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applications.
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1 SUMMARY

The purpose of this program was to improve the previously developed

* I computational model for adiabatic Shear Band Nucleation And Growth (SNAG).

Specifically, the goals were to perform careful experiments to obtain

quantitative data for improving the growth law for the shear bands, to

-~ derive and test a theory for the threshold conditions for nucleation of

shear bands, and to establish optimal experimental procedures for measuring

the material properties governing shear band behavior.

in pursuit of these goals, we performed seventeen contained f rag-

menting cylinder experiments with three hardnesses of 4340 steel. (See

Figure 1 and Table 1). Quantitative data for the number, size, and

orientation distributions of shear bands for the R 40 experiments were
c

obtained (See Figures 5 through 12); the harder materials were found to

be more susceptible to shear banding. Preliminary correlations of these

data with computer computations of the strain and stress histories yielded

first estimates of the growth parameters in the SNAG model (Figures 15

through 19). A strong dependence on strain rate is apparent.

A theory for the threshold nucleation conditions for shear bands

* was derived and tested against experimental data (Figure 32). The

theory predicts that the shape of the work hardening curve is the key

material property governing resistance to shear banding. The comparison

with experimental data suggests that the postulated threshold criterion

is promising, but more comparisons are needed to confirm its validity.

Several experimental test procedures for measuring shear band

behavior were studied. It was concluded that the contained fragmenting

cylinder test used in this program is the best single test procedure

for measuring the SNAG parameters. However, for specific applications

such as armor penetration, supplementary tests that approximate the

geometries of interest are desirable.
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Sth The results of the program confirm that future work should continue

the quantitative data analysis of the contained fragmenting cylinder

experiments, as well as further computational analysis to more clearly

define the dependence of the SNAG parameters on key material properties.

The resulting understanding of the shear banding process in 4340 steel

and penetrators.

will allow extrapolation to other materials such as those used for armor

4 i
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2 BACKGROUND AND APPROACH

* Shear banding refers to the development of internal regions of

localized, intense plastic strain. It is the governing failure mechanism

*in many cases of armor penetration by plugging, in the disintegration

of long rod penetrators, and in the fragmentation of exploding rounds.

In previous work '2 for the Naval Surface Weapons Center, the Ballistics

Research Laboratory, and the Defense Advanced Research Projects Agency,

SRI International performed experimental and analytical work to develop

a computational model to describe and predict in quantitative detail the

shear banding process. The resulting model, called SNAG for Shear

Nucleation And Growth, was used to make reasonable predictions of the

fragmentation behavior of cylinders of Armco iron, HF-I steel, and an

actual HF-l steel fragmenting projectile.

The overall objectives of the present program have been improve the

SNAG model for nucleation, growth, and coalescence of adiabatic shear

bands, and to establish optimal procedures for characterizing the shear

band behavior of materials. Our previous work showed that the nucleation

rate and coalescence process are fairly well modeled once the bands have

begun to form; the areas of most uncertainty are the threshold conditions

that trigger nucleation, and the equations that describe the shear band

growth velocities. The specific objectives of the present program were

therefore to:

1. Obtain quantitative experimental data to improve the

nucleation and growth equations

2. Derive the threshold conditions for shear band nucleation

3. Establish optimal experimental procedures for measuring the
material properties governing shear band behavior.

• II d I I I II I I ii i i i ii i II~ll II9



In the design of fragmenting rounds, the growth and coalescence

equations are especially important because they determine the fragment

size distributions. Hence, our first specific objective is to obtain

quantitative data to improve the growth equation.

The second specific objective involving the nucleation threshold

conditions is equally important in view of the catastrophic nature of

the adiabatic shear banding process. That is, in armor penetration

scenarios the onset of shear banding in a significant portion of the

armor is often tantamount to failure of the armor by plugging. Thus,

an armor designer must attempt to prevent a specific threat from

exceeding the threshold conditions. These threshold conditions are then

*the governing conditions.

The third specific objective, that of establishing optimal experi-

mental and analytical procedures for measuring the key material properties

governing shear band behavior, is important for evaluating and character-

izing candidate armor and penetrator materials.

The SNAG shear band model developed previously 1 ,2 was based on

observations of shear banding stopped at early stages in contained

fragmenting cylinder experiments similar to those described in detail

. ~- in the next section.

NThe experiments performed on HF-I high fragmentation steel indicated

that shear bands nucleate and grow as a function of the plastic strain

and strain rate. Bands usually started at the inner diameter of the

round, proceeded outwards at 45 degrees to the radial direction, and

stayed approximately semicircular. The shear displacement in a band

was proportional to the band length. Small ripples or striations

nucleated in HF-l at 15 percent plastic strain and began to grow at

about 30 percent plastic strain.
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The computational model constructed to represent the experimental

phenomena contains nucleation and growth of shear bands, plus a damage-

caused stress reduction process. Nucleation occurs according to the equation

dN 0  
EP 2 dc PS

CF(
dt n E dt! ct

cr

where N, is the number of shear bands per unit volume on the e plane,

t is time, C is a coefficient with the units of time squared, F is a
n n

factor representing the fraction of solid angle assigned to the 6
P

direction, E cris a critical energy, dE /dt is the rate of increase of
cr PS

plastic strain energy, and c, is the plastic shear strain on the e

plane. The shear bands are not of uniform size but are nucleated with

an exponential size distribution.

Growth occurs by the viscous-type growth model:

C EPSR

cit g dt

where C 9is a dimensionless growth coefficient, and R is the nominal

radius of a band.

3NThe damage on any plane is taken as proportional to ENR on that

plane. The stress that can be sustained on a plane is reduced in direct

proportion to this damage factor.

At the conclusion of the simulation, each computational cell that

has undergone shear banding contains a distribution of sizes of shear

bands on one or more planes. These distributions are assembled to

produce a fragment size distribution for the cell and for the entire

object.

