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1. STATEMENT OF PROBLEM

Mathematical models for describing the failure of materials at high rates of

loading are inadcouate for computing the response of structures subjected to such

loading. For example, improved models are required for describing the development

of bands of localized shearing deformation ("shear bands") which form in thick steel

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 determine which material properties must be measured to predict the response of

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.

Under this research agreement, this overall problem has been addressed by five

. faculty investigators who have investigated critical conditions for dynamic fracture

initiation and for the formation of shear bands. These investigations have been

-: supplemented by investigations of the plastic response of metals at the high strain

rates that occur in shear bands and in crack-tip zones. Analytical and computational

approaches have been developed to interpret the various experiments and to provide

'2 understanding for the development of mechanistic models for computing the failure

- of structures subjected to high-rate loading.

* Research results obtained under the agreement are described in the following

section. References without superscripts refer to publications, reports and theses that

were supported by the current grant, these publications are listed in Section 2.4.

6 References not supported by the grant arc denoted by superscripts R. c.g. (19)8 7)R,

and listed in Section 2.5.
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2. SUMMARY OF IMPORTANT RESULTS

2.1 Shear Bands

2.1.1 Experiments

A torsional Kolsky bar (split-Hopkinson bar) has been used to deform

tubular specimens of four steels (cold rolled AISI 1018, hot rolled AISI 1010, 4340

VAR, and HY-100) at strain rates of 1 s - [HARTLEY, DUFFY and HAWLEY,

% 1987]. Shear bands have been observed to form in all of these steels. The

temperature of the material in the bands has been measured by monitoring the

infrared radiation emitted at the metal surface. A linear array of ten

2 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

(150gm) shear bands obtained for the AISI 1018 and AISI 1020 steels the maximum

temperature rise in the band is approximately 450'C. This value agrees well with the

temperature rise estimated for adiabatic deformation of the material to the

shcar-band strains observed through the distortion of a grid copied onto the specimen.

The shear strains at localization are approximately 15% for the cold rollcd 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 grcater strain

hardening observed for the hot rolled steel.

In order to measure the temperature increases in the relatively narrow bands

(z 1gm) obtained for the 4340 VAR and IIY-100 steels, the infrared detction

J'- sytem was improved to minimize aberrat ions. With this improvemctnt. and with spot
sizes of 35gm, temperature increases up to (00'C have becn recordcd, 'rom the

strains estimated by observing the distortcd grids, the Cstimatcd tcipcraturcs in thc

shear bands are expected to bc larger than the recorded \alucs. This discrcpa ncy is
O4
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attributed to the lack of sufficiently fine resolution in the infrared detection system

to allow the accurate measurcment of tempcrature ovcr such narrow bands.

Availability of these temperature measurcmcnts, combined with new high-speed

photographs of the developing shear band, has enabled us to establish that the

formation of the intensely localized shear band coincides with the sharp decrease in

the torque 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 geometric imperfections on

shear strain localization in simple shear [MOLINARI and CLIFTON, 19871.

2.1.2 Theory

,_, Shear band l ormation during simple shearing of thermoviscoplastic materials

has been investigated by means of either closed form or essentially closed form

solutions of a simplified model problem. In the model problem, inertia, heat

conduction, and elastic deformations are neglected. Full numerical solutions have

shown that these effects are essentially negligible for the strain rates, specimen sizes,

and materials used in the torsional Kolsky bar experiments. Previously, MOLINARI

and CLIFTON ( 1 9 8 3 )R had shown that, for the model problem, and for several

* elementary constitutive models, simple analytical expressions could be obtained for the

critical conditions of strain rate sensitivity, thermal softening and strain hardening

* for which shear localization would occur for sufficiently large strains. These results

. have been extended to account for geometric and/or material impcrfcctions. For

given imperfections the critical nominal shear strain at localiz:tion has been obtaincd

. either in closed form or in the form of integrals that arc rclativcly casy to cAuatc

.[IOLINARI and CIFTON. 19871. Waill thickncss \ ariations o f spCCimens t 1d in the

torsional Kolsky bar cxpcrimen ts halvc bccn measured and used in the prediction of

* the relatio3nhip bct\ccn the nom01ainal shcair ;tre s and the nominal sheair strain during

-3-
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shear band formation. These predicted "strcss-strain curves" show good qualitative

agreement with those measured in experiments; quantitative agreement is sufficiently

close to indicate that accurate measurement of geometrical imperfections of specimens

is important in making detailed comparisons between theory and experiment 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 been extended to the case of plane strain compression [LEMONDS and

