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      A  NEW  AUSTENI[[IC  TUBE  ALroY  CONTAINING  9%
MOLYBDENUM  RESISTANT  TO  FIRESME  CORROSION  IN VVASTE
                      INCINERATORS
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               Ybshirni YmoERA,  Sheji KINOMURA
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A  22%Cr-52%Ni-9%MoO.8%Nb  alloy was  developed for strperheater  tube application  in Waste-to-Energy plants. [[his tube

abey was  designed to improve thermal stal)vaty of  Alley 625 at 6(X)-650℃ while  mainmining  the exoellent  high-terrperature

corrosion  resistance of  alloy 625 in waste  incinerators. Laboratory corrosion  tests reyealed  that iron content  of  3-20 mass%  Fe
dicl not alter the corTosion  resistanoe of  high-Ni high-Mo aloys. [[he developed aboy had  an  equivalent conm]sion  Tesistarioe te

akoy 625 in waste  indnerator corTosion  envirenment.  Tlie Gleeble tesg tensile tesg ereep  rupture  test up  to 10  ̀h, and  Cliarpy
irrrpact test for agod  materials  upon  aging were  perfbnncd for this alloy; test Tesults showed  that this aboy can  be usecl as boiler

tubes up  to 650℃ . Tbst resu1ts of  the tube alloy pTochiced by oonventienal  tube manufacturing  prooesses were  demonstrited as

well.

            1.INI[RODUenON

   in Japan, attention  has been paid on  the energy  recovery  upon

incineraion of  municipal  and  industrial solid waste  since  people become

aware  of  the potential energy  of  solid wastei2.  Tb increase the eficiency

of  energy  convemion  upon  incineradng solid waste,  seveml  attempts  have
been rnade  to raise the steam temperature and  pTessure of  heat re[pvery
boilers but highe; stearn temperature resulted  in severe  fireside oorrvsion

especially of  supetheater  tubes. ln Japanese conventional  heat-re[nvery

boileny supetheater  tubes of  carbon  steel have been widely used,  and  the
steam  temperature  at the outlet supetheater  section  is limited to around

3co℃  to preyent high temperature coqosion  oftube  materials.

   Reeently, in a newly-introduced  waste-to-eneTg),  (WTE) plant at
Keshigay4 Saitama-east, a  chalenge  has been made  to adopt the steam

temperature  of  380℃ with using  a  rnodified  3]O sminless  steel tube

(Sumitomo HR3Q  at high temperature sLrpetheater section3. in terms of

fireside corrosion  of  supetheater  tubes, mis rnaterial, along with boiler

desigri and  operation,  has demonstrated an  exoellent  performance with  the

rnaximum  corrosion  thickriess loss of  oniy  051  mm  in three years3. In

another  WIE  p]ant built in Obihiro, Hokkaido, which  gonerates 4(X)℃

steam,  SUS310S stalnless steel was  used  as teniary supetheater  tubes

where  the steam  temperature is the highest4. Ihe maxirnum  thickness

loss of  SUS310S supetheater  tubes is Teported  to al)out O.45mm  in two'

years`, suggesting  that stainless steels of  310 fhrnily caTi  perfomi pt  in

WII] plants of  4(X)℃  steam.  in aproject  directed by Tokye

rnetropolitan govemmenL corTosion  tests were  conducted  in a  waste  heat

boiler firing municipal  selid waste.  Supetheater bundies were  placed in a

boiler, the outlet steam  temperature  of  which  was  set  to 450℃. kst

results showed  that the maxirnum  corrosion  rate of  stainless steels of  310

farnily was  O.6 mnVyear  if the supetheater  bundles are  located in a praper

position where  the fiue gas temperature is below 620℃
S,
 In a Japanese

national project funded by NEDO,  attempts  have been made  to establish

technology for advanced  WIE  plant which  has the net eficiency  of  30%.

