H54% AW wEERMIEIE Vol.54, No.4
20254 47 RARE METAL MATERIALS AND ENGINEERING Apr. 2025

https://doi.org/10.12442/j.issn.1002-185X.20230767

PERCAEARAFTFHERARNTHINATIRSRE

P, BREA, ROR, £ EH
RIS PR 5 B R B 5T 40530 5, WL 3RO 430074)

B E. NSRRGSR EOR T S AR RE AT Y, BURSR R ORI MRS L St . F TR
FERAGEM, HERI SR BRI, R LRI mhoc Ry o 2. e
PR RN FECR IR S R, BEASAGERIL R R A N RS TR K . B R ALS AR AR VIR S &R T ERA
SO S N R A B AT B SR R i, A R e S B AR Y A R R AR SR i T g e
OGU AR SCRR AT FEE S, B R0 AT 7 A I P B e TR 2 M e AT R MR RE I A B R SS R. BRAB ZHAN LR XS 14
e, FAERHE . ST, AALBEIER B T S RIS R e Be . VR TERE . PITUR ISR AL IS, DA
SRR PSS M OY < R EE 5 5 A BT, JRAE LR bR BT M R B A AR i T T 4 B T L R R T

H.
FEER: R ISR IR
FEESES: TQ174.75

PERE IR
SCERARIRAS: A

NEHS: 1002-185X(2025)04-1072-15

1 35l 5

EEFR K (hot isostatic pressing, HIP) IT 1§t il A& —
PRI GEAR, K KA ELE T B A B AL 2 3
R L rp, il B 25 IRE 900~2000 C A1 100~200 MPa [ /)
MIFLFEIVER T AR T ok R AP RECE AL, T 3RAS H
FrZAF ] & BORN, HIP T2 R 24 f2 K 1a fr
7N EFEEUE R AE R (BB 5REO B E W RIS
PR AR 2 PRI R . HIP B 177 i 2L d ki 4l
AN TP B0 BE e SRR R DRI T L A S AR AR 2 1 )
SVERE, B2 R TSR | R UR BN 70 S5 IR A A S
ZI 1) 1 e AT A A I O i 1P, i 5% [ Rolls-
Royce 2~ ] 511 B 5 K 5% H HIP J5 i i H 2 & 3
HUEK & 4 R4 HLHLIE (& 10)P), 3 [ Snecma A & T K& T
ISOPREC" ¥y AR Bk #4555 IR B, Wt i thi A0 UL w5y Tl 24 B
TREBITHHEESWERRET R (E le 1Y, &
PAiE I HIP T2 4% 1 &2 2« F A, il Inconel 625 in%e
F(E 1e) TC4 iR (E DM TCANLE (K 1g). &% T
BB AR AL 5], RN F1 268 5 R R BB A AR
2, RePRE e s, BLMPRER 2880 70% , S 36 [ Lk
55 W R S ] A A 2 A R B AR S i P 1R S A S v
T A o

s HEA: 2024-04-28

RURS R HIP T2 4% i) 440 9 8 45 1 1) % 5, 7£ HIP
LR R T R B, hE T RN RS
RMMPTE. BEERGFHEZM M SRR E, 024
FR A2 2% P Jis 3k LB E LN T 5 AL ERAS 38, of U UORE B 2
NS = A

H Al HIP T 25% % F BN 55 42 g 2458, HIP 5 il
B Uiz 2Bk o H 4 )8 AU AFAE LLR 4 s X DLIE 4 1) )
(D& R AL miR R AR, SRR SR, S EUE Y
ANKEHE 5 (2D SRR 1ok 22 BR LS SCR AR, PR BE Y5 Yo = i,
B 5 @B T4, 30 E TR ARG Q) miR k&
BBV R TR GBS R BRI (D& 8 B iR
i PS5 A, HTP 3o 2 Aok A SO i N BB S 3R T, 44 P e i
FERE FE v, 5200 2R 70 R 2 5% 55 MR

filhn, Bl 2a f2b 2 EER A &S5 KRNGE
HIP j5 SRS A £ Hh 26, BN E 5 &
BB SR EE SRS RAETCRY I, SHEME
5 A TR MBS, WERMERZHEATH,
B R T M RE, PEUZ IA ) 100 pm, 1 4 T B AU
) JEEESY . B] 2c 2 H AN 55 AN L0 5 T I K & 4 HIP
BN R, 25 R HIP J5 BV KA BT , T4
Ja& A4 Rk %) B 5 R A P A IR R R R i A 7E HIP
i = R A, &R RS A 5 LR T, T

EE£WMB < /A E SR I (202104205020053) 5 [ 5K H 58 B} % 5 45 (U22A202494) 5 9 i £ A B0k 55 9% & 10 % 4

(2020kfyXJIS088)

TEBEN: A, 55,2000 4, A, SRR S LR SRR B K8 i sge s, W1de 53 430074, E-mail: lu_jiahao@hust.

edu.cn



4 1]

