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A T8 e Xt B Ah Inconel 690 i Mb 4 4 8 44 1 ¥
WL RSY B B AR TS B o A L 3T Cr X ARRAIE
HEAT RAE, FEXT A = 1 B 7= GH690 A 4 W i 4
ZUHATHEL, B2 T AEE . TT A3 TZ% 4 TH
77 GHB90 4 4 11 4H 23756 A2 A4t o 3d ok X L E 9T — 3
ek . MTHARANSE Cr X 4LZURAE, b i Xt B =
GH690 & & & AT M EHTAN, JF N H b 2 T2k
& AL S B0 AR A

1 5 W
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*1 E” GH690 5 EERLERETZSH
Table 1 Solution treatment parameters of the investigated

GH690 tube
. Time/min
Temperature/C

5 10 15 20
1000 J X X X
1030 J X X X
1060 J J N N
1080 J J N N
1090 J J N N
1100 J J N N
1110 N, X X X
1120 J X X X
1140 N, X X X

Note: v means using this process, X means not using this process

*2 EFGHN A& TTAEKETZSH
Table 2 Thermal treatment parameters of the investigated
GH690 tube

Time/h

Temperature/'C

1 5 10 15 20 40 80
680 v ~ N N v V v
715 v ~ N N v V v

750 V V v v v v X

Note: v means using this process, X means not using this process
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B 1 4 Inconel 690 R& i 4 4 AH 2H 2R Ko ffobi R~F 40 AT
Fig.1 Optical microstructure (a) and grain size distribution (b) of

the Inconel 690 commercial tube
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5~7 i) dm R AR D, W 1b Fros .

2 NE 4 Inconel 690 Ji i B JA K I i ok 4 2 1)
HH#RER . EDS Wlw R ZIT A E & Tiv N,
S SC R R BT ARGE B9 TiIN PRz 18 190, [ 41 Inconel 690

G AR 2 RSH ORI TIN BURL, 76 =) 3 X 35

BB EEEmIE 1.2%, HFHR~IE 3.7
um, W 2a FEFLFTR . B TIN @0k CAAh, A4S
im A K i WA AE B Bt BERRAL P WORL, 9 Inconel 690
& L MoaCo BRALE 10, & 2b Hh 5 Sk T
7~o [E AN Inconel 690 B & BB ALY 32 2 240/ ik
seR AT Tan i, HeP R4 (128.0451.1) nm.
[FEE, i AR 2D B A B I R A P U I 22
E1E, WKl 2b s

3 AE 4 Inconel 690 J& & A TH & 7L 9% Cr
X 58 A7 B 2 Cr W E ARl . 38 Cr X7 Bl &
NEEWE 3a B, PAsEE IR & A 0 0 B AR 1R
1M, Tl EEE T A &S 50, 100,
200, 500 nm iZ AT E . & 3b &l 3a Fronill &
R CrkE Bl B s, E 4k Inconel 690 %
M EFEE IR Cr X, JLEEEZN 200 nm,
il BT B Crik E N 204 % (iR H0D . BB &
Ft 200 nm CAAM X 38 Cr 3 FE 4 e AR X Ao e K, N

29% (FREsH) i,

Bl 2 [ 4k Inconel 690 /i AR L (SEM HE A
Fig.2 Typical microstructures of the Inconel 690 commercial
tube (SEM image): (a) morphology and distribution of
TiN; (b) morphology and distribution of carbides along

grain boundaries

Grain boundary

w
o

N N N N
N N (o2} e}
T T T T

Cr Mass Fraction/%

N
o
T

0 100 200 300 400 500
Distance/nm

K13 4 Inconel 690 i & i F+ 2% Cr XM & i & K
Cr IR J&£ 73 A7 AL
Fig.3 Measuring position (a) and chromium depletion profile
near grain boundary (b) of the Inconel 690 commercial

tube
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1140 °C AL 5 min J5 20k I ) S AHZH 24 . an B i
N, B GH690 & 4 zéailmwi):aawi'fk%
[ 75 U B (4 /= T 484 K. 1000 °C [ %% 5 min Ji5

