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Materials Technology for Advanced  Land  Based Gas  Turbines
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          Explesive growth has occurred  in the combustion  turbine industry, especially  forelectric power generating plants.
          Many  ofthese  units  arc  intencled fot base load operation  in combined  cycle  configurations,  and  as  a  result  have a

          premium  on  efficiency,  reliability. and  extended  maintenance  cycles.  Thcse targets are  rnet  through  the  use  of

          advanced  designs, materials,  and  ceatings  forhotsection components.  This paper reviews  the evolution  ofthese

          technotogies  along  with  a  user  perspective on  reliability and  maintenance  issues.

        1. INTRODUCTION  thermal  barrier coatings,  further improv ¢ ments  in coatings  for

   In recent  years, gas turbines (GT) have become the equipment  exidation  and  corrosion  protection, and  nickel  based alloys  for
ofchoice  for power generation by both electric  utitities and  discs. Other innovations on  tap for future land based gas turbines
independent power producers. Some  interesting statistics reported  incLude: limited use  ofstructural  cemmics,  increased use  ef

in 1998 by Zink are  noteworthy(D.  According to his anicle, 1 1%  advariced wetding  andjoining  methods,  and  condition  assessm ¢ nt

ofthe  tota1 US  power generation al that tirne was  in the hafids of  methods  based on  those used  for aero-engines.  The present paper
independent power producers who  typically opt  for GT  power witt  review  the evolution  of  ma{erials  and  ceatings.

plants. In the intervening years this percentage has increased. By  An  additional  factor to be reckoned  with  is the industry-wide
the end  of200  1 the Electric Power supply  Asseciation expects  consolidation  that  has  taken  place in recent  years. Sicmens has
about  25%  of the US  lnstalled generating capacity  to be owned  and  acquired  the  Westinghouse  Pewer  Generation operations  with  the
operated  as  competitive  merchant  plants(la). It is also  anticipated  resuit  that Siemens V94  class  turbines are  being sold  for the 50 Hz
that over  the next  10 years, utilities  wM  shut  down  nearly  25 GW  market  and  Wcstinghouse 501 designs are  featured for the 60 Hz
ofnuclear  capacity  reaching  its end  oftife  and  that GTs  wilt  market.  One wouLd  naturaHy  expect  an  interchange ofmaterials

rep]ace  rnost  ofthis,  Worldwide, GTs  now  comprise  40%  ofal]  technologies. MHI  is now  in the market  as  a separate  entity.  Their
new  capacity  additiens. This is twice the percentage contributien of  rnaterials  choices  are  expected  to differ from the S-W  501, but
GTs  to tota1 capacity  20 years ago,  as  showp  in Figure 1. remain  siTnilar  for the near  term.  As  previeusly, Genera1 Eiecuie
   The reasons  for the popularity ofGTs  are  not  diracult to  maintains  primary control  over  materials  se1ections  in GTs for both
understand.  Among  these are:  availability  ofclean  burning  gas the 50 Hz  and  60  Hz  markets.  Meanwhile,  Alstom  has  acquired  the

fuel, shbrt  ]ead times  and  ease  ofinstarlation  ofGT  plants, modular  gas turbine eperations  ofABB.
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base :oad applications,                 combined  cycle  plants approaching  60%
thermal eMciency  can  be instalied at acost  as  lew as  $400 per 2.1 Combustors
kW(1). The rapid  cycling  abitity  ofsimple  cycLe  GTs  also  makes  There are  three basic designs for combustors--can  type,
them  an  attractive  part ofthe  generation mix.  annular  and  external  silo type. Details ofthese  may  be found

   TabLe1shows the chrenologica]  evoLution  oflarge  Land based elsewhere  (2). Cument models  use  mainly  can  type or  annutar

GTs. ModeLs that correspond  approximately  to these conditions  are combustors  and  the materials  issues invelved are  the same  for both.
also  indicated atthough  continuous  evolutiens  and  upgrades  make  Combusto[ wa]l  temperatures can  be very  high. The materials

precise correspondence  irnpossible. During the last 30 years the undergo  very  abrupt  ternperature changes  on  start and  stop,  so  that

pewer  rating  ofGTs  have  increased from  SO to  nearly  280  MW  and  tow cycle  fatlgue (LCF) is an  important failure mode.  Steady-state
the thermal efuciencies  have  increased from 29  to 39%  in simpte  thermal stresses  can  also  be significant due  to the nature  ofthe

cycle  and  from 43 to 58%  in combined  cycle  configurations,  These combustion  process and  the need  for wall  coe]ing.  A  design that is
changes  have been largely possible because of  increases in the rotor  flexible but stilt able  to withstand  thermal fatigue is a  must.  [[he

inlet ternperature from 900 to L4250C  (16SO to 2600"F), the combustien  proccss itselfgenerates high-frequency vibratlons,

pressure ratie  from lO.5 to 23, and  also  air flow (net shown  in which  can  result  in high cycle  fatigue (HCF) faHure. The  relatively

Table 1). In modets  currently  under  devetopment (e.g. MHI  H  thin waLls  ofthe  cornbustorcan  and  llner mean  that oxidation  is

series (lb) and  Siemens-Westinghouse ATS),  power wilL  exceed  alse  an  important failure mede.  Finally, the pressure eutsidc  the

400 MW  with  ernciencies  cracking  the 60%  barrier. combustor  is somewhat  higher than that inside. Since the walls  are