FERE S PR R RLUAE AR R BOR R N AT T

el <1073 -

Capsule  Core

Numerical 31mulat10n

for mold design & core

Powder particles

- &

Fabrication of capsule > Powder filling —> Demolding

High temperature a

& high pressure

Target part

E 1 HIP LZfEE . m

BEBR & T A SN LS AW UL A S EE WL = P BE FEF  Inconel 625 R AEAT . TC4 IR AE R AN TC4 HLIH

Fig.1 Flow diagram of HIP process (a), high-performance titanium aero-engine compressor magazine (b)"), high-performance components of a

gas turbine (c—d)™, Inconel 625 turbine discs (e), TC4 turbine discs (f), and TC4 magazine (g)
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Fig.2 Micro-morphology of HIPed metal core interface (a)"”, diffusion of elements at the metal core interface after HIP (b)", deformation
of the metal core during HIP simulation (c)', micro-morphology of the HIPed metal core interface (d)", and surface micro-

morphology of the HIPed metal core after acid corrosion removal (e—f)"
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Fig.3 Ceramic cores for precision casting: (a) turbine blade and ceramic core required for preparation”, (b) AL,O,-based ceramic cores prepared
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by injection molding method
[

, and (c) integrated ceramic core shells for fusion casting of turbine blades prepared by light-curing

process
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Table 1 Properties of common ceramic materials

Category Sintering Maximum use Thermal exzaniion Rogm temperature Removal rate
temperature/°C  temperature/°C rate/x10™ K bending strength/MPa
Sio, 9501300 1550-1650 0.15(1000 °C)2" 40" 240°C, 43;:02“1;@; solution)
ALO, >1300 1520-1875 8.68(40-1300 °C)!'") 275-700'"%) (240 °C. ;ggt},/(z;cénéh;zluﬁon)m
Ca0 about 1500 2000 13.85(20-1700 °C)>" 2511 @25 féggeli‘f; (ir;;;lg‘;)er)m
MgO about 1550 1650 13.5(20-1000 °C)>"! 1050 90%/h

(150 °C, 40wt% acetate solution)™”
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Fig.4 Microstructure (a) and schematic diagram (b) of zircon network’

Rm ALS R ER R, T B A B 7 A AR B =
O3 A o E e IEATE 7T BT Kim 25 \PR BILSIC RS 1E N &
TZ AR B A Rl A % ) 7 e i AR, S10, Bk RS v 3 B R
SiC RE W 2 /51 77 A S AH IR 2 &, 18 B 42 &1 Si0, B A8
JEE R MR T ARV 0 SiC TS, & 15wt% SiC 1)
Si0, HEFREALE R PUES #REE A 10 MPafid = %2 15 MPa, 1§
EILF 50%. BERAT e — P myii Al , B R 1 P
ARRE 7T, A Si0, HEP AU EARE L], iR
S NPT I L I R Ca-ALO,) 5 06 Rl A 9 s B Az
A R BESR AT 1) 7 K Si0, B B Y R w1 MR RE M
7 MPa 275 % 14.83 MPa, FkIEE ) 111%.
YK Uk AT LLIE 78 KUk FLIR , 9 HLEA T = i
P, TE S0, J7: P 86 B30 A I8 gl K B s Uk AT Bl 1 B A%
VR SR, B B FE T B = s i . K2 K%
Xu %5 NPR LYK Si0, 43 A RE U5 12 1t 7 41 AR T A%
B 25 s AL E R I RE AR S 0.6wt% 442K Si0, %7
AN S0, HE A b 1) e il 470 2 9 N 17 MPa 2 55
28.9 MPa, #25 70%, 1550 “C FH/% t1 A 1.5 mm FF1E %
0.2 mm, P 87%. ZRIL K% Chen &5 N PITERE 3 i % h
TING K AR IR, AT 33E 77 A S 45 it I 5 e ) 2 R

\ D
i W3 D
Zs
¥

B 100 um [

[25]

[ P 5 225 31, R SR BRI AR & I KW Na TG R 7E 4%
Gh R R T BB, 10 B R ) B (L S i — D
P i 2 P B AL R

5k RS INFRIAE LU , £ SR8m0 DB KR (1 27 4 4544
Xof B B AL R ME RE AT R R 520 o 27 435 5] r AT AE Y
O TEBY RS P T BT 4 WX 245, 52 40 774 I 380 44 3
Bt AR F, FRAE i T A B2 R UR , RE AT AR i B
BRI R S e RE . B B A MR LT Li %
NV FH A7 R 50 2T 24 398 i ek R ) R A S R R i, B
ERIRIE R T 4T TR e 225 3 AR P AR AR 5 0 HAT R
BT HETE A, 70 AT 1E Si0, e & A, BE A% ke 21410 ) 2
SRR B IOE R B ALETE 1550 'C R IHE M 1.2 mm
P& 2 0.6 mm.

