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T (ISR T FIRP  FPR Y HATE 3
Shingledeckerfﬁjlj = }fljf T EEIfE ™ ?J J. Parker ~ J. Siefert -~ D.
Purdy - E. Owensby = * > Ji F,‘TIEFG T [ﬁjfpﬁ'dfﬁﬁziﬁ » SHE 2 BRI
ﬁ“éj :
A. Improved materials selection guidance and procurement
specifications.
B. Guidance and best practices for welding and repair of
high-temperature components.
C. Reduction of failures from high and low-temperature
corrosion.
D. Understanding damage mechanisms due to increased
cyclic service.
E. In-depth knowledge of advanced alloys and fabrication
processes.

F. Technology transfer of key metallurgical information utilizing

web-based tools.
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Day Meeting _________|Who Can Attend

Monday 8am-12 T23/24 Supplemental Project Supplemental Project

Monday 1-5pm Gr. 92 Supplemental Project T unders Only

Tuesday 8am-12 Grade 91 Weld Repair

Tuesday 1-5pm Hardface Cracking
Supplemental Project

Wednesday 8am-5pm  EPRI Material's Forum Open to All

Thursday 8am-12 -Crgep-_Fatigue _ -Free to P87 Members
*Oxidation/Corrosion -Small fee for non-
*\Weld Repair Members

Thursday 1-5pm EPRI Program 87 Technology EPRI Fossil Materials &

Friday 8am-12 Transfer Meeting: SPT, heat- Repair (P87) Funders
treatment, Temperbead Only

Maximize Value for Program 87 Participants & Engage Industry
| on Critical and Emerging Materials Issues

A2 SRS AT

v RSPV o EPRI TR /1R PBT PRHHAT £
i/[lﬁ%ﬁlBFf%ﬁ AN St "F 71+ Fossil Materials Research J\F'J;fﬁiﬁrél“
BRI - ARG 4 B - I ARIE = o0 e
A PV EEPATRET S (P87) ~ F7H 0~5 & VLA
SATFPRIFG IS - 29 S P (ST~ T -

B. qRSIERTE (T B (5-20 ) PR - [ E
ARG AW eV ATR] 5 -

C. MR S o2t s - ARG MSeTE - DOE ff7ev2)
G GFR PR AR W) VI R@ e (Creep

Strength Enhanced Ferritic, CSEF) i = SRR -
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e
A.8 5] 20~22 [ 1 P87 FHikdtl 3 #iai - ntguﬂ' EPRI df
B R .
B.10 *| 21~25 [ > EPRI 57+ % _Pﬁﬂrﬁﬂ N Fki 2 Grade
92-23%F 24 VHPRFSCEH] > Grade 91 PRI B S R e
Hardface Disbonding j#-42Ff 5= FGD ’ﬁ@%ﬁ% TS B

BT -
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Pre-EPRI

Name Contact : Research Areas
Experience
Oak Ridge National
John 704-595-2619 Laboratory (high- Mechanical behavior,
Shingledecker jshingledecker@epri. | temperature Metallurgy, Computational
(Program Lead) com mechanical testing) | thermo, Corrosion
Welding, weld
704-595-2886 B&W Research performance,

John Siefert

jsiefert@epri.com

(welding engineer)

Metallurgy, Wear/erosion

Jonathan Parker

704-595-2791,
jparker@epri.com

Structural Integrity,
Failure Analysis,
Swansea, CEGB
(power plant
materials)

Advanced steels, Weld
performance, Metallurgy,
Micro. Development, NDE
for materials

704-595-2603,

GE (Steam turbine
& generator

Turbine materials,
laboratory testing, general

Dan Purdy dpurdy@epri.com materials) materials project support

Laboratory testing,
Elizabeth 704-595-2716, ATl Allvac, general materials project
Owensby eowensby@epri.com | Rocketdyne support

[f' 3 EPRT P87 FHl[sny £

Fossil Materials Research At EPRI

Technology Innovation

4

Strategic Program (TI)
Materials, Fossil & Nuclear

Base Program (P87):
Fossil Materials & Repair

— 0-5 years — Long range R&D (5-20 yrs)
— Materials — Advanced Fossil (& Nuclear)
— Welding/Repair Materials Research

