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KA S == A B AR AR, 4 SR8 i 75 1
JEAMEVAE VIM-F25 BB 2R R AT v, e 58
BERUEE, G35 SIIR K -G - TG LR FLI UG S8 AN
W, EAMEAN @ 38 mm, WEA @ 32 mm, BEJEA 3 mm,
HSRIR TN LG RIB KA, &SR InE 1 R,

Bl 1 HEMHZDEHURTIEA 3 mmx<15 mmx
10 mm fRE, RAIFE B N, 7E 900, 920,
950, 1000, 1050 C F4%lf&i% 5, 10, 30, 50 min,
ZUWEFE SR A G IR T R, ARE S R R O
BT, SRR A 7. 2 AR 5 LA
HHATITEEIOE, R 10% 5B AT IR, J§
TR 2.5V, JE T E] Dy 30 ~45's; {4 10%7= 5
1% BV AT USR] %5 TEM A

FIF Zeiss Axio Observer Z1 &40 B4 (OM) Xt
WO ZUEAT IS s R FEI-50 375 & 54 T S s
(SEM) AT HAHBEAT A M EZFIRE s (EDS) 7347
FIF FEI Talos 200F &4 e (TEM) AT HiAH AT 4H
AU S AT 5547 F1 F Photoshop 1 Image Pro Plus 6.0
ARG I I TAR L o RSP TR 2 H0r
T LR ) BRI AR L, RS GBIT 6394-2017,
SRR R NEAT SRR, 43 Bk BT 5 5K
ANFIREF R B MEAE A& G455 R Origin %K
Xt 0 43 B AT e vt A R e A

2 HR5WH

2.1 AELFHEEA MR T

Bl 2 WA LSV A SRS, T E T 5LH 05
] R A T AR T, S AT T LR 7 1 B ) %
. BTN AR TR A RE A 19 kA AN [ 42
PRFEEE, TEMR AT AR T KR FLE S BN AL B
P, X 9 P45 IR K iR BRI T R s RN B

F1 REMREEXES
Table 1 Nominal composition of tested material (/%)

Cr Mo Si Mn Ni C+N (0] Fe
29 4 <01 <02 <01 <001 <0.03 Bal

K1 R DTER U5 7 S 0 5 T 3k %

Fig.1 Samples cutting method and observation surface selection
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U EN 0.35%. AR5 3b 4% $i R e ) EDS St
SERTE, BMILESITY o FA—S, #h Cr.
Mn I Al %A . Cr05 MO 1N ARERAR A 1B it
FEhRERTR LAY, BEE S ERIARETS Cr0;
A MNO FE B A% R RN, A 457 gt e e v e 2
YR A F KA REAR o 8 & R 0 IR R Ik
20Cr13 AEEANAT Bl AL Bt 48225 B MnO AlLO; 2%
e, T AAERE 0 R rp e N> B8 9 Fh
i, FTLAZEA HI5E N Cry03 MnO AlLOs &£, &
IS SR e, EREE R RES T RE.

2.2 BAGEEFNR AR E) X RRLR <RI S0

Kl 4 Jy7£ 900, 920, 950, 1000, 1050 C 43 7%
I 5, 10, 30, 50 min FIEAHA . LA FIR KR
JEE B 8] A ARE O RS 2 RSN 2 .

MF 2 ATLAE i, BE A 1B IR R ORI B TR F %
K, P s R R SR #E . ik 4a iR, 78 900 C
R 5 min B, F&FRTEe HALARYS, EEF
BYUIA 1 ST Al /N I ok, AT 5R B R 4G S R
Bl S s X F B BT AR A 0 AR i A DL AL
BB R AR A ARG RR BERK, BT DA &
m R S TE T AR T W%, I 58 KMk 3) /7 1) i
ArORE P B R, 3 gk T B e AR R A K T

100 pm

Bl 2 L3S AR 1A A 1] 0 AL 1 2 A ZH 21
Fig.2 Initial microstructure along transverse direction (a) and

rolling direction (b) after cold rolling
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Element w/% at%

