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WE: /3R X SHERUOEE . X SHRATHERE . BRI RENG /0T S5 57k, W 440t/h SRR
TR Joe g B I 7K ¥4 BE XSSO B B JE Tk S AT VEA R AL, A0 AT SRR I ek TR BONR BT 3R B SRR
Mo SRR TN EEEN FeS,. Fep03. PbS Al ZnS, {H Pb bt Zn B AEFEE & JEThAMNZ L ZnS,
PbS. GaS. FeiS Ml Zni oAl 0sS213 AE, BHH/DE Ga. Se. Bi%iik, HZn 5 Ga ik EHEEER
EETHNE: BMZEd Pb. Zn. Ga. Se. Ge. As. Bi. Th. Sn. Sb 5%, T HIE - B
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Analysis on High Temperature Corrosion of Water-Wall in a 440t/h Boiler
under Low-NO, Combustion Mode

WANG Yibin', ZHANG Sicong', TAN Houzhang™*, LIN Guohui?, WANG Meng", LU Xuchao',
YANG Hao®

(1. MOE Key Laboratory of Thermal Flow Science and Engineering, Xi’an Jiaotong University, Xi’an
710049, China; 2. Zhejiang Juhua Cogeneration Co., Ltd., Quzhou 324004, China; 3. Xi’an GeRui Power
Science and Technology Co., Ltd., Xi’an 710049, China)

Abstract: The corrosive products that were collected from water-wall tubes close to burners at the lowest layer
in a 440 t/h coal-fired furnace, were characterized by various technology methods including X-Ray Fluorescence
spectrum (XRF), X-Ray power Diffraction (XRD), Scanning Electron Microscope and Energy Dispersive
System (SEM-EDS), for the analysis and discussion of the formation of corrosive products and enrichments of
trace elements. The results showed that inner corrosive layer was mainly composed of FeS,, Fe,O3, PbS and ZnS,
with higher enrichment of Pb element than Zn. While in the outer corrosive layer, ZnS, PbS, GaS, Fe;S and
Zn1 oAl 04S2.13 Were the major compositions of the mineral phases with minor elements of Ga, Se and Bi, but
more significant enrichment of Zn and Ga elements were observed than that in the inner corrosive layer. Trace

elements including Pb, Zn, Ga, Se, Ge, As, Bi, Th, Sn, Sb were enriched both in inner and outer corrosive layer.



They were formed mainly via the vaporization-condensation of gaseous species from coal combustion and the
release from the unburned carbon particle that adhered to water-wall tube surfaces. Moreover, some of
condensed trace elements may re-vaporize and then diffuse into deeper corrosion layer, which would further
cause the growth of the crack opening size in corrosion. During the corrosive process, the oxidation and
sulfidation reactions of iron matrix occurred simultaneously and competed with each other. The cracks were first
formulated at the corrosive layer adjacent to iron matrix and then as the cracks developed, it started to break into
small patches. Various kinds of pyrrhotite with different crystal sizes would be generated and some gaseous
sulfur would be released as the pyrite migrated toward the outer layer, which suggests that gaseous sulfur may
play an important role in corrosive process. Additionally, the migration and diffusion of fine particles and
gaseous trace elements into iron matrix side may further accelerate the rate of internal stress cracking, to

promote the diffusion of corrosive gases and aggravate the corrosion.
This work is supported by National Natural Science Foundation of China (No.51876162, No.51906198).
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ARELI, DR Z B O RS HEBOR E A E 550mg/INm®,  TEZ5 & B SCR ARdb i il +
R, B NO HEBIRE /N T 50mg/INm®. fE, (IR EUBARE it 5 340 23 51 2 A JR Bkt 2 X Kk v
BE W0 iR ok, LR P RS RN B S B i T BETH SRR E (HoS. 0. CO. CO,. HO %5)%%
RE B, T SEHOE R R A NOREEE:, 7 Pk beasmt D5 s G R d B4 SR (ofif
T 0.85~0.95) , KA 5 b EBREAS X 0] 55 % amaE JR U0, iR FER HoS. CO AU ARk
FE Oy FrlR A 28 AR e 5t 7K A B i) AN A ek 3k o 7™ P v L8 ok, s SH A e 7 L X G T 5 1 W i 30 B T
S R E . M H, AR KL R AR TR B R BAG,  HL TN R A A
72, TEI A BB THRER, BRI UABERIL AR 7, B AN R A i — 2P R, KA BE X e R PR
WEEMKE E IR . B ER, BAGER G SRR, BRI E 2 4s1T LR &5
P, IR 5] R A IR T R H N 2 AR B AT . TR, ERRHE R SO E RN LZH N D%
T PR A SRR ok e, BT (R D M LA B AR L B AR L) R TS L AR IE R R

