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Research progress in dimensional accuracy control of ceramic cores prepared by
vat photopolymerization additive manufacturing

NIU Shuxin', YANG Yongkang®, LIXin', XU Xiqing”
(1. Science and Technology on Advanced High Temperature Structural Materials Laboratory, AECC Beijing Institute of

Aecronautical Materials, Beijing 100095, China; 2. School of Materials Science and Engineering, Chang’an University, Xi’an
710061, China)

Abstract: Ceramic cores are critical components for forming complex cooling channels in the investment casting of hollow aero-
engine blades, and their dimensional accuracy directly determines the structural quality of the internal cavities and the casting yield
of the blades. Due to its high resolution, high efficiency, and mold-free processing capability, vat photopolymerization additive
manufacturing has shown great promise for the fabrication of complex ceramic cores. However, issues such as the stair-step effect,
shrinkage-induced cracking, phase-transformation-induced fracture, and high-temperature creep still arise during printing, debinding
and sintering, and casting service, thereby severely compromising the dimensional accuracy of the cores. Focusing on the entire
lifecycle of ceramic cores, from raw materials to fabrication and service, this paper reviews the key factors affecting the dimensional
accuracy of ceramic cores fabricated by vat photopolymerization additive manufacturing at different stages, together with the
underlying mechanisms. Particular attention is given to the effects of slurry composition, printing parameters, sintering behavior, and
high-temperature service conditions on dimensional stability. Finally, future development trends in this field are discussed, with
emphasis on the design of high-performance slurries, the coordinated optimization of printing and sintering, as well as the
establishment of dimensional accuracy evaluation methods and standard systems for engineering applications.

Key words: vat photopolymerization additive manufacturing; ceramic core; photosensitive slurry; sintering; deformation mechanism


https://doi.org/10.11868/j.issn.1005-5053.2024.000037
https://doi.org/10.11868/j.issn.1005-5053.2024.000037
https://doi.org/10.11868/j.issn.1005-5053.2024.000037
https://cstr.cn/32420.14.j.issn.1005-5053.2024.000037
https://cstr.cn/32420.14.j.issn.1005-5053.2024.000037
https://cstr.cn/32420.14.j.issn.1005-5053.2024.000037

46 o= M

B i 5 46 %

e T H 2 A2 R B ML B 1 5 4 b
2, T LU R O P R R IR, X
TR R A T BRI 5 IR Al g A s
O R EIRE S o T2 B4 4 b s i BR
LA A I TR TR A £ 4930 MR, )b 5 o
I 5 2 0 P s 2 A R T4 s e HACR L W
YA, FE 25 DI (PR s BRI 2 98 )
PRI 485, G R IR TG JE B B2 B i 20
(K LB 2 TS TR 1 A 5 45 e
F T AR | BRI T A 2 T XM
APEAL | 5 2 551 10 B 38 B A AE A T AR B 7
PR A T E A e Y, R &
B 45 T2 DL I R D 7 4% 1
Tk

$ 440 v Y (additive manufacturing, AM )+
AR, BT CBHCRA BEH, DML SR
AP (R S B, 3 s X A 80 07 7
G2, FELLBCES U R G5 S T BN A
AR . S H B AL Ge i A H AR AR L, B R
SRR R O R E AR, T AR 5 P
25 ) A IO, AR PR R R, R E A
FHF RS 5 5 4

It 25 480 A 7 AR Dl R TR, VIR A &

v Bk NI N RS R RS i B e B AN 52
AR SRR 7T 23 Ry TR R SRR A 7
FED, 1 2% 2 52 1 8545 1B 5 R (binder jetting,
BI) " % o X 48 45 AR (selective laser
sintering, SLS) M A Rk F, JE AL
[& 1k £ K (vat photopolymerization, VPP) 5 H 5 i,
HIFE AR (direct ink writing, DIW ) T A S AR
RIBOR BA R PR R B R AP0, TERY
e AR A AT 3 i e

