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Effects of halloysite nanotubes and 2-carboxyethyl phenylphosphonic acid
on flame retardant and mechanical properties of epoxy resin

LV Jiashuainan , DI Kaiying , CAI Penglin , CHEN Xiaoting’
(College of Chemical Engineering and Materials, Tianjin University of Science and Technology, Tianjin 300457, China)

Abstract: Halloysite nanotubes (HNTs) were compounded with 2-carboxyethyl phenylphosphonic acid (CEPPA)
and used for modification of epoxy (EP) to prepare CEPPA-HNTs/EP composite. The effects of the ratios of CEPPA
and HNTs on the thermal stability, flame retardancy and mechanical properties of the CEPPA-HNTs/EP composite
were studied. TG analysis shows that the combination of CEPPA and HNTs can improve the thermal stability of the
CEPPA-HNTSs/EP composites, promote the carbonization and reduce the decomposition rate. The analyses of cone
and limiting oxygen index show that adding HNTs can reduce the heat release rate, while CEPPA has a more signifi-
cant effect on the increasing of oxygen index. The FTIR and SEM of the carbon residue show that the reaction of
CEPPA and HNTs during the combustion produce silica-aluminate, which promotes the dehydration and cross-
linking of the condensed phase. The analysis of mechanical properties shows that when mass ratio of HNTs to EP is
6%, mass ratio of CEPPA to EP is 4%, the tensile strength and impact strength of CEPPA-HNTs/EP composite are in-
creased by 19.4% and 17.3%, respectively. SEM morphologies of impact sections of CEPPA-HNTs/EP composite
show the characteristics of ductile fracture.

Keywords: epoxy resin; halloysite nanotubes (HNTs); 2-carboxyethyl phenylphosphonic acid (CEPPA); flame re-

tardant; mechanical properties
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1.2 CEPPA-HNTs/EP E & # RIHIFl &
¥ 2 g Y HNTs 43 H{7E 100 mL NaOH FiA#

B 240, B0 BIKEZRE pHIER 7,
7E 80°C 4 F FHET 24 h, 153|055 Ak 1y
HNTs (h-HNTS),

PLEP i i 3o, # R L EC Oy dil 45 EPE &
MK, W, ¥ h-HNTs 2 #ige D BN E
748 HL 5 min, #RJ5 A — % & ) CEPPA, HifH
4¥H0 5 min, PN EP, #8754 HL 10 min, k&
FRUBBR LTI, 0 A T kR e R K AR T
(MeHHPA), fif $: - H %5 Jii <. 30 min 15 2] 7 {4
Ve 00 A A TR AR A A HL v, 80°C [l 4K 0.5 h,
B J5 THE = 120°C [E 1k 2.5h,

R1 2-RZEXBERBER-KEBNRE/FERAE (CEPPA-
HNTs/EP) E & #HVELLL (5 EP HIRELL)
Table1 Formulation of 2-carboxyethyl phenylphosphonic
acid-halloysite nanotubes/epoxy (CEPPA-HNTs/EP)
composites (Mass ratio to EP)

Component/%
Sample

EP CEPPA h-HNTs MeHHPA
EP 100 0 0 80
10HNTSs/EP 100 0 10 80
2CEPPA-
8HNTs/EP 100 2 8 80
4CEPPA-
6HNTs/EP 100 4 6 80
6CEPPA-
4HNTs/EP 100 6 4 80
8CEPPA-
2HNTs/EP 100 8 2 80
10CEPPA/EP 100 10 0 80

Notes: h-HNTs—Surface hydroxylated HNTs; MeHHPA—Methyl-
hexahydrophthalic anhydride.

