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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-i 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 accordinig 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 300, 450, 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 observations of impacted projectiles.
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11 INTRODUCTION AND OBJECTIVES

Shear banding, the development of internal regions of inutense

plastic strain, Is a prominent mechanism of deformation and fracture

leading to the disintegration of exploding rounds, long-rod penetrators,

and armor plates. 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 armors 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. 2The 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-l 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:

* Conceive and perform experiments in which shear bands were

produced and arrested at various stages of their development.

3



0 Observe shear band phenomenology and make quantitative measure-

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

spacings.

* Develop a computational model Incorporating mathematical

expressions describing shear band behavior.

* Incorporate the shear band model in wave propagation codes.

Test the model by computationally simulating experiments and

comparing computed and measured results.

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.

4



I II SHEAR BAND MODEL DEVEIDPMENT - 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-l 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,

observe the shear bar~ds, 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
3

fracture. 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.

5



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-l

steel, a material that has been used in naturally fragmenting rounds as

well as in previous shear banding studies. The HF-l steel tubes were

provided by the Naval Surface Weapons Center.4

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.

6
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Table 1

CONTAINED FRAGMENTING ROUND EXPERIMENTAL PARAMETERS

Shot No.

5084-2 5084-3 5084-4 5084-5

Dimensions (cm)

HF-i steel tube

I.D. (g) 7.68 7.68 7.68 7.68

O.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

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/ t Nitro- PETN/ PETN/

ti-spheres methane -spheres u-spheres

Explosive density

(gm/cm3 ) 0.98 1.135 1.05 1.34

Expected detonation

Velocity (mm/Psec) 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.

1Pentaerythritol tetranitrate (C5 H 0 12N 4)/hollow plastic micro-spheres

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

by weight.

8



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 ri11 produce

larger strains even if the buffer tube thickness remains the same.

Furthermore, there is a complicated pattern of stress waves and ref lec-

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 deplete

our limited supply of HF-l steel) to establish the geometry of the

experiment, we performed four contained fragmenting cylinder experiments

with HF-l 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 lip 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 ow 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 Pw 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,
0

and the shear band continues to propagate into the material along the 45

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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(a)

(b)

0.5 mm - - , ,:.~ AJ

MP-5084-15

FIGURE 5 INCIPIENT SHEAR BAND FORMATION IN HF-i STEEL SHOWING
(a) SURFACE DIMPLING, (b) INITIAL SHEAR MOTION AT A DIMPLING
SITE, AND (c) SUBSEQUENT GROWTH



shear band has a reduced tensile strength, so that subsequent tensile

stresses can produce a crack in the shear-banded zone, as seen in Figure

5(c).

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

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 f 15%, but have not grown to significant size (the

size where coalescence or fragmentation may take place) at equivalent

plastic strains of 28%.

15



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 (R E ) 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 A 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, 1 is in the axial direction;

for type 2, A is in the circumferential direction; and for type 3,

£ is in the radial direction. Within each orientation type, there are

two possible directions--90 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

16
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(a)

(b)
MP-5064-4

FIGURE 6 HF-i STEEL FRAGMENTS RECOVERED FROM (a) SHOT 5064-4
AND (b) SHOT 5084-5

Arrow shows fragment used for quantitative shear band study.
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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

eparated in tension, although the material on opposite 
sides of the

transformed band has slipped distances that are orders of magnitude

greater than the ft 5-11 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. If 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 fromt 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
0

intersect the inner surface at the two different 45 planes. For identi-

fication purposes, the shear bands are labelled by a number and a letter

(e.g., band lB 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, some 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-l
tube, causing tensile failures.
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(a)

(b)
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

photomicrographe warn 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 bandu, a statistical trans-
4

formation similar to that used for tensile failure analysis 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 line 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 I is 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 Pw 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 band. 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 observations:

Is Multiple waves of tension and compression propagate through

the thickness 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 axil] 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 450 to the principal directions; that is, in the

directions of maximum shear stress.

*During plastic flow, many mall 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-

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 form 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 band 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 stress 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 until 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 nucleation,

and the orientation of the bands. When the plastic shear strain exceeds

a threshold value, nucleation begins. 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

plastic strain serves as the threshold criterion. Thus, the threshold

is an observed quantity and probably varies from one material to the

next.

2
The derivation conducted by Seaman et al. 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

32



to the sum 6f 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~ dEp Es~ 1
= C F • d dCPO

dt n n T cr dt dt

Here E is a critical energy, taken to be the melt energy; dE P/dt
cr

is the rate of increase of plastic strain energy; N is the number of

shear bands per unit volume in the CPe direction; and Ep  is theCPO
plastic shear strain in the same direction. C is a coefficient with

n
the units of time squared, and F is a factor representing the fraction

n

of solid angle assigned to the c96 orientation. Orientation effects are

treated in more detail later. The factor d P/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.

dE p  = V E Cr' dCJ (2)

ii ii

where V is specific volume,

Here (9 is the polar angle and 0 is the angle of rotation about the

pole.
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0r Is the deviator stress in the ij direction, andii

d(P Is the plastic strain increment in the ij direction.
ij

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

dep ij dip (3)

where a ' . 1U'a1 2 + (aTI 2) 
2  + (at + 2(0jr'~ (4)

-p ~ ~ l 1+1 22 +(E 3 3 12

dip = JT (d p2 + de p 2 + fp 2 +2(de 2 (5

W!ith the Nql-5 factor in the definition of de , d( is the shear strain

in any geometry Where two strain components are equal. The plastic
ps

shear strains In the six orientations, df1 j , are obtained by using

for 0 in Eq. 3 only the shearing component of the deviator stress
ii

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

listed 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 '

12

2 radial -I
12

3 circumferential - none

0

4 45 between 2( -pI )
axial and radial 11 22

5 450 between axial 3 -( 11 )2 + 2 a12

and circumferential !(ll 33 12

6 450 between radial 1 , , 2 2 U 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.

c 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 45 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

0
on the unit sphere (for example, x = • 1) whereas each of the 45 orienta-

tions represents four points. Therefore, it seemed reasonable to weigh

the six points with factors, F = 1/9, 1/9, 1/9, 2/9, 2/9, and 2/9,n

respectively.

For each orientation there is a set of size groups consisting

of a number of bands per cubic centimeter N with a radius R . Initial-i i

ly these size groups represent the continuous distribution

N = N exp(-R/R ) (6)
g o n

where N is the number of bands/cm3 greater than R
g

N is the total number
0

R is a nucleation size parameter.

n

This continuous distribution is divided into size groups such that the

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

i

AN, = ktt [exp(-R/R n ) - exp(-Rl/Rn)] . (7)
ii n i+l n

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

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,

dR r dEP[9S~j(8
dt G dtR(8)

ps

where C is a growth coefficient, dEf /dt is the plastic shear strain

rate on the 0e plane, and R. is the radius of the i 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 2 R +V At
2 1 max

where V is the shear wave velocity. The second requirement is basedmax

on a restatement of the Orowan equation used in dislocation dynamics.

