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KW TEBEE T PRl K4169 & & HAbFE T 2828, 1%
2 — . % EB 4y 45 i K4169 £ 4 %% #E 4T HIP (1170 C/
130 MPa/4 h) Zb3E, 474 2, FEEAT 35 51405 [ 1 ) 3%
AEHE 1% T2 BR AR RE AR IC A N R 2R 0 & &0 i AT
PSR, FEBEAT T b HIP AL B, 5% i 32547 1 9 A 25kt
B, % T2 B 2R PR S AR D O N2 FE . R B BB
HB/Z 140-2004 ¥ 52 ) K4169 & & bR AL B T 8, B4
SI(1095 “C LRI 1~2 h J5 23 ¥ + [ (955 ‘CARIE 1 h
Ja 2D H IR (720 CHRE 8 h)E , BRIEEE 56 'C/h &
620 C, fRiE 8 h G 25¥8) . [AIR il & T AR E AL B (SHT)
FE S AE ST B
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T EYIEL0.3 mm JE K38 A, 48 320#.800# SiC b 4K
MU EE %2 50 pm JE, P30 I 85 -9 4 R ) % 3 A
wi» A FEI Tecnai F30 3% 4 B 8L X & & WA 2T %R
fiE o K Channel 5 # 4 %F H 715 B A7 9 Celectron
back-scattered diffraction, EBSD) $ 15 [1) i F4 B 7] Z= 36 4T
AT, 4% 1) R B B IR ZE (local average misorientation,
LAM) . K H UTMS5105 -1 /5 GE IR I8 LT AN [F] # 4k
PRA 40 AT 2005 700 CHrina , 3 4RIt 3

N
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R, FERH CTMS04-A1 HUbk R i 35 A5 2R B WLk AT
650 “C/620 MPa 7 A S2i , FFLHAE 5 & HE4T 3 Rk .

3 ZREHMH
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K 1A% S K169 A & B . K 1afiR, 5%
A K4169 & B A7 75 W] 0 B s AL 21, B TR B H R 2= Bk
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S 5RE EE Y. B 1b N EIR Laves #H , Laves #H & il 7
TEREEIR 00, Laves #HSEMIR 1) 6 A6 [F A & Nb AHT &
= AN[A], Laves #HH Nb & B8, 4998 24.2% . 5K 6 HHA
11.5%. K4169 & 4 F Z5g A AR 0 VU 75 DO, 4514 1
y R, B 1c AR 1d D y"# (Ni,Nb) () TEM B 37 & 5 %
X HFATH B, & T 0y 2R B ECR  SF R N
68.04 nm , fH FL.3E L7 A , "4 5 He A4 AH LA, A0 E 1)
BL[A) 5% £ < [100]y"/[100]y F1(001)y"//(001)y, BTV 4 25
) y"FH7E 650 “C LA b G A MRS B O M L K4169 & 5 i
FR AR T 650 C.

K2 9 K4169 A 4 F b 3 [a] 25 1 SEM B v o 7E
HIP R, BRAITE S PG 25T LA I (B 22) o

(200)

10 1/nm

1 K4169 %1 L4141 SEM 15 TEM [if i
Fig.1 SEM images of K4169 casting microstructure (a); SEM image of Laves phase (b); TEM image (c¢) and SAED pattern (d) of " phase
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PRFR B8N, Nb oo 208 1 25 47 5 A7 454 B, HIP 1)
el e R R B A 4 A W AR SRR AL S L
Eghn PR AR 2 AP, AL A TR I A S ND
JLEP B PR TE , HIP 5 & 7 Nb o IR B3, 0
TE I B0 72 T b A AL A K . HIP JE AT 38 504k
AbFEA BT Nb JC & 85, > T B B O AR BB
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04k B Y5 /> Nb JG 3 7E i 4 10 & 4, @ Ak JLF- J6 6 48
Hritie

AR A EIRAS K4169 A 4 1) p "t A FH AT 52 5 IR
JFAH B2 EHES , HIP A BE A N1 CE 3a,) N2 (& 3b) F
atn y"AERSE A T3 I, NEE 5 5 N2 RE G 1 A K il 43
B8 70.71 5 106.76 nm , 55 SHT P& 3¢,) F i AH L 4373 186
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B2 K4169 &4 HAKbFE A H] 25 B 1A 41 SEM ] A

