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Superheater surfaces in oil shale steam boilers, constructed from pearlitic or
austenitic steels, are subject to intensive corrosion, primarily due to the
presence of chlorine in external deposits. The applicability of martensitic
steels DH-756, X10CrMoVNb9-1 and X20CrMoV12-1 for superheaters has
been examined, and empirical equations for prediction of steel corrosion
depth have been developed for the operational temperature range. An
abnormal dependence of corrosion depth of martensitic steels on temperature
is revealed, namely that corrosion in the presence of oil shale fly ash is more
intensive at 580 °C than at 620 °C. On the basis of laboratory testing it was
found that steel X10CrMoVNb9-1 is highly suitable for superheaters of
boilers firing fossil fuels containing alkaline metals and chlorine.

ba3y 3CTOHCKON 3HEpPreTHMKH COCTaBSIOT [BE TMbUIECIAHLIEBbIE 3JIEKTPO-
cranuuu (3C), Bantuiickas U DcTOHCKAs, KOTOpbIe BbIPabATHIBAIOT OKOJIO
92 % snekTposHepruu, norpedisemor B OcToHckoi Pecnybnuke. Ha Ban-
Ttuiickor OC, moctpoeHHOH B 1959-66 rr., ObUIO yCTAHOBJIEHO BOCEM-
Haguath komwioB TII-17 (mapompou3BoauTenbHOCTH 52,8 Kr/c, naBiieHHe
csexxero napa 10 MIla, remneparypa 515 °C), Bocems kotioB TII-67 (cooT-
BeTcTBeHHO 77,8 kr/c, 14 MIla u 515 °C), wectb Typoun K-100-90, yeTsipe
Typ6unbl K-200-130 u aBe tennodukauronusie Typounsl T-100-90 ¢ 06-
el ycraHoBjieHHOM mowHocTeio 1435 MBT. K 01.01.2002 r. ormymieHo
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262 TBT1-u snextposHeprud u 45,2 TBT-u Tenna. OctoHckas OC, coopy-
kéuHas B 1969-73 rr., umeeT OJIOYHYHO KOMIIOHOBKY M 00OpyaOBaHa
kotaamu TIT-101 (178 kr/c, 13,2 MIla, 520 °C) u typbunamu K-200-130.
O6mmas ycraHoBjeHHas MolHocTh B 1973 r. cocraBnsuiia 1610 MBt. K
01.01.2002 r. BbipaboTano 234,5 TBT-4 351eKTpOIHEPTHH.

W3-3a manoii kasopuitHocTH (~8,4 MJDi/kr) U 60abIIKUX 30JbHOCTH (/10
45 %) u BiaxxHocTH (0Kk0J10 12 %) 3CTOHCKME CIIaHLbI CO3/AAt0T MPH CHKUra-
HUHA OCOOBble TPOOJEeMBI, CBSI3aHHbIE C MBUICTIPUTOTOBICHUEM, 30J10y/a-
JICHUeM W OYMCTKOM moBepxHocTed HarpeBa. Copepikallldecss B CiaHLe
IIEJIOYH, XJIOP U Cepa MHTEHCU(DUUMUPYIOT BBICOKOTEMIIEpPaTypPHYK KOPpO-
3UI0 TpyO MNOBEpXHOCTEH HAarpeBa KOTJIOB, a MNEpUOAMYECKas OYHCTKA
MOBEPXHOCTEH HarpeBa OT 30JIOBbIX OTJIOKEHHH ellé OoJiblie YCKOpSieT
nporecc koppo3uH [1]. 31o oOycnoBauBaeT HEOOXOAUMOCTb YaCThIX PEMOH-
ToB maponeperpesarens. Tak, y kowia TII-67 unu TII-101 mocne kaxabix
Tpéx sieT pabotel npuxoauTcs 3amenaTs 2500-3300 yyactkoB TpyO mapo-
nieperpesaressi, B ToM uucie okosio 600 y4acTkoB aycTeHUTHbIX TpyO. [lo
HACTOSIIEro BpeMeHM JabopaTopHble W MPOMBILIIEHHBIE HCCIEI0BaHHS
KOPPO3MOHHOM CTOMKOCTH CTajlell He BbISIBUJIM MapoK, KOTOpbIE BO BCEX
OTHOLUEHUSX MOAXOAWINA Obl A1 M3TOTOBJIEHHS MapomneperpeBaresieu, To
ecTb obecrieunBaIyu Obl IJIUTEIbHYIO KOPPO3SHMOHHYIO CTOMKOCTH B MPHUCYT-
CTBMM arpecCHBHBIX 30JIOBBIX OTJOXKEHHH M MMEJIM XOPOLIYI0 PEMOHTO-
NPUTOAHOCTb O€3 Ype3MEepHbIX KalMUTalbHbIX 3aTPaT .

C oToM wenplo ObIIO pelleHO HCClIe0BaTh MapTEHCHTHBIE CTallH,
KOTOpbIE TPH MOBBILIEHHBIX TEMIEpaTypax XapaKTepU3YKTCs 0CTATOYHO
BBICOKMMH MEXaHMYECKMMH [10Ka3aTe/lssMH; [pPU 3TOM OCHOBHBIM Mapa-
METPOM OLIEHKH CTajli Oblia BbIOpaHa KOPPO3HOHHAs CTOMKOCTh. Jlake B
XyJALIeM cllyyae, a MMEHHO MpH OAWHAKOBOW HHTEHCHMBHOCTH KOPPO3HH
ayCTEHUTHBIX U MAPTEHCUTHBIX CTaJlel, MApTEHCUT MOXKET OKa3aThCsl Mpe/I-
noyrurebHel Oinaronaps 6osee HU3KOH CTOMMOCTH PEMOHTA.

