickness change, EP represents the plastic i
strain taken homogeneously by the material and not the strain that has
Laen taken by the shear bands.

An alternative derivatiom of EP can be made based on the R
circumferential strain , .

r

£ T
] QE - —f- - ' :*f
ee / T n T, (IT11-22) ?::;
2 &

vhere T, and T, are initial and final radii at some point in the

cylinder. Let T be the average radius of the cylinder. Then the f'é;
{ average circumferential strain is .

€ = tof = (111-23) o
T
[+}




and

(111-24)

-P + ’I
€ - 3 fn

Bacause this strain is based on the motion of the external and internal

"ll, ]
"

o

surfaces, it should represent the total strain imposed by the explosive
and not merely the strain taken homogeneously. Values of this second
definition of EP vere calculated in a few cases and compared with the
result obtained from Eq. (III-21). The radius-based strain always
exceeded the thickness-based value by 5% or 102. For the cylinders
with such heavy damage that fragments are formed, the radius-based
strain cannot be obtained reliably, so the imposed strain is not knownm.
Therefore, the thickness-based strain was used in the plots as a rough
measure of the imposed strain.

The cumulative numbers of shear bands in Figure 22 indicate
an indication thrashold in the vicinity of 22% plastic strain, in
agreement with that predicted from the plastic instability theory
discussed above as well as in Reference 7 and Appendix B. After the
initiation threshold is exceeded, the shear bands nucleate gradually as
a function of the increasing plastic strain. The numbars appear to
fall into separate groups according to the explosive pressure PCJ
indicated in the figure. The higher pressures also induce a higher
strain rate, so the nucleation rate may be a function of a power of the
strain rate. The large numbers at luw strains for the higher pressure
tests may indicate that most of the imposed strain above 22X went into
shear ﬁanding rather than into homogeneous plastic flow. Thus a
nucleation process of the following form is indicated

(-1, & < 0.22 (111-25)

n
= Ay (%::) & > o0.22

vhere AN is a material constant related to yield strength and inclusion
55
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counts. With n = 3 this expression for nucleation rate agrees with
that usad in our earlier work,18,3l. for which the corresponding
expression for nucleation in a particular plane, where orientation is

given by the subscripts ¢,6, is

dn p\ 2 P
9 , cp (L dEP) ., Pl
de an Ecr de de

Here Ecr is a critical energy, taken to be the melt energy; deP/dt is
the rate of increase of plastic strain energy; Noe is the number of
shear bands per unit volume with an orientation given by the spherical
coordinates ¢ and 6; and eg; is the plastic shear strain in the same
direction. Cn is a coefficient with the units of time squared, and

Pn is a factor representing the fraction of solid angle assigned to
the ¢6 orientation. The factor dEP/de 1s proportional to the product
of the shear strain rate and the yield strength; hence, the nuclaation
rate is proportional to the cube of the strain rate in SHEAR2, the
earlier version of our shear banding model.

The shear band growth process is studied by plotting R1 as a
function of E¥. as in Figure 23. For the 4340 data, this graph shows
some grouping of Rl values for individual shots, but no overall trends.
The initiation size may be about R1 = 0.02 cm. The total growth
produces about a five-~fold increase in the size. Without a clear
indication from the data, a viscous growth law will be assumed

dR de

3t - CG 3t R (IT1-26)

This growth law preserves the exponential form of the distribution with
increasing strain.

The increase of damage with plastic strain can also be studied

by plotting the total shear bend area as a function of the strain. The
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total area, a measure of the danage, is

2 2
D = / MTRAN = 211’N°R1
o.

AW FE-TM Y UWMEE VR NS LUTE LS W WO WWLIre Ve

(I11-27)

for the exponential distribution in Eq. (III-18). The damage D, plotted
in Figure 24, shows a clear trend toward increasing damage with strain,

and all the shots contribute to the ssme trend. The scatter at the

higher damage level would probably be reduced by using the imposed

strain instead of the homogeneous strain.

The plots in Figures 22, 23, and 24 represent the first steps

toward obtaining nucleation and growth laws and determining the

material constants for these laws. The next steps are to insert these

laws into SHEAR 3 and perform simulations cf the experiments using

these constants. These simulations are under way.

2. Explosive Pressure Computation

In some recent simulations of 4340 steel fragmenting rounds

for long times (v 100 usec), it was found that the test cylinder

expanded beyond the dimensions observed in the experiments. The

calculated pressure histories in these cases were found to have a

larger impuise than that expected from polytropic gzas

lations. Therefore, the detonation process model was

expansion calcu-

reexamined. From

the analytical expression for pressure of a running one-dimensional

detonation, we developed an improved computational procedure for simu-

lating a running detonation. This improved model is described in the

following paragraphs.

(a) Analysis of One-Dimensional Detonation.

Behind the

detonation front, the explosive products (a polytropic gas) may be

treated by the method of characteristics. Motion along the C+ charac-
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teristic i{s governmed by the following equation:

dx _ - (9% x\ dh -
= u+C at)h + (ah a (I111-28)

vhere x and t are position and time

u is particle velocity
C is sound speed
h is Lagrangian location

Also the particle velocity is defined as

and the specific volume v is -

v = v 25)
o \dh ¢

where Yo is the initial specific volume.
Replacing the definitions of u and v in Eq. (III-28), we obtain

dh _ oS

ac v (I11-29)
Because C and v are constant along the C+ characteristic in a simple
wvave, Eq. (III-29) can be integrated to give the following relation
for the rarefaction fan:

(IT1-30)




c. = —YD_ (111-32)

c3 Yy+1
dh
it - D (111-33)

vhere v_. 1is the specific volume at the C-J condition

c)
Y 1is the polytropic gas exponent
C . is the sound speed at the C-J condition

cj
D 1is the detonation velocity.

Now divide Eq. (III-31) by Dt and replace vo/D by vcj/Ccj using Egs.
(II1I-31) and (III-32). Then

Jed € _ b

ccj v = Dt (I11-34)

Two additional facts from the theory of polytropic gases are introduced

Y Y -
Pv chvcj (I111-35)
2
C® = ypv (111-36)
Combining these two equations, we can obtain
-1
2 v Y
-92— = —?— (I11-37) 5
c
cJ N
N
"
With this result in Eq. (III-31), we have
el ;
v v 2
- ¢ _ (=l - b -
v C < DE (111-38) !
)

.
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Eq. (III-35) can also be used to relate the pressures to v/vcj.
Replacing volumes with pressures in Eq. (III-38) gives
2y
h Y+l
P - or, (B'E) (111-39)

Equation (III-39) provides the pressure at any point in the rarefaction
fan behind the detonation front. For a particle initially at a location
h, the detonation arrives at t = h/D. The pressure history for the

particle is obtained by varying t from h/D on to larger times.

(b) Computational Detonation Procedure. For a Chapman-Jouguet

detonation, the pressure should follow a linear pressure-volume path
up to the C-J point and then expand down the polytropic gas pressure-
volume path given by Eq. (III-35). In addition, the C-J point should
be reached at the time the detonation wave reaches the location. An

approximate procedure for meeting these requirements is outlined below.

In the finite difference calculations, the detonation wave is

presumed to arrive when

X -
t = —°—5iD- (11I-40)

where xo is the initial midpoint position of the cell

_ xD is the detonation ﬁoint.

Hence the detonation is forced along at detonation velocity through the

cells.

For each cell the pressure is computed according to

P = (y - 1)pE (III-41)

where p is density and E is internal energy.
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As the density begins to ircrcase ahead of the detonation front, the
pressure should follow the linear path

b v By G-
ci vcj -v

(o]

o P (oovcj -

To obtain this pressure in the cell, the internal energy is prescribed
by combining Eqs. (III-41) and (III-42)

P i} ch(o° - 0)
vy - Dp

2
(r - p (povcj -1)

Hheﬁ the detonation front arrives [Eq. (II1I-40)], the internal
energy is computed to put the pressure on the polytropic expansion
curve according to Eq. (III-35)
Y
P _ Poylevey)
p(Yy = 1) p(y = 1)

(I11-44)

After the polytropic expansion curve is reached, the detonation process
is no longer forced. The internal energy is changed according to
the usual Pdv work relation and Eq. (III-41) is used to determine the

pressure.

(¢) Comparison of Analytical and Computational Detonation

Procedures. Computations made with each of the foregoing detonmation
procedures were compared. Pressure-volume paths traversed by two cells
{11th and 24th) in the finite difference computation are shown in

Figure 25. The path is initially along the linear pressure-volume
Rayleigh line. At the time of detonation, the pressure jumps up to the
polytropic expansion line and then decays. Pressure histories generated
at 3.42 cm (11 cells) and 7.65 cm (24 cells) into an explosive are shown
in Figure 26. The analytic function shows an instantaneous pressure
rise at detonation and a decay following Eq. (III-39). By contrast the

finite-difference computations show a precursor, a jump in pressure
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at the time of detonation to a pressure below Pc , and a decay that

approaches the analytical shape. The areas undeg the two curves
(impulsa) are approximately equal. Therefore, the finite-difference
prassure history should be sufficiently accurate for determining
longer time phenomena, but cannot represent the wave front accurately

unless a much finer computational grid is used.

3. Analysis of RHA data

The shear band number and size data from the CFC experiments
on RHA material described in Section II C have not yet been reduced,
and additional CFC axperiments on this material are under way. During
the next year these data will be reduced and used to generate the shear
banding parameters in the SHEAR3 subroutine.

C. Adaptation of HEMP code for Use with NAG Material Models

The HEMP wave propagation code will be used tc simulate armcr
penetrations on this project. 1In these calculations much of the material
behavior will be represented by the shear band model, SHEAR 3. There-
fore, one of our tasks is to in:cert SHEAR 3 into HEMP and perform test
calculations to verify that the insertion is correct. For the insertion,
changes are required in HEMP, in SLIAR 3, and in the special material
property data for SHEAR 3. In cooperation with John French of LLL, we
have identified the changes needed.

