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I SUMMARY

A computational shear band model has been developed and used to
predict the fragmentation response of explosively-loaded cylinders and
munitions, To provide a basis for the model, an experimental technique
was developed for arresting the dynamic expansion of exploding cylinders

. at desired loads (see Figure 1). The technique was used to infer the
phenomenology and to obtain quantitative data for shear instabilities,
Shear instabilities were found to nucleate and to grow in HF-1 steel at
equivalent plastic strains of about 15% and 30%, respectively. Shear
instability surfaces are roughly semicircular, and the surface displace-

ment is proportional to the depth of the shear band surface (see Figure 14).

The computational model for shear instabilities was used in conjunction
with a two-dimensional wave propagation code to compute fragment size
distributions from exploding cylinders. The model produces fragments by
accounting for the nucleation, growth, and coalescence of shear bands

according to mathematical expressions inferred from experimental observa-

tions and data. Shear surfaces form anisotropically in the deforming
material according to the three-dimensional strain state; moreover, as the
shear surfaces form, they relax the stresses. The resulting fragment
size distributions (Mott plots) are obtained by summing the contributions

from all the computational cells.

Four fragmenting cylinder experiments and one fragmenting projectile
experiment differing in material, geometry, and explosive, were simulated
computationally (see Figures 16 and 17). Good agreement was obtained
between computed and observed fragment size distributions (see Figures 18,
20, and 21), These results indicate the basic correctness of the model
and suggest that the model can account for effects of variation of

geometry, strain rate, and pressure. Further model development should




focus on early stages of shear band nucleation and growth, and on the

stress-strain relations of shear-banded material.

Metallographic examination of fragments from HF~1 and tungsten-nickel-
iron long-rod penetrators showed that shear banding was a principal mode
of projectile failure under oblique and normal impact conditions (see
Figures 22 and 27)., Computational simulations with the two-dimensional
wave propagation code TROTT were made of -a plate impacting on edge a
second plate at angles of 30°, 45°, and 55°,  Both high tensile and high
shear stresses are produced near the impacting edge of the projectile
plate, indicating potential fracture and shear banding regions. These
stresses are significantly larger if no slippage occurs between the
impacting surfaces. Future computations should be performed with shear

banding and fracture subroutines and the results should be compared with

metallographic ohbservations of impacted projectiles.
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II INTRODUCTION AND OBJECTIVES

Shear banding, the development of internal regions of iutense
plastic strain, is a prominent mechanism of deformation and fracture
leading to the disintegration of exploding rounds, long-rod penetrators,
and armor plates.1 The Ballistics Research Laboratory, the Navy Surface
Weapons Center, and the Advanced Research Projects Agency are therefore
seeking to acquire an understanding of the phenomenon, and have contracted
SRI to develop a computational model that can be used to predict the
failure behavior of ordnance structures and materials by this mechanism.,
The model could be used to predict results of given projectile/target
encounters and the effectiveness of fragmenting rounds in given scenarios,
thus allowing more accurate vulnerability and lethality assessments.
Furthermore, a computational shear band model would be useful in the design
of improved weapons and ammors and in the development of improved ordnance

materials.

SRI efforts to construct a shear band model began in 1974 under
contract with the Naval Surface Weapons Center.2 The resulting model,
called SNAG for Shear Nucleation and Growth, treated the competing work-
hardening and thermal-softening effects of plastically deforming material,
and included plastic threshold strain, shear band velocity, and critical
internal energy as parameters. Reasonable predictions of the fragmentation
behavior of cylinders of HF-1 steel and Armco iron were realized. The goal
of the research program described here was to refine this preliminary model
and apply it to compute the fragmentation behavior of exploding rounds and

long-rod penetrators.
+

Our approach was to:

L4 Conceive and perform experiments in which shear bands were

produced and arrested at various stages of their development.




Observe shear band phenomenology and make quantitative measure-~

ments of such properties as shear band numbers, sizes, and

spacings.

® Develop a computational model incorporating mathematical 1
expressions describing ahear band behavior.

L Incorporate the shear band model in wave propagation codes.

[}

Test the model by computationally simulating experiments and

comparing computed and measured rqsults.

The following section describes the interrupted exploding cylinder
experiments and presents the resulting data on shear band behavior.
Section IV describes development of a computional model based on the
observations and data from Section III. Metallographic evidence for
shear band activity in long-rod penetrators is presented in Section V,
and Section VI presents two-dimensional slab-slab impact calculations

indicating the distribution of shear, bending, and tensile stresses

expected in obliquely impacting rods.




ITI SHEAR BAND MODEL DEVELOPMENT - EXPERIMENTAL PHASE

Our goal for this phase of the program was to devise experimental
techniques that would allow us to study the shear banding phenomena from
nucleation through growth to coalescence and ultimate fragmentation, and
to quantitatively measure parameters that would be important in any

realistic predictive model.

We devised the ''contained fragmenting round’ technique that enabled
us to load HF-1 cylinders at pressures and strain rates high enough to
induce shear banding, but to contain the cylinder in such a manner as to
arrest the shear banding process at a level before full fragmentation
occurs. We were then able to examine the material metallographically,

ohgserve the shear bards, and relate them to the loading histories,

In the following paragraphs, we discuss the experimental techniques
in greater detail, examine the results from the experiments, and draw

conclusions regarding the shear banding process,

A. Contained Fragmenting Round Experimental Technique

To study the shear banding process through its nucleation-growth-
coalescence cycle, we needed a technique somewhat analogous to the plate-
impact technique developed at SRI for study of ductile and brittle
fracture.3 The latter technique allows independent variation of tensile
stress magnitude and duration, which are the principal parameters con-
trolling the nucleation and growth of ductile voids or brittle cracks,
For shear banding, we expected that the principal controlling parameters
would be shear strain magnitude and duration, or alternatively, shear
strain and strain rate. Thus, we needed a method that would apply a
known shear load on a specimen and then remove the load after a known

time.




We chose a cylindrical geometry, as it appeared to us to be the

simplest geometry for producing shear bands and also the most relevant

to the fragmenting round problem.

The geometry is shown schematically in Figure 1. Dimensions and
other parameters are given in Table 1. The specimen material is HF-1
steel, a material that has been used in naturally fragmenting rounds as
well as in previous shear banding studies. The HF-1 steel tubes were

4
provided by the Naval Surface Weapons Center.

The specimen tube is filled with a high explosive and detonated
through an H.E, cone to produce a relatively planar detonation wave
through most of the tube, The high internal pressures from the H.E.
deform the tube outward, inducing a state of strain that has a large
compressive radial component, a large tensile hoop component, and a
negligible axial component (ignoring end effects). We thus have a state

of high shear strain.

The specimen tube is surrounded by a series of concentric containment
pipes. The relatively thin-walled, soft Lucite buffer tube allows the
specimen tube to expand radially and prevents a sharp high-pressure impact
with the main containment tube, which is a very thick-walled mild steel
pipe. The outermost lead tube serves as a momentum trap; it is precut
in the axial direction to enable it to fly off in several pieces in the
radial direction, taking most of the radial momentum with it and reducing
the inward-going tensile wave. Because of the thickness of the containment
tubes, the specimen tube experiences no radial tensile stress for at least
40 psec, by which time the internal pressures produced by the H.E. are
greatly reduced, due to escape of explosive gases from the open ends of
the tube. The lack of radial tensile stresses inhibits brittle fracture,

leaving shear banding as the predominant failure mode.
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Table 1
CONTAINED FRAGMENTING ROUND EXPERIMENTAL PARAMETERS
Shot No. 1
5084-2 5084-3 5084-4 5084~5
Dimensions (cm )
HF-1 steel tube -
I.D. (g) 7.68 7,68 7.68 7.68
0.D. (h) 12.07 12,07 12,07 12.07
Length (a) 18,73 19.05 19.05 18,42
Lucite sleeve
thickness (d) 1.27 1.27 2.86 1.27
Steel containment pipe
wall thickness (c) 7.94 7.94 6.35 7.94
Lead thickness (b) 2.54 2.54 2,54 2.54
Explosive column
f Length (e) 17.78 13.97 14.60 12.06
; Setback (f) 0 2.54 2.22 2.22
Explosive parameters
H.E. used PETN/ Nitro- PETN/ PETN/
U-spheres methane w-spheres u-spheres
Exploaive density
(gm/cm3) 0.98 1.135 1.05 1.34
Expected detonation
Velocity (mm/usec) 5,45 * 5.75 6.9
Pressure (kbar) 75 * 90 160

Note: (a)-(h) refer to dimensions shown in Figure 1.

*
Data uncertain due to impurities in nitromethane, but was similar to

that in Shot No. 5084-2,

*Pentaerythritol tetranitrate (C_H _O. N.)/hollow plastic micro-spheres

58124

manufactured by Emerson & Cuming, Inc., Canton, Mass.; - 2% u-spheres

by weight.




The strain and strain rate to which the specimen tube is subjected
can be varied by changing the explosive mixture and the thickness of the
Lucite buffer tube. A higher pressure detonation will induce higher
strain rates in the specimen tube, and a thicker buffer will allow the
specimen tube to attain larger strains. However, the controlling
parameters are not orthogonal with respect to the material response
parameters., For example, a higher detonation pressure w%ill produce
larger strains even if the buffer tube thickness remains the same,
Furthermore, there is a complicated pattern of stress waves and reflec-
tions while the various containment tubes are ''ringing up" to their
peak pressures and then unloading. Hence, the loading history of the
specimen tube cannot be predicted easily without the aid of computer

simulations.

B. Experimental Results - Shear Band Nucleation

After running several computer simulations (using Cylindrical PUFF),
and one proof test using a 4142 steel specimen tube (so as not to déplete
our limited supply of HF-1 steel) to establish the geometry of the
experiment, we performed four contained fragmenting cylinder experiments

with HF-1 steel, as shown in Table 1,

The first two experiments (Shots 2 and 3) resulted primarily in
incipient shear band formation, while the latter two (Shots 4 and 5)
resulted in substantial shear band growth and partial fragmentation.
The specimen tube recovered from Shot 2 is shown in Figure 2. The
partially fragmented shear 1lip and substantial shear cracking at the

upper end of the tube is caused by the' large axial strain resulting

from the H.E. extending axially to the very edge of the tube. Such
end effects were eliminated in subsequent shots by setting the H.E.
back from the tube edge. The tube recovered from shot 3, shown in

Figure 3, exhibits a radial deformation that is greater near the center

9
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of the tube than at the ends because of the explosive set-back and
because the internal pressure at the center remains high for a longer

period of time.

The wall thickness and diameter of the recovered tubes were measured
as a function of axial position and plotted to show the final shapes as
shown in Figure 4.. The equivalent plastic strain undergone by the tube
at different axial positions was then calculated assuming negligible
axial strain. A definition of equivalent plastic strain and details of
this calculation can be found in Appendix A. Equivalent plastic strain
was selected as a parameter relevant to the shear banding process that
could be compared with computer simulations. For Shot 3, the strain at

the position of maximum deformation was = 28%.

Other than the edge effect damage discussed above, the only visible
sign of material failure in Shots 2 and 3 was the presence of minute
axial striations on the inner tube surface, as can be seen in Figures 2(b)
and 3(b). These striations appear after the tubes have deformed to an
equivalent plastic strain of & 15% and often extend for an inch or more
along the cylinder axis. We hypothesized that these striations are the
sites for subsequent shear banding. To test the hypothesis, we made a
cut in the tube recovered from Shot 3, perpendicular to the cylinder
axis near the point of maximum deformation. Photomicrographs of the
polished and etched surface are shown in Figure 5, and these pictures
clearly show the incipient stages of shear band formation. The first
stage appears as surface striations, as the material experiences non-
uniform radial deformation. Further radial expansion causes shear
motion to concentrate at the striations. Once this nonuniform shear
deformation has begun, the local material becomes hotter and weaker,
and the shear band continues to propagate into the material along the 450
plane of maximum shear stress, provided that the internal pressures

remain high enough to continue radial expansion. The material along the

12
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FIGURE 5

MP-5084-15

INCIPIENT SHEAR BAND FORMATION IN HF-1 STEEL SHOWING
{a)} SURFACE DIMPLING, (b) INITIAL SHEAR MOTION AT A DIMPLING
SITE, AND (c) SUBSEQUENT GROWTH

14




shear band has a reduced tensile atrength, so that subsequent tensile
E stresses can produce a crack in the shear-banded zone, as seen in Figure

n 5(c).

é ) Other cuts were made in the HF-1 steel tubes recovered from Shot 3
| and from,the regions of Shot 2 unaffected by edge effect damage, but
metallographic observation revealed no damage other than the type shown
in Figure 5--incipient shear band formation and band growth to a depth 1
of only a few millimeters. Thus we can conclude that in this geometry
and at the strain rates produced by H,E., detonation pressures on the
order of 100 kbar, shear bands begin to nucleate at equivalent plastic
strains greater than =~ 15%, but have not grown to significant size (the
size where coalescence or fragmentation may take place) at equivalent

plastic strains of 28%.

r 15
1




C. Experimental Results - Shear Band Orientation, Growth, and Coalescence

Contained fragmenting round experiments 4 and 5 resulted in much
greater levels of damage to the specimen tube than the earlier shots,.
This was caused by higher detonation pressures of the H.E. (Shot 5) or
by thicker Lucite buffer tubes (Shot 4). In both cases the containment
system was not strong enough to keep the specimen tube intact. As a
result, the HF-1 steel fragmented into many relatively large pieces,
most of which were recovered. Figure 6 is a photograph of recovered
fragments from Shots 4 and 5; recovered fragment size distributions are
shown in Figure 7. (The equivalent radius (RE) is the radius of a sphere

having the same mass as the fragment.)

Figure 8 depicts cylindrical tube elements containing shear bands
of the three possible orientation types for cylindrical symmetry. For
every shear band, the material on one side of the band slips with respect
to the material on the other side., If a shear band intersects a material
surface, part of the slip plane is exposed above the surface (the shaded
regions in Figure 8). We define £ as the length of this exposed region,
or, more generally, as the length of the band in the direction perpen-
dicular to the slip direction. If we cut the material along a plane
perpendicular to the shear band length, we see the band edge-on and can
define the parameters d as the depth of the band in the slip direction,
or the average depth of the material on opposite sides of the band, and
B as the shear displacement or slip magnitude at the surface. (B cor-

responds to Burger's vector in atomic dislocation theory.)