B e LU TE ) 25 5 R ok AR R B SR RS T
O3 A%, MHRCPRTEESE T o3 2ok, (H
2 F TG E ARG A 1 1 1 AR 9 =y R A, 5 s i B
BEARL A AEAE RO BE N BAR A 1) R, 5250 [
AT FE AR R S5 s ], P TS 2 A I A
FROCHE | 47 )2 DL R e T AR T8 45 () |, X Bl %
TR R SR BE 7 A R i o o A 3
A3 R B B i RGPS B, N A8 T TR
HAFGY, A SCETEXT BB R R —h B —fif
JiT7 AR R A AT S, i 1 R
RYLLER T OG5 P e 70N 1 A G
J5 58, 30T 1 JEARES il A T 206 RS AR A Y 52 i)
PLIR, feJa Xz il 17 R B 5 B g, DU A1k
B AL RO S SR I R 55

Curing mechanism i M P:i

\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Creep deformation ...0 @

(a)

BT R i P R TS

Fig. 1 Diagram of the additive manufacturing ceramic core process and related mechanisms

Application

FiAR BARSEHL B 2

[19-26]



%510

DI A3 A4 ) 1 Pl e T

RSPR R T i 47

1 EEMEHMEIER RS LS
BlR3E

Ot T Ak 385 A 1 3 2 DA B e AR 55 D SO g Sy
FEFRL, SERER G5 & Mg ok, AR
FEE B BOGIAE T & A R G O R A
B 5 ) B IR T B0 AR -bedl ” Ab B,
OCHR AR IR, M & Rigs &, 15 B R A&
7 o E T T A P RS 1 O [ A R
41 R ARG Z (stereolithography, SL) £ K 55805
YEAL PR (digital light processing, DLP) AR,

1.1 SL FEHEAR

SL AR ™7 R A B I S AN TE SR
FmPEATHES, W “ S R s
R Z#E T B, HEE R — 2R, fTEEE ST
Me—A R IER B IFAWT E A FaR R, 2R Te
SR, SLALIRINE 2 FiR Y, BOGH K G
AN, RS WA WSO O B, (G ER
REVEE B ALY . T SL ReAR A o HER LA
PRGH AR A LA, DRI B8 107 FH T o 14 A il
1E, F56 M B RS I ] & 2K

4‘\0‘/ Scanning galvanometer Laser
\
Resin Q/ b — G
\ Print job
Resin tank

W

I Z lifting

2 SL BRI
Fig. 2 Principle of s

Printing platform

Mu %" 3T SL AR RGEHFSE TITEI B4
AR 7 45k LA B 8 4 i B ST e e 8 0 R 11
[FIVE It 25 2 P 1412 75 Y e D 10 2 K
[ AR B 5 3k A X A 2 0 1A 2 i
3 L FE 1 96 01 T (20 P 2 U ] 5 2 4, A1
PR R, (ELR R L M T 5, et L 1 3k
BT U A U 22 ) B R T A S, FE IR
Bt, i T RIS 5 R i R Bl 4 S B = e, (i
YRSEREE R . An %7 Sl i AL SL B AR T
LB, REWITE T VB I MO EEH  ZLE08
% 12 P R R 2 VL B (7 AL L, 3 3oL R S 1
RGRAE, AL T H T 00 AT SL 7 B K 2

ASHEREI AR . Li % [l SL 4 T REEEM
B, S A T EN S ORI el T2, (R
BERIITE 1300 C e T4 fise ik 12.1 MPa,
[ A 35 P00 0 5 1 [ oy 2
1.2 DLP B EHEH A

DLP"Y i AR B 3T SL (M HERH A, H i
BN 3 5775 7 A SR AR S 7, i
BB T EN SR, BT MO IR AL 15 5 4 4 51
e TR . 5 SL R EL JE BEOR [R], DLP 2R FH I
WE G I 7 20, K22 A1 LB B TR 22 1y Sk T 4%
5, HE5T 30 ) 32 R o 1 Y IO S T, o SRS
Bk A B ST DT AL B8, I s LA S i
DA E] = SR B AR, L, DLP AR T
SL HiA AT I i iR T

