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I I 00T B 3 o R AR HLUIRAZ JS 25 000
50 000 h —Zg#7 it Jv, #K A RENE-NS 5 il &
&, R ImE 1.

M R EE ML A IR AE IR B R 1 5 A0 S
R WS O IR A il X, MRS AR IX .
AU MHMESL . B P AR I BORE AT AL 8,
[ W 87 N T 2% (leading edge) . J&% (trailing
edge). M7 (pressure side). M5 (suction side) 4
AT, WS A B PR B AR 0.4 mm B E, [#]
1 g BURE R A S R R s

WA . k. WTE. fosE,
H,S0,:HNO;:HCL=5:3:90 (/AR Wl AEAT I %12
o 3~5 s, Won oy MIEfAMEE. TCP M FH
H3PO,:HNO;:H,SO0,=3:10:12 (MR LG )i 0 3247 HiL 1 )65
o 3~6's, Ry AN Ky, HHEh 5V

AU L ] OLYMPUS GX51 B 4 A1 W s A
Nava Nano SEM450 %437 & S 14 d 85, A FH Ik 1
(secondary electron, SE) ARALNHEAT y4H. Fik
TR IR pHTESIEE . WX 2~4 7O AT B
SEM G K e R AL p AR 1 RSF sy JE A58 B
R ECHE . AR A S MEAARITTE, AR #
FLRACHC TCP AH, M4l (PRRLLE) S HCL:
CH;0H:C;Hs(OH)5=5:105:5, HLZZ 4 0.1 A-em™,
RN}y 1~2 h, ZEBGREEAN-15~0 C; A
B B H A S i i s, & E % H A
BRSSP s 4T EDS o Hr. 1
DSADVANCE & X I S A1 S A (XRDD HEAT YIAH 437
BRI Py a5 85 g S A4 RS A, (] QNESS Q10A+

%1 RENE-N5 8&UWEHS
Table 1 Nominal composition of RENE-NS5 alloy (/%)
C Al Mo Cr Co Hf Ta W Re Ni
04 58 15 7.1 7.8 03 6.1 51 3.0 Bal

Trailing edge Suction side

Leading edge

Pressure side

BT B AR B 0 2 AN R 5 4

Fig.1 Position of the metallographic sample and blade structure

G (450 ST 0 A A K 3 G 4T
PORERE IR, TE N BAE 0 500 g

2 FHRES

2.1 MHHEM

T By 2 i Wb T8 e B 2R T AR Ak I
kA% 25 000 h ks, SR S R0, )RR
FIfh. k4% 50 000 h ity oe ke, Ko ok (0, #E
Sk RRIE . RIERR I (00 B A a4 i s
Ji BRI R, X A iR e it 4%
P J 800~1000 °C, i 2a. 2b.

2.2 yHEAYFEL
22.1 ot H B @R E AL pAHAAT A

BRAE i A A T AT F B AR AT S 4
b, o AH N B EE R A S P s o E R AGA,
HAT W B R e U B3 NSk R B rp g
B y MR . K 3a ta] LR B SLA B ) 9 'AH
B S R B A AT AR AR b,y RS A
SRS p AL TP AR o G rp AT 5 0 AH Y
RAEANFTE X AR, 25 A5 A E o AH I A,
FHAR pAHBURE R A, BB TR o, Hofth
fr B AR 5, WK 3b. 3c. BIGMBSAE y'AHE
PRRBETER, p IR T Y. Ly H AR AR,
BUNT ARk b s BEARSE REE— PO, A B
W, il 3d. 3e.

SRS AT EARLE, w5 S ARy A RS A,
RAENFREE R . HIALAT 3808 Ostwald! 3k
AEHREI, B AE — e B R B T IR], R RS A
AR N ADNRSE iR, DURICR Snee. b
HRZ G e EY BOR S, ARG, TR
PHUE ARG, p A KB RS AH SRR
PO AL Ti 2 "M 3 B oG 2B ) R AT

K2 s
Fig.2 Appearance of the blades served for 25 000 h (a) and
50 000 h (b)
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Fig.3 y'-phase morphologies of blade served for 25 000 h: (a) tenon, (b) pressure side, (c) suction side, (d) leading edge, and (e) trailing edge

B, BN ST p A, KRS y K.