For this purpe6e, steam  condition  of  5co℃ ,
 100 ata  is Largeted, and

various  corrosion-resistant  superheater  materials  were  evaluated6.  ln this

prciject, conventional  and  newlydeveloped  high-Ni alloys  have been

tested in a demenstration plant built at 1lsukui, Kanagawa; the stearn

temperature of  its boiler was  5oo℃ . Supetheater tundles were

manufaomred  by yarious  corTosion-Tesistant alloys and  tested in the boiler

for about  two  years, Ihe corrosion  enviranment  of  this 5oo℃  stearn

boiler has tutned eut  to be extTemely  harsh; the maximum  corrqsion  rates

of  conventionaknewly  developed high-Mo high-Ni alloys (such as alloy

625) were  O.7- O.9 mm  in 64(X)h operalion7. The test results clearly

suggest  that to combat  fireside corrosion  in advarioed WTE  bo{lcrs, high-

Mo  high-Ni ahoys a[e  needed,  along with good boi]er desigri and  carefu1

operation.  Henoe, foT boilers of  up  te 450℃  steam,  stainless steels of

310  family may  be applicable,  but for boilers of  5oo℃ stearn, high-Me

high-Ni corfosien  resistant aboys (CRA) are fequired  for supetheater

rnaterials in advailoed VVIIE p]ants.

   As sLimmarirccl  by SorrelS, fueside corTosion  of  boiler tubes  in

WIE  plants is considered  to result fiom corrosive  fuel-slag dmpsits of

sulfate and  chloride mbctures,  which  contain  alkali meuls  (Na K) and
heavy metals  such  as  Pb  and  Zn. Oxidizing gas species such  as  Ha,

SO) q  and  H20 in flue gases are considefed  to connibute  to the

comosion  reaction as well. [[he corrosion  can  be interpretod as  
"hot

corrosion"  caused  predominantly by ]ow rnelting-point  temperature

species  (fused salts) in the slag deposits, but gascous corresion  caused

predorninantly by a2 geneTated upon  reactien  of  Ha  and  02 in flue gas

(theDeaconreaction)9 candominateinsomecases.

   thrrosion resistanoe  of  steels and  aleys in this envhenment  is

reported  by the ourrent  authoriO. Otsuka et al. have conducted  series of

laboratory corrosion  tests at 4()]-550℃ by using  synthetic  ashes. They

demonstrated that addition  of  Mo  to high-Ni alleys reduced  Ihe corrosien

rateat550 ℃,

   Generully, arneng  high-Mo alloys,  adoy 625 was  fayored for
application  to supetheater  tubes  in WIE  beilers since this akoy was

approved  in ASIM  specification  (B444) and  is indvded in ASME  Boiler

and  Pressure Vessel Cbde.
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   Nthough the corTosion  resistance  of  alloy 6as for use  as

supetheaters  in WIE  boilers is considered  grxxl rnakeabWty  of  this alloy

is indeed relative]y poor, and  manufacturing  seamless  tubing is somewhat

dfiicult and  troublesorne, ln additio4  aboy 625 loses its ductility after

leng-term expesure  to high temperatures,  leaving questiens on  thermal

stabilty as high ternperature rnaterials. Sinee alloy 625 has
"extraordinary"

 high strength at both low and  high terrrperatuTes,

fabrication such  as  hoticold bending is usuaky  not  easy. Henoe, high-Mo

alloy with  equivalenVbetter corrosion  resistaneq  grxxi thernva1 stabdity,

and  moderate  high11ow temperature  strength  is needed  for the purpose.

Thl)le2. Syntheticashesusedinthisstudy

ash compesrtion

 mo1  %
a.%

 
sas.s.ij

chloride(A)su1fatean6.o%a9.1%a3096Pba,-so%fea,-
 .209bNaa-20%Ka
375%Na,SO,-375%K2S04
-as%FejqmixtureofashA

 ancl asliB(15)

mixtureofasihA

 and  ashB(1:3)