— Corrosion

Supplemental Funded Projects
— Collaborative Projects
— DOE Ultrasupercritical Materials
(U.S. DOE/OCDO, EPRI P66)
— Creep Strength-Enhanced Ferritic
Supplemental Projects

qaﬁ' 4 Fossil Materials Research J‘frrj?f%?ﬁmf—@fﬁﬁ%ﬂ’[ﬁ%
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R TREN AT £ [ 5 6 o ST i S s F 28

(tempering parameters ) o 4 =" F & [FHF ?FIJE:*]FEH 2 & \’FJIZIT;

E_lm

AR 4 ﬁ%‘ﬁw

EPRI P87 FH&[l]* |39t~ Zfi="FIE[kLE35] Grade 92 #1R[E = &
F&Hm (life management) - EU@LFLI” ~J/§L[%§%??§*?|"§[’%f
(recommend methods and conditions for fabrication ) » ™ Hd {1 &%
T/P 92 H#IEI fﬁ,ﬁilj/ ™ 1% (strategy for asset management) e |l
Y EHHIFAREE S 3 F o FAZHFAATILY f

F%P%JF?‘ Grade 91 1] » EPRI P87 F&[[' | ~"F lﬂﬂﬁ‘%{fﬁﬁ
=it (F Grade 91 #FRISHRIEH] » W i/[llp Fo B E | IR UE AR

ERRCS HES TR NE A STHEE 8 FHIF Vi 38 3T Grade



O1 FiR| Y ABIRVITER (R S0 o = PR &= 2 5 5
PREBB LT

bt SRS r’ﬁ%ﬁk””ﬁl]} #1]( Hardfacing Alloys ). [#l( Valve )
it (eracking ) f =A== gL 57 EE (disbonding ) 1
7, » EPRI P87 FHAl[* [ 411 Gl SR R R s 3
7~ PUEREEATE BRI RERE S T AN LR e [
B ({19120 Cr-Mo 73 & SFFR]» F PRI BB 11710 9Cr-1Mo

Bl Fr R LR e PRHRFERT s 2-3 F () A (=

LRGN L) > TR 5 SO -

2.4 iﬁ@’f& 7415 (Creep Fatigue Damage in Power Plant Steels)

TR B A R PR SRR R S E TR E
PSR 1% (variable ) Gffe=s VRl Tk i 2 RAE
ﬁ?&%ﬁ%ﬁg{ felpVE e > EPRIFT 2006 & & %ﬁﬁ??ﬁf’ﬁ%ﬁ%%w%
A AEEZ = (flexible operation ) 7 workshop I') s o
ik /_%%:‘EIHI : f{ R EJEE*J I—F?ﬁ%\éfﬁ?ﬁi_ﬂr ( Integration of

systems > [*J[15% Output from GT as input to HRSG ") ~ JEiigijiF

=g 24g (™ (Variations / Inconsistencies in specifications > J[!
purge, startup, shutdown, hot, warm, cold, drum pressure at
startup ) %*ﬁff—.ﬁﬁﬂ@ﬁ % Xl 'J\]JFE??’F:I% '}%E’J/?:‘E[H'H'Srﬁ%”*ﬁ( HRSG )
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O R PR TR+ V@ S (creep fatigue ) BEREEY ﬁﬁ Bl
SRR

75 (fatigue) - Y@ (creep) [ #H L = (=9 13 Hi !
5~6 7T + R BEL B 2 IR O PR ] (B
e svE ) Ve ?f?ﬁ%ﬁfﬁ f%?ﬂiﬁ#[ P53 j/?fgﬁ@guzw, s
[T FREE 5 R PR o SRR 0 D TR0 R B g e
B2RHTRAT « H0TY RIS I I Ui 7-9 5 i e

Uit T~ ENRATE EE low creep-ductility 71 -

Fatigue domlnated Creep dominated

AN
. —

\ i .')‘.rl 1“'\ - \ fllrlr \'1
(creep damage consequennaf) (creep damage simultaneous)

'5 ) (fatigue ) ~ WS (creep) TP H @ I pYZE VA AU
[
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Creep dominated (transgranular) Creep dominated (intergranular)

| \

Creep-fatigue interaction

\

(creep damage simultaneous)
HIGH CREEP-DUCTILITY Low CREEP-DUCTILITY

[ 6 High/Low creep-ductility £/ W@@Eﬁ#ﬁ B Hi

|
a1 a1 5 np oo 1 o Gr 4a g 4 107 07 12 02 68 08 67 04 0 0

&% A1 01 4304 395 7

R .

