
2174 AIAA JOURNAL VOL. 2, NO. 12

Influence of Work-Hardening on the
Dynamic Stress-Strain Curves of 4340 Steel

BARRY M. BUTCHER* AND JACK R. CANON!
Sandia Corporation, Albuquerque, N. Mex.

The experimentally determined one-dimensional strain dynamic stress-strain curve of Rc54
hardness 4340 steel is shown to be in agreement with the uniaxial strain curve calculated from
quasi-static properties. Strain-rate independent elastic-plastic theory including work-
hardening was employed in the calculation. The agreement between theory and experiment
shows that the stress-strain curve of fully hardened 4340 obtained at low strain rate, which
indicates appreciable work-hardening, can be used to predict dynamic behavior. In contrast,
the experimental data for RC15- and Rc32-4340 steel showed strain-rate sensitivity. When
these data are analyzed by the same procedure used for the fully hardened steel, a different
stress-strain path is obtained for each peak stress level investigated. The results suggest
that the observed large increase in flow stress with increase in strain rate is not limited to
stress levels around the yield point but persists as long as the strain rate is high.

Introduction
r I^HE determination of Hugoniot equations of state from
A shock-wave measurements has been reported by many

investigators.1"10 Many of these studies have utilized high
explosives to produce shock waves with stresses in excess of
100 kbars.t Under these conditions, material rigidity con-
tributes a relatively small amount to the observed stress,
so that a strict hydrodynamic model of behavior has been
applied with success to the compressive part of the loading
cycle. Even at these stress levels, however, rigidity must
be considered during unloading to accurately describe the
attenuation of a stress pulse as it moves through the
material. n> 12

At stress levels of the same order of magnitude as the
yield stress of the material, the effect of rigidity contributes
significantly to all parts of the dynamic stress-strain curve.
Fowles8 has analyzed the dynamic behavior of 2024 alumi-
num, in the precipitation hardened and annealed conditions,
in this stress range by simple elastic-plastic theory. His re-
sults show that, within his experimental error, the plastic
part of the experimentally determined dynamic stress-strain
curve is offset from the hydrostat by f F0, where F0 is the
static yield strength of the material. Similar results have
been obtained for 6061-T6 aluminum by Lundergan and
Herrmann.9 Work-hardening is not observed in either
investigation because the flow stress Y of these alloys does
not increase markedly with increase in strain; consequently,
the experimentally determined stress-strain curves nearly
parallel the hydrostats. In contrast, if a material exhibits
pronounced work-hardening at small strains, the increase in
flow stress Y must be reflected as an increasingly large offset
of IF from the hydrostat for increasing strain.

This paper describes the experimental determination of the
dynamic stress-strain curve of fully hardened 4340 steel,
which exhibits considerable work-hardening in the strain
range investigated. The curve is compared with the experi-
mentally determined dynamic stress-strain curves of two
softer conditions of 4340 steel which exhibit negligible work-
hardening. A comparison is also made between the experi-
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mentally determined dynamic stress-strain curves and
dynamic curves predicted from the quasi-static properties
of 4340. Of particular interest is the accuracy with which
the plastic portion of the dynamic curve can be predicted
from the results of a quasi-static (strain rates 10 to 10 ~3 in./
in./sec) one-dimensional compressive stress test.

The possibility of a correlation between static and dynamic
behavior assumes that the increase in flow stress with in-
creased strain rate may be neglected (is of the order of the
experimental error), or that the state of stress in the material
is measured under the condition of low strain rate. Recent
precise measurements by Barker, Lundergan, and Herrmann13

show that strain-rate effects do exist in 6061-T6 aluminum,
a material that previously was thought to be "strain-rate
independent.77 These effects were previously undetected
because of the error in the measurement of dynamic response
and the method of analysis of the resulting data. This
suggests that, for many applications in which a state of one-
dimensional strain exists, the precision of the work may not
warrant inclusion of strain-rate effects.

Experimental Method and Analysis

The experimental work of this investigation concerned the
generation of peak stresses from 10 to 55 kbar in 4340 steel
of varying hardnesses. The steel was loaded symmetrically
by impacting a flat target plate of uniform thickness with a
flat projectile of the same material. Details of the air gun
used to accelerate the projectiles to impact velocity are
described elsewhere.9 The stress range corresponds to pro-
jectile velocities of 100 to 1000 fps.

