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1. STATEMENT OF PROBLEM

Mathematical models for describing the failure of materials at high rates of
loading are inadequate for computing the response of structurcs subjected to such
loading. For example, improved models are rcquired for describing the development
of bands of localized shearing dcformation' ("shear bands") which form in thick stcel
plates when these plates are impacted by projectiles. Improved models are required
also for describing the fracture of metals under impact loading conditions. Such
models should be based on a firm understanding of the failure mechanisms in order

to determnine which material properties must be mecasured to predict the response of
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the structure over its range of loading conditions. Furthermore, a mechanistic

understanding is required in order to guide the development of new materials and

microstructures with improved properties at high loading rates.

'
@l ey

Under this research agreement, this overall problem has becn addressed by five
faculty investigators who have investigated critical conditions for dynamic fracture
inttiation and for the formation of shear bands. These investigations have been
supplemented by investigations of the plastic response of mectals at the high strain
rates that occur in shcar bLands and in crack-tip zones. Analytical and computational
approaches have been developed to interpret the various experiments and to provide
understanding for the development of mcchanistic models for computing the lailurc

of structures subjected to high-rate loading.
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were supported by the current grant; these publications arc fisted in Scction 2.4,
References not supported by the grant arc denoted by superseripts R, cg. (1987E,

and tisted in Scction 2.5.

-

b .

p -,

b.'

b .

»

» -1-
e

b

7

b

R AR N L NS V) N SRS “~

O T O I T T Y e
N A, \.:\J'\J‘_'J- A

>




X

o

o,

-

:» o

B

i - o
oy
» i-’..l“\
SHhWy
st NN

- -
v 1 4
PAO MUY
P A

P} L)
e N Y L
R

4
»
RARY LD
h

OO0

2. SUMMARY OF IMPORTANT RESULTS
2.1 Shear Bands

2.L.1  Experiments

A torsional Kolsky bar (Split~H-opkinson bar) has been wused to deform
tubular specimens of four steels (cold rolled AISI 1018, hot rolled AISI 1010, 4340
VAR, and HY-100) at strain rates of 10® s! ([HARTLEY, DUFFY and HAWLEY,
1987]. Shear bands have been observed to form in all of these steels. The
tempcrature of the material in the bands has becen measured by monitoring the
infrared radiation emitted at the metal surface. A lincar array of ten
indium-antimonide detectors has been used to monitor the temperature history at ten
neighboring points across the gage section of the specimen. For the relatively wide
(150pum) shcar bands obtained for the AISI 1018 and AISI 1020 stecls the maximum
temperature rise in the band is approximately 450°C. This valuc agrees well with the
temperature rise estimated for adiabatic dcformation of the material to the
shecar-band strains obscrved through the distortion of a grid copied onto the specimen.
The shecar strains at localization are approximately 15% for the cold rolled steel and
100% for the hot rolled steel. This large difference in the critical nominal strains at
localization is consistent with predictions that account for the much greater strain

hardening observed for the hot rolled steel.

In order to measure the temperature increases in the relatively narrow bands
(= 10um) obtained for the 4340 VAR and HY-100 steels. the infrared dctection
svstem was improved to minimize aberrations.  With this improvement, and with spot
sizes of 35um, tempcrature increascs up to 600°C have been recorded. From the
strains cstimated by obscrving the distorted grids, the cestimated temperatures in the

shcar bands are cxpected to be targer than the recorded values.  This discrepancy s
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attributed to the lack of sufficicntly fine resolution in the infrared detection system
to allow the accurate measurement ol temperature over  such  narrow  bands.
Availability  of these temperature measurcments, combined with new  high-specd
photographs of the developing shear band, has cnabled us to cstablish that the
formation ot the intensely {ocalized shear band coincides with the sharp decrease in
the torquc transmitted through the specimen. The critical strain at which the drop
in load carrying capacity occurs varies from specimen to specimen in a manner that
appears to be consistent with the predicted effects of gecometric imperfections on

shear strain localization in simple shear [MOLINARI and CLIFTON, 1987).

