High strain rate properties of metals and
alloys

R. W. Armstrong** and S. M. Walley?

The high strain rate dependence of the flow stress of metals and alloys is described from a
dislocation mechanics viewpoint over a range beginning from conventional tension/compression
testing through split Hopkinson pressure bar (SHPB) measurements to Charpy pendulum and
Taylor solid cylinder impact tests and shock loading or isentropic compression experiment (ICE)
results. Single crystal and polycrystal measurements are referenced in relation to influences of the
crystal lattice structures and nanopolycrystal material behaviours. For body centred cubic (bcc)
metals, the strain rate sensitivity (SRS) is in the yield stress dependence as compared with the
face centred cubic (fcc) case of being in the strain hardening property. An important
consequence is that an opposite ductility influence occurs for the tensile maximum load point
strain that decreases with strain rate for the bcc case and increases with strain rate for the fcc
case. Different hexagonal close packed (hcp) metals are shown to follow either the bcc or fcc
case. A higher SRS for certain fcc and hcp nanopolycrystals is explained by extrapolation from
conventional grain sizes of an inverse square root of grain size dependence of the reciprocal
activation volume determined on a thermal activation strain rate analysis (TASRA) basis. At the
highest strain rates, additional deformation features enter, such as deformation twinning,
adiabatic shear banding and very importantly, for shock induced plasticity, transition from plastic
flow that is controlled by the mobility of the resident dislocation density to plasticity that is
controlled by dislocation or twin generations at the shock front. The shock description is
compared with the very different high rate shockless ICE type loading that occurs over
nanoseconds and leads to higher compressive strength levels because of dislocation drag
resistance coming into play for the originally resident mobile dislocation density. Among the high
strain rate property, concerns are the evaluation of ductile to brittle transition behaviours for bcc
and related metals and also, projectile/target performances in ballistic impact tests, including
punching. Very complete metallographic and electron microscope observations have been
reported in a number of the high rate deformation investigations.
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strain rate occurred, and those higher flow stresses
derived from generally more complicated dynamic

Introduction

Almost from the earliest time of stress—strain measure-
ments being reported for the conventional strain rate
(and temperature) dependences of the deformation and
fracturing behaviours of metals and alloys, there were
concerns about the connection of such measurements
with the higher strain rate properties of the same
materials. A special early concern was to relate an
apparent mismatch between the essentially static tensile
or compressive test results, for which an approximately
linear dependence of flow stress on the logarithm of
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material test results. The dilemma gained importance
during the late 19th century when specification of both
representative  load-displacement and  stress—strain
behaviours were being first reported for various metals
and their alloys.

Selected historical references

That the properties of materials under impact differed
from those determined under static or ‘dead’ loading
conditions was reported in early researches done by
J. Hopkinson.'® The work was followed up later in one
report by his son, B. Hopkinson,* who also reported
further later on the shapes of pulses produced by bullet
impact and on the pulse shapes produced by explosive
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1 Representative tensile load—extension curves for cop-
per and steel, adapted from results reported by
Unwin'"12

detonators.” The latter work has modern relevance to
be described in the present review, for example, to
obtaining pressure measurements such as reported very
recently on an insensitive munitions basis for bullet
impact and shaped charge ordnance concerns by Niles
et al.® And later, Charpy,’ reported on the development
of the impact pendulum test involving a notched speci-
men. Toth ez al.® have produced a historical description
of the impact pendulum test as part of a 2001 centennial
meeting to honour Charpy’s first published work on the
topic. Particular attention is given in the report to the
establishment over time of engineering standards that
have led to the current employment of instrumented
Charpy impact tests. Metal working methods, including
forging, were also to have influence on the consideration
of changed material behaviours under dynamic loading
conditions. The description by Tresca’ of ‘adiabatic heat
lines’ in forging is credited by Johnson'® to have pro-
vided the earliest evidence of shear banding behaviour.

Early results on the engineering documentation of
different yielding and plastic deformation behaviours
observed for copper and steel materials were reported
on a load—extension basis by Unwin'! and are shown on
a comparative graph in Fig. 1, as adapted from the
original results by Armstrong and Zerilli.'> A point to be
made later in the current review is that an increase in
strain rate moves the maximum load point (instability)
of steel to smaller deformation whereas the reverse effect
occurs for copper; and, these characteristics are repre-
sentative of metals with either body centred cubic (bcc)
or face centred cubic (fcc) lattice structures respectively.
With respect to the typical yield point consideration
initially associated only with carbon in iron and with
related bee metals, however, McReynolds'? has reported
the occurrence also of yield point and serrated yielding
behaviours even in sensitive tensile tests of pure
(99-996%) aluminium and aluminium alloy materials
investigated with respect to the loading rate. It is
interesting to note that at the same time of Unwin’s
report, Ewing'* made the important distinction between
small strain measurements being made either in a single
material test specimen or within a larger engineering

International Materials Reviews 2008 voL 53 NO 3

structure; the point here relating to the observation by
Orowan'’ that information taught in early ‘strength of
materials’ courses, the origin of which has been credited
to Mohr of ‘Mohr circle’ fame, actually was mechanics
based ‘strength of structures’ knowledge taught as
though the strength of the material was already known.
Also, Orowan returned in the same report to the issue of
the notch brittleness of steel materials, as measured in
the Charpy V notch test, and directed further attention
then to the importance of X-ray diffraction in establish-
ing an understanding of structure/property relations, as
followed from the first Nobel Prize in Physics being
awarded to Roentgen for the discovery of X-rays, and
now via X-ray diffraction being very much involved in
probing crystallographic aspects of shock induced
material structures, as reported, for example, by Wark
et al.'® Last, relating to the maximum load points
observed for copper and steel in Fig. 1 is the considera-
tion of their being points of tensile instability and
specified by the so called Considére'” condition

o=do/de (1

where ¢ is the true stress, ¢ is the true strain and do/de is
the true strain hardening. As will be seen, current
interest continues in the employment of equation (1) as
applied to metal and alloy behaviours extended even to
extremely suddenly applied high pressure conditions and
thus, involving material behaviours at the highest strain
rates achievable, for example, in shock testing or in
isentropic compression experiments (ICE).

Current purview

Here, the high strain rate properties of metals and alloys
are reviewed with particular emphasis on the develop-
ment of dislocation mechanics based constitutive equa-
tions that are mainly employed in material dynamics
calculations. The material behaviours are described over
a range of strain rates beginning from conventional
tensile or compressive stress-strain measurements
through solid cylinder (Taylor) impact and split
Hopkinson pressure bar (SHPB) measurements to shock
loading and most recently, ICE results. Lattice structure
and single crystal to polycrystal to nanopolycrystal
measurements and their constitutive equation descrip-
tions are covered. Because the strain rate sensitivity
(SRYS) is in the yield stress of bce metals as compared to
being in the strain hardening of fcc metals, the
maximum load point strain shown in Fig. 1 moves to
smaller strains for bcc metals and larger strain for fcc
metals. Some hexagonal close packed (hcp) metals
behave similarly to bce ones and others follow the fcc
case, that for purer compositions exhibit a grain size
dependence of the SRS that is greatly magnified at
nanopolycrystal grain sizes. At the highest strain rates,
additional deformation features come into play of defor-
mation twinning, adiabatic shear banding and very
importantly for shock induced plasticity, a transition
occurs from plastic flow being controlled by mobility
of the resident dislocation density to plasticity being
controlled by defect generation at the shock front.
Significant concerns of high strain rate loading are
the onset of a ductile-brittle transition in behaviour for
bce metals and related materials as well as projectile/
target performances in ballistic impact tests, including
‘punching’.



Topics not to be covered in the present review, despite
their own importance, are:

(1) low stress dependent creep behaviours at low
strain rates and related superplasticity beha-
viours at higher rates

(i) metal forming conditions/applications normally
achieved at intermediate strain rates

(iii) delayed yielding phenomena, for example, as
described by Suh and Lee,'® for polycrystal
grain size influences even for delayed flow
associated ultimately with dynamic Hopkinson
type deformation velocities

(iv) the fundamental mechanisms determining dis-
location drag coefficients (see, for example, the
article by Mason'?)

(v) at the highest imaginable strain rates, Lagra-
ngian dependent dislocation velocity influences;
see Ref. 20 for retention here of the static form

F=1b ©)

for the dynamic dislocation force per unit length F in
terms of the shear stress t and the dislocation Burgers
vector b as compared with an alternate description
offered by Hirth and Lothe.*’ And, among other texts
and reviews on the general subject are, for example,
those by Rinchart and Pearson,”® Meyers® and
Edwards.?*

Early measurement/constitutive
equation connections

In the first quarter of the twentieth century, the strain
rate dependences of engineering material properties were
being measured in standard tensile/compressive tests,
also, as part of investigations into associated tempera-
ture and polycrystal grain size dependences, for example
as described by Jeffries.”> Also, during this early period,
the strain rate dependences of individual crystals were
being investigated as they became available for research
studies, either by cutting individual crystals from large
grained polycrystalline specimens or by direct produc-
tion of individual crystals. An early twentieth century
result on static and dynamic testing of individual iron
crystals was reported by Osmond and Frémont?® includ-
ing their mention of dynamic deformation and cleavage
results for a few individual iron crystal beams impacted
in flexural tests.