T v il R 425 79 B 08 7 =R N BRI R S A R
R AR P e A T I MR RE O BRARN NG . R P (i
e R £ 7 2 R R IR S (REIRBE IR R AR AR5 , T /- iF
FN G CETF R T L £ 5 P & B0 45 A AR SR 7L
n %= & 2k $7 B I K %% Khamkongkaeo Z5 AP F F
Al(H,PO,), 351 Si0, A& P % A0S 1 5 %, R B AL(HLPO,),
B T P A8 T I %, 6 e 2 R [] 7 7 I 45 v, [ o 0 5%

o o
] " iR & A
x e i
-~ 7
g ' S |
/) .\

f

at%

Si Region |
|
Element wt%

& £ 2000} Al

Q e S An aA e
I St 4629 32.99
23000 0 5334 6674
036027

Energy/keV

0
0123456 738

- 8000 -
4000 b Region 2 g L i Region 3 h
Element wt%  at% 6000} Element wt%  at%
3000 Si 6176 50.79 I Si 4381 31.86
O 2834 40.92 0 49.09 62.65
2000 Al 735 629 | 4000 Al 492 372
Na 118 118 F Na 172 153
1000 K 137 081 2000-<I N K 046 024

ONa o, K K ) Na

012345678
Energy/keV

0123456 78
Energy/keV

5 el e A SO T 3 & T3 W

Fig.5 Microscopic morphology and elemental analysis of silicon-based ceramic cores™: (a, ¢) no nanoalumina addition; (b, d, €) 2wt%

nanoalumina addition; (f-h) elemental analysis of ceramic samples with 2wt% nanoalumina addition
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Table 2 Comparison of mechanical property strengthening methods of SiO,-based ceramic cores
Reinforcement o
Form Characteristic Enhanced effect
method
Mineralizers promote or control the formation of ceramic o )
. . . . 50% reduction in deflection at 1550 °C and
Mineralizer crystalline compounds, reduce the sintering temperature of . . 23]
. L 34% increase in flexural strength
ceramic cores and lower the sintering temperature.
Nano- Nano-ceramic particles have higher surface energy and lower o )
. . . . o 87% reduction in deflection at 1550 °C and
ceramic sintering energy barriers, which helps to lower the sintering . ) 2
) o ) 70% increase in flexural strength®!
powder temperature and improve the sintering degree of ceramic core.
Material Fiber distributes inside the core to form a network, playing a L .
L . . . . 50% reduction in deflection at 1550 °C and
optimization . role in transferring load and pulling effect, which can . .
Fiber . . . . . 10% increase in room temperature flexural
effectively improve the high-temperature mechanical properties 50
. strengt!
of ceramic cores.
Bonding agent forms a binder network through cross-linking,
Bonding fixing the ceramic particles in the network and providing 688% increase in room temperature flexural
agent bonding force, which can effectively improve the mechanical strength®®"
properties of ceramic cores.
Mixed powder particles with different particle sizes according o . .
. o . ) ) o 74% reduction in deflection at 1550 °C™! and
Particle to a certain ratio have a higher filling density, which is . .
. . . . . 73% increase in room temperature flexural
gradation conducive to improve the degree of densification and 3
. . strengt
Process mechanical properties of the core.
optimization ~ Optimization . .
L L . . 34% increase in room temperature
of the Optimization of the sintering process can increase the sintering . 5 . .
o ] ] ) compressive strength™™ and 133% increase in
sintering degree and improve the mechanical properties of the core. . 39]
room temperature compressive strength
process
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FE R 7K H R 56 4 LB, 72 Bt SEEe  , AKFE 30 mm
12 4.1 mm B RUETEREHE %A T 540 s 58 4 i Bk, it B o
KIEF|4.26x10° mm'-s", 5 AT AH LI R 379%. £
FOTCHLER 0 508 R I, Jo i AT AR IR B R (1 B
55, AE AR IR HIP T. 2. MgSO, £ = f e i L aT LA
RS2 5 () AR, P T8 1 B R i 4% . e
BH K 2 Liu 25 NPF) I MgSO, #il 4 F ThligE = 0" &
B A 1R 2K T D, AR [ M B K % Huang 28 AMO0K
MgSO, H T-ill #& 2% 0 B & 8 K I TSRS . SR
HIP T {F i %38 £E 1000 C /247, MgSO, fE W5 78 731 &
e HIP i AR (0 R o E ] YA I 363 IR A7 7 F1 24 R
ZE 1) IR R, AT B A oy R, RS ) v e
A

G R E Bh A B IR P S 5 AN 4.75 MPal,
TN Si0, F AL 58 8 i 125 5 5 7] 1k 2] 58.9 MPal™l.

®3 BRAAMREERFERE

Table 3 Melting points and solubilities of common soluble salts

K,CO, NaNO, CaCl,  NaCl KCI  KNO, MgSO, Na,CO,
Melting point/°C 891 306.8 782 801 770 334 1124 851
Solubility/g-100 mL™" (20 °C, deionized water) 110.0 87.0 74.5 36.0 34.0 31.2 25.5 21.8
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Ceramic core

Ceramic cores with

solbie sale Dissolution of soluble salt

Slow de-core of ceramic core

—
O O
O

Rapid de-core of ceramic core

O '
. Ceramic particles
D Soluble salt particles

De-core liquid

. b

K7 B e R S IR A B e R B R R A

Fig.7 Schematic diagram of the de-coring process of ceramic cores (a) and ceramic cores with added soluble salts (b)