Base plate—»
Slurry tank
Slurry <+——1— Molded parts

«—— UV light

<+——Light source

{3 DLP A s
Fig. 3 Principle of pLp"Y

Yang % {#i ] DLP HARBFFE T Y,Si0s ¥l
TR T X A 5 W 2 U 4% ) R
(IREIR . 3T Y,Si0s HOZE 1540, S2B0 TG
PeLE AL PR AL FE 1350 °C F . Y,SiOs @R
T 15% (Bl 4380, 1)) B, 2 36 25 gl 38 3 ik
20.282 MPa, FLBR K 39.31%, v 1 1 % 525 i
AR O 5 o LR LA 4 OF S AR, Wang 45
R DLP $ R BFFE T 49K SE AL B8 A7 2% ik ik P
2 U TR 2 R R (B 499K SE AL A 1
N BT HE B s TS 1 e 2 S Ak ] I 3L
FOAT EV I )2 1) G B, B0 £ 9 80 0L R B
Niu % £ F DLP AR BFFE T A4 o kX ik 5t
W i TR 4 Tl SR IR OR . MIBA 6% AL
S, Ze B AL AL T 4T ENZ ) 1Y
SR HE, 155 T ]I, B T OIS (1 2
SV, MAEALER R 9% B, T A A AL SR
RIBHRS T BT 3, S80S

DAL RN AL 45 AR 4545 T K, S 28 5 i
W20, T DLP A o B S, R — R R4 4
Zi 1A W) TR0 T PR L B 5T 4502 0 W o 48 ot
B AR L B AR 1 Ry B 2 s A



48 o= M

B W 5 46 %

0 ] SR AL TR B R AR, R TR R BRI,
LI 5 X RS ES A Y A R, X R R T Pl 8
TUES BRI S 300, T G [ A 1 S 384 b S v A 4

T, A R o K e R R TR 1 T TR
e 11 S A T L 3D FTEN R
HUS I BEL PERE B TR o

F 1 JERL 3D FTEIH R IR RGP S R R DF a2

Table 1 Research progress in sintering performance and dimensional accuracy of ceramic cores by vat

photopolymerization 3D printing

[19, 21,23, 32,35-39]

Forming . Sintering Flexural Apparent .

process Material temperature/ C strength/MPa porosity/% Shrinkage/%  Ref.
SL Si0,+7Zr0, 1200 10.00 30.00 3.2 [19]
SL AL O3 +16%Y,0; 1600 16.1 40.8 4.8 [23]
SL Si0,+1%Al,05(volume fraction) 1200 20.38 39.00-40.00 1.64 [35]
SL Si0,+1%SiBg 1200 14.63 25.00 1.86 [36]
SL AlLO; 1600 50.1 36.4 10 [37]
DLP AL O3+15%Y,Si05 1350 20.282 39.31 <5 [32]
DLP Si0,+2%ZrO,( volume fraction ) 1200 12 30 3.6 [21]
DLP Si0,+15%ZrSi0, 1250 8.93 30 2 [38]

Al,O5+3%nano-Si0, (volume
DLP fracti 1500 46.2 35.97 9 [39]
raction )

2 MEEBMXNXEMRTRBENE
N AF 53 3t B

Wi 32 AR S S [ AL KA T s (0 B, T 0
HL RS 1 [ i CRARAME > 409 ) R sk (B e
— AR TF 3 Pa-s) Y, (HE O AL B R 1 R R,
AT 4T B 1 R B R SR 0, L R A
200s ' BYUIR A R 154 Pa- s [0S [ A B R
FHF e B AR R A B TR AT LA W i
S EBURG-e 55 B B A (ST TR 2L i, I
352 80 W OO PR B S B, B 97 S e A5
SORHR, J/INE T RE A, 2 ST BN, ks R
SERERE BRI, o4 e I i IR i P
Jeb e R A 18 A o s AR 1 S

S BF T W 2 35 Xt R0 8 1 1 R AL
A HAY RO 5 B TS, e EARAT
AR HLERUNIE 4 5"

Wi 8 S 1 YR I8 4 3 A 5 B R MR B
SLE1-% 1IN | G S R T 1227 Sy Fa i
AL R, Y631 % 52 51 28 S S IR, R 7
P 1 P, R e B AR B A 4L 43800 B
WSROI R R, R Y SE R R g
S ELAS IR IS R 335 24 M S 93 D BL 37 F) 3
B R R R RO ) 3 B G 4Y, A
PSR ALR I, B0 [ LR S %, ARl

