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Table 1 Chemical composition of FGH4097 alloy (wt%)

C Cr w Co Mo Al Ti Nb Hf B Zr Ce Mg Fe Mn Si P S (6] Ni
0.04 948 4.8 1559 4.02 487 1.66 217 024 0.08 0.02 0.020 0.03 0.011 022 0.0l 0.01 0.0l 0.04 56.68
a b
1200 °C for 240 min
o 0
[} S
: :
g T: 1000-1200 °C, ¢: 5-600 min weQ S
8, 5 ——MT1200 °C —— MT1150 °C
g T 850-950 °C, : 30-600 min Y —— MT1100°C —— MT1050 °C AC
& i) ——MT1000 °C —— MT950 °C
———MT900°C —— MT850 °C
Holding Time/min Holding Time/min
1 SER AL B T
Fig.1 Heat treatment process in experiments: (a) solid solution treatment and (b) intermittent cooling
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Fig.2 Morphology of y’ phase in HIP FGH4097 alloy
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Fig.3 Morphology of y’ phase of HIP FGH4097 alloy under different heating temperatures and holding time
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Fig.4 Dissolution profiles of y’ phase during solid solution treatment
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Table 2 Values of f,, f, and ¢, as a function of temperature

7°C /% f, f
850 52.26 5.48 45.46
900 53.02 5.03 45.15
950 48.60 9.04 38.73
1000 47.72 10.15 13.62
1050 44.44 12.84 12.66
1100 33.20 24.71 2.89
1150 15.11 42.83 241
1200 0.84 57.12 1.66

t,=-8.1027%10%+2.4781x10°T-2.8224x 10" T* 1)
+1.4237x10°7°-2.6785x10°T*
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F /N2 0.92 pm; B A R EE 1) T A AR 2 2O
1000 °C ] 48.75% Y& /N 2 1200 “C[£1 0.91%. HI 7] %0,
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Fig.5 Fitting curve of experimental values to predicted values of y’

phase area fraction



«2294 . WA EEMES TR 554 3%

Eiszily .

@lobtllary?

Globularg)2

6 HIP &5 FGH4097 & £ A RN FGREE T PRl 30 min &5 o T3
Fig.6 Morphologies of y' phase of HIP FGH4097 alloy held at different heating temperatures for 30 min: (a) 850 °C, (b) 900 °C, (c) 950 °C,
(d) 1000 °C, (e) 1050 °C, (f) 1100 °C, (g) 1150 °C, and (h) 1200 °C
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Fig.7 Morphologies of y" phase in HIP FGH4097 alloy at 1050 and 1150 °C with different holding time (a—h); variations of area fraction and size
of y" phase with time at 1050 °C (i) and 1150 °C (j)
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Ay R AR, S B MRPE RSN . 46 iz it
NFEM BUS RN [ R OO T . Bl LI T 1)
ARSLIEK , AL N I AL TR -FIE Y B B A, 24X
48 ALLTi JEF76 ' 4 AR SR B ik 2 S B AR, e
1050 “C I, 37 32 2l R AE ' AH IV ALTI R T~ o i,
TR 48 ALTi J5 T2 TERIAE y AW 3R, DR, 76 A% e I B
DT, W1AE p A R ~F- 2 RS 2 B 5 O di T [R) 7 3 v
B .
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8 N HIP & FGH4097 & & 7E A R 2 A #Vb B S
AH (1 TEM B8 R F0% f AL & . w1 8a. 8a, T » 1E
1100 C/30 min T, 1] DUYLEE 3| & LA (1) SRV AR p' 4
RSFH2.91 ums & P BISEIR VA /A8, RSE 1.63 pm,
KB y FHP I A > 2 b= R AR . B IR
FHim, 7E 1200 Cx30 min i, AT AL 2 5 FLAb SR A !
FHA RSB R RS 171 pmes @ IRAE !
FH SR 73 R RCER Y, ST 2 0.81 pm, y/ AH BT 1 67
FEI/N (E 8b8b)) « IX RN E INFGR E TR,y
AT B AR B, TE S AN RRE , A AL AE A 1 43
2L B HERR, T HERR S 1Y) v A BE AR O ALVTL R - PR
T BCHR A E A, T UL X Iy RE VA AR N, B 2 o Bk
JSTR/INE y M A RGP Re P2 AN %
ARy A8 IS p/y A ST 1) P 43 2R F /N ST B8 A TR
DA y R 0 73 B REER T IR ARy A o B 5 DR T B 1] 1)
40, £ 1200 “C/240 min B, fEAZHE FIVE R R, W14 ATk
Ay MR Ly A B A ALVTI R T I BU LR 58 20
fiR, 75 G PR TR 42 /D B Al = IRy MR R AR R RS
A (B 8¢ 8c,) o FH I I, bifi 2 5 5 11 T s 0 L B[]
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Later stage