Si0, 7E 42 18 ALO, 3 [ 28 7R 05 5 4 1 i 114 ) I o 85 g
SPERR 55 5E /)N, Be % 5 47 b 2K 2 HIP 3 7% R KR4
AR H, PR Si0, 1E v 20 5 M BE 754 HIP [ T2 8K .
BRAA LA By i SR I b, 05 11 FL B 3650 7 2K 1k
FEAERR SN, FLBR A 1 Er , s A o7 5 A A i A
Ko SRR, Vi R BB o I8 I e AL AL IR
FAE i ALO, B AL i K vERE . $R M FLIR 2R AT LLE
TR INIE FLA N s LI 7 2Ok S . s FLAIEH 2 5
B A i, 76 B TR I FE oI, 3 BOZE AL R
ERLES RS IR P 2, B R ALIR. S 73K ALO, JE g
ARG HIFLBR S, 3 K H VA R, H R RHER 2K
FETRLTE R A G AL A TER I B 8% (NI R
R 5 & o BO S ALO, 3 B % RS I TF T FLBR R N
47.98%, 7£ 100 C . 60wt% NaOH ¥ i ¥ 4k 3 3R ik 5
1.92 g/h, 5 AR L7 AL S AR EL 4 15 42%. bt
LR K 2 Zhu 5 NI DB £ 4 A it L7 AN 3% OB
2F 24 il i 05 R 13.46%/h 3 1w & 18.48%/h, 11
37.3%. K ALO, B P & AU FLIR 3, it 5 A 5 e %
TS Tyt gk N BN BLE A, iT G AR i ALO, Bk i B AL
M R BE . H HIP T 2 i e i e R 2 g e A s —
bedh , A ALBR AR I W) 2 7= A BRI AR AR 4, 75 22
VB AR AN A T 2T NS AR W F R 3E n T A R
SRS 5 1 5 DR b3 T 48 o LB SR 4 v R S A R
BE 1A J5 1A 2 v T HIP AL AR 1 3207 1), (B 7RG IR
HIP A 2A 1R 4 (0 B FH AT 5%, an8 & & 4R HIP U

T ALO, TR R b R g P, ALO, K A8 3 17
T JIE 205 PRI A P 1) . AR 1R AL O, 2 BSOS I ¥ 2 14
BNy Wt BR A AN FLBR 2R 2 AR BE T AR 2 M5, £
1 BV R P B D [ BT 2 0 AR g S R 7 AR
T NT VPSR RE R MRS I RE AT 5
it ik P 25 4 G SO, 38 - i HIP, Wik 4 4 & #F HIP
(1000 °C ), T H& = FL Bt 26 1) 77 V2 s om0 ) 5 i A
TR HIP, andn& < 4+ HIP (600 C).
2.3 CaOFIMgO EFEFHESHHE

CaO 1 MgO 5 iE AR, fE & JR 35 E A Fr LA
140 4% 1 K 2 % 1E RN MO Wi % AL T T AR AR Y
Piiti. CaO M MgO BA MK K AMERE , fE/K B SS MRV
TR T S ELA D o S e TR B L S R R AR R
EERAFAE 5 WK M LA BT 8] 47 730 H A e 45 S5 6k ol , 7 B
HilZ 7 RS IHE) T 5 R H  #E F T HIP | 26 R E R R
5y W 7K R HE S 45 1) R

CaO 5 57K, FAE Bl = AR K , i 44 A
P, 3K 5 B CaO 2 Wi M 5 RK 5 R 28 B 7K Adb B 1)
CaO 7E 2N BEFZ 10 he KU, 7E CaO 2 g 4 AL 05
FRRIE 0, 38 2 AR 35 439 2R 1 B LAARE /R CaO 231
MUK R . A R RHS R % Zhao &8 Nl i = 4w
EN T2, LA CaO M A N KL, PVP-G K AL S 4 BOB N
KEEE7, H1] 4% CaO P A . R 4h 7 i g K AL s
FEAT BRI A L 8 N CaO BURL (] B, 4 CaO kL 5 % A
FTERRGENT KA S 5 CaO OB, 7 CaO kLR
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A= AWK [ CaZrO, , FLIE 25 S 7K 43 5 CaO S i
M $ o RS (I HTIR K P i o T Ik T B gl oK SR LA ()
hnE AGe S IR B L W DA ) AR ) CaZrO, 2 1 5 AR
FE , $ 51 CaO ik Py 28 BL RS (1 B K M e 78 BT K 14
T I AR BT R, B A5 B OB K M R O P 236
JEE SR ) CaO FE M AL . CaO I 5 WK M 3 %of Lk
il 25 Ik R B T R A K LR [A]HE1 AT 3k 4 CaO Ji
BHE Bl 45 I A2 R AETE I ROK 7). Ao RHE K %
Liu % N"BL Ca(OH), Jy J5UK}, Ji ik [A] 25 1) F Ca(OH),
I3 iR CaO 1 S 3% i) % CaO B & B, i fk 7487 4%
PF, DU HE T2 145 1 CaO ZUES , 7E K75 25 MPa 125 o
J5 )[R I8 LA 2.83 kg/(min-m?) i B R . AE R
K2 Yang 254U LA CaCO, A J5UR} I8 i 1] 422 7% il £ CaO
TP R, [FIREIEE e T CaO JEURHAE 2L s 1] 45 i 2 R A7
TE B 7K e 788, [ B ¥ o SiO, ks AN AL % Jie 5 il it S0,
5 CaO B AE AR IK ] Ca,SiO, , #15 CaO F AL 1T
WK B o

