F20% H6l om0 TR
2023 4F 6 H EQUIPMENT ENVIRONMENTAL ENGINEERING <117 -

i E R IRTR TP347H NE R EE
AESHERRHE
TR, KRS, BE°, TERY, @ES’, HNH'

(1. BIRTWAS MRSZSTRESM, SIE 230009; 2. ZEF NBIREZEERATAD, S
230601; 3. fEEESIEABRRATGEALS, G 230041)

WE: B& T8RRI R A T &, xR A% G s o) &8 ad # 35 Ae B Xt 4
% TP347H 4R%E WA BAE TR . F ik RAMARR S MK Ao DA B M ARLE A0 7 %, IRITRALL
MBI R, &R PIEIAILERRARS A NI 2 &, SFEH Fe,05, ZMEA; NERKE,
F %A (Fe, Ni)Cry04, P dNE Cr S SRAKEAARE, Af, BRAIL, SEAKAAABLTAILG
MBRT 3, FE5E P Cr R, BRRELSH Cr0; % &, 4P 8 Fe BTt Cr0; B LR #HE
NI EEACE R T, BALTH R Fe,05, RBINERM KA K, &6 RE SRS T FiE A AR AL
B P AI TSR, BB E B R R B AR, A BAC R R %

KEIF: RAIAM; TP347TH ME; ALK ; ZMEH; B R

FESES: TG172.8 XEAFRIRED: A XERS: 1672-9242(2023)06-0117-09

DOIl: 10.7643/ issn.1672-9242.2023.06.015

Microstructure and Formation M echanism of Inner-wall Oxide Layers of TP347H
Seel Tubein Long-term Service Involving Deep Peak-load Shaving

WANG Bol, ZHANG Jianz, YANG Ping3, WANG Ruo-min2, HU Yu-zhang3, TANG Wen-ming1

(1. School of Materials Science and Engineering, Hefei University of Technology, Hefei 230009, China; 2. Anhui Xinli Electric
Technology Consulting Co. Ltd., Hefei 230601, China; 3. Department of Technology, Wenergy Hefei Power Generation
Co. Ltd., Hefei 230041, China)
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deep peak-load shaving. Phase composition and microstructure tests were conducted to clarify microstructure and its formation

mechanism of the oxide layers. The results showed that the oxide layer was divided into the inner and outer sub-layers by the

medium layer of pores. The outer-sublayer had a loose structure, and consisted of Fe,03; meanwhile, the inner-sublayer was

dense, and mainly consisted of (Fe, Ni)Cr,0,, in which the Cr-rich grain-boundary phase partly reacted with the vapor contain-

ing oxygen, and then gasified to form the in-situ pores. The vapor diffused through the pores, and reacted with Cr in the steel,

resulting in formation of the thin discontinuous Cr,O; layer. On the other hand, the Fe atoms in the steel diffused into the in-

ner/outer sublayer interface though the voids in the thin Cr,O; layer, and reacted with the vapor to form Fe,0O;, promoting the

growth of the outer sublayer. Deep peak-load shaving accelerates oxidation of the inner-wall of the TP347H steel tubes and for-

mation of the pores in the oxide layers, and also induces microcracks in the outer sublayer. As a result, exfoliation of the in-

ner-wall oxide layer is promoted.
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Fz1 TPMTHNEHNUZRS (RESE, %)
Tab.1 Chemical composition of the TP347H steel tube (mass fraction, %)

C Si Mn Ni P S Nb Fe
W AE 0.08 0.53 1.35 18.9 10.6 0.024 0.004 0.61 Bal.
GB/T 5310—2017 0.04~0.10 <0.75 =2.00 17.0~20.0 9.0~13.0 =<0.03 =0.015 8C~1.1 Bal.
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Fig.1 Cross-sectional morphology of as-supplied high-tem-