NEEDLEMAN, 1986a]. The deformation, stress and temperature fields are computed in

an infinite solid which contains a periodic rectangular array of inhomogeneities. The

* inhomogeneitics give rise to non-uniform deformation fields which may localize in the

form of a shear band. Because these fields are periodic, only a rectangular region

surrounding a single inhomogcneity needs to be considered. Full two-dimensional, finite

element computations are performed within the context of a viscoplasticity theory which,

in the rate independent limit, corresponds to flow theory with combined isotropic and

kinematic hardening. Full account is taken of finite strain and rotation effects, 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 shear bands is much more pronounced for the limiting case of kinematic

* hardening than for the other limiting case of isotropic hardening. This difference in
the susceptibility of various model materials to shear band formation is viewed as an

indication that constitutive models in-olving lo'lw potcntials 1ith large cur 'ature near

*. the current strc/; state (as for corner theorics in rate independent plasticit a m models

for k hich prcdictin, 1f hcar ,train localization are more likcls.

-4-
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I n order to develop a bect ter un decrsta nd In g of the effects of t hcr malI

softening and heat conduction in shecar localization, these effects aire included in thc

analysis of localization In an infinite bandl [LENONDS and NEEDLEMAN. 1986b].

-Full account is taken of finite gcomictry changes, but inertial effects are neglected.

* An energy balance is writtcn between homogcncously dcforming bands in a manner

that models conditions in the aibove finite element study of shear band development.

* The infinite band analysis requires specification of an imperfection amplitude and a

*length scale over which heat conduction effects are significant. These are chosen to

match results of the finite clement analysis. The predictions of the band analysis

- and the full finite clement computations arc then compared for a wide range of

- material properties for both isotropic and kinematic hardening characterizations of

*the flow potential surface. The predicted dependence of the onset of localization cn

material properties, such as strain hardening an stanrt estvtIsteam

for Loth types of analyses.

Thec effects of Inertia on sh,,ar band deveclopment in pluin strain compression

-ha'. e been invc ,tia ted tor an e Iisti:-% iscopl.istc K material with softening introduced

* through a hardness function that exhlWits a, local maximum [NEEDLEM1AN, 1987].

An initial inhomogeneity is introduced to cause the deformation to be lion-uniform.

-Regardless of wkhethecr the mater ia l is hardening or sof ten ing. plastic s t ra i1n

development i n vol vcs the e vol ut Io n ofC 'lig cr -lIIk ceo0n t o urs cema natin Iii(from the

* in homog ne it v at 450 to the cornprcsI iW I\xIS, On1ce a given strain contour crosses

the specimen, it fans out about Its init ia I direct ion of p~ropa (;a ion0. For a softening

solid. this fanning out cea's )r '.e tr~iii Ic'.ei treatc than the stanat the

*hardness maXImumIII and kf'athcr IIIiM :III' liei neccr iiaitv0\vii),,, 1,ind.