C OTKpbITHEM [yl HAC 3amajiHOro pblHKA y mnpeanpustus Eesti Energia
AS nosiBUIach BO3MOXKHOCTb TMOKYNAaTh TPYObl, U3TOTOBJIEHHBIE B COOTBET-
ctBud ¢ DIN 17175. Torma xe B UT TTY Obuid HauaThl WCCII€q0BaHUSA
KOPPO3MOHHOM CTOMKOCTH Takux crajied, kak 13CrMo 4 4, 10CrMo 9 10,
X10CrMoVNb9-1, X20CrMoV 12-1, X8CrNiMo 16 13 u X8CrNiMoNb 16,
MO/ BIMSHHUEM JIETyuYeH 30J1bl, 0Opa3yroLeicss NPy NbUICBHIHOM CHKUTaHUU
cilaHia. AHaJOrM4YHOE M3y4eHHEe poccuickoro mapreHcura OU-756 ObLio
MPOBE/ICHO B HALLIEM MHCTUTYTE yke B 70-e roJbl MpoLIoro BeKa.

JlaGoparopHble KOPPO3MOHHBIE UCIIBITAHUS CTaJIel MPOBOJMIMCH B COOT-
BETCTBMM CO CTaHAAPTHOW MeTOAMKOM [2, 3]. McxonHble MaTeprasibl MMEIH
cepTHdUKaThl 3aBOI0B-U3roToBuTeed. CoaepikaHue JIETHPYIOLIUX DJIEMEH-
TOB B HEMEULKHX cTaisix Obuto mposepeHo ¢upmoii O/U Analter crekr-
panbHbIM aHanu3om Ha npudope SPECTROLAB-5M, B poccuiickoit —
XUMHYECKUM aHanu3oMm B Jlabopatopuu UT TTY (tadx. 1).
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HcnbiTyemble 0oOpasipl — IUIacTUHKKA pasmepoM 3 x 10 x40 mm —
MOMEIIAId B DJIEKTPUYECKHe TpyOuaTble medd, rjae ¢ TouHocTero +2 °C
noaepskuBanics temmeparypsl 540, 580 wu 620 °C. OO6pasupl Oblin
MOKPBITBI 0OMAa3KOM, MPUIOTOBJIEHHOHW Ha CIMPTOBOM OCHOBE M3 JIETy4Yeh
3016l ¢ 0,6-TIPOLEHTHBIM COAEpkKaHUEM XJiopa (B Cilyyae BOIHOM OCHOBBI
3078 TepsieT aKTMBHOCTH). Kaxiple necsaTh yacoB 0oOMasKy OOHOBISIH,
4yTOOBl  MOJAEP)KMBATH  [OCTOSHHYIO  KOHLEHTPALMIO  KOPPO3WOHHO-
aKTHUBHBIX 3JIeMEHTOB. B xoze ombita 00pasiibl OMBIBAIUCH CO CKOPOCTHIO
0,15-0,18 m/c mpomykTamu CropaHusi MPUPOJHOrO rasza, COJAEpIKaLUMU
~4 % O, u ~10 % CO,.

B naGopaTopHbIX MCHBITAHUAX [NIyOHMHY KOPPO3MU OMNPEAEssIU MO MOoTe-
pe macchl 00pa3oB, B MPOMBILIIEHHBIX — U3Mepsis TOJILIHUHY CTEHKHU HCIIbI-
TyeMOW TpyOBI-BCTaBKH B 4YeThIpeX ceueHusiX. [loTepro macchl onpenensiu
B3BEIMBaHWEM O0pa3LOB MOCJIe yAaleHHs MPOLYKTOB KOPPO3HH, KOTOPOE
BBIMOJIHSJIOCH  JIEKTPOXUMHYECKUM METOJOM TMpHU TeMIepaType HHKe
400 °C, 3JeKTPOJIUT — CMECh KaJbLIMHUPOBAHHOM cofbl M KaycTuka (3 : 2).
Hapé&xHocTe MeTOAa yAaneHus NpPOLYKTOB KOPPO3MM TMPOBEPSUIM IOB-
TOpPHOM 00pabOTKOM psia KOHTPOJIbHBIX 00pa3LioB: U3BMEHEHHE UX MacChl He
BBIXO/IMJIO 32 MpEJIelibl MOrPEeIHOCTH B3BeIMBaHUs, paBHOHM +0,1 mr.

—>

Puc. 1. Kuneruyeckas auarpaMMa KOpPPO3HMOHHOW  CTOMKOCTH  CTajei
X20CrMoV12-1 (a), X10CrMoVNb9-1 (b) u DU-756 (c¢) B cpeme NpOAYKTOB
cropaHus raza mon oOmaskoi M3 JseTydyel 3oibl crnaHua ¢ 0,6-MpOLEHTHBIM
comepkanueM xJjopa. CpeaHue npsiMble COOTBETCTBYET [POTHO3Y IIIyOHHBI
KOppo3uHu B TemnepaTypHoM auanazoHe 540-620 °C mo Ypasuenuto (1), BepXHss u
HIDKHSISI XapaKTepPU3YIOT pa30poc NaHHBIX HA BEIMYUHY CTAaHIAPTHOTO OTKJIOHEHHS.
Ha puc. lb: uépHblii poM6 — pe3yiabTaT MPOMBILUIEHHBIX HCHbITAHUIT; MPOTHO3
koppo3uu ctami X10CrMoVNb9-1 B ycnoBHAX NEPUOIMYECKOr0 pa3pyLICHHUS
okcuaHOM reHkn AS' mo Ypasuenuto (2) npu EB = 0,35 u 19 = 240 4 npuBesieH B
BUE KOpHIOpa, OOpa30BaHHOTO CpelIHEH KpHBOH, CONPOBOXIAEMOW IBYyMs
IITPUXOBBIMH JIMHUAMHM, COOTBETCTBYIOLIMMHU CTAHAAPTHOMY OTKJIOHEHHIO MPOTHO3a
AS

