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Steam-side oxidation research Pint
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Contributing factors for reliable oxidation kinetics Pawel/no current
(water chemistry) work
Evaluation technologies for corrosion testing Pint
Oxide exfoliation concern and research Sabau/Pint
Lifetime predictions for boiler materials Tortorelli/Pint
Hydrogen and fuel cell no, Pawel
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1999 EPRI Turbine Steam Path Damage: | OT ¥z 4 ¥ * A 4 £ v %X & 258

Theory and practice

2002 ORNL | NACE Corrosion # ¢ vy AR AR B

2005 NPL High-Temperature oxidation | fi-% “ A 2 &4 Erpf &1

and corrosion 2005 ¢ 3% 7 BB ATR
2007 EPRI Oxide Growth and BAMPRE AL EDE FF L
Exfoliation on Alloys 1o 2 b4y $Hy LA R M
Exposed to Steam iy P
2008 NPL Energy Materials 2008 FERER B TRk BT
DM R AR S RE TR
Fo 2R re BPFEL A
2010 ORNL | International Materials #2207 %= EPRIAplF » £ X FEF F

Reviews 2010 R 81
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Ho AGp 5 » #2 22 KA JRE fuchfid i » m % 2 -5 7 & 2 -

FivP Ao FBEED T ¥ OBEZ Imol F & fve 4 2 A 4 xmolH,
Fexl2mol (10,0 & & BF A7 2T =50

pO, = x/(2+x) « P 2-7

11



pH2 = 2x/(2+x) * P 2.8

pH20 = 2(1-X)/(2+x) * P 29
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WA AN 247 &7
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FX<<1pE 3 A58 2-10 7 B %

k> =P « xI2 2.11
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p02 - (k / 2)2/3 N P2/3 2.13

pLopE Ti‘-?? ERAN /E&'ff’@ 4 B F Y Fe(s)+ 1 Oz(g) = FeO(S)
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A r 24238 2-10 7 @50 3 AR5
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= P « X2 (x+2p0)/[(2+x+2po) * (1-X)?]

2-16
2-17
2-18

2-19

BAT RN 22104 R - [ EfEe FHEART B L MR

5 - BIcEF AL 2 A R2ZE > BB RPAcE 2-2 17 o

Ble 8T g B4 5 242MpapF > F iR R & 585C 10T pF > Z§ & fRen

§ARGRT ARG ROL 0 TR T AZTRR % 2 R 10 5857C

PR Y R EE ARE TR ES B R BT A S 3

| s ¢ S B 5 %
BFCRAERT - AL BEA o

0.0001

1 0.5 =

10 L

Oxygen Partial Pressure, atm

1010 i i i i i
400 450 500 550 600 650 700

Steam T, °C

F2-2 #7 5 ARMEEAI 4o § 2 81w R3]

13



{

BEF T"fjﬁf‘%’i?/w\ézie%l:’i’%%ﬁﬁﬁi%’ﬁ%ﬁ" I A

EEFBETAREFFRAS AR CF R RNBET R &
BETEBRFIITINEL FwmA kG o HHREF LR T

B BRE - BiFinE A2 e hE e R BFFERGHE

g S T KA M S i R d SR A e

i~

BB RBREAFARNLBEEFEEPA R A R e £

&

|

3

Balfra SRy A Al oA 2 R B G 2T 2R

FA5eg B Hés 4 B % fexg R 27(Arrhenius) > 42538 & 7 40
y=A « gQRT . ¢ln

/AT

Q=F JgiE it "T=R A t=pFF

A=fe i L 27y B R=7 #8% ik

YREET AT LT CHERAFEALEE nAEF 2L g

~=h
g
£
>
11
[N
-
=y
ey
-
\ N
b
EIN
Jrml.
F
|
L
o
=t
=
]
ey
=3
1%
k)
AN
Ay
d
/4

T
=
TEN
W
[
ey
s
[Eive
2
4y
@it
”
{
—t
S
22
IS
|
I
ey
-
E:0y
-
=3
2
a‘\

14



B R T AR R AR F M RASR R R R REE SR
oo Sl g H(dr Fe s Tifr Cu)ipg it 4 & & 5 kAL 050 0 F n=3
Pl 2 R4 5 23050 {8 o
213 pHEBET C ERFHT RUNTFFLE
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24

