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Figure 1 Flow diagram of 3D printing process
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AL T BB E A 3D ATEHI L2 R HBURE T B HANA L, B 7 A B BT 4ok
£ 3D FTEIEOR M mPERE . IR G5 ALOS BUE B B A J7 T Prdb A7 1) LA, JRAM N4 T Ve
DUVE RN T 28 ROX P M) £ 2 G B B R KB v, FIFBOGIE X 45 (Selective Laser Sintering,
SLS) FIA%E#f % (Cold Isostatic Pressing, CIP) E& LZHt—PH#li& | ZrO,. SiC. mALTEHE
MBI R 2B AT, v 3D ATERR R THUS IR BT RSB E Rl

1[4 % 3D T BN & AN

W LI 3D 4T ENJ7 VA3 kS B hnlid (Laminated Objected Manufacturing, LOM) [, #EmyTAH
i (Fused Deposition Modeling, FDM) P1. J&[#E 4t (Stereo-Lithography, SLA) "1, ik X #ik
(Selective Laser Melting, SLM) ', =#E4TE%: (3D Printing, 3DP) . BOGLIX Begh SLS P &7,
G RAMEL, FIRTUR 3D FTEREORIE B A 2T ARG B A & 21 F 107 T R I R
Pt . SR, iR 3D FORTE M) & T I S AF A VF 2 N . VR 2% 25 iliEad 3D FTEREOR AR
B R ME, amiRRSEUEAE, FME2EREEEEOE 3D 4T EH B0 1) & Z 4% .
T 1A T BB RAE WK 3D TETT . REEFI2E. MR A BUE T B,

1.1 HHIEXIEE (SLM)

SLM J7iERIH EAZ 30 pm ~ 50 um B SEFEHOLH, X RZE ZEFEE L, MR —Ma 84S
A HAEEER SR, T EEE 3D FTEIM R, T R BUE AL,

2007 4F, Shishkovsky % A\ 25 5% HI SLM J7 15k B 321 3 P e 22 B o S e SOVt (10 I AP Y
AR A Rl R TR B IR 3] 1450°C, BRINHI 4% T YSZ-ALO; M &l b, FER T SEOLIE . 15,
B (B BT AR B R FLAN LS. Hagedorn 26 A SLM 73k Bl ALOs-ZrO, M % A4
[ FBOGIR IR E T, S8 R I S B TR B IR 21 1700°C, YRR 1300 e, H THOLR
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Table 1 3D printing of ceramic parts

3D printing  Energy source Raw material Densification

SLM YAG laser Powder /

LOM CO, laser Sheet Debinding and sintering
SLA UV-light Slurry Dry, Debinding and sintering
FDM Heating head Wire Debinding and sintering
3DP Adhesive ink Powder Debinding and sintering

SLS CO, laser Powder Debinding and sintering

g XA B, R A B B — AN T 3 mm.

SLM R 2 P B A I AR R IR AR VG RO TR, FRAR R BRSBTS e AR
INEP
1.2 EMEBMEIEREAR (LOM)

LOM HAFIHBES U EIb i fr, Bl R N2 B R B3k =4 stk 44

1994 4, Lone Peak /A &[] Griffin 25 N Bl LOM $AR#$1iE ALO; Fi&Z1:, K45 T 4
B MR MR, OO TR T EH I M B RS . H AT, Lone Peak A V&M
Fi LOM 732l 46t T S A4 I 8 250k R 1 SRR it 2 7241 45 TR T2 P9 150 pm ~ 300 pm (19 4E
M. BAh,  Zhang 25 NUUHIRE (05 54 ARER TR o4t SR PVB YR RGBS, 4%
T ALO; IR, BB MEUEL G, BRI THXTEE N 97.1% 1 ALO; M.

{H/&, LOM HiEHE MM ERARTE S ZEZ M GRS H T, DA FERATITE, KM
REHIEEZERK, WEEMIE R IR, 5 R L& R A5 .

