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Summary

A high temperature structural integrity assessment belongs to the Part II of a whole
preliminary guideline for the high temperature structure. The main contents of this
guideline are the evaluation procedures of the creep-fatigue crack initiation and growth
in high temperature condition, the high temperature LBB evaluation procedure, and the
inelastic evaluations of the welded joints in SFR structures. The methodologies for the
proper inelastic analysis of an SFR structures in high temperatures are explained and the
guidelines of inelastic analysis options using ANSYS and ABAQUS are suggested. In
addition, user guidelines for the developed NONSTA code are included. This guidelines
need to be continuously revised to improve the applicability to the design and analysis

of the SFR structures.
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(crack initiation)
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RCC-MR Al6 R5 Volume 2,3
Al6 . RS
DB  R66
RS
Al6
RCC-MR  Al6
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211
, : (complex orientation)
(Multiple defects) ,
(Interaction criteria)
(initiation)
(a) (evolution)
2.1.2.1.(a) , 2.1.2.1.(b)
- 2.1.2.2.(a) 2.1.2.2.(b)
- RCC-MR RB/RC
3263
(b) (instability)
(tear initiation) 0.2mm



(RB/RC 3216.1)
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212 -
2121
(oF] 5
(a)
- Oy
_ GdJ
‘d> 50um . Blunt crack
Ed’
. Creager formula
K
o, (r) =1+ =
2r \2znr
P r
- 4;=n; I Ny
n.
A= 4i=Y
ST
n;. )
N,: RCC-MR A3
1.5 (Ag, /1.5)

Creager formula

Ao—dei

b

(2-1)



(b)

o AJ;

q
A16.9000

,R

ny

(total usage fraction) A4

A

, 2.1.1.(b)

1, 2-2)
t r

1

fa = Z‘n, I'N g, '_7

n,

t
iy :n{ _t_a} if ¢,>1,
f

Lo
(A16.7300).
AK
AKeﬁ" =q- VE*AJY
, (R<0)
. E*
(load ratio)
A16.9000
da N
;ZK;==(7'Lﬁffq7]

(R>0)
Js

(2-2)

(2-3)

(2-4)

(2-5)

(2-5)

(2-6)
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N=0

ly
2.1.2.2
(a) -
- ‘d’
ALY
’ Nai -
(A6, +B, | 1k
k=1.5
- (de ),
w; [(de ),- /KJ (de ), A3
K=1
3200 09 ASME-NH 0.67
d
Gd le-deJi

Ag; = [Aael+pl +E/‘7J;

A3

Ae;

1

n;

(2-7)

Ag;
i
K
RCC-MR RB-
)
Creager  formula



A w

A+W =D A+ W (2-8)
“, w A3.58 - (bilinear interaction diagram)
t .4
(fast rupture)
(4.W) - ;
njy
tq i iy (2-2)
; (2-3) (24
(O]
‘d> 50pm(0.05mm) ,
&
RCC-MR  RB-3200
( .\ 20) (K=1.5)
Best estimate
» Na
RCC-MR  RB-3200 (sustained stress) ok
k(=0.9) (c.f. ASME NH k=0.67), k=1
(b) -
lo Iy )
njy
i (Bag)i (dar);



o (Oaz);

(AK gp); (2-5)~(2-8)

(6a), =C-|(AK 1), |, (2-9)
a+(day,);
o (San);
A16.7700 C (1)
Z;
@Gay)i =] ’” Alc; o) ar (2-10)
a+(dar); +(0an);
I
c
: 10%
(c)
t A, B, C  (A16.1000)

RCC-MR RB, RC 325I(
), RB, RC 3252
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Gd’
) Soum
(Mod.9Cr-1Mo J)
- Creager (Formulae)
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‘04 ’ (characteristic length) 'd"
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2.1.3.1 Creager-Neuber Aoy,
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Ag;
- O de
- t t O'de (t, t')
04 (1,1') = 04, (1) =0 4, (') (2-12)

- 04 (2,1 Rankine ( ) o4t
— AO'de (t:t,) o-de (t7 t')



Fde = Max, , [O'de (¢, t’)J = lMaxt,t'[O'de () —0ge (' )J (2-13)

! Ag;
Ag; = Ae| +Ae,y +Asy +Asy (2-14)
RCC-MR A3.59
) 2.3 ,
Determination of s Determination of Ac; " Determination of Azy
ks s F i
Ame = AT | SRk ™ ek Aelae ™ ST E1
a a al ¢ -_E
APSOEIT | AP+ET Ry l LLE
: —
ook e g | ey
" ar .
2.3 Ag;, Agy, Agy
- Ag, : 2.3
. A
gy =24V A%a, (2-15)
3 E

- Az,

gain
- Agy

gain 23
Aé-ho = (Ae, +As, ) Aoy, (2-16)
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- Agy : gain

Agy=(K,-1)-Ag;
K, A359 Aoy,

2132 oy

2-17)

Aoy, Ag,
‘ad’ Oy
Creager-Neuber
- Rankine Creager Cue
- 2.4
G4
r
Tensile
. SUrve
a4
o
Hyperhola : ?E = Csle
E
24 G4

2133 oy
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A_g:Agerl +A8ﬂ

(2-18)

- A‘c"elerl
Agerl A_‘91
RCC-MR A3
= Agﬂ
Agy A3.63 Ord
power law
O'kd
© O
‘d’ de
* Okd
25
Aé‘eh_pl AO-* de ZO.SAO-*
) Cyohc curve at
Ar® temperaturs Maxg _
AE
=
Ao
2.5 Ao’
*
Okd
threshold O souit = P, +0.67P,

b
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Egﬂ

o
o c
E , C. ‘3’
3 gﬂ
o(1) £y = 2 (05-80" -0 A.63
power law
214FMS -
( : GEN-IV LBB
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3.1
RCC-MR Al®6, R5/R6 JNC
2002 RCC-MR Al6 -
_ t 0 t ’
2
3.1 (")
(n)
tazt; < initration >
| | >
D to tf :a

ta <ty [ t,
M =0p-| 1-—
ta>'tc:t

+—— inilialion ——

«4———— prepagation ——»

¥

te

ta <t [ t
My =N 1-—=
ta<to b

< initiation w+—— propagalion ————  »

v

™
s
|

0
ot

1

Instant 0. Commissioning of the component

Instant t, ; initiation of a defect identical to the one discovered during inspection

(6 ag );

* Al16.3213

3.1 (n[r)

(5aﬂ)i

(5afa );

14

instant t, ; Discovery Of the defect
Instant tr: £nd of life or repair of the component.