Cr 46.40 27.72
Mn  21.35 12.07
(0] 30.26 58.76
Al 0.57 0.66
Fe 1.42 0.79

Element w/% at%

Cr 49.79 33.03
Mn  21.25 13.33
0} 23.16 49.94
Al 0.19 0.24
Fe 5.61 3.46

Element w/% at%

Cr 44.03 30.16
Mn  16.61 10.76
O 21.59 48.07
Mo 1.21 0.45
Fe 16.56 10.56

Element o/% at%

Cr 51.30 33.24
Mn  21.64 13.27
0o 24.46 51.52
Al 0.63 0.78
Fe 197 1.19

B3 WHELAARE BSE GRS I LY X EDS 4145 1
Fig.3 BSE images (a) and EDS results (b) of typical inclusions for cold rolled sample
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Fig.4 OM microstructures of the 29Cr-4Mo samples after annealing at different temperatures for different time

1050 C
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900 Cfri 10 min B4 B 45 ah, an IR HT AR HIE
WP EAL, SR AIEE] 1200, FLTHAEIRET R,
SR BRI SE N 25.7 um, RN 7.5 2% BlEERE
i 1) AL 30 min #EK %] 50 min, MKl 4c F11& 4d 7] LA
W, TR AR FURIE Z W B I 7R AR I HUIR BT ) R
T [R] (4 A2 < 3207 386 0, 9 FLP 35 o Rt A 39.5 pm
HINE] 43.9 um, ERLEM 6.5 T FER] 6 K, ARk
SRR KA R B, ALK ST R T
KL RAT A

PR KR E R R 920 'C, f##R 5 min B4 58
SFREE S, PR ST 25.2 um, SBRLEEN 7.5 2
fiift 10 min, ~F3ERL RSN 36.1 pm,  dikifEN 6.5
¢, SCEIERARINT Y K 4g AE 4h, SRR
30 1 50 min 5 A EEE] AT HA, (A% 900 CHf th
IR, IR R FE T 950 CHY G A T &
AWML E T I AETE

23R kIR R #1050 °C, fRIE 5 min R E
LI AR AL, T 2 ok RSP IA F) 112.2 pm,
e kLA 3.5 2, PRI RS2 900, 920, 950,
1000 C T4 5 min B} 6.1 %, 4.5 f%. 3.2 %, 1.8
%, AT R RS R i B BRI AR v s ] 4s FIA
4t fiizn, AR 30 A1 50 min ISR & ARHOR R, S
i 4B 0 9%, N 1 4 it 58w, A ] Image Pro
Plus 6.0 1% 41t T 300 4SSk K /NS E AT 9
O WE 5 FiR, SRR/ 2RI ESS N, B
IR K TR A, P35 ok RSE AN 271.0 pm 38 0 )
291.6 pm, Ui B S T R K B — i AR S 1 X
S R .
2.3 RACREANIR AR B X 55 ZFR4T H A9 R0

Kl 6a AIRFEAE 900 CLRiE 30 min FIELL T, 7R
i T — F T 4 b N I 2 ) B 30T 26 5 T AN R0 IR
T, HAREMURZS W E 6b frox, FHESEE B0k
MHET T E EiT Y, HOEDS g R anlE 6c
Fin, smEABYURYEZE Cr Al Mo, HAr i 1-F3
TR %N 0.091%. 1 7 Fios, ks [ @ iy
KT U BE 5 IR HE 1T bR E (SAED), s HoN kO

F2 ARBAEEFFETHRERRENTHRRR T
Table 2 Average grain sizes of Ferritic samples annealed at

different temperatures for different time (um)

Temperature/’C  Ds min D10 min D30 min Ds0 min
900 18.3 25.7 39.5 43.9
920 25.2 36.1 55.7 65.3
950 34.8 51.2 93.1 118.0
1000 60.9 103.9 176.4 197.6
1050 112.2 183.5 271.0 291.6
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Bl 5 29Cr-4Mo i FE7E 1050 "C B A8 43 dfoki )R ~F 43 B 77 &
Fig.5 Grain size distribution histograms of 29Cr-4Mo samples
annealed at 1050 °C for 30 min (a) and 50 min (b)