2.1.2 Theory

Shear band tormation during simple shearing of thermoviscoplastic matcrials
has been investigated by means of cither closed form or essentially closed form
solutions of a simplificd model problem. In the model problem, incrtia, heat
conduction, and clastic detformations are neglecied.  Full numerical solutions have
shown that these cffects arce cssentially ncgligible for the strain rates, spccimen sizcs,
and matcrials used in the torsional Kolsky bar cxperiments. Previously, MOLINARI
and CLIFTON (1983)}® had shown that, for the modecl problem, and for scveral
clementary constitutive models, simple analytical cxpressions could be obtained ter the
critical conditions of strain rate sensitivity, thcrmal softecning and strain hardening
for which shear localization would occur for sufficiently large strains. These results
have been cxtended to account for gecomctric and/or matcrial imperfections. For
given imperfections the critical nominal shear strain at localization has been obtained
cither in closed form or in the form of integrals that are relatively casy to cvaluate
[MOLINARI and CLIFTON, 1987]. Wall thickness sariations of specimens used an the

torsional Kolsky bar cxperiments have been measured and used in the prediction of

the relationship between the nominal shear stress and the nominal shear strain during
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shear band formation. These predicted "stress-strain curves" show good qualitative
agreement with those measurcd in cxperiments; quantitative agrcement is sufficicntly
close to indicate that accurate measurcment of gcometrical imperfections of specimens
is important in making dctailed comparisons bctween theory and cxperiment in shear

band experiments.

Investigation of the effects of strain hardening, strain-rate sensitivity, thermal
softening, heat conduction and the imposed strain rate on the shear localization process
has bcen extended to the casc of plane strain compression [LEMONDS and
NEEDLEMAN, 1686a]. The deformation, stress and temperature ficlds are computed in
an infinite solid which contains a periodic rectangular array of inhomogeneitics. The
inhomogeneities give rise to non-uniform deformation ficlds which may localize in the
form of a shear band. Bceause these fields are periodic, only a rectangular region
surrounding a single inhomogeneity nceds to be considered. Full two-dimensional, finite
element computations are performed within the context of a viscoplasticity theory which,
in the rate indcpendent limit, corresponds to flow theory with combincd isotropic and
kincmatic hardening. Full account is taken of finite strain and rotation c¢ffccts, but
attention is confined to quasi-static loading. The predicted response depends significantly
on the multi-axial hardening characterization of the solid. The initiation and
propagation of shcar bands is much morc pronounced for the limiting case of kincmatic
hardening than for the other limiting case ol isotropic hardening. This difference in
the susceptibility of various modcl materials to shear band formation is viewed as an
indication that constitutive models involving low potentials with large curvature near
the current stress state (as for corner theories in rate independent plasticity) are models

for which predictiaons of <hear strain localization are more likely.
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In order to develop a2 better understanding of  the ceffects of  thermal
sof'tening and heat conduction in shear localization, these cffects are included in the
analysis of localization in an intfinite Land [LEMONDS and NEEDLEMAN, 1986b]
Full account is taken of finitc geometry changes, but incrtial cffccts are neglected.
An cnergy balance is written between ho;nogcncously deforming bands in a manner
that models conditions in thc above (inite clement study of shcar band development.
The infinite band analysis requires specification of an imperfection amplitude and a
length scale over which heat conduction ctftfects arc significant. These are chosen to
match results of the tfinite clement analvsis.  The predictions of the band analysis
and the full finite clement computations are then comparcd for a wide range of
material properties for both isotropic and kincmatic hardening characterizations of
the flow potential surface. The predicted dependence of the onset of localization c¢n
matcrial properties, such as strain hardening and strain-rate scnsitivity, is the same
for both tvpes of analyscs.

