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Study on Microcellular Foaming of CTBN Toughened Epoxy Resin
Fan Xun, Zhang Guangcheng, Li Jiantong, Zhang Hongming
(Department of Applied Chemistry, School of'Science , Northwestern Polytechnical University, Xi” an 710129, China)

Abstract : The conditions and cell structures of microeellular foams using supercritical carbon dioxide (SC—CO,) technology
based on high molecular weight epoxy resin (CYD-014U) modified with carboxyl-terminated butadiene-acrylonitrile copolymer
(CTBN) were researched. Differential scanning calorimeter (DSC), dynamic thermal mechanical(DMA) and scanning electron
microscope (SEM) were used to analyze the thermal property, dynamical modulus and morphologies of fracture surface and cells. It
is found that as the contents of CTBN increases the temperature of glass transition measured by DSC persistently decreases, from
98.44 C to 81.89 C . SEM fracture surface shows plastic deformation of epoxy resin matrix and rubber phase separation appears
when CTBN concentration increases. The CO, absorbed concentration improves and desorption speed accelerates as rubber contents
increases. The cell diameter and cell density are from 1 pm and 5.60 x 10" cells/cm’ to 2w m and 6.28 x 10"cells /cm’ during
the 10%—15% CTBN concentration when the samples are placed in autoclave at 60 “C,12 MPa,72 h and foams 10 s to 15 s at
110°C . For the epoxy resin toughed with 15% CTBN, as foaming time is up, the bubble periods can be divided into cell nucleation,
cell growth and cell collection, and it can be concluded that the cell diameter is increased and the cell density is fimproved and then
reduced.

Keywords : EP / CTBN system ; supercritical carbon dioxide ; rubber phase separation ; bubble growth ; cell morphology

HALR AP RFRHFLR ST 1~10 pm 1L
WEEN 10~ 1024 /om’ (Z LR S YR KL, B
AR I PELE 55 A AR E L SRR
B 2, |l B — &bk (SC-CO,) HAf
Il S 25 AR AT (I AR T.=31.05°C, IR AR P,
=7.38 MPa), § BUR B = AR TCE RN AR BR S
e, 2 2 A T fL R A BB A 7] B

H A, 6 R A L& R T 32 B4
TEPIAVER G 0 S, AEERG YRS
T g R R BRI B, R I SEA TR (EP),

TEVRRE ML P32 R RE S G AR K G AR
FOR OB R 5 T A % 2N 7. EP B 2e
B R, ot 2 B S TR MERET T SC-CO, it A It
o SRR T SCHR AT A I A B S P
(1) EP A RedFA AL & i s
WG EE TSI (CTBN) XF EP A3k

* PHAL Tl KA AR BE AL AP T 3L 4501 H (22017200)

WA TR AL, #Z AAE W, R PR R S it ik
FHRH 5

Wik H 2 2017-01-26



杨超


54 TRARH

2017 4E, 45 45 35 46 4 1)

PEE AR S R O G i CTBN B8] EP, A R 3
PRRIPE 38 SC—CO, W Bt , A F] T3 L U S AL
K.

45 UL CTBN 1 ] 5 2 CYD-014U (1) EP
Ty Fe Ak, 2 2 F 4 HEL R M (2E4MZ) Dy [ 4k
FI i #5 AR, R FH SC-CO, [ 25 ] 8k 32 il 4 EP /
CTBN LR AR RFL LR AR BFE TR R
PR ARG BT FEARIB b AR 53 AH L& i
14,
| R
1.1 R4

4y T & EP : CYD-014U, 4 T & 1428 ~
2000, FHA A

2B4AMZ : 2l 96% , Bl T 358 (1 ) A7 BR
NGB

CTBN : 40°CEhfE< 20 Pa- s, )4 F 2500
~ 3500, NEEIE & 13%~ 17%, =M

CO, S 4l JiF 99.99%, P4 42 K 4 S 1A PR 5
SR/
1.2 BBREXE

ARG TR S . STOSNXP 1Y, 56 [H SSI /A il s

TR0 v T B 07 48 : NS=100H-C726 K, 228k}
TR A BR A

PEML: R-3221 A IR & SR R T
(E/NEIP

% /8 H i B #(DSC) 1¢: DSC1 Y, Fi +
Mettler-Toledo A& ;

