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fhe etllect ofstress on  the  shape  ofcreep rate  
-
 time  curves  at  823K  in ijpe 304 heat resistant  steel  has been

investigated. Ihe stress conditions  ofcreep tests at  823K; stress  range  from 15ZMPa  to  333nea  are  higher than
the O.2%proofstress  ofthe ope 304 heat resistant  steeL  At the stresses  higher than 265nea, creep  rate  decreases
monotonously  in a  transient  creep  stage  and  increases monotonously  in an  acceteration  onq  such  shape  ofcreep
rate  - time  curve  is called  as  normat  mpe. Contrast to this shape  in higher stress  range  of333 to 265nea,  the

shape  ofthe creep  rate  - time curve  in the medium  rangefivm  235 to 196Aff?a turns to the d4ffbrent one  with  two
local minima  due to the  early  itij7ection, and  that  shape  ofcreep rate  - time  curve  was  designated as  IVLc}tee. PVith

fitrther decreasing the  stress  early  itijlection in creep  rate  - time  curve  turns  te obscure  one,  and  atmost

disappeared at  the  stresses  tower than  J77MPa.  This shape  ofcreep rate  - time  curve  was  designated as  W:tMpe.

The main  cause  ofchanges in the shape  ofcreep rate  
-
 time  curve  is the occurrence  of the  early  itijlectien in creep

rate  
-
 time  curve.  Microstructural observation  and  changes  in hardness have indicated that this early  itijTection has

been caused  by the dispersion strengtheningprecipitation  ofM23C6 on  dislocations

                 1. Introduction

   Austenitic heat resistant  steels are used  for high temperature
structura]  components  in the field of  nuclear  application.

Considering the long- term exposure  at the elevated  temperature,

creep  deforrnation should  bc taken into account  in the design of
structural  compenents,  A  lot of  researches  on  creep  deformation
and  microstructural  examination  in type 304 heat resistant  steel

have been dene i'i]). However, only  a  few researches  have been
done on  those at 823K  

i4'i8),
 In this study,  the creep  tests at 823K

were  done  in the  wide  stress  range  from  137  to 333MPa  and  the
change  in the  shape  of  the creep  rate - time  curve  with  stress  was

discussed in corijunction  with  changes  in microstructure  during

creep･

         2. Mateija] and  Experimenta] method
2.1 Material

   Material was  sampled  from  a commercial  plate which  was

produced as  fo11ows; an  ingot of  16 ton which  was  produccd from
30 ton melt  in an  electric  furnace was  hot-rolled to a plate in a
thickness of  25mm  and  solution  treated at 1373K  for O.5h and
water  quench  

i9).
 11ie chemical  compositien  and  the average

austenite  grain diameter are  shown  in thble 1. Transrnission

electron  micrograph  of  the specimen  selution  treated is shown  in
Fig. 1. 0nly a  few precipitates of  M!3C6 were  detected on

dislocations. Appearance  of  M]3C6  in the solution  treated

specimen  is caused  by slow  cooling  rate in the center  of  thick

plate. TTie tensile property with  the strain rates  of  O,O031rnin for
the O,2% proof stress  and  O.e751min for the tensile strength  at

823K  is given in Thble 2.

22  Creep testing
11ie creep  testing  specimens  with  50mm  in gauge  length and

10mm  in diameter were  sampled  along  a  rolling  direction of  the

plate. Tbnsile creep  tests wcre  carried  eut  under  the  constant  lead
condition  over  a  range  of  stress fTom  137  to 333MPa  at 823K, In
order  to investigate the microstructural  chahge,  creep  tests at

823K-235MPa  havc  been  interrupted at  O.lh, 10h, 200h, 550h,
1540h  and  32ooh, Timc  to rupturc  in {his crcep  condition  is 3470h.

