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FAF T AR SUEAR AT SR D, X ISR HLER A
PUE A 787> . Heczko 2561V B[ VA 45 1 Sanicro25 X
W B RRSHI Z MHAELE, 700 CH% 57 50 )5 76
FAT MpsCo 7 HH - Chai 21K B, Sanicro25 4% 7 700 °C
i5 A8 264 T i A A K EE Nb AT Cr (58 —ARMT H, 5
G LA MosCo B AP AT R 32 o ARATT A 72 38 #i
& Cu ATHAHRIE W AT AR AT . AL, BESE
W, @& Cr i HR3C N7 700 CiFALREFGFLE o
M KENT R, C-HRA-5 ) Cr &8 &, fes
BK o MMIHT A . o A2 — R KR SF RO i AH

Bt A B R A R R P e T

C-HRA-5 4 i it IR AL P 2 T 4Tt o AH (R WF 6 AL 40

ERtt ERBUIR, A FFJE C-HRA-5 44w i i 2 56 140 1
AT AR B .

A TAE RZGiHE 5t C-HRA-54)7E 700 ‘C Ik 15 627 h
AR O AT BT R, IRt Z uE S
B TE X 55 ZAHAT B AR, RN I L SR AL T B 4R
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1 % I

SEIG K KL A AN 51 mm, BEJE 14 mm ) C-HRA-5
WE, s (RT3, %) 4 0.09C. 0.24Si.
0.49Mn. 22.53Cr. 25.0Ni. 3.19Cu. 3.85W. 1.79Co.
0.42Nb. 0.16N (Fe /&), [EVEALEE T2 1230 CHR
i 40 min JEK# . MEVESINE IR, f£ 700 T4
SI3EAT 817, 5015 A1 15 627 h IR AL ¥ . B i BUE ik

Twin structure

P B i) s e AHARE . H E KR Tl 7E PMG-3 D% 18
s (OM) R EMAL, H QUANTA400 AlH
BT (SEM) WA “AHREEAS, A (EDS) fig
T M OTTE AR 820 o FH 2R U150 5 1 DI 280 Hh R
JEFEZ) 0.3 mm [ REE S, FRPACEE & 50~80 pm,
FEFLHL E B 3 mm R, SRS 2 U Rk
A AT B 2 Uk, FRTERCR FH 10% 10 = SR £ I
W, HBEN 15V, EENEIR 20 C. Kl & k) i
JEAE i AE JEM-2010 ZU3E 5 B (TEM) T AEEZE4H /)
MIUTVE A, ik X AT (SAED) 23 Hr H 454,
FIF SEM WIS HLS #F (BSE) 481 TEM EI1E X4 A
[ s S [ S 36 A R 5 A R ST BT s A (g b
PUVE AR 20 LA KT,

2 RKREHER

2.1 FIETE B RERER

Bl 1 RSB AN AT S I OM IR, fE B 25l RE
(T 1) R ELAR 299 25 pum, SRR S KN AR5,
DB R SE ERLIG B4R IA 200 um BLE. £3d 700 C
2% 817, 5015, 15 627 h A, fkiAk W EK K,
Wi BH S0 B 7 K I IR 80 AR R R B AR e . IS
PR ARSI M, R AT R A K EAT AT &
FEMTH o TEHE IR AR PSR B2 R 2H 2, BT AE
o0 T B ] A B R O R RO AR, 2R A
MR E o

Fig.1 OM images of the investigated steel as-received (a) and aged at 700 ‘C for different time: (b) 817 h, (c) 5015 h, and (d) 15 627 h
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2.2 HrHERLE

2 Nt B &SIRAER) SEM 14 H1 TEM 18, DL
T H EDS 4t 4 A% X T AT 5T (SAEDD TE R .
EH ] 2a AT 2b AL, R P R A A AT AR RS
A=, BHARECBRLR, Hoo RSHRK W EAALE 1 pm
PLE, RSFE/NFER 200 nm 47 . EDS 20 #1453
LT RE I Nb U A R Cr o= g, R
Frib A Nb. Cr & &8 m. 454 SAED FrE, 1
WAV 5 45010 Z M. BT A b % F 9%~12% Cr
AR Z MR, kit BN Cr(V,
Nb)N, 75 [AR4R A # Z A9 NbCrN. F 3PNy
BRARAN T Z A R IR S 7E 1300~1350 C 2 [H], &
T A BRI B, VR OR RS Z AR AR [ B B

Intensity/a.u.

Energy/keV

Z phase.