B2 1% 5B (DMA) 1L TQ800 %, & [# TA
NGIF

T i8S (SEM) : VEGA 3 LMH %!, ##
7 Tescan 2Nl o
1.3 XAEH &

EP, CTBN £l 2E4MZ 43 5l % T — 5 W e, 4%
EP Il CTBN IR G 1% S+ 2 h ]I 2E4MZ
R, e 75155 EP / CTBN / 2E4MZ K5 HRIE &
Yy, 2o, EP M 2B4MZ Jfiim b 20 ¢ 1, CTBN A%t
TR SN 0%,5%,10%,15%,20% F1 30%. iR
GV T 35 CHEZS, T4 24 h i3 2IBIRIE AW,
BUE S ARRIR G TR RS FEREE 110°C R
30 MPa N H#EHLES 1 h 15 2] HE AL, S5
THEF T 150°C 1L 4 h,
1.4 XALE

AR B TR i R 2, I B AR 2 am

ANAMR, IPT A G mokd B A (R 1) 4%
07 %) RS IR EAT SC—CO, ML, 15T 541 60°C
/12 MPa/ 72 h,% 30 s BHUAR, 1538 CO, il
e RER A R I R R R A & 5 BT 25°C
RIS H AL b ek o
1.5 HEAEMIGX 5 45 # AT

DSC {3 : >R F DSC {¢ 3£ EP / CTBN {k& &
(%) 1 £k T 5 0 1 4 7= P 3 3 Ak e A R B (T, THilR
X [8] 50 ~ 200°C, FHEHE 2 10°C / min, WX A
SR

DMA 3% : 2K Ji DMA {30328 3 1R 44 & 16 4%
REAE i AUFEARR I, I BE Y L R 30 ~ 200°C , FHE
R 5°C /min, JREIR K 1 Hz, 7] 320 = 52 i
AR

AR B g R B - RORR SRR R, R 43
B R (R 0.01° mg) HERf PR i i i M, 5 1l
1 R T OB A T B RO FR BT A M.
CO, S FNZ B M(%) H2 18 (1) RiHE

M- M (1)
M M X 100%

AR RN R NI I N = a7 N 81
AN [i) i I s 0 I ) AR 4 i, A AR e K o i)
S5 MR AE IR, A5 B0 A W B 2 5 AR 4 Ficken 47 HiGH
W, by 2SR B 5 A W B EsF [0 F 5 MR 30 BB G
EL, R B 28 Dy(m® /s) TR (2) 5.

il

AP 1 IRRE IR mos M Sk R i W B 5 [R]
CO, f i, mg/ g ; 1y MWL ITIE], s 5 My R 1, B
ZSREHE, mg/ g,

SEM 4341 : R H SEM WS LR A 2 W i 7 55
I FLZE R . MR AR A2 HE T, 90 s i 4
b, R FH Image Pro Plus 6.0 ¥ L4 B4k 448 11
SEM M H-Hp— s X 4k P 270 100 N fL. 1 FLF
¥ EAE d(pom) JEFLEE N( A /om’) # 2L (3) .2
4) 14

=(15a) ®

ArPed, M, A, n 5 FR B IUT T e
WAL AR (o) ORAEE BR A SEPRHRL (cm®) A
LB (1)


杨超


54, % . CTBN BBIFR G RIS HOTL 40P 5

2 GREIE
2.1 EP/CTBN 2tttk & o5 H7

K1 AR CTBN & & & & 1Y DSC i i
L AFH M T, 8 W3R 1. R IE la Al E ), CTBN
X S A [T A U B2 5 o AN A Tk T A 0 g TR
24 120°C ; i1 - CTBN H1 EP J o7 , [ 4k s 5 32 B ik
N AR SR T 5% IF, CTBN F1 EP [ ) ik 5
LT VAR AN TR BOSAER R S5 R 120C,
0.5 ho HiI& 1b IR 1 AT, IR IK R W T, bl %
CTBN & & By UCE I, T, M\ 98.44 °CF [ 2=
81.89°C., 1T SC-CO, Xt HAIE I T, FEAIK 20 ~
30°C ", MO E SC-CO, MR IERT IR EE A 60°C.,

50 75 100 125
R /<
(b)
CTBN F5ii: 1—0% ; 2—5% 3 3—10% ; 4—15% 5 5—20% ; 6—30%
a—RFEIER ; b—5E &R R
1 R CTBN f k& 5 DSC FHR ML
%1 A E CTBN &2 EP/CTBN #£BiZ 7, &
AL /0
$iH CTBN &5 /%
0 5 10 15 20 30

7,/ C 98.44 9732 9654 9097 89.85 81.89

2.2 EP/CTBN 24k £ Wi d 4947 F SR

& 2 A CTBN & i HR A R Wi SEM ]
Fo 4l BP S W i vk Wi 2, S 80—
J#&; 5% CTBN i, SLiA th e % 4], & A= B A
JE, CTBN &l i, SPEAS B I 2 ; CTBN & i

