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ABSTRACT G0y - 0.2% Proof Stress , Unaged 0.2% Proof Stress

Cast duplex stamnless steels of CFEM and CFS are wsed in Gn - Tensile Strength
majoer compenents becanse of their supertor characteristics. such Gg. 0 - Flow Stress . Unaged Flow Sfess
as corresiom resistance. weldability, and so on. However. these . G E

. ) N ¥ - Uyl
stainless steels are known to have tendency of thennal aging £ Vomne's fodulus
embritilement after long term service. Therefore, the mechanical < - Srandard Deviation

raperties have be mvestigate -_"T'l'-"~§_"«"'a_‘ N . . .
pmp?ﬂc“s }m ] beel} 131weﬁfx:ated using Ex.xmle t:es ‘spfgmms . - Initiation Time of Tertiary Embrittleraent
and fracture toughness specimens aged at 300 to 430°C forup to APFIM - Atorn Probe Field Ion Microscopy

40,000 houws.

From the results, the effects of thermal aging on the
mechanical properties of these cast duplex stainless steels were
wentified. The true stress-true strain curve prediction method
{TSS model} and fracture toughness prediction method (H3T
meodel} after long ferm service were established. These
prediction methods are used for the evaluation on the plaat life
management of nuclear powey plaits w Japan.

NOMENCLATURE
v : Charpy Absorbed Energy ()
CVRT : Charpy Absorbed Energy at Room Temperature
CVHT : Charpy Absorbed Energy at High Temperature
(325°C)

Aa : Stable Crack Extension
TSS model - True Stress-Trve Strais model
H3T model : Hyperbolic Time Temperature Toughness

1. INTRODUCTION

Cast duplex stamnless steel, such as CF8M (SCS14A), CF8
{SCS13A), et 15 used for major commponents because of its
excellent corrosion resistance, weldabiliy, and so on.  However,
recent studies have reported that the mechanical properties of
ihese cast duplex stainless sieels have rendency of themmal agiug
embrittlernent  after long term  service at relatively low
temperanues between about 300 and 430°C* P, Thevefore, it is
secessary 1o comprehend the aging behavior of cast duplex
statnfess steel and confribute to the assessiment of material
degradation.

Seven kinds of cast duplex stainless steels of 70 ro 140 num in
thickness were prepared in order to mvestizgate the effect of the
ferrite content on the thermal aging of cast duplex stainiess steel.
These tesi materials were long tenm heated at 200 o 450°C (up

to 46,000 howrs) and used for the rests® % Tensile tests,

model ) . N ) i
T - T Inteeral Value at the Initiation of Crack Charpy impact tests, and fracture toughuess tests were carried
i P 214 dais il < i B N . . -
Extension out to mvestigate the mechanical property changes due to
Iy - T teeral Value at the Initiation of Crack thernal ag?z%'"c In addition. the microstructure changes were
g i - i B Y1)
Extension Defined in ASTM E813-5¢ mvestigated™ 7
] - T Inteoral Value at A a=6mm At the samie time as the above test programs, we also analyzed
& < d 7 < 2x A= .. " .
}.‘;, 'Fen'it: Conient existing data. aud developed the true siress-nue smain curve
£ N - < s S = .
Cre - Clronyinm Ecuivalent prediction method (T8S model) and fracture toughness (Jy. Jg
Fa= & PR v ~ : . - s n >
_,3 . - J-Ag cwve) prediction method (H3T modely for long term
Nieg : Nicke! Equivalent service B0
P T Aging Parameter : ’
R : (zas Constant
Q : Activation Energy
Table 1 Chemical Compgosition
[ . P Production , Chenucal compositton (Wit}
| Reterence Materzal nerhod Mark N i T i N
I A 0 Z16
I CF &M Z:
| Twis (SCS14A) £
| Sindy - 2.
> 3.
! ¢ SC%:I.EA} Stasic casting 2
Cenmrifugal ::
(X0} Base . e .:‘
I 4 G070 _2
Ssyzaades wetsl G050 3
B-G 0.040 0.
4.065 2.58
2 Bage 68 0,063 0.31 g
Chopra mietal #1 0,036 .04 0,056
Pz 0.019 016 | 608
(BCS16A) & 0.023 034 | 002%
# [ Feprite content of base metal was calealated by ASTM AS00 (%)
1 Copyright € 2005 by ASME