With the shear band model, simulations were made of partially and

completely fragmenting cylinders and a military round. The correlation

of the measured fragment size distributions with the computed ones was

quite good for test conditions that included two sizes of cylinders,

two loading rates (confined or free), and two materials (1-I steel and

Armco iron) with very different yield strengths.



At the conclusion of the previous shear band work, it was recognized

that there remained several gaps in our knowledge of shear banding. The

threshold conditions of strain rate, strain, and stress for initiating

shear bands were not understood. Critical temperatures or energies

used as nucleation parameters were simply estimated. A growth process

was assumed that would be consistent with the final size distributions

of shear bands, but there was no experimental basis for uniquely

determining the growth rate. The interaction of the three observed shear

band modes was not understood, although it was assumed that together

the three modes determine the fragment size and shape. Stress-strain

* relations for partially shear-banded material were derived on the basis

of solid mechanics relations plus reasonable physical assumptions.

However, these stress-strain relations should receive independent experi-

mental verification before they can be assumed to represent the actual

damage processes.

To attack the above deficiencies in the SNAG model, in the present

program we have concentrated on designing, performing, and analyzing

experiments that would yield optimal information on sl'oar band initiation

and growth. As discussed later in Section 6, contained fragmenting cylinder

experiments were chosen as the most efficient means for generating the

-~ desired data. A theoretical model of shear band initiation was developed
(Section 5); this theory predicts that the shape of the work hardening

curve for the material is the governing material property for shear band

7 initiation. Therefore, 4340 steels of differing hardness levels and

correspondingly differing work hardening curves were chosen for the

experiments.

By varying the explosive density and the experimental configurations.

we were able to vary the stress and strain histories experienced by the

material elements in the exploding cylinders. Computer calculations of

these load histories were compared with observed shear band damage,

thus allowing initial estimates to be made of the initiation conditions

and the shear band growth velocities.

12



I In the remainder of this report we describe in detail the progress

we have made toward the program objectives. Section 3 describes the

contained fragmenting cylinder experiments, and presents the reduced

data from these experiments. Section 4 discusses the computational

simulations of the experiments, and presents our first estimates of the

I parameters obtained for our shear banding model, and Section 5 discusses

our proposed shear band nucleation criterion. Section 6 discuss optimal

experimental test configurations for characterizing the shear band

behavior of materials, and in Section 7 we discuss the results and

present our recommendations for further work.

13



3 CONTAINED FRAGMENTING CYLINDER EXPERIMENTS

Experimental Technique

Tobtain quantitative shear banding data on 4340 steel, we used the

* contained fragmenting cylinder experimental technique devised under a
1

previous program for study of shear banding failure in cylindrical pipes.

This technique enables us to load thick-walled cylindrical tubes at pres-

sures and strain rates high enough to induce shear banding, but to contain

the tubes in such a manner as to arrest the shear banding process at a

level before full fragmentation occurs. We are then able to examine the

material metallographically, observe the shear bands, and relate them to

the loading histories.

* 4 The experimental geometry is shown in Figure 1. The 4340 steel

specimen tube is filled with the high explosive PETN ,pressed in 1.27 cm
3

axial increments to a density between 0.7 and 1.47 gm/cm . A gap is left

between the PETN and the upper and lower axial end of the specimen tube

in order to prevent unwanted edge effects from shearing off the end of

Nthe tube. Detonation occurs through a PETN cone to produce a

relatively planar detonation wave traveling down the tube in the axial

direction. The high internal pressures from the PETN 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 contain-

ment pipes. The relatively thin-walled, soft clear acrylic buffer tube

allow the specimen cylinder 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 pipe serves as a momentum

Pentaerytbritol tetranitrate (C 3H 801 N 4).

14
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trap; it separates from the mild steel pipe and moves out in the radial

direction, taking most of the radial momentum with it and reducing the

magnitude of 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 lisec, by which time the internal pressures produced

by the PETN 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

* in the specimen tube.

The strain and strain rate to which the specimen tube is subjected

* . are varied by changing the explosive mixture and the thickness of the

acrylic buffer tube. A higher pressure detonation will induce higher

strain rates in the specimen tubes, and a thicker buffer will allow thle

specimen tube to attain larger strains. However, the controllinoa

parameters are not orthogonal with respect to the material response

parameters. For example, a higher detonation pressure will produce

larger strains even if the buffer tube thickness remains the same.
Furthermore, there is a complicated pattern of stress waves and reflec-

tions while the various containment tubes are "ringing up" to their

peak pressures and then unloading. Hence, the loading history of the

- specimen tube cannot be predicted easily without the aid of computer

simulations. In section 4 we present the results of the romputer

simulations and show, for example, how the computed strain rates vary

with detonation pressure.

A total of seventeen contained fragmenting cylinder experiments

were performed in this program, using commercially obtained tubular 4340

steel as the specimen material. Eight shots were fired using the 4340

steel treated to R c40, seven used steel treated to R c52, and two used

fully annealed steel (--R c21). The experimental parameters for each shot

are given 4n Table 1 and are also depicted graphically in Figure 2,

which shows the location of each experiment in PETN density--acrylic

buffer thickness space. On this graph, a positive change in the hori-

zontal position would represent a greater shear strain loading rate in

the specimen, and a positive vertical change would represent a greater

16
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loading duration. Either change or a combination of both should lead to

a greater level of shear band damage.

The loading parameters for the R 40 and R 52 experiments were
c c

selected to cover a broad range of damage from negligible shear banding

j(homogeneous deformation only) to substantial fragmentation. Qualita-

tive damage results are given in Table 1. The experimental series were

also designed so that, for several cases, experiments having identical

* loading parameters would be performed using specimen materials of the

different hardnesses, so as to compare the resistance to shear banding

as a function of material hardness or yield strength.