perature and pendant superheater tubes: a) high-temperature
superheater tube; b) pendant superheater tube
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Fig.2 Surface morphology of inner-wall oxide layer of
in-service high-temperature superheater tube
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Fig.3 Surface morphology of inner-wall oxide layer of in-service high-temperature superheater tube: a) inner-wall surface of the
high-temperature superheater tube; b) high-magnification image of areas 1; c) high-magnification image of areas 2
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Fig.4 Surface morphology of inner-wall oxide layer of in-service pendant superheater tube: a) low-magnification image;
b) high-magnification image
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Fig.5 XRD patterns of inner/outer oxide layers on inner-walls of in-service high-temperature and pendant superheater tubes:
a) high-temperature superheater tube; b) pendant superheater tube
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Fig.6 Cross-sectional morphology of inner-wall oxide layer of
in-service high-temperature superheater tube:
a) optical image; b) SEM image
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Fig.7 Cross-sectional morphology of inner-wall oxide layer of
in-service pendant superheater tube: a) optical image;
b) SEM image
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Tab.3 Compositions of points in Fig.7b (atomic fraction, %)

Juy 0 Si Cr Mn Ni Fe
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Fig.8 EDS cross-sectional images of inner-wall oxide layer of in-service pendant superheater tube as shown in Fig.7b

~200

300 | 2Ni+0,=2NiO
~ 4/3Fe+0,=2/3Fe,05_ _ _
= —400 | s T
E | _--ooioniheese
c) e J 3/2Fe+0,=1/2Fe,0,
& s00 t
S 2Fe+0,~2Fe0

-600 | T

T ABCrHO~2/3Cr0,
_700 1 1 1 1
300 400 500 600 700 800
Temperature/C

K9 Fe. Ni. Cr 8L iyARHE A i (A th BE 1k
LR R R
Fig.9 Linear relationships showing standard Gibbs free
energy change of Fe, Ni and Cr oxidation reactions vs.
temperature[“’]



208 ol

T, 4. VREFVRIEK RS TP347TH 945 1 BE S Ak i 4544 5 TF s LEE - 123 -

5T %M, 78 Fe-Cr &R ML MELL Cr,05 2
I F Cr iR 80 20%, TE IR /KZE S RS,
Zls FUE I 23 BT 2220 TP347H 4XHh Cr Y i
SRR 18%, WARBIEMEE Cr0; 2GR
Cr &, WK Cr0; ZRAELEN ., Cr,05)2
B A O 25 T 9 SO RS2 /R, BN 9 A
Fe. Ni Ji+ %k RmY #HOF 5 H,0(g)+0, K4
AR SR A PR T, M ITT S B0 )2 R Ak B e X 35
WY Fe. Ni RS EE S (WA 8), X% Fe. Ni
T EALGIE R FeO. NiO, #EiiiS Cr,05 &4 [E%
N, JEHU(Fe, Ni)CrO4 2R & A Z5F 1 Z2 5084k
M2 AR o /K ZE AT B iR Fe Y44k
BRI AR NI LR, iXF T Cr AR R
iy L2 270 R Cr, O 82 58 T i A 3k
() Fe I Afk, Mimfedt Fe* it )2 AL
o) HAMUY 8, 5 HoO(g)+0, KA AL S . i T
P2 AL 2 SMI HO(g)+0, it i, I i Fe® Fe 4 Ak,
JE I Fe,0, )2, Izt K, WRANZEA R .

T Fe,Os Z5 BN, H LAY B TP347H Xt
IR B N BERANZ AL B IR B 2 L850 . Sk
M, WZEAKE H (Fe, Ni)CrO4 M, 45K, A
HAE B AAFE A/ N FLBR, ELEROL oA T ) iR
fdt. FHIE 6b HIUL, JEUEL PGAAR i B X AR AL 2 A
FEEALS , N R e s RAAL, RS RO K
N FEP AL T Y BOETE o X R, R R
[CRAHPI Y Cr ST ) S A8, S8 AV Cr,
TE B PR [G AR 5 FEARTE WY (Fe, Ni)Cr,O4 2547 55 Y
Cr J§4y, BB B Crn0; WIETE. BA15Y i
K HyO(g)+0, i, JE M LA CrO,(OH)(g) N EHI £
PSR I AL, X L8 S = & I A TE S
FLEV B S FLA B, 7E N2 AR P R G iR
i BRI 5 ANE AR T A ALA
i, WA TP347H WEESA LI FEH H,0(g)+0, &
CrOx(OH)(g) M P M AMIGEY B EiE . hFoh2
AALR P RFALR TN E A LR R, P G &
K, WL TP347H W EESAfLZ T H,0(g)+0, &
CrO,(OH),(g)7E W 2 S84k Je rh i G i fe . —
TR 5 30N 2 8 i AR K Rl s o — 7 D, i
BUE Z 1 SSLAEN |« ANZ A A R AL, T A
HATFLZE, FEON . SMNZREAR LA 50 I B FEAL,
b S T T 4 B A0 2 SRR R g L 9 PR R X
T Cr,05 45 A, (Fe, Ni)CrO4 ZEVAEAR, [HH
WS A 2 WS MGG, AR T2 85 TP,
BN Fe’ ™5 Ni*™ (455102 Fe*) A HiA) £ 5k
Lx;[33-34]0