2. TEST METHODS

The uhenucﬂ compositions of the base metals are shown in
Table 159 The base metals are mainly centrifugal cast pipes
{thickness is approximately 70 muy} of CPFEM (hereinafter
referred to as CEFSM) (SCS14A) having ferrite contents of
approximately 10 10 26% {calculated by ASTM ARO00), and the
rest were CPFS (heremafter referred to as CF8) {SCS13A) or the
cquivalent not containing Mo, The plate thickness of the static
casting is approximately 140 mmm. The table 1 shows materials
used in the other studies™® For the caloulation of the ferite
contents (F%) in the base metfals, the followmg equation
obtatned from the drawing of ASTM 3 by multiple
regresston analysis was used.

Foo{% ) = 4834366 — 56.80472X + 134.641X°

—99.00123X° £ 3002316% 7 e (0
X = Creq/Nieg
Creg = Cr + 1.5 % S1 + 1.4 x Mo + Nh— 4.99

Nieg = Ni+30%C+05xMn+ 26 «{N-0.02)+277
Where C. 8i, Ma. Cr. Mo, Ni, Mo, Nb are in w1.%

The test materials were heated at the aging temperatures of
300, 350, 400, and 450°C for up to 40,000 hours, and the
following tests were cartied our.  For the tensile tests, round bar
tengile test specimens of 10 mm in diameter were used. The
fests were carried out at room femperanue and 325°C in
accordance with ASTM A370 and ASTM ES.  For the nupact
tests, Charpy mupact test specimens of 10mm thickness with
2mm Vepoteh weye used.  These tests were also carried out at
room femperature and 325°C in accordance with ASTM A370
and ASTM E23. For the fracture toughpess tests, 1TCT test
specimens as described in ASTM E813-83 were used.  The
tests were carried ouf in accordance with ASTM E813-89,

In this study, Jg 1s expressed as B even if it is wmvalid.  The
fracture toughness values with a siable crack exiention Aa of 6
nua were obtained from the J-Aa curve, and expressed as Jg.

3. AGING PARAMETER

The degree of embrittlement can be obtained using the
Arrhenins extrapolation of fest data at higher temperatiwe.  The
aging time to reach a given degree of embnttlement at different
temperatiures can be determined from the following eqﬁarion(&

-

D) f
= Log, (z)r044 Qf L
Rl

(2]
where 15 the activation energy (100 kI'moly, T 1s the aging

remperature (K3, t s the aging time (hours)y, R is the gas constant
(B.008368 klimiol K), and P is the aging parameter.

4, EXPERIMENTAL RESULTS
4.1 Tensile Properties

Fig. 1 shows examples of the changes of the 0.2% proof stress
aud tensile strength for the base metal aged at 300, 330, 400°C.

It 15 recognized that the tensile strength tends 1o increase with
aging time. but the 0.2% proof swess doees not seem 1o change.
This tensile strength increasing tendency grows with increasing
agmg remperafre.  The reason why the proof siress is not
affected by theral aging is considered to be that tensile strain
ovears mainly in the austenite phase up to the 0.2% proof stress.
Namelv, i 15 considered that hardening due to rthermal aging
occws mwaindy i the ferrtte phase, and the austenite phase is not
changed by agiag.

Usmg these data, as described below, the true stress-stramn
curve prediction model after long term aging was studied.

