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(E1:25m)

- ~ 5. AAaEd Bl
£F I IEH 1) Y=z 5= 37}
= (M200)
o HEH o2 X0 (Dust) ] 54 WS Fxo] Y E F-2ste] SA 6}
) = Aol AR, ARt Agos A5 SAVE FE AR
thoobge] b ¢, AT E H AEZFAFREHA 547](CPC, H-CPC
; U270 OPS 23 (TSI ¥ Grimm), NSAM 2 Partector2)E 2479
Sl AdAstaL, A7 RS dAdste] FANAE FLSA st
——— TN Z4steich. £&, Q9ul(H-CPC, theragl 2 OPS(TSD)E Ml
| il o mA AHEEIE Foll fIAIAIA SA s
ileskal
= <EMAS = CPC(Condensation Paricle Counter, 3752, TSI, USA)
H YO usame @ oS 37 T Udx=dAe] 5 SAHSE ol drbAQl 33k A&7
O FFAEHH 2 AT F e 37 T Fe dAE FYste], AT 200 A
e Workmg fluidE 23AZ] Aol E¢datd, 242 Yol 23ty & o]
(78] T—6] E AFQ14e] WA 2@ = =794 Fuo] A7 AAA HH, o] FHA X dA7F o)A W] 54
Qﬂj% et Bls A7) AL, AbehE o] ko w Ao 5 Al
e dgolt. AW SA4EEE 100,000 particles/ar o™, 4 &

1zt=771¢] HYE 4nm ~ 3um ©|t}. FEFLo] ZHEH-A) (working
fluid) & AFEE Y, 3782045 E 0.3 LPM =+ 1.5 LPMo 2 Ao
7}sshH, 7] Oﬂ*ﬂt 1.5 LPMo. & AHAsto] A-§-313ith.
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a7
Air Sample Conditioner Saturator/Growth Tube ?_]q— ?—__Ilﬂ'zﬂ Ei L]'}j‘_?:} Z]'}fj ‘%’" ] ‘%‘oﬂ }\1 E‘l’ E"E. HE]'.}_\_ _@, (Van der
ng Saturate with Vaporand "~ Grow Particles to a
Bring to Thermal Equilibri Detectable Size -
s % Waals force)oll ©]3fA] A& Zo]x  agglomerate, aggregate,

coalescence® & Aate] AL WS xRl o 2 AU = S Q)

Schematic of NanoScan
.. SMPS Nanopartcie Sizer

= H—-CPC(Handheld Condensation Particle Counter, 3007, TSI,
USA)

7 T Ux=dAe 85 SAsk= FvlolH, S A8 = 99 CPCe =
4tk Hdl 100,000 particles/ert 7-4] £4& 4= low, 54T & OPS Z%7]7]
A YAA719) WSE 10nm ~ 1.0 um oJth AZ % +20%0]1, o] =779 =g
= =744
Y0 AEFeE 330l Atk & F/EUFL 0.7 LPM, AR FY ’ :
ZF2 0.1 o AeFAR olAx2ddF S ALE-Sh . . .
&= 0.1 LPM oI, A 1% = i = OPS (Optical particle sizer spectrometer,)
7}) TSI, Model 3330
» =270 (Nanoscan nanoparticle sizer(TSI, Model 3910) o] A8 2 ol QAmT 2 QA OPSE ALEste]l =%
I = T ML
= ) =10~ L ] T2 =5
=7 YAt W= 10~420me)™, Y A7) 4xe] BEXE F543) a9lth. OPSe =AM 9= 300~10,000 nme] o)™, A=}7}F u€7]
7] 98t ARt AT E AEES AU H o)z BA STl AH|= = 23138 o 2AlE o] vl = Zhwd] weba Ak G712 FRE
= L gul L X H = RUN

7]

2 F&shy, JA} 34 =] (Patented Unipolar Azsh= Bare wale) slale W esh Guloldt
ju puinul o 1 = hal .
E27% (RDMA; Radial Differential Mobility

- ) ) Grimm, Model 1.109

I:Lnalyzer; 83?; nﬁm}j A};;;CPCSH ifﬁql jfi;} imﬁ 7%43 Grimm AFe] OPS ZH]o]™, 655nm 3729 #lo]x] WS o] &3l FAt
= 3] H H === 3] nm A7 A = - =] = - =

K= @%,EEPA FilterE AX 7|33 Z7|= 3= ZOP%j;‘](Corona %%ﬂfii BARE SIS e 71”;0};: XO:H] oIt 573 7hed |

Needle)® AAW 4e] 9 o|go2 Wakd F, Ao TES Eahd T 3007 20,000 mmeIE. SREEAEE 12 LN AT

NE % A5 Q98 A5 G Felshl Hrh RDMA shael 4 e ges

Sl SASE B A8 IS G0, B4 B3 97 9 \odel 35509
WS E AT AIEE wer oSt ol @ H g g s Gealabe gl AAse] A49%S e - 9] @ 5]
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71(NSAM) & AF&3t3ith. NSAMe] SAH

o, #e] 7]#A(TB) L& HAEZ(A) F=3}
o AAAE AHEEt gikE Yatel tidE

i

715 SA4sks Aol

= Partector2(Naneos, Switzerland)

bz
¥ 2 A7 YAAFL
Al ARk 2 1xolt}. oF 420g &2 7Rl
Fedt guloleh. 3ujel Au] F 1hE e e
s, A 2t A

[e]
1 Azdstel BEFLeNA ALl

| 25> 209 A9l ey 5

A

<X I —-2> Partector 29 =349 2@ A

Jol 2w = FHA(LDSA, Lung deposited surface area)™ QA+
S 543t Aot} o] & o] &5ty THEE
| 283k 37t

ARE ™, SAAZE AL
P o =48 ¢} v slr)

[\]

=AU} Range Accuracy ;
s | oo | R
N 0~106 particles/ci +30% or 1000 particles/ci
d 10~300 nm +30% or £10 nm
S 0~50,000 /e +30% or 15 (a/cnt
PMO0.3 0~1,000 pg/m' +50% or £0.3 pg/m'

[ 1I—-10] Partector22] WA (from Naneos homepage)

=492 et 2k Al @ ALITE = W o
w9l B/1RA ) Fe 2 oJuivh girk A QA FH5E YrpEe
AFFFE WA 5 A, olRe] Ze] thabol sojok Fh. Aol =
el mhE EE71% el AARY % ARE @ AR e
o
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Particle diameter [nm]

[Z23 I —11] Deposition as function of particle size(ICRP model)

YJAre] 27 o] 200~300nmel PYAFEC] 7HE S oF 10%] FAES
woln, 40nm 1 45 °F 50%7F $-2l9] #wol HzE et A7 o] 200nm
A PA= Aol 40nmel PARTE 1254 O FA-, A ] HAE
S askA 20u]e] Fgo] YE AR B F Q) a1YEE ] ¥
7] 9 =7t obd QAo AR FFE WA= HAES nH S HUHt

< a8k

ofg] Agold sd3 TF Frol A 22 At F ARG & =
A& ‘%E}L“E}j sheith o= A2 JAt AAet ¥hgE 4 9l ®W
Aol 7] WFo 2 Gt e B¥d 5H4EAS Faste] dg
g Fx Qa °1ZP£?E°] AEZol A Fujz 2-gste] SRS B4
i vk dAke] Al e 549 FEA A obd
Ao AEdF= YA (biopersistent)d] a4 A8= 4 9t} LDSA(H
of IAE = FWA)= AA AR FEE AL, 7 AR #H HAEAES
aste] ALkE F vk a2y, o7IA = ZaF sy (diffusion
charger)ell o|at¥ Sizbel Aurs]= Aste] &2 4xpa 7o) Hl#Hs R

obelel Aol whEo] At

[\]
(@]

( 4 3D TAY AP gl 54
AT
(A=) = A x qit
T3, ¥ A3 Ao w2, 20~300nm Ake] o] JAb =
whn] ) 5} 7 ElE} 2B R LDSAE ofgie} o] ALkd = Stk

LDSA = 394 x &g = & xd' =d =
Faraday Cage
S g e o o : .
R oo % ie N
E--? --'-'. o ey iy =

i T
4 L{>_ lon Trap Voltage i>

Electrometer
Pulsed high voltage Charging current measurement

[Z1¥ I —12] Scheme of partector(Fierz et al., 2014)

& e Aged s 274 SHel Az & 4 e, 9
A7) el wE U A A el vk A ekx] e oW A 5%
olt}. AA}=A7) o] wWE T AALe ojel L) 9} —S—tﬂ 20~350nm

Partector 2 with NaCl particles [—ratio]

AN\
=

0.0 T T T T
10 100 1000 10000

Particle diameter [nm]

"% ys true LDSA for spheres
P

d'

[29) T —13] The ratios of LDSA by particle size
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T, ofg] e} o] 29129 EAIA A A 1WZE FUhE A3 =471719 A4 7 dAe 27 H9et 8 dYe ok 2 ¢ 1
@ AAel Bel alA] ALY FAAD AHES nelsks 9 DC 3 2o}
W33 e o] ko)A, o) 20nm W)W E 350nm 233 ¢
Aol AAe Aol Qo] folA LSDA SAae Aae) o)zl @ A <% M-3> BHE SAU 2 Fad
o HBo] mAAA gL A H]S=T Ao Arsl1 9)
& o729 12 oA v23 Ao R o st vk ] Az} | man PR g9
o (nm)
12000 | [—— diVidio D"'/\ | ds/diegD | .0 | Condensation particle . 4759 3K oz sptghkaAlo g
10000 4 . N 1 200 | counter ]’]'}“—?:]Z ‘9] ‘)l: %‘;ﬁ
a0l \ & Handheld ultrafine S& PAkehgAow
S / \ S . TSI 3007 10—-1K -
g; o] / . ik £ particle counter S Hxe=gizke] 4= 54
5 Jom Nanoscan nanoparticle Yrfe] Asls: o]8s}o]
z i o ; - B
Z a0 3 sizer TSI 3910 | 10—420 QAfe] 2= e =4
2000 o
; Optical particle sizer | TSI 3330 | 300—10K AR
10
Particle diameter [nm]
Portable acrosol 011 108 | 300-20K akehA)
. . . . spectrometer
[23] I —14] Particle size distribution measured by an SMPS(Zurich)
Nanoparticle surface YAfe] Haks o]8sto]
. 10-1 _ -
N N area monitor TS| 3550 0-1K Yz gudsE 4
1 =2 Bax= =]
_ ook, A A A AFEE W= PRt Z7)e mE EXE 13t SRte] sk
49 w4 dAstojof & Aol Partector 2 Naneos - 10-300 | #HEHAES o]83)o]
HEXHATHY 5= 54

A2 A eFF (Seee) S oFelioh o] Alntsti.