The 4340 steel was originally in the form of 6j-in.-diam bar
stock. This was cut into ^-in.-thick plates, some of which
were reduced to 4 in. in diameter for use as projectile face
plates. All plates were then heat treated according to the
procedures of Table 1.

After heat treatment several Ij-in. by ^-in.-diam uniaxial
compression specimens were ground to shape for quasi-static
stress-strain determinations. The results of these tests are
shown in Fig. 1. The remaining plates were then parallel
ground and lapped flat enough to assure contact of all points
of the impact surface within 0.01 /*sec. The flatness toler-
ance is therefore directly related to the proposed projectile
velocity and ranges from 12- X 10~~6-in. deviation from plane
over a 4-in.-diam area for a projectile velocity of 100 fps to
ten times that for 1000 fps. The flatness was determined
by an optical flat using a monochromatic light source.



DECEMBER 1964 INFLUENCE OF WORK-HARDENING ON 4340 STEEL 2175

The projectile velocity, tilt, and free surface motion (see
Fig. 2) were determined in the plate impact experiments.
Tilt is defined as the angle between the face of the projectile
and the impact surface of the target just prior to impact.
If a perfect impact is not achieved, points on the free surface
of the target opposite to points of first contact of impact
begin to move first. A corresponding "tilt" in the free
surface motion then occurs. Data obtained from different
regions of the free surface must then be corrected for this
effect before analysis is possible. The tilt in these experi-
ments was always less than 0.05°. All observations of free
surface motion were made prior to the arrival of the effects
caused by the finite lateral geometry of the projectile, so that
a state of one-dimensional strain existed with the principal
stress parallel (ax) and perpendicular (<ry, az) to the direction
of wave propagation (ey = tz = 0), and from symmetry
cry = 0%.

The instrumentation went through three states of refine-
ment during the course of the investigation. The first
procedure utilized a circumferential array of eight pins pro-
truding at various lengths from the impact surface to measure
tilt and projectile velocity. Electrical contact of these with
the moving projectile were observed on an oscilloscope, and
the motion of the projectile was deduced from the recorded
trace. Similarly, an array of pins set various distances from
the free surface were used to determine the distance-time
history of the free surface by electrical contact time record-
ings. The pin settings were not close enough, however, to
define the transition between the portions of the free surface
motion due to the elastic and plastic parts of the incident
wave; consequently, the data points defined two straight
lines within experimental error. The first straight line
segment was extrapolated to zero to get the arrival time of
the elastic wave, and its intersection with the second line
segment was taken as the arrival of the plastic wave. This
information, the slope of the first line segment, and the pro-
jectile velocity measurement permitted calculation of the
peak stress and strain in the material from the Hugoniot
relations.3

The second measurement technique retained the eight pin
array for the projectile velocity and tilt determinations.
The innovation was a slant wire resistor for monitoring the
free surface motion. This is a fine high-resistance wire,
with a voltage across it, which is placed at a small angle to
the free surface and progressively shorted out during the
motion of the surface. The angle is small enough to assure
that the velocity of the closeout point on the wire is super-
sonic so that the propagation of disturbances along the wire
into portions that have not yet closed out does not occur.
The change in voltage across the wire is recorded during
closeout as a function of time and is then reduced to a dis-
tance-time history and corrected for tilt.

The present technique14 uses the slant wire to observe the
free surface motion. A schematic of the experimental setup
is shown in Fig. 2. The projectile velocity is measured to
±0.3% by determining the closure times of two adjacent
pins of different lengths which project from the impact
surface. The tilt is determined by four electrically isolated
pins that are mounted in the target so that their tips are
flush with the impact surface. This greatly increases the
accuracy of their positioning and permits the use of very fast
sweep speeds to record the closeout times. From this in-

Table 1 Specimen heat-treatment procedures

Hardness Heat treatment

Rcl5 Packed in cast-iron chips, heated to 1450°F, and
furnace cooled

RC32 Heated in a salt bath to 1525 °F, oil quenched,
and reheated to 1050°F for 2 hr

Re 54 Heated in a salt bath to 1525 °F and oil quenched

Fig. 1 Quasi-static stress-strain curves (one-dimensional
stress) for 4340 steel.

formation, the angle between the projectile face and the
target surface at impact may be calculated. The slant wire
data are then corrected accordingly.

