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Abstract: The low cycle fatigue (LCF) behavior of P 92 martensitic st eel was investigated under differ ent controlled

strain amplitudes at room and high temperatures (87 3 K) . The cyclic stress responses at all temperatures and strain

amplitudes exhibited obviously ra pid softe ning beh avior a t th e early s ta ge of fatigue life, and th er e was no sa tur ate d

s ta ge at high temperature. The fractu re sur faces of th e fat igu e sa m ples wer e ob served by sca nning elec tr on mi crosco ­

py (SEM) and optical microscopy. It was shown that crack initiation and propagation occurred transgranularly at

both testing temperatures. A typical character was the high density crack branches or secondary cr acks along fatigue

s triat ions at high temperature, w hic h init iate d from th e oxidized inclu sions and grain boundaries. Further inves tiga­

tion by t ransmission electron m icroscopy (TEM) showe d th at th e softe ning beh avior was a tt rib uted to th e mi cro ­

structure evolution during fatigue life, such as annihilation of dislocations and migration of martensite laths as we ll as

carbide coarsening, especially for samples tested at high temperature.
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9 % - 12 % Cr cr eep -resistant Ierr itic-mart ensit ­

ic steels possess high strength and high thermal con­

ductivity, low thermal expansion, good cor ro sion

resistance and good mechanical proper tiesiv' ". These

characteristics make them ex te nsive ly us ed as struc­

tural materials for the steam generator com ponen t s

and fossil fired power plants-' ", P92 steel is one of

these 9 % -12 % Cr ferritic heat-resistant steels and

its further increase in stress rupture s trength is ob­

tained by the addition of 1. 8 % Wand the decrease

of Mo content from 1 % to O. 5 %[5J. In earlier stud­

ies [6- 9J on 9 % - 12 % Cr steels, the major concerns

have been focused on the en hance men t of high tem­

perature tensile strength and cr eep strength. Such

improvements have been achiev ed by the variation of

heat treatment[6. 7] or by the addition of strong car­

bide formers such as Nb and V [7-9J. Howev er, the

components of the steam generators are often sub­

jected to repeated thermal s tresses as a result of

temperature gradients that occur on hea ting and

cooling during start-up and shutdown or during tem-

perature transients. Therefore, failure m echanisms

under su ch loading condit ions a re a result of com­

plex interactions of creep and fatigue processes with­

in low cycle fatigue (LCF) regime. The low cycle fa­

tigue behavior of this kind of steel has been studied

earlier under normalized and tempered[IO-13J and ther­

mally ag ed condi tions!" .15J . However, the LCF be­

havior of P92 steel and the evolut ion of microstruc­

ture w ere not studied in detail. Park et al. [16J have

studied the influence of W addition on the LCF re­

sistance of the steel, and found that it increases with

addi tion of W up to 1. 8 mass % and de creases wi th

further increase in W content. Giroux et al. [17J have

studied the influence of strain rate on the mi cro­

structural stabili ty and found that the lower the

strain rate, the more pronounced the cyclic soften­

ing. In the following, the LCF behavior of P92 s teel

was studied. Some fatigue tests were carried out in

air in cons tan t strain a t 873 K, a typical operating

temperature of future components of fossil fired

power plants. Others were ca r r ied out at room tem-
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pera ture CRT) for comparison. Based on the test data,

t he crack propagation behavior in fa tigue was identi ­

fied and the correlation with microstructure evolution

affecting cyclic softening was analyzed.