— TR, BRI A P 2 AT R e B N BRER AR . UL R R BR AL A U0,k R
AN TRV A ) vl S ok R 2B ) DX AR AR 22 5, B IR kR v R i ok & R B o =X 2 R v UL P AR B R 1D
A A A R ok — M R AR AR KA BE o T L, SR AR SR I AR SR AL R R R v, R R
B AT T HoS 5 A HE A LERAF AT IR AT — e Bkl o [ Py AR R AR A P 7K A B 45 P it A S e i S
PRI T SRIRAF T, HATIA REIE BT 3R 7R JL R iU JEATLEE . STHR[11] I O2-HoS R B AU T TO1 E M 1)
Jig g R B S T AR SCBR[12] R IR SA213-T2 RU/KVABEA M 4 BEIR E R 5 50T, R ihiE %
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ASCAEHE 440t Bdy A e TR IRIR & X BOK VA BEE R TISER TTRZ, SR X S5t i, X
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RIS 1 it B L) 5o R AR, RN S5 S R & 2 A DL DT I 2 A AR, SR
TIHT T N KA BE S A 7 B Tk IR AR R PR DA S TC 3R R AT

1 HLLAHER

PN R BT A IR AT A P71 SG—440 / 13.7—M 782 R i v ) T 44 ARG HR AR A,
SPE R, [[BEERATE, DMAUIER G, REEHRET . WMEAEEW i, BEERrKA RO EE
2660mm, HafEbREN 42750mm. PR TR T TR R R FE L Y 1.086, (ERARVIE EA% 8 @ 800 mm.
WE 1 AR, RS =B RAWE, SRR, — B SRR, — =0 Y R S R
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550mg/Nm® (T4, 6%0,) , H4EMHIZEIT T F 44 450mg/Nm® (T3, 6% O,) , JLEEHMLIE
T4 FZ0 300mg/Nm® (T3, 6% Op) o —UXESHY A NOKER BN R, BIAHILAC Bk
RGBSR G SO N XIEN 5 Z S A B )3 AT, AT BB R A T H Y NOK FIAE A
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Fig.1 Burner arrangement and collection position for corrosion samples
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Table 1 Proximate and ultimate analysis of coal used in this unit

Qnet,ar/
oW Cal% Hyf% Ouf% Ng/% Su/% M% A% Vgd%  FCuad%

(MJ kgD
it 5340  4.08 8.04 1.00 0.96 944 2308 2471 75.29 21.3
K 5232 3.20 4.86 0.91 0.73 751 3047 17.21 82.79 20.4

