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Microstructural Evolution and Magnetic Property of Creep-Fatigued
Fenitic 9Cr Heat-Resisting Steel
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Abstract The ferritic 9Cr-IMo-V-Nb heat-resisting steel was experimentally studied in order to characterize its
microstructural evolution during creep-fatigue by coercivity measurement. The creep-fatigue test was conducted at
550 °C with the tensile holding time of 60s and 600s, respectively. The coercivity decreased until the failure and
the hardness monotonously decreased for the whole fatigue life. As the life fraction of creep-fatigue increased, the
MxCs carbide coarsened following the Ostwald ripening mechanism. However, the MX carbonitrides did not grow
during creep-fatigue due to so stable at 550 °C. The width of martensite lath increased because of the dislocation
recovery at the lath boundaries. The magnetic coercivity has an influence on the microstructural properties such as
dislocation, precipitates and martensite lath boundaries, which interpreted in relation to microstructural changes.
Consequently, this study proposes a magnetic coercivity to quantify the level of damage and microstructural change
during the creep-fatigue of ferritic 9Cr-1Mo-V-Nb steel.
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Table 1 Fatigue cycles and test duration at various fatigue life of interrupt creep—fatigue test
Fatigue life 10% 20% 40% 60% 80% 100%
01N 0.2N; 0.4N; 0.6/} 0.8MN; 1Ny
60 Fatigue cycles 330 660 1320 1980 2640 3300
Test duration (h) 6.4 12.8 256 385 51.3 64.0
600s Fatigue cycles 95 190 380 570 760 950
Test duration (h) 16.0 320 64.0 96.5 1287 160.0
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Fig. 1 Variation in magnetic coercivity and Vickers
hardness of 9Cr-1Mo-V-Nb steel with
fatigue life fraction
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Fig. 2 OM, SEM and TEM micrographs of as—tempered specimen; (a) OM micrograph, (o) SEM micrograph
of PAGB (¢) SEM micrograph of lath boundary, (d) TEM micrograph of PAGB, (e) TEM micrograph
of lath boundary, () TEM micrograph of MxCe and MX precipitates
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(a) 60s_0.1N;

{d) 600s_0.1N; le} 600s_0.4N: (f) 600s_1.0N:

Fig. 3 SEM micrographs showing the precipitate morphology: (a) 60s_0.1n: (o) 60s 0.4N; (c) 60s. 1.0M;, (d)
600s_0.1N, (&) 600s_0.4N, (f) 800s_1.0N:
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A 2000
60s_1.0N:

i

(d) 600s_0.1N; (e) 600s_0.4N; (f) 600s_1.0Ns
Fig. 4 TEM micrographs showing the dislocation substrucrture; (a) 60s_0.1A;, (b) 60s 04Ny (c) 60s_1.0N;, (d)
600s_0.1N;, (e) 600s_0.4N;, (f) 600s_1.0MVy

o WglmrIggzone

(a) MxsCs carbide () MxCs carbide {c) MX carbide

Fig. 5 Typical TEM micrographs of exiracted carbon replica and diffraction pattems showing the various
precipitates observed in as-tempered 9Cr-1Mo-V-Nb steel; 1 and 2 are MpsCs and 3 is MX

(a) as-tempered (b) 60s_1.0N; {c) B00s_1.0Ns
Fig. 6 BSE images of surface morphology showing the cavities; (a) as-tempered, (b) N/N#=7, hold time of
60s, () N/N; =1, hold time of 600s



2 zﬂﬂﬁl (<0. zz\rf)oﬂ*i 321 sHA 2
A7HA Wgkg JehA] sk EE'S}EED}.
Az 24 9@ ZXJ gk A 7HE 9

N FRRAAEN] 2L 9o Fig 5 H

HYF WxHQd TEM AH-# A&E9] SADP 1

glal EDS A#4E Jehiit. s Pddele

T oEfe) AFEel BAWUY BFAT wYY

r°<'
o
=
o)

=
24 A" o] 5258 Cr, W, FeE X33}
B MpGE FEHAN v T HEEe
Nb, V& 348 MXE ZAEHh ol H&2E
& AYZ-HZ7F AYEH g ® Felx HE
o] WMEE YehbA] ggtew o W s
Ao #E VElgt) ol 9-12%Cr ¥lw = vl2ElAlo)
EZ 8 HAFE2 ANEER] Col FFF
MnCe2t vlEeirlolE gl B hue) Faxe
HAEE MX (NbVCN))olghe= 7]1&d7 1,219
U AR S & It