Mlany of' the qaLJitM tC I i % I Cr io ~ !cc iii iliu nr ii. miimic Cadi

- eon(I~tions -,re the siiie as unJ~r I - Vt la1iM', cIhiiis bit iilil'icant

* ~~~rctarcitirin of ~a ~iiI1 .l ~ . ccti ud;5Iiil
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i2.2 Dy'namic Fracture

2.2.1 Notched Bar Experiments and Interpretation

An investigation has been conductcd into the effects of microstructure,

loading rate, and temperature on the initiation of plane strain fracture of a plain

rate, carbon AISI 1020 steel [COUQUE, ASARO, DUFFY, and LEE, 19871. Ferrite

grain sizes and prior austenite grain sizes were varied by changing the austcnitizing

temperature and the cooling rates during normalization. Three different

"-. microstructures were investigated. Grain size differences in these three microstructures

were designed to provide independent variation of each of the grain sizes while

varying these sizes by a factor of 2 or more. Fracture toughness tests were

conducted using pre-cracked notched round bars loaded in tension. The tests were

O performed at quasi-static loading rates K1 = I MPa ms-1, and at dynamic loading

rates K t = 2 x 106 MPa mZs -. Testing temperatures covered the range from -150 0 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

i same range of temperatures. The plastic shearing response of tile steels, over this

range of temperatures, was obtained through torsion tests at quasi-static shear strain

rates of " = 5.0 x 10 -4S
-1 and at dynamic shear strain rates of y = 1.5 x 103 s- 1.

The measured dependence of fracturc toughness on microstructurc, loading

rate and temperature is shown in Fig. 1. The microstructurc VI has the smallest
O..- grain sizes and the microstructure T7 has the largest grain sizes, T) has the prior

austenite grain size of TI and a ferrite grain size comparable to that 1 T7. I-or all

three microstru Ctuics the temperature dependncc of the dynamic I'racture tough ness

K consists olC a "lower 1hcIf" at tempcratures below room tcnpcratre I 1 , an

upper shelf" at temperatures above IO0"C, and a transition over a relatixclv narrow

%. %

,'.'.-. range ofI temperature; betwen RT and IO00 0C. ihe tem~perature de~penceaJlC o1" the

St
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quasi-static fracture toughness KiC is more complicated. Although for each of the

three microstructures KIC increases from a low value at 150'C to an apparent "upper

shelf" at temperatures above 500 C. the increase is not monotonic and the "two shelf"

structure is not clearly delineated. For all microstructures and loading rates, fracture

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 0 C the fracture toughness increases

with increasing loading rate and varies significantly with variations in the

microstructures. These variations in fracture toughness for 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 examined using

transmission and scanning electron microscopy. For cleaved surfaces the size

" distributions of cleavage facets were measured. Dimple size distributions were

- obtained for surfaces that had separated by void growth and coalescence. These

" -measurements were used with micromechanical fracture models in an attempt to

correlate the measured fracture toughnesses with parameters that characterize the

. microscopic failure processes. For pure cleavage, fracture was assumed to occur when

, the maximum principal stress exceeds a critical value over a critical distance from

the crack tip. The critical distance was taken to be two ferrite grain diameters -- a

distance that correlates well with cleavage facet sizes. For full% ductile rupture.

fracture was assumed to occur when an equivalent plastic strain cxceeds a critical

value over a critical distance from the crack tip. The critical strain, olltaincd fIrom

independent tensile tests on notched bars, was taken to be the strain at h cl void

nucleation occurs. The critical distance was taken to he twice the spacin, of

-7-
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fracture Initia tion s Ites, e.g NIn S I n clu s IoLn s, p)aIrlI t c ra ins. an -rin bou n daIr

carbide plates. For both crack propagation models the dependence of' strcss -and

strain on radial distance from the cra-Ick1 tip waIs taIkecn from thci fi n Ite element

sol utions of McNIEEKING, 1 97 R'. Comparison of the calcula ted a nd mncasurcd

f racture toughness values arc shown in Table 1. Thc agreement is quite good. even

D on thec non -mo n oto n Ic increase in KI wi 1th1 test t cm pcratIu re fou nd for the

microstructure T1. This agreemcnt suggests that quantitative micromodeling using a

simple fracture model is a promising means of correlating both quasi-static and