21 23 57 BH o Wy A A5 il it R ZEL R, EL MQEH/J\HjVJ\
%121, i 4a fiizr. 1060 CHEE 5 min 5, &bk
AR, AR KB IRE, nE 4b fras. 1120
A1 1140 C[EE 5 min 5 & & fbid—5 KK, aa*ﬂ”
(A S A TE A B S, FLAE & P R K 2R A
IO, B 4c A1 4d FToR

E 7= GH690 & & /F 1000~1140 °C 5 FE i [l
P S AL EE 5 min J5 1T 35 dtobn ROST il i B 1) 78 4k %
AWK 5 Fras. HE 5 R, ™ GH690 & & -
57 WL R I A (] o ) T G K. M [ R R
7 1000~1100 ‘CYEHE A, & 4/ afoRL R ST 38 nAH T 22
18, ¥k RS 11.0 pm KK #] 22.0 pm; #E—2
WA EEEESE 1140 C, “FHERRFREK K E
37.6 pm. KUk, Y[R E S 1100 CHY, Hx T
[ 7= GHE90 & 4 & 1) diR K KA B 2 52

EIR R AT Y A SN CTBuR i 4 T e D ]

AT AN

Kl 4 [H7” GH690 & 48 £ AN [\ FE T i ¥ 4L 5 min
J5 4 AE A 2R
Fig.4 Optical microstructure of the investigated GH690 tube
after solution treatment at different temperatures for 5
min: (a) 1000 C, (b) 1060 °C, (c) 1120 C, and

(d) 1140 C
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Fig.5 Relationship between average grain size and solution

treatment temperature of the investigated GH690 tube
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A HTRATR 7 Q AMKK KEIERE, ki/mol; R M
IRERE &, JI(mol K), ARHFFLHEL 8.314 J/(mol K).
sEa 5 s gt Bk (1 REETIE, e
™ GH690 & 4 & K K IS RE A 265 kd/mol. =i
4 NXT Inconel 690 A 4:7F 950~1150 °C [&] ¥ itz & ¥ [
P 1A R K K0 B AT 5, LA 309 kd/mol ™,
AR 4 R R

BT 690 & &8 A G b RS, AR
FEARHE [E 41 Inconel 690 A i B 11 &t R R SF &R FE 7
i (il la. 1b Fron), SR E T B S
H ™= GH690 & 4 & HEAT fb b BE o A ) geit . [ 7~
GH690 ¥ 48 7£ 1080~1110 C {175 A & & 5 min J&
(1 8 067 5 23 A P 6a~6d FTow o AN 7 il [ 9 Ak 3 S
7= GH690 4 4 dit br B2 43 A 52 IUAS [F A, (H S Aok
Ui Bl 5 ] R B vy, RO BOK b b P o L B3
P& . £F 1080, 1090, 1100 Al 1110 °C[#H¥% 5 min )5,
fi Rl EETE 7~10 I R B B 2, il o R R el
] 87.0%. 83.6%. 81.1%#1 74.7%, #nF 6a. 6b. 6¢.
6d Fra~ . AR [ IR BE 5 = &2 1100 A 1110 °C,
% 5 min JG Rk EAE 5~6 0 RiAE M EL 1080 AN
1090 C 2 AN [ Ak B S 1R — G 1 Aok 3 R
B, Lo )i & 6.3%F1 5.5%, Wi 6¢c. 6d
Froso. BRGEHEE REW . BOR RS dokL BT o B A
o ] 5 Ui P R 4 v T R v, IX A GH690 A 4 SF Y
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6 [E ™ GHE90 & <& B LA R B [E ¥ AL BE 5 min J5 B &L B2 73 A
Fig.6 Grain size distribution of the investigated GH690 tube after solution treatment at different temperatures for 5 min:
(a) 1080 C, (b) 1090 °C, (c) 1100 °C, and (d) 1110 C
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Pl 7a~7d it~ 43 ) 8 [ 77 GHB90 4 42 7F 1100°C
22 3 A [) B[] [ 9 5 BT I AR ZH 21 SEIG e R R
Bi: £ 1100 °C, &R RSBl 5 ORI I R] A 4 0% i
WK, £ 1100 CHRIE 5 min J5, E7F* GH690 & &8
CL78 57 56 BT 45, S5l P2 SR R RST D 22.0 pm,
WE 7a fros. SRR EIEK 2 10, 15 min J5, &
& R ST B A LR B T 1) KT 2208 1 P 357
Wi R SF4r 900 23.8 A 27.8 um, #E 7b. 7c . 4k
SREIE K AR (A 2 20 min, SRLRE KK E 42.2 um,
Wk 7d fis. H4h, 7€ 1100 CE#E 15, 20 min J5 [H
I GH690 & 4 & fh N IR K28 i BB 2, anfE 7c
1 7d FiR o

