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Rubber Toughened Flame Retardant (FR) Polyamide
11 Nanocomposites Part 1: The Effect of SEBS-g-MA
Elastomer and Banoclay

Hao Wu, Rogelio Ortiz, Joseph H. Koo*
Department of Mechanical Engineering, The University of Texas at Austin, Austin TX 78712, United States of
America

Abstract: The objective of this research is to develop a multifunctional polyamide 11 (PA11) with balanced thermal,
mechanical, and flammability properties for SLS. In this study, two sets of formulations were prepared by twin-screw
extrusion: the first set examined the effect of maleic anhydride modified elastomers on flammability and the mechanical
properties, whereas the second set added various amount of nanoclay and discussed thermal stability, flammability and
mechanical properties. The addition of 20 wt.% elastomer brought the elongation at break up to 40%. Reduction in heat
release capacity as high as 49% was achieved, all nanocomposite samples passed UL 94 V-1 rating. The addition of nanoclay
improved the tensile modulus by up to 78%, the elongation at break for all the formulations were negatively affected by the
addition of flame retardant and nanoclay.

Keywords: Polyamide 11 (PA11); Selective laser sintering (SLS); Polymer nanocomposite; Flame retardant; Toughening
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K& — Rl TR LM M 20 1 T Wi s B = i By L R ),
BTN 30%, Wi KRN 500% .
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Apifl, BARIGFHRRENE. —F &4 Exolit®OP1312
HRIBPER G, B T IMG TR, 77 Ak R 2E
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2.2 N T RHARE 4

LA AR, {3 Thermo Scientific Process 11
SEATRUEFFET AL, K B ILP AT 5 AN R BE A FR
MR . GORKE LR PATUARLIR G, W3R L AR 2 PR,
YT —Tse, A 7SM T S R 1Y 20 wt.%FR
PN IR FOAS [a] 67 2 ) S A R S, R 1R N
TR A YRR AR, B B FRESINA
PR FNGRAS £

B RIE SR B BARRAE SR IR 3 TR 4 PR
PALLFENN T RITTE80°C F T4 24 /it FRFMA L gk
TRFNGRFS 4l B

o TR A1, RS RE A 2, JE i
FHR G WUCIR G R EC T . B85 7 s NMsRL, I
TEE S BB R AE 80 °C T KWV AT 24 /B R3Sk 4
TR TARMS R RN T 250, AFEA R R
KRR RE | SUEAT oA [R5 4 Z [ AR S . = AN [F]
VL F4 Mini Jector i AR ELTRBE

2.3 PERERAE

23 1 MFE T

PFRE PRI — T B X S H 35 | RS A R AP A2 Ak
(IHEPL T . VT (TGA ) PR R A Y Fa E e

&1 PA11/FR/KEF4ERE
SampleID Formulation PA11 Fire-retardant additive (wt.%) Elastomer
(wt.%) (wt.%)
1 PA11 100
2 80PA_20FR 80 20
3 75PA_20FR_5K 75 20 5
4 70PA_20FR_10K 70 20 10
5 65PA_20FR_15K 65 20 15
6 60PA_20FR_20K 70 20 20
*2 PA11/FR/K/INC A 5ERE
SampleID Formulation PA11 Fire-retardant additive Elastomer (wt.%) Nanoclay
(wt.%) (wt.%) (wt.%)
7 70PA_15FR_10K_5NC 70 15 10 5
8 67.5PA_17.5FR_10K_5NC 67.5 17.5 10 5
9 65PA_20FR_10K_5NC 65 20 10 5
10 67.5PA_15FR_10K_7.5NC 67.5 15 10 7.5
11 65PA_17.5FR_10K_7.5NC 65 17.5 10 7.5
12 62.5PA_20FR_10K_7.5NC 62.5 20 10 7.5
3 PA11/FR/KERERIAE &G
Processing Conditions
Feeding rate (g/hr) 200
Screw speed (rpm) 220
Twin-screw temperature (°C) 95
Mini-Jector temperature (°C) Rear: 195 Middle: 207 Front: 216
Mold temperature (°C) 90
%4 PA11/FR/K/NC 5EBERY AL IB 5514
Processing Conditions
Feeding rate (g/hr) 200
Screw speed (rpm) 195
Twin-screw temperature (°C) 195
Mini-)Jector temperature (°C) Rear: 187 Middle: 195 Front: 201
Mold temperature (°C) 90
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W, HHTFHE 10% F150% 5w 4530 0 9 o i s (43
M T 00 F1 Tsge, o

