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Abstract: Long-term stress  relaxation  behavior was  investigated on  NCF  800H  alloy. Complicated stress relaxation
behaviors such as rapid decrease ofresidual  stress  and  increase ofresidual  stress  were  observed.  Relationship between stress
reraxation  behavior and  microstruotural  ehanges  was  examined.  The decrease ofresidual  stress was  eaused  by the reduetion
oferoep  deformation resistance  due to coarsening  ofcarbides.  Minus relaxation  behavior which  is equivalent  to the increase
of  residual  stress  was  related  to shrinking  of  testing material  due to precipitation of  carbides.  Therefore, it is diencult to
extrapolate  the leng-term stress  rclaxation  curve  from the rcsult  ofshort-terrn tests, and  the long-tcrm residual  stress  value

should  be predicted using  aged  material.
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1. INTRODUCTION

 Anomalies in creqp  curves  ofheat  resistant  steels  and  alloys
under  long-terrn loading are  realized[1-3],  Mcrostmcture of
metallic  materials  is instable at high temperature, and  changes

with exposedi  tirne[4,5], Tlierefore, it is necessary  to investigate
the anomalies  of  creep  defbrmation behayior from the
viewpoint ef  rnicrostmctural  changes,  However, the etfect  of

microstructural  changes  on  creep  deforrnation behavior has
not  yet been  understood,  because it is diMcult to obtain  the
systematic  data set  of  long-terrn creep  curve.  Recently, it
began to be recognized  from analyses  of  long-terrn NRIM
creep  clata that the areep  deformation is strongly  dependent on
the microstmctural  changes.  especially  at low stress

conditions[6,7],

 The understandmg  of  stress  relaxation behavior is important
fbr desigriing stmctural  components  in high temperature

plants[8]. Leng-term stress  relaxation  behavior would  reflect
the creep  deformation behavior at low stress conditions, and

it might be atllected  by the microstructural changes.  Therefbre,
it is necessary  to study  the long-term stress  relaxation  behav-
ior with  rnicrostmctural  changes.  However, there are  not  any

reports  on  long-term stress relaxation  behavior of  high
tcmperature structural  materials  with  microstmctural

changes[9,10),  The test data obtained  are not enough  to

analyze  the etTect  of microstructural  changes  on  stress

relaxation  behavior. Therefore, the leng-tenm stress  relaxation

behavior of  some  heat-resistant alioys should  be investigated
from the viewpoint  of microstructural ehanges[4,1  l].
 In the present work,  the effect  oftemperature  and  total strain

Table1

on  long-term stress  rclaxation  bchavior of  NCF  80e}{ alloy
which  shows  the microstmctural  instability[12] was  studied,

and  the  relationship  between stress  relaxation  behavior and
microstmctural  changes  was  examined,

2. TESTI]NG  MATERIAL

  PROCEDURE
ANDEXPERIMENTAL

2.1. TestingMaterial
  The material  tested is NCF  800H  alloy bar of 25mm  in
diarneter. The chemical  composition  is listed in Table 1 . The
solid  solution  heat treatrnent condition  is 1 1 50OCx5h, and  the
austenitic  grain size number  is 3.3. The tensile properties at
room  temperature arc  listed in Table 2,

Table 2, Tensile properties at room  temperature.

O.2proofstressMPaTensilestrengthMPaELongationoloReductionofareaolo

240 564 48 74

2.2. Stress Relaxation Test
 The  stress  relaxation  tests were  conducted  using  automati-

cally  control}ed  tensile-type testing rnachines  with  load
capacity  of  1OOkN[l3], The specimen  is 1Omm  in diameter
and  lOOmm  in gauge Iength.
 The stress  relaxation  test were  carried out  according  to JIS
standard,  and  the specimens  were  soaked  fbr 20h at testing

, Chemical composition  ofNCF  800H  alloy (massD,6).

C siMnP s NiCrMoCuCoTiAlN

O.08e.23O.92O.O09O.OOI31.4620.31O.031o.e6O.072O.35O.34O.O180
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temperature prior to testing.

2.3. Stress Relaxation Testing Condition
 The stress  relaxation  testing condition  is Iisted in 1'able 3.
The  stress  relaxationtestswere  carried  out  under  the  total

strain condition  of  O.05 to O.25%  at 600  to 7500C. The
longest testing pcriod was  12000h.

Table 3. Stress relaxation  testing condition.