   The current  generations ofland  based gas turbines  introduce thin, this pressure difference is su  rncient for creep  rupture  and

advancernents in ceeling  technology,  aerodynamic  design, and  buckling to be a  concern,  where  temperatures are  highest.
rnechanicaL  innovation. Materials tcchnelogy  has necessarity  kept Fer GE  engines  the materia]s  that have been used  in the

pace, with  seme  evolutionaiy  improvements derived from  recent  censtmction  efcombustors  are  the nickel-based  atloys  Hastelloy X,
versions  ofthe  prior generation and  some  significant  introductions RA333  and  Nimonic 263. t Fer the  MS7001F  and  MS9001F                                                           '
of  advanced  concepts.  As is the case  with  other  aspects  ofgas

turbine  technolegy,  some  ofthese  new  materials  and  processes i
have  been  adapted frem the  aircraft  engine  industry. although  Chemicat  compositions  ofall  the  hot-section component  alloys

rarely  has there been adirect  and  palnlesstransfer. described here may  be found in References 3 and  4, Reference 4

   Specific materials  advancements  adapted  from aircraft  engine  a]se  describes datnage mechanisms  in detail.

technelegy include: increased use  ofdirectionally  solidified  alleys

for targer sized  blades, singte  crystat  blades, wider  use  efceramic
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 engines  the cobalt  base alloy  HS-188 is used  in the latter section of

 the liner for impioved creep-rupture  strength(5>.  In the  MS700lH
 and  MS900]  H, Olsen (5a) reports  that the combustien  Liners and
 transition pieccs w"l  be air  cooied  cast  GTD-222. Pallotta (6)
 reported  that Westinghouse  (S-W) engines  primarity use  Hastelloy

 X  in their combustors.  MHI  uses  the nicket-base  alley  Tomitloy, a
 derivative ef  IN6 t 7 for cornbustors,  which  are  steam  ceoled  in the
 5011701G  and  the  SOII701H which  is under  development (la).
 Thermat barrier coatings  afe  widely  used  to maximize  the  effect  of

 external  cooting  air,  maintaining  metal  temperattires  within  creep

 limits and  helping to mitigate  thermal  gradients. These  are  usualty

 around  e.O1O in. ofplasma  sprayed  Zr02 .
 Y20i, with  a bond coat

 ofplasma  sprayed  NiCeCfAIY. The annular  combustordesigns

 now  featured in Alstoin and  Siemens turbines use  simitar  types of

 nicket  base alloys  for the outer  shell buL b6rrowing from the
extemal  combustor  designs. Iine thern with  rcftactery.ceramics.

CooLing air flows in the space  between the inner and  outer  linings
 and  is then used  in the combustion  precess. A  summary  ofthe

materials  used  in combustors  in the current  model  GTs  is previded
 in Table 2.
2.2 Transition Pieces
   The combustion  gas frotn the combustor  exit  is directed towatd

the fitst ring  ofstationary  airfoils (nozzle guide vanes).  It is

important that the  fiow ofhot  gas into this stage  is distributed as

uniformly  as  possible. The ducts that perfbrm thjs functlon ac  the
transition pieces. In the case  ofan  engine  with  can  combustors  the

transition pieces have a  circular  cross-section  at one  end,  which

jeins the can.  The other  end  has an  approximately  rectangular

cross-section.  which  on  its nafrow  sides ad.ioins  the  neighboring

transition pieces. forming  a more-or-less  continuous  ring  facing the
inlet nozzle  guide vanes,  The  gas enter{ng  the transition piece is at
the burner outlet  ternperature  and  leaves the  transition at about  the
sametemperature.

   Although  the transition pieces are  less comp]icated  than the
liners, they have been more  cha:lenging  from a  materiatslprocess

standpoint because ofthe  combination  ofstresses  and  temperatures

encountered  in service,  and  because  tess cooling  is possiblof5), For
GE  and  Westinghovse type engines,  Hastelloy X  became standard
material  by 1970. In the early  198es, GE  changed  to Nimonic  263,
which  is now  being used  in many  high-firing ternperature

machines.  HS-188 is also  used  in a few high ternperature models,

with  cast GTD-222 planned for the  H  series.  Around l980
Westinghousc  began using  IN6  1 7 and  continues  te use  this materiat

and  Haynes 230, ABB  has also  used  IN6]7 forducting in its
externa]  combustor  models.  In the ]ate 1980's MHI  began to use
Tomilloy,aproprietaryderivativeofln617.

   Improved cooling,  thermal barrier coatings,  and  structurai

reinforcements  have pcrmitted these mat ¢ rials to remain  useful.

The transition cooLing  schemes  for the `'F"

 series  turbines have
become quite complex.  involving jmpjngement plates (GE) or
internal channels  for coo[ing  air known  as  MTFIN  (Westlnghouse
&  Mitsubishi). Thls isa bonded  and  w ¢ lded structure  similar  in
some  ways  to AILison's Lainilloy efaround  20  years age.  Fer  the
"G"

 c]ass  tuFbine, S-W  and  MHI  use  simitar  materiats  and

consttuction,  but employ  externally  generated steam  as  the coeling

rnedium(7}.  Table 2 summarizes  the materials  used.

23  Stationary Vanes
   The function ofthe  stationary  vanes  is te take the hotgas ftom
the combuster  {er previous stage)  and  turn  it igeneralty accelerating

the gas as  welL)  se  that  it reaches  the  ncxt  rotating  stage  at  the

optimum  angle.  The  first stage vanes  experience  the highest gas
ternperature  in the turbine  itselC and  the highest gas vcLocity.  Since

the vanes  are  stationary,  the  enly  stresses  are  due to the

aerodynarnic  loading and  thermal  gradients. While these are  not  as

high as the stresses in the rotating  stages,  they are  by no  means
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 trivial. Schilke et al (5) list thepropenies  required  by the first stage

 yanes  (called 
"nozzle

 guide vanes"  by GE) as:  1) excellent
 oxidation  and  corresion  resistance,  2) high resistance  to therma]

 fatigu¢ , 3} relativety  goed weldabitity  for ease  efmanufacture  and

 repair,  and  4} good  castabMty.  To this tlst one  should  add  creep

 resistance  to withstand  steady  state thermal strcsses  and  the weight

 efthe  vane  assemblies  themselves  which  are  cantitevered  frem the
 outerdiameter.