2.3.2 ARk

2321 R R AL (MCC)

HL 5 ASTM D7309-2007, fiff FH 3 IR B2 8% b ot #43
(MCC2, Daetek, Inc.) Ml HABERAE #ALE % IR IR
FHEEAE900°C, PRI A 1°C /s MG FE4H =
SR HC DA RE R ™ I AVB G R (pHRR ) AIFARE
tZs i (HRC) HY1E Hi Daetek B MCC S 7% B (14 23 47 2
PF35A% . K pHRR B ASEFrfin #2115 HRC.,

2.3.2.2 UL 94 %51k

UL 94 J2 30 R4 L 5 5 14 s v /1N BASE A T3t
BHE TR ARG 0 B ECOE T il
SRR Ry B o me A FLZH A0 1 P e 2 R A W 2D 48 7
HERIES, V-2, V-1FIV-0, H V0K, X
SR, MRURTETE A BT, AR
T, USSR I T AR T i AE e R 4%
PR BERIURL . XTF X I, A FRATIY 256 % WA 4R
3 UL 94 Ay 1ECIAE, (EATSRE0E T UL 94 A2k
MR Bk, Z5RAVNPERE TR, K5eHr, #ee
£ 25 CRIAHXR BE 50% [ 258 N CE 48 /M. BN A
PR T I 125 mm x 13 mm x 3 mm BYIREE

2.3 3 Frfiss

fifi FH 15 24 5966 () Tnstron 5K 3 3842 28 47 5K 1 0
Ko TFERBEE RS mm/min, FREEKEHR 115 mm, 5
HIE, BERE ST 25 C A 50% AN T 48 /N, ailad Xif
BRI 00 S AR R I, TH R AR RE A ST B
FbRER 2% (SD ).

23488 BAE 5 A

fdi FH SEM A5 2 PALL 9K 52 G b4 RO B AT, DADE
SEAEHEZS . f#iH FEI Quanta 650 ESEM 237 1 WA A
Soc S MR A E D 1300 5 A aURe R 42 1w, AR
B My VS 0050 A0 T 52 M 40 0K 2 A ARk I 85 1 i
[FRE, BRI S UL 943 BEIEA T 59 — RGO 25 44 434
DATE G4, 1 i < J2 B AR P B

3 FERFTE

3.1 ERE AT

WME 277, BiA FRECHE BT 0 B i ih 2 A A

o TGAMTZE SRR, SaiPALL AR, BT
O FRUS NG A TC 7 A R s o i O B A AR PR A AR
B B IA MR T PALLFIT A FREGPERC 7 . DRI,
5 450°CZ R T A B A L, s (A il SR ke e o T
SRIG T T I LATE P 38 2 R A

250048 IF B 45 T 10% F150% 5t 45148 (T10% il
T50% ) (50 TR . 4l PAT1ASREER 19 T10% 53 51
403°CH1445°C, PATTFITIO% S & T30 wt.% . 5 wt.%
IS wt.% #PE R L 7, 29 k3-6C. S 4iPALLA
Ho, 7510 wt.% 120 wt.% SR 9 e 7 @78 T10% WA
B, 291230, KITI0% W 8 & T e 4 HAb i
77 #EiPALLFITS50% K438 °C, KT BT A HAt & 4 FR
R R BC Ty o A RINE 2 1000°C 5, 2PATL H
P F 0.88% My £ 1 HR B2 W, T2 A3 FRES 500 (4 e A3
M TC 7 1) £5 e B BR o I S R N 2B 24 6-T%owt. %o, TR
I T50% K 478°C, HLRTA HABKC )7 & th2920°C, Jf H
TR TR, X] LIRRE R A4 K08 B X5k A T 1l
AISEMAAR N B, SRR ST X TRy 1) B fi
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Degradation Curves for PA11/FR/K blends
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£R5 PA11/FRKL BN RIEE