MgO %) 5§58 I BL, i R YL Reth 57 AR R FEAFEAE 5
W3 ) #5, H MgO % i 4 5 (2800 °CH 15 MgO Fi %
fkest+ 7y RIAE . 7E MgO 35 i % B0 1) 2% b 2 o 35
AL LA AR MO 2 U 85 e 4535 1, M R 5
MgO J WA AR IR 53, BRARBLS I RoK M. Fifg
K T5 5 B NPOLL G NI R A A G5, 4 MgO LAY
E I BRSh IR R PR 1500 C LAR , HLR A= il AR IRK
MgALO,, Hil % (I B R AE 150 C L 40wt%BS R 46 1F ¥ 2k
A ATIE 90%/he AR B K JA DG BT EE T ALO, A
TiO, W AL FIXT MgO BLE 520 , 45 IR 3R B Tio, 4 AL 8 1)
BRI FEPRAIRE 1320 °C, ROR EE ALO, B4, HALE )
SV R R 2R MR RE 00 T W I ALO, B4k 771 1Y MgO Y
o, =R P 5 N 29.24 MPa, it B FE fig % ik 3
0.125 mm/h.,

CaOMgO i &5 ¥ I 1 e Jzt 8 L Ah g B A R}, 76 5
Vs % W e RS U B T R R I S AEL SR B K A
A5 B B ™ IR A1) 7 CaO MgO Fig % 885 1) & J A 4
J7o 24 Gy WK HEAE A () 0] A e o, RS % L2 KR
UG , CaOMgO Y5 B Ry 3t HIP I PR B B85 1)
W
3 EXESHEEHIPEERDKE KES

RALIEE

W B A el s FL AT v R v P ) A A DA R AT
FEAMRIALIN TG b3 o T HIP 224 ¥ Py 2 1 o & L 2 th
VSR E A P B R ) R RS O UV L. B
Ve Re RS 2 ) H 2 A% AR G L 2 ik s L R IR A 1)
Ve B RS R BT o B BE R M 136 A 0 BN B2 2
RGBTSR AL TR  (H RN AR AR U i R

PEREZE KB FEMRSE M. R Gl iE T2
PRI BT 55 2% G5 R0 R s IR IR v A 2 B 4 vy
K5 FEAR RO M ) G /B R E AL B G L A ]
N T B Ik GRS e T E R B, 0
T 7 & BOE T2 AL, 5 HIP T2 BE M, e A
T EREERR R A T,
3.1 ERASHERELTHREIE

W) B FS T 3o e 4 ) B B AR AE AR TR 2% A R AR il
BA—ETIRFVERE AR SR I FE S 2 o P e A o o =
A8 FH AT SE RN A 7 BSOS ) B AT o AL G I e B O T
2 F B E R BOY IR B 5 TE RO (Can
AR, B 2 1 SR AR O P | B AT AR A 55D
1R Wl i RS L T (ELAE i SR R T 4K T S P LA
B G A I ME DL — IR U, BB B AR 1 5
AN R ) RN RS C L G N5 i) = e ) T
M, B T 77 ARk B B e TR BSOS I B 7 SR R AR
HACFI R AE AL (0 7 10 FE 5 i i K JR B AT LA f2 ok
TREATERM TR, R LI =P e = kS 4 T AR M
BRI RUE L.

20 tH:22 90 FEARHTT , 55 AL M I 5256 = Young %6 N1
B IR T BRI R (geleasting , GO i TE , Z R T2
FE I P B OB AR L A 8 i s Y AT SR E o g S
i AR (45 BROE , BTG WL & A A & ik
WP B S SR LT TR ) AR R v, T AT
BN AR . B AR K2 Lin % AMdE S GC
B L2 Dl 2 1 F T A 3 1) 7K T A 4 o e 2
T, 7E 1300 Chedh fa , B SR I Y SR 21, 25
1 55 B2 04 25+1.2 MPa, B8 45 WA 509 11.31%, A % FE
B F)92.3%. ALHTE TR K Zh 55 N GC K
TE LM 7 T2 O ke i Pk 25 3 1) AU A R R B
B, £ 1500 C i T 5 PR$F 23 MPa ) i 5 2 , IF
WFFC T A AR P B AL B P RE I SR IL F B . GC
T BESR LA S 1 B B i 12 B A S AR e n] S I 1
RE (RSS2 IR TAR G R, Yot ilass A G i & o,
FLAE ) 5T 2 TR ZR A BT, SR A7 PR AR JE A PR ¥ F1 i 8
H P g il it i A N LR R A I, S 3 TRV O, il
29 S TR W e RO B 5 R R, DAL F T
# HIP F P R

