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Assessment of Emitted Volatile Organic Compounds, Metals and
Characteristic of Particle in Commercial 3D Printing Service Workplace

Sungho Kim - Eunkyo Chung - Seodong Kim - Jiwoon Kwon’

Occupational Safety and Health Research Institute, Korea Occupational Safety and Health Agency

ABSTRACT

Objectives: 3D printing technologies have become widely developed and are increasingly being used for a
variety of purposes. Recently, the evaluation of 3D printing operations has been conducted through chamber
test studies, and actual workplace studies have yet to be completed. Therefore, the objective of this study was
to determine the emission of volatile organic compounds(VOCs), metals, and particles from printing operations
at a workplace. This included monitoring conducted at a commercial 3D printing service workplace where the
processes involved material extrusion, material jetting, binder jetting, vat photo polymerization, and powder bed
fusion.

Methods: Area samples were collected with using a Tenax TA tube for VOC emission and MCE filter for metals
in the workplace. For particle monitoring, Mini Particle Samplers(MPS) were also placed in the printer, indoor
work area, and outdoor area. The objective was to analyze and identify particles’ size, morphology, and chemical
composition using transmission electron microscopy with energy dispersive spectroscopy(TEM-EDS) in the
workplace.

Results: The monitoring revealed that the concentration of VOCs and metals generated during the 3D printing
process was low. However, it also revealed that within the 3D printing area, the highest concentration of total
volatile organic compounds(TVOC) was 4,164 ppb at the vat photopolymerization 3D printing workplace, and
the lowest was 148 ppb at the material extrusion 3D printing workplace. For the metals monitoring, chromium,
which, is carcinogenic for humans, was detected in the workplace. As a characteristic of the particles,
nano-sized particles were also found during the monitoring, but most of them were agglomerated with large
and small particles.

Conclusions: Based on the monitoring conducted at the commercial 3D printing operation, the results revealed
that the concentration of VOCs and metals in the workplace were within Korea's occupational exposure limits.
However, due to the emission of nano-sized particles during 3D printing operations, it was recommended that
the exposure to VOCs and metals in the workplace should be minimized out of concern for workers’ health. It
was also shown that the characteristics of particles emitted from 3D printing operations may spread widely
within an indoor workplace.
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3D =YL 5t 3H AZ(Additive Manufacturing,
AM)Sh= HHAlolw, AR JAFGoE AES At
o= 7]&oltt. u|ZA| 78S (American Society for
Testing and Materials, ASTM) F42 9|93]= 3D &=
g S 77 ARSE, AEEAL, JFAEAL 3
o, e, BAAS 9 PG4 H)E B
I JAHKim et al., 2018). AEYES 74 HHZ0l
7l&olH, 1A A7t SA(EEHIE)E 92 7Hdst

=21 & AIol= YAoltt. ArEARE J3A =™
Blo} FARRE WHAlon, A X5 MEFos FEAlSH
o AUV ol&ste] AHFstal, FFde AEE
AR} FARSHY 8710 A RIS ' & ApQJHo =
AZ3th= HoflA Zpo|7t Slnt. T3 AAFe] H2HA|
o} £ AAE Aot AEEAF W], 2T A7
A& ARESH] Adshs E84Ad W] 5ol Ut
(Kim et al., 2018).

2015¥%= 3D ZHY A APtE= °F 51.609 &
6% Y)ola, &g HofR= 4dE 714, T3, A
AAE, AFsAt E 9724 5ol AAHeon et al,
20106). o= AFe}F w57|Ho)A 9] &8 =7} ot
A don AgA 9d Axxz &% FO0= 11 HAE
421712 QltkJeon et al., 2016). 20149%= 3D
e I Ale] FHEHo] 1,562¢9] Holir, &&
off+= 3D =YY tfdy, m+fo] A&, wS o] AU
HJeon et al., 2016). == 3D ZHEH EH{F IS
By QJito] =p4to] HIS WRII(FHAF 11.6% vs 2J4F
87.7%), °l & AEYE, A=EEAL HIALAL F53,
=447 3D ZHE BE dgo] 77 45.2%, 16.8%,
16.8%, 16.0%, 14.7%°13L, 215&A} B35 3D
THEO Y = FF2 WOtHYang et al., 2017).
2] giEE 3D ZAY AP ARkEQl AR &
Zroln], A7 AR = X HA] 2okt AREAS] <t
Hd, BEHo] #3t Q¥ BEEPKYang CJ et al,
2017; Kim et al., 2018).