Fig.2 SEM images of intermediate microstructure of K4169 alloy after heat treatments: (a) HIP sample, (b) homogenization+HIP sample,

(c) HIP+homogenization sample, and (d) EDS element mappings of homogenized sample
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,B\verage grain size 2 Average grain size Average grain sizé,/
266.75 pm 235.14 pm ! 4 24639 um  #

Avetage.size of p” * a,.| Average sizeof y%
(70.7111.45) nm (106.76£2.16) nm %
’ 1 ’
/ 3

s

500 nm, y 500 nm 2 3 . ; 500.nm,

B3 AFAAEEL S KA169 & 58 1t i -5 y i SEM I
Fig.3 SEM images of corrosion grain boundary and y" phase of K4169 alloy after different heat treatments: (a,) N1 grain boundary, (b,) N2 grain
boundary, (c,) SHT grain boundary, (a,) y” phase of N1 sample, (b,) " phase of N2 sample, and (c,) y" phase of SHT sample

T SHT ¥ (20.31%) o 7EBS 24 B B, Nb It % =1 i 1 Fl N 917 MPa, Fii 4 58 /% A 1047 MPa, N1 £ & A% F SHT
FERTHETE y A ITEAZ IR BN J7, i BE e P T AE KA R T AR Prhi iR R = 1 8.8%, N2 FF i 1 J il i B2 5 i
YAHRI AL, IR T4 1R RES), NLUN2RESR A HIP SR B E 1 10.6% 5 11.6%. 5 SHT k£ 541 B, HIP
HALFE, TEE ARSIy HIR S T SHT RIS T 2R RE LA /T SN, 35 7 0 & 42 10 55 i Fr
Tt N2FE S FAAFAE R O, S AHTE VAP Bedfr (PR Re i 28 R 32 FHE A . &1 4b AN TR b 3 )5
HIHFEMAND LR, A Nb TR S BT T y"H K4169 & 41700 °C iyl hr 4 B8, N1TN2 FF 5 17 i

Mt 8D H T 8y A RS IR RE SRR R E T SHT RS . 76 HIP J5 #E4T39 5040
3.2 HIPXfK4169 &€& J1F 1 ERISZNT ABERINT FE S TE 700 C il N EE &R e RS E S
3.2.1 HIP 3t A4 5441k ik % vi bubzom B, HOE B 5E 5 bR 5 FE A A o 836 Al

K] 4 J9 R A # b B S K4169 &4 iR hi 8 5 700 °C 944 MPa, 1fif N2 £ fi 75 1% 050 B~ HAA B 0 8 14, F
RS e R . W 4a TR HIP R K4169 4% JRRE(HEN 12%.
PEE S, W75 S RIA F 35%. &R, A4 KI5 N K4169 & & = I bl . 3 b T2
Jei ARG B S U SR A KR T . SHT AR R ARG URE 1 = R B A I 11 19 52 B 8 1) 9 P DR R AR, T 1185

1560 [ Yield strength a 60 1200 Fyie}d strength b 20
[ Ultimate tensile strength Ultimate tensile strength
1200+ [ Elongation 150 __1Elongation
; 900 - 115
< X 5
[aW) o
% 900} g = E
5 S & 600} 10§
5 600} g 8 g
& o & )
300l 300} 15
0 0 0
HIP N1 N2 SHT HIP N1 N2 SHT

K4 REHIEFE S K4169 & i fih /)5 M ik
Fig.4 Tensile properties of K4169 alloy after different heat treatments: (a) room-temperature tensile test and (b) 700 °C high-temperature

tensile test
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Fig.5 Tensile fracture morphologies of K4169 alloy after different heat treatments at room temperature: (a) HIP, (b) N1, and (c) N2