\\,

K2 SO0 AN UL TR 38 B AT AR RE A
Fig.2 SEM image (a), BSE image and EDS spectrum of Z phase (b),
and TEM image and SAED pattern of Z phase (c) of the

investigated steel as-received

TERCHT, B AL FERY B R e Vi i, N—IR Z M. 1E
Super304H #4H, Nb juz E2LL MX AHELMTH . XF
T Cr &&= M HR3C 44, Nb st & EELL Z M b
. C-HRA-5 M1 % Cr & /T Super304H 44 A1 HR3C
B2 8], AR Nb Rt = E DL Z A U .

700 CHY % 817 hAERIAT AR 4l 3 .
XFECHE TR SR, ARSI ST, 7ERE 3b HEr L SR
Wb 26 BEIRAT AR BT 42 23 A . EDS AT iR E & Cr
JLE, 4t SAED AR 45 5, 1 oo MysCo BURR ALY -
M,sCe BB — M &5 Cr, Fe, C AibEHEEE T
#, W Ni W S, AR — i 800 Chity, fE
[E] 25 b BRI R A AT DL SE ARV AR, BT DALE [ 2SR R ok
RIL MasCoo it A AFALE R RST FR HUIR AT HHAH AR 250
TE B R B RS 40 /N R BORDIR A HE A, oA RRGE
FriAarI B, B % Al i 3d. B 3e fos, HATH
BEpibRE R RN Z A1, BARKT 200 nm, —IK
Z A, TERTROSFEF AR LB B AR, B R E
HR¥E EDS 4 #r 4k TP 36), 4il/MiT i AH 1 B 4% 40~50 nm
(S R BEE TR T & & Nb. Cr Jo&, NIk fE
Frif i =k Z A 55—l RSE SEndgn N HoAH & S
Cut®, HA/MNT 10nm, AE Cut. HT&E Cuti
S ar AN, AT HL T RTI AT LLER RAE, RR AR R T
THET L, 7£ C-HRA-5 W Cu e R FE LUE Cu fHE
sHTH, Rk EDS 851 Cu e & & B = b H A
ATLLHIE NS Cu Al

i) 2% 5015 h URE AT AR IR A a1 4 B . B I
R[] ZE K, & P BT HEAE 2 B 23 2 (1] 4a) . 76 TEM
18 rp AT W 52 ) KB BURLIR A EFIR A AT HH A E R Y R
SREC AT . A IERIRIT A E & W JT &, R4 SAED
SN LA Laves 4 (1 4b), 122N (Fe, Cr),W.
i A 2T R BEE TR IR IR Z A RSTRSTo n (& 4e);
& CutHEREZ 10 nm, Wil 4d FioR. RS, BEE R
[ FAEKS,  df T MsCe ZUBRACY Il 238 22, 58 % thin)
% 817 h I} 110 nm 340 % 350 nm.

B2 15 627 h ARFEIAT AR R an Bl 5 fros . S
%5015 h BAEAE LG, dfokL P9 AT A AR R R ST H B
I, AT MpsCe FHALEE IR (& 5a). 75 & Fkt
AT 1D N DX 3 AR AT WS B SRR AT A A, BT E
Cr JGE ) MysCo BRI o TE f I+ Mo3Co PN EBEY B 30T 7] W
S FAGBRCIRYT AT, EDS /MR Laves A (F
5b. 5¢). HIF Laves #itf W st R & &, MW KR T
P KT Cr otz , FTUA/E SEM-BSE I8+, Laves
MAFAT, MygCe K. Dimmler #F5t%H, 1
B W ) 9Cr BRI, KB Laves A1 5 7E & A MysCo
TRALAIBREAT o Isik 25805, 2RZE R4 Laves #]
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Content of Secondary Z phase
Element ————————————
/% at%

C(K) 4338 21.024
Cr(K) 34857 39.021
Mn(K) 0316 0335
Fe(K) 4.057 4228
Ni(K) 1.095 1.086
Nb(L) 51.708 32395

W(L) 2781 0.880

Content of Cu-rich phase
Element ——

Ngaf
e . ol% at%
N Q Si(K) 2.760 5.693
& Cu h phase A Cr(K) 14.054 15.656
. &

Mn(K) 0.000 0.000
Fe(K) 33.056 34284
Ni(K) 30349 29947
Cu(K) 13.724 12510

W(L) 6.054 1907

B3 SEE4N 700 C RS2 817 h )5 HAT HiAH B A
Fig.3 Images of the investigated steel aged at for 817 h: (a) SEM image; (b) SEM image and EDS spectrum of the M,3Cg phase; (c) TEM
image and SAED pattern of the M3Cg phase; (d) TEM image Z phase; (¢) TEM image and SAED pattern of Z phase; (f) TEM image

and EDS analysis results of secondary Z phase and Cu-rich phase

Element /% at%
Si(K) 0.385 0.856
Cr(K) 3498 4.197
MnK)  0.664 0.754
Fe(K) 8831 9.867
NiK)  9.135 9.710
CuK) 75137 73778
Mo(K)  0.121 0.079
W) 2226 0.755

Intensity/a.u.