Fig. 1. Experimental data and regression of corrosion depth of steels X20CrMoV12-1
(a), X10CtMoVNb9-1 (b) and DH-756 (c) subjected to oil shale fly ash containing
0.6 % chlorine. Central straight lines represent corrosion depth prognosis in tempera-
ture interval 540-620 °C according to Equation (1), upper and lower lines show its
standard deviation; black rhomb shows corrosion depth in industrial test; upper curve
accompanied by two dashed curves shows corrosion depth prediction under cyclic
oxide léyer removal (Equation (2), 1o =240 h, B = 0.35) and its standard deviation.
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Kak npaBuiio, NepuoaUYHOCTb OUUCTKH MaporieperpeBaresie CIaHLeBbIX
komioB coctaBiser 250-600 u. [locie kaxmod ouepenHOHM OYHMCTKH
MHTEHCUBHOCTb KOpPpPO3MM MeTajsla TpyO MOXET [OCTUraTh BEJIMYMH,
COOTBETCTBYIOLIMX KOPPO3MM YHCTOrO MeTajlja, a 3aTeM, 0 Mepe pocTa
TOJILLMHBI OKCHIHOTO CJIOSl, MHTEHCUBHOCTb SKCIIOHEHLIMAJIbHO CHMKAETCs.
[IponomkurensHOCTh JTaOOpaTOpHBIX McmbITaHUK gocturana 600 4, 4yro
MPaKTHYECKU COOTBETCTBYET MaKCHMalbHOMY MEpPHOLY LMKJIA 3arpsi3HEHHe—
OYMCTKA. DTO Ja€T OCHOBAHUS [0JaraTh, YTO Pe3yJIbTaThl JJaADOpaTOPHbIX
UCIIBITAHUMA  HCUEpNbIBAIOIMM  00pa3oM  XapakTepu3yloT  pa3BUTHE
BBICOKOTEMIIEPATYPHOH KOPPO3UH TPYO peasibHbIX MbUIECIaHLEBbIX KOTJIOB.

JlanHbie  ucccienoBaHus —Hemeukux crajged  X20CrMoVI2-1 wu
X10CrMoVNbBOY-1 u poccutickoit DU-756 npeacraBneHsl Ha puc. 1.

BuaHo, 4TO npu NpoaoIKUTEILHOCTH OMnbITOB Oosee 150 4 koppo3us BO
BceX ciyvasx Haubosiee nHTeHcuBHA rpu 580 °C. MckitoueHne cocTapisoT
nBa obpasua X20CrMoV12-1 B 600-4acoBom onbiTe (puc. la) u oTnenbHbIe
obpasupl OM-756 npu ucnbitaHuu B TedeHue 1500-3000 u (puc. lc), y
KOTOPBIX MaKCUMaJlbHas riiyOuHa Koppo3uu HadOmoaanack npu 540-545 °C.
Ocmotp Takux 06pa3noB u3 cranud X20CrMoV 12-1 nokasaii, 4To OHU ObLTH
MOKPBITHI PBIXJIBIM OKCHUAHBIM CJIO€M, IUIOXO CLEMJIEHHBIM C OCHOBHBIM
METaJIJIOM, a MOBEPXHOCTh MeTajlla MoJ OKCHIHBIM CJIOeM Obljla HEPOBHOM,
r1y00KO U3BS3BICHHOM.

[TonyueHHble pe3ysbTaThl HE COIJIACYIOTCS C 3aKOHOM OKHCJICHHS,
MoA0OHBIM 3aKOHY AppeHHyca, B COOTBETCTBMU C KOTOPBIM POCT TeMIIe-
paTypbl MPUBOAUT K POCTY MHTEHCHMBHOCTH KOppo3uH. B TO ke Bpems
BbinoyiHeHHble B UT TTY B aHaJIOrMYHBIX YCIOBUSIX KOPPO3UOHHBIE HUCIIBI-
TaHUS (DEepPUTHBIX, MEPIUTHBIX U AYCTEHUTHBIX CTAJICH TaKOM aHOMAaJIUH He
nokaszanu. llpuunHa, TO MHEHHIO aBTOPOB, B TOM, YTO B clyd4ae
MapTeHCUTHBIX CTaJlel MMEIOT MEeCTO [0 CHUX IOp HE YCTAHOBJICHHBIE
(hakTOpbI, KOTOPBIE OKA3bIBAIOT HAa KOPPO3HOHHBIN IMpouecc Oojiee CUIbHOE
BO3/JEHCTBHE, YeM TEMIIEPATYpa.

[Ipu aHanmu3e MOMyYEHHBIX Pe3yJbTaTOB ObII CAENIaH BBIBOJ, YTO HAHOO-
Jiee LesiecoodpazHo UxX 00paboTKy (annpoKCUMaLHIO METOAOM HaUMEHBIINX
KBa/IpaTOB) BBIMNOJIHATH AJIsl BCETO HMCCIEJOBAHHOIO QUara3oHa TeMIepaTyp
540-620 °C enuHOM 3aBUCUMOCTBIO BUJA

InAS = a+bInt (1)

rae AS — rimyOuHa KOppo3uH;
T — JJIUTETBHOCTb UCTIBITAHUS;
a yu b — KOHCTaHTHI.

PerpeccHOHHBIM aHaIU3, BBIMIOJIHEHHBIH OTAEIBHO AJIS KaXKI0r0 TeMIIe-
paTypHOro ypOBHs, NMPHUBOJMT K 3HAYMTENbHO OOJBIIEMY CTaHZAPTHOMY
oTkyioHeHuto. Ilonaraem, uro o6oOumeHHoe mno auanazoHy 540-620 °C
SMIUPUYECKOE COOTHOLIEHHE TMO3BOJISAET OLEHUTh OXHMAAEMYIO TIIyOMHY
KOPPO3UH TaKUX CTaJlel HauboJiee J0CTOBEPHO.
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Puc. 2. TIporHO3 TiIyOWHBI KOPPO3HMHM pa3IMYHBIX CTajJled MOA CTaOHIbHBIMHU
OTJIOXKEHHUSIMH JIeTy4e 30J1bl craHua ¢ 0,6-NMpOLEHTHBIM COAEPKaHUEM XJIopa

Fig. 2. Prognosis of corrosion depth of different steels under stable oil shale fly ash
on-tube deposits containing 0.6 % chlorine

