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Evaluation of Binder jetting 3D Printed Specimens Using Vacuum Impregnation

Kwang-Min Park'”, Su-Hyeon Park?, Jun Lee’, Bong-Chun Lee*, Young-Sook Roh’

Abstract: This study examined the applicability of the vacuum impregnation post-processing to enhance the strength of binder jet 3D printed output.
In addition, permeability, bulk density, and compressive strength of 10 mm, 20 mm, 30 mm, and 40 mm cubic specimens were examined to check
the strength limit depending on the 3D prined output size. In result, as the maximum pressure increased, the post-processing storage solution permeated
to the inside of the 3D printed sample and thus the permeation area ratio was improved. The compressive strength and the permeation area indicate
the correlation between the exponential function of the adjusted R-square factor 0.992. In addition, the bulk density was increased, which can be inferred
as the post-processing solution permeated to the inside. In conclusion, in order to enhance the compressive strength of the binder jet 3D printed output,
it is essential to permeate the post-processing solution to the inside of the output, and vacuum impregnation can be proposed as an effective method.
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(b) Binder Jetting 3D Printing process
(Powder/Liquid interaction between adjacent layers)

Fig. 1 Schematic illustrations of Binder Jetting 3D Printing process
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Park et al.(2016)2 Na,SiOs, AZ& 8] 10]E2HGround
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NaOH)2 &3}H3t 34 2] g ol X3 Az} A& 3 2 b=
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KS F 2563 2% 31258 17| 22 Ground Granulated Blast
Furnace Slag, GGBFS), KS L 5405 2% Zg}o|ojA|(Fly Ash, FA),
By AR EE(SIO; 52.5 %, NayO 25.5 %, insoluble H,O
22.0 %, Sodium silicate, Na,SiO;) % 4=2+8}Z<(Calcium
hydroxide, Ca(OH),)2 54 Bl &= vl g3t 2 A gol AL
g AA g0 87 A4S Table 17} 2T
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Table 1 Physical properties of materials

Item GGBFS FA Na,SiO;  Ca(OH),
Type I I - -
Density (g/cm’) 2.93 2.35 2.40 2.21
BET (m%/g) 1.68 1.68 - -
Mean Diameter (#m)  5.30 5.23 - -

Table 2 Physical properties of post-processing storage solution

= 0.06 MPa 2 0.10 MPa®] 2 ZHE] W) A ¥ specific  viscosity
o ~ Item pH . mPa- appearance
3 Z(vacuum pump) = AHE-3FA T gravity  (mPa's)
Post-proceSS}ng 1135 15 200 V}SC(.)LIS
storage solution liquid
. Powder Pressure
Al Void infiltration
N\ —
y y
(1) Vaccum (2) Immersing (3) Pressing (4) Curing
0.1 MPa post storage solution
o kindetae ] | ,3DPCubic
4 post storage solution »
@ 3DP Cubic
©p)
N
BI3DP Cubic Vacuum Pump Curing in 60°C Chamber

Fig. 2 Concept of Post-processing using vacuum impregnation
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Table 3 Image analysis of post-processing

Condition Original image (mm)

Binary image (mm)
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Table 4 Test results

Permeation Permeation depth Compressive
Condition Cubic size Mark area (mm) Bulk density strre) noth
(mm) percentage (g/em’) et
(%) XY-plane Z-axis (MPa)
Non post-processing 20%20x20 NP _20cu 0 0 0 0.94 0.66"
10x10x10 N_10cu N/A™ N/A N/A 1.02 1.72
Non vacuum impregnation 20%20%20 N_ZOCU 16.4 0.89 0.66 1.00 1.30
(=Atmospheric immersion) 30x30x30 N_30cu 9.5 0.89 0.96 1.02 1.19
40x40%40 N_40cu 15.9 1.84 1.94 1.02 1.19
10x10x10  0.06V_10cu N/A N/A N/A 1.21 13.52
. . 20x20x20  0.06V_20cu 88.7 6.27 3.22 1.33 12.33
0.06 MPa vacuum impregnation
30x30x30  0.06V_30cu 83.5 8.47 3.94 1.40 6.50
40x40x40  0.06V_40cu 69.2 8.00 4.62 1.41 4.14
10x10x10  0.10V_10cu N/A N/A N/A 1.47 19.87
] ) 20x20x20  0.10V_20cu 100.0 fill™ fill 1.46 21.67
0.10 MPa vacuum impregnation
30x30x30  0.10V_30cu 100.0 fill fill 1.54 19.39
40x40x40  0.10V_40cu 98.7 15.90 11.01 1.67 14.62
*1 : 1-day compressive strength after printing
*2 : not applicable : the permeation test was not conducted due to safety issues.
*3 : permeate the entire specimen
A Az Ak, vy OAE w0 AW AE AFE3
A 1=Ry3 3 I:l Permeation area percentage (%) max depth of 40 cubie
Exﬂ TJ—] (Cm )O] E]- 1409 —o— Permeation depth of XY-plane (mm) L1 L1
—#&— Permeation depth of Z-axis (mm)
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& EE QIO
g omlA] A 1Yo met o)1 He) & AT A TS Ty
£ Table 3] 32718k &<k AT A¥, JFH & A A8t Fig. 3 Permeation performance of vaccum pressure
A e A e 2A %"“01 YR YA AESA e
A& FRAstitt. whdel Jg3& AARE A5 Ao d Table 4 2 Fig 30 71545tk
2] 2FA0 Q.o EnZ g EZ] X == . .
o] Aol whe} 21 g '/] Ca Aot 7id = &8 w4 AI(Non vacuum impregnation)] 73-9- 20
o)