Cu-rich phase

K

Kl 4 S2IR4N 700 CIN 2% 5015 h J& (KT tH AR B
Fig.4 Images of the investigated steel aged at 700 ‘C for 5015 h: (a) SEM image; (b) TEM image SAED pattern and EDS spectrum of
the laves phase; (c) TEM image and EDS spectrum of the Z phase; (d) TEM image and EDS analysis results of Cu-rich phase
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K5 sEEREN 700 CIN 2 15 627 h & (KA H AR IR )7
Fig.5 Images of the investigated steel aged at 700 “C for 15 627 h: (a, b) SEM image; (c) TEM image and EDS spectrum of Laves phase

and M,3Cg phase; (d) TEM image and SAED pattern of secondary Z phase

1k 2E N (Fe, Cr),W, IS HZ 7% (JET2%50 1) Si
JUER, TE MyCe SEFEARHI AL I ALAETE Si A1 Mo JuE
WlT. HHRSEITERY, Sifl Mo & & 13N
Ht Laves HHHTH . 7E C-HRA-5 H4H1, & 5 MysCo BiAL
YW ot R SRR (E 4b), BRIT Laves HI7EH
PR B L R AT H o AR I K Z A B4R 70~80 nm, B
R 15627 h i fr, FROHI IR, W AT BE Ak AT
prsE (B 5d), HE—B il HONI A 854 1) Z 4.
2.3 HrHMERELNE

C-HRA-5 H47E 700 °C B 250sk 742 A 2 — AH i 4k
K6 fi, HTHAHRSF S8R TR 1o BEHESR
B REWIE Z M, B—k Z M, HRSFRAA—,
KT 1 pum fJ 2R, RSFE 200~500 nm (1) 5255
Rtk BF2k 817 hih, SANHTH KRE =X ZHH, 23
TEERLR, “FHEAY 50 nm; &N F T KR8
K E Cudl CRIZR/NT 10 nm). fh 7 EHFH MpsCe
WAy, SEWrER A, Y 110 nm, FE g S
WA FRCIR MaaCo BT, ¥ E 22 100 nm.

W25 5015 h BF,  f N — ik Z MERT RS TKOKR,
P EAAZN 60 nm; & Cu AR SFAEE R, RiE)
/NT 10 nms (H S MpsCe IR KL, 58 B2 18 K 2 350

nm, &AL MysCe ik KK 2 200 nm. (H 5 7F =
(P42, BEI fm A H IR B IR Laves A, RS1 49 60 mm
>500 nm, &S FEIFEEHT H D S BRI Laves AH, RifE
#3100 nm.

% 15 627 hi, IR Z MR ST 1848 K %5 75 nm,
& Cu IR E fa e, RiAETI/NT 10 nmo &5t MsCe
HE—2B A, BB A 550 nm, {H 5 AT MysCe K
KA R . S AEIR Laves FH7EK FE 5 1A B B KK,
R~ #9100 mm>1500 nm, &% A BRCR Laves AR A
KK, HEHAKZE 120 nm.

DL Egit o iir a5 SRR, fER 0L #E9, C-HRA-5
AT H RSN/ Z MG KR CE Cu M, BATEE
WA, WP R EER AT, R KRN,
w Nb [y MX A5 Z fHEIHTH 52 %] Nb. C. N, Cr Jt
HHBEMGARW. Uno Z£PTL L, 78 Nb FaE b
18Cr-12Ni X+, 4 Nb & &A% T [l & At A 16 Z0R B Fr
RN, HA ZMARK. £ Super304H 4, & Nb
1) MX #15 Z MR AEE, B AE B R 2ot #Ed MX
MEE G ESPL E Cr SREEN HR3C 44,
® Nb AHLL Z MO8 3, U & Cr & &R et Z A1)
B, C-HRA-5 #H ) Cr B S &N 22%, wT
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Fig.6 Evolution of precipitates in the investigated steel as-received (a) and aged at 700 C for 817 h (b), 5015 h (c) and 15 627 h (d)

F 1 TIGMAE 700 CRIFEREHEZHR T

Table 1 Dimensions of precipitates in the investigated steel during aging at 700 ‘C