dynamic fracture toughness with microstructures.
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Table I Calculated and measured fracture toughness values.

Ti T7

Loading Testing Calcuiated Measured Calculated Measured
Condition Temperature Kic,Kld KIc,Kid KicKid KT ,KId

[C] [Mpa V/m] [Mpa V/m] [.Moa VIM] [Mpa t'm]

Static - 150 30 (C) 20 (C) 39 (Cl 27 kC)

- 60 89 (F) 91 (F) 57 (C 57 (C)

23 73 (F) 70 (F) 7S iF) 94 (F)

100 84 (F) 101 (F) 9S (F) iii kF)

Dynamic - 150 25 (C) 21 (C) 3S C) 22 C)

-60 40 (C) 3 1(C) 44 (C) 3S iC)

23 5S (C) 54 (C) 57 C) 51 C)

100 120 (F) 1-S iF) It0 F) 1:15 F

- fracture initiation mode. C; clevavte. F; ibrous.

0%

. A -10-0',
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.2.22 Dynamic Fracture in Plate Impact Experiments

-.. A new plate impact cxpcrimcnt, originated under the prcious vrant, has been

developed for the study of dynamic fracture processes that occur on the sub-microsccond

time scale [RAVICHANDRAN and CLIFTON, 1987]. The experiment, designed to make

the measurements amenable to interpretation within the framework of fracture

mechanics, corresponds to the plane-strain loading of a semi-infinite crack by a step

tensile pulse at normal incidence. To obtain these conditions a disc containing a

mid-plane, pre-fatigued, edge crack that has been propagated halfway across the diameter

is impacted by a thin flyer plate of the same material. A compressive pulse propagates

through the specimen and reflects from the rear surface as a square tensile pulse with a

* - duration of Igs. This plane, tensile pulse causes initiation and propagation of the

* fatigue crack. The crack advance under the known pulse is measured 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 are examined by prescribing

the crack tip motion corresponding to these models and comparing the predicted motion

at a point on the rear surface of the specimen with the motion monitored during the

experiment using a laser velocity intcrfcromctcr. All comparisons are made before the

experimental results can be affected by the arrival of unloading waves from the

periphery of the specimen.

Experiments have been conducted on a hardened 4340 VAR steel (Rc = 52)

at room temperature and at temperatures of approximately -100'C. Crack advance

increases with increasing impact velocity and decreasing temperature. The crack

paths are quite straight, with c.,,scnt1ill\ no brxanchinmi si-nificant turning of the

crack towards the rear sUrf'icc of the pecimen Iccurs at aItC times. Examnination of

the fracture surfaces by means ,lf scanning electron microscopv indicatcs that at room

temperature fracture occurs prin:r1l', 1,% the ductilc proccss of void initiation, i;rowth

I... V..
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and coalescence whereas at low tempera turcs fracture occurs by a mixed proccss

involving cleavage across irrcgularly-shapcd regions with a diamctcr of approximatcly

104rn combined with ductile rupture of smaller regions between the clcavae faccts.

- " The dynamic fracture toughness, represented by the critical value of the stress

- intensity factor K1  required for fracture initiation, is inferrcd from the

corresponding elastodynamic solution and the measured advance of the crack. Values

25.0-

t -- Duration of the step pulse

20-0 - Initiation time
"(a/c =06

.a -- Crack growth R ""

.. 15.0 A Low Temp. Expts

K =32 MPaM/ 2  C
IC7

-,-- 10.0- 0 Room Temp. Expts/_, '(a/CR=0.5)
K =62 MPa m 2  ,R

Ec
Kic""-5 5 0 - "I C.

(a/c 0.4)

0.0 5.0 10.0

, .. (t /7)
0.0

. Figure 2 Correlation between measured and predicted crack ad anccs for
Splat impact experiments on 4340 VAR stccl (R = 52).
Predictions arc shown 'or three crack lrop:uation models: ( i)

constant energy release rate, G = G,; (ii) constant stress intcnsitv

factor K = Kic (iii) constant crack velocity, i/cR 0.4, 0.5, 0.6.

-12--p
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of K1  6Nam and K1 = 32 XlPan' 2 al'e obtained, respectively. for tests ait roomi

temnperature, and tests 'It -100 0C. Essentially thle samcl values arc obtained for thrcc

different crack propagation mlodelIs: conls t ant e necrgy re lease ratec, consta nt stress

intensity factor. and constant crack velocity at approximately one-half the Rayleigh

wave speed tsce Fig. ) for all models the critical stress intensity factor at crack

arrest is assumed to bc tile sanme as at crack initiation. The valucs for Kk arc

hig-hcr than interpolated values (K ic =46 and KIC= 1 respectively) obtained from

quasi-static notched bar experiments [CH-1, LEE and DUFFY, 1987] on a steel with

the same chemical comoosition. However, the values for ICare lower than the