For orientation type 1, £ 1is in the axial direction;
for type 2, £ is in the circumferential direction; and for type 3,
£ 1s in the radial direction, Within each orientation type, there are
two possible directions--soo with respect to each other--representing
planes of shear strain symmetry. All six of these directions represent
slip along planes of maximum shear strain. For a radially expanding
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P-5084-4

FIGURE 6 HF-1 STEEL FRAGMENTS RECOVERED FROM (a) SHOT 5084-4
AND (b) SHOT 5084-5

Arrow shows fragment used for quantitative shear band study.
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ROUND EXPERIMENTS
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cylindrical tube, the largest of these shear strains are in the plane
perpendicular to the axial direction, so shear bands of orientation type
1 are predominant in the fragmenting cylinder experiments. Type 1

accounts for all of the shear band damage in Shot 4, as well as most

of the damage in Shot 5.

Figure 9 shows a band* that, for much of its length, has not
separated in tension, although the material on opposite sides of the - é
transformed band has slipped distances that are orders of magnitude ;
greater than the = 5-u band thickness. Large displacements, therefore,
do not in themselves cause the shear band to crack. Figure 10, on the
other hand, shows a band that has almost completely separated. This
separation occurs sometimes entirely within the transformed band, some-
time adjacent to the band but parallel to it, and sometimes across the
band at a slight angle. Whether a crack lies entirely within a shear
band is probably determined by the time elapsed between band formation
and subsequent tensile failure. 1If the hot shear band has had time to
be quenched by the surrounding material and thus regain some of its
strength, the crack will more likely lie partially outside the band. In
any case, shear cracking is seen only in the vicinity of shear banding
in the fragmenting cylinder experiments, and so for the quantitative
damage assessment discussed below, shear bands and shear cracks are

considered the same.

The fragments recovered from Shot 4 were created almost entirely by
the shear banding process; the lateral edges of the fragments were all
shear bands of orientation type 1, The fragments recovered from Shot 5,
on the other hand, showed shear band damage only in the region from the

inner surface to about halfway through the wall thickness, and showed

*”
The band appears white after etching because the steel has been metal-

lographically transformed by the heat generated in the band formation
process.
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primarily brittle fracture the remainder of the way toward the outer

*
surface. We therefore chose to study in detail a fragment from Shot 4
and selected the one denoted by an arrow in Figure 6, as it appeared to

contain a large number of shear bands that intersected the inner surface.

Photographs of the fragment from two different directions are seen
in Figure 11. The two directions A and B highlight the shear bands that
intersect the inner surface at the two different 45o planes. For identi-
fication purposes, the shear bands are labelled by a number and a letter
(e.g., band 1B is the band numbered 1 that is visible from direction B).
To allow examination of internal damage, the fragment was cut into thin
layers perpendicular to the axial direction along the lines shown in
Figure 11, The cut surfaces were then polished, etched, and examined
metallographically. Figure 12 is a composite photomicrograph of the
surface of cut 4, showing clearly how the shear bands visible on the
inner surface extend into the material, and also revealing internal shear

bands.

Examination of the composite photomicrographs taken from each of the
eight cuts revealed that more than two-thirds of the shear bands
intersected the inner surface of the cylinder. Two bands extended from
the interior to the outer surface, and the remainder lay entirely within
the interior. We believe that the bands originated at their innermost
edge where the shear strains were larger and occurred earlier, and pro-
ceeded to grow outward; however, we cannot be certain of that in each
case, Although most of the bands in this fragment stopped without inter-
acting with any other bands, gome bands did intersect others. Some short
bands intersected and stopped at the middle of a longer band, indicating

that the short band was formed at a later time than the longer band.

*

This was probably caused by the premature failure of the containment
system, which allowed radial relief waves to propagate into the HF-1
tube, causing tensile failures.
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MP-5084-5

FIGURE 11 HF-1 STEEL FRAGMENT FROM SHOT 5084-4 SELECTED FOR USE IN
QUANTITATIVE SHEAR BAND STUDY, PHOTOGRAPHED FROM (a) DIRECTION
A AND (b) DIRECTION B
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Other intersecting bands, such as bands 14A and 7B in Figure 12 appeared
to grow simultaneously and interact to form a tensile crack beginning

at their point of intersection.

The depth (d) of all of the bands revealed on the eight composite
photomicrographs was measured, yielding the distribution shown in
Figure 13. Since the cuts did not necessarily intersect the bands at
their point of maximum depth, the depth values measured are only lower
bounds. If we examined a greater number of bands, a statistical trans-
formation similar to that used for tensile failure analysis4 could be

used to determine the actual distribution.

The surface shear displacement (B) for all the bands intersecting
the surface was measured and the relationship between d and B for all of
those bands is plotted in Figure 14, Three bands that extended over
several cuts are identified by special symbols., Most of the points lie
close to the 1line d = 15B, indicating a direct proportion between the

shear band depth and surface displacement.

The shear band depths were compared with the length at the inner
surface so as to determine the approximate shape of the shear band in
its slip plane. The results are plotted in Figure 15, along with the
locus of points for a semicircular shear band shape, Again, noting that
the depth values are only lower bounds, it appears that £ 18 on the
order of twice d., If a shear band is assumed to start growing at a
single point, then it appears to grow in depth about as much as it grows
in surface length on each side of its starting point. Without an
extensive program of successive cycles of grinding, polishing, etching,
and photography, we cannot observe the precise shape of the outer edges
of the shear bands. However, since d = 15B, we can get an approximate
idea by observing the shape of the slip plane exposed above the inner

surface in Figure 11 (or in other words, how B varies along the length),
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Using this method, we find that some shear bands appear semicircular,
others seem elliptical, and others have more complex shapes. But for

computational modeling, it appears that the bands can be represented as

semicircles.
D. Conclusions
The above work has lead to the following experimental obsgervations:

® Multiple waves of tension and compression Propagate through
the thickneas of a fragmenting cylinder.
® Shear bands nucleate and grow in proportion to the amount of

shear strain.

® Bands usually appear to start at the inner diameter of fragmenting
rounds, but often they appear at some depth within the material.

® For bands with large displacement, the radial and axial extent
of the bands are comparable; hence, bands are approximately
circular,

® The maximum dislocation of material across a band occurs at .
the center and is 5 to 10% of the radial or axial extent of the
band.

® Bands form at 45  to the principal directions; that is, in the
directions of maximum shear stress.

$ During plastic flow, many small ripples or striations appear

on the inner surface at a strain of about 15%. At larger strains,
a small number of these striations form shear bands.

® Brittle cracks often form along the bands at a late stage.

In conclusion, the contained fragmenting round technique has proven
successful in increasing our knowledge of shear banding phenomena. How-
1 ever more experiments are required to better establish the nucleation

criteria and the band growth velocities,
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IV SHEAR BAND MODEL DEVELOPMENT - COMPUTATIONAL PHASE

The computational model for shear banding is a detailed description
of the processes by which shear bands foym and grow in a material under-
going large deformation, This section contains a review of the phenomena,
an analysis relating the nucleation and growth to material properties, and
a discussion of additional features needed to implement the model in a
subroutine, A listing of the subroutine and further information about

the parameters are given in Appendix B.

The subroutine containing shear banding acts as a stress-strain
relation in a one-~ or two-dimensional wave propagation computer program,
The program computes strain increments in a cell of material and then
calls the shear bané subroutine to calculate the corresponding stresses,
If a threshold criterion has been exceeded, the subroutine also calculates
the growth of existing bands and the nucleation of new bands, and checks
whether coalescence and fragmentation are occurring. For each cell of

material, there are data arrays containing the size, number, and

orientation of all bands.

The shear band model is intended to account for the experimental
observations listed at the end of the previous section. In addition to
those features, the model includes rate~dependent elastic-plastic stress-

strain relations.

A. Derivation of the Model

The model includes nucleation of shear bands, growth of the bands,
coalescence to form fragments, and relaxation of the stresses in accord-
ance with the growth of damage. In the following discussion, the physical
processes of failure by shear banding are outlined. Then each process
is examined and equations are derived to represent the process in the

model,
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Under a high shear strain, materials first deform uniformly,
following approximately the usual assumptions of homogeneity and isotropy.
But as the plastic strains become large, inhomogeneities may develop. At
these inhomogeneities, a slip like a small crack can occur parallel to
the direction of maximum shear sStress and strain. With continued
straining, the slipped region or shear band grows in a circular fashion,
That is, the growth rate in the direction of the shear slip is approxi-
mately equal to that in the direction perpendicular to the slip. Following
nucleation of the bands, growth can occur uﬂtil the bands coalesce., On
a cross section the band is observed as a narrow strip of highly deformed
material. Probably the strip is heated approximately to melting during
growth of the band. At the end of growth, the band material remains
welded together, but with a reduced tensile strength. Hence, subsequent

tensile stresses in the material will fracture in or along the band.
1. Nucleation

The nucleation process includes several features: a threshold
for nucleation, the rate of nucleation, the size of bands at nucleafion,
and the orientation of the bands, When the plastic shear strain exceeds
a threshold value, nucleation beging, In the HF-1 material there is a
threshold at about 15% at which small irregularities appeared in the
surface. But since significant slipping begins at 30%, this value of
rlastic strain serves as the threshold criterion. Thus, the threshold
is an observed quantity and probably varies from one material to the

next.

The derivation conducted by Seaman et al.2 indicated that the
rate should be proportional to the square of the yield strength and to
the applied strain rate; the resulting calculations correlated fairly
well with the measured fragment size distributions. In that study the

orientation of the shear bands was not considered, so nucleation referred




Y

to the sum f the bands in all directions and the shear strain was a scalar

(undirected) quantity.

Here a nucleation rate function is proposed to account for the
observed relationships to plastic shear strain and yield strength and
to provide an orientation dependence for the shear band process. The
major assumption in the following proposed expression is that the nuclea-
tion rate in a direction is proportional to the plastic shear strain in

the same direction,

dN P 2 ps
_98 _ .r [ _aE” de 09 ot
dt nn E dt dt

cr

Here Ecr is a critical energy, taken to be the melt energy; dEp’dt

is the rate of increase of plastic strain energy; Nmeis the number of
shear bands per unit volume in the @8 direction;* and Ggg is the -
plastic shear strain in the same direction. Cn lis a coefficient with
the units of time squared, and Fn is a factor representing the fraction
of solid angle assigned to the ®8 orientation. Orientation effects are
treated in more detail later. The factor dEp/dt is proportional to the
product of the shear strain rate and the yield strength; hence, the

nucleation rate is proportional to the cube of the strain rate.

The plastic strain energy is calculated as follows,

P - ’ p
dE v 013 dEiJ , 2)

where V 1is specific volume,

*
Here @ 1is the polar angle and 0 is the angle of rotation about the
pole,
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0;3 is the deviator stress in the ij direction, and

d(p is the plastic strain increment in the ij direction.

i3

The plastic strains in any orientation are given by the flow rule

7

[+
dc‘;J = :31 ae? (3)
o
- .1 2 r 2 ¢ 2 -
where O =‘d1~5 [«,11) + 0722) + (033) + 2(01296 (4)
=p \/ P .2 P .2 p .2 p .2
de = R
15‘/[(«11) + (d€,)" + (€, )" + 2(de ) 1. (5)

ith the \[1.5 factor in the definition of d€ , d€  4is the shear strain

in any geometry where two strain components are equal. The plastic

shear strains in the six orientations, dffj , are obtained by using
for O;J in Eq. 3 only the shearing component of the deviator stress

acting on each of the six planes. These shear stress components are

1isted in Table 2.
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Table 2

SHEAR STRESS COMPONENTS ACTING ON SHEAR BAND PLANES

a
Direction c b
Index Direction S.B. Type Shear Stress Component
1 axial - 0'
12
2 radial - o
12
3 circumferential - none
(o] ’ v
4 45 between 2 o, - 0,,)
axial and radial 11
o
5 45 between axial 3 3 (0' -o )2 . 20’2
and circumferential 11 33 12
o
6 45 between radial 1 1e/©@’ - o' )2 . 20’2
and circumferential 22 33 12
Notes

a The direction index indicates one of 6 stress directions.
b Shear band orientation type as shown in Figure 8.
¢ Orientations used in a two-dimensional, axisymmetric code (TROTT).
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Shear bands may appear in many orientations and with many sizes.
However, for one- and two-dimensional problems, we have chosen six
specific orientations to represent the continuum of all orientations.
The orientations provided are for bands normal to three perpendicular
coordinate directions and for three more at 45o to the first three. The
latter three lie in the x-y plane, x-z plane, and y-z plane, respectively.
For each of these orientations a fraction of all possible orientations
is assigned. Each of the first three orientations represents two points
on the unit sphere (for example, x = + 1) whéreas each of the 450 orienta-
tions represents four points. Therefore, it seemed reasonable to weigh
the six points with factors, Fn = 1/9, 1/9, 1/9, 2/9, 2/9, and 2/9,

respectively.

For each orientation there is a set of size groups consisting
of a number of bands per cubic centimeter Ni with a radius Ri’ Initial-

ly these size groups represent the continuous distribution

Ng = No exp(-R/Rn) (6)

3
where N8 is the number of bands/cm greater than R
N° is the total number
Rn is a nucleation size parameter.