Ha pucyHke 2 1 B TabJ1. 2 NpeACTaBIeH CPaBHUTEbHBIH MPOrHO3 IITyOUHBI
KOpPpPO3UH ISl TPeX MapTEHCUTHBIX CTajled W HCMOJIb3yMOHM B HacTosllee
BpeMsl Ha BBIXOJHBIX CTYNEHSX MaporneperpeBaresiedl ayCTeHHUTHOH CTalu
1X18HI12T, BbINONHEHHBIH ©€3 yuYeTa MEepUOAMYECKOro pa3pyLleHHs
OKCH/IHOM IUIeHKU. BuaHo, uto rimybuna koppo3uu y cramu X20CrMoV12-1,
nporHosupyemas ans 100 - 10’ wacoB sKCIUTyaTauuu B TeMIEpaTypHOM
unrepBaie 540-620 °C, npumepro Ha 80 % Oosblue, YeM B CiIydae CTajH
X10CrMoVNb9-1, a y cranu OU-756 npumepHo Ha 10 % MeHblue, yeM y
ctasd X20CrMoV 12-1 u Ha 65 % Gosblie, yem y ctamu X10CrMoVND9-1.
3a cueT XapaKTepHOro [ulsi ayCTeHWUTa Oojiee CHIBHOrO HaKJIOHA
KuHeTH4YeckuX KpuBbIx ctayib 1 X18H12T no riyOuHe KOppo3HH yKe 3a 3TOT
nepuon Ha 25 % “obronser” cramp X10CrMoVNDb9-1 wu mwms
HE3HAYUTEJIbHO OTCTAET OT OCTAIIbHBIX MAPTEHCUTHBIX CTAJICH.

Takum 0OpazoM, U MO MOKA3aTeNI0 BHICOKOTEMIIEPATYPHOH KOPPO3HOH-
HOHM CTOMKOCTH MapTEHCHTHBIE CTAJIM TOXKE MOTYT COCTABHUTh KOHKYPEHLHIO
ayCTEHUTHBIM MPU HW3TOTOBJIEHUM MapoleperpeBarTesieil MblUIecIaHIIeBbIX
KOTJIOB.
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Tabnuya 2. IIporHo3 riy0uHbI KOPPO3UH KOTEJIbHBIX CTajIei
MO/ XJIOPCOJEPKAIMMH HATPYOHBIMH OTJI0KEHHSIMH

B MHTepBaJie Temnepatyp 540-620 °C

Table 2. Prediction of Corrosion Depths of Boiler Steels
under Chlorine-Containing On-Tube Deposits

in the Temperature Interval 540-620 °C

Crans I'my6uHa KOppo3uu, MM CraHgapTHOE OTKJIOHEHHE
Steel Corrosion depth, mm Standard deviation

10000 4 (h) | 100000 4 (h)

X10CtMVNb9-1 0.14 0.36 +0.29
X20CrMoV12-1 0.17 0.64 +0.31
OHU-756 0.23 0.58 +0.59
1X18HI12T ol 0.44 +0.28

OpHaKo Mpy NPOMBILUIEHHBIX HcnbITaHUsAX cTamd X10CrMoVNDY-1 B
YCJIOBHSX IMBUIECIAHLEBOro KoTia (cM. puc. 1b) riybuHa KOppo3uH OKa3za-
Jachk MPUMEPHO B TPH pa3a OoJible MPOrHO3UpyeMoW Ha Oasze yabopartop-
HBIX JKcrepuMeHTOB. Ckopee BCero, 3TO pacxoXIeHHe OOYCIOBIMBAET
66npas (MO0 CpaBHEHHIO C HUMEIOLIEH MeCTO B Ja0OpaTOPHBIX SKCHEpH-
MEHTaX) KOHLEHTpalMs XJIopa B HaTPyOHBIX OTJIOKEHHSX. Y CKOPSIOIIUM
KOPpO3UI0  (haKTOpPOM MOIJIO CIY)KUTb M TEPUOJHYECKOe YyAaJeHHe
HAaTpyOHBIX OTJIOXKEHHH M OKCHIHOIO Cjl0s, BbI3BAaHHOE BO3JEHCTBHEM Ha
naporeperpeBaTelbHble MOBEPXHOCTH 00QyBOYHBIX ammaparoB. [l 3Tux
YCJIOBHH MPUHATO PAaCCUUTBIBATh ITyOMHY KOppo3uM AS' MO ypaBHEHHIO
Bupga [1]:

AS'=AS-[1-&E+E-B-(z17,)""] )

rjae AS — nporHo3 riyOuHbl KOPPO3HH MOJ CTaOUIBHBIMU OTIOXKEHHUSIMHU;
£-B — KOMIUIEKCHBIH KOO(hGUIMEHT, XapaKTepH3YIOUIMH BIHSHHE Ha
KOPPO3HUIO MEPHOJUUECKOr0 pa3pyLleH s OKCHIHOM IICHKH;

To — IEPHO MEXY OUHUCTKAMH.

BumHO, 94TO B KOPUAOP MPOrHO3a KOPPO3UU MPU LHUKIIMIECKOM YAaJIEHUN
OKCHIHOTO CJIOS [aHHbI€ MPOMBILUIEHHbIX HCIBITAHUH YKJIaIbIBAIOTCS
o4eHb Xxopowio. Takum 00pa3oM, HMEHHO MNEPHOJUYECKOE pa3pyLIeHHEe
OKCHJIHOM TIUIGHKH MOXHO CYMTaTh TIJIABHOM MNPHYHHOM YCKOPEHHOM
KOppO3uH, nokazaHHoH cTanbio X10CrMoVNDb9-1 B nbuiecnaHneBom KoTIIe.

Haubonee BepoATHOH NMPHYMHON AHOMAJIbHOW 3aBHCUMOCTH TITyOMHBI
KOPPO3HH MapTEHCUTHBIX CTaJleH OT TeMIepaTyphl SBISETCS, MO MHEHHIO
aBTOpPOB, OOYCJIOBIEHHOE TEMIEpaTypod H3MEHEeHHe (B MPHUCYTCTBUH
HaTpyOHBIX OTJIOXKEHHH JIETyueH CIaHLEBOH 30J1bl) CTPYKTYPhI H 3aLUTHBIX
CBOMCTB OKCHHOI'O CJIOS.