Qualitative Results

For the shots resulting in less damage, the specimen tube was

recovered in one or two large pieces, which we then sliced parallel tc

the axis to make the inner surface more visually accessible (Figures 3a

and 3b). For the shots resulting in more damage, the tube was fragmented

into as many as 30 pieces. The recovered fragments were arranged into

a jig-saw-puzzle-type pattern according to their relative position in

the original specimen tube (e.g., as in Figure 3c), so that we could

determine the damage as a function of axial position in the tube. Com-

parison of the fragments recovered from shots with identical loading

parameters, but with specimen materials of different hardness (as in

Figure 3), showed that the harder material will shear band more readily.

The fully annealed (R 21) 4340 steel exhibited no shear banding (exceptc

for three large shear cracks that originated at or near the upper end

of the tube as a result of edge effects altering the basic strain pattern)

despite having undergone a very large amount of homogeneous plastic

deformation. In contrast, the substantially hardened R 40 steelc

exhibited numerous small shear bands widely scattered over most of the

inner surface, although it experienced only about half as much homo-

geneous plastic deformation, and the extremely hardened R 52 steel
c

exhibited extensive shear banding leading to fragmentation after even

less homogeneous plastic deformation. In Section 5, we discuss reasons

for this effect.

19



(a) SHOT 20, Rc2l

II

V T

S(b) SHOT 2, Rc21

4

(c) SHOT 10, Rc52

MA-6408-12A

FIGURE 3 4340 STEEL TUBES RECOVERED FROM THREE CONTAINED
FRAGMENTING CYLINDER EXPERIMENTS HAVING IDENTICAL

LOADING PARAMETERS BUT USING SPECIMEN MATERIALS
OF DIFFERENT HARDNESSES
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The three orientation modes for shear bands in an expanding cylinder

are shown in Figure 4. As discussed in detail by Erlich et al., 1the

modes represent shear slip along the plane of maximum shear strain. In

this present study of 4340 steel, as well as in the previous study of

* HF-i steel, the mode 1 shear bands predominate. They are the only ones

evident in the experiments producing lower damage levels. At the higher

levels of damage, although mode 2 bands appear at the inner surface in

significant numbers and mode 3 bands are occasionally seen in the

interior, it is still the mode 1 bands that have become the longest and

have taken up the most strain. The mode 1 bands extend all the way

through a specimen or coalesce with other mode 1 bands to cause frag-

mentation into axial strips, although the mode 2 bands nay determine

the length or aspect ratio of these strips.

In the previous shear banding study of HF-i steel, 1it was determined

that more than two-thirds of the mode 1 shear bands created in a contained

* fragmenting cylinder experiment intersected the inner surface of the

specimen tube. It was also determined that the length (k) of the shear

band in the direction perpendicular to its slip plane (see Figure 4)

was approximately twice its depth (d) along the slip plane and that the

depth was roughly 15 times the maximum shear displacement (B) along the

N slip plane.

k To determine if these findings also hold true for 4340 steel, we

selected a fragment from shot 2, shown in Figure 5, and made a series of

seven cuts perpendicular to the tube axis with a thin diamond blade. We

polished and etched each cut surface, identified the mode 1 shear bands

common to adjacent cuts and measured the shear band depth and displace-

ment on each cut. The results for one shear band, labeled no. 6, are

given in Figure 5c, which shows d and B plotted against the relative

distance along t-. The band appears to have a half-length of almost

6-1/2 mm, a maximum depth of about 7-1/2 mm, and a maximum shear dis-

placement of "2/3 mm. Its shape is very nearly that of a semicircle;

thus, if a band is assumed to nucleate at one point, it grows in depth

about as much as it grows in length in each direction. The depth appears

to be on the order of 11 or 12 times the displacement. In addition, all
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the mode 1 bands seen on the cuts in this fragment or any other 4340

steel fragment intersected the inner surface of the specimen tube.

It was noticed that for shots resulting in small amounts of shear

banding damage, the specimen tube would sometimes separate along a

diagonal line that would around the tube at approximately 150 to 200

from the axial direction (as in Figure 3b). For shots with more sub-

stantial shear banding damage, often the shear bands would link up along

this same diagonal direction, although each individual band was formed

parallel to the axis. It is believed that this effect is caused by

texturing of the 4340 steel tube in the process of extrusion.

= Quantitative Results

* As a result of the findings discussed above, we were able to

simplify our method for determining quantitative shear band damage.

Rather than making a large number of cuts in each fragment and polishing,

etching, and photographing the surface of each cut, and then measuring

the depth of each shear band, we decided to photograph in detail the

inside surface of each fragment and measure the length and axial position

of each shear band. This procedure is much less time consuming.

As an example, Figure 6 shows photomicrographs of part of one

fragment recovered from Shot 5 that were used in the quantitative shear

band determination. Two photomicrographs with side lighting from

opposite directions (Figure 6b and 6c) are used to highlight the node 1

shear bands intersecting the surface at the two orthogonal 45 degree

angles. The fragment is divided into zones of axial position, each zone

being 1.27 cm wide, and shear bands within each zone are counted as a

function of length. Values for each zone are added together for all of

the fragments recovered for a particular lot, and the total is divided

by the surface area of the zone to yield shear band surface densities.

Quantitative damage assessments were made only for the shots using

4340 steel specimen tubes hardened to R c40 (except for Shots 1 and 6,

which exhibited negligible shear banding). The results are shown in

Figures 7 through 12, plotted in terms of the areal density of shear
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bands having a length greater than k versus the shear band length 2,

for different zones of axial position.

In examining the graphs, one should note several features. First,

the shear band densities are higher for zones near the axial mid-point

of the specimen tube than for zones near either end. This is because the

pressures from the explosives remained higher for a longer duration.