This continuous distribution is divided into size groups such that the

th
i group contains AN1 bands given by the following formula:

- i e e Fr e ek

ANi = Rt [exp(-Ri/Rn) - exp(-Ri+1/Rn)] . &)

By using size groups that are discrete in size and orientation it is
possible to represent growth and nucleation processes that are strongly *

dependent on shear band size and plastic strain tensors that vary greatly

with orientation. 36




2, Growth

The growth of a shear band refers to the increase in radius of
2
the slipped area. Following Seaman, et al., we have assumed that the
velocity of the shear band is proportional both to its radius and to the

plastic shear strain rate; that is,

ps

d€
e |-, (8)

dr
3
dt G L at "1}

where CG is a growth coefficient, digg/dt is the plastic shear strain
rate on the 8 plane, and Ri is the radius of the ith band in a
size distribution. The growth in Eq. (8) is limited by two additional
requirements: The velocity cannot exceed the shear wave velocity, and
the total distortion of all the bands in the %0 orientation cannot
exceed the total plastic shear strain on the orientation. The first of

these requirements is simply stated as

R, SR +V ot

2 1 max
where Vmax is the shear wave velocity. The second requirement is based
on a restatement of the Orowan equation used in dislocation dynamics.
The appropriate expression here is

ae®

dt:—(ﬂ}ENRB) (9)

1iii

where Bi is the average shear slip over the area T Rf of the band.
If N1 (the number of shear bands) is replaced by the band edge length
ni = z"niNi' and N1 is presumed constant during differentiation, the
usual Orowan equation is obtained. Over a finite time interval and for
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a fixed number of bands, Eq. 9 takes the form

p 2 2
= 7 B -
de ) Ni( L BuRu) (10)
where subscripts 1 and 2 indicate quantities before and after the time
step. If 8¢® trom Eq. 10 exceeds the total imposed increment in

plastic strain, then Rz is reduced to meet the requirement.

From the experimental data of our fragmentation tests 4 and
5, the dislocation in a circular shear band appears to he 5 to 10% of

the radius, That is,
B=bR . (11)

Thus, the dislocation increases in proportion to the radius. Eq. 10

then takes the form

A P - 3 _ 3 . X
€ ol Ni (n21 nu) (12)

3. Effects of Damage

Damage caused by shear bands leads to a relaxation of the
stresses as well as to eventual separation of the material into fragments.
The relaxation effect is produced when damage reduces the area across
which stress can be transmitted. The average stress O over the total or
gross section is then related to the stress 0% in the intact or solid

material through a damage quantity D. In tension the relation is
o =08(1-D) . (13)

The gross section A8 is composed of a solid area and a damaged area
Ag(l-D). The next step is to derive an appropriate expression for D
that will approach 1.0 for full fragmentation and account for the
anisotropy of damage.
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To determine an appropriate damage function, we examine two
quantities: the total plastic strain taken by the bands and the frac-
tion of the material that has fragmented. The total plastic strain in
any orientation is, according to Eq, 12,

€P

3
=1n)}i::NR1 (14)

i
When the material breaks into fragments, the volume of fragments is

f f£.3
vV = TF EN1 (Ri) = 1.0 (15)

where TF is a dimensionless volume factor (about 4.0)

f £ th
Ni and Ri are number and radius of fragments in the i size

group,

The numbers of fragments are related to the numbers of bands through the

factor B:

N =BN . (16)

Chunky fragments usually have six or eight sides that were each formed
by a band or crack. Because each crack forms a side of two fragments,

three or four cracks must be asgociated with each fragment. Therefore,

B equals 1/3 or 1/4., Similarly, the fragment sizes are related to the

band sizes through the factor ¥:
b
R = YR . (17)
f £3
Here Ri is defined so that the fragment volume is TF(Ri )  where TF

is about 47/3, The cracks forming the fragment sides have about the

same area as the sides, s0 ¥ 1is approximately equal to 1, Now Eq. 15
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can be rewritten as a double sum of shear bands over orientations and

size groups:
varp’ ZIEN r2 1=1 (18)
. e‘p}{::pﬁicpei *

A comparison of Egs. 14 and 18 shows that damage appears to he related
to NR3 at all times during the calculation. We will use Eq. 18 as our
definition of complete fragmentation (V = 1) and let V be the fragmented
fraction for values less than full fragmentation. Then the quantity
TF373§3N¢91R;61 is a measure of the damage associated with the bands

in the %0 orientation. We can assume that the damage felt in any
direction is proportional to coszw where ¥ 1is the angle between the

stress direction and the damage orientation. Then the damage in the

X direction is

3
D _=3TBY [T +0.5T +7T )] (19)
Xx F xx xy Xz
where
3
T = LNR 20
i i1 (20

and the subscripts on T identify one of the six orientations considered.
The factor 3 in front of the expression for Dxx rermits Dxx to reach 1.0

when V reaches 1.0 with all T's equal. The 0.5 in the expression for Dxx
is 0032450. The damage quantity in the y and 2z directions are computed
by Eq. 19 with a natural permutation of the subscripts. For the xy

direction the damage is

3
D =3TBY (T +0.5(T +T )J
Xy F xy xX vy
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With the foregoing definitions of damage D, we can examine in
more detail the relaxation process in Eq. 13. That equation must be
modified for compression where we can expect the deviators to reduce
with damage but the pressure should not be affected. Toward this end,
the gross pressure P 1is related to the solid stresses Os for the

ii

tensile case., Then the gross stress oii is

s .
o, = 05 (1-D) (22)
zo® (1 -p To'%a -p P[3-@ D D
. P TUA Th 11) * Pgl3 - (@ + Dy, + D]
- 3 - 3
-lze®*a-py+ra-m (23)
"3 ii ii s
where X Dii = 3D, 1"s is the solid pressure, 011 is stress on the

s
gross section and Cl'i'i is deviator stress on the intact or solid material.
For the compression case a suitable modification of Eq., 23 is obtained

by deleting the factor (1 - D) and defining a modified pressure p’:

)
"

1 18
- 1 -D =
32011( ii) +Ps

W=

8
}:ou(l - Dn) + psn (24)

P+PD
s

Then for tension let P' = P and use Eq. 24 to define P' in compression,
With these definitions of P', the s0lid stresses are related to the

gross stresses as follows in both tension and compression:

'4 !’
o Oy P (25)
11 - 1 - ‘
iy
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At the beginning of a strain increment calculation, T and Ps are

computed from the existing shear bands and density, and p’ is calculated
from the old gross stresses, 011 and from Ps for compression. Then the
8
011 are calculated from Eq, 25, At the end o; the increment, Eqs. 24
and 25 are again used to obtain the gross stresses,
The criterion for full fragmentation is given in Eq. 18. This

criterion is reached simultaneously with the condition that all gross

f deviator stresses have relaxed to zero.

4, Stress-Strain Relations

In preparation for the stress calculations, the gross stresses
from the calling program are transformed to stresses in the intact
material using Eq. 13, These stresses are then separated into pressure

and deviator components. The pressure is given by the Mie-Gruneisen

equation:
Ty :
P="P -+ [pE 26 :
H(1 ) ) +1lp (26) 1
F where u = p/po -1
[ I' ig Gruneisen ratio
p 1is the current demnsity
po is the zero pressure densgity H

E 1is the internal energy

2 3
and Ph = Klu + Kzu + Ksu is the pressure on the Hugoniot. K1 is

the bulk modulus, and K_ and K3 are coefficients in the Hugoniot

2
expansion.

The deviator stresses are computed from elastic, plastic, work-

hardening, rate-dependent relations, For the elastic case the deviator

stresses are computed as




4 1]
aid = 2GAe1J + aijo 27)

where G is the shear modulus,

A(' is the deviator strain increment and

1J

0' is the deviator stress on the previous cycle.

ijo
For yield calculations, the effective stress from von Mises plasticity

theory is used

- 3 '
‘Jz F3%y - (28)

Yield occurs for o=z Y, the yield strength,

A linear work-hardening is assumed such that

Y=Y +Ye& (29)
o D
where Y is the work-hardening modulus
an ./;/ d€ d€ 1j the equivalent plastic strain,

defined in terms of the plastic strain deviator increments deij .

Strain-rate effects are treated with the linear viscous, one-

parameter model

.
o ~y—=
g’ de’ 1J -p
A3 _ o 4 _ de (30)
dt dt T

where T is a time constant. This equation is presumed to govern only

when the stresses exceed yield. When work-hardening is combined with
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the rate effects, the solution must be obtained numerically for general

2
cases. The solution for stress derived by Seaman et al, 1is

4 7
_ ~(t - 3
%5 = %50 exp[~(t to)/T] (31)
YDEN
AT O;J T N '
+ o=, —[o' " _ o' ) 1 - expl-(t - t )/T]
Y N t-t \"i1j ~ “ijo o ’
D [s) [+
1 + —
4G

where t - to is the duration of the time increment

Y1 is the yield strength at the beginning of the increment

¢+ N

=N
oij and O are elastically computed deviator stress and

j effective stress from Eqs. 27 and 28, The plastic deviator strain
increments govern the nucleation and growth processes., These strains
are computed as the difference between the total deviator strains and

the elastic values.

B. Simulations of Fragmenting Round Experiments

Computer simulations were made for three fragmenting cylinders of
HF-1 high fragmentation steel, one cylinder of Armco iron, and one HF-1
fragmenting round of standard munition geometry. The shear band sub-
routine SHEAR2 was used as the stress-strain relation in all cases, Four
of the cases were considered to be cylindrically symmetric, and there-
fore calculations were made with the one-dimensional wave propagation
code PUFF, Since the fifth round (of HF-1) had the shape of a standard
munition, a two-dimensional wave propagation code, TROTT, was used for
that case., Adjustments were made in the two codes so that the identical

SHEAR2 subroutine was used with each. The dimensionality of the codes "
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refers to the number of directions along which quantities can vary
(radial in PUFF, radial and axial in TROTT). In both cases the

stresses, strains, and damage have components in all three dimensions.

The geometries of the fivé experiments are shown in Figures 16 and
17. Three are configurations used by Crowe et al.? the other two are
part of this work. Experiment 5084-3 was simulated first with TROTT
and SHEAR2 (with no damage permitted), and the pressure history at mid-
length on the inner radius of the round was fitted to an exponential,

This exponential pressure history was used for the SRI PUFF simulations

\\\\\\\\\\\\x\ﬁ of that experiment. For all other calculations, the explosive was
simulated as a detonating material., In the cylindrically symmetric

cases (SRI PUFF calculations), the explosion was freated as a simultane-
ous detonation. For the TROTT problem, (the fragmenting projectile)

the explosive was simulated with a running detonation. All explosives
were treated as polytropic gases except the PETN in 5084-4, which was
handled with a tabular (pressure-volume) equation of state. The tabular
values were obtained from a TIGER detonation calculation.5 More details
about these calculations, including the data decks for the calculations,

are given in Appendix B,

The results of the simulation of 5084-3 were simply that the maxi-
mum plastic shear strain was 1.15 times the threshold value. Because
the experiment showed only slight evidence of the beginning of shear
banding, there seems to be a satisfactory correlation of test and

calculation,

The fragment size distributions for the three cylinders that showed
complete separation are shown in Figure 18, The computed results are
also shown, The two tests of Crowe occurred at a strain rate of about
2 x 104/sec through the period of high damage while experiment 5084-4
occurred at a strain rate of 6 x 103/sec. The experimental results

with HF-1 show that an increase in strain rate leads to a much larger
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FIGURE 16 FOUR CYLINDRICAL FRAGMENTING ROUND CONFIGURATIONS TREATED

WITH SRI PUFF AND THE SHEAR BAND MODEL
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number of fragments, and consequently to smaller fragments. The Armco
iron test, while conducted at the high strain rate, shows a fragment
size distribution more like that from experiment 5084-4, which was
conducted at the lower strain rate, This difference may be associated
with the smaller number of inclusions in Armco iron, or with the lower
yield strength; the data base is not yet adequate to provide such an

agsociation.

The marked difference in the distributions measured in the two
HF-1 experiments provide a good test of the model, The same parameters
were used in both HF-1 calculations. The correspondence between computed
and observed distributions indicates that the model can account for
the differences in strain rate, geometrical layout, and explosive
pressure. The Armco iron calculation was run with a nucleation co-
efficient one~third that for HF-1 (Cn = 10_3 for HF-1, 3 x 10-4 for
Armco). This difference in parameters probably arises because of the
fewer nucleation sites in Armco iron. The nucleation plastic strain
threshold probably should also have been changed for Armco iron, but

no value was known.

The PUFF simulations of the three cylinder experiments showed
that the contained rounds required much longer to reach full fragmenta-
tion than the unconfined rounds. Crowe's experiments took about 45 usec
to reach full fragmentation,4 according to the calculationg, while the
contained cylinder required over 200 usec. In all three cases the
shear banding began at the inner radius and gradually moved out. All
computational cells showed shear banding in all three of the active
orientations illustrated in Figure 8, However, in each case, orienta-
tion 1 was the first one activated; the othera began to nucleate bands
much later. When the bands from the three orientations were added,
orientations 2 and 3 contributed only a few percent at most., This

result agrees with the experiments, which indicate that most bands

are in the first orientation.
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The two-dimensional simulation of Crowe's sample fragmenting pro-
jectile was performed with the cell layout shown in Figure 19. All the
metal parts are of HF-1 steel. No provision was made for the joint in
the two parts of the case. The primary explosive in the fuse is CH6 and
the secondary explosive is PBXN 106. The simulation includes treatment
of a running detonation that starts in the primary and sweeps at the
C-~J velocity through the secondary explosive. The progress of the run-
ning detonation is evident from the cell motion in Figure 20, which shows
a series of plots from the two-dimensional calculations. The indicators

in the figure show the attendant progress of fracturing in the HF-1 cells.

Figure 21 shows a comparison of the computed fragment size distri-
bution with the measured distribution. The computed distribution was
obtained by summing the fragment size distributions from all computational
cells, accounting for the relative mass associated with each cell. Cells
that did not fragment were mainly in the nose, and all unfragmented masses
were added in as a single large chunk, In this two dimensional simulation,
the first shear band mode activated was usually orientation 1 at 45o
between radial and circumferential directions, Usually this mode also
dominated at the time of fragmentation. Considerable shear strain also
occurred along planes of constant radius or axial distance, and if bands
had been permitted on these orientations, some shear bands would have
occurred in the calculations, The duration of detonation was about 65
usec. By 110 pusec, nearly all the shear banding cells were completely

fragmented. No shear banding occurred forward of K-row 48,

Having completed these simulations of the fragmenting rounds, we
then examined ancillary aspects of the computed results to see how
these aspects matched the data. Among these aspects were the amount of
homogeneous plastic strain, the effect of microcracking, the relative
importance of the nucleation process, and the information that can be

obtained from the shape of the fragment size distribution,
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FIGURE 20 PROGRESS OF DETONATION AND SHEAR BAND DAMAGE
COMPUTED IN THE TWO-DIMENSIONAL SIMULATION
OF CROWE'S SAMPLE FRAGMENTING PROJECTILE
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In the model calculations, it was assumed that the shear band ?
nucleation and growth gradually takes a larger portion of the total ‘
plastic strain until &1l is being absorbed by the bands. This means
that after the threshold of 30% equivalent plastic strain is reached,
the plastic strain taken in homogeneougs deformation will continue
to increase until fragmentation occurs. In our computed results the
total equivalent plastic strain imposed is 60 to 80%. But the homogeneous
plastic strain at the time of fragmentation is about 40%--the rest is
used in producing bands. Experimental measurements indicate that there
was only 35% homogeneous strain in the fragments, It may be necessary
to reexamine the nucleation and growth processes to find means whereby
the band formation mechanism can absorb a larger fraction of the induced

plastic strain.

