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Effect of Higher Order Terms on Near-Tip Field of Cracks
Immediately after Beginning of Rapid Propagation
(Measurement by Interferometry)

Shinichi SUZUKI, Fumiyoshi MIYAZAKI and Yasunori NOZAKI

A method of interferometry is applied to study the near-tip field of cracks which are propagating
in PMMA specimens at a speed of about 550 m/s. The interference fringes around the cracks are
photographed with a holographic optical system at 18 ps or at 73 ps after the crack initiation. The
interference fringes are measured and analyzed in the directions of =72 degrees from the propagation
direction of the crack in order to compare the measurement results obtained through interferometry
with those through the caustic method. It is found that the effect of higher order terms appears in
the near-tip field at 18 ps after the crack initiation, but disappears at 73 ps, and the singular field is
developed as far as 9 mm from the tip. Consequently, it can be concluded that, in the directions of +
72 degrees from the propagation direction, the effect of higher order terms appears within several
tens of microseconds after the beginning of rapid crack propagation where crack speed is more than
a few hundred m/s. These results are in good agreement with those obtained through the caustic
method.

Key Words: Fracture Mechanics, Brittle Fracture, Impact Strength, Fracture Toughness, Crack
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. ¥ A A &

BHAER X OB KRB OBEGE X, FiK
EHMFEEHOLITONRTE S, BhTHI—RXT 4
v 7O, OXFNFECIE R THERVEFT
HEREEELTED, BISHTIERREOE B
WTHLLREI R R LT E T,

U LIRS, UFIRART &S BaIcE, a—R7F
AV IZENELDY KEEREEVOTEEZLIEL
I BRI SN T 3@~®,

(1) #ib = ZHHE D TRV [ ps] 1o B8 E 22 i
HEZ L85,

(2) EEBHEm/sULOBEERTERZHEL
12,

(3) SHPKELIMFEELZFEOHSE.

- AT 4w 7 i & BT R R TEEIG 150
WL TWwa ZER2EELTWS, LrL LEDES
BV, BFRVEICIEPHFCEREELTES

* SR 1994 12 B 22 H.

*OER, BERWNRIEAYE (B4 BETRANEEL E -
1.

MR, r a3y BEREYR (8452 ERRAEOHRED
HTH# & &4

oA R BRERNERE KA.

T, A—XAT 4y JEVED K25 X 2VOTIE
BuhEEZLNTVD,

CORMECEL T, IhE T D0 OW%Rd %
ENTWw3, Ma-Freund® i, &ZUAEREICHEN
B/ IER+OFET 5103 d 2 BROFMBLET
HoIEEREBINR L, FLEARSOO Fa—X
FAvIZEOBEYIav—Yarickh, FEOHE
SRR ETRTABRESB. 5 ORRIE, LED
DEDSDBH BT, BEYELISHLEE X
EOII->TEST, IGHBOEKERSOEEN EH
AT E TRATHWA I ERTRBL TV, &5
1~ Freund-Rosakis™ 1, 88 & & isHE DG 135
2R TE2HLWEREEREED, ThiBaiER
BAtAE KO S HOMECEH L., ZDfRER, BEE
BHAEZOSEICBEVWTE, RRERSOFE &
HWTeERWIEERL.
FEROZEEER LU ETEES I, SRERRE
B0 & BRI 15CB N 2 & RE K S ORE % R
DB, SnvAazu s 7 s EBEEEE IR T T 7
4o A—RAF 4 v Z7EEBOIEROMEEITo 72O,
ZLTRD & D iR EH-.

