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Effects of surface reconstruction of aluminum diethylphosphinate on the performance of
flame-retardant nylon 6
ZHAO lJiaqi, WANG Haiyan, ZHANG Yan, WANG Xiaohui, LI Xiaoli
(Heilongjiang Key Laboratory of Molecular Design and Preparation of Flame Retarded Materials, College of Chemistry, Chemical Engineering and
Resource Utilization, Northeast Forestry University, Harbin 150040, China)

Abstract : The surface of Aluminum diethylphosphinate (ADP) was radiated by “Co y-ray to produce free radical, followed by
the grafting reaction with vinyl acetate (VAc) to reconstruct its surface structure and obtain the modified flame retardant (m-V ADP).
This irradiation modification aimed to enhance the surface polarity of ADP, thereby improving its interfacial interaction with the
polyamide 6 (PA6) matrix. The effects of blended ADP and m-V, ADP in a mass ratio of 93:7 on the flame retardancy of PA6 were
investigated. The results indicated that the PA6 containing 9 wt% of ADP/m-V ADP at an irradiation dose of 8 kGy/h (PA6/9%m-
V,ADP) exhibited the optimal performance, achieving a UL 94 V—0 rating and a limiting oxygen index of 30.7%. Compared with
the PA6/9%ADP composite, cone calorimetry results showed that the peak heat release rate, total heat release and smoke production
rate of the PA6/9%m-V,ADP composites were reduced by 22.42%, 18.56% and 42.86%, respectively. Analysis of gaseous degrada-
tion products and condensed-phase char layers revealed enhanced flame-retardant effects in both the gas phase and the condensed
phase. Results from scanning electron microscopy and dynamic mechanical analysis revealed that the oxygen atoms in the recon-
structed ester groups on the ADP surface form hydrogen bonds with the nylon matrix. This interaction significantly enhances the

interfacial coupling between nylon and ADP. The surface modification effectively boosts flame-retardant efficiency while mitigating
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the negative impact of ADP on the mechanical properties of the flame retarded composites. It provides a new idea for the develop-

ment of flame-retardant nylon 6 materials with low addition, anti-dripping and excellent comprehensive performance.

Keywords : polyamide 6 ; aluminum diethylphosphinate ; surface reconstruction ; interfacial coupling ; high-efficiency flame

retardant
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Fig. 1 Reconstruction route of ADP surface
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1.3.2 FRPAG6 & & #1 kHth ] &

FRPAG [ BARBC 7 L3 1. K ADP . m-V,ADP
S PA6 535 T BSR4 T, 78 80 °C T H R H.25
THET h R VPR EIHR G5 Hir,
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Tab.1 Mass fraction of each componentof PA6 and FRPA6
%

Samples PA6 ADP V,ADP
PA6 100
PA6/14%ADP 86 14
PA6/9%ADP 91 9
PA6/9%m-V ,ADP 91 8.37 0.63
PA6/9%m-V,ADP 91 8.37 0.63
PA6/9%m-V, ADP 91 8.37 0.63

1.4 WX 5 RAE

TG >R TG 7ML, %} ADP Hlm-V, ADP L
J PAG6FIPA6 A MBI T TG 4T, A, AR
itk 20 mL/min, i1 #4435 % 20 °C/min, FH i 5 B R
50~800 °C.,

T ELBREEIR, : 4 B ANSI/UL 94-2013, 5% ]
ELRB SIS o BELRA PR B8, 10 RS 130
mmx13 mmx3.2 mm.

W PR HEEL(LOT) I - 4K B GB/T 2406.2—2009
Mt LOT, 3AE 5 130 mmx6.5 mmx3 mm.

