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X8 J4 Zg)9-eleh(flexible polyurethane, FPU) ol G302 |23 2| ¥ (thermally reduced graphene,

TRG)S poly(vinyl chloride)&

IAA = AREsto] FHslaL, 714 Ad, a2l ddde] HskE =AY 2

H¥ TRGE o] Z713tol whet ¥ A dlo] 744aled, FPU £ 1005 tiH] 232 phr)¢] TRG7F ZEE A$

10*Q square™'ol] o|28] dAS S FAISHATE AA 249 28 (EMI SE) 4] ZHE TRGE| ol wet 3
R0l 739 167 dB em?® g' 2X]¢] specific EMI SE o] Wit g
S¥E TRG o] 10 phr o431 735 Aa/do] A= AT

=o], ZHHE TRG %°] 15~20 phr

A}

Abstract: Thermally reduced graphene (TRG) was coated on flexible polyurethane (FPU) foam using poly(vinyl chlo-
ride) (PVC) as a binder, and its electrical properties and flame retardancy were investigated. As the amount of coated
TRG increased, the surface resistivity decreased. When TRG/PVC ratio was fixed at 75/25, surface resistivity reached
a constant value of 10* Q square™ when 2 parts of TRG (2 phr) was coated on 100 parts of FPU foam. The elec-
tromagnetic shielding efficiency (EMI SE) also enhanced with the amount of coated TRG, and when the amount of coated
TRG was in the vicinity of 15 to 20 phr, it exhibited a specific EMI SE around 167 dB cm? g”'. The coated TRG reduced
the flammability of FPU foam. Self-extinguishing was observed when the amount of coated TRG reached 10 phr, and
the TRG amount needed for self-extinguishing was reduced when the amount of PVC, used as a binder, increased.

Keywords: polyurethane foam, coating, graphene, electrical properties, flammability.
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Zheixd Alzd 1GO-V20(BETR 5787+ 94 ; 280~330 m’
g Fulste] ARE-SI AL, EE AL (PVC, A,
~48000)> Al 2= x| oA Fufjste] ARSIt HIE
g}l EZFEH(THF) ol2Alo] AL AlFS ARE-siict.

TEolo| M=, 2 A ARGS FH A2 TRGS PVC
£ THFo| £+ 3-8 g3alste] A|=31th &, PVCE THF
83llA1713, TRGE F7FeE 5 1037k 6500 rpm o= wrRks}
o] Bk} olojA, &8 55 W, T3k 28 kHzo| ZSx
ZX|(100HT, Shinhan)g ARE-sIe], 1024 43], & 4027F
2oA LTS Hrtsle] TRGE EA4F A2 A A
TRGS} PVCe] A BlE 100/0, 95/5, 75/25, 50/50, 25/75,
0/100 5o 24333, 4] THF= TRGSE PVCE
sk FA2] 100815 ARE-SFATE

TR E AF E2|PE Z2| M=E. TRGSF PVC7F 28
® FPU &8 Y- H(dip-coating) HO 2 A 23T} =,
125x45x10 mm =719] FPU #-& IHA 1& A= T3
o AWz, 70°C LENA 3087 AxsIA ZEHES U
3 (dipping)-1Z2E ¥HEh= Slea 2438t Hx 13 °
B-71%& Al FPU ¥ 1005 & °F 4~6%-(4~6 phr)®] TRGS}
PVC7F ZEEHYL 2 =FoA AMSEE A8 ZYH
I 24S L F UA HYEAT olE EW FPU-29.42-
7525 FPU & 1005 9 29.424-(29.42 phry’} ZH = C
), ZYE 2 F TRGPVC FA Hl& 75254< YepdTh

£3. FPU 9] 19 2 AZ7] HAE Qe Bae
2 I3 5, ARV A (scanning electron microscope,
FE-SEM, Zeiss, Supra35)S.2 #2313t}

" ¥ FPU &9 EWA 32 parallel rails probe system
(Simco, ST-3, 24 7Fs 9 10*to 102Q square’)yS °]&
ato] Al JEAZ &, SAA 7 PstE = of 102 +
o] k8 =431t} Electromagnetic interference(EMI) 2}
A& (shielding efficiency, SEy A} 2 71 AH)(EMI
Test System, Rhode & Schwartz)E Al-8-3}e], 200 MHz~
1 GHz " 91¢] T3k tidellA], 57 1 em®] AAE Ag-3t
o] ASTM D49350)] e]A3te] 23kt Al XA|djel] +
7 10 mm, AJE°] ¢ 33 mme] YHAF 9] 7|EAHE 13 A&
o] ¢F 76 mme] YAF o= YH It v = F A Fol
133 mme! FHEe] 7|FAH 25 FA|(Z1FA A 2 Yol
712A1 18 )0l ARSI, FAIH/})E A o]ojA
71EAIEE FA 10 mm, AE°] F 133 mme] YAl F
SR upro]l ARG (LS ST ARkt A
a3= 7 34 Ty HE 2 ((DE ALt

VZ
SE(dB) = 20 log? (1)
1

Vi: 20 A57F EASHA] &2 we] 4l At
Vy: X A E7F A8 wje] Al A
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Figure 1. Photographs of horizontal burning test method; (a) ready
to test; (b) just before ignition; (c) burning; (d) after combustion.