Mo

oyt Tanaile strangih E
o, D25 proot stress b
£ g
£ & % 8
3 y ¢ H ‘
- & L4 . b
&
. 4
&  a 8 S
-~ 8. 1
s § 4 x j
Iy - ; N i .
g 10000 20000 30500 45800 50000

Timg (howrs?
Fig. 1 Effect of Aging on Tensile Properties
{No. A-A, CF8M, F2%=1{.3%)

4.2 Charpy Impact Test Properties

Fig. 2% shows the change in the Charpy absorbed energy (at
C) due to aping for the base metals agad at 300, 350, and
400°C..  The Charpy absorbed emergy reduces more with
increasing aging temperatire,  In addition, the bigher the ferrite
cantent 13, the lower the toughness after aging becomes.

f{e —
s ) i : ! £ging Tam.
a0
5 & BEOT
= AGUF £3oasne
Fittivg ey by 107 aabi
"
& 3&%‘4% ]
&
B, ‘
B 2
§ 230
§ B
i
5 10 i
8 : : ; ; : . X ; :
e jenTy WH00 HOGCD 50060 50B0U

T (hours?

Fig. 2 Effect of Aging Time on Charpy Absorbed Energy
{No. A-A, CF8M, F80=10.3%}

The change in the toughness of all waterials tends to
saturate after heating at 400°C for 20,000 to 40000 hows. In
this figire, the fitting curve by the toughness prediction model
{H3T) mentionzad below is also shown.

4.3 Fracture Toughness Properties
Fig. 3 shows the J-Aa cwives of the base mefal (A-A
material) with aging at 400 )C. The slope of the J-Aa aurve

3000 S,
Tost Temp. 325°C Aged Tamp. : 400°C
3 B 0 Unage
2800 G 30h
O wom
- A 3000h
& 2000 W 10000h
3 * 250000
< a0 e @ o500
Lt F%=10.3%
1000 “W -
»
560
5 6 8 0 12

Aw (e}
Fig. 3  J-Aacuyve
(Aging Temp. : 400°C, No. A-A, F%=10.3%)
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tends to reduce as aging progresses. The Jy, change due to
thermal aging shows a tendency similar to that of the Charpy
absarbed enerey, and fends to decrease more with mereasing
agiig femperature.

The aging parameters artanged with respect to Jg (7 integral
valure at  Ap=6 nun} are shown wm Fig. 4. Aging data for
temperatures 1 the range of 300 to 450°C are well correlated
with the agiitg parameters P

4.4 Transiission Electron Microscopy

Transmission  electvon  microscopy (TEM) analysis was
cagvied oni.

Two basic features of the fertue phase sub-stucture were
wlentified by the TEM analvsis of thin fmls m aged material.
The first. is the so-called mortled 1mage { «’ phase}, typically
with contrast variations and the second, the presence of a
G-plase, homogeneously distributed in ferite for the material
aged at 430°C for 3,000 and 10,000 hours™.

The profiles of conceniration of Fe aud Cr 1n the femite phase
have been mvestigated for CF8M by APFIM befone and after
aging, It was recognized that rhe amplification of Cr
coucentration of ferrite phase atter the thermal aging was larger
than that for unaged material and thewr ferite phases are
separated.

12000 o
W o
J integral value at gmm%’“‘ma@
35@”{:%
a 7 400°C
@ o a0
100G
g
2
E1
1003
Test Temp. 425°C
Pt T)=log(t}+0.4343 * (C/RKTBT3.2-17T)
«Q= 100k mol, R=0.008368>
W% P(?T} &
Yol 10w 0t o g g
B e - = Al
001 e
L LA i i
i {hours}

Fig. 4 J, and Aging Parameter P (No. A-A, F%=10.3%)

9

Fig. shows the illustration tor the mechanisin of thermal
aging embritlement w duplex stainless steels.  Before thermal
aging, the Cr concentration of the ferrite phase 13 approximately
25%. However, the ferrite phase is separated wto the o * phase
{Cr rich phase) with a Cr concentration of 7¢ to 84% and the o
phase {Fe rich phase) with a small Cr concentration and a high
Fe concentration by the thermal aging. Therefore, it is clear that
thermal aging embrittlement is mainly caused by the phase
separation {spinodal decomposition)