383o6.09,1 o37.931.928,9

         2.MATRrALSANDMEIHOos

   Tubes with  an  outer  diameter of  48.8 mm,  a  wal]  thickness of  95

mm,  and  a  ]ength of  5{XD mm  were  manufactuTed  for alloy A  and  B

desigpated in Table 1 by hot extrusion  prooess at Sumitome Meul Stoel

TIJbe Works. After hot extrusion, cold  rolling followed, with  a solution

heat treatment  at 1130℃ . The  chemi[21 composition,  along with the

specification of  the tube alloy, is'pTesented in 7[hble 1. Ihe niobium
content  was  kept between 051-1.0%  to ensure  gooc] hot ductility upon

fo[ging ro11ing  and  extrusion  prooesses neaessary  for productien of

seamless  tubing. For comparison,  commercial  alloy  625 tube was  tested,

Four experimenmi  alleys, the chemical composition  shown in Tliole 1,

were  prepared by vacuum  in(h]ction melting  ffom e]e[ntolytic Fe, Ni, Cr,

ete. lngt)ts(20kg}werehotforgedtomakeslabsef20mmthiclL  After

softeningheat  treatment at 11oo℃  for 1 h, the slabs were  cold  rolled to a

thickness ef  15 rnrn. The solution  heat t[eatment was  at 1150℃

followed by water  quenching. Mechanicnl and  conosion  test specimens

were  cut ifom the midclle of the tube  and  plate s,ul1.  Spocimens for the

tensile tests and'  c[eep  rupture  tests were  round  baTs of  6 mm  outer

diarneter with  a  gauge length of  30 mm,  while  the dimensions ef  the V-

notched  tharpy impact test spocimens  were  5 x  10 x  50 mrn,  Greeble
test speeimens  (ruund bars of6mm  outer  diarneteO were  cut bom  the slal)s

before softening  heat treatment. Tb  investigate the ernbriulement

behavior of  these akoys upon  aghg  aghg  heat t[eatments were  conducted

at 550, an  650, and  7oo℃  forup to 1[XXX) h. CTeep rupture  tests were

peribrmed at 550, 6oo, 65e, 7oo, and  750℃ under  constant  loads.
Specimens for high temperatupe corrosion  tests were  IS x  15 x  3 mm.

Synthetic ashes  of  6.0%Cl and  9.1mo, the composition  of  which  is

shown  in Tlable Z were  coated  on  the entiTe surface  ef  the specirnen using

acetone.  The amount  of  the deposit was  30 mgtcin2  per unit specimen
surface  area. The corTvsion  tests were  conducted  by heating specimens

in a  simulated  fiue gas atmosphere  ef  15CXippm Ha-3{X)ppm  SO,-

75%Q,-75%CQ,-20%H,O-bal.N, at 550℃  for 20 h. After tests,
specimens  were  chemically desealed, and  corrosion  weight  less was

measured  by a  mierot)alanoe. Detailed corTosion  test pToce[tLires were

described elsewhere9,  To eyaluate  weldab-ty  of  the  aloy, the Trans-

Varestraint test was  performed, and  the maximum  cTack  length was

measured  to evaluate  weldal)-ty  ef  the developecl alloy.

Table l.

         3.RESUL[SANDDrsCUSSIONS

3J  AIIay design

   [[he chro;nium, molybdenum,  and  aluminium contents  of  the

laboTatory-rnelted aboys were  fixed at 21, 85, and  O,2 %  respoctively  to

follow the alloy composition  of  alloy 625. Tb improve hot workability

of  alloy  625, niobium oontent  was  lowered to below 1.0%. Alley 625 is
reported  to lose thermal  stal]ility upon  aging  at high temperatures  through

precipitatien of  sluggish  nickel-niobium-rich gnrnma prime phasos'!,
which  transfomi to omhothombic  Ni3Nb heated foT ]ong times. Tb

improve thermal stal)-ty ef  adoy 6as, alloys with  low niobium were

prepared, Alloys with low nickel content  were  prqpared imm  ecx)nomic

reason  as  well.

32  Hct dllctility

   The Greeble tesL a high ternperature tensile test with high strain
rates,  was  perfoTmed to clariiY the  hot-werking characteristios of  the

alloys. N.]oy 625 1ost its ductility at al}ove ll50℃  and  becarne

susceptible  to cradking.  Hewever, the developed alloy rnairitained its

duodlity for up  to 1250℃ and  the duod]ity values,  indicnted by reduction

in area, were  more  than 60%  at 1150-1250℃ ,
 indicating that the

developed alley has satisfactory ductility for forging hot rolling  and

extrusion  prooesses required  for production of  seamless  tubes and  plates.
Ihis is interpreted to Tesult  frem the re]atively ]ew niobium  content  of  the
aboy, which  enah1od  minimal  precipitation of  rnetastable body centered

cubicgaiymadoubleprknephases(r")".