K2 KABEMTREGR

Table 2 Elemental content of water-wall tube materials

B C/% Mn/% Cr/% Ni/% Mo/% V/%

12Cr1MoVG 0.107 0.48 1.14 0.21 0.27 0.18

B 2 D9zl T R e sk b as X 3KV BE il JE L 5 . BLALIE e, RNt /0 Tk BER
T T AR S ORI R, TR AR FE O™ B . TR FE R PR S MAZ DO BE R s, (LB A 2
LRI XK. Ak, AZHLALRRS XS DA BT K BESR N, R IR as 55 M AT 1t A7 it S
I
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Fig.2 Pictures on the corrosive water-wall tubes in a real boiler
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FTIEE AN, WEAEELIN 0.008< H WA T SeR M X LG CCEATIE, AL N 102805
Koy 0.025 MHKEWERA Jade BAFHIEAT A AARELN o X TR PR S RSO0, Sk =
WAREEAT RS . PO RS S BOR Ve TS, AR H L SU3500 RUASKT 2243 i L B A il i3t 4T
ORI FIREE T o
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3 512 SAZIAIX KA BERERE G (FEWLE 1 BRI E-2) FcEa s, Wk 3 fs.
ATLURIL, JERZEH Fey Pby Zn. Siv Al fl Ga iHE G EERRE. (B, BN, /NE2HaE4 4%
PIARIRIR B, Uk B N TG KA AT AE — 58 S AT 9 R AR R0k R R 6 R 2B BETHRG B o RN 2 4
Fe. S. Pb Al O i, WREFZELIBRMMAANNE AL, NWETHEDE Si M Al TR B ZT R
SHRAE T B AR U B BURLRG I T ME R . RN EEE S Zn MOk, HERHES
SEM Si M Al TR, XEWE E 2 AL AR A R U T U2, D6 IIR [F) 20 R 0k B
FEAN R UR BE AR B N ATAE — E IR VE o M3 SCHR (18] AN STk [LO1KF MR R T 4% K MR 2 4L R AT,
Pb 1 Zn J& T# 4045 K1, EATRE A BIA 327.4T M 419C, HArHIERFEBEEN S, Cl TE i



EOIMIS. HR, TERRIEAR A o Bk SR THE 2 5 T 10°KSs, Pb A Zn YEDIETHE A AF T 55 K& AT
PV, SCER[21]7E H: 6 2 SR AT IRA R A R BUIR AR T 727C WBRALEE R RE M, TR T
827T I Zng N EE G IEA: MHTREIRE R T 627<T J5 EELL PbClyg. PhOgM Pbg X AF7E .
ShET Ga TR EELARNZMN 4.3 15, YRR R T Ga Jo R AT H 3G A& o 7 vh &
Ga U W EETTRAT ABON . b4k, FEZHitfAfE/ D& Se. Sn Fl Ge o &, EfIATREFZ LIS
BILRY WA SRR . P Se FEUAFIEA FG VLKA, Se e sl 217C,
Bt A T 5 USSR . T Se. Sn Al Ge JiE R, WIS EILRE S TROKIEE
B N iR B BER T . WHACRIL, IRETRIEE RS A F AT R R TR SR, BRI 5
T4 N AR v A R R P R T 2 ORI R K o BB AR BT R AT R, R A
[ Pb il Zn #r H iR LK 2 BT

R 3 FMEITRSEPrER

Table 3 Analytical results for composition content of corrosion layer

ZF Fe S o] Pb Zn C Al Si Na Se Ga Sn  Ge Hib
WE 332 193 189 868 565 355 326 267 108 084 074 055 031 1.27

ANE - 244 138 247 411 277 392 804 693 302 033 319 0.9 - 1.73

3.2 SEE YA

Kl 3 BN Z S S A A a5 R . FTRUE =) 3 2 FeS. ZnS. PbS. FeS,. Fe;Os.
AlLO3 Al Zng gAly 04So 13 ¥ . FE S P ER IR BLFE FeS A1 FeS,, FeS M N 7 fifk, 1 FeS, 715
J7 d B AT fb R AR, XU R O AR 2 BN . W E TR SEI L Fe 05 FA7E, HWRE
FEARRIR] HoS 1 O, (R B T A B ZE4r, o KA R,

Fe+H,S(j=FeS+Hyq)(AG=-59.96 kJ, 400C)
Fe+2H,Sg=FeS,+2Hq)(AG=-51.38 ki, 400<C)
Fe+0.7505(5)=0.5Fe,05(AG=-320.7 kJ, 400<C)

Fe,05+H,S(g=FeSs+H,0g)(AG=-117.2 ki, 400<C)
Fe,S5+40,g=2Fe0+3505()(AG=-1080.3 ki, 400<C)
FeO+H,S(g=FeS+H,0()(AG=-49.97 k], 400<C)

XL g NN E R R, AR RS TIN5 K. Pb Al Zn Je R EEDURLIR
TERAAAE, HTREk HAA Po Al Zn B Ak [ MBS 2 PhS A1 ZnS 1A%, {H2& Pb H 04 ET Zn
Moy, B TAGRRM R RAERE. 2R, BT — BRI T KA BEERE, HEE
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3 &N JZ XRD 3 Hr
Fig.3 XRD analysis for inner corrosive layer