S, = SAZ'(:A(]epA X IR Xt

dose

Sdose : Tj:ﬂ%};ﬂl- E?ﬂzﬂ —]T—%%]: (mm2
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Partector(Naneos) ‘
¢

: \ .
Nanoparticle surface area monitor

[EHES

|
]
Portable aefosol spectrometer(GRIMM)

‘ Optical particle sizer

Nanoscan nanoparticle sizer

Handheld ultrafine particle dounter

Condensation particle cdunter

N E—

10 300 420 1K

(29 O—-15] &nE 54
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| s ap 209 A9 tegd 54
A7

2) el Fo) % TR

= TEM—-EDS(Transmission Electron
Dispersive Spectrometer, JEOL, Japan) (HA 3, 2018)

FRAAEA e A 5E  FEA" ¥ Quantifoild e AU (TED
PELLA. INC, 657-200—Cu, 200mesh, A7 2um)& AME-}SITh A&
A}# 7)1+ Mini part1cle sampler (MPS, INERIS, France) (°]3} MPS)o]
o, AJHS FH3 T 15 L/ming £ FHoz Z4 gt uel 5~
303t ST 242 FadAdv 4 (TEM: , JEOL 2100) °f %
2 7]171¢1 YA EAEZ7)(EDS: Energy Dispersive Spectrometer)
(o]at EDS)7}F F-2hel v =2 3Fqltt.

Microscope—Energy

TEM—EDS 4 & Al aigte s 7h&e dAe f&6te] A&
of Tz AlA Gt e ]guﬁ S 0é01 ]J_L/] ngH, ?}_Zﬂl(ﬂ AR
a1, EDSE 3}8td el 1AL d= A =
Cl

Sl

3k 7|5 XJ%W}X A & 319 (high Voltage)% Ql7fste}. 1 3
3 ZAA alignment®] ZAL wjg& 409,
spot1, alpha 32 2rF thS standard focus buttonS e WAE A&
R8st} o] 3 olu| A alignment?] lens deflector pivot point A& £
3t balance (tile&shift, HT Wobbler) &4 F ZA3t oju]x] u]H|
(contrast)E &A1717] 98l OL Aperture €& F oju]x] #9483}
Aot o] o AHg wlER HA 4 fieldE BA 5t 543
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=4 3DZH-EE 171l Hy LA BRI} ofH e 5o AR
date] Ul #al Ao EYELS 2.7% FooE B ZALEAA T 2}
b, Wk wopell A T4 3DEYH Vs E&o] 7L At 2020
=4 3DZTHH O =YAEo] 33.3%% F7HAE Holal o, o] A3
2 27 B, AE QY B 5 oA E AP FEE =& A
o2 A
<3 [M-6> ¥4 3DZYY H|&E o) F(FESH)
(29 %)
T 7194 - _ N e
BRI | gnoi | gagy | TEAE | EEEL | ¥ | e
g | TSl N oedg | BEAR | oEe | AzEx .
T %’lﬁ E:]'E
63.4 24.7 17.1 6.3 5.6 5.6 4.9 3.1

221 2020 3DZAY A AE) A

3DEHY 7 H S A AH] S ME(Material extrusion) 7%
Halo] 19 HAH&S A3t 9ot PP(Vat Photopolymerization),

PBF(powder bed fusing) 7]1&%W21e] &8%7F 20200 5713kt
< 3DZHE 9 7]&WA2 PBF, MJ, BJ, DED7} ¢l=tl, ©] 5 PBF
7)Aol 73.2%% 7 we A =YEsS ¥, DED(12.2%),
BJ(12.2%), MI(2.4%) <o =& =9kt),

<¥ M-7> 2020 5% 3DZHE FH & A}
(29 %)
A PBF DED BJ MJ
T & 73.2 12.2 12.2 2.4

+#. PBF: powder bed fusing, DED: directed energy deposition,
BJ: binder jetting, MJ: material jetting
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9 F QFAEH] 50.9%9 01 Fxdo] 30.4%
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Ar A Ah(31.0%) 2 7leEFE AF(17.0%)°] I 277F =%o
H(FESH), H7|EREok= Alxl% N2 A A (53.8%), AuT+IAA
(27.5%), MAXL(23.4%)%59 o2 =9t}
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- 3D ZAH AgA dF AL =EFHAAE 5, 2018, A

TEIA)

T #HATAE nFs o, 44 AGES e w A4 E
AAsith. ZAE FR{E FDM wael 571, &<, DLP, 434,
SLA, Polyjet ©] 2z 1704 ¢}, A= PLA 370, ABS 47}, PP 174,
aFHlEEE I, A U vk d=dxE SMPS, OPS, APSE
ARgsE] dAbE SAE o, NSAM & o] &ato] EWHAS H7tst

ol

ot} Ee MPSE o]&3le] YAE 5] TEMO R Fu= #23)
11, EDSE 8-S BA89 T Tenax—TA Z238 A3t §7]3 3t
5SS ¥rteksla, MCE 9o3iAE o] &ste] #31& xS +
ICP-MSE ©¢]&3to] 5&FE T4t B8 A5 =
&34, HyS, NO, NOz, SOz, CO, CO,, &%, FEE FA43]
dyoA F2 BAS= Ao 271 9F 100 nm Bt} #gkoew, FDM

N4 PLA 2AE AHEatE 29 713 Agkeh FDM 44 D444
VA5 FE P FAY B AT GASEEG WY FEE
e ARUAT RGO, PR wABE} fO% AolF ol
Skeh. TEM 4014 947k $44 98-S nasgla, Zae Wi,
A R A9 BE fAGO, JRE was bk Sl #7]
SEE F5e 0P A2AAG

- 3D T AEHE 249 BF L fAEA 54 dF(den
A4

<, 2019, AT-EILA])
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ato] ZAFSHSITh 3D AW A A B FALel ofahd 2 F
35170 (8H 72, &A16, SW9, AH]£141, f-&113)0lH, F
132470250tk #EEd S HES LA $E7s faleds 24}
shal, # APATE B4 AT Tl AHEE = e AAE

Lgi Fl=wo] ok ARFEATE o] &35t

) 3D ZaY AFRFS 2AEIR 0N, 53] thkek Aol o)
B =

A= el )¢ FES sk

FE9 PLA ¥ ABS /\ZHOHH JJrE] FEdel 2~8F HEHULH,

w2 = o] s AEH AT wEell = e, A, dF sl A
=5 A0

= FIOH Control approach Chemical safety of 3D printing at
workplaces (FIOH, available from : ttl.fi/wp-content/uploads/2016
/11/chemical-safety-in-3D-printing —at-workplaces.pdf)
AE=ol A AzfEdt 4so]x] o] 3D ZREfo] thdk Hrelw, 3D
oAz AAEAE (AR -Zd" -5 g) 2 Tt ol
of tiafA drgstar glom, Fa QA= A AR W Al
uet 2y §71sHE, 55, 8, 231 5ol vk AgdEsrE st
of FEstojof & 2 thEI @ TAHE(ZAEA, W], #7]),
Ao fFaIAH I B 557 =), AFHBA (3], A, e 93
AAH(H oA, AR WA, A, A WAA)), 2
dd, T, AR YAt dg =E7]E 4
2 B = d=gatel gisiA FIOHE thad) 22 8A1ZF =&l djs)
o] BXFES A3tk 20,000 particles/cr(density > 6,000 keg/m')
40,000 particles/cr'(density < 6,000 kg/m'). FeF, 21} 84
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= Exposure limits for nanoparticles: report of an
workshop on nano reference values (Broekhuizen et al,
Occup. Hyg. 2012)

=2 FAFAA e dadd Fxgs A Al

d el 7=
shth 2011 YE@e, &
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Table I. Proposals for OELs and DNELSs for specific NPs

Substance

OEL or REL (mgm™) DNEL (mgm™) References

MWOCNT (Baytubes) 8-h TWA 0.05 Pauluhn (2010)
MWCNT (10-20nm/5-15 pum) Short-term inhalation 201 Stone et al. (2010)
Scenario NOAEC pulmonary effects

Chronic inhalation 335 Stone et al. (2010)
MWCNT (10-20nm/5-15 ym) Short-term inhalation 4 Stone er al. (2010)
Scenario LOAEC immune effects

Chronic inhalation 0.67 Stone et al. (2010)
MWOCNT (Nanocyl) 8-h TWA 0.0025 Nanocyl (2009)
CNT (SWCNT and MWCNT) 8-h TWA 0.007 NIOSH (2010)
Fullerenes Short-term inhalation 444 Stone et al. (2010)

Chronic inhalation 027 Stone et al. (2010)
Fullerene ~0.8 NEDO-2 (2009)
Ag (18-19nm) DNEL-lung scenario 1 033 Stone eraf. (2010)

DNEL-lung scenario 2 0.098 Stone et al. (2010)

DNEL-liver 0.67 Stone er al. (2010)
TiO, (21 nm) Chronic inhalation 17 Stone et al. (2010)
TiO, (10-100nm; REL) 10h day™, 40h week™ 0.3 NIOSH (2011)
TiO, P25 (primary size 21 nm) TWJQ Shday™, 5 day 1.2 NEDO-1 (2009)

weel

SWONT, single-wall CNT; MWCNT, multi-wall CNT; NOAEC. no-observed adverse effect concentration; LOAEC, lowest
observed adverse effect concentration.
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Mz Yol ek YmE Al hshed vl weEk 20,000 particles/cm
= 40,000 particles/ans 7] (benchmark level) 22 A A o] Qo
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Table 3. NRVs for four classes of MNMs
Class  Description Density NRV (8-h TWA) Examples
1 Rigid, biopersistent nanofibres for — 0.01 fibres cm™ SWCNT or MWCNT or metal oxide
which effects similar to those of fibres for which asbestos-like effects
asbestos are not excluded are not excluded
2 Biopersistent granular >6000kgm™ 20 000 particles cm™  Ag, Au, Ce0,, CoO, Fe, FexOy, La, Ph,
nanomaterials in the range of Sb,0., Sn0,
1-100 nm
3 Biopersistent granular and fibre <6000kg m™ 40 000 particles em™ Al 0,, Si0,, TiN, TiO,, ZnO,
form nanomaterials in the range ndnuLfd\Cubun black, C,
of 1-100 nm dendrimers, polystyreneNa mofibres
with excluded asbestos-like effects
4 Non-biopersistent granular — Applicable OEL e.g. Fats, NaCl

nanomaterials in the range of

1-100 nm

SWCNT, single-wall CNT; MWCNT, multi-wall CNT.
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Measurement in the workplace