NiCr23Co12Mo, 700 C

W7 R (D)
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Tip of a major crack
interacting with grain
boundary creep damage in
¥%CrMoV component which
' had operated for 100,000h at
500°C with 2000 starts
[Skelton]

1CrMoV rotor which had run for

: t i i : S Muiltiple intergranular cracking in a
| g 52,000h, with 190 starts [Skeiton]

' 8 ii?f’@l%“ FET (2)

Cracking in austenitic (AISI 316H)
steel superheater pipework,515-
530°C [Skelton]

Crackmg in A.-'Sf 31 6 steam p.'pe taken

from Eddystone Unit 1 supercritical powe

station in 1883 after 130,520h, and 315
start-up/shut down cycles [Masuyama]

O R ()
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t J%ﬁ”ﬁﬁ@@f HJEJF_TEE’PS’:T—‘UE'@FJ » WIFEPRIZ2 ASTM Fﬁ' =X
&35 creep-fatigue ﬁjﬂ”{gﬁ ASTM E2714-09 (ﬁﬁ@@ﬁﬂﬂugﬁg )
Y ST TR S| PR (0] T N S IR
VML S5 et 1 2 100 R v -

EPRI j_ﬁfj ﬁﬁiiﬂ?" ASTM E2714-09 #lgw> I'] Grade 91 #48] £4 ]
%ﬁiﬁ’h » e’ f'ﬁﬁiﬁﬂ?}é? 5 (round-robin testing program ) » #&
4 B AR BB S O [ RLAR P RV
i@l =S (strain controlled creep-fatigue test) » IS8+ 625
CHRUE™ ~ =70 ISR - RArS I 13 W 4

TR ﬁﬁ;}f’%{iﬁ P g i/[lﬁ%#[ 10~11 Hr=. o

-
15 . & &
_— ¥ H.L*\
;!‘ % H‘“u
= i "l‘“ e
W i :
< \"’:ﬂx S
& 1 BB -
= LS L
: N"' = L'b‘-ﬂ_h_
o T, = M""“‘-«-_&,
o 5émz “”\,mﬁhwﬂm
0.5 &5 P, PR il SIS
% Parocipant#1 ® Paocpani#3 & Parncpant#4 # Parocipant #b
® Parvcipant# 7 Pardcipant # § Pardcipant # 9 Parnicipant # 10
@ Participant#11 A Partcipam#14 = = Avg.Line Part. - 95%CI_Part.
= - +Avg. Lime Stand. -+ 9% Cl_Stand.
L i t t
100 1000 T

ﬁ%&‘ 10 Round-robin testing program‘?ﬁﬂ?’ﬁ%f)\'ﬁ%‘l'(l)
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= E
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g 1 a2 ==
% i) SR ‘=.,a_‘.l
= = ‘\-ﬁ F"r,__—-
= : [
- LT . ‘E"-.;-_ .-.._'--‘“-’
= [ .'."‘u. » ""-,_“..lﬁ' Sma
05 + . - . — .. N o L P "-,..._.
# Participant®#1 @ Participant#3 & Participant#4 # Participant#6
@ Pargeipant#7 Parcipant # 9 Partcipant#10 @ Pardcipant#11
& Pargeipant#14 = = Avg Line Parr, oo * 93% CI_Part, = « Ayg, Line_Stand.
w1+ 95% CI_Stand.
0 ' — —
100 1000 1

ﬁ%ﬁ‘ 11 Round-robin testing program‘?ﬁlj?ﬁ%f)\'ﬁ%ﬁ'@)

A TRL P ARET SRR e 9896 7 s - I s
HeBR@Eiipye (o > A 7 SIATELRR R S RLE SRR P 2 R
= #}ﬁ“ Eﬁ fii] ~ g (W ETRLNY Aﬁ%&iﬂ B e AR R o S
PG S ey fendi PN AR S V FREL » EPRIEER ST EEGE S &
TEW% I ER T BRI 7Y L R AR (gage
length) [*]% = - ZEEC B E TRV > PR R

F' A5 EPRI AR I/?fgff‘@@ SR W E] > A
I'] Grade 91 #1F Bt » £ M1 [FIPE T (EERRR R T - 1)
BEARCD [IPETT TR S R VB Y -

~ R (R VRS ROR] SR SO VAR
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PR PRI » SFCRTRNE  HREVRIAS I RIS ~ HRE S AR ~ HiE