   GE's  praclice has  been  to use  cobalt-base  alloys  for the stator

 vanes.  X-40 and  X-45 were  used  in the early  years, but were

 eventualty  replaced  by FSX-414, which  has less carbon  to improve

 weldability.  and  mere  chromium  to enhance  exidation  resistance.

 Currently, first stage  nozzles  threugh  the "F"

 series  and  the

 majority  of  later stage  nozzLes  are  made  of  this alloy. Recently, a

 new  nickel-base  alloy,  GTD-222  has been devetoped to provide
 irnproved creep  strength  in the second  and  third stage  nozzles,  and

 is currentLy  being used  in the later stages  of  the MS7rv9F

 machines.  A new  cobalt-base  alloy  with  better properties than
FSX-414 is being developed, named  GTD-484: but this does not
appear  to have entered  service yet(S).
   The vane  alleys used  by S-W  are  ECY768  (a modified  Mar-M
509 alloy),  WES  1OO, and  X-45(6). The choice  ofalloy  and  degree
ofcooling  depend on  mechanical  design and  perfbrmance
considerations.  In the W501G,  al] stages ofvanes  are  cast nickel-
base a]loy, M  939(7).
   Holmes, Pfeffer and  Schneider have summarized  ABB's

(Alstom) practice with  regard  to blading rnaterials(8).  They remark

that for the first and  second  stage  vanes  the reference  creep  stress

condition  is lOO Mpa  (14,3 ksi) at a  temperature  of  9500C

(;742"F). Current practice is to use  the cast  nickel-base  alteys IN
738 and  IN 939. Casting porosity becomes more  ofaproblem  as

the size  ofthe  castings  increases, and  the porosity can  act  as  a site
for fatigue crack  initiation. This has led to the gcneral intrvduction
by ABB  ef  Hot Isostatic Pressing (HIPing) into the production
process. to close  up  the pores. This results  in a  very  significant

improvement in fatigue properties. Ihe IN 738 LC and  IN 939
investment cast  vanes,  are  cooled  to  achieve  average  metal

ternperatures not  exceeding  850"C (IS62"F). Siemens uses  the

same  alloys  for the [atest models  of  its latge industrial gas turbines
in the "Vx4

 series"(9).

   In the 1425eC {2600eF) H technology  engines  developed for
combined  cycSe  ptants, GE  ls ptanning to introduce a  single  crystal

N5  material  for the stage  1 nezzle.  This represents  a  significant

advancernent  in manufacturing  technolegy. The second  stage

nozzle  is atse  noteworthy  in that it consists  efa  DS  GTD-222
airfbiljoined  to separately  cast  shrouds'using  advanced  welding

and  brazing methods.  Both  compenents  are  steam  cooled  to
achieve  satisfactory  metal  temperatures(5eg  10). Westingheuse
relies  en advanced  air cooting  with  showerhead  1eading edge
design and  thermal barrier coatings(7).  In current  models  of  the F
and  H  series, MHI  uses  conventionatty  cast  MGA2400  for all for
stages  ofstationary  vanes.(1b)  This material  is a  nickel-base  alioy,
believed to be similar to  IN939. For the GT24n6  Alstom uses  cast

MarM247  LC  for the first three  stationary  stages(  1 l).

2.4 Rotating Blades

   The rotating  blades are  more  highly stressed  than the vanes,  but
experienoe  a sLightly lower gas temperature. Required properties
include those  listed for the stationar),  vanes  (oxidation and

corrosion  resistance,  therTnat and  low  cycle  fatigue resistance,

repairability,  ease  of  rnanufacture-castabMty,  and  creep  resistance)

and  a]so  high cycle  fatigue resistance  to withstand  various  serts  of

vibratory  toading. Furthermore, in teday's highly coeled  airfbils,

there is a  need  te tolerate 1arge, highly localized stresses  adjacent  to

ceeting  passages. Finalty, the rnetatturgical  preperties of  long term
microstructural  stability  and  coatability  must  be considered.
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   An  extensive  listing ofvane  and  blade materials  used  in current

 designs is provided in Table 3, This list is tcntative since

 evolutionary  changes  hisloricalIy have led to periodic upratings  and

 ehangesofmateriaL

   Figure 2 illustrates the  increase in firing temperature  over  the

 years and  the  corresponding  devetoprnents in blade (bucket) alloys

 (S). It can  be seen  frorn this figure that  the  increase in alloy  high-

 temperature  strength,  which  acceunted  for the  majority  of  firing-
temperature increases until  about  1970, slowed  during the,1970s.
This eccurred  as  the result  ef{we  factors. First. emphasis  was

placed on  the use  ofair  cooling  to increase firing temperatures.

 Secend, as  the metal  temperatures approached  870eC (I600eF), hot
cerresion  ofbuckets  becarnea more  Life-limiting factor. Together
with  the increased use  ofmore  contaminated  fuels, this required

that material  developrnents be directed more  toward  improvement

of  hot corrosion  resistance  and  the  use  of  long-Iife corrosion-

resistant  coatings.  The I980s expericnced  a  swing  in emphasis
back teward  development ofstronger  alleys  in an  efTbrt  to fi:1 part
ofthe  need  for machine  uprating.  Directionaity sotidified  airfoUs

were  introduced in GTs  in 1987  asarepLacernent  row1  bucket in
the MS5002. Mqre recently  singie  crystal  superalloys  have beceme
a reality.