223 BERBERE BN &R TR\

K] 8 J97E 1060~1100 “C [#] 2 i & ¥ [l A AN ) £ il
IfIA] (5~20 min) &4~ E 7= GH690 & 4 & 13 fh ki
JOHAR AL W BT, (] il R R il B 1) 35 ) ]
7= GH690 A 4 1 b K KAFAE A FIFE 52 . 4
[ 7R BT 1100 CHRY, B & [ 5 1 328 v A AR
TR BRI RE K, AR RS B B s T 224 [ VA R B T

BE 1100 Cla, FEFERIEE R EK, Sk T
BHEK, PR ST HARIE 5 min (9 22.0 pm KK
Z AR 20 min 19 42.2 pm. A7, AR IR AT kL

K7 21100 °C [y AL FLAS [F] ) 8] /5 [E 7= GHE90 & &
SAHH L

Fig.7 Optical microstructure of the investigated GH690 tube

after solution treatment at 1100 ‘C for different time:

(a) 5 min, (b) 10 min, (c) 15 min, and (d) 20 min
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Fig.8 Relationships between average grain size and solution

treatment parameter of the investigated GH690 tube

1~80 h i Hl Y & E 77 GHB90 & 4 % i {75, 4b BR DA
FE A FERRAL AT R s JLTT AT 20 AR L2 4
PEF TT B G & A 30 R o A . 451
T BER TT ALFRIE AR AR AR1E, & S m
A S AT H S B R, AR B e 4/
([0 O AN S LN NI Sp< = ith SN T4
4 FhorAitRAs, Wik 9a~9d Fran . 4 Bl FEER AL 1 43
RS 1.3 KAL 258 NI 0 45 A — 50, TT 4
L o TR A0 A 2 ORI Bk AR R AR S 7E R
P, SRR/, I/ B A AIRES,
Kl 9a i, B TT ACERI [ (RAEK, & SRR
WA B 38 2 F HBE A ORI B[] 9 2 K R AR KK E
B, IR EIAN A E SRR A, W 9b iR
BE— P K AR T ) S B = TT AR E, K2
oA B B, RIS LR AL sy
A IR 25 A [ FRHEL KT 2 3 SR8 IR 0 A RS, W 9c
FiR. Ak ORI IS (A BEg m TT AFEE, &7
T A LUKEL DR RIORE ARV & SR R Bl oA, T3] B s A 4
R 2 1) R BE K, WP 9d TR

™ GH690 &< B AAEMNF LZKMT TT A5
il SR DI TE SR AN 3 Fiizs o £ 680 °C LR i [] 2D
F 5 h i, S BN N B A s PR A TR
N 10~20 h B BRIV E L A 4R B e K AR IR
I (8] 25 40~80 h | 2 )4 KH K 1 22 JE 22 1) 43 A7 . 715 °C
PRIRAS [ B 1) 5 [ 7 GHB90 &4 i AL Ak it 4k

A5 680 CHEEAAHE, ME—AN[E 2 IHLTELRIE 80 h
J& b BRSO KT 4 O 23 A . 750 °C LRI [R]
N5 h JE E R GHE90 & 4 i ik Ak 47 (8 2 IR 4L/
VLA, MRS~ EHRFEBIMRE 150 5 4
PRI 20 h J5 5 FUBR AL A 2R KT 2 4R A s AR IR
40 h 5 D) 50 KT 43 BEOIR 49 A7

™ GH690 &< B AEMNFE LZEFKMT TT A5
i SRR )RR W 10 FioR . B TT AR EE
FE B vy AR IR [R) B S, [ 72 GHE90 & 48 il
BRACH R S IZ 3 K, FLAT 20 h BRAL 4K K 35 T il
JE KRR BEAG . MORE I [y 20 h & HLURE, B
750 C/20 h () TT b3 5 & F ot R~ K% 190.0
nm, HAR TT & SE Py R~ H7E 80~150 nm
JEEEI N . SRER A N 40 h R Ll BRF, E 7 GHE90
G a8 R A RS E Y 180~260 nm 2 [H] o [ B
T A0 SR A R ST B AN 38 50 1 A B — 4488 i I 22 1)
AN e e, I S SO G i R A iR 2= T R K