In the calculations, fragmentation was assumed to occur only by
shear banding, whereas in some of the experiments microcracking in the
outer layer participated in the fragmentation process. In future work

the effects of microcracking must be included in the computations.

The computed fragment size distributions were obtained by varying
mainly the nucleation rate coefficient. The Orowan equation appears
to force a balance between nucleation and growth so that an increase in

nucleation automatically results in less growth,

The fragment size distributions generally are linear on a semilog
graph of cumulative number versus fragment radius, However, there are
some interesting deviations from linearity in the calculations and the
experiments, A concave upward portion for small radii results from
the nucleation of more bands at a late stage. A concave downward
portion at the large radius end results from reaching a fixed velocity

limit such as the shear wave velocity.




.

C. Conclusions and Recommendations

A constitutive model was developed to provide elastic-plastic
stress-strain relations and to represent the shear banding phenomena
observed in a series of fragmentation experiments in HF-1 steel. The
model includes the nucleation of shear bands, growth of bands, and
coalescence of bands to form fragments. The model accounts for stress,
strain, and damage guantities in three dimensions, although it is used
in one~- and two-dimensional wave propagation codes. The model permits
bands to grow in six specific orientations; these include the three
that can occur in exploding cylinders plus three more that may be
activated in impacts, The developing damage causes relaxation of the
stress in directions normal to the planes of the bands; hence, growth

of bands develops an anisotropy in the material.

The results of calculations with the shear band model include stress
histories, and the size and number of bands in each orientation. The
band distributions can be transformed to a fragment size distribution

and summed over all the material to form a Mott plot.

Five experiments were simulated: four of HF-1 steel and one of
Armco iron. Three cylinders of HF-1 showed good correspondence between
experimental and computed fragment size distributions although the
strain rates,:geometry, and explosive power were significantly different
for the three cases. The shell in the shape of a standard round of HF-1
and the Armco iron cylinder also showed good correspondence between
experimental and computed fragment size distributions. The model gave
the correct orientation for most of the bands, and partitioned the
plastic strain between homogeneous strain and that absorbed during
shear banding., These results indicate that the nucleation and growth

processes of the model are appropriate and are able to account for

strain rate, geometry, and pressure differences,
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The present shear band model was developed for the current experi-

mental data on HF-1 steel, and has been verified only for those data.

These data are for cylindrical geometry which is not sensitive to many

features of the model: hence, those features are not constrained by

the data.

To develop a model representing a wide range of material

types, loading conditions, and geometries will require more experiments

and coordinated model development. Specific areas of the model that

are recommended for further study are the following:

(1)

(2)

The nucleation law requires verification experimentally, or
modifications to match experiments, Associated experiments
should be conducted for a broad range of strain rates and

for various levels of damage. Especially important are experi-
ments at the level of incipient damage, because at that point
the nucleation process has been little affected by the develop-
ment of damage.

The growth process should be examined in the light of the
experimental data obtained in (1) above. The low-damage
experiments should guide selection of a new function, if
necessary, and evaluation of the parameters. Band motion may
also be examined analytically by studying the behavior of a
single band in homogeneous material. Band width should be
determined as a fimction of strain rate, thermal conductivity,
thermal strength reduction, and work hardening. These width
calculations can probably be performed with a one-dimensional
shear wave propagation code, Growth of the bands may be
treated in the same way with a two-dimensional code. If both
width and growth velocity are governed by homogeneous processes,
these computational studies could aid greatly in defining some

of the micro-mechanisms of the shear band process.
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(3)

“4)

In impacts and fragmenting rounds, brittle fracture and shear
bands combine to form fragments, and this combined process is
not yet incorporated into the NAG (Nucleation and Growth)
models.* For this process, fragments as well as material at
incipient damage levels should be examined. Then analytical
techniques for joining the two damage processes should be

developed.

In the model, both nucleation and growth in any direction are
presumed proportional to the plastic shear strain in the rele-
vant direction. This hypothesized relationship should be

examined in the light of data from incipient damage experiments.

*The combined process was accounted for in the work reported in Ref. 2
by permitting cells to undergo either brittle fracture or shear banding,
but not both. In that study only one orientation of shear bands was
permitted.




V  OBLIQUE ROD IMPACT - EXPERIMENTAL PHASE i

The mechanisms for fracture of a long-rod penetrator under high
velocity impact (either oblique or perpendicular) with an armor plate
1 ‘ are inadequately understood. Large pressures and large shear deformations
; at high strain rates make this a difficult problem to analyze or model,

In a preliminary effort to establish the key penetrator failure

modes, we performed the following tasks:

(1) Examined metallographically the distal ends of steel and
tungsten alloy long-rod penetrators recovered from
experiments at Lawrence Livermore Laboratories (LLL).

(2) Examined metallographically fragments that LLL recovered
from the proximal end of obliquely-impacted tungsten alloy
rods,

(3) Performed a series of oblique-angle long-rod penetrator
experiments using HF-1 steel to study break-up characteristics
as a function of velocity.

(4) Examined the fragments recovered from a long-rod tungsten
alloy penetrator perpendicular impact performed at the

E Ballistic Research Laboratory.

These activities are described in detail in the following pages.

A, LLL Experiments

From Dr. John Scudder and Mr. Leroy Hoard of LLL, we obtained
fragments recovered from scale~-model long-rod penetrator oblique-impact
tests performed in their laboratories. The projectiles all had a
diameter of 3,9 mm, a length of 39 mm, and a hemispherical nose, and
were impacted at a velocity of ~ 1 km/sec and a 550 angle of obliquity

*
into a target of mild steel with an overlay of AD85 alumina ceramic.

» *
q Product of Coors Porcelain Co., Golden, Colorado.
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We first examined the distal halves of the projeé¢tiles---the only

fragments large enough to be recovered without any special recovery tech-
niques, Figure 22(a) shows a metallographic specimen made by cutting
through the axis of the specimen parallel to the plane of greatest
bending (all subsequent specimens were cut in the same way). The material
is Saratoga AISI-01 oil hardened tool steel (RC A, 48). Photomicrographs
of a region near the forward edge of the specimen show clearly a shear
band intersecting the edge and a tensile crack extending part way down the
length of the shear band. Since this was the only internal crack visible
in this specimen and since there was also a transformed region (indicating
a shear band) along the fractured forward edge of the specimen, there is
evidence that shear banding and subsequent tensile failure along a shear
band is an important failure mechanism for a steel long-rod penetrator,
at least in the distal regions.

We next examined the distal halves of tungsten alloy projectiles.
The alloy contained 90% tungsten, 7% nickel, and 3% iron by weight, and
was composed of nearly spherical tungsten grains =~ 5 ym in diameter in
a matrix., Unlike steel, tungsten does not exhibit a readily observed
phase change under high temperatures, which can be used as a clear
indicator of shear banding. However, this tungsten alloy does have an
advantage over some steel in that strain deformation is indicated by grain
elongation. Figure 23 shows three photomicrographs from a tungsten
penetrator---one taken from an undeformed region, showing largely circular
grain cross sections; one from a region of large but primarily homogeneous
shear deformation, showing grain cross sections with aspect ratios of
around 4 to 1; and one from a region along the proximal edge where
inhomogeneous shear deformations have elongated grains to aspect ratios

as high as 20 to 1, and caused shear cracking.

IS
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(c)

MP-5084-16

FIGURE 22 SPECIMEN (a) FROM DISTAL END OF OBLIQUELY IMPACTED TOOL STEEL
LONG-ROD PENETRATOR FIRED AT LAWRENCE LIVERMORE LABORATORY
WITH PHOTOMICROGRAPHS (b) AND (c)} SHOWING SHEAR BANDING
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FIGURE 23

(c)
MP-5084-19
PHOTOMICROGRAPHS OF DISTAL HALF OF OBLIQUELY IMPACTED TUNGSTEN
ALLOY LONG-ROD PENFTRATOR SHOWING (a) UNDEFORMED REGION,

{b) REGION OF PRIMARILY HOMOGENEQUS SHEAR DEFORMATION, AND

lc) REGION OF LARGE INHOMOGENEOUS SHEAR DEFORMATION RESULTING
IN SHFAR CRACK
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We have thus seen evidence of failure due to shear banding or
inhomogeneous shear deformations in the distal region of both steel

and tungsten alloy long-rod penetrators. Since the shear strains and

strain rates would be higher near the proximal ends, this type of failure
mechanism should be even more important there.' To test this belief, we
suggested to Dr, Scudder and Mr. Hoard a means of recovering fragments

from the proximal halves of obliquely impacted long-rod penetrators by
capturing them in a relatively soft rubber-like substance. They subsequently

performed such experiments, and we examined several recovered tungsten alloy

specimens one of which is shown in Figure 24, The structure is very similar
to that shown in Figure 23, In Figure 24(b), a gradual transition from no
shear deformations to large shear deformations takes place across the width
of the specimen., And in Figure 24(c), narrow bands of extremely high shear
deformation are seen between regions of moderate shear deformation, We
cannot know precisely where in the penetrator this fragment originated,

but it was within the proximal half,

Our conclusion is that failure by shear banding or inhomogeneous shear

deformation occurs over a large region in a long-rod penetrator.

B. SRI Experiments

SRI's smooth-bore-gun facility, which had been used in previous armor
penetration experiments,1 was modified for use in scale-model long-rod
penetrator oblique impact experiments, Hemispherical-nosed HF-1 steel
projectiles 3,175 mm in diameter and 38,1 mm long were fired at a 55o
angle of obliquity into l-cm-thick steel armor plates, The relatively
thick armor was chosen so as to minimize damage to the target, and thereby
make the projectile failure easier to model computationally. HF-1 steel
was chosen because it is a material for which dynamic fracture parameters

are known,
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FIGURE 24 FRAGMENT (a) RECOVERED FROM OBLIQUELY IMPACTED TUNGSTEN ALLOY
LONG-ROD PENETRATOR FIRED AT LAWRENCE LIVERMORE LABORATORY
WITH PHOTOMICROGRAPHS SHOWING EVIDENCE OF LARGE HOMOGENEOUS
(b) AND NONHOMOGENEOUS (c) SHEAR DEFORMATIONS
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We fired a series of shots at impact velocities ranging from 0,17

SR - AR

to 0,97 km/sec, and the results are shown in Figure 25, As the impact
velocity increases to about 2/3 km/sec, the projectiles become more and
more bent, eventually separating into several pieces., However, at higher
velocities. the bending decreases and the projectiles undergo large cross-
sectional deformations in their proximal regions. In all cases, target

damage was negligible.

The damaged projectiles were sliced in half along their plane of
maximum bending, polished, etched, and examined metallographically.
The surfaces of separation appeared to result from brittle, or tensile
failure, but there was no evidence of either shear banding or tensile
failure in the proximal region. The higher velocity shots exhibited
a transformed region along the outer, flattened surface, which undoubtedly
resulted from the projectile sliding along the surface of the target as

it was being deflected,

C. BRL Experiments

Late in the program Dr, Zukas of Ballistics Research Laboratory
sent us material recovered from a long-rod penetrator impact experiment

performed at BRL, The material was the same tungsten alloy used in the

LLL penetrators; however, the scale was larger--the hemispherical-nosed
projectile was 0,79 cm in diameter and 7.9 cm in length, and the impact

o
occurred at 0,850 km/sec with a 0 angle of obliquity into a 2,54-cm-thick

steel target.,

The recovered fragments included the distal quarter and an assortment
of small fragments., Figure 26 shows a slice through the large fragment,

with a close-up of the area that contains what appears to be a long partially

separated shear band. Detailed photomicrographs, seen in Figure 27, prove
that it is indeed a shear band. The high magnification insets clearly

show bands less than 10 ym wide, across which the two opposite surfaces
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55° IMPACT HF-1 PROJECTILES

F ." 0.97 mm/usec
A 0.84 mm/usec
’\ 0.61 mm/usec
’. b 0.5 mm/usec
f \’ 0.50 mm/usec
ST 0.30 mm/usec
SEEEES~— (17 mm/usec

A VIRGIN

MP-5084-18

FIGURE 25 HF-1 STEEL LONG-ROD PROJECTILES
RECOVERED FROM OBLIQUE IMPACT
TESTS AT SRI INTERNATIONAL




(b)
MP-5084-24

FIGURE 26 POLISHED SECTION (a) THROUGH BRL TUNGSTEN A.‘ OY

LONG-ROD PENETRATOR, WITH CLOSE-'JP (b) ;F SHEAR
BAND
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strain before banding.

D. Conclusions

at larger impact angles,

have slid as much as 50 pm or more., The inset at lower left shows two

such bands running parallel to each other about 60 um apart.

A polished section through one of the smaller fragments is seen in
Figure 28, along with two high maghification insets revealing shear-
banded regions. These particular bands are quite curved, which indicates
either that the material was in a highly nonuniform state of shear strain
prior to the banding or that the material continued to undergo large
homogeneous shear deformations after the band formed. Also, the highly

deformed grain that exists away from the banded regions is indicative of

the toughness of this alloy, which will sustain large amounts of shear

Shear banding is a principal mode of material failure in high-velocity
impacts of tungsten alloy ahd steel long-rod penetrators, although the SRI

experiments indicate that tensile ffacture may also be important, particularly
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VI OBLIQUE ROD IMPACT-COMPUTATIONAL PHASE

Oblique impact calculations were conducted with a two-dimensional

wave propagation computer program. The calculations simulate a plate

ot

impacting on edge another plate at an oblique angle., Both the conditions
in which the projectile sticks to the target and in which it slips were
treated, For each condition, impact angles of 300, 450, and 55° to

normal were considered.

