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i8. SUBJECT TERriS

Impact loading, Dynamic tensile stres intensity factor,
Dynamic shear stress intensity -actor, Crack. lnstabiiity,

Dynamic tensile fracture., Dynamic shear fracture, Impact
tensile fracture toughness., Impact shear fracture tough-
ness, Adiabatic shear bands, Shear wave loading, Shadow

optical method of caustics

ses ABSTRACT

The behaviour of cracks ioaded by impact generated stress
pulses is investigated. Depending on the impact arrangement
tension or shear loading at extremely hiqh rates of the
stress intensity factor can be realized.

With specimens ot a high strength steel a steep increase

of the tensile fracture toughness has been observed with
times-to-fracture decreasinq to about 'us. This nas been
measured with an improved shadow optical technioue in re-

flection. The assumption of an incubation time is used to
explain this behaviour., :2- S . &:; -

A novel impact geometry is introduced for oading cracks
under shear by pressure waves in combination with inertial
forces. Interesting shear phenomena ,-ere found: adiabatic
shear bands or dynamic shear cracks are qenerated at the
crack tip . For their production temperaturea in the mel-
ting range must be generated by a very high lateral strain
gradient and remain concentrated to a small -olume which
moves with the compression field. To maintain this either a
low heat conduction cr a .er. rap,- ircresse of the com-
pression field is required. This explains that a threshold
in the compression 'i.e. in impact ,elocity) must be excee-

ded.
Tensile loadinq of a crack up to -*1-5 riPar-.,s nas been

achieved by a superposition of shear waves generated at the

specimen ooundaries by a passinq compression pu'l,e. lhis
particular succession of compression and tension is the
reason for a fast risinq tensile ioad.rq at one Df the two

crack tips._
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1. INTRODUCTION

In a previous research proiect "Fracture deh a viour Unoer

Impact (.I)" the physical behavJiour of cracks under impact

loading has beer, investigated: Specimens .ith inge edqe

cracks or arra ys of multiple cracks were loaded by time de-
pendent tensile stress pulses moving perz:enolcular to the

crack direction. The pulses were produced by impinging pro-
jectiles. Two kinds of experiments were perrorfred: Firstly,
the projectile hits a base plate which in turn loads a spe-

cimen with crack in tension. Secondly, -.he specimen is di-

rectly impacted by the projectile. Hfter the passage of a

compressive stress pulse through specimen and impactor

stresses are built up by, reflected relief waves which load

the crack in tens in. Dpec irens made t ror a I ran sparent Mo-
del material and a high strength steel were investigated.

The shado w opt icaI method .of caust i r, combinat ion w Ith

high speed photography_, was used to measure the dynamic

stress intensity ractor at the tip of the crack _as urc-

tion of time. The stress intensity:/ factor at onset of rapid
crack propagat ion, i .e. thr dynariic tracture touqhne~ss v'id.I

was determined and discussed in relation with the Ioa ding

history and trhe t iue to t racture.

The technical bac:kqrounc, the experimental set-up. the mea-

sur ing proceoure5 a ano the resuits of these rvest :gat ions

have been described in detai. in the final report of the
first contract 1]. The ma in f ind irg5 cf th i s previ ou-, r e -
search work are summar ized here . since they represent the
basis for this foiow-,!n researcni Fracture 9efa'kioJur Un-

der Impact I".

( ) When test ing B ir, le-edge crck P spe 1 irmen made ron-,

the model material f-,raldite B under both, base plate and
direct impact loadinc concitions t ime-to-t ,acture cour: 'to
6 ps have been achieved. Uo to this loading rate the obser-

-ed impact fracture toughness it d did not showj a, aepenoence
on loading rate. These results, however, are in contradic-
tion to data obtained ov Rav i-Ihandar and Kn a u ss L , 2 ] J h o

reported a e.,ry strong increase of the impact fracture

toughness K Id for another mode 1 mater ia . Hora l 1-e 100, for

times-to-fracture below 30 ps.

f2 Experiments with specirr ers made f rom a hi1qh strength
Ni-maraging steel (German designation X2 NiCorc 18 9 5),

nowever, resulted in a strong dependence of id from loading

rate for short times-to-fracture. Wdth regard to the static
fracture toughness K1, these data first show an unexpected

reduution in toughness for times-to-fracture in the ranoe

of 15 'is to I C H. ut dr uriev'pecTZd .er., y rapid I r.r-eQse if
the time-to-fracture is decreased further down to 6 Hs. The



dynamic toughness then becomes even larger than the static
one. The observed exper irentat t indin,5 nave beer e-plained
on the basis of a novel instability,, criterion ihich is ba-
sed on the assumption of an incubation time for a cracv, to
start propagating. This incubation time is belie,.-,ed to be a
material dependent property,,.

(31 To study the dynamic interaction oi multiple crack nor,-
figurations under impact :oading conditiorsi, trijo parallel
cracVs of distance h in Araldite B specimens werc loaded
by a tensile stress pulse qenerated in .he tase piate test
arrangement. Shadow optics and short time cinematography,
revealed a rather compLex time !nependent =tress intensit -
Factor history. For early times much larger asymmetric mode
fI ( in-p lane shear}, cont r ibut ions are pre'..aii iriq in the 1o-
cal crack tip fields than under equivalent static condi-
tions, and a oeriodic exchange Dt the ,crack tip strair,
energy from one crack to the other takes pIace. Only for
long times after impact the :,',erail situat on necomes sini-
lar to the one under static loading conditions.

,.4' Tests on impact loaded specirfers rith c-acks of dite-
rent lergths did not shot. an influence of crack length on
stress intensit,, history, when earl;! tires 1fter impact Jens
considered. Only at later times for the same loacing pulse
the larger cracks exhibited 'arqer =tres intensit, facto-s
than the shorter ones as one ,jould expect from static con-
siderations. -b.,iousi'y, in the reqime of mal 1 ratios ,n
"time" to "crack length', besides the load amplitude it is
the carameter time" and not the trscy rencth" w.hich con-

trols the fracture behaviour.

.ithin the tnilow-on project "Fracture Behavi.our Jnder im-
pact I" the described research wor ,. should be continued in
order to supplement the earlier resuit5 ind to: add research
on the newly detected phenomenon o- dnamic shear fracture
under high rate loading. In *etaii, the voltowin-g researn
tasks were defined:

TASK 1: Performance or additional impact ±oadtr g experi-
ments on the high strength steei and poste,,aluat ion of all
results to substantiate the observed increase ir, fracture
toughness with decreasing loading time for this material.
Impact testing of the material -omalite -00 in ,order to

analyze the discrepancy of the Araldite B results with the
results of Navi-1handar and Knaus=, L2.

TASK 2: Investigation of the mechanical and material rondi-
tions in impact shear tests and determination of the shear
5treZ,- intensity factor K 1, in Araldite B and the high
strength steel specimen.
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TASK 3: Investigation uf the phenomenon of "crack propaga-

tion in an impacted specimen during the compression phase".
This method may advance to a technique for reduced time-to-

fracture experiments.

CASK 4: Improvement of the accuracy of the shadow optical

technique applied in reflection at high rate impact condi-

t ions.

TASK 5: Additional experiments to Ve l~y the independence
of the stress intensit. factor from crack length for early

times after impact.

During the execution of the research program "Fracture Be-
haviour Under Impact tI.b" the following changes were made:

Since it was not possible to make available in time test
pieces of the same batch of Homalite 100 or test pieces of
Ravi-Chandar and K~nauss [2 ( i,jhich are still under evalua-
tion at CALTECH) the investigations on this material had to
be abandoned.

Due to currency,, exchanqe rate problems minor parts ot the
program had to be shortened, especially in order not to re-

duce more interest inq parts too much, ,.iork on Task C- w1as
not carried out.



2. WORv. ON't RESEARCh T-S. 1:
DEPENDEiCE OF iUPNC- FIPH TUFE iOULHNE' uN u .ODN& HTE

With the improvea shadow optical arrangement 'see Tas5 4
experiments on 18 *1i maragirg high --trengtr, stee spec imrens
have been performed under direct impact loading to Measure
the impact fracture touqhness : .at ncreased impact v.elo-
cities. These exper iments were aimec to generate additional
data points in order to veriity the steep increase in the
fracture toughness observed for loading rates which exceed
a certain limit ,see 1] , tect. 5.1'".

Five experiments i 862 to #f 866. have beer performeo i n
toe il, qas gun loadirg device witl irpact -e'elocit ies up to
24 mrs. Fig. I shows the expe' imental artangement. For all
impac ye ioc. t es the s h dow opt ica I : ic. 1: ire= ere c u f -

f c i ent quality) to a I oLj thE determin inat io-, o+ the cr t i-

cal stress i-tensit,*, al:tar a t onet of rapid :rack propa-
gat ion. The test conditions ano the results of the experi-

mentsa per ormed 3re sumrmarize d :lw able . .ThIs tible con-
tains a lso the pre iou5 data in a revised form oh.hich follow
fcrnm a r eev.,aluat io- Df the .ha.dow opt ical pictures casi;d o-

results de-cribeo in chapter of thi. report.