232 TTAEFHER GH690 428 S MA RIS

Kl 11 41090 °C/5 min+715 ‘C/10 h b ¥ )5 [
7 GH690 A& 4 & 1L i B S S . W TR,
7% GH690 & 4 & A #8 X 38 A £7 72 /D & TiN kL, 73 A
THRARN, HFH RSN 2.1 pm, AFL5H0N 0.04%.
9b A 11 KRR, BT AR 3 B R 4
ANTURLIR BT R IE L2 0 AT T f A, A A /> &k
TR 2> A TN - B 12 S92 1090 °C/5 min [ %
WHE G 7E 715 Cor o fR#E 5. 104 15 h J5 E = GH690
HE&EPRAR Cr X Cr . KR, AFT
28 TT A5 H 77 GH6E90 & 48 i AL Bt ¥ 77 A R
FFEEER) Cr WK, B GH690 A& LT
715 “C/5 h ) TT AbEE 5 B F= A % = E 3% Cr X,
f LB B Cr RN 17.5%, FEES & 100 nm
At C r
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B9 AFETT 4B T2 TE™ GH690 & &8 dt A image): (a) fine and discrete (715 °C/1 h), (b) fine and se-
A SEM HE A micontinuous (715 ‘C/10 h), (c) large and semicontinuous
Fig.9 Carbide morphology along grain boundaries in the investi- (715 °C/40 h), and (d) large and discrete (715 “C/80 h)

gated GH690 tube after various thermal treatments (SEM

#3 E™ GH690 AEEEARBREMAET TT REFEMRFHRUY I HRES
Table 3 Carbide morphology along grain boundaries in the investigated GH690 tube after various thermal treatments

. Time/h
Temperature/ C
5 10 15 20 40 80
680 Fine, Fine, Fine, Fine, Fine, Large, Large,
discrete discrete semicontinuous semicontinuous semicontinuous semicontinuous semicontinuous
715 Fine, Fine, Fine, Fine, Fine, Large, Large,
discrete discrete semicontinuous semicontinuous semicontinuous semicontinuous discrete
750 Fine, Fine, Fine, Fine, Large, Large, «
discrete semicontinuous semicontinuous semicontinuous semicontinuous discrete

Note: X means not using this process

WERUIKE, B PimeE iR Cr IREZIZHTH

300¢ 715 ‘C/10 h 115 h ) TT &b ¥ J5 & 435 Cr X &3 3
240l i B2, A% Cr L 43 0 b Ty 22.5%H0 22.2%. [F]#,
=
g Cr ¥ 2 it 45 ) 2 oz 2y T a4
»n 180+
k=
o)

T 120} 32r
O —=—680 C
——715C §
601 ——750C S 28t
0 20 40 60 80 g
. w o4}
Time/h @
s+
= .
PN ] P = 20+ —=—715C/5h
K10 [H7™ GHE90 & f AR5 TT S 4 O —e—715C/10h
. N Cl15h
2 Il % 7 I I e
Fig.10 Relationship between sizes of carbides along grain 0 100 200 300 400 500
Distance/nm
boundaries and thermal treatment parameters of the
investigated GH690 tube 12 715 CAR[FRINS 8] TT 4b3 )5 [E 7 GH690 & 4% i 7t
BT Cr ik BE 172 1k

Fig.12 Variation of chromium contents in the depleted zone near
grain boundary after thermal treatment at 715 C for

different time

3 S5 ITe

B R E R VE T 690 AR ERT S
W AR R, AR SR Cr 3
A R TR RR A B HEh 2 7 4 o ) 0 22 308, 3492 B
{11 1090 C/5 min+715 ‘C/10 h #ALFESE [F 7 GHE90 &4 Rk AT T JE5 fod K B2 A J ek i o 282 ] 3590,