1.3 JE1k (SLA)

SLA TERHEAMGREA— PR CEBR Ia AR}, 385 S 150 M Bk AR AE G A v i 43
WSS, R EFEAEE & IR PR R, ARG RRME L EZ R A HERR il e e A
WA, BERATER. WG R beds 800 T 245 2 & 4

Griffin 2 NV 7R ] SLA J7vkfili e 2 0F, Bl 7 M & A 40 vol% ~ 55 vol% IV #-
SRR EL, R SiOs ALOs. SizNy = MFEM EHEEAT 1358, 43 R G A i) 77 ke 1
VIR, T REAT B IS A iR P g A B, KA T AP EME. 2016 4F 1 A, HRL sk
8T SLA J7iE4TED 7 EA TN RE 251 il i, IR AR F o8 6l B SR e iR &R, B9 9 Si-O-Co
SLA )5, 7E 1000°C @A N THE, 192000 i BA R AR, 7E 1300°C, 10 h
PRI E 0.15%; 4 X FHERATH (XRD) /- FE S s (TEM) A8, #4858 2 80% H L FLIRAZ7E .

TEE P, PH2eA8E RS TR EEER I 3 M B R R A T2 R Tt . W afh e s
NWHE I IR AR, MR R [0 5 o ) e R A ) R R S R B, R AR
GRS ERM R BA %, M ERFDERT 40% B, TSt M & 204 M 4s R 5K

H2, JelEfh 7 hlis P S R B S, WIS R E, XEEAR T % T2 MM
IR JE.

1.4 ¥ERISTTFRER! (FDM)

FDM AR A BB AEAT R A I il JFH R 2 Bl a7 s A2 51 IR TR TIUE
ML, BR RS AT ZITEER R I A HURS S5, B R A A s
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WU T 2244 f5 F FDM 1524 B2 HA e e, e il b Ot T R s i Joe 5 SR A58 v 2% 1) B e A2k
1996 4F, Agrarwala 25 AP 2R FDM L E R SisN, M B 0F, B I8 B SisN, 1
DRI, B EARF D EUR R 55%.
H2, IERIRMR &R 2, Wi e M e Ay, B TWEk OAREOK, AU R,
FANE S FDM A BRI D, BRI T P &2 FDM R 1 &

1.5 =4#3TENL (3DP)

3DP FARSE — PR S BRI 3D FTEN T, IR T EINL, fETRSeEl~F 0k oK b,
T HRERA B SRR SR, BEHER A, RARE =R E M

1993 4, Sachs %5 NP FRH 3DP JEMRB I EILIE, 48 miRmaisiamEEe, mT
JEAT R AN T MgO Z52BheF, f% 28 W oAt P AN B 4185 i« Jooho 28 \U'h@ 5 3DP 53l 4% 1
HERH ALO R, RE THRANABEREER, S, TEI.

SRTT, 3DP J7 V% R Y e B i Wt EUORG &5 7R A SO B AN Ry, FTEIMEL B 38 %€, TR FE K.
1.6 HAIEXEREE (SLS)

BT ARMENP) SLS HARTCH TS, LR S E 4R AR % . SLS HoR M TAE 5
W 2 Fior. B, EIEG LE—EEMNER; RJ5, CO, BOBiZ & EET 1IE BXT F ZEREN
MARBAT O, SR IR KA T e dh BUG R e — 2, TR 0 X 3808 R AT
SEMECR, nTEERH, T/ESENT—EE FE—"EENEE, F#T F—Eamnfias, =2
H5EZ kSR, BZEMHMEDR RN HENEMS,, HEAREE.

1995 4£, Subramanian %5 NP3 e F1 ] SLS $5 A 45 M & A4, 76 ALOs ¥yoK (15 um AT 2 pm)
RA R TR, XT3 Bk R T SLS B, RIS IRARIEAT AR AN Rl e sl , A8 3
P S R LA 6 5 BE 43 ) U 8 MPa I 50%. Lee 25 N hi@id i i A I 1 77 k42 & SLS P %
FAEHRIE, 0175 SLS M ALOs-ALB,Os FI % BIZIE ALOs WIEL IO, Hile, EHA T
KRG SLS P/ 3 T sl b s, AP EFTRIARX %A S| 75%, 25 M5 e 33 MPa.
AR 2R ALO; VIR B & 5k ALOs ) SLS M B, Zminked, FHxFas A il o 2 7
WALA 50% F1 20 MPa. Gill 2 AN S8 e KM SiC M ARHZIE 1. 1 BRBIELIR S, SiC WEHCEY
RN 44.5 pm A1 22.8 um [PFR R, Je et R IFRAE 2 58 pm, @I X SLS AT T 24
AT, HEA R SiIC E 4L
45%, HiAHBHAEEL 5 MPa. Shahzad 2 A4 )8