ITAER , HEH4 #1]i& (additive manufacturing , AM) $ AR
H PRI R, 2 T AR B e BSOS ) BB R 4R A3t 1 3
IFLIE . S54& G0N LliE SR AR, AM HOR AT B £
MR YR SR I = 4B A, 0T 2 2 B 0K ) o Pl s
Al it , Jo R AR HANSZ 52 4 TR ARBIR 1], © Rl B A A1
FEEANRFE M EE S B AT, RCH W M &R AM
BOR EEA - BOL % X B 45 (selective laser sintering,
SLS) % [X 45 1k (selective laser melting, SLM)  — 4
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Table 4 Preparation process, application introduction and limitations of traditional ceramic cores
Preparation Typical ) o
Process Appliance Limitation
method process
Pouring a ceramic paste with fluidity into a
mold cavity or attaching it to the surface ofa  Grouting, Blanks with high water
Free-flow  model without external force, curing it only by tap Castings with a wider and thicker content, uneven density,
molding  changing the temperature (cooling or heating),  casting, internal cavity shape. easy sintering
or by reaction, or by solvent evaporation, to  slip casting deformation
form a product with the shape of the model.
Ceramic slurry prepared by mixing and Injection Superalloy castings with complex and L »
Pressure . . . . . . o Limited by traditional
granulation of ceramic powder and plasticizer =~ molding,  fine internal cavity shapes, directionally )
flow . . ) o ) mold, long cycle time
. under the action of applied pressure into the transfer solidified and single crystal hollow i
molding ) ) . and high cost
mold, then curing and forming. molding blades.
. . . . . Dry ‘ . .
Ceramic particles are mixed with the binder, : Suitable for the preparation of various .
Dry ) pressing, . ) Only simple shapes can
. then added to the mold and pressed into shape . ceramic products with small cross-
molding . isostatic ) . be molded
under high pressure. . section thickness.
pressing

% B[ (three-dimensional printing, 3DP) . 37 44 )& [ {t.
(stereo lithography apparatus, SLA) Al B 5 B 1 & %
(direct ink writing, DIW) %5, H. 71, DIW #1 SLA T &
A L2 H AR R0 A, J2 M 28 LR 1Y 4 1) i B
BRE LM E %,

DIW J& — Fi 3R B B 5 £ i J2 28 0 s % 1 il T
ZIE 8O, BA T2 R 1] B L ARG L AT i) £ 52 A 4
FIEEAR A, W) 28 SR A P B AL, HOGRRAE T H 'S 2
BHO BT SR B A BT UIMAL IR AR AT N, FFAE S
JERESL RN &L . AR K 2 Tang & NI AL ALO, B
BEIRRMA F , LUIR Z A7 e Joe B A D RG 25 75 . MgO 1
RBR A LI T ALO, M &R H SCHE 2 DIW L2
BR, IF LA £ 5 25 il 50 38.24 MPa. &5 1 4
3 5.54% FFF AL 2 40.01% 1) ALO, FE Fi B Y8, i 2 &
SRIERT R PEA R Mu S5 A DIW T2
1 4 25 5 M 11.68 MPa, 46 26 A 16.72% ) CaO
Bl B A . H DIW L2 % W 8 4 1) 3% THIHS  H
S I PR RS e v R 5 8 PR SRR B2 A vy , DRl Lt
FLRRK , B4 2 1 ot 521K T 86O, S TR RS B2
W[ i 520 pm®,

SLA 72— ABES YGRS R RME A A4 BB
FEHEM I IEFA , HAR RSO R A RHE RO IR T
RAEAEE RO A D [ 25 R 1T I 2 22 R
8c) . SLA e KL sU7E T8 FH ELAR /NSO IR Gl
FE LT RCK A AD S il 25 B B ARG FE R H &, R )
N S R I S AR P AT 3R A = 1 Re M B . S
R K2 Bae 55 N"HIF SLA il £ 1 inEe i A % #2
it FH Si0, 2 Wi B AR 5%, v Ik 1 52 2% W e S A A i
TE I, H L TG % 451E T2 . SLA L 2AFER R

v [ AH 2 S ORI T, 52 i ORI AH 25 T BAgR
E ALEYERE  H 25 m ORDRE B2, B9 InAT EPAERE . wT oA
FORE RS AN 43 A DA e A1 P 2 SRk R R0 BE 5 TR ) 4
LR AR R BR DA A T 2 L 5 DR A PR B P 5 T A T
B ZEEER VIR T AR DGR K A Tl 23 T 23 HOR GE 73 1
DG AR FTN TR e B A A T Ak 3 DA RAR A1K g 88 9%
BPRE B, anl Z8 K5 Xing 45 NP2 H 2 1S 1 770 Joe 1
I 71 KH550 . KH560 A1 R 12 % ALO, i AR #E AT Z 1 Ab
B B A s R 5 B ALO, PRV ORHIRIRL BE L 4 i 2K
B ATHTENEERE . (HSLA TZESEZ R4 &R %E, 5
HILZ AR RS (B 8D, P2 AR AL 8 Jy 2 Mg . A
HiliE T2 EEH TRREAS R H &, 8 &2 ERE
ARG S5, AR EUE LAy, AEE BRI e gl e 4 , H.
JIEAEREAS R IR ) e 1, AR W] LA 2 AR
AR T 2K, AH AN BE DRI e Be il it I PE R, o253 2 HIP B
BRGHIPEREER