ST SEM [ A BR R R A A, G BRI AR AL 3 T2 AR R X £ (R
Fig.11 Typical SEM image of the investigated GH690 tube after FON AR B I AN RS2 M T T 2 OC . JE Ik A A
heat treatment of 1090 “C/5 min+715 “C/10 h HyEH A S mii g, RS &AL 544, St

FA A RO EI TT AbEREE A 4



+ 2894 -

WA & RMRS TR

44 3

T A (1) 53 A B T30 DA B & 538 Cr X3 44, Ul wT B
R A S YU AR i B g 410 12 M g B
iR, PELER (FEVELFEA TT 4HD) TEESBLmME
690 A 4IRS, AL 2 M B R PR Tl
PEBE. NIRRT IR N KL . BT HIARFIZL Cr X 3
AT TR E o B AS [E] b B T 25 I E = GHB90 &
S AE AL Inconel 690 Bt & .
3.1 EMRI 690 &&E A EXTEL

] 5 POAE B A s 690 B 42 ORI RS f B R
W, [ AR B 2 R o AR ] R R RN LR B R 2
N4 B 5 SRR [ IR P s, B GHE90
A& R RS BRI RO K. RSN K
T[] Tk P ) o — 7 TR0 R T I B RE s S —
i TR FLES A & b & Fh sk b SR HE S L 2 B, R
SRR S, TR, e
R K. Al Bl B R, S 1B
VAR, S BOLAT TR PR 55 th 2 it i ks K1,
Kl 7 F17E 1100 CRE A RIS (M A ZEK, B~ GH690
B A I R R ST K. SRS A9 3R I AE [
WIREAR R T, BEAE RN TR, &84
A B PP IV B R TR 4y, PR SBR B HEAT,
FL KGR, [ 8 fs, R YA
JEE A F] 1100 C. fRIRE HZEK ZE 20 min B, {RiE
S [R) 0 T 0L B2 PR 52 A B A O B R . 3X 78 4 b it
B AP o 0T T T R T IO, B v T A R R L A K AR R
I [5] B2 A 2 a3 R B 1 Bk o

B IR seas ok FFE 1 AT A1, E AR Inconel 690 fi
AT VR AR RO S N S R, P AR R ST
WRBAHF, 4 23.0 pm; 5K TE 7~10 211 di b
WERZ, HEEMN 85.1%. E7" GH690 &4 E &
1080~1090 °C/5~20 min.1100 ‘C/5~15 min #1110 C/5
min B b S 0 5 R S0 R RE i A8 Dy = 4 45 il i HL
SRR S 5 E 46 Inconel 690 B A BRI . HTSE
B A 7= o 75 P 4 ) R I TR DAYT 20 A PR AR, B
PRUG S AR 5 min. & 6 &KB: £ 1090, 1100
1110 ‘C ¥ 5 min J&, 7= GH690 & 4 & df K 5 /3 Afi
L E4h Inconel 690 Ji i #2ilr . MRIE M4105 E4FXK
VEHE ARG . T He 7K HE 28 VR A 4% 55 SR - 5 -
A4 (NC30Fe) Jo 4% 8 b vtk o e 11 R P 3 6Ly
5~9 710, iR [E AR 690 B 4 K 1 kLR $4) 7E
PRy (Y 2 P o ASHIF 9 H @ it LG 41 690
G 0P 38 R R ST B WL B 43 A e i S o 2
) R 1) L, K TR P GHB90 A 4 119 [ 775 Ak 3
ZHE N 1090~1110 C/5 min.
3.2 EAS 690 & EHHBHELEIFEXTLL

690 A &P AT HAH 2 ZALFE MysCo B LA AL,
PR TiN 0k, HooE T4 & 00T ti 1 B 5 2 . TiN
E . RSP RIRSS T 690 & &R st a5 —
SE R 2 B 1829 Dutta 25 A BIF 95 25 B KR~ DU 7R TiN
b5 B TC BE AR ZE 0K, WOH 5 A I T AR R 1 R
B Al RE S N s R AR T, BRI A A I T el
PEBE s TN RSTERIR A TIN U3 A 3 A i B89,
&b Inconel 690 J it B A7 £ 52 22 RST ORI TiN kL,
TE J5) 5 DX 3B P AR AR 7y B il 1.2%, P RSHIk
3.7 um, WK 2a fin. 52 ME, 4 1090 C/5
min+715 ‘C/10 h #4b 2 J5 (19 E 7= GH690 & 4 (U 1E
Jr il X 3 b B TIN BORL oA T, P RSN
2.1 um, EFRHCH 0.04%, WK 11 . LiREER
U [EH” GH690 &4 F A A= 7 TiIN s, R
SPRE B, AT RAEEE A 4 OB v e