Zi b prid, TERIRA T, TP347H ot #4ds
N EE IR Bt Fe* il i (Fe, Ni)Cr,04 N J2 1L 2
AN B FR T EE Y Fe,05 SMNEE ALK, VLK
H,0(g)+O0, TH Ji B [ AAR iy AL AL 1) P 4 0 R 42 i 1)

PR H . PR U B 8 i (Fe, Ni)CraO4 IR
L P 0T 0 9 S 1 S 7 35 L 0 S 1,
AN Cri0 2. 19, SHZILE 2 LI 2
SR

2.5 RERENEMLEEHRIFIN

TP347H s #E$ 4 TE 40 000 h AR, &
IR AR, IEIREE R 40%~45%, FZRIRET]
TR EZBIESN 12 (12~14 MPa), FZEER
R 560~570 C. #E4Eit, K 15 min DL 1A
W ERIETHE 20 300 h, BliZARIEZ TP347H &k
IR R B GE ER A C AT T BT IR N 2R IR
JE ) 20 TR AR AR o

TR B R I Xk IR A% TP347H i PEHAE N B A Ak i 72
FISCIR R BLAE 2 A5 1) DR N 28 9500 2 R A1
175 5500 5 R Jy 0 R (o 5 A T i AR ke, 9 %
M, FEKESIRERTHE 50 C, Cr0; 7EH 178
IR R 1 FRY R, W RS SN EE
21 E Cr Sk, JRATESAEL, A
MAENZEMAETERESZ . BERWAfL, 2) F%&
RIS | T A AL B s R N T SN2 R
b B ZE R B , TR BE R UG 7= A 1 28 A8 o ) TEAMNE A
KRIZHIERFEE N B e, 5 ERE
AAL G RITE o BLAN, TREE PRI = A I B8 AR I ) i 2
TEW |« AMZ A AR S g AL = A v SR, TRk
ML, s R EY R, HE A, WAk
2R AL 7P

TN, BT R I N BE L LA 3,
2y 80 um MIEARZ, 2GR SR/, 4545
%, BAEERPTEALIERY . [RInE, 124 N EEANZ A
LRI Fe,O5 diRLAN/IN, S5HHE R %, A FLR
sEN, HA W P AR R b I RE T, SAAk R
JZTCHRE RS, I, AT Rt e, B
SR A AR N I 2R VR B AR v, (H AR
Fe G, RIZEEMEE ISR,

3 #Hit

1) TP347H i IAER48 N BE A AL o N oh 2 2,
WRILZBRIF . ANZE N Fe,05, & MASIL, 450
Bk ;s WJZEZ K (Fe, Ni)Cr,04, Z5MHEER, 544
B AU AR R T SRR, {ELAE S AL 43 A K R 41
NALS

2) FEABIT TP347H WIHELARMY N Z A AL B AT TR
ATELER CryO5 W2, HIN L, FEREAR I 7T
Cr 4, £ Cr,O3 2 H HANEA XIS . Cr0;
HZBHPYN IR Fe, Ni JRTF5 & 8/KZES N,
Fr P )Z A LR TR HL, ] TP347H it $AVH 4 P BE
1AL



TR N B TR

2023 4 6 H

3) TP347H i A N BE R AL R v, SRS AL

BéH Fe? Sl i (Fe, Ni)Cr, 04 P)2 046 1 0] S Bl 72
e, A A B i HaO(g)+0, T Ji B IR A &y
AL AR R

4) TREE R UG A 1) 52 A8 N e SN BB R =

BN SRR T AL g R TR AL, (R A AR AL B HY
FIVE o R AR N RE S BOLAL B, 5 B
AR L, HHUE M AT A AR N g bk i RE )
. AR, S R .