(AK,;);



* A16.9000

(da,), =C-|(AK,, ), | G
* . a + (5afa )i
11) (5aﬂ)i
* A16.7700 C; (1)
* A16.9000
(a,),=["" 4-(C )" ar (32)
* . a+(8ay,), +(8ay),
iii) 7,

a, :Za+(5afa)i+(5aﬂ)i
i=1

( 3-2)

Internal defect Surface defect

3.2 (Apex of the ellipse)

15



C, (1)
10%

3.2
33 KALIMER-600  IHTS
530
0.35MPa , 1.5MPa

5 , IHTS

22.1MPa
101.6MPa, 0.0815% , ket ks 1,0.5135

3.3

HTS -

Al6  Master Curve

16



Master Curve

2.793cm

2.85cm, 0.057mm

Master Curve

KALIMER-600 IHTS

Al16.1R (3-3)
(23) c 526
(3-3)
" " i3
Sa,=C [y | =452x10% [4E ] (33)
iV
( ) - ’
J- (3-4)
E.ghe
J5=J§E'|: m:qr+{?{‘r:|
T
wef (3-4)
(3-5)
K. =|\ag, F +a -F+a, F, | J7c
T I: W " S A B E'b:l (3-5)
I J =141[MFPa- mm]
_ ) 1:2
AE =14 59MFa - m ] (3-6)
da =314 %107 [mnf cyele]
dN (3-6)

17



240,000

Al6.1R
(3-7) . Al6.IR G7) A q
550 ~625 , 526
(3-7)
R - 081
da. =4 | =8.058=107 |
4 I: :I I: :I (3_7)
(3-7) ¢ (3-8)
* E
CJ = ”rel [ En{i":|
&
7 (3-8)
(%) A3
¢ = 9.043 10 [4Pa -mm { br]
(3-9)
et s
— = 2457 =107 [ f B ]
eff (3-9)
240,000 , /
20 12,000
(3-6)  (3-9) / -
(3-10)
da -4 -
—=3.14x107 + 2948 =10 [mm { cyecie]
AN (3-10)

20 (240,000 ) 0.0122mm
28.51mm, 0.582mm
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4. LBB

(Leak Before Break; LBB)

b

4.1 LBB
400
. 500
(DEGB)
Het, e 28 g, He 2A
LBB Z= LBB H=
(DEGE HH A1) (DEGE Hi )
2 A S0 A2 A& Hi g == ‘ B2 =
me o2 e M= 428 R =it IS S
— Hal U AGAIA 24t al gt 15’ 7
il £ 43 ‘?%?zs HES | _ lahka
.mmtlhﬁ Hal ol ‘ ‘ BERLIES
8l A5 AlL K37 a
" ans s :
olEs s -pazE | RR A

4.1

19



Yes

No Yes

4.2

4.2

4.2

RCC-MR
Al6

20



4.1

(Later)
4.2
42.1
(Qmin)
(Qdet)
10
Qdet = 10 : Qmin
a.
4.3
: (%) (2¢,)
265 -
; 5
------------------------ s sl [
i v
4.3
b. (0)
() (0,,) (0,),
(2¢,) 1 2
Ee,,
*42.3 5=6, —<
O-ref

21



4.1

22

(0) (km-O'm—kb-Jb)>C
4-c
5@1: EL.(km.Gm_kb.O-b)
4.1 k,. k

a/b bfth=5 © bfh=20 bfh=50 b/h=500
0.000 1.000
0.056 1.000 0.848 0.589 0.482 0.394
0.111 1.006 0.731 0.5038 0.448 0.398
0.167 1.013 0.655 0.478 0.434 0.368
0.222 1.030 0.613 0.467 0.432 0.402
0.278 1.046 0.587 0.462 0.432 0.406
0.333 | 1.071 0.575 0.463 0.436 0.412
0.389 1.099 0.569 0.466 0.442 0.419
0.444 1,136 0.572 0.474 0.451 0.429
0.500 1.179 0.579 0.484 0.461 0.440
0.556 1.233 0.591 0.498 0.475 0.454
0.611 1.303 0.612 0.517 0.494 0.472
0.667 1,388 0.639 0.541 0.517 0.494
0.722 1.500 0.679 0.573 0.547 0.522
0.778 1.648 0.733 0.615 0.586 0.559
0.833 1.858 0.816 0.677 0.643 0.610
0.889 2.179 (.954 0.776 0.730 0.687
0.944 2.787 1.228 0.604 0.826 D.759

* o=f|o,o0, L , T
Lok
h
C. (R,)
(RC )lam
. _ AP-D;,
lam 48 . ILlNa . h
T-0




(Re)lam — pNa 'V;am 'DH
/LlNa
, AP :
h
pNa :
/uNa :
Log, (1,)= 573164 2297 0 4925 Log_(273+0)
73+60
pNa’ /LlNa 42
4.2
Temp.
100 200 300 400 500 600 700
()
pNa
(/) 927 904 880 856 832 809 784
/uNa
6.848¢-4 4.569¢-4 3.447¢-4 2.792e-4 2.365¢e-4 2.066e-4 1.845¢e-4
(Ns/ )
d. (2cL)
1 2 )
(2CL)
Qdet = V ) AL
Qdet cL .
* 4, ’ AL:ﬂ' 5(c) ¢
2
* )
- (R,),, <2300
_arD}
48'/’1Na h

23




S =4-cL

el E '(km'o-m_kb'o-b) ’

, 4.4

oo GmonE
‘ : 71'3-AP-(km-O'm—kb-O'b)3

- (R.),, >2300

vy - [ 2-AP/1 h
1.5+ 22
\/pNa ( DH J
, A (roughness) (hydraulic diameter)
Idelcki A=0.06

44
422
a.
(a,2¢))
(2¢,)
*2c, =2¢,: (2¢;)  master curve (2¢,)

24



Master curve (Ao,) (Aoy)

4.5 . master curve (c,)

(0})

«2c, =2c;: (2¢;)  master curve (2¢,)

X cJh
o 85 °
04 | 7.5
0.2 | 554 5
03 | 4.2 \
04 | 343
05 | 289 7
06 | 235
0.7 | 2.06 '
0.8 1,81 & \
09 |62 ,
1 1.47 AN

4.5 Master Curve
c ) 1 1
(==F(X) with X =——— or X=—7n)
h 1+—2 1+
Ao, o,
4.6

25



wh=0.6 Defect at penetration on the external surface

Initial defect : a/h = 0.25

X=1 {Pure tension)

'_"'T—\ x=0.5
Initial defect : ath = 0.25
afh =06 Defect at penetration on the external surface
X=0.25
Initial defect : afh = 0.25
a/h =06 Defect at penefration an the externat sur‘faceA
/ _ N _ :
X=0.1

Initial defect : a/h = 0.25

X=0 (Pure bending)

4.6

master curve

master curve (¢, >c,)

4.7)

26




-

X=02

X<02

Length of the defect on A
the external surface B10h 8 .7
,// , I'd
2¢ : length of the ‘_f: L.
detectable defect on the Ky s
external surface I ,
’J‘/ , rd
- 7
o 4
’1’ 7
- £
- ’ Y
A s Y Length of the defect
e ,’ on the internal surface
le] A ' r .
26, =265 ! 2cq 1 length of the detectable

length of the defect
at penetration

defect on the internal
surface when X <0.2

2¢q 1 length of the detectable
defect on the internal
surface when X > 0.2

Example X 2 0.2

F

r— 2e, (detectable leak) —;l

" B
. hd

-,
Y
Lal)

A

A

g

|‘t—2c.: l(liniitial) —yl

2c4 (detectable throughwall defect)
]

2’ (2¢ dgvided by )

2¢ (throughwall critical defect)

[ 2¢, {(at penetration on the external surface) ——*
i

P

2¢; ! initial tength of the defect (surface defect)
2¢, : length of the defect at penetration on the external surface