Jlns - mpoBepKH JAHHOM TMMOTe3bl ObUIM TPOBEIEHbI J1abopaTOpHbIE
KOPPO3HOHHBIE HCIBITAHHA 00pa3LoB TeX )K€ CTajed B cpejie MpOLyKTOB
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CropaHusi NPUPOJHOrO rasa B OTCYTCTBHUE OTJIOKEHWH CIIAHLIEBOM 30JIbI.
Bpewmst ucnbitanuii cocrasasiao 100, 200, 400 u 600 4. B nanHom ciydae
ryOMHY KOPPO3WHM PAcCUMTHIBAJIM MO MPHUPOCTY MAacchl 00pPa3LOB 3a CUET
OKHUCJIEHHsS] OCHOBHOIO MeTaljia. BelnyrHa 3TOro mpupocTa 3aBUCUT Kak OT
MacChl BCTYIHMBIIErO B PEaKLUMIO MeTalla, Tak U OT BUAa 00pa3oBaBLIMXCS
OKCHUJIOB JKeJie3a, TO €CTh OT MacChl BCTYMHBIIErO B PEAKLMIO KUCIOPOJA.
[TockoJIbKY H3MEpUTh TOYHOE COOTHOLueHWe coeaumHenud FeO, Fe,O; u
Fe;O4 B OKCHIHOM CJIO€ B HAIMX YCJIOBHMSAX OKa3aJloChb HEBO3MOKHBIM,
OBLTH pacCYUTaHbl PAHUYHBIE OLIEHKH IIyOMHBI KOppO3HU. MakcuMaibHas
pacueTHasi riyOWHa KOPPO3UM COOTBETCTBYET MPEAMNOJIOXKEHHIO, YTO BEChH
BCTYNMBLIMM B peakuuio Metana Obul okucieH a0 FeO. MunumanbpHas
OLIEHKa TIIyOMHBI KOPPO3MU COOTBETCTBYET MPEAMNOIOKEHHIO, YTO BECh
BCTYIHUBILKHN B peaKkL1I0 MeTall Obl1 OKUCIIeH A0 Fe 0s.
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Puc. 3. Tnybuna koppo3uu ctanu X 10CrMoVNb9-1 B teuenue 600 4 B pa3iM4HON cpeze
Fig. 3. Corrosion depth of steel X10CrMoVNb9-1 in different environment

PesynbraThl KOppo3uoHHBIX HcmbiTaHud crand X10CrMoVNbY-1 B
teyenue 600 4 B pa3nuyHOM cpefie npeacTaBieHbl Ha puc. 3. B mpucyrcrBun
OTJIOXKEHHUH JIeTydeH 30Jibl ClIaHLlA UMEET MECTO BBIPAXKEHHbIH MaKCHMyM
riayounsl koppo3ud npu 580 °C, Torma kKak B UX OTCYTCTBHE aHOMAJIUH
KOPPO3HOHHOTO Mpoliecca He HaOIIoAaeTcs U ero HHTEHCUBHOCTh OCTaeTCs
3HAUMTENbHO OoJee HM3KOH BO BCEM HCC/IEIOBAHHOM JIMara3oHe
Temnepatyp. [IpoBeneHHBIN BMOCIEICTBUY PEHTI€HO-CTPYKTYPHBIH aHaJIN3
OKCHIHBIX C/IOEB MOKA3al , YTO HE3aBHCHMO OT TEMIIepaTypsl H KOppO-
3MOHHOM CpeZibl UX OCHOBHBIM KOMIIOHEHTOM sBisercs Fe,O; u oTyactu
Fe;04. Takum o6pazom, ¢ 6051b110# 107l BEpPOSATHOCTH IIyOMHA KOPPO3HH
B OTCYTCTBHE JIETy4eH 30JIbl ClIaHLla MOXKET OBbIThb OLEHEHAa [0 HHXKHEM
rpaHMLE COOTBETCTBYIOLIEH obsacTu (cM. puc. 3).

5
Usmepenus nposeneHs! npod. V. Kannasyce B LleHTpe 1o uccnenosanmio marepuainos, TTY.
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Ha pucynke 4 mnpejicTaBieHO HM3MEHEHHE XapaKTepa TeMIIepaTypHOM
3aBUCHMOCTH T'TyOWHBI KOPPO3HMH 3TOM K€ CTaJlM OT BPEMEHH HCIIBITAHHI B
NPUCYTCTBUH 30J1bI CJIaHLAa. BUIHO, 4TO Ha HaYaJIbHOM 3Tarne (IPUMEPHO 10
150 4) aHOMaJBHOW 3aBUCHUMOCTH KOPPO3MHM OT TeMIepaTypbl He
HaOmoaercs. [[Be qpyrux crajiv nokasajiy aHaJIOTHUHbIE Pe3YJIbTaThl.

Yro6bl BBIACHUTH MEXaHHU3M BO3JEHCTBUS XJIOpa Ha KOPPO3MOHHBIH
npolecc, ObUT BBIMOJHEH psif XMMHUYECKHX aHaJIM30B [0 ONpE/EeIeHHUIO
cojepxaHusl xyiopa B okcupHom cioe. Cyns mo pesynbratam (Tabn. 3),
MOBBIIIEHHE pabouel TeMnepaTypbl, PaBHO Kak M YBEJIHUYEHHE IJIUTEllb-
HOCTH OIIBITOB, IPUBOAMT K CHHIKEHHIO KOHLIEHTPALMHU XJIOpa.
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Puc. 4. TemneparypHasi 3aBUCUMOCTb ITyOuHbI kKoppo3uu ctamu X10CrMoVND9-1
B TIPUCYTCTBHH 30JIbI CJIAHIA OT BpEMEHU UCTIbITAHUH

Fig. 4. Variation of dependence of corrosion depth of steel X10CrMoVNb9-1 on test
temperature and duration under impact of oil shale fly ash