Second, the very small shear bands having a length less than about 0.2 cm

are difficult to see, since the width of their exposed slip plane (B,

from Figure 5) may be less than 0.1 mm; hence, the number of these bands

counted may be below the actual value. Therefore, the shear band density

curves for values of t less than 0.2 cm (see Figure 7, for example) may

actually be as steep as they are for larger values of k
q

In summary, we have performed a series of contained fragmenting

round experiments on specimens of 4340 steel treated to three different

hardnesses and have observed a range of damage from homogeneous plastic

deformation only to extensive shear banding and fragmentation. We

devised a simplified method of quantifying the shear banding damage

and obtained shear band density distributions as a function of axial

position for each of the R 40 steel experiments. Quantification of the
C

shear band damage for the R 52 steel experiments is recommended for
c

future work.
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4 COMPUTATIONAL ANALYSIS

The TROTT computer code, which was developed recently at SRI and

documented by Seaman, was used to simulate all the R 40 containedc

fragmenting round experiments for which we had shear band density dis-

tributions. The TROTT code is a two-dimensional Lagrangian wave propaga-

tion code incorporating most of the complex equations-of-state and

fracture models available in the one-dimensional PUFF code The

original calculations with the TROTT code did not utilize a slide line

at the HE-specimen tube interface. Therefore, in the simulations the

explosive gases are not allowed to escape from the top and bottom of

the specimen tube as fast as they would in the actual experiment.

However, this was not expected to greatly affect the pressure histories

in the mid-axial regions until reasonably late in the simulation (Z30

isec), so that the response of the specimen tube in the mid-axial zones

(zones D & E in Figures 7 through 12) may be approximated fairly well

by the TROTT code without the slide line.

The equation of state for reduced density PETN was obtained from
the experimental data of Hornig, Lee, Finger, and Kurrle. They measured

Chapman-Jouguet pressures (peak detonation pressures) and detonation

velocities in PETN for densities from 0.25 g/cm
3 to 1.764 g/cm 3

(approximately the crystal density). For our calculations the data

were fitted to a polytropic gas form to obtain the polytropic gas

constant y and the chemical energy Q.

To fit the data to the polytropic form, the detonation velocity D

and pressure P were plotted versus density as shown in Figure 13. A

smooth curve was drawn through the points. The values of y and Q were

obtained from the polytropic gas relations

0D PCJ
= , and Q 2p0(y- )
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where D = detonation velocity, cm/sec

P = Chapman-Jouguet pressure, dyn/cm2

Q = chemical energy, erg/g

p0 = initial density, g/cm
3

The resulting constants for the PETN are shown in Figure 14. These

constants were used in our simulations of fragmenting round experiments.

The simulations were made using the shear banding subroutine

SHEAR2 so as to calculate the plastic shear strain in directions

* appropriate to each of the three orientation modes for shear banding in

a cylindrically expanding pipe. The parameters were set in these calcu-

lations so as not to allow any shear bands to nucleate or grow. Thus,

the simulations were for the case of negligible shear banding. They

would be expected to be accurate for experiments that produced negligible

or incipient shear banding or for experiments that produced higher damage

levels before the onset of significant band growth, at which time sign-

if icant strains would be taken up by the shear bands themselves. In

any case, the simulations would give a first approximation to the strain

histories.

Since the shear band density distributions that we measured

quantitatively from the R 40 experiments involved mode 1 shear bands
c

only, we calculated mode 1 strain histories (Ref. 1, p. 35). The strain

rate history was selected because the strain rate is the parameter

analogous to the stress in the case of tensile failure. Just as the

growth rate of tensile voids and cracks depends on the tensile stress,6

we expect that the shear band growth rate depends on the shear strain

rate.

The plastic shear strain rate histories and the shear band density

distributions for the mid-axial location (an average of zones D & E in

Figures 7 through 12) are grouped according to the explosive density

in Figures 15 through 17. Figure 15 includes Shots 3 and 5, both of

which had an H.E. density of 1.35 g/cm 3; Figure 16 includes Shots 2, 4,
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* and 7, all of which had an H.E. density of 1.2 g/cm ; and Figure 17

3
depicts Shot 8, which had an H.E. density of 1.47 g/cm

The peak strain rates are almost exactly the same for shots having

the same H.E. density and hence the same detonation pressures. These

* peak strain rates are shown in Figure 18 as a function of detonation

pressure. The rates range from 0.7 x 10 4/sec for a detonation pressure

of 33 kbar to 2.2 x 10 4/sec for a detonation pressure of 204 kbar.

For shots of a given H.E. density, increasing the acrylic buffer thickness

increases the shear strain rate duration but not the peak amplitude.

The change in the computed pulse duration appears to vary linearly with

the increase in buffer thickness and, in fact, has a value equal to the

time it takes a stress pulse to traverse back and forth across the

change in thickness.

From the shear band density distributions and the strain rate

histories shown in Figure 15 and 16, it appears that:

(1) Higher strain rates result in greater shear band
nucleation rates.

(2) A slight increase in the duration of the peak strain
rates causes a marked increase in the shear band lengths.

(3) The shear band growth rates are larger for higher peak
strain rates.

We noticed that the shear band density distribution curves are

approximately straight lines in the semi-log graph. So in our first

attempt to quantify these qualitative results, and to obtain parameters

that would be used in the initial computer simulation in which shear

banding was allowed, we fitted the data with straight lines such that

lines for experiments with the same peak strain rates have the same

y-axis intercept. The results are shown graphically in Figure 19. A

consequence of this procedure is that the shear bands follow a viscous

growth law of the form

R/R = constant,
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where R is the shear band radius (equal to Jk) This appears at first

glance to be in agreement with the growth law assumed in References

* 1 and 2 and given by Eq. (2) in Section 2. However, the initial evidence

suggests that R/R is not a linear function of strain rate, since for the

.PS 4cases shown in Figure 19, C - 21 for E =2.05 x 10 /sec, whereas C
gS 4 ~ g

-8 for =1.7 x 10 /sec. Subsequent iterative calculations may show

that a constant value of Cg can describe the data, but at present it

appears R/R will be a more complicated function of strain rate than that

~ Igiven by Eq. (2).