2c, = 2c; because ¢; < ¢

2c¢ : length of the critical throughwail defect
2¢'¢ : 2c divided by the safety coefficient
2c, : length of the throughwall defect for 2 detectable leak

(cs from the master curve Fig.A16.4110a)

47 ¢, <c,

27

(2¢,)




. G >C ( X <0.2

<
Ci - Cs /
4.8)
X>02
Length of the defect 4 X <02
on the externalsurface B (1Ch, 8h) ,
/’/ P e
2cL: lenyh ol the 'L' - e
detectable defect on —» P
4 s
the external surface e ’
// . rd
P 7
- Fd
/ y 7 :
/ ’ vy Lengthofthe
o / 3 defect on the
o / e internal surface
o] ,/ A S s +
n" Py rd »
T
2Cp = 2Cs: 2¢q : length of the detecfable
length of the defect defect on the internal
at penetration surface when X <0.2
2g : initial length o 2cq : length of the detectable
the defect defect on the internal
surface when X» 0.2
o — e
Example X 2 0.2 2¢, (detectable leak}
i b
— <
| — J/ : — § <
L—Zc, {master ::urve) —;l
t 2¢, (at penetration on the e?uernal surface) = 2¢; {initial) g
2c4 (detectable throughwall defect) - E——
i
+ 207 (2c djvidedby ) »
« 2g (throughwall ritical defect) "
2¢; : initial length of the defect (surface defect)
2¢, : length of the defect at penetration on the external surface
2c, = 2¢; because ¢, < ¢,{c, from the master curve Fig.A16.411 Oa)
2cg : length of the critical throughwall defect
2¢'s 1 2c¢ divided by the safety coefficient
2c, : length of the throughwall defect for a detectable leak
48 ¢ >c, (2¢,)

28



4.2.3 (Crack Opening)

a.
dA
o’ frmc
aw,=J,-dA = n 2h-dc
0 c
2:mh-o” e )
Wy == | "y
1
* 4
SI
473
IREEIEE
<« 2.c
4.9 o(
49
W, = | dS
R e
S:
dS=h-dx=—h-a-sin(¢)-d¢
h:

29



, y=(6/2)-sin(9)

y:
o : x=0
2c: ( )
¢ -
(o} X ,
)
o, 8r-k-o _[Of X dx L F
= P o=
F o E-c j o -sin’(¢)-d¢
o )
T o 2 5 8k ¢
sin“(@)-dp=n d=—. - X dx
J ¢ ¢ F E -C J.Of
( 4.10)
Geometry of the defect
2c¢ : length of the defect (2¢ = 2B.r,)
23 : angle of the defect (in radians),
symmetrical position in refation to
the bending plane
4.10
o )
0, 8 ¢
e _ . . J‘ E}z X dx
M E -z7-r, -h-c
,F=M:
o=k-M
k=1/(x-r}-h)
p

30




" m

Oy = 0pCOS [ij =0, -Cos [i . cos(¢)) =0, -cos(,B . cos(¢))
L r

L 8k [ xedx
M E*.r,,f.h.c LZ”COS(ﬂ'COS(@)‘Sinz(¢)-d¢

[ cos(-cos(p))-sin’(p)-dp=¢- [ sin’(p)-dp =& n

Vi

0,
s 5 , ﬁ€|: 2j|

4 3
§=1—1.3574[£j +0.4642(£j 3tcosp

T T 4

% - * 82 'l'_rfz’X-dx

M rx-E -r-h-c § 0

m

C.
A16.7310  J, J | S

elpl

31



4.3

i)

LBB

Level A,B,C,D

(noxiousness)

32



n
(ai > 2ci) >
-1 4
iv)
3
1 2
v)
BS7910  R5/R6,
Ale,

Tearing Modulus
LBB

3
(a,,2¢,)
Qi) (2¢,)
(a;,2¢;)
3
2T;
42
(Instability) LBB
RCC-MR LBB
EPRI NRC LBB
(Tearing modulus) J-R
4.11

33



(ligament)

Small scale -  Transient - Steady state creep Instability
4.11
(2¢5)
a (2¢c, =2¢c;/a) { a
2
RCC-MR Al6
Jsin
( )
Jsin B
BS7910 . 4.12(a)
(o) t(l)
4.12(b) (L)
t(1,)

34




35

Cragk length Crack length
Creep crack I / Creep crack
growth H{I) ¢ P growth (1)
T
1:: CI‘EE.‘I’J l'LIpl'lJIE ICD{i] b tmcp. rupt[wc tI}Dﬂ)
[ 4Teanrans S— L/ T W
Time P Time
(a) (b)
4.12
LBB
Al6
An B . CA = CAinst
C :Cc = Ceinst
D : CD < CDinst
Ca, Ce, Cp A C D
CAinst, CCinsta CDinst CA, CC; CD
Cinst
JR-da Jsin
a,, 2C,
4.13(a) (ao) da Jr(da)
(Ky)
Sref 4.13(b)



Cref

(K[) Jel
J=Tk (F M)
2
Gre ' Egre ' K2
J, = e L | for mechnical load
2(o,,+0,) o, |\E
da
4.13(c)
4.13(c) M (JR)
I, g ,
Mhterial T, Curve Wonotorde M- JCure
Siress-strain -
ot -2 e -
Il Uhustable
. g > ]
Aa dﬂ Eruf Jmm
(a) (b) (©)
4.13 Jsin
A, B, C, D
U)
>
U=) —
=y
N § ]
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Tj (So)

U 1
S, 2/3 , Tertiary creep
80%, t 0.2%
1%
1%
1%
(W)
W=yl
k=1 ];c
te k Ty
Sy . W 1
A, B, C U 1
- U, 50(QP,)<1
Q RB3252
- Upc(P+®F)<1
) RB3252
D W 1

- W, pep(1.35QP ) <1

- WA,B,C,D (1 '35(PL +@F DY
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vi) LBB

LBB

|

= .

il |

an :
| | DEFA gha 25t

2T B ““'-!

|

!
D= SAAI

4.14

LBB

2¢, < 2¢c;

4.15
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-E;“;‘ 20120,
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|
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-WREHE 28 20l 20,

4.15
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(similar) , (dissimilar)
RS >
51
511
RS Vol. 7 )
CrMoV ( 2CrMo
) RS5 Vol. 4

. Vol. 7 Vol. 4

51.2
CrMoV
1
(feature)
(crack-like) ,
RS Vol. 2
(. ) . Type IV
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513

(1
)
3)
4
)
(6)

(7

514

2CrMo CrMoV

(ol C(t)
5.1.5 514

(' Young' modulus, Poisson’s ratio)

14 , 5.1
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(to)
1
3.
(=0 t=t, + t;)
10
4.
3
5.
NDT(Non Destructive Testing)
(5.1.5 ).
6.
Gref
K, K
7.
a,
D,
2 7
Tro

12

(R5

(t)

to + L

Appendix A3
R6

Tr0< 1:0 + 1:S

42
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STEF 1
STEP_Q
STEFP 3
STEF 4
ETEP 5
STEP &

SIEFS T & §

STEF ?

