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Preparation of electrochemical graphene/in situ polymerised PA6 composites and their flame retardant properties
CAO Wuyan', LAI Dengwang', LIU Li', CAO Cheng', LI Yuhua', LIU Yuejun', YANG Jun’
(1. School of Packaging Engineering , Hunan University of Technology,Zhuzhou 412007, China;
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Abstract : Graphene (GR) with a complete lamellar structure was obtained via the electrochemical exfoliation method using
graphite paper as the anode, and then GR was introduced during in-situ polymerization process of polyamide 6 (PA6) to prepare GR/
PA6 composite. The structural characterization of in-situ polymerized PA6 was carried out, and the thermal, mechanical, and flame
retardant and other properties of GR/PA6 composites were tested. The results show that GR significantly improves the thermal
stability and flame retardancy of GR/PA6 composites. When the mass fraction of GR is 0.6 wt%, the initial decomposition tempera-
ture of the composite increases from 257.85 °C of pure PA6 to 361.14 °C, the crystallization temperature of GR/PA6 composites
increases from 182.65 °C of pure PA6 to 190.03 °C, the crystallization enthalpy also rises from 71.43 J/g of pure PA6 to 81.31 J/g.
When the mass fraction of GR is 1.5 wt% , cone calorimeter tests show that peak heat release rate and total heat release of PA6
composites decrease from 535.2 kW/m? and 52.7 MJ/m? (of pure PA6, implied in the context) to 166.8 kW/m? and 14.5 MJ/m?,
respectively, the char residue rate rises to 2.01%. The limiting oxygen index of the composite remains between 26% and 28%,
among which the samples with 1.2 wt% and 1.5 wt% GR content achieve V-0 rating in UL 94 test. When the mass fraction of GR is
1.5 wt% , the composite’s tensile fracture stress increases from 37.66 MPa of pure PA6 to 65.96 MPa, and the tensile strength and
flexural strength also increase to 69.21 MPa and 68.34 MPa, respectively. In summary, GR prepared by the electrochemical exfolia-
tion method can be effectively dispersed in the in-situ polymerized PA6 matrix, significantly improving the material's thermal stabili-
ty, flame retardancy, crystallization behavior, and mechanical properties.
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Tab.2 TG and DTG data of PA6 and GR/PA6 composites

Residues at
Sample T._/°C T, /°C esicues @

600 °C/%

PA6 257.85 458.12 1.04
GR/PA6-0.3 264.39 456.70 1.13
GR/PA6-0.6 361.14 440.23 1.26
GR/PA6-0.9 374.43 429.82 1.21
GR/PA6-1.2 368.91 407.79 1.60
GR/PA6-1.5 368.32 400.41 2.01
Notes: 7, is initial decomposition temperature; 7' is maximum

decomposition rate temperature; residues at 600 °C is residual carbon

content of sample at 600 °C.
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(T2 52 10 1) 6 P T e PR 45 2% JB0) 1) 53 it 5 370~
500 °C 1Y K £ o1 55t 4 2% W i PAG &2 5 b1 R 93 il S
0, H Bl GR HIE K, BT i AT 3020, e W
PR E MR A . BEE GR & S8, PA6 & & 1k
IR UG I3 R (T,,..) 0 2 i , U B GROE 4
PSR AN P 2 FE LR T PAG VIR IR B B,
FR TR ESEVE (T, A5 45%) s R IE AT |-
FHEIEEE /N, 2200 GR X Bk TmkAa bR , 32 24 H
JEAE LT 3 it 5 e R A3 i 3 B (T, ) B W KA1, 7T
ABA GR B F I I AL, 5| & SR TR i
IR R R (T, TR 6.2%). &5 I, GR Hid2
F+ T PA6 R I IR e M (RN T s X o
2.7 GR/PA6 Z&-##}+ DSC 4547
X} PA6 K GR/PA6 & £ # FH) DSC %4 43 #r
F,BEE GRS 3G N, 524 AR I e &
At AR AL IR UL IRl 8 e 3. Fi R 3 T,
4fi PAG6 (145 55(T,) } 221.57 °C, GR/PA6-0.3 % GR/
PAG-1.5 MY T, & K 5 52 G T B¢ # 3, Hoh
GR/PA6-1.5 [ %2 218.92 °C , #&7m i@ & f GR il fig T
Pt PA6 11 i R 58 B Mk 5 4 Al A 4 TR BE (T, 0) A
212.04 °C I 25 206.64 °C , 1 fill 25 o I B (T, A
225.78 °C [ 2 223.16 °C , %% il 5L FE 75 Bl (AT) A
13.74 °CFF 5 2 16.52 °C, & W GR 15 A4 fl it
Rz FLRIG TR, v HES GRAE N S AH A% 77
PA6

