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Abstract: To address the critical issue of toughness deterioration in flame-retarded nylon 6 (PAOG),
this study employed 16% maleic anhydride grafted ethylene-octene copolymer (POE-g-MAH) as a
toughening agent and constructed a composite intumescent flame-retardant system using aluminum
diethylphosphinate (ADP), ammonium polyphosphate (APP), melamine cyanurate (MCA), ionic liquid
(BR-S13), and benzoxazine (BOZ-Si). The synergistic effect of toughening and flame retardancy on the
comprehensive properties of PA6 composites were systematically investigated. The results showed that
when the total flame retardant loading was 20% (the mass ratio of ADP to MCA is 8:1), and 2.4% BR-S13
was co-incorporated, the composite achieved a limiting oxygen index (LOI) of 36.2%, passed UL-94 V-1
rating, and exhibited a notched Izod impact strength of 25.4 kJ/m?, which was 10 times higher than
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that of neat PA6, the peak heat release rate (PkHRR) decreased by 39.8%, compared with neat PAG6.
The flame retardant system was further optimized with ADP, MCA, APP, and BOZ-Si at a mass ratio
of 18.4:2.1:4.3:1.0, and 0.19% ionic liquid was introduced. The composite exhibited an LOI of 28.8%,
passed the UL-94 V-0 rating, and showed a notched Izod impact strength of 6.1 kJ/m?, representing a
144.0% increase compared with neat PA6. Meanwhile, the PkKHRR decreased by 51.2% and the total heat
release (THR) was reduced by 12.0%. Char residue analysis revealed that the incorporation of BOZ-Si and
APP promoted the formation of a dense and continuous char layer, enhancing the condensed-phase flame
retardant effect. This study achieved the synergistic improvement of flame retardancy and toughness in
PA6 composites through formula optimization, providing technical support for their application in fields
with high fire safety requirements.

Keywords: Nylon 6; Polyolefin elastomer; Toughening; Intumescent flame retardant; Synergistic effect
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Table 1 Formula for preparing elastomer masterbatch

©"(POE) (BR-S13) o(ADP) o(APP) w(BOZ-Si)

Sample g %) @) (%) %)
M1 84.19 5.89 9.92 - —
M2 78.07 8.92 13.01 - —
M3 67.96 11.65 20.39 - —
M4 72.00 1.00 6.00 17.00 4.00

* .
w, mass fraction

B & 4 3% 2 i 75 R R kL, TR A 38 50 5 4% R
B L 20T W sk, s
BL(UN9OA2, | AR 7 2 %% ) v 28 i B4 sl ik B
FE4. VESIRE: $FHE 235 °C. = B 235 °C, £
JE2 s, A0 s, ESE 75.5x10° Pa. iRXFEZ
80 °CiR/kAL¥ 4 h.,
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A MR )2 Rl o f e, 25l A s
D T A % o T W VA B = LRl B s o M
LAz ) oL 5 g A L (TCS-2000, 1 [E &7
FERAGRIGHL A A ) FEAT, 43934% GB/T 1040—
2006 (¥E L Hu A P e 09I e ) ATGB/T 9341—

Table 2 Formula list of elastomer toughened PA6 flame retardant composites

Samples @ (PA6) (%) @ (POE) (%) @ (ADP) (%) @ (MCA) (%) o (BR-S13)(%)  (masterbatch) (%) o (Irganox 1098) (%)
sl 99.60 - - - - - 0.40
S2 83.60 16.00 - - - - 0.40
S3 68.60 16.00 13.33 1.67 - - 0.40
sS4 63.60 16.00 17.78 222 - - 0.40
S5 58.60 16.00 222 2.78 - - 0.40
S6 63.60 16.00 17.78 222 1.12 - 0.40
87 63.60 - 15.89 222 - 19.01 (M1) 0.40
S8 63.60 2.00 15.44 222 - 17.93 (M2) 0.40
9 63.60 2.00 13.58 222 - 20.6 (M3) 0.40
S10 63.60 2.00 13.11 1.64 - 19.44 (M4) 0.40