MRS e L I PE RE A A AT, BB T
e 22 S . — T =, 2R R I S (A
F R I BT LR, 2B RE I RETE B A R
o7 RN S BS E, B e R A A Y (E B
PR (I, 30 i 25 A B f e 5 T
MR SUR R RAS L1 Bl 3 I Ea -
PRI, 754237 FR A B (2 A e e St
VB RHIT S, ST A RN L 58| & ok 2
ARG, AR BRI AL R A, RISk
() S R e, P AR e B S 4
BB BRI AT LA/ SR 8 Fr M AR, AT
FhEE, BETFHT EORG B 5 6 1 B i, LR A 5 7
BRI, S A EGR S B ] B g Le | A
SRR R

T W SR AL S T 5, B AR
YeREAT M EE R Z , FECRE L R, B
SR G B W | S LA R O, 5 R A B SRR
BV, [ AN AT T RS, I
LA,

] B3 ) P 2 00 e e 1 A DR 22,
BRI TIZ T, S E TR I S G R R
SR SRR, DR ORI A S R 56 R R
Krieger-Dougherty R k(1)

n:@—¢)n (1)

Pmax




5510 B

DG I P A T s g T TR RSl A DT S i i

49

Low solid content

Cured width

o =P o0
“““““ o @

. Absorbing . §Cured
.Scattering 4 . :

12\ . T . __L_
P 1t

Incident light (E,)

. Ceramic powder

-
X

Resin

z
E Max

d

i

Low solid content

Cured width

- A - A

- - 1
. Seatterin .\Ab's&'rbmg . iCured
\ @ o

12

P

X
Incident light (E,)

-r_~_

Incident light

Incident light

bevudl

222227

R

tZl Sample size l Sample size
v X Mis-curing region
0 ! . ) . .
1 I ﬂNo mis-curing ﬂms-cunng
: ' cCuredwidth ! :
' !
: ‘ i : Sample1 Sample3 Sample1 I Sample3|
: : Cured : :
il Jeptt 1 Sample2 Sample4 SampIeZI Sample4 I
1 Il
i I P
|1 | | X

| |
| Ry !
L) 1

B4 ASHIE S Ve okt b A s e

__|Slurry |_ICured zone | Mis-curing region
C,: cured depth; C,.: cured width

(a) I IS f; (o) W 54t (o) ABDERER MR AT

(d) 3 [ X SR A A

Fig. 4 Schematic diagram of interaction between incident light and ceramic slurry

11 (a) low solid loading; (b) high solid load-

ing; (c) schematic diagram of incident light energy distribution; (d) concept of over-curing region
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(a) schematic diagram of the preparation of ceramic slurries containing high solid loading for the dense microstructure;
(b) schematic diagram of the performance characterization of ceramic slurries and cured green bodies with different
dispersant concentrations

75, G 1615 25
% 1l D, RN T RS T8 R/

&B’@%%ﬁ*ﬁ%ﬂj“éﬁﬁmﬂ‘éé@ﬁ%%%o 1 [ 5 4 Y
BB T EAT TG I, o 1 A TR AR, 2o [

A XA T, K S 5 W Y 80 G
PRI, I S — o 2 T, 5 5 L B L
W B4y T 1

Qian %5 ™ % Bt %5 S AL B IURDRL A2 1 K,
FEL AR T3 4 0, S T W A 80 1, A A0
TR, Ozkan %5 [RFSTHs H F 2 WORL 5 6 RS
IS ARG AT 56 236 2 2 3 75 v 1A R 3 1 S e, dnet
(3) i

2 _ 2
An” = (¢eramic — Pmonomer)

)

K An YT R IZ S neeramic T Pimonomer 7391
o7 B B URE DL IO R AT SR

f?“mﬁTn@ X AT R 5
nﬂﬁﬁﬁﬁ%%tﬁ —3, T 210, 5%
@W%%ﬁ%%ﬁ%@j;ﬂlﬁiﬁﬁamu$
TR, 1E M0k 5 Zr0, B VERT T & k2
N T S RO AT, S TR B R,
s X S, BORRS E . 2R B, 24 71O,
AECR 2% B, SERHIIAT BAFIEE LR RE

L5 TR, YRR 1 W R T L W
T PR (5 £ BB HIL T 48 75 W T R RORS E
A A 7 2 Bl A T LR, TR 6 S T K
ORI R AL ISR . SR T, 76 B RTITSE
AR B A 5 M R e B A T R
R 43 TF 5, 330 2 LA 2 7 R W 28 805 1
P, I F R RATEN T 4 SR )y
(MR AE P, 33 X i o A o 4 W 2 280 LA o
TREX



55 10 1 DI T A 1 A 1 P e B RS A B A2 TR 5 e 51
Ceramic slurries for vat photopolymerization
v v
Liquid phase: Solid phase:
photosensitive resin ceramic powder

Monomer . A . . .