Mo<Ce ON Laves
Primary Z  Secondary  Cu-rich 236 M23Cs inside Laves phase phase on
Second phases grain . A - -
phase Z phase phase boundaries grains inside grains grain
boundaries
. >1 um or
As-received 200~500 nm - - - - - -
>1 pum or
Aged for 817 h 200~500 nm 50 nm <10 nm 110 nm 100 nm - -
>] um or
Aged for 5015 h 200~500 nm 60 nm <10 nm 350 nm 200 nm 60 nm>&500 nm 100 nm
Aged for 15 627 h =1 um or 75 nm <10 nm 550 nm 210 nm 100 nm>1500 nm 120 nm
200~500 nm
Super304H N1 18%, 1X— 75 Mifg s 1 HPi& AN B Cu kL 7AhEIHA —E Ni [ T REMI 7, '

PERE, [N T RRE 55 A Z MHITE K.

Cu [ A, 75 B8 IR AN B iR 3 R I ok
U Cu M, Z—FemtEm tissibn . wralix
B, 24 Cu T R IR INEAE 3%~4%H , 5k %0 R e if
TEdmaEE Cu M. & Cu st Cu s
BT 90%, AT REm M. BFREEE, &

B Ni =R AR IEE Cu ML . Wn 3% A
# Cu i) C-HRA-5 #rh ¥ & Cu AHAERT % 15 627 h J5
& Cu AR/ Z) 10 nm, AOGER] TR INE 2 &
ST, WAIE S T B R R RERE 1 & Cu A R,
AR T ORFR LA Bt e R 0 AR B

5 Super304H #¥f1 HR3C 4 A[F, 7E C-HRA-5
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W IR & Laves A, X T C-HRA-5 8 in A
TEZHW LR, HHAEKHE, &FH 1.8%W ) 9Cr 4
PRI HOE R T KB Laves B3, HAR I 2L
IR D ARG DUsE s Ve, 2 5 PRk fk, 58
10 AE BB 5 R B, C-HRA-5 4% 1 Laves #H S &R
AUNFIRLR, dEH e . XKW Laves AH7E B G RN
BEMEWP SR, RetzRk, HERKAG
(5 Ak R E AT

MasCe 2 EEFE ffy FEAT H, FORI A e it D EAE
i i BRET 0 AR Y DLSORE AT, RS R e . 1
Cr-Ni BRI, I MysCo T 7 B Cr JR 7% H
KF CIHETHE, HCHYBUERER, FLl MyuCs
MK KEELS Cr Ry Bl kP, or mEAE R A
M BOE 2 KT i, ATEL MypsCo PR 26 1E i K &
B BRFECIZREA, S MapCo— M5 — 1) L IR 44
mRLIRFEE IS R R, 5 R —MPAIEE R R i f

FLA ) M2sCe % 5 B IR AR SE A4 ORFF A% B SR R R
ARk % BRI IO Y OO e, LT o e B,

FIT LA MaaCe AN s 5[] A oAt B8 IR A it b — ) AR K AL B,
FUAE 5 SRR AL R 2B, 1T & A IR MpsCo R AL A)
JGPEFeE . 76 Cr S &EE A HR3C M, K
MoaCo Bk A0 40 5] B 7E iy R B AT FURL A s e e, A
HR3C #4 % 4 i 2 e A0 BV B 5 7 B (0 &2, 72 C-HRA-5
T & T T H KB MysCo TRALYY, IX ] B 336 B )
PET B 5 I UL
2.4 o HEMHMRE

B [ 5 SO B 25Cr-20Ni B A HA7E 750 C/
100 MPa I 48 752.3 h Ji5 7] W, K & o HH7E & T4 A i N AT
H . C-HRA-5 FX7E 700 ‘CHI 2L 15 627 h K &I o T
o BIRIRANI o AP ], AT LR M E AR
2 A

Cr,,=Cr+0.31Mn+1.76Mo+0.97W+2.02V+

1.58Si+2.4Ti+1.76Nb+1.22Ta - 0.226Ni (1)
—0.177Co (J5i & 43 #,%)

M Crg KT 17%~18%0, 5 o ARHT i 2, R4
C-HRA-5 M o 1HH 1 Clg v 21.9%, it BH 52 564K
H o MM TR . ASBFFAER 2% 15 627 h ilFE 5 R
K o t, RPHNTH o HATRETHREH KA. A
BUEAXATLE W, NP RIN W 23K o FHIHT H
i), {EIE N Ni FE 0 Co el LLIIH] o AHEIHT H .
5 HR3C ## Lk, C-HRA-5 1) Cr 7t & & BFFAL,
Ni JCE & & il 20%$2 = 3] 25%, IEHINT 4 1.8%H)
Co, IXT[AEEIL o FNTH B 7155 HR3C AW AER 1 3=
B . AN, 7E C-HRA-5 8N, Z FHREHT H W #E
TRENb M Crms, Rt ARG o HE

—H=R.