Microstructvres of  the specimens  to subjected  creep  were

examined  with  a scanning  electron  microscope  (SEM) and  a

transmission electron  microscepe  (TEM). Measurement of

Micro-vickeTs harclness was  alse  done

Table1Chemicalcomsitiofiandausteniteraindiameterofte3e4heatresistafitsteel
Material Chemicalcomosition(mass9o) Diameter

Tbrpe304stee} C siMn P s Ni Cr'Mo N "m
e.o7O.S91.0SO.026O.O059.2118.67O.1O.02S 85

Table2Tensileroertiesofte3e4heatresistantstee]at823K

MaterialO.29eproofstress
MPa

Tensilestrength
MPa

Elongation9eReductionofarea
9e

e304steel 149 402 44 70
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Fig.1 TEM  micrograph as  solution  treatment  oftype  304 steeL

                3. Results and  Discussion
3.1 Creep rate-time  curve

    Creep  rate-  time curves  ofa  type  304  steel oyer  a  range  of

stress  from 137 to 333MPa  at  823K  are  shown  in Fig. 2, tegether

with  a  stress  
-
 time te rupture  curve.  The almost  linear relationship

between stress  and  time to rupture  in both logarithmic scales  is

obtained.  The Iime to rupture  at the stress of  157MPa  was

105,350h. Vie  100,OOO  h creep  rupture  strength  at 823K  of  the
type 304  heat resistant  steel is higher than  the  O.2%  proof stress  of

149MPa  as  shown  in 1lable 2.
On  the other  hand, the shape  of  creep  rate - time  curve  is
markedly  changed  with  decreasing the stress  as shown  in Fig.2. In
the  creep  rate  

-
 time  curve  at the stresses  higher than 265MPa,

creep  rate  decreases monotonously  in a  transient  creep  stage  and

increases monotonously  in an  acceleration  one.  This shape  of

creep  rate  
-
 time  curve  was  designated as  normal-type.  With

decreasing the  stress to a  middle range  from  235  lo 196MPa, the
shape  of  the  creep  rate-time  curve  turns te the different one  with

two  local minima  in the  creep  rate  due  to  the  early  infiection, This

shape  of  creep  rate  - time curve  was  designated as W-type. With
further decreasing the  stress,  early  inflection in the creep  rate -
time curve  turns to obscure  one,  and  almost  disappeared at  the

stresses  lower than 177MPa.  Ihis shape  of  creep  rate - time  curve

was  designated as  V-type. Ihe main  ca-se  of  changes  in the shape
ef  creep  rate  

-
 time  curve  is the  occurrencc  of  the  early  inflectien

in the  crecp  rate  
-
 time  curve.  Cerresponding te disappearance of

the  early  infiection in the  creep  rate-tirne  curvc  in the  low  stress

region,  decreasing ratio of  the creep  rate in the transient creep

stage  becomes large. [[herefore, the shape  of  it changes  frem
W-type  to V-type. ,
    [[he creep  temperature of  823K is relatively  low3 about  O.48
of  the  melting  point of  this steel  and  the  stress  range  from15MPa
to 333nea  is higher than  the O.2%proof  stress  qfthe  ope 304
heat resistant  steeL  Ihereforc, the magnitude  ef  the  instantaneous

strain at the loading must  be evaluated,  because  the mest  effective

strengthening  mechanism  is considered  as  the  dispersion
strengthening  of  M]3C6  carbide  precipitated on  the  clislocations

and  dislocation substructure  is strongly  influenced by the  plastic
deformation at the loading. Frem  the above  viewpoint,  the

relatienship  between instantaneous strain  and  stress  of  the steel  is

obtajned  and  shown  in Fig.3, Since the O.2% preof stress  is
149MPa,  large plastic strain and,  therefore, a  lot of  dislocations
are  introduced by the  loading at  the  stresses  higher than 149MPa.
Such  dislecations may  influence the  prccipitation behavior of

M2]C6  during ereep,  as  nucleation  sites  ef  that.
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    Figj Instantaneous strain  of  type  304  steel  at  823K.

    The relatienships  between creep  rate  and  strain of  the  steel

are  shown  in Fig.4. Ihe strain  includes instantaneous strain.

Increase in decreasing ratio  of  the  creep  rate  in the transient creep
stage  is clearly  observed  with  decrease in stress  as  mentioned

above.  The strain when  the creep  rate  shows  minimum  value

decreases from O.2 to O.02 with  decrease in stress.
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  Fig.4 Creep  rate  

-strain
 curves  at  823K  oftype  304  steel.