Measurements and model analysis were presented for
the strain rate (and temperature) dependence of zinc and
iron single crystal viscoplastic behaviours in the PhD
thesis done at Goettingen by Brezina,?” who referenced
von Karman and acknowledged encouragement received
from Prandtl, in proposing the plastic strain rate
relationship for the complete stress—strain dependence

dep

3 =aexp(po—72) 3

where a, f and y were taken as experimental constants;
note the dependence of ¢ on log(de,/d?) at constant e.
Other thermally activated plastic flow descriptions were
soon reported by Becker®™® " and Eyring.’'** Eyring
developed thermally activated, chemical reaction type,
strain rate equations similar to those proposed by
Prandtl and Becker and as will be seen, to dislocation
mechanics based constitutive equations proposed by
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2 Cadmium single crystal resolved shear stresses V.
absolute temperature for different ‘speeds of stressing’
in mN s, as adapted from pioneering results reported
by Schmid and Boas®®

Orowan, Taylor and Polanyi. Among others following
on in the same vein as Eyring were Kauzmann,*® for a
thermal activation—strain rate analysis (TASRA) expres-
sion obtained in terms of rather unspecified ‘flow units’
and also, Seitz and Read® in a number of articles.

Advent of dislocation mechanics

The thus established viscoplastic character of post-yield
plastic deformation was the basis for two of the
researchers, Orowan®> and Polanyi,*® arriving at the
1934 ‘invention’ of crystal dislocations, as compared
with the same year alternative level of strength con-
sideration leading Taylor’” to the same model con-
sideration. The model developments were in line with a
multitude of experimental test results being reported on
single crystal plasticity properties and their crystal-
lographic aspects as reported, for example, in the crystal
plasticity book of Schmid and Boas;*® see Fig. 2 for the
reported temperature dependence of the critical resolved
shear stress of cadmium crystals measured at different
‘speeds of stressing’. The original dislocation mechanics
descriptions were followed by a seminal article by
Orowan®® who provided the fundamental dislocation
determined strain rate description in either one of two
forms

de 1

i m pbv 4)
or

de/dt=(1/m)(dp/dt)bAxq4 ®)

where m is an orientation factor for resolution of the
strain tensor, p is the dislocation density, expressed in
line length per unit volume, v is the average dislocation
velocity, dp/dz is the rate of dislocation generation and
Ax4 is the average distance moved by the dislocations.
Equation (4) has evolved as the standard relation to be
employed at low and intermediate strain rates. As will be
seen in the present review, equation (5) is newly pro-
posed for application to plasticity control by dislocation,
or deformation twin, generation at a propagating
shock front. It is notable that it was an interest in
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viscoplasticity, plus the crystal properties research
interest of brother, W. G. Burgers, that played an
important part in attracting the attention of the fluid
dynamicist, J. M. Burgers,* to dislocation properties
and the eventual eponymous assignment of ‘Burgers
vector’ b to the dislocation translation vector.

Dynamic plasticity

Zener and Hollomon*' reported both a constitutive
equation for the coupled strain rate/temperature depen-
dences for iron and steel materials in the relationship

a/ao~{[(de/dr)/(de/dr)o]exp(Q/RT)}' (©

and provided a stress—strain and metallographic descrip-
tion of adiabatic shear banding in several steel materials
‘caused by an increase in strain rate’, particularly for low
temperature tests. In equation (6), oo and (de/dr)y are
reference flow stress and strain rates respectively, Q is an
activation energy, R is the gas constant, 7 is temperature
and r is an experimental constant. Near to the same
time, Taylor** proposed the designation of ‘dynamic
yield strength’ for the flow stress of materials subjected
to rapid deformation. And in the same period, Barrett
and Haller, Jr,* reported for tests on polycrystalline
magnesium an increased occurrence of deformation
twinning that was produced by imposing an increased
‘speed of deformation’.

A new solid cylinder impact test was developed at the
time by Taylor and colleagues,***® consistent with
determination of an average ‘dynamic yield strength’
of a material from the cylinder change in length after

impact onto a rigid target. Taylor** obtained the
relation
o= (peve/2)(L—X)/(L—L1)In(L/X) (7

for which p. is the material density, v. is the impact
velocity, L is the original cylinder length, X is the length
of the undeformed part of the cylinder and L, is the final
total length of the cylinder. Whiffin** reported on the
results obtained with solid cylinders of various metals
and alloys. In turn, Carrington and Gayler*® reported
on metallurgical aspects of the test results. Figure 3
shows a longitudinally sectioned specimen after impact
and for which post-impact hardness measurements are
identified as a function of position on the sectioned
surface. A dashed boundary is shown to demarcate the
harder impacted region that was associated also with the
presence of (deformation twins described then as)
impact initiated Neumann bands. The pioneering work
of Taylor and colleagues was followed by a further
supporting analysis provided by Hawkyard ez al..*’ Both
the Taylor et al. and Hawkyard et al. investigations, and
many others, have been recently reviewed in detail by
Chapman et al..*®

The strain rates operative in the Taylor solid cylinder
impact test are known today to span those measured
with the Hopkinson pressure bar. During the period of
development of the Taylor test, Davies* provided a
detailed analysis of the SHPB testing technique and
Kolsky™ provided the equations

6= Epar(Ao/ A) J (de/dt)dt ®)

and
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3 Longitudinally sectioned, original Taylor impact test
specimen of mild steel, with position dependent
Vickers hardness numbers (VHN) and demarcated
(dashed) boundary defining lower impact region where
Neumann lamellae (now known as deformation twins)
had been formed during impact, as adapted from
results reported by Carrington and Gayler;** VHN in

kg mm 2 is multiplied by 9-81 to obtain hardness pres-
sure in MPa
de/di= — (2¢0/L) J (de/di)dt ©)

in which Ey,, is the Young’s elastic modulus of the bar,
Ao and A are the initial and current cross-sectional areas
of the specimen, with the subscript 7 for the transmitted
stress wave, ¢ iIs the elastic wave speed, L is specimen
length and the subscript R applies for the reflected wave.
Later interest of Kolsky in the fracturing of glass by free
surface reflection of the compressive wave at the bar end
as a tensile wave was extended to basal (0001) cleavages
of [0001] rod axis oriented zinc crystals.”’ B. Hopkinson®
had commented on the compressive to tensile wave
conversion caused by reflection at the free surface end of
the bar. The pressure bar technique also attracted the
attention of von Karman and Duwez’> who developed
the following relations for their own deformation
measurements produced by a ‘plastic wave’ causing the
impacted extension of wires of copper or iron materials

b= j (do/de)/p.]de (10)
and
vp=I(da/de)/p,]'"? (11)

The preceding experimental results and derived relation-
ships were shown by Armstrong and Zerilli’® to be in
reasonable agreement with predictions from a disloca-
tion mechanics based description of the behaviours, as
shown in Figs. 4 and 5, and which constitutive relations
are to be described below.

Kolsky’s researches on the SHPB were followed by
descriptions of tensile bar set-ups developed by Harding
et al>* and by Nicholas.> A torsion bar system was
developed by Hartley er al..’® Review articles on the
SHPB were provided by Follansbee®” and by Gray,
I1.>® Application of the SHPB method to fracture
toughness testing was developed by Klepaczko.” The
current status of researches based on SHPB testing has
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4 Predicted relationship of tensile impact velocity and
consequent strain measurements for copper and steel
materials investigated by von Karman and Duwez,>? as
evaluated here in terms of separate fcc and bcc dis-

location mechanics based equations reported by
Armstrong and  Zerilli®® for other experimental
measurements

been reviewed most recently by Field er al.,*® included in
their ‘Table 1°. Developments in high strain rate testing’,
reference to the first high strain rate mechanical testing
machine having been built by Dunn.®' And Fig. 6, after
Kolsky,” was taken from the review. Experimental
issues of specimen size, time for stress equilibrium,
temperature gradient, wave dispersion and influence of
radial inertia were described by Field er al. Later
research references are to Vecchio and Jiang® for
advantageous pulse shaping in the SHPB test and to
Jiang and Vecchio® for SHPB designed four point
fracture test results. A further note of interest on the
SHPB concerns the development at the University of
Cambridge of a miniature diameter, direct impact,
Hopkinson bar for inertia reduction at very high strain
rates.®* % Miniature SHPB systems have recently been
developed for obtaining data on nanocrystalline and
amorphous materials at the upper limits of one-
dimensional stress testing (10° s~ !).67-%

Dislocation dynamics

Seminal descriptions of dislocation dynamics in plasti-
city are provided: first, in an update of single crystal
deformation properties in terms of the TASRA given in
a summary article by Seeger;’® and second, covering
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location mechanics based equation applied by
Armstrong and  Zerilli®® to other experimental
measurements

more broadly the status of dislocation dynamics until
1967, in the symposium proceedings co-edited by
Rosenfield ef al.”' Particular articles in Rosenfield et al.
of special relevance to the current purpose are the
following: Li, ‘Kinetics and dynamics in dislocation
plasticity’, 87-116; Taylor, ‘Stress wave profiles in
several metals’, 573-589; Butcher and Munson, ‘The
application of dislocation dynamics to impact-induced
deformation under wuniaxial strain’, 591-607; and
Campbell, Cooper and Fischhof, ‘The dynamics of
non-uniform plastic flow in low carbon steel’, 723-746.