=
Correct for background —

& calculate 8 -hr TWA ’

ComPLIES WITHNRV

No further characterization required

£

Distinction with measurement ]

d [
L

Distinguish f: ed
NPs from PGNP with

Concentration manufactured
NPs < NRV ?

measurement strategy

Distinction with measurement
strategy not possible

v

UNCERTAIN COMPLIANCE WITH NRV

Further chemical/physical characterization of
NP advisable

]

Fig. 1. Traffic light scheme for characterizing NPs and use of NRVs (in colour in the online edition).
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= Workplace exposure to nanoparticles (EU-OSHA, 2009)
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gk 41750 YA, 2007, TRGS 900, & 0.3 mg/m (E5A4), ke
ng/m (£14)), W] NIOSH o4 414 wFel A3 7123

74

o2 g xte] o]4tkslE ElE (fine 2.4 mg/m', ultrafine 0.3 mg/m’') o
el Ao vl d=EFE 3= “Benchmark levels(BL)” 719 &
E8lete, Yesd S 4572 38t 1y 7S AAEATH2007).
1) BL=0.066<0EL (d®r4<l E&4 H=EHd)

2) BL=0.0170/ml (A3 t=ad, AUA244971EUK)

3) BL=0.5X0EL (7}-84 Y=

=
4) BL=0.1X0EL (294, EdwolA, Aawold, 44 vx=ed)

- 3D ZYY 7% oldl, FAAA wEH ke AAIAE 5, B

A w21 skE] AL 2018)

= Jnhalation exposure to hazardous substances during powder-bed
processes (Walter et al., Procedia CIRP 74. 2018)
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= Tools for the management or nanomaterials in the workplace and

prevention measures (EU-OSHA, E-Facts72)
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5) Guidance on working safely with nanomaterials and nonoproducts

—guide for employers and employees
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6) Workplace Health and Satety Queensland : nanomaterial control

banding tool worksheet
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= Metal additive manufacturing and possible clinical markers for
the monitoring of exposure—related health effects (Ljunggren et
al, 2021) (1)

A, 2%, 4 Fo8 TAY 9 H9UE 3 B Agste A
FAz ggel wEAE Agwon doov, a4 vy o
A daTon Agste] 29 B Bt AREA, F 2 &
W E FERA, A5 AA 8 A4 AAE S AR mew
B AFAE TEA D FRAAAE AR va LA BAG
2 =4t 9% TUE 0§, PRH/ET AL, F AR = AT 2
2ol Bls AEAz FEANAA froletA 2 eg A 44
of AHE AL Ldztel s BF UAZ] 742(10.8-6.2

=
A (80%—92%)H ATt EF

nmol/L)3tg o, H7]e< =523 9
T TS ZLE YAdA AAAAE HIoL}, AFS Fod A
TBA 7 S %5—% =937 (Graff P. 2017)¢} AEAARE
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case study of laser powder bed fusion of aluminum alloy (

Azzougagh et al, 2021) (3)
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= Impact of metal additives on particle emission profiles from a

fused filament fabrication 3D printer (Alberts et al, 2021) (4)
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o] 235 PLA Cu(3.05X10° #/min) ABS W(4.43 X10° #/min)7}
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= Exposure, assessment and health hazards of particulate matter in
metal additive manufacturing: A review (Chen et al, 2020) (5)
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= Particle emission and respiratory exposure to platinum metal
powders during additive manufacturing: A pilot study (Lambat

2020) (6)
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= A =& 71X mg/m' 2 0.5 mg/m)E @k

= Characterization of ultrafine particles emitted during laser—based
additive manufacturing of metal parts (Noskov et al, 2020) (7)
AERE 249 ~gelg 2~ 3y E o] &3dk 3719 AM AH|(ZHzr
SLM, DED, LC(laser cladding) *2)E 7Fstleh. & o]~ T
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B0l g Balo] shne] LR oBEEE BASUL

= Nanoparticle exposure and workplace measurements during
processes related to 3D printing of a metal object (Jensen et al,
2020) (8)
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= Improving worker health and safety in wire arc additive
manufacturing: A graph—based approach (Nagarajan et al, 2020)

(
gH =Fo 24, WAAM(wire and arc additive manufacturing)®} =
#Hy B3 olma 8 d 8y =78 Fasle] DACM(dimensional analysis
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= Characterizing particle emissions from a direct energy deposition
additive manufacturing process and associated occupational
exposure to airborne particles (Bau et al, 2020) (10)
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= Study of the Environmental Implications of Using Metal Powder
in Additive Manufacturing and Its Handling (Arrizubieta, 2021)
(11)

A 2=ea 3z w2 (systemic literature review)g ©]-&3}o]
Scopus database 2 Science direct olA AM, LCA(life cycle analysis),
Sustainability, Recycle, Reuse 52 7|9=8 Z2gste] HAS A5 5
Rttt F5S o83 AMS =7 PBF$ DED Hho = 3o}

Table 2. Overview of the metal AM processes [21].

AM Process Type Brief Description Technologies
Electron Beam Melting (EBM)
Powder Bed Fusion Thermal energy selectively fuses Selective Laser Sintering (SLS)
(PBF) regions of a powder bed Direct Metal Laser Sintering (DMLS)
Selective Laser Melting (SLM)
Directed Ener Focused thermal energy is used to Fused Metal Deposition Systems (FMD)
Deposition (Dl‘%) fuse material by melting as it is Laser Metal Deposition (LMD)
pos being deposited Selective Laser Cladding (SLC)

Table 3. Overview of the metal additive manufacturing processes.

Powder Particle Size Deposition Dimensional Surface Roughness
AM Procegs Type (pm) Rate {g/min) Accuracy (pum) (um) References
Powder Bed Fusion (PBF) 45-150 23 +0.05 9-16

Direct Energy Deposition
(DED)

AMol| F2 ALgH = 5% F9-v9 54, F&%, 744
o

i, =E71E 55 Ak AolF1E4 (LCA)

10-30 5-30 +0.13 =40

Az FHORA AMY E4E AHuion, A9 AALE, w7 &9
2 ol dasty B A dasith Aol et 918t
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= Respiratory exposure to hazardous chemical substances during
additive manufacturing using nylon and alumide (Visagie 2019)
(12)

£

A AT *}%EJ Xﬂ% {-"4 Aol °i?i Ur, =
®71% Z71(56~60 m)et A SAHE 37](63.8~65.3 i)+
Ael7h AN ALE A= A7IsE Aol F Aol gljlo,
51%% A A (39%)3 2Fol7h At A &3h &
o e Ak 5E, A1E e

)

A, bE AA, 93 g9y AlA S0 HY 2

= Potential occupational hazards of additive manufacturing (Roth et
al, 2019) (13)
NIOSHe A 7318k =olm, 7]siae whe faf ado] tisfa 7]

66



. A2 W

Foha 9l

Table 1. Related potential hazards by AM process category.

Category Feedstock materials Feedstock form Binding/fusing Most prominent potential hazards
Material extrusion Thermoplastics Spooled filament, Electrical heating Inhalation exposure to VOCs,
(may include additives) pellet, or granulate element-induced particulate, additives; burns
melting/cooling
Powder bed fusion Metal, ceramic, or plastic Powder High-powered laser Inhalation/dermal exposure to powder, fume;
or electron beam explosion; laser/radiation exposure
heating
Vat ization Liquid resin Ultraviolet-laser Inhalation of VOCs; dermal exposure to
induced curing resins and solvents, ultraviolet exposure
Material jetting Photopelymer or wax Liquid ink Ultraviolet-light Inhalation of VOCs; dermal exposure
induced curing to resins and solvents, ultraviolet exposure
Binder jetting Metal, ceramic, plastic, Powder Adhesive Inhalation/dermal exposure to powder;
or sand explosion; inhalation of VOCs, dermal
exposure te binders
Sheet lamination Metal, ceramic, or plastic Rolled film Adhesive or Inhalation of fumes, VOCs; shock,
or sheet ultrasonic welding laser/radiation exposure

e, 23k, o]x}7 w9 (take—home exposures), A 2=E2}Hs
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= Nanomaterials exposure as an occupational risk in metal additive
manufacturing (Sousa et al, 2019) (14)
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Table 1 — Outputs of the literature review on occupational risk management of exposure to
nanomaterials during metal AM

Graff et al. (2017) Mellin et al. (2016)
Aim of the Study generated nano-sized by-products Use measuring techniques optimized for
study during production in metal 3D printing, different particle sizes while analysing
composite manufacturing and fabric numbers, sizes, masses and identities of metal
production particle emissions
Metal Nickel-base Inconel 939 (both virgin and used  Chromium, nickel and cobalt alloy (both
material powder) virgin and used powder)
AM Selective laser melting (SLM) Selective laser melting (SLM)
technique
Methods * Scanning electron microscopy (SEM); e Nanotracer (10 to 300 nm);

performed e Energy Dispersive Spectrometer (EDS). e Lighthouse (300 nm to 10 pm);

e Traditional filter-based particle mass
estimation and inductively coupled plasma
mass spectrometry.

Main results | » Nanosized particles were generated during e Nanosized particles were generated during

metal AM; metal AM;
¢ Presence of nanosized particles in samples e Operators were exposed mainly while
with recycled powder. handling powder;

e Particle sizes tended to be smaller in
recycled powder.