BT TIN Bk Z 4k, 690 & & it KEM
M,sCo 784 i AT AL . 46 3 FIANE A TT AR FE T,
Bt ORI (A K, [E 7~ GH690 & &% i Stk
T B R 2, RF iz K. AES N8
i TEMBF R AR TT A3 T2 5 A AL S &
Pl BEAGEHET AN RE K, Jabr I BRI AN T K K
BELAS T o F B 0 A (0 2, AR A 8 T O T B ol %8
L N Z A TS T % N T BRI
e, BRALPIIEAZ 2 J5 s DL B gl K R el B8 0 B R 4 2k
2 Fhoy R A RLA D [ 72 GHE90 & 4 7E 680 °C 1%
15 80 h J& & & FLRR AL 4 5 BURE K 2 3 4 1 43 A
MAE 750 CORIRE 40 h J5-& 4 dn ik tb P ) 5 IR K
M43 B A3 A o 3 R g il P AR T, sk P e o A
BE, BMUmEEAIE L, TR ERARSE
WK RBE, FrUATERET) TT A2 5t R R T M
KIS0 o Ao 24U BB I, 10 ek R R 3
K, BRAYIEZEE I BUE, HKREER D, ArPATE
L Y B ) P e R AR R KT 2 5 4 AR S

S /N1 Y- 3 2 Bk A A R DA 2R ik ot S IX 3 8L
BELAS B ) B i R ar i i e s 38wl DL 5| e R 8w i
L H)— & MAE R, B2 5 A 4 0PN ) B T 24 6
AU TT AF H M 2 — Rl A EEH TT &
PG S AR (), A 690 B 4 AR AL M B4
NS A . KHELEE 2b FIIE 9b %14 1090 C/5
min+715 °C/10 h #Ab 2 j5 (1) 1H 72 GHE90 & & & 5 1
Ak Inconel 690 J it B ALk, i A0 B 5 A0 /)N ok R
B FEIR S A T 5
3.3 EMRI 690 EEE R Cr XIRWFFMEXTLL

AATE X Inconel600 & 4 HIBF 7R . A7
Cr J& Inconel 600 & 4 A& A & 18] % 77 J& ok 7 24 R A
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JREH, SR TT AR Cr W 2 A U iX — ) 3t
3 B 7R, 1E 690 A &b th AP AR B AL 3T Cr i —
WAL, RFEM TT A T 24 S5 690 &4 5 A in
PRSI Cr R EE Ao B 12 W [E = GHE90 & 4%
£ 715 CTT Kb BEAS [F] i 8] B f B2 [ 22 Cr X 8 AL FRAE
AR M A o X KON AE 715 °C/5 h TT AbF 5 76 & 7
AETE R T /N MosCo BUBRALA, THFE T & B
Cro [AIIF, Hi T F AL BRI (R B0RT, 328 25 4h 51 Cr ok AS
FA BB S, R ATE R T AR EE AR KM Cr
FIBARIRERMRAITE Cr X 24 TT ALHER A ZE K & 10
15 h JE, BT ORI IR R 8 K ST B S Cr
]y FRPR I “IRIE 7, B T A AT Cr (B ARIR B
ARSIk 2% 1 9% Cr X HIfb 2B E o

XL N 4h 690 & & T Cr XRFAE AT %01, [ P9 4k
690 & & E VI EAFFR ML Cr X, HE K EL
4 150 nm. [E 7 GH690 &4 4 715 “C/10 h 1 15 h
B TT AP 535 Cr X AL RRE 5 [E 48 Inconel 690 i it
Bk, H Cr &K E & T E 4k Inconel 690 A% i
o AR IPARRFETT 4 T 25 E 7 GH690 &4
i TR o AR S DL R E N A 690 A 4 At/
SRS L, BIE " GHE90 & & TT
WHETZESH0N: 715 "C/10~15 h. Z AP G E
GH690 & & & I WA ZIRTT Cr X S ALFRE B2 [H
&b Inconel 690 E i, H Cr MIHARMKE & T [E 4
Inconel 690 F 4 .