The purpose of the calculations was to examine the phenomena
associated with oblique impacts to gain insight into the reasons for
breakup of the projectile and the mechanism of damage in the impact
region., We examined the regions of fracture damage and locations near
the point of impact where shear, compression, and bending stresses
occurred, and we noted how these locations changed with the degree of
slip along the target, We used an active fracture damage model (with
stress-relaxation associated with damage) to see whether the damage

would significantly affect subsequent bending and projectile breakup.

The computer program used is called TROTT, It is a two-dimensional,
finite-difference Lagrangian code, and is similar to HEMP and TOODY.
Three features made it attractive for this problem:

(1) TROTIT is small; all storage is in core.

(2) The array storage is arranged to permit very large data

storage for cells undergoing fracture.
(3) The code is simple and easy to modify for the special
impact boundary conditione,
During the project, modifications were made to allow improved treatment

of the impact problem,
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The remainder of this section treats the special modifications made

to the code TROTT, the geometries used in the calculations, and the results

of the simulations,

A, Code Modifications

The TROTT code was altered to include a special nonnormal impact

condition and triangular cells, The projectile is divided into the usual

discrete finite-difference cells, whereas the target is treated as rigid

and immovable, The rigid target was used for simplicity because the main
interest was in breakup of the projectile at some distance back from the

impact plane. It was felt that the conditions of sticking and slipping

would bracket the boundary conditions actually experienced by a projectile.

For the slipping boundary condition, coordinate motion was permitted
as usual until the point reached the target. Thereafter only tangential
motion along the target face was allowed, For example, in Figure 29,
Point A moves until it strikes the target at B and then slips to point D,
Let (xl, yl) represent one point on the target. Then the equation of the

target is

. o

x =x + (y - yl) tan 6 (33)

where 0 1is the angle of the target measured so that O = 0 is a normal

impact, Then if a coordinate with the initial position (xA, yA), that is
point A in Figure 29, moves with velocities x, y, impact occurs at point

B at a time
X, -x + (y -y.) tan 0
Bt = 1 A A 1 (34)

% -y tan @

If 6t is less than the current time step in the wave propagation

calculations (i.e., point C 1s beyond point B), then the impact

-

coordinate locations are at B
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IMMOVABLE WALL

MA-5084-30

FIGURE 28  SLIDING OR STICKING CONDITIONS AT OBLIQUE TARGET
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(35)

yB=yA+y6t

After the impact, cell motion is tangential. The tangential velocity is

vT =% sin § + y cos O .

The x and y coordinates of this velocity are

v v
x T sin @

\'2 T 8 0.
v T cos @

The final coordinate locations are then

]
[}

xB + Vx (At - Ht)

y y_+ V (At - §t)
B y

D
where At is the current time step.

The sticking boundary condition required that no motion occurs after
impact, First, the coordinate motions were computed in the usual way,
If a point had penetrated the target plane (i.e., point C in Figure 29),
it was repositioned at the point where it first touched the target,
point B, using Equation 35. Velocities of the impacting coordinates

were set to zero,

A triangular cell feature was added to TROTT to handle the large
distortion problem near the plane of impact., The usual quadratic cells
become excessively distorted in the large shear flows near the front and

they either halt the calculation or require rezoning of the cells,
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The triangular cells are very resistant to cell distortion and therefore

can follow the impact somewhat better, The triangular cells were constructed
by simply dividing quadrilateral cells in two, and computing strain and
stress separately for each half. The analysis followed the lines suggested

6
by Johnson for impact calculations.

Following incorporation of the triangular cells, we performed several
short calculations with only a few cells to examine the new properties,
The study, though not exhaustive, was adequate to guide our use of the
triangular cells and to interpret the results. It revealed the following:

® The triangle Q artificial viscosity stresses used

with quadrilateral cells are also needed with triangular
cells to reduce oscillations,

® The time steps required for stability of triangular cell
calculations are the same as those of the quadrilateral

cell:

AX
At = 0.9 C

where AX is the length of the shortest side, C is the
sound speed augmented to account for art..icial viscosity,
and 0,9 is the safety factor.

@ In pure compression a pair of triangular cells each give
stresses identical to the quadrilateral cell from which
they were made,

® In shear, one of the triangular cells in a pair goes into
tension, the other into compression, with the average of the
two stresses being about that of a single quadrilateral cell,

These stresses are often quite large, thus giving a misleading

picture of the stress state,




The last item above shows that only simple equations of state should be
used for the triangular cells. More complex constitutive relations with
threshold levels and extreme nonlinearities would only give misleading
results., Hence, in our impact calculations we used the triangular cells
only for the first few rows of cells at the head of the projectile and

permitted only elastic-plastic behavior in them.

B. Simulations

The geometry used in the calculations is shown in Figure 30, Two-
dimensional plane strain conditions are used. The projectile slab has a
rounded nose as shown so that one side of one cell is in continuous contact
with the target at impact. A projectile velocity of 1 mm/psec was used
in all cases, The projectile slab, which is Armco iron, is treated as an
elastic-plastic material in compression and with brittle fracture (BFRACT
subroutine) in tension, In addition to the usual stress and motion results,

moments and forces in the impacting slab were computed,.

The resulting shapes of some of the projectiles after 14 psec is

shown in Figures 31 to 36.

Following impact, the projectile is gradually deformed so that it is
in contact with the target over the entire projectile nose and for some
distance along the side nearest the target., Projectile deformations
appear as high shears that distort the impact-plane cells and elongate
the cells just behind the impact, The cells are elongated through the
thickness, suggesting a tendency toward splitting. Cells on the side of
the projectile farthest from the target are also elongated in the axial

direction, indicating a tendency to break in bending.

In all cases, the projectile tends to enlarge radially. This expansion
is more evident for the shallower angles of impact., Associated with this
is fracture in the radial direction by cells near the center of the projectile

and axial fracture on the projectile surface farthest from impact,
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FIGURE 31 DISTORTION AND DAMAGE NEAR FRONT OF PROJECTILE PLATE FOR 30°
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Graphs of the forces and bending moments on sections through the
projectile at 14 ;sec are shown in Figures 37 and 38, These values are
computed by summing stresses from cells with the same initial Lagrangian
position, The force and moment distributions build up gradually with
time toward the configurations shown in Figures 37 and 38, but they are
fairly constant by 14 psec. A comparison of forces in these figures shows
that the forces have a higher amplitude and extend deeper into the
projectile for the sticking case. The moments show a similar trend for the
45o and 55o impacts, but a contrasting trend'is shown at 300. These
moment variations should be studied further with calculations performed
for longer durations, The results also shed light on the SRI oblique
impact experiments reported in the previous section. Comparison of
Figures 32, 34, and 36 show that the shear strain in the projectile nose
is dramatically less for the 55o (slipping) impact than for impacts at

lower angles, Thus, shear banding should become less prevalent at higher

impact angles.

Future work should include the shear banding model as well as the
tensile fracture model, and would help us gain an understanding of the

interaction of these competitive failure modes,
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APPENDIX A

EQUIVALENT PLASTIC STRAIN FOR A RADIALLY EXPANDING CYLINDRICAL TUBE

Consider a cylindrical tube, loaded by an internal pressure,
expanding radially outward with no motion in the axial direction. What
is the equivalent plastic strain, averaged across the wall thickness,
that the cylinder has undergone after expansion and after the internal

pressure has been relieved?

Consider the portion of a cylindrical tube shown in Figure 39.
Let r = radius of the inner surface, R = radius of outer surface,
a = R-r = wall thickness, and x = #(R+r)= radius of the midpoint.
Furthermore let subscripts o and f refer to the original and final

dimensions, respectively.

Our assumptions are that there is no axial strain (ez = 0) and
that the final volume strain is zero (er+ ee+ ez = 0). Therefore,

er= -ee, and furthermore, the cross-sectional area of the tube remains

tant (i = a_x or af = xo

constan .., ao xo = 8.Xes 1= _0
a x

(] b

*
Now we define the equivalent plastic strain:

| S IR Yt Rl

where the superscript P on the strain terms denotes plastic strains,

* This definition of equivalent plastic strain coincides with the
definition of the differential dEp in Eq. 4 if the ratios deg/de
and d(p/dtp are constant throughout the flow. For € = 0, the r
ratios are constant. z
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e

which are equal to the final strains, since there are no residual
stresses. The strains may now be computed based on the change of
wall thickness, or on the change of radius. A change in thickness
causes a change in radial strain, der = daf/a. Then
€ fgf"l" ‘;)‘1" ;f—-g
o o

a
o

Similarly a change in radius alters the circumference and induces a
circumferential strain dee = dr/x.
X R, +r
dr f f f
€a= —=1ln {—fF In | —

) T X, I!.o + r,
In these expressions €. and € represent average strains through the wall

thickness. The equivalent plastic strain is then
eP = V3le_|
T
= /3|eg]
For intact material the strains based on thickness or radius changes are
equivalent. But for fracturing material, the thickness measurement

gives the homogeneous plastic strain, whereas the radius gives the total

plastic strain (homogeneous plus that takee by the bands).
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APPENDIX B

USE OF THE SHEAR BANDING SUBROUTINE IN WAVE
PROPAGATION CALCULATIONS

The shear band subroutine SHEAR2 is used in one- and two~dimensional
wave propagation codes to predict shear banding and fracture under high
rate loadings. The procedure for inserting the subroutine into wave
propagation codes is described below, A brief outline of the subroutine
is given, but the basic equations are derived in Chapter IV, The shear
banding parameters are described and some guidance is given for choice
of values., The subroutine input data and output are described and samples

are given, together with a listing of the subroutine,

1. Insertion Procedure

A wave propagation code normally has four main categories of operations:

reading the input data, initializing a finite difference grid, performing
calculations for each time increment at each grid point, and printing

the computed information. The subroutine SHEAR2 is written to correspond
with this organization; it has parts for reading data and initializing,
for calculating stresses and damage, and for printing the results, The
part of SHEAR2 to be used at each CALL is indicated by the parameter

NCALL. NCALL can have the following values:
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0 Read data, initialize, and choose the weighting distribution
of crack orientations in the solid angles according to the
value of NANG, which is read in the BFR array.

1 Read data and initialize only for one material.
2 Calculate only.
3 Calculate and print,

4 Print only,

For each material, SHEAR2 must be called once to read data and
initialize variables. For the first of these calls, NCALL = O; for
subsequent ones, NCALL : 1., This CALL could appear anywhere in the
initialization phase of the calculations; it occurs in INPUT3 of TOODY
and in GENRAT of PUFF., These CALLS are placed so that the SHEAR2 data
appear with the other data for the material. SHEAR2 can then be called
for stress calculations alone, printing alone, or calculations and printing
together, These latter CALLs should appear after the strain increment
has been determined for each cell. In TOODY3, the second call is for
calculation and printing and is within the loops over each cell and each
time increment in the main program. In PUFF the computing and printing
CALL is in HSTRESS, the subroutine that controls all stress calculations,
There NCALL is normally set to 2, but on print cycles, NCALL is set to
3. The print CALL is made in conjunction with the computing CALL so
that certain temporary variables that are computed can also be printed

without the necessity of storing them.

The formal parameters of the subroutine are listed below in the
order that they appear in the CALL statement:
SUBROUTINE SHEAR2 (NCALL, IN, M, K, J, IH3, SX, SY, SZ, SXY, P, TAU,
DH, DOLD, DTO, EH, EOLD, EN, EMELT, EP, EX, EY, EZ, EXY, F, YHL, PLEN,
ROT, DROT, ESC, CN),.
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Only the first three parameters are required for the calls in which
NCALL = 0 or 1. The meaning of the parameters is given in Tables 3
and 4, Some parameters are further described in Section 4 of this

Appendix.

2. Outline of the Subroutine

The subroutine is written in three parts for reading, computing
stresses and damage, and printing. In the reading portion, the BFR
and NSIZE arrays are read, NSIZT and the two sign factors SS and SSE
are set, and the weighting factors FNUC are initialized.

In the second part, the stresses and damage are computed. First,
the T; array is constructed from the existing damage quantities. The
T; values are used to transform the external stresses and strains to
internal values. Then new stresses are computed on an elastic basis,
If yielding occurs, the equivalent plastic strain, plastic work, and
plastic shear strains in each band orientation are computed., Then '
existing bands are allowed to grow in proportion to the plastic shear
strain., If some strain remains after growth, nucleation of new bands
is computed. Then T; is recomputed. Finally the internal stresses
are transformed back to the external sign convention and orientation.

A special zero-stress route is provided if fragmentation has occurred.

The final part of the subroutine contains the printing. Printing
occurs only if there has been some nucleation of shear bands in the cell.

This output is described in Section 6 of the Appendix.

3. Descriptions of Parameters

All the formal parameters and input quantities are defined in Tables
3 and 4. The subroutine calculations and variable names closely follow

the derivation in Chapter 1V so that internal variables should be
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T s, -

NCALL

IN

IH3

sX
sY
sz
sXy

TAU

Table 3

DEFINITION OF FORMAL PARAMETERS IN SHEAR2

An indicator for the type of calculations required;
see discussion in part 2 of this Appendix

Data input file number (usually 5)
Material number
Cell number in the K direction

Cell number in the J direction

A damage indicator (20*TAU+2.9), output only; initialized at 2.

Set to 25 at full separation.