H il data ,.# --i to o ;o , arc coai ectea ;n ri .Iq . (he n ew

e;xper 1men ts ul i squares 1 also -howL t ime-to-fracture da0 wn
to less5 thar, i., he r e ' a-co pre viou-. t:at are rar :ec by..
fuli circLles.

ro: ccmpar .sor. *data obtained at. oe..ier toadinq rates, .snd at
quasistatic ioadirq conditions are also s,hoLri i1- Fig.2
,,open symbo 1 s , . These J at a we r e lieascred i1 th d r a pwe q h t

and precrackeri Charpy,.., tests. The shadowj opt ical method wa s

u s e d 1 ri o s - o t h e z e e.xp e r -,e rt- r o r t er ee m r, inq t he i m-
pact fracture toughness. W1 th Ch arp y specimens , howe,.-er,
the cor:cept of impact .esponse c.ur.es L0' ;.as app IIed.

The new results agree with the earlie! data points. Thus,

the speculat ions and co, nciusions presentea, --, trie inal e-
port of the previous project [1] are substantiateo by, the

new data: The preiously obser'ved increase in th e tiacture
toughness with increasing loading rate (decreasing time-to-
fracture for the invest igated rater ai I _. ,:on 1irmed. This

finding is also in agreement with the results o Ravi-

-handar and KnauEs C2] for the material Homali te ZOU. They

found an increase of the fracture toug-iness beginning at a
time-to-fracture of --30 p s. They w, iere able to measure do-in
to -15 ps where the static fracture toughness was doubled.

This indicates that this effect is material dependent. it
can, therefore, be expected that materials exist with a

very small loading rate sensitivity. This w..as the case with
the material Pdraldite B [1]. In the investigated time regi-



me down to about 7 ps a dev.iat ion f rom the stat ic f rac tu re
toughne65, could not be found.

An explanation for this phenomenor, was qgiven earlier I,1l],
Section 5.2) by the conception of an incubation time'. which
is the time the crack needs to experience a 5upercritical
stress intensity factor, K kcrit., be foare i t S ta rts5 to Dro -
pagate rapidly~ (see the schematic representation in FIC1.
3). The influence of this incubation time is negligible for
low strain rates. I t becomes , however , important w it h t i -
mes-to-fracture being of the same order of magnitude ilith
the incubation time. During this time delay an o,_,ershoot in
5tress intensity appears wthich leads to the measured ef-
fect. If an increase in the fracture toughness by a fac-tor
of 2I is obser,.'ed it can roughly be assumed that the ircuba-
tion time is half the measured time-to-fracture I.Fiq. 3).
tith the data of Fig. 2 an incubatior time in the range of
I to 2 JJ's is estimated, whereas from the data of Pak.i-Chan-
dar and Knauss 1] arn incubat ion time of about 8 p5 is, de-
duced for the material Homalite 100.

SGUN MUZZLE

~. Q (05Orm I FOR TRIGGER

NPt1AL CRACK4

E
E

Fig. 1 Dynamic tensile loading arrangement (direct impact
la adi1ng)
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Shot I Spec imen I Resu Its

1 I E I a II tf ' Id

MI 5 Mm rr, I ji 5 1MP a I

8521 19 .o 1 17.0 I 51.0 11 5.0 1 64

8531 19 . 18 .2 1 5 .0 0 1 C 62

8541 19. I 16.8 1 50.5 I 1 5 1 F-52

8551 19.3 1 17.3 I z.7 Ii 5 I, 5l

8561 9.6 1 16.3 1 503 I 1 10 4

-7 27.8 1.4 1 50 1 4.5 1 69

1-611 47.0 13 1 4'8 i ' 0 1 84

362 74.0 1.5 4-46 4.

,364 1 0 A. 1'3 50 11 8 IF 1

'Th41 13.9 I 13.,4 I 0.0II 38.5 I 40

8 i I8.4 17.9 1 50.3 1 5.0 3 1
1 I I

866 3-.6 I1.' 50.51 I 5.0 I

List of symbols:

0 = impact veIocit'.,
B = specimen thickness
a length of initial fatigue crack

t = time-to-fracture

Kid = impact fracture touqhness

Dimensions of the specimen:
length L = 250mm, width U = 100mm

Dimensions of the projectile:

length L = 125mm, mass m = 1.90kg

Table 1 Test conditions and results of fast tensile expe-
riments (mode 1) with the high strength 18 Ni
maraging steel
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0 ~

• // 0
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LL 1 102 1 r
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Fig. 2 Impact fracture touqhnes5 data of the high

5trength steel X2 NiCoo 18 9 f for different

loadinq rates
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bena'.iour oi cracks~ for dif-terert !-ate5 of loading



3. LOOPw ON REBEARCH TASv 2:
iN'OESTGGiTIJ- iF uLtHlIL zHEH rV-HL IiRE

H dynamic shear loadinq methoc has been de.,elopec. Inertia
is used instead cr sophist icated ,oaoirq ,ar-aces Ia requi-

red in stat ic exper iments. The idea is that a crack dynami-
cal ly loaded on ,ine _i d e carat lea to its z li f.ac e.. per 1er-
ces a pure rrode 11 loadinq as long a5 the material on the
other side of the crack 'does not . no,. out 1his impact
even t .

71. iar Loading echn i que

Specimens wiere used .ji thr, tJo, par raei edqe-crackd (or edge-
no t r n E b e i n q p a r d s f a r, C e h. i h e sp E c. i ren is i m-
pactec at its notchec edge by a projectile wi.sth diameter d
equi to the dis anrce n ct the rwc cr,ck.s see .- ig;s. -4 3nd

o,. it was expectec that the ionqitudin aI comressi.e waVe
* r 'he oaddle ca. t the spec :-en iou Id qer er ate rrioCe i i

±oa in q c ioditins. n t the crack tip.. The specimer is tree
ro,'abIe 5fter r'Tip. . oldanq i -dI ;_u r s .r a esn,-,e, o - i .
the pos i t ion r! r a precise irrnpac' but t r e lease the spec i
mnI sh rt i 3' a tar :npac t .

Later or als. a rodi f i ty, ps ot sptec. 1mens -i :. Il was in--

t r :,,oucad coz nt in i ;r, -ne r, otc - r ', . he- a as- -'rer-e" r i -.oec i-
men s are rnc-ucn easier to tabr icate and require less mate-

,itt. tr-e ir, aert ccriIrez- i-e Ia-;.e - ri uced he the iprp C-
ging pro ie ct ile latera diplacerientsz are assoc iated. These

,a ause Cistu r b-,n e racP ith - j r r c-sD e ing . n 0 r-,

tact to each other or beinq not to: far apat t or each other
.r. c clos.ed -nd -. ,e n conrres neo by, .ese lateral ispln-

cement , thus leading to uncortrollable friction effects

be t een the cr ad surf ace-. Hs a c, -nsequerce . he r -r mat on

of a shear concentrat ion at The cract t ip can be disturbed.
-Ine po ss ib.e int "uences due to he.r lat -era l displacerrertr
ha ve Deen irvest igated by usiner notches i,..11tr, a f ir. ite

cper 1 nq of the -,otor .urtaces. Ther, he pri7,ar,, corrpre S icn
wave cran generate a compress ive mode i st res- conc ent rat ion
at the notch tip on icn can hLe 'isua I zed and quant i 'at 1ieiw

e.,aluated b, the shadow opt icat method ot caust ics.

F .,Iindr ica I stee I pro )ect lea of - 6mm d i a me t e r we r e used t a
impact the specimens. The pro ject i les are accelerated by

the Iful -Ias qun to -. e loci t ies -ang ing f or J. 1m s to about
0lOrms. For spec t mens with cracks beino less than 50mm

apart, proiectile5 were used w;hich at tneir tront end had a

correspondingly reduced diameter (see Fig. 11). Sometimes
also modified specimers were used I see 9ig. 12'. Typical



Specimen

_______________________________ Crack

Projectile

Crack

Fig. 5, Dynamic shear loadinq arrangement; asymnmetric

specimen



measurements o, the spec1men-- were 130mm 200rr, and 150mm
* 330mm. ['he spec rrien thlckn5 e Wse e .et e u ua i1 i [mm . he

urack iengths were ir, the ranqe of 0mm to 75mm.

7. ,Experimertal Reslj I t s

Experiments were perfcrmed ,.jith soecimen5 made trorr, diffe-
rent materials. fla r, iy the two trarsparert hiode i mater ii s
PolI.-)methylImethacrlat (Pc'r,, , anc the epoxy resin kraldite B
were used. in these cases the shadow opt icai metnod .i.t -- au-
stics could be applied in transmission. For the high

strength = ttee.ti '.2 . 0 .  , 'no"c ef , z-e - :t-,ado., :pt t -
cal method car, onl, be applies in retlection requiring one
ot the urta,-es being prepared spec iaiL Dy) gr'-,oirq, iap-
ping, ani polishing to achieve a mir-ored ront surtace.