Tabnuya 3. ConepkaHue XJIopa B OKCHIHBIX CJI0SIX Pa3JIHYHbIX cTajeH, %
Table 3. Chlorine Content of Oxide Layer of Various Steels, %

Cranb 540 °C 580 °C 620 °C
Steel

400 4 (h) | 600 u (h) [ 400 u (h) | 600 u (h) | 400 u (h) | 600 u (h)

X10CrMVNb9-1 0.87 0.72 0.05 0.02 0.04 -
X20CrMoV12-1 1.4 1.08 0.1 0.06 0.03 0.03
545 °C, 150 4 (h) 580 °C 620 °C

1504 (h) [ 5004 (h) | 150 4 (h) | 500 4 (h)
OH-756 1:38 0.45 0.82 0.17 0.02
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OnHaKo 3TH aHaIM3bl HE MO3BOJSIIOT OOBSACHUTb AHOMAJbHO BBICOKYIO
MHTEHCHBHOCTb KOPPO3MOHHOIO Mpoliecca MapTEHCUTHBIX cTajiel, Habuto-
JlaeMyI0 B MPUCYTCTBUHU xJiopa npu Temmeparype 580 °C, mostomy B Xone
JIOTIOJTHUTEIIbHBIX MCC/IeI0BaHUI ObIIM OMNpeAeeHbl JIETUPYIOLIHE dJle-
MEHTBI ¥ IPOAHAIM3UPOBAHO MX pacnpee]eHue B OKCHAHOM CJIOE.

W3BecTHO, 4TO B MpOLIECCE KOPPO3WH JIETUPYIOLIME 3JIEMEHThl MMIPH-
PYIOT M3 OCHOBHOIO METajula B CTOPOHY OKCHIHOIO CIIos, rzie B oOliem
cllyyae UX KOHLEHTpPaLMsl 3aBUCUT OT KOHLIEHTPALMK B OCHOBHOM METaljle U
pabouelt TemnepaTypsl. B naeanbHoM ciydae pacnpeseneHte JEerupyroLmux
SJIEMEHTOB BJOJIb OKCHIHOIO CJIos OJAHOpoAHOe. B cBowo ouepensp,
COEJIMHEHHMSI XJIOpa M3 BHEIIHUX CJIO0€B HATPyOHBIX 30JI0BBIX OTIOXKEHUH
MUIPUPYIOT K OKCUJHOMY CJIOK) M CKBO3b HErO K OCHOBHOMY MeTajuly. OTa
BCTpEeYHass MHrpauus obierdaercsi oOpa3oBaHHMEM JIETYUHMX COEAMHEHUH
XJI0pa C JKeJIe30M ¥ XPOMOM, MOCJIe YJIeTyUHBaHUsl KOTOPBIX YBEIUYHBAETCA
MOPUCTOCTh OKCHIHOIO CJIOSl U CHIDKaeTcsi ero Aud(dy3MOHHOE COTPOTHB-
JIeHHe, YTO JIO0JKHO MPUBOIUTH K 00EAHEHHIO OKCHIHOTO CJIOS — B OCOOEH-
HOCTH BHELIHEro MOJCIIOS — JIETMPYIOLUMHU 3JIEMEHTAMHU.

Pacnipenenenue 371eMeHTOB B OKCHAHOM CJIO€ ONPEAEsI MIPYU MOMOLIU
ontuyeckoro mukpockona MIKROPHOT FX, ckaHupyroLero MUKpocKomna
JXA 840A c yckopsrouum HarpspkeHuem 20 kB u peHTreHo-criekTpomeTpa
AN 1000. Bpewmsi ckanupoBanusi Bcero cmektpa ot 20 mo 3600 c B
3aBMCHMOCTH OT KOHLICHTpALMH JIerHpYyIOLIMX 37eMeHTOB. B oboux cepusix
omnbIToB ¢ obpasuamu ctaiu X10CrMoVNDb9-1 (puc. 5) oHH HaxXOOWIKCH B
cpeze NpoAyKTOB CrOpaHHs NMPUPOJHOro rasa.

BuaHO, YTO OKCHIHBIA CJIOM MapTEHCHUTHBIX CTajed COCTOMUT M3 JBYX
MOZCJOEB, pa3/eleHHbIX MeX1y Cco00i MHOrOYMCIEHHBIMH T[OpPaMHU M
TPELIMHAMH, YTO OCOOEHHO 3aMETHO y 00pa3LOB, UCIBITAHHBIX B MPUCYT-
CTBMH 30J1bl. BO BHYTpEHHEM IMO/C/I0€ COAepIKaHHE XpOMa OCTAeTCs TaKUM
JKe, KaK U B OCHOBHOM MeTasljie (HEKOTOPBIH MOJbeM KPUBBIX OOBACHAETCS
YMEHBIIIEHHEM [IOTHOCTH), @ BO BHELIHEM TOJC/IOE PE3KO MajaeT A0 HyJs.
Pacnipenenenue conep:kaHus MoiaubOaeHa B oOpasuax, HCHBITAHHBIX B
OTCYTCTBHH 30JIbl, aHAJIOTUYHOE. B MpUCYTCTBUM 30J1bI Ha KapTe rpajalui
(puc. 5.1I) nabmopaercs cnaboe yBeaMYeHHE KOHLEHTpAaLMHU MouMbOaeHa,
BBIPYKEHHOE CBETJION MOJIOCOM Ha rpanule noaciaoes. CopepikaHue xesnesa
HaYMHAET CHUKATBCS YK€ HA TPAHHULIE C OCHOBHBIM METAJIJIOM.