In the experiments in which the slant wires were used,
three wires were mounted on each target. The final free
surface displacement trace used for the analysis was a com-
posite of the traces from all three wires. This was divided
into as many straight line segments as necessary to give a
good approximation of the curve. In most cases, four line
segments were sufficient. An approximate dynamic stress-
strain curve was then calculated15- 16 by estimating the shock
velocities from the segment intersections (these define the
time of arrival of each incremental stress pulse) and the
material velocity changes from the slopes of adjacent seg-
ments. The approximation that the particle velocity change
Aw is one- half the change in free surface velocity is generally
made. The change in stress associated with each segment
was then estimated as

where po was taken as the initial density to facilitate calcula-
tion. The slope of the stress-strain curve associated with this
increment was approximated by

Starting with the first shock velocity-particle velocity pair,
then, the complete dynamic stress-strain curve was con-
structed on the assumption of strain-rate independence.
For some engineering calculations at low-stress levels this
result is sufficient.

RESISTANCE WIRE
(SLANTED RESISTOR)-

-FREE SURFACE,
TARGET PLATE j

VELOCITY PINSA T

/-INSULATION

IMPACT SIDE ^FLUSH PIN
(FOUR EQUALLY SPACED
AROUND CIRCUMFERENCE)

J^S——DIREl:CTION OF MOTION

PROJECTILE NOSE PLATE

Fig. 2 Schematic diagram of the target instrumentation.
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Table 2 Dynamic stress-strain coordinates for the
stress-strain curves of 4340 steel0

2.6 2.8
TIME AFTER IMPACT- MICROSECONDS

Fig. 3 Free surface distance-time plot for shot 26.

A refinement of this calculation is necessary, however, if
the fine details of the dynamic stress-strain curve are to be
deduced. The principle objections to the foregoing procedure
are that change in density has not been considered, the par-
ticle velocity has been approximated, and the unloading by
elastic rarefaction waves of the plastic part of the stress wave
interacting with the free surface has been neglected. The
latter occurs because of the faster propagation velocity of
an elastic wave. The elastic wave reaches the free surface
first and is reflected as a rarefaction wave moving back into
the target. When this pulse meets oncoming plastic waves,
the interaction is the same as the transmission and reflection
of pulses at a boundary between two slightly dissimilar
materials since the densities on each side of the interface are
different. Consequently each interaction will have an effect
on the free surface motion as the products of these interac-
tions reach the free surface.

In principle, all these calculational refinements may be
done by hand, but in practice, this is prohibitively tedious.
Instead, the forementioned stress-strain curve estimate was
used as the input to a computer program in which the method of
characteristics and elastic-plastic strain-rate-independent the-
ory were used to calculate the theoretical free surface motion.17

A 1604 CDC computer was used. The program determined
all shock interactions with free surfaces and other shock
waves and subsequently gave a complete stress-strain history
for any desired point in the target or projectile. The calcu-
lated free surface motion was then compared with the ex-
perimental curve, and the dynamic stress-strain curve was
altered, if necessary, to improve the agreement. An ex-
ample of the final result is shown in Fig. 3.§ Numerical
results are summarized in Table 2.

Two aspects of the foregoing procedure merit further dis-
cussion. The first concerns the assumed path for unloading
from the maximum compressive stress produced in the target.
In this analysis, the stress-strain curve is taken to be anti-
symmetric with respect to the strain axis. If a Bauschinger
effect is absent,16 unloading is completely elastic except for
the highest stress states of the Re 15, Rc32, and Rc54 steel.
Consequently, there is a minimum of work-hardening during
the release of the compressive stress. There is no simple
way currently available for predicting the change in flow
stress with strain after the reverse yield stress is reached.
The error introduced by neglecting this, as well as a Bausch-
inger effect, is estimated to be small. This assertion is based
on a series of calculations with the forementioned program
in which small perturbations in the unloading path, such as

§ The experimental data are discrete points that were taken
from the continuous voltage trace of the slant wire and then
corrected for tilt and transformed to distance-time coordinates
by computer.

