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An Experimental Study on the Evaluation of Elastic-Plastic Fracture Toughness
under Mixed Mode [ -] -[[ Loading Using the Optical PSD
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Abstract

In this paper, an elastic-plastic fracture toughness test under mixed mode loading was proposed
using a single edge-cracked specimen subjected to bending moment (M), shearing force (F), and
twisting moment{T). The J-integral of a crack in the specimen is expressed in the form J=J]| +];
+Ju, where Ji, Ji and Jy are the components of mode |, mode ]| and mode [I deformation,
respectively. Ji, J1 and Jg can be estimated from M-4(4; crack opening angle), F-U (U; crack
shear displacement) and T-a(e; crack twisting angle). In order to obtain the M-4, F-U and
T-¢ diagram in real time, a new deformation gage for mixed mode loading was proposed
using the optical position sensing device (PSD). The elastic-plastic fracture toughness test was
carried out with an aluminum alloy. The loading apparatus was designed and manufactured for
this experiment. For the loading condition of the crack initation in the mixed mode, the MMT
-3(mode 1 +mode [ +mode 1) has the lowest values out of the all specimens. This implies that
MMT-3 is possible of the crack initation at lower load, if the specimen acts on together with the
torque under the same loading condition. An elastic-plastic fracture toughness test using the PSD
brings a successful experimentation in measuring the crack deformaion(mode [ +mode I
+mode II).
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Table 1 Chemical composition of the material

Compositions Al Mg Fe Si Zn Mn Cu Pb Cr
wt (%) base 3.86 0.75 0.49 1.23 0.356 0.28 0.037 0.07

Table 2 Mechanical Properties of the material

o Ultimate
. Yielding stress N Hardness
Material strength Elongation (%)
(MPa) (Hv)
(MPa)
Aluminium (6061) 265 303 18 78
12— . v . 12
— 10} e N 3pB2 10 L MMIi
= ) P2 - = g - .
g e £ v’ MM
E. 4 e, I /" . N J
3 8l 7 2, §, 8 7 ~~ AN
o / o ; ~
g ; 2 /] w3
= Br 1 £ 51 / 1
g ; 3PB-1 g e
€ N 3 I
=] ‘/ & 7/
E g4t / > 4
= ; g y
5 B /
c 2 @ <
@ s 3] e
=] b 4
/
i) N n n " I 0 " " L . N N
0 001 002 003 004 005 006 007 0 001 002 003 004 005 006 007
Crack opening angle(rad) Crack opening angle{rad)

Fig. 10 M-4 relation for the mixed mode Fig. 11 M-@ relation for the mixed mode crack



PSDE ¢]&3 &£g=c=

SAZer Wy Hddd e

744 3 ‘4. T47)44-e AE(acoustic emission)
Z| (crack gage) o] &3l =3t
% 2o zA AEs} ~E ol
et A PG AR AL A
}Uﬂ o] 74 (SEM) & A}§-3lo] s}ch

riL

AN 4, Avkdy U, w4
PSDe} As} Bells| z7t zglew
A} & 3] 5 7 x| (data acquisition system)
AAE 2 & il sF Aol shFEe a4
2rAd(load cell) ol FA =T v]Eglos
AEeE = 2314l dAd 22 |3
(torque transducer)off 4] ZA sttt 2 Ao
Age 2EA Y £3 A8l Bge eaE A
HE Fol7] b w3 A1y A2 Ao A4 8
Rt TEANAHE TAdAolx g AERZ &7 )

3
od, mm wx o

%
e

i)

b
2

I

\

oo g 2 i)
o
o

Twisting moment. T/B.(N-m/mm)
N w L h 2] ~ [+:3
bl
3

-

U.El? D.EI-] D.IAJA pps 006 0.07 008 009
Twisting angle(rad)

0 oo

Fig. 12 F-U relation for the mixed mode crack

025 Y T T

o
N
T

0.15

o
e

Shearing force.F/B.(KN/mm)

0.05

0 0:1 U..2 03 04 05 06 07 08 09
Shear displacement.U.(mm)