Lattice and microstructural influences

In a series of articles, Zerilli and Armstrong
developed a set of dislocation mechanics based consti-
tutive relations for employment in computational codes,
such as elastic-plastic impact calculation (EPIC),
applied to modelling of material dynamics. The purpose
was to base such relations on mechanistic dislocation
behaviours while minimising the number of experimen-
tal parameters needed to adequately describe the
material responses. Critical to the simplification of the
equations was employment of an inverse dependence on
the thermal component of stress of the dislocation
activation volume 7* (Ref. 79)

72-78

V* = A*b=ky T[0In(de/dr) /o) = Wy /7" (12)
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6 Schematic description of SHPB apparatus reported by Kolsky,>®
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as described in review by Field et al.

International Materials Reviews 2008 voL 53 NO 3

109



Armstrong and Walley High strain rate properties of metals and alloys

110

CYLINDER IMPACT
COPPER 190 ms™

—— oo

—@— o1 —&— 03
—— 04 —H— 05 —4@— 06
—3— 09 —k— 12 —— 15

7 Longitudinally sectioned solid cylinder Taylor impact
test result for OFHC copper measurements of Johnson
and Cook,'%'™ as matched with shape prediction
obtained from Zerilli-Armstrong constitutive equation
description’? and including position sensitive isostrain
contours within predicted shape

in which 4* is the TASRA based activation area, kg
(=1-38 x 107 J K™ ') is Boltzmann’s constant, t* is the
thermal component of stress associated with the change
in strain rate and the experimental constant Wy=
3-1x1072° J. The reciprocal value of V* is employed
as one measure of the SRS of a material (see the section
on ‘Current purview’). Zerilli®" has provided a summary
description of the so called Z-A relations, employing
equation (12) and other dislocation model characteris-
tics, in a combined form for the flow stress ¢ as

o=0a,+Bexp(—pT)+

Bo{ar[l—exp(—s/sr)]}l/zexp(—aT) (13)
aazag—l-kgl*l/z (14)
(B,e) = (Bo»20) — (By,01)In(de/dz) (15)

where 6g is an athermal stress,”” dependent on the
material shear modulus G, k, is the microstructural
stress intensity for transmission of plastic flow at grain
boundaries,®! 7 is the polycrystal grain diameter, &, is a
reference strain for the onset of dynamic recovery at
larger strains,”® and B, B, Bo, o, Po, 0, f1 and o are
experimental constants.

The temperature and strain rate dependences for fcc
metals and alloys, except for k. are largely in the
material strain hardening behaviour that is controlled by
the TASRA based overcoming of dislocation intersec-
tions. Klepaczko®? has provided a review of the fcc case.
Thus, equations (13) and (15) are relatively simplified
because of

B=f=fy=0 (16)

Also, for the normal stress—strain case of &/e.<1-0, the
strain hardening term in equation (13) approximates to
a simplified parabolic strain dependence, that is so called
Taylor strain hardening.”® With such parabolic strain
hardening and with experimental constants determined
from other experimental results, the Taylor cylinder
impact results shown in Fig. 7 were computed for
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copper.”> More recently, Eakins and Thadhani®® have
optically tracked the transient shape changes developed
in Taylor tests of oxygen free electronic (OFE) copper
material and made favourable comparisons with pre-
dicted results from the Z-A and other constitutive
equation descriptions to be further described in the
present article. In an accompanying investigation, these
same authors® reported the determination of isostrain
plastic wave velocities and corresponding average
dynamic flow stress estimations.

For the bcc case, the temperature and strain rate
dependence is in the yield stress property and the
material strain hardening is essentially athermal and
thus, in equation (13)

a=09=0 (17)

Figure 8 shows the fit of equation (13), subject to the
equation (17) condition and with an athermal strain
hardening exponent of 0-44, to pioneering experimental
results reported by Hoge and Mukherjee®® for the tensile
stress—strain behaviour of tantalum material that was
tested over a wide range of temperatures and strain
rates. Also, the tensile uniform strain was computed
according to the Considére condition of equation (1)
and its locus is shown in the figures in comparison with
the reported measurements. Figure 86 provides confir-
mation of the maximum load point moving to smaller
strain for the bcc case. Measurements of the uniform
strain reduction with increase in strain rate are
compared with computed results in Fig. 9; in the figure
legend, K=B, in equation (13). Also, for tantalum
material, Chen et al.®® had reported the stress—strain
behaviour at sufficient strains that Zerilli*® could show
the influence of the strain dependent dynamic recovery
correction in equation (13) involving ¢, (see Fig. 10).
Hexagonal close packed metals and alloys follow
either the bec or fee cases. Thus, titanium and Ti-6Al-
4V alloy have been shown to follow the bec case, with
added complications of deformation twinning.””®
Magnesium, zinc and cadmium, however, follow the
fcc case, with significant grain size dependences in
agreement with equation (14) and with important
temperature and strain rate dependences also in k..
Armstrong’® showed that both the ‘friction stress’
intercept go=m(tg+71*) and microstructural stress
intensity k, could show separate TASRA based depen-
dences through the thermal component of shear stress t*
and 7c, the local shear stress for plastic flow in the grain
boundary regions, as contained in the relations

o=m|(tg+1*)]+ kI~ '/? (18)
and
ky=m(nmsGbr./a)"/? (19)

in which mg is a Sachs orientation factor and an average
dislocation character is expressed in the factor o=
2(1—v)/(2—v)=~0-8, with v being Poisson’s ratio. For
magnesium, the temperature dependence of the friction
stress was matched with that of the critical resolved
shear stress for basal, (0001)<<11-20>, slip while the
temperature dependence of k,” was matched with that of
more difficult prism, {10-10}<<11-20>, slip, as adapted
from Armstrong®® in Fig. 11. Similar results have been
reported for zinc® and cadmium,” the grain boundary



H T T T
 STRESS/STRAIN/ TEMPERATURE

. 22K
1000 F ————— HOGE & MUKHERJEE |

O M, LOWER YIELD PTS. |
0 MAXIMUM LOAD PTS.
EQUATION (1) _
MAXIMUM LOAD LOCUS
¢ =30 MPa
B, = 1125 MPa
Bo=.00535 K™ -
B1=.000327 K"
K =310MPa i

e
/ n =.44
400 " 202K |

g 208 |

800 [~

600

TRUE STRESS (MPa)

200

STRAIN-RATE = .0001 s}
i I 1 1 1 | |
0

0.0 0.1 0.2 0.3 0.4

(@) TRUE STRAIN

Armstrong and Walley High strain rate properties of metals and alloys

T T T ] T T T
. STRESS/STRAIN/STRAIN-RATE
1000+ - HOGE & MUKHERJEE ]
,_ o HM, LOWER YIELD PTS.
- © MAXIMUM LOAD PTS. 7|
i —— EQUATION (1)
8001~ - MAXIMUM LOAD LOCUS’|
20000 s ¢y =30 MPa
E T .0 4900 s By =1125MPa 7]
= 00535 K
= 600 7/ o= e .
o \ o B, =.000327 K
= K =310MPa
= T~ - 7]
= W7 17051, P =4
0 .
= 400 —
>
=
= |
200 -
0 L 1 ! ! L ! L
0.0 0.1 0.2 0.3 0.4

TRUE STRAIN (b)

8 Comparison of measured®® and computed” tensile stress—strain curves, also including locus for maximum load
stress, for polycrystalline tantalum: a at fixed strain rate for different temperatures in range 22 to 790 K and b for

strain rates in the range 10°* to 2x10*%s™"

at 298 K; in figure legends, equation (1) is equation (13) in text subject

to condition of equation (17) and cy=6,, Bo=B and strain hardening term K:" replaces last term of equation (13)
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9 Comparison at 298 K of measured®® and computed”
tensile maximum load strains for polycrystalline tanta-
lum material as function of strain rate and employing
two strain hardening coefficients K; see caption of
Fig. 8 for definition of symbols applicable to equa-
tion (1) in that figure legend, as derived from substitu-
tion of Z-A bcc equation into reference equation (1)
subject to maximum load condition, that is equa-
tion (1) in present text

deformation behaviours of which have been shown to be
controlled by pyramidal, {10-11}<11-21>, slip. For
fecc copper and nickel, Rodriguez’' has reviewed the
evidence that dislocation intersections within the grains
control the friction stress whereas cross-slip controls
deformation in the grain boundary regions. Figure 12
shows the match of experimental measurements
reported for copper by Armstrong”'”® of the tempera-
ture and strain rate dependencies of k? and the cross-slip
stress tyyp. Zhu er al.®? have provided model calculations
of slip transfer reactions at nanotwin boundaries in
copper. The high ductility of such material is attri-
buted to the accompanying twin boundary hardening