5, DEVELOPMENT QF PREDICTION MODELS
5.1 Prediction Method of True Stress-True Strain Curve
{TSS Model)
Based on aging tests for predicting the stress- strain curve
afier thermal aging, we have developed a prediction method

Wi

 Ausienite phase (7) |+ [Fonie phase (4} |

L& phase (Gr rich phase)]

@ pvme (Wil o 2 phasa: 1am)

Fig. 5 Mechanism of Thermal Aging Embritilement for
Cast Duplex Stainless Steels

(ISS  model: Tme Stress-True  Strain  model). For  the
development of this model, the results of the tension tests of the
base mietals aged at aging femperatures of 300, 350, and 400°C
for up to 40,000 howrs in this smdy(gj were used.

The stress-strain data at 323°C obtained by the aging tests
were applied to the Ramberg-Osgood stress-strain equation
shown below, andnand « were obrained.

4 \"

&

o |1
— = g7
v Oy ‘\ ’
where ¢ is frue siress (MPa) | ¢ is true stain ; 15 0.2% proof
stress jaud ¢ o 15 0 B ) 18 o, constant ; 18 au exponent; E
is Young's modulus {(174000MPa at 325 3

The relationship between cach of the 0.2% proof stress (o )
and flow siress (uyg) of unaged material and chemical
composifton (ferrite content. €, efe} was obfamed using
nultiple regression analysis. Analvsis for o g is shown in Fig.
6.

N
400 | i s
Test Temp, 325°C -
&8 D 0 | ? —2S
| 1 675{
| (3]
~ A A G
£ 350 I Biat oo
= 5P
b
“
o
<«
2 300
o
> i
= i
£ |
@«
= i
5 i
g / | ;
| !
| !
! H
o 1o (MP) =106, 472+6. 06 x F§+16. 082 x Wo+1535. 398 % ¢
| . | &7.2%
200
200 250 300 350 400

Prediction value of o= (MPa)
Fig. 6 Comparison of Experimental Values and Prediction
Values for Unaged Flow Stress o5
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ui,

in order fo know a change in ¢, and o ¢ after thermal

aging, the ratios of o /oy and o ¢ o 5, after thermal aging are
obtamed m relation to the aging parameters as shown for o¢in

Fig. 7.

Based on the relationship of « ¢ after thermal aging thus

obtained. nand « after thermal aging can be obiained as shown

m Fig,

shown 1n Table 2.

& {F99<23%). The predicuon eqnattons thus set are
Using the prediction equations of o, a. ay.

and v 1 the true stress-true strain curve atfter thermal aging can

be predicred from the chenical compusition.

The predicting

procedure in the tiue stress-true strain curve predichon method
after thermal aging is shown i Fig. 9.

Table 2

True Stress-Strain Prediction Equations
(TSS model, Temp:3257C)

o
A

Prediction equation (tnged)

rt16.062
%) caleutate:
S CMTR {wi%a)

Prediction eqnation {afer aging}

ol ¥ = XX (-0.012)H7 3050

av/an

nute : Pit, D=log(H)+H.3333-{Q R} 23T T 0K 12 hoars,
3 1 1W0klimel, R : 5008368k /mal &

2
P, T)slog(1)+0.4343 * (QUR)(1/673.2-1/T)
1 3 . @=100KJ/mol, R=0.008368kimoi-K

0/ O w={141.161)2-(1-1.161)
2 % tanh((P(L.T}-2.996)/0.929)
=0, 051

=
o2

0.6+
64 Test Temp. 325°C

1 G 4 [ I DA +4

021 | AA ABACADAEAFAG

o o TYTTTTY 3 4 5
P {1}
¢ 5 3 5 ¢
438 10 10 /10~ ‘ 1 - 10
4 - N =
350 S
300 =
10° 10° 1w 1w
t thours)

