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I. INTRODUCTIGN.

Generie and conservative analysis of a large set of nuclear components or
joints; e.g. all the welds of one line having potentially the same crack
sizes, 1is performed, £for convenlence, with the worst pessible fracture
mechanics parameters for this set of welds. Considering the GE-EPRI or the R6
rev. 3 engineering rules, the two most sensitive parameters for a given crack
length are

- the fracture toughness Jieo

- and the yield strength o , which has an influence on Japp cOmputed from
the GE-EPRI handbook using the limit load M and from R6 using L, .

The usual way to perform a generic analysis of this set of components, is to
consider a hypothetical material having the following characteristics:

- the lower bound yield strength value,

~ the lower bound fracture toughness value.

Considering the real distribution of a, and I, (or RCU) of this set of
materials, we note on figure 1 that this hypotheticzl material, (point Ay,
is more conservative than any individual material in any component.

The aim of this paper 1is to propose a method, based on the R6 couble
criterion rule, to select the worst possible real material among a set of
components, which envelops all the other components.

IT. BASES OF THIS APPROACH.

The starting point is the material data base for the set of components. Each
item represented by its yield strength o, and KCU values, 1is plotted on
figure 1. Note that <these two characteristlcs are systematically determined
during nuclear component acceptance testing. A conservative linear relation
already established between KCU and fracture toughness J.c gives the same
diagram of yield strength versus J,.- Then, we observe that we have the same
two variables: . and ch: as in the R& Failure Assessment Diagram (FAD):

B
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- T in Ko KR"‘

The assumed material, wused for the generic analysis, is represented by the
point Ay The four black dots selected on figure 1 (n® 1, 3, 4, 10) represent
materials which are individually less conservative than the fictitious
material A . The four o and J,o values are given in table 1.

SMIRT 11 Transactions Vol. G (August 1991) Tokyo, Japan, © 1991

172
K /(3,cE")



This paper tries to answer this question: which one of these four points can
be used to perform a generic fracture mechanics analysis, envelopes all the
other materials, and 1is less severe than the hypothetical material
represented by point A, 7

II.1. Application of Ré6 rev. 3 approach to determineg the critical material,
For each of the four black points on figure 1, we can plot the Failure
Assessment Line (FAL) using v, and J, values. We assume that all these four
materials have a stress-strain curve with basically the same shape, defined
by the mean Ramberg Osgood parameters o and n.

(1) e —o/E+ae (cr/ay)n e, = o, /E

The equation proposed by AINSWORIH [1] for the FAL is the following:

(2) Ky = [Bey, o/, + 17/200 + LT where Ly = 0.../9,

Equations (1) and (2), with ¢ = e . and o = o ., lead to the following

expression of the FAL as a function of the Ramberg Osgood parameters:
-1 172
(3) K, = [ Lt al,” " + L%/ 2(1 + L1

This equation (3) gives the same FAL for the four materials. But positiens of
the assessment points of the same crack in the FAD, figure 2, under the same
load, of these four materials, defined by (4) and (47) are different, (KR*
and LR* denote the assessment points, K and L, the FAL).

r ny 1/2 _ - 1/2
(%) KR n KI/ (B JlCn) - KRl (J101/J1Cn>

b3

(4[) LRWn = ae /Qayn = LRl ayl/ayn n= [1’ &

In order to compare these materials in the FAD; we can use the following
method: 1) we compute equation (3) ZLor the FAL and we assume that It
corresponds to material 1. This becomes the reference FAL. For the four
components, we plot the assessment points of this crack with (4) and (47),

2y In order to get the same assessment point for the Lfour components, we
perform the following transformation on K and L, of the reference FAL given
by equation (3):

(5) Ko = Ko Upga/ Jic)™"
(6> LRn - LR Uyn/ gyl

Using equations (5) and (6) w}th g and ch values of materials 3, 4, and 10
we obtain the set of Ffour FAL® on Tigure 3,

Equations (5), (6), and (3) give the equation of these four offset FAL,
labelled FAL"