(1) EHERBG»S 18us DBFZITIE, 2—2X
74 v 7 EEBORENICTIERRROBE I, &R

— 46 —

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

BEERMBERIC B 5 RERCHBCEN S BREDEEICOVLT 2155
H s OFELTHRHN S, WIS () BSRET 2. 2 OIGHTEIZEERA IR

(2) U»L, BEERRRAKD S 73 ps ORFZITIZ
BRERS OFEII 2L, I—AT 4 v Z7HREELW
KE*5z2 3%,

MIEOEENSYE 2 5L, LROERERY, 01—
AT 4y 7EUADFEERAOTCHERET 22 EBLE
TH5, KRR, I3—RAT 14 v 7 EHENLT-HRE
BAOFE:, XTBHEO ERHOWTHELES T
3HDTH5, HIERLZ, ELEkc, 2ZEREBER
S 18pus B MBusBTH 2, Eha—RAF 4 v 7k
LOEDI iz, EEETHE»S T2EDFAT
TFHBULEREERTS. ZOHBE, XTBERIC L 3HE
X, a—AT 4 v 7 BRI BPERRE—HT5 Ik
BRENS,

THU OwmEE, XE(9) BT ERAOEN
(COD)HIZED/: D BEEINI: EHDKRT 7T hip
5 FTHLEXHEETIILREVTbRS, T4b
BRI T, X (9) KRGS N 2HDIGS %,
KHTFBEEACTHET 5. ZOBERTERBIZ, X
RO EXMERTHDOTH 5, '

2. 8 B kR

AR TRHVONIRBRA 2K 1 R, RBA I
250X190X 3 mm O PMMA ¥ TH D, £& 70 mm
DYIR&ERET 5, THIYIREHRTHEEL, 550
m/s D—ERETHERET S, SRHOTHL I, &R
SRR SElE D & 10 mm OFT (BHIGESE A) £ 7213,
40mm OFF(BEHEEE B 2BRB L L EXBES L
5, Lich->T, EEPEREZHBL Th o BB 21T
5 ¥ CTORMIZ, BRAIER A T 18 ps, BHHEIFEE B
TR Bus THB., BEINLTH L 05 % ZE0H
BADIEIEERD 5,

BEREZORE, R, XHAFCEAF A

A

190

!

Observation
Area I 7

1 PMMA #BHF

ETHRE L, EHCA»> TR>TL 5, KHRE
TR, ZOIHEP ERCEHET 2 CBHABKRT ¥
L5 THREZFBFEHVTWS, ZOEKT,
AR IEBEIRE AT I ENBTE S,

3. KFHFEKIC K BICHFREDRE

K TFBEORBAK 2 12RT, EFLEWHRABF
RECEE L FRICETT 2, BB EEE, V-
P o DFEATHEEAS T 5. ABLIKE, Z>0
HERFEHE A, BTEhZhEHENE, ZH>DOKE
K Es Es ZEDCFHBL, THUZEERT 2 (K3
2. ZOTFBLRRK->T, BB OWRE &L Br=R
—ETH23. PMMA D & 5 XA HERD

B, FBHBLEOUL 2 RE m BEISHM (0:+0,) D
BIHKEL,

m:gj_:%(dﬂﬁoy) ..................... (1)

THEz2on5(M4BW). 22T, do & no BIGHIHE
ORETORBRFORE L BITR, Edv > 7% v
WR7 YV, A BEZRONOEE, AE ZIEH¥
BETHE. Lz TFBLE m 2HET B LI
X0, FISHA (0z+0y) BHID I ENBTE S,
EEERE X WA ICEN S BRVES B TT,
EISHFIXRATE 2z o0 3,

PMMA Specimen

Y o«— Crack
Ej
N Ep
o Eg ty ,

2 NTBHRORE

Crack

Interference
fringes

3 SRFAOTHL & OEAR

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

2156 BEERBHERIC S S SEARICIIBCHEN 2 BRADHEEIOVT

Oz + 0y = \[—;?Fﬁl\/%l cos—g—1

X F(0) (@ — @) fi(f) wvorveeevesnminennenns (2)
zz,
tan éi=a tan @

_ 1+d
FO) = a1 ray

o==(&) omyi-(E]
Ao =[1-(2) sim 0]

2611*‘1/15 Ca= Q
o(1-2u) " ¥V p

v
T
o BE
G B
v XEWE

v:IR7Y UL
L7c3- ¢, BMRVEILIENTTFBLEOL X
mEHIZZEBTCENRE, R(1), (2)&, EHD
B R K(v) 2RO B L8 TE 5, Ly
L, FHELEOLERB m 2 RET S I L1X
TARETH Y, L I REDOMBEE om/or » & Ki(v)
kb, Tabb,