Temperature

℃

Totalstraino/o

600
e.os

o.2eO.15

650 o.2eO.25

7ee O,20O.15

750 O.20O.25

3. RESULTS  AND  DISCUSSION

3.1. Result of  Stress Relaxation Tests
  The stress relaxation  curves  fbr the total strain of  O,2096
are  shown  in Fig,1, Fer 6000C, theresidual stress  rapidly

decreases at  300h, gradually increases from lOOOh  and  then

decreases again at 7000h, For 650OC, the residual  stress  rapidly

deereases at 1Oh, increases at 250h and  then decreases again

at  2000h. The stress relaxation  behavier at 700 and

7500C is also similar to that at 600 and  6500C, and  the
residnal stress  has alrcady  decreased at  O, 1h and  then a  small

change  in residual stress is fbund. The stress relaxation

behavior of this material  is complicated,  and  the relationship
between tesimg  teniperature and  residual  stress  is not  simple,

3.2. Effect ef  Total Strain on  Stress Relaxation Behavior
 The  effect  of  total strain  on  stress  relaxation  behavior at
600, 650 and  7500C for total strain from O.05 to O,25%
was  exarniried. The results are shown in Figs. 2, 3 and  4. For
600OC,  the value  ofresidual  stress  is different between O.OS
and  O.20%  in total strain  conditions,  but the rapid  decreasing
time and  the increasing time are  almost the same  in both
conditions.

 For650 and7500C,liule  effect of tetal strain on  residual

stressisrecognized  except  fbr low totalstrain condition,
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Fig.2. Effect of  total strain  on  stress  relaxation  behaviQr fbr
    NCF  800H alloy  at  600eC.
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Fig.1, Stress relaxation  curves  ofNCF  800H  alloy,
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Fig.3. Effect of  total strain  on  stress  relaxation  behavior for

    NCF  800H  alloy at 650OC.
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Fig,4. Etiect eftotal  strain  on  stress  relaxation  behavior for
     NCF  800H  allQy at 7sooc.

3.3.Relatienship Between Stress Relaxation Behayior
   and  Creep  Deformation  Behavior

  The stress  relaxation  behavior is closely  related  to the creep
defbrrnation behavior. The creep  defbrmation behavior of

this NCF  800H  alloy  was  examined.  Figures 5 and  6 show
the creep  curves  which  were  obtained  from the creep  tests at
600 and  650OC, For 600OC, the rapid acceleration  ofcreep

defoTmation is seen  at  3OOh after  the short-term  transient and
steady-state  creep  regions,  and  then the creep  rate gradually
decreases and  the creep  curve  represcmts  again  the steady-
stateaspect, Thisrapid increase of creeprate  occurs  ata

spechied time  and  the rapidly  increasing time is independent
of  the stress condition in ereep  tests, The timc at which  the
rapid  increase of  creep  rate  was  started  on  creep  curve  tci
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Fig,5. Creep curves  ofNCF  800H  alloy at 600OC,
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Fig,6. Creep curves  ofNCF  800H  alley at 650OC.
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Cornparison ofrapidly  decreasing time tRdi and  tRd2 Of

residual stress in stress relaxation  curves  with  rapidly

increasing time tci of creep  strain in crecp  curves.

was  compared  with  the times corresponding  to the rapid

decrease ofresidual  stress on  stress relaxation  cur've  t                                           and
                                         Rdl

tRd2, Figure 7 shows  the comparison  of  tci with  tRd] and  tRd2.

t., of creep  curve  agrees  well  with  t.d, of  stress  relaxation

curve.  The rapid  decrease of  residual  stress  in stress  relax-

ation  curve  which  was  observed  at 3OOh fbr 600OC and  at 1Oh
for 650"C  was  caused  by the reduction  of  creep  deformation
resistance,

3.4. Microstructural Changes

 The rqpid  acceleration  ofcreep  rate and  the rapid  decrease
of  residual  stress  might  be dependent on  microstmctural

changes[3].  The mierostmcture  of the materials  aged  and

12
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tested was  observed  using  transmission  electron  microscope,

The precipitates were  determined by X-ray dilitaction
analysis  of  electrolytically  extracted  residue. The results

of  microstmctural examination  were  plotted on  a  Time-

Temperature-Precipitation(TTP)diagram as  shown  in
Fig. 8. The  precipitates of  TiC and  M,,C, were  identified by
X-1ay difli'action analysis,  The result of TiC is not plotted in
Fig, 8, because TiC was  regarded  as insoluble inclusions. The

numerical  value  on  each  symbol  means  the amount  ofelectro-

lytically extracted  residue,  whieh  reduces  the amount.  of

eleetrolyticaly  extracted  residiue of as-received  material  from

the total amount  of electrolytically extracted  residue  of  aged

materials. This material,  NCF  800H  alloy,  is well-knowii  as

[ooo

  9009F

 soO.o..
 