1.3 MK 5RE

K A 23 M1 A (TGA Q 600 SDT, £ [ TA 24
A ) X RE A #EAT TG 2087, FHRE % K 10°C/min,
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A AR BT (HC900-2, VL5 E 7 43 Hr X 5 1%
#%)7) Hi B GB/T 2406—1993% ] 1 4% IS 48045 %,
R AE R 58 100 mmx10 mmx3 mm; % F 7K 3F &
FLRRE DN 5 AN (R 3 b TC o BT A AT BR A ] ) 4 i
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50 kW/m?, DL K M2 dipr ik, A R
S5 100 mmx100 mmx3 mm, PL4ER 6 6 22 DY JE
Bl GRS BLS , MR B A KRR R
T4 B OSM-6380LV 4 i 4%, H 74 JEOL
I8 A KRR TR k2 R AT WA, i L R



<122

EEMRER

10kV; R HL4MERE{X (VECTOR 22, 1 [ Bruker
o5 7)) Xk 2 E AT FTIR 43, KBr JE F, 1 $
16 YK, RN 4em™; RO 0 L 7 fig
AL (CMT4503, IRIIGHT = BRI 2 /) ) #%
T8 GB/T 1040—2006! it £ iy 145 47 7 1 1 i I3k
KL RS 100 mmx10 mmx4 mm, $i7 {3 K
5mm/min, FREEH 25 mm; SR FH A7 S 98 el e
MR AY (ZBC-1400-1, TR B = BB B I 2 7))
i B GB/T 1843—2008" Xif k£ 5 ¥ 47 G B 11 wh
SR, Rk R SF R 80 mmx10 mmx4 mm, ¥
¥E o 60 mm; R 45 2 R (JSM-6380LV
w4, HZK JEOL A w)) WLE bk i .

2 #RE5Tie
2.1 CEPPA-HNTs/EP & & # R IZE M

¥l 14 EP. HNTs/EP, CEPPA/EP Fl CEPPA-
HNTs/EP & &M EHE N, FlZ5 1 TG 1 DTG £k,
%% 2 N EP. HNTs/EP, CEPPA/EP #1 CEPPA-HNTs/
EP & & M ELH) TG, i B % 45 % (LOI) M 1 #%
B (UL-94) KR53, w50, 78 N, K, TG il

(@) N,
100 | ot—ar —=— EP
—e— 10HNTS/EP
%0 2CEPPA-8HNTS/EP
. i —&— 4CEPPA-6HNTS/EP
& 6CEPPA-4HNTSs/EP
S 60 | —*— 8CEPPA-2HNTs/EP
= 10CEPPA/EP
[}
o 40t
<
=
o \\.\I—.‘
0 F
0 100 200 300 400 500 600 700 800 900
Temperature/'C
20 .
(c) Air EP
N | —e— 10HNTS/EP
O 5L x 2CEPPA-8HNTS/EP
S )l —e—4CEPPA-6HNTs/EP
S 6CEPPA-4HNTSs/EP
g 10l —+— 8CEPPA-2HNTSs/EP
= 10CEPPA/EP
Z
‘§ i
-g 5t |
J/ \ A
0} Bt N -
0 200 400 600 800

Temperature/'C

LA AR, mMESIIAT, ML
LR A R, S AN R E A R (500~7007C)
TR R AE R AR T AR A R P Blin A
CEPPA I}, CEPPA/EP & & B ¥} 4] 4 51 itk itk £
K4l EP, ] CEPPA &Ik T EP py#Ra e (0
JIA h-HNTs 427 T EP By#FaE M, filA h-HNTs
J& W T A 2 OB B 43 i Ui 3 v T4l EPL 7R
N, %A F, Bl fm A h-HNTs 5 CEPPA, HNTs/EP
F1I CEPPA/EP & & MR 5% i s 182 =, 40 il hy
14.7% 1 10.8%; [A] i Ji A h-HNTs FI CEPPA i ,
4CEPPA-6HNTSs/EP & & M B 1 5k ik & fe sy, A
15%, HNTs & Si—O # Al Al—O 4, & ik &k
N TIE BB B A5 A, DRI T A R SR A & HE B BR AR
Hl. 4 h-HNTs 5 CEPPA & Bt , it -# tp [6) /6 FH
HE— AR R G W AR . — kU, iR
U WL 2 A6 R T P B # (] s il 20 AT R 1 AR
M AR D, EBIFREN . REW RSB T
2 H R AR TR M /N o T W R A R
M 2 8] %1, h-HNTs fil CEPPA ¥JRER% K EP 1Y %%