[FE DI AT LSS T ATRIEE o [ RSRIT Y P
COPS IR 8 A ~ DGR E T ) - I R
i Y RO AL ANENAIRRUA - SZ CRO e S e PR R 2
KR &Lﬁf%[ﬂr?ﬁj# ( sequential damage ) =%~ 'IﬂrTEJ
(interactive damage ) [#E <ok - a8t PR AR R W
LT “[/ﬁ‘“ﬂﬂ ﬁ[t%”ﬁﬂ IE'A’TUVF?%@W@ TR ‘%pbﬂ ’ D['ﬁ%ﬂ 12 Fr

o NI R R SR ST VA R R
R VRFAE PRI R o I (S U B OB e oA - e (R
PRI ~ RIEE ~ BRI T (ST ~ SRl e i - i
D3 80 IR U 13 Fr

FIHT EPRI i SR AL LV APRS v s oA
Rl R N R A T S R NG (e
P22 - AISI 316 » P91 « X10CrMoV9-1~ P92~ E9Q11 7)) » I'] Wi

gl S AR AR (P11 IN718 ~ IN706 ~ X12CrMoWVNDbN10-1-1 ~ IN617
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o
g Nickel-lron-Cromium Alloy B0OH (Curve 1)
§ 0.8 /
@
=3
2
o wry 304 & 316 Stainless Steels (Curve 2)
S
3 04 2-1/4Cromium-1Molybdenum (Curve 3)
$
=]
=
©
5 0-2 -—
T
«
o
0

[ T T |
0 02 0.4 0.6 08 1.0

Fraction of Material Life Due to Creep Damage
B 12 T [FPRPRT ERRL 5 53 b ey RS AR [ A

AL B sy S

7w TR I S .
#’!J&r ra ,_ aﬁa

-u‘m- ‘....n.--

= e o pw———— — ——...AL-I

13 SR SR bHR )
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~ SRR 5V SRR 14 T FLE &
G~ M EERETE SR R PLES R L BV
By |00 WP 7 BRI R (P 15~16) » 1l i B
= (= [ cycle HIE ~ WOFSE I N0 BHRIRAES) SRl i
5 U ey -

Develop transient history
(fluid temperature, pressure, flow)

L

Heat transfer calculation
for metal temperatures

U

Stress calculation for thermal
and mechanical stress history

U

Creep-Fatigue calculation

Iishing influence of codes/standards >

B 14— RSPy 5 Pk

Inviscid Core Boundary Layer
i |- RER—
:: = |—» —p
:?_9 — E—r.
| -
L Entrance Length e =
I Developing F low Fully Developed Flow

B 1S B T
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Stress

W16 b= st by

RN 1 l@@ﬁzgﬁi@ T 'ﬁ HRYE o NI S B
SRR AR 53 IS AT ‘/ﬁzg‘%ﬁ@ S P
17 B s RN E R e E{%ﬁ%‘.' ( creep-fatigue damage envelope >
UPt 18) » HR LRI 19 P ARH > TR BLAEREIARI R e
SRR SO A 5 /SR 1 A i S m AR B R
Wy 5 | lfz,r, °
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Fatigue Damage

Figure T-1420-2
Creep-Fatigue Damage Envelope

1.0 T T T . T T 1
304 and 316 stainless steels, |
\ intersection (0.3, 0.3)
2
0.8 N /
N
.
0.6 \ 2/,Cr-1Mo steel and Ni-Fe-Cr Alloy
’ \ 800H, intersection 10.1, 0.1}
ot N -
T 64 \ i
: L~ aCr-1TMo-V steel,
?i - intersection (0.1, 0.01)
i ’/ "‘"-.__""-__“H- S
o
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Eaﬂ' 18 Creep-Fatigue Damage Envelope

10,63 A 0.5CrMoV; S50°C. 0.5 16 ks

1CrMoV: 550°C; 0.5-2 brs

iCeMoV; 565°C, 0.5-16 hrs
1.00

1Crt.5M0 Parent, 535°C, 16 kes

1Cr6.5Mo Weld HAZ; 535°C. 16 hes
FTCANI2Mo weld metal: 625°C, 0.2-24 hrs
91 0.5CeMoV; Z=2.5; S50°C: 16 hrs
ICTMoV; Zm2.5; $50°C; 16 hes