VU5 4510 o Ao ¢ HAE Mo A, 1EN o ML
M, RSN, RE o HEISE ¢ HIEZ
KR8, (B M 7a AT LA H 3R B0 0 MR i A M
F2 /D TE ARSI I P X ) ) & RKI . IX A AR BN
M B 3 R P TS v ANTE y AR S S U B Y L Y 5 3 T
RESE R IR K T, iy HICA &N o
s BE AR NAR R Co N FECLBEHERK.
T HE y AR Ni TG LT, R ARSI Tis
Nb & &b oi s, Fr ATEREAN I R #A 2TE AH

o AT 24 8 L Cr A Mo #4k, feii irh
BEARG,  7E PR A Tobuind 2 b 2 o 0 Sl Y AR 4 10 T G ot
Y. Wik 8a fian, ORI 3G NE] 50 min, o AHAT
HEZRWIN, o PR SHImE 0.23%. ¥k
FOTENS R FR v T, a5 R0 232 20 L A
FEFLH I FR P LB AR AR T, 5 5 1E R A W Bl
AN B, SN T R g R R SR AR A RE, X
Be S il B X 80N o AR EIVEAR A B, (i 7 o M
Mt il R AR . RN E S Cr (ALY, &
I F Crocs a4k i gt &6 Cr & &3,
[FIRE AT e M8 o AR RZ K K. @il 8b Fiow, iR
KR FETF R A 920 °C, i 50 min B o AHAT H & k>
F 0.074%. Wik 8c fr~, 4B KR E T % 950 C,
o FNTH 2 E BIZ# K, R 50 min B o AH A K
FREENTH, BTSN, PR EUY 0.014%.
2438 KGR TR R 2 1000 °C, {516 50 min R LA o M
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o AEAT HH TR 43 B30 T AN [ AR Ak T
9 iR, BEEIREM A&, o MBIRREN, HrH&ER
WG BEAE CRIR N R EK, o MHRAT B
WIN. o AHBTH 2 B A R ) 5 1 R AN S ik
P AEO10, DR B e AR BT A R R, B
HaAE 950 °C LA R K 8] £ -
2.4 RAFERRRAKKEFER

White precipitates

50 pm

N

G JE AR A ORLK /N 22 X 7 2E R R AR R
Mo, L P 5 R KO AR R R IR AR R R X Ak 2
TZme BAFRERERSFE . BT AK
BRAIRZ, # WA Beck AT Hillert f5i712Y
K Sellars #7920 45 B % B, Sellars fii 7Y
BATZ@&E MRS, R AHE 7R Sellars 45 55k
T 29Cr-4Mo 8 22k 2 AR AN 55 AN 1 R R o ot
B TE) AR AL AR AE B, Horh Sellars A2 0

4000
C
Fe
Element /%
3000 Fe  59.65
a Ccr 3317
L Mo 7.18
2
@ 2000 -
E
=
1000 FFeCr Mo

0

01 23 456728 910
Energy/keV

Kl 6 29Cr-4Mo iXFF7E 900 C{Riff 30 min I} SEM 4. BSE BRI H tdfr th ¥ 1) EDS fg i
Fig.6 SEM (a) and BSE (b) images of 29Cr-4Mo sample annealed at 900 ‘C for 30 min (c); EDS analysis results of white precipitate

o phase

N\

2 pm

K7 29Cr-4Mo ik EEZE 900 °C iR 30 min i} TEM K37 & F14T 4 SAED 1E#%
Fig.7 TEM-HAADF image (a) and SAED pattern (b) of the precipitate in 29Cr-4Mo sample annealed at 900 ‘C for 30 min

50 pmy

8  29Cr-aMo IAFETE AN AR K IR BE T AR IR 50 min i &4
Fig.8 SEM microstructures of 29Cr-4Mo samples annealed at different temperatures for 50 min: (a) 900 C, (b) 920 °C, and (c) 950 C



+ 2940 -

Wit /A RS TR

52 %

D-D, = k(te'STJn (1)

Horr, D B ORI R R KRR 1P Fob U, pum;
Do NEAIMER R MR, pms kK NEFHEEG n ok
I E) 5 8 t AT, 5 ROMAURH 3, R=8.314 J/mol K
Q NERZE M b b K K BERE, Jmols T JNIB K n#AiE
B, Ky — IR G ) Do AT T D 4B /N, ATRLZ
mE A28, i Sellars 157 4 4k A«

D= k[tefF%] @

‘ﬁﬁ@ﬁ%ﬁ%|nozmwnm—%$ 3)