Fig. 13 T-4 relation for the mixed mode crack

st bl Al w4 whalel

Qo] B 4

b

o A+ 1269

Jag & FdAAE 7|Fo2 st AAHE
stA s Figs. 10, 11, 12, 132 %€ =A$ ¢

stof 4 (6), (8), (10)o] HASA J1 Jia Jue
o e A% AL 4 (D2 %Y 2 2F

5 @l R HE

51 TEIHAIL JXEDtel T

Figs. 10, 11, 12, 132 A#del 23l
M-4 2} F-U 9} T-o o #AIE 2 A g5l s}
of zafg3 Aolrh, Figs. 10, 11ol4& 39 23
A1 7e] 3PB-1 3 3PB-2 282 MMT-1, MMT

“2A1 g H3E 3Fo] mE o] AuiAel AlgHel A=

adol A

s
ol A Huyd

pop-in o #Z =3 (1)l A
2 T
18k o: initial crack paint

g P
< ) |
S 0Bt P 3118 2 |
D
y — /..
04t /’/
= -
02 7 e e
oy

D 5 I 15 =

Ji (KN/m)

Fig. 14aLoading processes and condition of crack
initation on J-J§ plane

9
8r L
7+ Pl
o
BF ¢
e
e e
ES5r "MMT-2
Pl
L4t o
= 3PB-2.-7
2t A )
1 b - -
MMT-1
0
0 20 40 80 80 100 120 140
I (KNfm)

Fig. 14bLoading processes and condition of crack
initation on J|-J§ plane



8

2]

Ji Integral (KN/m)

5

0.02 0.03 0.04 005 0.06
Crack opening angle(rad)

0 0.01 0.07

Fig. 15aRelation of the J-integral (J ;) and crack open-

ing angle(8)

140

829
i

2]
=
N

N

3t integral(KN/m)
N

40+

—

0.06

005
Crack opening angle{rad)

0 0.01 0.02 0.03 0.04 007

Fig. 15bRelation of the J-integral (] ;) and crack open-

ing angle(4)

/4] o{] zlﬁ_g},‘—_ 2.8t

=t Fig. 12014 3PB-2¢} MMT- 24 A% 7 3} o)
z}o] 7H
a7l 79 2A|E
7214 2 A 5

o).
2T

N
>
O
Bos
N
o

]1, ln, Jis 4o
o33 Aol

TAMA 28 Aa=0 ¥ H JiEE 2 A
Ao Jie, Jie, Jucd HE3E M3 F, Te
Wol et chzA AgHc FAAAEE Fig.

m

-Ju Integral(KN/m)
B [3,]

(%]
T

[13 04 05 06 07 08
Shear displacement.U.(mm)

Fig. 16 Relation of the J-Integral(Jy) and Shear
Displacement. U (mm)

09

20 -

18}

16}

14} 1
£
212t 4
<
%10-
£ gl
k| 8 PTT

6} 4
- MMT-3

4t {

/.r"
0 / . L
0 0.005 0.01 0015 002

Rotational angle(rad)

Fig. 17 Relation of the J-integral (Jy) and rotational
angle(a)

ol dHsled FA8Gc, FA
18 &7 AzEle 729 Heirt =

o] AulHel A 2= [} A FA
n~ 1 o] 42 pz27] Wi
TAMAI A e JAR g o] chEe}, o
Moz ne [7F AuiAel H3$-9 stz
= Lol Al A sha 4z v
2t Fig 15(a), (b)st Figs. 16, 17
ek 9] U, du 5807 goll of
F A& Zo]

;(] HH 2 0

LR

ﬁl°d7HAl§°l 5tE
SESEE B%H*E =A% 73 Fig. 183}
@fﬁoﬂ Setel FAE FAAA A2l 2

o ArlE & 1‘1 722 MMTA o 4

o
ol
o
ofi
Lo



25

KN 0 : Initial crack point

T MMT-2

; MMES |
e

U v L i 1 — A n
0 1 2 3 4 5 8 7
Displacement of the loading point(mm)

Fig. 18 Relation of load and displacement of the load-

ing point

g

Jor Ji+Jo or JitJu+ Jm{ KN/m )

0 ; L . L L . L "
0 05 1 1.5 2 25 3 3 5 4 45 5
Crack growth amount &a(mm)