The first and most serious change in HEMP is the increase in
the number of variables per cell. SHEAR 3 requires 6 to 19 variables
in sddition to those normally stored for each cell.* Addition of more
variables requires inserting a list of variables that correspond to the
names used by SHEAR 3 and increasing the total number of variables, NV,
allowed per cell in HEMP.

* .
The specific number depends on options selected by the user.
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The CALL statement for SHEAR3 is inserted into the HEMP
subroutine called VQP with all the other deviator stress and pressure
calculations. VQP computes the strain, sound speed, and internal energy
in addition to the stresses. Therefore, the second change required
for the insertion of SHEAR 3 is to branch to the CALL statement after
the strain calculations. Stresses will be computed in SHEAR 3 and state-
mants vill be added in VQP for special calculations of internal erergy
and sound speed that are consistent with the SHEAR 3 variables. The
CALL statement to SHEAR 3 contains all the variables transferred between
SHEAR 3 and VQP. Included are the stresses, strain increments, the
variables describing shear band distributions on each plane, internal
energy, yield strength, cell rotation, and a damage parameter used for

triggering a slide line.

The third change is to provide for the special input of
material properties required by SHEAR 3. Currently in the version of
HEMP at BRL, the input deck is preprocesaed by the subroutine PREHEMP,
and a binary equivalent of this input deck is written. Therefore, to
provide for input to SHEAR 3, we must modify the read statements in
SHEAR 3 to accept this binary input. The data for SHEAR 3 will follow
the normal HEMP input. The density, the shear modulus, and the bulk
modulus will be included in the normal HEMP material input, and only
special shear banding variables will be read by SHEAR 3.

The changes in SHEAR 3 required by the insertion also include
rewriting the read statements for the material properties. To change
SHEAR 3 from the dyn-sec-cm-g system of units to the Mbar-usec-ca-g
system used in HEMP should require little recoding.

Finally, the special material property data for SHEAR 3 are
being transformed to the HEMP system of units.

The above changes are currertly under way. Furthermore, the
changes required to insert other NAG material models such as BFRACT
(dynamic brittle feature), DFRACT (dynamic ductile fracture), and
DFRACTS (quasi-static ductile fracture) will be very similar to those
required to insert SHEAR3. The SHEAR3 insertion is therefore being
accomplished in a manner designed to make later insertion cf the other sub-

routines as efficient as possible.
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D. Computational Simulations

1. Background and Scope

The ultimate goal fcr this program is to be able to computa-
tionally simulate spaced armor penetration with long rods, and to be
able to predict the fragment environment behind the last plate. To
attain this goal vwill require combining adequate microstructural material
failure models with state-of-the-art computer codes. It is therefore
important early in the program to assess the feasibility of our approach.

The simplest possible case (but one rarely seen in practice
with RHA) is normal impact with plugging of the target, such that the
fragment environment behind the plate consists of a single or fragmen’ed
plug plus penetrator fragments. During this first year's effort we have
performed computational simulations of this caseg,lo and have confirmed
that it, at least, is amenable to the combined microstructural failure
model/computational approach. In the following paragraphs we describe

some of tliese calculations.

To calculate the plugging process, several factors must be
modeled correctly. The first phase in the formation of the plug is the
shear-band nucleation and growth. The second phase is the coalescence
of the shear bands into a macroslip surface. Here it is necessary to
model both the threshold conditions at which this coalescence takes
place and the location of the coalesced surface. The third phase is
the motion of the plug as it is pushed out of the target.

In these calculations the older SHEAR2 model was used to

calculate the microdamage, since SHEAR3 was still under development.

2. Unzipping-Slide-Line Logic

The purpose of the unzipping slide line is to model the
coalescence of microshear bands into a macroshear band or slide line.
In the current calculations the slide line lies along a predetermined
position but eventually the position of the slide line must also be de-
ternined by the microshear-band mode1.9 The strategy of the unzipping
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process 12 to allow the microdamage to increase until a threshold level
of damage is reached. When any of the computational cells around a
nodal point lying on the slide line meet this criterion, the nodal
point changes from a standard nodal point to a slide-line nodal point.

In a standard calculation, a nodal point that is not a
. boundary point is surrounded by four cells; A in Figure 27 is such a
point. The stress in these four cells will contribute to the force acting
on the nodal point. This force is then used to calculate the new

accelerations, the new velocities, and the new coordinate positions.

A slide-line calculation treats nodal points differently
from the standard calculation. Here we have two distinct ways of cal-
culating the forces acting on a nodal point, depending on whether

the nodal point is a master or slave.

A series of master nodal points will determine the position of
the boundary, and the slave nodal points will slide along that boundary.
For a master nodal point that is not a boundary point, the strasses of
three cells will contribute to the force acting on the nodal point and

hence determine its motion. On the other hand, the slave nodal point

derives its motion from stresses in only the neighboring two cells;

i the position of the nodal point is then adjusted to slide along the
master-defined slide line. 1In Figure 27, B represents a master nudal
point and C represents a slave nodal point. Special consideration must
be given if any of these points are either the first or last points of
the slide line.

In a calculation in which the slide line is unzipped, a nodal Y
point first must be treated as a regular nodal point--that is, as A !
in Figure 27. If any computed value in the neighboring cells, such as
plastic strain or present shear-band damage, meets a threshold condition,
the single nodal point then separates into two separate points and the

forces are calculated as in B and C orf Figure 27.

. At any time in the calculation, the slide line will consist

A B

of a combination of zipped and unzipped nndal points. As the calculation
progresses, more nodal points are unzipped until a complete slide line

is formed.
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The dotted rectangies represent the effective cell used for determining nodal forces.
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3. Computational Setup

A series of computations were performed for a normal rod impact,
with various treatments of the slide line. Figure 28 shows the computa-
tional layout for a 1.27-am-thick 4340 steel target impacted by a 4340
steel rod 1.03 cm in diameter and 2.06 cm long. In all the calculations,
the impact velocity was 750 m/sec, which experiments indicated was near
the ballistic limit.

Figure 29 shows a cross section of the %arget from such an
experiment (impact velocity = 790 m/sec). It is clear that the shear bands
forming the plug occur near the rod edges at impact, thus making the

assumed pcsition of the incipient siide line shown in Figure 28 appropriate.

In these calculations, we computed shear strains in six orientations.

Three of the orientations are for band planes normal to the following directions:
(1) axial, (2) vadial, and {(3) circumferential. The other three orientations
are for band planes that are at 45° between the following directions: (4) axial
and radial, (5, axial and circumferential, and (6) circumferentiﬁi and
radial. Onlv the first, second, fourth, and fifth orientations were ex-
pected to be irportant in this case; therefore, we calculated the shear-
band distributions only iu these directions, but continued to calculate the

directional plastic strain in all six orientations. In this calculation,

band-size distribuvitions are represeated by a series of discrete size groups.

(The model option with an analytical form for the size distribution was not

used.) For eachof the orientations, there are six size groups.

The purpose of these calculations was to examine the unzipping
s1ile line logic. Since the SNAG parameters for 4340 steel are still being
determined, we used instead the parameters previously determined for a
high fragmentation steel.33 For this material, the maximum bznd size at
nucleation is 0.07 em. The radii of the bands are initialized so that the
ratio of successive intervals between radii is equal to 1.4, Hence, if
the maximum radius is 0.07 cm, the next size radius group is 0.05 cm, and
so on. The threshold equivalent plastic shear strain for shear band

nucleation is C..7.

The values of all the pairameters used are summarized in Table

4. 1In addition to the usual variables carried per cell, 63 additjonal

variables were used. 71
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The slide line is defined by 10 nodal points and is un2ipped during the
calculation,
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Table 4

SHEAR2 MATERIAL PROPERTIES USED IN COMPUTATIONAL
SIMULATIONS OF 4340 STEEL ROD IMPACTING NORMALLY A 4340 STEEL TARGET

Nucleation equivalent plascic:threshold strain, Egr 0.17

Maximm band size at nucleationm, Rnnx 0.07 cm

Ratio of successive intervals between band sizes 1.4

Nucleation size paramater, Rl: from Eq. (III-18) 0.011 em
Nucleation rate parameter, AN! from Eq. (III-25) 0.001 scczcmf3
Growth rate paramster from Eq: (III-26), C8 30

Ratio of band jog to band rad;us, b 0.07

Critical internal energy from Eq. (III-25'), Er 7 x 10° erg/g

Number of orientations used, NANG

Number of size groups assigned to
Orientation

AU S W -

each orientation.

Number

OO ONON




As shown in Figure 28, the slide line was placed in the target
directly under the edge of the penetrator to form the boundary of the
plug. Whether this slide line is unzipped as the calculation progresses
depends on whether the specified threshold condition has been reached.
In this calculation the slide line is defined by 10 nodal points.

To examine the unzipping slide line behavior, we used two
threshold criteria for unzipping. The first criterion was a critical
value of the equivalent plastic strain. By systematically varying this
value, we produced various amounts of unzipping and tested the stability
of the unzipping logic. These calculations are described in Reference 10.
However, this unzipping criterion is unrealistic because it is not
directly connected to the amount of microscopic shear band damage.
Therefore, after the unzipping logic had been tested, a second criterion
was ugsed, namely a critical value of the damage parameter T, where T is
the fraction of a material cell's strength that has been removed by shear
banding. The results of some of these calculations are discussed in

the following paragraphs.

4. Selected Computational Results

Two computations are described here. The first deals with an
unzipping slide line for which the unzipping is governed by a critical
plastic strain. The second calculation deals with a slide line that
uses a damage parameter calculated from the shear~banding subroutine to
trigger the unzipping process. The results of this calculation are
compared with the results of the impact shown in Figure 29.

{(a) Plastic Strain Criterion for Slide Line Activation. The

results of a calculation in which a threshold plastic strain of 10% was
used to trigger the unzipping of a slide line are shown in Figure 30.

