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lhe creep-strengthening  mechanism  ofTMS-82+  ,which  is a new  Ni-base single-crystal  superalloy  deyeloped at
the National Research Institute for Metals in cellaboration  with  the Tbshiba Corporation, was  investigated. 11he
creep  property ef  TMS-82+  is superior  to that of  other  single-crysta]  superalloys,  especia]ly  under  high-
ternperature and  low-stress conditions.  As  a result  of  a  m{cro-structural  observation  of  a creep-interrupted

specimen,  more  conlinuous  T' platelets normal  to the stress  axis  (a so-callecl  raft structure)  and  a fine interfacial
dis]ocation network  are  constructed  in TMS-82+.  11hese are  considered  to prevent the movement  of  dislocations

and  decrease the creep-strain  rate.

                 1.INTRODUCTION

   In contrast  with  steam  turbine  power plants, many  combined

cycle  power plants have  been  operating  successfu11y  due to their

high thermal eenciency  and  goocl operability.[i] A  combined

cycle  power p]ant is mainly  composed  of  gas turbines, steam

turbines,  and  heat-recovery steam  generators. The thermal

ecaciency  of  the combined  cycle  power  p]ant can  be improved by
raising  the inlet gas ternperature  of  the gas turbines. Tb increase

the inlet gas temperature,  the  materials  for turbine  blades ancl

vanes  are required  to have higher creep-rupture  strengths.  Ni-

base single-crystal  (SC) superalloys  have higher creep  strengths

in comparison  with  conventionally  cast  and  directiona]ly

solidified  superalloys  and  are  now  used  in the  new-generation

gas turbine  plants.[21[3] It has been reported  that the  creep-rupture

strengths  ef  SC  superalloys  are  improved  by adding  a Re

e]ement:  second-generation  SC  superalloys  contain  about  3%
Re,[41tSl[fi] and  third-generation SC  superalloys  contain  5 to 6%
Re.[6][7][S] However, it is also  reported  that aclding  Re to SC
superal]oys  tends to cause  Re-rich Tbpologically Closed Packed

(TCP) phase precipitation,[iO][iil which  is known to reduce  the

creep-rupture  strength.  A  new  SC  superalloy,  TMS-82+, was

developed  by ouT  group.ti21 Tlhis alloy  has superior  creep

properties and  phase stabi]ity comparecl  with  second-  and  third-

generatien SC  superalloys,  especially  under  high-temperature

and  low-stress condjtions.  In this paper, the  creep-strengthening

mechanism  ef  TMS-82+  is investigated

           2. MATERIALSANDMETHODS
   Tlable Ishows the  nomina]  compositien  of  TMS-82+  and

several  second-  and  third-generation  single  crystal  superalleys.

Tbst specimens  ef  TMS-82+  were  cast  inte 1Omm  dia. bars using

a directionally solidified  furnace at  the National Research
Institute for Metals (NRIM). Afier checking  that the  longitudinat
axes  of  these  single-crystal  bars were  within  lS" from  the  [OOI]

enentaUon
        :

sequence,heat

 treatments were  conducted  using  the fo11owing

'  Selution heat treatment:

'Agin

1280"C/lh 
.

 ]300"C15h
'

 R.T. (A.C. or G.F.C)

gheattreatment

11000C14h 
-

 R.Tl(A.C.orG.F.C)
-

 870"C/20h 
-

 R.11(A.C. or  G.F.C)

After the heat treatments,  creep  test specirnens  (4rnm dia. with

22mm  gage section  length) were  machined  from these single-
crystal  bars. Creep tests were  conducted  between  9000C  and

11000C as well  as 98MPa  and  392MPa. In acldition  to this, to

investigate the  high-temperature creep  mechanism,  creep-

interrupted tests were  conducted  under  1100"Cl137MPa at 64
hours with  TMS-82+  and  TMS-75,  at  4  ancl 260  hours with

TMS-82+,  and  at  8 and  160  hours with  TMS-75.  TT-(S-75 is a

third-generation  SC superalloy  alse  cleyeloped at NRIM.[71
Micfo-structura] examinations  were  conducted  by transmission
electron  rnicroscopy  (TEM) and  scanning  e]eclron  microscepy

(SEM). These specimens  were  cut  into thin slices  beth normal
and  parallel to the  longitudinal [eel] directions. Thin  foil

specirnens  cut  normal  to the  longitudina} [OOI] directions were

uged  for TEM  observation.  These specimens  were  prepared using
an  e]ectro-pelishing  method  with  a reagent  consisting  of  50 rne
HCIO,  and  250 me  C2H,O! at  5eC. Specimens for SEM
observation  were  mounted  jnto rno]ds,  polished, and  etched  using

a reagent  consisting  of  10 me  HNOi  and  30 me  HCI  diluted by

40 me  C,H,O]

kble  IChemicalcompositionoftestedandreferencespecimens

Al]oy CoCrMoW N fifeHfReNi

TMS-82+ 7.84.91.98.75.3O.56.0O.12.4Ba].