Note: Masterbatch formulations (M1-M4) are listed in Table 1. All values are mass fractions with two decimal places, summing to 100.0% within

a rounding error of £0.2%.
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B B RA e 15 O, K 2 B ISO 5660-1: 2015 45
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Ik 37 kB A T B R (JSM-T610F, H
AL TRt ) WL HE T 2 R 5 5ROk R T
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31.2% F134.4%, SR J5e if [A] W A T B, 065 35 I
B AT AR, (B 154K 8 i UL-94 25 2%, {5t B . —
ADP/MCA 1k % B RE o35 FE A M RE, (1 HE LUK 2]
IR ABRELR

FE 5 S6 7F 20% ADP/MCA JEfill F S5 1.12%
BR-S13 & 7 ¥ &, LOUMA #& 7+ 2 37.3%, $#&F+ T
71.9% (K 1), {H 2 R Be i 18] A BH 2 4 %, 75 JCBH
WREE 2 HL AR i 7 B, 2% B FR AV N B - A B e
P AR EL, (A IOV AR DL R . A A ST~S9

R3  PA6 G AR IR SAUHR Bl B DK 45 2R
Table 3 UL-94 vertical burning ratings and limiting oxygen
index (LOI) values of PA6 composites

UL-94 (3.2 mm)

Sample  LOI (%)
1 (s) 1 (s) Rating  Dripping
S1 21.7 Burn out - NR Yes
S2 19.7 Burn out - NR Yes
S3 30.7 168.4 307.0 NR Yes
S4 31.2 5.6 297.8 NR Yes
S5 344 2.6 296.9 NR Yes
S6 373 79.4 243.9 NR Yes
S7 38.7 8.8 268.7 NR Yes
S8 36.3 10.8 327.1 NR No
S9 36.2 59.4 12.0 V-1 No
S10 28.8 5.4 20.1 V-0 No

Note: POE-g-MAH mass fraction is 16% in samples S3—-S10; Total
solid flame retardant loading is 20% in samples S6-S10; BR-S13
mass fraction in S6-S10 are 7%, 7%, 10%, 15%, and 0.19% based on
POE mass, respectively; ¢, = total burning time after the first ignition
of five specimens; #, = total burning time after the second ignition of

five specimens.

40 s
78.3

— ALOI/LOI 71.9 673 668 180
35 |- &3 LOI 585 18 <
- 41.5 43.8 :28 <
S a0} 2730 3
S st 1% 3
S 120 &
0 110 =2
0l E 92 {0 ©

SI S2 S3 S4 S5 S6 S7 S8 S9 SI0
Sample

Bl 1 PACKE G APRHIIH R S Bt X A2 b %

Figure 1 The relative change rate of the limit oxygen index of

PA6 composites
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LOIAH [F T 77 B 4 H VR 2 51 2 3%~5%, HL 4
MG R EUGE, R BEREA AT T BT
B SV, SRR AV R R

Rt — IR THBRA S I, K APP/BOZ-Si i
7y #% X ADP/MCA (S10). J& & LOI [% % 28.8%,
H AH B 40 PA6 HK SR $2 F+ 1 32.7%, H. i@ i UL-
94 V-0 2%, IGO0 2%, BRIARCR W& 18T X
J& R APP 5 BOZ-Si [ 5] N R T e R0 ik 2
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Figure 2 Cone calorimetry results of PA6 composites: (a) Heat release rate (HRR) curves; (b) Total heat release (THR) curves;

39.8%. 51.2%, AVHRR. THR. EHC $545 /A~ [F1 F4 i
TBE, R R 5N R T AR A
BTN, BEAK T KR fE R . Hord STOFE AL i)
PKHRR 1% (364.1 kW/m?), THR 4y 178.7 MJ/m?,
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1835 T APP 5 BOZ-Si 1 [5] T B 11 B 25 ¢ J2 ot #4
AR RS .