ARE S AT dEAA FARA @ AAR
< Fig. 601 YRR ol APH A Fkabeka

A} (backscattered electron, BSE) ©]B|X|& 3
HEgg & AgAL 150 & #AZS AR

L

o]
9. mweld BEHE AT 2o WNY F ofy
! 7HHE1’: BAT F P adEH § 9

vxl/‘]{} 600&@]*1 Hop 3y 2L g9
AuEE AHZE 5 A ol AulElEol AP
Aoz Hol aFZ-7Z W
o] 1% 9Cr-1Mo-V-Nb7<]
g Aoz AlgHth o|9} e olf
&9 B AFA21,22]049 Zo] 229
o mlgholE WdAe sigro] mElzgabe] 9
FE7| 77} ollet MEEe Zus 2 AgUx
o) 22 283 P& F8 F7E Qg AT
Bushs An dXse Ao g Azdnt

rtr
>
rlo
o

rI o X, r{r

4. 1 #

2=z A% g wALe] Wst Fig 1

of viepd ZAshel o) HE4EadlEY] FT
o HAAAGA e
stgrh. BAE (Hoe 98z s
o] A48 (domain wall) ©]Fo] g H e

olty. AAAAAE glo] F8F AEe ol
3 Aoz A9, nAAAAE Tz 2FEHA
g & & JrH23]

AYE A W FRHY v]adHE of7|A7

epe] AdPA o] e AFEC] BAHE
Az el AFo) vEHE Aoeg Busa 3l
th24-26]. £ AT7e AFA HYIUEE F2-
Pz 2719AQ 02N7A FASHA FHada o]
3 wse Jehx g Aoz Mol 27 @AY
B ghae AUz F43 i B2
odakg wo Hozg AMzEC TEMOA &g v
s} o] "WHHE Y2AA FH vl IA

A7t AR E-HE FHELEEo] Frhde wehA
Rz e FAsA FHEHASS olv AEG

B

vl SRR, Fig 4). ARAD BHANN BEE
Aglel ool oig P Y=o =l T & 9
o awdoz ARd AEE AfdRe BFA

e OMZE 1017%% Lutola (Splke) XHL~

Aglo)ge] ARH WEEol %v}
ol Z HIAE AAE (5, AT F
e NEE)e gutxoz B FAGA A
Hlgshe Aoz Haska 3ok
AAES 1 Ao FAL FFel =)o) ue)
A Ex}%ﬂ il IL Aol Aolstmz 7ol wh
Bart doh sk, §¥Y
o} Zex-m2 A T A TR

& Ao FA (He AT o 30 nm)[23]E Tt
2 aspola AFE FAste A ojFE
g Ao AZach wM 2 AN 2

719EE Rk ¥ dHRET Aegs 2
Gtk 283 1 ARk v
2t & FletTH18]. o=
wate o] gA oM Al ALEol vl



v st AAeRE R Al 27 A Al 5 E (2007 108) 423

Fadk HEEL dAYol)Ts B Fo A
aA roste Aoz & duA Utk &
w M&Eo] 7IAY AT (coherency) @A
AY~EH (coherent strain)yS FAJ3he=
o BA3 (incoherency)S ©]
olsh 2 HEAHs} ade MR F7t
itk tsel, HEE Zushyh dojuid o o)
A7t ol W HEES A2 o]Fde U
7t AE38HA &3 Orowand} Ashby[27]9) Hdd)
2 particle looping 7157} &3t HE24 =
7\7F FVErE AnE A "ok wEba A
=& Foishe X% ARAES &4 Ha 2
o L grol Had Ao et
FHEoAelA BAHLE e gtk ole
Fig. 69 M wAZAH oz g wkep o] =Ae
g o As W AGE v AfHEd 9
g BAEe] bR AztEch o] wBAE 4
2 vd F Qe viAEA AR S34Eka
e 727 (PAG, packet, block, lath)& ©]F0i7
nt2EIALOlE Rt A2 27t s ol
AAES Walg HolAE PAT g
A AR o) dae Azden
(subgrain)o] g} A Z-sted mol) 7)o}
ARET fAkgE Aoz sidsta i
= g 3kt Slvkal st

=
2
=

|
et
ok
N
L

ok

I fo

&2
ro

o o M1 S §E oR
o

i i

o

U

e r

0% )