3.2.1 LDad inq Phase

To get a r .rst su-.e-v or, the crac tor notch) t ip loading
concit ions . e-oer iment -, ae Deer per tor-ed i tr, spec Irr, er
made from rPlH. PHIri" cene rat et i e r 1 caus t 105 r j- scr, can be
e.,aluated :r i ;a s iaer ',y t:an double c'Lust I obaer,..ed
,ith the birefrinqert mater Jai Hraldite c. bteei specimens
also qenerate sirqIle castio u . u ha-., only been -mcd tot
the main experiment- due to the extensi..,ve costs for speci-
men orepar at ior,. .out 1 e nd ine ,- otched spec Irens nave
been used.

In order t, rneatur- mode re.5 c.,rcent at i s as el I as
shear mode I i streas irte i i cat ions, shado.. op-.ica. pat-
terns have been observed sith a -rancmics -in irranqement .n

a virtual image plane ,see Hppendix.). Then compress.ive mode
1 stress concentrat ions result in a dark 5hadow... spo i hich
can be evaluated in ar, easier way than the .'ight concentra-

t ion patterns .hich !,cuid result i n the rea1 .mage plane.
The mode IT 5hado..j patterns, however, remarin the same ex-
cept for a mirror-Iie transeraI:,n. The shadow o pt.c a
recording arrangement is schemat ica I y shown-, in Fig. 6.

Typi ca l ser le:s of shadow opt ica photooraphe t rom PHi'il exl -
periments are showr, in Fig. .-" for a double-notch specimen

(h = 30mm, and in Fig. 8 for a sirgle-notch specimen. H
comparison of the shadow patterns shows the same behaviour
for both specimens. WJith increas.nq tim- an aImos t pure
mode It loading builds up. Onl., for the early t ime range

disturbances due to lateral compre3sions are observed. 4t

very early times, the resultinq compressive mode i loading
at the crack tip is indeed dominant. With increasing time

and rising mode II loads, however, the disturbing compres-
sive mode I contributions become regligible. The last pic-
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ture5 of the "upper " noc, t c , r i . n r1dic te the oecinnir-g
of the instability process: The mode I[ caustic chanqes
slightly exhib t irg the char acter ist ic iljht concentr t i:_:n

pattern Ysee Appendix., as is t.pical for a tensile miode I

stress concentrat ion un er th s ,_bseivat ion conditior.. r,
Fig. 7 the lower notch stil. is stationary.

cince the obser,_,ed oeha Lour at ,he t ip or :be :ra:k -lf , he
dynamicly loaded symmetric double-nctch specimen is ob-
viously the same as tor the asmyri, r ic siriqie-notcneo spe-

cimen, in most of the experiments asymmetric single notch

spec imen: ,ere used. The', are mucn eas ier to macn ine, in
par'icular when steei spe-irier,: hac to be used.

The Loadirq rate dk d t ,,.as measured :n e -per imens ji-h
specimens made trom iAraId1te B and from the nigh strength

steel :.'2 NiC~io 13 W. i th the rar.parert Hra ic CIe b

specimens the shadoj optical transrmission arranqement for

recording i.,rtual chadoi. oattern5 h: s beer jsed ti.e. the

same recording arranqement as used with r:, 1 i-i specimens).
=th stePel specimrns, hoie.er . the reflectLo n ar .ngerren t

w.jith recording real shadol pattern_ ,ia: appiied ,Fig. o.'.

Ou a n t . i 'ye ,a ata onr The epender.- e c, -he mt r e r t ersi.: ,

factor K11  as a function of time t are showLot in Fig. o ot
_.pecirm erns Li th blur ted --otc tips . Vhe : mp.ac t 'e I i, t ies
have been 12m-s for Hraldite B and 13m-s for steel. Since
steel specimens ,oermrr it iqher impact Ieoite etore da-

maqe occurs at the contact area between the proectile and

the specimen, data are also reported tor the increased i-rr-
pact vebocit'; 33m"s. The niqhest observed a ernaqe stress

intens f ticat ion rates dKii dt are about 2 10U5  !.iPa *'. --s or

Araldite B and i*iu 7T'IFaf-i-"s 4 or stee. A rouqh estimate of

the times-to-fracture -e.uItinq t rom the-.e 1o a a i r q -ates

assuming fracture to initiate at a toughness level corre-
sponding to the static mode . r-acture tcouqhress -Ic U.
IlPa*f for Araldite B and -C 0 tPa4W' T for the stee X2 NiCoflo

1 --.- ) y) ields v.,alues of ' Ps in both cases.

In drop-weight tests With three-point-beno specimens of si-
mil ar size times-to-: racture of The crder of tU0u- are ob-

served. Thus, the loading rates dKl./dt obtained with the
present shear loading arranqement as weli as ,iith the ten-

sile loading mode described in chapter 2 are more than one

order of magnitude faster than those obtained b, drop
weight tests. This is a consequence ot the direct crack tip
loading by the tast expanding stress tieio produced cy the

impactor. In the three-point-bend test, however, the crack:

tip in the specimen :s Loaded oy oending twere the bending

is built up by the transversal oscillation of the entire

specimen. The frequency of this, oscillation and alsao the
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Fig. 6 Experimental 5et-up: dynamic 5hear mode 11)

loading arranqement and different arrangement5 for

shadow optical obser,.,ation
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Fiq. 3 High speed series Of 5hadow phctogr.~ph5; sirnqle-
notch specimen under shear loadinq (PtMA, virtual
image pl3rne, picture inter.'-31 time 2 u5)
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increase in crai4. ioadi-g ,Keperi U spec irrer is_ a-1C iS
relat iv-ely slow comparec to w.we propaqa- ion times.

.2.2 urack Fr opagat on Phase

The crack propagation obtained under the described loading
cond it i on s has been ir'.,,est igated with spec ier, s made r r or
PH1MA, kraldite B and the riqh strength steel. Under static
test conditions a crack vjl i propaqate in . -rection pe -
pendicular to the maximum tensile stres at the crack. tip.
For stat ic pure riode 11 Loading the :rack sta!rs to e> tend
into a direct ion which includes an angle ot about T10 with
the or lentat ion of the int ial crack ano coit inues propaga-
t inc in the tensi le moce I 'racture mode. This is in
agreement ,.i th theoret ica l resu ts. The same beha.viour was
also obse-ved in the dynamic exper ime n ts.

In :rder to -.isuali ze the e:.o:ected ensi Ie made 1 1 1oadir, q
at the crack t ip shaaowJ pat erns now ha.e been recorde I in
the opposite imaqe rlares rhsn repo ted :r section 3.1.1.
The camera ..-as focjsec or a real image plane f or the sha-
dow opt iea! - r an sr mi 1 o r-, rr mnqernerr t -, - 1 ' ItIA end Hra Id it e
e =specimens, and or a vi,rtucl image plane for the ref lec-
t ior, arran oeme--t , ,.i th :teel -zpe- imer ,see aiso -iq. 5 d
Fppend i. Typical resuI t f ot tho considered materia s are
pro-sented itn Fiqs. IUJ, t , ard 12. -e c.=ust cs :r, igs. I
and ii indicate that the cracks indeed propagate under an
a 1 mos t -nd s t u r bed t ensi ,e mode . o ad inr1 .1r .n .m i a r to
the stat ic behaviour the crack propaqat ir, is inclined wi th
regard t a the d i rc ion o -n e o r- iq1 n i s1 -- r . :C a1 c . oc rre

typica, results for crack paths are show,.n in Fi. 12. In
the ex. veriren t= w ith M1t-i and Hrai t .e wf :cec r er s tcne ob-
served angle is in most cases ,ery cose to the expected
Value ,:) f 7 . The anqle tound wit the stee: specimen is
somewhat smaI ler, but w i thin the scatter band n ormally
found with corresporn, in ttat i-c exper irents. The ob=er,.,e d
crack propagation directions art an additional indication
that the initial n otches nad been loaded c, ,ar , ro;-.t un -
sturbed pure mode II loading.

In addition to the crack tip s ado pa, t ern the photo-
graphs obtained with the steel specimen in ret lection Fig.
IID show patterns of mechanical Javes which emarate trom
the tip of the propagating crack. The propagation delocity,
indicates that these are Rayieiqh tjaves preceded cy, alrost
not visible longitudinal waves. The defnrmations of the
specimen surf ace caused by the .jares become visible by the
shadow optical technique. The photographs of Fig. 10, howe-
ver., taken in transmission do not exhibit waves in the same



di1s t irnic t w~y Unl1y wh er nt-e ra3c k Sra t ai Pr crcag. Tr ing

the very t irst pictures, waves are- ots e rvIe. T hec co0nclIu -

s on is that the Bhadoiw opt ic a m ',horjo r e I e ion . isZIU1-

much more sensitiv.e to surface distortions- han I' t r arn5-

miss5 ion.