33Tensl]etestmsults

   Tlensile test resu1ts of  the developod tube al]oy for up  to 8(X}℃ are

shown  in Fig 1. Tlensile strength  of  the developed akoy at }Ur was  asO-
750  MPa  which  is much  less than alloy  625 (for annea]ed  material,  i.e.,

ee3965 MPa'b. Ms  suggests  that fabricatien ofmis  tube aloy to boiler

tube bundles by cold  bending is much  easier  to perform than alloy 625

tubing Tbnsile stmgth  of  the developed aloy Ft 550℃ was  480-5gn
MPa  slightly  higher than the conventional  austenitic boiler tube  steel of

SUS347HIB. Ihe strerigh  of  this alloy is considered  to result  fiom

solid-solution  strenghening  of  dissolved melybdenum,  which  have

connibuted  to an  increase in the tensle strength  ofthe  alloy.

themica1coTTrpositionofthedevelopedahoy(mass%)

CsiMnP sNia MoabfeN

specification
alloyAaloy

 Baloy
 6asXZ17**XZ25*.XZ26*.Ww3t*

f.oos
 O.O17
 O.O16
 O,04
 om
 O.Ol
 O.Ol
 o.e2

$050'S050  $O.O15
021oooO.40031omO.23031ooo020038O.49020020O

 Z9

O.oo8O.[K)9O.CXI2O.oo6O.co5O,O06O.Oll
$O.CXB<O.oo1<O,oo1

 O.co2
 O,oo3
 O,oo1
 O.oo1
 O.co2

bal.52.1851.78oo2558.0656,4047.7659.8120,Q73.0 8.CVIO.O 05111.0 15.(Y20.0
21,8121.8S21.61212921.0621.1121.338558,828,998.708.448.459,ooO.69O.873.68*ooo05905816.42163210,T11.Cl219.68

 8.82

SO.4025o.asO.19O.16O.18O.18O.19

'
 Nbl-Th, '*experimenul  aloy
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Tensle test resuks  of  the deyelopecl aloy

3.4Cieep'rupturestrength

   lhe  oreep  rupture  test results of  the tube  aboy are summarized  in

Fig.2 Tliese data were  plotted aamrding  to the Larson-MMer  parameter
and  are  shown  in Fig. 3. The extrapolated  105 h cTeqp  rupture  strengh  at

600  and  asO℃ was  156, and  106 MP4  whereas  those of  the annealed

aloy 625 are reportod  365(at 593℃) and  179 rvff'a (at 621℃)M. For

SUS347ffI'B stee1 for comparison,  they are  152(600 ℃  ) and

77MPaj650 ℃) respectively.  The  creep  rupture  strength  of  the developed

alley  is less than the armealed  aloy 625, but is comparable  or  even  better

than the conventional  SUS347HIB  stee1.
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35 Eiribridlement upon  aging

   Resu]ts of  Charpy impact tests conducted  at O℃  for the aged

specimens  at 550, 6(X}, 650, and  7oo℃  for 10(IX)hare shewn  in Fig. 4.
For the developed akoy, the aged  materials  rnaintained  grx)d teugluiess of

more  than 40 Jfcm] heated for up  te 650℃  for 1[xxX) h while  aloy 625

lost its toughness  when  heated above  6(X)℃ for ICKX)O h. The test

resuks  clearly show  that the developed aloy might be applicab]e to

supetheatersofsteamgeneratingboilersformemiIemperaturesofupto

500aoo300

G  2ooae82'

 iooco

 z:
  l:
  so40

Figure3.

i4 15 1fi 17 le lg 20 21 22 2i

T(1 6,8843 +  log t) x  1o'3

Larson-Millerparanietercurvesforthedevelopedalloy

650℃ , ln contrasg  the oonventional  aloy 625  loses its teughness  upon

aging  at above  6(X]℃ .
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C iarpy  impact test Tesults at O℃  of  the aged  developed abey,

(heated for 1mm  h)

   3.6Highteirrperatureconosionresistanoe

      Laboratery cortosion  test Tesults of  the developed al]oy ar{} shown  in

   Figs. 5 and  6. Figure 5 presents the eim  of  Fe eontenton  the conosion

10fi resistance  of  the abeys. aearly, the eim  of  Fe content  between 4-co

   mass  %  did net  alter the corrosion  resistarioe of  the akoy sighficantly.