1 Experimental

1. 1 Mater ial
Fatigue tests were conducted on P92 steel speci­

mens CFig. 1) taken from the longitudinal direction

of a commercial pipe. The chemica l composit ions

specified by standard ASTM[18] and us ed in the tes ts

a re given in Table 1 and basic m ec hanical properties

a re given in Table 2. T he ini tial microstructures of

P92 steels are shown in Fig. 2. The normalizing and

tempering t reatment in steel resu lted in a tempered

martensite and the crystallographic structure is body

centered cubic CBCC). The s tructure co mposed of

m artens it e block, which consists of lat h martensi te

decorated with stringers of M 23 C 6 carbides that were

Cr enriched at the lath boundaries , prior aus tenite

grain boundaries and subgrain boundaries. In the in ­

trala th regions, fine MC type carbides rich in V and Nb

I.Q
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Fig. 1 Dimension of fa tigue specimen (U nit: mrn )

Ta ble 1 Chemical composition of P92 steel mass %

C Mn P S Si Cr W Mo V Nb N I3 Al Ni

ASTM A335- 0.07 - 0. 3 -
~O. 02 ~O . 01 ~O . 5

8. 5 - 1. 5 - 0. 3 - 0. 15- 0.01 - 0.03 - 0.00 1-
~O . 01 ~0 . 1

2003 O. 13 O. 6 9. 5 2. 0 O. 6 0. 25 0.09 0.07 0.006

T est O. 1 0.15 0. 0 15 0.008 0. 3 8.82 1. 57 O. 35 O. 2 0.078 0.037 O. 00 2 7 0.00 6 0. 11

Ta ble 2 Basic mechani cal properties of P92 steel

Temperature/K 0. 2 % proof strength /MPa T ens ile strength /MPa Reduc tion of area/ % Modul us of clasticity/GPa

RT 1 65 660

873 297 312

15

18

215

151

Prior austenite grain boundaries

Fig. 2 Microstructure of temp ered mart ensite and schema tic diagram of P92 steel

w ere homogen eously dispersed '<' ".

1. 2 Fatigue test
Fatigue tests at room temperature CRT) and 873 K

w ere performed in tensile/compression conditions

w ith asymmetry factor of R = - 1. The tests were

conducted in an MTS-809 testing machine under

controlled strain at a constant strain ra te of O. 004 s- 1 at
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diff erent s t rain ampli t udes. LCF life cha racteris tics

N f was taken as the cy cle number corresponding to a

20 % d rop in the peak tensile stress at half-li fe fol­

lowing the failu re cr iterion p rop osed in li teratu re ' F",

T he fa t igue crack initi a ti on and propagat ion behav­

iors under differe n t testin g condit ions were st udie d

by op tical m icro scopy (OM) and scan ni ng elec tron

mi croscop y ( SE M). Sa m ples for the opt ica l m e tal­

log raphy were etched using V ile lla's reagent ( 1 g

picric aci d +5 mL HCl + 100 m L ethyl alcohol) and

exam ined under an op tical m icroscope. The P92 s teel

shows a very h igh disl ocat ion den sity afte r aus te n ­

it izing , ai r coo ling an d te m pering. The evolution of

mi cros t ru ct ure like martensite la th , di sl oca tion and

ca rb ides was observed b y t ransm ission elect ro n m i­

croscopy (TEM ) .

2 Results and Discussion

2. 1 Cyclic properties
T he m ateri al ge nerally showed a continuous

so fte ni ng regime that ends in a period of s t ress sat u­

ra tion. T he s t ress pla teau co n ti n ue d t ill the onset of

fin al load drop , w hi ch occurs due to the in itiation

and pro pagat ion of fat ig ue cracks. This t ype of sof­

tening beh avior is known to occur in fe rri tic s teels

w he n the in itial microstructure contains a lo t of di s­

loca t ions, w h ich redis t ribu te to have a low energy

configuration[21] such as disl oca t ion network, ce ll

s tr uc t ure and s lip deformat ion band durin g cyclic de­

for mation or disappears by anni hi la tion proces s":'.