   The  evelutien  ofconventional  superaltoys  has been dictated by
balancing requirernents  of  strength,  het corrosion  resistance,

oxidatien  resistance,  freedom frorn deteterious sigma  phase and
forgeability. Blades in the early  engines  were  wrought  nickel  base
al]oys, related  to Nichrome Ni-20Cr. It was  discovered that these
materials  could  be strengthened  by coherent  precipitation efNi](Al,

Ti), known  as  y'. Increasing the volurne  fraction efthis  phase
required  the reduction  ofchromium  and  addition  ofcobalt.  The
loss of  Cr resulted  in both a loss of  selid  solution  strength  and

exidation  resistance  which  were  compensated  for by addition  of

molybdenum  and  aluminum  respectiyeLy.  Thc discovery ofanother
form ofcomosion  calied  hot corrosien  changed  the picture once
again.  Two  forms ofhot  corrosion,  a  type I occurring  at 80e-
925"C (1472-1700eF) and  a  low temperature form ofhot  corrosion

(type II) eccurring  at 700-775OC  (1290-1425OF) required  a  higher
chromium  to aturninum  ratio  and  substitution  ofmolybdenurn  by
other  reftactory  elements  W,  Ta and  Nb. Since forging the high
strength  altoys  becarne increasingly dlMculg castable  a]loys  such

as  Inco 738, Inco 939 and  Inco 792 were  developed and  utilized  for
many  years. Further increases in turbine intet temperatures have
]ed to the development efdirectionally  solidified  (DS) and  single

crystal  altoys.

   In combustion  turbines,  the  creep-rupture  lifetime of  both the
wrought  and  cast  biades is generally limited, in part, by cracking  of

grain boundaries normal  to the direction ofcentrifugal  loading. To
minimize  er completely  preclude intergranular creep  cracking,  the,

coneept  ofdirectional  solidification  was  introduced by VerSnyder

(t2). With this approach.  the component  consists  ofan  array  of

grains, all para11el to the principaL direction ofloading.  The grain
boundaries are  alse  aligned  with  the leading direction. Significant
improvements in creep  strength  (to 1 or  2 percent straiq) ahd
rupture  lifetime were  achieved  with  this revelutionary

developrnent, Significant improvements with respect  to [esist4nce

to  therma[ fatigue. crack  growtli and  oxidation  compared  to

conventionaily  castalloys  have also  been noted.  Tabie 4 lists the

composition  of  some  candidaie  alIoys  under  investigation for both
DS  and  single  crysral  applications(13).  DS  alloys  initially
resembled  the  compositien  ofmoFe  advanced  equiaxed materials.
It was  soon  discovered, however,  that the  use  of  DS  technique  ptus
the  additien  of  hafuium  made  it possibte to  use  high strength
eutectic  cempositions,  producing  significant  increases in rupture
strength,  Lowering the  Ti/Al and  addition  ofTa  also  helped
optimize  the  alloys  in terms  ofoxidation  resistance,

-9-

   DS  first stage  buckets  are  currently  being used  in the  MS700]F

and  MS900lF  and  uprated  MS3002  and  MS5002  medels  offered

by GE. It has been claimed  that  compared  with  its equiaxed
counterpart,  the alloy  DS  GTD  1 1 1 bucket has improved creep  life,
impact strength  (by more  than 33%)  and  thermal fatigue resistance

(by more  than 1O times). DS  alloys  alse  appear  in the mest  recent

designs ffom Atstom, Siernens-Westinghouse, and  Mitsubishi.

   Single crysta1  alloys  effer  further fiexibility in alloy  design and
associated  increase in' temperature  capab{tity.  The move  from DS
al]oys  to singte  crystals  is promoted  for the  follewing reasons:

.

.

.

.

The directional solldification  process results  in 1arge MC-type
carbides  in some  alloys,  and  these carbides  ar ¢  often

precracked and  initiate matrix  fatigue eracks  under  cyclic

Ioadlngconditions(14,15).
Ifsome  grain beundaries are  net  perfectty aligned  with  the

seLidification  direction, creep  cracks  may  initiate at  these
boundaries where  they intersect a  free surface.
The ;emeval  ofgrain  boundaTy strengthening  elements,

including C. B, Zr, and  HC  might  improye the fatigue

preperties by eliminatien  of  MC  carbides  and  ceuld  increase
the incipient melting  temperature  and  therefore the creep
resistance,  because these elements  are  melting-point

deprcssants. The increase in the rn ¢ lting point permits
solutioning  of  large amounts  of  coatse  v' which  tater

precipitate as  fine y' enabling realization of  the fult strength

petential.
In the absence of  grain boundaries, more  fiexlbiiity in altoying
might  b¢  achieved  that would  result  in an  optimum  balanc¢  of

creep-rupture  strength  and  oxidation  and  hot corTosion
resistance.  Development  of leaner a"oys  also  lmproves

castability.

   C]early, alloy  designers have  ta;cen advantage  efthese  features

as  may  be seen by comparisons  of  the compositions  of  the single
crysta1 alLoys in Tabte 5 (16) with  those ofthe  DS  alIoys in Tahle 4.
Addi{ion  of  rhenium  has  also preved a boon in improving  ciecp
strength  realizabLe  ftom single  crysta]  alloys  over  DS  and

conventiooally cast materials  is ittustrated in Figure 3. The alloy
Nasalr 1OO, which  is a  singLe crystal  version  derivative of  Mar M
247  shows  a  22OC  (4eOF) increase of temperature  capability  with

respect  te the conventionatly cast Mar  M  247 and  about 17eC
(30eF) with  respect  to DS  Mar M  247.

   Singlc crysta1  blades were  initially put into commercial  service

in 19g2  in Pratt &  Whitney's engine  for the Boeing 767 aircraft  and

the Airbus  A  31O  (aitoy PWA  1480). HowmeL  a  l¢ ading  producer
ofSC  casting  for aircraft  components  has shipped  mere  than

lO,OOO single  crystat  castings.  AII major  aircratt  engine

manufacturers  have developed and  appLied  new  SC  alleys  in recent

years. The on]y  use  ofSC  atloys  in Land-based turbines untit
reoently  has been the use  ofCMSX  4 atloy  in Solar industrial
turbine Mars T-1400e engine  in 199e(17). Singte crystal  alloy

blades made  ofPWAt483  are  currently  in use  in Siernens
V84X94.3a GTs. Alloy Rene  NS  has found a  place in GE  7H

turbines as  first row  blading. Pallotta has reperted  on  a

Westinghouse development of  a SC  alloys  and  has shown

properties but without  the composition.  At the timc  the

Westinghouse DS  altoy  was  reported  te have a  temperature

capability  ofmore  than 50%  greater than Inco 738LC and  the SC
alloy  has a  capability  1OO%  greateaj6). To this point it appears  to
rernaindevetopmental.