B H] LIRS d P B A ST o M BT O 35
RAEAFGEITRN d BT PUEREAT AL, 15
T A e A d T RUERE M,

M_d:z:=1xi(Mdi) (2)

G C-HRA-5 4N AH 567G 2= i HUIE R S H L 431
T, BILEM Mg 589 Cr 1,142, Ni 0.717,
W 1.655. Cu 0.615. Co0 0.777. Nb 2.117. Mn 0.957.
Si 1.900. Fe 0.858, fRANHSZPrE &, w45 52504N 1
T d BTHUERE M, M 0.914. ERKIES &, T
d BFHUERE IR KT 0.9, MR o MIENE T
&% . 22Cr25Ni3Cudw2Co 1) d HLFHLIERE M, BE K
T 0.9, FEULIHARFN o HHT M. 2 P57k
e REE —EMNZES, (HIHFY C-HRA-5 #1471 fig
Wit o A0, Xt o T H B 77 5 7 BEEAT T A [H] )
e U B 28 58 B AT

3 & it

1) BB KR C-HRA-S Tif #44X 7E 700 °C/15 627
h i Rt #E v, e/ i MsCe i Z M & Cu AN
Laves #H, i MysCo A EETE R AHTH, HEE M
FESMIERN, KR o HIEIHTH

2) fEKHARAOEFEF, M gl/NE Cu AAT Z
AR FRE, JLHZE CutH, W15 627 h Ik
A Z) 10 nm, 3X 2 FPPTTE A2 5 S C-HRA-5 B9 #45H
PERIEER R S MyCo MRALYIRIL A AR AR, I
R 817 h B CAE fR A b 2 W 8K 70 A, BF AR 15 627 h
W, ARG N 550 nm, A MysCg FRHLAL AR X
BEE,

3) HIF#HM W L&, C-HRA-5 PH7ER 35 W4
KEEIR Laves AHLE d AT, FEIKETT MK K
FAEDSEBERCIR Laves AHAE &b 7t MagCe P8 B B 1T
frif, RoFPEfRE.

4) 7£ 700 “C/15 627 h KWKt %0d #2 4, C-HRA-5
WP AR K o FHIATH, X5 3G Ni ATA I Co g
AT LA B AE IR o A BT HE A G

&% 3k
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Precipitates Evolution in Advanced Austenitic Heat Resistant Steel
C-HRA-5 During Aging

Fang Xudong™?, Li You?, Xu Fanghong'®, Wang Xue?
(1. State Key Laboratory of Advanced Stainless Steel, Taiyuan Iron and Steel (Group) Co., Ltd, Taiyuan 030003, China)
(2. Key Laboratory of Hydraulic Machinery Transients (Wuhan University), Ministry of Education, School of Power and Mechanical
Engineering, Wuhan University, Wuhan 430072, China)
(3. Technology Center of Shanxi Taigang Stainless Steel Co., Ltd, Taiyuan 030003, China)

Abstract: The C-HRA-5 steel specimens were aged at 700 <C for 0~15 627 h. The changes of grain size and twins were observed by OM,
and the evolution of the second phases in aged specimens was analyzed by SEM+EDS and TEM+EDS+SAED. The results show that the
grain size of the investigated steel is stable, and the second phases precipitate during 700 <C 15 627 h aging, including Z phase, Cu-rich
phase, Laves phase, and M,3Cs carbide. M23Cs mainly precipitates on the grain boundaries, the others in the grains, but ¢ phase is not found.
During aging, the Z phase and Cu-rich phase are relatively stable, especially the average diameter of the Cu-rich phase is less than 10 nm
after aging for 15 627 h. These phases are the main factors increasing the strength. The coarsening rate of M,3Cg carbide on grain
boundaries is fast. After aging for 817 h, the network of M,3Cs carbide is observed on grain boundaries. After 15 627 h, the width of M3Cs
carbide is about 550 nm. However, the coarsening rate of the M23Cs inside grains is slow. In the late-stage of aging, due to the addition of
W, a large number of needle-shaped Laves phases precipitate inside grains. And the coarsening of Laves phase is apparent in length but
slight in width. A small amount of granular Laves phase precipitate near or in the M2;Cg carbides on grain boundaries and its size is stable.
During the long-term of aging, no o phase is found. It is because that the high content of Ni and addition of Co could inhibit or delay the
precipitation of the ¢ phase in the C-HRA-5 steel.

Key words: austenitic heat-resistant steel; aging; second phase
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