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Abstract: The 3D printing process of calcia ceramic cores based on slurry extrusion was investigated for precision casting
with complex inner cavities. The ceramic slurry was prepared by mixing calcium carbonate powder with polyethylene
glycol solution, and ceramic green bodies were prepared using a self-constructed extrusion 3D printing device, followed by
a sintering process to obtain ceramic cores for casting. A three-factor, three-level Box-Behnken test was conducted based
on the response surface method with needle internal diameter, layer height/internal diameter and printing speed, using the
surface roughness of the green bodies as a measure. A stepwise regression method was used to fit a surface accuracy
regression model and the optimal process strategy was derived by Analysis of Variance (ANOVA). The results indicate that

the inner diameter of the needle is the main factor affecting the accuracy of the ceramic green body. With the optimal 3D
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printing process parameters, which are 0.41 mm for the needle inner diameter, 0.75 for the ratio of the layer height/needle

diameter, and 29.87 mm/s for the printing speed, the surface roughness of the ceramic body is 35.39 pm.

Key words: calcia ceramic core; extrusion 3D printing; response surface method; surface roughness; process

optimization

Bl L 25 R TR R T 5 38 A AT Ml PR s
AR R S AR T RS TR e
K BN JOF B iR Al w0 WEEE AL A
AT In) K ) X R N I A A B AR,
W BB Z IR R B 25 i FLaE , 254 40 K 3 5
A 3F A AR B A 7 v A SR FH G R A 1 AR Ok
B 2 A% N B, R Be i 58 G 151 L BR AL Ies 9, TR Ik
T B 5 N s i AL IR AR 15 58 A 4540
JIVRS 240 R A 1 M JBE A5 RO LA A 5 I ke BE AR
M AR B A a0 330 %o 5 el s 1) P 8 R B B8 i
T E R

TE I B 1 o AR v | 52 2 5 P R D 4 1 i P 7
R E B ARSI R BE B i Ak 2 A e Pk
AE S A It HCPERY B RH H RL  2 f 4 5 J AY
I R R RS RN B i AN b 4 LS B I
(M= WA = LU= P = R SR = o S S =
2 R P T R AR R (L PAT A s ) e TR
T A RMES 22 2R FH 2 1] 150 4% al fif FH &0 R 7 F
ol V5 VR 2 5 R AT M o0 Ak B AN ASU e 5 A A 7 T 4
AR, T 23 0 0 T AR R T SO B
TRV VAL P DAAR G b fifp o 5 F X A3 B8 ) 1) A
Hrp CaO M B ARSI s . T wRE i
11 S i 30 2ok 7K s i BV A R T B AR B AL, —
Rl EL W 51 7 0 B R AL R AT Tz T A AR
TR I L 1 1

1 455 Bl 5 AL O OE T V5 AL G PR 5 0k E IR R
W B B I v A d AR | X 28 7 IR
AR AR L X Bl 2 A A R R BRI, A R A
o, TOTE il AN U 4 J ) 7 ot ST ] A0 A0
i AT T SR B VA SRR &2 2% | 45 R R A TS
B A I AR R 3D T ERHRTE B &2 44 AR Al
SEAE 7 TSN AT | by Al P o5 1A B A AR 4 4 R RS
PR T —FHT 7 k0 3D FTERH R TO T B 5
B L T DA SE BT B BT, 0 R — S A% 4 il 1
T AMELLBUE 1 52 IR F g 417

£t 1 20 3D FT BB ¥ (direct ink writing) /E A —
SR T F R DLEAT 5 128 B 4 1 R 2R 03T
A 58 8 RO JEURE AR SE TR LD AR 1 U0 - 5l
fE—E MR T ZZHEREUE = 4eP RS, F Tk
[& 1k B JE £ K (stereo lithography appearance, SLA) .
PO X be gt UE 45 R (selective laser sintering, SLS)

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

FZh S I Y H2 R (three-dimension printing, 3DP)
AHEE 35 1 20 3D 4T B BUE 35 45 a7 5 | BUAS 341G, 4
BhE PR TERE S CEVE AR A A A
Az R W R B 3D FTER A G T
TOAR ) 1 52 A 25 ¥ B e RS o R, B X 3D T ED
T B e PRS0 1) 2 1 AR X AR, BRI T %A R
T 52 % Vi s 0 s PR S 3 v g 1

SRR REY, 5l X 3D 1TEIUE B &
WK FE 52 24 T2 S H02 202 gk i 452058 1o g 7
DORRJZ i B AR A LU e B2, RGEsE 1
FTEQJZ X T ERAE R BT 5 A 52 0, > h/d = 0.96 B,
TN - FRTH - TC BB 0T S T T X B iz AR
GIAT T BRI ) O3 R IR RE AT RS R S R X
Wi 5 22 A ) B RURE BE AR5, JF e T 45 AT ER
LSHGEH . Tang 5P o A B AT EDJZ & Bk
FRFNTT B B X P i A R B R A s, 24k
Ji W s A e T RELRE P 41K . Chen S5 & S EF
2 3D AT ERAE A 2 i o i e PR A% ) S, AL
B A TR RS P K T AR LR B, EIRE R R
B FTERJZ o 3 B AT sk AR S5 S 506 3D 4T
EP P & R 2R i A S, SR AT EN S8z
() HE 5 0T 2 T Jo o5 1 5% e R A I 5 320