Fig. 7 Ratio of Flow Stress (o ;/ 0 ) Versus P{t, 1), F%<23%

4

1 true stregs-strain Curue ———*{ W elablishmient of pradiction model

{(Fo%<23%)

i

35{{WW
&y (k‘PB}
. 7 (Fo%<23%)
. HR g X LDIE T i

ARSI Sp—

200 250 300

a0 Ta 450 soo
o (WPa}
Fig.8 n,« and flow stress o,

Experinent Uata
-300,350,400°C x 0~Max.40,000H
G, Oy 0-& Curve
1
v ¥
Selechion n,o by fitting for . O and chermical comp.
Ramberg-Osgood sg %
v4 SN O | 3P
i ‘(/‘*’ 5 o, o) L
»
4
N, o and g
Aging Prsamenss B, 7)
l Predicon equation of n, ¢, &, O, in aged condition | Table2 I
S Dats Input | CMTR Chemi Comp. G, Si, Mn, Mi, Cr, Mo, N)
Aging Condition (T . ¥, ¥~ hours)
Fo% by ASTR ABQG, P, T) Cawcutation ‘
[ Unaged ; ¢ w {Ave.}eq.{a}, o iAve}eq. (b}
Yes
F5e3% F%223% 1

Aged a, {Ave, 28, -28) --eq. (c}
Aged o, {Ave, +28, -28) -eq. (8}

Aged o {Ave, +28, -28) eq. (d)
Aged 6,{Ave, +2S,-28)--6q. (B}

Fredicted Ave. valite - Ave. (7, 0}, Ave {n, )

Predicted Upper value (+28)
Predicted Lower value {-28) ©

S{o, 6.}, 28n &)
(7, 0,3, %S, @)

Fig. 9 Estimation Process of Predicted True Stain-Stress

Curve (TSS moded)
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The experimental data and predicted true stress-ume strain
curve after thermal aging are shown m Fig 100 The
experimental data and predicted true stress the trae strain auves
are rather comparable with each other.

800,

400°C # 40000R
No. A-A, F=10.3% Uspor Carve (425)... .-
500 Test Temp.325°C e
& 400 e
F Prodicted Auerage Curve...
iéi 3007 e Lower Curve (-28)
3 e 1w BT A T
H e - -
=
200
1807;

o

4 5 TE VTR § e
True strain (%)

Fig, 10 Experimental Data and Predicted True Stress-True
Strain Curve by TSS Model

5.2 Prediction Method of Fracture Toughness
(H3T Model)

The toughness degradation prediction model has been
developed on the basis of the H3T (Hyperbolic-Time-
Temperatre-Toughness) model.  The H3T model expresses the
relationship of the Chaipy absorbed energy, J.. and J; to the
aging time wih the followmg hyperbolic function as shown in
Fig. 11 W Using the results™ of this study and document
dam™ ™, the H3T model has been devetoped

(‘V”‘j e P P (4}

i

e = A+
t+C

where,

t o Aging fime, hours

A Fully aged toughness, ki/m?

B - Constant relating to aging temperature

C : Constant relating to aging time

Now it 18 assumed that B = exp (VT + Co) and D = Q/R.
where T 15 the aging temyperature, Co 1s 3 constant, and R is the
gas constant. When Tis T, Bis B, When T =T, Bis By,

BB, =explDU/T,-1/T)] -

BB =expl(Q/RYV T -1/ T3] o e {6)

The activaiion energy Q (kl‘mole) obtained from the
femperature dependence of B is defined to be the embrittlement
activation energy.

On the other hand. the mitiation activation energy F is defined
from the femperature dependence of the initisfion tine of
tertiary embrittlement tr, as shown mn Fig. 11 namely

7;; Pty w exp[(F /R)(1 T —I}:)j e (T)

L

From equation (4), the relational expression B at temperatures T}
and T; i as shown below.

B; B

[T SIS S A

F; ! F; Y
Frowm equation (). tg + Cj at T; 1s determined using w + Gy at T
as shown below.