Control * Powder handling in a confined space; e Improve powder handling systems;
measures e Personal protective equipment; ® Measurement techniques for nanosized
and other e Good ventilation with HEPA filters; particles;

recommenda

e Inclusion of information in the safety data ~® Work environment regulations;
sheet for powder intended to be used in metal s Personal protective equipment;

3D printing; e Regular metal analyses of urine.
* Educate workers.

tions for risk
management

= Biomonitoring of Metal Exposure During Additive Manufacturing(3D
Printing)(Ljunggren et al., 2019) (15)
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M. A7As W ( 2 3D Y ARIAY] 1hgla B4

A7
A Pt sRet AFgEre] AAdAE BT fo4del AN = Partector?
o, AT 0.144~0.3152 WS A@aA7E gifellen, D
AP GE A BAGTE 05772 T2 Al HlsiA g ol E A vl A AR e A, g ek A A9 RR SAT 2w
Wtk TA5E VIFeR o, 9 ¢ wEe AR EEE C A B E D T olgfell oA Ede] llom, FAPAE 283 o SH AT
Eom BRT D AL 94A 4 sEo) A ek, o Zle] 4 ookl a9 2 A BrkeA ko, Al & oF FAIA
ol A U2 ol Aoz AAAY. F, AFrrode & JIFE 7 Zrgdel AlFskE AIHNE S on, AR 2 o AFEe
AA R 42; sl o] A& §jAe] 2 RSl AAY] Wit e U, HE =9 93t FEE o] deoly FHe] d&six £
2 Aok Apart.c1 Apart.c2
A QA F s D ASERE B fola e Aow W) Y s ] i o ) o ol il O
HATHE YRR Kruskal-Wallis 24, p<0.001) §o (=l | d =3
e ol {1
<E M-15> F7ha A A4 4+ SEoh Ao WaL(PAS) e = ] P
Sit n KRR EEWA A5 AR A S
#lom’ 2898 204.23 4915 20226 106.69 54099 DOV;U; [ M=ST) A AP A
A : : : : : : O s oleleh e A%E nALd, BA 9 A% S v
ugm’ 2,898 1029 1180 549 322 11706 P<0.001 AT Aol arste] el 9ol SAs Aol m AA 9L 2
. #/cm'3 2903 12587 4741 12333 5749 26045 (919 o ore] u]Aa SOthrl 14N ARE Aolxt Haaic) = 2l
ugm® 2903 629 866 521 175 286.22 p<0.001 A 2z gzmeiAe] AFLErle] vEEA AREY elo s zeld
c #em® 2783 26831 8337 27808 6373 42904 (916 W RS Au= qme sl
ug/m’ 2,783 1246 850 1047  2.08 20330 P<0.001 T~ -~
b #lem® 2919 49.95 3889 3055 1651 23483 (577 Em S — —:a ij‘:x G —:a
ugm’ 2919 222 254 115 047 4230 p<0.001 - “i g | =il
#om' 2788 10957 5801 9874 2170 280.13 (144 - wil fom [
b g 2753 421 865 182 035 15621 <000l = MWW““”“” R Bl
. #em® 14291 15048 9523 14130 1651 54099 (443 1 EEa R ARV S .
ugm® 14291 7.06 937 470 035 286.22 p<0.001 (2% M-38] A A3 A

xp—value : ¥ o] AFTEA]
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A7
<¥ M-16> A A4 FAHW AR F=(#/cr) (by Partector?) B ApdAol A= 2 Tl ARk e dx=SA44u s 3
Site N Vu F2ua) gk Aozt el A b Aab= obg) e 2okt oF 484k st SAHHAL
P A W, e ZFAIztell= $E=7F S7kskaL 174 o2 sav) YolA =
[SMe} - - - - - -
Adko] 99T}
. 209 5,922 1,764 2,942 18,941 e
TR
7,224 1,158 6,320 9,136 B. Part. A
1,087 5,174 748 3,852 10,596 000 ———Number ———Diam ——LDSA Surface Mass 600 s
A% 251 =t
385 4,998 1,262 3,266 15,662 e 20000 200
E g2
£ 20000 400 E’E
I 4 £ o
<3 M-17> A AGH #AHZ2ATHA FE=(m?%cr) (by Partector2) g 15000 300 %fﬁ
z __.-5
Site n Wd  ERER Aag Aug 4 = o ~ ™EE
S A ¢ e ‘N\J Aot N7 \n, J#ow 58
3 _ _ _ - - - e g‘wﬁ‘m; z
209 21.4 5.1 10.4 39.1 _========================== B
# HHEEEE R FHEEEERE
8 23.8 1.1 22.9 26.2
Ak Aol 1,087 21.9 2.0 14.4 31.2 [28 TM-39] B A9 ZAY A9 7H( =)
385 24.2 3.5 19.9 447

B AR Ald delA 3D ZA" FAAAe) o 57t Z44
obel 1yt Rtk B & AA AYE oF 3437 Qdglon, o
FEE 357 49 A9A RUEY sl A4 de F9F el
A% Agetga A ARA ZUHY HATh o F BF Azk] 33}

gol whet 42 5 BE7k S
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A

WA 5% (um?/en) (by Partector2)

3%

<3 MM-19> B A4 =13

B. Part.B2

B. Part.C1

35.9
31.8
23.9
1,234.4
11,951.3

Hhgk

8.3
10.9
1.2

8.8
1.3

6.8

5.3

5.0
131.0
1,1454

19.5
20.9
11.0

2,900
447
471

n

A9

Site
FelA

jrvze]

Ho

(Ew/En)ssan “(ewfzun)aonpng
Aemn/zum)ysar {unjwaa

B8 8 8 &8 8

Surface  —— Mass

LDsA

— Diam
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4 8 & § =@

30.000
000
3 w000
15000
000
000

(ewyan)ssay (ewsfzunjmeng
(ewnjzun)ysa {un)weg

8 8 8 8 8 8
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1| oost
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A
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o ower

(1743

~ Diam

(17334
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30,000
= 25000
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& 10,000
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T

£ 5000
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H
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414.2
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M-18> B A}

<3

| ohgk

n

Site

(28 TI-42]

11,644
11,094

2,003

1,920
1,569
1,469
51,757
1,005,887

4,998
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471
1,425

2,593

5,235

8,269

698,168
8,981,629

399
2,201

2,914
27,020
314,280

245

467

Ael2edAk

ke
o

106



. At W ( 34 3D ZAY A gl 54

a7
C.Part.B1 <3 M-20> C AL T4 4Ag 5% (#/ar) (by Partector2)
g | =13 Site n AeWE EERER Aag Azt
‘%-m,nm 400 gél
E‘”‘“’ o fE - FTAY A 2,786 6,994 1,997 2,829 15,113
HI. , w il B 464 10,008 2,867 4,419 24,334
: A
1,424 9,334 4176 2,849 23,547
(79 M-43] C A4 3D =9 F2d# A=2PA}
389 7,069 3,943 2,380 18,206
3D ZAYS A AT FAF AATL olM e YL 59
b AdAbe MRS wehs ofde] 1yl Ak =4 & 94 <i M-21> C A4S HA2EHA 5% (m/cr) (by Partector2)
< 3D =Y FEPAe} fARE FFS Below, A o= odn Site n Aot FFuAt F gk F gk
= == 1)
o el mEFEe] A ekt 29 A9 2786 30.0 71 112 48.3
€ Part. C1 G Part. B2 464 33.5 9.0 18.4 74.9
0000 pumber Dlam 1DsA Surface ——Mass 00 = W00 pumber —— Dlam LDsA Surfate ——Mass °O0 i vzl_./t(_]—ot"]x].
= 2500 s00 ‘%‘5 = 500 500 ‘g;
< e w3] §nm wi}
i 52 | % isow L & Ba 1,424 31.2 8.0 9.7 81.3
_% 10,000 200 %% _% 10,000 ‘.} i 200 %g %ﬂzz}ﬁxl—
i L 15 I L | 389 21.8 115 8.2 61.2

D Al B vkl sl 1 Fa Hoke Aaks okesh 23
7

B A 2k el

Jr
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Particle Number(t/cm3)
g

£z

. At W ( T4 3D 2 AR A 54

A7

D. Part. A <3 MM-22> D 294 T8 W dAF FX(#/ar) (by Partector2)

30000 pumber —— Diam —— LDSA Surface ——Mass OO0 _ Site n N i ¥Fat HAArk gk

g o f% AU A 2,900 3,550 2,426 920 24,359
gw ? e ?E 2904 48 2,543 2,378 1,861 18,623
g 15,000 | 300 gg /A4 275 9,144 3,387 5,082 23,306
3 10000 | m £ ] . 27 5,444 3,923 56 14,157
E Eg 3 7,007 5,489 2,680 13,181

<3 IM-23> D A% AH2EHA F=(um?/cr) (by Partector?)

Site n Aot E=AA Hxyk gk

FAY A 2,946 11.3 9.6 3.2 92.2
o o put 52 =017} 48 75 26 6.5 25.3
—— Number —— Diam 1psa Surface —— M ;;‘“ = 000 pumber Blam LDsA Suface ——Mass °00 5 /X]Q_]ﬂ 275 31‘3 89 21.6 820
51 AN el =13
nE e w i} 27 18.2 135 05 56.3
L 0 §% 0 F e bl w §E 71k
:: E§ ginmﬂ ‘\-\N\l“ﬂm 200 Eg 3 20.6 13.3 9.9 35.5
| 2 ‘E";’ E 5,000 ) : 100 E‘;’
| 0 ng g BE
(719 M-46] D A1 3D W F2912H(B1) 3 A9 (B2)
D. Part.C1 D. Part.C2
— Number —— Diam 1DsA Sutface ——miass 000 _ 1000 jumber — blan DsA sufate ——mass 20 _
wii $om il
F= § Fe
PEE O eom g2
1 % 5, 1T
[! HAE D w £3
| 100 3¢ 2,000 a¢
§F5F 5§ F §FO§EO§ §5 58§ 8 8§ 8§

(1% M-47] D A3 A9 2 4<%
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E Ao AWl vl el A Fan grkek Aabs o 1

Hap 2ok

E. Part.A
80000 | pumber —— Diam —— LDSA Surface ——Mass 2000 -l
;m
__ 70000 ,l" s000 & ‘5
T 60,000 f Eis
g L) 33
Ery [ 4,000 s
% 50,000 | TG EZ
i [ [T | T
£ 40,000 1 3000 g @
=2 =4
3 A | 5
30,000 & J e
-E f! 2,000 E ?g
£ 20,000 _ J | %%
£ f | !
10,000 .y 1000 8 &
-
w

Aol AN A BRA B Aok ofelst 2tk 219 4
AZb AL 9:20~11:3074 ZASHP O, AYATFA Hks)
CEA e 9:10~9:37704 A4S on, AQARNERNE A
R, ol Fl A ol FuA BARAT FANLEFN £ B
=