S FPU 9] ¢S 43 A4 (horizontal burning
test) 22 7}t th(Figure 1). 5, 78 WFo=e] skl
I S W7kl flal 125x13x10 mm 2719] A|lHS
vk, Zdo|7F 30 mm 7HE He EEORE 3 & AR &
227 Aglsiath A5 el AskE EE0] 25 mm EA]
< A WFE 125 mm A o] & w7iR| o] AIZRE &
A3t sl M3} &= (burning rate, mm min)E A4HIA
oh. 283 ZA e (residue)?] FAIE S, 2l Al -
Al i8] FA TS (weight loss, %)y AlLFsEAtt 31 A
o} et FA| g 331 Sstal Wetpks el

N oz o ey

di g EE

ZRako| Falk FPU AHA|, 28] 22j3/PVC EFE©]
8 A2)E FPUY THFFS FARAANH oz #as
o] Figure 20 YERAATE. FPU A= Figure 2(a)ll LERH
vle} ho] o] wjEshHA dd Al 25 7RI ASS
#2352 9}, ool Wk, FPU-4.49-25/759] L HHs
A ZYE wWa agige] YAJE Hel A EATE &
4= o (Figure 2(b)), Bl52dt ¥ oA PVC tiy] 22|
o] <ol 71 ufet 2iHe] JA EAlshs F97t 5
7hehe £ 4 S th(Figure 2(c)~(e)). T+, Figure 2(f)oll =
FPU-21.74-50/502] ¥ 3742 Jepii=tl, FPU-6.23-50/

bl

Zan, A)4298 A35, 20183

= 20pm

Figure 2. SEM images of flexible polyurethane foam coated with
graphene/PVC mixture: (a) pristine FPU; (b) FPU-4.49-25/75; (c)
FPU-6.23-50/50; (d) FPU-5.23-75/25; (e) FPU-6.14-100/0; (f) FPU-
21.74-50/50.

50(Figure 2(c))ll HIsl ZEE o] A S/l &
UTH.

H71M BY. ditx oz A7y EAS o 93t
= AT ZE o] F71El wet A7IHE AR a9 e
2 A=A FA Ado| sttt I - o)l
e dAs 1 Ago] §-XETh ! Figure 3o ZWE
TRG/PVC %G 10053 ZHF, parts per hundred resin, phr)
o] Z7}ol w2 FPU #2| ¥1A g Wals =4sl] Yeh)
21Tk, TRG/PVC H] kel 100/0¢] 735 FE o] Z713k] u}
¥ Ao 7HAaste] 10°Q square’ol] o]28 Ao YA
s fAS B 2= gtk TRG/PVC Bl 7F 95/5¢1 7%
gkl 100/0%1 7390l Blsl, IR o] AL 739= A
o2 w2 FH A #e THAARE, A Fo] F7El w
E 3¥ Ao vt o W] dojds & 7 Uk w13
TRG/PVC H] gto] 75/25%1 73-9+= o|Hohe o whe] EA|
gro] 7147} dojdt}, olzjdt Axl= TRGZF &72oz A
Azl A7IHE Ad-S A5 fleixe PvCe] 2z
2ZA9] 8ol HQ e B sA|RE, TRG/PVC H] gk
o] 50/50, 25/752 TRG o] Aoz Ao A= 3
WU Sl mE THAE AU Aoz guA do
G E g o, ol g Yol Ho IR oR A7)
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Figure 3. Change of surface resistivity of polyurethane foam by
coating amount of graphene/PVC mixture.
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Figure 4. Change of surface resistivity of polyurethane foam by
coating amount of graphene contained in graphene/PVC mixture.
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Figure 49+ FPU icﬂl ¥ ¥ TRG/PVC ol 23H%
TRGS] %S 7}220 7 3], TRG %o Z7lol & ¥H
Agte] Wl YerlUth. TRG/PVC HI7} 752521 73%- TRG
o] 2phr 27 E& A FAA TEAT] 10°Q square]]
o]_g_gi le—]t‘f_]_— 71—E _I_'_;qsl—_o_ h=h :‘[: 9\}1 . o]oﬂ u].gH TRG/
PVC H]7} 95/591 A$-E TRG %ol 4phr F-ZolA, TRG/
PVC H]7} 100/02] 735+ TRG %] 6 phr F-ZollA] FHA]
o] 10*Q/squared] ©]28 LA S FATS 2 4 9l
o} o2fgk A} AA] YoM 7]k nel o] TRGZF &3
Ao g AAEo A7IHE AHds FAsH] 2= PVC
o] yAA A ] ATe] aFhE HAFET AT, TRG/
PVC H|7} 50/509] 7-$-= TRG/PVC B]7} 75/25¢1 73$-1r}
FHAGe] 727t d g3 olH, TRG/PVC H]7} 25/7591
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Figure 5. Effect of coating amount on EMI shielding efficiency at
fixed graphene/PVC ratio of 50/50.
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Figure 6. Effect of graphene/PVC ratio on EMI shielding efficiency
at fixed coated amount of about 29 phr.