/MM\—/

’GMLk
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160 130 260 250
Temperature/°C
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(b) Melting curve
K18 PAG GR/PAG A &1k DSC 4k
Fig. 8 DSC curves of PA6 and GR/PA6 composites

£3 PAG6TIGR/PA6E & H FIHIDSC #iiE
Tab.3 DSC data for PA6 and GR/PA6 composites

o pag OR/PA6 GR/PA6 GR/PA6 GR/PA6  GR/

03 06 09  -12  PAG-LS

T,°C 22157 22112 22016 220.52 220.65 218.92

T,./°C 21204 20896 207.73 208.65 208.60 206.64
T, /°C 22578 22541 22472 22512 22523 223.16
ATPC 1374 1645 1699 1647 1663  16.52
T/C  182.65 189.44 189.21 19047 190.14  190.03

T,./°C 18883 19373 19386 19520 19495 19438

T./°C 17681 18489 183.61 18474 18420 184381

(;A_;[E/,) 71.43 70.8 81.31 72.91 72.26 79.28
(JA‘ZT]/) 67.9 74.19 77.06 75.54 71.67 78.24

Notes: 7, is melting point; 7, is onset temperature of melting;

T, . is end temperature of melting; AT is melting temperature range; 7,

m

is crystallization temperature; 7 is onset temperature of crystalliza-

c-onset

tion; 7., is end temperature of crystallization; AH, is crystallization

enthalpy; AH _ is melting enthalpy.
M AE PAG6 4 4 HE S A OC . 45 IR (D) M
182.65 °CHEFF % 190.03 °C , 4% fh il b 16 5 (T, )M\
188.83 °CF} % 194.38 °C , 4% i 25 o 1L BE (T.) M\
176.81 °CF} % 184.81 °C, {7~ GR . # (i k4% it
T, FLRRR N N AT IO R 4 A . 4
fn ke (AH)J7 1A, 21 PA6 4 71.43 J/g, GR/PA6-0.6 FlI
GR/PA6-1.5 43|34 2 81.31 J/g F179.28 J/g, HoAl 7%
T T AR, 1360 f GR AT BS54k 5, ) ]
RE R BN I R AIRAIOR 5 SRl D4l PAG 119 67.9 /g
14 28 GR/PA6-0.6 1) 77.06 J/g, 1 24 GR & ik — 4
HEm, B BT R X RO s A LR
AIRE GR B A1 R S BURARELPE . 25 1 GRIWINA
YLtk T PAG6 A4 AT (N T 427+ 7.38 °C), (Hid &
TN (AN 1.5%) AT BE- T B0 s BRAR B s il pte 5,
AT A5 GR i F- 4G A A OR  0A Rl v RE R AR
EPE.
2.8 GR/PAG &4+ 64 FLMR M RE

PR LOVE A B AR 20 AT LL S bt BHE
BRSSP IR o SR AR R A4S £5 i F UL 94 22
EHRBSIE X PA6 5 GR/PAG6 &4 4 FELBA TE Bk
AT T 4007, MR R LR 9 f e 4, k4],
AN B GR X PA6 52 A 41 KL LOT B 5% M 1R
I BEARTE 26%~28% Z [ 31, iX 5 GR 73 B AN
AR FEPHFRRCR N A G, (Y GR U &
SYEGRE]1.2% I, UL GBI T+ 2 V-0 9%, R i
it GRIE 1P % 22 3508 1 W 5+ B, A R
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Fig. 9 Vertical combustion test of PA6 and GR/PA6 composites
R4 GR/PACE AR IR MK R
Tab.4 Flame retardancy test results of GR/PA6 composites

0
0

UL 94
Sample LOI/% . -
t/s /s Dripping or not ~ Rating
GR/PA6-0.3 27 8 2 Yes V-2
GR/PA6-0.6 26 4 3 Yes V-2
GR/PA6-0.9 28 6 2 Yes V-2
GR/PA6-1.2 26 0 2 No V-0
GR/PA6-1.5 26 0 0 No V-0

Notes:¢, is the first ignition time; ¢, is the second ignition time.