Z 7oo
S 600
500

      1 [o lo2 lo3 lo4

                Agring time t. h

Fig,8. Time-Temperature-Precipitation diagrarn ofNCF  800H
    alloy,

an  alloy  which  is strengthened  by the precipitation of  v'
phases, Little v' phase was  observed  in the specimens  aged

and  tested, because the amount  of  solute Ti is not enough  due
to a  lot of  fbrmation of  Ti-nitride as inclusions[14].
 [Ilie electrolytically  extracted  residue  was  collected  at first
using  1 Fm  filter, and  then using  O.1 pm  filter. Figure 8 also

shows  the type of  filter which  was  used  for the collection  of

electrolytically  extracted  residue, For low temperatures and
short  times, M23C6 was  collected  using  1 pm  fiEter but not

collegted  using  O. I ym  filter. On  the other hand. with  inorease
ofagrng  tirne, M,,C, was  collocted using  1 pan filter and  O. I pm
filter. In this figure, the curves  with equivalent  amount  of

electrolytically  extracted  residue  are shown  based on  the
exl]erimental result ofMl,C,  amouut,  T'emperature-time curve

of  O.5%  in M,,C, amount  of  extracted  residue  is almost
correspondent  to the condition  oftemperature  and  time  under

which  ng,C, can  be collected  using  the O.1pm filter, The
amount  of  residue  is saturated  at  about  O.80%, Relationship
between the ehange  in stress  relaxation  behavior and  ¢ reep

defbrmation behavior and  the equivalent  curve  of extrac}ted

residue were  examined,  The result is shown  in Fig. 9. The
time at which  the residual  stress  of the stress relaxation

curves  is rapidly  decreased, t.d,, and  the time  at  which  the
creep  rate  is accelerated  from the first steady  stage  to the
second  steady  stage, tci, agree  with  temperature-time
condition  ofO,25%  in the amount  of  extracted  residue,  The
time at  which  the residual  stress  is decreased again  is
corespondent  to the temperature-time condition  in O,80%

amoumt  of extracted  residue.

  Figure 1O shows  the change  in the amount  of residue  which

was  e]ectrolytically  extracted  frem the specimens  aged  and

tested at 600OC. The amoimt  of  residue  starts to increase at

1OOh and  is saturated at 1OOOOh. The iricrease of  the amount
ofresidue  was  caused  by  the precipitation ofcarbide  M,,C,.
The times  tR,, and  t.,, corresponding  to the rapid  decrease
of  residual  stress  at 6000C are  also represented  in Fig.10,
tAri, and  ind, correspond  to the early  stage  and  the last stage  of

precipitation and  coarsening  of M,,C,, respectively.
 ln order  to examine  the relationship  between preeipitation
state and  stress  relaxation behavior, the stress relaxation tests
were  conducted  at 600OC and  interrupted at215  and  993h,

215h is earlier  thari the time  at  which  the residual  stress

rapidly decreases under  the tetal strain  eondition  of  O.20%,
and  993h  is later than the time at which  residual stress

1OOO

.  9oo.-･
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 7008E.O
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      1 10 lo2 ]o3 lo4
                Agjng  tjme  t. h

Fig,9. Comparison oftft,, and  t.,, of  relaxation  curve  and  t.i of

    creep  curve  with  amount  ofelectrolytically extracted

    reside of M,3C,-
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Fig. 1O, Change in amount  ofelectrolytieally  extracted  residne

     of  materials  aged  and  stress-relaxation-tested  at

     6000C, and  tRdi and  tRca of stress relaxation  curve  at

     600oc.
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Fig,11,TEM  micrograph  fbr NCF800H  alloy  stress-

     relaxation-tested  at 6000C.

decreases rapidly.  The sample  was  cut  down from the
interruptedtestpiecestoobserveusing transmissionelectron
microscopy Iheresultsare shown  in Fig,ll. From  TTP
diagrarn of  Fig. 8, the electrolytically  extracted  residue  at

21 5h was  regarded  to be only Ml,C, which  might be collected
by 1pm  filter However, very  small  M,,C,was observed.

