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Effects of Stepwise Isothermal Annealing on Grain Size
Uniformity and Strength—Toughness Balance of 9Cr-3W-3Co
Martensitic Heat—Resistant Steel
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(1 China First Heavy Industries Co., Ltd., Qigihar 161042, China;
2 Tianjin Heavy Industries Research & Development Co., Ltd., Tianjin 300457, China)

Abstract: The coarse and non-uniform grain structures arising from microstructural heredity in large rotors fabricated from
9Cr-3 W-3Co martensitic heat-resistant steel present a significant challenge to mechanical property uniformity. This study
investigates the influence of isothermal annealing pretreatment (single-step and stepwise) in conjunction with tempering
temperature (700 ‘C, 710 °C, and 720 °C) on microstructural homogeneity and mechanical properties. Both annealing
routes, followed by normalizing, refined the prior austenite grains to ASTM No. 7.0 or finer. Notably, stepwise isother-
mal annealing substantially enhanced the spatial uniformity of the grain size and effectively mitigated the post-forging mi-
crostructural heredity. Following quenching and tempering, differences in strength and ductility between specimens sub-
jected to the different isothermal annealing cycles were negligible (<5%). However, stepwise annealing significantly im-
proved impact toughness and reduced data scatter. Tempering temperature was identified as the dominant factor controlling
the strength-toughness balance: increasing the tempering temperature from 700 °C to 720 “C, decreased the tensile
strength from 852 MPa to 817 MPa, while concurrently increasing the impact absorbed energy from 22. 3 J to 33.3 J. The
optimal combination of properties (Rm >830 MPa, Rp, , >680 MPa, impact energy >24 J) was achieved through stepwise
isothermal annealing followed by tempering at 710 “C. This improvement is primarily attributed to the refinement and ho-
mogeneous distribution of carbides, as well as improved prior austenite grain uniformity. These findings provide a critical
theoretical and experimental foundation for the engineering application of this material in 630 ‘C ultra-supercritical high-
pressure turbine rotors.

Key Words: Martensitic Heat-Resistant Steel; Stepwise Isothermal Annealing; Tempering Temperature; Grain Refine-
ment; Strength-toughness Balance
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Table 1 Chemical composition of 9Cr-3W-3Co heat—resistant steel %
WAL C Si Mn Cr Ni Mo w Co v P S Fe
Nl 0.11 0.02 0.40 8.80 0.02 0.40 2.10 3.10 0.20 0.011 <0.002 Bal.—
K2 0.11 0.02 0.41 8.80 0.02 0.41 2.09 3.10 0.21 0.011 <0.002 Bal.—
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Fig. 1 Heat treatment process diagram for 9Cr-3 W-3Co steel

2 REERSHH
2.1 FHRBRAIZXBRHALRRZN

R i B A IR R OB RS, 1 2 4
WE 2 frR . B 20a) ()AL, AR R 2L
BRR M AR R — IR P IR SR &, BR R
AR RO 52 S0 I 1) 2 ) 22 S AR « 30T Ji L TG
A& 5 (Prior austenite grain boundary , PAGB) &b f2k
EYENTY AT 3 A NNTTE VAR G Y A AR R RS
FRAC SRR ) AR REL R, 6 B R Y < e R AR Ak —
A PURELAL” B 20 A R AIE o 32 D R R 3R R A5 A
A5 b AR AR SETE PAGB ALTE A, 1T & A X S By T-JE
BB A R, e BRI AR A Aok

X PAGB BRI EAT J sl K, mT LA Bk A4
LR b 9RO A A BUR RIHT A, & 2(b) (e) BT
INo AHAHER RS IR A I RTE R R IR S AR
GeERTAIE TP RE SN ) =7 8 2ght /S S L NP At pes
SO AR, HIR ] 5 5B R T A i 2% A
AR AT 33X 2 BT AR 7E S5 iR i # vhoBnE
J (B H I A A 52 38 Rt FG A Al 2% St T BT
SERIR T2, T2k 71 A I E AR AR A% A4 I T O
Fo TEAFIRIR KRR, 3 v B IR e A I S IR
R S BT B H I 25 4 bk A AR S SR A, B A
e Bl 5 AR R R Ak R T A B TG 4% 9 MR Tm)