Azimi et al.(2016)9] AW AJg Ao W= Y=
4= 942l FDM(Fused Deposition Modeling) 3D
=gy s Fo ke et U8 U=
(Volatile Organic Compounds, VOCs)°]| &EAIsIct
I BHuskeiok Ieal ARESE ZepHERT thofst
VOCs7t HEEA, YdE(nylon) LHIEA=

~

39 M M
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ZHE 22 caprolactam), ABS(Acrylonitrile Butadiene
Styrene), HIPS(High Impact Polystyrene) Z=HIE
oA A€, PLA(Polylactic Acid)oA+ ZEE=
(Lactide) E4o] Zt7F A&=]9th Davis et al.(2019)
o] A Alg Ao A= 21659 VOCs7 A<
1, o] Foll= A4S Fote EEE FAER HEH
At 1731 3D THEY F2, ARAFE dapd
E9 &7 52 VOCs9 F7e 5kof IJFS 9
t}. Afshar-Mohajer et al.(2015)9] AA| 244 A
T =" PLA & E AHEsk= FDM 3D ZdH
s Bl oAEYHsto| E(acetaldehyde), ©FAlE
(acetone) 50| AEEAAT Lactiders HEFA &
ot 293 A AIE Ao wEE HRAAEA
3D ZdH &F 5 T TVOCY 527t 7 &
E715E& 2I0FAA T, VOCse] 7ol oA+ A
FER] ottt Stefaniak et al.(2019)9] W A]d]
Ao mEH FE 3D ZEH FE Fol Y
A}, VOCs 9 F50] A5, VOCs= A5t
o]=(benzaldehyde), otdlE(acetone)?} &4 A
&, U4, 3, otddo] 47 AEH U 5, J=A
AP 9 24 3D ZHEO| gk AW AE A
o] }EW VOCs?9 skr= FJAAEA 3D ZHE7}L
7P =93, FSE 3D Z™EEHEsE PY 9T
(Vaisanen et al., 2019).

AP AW AY A7 w@oka, AA A%
B7t A= Al olng AR 2AA T gk
971 A= 30| sttt getA] 2 A ol
Al o] &ET Q= AESE, AREAL T 3
ZHAEAL W BThAA 3D T Y AR AAAS At
o7 i frIsiRiE, a4 9 AR EA0 digt
B7V e st Sheith

II. CH& S e
1. 97 0y

TUYoA EEETt =2 AEAE, AEEAL 5
HEAEA D B4 3D ZHEHE AREsHL Q=
QS FHCE Hrisieleon, &8Ert W2 WA
ST A-G8AF 3D Y AP & A4 Al
5ttt & Aol AFE &G = A=AE 5
M, AmEAR 1704, 359 144, S5 F2HA
A 174, BEAE 2704 B71okdtk(Table 1).
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Table 1. Target monitoring of 3D printing workplace

No of N Sampling
Site Type of technology operating V=M. T time (min) Material
printer ’ V=M, T)

Characteristics of workplace
(Size, Ventilation, Operating conditions, Etc)

* Size of site (M%) : 650

* Ventilation : general ventilation

* Printing condition
- Layer height (mm) : 0.2

PLA - Printing speed (mm/sec) : 20
1 Material extrusion 12 7.3 480,5  (1.75 mm, White, - Operating temperature (C) : 210
Made in China) - Bed temperature (C) : 70

* Remarks
- MSDS provided : no
- Type of cleaning : no vacuum cleaner
- Paint a glue stick before a plate heating

* Size of site (m%) : 75
* Ventilation : general ventilation
* Printing condition
- Layer height (mm) : 0.2
- Printing speen (mm/sec) : 30
- Operating temperature (C) : 240
- Bed temperature (C) : 100
* Remarks
- MSDS provided : no
- Type of cleaning : no vacuum cleaner
- 1 printer was sometimes stopped for trouble
shooting issues. this site was a part of lagre space

* Size of site (M%) : 75
* Ventilation : general ventilation
* Printing condition
- Layer height (mm) : 0.1
- Printing speen (mm/sec) : 50
~ Operating temperature (C) : 230
- Bed temperature (C) : 65
* Remarks
- MSDS provided : no
- Type of cleaning : no vacuum cleaner

* Size of site (M%) : 75
* Ventilation : general ventilation
* Printing condition
- Layer height (mm) : 0.2
- Printing speen (mm/sec) : 40~150
~ Operating temperature (C) : 230
- Bed temperature (C) : 90
* Remarks
- MSDS provided : no
- Type of cleaning : no vacuum cleaner