   The benefits ofSC  haye  also  been  shown  by Reference 18 (sec
Figure 4). The creep  strength as welt  as the thermat  fatigue
resistance  of  the SC  al]oy  show  a  nine-fold  improvement  wi  th

respect  to the poLycrystattine materiaL.  The  oxldation/hot  corTosion

resistance  is increased by a  factor efthree.

   Figure 5 shows  the confiicting  trends in creep  strength  and  hot
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corrosien  resistance  (based on  Refi 18). As the Cr content
increases, the hot corrosion  resistance  increases. but at the expense
of  the creep  strenglh, The  best cotnbination  of  the  two  properties at

a given Cr ]evel is achieved  in single  crystals.  The  current  altoys  of

choice  by  the GT  rnanufacturers  seem  te favor lower Cr content  SC
alloys to achieve  high creep  strength.  Clearly improved  hot

corrosion  resistance  in these alloys  would  be desirable. Some  of

the key irnprovements needed  in SC technolegy are  as  fo11ows.

.

.

.e

.

 Current SC atloys  are  toe Iow in Cr and  not  hot cerros.'Eon

 resistantenough.

 Large thermal grad ients {70Cfmm}  are  needed  in the casting

 process because ofthelarge  size. Insurncientgradients 1ead

 to (1} casting  defects such  as  equiaxcd  grains, freckles, tow

 angle  beundaries: (2) porosity and  reduced  fatigue strength;

 (3) large dendrite spacings  which  are  difilcu[t to solutionize.

 Lower growth rates can  counter  these effects,  but decrease

 output  and  increase cost.

 Need to cast  single blades gives low throughput.

 Te accommodate  large gradients, high superheat  ternperature

 (> 15eOOC) and  metal  mold  reactions-casting  pararneters need

 to be optimized.

 Need defect acceptance  criteria.

In summafy,  cost  effective.  high quality SC  manufacturing

technology is needed.

25  Coatings
   The evolutien  ofceatings  for bLades and  vanes  have trackecl the
need  to address different forms ofcorrosion  with  increasing
temperature. coupted  with  a  need  to withstand  therma] cycles

without  spalling  or  cracking.  Three forms ofcorrosion  have been
identified as  shown  ln Figure 6( 18). A layer type  conesion

characterlzed  by an  uneven  base metal-oxide  interface and  the

absence  ofsubscale  sutfides.  known as type II hot corrosion  occurs

below about  700"C (13oo"F). A  non  layet type corresion  (type I)
characterircd  by a  smoeth  base metal-oxlde  interface and  a

continueus,  uniforrn  precipitate depleted zone  containing  discrete
sulfid ¢  particles beneath the oxide  scale  has been found to eccur
above775eC(l425eF).  Above  approximately  l700eF, oxidation
takes over  as  the primary corresion  mechanism.  The earliest

coatings  were  atumlnides  applied  by pack cementation  and  used

primarily te protect against  oxidation.  With  increasing cvidence  of

type i hot conosien  in the Iate `60s,  Pt-aluminide coatings  such  as

RM2  and  RT44  were  developed to provide greater resistance  to

type I corrosion  and  to thermal cycling.  In the mid  
L70s,

 type II het
cerrosion  became a cotnmon  problem and  required  ch  romium

additions to the coating  te combat  the problem. Since Cr additions

to alurninide ceatings  could  not  be implemented by pack
cementatien,  new  everlay  coatings  based on  CoCrAIY  were  apptied

by etectren  beam physical vapor  deposition (EB-PVD). The
CoCrAtY  compesitions  deyeloped initialIy required  further
optimization  for type l[ cerrosion  and  thermal cycling  resistatice.

Addition ofnickel.  and  increasing the Cr/AI ratio resulted  in a  new

class  efNiCeCrAIY  and  CoCrAIY  cempositions,  applied  by

ptasma spray  techniques. Somc  current  overlay  coatings  contain  a

double layer, an  outer  aluminide  layer for oxidatien  resistance  and

an  inner Laye; ofCoCrAIY  or  NiCoCrAIY  balanced  for type  I and

II hot corrosion. Several ofthe  overlay coatings  also  contain

hafaium, tantalum  and  rhenium  in some  cembination  with  yttrium.
Several coatings  also  contain  trace amounts  ofSi  to improve
coating  adhesion.

  In addition  to the co  rrosion  resistance  required  of  the coating,
its mechanicat  preperties are  alse  ofimportance.  Virtually all the

coatings  are  based en  an  aluminide  intermetallic phase, and  these

are  brittle at low temperatures aid  ductile at high temperatures.
The temperature at which  the change  takes place is called  the

ductile to brittle transition temperature  (DBrr). It is important that

 the DBIVI' is as low as  possible, so  that cracking  in the coating  does

 not  occur  in service  since  the cracks  may  then prepagate into the

 substrate,  Bernstein at al (19) make  a  most  important point:
 NiCoCrAtY  coatings  containing  20 to 26%  cobalt  are  significantly

 rnore  ductile than either  NiCrAIY  or  CoCrAtY  coatings.  Figure 7

 iLlustrates these  peints (2e-23).
   At this  time  all ofthe  major  industrial gas turbine

 rnanufacturers  use  overlay  coatings  on  at Least the first two  stages

 ofturbine  blades in their 1260eC (2300"F) turbines. This type of
 coating  is also  scheduled  for use  in the 1425CC  (26ooOF) turblnes

 as  well,  although  in some  cases  the overlay serves a second

 important role  as  a  bend coat  for a ceramic  thermaL barrier, as

 discussed in the fo11owing sectien.  Cornpositiens ofthese  overlays

 are  often  proprletary. Nevertheless, the goals ofoxidation  and

 corroslon  protection to at Ieast 900"C  (16SO"F) combined  with

 metatLurgical  cornpatibility  with  the bLade alLoy  and  ductility tend

 to dictate a  balance ofNi  and  Co and  ofCr  and  Al wkh  around  l%
ofY  andlor  some  other  minor  etements.  In most  cases,  the coatings

are  applied  by eitber a  plasma spray or  a vapor  depesition process.