Sample ID Formulation Toow Ton Residue Mass at 1000°C (%)
0 (o]
1 PA11 403 438 0.88
Kraton 445 478 0

2 80N_20FR 400 455 7.7

3 75N_20FR_5K 400 459 6.5

4 70N_20FR_10K 405 449 7.5

5 65N_20FR_15K 397 455 7.7

6 60N_20FR_20K 406 445 7.2

K. 4iPAL1ITS0% J438 °C, KT A H A Jr.
kL, BCJ7#4 (7ON_20FR_10K) Y T50%, Sk T4l
PAL1, {HELFTAT FR/K/NCHEGR PATL L )5 £ £920°C, %
MEHIMACE 1000 °CJ5, 4iiPAT1L H R 0.88% fY £ 5% 5%
W, T A Ty ) A e 5 R A R, 4k
R B0 SRR BRI A TR . AN AN ROR £
SRR T.5%, T GO D5 YRR AR B s
9.5% % 15.3% . KK L FIFR BV -t 2 19 fin bRk 4%
o TABRURBEFR . GRS L 5P A C T B B
B 5% %, BC )7 #12 (62.5N_20FR_10K_7.5NC ) FYH: 7% 5%

-
B W 1 o

%6 PA11/FR/K/NC &;B¥IHH iR E

Weught (%)

350

Degradation Curves for PA11/FR/K/NC Blends

400 450

Temperature (°C)

— PA11
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~~~~~ 70N_15FR_10K_5NC
67.5N_17.5FR_10K_SNC
65N_20FR_10K_5NC
67.5N_15FR_10K_7.5NC

— - =65N_17.5FR_10K_7.5NC
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B3 PA11/FR/K/NC 1L5E 4 i B fif h 2%
(TGA, N2 p9f3H#EE 4 10C /min )

Sample ID Formulation L L Residue Mass at 1000°C (%)
(49 (0

1 PA11 403 438 0.88

4 70N_20FR_10K 405 448 7.5

7 70N_15FR_10K_5NC 403 466 9.5

8 67.5N_17.5FR_10K_5NC 407 469 10.6

9 65N_20FR_10K_5NC 383 466 12.2

10 67.5N_15FR_10K_7.5NC 399 465 12.8

11 65N_17.5FR_10K_7.5NC 396 463 10.8

12 62.5N_20FR_10K_7.5NC 391 468 15.3
3.2 RSB KRS A PATTAAL A I B Bl A . B0 D7 #3-6 1 MCC
3.2.1 HL g pLgE R bl GERRW], TPEAKEEALIZIK FR PALL RGEMATRATE

mE 4R iR, BIENPALL I 19 Kraton 3
PRI BAT AR HRC HMpHRR ., R, 3 3 A 25
PALL S A MR AT R 7= A BT RE Wi, MC.C 45 SR 3IE 51
T AL MR B BT O X — MR T A B AR G
J5 B HRCHR & T4 % FRIGEC J7 (8ON_20FR ), ¥ 1120
wt.9%F R fdi PAT1 B FRRE T RE 7 T4 (15 HRRE 30 236 43 31 K
2577 JIg-KF1673 Wig, W] H X} AR PALL Y AT 4% v
BABWAER . 7EBCTT #3-670, & 15 wr.% BibEiR iy
Be 7y BA R HRCAR, 3R PR AR B2 A 5] 20 wi.% B,
HRCF#I. Meoh, (EMREREMNE, A FREC I pHRR
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M ESsSF FEsw LA H, 5 O s
(70N_20FR_10K ) AHELG, S b 0SS i ms S AL 1 e
Jr i pHRR FMTHRC. ALM it 77 1Y pHRR 24 4 605 W/g, 2
T B 75 #12 (62.5N_20F_10K_7.5NC ). #R1fi, ALM#t
BHO PR T 58, LTA AR, —AME
400CES, B—MEAOCES ., HBEENE, ALM
1 BB pHRR I 2 2 440 °C, 10 FR PA11 94K & 4 B 5
(i pHR i) A 480°CZE 4T (5), X FWIALM FR PA11
R 09 A FR A IR LA AR AR E . ST
#T-12H1H, BREHRE R FR . 9Kk a9 & LT r2 A4k
KA pHRR MTHRC. % A 20 wt.%FR. 10 wt.% 5 P 4
7.5 w9 ks + 1Y i D5 #12 B9 HRC i ik, R 563 J/g-K,
SAPALLALLREAR T 49%.