FL[5] > %k 5 2011 EPRI BRIG Survey » 4%t % B 5 it & 3% ¥ i
3 enirE R (T 4ol 2-3~B 2547 > B 2-3B A KK
TOROKE R FIF R R ST o 4 k4 33.3% 0 B 2-4
BT RIS MAE T FF R REAET OF 4 853 i 50%
25K T R RIBE B P R A e 4 4 S {32 55.9%:

Exfoliated oxides cause damage in other areas
of the plant as well — Drain Lines

» Exfoliated oxides have caused excessive wear and failures
|n drain Ilnes (open during start-up)

failure showing erosion from

( T91 main-steam drain-line after )
spalled oxides

4 36.7%
Have you experienced drain line
erosion from exfoliated oxides? ®Yes mNo = Unsure

J
“Kﬁ e ——— - SRR | i

Bl 2-3EPRI % & ¥ it B %% $H8 k5 B2 32 5[5]

&l
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Plants are seeing increased damage in steam-
turbine valve stems

» Damage observed in stop valve stems and control valve stems

* Increased cyclic plant operation (throttling at partial load) may
be a contributing factor

* 2 year replacement cycles are common

4 N\

Main-steam stop J
n

valve stem erosio

% 2011 EPRI BRIG Survey
HYes mNo = Unsure

valve damage from

" Have you experienced
exfoliated oxides?

~

valve stem erosion

{Speed matching’ control} g

) EPR | i

© 2012 Blectric Power Research instihge. Inc. All fiohts moarved. a

Bl 2-4EPRI & § i B s $H7 R 2 8 5[5]
Steam turbine performance is also effected

« Over half of utilities surveyed indicated reduced steam
turbine performance due to solid particle erosion (SPE)

* Needs quantification, but directly leads to blade
replacements and increased maintenance costs

23.5 559
% %

mYes mNo = Unsure

{Have you experienced steam turbine

blade erosion or reduced How do you address damage?
steam turbine performance?

P ) R U T M e B e TR AR A R KT T
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- EREFREFF MRERRA TR AW AR ELFRES
T ey T 5 0 4ol 2-10 477 0 P e BB RIGFE AR 5 650C 0 B
B PIRR 4 L 17bar(250psig) » & & 4448 & Haynes 230(2 & = &
Ni-Cr-W #7ie & cigd A 44L) > 32 5 5 & Rl4c®) 2-10 + Bl 577 > d §
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BRTEGES- A4 el 22 e 1iERY BRI ARFAERTHE
Iiea e - REH N EFIR Y E SRR FRB L

1A B 211 5 HA304H & & F SR EASLEL 0 P FERE
T BEBRAFF CRRENEAI G BB S5 T Sk AL
WE s enE MR KRG B AJL G R R R L Ak F T
gt #9734 kJ28F K 2 & B 3000 ) R R R
FHAF U RBRERIR 221297 0 R REAL SRS 3 B
ARk 4000 FRERREF F PERSFR 2-13 7 0 Bk

BT R R 4 304H g ok X B e AR B -

As-received peened 304H tube

650°C 17bar steam exposures

~1,000h 2,000h 3,000 h 4,000h

as fab. OD

20pm

peened ID

= “*h—‘

Peened ID (bottom) - thin oxide, occasional nodule
OD (top) - typical thick, dual layer oxide
Full ring specimens

Bl2-11 k% 304H £ £ 3 B3 BEF 3 “FRpr-FR
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Comparison at 3,000h exposure
650°C 17bar steam exposures

peened bend (HT) 1065°C air 1065°C Ar

Clear difference between the peened ID (bottom)
and the commercial or laboratory annealed ID

Bl2-12k#F 304H & £ B EBRZF 5 " FHR B %% 0 Lo

Specimen type showed minor effects
peened 304H 650°C 17bar steam 4,000h

full ring thinring  1/4 full nng 1/4 thin ring
machined OD
S0pm |
as fab. OD machined OD as fab. OD - Cu P
[50um | [T0um ], as res. 304H, 4000 h 12&“&' Gt foe '
S0pm
peened ID - R

I ——
|| I i poanad I peened 1D

Peened ID: no effect of specimen geometry
OD difference: as-received vs. machined (thin ring)
- cold work due to machining similar to peening(?)

