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#*1 FGH96 & &MLz
Table 1 Nominal composition of FGH96 alloy (Mass

fraction, %)

C Al Ti Cr Co Nb Mo W Ni

003 22 37 16 13 0.8 4 4  Bal

FI A [F) B 5 1 7K B8 D 008 UK AR FE 4T B8 R
Wi, BRI 3 AT VR AR PR . i T
#4 5 g CuClL+100 mL HCI+100 mL C,H;OH, J& 1
B[ 2~3 min; pAHE 7 33 mL H,0+33 mL
HNO;+33 mL CH;COOH+1 mL HF, J&{fifa A
25~35 s. 20 HIFIFH LEICA D4000 B! 2% B s Al
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Fig. 1

microstructure (IPF map); (d) EBSD microstructure (LM map)

Microstructures of as-annealed FGH96 alloy: (a) Optical microstructure; (b) SEM microstructure; (c) EBSD
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Fig. 2 Flow stress curves of FGH96 alloys compressed

under typical deformation conditions: (a) 1050 °C; (b) 15"
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Table 2 Values of Zener-Hollomon parameters for FGH96

alloys compressed under different deformation conditions

Temperature/‘C éls! zZ
0.001 1.26X10"
0.01 1.26X10'°
1020 -
0.1 1.26X 10
1 1.26X10"
0.001 4.88X10"
0.01 4.88%10"
1050 y
0.1 4.88X10
1 4.88%10"
0.001 1.98X10"
0.01 1.98X10"
1080 y
0.1 1.98X10
1 1.98x10"
0.001 1.11x10"
0.01 1.11X 10"
1110 6
0.1 1.11X 10
1 1.11x 10"
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B3 A Z 28 F AR FGHY6 & &) M4
Fig. 3 Microstructures of hot-deformed FGH96 alloys under different Z parameters: (a) Z=1.26 X10'%; (b) Z=1.98X10"";
(c) Z=4.88X10'°; (d) Z=1.26 X 10'%; () Z=4.88 X 10"%; (f) Z=1.98 X 10"%; (g) Z=4.88 X 10"*; (h) Z=1.98 X 10"
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Fig. 4 Microstructures of heat-treated FGH96 alloys under different Z parameters: (a) Z=1.26X10'%; (b) Z=1.98X10"";
(c) Z=4.88X10'°; (d) Z=1.26 X 10'%; (¢) Z=4.88 X 10"%; () Z=1.98 X 10"%; (g) Z=4.88 X 10'"*; (h) Z=1.98 X 10"
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Fig. 5 7 phase morphologies of hot-deformed FGH96 alloys under different Z parameters: (a) Z=1.26X10"; (b) Z=

1.26X10"; (c) Z=1.98 X 10"; (d) Z=1.98 X 10"
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Fig. 6 7' phase morphologies of heat-treated FGH96 alloys
under different Z parameters: (a) Z=1.26X10'%; (b) Z=
1.98X 10"
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B 7 A ZZH NI FGHI6 & 4 1 R i 2 &
Fig. 7 LM maps of hot-deformed FGH96 alloys under different Z parameters: (a) Z=1.26 X 10'%; (b) Z=1.26 X10'%; (c) Z=
1.98X10"; (d) Z=1.98 X 10"

(a) (b)

(d)

E 8 A Z ZHT UL HES FGHY6 & 4 15 bl K oK
Fig. 8 Abnormal grain growth of heat-treated FGH96 alloys under different Z parameters: (a) Z=1.26X10"; (b) Z=
4.88X10'; (c) Z=1.26 X10'%; (d) Z=4.88 X 10"; (¢) Z=1.98 X 10"
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Fig. 9 IPF and LM maps of zone 4 and zone B in Fig. 8(c) before and after heat treatment: (a) IPF map of zone 4 before
heat treatment; (b) LM map of zone 4 before heat treatment; (c) IPF map of zone 4 after heat treatment; (d) LM map of zone
A after heat treatment; (e) IPF map of zone B before heat treatment; (f) LM map of zone B before heat treatment; (g) IPF map

of zone B after heat treatment; (h) LM map of zone B after heat treatment
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o X b BRI 25 AN R A B AR 11 4 QR E R
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Fig. 10 Microhardnesses of FGH96 alloys under different
Z parameters before and after heat treatment (Z,=1.26 X 10]8,
2,=1.98%X10", Z;=4.88X 10", Z;=1.26 X 10", Z:=4.88 X 10",
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Zener-Hollomon(Z)Z#7E 1.11X10"~1.26 X 10" 2
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Effects of deformation parameters on microstructure and
properties of thermo-mechanical treatment for FGH96 alloy

HUANG Zheng-qin', WANG Yan™, LIU Min-xue’, TAN Gang®, YANG Lei*, QIAO Shi-chang', LI Hui-zhong*

(1. School of Aeronautics and Astronautics, Central South University, Changsha 410083, China;
2. State Key Laboratory For Powder Metallurgy, Central South University, Changsha 410083, China;
3. National Key Laboratory for Precision Hot Processing of Metals, Harbin Institute of Technology,
Harbin150001, China;

4. School of Materials and Engineering, Central South University, Changsha 410083, China)

Abstract: Isothermal compression experiments of FGH96 alloy were carried out on a Gleeble thermal simulator.
Flow stress data at the temperatures from 1020 ‘C to 1110 °‘C with strain rates from 0.001 s to 1 s~ were
obtained. The values of Zener-Hollomon (Z) parameters under different deformation conditions were calculated by
combining the regression analysis of constitutive equation. Typical Z parameter conditions were selected to
systematically investigate the effects of Z parameter on the microstructure and properties of FGH96 alloy during
thermo-mechanical treatment (hot compression deformation and heat treatment). The optimized parameters of hot
forging process for the alloy were proposed on the basis of experimental data. The results show that with the
decrease of Z parameter, both the degree of dynamic recrystallization (DRX) and the size of DRX grains for the
hot-deformed alloys gradually increase, and the deformed microstructure transforms from a mixed state to a fully
DRX state. The deformation energy storage and the evolution of y' phase under different Z parameters have
important effects on the grain structure of the heat-treated alloys. The secondary 9’ phases in the hot-deformed
alloys dissolve to different degrees at various Z parameters, and they undergo a process from obvious coarsening to
massive dissolution with decreasing Z parameter. Under the conditions of high and medium Z parameters, obvious
abnormal grain growth occurs at different positions of the cross sections of the heat-treated FGH96 alloy samples.
The abnormal grain growth behavior of the alloy is mainly related to the deformation conditions (Z parameter and
strain), the value and distribution of energy storage in the deformed microstructure and the dissolution behavior of
y" phase. An apparently decreasing tendency of Vickers hardness is shown in the hot-deformed alloys with
decreasing Z parameter, while the hardness values of the heat-treated alloys are kept in the range from 478 HV to
500 HV. Comprehensively considering the microstructure and properties of the FGH96 alloys during
thermo-mechanical treatment, the optimized forging process parameter is selected to be at the Z parameter of about
1.98X 10", i.e. under the deformation condition of 1080 “C and 0.01 s

Key words: FGH96 alloy; thermo-mechanical treatment; Z parameter; dynamic recrystallization; y’ phase
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