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ABSTRACT

In case of the holizontal drop accident of cask onto projection,the loading stress on
to the surface crack of cask body could be Mode II (In-plane Shear Mode) at the bottom
of the crack and Mode [ (Out-of-plane Shear Mode) at the edge of the crack. But, the
safety evaluation of Cask material for drop accident is normally used brittle fract-
ure methods only by Mode [ (Opening Mode).And the fracture toughness values of Mode II

and Mode[l[ of Ductile Cast Iron (DCI) material are not yet obtained. Several fracture
mode test of DCI for Casks are conducted under the Mode [, II andIll condition using
3 Point Bending (3PB) specimens.The K ;¢ , K 11c ,K r11c 5 J ic sJ 11c sJd 111c values
of DCI are obtained and the estimate equations of J ,;c ,J 111c values are also pro-

posed from Rice's J integral. Then compared test results with proposed equation. The

relations of K ;¢ <K (1c < K 111c, J 1c<d 11c < J 111c are obtained. Also, the

influence of plastic restraint force is investigated and the relation of

K (c (3PB)<K ,c(1TCT) <K c(Tension) is obtained.
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INTRODUCTION

During the storage of spent fuel,the material of the storage cask may be subjected to
a mechanical impact condition by drop accident. In case of the holizontal drop acci-
dent of cask onto projection, the loading stress onto the surface crack of cask body
could be not only Mode [ (Opening Mode) include Bending Mode, but also Mode I (In-plane
Shear Mode) at the bottom of the crack and Mode I (Out-of-plane Shear Mode) at the
edge of the crack as shown in Fig.l.

But,the safety evaluation of Cask material for drop accident is normally used brittle
fracture methods only by the fracture toughness values (K ic , K (4 » J e s U ras
etc.) of Mode [. And the fracture toughness values of Mode I and [ of Ductile
Cast Iron(DCI) material are not yet almost obtained.

This paper presents the several fracture mode test's results of DCI for Casks under
the Mode ], [[ and I stress condition using 3 Point Bending(3PB) specimens. And ob-
tained K ¢ 5 K 11c »K 111c s Juc s J ricand Jd p1ic values of DCI are discussed.
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FRACTURE MODE TESTS IN ELASTIC REGION

Test Materials and Test Pieces

The full scaled test blocks of DC i

S::zd::d:, iggi ) ;:.a::(:i :;ewT::teri 31 [C§3i50?532§ (gfzga;fg ?go‘lilpan fafzpsgsziaizglrj:;r;z
mm Thickness (2400mm Outér Di:;:te:); .{gggl:l;a}ngg g:(a);tt::‘;r;( gg;(gz: ?;::T’Iis 320Ut o
St ot ke s it T o o o .
i: ;::eorf‘O :zﬁd(:gzﬁtp; ;;e;seri‘ sﬂE;())mr: Th; ;kges: ; QOO;TH:S;:: [fIsgfl);;kL:r?;g:?ic:lg.the Igf
length). The ratio of a(cgack d:p:h)i H?w::‘t.h z;ei):;’]cngizsz?a?;cggmggtgsoéibgué 4o

Test Method

Loading Method of each Mode is shown in Fig. 2. Mode ] test was conducted by 3PB

and Mode [ an@ﬂl_test were by 4 point shearing.Testing temperature was -196 -163 -136
and —100°C..L|qu1d nitrogen was used for cooling and all tests were conduct::-d ‘,c ti-
caly. The displacement value at loading point (d ., ) and the displacement va? . ]t
Frack mouth (d cu ) were measured by differential transformer and clip gage as :ﬁ .

ln.F1g.2. After test was ended, the crack propagation length was measured at ::n
point of 1/4, 2/4 and 3/4T(Thickness) on the two sides of fracture surface. ¢

Evaluation of K ,c, K ;,c ,K ;1 c

K ;c values by tention test were obtained from a i
pplying gross stress obtained
the load(L) —‘d cu Curves, to the equation by W.F.Brown et all.(1966). eAn;roz
values by 3 point bending test were also obtained in accordance with ASTM E399<—90(i;
?4)BdKKI+; and tK {,,iggglues were obtained from the equation by A.Ostuka et al (1984
a .Thogo et al. i .
estimation.g ( ) using shear stress values and gross stress as same as K .