The process is shown in three successive stages of development. Here

the siide line was defined by 10 nodal points; no nodal point slid until A
one of its neighboring cells reached the 10% critical plastic strain
threshold. The unzipping of the slide line (complete formation of the
plug) took about 10 usec or 120 computational cycles.
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This calculation was one of the series renorted in Reference 10
to test the unzipping logic, and is reproduced here to show several
features. First, when the penetrator overmatches the target, the pro-
jectile nose does not mushroom enough to impact the target face, and
only one active slide line is required. Second, the macroshear band
advences in a reasonable way through the target and releases the plug
without computational difficulty. Third, the behind~the-armor fragment
environment would be described completely hy the unfragmented portion of
the plug plus the shear bhand-produced fragmentation of the plug and

penetrator nose.

(b) Shear Band Damage Criterion for Slide Line Activation.

Following the above debugging calculations to examine the unzipping
slide line behavior, we performed a simulation in which the unzipping

criterion was a critical value of the parameter T

T = -% m™I N1R13,

i
which is related to the percentage of microscopic shear band damage in
the cell. N is the number of bands per unit volume, R is the band
radius, and the subscript i refers to the band size group. The critical
value of T chosen for the calculation was 2.0.* The resulting deformed
grid at 7.98 usec after impact is shown in Figure 31(a). The calcula-
tion was stopped at 7.98 usec when the projectile bulge Legan to impact
the target shoulder, thus necessitating a second slide line between
the front of the target and the side of the projectile, as discussed
above. At this time, approximately the front third of the rod was
calculated to have been fragmented by shear banding, the rod still had
447 of its original momentum, and the velocities of the front and rear

of the rod had dropped to 88 m/sec and 607 m/sec, respectively. The

*
The selection of this value was an error that was undetected until
after the calculation was performed. The desired value was 1,
corresponding to complete local fragmentation due to shear banding. The

effact of this larger value of T will be to delay the unzipping somewhat.
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centzal deflection of the target is 0.22 cm and the protrusion at the
back is 0.03 ecm. The slide line has only been activated for a short
distance into the target as shown. The diameter of the slide line
surface has expanded from the original 1.03 cm to 1.28 cm.

These computational results were compared with the experimental
results of Shot 6802-4 shown in Figure 29 to gain insight into the pene-
tration process; the comparison i8 shown in Figure 31(b). The comparison
can only he qualititative because the calculation was stopped before the
projectile was completely fragmented or had come to rest, the shear band
parameters were for a different steel than 4340, and an unrealistically
large value of T was inadvertently used. Nevertheless, we consider fhe
comparison very promising. The shear banding and formation of a macro-
band or plug appears to be occurring correctly in the calculation, and
the front surface crater and rear surface bulge are developing as
observed experimentally. The mushrooming of the rod nose and impact
with the target face also seem to occur both computationally and exper-
imentally at this impact velocity. The comparison shows that a double’
slide line is required to correctly represent the penetration in some

cagses, and will certainly be required in most oblique impact cases.

During the next year we plan to perform more such calculations
using the SHEAR3 subroutine in place of SHEAR2; both 4340/4340 and
DU/RHA normal impact experiments over a range of impact velocities will
be simulated to test the model's ability to reproduce the main features
of normal penetration and fragmentation. In addition, work will begin

on simulaticn of oblique impacts.
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IV CONCLUSIONS AND FUTURE PLANS

The key conclusion to date is that adiabatic shear b: nding is very
probably the dominant mechanism for plugging and fragmentation of RHA
and for erosion of the DU penetrator nose. Furthermore, the computational
shear band model SHEAR3 should provide adequate modelling of this
behavior. We will test these conclusions further during the next year
by performing higher impact velocity phenomenology tests and additional

computational simulations.

In the upcoming phenomenology experiments and computations, we will
concentrate on the effects of impact obliquity and yaw, since most of
the quantitative results to date concern only normal impacts.

Tensile failure by ductile void nucleation, growth, and coalescence
is probably the second key failure mode, governing spall and petalling
of the target and fracture of the rear portion of the DU rod. However,
further phenomenology experiments are required to confirm this conclusion.
NAG models have been developed and are ready for application to the

phenomenology experiment results.

We conclude further that the program organization and milestones
diagrammed in Figure 1 are still valid and feasible, and we shall

continue to follow that approach during the next year.

Specific tasks for the second year of the contract were determined
during a meeting at AMMRC in August 1979. Depleted uranium (DU),
tuagsten, and, possibly, electro-slag-remelted (ESR) steel are to be
procured. Targets and penetrators from experiments performed at BRL
and AMMRC are to be obtained and examined to determine the dominant
fracture modes. Additional phenomenolopy experiments with DU rods and
RHA targets will be conducted at SRI and at BRL with appropriate obliquity,
velocity, and yaw to further define the fracture modes of both elements.

Contained-fragmenting-cylinde: tests and other fracture-characterizing
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experiments will be conducted by SRI on RHA and DU. (Descisions
concerning specific experiments will be based on the results of the
phenomenology tests.) The improved shear-band model, SHEAR2, will be
applied to the 4340 steel data, tested by simulation of a penetration
experiment into a 4340 steel terget, and then applied to the RHA and

DU data to represent plugging and penetrator nose erosion. SHEAR3 will
be implemented in the HEMP code ard will be exercised with double slide
lines. These planned tasks are discussed in more detail below.

A. Materials Selection and Phenomenology Experiments

BRL, AMMRC, and SRI have jointly decided to study a uranium=3/4
o230
wtX titanium alloy first. The uranium used is depleted uvranium, 92J 2 .

the fissionable isotope having been removed.

During the past few months, a supply of the alloy was selected,

th2 material was fabricated, and the necessary specimens were machired
and shipped to SRI. The specimens were machined only from rods

containing centerline porosity of less than 40 ym in diameter.

1. DU Rods Penetration Phenomenology and Characterization
Experiments
Ten 4.7-g hemispherical-nosed rods, 0.125 inches in diameter
and 1.250 inches long (L/D = 10), were machined from the bar stock.
The SRI ballistic test facility wiil be used to fire these rods at
previously characterized Rc22 RHA t;rgets at oblique angles to determine
the failure phenomenoiogy of U-3/4 wt? Ti alloy. In addition, 15 65-g
hemispherical-nosed rods, 0.3023 inches in diaxmeter and 3.023 inches

long {L/D = 10), were machined froa the same l.4-inch-diameter bar
stock. These rods will alan be fired at oblique R222 RHA targets,
using ocur light gas gun, to stuuy pheromena scability. After the
phenomenology experiments have determined what failure or deformation
modes require quantitative characterization, these rods may also be

used for DU characterization experiments.

Both the 4.7-g and the 65-g rods were machined from the bar

stock in such a manner as to avoid measurable centerline porosity.
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In addition to these phenomenoclogy experiments to be performed
at SRI, additional DU/RHA experiments will be performed at higher impact
velocities at BRL under the direction of W. Gillich. The purpose of
these tests will be to obtain behind-the-armor fragmentation data as
well as phenomenology information.

2. DU Tubes for Confined-Fragmenting-Cylinder Experiments

If adiabatic shear banding is confirmed to be the dominant
failure mechanism in U-3/4 wtX Ti during ballistic impact, a series of
conf ined-fraguenting-cylinder experiments will be conducted to determine
the necessary parameters for the SHEAR3 computational model. A total
of 12 tubes, 1.280 inches outside diameter, 0.880 + 0.0005 inch inside
diameter, and 4.0 inches long, have been machined from the same
l.4=inch-diameter bar stock. These tubes were difficult to machine
because of the nature of the alloy and the dimensional tolerances

required.

All 12 tubes, all 15 65-g projectiles, and all 10 4.7-g
projectiles have been received by SRI.

3. Tungsten Alloy Penetrators

Discuésions are now under way with BRL and AMMRC personnel to
arrange for SRI to raceive, for metallographic examination, penetrator
and rod fragments from a series of penetration experiments planned at
BRL and AMMRC. These experiments will be discussed more thoroughly

in future reports.

B. Material Characterization Experiments

1. Contained-Fragmenting-Cylinder (CFC) Experiments

During the next year several additional CFC experiments will
be performed on RHA material, and experiments may be initiated with
DU material. The SHEAR3 model, as modified by correlation with the
4340 steel data, will then be applied tc both the RHA and DU data.
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2. Symmetric Taylor Tests

Several symnetric Taylor tests on RHA and DU rods will be
performed, and the data will be analyzed with the help of 2-D code
calculations to determine the dynamic yield functioms.

3. Smooth Bar Tensile Tests .

We will initially attempt to obtain smooth bar tensile test
data for DU from the literature. If such data are unavailable or

ambiguous, we may perform several such tests at SRI.

4. Plate Impact Experiments

Plate impact experiments to obtain the NAG parameters for
dynamic ductile void nucleation, growth, and coalescence in (composition)
tungsten alloy have been previously performed by Gerald Moss at BRL,
are currently under way at BRL for our baseline RHA material, and are
planned during the upcoming year for DU material. The DU material is
from the same batch described above for the rod and cylinder tests.

C. Computational Model Adaptation

1. SHEAR3

As discussed above, the SHEAR3 subroutine for adiabatic shear
banding is currently being debugged and used to correlate the results
of computational simulations with 4340 steel CFC data. No further
development of SHEAR3 is foreseen during the next year; instead, we
will concentrate on documentation and application of SHEAR3 to DU/RHA

penetration problems.

2. DFRACT and DFRACTS

DFRACT, the NAG nubroutine for dynamic ductile void growth,
will bte used in its current form to correlate BRL's plate impact
experimental data for Tungsten, RHA, and DU, so as to obtain the dynamic
NAG material parameters for these materials. No additional code

development of DFRACT is foreseen.
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DFRACTS, the NAG subroutine for quasi-static ductile void
grovth, has yet to be inserted in wave propagation codes and debugged.
These steps will be delayed until the phenomenology experiments have
established the importance of this damage mode in armor petalling or

penetrator fracture.

D. Generation and Testing of Model Parameters

As discussed above, microstructural failure data will be available
during the next year for 4340 steel, RHA material, DU, and tungsten.
These data will include results from quasi-static tensile tests, plate
impact tests, CFC tests, and symmetric rod impact tests. These data
will be correlated with computational simulations to generate and test
model parameters for DFRACT, SHEAR3, and, possibly DFRACTS. During the
next year we plan to complete this program for SHEAR3 using 4340 steel
and RHA material, whereas the remaining work would be completed during
the third year.