I 6} E AL Inconel 690 J 5 1Y 4 24T R AL,
HERt WA E P GHE90 & 48 4L 4 k47 1
T, g T RFA A T 2444 F E ™ GH690 & 4%
(R AR A FR A o (RIS — 2 ok B . A A ASE Cr
DX [ 40 SURRAE R AT 56 b, 81T % B 75 GH690 4 4 it
AR AL T 2004

4 & B

1) E 4 Inconel 690 R it dtki 7 AN 2], F
B dioRi RSF 202 23 pm, H R EAE 7~10 2711 8 kL2
B S B RN SR AT BAFLE
BEZ KRS TIN Biki. &S IEAA7E % %) 200 nm
%% Cr X,

2) " GH690 & & E MBI ST, A
B P E, SRR, KRG EE N 265
kd/mol. 4 [ v 3R FE et 1100 “C R, Ak K K T n Bl
S, [ ISR T I TR X R RS 1 R AR A

3) EH=GHE90 &AM LK T TT A2
JG . Em A ERAG) R AN A B AN TR
8\ R K 2= 2 S AR KT 23 i 4 My AIRES . TT &b

T 2% 4 680 C/10 ~20 h. 715 ‘C/10~20 h.
750 “C/5~15 h I, L &h FE B A ) S 40 /N 4L 4y A o

4) [Er” GH690 & 4 4 1090~1110 ‘C/5 min [&H ¥
Qb P J Y357 R R ST B i b 5 43 A1 55 B 4b Inconel 690
O ERER . 4 715 C/10 h B8 15 h i) TT 43 )5,
7= GH690 & 48 il SR L YT 30 e 22 Cr X AL FRE S
4 Inconel 690 & ih i #2ia, (HH TiN Bk R~F. %
BEWHEANF. DFEE, BREMK CrikERTEH,
A B T4 v G IR A5 1k BE R 1) o
7* GH690 & 4 B M S A 40 2341 T [E 41 Inconel 690 K&
A o

5) ZiErtt ELE PY4h 690 4 48 AL SURRAE , I3
SR AR 7R A R AR [ R, S GHB90 A 4 B Hvit
AL AL T 254 1090~1110 °C/5 min+715 “C/10~15 h.
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Optimization on Heat Treatment Processes of GH690 Tubes

Yuan Xiaofei', Wang Meiling', Ding Xianfei!, Zheng Yunrong®, Feng Qiang"?
(1. National Center for Materials Service Safety, University of Science and Technology Beijing, Beijing 100083, China)
(2. State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: The solution treatment and thermal treatment (TT) processes of GH690 tube made in China were investigated with different
processing parameters including temperature and time. The microstructural features, consisting of the grain size, carbide morphology
along grain boundary and chromium-depleted zone of the investigated GH690 tube, were characterized through OM, SEM and TEM and
evaluated based on Inconel 690 commercial tube. The results indicate that the proportion of large grains in the investigated GH690 tube
increases gradually with increasing the solution temperature. The activation energy of grain growth is 265 kJ/mol. The influence of time
on grain size becomes significant once the solution treatment is above 1100 <C. Thermal treatment processes for promoting the formation
of fine semi-continuous carbides along grain boundaries are 680 <C/10~20 h, 715 <C/10~20 h and 750 <C/5~15 h. Similar microstructural
features, including grain size, carbide morphology along grain boundaries and chromium depletion profile, are observed in both the
investigated GH690 tube and the Inconel 690 commercial tube after solution treatment at 1090~1110 <C for 5 min followed by thermal
treatment at 715 <C for 10 h or 15 h. Nonetheless, the size and density of TiN are lower and the minimum chromium content is higher in
the investigated GH690 tube than those in the Inconel 690 commercial tube. Overall, microstructural features in GH690 tube made in
China are superior to those in Inconel 690 commercial tube. The optimized heat treatment process is suggested based on microstructure
analyses as well as the consideration of economic cost in production.

Key words: GH690 tube; Inconel 690 alloy; heat treatment; microstructure; chromium-depleted zone
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