Test Results

Test appearance shows in Photo 1 and an example of fracture surface of test pieces
shows in Photo 2. Crack was propagated straightly from crack tip in Mode | test. In
Mode Il test crack was propagated indirection of 45 ~70 degree to crack line.In Mode
Il test crack was propagated in direction of 45 degree to crack line  at first and
then gradually propaggted in different direction. As shown in Photo 2,crack was prop-
agated :;ong]the v:rtlcal plane to the maximum principal stress. (Direction of 45 de-
gree : the plane of the maximum tensile stress, Direction of 7 5
the minimum density of strain energy ) i daree & G plane af
An example of the L —d ¢y relation shows in Fi i

g.3. Mode [ test pieces were fract
upder low load and smgll displacemert and Mode ]I test pieces were fractured undelrj'red
h?gh load and small dlsplaFement. And Modelll test pieces show the biggest transforma-
tlon a:onz 3ttypes.K Obtained K values show in Fig.4 with J values that are obtained
at next chapter. ic » K 11c andK values were increas i
and following relations were obtained.”lc © With test temperature

Kic < Kje< K e (1)

Fracture Mode Tests of Ductile Cast Iron for Casks 2473

But, only Mode ] test was obtained valid K values and the estimation by J values

should be necessary.
Also, Fig.4 shows K ;. values by the other tension test and 3PB test that conducted

as Mode | test, in comparison with K ;. values by 1TCT (1 inch Thickness Compact
Tention) Test specimens of this same DCI block materials. The relation was obtained

as follows.
K ¢ (3PB)< K ;¢ (1TCT) < K ;¢ (Tension) (2)

And K ;. shows smaller values with increasing of plastic restraint force.
FRACTURE MODE TESTS IN PLASTIC-ELASTIC REGION

Test Materials and Test Pieces

The used test material is the same DCI block as used in the above tests in Elastic
Region. The test pieces were taken from the DCI block mechanicaly. The size of used
test pieces is 50mm Thickness x100mm Width x600mm Length,that is same size and con-
figuration as used in the above tests in elastic region. The tests in plastic-elastic
region are used 2 type's pre-crack that is mechanical and fatigue notch as below.
1) The mechanical notch :
Object : to delay the initiation of crack propagation.
Curvature radius of crack tip : 2 mm
Length of pre-crack : 2 mm pitch from 42 mm to 58 mm (total 9 types)
The ratio of a(crack depth)/W(width of test piece): a/W = 0.4~ 0.6 (a: 2mm pitch)
2) The fatigue notch :
Length of pre-crack: mechanical notch(46mm length) + fatigue notch(4mm length)
The ratio of a(crack depth)/ W(width of test piece) : a/W = 0.5

Test Method

Loading method of each Mode is shown in Fig.2. Mode [ test was conducted by 3PB, and
Mode ]I and]][ test were by 4 point shearing.Testing temperature was -100,-40 and 20°C.
A1l tests were conducted staticaly.

The test pieces with mechanical notch were loaded up to near the maximum loading
point and then unloaded, in order to measure the gradient of potential energy with
crack propagation and also to make key-curve that is used to determine the ductile
crack initiation point of the test pieces with fatigue notch.

The test pieces with fatigue notch were loaded to different strain level and then
unloaded, in order to vary the length of the ductile crack propagation.

L, d .» and d ¢y were recorded in both test pieces.

Test Results

1) Estimation of J integral by the potential energy gradient method
J integral value can be obtained as diminution value of the potential energy per unit
thickness accompanied with crack propagation. Potential energy(U) can be obtained as
an area of L-d ., curve, that is strain energy, in case of the displacement control
test. Fig.5 shows an example of the relation between potential energy and a/w ratio
in Mode | test, obtained from the L-d ., curve by the test pieces with different

length mechanical notch. And the gradient of curve of this Fig.5 shows J integral

values as follows.
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I anw example of obtained J —d ., relation in Mode | test shows in Fig.6.

4] Determination of the ductile crack initiation point by the key-curve method and
‘!‘!!ym of J ic s J rrcand J ¢

» L-d ., curve by the test pieces with mechanical notch was regarded as the key-
curve, the ductile crack initiation point was obtained as the diverging point of the
L-d ., curve by the test pieces with mechanical notch and by those with fatigue
notch, as shown in Fig.7.
Jic, Jdricand d ,c values are obtained from the d ., and (a/W) values at the
ductile crack initiation point, using the J-d ., relation as shown in Fig.6. Obtained
values show in Fig.4 and these relations were obtained in the temperature range of
-100~ 20 <C.