E. Adaption of HEMP Code for Use with NAG Material Models

During the next year the subroutine SHEAR3 will be inserted in
HEMP, debugged, and run on penetration problems with double slide lines
and, if necessary, rezoning. We will begin insertion of the subroutines
DFRACT and, if necessary, DFRACTS. These insertions will be documented
in cooperation with BRL and AMMRC personnel.

F. Computational Simulations

Successfully implementing SHEAR3 in HEMP and testing with double
slide lines and rezoning will occupy a major portion of the second
year's effort. The computational simulations involved in this effort

will be of two types. In the first, computational simulations will

be attempted of normal impacts against single RHA plates ranging fron
near the ballistic limit to cases where the target plate is significantly
overmatched. We will compare the results to phenomenology experimental
data, and study the ability of SHEAR3 to successfully predict penetrator

and target fragmentation and the behind-the-armor fragment environment.
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In the second computational simulstion effort, we will begin
simulating cases of varying impa:t obliquity and yaw. In these cases,
the two-diménsional nature nf the codes will restrict us to plate-on-
plate simulation. Previous work zt LLLS"‘ and BRL” has shown that the
sain features of nblique rod impact can be simulated with the plate-

on-plate approximation.
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APPENDiX A

THE SHEAR3 SUBROUTINE FOR ADJABATIC SHEAR BANDING
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1. Modifications to SHEAR2

The shear band model has been extensively modified since tha docu-
mentation of saunz.“'n The shear band size distributions were changed
from a series of discrete points to an analytical form (Ref. 2), and the
stress relaxation associated with dumage vas completely rederived (Ref. 4).
Mditional sodifications wera made in recent months to incorporate the new
nucleation and gi'owth relations and to reduce the number of special
variables per cell required by the subroutine. This reduction vas
accomplished by:

® Eliminating [H3, EN, and PLEN (wvhich represen® an indicator,
the total nunber of bands in all oriemtations in each cell,
and the plastic work).

® Providing an option for storage ol plastic straine in each
orientation. The strains are not required for the calculation
but are of great intarest in assessing ths relative potential
for (dsmage of each orientation. This optiou permita the ujer
to avoid storing these strains.

Reducing the shear band directions from 6 to & on planes:

(1) normal to x or y, (2) at 45° between x and y, (3) at &5°
betwean y and z, and (4) at 45° between x and . This change
actually does not reduce the information comtent from that in
the six oriemtations previvusly used. With the current nuclea-
tion and growth process, the bands normal to x and to y are
always identical, so one distribution can represent both
orientuations. There are no bands normal to the z direction
(circunferential in axisymmetric problems) so that orientation
is unneeded.

® Providing sn option for user selection of shaar band orientations.
The usexr can choose to not activate any of the orientations.

¢

With the prusent configuration of SHEAR3, the additional variables
required beyond those for a standard elastic-plastic model are as follcws:
TAU, the damage parameter, to be used for triggering slide lines

EP, €F
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ROT, the cell rotation
c.e. the plastic strain in each orientation {0 to & variables)
three variables (No, "1’ and Rm) for each orientatior. activated.

The call statements for SHEAR3 are similar to those for SHEAR2. The
first call is used to read in data and initialize the subroutine: this
call is from LAYOUTT in TROTT. Only the parameters NCALL and IN are
required for this initialiszing call. The second call statement is in
SWEEPT of TROIT. This call is for the stress and damage calculations
and requires all the call variables. Nots that all data passss through
the call statement: there are no COMMON variables. The call and associated
statements in SWEEPT arae:

492 SXXW-SXX (LM)
SYYWeSYY (LM)
TXYW=TXY (LM)
Pi=P(LNM)
LS = 2
IF (MOD(IN,INPRINT) . EQ. 0) LS = 3
CALL SEEAR3(LS,3,MAT,K,J,SXXW,SYYW, TXYW, PW,COM(L}4+20),
1 Dw,D(1LM),DT,EW,E(LM),COM(LIM+21) ,EXXH,EYYH,
2 EXYH,F,YY(LM),TH(LM),-ALFA,E3C,COM(LM+22))
IF (COM(LM+20) .GT. 0.) IH(LM)=)3
SZZWe-SXXW-SYYW
TH(LM)=TH(LM)-ALFA
GO 10 600

The first four statements bring the deviator stresses and pressure from
the main arrays in preparation for the call. LS is set to 2 for normal
stress calculstions aad to 3 for calculations and printing. Following
the call, the indicator IH is set to 3 if shear banding has occurred:
COM(LM + 20) is the main storage for T = TAU, a damage parameter. The
rotation factor TH is incremented by ALFA, the differential rotation,
vhich is positive clockwise in TROTT. TH is positive counter clockwise.
The stresses and strains are positive in tension; the pressure is positive
ia compression. The variables in the call statemsent are listed in Table
A-1.

SHEAR] has been used with the dyn-ca-g-sac system of units exclusively.

We have searched through the subroutine, hunting for constants that would

require changes if different systems are used. For the Mbar-cm-g-usec
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Variable

TABLE A-1

VARIABLES IN THE CALL TO SHEAR 23

Meaning

NCALL

E; o !i :3 :: :z - »m X ;2

=5 E S

8
>

Indicator for the type of calculations required
in SHEAR 3

0,1 Read data for one matarial and initislize

2 Calculate only

3 Calculate and print

& Print only
Data input file number (usually 35)
Material number
Cell number in the K direction
Cell number in the J direction
Daviator stress in the X directiou (dynlcnz)
Deviator stress in the Y direction (dynlcnz)
Deviator stress in the Z direction (dyn/cnz)
Shear stress (dyu/cnz)
Pressure calculated for the cell (dyn/cnz)

Damage (I Nks) in the cell calculated on the last
cycle; ranges from 0 to 1 (See BFR(M,32)

New inccaing density (g/cna)
Cell density determined on the last cycle (8/cu3)
Time step (sec)

Internal energy of the cell in the present cycle
(erg/g)

Energy of cell in previous cycle (erg/g)
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TABLE A-1

(Continued)
Jgrisple Meaning
| <4 Total effective plastic strain
= Strain increment in the X direction
Y Strain increment in the Y direction
| * 4 Strain increment in the Z direction
EXY Tensor shear strain increment
r Thermal softening factor; varies from 0 to 1
YHL Yield value calculeted on the last cycle [remains
unchanged (1) 41f the yield has not been exceeded,
or (2) 1if it hn! been exceeded and work hardening
is sero] (dyn/ca¥)
ROT Total angle of cell rotation as of the previous
cycle
DROT Additional angle of cell rotation since tha last
cycle
ESC Equation of state variables [array (6,20) must be
dimsnsioned in the calling routine; some of the
elements of this array are not used in SHEAR 3]
ESC(M,1) Original density (g/cc)
ESC(M,2) Bulk modulus, C (dyn/ca’)
ESC(NM, ),
ESC(M, 4) D and S in the pressure equation:
PeCu+ Duz + Sua, vhera u = DH/ESC(M,1) -1
ESC(M,5) Shear modulus (dynlc-z)
ESC(M,9) Gr:nciscn'o ratio
CN Array contains number of shear bands, band lengths,

and plastic strains for each cell. The nuxber of
array elements required for each cell is
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VYariadble

TASLE A-1

(Concludud)

Meaning

Ny © 31::‘ * l(l‘t)
mnr‘-oumc‘-o

-1umc‘>o

B = 0 for BFR(N,31) = O

- t?i for BFR(N,31) = 1

= 4 for BFR(NM,31) = 2
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systsm of NEMP, the 1.4 at about line 132 should de changed to 1.E-8.
Also the internal enetgy must be transformed from erg/g to Mbar.

12
Pobreorr * Pupe * 10
Like HEMP, EPIC uses the energy per unit volume definition for E. The

input quantities are defined in Table A-2, with nominal values in the
units used in TROIT.

For triggering a slide line based on the shear band demage leval,
the parameters BFR(M,32) and TAU are used. TAU is intended to vary from
gero to approximately one, with values of 0.5 or larger being indicative
of sufficient damage to cause full separation. The value of TAU can be
associated with a particular direction of damage (shear band orientation)
or with all damage: this choice is made through selection of BFR(M,32).
For BFR(N,32) set to I, whers I equals 1, 2, 3, or 4, the I'" shear band
orientation is used. For a problem in which a missile were pens.rating
in the X-directiom, BFR(M,32) could be set to 1 to associate TAU with
bands in the plugging directionm.

The total number of extre variables required per cell will depend on
the aumber of shear band orientations used (govermed by mci). the value
of BFR(N,31), and the variables already present in the calling progras.
With CN in Table A-2, a formula is given for the array size of CN. Other
variables that may not be available normally are TAU, EP, YHL, and ROT.

T and DROT ave coaputed just before the call and need not be stored.

2. Analytical Form for Shear Band Size Distributicns
The storage requirements for the shear band subroutine, SHEAR2, were

decreased by imposing an analytic form to the size distridbutions. The
form chosen was the exponential one that fits the shear band data and
is also like that used for ductile and brittle fracture. The number of
bands per cubic cm with radii greater than R is

N' = N exp (-u/kl) (A-1)

93




TABLE A-2

INPUT DATA FOR SHEAR 3

Noainal
Variable Values Definicion
BFR(NM, 22) 10 (nondim.) CG: growth coefficjent in
dR/dt = ccndc/dc
BFR(NM, 23) S per a3 AN' nucleation coefficient
BFR/N, 24) 0.002 cm R‘. nucleation size parameter
BFR(N, 23) 2 (nondim.) n, exponsnt in nuclaation rate
equation
BFR(M,25) 0.2 (nondim.) €y nucleation threshcld strain
BIR(N, 27) 0.07 (nondiw.) b, shear distortion associated with
a band
BFR(M, 28) 0.01 cm I’. maxisum band size at nucleation
LfR(M, 29) 10.0 (nondim.) VFR' damage factor in
- 3
T Vrn.b.6wN°R1
BFR(M,30) 0.577 (nondim.) Tan ¢, wvhere ¢ is the internal
friction angle
BFR(NM,31) 2 (nondim.) Indicator for storage of plastic
strains €
0 no stor*gc
1 store strains for FNUCi $ 0
2 store all strains
BFR(M, 32) 1 (nondim.) Designator for TAU. For
i = BFR(M,32), TAU = T:(i)
FNUC 1.0 (nondim.) Indicator array and weighting
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vhere No is the total nuuher/c-? and R1 is the size parameter of the
distribution. The bands are presumed to be circular, with a radius R,

and to be in a plarc. As in he earlier version of SHEAR2, the bands

are assumed to rucleate and grow in six discrets planes, thus vepresenting
approxinmately a complete angular distribution. This analytic size distri-
bution in Eq. (A~l1l) replaces the representation by a series of size groups
in each angular orientation. Each orientation direction 14 now represented
by three numbers, No, Rl. and RB, where RB is a uaximum size of the bands.