ETEF 12

STEF3 1t & 12

STEP 13

STEF 14

- Collect Input Data — PipeworkAWVeld i
f Deigils and Relevant Matcnaly Dale {

i ¥
Current Dperating Ti
| Dol ae Famare Sarvien Lif £ > |

f Delermine Sicady Load and Temperature History |
¥

| Calculat and Catsgorisc Elastic Uncracked Streascs I

I Define and Characterise Defect Size and Location I

Dietermine Raferenoe Stress and Stresc Intensity
Faclor Yaraiivns with Dolcot Six

| For Initial Conditiens Caiculae Rupture Life |
and Tims Independent (R&) Safoty Faztors

Calculaic Futare Crask Growth
least to & Time L, +1.25¢)

YES id

-

Y

[ e e SrepDapeee |

—>—|_ Porform Sensitivity Stadios. | 4
¥

Refinc the analysis, cg:

Adjust 1,

Otiain matcrial speciflc das,
Re-charactetiee defact,
Er-nsstss Operating £onditions
Improve siress analysis

5.1 R5Vol. 7
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Ao,
.1 R6
R6
9 12
9.
=0
10.
(t, + 1.25t) t
Appendix A6 ). ty
t <t t
t
11.
(t, + 1.25t) ty
Appendix A4 ). ty
D, <1
. D> 1
12.
.1 R6
aL

R6
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1

D,

(to + t)

.oap

.0

a

R6

R5 Appendix A5

(R5
t, + 1 Q
.t
(t, + t)
D (R5
(to + t5) D,
R6
(to + t5)



R6 . ap < 32( 10

t )

cap > ay (6 T+t )

13.

NDT

14.

515

CrMoV R5 Appendix Al 4
,RS  Vol.4

(i) Cr-Mo-V

(i1) Type IV

(1i1) (HAZ)

(iv) 2Cr-Mo

(b)
HAZ a : HAZ

(c) k
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- HAZ

- (butterng)
Welding) : o =1.5

- SAW(Submerged Arc Welding)

- (k)

, HAZ

ky :refine HAZ
k. :coarce HAZ

k RS A3
Appendix A3 )

(a)

.(R5 Al2
(< 40°) MMAW (Manual Metal Arc

(<40°) MMAW : o =9.0

(RS Appendix A3)

A6

RS Vol. 4
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HAZ

ca=1.5

)

5.1
effective k

K
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5.1

CONSTITUENT k Factor
ZONE Hoop Stress Dominant Axial Stress Dominant
Parent(CrMoV) 1.0 1.0
Type IV Zone 1.0 1.0
Refined HAZ 1.0 1.0
Coarse HAZ 1.4 1.0
Weld(2CrMo) 0.7 1.0
5.2
DB
RS
2.25Cr-1Mo ,
, 9Cr
RS (butt
weld)
2.25Cr-1Mo )
9Cr

PODIS(Prediction Of Damage In Service)
2.25Cr-1Mo, AISI 316SS ,

Type 316
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521

522

)

(hanger)

cross weld

A+B+C=1
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2)

weld

3)

N

(FSRF)

A Robinson time fraction rule

t.
4=
; tf (o-rup,i g Tz)
1 H tf (o-mp,i’Ti)
O-mp,i T
, B
Miner
N,
i Ny (Ag_j)
Az, . Ny(e))
(endurance)
( R5 A3 )
,C
c=Yn, Zt
k € f
k ) 81{
> k
R5 A4
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(5-2)

(5-2)

cross weld

(5-3)

(3-3)

Cross

(5-4)

(5-4)

dwell (shift)

, (rate)
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(5-1)

bound properties)

b

1) A:

-2.25Cr - 1Mo : Type316

-9Cr 1Mo :Type316

2.25Cr-1Mo
1.25

2) B:

(DMW)

cross weld

type 316

2.25Cr-1Mo

(FSRC)
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cross weld

cross weld

(lower bound)

(lower



3)

Dwell C
dwell
dwell
C ,
53
531
R6 BS7910
5.2
T- T- R6  BS7910 (transverse)
lo}itudinal
A I—)
t=50 transverse
250 normal
A _/
W=50 AL ﬂ; ¥
500
52 T- T-
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1.2

R6 (Tube
. s (Tube)
g L
DS 08 BS7910
% T-plate & Tub
§ 06 | / (T-plate & Tube)
3 el
N§ 0.2 |
0 L
R6 (T-plate)
-0.2 —
0 0.2 0.4 0.6 0.8 1
normalised position, y / W
53T- T-
R6 T- Upper bound
(bilinear) . R6 toe
) toe o
53
R6 To
c 0.5
= (_an (5-5)
o,V
Oyp >N > q (in J/s), v
(in mm/s), C
. Ferritic C=153Nmm/J, n=0.8
BS7910 5.2 T- butt
O s =0,,[0.97+ 2.3267(y/W)—24.125(y/ W)2 (5:6)
+42.485(y /W) =21.087(y/W)*]
y W 5.2 (5-6)
53

52



532

R6  BS7910
= T-butt
o Pipe on plate
aTubular T
12 o Tubular ¥
& Pipe But
4 Cold Bent ube
®oos @ Repair(pipe girth)
=
W
g 0.4
]
o
=
oo
=
E
204
o &
0.2 . * * *
u] 0.z 0.4 0.6 0.g 1
narm Aized position, p /e
(a) ( )
5 paon
u] 2 N pAde
hean + 250 & TLFE:I_IIEr
1 I o
&
EF‘- o
il hd
i
=3
"
2
g 15
=
_1 L L L L L L L L L
N 01 nz na n4 na
worracdfsed position, /W
(b) ( )
54

53



T- 52 toe A

, T- 52
crown C
(Mode I)
T- , T- , Y- , (cold bent tube)
54
'Mean'
(regression line) , 'Mean+2SD' SD (Standard Deviation)
. SD
'Mean+1SD' 68% ,
'Mean£2SD'  95%, 'Mean+3SD'  99.7%
'Mean+3SD'
5.4
5.5 ( )
( )
1.2
Mean + 250
.1 f
s Master curve
- 06 a3
E /\
% 0.z /
Mezn \
» :
'I:I_E L L L L L L : L L
u] oA 0.z 0.2 0.4 0.5
nornnlized podfion, /W
5.5
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(master

curve)
(o/0,=0) y/W=0.31 ,
/W=0) 'Mean+2SD' y (bilinear)
T- 5.5
5.5 3 (‘Mean+SD', 'Meant+2SD',
'Mean+Bend')
533
5.6 4 (4 Point Bend : 4PB) ,
) . 4PB
5.6 4PB
, (PE) (PS)

316H

=T

T
2 7

_ﬂ, residual stresses

far]

5.6
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13 |3
- < oW hadl
-[ T— 4FE- PE .
o —— ekl SRT SETON
. —— ek SR G355
0 - 0o e
" IPE-F5 i T
g cantle ver - ps il -
B s i 5 )
ﬁﬂa g 03 ¥
a Canllever-PE = [
E a v b
£ N weld (3355) z A-\_ 5 )
o | 2ol b =
& aF weld (5E02) = e 7
E = W'::"& .
Sa3 o3 s e il
e ey
L f .
-, -.
47 ] ‘rr"