3.2.2 UL 94F5ifE

FORLE T RE Fi#1-6 A UL 9410 38 &5 S, B r#2
(8ON_20FR ) il it T V-09F 2%, i e 77 #3 F143F 9
V-1, #5F6 P R V-2, Z45HR 5 MCCER—3, Hh
e 7 #2 1 HRCABEAR, A A & s AR 1 c 5 19 HRC

Him, B 6B TR T UL 941 FE IR F . 7ESR BTt
o, TR PALLIGE , SR TRES R 7 ROARAE, TR
#2-4 E PR AEEIE Rt . FEACHS T 6 I FAF I W K
THEA#IMA, J5EBA LI UL 94179

F10 845 T #7-12 19 UL 94 R 4558, A 9h
KE GBI AR T V1179 EAE 1 K IE RS ]
T, FrA R AR RS S B AR ERE , Of HLIH — Rk
HAAB AR R TE . LGP KR E BT, FEG
#12 (62.5N_20FR_10K_7.5NC ) Y1 RBRBE IR 2L N 6] f;
Bl AEARERMIE, MR BREERT, AR/ —E R
TE AR Z I ERRRE, X R BUARFEERT TR, T
BB V-1%9%, FA75:R T UL 94385 /9 FE 5 1%,
Z RS AR KOG RS R 7R R 5E B ARG . FE S
#A TGRS G R RHRE B 22 B 1 — A f 3 22 S e R T
MBI . 3 PR RIS AR B4 RF i #d 7= 1 B (0 0 2 1T
RS L A0k & A OB S 7 AR R R R . R,
SRR T LM KRS T ) 2 T T 2 R 6 A
st

®x7 PAN/FRKLREHHIMCCEHERICE

Sample ID Formulation Heat Release Capacity SD Peak Heat SD Total Heat Release SD
/g-K) Release (W/g) (W/g)

1 PA11 1113 50 1277 46 34.3 0.4

Kraton 1311 19 1786 59 53.1 0.4
2 80N_20FR 577 3 673 3 30.6 0.2
3 75N_20FR_5K 601 21 701 24 31.4 0.3
4 70N_20FR_10K 616 9 718 10 31.6 0.4
5 65N_20FR_15K 640 30 746 35 32.5 0.4
6 60N_20FR_20K 617 12 720 15 32.0 0.2

Heat Release Rate of PA11/FR/K Blends
1400

1200 —_—
PA11
1000 ——Mm———fFtF+———— . 70N_20FR_10K

€0 -4 e 70N_15FR_10K_5NC

~ = 67.5N_17.5FR_10K_SNC
600
65N_20FR_10K_5NC

400 67.5N_15FR_10K_7.5NC

Heat Release Rate (W/g)

— - =65N_17.5FR_10K_7.5NC
200

— - 62.5N_20FR_10K_7.5NC

— ALM
550

Temperature (2C)

El5 PA11/FR/K/NC B # R IR R

3.3 B RE

FLREE T PALUFR/KIL IR Y. R FTALM Y
FR PALTL ML RE . M Z RTRIESE Th il U Y, 3
B P 5T TR S I FR VAR 0 ) R0 G0 KR 3 ) W i %

PR E R, R SRR 0% DL 1 1
P S SR AR B (2 AT T AR P B A Al e i R
(1, Horb ke BE R TE AR AR I 1, IR AR
SIMTR R LA H . [RRE, ALMATREEI BRI BE: M
T R PO B AR R Y, b MERBSE T SLSF
PF, AT B 3 T T I A SCk A O R
FE, 38 5TV IN20 wt.%FR, PAL1 A 7 24 4 26 WA 164%
W E R E L 6%, TR KT 2K 294 500%, @it
U SRR VR S, PATT TR BEAR B T k.
PEIRTES wt.% B 480 T B W 24 KR IS AT 3G, M 6.32%
HEINE) 9.35% . Fi b 2 M ZE AR H T SR AE 20 wi.% 11
WK R N 40.1%. M, BEERAEYRTF
S R e BE A BN, PATLL ARG 58 J3E ML 48.5 MPalf =
26.9 MPa. I FAELER AN FR BORL, % E EMKTF 345
MPa ) £ R(E . ALM A FR PATL AR LFRATT T AT 1Y
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%8 PA11/FR/K/NC £B¥IHIMCCERICE
Sample ID  Formulation Heat Release Capacity SD Peak Heat SD Total Heat Release SD
(/g-K) Release (W/g) W/g)