The following paragraphs describe the proceduze used for aucleation
of a new distribution, growth of an existing distribution, and combination
of the nﬁcleated and growing distribution to a single exponential in the
form of Eq. (A-1).

Shear band nucleation is described by

Ps\"
dN de
—90 _ 98 -
ac - Y\ q ' (a-2)

where N¢6' dezg are number of bands and plastic shear strain in the ¢6
angular direction, and A.n and n are constants. A limit on the rate of
nucleation is provided by requiring that the total distortion represented
by the new bands not exceed the total imposed plastic snear strain. The

shear strain associated with nucleation is

o

3
25 o %R/ bROAN A-3)
=0

where b = B/R is the maximum relative offset across the band and dN is
the number nucleated with a radius R. By using Eq. (A-1) to obtain the
derivative of N in terms of R, and integrating Eq. (A-3), we obtain

8e¥S = 3mbang’ (A=4)
where AN is the “otal number per cubic cm nucleated with a size distri-
bution paramet.::¢ R1 = Rn. Eq. (A-4), is then an upper bound on the number
nucleated in any time interval .
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Growth of the shear bands is given by the viscous law from Reference 18.

PS

dR de

B —90 -
it - SR @ (a-5)

vhere cc is a grovwth coefficient. When this viscous growth process is
applied to a sise distribution as in Eq. (A-l), the entire distribution
incraases in size. The resulting distribution has the same exponential
fur-.no is unaffected, and the change in l1 is obtained through the use
of Bq. (A-S5).

Two constraints are applied to the growth law to limit the maximum
growth velocity to the sound speed and to require that the total distortion
represented by the growth does not exceed the total iaposed plastic shear
strain. The maximum growth rate occurs at the maximum radius, according
to the viscous growth law, and that radius is czlled R‘. Hence, the
velocity limit implies that the maximum radius at the end of the
interval, .32' is

Ry < By + Vphe (A-6)

vhere v- is the shear wave velocity. The increase in the radius parameter
is limited by maintaining a constant ratio of n‘/nl. The distortion

limit cn growth is derived in the same manner as in Equations (A-3) and
(A~4). The increase in plastic strain associated with the band growth

on the ¢0 plane is

PS

3 3
Acoe - 31rbN°(R2¢e - ‘1¢e) (A-7)

vhere Rz is the final size distribution parameter. Hence, based on the
imposed distortion, this limit is

R =r.+ AEP: . (A-8)
200 = M100 * FWON_ o
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Combining Bquations (A-S), (A-€), and (A-8), we find the value of R

2
on the ¢ plane to be
k146
lsz‘o - MIN (‘“e + v-At) l..e )
Ps
‘1‘0 .”(CGA:OO) ’ (A-9)

(3 AcPS )1/3]
Koo * 'm"ubu e

After calculating growth of the old size distribution and nucleation
of a new distribution with sisze parametcr ‘n’ we combine the two distri-
butions to form a new distribution with the same form as Eq. (A-1). The
combined distribution has the parameters N3 and R3' The combinatioa is
made with two constrzints:

¢ The new curve presents the sise and aumber of the
largest shear bands (R = l‘).

e The new curve represants the sum of the plastic strain
of the mucleated and growing distributions.

The first requirement statesz that the number of bands at RB is preserved;

hence
Nyp = Nyexp(-Rp/Ry)
(A-10)
= N exp(-Ry/R,) + ANexp(-Ry/R )
The total plastic strain of the new distribution is
PS 3
€ = 31rbN3R3 (A-11)

By eliuinating Ra from Eq. (A-11) with the aid of Eq. (A-10), we obtain

an expression for RS'
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PS 3 1
€ = 3ﬂbN33¢xp(R‘/R3) l3 (A-12)

wvhare u33 is known from Eq. (A~10). A simple algorithm for solving
Eq. (A-12) was developed for the program. N3 is then obtained from
Eq. (A-il), an<d the final size distribution is fully specified.

The foregoing nucleation, growth, and combinationu procedures have
been incorporated into a version 6f the shear band routine SHEAR2. We
have made a series of calculations and are comparing them with results
from the earlier version. The initisl observations show that there are
differences in the results of the two versions. These differences stem
primaxrily from the approximation (in the new routine) involved in the
recombination calculations above, and the suwastion approximation

3~ 3
2"1"1 -fR dN (A-13)

implied in the original version. The sum taken over all the sisa groups
is a poor estimate of the integral unless a large number of groups

(at least 10) are used and are spaced along the function in an optimum
mannar.

3. Stress Relaxation Algorithm
The new SHEAR] stress relaxation process caused by a combination of

yielding anc growth of szhear band damage is derived here. This process is
part of a complete compuiational description of the stress-strain relations
for a material undergoing shear band demage. The basic assumptions of

the model are presented first, followed by yield calculations for one

or more slip planes. The possibility of a combination of shear and

tensile damage is ireated. In each case the relaxed stresses and plastic
strains are obtained. Then steps are provided for implementing the

stress relaxation alguorithm into a shear band model.
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s. Dasic Asevmetices
The major assusption of the stress relaxation process is that the

shear streagth of a partially shear banded material depends jointly on
the amount of shear banding and the normal etrsss across the bands.
Quantitatively, the shear streagth is
) h=-28 - )
§= A oi tan § + ™ Y. (A=14)

where L 1is the band length

h 1is the length of the material block in the band directiom

o is the normal stress across the band

0 is the frictiom angle

!. is the yield strength in shear (on.-half the tensile

yield stremgth).

The configuration of the band and stxesses is showm in Figure A-l.
Note that the band reduces the shear stresses S.., and S,.. equally but
has no effact on the 823 stresses.

12 21
Bquation (A-14) is extended to the shear band sixe distridutions

by introducing the damags density function Tys which represents the

total area of shear bands per unit volume associated with the k-th plane.

The material {s fully shear banded for - 1. Then Eq. (A-14) is

assumed to take the form

S, ® T, Otan ¢+ (L -T)Y, , § <Y, (A-15)

k) s

The shear strength is always positive and cannot exceed 1,

Central to the use of Eq. (A~15) are the assumptions t t

© The shear band damage can be allocated to planes
of interest (such as the X-Y plane) instead of to
specific directions (as in tensile fracture).

© The yield process can be dealt with on specific
planes (a Tresca yield approach), rather than by
considering all stresses simultaneously, as in a
Mises yield process.

Both these assumptions scem to fit the basic mechanisms mentioned earlier.
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In the yield process it is further assumed that yielding does
not affect the pressure while the material is under compression. Thus
the pressure remains a function only of the density and inrernal energy
and is not modified by yielding except by the heat generated.

These assumptions are the baiis of the model derived here. With
these assumptions, the model will provide for an anisotropy of streagth so
that on planes that are shear banded the shear strength may go to zero,
but shear stresses om othar planes will retain full strength. This stress
teduction will allow shear bamds to propagate through computational cells
reprasenting material under high shear.

b. Determination of the Damgge
Ia the shear bdand model, damage in the form of shear bands is

nucleated and growvm on the specific planes shoun in Figure A-2. The
relative shear band area on one of these planes is determined from the
shear band size distribution for that oriemtation

N' - N, exp (-llll) (A-16)
vhere ll‘ is the number greater than R per unit volume
llo is the total number per unit volume

R 1is the radius of a shear band, assumed to be
circular and plane

R1 is a shape parameter of the distribution.
The area is then
(*]
A =7 [ ran = 2mn B2 (A-17)
P ol
(]
vhere dN is the number per unit volume with a radius R. To nondimen-
sionalize the damage factor und allow it to approach unity for full
damage, a length factor c is introduced. The relative damage on the
plane is then

(A-18)

T = cA 'ZTTCNR2
P P ol

vhere 'rp is noudimensional.
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FIGURE A-2 RELATIVE LOCATIONS OF THE X-Y DIRECTIONS, PRINCIPAL
DIRECTIONS (NOT NECESSARILY IN ORDER), AND INITIAL
ORIENTATION OF THE SHEAR BAND DAMAGE GROUPS
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Once we auve the damagn factors 'tP for sach shear band orientation
plane, a composite damage factor is required on the planes of interest for
the stress calculations. Thas contridution from each shear band orientation
growp to the composite factor 1s a function of the sine of the angle ¥
betwesn the sormal to the plame of iaterest (1-j) and the normal to the
p=th shear band oriemiation plane. HNencs, for the i-j plane

6
= 2 -
t“ pfl 't’ ain ’Pij (A-19)

The sum muas over all four orientation groups used in the present shear

band wodel SEEARS. With this defiaitiocn of the composite damage, T4y

for the X-Y plane receives the Tp values for the X, Y, and X-Y directions
with s weighting factor of 1.0 and for the XZ and YZ dicections with a
factor of 0.5. The snear bands normal to the I direction do not contribute.

The planes of interest for evaluating the damage factors T J
are the planss of principal shear stress. For two-dimensional problems,
one of these planes is always the X-Y plane becsuse o' is alvays a
principal stresa. (Z is takem to ba in the thickness direction for
planar problems and in tha circumferential direction for axisymmetric
problems.) However, the other two planes can be at arbitvary angles 6
and 90 + 0 for the X direction as showm in Figure A-2. The weighting
factors uinztpi 3 are derived from the rules for spherical triangles.