1] 0.1 0.z 0.3 od 0.3 a 0.1 0.z 0.3 o4 0.3
norralised postion, ¥ wormalked poshtion, o

(@) (b)

5.7
5.6 T-
Built-in ,
4 b
5.9 . 7/
4 (4PB-PE) :
(Cantilever-PS)
5.7(b)
5.5
5.5 , +
(Mean+Bend) 5.8
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5.8

normalised sfress

—
]

o o
[ I 0 R

=
]

5.8

o o
[ I A B = 9

k 0 bt (MeardBend)
.

haster cure

B

5.8

0.1 0z

03 0.4 05

normaized posifion, W
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Part 2

1)
ii)
iii)

iv)

9Cr-1Mo-V

Part 1

NONSTA

59

ABSQUS

ANSYS
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Al

ABAQUS, ANSYS

All
A.l.1.1 (Isotropic Hardening)
A-1
Gl (¢}
A A
oy *+R
\ o //
0
Initail Surface
(o Present Surface O, A'/
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Oy

oy R( )
S =1 (0)-T(R)

fy I'(R)
. Prandtl-Reuss

1) hydrostatic ~ stress
oy=1/3Tr(oc) (deviatoric stress)
ii) c’ L)

J,(o)=0, :(go":o")”2
9 1/3
J3(O')=(Eo"-o":o")

1ii) (associated plasticity)  normality

de’ =dA@f 100)=3/2dA(0 " 5,)
dp=—dAef |0R)=dA=(2/3de" :de")

iv) von Mises

fzo-eq_R(p)_o-Y =0

de=de +dég?

1+v 1%
det =——do——d(Tr(o))]
Z Z (Tr(o))

ds’ = H(fg (o)1)
(o)

eq

. ABAQUS (multilinear)
ANSYS
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(Tangent modulus) A-2
- OA AB
o
B
C
E; i
1 J ;
1/2 gpmax Spmax € max €
A-2 -
Emax ET
AB
A
H’
e do _ do _ B
de? de—-dg® 1-E,/E
A.1.13
Bauzinger
Al.1.2 (Kinematic Hardening)
Bauschinger A-3

62



f=llo-X)-Kx

X (Back Stress)
1
X=C—(c-x)&
K

C (& ! K

Oy
o, c
A A
Present Surface
A )
\ X
J 0// >
Initail Surface
c, Op,
A-3
ABAQUS (multilinear)
ANSYS Chaboche
(Tangent modulus)
Al.13 (Combined Hardening Model)
. Prager
‘% = C( P)jj - Y&( i
C v C
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Limiting
Location
of X ;
2c¢
37

A-4

ABAQUS

B=bQ-R)R&

Q A-4

Yield Surface

omax

‘‘‘‘‘‘‘‘

Limit Surface _i o™

A4

X ~2/3

\/mo_ max

Bauschinger
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A.l2

Al.l1.1 (Creep Model)
1/3
A-5
3
€
pritnary  secondary tertiary
/ t
A-5
(primary) ,
(secondary) )
(tertiary)
Norton’s Power Law
?I‘ — Aql’l t m
s q
t ) Aa n, m m
ANSYS
A n
A-6 ol o2
tl ol
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ABAQUS
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Strain Hardening

/ o2

) ol then o2
Time Hardening °
ol
) Time tl t2 Time
A-6
ANSYS ABAQUS
Subroutine
Garofalo Blackburn
Blackburn
£ =Cll-e"]+ &
e =Cl-e ™+ C,[1-e ™1+ &
ANSYS
A.13 (Viscoplasticity M odel)
(Unified viscoplastic model)
, 304 316
ORNL
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independent plasticity)

(Viscoplasticity)

(1) ORNL
ORNL(Oak Ridge National Laboratory)
— et Rt oy
= & &
g g
2 PR
back : Ziegler
_ iy 1
dy = Zloy - agdde’ + agm
C
E"gj’- - E _Eiﬂ_ I o
éc# E @
U Mises
7 = aler (T
J— _ 3 )
A, n, m
(2) Robinson
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(Rate-

(Rate-dependent plasticity)

NE F9-5T

_a
=B

Norton



1978  Robinson

back drag
. Robinson
(&l) Robinson
JAGH * 3, ,
o Al - 1] Kﬁ? H 8, Z; >0 and K(Z,) K
’ { else
Sij Sij K drag
03] A n %
back (ai) I(Zy) 2 (second invariant)
back 1
back back
_ HG ey — R(TIG™ oy f og-ayz> 0 and G > Gy
a =
HG, 7"e, — RTIG® e, eke
H, m, B T [
G R
o= (;11,-}
¥y
R{(T} = R, exp{QL1/Ty — U/THh
H‘-ﬂll Rra Qra Tﬂl
drag : drag
Ks—(T}_‘Kﬂ:T} W Qﬁgg 1 1
i TWIT ) eXD _“_(_';TH{JT ]W’— 5Ta mp[*@u(?ﬂ - T)]T
K()a Q07 T() WP’ W07 Kia KS
W* = g &t

K = & [1-101-en(-q,/T- 1m0}

Ki= A+ B(T—-T) + C(T—T)
Wo = p + g(T— Ty
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A,B,C,p,q

(3) Ohno-Wang

Ohno-Wang
(Hardening/dynamic recovery format)
0
Armstrong  Frederick
Chaboche
A-F
Ohno-Wang
A-F
Ohno-Wang
(Dislocation)
V|
a M
a = iﬁ‘u!
(cross slip)
u
(04
(surface)
—Z
fi- = o;— VE =1
Heavyside ;, =v
— 3 1,
A= ke - HU A ,_:
s
}"'a = ";321 ¢ E "iaa. ?
1 w r o
ki (24 i = A/
a,
- 2T g - & a g
a; = Ry EE —H(}‘:'{E 'éa>
¥y
‘;3:?. = E__é{g
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Tﬂ;= E;{EHJE;—H(}P;}%T{?:E}E ]

3
Ohno-Wang v(k)
(k)
Vg = F( T g(Ry
Ohno-Wang CRIEPI
14 2 Caedon b ] &y
s, = .- fgd, — HUFY——— JHB C + L&
oy E,[Ezm{ ERA (rp g 8 Y
_ Lf 7 oo 1™ Asr » P
Loy = ;l[gm{ﬁ?m“iﬁ T, ) _ﬂ_ﬂm—m o | T S,
Ry

i=

ARY = LY(Rw" — Ry®) Ee;  (Ry" = Rg"
= LY(Rx® — Rg¥) Fep  (Ru® ¢ Ry"

Rus Ry - Rys
RHS[III — ﬂuf_b y
B = a, o ™ k (Tu
Res™ = a4y 0 ™ hy (Ty)
; (hardening index surface)

g = % (Eﬁ‘*_ E‘ﬁ}(ﬂﬁ‘*— E'ﬁ}_ D2= |

AP, = E (1—c) T acfvg
Ap = cr'fl_aﬁ'

Fo= vy acd fvacd o (=0 and vy Acf=0)
il

v, = 22 ]] dg  _dg
u aﬂéﬁ Eﬂzf SEE;,"#

Mgt = J% apd Apd
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0.5
(4) Chaboche

Chaboche
1977

Chaboche

( VéﬂE% “::: I:I)