These precipitates are deposited on  dislocations, On  the other
hand, M,,C,  at  993h  was  more  coarse  than that at  215h, and

the dislocation tangle seems  to be less, From these results,

the rapid  decrease of  residual  stress  for 300h  at 600 
OC

 and

for 1Oh at 650eC is caused  by the reduction  of  creep  defonma-
tion resistance  due to coarsemng  of M,,C,carbides,

3.5. Min-s  Relaxation Behavior

  Ilie mcrease  ofresidual stress  was  observed  after  the rapid
decrease ofresidual  stress  at  600, 650 and  700OC,  as  shown

in Fig, 1 , [llris minus relaxation  behavior was  reported  also  on

SUS  316 steel[5] It was  caused  by shrinking  of  the testmg
material  due to the drop efcarbon  content  in matrix  accompa-

nytng  the formation of  M,,C,,
 The amount  ofelectrolytically extracted  residue  increases

during aging  and  testing as showm  in Fig, 1O. This increase of

the residne  resu1ts from the precipitation of  M,,C,, The  minus

relaxatien  behavior is observed  durmg the increasing period
ofthe  residue.  The minus  relaxation  behavior of  this material
tested must  be related to shrmking  due to the drop of  solute

carbon  coritent. The increase ofresidual  stress  was  calculated

from the  change  in  lattice parameter due to the solution  of

carbon.  The increase of lattice parameter of  y phase due to
thesolutronofcarbonisestmatedbyO,O033wt%C(nm)[15,16],
The amount  of M,,C, which  was  precipitated during the

testing period of  1OOO to 7000h at 600OC is estimated  to be
O,17% from Fig,10, If all of  the carbide  are  Cr,,C,, the
reducing  amount  of  solute  carbon  content  due to this

preeipitation is O,O097wt%.  As  the  lattice parameter and
Young's modulus  ofthis  material  are O,36 nm  and  150GPa,
the increase of  stress due to shrinking  is estimated  to be
13MPa, The observed  increase of  residual  stress  was

13 5MPa  for O 20%  in total stram  at 600OC,  and  the estimated
value  agreed  well  with  the experimental  one.  The  minus

relaxation behavior was  caused  by shrinking  ofmaterial  due
to the drop ofsoltue carbon  content  due to the precipitation of

Cr23C6･3.6.

 Effect of  Aging  on  Stress Relaxation Behavior

 The residual  stress  was  affected  by the microstructural

changes  during stress relaxauon  tests. The stress relaxation

behavior was  tested on  the matenal  which  had been aged
previously, Figures 12 and  1 3 show  the comparison  of  stress

re]axation  curve  fbr aged  material  w!th  that for as-reeeived
matenal  For the aged  material, no  rapid  decrease of  residual

stress  due to coarsening  ofM23C6  andi  little minus  relaxation

bchavior areobserved.  Thelong-terrn residual  stress fbr as-
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received  material  becomes equal  to that fbr aged  material.

The  decrease of  residual  stress  at longer times. i.e,, the
behavior cerresponding  to longer than t.d, which  is
represented  in Fig.1, is considered  te be the behavior under
stablecondition  after  the transient microstructural  change.

4. CONCLUSIONS

 The  long-terrn stress relaxation behavior was  investigated
on  NCF  800H  allqy  at 600  to 75OeC.  The results  are  summa-

tized as  fo11ows /

(1) The cemplicated  behavior such  as th¢  rapiddecrease

 ofresidual  stress and  the minus  relaxation  was  observed.

(2) lhe rapid  deerease of  residual stress at 600 and  650OC

 was  caused  by the reduction  of  creep  defbrmat.Lon

 resistance  due to coarscningof  M,,C,.

(3) Theminusrelaxationbchaviorwascausedbyshrinking
 of  material  due to the drop of  solute  carbon  content

 because of  the precipitation of  Cr23C6,
(4) Theeomplicated stress relaxation  behavior resulted
 from the transient phenomena  due to pTecipitation arrid

 coarsening  ofMdeC,,  Therefore, it is diMcult te extrapolate
 a long-term stress relaxation  curve  from the rcsult of

 shert-term test. The lcmg-term residuar stress value  should

 be  predicted using  aged  material,
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