B12-12 % 304H £ £ FEF R AZF ¥ P BREF-B PR
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Mean Coefficient of Linear Expansion, a (x10° K}
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steel 0 Fe — Inner
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Bl 2-20 & A5 skdi k& £t F R 4 £ FA5(T22 5 5)[3]

3Fe*+40

a) Fe,0,/FeFe, Cr,0,[5352 f*, T

H,0(g)<>OH(ads) + O(ads)<>H,+O(in oxide)
> 42vactesFe,0, H,0(g)?

5 o, r :
Fe,0.( wd.. O 5 cuid Fe,0, e 2Fe" +Fed* + 402

Ferritic steel 24 >
ic s Fe+ LI . Cr+ -2Cr430? >Cr,0,
2Cr*+30%<>Cr,0, H,0(g)<>2H*+0?
2Cr++430%«>Cr, 0,
Cr content of Fe, 0, increases;
outward flux of Fe decreases with time
3 e
1 « Voi, rn at Inner-outer scale interface
Fe,O il s
b) o e : o ... Incorporation ofCrzoJ precipitates
FeFe, Cr O, |m laioo0l oy into inner layer
o Lo . . R \j """"" Formation of internal precipitates of
e o 00
Outward flux of Fe < inward flux of O°
2Fe,0,+ 0% +2vact =3Fe,0, (I)’ 02
Fe.0 L :
: FD: Fe,0,
) Ro ] o Fe*, Fg* d) fo. .
FeFe, Cr.O, S ey e FeFe, Cr.O,f
] ey
c;o, f ’ Fe?+ !
Fe* Cr+ 2 Cr

g 2-2

Formation of imm‘;;'.nem layer of Cr,0.

1 2 aeeds s £ £ty & = & 4841[3]
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Scale growth — Void initiation
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(Thickened inner layer of scale)

— Strengthened diffusional barrier

— Void growth

— Raised partial pressure of oxygen
in outer layer

Fe, O, (Start to exfoliate at 80vol% Fe ,0,)

Chromium rich layer acts as
diffusional barrier for iron

Compressive
Strain
Fe O, =
EE A R -
—
) 0 =
o
— Transformation of magnetite to Separation of outer layer
/ hematite f — Accelerated transfromation
— Volume expansion into hematite
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Strains in Oxide Grown
Inside a Tube . . 5
MODULE 2 Oxide Scale Growth RESOURCES
Oxide Growth in SRR R
a Thermal Gradient —rate of oxide thickening \O”da‘”" K'"et'“J
MODULE 3
Oxide Growth During
Thermal Cycling Samples From
Plant Service
MODULE 4 ;s g
Strain from ACTE - ~
e Scale Failure E ':datret;'all)sa -
ggins From —evolution of scale morphology e pe 5
coicnia —development of strain in the oxide -
MODULES Characteristic Scal
Effect of Creep Morphologies
a
MODULE 9 ”
Infiuence of
: 4 R
Plant Operating
iati Parameters
Scale Loss (Exfoliation) | | |
—criteria for scale separation (" Characteristics of
Criteria for Exfoliation < s
Fate of the Debris G
A an n
—shape, size palam:zgs
—aerodynamic considerations \ J

Bl 2-23 B & 3] e sor & RI[8]

IR 53 Pt 9

£ ] sk + CR-E NS Sk Y R T

A E - REC RN ER B ASEE A LA Rl SR
E(FRAE) DL > AUSHT BB E ARG k%
FEentiR) o b g i R AR 1978 £ ¢ The “Armitt”

Diagram[9] > 4] 2-23 #i7 » H L -5 § K B A > S5 B
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2010 & EPRI %3 1017625 47 2 {345 & % 22 4407 s 5~ 34 8
& 45 T22 ~ TOL fv TP347 = fadhh ¥ * 4+ > 19452 fadw 1 4 & 1