Joligomer Dispersant Photoinitiator Matrix powder Mineralizer
(o]
£ o Q
€8 =23 £ » & .- c 2 -é 5
72 25 £ = 05 S o= Q=2
» © 8¢ © = T 2 =8 2 @ 98
n o Q B E=r = n = c Q3
e = ge g 52 o3 25 DER
(&} 5 0 o I 8 =
Green body Surface Double bond . Overall performance

strength modification conversion Core properties optimization

K6 FREHRH & X [ A i

Fig. 6 Effect of ceramic slurry preparation on vat photopolymerization

3 BN & E RISt

TR S e AR R BECE, I L 0 A
TEAE W] 80110 22 1) (T B, S04 W30 1 R B,
Wi 3 TR 2 R P R 5 16 S, LR~ 2 1
REREFE . DRI, SRyt e s s W i B0 s g 1
T S, A X I UL S ey kA T
THRST.

fvp 4 Ll AL OB B, S T 4y
BT 3 A0 (0 B R | MR TL AT 36 2R, 45 I i
STTHE (4) F

T
0= -0 4
o5 O5@ =0 “4)

2ol a KT SR A B 2 I I A s T 502
JELIE s 0 SRy SBR R EA B DILR SRR Bk 1T A

I e 6 5 ot AR [T B i e i 5 3
ASHERE S WA TR AR ST HEVE LRSI, W
RiAe SRR R PR U0, SRR [ 2 M 0k
b A IR, T 2 M O AE P 4 A
1 HCE I 2 00 BN e 285 oy B v i S8k, Wi
Bl it R HEAT, ZLECR W e, fi P 2 ARt e
H A 1] S . Zhao 25 IA g B s IBURLLE SR 11
YURE T DLP e J2 bk 2 g 1 W G 25 56 /e A, T
DA 1o 42 SRR S | D N S T AN S 4T E
o IF e A AT U AR A 3, DA T4 bR 2 g 1 T A
Li 25 5 55t A5 BRTCA LSBT B 2 280 AR S5
1, FHRTHLIL, BRI R B, FESOR R A AR R, i
W32 O P B 5 90, 2 UK B 75 5 4 P e L
T, LRI (5 B2 7 1 S22 A A,

e 2 R 11 25 5, U0 S R
Sk,

e A ORI o5 1 RO DA R4 ok S N
()4 6] S MEBEA TBOHERF S . PP DAY LISk A
S L, i 1 DLP HE AR 4 R 3P R B
GY R, /e Bl A AT A S W s UL S U AL
FTEDJZ a0 H s 4, S e a1 50, DT )
PR A% T Sk, Li %5 i ARALA, I
P B T 2 SR AS 1 S, AL 3
18R 32 38 e AN FL A TR /N T, I 3 20
F PR R BB A2 25 T2 30 o 2 2 L 1y T
BRI, A T S R R B, S R
L AT

4 SEEWRRERRRE NS REE
WtEiit R

S A 4 W o 70 0 A e ot B o R A
ERRBU, 255 SBUBTE MR, B
S R SHRS BE  — ER 2, AT L X P
RS Re st 31 S R IF Lk . P B4 IR 3
FEE TR AR MR AE, 2B 5 IE L ik,
R RE A WL AL, b ik ThaE ., 1%
LR R Wi “HER B LR S L
S, FE KRR RS LE IR LI BT 2, L
ROk, WORLIE WS T R AR . 5 i
VR 2 o e B 2, e DA T 2 (v B T MK 25 3 e
FERL TR, B 16 e 85030 07 160 4% 5, WA T35 B4R 78
SALRICR Y e M R AR S LR
S W, RSN W TR 8 1 Ak B

KRR 45 16



52 =

L7 S S

5 46 3

PRI, RS e 3t AL L 5P 5 o 3 260025 e g AL
B SR = U e R A B

25 e st e BRI AT, — T, St 203 W
HAFE | JTORE fih 25 AL 25 f BT B, SRR SS &
RGN ARG, 5 T, P TR A
ik 77 = £ 07 0 1E— AL R 2 e 4