T he cyclic stress response of the steel un der differ ­

ent strain amplitudes and te m perature conditions is

presented in Figs. 3 and 4. T he maximum peak te n­

si le s tress for a ll curves was obtai ned durin g the firs t

cy cles, and then a large amoun t of softeni ng fro m

the fi rs t cycle onwards occurred, afte r w hic h there

was a gradual change in the st ress va lues un de r a ll

the tes t condit ions. The s ta bi lizing cycles and total

life w ere significan tly decreased wi th the increase in

s train a mpli tude as shown in Fig. 3 (a) . H ow ever, a t

873 K (Fig. 3 ( b», the stress amplitude decr eased

continuously wit hout showing any stab ilized va lue in

a ll st ra in amplit udes. When the stress is not stabi ­

lized during cycling , the hysteresis loop at half-l ife

cy cle is usually chosen to obtain the cy clic s tress­
s train cur ve[23] .
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• 0.25%
·0.30%
·0.40%
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Fig.3 Cyclic stress response curves at room temperature (a) and 873 K (b )

30 .-----------------,

Fig. 4 Amount of softening for different test conditions

cu um and air under si mi la r test co ndi t ions' <' ". T his

indicated tha t t he so ftening ra te was independent of

T he cyclic stress response under diff eren t strain

am plitudes was compared at two temperatures , as

shown in Fig. 4. The a moun t of softening (As) in ­

curred durin g cy cli ng was calcula ted wi t h respec t to

the firs t cy cle st ress as given in Eq. ( 1).

AS( % ) = [( O" i - O" h) / 0" ,]Xl00 ( 1)

where O" i an d O" h den ote the peak te nsi le stress at the

fir st cy cle and at half-l ife , respectively. It was evident

that th e softening amo unt and rates ( Fig. 3) we re accel ­

era te d a t high t emperature , and t he strain am pli tude

had no signi ficant im pact on this beh avior. H owev­

er, the so ften ing rates ( ob tain ed from the slo pe in

the linea r por t ion of the log-l og plo t of cy clic st ress

resp on se curses) were found to be simi lar in both va-

t 25
c
'2 20
a;

.:a 15:r....
C

§ 10
S
~ 5

o

• RT

• 873 K

0.25 0.30 0.40 0.60
Strain amlllillldeJ'l6
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(2)

presence/absence of surface oxides and confirmed

t hat the softening was caused by an internal phe ­

nomenon such as annih ilat ion and rearrangements of

dislocations and coarsenmg of strengthening car­
bides[25J.

T he cyclic str ess-strain curves of the st eel (corre­

sponding to 1s t cycle and half-life) at RT and 873 K are

presented in Fig. 5 , since the designers need these

curves for a detai led inelast ic analysis of the compo­

nents. The half-li fe cyclic stress-strain curves at a ll

tem pera t ures cou ld be represented by the well-known

power law re la tionship

6.(J _ [6.€ p]"
2 - K - 2-

w here, K and 11 are t he cyclic strain hardening coef­

fici ent and t he cyclic strain hardening expone n t , re­

spectively. A tabulat ion of K and 11 values for the

two temperatures is presented in Table 3. A lthough

it is known that the va lues of 11 fo r metals are in the

range between O. 1 and O. 2[26J, t he va lu es in t his

work are smaller t han O. 1 a t both tem pera t ures.

The cyclic so ftening exhibited by the steel is reflec­

ted in these stress-strain curves. Several studies[27-29J

showed that this softening be havior is due to an in­

crease in siz e of t he microst ructure. Sauzay[30J also

proposed a model based on des truction of t he low­

angle boundaries in order to predict coarsening of

the matrix m icrostructure.

560 (a)

~ 490
~

~
~
'fJ

~ 420

••
• lst cycle
• Half-life

420 (b)

•

350
••

280

..
0.40.2

2101.- -'- --'-_-.1

0.8 0
Plastic strain amplitude/ss

0.60.40.2

Fig. S Cyclic stress-strai n curves plotted for different cycle numbers at room temperature (a) and 873 K (b)

Ta ble 3 Constants in Ma nson-Co ffin and Basquin re latio nships and cyclic st ress-st ra in

re lationship of 1'92 steel at two tempe ratures

T empera t ur e/K ,, ' £!MPa I
e f b o C o K 11

RT

873

713. 0

123. 9

1. 196

27.710

- 0. 019 51

- 0. 070 55

- 0. 618 1

- 0. 626 1

705. 7

175.1

0.075

0.090

Note : e ' f is t he fa tigue st rengt h coeff icient: b o is t he fatigue strength exponent : ,, ' f is t he fa t igu e

duct ilit y coeff icient: C o is t he fati gu e d uc t ility ex ponent .