TR EAL AR A, TR B AR _ 0 O —
55 50% LA T, SLS FHRZEIL I IEA B iR Ke S i I Loeer
system
HRFR, KL SR R AR 3 AL Y
50.8%. Liu 25 AL g s s i\ B8 LA 0 K ——
reneatin
(026 um) 1, IHATOEAIE, HAMEHIM e Roler
BEAEAEXT 2 E IS A2 88% . Products f . /Q'—'-
2 &M SLSICIP £4 %R :c_m'rdelr' ~ powder J:owdeL
= ST . 3
I bk 3D FT B A i 1 W e ot 1 1 M G
TAAESUE AR J12PERE Z IR S, ANRE B 2R T LB ral

FFs2hr TAvA 2 h, Eit—25 %) 3D FTEppEE Figure 2 Schematic of the SLS process
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AT G S8 A A HE . AR, AR CIP BoR 53 TR AR SLS FTENENLEE &, A&
J& X SLS/CIP 2R AT HER M i e 45 A B2, 52t 1 B B T AF 1) SLS/CIP & & B il i £ R - SLS/CIP
HEINEHA LT RA IR ARSI, W2 785 KIE T SRR AR IS (1) SLS HAR B F &
YRR AR, I AR T, ATDME TR ELR M LN AU R R RS R R IR (2) CIP
BARSMBIEIMEE, RS, WD TR S A A 20,

2.1 MM

SLS FR BT IR AR AE AL Tk ), 2Bk, LR SEAFMTmshie, (T4 raT
RS, HJR, WORGMEM AR B A, BREETEE2E, 1EmREE M BB R K. 9N
K B AR 2% (1B Bk AR T R e BRGE IR PELT, (B AEARR I FE T 57 A B R R AT A R B 52
— R PR A 257 1 TR 20 TR 45 70 T o e I K SO K R P R oK, CARINE L 4% R AP R s ok
FGegsig . REEEFIM BN A 1 R B B, REEEFUIMAN R /DR, P& R AR BR8]
Mg ARse4r, SR, SZEEEM; TN KR, Wikt EEERs %o, S8
SRR A R R A AR P IR R R, B AAR . PR

A BAPPR ] = 4R LIRS, B Sk M R ARt ik VA 2 A PVA B A
Yy, SRJE RO R AR AR E M IEIR G 2 h A4, BISRIMAMERRSEamE, ZhEA
# ELUTIY SLS KGRV RER CIP IR At .

K 3 (a) Fon i ALO; JEKY, 12K R4/ AN, HEMEFE, FHREHN 0.4 um. B3 () H
Fag5 7R A IR E06 AL PVA-ALO; B 51VR & IR A o B H BAT A FILIU) 2 T8I F JURE Sl F00R 5 46
TINEM NG BE06, 2 [ iy Bk & 2 1 iE kL 5 1) PVA-ALOs FiUkL . 2 % 1AM s &= nT A2 SLS
JR B B R ) 5 M R ORE [ 70 AT, K IRRE B2 L ARAIE T SLS JEIRIIBREE . Hi T SLS #7525
BEATHERS, FECRIIEIR R BT — @ R E AT EE T, RGBT & sl DT . B R S RN I B AR
R EANT I SLS M R BRI ATHE T, AEE AN SN . SRS R & 5 26 S 2 AR
SLS RAELY, Hl & ik mE, mAK.

2.2 kX ai B

SLS AR HOCIE AR ARREL L, RS2 IR SR I Rl A, R — ML R IR 3h
BARG. SN SLS TESHTEFI RIS, . BERIIRNMAE: k2, HLEZSHA
G, Wk A A, RSN, BRRNL )5S CIP S eI AL 5 (M 2 &

Granulated Al,0, particles 5.0

o v
- @ )

E 3 (@) ERAHWAMEBRER: (b) BREHANB-RERNEEH K

Figure 3 (a) Initial alumina powder; (b) alumina-binder composite powder after granulation'**!
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SLS RN (KOt e & EE AU RS AR, i B B UL s i s A AR . B 4 08
PVA-Fg -8 IR 2 50 K SLS WOt kess i R B .