FAE LSW R AL FR 81100, 3% T B & AR Ok 50 o AR R
s FIORL RS R 7. 5 2235 A2 IF R) Ry Ze vk D7 2, HL 3Rk
EWoR

r—r =Kt D
A, ¢ MR, e Ay AR IRA IS (8] ¢ 15 B~ 25
JF, MW y, e ML Z 2, XAy,
(a1 X a2, ar~ ay 20 B ETE KA R4, 7o
HAERBERTT 2. K o SRBGERE . TR H
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W BT TR IRAR IS R 2R B DA O

A — -y BRI AN [R50, p RS AN ATk
FRGAE y R R S ) KTk is . mgikh. &
WA AH ] IR AR IS 18], AR il S R A4k 4 2345405 1) 5%
Wi Sk, TSR R Sk A B IR AU R S v, AHRELAL ™
W, AR K.

222 R IRAZ AT 18] 64 p'ARRALAT A

%6 BUIRAS B 18] 4330 9 25 000+ 50 000 h Iy g i
G e 2 AL B, A AT IRASE IR TA) R A A 1R 5% i
M. B 4a Mgy y MBS TTTE, 1i4F
FERBAY ST TTTE y'AH . ] 4b Hp p AHI R AL B2 Rk L
LIS 13 /NS

YA NS LG4 0 32 A A, FERSE 258
TESE AL e T AR A R R MR . y M

B4 g o AN [ AT ) H B3R
Fig.4 Morphologies of y'-phase at pressure side with different
service time: (a) 25 000 h and (b) 50 000 h
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(T, gl e i o [l ok AR LY. T 224 IR A% 1 4k 45
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AR, 1E 2~4 TR EE A LdE 216
BAT 05, W 5. MAZ AL T p MR RO 1, 4388
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0. PRI R 58 m MBI LLAE I Ny FHAR R
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Table 2 y’-phase size and volume fraction of cross section
for blade

Service time/h Position Size/um  Volume fraction/%
Leading edge 0.93 65.9
Trailing edge 2.71 64.5
25000
Pressure side 0.69 66.7
Suction side 0.71 66.8
Leading edge 1.3 60.2
Trailing edge 3.05 57.2
50 000
Pressure side 0.74 62.6
Suction side 0.78 66.5
Tenon 0.67 71.8

; 'm7 ¥ z .‘

W\

v o Wl

v 4 B e
e ) ~

G s *

hnies
28 &

B sy B0 AR 0 Bt 5575 2 P 4

Fig.5 Method for calculating volume fraction of y'-phase

#H, HEAXWT:

V,=P,+P (2)
Kb, PO y ST 1T EL, P o RS s A B
B ARSI 3 M TSI R, P AR R
AN LR . WEL R 2.

H A T, S ATy AH AR ) B e ) A A
60%~68%2 1], H A7 R 2k 2 LA 40 ™ L X 3 A% T
60%. HHZETFE AT 5, pFHARTR 2 HOT B 5 R K
B K R AR A B AT,
AT BB AR A B (2, AR
T R R R AR, A Rl v
WA BB A 2 o R, bRl IR I P S A
SURAL W0 5B, Wik B it 2 &
HEAT T4 RL A3 0 8 1) DA
2.3 TR yHtEtTEITA

R i RS R, R 2 I LA A A 2]
BARAT Ay, B 6a S i R A A AT 2 I
Ry AT IS, B bRl DL B e TE IR
FANE I IR R, A AR R T ) B A E
Xof I S AR 0k p AEAT AL 6 v e T N A
TER 0% K y R RST B T G vk tn 3k 3 MIEk 4.