Fig. 6 Coffi n-Manson plot s at differe nt temperatures

the number of reversals to fai lure; and E is the elas­

tic modulus. T he values of these cons tan t s and coef-

0.009
--- RT· - 873K····Q) ·"0 0.006 ·B ·:a ~.

§ ..
<=

,
·til '~
tl ,
v: 0.003 .... -......

- - - - -- -- - -.

6000030000
Fatigue life/cycle

o

2. 2 Fatigue life and damage
The fatigue life at high temperature was greatly

reduced compared wit h that at RT (Fig. 6) . The amount

of reduction was remarkab le a t low strain amplitude

implying that other facto r s might a lso affect the fa­

tigue crack in itia t ion and propagat ion processes. The

fa t ig ue lives a t a ll temperatures have been fo und to

fo llow the st rain-life relationship derived by Raske

and Morrow[26J and Landg raf et a t. [31 J based on the

rela t ionship proposed by Basquin [32J, Coffin[33J and

Manson'<", The strain-life re lationship is given by

6.€ (J'T =E
f
(2N f ) bO+ € 'f ( 2N f) ' O ( 3)

where, 6.€, /2 is the tota l strain am plit ude ; 2N f is
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ficients for E q. ( 3 ) es ta blis hed by least-square analy­

sis are s um marized in Table 3 fo r the tw o te mpera ­

t ures invest igated. In general, C o is in the range be­

tween - O. 5 an d - O. 7 for du ct ile m a terial s[26] and

the p resen t val ues fit we ll at both te m pe ratures.

The steel ex hi b ited an increase in fa ti g ue dam­

age a t high t emperature and the effec t of te mpera ­

ture on fat igue damage was m ore pro no unced a t the

en d of fa tigue life. as seen in the fa tigue dam ag e

wit h cycle life fraction N /N r( Fi g. 7> . T h is is att rib -

ut ed to the fac t tha t oxida tion a t high temperature

plays an im po r ta n t ro le in fa tigue damage[24] . T he fa ­

t ig ue damages at the two temperatures have been

found to follow the non-linear continuous fatigu e damage

model derived by Lemaitr e and Chaboche[35]. The dam­

age m od el is given by

{
N } l/ (a+ l)

D =l - l - - -[l -(l - D c)a+l Ju .s« .
whe re. D is the dam age; a is the temperature-depend­

ent coefficient; and D c is the damage when N =Nr.

0.5 (a) Strai n amplitude : ±O.:l%

RT
0.4 - 87:3K

(b ) Strain am plitu de : ±O.4%

RT
- 87:1K

1.00.80.61.0

0.3

Cl

0.2

0.1

0
0.4 0.6 0.8 0.4

NINr

Fig. 7 Influence of cycle life fraction on the LeI" damage at different strain amplitudes and temperatures

2. 3 Crack propagation and fracture behavior

F ig. 8 shows the fr act ure surfaces of P92 steel

at RT and high te m perat ures. Se veral fa tig ue

so urces lied in the m argin of fra ct ure s urface at the

s train amplit ude of O. 6%. T he cracks ini tiated fro m

the grain boundar ies which w ere linked w ith sample

s urface (Fig. 8 (a » and incl usions near the surface

(Fig. 8 ( b». It co uld be seen that signif ica n t fa tig ue

cracks ini ti a ted fro m the s urface and p rop ag a ted

gradually to the inner at h igh temperat ure. Fa tig ue

striations and secondary cracks perpendic ular to

crack pro pagat ion direct ion we re obs erved clearl y in

fracture surfaces . es pe ciall y at h igh t emperature.