3.2 Hardness  within  grain
      The change  in the shape  of  creep  rate - time curve  with

decreasing the stress is caused  mainly  by the sudden  decrease in
creep  rate during transient stage. And this sudden  decrease in
creep  rate is restricted  in the medium  stress  range  from 196 to
235MPa.  Tb elucidate  the origin  of  the occurrence  of  this sudden

decrease in creep  rate,  changes  in hardness and  microstructure

during creep  are  investigated under  focusing en  the creep

deformation  at 235MPa  that is the highest stress which  shows

such  sudden  decrease in creep  rate.

    Creep iate - time curve  at 823K-235MPa  is shown  in Fig.5.

Creep tests at 235MPa  were  interrupted at the times of  O.lh,10h,
200h, 550h, 1540h  and  3200h. Ihe  change  in Micro-Vickers

hardness ef  creep  interrupted specimen  with  increasing the creep

testing time is shown  in Fig.6. Increase in hardness of  30 was

detected in a time just after loading. Further 20 increase in
hardness was  attained  after crept  for 200h. After creep  for rnore
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     Fig.7RelationshipbetweenMicro-vickershardness

      and  creep  strain.

than 200h, hardness remains  constant  value,  A  little increase in
hardness in ruptured  specimen  should  be attained  dvring

accelerating  stage.  Fig.7 shows  the  relationship  between  hardness

and  creep  strain. Continuous increase in hardngss with  increase in
the strain was  detected.

3.3Microstructllra]evollltion
    As  mentioned  above,  strong  stress  dependence  of  the  shape

ef  creep  rate  - time  curve  is mainly  caused  by  the stress

dependence of  the  decreasing ratio  of  the  creep  rate  in the

transient  creep  stage.  So  the  stress  of  235MPa  is chesen  as the

stress  to discuss the  origin  of  sudclen  clecrease in creep  rate.

    Scanning  electron  micrographs  at the grain boundary  of  the

specimens  creep  interrupted at  O.lh, 550h, ]540h, and  3200h at
823K-235MPa  are  shown  in Fig.8. Even in the specimen  crept  for
O.lh (Fig.8-a), precipitates were  found at the grain boundary. In
the specimen  crept  for 550h (Fig.8-b), a series  ef  granular phases
continueusly  precipitated oh  the  grain boundary  is observed.  A

slightly  coarsened  precipitates are  dctccted at  the  triple point of

the  grain bounclary in the  specimen  crept  for 1540h  (Fig,8-c), In
the specimen  crept  for 3200h, further coarsened  p[ecipitates are

ebserved  at the grain boundary and  a ratio of  the grain boufldary
area  covered  with  precipitates to the total area  of  that decreases

(Fig.8-d).
    TTie transmission electron  micrographs  of  the specimens

creep  interrupted at O.lh, 550h, 1540h  and  3200h at

823K-235MPa  are  shown  in Fig.9. In the  specimen  crept  for O,1h

(Fig.9-a), a lot of  fine MnC6  are  precipitated on  dislocatiDns. By
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cemparison  ef  the dislocatien densities of  the specimens  crept  for

O.lh (Fig.9-a) with  that in the specimen  crept  fo[ 550h (Fig.9-b),
higher density of  dislocation can  be detected in the specimen  crcpt

for 550h. A  let of  tangled dislocations are  observed  on  the

precipitates in the specimen  creep  interrupted at 1540h  (Fig.9-c).
[[1iere are  large number  of  fine particles precipitated on  the

disloeations in the  specimen  crecp  interrupted at 3200h  (Fig.9-d).
    FTom  the above  ebservations,  microstructural  changes  during
creep  deformation at 823K-235MPa  are  summarized  as  follows;
1) Dislocation density incrcases with  creep  deforrnation in thc
transient creep  stage,  and  a  substructure  of  high dislocation
density is formed  when  the  creep  rate  shews  minimum  value.

2) High  precipitation density of  fine particles of  M2jC6  occurs  on

dislocations after  creep  deformation  for ?OOOh  and  more.