1 PA11 1112 50 1277 46 34.3 0.4
4 70N_20FR_10K 616 9 718 10 31.6 0.4
7 70N_15FR_10K_5NC 648 6 756 8 30.9 0.1
8 67.5N_17.5FR_10K_5NC 581 41 679 47 30.9 0.5
9 65N_20FR_10K_5NC 605 32 640 39 30.7 0.9
10 67.5N_15FR_10K_7.5NC 599 10 699 11 30.3 0.4
11 65N_17.5FR_10K_7.5NC 604 18 705 21 30.7 0.5
12 62.5N_20FR_10K_7.5NC 563 27 605 28 29.9 0.2

ALM N/A 27 605 28 30.9 0.1

&9 PA/FR/KHIEHIHIUL 94 45 R
Sample ID Formulation Average 1st burn flaming Averaged 2nd burn flaming Flaming UL 94
combustion duration (s) combustion duration (s) Drip Rating
1 PA11 4 Yes V-2
2 8ON_20FR 8 9 No V-0
3 75N_20FR_5K 16 13 No V-1
4 70N_20FR_10K 14.6 12.4 No V-1
5 65N_20FR_15K 21.3 >50 Yes V-2
6 60N_20FR_20K 22 >50 Yes V-2
%10 PA11/FR/K/NC #E#AIUL 94 451
Sample ID Formulation Average 1st burn flaming com- Averaged 2nd burn flaming Flaming uL94
bustion duration (s) combustion duration (s) Drip Rating

1 PA11 4 Yes V-2
4 70N_20FR_10K 14.6 12.4 No V-1
7 7ON_15FR_10K_5NC 30 10 No V-1
8 67.5N_17.5FR_10K_5NC 23.6 6.6 No V-1
9 65N_20FR_10K_5NC 15.6 7.4 No V-1
10 67.5N_15FR_10K_7.5NC 30 11 No V-1
11 65N_17.5FR_10K_7.5NC 18.5 6.4 No V-1
12 62.5N_20FR_10K_7.5NC 13 18 No V-1

g 7 A0 B A TR i Y B e e A R R OR, (HEC T #6
( 60N_20FR_20K ) [&4b.

FNRESTEAFR, KHMNCHILEY =R
Mg, FRATZATAIIFIT R, 20 wt.%FR i W 24 fd K

%‘s[ﬁkﬁmo VRN 10 wt.% SR A R 3R 52 5 17 %
NATARIEGER B J2, GH K FE 1 X6 W 24 A 25 ] 52 )

lﬁMl]ﬂz%uﬁ?P‘bKiﬁi/\xﬂiﬁf“ﬁﬂk%?‘ﬁiﬁiﬁ,-f;
WA 20 KRS A S 0 el B 4 S T 50%, TE T #12
(62.5N_20FR_10K_7.5NC ) At dieimy o Fiiom B AN B
FR A KRS 9 B R Rl A8 4k, (BARTF4EPALL. 44
KRG A B TG By S A AR A o A AORY vk
AR, TR R, B 3%, BT IR
Z IR 3R 6% . ALM BIRHRLEA IR0 rE i

20

T T A A e i R S R 2 el I S 1 il
VESLSHEAET, T LIXT ALM FFRATAY B 5 #6475 595 43
1 A

El6 UL94tm. NEEH: Hm#1-6
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E7 UL9MAHm,. NEEA:
34T SEEF b