The etfects of inertia on shear band development in plain strain compression
have been investigated for an clastic-viscoplastic material with softening introduced
through a hardness function that cxhibits a local maximum [NEEDLEMAN, 1987]
An initial inhomogencity is introduccd to cause the dctformation to be non-uniform.
Recgardless of whether the material 18 hardening  or  softening,  plastic  strain
development involves the cvolution ol tinger-like contours c¢manating from  the
inhomogencity at 453° to the comprestion axis.  Once a given straln contour Crosses
the specimen, it fans out about its inital dircction of propagation.  For a soltcning
solid, this fanning out ccases Uor some strain level greater than the stramm at the
hardness maximum and further ctiaimine  thes place inoan ever narrowing  band.
Many of the qualitative Feature . o soar fand Jdevetopment under dynamie oading
conditions arc the same as undor eas-tats loading conditions, but o significant

retardation of shear band dovel pment due toomertial effects s Found,




tJ
to

Dvnamic Fracture
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2.1 Notched Bar Experiments and Interpretation

An investigation has been conducted into the cffects of microstructure,
loading rate. and temperature on the initiation of planc strain fracture of a plain
rate, carbon AISI 1020 stecel [COUQUE, .ASARO, DUFFY, and LEE, 1987]. Ferrite
grain sizes and prior austenitc grain sizes were varicd by changing the austenitizing
temperature and the cooling rates during normalization. Three different
microstructures were investigated. Grain size differences in these threc microstructures
were designed to provide indepcendent variation of cach of the grain sizes while
varving these sizes by a factor of 2 or more. Fracturc toughness tests were
conducted using pre-cracked notched round bars loaded in tension. The tests were
performed at quasi-static loading ratcs Kx = 1 MPa m%s‘l, and at dynamic loading
rates Kl = 2 x 10° MPa m’%sL. Testing temperatures covered the range from -150°C to
150°C corresponding to fracture initiation modes varying from transgranular cleavage
to fully ductile fracture. In addition, Charpy impact tests were conducted over the
same range of temperaturcs. The plastic shearing response of the stecls, over this
range of tcmperaturcs, was obtained through torsion tests at quasi-static shear strain

rates of ¥ = 5.0 x 107! and at dynamic shcar strain rates of ¥ = 1.5 x 10%°L

The measured dependence of fracturc toughness on microstructure, loading
ratec and temperature is shown in Fig. 1. The microstructure T1 has the smallest
grain sizes and the microstructure T7 has the largest grain sizes: T9 has the prior
austenite grain size of T! and a ferrite grain size comparable to that of T?7. For all
three microstructurcs the temperature dependence of the dynamic fracture toughness
K consists of a “lower shelf™ at temperatures below room temperature (RTY an

“upper shelf™ at temperatures above 100°C, and a transition over a relatively narrow

range of temperatures between RT and 100°C. The temperature dependence of the

AL S L el A A BRPTAPIS Yer




- r ” T " A
.I-Jl

n.;’_-

:.-, quasi-static fracturc toughness Kie is morc complicated.  Although Tor cach of the
N , , ) N

Car three mucrostructures K| incrcases from a low valuc at 150°C to an apparcent "upper
f, .
{ shelf™ at temperaturcs above 50°C. the increcase is not monotonic and the "two shelf™”
‘:\

N structure is not clearly delincated. For all microstructurcs and loading rates, fracturc
'_-_'_ .

\ initiation at -150°C occurs by cleavage and fracture initiation at +150°C occurs by
" ! ductile rupture processes. The fracture toughness at -150°C is essentially the same
~ for all microstructures and loading rates. At +150°C the fracturc toughness increases
\‘I-"

“”-'-- - . . . . - . . . . . .
.- with increasing loading rate and varics significantly with variations in the
S

t microstructures. These variations in fracturec toughness tor fully ductile fracture

processes follow the variations in flow stress with loading rate and microstructure.

In order to get a better understanding of the relationship between the

fracture toughness and the micromechanical processes involved in fracture through
cleavage and through void growth, the fractured specimens were examinced using
transmission  and scanning clectron microscopy. For clecaved surfaces the size
distributions of clcavage faccts werc measurcd. Dimple size distributions were

obtained for surfaccs that had scparated by void growth and coalescence.  These

mecasurcments were uscd with micromechanical fracturc models in an attempt to

S corretate the measured fracture toughnesses with parameters that characterize the

.