SR ST Ve MR Be 4 HLI, Li 2 s
Laplace 745 T 5 il MG Fk R, = (5)
FiF 3

M:4L_L) )

K Ao RALBRR RN J7 255 y AL BRI R TH 7K
J15 Ry FN Ry SR THT 1 AR LA A0 R A% R R il R
B BRI AE BT X F R ER-BERAE
Jox, HL7 A AR AR T PR TR T 3R T 5 e 4t 3 [ 5%
i 22 [B) R AR A 25 57, A 2 A0 AL Y 11
AR PSS B, Wi 25 SR E i I T R T 7%
K, IFHEZRRREAR A MIE R 45 S Ab B8 5, T2
bl o T 1 AN

Lize' mp Kuczynski XURL TR, X B %2
RSB 4 #EAT 5T, SR SL HR7E 1150 € T
il % ALBR A 37.9% . 45 58 33.7 MPa 194K
AR B B RS o BRIE FIUR 122 fl X g 235 4 A 4 %%

W (6):
1

x [3 \/RyM%Po]S 2
Pl sl B A
"\ \V2R2T2 2

AP TNBEEIRIE ; Py 7% ¢ NIFIA]; y ik
5K 75 r IR IR R RIS ; MR IR BT f s R RS
TRHEHG d s . hiak(6) i, R bR A
FFhnpebess A Ko 5, et ki 454 . HRE
HRE R IETT, BREBRLZ AR TE, § 8308k
FAEARUGE TR0 . b bedh i FE ik A rh
B, S A R AL, e S ILBE A, b
SERTTIRECE AL, Mk 5 W0 N itk A K AR
LKL o [RIBHIREFE T Jos 25 1 B X d i R i 5%
i, Ak (7) B

d"—dy" = ktexp(— %) @)

A d AERIE BRI RT s do BTG GBS
ke 95 RORE B LA AL A S H R ¢ bl
15 R S H G O ATHALRE: n & fokiE 1K
PRI H A BEFR e4h IR Thm, W0 1S A
TR IR, fie RSB0 R I R B 25 B £k, A
T il AL B R ARG L Wi AR B . e AE 1350 °C R

W=

(6)

1% SR T SR P B s R

Li 465 5 B 0 £ K A R e s MBI
BELRE T Y05 o 4 A 40 ) 28 TR B 45 4 S (1 5
Izt (8) iR

vA? —q
D= ?exp(k—T) (8)

Kofr: D R BesE Y R EG v R TFRGEI%; 2 N
JFFBGTIE B ; ¢ J R FH OB AL RE: k B R %2
BB T B IREE . BesS IR TSR s TR T
(o %, (R T e st R B AL, T3
TR B RS S R T Y TBE Y,05 i
AW g B R BT O M BOE ALRE, AT
1% O HOH B AL, MHI LSS 5% AL, SR
FLBR Y E Y BT B2 S Y,05 it i
R, AT 45 5 FLIR R (40.89% ) FIIG 25 36
75T (0.63 mm ) {9 EAL SR PR 2 AL
FETFLL AT, st o B [ 32 et iR R
AR B P URER B R AR 1N, st
K R, BesEIR B ok, X Be st it A
T (1S3 P, T 849 o 2 s 4 2 g, (R
SRS R % | S8 AL B L R R A R
W, DRI, [N A2 3 X AR A A T T
5%, Funk %' $I T —Fh T s HE AR 29 50
RORLEE S35 B, s (9) %«
D" —Dmin
= Dom—D,. ©)
2o VR BRI Do R TR
B 5 Dy W /INBURLRLAR s n J A0 AA 580, 3T
o 2 T A R B A A, U % M
H, IR B ORI T 365 el o
5% T SO S Yot s 1 Al J 780 i 5 3 S 0 B 0
1R 22 % W s TR OO L 4 FR LB A ] 7 o
o WERITRIL, AR AR, XRet 4T A T
B 2, (AT HH B ZeSiO, ORI 22 , A ) T B s
A5 R RE, TP 2 S N, S P I R
K% W g LIS EERE IO JE 2R, AT 1200 °C Jyde
CEVLIE . Li 2 CTHRL, b 40 SR R AT ORI,
Bt HERIMECA A 201 1 W, 2001 S hess ik
Wi PRI R LR B, KA D0 BEL A b 2 B 1k,
(I . B2 45 th ALBRSEK 36,19, 25 3 B
1 50.1 MPa (85 Ba B A o
BRI W e R L, T SRR D L 2
VE, BUEVRS BE 5 2 MEREME LA ), 625 b2 IR 1
B, AR Rk 2 AT S I A TR R A B A
W R, By A I o7 A RS, [