The secondary cracks and oxide layers were fr e­

quently observed at h igh te m peratu re. w h ich was

considered important in reducing the LCF resist ­

ance[16] . Oxide layer s ini tiall y formed on the s urface

(i, e.• on the surface of slip band in t rusion and ex­

trusion ) co uld easi ly penet rat e into specimen in terior

duri ng fa t ig ue loading. Oxide film ru pt ure d at crac k tip

or enhanced slip irreversibili ty is the possible m ech a­

nisms for the life reduc tion[36] . Fig. 8 ( e ) shows the

EDS ana lysis of the fiel d aro und the crack a t the ex­

tension zone at hi gh te m pe rature. Fi g. 8 (f). b y con­

trast. shows the EDS ana ly sis of the field at the fi-

nal ru pture zo ne of the sa me sa m ple. I t was ob­

served that the oxygen content was hi gher at the ex ­

te nsion zone than that at the rupture zone; thus. the

existenc e of oxide lay ers and t he oxida tive da mage

during fat igue life co uld be proved.

T he opt ica l mi cr ographs of longitudin al sec t ions

of P92 steel afte r fa tig ue fr act ure a re shown in

Fi g. 9. E xtensive branching of transgranular second­

ary cracks. with leng th va rying fro m 50 to 70 p.m .

were clearly observed nea r surface at h ig h te m pera­

ture (Fig. 9( b». bu t there were no obvio us second­

ary cracks a t R T ( F ig. 9 (a». The higher dens it y

crack branch es or seconda ry cracks alo ng fa tig ue

striations at high te m perature ind icated much wi der

pl as ti c deformation close to the m ain crack face ts. In

Fig. 9 ( c) . it could be seen that secondary cracks

linked wi t h incl usio ns. T he seconda ry cracks wo uld

ini tia te fro m the in terface of m atrix and incl usions

w he n the m ain crack extende d to inc lusions'V". I t

co uld a lso be seen that secondary cracks parall el ed

w it h fa t ig ue strips in Fig. 8. w h ich may be du e to

the br ittle grain boundar ies . The grain boundary

wo uld be firs tly oxidiz ed and became bri ttle during

fa tig ue a t h igh te m perature. Then . second ary cracks

wo uld ini t ia te from these sites w hen the m ain crack
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15.0

$ 11.2
5
Cu

7.5 0

3.7
Fe Cr

II

0 4.00 8.00 12.00

17.2

12.9

8.6

16.00 0
EnergylkeV

Fe

4.00 8.00 12.00 16.00

(a) , (c) RT ; ( b) , (d), (e), ([) 873 K.

Fig. 8 Fractographs of fracture surfaces of 1'92 steel at th e strain ampli tude of ± II. 611 %

( a) RT; (b) , ( c) 873 K.

Fig. 9 Optical micrograph of th e secondary crack propaga tio n at the strain amplitude of ± O. 15 %
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extended to t hese brittle boundaries. Due to the oxi ­

dized in clusions and g rai n boundaries durin g fa tig ue

lif e , the secondary cracks in it iated easi ly and propa ­

gated to the inner at high temperature.

2. 4 Microstructure evolution

P reviou s inves t iga tio ns' F''' reporte d that co n ti n­

uo us cycl in g produces changes in the microstructure

an d a m arked cyclic so ften ing. G iroux et a l. [1 7] stud­

ied this kind of steel and showed that the so ften ing

m ech anisms are based on the an ni hi la tio n of s u b­

grain boundaries and m ob ile dis locations. Si nce the
ea rly work of Cottrell[39] and others [40,41], it is as -

sumed that the fl ow st ress to prod uce plast ic de­

forma tion durin g cyclic test is co mposed of two con­

t r ibutions: the sho r t d istance in te ractio n st ress

named fr ict ion s tress () f' and the long distance in te r ­

action stress named back stress () b. The fricti on

stress dep end s on the short-range obstacles that the

in itial in ternal structu re of t he material im poses to

the disl ocation m ovement , s uc h as the lattice fric ­

t ion, precipitated parti cles, ot her disl ocat ions and

foreign a to ms. On the othe r hand, the back stress

de pe nds on the den si ty of long- ran ge im pe netrab le

obstacles such as subgra in boundari es' V". The fol­

lowin g equat ions show the rel ationship s of () f and () b

to t he m aximum peak ten sil e st ress o ma x and yield

s tress a y ,

1
a f = 2 (a max +a y )