*The magnitude of the shear band growth velocity approaches 1.7 mm/Vs

for the highest strain rates. This speed is about half the shear wave

velocity for 4340 steel (--3.2 mm/ps), which is the theoretical limit for

such instabilities.

As expected, the nucleation rate appears to be a strong function

of strain rate. The total surface density of nucleated shear bands

(see Figure 19) increases from 16 cm -2to 125 cm- as the nominal peak

strain rate increases from 1.7 x 10 4/sec to 2.05 x 10 4/sec.

At the very end of the program, after a slide line capability had

been inserted into the TROTT code, we re-ran the no-damage calculation

-. of Shot 2, using a slide line to simulate the motion of the explosive

gases along the interface with the specimen tube. To illustrate this

calculation, we plotted various motions, stresses and strains experienced

by the specimen tube at its mid-axial location. The cell layout is shown

in Figure 20, along with the location of the cells for which we have

plotted the histories. The HE begins detonation simultaneously across

the top and the detonation travels downward. Figure 21 shows the

pressure history in the HE cell adjacent to the specimen tube near the

mid-axial location. The radial position and velocity histories of the

4 mid-axial cells (J = 5 through 8) are shown in Figure 22. The principal

stress *histories within the specimen tube (cells J = 6 through 8) are

Note that positive values for pressures and stresses connote compression;
negative values connote tension.
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are shown in Figure 23. The equivalent plastic strain* histories and

the plastic shear strain histories in the mode 1, 2, and 3 directions

(as defined in Figure 4) are shown in Figures 24 and 25, respectively.

A comparison of this slide-lined calculation with the one described

earlier for Shot 2, which lacked a slide line, showed that the slide-

lined calculation exhibited a decrease of 10% in a peak Mode 1 shear

strain rate, a decrease of 18% in the final Mode 1 shear strain, and

an increase of 4% in the final specimen tube thickness. Furthermore,

the final tube thickness attained at the mid-axial location in the

slide-lined calculation was within 1% of that measured experimentally.

Thus, the original calculations without the slide line appear to be

- approximately valid, as hoped. However, the calculation with a slide

line represents a meaningful modification to the contained fragmenting

cylinder simulation and should be used as a starting point for future

iterative calculations with damage that will be necessary to better

define the shear banding nucleation and growth parameters for 4340

steel.

4

The equivalent plastic strain is defined as 3/2 times the square
root of the sums of the squares of the plastic strains in the three
principal directions.
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5 SHEAR BAND NUCLEATION THRESHOLD CRITERION

* Introduction

1 2
In our original development of the SNAG model ' we did not attempt

to determine what causes adiabatic shear bands to form initially. In-

stead, we constructed a model for the nucleation, growth, and coalescence

* of the bands once they appeared. The threshold criterion governing the

* initial appearance, or nucleation, of the bands was estimated empirically,

and it stated that shear bands nucleate when both a critical strain and

a critical strain rate are exceeded. No derivation was presented.

However, such a derivation of a nucleation criterion that depends on

other, commonly measured material properties would be very desirable

because the propensity of various materials to form shear bands could

then be assessed without additional extensive testing.

* This section describes our recent efforts to derive and test such

a criterion. We first give some background information, then state our

* - -~postulated criterion, and next derive the mathematical expressions for

N the nucleation criterion. Finally, we apply the criterion to several

steels, and test it against experimental data.

Background

Classical instability analysis is based on assuming the existence

of perturbations, and then deriving the conditions for their growth.7,

The usual result for plasticity problems is that shear instabilities will

occur when increasing strain results in decreasing load, that is, where

the work hardening coefficient becomes zero or negative. However,

instabilities with positive work hardening coefficients have been shown

to be possible by Rudnicki and Rice 9and by Asaro and Rice. 10A recent
11

review of these results has been given by Rice.
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Tlhe above instabilities are basically static, whereas experimental

evidence suggests that adiabatic shear band initiation requires high

strain rates. However, plastic instabilities can also be viewed
8,11

dynamically. For strains equal to or larger than the critical value,

the plastic shear wave velocity becomes zero or imaginary. Such strains

cannot be propagated away from the region of load application, and the

deformation becomes localized as a growing perturbation. The classical

example of such an instability is that first investigated independently

during the Second World War by von Karman, Taylor, White, Le Van Griffis,

*Rakhmatvolin, and Shapiro. A review of their work is given byDais

The above workers found that for wires subjected to tensile impact,

strains larger than that corresponding to the ultimate strength cannot

* be propagated, and the strain is localized at the impact end of the wire,

where necking occurs.

It is clear that this dynamic instability is closely related to

* the static necking instability. The usual language used to described

the necking instability is that for strains larger than those at ultimate

tensile strength (UTS), the decrease in load due to the reduction in

area exceeds the increase in load due to work hardening, thus causing

decreasing load with increasing displacement, and fulfilling the con-

dition for a plastic instability. However, because the Lagrangian

plastic bar velocity, 1 aa (where a and c are engineering stress

and strain), is the governing wave velocity in this problem, the strain

at UTS is also the strain for which the wave velocity becomes imaginary.

For static or dynamic compression of a rod, however, there is no

corresponding "barreling" instability because the force-displacement

curve always has a positive slope. Nonetheless, extremely localizedt

"barreling" of impact rods is often observed. This occurs because the

bar velocity can become small compared to the impact velocity, even

through it is non-zero. Thus, the larger strains do not propagate very

far down the. rod during the duration of the load. This phenomenon is

therefore a strain localization without being an instability. Neverthe-

less, the dynamic localization process is the same in both cases:

''trapping' of the plastic wave.
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Postulated Nucleation Criterion

We postulate that adiabatic shear banding is a dynamic phenomenon

whereby plastic strain localization at a perturbation first occurs by

"trapping the plastic wave," and is then followed by thermal softening

as the imposed global deformation is accomodated solely within the

perturbation, thus concentrating the plastic work and the associated

heating. Hence, our postulated initiation mechanism is not restricted

to cases of zero or negative work hardening (or to the static cases with

positive work hardening discussed by Rice and coworkers) but is a purely

dynamic phenomenon . It can, however, be considered as an extension of

the usual perturbation approach to account for the finite rate at which

plastic flow can occur.