The required weighting factors are given in Table 4-3. With these factors
the strength on any principal plaue can be evaluated with Eq. (A-1S5).

c. Yielding on a Single Plane
The yield process associated with Eq. (A-15) may be visualized

with the aid of a Mohr diagram as in Figure A-3. The ordinate is the shear
stress or a planas, and the abacissa is thae normal stress. A circle
repragents all states of stress in any orientation on a plane. The

centay of the circls is at

- - J -
o 2 3 (A-20)
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TABLE A-)

WEIGHTING PACTORS sin? ¥ FOR RELATING DAMAGK
TO PRINCIPAL PLANES

—

Band 2
Orientaticn
_Sroup ”EEi:!IEEE:::::fff:!gz:!leee - Plane
1 X 1 coazO oinzO
1l Y 1 .1:’0 eouzﬂ
" 0 1 1
2 I 0 1/2(1 + sin 20) | 1/2Q1 - sin 26)
‘o 1/2 1-1/2 cos?s 1-1/2 sin’g
I 1/2 1-1/2 sin’s 1-1/2 cos?s

Note: O 4is the argle to principal direction 1 in the X-Y plane,
seasured counter-clockwise from X toward the Y directionm.

*lo bands are currently provided in the Z direction bacause
there is no shear on the plane.
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where o1 and oz are principal stresses that deturmine the intercepts of
the -lrcle victh the axis, and © x and o’ are any two normsl stresses on
octhogonal planes. The small inset blocks in Figure A-3 show the
c=ientation of stresses in the positive sign convention corresponding
to points on the Mohr circle. A counterclockwise rotatiom of Op to the
divection of principal stress is represented dy a clockwise rvotation of
20’ ca the Mohr diagram.

The yield limit is represented by a sloping line in the Mohr
diagram up to a shear stress of !. and a horisontal line for larger
normal stress. The slope is similar to the usual Coulomb friction law

§ = % canf + C (A-21)

vhere £ is the angle of internal friction and C is the coheaion.
Comparing Iqs. (A-21) and (A-15), it is seen that

tan £ = T, tan ¢ (A=-22)

1}

C=(Q - tu)'l. (A-23)
In the sketch in Figure A-4 the Mohr circle is tangent to the yield
linit line, so the material is yielding. Yield is actually occurring
ot a plane with a stress state defined at point A, at an angle of
45° + £/2 from the saximum principal stress.

From the foregoing yield process, the stress states at yielding
can be fully determined. 'As shown in Tcr:agh1,36 the principal stresses
on the Mohr circle at yield are

g = 2cqi; + 0, ug (A-24)

where NC = tanz(ks‘ + £/2) = (1 + 8inf)/ (1 = sin) and NE is called the
flow value, In general then, for the three L~3isible planes between the
principal directions,
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FIGURE A-4 MOHR CIRCLE FOR STRESS STATES WITH A YIELD LINE FOR
YIELDING ON THE 1-2 PLANE
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o, = 2Q1 - 'M)'- {iz;j' + o nw (A=25)

vhere 113 and “Eij are the damage factor and flow value of the 1j plane

For computational purposes, it is convenient to define a yield
function 313 that is serc at yield, negative for elastic behavior, ani

positive for inadmissible states beyond the yield limit:

g, -0 N,, - 1)
4 1
By = max [_f"'l‘ Q= T ¥y = % -4,
o, -0 ] (A-26)
b= SR R
7

This definition of g includes the limit Y. on the yield strength. The
value of g represents the excess shear strength above the yield line.

Having defined vhe yleld function '11' we can determine the post-
yield stresses and plastic strains. Let the principal stresses computed

by assuming all the strains are elastic be oin and the yield function

based on these stresses be '13N' The postyield stresses are Oy» vhere

N

1 + Ao

Ui a g i (A‘27)

On the ij plane, yield occurs without disturbing the third principal
stress or the pressure. Therefore:

N, N
°1 + oj - 0i + aj and
Aoi - - Aoj (A-28)
Replacing o, and U, in Eq. (A-26) vith o‘;. o;‘. and 40, from Eqs. (A-27) i
and (A-28), we obtain
2 N
AG, = - &G, » —2— & (A-29)
1 T
T e Y
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This solution is also valid for the horizontal portion of the yield
limic if NEij is set to 1.0 for that range. The plastic strains are
computed from the change in deviator stress associated with the yielding

Ae i" R TR (A~30)

Thesz plastic strain increments are consistent with a normality flow
rule applied to deviator stresses only, not to total stresses as in
the usual case, This special treatment of normality occurs because

of the requirement that the pressure be unaffected by yielding.

The foregoing analysis gives a complete solution for stresses
and plastic strains if yielding occurs on only one principal plane and
tensile failure is not occurring.

d. Yield Calculation for Multiple Yield Lines
Yielding may occur simultaneously on the three planes associated
w. th the principal stresses in paire: 1-2, 1-3, 2-3. Such a possibility
is illustrated by the Mohr circle and limit lines in Figure A-5. Each
of the three circles is tangent to its own limit line. Note that
the yield limits are not identical in 2ll three planes as t .ey would
be for an isotropic material. Thus we permit the shear strength to

reduce on a plane of damage, but to remain high on other planes.

Another sketch for viewing the multiple yield process is shown
in Figure A-6. Because the pressure is held constant, yielded and
unyielded principal stress states can te depicted completely in this
plane for all three principal stresses. This sketch is made for the
simple case in which Tij = 0 for all planes. The Mises yield criterion

is also shown for comparison. Three stress states A, C, and E are shown .
outside the yield limits: they represent OIN’ OZN’ and 03N values. In
accordance with Eq. (A-28) for the stress corrections for yielding, the -

stress points are moved onto the yield lines at B, D, and F. For example,
A% ia -~rtical because 02‘ is held constant during yield to the 1-3 line,
but point B is also outside the 1-2 yield line, so B is not a valid
solution. Instead, the solution 1s at G, at the point between the 1-2
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FIGURE A-5 MOHR DIAGRAM ILLUSTRATING SIMULTANEOUS YIELD ON THREE PLANES
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FIGURE A-8
THE MISES YIELD ELLIPSE, AND YIELD SOLUT!
STRESS STATES (k= T*" 0)
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and 1-3 yield lines. Clearly the stress reduction along the line AG can
be resolved into components parallel to AB and EF s0 the stress reduction
can be regarded as a combination of yielding on both the 1-2 and 1-3 lines.
A similar combined result occurs for yielding at C. The line EF represents
yielding on a single line. Yielding at I represents an incocnveniently
complex case. The singie yield computation on the 2-3 line leads to a
solution that is inadmissible because it shows yielding o the 1-2 line
although I is on the elastic¢ side of that line. For point I, the correct
solution 1is at point H.

When multiple yield lines are involved, the solutions for
yielding on a single line (Eq. A-29) are obrained first, and the resulting
stresses are usel to evaluate the 811 values on the other yield lines.

If the single solutions do not represent valid stress states (all ‘115 0),
then a solution is made for stress states at a joint between yield lines.
The joint solution is obtained by eliminating a; from the threa sij
equations using the definition

o] + o, + a; = 0 (A-31)

Then the sij values are set to zero and solved simultaneously in pairs

for ci and 05. The results for the 1-2, 1-3 joint are

oy = {ZY‘[(I - 133 (Seraferg ¥ = ) Nppy Ny )

+ P(Wpyy Neyy = Nppy = Nppy) ; [(Mgyg + Neyg + Npyy Nppy)  (A-32)

and

[s)
1 2(1 - 1y,)Y, (A-33)

Ne12 [ Neis
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In each case the third principal stress is obtained from the definition
of pressure

Oy = 3 - o, = 9 (A=-34)
Por yielding at the 1-2, 2-3 point, the solution is
ai - {2!.[(1 - Tzs) "523 ":12 + (1 - 112) “512 1+ “523)]
+ '(2“512"523 - uezs - 1)} /(1 + N523+ “&12 8523) (A-35)

Again O, and o, are obtained from Eqs. (A-33) and (A-34). For yieiding
at the 1-3, 2-3 joint, the solution is

» | P
oy = LA = Tq) (Npyy 1+ Npps) = (3= Ty9) JFease1s!

+P (ZN513 - NEZ3 - 1)} /(1 + “513 + N€23) (A~36)
a-r,.)Y
cz--o1(1+-“—1-)+2 . 138 , 3 (A-37
£13 £13

and 0, 1o from Eq. (A-34). The stress solutions in Eqs. (A-32),(~-33),
(=35)~(~37) are predicated on the assumption that the sloping portion of
each yield function is being used. However, the correct solution for
tha horizontal portion can be obtained by setting NEij = 1 and Tij =0
in these equations.

Folloving solution for stresses at a joint between two yield
lines, the ;11 value for the third yield line is evsluated with the new
stresses. This test avoids use of solutions at a joint such as point K
in Mgure A~6.

For a point such as L in Figure A-6, all three yield lines are
exceeded. Therefore, tnree individual yield calculations are made and
tested and then three joint solutiocns. The joint solutions at G and H
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are equally satisfactory; therefore, an sverage of the stresses at these
two points is taken as the solution.

The plastic strains for the joint sclution are taken from
Bq. (A-30).

.. Tensile Failure

Tensile failure may occur and alter the stresses in a manner
different frcm that caused by the shear processes. Here we consider
only a simplified tensile failure, not a compiete analysis of the
opening of the bands in teunsion.

As the stress state becomes more tensile, the Mohr circle (as
in Figure A-4) moves to the left. The yield calculations will shrink
the circle, causing oy and oj to approach each other. Finally, when the
center of the circle moves to the left of the intercept (B) of the yield
line on the normal stress axis, the stress solution from Eq. (A-29) will
give oj > Ty Such a ntate does not actually meet the yield requirements.
Therefore, two adjustments are made:

® The stresses are set equal to the value at the intercept.

@ The pressure is permitted to change.

The stresses at the intercept point are
01 - oj = - (1 - Tij) Y' cos Eij (A-38)

This result is obtained from the geometry shown in Figure A-4. The
third principal stress is unchanged.