1
a b = 2 (() ma x - a y ) ( 6 )

Fi g. 10 shows the evolution of the peak te nsile

stress, the fri ct ion stress and back stress presen ted

at RT and 873 K , both us ing a total strain am plitude

of o. 4%. As ca n be seen, the cycl ic stress amplitude

shows a contin uo us so fte n ing beh avi or up to [rae-

t ure , w hic h is much m ore pro no unced for the first

cy cle at the tw o temperatures . After a ve ry sho rt

consolidation phase for the fir s t cycle, the cyclic

stress amplit ude decreases rapid ly . At RT, a qu asi­

saturation stress level is reached after the rapid so f­

tenin g s tage; how ever , the cy clic st ress decr eases

s lowly, wi t ho ut reach in g a sa t uration stage af ter the

rapid so ftening stage at 873 K. T he friction stress

de pe nds on the short-range obstacles that the init ia l

in ternal structure of the materia l im poses to the dis ­

locat ion m ovement. Therefore , the decr ease of the

fr ict ion dur in g cy cli ng can be due to a decr ement on

the free dis locat ion den sity inside su bgra ins. On the

other hand , the back stress dep ends on the den si ty

of long-range impenet ra b le obstacles such as s ub­

grain boundar ies. The decr ease of the back st ress

can be a tt ri but ed to the pa r tial anni hi la tion of these

boundari es such as the coarsening of m arten site

la ths. T he fri cti on stress ex h ib its a pronounced cy ­

cl ic decrease at the beginning of the fa ti g ue lif e at

both RT and 873 K , w hic h can be due to the rear­

ra ngem ent of dis location and t he decrement of disl o­

cation den sit y. It shows t ha t the so fteni ng beh avior

at the beginning of fa t ig ue lif e is m ainl y affected by

the movement of dislocat ion for sa m ples at both

t emperatures . As cycli ng proceeds, the fric tion

s tress curves a t both tempera tures show si mi la r sof­

tening behavior as the peak ten sile stress curve but

the back st ress curve at hi gh temperature ex h ib its a

s low cycl ic decrease that las ts up to r up t ure , which

can be a t tri b ute d to the an ni hi la tion of bo undaries.

T he soft eni ng beh avior a t high temperat ure is affec t ­

ed by t hese two fac tors , in cluding the annihi la tion o f

dislocations and lath boundar ies. On the ot her hand,

the so fteni ng beh avior a t R T is m ainly affec ted by

the p rocesses ta ki ng pl ace inside the subgrains , such

as anni hi lating dislocat ions.

9 -9- -9- - - _

100

........- ..- - -- - --- ..- .. , -..- "-"-"-.-A_.
200

400 (h)

300 ' 0 _0

- 0-0_0_0--- 0

\
\
i--- 9- ,-100 9 -9- 9 -9- 9 _9 \

\

o Peak tensile stress
.. Friction st ress
9 Back stress

- - --0_0

(a)

o 2 000 4 000 6 000 8 000 10 000 0 200
Fatigue life/cycle

400 600 800 1000

( a) RT; (b) 873 K,

Fig. 10 Evolution of the tensile stress , the friction stress and hack stress presented with strain range of O. 4%
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F igs. 11 ( a) to 11 ( d) shows the cha ra cter is ti c

mi crostructures for sa mples fatigued with a total

strain am plit ude of 0. 4 % a t RT and 873 K up to

rup ture. It shows that cy cling in constant strain

range induces visi b le mi cros tructu re ev olut ions.