M &) 5 5 R A M R, N S N2 RE S 9 8 R~ ¢
N R BN IR . BB IR TCHT A  (HAE) B BE
AT LBHRE B A A RO

6a -5 & 6b 43 7 N N1 N2 FF i 1 55 35 4 4 T 11401
B, == iR BT A AR B2 1) R 7 I A 1) /N, W
NTTEKEMCHRBA RS ER MR IR, &
& W R AR IB AR Y, 551 T 1 B AL VR B A 7
) 3 A o FH N it (AR T P L, FLFR™ e T iR 2
SR8 R FECT WA R AR A N2 FE S T LB
BNy FUBRH TR A ] B 1, 4 AL BRIE . 77 1)
P, BT BB 3R T AR FL S ) R & e, B 6c

100 pm:

N2 B SR T MC B, B EDS fg 3 B ] ILBR AL £
ZHH Nb. Mo Ti . C & 7o #= #4 i, FLBR I T A7 £ /D> & ALLO
TG . MC BUBRACIAE B IR T S AT B e Bl 5 A 4y
BRI, TR R R AT BUE K R 2K
322 HIPM&2HAMKE R

A HIP L 228 1) K4169 & 4 =15 5 sl hi
PEREAHIE , X & 4 (0 S0 S Ve RE AT SRR N BT L, Xt
N1.N2 5 SHT #f 5 i B FF & 650 “C/620 MPa [¥] /=1 il #F
AL, 3P K4169 & & il B A SR 45 ANk 1 s
N1 b 6 T 45 AR BECF , 57 A 75 i 4 205.88 h, N2
FE i i R A A R, 2029 36.87 h, 5 SHT £ i I #F

% Brbken MGk

Pl 6 K416 = il e 7 11148
Fig.6 Tensile fracture side sections of K4169 alloy at room temperature: (a) N1 sample, (b) N2 sample, (c) MC carbide and EDS element mappings
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Table 1 Durability (h) of K4169 alloy under different heat

treatment regimes

Group N1 N2 SHT
1 211.82 46.32 46.22
2 196.82 42.98 41.02
3 209.00 21.32 29.32
A FF4r(38.85 W AHIE .

Bl 7 A NT N2 BE SRR AW . @il 76 BT s , N1 Ik
AR T TR 1 DXL A7 7E B 55 00 AR 24 80, B Te BTz 1 2
DXCAAE b O AAAE KRB A2, 1) 8 IR A7 AE 6
BRAL PR, 2K A RN E AL R I 2. B 7d
Fros ) 3 X W 3 2 X 35, 320 G A 35 0~ W Tk a]
B SRR AR, B AR B R AR = HEWT N1 AR S A2
R S R, R RO AL A 1 DY R
Jig o N2AE il W 0350 A i Ui 22 B8 1D A T AR R
ik, B 7F B A N2 W 111 XCEERE oL i, A B AT
TERR IR SR T R L, B 7g Fras 2 X W E R,
L) 5 R K L T 2 S A7 AR K R A 0 AR
T AR R FE A R FL IR S B 7h A a8 A 40K B 7E i 1
T 2R T 2 THI -5 90 83 A A K S B e 1) SR B AL A
KL AR W S0 W T SRS D0, HEWT N2 R RS0
HIEEE2 X R ARM, 7 LA B, AT 1 X RAE
Mk T

P&l 8 T il Ak A 7 K 28 K4169 454 650 °C/620 MPa
PR 3 BT 1 4b SEM 5 EBSD K. 114 8a 5 & 8b i
TN B ME A IR TN RS FR B A5, T T BRI kAR 2
SUBAETE R P IRERENIR 0 4, & FHA AT tH IR IR 6 FHAE B

JIMERR 55 B4k 7 B s LR, 75 — @ 2 554k
EIEEIE?,[ZG]O

T IR A A R R G A R Gt 2 A A A A R
RIS AT S WAL A . B 8 B 8E TR, RFE H 1)
MC BRI SR A5 R B Hr A i E1 2R AL R Ak
WEHELG , K SN AR 528, R R AR,
TRE AR T 22 8 T T J 55 0 i AL o 5% b W 11 40 8 1 1)
EBSD K5 LAM B v] W, , 76 &l i B ) 3R T, A E
BRI 5o ORI K &N AR, 4K
JE N T BT Y . Wang 25270 K4169 & 4 v T 4.1 7 24
BLI IR T3 B, K4169 &4 1E 650 C ISR R, 1l
FLAEH AN R I e AR, R A H Y
B BORFE R A N1FE G B dobL RS R T N2 FE i, i
FARFAR IR TE— B R A R T & & mii e A %
REFIHETE o