4 RIFANE IS YA TS R . FTLURIL, JEIESNE T E I PbS. ZnS. FesSs. Fer,S.
GaS 1 FeS 41pl. ZRHIBALYI EELL Fe,Se. Fer,S Ml FeS JERAFETE, Hi FeS a7y difd, 1Ml 4wy fh
AN T &R, AUBRFHE RS — 8 5. i fE b 474 — e | ISA, 15N
=) FeS 1A AMINEEFS it — 30 RSN Fe,Sg, 1ZId R SEANLF] THIRIE T #4 )% B KT (AG (4007C)
=-30.6kJ; AG (450°C) =-29.5k)) o XRD P45 BN, RJ7 i RMIETN Fer,S I F bR x AR &My
IEHAEA (0<x<0.223) P, S RAFE 2R AR S), U35 Fer,S-4H (Sl aXbXc: 6.88X6.88X
22.9) . Fe;,S-5T (6.888X6.888X28.67) . Fey,S-6T(6.898 X 6.898X34.519). Fey,S-7T (6.894 X 6.894 X
40.15) F Fe;,S-11T (6.897X6.897X63.222) . XYM I HEZ BN FeS, M AMIEL % HHoR I ST
AR AL, IZJEIEAFTE Gas gy, HEE BRI H AE Ga [FAA S B HS R ARL, FE
R BT R B KA BEDURUZ KA
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Fig.4 XRD analysis for outer corrosive layer
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Bl 5 9B )= BT O R BEE AT 45 R WILAEH S A1 Fe JuR MM BB 5, it PIEMIRR
WG e SR PRJRFITE R Zn A0 Ga JuER Al EEEILAMU, Pb ST EFEILE M. IR R = T
FJCER &R Z R B S P A0t Zn 80 Ga 47 ek B/K BEE R . H1E T Z s 2 AT YA
SIMTRIRL, TR ZONBRIBAY), thAF e € B ZnS Al PbS. Pb Al Zn JTER A KR H L ML
W] T AR RURL A IR P AT RIS T v 2, AL 3 R BE T VA BT OR N 48 £ 3o

&1 5 58 e 2 15 T T 2R RE T

Fig.5 Elemental mapping of longitudinal crossing-section of corrosive layer
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LB R ITCR ST, FTLOAN, PN SR AAEE Zn. Pb. Ga SHRE IR FIIAKISEE
RE AR FREY. (1 75— @REWNS) PS4 B BB R R AR (D X
S AN TR H R %Y B AU, EY B A B A R 8 o R OB = 3R
(3) AU ARV Bt AN UL SRR R 8T, AR DPEAT IR AT AR R i O R 2B RS L R )
RBCWRHE T FRE TR (4D ARBSBRAORIRS IR BE 5 AT o Bbdh, JZ R0 Si A AL JTTER
oA s B ARAL, EAR BN/ R B AR, XU HIE IR SUR T & Ca/Mg/Na/K 4170 5 5l id <
PIE S RS ASTE AT 520, K5 T B B B S KA BER . I PRI Si Rl Al
EHVFRA S REALEL . BRI B A/ R S M T AP A

6 NJEHUE N A BT A AL B OIS . B 6a) « B 6b) & 6c) FIE 6d) FIEERLL B 1%
IF) JEF e JE R T AU it . 7RI 6a) ks T 4 AN SO 4 ST TR A T B 3 WA, T
1 AR 2 BEACH Fe F1 S JuEm A, R¥HE Fe/S BE/REL(~1.8 fil~1.7), AILAUCHIE ™) ELL FeS &
NATE, FOCRMAEWR TR Fe,03 A, K 6a) i 4 1 Fe. S Al Zn JuZEEK W FeS Al ZnS
MIFEAE, A HAL TG R PR HE As (2.1%) . Bi (6.4%) F1 Sb (8.6%) . filf 5 Atz st rh Fiki 1
Ey Fe H FeS, T mEk 6 ik & mi bl Pb ooz . U 7 A0 8 v A R, H R 7 38 S P,
Zn. Mn fll Sn Jo & . OB R ALK& s e F RN, XUl R g AR RS SR A1)
P BCRT RE 2 1 D0 A O P R B SO 2R, R R b R R A