E 4 AN S 5 B PVA # 4 ALO; 4 &8 & SLS & & R & |

Figure 4 Schematic diagram of epoxy resin and PVA coated Al,O5 ceramic powder SLS**!

R & B AW NG 06 1 ALO; My EE S AN, HTZE AN AKFEEH PVA BRI a5
ALO; Wi &R AN E06 M R ALEL, B06 ¥y R HOCI 5 L BOkm A, # Mtk mla s ALO; ki
M PVA TERCR#E:8I. H SLS Mot fE R B AR = AR BRI kR4 E R4
WA R AL, AR . E06 Ky AR T4 fa W M E AL, JEVE PVA-ALO; ¥y KRR m, &b
A7 M B ORI IR s FERURE EHERY B, 4T PVA FIAFAESSIN T ALOs By K ki [y v, FHnik
TIERL ALO; My ARBURL R AERE S A EHHES; EMAHEEEP B, B ROGHEMA R, Mins
AP VA FE ] J5 T R 45 30, X Se RS B0 s R ALO; OB EAE — e, A — e
VAZ IR 22, SLS MBI, O B B R R A R Bt sk AR, BRI SRR,

P

qzm (1)
X, P ONEOGRERE (W), H AR (mm), q NEOLREESE (/mm?), v NIEHEEE (mm/s).

REUEASRIG 75w T R R =K (R 2) WP SLS L2 (BHEOsIhR . g
FERHEAIEE) XF SLS BAYFRE M IE BO6-1HE ALOs K5 4 AR 28 F1AF X 35 55 ) S e B e

KIS (a) A& SLS BOLThR P 3EE v M EE H 7£% B AFKFE T SLS s S AL Rk
[P XU A 2 AR, Wi e FE SLS K SR FEFE R BE L 58 B RH = B =7 1) b AL 26 DA %
HARRW Az . WE AT VR, B =N T7 S e R SO D 2 B3 i s ok, pE a4 18] ph
(YR INTTHG O, SR P SR S A 20 A B SRR, R PSR R 4R 3 AN IS 14%
e 7 TN WSO 28 KT 5 BRI B U ), 3 2 R T R I IR 1 S Ak i AR ik e &, KSE DT Tl (i
FE R KT Ry ARRGE SEOR TGN, Wi/ o 20T . FRE AR R EE 50008 21 we
1600 mm/s ~ 2000 mm/s. 100 pm I, &R SE 0k 2 k.

& 2SLS EX I TZ %M E £ BACHE
Table 2 Influencing factors and levels of orthogonal test for SLS

No. Fators Level 1 Level 2 Level 3
1 Laser power /w 15 18 21
2 Scanning speed / mm-s™' 1600 1800 2000

3 Scanning spacing / um 100 120 140
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Bl 5SLS A RFMERRLER: (a)SLS RBAMBRAFAEKE. TE. BEF HMR%EXR
R B R A (b) M E AR
Figure 5 Orthogonal test of (a) Linear and volume shrinkage rate and (b) relative density of
SLS alumina samples

34.
. \
E
8 32
g ]
Pl
[:]
4 R
s 100pM 30

05 06 07 08 09 10 11 1.2
Laser energy density / J-mm?

Bl 6 SLS A LBk # i 0 4R B 7 Bt & % B AT SLS IR BEAR X B B R AL
Figure 6 Fracture morphology of SLS alumina Figure 7 Effects of laser energy density on relative
specimen densities of SLS specimens

W 5 (b) 45T LR AR 25 B 78 1E 22 S8 AR Ak A , 14050 S 0ot 2R A X 2% B ) R
P, BOCREEEEMIE, SECEEZWN, 1M SLS MR & E RSk, SLS KK, ki
BrReinZ, SEIRMAE RN . SLS MR HIMIN 5 FE RO DR 3 R K, B4 1R BE 4
KITIRN o SCERH R, R ST 1600 mm/s I ERAR S5 P f5% o 55 o 36 31 T ) 26 100 189 I T o /)
XS T A PR, g XSG, BRI T & TR, REE e N 100 pm BOE H .
R, fefE SLS S HCN: FHHIHE )y 1600 mm/s. FHHETAEE A 100 pm. BOGTHE N 21 W 29,
LGNy IR AR AR X 25 FE IS 2] 34.55% LA ko

K 6 /& SLS iFFIIB 3R, W LG H 0N 2 (R A7 A VF 22 R 3 800, X e R 230 A PR S8 I TR g
BOCE SIS REE TR . BT EM 8IS PVA £, —FHWANES T, MEmEses, H2
WA EVE 2 ALIR, BT e s b .