K 6b. 6¢ Jy 1100 CHR¥L 2 h J5, REUESA /A
AN A 7 G, BRI IE IR I BT
MG . G mi RA G B AN [R)7A E I 000 )y A AT
HAT A S R AR T K p T, Hix
S VG 118 N NP S S TR R SN
P 7 A8 Ry M, ik p R B A, Ak
WIE R RELR R, GEEimi s~ Rd
W, B RROGE (AL T §ELRI3EA T . BB
74 R T A TEAZE A, HIAA TP AR &
AR 1R I TR) VOGBS — Ik A, T AR
P TE AT H A1k p P Ty A G R
PHCE O y AT, ST A T T
=2,

2.4 FRIMEH (TCP) HHEITHITA

TCP AHJE myild & & 1 E A FHAH . XAk RE
HEEEmY, TCP M AL HIRE S, T HE1
Bl S5 A BRAA 1) d5 B A 510 B8 %, B A B0A 21 14~16,
SR ERAR AT . — B4 TCP AH, K KM B2 4
o L Ay A (R R A TR A

TEM TS RS MRA il X I T TCP AH,
HAEESAAER TR, WK 7 /& EZAH 2 AR
BUERIERR, SRR A BB e, 5 AR
KK DT 1) B 450, BNy <<110> 5 i) B FATE T H
o)A . TCP A RAF 43 A 4E 0.7~6.7 pm.
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Fig.6 Morphologies of secondary y’-phase before (a) and after thermal exposure experiment: (b) 1100 °C/2 h with air cooling

and (c) 1100 “C/2 h with furnace cooling

F3 BEAETEMIR y AKX

Table 3 Base channel width and secondary y’-phase size

Service time/h Position Width Size/pm
25 000 Press'ure s.ide 0.15 0.039
Suction side 0.17 0.094
Pressure side 0.17 0.057
50 000 . )
Suction side 0.16 0.059
F4 BEHHRER
Table 4 Results of simulated test
Test condition Cooling method Width Size/pm
Air cooling 0.25 0.027

1100 C/2h ;
Furnace cooling 0.11 -

7 TCP AL
Fig.7 Morphology of TCP-phase and element aggregation

XIZEEAH 2 (1) TCP AHHEAT EDS 34T, ZAHE &
W. Re MR ITCE, RS AR & XRD Y
ST HRINZAR A A, G 8.

LR R A S MK E WL Re. Tay Mo S5EN
G et R U R RE )] . 75 A & DB i B AR Kt
T, T 50 T T DS ], AT T X 3
W W, Re. Mo S5 i &0, K dh ] X 87

5 TCPHBMES
Table 5 Composition of TCP phase (w/%)

Ta Cr Co Mo W Re Ni
4.08 15.83 8.84 6.08 19.61 36.4 9.11

*- u phase ¥

20 40 60 80 100 120
20/(°)

Intensity/a.u.

K8 TCP A XRD Klif
Fig.8 XRD pattern of TCP phase

FERZI AlL HE SR e R, Wl 9. B
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AN, KT RUTC E I I SR IS AN R e A
BRI, EA SRR R, BT X
SEdTH TCP AH, )AL & (A XS AE Ji . [RlI) TCP AH7E
G R S B RAE T W R AR .y~ TCP+y 7,
SECTCP MYy (LX) R, W 7.