KFR NI B A B 58 1 P A B s 25 A
BE— 25 X 8k 2 A A (Ferrite grain boundary, FGB)
Jry B8 DX AT S, B 2 () (F) s, Al DL & 3
FGB AR AT AR A4 it 25 B & 4, HHRGE B
KT AT AR, R R AT IR 2T 5 pm, X — B4
W] FGB T HAT 8w Y S e A B PR 4
B, 7555 R G B v O A AR DG SE T AT R
AR RS, AT BT AR TE & AL LA S
B o T AR MR, X PR i AT HR A ) R R A
T iR S B P R (EL R T A BT bR A K
Bl g RT3 3 5 TSI AR 1Y
WAL I A JE——H Blist e F 24 AT th A
8 SBLTE] 4 A7, T ORI 2 D R sh o E
4R,
T HEEHR 1 2 (a) (b) () | 5 3T {18 2(d)
(e) () | BYHLART K3, W9 78 Stobi RS AR 7E B I 22
St AR TEAT AR S0 LA K A R AE T 1 ) O BH i
D o MR R 3R A it L 14 43 A1 e 35 mT DA I8 8 S
NN N AN DR SR AN D S PN S VA W
B foRL BT BRI R, B =z 3R T & 1) s DU 2
AN RAT o 38 a0 Ot 5 2 R i R R
A toRE A K A3 A REAE AT L& B, 0t i PAGB Fff
RINE7 L NITY A S AN (2P AR 90 ARG R Al AT



K2 9Cr-3 W-3Co AP UAFRIB KL (a) (b) (e)itiiR; (d) (e) (D3R

R P

Fig. 2 Microstructure of 9Cr—3 W-3Co steel after single—step isothermal annealing : (a) (b) (c) core region; (d) (e) (f) surface

region
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Fig. 3 Microstructure of 9Cr—3 W-3Co steel after stepwise isothermal annealing : (a) (b) (c) core region; (d) (e) (f) surface re-
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Fig. 4 Microstructure of 9Cr—3 W-3Co steel after normalizing with varying isothermal annealing treatments : (a) single—step isother-

mal annealing—core, (b) single—step isothermal annealing—surface, (c) stepwise isothermal annealing—core, (d) stepwise isothermal

annealing—surface
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Table 2 Grain size of 9Cr-3 W-3Co steel after different

isothermal annealing treatments followed by normalizing

FE it AR (ASTM)

LG 3.0~4.09% , #5759
M piEwiostid 759,409
LR 4.0, #5457 8.0%%
e 759,405
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Fig. 5 Microstructure of 9Cr—=3 W-3Co steel following different isothermal annealing processes combined with quenching and tem-

pering : (a,) (b,) 700 C-single—step isothermal annealing; (c,) (d,) 710 ‘C-single—step isothermal annealing; (e,) (f,) 720 C

—single—step isothermal annealing, (a,) (b,) 700 ‘C-stepwise isothermal annealing; (c,) (d,) 710 °C—stepwise isothermal anneal-

ing; (e,) (f,) 720 °C- stepwise isothermal annealing
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tempering processes : (a) strength, (b) ductility, (¢) impact properties

255X LA () A5 R T 23R 1 g 2 1
AE AT UL, AR ) T DR BT, b 5 4 0 A R
1B AL PR AL SR B (Rm  Rp,,) BB (A \Z) 885
25 SEIN I AR T 2 R RE [ R o 9 1
(R VE A BR o SR, (B A5 T8 B A0 A, SRR K
T XA R v B P A T B oy A
SE AR JGRE 1 b B AR T D AU AR TR
I HLwbats D i B0t B B /N O FLBE 2 [0
TR T T R R A T D (B 22 A
+4.2 JPEARE+1.8)) . MR, RS E X
AR KOIRZE A 710 “CIal ok AR, e s Wl 2
EIEIRE] T 24 ), W E T HAL T 241 E Rk
SPARAE12~32 JIX[A], ZHEPAE20 T AR ). 455
THORAL L5 BT, 3% — B0 AR A5 AT U PR DA R A
B, A AERAR K T LR 3 T b i Bk 1L
S04k 0 T PR R AR 8 B M DT AT
TGO A KA TR R R R LA A RO
3T R B R SR RT3 A0 R T TR
FE A S A MmN S B f k] I,
SR L 305 43 25 2S5 TR O] 5 B 1) R 45 A
AR HE SR T2, T LA S0 ik ik 4
M AT R RV S 50 1 1 I 70 P 425 ¢ v i 52 )
] S 3 2 TH AR b s B0 4 | X8 G AN