P 6 itz 2 1 ) o ) AROME T 3

Fig.6 Microscope morphology of longitudinal crossing-section of corrosive layer



F 4 E6a) /X TR S &

Table 4 Elemental content in point or section selected in Fig.6-a

ST X A
TTR
1 2 3 4 5 6 7 8

S 235 23.4 12.6 23.1 21.2 22.9 20 21.2
Fe 75 70.9 47.7 54.2 55.3 51.2 56.8 775
C - 2.5 35.8 2.4 17.8 2.3 2.7
0 15 2.3 3.9 4.2 0.9 2.7 0.8
Zn - - - 3.2 - 5.3 4.8
Pb - - - - - 175 10.6

HoAth 0 0.9 0 17.1 1.4 0 2.5 0.5

HE 6-b LSRR 25, B T2 A 6, BOMKGXER. hE 4 7LU0E, X 10,
13, 14, 16 f1 18 B iz th, Hirh 13 K LB H Th Fe M S u&, MHM4 S X EEH Pb f1 Se
TEEM A, 4Ll PbSe fE7ERY%, HZE X Ik 18 7776 B Pb 0k, XK i ) P AR AR Py As
TR EUEE . Xk 9. 11, 15, 19y M, HEZM C R O JLRMAL, 1 LA NI SRR i
B S TRAH S A B . XI5 17 T8 S M Fe JURHA, RYE 702 BE /R H AT DA E 18 =4
HARN FeSyo X3 12 AERA, FEONREFRIRERH 7.

5 K 6-b PR/ X IR R S

Table 5 Elemental content in point or section selected in Fig.6-b

RUTH X 35k
TLE
9 10 11 12 13 14 15 16 17 18 19
S - - - - 15.1 - - - 56.5
Fe - - - - 7.3 - - - 435
C 79.2 3.6 79 3.6 - 77.9 39 - - 74.3
0 20.8 21 37.3 37 - 22.1 - - 25.7
Pb - 88.6 - - - 92.8 - 85.7 - 100
20.2-Al
HAth - 7.8-Se - 70.4-Th  7.2-Se - 10.4-Se
/18.9-Si

6-c TPIXk 21 A 24 WEH SR Si Al TR, HEEDRSRSEEAAAE. fik 5 1k, Xk



22 HAETERE S BN C Al Th 77:%5 HEE Rk, X185 23, 25, 26 f1 27 A2, Pb t& &
E T 87%, AL 100%. X5 Ph JuE 1T HE E B HAA Ph W R IR B RURL T R K P 1R
-2 BRI AT I U . X3k 23 ik &/ 0 & Susk, UBIEE—Emi. Mok, Xk 27 it fife
BRI Se, FEORETAA Se Ak, TTAES LA Se 51 PbSe ITERAFAERY, [XI% 28 1 EH Ny S, Zn,
CHOE, XULHALEIE ZnS,

6 K 6-cHh /i XK TR A R

Table 6 Elemental content in point or section selected in Fig.6-c

RUTHT X 3 5
TEER
20 21 22 23 24 25 26 27 28

S - - - 8.9 - - - - 223
C 77.8 9.6 48.3 3.2 135 7.8 - 6.3 16.8
o} 222 40.7 3.2 - 40.4 - - - 38
Zn - - - - - - - - 57
Pb - - - 87.8 - 92.2 100 88.5

Al - 22.9 - - 209 - -

Si - 26.8 - - 25.1 - -

Th - - 48.4 - - - - 5.1(Se)

6-d A 2 A ek R IR SRR S ‘@iﬁ%ﬁﬁ\@%ﬁﬁfn%#ﬁﬁ%ﬁ & 6 nrA, X
29 hEHRE LI Zn LR E SILR, REAAAES AR Zn, [FIRHAF/E/D 2 Ga il Al B o
TR, ﬂ:ﬂzmﬁw%%ﬁﬁmmmﬁ Zn %u Ga JUF Al ABE AW BE U A H] . X 30, 31
33 MR SBONAEAL, SHEE SRR Zn J0ER, FEMEAERB ORI AT . XI5 32 F1 34
BIRERBLRORL, S B ELE i Si Fl AL TR, [FIRTHAZAE— 2RI ZnS Hr. i H, X Eek A R 5
AR A0y, EATTAT REAER G SRGRIR B T 8 I AT MR R B - MR A - B i 25 0 A B