[ ST
.

microscopic failure processcs. For pure clecavage, {racture was assumed to occur when

s
1
.
1

N the maximum principal stress cxcceds a critical valuc over a critical distance trom
o

] . “ - . . .

AN the crack tip. The critical distance was taken to be two fcrrite grain diamcters -- a
o distance that corrclates well with cleavage (acet sizes.  For lully ductile rupture,
T

e fracture was assumed to occur when an cquivalent plastic strain excecds a critieal
 J

valuc over a critical distance from the crack tip.  The critical strain, obtained trom
L. independent tensile tests on notched bars, was taken to be the strain at which void
nuclcation occurs.  The critical distance was taken to be twice the spacing  of
o,
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fracturc initiation sites, e¢.g. MnS inclusions, pearlite grains, and grain bounduary

carbide plates.  For both c¢rack propagation models the dependence of stress and
strain on radial distance from the crack tip was taken from the finite clement
solutions of McMEEKING. (1977®  Comparison of the calculated and measured
fracturc toughness valucs are shown in Ta'blc l. The agrecement is quite good. cven
on the non-monotonic i1ncrease  in ch with test temperature tound for the
microstructure TI1. This agrecement suggests that quantitative micromodeling using a
stmple fracturec model is a promising mecans of corrclating both quasi-static and

dyvnamic tracture toughness with microstructures.
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Figurc 1: Quasi-static and dynamic values of fracturc toughness tor the |
different microstructures as a function ol temperaturc.  The !
fracture initiation modc is indicated qualitatively by the letters "CL
'F'. or 'M' depending upon  whether initiation  is by oocleavage,
fibrous. or mixed cleavage-tibrous mechanisms.
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Table I Calculated and mcasurcd fracture toughness valucs.
T1 T
Loading Testing Calcuiated Measured Cualculated ‘ Measured
Condition Temperature Ky Ky Ki. Ky Kio Ky Ky Ky
[°C] [Mpa y/'m) (Mpay/ m] [Mpay/ m] Mpay'm)
Static - 150 30 (C) 20 (C) 39 (C) 270
- 60 89 (F) 91 (F) - 537 (C) 37 1C)
23 73 (F) 70 (F) T8 (F) 94 ()
100 34 (F) 101 (F) 95 (F) 1115
Dvnamic - 150 25 (O) 21 (O 38:Q) 22.0
- 60 40 (C) 31 (C) 44 (C) 38O
23 58 (C) 54 (C) 3710 51.0)
_;.::j 100 120 (F) 148 (F) 160 (F) 135 P
‘;’ ( )~ fracture initiation mode. C: cleavage. F; fibrous.
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_____ Dynamic Fracture in Plate Impact Experiments

A ncw plate impact experiment, originated under the previous grant, has been
developed for the study of dyvnamic racture processes that occur on the sub-microsccond
time scale [RAVICHANDRAN and CLIFTON, 1987]. The cxperiment, designed to make
the measurcments amenable to interpretation within the framework of fracture
mechanics, corresponds to the planc-strain loading of a scmi-infinite crack by a step
tensile pulse at normal incidence. To obtain these conditions a disc containing a
mid-planc. pre-fatigued, edge crack that has been propagated halfway across the diameter
1s impacted by a thin flyer plate of the same matcerial. A compressive pulsc propagates
through the specimen and rctlects from the rear surface as a square tensile pulse with a
duration of lus. This plane, tensilc pulse causes initiation and propagation of the
fatigue crack. The crack advance under thc known pulse is mcasured by using a
focussed ultrasonic transducer to locate the crack front before and after the plate impact
experiment.  Various models for the advance of the crack arc examined by prescribing
the crack tip motion corresponding to these models and comparing the predicted motion
at a point on the rcar surface of the specimen with the motion monitored during the
expceriment using a laser velocity interferometer.  All comparisons are made before the
cxperimental results can be affected by the arrival of unloading waves from the

periphery of the spccimen.