\__'VE_

-1 =X
© A< Uit ol& A7 oz B4517] ffste] A mm, 30 mm % 40 mm 74 ¥ &2 AFHUHES 164 %,
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Compressive strength (MPa)
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Fig. 4 Physical Properties of vaccum pressure

Table 5 Estimated volumetric content of post-processing

mark Vpé;;)v;der) VSS(SmEZZ )solution) \(/(z;/(:)xi)r)

NP _20cu 0.0 64.8
777777777777777 N 10cu 53 59.5
777777777777777 N 20cu 40 60.8

53 59.5
B 53 59.5
0.06V_10cu 18.0 46.8
""""" 0.06V 20cu 352 26.0 388
30.7 34.1
31.3 33.5
353 29.5
34.7 30.1
40.0 24.8
0.10V_40cu 48.7 16.1
Air V..
Alr A Storage Solution \‘;ss g hion
y y \ )
= B T
(1) Vaccum (2) Immersing (3) Pressing l
0.89 mm % 1.84 mmo]H, Z-&F FFZ1o]= 0.66 mm, 0.96
mm % 1.94 mmEX SHE THR I EFH RS RIS
o o714 EEE 7] & A2 WA= FUth
108 2 PESFICHX|A2|F 6 =27 M 243 |23 (2020. 04)

H9+E 0.06 MPa Z13-3H32] 7920 mm, 30 mm 2 40
mm 74 SHE HEHHEL88.7 %, 83.5% L 69.2 %=
1A XY-1 FFZ0]= 6.27 mm, 8.47 mm L 8.00
mmo|H, Z-1F 2 EFZ10]= 322 mm, 3.94 mm 2 4.62 mm
2 ZRIIHTE AE2H o2 [F3H3] v} vlus) HE
Zo)7} A=) AL o]ol] A HFEHAE] AHE AL <
n|gt} 0.06 MPa X339 2 FZlol+ 6.27 mm ~ 8.47
mm T0]7] W7ol S8 Eo] Aol et I EFAHEL A}
of A= AT UERs T 2-3 ek A F 2 o] = XY-H I FZl o]
2147 % ~ 58 % T2 FRIFIIT) o)== A TA WA 1=
o] A E L o] It Tl &do] IFRHE ZoE 5T
< At Table 39] 40 mm 4] =8 & 0|18} A2 o|m]| =]
AME g0 XY-H-E ue} A FE = 34 1T F ok

= 0.10 MPa X1-8-3H31 €] 73-9-20 mm, 30 mm % 40

mm 78] £ E-2] IEHAHEL100.0 %, 100.0 % 2 98.7 %=
oI5tk XY-1 %2 2] 10.00 mm(fill), 15.00 mm(fill)
2 15.90 mmo|™, z-13F HEZo]= 10.00 mm(fill), 15.00
mm(fill) 2 11.01 mmE st -3k I FZol=XY-
gﬂixlEﬂo]J] 69%E§L Q 1:]-

gt o] S71ghl whet T2l o) 7} 7 = a o] of whet
AFEHAE] HE A& «lﬂlfz . u}2}A BI3DP 8 &

s3E 28l 289 E W7 48 89S 35}
= Y2 JFR Y FaEAS g1 4 Sk

nqm

52 FRujgl=

d

10 mm, 20 mm, 30 mm % 40 mm 78] EF &2 Rujdx
+ Table 4 H Fig.42t 2ok S48 34S Tk &3 =
2 E(Non post-processing)2] W= 0.94 g/em’® 2 E-gF 319
He] =7} 2.67 g/em’? AL 1128HH F=-E(porosity)
64.8 %= T4 = JAtKTable 5).