Fig. 19 J-integral resistance for mixed mode crack

e [ #299 A9t e [+19 Aguc o
1/29] el gdeol AU, = FI3L 1t
3 AL T4 =79 Aty F, 3= M
o] Zgete Aol viERE Trh &3
a-&5led Fob M= aHgele 2492 #9444
o} 5ol FH Padte AL &+ Yot

53 JHEI M3IM
TAH o] Aagl AL FAHol7t H& & 5
M8 AFHE Adwsle] Aol l0d T3t
Ho & F4ucislie] siehdg A o5
73 (o)§ 50, &% 0.02 mm) o2 FA< 3/8, 1/
5/84] 3"ol A ZAsle] o] Zreo| HFAE Ha
7yFaksich  Fig. 19004 8F 3re] Hedzld =48}
3PB-13 MMT-10] == |

3PB-2, MMT-2 x®rc} ze 3g 2z 9l
I+z= I Eg=cql

r_e‘_:‘

7]

3 me Jeal

lo + ro fu &

i
I
=

E J+2E=

At

ol YUY 27y Fx [+ 19 £z
2 074 &4 #Esbd FdAge aA Zad)
T AL ulste Aoloh =m3 . [AEe] A
Wizl JHRel AF zhE = [ A&l AuiH
o JHE AdgtEe 22 & 23 Uk oA
& Aol & FAHMA AR} Achol] o3& i
AsfAl A te]l vl Avke AL ofn| g

54 THIMHAH mot

AEel od Ao EAL2 HopgAay, A
+xd, Fagadye] glo} £ Agade g
oA Akﬁo}c’ﬂ o gt

AE9] ﬁl#rﬂ
S MR e 7 AA

3PB-19 x]zﬂ.ﬁi\:} 3PB-22] A|¥uio] o
AAIH A zke] ok 4w 5 Fov] AEAZ 9 s}y
< F2yo] nkEolzich

a2t MMT-3 Al gl Fd7fA]4] 3PB
25 che wh23 3PB-13 wlsele] Abedhe] wigdd
o &3irt, ez AEe] #1¥ e AAArzE o
£¥o] ubEoixu] AEeuixe| #2 & ¥nl
o] EU g FHEE oz 277t EF3A A
= E '/1:’ %D}‘

+EaAY (PTT) & £943le] F=2 sy

TAMAA ol Fell AEAGE dATA Frlste
"AE Hola or,

A A o] x| (crack gage)oll 9|8 FGAAH

AL FAMAAE & F e AlolA bt 3l

A tedo] A" Alelx] Al Awtez A gte]

FAY WL shof o] AWE FAAIHeE B
3,
FAAAS S} S Aol #o) £

o TS Fehol wet Aolx Ao Auslt @
4ol gloj4) 3PB-1 Alg ek MMT-3 4|4
o4l AEo] o% FAAARES FAA eIl o3
FAAAG ol A A g Aol ook,
Table 3¢ cieizhal Adwol g FAAA A
e AEst #9701 slmalgn #2142
53} JH -2 BAsgler] Yool 44

o

e e

Hustge ZAskAch =g FdA A (C G) ot
AEe} &Aool &t JAEgke] 238 FAlshgl o
AR sl AER FAMAHE FHste AL
ofzkel 22b7h glow] ZREES] Afede HE



1272

Table 3 Comparison of experimental value according to the various specimen

2% -

o) &

—
Load at 1
Initial Initial .O:,i ) a I v.al‘u.es J v'a .u.es Error Sum of Maxi-
initial of initial of initial
. crack crack . . based J. based mum
Specimen . . crack crack point | crack point
point of point of ot based based on on C.G load
poi1 ased on ased on
CG AE CG KN/ KN
(sec) S 1Ny |6 ®N/m) | AEKN/m) (KN/m) | (KN)
3PB-1 50 50 2.0235 J;J 1c=2.92 J1c=2.92 0% 2.92 2.0588
J1c=7.0088 | J.=6.8071
3PB-2 250 240 3.82061 2.7% 7.5402 7.2098
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MMT-2 243 220 1.9402 3.3% 16.3893 2.4078
J5c=0.1571 | J1c=0.1418
J1c=0.5473 | J1=0.4474
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