SE M-

(1]

TG ER, Edh, APZE, SE R B bR T L TR
W6 R PRI AR SE B RE[T]. $ABESh 1 TR, 2022, 37(8):
1-8.

TAN Zeng-qiang, WANG Yi-kun, NIU Yong-jun, et al.
Research Progress of Deep Peak Regulation and Fre-
quency Modulation Technology for Coal-Fired Power
Plant under Double-Carbon Targets[J]. Journal of Engi-
neering for Thermal Energy and Power, 2022, 37(8): 1-8.
BV, ERER, ERE. <R HAR T4kt ki &k
JEIMBEAZHT[I]. S EiAR, 2021, 43(6): 11-20.

ZHAO Guo-tao, QIAN Guo-ming, WANG Sheng. Analy-
sis on Green and Low-Carbon Development Path for
Power Industry to Realize Carbon Peak and Carbon Neu-
trality[J]. Huadian Technology, 2021, 43(6): 11-20.
/NG, ORSPHE, BRE, AF. R B AR T RETR R AT
AP HLIB Sk T]. e EiR, 2021, 43(6): 21-32.

YU Xiao-bao, ZHENG Dan-dan, YANG Kang, et al. Op-
portunities and Challenges Faced by Energy and Power
Industry with the Goal of Carbon Neutrality and Carbon
Peak[J]. Huadian Technology, 2021, 43(6): 21-32.
SRAZE. PR R AL < M DGR R RE )], AR
TIEAR, 2021, 48(3): 65-71.

ZHANG Li-xin. Key Points of Metal Supervision for
Thermal Power Units with Peak Load Regulation[J].
Shandong Electric Power, 2021, 48(3): 65-71.

T ARG TP34TH 5 IR A% 5 B AL ML 1],
BRI, 2020, 32(8): 752-757.

WANG Yan. Magnetization Mechanism of Austenitic
Stainless Steel TP347H after High Temperature Ser-
vice[J]. Journal of Iron and Steel Research, 2020, 32(8):
752-757.

ASTEMAN H, -E SVENSSON J, NORELL M, et al.
Influence of Water Vapor and Flow Rate on the
High-Temperature Oxidation of 304L; Effect of Chro-
mium Oxide Hydroxide Evaporation[J].
Metals, 2000, 54(1): 11-26.

XU H. Effects of Oxygenated Treatment on Exfoliation of
Duplex Scale in Steam Path[C]//Proceedings of ASME
2011 Power Conference Collocated With JSME ICOPE
2011. Denver: [s. n.], 2012.

SRR, FBES, A, S TP34TH SRR Lz

Oxidation of

[11]

[12]

[13]

[14]

[15]

[16]

[17]

STk, HLBTFEREL, 2021, 45(2): 7-14.

ZHANG Jun, ZHENG Zhun-bei, YANG Zhan-jun, et al.
Research Progress on Failure Mechanisms of TP347H
Boiler Steel Tube[J]. Materials for Mechanical Engineer-
ing, 2021, 45(2): 7-14.

TREAF], XL, JEUDE, 5%, TP347H AEEHI 590C T
WK 28 AAAT o M (0], TR AR T, 2010, 37(4):
255-258.

XU Ming-li, LIU Jiang-nan, TANG Li-ying, et al. Analy-
sis of Steam Oxidation Behaviour of TP347H Stainless
Steel at 590°C[J]. Guangdong Chemical Industry, 2010,
37(4): 255-258.

SR L. TP347H 59 i i Pt P BE AU AL B2 R ]
KL 5751, 2017, 38(3): 18-22.

ZHANG Shan-shan. Failure Analysis of TP347H High
Temperature Superheater Tube’s Oxide Layer[J]. Power
Generation & Air Condition, 2017, 38(3): 18-22.

ik, B, A 8, 45 TP347H 4 /K 28 S Lt
5[], MRHALEEE4R, 2009, 30(5): 172-176.