2 313 7$+= specific EMI SE #°] 320dB cm? g'°]%}
. o] 3x}e] A= GOE ZHI F FYsh= Aol Al
ZH 2EE Ik ARtk 2H7)E] o o R
Agtsted, AA A7 6 S8 02 o]FAHS HAE
oh ESF 2 9e v aake) 4ol FHske A
%, specific EMI SE®] & #3515 7H45-5 HoFET

LIy, 5" A7t HA] 92 FPU, 18|32 AHE S
oF 5phr 2202 743ty IHE =9 F TRG/PVC H|Z
100/0, 75/25, 50/50, 25/75, 0/100=2 H3A7)E= 7S A|H e
L= 29| 2olE Figure 70 Blaste] YeR AT I8
=4 942 FPU= 3190 o] sdol met Aol didoz W
SHAX FAZE S, A HOoA 28 ol =
ol AL B thFigure 7(a)). 5= Ao 2 W3 A
M= T B FA A4t A8 & AMThH(Figure 7(a)
o] FA41 ol Bl e FE Yo R7IER). ©
o] ®kall FPU-5.35-100/09} FPU-5.74-75/25(Figure 7(b)<}
Figure 7(c)y= 3ldo] ol gl wlel AjHo] o7t 3=
AL AQlataze WPt glo] siedo] Al FHS ElaL o]
E3l ). 3FA| 9F, FPU-5.54-50/502} FPU-6.32-25/75(Figure
7(d)°} Figure 7(e))] 9= sto] ol& ol uhel AlHo]
AR, PO FAIG F7 EolA Bl e WA &
gk Wtk =3k TRG7F glo] PVCYF ¥ ¥ FPU-5.36-0/
100(Figure 7()2] 735+, 3t ol ol &gl wat AlHe] A
A3] Fe o] Welekkout o g Wehs A Hol
A ek 22]aL sido] XYl FHtelxs 3 77t g
A5t

Figure 8= Figure 79] 914 A9 A3} e AEe =
e YeERISITE Y EA] 92 FPU= FXHES A9 W]
2| ek WhA | FPU-5.35-100/02F FPU-5.74-75/25(Figure 8(b)

o} Figure 8oy 4 2] AlH 9)zho] 2 FJo]7} glo]

Zan, A)4298 A35, 20183

Figure 7. Burning shapes of (a) pristine flexible polyurethane foam;
(b) FPU-5.35-100/0; (c) FPU-5.74-75/25; (d) FPU-5.54-50/50; (e)
FPU-6.32-25/75; (f) FPU-5.36-0/100.

B3tk o] TRGZF WHE A7)t 18R] ¢

A]
A AaE FEo| £(char)S FAsH &) o
Hrhe3 IgE Jdi#H/PVC EFE 5 TRG o]
¢] FPU-5.54-50/50(Figure 8(d))> 14 Foj|= oj=
Z S AL o, o|Hny e o] A2 FPU-
6.32-25/75v= N x FAdelA A717F A g 2ot
(Figure 8(¢)). ©I== TRG= HE€s = 34 542 7KL 3
om oz FF FAE AT Aolx 3 phr A& ]3]
TRGZF Z8E 27} dL-S HojEe),