Takast KapTHHA pachpeeeHUs] JIEMEHTOB B OKCUIHOM CJIOE MOATBEPIK-
JaeT MPEeanosoKeHHe O TOM, YTO JIETMPYIOLLHE 3JEMEHThI U XJIOp MHIpH-
PYIOT HaBCTpeuy ApYr ApYry U 00pa3yloT JeTy4ue COeAMHEHHS, YTO BEIET K
00eIHEeHUIO CJI0sl JIErHpylolMMH asieMeHTaMu. OJHako pacrnpeneaeHue
SJIEMEHTOB y 00pa3loB, UCHBbITaHHbIX NpH Temmeparypax 540 u 620 °C,
NPUMEPHO TaKoe ke, kak Ha puc. 5. CegoBaTenbHO, aHaIU3 paclpe/ieIeHuUs
3JIEMEHTOB B OKCHHOM CJIO€ HE MO3BOJIAET OOBSCHUTH MPUYMHY aHOMAJIbHO
BBICOKOW MHTEHCUBHOCTU KOPPO3UU MapTeHCUTHBIX cTaned npu 580 °C.
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HauGonee BEpOATHO, YTO MPH OJMHAKOBOM COJEPXKAHUH SJIEMEHTOB T10]1
BJIMSHUEM Da3/IMYHBIX TEMIIEPATYp B OKCHIHOM cjioe (OpPMHUpPYIOTCS pas-
JWYHbIE XMMUYECKHE COEAMHEHMS, KOTOpbIe MPUIAIOT €My pa3iM4HbIE 3a-
LIMTHBIE CBOMCTBA. Kak mokazanu npoMbIlIeHHbIE UCTIBITAHHUS, HU3MEHEHHE
BHEIIHEH cpefpl (B MEpBYIO Ouepelb, KOHLEHTPALMH XJIopa) M YCIOBHA
paboTel (MEpHOAMYECKas OYMCTKA) MOTYT 3HAYMTENILHO YCKOPHTH KOPPO-
3MOHHBIE MPOLIECCHI.

Jlpyroe o6bsicHeHHe, KOTOpOE, MpaB/a, OTHOCUTCS K YCKOPEHHIO KOPPO-
3MH ayCTEHMTHBIX CTAJIel B TOM K€ TeMIEpaTypHOM [IWana3oHe, Mpeio-
JKEHO B paboTe [4], rie oTMEe4eHO, YTO OMmacHOe BO3IEHCTBHE XJIOPHUIOB Ha
ayCTeHHTHble cTanu HauumHaercs ¢ 400 °C u pocTuraeT MakCUMyma IIpH
550-600 °C. bonee TOro, mMpu HaIH4YHKM XJOPHIOB B HATPYOHBIX OTJIO-
JKEHHUSX CKOPOCTh KOPPO3HMH ayCTEHUTHBIX ctayied npu 570 °C mMoxxeT ObITh
PaBHOM CKOPOCTH KOPPO3MHU MEPJIUTHBIX cTajieil. Bo3aMorkHO, 4TO mpu naH-
HOM TemIepaType XJIOpU/bl OKa3bIBAIOT MOJO0OHOE YCKOPSIOLIee KOPPO3HUIO
BO3/ICWCTBHE U HA MApPTEHCHUTHBIC CTaJH, OQHAKO €ero MpPUpOAa OCTaeTCs
HensBecTHOM. K coxkaneHHio, aBTOpbI HE pAacrojlaraloT BO3MOXKHOCTBEO
Ka4eCTBEHHO M KOJMYECTBEHHO MpPOAHAIU3HUpPOBATH COEOUHEHHsS, 0Opa3zy-
IOIIMeCs] B OKCHOHOM CJIoe, IMO3TOMY (EeHOMEH aHOMallbHOH KOPpO3HH
MapTEeHCHTHBIX CTaJled OCTaeTCs HeOOBSICHEHHbIM. TeM He MeHee 3TO He
CHI)KAeT JIOCTOBEPHOCTH MPEACTABICHHBIX PEe3yJbTaTOB U MX 3HAYUMOCTH
JUIsl IPOTHO3a KOPPO3HH 3TUX CTajiel B IPUCYTCTBUH XJIOPA.

Ha ocHOBe KOpPpO3HOHHBIX MCIBITAHWI MAapTEHCUTHBIX CTaled B XJIOp-
cojepiKallei cpeae MOXKHO CJejlaTh BbIBOJ, YTO IpPH BBICOKMX TEMIIe-
paTypax CTald 3TOro Kjacca MPaKTHYECKH HE YCTYMaroT TPagHLIUOHHBIM
JUTSl TaHHBIX YCJIOBUM paOOThl ayCTEHUTHBIM HE TOJBKO MO MEXaHHYECKHUM
MoKaszaTejsiM, HO M IO KOPPO3HOHHOW CTOMKOCTH. B omblTax M3 TpEX
MCIIBITAHHBIX HAaKOOJIbLIEH KOPPO3WOHHOW CTOHKOCTBIO OTJIHYAIACh CTallb
X10CrMoVNb9-1. OgHako Mpu NMPOMBILITIEHHBIX HCMbITAHUSX WHTEHCHUB-
HOCTH €€ KOppO3MM OKa3ajach MpuMepHO BTpoe Oonbpwe. Haubonee
BEpOsITHAsl TIPUYMHA TaKOrO YBEJMUYEHHUS — MEpUOJUYECKOE pa3pyLICHHE
OKCHUIHOM TIUIEHKHM INpu paboTe amnmaparoB OYMCTKH, KOTOPBIE, OJHAKO,
AHAJIOTHYHBIM 00pPa30M yCKOPSIOT KOPPO3HIO JTIOOBIX CTaJIeH.