Fig. 10 Crack propagation initiated trom a shear loaded
notch tfAraldite B), shadow optical technique in

t ran sm iss ion



Sq. i 3 hadoi.w optical oictur5 .re~lectiri technique) of
a crack Propagation iritiatec fromi a 5hear loaded
notch .steel ."'2 HiC:41o i3
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3.2.3 Dynamic Shear Lrac- Propagit or

-- surpri sinq effect i.Ja a four- i tr, _re ;r ac rr pa9q at i Dr

beha,.,iour of hi igh st renqth stee± spec irren:= impacted above a
certair; threshold ,,elocilt, rnateriai =. ep aration I ,.cc irrec

under shear mode loadinq with new phenomena in the fracture
surface. The in-estiqation of trhi! re, effect i.,as a ,-,aj D
part of the total research prograr. ano is descr ibed ln t h
sect ion.

in tre series cof e.per irr erts jrin -;,35 De n per o r rt ed to
understand this naL, ef tect tUj;, parameters were var ied , the
impact -.;e .oc it,, nd the .,otch_ ip ,luritress. d o t n pararce-
ters were expected havinq an in luence or the crack t :p
.tr ir, oicert r ions, .

Exper imerital res uIt -. a e qi"er rn r i q. 137, . The crac paths
I e n ,q t n .! r d 1 r e c t . c n 1 5 r . p i e d , n 3 o t tip r a c i Js
e r s u5 mpac t ;e io c t ., i aq r a rr. to me o- t he cracks wii tr, 1o, .I

3c l cu tQ U.. r rr c m '.. d . ri: m .3 im:3 pac ed at in-
er .eloct :e. 6ii to j r sho; the same behz-iour as i n

the sic, e.er rn-, t _f c eor .: ..e.c. ir e e r ac. prC-
paqated ir a directrt 70 tr , the 1 iqamer, ano way fron.

he .tr < r ie! d , Crcnu-d - .F . tde .r pa-t ,r . "l i the ter
notches or :racks V em'e Icpeo the ne, ty,pe or dyn arrc 5t-ear
frac u ure =_1 >h;c-h :ro a qatet clrrcst trc 1-I qt sc,5,-q t.e .1 -
mert . The de i. iat io- 'ro r the s'ri1ghT path-, Is bet,4eet, 8
and 11 b out :puc- 1 t e :z te e t her rt 'he r C t or c-
press or, f ielo.

h te e. -er £:,ertf iitr-r tn m rq n q t°ee. dee ecr i:,ed in
this ect ior. the 5pec imens usual Y. boke In two or t ree
Sa r t rra n ,; Dy r ac r ii i e 1,: ".e r e oer t i 1 t0 '_1 e t es--

5 s le fractures. These , howe,.,er were in rroa.t cases preceded
bO, the re'.j type _f dJr-amic -hear r rctuie for eP:ept .ons
see T-ab [ e 2 , f ractur e rode t . in examp le is s hto wr in Fg.
,4 . H photoqraph of the rriid epart of -he zpez mer, ccr, tai -
ning the notch ano the crack path is Fig. 14a. The crack
started almost rtrai.ht trorr. the notc h and proDagated 5s a

shear crack ov er a distance o. 17mm. H photograph of this
surface i5 Fig. 14b. -ifter th i the orac. did not *Tn I,,
chanqe its direction but also the 4 recture mode. It propa-
gated as a tensile fracture, break-nq the pec -er 1rn t wc

parts, and generating thereby) a typical tensile fracture
surface .Fig. 14,c). [he direction of -his toi.owinq tensile
fracture varies in different experiments. It is ass_med
that this fracturing occurs in a late phase e.g. by, .oenoing
during the catching process.

The test data and the experimental findings of thus. prcgram
are listed in Table 2. The length a s of the dynamic shear
crack w~as measured. s varies rrorr e.'periment to experiment
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Fiq. qI Compi Iat ion oi crac path s ,r hear e per ments

on high 5trength Bte-1 speci ,ns



but obviously Incre35es wi th increasing irippact ;e 100 1'
[he -ast column o-,f Table 2 tel is detei 1'. i t he r es i r, c
f ractures. For shot number 1 "1e to 91 on I one spec rner

,185 jsed since no fract ure or 'r _ nt. l shot -Ii. 4r
two cases the irit tal shear crack wa s fol ow.Jed zy, a secoria
-,hear crack with a mark n betwteen beirot int-:rpretec to 0e
a. arrest eent (T. 9 , and # '5 77 t. In one case, b _b , the
=pec imen did not ot , ,lo one of +hese w=. It frac tured Ijrn-
der tension wit- an angle Dt abiout 511 but opposite to the
expected 713 into the pressure - ;id. Hn expilnation for
this behaviour (e.g. by bencin9 dur ing catchin q is not
avai labl e, since this -racture occuri ed Et an earl .n nn-e as
i- showr by the photograph. It shot 9 96 a f in ite sh-,ear
crack lenqti could -ot n e ceter-mi ned because the cra-k ,diO

not s.to:+ ir the specrmer.

the ert.i e or acs s how thF picat :hiracter -- t i.:s. 5 Ene
sJr f ace is du I and r ough and ex fhibits the usual r i -,er
patterr' prcduced oy r rc e:.tens i -ee F- i. 4.) n he

fracture _,urfaces sho w sr ear lips i .e. the edoes are ir,-
ne i ned 5 t =r, iq n e f, f abo ut - .t -- I r e,,,e - to tn 1e l, I.r, e

midle par t oT the racture surface I

1he n-e,, zh5.. ror, err n -, -tt ni, s ear Ira tI j r_" 3oe ot or,nl

d fer 1r the prooaqati on direct ion t rn the 73 ter, si e
r zr,j; It . . n-, -ror he t-2sie e crocks hins., I--I -_uc ed the
hear ,racks, biut 5 sr the app earance isa pr incips B l i ff -

rert. re r 5c ture ur I 's : I t rie s t a- isoht p r opa qa t rq
shear crock s. do, not .hor,, -hea lips. The t lat fracture sur-

ace e- ten S o.'er tn r-,e , tot a i r , o f - h-! le I pe ire ; n. im,e
surface is not rouqh bt shin,. Han., isolated areas or the
sur t rc -rae a rr r r r -.i I v- appep sr ate . H .2 1 inj 1 q J r CoCes
dur ino the separat ion phase cou ld ha,.,e qenerated these sur-
faces. lew irI qg -errpera .ure C, , e c red In se sUi ta-

ce

The tes. per amet ro .r the bservej e pe r i ,-ten:ai r -3,d I r,_s,

and data of evaluat ior procedures (w..hich are epla. nec la-
ter- are presented 1 n a b i e -. r o r b n 5 t t e m p t . : ca ft t h e

e, perimerntal data of Table I into one diaqram the fol1o, inq
.a r qumerr t s ;jere found:

,i, The data suggest the e-.istence of a thresho d ',e Ioct:

th for the t ormet ion ojf dy#naric shear cracks .

(2) fIccordinq to theoretical results of fracture mechanics

see f r instance ( 7 ] ' this= threshol hidhouid L,e prp t io-
raI to the square root of the notch tiP radius:

"th



'3' The shear crack ienqth does r no: 0 epeno rn a_- Wie n D tc r,
radius. From this follows that cif fererit but paral lei cur-
,es 11 1 I I i t t he r es u I t s c c me r, h d iTf e ren t r D t c h
t ip rad i i.

t 4) The presurmpt ion tha: the d)remic shear crack Ien tri d e-
pends on the impact enerqy, i.e. or. the square ot the im-
pac t ve l oc i t y,, was no t . st a i n ed by t he e xp e r i rrie n t a l da t a .
The data rather suggest a proportionalit,, between impact

,..,elocit y arid shear crack ienrcth.

Consequent ly, an impact elocit , ersus 5hea crack lenath
diaqram has been dra ' FLi. I . Fcr a .)etter dist ir ct ion

different 5ymbols have been used fc- different notch tip

radii. H c, rripute r i at ja rmace i ,itn the data CiT the open
circles !fatigue cracks., to find the slope ot the parallel
iiri e , c-,f t-ie data w..i th di± fere:it notch tip radii. The thre-
shold v',elocitie i are the intersection points with the hori-

on z a axis and qiven numerical I., in Table r. or, t he
as sume, propo, t iona it- be t,. een thre s ho ld eloc Ity and
square -oc: or notch i-cip radius=_ so the rn i aing toot , oiqt
for the a.ine wth q 0 .Z7mr car be calculated as well as
the effect i we ao ins f the fat ue oa a m. itrm t he
e.:traoolat ion of this lire y-eld- a fdLt ive shear crac

len th oo trm tor shot 1; 4t-. I.jo ,ata po r!ts do riot It

w ell into the iiaqrar., , 95, arc 't R 8 n i rrnspect ion, a
t n t e notch -ips dd not e,.e3i ,e re sc, r- cr tnic b eha-
•*/iour . It is. howeer, to e pect that data point outside

the t)ater ia .cat ter nan( -r-e iocate in-3 the eq nire ft

smaller notch tic radii since imperfections o the notch

tip _,hould resuit .n a smailer efteti'.,e r;ot :rn ip raa0Ius.
The likelihood for these deviations shculd increase w ith
increasxnq notch tip radius, roy these I .J poin!ts an ci ec-
t ive radius of about I. 35mm may be estimated rrom Fig. 15.