£ ngow, AFn Foli wEst F43) volAnh

K

0

O

]_

b1

E.Part.B1 E. Part.B2

14000 umber —— Dism osa Serme ——wa 0 0000 pumber —— Diam Ty sutace ——nrass %00
w0 % =
= Lzow | 2E  _xmm s
E w EE % 255 5 2
S 0 | A 300 §§ 3 20000 \ o ﬁé
& B0 L 11 s0 32 8 N 2=
£ com w B8F  EP \f £
5 8|2 \ Lo S5
3 150 EF g 1000 EE
#4000 " £3 - <32
el W w0 EF £y
& 9 m,,é\ | . EE 5 A 500 F]
o0 B i EI o A Nt a€
= oL = a e a

g % = 3 D o= o2 o= = 5 e = = =2 = =2 =2 2 =2 =

£ & & 38 & & 23 & & & $ 3§ 2 2 8§ &8 3 B T 3

[1%] MM-49] E A9 3D Z&g 2}iztl

| 25> 209 A9l ey 5

i
E.Part.C1
#0000 —— Numter Diam LDsA Surfs —M 0
= 25,000 500
g
E 20,000 a0
'g 15,000 300
2
3 1000 200
H A
£ soo Tl m 100
a1 |
!
$ 8 % $ § 8 8 § 8 °¢
- s 5 = = 3 2 A 5 A

[19 MI-50] E A4 3D =+

<i# M-24> E A48 =744

Diam(nm), LDSA{um2fecm3),

= 00 —— Number
E

1 fom

E; ‘gso,m

18

¥ [ % o

H
]

E. Part.C2

- Diam 1DsA

1580

I

l..
g8
Dam(nm), LDSA(um2fem3),

Surface(um2/cm3), Mass (ug/m3)

H

1680
700

Site n A E=A Hxyk Fdigk
FTAY Ay 2,784 20,764 22,897 497 73,012
= 138 5,053 2,877 1,579 12,710
2R}
257 5,987 3,877 3,202 24,318
130 4,193 2,323 1,058 9,676
RS pe s
269 8,297 5,880 3,050 48,397

<3 M-25> E AIYH A @2 EwWs s=(um?/cr) (by Partector2)

Site n e i F=uAt 2k izt
TAY A9 2,784 129.5 142.1 3.2 449.1
138 23.4 114 9.8 47.8
TR
257 31.2 34.0 12.5 157.4
130 22.2 10.4 6.8 40.8
=2k
269 32.8 414 8.8 160.1
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aF
SAE JA F wEsh AP F xuA RS Hlas Bokth 570 AR * NSAM
& A freld AadAvt sl Aow HrhEslen, Gt
0.745~0.995% vl & @AV} = A2 YEwh e gixbe]l SR muA S SASE NSAM g o] S4dxs of
ob &gk di-e] ghol 100 um®/em® VIRE o] o}, E AP 1
<3t M-26> G7thd A48 4k 5 g9k LDSA H At B 293} R FANAFH 2 FEE Holow, 394 e T =
, N ] ] A2 7b #Fassklt
Site n AkEdd ®EEA SHs Ay Jd@
p—valuex
R #lem’ 1689 5236 1,097 5113 2942 18941 (745 NEARL. Progess
un’/em’ 1,689 22.4 31 219 104 44,7 p<0.001 T T T
6000 | i : 1 : :

A i time P time

#em' 4,021 48121 357,302 4612 245 8981628 () ggg

5000 §

umYem® 4021 851 4164 179 1.2 119513 P<0.001

000 |

#em® 5063 7506 2680 7126 2380 24334 (79

3000 |

um’/em® 5,063 30.0 84 306 8.2 81.3 P<0.001 2000 |

1000 §

#em' 3296 4,017 2962 2954 56 24359 (gg9

Surface Area Concentration{um2fem3)

mZent 3206 130 110 86 05 92,2 P<0.001 Y oocoocssooooosssoossossass

#em' 3578 17,558 21182 5903 497 73012 (gg5

m¥em® 3578 1071 133.0  20.9 3.2 4491 p<0.001

#em' 17,647 17,920 171665 5542 56 8981628 () gs7

um¥Yem® 17,647 543 2109 221 05 11,9513 P<0.001

xp—value : ¥oj& AHEA
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AlZbdel webA] ZFHAIZE S E T o] R ekl wEE v s
Hkoh ofgfe] 9} o] THATE VT o R s, A9t D AFPES R
LAY T FE7F FXA(>1), YA /\}?ﬁﬂo LA T
03134 E7b ugith A A S V1o R SSlES W, B ARG AL
gk ol C EAMRAS 52 T99E Belon, D AN e
FEE Bolh
<IF M—-27> AFFAE #2102 284 55 (um¥cm®) ¥ (by NSAM)
Site n ARy 2R S99 Aagt HAoigk WAN= Ratio
Work time 959 29.2 127 326 0.0 773 1.00
Night 1,253  23.6 146 302 0.0 395 L8 1.00
Work time 970 277 104 26,6 131 481 0.82
Night 1,798 294 8.8 309 141 494 00 1.02
Work time 846 38.2 146 387 149 644 1.19
Night 1,798 44.1 4.3 43.7 257 571 08 1.45
Work time 774 14.4 10.5 11.1 0.0 44.9 0.34
Dse 3.89
Night 899 8.0 18.2 2.9 0.0 1151 0.10
Work time 864 92.9 87.3 69.4 82 370.9 2.13
Night 1,798 236.8 2264 1922 43 640.7 090 6.37
4 Work time 4,413 40.5 482  29.3 0 370.9 0,89 0.90
Night 7,546 78,8 1422 329 0 640.7 1.09
* W/N : work time %19~ &% / Night 4% 5%
wx g O] AAo A FHAPoR HAH SAHE g AT

Y ARl e 54
A7

[ geap2a

A SR A A mEFe ALS SlEte] dWw SEES
/hrow ZpAEAT) ol BN (FHBA ALY, 2018) 4 e AF
(US—EPA, 1997)l4 H7ld B & go|t}h. ZA7he A2 o

|

A e A e AgEow A4

Ste v ol o o) SSeo)
A 959 32.6 1 45 146.7
B 970 26.6 1 4 106.4
C 846 387 1 5 1935
D 774 11.1 1 2 22.2
E 864 69.4 1 4 277.6
A 4,413 29.3 1 3.9 114.3

Stabele 5(2016)¢] AF-oA, AFYEH29 3D ZTHE A s
PLA ZAIE AME3te] dAFNA Zdste 49 #A32 294 =&
Z2 oF 200 mm® 7bA] 2 o= %7}3}@;}, T AT E o
m

Hup gbe gqolglond, E AR 277.6

116



- 97 FARE

39 ok SMPS+0PS ZA4 7|72 243 47 4 FEE Al&8te] ¢
AY R¥= Hrisigoh
Taylor 5(2021)9] ¢J8k®, 4nm Wte] Ywgdahs 955 F3tela,

S

4~20nm YA EFHAY HFE 9FE FHFE Al A
21~45nm YAb= E4E A5 F3E 5 Qo 45nm 29 PAb
AR5 A F ok gk ool #gAdel A LA sk JAke]
SEE 919 71Edd A&et7] flete] Auledvh. SMPSe] 13xd ¥ 2
HA) A (Dp=15.4)7FHAZ 20nm w9, 53A A9 (Dp=36.5)7HA=
45nm v Rk 8 A AL (Dp=86.6)7AE 100nm ©]3t= T3} &
g 100nm o]ste] PAE Ud=YPAR Adste] BExES ALTSISIT

K

fl

\

1m

}-n

20nm wwke] QAo HE &S A 9 A vk Pt
0.1~7.0% F°lAt}. 45nm w|¥ke] HEEL Hf 1.7~37.9% oH,
100nm ©]3} Y=g ate] BEEES Ht 35~84% Faollon, A
¥ x}ol7t Rtk E3], D AFEHFY Yx=dx BEEE =& Holgle

o, E A Ge $EE wa

b

w

| s ap 209 A9 tegd 54
A7

<3 M-29> A ARIEe] 4749 4% (SMPS+0OPS)

Site <20nm <45nm <100nm Total
#/a (%) #/aw (%) #/a (%) #/aw (%)
Worktime 120 (3.7) 785 (24.3) 2,309 (71.4) 3,232 (100)
Office
Night 132 (2.7) 821 (16.5) 3,348 (67.2) 4,984 (100)
Worktime 263 (3.3) 1,938 (24.2) 5,631 (70.2) 8,023 (100)
Process

Night 253 (3.6) 1,481 (21.0) 4,950 (70.4) 7,034 (100)

A G p— Pw Pr
100
— B "‘f/
] W
S -
s oy
o W
= &
8 4 .
E 7
E C - o’
= 4
a3 .

20 45 100 10000

Particle diameter{nm)

(77 M-52] A AMEE 78 FAEE

(OwARFA-ZFARY, On AR -0k, Pw: ZAE S -2, P ZRIE e - oK)

A ARl 100nm ©]8ke] Y= Ab Bl &
Hl=d Feom F7hEde a8y 94
7H e, SHARE F s27t ofke] FRrTh 8kt

ot
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<3 M-30> B Ao 92 FHEE (SMPS+OPS)

Site <20nm <45nm <100nm Total
#/a (%) #/m’ (%) #/m’ (%) #/m (%)
Worktime 118 (5.1) 688 (30.1) 1,680 (73.6) 2,283 (100)
Office
Night 43 (1.7) 387 (15.8) 1,583 (64.7) 2,445 (100)
Worktime 297 (4.3) 2,132 (30.9) 5,150 (74.6) 6,903 (100)
Process

Night 192 (2.9) 1,603 (24.4) 4,654 (70.8) 6,578 (100)

B S, Y . Jp— P

uuuuu

Particie diameter(nm)

[ M-53] B AR 928 42 x

(OWAPFA —TFAI 7Y, O AR —olzE, Pw: ZRE 4 - A17E Pn:ZHE 34 -0z

B A1 100nm ol5he] vhegda} v Ee AR B A A
[e)

64.7~74.6% = Hlet Fo 2 FHUEESY, 1Y

. L]
el =A FrrEd e, SFARE T FE7F oo FERY E9kT

119

| s ap 209 A9 tegd 54
A7

<® M-31> C Aglde] 9474 FARE (SMPS+OPS)