YT I BE W R be st . LOTE{\U WAL o} R ME JE
1M UL 94 8 AR RSk 5067517 . GR KN
AR R AR LOE., (EL i 4 2 BEL B 4
AT, T3S UL 94 174K

TH LAY IS T PA6 5 GR/PA6 &
B MOBHE BB kT B R B PERE . PA6 5 GR/
PAG6 & & K BHEY THR F1HRR 4L WA 10, 25kt
B8] (TTI) - B AR i 3 (MARHE) 48 4l WL 3K 5
ZER R, GRS E B T ARG SRR

60
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40
“.E 30 L
E‘ ——GR/PA6-0.3
Z 20 ——GR/PA6-0.6
E ——GR/PA6-0.9
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0 —PA6
0 200 400 600 800 1000 1200
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(a) THR curves
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500 ——GR/PA6-0.6
——GR/PA6-0.9
&400 - ——GR/PA6-1.2
; ——GR/PAG-1.5
Z 300 - —PA6
&4 200 +
jeu
100
0
0 200 400 600 800 1000 1200
Time/s
(b) HRR curves

PAG6 GR/PA6  GR/PA6 GR/PA6 GR/PA6 GR/PA6
-0.9 -1.2 -1.5

(c) Residual carb and SE photos
110  PA65 GR/PA6 K A1 EHH) THR HRR ML FISEIE SIS
FRIBR 5 XTI 4 SEM R -

Fig. 10 THR,HRR curves and residual carbon after cone calorimetry
test and corresponding SEM photos of PA6 and GR/PA6 composites
R5 PA6FIGR/PA6 B & FIHIPERAERENINE R
Tab.5 Flame retardancy test results of PA6 and GR/PA6 composites

Sample TTl/s THR/, PHRR,/ MARH? /

(MJ-m™) (kW-m™) (kW-m?)
PA6 202 52.7 516.7 132.1
GR/PA6-0.3 206 46.8 453.8 160.3
GR/PA6-0.6 252 445 457.3 88.0
GR/PA6-0.9 265 37.7 389.9 39.6
GR/PA6-1.2 273 334 485.6 36.7
GR/PA6-1.5 316 14.5 166.8 12.2

Notes: TTI is ignition time; THR is total heat release; PHRR is peak

heat release rate; MARHE is maximum average rate of heat emission.

TTI HH 2l PA6 119 202 s K % GR/PA6-1.5 11 316 s,
FETH29 56% , Ut B GRIH 4 1 1l 5 T4 IR 288 147 B 5
AR TR AR TTUHR ST T 372%,
VU] GR 5k 35 FE K SRR [H], 3% W] HE o v e bk
Sy HCAE  IEZEPERHAM il  RI R B ASE . pHRR
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J7 1, 4 PA6 K 516.7 kW/m?, & & ¥ RIBE S GR &
AN T R 7E GR TR0 E0N 1.5% B %
% 166.8 kW/m2, [ 1F ) 68%., #HH2Z T, MARHE
A AR AL B ok 2, 40 PAG R 132.1 kW/m2, 0.3% i} T
#160.3 kW/m?, XA HEH GR F &, Kigi#|
S 1T RH R VR T, BROmi e “ATSeE o iAE i
AF i 25 B AR, GR JiE & 230 80N 1.5% FE b AU 12.2
kW/m?, JLF T BE— A Em 9, W] GR 7ERRbe T 72
HHREHS Y RO BHIR 2 , 25 T ) O & SE B R
JICHR
2.9 GR/PA6 B &-HH#tg /) AL