Deviator stress in the X direction (dyn/cnz)
Deviator stress in the Y direction (dyn/cnz)
Deviator stress in the Z direction (dyn/cnz)
Shear stress (dyn/clz)

Pressure calculated for the cell (dyn/c.z)

Damage (X NR3) in the cell calculated on the last cycle;
ranges from 0 to 1

New incoming density (s/cna)

Cell density determined on the last c,cle (g/cms)

Time step (sec)

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

Total number of shear bands in the cell (number/cm3)
Value of internal energy at which material will melt
Total effective plastic strain

Strain increment in the X direction

Strain increment in the Y direction

Strain increment in the Z direction
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EXY

YHL

PLEN
ROT
DROT
ESC

ESC(M,1)
ESC(M, 2)

ESC(M,3),
ESC(M,4)

ESC(M, 5)
ESC(M,9)
CN

Tensor shear strain increment
Thermal softening factor; varies from O to 1

Yield value calculated on last cycle (remains unchanged
(1) if the yield has not been exceeded, or (2) if_it has
been exceeded and work hardening is zero) (dyn/cm)

Work devoted to plastic strain on previous cycle (erg/g)
Total angle of cell rotation as of the previous cycle
Additional angle of cell rotation since the last cycle

Equation of state variables (array (6,20) must be dimen-
sioned in the calling routine; some of the elements of this
array are not used in SHEAR2)

Original density (g/cc)
Bulk modulus, C(dyn/cmz)

D and S in the pressure equation:

P =Cl+ Duz + sp?, where M = DH/ESC(M,1) - 1.
Shear modulus (dyn/cnz)
Graneisen's ratio,

Array contains numbers of shear bands, band lengths, and
other damage factors for each cell. The number of array
elements required for each cell is 2f NSIZE(1) + NANG;
array must be dimensioned in the calling routine.
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BFR array

BFR (M, 22)
BFR (M, 23)
BFR (M, 24)

BFR(M, 25)

BFR (M, 26)
BFR (M, 27)
BFR (M, 28)
BFR (M, 29)
BFR(M, 30)
BFR (M, 31)
BFR (M, 32)
BFR (M, 33)
BFR(M, 34)
BFR (M, 35)

NSIZE array

Table 4

INPUT DATA FOR SHEAR2

Nucleation and growth parameters for shear bands
Growth coefficient, CG

Growth threshold, ego (unused)

(o]

Nucleation size parameter, Rn in the relation N =N
exp(-R/Rn? (cm) &

2 3
Nucleation rate coefficient, CN (sec /cm )

Nucleation threshold, eno

Ratio of displacement to band radius, b

Maximum nucleation band size (cm)

Ratio of successive intervals between band sizes
Time constant for deviator stress relation, T (sec)
Work hardening modulus, YD (dyn/cmz)

Number of orientations used, NANG

Thermal conductivity (erg/sec/cmz) (unused)

Specific heat at constant volume (erg/g/OK) (unused)

Critical internal energy required in the shear banding
material to permit motion of the band, Ecr (erg/g)

Number of size groups for each orientation
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identifiable. However, some additional description is given here of

the parameters involved in the size groups and of the nucleation threshold.

BFR(M,32) = NANG is the number of orientations that may contain
shear bands. We have chosen six orientations for the present cylindrically
symmetric and axisymmetric problems. In some problems fewer could be
chosen if some orientations would not be activated because of symmetry.
The six chosen are for bands whose planes are normal to the radial,
circumferential, and axial directions, and at 45° between radial and
circumferential, between radial and axial, and between circumferential
and axial. Since only the latter three are active in the cylindrically

symmetric cases, NSIZE was set to zero for the first three orientations.

The direction of most interest is at 45° between radial and circumferential.

Probably satisfactory results would be obtained for the cylinders if
only that orientation were provided. Currently only six orientations
are fully implemented in the subroutine., More are probably not needed

until complete 3D problems are attempted.

In each orientation a number of size groups is provided. The
number of size groups, NSIZE, should be large (say 8 or 10) if considerable
detail 1is desired in the shear band size distribution for that orientation;
however, NSIZE could be 2 or 3 for less important orientations. For
all shear bands in a material there is a maximum band size for nucleation,
BFR(M,28), The choice of maximum band size should be larger than needed
so that the results do not significantly depend on this choice. 1In a
shear band calculation if Nna from the largest size group is a small
fraction of 23NR3, then the computed results are not dependent on the

largest radius size selected.

The radii of the bands are initialized so that the ratio of successive
intervals between radii is equal to BFR(M,28) = X, an input quantity.
Then if the maximum radius is RN = BFR(M,28), the (N--i)th radius is

97




N-1
Ry, =Ry A -X D/a- 0.

The values of NSIZE and BFR(M,29) should be coordinated to give an accurate
treatment of the band size distribution. A small ratio of say 1.2 to 1.6
could be used with large values of NSIZE. A small NSIZE would require

a large BFR(M,29) to span the range of radii.

The threshold plastic shear strain is BFR(M,26), the value of
strain that must occur in each orientation before nucleation can begin
there, The threshold does not apply to the equivalent plastic strain,
<P

€ , but it applies to each element of the tensor egi.. We note that

egz is only the shearing portion of the deviatoric plastic strain.

This shearing strain is obtained from the flow rule or proportionality

: between plastic strain rate and deviator stress.

p -— A
e“- oijdx

By squaring this equation and summing contributions from all the ij

d

combinations, we obtain

P P _ 2 .
2“13“13 = (dA\) Eoijoij

But these sims are proportional to the squares of the effective stress
and strain quantities (5 and dEp) defined in Equations 4 and 5.
Hence

d\ = de’ /0

so the flow rule can be written

’ ~8
o, o
- - i - -
ae® = ae® L o 4P - g AL
iJ 6 g

- s
where 0 is the equivalent or von Mises shear stress and Oij

is the shearing component of the deviator stress. This shear component




is found by taking the vector difference between the total deviator S

and the normal component Sn:

In general, S and Sn are defined as

S = <S2-1-52+Sz)i
x y z

S =48 +mS +n8S
n x y z
S =40 +mno + no
x x yx Xz
S =40_ +m0 + no
y xy y vz
S =40 + mo_+ n0
2 Xz yz z ;
9
where O , 0,0 ,0 ,0 ,0 are the stress tensor components and
X vy 2 XZ yz

£, m, n are direction cosines to the plane of interest. Sx, s , Sz are
y
x, ¥y, z components of the stress acting on the plane. A standard

mechanics text should be referred to for details of this transformation.

As a guide in selecting values of BFR(M,26) based on measured
thresholds for Ep, consider the case where de2 = - de1 and de3 =0,
This strain configuration is approximated in the cylindrically symmetric
calculations, For this case the shear strain at 45o between the directions
1 and 2 is deiz = dEp/vﬁ;T- Hence, for an observed threshold of ¢P = 0.28,

the appropriate value of BFR(M,26) is 0.28/,/3 = 0.16.

The major new material parameters are CG' Rn, Cn’ eno and b; each
represents a well-defined physical process or quantity. From the present
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computed results, it appears that Cn is the most important for determining

the shape of the fragment size distribution.

4, Transformations

As they enter the subroutine, all stress and strain quantities
undergo two transformations--one in orientation and one in sign. The
orientation transformation allows all computations in the subroutine to
occur in a coordinate system that rotates with the material. (The shear
band size groups and the cumulative plastic strain tensor also rotate
with the material.) The sign transformation occurs so that the internal

sign convention need not match the sign convention of the calling program.

Material rotation is provided by the calling program with two
variables: ¥ and A¢ (positive counterclockwise). The ¥ is cumulative
and must be stored external to the subroutine., Transformations use the
angle ¥/ = ¥ + AY/2. Stresses are transformed from Ux, Oy, oz, o to

xy
the starred quantities inside the subroutine by the following equations:

g +0 g -0

* X
¢ = X A + J cos 2% + o sin 2¢’ (36)
x 2 2 xy
* Ox + O Ox -0
c = Y. Y cos 2¥ -0 sin2¥’ (37)
y 2 2 xy
:
*
o =0 (38)
z z
N o -0 .
0 =-——Lgin2y’+0 cos 2¥’
Xy 2 Xy .

At the end of the calculation the internal stresses are rotated back to
the external configuration., The equations for this final transformation
are the same as Eqs., 36 to 38 with the starred and unstarred quantities

interchanged and ¥’ changed to -¥',
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The strain increments are also rotated to the material directions,

and the same transformation equations are used for strain as for stress.

The sign transform;tion is made to account for a different sign
convention., The internal convention 1s positive in compression for
stress, pressure, and strain, If the convention matches the external
one, SS and SSE (for stress and strain, respectively) are set to +1.
If the external convention is that tension is positive, then the
appropriate factor, SS or SSE is set to -1 in the DATA statement in

SHEAR2, It is assumed that pressure is always positive in compression.

5. Output of the Subroutine

A sample of the output from the subroutine for four cells is given
in Figure 40, This output is from a PUFF run with cylindrical symmetry
in which orientations 4, 5, and 6 are activated. The parameters have
the following meanings.

CN Cumulative number of bands in an orientation.

The bands at each radius are stored and used

in computations, but the cumulative values
are printed for ease in examining fragment size

distributions,
CL Shear band radius
TAUZ 2NR3 in each orientation, summed over size groups
TAU Z TAUZ summed over all orientations
EP ZAEP imposed on the material, summed over time.

Cumulative
plastic strain EAe:’;é in each orientation, summed over time.

EN Total number of shear bands in all orientations.

K, J Coordinate designators, used for printout only.
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6. Ingut Data

Four sets of input data are provided in Figure 41 as samples of
the use of the subroutine SHEAR2, All were used with SRI PUFF8 in the

one-dimensional cylindrical-symmetry mode.

In Shot 5084-3, the explosive pressure is simulated by an exponentially
decaying pressure on the inner boundary. The expression used 1is
P = P6* exp(T/T6), where P is applied pressure and T is time. The
parameters P6 (initial pressure) and T6 (time constant) are given in
the NAMELIST statement at the end of the deck. For Shot 5084-4, the
low density PETN explosive is modeled by a pressure-volume relation
given in tabular form, The two experiments of Crowe4 contain COMP B
explosive, which is treated by a polytropic gas law following a simultan-

eous detonation. Input units are in the dyn, cm, g, sec CGS system.

Each data set coatains three parts. First is the general running
and printing information including JCYCS and TS, the number of computational
cycles, and the problem time at which the calculation is halted. In the
second part, the data for each material is given. The EQST card contains
the Mie-Gruneisen quantities C, D, Esub’Iz H, and S where C, D, and S

are the Hugoniot coefficients; E is the sublimation energy; and I

sub
1"

and H are Gruneisen's ratio in the solid and vapor states. The SH cards

contain the 14 BFR numbers in order. Yield strength and shear modulus

are on the YIELD card.

The layout of the materials and cells is handled in the final set
of cards: NLAYER is the number of layers, and JMAT gives the material
number in each layer., After the NLAYER card is a card for each layer
describing the size and number of cells in that layer. In these samples

the cell sizes are uniform in each layer.

7. Listiqg;pf SHEAR2

The subroutine SHEAR2 ig listed in Figure 42.
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IDENT FRAG RND FOR ERLICH=3

NTEDY = 0 NJEDIT = 2 NALPHA = 2
JEDITS = 1 3. S8 ? 9 11 12 13 1 15 18 22 27 M
JEDIT 2 S2eP4COM3y 1e19143014501,7
NEOIT = 10 JCYCS = 300 CKS = 3,000F401 1§ = Be00NE =S
NMTRLS = & MATFL = «2 UZERQ = 0, _ _ NSCRo = 0u0011111]
HFel SH BAND RHOS = 7.85E0 CFP= 030 LUPYs (02 NVAR = 58 NCON= O
EOSTs 1.,589E012 5.170E¢12 7.360E¢10 1,69E0 0,25€E0 Se1TCE13
SH2 3,000E00) ,2000E¢w0 1,100E=02 1,000E=03 € 17 04CTVE®0D U.0TCE+0Q
1.4 3,000E=GR 3,000E+08 8. o? o17 T.00nEe0Y
NSJIZE 0 0 0 R f 8 0 0 0
YIELD = 1.030E¢10 B.190E¢l]l . _
MELT = 1,085€¢1n 1,000E+08 0.EN 9,975€-01 1,0006-01
PMMA=BKA (BAKKER) RHOS = 1.1R4E+00 CFP = 000 DPY = 001
. EQST = T.000E+10_4,050E¢4l 1,000€E410 1,000E+00 2.500€E-01 3964UE+]]
YIELD =  1.000F«06 1,9%0E+10 2,850E409
HF =1 RHOS = 7.88€0 CFP= 000 OPY= 002 NCONz ¢
EQSTs 1,909€¢12 S.1T0E+12 7.360E¢10 1.,69E0 . 0.25E0 Sel7UEel)
YIELO = 1,030€¢10 8.190€¢11
MELY = 1,08%E4+10 1.000E+08 0,.ED 9,975€=01 1,0006=-01
LEAD (KOMN).. . ... RHOS = __ 11,355 CFP = 000_0PY.= 000 . . _
EQST = 5,00REe11 4,9B6E+i]l 9,155E+09 2,2 0.25 P2.019E¢)2
NLAYERS = 5 JMAT = 0 1 2 3 .
NZONES= 1 _ _..D .CELLS IN 1,512E«00_INCH __
NZONESS ) & CELLS IN 8,750E<D]1 INCH
NZONESE ) S CELLS IN 0.500E+00 INCH
. NZONESs .. .10 CELLS IN. 2,500E+00 INCH _. ...
~z?~ss- 1 & CELLS IN 1,000E+00 INCH
EXTRA

