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Fig. 2 FEM geometrical models of representative zone in specimen corresponding to different microstructures and loading
directions: (a,) Material 1, »,=0°; (a,) Material 2, »,=0°; (a,) Material 3, »,=0°; (b,) Material 4, »,=0°; (b,) Material 5, r,=0°;
(b;) Material 6, ,=0°; (c,) Material 2, r,=0°; (c,) Material 2, r,=45°; (c,) Material 2, »,=90°; (d,) Material 3, r,=0°;
(d,) Material 3, r,=45°; (d,) Material 3, »,=90°; (e,) Material 5, r,=0°; (e,) Material 5, r,=45°; (e,) Material 5, r,=90°;
(f,) Material 6, ,=0°; (f,) Material 6, ,=45°; (f;) Material 6, ,=90°
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Fig. 3 Local meshes in right bottom of representative zone corresponding to microstructure of material 6: (a) »,=0°; (b) r,=

45°; (c) r,=90°



3034 T A e E SR

2022 410 A

Sowmame 9

4 REEEEA S P ARR AL T TEMAZPT
Fig. 4 TEM image of Ni-base

precipitation phase coarsening’®”’

superalloy after

PRRHJE RS 107 0.94 %, = AHADREZ B0t B i) B
77— R i 2 BB A S5 R A 5 (o) e 3 T
o FR R S 3 S5 A4 R} 73 (Homogenized zone, HZ),
e RN 79 HUARL 2 970 i R R e A 22 1) ) 7R A v )

o
(a) O'YO+H8§
Oy |———— |
| | (0,0 +Hel)1-D)
I I
Eef | |
{ |
|
.
| |
| | .

5 BB A 1) ) 0 A TR g — A

(Law of mixtures)™ *3K45, AHN.T-PiFk o BUE 135
AR R BE A TR 1. 3ok, B R
SLEERE e SO IRAR SRR R o

2 RMERE SR

AR 55 171 P SLIN A PR T T e 4L
AT E T, I E B A FRE AT AN
JEARMRFAIE . ESEPRER S IR, ARSI I N
BRFARE 107 s B Y, BETASCR A RIAHER
RV R AR FRIBGRE, LSRG 8], B E AL
RIUE E AR =R 0 L 1), X AR AR
Ak, BARRBIEN 107 s AEE AT AL AR 2
N, BRI BE AT L KA 18], SREORIEEL
(E R G R A B2,

21 FYNRH-IsehLk
FERTAN A R A A 1 (4 ER A R ke, AN
s Sk b S T 8 14 S5 280N~ o7 4% B 2 P 6 T

1200

1000 .~

[o.0]
(=3
(=}
T
T
\
\
\

Effective stress/MPa
()}
()
[

— — Yield stress: 800 MPa
—--Yield stress: 1000 MPa
0 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6
Engineering strain

Fig. 5 Stress—strain curves in isotropic elasto-plastic model combined with material damage: (a) Sketch of theoretical stress

—strain curve; (b) Numerical stress—strain curves corresponding to different phases

F1 B ERSEA RS R S5

Table 1 Mechanical parameters for different phases in Ni-base superalloy

5 O/(MN*-
Phase pl(kg'm™) E/GPa v o,/MPa H/MPa el )
m

Matrix 8900 200 0.32 800 50 1.2 2
Precipitate 8900 200 0.32 1000 50 1.2
Interface layer 8900 200 0.32 750 50 1.2

. 860 (p=30%)
Homogenized zone 8900 200 0.32 50 1.2 2

920 (p=60%)
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Plastic deformation bands in Ni-base superalloy during deformation process: (a) FEM simulation result,

deformation band (Material 3, s=1200 nm); (b) TEM image of intersections of plastic deformation bands!"*); (c) TEM image

of piling up of dislocations around precipitate particles!'”
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Fig. 13 Deformation process of material 4 and corresponding distributions of effective plastic strain in Vickers hardness test
at loading direction of 7,=0°: (a) 660 nm; (b) 1620 nm; (c) 3180 nm; (d) 3630+(-990) nm (i.e., indenter moving backwards
990 nm after pressing into depth of 3630 nm)
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Fig. 14 Deformation process of material 6 and corresponding distributions of effective plastic strain in the Vickers hardness
test at loading direction of »,=0°: (a) 660 nm; (b) 1620 nm; (c) 3180 nm; (d) 3630+ (-990) nm (i.e., indenter moving
backwards 990 nm after pressing into depth of 3630 nm)