FIT A BELRASE i 110 FAVRE T 2 il 26 35 2« B g
FEAE, BRBEI [ ZEK, 135 A I 1 2L BHLAA 771 ) i 2
17 4. S10 1A R Be i (EHC) [ £ 24.9 MI/kg,
e B ASHE AT A ME SRR B BRI (BRI R I,
BELPARE i SEA(EL T D6 T AR ) AT TSP MRS TR )
Bl PAG S 3 BN, X R AR BT s B2,
{HS9. S10 1] SPROEBEHE %) LT S7. S8, £ 1l
APP 5 BOZ-Si (1) 5| N AEAR i3k Bl % (1) [F] i, A
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(c) Smoke production rate (SPR) curves; (d) Total smoke production (TSP) curves
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Table 4 Cone calorimetry data of PA6 composites

Sample TTI PkHRlZR AVHRlzl THR2 EHC S;EA AVMLI? TSZP Residual weight
(s) (kW/m?) (kW/m?) (MJ/m~) (MJ/kg) (m“/kg) (g/(s-m?) (m?) ()
S1 112.0 745.7 201.4 203.0 28.0 131.7 7.2 9.1 0
S7 45.0 479.0 173.0 178.3 243 597.0 7.1 38.6 1.6
S8 62.0 428.8 180.2 183.7 26.0 651.4 7.0 39.8 2.0
S9 57.0 449.2 188.1 188.0 25.9 665.6 7.3 42.8 1.7
S10 40.0 364.1 177.3 178.7 249 625.9 7.1 39.4 2.6

Note: TTI, time to ignition; SEA, specific extinction area; AVMLR, average mass loss rate; TSP, total smoke production

ST R A BB 2R 0 TR AH LA E o

CRE TR B, FHMAR Rl g <A 5 R A
P [FAE F SR REAR: SRR, BEBRTR o3 P 2R 1
AR FRRE A RS PR AR IR B, S T B
SRR ek R S A M B R SR AR,
RELIR TR i3k Ak B, T I R 2= FELBR #2254
JFAEIE, TR AN R AR .
23 BRI

BoR S 2 5 PR R B AR O . B3 &4
B IR S 1 PAG 2[R PAG 5 & MRk 4 7R |2
A HE A AISEM &, 4li PAG6 (S1) 58 £ BRKke, ook
IR s EAMRHER R B4l PA6 2 1,
Hodp S10 3R i %, HowR E 33 ES:, A RH
R B 58 S 8. SEM o S9 k2 B (R
Z FLE5 B 2, T SO S AR G T B 56 B 80
(R 2 ZETH TG B 2R AL, Tl 25 1 T 4 8005, e
5 R BH R P 5 AR AE 4, T 35 2 T PR
PERE. X5 UL-94 FIHEE /2 Al 25 2R — 5, 1F
S APP 5 BOZ-Si ¥ B [\ 41 F WT AR 32 T 1 v ot
IR 5 T % SR AR BE AR -

S7~S10 B IR J= G5 M BUR I8 5], FR P BERLYE S
LT BHRFLESE )k R o 135 50 2w, oA B 1A
RIR.

24 HEMEESH

PA6 5 A MR J7 2 1 e R 45 SR i 4 By
e ZPAG (S1)F Gk O ol 38 B 9 2.5 kI/m?, ¥
Jn ) POE-g-MAH [f) S2 #f f ikt [ oo 5 FEFR T &
39.8 kJ/m®, Z1 94 PAG 1] 16 %, & ¥ POE-g¢-MAH
X PA6 B A S G I8, (R i | 25 o
FoE T 25 B B P T B, X SRR A 0 Y L Y
FRAE P,

¥ I ADP/MCA BH #A /& 2 1) S3~S5 #F i
dife 1 o 9 FE 5 S2 R B £ 50%, {H S4 FF 1 (20%
BELIA 770 ) fr0 4 4 B3 A1 (22.0 Kd/m?), 3 B BELIA 771 5
XA BERw, R A RS FEIM
TF#. S6FEMTE S4FRE EAE R 1.12% 1 BR-S13,
B O R EE R TE B 24.7 KI/m?, B SAHE B 12.3%;
K H BE R T2 (ST RE S Bk 1 b o 9 R A
25.8 kl/m?®, %5 S4 $& & 17.3%, Ui B B 7 WAk 1
FINF T 24 BT o3 B A 77 5 58 44 1) AH

3 PACE G RMAKE A 52 1 () B I A AI(b) SEMIE

Figure 3 (a) Digital photos and (b) SEM images of the carbon layer after the combustion of PA6 composites
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Figure 4 Mechanical properties of PA6 composite materials: (a) Tensile strength and notched izod impact strength; (b) Flexural

strength and flexural modulus
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