Experiments have been conducted on a hardened 4340 VAR steel (R, = 37)
at room temperature and at temperatures of approximately -100°C. Crack advance
increascs with increasing impact velocity and decreasing temperature.  The crack
paths are quitc straight, with c¢ssentially no branching: significant turning ol the
crack towards the rear surface of the <pecrmen occurs at Jlate times.  Examination of
the fracture surfaces by means of scanning clectron microscopy indicates that at room

temperature fracturc occurs primarily by the ductile process of voud initiation, growth
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and coalescence whercas at low temperatures f{racture occurs by a mixcd process
involving cleavage across irrcgularly-shaped regions with a Jdiamcter ol approximately
10um combined with ductile rupture of smaller regions between the cleavage faccts.
The dvnamic fracture toughness, rcpresented by the critical value of the stress
intensity factor K. required for t’r;xcturc initiation, is inferred from the

corresponding clastodvnamic solution and the measured advance of the crack. Valuces

t, =" Duration of the step pulse

2o.oj 7 =--Initiation time .
(a/c_=0.6)
Aa -- Crack growth R

R BN Low Temp. Expts
< =32MPam”™
A wod O Room Temp. Expts /, /

MPa m”%”
= 62 a m/

0.0 —-—%

0.0 5.0 10.0

Figure 2 Corrclation between measured and predicted crack advances for

platc  1mpact  cxperiments on 4340 VAR steel (R, = 32).
Predictions arc shown lor three crack propagation models: (1)
constant cncrgy relecase rate, G = Gc; {i1) constant stress intensity
factor K = K, (ii1) constant crack vclocity, d/cp = 04, 0.5, 0.6.

Ie
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of K;. = 62 !\ll’amb2 and K, = 32 MPam” arce obtained, respectively, for tests at room

vy
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temperature, and tests at -100°C.  Esscntially the samce values are obtained for threc

l’l

P4
)

f different crack propagation models: constant c¢nergy  release  rate, constant  stress
intensity factor. and constant crack vclocity at approximately onc-half the Rayleigh
wave speed tsee Fig. 2) for all models the critical stress intensity factor at crack

arrest 1s assumed to be the samc as at crack initiation. The values for K, are

highcr than interpolated values (K| = 46 and K = 21, respectively) obtained from
quasi-static notched bar experiments [CHI, LEE and DUFFY, 1987] on a steel with
the samc chemical composition, However, the values tor K, arc lower than the
values (K, = 69 and K. = 34 respectively)  obtained in dvnamic notched bar
experiments [CHI, LEE, and DUFFY, 1987} at loading rates of KI = 10° MPam%s'l.
The lower values of K. obtained at the extremcly high loading rates (i.c. K, = 2 X
108 MPamzﬁs'l) of the platc impact cxperiments have rceently been attributed [GODSE,
RAVICHANDRAN and CLIFTON, 1988] to thc presence of packets of upper bainite
which fail by cleavage at load levels below those which cause failure of the fully
martensitic  microstructure. The presence of upper Dbainite (up to 13" results
beecause the plate impact specimens are cut from 2.5-inch diamecter bars which are too
large to allow thc fast quenching at thc center that is rcquircd to obtain a fully
martcnsitic microstructure.

A sccond order accurate, finite diffcrence method has been developed tfor the

numerical simulation of these cxperiments. The loading s modeled as that of a planc.

square, tensile pulse impinging at normal incidence on a scmi-infinite crack in a plate

bounded by two frece surfaces. Crack advance 1s assumed to initiate when the stress
intensity factor rcaches the critical value K. obtamned T'rom corrclations  with  the
-“_'l
E measurcd total crack advance.  For the fow temperature experiments i which the
o
b, - crack-tip plasticity appcars to Dbc sulTiciently limited to justity the usce of lincar
b, -
‘ clastic fracture mechanics, the crack sclocitics have been preseribed according to the
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three diffcrent crack  propagation models mentioned in the previous paragraph.