Hardness Shot Stress-kbar/strain

Rcl5

Rc32

Rc54

21

26

13

22

25

27

12

15

16

17

18

19

19.1
0.0069
16.8
0.0062
19.6
0.0076
20.3
0.0073
15.8
0.0059
13.6
0.0051
24.0
0.0089
14.3
0.0055
21.4
0.008
27.3
0.0104
26.7
0.0100
31.0
0.0119

37.4
0.0165
23.2
0.0095
24.7
0.0100
28.4
0.0112
21.6
0.0085

35.7
0.0137
36.3
0.0142

27 Y
0.0107
31.8
0.0122
52.9
0.0214

49.5
0.0239
34.2
0.0161
43.2
0.0205
54.9
0.0259
33.5
0.0150

44.7
0.0180
47.3
0.019C

61.9
0.0264

57.4
0.0295
40.8
0.0211
56.7
0.0293
58.8
0.0287
38.2
0.0182

57.0
0.0237

0 The stress-strain curve is approximated by connecting the coordinates
by straight lines.

might be expected due to these effects, were assumed and the
free surface motion calculated. No significant change in the
free surface motion was observed.

The second observation is that an error in the measure-
ment of the final surface velocity, when converted to material
velocity, causes data points to move along the dynamic
stress-strain curve rather than parallel to the stress axis.
This is fortuitous since the free surface velocity cannot be
measured with the precision of the other measurements.
It is most significant that, at high stress levels where changes
in stress and strain due to error are greatest, the slope of the
stress-strain curve varies slowly. This means that a large
error in particle velocity is reflected as a much smaller error
in the determination of the stress-strain curve.

In order to compare the experimentally determined curves
with those predicted from the quasi-static properties of the
material, the state of stress of the material in one-dimensional
strain must be specified. This has been developed in general
form elsewhere,8- 15> 16 so only the simplest approach will be
reviewed. The principal assumptions in the theory are
that 1) there is no volume change due to plastic flow, 2) the
flow stress is dependent only on the amount of plastic work
done, and 3) a yield criterion of

- ay = Y(WP) (1)

is
To obtain the functional relation between stress and strain

in one-dimensional strain, the strain is first separated into
elastic and plastic components :

= €/

(2)

The elastic strains in the principle stress orientation (<ry =
az) are then given by

(3)

1T Both theVon Mises and Tresca yield criteria take this form
for the one-dimensional strain experiments described here.
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where E is Young's modulus and v is Poisson's ratio. At the
yield point defined by Eq. (1), plastic deformation begins.
The assumption that there is no volume change due to
plastic flow requires that

+ 2etfp = 0 (4)

so that combining Eqs. (1-4), the relation between stress
and strain above the elastic limit (yield point) is determined
to be

f Y(WP)

where

a = Kex

(5)

(6)

In these equations, a is the spherical or hydrostatic stress
component,** K is the bulk modulus, and the deviatoric
stress component %Y(WP) indicates that the flow stress is a
function of the plastic work.

In order to apply Eq. (5) to a specific problem, Y(WP)
must be determined. This is most easily accomplished by
a one-dimensional stress compression test that must then
be related to the one-dimensional strain state through the
plastic work.

In one-dimensional stress, the amount of plastic work asso-
ciated with a change in plastic strain dax

p is
dWp = Y dax* (7)

For one-dimensional strain the plastic work is given by

dWp = axdtxv + 2(Tyd€v* (8)

which, using Eqs. (1) and (2), reduces to

dWp = Ydex* (9)

The transformation between one-dimensional stress and one-
dimensional strain is therefore determined by equating equal
amounts of plastic work :

= dex
p (10)

which may be written in slightly more useful form by integrat-
ing both sides and then expressing the result in terms of the
total strains:

The last term is due to the elastic strain components that
must be subtracted from the total strain to give the plastic
strain.

A general procedure for calculating the dynamic stress-
strain curve in one-dimensional strain from a quasi-static
one-dimensional stress curve (or from a dynamic one-dimen-
sional stress curve if it is available) is to first choose a point
(Y, ax) on the latter. Using these, ax and ex may be calcu-
lated from the equations and specification of K. This process is
then repeated until the dynamic stress-strain curve is suffi-
ciently defined. The state of one-dimensional strain may be
interpreted to be a one-dimensional stress test under a vary-
ing hydrostatic stress condition sufficient to assure no change
in lateral dimensions of the specimen.