Figure 9ol Z8E 42 15 phr ¥2202 w4, I8
B =2 F TRG/PVC HIZ 75725, 50/50, 25/75, 0/100=2 *H
SR 73S Al EEbe RS YERITE FPU-15.95-
0/100(Figure 9(d))& Al 2|3+ FPU-16.35-75/25, FPU-15.16-
50/50, FPU-13.89-25/75(Figure 9(a)~(c)) =5 3tgo] Aup7t
AA AlHe| o FEEE RS AlQstale Al Bge]
W= HEEA] okt ey 3o Fol B FA I
oA AAEI e Fo WAL Y F TRGY $Hgo|
WS 4E ZFo]ET) FPU-16.35-7525% 3199 &ol7} 7}
2 yrom AJE el 125 mmol] EEEA] Ealal E5l &
28 2sEs A B, o] &3k $1XE Figure 9(a)
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Table 1. The Minimum Coating Amount to Observe Self-
extinguishing

. Coated amount (phr)
TRG/PVC ratio

TRG/PVC TRG
75125 16.35 12.26
50/50 21.36 10.68
25/75 30.99 7.75

()

Figure 8. Post-burn images of (a) pristine flexible polyurethane
foam; (b) FPU-5.35-100/0; (c) FPU-5.74-75/25; (d) FPU-5.54-50/
50; (e) FPU-6.32-25/75; (f) FPU-5.36-0/100.

B N -—=— ““’r‘.',;?’
o ;‘» =

Figure 9. Burning shapes of (a) FPU-16.35-75/25; (b) FPU-15.16-
50/50; (c) FPU-13.89-25/75; (d) FPU-15.95-0/100.

oA a3 ¥AZ Yepfit) o] A3= TRG/PVC HI7}

752591 739 ¥ o] 16.35 phr, 28] FZH FFE L

Figure 10. Post-burn images of (a) FPU-16.35-75/25; (b) FPU-
15.16-50/50; (c) FPU-13.89-25/75; (d) FPU-15.95-0/100.

2 ko] 1226 phrel 73-F ApArdo] wAE
(Table 1).

Figure 109 Figure 99] 4 A3 A3} F& A&
A YeERAITE FPU-15.95-0/100(Figure 10 (d)) FPU-
5.36-0/100(Figure 8(H)= Hls] B I PVC U] =
7V A4 & FARES] ZU1Ee & ¢ Sl o] Ak 9
A5 ZFBIL = PVC B3t A4S JAske 295 3
S W o FTh* FPU-16.35-75/25¢F FPU-15.16-50/50, 2]
31 FPU-13.89-25/75(Figure 10(a)~Figure 10(c))= 94 %
Al E FEo] 27t FlojR]= A o]9foll Aol s A
A ej#e] & At AR ket

Figure 1191= Z¥E && 30 phr 202 343813, 2
g5 =uk F TRG/PVC BE 75125, 50/50, 25/75%2 H3}A|
7= A5 e 24 vlaLste] YeERAITE. FPU-29.42-
75/25, FPU-31.42-50/50, FPU-30.99-25/75, 3% 2% 319 =
o7} o} Yl sjmjaln, stge] Al E7HA] EEslA| &
Slal SPAE A FatolA] ARE @ide] B o] o)

to
7
9
FN
o
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Figure 11. Burning shapes of (a) FPU-29.42-75/25; (b) FPU-31.42-
50/50; (c) FPU-30.99-25/75.

40, 60, 65 mmZ, FE = = 717
AFa dogo] AAF L da
12k Fto] o FojR= A
139] el o] FAF AT
]

selo] 77 A= 22t
He] o] BEFE ¢
Al AE BF ATt
EEEISRNS

2 o

Figure 12014+ W ¥ =9 & TRG/PVC H|& 7525=%
skl Ay S TS A9 A EEle RS

%

Hlwate] UERNQITE ZE ko] 5904 16 phrE Z715tol| w
2} 31 o)zt A} Yol FnleiA|e Zo] BialA &
ZE et o] %, I Fo] 16 phrith B B2 7%= 519
=o)9} skde] WAo] o] Zo]E AHlolA v|sg A7]9}
kS 7EHEA, Bldo] Al E7HK] mEEiA] Bkl Ak
o] AAEGILE. Figure 120] A5 9A] BF A4 Fof
AlHe] oz J3to] Aol FAH ATt
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Figure 12. Burning shapes of (a) FPU-5.74-75/25; (b) FPU-9.30-

75/25; (c) FPU-16.35-75/25; (d) FPU-21.24-75/25; (e) FPU-29.42-
75/25.

100
—o— TRG/PVC (75/25)
80 —O0— TRG/PVC (50/50)
2 —&— TRG/PVC (25/75)
X
<
2 60
(=)
=)
=
S 40
c
=
20
0
10 20 30
Coated Amount (phr)

Figure 13. Residual amount of flexible polyurethane foam coated
with graphene/PVC mixture after horizontal burning test.
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Figure 14. Burning rate of flexible polyurethane foam coated with
graphene/PVC mixture.
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