1000

Chen, Gray, and Bingert
Taylor Strain Hardening
Including Dynamic Recovery = *
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10 Computed full stress—strain curves,®® at strain rate of
10 3s ' at 298 K and to large strains, for tantalum in
comparison with separate series of experimental
stress—strain measurements made after different
extents of straining by Chen et al.®®
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with corresponding measurements of single crystal
basal and prism slip system stresses respectively, as
assessed by Armstrong® from measurements
reported on polycrystalline magnesium

associated with the slip transfers and the gradual loss of
the boundary coherencies. In other recent cross-slip
model simulations, Wang ez al.”>°* have focused atten-
tion on the increasing importance of cross-slip in their
simulations of high rate deformations, especially, in
connection with model predictions of enhanced disloca-
tion generations.
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13 TASRA based prediction of grain size dependence of
reciprocal activation volume V* ' at conventional
grain sizes and extrapolated to show agreement with
measurements assembled for nanocrystalline copper
and nickel materials:*® b is dislocation Burgers vector
and grain diameter d=I

The model consideration of a grain size dependent
TASRA based influence on k, leads then to a grain size
dependent value of the reciprocal polycrystal activation
volume 7*~! of the form

V=1t (ko 2mee VE) T2 (20)

in which the subscripts 0 and C apply for within the
grains and at the grain boundaries respectively, and at
low strains, the product tc V(. is reasonably constant at
3-1x1072° J, as mentioned above for equation (12), so
that a reciprocal grain size dependence of the same form
as equation (14) obtains. Armstrong and Rodriguez’’
have applied equation (20) to interpretation of a strong
grain size dependence of nanopolycrystal SRS measure-
ments for copper and nickel previously compiled by
Asaro and Suresh,”® as shown in the log/log graph of
Fig. 13; see also the review on nanopolycrystal materials
by Meyers et al..”” Recently, Conrad®® has developed a
somewhat different TASRA description for the effect
of grain size on the ‘plastic deformation kinetics’ in the
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12 Predicted match of a temperature and b strain rate dependent copper polycrystal k2 and single crystal resolved

shear stresses for cross-slip z;; measurements®"'”®
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20-500 nm grain size regime. It should be mentioned,
however, in the present connection that the TASRA
dependence in &, only applies for relatively small grain
size dependences, as will be discussed below in connec-
tion with grain size aspects of deformation twinning,
fracture, and concerning the role of dislocation pile-ups
in providing a fundamental explanation of adiabatic
shear banding.

Relation to other constitutive analyses

Gilman” produced an early dislocation dynamics

relation building onto the Orowan® description of
equations (4) and (5) as

dep/dt=mbv*(No+ M*e,)exp[— (D+Hep) /1] (21)

where v* is the upper limiting dislocation velocity, N is
the initial dislocation density, M* is the strain coefficient
for dislocation density build-up, and D and H are
material constants implicitly dependent on the tempera-
ture. A complementary description of constitutive
relations to those in equations (13)—(15) and differen-
tiating between fcc and bcc metal behaviours on a
dislocation density basis has been reported by Voyiadjis
and Abed.'"!°" These authors have proposed modifica-
tion of equations (13)-(15) leading to new relations
more generally applicable above 300 K and at more
elevated temperatures.'”® Here, attention is directed
to the so called Z-A equations (13)—(15) having been
developed on a dislocation mechanics basis for use in
hydrocode calculations of material dynamics behaviours
in the same way as had been done for the very effec-

tive numerically based Johnson-Cook'**'** equations
employed in the EPIC hydrocode as
o= (a+ B&")[1+ Clog(de/dt)](1—T"™) (22)

in which a, B’, n, C and m are experimental constants
and T*=(T,—T)/(Ty,—T,) with T, being the melting
temperature and 7, being room temperature (see
Ref. 105 for a recent account of determining the
constants). Normally, for comparison with any TASRA
based relation, the alternative of a power law relation is
employed, for example as described by Nemat-Nasser
et al.'% in terms of shear stress t and shear strain y as

= (23)

wolL+(7/70)]™ [(dy/de)/ (dyo /)M exp[ — A(T — Trer)]

in which tq, yo, N, dyo/dz, M and 4 are experimental
constants. For this case, an alternative description of the
strain rate dependence on strain rate is given as follows
(see equation (12))

1/M =dIn(dy/dt)/dInt=1V" kT (24)

An interesting evaluation of equation (24) was made by
Reed er al'” for the strain dependence of niobium
single crystals for which with 7* being characteristically
independent of strain for the bcc case, 1/M was shown
to follow the same strain dependence as 7. The result
argues for V* having greater physical significance than
M. And, further in the direction of developing a detailed
TASRA based dislocation mechanics description of
plastic flow is the mechanical threshold stress (MTS)
model of Follansbee and Kocks'®® for the rate depend-
ence of plastic flow also including history effects through
evolution of the dislocation structure during plastic
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14 Predictions for flow stresses of tantalum at 50 GPa,
500 K and 0-1 plastic strain v. log strain rate for vari-
ety of constitutive models: Steinberg-Lund relation is
shown in several modifications as S-L,, S-L; and S-
L,; PTW is for Preston-Tonks-Wallace and Z-A, is
bcc Zerilli-Armstrong equation, as adapted from
results reported by Remington et al.'*®

straining, as mentioned above for Klepaczko.®> The
MTS relation may be expressed in one way

/q
B keT . deo/dr\'/P
0=0,+ 1_<gon3ln ds/dt) +
a.{T.(de/d1),0} (25)

in which gg, dey/dt, p and ¢ are experimental constants
and o.{T,(de/d?),0} represents the stress affected dis-
location density evolution during straining. Gray, III
et al'® have applied the analysis to the grain size
dependent stress—strain behaviour of the fcc alloy
Monel 400 extending from conventional to SHPB
strain rates and for which a reasonably constant k,
of ~17 MPa mm'? was determined. Holmedal''® has
recently reviewed the MTS model. Among other model
relations that have been developed particularly for high
strain rate behaviours are ones by Steinberg ez al.''" and
Bodner and Partom.'"> Remington et al'"* have
reviewed recently the testing conditions and constitutive
equation applications at the highest rates of strain (see
Fig. 14). The latter assessment connects also with model
constitutive relations being developed with the method
of molecular dynamics as made possible by the increase
in capacity of modern computing machines. Examples
in this category are provided, for example by Germann
et al.,""* by Kadau er al.,'" by Lebensohn er al.''® and
by Caro et al.""” Figure 15 is a Voronoi construction of
190 785 atoms from Kadau et al. These authors covered
other simulated constructions that were achieved by
sintering spherical nanoparticles of different sizes under
prescribed temperature and pressure conditions. In both
cases, periodic boundaries were employed. An interest-
ing aspect of the small grain size regime, say, <10 nm,
investigated by Kadau er al and relating to the
discussion following equation (20) above, is that the
strength of the simulated material was lower as the grain
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15 Molecular dynamics model of nanocrystalline alumi-
nium material exhibiting grain size dependent reversal
of flow stress at grain sizes below ~10 nm, that is,
smaller grain size material is found to be weaker, as
reported by Kadau et al.''®

size was smaller. Rodriguez and Armstrong''® have
pointed out that for this limiting smallest grain size
weakening condition, the SRS should also have to show
a reversal based on models of such strain rate depend-
ence. Argon and Yip'' have modelled the transition
from grain size strengthening to weakening as a method
of achieving a ‘strongest size’ for a nanopolycrystalline
aggregate.

High strain rate dependent material
properties

Examples where imposed strain rates play an important
role in determining material property outcomes are: the
ductile-brittle transition behaviour of steel and related
bce metals, the fracture toughness properties of materi-
als, occurrence of adiabatic shear banding, material
responses to ballistic impacts and shock or isentropic
compression experiments, in the latter case involving
shockless testing at uniform loading rates over nano-
second timescales.

Ductile-brittle transition and fracture
toughness properties

At lower temperatures or higher strain rates, steel and
related bce metals and alloys show a relatively abrupt
transition from ductile plastic yielding to brittle cleavage
fracturing. Krafft er al'* characterised their own
ductile-brittle transition temperature (DBTT) measure-
ments made for a low carbon steel material in terms of a
shift in the material strain hardening behaviour pro-
duced by rapid plastic deformation. Charpy’ V notch
test results were also presented for comparison with
tensile test measurements obtained over a range of strain
rates. References were made to the prior investigations
of Taylor** and von Karman and Duwez>> concerning
the propagation of plastic straining. Near to the time of
Krafft et al’s report, Cottrell””! and Petch!'? also
reported the results of their researches on a dislocation
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16 Tensile fracture strains as function of temperature for
En2A mild steel material tested at two grain dia-
meters / (® /=0-0154 mm, B /=0-051 mm) and at two
plastic strain rates, as adapted from results reported
by Campbell et al.'?®

mechanics based analysis of conditions for plasticity
induced cracking at the DBTT and its dependence on
testing method and material microstructural parameters.
Figure 16 shows results obtained in tensile conventional
and SHPB tests of a steel material, at two grain sizes, by
Campbell er al.'>* The ductile-brittle transition is shown
to be raised to higher temperature at the greater SHPB
strain rate and for the larger polycrystal grain size.
Rosenfield et al.'** have reviewed the DBTT behaviour
by placing emphasis on the sudden change produced in
the material ductility.