S
Q|

Chaboche

Cijui

Hook's law

i ——p K
Gij_cijk/(gkl Sy~ &y

A 3 s-X
gp:_=

coe 20 Te-x)

. <J(s—X)—R—k

p: K > K=K0+aKR

. Back 2 back

, Bausinger

X=X +X,
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C,' ‘gg,f_7i(p)Xi p

2
3

l

X =

[ao +(1—a0)e"bp]

i

Vi

drag

b(O-R)p

R =
b

drag

Q

A.l4

()

(M

A-7

A-7

©C.v)

2
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2
/§§ =§C8$—7(P)1&/U

, - Tensile Peaks

S | =

A
o, :£tanh[728pJ+Q+K‘+K(8%)

4
(A-1)
Ae
9o, =£-y.sech2(}/—pj (A-1)
a8 7 2
2
A-8(a) Curve Fitting
—(Ae Y
2
A-8(b) K =n
—  A¢ 1
Ino,=nln 2" +In K
n-1
—( Ag
4o, =nK ( - j (A-2)
J Agp s
2
Ac/2-x InAc,
©)
©) @)
©
Ln(K)
Ag,/2 InAg /2
(a) (b)
A-8 K n
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(A-1) (A-2) Least Square
Method cly

2
c u c g,
f(_,yj: Fi——‘V‘SeChz(—pj
Y Z‘ Y 2

— 2
6_]; -0 = <= "Ilv .
0— y F-sech| 250
y r2F ;
N Ag Ag
5 ZF[I—V & tanh(yzpﬂ sec 2( ‘”j
af _ 0 — C i=1 -
4 4 stech“( ’”){l—mgpi tanh( ’”H
i=1
A-9 (¥,
c/y) Cy
350 C/r
300 =
o y = -0.848x +374.6
250 | R® =0.968
200 | : >
y =-0.606x +320.4 *
150 R? = 0.9098 .
100
* 1
2
50 _ ( 1)
— (2
0 r
0 50 100 150 200 250 300 350
A-9
(3) (b,Q)
B= b(0-R)R&

(cyclic hardening)

(cyclic softening)
Tensile Peaks /
A-10 Curve
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Fitting

b, Q

(T )i = (T Do

01 r

=]- eibp
(O-max )ss - (O-max )0
i ss
Q
Fitting for b

0.5

15

25

1-exn(-bp)
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A.2ABAQUS

ABAQUS
A2l (Classical metal plagticity )
standard Mises Hill  associated plastic flow
A.2.2 (Modelsfor metals subjected to cyclic loading)

(nonlinear isotropic/kinematic hardening model)

(Bauschinger effect)

- ABAQUS ORNL
ORNL ABAQUS
A.l4
A22.1 (Linear kinematic hardening model)
(o)
Ziegler
: | epl
a=C—(c—a)Z",
wpl C
1]
A222 (Nonlinear isotropic/kinematic hardening model)
ABAQUS Ver.5.6
A.1.1.3 . Ziegler
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Rectio-x) By X8
(o2

o’ :O'|0+Qw(1—e_bp)

X , P , G , o
C,v,b,and Q,,
Lemaitre ~ Chaboche ABAQUS Theory Manual
two surface Mroz model . Ziegler hardening law
X
dX Prager hardening rule
dX = e Cde?
3
de?
A.l4

(Cyclic hardening with plastic shakedown):

A-11

A = constant

a i TR0

amat

=7
3
i
w

stabilized

1

:

e 2 :
1

1

1

plastic shakedown = Ae = constant —=

A-11
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(Ratchetting):

A-12
4 1 2mffe|=5
mean
strass
11 2 -
i .
—— ratchet strain
A-12
(Relaxation of the mean stress): A-13
e
A-13
ABAQUS
*CYCLIC HARDENING, PARAMETERS ;
*CYCLIC HARDENING, USER ; user subroutine

*PLASTIC, HARDENING=COMBINED, DATA TYPE=PARAMETERS ;

*PLASTIC, HARDENING=COMBINED, DATA TYPE=HALF CYCLE ;

*PLASTIC, HARDENING=COMBINED, DATA TYPE=STABILIZED ;
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A.2.3 (Rate-dependent yield):

. ABAQUS
Drucker-Prager , crushable foam
ABAQUS
)
*PLASTIC, HARDENING=ISOTROPIC, RATE=2 !
Lol
*CYCLIC HARDENING, RATE== !
Lol
*DRUCKER PRAGER HARDENING, RATE=:= :
( )  ABAQUS
A.24 (Creep and swelling)
ABAQUS
deviatoric
ABAQUS Drucker-Prager
ABAQUS
Power-law
power-law
—l’-' — .{!i”fm .
;_r'l Ir;r
1[.

.4 Mises n -1 <m <0,

*CREEP, LAW=TIME
= (_Ju}“ [(m + 1).—'""]“’) .
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*CREEP, LAW=STRAIN

a1 f] ’ f'_:’

anisotropic

|'|||

e . . .
! 11, I'aa I'ss

|'||

*SWELLING
*RATIO
ABAQUS

*CREEP, LAW=USER
*SWELLING, LAW=USER

A.2.5 Two-layer viscoplasticity:

- A.l3
Mises  Hill -

ABAQUS

*VISCOUS, LAW=TIME or STRAIN or USER

*POTENTIAL

A.13.(4) Chaboche
ABAQUS
NONSTA . NONSTA  ABAQUS A4
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A.2.6 ORNL constitutive model

ORNL Oak Ridge National Laboratory
A.1.3.(1) . Nuclear Standard NE F 9-5T(Guidelines and Procedures for
Design of Class I Elevated Temperature Nuclear System Components) 304 SS 316 SS
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A.3ANSYS

ANSYS
ANSYS
A3l (Kinematic Hardening M odel)
ABAQUS
ANSYS BKIN (Bilinear Kinematic Hardening), MKIN(Multilinear Kinematic

Hardening), Nonlinear Kinematic Hardening Model = Chaboche

The Bilinear Kinematic Hardening (BKIN) :

A-14(a)
2
(Tangent Modulus)
A-14(a)
. MKIN
BKIN

MPTEMP,1,0,500 ! Define temperatures for Young's modulus
MP,EX,1,12E6,-8E3 ! CO and C1 terms for Young's modulus
TB,BKIN,1,2 ! Activate a data table
TBTEMP,0.0 ! Temperature = 0.0
TBDATA.1,44E3.1.2E6 ! Yield = 44.,000; Tangent modulus = 1.2E6
TBTEMP,500 ! Temperature = 500
TBDATA,1,29.33E3,0.8E6 !'Yield = 29,330; Tangent modulus = 0.8E6
TBLIST,BKIN, 1 ! List the data table
/XRANGE,0,0.01 ! X-axis of TBPLOT to extend from varepsilon=0 to 0.01
TBPLOT,BKIN, 1 ! Display the data table
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1

SIG

BkIM Table For Material 1

1

T1

SIG

T2

MM Table For Material 1

T1

T2

—
EPS

htultilinear Kinematic Hardening

(b)

A-14 Linear Kinematic Hardening Model of ANSY'S

The Nonlinear Kinematic Hardening (CHABOCHE)