H second diagrarri, r ig. -o, is dr a wn witn the hcr i-crita2

axis normalized by the square root o+ the rotch tip radius.
In this case a burch of ines is to be e.,pected <. lth Lole

common point which is the foot point on the hir izontal

axis. This concentration into one kIoirt is also a t inIr :a-

tion for correct determined threshold ,,alues in 7i9. 15.

The transformation of the lines from Fig. 15 i to thi cia-

gram i_. mirror-like: the line with the fatigue cracks, ap-

pears on the right side. The displacement of the two .data

points which do not fit into the diagram becomes ever, more

obvious by this mathematical transformation. The calcula-

tion of the new position with a more suitable radius of

e.g. 0.35mm would have placed them considerabl., better.

The arguments (1) to (4) given above and the experimental

data make clear that a single curv,'e for these results can-

not be expected. The diagrams of F-igs. 15 and 16, therefo-

re, replace Fig. 12 of the tnterim report r12J.



Test Parameters 11 Results

* B ' a5  aracture mode
mm I m s I mm i I mm I 1. crack I 2.crack

13 9.3 1 19.8 f II 4 I shear + tensile

914 1 9.3 1 31.9 1 a I1 30 shear + tensile

916 29 31 7 t 1 26 I shear + tensile
918 9.4 1 32.0 I 1 1 20 I shear + tensile

19 8.t 1 30.3 1 q I 20 shear + tensile

964 19.0 1 54.3 I u I 1 0 I all shear
9 65 1 19. 0 7,2.1 i e t 3 ,I shear - tensi le

II I I II
915 1 8.4 I 32.5 I 0.'2 I j7 shear * tensile

960 19.3 29.8 0.30 it I shear + tersile

Ql ,. 3. . 2 I .30 1 31 shear + tensile
'201 8,-',.3 I 32.4 0.335 i42. shear + tensle

2t o8 1 ... .. . --,hear tensi le

9 o 2 1 . 2 . 0 3 i . tens i le

908 8d.2 I 1 i.0 ].7' I - I no fractureS09 1 .S .0.7 1 - t ro c t ure

910 I 8.i ' . I-I. , I - r, f r acture
911 1 8.Q 1 1,2 ;3 O.' - no fracture

912 8 .9 I C. 0 - e0 tensile

955 18 8. -3 I 0.35 I 1 SI 70 t enl-. Ie
956 I 19.0 '1 .8 0.85 -47 shear + shear
95,,7 19. 1 I0 . I U..: 11 42 shear + shear

05398 18.9 1 4. I 0.85 13 1 shear + tensile
9I9 13.8 1 2 3 -  0. ,'3- I '0 tensi e

List of symbols:

# = shot number
B = specimen thickness

C" = impact velocity
= notch tip radius

as = length of dynamic shear crack

Table 2 Data of shear experiments with steel specimens and

experimental findings
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Test Paramete-5 Pesu ts
* I B y a 0 I "S 1 '0)t' I 5- "th hmb

mm m1s mm rnm I '.r- -, . I m.,'_-5 I ,s-n 5 1

913 1 9.3 19.8 f 1I 4 1 ,17 6 18 1 470 0
QI '16 9.3 ! ? , -1 1 31 2 A I I1C7
916 1 7.9 31.7 t 1 26 1 2 5d8
918 I 9.4 1 32.0 1 20 1 2 613
919 1 8.b 30.3 9 H 0 2 47-41
964 19.0 54.3 1 u I60 I 4 434 1
965 19.0 32.1 e 11 31.51 2 621

915 1 8.4 32.5 0.2 5 1 1, 2 055 23 i 14 5I 5

'60 1 19.0 29.8 0.30 I 5 1 721 25 1 4431
9o 1 19.0 38 .2 0 (.30 1 -1 1 20I

..... .8. , .32'1 27 1 '7 A

921 .. 5 50.7 1 .33 2 1 I
I62 19.4 2'2.4 C1.351 - 1j

Ce 0 1 8.2 12. - ,37 H -2,3 - -1 12.

Q09 3.2 12.7 1 0.75 - I 46 I
910 8.9 32.. 0.75 B.- 9 17 9 P I I

I12 I 8.9 Q 0 *0. 1 1 1867 14 46
II I I I4) 6

955 1 18.8 1 39.9 1 J.85 1 0.5! 1 369 1 43 1 1 475 F

956 1 19. 0 1 -1.8 1 1.85 47 2 463 1

957 19. 1 1 50.3 1 0.85 I 42 1 4 742 1
958 1 18.9 34. 1 i . 25 H 1 1 1 170 I
959 1 18.8 1 27.3 I 0.85 11 - I 936 I _ _

mean ,a lie: 1 468±21

List of symbols:

# shot number
B specimen thickness
"o : impact velocity
Vth = threshold '.elocit,

R : notch tip radius.

as length of dynamic shear crack

Table 3 Data of shear experiments wJith steel specimens,
results, and evaluations
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0 0.15mm (fati gue)
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A 0.35mm
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Fig. 15 Shear crack length as a function of impact

velocity and of notch tip radius
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Fig. 16 Shear crack length a5 a fun~ctiJon of impact
velocity and of notch tip radius



3..-4 D'ynami.c Shear Fracture Format lot-,

The ippearance of the crack. sur faces ,3 the hiqf1 -tt enqtr
steel specimens suggest5 a gicing prccess bet,.een the ''p-
per and the lower surrace durinq the -racV qerieration ,ha-
se. The shiny smeared-out re-;ions are larger in size at the
beginning of the cr-c., near the notch and the dimples wjhich
have a circular configuration with the tensile fractures
are eiorigated and paraboiicly,, contourec. This is shown in
the micrographs of Fig. 1w with a transition f rom shear
fracture 'lower left corner., to tensilte -racture (upper
right side. showing the change in the formatior of the
dimples from the parabolic to -.he circular shape.

This sort of "dynamic shear fract're" could, howe,..er, not
be produced w,.jith other materials. cxper, inenta, nave Iso
been performed wi th the steels. 3', HiLirloY, .721 f HF:;.. 103. 42
CrMo , and the miid steel .:TE 461 . al i in a n -ron-narder:ed
state. Non of these specimens , although impacted with very",
high rroectile eIocities 'up to 1 m 5's., b roke in to
parts. Unly short s-hear cracks were produced, if any. Flqs.
±8 ani i? show an esample liitn the nater il a w2 rilo q

( 929, impac t '.,elocit',., 102 m <s).

The impacted spec -men or i q na size 12U Lm, - rri ir,0 mm
is shown in Fig. Ia ,. ith the notch on the left side and
the impacted part c lear. 'isible on the top 'compression
about 2 mm). Lines tc identif' positions have been traced
on tre surface oerore the test. ihe istance of t-:e narrow
lines in the undisturbed material is 2.1 mm. The first one
of these narrow lines rrcrr the top irdicates the or iqnai
notch tip position (tip radius 0.2mm). Fiq 1Sb is a maqni-
f ication of this area.

A photomicroqraph of the sheared part of this specimen is,
Fiq. 1" .  The ier,gth of the crack sho.n . r ri . 19a is about
/.- mm. Fig. 19L. is a detail of this crack. The peculiari-
ties of these pictures are white tc ands on both sides of the
crack and also white fragments inside the crack. These
.. hite parts became .,isible b,; etching the sample - and are
known in the literatur as adiabatic shear bands.

Hdiabatic shear bands are produced in a smati v1ol1ume of
very high shear strain gradient by heat ing up to almost
melting temperatures and a hardening process durinq a suc-
ceeding rapid cooling. The width of the band is of the or-
der 0.01mm and of little mass only, where the material Is
transformed into a martensitic state. Rapid cooling of the
small band volume is achieved by the two large interfaces
to the cold bulk material.

• Etching agent: 3% Nital
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The hardness distribution across the shear bano is almost

rectangular as shol.jn in .- ig. 20. This prof i le shotis an in-
crease in the microhardness HO e.025 in the bend by almost
a iactor o three compared to --he zuiv f.ater ial uni ch is

heavi ly plastically deformed and, therefore, also shows an

increased hardness compared to the base naterial.

Shear bands have not be found in the other materials,
especially, not in the maraging steel spec-mens sect ion
*.>2.3 where "dynamic fractures" have been observed. In this
t'ype of steels martensitic hardeni 5 not possible anc
separation may have occurred instead ir the iveakend micro-
structure or even in the liquid state at the ti.p of the
Fast mo,ing shear strain concentration. The heat conduction

of thi. rrater ial is kno,.in -o be up to wJ times Iower than

ir ferritic steels. Ther. the heat generated at the crack
t ip remains much tore concentrated 1 n the rmaraging steel
whe-eas it dissipates fast in the others. This could e;:-

plain that the observ'ed shear fracture p-,eno:ena i.-ere :ounc

in this materi al only.