Site <20nm <45nm <100nm Total
#/m’ (%) #/m’ (%) #/m’ (%) #/m (%)
Worktime 175 (3.3) 1,224 (23.0) 3,696 (69.5) 5,317 (100)
Office
Night 59 (0.9) 624 (10.0) 3,503 (55.8) 6,274 (100)
Worktime 537 (5.3) 3,239 (32.1) 7,689 (76.2) 10,087 (100)
Process

Night 209 (2.2) 1,500 (15.6) 6,310 (65.6) 9,616 (100)

Pn

Cumul aitive ratio(%)
I.
c

Particle diameter{inm)

[ M-54] C ARIY 428 F4RE

(OwARFA=FAIZE, OnARFA —oRE, Pw: B[S - FA7E Pr e g7 —okth)
C AFSIgN A 100nm O3] thegdah Wl Ee AR R Al oA

55.8~76.2% Rom, &F A|ZF F] B]&o] ofgtR Tl =kt YAk 5
FEE FFo] AFAnt =A HrE A
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<3 M-32> D A9 4AE F4 83X (SMPS+0PS)

Site <20nm <45nm <100nm Total
#/a (%) #/m’ (%) #/m’ (%) #/m (%)
Worktime 324 (6.5) 1,889 (37.9) 4,018 (80.6) 4,983 (100)
Office
Night 287 (5.2) 1,822 (32.9) 4,292 (77.6) 5,533 (100)
Worktime 224 (5.0) 1,596 (35.9) 3,712 (83.5) 4,445 (100)
Process
Night 129 (3.6) 1,100 (30.6) 2,963 (82.5) 3,593 (100)
D e OV e 01 = - P Pn

an

10

[2¥ MI-55] D AMEH 4

45

Particle diameter(nm)

(OWAPFA —TFAI 7Y, OnAR-A —olzE, Pw: ZE 34 -2 Pn:ZHE 34 -0z

D AFF el A 100nm ©]3e] Y=g AF v &S AFEA 2 2] 3 A o) A
77.6~83.5%% th& AMEel HlsiA w2 FEoldT 4 ke
Agu el 54 BrHAL,
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A7

<3 M-33> E Alg14e] 974 FARE (SMPS+OPS)

Site <20nm <45nm <100nm Total
#/m’ (%) #/m’ (%) #/m’ (%) #/m (%)
Worktime 213 (7.0) 693 (22.6) 1,669 (54.4) 3,066 (100)
Office
Night 126 (2.2) 610 (10.9) 1,982 (35.3) 5,622 (100)
Worktime 88 (1.3) 418 (6.0) 3,138 (44.9) 6,993 (100)
Process
Night 20 (0.1) 297 (1.7) 6,326 (36.5) 17,307 (100)
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PAF § FE SANLY] FRE ofdle Feob Zouth CPCY &EE 7E
E.Process cPC HCPC SMPS+0PS
.................. ; o2 & u HCPCY BEE 604~787% FFo=z A HrtEgon,
gl T SMPS+OPS®] =i CPC =9 1025~1223% F#0.2 tha A 37}
ATk,
<3 M-39> S4AF 4= SAGH| k] vja
Site 4744 n  Aledd ¥FEA Y HAaxgk FHuligk HLCSCx
yq\__ CPC 2901 6493 1485 6,234 4408 15323
Voush - S R Y« © LA
S S e e e e e e e A HCPC 2314 4850 1,465 4595 2,963 13476 0.737
***** SMPS_OPS 2,912 7,357 1,682 6903 5073 17,246 1.107
F TR 544 CPC 2,801 5837 2,098 5908 2482 14,582
B HCPC 2,012 4609 1526 4652 1853 9,646 0.787
<x M-38> E AAA S0zt a3 SMPS_OPS 2,893 6,619 2532 6594 2600 13975 1.116
CPC HCPC SMPS+0PS CPC 2,768 8374 2,764 7,740 3,707 22877
_ C HCPC 2,05 6275 1801 5927 2470 13729  0.766
CPC 1 0.993" 0.992"
SMPS_OPS 2,780 9,604 2,555 9470 3,765 18721  1.223
HCPC 1 0.987 CPC 2913 3821 2408 2987 1,024 20,577
D HCPC 2866 2593 1,716 2,074 696 14,742  0.694
SMPS+0PS 1
SMPS OPS 2,918 3912 2,765 3,062 1,136 26273 1.025
1 p—value<0.001 CPC 2,782 9816 9459 5386 565 37,494
E  HCPC 2,016 7,396 7,287 4,078 757 28387  0.757
SMPS OPS 2,786 13,838 14,350 6,127 638 90,046 1.138
CPC 14,255 6,828 5074 6,018 565 37,494
A HCPC 11,264 4,949 3811 4353 696 28,387  0.723
SMPS_OPS 14,289 8205 7,472 6,687 638 90,046 1.111

* H/C : HCPC 5% / CPC ¥%, S/C : SMPS+OPS 5% / CPC 5%
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TSI HlolM S4¥ g2 Grimm gHlelA SAE o] F3t 33.3~536%
Atk o] HEEe FEUAE M ARAAME 7% olstE degten 14 A
Mol 123%= H7bso] 4T v&s Bilth

<% MM—40> OPS #AHE <z} & =% =A7ke v

] L EEd + 3EER T/G ratiox
° (#/cm) (AEdF £ T2A(%)

TSI 2,913 81.6 + 20.0

A 40.1 + 3.1
Grimm 2,898 204.2 + 49.1
TSI 2,904 62.0 + 27.2

B 482 + 4.7
Grimm 2,903 125.9 + 474
TSI 2,782 145.8 + 485

C 53.6 + 3.7
Grimm 2,783 268.3 + 83.4
TSI 2,918 22.9 + 19.3

D 44.6 £ 6.7
Grimm 2,919 49.9 £ 389
TSI 2.793 34.2 + 236

E 33.3 £ 12.3
Grimm 2,788 109.6 £ 58.0
] TSI 14,310 68.9 + 52.3

A 440 £ 9.7
Grimm 14,291 150.8 £ 95.2

*T/G ratio = TSI ops A & EE / Grimm ops 44 & &
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<% M-41> #AQF

m. A+22 W

x93 SAH e gk vl (F9 0 m?/en)

] ] A2
Site h AewEEEEd 295 Aag Fog SoAT
(p—value*)

NSAM 2334 2631 1380 3178 000 77.33

A —_
Part - - - - - -
NSAM 2,890 2849 944 2870 13.09 49.37

5 0.995
Pat 2900 1947 684 19.68 828 3594 (p<0.001)
NSAM 2766 4134 999 4310 14.88 64.43

o 0.995
Part 2786 2998 7.08 31.08 1115 4835 (P<0.001)
NSAM 2898  7.36 1270 257 000 115.05

5 0.917
Pat 2928 1133 961 808 321 9224 (p<0.001)
NSAM 2784 183.68 201.89 68.68 4.34 640.65

. 0.997
Part 2784 12946 14210 4922 324 44911 (<0.001)
NSAM 12569 628 1157 314 00 6407  goq

il ( <.0 001)
Part 11398 468 80 198 32 4491 (<0

sp-value : FoJ<& TR, AS3 A9
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MO-K MMg-K MA-K WSiK St =EL

- b Al Spc_0D03
S 1010 —
3 1
2
=
£ 50000 -
£ -
1 Mg Si
A S L B N I N R
1.00 1.50 2.00 250 3.00 350 400 450
Energy [keV]
Display name | Standard data | Quantification methed | Result Type
Spc 003 Standardless ZAF Metal
218 =
[l\alj ]:H_SS] A /\]'01;!];(%]—‘04 %#‘ETUEL }\]BO] il XH—“%‘ O]U]X] Element | Line | Mass Atams
lo I3 15540.06 | 250+010
| Mg I 055002 | 0.61:0.02
- L Al I3 91.01+0.21 | 90.24+0.21
o A FEle FEollem, 10~50 um®] YAIF 7wk & [k . £89:010] £.56£0.10
Total 10000 | 1(}(}03
=) o e .
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<¥F M—-47> A

Ak Ao

bz

Site

0.90 112 0.41 2.19

1.24

17.6

0.10 0.10

0.10

0.10

5.9

Ti

76.5 40.96 44.63 18.43 6.92  165.81

13

1.41 2.7 1.40 4.04

2.71

21.1

3.08 4.29 2.11 6.46

4.29

10.5

Cr

7.28 21.57

14.43

10.10

14.43

10.5

Ni

14 73.7 0.17 0.17 0.11 0.01 0.60

Ti

75.29

94.7 9.34 18.85 2.73 0.10

18

0.07 0.12 0.02 0.21

0.12

40.0

Ti
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0.42 0.52

0.51
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2 GEARE BEE AP mus) ww obes) exst g
oomhdge 2 A FEHeM, MEEdY(SYES

i

Kruskal—Wallis 7)ol A F2l3t ZFol= It (p=0.157). 270 AFd =+
oA AZE YA VESFHAGAT fogk 2o} O'Oi—clt'%(p=0.048)
B Aol AT HEHE-S 471 AMd el AEFHAeH, AEsAE
= oo, N EFHAAY Fost AFole fAHH(p=0.361). &F
ME2 5548 5 7MY 52 552 gEHden, HRSgg 4 A
QG F s 2Fel7t A AT (p<0.001)

a) PFIvlE b) Y#A

] Z

c) HEH d) &FuF

- SE

g - =32 = G | = -

197

( 4 3D Zad AR hegda B4
AT

Z 85719 AHE T T AlRodA A4 A AEES AERY, &
Fulgel HEEC] 494%= 7P Eokoew, HENE(31.8%), YA
(15.3%), "F2ul45(8.2%), AF(2.4%) wolATh 2 =244 Ag=E3k
2 AR Az MEE A =E7]E(TWA)l HlelA 0.04~2.16%° 3%
stolow, UAe] b & gholdnh. whd wix]wl3 ¥ (Benchmark
leve) ¥} HlaalE ¢ Higke BLO 0.6~32.7%°] aldat= gholdd
t}.