HEJE & N« SR R P i A, IR BR ISO
5660 M3 A5 v, PO B 50 kW/m?, 3K FE R 5F 100
mmx100 mmx3 mm,

SEM FRAE : WL ¢ JZ L B AT 2 43 A, DX i
XA R U T 4 A B, I FL R 10 kV

TG-IR 43#7 : K TG-IR {3 PA6 K H A2 A4k}
B AR = AT 0T, R, AR T 20 mLY
min, JIIHGE K 20 °C/min, FHEJLE A 50~800 °C.,

EDS M4 : SEM RAF 45 o f5 A7 R4 BI&,
HHLE 10 KV, #EAT AR 34 RERZ NS TR
I3 R

XPS M3t % T & PSR J2 AT 0 &R
30T, ALK VR L 2S TR R T, R o

1.0x10° Pa,

F12FIR  F AR SR GB/T 1040.1-2025 45
#E, BUFE RS 120 mmx10 mmx4 mm , F7 i1 3 3
5 mm/min; 25 3% 5 5% H GB/T 9341-2008 Frifi, it
FER S} 80 mmx 10 mmx4 mm, 7833 %4 2 mm/min;
i 5 B R I ASTM D256-24 F ifE , i A T 80
mmx 10 mmx4 mm, k5 55 2 mms,

DMA 3k« SR F SR 2 B X, 75 -30~
—110 °CZ [AIHEA TR, FH 20 10 Hz, FH %
45 °C/min, J11§ 4 30 wm,
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Fig.2 TG and DTG curves of ADP and m-V ADP
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&2 ADPFIm-VADP TG SR

Tab.2 TG analysis data for ADP and m-V ADP

Samples

T_./°C

T,,/°C sl T ../°C R /(%°C") R J(%°C™") Ry/%

ADP 384.14 400.61 417.58 17.42 21.02 42.01
m-V ,ADP 414.60 440.80 473.91 24.82 8.28 28.12
m-V ,ADP 414.75 441.12 474.13 21.99 9.15 31.96
m-V, ADP 415.46 441.87 475.78 16.37 8.38 23.97

Notes: T, is temperature at 5% mass loss; 7,

max

pyrolysis stage; R
5% 2% B A1 T ADP, BEA R IR )5 A9 ADP AN
FIT A B AR
2.2 FRPAG6 H &4t a4 A8 2 o541
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Ft T BHABRE A MR AR P . BHER SR G R
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S -+ PA6/9%m-V ADP
s 60 | -+ PA6/9%m-V ADP
3 <+ PA6/9%m-V ADP
=1
g 40 -
v
é 497 °C
20 ;
473 °C //
/
0 | ‘ = = =
300 400 500 600
Temperature/°C
(a) TG curves
(\E

= PA6

is temperature of maximum mass loss rate, 7

max1

and T, represent T'  for the first and second

nax 18 the maximum mass loss rate, R, and R, represent R for the first and second pyrolysis stage; R is residual mass at 600 °C.

=3 PAGHIFRPA6 B TG iR

Tab.3 TG analysis data for PA6 and FRPA6

Samples 7,/°C  T,/°C R, /%°C") R./%
PAG6 384.63  442.15 30.80 1.69
PAG6/9%ADP 38411  454.68 24.29 3.61
PA6/9%m-VADP 38179  450.38 22.04 1.76
PA6/9%m-VADP  373.82  446.64 19.29 2.79
PA6/9%m-V, ADP  391.55  446.92 20.10 1.85

H5e /)N, 600 °CHYBR 7 Mg &, X K W55 AR PAG/
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Fig. 3 TG and DTG curves of PA6 and FRPA6

Fig. 4 Digital photographs of PA6 and FRPAG6 at 0 seconds after each

ignition and during the self-extinguishing period
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%4 PA6FIFRPA6 IEEMEEM LOIR &R
Tab. 4 Vertical burning and LOI tests results of PA6 and FRPA6

Vertical burning (3.2 mm)

(PHRR) 1 BB i i (THR) 20 1 R B T 22.42% F11
18.56% , ERH UM BHAA R m-V ADP AR 1525
MR IR, AR RS 1) JOIE R, Rk, B

Samples / Drinoi UL 94 LOI/%
i TP raiing T E BRSO
PAG 52/~ Yes Fail 234 R s b ..