The appropriate expression here is

dCp  d

dt dt( NR (9)

2
where B is the average shear slip over the area IT R of the band.

i i

If N (the number of shear bands) is replaced by the band edge length

ni = 2R tN I, and Ni is presumed constant during differentiation, the

usual Orowan equation is obtained. Over R finite time interval and for
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a fixed number of bands, Eq. 9 take. the form

2 2
Up NT2i(B 21R 21-B liR ) (10)

where subscripts 1 and 2 indicate quantities before and after the time

step. If AC from Eq. 10 exceeds the total imposed increment in

plastic strain, then RH 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 be 5 to 10% of

the radius. That is,

B =bR .(21)

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

then takes the form

p 3 3
be=VENi(1- R ) . (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 a over the total or

gross section is then related to the stress as in the intact or solid

material through a damage quantity D. In tension the relation is

a = as(:-D) .(13)

The gross section A 9is composed of a solid area and a damaged area

A 9(1-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 = fb N R 3(14)
i i

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

f f 3
V =T F ZN (R ) = 1.0 (15)

where T Fis a dimensionless volume factor (about 4.0)

f f th
N and R are number and radius of fragments in the i size

i i
group.

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

factor 0:

N f~ (16)
i N

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 associated with each fragment. Therefore,

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

band sizes through the factor Y:

R f (17)
i Ri

f f 3Here R is defined so that the fragment volume is T F R ) where TF

is about 477/3. The cracks forming the fragment sides have about the

same area as the sides, so Y is 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:

V = TY 3  N R 3 1 (18)

A comparison of Eqs. 14 and 18 shows that damage appears to be 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

T FY 3 N R 3 is a measure of the damage associated with the bands
F i cicp0i
in the 0p orientation. We can assume that the damage felt in any

direction is proportional to cos2 where 0 is the angle between the

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

x direction is

Dxx =3TFVY3[Txx + 0.5(Txy + 7x)J (19)

where
3

T INRl (20)
i i i

and the subscripts on T identify one of the six orientations considered.

The factor 3 in front of the expression for D permits D to reach 1.0

xx xx

when V reaches 1.0 with all T's equal. The 0.5 in the expression for D

24 xx
is cos 45 . The damage quantity in the y and z directions are computed

by Eq. 19 with a natural permutation of the subscripts. For the xy

direction the damage is

3)
D =3T 3[T x+ 0.5(T x+ T ) (21)
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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,
5

the gross pressure P is related to the solid stresses Or for the

tensile case. Then the gross stress 0 is

Gs ( - DI) (22)(rii = ii

ii(1 - Di) or' ( 1 - D ) + Ps[3 - (D + D + D
ii a 11 22 33

3 3

1 cy's (1 D + P (l D) (23)

3 il s

where T D = 3D, P is the solid pressure, a is stress on the

gross section and a is deviator stress on the intact or solid material.
ii

For the compression case a suitable modification of Eq. 23 is obtained

by deleting the factor (1 - D) and defining a modified pressure PI

1 rs 1 =- a a (1 - D) + P = a (1 - D + PsD (24)
3 ii ii a 3 ii ii

:P +PD
5

Then for tension let P' = P and use Eq. 24 to define PI in compression.

IWith these definitions of P , the solid stresses are related to the

gross stresses as follows in both tension and compression:

aIy + p,

5 ii
S 11-D (25)
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At the beginning of a strain increment calculation, T and P are5

computed from the existing shear bands and density, and P" is calculated

from the old gross stresses, a0ii and from P for compression. Then the

C0i are calculated from Eq. 25. At the end of 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

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:

P =P - -) + FPE (26)
H 2

where = P/P -I

F is Gruneisen ratio

p is the current density

p is the zero pressure density
0

E is the internal energy

and PH = K Ip + K2 p + K3 P is the pressure on the Hugoniot. K1 is

the bulk modulus, and K 2 and K3 are coefficients in the Hugoniot

expansion.

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

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

stresses are computed as
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I I

a 2GAC + (27)
iJ ij ijo

where G is the shear modulus,

Ae' is the deviator strain increment and

(7a is the deviator stress on the previous cycle.iJo

For yield calculations, the effective stress from von Mises plasticity

theory is used

2 ij ij

Yield occurs for a > Y, the yield strength.

A linear work-hardening is assumed such that

-p
Y = Y + Y (29)

0 D

where Y is the work-hardening modulus
D

-p f3 p pand pd(P d the equivalent plastic strain,
iv i ij

defined in terms of the plastic strain deviator increments df
p

ij

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

parameter model

dEp

, tJn , a' -Y-
drij d i l dep

d - 2G dt - (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. is

aii = i exp[-(t - t )/T) (31)iJ ijo 0

-N ],
Y D a'

- + 4 T - 1 exp[-(t t )/T]
YD -N + t - to ( - o
D Co 0

4G

where t - t is the duration of the time increment
0

Y is the yield strength at the beginning of the increment

i N -N
0' and a are elastically computed deviator stress andii

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 five experiments are shown in Figures 16 and

17. Thiiee are configurations used by Crowe et al.; 4the 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

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 treated 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 10 4/sec through the period of high damage while experiment 5084-4

occurred at a strain rate of 6 x 10 3/sec. The experimental results

with HF-l show that an increase in strain rate leads to a much larger
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WITH SRI PUFF AND THE SHEAR BAND MODEL
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10 II

-Experiments

Simulations
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FIGURE 18 COMPARISON OF EXPERIMENTAL AND COMPUTED FRAGMENT
SIZE DISTRIBUTIONS FOR HF-i AND ARMCO IRON CYLINDERS
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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. Thiu difference may be associated

with the smaller number of inclusions in Armco iron, or with the lower

yield strength; the data base in not yet adequate to provide such an

association.

The marked difference in the distributions measured in the two

HF-l experiments provide a good test of the model. The same parameters

were used in both HF-l 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-

-3 -4
efficient one-third that for HF-i (C =10 for HF-l, 3 x 10 for

Arnco). This difference in parameters probably arises because of the

fewer nucleation sites in Armico, 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 rcitmds required much longer to reach full fragmenta-

tion than the nnconfined rounds. Crowe's experiments took about 45 ".ec

to reach full fragmentation, 4according to the calculations, while the

contained cylinder required over 200 'Lsec. 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 I was the first one activated; the others 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,
0

the first shear band mode activated was usually orientation 1 at 45

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

Psec. By 110 psec, 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.

50



00 On~

OB w

Ln P,0

(0 a0

zc
Ln0

cnL o n LL

411114

U,
ID

fill 0
An z

0

C44

z z

(N (*..

In z
NN 0

N Nto
DN

00

LU

MD

wo sma0

514



' Some Shear Banding
; Fragmentation by Shear Banding

MA-50e4-4 1

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 taken a larger portion of the total

plastic strain until c11 is being absorbed by the bands. This means

that after the threshold of 30% equivalent plastic strain is reached,

the plastic strain taken in homogeneous 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 iicrocracking 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.
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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-i 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 quantities in three dimensions, although it is used

in one- and two-dimensional wave propagation codes. The model permits

bands to grow in mix 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 sumnmed over all the material to form a Mott plot.

Five experiments were simulated: four of HF-i steel and one of

Armco iron. Three cylinders of HF-i 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-l

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-i 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) 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.

(2) 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

alsob examined analytically by studying the behavior of a

single band in homogeneous material. Band width should be

determined as a flimction of strain rate, thermal ;Lonliuctivity,

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) 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.