BB f I FLA R ERnLIB R R RN AR E  LRE

GRCEERM 2 LB L b0 doB 2-27 917 o PRI E T22 -

TOL1 v TP347 = faéh’p ¥ * 4+ (7 5 52 % 4o B 2-28 #7% » Biom B °

T T T
—&—Fe203 ]

| | -—Fe304 B
—o—(Fe.Cr)304 i
—4 -9Cr-1Mo (ASME) i
-<~-T91-expt i

HAEL @ 7 A TR A& 2 BT T RIS

T 1 T T
——Fe,0, %

22 H——Fe,0, SRR, PIC. W/ S B
—o—(Fe.Cr),0, H H

19 || —# -2.25Cr-1Mo H i

n
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n
o

n
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Coefficient of Thermal Expansion x 10
> o
T
i ‘Dr i
DY
4

Coelficient of Thermal Expansion x 1 o
>

i _e-®
13 »=4 13 frenli el PP uhd
iy e S e co o S - B g O 2, e AR

0 ; i

10 i i i i 10 =2 i i
50 150 250 350 450 550 650 50 150 250 350 450 550 650
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(a) (b)
25

' I I I
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BE e SR i

Coelficient of Thermal Expansion x 10°
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Bl 2-28 # VR B B R M (%(T22 ~ T91 4+ TP347 alloy)[11]

Alloy |Superheater | Metal T °C | ‘Critical’ oxide Time after which a
operating (°F) thickness, pm shutdown will cause
scenario scale failure, h
T22 subcritical 580 (1,080) 830* 241,000
600 (1,110) 200 30,000
T91 supercritical
620 (1,150) 200 16,700
600 (1,110) 30 17,000
347HFG supercritical 620 (1,150) 30 10,400
645 (1,190) 30 5,820

Note: Calculations based on specific tube geometry and plant operating conditions

Bl 2-29 #st B 722~ T9L4r TP347 = fadw'h ¥ * 4 H 7 5 2 % [5]
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2011 # EPRI%%.10197933F & A2 7 2 W7 R M >t 3 14 R 9z ehg
IR o hFEd e A & 4 52 AR Pk heT [12]
1. Periodic cleaning to remove oxide before it exfoliates :
EIAN T SERER G LY ey o 4t oo Fiadhiparihe o AT R
$hig T BfERZ - C KIRh R rERENE L AR TR
Bk WO BT ek g F g o d v R
Fiken® r A S F T E kg B i § R ARIZ(OT)d 2 F ook
BB FRAHES N L RS SAOE hUE kAR L R
2. Detection of accumulations and removal of exfoliated oxides :
RN R k] T‘*/é;i'»—i“,f RIEAEE W K BT A 5 448
() B RI(SFHBEBF LT L E) AP E -
(i) e RN EFERER R R -
(i) BRIZEF g2 B-RFF g 0 F AR
(iv) #4752 mRamE g =8 (dod F) X o £ 18kl -
3. Development of improved detection and prediction methods :
FRCL RRILEFER D E o d A0 F L R B g 2
SR M T 2 EEE R .
4. Controlled, periodic shedding of oxide :
FAER T R R R o 3 TAEE Y ] R (mini-
shutdowns) = 3¢ » E BB 1E;2 5 G fc* R7d 16 BV Fade i e pF o

B AR FHAE P A R R A B A R R EIR 1 %37 300°C 0 5
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. Temperature limits to avoid exfoliation :

AMB R R UIEAF R RE L E R AR

-~

PE IR T A FEF P RTAEERGERAER S &

FHE R i E 4 B 5w g R e

. Use of materials with improved resistance to exfoliation :

®F O R PR R o NAQTRA Savp ¥ iR 2T

0K G B PR SRR EZ A fA o - ARG &

LA s A ans S B it o # Cr andficet SR
5053557 CrenifsEh s R ME i@ 5 4of 2-28 917 o

I G T g B e AL SR R S 10 R o

——————— 1 FG: 20kh

TP347
600°C 1
Isothermal || |

Total Scale Thickness, pm

B 2-30 TP347 4 42 & 87 s By e 1 3¢ F ot 1 [12]
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