Co m pa red w ith the original mi crostructure in Fi g. 2 ,

the appa ren tl y stable lath m artens it e s t r uc t ure is

strongly uns table under cycl ic condit ions being grad ­

uall y re placed b y the developmen t of s ubgrai ns and

the free disloca tio n densi ty lo ca ted in the in terio r of

the s ubgrains showed a signi fica n t decl in e (Fig s. 11

( a ) and 11 ( b) ) . N ev erthel ess, so m e di sl ocations

could als o be observed m ainl y in small s ubgrains ,

s us pected not to be deformed pl as ti call y , o r in side

s ubgrains in wh ich they we re pin ne d by ca rb ides.

Co m pa red w ith sa m ple tested a t RT , the gro w t h of

s u bg rains (Fig. 11 Cb ) and the ann ihi la tion of lath

boundaries (Fig. 11 ( d ) a re observe d , wh ich s ug­

g es ts that the m igra tion and an nih ila t ion of la th

boundaries occur du ring cycling. The presen ce of

ca r bides inside the s ubgra ins which are lined up indi-

ca tes the posit ion of prior laths boundaries that com ­

pl et ely disappeared during cycl ing (Fig. 11 Cd ) ). It
can a ls o be found that some s ubg ra in boundaries dis­

appear during cy cli ng , the rela ti vel y coarse M 23 C6

ca rbi des and some ca rbi des beco m e s phe r ica l or co­

agula te w ith adja cen t ca r bides (Fig. l l t c) ) . The re­

a rrangem en t of dislocation and the decl in e of di sl o­

cation den sity at RT and high te m perat ures weake n

the disloca tion strengthening ; m eanwhil e , the ann i­

hil a tio n of la th boundaries an d the coa rse carbi des at

h igh temperature result in the decr ease of s t r engt he­

n ing by the laths and ca r bides. A ll these evo lut ions

of mi cros tr uctu res lead to the cycl ic so fte ni ng in the

fa tig ue and the m ore obvious cy cl ic softe ni ng at h igh

te m pe ra t ure can a lso be expla ine d. N ev er theless , the

int eract ion of ca r bides with di sl ocat ions in so me s u b­

grains can also be obs erved (Fig. Ll Cd r ) , The larger

ca rbi des ( above 50 nrn ) we re s u rrounde d by ta ng led

disloca tion and the smalle r ca rbides pinned di sl oca­

tion, which all inhib ited the cy clic so fte ni ng and

m anifested as the decline of softening rat es at th e stress

( a ) RT . t he evide nce for subgra ins and de cline of disloca t ion de ns it y; ( b) 873 K . the gro wth of suhgra ins and t he

disloca t ion mo ved toward s ubgra in boundaries as a rearrangem ent ; ( 0) 873 K . t he coa rse ning and joining of car bides;

(d) 873 K . aligned carbides depict t he posi tio n of pri or la th boundar ies and t he interaction of carbides wit h dislocations .

Fig. 11 Characteristic microstructures for samples fatigued using a plastic range of O. 4%at RT and 873 K up to rupture

sat uration stage [43] .

3 Conclusions

(1) The fatigue lif e of P9 2 s teel was found to

decrease and the fa tig ue damage was found to in­

crease a t high te m pe ra ture , wh ich was m arked b y

extensive crack b ranching and the form ation of sec­

onda ry cracks. The obvious crack branch es or sec ­

onda ry cracks along fatigue s t r ia ti ons a t high tem­

perature ini t ia ted fro m the oxidized inclusions and

g rain boundaries.

( 2) P92 steel in no rmal ized and te m pered con­

diti on sho w ed pronounced softeni ng under LCF co n­

ditions at a ll te m perat ures and strain am plit udes in­

vestigated. The amoun t and rat e of so ftening w as

found to in crease a t high tem pera t ure. The ra pid

softe ning a t the beg inning of fa tig ue lif e was m ainl y

affe cted by the an nih ilat ion of disloca tions at these

two te m perat ures. The softe n ing beh avio r at RT
was m ainly affected by the anni h ilation of di sloca­

ti ons takin g pl ac e in s ide the s u bg rai ns , while the

so ften ing behavior a t high temperature was att r ibu­

ted to the anni hi la ti on of disl ocations and coar seni ng

of m ar ten si te la ths and carb ides.
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