We thus formulate the shear band initiation criterion as follows:

Plastic shear localization leading to shear banding may occur at

perturbations when the rate of applied shear deformation exceeds the

ability of the plastil shear wave to transmit significant deformation

to adjacent material. This criterion will allow dynamic localization

to occur when there is positive work hardening because the rate of applied

deformation is non-zero. For quasistatic loads, the rate of applied

deformation is nearly zero, and the above criterion will reduce to the

N usual static one of zero or negative work hardening.

A The above criterion is only a necessary condition; an associated

- requirement is that the shear stress-strain curve must have a zero or

negative second derivative. That is, the plastic wave velocity must

remain constant or decrease with increasing strain. Otherwise, there

could be a "shocking-up" effect that might prevent wave trapping.

Further, the wave trapping must be severe enough to cause significant

thermal softening. Nevertheless, we shall assume for the present that

the necessary condition is the primary initiation criterion.
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Relation of Material Properties to Flow Field Velocities

The above criterion can be quantified by considering the type of

deformation shown in Figure 26. We assume that a perturbation in an

otherwise smoothly varying strain field exists in the xl, x3 plane and

is represented by the area A in that plane. Across this perturbation

- at a time t = 0, there is a discontinuous jump in shear strain. For

. I simplification, we assume that in the vicinity of the perturbation, all

of the displacement is in the xI , direction, and is given by

u x1 hi , (3)

where

X= 1 (hilt) (4)

and hI E Lagrangian position coordinate

The Lagrangian shear strain, particle velocity, and shear strain rate

are defined by

. ,Y12 =  u 1 /ah2

A V = u l/a t (5)

12 =  1 /Dh2

Thus, the differential displacement may be written

3u 1 u I

du - dh + -- dt Y dh + vldt (6)
1 3h 2 2 t d 1 2  2 1
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The Lagrangian propagation velocity associated with a constant value of

u 1 is therefore

SC u 3h 2- auI-D
Cu ( - ) - u~ - = 1 (7

1 at uI  Du1 /9h 2  Y2

Similar arguments show that paths of constant particle velocity vI and

shear strain y have the velocities

D 1 /at 1 (8)
"Vl Vl/h 2  12

and

C ay 12 /Dt i12 (9)
y12 DY12/Dh - y12 /h2

respectively.

These velocities simply describe the dynamic deformation field, and

do not contain information about material properties. The material

N% properties enter through a constitutive relation:

T12 = T12 (0)

where 112 is the shear stress in the h direction across the perturba-

tion plane represented by A in Figure 26. Then we write the conservation

of momentum equation in Lagrangian coordinates:

P0 ( v1/t) h 2 + (W 1 2 /ah2)t = 0.
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1

In the vicinity of the perturbation A, this can be written with the aid of

(N8) as

p t + (2/ay2)t(ay2/Dh2)t =0, (11)0 1 )h +(a' 12 /a 12 (ay12  2t
2

* because near the perturbation all strains except Y are zero.

* Substituting the expressions for vl and Y12 from (5) into (11),

yields

"1- = c 2 H (1 2)

2U 2 P0a u /3h 0
1 2

where C 2 1 p aT121 H/p

4 and H is the local hardening modulus. An identity arising from the

definitions (5), (8), and (9) is:

a2 U1 /at 2
C v C 2- (13)

v 1  Y 1 2  a2 u 1 /h 2
2  (

Comparison of (12) and (13) yields the important link between the

deformation field and the work hardening curve of the specific material:

C Y12 2 = H/Po (14)

Examination of Flow Field for Wave Trapping

To define the conditions for wave trapping, we assume that the

perturbation surface represented by A in Figure 26 is located at

' h 2 = h . At t = 0 unstrained material on one side of the perturbation

2 o
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is separated from material at a finite strain y 2on the other side of

the perturbation. We further assume that the constitutive relations are

the same for the material on each side of the perturbation.

* This strain discontinuity introduced at t = 0 will cause waves to

propagate away from the perturbation surface. These waves can be plotted

in terms of the flow variables: displacement, strain, and particle

velocity. If wave trapping is to occur, the strain must tend to remain

localized at the perturbation surface, and only diffuse slowly away.

That is, the perturbation acts as a kind of piston; we are interested in

the case when the imposed strain remains trapped at the piston.

*This situation is diagrammed in Figure 27 In 27(a) lines of con-

* stant strain are plotted in h, t space, and in 27(b) the corresponding

profiles in hy 2 space are shown at successive times. In the situation

shown, the peak strain behind the perturbation surface propagates more

slowly into the initially unstrained material than do the lower strains,

in a diffusion-like process.

This situation can also be represented in terms of the displacement

field, ul, as shown in Figure 28, which plots lines of constantu1

radiating away from the perturbation surface. The dh 2 /dt slopes of the

lines are the values of C . The gradient of the lines in the h2direc-

Ntion is - and the gradient in the t direction is v. We see that

(3C u/3h 2) t > 0

(15)

(aC /at)h < 0
u1 h2

We note that in the region of constant strain, the lines of constantu1

are parallel and travel more slowly than the lines of lower displacement.

This corresponds to the diffusion-like propagation of strain shown in

Figure 2 7(a), from which we see that

3Y12/3 2< 0

(16)

aY12/at 0
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We next combine the inequalities (15) and (16) with the definitions

(5) to obtain a criterion for wave trapping.