Next, fom equation (4), the equations of embrittlement
prediction model at temiperatures T; and Ty 15 as shown below.
By
M i ~ A —
r

o

Toughness data
+300. 350, 400°C x O ~ 40,000h

OV, J,, Jg

Fitting curve of H3 1 modal

s
b
Yy,

-
T C
M:QV, by s

l

! Regression Analysis of relation
| between constent A, B, C and
| chemical composition

|

M=A+

A, 8, C: Constant

Establishmatit of prediction mode!

ot &, ¥, £

! Chemical
| Compaosition .

R e biishment of
‘ prediction equation{Table 3)

Ferrite content using
ASTM ABOQ

l Calcutation of constant A, B, C l

B
Cvoor Joor Jo= AT

[

Caleulation of C;, C,, for J -
Aa curve using J,, and Jg value

Prediction of toughness

Syt -
IR SR A3 atdy,

Jie
=0.2+ ?‘-z—

Fig. 11 Flow Chart of The Toughness Prediction Model
(H3T Modeh)

‘g._"‘_ FE DO P USSR RS UPTNN {1ty
t+ C}\,

From these equations, the toughuess Mg ar any temperature Ty,
can be caleulated using a constant at T, and Q and F as follows.

r e
8 o 20T, —107;]
I

{ IVQ : N
EE irF' + Yy fexp} —;-(l T -5

!

LR A

Fig. 11 shows the flow chart of the tonghness prediction
model.  First, the data for the aging temperamre of 400°C is
fitted with the H3T model to obtain the constaut A (the fully
aged lowest toughness).  With this constant A determined, the
data for aging at 300 and 350°C are fitted with the H3T model
fo obtain the constant B and C at the agmyg temperatuies of 300
and 330°C . By obtaining the velationship of the above
constauts A, B, and € to the chemical composition, the
prediction expression can be obtained. Fiz.o 12 shows the
relation of the censtant A (affer full aging) of ;. fo the ferrite
content.

Table 3% shows the H3T model for absorbed evergy at room
temperature and 325°C, fracture toughness at 325°C, the
constant A of Jp and Jg {the fully aged lowest toughness)
obtained in the sanie mamner when the operating temperature is
323, Fig. 13 shows the applicable flow chart for the H3T
model.
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Fully aged

Tast temp.325°C
.

i
!
|

[

Predicted
A¢f.Vaixle

0
Ferrite content : F% (ABDG)

Fig. 12 Fully Aged Toughness Constant A of 323°C J;, versus F%

Cage 1
[ Operating Temp. | cMTR : Chemical composition |
Ty 57 328°CY 3
i Fetrite content calculation {ASTM ABDO diagram) ‘
[ Selection of operation temp ]
] Caiculation of ; A, B ys, faps, 4+ C 5 3t 325°C ©-Table 3 |
. I _
—
¥
o} T RS
CVordeords=A+ 3 BV O —tom
Case I
{ Operating Temp.
Ty is not 325°CY d

Q= 100kJ / mol F = 100K / mol !

+

i Caiculation of toughness at Temp. T,  -+» 8q. (12} ]

Fig. 13  Estimation Process of Toughness Prediction Model
{(H3T Model)

When the operating temperature is different from 3237C, the
predichion model can be evaluated comservatively using the
activation etiergy Q = 100 ki‘mole.

In evaluating the mtegnitv of duplex stamless steels after
thermal aging, fracture mechanics method may be used and,
therefore, 1t is important to predict the J-Aa corve.  When the
Jie and Jg values at an optional aging condition are obtained, the
J-Aa curve ean be obtained by the following equation with the
H3T model by grvmg the flow stress as shown m Fig. 11, and
the integrity can be evaluated.

J=0 (‘_\(J)CA '

Fig. 14 shows predicted fracture tonghsess (J-Aa curves:
average and -28 lower bound curve} for No. A-A material after
fully agms.