5510 1) DG I P8 A 1 3 P R RS G s W 5 o 53

(b) ZrO,

iy

|

W) SiO, particles
@ zr0, particles
¥ ZrSio, phase

® D A Particles
] Resin

33 B

Reduction of particle size :

W7 LR T P8 TR0 2 U A Yy 5

(a)1200 C BE&kJn WUki4s & HLUES L EDS 73 (b) Bilis-hedtiid

FErPBRLAS S AT 8 ) ZeSiO, Mt i AT W HILER s (o) B R MURE R ST AR X 0RE 45 547y SRR A AL S AL B

Fig. 7 Effect of particle size distribution on microstructure evolution of ceramic cores

3] (a) particle bonding microstructure and

EDS elemental distribution after sintering at 1200 °C; (b) particle bonding behavior and ZrSiO, precipitation mechanism during de-
binding-sintering process; (c) mechanism of particle-size effect on particle bonding behavior and phase composition

AR, P T B 000 W 32 5 4 R ST B O 7T RE 6
R, Kazemi % BRI R, AL
TE 1380 °C B 7R RIAT DEI0RL FE TR 45 . BG4S
J&, BT A AR, W S R B A, LAl
17 9 UL 56 T B 7 4 0 B R A T M
(3R . Bae 25" K Avrami 30 115 BERESE
T R B RS (AT B 2, o SRR L A
Py 3 A 33— 2 T A K4kl . Bae i
"SRRI YR RT 30% B, B A i 4
T, P28 PR RS T
JETF U, T b RS A R R,
PEAG 70 0 i o SRy Uk i R e e 5t
T e 8 BRI B S A B i, A ISR X 4
A9 S 0 o EC R LR D R i K e
Wik, YT Jade BOPEHEAT 0BT . I
K E 5 8 A B A Tk o ok 35 8 R 8 AT
s, it (10):
We _ ghe (10)

Wa Aa

R w, FTwy 4851k 7 £ A RE AL R 1 A i
A F A, 290 R PIAR A XRD W A AR 5 K2 L
0, FIad it PDF b~ P () RIR {H8f 2 . PIAHY
XRD U T8 B L A 3015 R 1 R J2k 494 HG B TE A
e, T B A B VR I T, O T R
pacs

1A FE o B 328 0003 P B4 AT, LR
S 7 £ 3 AT Y, Zheng %5 BF5T
TR ARG M TR B B, L rh kA
R R P, 0 R AL R Ry A
(32 1 SR A A 2 AL IR Ry S e, AL
HH T8 AR S S AR = A MR, B
25 R R W, X4 R E ST T SiB, 1E R
B AR o Rk B AL 5 O, Horh SiBg S
SEALRESLASH i AU N A IR ER B 38, B
T Si—O SHEFA LS, T AT,
AT UL, A0 1o X AT A RS R S,
AR S B R e AR g, g B8 % 707!
BB T A2 LR IR AR (O B



54 it

22
73
o

)

2,
&

T i 55 46 4

BEAS 1 R X Bl e RS 1 ) A S e A T SR
R MRS, Pl e UL A IH e R A A% 5L R B
55— RINE IR AL, 55 % RS A P e 2R AH
Ko P, X Beas HLER AR A F Tl & P REIL 7
R B e LS o (RAR 42 R BEAS T | dnfe i %
WAL RS i, 02 FAT 3D 37 B0 R B B
e A4 ]85 R K

5 REURERLSERETREE
JURE kT kil

22 B HS FIIBELE JE 1 W R0, s Do 3
SRR 1550 °C 2o AT B IR LI K 4 a
iy, DRI P T L B 0 v TR L L
FOEASHERE, MRIEZS O 50 B (0 BBk B L A
SR P 200 0 i R o 9 R ~F S (L B
FEH L