(1] 5, B 67, MARLL, 5. X" Hbn T 36 R A % h
Fem Ttk kAR T]. hEEALT R, 2024, 44(17)

et e e Ao B2 S R R, 2l
B R R, AR SO 38T 2 J2 07 5 A ir At 5
ditkfg, S RZMA L2 R (K 2-3)KRW 08
T8 AORLESOHL AT HR AR 20 A AN 2 50, B O e R 9
PERTREAR T 322 o o S0 B 0] 52 BRI 1 B0 T i
32 WORE DN B, A SE e 076k 4 40T 1) g 4 PERE Y
3 &g

1) XS 9Cr-3 W-3Co i FAHY 1) B 2H 238t 4% 1)
LRI T A AR K BT 2. ST
SR, 2320 AR IR IR CRE AT SO A IE A R
PR MR AfORE B4 25 (1) 35 20, T BR324 41
ZSo

2) A5 iR KT 200 8 BT 8 58 B S 5 i)
AR (5 <5%) A0 rhi g PR A A
2 A U TR G e e A W 249 20 20 A I )
At PR AT AR, A8 T 1 o B0, OF Ak 1

3) [l KR S T AR SR I PET L . R
O SRR K S5 710 Clal Ky T 2 A, T3k
T A 25 A PR BE - HURLIR B2 >830 MPa, Jif fIR 55 2 >
680 MPa, tfiifi H1>24 J, Sy S % 1~ 8 1 ) AR 0
FHERAE T T2

6900-6910.
[2] % T, WE), BRIEF, 55, 50 19K FB2 i FEAHE 4B Y



"8 FEIRIN

W) ], RELFRE A, 2024(6) : 50-54.

[3] 3438 . 700 ‘CLL LB IS S Ee L 5 7 IR o L) ).
Rk, 2013(6): 16-21+29.

(4] fTvadn, XVIEZAR, RGN, 55 . o [ i S HLAS + 1 4
FERE BB LT ). 4, 2023, 33(12): 1-11.

[5] BCEPR, #7 4, XIEAR, 55 . BOBm S ul i se vl B et
B HAERERE ] BT ], Re3R,2025,46(4) 1 1-11.

[6] QiuJJ, He X K, Liu Z D, et al. Effect of W and mo contents on
the microstructural evolution and properties in the 9% cr martens-
itic rotor steel during long-term aging at 630 C[J]. Journal of Ma-
terials Research and Technology, 2024, 32: 152-164.

(7] BRG0EE, ShRING, ZRfGdt . JORMBAT AL A0 Al P b BRI 5 30E Ji
[J]. @@k, 2019, 44(1): 7-12.

(8] 2=, B2 75, IRIED, 4. PRIFIE KALBEXS 9Cr3 W3Co
AL b BB 1], APRHAAE B2, 2017, 38(10)
67-71.

[9] Z=artfy, & W, 4 W%, 5. 9Cr B ICHRT TG HS Pk 11
TALT). Bk, 2025, 46(4): 135-140.

[10] fal7&i , BMERS . 9%cr T PV ki 40 Ak B PERERFTE ()], —

HAR, 2025(4): 19-21+53.
(0] XUZ3HE, ffvdn, FEIEMK, 45 BTR ) %40 A SAS08Gr. 4N 4

TH B 2 UL PE R T 205 ()] MR A 58 54 3, 2025, 37
(12): 1595-1606.

[12] Moon J, Lee T H, Kim S D, et al. Isothermal transformation of
austenite to ferrite and precipitation behavior in 9Cr-1. 5Mo-
1.25C0-0. 1C-VNb heat-resistant steel [J]. Materials Character-
ization, 2020, 170: 110677.

[13] 3k, Rikse, B4, 5. 9Cr-2 W-3Co 1 [T #AHR =
T2 MERE S M PRI ). RRERTY,2025,46(3) :45-51.

[14] Morito S, Tanaka H, Konishi R, et al. The morphology and crys-

tallography of lath martensite in fe-C alloys[J]. Acta Materialia,

2003, 51(6): 1789-1799.

Be, BOERR, HEA, 55, SRR KT cost-F B2 LA 414y

AL ]. BEPAL L, 2018,43(3) :128-134.

[16] Yan P, Liu Z D, Bao H S, et al. Effect of tempering temperature

[15

[

on the toughness of 9Cr — 3 W - 3Co martensitic heat resistant
steel[ J]. Materials & Design (1980-2015), 2014, 54: 874-879.

[17] Zhang Y Q, GuJ F, Han L. Z, et al. Thermal decomposition char-
acteristics of retained austenite and its influence on impact tough-
ness of B-containing 9Cr1Mo1Co (FB2) steel during the two-step
tempering [J]. Journal of Materials Research and Technology,
2021, 12: 2462-2475.