Armstrong'? has reviewed the dislocation mechanics
basis for predicting the DBTT behaviour. The transition
temperature 7, in a Charpy V notch test was specified by
equating the cleavage fracture stress o. and the tem-
perature and strain rate dependent yield stress oy,
subject to plastic constraint at the V notch through the
notch constraint factor o', as discussed by Orowan,'® in
the relationship

o.=0'oy{T,(de/dr)} (26)

With incorporation of the stress dependences on
microstructural parameters, particularly the grain size
dependence, an explicit equation for 7c was obtained as

Te=(1/p) 27)
{ln(oc’B) —In [(kc —o'ky) + (JOC—a’og)ll/z} - lnl’l/z}

where k. and k, are the microstructural stress intensities
for cleavage and yielding respectively, oo is the rela-
tively low friction stress for cleavage and the remaining
parameters have been defined in equations (13)—(15).
The equation compares favourably with the model equa-
tions proposed separately by Cottrell'?! and Petch.'??
Equation (27) was applied by Armstrong er al.'*° to
evaluating very complete measurements that had been
reported by Sandstrom and Bergstrom'?’ for the
ductile-brittle transition properties of a mild steel
material, as shown in Fig. 17. For example, Sandstrom
and Bergstrom had determined in their investigation
that o'=1-94 and that an effective strain rate of 400 s~
was operative for their instrumented Charpy V notch
test results. In Fig. 17, the DBTT is seen to be lowered
by grain size refinement to an extent determined by how
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17 Connection of experimental tensile yield, cleavage fracture and Charpy V notch measurements with prediction of
ductile-brittle transition behaviours for mild steel material as function of temperature at two grain diameters and tak-
ing into account notch constraint factor and effective strain rate for Charpy V notch tests, as adapted from results

reported by Armstrong et al.'®®

much greater k is than k. The predicted DBTT for the
smaller grain size material was proposed to be somewhat
lower than the measured value in the Charpy V notch
test because of the reported presence of larger brittle
carbide particles.

Investigation of the influence of precracking on the
static and dynamic fracturing properties of steel and
related materials has led in a major way to the
development of standardised ‘fracture mechanics’
test programmes, in continuation of the pioneering
researches of Irwin'**'* and colleagues. The micro-
structural stress intensity k. is the counterpart of the
stress intensity Kc measurement in fracture mechanics.
Toth et al® credit Kalthoff'*® with developing the
fracture mechanics concept of dynamic impact response
curves and their connection with impact fracture
toughness measurements. A continuing research activity
is to connect the microstructural aspects of fracturing
with macroscopic engineering performances, for exam-
ple, as investigated by Pisarenko et al.'*' who have
provided an estimation of the fracture toughness
dependence on temperature and strain rate. The
researches have important consequences for control of
neutron irradiation embrittlement in the nuclear power
industries, as was the case for the initial investigations of
Cottrell'*" and Petch'? and as was true for later reviews
provided both by Wechsler'*? and by Landes,'** both
giving emphases to testing standards and in the latter
case, drawing attention to the comparison of static and
dynamic fracture toughness measurements, as shown in
Fig. 18. Petch and Armstrong'** have provided the
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18 Temperature dependence of static Kic, dynamic Kp
and crack arrest Ky fracture toughness measure-
ments for A533B Grade B Class1 nuclear pressure
vessel steel, as adapted from results reported by
Landes'®®
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19 Adiabatic shear bands in ultrafine grain tungsten
material a after uniaxial dynamic compression and b
within shear band as revealed by polishing and etch-

ing, as reported by Wei'%°

following description to differentiate among the many
microstructural factors that raise the yield strength of a
material and more often than not, decrease its fracture
toughness. Consider in the fracture toughness test that
the load increases at the crack tip until plastic flow
commences and strain hardening of the material builds
up until cracking occurs and leads to material failure.
Most microstructural strengthening mechanisms in steel
raise the yield stress without significantly affecting the
material strain hardening nor the fracture stress; thus, a
smaller amount of strain hardening is required to reach
the fracture stress and the material toughness decreases.
This applies as well for the influence of greater strain
rates and lower temperatures. However, although reduc-
tion in the grain size of a material increases the yield
stress too, the grain size reduction increases more so the
fracture stress, in accordance with k.>k, as discussed
above, and hence, the fracture toughness, is increased by
the grain size refinement.

Adiabatic shear banding

In the preceding description, the microstructural stress
intensity determined from the polycrystal grain size
dependence, carrying on from equation (14), is an
important parameter that is proposed to characterise
localised material deformation behaviours in the poly-
crystal grain boundary regions. As will be seen, the same
consideration comes into play for grain size determined
aspects of adiabatic shear banding. But first, among
others, Rogers'*® and Timothy'*® have produced impor-
tant reviews of shear banding behaviours and recently,
Walley'®” has produced an historical review of the
subject. Extensive experimental and model results are
produced in the monograph by Bai and Dodd.'*® The
symposium proceedings edited by Armstrong et al.'*
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20 Considere tensile instability strain as function of
strain hardening index, grain size and TASRA para-
meters for bcc and fcc metals, as adapted from
results reported by Armstrong and Zerilli:'*' in figure
legend, A=K (for bcc case)

leads off with an important review by Gilman on
historical aspects of the micromechanics of shear band-
ing and especially, includes reference to the pioneering
etch pit studies done with Johnston. A recent example of
shear banding reported by Wei'* for nanopolycrystal-
line tungsten material is shown in Fig. 19. The figure
appears quite similar to that attributed to sketches of
Tresca by Johnson.'® Considére’s equation (1), given
above, has most often provided a starting point for
evaluations of the behaviour. Armstrong and Zerilli'*!
developed Fig. 20 on a Considere basis to differentiate
in one way between the relative sensitivities of bcc and
fcc materials to exhibiting shear banding behaviour. In
the figure legend, the strain hardening behaviours for
both structure types have been approximated by so
called power law hardening (see equations (13)—(15)), in
which case the strain exponent 7 is equal to the uniform
strain at the maximum load point so long as the total
stress is taken as a single quantity dependent on the
strain. For the more complicated flow stress dependence,
the uniform strain to the maximum load point ¢, is
shown in the figure to be a function of the ratio C/A that
increases at lower temperature and higher strain rates
for the bee case, hence producing a reduction in uniform
strain corresponding to the maximum load point of
Fig. 1 moving to smaller strains. Perhaps surprisingly,
the opposite influence occurs for the fcc case in that C/A
decreases at lower temperature and increasing strain
rate, so leading to an increase in &,, and the maximum
load point moves to larger strains. On the foregoing
basis, fcc metals and alloys should be regarded as being
less sensitive to exhibiting shear banding than bcc ones
and this seems to be generally the case, for example,
as listed in measurements compiled by Petch and
Armstrong.'** Voyiadjis and Abed'®® have provided
finite element simulations for describing instability
strains and strain localisation for the bec metals
tantalum, niobium and vanadium; and a more recent
report'* was extended to consideration of both bec and
fcc metal structures. The otherwise very useful Johnson—
Cook equation (22) gives no effect of the strain rate on
the maximum load point.

More detailed model analyses of the potential onset of
shear banding behaviour have built onto the original
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21 Isothermal and adiabatic Z-A descriptions of stress—
strain curve for Ti—6Al-4V alloy tested at different
temperatures and strain rates, as reported by Zerilli
and Armstrong”’

analysis of Zener and Hollomon*' who gave emphasis
to the importance of localised heating and the
material strain hardening in determining the behaviour.
Kubin ez al.'* developed a computer model to explain
the enhancement of shear banding at lower test tem-
peratures. Marchand and Duffy'#® reported the results
for shear banding occurring in steel in a Hopkinson
torsion bar. Important results for tantalum materials
have been reported by Meyers et al.'*""'*® Wright'* has
provided a shear band susceptibility relation containing
the (power law) strain rate exponent M; see equa-
tion (23) and the reference to Nemat-Nasser ef al.'%
Nesterenko'*° has provided an analysis based on con-
tinuum mechanics. Nesterenko points out that analysis
of the self-organisation within a shear band pattern,
reflecting the collective behaviour of the individual
bands, provides an important test for proposed con-
stitutive equations. Batra and Chen'®' had earlier
investigated the relationship of the several strains for
plastic instability, shear band initiation and minimum
shear band spacing. In this same regard, Rabczuk
et al.'> have reported recently a mesh free sheared
particle method of modelling shear band structures. The
strain rate dependence was modelled with the Johnson—
Cook!'%1% equation (22). In addition to assessment of
results on explosively collapsed cylinder shear band
structures described in experiments of Nesterenko with
colleagues, added analysis is provided on a shear band
basis of the brittle fracture to ductile shear banding
behaviours investigated by Kalthoff.'*® Figure 21, taken
from Zerilli and Armstrong,”* shows an influence of
isothermal and adiabatic temperature conditions on
modelling of the stress—strain behaviour of shear band
prone Ti-6A1-4V alloy material that is known to have a
relatively low thermal conductivity. In further work,
Zerilli and Armstrong'>? have provided an assessment of
the relationship for the onset of shear banding,
attributed to Bai and Dodd'*®

—0(07/0T)o/ pocy(0t/yg) =

L+ [4xe(dy/d1)(01/0T )/ poci(0T/07)y
and noted that although the trend predicted for material

1/2 (28)
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behaviour was in the correct direction, the onset of shear
banding fell short of quantitative prediction.