B
e
T

N
fo,

oM oox 2
o ot iR

o
[
N o

p

o o
[l
i M
N

&
it
2
Bt}

she ~

S

A X2
il
{0
o
o
e
B
a1
flo

Degauque “5[28]+
Harle] Qo] vy
o}

=
o

o

o mi K
ot
i)
)

Takahashi &[29]2 <! 2= 43
Hel A7|RSHE AM7|2 ofEAom AAYY
717} A g njAe IS FHIATY AR
2RI E B2t AW o)Fe] gk ofdo] A
AR fAEE Aol BE A obF] miRg AA
ol wehA olo] vig BTt g@E A7t AA A
o2 g =lojor 3 Aoz ]

582 &

HAEL 9Cr-IMo-V-Nb A2 =521 %
ol e] wstel] A4 dTE e Hoew
At BAage AgLoaE syanee

oN i offt
we o

N
-

an)
N
mz
_A‘ﬂ_‘
2 N
Y
W
EUA
A %

Ar oy

o o

el

En)
3o K

Qb fu i
2 = oy
o 3 '
of & —
fenl
olfl
o o
N
-|
5
(o3
_J_IR;%
2o
> bl Ty
ﬁl‘oloXl
o P
Hurir o
Mo
o )
B i
, i
% w
pata
&

|
o
>
P
f
>

AR, HFHo=m
Z7l= A7 W =998 7
olgt #ehETh o)
E7] 9Cr-1Mo-V-Nb7¢]
o o&A xAEe] Waby
oz ZAYNZ-WEES A
3 Row dAgHc

1=
*J,‘LmZh\r’“‘
_\:ogn&&r;
_qqu’ Nt
m =
30 T
g=g
o 2
o x I p
=

H

g st A

Bt
rak

nE]

[1] F. Abe, "Bainitic and martensitic creep-resistant
steels,’” Curr. Opin. Solid State Mater. Sci.,
Vol. 8, No. 34, pp. 305-311, (2004)

[2] P. J. Szab6, "Microstructure development of
creep resistant ferritic steel during creep,”
Mater. Sci. Eng., Vol. 387-389, pp. 710-715,
(2004)

[3] M. Kimura, K. Yamaguchi, M. Hayakawa, K.
Kobayashi and K. Kanazawa, "Microstruc-
tures of creep-fatigued 9-12% Cr ferritic
heat-resisting steels," Int. J. Fatigue, Vol. 28,
No. 3, pp. 300-308, (2006)

[4] P. J. Ennis, A. Zielinska-Lipiec, O. Wachter
and A. Czyrska-Filemonowicz, "Microstruc-
tural stability and creep rupture strength of
the martensitic steel P92 for advanced power
plant," Acta Mater., Vol. 45, No. 12, pp.
4901-4907, (1997)

[5] F. Abe, T. Horiuch, M. Taneike and K.
Sawada, "Stabilization of  martensitic
microstructure in advanced 9Cr steel during
creep at high temperature,” Mater. Sci. Eng,
Vol. 378, No. 1-2, pp. 299-303, (2004)

[6] G. Eggeler, J. C. Earthman, N. Nilsbang and
B. Dschner, "Microstructural study of creep
rupture in a 12% chromium ferritic steel,”
Acta Metal,, Vol. 37, No. 1, pp, 49-60, (1989)

[7] F. Abe, M. Taneike and K. Sawada, "Alloy



424 234,

design of creep resistant 9Cr steel using a
dispersion of nano-sized carbonitrides," Inter.
J. Pressure Vessels Pip., Vol. 84, No. 1-2, pp.
3-12, (2007)

18] M. Kimur, K. Yamaguchi, M. Hayakawa, K.
Kobayashi and K. Kanazawa, "Microstruc-
tures of creep-fatigued 9-12% Cr ferritic
heat-resisting steels," Inter. J. Fatigue, Vol.
28, pp. 300-308, (20006)

[9] S. Luxenburger and W. Arnold, "Laser
ultrasonic  absorption = measurement  in
fatigue-damaged materials," Ultrasonics, Vol.
40, No. 1-8, pp. 797-801, (2002)

[10] G. Dobmann, M. Kroning, W. Theiner, H.
Willems and U. Fiedler, "Nondestructive
characterization of materials (ultrasonic and
micromagnetic techniques) for strength and
toughness prediction and the detection of
early creep damage," Nucl. Eng. Design, Vol
157, No. 1-2. pp. 137-158, (1995)

11} S. Gupta, A. Ray and E. Keller, "Oniine
fatigue damage monitoring by ultrasonic
measurements: A symbolic  dynamics
approach," Inter. J. Fatigue, Vol. 29, No. 6,
pp. 1100-1114, (2007)

[12} . W. Byeon, C. S. Kim and S. 1. Kwun,
"Evaluation of thermal degradation of
2.25Cr-IMo steel by magnetic Barkhausen
noise," Phys. Stat. Sol(b), Vol. 241, pp.
1756-1760, (2004).