RT E6-d Rl X RE &

Table 7 Elemental content in point or section selected in Fig.6-d

RUTHT X 3850 5
Ve
29 30 31 32 33 34
S 1.0 9.8 19.0 54 24.7 9.2

Fe - 1.6 0.9 - 0.6 41



o - 11.3 13.4 9.8 9.5

Ga 6.7 4.9 2.7 2.2 2.8 6.4
Zn 90.8 63.7 54 14.3 56.4 48.4
Al 14 1.6 2.0 17.2 11 12.0
Si 3.3 2.0 25.8 1.2 10.5

4 ERBMEED

FEZHVAIE R A T, XTI A & S ARe & 226 M B N SERR DT /N gEAT 70 5E » IREUAREUE 5 1
F-3 5 ABIHEAEVIE N @ 200, 2 5-4 5 AR IHEAEYIE @ 800, @Y IS S E S AR IA
LRMETIYIERN, KIF— AR E— R AEI#3 AR Kt VIR T @ 200, N A,
—URAA L — KA 4 S ARSI KT @ 800, XEMEMNEIZITH 4 SHAKESRRSH
DURIREAT R, T IORNLAR S o B B I SRR AR I e e B . T LA, N R A be st e /i B 1) [l ik
K, 5518 BT KA EE, S BE L R UK BE R o, I ARt A A vl s T B R P

WAL R o R R T R AR R A P 7K VA B R T I GBI B . TR RN R i
A DA ED KV BERHIT HoS WK . B A e 2= A B BE S 2 (FeO3. FeO I FesO4) KA,
FEAS R IE R A R R A RS, TR SATT A RS B R R AR, R A IR B IR A L PR AN ]
AT EE R IR A o RIEN LR AR HE A 0 J5 B 1% B S B B, 15 0 s R 7K A B AT A
HERNE, WPHEREEMEE. ERMEONE X, R TR 7, T LSRR HS A
CO SERFIN AL, A A AE R R, FTHHZELERERD T KRB, SRkl Ry, Ke
BEPRIT A SR 2 0 R BRI ALY, (K& & O, MIm il HoS 5 CO MIaBi@y ME MEHF S 5B iR
Bl 50 R SV 22, 1 B KR SRR SR IR 18 5 T2 F 7K VA BRE R THT (1) — R MR8, Y G 10 B T 4
AR AR, BENRETCRITI S EARE . HEHZE TR AT A, SCPRE e 4
ZFRASEAT N, WSS R B SR BA e, ATURE A AR OB RN s i e R SR P R B i

5 #5ip

SO 440th BRBERR A I KA BETR MR HEAT T 2 MERAE AT, VEART I8 TR MR BRI T
HJRFM Py Zn. Ga. Se. As. Ge“HREILHRME LR, [HHLITER,

(1) Jr AR IR & DR AR i B o 3 28 i 1 R R IR SR B 2 N O IR EAR RO, g
B IR 15 38 P2 X I SR AR IR P, ELAR IR IURE 2 R B B T 23— 0 o J vl 5 ok ¢ 5

(2) JEPhNEEZLL FeS. FeS,. Fe,03. PbS Al ZnS HE, Ph mEELEMLEEET Zn, Sifl Al 7T
EEERK; BMANEFIEDL ZnS. PbS. Fer,S Al Zni oAl 0sSo13 A E, Znfll Ga B S EEEE THE,
Si fl Al TR S ER & BN ANEFYEE /D E Ga. Se. SN EILH;



(3) JEmZ9d Pb. Zn. Ga. Se. Ge. As. Bi. Th. Sn. Sb & n%, FEEitBk Bk <
VA B AR A R R A 48 T Kl B /K V8 Bk B T J bt P Rb 7 SR B B, 8 e R AP RS biE
2 G E AL, P — B vk 2 R a R

(4) BEARBRIT R M8 KB SN A AR ELSE 4, S BRAC S IR AN I R vh AT E 2 A AR R
Sigo VURRAHRURLI AN A TR R 17) V2 T E— A I IS T 2R BT 2, i vet ek U5 1) P 7 ORI T J
JEE i R .
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