TMS-75 12.03.02.06.06.0 6.0e.15.0Bal.

Rene'N5 7.57.01.55.06.2 6.5O.153.0Ba].

CMSX-4 9.06.5O.66.05.61.06.5O.13.0Ba].
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               3. RESUI;IrS

  Figure 1 shows  the creep-rupture  curves  of  TMS-82+,
CMSX-4,I51 TMS-75,ISI Rene'N5,[7] Rene'N6,[fi1 MC653['il, ancl a

patent alloy  (al]oy 11) containing  Ru.[r41 11ie creep-rupture

strength  of  TMS-82+  was  superier  to these of  second-generatien

SC  superalloys  sueh  as  CMSX-4  and  Rene'N5 in all stress  and

temperature ranges.  The temperature capability  of  TMS-82+  at

137MPatlO'  houTs was  over  30"C  higher than  that of  second-

generation SC  superalloys.  Moreover,  in the higher-temperature

and  lower-stress range,  TMS-82+  was  stronger  than third-

generation SC  superalloys  such  as TMS-75  and  Rene'N6 and
even  Ru-containing US-patented al]oys.[i4]

  Figure 2 shows  the creep  curves  of  TMS-82+  and  the third-

generation SC  superalloy  TMS-75. Cross section  micrographs  of

creep-interrupted  specimens  cut  along  the lengituclinal clirection
on  the middle  ofa  specimen  are  shown  in Figure 3. 11iis figure
shows  the microstruclures  of  TMS-82+  and  TMS-75  at  primary
creep  area, early  stage  of  secondary  creep  area  and  encl stage  of

secondary  creep  area,  which  is 70-80% of  total creep  life. A  so-

called  raft structure  is observed  beth in TMS-82+  and  TMS-75;  v'
precipitates are  connected  with  each  otheT  normal  to the stress

axis  in seconclary  creep  areas. [Mle raft structure  is not

censtructed  in the primary creep  area  in TMS-82+.  However,

once  the raft structure  is constructed,  jts morpho]ogy  is more

continueus  than that of  TMS-75  and  is kept for a long time.

              4.DISCUSSION
  In this section,  we  diseuss the effects  ef  the raft structure  on

creep  preperty. As ment{oned  above,  a  raft  structure  is observed

both in TMS-82+  and  TMS-75. TTiird-generatien SC  superal]oys

tend to precipitate the TCP  phase, whjch  is knewn  to reduce  the

creep-rupture  strength.191[iOl However, there  are  no  precipitates of

the TCP  phase. Ihe  creep-strain  rate  of  TMS-75  is, nevertheless,

larger than  that of  TMS-82+,  as  shown  in lbble II. This suggests

that the  large creep-strain  rate  of  TMS-75  in this condition  does
not  result  from  the  precipitation of  the TCP  phase. As  for the

morphology  of  the raft structure,  more  continuous  T' p]atelets are

observed  in TMS-82+  after 64 hours at 1100"C  1137MPa
cempa;ed  with  TMS-75. Moreover, the  raft structure  observed  in
TMS-82+  is kept longer than that of  TMS-75.  Ihe  raft structure

improves  the creep  resistance  by provicling effective  barriers to

the  dislocation climb  around  T' platelets.[iS] Making  a  more

continuous  raft str-cture  and  keeping this structure  for a  long
time are  cons]deTecl  te disturb the dislocation motion  effectively.

Ihis is consiclered  to be the reason  for the good creep  property of
TMS-82+. Thble II also  shows  the  lattice misfit  of  TMS-82+  and

TMS-75  measured  at 11000C by X-ray diffractien techniques.1ifi1

The  lattice misfit  efTMS-82+  is negative,  and  the  absolute  value

is larger than that of  TMS-75.  Ihe  large negative  misfit  enhances

the  v' rafting,[i7t  and  TMS-82+  has a  more  centinuous  raft

pt"
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Figure 1Creep-rupture  strengths  ef  TMS-82+, Rene'N5, CMSX-4, Rene'N6, TMS-75,