(4) 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.
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V OBLIQUE ROD IMPACT - EXPERIMENTAL PHASE

The mechanisms for fracture of a long-rod penetrator under high

velocity impact (either oblique or perpendicular) with an armor plate

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

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

0
were impacted at a velocity of 1 km/sec and a 55 angle of obliquity

into a target of mild steel with an overlay of ADB5 alumina ceramic.

,

Product of Coors Porcelain Co., Golden, Colorado.
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We first examined the distal halves of the projectiles---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 % 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 Um 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.
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1 cm

(a) 20 um

(b)

L 20 v

(c)(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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MP-5084- 19

FIGURE 23 PHOTOMICROGRAPHS OF DISTAL HALF OF OBLIOUELY IMPACTED TUNGSTEN
ALLOY LONG-ROD PENFTRATOR SHOWING (a) UNDEFORMED REGION,
(b) REGION OF PRIMARILY HOMOGENEOUS SHEAR DEFORMATION. AND
(c) 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
1

penetration experiments, was modified for use in scale-model long-rod

penetrator oblique impact experiments. Hemispherical-nosed HF-1 steel

projectiles 3.175 -m in diameter and 38.1 mm long were fired 
at a 550

angle of obliquity into 1-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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(a)

(b)

MP-5084-17

FIGURE 24 FRAGMENT (a) RECOVERED FROM OBLIQUELY IMPACTED TUNGSTEN ALLOY

LONG-ROD PENETRATOR FIRED AT LAWRENCE LIVERMORE LABORATORYI
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

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

0
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 pm wide, across which the two opposite surfaces
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550 IMPACT HF-i PROJECTILES

~~ 0.97 mm/jLaec

000% 0.84 mm/msec

00400%. 0.61 mm/usec

AO* 0.55 mm/pusec

oposotak 1 0.50 mm/psec

#00*Vs" , 0.30 mm/pusec

_______ 0.17 mm/pusec

MOW=__ VIRGIN

MP-5064-18

FIGURE 25 HF-i STEEL LONG-ROD PROJECTILES
RECOVERED FROM OBLIQUE IMPACT
TESTS AT SRI INTERNATIONAL
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have slid as much as 50 p~m or more. The inset at lower left shows two

such bands running parallel to each other about 60 p~m apart.

A polished section through one of the smaller fragments is seen in

Figure 28, along with two high magnification 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

strain before banding.

D. Conclusions

Shear banding is a principal mode of material failure in high-velocity

Impacts of tungsten alloy and steel long-rod penetrators, although the SRI

experiments indicate that tensile fracture may also be important, particularly

at larger impact angles.
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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

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 550 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) TROTT 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 conditionp.

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, y1 ) represent one point on the target. Then the equation of the

target is

x = x 1 + (y - y) tan6 (33)

where 6 is the angle of the target measured so that 6 = 0 is a normal

impact. Then if a coordinate with the initial position (xA, y A), that is

point A in Figure 29, moves with velocities i, y, impact occurs at point
B at a time

x-XA + (Y- Y) tan6
6t- 1 A A 1 (34)

* - t tan G

If 5t is less than the current time step in the wave propagation

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

coordinate locations are at B
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PROJECTILE

IMVABLE WALL

MA-5084-30

FIGURE 29 SLIDING OR STICKING CONDITIONS AT OBLIQUE TARGET
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XB =X A + 6t

(35)

YB=yA+ 8' t

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

V T= isin 9+ jcos 9.

The x and y coordinates of this velocity are

V = V Tsin

V = T TCos e

The final coordinate locations are then

X D = x B+ V (At- 6t)

yD=yB +x At-6

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 selparately 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:

0 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:

At= 0. 9L

C

where AX is the length of the shortest slide, C is the

sound speed augmented to account for articial 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.
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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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2.0 *FRACTURE HAS BEGUN K 2

K 0

E0 3
.0

-0.5 30

MA-WM8-32

FIGURE 31 DISTORTION AND DAMAGE NEAR FRONT OF PROJECTILE PLATE FOR 300
OBLIOUITY, NO SLIPPING
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20 FRACTURE HAS BEGUN K 2

1.0

5.06.7.80

-0.4V

X-cm
MA-5084-33

FIGURE 32 DISTORTION AND DAMAGE NEAR FRONT OF PROJECTILE PLATE FOR 300
OBLIQUITY, SLIPPING
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2.0
o FRACTURE HAS BEGUN

1.0 K =30

E

X0.- X cm MA-5084-34

FIGURE 33 DISTORTION AND DAMAGE NEAR FRONT OF PROJECTILE PLATE FOR 450
OBLIGUITY, NO SLIPPING
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0 FRACTURE HAS BEGUN

K22

U1.0

X-cm
MA-5084-35

FIGURE 34 DISTORTION AND DAMAGE NEAR FRONT OF PROJECTILE PLATE FOR 4te

OBLIQUITY, SLIPPING
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9 FRACTURE HAS BEGUN

1.6-K 26 K 8

E
U 1.0

K03

-0.4L50

X -cm
MA-5084-36

FIGURE 35 DISTORTION AND DAMAGE NEAR FRONT OF PROJECTILE PLATE FOR 55e
OBLIQUITY, NO SLIPPING
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2.0 *FRACTURE HAS BEGUN K 3

K 28

-02 Lx - cm MA-604-37

FIGURE 36 DISTORTION AND DAMAGE NEAR FRONT OF PROJECTILE PLATE FOR 550

OBLIQUITY, SLIPPING
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Graphs of the forces and bending moments on sections through the

projectile at 14 psec 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
0 0 0

45 and 55 impacts, but a contrasting trend is shown at 30 . 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 55 0(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 a radius of the inner surface, R a radius of outer surface,

a = R-r =_ wall thickness, and x = i(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 (Q = 0) andz

that the final volume strain is zero (Cr+ C+ Ez = 0). Therefore,

:r= -C, and furthermore, the cross-sectional area of the tube remains

constant .e., a x = a xf, or f 0
ao

Now we define the equivalent plastic strain:

p 4i + CP2+ (CP)2

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

* This definition of equivalent plastic strain coincides with the

definition of the differential dip  in Eq. 4 if the ratios dcp/dc
p p 0 rand dfdC r are constant throughout the flow. For ( = 0, thez r z

ratios are constant.
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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, dE a da/a. Then

r  /a in In -t f

a0

Similarly a change in radius alters the circumference and induces a

circumferential strain de6 = dr/r.

dr - in in +(e -- ~ +

In these expressions cr and e0 represent average strains through the wall

thickness. The equivalent plastic strain is then

E: /3 i~e-V "lcrl

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 takes by the bands).
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APPENDIX B

USE OF THE SHEAR BANDING SUBROUTINE IN WAVE

PROPAGAT ION 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,

f or 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. NMALL 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 = 0; 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 CALL5 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 zarray is constructed from the existing damage quantities. The

T values are used to transform the external stresses and strains to
z
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
Z

are transformed back to the external sign convenition 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 IV so that internal variables should be

93



Table 3

DEFINITION OF FORMAL PARAMETERS IN SHEAR2

NCALL An indicator for the type of calculations required;

see discussion in part 2 of this Appendix

IN Data input file number (usually 5)

M Material number

K Cell number in the K direction

J Cell number in the J direction

IH3 A damage indicator (20*TAU+2.9), output only; initialized at 2.