2.S.1 Thermal BarrierCoatings.

   With turbine firing temperatures exceeding  1 120OC (2050"F)
and  thereby challenging  the ability  ofair  cooging  to maintain

surface  tempcratures below about  900OC (16SOeF), there has been
a  vcry  considerable  growth in the use  ofthermal  barrier coatings.

The function ofthe  therma] barrier is to retard  the conduction  of

heat ftom the combustien  gas to the internal cooting  air. and  thlls
either  reduce  the cooling  air needed,  or  altow  an  increase in the
turbine  inlet temperature  for a  given metal  temperature.

   Thc history and  status efTBCs  are  covercd  by Bernstein et  al

(19). Thcy consist  efa  porous tayer ofzirconiurn oxide (Zr02) in
the  cubic  modification,  which  is stabilized by yttria (YiO]) and
MgO.  Other stabilizers  are  being exarnined.  They  are  applied,

usualty  using  ptasma spray  methods,  over  a  bond  coag  which  is

usuatly  an MCtAIY, where  M  is Ni andlor  Co. 11}e bond layer is
typically 75-l25 "m  thick and the oxide  tayer is 125-375 pam thick.
Their function, as  the name  implies, is to act  as  a  thermal barrier.
Because of their low  thermal  conductivity, they  act  to decrease the
metal  surfboe  temperature.  Tlie decrease rnay  be as much  as  1ooOC
(180OF), Pethaps even  more  importantty. TBCs  smooth  out  hot
spots  thus reducing  thermal fatigue stresses.
   Ihermal  barrier coatings  are  currentty used in the combustion
section (combustor canslliners  and  transitiens)  of some  gas
turbines, including the newer  modets  ftom Siemens-Westinghouse
ar;d GE. Westinghouse atso  began using  TBCs  on  the  first stage
stationary  vane  in the ]ate I980s on  the upgraded  1 1200C  (20SOOF)
rnachine  and  continues  this applicatien  through  the 142S"C

(26000F) model  which  have  TBCs  appli ¢ d to the first and  second

stagc  blades and  vanes  (7). Recent developmefit in electron-beani
physicaL vapor  deposition ofTBCs  has resulted  in potential
improvements over  the air plasma spray  process for the ceramic
layer. This is expected  te result  in wider  use  on  the airfbils of

vancs  and  blades.

   Thennal barrier coatings  are  consideted  to be extremely
important to the future of  the advanced  ]and-based gas turbine.
Such  coatings  will certainly  be used  in the combustion  section  and

very  significant  payoffS can  be obtained  ifthese coatings  can  be
used  for turbine blades and  vanes.  Research is therefore required
on  thermat barrier coatings  in those areas  not  being adequatety

ceyered  by the aircraft  gas  turbine industry. Since the aerodynamic
and  coo:ing  designs ef  the advar}ced  land-based gas turbine are
different from the aircraft  gas turbine, it is necessary  to study  thc
thickness of  coatings  appropriate  for the land-based gas  tuTbine.

Other problems  such as oxidatien of  the bond coat  and  the poor  hot
cerrosion  resistance  of  therrnaL barrier ceramic  ceatings  must  also

b¢  inyestigated.
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2.6 Turbine Disks

   The turbine rotating  blades are  commonly  inset into the disks
by means  of"fir-tree"  roots.  Retational forces are  thus  transmitted

through the interconnected disks that comprise  the turbine rotor.

The disks are  highly loaded by the  centrifugal  force ofthe  rota{ing

blades and  weuld  run  at  temperatures  approaching  those for blades,
unLess  coo]ed.  The  potential for increased disk temperature of

ceurse  is directly related  to the turbine inlet temperatures. As .was
discussed in a  prior section.  this presents a significant  design

chaltenge.  Througli their currently  announced  turbine models,

Alstom,  Siemens,  Siemens-Westinghouse, and  MHI  have chosen  to

address  this chal[enge  by increasing the cooling  applied  to

conventional  dlsk materia[s  (primarily alloy  steels).

   GE  has elected  te introduce nickel-base  alloy  disks (GE uses
the  Ierm  

'`wheels"
 for the turbine  disks), together with  a  lesser

arnount  of  air cooling.  Schiike el al (5) briefly discuss disk
materials  in land-based GE  gas turbines. They comment  that  1and

based turbine wheels  have very  [arge diameters and  sectlen

thicknesses compared  to those foraiFcraft engines.  With the
increase in firing teinperatures and  pressure ratios  forthe advanced
1and-based engines.  GE  has chosen  ,Inconel 706  for the  turbine

disks, first intreduced in the  production MS700lF.  This alley  is
sirnilar  te Inconel 718  but is easier  te produce in the large ingot
sizes  required  for the  1and-based turbines.  The transfer ofnickeL-

base alloys  frem aircraft  engine  applicatiens  to land based turbines
has not  been painless. Difficulties have been cited  in producing
defect free ingots in the large sizes  necessary  (over 22,ooO lb.
forgings) (26). Microcracking occurred  in some  ofthe  ¢ arly

MS7001F  disks after 1O,OOO to 30.0oo hours ofservice.  Shot

peening is now  re[ied  upon  to help prevent the microeracking.