For the multiple yleld line solution, each stress involved in
yielding is tested to make certzin thst it is greater (more compressive)
than the intercept values. Each stress is involved in two yield lines
and must therefore be compared with two intercept values.

The foregoing tensile process is intended to represent a combina-
tion of shear and tensile behavior. If only shear were considered, the |
sloping Coulomb friction line would be modified to become horizontal at ‘
S = C in the tensile range. Then there would be no intercept on the
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noraal stress axis and no need for a special treatment. However, the
tensile failure model outlined above wvas felt to batter represent real
material behavior.

£. Implementation in the Shear Band Model

Incorporation of the stress relaxation algorithm into the
shear band model requires some coordination of orientations used. The
strasses stored for the shear band model are oriented in the fixed,
exterual X, Y, Z space. However, the damage orientations are fixed to
the material and therefore may gradually rotate about the Z axis during -
a norsal computation. The stress and damagc quantities are brought
together on the orientations of the principal stress directions. The
principal stresses are at an angle ep (positive counterclockwisge) from
the X direccion in the X-Y plane. The material has rotated through an
sngle p (also positive counterciockwisa) from the original X-Y orientation.
Initially, both the stresses and damage quantities are transformed to
the principal stress coordinates through the rotations Qp end Op -0,
respectively. Then the Yield and plastic strain calculations above are
undartaken., Plastic strains are then transformed to the material
coordinate directions (throu.h-ep + p), and the stressas ar: rotated
through - ep to the external X-Y system.
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APPENDIX B

THRESHOLD INITIATION CRITERIA FOR ADIABATIC SHEAR BANDING

121




1. Constitutive Instabiiity Theory

A common explanation for the initiation of adiabatic shear bands
1s that they are plastic instabilities that occur when the thermal
softening overvhelms the work hardening, thus causing the effective
hardening modulus to become negative. The theory of such instabilities
has been recently sumawrized by h1c037 and c11fton.38 Another recent
literature survey for shear banding phenumena was given by Rogers.39
This instability approach, modified by dynamic loading effects, has
been applied to our data. a7ud is described below.

If we assume that the shear streng’h T of an isotropic material
is a function only of the equivalent plastic strain €? and the temperature
T, then
TaT (EP,T)

As showm for 4340 steel (RCAO) [¢=7) in Figure B-1, this yield condition
defines a surface, and any specified load path must lie on the surface.
Two extreme paths are the isothermal hardening, and coastant strain
softening, paths shown in Figure B-1 as solid and dotted lines,
respectively. An actual load path will usually lie between these
extremes. An iwmportant special case is the adiabatic load path shown
s the dashed curve in Figure B-1. If the plastic work is converted

to heat, and the heat is not allowed to escape, then significant thermal
softening can occur. Figure B-2 shows the projection of the estimated
adiabatic heating path on the T-€P plane for three hardnesses of 4340
ntcel.‘o It is seen that the stress on an adiabatic load path begins

to drop at strains in excess of about 20%.

123

e ————— At - i e mes e

— A .7




€0’ V3348 00CY W04 3IVIUNS GIIIA ANIONIEIC-IVNNLVUIMNIL DLiVLS

NisYW _
ANIIVANOI T

ivevigy =< °<

WEAg WEU) T

i R
‘SHLVE ONIOVO

1-8@ YN

I EEE e

(184) SS3ULS QNIIA

124




20

rtrrrvyrerrirvrvyvrvyvyrrrirrrivrvernried

10 15
EQUIVALENT PLASTIC STRAIN

STATIC ADIABATIC YIELD CURVES FOR 4340 STEEL

FIGURE B-2

| S O T O A I | | N T T O O |

w (-3 n
S ! e 2 °

125

W A BALNVAAS ALN FHAE 7 MHE U 1L D AR RN AR AAALAKRENA A SAA




T™he sethematical conditions for constitutive instability are
11lustratod wost eimply vy considering the one~dimensional case shown
ia PMgure B~3). In this case a pure shear vave propagates in the
direction of the Lagrangian coordinate h, carrying displacement u and
velocity v normal to h. The equations describing the motion are

fe- % -2"; (B-1)
veld (3-2)

2 ’:’ --x (3-3)
T..2é? :%P (3-4)

vhere pcz - dtldcp and where ve have assumed that the shear stress
iz a function ounly of the plastic strain €. This will be the case
vhenever a particular load path is specified because the specification

provides an independent relation between ¢ and T, and the T - dependence

can be eliminated.
Cowbining (B-1), and (B-2), and (B-4) yields

2 2 2
(a_;) .8 u) 5-5)
at 2 \an?
h t

We naxt linearize this nonlinear equation by considering a perturbation
on a static state u,- That is,

u-u°+6‘, ¢:z-c2 (Yo)
Then (B-5) becomes
2 2 2
adéd ¢ 978
— = () — (B-6)
ge? 2 0 g2
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FIGURE 8-3 ONE-DIMENLIONAL SHEAR WAVE LOADING
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which has solutions of the form

§ = Re exp [1k(h -j—é)l . (B-7)
2
wvherd ¥ 18 the wave nuaber and i = ’- 1.
Thus, if c’ is real and positive, the periodic disturbance is stable;
but 1if t:2 is real and negative, divergent growth occurs and the smallest *

wvavelengths are the most unstable.

In summary, shear bands will nucleate wvhenuver c2 < 0, vhere

o3 ()2 (), )] e

As shown in Figure B-2, nucleation will occur under adiabatic deformation
in 4340 steel at strains of 20-30X, depending on the hardness. As we
discussed in Section III-B, this result is in good agreement with the
observed initiation strains in the cylinder experiments. -

|

!

)

|

| Relation (B-8) thus appears to be a good candidate for the desired

} threshold initiation criterion under adiabatic loading conditions. The
remaining problem is to define the conditions under which the load can
be considered to be suitably adiabatic.

Kinematic Localization. One way for adiabatic deformation to
occur is for the loading rate to be high compared with both the heat
flow rate and the rate at which plastic waves can carry away the strain.
Let us first examine the plastic wave effect. For the one-dimensional
situation of I-'.:lgute B-3, the characteristic directions have velocities
+ C, and the chauctetistic;l carry constant values of v + /C deP. When
the disturbance travels into initially undisturbed material (a simple .

vave), then v and €P are constant along the forward facing characteristics,

i‘ and
| a4 v -
| 3t + C o™ 0 (B-9)
’\ acp aep simple wave
ETR R (B-10)
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Combination of (B-9) and (B~10) with (B-3) and (B-4) yields

B oo g—:{ (B-11)
T .o —gﬁz (B-12)
.o (8-13)
g—i—p-- -C g_;‘i (B-14)

Equations (B-3), (B-4), and (B-9) through (B-14) show that imposed
high accelerations and corresponding velocity gradients cause high strain
rates and strain gradients; that is, rapid changes in particle velocity
will cause rapid changes in plastic strain. The effect of rapid mech-
anical loading is most clearly seen from Eq. (B=4), rewritten as

ae") 1 v
-] = = = (B-4")
( 3h el ot

To produce a given strain gradient, we must have a given value of

l—i %%. If the hardening modulus is high, corresponding to a large Cz,
2C

then a correapondingly large acceleration 9v/3t is required to cause

this "kinematic localization," or "plastic wave trapping."”

If the hardening modulus is low, as whenr the material approaches
the instability point, then only a small acceleration is required to
maintain a given 2¢P/3h or &P,

A necessary condition for wave trapping is that the flow is
divergent; that is, lines of constant strain must diverge. The flow

is always divergent for a simple wave if che material is such that

d't
‘ depZ

<0
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because then large straina travel slover than small strains. For non-
simple wvaves the divergence conditions may not always be met for such
saterials because the initial particle velocity and strain fields may
be couvergent.

In a slanted impact coxperiment, where the target is initially at
rest, the simple wvave conditions apply for the ghear wave, and Eq. (B-12)
can be integrated across the shear wave to yield )

Av ¥ 2cac? (B~-12'") .

Because Aezr = 0.2 for 4340 steel, a tangential impact velocity of
about 0.4 C will be required to kinematically localize the critical
strain at the impact surface. Of course, C is a function of e? and
(12') should actually be written as

0.

Av = 2 c(eP) aeP (B-12'")
o
Nonetheless, it is clear that a high hardening modulus (large C)
material will require a higher impact velocity to cause localization,
vhereas a low hardening modulus material will more easily cause thermal
failure at the interface.

Adisbatic Heating. The second dynamic factor that determines if
deformation is adiabatic is that the material must be heated significantly
faster than it cools. To determine the critical strain rate required
to maintain adiabatic heating, we must compare the rate at which heat
flows out of a plastically deforming region with the rate of heating
caused by the plastic work. To simplify the analysies as much as

possible, we use Seaman's definition33 of a pseudovelocity of heat flow, .
dh _ Bk
at =~ h (B-15)
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where h is now the width of a hot zone, B is a function of the ratio of
temparatures inside and outside the hot zone (Seaman takes £ = 10 as a
representative value), and k is now the thermal diffusivity (about

0.15 CIz/I for steel). Note that the heat velocity is slowe: for
larger values of h.

The rate of cooling is thus caused by the heat being distributed
over an ever-increasing volume of material. That is,

%--%--% (B-16)
h
cooling

where Q is the specific heat energy. The rate of heat increage is
thus the rate of increase caused by the plastic work minus the rate of

cooling, or

q=ZeP-Faq. (B-17)

This equation can be compared to the usual heat flow equation:

2
GelePsd? (B-18)
P ah?

Therefore, to allow approximate adiabatic conditions, we require that
the first term on the r.h.s. of (B-17) or (B-18) greatly exceed the
second in magnitude. Somewhat arbitrarily, we specify that:

éP > AO—BQ_Z (B-19) '
(t/p)h
That is, we require that the heating rate be ten times the cooling rate.