Jf

<3 M-48> 548 T (F9] 0 ug/m?)
P T BRI
pp ot dor A g A TWA BL™

ANag () Hd pg/m' TWA% BL%

Al 42 494 1699 31.72 0.05 165.81  1.66 2512 10,000 660

Ti 27 3.8 040 094 0.01 3.78 0.04 0.57 10,000 660

Ni 13 153 453 596 057  21.57 2.16 32.68 1,000 66

-3
oo
oo

2.08 137 041 4.04 0.04 0.61 10,000 660

Cr 2 2.4 4.29 3.08 211 6.46 1.29 19.58 500 33

HRAES ‘H% w50 dER ARy
FRARS/EAESF) X 100

“*BL : Benchmark Level(=0.066XTWA)

TWA% = (Hhs%/TWA)*<100, BL% =(3 ¥ %/BL)<100

<¥ MM—49> —']—;1—(1:/] E]?GEA

G YA =24 (0) =4 (0) 2= (gan)
Al 26.98 660 2,327 2.7
Ti 47.87 1,668 3,287 45
Ni 58.69 942 1,758 8.91
Mg 24.3 495 739 1.74
Cr 52.0 1,900 2,642 7.14
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m a7 |
71EFIA}
1) AEsh =sA% F7t
2 AE AR e WA RE BT Ak obd ek 2ok
o BAAYE flete]l =& HEAAE V22 oA diAlsiT
<3 M-50> 2 & F54% 2443

o AzE T wedd en Aag AN

Cho (%) (ugl)  (ugl)  (ugl)  (ugl)  (pgll)
A5 556 505 584 346 229 1780
B 4 286 1102 285 229 229  1099.3

Al C 5 313 43 392 229 229 1230
D 2 20 454 417 229 229 1144
E 3 20 366 203 229 229 1035
A2 222 1686 3133 550 550 10013
B9 643 3072 3585 1098 550 12329

Ti C 2 125  6L9 201 550 550  120.0
D 0 0 - - - - -
E 2 167 938 935 550 550 3415
A 6 667 168 148 138 26 441
B 10 714 197 172 167 26 553

Cr C 6 375 6.3 6.5 2.6 26 234
D 2 20 6.0 6.2 2.6 26 172
E 5 417 6.4 5.9 2.6 26 190
A3 333 3.7 6.3 L3 L3 205
B 3 214 2.0 L5 L3 L3 6.7

Ni C 3 188 17 L0 1.3 L3 5.4
D 3 315 2.0 1.2 L3 L3 47
E_ 6 500 3.2 2.2 2.2 1.3 6.7
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[ 3% 30 =a9 Aegel ted 54
A

F(23.1%)9 nHE2 HEHJG. HEFHA 916}‘34_ FJEH;
(p=0.003)3} ZF(p=0.22)2 AFFATL Folgk Zol7t dor), YA
(p=0.296)3 &F1]F(p=0.697)2 2|3 o7} gt HEELS 7

Z&0] Yol HEIAR viAE gho]l THTFE UEsten, nEsy
goll YFS FAe Aow Addn.

Az mE3Ax7 A4 55482 W, 72, 7t=%, 4%, U2,
QbEE, eAbsiubuvbg, W4, 43 SOl vk Ayl Brtd =&
B T A =3RS e 2242 A5 YAon YA
T WA 80 ug/L o]tk A< %Li%kgi AL 5 ug/l
ojth(ZEA ARG AFAH A1A) YA F9 Hdigkol 20 ug/L
TEoR ZlEdkel nlEiA wtekon Tﬂ%‘—%-‘ﬂ 2 dRkjle] VER Y
SEE ghol sl

f

glolE] S ah2) eFokal, Hol FEE 55.3 ug/L ATh

AT Fo BETA =E7|E@S A A FRoy oF dFE
o] F% 4~6 umol/L (108~162 ug/L)o] A Al ot aFo] A= o
ko2 ®BaEQ L (Rithimaki et al., 2000), &£F <¢FnHo] 100
ug/Le] AAaI}E WHdAAI+= w22 HHA(Iregren et al,
2001). Ogawa and Kayama(2015)+= <4FvgH HFHAAe 25 4F
WEEEE 13.0~107.7 ug/LY Rt 4.9~15.4 ug/L FF0I30
o ofell Hla} & AFtel A FrhE AAGHE HdighkS 100 ug/L o]7do]
dor, Hd 1,099.3 ug/L7FA] YEFSTE

AF] 7NF=HE FL 2WolA 30 ug/g crea. oJH, T AFoME A
HrE B



ox

Aqlgel Fa g g AAATE gt RE ol 0gld
g otolry] gato] AUl B AHWA(10x10cm) S SholA A5}
wEl AANAL Holy At olo] ta 24
Fi= olele] wol ZATAFHE 5] AEAE),

2}

]

s
-
[e:

M

<¥ M-51> 9 LAE2 F7HF (&9 : pg/100cm)

Site n Mg Cr Ni Mo Ti Cu Pb Sn Al

A 5 15.1 - 0.4 - 6.4 0.6 - 0.3 339.1
B 6 203 152 38.7 6.7 2.0 2.5 - - 1,021.7
C 4 167 - 5.6 - 0.2 1065 11.1 307.0 7.7
D 4 - 149 29355 7323 84.0 3.5 - 16.0 27.3
E 4 364 149 2185 699 6351 7.6 - 4.2 391.0

A 23 188 162 643.0 3503 1709 229 111 520 4143

A, B AL o] vl = #EEAT w4 3D ZHE Y]
At A7l A BE B edk A o] ofo] BAEHATH B AN §
A Aol BE F50] 7ME 2 sR(d], dFHFE 4396.4ug)E
HolHA sbEgtghel 9FS FALh C AMGAL Ho T4 FHl gt
Aol 1A T AEH gholw, ARg3h= Awe] TR F4(60%)%
T (40%) ol =l olel gk FaFollet. 729 49 3D Z™E 9 7] R

= ]

X
ofl
N
)
)
=

| s ap 209 A9 tegd 54
A7

A E 4FugE 1,128 uge = FAHUY. UAD Svdy
Aol Al 850 ug, 205 ug 0.2 =A AZSHYC}

<3 M-52> viavlge) AP 19 e 9% (9] pe/100cm)

ke
=

Site n  AEE%) AM SD Min Max
A 5 100 15.1 12.8 2.3 30.1
B 6 100 20.3 16.3 3.4 48.0
C 4 100 16.7 3.9 11.3 20.4
D _ _ _ _ _ _
E 1 25 36.4 - 36.4 36.4

Bl 16 70 18.8 12.8 2.3 48.0




A |

AFZ AA AR 43%1M HEHN LM, Do} E AAES BE Al

< M-53> A7 AAE 29 9% (F9] ¢ 1g/100cm)

L:'l

Site n  AEE%) AM SD Min Max
A _ _ _ _ _ _
B 3 50 15.2 24.3 0.4 43.3
C _ _ _ _ _ _
D 4 100 14.9 9.0 1.6 215
E 4 100 14.9 9.0 1.6 215

Eiv| 10 43 16.2 14.2 0.4 43.3

YA AA A5 87%1A4 AEHAeH, D AR Fds=rt
I P R s s

<3 M-54> YA Apdd 9 e A= (29 1 pg/100c)

Site n AEE%) AM SD Min Max
4 80 0.4 0.2 0.2 0.6
B 6 100 38.7 89.5 1.0 221.3
C 2 50 9.6 0.4 5.3 5.8
D 4 100 2,935.5 2,015.3 346.3 6,248.8
E 4 100 218.5 420.7 1.3 849.5
A 20 87 643.0 1,555.1 0.2 6,248.8

| s ap 209 A9 tegd 54

a2 A A= 39%04 A& 30er, D9k E AP el A

<3 M-55> Eg|Bdwe A 1 S 9% (vh9] @ peg/100cm)

Site n  HAEE%) - AM SD Min Max
A _ _ _ _ _ _
B 2 33 6.7 8.9 0.4 13.0
C _ _ _ _ _ _
D 4 100 732.3 627.2 76.9 1,555.8
E 3 75 69.9 117.0 2.3 205.0
A 9 39 350.3 531.9 0.4 1,555.8

Hebg> A Alge] 74%04 HEHAen, DS E A lA A=

&3} o} Bk

<3 MM-56> Eletge] AFYEE 59 % (9] © ug/100cm)

Site n AFE%) AM SD Min Max
3 60 6.4 5.0 0.7 10.1
B 5 83 2.0 2.4 0.2 6.2
C 1 25 0.2 0.0 0.2 0.2
D 4 100 84.0 89.1 8.0 212.2
E 4 100 635.1 977.4 14.3 1,286.4
A 17 74 170.9 368.2 0.2 1,286.4




FEE C ARG 1) AR A S BE AR
Aol WA

A it ghol

e AHY

sl HEEglen, C
ke C ARSI

[ geap2a

A
FHe AR

- 9] 30%°lA %
A H7LE ATk

9 Aol e 54

dEslen, C Ardde o

Aol A =

S0z mARARL Sid, AloA SANNS Ao B,

<3 M-59> FA A4 1 9% (9] © peg/100cm)
<& M-57> 738 A9ed £9 29% (4 ¢ 4e/100a) Ste' 0 AZE®%) AM SD Min Max
Site n  AEE%) AM SD Min Max A 1 20 0.3 _ 0.3 0.3

5 100 0.6 0.6 0.1 13 B - - - - - -

B 6 100 55 12.2 0.1 30.3 C 1 %5 307.0 - 3070 3070
C 4 100 1065 1395 74 3132 D 3 75 16.0 23.8 22 435
D 3 75 35 27 05 56 E 9 50 4.2 1.3 3.3 5.1
E 4 100 76 8.4 0.2 17.8 3 7 30 52.0 1135 0.3 307.0
& 2 96 22.9 66.8 0.1 3132

e BE A AEHUOW, B 414 pg/100ar O

W C AR dEAe s Al oA Ao, A A7k 21k,

<3 M-60> 4FvF A9 E 5 293 (F9 : pg/100cn)
<¥ MM-58> o AtYGAEH 9 29%F (79 : rg/100cr) }
=8 At A (9 e Site n AZE%)  AM D Min Max
) . )
Site n BEE%)  AM SD Min Max A 5 100 339.1 356.9 92.8 852.2
- - - - - - B 6 100 10217 16752 653 43964
B - - - - - - C A 100 77 6.9 26 17.3
C 1 25 1.1 - 1.1 11.1 D 4 100 273 17.9 38 12.9
D - - - - - - E A 100 391.0 520.1 99 11282
E - - - - - A 23 100 1143 925.8 26 43964
3 ] 4 111 - 111 11.1




<% M-61> AFYHYE ZAdA & 2AEd A% (4 : pg))