(7) J

il

_ yn-1 .32 _oNyeyl-1l/2
. 101 ( “o1 [ g1 ‘ Y1
R, = 14 a[LRn— L, == 21—
JlCn Uyn Uyn L gyn
The FAL" given by equation (7), for materials 1, 3, 4 and 10 are shown on

figure 3. In this new diagram, the same crack, in the four components,
subjected to the same load, is represented by the same assessment point

k3 k3 — ¥ kG
K. =5, Lo = thc



We have also representad on this figure the FAL' of the hypothetical
material Ay, with the sames procedure. We note on this figure:

1) this Fal” (A)) 1is indeed conservative as shown above,

2) the FAL® of material 1 envelopes all the other materials in the domain of
low L. and the one of material 3 envelopes the other materials im the domain
of L, greater than 0.65. This last FAL® is less severe than the one for Ay

IT.2. Relationship between ¢ and J
load.
In this szection, for material 1 (J1c1’ay1)’ we endeavor to find another
material, defined by NP Ty which is equivalent from a fracture mechsnics
point of view. For meterial "1, and for a given ecrack length, we can find a
load C(Kiyaa) wnich leads to crack initiation.

values leading to the same initriscion

1C

We obtain: Kle =¥/03,¢, ge)t/2
thw =0, /Q 0o, (se= section II.3 for K, and o)

This point { Knlﬁ, Lﬁle is on the FAL represented by equation (3) as shown

on figure 4. For this demonstration, we consider that the erack is small in

depth and in length ; then the chape factor § is close to 1. We aszsume the

same crack in  another component (1') with a higher fracture toughness Jicy

and with the same yield strength o ., subjected to the same load. We gat
: . . ¥l

point (17) in the FAD of figure 4.

We have: (8) Kopo o =R =Ky Gy M0 with Lt - Lo,

In order to get peint (1°) back to the FAL, at point i, we can decrsase the
yield strength of material (1') down tc the value & with the same Ko

(3 LRiﬁ - IR1* 9p1/0

S8ince the two pointe (1) and (i) 1lie on the FAL, we conclude that these two
materials are equivalent for the risk of crack initisation under load C. For
material (1), from the value of LRl*’ we determine the wvalue of Kle with
squation (3) for the FalL:

¥i’

(10) Ky = [ 1 #+aly, "™t w0 "2/ 201+ 1, ") 42

and alse KRi for the point (i):

: ;oF o7 Fa-1 . w2 . “2,1-1/2
{11} Ky = [ 1+aly "m0+ Loy °/ 2L + 1, "%y
Substituting expressions for KRik(B) and LRi*(Q) in eguatior (11), we obtain:
1/2 n-1 2 2yj1/z
(12) y J]-Cl IV_‘ *05’1} b 1&0-3"1 - *Uyl
K - = |lte| L, | iy, — 211+ Ly, —
Jics L TS Cyid/ Ty i

Substituting equation (10) in (12) and Lnl* = ae/ay we obtain:

[

Lrefe, 1" +0g, 1%/ 21+ [ 1%
13 I =3 Fys) Ly “yi
(13} 1wci - Y1 BT < % Z
1+ OJEQ_B 3 + [29 y o/ 21+ qﬁa 1)
51 kaylg nglﬂ



All points (chiy in) satisfying relation (13) are esquivalent for the
initiation of this given crack under load C(K,,5.). To plot Jicy Vversus ¢ N
on figure 1, we need te determine the wvalue of ¢ (see section II-3). 1t
load o, is given, the methed +to detsrmine the critical crack lemgth in this
229 cagse is described im section II-4.

II.3. 1°° case : determinavion of the criticsl nominal stress g for given
crack size and loading mode.