N 10% I, W B R AR AR 7= A 18 2 e s 5

CTBN 5 & #k, 43AH#H i, 30% CTBN 7% &,
FARAZTE

CTBN &t a—0% ; b—5% ;c—10% ; d&—15% ; e—20% ; F—30%
&2 A CTBN & iR A A EHETE SEM R

CO, SR FNIZ B i Ze an &l 3 iz, CTBN %
M 0~ 20% i, SR AN B 5 OE AH SCF CTBN
i RSB AL EP JEAR, B T ARE A 2 CTBN
Tt THAE EP HA WS 1) (K2 3% B
it U, CTBN 43 A, #H AL A2 <44 CTBN H
EP B 45 5 W [ CO, MR, 5 3500 AR W B o 184
CTBN & &0 30% B, AR AR A1 3, S 8o 20 m
/N RS AR PSR TR RS, CO, At T
BT T R, CO, AR I thZe an &l 4 s,
I3 ( DLEA 2R ), Bl CTBN 3, fig i
A A S50 0 5 B[] A, R o Sk S A, AR U
221%,10% CTBN B}, AP Rit s 251, R
TR R v il T 3R YA PR AR TP Al CTBN 30 AH ™ AR A A

[
(=]
1

COMIAHITT S / %

wW A U N 9 0 O
T

0 5 10 15 20 25 30
CTBN& it /%

&3 K[ CTBN friifk % CO, SARMEL R 2


杨超


36 TRIBRH

2017 4F 55 45 4,55 4 M

—_

(=3

(=}
T

o |
60| °
40

SAEEE / (mg - g

20

0 20 40 60 80

tl/2 / minl 2

100 120 140

0—0%; ©—5%; 2 —10%; v—15%; ¢ —20%; < —30%

4 RIF CTBN &tk CO, “THRMMLH i 2
i AR A T W B B £ 10 CO,, 10%~ 20% CTBN 75
T A FE AR A B R A 4l BP R AR AR EE, 340 3 A%
ZiAi,10% CTBN F il , AR / ff B e fE
2.3 EP/CTBN 3tiR/k A2 55l

Kl 5 )R [F CTBN % &1k 5% DMA i k.

S o], I T, R AR R i e AR T I, X
CTBN 1N 5%, 10% F 30% (A (110 °C Xt R
B HERT 435 R 1600,500,10 MPa) T 110°C & L
10 s, H: SEM Wi ani&l 6 fros .

2500 L 4 1800
< 2000 L g
& [ =
S 1500 Foe-- {1200 =
> 1000 |
ﬂﬂ 500 gﬂ”ﬂ
- gy
= 0 1600 ¥
-500 |
~1000 0
50 100 150
WA/ C
- —figfRRIE; —— IR

CTBN %t : 1—0% ; 2—5% ; 3—10% ; 4—15% ; 5—20% ; 6—30%
5 A CTBN &it{AZ DMA i<k

10pm

CTBN Frt:a—10% ; b—15% ; c—30%
& 6 AF CTBN SRR 110°CKIH 10 s A

AT LA H, B BERE S 1600 MPa i), 44 K|
T, X%t CO, AT, o FLAEIEAR 3 S ik K
WAL JESONERIE ; 5 IR, (B REAR
10 MPa i}, FEAR R I L4, AR5 WK, £l
ROt JHE, W ALAE K ASELN, 0 FLIE 55008 4% s 24 4%
AEATEEl 500 MPa B, W ALAR 405, VR EE SR IE,
WALESUAIERIE . FRILAT WL, EP/ CTBN LR A
FRUOFLEE R R FLIE S SRR DG R 2% D), XTI
PR A SRR AL RL , A LME T A4 X “F A BEAA i
FLIESEMER ], FEARRIE A3 , T A 243 A 4 — 1Y
HALEEHE
2.4 EP/CTBN /K 2 8304 #) 5H7

(1) ARl CTBN & i fLE5H4

K17 2% EP/CTBN RAZR T 110°C KL 15 s
it , AR[R] CTBN &fAk &2 SEM 8 1, Hf LS HUL
# 2. ALIELH, CTBN &R 0% B, Fhild A& o st
SARAESE R TP IR SAZ A K, AR BRI, LA
JT %A L4548 . 5% CTBN &1, CTBN 5
EP J IV , 388K M 4% /77 CTBN ik, inf&l 8 s,
WH CO, B R 5 4 4F CTBN 4>FHEkL; 1AM, T
CTBN Fil EP 2 i 7= ) B AT S FE 45 0, ke A A vl
T4k, CO, 1E R F 3244, T8 AL T Bl 2 1