PA6/9%ADP 28/22 Yes V-2 27.1 N RE A 2 (SPR)FILEA *ﬂ*‘mi(TSP)EHﬁmM

PAG6/14%ADP 0/8 No V-0 30.5 BRI E i As . Bl Sc Bl 5d Bon, 5
PA6/9%1’1‘1-VIUADP 0/6 No V-0 304 PA6/9%ADP /E/ﬁ\*j*"l'*ﬁ tt , PA6/9%m'V8ADP /E/ﬁ\
PAG6/9%m-V,ADP 0/4 No V-0 30.7 ;
PA6/9%m-VADP  0/7 No V-0 305 B4 ELE) SPR I TSP 43 il FEAK 1 42.86% H112.39%.,

Notes: #,/, are ignition time of the specimen after the first and the

second 10 s flame exposure; LOI is limiting oxygen index.
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PA6 J¢ FRPAG (1 HEJE it Pl i 45 R an &) 5 Jir
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FRIEK 10 s, BLRA & A ARG TR P fiE 1 2 32 T
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(COP)IRAIL, T CO, 4 i (CO,PY K, 4 0.76 /s,
X Uk B PAG6 58 4 R 58 ; 1111 4 Bl FRPAG & & M KHY
COP{HAZ K, CO,P fE /N, 22 B i A BHAA I ff PA6
AR EBHASTE bt . 5 PA6/9%ADP
HHEE , PA6/9%m-V, ADP 7ERABE 13 #2 7 COP AR T
41.38%, CO &= KK BN UG T F RS

N . 5Tl =] ) == Lot
b 4 Sb AT LT L 5 PAG/O%ADP ke, Mz MBI R AR LR ALY 25 H. 20 m-V,ADP
Ml 257 Wk ) -
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L1500 | g AR YA
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-=PA6
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16 123 = PAG = PAG6/9%m-V,ADP
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12l ~ “+ PA6/9%m-V,ADP 41.38%
i, 00200 ]\ =
£ g 2 0,015 &
5 5 =
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i “bac 0.005 °
- PA6/9%ADP :
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5 PA6FIIFRPAG AT ki 2k
Fig. 5 Cone calorimetric curves of PA6 and FRPA6
£S5 PA6TIFRPA6 IR EHMIKEE
Tab.5 Conical calorimetric test data of PA6 and FRPA6
Samples TTls  pHRR/(kW-m?)  THR/(MJ-m?) SPR/(m’+s™") TSP/m’ COP/(g*s™") CO,P/(g's™") Char/%
PA6 38 2 138.62 272.3 0.15 9.55 0.006 0.76 0.36
PA6/9%ADP 55 1215.42 147.93 0.21 17.44 0.029 0.47 1.71
PA6/9%m-V, ADP 65 942.91 120.48 0.12 15.28 0.017 0.51 2.08

Notes: TTI is the time to ignition; pHRR is the peak heat release rate; THR is the total heat release; SPR is the smoke production rate; TSP is the

total smoke production; COP is the carbon monoxide production rate; CO,P is the carbon dioxide production rate; Char is the char residue.
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TR (A) B, Ui B PAG R R K, Pk Bl R

HAYATER AR B 6b . 6c IT LLF HY, PA6/9%ADP
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WS M BRI SE S, L A {E R IR I 50%, [l At
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il T IR R 0 O ) R 3R T e, Lt B S
HH BHLAR A5 1R PAG JE A A 05 figt Wt 27 140
il o PA6/9%m-V ADP & 4 #1 A H (1) P—O HEZ 1k
WA AFL B A 3R W AIG T PAG/9%ADP, 3% — 25 1 5
TG /M T, 45 - —%, H 485 FWHM {E# I 2
R ERP AP S AR ENE T L (80
U A A Be i B =X N, SR BEARRCR T &

486.32 °C 478]6 °C
|
C—H
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C—H
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0 A=2.43 ©e A=2.34
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Fig. 6 Absorbance vs. temperature curves of the peaks at 2 938, 1 710, 1 152 cm™" of pure PA6, PA6/9%ADP, and PA6/9%m-V,ADP
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