Set to 25 at full separation.
8X Deviator stress in the X direction (dyn/ca 2
SY Deviator stress in the Y direction (dyn/cm )

SZ Deviator stress in the Z direction (dyn/ca 
)

SXY Shear stress (dyn/cm2 )

P Pressure calculated for the cell (dyn/cm 
2 )

TAU Damage (E NR3 ) in the cell calculated on the last cycle;

ranges from 0 to 1

DH New incoming density (g/cm 
3 )

DOLD Cell density determined on the last c,-lt (/cm 3)

DTO Time step (sec)

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

BOLD Energy of cell in previous cycle (erg/g)

EN Total number of shear bands in the cell (number/cm )

EMELT Value of internal energy at which material will melt

EP Total effective plastic strain

EX Strain increment in the X direction

EY Strain increment in the Y direction

EZ Strain increment in the Z direction
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EXY Tensor shear strain increment

F Thermal softening factor; varies from 0 to 1

YHL 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 )

PLEN Work devoted to plastic strain on previous cycle (erg/g)

ROT Total angle of cell rotation as of the previous cycle

DROT Additional angle of cell rotation since the last cycle

ESC 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)

ESC(Ml) Original density (g/cc)

ESC(M,2) Bulk modulus, C(dyn/cm 
2 )

ESC(M,3),

ESC(M,4) D and S in the pressure equation:

2 3
P - CIA + DA 2 + SIL , where J = DH/ESC(M,l) - 1.

2
ESC(M,5) Shear modulus (dyn/cm2)

i

ESC(M,9) Gruneisen's ratio,

CN 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 2 NSIZE(i) + NANG;
array must be dimensioned in the calling routine.
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IV
Table 4

INPUT DATA FOR SHEAR2

BFR array Nucleation and growth parameters for shear bands

BFR(M,22) Growth coefficient, C
G

BFR(M,23) Growth threshold, c (unused)
go

BFR(M,24) Nucleation size parameter, R in the relation N = N

exp(-R/R ) (cm)n

BFR(M,25) Nucleation rate coefficient, CN (sec 2/cm )

BFR(M,26) Nucleation threshold, eno

BFR(M,27) Ratio of displacement to band radius, b

BFR(M,28) Maximum nucleation band size (cm)

BFR(M,29) Ratio of successive intervals between band sizes

BFR(M,30) Time constant for deviator stress relation, T (sec)

BFR(M,31) Work hardening modulus, YD (dyn/cm )

BFR(M,32) Number of orientations used, NANG

BFR(M,33) Thermal conductivity (erg/sec/cm 2) (unused)

BFR(M,34) Specific heat at constant volume (erg/g/ K) (unused)

BFR(M,35) Critical internal energy required in the shear banding

material to permit motion of the band, E (erg/g)
cr

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

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

BFR(M,32) = NA2NG is the number of orientations that may contain

shear bands. We have chosen six orientations for the present cylindrically

syetric 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 450 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 450 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 is 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 I
so that the results do not significantly depend on this choice. In a

3shear band calculation if NRt from the largest size group is a small

fraction of E~ NR3 , 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(U, 29) - X, an input quantity.

Then if the maximum radius Is R =BFR(M,28), the (N-i) thradius is
N
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R = R (1 X xN-i)M( -XN)

N-i N

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,

£ , but it applies to each element of the tensor eP . We note that

ePs 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.

i ij
By squaring this equation and summing contributions from all the ij

combinations, we obtain

;p p 2
d p d p  = (d) Eao a'ii ii ii ii

But these sums are proportional to the squares of the effective stress

-p
and strain quantities (0 and dep ) defined in Equations 4 and 5.

Hence

c= del

so the flow rule can be written

-p o -ps
d or d = dip

?a S

Is
where a is the equivalent or von Mises shear stress and 0

ij

is the shearing component of the deviator stress. This shear component
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Is found by taking the vector difference between the total deviator S

and the normal component S n
n

= 2 2
ij V' - n'

In general, S and S are defined as
n

S= S +mS + n S
n x y z

S = o + ma + n
x x yx xz

s = or +ma +nO
y xy y yz

S = a + mcr + n az Xz yz z

where 0 , , a0xy0 axz ayz are the stress tensor components and

L, m, n are direction cosines to the plane of interest. S , S , S are
x y z

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 P, consider the case where de 2 = - de1 and de 3 = 0.

This strain configuration is approximated in the cylindrically symmetric

0
calculations. For this case the shear strain at 45 between the directions

1 and 2 is defP = d2P/V31 -. Hence, for an observed threshold of jP = 0.28,
12

the appropriate value of BFR(M,26) is 0.28/VF3-= 0.16.

The major new material parameters are CG, Rn , C , C no and b; each

represents a well-defined physical process or quantity. From the present
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computed results, it appears that C is the most important for determiningn

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: 0 and AO (positive counterclockwise). The 0 is cumulative

and must be stored external to the subrout'Lne. Transformations use the

angle *'= * + 60/2. Stresses are transformed from C , a , a , a to
x y z xy

the starred quantities inside the subroutine by the following equations:

* x y x ay 20 + a sin 2*' (36)
x 2 2 xy

a +a a -a
a - cos 2*'- a sin 2 0 (37)
y 2 2 xy

a =a (38)
z z

* x sn2

a =-- aYsin20'+ a cos 20'
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 -01.
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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 transformation is made to account for a different sign

convention. The internal convention is 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 E NR 3in each orientation, suummed over size groups

TAU ELTAUZ suimmed over all orientations

EP EAE imposed on the material, summed over time.

Cumulative
plastic strain EeP0 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. Input 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 is

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 contains 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
I,

the Mie-Gruneisen quantities C, D, E sub,'r, H, and S where C, D, and S

are the Hugoniot coefficients; E is the sublimation energy; and r
sub

9,
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: NAYER is the number of layers, and JMAT gives the material

number in each layer. After the NIAYER 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. Listing of SHEAR2

The subroutine SHEAR2 is listed in Figure 42.
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IDENT FRAS RNO FOR ERLtCH-3
NTEDT a i NJEDIT a2 NALPso a 2
JEDITS. 1 3- S 9 11 12 _11 14 15 10 22 V7 30
JEDIT 2 S29PqCOm3q I.191s3*10591.7
NEDIT a 16 Jcycs a 300 CKS a 3*0OOF.OI TS3 8O~l-'
NMIRLS a A' MATFIL a 02 UZER9 a.. 0. - - rJSC~b aOUOO11IIIJ
I4F1 Sti BAND RHtOS a 7.85E0 eUPx 030 ItRY& 00? NVAR SO 56NCON= 0
EOST* 1.6OQE*12 S.lOE#12 7.360E'lo 1,69E0 0*2SEft S*lTL'E*13
5112 3.088E~dI .2000E*Q0 1.1ooc-4Z i4006E-03 Ca17 0.074'E'o 0 .O7CE.00