L

b

CTBN Fri:a—0% ;b—5% ; c—10% ; d—15% ; e—20% ; £—30%
[¥ 7 AJa] CTBN %ri,110°C, 15 s &S SEM Wi e A


杨超


54, % . CTBN BBIFR G RIS HOTL 05 5

%2 7AE CTBN @2 BRI RAILEE

CTBN 53 /% HWALRSE / wm LR /(4 - em™)
0
5 0.82 2.48x10"
10 1.07 6.28x 10"
15 1.41 5.60 % 10"
20 1.49 1.97 x 10"
30 2.70 0.495 x 10"

0 0 0
0.2~0.0°2 “”##ﬂ’“ww_ﬂ*w
N0 0%%0% 0 3

©COSfk  =——=EPR - CTBNEX

8 CTBN MM 4 B 70145 CO, IR 4]

FEaRAE T U A R CO,,5% CTBN MR
FEARRE AN LA IS TE S EE WL R ST
254 0.82 wm. CTBN &~ 10% i, #2541,
TEAR T A K A CO, SR, 52 P SARTE S 1H %
¥, A% A A R R e — D BRI e &2, il <
A 5 K PO fLRGSE 1.07 pom, LB
6.28 x 10" 4~ /cm’. CTBN &4 15% i,y Fl7F 3
RIS AR e 2B

CTBN % &} 20% H1 30% 5, # fieAH 1 %,
CO, M 7 i B A2 38 AR ISR [a] EP AR AT
TR, SETHD AR T B v A B S Ay L Tl Y B B
BU. CTBN & & 20% A, % i 4o A5 g0 R A0 4, 0 ¥
b EP F1 CTBN F[H1 10 3 2 A6 JEE 0K il o B 1 24,
CO, TR BEZL BN, 3 R fLAE %L, CTBN & it
30% HFFEREE BT 2R SUIR RE 4

WALGE i s, B CTBN & 1H84 N, i fLF
PIRGFN 082 pwm % 2.70 pom, i £L % & ot
Jrik#, CTBN &l 10% BHE AL SH R L3 B
1.07 wm 1628 %104 /em’,,

(2) AR B R FLES R RE A

15% CTBN & & R EAK R T 110°CRHEA
[i) HsF 5], ¥ FL KT 1T SEM B8 - Un &1 9 fos . W& A&
YIS RIEG I, Y FL AR b 23 i A KRR O = A
BrBt. 0~5 s BF, S04 I 3w 0 B AR /N it
fL;5~15 sBf, fLAE K fEIL R 3 50 406, S
BIERE 4549520 s BF, i fLAIF, OB AR N
WEEKIE ,30 s B, AL 2R IT 35 Fa , v BE s B YR
(ARG 4 o AN TR) & S s ] b LR ST s B an ¢ 3 iy
7No HHER 3 AIE S, BEAE A g, LR 1
I, L B S S R LR 053 pm 3
329 pm, ¥ L% EEAE 0.517 x 10" ~ 6.07 x 10" 4>

/em’ ZI8]; & 10 s LR SR AL % ik 3 i
H,°51.07 pm F16.07 x 10" 4 /cm’,

KUIEFIA]: a—0 s 36—5 s ;¢—10 s;d—15 s;6—20 s ;30 s
E9 15% CTBN #RZRAE & fLasH

®3 FREZBNEELRTREILEE

JIE] /s WASF / pm WFLESE /(4 - em”)
0 0.53 471x10"
5 1.01 5.24x10"
10 1.07 6.07 x 10"
15 1.41 5.60 x 10"
20 2.15 1.95% 10"
30 3.29 0.517x 10"

SRR IA R CTBN & % & i Rl i3
FTUAR IR, W FLIAZ A K R AR RIS 3 CTBN AR,
HURMEGBTEBL, RoF <1 pm ; LA K BB, ¥
LRI, RSF R 1~2 wm 3 R, L
FEAE AL RT3 K B R/ . AT B R R AT
FLAFLB BN FEHL CTBN 7 10%~ 15% IR R,
BT RIAE 10 ~ 15 s, KU EREHIZE 110°C.,
3 &g

(1) 3 i DSC WF 5%, i 2 12l A 30 [ 1 45 1748
120°C &4k 0.5 h 5 mEEREIRE R 60°C. CTBN
P8 DA 0% 34 i %) 30% B, EP/CTBN & & ) T,
FREE T [, H DSC 3005 45 R N 98.44°C R FE =
81.89°C.,