A5 T ) 7 T DA Sk (N AR R /AR
FTERNTE JE E 47 = A & = /K°F Box-Behnken i3, L)
1B P 25 20 R 2 TR REURE B2 Ry Ay et 48 A 7 Rk nl I
FL A 38 3 J7 22 43 Hr (analysis of variance, ANOVA)
XF TN AR AT AF BT, TR T 3ARES
M) S/ 2% DMLRE B2 Z R G &R, 00T 77 3 MR Z
[R5 BEAEH, B TRt T. 2 S50 6 01 i ik
B HEATIRAE A ARA i 0T R R B Y A2 4 Bl s T
ISR L T RE S, X T R R A A e
SR S,

1 ZBEHMBEFE

1.1 [ERBGE &

fii ] 1250 H CaCO; #3 K (Dsy=4.62 um, M &
TR A B R A BR 2> R A AR AR, JHORL 4 SO0
TES AN DL 285 7K Ay ¥ 70 I o
51 80R 30% 1 5 & I (polyethylene glycol, PEG,
M,~=4 000 g/mol, [¥ 24 4 P 1k 71X ) A R 2> 7)) 7
VERBEEH) , A FA DLEEIE A (RO S R A R

http://www.cnki.net



-1014-

FOUNDRY TECHNOLOGY

Vol.44 No.11
Nov. 2023

O D) 2 85 W SRR B AR

FRHL 147.34 g /) CaCO; Ky KA 30%(J5i & 4>
BOM PEG IR & IR 0.5% 1A AL A I i
RN BRSO, A FRAS S Bl AR e PR (1 B
BHR K BB R 247 B S EREE PL(QM-QX, 7 &t
AR A BR S T H L 300 r/min (5 ERES 9 h,
1.2 3D TENE &

il A =45 EE A0 4T B 26 5 (3D T B BUE Py & 7Y
ANERAR)  IZ T ED 5 A5 AL 5 HLAGZ Sh A B | 0K 3 2%kt
BE R B A R G, R 1 R KRR S
1) B 5 ek 2 JFL T B 2 TP R B AR AT B ML I
Hb, PG ARE A 0E 0 S LA 45 & T LAV & Sl R
y MR sl , HRHAZ 2 B 7 XU OB - 5 11
Bt b, B RGCR A H AL 2 R SR AL
e & SOk R A B U WAk Xl R8I ER WAL
K/, fdE A Simplify 3D F4:4  FR B FTEI S84,

K1 B F#HESER 3D Tk &
Fig.1 Self-built extrusion 3D printing equipment
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Tab.1 Response surface test factor levels

Factor

Level  Nozzleinternal — Layer height/internal Printing speed (C)

diameter (A )/mm diameter (B) /(mm-s")
-1 0.41 0.75 20
0 0.51 0.85 25
1 0.61 0.95 30
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Tab.2 Response surface methodology test tables and results

Input variable Response value

Experiment
number A/mm B C/(mm-s™) ¥-surface roughness

/pm
1 0.41 0.75 25 41.03
2 0.61 0.75 25 59.56
3 0.41 0.95 25 46.13
4 0.61 0.95 25 72.71
5 0.41 0.85 20 42.56
6 0.61 0.85 20 67.78
7 0.41 0.85 30 37.23
8 0.61 0.85 30 66.27
9 0.51 0.75 20 42.36
10 0.51 0.95 20 57.39
11 0.51 0.75 30 42.37
12 0.51 0.95 30 45.66
13 0.51 0.85 25 54.28
14 0.51 0.85 25 55.03
15 0.51 0.85 25 51.73
16 0.51 0.85 25 57.69
17 0.51 0.85 25 56.53
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Fig.2 Scatter plot of actual and predicted surface roughness
values
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Tab.3 Analysis of variance of the response surface methodology regression model

Source of variance Sum of square Degrees of freedom  Mean squarevalue F-value P-value Prob> F Significance
Model 1679.89 9 186.65 38.18 <0.000 1 Significant
A 1234.30 1 123430 252.50 <0.000 1
B 167.17 1 167.17 34.20 0.000 6
C 43.06 1 43.06 8.81 0.020 9
AB 16.20 1 16.20 3.31 0.1115
AC 3.65 1 3.65 0.75 0.416 3
BC 34.46 1 34.46 7.05 0.0327
A? 42.05 1 42.05 8.60 0.0219
B’ 47.39 1 47.39 9.69 0.0170
c 95.09 1 95.09 19.45 0.003 1
Residual 34.22 7 4.89
Lack of fit 13.44 3 4.48 0.86 0.529 5 Insignificant
Pure error 20.78 4 5.19
Sum 1714.11 16
R=0.98 R,,=085
R,y=09 CV/%=4.91
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Fig.3 Surface morphology of ceramic core green bodies printed with different needle diameters: (a) 0.41 mm, (b) 0.51 mm, (c) 0.61 mm
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Fig.4 Modeling the effect of extruded filament build-up on the

surface roughness of green bodies with different needle inner

diameters(d,<d,, Ax;<Ax,)
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Fig.5 Effect of different layer height/inner diameter ratios on the
surface morphology of ceramic green bodies(h;<h,, Ax;<Ax,)
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Fig.6 Effect of different print speeds on extruded filaments: (a) balanced extrusion, (b) over extrusion, (¢) under extrusion
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Fig.7 Contour line and response surface of the needle inner diameter and layer height/inner diameter of the needle: (a) contour
diagram, (b) response polygon
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Fig.8 Contour line and response surface of the needle inner diameter and printing speed: (a) contour diagram, (b) response polygon
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Fig.9 Contour line and response surface of the layer height/inner diameter of the needle and printing speed
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Fig.10 Surface morphology of the 3D printed ceramic green
body obtained by optimizing the process parameters
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