—7? AO FE ra/z_éﬂ
2 do A—vno or

K(v)=—

x| cos G- F(o)(ai—a)f(0) ] oo (3)

FB L g OfIE 2 HFREEEICTHEBIEILL Ty 58
BTz, N(3)IFED KH%E525, Lzdo
<, BREEIGET T omfor ZHET BED, R
(3, 7RIS T—EBDOKHEEZLS., Thi
LT omlor &, ISHBOBREOHENEN S H
BTHELZEESCE, R(3)TELH D K EIX
—ElEREY, r RO RKFETEIECRD, ZOD
Z e edncFI TS, 2L CEREYEGN
BOUHI L TOELENEHET LI ENTES, ¥
bhb,

(1) =ZLimh S OMEM » 2E 2L RS omlor
2HIEL, (3o KEERD 3,

Crack r

B 4 =, EEER, /%

(2) BohlKEBr, 0 C&sd—FEEERT
T, BEYEICPESHIIL TWwS,

(3) LyarLBonl KEX—EBE2RET 7,0
HRET 2T, BREOEEIBENTVLE LT
25,

DX, XTHEERAVS Ik, 5%
BRI BRFEES BB T 2 hE»EH 2
ZENTE B,

4. B ® F &

FH L EOBECHWERT S5 7 4 REREZHS
WRY, ZZIEEBRA SP R CEE I ETT S,
XANBERFERA LTI BER2ETLTVS L &,
NNVAV—FPLERIEERS, SVAV—HHiF
F—ARXR7Yvy# BS1ToDkaFenhs, BS1T
EHEULHBETHERELZD, E—2RA 7V v 5
BS4 &AL CHABHRECEE AT 2. ABA
OFmEBHETRELIZERBEVWETHBL, THLE
2, RBETCRELEXE E—2 A7) v ¥
BS4TREL, VXL ®#BRLTED ST 7 4
B HP2 T AT 5, B THBLEERas 77
AT B EEOYMENXTHS, VOALSBEHLE
FHBUEDEGRI % HP2 OFFNICHER T 5. 20W
¥k, CODHIZHOYHEXLEELLDTH
Z00h LUiepSoTho 774 HP2 961k, EHO
COD L FHBULEOWAEHEETE 3,

REE 2 EBUIIEI—RATF 4w Z7XERD, &
as I 7 4ERHAP 1 AT 3, Zhika—RA7 4

L3 PL Pulsed ruby laser
BS1-4 Beam splitter
L1-5 Lens
M1-7 Mirror
Sp Specimen
HP1,2 Holographic plate
RI Real 1mage of specimen

5 wwJ 77 4 iEANER

— 48 —

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

EEERMBERI B 5 SFERTNBCEN 2 BEREDFE T OV T 21567

v IHDRT TS T 4 BB EYENTH S,
E—ARA7Y v BS1 2ERBL GG FEITHE
70, E—AA7Y v BS2TIDORZA s hiztg,
Ra7 57 4G HP 1, HP2 I 2 W F R AST 3.
INSMBREAETHS., ZOLSLT, dxus 57
AERHP2 123 28D COD t T U 4, HP1 2
FI—RF 4 v 7 ¥, RERIC KROS5 7 4 8RN
3,
FHLEOHEEFEEZK 6 WRT., BELEDE
F027 55 HP2 % cwHe-Ne v — % CHRBHAL, 23
DERETHBULEEHET L, BESNTBLE %,
BEOH AT TEEBE TS, ZOLE A ATOR
b D CHEMEE Ao TRE T hIE, COD HIE »EE
BREEROEENMEOSNS . CODBFEL I —RAT 4 v
IXOBEREE, XE(9) 2SRRI N0,
B50NERE, TR, BEERBSHDOCOD &
D=7 4 v 7 OFRFHERICERE I NI AERTH
520 UL EEDOLS1, CODBEIERAD KT Z A
o RFERERAAOTH LR VBET LI LT
&5, L7zd>TIDONERI, CODHE, THEC

Reconstruction light
Hologram
HP2
Reconstructed
real image

6 THUEEE - BEANER

FBICHBHEE, 23— A7 4 v 7L KEQOH
ED=DDREZFRFIAT) S EBTEIHRFRTD
5.