AT B Y X

0
1,

Although, as noted previousty, the valuc of K[C obtained trom the measurcd total

crack advance appears to be relatively insensitive to the crack propagation model, the
predicted motion at the rear surface is quite sensitive to the crack propagation model.
Best agreement with the measurcd motion at the rear surface, during the motion duc to

the initial step wave, appears to be obtained for the constant crack velocity model (sec

FOEY

Fig. 3). For the room tcmpcrature cexperiments, viscoplastic eftects arc included in

c‘__«".’.(‘_u"/

the computations. Rcasonable agreement in predicted and mceasured free surface

’ velocity-time profiles is again obtainced when the crack velocity i1s taken to be constant.
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(o)

' —— Constant Crack Velocity(ay Cey=0.6) < ,
R I Constant Energy Release Rate
N 1 .. Constant Stress Intensity )
o S0
P —— . Stationary Crack A‘\
B~ ,

o

7.4 O E.periment (Zhor 25-20) ',*/ SV?E?

Free Surface Velocity (V/V,)

B

L A
.

ey

o
[

[
'

-

s
12

3

- Figure 3 Comparison ol measured, Iree-surtace, scelocityv-time  profile
for a low temperature (-100%C) plate impact experiment with
e profiles predicted tor three crack propagation models: (1)
constant c¢ncrygy  release  rater () constant o sStress  intensity
factor: (i) sonstant  orack velooity, The prodicted
velocityv-time prolile tor a statwonary  crack s ancluded o
show the sensitisity of  the lree surlace  motion 1o the
motion of the crack.
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2.2.5  Dvnamic Crack Propagation Theory

A model of the high strain rate crach growth process was developed in
collaboration with Professor JW. Hutchinson of Harvard Unisersity, baved on oceveral
observations.  First, estimates of matcrial strain rates ncar the tip of a crack
growing 1n an elastic-plastic material under common conditions suggest that values in
the range 10* - 10° per seccond may bLe anticipated.  Experiments on iron conducted
at such rates, under morc or less homogencous states of deformation, indicate that the
high strain rate response may be divided into two major regimes.  For strain rates
below a certain level, the flow stress 13 relatively insensitive to changes inostrain
rate. whereas above this tevel the dependence s quite strong.  The problem 15 then
studicd from the small scale yiclding point of vicw ol nonlincar fracture mechanics.
Crack growth is assumcd to occur in a body that rcmains clastic at points remote
from the crack tip. The applicd loading is reflected in a remote stress intensity
factor or, cquivalently, a ratc of encrgyv (lux into the crack tip region per unit crack
advance. In the crack tip cegion, the potentiatly lavge stresses are rehieved 10 some
cxtent through viscoplastic flow, Thuw, crack urowth 1s accompanicd by a rone of
active plastic deformation and a wake region of permancently deformed but unloaded
matcrial along the crack flanks. Within the inner portion of the active plastic zene,
where the strain rates are such that the response s an the high rate regime. the
stress tield s also singular or, cquivalentlyv, the rate ol encersy flux anto the crack
tip 15 nonzcro, The criterion adoprod Dor wotaned cleavase crack growth s that
the value of this cncregy lux must have 4 certin material speaitic value. The
problem, then, is to determine the inllucnee ol the antervemng plastic Clow in
screening the crack tip reoton from the ronoachy appbed Tradinen The analvars led
to conditions that must be atiared o u toansd tenany cleavare crackh crowth an the

matcrials of interest The condition, Jdevend on o the Plow  characternistics ol the

matcrial, the crack tip peed. aad the tovel off apphicd loading, Or  particular




g

: interest is the result that, for wiven material and temperature, there 15 a4 minimum
~ crackh driving force ULelow  which  the propagation of  a sharp crack cannot  be
‘ sustained under anv conditions; and this munimum toushness 1s interpreted as  the
~