Since both the compression curve and the compressibility
are obtained under conditions of nearly constant tempera-
ture, they must be corrected to the thermodynamic condi-
tions of the dynamic stress-strain curve, or conversely. If
the energy associated with plastic deformation may be
neglected (that is, the material is essentially under hydro-
static pressure), the correction is easily made.1' 2 However,

** Under the one-dimensional strain condition, dex = dV/V =
dl/lj where V is the volume of an element and I is its length in
the direction of propagation. The strains observed in these ex-
periments were so small that finite strain analysis is unnecessary;
natural strain was suitably approximated by nominal or engi-
neering strain.

the flow stresses of the materials under investigation are
large, and this approximation cannot be used. Instead,
the close proximity of the dynamic stress-strain curve to an
adiabat justifies correcting the static data to adiabatic
conditions.9 This significantly changes the compressibility,
but the change in the elastic modulus is negligible.

Bridgman's hydrostatic data for fully hardened steel
containing 1.1% carbon18 were used in calculating dynamic
stress-strain curves (one-dimensional strain) for all three
hardesses of 4340. Although Bridgman's steel was un-
doubtedly somewhat harder than fully hardened 4340, its
compressibility should be more representative than that for
softer steels with only small amounts of impurities. For
comparison, the compressibility of 1.1% carbon steel is
greater by about 2% than the compressibility of American
Ingot iron, single crystal iron, and stainless-steel H26, and
less than that of stainless-steel H29 by about 2%. This,
along with the small effect composition and hardess has on
the elastic moduli of steels, suggests that the error in using
1.1% carbon steel values for RC15- and RC32-4340 steel can-
not be great. Since Bridgman's data are only to 30 kbar,
his compressibility function was used to extrapolate to higher
pressures. It is expected, therefore, that the error in calcu-
lating the highest stress states will be greater than for the
lower states.

Discussion

The results of computer calculations for experiments on
RC54-4340 steel using the present experimental technique
are shown in Fig. 4. These results represent what is be-
lieved to be the present optimum in experimentation and are
therefore considered most accurate. Since each experi-
ment yields a complete stress-strain curve, these curves
would be expected to fall on top of one another if the approxi-
mation that stress is a function of strain only is valid. This
would result in the existence of a single unique composite
curve defining the relation of stress to strain at all stress
levels. Within the limits of experimental error and the errors
inherent in the analysis, this is observed for RC54 steel.

The stress-strain curve calculated from quasi-static com-
pression data has been superimposed on the Rc54 experi-
mental curves in Fig. 4. Again, the difference between pre-
dicted and measured results may well be due to the approxi-
mations of the analysis and is therefore not considered
significant. The close agreement suggests that the dynamic
stress-strain curve can be predicted with considerable ac-

—— CALCULATED FROM QUASI
STATIC PROPERTIES

0.02 0.03
STRAIN

Fig. 4 Dynamic stress-strain curves of RC54 4340 steel.
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Fig. 5 Dynamic stress-strain curves of RC15 4340 steel.

curacy from the static properties of this fully hardened 4340
steel.

The results of computer calculations for experiments on
Rcl5-4340 steel using the present experimental technique
are shown in Fig. 5. These differ significantly from the Rc54
curves in that a different curve is observed for each terminal
stress state, f t and each curve lies significantly above the curve
calculated from quasi-static results. This is, of course,
further evidence of the well-known increase in initial flow
stress with increase in strain rate observed in steels by
Jones, et al.19 and Taylor and Rice.7 In addition, however,
the offset (f F) shows that this increase in flow stress is not
confined to the initial portion of the stress front preceding the
yield point but is observed in all parts of the stress wave
where the strain rate is high. The experimental technique
here was not precise enough to observe the dynamic upper
yield point of this steel.

The dynamic stress-strain curves in Fig. 5 for Rcl5-4340
were obtained using strain-rate-independent elastic-plastic
theory. Each portion of the curves therefore represents some

PIN DATA
INITIAL SLANT WIRE DATA
MODIFIED SLANT WIRE DATA
CALCULATED FROM QUASI-
STATIC PROPERTIES.

0.0!

Fig. 6 A comparison of the terminal stress state of RC54-
and RC15-4340 steel.

f t The terminal stress state is defined as the steady-state
stress supported in a region of the material after the wave front
has passed through it.