21 AN ER ZFtelA T2 el A (Non
vacuum impregnation)$t 73-F- 10 mm, 20 mm, 30 mm = 40
mm 78] €& BuH %= 1.00 g/em’ ~ 1.02 glem’ S5
o= Z7eAth 9714 F22] g8 =T} 1.5 glem’?
e 1t A2 o] AFIF AHES4.0%~53%
2 FEY 5 U

o9k 0.06 MPa F3&32] 749 10 mm, 20 mm, 30

mm 2 40 mm 749 EYE| FUEE 1.21 gem’, 1.33
g/cm , 1.40 g/em® 2 1.41 g/em’ 0.2 Ab=zA 0l vl&| Z7kst
Atk wehr] T2 gHo] HEG A A E2 18.0 %, 26.0 %,
30.7 % 2313 %E FHS 5 itk

i 0.10 MPa X339l 73-9- 10 mm, 20 mm, 30
mm 2 40 mm 74 EHE| FIUEE 1.47 glem’, 1.46
g/em’®, 1.54 g/em® 2 1.67 g/em®Z 0.06 MPa©ll Hl&} 571519



o} mEbA g gHo] TS A X E-2 353 %, 34.7 %,
40.0 % 2 48.7 %= 4 4= Atk

AEZ 02 At o] F7el wet Fajd =} 718t
© A7 Ve o)= A EA ] A} riA 2 29
E WE7A] 2] §do] AT AL ofu|sitt o, 2HE
A7)0l webA FaUE7} STk @4 2 54 A1 F ol
gt A3 ZA= FFATFE Sl AT 2art ok

53 L=

10 mm, 20 mm, 30 mm 2 40 mm 79 S &9 ==
+ Table 4 ! Fig.49} 2ot 42| 3A4S FqsHA &L =
H 2 A 199 = EE 0.66 MPaZ YEFHTE Park et
al.(2018)2] A8 A+-oll k=™ FA 2 GGBFS 7]41ke] BJ3DP
Y52 ¢ T4 A g5k C-S-H ¥ Calcite
7} A E o] FEFFle] Tty B sty ok wEkA
TZM %0“%% EWRHA ARG 2N s =
2 e

Xl%fz} lé_‘/\lfé'%i &etoll Al T g 8o %Zl(Non
vacuum impregnation) ¥+ 73-%- 10 mm, 20 mm, 30 mm 2 40

mm 749 EHE JE7FE=E 1.72 MPa, 1.30 MPa, 1.19
MPa % 1.19 MPaZ UERsT) o]+ 3521017} 0.66 mm ~
1.96 mmoll = ¢t=] o] 28 E WH7HA] 48] §Ho] I F3}t
2] Zgk Aol 71918 Ao = AekHh

ik 0.06 MPa X3-8H3 9] Z49- 10 mm, 20 mm, 30
mm 2 40 mm 78 S8 &9 &= 5+ 13.52 MPa, 12.33
MPa, 6.50 MPa % 4.14 MPa=Z Jt=z7100 Hl&] 786 %, 948
%, 546 % 3 348 % S7F3FATE o= X F21017F3.22 mm ~
8.47 mm=E Z7}5tel| vl S8 & 7R T8 o] #]
53 o) Z1lstar ok 28y S8 E 27|17 A of| wet
ASAEI AP H o2 Tashs Ao eyt o= 2
17F AR ol e} Fig.33 2ol IFHAEo| AP o= 7+
»‘3}951;, ZHE Ui 455 a-eu7t 348 847 1t
53k A0 71Q1s A o= AE
ZHoiet= 0.10 MPa 1133+ 9] 73% 10 mm, 20 mm, 30

9 40 mm 74 ¥ =2 %}% T 19.87 MPa, 21.67

MPa, 19.39 MPa % 14.62 MPa= tz710) vlsj 1155 %,
1667 %, 1629 % 2 1229 % =713kt ol= AFZo)7}
11.01 mm ~ 15.90 mm=Z Z7}bo]| g} Z2HE Y527ix] &
7] gdo] HEF A 7|21t Q) =3k 40 mm F1)S
Aelstae JFHAAEC] 100 %Ol B2 SHE F7]d ©E

>\‘n:

g

AEAstE vulgk =0 2 YEPGTE 9714, 40 mm 74
o] AEHAEL 98.7 %°]7] wW&ol 30 mm 8] H]| 23|
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37 A2 HE BI3DP HE 454w A2 849
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Equation y=y0 + A*exp(R0*x)
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