   Ihe effect of  niobium  on  the corrosion  resistanoe of  high-Mo alley is

   pTesented in Fig.6. Similar to Fe, niobium content  between O-4 mass%

   did not  virtually chango  the oorrosi6n  resistanee  of high-Me alloys

   drastically. These test resuks  confirm  that the comosion  resjstanoe of  the

   develeped alloys A  and  B  are cornpaTable  to alloy 625  in sjmulated  waste

   incineratorcorTosionenvironments.

      11iese test Tesults oould  be interpreted as  follows; the corrosjon

   resistanoe of  high-Mo  alloys is arffected  predominantly by Mo'O. Ihe

   effects  of  Ni (45-65%) ancl Nb(O-4%)  en  corrosion  are minor.

   Mimoscopicobservationrevea1edthatgrainboundaryattackusuallyfound
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Figure 5,

Figure 6.

cuAERaEvco

 508;-..a.

2.98o6-o
4 10 15 20

Fe content  of  alloy  (mass%)
lhe effbct of  Fe content  en  the cormsien  resistanoe of  21or-

bal.Ni-9MoO.7Nb-xFe ajloys reacted  with  su1fate/chIeride salt

at550 ℃  doe20h(O:9.1%aash,  A:6.0%aash).

NAERmEvututo-=a-di)[ocootoo

Nb  content  of alloy (mass%)
Mie  effed  of  Nb  content  on  the corrosion  resistance of  21Cr-

bal,Ni-9Me-)dNlb-8t20Fe aleys Teacted  with sulfatchh]oride

saltat550 ℃ doe20h(O:9.1%aash, A:6.0%aash).

on  austenitic steels and  alloysii in waste  incinerator corTosion

enviiDnments  was  minirna] for the developed steels while  some

interg[anular attack was  dbserved for aloy without Nb  addition (aboy
WW3), This could  be explained  by the fact that addition  of  Nb is needed

to statulize carbon  in the aloy to avoid  grain boundary attack c2used  by

chloride fused salts in the fireside tube dgposits. Henoe, for the

develqped aloy, niobium  of051-O.1  mass  %  was  adcled  intentfonally.

Ni high-Me akoys; the developed akoy had equivalent corrosion

resistanoe  compared  with  aloy 625. Ihe  tensile tesg creqp  rupture  test

up  to 1cr h, and  Cinarpy impact test for aged  materials  were  performed for

this alloy. kst results shewed that this aloy can  be used  as boiler tubes

for up  to  650℃ . The  developod alloy can  be welcled  satisfactory using

tungsten inert gas CIIG) procedures, and  the crack  semsitivity upon

welding  was  alx)ut the same  as that of  SUss10S stee1. [[his ahoy was

suaDessfully  manufactured  by the conventienal  hot extrusion  pTooess,

normaby  used  for produodon of  searriless boiler tubes. Ilibe

manufactuimgwascompletelysatisfactory.
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3.7Weldability

   The maximum  crack  1ength found for the develeped aloy upon

Thans-Varestraint test of  2%  strain was  around  O.9 mm,  which  is equal to
SUS310S stee1. From  the point of  weldal)Mty,  the developed aloy was

complete]ysadsfactory.

            4. CONCLUSION

   A  22%Cr-52%Nj-9%MoD.8%Nb  al]oy was  developed for

application  to superheater  tubes in Waste-te-Energy plants. [[his alloy

was  designod to improve thermal stabthty of  alley 625  at 600-asO℃

while  maintaining  the exoellent high-temperature oorTosion  resisLarioe of

alloy 62S in waste  incinerators, Laboratory corrosion  tests revealed  that

iron content  of  3-20 mass%  did not  alter the  oorTosion  resistanoe  of  high--254-
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