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Effect of a Thermally Controlled Solidification Process on the Solidification
Microstructure and Mechanical Properties of Thin Wall
Castings with Variable Sections
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Abstract: Advanced aeroengines and other high-temperature alloy components are constantly evolving towards more
complex structures and thin-walled lightweight designs, potentially resulting in issues such as challenging casting,
non-uniform microstructures, and solidification defects. These issues pose new challenges for precision casting techniques
and process control in the manufacturing of such castings. In this regard, the filling ability, shrinkage, microstructure and
mechanical properties of K4169 castings with thin walls and variable cross-sections were compared between conventional
casting and thermally controlled solidification methods. The results show that under conventional casting, the filling
percentage of the thin-walled part casting is only 26%, and porosity is found in the variable cross-section part. Thermally
controlled solidification at a pouring temperature of 1 360 ‘C can increase the filling percentage by 226%, significantly
reducing the shrinkage in the casting. A fine grain structure with an average grain size of 624 wm and secondary dendrite
spacing of 116 pwm is obtained during casting, where the amount of Laves phase is relatively small. Moreover, thermally
controlled solidification at a low pouring temperature effectively achieves refinement of the solidification microstructure and
defect control, the tensile strength of the alloy increases by 7%, and the elongation increases from 6% to 8% at 700 C.
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Tab.1 Parameters of the main process

Pouring Shuttering preheating ~ Withdrawal
Process
temperature/ ‘C temperature/ ‘C rate/(pm-s™)
CcC 1 400 900 0
T1 1360 1260 400
T2 1360 1290 400
T3 1 400 1260 400
T4 1400 1290 400

Hirp  7E % # T2 (conventional casting, CC), %
Tt A58 MU PR BRI RO AR N =8, ]
RO BEE T2 E D R B 58 i 8 b B A o
LL 400 pm/s 1B ORI, FERL B 4R
Tk D) T B AR AR FRAE SR B IR . O T S AR
[f] T 200 W RE G A s AU B e, B TNl 1
IR AR AESS R A, b BE R A YR O 1 mm,

P L BE AR RN AE P (a) RSP 7R B (b) & DEiE R AR ZHERLIAY (o) #i7c
Fig.1 Thin wall casting with variable section:(a) schematic diagram, (b) three-dimensional model with casting system, (c) ceramic
mould
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Fig.2 Schematic diagram of the shape and size of the tensile
samples
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Tab.2 Thermophysical parameters of the materials used in
the simulation

. Density Thermal conductivity — Heat capacity
Material
/(kg-m?) /(W-m™-K") /(kJ-Kg'-K™"
K4169 1400 900 0
emery 1360 1260 400
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B 3 AR T4 R 1) 78 1A% L . () CC, (b) T1, (¢) T2, (d) T3, () T4
Fig.3 Filling situation of thin walls under different conditions: (a) CC, (b) T1, (c) T2, (d) T3, (e) T4
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(b1~b4) % [ 3 72 I EE [ 1220, (05) X GFERIRG 4 R, AR B 12
Fig.4 Solidification process and X-ray inspection results of castings under different conditions: (al~a4) solidification process, CC,
(a5) X-ray inspection results, CC, (b1~b4) solidification process, TCS, (b5) X-ray inspection results, TCS
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Fig.5 Percentage of porosity under different conditions, with . . P PN e g 40T
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Kl 6 A T2 T K4169 S G 4 %S4 (a) CC, (b) T1, (¢) T2, (d) T3, (¢) T4
Fig.6 Microstructures of the as-cast K4169 superalloy under different processes: (a) CC, (b) T1, (¢) T2, (d) T3, (e) T4
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24 #HEFER
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Fig.7 Morphologies of the dendritic structure and cooling rate under different conditions: (a) CC, (b) T1, (c) T2, (d) T3, (e) T4
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Fig.8 SDAS of the dendritic structure and cooling rate under
different conditions

186 wm, A EL T8 ML 2 AR BEIE T2 A9 Ik
A T BB R o AR — TS it ) B 5 v 0 3 AR ) 5
Z 1 AT DU ReX — B4

d=B(G-R) 3)

A dy I TRERE I wm A A E Y
BRI AAEN BN HEEGC IR K-m™;R
HEEE R mes; G R R EIHER K-s', AR EE
B T2T B R R AR S IR BRI T A &
HoR, NE S LIEH , ¥ TL CC T, 64
VSR 1.03 K/s, 7E SR BER T.25 T3 Al T4
T, A HE SRR E 0.468 F1 0.46 K/s, K I AL i 20
UL, T2 T AN T2 KA TR R,
R AL T 68 T R v T T WO A AR YA 20 R A
KZE 0.657 F10.651 K/s, HILA L+ T2 T3 fil T4,
TORALER PR N  FE T TR RS B
TREZMRRE, XFEERFAREEE T LTS
G IV H RS AR A I BV IR R A K HLTE R
RGBT e A% R, R B i £ BRI
TR AR R A, BN TR AR A K i
B, SRR RDIR & AR AR ORRIR A S e AR
A R T B FRL R AT A R A K s 1] D s
HA
2.5 JTEBIF Laves 18

B9 IR T 254 T %M1 T Z Wit EPMA
T 479 45 S DL Kot 2 A AT L EL i T (dendrite core, DC)
X 38 70 & 19 7 0 B LB A 8] (interdendrritic, D) X
HOTRE MR ) MG 45 R . 7 Mo Nb . Ti 7T &
(A TE A 45 SR e 8 X JT 3R A X 7E Cr Fe
JCEMEHSE R, 52 6 X 08 T R 5T X, 7] LA
F i, K4169 &4 Cr Fe JGE AL T 5 4 ,Nb
Mo \Ti JCFR WKL 0] & 5 . 20 A 52
Nb JC % 78 $ P B [ T 20 T3 o (4 M7 B2 3 228 b
T2 CC i R, YR R B % o e L B B, 4
FEEER T2 T1 MY o0 R AmATFE A Atz
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Fig.9 Segregation coefficients of alloying elements under
different conditions
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Tab.3 EDS analyses of the Laves phase in the K4169 alloy
(Mass fraction/%)

Al Ti Cr Fe Ni Nb Mo
0.09 6.92 1.23 0.83 2.83 85.62 2.48
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B 10 RIE T 24T K4169 &4 419 Laves AHFE S : (a) CC, (b) T1, (c) T2, (d) T3, (e) T4
Fig.10 Laves phase of K4169 under different conditions: (a) CC, (b) T1, (c) T2, (d) T3, (e) T4
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K4169 ik A AR T L4 T 700 Chi
kR an 2 4 fE 11 fin, ML FHERTZ CC,
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Tab.4 Strength and elongation of K4169 under different

conditions
Process UTS/MPa YS/MPa EL/%
CC 663 571 6
Tl 746 624 8
T3 546 468 4

B 11 AR 250N K4169 & il A 4 1 TR N ) - A%
th £k
Fig.11 Engineering stress-strain curves of K4169 under different
conditions
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Fig.12 Microstructure after heat treatment and fracture surface of the alloys under different process conditions: (al~a3) microstructure
after heat treatment, (b1~b3) longitudinal fracture surfaces, (c1~c3) cross-section fracture surfaces
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