K8 HIP 25 FGH4097 & &= £ A [ [ 1 S0 31 5 14y FH TE S5 TEM I R R AL il 1)
Fig.8 TEM images and dissolution mechanism diagrams of HIP FGH4097 alloy after different solid solution treatments
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AEF S, A0 C/min) 2 [F MT R did S 4b ' #H 1 7
o W 9a s, ££ MT 1200 ‘CIsF, ' AH 58 4 VAR, i 5t
EFEAR. TEMT 1150 CHY, 2D 5:(0.04%) WIAE y' A R BR
TEAE b FEA AT P RSF2908 0.21 pm, & ST 8 F B
RAE 9D . FEMT 1100 CH, B4 y A BRI AR R K 2%
AR ARG BRI 25 RSTH0, 3 71029 0.74% #11.08 pm,
mm AR R IR (B 9e) o B MT M 1050 °C [#
850 CH, WA= y FHITE ST SR K 264K, FL AR 4 FO
1.22% 390 %1 5.59%, P2 R A 1.26 pm #1115 2.36 pm
(E19d~9h) . FHULTT %1, B MT FEAK, 47142 o/ AH 14 THI FR

G3 BRI 35 RS 3 i 39 I, HAE MT 850~1050 ‘C Y, &
TR 2R . X PP G2 T W AR y A AR E AR
KPP 5l K. #E MT 1200 “C i, &t 5 A A7 48 55 B 5
fm I+ 2 EUIR (B 1020 o BB I 2 FRAIG, ALVT 5 il i
A7 RSB (038 T RO B, P S A i A 2R LR )
Ay R AR, FRVR IR BT SR 5 AR AR K, B R A
F FEUR R (E 10b) . A 412 il & FOE AL
Bl 10e BT ) o R i iy 5132 82 06 2 [B] 11 2 K
OO FI g S 4R M8 CO BT Gi v, WSR3 T LUE H, Bl
FHWIA Y KK, A M 18.59 pm (MT 1100 °C ) Jl /s &
6.81 um(MT 850 ‘C),4 M 1.61 um i1 % 2.79 um.

11 NA 441200 C/240 min [# %5 40 HE 5 , 44
(10 C/min) EANFE MT Fd: Ay FHETES . an & 11a fr
7N AE MT1200 °C I, 9K ZLIRTE =Ry FEAE Ak v I 48
I3, HIRAR B2 N 56.21%. % MT F#E] 1150 C
i, A B IRAE y A (200.06%) S ERIRAT HY , = 7y FHASHL,
FOH A B L R 54.12% (] 11b) » [ 3F MT £ A 3

9 HIP 4 FGH4097 £ /£ A ] i [ B i A o A (K 72 300
Fig.9 Morphologies of y’ phase at grain boundaries of HIP FGH4097 alloy at different intermediate temperatures: (a) 1200 °C, (b) 1150 °C,
(c) 1100 °C, (d) 1050 °C, (e) 1000 °C, (f) 950 °C, (g) 900 °C, and (h) 850 °C