MA Qiang, LIANG Ping, YANG Shou-en, et al. Investi-
gation of High-Temperature Steam Oxidation for TP347H
Steel[J]. Transactions of Materials and Heat Treatment,
2009, 30(5): 172-176.

VISWANATHAN R, SARVER J, TANZOSH J M. Boiler
Materials  for Coal
Plants—Steamside Oxidation[J]. Journal of Materials
Engineering and Performance, 2006, 15(3): 255-274.
LIANG Zhi-yuan, ZHAO Qin-xin. Steam Oxidation of
Austenitic Heat-Resistant Steels TP347H and TP347HFG
at 650~800 “C[J]. Materials, 2019, 12(4): 577.

PAETR, EEE, AL 4E. 1000 MW BRI B R HA
Rl i e 7K v BE A ) BRI BT[], RO,
2017, 38(11): 2661-2663.

LIANG Xue-dong, CAO Hai-tao, REN Rui, et al. Ex-
perimental Study on Transverse Cracks on Tubes of a
1000 MW Ultra-Supercritical Boiler with Vertical Up-
ward Waterwall[J]. Foundry Technology, 2017, 38(11):
2661-2663.

BT 22 PR B 4 5 A S 23 B [D]. db st Aedb
JiKE, 2018.

ZHAO Yu-lan. Influence of Peak Adjustment on Boiler
Life[D]. Beijing: North China Electric Power University,
2018.

SN, LGN, ZRORME, S TREERIENLALK VS BEE T
SAFR [T, #T14H, 2020, 49(11): 176-181.

CAI Hui, SHI Zhi-gang, QIN Cheng-peng, et al. Cause
Analysis for Cracking of Water-Wall Tubes in Steam
Depth Peaking Unit[J]. Thermal Power Generation, 2020,
49(11): 176-181.

A4k, D, B/, A B H TP34THFG FpNRE
WL TP347H B [CIRTI TSN BTV MEREXS LRI TE
[J]. ZHiZ4, 2019, 33(1): 16-20.

LI Jian, MA Yun-hai, YANG Xiao-chuan, et al. Compara-
tive Investigation on Steam Oxidation Resistance of

Ultra-Supercritical Power



208 ol

T, 5 WRERER RS TP347H 448 P BE S0 B 2540 5 TF b 2 125 -

[22]

(23]

[26]

TP347HFG and Inner Surface Shot-Peened TP347H Aus-
tenitic Heat Resistant Steel for Boilers[J]. Power Equip-
ment, 2019, 33(1): 16-20.

JIA T M, MONTGOMERY M, LARSEN O H, et al. In-
vestigation on Steam Oxidation Behaviour of TP347HFG.
Part 1: Exposure at 256 Bar[J]. Materials and Corrosion,
2005, 56(7): 459-467.

JIA J M, MONTGOMERY M, LARSEN O H, et al. In-
vestigation of Steam Oxidation Behaviour of TP347HFG.
Part 2: Exposure at 91 Bar[J]. Materials and Corrosion,
2005, 56(8): 542-549.

MACHKOVA M, ZWETANOVA A, KOZHUKHAROV
V, et al. Thermodynamic Treatment of Chromium
Evaporation from Steel SOFC Interconnects[J]. Journal of
the University of Chemical Technology and Metallurgy,
2008, 43(1): 5-58.

TRIE. G KNSR B 5 | P 25 08 1 S AL B R T O AL
[1]. 37 TRER, 2011, 31(9): 672-677.

XU Hong. Mechanism of OT-Induced Exfoliation of Du-
plex Scale in Steam Path[J]. Journal of Chinese Society of
Power Engineering, 2011, 31(9): 672-677.

FET 0. MRAEEREE T TP347TH HHAH] 4 A A AL R HE
SALEBFFE[D]. Kif: KERLT R, 2018.

SUI Guang-yuan. Characteristics and Mechanism of
Grain Boundary Oxidation for TP347H Alloy under Ser-
vice Environment[D]. Dalian: Dalian University of Tech-
nology, 2018.

W, £, KEJe, %. Super 304H M7 700~900°C
Al K ZE P AR AT R 0. R b B A
2014, 34(3): 218-224.

YUAN Jun-tao, WANG Wen, ZHU Sheng-long, et al.
Oxidation Behavior of Super 304H Steel in Steam at
700°00°C[J]. Journal of Chinese Society for Corrosion
and Protection, 2014, 34(3): 218-224.