3) Ratio of  the  grain boundary area  covered  with  precipitates to

the  total area  of  that increases with  creep  deformation  in the

transient creep  stage,  and  it decreases in the acceleration  one

correspending  te increase in creep  rate after showing  the largest
value,

    Tlie first phenomenon is strain hardening, the second  one  is
precipitation strengthening  by the secondary  precipitation of

MnC6  on  the  dislocation within  grain and  the  final one  is the  grain
boundary  precipitation strengthening  due  to the coverage  of  grain
boundary  by  the second  phase. Interactien between such

distribution of  the precipitates and  dislocation substructure  is very
important factor that aiiects  creep  strength  and,  consequently,  a

shape  ef  creep  rate  - tirne curve.  In the  high stress  region  higher

than  265MPa,  effect  of  fine particlcs of  M23C6  precipitates on

creep  strength  is not  so  large, because significantly  high density of
dislecation is generated and  the amount  of  fine precipitates is too
small  to act as  a barrier ef  the moving  of  dislocation. In the

mediurn  stress  range  from 196 to 23SMPa, fine M23C6 particles
precipitated on  the dislocations play a  significant  role  effectively

as  a  barrier of  the moving  of  dislocation, because of  good balance
of  the amounts  of  fine precipitates and  dislocatien density.
Therefore, early  inflection ef  the creep  rate  

-
 time curve  is

produced  and  it represents  W-type shape.  Since dislocation
density decreases and  coarsening  of  the  precipitates occurs  with

decrease in stress,  early  inflectien of  creep  rate  - time  curve  turns

te smaller  one  and  the  shape  ef  it changes  from W-type to V-type.
Creep  strength  of  the  type 304  heat resistant  steels  at 823K  is

a)b)c)d)

{b)

#{t

(d)
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Fig.8 SEM  micrograph  of  interrupted  crept  specimens

at  823K  and  235MPa.
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Crept  for IS40h
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Fig.9 TEM  micrograph of  interrupted crept  specimens

at  823K  and  235MPa.

strongly  influencecl by precipitation and  coarsening  of  MnC6

particles. It has been concluded  that change  in the shape  of  creep

rate  
-
 time curve  is caused  by changes  in creep  strength

correspondi-g  to changes  in microstructure  during creep.

4. Conclusions

The cfilect of stress  on  the shape  qf creep  rate  
-
 time curves  at

823K  in mpe 304  heat resistant  steet  has been  investigated. 7he

stress  conditions  of creep  tests at  823K  stress  range  f}z)m
157MPa  te 333Ml'a are  higher than  the O.2%proofstress of the
ope 304 steeL  From  the results  of this work  the  fotlowing
conclusion  have been drawn:
1) lhe  shape  of  creep  rate  - time  curve  in which  creep  rate

decreases monotonously  in a transient creep  stage  and  increases

monotonously  in an  acceleration  one,  has been ebserved  at the

stresses  higher than 265MPa.  Ihis shape  of  creep  rate - time curve

was  designated as  normal-type.  VVith decreasing the stress  to a
middle  range  from  235  to 196MPa,  the shape  of  the creep  rate-

time  curve  turns  te the  different one  with  the  early  infiection, and

that shape  of  the creep  rate - time  curve  was  designated as W-type.

With further decreasing the stress, early  inflection in creep  rate -
timc  curve  turns  to obscure  one,  and  a]most  disappeared at the
stress  lower than  177MPa.  This shape  of  the creep  rate  - time
curve  was  designated as  V-type. The  change  in the  shape  of  the

creep  rate  
-

 time curve  is caused  mainly  by sudden  appearance  of

decrease in creep  rate  during transient creep  stage,

2) Increase in micro-Vickers  hardness of  about  30  immediately

after loading, and  gradual increase in it of  about  20 with  creep

deformation  for 200h  were  detected. Hardness  in grain increases

about  60 afte[ creep  rupture.

3) Precipitation and  coarsening  ef  MnC6  particles on  dislocations
and  at grain beundaries were  observed  during creep  deformation.
Increase in dislocation density is also  detected with  progress in
creep  defo[mation in the Iransient creep  stage.  It has been
concluded  that the  change  in shape  ef  the creep  rate  

-time
 curves

has been  caused  by the  change  in creep  strength  that  has been
strongly  infiuenced by the  balance ef  the amounts  of  fine M!]C6
panicles precipitated on  dis]ocations ancl clislocation density.
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