* Size of site (m3) : 75
* Ventilation : general ventilation
* Printing condition
ABS - Layer height (mm) : 0.254
1 23 120,70  (1.75 mm, White, - Operating temperature (C) : 174
Made in USA) - Bed temperature (C) : 90
* Remarks
- MSDS provided : yes
- Type of cleaning : vacuum cleaner with HEPA filter
* Size of site (M%) : 150
Aluminium powder * Ventilation : general ventilation
6 Powder bed fusion 2 43" 400,10 (No specific * Remarks
information) - MSDS provided : no
- Type of cleaning : semi—-cleanroom

ABS
2 Material extrusion 2 43 210,5 (1.75 mm, Brown,
Made in Korea)

PLA
3 Material extrusion 1 43 420,5 (1.75 mm, Red,
Made in Korea)

PLA
4 Material extrusion 2 6,3 360,5 (1.75 mm, Red,
Made in Korea)

Material extrusion
(industrial)

Journal of Korean Society of Occupational and Environmental Hygiene, 2020: 30(2): 153-162 www.kiha.kr



Table 1. Continuation

Site Type of technology op!\‘l;a?i;g tﬁiem lelr?l?\) Material Characteristics of workplace
orinter V=M, T) V=M. T) (Size, Ventilation, Operating conditions, Etc)
ABS * Size of site (m%) : 75
Vat (Made in USA) * Ventilation : general ventilation
7 photopolymerization  2(1/1) 22 180,5 Plaster * Remarks
+ Binder jetting™ (Made in USA) - MSDS provided : yes
- Type of cleaning : vacuum cleaner with HEPA filter
* Size of site (m%) : 75
Vat PP Like * Ventilation : general ventilation
o 11 50,10 . * Remarks
photopolymerization (Made in USA) ~ MSDS provided : yes
- Type of cleaning : vacuum cleaner with HEPA filter
* Size of site (m°) : 75
ABS * Ventilation : general ventilation
9 Material jetting 1 2,1 120,10 (Made in USA) * Remarks
- MSDS provided : yes
- Type of cleaning : vacuum cleaner with HEPA filter
- Size of site (M%) : 75
* Ventilation : general ventilation
10 Powder bed fusion 0 1,1 0,5 - * Remarks

- MSDS provided : yes
- Type of cleaning : vacuum cleaner with HEPA filter
- No operating during sampling

"V 1 VOCs, M : Metals, T : TEM grid / Sampling time and number of VOCs were as same as metals (V=M)
T Particle sampling was measured in the of printer during the trouble shooting while operating
* Site 7, Vat photopolymerization 3D printer was not separated with binder jetting 3D printer

Aed 4 5 2 =&
A 4% FACE AL, AR F W4
9 St SFuiAl= 1%“5: B7HE sk
A BAIZE a1Esto]
S 0.1~0.025 L/mm 2 oo XHH ofl= 371
12~15 L Hx ZHSIE. S A|= vigHofA 1.2
A Holw, ZL=Ae] 5 FHE Este] thrd U
2|4 271 oY Al=E AF6IAL ZF AlERT) 271
Y TAIEE ARSI A HE= S A,
S=FH A 7]7](Defender 520-L, Mesalabs, USA)YS
AREsto] BASERal S 371 AL el Hd
T ARSIl £ EPA TO-17 HHHES &
3151937, ©@2KThermal Desorption, TD) ZH](Ultra,
Markes, USA)E &4 FE Hof =239 E4& 7tA
Agote Ty AFEA7](Gas chromatography-mass
spectrometry, GC-MS)(5977B, Agilent, USA)2] &
H(DB-624, 60 m x 250 um x 1.4 (m, Agilent, USA)
O & o|gAIA AU

T
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2) 3%
2R Y f1oHE BT FUT Yo A7
S5tom, ARAIL A%z FHo2 At Az

AH 7171 39 FHAIE HATHA(H: 37 m, 3=

0.8 um, cellulose ester membrane)E 74740]-@1 o
= 2.0 L/min® & 3}t S89A,

o

Az A% 2

o*lfn e w7IektEd eLstH, et 371

]

o A7) 98] G

0772 BAT F BEGF

= AR&SISITh AF7E B o3RR]= E85te] HEE Al
¥ 2RI, IR = RS WAl ARESte] HIA
2 2713, 69.0% AXKUltrapur-100, KANTO, Japan)