Equation (B-16) shows that the relative rate of cooling is higher
for smaller widths h of the hot zone, corresponding to a larger negative
value of 320/3h2 in the heat flow equation (B-~18).
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To specify the required strain rate, ve must therefove specify
the value of th2 that we wish to maintain. For 4340 steel, appreciatle
softening has occurred at ’1‘/'1‘m = 0.5, or for a heat energy of

Q< 3.5 x 10° erp/g -

For the contained-fragmenting-cylinder experiments, significant

‘'strain gradients occur over distances of about 0.1-0.5 cm. Relacion

{(B-19) then gives

eP > 102 7} - 10%sec”? (B-20
where
.8 = 10
k = 0.15 cmzlsec
Q = 3.5x 10° ergs/g
T = 14 kbar
p = 7.85 g/cm3'

For oblique impact experiments, where an extremely thin layer near
the impact interface is loaded by the shear wave via plastic wave
trapping, widths on the order of the grain size of the materiai may be
differentially heated. If the width is assumed to be 100 um, then
relation (B-15) gives )

1

eP > lossec- (5-20")

Thus, Relation (B-20') can be combined with (B-4') to determine the
impact acceleration required to attain adiabatic loading condition in
an oblique impact experiment.

2. Development of a Simplified Formula to Calculate the Critical .
Strain Required for Shear Band Initiation

In numerical computations the code could simply check continuously
if inequality (B-8) is satisfied to determine if ~he threshold condition
for adiabatic shear banding has been met. In practice, it is more
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enlightening to use a critical strain value that has been determined
baforshand, because we are then able to see clearly the role of the
saterial properties of work hardening and thermal softening in
determining the material resistance to shear bandin;. In the following
paragraphe we derive simple formulae for estimating this critical
strain, and compare the predictions of the formulae to experimental
data.

Analysis. We first assume that the yield strength (the effective
strc:s at yield) for most ductile materials can be expressed as:

T = H(ED)P (T—") (B-21)
n
vhere ef is the equivalent plastic strain,f H is a strain hardening

function, F is a thermal softening function, T is the absolute temperature,

and T- is the absolute melting temperature. For materials that harden
primarily by dislocation-dislocation interactions, H can be described
by a power law of the form:

HEP) = rOE"" (B-22)

wvhere n is the strain hardening exponent and T, is a constant.

We assume that, under quasi-adiabatic dynamic loading conditions,
all the plastic work is converted into heat. Thus, the thermal softening
function F can be expressed as:

() ()

* /
The effective stress is defined as '% 0; o; where 0, is the 1j
4component of deviator stress tensor. 3713° 13

The equivalent plastic strzin is defined as j;/— dep de 5 where P
is the ij couponent of the plastic strain increment 1]
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where W is the spocific energy of plastic deformation and E- is the
specific internal emergy at incipient melt. Experimental data has

shown that the thermal softening behavior of many materials can be

fitted either by a parabolic expression:

1/2
W oW
r( -l_) = (1 T ) (B=24)
n »
or by a linear expression:
W a‘'w
F (E—) - (1 - E_) (B-25)
n n

where @ and a” are constants. The approach is the same whether a
parabolic or linear thermal coftening'function is choaen; hence, only
the formula using a parabolic thermal softening function viil be
developed here. Combining Eqs. (B-22) and (B-24) gives an expression
for the yield strength:

1/2
TeTE (1 !‘ ) (B~26)

The next step is to determine how the thermal softening function
depends on €P so that T can be expressed as a function of tF alone.
The increment in the specific energy of plastic deformation, dw, is

given by:
T 1/2
aWelgiPao2gf (|, W de (B=27)
¢] (o] 5-

vwhere p is the denaity of the material. Rewriting Eq. (B-27) gives:

au -t g2 (B-28)
{1 _ oW )1/2 P

E

n

Integration of the left-hand side of Equation (3-28) between the limits
of O and W, and integration of the right-hand side between the limits
of 0 and Y gives: A
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Lag

1/2 ar_eP
Q
(1 - 9!!“) -1-ptmD Xy (3-29)

Combining Eqs. (B~29) and (B-26) yields an expansion for t in
terns of ¢P alone:

] —pn urozzp( 2n+l)
. Equation (B-30) describes the effective stress at s given point

in the material in terms of the equivalent plastic strain at that

point under quasi-adiabatic dynami: loading conditions. Equation (B-30)

also describes the macroscopic dynamic stress-strain behavior of the

material as long as the deformation remains homogeneous. However, once

the macroscopic thermal softening behavior overwvhelms the macroscopic
strain hardening behavior (that is, when %%5 < 0), a constitutive
instability is triggered and the deformation becomes localized.

In other words, we assume that shvar banding initciates when the
conditions fo: constitutive instadbility ars reacherd. As discussed in

Section I1I-B, the nunber of points in the materiz® at which shear bands
actually do nucleate is governed by a aeparate nucleation function, and

the relative growth of the nucleated shear bands is governed by a
separate growth function.. In any event, shear banding initiates when:

2 2n
1 o1 a(2n+l) T EP
S wnre - -0 (B-31)
de o (m+l) ZQEm

The critical strain required for the initiation of shear banding under
quasi-abiabatic dynamic loading conditions is therefore given by:

1
n+l
-p Zp!.n(n+1)
€r " |at C(n) (B~32)
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If a linear thermal softening function, Equation (B-25), 1is used,
E:r is given bdy:

1
npk n+l
e = [a&‘;] (8-33)

The competing effects of Lhermal softening coefficieut, yield strength,
and strain hardening coefficient are evident: increasing u increases
Ezr' vhereas increasing T  and a dacrease Ecr'

Application. We have used Eq. (B-32) to predict the critical
strain required for shear band initiation in five differen: steels.
The results are summsrized in Table B-l. The specific intarnal energy
at incipient melt was taken to be the enthalpy of the matarial at the
temperature in which the material's strength has gone essentially to
gsero. This turned out to be about the same for each material. The
sources from vhich the various values of To’ n, and @ wers? extracted
for each material are indicated at the bottom of the table. The
materials in the table are listed according to their ﬁrcdicted resistance
to shear band initiation during ballistic impact by blunt-nosed
projectiles, with lcbo 4340 steel being the least resistan:. Note
from the last column in the table that Equation (B-32) predicts that
RCAO 4340 steel will initiste shear banding at a relatively low value
of equivaler plastic strain (V192). On the othsar hand, Equation (B-32)
predicts that mild steel will initiate shear banding only at a very
high value of equivalent plastic strain (n1382).

The ranking of the relative resistance to shear banding predicted

by Equation (E-32) for the materials listed in Table B-l agrees with
experimental observations. Erlich et. 11.31 observed that Rcko 4340
steel shear bands = tantially at equivalent plastic strains less

than 402. =cidich “a. also observed that Rc22 RHA does not shear-band
until equivalent plastic strains greater than about 802 have been reached
(except along planes of weakness parallel to the rolling direction).
Finally, Shockey et. - 41 observed that low-carbon steel does not
shear-band ecven aft.  :xtensive plastic deformation under ballistic
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Table B=1

CRITICAL STRAIRS FOR SHEAR RAND INITIATION
IR VARIOUS MATERIALS AS CALCULATED FROM BQUATION (3-12)

Material To dyne/cn? a a l’; erge/g 3:,
A300, & 40 2.70 10”“3- 0.2t | 3,23 | 624 2 20 0.19
4300, 2,33 2.50 x 1o‘°::: 0.15V | 2.2 | 6.0 0T | 0.20
., 2 22 1.38 x 1010 0.9 | 2.5 | .24 x 10" | o.356
medttend steal | 2.28 2 2000°" 0.59® | 1.59@® | 624 x 1097 | 100
Lov carbon ateal | 1.08 x 100° 0.28 | 1.20® | 6.24 x 10" | 1,15

Wote: The mmbers im parsathesss vefer to the following refcrences omly:

1.

3
‘I

s.

Wﬁ ARML~TR~48~-1135, Vol. 1. Mechanical
ta ter, Iraverse City, (1972).

R. D. Caligiuri, R. Burbsck, L. Sesmea, and D. C. Erlich, “Computational Model for Areor
Pametrat.on,” Progross Report No. 8 fer Coutrect DAAK11-78-C-0115, submitted to the
Ballistics Rasesarch Laboracuxy, Aberdeen, ND, and the Army Materials and Machanics
Beossrch Cemter, Watertowm, MA (July 1979).

Best estimate from available data.

W’ 7¢th Rdition (Americam Society for Metals, Cleveland, Ghio, 1948),
”. L ]

R. M. Brick and A. Phillipe, Structure and Properties of Alloys (McGraw-Hill dook Co.,
Inc., New York, 1949), p. 16.

%%%. Proc. of Couf. om Heat Tolerant Metals
or Aa: c Applicat s Jam. » 1939, University of New Mexico, Albuquerque,

New Maxico (American Society for Metals, Cleveland, Ohio 1938), p. 23,

M. 8th Bdition, Vol. 1 (American Society for Metals, Metals Park, Ohic
s P .
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impact conditions. It thus appears that Equation (B-32) can be used

to correctly rank material as to their relative resistance to shear

band formation and to roughly estimate the critical strain required

for shear band initiation. It should be noted that these experimental

“criticel™ strains represent only the strain at which large shear bands

were first observed, and not the critical strain at which shear banding

reslly initiated. If the actual critical strains could be pinpointed .
sore closely experimentally, the critical strains predicted by Equation

(3=32) might better mstch experimental data.

Conclusions. A formula, Equation (B-32), has been developed for
quickly ranking materials as to their resistance to shear banding during
ballistic impact and for estimating the critical straia required for
shear band initiation. D.vclop-cﬁt of this formula required two key
assumptions. First, during quasi-adiabatic dynamic loading, all the
energy of plastic deformation is converted into heat. Second, shear
banding initiates in a material when its thermal softening respor-e to
quasi-ediabatic dynamic loading overwhelms its work-hardening response
to the same loading conditions. This formula was used to rank five
different steels as to their relative resistance to shear banding under
ballistic impact by a blunt-nosed projectile. This relative ranking
agreed vwith experimental observations. The estimatad values of the
critical strain required for initiating shear banding in each material
also roughly agreed with available experimental data. It thus appears
that chis formula has promise for armor design.
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