#1, #4F#7-12

5% ML UL 94N Fi7 M3 56 5, FHSEM KL A5 i Jr #4
(70N_20FR_10K ) 1Y £5 ¢ FT 5. UL 94 J5 Fi i 1
(A e G 2 S an 8] 8 FIEI 9 Ji 7 o 8 Wb/ T I A 7
ERIE, ZERBIRIZER, LA IR A YR
DR . FREYTIARBENE, FIB7 1k PATT A R A
B, DT (E FE R K O A A R ™= ARt 119 s T RE
Ji#4 (70N_20FR_10K ) (WK1, MSEMEE, FR
BIFHRARS WEE , BUR BR G5 s, X LE R
Sxrr s, A B AR R R R R 2R SR A B AR
MSEM Ht, FRATTTCHE A AR Y SO S5 A AL

F11 PAN/FRKEBROHRMHIRIEERCE
SampleID Formulation Tensile Strength SD Modulus SDh Elongation SD
(MPa) (MPa) at Break (%)
1 PA11 48.5 3.2 1,380 40.7 164 73.5
Kraton elastomer 34.5 500

2 80N_20FR 41.6 1.8 1,870 135 6.32 2.3

3 75N_20FR_5K 37.9 0.9 1,630 54.3 9.35 1.9

4 70N_20FR_10K 33.8 1.1 1,370 66.5 17.3 2.5

5 65N_20FR_15K 29.9 0.6 1,330 47.2 24.9 2.9

6 60N_20FR_20K 26.9 0.4 1,140 31.4 40.1 10.8

ALM FR PA11 46 1,345 - 38
#12 PA11/FR/K/NC £iB¥H ik e 4 RICA
Sample ID  Formulation Tensile Strength SD Modulus SD Elongation at SD
(MPa) (MPa) Break (%)
1 PA11 49 3 1,380 41 164 74.5
4 70N_20FR_10K 34 1 1,320 67 17 2.5
7 70N_15FR_10K_5NC 36 2 1,920 47 8 0.7
8 67.5N_17.5FR_10K_5NC 35 1 2,050 67 8 0.6
9 65N_20FR_10K_5NC 34 1 2,060 142 7 1.2
10 67.5N_15FR_10K_7.5NC 37 2 2,310 44 3 0.1
11 65N_17.5FR_10K_7.5NC 34 5 2,310 106 3 0.9
12 62.5N_20FR_10K_7.5NC 34 2 2,460 132 3 0.1
- ALM 46 - 1,345 - 38 -
N =2 S| N =} — ety L N [T iy Y V1PN Y
TR E SRR, PR BIKEAENM  TARFEEAOKRR o #- T TR RTRE . TS rERE

F1 50 BRE B (09 IE 5 47 SEM B /8. UL 94 Ji7 1 FC J7 #8
(67.5N_17.5FR_10K_5NC ) Wi%d 3 im f 1€ e vk 5115 5 5
WE 0 1R F10 878 T UL 94185 A9 SEM £
%, MSEMTI LI i, FRAEAHLE =4 T K<,
DIHRPIIREE . I J7 #8 (67.5N_17.5FR_10K_5NC ) fylkrs!
FI AN 11, AEURE 3 AN R 1 nT LA B K o
FLBE, XA Bl TR BRI R R Y R R

4 ZEig

T URAF i, ST T AT, AR A
SIBTREIAR . SRPEAFIANAORS LX) PATT SRR 520 . 1l
HTWHE T : B—4 (BT #2E46 ) HTRA TR
X R IR I FIHILAR I BE 5

MRS —H ISR, 8 i)y (#7 2 412) Bn

LS WA 08T . TGA A HT R, BRI IR B AR
S TR 00 R RO R AR AT g o WTRAMESS SRR W], B
PR PATT 9 W (B PRSI0 5 R AR TR A 17 T 5%
WA o gl T R P RR BL B PR BE T, % A 20 we.%FR A 10
wi.% PR R R E 5 (LT 2 R A F 1, R R R 17%,
V-1 UL 94 %% . W20 wt.9% st s, Wi i
2 F]40%.

YT BT (#72#12), S54iPAILMHL,
INGAKE R0 FR ZS N0 2572k S gk e . Ak, gk
B A WA ARG AR, BEE TR ALM Y
FR PALLKY R, JHCHARE JIREAK T 49%, $R1T, MCC45
5 UL 9425 R A AR i AR S, ARBIFSE R A I
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