::: crack arrest toughness of the material [ MATAGA, FREUND, and HUTCHINSON,
1987]. |

“ The crack propagation modcel has also been cexamined from the dislocation
dvnamics point of view. The intcraction of a rapidiy propagating mode I crack with
: pre-existing dislocations is studiced. First, the intcraction of a steadily propagating
) crack with a single edge dislocation ncar the f{racture path 1s studicd. The stress
a

:.-:. field of the crack induces a shear stress on the glide planc of the distocation and, if
_ this stress is sufficiently large, the dislocation will move on its glide planc during
. the interaction. On the basis of a lincar viscous drag model for the motion of the
dislocation, the energy dissipated in this interaction i1s computed. The total cnergy
dissipation per unit crack advance is cstimated for a distribution of pre-cxisting

dislocations by supcrposition. The end result is an c¢ncrgy balance that is similar in
form to that obtained by the continuum viscoplasticity analvsis.  This new result,

although not cxact. permits a re-interpretation ol the continuum  results in tcrms of

dislocation dynamics concepts.

The foregoing analysis was directed at understanding fracturec ol thosc

) -
18 matcrials that may cxhibit strain ratc induced cleavage but that fail inoa ductile
L
- manncr under slow loading conditions. OFf course, strain rate sensitivity of the
material response can also influcnce the racture response Jduring crack advance
controllcd by a ductifc scparation mechanism, This matter was  addressed in 2
L
b, related study in which the problem of teady crowth of an antiplane shear crack an
™ a strain ratc scasitive clastic-plastic material was constdered [YANG and FREUND,
h-~ 1986]. It was assumcd that the material 15 clastic-pertfectly plastic under wlow loading
®
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conditions, but that the nclastic stran tate s proportiondl to the difference between

the stress and the ld e rarad o ome power. In carlicr work on  thiy
aroclem reported byocothers the possalility of an clastic reeion in stress cpiase was not
considered. They  concluded  that  the asvmptotic crack tip ticld 15 completely
autonomous; however, the local ticld could not be shown to reduce to a gencrally
accepted rate independent fimat as the rate sensitivity of the material vanished. It
has been shown in our work that it the possibility of clastic unloading is admitted
in the tformulation then the asvmptotic crack tip solution does indeed approach the
correct rate independent limit oas  the rate sensitivity of  the material vanishes.
Furthermore, the crack tip ticld loses the teature of complete autonomy undcer these
conditions. That 1s, the crack tip [licld i1nvolves a frce paranmcter that can be

determined only from the remote fields.

2.3 Plasticity at High Strain Rates
25,1 Pressurc-Shear Plate Impact
The high-strain rate pressure-shear plate impact experiment was developed at
Brown undcer previous ARO support. Under the present grant this experiment has

been extended to shear strain rates. greater than 107s™', which arc approximately an
order of magnitude larger than those obtained previousty. This increase in ostrain
rate has been achicved by developing a lapping proccdurce that allows specimens to be
lapped flat and parallel to thicknesses as small as 33pm [KLOPP. 1980} Using this
technique S. Huang and R.J. Clifton have  conducted  a relatively  thorough
investigation ol the strain rate sensitivity ol OFHOC copper up o straan rates ol
1071 The shear stress increases with Ltrain rate over the ontise tanaze of wtraan

Aovotopine the

rates. As one means Porounderstandine this oncreae, we  uw
capability to change the stramn rate during the pressure-shear experiment. Currvently,

we are trying to reduce the wtrmn rate after approximately 05p5 Dyousing a0 havered

R bt Pt s YR
RO v\'\." e '\j‘.‘;\.




flver plate consisting o a stecl front plate backed by a high-strength aluminum plate.

The low impedance aluminum  plate causes rellected waves to partially unload the
specimen and thereby reduce the stramn rate in the <pecimen.  Such experiments are
cxpected to provide important new insight into the relative roles of the strain rate
history and the current strain rate in cnusinng the strong increcase tn tlow stress with

increasing strain rate at strain rates greater than 109575
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