Ferrit rrtater iais jith -i relat l yi ,, io LJ :1ei, :strength, .n

the other hand, ma, not develop a shear strait cor, cer, tra-
t ior sut f ic ient l,. tigh to rorn, a heat source capabl_ for
inducing material transformat ions. This is a consequence ot
the front of -The compress ive t.ja, e no, De ir3 a -.tep I urc-
t ion. Since the mater iaI starts yIeding at a lo .j levei a
h ig, 5train gradient cannot oevelop and here .s utft ictert

time for the material to dlow away, during the lonq period

of i.ncreas:,ing .r essure. Ilith this materl onl, y very high
impact velocities are expected to produce shock w..javes with

s.train concentrat ions suit icient ,y high to generate s hear

bands.

The corsequence of these obse r,,t ions is t nat the pher ome-
nor: of "d.ynamic shear ftacture" has to be oescr ibed by: dt-
f erent processes in cifferent mater iaIs. -c break 5 hshear
band like the one in the ferrit ic steel of Fig. 1, wi i I
probably. need ojnl, litt le energ', because the trans-ormed

material is very brittle. This crack does not took like a

shear crack. It may have bee- produced after coo igrl down
of the band materiai not under shear Load but due to resi-

dual tensile stresses generated in the bulk material during
the cooling process. A tensile loading of the shear band
could also have been produced by a compression of the notch

surfaces due to the lateral material expansion in the com-
pression pulse. There is some indication of this in Fig.
18. This hypothesis 1s supported by the finding that man,,-

unbroken shear bands were found at places where these sort

of load may not have been available.



Sh-ar fractures were also round in some or the projectiles
used to impact the plate specimens. The proiectiles were
fabricated from the steel 42 Crrlo 4 and induction hardened.
Ht the edges of the indentations formed by tne impact -see
sketch in Fig. 21a) large shear cracks were formed. Some of
them ha ve been invest igated metal lographicallI.,. Tn es.e
cracks_ are much larger due to the increased hardness of the
material and show also all interesting features. Fig. Jia
is a sketcn of the impacting part of a projectile 1shot 4
9251 and Fig.21b shows -n o',er al, '. vie. of a compressed
edge with a large shear crack.. Fig. 21c, finall , is the
magnifi ed area of the ery beginniniq of the crack shotwirln
an arrav of 5her bands 10 to 30 mikrometres in width.
f iqs. _2"2 to '5 sho w microphotographs of r he etched mate-
r i al: somtet ire5 the craclV has extended r, the white shear

bands and ,s even r I i ied ijith fraqments of the transtormed
material fFig. 22 and 23). Pio. 24. however, shows the end
of the crack twhicn !.ias rtot preceded o,"., a shear ban . ri9.
23 showm- an area very close to the edge of the irdent at ion
with an jnbroker shear bano .

Photomicrographs .iqht and scanning electron microscope,
LM and 'SEll of another sectioned hro ic-: aie ct it 029
are shown in - gs. 2 , 28 indicating the rather abrupt
transition beti..een the ad i abat ic s-hear rano and the sur -
roundinq material. Etchinq of the h'..hI-ite band, i.e. the
t ransf orrned rater i 1 , i ess eas,, t-tan 1i tt, -e sur roun-

dinq material. The SEN mLcrographs suggest this material
bean_ rais.ed over the =.urroundirq mater ial I . b'.- iousIy, tre
white band is very) hard , which is in agreement to -ig. 20.

The iiq ,t microscope Ldoes not -eso ! .e the mircrostructure of
the band which is believed to be martensitic. Details must
be smailer thar, one mrcrometre. Hilso the =_ur-ounding mate-
rial is strongly deformed by shearing. Even damage can be
seen in this mater-ial (.Fig. 2_7.. The touqhne s of this ma-
terial seems to be reduced. The drop of toughness in the
shear band in combination with residual stresses in the
specimen possibly often leaos to fractures within the band
!,Fiqs. 2I- and 28..
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Fig. 1?1 Fracture surface in different magnifications,
transition from shear (lower left corner) to ten-
5ile fracture (upper right corner); SEM micropho-
tograph (5hot # 916); the lower picture is a
detail from the center of the upper



Fig. 18 Spec in of shot :r29 42 Crrio 4, impacted at
1132m/s; (a) over- all view, (b) detail
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Fig. 1.9 Crack at notch tip (sh~ot At 929?, (a) ov'er alview

l1ength oi the visio e crack -2.5rn-mi , b) detai I
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Fig. 20 Hardress profile across an unbrorsen adiabatic

shear band of Fig. 21c '# 925, projectile)
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Fig. 21 Projectile indentation (it 925), (a) sketch of the
impact area, (b) ov'er all view of one sheared edge

',)broken and urnbroken shear bards at tie edge



Fig. '22 Projectile indentation ~*92%' sheared material.
crack. w~ith shear band



Fiq. 23 Projectile indentation ( 925 : detail of broken

shea~r band with fragments of transformed material



Fig. 24 Projectile indentation (. 925.1; crack end



Fig. 25 Project ile indentation f# 925); unbroken shear
band near edge
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Fig. 27 Shear band in projectile (*929), beginning of
damage, different magnifications
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Fig. 28 Shear band in projectile (# 929), broken, diffe-
rent magnification5 (SEtl)
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4. WORK ON RESEARCH TASK 3:
CRACK PROPAGATION UNDER THE PHHSE OF PPl-uiRY I-OMPRESSIOH

K-measurements under direct impact loading conditions per-
formed within the previous contract could not be carried
out with Araldite B specimens for impact Velocities v -.. '
m/s because the cracks already became unstable dur ing the
phase of compressive load and propagated in a direction
perpendicular to the oriqinal crack orientation. Ubviousl',,
tensile stresses are produced during this early phase by
lateral expansion when the compression pulse traverses the
specimen. An investigat ion of this phenomenon has been con-
ducted using specimens with cracks positioned parallel to
the impact direction as is shown in Fig. 29.

Two series of exper iments using specimens f-bricated o-t of
f raldite B were performed in which the geometry of the tist
.pecimens was ,,aried to get information on the paramet ers
which might contror the loading rate. In the first series
of experiments the height h of the specimen %.as ,aried from
h = 55mrr:, h = .25mm, h = 100mm, up to h = 150mm. In the se-
cond series of experiments the length of the center craCkV
was v,-aried from 2a = 20mm, 2a = 'Om. , to 2a = 6Imm. The
length L of the specimen was kept constant throughout all
the experiments, L = 413Cmm. The specimen dimensions are gi-
ven in Fig. 30. The specimens were impacted at a veloc it,
,.)0 = 52 m-s by a steel projectile. The test conditions are
gi'.,-n in Table 4. Again the shadow optical method of caus-
tics was used to in.estiqate the crack tip loadinq.

A) typical series:5 of shadow optical photographs is shown in
Fig. 31. Compressive caustics are observed first at both
crack tips when the compressive stress pulse propagates
along the crack. This causes crack closure .ihich generates
the observed compressive crack tip caustics. Later on, the
compressive crack tip caustics rapidly change into tensile
crack tip caustics. This process takes place earlier and
more gradually for the left (the tip first hit by the pulse
front) than for the right crack tip. The steep increase in
size of the right tensile shadow spots las the reason for
hoping that very large crack tip stress intensification ra-
tes could be produced by this method.

Quantitative results for a specific geometry (shot 3 '0)
are given in Fig. 32. Time counting was started w.hen with
the left crack tip the pressure caustic changed into a ten-
sile caustic. From this instant tensile loading of the left
crack tip (x = -a) is observed. Tensile loading of the
right crack tip (x = +a) is about 12 is delayed. The in-
crease of this second stress intensity factor curve, howe-
ver, is considerably steeper than that of the first one.



The achieved crack tip stress intensification rates K Zdt
for the performed experirrents are -urrimarized in Table 4.
Graphical presentations of the loading rates obtained for
the right crack tip, are shown in Fig. 34 as_. a turict ion cf
the height of the specimen arnd in Fig. '5 as a function of
crack length: Increasing rates of the stress intensifica-
tion factor k are obta in ed when the heiqht of the specimens
is decreased. It is concluded, therefore, that the reflec-
t ion of waves -at the upper and lower boundary.. of tnee speci-
men will cause this. effect. in e-plana t ion is tried w ith
the aid of Fig. 33:

Pccording to Hooi-e's la.j lateral stresses behind the front
of the compressi,.,e wav..e are Gxc v -1 - V (about 13. t irr, es
the stress in propagation direction). The components w'hich
are directed normal to the crack tend to close it. Conse-
quently., pressure shado,. patterns are obser,.,ed at both tips
during this first loading period. The front of the ccrrpres-
sive longitudinal wave produces also shear oaves , at the up-
per and lower boundaries of the specimen see Fig. 33) to
meet the condition of rero normal stres/se5 at the free sur-
faces. These t 1"o shear wa,.,es propaqate into the specimen
and superimpose in the center plane, the plane ,jhich con-
tains the crack rFig. 36,). The crack is hit f"rst by this
w. ave cornbinat ion at the left t i x = -a ithl ta ' cc' cT - L
where C T and cL are the propagat ion .,elocities ot ans..ver-
se and longitudinal waves, respecti1vel,Y. The normal-to-
the-crack, components of the tjo shear :.a,.'es form a tens 1 le
loading of the crack turning first the pressure caustic at
the x = -a tip into a tensile caust ic. This tensile loa-
ding, however, is hirdered in its de'.elopment by the fact
that for a certain time the rest of the crack remains under
pressure. This time tcan be calculated to 2a'CL'Fiq. 33). In
the experiment of Fig. 32 a time shift of 12.5 pJs is calcu-
lated and also observed for the onset of a ten.ile shadow
pattern at the x = +a tip (dark line in Fig. 32).