V) 70 A L A S % A 1 3
iR 08 B A EAS T, B IR S % N e B A
B BT I AGE B, BE TR EE TR L R R
Bt I 0 A0 TR T D T DA Sy 2 70 0 5 2 A B
SETYHL SRR fUBRs R g e T

Shy T A0 ) 2 e A RO A RS TR R A
A5, Li % 57 T 0RO A AL A R 1 IR
W AR AR R B 2,07 mm, FH46 AL BT A
R S B 0 RS IR A R R E
o Y RS T RERRES VR IO A 4
L B 3 RS (RSN, TES R AR R, P T RERR S
RS, REES A A A e S A b R TR 1 AR AR
R TR 7 TR A e W s O A
A TS 178 mm, &R 25 3 R T S
37.13 MPa. Hu 25" F Fil S A6 205 A 361
VT ELAT 14 I 5400 1 W B0, A5 28 B T 48

i

7=, W T R B R R 522, A
R IR P 55 B A 12.87 MPa, I8 AR JE
5 0.345 mm,

e 5 0 5 T T 2 e R o W A T 1 R R
FEAT TR S, RN oh, B UKL B M B
T L PR Sh A 5 A O, 4 W B I A M
I A 350 0 A5 8 8 43 0 sl T A i
S TR AR, X T 0 S o AT T B B
e 312055 ST TSI ok s 0 A A i o R o A 0
ASTEEAT TG, SIS AM T X, TR
B, S Al 45 1 ZE0 0 0 U O 7 B W 5, IR A
I () B EORS B AS R DRI, 6 T P00 L 2 1
PESE A TR AT .

RAPRTIT 5, I AL A ] 46 11 P s 2 i
A 25 O A EERE LR, RTE A DR R
AR RS B 45 v 9 SE BR  HR IR T 0F9E . WK
2 F R NIREELR  FFF G FE A AR B i 46t %
JEBE S R R RS A SRR T A T 4R
T TR IOE , R A B RE T L T A
Sk, W 8 B . PG 2SS ke 2 ik i g
3520 T — A Tl Ak 1 M o S R o A T
AR T SR LR TR IE, B 4 TG A
GEFLINZS DT A SETFIE, I VR 5 B | AT
8 W 3 525 00 oSBT 2 R 7 A0, i 1o 5 1)
VI, SEIT IR (e R

L5 TR, S8 3 AL AR T 4 H i M o s
B AEHEATE 2 00 e Bk, B S5 T
M AT R 25, BB | A LI TRG e
P Wi s B R G B A T S, EL G gk
R RS PRI V) 5 00 0k RE I A 25 o 95
), 2% 45 L RSO . TE e 1 W 2 8028 2 D G
5 Vs 3D FT EVATUS i 7 A phe MR > —

F2 LRI R AR T
Table 2  Effect of various mineralizers on the phase transformation of silica-based cores T 3 7071
Mineralizer Result Mechanism Ref.
Al,O; Promotion As a seed for the crystallization of fused silica into cristobalite [35]
SiBg Inhibition The short-range ordered structure of Si—O bonds is destroyed by (36]
oxidation
Mullite Promotion Heterogeneous nucleation [58]
ZrSiO, Promotion Heterogeneous nucleation [70]

Cristobalite Promotion first and then inhibition

Cristobalite increases the free surface energy of the system and

increases the nucleation position, thereby promoting crystallization;

the volume expansion of the B-cristobalite to a-cristobalite confines
compressive stress on the surrounding fused silica and inhibits
crystallization

[71]
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Table 3 Progress related to high-temperature creep of vat photopolymerization additive manufacturing ceramic cores

/ﬁﬁ%ﬁ*ﬁ?@&@ [26, 55, 58, 74, 75-78]

[26, 55, 58, 74, 75-78]

Forming Material Casting temperature/C Deflection/mm Ref.
SL ALO;+16%Y,05 1550 0.63 [23]
SL Al O 1550 227 (37]
SL Si0,+15%ZrSi0, 1300 1.78 (38]
DLP SiO,+nano-Si0, 1540 0.25 (33]
DLP Sio, 1550 7.48 [75]
Injection molding SiO,+nano-Si0, 1540 0.2 [76]
injection molding SiO,+3%mullite fiber 1540 0.12 [77]
injection molding Si0,124%ZrSi0, 1550 0.15-0.30 (78]

8 G LR s
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Fig. 8 Application examples of vat photopolymerization
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