B 7 RO RE R N SLS PRAAKI N 56 B (L, LR REE % E q N 0.875 J/mm’ i,
SLS WEEMINT B ek, T 34%; HWOCREREZ /N T 0.5 J/mm® B, PR G 5201 i R T Uh 1
tt, SLS RFFMRERZE; MEFOCRRZ LN, B2 MRERIE I ROR B0, R, B o 22
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AN . (R, HMOCRER B EEAK, B TRORHE TS 0 A R B R T
W SESLS WREFURIRD, F LA R T A,

3RFFEREML

X SLS P e R AR (0. 78 4% s B J5 40 IFE 50 MPa. 92 MPa. 150 MPa. 191 MPa.255 MPa.305 MPa.
335 MPa fRIEJE ) FEAT CIP 4 BE. 18] 8 (a) P’y SLS IAKRIIAHNT % FERE CIP £/ He He 7 ARG
ZMiZk. 4 CIP fRIEJE 719/ T 200 MPa B, P BI04 (1) 2% FEIRIE I .t T SLS 6URE YA ok
EALBR, 12 R R TR B RN RS, IR IR R K. B CIP AR i —
AN, RS EESTREE H FR B ALRR, Bk oK 2 (R A EAE AR K, PR T A HLA G 5R T 8
RINIE shEE, AR FLER IR > . B K S8 I0 %) 200 MPa, 3ENSS 1B, Ky oA () 9 i i
U8 TP 5%,

8 (b) #& CIP IFEY i B CIP Rk Rl 2. & 5MX % ER 2L, BT SLS &
B AR BN T 2R, BRI 7 2R 98 B2 7 T BORE HE 51 38 R %5, 76 CIP i B e e il 1)
RN, AR RN @ETRES B BRI, 18 CIP B BRI a0, Fte
FET7 R4 R L 58 BE T R KEETT IR R SH iR, 78 CIP I Bz g i E i/, HR4i R oK.

0.54 @) I : I ; L@
. 40 Volume //""f'__'
0.52+ E g
g /'/
2 ® 30
g 0.50- s / Length
Q
° ) Height
2 0.48- 420 9 /»,/
: g % ._—A—.
) 10 el
4
o’ 949 %//” Width
0.44 T T T T T T T 0 T L T T T T L)
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Dwell pressure / MPa Dwell pressure / MPa

K8 CIP R JEJE /14 SLS/CIP EALAB KB 9 : (a) A EE; (b) dgs £
Figure 8 Effects of CIP pressure on (a) the relative density and (b) the shrinkage rate of
SLS/CIP alumina samples **

Kl 9 Firoly SLS/CIP HUARF W 171 (414 e
(SEM) M. ATLUE , 772555 Ky 335 MPa
i, ALO; MK 51734, FLBREN, PVA HJE
(1) ALOs I8RO B 4 e 4, ORI [A] S5 2%
b, AW RERGEEI COANEAE, OB R e di
PRARFLBE A P,

2.4 HERR AL IR

FEAN [F) e &5 Tk FEE A CR R IR 8] R it T 4
WA T2 UORBEHT Tl LE (T : :
ML T LB (G 3). RTINS (7 P ————
Belin [N 450°C) B, R % AL SLS/CIP Figure 9 SEM fracture morphology of SLS/CIP
TR A7 — s W, 0 T A WU E B specimen "
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L, TR, (MRS AR A, AR IR, DRI P S Ak o X HER IR
FEHT TG4, IRETHEE 800°C I, AEHIXT & ER N, X2 T RERFEFREDREAL T, H
PR TE TG 25 B B P 3 S8 AR SR AR [ AR R 19 8, RS 0B D T A, BRRE &7 ) 7= AR B SR 4
DR b AR Rt 7 A T e, AR 2 BE 3G 398 o T Ao £ B A A K AR T, A R T HE A 1
BN YIRS A T FE AL IS 1] 3 591 9 9 1000°C A1 2 h ), [t SRR AE % 25 B ik 3] 77.74% P71,