Recently, pTocessing advances  have  permitted IN718  to be used  for

wheels  in the H series  engines  {5a).
              3.ADVANCEDMATERIALS

  3.1 Oxlde Dispersion Strengthened Alloys (ODS}
     The  International Nickel Company  develeped  thc mechanicat

  a:Loying  process te produce ODS  alloys  (25). In this process,
  rnixtures  ofelemental  metal  powders, mastcr  alloy  powders. and

  very  fine refractory  oxide  partic]es are  prepared and  charged  into a

  high-encrgy ball mi[1  or  attritor, where  mechanical  alloying  oecurs.

  The individual particles are  cold-welded  and  ftactured by repeated

  high-energy mechanical  impact unti1  the alLoy  consists  ofa  uniform

  dispersion efa  highly refractory  oxide  (e.g. Y203)  in ametallic

  superalloy  matrix.  The mechanica]ly  alleyed  powders  are  then
  conselidated  by cannidig.  vacuum  degassing and  hot extrusion,

  fo11owed by hot-working  operations  and  subsequent  annealing  to a

  high]y textured  micros{ructure.  A  finat solution  annealing  followed

  by an  appropriate  aging  treatment  is used  te optimize  the strength

  properties. The mosl  commenly  investigated ODS alloy, MA

  60eO, contains  1 5%  Cr. 2.5 Vo[. %  Y]OG  with  various  amounts  of

  W.  Al, Ti, Fe. Ta. Mo.  C. B. and  Zr. The  lowerdensity  ofMA

  60oo  compared  Io DS  Mar-M  247  provides for 1ighter weight

  blades; the higher modLtlus  of  MA  6000 may.  however, be

  unfavorable  since  peak lead stresses  can  be generated by smaller
  transientstrains,

     lt is reported  that the ODS  al]oy  MA  600e has greater rupture

  strength  than  several  cenventional  and  single  crystal  superaltoys  at

  high temperatures/high  stresses  (26). Thc  fact that ODS

  superalloys  are better.than SC superalloys  at high temperaturesllow

  stresses  but somewhat  worse  at low temperaturesthigh  stresses

  cjearjy  means  that soine  turbine  components  wi]1  benefit from

  being fabricated fi'om an  ODS  alloy  while  some  ethers  will not.

     Another importa"t property that must  be considered  when

  selecting  superalIoys  for turbine blade appiications  is fatigue
'
 strength.  Direct SCIODS  comparisons  are  not  available  from  the

  literature, Both SC and  ODS  a[loys  seem  to offer  advantages  over
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conventional  alloys  because  of  reduced  size  ofcrack  nucleation

sites.  Fatigue cracks  have been found to nucleate  from micropores

(50-80 um)  in industrial blade single  crystals  (27). In ODS  alloys

stringers  of  inclusions play a  dominant role  in crack  nvcleation  (30-
60 "rn  in diameter and  more  than  1OO "m  in length in MA  6000).
An  immediate  advantage  efone  or  the other  system  is not  apparent.

This is different, hewcver, in strain  contreLled  fatigue where  a  tow

modulus  is desired. White the orientation  of  single  crystals  is
always  a  favorable <.100>  some  ODS  attoys  ]ike MA  6000 display
ahigh  modulus  <t  1O> texture, Texture control  in ODS  alloys  by
apptication  of  specific  thermomechanical  processing cycles  shou]d

be possibte but has not  yet been employed  successfu11y,

   IfODS  superalloys  are  to be adopted  for industrial gas turbines,
similar  problems as  with  single  crystals  arisc. Alleys with  adequate

corresion  resistanee  need  to be developed. The corrosion

resistance  of  MA  6000 is similar  to IN 738, but it is not  sufficient

to exploit  the strength  potentlal ofthe  alloy.  Cemponent
manufacturing  technologies must  be scaled  up  to the 1arger sizes.
Just as  for singte  crystals,  ODS  superalloy  technolegy relies on  a

hlgh thermat gradient that needs  to be established  during zone
annealing  ofth ¢  alLoy.  Ihe ODS  alloys currently  have  the potential
for use  in combustion  seetion.  but thcy  prescnt probtems for
fabrication by cenventional  fusion welding  techniques becavse of
the  agglomeration  ofthe  oxides  in the overheated  zene  and  the
accompanying  strength  less. DiffUsion bonding, brazing and
mechanicaljoining  are, however, pessibilities.

3.2 Ceram;cMateriats
   The mono]ithic  ceramics  (mainLy SiC, Si]N4, A1203) and
varieus  silica glass and  glass ceraniic  systems)  have been the
subject  ofnumerous  government and  priyate industry sponsored
development  and  demonstratien  programs. The  major

shertcomings  ofthe  older  generation ofceramics  are  low fracture
toughness,  existence  ofa  wide  distributien ef  flaw sizes, inc]uding
many  undetectable  flaws, poor thermal shock  resistance.

susceptibitity  to slew  crack  growth at  intermediate temperatures of

700 te llooeC (1292 to 2012"F) and  susceptibility  to excessive

creep  at temperatures approaching  1 1OOOC (2012"F). The new

generation ofsilicen  nitrides  has shown  all around  improvements in
toughness, thermal shock  resistance,  crecp  resistance  and  resistarice

to slow  crack  growth. The major  problem sti]1 appears  te be the

prediction of  fai1ure, and  the inability to detect sub-criticat  cracks.

There have been a few 
"successfu1"

 eompenent  demonstration
tests, but in general theze is insuMcient data for realistic statisticat
compencnt  failur¢  analysis.

   Composite ceramics  with  particles, p]atelets, whiskers,  or  shert

fibers, all exhibit  brittle behayior with  ecro  overtoad capacity.