(__

Puc. 5. OTHOCUTENIBHOE pacrpeleNeHue JerupyoLuX 31€eMEHTOB B OKCHIHOM CJI0€
crand X10CrMoVNb9-1 nocne 600 4 nabGopaTopHbIX KOPPO3MOHHBIX HCIIBITAHUM
npu Ttemnepatype 580 °C B cpene TNpOLyKTOB CropaHus NPUPOAHOTO rasa B
orcyrctBre (a) W B mpucyTcTBUM (b) seTydeil 30abl ciaHua. / — pacnpeleiaeHue
SJIEMEHTOB B BUIE rpayKoB, /] — pacnpeleeHue SJIEMEHTOB B BUIE KapT rpajaLiii
Ceporo ToHa

Fig. 5. Distributions of alloying elements through the oxide layer of steel
X10CrMoVNDb9-1 after 600 h corrosion test at 580 °C in combusted natural gas en-
vironment in the absence (a) and in the presence (b) of oil shale ash. The upper part
presents linescans that graphically indicate elemental concentration; the lower part
presents X-ray maps where brighter area indicates higher elemental concentration
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JIns  OKOHYATEeNbHOrO BbIBOJA O TPUFOJHOCTH  KCIOJIb30BaHHS
MapTeHCUTHBIX CTajlell [AJsi WM3rOTOBJIEHWs TMaporeperpeBarteyieil KOTJIOB,
COKUTalOLIMX TOMJIMBA MNOAOOHON0 XHMMHYECKOrO COCTaBa, HEOOXOMMMBI
JIOTIOJIHUTENbHBIE  UccheoBaHusl. OCoOeHHO 3TO KacaeTcs KOTJIOB C
HETPaJIMLIMOHHBIM CIOCOOOM CXKMIaHWs, B YaCTHOCTH [BYX KOTJIOB C
KUIIALMM ci10eM, KoTopele ¢hupma Foster Wheeler Energia OY nnanupyer B
Onmkaiiiee Bpems yctaHoBUTh Ha HapBckux DC npu UX peHOBAIWH.

HIGH-TEMPERATURE CORROSION
OF MARTENSITIC AND AUSTENITIC STEELS
UNDER ON-TUBE OIL SHALE ASH DEPOSITS

H. TALLERMO, I. KLEVTSOV

Summary

Estonian oil shale is a local low-grade fuel having calorific value ~8.4 MJ/kg, ash
content ~45 %, and moisture content ~12 %. Pulverized oil shale is fired in two
Narva power plants within the Eesti Energia AS system generating ~92 % of
national electricity. Current heating surfaces are constructed from pearlitic and
austenitic steels. The ash fouling deposits sharply accelerate high-temperature
corrosion of the metal, primarily because of the presence of KCI. Periodic cleaning
of high-temperature heating surfaces of on-tube ash deposits additionally accelerates
the corrosion process [1]. Because of the severe corrosion, frequent repair of
superheater heating surfaces is a significant operational problem.

As the high-temperature strength properties of martensitic steels are rather high,
it was decided to investigate the suitability of these steels. The primary parameter to
be evaluated here is the steel corrosion resistance. Even in the worse case, with
identical corrosion intensity of austenitic and martensitic steels, preference should be
given to martensite because of lower repair costs. Two German martensitic steels
X10CrMoVNb9-1 & X20CrMoV12-1 and Russian DU-756 were examined in
laboratory and in industry in comparison with austenitic steel 1X18HI12T ordinarily
used in oil shale PF boilers.

The laboratory corrosion tests of steels were carried out using standard technique
[1,2]. These were performed in electrically heated furnaces at temperatures 540, 580
and 620 °C with 3 x 10 x 40 mm ground plate samples. Every ten hours, the samples
were covered with a layer of the fly ash from oil shale boiler. During these tests, the
samples in the furnaces were washed by products of combustion of natural gas
containing ~4 % oxygen and ~10 % carbon dioxide. The gas velocity in the furnaces
was maintained between 0.15-0.18 m/s. The chlorine content of the oil shale ash was
found to be approximately 0.60 %.

The results of laboratory tests are presented in Fig. 1. The graphs show that about
all samples corroded most heavily at 580 °C. These results do not follow an
Arrhenius law model where increases in temperature lead to increases in corrosion
rate. Our tests with ferritic, pearlitic and austenitic steels conducted under identical
conditions do not display similar abnormal behavior. For this reason it was decided
to present the entire set of the test results through the temperature test range of 540
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to 620 °C using least square method (Eq. (1)), where AS is corrosion depth; T is test
duration; a and b are constants. Corrosion depth values predicted by using Eq. (1)
over the temperature interval 540-620 °C are presented in Fig. 1 by the average
straight lines. Data scatter is indicated by the upper and lower straight lines
representing a unit standard deviation. Laboratory data for steel X10CrMoVNb9-1 in
Fig. 1b are accompanied with one point of the industry test result and with prognosis
of corrosion depth in conditions of periodical oxide layer destruction estimated by
using empirical equation (Eq. (2)). The prognosis is indicated by the average curve
accompanied by two dashed curves representing a unit standard deviation.
Estimations were provided for the real cleaning period 1ty = 240 h and combined
factor &-B = 0.35, showing good correlation with the industry test.

The most probable reason of abnormal behavior of the three examined
martensitic steels is, in authors’ opinion, a change of structure and protective
properties of the oxide layer under oil shale fly ash deposits. To check this
hypothesis, studies were undertaken to determine the distributions of alloying
elements in the oxide layer. To establish the distribution of alloying elements in the
oxide layer, MIKROPHOT EX optical microscope, JXA 840A scanning electronic
microscope with accelerating voltage 20 kV, and AN 1000 X-ray spectrometer were
used. However, at 540 and 620 °C, the distributions of elements do not differ from
those at 580 °C and so do not help to explain anomaly of the dependence of the
corrosion process on temperature. It appears that, with an identical concentration of
elements, various chemical compounds could be formed depending on temperature.
Various compound sets have different diffusion permeability and chemical activity
that leads to the differences in corrosion intensity. Unfortunately, the authors have
not had the opportunity to further investigate the type of chemical compounds
formed in the oxide layers and their content, so the reasons of abnormal corrosion of
martensitic steels have not yet been fully explained. This does not diminish,
however, the reliability of empirical equations established for prediction of corrosion
depth of martensitic steels in the presence of oil shale fly ash.

The main conclusion of this study, based on the corrosion test results, is that
martensitic steels seem to be a highly suitable material for superheaters of boilers
firing pulverized fuels with chemical composition similar to oil shale. The steel
X10CrMoVNDb9-1 shows the best corrosion resistance among any various materials
tested when subjected to corrosive environment of the oil shale fly ash containing
alkaline metals and chlorine.
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