An alternative consideration put forward for the
origin of adiabatic shear banding was that it should have
to be explained at the more fundamental level of dis-
location pile-up avalanches associated with strong
microstructural obstacle collapses, as estimated by
Armstrong et al'>* for localised ‘hot spot’ heating
behaviour causing explosive chemical decompositions.
Figure 22 illustrates for a number of metals and alloys a
graphical procedure that was proposed for assessing the
consequent shear banding susceptibility on a further
extension of the dislocation pile-up avalanche model
basis proposed by Armstrong and Elban.'>® The inset
relation in the figure applies for a theoretically over-
estimated temperature rise for pile-up collapse. The
main material variables are the upper limiting micro-
structural shear stress intensity for cracking kg that is
plotted v. the material thermal conductivity. A greater
susceptibility to shear banding is indicated by an
increasing slope of the ordinate line to any plotted
material point. More recently, Armstrong and Grise'*®
have reported relatively lower temperature rises, but still
substantial ones, for numerically modelled pile-up
avalanches involving only a few dislocations. The
numerical simulations serve as well to provide quanti-
tative validation of the model proposal. In Fig. 22, in
agreement with experiment, bcc metals are indicated to
be far more susceptible than fcc ones and a greater
susceptibility is indicated for «-Ti and even more so for
Ti-6Al1-4V alloy.

Ballistic impacts

The susceptibility of o-Ti to shear band formation was
demonstrated in high strain rate loading of a ‘hat
shaped’ specimen employed in conventional compres-
sion and Hopkinson bar experiments reported by
Meyers et al'’ The test set-up had been utilised
previously by Hartmann et al.'>® For the «-Ti experi-
ments, the Johnson—Cook'®'* constitutive equa-
tion (22) (see above) was employed to estimate the
temperature rises generated in the sheared circumfer-
ential edges of the hat shaped specimen. Also, Holt
et al."® conducted gas gun propelled punch tests of discs
of Ti-6Al-4V alloy launched onto a hardened steel rod
material and observed substantial shear bands to have
propagated into the target from the circumferential wall
of the cratered alloy. At the highest impact velocities,
melted alloy material was sprayed onto the exposed
surface of the punch. More recently, Martinez e al.'®
studied the microstructures produced in similarly
plugged materials of the same type, but thicker plate,
Ti-6Al1-4V alloy by direct gun launching of steel pro-
jectiles at higher velocities. Magness, Jr'®' provided a
comprehensive description of more conventional, higher
density, tungsten and uranium alloy penetrator materi-
als and penetrated targets.

Zernow and Chapyak'®? reported on melting asso-
ciated with shear band formation within a molybdenum
shaped charge slug. Copper, iron and tantalum explo-
sively formed projectiles (EFP) produced by detonated
liner materials were extensively studied by Pappu and
Murr!® for the purpose of investigating the deformed
material microstructures and especially, to assess the
Zerilli-Armstrong’"® (Z-A) and Johnson—Cook!?!04
(J-C) constitutive relations for modelling the deformed
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22 Susceptibility to shear banding on dislocation pile-up avalanche basis,'®
in internal figure legend, AT is upper estimate of temperature rise, ks is microstructural

Armstrong and Zerilli:'!

S as adapted from results reported by

shear stress intensity for cracking, K* is thermal conductivity, v is shear wave speed and c* is specific heat at con-

stant volume

specimen shapes. Figure 23 is an illustration of two
computed EFP shapes and their residual stress profiles
which were obtained for two tantalum materials
characterised with different Z-A parameters and
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23 Comparison of EFP shapes and residual ‘yield stress’
profiles computed for two Ta materials modelled with
Zerilli-Armstrong”  constitutive  relationship  and
employing equation parameters determined from
separate reference tests, as adapted from results

reported by Pappu and Murr'®3
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employing the Autodyn-2D  hydrocode. Micro-
structural analyses of the recovered materials were made
by optical and transmission electron microscopy (TEM).
It was concluded that dynamic recovery was relatively
important to the results obtained on tantalum in com-
parison with complete recrystallisation occurring during
the deformation of copper, and for iron, extensive
twinning was important to the occurrence of dynamic
recrystallisation and the development of shear banding.
Nevertheless, reasonably accurate modelling results were
obtained with both the Z-A and J-C equations. In a
companion investigation, Kennedy and Murr'®
employed the Autodyn-2D hydrocode with Z-A and
J-C equations utilised to describe experimental results
obtained on the complete penetration of copper and
aluminium 7039 alloy target materials with tungsten
heavy alloy (WHA) penetrators. Satisfactory modelling
results were obtained and, again excellent optical and
TEM micrographs were presented. In an investigation
of the partial penetration of thick aluminium target
plates, Valerio-Flores er al.'® reported light microscopy,
scanning electron microscopy and TEM results of the
cratered material. Also, hardening of the material was
illustrated via axial hardness measurements made ahead
of the point of peak penetration on longitudinal sections
of the cratered material; and the results were modelled
with the Autodyn-2D hydrocode employing the J-C
equations. Single crystal tungsten rod penetrators were
employed by Pizana ez al.'®® for study of rod erosion in
the process of cratering steel targets. Dey et al.'®” have
recently presented a comprehensive study of numerical
simulations of thick Weldex E steel plates subjected
to perforation by Arne tool steel impactors. Both Z-A
and J-C constitutive relations, in the latter case includ-
ing a fracture criterion, were employed, after equation
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24 Thermal activation—-strain rate analysis activation area
asymptotes applied to measurements of Follansbee
et al.'™ reported for copper of flow stress depen-
dence on strain rate'”®

validation experiments, with the LS-Dyna hydrocode to
satisfactorily model the results.

Shock and ICE results

Shock wave phenomena, obtained at loading pressures
greater than those associated with SHPB studies, have
been modelled hydrodynamically to involve disconti-
nuities in pressure, temperature and density across an
idealised shock front of negligible thickness. McQueen
et al.'®® have reported on the equation of state (EOS)
studies achieved under shock loading as related to
essentially static high pressure measurements. Smith'®’
reported in a pioneering study published in 1958 on
the hardening of metals produced by shock wave
loading. Smith presented a model for dislocation
creation at the shock front. Publications by Weertman
and Follansbee,'”® Gray, III'"" and Bringa et al.!” are
representative examples of progress made by model
developments to describe the shock induced plasticity of
metals and alloys. Latest results both on EOS studies
and many aspects of shock induced plasticity are
reported in the biennial (odd year) American Institute
of Physics Conference Proceedings series ‘Shock com-
pression of condensed matter — XXXX’; see, for
example, Ref. 16 and the report by Jensen et al.!”® on
the polymorphic bec to hep phase transformation in iron
single crystals under quasi-isentropic loading and in
plate impact tests.

At the high strain rate end of SHPB measurements
made on copper, Follansbee er al.'’* had reported an
important upturn in the flow stress dependence on strain
rate as reproduced in Fig. 24 that was adapted by
Armstrong et al.'”® to show relationship to the limiting
values of the TASRA based parameter A4* (see equa-
tion (12)). At the lower strain rates shown in the figure,
reasonable fit was obtained with the Z-A equation (13)
employing constants determined from other measure-
ments.”> As shown in the figure, the high end of the
SHPB strain rate measurements indicate transition to a
lower limiting value of the dislocation activation area
A*~b*. Also, in this high strain rate regime, it was
pointed out that an increase in the material ductility had
occurred and this was inconsistent with control by a
dislocation drag mechanism that had been earlier
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25 Residual dislocation dipole structure, representing
essentially one-dimensional state of strain, proposed
to be formed sequentially at nanoscale dimensions
along direction of propagating shock, as reported by
Armstrong 83

thought to apply for the measurements.>*!” Rather, it
was proposed in further research of the dislocation drag
consideration by Zerilli and Armstrong'’® that control
of the strain rate was being taken over by a new
mechanism of dislocation generation. Support for the
dislocation generation mechanism has been provided
very recently by connection of the measurements with
shock induced plasticity measurements, as to be
described below. More recently, Gray, I1I e al.'”” have
reported on the influence of a reduction in grain size also
increasing the ductility of copper in dynamic extrusion
tests modelled with the Mesa hydrocode. Armstrong'”®
has described an important influence of grain size on the
true ductile fracture stress and consequent true fracture
strain.

For the shock case, as mentioned above, a one-
dimensional state of strain is taken to apply in the
direction of shock propagation. Meyers'” added to the
Smith'® model for dislocation generation at a propa-
gating shock front by modelling the progressive forma-
tion of a repetitive structure during passage of the shock.
Shehadeh et al.'**'8! have produced model calculations
of high rates of dislocation multiplication occurring in
copper and aluminium crystals at Orowan type velocity
controlled strain rates in the range of 10°-10” s~ '. In
further simulation work, Shehadeh et al.'®* added the
consideration of homogeneous dislocation nucleations
occurring at relatively higher shock pressures. In any
case, the shock front is imagined to be a narrow zone of
nanoscale dimensions experiencing shear stresses near to
the theoretical limit for dislocation generation.