7 6 4 PA6 5 GR/PA6 & & # B 122 ik o
H 4 35 6 4l , GR/PAG6 & & M RHI T2~ M i kifl GR
HURH S B AR b S B R . A 24 )
Bl GR & e INdr 242 T, A PAG6 119 37.66 MPa i
GR/PA6-1.5 #1 K1) 65.96 MPa, 41§ ik 75.1%, 7 B

GR 5 AR50 T MR BT 2E6E T . Pifham
JE D) 2 AR RE JE TH I R #, PA6 Ol 59.67 MPa, GR/
PA6-0.3 1 8} U [% 2= 46.84 MPa (7] BEPH N GR & &
U N 25 70 G - S N U RS O S/ N S S N
REFC 70 R AR AN AN , (A BE GR 25 5 14 Iz ik
52, GR/PA6-1.5 BB {H5E B 1T 1551 69.21 MPa, i
T4l PA6 AR, A5l REAY AR 1L R B 2%, PAG 1)
25 i 2 205.99 MPa, %30110.3 ) GR Ji5 BEFE 2
1 251.41 MPa, Bifi j5 Bl GR % &= 38 Jin iz 4 w7t , &
GR/PAG6-0.9 #4 ALt #5401 41 PA6 7K F-(2 097.08 MPa),
& GR/PAG6-1.5 #1813 2 103.25 MPa., 25 filj 5 J&
U] )\ PAG6 1) 53.48 MPa % [% & GR/PA6-0.3 B4 Ht11)
34.60 MPa, fifi J5 ¢ 22 I F+ 2 GR/PA6-1.5 ¥ ¥} 1y
68.34 MPa (4 PA6 T+ 28.0%). 1l EE/ =AY GR
RAEAE R G Y IR I UM 4S5 4, B {25 i A
RIS A TR

%6 PA65 GR/PA6E AH RN 1 1ERE
Tab. 6 Mechanical properties of PA6 and GR/PA6 composites

Sample Tensile fracture stress/MPa Tensile strength/MPa Flexural modulus/MPa Flexural strength/MPa
PA6 37.66+3.42 59.67+2.63 2205.99+367.89 53.48+2.99
GR/PA6-0.3 41.27+£5.32 46.84+1.09 1251.41£153.76 34.60+2.68
GR/PA6-0.6 44.55+3.89 54.34+3.31 1 645.94+170.73 43.3943.69
GR/PA6-0.9 56.66+7.10 59.56+4.48 2 097.08+387.36 57.26+8.82
GR/PA6-1.2 53.56+3.70 63.01+1.28 1977.41+£418.11 65.56+1.42
GR/PA6-1.5 65.96+8.07 69.21+4.02 2 103.25+257.62 68.34+2.76

e GR &, GR35 F 41
TN IR L GR 5 3R I 5 T 45 B 042 fi
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GR FYIMAFEAG 7 st s ] B RIEUR 20k ) R85 350
SrVERE T I (R BE TR B0 N O H=0.9% J7) , 1
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Fig. 11  Elongation at break of PA6 and GR/PA6 composites

PA6 5 GR/PA6 & G A BHI T 24K 5. 45581 11
R RRE T 2L K R B GR 5 F 48 i i P ARG, 494 2
EESE IR A Ak A e e s AL
3 it

WY T HL AL 241il £ )2 GR F1 GR/PA6 & 5 44
A T2 o I H 2 R Bk s T A T
GR, I LAFEA R G T A4 T GR/PA6 &4 KL,
W52 T GR I JESURRAE B X PA6 #Aka e M | BH KA
PERES J12 AR RE R

WFFE 25 R, LU B HL )it .SDBS i
SAHON L FETE R 10 VAT, Ak 2230 5k mT il &
J 2GR, SEM FRAE /R H i R 45 58 . il ad Ji
PR A K GRS LT PAG LK, B E IR T T2
G R IFREME . TG HHE IR, 2 GRS =
R 0.6% B, PA6 &4 A1 KHW T, B4l PA6 $2 15
45% ; HETE B AGK FE B, GR 40 B0 2 1.5%
i, PHRR 11 THR 43 %] A 516.7 kW/m?, 52.7 MJ/m’
% 2 166.8 kW/m?, 14.5 MJ/m?, [% 1 ik 95% Al
72.5%. BHIAYERE J5 1, GR/PAG6-1.2 #1 LY LOI A
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