ML, 8 K 2 Guo &5 ANPYERE O 19 4 il i SLS
FER G N BB ER SO H , B OB % T AM/GC B &
BT T2 B S (B 9a) ™), I R FH 1% 125 B B i 46
BRI 2 .l SLS £ 1E B R AR R 446
(polystyrene , PS) 152 EL , ¢ iy [i] AF 6 RS 52 P 28 2% RN
PS #5 B A [ 4k B, 78 S5 25 10 B s B B PS 15 HL 4 e
I T G 20 B A, i 8 e 2 5 49 B TR 52 2% 11 M) 52 B0
A& o AH BT SLS il 4G B 0 3R T 5 B Ay, DN od N A
AR HE , B E AR B O ) T RO R FE T
) SLA. 78428 38 K % Wu 58 NP IR R 1 —#
¥ SLA 5 GC M 45 & H T B & A8 i i & T 20, A H
SLA il £ i K FE A0 IR B L, o) &6t v RS B &2 O g R 1Y
O, TS e 25 U AN 0.25% » 45 74 A RUST R BE il iR RS
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Fig.8 Schematic diagrams of additive manufacturing process of ceramic (a, ¢) and its defects (b, d): (a) DIW process

ceramic parts prepared by DIW™?, (c) SLA process'”!
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¥

Gel casting

Stereolithography

,«@{‘“ Imp ﬁgnatlon
N\“Smtermg

w0 (1400 §

Freeze-drying

"1, (b) low surface quality of

, and (d) laminar cracks generated in ceramic parts prepared by SLAP

Pyrolyzing
(100 300 °C)

Casti
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Ceramic mold

ld

Double wall blade

19 AM/GC L2 tie it B S — 2L SR 7
Fig.9 Schematic diagram of AM/GC process (a)*”), GC resin mold prepared by SLA process (b)""), integrated ceramic core shell prepared by the

GC process (c)*”, and ceramic core structure (d)"”

AL R R E S IEER . K 9b~9d 4 il & AM/GC
TEHT I IR B L AM/GC T2 1 4 i — R Ak AL
W) 2 AL 7 AL R RS 2 BT I HE TR % Liu 55
NEIFH SLA/GC £ AR il % S8 A0 4 ik 4 W 8 o, 830%
JE % 51 98.6% , 25 1 5 FE 51 1E 1170 MPa , 45 #4 Fl 4 GE #6
T PR F A SR . Y 22 30 38 K 2 Yang & )
Kl SLA/GC & & T. 2 il %% CaO & P % 2405, HAT i)

TR B GE UL AR (0.6%) o 3R 5 LA T A [A] B & A ot i i
TZHFAE", AM/GC B & H¥ T2 78 5 W 17 #
B R, BE 4K 7 T 386 A4 )i T2 PO i 5 44 45 K 1
R, SCOR B T 4 R A T 2 AR WA A RS o e )
R R IRTEAR m'ré B’%J%&uﬂ@ﬂ?ﬂ%t LA
K RLH W 77, 72 AT 75 11 HIP FH P % 78 65 1 il
%I,
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Table 5 Characteristics of different fabrication processes of

ceramic core'®”

Characteristic DIW SLA SLA/GC
Precision/um about 500 50-200 50-200
Size/mm 100-1000 50-300 50-600
Surface quality Low High High
Forming efficiency High Medium Medium
Sintering shrinkage High High Low
Mechanical property  Anisotropic Anisotropic  Isotropic
Pores
00 00

@®
%%
®
+
Composite powder
Pores

\

4
AY 4

-

Selective laser
sintering

Re-sintering

® sio, ;
-

® zsio,

® E12

f

+ Powder \\ X/”
r i

Infiltrated silica

3.2 EFXSHRERERDHNRESRFLERE

JR 4 i W B TR0 PN ke A7 AR L AL (>10%) , H.
M DLE I PRI R e 5 ik — AP U AL (R R T S Ab B
BT FLRR B BRI H . Forb i L)
JE A PR T2 R A A G

1R BRA T2 i HR N K R i VA A B 2%
FETFENBLE A FFLBE A, AT $ o BSOS B B0 B, 4t v
RUCS 1 J7 2 P RE 12 000 5 Ak P 8 L0 R AR 1 10 BT
TR, AR R K 2 Zheng 5 N T RAGN KAV e X SiO,
BRI HEATIR BUmAL 1251 2 h JE BLE I TT F LR R
53% FEAK 2 39%, Wk 35 52 i A BUE B, OF HOALE

S ;
N »7
N -

Pores

-

Pre-sintering

N 7 Vacuum

A ’
\
| RN ]
\ ’
N ’

©

infiltration

~_ Silica slurry

10 2 BisEA L 2 = A

Fig.10 Schematic diagram of the impregnation enhancement process

1550 “C FHEEEM 10 mm FFHK 2 0.31 mm. 6 [H fE IR 7
JIT Kim S5 FH 402K ALO, RAR IR i AL Si0, =P %8 A
£, 55T 300 min J& Si0, 1 i B ALE T FIALBRZ M 2.77%
FREAIREE 0.52%, ALE S IR PTE 515 A 3 MPadig = %2 10 MPa.
IR BRI T2 5 A 1 20 L RE B3 PH R P A
RUSFLBR %, 742 v HIP AP & RS 80 B B RR
(1 FH 77 o

PN I i A T R A JRUER R TR 4 S 1 M TR A
T i AT R R A . R IR AR Y (]
R 7, BRI K T e HESN 1. AEEFIEINR T
AORFAURE ] 7Y 42 e, s T S00RE (R RERY: SR HE VAR S 8

[61]