1 mlE ZZ FYU & upol37  357|(Marsx,
MARS, USA)°lA AA st AA7 242 20%
B9 150C7HA] MAE] XS &0l 10% B9t 1
2LoA HE T AT LEE WRE Aot} 181

20 mL %5

Sepat] §4 9L F EAYSTs

ot AZFEA7](Inductively Coupled Plasma Mass
Spectrometry, ICP-MS)(Thermo fisher scientific,
DE/iCAP Qc, USA)E AR&sto] £4151%lH. #4517
Aol E2tzutsE A $ 157 <t dldsta, I3 3l
I A Qe B4 2YE s 2E FY(Auto

AT
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RIS
H(TED PELLA. INC, 657-200-Cw)E&
200meshol] #¥3t =(217 2 m)°| U= Quantifoil
FY AlHZ ARESHTE AlEAF 7= Mini particle
sampler (MSP, INERIS, France)o]™, A|H-E& A2t
F 0.3~15 L/min? Z3 fo= 2] Aol ot
5~1083F A5t 247171+ £3871(Energy
Dispersive Spectrometer, EDS)7} < x| 2 Habe]
FE3ARAT| A (Transmission  Electron Microscope,
TEM)JEOL, JEOL 2100, Japan)o]™, TEMO.8 I
9] 77 9 FeHE 4511, EDSE EFO] TR
< EA519t.

3. A22A

54 B4 23S PASW version 18.0(SPSS
Inc, Chicago, USA)& ARl oH, &4x79 B
£ A A3 A3 2IYFERESHA 407 w2
A% 2 FEJIA 7F BnE oA HEsHA
(Kruskal Wallis test)= AAISF¥IL, LOD o@gke
LOD/2& A3t & &A A5ttt

m.z

= 13
AR 3D TAY Y 57440 dg TVOC %
7} 2

=g Hlaeke 1 F AR 2ol A8 =
o3t Zolg EAHp=0.039). 7F ¥ TVOC &
TS HQl A2 AR AlEdE 3D =dd AR
o9, 11 &= 431.1 ppbol3tt. 24 19 4+
4 %9 T 71 12412 7P B2 iAol ont
1 w=E 7P Y2 81.5 ppb oK(Table 2).

o R+

=

=
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Table 2. TVOC concentration of material extrusion 3D
printing workplace

Site N Statistics TVOC (ppb)  TVOC (ug/m?®)
AMSD 81.5£50.8 266.6£189
1 7 GM(GSD) 61.8(2.5) 201.6(2.4)
Range 12.9~147.2 -
AMSD 219.6£99.3 602.5+252
2 4  GM(GSD) 202.2(1.6) 561(1.6)
Range 131~319 -
AMzSD 123.8466.4 336.61195.6
3 4  GM(GSD) 105.5(2.1) 282.6(2.1)
Range 37.7~191.5 -
AMzSD 100.6£178.3 246.61433.5
4 6 GM(GSD) 39.9(3.9) 95.4(4.1)
Range 7.2~464 -
AMzSD 431.1£71.3 1,019.5+199
5 2 GM(GSD) 428.1(1.2) 1,009.7(1.2)
Range 380.7~481.5 -
Kruskal Wallis Test p=0.039

3D T 7]&o] WE TVOC % $5F H|ws}
Aot 1 Ay}, ZF &) E FAFORZ Fogh 2o
£ HAHp=0.001). F5F 3D =AY 7]&9] TVOC
&t 4,164 ppbE 7P =941, AEEAF 3D =™
g 7|49 TVOC %%+ 2,043.4 ppb °ldch 181
3D =Y FAGolA HEH F7IsRMES ogE, of
A&, olAZZ AT, HHo|AREAE, g, EF4,
gl m-, p-IZAH, AFEl, AESEETAR= o|%
. 0] & BAFSR Fogt Aol Hl EHL ot
olAZZWeE wHo|aREA|Eolt} 35S 3D
dYg ZAA9] ogrg, o]lAZZHAFO] Fh= Z
2,958.7 ppb, 1,119.8 ppb #2002 7 &%,
A=2YE 3D T AFA9] Hdo|ARIAES 5
T 4.5 ppb $E0|A Y ELAZAI HEEA 3D X
dg ZAolM = HEHA Lottt EE4ad 3D =9
g A9 SRR T 26.5 ppb FF
o|A|qt thE ZAol A= AESHA AUTHTable 3).