SNLIST P6(L)58) 8EQ T6(1)m=),36E~5S

“FIGURE 41 INPUT DATA FOR 4 CYLINDRICAL PUFF CALCULATIONS OF FRAGMENTING ROUNDS

INCLUDING SHEAR BANDING
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I10ENT FRAG RND FOR_FRLICH=4

NTEDT » 6 NJEDIT » NALPHA » 4
JEDIV = S1e824CONIe 2;\0‘-302.'12-7 -
NEDLIY = 104 JCYCS » 500 XS & 3,000Fe0) 1S & 3.00°E=00
NNTRLS = & MATFL = 1 UZERD = Oe MSCHRS = 000C11111L)
PETN . RHOSsS 1.0%0E¢00 CPP=s 000 OUPYs Q60
EQSY » 1,019C01y
1L TY 2 ]
0 [ *1)
.soogooo ol116€el} .}'otooo e7288¢00  LI16Fe00 o4069E¢)n
o281E*00 o309€e10 +200E000 o207€¢10 15VEeU0 +140Ee)¢
[ *HI
«343Ee00 o +8488¢0 «398€<0]1 +182E%09
«316E«0] .1308€¢09 .l!lt-!l 2960C¢08 ,200E=01 oT11E%0n
.1!'(. o - *ne - e —
HF=] SH BAND RHOS ® *,88€0 CFPs 030 LDPY® (02 MVAR 3 SR NCONs v
EQSTs 1,9500F¢12 S,170€¢12 ¥,360F¢1y 1,69E0 Ce25FD 50170F¢1Y
SH2 3.000€001 (2000E+u0 1,100E=02 1,U00E=0J 0,17 0.0TUEe00 ueOT:FeOU
1.6 3.000€=08 3,000C¢08 6. o2 17 /7,001E009
NSIZE 0 0 ) 8 L 8 0 0 0
YIELD = 1.030Ee2e 8419080)) )
MELY » 1,L85C¢1n V1,000Beun 0,E0 9.‘75[‘0‘ 1,000F=0)
PMMA=BKB (HARKER) RMOR s 1.1R4F¢00 CFP = 000 LPY s 001]
EQST = T.000E+10 4,050E¢8) 1,000E+10 1,000E«00 2,500F-01 390alEe]]
YIELD = 1.000€+06 1.9%0F«10 2,0%0E009
HF=] RHOS = 7.08¢€0 CFPs 000 DPYS 002 NCONs 0
EQSTs 1.580€¢12 85.170E+12 7,380E¢10 1,09E0.. . 0.25E0 Sel7VEel)
YIELD = 1,030F4) % l.l'OEoll
MELY = 1.,0R8SEe1n 1,000E«U8 0,.E0 9,975€=01 '1,000¢6~01
LEAD (NOHN) RHOS = 114358 CFP = _000_LPY s 000
€EQST = 5,00ACe11 ¢,906F¢1] 9,1588400 2,2 Ue?5 2601YE0)2
NLAYERS = 8 JMAT ® B | e 3 4 -]
NZONESS ) 3 CELLS IN 1,5)12€400 INCH _
N7ONESS | 4 CELLS I 8,7%50E=01 INCH
NZONESs 1} 3 CELLS IN 1,128E¢00 INCH
NZIONES® ) 3 CELLS IN 2,9590€«00 INCH
:Zgnis- | ? CELLS IN 1,0008+00 INCH
EXTRA

SNLISY U(2)8]),000,0160000910090e9%090401408

FIGURE 41

INCLUDING SHEAR BANDING (Continued)

INPUT DATA FOR 4 CYLINDRICAL PUFF CALCULATIONS OF FRAGMENTING ROUNDS




I0ENT FR 4 FHAAMTG RND OF HF=] TO STMULATE CROWES TESTS 1 #ND 2,

NTENT = 0 NJEPIT = 1 NREZON = 0 NALPHA & 2
CJEDIT & S19S24C0MIe 2.1924392:5125702.9 . ‘
NEDIT = 104 JCYCS = 300 ckS = 30.E0 iS s WDV E=0% !
NMTRLS = ? MATFL = 1 UZERO = 0,E0 NSCRB = i
. COMPH _ . . .RHOS = 1,T2E0 CFP_ = (000 DPY = 032 ,
€QST = 1,60 0.E0 1.E0 1.841E0 1,.Rs4)E0 I
QEXPL =  4.469F¢1A i
TENS = «1.0008¢09 0.E0 .. __~1.E0. 1
‘ MELY = <],.E0 '
1 HF=1 SH BAND RHOS ® 7.85E0 CFPs 030 DPY= 002 NVAR ® SR NCONs ¢
_EQSTs  1e909E412 5.170€¢)2 T,360E010 1,69E0 . 00,2560 . Sel17LEe1d
$H2 3,000E+01 (2000E+,0 1,100F=02 1,000€E~03 0,17 Us0TUE+00 0.0TaEDY
1,¢ 3.000€«08 3,000E+08 [ 1Y Y4 ol T.000E¢09
NSI2ZE . o0 __.6 _0 _9_ 8 8 2 0 ]
YIELD s 1,030F¢)0 B8,190€¢11
MELT = 1,088€¢10 1,000E+0¢ 0,E0 9.975E=01 1,00nE=01
NLAYERS = - 2.JMAT -1 2
NZONES® ) 1A CELLS IN 1,5 INCH
NZONESS® 1 19

CELLS IN 8,.750E~0]1 INCH 1

IDENT FR S FKAG ROUND OF ARMCO IRON TO SIMULATE CROWES TESTS 3 AND &

NTEDT = # NJEDIT = 1 NREZON = 0 NALPMA = ¢
JEDITS ® S1082:83,COM3 2,10 2.25 2e31 2,40 250 2460 2,70 2489 2.9

NEOIT = 104 JCYCS = 300 CKS = 3,000€+0]1 TS = B COIF=0Y

NMTRLS ? MATFL = 1 UZERO = 0O,
. COMPS . v —— .RHOS .= 1.72. . . CEP = 000 LPY. = 012

EQAST » lo [+ 19 1. loe.l loa‘l O Ve

QEXPL =  4,469FE+1A

TENS & «1,000E¢00 0, .. . =1, _._ . -

MELYT = 1,

ARMCO SH BANY RHOS = 7.85E0 CFPs 030 OPYs (002 NVAR = 5§ NCON= ¢
. EQST= 1.569E¢12 5,1T0E¢12 2,360E¢L0 1.69EQ  0e25E0  5¢17uke13

SH2 3,000E+01 2000E*Q0 1,100E=02 3,000E=04 0,17 0.0TUE+00 0.077F <00

| S 3,000E=08 3,000E+08 6o 02 17 T.001Fe09
NSIZE ] a 0. _ 8. e 8 o .0

MELT = 1.085E¢10 6,460E¢09 S.T00E-01 7,000E=-01 1,850F-01
YIELO = 2,000E¢09 B8,190E¢l1

NLAYERS = . 2MAY = _ 1. 2.
i NZONESs ) 10 CELLS IN 1.5 INCH
i NZONESs 1 14 CELLS IN 0,78 INCH

FIGURE 41 INPUT DATA FOR 4 CYLINDRICAL PUFF CALCULATIONS OF FRAGMENTING ROUNDS
INCLUDING SHEAR BANDING (Concluded)
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SUNROUTINE SHEARZ (NCALL o SNoMoRKoJs SN oBKeSYo8ZeSRYoPoTAUIONIUOLDs  SHEAKZ 2

c JOTOVEDIRQLOVENIENEL T sEPsEXsEY 1ER ERY o ¢ VWL s PLENIROT 1 DRUT 0 E S oCN) ::g::g 3

L]

¢ NOLTINE FOR CONPUIATION OF STAESSES wi1TM RATE-DEPENVEN! SHEANS L)

(4 YIELD MODEL FOR OEVIATORS AND MIE=BRUNELISEN FOR PRESSURE, SHEANR 6

¢ (F THRESHOLD PLASTIC SYRAIN 1S REACHED: SnEAR BANDS ARE SHEAND 7

c NUCLEATED AND OROWN IN ¢ ORIENTATIONS. SHEANZ ®

c_ _ Sks $Y¥y. S7 ARE DEVIATYONS [N EXTEANAL S16N CONVENTION, SHEANE 9

(4 P 1S YOSITIVE IN COMPRESSION, INTERNAL SI1GN CONVENTION 1§ SHEARZ 10

c POSITIVE IN CONPRESSION FOR ALL STRESS AND STRAIN QUANTITIES SHEAKR 1§

_€ ST 1S TOTAL STRESS A] PREVIOUS 1IME. SE 18 NEw DEVIATOR. SHEARZ 12

¢ tXe Eve €Z¢ EAY ARE STRAIN INCREMENTS IN EXTERNAL SION CON, Sht AN 13

c 8¢ SOE CHANGE EXTEANAL SION CONVENTION TO INTERNAL FOK SHEAND is

g. STRESS AND STAAINs RESPECTIVELY, . . :n::yg ::
NEAR

DINENSIUN BFR(0038) oNSIZE (3009) oFNUCLD) ¢ TAUZ(0) sEFR (D) oVFR (D) o SHEANZ 17

L. ISTLA)oES(4) a8E(4) o TEP(G) 9ESC16+20) oNSILT (6) ) . X SHEAR2 18

2 sCNUIUO) 1DEP (6) sCLE(400) sCNA(100) s YNAR () Shtan2 19

EQUIVALENCE (CNACLA) SHEANZ 20

DATA § £ ] S:E‘"Z S‘

1888/ 40204/ SHE AN 2

NCt-usthol . SHEAR2 23

.. .80 T0 t)0,100100+1002900)NC) SHEARZ 26

10 READ(ING1002) AlsA20(BER(M1)01822039) SHE AR 25

PRINT 1002+ Al1+A20 (BFR(MT) 9]022+28) SHEANZ 26

1002 FORMAT (cAS+TE1003/710%9TE1Q,I) . SHE AR2 F3

READ(IN9J003)A) 0A2¢ (NSIZE (Me1)¢19]+9) SHEAR2 28

PRINY 10030414429 (NSIZE(Mel)elmle®) SHE AN2 29

1003 FORMAT (248)91418) SHEARZ 30

VMAX (M) 80, SHF AR2 N

NSIZT(M)aNSIZE (Ms1) SHEANZ 32

DO )6 T8 She ARZ 33

16 NSIZ2T(M)aNSI2T (M) eNSIZE (M, 1) SHEAR2 36

VER(M)S], SHE AKZ 35

_IF (NCALL +€0, 1) 60 TO ¢S SHEAR2 30

NAN@SUF K (M932) SHEANZ 37

00 16 Is=1,) SHEAR? 3e

FNUCI] g 22022) SHEANEZ 39

16 FNUC(le3)s,.222222 SHEAKE 40

IF(NANG = 6) 20040930 SHEARZ 4]

20 FNUC]I®,333)3) SHE AR2 a2

IF (NANG ,GE.4) FNUC] ®,29 SHE Ang 43

D0 25 Im],é SHEANZ o

. 2%  FNUC(l)IsFNUCT . . . SHEARZ +5

IF (NANG LEQ,2) FNUCI(2) =,6060087 SHEAR2 'Yy

IF (NANU JNE. 8) 60 TV 3 SHEARZ 67

rnucm-.us SHE ARZ (3.}

FNUC(T)8,128 SHEAR2 49

FNUC(S) =0, SHEAN2 L1

. .. FMUCtiolsg, . e - SHF AN2 s1

60 T0 40 SHEARR 52

30 DO 3% Is7,NANS SHEARD 83

FNUC(II= 110100 SHEANR 56

38 FNUC(I=21s.11111) SHEARZ 55

40 CONTnUE SHEAR2 1

oS  RETURN SHEdW2 57

CDOOQOQO.. snc‘ka (Y]

c. ) SHEAK2 89

¢ COMPUTE STRESS AND UAMAGE SHEAN2 60

SHE AR2 'Y

. Coecsveace - SHEAR2 oe

FIGURE 42 LISTING OF SUBROUTINE SHEAR2
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100

120
110

IF (In) .0, 28) GO YO 800

IF (VRAA(M) ,EQe. Qo) VMAX(M)SSQRVT (ESC(MeS)/ESC(M9]))
COMPUTE STRESS REDUCTION FACTQRS Tauz(l).

TAU®D .

JNed

DQ. 110 NGulNANG

TAUZ(NG) B,

JFINSIZE (MING) oEQe 0 oOR, CN{JUN®]l) .EQe 00160 Y0 110
NSIZEMSNSTZE (MyNG) . .

DO 120 Is)oNS1ZEM

JNNS Ne28 Tl

TAUZ (NG) mTAUZ (NG) ¢CN{JNN) SCNI(JNNe] ) ##)
TAUSTAU«TAUZ (NG)

JINSJINC2ONSIZE (Mo NG)

Coosenaves

c

INITIAL TRANSFORMATION

CooRa00P08

Y

- ADJUST SIGNSsROTATE STRESS+TRANSFORM TO STRESS IN SULIU(ST)
RYSROTOROT+DROT

EMUSDOLL/ESC(Mel) =1

PHIEMU® (ESC (M2) *EMU® (LSC(Me3) sEMUYSESC(Me4)))

PSEPH® (] ,=ESC(Me9) PEMU/2,) ¢DOLD*ESC (Ms9) #EOLD

IF(PS 6T, 0n,) PepePSeTAL

. . SAB(SKeSY)#§S /2, 0P

SORsSIN(RT)

CORuCOS (RT)

SB8 ( (SX=SY)/2,2COR¢SRY®SOR) #SS

DO 140 1Isles

sT(1)=0,

G282,%ESC (M 5)

ST(1)® (SA+SR) /AMAX] (04029 (lo=(3o#TAUZIL)s1o5*(TAUZ(4)¢TAUZ(S)))
1 *VFRiM)))

. ST(2)8(9A=SB) /AMAX] (04420 (1e= (I, *TAUZ(2) ¢1e5®(TAUZ (4)2TAVZ(O)))

1 evERINY Y

ST(I)B(Pe(SXeSY)OSS) /AMAK] (06029 (1 ,=(Ie®TAUZ(3) 0] B®(TAUZ(S) e
1 TAUZ(6)))®VYFRIM)))

ST(4)S((SY=SX) /2,2SORCSXYOCOR) ®SS/ () o= () +S®(TAUZ(1)eTAUZ(2) )03,
1 *TAUZ(6))1®VFR(M))

PeiST(1108T(2)48T(3))/3,.

ROTATE STRAINS TO BAND ORIENTATIONS

EAB(EXeLY) /2,

EB® (EX=LY)/2,2COREXY*SOR

EBARSD 06670 (DH~-DOLD) /7 (DHeDOLD)

NSTEPSSURT ( (ARS (EA) +ABS (EQ) +ABS (EBAR) ) /7,002)

NSTEP=MAXD (NSTEPs])

€St1)s (EA+EB)#SSE/NSTEP

€S(2)8 (Ea=ER)@SSE/NSTLP

£8(2) 23, %CBAR/NSTEP-ES (11 eES(2) .
CS(A)B(((BYEX)/2,2SORSEXYOCOR) ®SSE) /NSTEP

00 600 NSsl NSTEP

00 160 11,3

SELI)INST (1) e820(ES(]1)=EBAR/NSTEP) P

SE(4)® ST (4)+G2%ES (4)

SNSSORT (1,59 (SE(1)#22eSFE (2)9924SE (J) #0242 ,8SE (4) #02))
DMNaDOLUFLOAT (NS) /FLOAT (NSTEP) ® (DH-DOLD)
EMUSDHN/ESC(MyY)=1s .