O M FIAT HH 55 B X6 KA 169 & 4 1) J1 2 MR L HoE &
WL B LS, Anderson 25PN I AN 7] [#] v I
FEE R TR] AR BRI 8 T AN [F] 6 AR 2 £ In718 & S i,
12 TR, & 18] 0 A kA 32 & T A 4 R
PSR [ Ak 3 R S S AR AT RS S ND R
BB BTEREAE R, Bk o AR BT H TR S Y ND
TLE S, A ATy sEAGAH R AT S5 KK s AT
H X3 R LA TE XY, Rielli 250U 90 2K TR IR S2 06 R
BR, TG "X R B AT I B AR 2R AR T 20%. A
BT o PN 5B AR L, o SRR (1 R K 4 0 AR 1
(R T B0 g B L, £ HIP JR kAT 33 I b BT B 75 4
WIBICER 5150 A, O METE L B BUSE Ty M AT S Y A
T bR E I ND JT R IR d SR ATy A AT B6
AHS R IR BR T R R E S, R RS AR R 5

K7 K4169 7 & mii 7 Al
Fig.7 High-temperature rupture fracture morphologies of K4169 alloy: (a—d) N1 sample and (e—h) N2 sample
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P8 K4169 54w ik Kp AT 78 T SEM 55 EBSD |
Fig.8 SEM and EBSD images of high-temperature rupture fracture side section of K4169 alloy: (a, ¢, d, ¢) N1 sample and (b, f, g, h) N2 sample
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N 0.57%. X EJE il 75 HIP i 2 H Nb G &R I i
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S HATE i A% KK, 78 HIP J5 NN 39 S 4k A 384 ) T
Nb JGE S A3 5140, Jdb o FIAT HE 380y 40 5 Lt

3)YHIP T2 AT $2 T+& 4 28 -5 il ) o A
% . N1 BE 5 7E 650 C/620 MPa ¥4 15 T 45 A % fr A
205.88 h, N2 # i I HF A A9 36.87 he  HI T RFAREL
WA T, S T I S AHTE il s N B R 78
FHAETE AR FLT5 A it LR, B AK & S RE A PERE

SE Bk
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Effect of Hot Isostatic Pressing and Heat Treatment on Microstructure and Properties of
K4169 Superalloy

Yang Jingyu', Su Jie', Tan Liming', Liu Feng', Li Qianyi', Yu Shiya’, Hao Xin’, Zhang Longfei’, Ma Xin’, Yi Chushan’,
Liu Yong', Huang Lan'
(1. Powder Metallurgy Research Institute, Central South University, Changsha 410083, China)
(2. AECC South Industry Company Limited, Zhu’zhou 412002, China)

Abstract: The microstructure and properties of K4169 alloy after hot isostatic pressing (HIP), HIP+homogenizationtsolution aging (N1) and
homogenization+HIP+solution aging (N2) were investigated. Results show that after HIP, the Laves phase is transformed into carbides, and the
dendritic segregation and pore defects are eliminated. The y” strengthening phase sizes of N1 and N2 samples are 70.71 and 106.76 nm,
respectively. The N2 sample precipitates a large amount of ¢ phase due to the enrichment of element Nb at the grain boundary after HIP. The HIP
process improves the tensile properties of K4169 alloy at room temperature and 700 °C. The rupture life of N1 and N2 samples at 650 °C/620 MPa
is 205.88 and 36.87 h, respectively. In the tensile test, the carbide is broken into micropores due to stress concentration, and the cracks are initiated
and propagated from the micropores. In the creep rupture test, the crack is propagated along the grain boundary, and the precipitated o phase is
separated from the matrix under the action of stress to produce micropores, thus weakening the grain boundary and reducing the creep rupture
property of the alloy.

Key words: K4169 alloy; hot isostatic pressing; heat treatment; mechanical properties; grain boundary; ¢ phase
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