0




3265 10

sk, 5. RE SRS S VTR Z G FIBERE R AL L& 17 R YRR 3041

Plastic strain

0

Plastic strain

1.321%10° 8.378X 107
1.18910° l 7454o><10":l
1.057%10° 6.703X 107" _
9.249X107" _ 5.865X107 _
7.928 X107 _ 5.027X%107!
6.607X 107! 4.189% 107"
5.285X10™ ] 3351X107"
3.964 %107 2.513% 107
2.643 X107 1.676X107"
1321107 8.378%107?

0

15 7E r,=0°4E FORE £ 12050 7 s Sk FR IR FBE s=3660 nm B A [ A4 AR5 A8 of I P 28 1 7 A% 73 AT

Fig. 15 Effective plastic strain distributions in different microstructures at indenter displacement of s=3660 nm in Vickers

hardness test at loading direction of 7,=0°: (a) Material 3; (b) Material 4
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Fig. 16 Deformation process of material 3 and corresponding distributions of effective plastic strain in vickers hardness test
at different loading directions: (a,) ,=0°, s=720 nm; (a,) 7,=0°, s=1800 nm; (a,) »,=0°, s=3630+(-990) nm; (b,) r,=45°, s=720
nm; (b,) 7,=45°, s=1800 nm; (b,) r,=45°, s=3630+(-990) nm; (c,) ,=90°, =720 nm; (c,) ,=90°, s=1800 nm; (c,) ,=90°, 5=
3630+(=990) nm (i.e., indenter moving backwards 990 nm after pressing into depth of 3630 nm)
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Fig. 17 Deformation process of material 6 and corresponding distributions of effective plastic strain in Vickers hardness test
at different loading directions: (a,) 7,=0°, s=720 nm; (a,) »,=0°, s=1800 nm; (a,) »,=0°, s=3630+(-990) nm; (b,) r,=45°, s=720
nm; (b,) 7,=45°, s=1800 nm; (b,) r,=45°, s=3630+(-990) nm; (c,) 7,=90°, s=720 nm; (c,) »,=90°, s=1800 nm; (c;) »,=90°, s=
3630+(=990) nm (i.e., indenter moving backwards 990 nm after pressing into depth of 3630 nm)
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Degradation and anisotropy characteristics of hardness in
Ni-base superalloys after precipitation phase coarsening

ZHANG Shun-yong'-?, LI Ji-cheng"?

(1. Institute of Systems Engineering, China Academy of Engineering Physics, Mianyang 621999, China;
2. Shock and Vibration of Engineering Materials and Structures Key Laboratory of Sichuan Province,

Southwest University of Science and Technology, Mianyang 621999, China)

Abstract: Ni-base superalloys were widely used in the manufacture of the hot-end components in the military and
civil engineering. Coarsening of the precipitation phase usually occurs during the service of this kind of precipitate
strengthened alloys, and it will induce degradation for their mechanical properties. By integrating with related
finite element method (FEM) simulations and mechanism analysis, the present paper focuses on the effect of
precipitation phase coarsening on the hardness of Ni-base superalloys, in which the relationship between the
evolution of microstructure in the material and its macroscopic mechanical properties was analyzed in detail. After
coarsening of the precipitation phase, the results demonstrate that considerable degradation occurs for the hardness
of alloys, and the hardness also displays an anisotropic characteristic. In general, when the volume fraction or the
coarsening's degree of precipitation phase are relatively low, the hardness of alloys increases first and then
decreases gradually along with the increase of loading direction. Comparatively, in the case of high volume
fraction and high coarsening's degree of precipitation phase, the hardness increases monotonously with the loading
direction. The related variations of alloy hardness are correlated with the evolution of precipitation phase shape,
size and distribution within the alloy. The microstructural evolution changes the manners of the nucleation,
multiplication and movement of dislocations within the material, and it further leads to different macroscopic
hardness.

Key words: Ni-base superalloy; coarsening of precipitation phase; hardness; degradation; anisotropy
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