SBFY, IRAERL, e, . DICAHY TO1 A IGIAL
TP347H B i 2V R R AT FE 0], fbl oy 5
Bt A, 2019, 31(6): 609-614.

GUO Dan, ZHANG Wei-ke, PENG Zhang-hua, et al.
Characteristics of Oxide Scales Formed on T91 Marten-
site Steel and TP347H Austenite Steel in High Tempera-
ture Steam[J]. Corrosion Science and Protection Tech-
nology, 2019, 31(6): 609-614.

Rk, A&, MR, 55 BT A RITE AR
TP347TH & A AR K RRE AT [T]. h AL TR 2
2, 2020, 40(18): 5979-5987.

XU Hong, QI Jing, CHEN You-fu, et al. Investigating the
Role of Oxygenated Treatment on Oxide Exfoliation in
TP34H Alloy Tube Based on Finite Element Method[J].
Proceedings of the CSEE, 2020, 40(18): 5979-5987.

ZRE N JCH )R I SR X I A7 R e TR A

[27]

[31]

[32]

WHHR—FPRCY/ ) e e R AE S R L
I R 2 Bae . DG [ MUEE AN, 2009.
LI Zhi-gang. Study on high temperature oxidation of
convective heated surface tubes in supercritical units of
thermal power plants—Materials[C]//Proceedings of the
Annual Academic Conference on Power Plant Chemistry
and Summit Forum of China Power Plant Chemistry
Network. Wuhan: [s. n.], 2009.

NAKAI M, NAGAI K, MURATA'Y, et al. Correlation of
High-Temperature Steam Oxidation with Hydrogen Dis-
solution in Pure Iron and Ternary High-Chromium Ferritic
Steel[J]. ISIJ International, 2005, 45(7): 1066-1072.
AUCHI M, HAYASHI S, TOYOTA K, et al. Effect of
Water Vapor on the High-Temperature Oxidation of Pure
Ni[J]. Oxidation of Metals, 2012, 78(1): 51-61.
ESSUMAN E, MEIER G H, ZUREK J, et al. Protective
and Non-Protective Scale Formation of NiCr Alloys in
Water Vapour Containing High- and Low-po, Gases[J].
Corrosion Science, 2008, 50(6): 1753-1760.

JACOB Y P, HAANAPPEL V A C, STROOSNIJDER M
F, et al. The Effect of Gas Composition on the Isothermal
Oxidation Behaviour of PM Chromium[J].
Science, 2002, 44(9): 2027-2039.

HANSEL M, QUADAKKERS W J, YOUNG D J. Role
of Water Vapor in Chromia-Scale Growth at Low Oxygen
Partial Pressure[J]. Oxidation of Metals, 2003, 59(3):
285-301.

sk, R, EFH. SSRGS
TP347H HE A BE SR T e 384 V52 3 2 ARV A2 IR [T 694
JEIR, 2011, 42(6): 45-48.

ZHANG Bo, JIN Yong-qiang, WANG Yu-xiang. Effect of
Adding Oxygen in Service on Oxidation Film Growing
Speed of Austenitic Steel TP347H Tubes from Supercriti-
cal Boiler Reheater[J]. Boiler Technology, 2011, 42(6):
45-48.

STRAFFORD K N, ALLEN K W. Book Reviews[J].
Materials Science and Technology, 1998, 14(11): 1200.
CHOUDHRY K I, MAHBOUBI S, BOTTON G A, et al.
Corrosion of Engineering Materials in a Supercritical

Corrosion

Water Cooled Reactor: Characterization of Oxide Scales
on Alloy 800H and Stainless Steel 316[J]. Corrosion Sci-
ence, 2015, 100: 222-230.

TRER. WL AL FEXT $30432 i TP347H 4040 Ik
K ZEAAPERERZ RIS [D]. M B B BT KA,
2019.

WANG Zhi-min. Study on Effect of Heat Treatment after
Shot Blasting on High Temperature Steam Oxidation Re-
sistance of S30432 and TP347H Steels[D]. Nanchang:

Nanchang Hangkong University, 2019.
ARG XA