Zr 3D ZHY 7]&o] g2 {7SgES] HEE b
okt BE 3D ZHE AE Fo WA {715t
E 3 olAn2gAdFd} ofghEe] Hlgo] 70% ol
A5t Ut A=EYE 3D ZHE Q] AP, o]AL
FYAE} oehgo] 2t 48%, 26%2 HlE AU,

AR

T

Nt
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Table 3. VOCs concentration of 3D printing workplace

Type of 3D o ical 3
printing e Ethanol Ace IPA MIBK  Hep Tol Eb p,Mm=x Sty Ch TVOC TVOC (ug/m®)
(Unit : ppb)
tech (n)

Vaterial _AMzSD 62.1$929  41#41 117.2+1108 45:26 (LOD' 35:363 6.4:7.3 41458 86:98 (LOD  1483t143 397.44351.1
extrusion  GM(GSD) 28(3.4) 2145 852 3721 - 20532 2944) 2B6) 4835 - 87.93.2) 241.8(3.2)
@ T ope 57 8 % 74 100 % 52 70 70 100 - -

AMESD  9845#4139  29+1.1 3726:309 (LOD 29#2  20#56 99#37 55822 172  265:5 1339245002 2,810.4+1,1226.7
Pflﬁ?oer: (tgd GM(GSD) 8648019  27(15)  371.6(1.1) - 1478 193014) 93(14) 53(15) - 26.1(12) 1,149 2,424.7(2)
{ LOD(%) - - 20 100 20 - - 60 0 - - -
Vat
photopolym  AM£SD 2,958.7 14 11198 (LOD (lOD 317 16.2 13 133 ( LOD 4164 8,657.2
erization (1)
AM#SD  1,655.3£1,852.1 5433 3254+1055 (LOD (LOD 26.1+153 182:6.9 108149 (LOD 43 20434+1920.8 4,164.743502.6
je"t"t?rt]zr'?é) GM(GSD)  1012.1(46)  4919) 316.8(1.4) 237019 175015 26199 - - 1,526.7(3.1) 3,300.2(2.7)
( LOD(%) - - - 100 100 - - - 100 - - -
) tVafl AM£SD 4434412 0401  1249+47 1301 (LOD  33+1.1  20:004 (lOD 166 (LOD 63117 1,394.5¢36.9
photopolym
erization / GM(GSD)  4434(1.00  04(1.0) 124901.0)  1(1.1) - 33(1.0) 20.1(1.0) - - - 631(1.0) 1,394.2(1.0)
Binder
jetting (2) ¢ LOD(%) - - - - 100 - - 100 50 100 - -
Kruskal Wallis Test p=0.005 p=0.159 p=0.013  p=0.046 p=0.771 p=0.064 p=0537 p=0.371 p=0.180 p=0.001

" Chemical full name :
m-xylene, Sty: Styrene, Ch: Cyclohexanone
T LOD(Limit of detection) : Ethanol 0.16, Acetone 0.50,

Ace: Acetone, IPA: Isopropyl alcohol, MIBK: Methyl isobutyl ketone, Hep: Heptane, Tol: Toluene, Eb: Ethylbenzene, p,m-x: p-,

Isopropyl alcohol 0.37, n-Hexane 0.67, Ethyl acetate 0.58, Benzene 0.83, Heptane 0.43,

Trichloroethylene 0.31, Methyl isobutyl ketone 0.62, Toluene 0.98, Ethylbenzene 1.07, Xylene 0.75, Styrene 0.79, Cyclohexanone 0.71 ug/sample

MATERIAL EXTRUSION POWDER BED FUSION

cyclohexanone 2%

Stylene 3%

p,m-xylene 2%

Etylebenzene 1%

Etylebenzene 3%

Ethanol 26% Toluene 2%

Toluene 14%,

MIBK 2%

IPA 26%
Ethanol

68%

VAT PHOTHPOLYMERIZATION

Toluene 1%

MATERIAL JETTING

Etylebenzene 1% pa cluene 1% pm-xylene 1%

Etylebenzene 1%

Ethanol
71% Ethanol
81%

Figure 1. Composition of VOCs from 3D printing workplace

Baad Ago] A9, ofged olanzEeEol
247k 68%, 26%) H1& Uitk BEY AT Az

BA ZAGO] ofehgt o]AX R HUF v ZHzt
71%, 21%2} 81%, 16% ©]GcHFigure 1).