[13] M. ]. Sablik, "Modeling the effect of grain
size and dislocation density on hysteretic
magnetic properties in steels," J. Appl. Phys.,
Vol. 89, No. 10, pp. 5610-5613, (2001)

[14] J. Degauque, B. Astie, J. L. Porteseil and R.
Vergne, "Influence of the grain size on the
magnetic and magnetomechanical properties
of high-purity iron,” J. Magn. Magn. Mater.,
Vol. 26, pp. 261-263, (1982)

[15] N. Nakai, Y. Furuya and M. Obata, "Effect
of carbide particle morphology and prior
austenite grain size on Barkhausen noise in
0.4C-5Cr-Mo-V  hot-work tool steel," Mater.
Trans, JIM, Vol. 30, No. 3, pp. 197-199,

[16] f2d, A8, BsE,
4

(1989)

P, 28, &€,
1Cr-1Mo-0.25V 7
AVat3) #2038 53,

et 4o

Tl £A& Z4o o
o dsE o, Hnz
pp. 445-450, (2000)

dx

[17] G. Eggeler, "The effect of long-term creep on

particle coarsening in tempered martensite
ferritic steels, Acta Metall, Vol. 37, No. 12,
pp. 3225-3234, (1989)

[18] C. S. Kim, "Nondestructive Assessment of

Microstructural Change by Fatigue and
Creep,” Ph. D. thesis, Korea University,
Korea, (2007)

[19] F. Abe, "Coarsening behavior of lath and its

effect on creep rates in tempered martensitic
9Cr - W steels,” Mater. Sci. Eng, Vol
387-389, pp. 565-569, (2004)

[20] K. Sawada, M. Takeda, K. Maruyama, R.

Ishii, M. Yamada, Y. Nagae and R. Komine,
"Effect of W on recovery of lath structure
during creep of high chromium martensitic
steels," Mater. Sci. Eng., Vol. 267, No. 1, pp.
19-25, (1999)

[21] M. Taneike, F. Abe and K. Sawada,

"Creep-strengthening of steel at high
temperatures using nano-sized carbonitrides
dispersions,”" Nature, Vol. 424, pp. 294-296,
(2003)

[22] M. Hattestrand, M. Schwind and H. O.

Andren, "Microanalysis of two creep
resistant 9 -12% chromium steels," Mater.
Sci. Eng., Vol. 250, No. 1, pp. 27-36, (1998)

[23] B. D. Cullity, Introduction to Magnetic

Materials, 2nd Ed., (Addision-Wesley, New
York, USA, 1972) pp. 317-333.

[24] M. ]. Sablik, "Modeling the effect of grain

size and dislocation density on hysteretic
magnetic properties in steel,” J. Appl. Phys.,
Vol. 89, No. 10, pp. 5610-5613, (2001)

[25] A. H. Qureshi and L. N. Chaudhary,

"Influence of plastic deformation on
coercivity field and intial susceptibility of
Fe-3.25% Si alloy," J. Appl. Phys., Vol. 41,
No. 3, pp. 1042-1043, (1970)



v AAEE A A 27 A A 5 5 (2007'd 109) 425

[26] B. Astie, ]. Degauque, J. L. Porteseil and

R. Vergne, "Influence of the

dislocation
structures on the magnetic and magneto-
mechanical properties of high-purity iron,"
IEEE Trans. Magn, Vol. 17, No. 6, pp.

2929-2931, (1981)

[27] J. D. Verhoeven, Fundamentals of Physical

Metallurgy, John Wiley & Sons, pp. 406,
(1975)

[28]

[29]

J. Degauque, B. Astie, J. L. Porteseil and R.
Vergne, "Influence of the grain size on the
magnetic and magnetomechanical properties
of high-purity iron," J. Magn. Magn. Mater.,
Vol. 26, No. 1-3, pp. 261-263, (1982)

S. Takahashi, J. Echigoya and Z. Motoki,
"Magnetization curves of  plastically
deformed Fe metals and alloys," J. Appl

Phys., Vol. 87, No. 2, pp. 805-813, (2000)