1. 3.0007-OP 3.000E*08 6. op.17 7.000F#04
NSIZ. 0 o 0 it A a 0 0 a
YIELD a 14A30E#16 oo190E.11
MELT u 1*06%foIr' 1.0007.416 o.E0 9.9757-01 1.o007-0
PMMA-BKA IBAkKERI RHOS a 1.104E*00 CFP a 000 OPY a 051
EGST * T.0oE.1o_*.SoEt11 1.000E.10 1.0001.019 2.5007-01 3964,711
YIELD * 1.OOOE.O, 1.990E.10 2.850E.09
HF-1 RHOS a ?.OSE0 CFPw 000 OR!. 002 NCOhc t?
EQSTw lob89Ei12 5.ITOE.2 7.36fift1o 1.69E0 - &25Lo 5917VE*13
YIELD lo1.307.10 8.190E*11
MELT a .08%E*16 1.0OOE.0l 0.70 9.975E-01 loOOOF-01
LEADL (KOHN)-----. RIRS a _11.355 CFP ~ 0.OPY-...000 -

EGST a S.VOE.11 4.9967.11 9.1557.g'9 2.2 0025 PoU1VE*12
NLAYERSa 5J#IAT a 0 1 2 3 4
NZONES .1 - iCELLS LIN 1*512E*00.NCHt
NZONESs I % CELLS IN 6.750E-01 INCH
NZONESS I S CELLS IN 0.50.1.00 INCH
l4ZONE&;B I-. IA .CELLS IN_ .&ASAE±00 INdCHI-
NZONESu 1 4 CELLS IN 19OOOE~g@ INICH
EXTRA
SNLIST P6(UXS.5u61IL-1.36E-51 -

FIGURE 41 INPUT DATA FOR 4 CYLINDRICAL PUFF CALCULATIONS OF FRAGMENTING ROUNDS
INCLUDING SHEAR BANDING
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IDENT FRAS RNO FOR fnL IC-4
57013 NEDT a NiEI AL014A a
JIDIT a 111*929COM3 2*1@ .392*5.l.?
N1011 a li jcvcs a Boo cgs * 3000pvroa rS a J.O0.E-04
144TRLS 4 MAY71. a I Villa 03 PoscI# a 600C11111
PETN .P11053 lo0SOC*@0 CVPw 000 UPT. 060
COsT a 1.11191.11
IMAX a 2

loogil faiil tI W#8* .20f*ia .633f.o .1119

*u5LEoo0 .31.*109980810 .316F#o0 .aog6o isi#o . 1o'i

*63901 3419009 9506-01 441901 *)Ouu' 01 61629949
93161.01 *13g1.gI *1919-O1 *96GE608 *20OE-01 .7119#04
.15990ui .usetrgas .ii2iroo .2*YImafi .10f.I....ja S29..---

HF-I S14 BAND RHOS a vi-agEo CP 010 DPT. 002 FiVAR a SP NCOha U
EQSTs .GE1 5.170E.12 1.36Sf.)g 1.69C0 0.25gm 30liPE'13
SN? 3.V00101 *Zoof1*u0 19100E-02 jo.0901-03 0.17 6*97ut*80 u.07!F#OE

16 3.0001-O8 3*010f.06 6. .2 01? foof01t#09
tdSIE 0 6 61 S A 0 0
YIELD 166OSE#10 8.1901*11
MELT * .L8%F*1ft 1600.us OOEG 9.97SE-01 1,00@PF-01
PMMA-@KB W*AIKECR) R1404 a 1014P.00 C!P a 000 t.9W 0 001
EQST a ?.4U0E.1a 4*9soc*41 i.oQ§E*.10 1.0E*0@ 29500F-01 3964uE.11
YIELD m 100006 1.950to10 ?.SSOE069
HF-I RHOS a 7081190 C7Pw 000 DPYw 002 hCONs U
EOSTu Iob691..12 L10.2 731.11.90-025E0 5.1101.13
YIELD a 1.u3AEF.) 86190t.11
MELT a 1.OPSE*16 lo@@E.05 0.10 9.9751-01 1.00-01
LEAD (K0OHN) RHlOS 0 11.355 CFP 8*000-I)PY Poe~0
EGST a 5,OONC.11 4,#6E#I1 9.195C409 tot V.ps 2ouZvE#12
lLAYERSU a ;JMAT 8 1 2 3 4 5
NIONESs 1 3 CELLS IN. loSIZE.0 14CII
S7ONFS* 1 4 CELLS 114 8.7 109-01IN11CH
NZOP4!Ss 1 3 CELLS IN 1.121E00 INCH
NIONES8 I1 3 CELLS IN 3.SfI0C.00 It4C*I
NZONES= 1 7 CELLS IN 1.OSOE.Oo INCH
EXTRA

FIGURE 41 INPUT DATA FOR 4 CYLINDRICAL PUFF CALCULATIONS OF FRAGMENTING ROUNDS
INCLUDING SHEAR BANDING (Continued)



IN~sT Fil 4IAAMTO RNO OF HF-I TO SIMULATE CRONES TEST% I DM0 P.
"YCOT . S2CO NJEVIT a I NREZON m0 NALP~IA m2

-JEDIT 14~g~ O3.t. 2&1 99~ZSvA*s
%EDIT 16 br cYcs a 300 CKS * 3gest Is A6010
NMTRLS P pmATFL w 1 U7LRO * 0.10 NSCRh
Compli .L PHOS-w .- 1.72E0 CFP-q-QQO PPY a 1
EQST m 04 09E0 1.08 1sB4IEO 1.R4IEP
OEXPL * 4.469E'1n
TENS a 1ef2O*s9-0,E0-A .i0
MELT a -1.E0
HF-1 SH SAND RHOS a 7.SSEO CFPs 030 OPYs 002 #vVAP a SO NCONs~
AEfSTO .1*b89E#12 5.178E1 7d360E*10 1.69E- 00?SEO- 5.1711.13
SH2 39600E#81 9200tEoull 1*100E-02 1.000E-03 0.17 h,.0?t.E*00 0.07,11!+0

1.4 3.809E-09 3.090E01. be 62 *l7 700ooE*09
NSIZC a -A -0- 9 S - a t 0 0
YIELD a 1.i430F08 8.190E.11
MELT a 1.085E1 10 .@E*00 0.EO 9*9'7SE-01 loOOF-01
NLAYERS-a --- 2Ik*AT -- 1 2
NZONESE I 1Al CELLS IN 1.5 INCH
NZONESm 1 10 CELLS IN B*7501-01 INCH

JIENT FR S FkAG ROUND OF ARMCO IRON TO SIMULATE CROWES TESTS 3 AND 4
NTEDT a A NJEDIT a 1 NREZON a 0 NAL-PIA w
.JEDLTs a -Sis2-,S3*-Cdff3-2. 2.21 2.3.-2.49 2.5# 2.6. 2.7. 2.8t 2.9
NEDI? a 16A JCYCS a 300 CKS a 3.0001.01 TS a '4.00 'F-Ob
NMTRLS a P F4ATFL a I uZERO a 00
Comps .RHOS-ff 1. 72. CFp A~ Jo~e uPV. 012 -
ECST a 1. 434 is 10841 1.941 0. U0
QEXPI a 4.469E'.ln
TENS a -1.O8aE*80 a-. - -1,.-
MELT a ".
ARMCO SH OArig RHOS 8 708SE0 CFPw 030 OPYm 00? NVAR a S84 NCON= 4'
EQST* 1,&89E#12 5.170L*12 -t.360E.Oi 1.69E0, 0.25EV .5.17Ut.13
SH2 3.0001.01 .2000E*@0 1.1001-02 3.0001-04 0.17 0.0701.00 0.07!1F#00