/ GBs

Primary y’

10 HIP #& FGH4097 £ < (¥ 25 th it 7+ TEM BRI sl L) P
Fig.10 TEM image (a—b) and formation mechanism diagram (c) of bent grain boundaries of HIP FGH4097 alloy at the intermediate temperature

of 1200 °C (a) and 1100 °C (b)
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3 NEMT TE & A FIR KT HRIE
Table 3 Average wavelengths and average amplitudes of bent

grain boundaries at different intermediate temperatures

Intermediate .
Average wavelength/um  Average amplitude/pum
temperature/°C

1100 18.59 1.61
1050 16.56 1.72
1000 10.34 1.86
950 9.21 2.19
900 6.07 1.68
850 6.81 2.79

1100 °C W], A=y #H SR AR, TH AR 79 208 27.92%
TEAB AR YR y A 2 T AT A7 A6 3% B2 3 AT 1 = IR ' A1, LR
=Ry I IR, AR 73 BN 28.11% (B 1) . FEE iR
JE FR3E — 2B PR A, #E MT 1050 “C I, SR kA ' M T U6
FHAL , TR 20 B0 5 20 35.26%, 1M BRAR = 2%y M T
K E 11D, R BN =Ry FE R AR ' AH R4 T
Wif# . BEAG MT H 1050 “CBFAK 22 850 °C, IR A y' FHAS B
FH AL, T FR 2 BN 34.26% 180 B 51.47% (I 1le~
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Fig.11 Morphologies of intragranular y’ phase of HIP FGH4097 alloy at different intermediate temperatures: (a) 1200 °C, (b) 1150 °C, (c) 1100 °C,

(d) 1050 °C, () 1000 °C, () 950 °C, (g) 900 °C, and (h) 850 °C
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Fig.13 TEM images of y’ phase of HIP FGH4097 alloy at the intermediate temperature of 1100 °C
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Evolution Behavior of ' Phase in FGH4097 Alloy During Heat Treatment

Wang Qiang', Zhang Bing'?, Qu Zonghong’, Zhang Zengwen', Lai Yunjin’, Gao Huan',
Li Shaogiang’, Yang Ben', Wang Kuaishe'”
(1. College of Metallurgical Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China)
(2. National and Local Joint Engineering Research Center for Functional Materials Processing,
Xi’an University of Architecture and Technology, Xi’an 710055, China)
(3. Sino-Euro Materials Technologies of Xi’an Co., Ltd, Xi’an 710018, China)

Abstract: FGH4097 alloy was treated by the hot isostatic pressure (HIP) process. The dissolution and precipitation behavior of y’ phase in the
alloy during solid solution and cooling were studied by SEM and TEM. The results show that during the solid solution process, dislocations assist
the diffusion of Al and Ti atoms and promote the splitting and dissolution of y’ phase. The secondary y’ phase is preferentially dissolved by
splitting into fine y’ phase, and the primary y' phase is dissolved by splitting into smaller y’ phase through the y/y’ phase interface. Based on the
JMAK equation, a kinetic equation describing the dissolution of y’ phase was established. The linear fitting correlation coefficient R=0.9933 and
the average relative error value is 10.01%, which can predict the area fraction of y’ phase in the range of 850—1200 °C. During the cooling process,
under the action of dislocations, the primary y’ phase preferentially precipitates at the grain boundary and grows irregularly along the direction
perpendicular to the grain boundary, resulting in the formation of curved grain boundaries. The secondary y’ phase is precipitated in the crystal.
With the decrease in intermediate temperature (MT) from 1200 °C to 850 °C, the size of y’ phase precipitated in the crystal increases from 76 nm
to 521 nm, and the microhardness of the alloy decreases from 471.45 HV to 394.18 HV, indicating that the microhardness of the alloy decreases
with the increase in y’ phase size.
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