Figure 25 shows another model'®® proposed for an
idealised shock induced dislocation structure that con-
forms to a residual state of one-dimensional strain.
Bandak and colleagues'3*'% have described various
details of the model. Recently, the model has been
associated by Armstrong es al'®’ with the nanoscale
dislocation generation mechanism proposed to be
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26 Flow stress of polycrystalline OFE copper determined
over wide range of strain rates indicating transition
from constitutive behaviour controlled by dislocation
mobility to that of shock control by dislocation gen-
eration, as reported by Armstrong et al.'®’

signalled at the upturn in the copper SHPB measure-
ments shown in Fig. 24; and further, that such upturn
establishes connection also with pioneering shock
induced plasticity results reported for copper and other
materials by Swegle and Grady.'®® Figure 26 shows
adaptation on the same stress v. log strain rate scale of
the previous measurements reported by Follansbee
et al.'™ and those measurements for copper reported
by Swegle and Grady. The lower strain rate measure-
ments are shown in relation to the Z-A equation
description; and in this case, the shock induced plasticity
measurements are shown in relation to an empirical
power law dependence proposed by Swegle and Grady
and also, a model dislocation generation equation, at
limiting small activation volume, developed by
Armstrong et al.'® as

o=

2GoG/ Vo) — (2ks T/ Vig)In[(de/dr)s /(de/dr)] (29)

In equation (29), that builds onto the companion
equation (5) rather than equation (4) from Orowan,
Gy 1s the reference Gibbs free energy for dislocation
creation in the absence of stress, Vog* is the limiting
small activation volume for slip and (de/dt)gg is the
reference upper limiting strain rate. The quantity 2Gyg/
Vog™) is the stress for dislocation generation in the
absence of thermal activation. Very recently, Zhu
et al.'® have reported an essentially identical equation
to that of equation (29) for the modelled surface
nucleation of dislocations in deformation of dislocation
free nanopillars; see also related results reported by
Tschopp and McDowell.!”°

A similar assessment was made by Armstrong et a
of the relationship of the Swegle and Grady'®® results
reported for iron in comparison both with the lower
strain rate Z-A equation description and with shock
induced plasticity results reported for Armco iron
materials of different grain sizes by Arnold."”! Arnold
had attributed the shock induced plastic deformation to
the onset of deformation twinning behaviour. Figure 27
shows comparison of the several features of: the lower
strain rate Z-A relationship, the Arnold measurements
that overlapped those reported by Swegle and Grady, a

1'187

International Materials Reviews 2008 voL 53 NO 3

8000 T T T T T T T T T T T T
7000 | o-Fe 1
Zerilli and Armstrong
6000 [ ] Swegle and Grady
D o= (176 MPa s™"e"™
& 5000 | —————— rwin /J 4
= A Amold - yield stress V;
% 4000 | (o] Amold — flow stress » f e
@ —— g = 22UV, + (1620 MPa)IN(/5,) / ,
g w00l = 0= 2UgV, + (542 MPalin(iey) J f ;]
/ 7/
2000
1000 e
e s s
e /

0 N4 S
10% 104 10° 10?7 10t 100 10" 102 10% 10* 105 10% 107 108
STRAIN RATE (s™)

27 Flow stress of polycrystalline Armco iron material
determined over wide range of strain rates indicating
transition from constitutive behaviour determined by
dislocation mobility to that of shock control by defor-
mation twin generation, as reported by Armstrong
et al.'®

predicted value” for the deformation twinning stress
and the fit of equation (29) to the shock induced plas-
ticity results. In this case, a value of Vi, =bib=5b"/3
was obtained as the lower limiting value for a smallest
twin nucleus. An analogous result to that for Armco
iron was obtained for tantalum material results
reported: at the lower strain rate end, by Hoge and
Mukherjee,85 for the occurrence of deformation twin-
ning, by Murr ez al."®* and at the higher shock induced
plasticity stress levels, by Meyers.!”® It is interesting,
relative to lack of twinning concern for copper, that Cao
et al."®*1%° observed deformation twinning stresses for
copper single crystals at a Hugoniot pressure of 30 GPa
for laser induced shocks and for both laser and (longer
pulse) explosively driven plate impact shocks at 55—
60 GPa, these values being far above earlier established
twinning stress measurements.

In comparison with shock loading, the relatively more
recent advent of shockless ICE results have led to higher
plastic flow stresses, for example, as observed by
Jarmakani et al."*'*7 in copper during uniform loading
of specimens over a period of nanoseconds. Armstrong
et al'®® have proposed that the high stresses occur
because the uniform build-up of straining leads to the
relatively low residual dislocation density being required
to ‘carry the load’ by moving at upper limiting, drag
resisted, dislocation velocities. Figure 28 provides a
comparison on a log/log scale of the Jarmakani et al.
results and the discussed above results of Follansbee
et al. and Swegle and Grady, also with the previous
constitutive equation descriptions plus an added one for
drag resistance incorporated into the Z-A equation.'”®
For this case, the TASRA component of the Z-A flow
stress equation is obtained in a drag modified form as

o*=mr=3exp(—ﬁT)/{1—[c(ds/dz)/ﬁlo*]/”} (30)

where c=com*pi/pb®, ¢, is the drag coefficient and the
other terms are previously defined in equations (4), (13)
and (15). At an upper limiting dislocation velocity

o= (mzco/pbz) (de/dr) 31

that is a linear dependence of ¢* obtains as shown in
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28 Conventional, SHPB, shock and ICE flow stress mea-
surements plotted on log/log scale for copper and
including Z-A type constitutive equation descriptions
for two different strain rate dependences, as reported
by Armstrong et al.'®®

Fig. 28. A value of ¢=5x10"° MPas K™ is deter-
mined from the linear slope dependence and is consistent
with a previous estimate for copper.!’”® For SRS
comparison, the flow stress dependence on the natural
logarithm of strain rate is evaluated as

[0 /dn(de/dt)]; =0 32)

in which case a mean value of ~17-6 GPa is obtained,
far greater than the 0-506 GPa value determined from
equation (29) and shown in Fig. 26.

Metallographic and related observations

A considerable number of research investigations into
the higher strain rate behaviours of metals and alloys
have been conducted by employing conventional metal-
lurgical practices in the evaluations of mostly post-
deformation microstructures of the deformed materials
and especially, at the highest strain rates involved in
shock loading. As mentioned above, Field er al.*” have
reviewed a number of important techniques for making
real time measurements. Remington er al.''® provide a
description of techniques applied under extremely high
pressure conditions, including relation to the mentioned
X-ray diffraction results achieved by Wark er al.'® on
a nanosecond timescale. Outstanding metallographic
results have been reported beginning from the pioneer-
ing observations reported by Smith.'® Such metallo-
graphic observations have been continued in many cases
with addition of TEM observations, as reported above
in the section on ‘Ballistic impacts’, for example, by
Murr and colleagues!'®? #n4 166,

Slip v. deformation twinning

Beginning from the earliest deformation twinning test
results reported at higher strain rates for hcp magnesium
by Barrett and Haller,*® for fcc metals and alloys of low
stacking fault energy by Murr and Esquivel'” and for
the pioneering Taylor test results on iron analysed by
Carrington and Gayler,* there has been the issue of the
conditions for conversion from slip to deformation
twinning behaviours. The combination of twinning and
slip results obtained in the original Taylor tests done on
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29 Measured'®'® and computed longitudinal cross-

section of Taylor solid cylinder impact specimen of
iron having undergone deformation twinning on initial
impact and afterwards, been deformed by follow-on
slip, compared with Fig. 3, as reported by Zerilli and
Armstrong”™®

iron, as shown in Fig. 3 from Carrington and Gayler,
was reproduced to great extent in later calculations
performed by Zerilli and Armstrong,”® as shown in
Fig. 29; see also the article by Armstrong and Zerilli.>
In the calculations, the stress for deformation twinning
was taken to be essentially athermal but reasonably
strongly dependent on the material grain size, in
agreement with the stress—grain size relationship”*%->°!

0'=00T+kT171/2 (33)

for which oot and kt are experimental constants. For
iron, the twinning Akt has a value only slightly below k¢
and thus, twinning and cleavage fracture are often
associated. Figure 30 shows experimental confirmation
of equation (33) for a compilation of grain size
dependent twinning stresses reported for iron. The
Moiseev and Trefilov?*? results were obtained from
SHPB tests at a strain rate of 1-1x10° s™!, and for
which the determination of proportional limit stresses
for twinning occurred at different temperatures in the
range 88 to 248 K, and were higher as the material grain
size was larger. At a reasonably small grain size in
Fig. 30, both proportional limit and bulk yield stress
values are shown from Madhava et al?** for a low
carbon steel material tested in compression at liquid
helium temperature. The solid line dependence for bulk
yielding controlled by twinning, with gor=330 MPa and
kt=90 MPa mm"?, was employed in the calculations
leading to Fig. 29. Also in Fig. 30, the lesser dependence
of yield stress on grain size is shown for equation (13) as
computed on a slip controlled Z-A constitutive basis.
The transition from slip to twinning is shown to occur at
smaller grain size for higher strain rates, similar to the
effect of lowering the test temperature.