I,* 3.000E-06 3.0001.08 6. .2 .17 7.00uir*09
NSIZE 0 0. - -. . . 8 0 .- A 0. -
MELT a 1.08SE*1A 6,460E#09 5.700V-01 7.000E-01 1.RSOF-01
YIELD a 2.000F.00 60190E011
I4LAYERS p -JMA7 1 2 -

NZONESs 1 1h CELLS IN 1.5 INCH
NZONE~s 1 1., CELLS IN 0.75 INCH

FIGURE 41 INPUT DATA FOR 4 CYLINDRICAL PUFF CALCULATIONS OF FRAGMENTING ROUNDS
INCLUDING SHEAR BANDING (Concluded)
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C SHEAlil 3

c I4OwlTIN FOR CONPuIATION of sIIssits 111M RATI.OEaPENIEN! MNZ~ s

11.LD 0099L FOR O9VI*TORS AND aN1C.IRU#ECIKN FOR PMSSYR, smeN?
C gp THNhESOLD PLASTIC $TRAIN IS5 REACIiD 51111 BANDS A~t S~tAk? 7
C NUCLEATEU AND GROWN IN * ORIENTATIONS.&LN
C - _ i, St,. I AR DI0VI&T@RU IN IRTKPNAI. 016h CO4VNTION.SWAs
C P 15 POSITIVE IN COMPRESSION* INTgANAL $IWO CONVENTION4 Ib IMLAR 10

C POSITIVE IN COMPRESSION VON ALL STESS AND $TRAIN QUAXTITI95 SNEAk? 11
-C ST 15 TOTAL STRESS Af.PR1gVlOUS 11419 K5 IS N90 09VIATORO SHEAR9 11
C Us. EV. gl. EAT ARE MIAIN INCREMENTS IN LXT90NAL SIGN4 CON* ShNLANZ 13

C 55. Sba CHANGE ENTSRIAL $IBt4 CONVENTION TO INTERNAL FON If#~k 11

C. 511145AND STPAIN.P JISPCTIVCLV* Sisk 1
c SI1LAR4 16

DIMENSION SVI,5,SZ(091FU()IU4)EPI)VRb@ blAmif I?

3 CN(19190DP(4),CLOA606)CNA(l661.VNAI* ShLEAN2 £9

EBUIVALINCI (CNACLA) SNEAI4 20
SMEAkZ i3

NCINC&.L 1 SNEAR2 23
.60 TO. 111110:0,j96)NCt HAi 20.

10 RCAD1Ilke1002 Al AllistpIMOI)SIu382935 SN&Ak2 25

PRINT 1002. Ai.A29411FR(Mv13e182293%) SNEAR2 26

1002 FpNILAf(~5T1./6.E@) IMFA04 27

PRINT I0,I*,NIIN)93@ SHEAS42 29

1003 EORMAT42ASVI4151 SHLk4it 30

V*4AX(04Uo. SHFAR2 31

NSIZT(M~wNSIZfIU,1) S"EAW? 32

-PO. 14. MOP- - Shit.A~i 33
14 N4SlZI(M1aNSIZTIN).NSIiZLIN.I1) S141A12 34

VP N In l SNFAk2 35

If INCALL .10. 11 G0 TO 05 5NEAH2 3b

NANOuVFN M932) SmeAfte 37
DO 16 1.1.3 IggLAR2 3b

FloucfJl3illl .
StkAwa 39

16 fNUC(I.3)mu.2383 S(IEAki( 40

IFINANO - 6) fl40930 SHLAR2 41

20 YNUCIu.*333333 IkE AW2 42

IF INAN6 .61.4) PNUCI 3.21 S~~i 43

Do 25 18194 SNltAkie 4

2b VNUC(1)UfNUCI s. IN2 45

IF INA4j 9021 FNUC(21 a0""& SHEAN2 46

IF tMANb MNE. S) 60 TO 36 SHEAR2 47

fmUCI4)80125 SNEARP 604

FNUC17)uq1?5 SHiE Ab a 49

FNUCII)wo. SpiEkaW so

- .FfbCIo)s-i . . .-. - SNAk?1 61

60 TO 40 sWErn S?
30 00 31 IsToNANS SNEARP 53

PNUC (1)3.111111 SHEANZ 64

35 FNUCII-3)8.111111 S"LAk? 15

40 CONTIftUE SHFARE 56
65 RETURN smf&%2 b7

c -SEA&Z S9

C COM4PUTE STRESS AND VANA69 SHFA62 60
C W &142 #%1

- C~~ee~ee- -- . . .SNEAR? 02

FIGURE 42 LISTING OF SUBROUTINE U4EAR2
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100 IF4M3gt 21) 60 TO40 SHEAki b

If fVMAAN3I OEQ* *. VMAXImIUSQTESCN.9SJESCIM91I SHEAR2 64
c CNPUT. StU~SS REDUCTION FACTORS TAUVII StEAP? ft5

TAUUo. SIIEAR2 bb
JNe SI4EAI,( b7
00.110 B1.AN SIHkAR2 6H~
TAUj (NG) uP Se4EAIRF 4
IFINSIft.IMoNG) .10. 0 *OR. CNIJN#11 Ego. 0*100 TO 110 SI4EAN2 70
N1#31ZENNNS IZE (ofIN61 Sh1EAR ?I
DO 120 Im1,NStZEM SHM**42 72
JNMUJN*20T-1 SMEAKZ 73

120 TAUZ(RO.TAUZiNG).CN(JNN)OCNIJNN.1)* SHEAN2 ?4
TAUDTAU.TAUZ (NB) SHLA142 ?

110 JNmJN#*NSIzfEINNO SHFAIJ2 ?b

C INITIAL TRANSFORMATION SNEAN? ?
C*&q4.*0#. SHtTA~e 79

C - A~jUsT steNS90OTATE STFESS9TRANSFORM TO STRESS IN SULIL'(ST) SHLAkd hSo
R~oPOT*kOT*OROT S14EARZ $1
EMUuDOLu/ESC(m, 1)-i. SFA4 4
PN.E(U*(ESC(M,2).EMU*LSC(t3).EMUESC14,4))I S$4VAdk 6~3
p5UOI1..lESC(M.9).EMU/2.p.UOLD*eSC(499)*EOLO SHk.AI4 04
IFIPS .6T. fa.) PoPoPSOTAU StEAH? as
SAS(SX46Y)OSS/240P Hk2 b
SOASSINIRT) SHEAtg 1 7
CO~aCOS IRT) SNEAH2 $14
S8U((SA-SY)/2.*COR*SXYOSOR)*SS SHEA$e b9
DO 340 1*1#6 SEAF12 9b