For a unit load C, (considered as primary), we azssume that the corresponding

stress distribution in the thickness (t) is parabolic:

and we can easily compute the corresponding membrane stress o o. For amy lead
G =pC,, we compute the stress Intensity facter at the crack tip using the
influence function techunigue

- ; . . . 12
(14) Ko =g /xa lo,,1, + 0,824 U2u12§gﬁ ]
[ T

with ij: influence coefficients, and o, = ﬁaju
(15) o, =B o,
(14) and (15) give a linear velation between KI and o,

o - o : . %2

K, = Jma o 1, + 51u11% + Uzulzﬁ%‘ le /o,

Wich (157) «

. . 2
Jea [og i, + o ia+ i qg} 1/5,.,
t

we obtain: (16) K =0

I e

Substituting K, and o_ in (16) along with (17) and (18)

¥ = 1/2
(17) Ky = K /(3 E)
(18) g = 9o,/ 0,,
we obtain the well-known straight line:
1/2
(19) Ry =7 0y L/ U B
This curve ig the loading line: when the load increases, and L, increase

linearly, as shown on figurs 2. Equations (3) and (19) allow us to obtain o
corresponding to crack imitiation, i.e. intersection of the leading line with
the FAL. o, 1z solutiom of (20}, obtained by substituting (18) and (19%) in
(3)

(263 [vo, 1% = J,.,8/[1 + aafga‘m‘l + é‘ge?f/ 2L + &%}2)]
v ¥

I3 o, ﬁ

¥ i
v being determined by (15°). This solution may be obtained numerically or
graphically. The critical value of o, being determine by equation (20), its
introduction in equation (13) gives the relation between Jig, and o, for a
given ecrack size and loading mode, which is drawn om figure 1. 7
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ID.4. 2°? coase; determination of the critical crack a under s given load C.
Here, the load C(KI,GB) is known, and we have to determine the critical crack
size. Locations of pairs (Jyci»0,,0 on figure 1 are always given by equation

. . ,1C1 7 "yd - L. L
(13), with o  applied on the crack. To obtain the critical crack sizs under
this load €, we use equation (20) which gives v:

~a
&, a.
v

&
¥ ¥

¥ =T, B/ e P 1+ aggehn_l + ggajz/ 2(1 + {a kZ)]
1 1

by applying velation (15°) between vy and a, we obtain a_ and then K;.

ITY. WUMERICAL APPLICATION.

The selected compeonent is a straight pipe, with an axial internal surface
crack, loaded in pressure. Dimensions and stresses as a function of pressure
P {(obtained from the LAME equatiomns) are given on figure 5.

For material (1): T, = 210 MPa, Jieqy = 28.5 KJ/m2

Using (1l4), with io = 1.175 and il = 0,67 we obtain KI = 2,861 P
and we obtain (21) K, = ¥ /(3 E)'/% = 0.0381 P with & = 180 000 MPa
and (22) L, = 9.57/210 = 0.0452 P with Q=1

(21} and (22) give the same loading line as {(16): K, = 0.843 g

Intersection of this curve with the FAL given by (3), figure 6, gives a
pressure P, = 18.8 MPa; then o = 178 MPa, With this value of o_, we compute
J,c, in function of o, with (13). This relation ig the one plotted on figure
1, {curve C}. This wvalue of o, is the lowest possible for all materials of
curve G, for this crack size. For this application, materials 1 & 3 give the
same initiation load ; the material 4 allows a higher initiation load.

IV. CONCLUSIONS.
This study addresses the case of a generic crack stability analysis for
scattered ¢, J, . material properties. A lower bound limit curve may be drawn

in the o_, 1c Sbace based on R6 rev, 3 option 2 fracture analysis method.
This simple relation has been derived, for a given crack shape, to determine
the equivalent pairs of o , J . values leading to the same and lowest

initiation lead. If the 1load is given, the same methodology can be used to
deduce the pair of ¢ -J . values leading to the smallest critical size. This
material is the most severe material regavrding crack initiation. Further
work needs to be performed to test the limits of the methed and the effect of
the shape factor Q.
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TABLE 1 : YIELD STRESS AND FRACTURE TOUGHNESE PROPERTIES

Points . (MPa) KCU (daJ/cw®) J {kJ/m®)
Y343°¢ 20°C IG300°G/
1 210 1.26 28.5
3 184 1&g 33.0
4 172 1.67 42 .1
10 155 3.47 102.2
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