The resulting rates of stress intensification ql,en in
Table 3 are compared in Fig. 36 with results of the previ-
ous contract f1ll, Fig. 38) for direct impact loading. The
values of Table 4 can be averaged because the impact velo-
city was constant 52 m/s with all tests. One point., there-
fore, represents all data for the crack tip = -a (open
circle) and another one (full circle), is the mean value for
the x = +a crack tip, the interesting one. For one shot,
# 946, the data for the left tip is extremel, high which
seems to be unrealistic. ) second mean value has, therefo-
re, been calculated with this data not taken into account.
This is given in Table 4 and in Fig. 36 (dashed circle) be-
cause it might better represent reality. The increase in
stress intensification must be considerably handicaped by
the stress closing the remainder of the crack and should,



therefore, be smaller than the previous values. The intere-

sting result of these investigations is demonstrated b,, the
black. dot in the diagram (Fig. 36) showing that the rate of
the stress intensification is increased by more than a fac-
tor of 2 with this method of unloading a compressed crack
by a shear wave combination. These experimental findinigs

show what was expected by the drawing of Fig. 33.

From Fig. 33 it is also obvious that the crack length does
not have an influence on the rate dKidt which is verified
by Fig. 34. Increasing this measure just shifts the x = +a

cur.e to the right (Fig. 32). An influence of the width h
on the rate dK/dt which was measured with this program
(Fig. 35) may be due to a reduced energy densit, in the
specimen with increasing width .e. increasing -,-olume).
This reduces the rise time of the stress pulse and conse-
quently also the rise time of the shear wa,..,e= which direct-
ly determines dK/dt. These shear waves are also rarefaction
fans with rise times depending on propagation distance. It
must, therefore, be expected that [ith increasing height
the rate dK-dt of the stress intensity factor decreases.



Specimen

Projectile

Vo > Initial Crock

Fig. '1 9 Arrangemenit for fast tensile load inr ,f cracs
durinq pulse corpre5sive loadir, g :. cherrtat ica11,,

VARIATION OF SPECIMEN HEIGHT:

4 00 L400 _____________

400

VARIATION OF CRACK LENGTH:

&oo 00- - /00

Fig. 30 tQfariations of specimen qeometr.
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Test Conditions H Results

S ' h I I 1 . (x.=-a) I K tx+a)
mm I mm I m-s 5 MPaV- 's I M F a --s

11]5  1 05

1 0 1 5 rI I I -

930 1 30 1 00 2.'2 0.9 1 2.

31 30 1 100 1 92.2 11 1.03 1 4.2
932 1 30 1 79 90 . I 0 71 1 3.8
933 1 30 -75 1 51.4 - -

934 I 30 1 79 52.2 1 0.91 4.2

935 I 30 1 150 91.9 I - -

936 1 30 1 190 1 52.2 1.2 1
937 30 1 150 52 .2 1.19 I 2.2
938 1 30 1 100 92.2 . .  3.8

39 1 60 i100 1 2 .

940 61 A 100 1 52. 2 - 4.0

941 20 i 100 I1 52. - -

942 2 0 1 00 1 F2.4 1 -

' 43 1 20 I 100 1 2. . 1.4- '4.-

044 ' 2') 100 1 5 2. 4 II 1'3 12.

949 1 60 1 100 92. 1 1 - 2.,
946 30 1 2.9 41 1.2

94 31 9 5.5 I 3 4.2
94P 1 30 1 59 53. I1 -

9 49 1 30 I 15I9.0I

mean ,alues: 1.91.2 3.6±0.8

'946. omitted: 1.2 0.F

(spec imen lenqth 400lmm)

List of symbols:

* shot number
2a craclV length
h specimen height
v o  impact velocity)

rate of stress intensity factor

Table 4 Test coniditions and results of cracks loaded in
tension by superimposing shear waves



Fig. 31 High 5peed 5erie5 of shadat. optical photographs;

crack tip stress intensifications during the phase

of primasry compression (Araldite B)
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Fig. 36 Stre5F intensification rate dk/°dt versus impact
velocity; data of this contract compared with the

data of the previous contract (1]



. WORK ON RESEARCH TASK 4:

IMPROVEMENT OF THE SHADOW OPTILCL METHOD IN REFLECTION

Within the previous contract shadow optical pictures have
been photographed in reflection with high strenqth steel
specimens impacted under direct loading conditions. These
photographs showed disturbances due to surface waves. The
larger the impact velocity and the larger the observat ion
time the more severe were the observed disturbances (see
Fig. 37). K measurements were limited to rather modest im-
pact velocities. It has been proposed, therefore, to ir-
prov, e the procedure of photographinq shadow optical pictu-
res in reflection.

-4fter a study of the shadow optical imaging proce5s (for
the shadow optical method see Appendix and [41) and the
sensit ivity of the shadow. opt ical effect result ing for dif-
ferent stress-strain concentration problems, a way was
found to reduce the Jisturbances resulting from Raylelgh
surface waves that an evaluation of crack. tip shadow pat-
terns at increased impact .'elocities becomes possible.

For illustration of the technical background on which this

improvement is based , three stress-strain concentration
problems with different stress gradients are considered

(see [41 and Fig. 38 :

(a) a circular hole subjected to Li-axial stressez, p, q,
L . a puirit load acting on a haif-piate, anj

(c) a crack under mode I tensile loading.

The curves Cl(zo), combining the size D of a characteristic

measure in the reference plane (in the -shadow pattern) with

the distance z o between specimen and this plane for these

three problems are given by 'see £43):

= a I b I c
D z 0 . m 1-q - q -------- - - -- I --- I .-.- (I)

q = -'3 1 1/4 I 2 /5

Z - Zo

m - , Z zo + Z1  (2)

m is the magnification or scaling factor due to not paral-

lel light. Z is the distance from light source to specimen

and the factors A contain all constants of minor importance

in this context. The geometrical relationships applied with

this work are illustrated in Fig. 39. This is the case of



convergent light with m < 1.

For these three problems the resulting stresses var,, , with
I/r 2 , i/r and I/If, respectively, where r is the radial di-
stance from the origin, defined in Fig. 38. In a shadow cp-
tical arrangement with convergent liqht beams the largest
shadow patterns for these three stress-strain concentration

Fig. 3.' Disturbances of shado;. patterns obtained in

rer ict,iuri w., th .,te 1 pcc zrnene t., n m- ,rface

Rayieigh waves

CIRCULAR HOLE UNDER COMPRESSIVE EDGE LOAD CRACK TIP UNDER

BIAXIAL STRESS FIELD ON HALF PLANE TENSILE (MODE-U1 LOADING

y y

ppPP

r qr
R q

x- IQ

ab) .c)

Fig. 38 Stress concentration problems of different stress

sinqularit ies



problems are obtained for distances Zo between the specimen
and the shadow optical image plane (refererce plane. qiven

by the relations

'a ) Zo = 0.25 2

b ) z0  = 0.33 2 .3)

.c 1 z o  = 0.40 Z.

It can be deduced from this that in order to observe the

largest possible shadow pattern the distance z, of the re-

ference plane from the specimen must be larger for the
stress-strain concentration problem with the lower gra-

dient. These relationships D(zo) are plotted in Fig. 40.

Since the variations in stresses associated with Pa,.,leigr,
waves are considered smaller than those which are obtained

around crack tips, it 1s speculated that distances Zo for a

best visualization of Rayleigh wave shadow patterns must be
larger than those for crack tip shadow patterns. -onse-

quent 1,'1, if the distance Zo is reduced to a ..alue smaller
than the optimum distance, then the reduction in the shadow

optical effect is expected to be larger fur Ray-leigh w, ave

patterns than for crack. tip patterns.