A PIN DATA
o INITIAL SLANT WIRE DATA
a MODIFIED SLANT WIRE DATA
— CALCULATED FROM QUASI-

STATIC PROPERTIES

0.01 0.02 0.03

STRAIN

Fig. 7 A comparison of the terminal stress states of RC32-
and RC15-4340 steel.

average strain rate which is representative of the part of the
wave front associated with it. This average reflects the range
of strain rates which a given stress increment produces in the
material as it propagates through the target and conse-
quently will change as the target thickness is changed. If
the dynamic behavior can be represented by a family of
curves of constant strain rate,20"22 where the effect of in-
crease in strain rate is to increase the stress supported by
the material for a given value of strain, then the Re 15 experi-
mental curves may be interpreted as follows. Since a steeper
wave front is associated with higher strain rates, curves
calculated from higher projectile velocity shots must lie
further above the hydrostat than those for low velocity
shots. The upper parts of all curves, however, will bend
back toward the hydrostat through lower strain rates as the
peak stress is approached. The last point on the curve,
the terminal stress state, represents the condition in the ma-
terial of almost constant stress and presumably low strain
rate. Therefore, it lies in close proximity to the curve calcu-
lated from quasi-static data. Unfortunately, the actual
stress-strain path to reach this point cannot yet be deter-
mined because analysis techniques incorporating strain-rate
effects are not available.

An interesting feature of this result is that, if the quasi-
static curve is taken for the equation of state of the impacted
target, i.e., the projectile velocity remains the same but the
target is loaded slowly, the calculated terminal stress is ap-
proximately the same as that of the experimentally deter-
mined curves. This implies that the terminal stress state
is independent of the loading history within the accuracy
of the analysis. However, recent electron microscope ex-
aminations of shock-loaded metals reveal microstructures
that differ considerably from those of specimens loaded
slowly to the same final equivalent strain.23"25 One reason
for the close agreement here may be because the effects of
microstructural differences may not be sensitively reflected
in the one-dimensional strain curves. This is because of the
large spherical component of stress present. For example,
f % error in stress of the final state of shot 26 could repre-
sent a difference of 9% in the flow stress of RC15 if the hydro-
static stress is known exactly. JJ Since J% is the order of
the experimental error of this investigation, such a flow

{{ For equivalent conditions, this would represent an error
of only 2J% in Rc54 because of its much greater flow stress.
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stress difference would remain undetected. It is evident,
however, that the very large increases in flow stress indi-
cated by the large offsets from the quasi-static curve do not
persist after the wave front has passed.

The results for RC32-4340 steel are similar to the RC15
data with the exception that the maximum offsets from the
curve calculated from quasi-static data were only about half
the Rcl5 curve offsets.

Further details of the differences between the stress-strain
curves of Re 15 and RC54 are in Fig. 6. The work-hardening
of the Rc54 steel is reflected by the increasingly large offset
from the hydrostat with increasing strain. In contrast, the
terminal stress states of Re 15 and Rc32 as plotted in Fig. 7
show that, as the quasi-static tests predict, the only differ-
ence is in the larger offset of RC32-4340 from the hydrostat.

Of secondary interest in these comparisons is the way in
which refinements in technique have resulted in better agree-
ment between theory and experiment. The pin shots repre-
sent rather gross experimental measurements coupled with
an overly simplified analysis, as reflected by the data scatter.
The initial slant wire studies were not much better, experi-
mentally, although they did present the opportunity for
more exact analysis of the data. The principal difficulty
here seems to have been in the way the projectile velocity and
tilt were measured. The present experimental technique is
accurate enough to give results that are limited by the
strain-rate independent condition imposed on the data
analysis. There may be many materials, however, such as
fully hardened 4340 steel, for which strain-rate effects are
small, so that for many applications strain-rate-independent
theory adequately describes the propagation of stress waves.

Conclusions

The principal conclusion of this investigation is that the
experimentally observed dynamic work-hardening of fully
hard 4340 steel is in agreement with its static work-harden-
ing properties. This agreement, along with the observation
that strain-rate effects are not large in this steel, suggests
that the dynamic stress-strain curve of a material known to
be strain-rate insensitive can be accurately predicted from
static properties.

A secondary conclusion is that the large increase in flow
stress with increase in the strain rate of Re 15- and Rc32-
4340 steels is not limited to stress levels around the yield
point but persists as long as the strain rate is high. The in-
crease in flow stress is transitory, however, in that, once
the wave front is passed and, presumably, the strain rate
becomes small, the state of stress in the steel is in agreement
with strain-rate-independent theory within experimental
error. The validity of this, however, cannot be definitely
established until computational techniques incorporating
the complicated strain-rate behavior of these materials can
be developed.
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