5. R & ®&

51 F#HLCEEE  LToFETHEESIWLT
BLEOEEEZM T RT., (a)ld, XZERHED
S 18psBHHEERA CERENLERATH Y,
(b)iZ T3 us B BIHITHE B TR I N bDTH
3, XZHEEIIFNS0m/s THB, EHOEHY TH
CEMNBENTWD, FIBD L5, ThoDEEH»S
LERBm #HRET B I EIRXTERY, LEN->T,
omjor 5 K EEZRD 5,

TOEEDTH U I, EHEHE2FLELR
AEOENBEN T WS, ZhidSBER» S X
nicv—Y)—#Ths, ZoOv—)—ikix, KEOHE
FBEERDLLT. V)R L2HEMEDIZS
DEERNELTEHRD, ERTLHADDHEIES,

(mi—z, Vi—z)’\’(miw, 7i+2); Z Li%ﬁ

E_REETHEMUL, ThEEATEIEWCLD
omfor &R 500,

A—RT 4 v 7R, EEOETHRAMS T2 ED
K\ (0==172°) DB ERET 2 FiETH 500,
FNEXH L THTBER, om/or MIEERI KON
RO T NTOMET, R(3)»5 K(v) 25tHTH
2REERD., LOLEWETE, 2—RAT 4 v 78
WEo> THRRNSNBRER T OEE R, X Tk,
HOTHRIET 2 e 2HMELTWS, Lo TZ
ZTI, 0=2T2FEDHFRET om/or #EFEL, R(3)

1‘1__IILI

(a) =ZLERBAKE 18 ps

(b) EZUERBAIET 73 us
M7 BEERZFLOFBLEER

— 49 —

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

2158 B ERRE R B 3 S BNREIBCEA S EXEOFE OV

» Ki(v) % r OB L LTRD 5,

K7 wmahicBEREIE, XE(9) ok TGS
CODHIEI BWTEHHINIz Ko 7 T Ao, T
CEHEDDWHE BEINLLDTHE, Lz
WoT, XER() DR THES NIz a—RT 4 v 71k
DR EEBIKT 52 8T 5,

52 K-r LFEOFETHELLLEREZXS
(a), (b)WRd, B & Z5ELD & OJERE », ftHl
BFSkElda—-A7 1y 78I VBN K
iz CODHIE» /BN KETHBEIELZDD
Ths, CODHIE»SBSID K EL, »icfks T
—EDEERTIZH, CODHE,L /OIS K fE%
HOKHEARTIENTERO, LBoTIIT
13, COD HlZED &5 o iz K E% BV TR % Bk
fELTWw3,

M oils, O O, Al =+T2F 1, @,
&, AflZ =72 EAFDINSE2TWETHEL
THERTHS, £/, O, O, AHWEI—AT 4 v 7
proBonl: KETHY, KB P THRES N
I2bDTH D,

(a) ik 2B S 18 us BOFERTH S, T
wEroBoh KL a1 —RAT 4 v 70 6HES
e K, Aok {—8HLTw3, »<1bmm D
T, Bonl: KEIE, HEO KXY /&,
ZhiE, ERULELEBCEN S ZRITRNIEORET
b BdOu~08 = OFEEC IR T S D 3o
Twknlzd, R(2)PEIZL TRy, 207, R
(3)ERHWTESN: KHBEO KX D /S WE
ERLTWS, 1L5mm<r<4 mm OEEFETIX, THBL
FHIE»SBESNT KEIZ, CODHIE» B LN
BHOKECT -7 DEs D& OWENT—HL Tw»
5, UL r>dmm OB TR, FHETES L

t=18us
2
O®® N0.92031020
<& N0.92031022
£AM N0.92031023 Ny P
8 e “’A‘g@ ® e
(=] A e &4 4 4
V4 1 LR
~ - .
U
ooa  Caustic
®®a  Interferometry +72°
ok et Interfe:rometry.—72°
0 2 4 6 8 10
r, mm