Chaboche

MISO,

ANSYS

Chaboche

NLISO
NLISO
Chaboche
- n -
KoK
[
(back stress)
(

TB,CHABOCHE, 1
TBDATA,1.C1.C2.C3

Cl

k (=Yield stress), C2

L] b

BKIN
ABAQUS

n

ST e - yxp

C3
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MKIN

Chaboche

1 dC;
+__

6%,
C; d8

! Activate CHABOCHE data table
! Values for constants C1, C2, and C3

C Y1

BISO,



A.3.2 (I'sotropic Hardening M odel)

von Mises

BISO MISO NLISO

The Nonlinear Isotropic Hardening (NLISO) :
Voce A-15

il
R=k+R,&" .H,,[1 gt ]

k=
Ro , R, b= Voce
4
R, PoR, (1 e ™ ___d.p‘: -
et I-'l'l|.=::-_-s=_,_¢""..-""’.-’-ﬂf
=

=2l L

g | >

[ _,.-"'. T = K+

e
._.-"
-'.- h
Fiasic shan
A-15 Voce (NLISO)
TB,NLISO,1 ! Activate NLISO data table
TBTEMP,100 ! Define first temperature
TBDATA,1,C11,C12.,C13.,C14 ! Values for constants C11, C12, C13,
! C14 at first temperature

TBTEMP,200 ! Define second temperature
TBDATA,1,C21,C22.,C23.C24 ! Values for constants C21, C22, C23,

! C24 at second temperature

Cl=k,C2=Ro,C3=Rw,C4=D0
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A.3.3 (Creep Moddl)

(Stress relaxation)

ABAQUS
ANSYS
(implicit) (explicit)
. ANSYS
(User Creep)
(Implicit Creep)
TB Lab CREEP
A-1 2
TBTEMP TBDATA
TB,CREEP,1,1,4,2
TBTEMP,100
TBDATA,1,C1,C2,C3,C4
TBOPT 100
(Explicit Creep)
TB Lab CREEP
. TBDATA
TB,CREEP,1

TBDATA,1,C1,C2,C3,C4, ,C6

ANSYS
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TBOPT
TBOPT

TBOPT
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A-1 ANSYS Implicit Creep Models
TRIPT [ ot Eyuatian Type
1 Sientn Hurdening P . ek )0 Prifs ary
2 Tems Hardering .F[r 'C1I:'Ldt"" JE-L'I“ I:'|PI:I Primary
3 Cemeralizsd Exponential 1.-'|:r -':1!3‘:%_":. [ DﬁﬂmE_E.IT =0, Tyl Primary
4 | Ceneralized Oraham P ol o ol LI [P Primary
: =
gpr=T1-"")+0l L
5 Generalized Eluckbien e Prsa
f=CE™® raCyioiCy )™, g=cee®® | G0 “
1 m
f Modified Tins Hardeping | Scr = G2t e g 4 ) Cy0 Prisary
T Modified Btrin Hardening, | &y —[I:-T:lczh:ﬂgqnﬁ:n ]':‘-'L'I ]1'“:'“'?"3""[I e R0 Prifaary
B Ly gl
] Genepalized Cernfalo &gy = Cq[sinn(Cza)] B 0 Secondary
0 Expemeatsal fozm Esp -ClEarL?E_h“ ;50 Seeardary
. =L
10 Horon er -"-'31'2":'25' T ] Fecondary
By _E.In-':ztc'.ll'ﬂ&'c'l-n_ﬁ:l:? +1:I Priss ary +
11 Teme Hard Gy, G0
ardering +Cga e T 0 Swcondary
S cpt
g m Cp—. t
A T R PY T
o Prawuy +
12 Bl podyeanimzal LI ol ot Cy0 e
[ EFB%GG“. [ Cma.ﬁ'nc”
Temeralized Time =T e'EE” Tl Ta n.'-! & 53 F=Cy+C5o
13 H iy 19+ Ly 3 Frosaary
Lon ik Craig
C.1 Primary Explicit Creep Equation for C6 =0

C2

C3

C4

C4.1

2ep = O GCEENCSE—CMT

Primary Explicit Creep Equation for C6 = 1

Bop = Oy g- A -CaT

Primary Explicit Creep Equation for C6 =2

£y = Cqoe et

) Je
gor =10 a_tc

Double Exponential Creep Equation (C4 = 0)

g =g (1- e Mg (1- e My 2t

800 ~ 1100°F
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Primary Explicit Creep Equation for C6 = 9 (Annealed 304 Stainless Steel©

304SS




Cl=1 Blackburn

C.4.2 Rational Polynomial Creep Equation with Metric Units (C4 = 1)

2 + + gt

1+ pt
C4.1

C.5 Primary Explicit Creep Equation for C6 = 10 (Annealed 316 Stainless Steel)

316 SS C4l C4.2

C.6 Primary Explicit Creep Equation for C6 = 11 (Annealed 2 1/4 Cr - 1 Mo Low Alloy Steel)
. dz
Eop =0 —=
cr 1 at

C.7 Primary Explicit Creep Equation for C6 = 12
gop = MK (oMt M-T)

C.8 Primary Explicit Creep Equation for C6 Equals 13 (Sterling Power Function)

Eacc
A1 g3A+2E+0)

écr = B
Beage

C.9 Primary Explicit Creep Equation for C6 = 14
. e
£or =0 —
cr 1 at
C.10 Primary Explicit Creep Equation for C6 = 15
. dz cpt .
fer=01—= , gp+——+gnf, & - Cam _Cy :
or = at C 1+pt m Em=C2107" o (Cs mustnotbe negative)
C.11 Primary Explicit Creep Equation for C6 = 100
C6=100

C.12  Secondary Explicit Creep Equation for C12 =0
fep = CTEUICE E—CWIT
C.13  Secondary Explicit Creep Equation for C12 =1
fep =Cqoo8 g~ o1l T
C.14 Irradiation Induced Explicit Creep Equation for C66 = 5
ANSYS
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. =ity 5 T ;
gor = Cag oge 1105758 | CpBod

B=FG+C63
0 =

T=

Pty s = (neutron fluence)

e= (natural logarithm base)

t =

20% 316SS 700° ~ 1300°F
A.34 (Viscoplasticity)

(rolling) (deep drqwing)
ANSYS
ANSYS
ANSYS Anand VISCO106, VISCO107,
VISCO108
A.35 (Swelling)
USERSW
A.3.6 (Material Model Combinations)
ANSYS
A-2 .
A-2 Chaboche Voce
ABAQUS
A-2
A.13
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A-2 ANSYS

(Material Model Combination)