2.3D BAY eI 34 5E U UK S

3D Zdg 7led BE 3% Tk 2 HAskd

www. kiha.kr

o} 1 Ay}, dES Attt AEd Edo] BAFoz &
9t Zjolg HATHp0.05). 34 T LFvEw2 4%,
4472 3D =Yg AN 7 B2 k9l
227 ug/m’ °1E=d], o] FAFo ML GFulE B
AR ARSI Q9T AR oR FEe 3D =
EJEJ Ao 24 st w2 AT Bt BE
3D =Y ZAAoA AEH 59 s=FES WO
U 1ekgo] e FFo] A& UtKTable 4).
o g YA ‘E*ég metstr] fJsiA 3D ZRH
WR, 2% Ad 2 Aol ARE st o,
g 3D ZHE]Q] o= ZAH YRoA YRS
AH T 4 9tk I 23k ZE A=A 100 nm
oslQl Y7t AEHAL, BV SoAE AR S5
o] ZAAA. 55| A=Y= 3D UG FAAFAYA
¥ 3D ZEE A9 Auye} SHTOHH selw A=k
ol 37], Fe ¥ TGRS mUEH YRoA LAY
AR} GARsHYIh Edad 3D mHY ZgF 69
Aol A FRlE PR E/o] ZAE oA A
gt YR} FALSIAAIEE, QRO A= FARE YA
A=A gkoktt. TEMO] H&4X]Q1 EDSE YA +-
AR 9 SHHE E461th O 23 giRE At
£ AR PR 93, J8a F&o] W2 HE
2 7350 A9 A 69 F9 3D ZHE Y
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Table 4. Metals concentration of 3D printing workplace

M 3D DY AP ok 7 T RUIIEE, 25 M5 7t 159
K

Type of 3D printing tech (N) (Un’i\f:etuaglim3) Na Mg Al Ca Cr Fe
AM+SD 28+2 07+05 1.7t03 1.7#1.4 05+03 0.2#02 09406
Material extrusion (23) GM(GSD) 22(2) 0.6(1.7) 04019 1.3(2.1) 04(1.7) 0201.8) 0.72.1)
Range 1~8 0.3~2 0.2~1 0.3~6 0.2~1 0.1~1 0.2~2
AM=SD 7.3t3.3 16108 227264 49+24 13202 0.610.1 -
Powder bed fusion (5) GM(GSD) 6.2(2) 140190 116.1) 4122 120102 06(1.1)
Range 2~10 1~3 1~61 1~8 1~1.4  05~0.6
Vat photopolymerization (1) AM1SD 15,6 4.5 8.5 2.3 15 2.3
AM1SD 1.6+0.1 0.4+0.01 - 1£0.1  0.2#0.01 0.1#0.002 0.2
Material jetting (2) GM(GSD) 1.6(1) 0.4(1) 1(1.1) 0.2(1) 0.1(1)
Range 1.6~1.7 04~04 1.0~1.0 02~02 0.1~0.1 -
Vat photopolymerization + AMESD 11 _ _ 07 _ 03 06

Binder jetting (2)
Kruskal Wallis Test p=0.019 p=0.020 p=0.008 p=0.027 p=0.030 p=0.003 p=0.223

LOD(Limit of detection) : Na 0.2, Mg 0.2, Al 0.3, K 0.3, Ca 0.3, Ti 0.3, Cr 0.04, Mn 0.2, Fe 0.2, Co 0.04, Ni 0.1, Cu 0.1,
Zn 0.2, Zr 0.06, Mo 0.1, Ag 0.1, Cd 0.1, Sb 0.2, Pb 0.1 ug/sample
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Figure 2. Shape and chemical composition of particles. (a), (b) : material extrusion, (c), (d) : powder bed fusion

Fob 27} AulolA dFrlEe] 2 HEE HEH HIAL, p-, m-3AH, A 9 AIZER2SAF=0] W2
QIth(Figure 2). o2 HAEHUM 18y 3D =YY 2950l &
718RtE 85 ofygt 100 nm ©lste] W dAt

v.n # Attt A7 Woril(Stepnens et al, 2013:

Zhou et al., 2015; Deng et al.,, 2016; Stabile et

2 A1 f7ISES 579 A3t ek, obAlE,  al, 2016; Yi et al., 2016; Kwon, 2017; Mendes et
olaAZzHAE wgo|ARYAE, det, EFQ, e al., 2017; Vance et al., 2017; Zhang et al., 2017;
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