PHSEMUS (ESC (My2) +EMUS (ESC(My ) +EMUSESC(My 4)))
PEBPH® () .=ESC (Ms Q) SEMY /72¢) *DHNSESC (My O) ®ENH
Yiaymi .

IF (SN LT, Y1) 60 TU Soo

FIGURE 42 LISTING OF SUBROUTINE SHEAR2 (Continued)

108

SHEAkZ
SHEAKRZ
SHEARZ
SHEARZ
SHEAKZ
SHEARZ
SHE ARE
SHE AKZ
SHEARZ
SHEARZ
SHE ArE
ShEAk2
SHE AR
SHE AR
ShE AKZ
SHE ARS
SHEARe
SHEAKZ
SHE AKRZ
SHE AKZ
SHF Al
SHEAR2
SHEAH?
SHEARZ
SHE A2
SHEARZ
SHEAR?
SHEARZ
SKHEARZ
SHEAKZ
SHF AN
SHF A2
SHE An?
SHF AR2
SHE AR?Z
SHEAKE

SHEAkZ

SHE ARZ
SHE ARZ
SHEARR
SHE ARZ
SHEARZ
SHFARZ
SHEAR2
SHF A2
SHE A2
ShEAR2
SHEARZ
SHEAK2
SHEARZ
SHFAR2
SHEARZ
SHEAR?
SHF ARZ
SHEAKZ
SHE ANZ
SHEARZ
SHEAR?
SHF AKZ
SHEAR?

63

.5
60
67
68
6y
1]
71
72
73
Ta
15
76
77
I{]
79
.11}
ul
He
H3
-8
as
86
+7
BE
#9
24
9]
y2
93
94
98
96
97
98
%9
100
104
10h
o6
107
108
109
1i¢
111
112
113
114
118
118
117
116
i19
120
121
122
123
126
175




Coocsdsntee SHF AN teb
YIELD AND PLASTIC STRALINM CALCULATIONS SHE AR Ie?
Covessonee SHEANZ 126
EXPT = £XP(<DTO/BFR(Me30) /NSTEP) SHE A2 129 {
YEQu(Y100FR(MeII)OSN/2/88) 7 (1,00FR{N:31)/24/762) /8N SHE Ap2 130
00 180 1el,3 SHEANR? N
100 SE(LIS(ST(II=P)CEXPT(YEROSE(])o@FR(MeIDIO(SE(T) ST (])oP)/ She a2 132
10TOSNSTEP) # (] ,«EXPT) ) SHE AR 133
SE(AIBST(AIOEXPT o (YEGOIE (4) eAFR (M I0)1 S (SE(4)=8T(4) ) /DTOONSTER) @ SHEANZ 134
. 1 t)e=ExXPY)y SHEANR 135
DO 200 1leled SHEANZ 130
200 OEP(1)tS(1)=EBAR/NSTEP=(SE(T)=ST(I)eP) /62 SHFAR? 137
DEP(4)BES(4)=(SF(4)=8T(4)) /02 SHEAW2 138
. DGAMMASSORT (1. 5% (DEP (1) *024DFP (2)9924DEP (3)©92) 00, 780DEP (4) SHF AN2 139
100) SHEAK? le0
YHLSYHL+BFR (M 3]) *DGANNA SHE AWZ 1l
OPLENKS {(SE(1)+ST(L)=PIODEP (1) ¢ (SE(2)oST(2)oP)ODEP(2) 0 (SE (D) o8 SHE AR2 162
17(3)«P)®DEP (3) ¢ (SE(4)e5T(6))CDEP(4)) /72, /0ONN®ANAR]Y (Bo0],=TAU) SHE AN? 143
DPLENKSABS (DPLENR) SHEAK? les
EPSEPDUAMMA SHEAR? 168
PLENSPLENGOPLENR SHE ARZ 180
covsesvedes SHF AR2 147 !
c COMPUTE PLASTIC STRAIN IN EACH ORIENTATION SHE AN2 148 §
covsacsesee SHF AR2 169 !
STR)=ABS (SE(4) ) SHF AR 150 !
STR2=ARY (SE(4) ) SHE AK2 151 !
STR3Is0, SHEAN2 152 ;
STRAmABS (SE(])-SE(2)) /2. SHFAK2 153 .
3 . STRSaSQRT ((SEL])) =SE(I) ) #02.2,08E (a)082) /2, SHF A2 156
: STROGSQART ((SE(2)«SE(3) )1 902,2,08C (4)002) /2, SHE AR2 158 i
SNESORT (] .50 (SE (1) 002¢SE (2)02SE () ¥0242,9SL (4) 202)) SHEARZ 156 :
TEP (1) sUGAMMA/SNOSTR] SHY Ak 157 i
TYEP(2) sLGAMMA/SNOSTR2 SHFAN2 198
TEP(3) sUGAMMA/SNOSTRY SHEAK2 159 o
: TEP (4) SUGAMMA /SNOS TR SHEAKZ 160 f
TEP(S) sUGAMMA /SNOSTRS SHFAR2 161
TEP (6) sUBAMMA /SNSSTRE SHE AR2 lo?
Coesatesnse SHE ANZ 163
SROWIH PROCESS SHEAKRZ 166
Cooeatnatae s’“.‘“? 165
NTOTe2ONSTIZT (M) SHe An2 166
DO 250 1=l,NTOT . SHEAK2 167
250 CNA(I)YeCN(]) SHE AR2 low
I1F (EN oEqQ, 0) GO TO 200 SHE An2 159
JNuQ SHEANZ 17¢
DCESVMAX (M) ®OTN/NSTEP SHE Ak M
DO 350 NG=1(NANG SHF AN2 172
DGAMSO, SHE AHP 173
3 IF (NSILE(MoNG) oEQe Us oORe CN(JINO]) (EQe 0 oORe TEPING) obE. 0,0 Shrawg 174
1 GO TQ 34s SHEAr? 17%
EXPESEAP (BFR (M22) *TEP (NG) ) SHE Ak 17¢ E |
NSIZENSNSTZE (MyNG) ShE ARD 117
DO 300 13]1.NSIZEM SMEANE 176
JNZeINeg® (NSTTE (MyNG) o) =1) SHEARZ 179
CLAGJINZ) SAMINT (CNIJUNZ) ®EXPE ¢ CN (JN2) ¢DC) . SHE AN2 [V
] . 300 NOEAMBDGAMICN (UN2<1)93, J40RFR (M427) 8 (CLA (JN2) #03=CN (JIND) #0]3) SHE AN2 14
] IF(DGAM L LE, TEPING)IGU TO 348 SHy Ak Q2 1u2
RESTEF (NG) /DGAM SHF An LK
NCReDCOKR SHE AN 18¢
. FXPESEXFEe*RR SHF An? 185
NSIZEmanST2E (MoNG) SH Ar2 Ire
00 340 i) oNSTZEM SHF AR ¢ 11%;
[ JN2BUNe @ (NSTTF (MyMG)odoT) SHb Anp Vb
1
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340 CLACJIN2)PAMIN (CN(JN2) ®EXPE 1 CN (JN2) «DCR)
345 TEPING) mAMAX] (0o TEP(NG) =DGAM)
350 JUNaJNONSIZE (MeNG) ®2

—— 360 CONIINUE .

DO 365 NG=1,NANG
365 CNINTOToNG)sCNINTOTeNG) +TEP (NG)
cesnsscncee

c NUCLEATION PROCESS
PIIYTYYY Y YT

— . . 1EPHeg...
DO 370 NGumlNANG
370 TEPMSAMAXY (TEPMCN(NTOTONG) ¢ TEP (NG))
. BE LTEPM LT, BFR(Me26)) GO TO Sg0
JNe§
DO 450 Nas1,NANG
. 1F ANSIZE(MyNG) EQ. D) GO TOQ 4S50 . .
IF (CN(NTOTeNG) ¢TEP(NG) LT, BFR(Me26) +OR, TEP(NG) oLT, 1,E=5)

Lo ;lltﬂgtilfilloll)0'!0¢(ll)01DPL!NRID'0.NSVEP/BFR(ﬂo:S))"z
CNRs(Q .

NSIZ2EMaNSTIZE (MyNG)

DO 440 1s)¢NSIZEM

11eNSI2E (MgNG) o) =1

JINIsJheget]

IF (CLA(JNT) ,NE...0.) GU TO 420

CLA(JNI).BFR(HoZO)'(l.'BFR(NOZ9)..II)I(l.-UFR(M029)"NSlZE("oNG))

CNIJNI) SCLA (UND)
420 CNLSONO®EXP (w (CLALJUNI)*CN(JUN]I))/2,/BFRIMe24))
JNNaJNegolla)
CNA (JNN) sCNL=CNReCN ( JNN)
440 _CNRaCNL .
ENSEN+CNL
450 UNSNSIZE (MyNG) #2¢UN
LX) CONTINVE
c.."......
[ COMFUTE TAU AND REFILL MAIN AKRAYS
Coesnnassss
TAUsO.
JN=Q
1F (EN EQ, 0,) GO TO So00
00 49¢ NGs=1 4NANG
TAUZ (NG) ®a,
IF (NSIZE (MeNG) oEQe0 +OR, CNA(JNe]l) LEQ, 0a) GO TO &49¢C
NSIZEMSNSIZE (MyNG)
DO 480 Is)yNSIZEM
. JNNeJNe20#l=)
CN{JNNo 1) aCLA (UNNe])
CN(JNN) sCNA ( JNN)
480 7‘“1(”6)'7‘“2lNGl’CNA(JNNl'CL“(JNN°l)"3
TAUsTAU+TAUZ (NG)
490 JINOYNONSIZE (M¢NG) #2
IF(TAVRVFR(M) ,GE, 1s) GO TO 800
500 CONTINUE
PsPE
DO S50 ls143
550 ST(I1sSE(T)ep
ST (4) =St (&)
600 CONTINUL
c........'.

C TRANSFOKMATION TO GLOBAL ORIENTATION
Connononsen
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SHEAK2
SHE ARZ
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SHE AR2
SHE ARZ
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SHE AR2
SHEAR2
SHE Ax2
SHF B2
SHEAKZ
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SHEAKZ
SHF Ak2
SHF AR
SheAke
SHE A2
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SHEAKZ

SHEARZ

SHEAKN?
SHE AR2
SHF A2
SHFARZ
Shi AR
St Ak
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SHEBKF2
SHEAKD
SHE Ak2
SHE ARE
SHF Ax2
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SHF AkE
SHY Ak2
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SHE ARZ
SHFAR2
SHE AN
SHE AR
SHEANZ

1ro
190
19)
192
193
194
19%
196
197
198
196
200
201
202
fu3
2%64
P41
2ue
2u7?
208
209
210
211
21e
213
214
215
216
cl7
21k
219
eau
22l
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1
1
l
1

st:qp-gltt)ogn.ul¢...g;..|1.|0lrluztl)othﬂlttb)03.-15u100))0vra¢n) SHEAR2

)
SJ::"SI(l"lllllll.o(lg°j3|97AUl(‘)tl."(TAUllODQ'AUZCQ))l'VFI(N’
S':!"Sl(2)OA~AXI(Ooo(lootio'flul(3!0!0801700210)07AUZlOD))'Vfﬁlh)

| N . ; . . :
ST:?)'SY(J)'ANAIIlOoo(300(3007‘01|3’01."!!!01(!)0"0!10!)i.VFﬂ(M)

Po(QT(1)+8T(2)e8T())/30
SAS(ST(1)eST(2)) /2,
SBN(ST())=ST(2))/72,2COR=ST (4) *SOR
SAYR ( (ST (1)=8T(2))/72.2S50R«SY (4)*CON) o3S
SXu(SA«58-P)0gg ..
SYs(SA«pBP) 0gs

$20(8T(3) «P) 0gg

IF (PE ,0T. 0,) '-DOPI'TAU
IHIn20,9TAU«2,0

IF _(NCALL .6E, 3) GO TO 900
AETUAN

.Cooseneense

Ceecee

L LLTLY)

970
78

8000 FONMAT (3H Ka1S.3H JeISeSH INI=]Se8M ROTSEL0.DodN ENSEL0.I

1
83500
99901
9002
1000

" 1980

COMPLETL SEPARATION

20000

EMUsDN/ESC (Mo ) =1,

PHREENUS LESC (Mo 2) oEMUS (ESC(Me 3) +EMUSESC My 8)))
PEaPHE (] <ESC (Mo 9)®IDH/ESC(Me])o],)/2,) sDHOLSC (M, 9)OEN
PeAMAX] (PEsO,)

Shap, .

SYag,

Si=p, - . . .

" SAYmO,

IH3e2S
IF _ (NCALL +GE. ) 60 _TO %S¢0
RETURN

PRINT DAMAGE ARRAYS

[ I BN

IF (EN .EQ. 0,) RFTURN
PRINTY OOOOQK.J.IHJ.ROIpENotAU.IP
JNug
00 1000 Na=1,NANG
NSaNS1Zt (MoNG) @2

IF (NS ,EQc 0 ,OR, CN{JN®1) +EQs 0,380 TO 1000
1lsJNenNSal :
CNA(II)eCN(]])

.1F (NS LLE, 2) 6D TO_918

00 970 1uIeNS,2

11aNS=]e N
CNA(IT)®CN(IT)eCNA(T]02)

CONTINVE
PRINT 8500¢N0
PRINT 90010(CNA(JNOl)vl'loNSol)
PRINT 9002+ (CN(JUNe¢I) ¢ J®24NSs2)

Sit TAURE10,3,0M0 EPOEll.l
FORMAT (4H Nge1S8)
FORMAT (ai1 Chinlp 1E10.202%))
FORMAT (4W CLR10(€10:342X))
JN.JNON;
NT0Te2eng12T (M)
PRINT 9003+ (CN(NTOTel) oTa)oNANG)
FORMAT (16M TOT PL STRAIN s6F10,3)
PRINT 19800 (TAUZ (1) 030l oNANG).
FORMAT (6M TalUZs SF10.0)
RETURN
EN0 —

" FIGURE 42 LISTING OF SUBROUTINE SHEAR2 (Concluded)
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