First, from the first of the inequalities (15), and from (7), we

obtain

yav/Dh > vay/ah , (17)

where the subscripts have been dropped for convenience. Similarly, from

the second of the inequalities (15) we obtain

yav/at< vay/at (18)

Since y is positive, (17) and (18) can be written as

- t > C uy/3h (19)-- U

and

Dv/at < C (- v/ h) , (20)
-- U

respectively, where we have used (7) to define C . Finally, since (16)

shows that ay/ h is negative and ay/t is positive, (19) and (20) can

be written as

C < C , (21)

and

C < C , (22)
V- U

respectively, where we have used (8) and (9).

If we now multiply (22) by CY, we obtain

2
C C > 2 , (23)yu- p

where we have used (13) and the fact that C is positive. Relation (23)Y

is the one we shall use as the necessary condition for adiabatic shear

band nucleation. 61



Another type of dynamic localization occurs not at the "piston,"

but in a shock front. If the strain increment introduced at the pertur-

bation had propagated away as a shock, or discontinuous jump in strain,

followed by a decaying tail, it can be shown that the inequalities (15)

are unchanged, but the sense of inequalities (16) are reversed. This

would cause a reversal of the inequality (23).

Thus, if an equal sign replaces the inequality sign in (23), the

resultant equation defines a critical load curve, as illustrated in

Figure 29. Above the curve, wave trapping at the perburbation can

occur. Below the curve, perturbations are carried away from the pertur-

bation to localize in a shock font. That is, above the curve deformations

* tend to accumulate at the piston (perturbation), and below the curve

they tend to accumulate in a shock front. On the curve, the waves are

neither dispersive or convergent, and the perturbation is propagated

unchanged as in an elastic material.

Application of the Criterion to Steel

To apply the above concept to steels, we use the common expression

for the work hardening curve,

T=T0Yn (24)

where T and -y are now regarded as scalar quantities expressed in terms

of suitable invariants of the stress and strain tensors and T and n
0

are material parameters fitted to experimental data. We thus assume

isotropic materials. The value of C ,or (H/ p ) , is then taken to
p o

be

Il \ /nT\ n-2 (25)
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We next write (23) as:

(CCu) = /h n-i -2- (26)

y u yay/@h Po~0  y

where we have used absolute values to avoid confusion about the
direction of the inequalities. Table 2 lists representative values of

T 0, n, and p for three steels, and Figure 30 shows the corresponding

critical load curves.

Table 2

MATERIAL PROPERTIES FOR SEVERAL STEELS

T P (g/cc) -0 ms

Material cm / n 0o

Armco Iron 5.3 x 109 0.26 7.8 1.3 x 104
0

HF-I steel 1.57 x 10 0.10 7.8 1.4 x 10
4

10
4340 steel 3.3 x 10 0.15 7.8 2.5 x 104

RHA
(1.5" plate) 1.2 x 109 0.08 7.8 3.5 x 103

The data for 4340, Rc5 3 steel were generated at SRI; the RHA steel
data for the 1.5" plate were taken from R. F. Benck, BRL Memorandum
Report No. 2703, November 1976; and the HF-I and Armco iron data were
estimated from data given for similar steels in G. E. Dieter,
Mechanical Metallurgy, McGraw-Hill, N.Y. (1961), p. 248.
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These critical load curves were calculated from quasistatically

measured values Of T and n in Eq. (24). The dynamic work hardening
0 4 -1

curves, corresponding to the strain rates of 10 s often encountered

in shear banding experiments, may be significantly different for some

materials. Unfortunately, data for these steels in the high strain

._1 rate region are sparse, although impact data by Jones et. al. 13suggest

that the yield strength of 4340 steel is not very rate-dependent. Hence,

the critical load curves plotted in Figure 30 may be in error.

Comparison With Experimental Data

We checked the plausibility of the above initiation criterion by

comparing the critical load curve for 4340, R 53 steel with calculated
c

(C C) versus 'y paths taken by material elements in exploding cylinder

experiments that bracketed the threshold conditions for shear banding.

Shots 13, 15, and 16 on 4340, R c52 steel all spanned the range from no

shear banding in some orientation modes to shear banding in other

.N orientation modes.

In Shot 13, material on the inside surface of the cylinder exhibitedj

incipient shear band striations in the mode 1 orientation, but none in

the mode 2 and 3 orientations. For this material element we computed

(C C ) and y histories for each oriertation, and plotted the (C C)
versus y paths in Figure 30. Y

In contrast to Shot 13, which showed only incipient mode 1 banding,

Shot 15 showed significant banding in the mode 1 orientation. A few

mode 2 bands were found; these showed very little growth. No mode 3

loads were seen. The corresponding load paths are shown in Figure 31.

Comparison with Figure 30 shows that in Shot 15 the load paths for all

modes were shifted toward higher strains, but are otherwise very similar

to the paths for Shot 13.
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Finally, Shot 16, performed at somewhat lower strain rates, showed

* two long axial cracks completely through the cylinder. One of these

cracks was definitely a mode 1 shear band. We conclude that mode 1

shear banding occurred in this experiment; the mode 1 load path is

shown as the dashed curve in Figure 31.

These results are summarized in Figure 32, which compares all the

load paths for shear banded and non-shear banded material from Shots

13, 15, and 16.

Figure 32 shows that the load paths for material that nucleated

shear bands are consistently above those for which nucleation was not

* observed, as expected. However, all the load paths have portions above
the critical load curve, suggesting that nucleation should have occurred

in every case.

There are two effects that could help resolve this discrepancy.

First, as discussed above, the dynamic critical load curve may lie

above the static curve shown in Figure 32. Second, shear band growth

as well as nucleation is required before the bands can be observed.

Our preliminary evaluation of growth velocities suggests that the growth

law is approximately given by Eq. (2) in Section 2, with C being on

the order of 10.