In order to prove this hypothesis shadow optical pictures
for Raleigh wa,.e disturbances had been photographed with

different distinces Zo of 0.775 m, 0.4 m, 0.2 m rFig. 41).
As expected, the disturbances are less pronounced w.ith

,smaf le. distances zo. Fig. 42 shows shadow opt ical patterns

of both the Raleigh wav..'e disturbances ard the crac tip

patterns for twjo distances 2o, 1.5 m ard 0.25 m. The di-
stance zo = 1.5 m is the opt imum distance for a best ,isua-.

lization of crack tip patterns which was used in the pre-

,.ious contract for measuring fracture toughress .,alues at
high loading rates. A reduction in the shadow optical sen-

sitivit,/, has a larger ef fect on the Ra,,le igh woa,.e distur-

bances than on the crack tip patterns, as 'jas expected. The
crack tip shadow pattern observ.,ed at a distance zo = C.57 m

is smaller than that for zo = 1.5 m but is still suffi-

ciently large for reliable quantitati,.e ev.,aluations. Ra ,-

leigh wave shadow patterns, however, are ,,ery much reduced

in their intensity and the disturbances not.j allow a better

and less disturbed measurement of the size of the crack, tip

shadow patterns. With this improved shadow optical arrange-

ment most of the experiments of this report have been per-

formed.

This procedure, the reduction of the observation distance,

however, has consequences which have to be taken into con-

sideration. With a real material limitations arise by the

size of the plastic zone represented by its radius rp. This

quantity is given according to ASTM E 616 for plain stress
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c on d it io n s b'.)

rpr-
=,P 1 I F -]

This is illustrated With the _yleld strength as a parameter
by Fig. 43. R reduced distance zo of the shadow optical
image plane reduces also the radius ro  ot the initial curve
on the specimen surface which depends on this distance as

,well as on the applied stress intensification K:

F 2.5
= 3Kzoc(dl2]
, 22 -- m I

This formula is illustrated for the conditions Zo = 0.79m
= =313m and a specimen thickness - 21r and the mater ial

parameters V =  !.3'2 and E = 18 'Pa b,>, Fig. '41. The decrea-
= e of this circle Jith the decreasinq distance of the rete-
rence piane causes new errors .jhen, the radius of the pIas-
tic zone becomes comparable with the radi us of the initia'

curve because of the no longer fulfilled condition of smali
scale ,ielding or hich the theor',y of the sha-doj ,-,pt ic a
method is based.

F i 9. a4 is Z n e .-aple for a .,e r, spec i f i ma t e r i a , the
high strength steel 4iColo I 9 , tith the parameters

- 2 Pa, 1C = 1 1U IiPa*/T1, Ljhi*:h resuits in rpl rr,
Young's modulus E 187 GPa and Poisson's_. ratio V = 3.32
and for the spec 1 + ic ex p er inenta i :ondli t 'o ns f, f Fi'. 9

Changinq the material or the optical arranqement demands
the caIculat ion of a new set of cur.,..es. These t vgures , ho-
wever, demonstrate that for most materials and for suitable
optical conditions both radii are of comparable sIze. if
this is true 'which is fortunate.ly not the ,case uilth the
h, 

-  
5. I. st ee i thnr-= Is present I irk iy one . :0 -,et

reliable results: a calibration curve where the shado, spot
diameter is related to. the mechanically# JeterinIr, ed stress
intensity factor has to be established in static experi-

men t s.

!5
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to q .i ShadoLu pat ternsofRy et i g h i)a~ d stu r ban ce a p ha -
tcqraphed at di!tferent distances z rorf, the azpe-
c i mer,

Fig. '42 Shadow patterns5 of crack tips and Payieigh wave
disturbanices photographed at differrent distances
z from the specimen
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6. APPEND L'.
THE SHF;DGJ OPTICL METHOD uO- W i.iST __

The method of caustics i-. an optical tool rt measuring

stress concentrat ions. it was intrcduced ty !anoQg [6) in

196q and has been de,.,etopeo further late, or, by Theocaris

et at. 7 8, 1 P osakis r(9, arid KaIthoft et al [10 11

The physical principal oi the shado..i optical method of cau-
stics is illustrated in Fig. HI. H wracked specarmen sub iec-
ted to mode I tensile loading is illuminated from the left

side b'y- a parallel tiqht beam. The specirren >s made from a
transparent material. H cross= section throuqh the specimen
near the crack tip is ' howLn on the r iqht -d1e of the f acu-
re. Due t_ the stress concentration at the cracL tip the
physica l cord it crs are chanqed The tr icknes- ot the spe-

cimen- and the refract ive in dex o the material are reduced.
consequent I, the a rea surround inrig the c rack i p beh a.es n
a manner si milar as a dl'ivergent tens def lec: ing l ight rays
out..rds. Holwe'.er . in this case i i9ht def ien~t aon is the
larqer the nearer to the crach tip the tight beam traverses
the apec irmen. u-onsequenti.,tv on a screen ar s cis.ance :o
behind the specimen a shadot., patterr, is observed which is

surrourted 0/ a br iqht l iqht zorcentrot icn area, the t'cat
line or caustic. The size o- the shadooj pattern as quar-
titat w 'e measure ct .the 5 ctress rte-i:, ac rt, the

crack tip.

_hadow patterns cannot only, ce ,bser-ed :n ea . alae la -
nes which is in observat ion cirect lor, betore the spe, imen,
a s is i t Iustr.ted in r iq. 1 H. H _o vir tual .hadow patterns

in n , r tua 1 im-aqe p lan es 'beh ind the spec Imen car, be made
.is ibte and recorded if a lens a5 -sed tor t! anstorm t .,_,n
into the real space. This car, be dor.e b-, the lens ot a ca-
mera. In a3nalog-, to the considered trarsrriss,cn arranqemeni.
shadow patterns can .55o be observeo witH non-transparent
mater ials in ref lect ion ' The specimen 5ur tace has t o be a
mirror)1. In these cases the iiqht beaem deflection is caused

by deformat ions on the s-,pec irnen n. ur tace on r.. I n f i ect :or

the observation directior, is re..erse wi th reqarc to the
t rans1ri$ 5 ion arrangement , but s iri I t to the t r sr 1-s s ior
case reai or virtual shado.., patterns can be obse-ved in ob-
s3ervat ion direct ior before respect iel., beh;n d the spe-
cimen. Furthermore, analogous to the tensile mode 1 loading

case considered in Fig. Ai shado,. patterr.s , an al,- be ob-

served for compressive mode I loading conditions and under

shear mode II loading conditions.

Calculated caustics and light intensity distributions of

.arious shadow patterns are shown in Fig. H2. These can be

observed in real and virtual image planes with cracks under

positive and negative mode I or mode II loading conditions
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in tran.mission or in re lect ior record riq arrarjqerner,. In
principal, an, kind :)f caust ic obser.,ed uider an,, cbser'.,a-
t ion mode can be used for quant itat ive determirnat ion of
stress intens ity factors. For the mode I loadirq case , h,.ui-
ever, it is appropriate c.hoosing a reccrdinq arrangement
that leads to a caustic of the form aI since shadow spots
can be evaluated more accurately than the l ight corcentra-
tion configuration b). tJith the characteristic length pa-
rameters D def ined in Fig. H2 the stress inten-,ity:€ 'actors

K, and K11 are determined by the relations

K1 2 f2 D 512

m V2 3(3.17j 5 t2 zoCd,.

1 2%i 02r512: I 312 3 .0 }5/2
m2 3(3.021 ZoCdeff

L. t h

K , V I stress inten-sit corfs or mode . mode I I

loading c r,dit ion, respect i'..,ly

[ = diameter of tt-e caust ic see Fiq. I

0o  = d1starn,-e bet,,een the shado ,opt icaI imrrge P ate

and t he spec irme n ( o  0 for rea in,aqe p I e s,
* o 0 !" or ,.i.rtual rfiaqe planest

= = hadow opt ical constant
- 7 1. 1/-7" 1 0  1- Pa for H- a di te B ir t., an mis or-n

S- 1. 8 0 1810 1 'Pa f(or P l~rl iri ,in r a1n-1 s r i

= 2v E for all mater iais in ref le-ct i.-,

deff = effect i.e specimen th;ckness
= d for transparent specimens in tr at)smi-s1on

= d/1 for opaque spec irrens in ref lect ion

d physical thickn ness o f the specimen.

rn = tZ - zo;)'Z, scaling factor; m = I for parallel

liqht (see Fig. 42)

For superimposed mode I - mode 11 loading conditions mi:ed

mode caustics are obtained which allow a determination of

both stress intensity factors, V1  and KII

For the practical application of the caustic technique the

caustic curves and the light intensity distributions sho.jn
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in Fig. 2 as wel a s the the eqs. RiD an d ,. > have to be
r,,odi led: Ld i t h op t ica 1 1 , an 1s o t rop c ma t e r ia 1s 1 k e H r a 1 d i -

te B, f or example, the single caustic cur'.,e considered 5o
far splits up into a double caust ic, and jith non-paral lel
light beams which are used in most practical applications
additional scaling factors, n, are necessary in eqs. RfI.I
and ( A2 ) . P review on the shado..j opt ica I method of caust ics
and its applications is given in [4].

Shadow optical pictures for transient probierrs are recorded
with a Cranz-Schardin 2z spark high speed camera with a mil-
rimum picture interval time of I ps. The camera is tri qqe-
red b, a laser beam ohich : i nterrupIed by the projectile

before it hi ts the -.per imen.

A
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t tr an Si1 -.EIon , r esp. reflection arrangemnent
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