0.5CeMoV: Z=2.5;, 530°C: 16 hrs
0.01 4

X b ¢ » 0o O ¢© + %

1ICrMeV; Z=2 8, S50°C, 16 hrs

1CrMoV; S85°C; comp. dwell; 0,03-0.5 his

304 steel, 639°C; comp. dwelk 0.5 brs

0.00 1 T r
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Creep Damage & ICr0 SMo Stech, 535°C: comp. dwelk: 0.5-2 trs
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q&ﬁ‘ 19 Creep-Fatigue Damage 81 Eési:fu
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2.5 FPRESHA (Weld Repair)

M

,s T A B PR S ISR O T;J@é )
AL S AE R S P TR BRI 5 R
|7 IR~ YErE S (Operating conditions ) ~
7};@3 ’;szg[l £rf| (Inspection history ) ~ FLEL” VAT (Material of
construction of pressure vessel ) » EJ%*?[N ( Reasons for failure ) ~
%Ejir%'ﬂj%f ( Location of the damaged area) = - ?[J'%"ril_}ﬁﬁ FJFRIV
EIET RISV fgdod o F el sagy S (SRR IV VR (- g
£ ASME 4L AP1 510 code - Jfif NBIC F I SCBIffl 7] ) «
ﬁfj'ﬁ_l; HISEE | F)£ S (reheat crack ) ~ type IV crack - type
llla crack I'] =#-4]5% (bore crack ) =747 » i/[lq%:ﬂ 22 F=. > E
JE & Ho i v A1 reheat crack (HZf IEEC L[ ) type IV crack &
type llla crack (5% 2~4 H@H@ 'J~Eﬁ ) > bore crack - {'E[ 1 type IV
crack ™5 (Y1 23 . » EUAS SR ELRfE "8 10~157% £]~5%6 mm
TRV RUETHTTE 6 mm -~ AR 91 10 mm 2o
T EE gRE R (Choice of Weld Metal ) 1 » Y 1D F
;*’ﬁﬁBr&“ﬁ; Biﬁ“%ﬂrﬁlﬁp%ﬁ LI (s R S 2R |
B R i & Vo= S SR (AR D
E@’J'iﬁfﬁj*‘\mﬁﬁlﬁﬁrﬁ'{ﬁw AR HEE ’?ﬁﬁ iff‘@@p@ o F”’F'lfip
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rﬁﬁ@Vﬁﬂ(Wﬁﬂzuﬁ%ﬁWW%®%4ﬁf%Cmm/
FL\_ZE% @[lq\gﬁl 24 » IEIEIFIJEI ﬁf’%"@ﬂ@ %ﬁ;uﬁﬂ ﬁf N
SRV {7 RS (SR S S R P RL o F ETSTE AE
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YR FPBETREE - P 2R IV« B 15

VR R P » i[5 P L PP TR 5 & s
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Reheat Crack Type IV Crack Type Illa Crack Bore Crack

[ L R

Typical Type IV Weld Repalr

10-15°

omm 6mm radius

Width of weld plus

_+ 10mm either side F_

ﬁ%‘ﬂ 23 AUE[D Type IV cracking & {87
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120 Y Spind]| tal
- \ \‘ \ pindler et a

=t 1 1/2CrMoV Type IV
100 +—1 1 || \ \ \ Mean+/-95%conf
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LN, \ \ ! Weld Metal (SISR)

90
so — 11 11
70

Stress (MPa)
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S L QN
20 \\\\
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Rupture Life (Hrs)

BI04 7] 20r PRSI 1 CrMov I/ ELFF (600°C ™)

PAgt— fd HIRLETES Grade 91 V=~ %A s & 4 ([ 25) -
T SECREL f Wl e JEER5T L EE R type IV cracking - ’én,
B T PSR EN ] IE*‘”‘ JHEE O inconel (3714 3
91) ~ 2CrMoL (?Fq B3 ZEJ%E%%%IE%H“‘?U%%FW@) + Lower
strength Nickel-Based (& 7 178 & BPE }%ﬁ IjE ) ~ Grade 91 (/&'#7
dpir - P Grade 91 LAV D) 5 AR
’—‘J (Cold Weld) == Standard 9Cr and 9CrL "§ #1128 (X - 1
S B RRA (IR 26) BT > RLUR i S 8f TR I type
IV cracking “hl §s » 5 5 e v [FBRENI IR ™ o F A B