To better understand the Taylor test result in Fig. 29,
McKirgan®* undertook a research effort to follow via
sequential EPIC hydrocode modelling on a microsecond
timescale with the Z-A and twinning relations the
competition between twinning and slip during Taylor
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30 Dynamic SHPB proportional limit stress measure-
ments for deformation twinning in different grain size
Armco iron materials tested at different tempera-
tures?®? and also, compressive proportional limit and
bulk yield twinning stresses measured by conven-
tional compression for low carbon steel material
tested at liquid helium temperature,2®® both in com-
parison with estimation of deformation twinning
stress dependences on grain size and slip stress
dependences computed at different strain rates with
bcc Z-A equation, as reported by Armstrong and
Zerilli:*® open diamond point, measured at strain rate
of 10°s™ ', is from R. W. Rohde, ‘Dynamic yield of
shock-loaded iron from 76 to 573 K’, Acta Metall.,
1969, 17, 353-363

impact of the same iron material previously evaluated
for constitutive equation constants by Johnson and
Cook.'9*1% Figure 31 shows the sequence of results by
which during impact, twinning first occurs at and behind
the impact surface and is followed later by thermally
activated slip. Of interest is the initial convex twinning
interface that is reversed by follow-on slip to produce
the eventual concave boundary analogous to that
reported by Carrington and Gayler.*® As mentioned
above, Arnold"! determined a controlling role for
deformation twinning in determining the shock induced
plasticity of his Armco iron materials via quantitative
optical microscopy done on the recovered specimens.
Other investigations bearing on deformation twinning
behaviours under high strain rate conditions are
reported as follows: Gray, III°* for twinning in Al-
4-8Mg alloy, and Murr er al.**® and Lins er al.**” for
twinning connection with adiabatic shear banding.

Dynamic recrystallisation and spallation/
fragmentation

A dependence on the extent of deformation (and tem-
perature) of the solid state recrystallisation and grain
growth properties of metals and alloys is indicated in
Fig. 32 that was taken from the pioneering book co-
authored by Schmid and Boas.*® Conditions under high
strain rate loading are much more complicated but the
observational techniques for studying the behaviour
have been greatly expanded. For example, Lins ez al.,”"’
whose researches on adiabatic shear banding were
mentioned above, reported also in their investigation
on ‘progressive subgrain misorientation’ recrystallisa-
tion occurring within the shear bands during SHPB
testing of the interstitial free steel material. In the study,
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31 Sequential model computations, employing Z-A equa-
tion in EPIC on microsecond timescale, of ‘limit’ of
deformation twinning, marked by boundary A, first
having proceeded up cylinder axis on initial impact of
Taylor type Armco iron cylinder and subsequently, in
time moved downward through follow-on deformation
by slip, as reported by McKirgan®**

backscattered electron micrographs obtained with the
scanning electron microscope and selected area diffrac-
tion patterns, along with orientation imaging micro-
scopy, were employed to trace the development of new
grain orientations. Xue et al.>*® employed TEM obser-
vations to describe the dynamic/static recovery and
continuous dynamic recrystallisation behaviour within
shear bands produced by the high rate shearing defor-
mation of a cold rolled 316L stainless steel material.
Yang er al?®® have compared copper single crystal
defect observations made with TEM on longer
pulse, plate impacted, v. shorter pulse, laser shocked

32 Influence of differing strains and thermal anneal on
production of radially dependent recrystallised grain
structure in region surrounding two bullet holes put
through sheet of tin, as reported by Schmid and
Boas®®



(a)

{b)

33 Comparison of a (3.-Eulerian) Autodyn modelled cra-
ter and b experimental measurement produced in
copper by impacting of 3:18 mm diameter 1100 alumi-
nium sphere at velocity of 6-01 kms ', as adapted
from results reported by Quinones and Murr?'?

specimens. The J-C constitutive equation was employed
to estimate temperature rises within the crystals.
Esquivel and Murr?'® followed both the shock induced
slip-twinning transition as it related to the onset of
dynamic recrystallisation in plate impact tests of fcc
metals such as nickel, copper, 70/30 brass and stainless
steel alloys. An authoritative pictorial review of dynamic
recrystallisation results for metals and alloys has been
presented by Murr and Pizana.”!' The review gives an
excellent historical description of both static and
dynamic recrystallisations. The two behaviours are
associated with quite different grain scales. Also,
Medyanik er al.?'? have employed the onset of dynamic
recrystallisation as a physical criterion for modelling
adiabatic shear band propagations in 4340 steel alloy
and oxygen free high conductivity (OFHC) copper. The
different material thermal conductivities played a major
role in determining the model estimations of shear band
widths, propagation speeds and temperature rises, all of
which were more localised for the 4340 steel material; see
possible relation to the graphical results in Fig. 22.
Figure 33, taken from Quinones and Murr,>"? is a
striking example of the modelled and experimental
observation of spallation induced at the back surface
of a 1-3 cm thick OFHC copper plate by gas gun
propelled impact of a 3-18 mm diameter 1100 alumi-
nium projectile. The projectile struck the plate at a
velocity of 6-:01 km s~'. The impact was modelled on a
microsecond timescale. The Autodyn 3-0 hydrocode
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employing the J-C constitutive equation was employed
to model the experiment. Wells and Brannon®'* have
reported on damage assessments made via X-ray com-
puted tomography (XCT) applied to ballistic impacts. A
pioneering reference for fragmentation and spallation
results was reported by Seaman?'® and followed up with
an article co-authored by Seamon with Curran and
Shockey.?'® Beyond the plate impact experiments
accomplished on Armco iron by Arnold having relative
thicknesses designed to also study spallation, reference is
supplied in the work to important results reported by
Romanchenko and Stepanov.?!” Panov et al.*'® have
employed DYNA3D and the MTS model'®® to provide,
with simulation of results on OFHC copper, validation
of a predictive model for spallation results in plate
impact tests. An updated description of modelling
considerations involved in fragmentation studies is given
by Grady.*"” Brannon er al.**" report also on the ‘grand
challenge’ of modelling damage and brittle failures in
armour type ceramics, with assistance of XCT and as
investigated in a variety of test conditions including the
production of spallation results.

Lastly, among the many techniques being applied to
deciphering spallation and related results as part of the
higher strain rate properties of metals and alloys are the
more widely employed line imaging velocity interfero-
metry system for any reflector (VISAR) technique and
the relatively newer method of transient interferometric
microscopy (TIM). Furnish er al.?*' have reported line
imaging VISAR measurements characterising the micro-
second determined collapse of an individual pore in
copper. In like fashion, Furnish ef al.**> have reported a
shock induced spall strength of tantalum material of
~7 GPa; see Ref. 192 for comparison. The aim of TIM
is to observe via real time shock -induced plastic
deformations at grain boundaries. Initial results have
been described by Greenfield et al in a recent series of
articles.”>* 2%

Summary

The high strain rate properties of metals and alloys have
been reviewed with initial emphasis on historical
developments beginning from the earliest reporting of
load—elongation and stress—strain curves, thence leading
to results obtained on various dynamic loadings
achieved by Charpy type pendulum impacts, split
Hopkinson pressure bar measurements, ballistic
impacts, shock induced plasticity and isentropic com-
pression experiments. The measurements have been
interpreted mostly on a dislocation mechanics model
basis that provides for significant property differences
among fcc, bec and hep crystal lattice structures also
spanning the range from single crystals to nanopoly-
crystals. Adiabatic shear banding is described for higher
strain rate deformations. In addition, the conversion of
slip controlled plasticity to deformation twinning is
assessed. At the highest strain rates associated with
shocks, transition occurs from plasticity controlled by
dislocation or twinning defect movements to control by
slip or twinning defect generations. Such shock beha-
viour differs from the shockless uniform loading of an
ICE where the original dislocation density is required to
‘carry the load’” by moving at upper limiting, drag
resisted velocities. Important material property descrip-
tions are given for the strain rate (and temperature)
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dependent ductile to brittle transition behaviour of steel
and related materials and of the ballistic impact
behaviours of a wider range of metals and alloys.
Challenging observations made via X-ray diffraction,
metallographic, electron microscope and optical VISAR
and TIM techniques have assisted greatly in establishing
the current state of knowledge.

Added note: G. M. Owolabi, A. G. Odeshi, M. N. K.
Singh and M. N. Bassim report in ‘Dynamic shear band
formation in aluminum 6061-T6 and aluminum 6061-
T6/A1,05 composites’, Mater. Sci. Eng. A, 2007, A457,
114-119, that adiabatic shear banding was promoted in
high velocity impacts by the Al,O5 particulate strength-
ening. Such strengthening and associated cracking
promoted by the particles may relate to the dislocation
pile-up avalanche model for shear band susceptibility
described here in Fig. 22.
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