The lower bound (dotted lme) by the H3T model was found to
have a conservative prediction accuracy.

Table 3 Constants of Fully Aged Toughness Prediction Model
when the Operating Temperature is 325C (H3T Model)

e Predicted squation [
— e -
A Loge (4 of CV-RY 0141
Logie Bau 0.2621
CVRT
{Chapy Logistey:
1124
(s Logso {trC 0.1597
- Logre (A of CY-HI
A GOV T
A OeiA OrLARRES 01638
Logy Bis™
CV-HY Bos 0.1606
{Uhaspy
aosorbed Logiz tr3us=
$rans 00743
(o Chazy Logio =t 01454
o (4 of T =
A Logie fA of 3-HTz 0.2518
Bas L5814
tras 02732
0.1417
A 01.1490
Logio Baae= 0.1783
Logic e
Srazs 0.0892
(e Clias 3 G.0702
21648 X Mo

nate; FY5 © Ferrtde contant(%%) by ASTM AB00 deagram: €. Sz, Mn. Cr, N Mo, N (wide)

Scm e AL bl 5L A M 5 A S B s omarms e A — [ —,
L HoAeA
ean | ADD L0000 Aged
=0 Pl 5 v
2600 Y vaﬁe}éd Aarags

o {Fully Agedy

\\ Prodictad Lowsy
Sdelueve (S22 %, Fully aged)

& 8 t0

A almnt

Fig. 14 Predicted J- A a Curve for Fully Aged Toughness
No. A-A, 400°C X 40000H)

6. SUMMARY AND CONCLUSIONS
The mechanical tests were carried cut for cast duplex stainless

steels (CF8M, CF8) aged np o 40000 hours. The results

obfained can be summarized as follows.

(1) The Charpy absorbed energy and fiacture toughness ave
lowered and tensile strength is inereased with aging time.
From the results of the elecwon microscopy and the APFINM
analvsis, the thermal aging embrittlement was verified to be
caused by phase separation in the ferrite pliase.

(2} Using the aging data up fo 40000 hows, the tensile
properties (lrue stress-true strain curve) prediction method
{188 model) for long term aging was developed.
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{3} In the same manner, the fracture foughness Jp.. Iz J-Aa curve
prediction method (H3T model) for long term aging was
developed.
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3 ISR H 3 T8 7/ R O F IR, SCRRILIC AR 0D 408 702 bR OB
LW L 0 % 2 R R A 2Ty - LTROE TR H B,

HARANZESCRNICHE V. BUF oo a2 2 EnmH LTl 2 (X5 5,

Bexp [ (/T - 1/1)]

Je=A+
E+ (tr + Oexp [$ (1/Ty — 1/T)] ~ trexp [5 (/T — 1/T)]

ZIZT LROBEIZUTTH S,
0= 100 kJ/mol,
F=100 kJ/mol,
R=0.008368 kJ/mol K,
Ti=598.2 K (= 325+273.2 C).
T = JEESEE R AHEE) [KITH Y |
H/L =/L3R# : Ti=5982 K (=325+273.2 C).
CO/L /UM« T =563.2K (=290+273.2 C).

AL B, tr+ C RO 1 (3 FEIRE I OV FRRAR S LT
SERIHE -

Logio 4 =3.6699 - 0.0490 X F%

Logio B=-1.7907 + 0.4130 X Cr

Logio tr = 7.6362 - 0.3670 X Ni- 16.108 X N

Logio(tr + C) = -2.9645 + 0.3438 X Cr - 0.1648 X Mo
TR (FEERAS O 2XS 25 ) -

Logio A =3.6699 - 0.0490 X F% - 2X0.1490

Logio B=-1.7907 + 04130 X Cr-2X0.1783

Logio t5=7.6362 - 0.3670 X Ni - 16.108 X N - 2X0.0892

Logo(tr + C) = -2.9645 + 0.3438 X Cr - 0.1648 X Mo +2X0.0702
T D,
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