B PR T R SR RS, I T RO PR 2B AR T R B 1
BN IR T 2 AL FERR BE , I [ S AL o o 2, {8
e gt AR 1 v e TR 3R HR R R e 45 BT I B L AR
ISl . R, F0EE R B A AR PR T B U
FE L HA O H IR B . W H A LK
Ttatani 55 A\ FT JC e 5% 25 1) MgO s 3 ik #4456 i I
I 225 1l 2% 175 B MgO B %5, Tl ke 45 J5 1) MgO #7222 it
195 MPa. 1500 C #v45 bR 25 5, BUR E 5 T 99.9%.
S LA S H L 280 B RS Sl 4> 80 B
e el , 43 B HIP AP & RO S8BT
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HIP T. 2 Refig fr il B 5 8B A A 2 1A R 70544
RE, H AT R R T % S90S S A, B T s A s R B
ML IREEHLH I R v RE S e F 8 #F . S5 1E SSME. i [ &
PR SIHL R B RD-180 28 &K s HLIR S 42 50 Z 70 1/
PSR 3R L HIP T2 %0 HIP T2 0] 4 i 8 i
Ffe A AR A P 1, I B ARG A 77 AR S B T LA L 2 i
KA 55 711, B4 R ALSAFTE B G 2 B =
I i G R A I Y , BB AL B e B RS S R
Y b3 e B, HEh A HIP T 25100 8 24 9 e G5 40 O K

EIIAT P 88 TR0 [V A R R 5 ) 3 IRAN R
& HIP T2 R, DR AT oA D44 B 5 2868 82 i 341 HIP
HR RIS . AT B R M RS LU AE HIP T2 Hh R ) B
22, WO ZBURR 8 AN [) ) A e f et 2RSS P vy UL 5 5
ISR PERE PN T T AT O0A . BT XV R M e BB T )
A R4 55 1) S0, 3 i e R, AT 3 Ik R a4k AR A B
HET 2T . ALO,FE &AL ) S e B 7
S R 22 1), AT LR N B v AR L i AL S O U8R
e VSRR K CaO \MgO e 7 8 ) 75 B3 1 %
TIFR ) C R K P, RIE P 2R S0 A A FH i AS DR R K T
KA, HBIL T R AR A O PR R IR B . N T i g s 7
Ol HIP T2 R R EESR , v A BLR 3 4 J5 T T Jé
I/ﬂzt

DMRHERE & T 2R . i &80k &
N TG T TR R R VIR 8518, AR
P53 1) T 2 SR AT BEUE, B R B RS
—EMER. HEE T 244 S%EA R, 2L 1
BE SR AN [R] , 75 EARE HIP A T 252K, ¥t SR ITAD
MERSIE RS T2, AR ERSM R 5 i E
MR T2,

DB ERLS I E A A . B B H 5
SOk, M EALS ANt A g AL H & H AR DA T E
R R J AL A A &R . H AT R A s AR
RS SR TAT B B 2R (W B A AR AR AE I 0 S M R AS
REH 2 HIP 75 3R 19 1] 81 , 75 BETF R A3 R b st F s A 2
T2 AR 2 HIP 1) L2414

3)HIP F % B AR AR TR0 o ) B S0 e DLk 2
100% FEE B , 76 HIP 3 F2 o AS A 38 S = 26 AR AU 4
T S0 g s 2R P WS4 Al R ARSI L B ek 2 b ot B
BRI B R AME , 4 15 HIP MG S
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Prospect and Outlook of Ceramic Cores in Hot Isostatic Pressing Process

Lu Jiahao, Cai Jili, Cai Chao, Shi Yusheng
(State Key Laboratory of Materials Processing and Die & Mould Technology, Huazhong University of Science and Technology,
Wuhan 430074, China)

Abstract: Hot isostatic pressing combined with mold control technique can achieve near-net shaping of complex high-performance components.
The mold core is crucial for controlling the internal structural accuracy of the formed parts. Presently, mold cores predominantly employ metallic
materials. However, these metallic cores are susceptible to substantial deformation under elevated temperatures and pressures. The removal of
acid-induced corrosion is not only inefficient but also environmentally unsound. The diffusion of foreign elements from the metal mold cores
results in contamination of parts. Additionally, issues such as embedding of forming powder into the surface lead to poor surface quality of the
parts. These problems hinder the development of hot isostatic pressing to the forming of complex internal cavity parts. Ceramic mold cores exhibit
low chemical reactivity and minimal interdiffusion with metal elements. Its high temperature hardness and stiffness confer resistance to
deformation, and its core removal rate is high under alkaline conditions. The above advantages offer a potential solution to issues caused by metal
cores. Based on representative literature and research advancements in the field of ceramic mold cores for casting, this paper focuses on analyzing
the synergistic relationship between the mechanical and dissolution properties of ceramic mold cores used in hot isostatic pressing. This paper
provides a detailed introduction and comparison of the optimization strategies for mechanical properties, dissolution performance, and moisture
resistance of silicon oxide, aluminum oxide, calcium oxide, and magnesium oxide-based ceramics used in hot isostatic pressing cores. This paper
also explores complex high-precision structural formation, sintering, and post-processing methods. Additionally, it anticipates challenges and
future directions for the application of ceramic cores in the near-net shaping hot isostatic pressing process.

Key words: hot isostatic pressing; near-net shaping; ceramic core; performance enhancement
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