MR KR T — R, ,_dnD 4)
oint

2R KIS 1) t 52, g 2R dInD. ®)
n ouT

WK 10 i, @ InD-Int 56 R &, AR IEA
Foralk it n, KAG n fHWNE 3 iR,

W 11 fos, B R KGR B I T s n 5 A Je
KJE U/, AR K 58 B R R R P ol e P
mRL AR K AR R n A ZIRE . BB AN H . AR R
WERR SWERREN T, FHFHEES, X
TrEaip R, HPRARME n=0.5 P71, 7E 900 CHI%MHT,
TEm AT o M, BN o X B, B o AHTE &
FHIAT RO, BT ETHLAE BRI T Sk R, Af
Hon EHEAG: MERKREEE 920 C, o MM
s JS RS FOAT 2R, I n EZIR RN, MR
KUREA 950 CHY, n O L THAME, XAl§E
BN o AHAT WD, JLTRAETHAER, 1
b T2 E WIS A B o M R B T R R
B R AR AR KR B AR s 43R KGR D 1000 “CHY,
CETLHE M, n (BT EARAS: M7ER KR
9 1050 CHY n {HHIL 7 BEGCR %, SCHR[28]4E 4
Dinex>5Daver I UEHHSRRICE R A T RE KK, 2EF

Area Fraction/%

Time/min

B9 3B KGR FERI [ 29Cr-4Mo R FE o AH AT H & 52
Fig.9 Effect of annealing temperature and time on area fraction of

o phase for 29Cr-4Mo samples
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B ¢
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E8SSS
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35) %
2.5 L L
55 6 7.5 8.5

5
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K10 AIFE KB E T 29Cr-4Mo i FE InD 5 Int )56 2 ih £&
Fig.10 Relationship curves between InD and Int of 29Cr-4Mo

samples annealed at different temperatures

%3 Sellars # 8 T 29Cr-4Mo X 2 R FIR AR E KB
nig
Table 3 n values of Sellars model for 29Cr-4Mo samples

annealed at different temperatures

Temperature/'C 900 920 950 1000 1050

n 038 041 053 051 041

sZUA n fH, T A 5 AT BLE H/E 1050 C R AR 50
min, RSN ECE KOS K, Hikr
Dmax<5Daver JFBAE ISR K KIS Mk
F& 1050 ‘C/50 min [ 5%, @515 2] n=0.48, i
B YE 1050 “C {15 30 min Py 2 #2300 3 AR AR KRG,
30 min Ji5 3 K T AR AR S, X AT AR R AR K
AT —Br B <20,

o (EREE AR, SRR B IS L RE R
BT, DR AR HIE T K B0 SRR K K 2 AN B
1B BON SR HHOKF B (900 'C<T<950 C),
Hob o Mt ER R, SFEATILMAA, HERE n=0.4;
B2 MBCOAER A KK B (T=950 C)H, H
950 CHf BH o MHTH, EHTH B AT L2 A,
JEIFEL n=0.5.

0.60

o o o
N wu 15
o S al

Time Exponent, n

o
~
o

0.35

900 950 1000 1050
Temperature/C

K11 n {E B AR AL i 22

Fig.11 Relationship curve between n value and the temperature
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RS IR KL% 29Cr-4Mo i R Bk 3 A AN AN TOW 2H 2R B2 )

6.0

= 5min
55} * 10 min
4 30min
501 v 50 min
— v
\g 451
Sao0}
35¢
3.0t
2‘5 1 1 1
0.75 0.80 0.85

TYx10° K

Bl 12 29Cr-4Mo ik FEE AR KB (B 1) InD Y5 1T A% R 2k
Fig.12 Relationship curves between InD and 1/T of 29Cr-4Mo

samples annealed for different time

R 12 s, 2 InD-UT #h4k, F y=ax+b ik
TE, B (3) mlA, a:alLD, b = nint + Ink,
ouT

=e"", Q=—R-a/n, HAZE a. #EE b WK 4 i
ANy TR SO SR R RIS N 2 ANB B, TR
2k, Q, nIE 5 Fra~. fEIRER T 950 C, n=0.5
Ff, Q=325 kJ/mol.

i)
162453.9
17.356—
— RT 04
D900~950 c=¢€ t (6)
162453.9
16.666— 05
D950~1050 c=€ FTot P

IR EEAN B B B AFAE — A BEAR SOR K ORI A T 22
KA. AW T<950 °C &t th AR XS dohs 14T
FLRONE, B HEKORH BEA ()T A, B
n=0.5, 13 7P 8 R R BT S S S IR