values (Kic = 69 and KC= 54. rcspcctively) obtained in dynamic notched bar

experiments [CHI, LEE, and DUFFY, 1987] at loading rates of K, 106 MP am '.

The lower values of' K1  obtained at the extremly~ high loading rates (i.e. K1 = x

1O8 \Iparns-l) of the plate impact experiments have recently been attributed [GODSE,

RAVICHANDRAN and CLIFTON, 1988] to the presence of packets of upper bainite

which fail by clca, agc at load levels below thiose which cause failure of the fullN

miartensitic m i cro s tru ct urec. Thle presence of upper ba In Ite (up to I15) results

because the plate imatspecimens arc cut from 2.5-inch diameter br wich are too

large to allow the fast quenching at the center that is required to obtain a fully

martenisitic microstructure.

A second order accurate, finite dif'fcrce~ method has becen developcd for the

numerical simulation of' these ex per i ments. Th e load in a is mnode led as that 01f a pla ne.

square, tensile pulse impinging at normal incidence onl aei-infinite crack in a plate

bone-yto free surfaces. Cack adv incc is aISuMedI to initiateC \he fClIec stres

intenisity factor reaches thle critical vaIlue 11 obta11ied froml eorrceltiofl wIth1 the

measured total crack ads'ance. For the low temperaiture espcrImctet In \%ic tielth

crack-tip plast ici ty appears to be Su f'fiC ic IitI lv inited to 1inst ifv thle (I', o fIInear

c last ic fracture mechanics, thle crack \ elocitics have IKen picescribed aiccoidinrv, to the

-1.3-
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three di ffcrent crack propacationii models mentioned in the prcvious paragraph.
A lthough, as noted previousl, the aIuc ol K obtained from the mcasured tota I

crack advance appears to be relatixely 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 measured motion at the rear surface, during the motion due to

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

Fig. 3). For the room temperature experiments, viscoplastic effects arc included in

the computations. Reasonable agreement in predicted and measured free surface

velocity-time profiles is again obtained when the crack xelocity is taken to be constant.

S.-:
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1 ho %k t 1 L '.cfln Iitm It% til ) c L IC Ul':I2e C nlot Ion 10 1the

I1()t ion 11 I he 'l

W.e
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2.3 Dynamic Crack Propagation Theoury

A model of thle high strain1 it cri. r'' i r.e .. a .C.epdi

collat:oration with Prof'essor J.W. llutchineon o ~r.adllieo'.b.~ 'ca

-obse rvat Ions. First, est imates of ma-terial strain ra tes n lea, r the tip (d' :i crac1-

growing in an elastic-plastic material under commnon conditions suggest that values in

the range 104 _ 106 per sccond mnay, b anticipated. Experiments on Iron conducted

*at such rates, under more or less homogeneous states of deformation, indicate that the

- high strain rate response may be dividedl into tw o major regimnes. For strainrae

beclow a certain lcve I. the flowk st rcss Is reIa ti l vl josens i \ e to clha noe s in strain

rate, wNhereas above this level the dependen1c I'S tju te Von. ile problem is theni

studied from the small scale yielding point of viewv of nonlinear fracture mechanics.

Crack growth is assumed to occur I n a b od\ that remaiins elastic at points remote

Ifrom the crack tip. The applied loading is ecflected inl a remiote stress intensity

factor or, equivalently,, a rate of energ\ flux Into the cra ck tip region per unit rc

ad,, a nc. In thle crack tip riothe: pojutntfl i Ly- .xu xg.stresse3s arc i-clie\ ed *lo some

* ~ ,xtcnt through iscoplaistilow Thu..' crick -0%''. t is accompanied My a :Otle of

acti'. plastic: deformation and a '..ake lelo:'Il ,I erimanently, deformed but unloaded

material along the crack flanks. Within thle Inner portion of the active plastic zoeic,

%\here the strain rate,. are such tha1t theC L, ul eIIn tile Iii h ate rep iC. the

* strss fIel is also singular or, cqu'.lll. tue: irate (d1 \enerp, flu\ Into the crac

Itip is nonzero. Thei criteri('n cl ii true. 1,aa crack % rOthI is tha t

-the value of this ener(,, I'loU\Rx L, 1. 1o 2~r t tertill IlukIteI l I eeIic N aloeu. The1

p ro blem r, then, IS to dectermiine the InII li ic ' th I ll 11,t % Cllinp 1 l " ti I,: I'. In

Isc rcn In g t hec c r ack tip reI- ,, I i I t te i tx i;,; IiI i I I e I 1 1,\I led

to conditions tha:t nIntW beC ,Itll ij'L I 'I ,I iui1_ ,, 1,1 :lii C .l'ICA l'.'.th ill tile

- materials of intercet. I I) idiil Jee i. II tl1C How'. c1i1iacteristics 01, tlIC

ma-terlil, the crack ti1l) peel, I;1d th ee 1 1 pi~ dIIO 01, parI.t I:u l I



interest is the result that. for ,, en, iaterial and temper attire, there i a minimum