& 3 57 B Bt Mg TUGR 45 18 A 0 IR A 18] 40 22 5 R B A e 2 T
Table 3 Relative densities of samples after being treated at different pre-sintering temperatures
for different holding time *”)

Pre-sintering Holding time Initial relative Relative density
temperature / °C /h density / % after debinding / %
450 1 53.06 50.55
800 1 53.11 69.67
800 2 53.15 72.43
1000 2 52.08 77.74

2.5 EiRkREE

A ARk s 1) A B AR - i 3o 2 3 R T4
AR IR FE B b o e IR 5 L THIR S R AR
i A] 23504 1650 °C. 2°C /min A1 2 h i, 44k
FRFEXT B ERTIA 92 % LA ko XF ALOs bedhitff
(AL EAT T B AN, JFAE 1300°C 26144 T
ORl 2 h, XHPGHEEET SEM M5, & 10 21k
FELE B AR A SRR N R ROESR, i VF 2
FLBRAF R B, UKL (R eS80, A 2> o -]

LB e
- ol L L 10 R4 LRI ERTE
B 11 () A1 (b) 43R A B g A Figure 10 Microstructure of alumina sintered samples

SLS/CIP T 2] 4 ) S b 7 ki e 2 1 A 5 25

POEM, BT ESEOEA U LS IR T E 24, SLS A TIAGERE . WokThE ., FIHiE
JE . FA A PR B B A i) 53°C. 21 W 1600 mmy/s. 100 pm AT 150 pm, CIP {7 & /IR
I 1] 43504 200 MPa A1 5 min, {535 5L AL A1 43 5154 1650°C AT 120 min, f k828 PR %) 3%

Bl 11 S4B SLS T SLS/CIP/R 45 Rl B AT th: (a) %k; (b) 7% di R fF
Figure 11 Alumina parts before and after SLS/CIP/sintering: (a) gear; (b) parts with curved flow
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— Aopm — ]

K 12 (a) PAI2 A (b) HJe B A E 20K 210, & &4 R 40
Figure 12 Morphology of (a) PA12 coated and (b) stearic acid coated nano ZrO, powder ***%

Bl 13 SLS . CIP fumlm bk 28 (il & o9 808 [ R
Figure 13 Dense parts prepared by SLS/CIP and sintering: (a) ALO;**; (c) ZrO,""; (b) SiCP"; (d) high clay™

JEE RS R 4y A ) 92% HT 175 MPa LA P,

WeAh, AR AT R P ARG V2 R 77 28 1543 il ) 46 JE E PA12 B0 FE YK ZeO MM AR i TR (0. 78
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Techniques of 3D Printing Combined with Densification
Processes for the Fabrication of Ceramic Parts

LIU Kai', SUN Hua-Jun', WANG Jiang', SHI Yu-Sheng’

! School of Material Science and Engineering, Wuhan University of Technology,
Wuhan 430070, China

? State Key Laboratory of Material Processing and Die & Mould Technology,
Huazhong University of Science and Technology, Wuhan 430074, China

Abstract: 3D printing technology has great potential in forming ceramic parts and it is
considered to be a new approach to the near-net-shaping ceramic parts with high performance and
complex structure. This work compares the advantages and disadvantages of different 3D printing
processes and their densification methods, such as selective laser melting(SLM),laminated object
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manufacturing (LOM), fused deposition modeling (FDM), stereo lithography (SLA) and selective
laser sintering (SLS). Low relative density and strength is considered as a major obstacle to limiting
the applications of ceramic products by 3D printing. In recent years, granulation-mixing method was
used to prepare composite ceramic powder which have good liquidity for SLS. To enhance the
strength of green parts, composite powder is formed via SLS combined with cold isostatic pressing
(CIP). Al,O; ceramic parts was then obtained after sintering. Finally, dissolution precipitation and
solvent evaporation methods were also additionally introduced for preparing initial powder. Other
ceramics, such as ZrO,,SiC and Kaolin, were also fabricated by SLS/CIP process. Above work laid
the foundation for the application of ceramics via 3D printing in aerospace, medical, art and other

fields

Keywords: 3D Printing; Densification; Cold isostatic pressing
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