% 4 Sellars #E T 29Cr-4Mo it # 2 KRR A B &) K 8898
Ea, #HEDb
Table 4 aand b values of Sellars model for 29Cr-4Mo samples

annealed for different time

Time/min 5 10 30 50 Average
a -18346.0 -20276.8 -20093.1 -19443.4 -19539.8
b 18.5597 20.5466 20.8738 20.4849 20.1163

=5 Sellars 2T 29Cr-4Mo X Z R R KB E KSR Q.
k#1n{&
Table 5 Q, k and n values of Sellars model for 29Cr-4Mo

samples annealed at different temperatures

Temperature/C Q/kJ mol™* k n
900-950 406 gl7-3% 0.4
950-1050 325 16666 0.5

* 2941 -
7
= 900 C

a e 920°C
= 6F 4 950°C
[S] 1000 C L S
2 * 1050 C
< 5| —Fitting line
>
£ 4 °
@ i ——
=
g 3l
<
|

2

2 3 4 5 6 1
Calculated Value of InD
Bl 13 PR RS 1 S 5 S B 48 A
Fig.13 Comparison of the average grain size between

experimental value and calculated value

Ee#c . nTRLBR R A&, £ 900 ‘C/50 min %1 T,
Tt A 3 2 25 B 35 ) AR ORI R R, A R R R ST
B Ei4d: 7E 1050 ‘C/50 min 461K, Sk K 3 —
€ RSF UG, KR B 2 g i g%, AR A8 L T A8
PR SLE. HEFX 2 AFEME, SHRME
AT A, WA E k=0.9993, K R
R=0.9956, WMI{E 5 EW & R, AN(7)EA
R S NP 1) it R R R KRR ) R IR KL B T AR 4L
(1 38 Ak R o

3 & it

1) 29Cr-4Mo BB R IR AN Wb £ =W h
Cr,03 MnO AlLO; E &Kk, 2IEHRE. =A%, 7
T ARIK S5 T AE s Y R A A

2) AW R KINA ¢ AR SR £
900 C frii 30 min J5, 2 JafE S APt A A =5
BT o M, BEERER RIEK, o AT A
BN, BEEEENTE, o AR ERE,
TEECD: AR RIS E 950 C DL K E] fR iR
CAB 1E7= 42 o #H

3) 29Cr-4Mo 8442k = R AN BB AN b KK 5 AR IR
B RITF AR MBI R, o MANTHENS BERE n
B 243 KGR T 950 R, kL KoK F8 Bk 2%
THARME n=0.5, &R RIS RE Q=325 ki/mol.

4) FST T SRR KA KA, BR T AE 900 “C/50 min

162453.9

F1 1050 ‘C/50 min 244 ~, sl D=e RT 105 i
Il 29Cr-4Mo i 2 Bk 2 AR AN 4M £ 900~1050 CiR K 5

16.666—

1~ 25 d R RS
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Effect of Annealing Process on Microstructure of 29Cr-4Mo Super Ferritic
Stainless Steel

Zheng Shihao'?, Xie Zhiwen', Ning Likui?, Hong Guogi®, Liu Enze?, Tong Jian? Tan Zheng?, Li Haiying? Zheng Zhi?
(1. School of Mechanical Engineering and Automation, University of Science and Technology Liaoning, Anshan 114051, China)
(2. Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China)
(3. Jiangsu FH Tube Industry Co., Ltd, Yancheng 224199, China)

Abstract: The effect of different annealing processes on microstructure of 29Cr-4Mo super Ferritic stainless steel seamless tube after cold
rolling was investigated. The results show that the main inclusions in 29Cr-4Mo super ferritic stainless steel are Cr,03 MnO Al,O3. After
annealing at 900 <C for 30 min, the grain boundaries especially on triple junctions and near the inclusions firstly form a small amount of &
phase. The average area fraction of ¢ phase increases with time prolonging while decreases with the temperature rising. There is no ¢ phase
precipitating after holding for 50 min at 1000 <C and no y phase in the temperature range of 900 <C-1050 <C. The empirical formula of
ferrite recrystallization grain growth under classical Sellars model was established. The formula can accurately predict the average grain
size in the whole annealing process by comparing the calculated value and the experimental value.
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