2.5 WEMRERURE

A TH- v s 48 T S T 4 P00 5 Kb AT R AR,

WAREE WAL 6. KINIRBLS, DA R R,
JIRAZ 25 000, 50 000 h I Jv B A7 BRI (HV) 435l
oA 3770 1 3530 MPa, RAHESLA B3I R BE T 10%51
15%. %A y AR/ 2,710 3.05 pm, ' HIAEF 2> %1
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Fig.9 Morphology of dendritic and element aggregation
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Table 6 Microhardness (HV) value of blade

Service time/h Position HV/MPa
Leading edge 4010
Trailing edge 3770
25 000
Pressure side 4270
Suction side 4200
Leading edge 4100
Trailing edge 3530
50 000 gece
Pressure side 4030
Suction side 4090
Tenon 4170

R 64.5% 57.2%. FLEL A AN p A CEESRAGHD
RANFIRBU S Bl T A0 RHG Jy 25 b e, oas KAl
WSy A A B RST 25 DA O o p A0 5 4k
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FRA RS HAERGE RS, pyHEBREKK, 5
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SRV EIOR e L S R NS 1= L TS G A= B )
JIN 6

L i B AR L R,y A R B A B A
AT 0 IE W 2 3h 2 B, DU B3 b 308 . Lk,
EEERRSTOA- T ERER (S E SN e AT TN O VA=) )]
#), DL msmAb R, preL, oA S 0 T B
5y RSE RBL B AT B AT H LA G
2.6 HABRGSESEEMERLNER

K mid RS, st AL Ry AR
RV BUT B, A AT B AT D R T
SR . A IE I AL SR A S n] S e R R
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TR A R R RS BB S
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10+ 11 AJEA, oA RS 38 QIR [) I 2 1 B, AR

—.—M%croha:dness,ZSOOOh 0
£ B0 TR I
S 4200 [T e I00R 3.0
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£ 3900} 3
k= 1.8%
<3750}
s 1.2
S 3600 ]

10.6

Leading Trailing Pressure Suction
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Position

K10 SRS y RIRTHIE &R

Fig.10 Relationship between microhardness and size of y’-phase
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Fig.11 Relationship between microhardness and volume fraction

of y’-phase
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Metallographic Structure Evolution and Hardness Performance Degradation Analysis
of Single Crystal Turbine Blades After Long-Term Service

Li Zhen'?, Liu Xinling', Chen Xing', Fang Mingliang'*, Wang Jian', Liu Changkui', Li Zhinong”
(1. AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China)
(2. Nanchang Hangkong University, Nanchang 330063, China)

Abstract: The high pressure turbine blades of gas turbines at the service time of 25 000 and 50 000 h were selected to evaluate the damage
of microstructure and the deterioration of mechanical properties after long-term service of single crystal turbine blades. The
metallographic structure quantitative analysis and microhardness test were conducted at the middle of the blade body. Then, the size of y’
phase, volume fraction of y’ phase, size of secondary y’ phase, width of y matrix channel and the Vickers hardness at different service time
and positions were measured. The results show that the coarsening degree of the size of ' phase is various at different positions in the
same leaf. Moreover, the y’ phase size at the leading edge and the trailing edge (at high temperature zone) is larger than that at the pressure
side and suction side. While the y’ phase volume fraction is slightly smaller than that of the other two places. It is interesting to notice that
the y' phase size of serviced 50 000 h blade is greater than that of the serviced 25 000 h blade at the same position. However, the volume
fraction displays the opposite law. Furthermore, the secondary y' phase precipitates in some positions; meanwhile the width of the base
channel significantly increases at the secondary y’ phase precipitation position. It is verified that the secondary y’ phase precipitation is
related to the high working temperature and the way of cooling by air cooling/furnace cooling experiment of 1100 °C/2 h. The TCP phase
precipitates in the abnormally high temperature region, which is rich in the elements of W and Re. After analysis, the phase is identified as
the u phase. The microhardness at each position decreases at different service time. The decrease of microhardness and the increase of the
size of y' phase demonstrate that there is a negative correlation between them. On the contrary, the microhardness decreases with the
decline of volume fraction, indicating that the microhardness is positively correlated with the volume fraction. Therefore, these results
suggest that the y’ phase size and volume fraction can be used as the evaluation parameters for evaluating the damage of the material.
However, when the harmful phase is precipitated or the material is in high stress, it is necessary to comprehensively consider the variation
of the y' phase parameter caused by the two factors, and the degradation of the material performance.
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