Thus,

R/R = exp )PS: . o (lOt~)(7

and the relative growth increases from about 3 for strains of 0.1 to

more than 7 for strains of 0.2. At still higher strains the growth

increases dramatically. Thus, the observed transition from no shear

banding to significant shear banding also corresponds roughly to the

strain levels at which significant growth begins. This is consistent

with the observed small sizes of the mode 2 bands in Shot 15.
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Discussion of Postulated Initiation Criterion

The postulated initiation criterion based on plastic wave trapping

appears at this stage to be plausible, but requires further investigation.

In future work we will attempt to obtain dynamic stress-strain data for

1 construction of dynamic critical load curves. We will also attempt to

further improve the growth law by analyzing additional shear band size

I data.
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6 SIMPLIFIED TESTS TO OBTAIN SHEAR BANDING DATA

.=1 We examined a number of experimental techniques that have been

used or proposed for use in studying shear banding phenomena. We

evaluated the techniques for their ability to provide data, at minimal

time and expense, from which we could obtain the parameters required as

input to our shear band model. These parameters are basically a thres-

hold or initiation parameter (to specify if the loading conditions allow

shear bands to form), a nucleation parameter (to specifiy the number or

density of bands that have been formed), and a growth parameter (to

specify the growth velocity of the bands). These three parameters are

functions of loading conditions (e.g., the plastic shear strain rate),

and the amount of damage is related to the duration of this applied load.

To obtain the shear hand parameters, one needs an experimental technique

in which magnitude and duration of the loading can be varied more or

less independently.

In addition to the contained fragmenting cylinder technique described

-~ in detail in Section 3, there are a number of other experimental tech-

*niques for producing shear bands in the laboratory. They can be divided

into three broad classes of techniques: dynamic punch Lests, dynamic

torsion tests, and high-speed machining tests.

The dynamic punch tests include all forms of impact or penetration

experiments, in particular those using a flat-nosed cylindrical projectile,

wherein shear banding in the target parallel to the impact direction is

the cause of target failure. 14The most promising technique of this

type appears to be the "stepped" projectile technique, described by

Wingrove 15 and shown schematically in Figure 33. The magnitude and

* duration of the load can be varied independently by altering the impact

velocity and step length, respectively. This technique was used success-

fully to study shear banding in aluminum targets impacted by hardened

steel penetrators. However, the shear load is concentrated in such a
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FIGURE 33 SCHEMATIC OF WINGROVE'S STEPPED PROJECTILE TECHNIQUE 15

Stepped projectile is fired at supported target (a). Step penetrates target (b)
until depth of penetration equals step length. Then projectile body impacts

target, "freezes" step penetration, and shears out large plug (c) for soft

recovery.
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narrow region that it is extremely difficult to measure or calculate

the stress or strain states existing in that region. Therefore,

although it may be possible to obtain a predictive capability for flat-

nosed penetration, one could not obtain the parameters necessary for a

general shear band model that would be useful in other geomtries.

Furthermore, this technique may not be suitable for use with an armor

stee asthetarget material because of large deformation in the pene-

trator. Nevertheless, this technique is valuable in identifying pheno-

menology for armor penetration applications.

16
Dynamic torsion tests with thin-walled tubular specimens have

been used to generate shear bands in steel at shear strain rates of

;-1 /sec. The loading magnitude and duration can be varied by changing

the angular velocity and maximum angular stroke of the torsional testing

machine. However, the maximum strain rates of machines of this type

are orders of magnitude lower than the rates found in exploding rounds

or penetration experiments. This is a serious drawback, because shear

- .~ bands are very sensitive to strain rate.

4 High-speed machining of metal has been used to study shear band

formation, 17and may in the future be used to measure the temperatures

generated during the shear band process. 18However, the extreme load

N concentration in the region of band formation is also the major drawback

to use of this technique for generating shear band model parameters.

Our present conclusion is that the contained fragmenting cylinder

tests provide the most unambiguous data for shear band modeling. The

loads and strains are evenly and smoothly distributed over the specimen,

thus allowing use of a maximum volume of material in a single test.

Furthermore, the simple geometry lends itself to computer modeling.

For these reasons, we recommend that this method be used to obtain shear

banding parameters for any material that can be obtained in tubular form.

However, these tests should be supplemented by tests that approximate

the geometrical constraints of the applications of interest. For

example, for armor penetration with long rod penetrators, dynamic punch

tests are valuable for identifying the key phenomenological processes.
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- - 17 DISCUSSION AND RECOMMENDATIONS

The experimental program has fulfilled our objective of providing

a data base for 4340 steel that allows improvement of the SNAG model.

Data from expanding cylinder tests now exist for three hardnesses of

4340 steel, spanning shear banding levels of damage from incipient

serbanding to complete fragmentation. For one hardness (R c40),

quantitative number, size, and orientation distributions for the shear

bands were measured and correlated with calculated strain and stress

histories. These correlations suggest that strain rate is indeed the

2 key loading parameter that governs the number and growth of the shear

bands. Furthermore, our derived nucleation threshold condition suggests

that the shape of the dynamic work hardening curve is crucial for

determining the strain and strain rate conditions required to nucleate

the bands.

The above results indicate that the following future work is highly

desirable:

* Complete the quantitative data analysis by measuring the
shear band size and orientation distributions for the
R c52 cylinders.

0 Measure the static and dynamic stress-strain curves for
all three hardnesses. According to Jones et. al.. (Ref. 13)
4340 steel may not be excessively rate-dependent, but this
should be checked, at least at rates attainable on standard
tensile testing machines.

* Continue to analyze the data with iterative computations
to obtain the SNAG parameters as functions of the strain
hardening curve.

* Perform dynamic punch tests and computer simulations for
targets with each of the three hardness levels to see if
the SNAG parameters developed from expanding cylinder
tests will correctly predict and rank the phenomenology
of shear banding in geometries applicable to armor pene-
tration.
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The above tasks are needed to fully use the experimental data

base generated in this program; they will provide an understanding of

how the shear banding process depends on key material properties for

one material. Such an understanding is required to allow extrapolation

to other materials such as those used for armor and penetrators.
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