Site 7% n Mg Cr Ni Mo Ti Cu Sn Al
A A4 2 ND. ND. 08 ND 94 415 ND. 439
A4 F 4 ND 25 1.0 ND. 215 0.85 ND. 209.1
5 gdH 2 170 ND. 29 ND. ND. 391 ND. 7.1
A% 4 228 22 76 ND. 08 735 26 678
c Zd A 4 344 ND 2.2 ND ND. 1336 ND. 48
AN E 8 269 ND 43 ND. ND. 400 22 5.0
b 2" 2 ND. ND. 357 9.8 1.7 05 ND. 3.3
A ® 2 ND  ND. 180 53 06 03 ND 42
. 24 A 2 ND 23 132 3.5 62.3 1.8 31 302
Al F 2 318 3253 479.7 1009 22,0359 640 291 21915
A2 2 A/S FE wE AR EAAAE $9 xeF 2ok
o A AP S E S BEbge] SU1E AS S0 4 i, B A
FFe e sl ARt gt g&EARe] FUtekE s B ¢ v
C A2 Felet mavlgol 2 5 solA A F7tE A D A
A= AA o= A 71 2388 WA BrFEA E ARG RS BE
w&olA A o] sx7F AA ST E AR 438 EY e
2WE AAHE Sk Aow #FEdoH, FrtEdd ANAdS FAYLS
= A up gledl, o]l mE A Thesdel At

( w4 3D LY A gl 54

= At

<3 M-62> vlauvl&Fe AR & 295 (P4 0 we)

Site n HAEE(%) AM SD Min Max  p—value
Ad A 4 33 30.1 22.7 17.0 63.9 0031
49 & 13 65 275 14.9 12.0 66.6

& 17 53 28.1 16.2 12.0 66.6

p—value : H&XFE —AA

AFE 22%°] A BAM AEHACH, 2 A 2] 59 9

Fol% Aol gk

<E M-63> 289 4494 & 0AF (89 © )

Site n AEE(%) AM SD Min Max  p—value
29 A 2 17 2.3 0.8 1.7 2.9
- 0.107
A9 & 5 25 1315 200.0 2.0 457.3
A 7 22 94.6 175.1 17 457.3




UAE 78%9] ARlM AESQO, A A3t 44 Fol 2.9l
FAR Aol7k Alom, A Fo| FE Bl

<# M-64> YA 447 & 08F (9] : )

Site n A% AM SD Min Max  p—value
ZAd A 10 83 11.0 20.1 0.7
- 0.039
A E 15 75 69.8 210.0 0.5 818.3
7 25 78 46.3 163.6 0.5 818.3

p—value : U-$XEE t—3F

o g

o feld Ahol7h §lgltt.

<i MI-65> EejudEe &Ada & 9% (49 @ we)

Site n A% AM SD Min Max  p—value
A4l 4 33 6.7 75 1.8 17.8
5 0.272
RS e ReS 4 20 53.1 85.6 2.4 181.0
A 8 25 29.9 61.5 1.8 181.0
p—value : O-g%E t—34

ElEbE 2 47%°] A5l HEsder, 2] At 24
< frel @ Apolzt it

o
1o,
to
o2
ol

HHEE 25%2] AlEdA HEEeH, 2] A 29 59 &

( T4 3D ZAY AR izt 54

A

<& M-66> Elebre] 4993 & 29F (W9 © )

Site n AEFE») AM SD Min Max  p—value

A A5 42 29.1 35.2 17 86.8
A 310 50 4,416.1  9,718.0 04 281111
37 15 47 2,953.7  8,080.5 04 281111

p—value : H&XFE t—AA

TEl= 88%C] AlEolA HEHNCH, 2 dt A4 7o e

93k 2ol 7k §lAH

<i M-67> 8¢ A9# & 297 (9 @ pe)

Site n AEE(%) AM SD Min Max  p—value
A4 10 83 55.0 123.2 0.5 383.1 0587
49 5 18 90 26.7 50.8 0.3 200.4

A 28 88 36.8 82.9 0.3 383.1
p—value : H-SEE t—3HA

FAE 1659 AR AEHYom, 44 A3t 2 Fo ede

Fol e zol7t glsich.
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<E M-68> 9] A4 & AL (9] : )

Site n HAE=E(%) AM SD Min Max  p—value
LSS | 8 3.1 0.0 3.1
0.121
g 5 4 20 15.8 16.3 2.2
A 5 16 13.2 15.2 2.2 35.7

Site n A% AM SD Min Max  p—value

A 12 100 15.7 16.5 16 46.4
25 20 100 277.0 663.8 17 2,209.1
3 32 100 179.0  535.4 16 2,209.1

p—value : SEE t—71A

W Ao Eelld A A # A ¥ BE ARAN HEHA &

AT,

| s ap 209 A9 tegd 54
A7

3) AEZA}

570 AL gl MEZALS A% ATA S 159, 343D ZAY 4
AE 17golgieh olge mge ATAdA 33%, ARl 18%
Folglom, FAR W& AHRA 33%, AYF 120 Fout, B
o2 fF93 zol= §lATH(p=0.423, p=0.209). Yo]= 204 wH]qt
504l olae giglom, AdAA 20d)e] Bl go] ol woluh, BAA
o1 folg e THp=0.364). AHEAY 5 2RPYon Aojstgle
W, gelae] A9 F43DEYY B QAo Aoggon, Ay
2

&Moo 4y 2

3 3
Aol A= 5 o] de] AHATE siglon, Ak 5 vwkoe R A
Rot FAHCE Aol= glATH(p=0.147).

A7l A dojol dei= fFddES LT SHIES s3le
W, AREAe M= RS AR A 28 ddtle, vE
/el i S AT A A= 1798 TellA 898 (47%) 0] IH-F
Fe AR Aer SHElen, 2575(2%W) 2 VIE S/3(3%)
o] Aol S5l AT = S| A= datste]l AR 2
I 2AE @ wEol FolshAl =kt (p=0.005).

AHEA O] A5 AdE el digk Aol A 25 3D ZRY A et

2lE gl AHEEgho] whe s o] glukal wwstglon, AR E

kol
ooy e
4 >
¥
2y

H « =1
g T FARREE FerAo® Sk 4A)3E winke] 6'9(35%) %M, 841t
o] Astes A= 58 (29%)°] SRS

Do
—
Do



<® M-70> APEA QA 9 AR5 25

Fr4 24k p-value

"/ 10/5 14/3 0.423

=97 5 (33%) 2 (12%) 0.209
20th 3 (20%) 7 (41%)

Lo 30th 8 (53%) 8 (47%) 0.364
40tH 4 (27%) 2 (12%)
RSk 4 (27%) 8 (47%)

(gggfj ) vt 427%) 6 (35%) 0147
3ol 7 (40%) 3 (18%)
i 2 (13%) 8 (47%)

A=y 3E5% - 2 (12%) 0.005%
7[EHEAS, 78 §) - 3 (18%)

p—value : ¥M o] FZ HA L= FholAlyr HAx

bAQIA E e} Bk, 54 3D ZE ] ALEEE AR FalAel

E ARz setagd, okdel g%

2skeh fASAL S fraseel Sud 97t 69% At

A o] fal o WS AN FEE AR ok 1Y Bk
A

d -(57%)7F 718 Bk
3D =Y &4 T 7P Falstva s s @A FAA8H),
Z71(47) 2 71EH4R) o] ol k. 7Bl M= dh9-H F 5, A
(o3}

213

| 4 oD 0 4999 ey 54
a7

m 1 FafiorR| o}
m2Z=F R s
E3EE

u aFoioich
SIS RS

(5 M-148] AREA 5] Fafl el tgh Ahzh=el Q4=

= QIEHEE

[ [M-149] ZA 0 g Fafdos dd <7

e
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m s |

3D mAE Al AAYFE AxFelr] A4 oW 228 doke
Eobel e Aelol A BEg S okt vhaas gihe HEWA 17

g 3 1690 SHatgon, RER Bergel e 1130] S
stel guidow e s@e molh
100 = o

20 1

sUE)
=) 8 3 8
&

3D TR ddYgF-E Tk o] @Al i AR (54
WA= oy S skl &r)dns SHol 1Mo 7}
F wsten, ey ST LEd % &r]7) 8, =" A
H] zpAlell AA e AapgA 7o) ol vk Ml SamrgAE A
A7 e e Aoz dobHE At

| 25> 209 A9l ey 5

A
80
65
60 -
g5 47
£ 41
W 4
bt |
olo
20
0
0 4 T T
BE/E Y BHPIMEISE ZUHESFEA a7
(23 M-151] =99 294 @718

3D ZTAH I} skl sk o] el e dojdlM = A
4 SR = (87)7F wF(2R)ol e g 5, AdAES A9da
o 7| FEe st dasks 497 Bokeh
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Abstract

A study on the characteristics of
nanoparticle exposures in metal 3D printing

workplace

Objectives : We evaluated the exposure of nanoparticles and
major harmful factors in 3D printing workplace that use metal

materials.

Method : We monitored four powder bed fusion 3D printing
sites and one electrochemical 3D printing site. The direct reading
instruments(Condensation particle counter, Handheld condensation
particle counter, Scanning mobility particle sizer, Optical particle
sizer, Nano particle surface area monitor, and Partector) was used.
Airborne particles were collected and analyzed by Transmission
electron microscope with energy dispersive spectrometer(EDS),
Scanning electron microscope with EDS, and Induced coupled

plasma spectrophotometer.

Results : The concentration of particle number was evaluated
as 4,367~10,033 particles/cn’ as the median during working time at
each site, and there was a difference by site and by time period.

Particles with a size of 100 nm or less in the workplace during working



hours accounted for 44.9~83.5% of the total number of particles. The
number of particles and the lung deposition surface area measured
with different types of instrument in the same place showed a high
correlation, respectively. The samples collected from the air had
some particles similar to the component of raw material, but the
concentration was very low compared to the occupational exposure
limits. In the case of the biological exposure index test, the
maximum value of nickel was 20 pg/L, which was lower than the
reference value, and most of the values were lower than the

standard of the general public (5 ug/L).

Conclusion : This study provides data on the characteristics of
nanoparticle exposure that can be exposed during metal 3D printing.
Researches related to the characteristics of exposure at hazardous

agents in other types of printing technology shall be required.

Key words : 3D printing, additive manufacturing, nanoparticle,

exposure
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