crack dr i ing lorce be low w1hich the propa. ition of a sharp c rack ca n not b c

sustained under an% conditions; and this minimum tou,,hncss is intcrpreted :Is the

crack arrest toughncss of the material i.IATA.,GA, FREUND. and HUTCIIINSON,

18. The crack propagation model has also bccn examined from the dislocation

dynamics point of view. The interaction of a rapidly propagating mode I crack with

pre-existing dislocations is studied. First. the interaction of a steadily propagating

crack with a single edge dislocation near the fracture path is studied. The stress

field of the crack induces a shear stress on the glide plane of the dislocation and, if

this stress is sufficiently large, the dislocation will move on its glide plane during

* the interaction. On the basis of a linear Viscous dra- model for the motion of the

dislocation, the energy dissipated in this interaction is computed. The total energy

dissipation per unit crack advance is estimated for a distribution of pre-existing

dislocations by superposition. The end result is an energy balance that is similar in

f form to that obtained by the continuum visco.lasticitv analysis. This new result.

* although not exact, permits a re-intcrprctatiun of the continuum results in terms of

dislocation dynamics concepts.

The foregoing analysis was directed at understanding fracture of those

materials that may exhibit strain rate in1ducCd cleasac but that fail in a ductile

manner under slow loading conditions;. ()I' course, strain rate scnsitivitv of the

-" material response can also influence the f r:it_tic repo ns.e dti in; crack :idva nce

controlled by a ductile separation mIc':nilm. This matter wa>,, addressed in a

related study in which the problem of ',ca '. i\ th l ,1" an antiplanc slhcar crack in

a strain rate sensitive clastic-plastic ma1tcrial a:Is conidcrcd [LYAN\( And 1I RLUND,

,

.',"- 19861. It was as sumed thmt the jlt tC-'ial i l t - c lc.tv p ,,i rtc ,o ot i

, .-17-
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0

,ondlditilons, ut thlt th iICAl. 1,tr: i l p ortiolj.l to the J "iflcrence !-Ctvecn

th >tress .iiid th 11C :Id t I I I d tJ o '' ~l 1 c r. In : irieI:r ,Irk in t hI.

prolcm reported , thor' the o,, ihit in hsl, tie reilon in tress : Icc was nit

considered. They concludCd that the asymptotic crack tip fIeld is completcl

autonomous: how.eer, the local field could not bc shown to reduce to a gncnrall,

acce:pted ra te Independent limit as the ra t L senitistII t % o f the miatecrilal. an Is hcd. I t

has been shown in our work that if" the possibility of elastic unloading is admitted

in the formulation then the as% mptotic crack tip solution does indeed approach the

correct rate independent limit a s the i tC SensitI% ity of the ;iatCrial anishcs.

Furthermore, the crack tip field loscs the feature o[ complete autonomy under these

conditions. That is, the crack tip field involves a free parameter that can be

A '.P

* determined only from the remote fields.

2.3 Plasticitv at Hich Strain Rates

".3.1 Prcssurc-Sh ar Plate Impact

The high-strain rate prcssurc-shcar plate impact experiment was de\eloped at

liro'. n under previous ARO support. Under the present grant this experimcnt has

been extended to shear strain rates, greater than I0' s , which are approximatelv an

order of magnitude larger than those obtained pre iousl. [his increase in strain

- -rate has been achieved by developing a lapplinn procedure that allo\%s specimens to be

* lapped flat and parallel to thickncsscs : nmall:i as 35g'm rKLOPP. 1980]. Us,:in;' this

technique S. -tuang aInd R.J. Clifton 1aC :01d uetCd a rclatie\CI thorough

investigation of the st r ate 11en iti. its I (l %l( Idoppe r up 1 tri.1 1 ltCS )I-

I ,O s - 1.  Flic hear trcss increja,: 2 ith t ai rite ,,Ir the IntC1 i aI 1 c I t. [In

ra te s. .A\s one iiC in, 11 - r uIMdCr ,tt hi 11i; 1i[ i C e. A, v ie * ,. pilj teL

capabilit y to changce the strin rate dLI 1ithe 'i Cr u i c-ss l C c pe ilinc t. Curlrcn)tly,

* wel;, , are tr% in , to rc ,C the 't13in 1i tc ai I'r \ppri)\ii:ilCl\ I). 1; u int, . l ctsrcd

%. .0 *



'I% er plate consisting of a stcel Croot plat,, L,%k~ i high-strcntth :iI iifli11L111 jplatC.

The l ow 1im p c dan ce aIumiiIn um IIIplatc c a u s iclc %%-,I c s t o pa r tia 131oVUnIoaId 1t1c

-spcc:I mc n a nd t hc r cbv r ICd LIC C th fcstrain rn t c In t h1 c pcclimen. So ti c operinimcn ts :1 re

cxpc:tced to provid e imrpo rta nt n cw I nsI iht into thec r cIaItivc roles o f thc s tra in ritc

history and the current strain ratc InI Causing the strong increase in f low stress with

increasing strain rate at ,)train ratCS grcatcr thanm 101.

0%
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