140 STI()uo. SHFAI42 91
.62829*ESC(14.Sl SI'EAR2 V2
ST(I)8 ISA.SS'/AMAX1(@.02,(lo-(3.*TAUZ(12.l.5*(TAUZ(42.TAU7'Sl) StOAW2 93
1 qVFRlM))) ShlfAk4? 94
-STIZIU(bA-SOI/ANAAKI42,I1..3.TAUZ(2)*1.5*(TAUZ(4)4TAUZ(O))) SH4,0.P 4c
I *VFRIN))) SHPAF42 96
ST13)3IPl(SX.SY)*SS)/ANAX1 (0.02, (1..(3.*TAUZ(3).1,S.(TAUZ(S)' SHEA142 q?
I TAUZI6B))*VFRIN))) SHF.A14i 984
ST(4IUIISY.SXI/2.*SOR.SXYOCORIOsSi'I1&-I1.5(TAUZII).TAUI?)).3. SliFAN? 99
1 &TAUZf41I*VFRiMI1 SI:Ah? 100

C RTATE STINS.5TO NAND ORIENTATONS SHfAH2 t'

Elm EAXzT) /2*COR#ECIT*SOR SMERZ$ 107
E9SAm0*66?e W-DOLD)/ IDM#VOLOJ SIHEAN? lob
NSTEPSRT((AIS(EA).ABS(ESI.AOS(EbAP))'.00zI SIIEAkZ 1019
NSTAEP.0NAXO INSTEP. 1 ) SHP Ate 2 1L0
ESI1)m iEA.EB)*SSF/hSTLP SHEAk2 III
ES1210 £EA-MSSSE/NSTLIP ShiLAI? lip
ES.- L1F1.*KBAP/NSTEPES(1).ESLZI -SHiEAe 113
E5(4)8(1(EY.EX)/2.SOROEXY*CORISSEIINSTEP SIILAw2 114
00 600 wSs1.NITEP SMEARZ ]is
00 100 Iai,3 SNFAR2 116

SEM4S ST(4),02*ES4') SH4EAR? 118
S~aSPTI.5*~E()*O.S~2)2SE(I~22.S(4)2l1SIIAI4! 119

OHN.DQLU.VLOAT (NI/FLOAT INSTEP). (trnDOLD) S14tAkZ i?0
£NUaDOIlfCsC(M,1)-to SNEAIkZ 121
PI~aEMU*IESC(M,2I#Ef4U*([SClMq 3).EMUOESCIMO 4)m SI4EARZ 122
PEmPN*I1*-9SC(M, 91*FNU 12.)oW4N*ESCIN. 9)*Ehi SNEAN2 123
vLAYML SMFA14Z 12'

IF ISM *LT. VI) 60 TOJ Soo SHEAR4? I?9)

FIGURE 42 LISTING OF SUBROUTINE SHEAR2 (Continued)I
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C YIELD AND9 PLASTIC $TRdAIN4 CALCULATIONS SMI~al~a 10
c0~*00000 5041482 Ipa

EMPI a tIPl.0TOiUfteM,3o)/%5T1P) SHFANit 1!9

00 180 1.1,3 S~tA$%? III
10SIaboIP*XTIEeII*Ig 0 51.II ) S146 APP/ I0

IOTO*N$TtP)0 I1 ..INPT) SHFA642 133
SE(4)uSI4)eE3P1.(IEGbtg4I.UFIIM,3g~efj(43ST41/TOeNSTIP)e SHEAW2 134

I f1.-axioT S"EAIQ 13%
00 200h 18193 S14EA042 13b

200 DEPI~t.ShI3.ES£RNSTEP-gsEI3.5TJII.P3iS S04PA-P 137
DEP4)eLS4..qg(4).ST(4o)1/S S"q404? 13oH

ITI33-P3*DE9I33.ISEI44)bTI43ODEP43il.#4DMNAMAX6G..1.-1AUI S~f:AM? 1'.3
OPLI~kuAbq OPLENO) SHEIAliq 144
EPG[P#ODSAMMA SHEAR8? 14S
PLghaPLtk*OPLp:NR SHFAN2 14b

SMPAP2 147
C COMPUTE PLASTIC ITkAIN IN EACH ORIENTATION 10*4042 14
COq**o*oo 5MFMiqt 149

STP1leAbbIS144)) S04FANZ IsO
STR~UAWoSE14)3 SmtAk? 151
51P80. SHEAV2 Is?
STNRAAOISE(I,SEI., /&. S14VA02 1b3
STR5SO~TU(E-S3133*.34.OS$EIA3O.2 514F402 IS*
STRGmSG.Thsigi3.gE1333e.2.2.SE143.e2l,2. SHEAR2 Ib'.
SNESQNT(1.5oIEI3*02.SEql3OO2.SEI31e*0I2.SSLg43Oe2)I SHFA02 1%b
TEI (3 UGAMMA/SNOSTRI SHFA42 157
YEP121 sLSAMA/SNOSTRZ S90Al42 -ISO
YEP (33 U4ANNA/SN*STR3' SHEA142 159
TEPI4I UURAMMA,5N05T84 SH*Akl 160
TEP (13 mU6*MA/SN*STRS S"'IN2 161
TEPIO)wVGIAMMA/SNOSTR6 SHEA02 1b?

ctO*040t** SNH AM 163
C GR0WTH PROCESS SHEAN2 166

NTOT82*tASIZT (N) 50*4042 144
D0 250 Iul.NTOT SI*48.2 147

250 CNAII)sLN(13 S"FAR2 The
IF (IN 9EQ. 63 60 TO 360 SNF A,'L 10.9

jhoSNLA02 I IC
DC8VIIAK(M43*OT0/NSTEP SNEAka 171
00 310 NflalNANG SHPAH4? IN?
OGANSo. S'fw? 173
IF INSItEIMONG3 *EGO go .08. CNIJN.11 Age. 0 *OR* TEP(t401 sit. 0.3 Sw4 Aoqir 174

I Go toI 4 SHEA02 175
EXPEa9XP (38P(N,2l0TfP(%863 3 50FAW2 176
NSIZEMNSIZ(MONG) S"FA60? 117
DO 300 IU1.NSIZEN P41EAMI 174

CLA(Jh2IUANIlNl (CNIJNtI2*ENPICN(Jt41).DC) SHEA042 1bo
30u fGAMs0IA8CN(JN2-1)e3.I4e0PH(m.27)eICLA(JN2)ee3-Ci(Jk?)ee3) S"EA12 )I,]

IFIDGAPI .IE. TEPING)GU TO 345 So~Al p42

PTLI INGI /00* SHFA? 1.43

FKPEUENI.oPR" S14FAo42 145
NSIZLmumSTZE (moNG) StQAm? 1106
100 140 joloNgfZIW 5"F A 0 1147
JN2wJtw*ci'*NSI7UfIMP'G3 .- I) mA? 14

FIGURE 42 LISTING OF SUBROUTINE SHEAR2 IWsntinusd)
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3.49- CLAIJA1LWAI41NI £CNIJUZIJ*DPISCN(JNZ .0CRI SHEAI'Z I e