Jic <3 11e< J hic (4)

3) Comparison with ASTM CODE

J (¢ values obtained by the potential energy gradient method are compared with those
by ASTM E813-81(1981). J ,. values obtained by the potential energy gradient method
showed good agreement with J ,. values by ASTM CODE.

4) Validity of J values
In this study the used condition to Validity of J values are as follows.

Mode [ : bo = 25(J ¢/ 0, ) (5)
Mode T : bo = 25( J ¢ / 7, ) (6)
Mode I : bo = 25(J ,1ic/ 7, ) (7)

here, bo :Initial length of ligament, o, :Valid yield stress(( co.2 + Turs )/2)
T, : Valid shear stress

Equation (5) is according to ASTM E813(1981,1989). ¢, is defined as Valid shear

stress and obtained as {zo. 3 + 7 yss )/2 } (N.Urabe et al.,1992).

CONVENTIONAL EQUATION OF J ,,c AND J ;¢

J.R.Rice et al.(1973) proposed the conventional equations to Mode | transformation
of notched material as belows. 5

For tention load : 1=Jdai+ (2/Bb) [fo"' PdS,,— P&.1/2] (8)
For 3 point bending load : J ,=J., + (2/Bb)fg“'" Pdd cracx (9)

here, P : Loaded Force, &;,: Plastic element of displacement at loaded point,
O crack - Displacement at loaded point of crack material,
B : Thickness of test piece, b : Length of ligament
(b =W—a, W: Width of test piece, a : length of crack)
In this chapter the conventional estimate equation of J ,,. and J ,,,c values of
notched material by 4 point shear test is studied. Assumed test piece is as follows.
W : Width of test piece (W=2B), B : Thickness of test piece, a : crack length
Shear stress per unit thickness of test piece is defined as F. And in the condition
of constant F, J integral is described as follows correspond to very small crack
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propagation.
Jd =9U/oa (10)

here, @U/@a shows the change ratio of potential energy of notched materia!s ir.1
case of very small crack propagation.And U is equal to complimental energy which is
shown in load and displacement curve under the condition of constant load.
In case of 4 point shear test used in this study (1. =1, 1,=51), F=2P/3.
Then these formula was obtained as the conventional estimate equations of J ,,c and

J values.
e Jd yic Or Jlllc:(4/3Bb)[I§0‘Pd5*P' Srie /2] (11)

here, P : Loaded Force, 5 : Shear displacement at crack tip,
S5 »:: Plastic element of 5, * : Initiation point of crack propagation,
B : Thickness of test piece, b : Length of ligament )

J 1ic and J ;,c values obtained by equations (11) were 12 ~199% bigger than those
by the potential energy gradient method. Considerring that J ¢ value_es by ASTM E813
that was used same method with equations (11) shows good agreement wlj;h J (¢ values
by the potential energy gradient method in Mode | test, it may be said that the
different values are caused by influence of rubbing.

CONCLUSIONS

The several fracture mode tests of DCI for Casks are conducted and the obtained

results are as follows. .
1)The conventional equations of estimating J ;,c and J ,,,c values are obtained as

follows in case of 4 point shear test.
61
Jiic or J e = (4/38b) [ fo Pd6 — P* s /2]

Shear displacement at crack tip,
& 5.: Plastic element of 5, * : Initiation point of crack propagation,
B : Thickness of test piece, b : Length of ligament )
2)In the temperature range of —196 ~ 20 °C, these relations were obtained.
K< K 1< Krie Jic <3 1< Jd e
3)The relation was obtained as follows. )
K ,c (3PB)< K ¢ (1TCT) < K ¢ (Tension) )
And K ,c shows smaller values with increasing of plastic restraint force.

here, P : Loaded Force, 1)
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Fig. 1 Relation between the torizontal drop accident of Storage Cask
and several Fracture Moce at the surface crack of Cask body.
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(c) Modell test(4 Point Out-of-plane Stear)

Fig. 2 Test piece and loading method (DCI).
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Photo 2 An example of fracture surface of test
pieces after fracture mode test (DCI).
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Fig. 4 Fracture toughness of several Mode.
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