Therefore, they are  treated in the same  general class  as  rnonolithic

ce[amics.  In the near  term  monolithic  cctamics  will  most  likely be
restricted  to lightty toaded structur ¢ s with  strain  isolation
attachment  features. High strengths  are  not  achievabte  unless  the
matrix  makes  a  significant  contribution.  In genera1, the  lack of

maturity  efthese  systems  and  their cost  make  them  inapprepriate
for land based power  generation systems  at  the  current  time.

3.3 Intermetallics
Although  iaboratory results  are  very  promising and  development

work  in titanium aluminides  is wetl  advanced,  no  ordered  alloy has

reached  the  where  sufficient  manufacturing  and  design data exists
to pemnit engincering  utilization  of  such  atloys  in other  than

experimental  hardware. Howeyer. the mechanical  properties being
observed.  particularly at etevated  temperature, combined  with  a

high aTuminum  conteng  which  promises good oxidation  resistance

at elevated  temperatures,  direct attention  to the a]uminides  as

potentially very  usefu1  alloys  for future gas turbine design.

   In large land-based gas turbines,  sizes  will  be predominantLy
larger and  thc advantage  of  weight  saving  should  be less than in

NII-Electronic  



The Japan Society of Mechanical Engineers

NII-Electronic Library Service

TheJapanSociety  ofMechanical  Engineers

aerenautica[  equipment,  cxcept  tbr the  last rowofb[adcs.  The

factor of  cosL  although  impertant in both cases,  sl)ou[d  bc more

critical in the cemmercial  equipinent.  The abi1ity to make  large,
high-quality parts at low cost  using  ordered  atloys  wi[l be criticaL to
their successfuL  applicatien  in future large land-based gas turbines.
The prospects for success  in doing so  are  open  to question at

present because of  the current  lack of  information and  experience

in this area,
   It is known, for example,  that smalt  changes  in stoichiometry
can  cause  major  propeity changes  in some  ordered  alloyS,  implying
a  need  for more  stringcnt  cemposition  contFol  than is normal  for
superalIeys.  Jmpurity content  and  grain size  contre]  may  also  be
more  critical. Although the  final outcome  ofthe  canpetition

between ordered  alleys  and  the more  conventional  alloys  for use  in
1arge land-based gas turbines cannot  yet be predicted, it woutd
secrn  advisable  forthe large land-based gas turbine  community  to

rnaintain  contact  and  fami]iarity with  dgvelopment  efi'orts to

facilitatetransjrionofsuccessfU]developtnents.
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Table 1Evolution of  Large Land Based  Gas  Turbine  Design  Features

Approx.ISYear 1967 1972 1979 1990+ 2000..
Approx.RITOC(['F)900(1650)1010(1850) 1120(2e50) t260(2300) l425(2600)
Cenipr.RaLio 10.5 ll 14 14.5 l9-23
ExhaustTemp.OC(OF)427(800) 482(900) 530(986) 582(1080) 593(11oo)
CooledTurbineRows RtvaneRl&2yane,Rl

blade
Rl&2vane.

Rl&2blade

Rl,2,3vane,

R1,2,3b]adeRl,2,3vane,Rl,2.3blade

SCPowerRange(MW)SO-60 60-80 70-105 165-240 165-280
Approx.HeatRate(SC)
BtulkWhEfficiency,O/o

11.6eo

29

tl,180

31

IO,250

34

g,soe

36

8,850

39

Approx.HeatRate(CC)
Btu/kWhEtficiency,o/o

8,OOO

43

7,350

46

7,ooO

49

6,400

S3

5,880

58

'
 Corresponds approximately  to GE  7F, FAt9F, FA, S-W  SOIF, and  MHI  501F1701F  conditions;  Siemens  V84.3t94.3 is in the

   same  class, in terms ofoutput  and  heat rate.
"

 Corresponds approxitnately  te GE  7H19H, S-W  501G, MHI  701G conditions;

   Siemens  V84.3Al94.3A  and  Atstom  (ABB) GT24n6  are  in the same  class  in terms ofoutput  and  heat rate.
SC  and  CC  denete Simple Cycle and  Cembined Cycte.
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Figure 1
Worldwide Fossil-Fueted Power Plant Orders for Combustion and  Steam Turbines
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Figure 2Trends
 in turbine  firing temperature  and  bucket-alloy capability.  The sharp  rise in firing temperature  refiects  the

advent  ofadvanced  air-coo1ing  technology. A1loy  temperature capabi1ity  is in terms ofrupture  temperature fbr
1OO,OOO hr at  l40 MPa  (20 x  1O] psi), (Based on  adaptation  of  Re £  5)
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Figure 31O,OOO
 h Rupture Strength ofthe  SC  Superal[oys CMSX-2/3,  NASAIR  lOO and  SRR  99 as  Compared  to

Conventional CC  and  DS  Material.
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Figure 4
Major Testing Program Demonstrates Single Crystal Benefits (Reft 18)

-19-

NII-Electronic  



The Japan Society of Mechanical Engineers

NII-Electronic Library Service

The  JapanSociety  ofMechanicalEngineers

asx8`seM8L.r,"ae:uea#pt

W  DSMO02
cE  sc  Renes

                     Hot Corrosien resrstance
                            a-

Figure 5
Single Crysta}s provide significant  improvement in terrns of  strengthlhot  corrosion  combination

. Hot corrosion  resistance  (i,e, Cr) and  creep  strength  move  in opposite  directions.

. Best compromise  achieved  in SC  alloys.

(Re£  18)
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Figure 6Schematic
 illustration ofthe  yariation  in corrosion  rate with  temperature  due to ch

mechanism  (Ref 18, as  cited  in Re £  4).
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Figure 7Strain
 to cracking  as  a  function oftemperature.  (a) Overlay Coatings, (b) Aluminide Coatings. [21]
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