25
()N, _am FP
2 | —e— 10HNTS/EP
= 2CEPPA-8HNTS/EP
o | —e— 4CEPPA-6HNTSs/EP
£ s | ! 6CEPPA-4HNTS/EP
=4 —— 8CEPPA-2HNTS/EP
é 10CEPPA/EP
=10t
Z
g
£ 5t ‘
5 )
Q u
0 | (e \\=-={*~=— L —
0 100 200 300 400 500 600 700 800 900
Temperature/'C
100 FOAL, e s = EP
TTUETTT=SM. —e— 10HNTS/EP
2CEPPA-8HNTS/EP
< 80 \} —— 4CEPPA-6HNTS/EP
=5 ‘ 6CEPPA-4HNTSs/EP
2 60l —*— 8CEPPA-2HNTS/EP
Z 10CEPPA/EP
2 40 | A
= \\
20 | LR
i
0t e
0 200 400 600 800

Temperature/‘C

11 EP., HNTs/EP, CEPPA/EP #1 CEPPA-HNTs/EP & & EHE N, FI255 114 TG H1 DTG [k

Fig.1 TG and DTG curves of EP, HNTs/EP, CEPPA/EP and CEPPA-HNTSs/EP composites in N, and air
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Table2 TG, limiting oxygen index (LOI) and vertical burning (UL-94) test values of EP, HNTs/EP, CEPPA/EP and
CEPPA-HNT/EP composites

N, atmosphere

Air atmosphere

LoI/
Sample T/ Toax/  Rmax/ Cat T/ Toaxt/ Tmaxe/  Rmax/ Coof % UL-94
C C (%-min) 700C/% °C T C (%-min™) 7€

EP 351 408 21.5 4.1 332 409 549 18.0 1.0 27 —
10HNTSs/EP 360 403 19.3 14.7 346 406 558 17.0 8.0 249 V-1
2CEPPA-8HNTSs/EP 366 406 19.6 14.4 341 405 561 16.9 3.5 255 V-1
4CEPPA-6HNTSs/EP 362 405 17.3 15.0 339 407 561 16.2 2.2 26.4 V-0
6CEPPA-4HNTSs/EP 359 405 175 13.9 334 405 567 16.4 1.8 276 V-0
8CEPPA-2HNTSs/EP 357 404 16.5 13.8 335 401 566 16.1 2.8 289 V-0
10CEPPA/EP 346 405 16.5 10.8 327 404 567 16.0 3.0 294 V-1

Notes: T;—5% mass loss temperature; T,,,,—Peak temperature of DTG cures; R,,,—Maximum rate of mass loss; C;y,c—Char yield at

700°C.
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Fig.2 Heatrelease rate (HRR) and total heat release (THR) curves of EP, CEPPA/EP and CEPPA-HNTs/EP composites
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Table 3 Data of cone calorimeter test of EP, CEPPA/EP and CEPPA-HNTs/EP composites

Sample TTI/s PHRR/(kW-m™) THR/(MJ-m™) EHC/(MJ-kg™)
EP 22 733.0 50.9 27.43
4CEPPA-6HNTSs/EP 8 448.2 454 22.00
10CEPPPA/EP 10 568.5 40.6 22.97

Notes: TTI—Time to ignition; PHRR—Peak heat release rate; THR—Total heat release; EHC— Effective heat of combustion.
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composites after burning
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Fig.4 SEM images of residual carbon after combustion of EP (a), 10HNTs/EP (b), 4CEPPA-6HNTSs/EP (c), L0CEPPA/EP (d) composites
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Fig.7 SEM images of impact section of EP (a), HNTs/EP (b), CEPPA-HNTs/EP (c) and CEPPA/EP (d) composites
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