‘ Model | With ... | Combination Type ‘ Command, L abel
|P1asticity |Combined Hardening |Bilinear |E,BISO + TB,CHAB
|P1asticity |C0mbined Hardening |Multilinear |E,MISO +TB,CHAB
Plasticity |Combined Hardening [Nonlinear \TB,NLISO + TB,CHAB
|Viscop1asticity |Isotropic Hardening |Bilinear |E,BISO + TB,RATE
|Viscop1asticity |Isotropic Hardening |Multilinear |E,MISO +TB,RATE
|Viscoplasticity |Isotropic Hardening |Non1inear |E,NLISO + TB,RATE
Plasticity and Creep I sotropic Har dening Bilinear TB,BISO + TB,CREEP
(Implicit)
Plasticity and Creep Isotropic Hardening Multilinear TB,MISO + TB,CREEP
(Implicit)
Plasticity and Creep I sotropic Har dening Nonlinear TB,NLISO + TB,CREEP
(Implicit)
Plasticity and Creep Kinematic Hardening Bilinear TB,BKIN + TB,CREEP
(Implicit)
|Anisotropic Plasticity |Isotropic Hardening |Bilinear |E,HILL +TB,BISO
|Anisotropic Plasticity |Isotropic Hardening |Multilinear |E,HILL +TB,MISO
|Anisotropic Plasticity |Isotropic Hardening |Non1inear |E,HILL + TB,NLSIO
|Anisotropic Plasticity |Kinematic Hardening |Bilinear |E,HILL +TB,BKIN
Anisotropic Plasticity Kinematic Hardening Multilinear TB,HILL + TB,MKIN/
KINH
|Anisotr0pic Plasticity |Kinematic Hardening |Chab0che |E,HILL +TB,CHAB

Anisotropic Plasticity

Combined Hardening

Bilinear Isotropic and
Chaboche

TB,HILL + TB,BISO +
TB.CHAB

Anisotropic Plasticity Combined Hardening Multilinear Isotropic and |TB,HILL + TB,MISO +
Chaboche TB,CHAB

Anisotropic Plasticity Combined Hardening Nonlinear Isotropic and TB,HILL + TB,NLISO +
Chaboche TB,CHAB

Anisotropic Isotropic Hardening Bilinear TB,HILL + TB,RATE +
Viscoplasticity TB,BISO

Anisotropic Isotropic Hardening Multilinear TB,HILL + TB,RATE +
Viscoplasticity TB,MISO

Anisotropic Isotropic Hardening Nonlinear TB,HILL + TB,RATE +
Viscoplasticity TB,NLISO

Anisotropic Creep TB,HILL + TB,CREEP
(Implicit)

Anisotropic Creep and Isotropic Hardening Bilinear TB,HILL + TB,CREEP +
Plasticity (Implicit) TB,BISO

Anisotropic Creep and Isotropic Hardening Multilinear TB,HILL + TB,CREEP +
Plasticity (Implicit) TB,MISO

Anisotropic Creep and Isotropic Hardening Nonlinear TB,HILL + TB,CREEP +
Plasticity (Implicit) TB,NLISO

Anisotropic Creep and Kinematic Hardening Bilinear TB,HILL +

Plasticity (Implicit)

Hyperelasticity and Finite Strain Viscoelasticity [Nonlinear TB,HYPER + TB,VISCO
Viscoelasticity (Implicit)
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A.4NONSTA

A2 A3
ABAQUS  ANSYS
NONSTA
A.4.1 NONSTA-EP ( )
NONSTA-EP ABAQUS
ABAQUS A222
Ziegler Prager
. NONSTA-EP Chaboche .
(&) (&) (&),
(&)
&E=&+ &+ &
Hooke’s Law
&=E@& & - &)
Overstress equivalent plastic strain rate
3 8 sy — Xy
( ), 27 U= X)
Sij , Xij , J(s) second invariant

J(S—X)I\/%(SU—XU)I(SU.—Xg)

F=Js-X)-R-o,

Oy
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R=b(Q0-R) B

b Q

NOSTA-EP  ABAQUS

*material,name=
*depvar

*user material, constants= - R

*user subroutines, input=nonsta_ep.f : NONSTA-EP
ABAQUS C,yv,Q, b Al4
316SS ABAQUS

st st she sfe sfe sk she she ske st sie ke sk sk st sk st she she sk sfe ske sk ske sl ske sk sk sk sk st sk sk she sk she sk sfe ske sl ske sl stk sk skeoske st skeske skeskeskeskosk

**  ELEMENT PROPERTY
st e sie sk sfe st st sfe she sfe st sk sk she sfe sk sk s e sfe sfe sk sk e ske sfe sk stesie sk she sk st steske she sfe sk sk sk she she sk st sk s ske sk sfeokoskeoskesk sk
*SOLID SECTION, ELSET=EALL, MATERIAL=316SS

L,

sk sk okokosk ko odok sk kR sk okokok sk ook sk ook sk ok kR ok kR Rk ok Rk

** Material Definition : 316SS
sk sk sk sk ok ok ok o o s sk sk sk sk sk sk sk sk sk skosk ok sk sk ok e e sk sk stk sk skosk skoskosk sk ok ok
*MATERIAL, NAME=316SS
*DEPVAR

20
*USER MATERIAL, CONSTANTS=24
3,0,1,1,5,0,0,0
20,196000,0.3,1.d-5,0,0,0,0
20,162400,2800,8,60,82,0,0
*USER SUBROUTINE, INPUT=nonsta-ep.f

ABAQUS A222 NONSTA-EP
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ANSYS
(CHABOCHE)  Voce (NLISO)
A.4.2 NONSTA-VP ( )
. A 13 4) Chaboche
NONSTA-VP  Chaboche
10 21
10 . NONSTA-V
NONSTA-VP  ABAQUS
ABAQUS
NONSTA-VP
- USERINIT
- USERFUNC
- USERDERV  : Newton method
316 SS NONSTA-VP
ABAQUS
abq621 input=xxx job=xxx  user= nonsta-vp.f

** MATERIALS
ok
*MATERIAL, NAME=SS316
*DEPVAR
10

*USER MATERIAL, CONSTANTS=7

3, 05, 0.001,0, 1, 1, 1
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ABAQUS
Chaboche

ABAQUS

. Implicit

(sub-program)

. Version 6.2.1



(midpoint coefficient = 0.5)

. USERINIT
316SS

USER MATERIAL
Chaboche model 3
Newton
Chaboche

¢ material parameter for 316 stainless steel (600C)

C

param(1)= 149600.e+6 :E

param(2)= 0.309

param(3)= 1.870d-5 Ta

param(4)= 180.e+6

param(5)= 9.6
param(6)= 6.e+6

param(7)= 24801.e+6 :C

param(8)= 300

param(9)= 80.e+6

param(10)= 10

NONSTA-VP

Explicit Version

** MATERIALS

Implicit Version

NONSTA-VP2

sk sk okokok ook sk ook sk kokok ko odok sk ook sk kokok sk kok sk ok kR kok sk Rk

*MATERIAL, NAME=SS316
*USER MATERIAL, CONSTANTS=10
149760.e+6, 0.3, 6.e+6, 24800.e+6, 300, 10, 80.e+6, 150.e+6,

12, 1
*DEPVAR
20,

¢ parameter definition

EMOD  =PROPS(1)
ENU =PROPS(2)
SYIELDO = PROPS(3)
C = PROPS(4)
GAMMA = PROPS(5)
B = PROPS(6)

NONSTA-VP2
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(DEPVAR)

GMR

(RTOL)

10



Q =PROPS(7) :Q

EK =PROPS(8) 'K
EN =PROPS(9) ‘n
THETA =PROPS(10) 0
K, n .
DSA(Danamic Strain Aging) NSRE
NSRE
1
o,=K (4&)” K,n
A.4.3 CREEP-BB1 ( )
( Later)

94
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