345 TEP4WG~mANAXI (O.,TEP(NS3.DGA~l SHEAI4Z 19&,
390 J"VlJN*NSI7E (NeWO) *2 S)4EAR2 193
360 C01411)tiL SHLAIN2 19?

00 365 hOUl9NAWS S"EAR2 193
365 CNINTOT*"SI8CNIt4TOT#NGB3*TfPINSI SmfAlq2 194

C NUCLEATION PROCESS SHFAR2 146
C*******SI*A142 197

- . TPHOIt- SHffAWk 140
00 370 kNouleNANG 534) AW2 199

3?u TEPNUAMAN1 (TEPW.*CN(NTOT.NG).TEPINO)I SHEAI42 200
IF iT910% I.T. IIFR(M,2611 60 TO 500 SHEAR2 201

join SHEA142 ?Oa?
00 450 NONlNANG, SI4EAN2 ?03

- IF ISIE 1M49NO) *10. 0) 80 TO 450 SHLAt42 204
If (CN(NTOT*NG)#TfPINGl *LTs *1FN(N.?03 *ON. TEPING) eL7. 1.t-5) Sh).AIR? 21

1 6 To09SHVAH2 2ub

CNA6@. 534fAp2 20E
NS IZENoNS1 ZE I M NBN) 53Ff 432 2 09r

- 00 440 IwloNSIZEM SHEA)'? 210
I1uNSIZ&IMNGOI -1 SHEAx~2 211
JIhajhok*fI SHFAH? 212

1F(CLA(JhI) *NE..0.1 G9 TO 420 SHffAH4? 213
CLAIJNI)asFR(M2S)(.B7R(M29VOI)I.e4FR(M293*NSZE(M*NGl I SHEAR2 214

CN I .NI uCLA IJNI) SNEAk2 215
'20 CNLuONOOEXP(.ICLA(JNII*CN(JNI))2/BF'(M.24)I SHEAI2 21t,

jNhmjtJ#keI 1. Sl9*AkZ e17
CNA (JNN) uCNL-CNA.CN (JNN) SHFbK2 ?It.

4##0_CN~uateL SHEA61? ? I19
EM89NOCNL. SHFAk? M2

450 Jt4NSIZIM9N6)*2#JN SNFAke ?21

470 CONTINvE ShLAI42 222
C*******S9*Akj? ?23

c COMPUTE TAU AND REFILL MAIN ANRAYS SH AW? ??4
C*00*0O*0*# SHEfh-2 2?r

I AUmO. SHEA".2' ?
J1400 SHEAN? 227
IF (EN *EQ, 0.0 GO TO 500 SHEAI-2 22F'
00 490 NGel eNANS SHFAIk2 ?279

TAUZ (NG) en. SHFAW2 i3(V

IF INSIAE04914G) sEQ.O .0R. CNA(JN.1) .EQ. Us) GO TO 496 ShEAFk? F31
NSIZEN.NStZE (MNC) SHLAP2 e'Jc

00 460 IWINSIZEN SHEAPM? ?33
JN~s~f4.ZOIA I- '*? 23'

CNIJNN~l)UCLA(JNN#1) SHFAIW? 23!
CN(JNe) CNA (JNN) SWAN? ?3t

461L TAUZ(14G3CTAUZgNGICNA(JNtJ.CLA(JNN*l)0*3 SHL.AlP.2 ~37
TAUuTAU#TAUZ (N6) SFY2 ;

4!9 JNo4"*.5~IzC.M0S) *2 .SHFAW? ?39
IFITAY*YfR(W at,. 1.) GO To OG' 534EAmi2 ?'4V

S0o CON? INULSHA2 ?1

Pope SHtAki4 ?4*3

DO S50 18193 SNH.&k2 ?4

$50 ST(IlaSE(I).P 59*434.2 ~'4d
STMUL (41514)5 A? 745~

600 CONTINUL HA2 ib

C*******SHEjAHI 2'7

C TRANSFON04ATION TO GLOBAL ORIENTATION SHIAH2 243
COOOO*@O*SI1EA34e F44

FIGURE 42 LISTING OF SUBROUTINE SI4EAR2 (Continued)
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a i~SHFAW2 2S3
-. 1 6S I ISI)JeAMAX (Got U &-I 3.eTAUZ(1)I.1.Sf ITAUZ(I03.AjjZI I *Vfp(0N $14f AP 25

1) ii 5i-ib 2SS
STIOIP*iAIO91-3OAEBso*TU1)TU41)VRP SHFANu2 ?Sib

ST431SaTe3)AAXuIISO.,a.3..TAU1za1a101AUzlsTAUz.61)eVFRwO SHEAN2 2511
a 1 SI4EAIZ 259

PUITII.3Tl).JIIifl 5#EAk? 260

S~m(STII).STI2) 23.COR-STIS).SOR SIEAW2 ?bie

SXeISA~b8.Pe*SS SHEAR? 264
516 ISAwbU..PI *S SHFAR2 s
Site ST 31 P I *s SHEANZ 2046
IF IPE AT1. Go)i PmP#PE4TAU SHEAR2 p?7
IN~w2e.OTAU..,q SMEAR? 26b'
IF (NCALL off* 3) 60 TO 900 S94LAR2 276
RETURN SHFAR2 ??I

-C**f0***SmEAk? 27?
C COMPLITL UEPARATJ0N SHFAN2 273

COOO*OOOSHE A1-2 P76

-OcNutgsctNl).t$EN~uIlLscIN )*NSECN4) SHFAR2 276
PEIRP"*II.ESCIM9 9,eW~hgsCItai-l.,,a,.oNLSCquq. 90EcH ShEAR2 27?

& -- Pm.AatPep SHICAIW Lino

-. mo SS. -SH1VA0 2111
1142S SHEAf.? 2S3
IFit4CALL 969, 3) 00.70 900 SHEAN? 7114
RETURN SHVAH? PPS5

C SHFAhP h2
C SMFAk2 28f
C PRINT DAMAGE ANNAYS SHEAfi! ?11b;
C SMFAR2 269

'CShEAf. 290
900 IF (EN .10. 0.) EFTURN SMLAk2 291

PRINT Gb009K.JqIH39ROTEN9TAUvEP SMF~k? 092
Jtdmo S"E 412 P93
00 1000 N~ul.NANG S.4r&kz 79
NSmNSIzk(,W.N63e2 SHFAf.? ?Vb
If INS Ace. 0 *ORo CN(JN#II *go* go)@* To logo SHI'A102 296
ImI"ONNS-l SMEAR? ?9?
CNAfIIJSCM(I13 ShFAW2 29Ld

- - If INS &LE. 2) SO 10-921 .SHFAF02 294)
DO 97o 1u3.piq. ShiLAI2 306
II8NS-j.DN ShFAWZ .301

970 CMA(IIIUCN(II,.CNAII.21 SHA2
975 CONTINUE ShkAW 30

- PRIT 8110911 SHAR2 304
PRINT 90019ICNA4Jt4.I)9Iw1,NS9Z SLA2 0

600PRINT 90.2, iCwgIJ00g:12910119p) SMFPANi 30S
a Sm IAUSE109394W EP861663) SMEAR.? 308

6500 FORMATION "sets) SHFAN2 309
90,1 FORMAT1ik CUUICII.2R) SMEAIW 310
9002 FORMAT(4M CLQI0IE10.392XI) SHE U42 III
logo JNDJNN HAR i

-- .N1OT9Z@NSIT.qLAP 1
PRINT 9003, (CNiwTOT#II sIml#MNG) shVAH2 31'

9003 FORMATIIM TOT PL STRAIN e5Ptg.31 SHEAR? 31%
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