MC653  and  alloy11  (Ru-conlaing alloy)  using  the  Larson Mi]ler Parameter.
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structure.  Figure 4 shows  TEM  images of  the interfacial
dislocation network  between the v and  y' phases in the ereep-
interrupted specimens  ef  TMS-82+  and  TMS-75  after 64 hours at
1100eC/]37MPa.  The  interfticia] dis]ocatien network  is formed
due to the misfit  strain  between the T and  T' phases and

additionally  due to the applied  stress of  creep.  From Table II, the
amount  of  dislecation introclueed by creep  deformatien in TMS-
75 is seems  to be larger than that ofTMS-82+.  On the other  hand,
the size of  the clislecatien network  in TMS-82+  is finer than that
of  TMS-75. The dislecation induced by the creep  is consider  to
be moyed  on  the (111) plane and  intersected with  dislocatien

network  formed on  the  (OOI) plape as  illustrated schematically  in

Figure 5. It is cons{dered  that the Telation  between the dislocation

on  the  (111) plane and  the
between  the  dislocation and

disloeation between two

fo1]owingequation.

(OOI) plane is
two  obstacles.

obstacles,  T,

r  =  aGblR,

sjmilar  to the  relation

The  force te bow  the

is expressed  as  the

(1)

where  a  is a ceefficient,  G  is a shear  medulus,  b is the Burgers
vector,  and  R is the  spacing  between two  obstacles.  As  for the
force  between  the  dis]ocation  induced  by  creep  and  the

interfacia] dislecation network,  R is the  radius  ef  the  dislocation

network  spacing.  From  this equation,  a  large force is necessary  to

bow  a  dislocalion to radius  R  in the  fine dislocation network.
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figure 2Creep  curves  of  TMS-82+  and  TMS-75  under  a 1100eq137MPa  condition.

Figure 3Raft  structures  in TMS-82+  and  TMS-7S; creep  interrupted at (a) primary  ereep  area,  (b) early  stage  of

secondary  creep  area  and  (c) end  stage  of  secondary  creep  area  under  a  11OOOCfl37MPa  condition.
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Table IILattice misfit,  creep  strain,  and  creep-strain  rate  of  TMS-82+  and  TMS-75

at 64 hours of creep  under  1100eCl137MPa.

Nloy
Latticemisfit

 (11000C)
Creep strain Creep-strain rate

TMS-82+ -O,24 O,409% 2.4xlo'3%th

TMS-75 -O.17 O.593% 3.4× lo-3%th

Figure 4

TMS-82+  [[MS-75
                                                          H
                                                          100nm

Dislocation network  on  the vNinterface in (a)TMS-82+ and  (b)TMS-75; creep  interrupted at 64 hours under

 a  1 1OOeCfl37MPa  condition;  foil prepared perpendicular to the stress  axis.
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FiguTe SSchernatic i]lustration of  the inteTaction between the

 dis]ocationsinducedbycreep.
interfacial dislocations network  and

This is another  reason  that TMS-82+  has high creep-rupture

strength  compared  with  other  second-  ancl third-generation SC
superalloys.  Once a  good  rafted  structure  is established,  as  in
TMS-82+,  dislocation climbing  is consiclered  to b.e became  very

diencult. Under this cendition,  dislecatien cutting  into the v'
platelet is forced to be the predominant creep  mechanism,  and

then, a finer dislocation network  can  act as  a  very  efTective

banier to this. As a  result, the creep  property of  TMS-82+  is
supeTier  to that of  other  SC  superalloys  under  high-temperature

andIow-stressconditions,

   In this stucly, the
82+wasinveFtigated.

L

2.

3.

5.CONCLUSIONS

creep-strengthening  mechaflism  of  TMS-
The foIIowing results  were  obtained.

In the micro-structural  obseryation,  the length of  the raft

structure  norma]  to Ihe stress axis  ofTMS-82+  is longer
than that of  the third-generation SC  superalloy,  TMS-75.
Tlhe raft structure  constructed  in TMS-82+  is kept for a
]ong time, which  is a  reason  for the superior  creep

property of  TMS-82+  compared  to that of  other  SC
superal]oys  under  high-temperature and  low-stress
conditiens.

lhe size  of  the  dislocation network  of  TMS-82+  is finer
than that of  TMS-75. This is censidered  to be another

reason  that the  creep  properly of  TMS-82+  is superior  to

that of  other  SC  superalloys.

TMS-82+  has a large negative  lattice misfit  between v
and  v' phases that accelerptes  the  formation of  the  more

continuous  raft structure  and  a very  fine dislocation

netwerk.
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