(a) =ZERBIHK 18 ps

K{Ex—EEERL TwRy, ZOEB TR, Tk
poEsN KEZ, »r 88N T 3o TmL
CODHIENSEONI-ED KEX Y b RKERELR
LTWw3, ZREGITBORRER S DRESENT
WiizhrEZISNL, a—AT 4 v rEboBEOR
7o K o, TEroBohiz K EOEME
I—HLTWwa, ZDOIEhs, GEERBELDS
18 pus iz BT 5 FZEHEAILOIEHH X, BXRHE
B OHENEBENDL L Bb» 5,

X8 (b)), SHEERBE»S T3 ps BICB T 5 #l
EFERETHS, (a)DFE LR, XTF8Er 55
sl Kt a—RA7 4 v 7EreBohic KEE
B, AL —HLTWw3, ZOBZHB W T,
1.5mm<»<9mm OEBET, FHELEI—AT 4 v
sEbhoBEonl: KER—EEE2RL TV, £/2%2
DfER, CODHEIE»oBEon KEE—KLTW
32,202 5, =13 ps B WTIE, EESEEHD»S
DR » 251.5mm 25 9mm OEET, SHEDOE
KIERL S DEENBENTE S T, BREFEG BB
FLTWB I ENbhs,

r<l5mm QL T, THETESI: KEHE
DKELYB/NEREERLTLIDE, (a)DH
& EFEBRIC, ZRTICTBOHETH .

6. #& E

R BHIATE R D & BRI SN B @R
By OEE R NTHREACTHEL, LTOMRE
B,

(1) HFBEEHCT, STEBRBAALSLT2E
DOFATIHSIBCHA L EXERS OBERHE L2
BRI, a—A 7 4 v 7ROWERBRE X KT
5,

t=73us

O®® No0.92034014
<e® N0.92034015
LHasd N0.92034031

®@®a Interferometry +72°
B ®¢s |nterferometry -72°

0 2 4 6 8 10
r, mm
(b) BRI 73 s

B8 FHEEa—RA74v27ikdroR Kl

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

BERERFSRERC K 2 SEERCIIBCHEN S S RHEOHEICOWT 2159

(2) XFBEEHAOLZAECBLTY, XZER
BH#E D & 18 ps DEEZNZ B W T, IG1TE D & REK S
DEENENS. L L 13ps T, ZOBEBIRL,
FRFFRE, SCRERIEIRE, —ki%(C) (REES
05650079]) OB EZ T, Z ZIWEH#HT 3,

(i

X 73

(1) Kalthoff, J.F. (Kobayashi, A.S.#&, Handbook on
Experimental Mechanics, (1987), 430, Society for
Experimental Mechanics Inc.

(2) Ma, C.C. and Freund, L. B,, J. Appl. Mech., 53 (1986),
303.

(3) Tippur, H. V., Krishnaswamy, S. and Rosakis, A.].,
Int. J. Fract., 52 (1991), 91.

(4) Freund, L. B. and Rosakis, A. J., J. Mech. Phys. Solids,

(5)
(6)
(7
(8)
(9)
(10)
(11

(12)
(13)

(14)

(15)

40-3 (1992), 699.

FHAR « KAT, B3, 58-554, A (1992), 1785.

BFA - B2l - K&, B, 58-553, A (1992), 1650.
Takahashi, K. and Arakawa, K., Exp. Mech., 27 (1987),
195.

Suzuki, S. and Fukuchi, S. (Rossmanith, H.P. and
Rosakis, A.].#%), Dynamic Failure of Materials,
(1991), 219, Elsevier.

8K - PR, B85, 59-565, A (1993), 2113.

K - EHG - iR, B1EL 43-495 (1994), 1622.

Suzuki, S., Homma, H. and Kusaka, R., J. Mech. Phys.
Solids, 36-6 (1988), 631.

R - MIHE, #EH, 55-517, A (1989), 1974.

Rosakis, A.J. and Ravi-Chandar, K., Int. J. Solids
Struct., 22-2 (1986), 121.

Yang, W. and Freund, L. B., Int. J. Solids Struct., 21-9
(1985), 977.

Bk - BH, JERRERE, 27-7 (1978), 399.

— 51 —

NI | -El ectronic Library Service