(7 8 ﬂg—'ﬁzj B 1 +7FEI’§ i type IV cracking f|-% it %
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2.6 ’F]@l ~ £ [*=Z=#[[f&% (Corrosion, Oxidation & Exfoliation)
S T R N S S E‘*ﬁgﬂfg?‘{ PYEGE
f[&'lf"fl i~ R R F1d = F TN 27
Fr o PREE S (22 F.'Jiﬂ’l_&i]@ﬂf* R #’TPIF?]‘ ﬁ_Fg'?U*%‘\"EfJ"L‘ Y&
R o ST R 2 I EHLS f VSRR = IR YA
g (=B ITE D RU PSR N BRI T - 7 COPTR
28) ~ & [~ eleladite U Ve Tl Ui e R
w2 ([[29) < A I 5L E',%? et SR SEE (RYVESE)
TERS o SRR RIS ‘é;'%ﬁ?‘ﬁfj'E'J Grade 91 ~ 92 #1F]

YR SRR & RV SR EJJ:EV:[/TJ]TZ/DEKZF% o

‘ Swelled 347H Tube I
(overheat creep damage) J

Sectioned 347H Tubes
Partially Blocked

" Exfoliation
. Blockage

'T91 Short-Term Overheat Tube Failure |
L (Penthouse failure, plugged bend) J

27 S TS T A )
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2 Grade 91 ~ 92 PRV EGE N & (6B ~ & ':Eﬁﬂ@é?{éﬂﬁﬁﬁg?ﬂ/

ET% [

Critical oxide Time after which a
All Metal temperature thickness shutdown will cause
oy 0 scale failure
(m) (hour)
Grade 22 580 830 241,000
600 200 30,000
Grade 91
620 200 16,700

e EPRISEIC S (et SRR — (e T == e
(integrated model to predict and control oxide scale exfoliation ) -
%ﬁﬂ@ﬂﬁ%ﬁﬁ’H“ﬁﬁﬁ@*%ﬁ~@%‘NﬂUB%@ﬁ
(ST TR [ T A VSRS (I 30) > el
Fh R (R o PR AT~ Al AR b UE g > [FIS ™
B PR U0 3LV I g g (8
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o S [ [ R PR 24 TP3ATHFG G ) - [t
IFE ﬁﬁiﬁwﬁg‘ffﬁ; Y ERHE 32 . TP3ATHFG FHET L B3k =
2 [ TP3ATH » 4 [P AT I R AR APRUR] 2 e 5

6 (TR
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K o i T PR B BER cep e et o e
= e ' i ‘ sit = 259 2 Porosity of Deposits
% "32 Porosity of deposit = 25% = , . y ot Hep
e § |TP347THFG /“*;5
g s AN TH g8 A — N
% 0.6 [5405" & outiel St / A = o
5 N B 0.1|Tomnorseurs b | Lo
= 0.4 POy B {°c) / P ¢ o .._,%
g o4l S g e pe
= utlet Steam oL = 570 I/
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8 o R TR DU DU OO R U0 M 1N 3 : e b
o 0 10,000 20,000 30,000 40,000 o 0 10,000 20, 000 30,000 40,000

Time (h) - Time (h)
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=5

2.7 S eRRERFVEER Y]

(AT 2013 5 2 7|~ (PN [T S S R
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R AR TR 850 MW IV Gl i 5 A o AT
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AT 33 > B TIPS ] DR D SRR (R 34)
SRS AR 85) > BT NN IR Y R
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Oxide Flakes

B35 B0l & R 9 1

Tube ID: 240 ym thick Oxide Flake: 240 ym thick
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Location (pm)

Tube la 240

Tube 1lcenter 260

Tube 1b 230

Tube 2a 260

Tube 2center 250

Tube 2b 250

Tube 3a 240

Tube 3center 270

Tube 3b 240

Tube 4a 250

Tube 4center 240

Tube 4b 240

Oxide 1 240

o Sk i S Oxide 1 250

Uniform thickness suggests no Oxide 1 240
large variations in heat flux/temperature | Oxide 2 230
Oxide 2 250

Fe,0;

Vaideul formation
meonetissiel il g7V

interface ' e N F6304

- "i’-—'-"‘- llllll : |||||||

Ve
Alloy
T Cr-rich oxide precipitates

B 38 S [Tt S AR I P

FIATOL S [CE PSP EIE » g =4
dox=[2 x Ax exp(Q/RT) x t]%° x (1+r)/r

9% SR doc = 240 pm < St = 16,000 f [ - i 14
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