(2) CTBN & 5 34, 34K iy e A2 91, & AE 9


杨超


58 TREIERL

2017 4F, 45 45 35 46 4 1)

AR IE ,10% CTBN & &t B 355 AH 45 44 5 Bl %
CTBN Frimdi s, CO, “TMARM i ft 15, fifk iz B ik %2
T, 10% 25 s it R/ Sk e B ACR S o

(3) LR AR R GUAL A I R I FLES R At £ LI 55
EJRLARWIPE DG R B ), X T WA A4 JE 44 Lo
5] GEREIREE s XEF “TRAKT (IR WAL iR
K TE S BOMERS ], FEAARNIPEIS X, w45 2] 53 14—
(A3 FLZE R .

(4) WAL AAZ & AEAEAR & it CTBN (R &, 1§
RUEIGHTBL, RoF <1 pm ; WALA KB B, AL
SRR, WAL N 1~2 wm s KIS, L
RIFEH AL R AT K % B/, CTBN & i 10%
~15% Z[8], K IR JE 110°C, K& ot a] 10 ~ 15 s,
HALEH R 4T

& % ok

[1] Bao JinBiao, Liu Tao, Zhao Ling et al. Oriented foaming of
polystyrene with supercritical carbon dioxide for toughening[J].
Polymer,2012,53(25):5982-5993.

[2] Chen Limeng, Deniz Rende, Linda S, et al. Polymer
nanocomposite foams[J]. Journal of Materials Chemistry A,
2013(12):3 837-3 850.

[3] Cooper Andrew I. Polymer synthesis-and processing using
supercritical carbon dioxide polymer synthesis and processing using
supercritical carbon dioxide[J]. Journal of Materials Chemistry,
2000, 10(2):207-234.

[4] Gong P J, Buahom P, Tran M P, et al. Heat transfer in
microcellular polystyrene / multi-walled carbon nanotube
nanocomposite foams[J]. Carbon,2015,93:819-829.

[5] Ma Zhonglei, Zhang Guangcheng, Yang Quan, et al. Mechanical
and dielectric properties of microcellular polycarbonate foams with
unimodal or bimodal cell-size distributions[J]. Journal of Cellular
Plastics,2014,51(3):307-327.

[6] Li Ruosong, Dan Zeng, Qi Pan, et al. Response surface
optimization for producing microcellular polymethyl methacrylate
foam using supercritical CO,[J]. Journal of Cellular Plastics,2015,
51(5-6):471-487.

[7] Auvergne R, Caillol S, David G, et al. Biobased thermosetting
epoxy:Present and future[J]. Chemical Reviews,2013,
114(2):1082—-1115.

[8] Ito A, Semba T, Taki T, et al. Effect of the molecular weight
between crosslinks of thermally cured epoxy resins on the CO,—
bubble nucleation in a batch physical foaming process[J]. Journal
of Applied Polymer Science,2014,131(12):1-8.

[9]1 Zhang Jianing, Deng Shigiang, Wang Yulong, et al. Role of rigid

nanoparticles and CTBN rubber in the toughening of epoxies with

[10]

(1]

[12]

[14]

[15]

[1e]

[17]

[18]

[19]

[20]

(21]

different cross-linking densities[J]. Composites Part A:Applied
Science and Manufacturing, 2016, (80):82-94.

Sprenger S, Kothmann M H, Altstaedt V. Carbon fiber-reinforced
composites using an epoxy resin matrix modified with reactive
liquid rubber and silica nanoparticles[J]. Composites Science and
Technology,2014,105:86-95.

Ochi M, Takahide Morishita T, Shinobu Kokufu S, et al. Network
chain orientation in the toughening process of the elastomer
modified mesogenic epoxy resin[J]. Polymer,2001,42 (24):9 687—

9695.

Zhou Hengshi, Xu Shiai. A new method to prepare rubber
toughened epoxy with high modulus and high impact
strength[J]. Materials Letters,2014,121:238-240.

Zewde B, Pitliya P, Karim A, et al. Synergistic effect of
functionalized carbon nanotubes and micron-sized rubber particles
on the mechanical properties of epoxy resin[J]. Macromolecular
Materials and Engineering,2016(2):542-548.

Wise € W, Cook W D, Goodwin A A. CTBN rubber phase
precipitation in model epoxy resins[J]. Polymer,2000,41
(12):4 6254 633.

Vijayan P P, Pionteck J, Huczko A, et al. Liquid rubber and
silicon carbide nanofiber modified epoxy nanocomposites: Volume
shrinkage, cure kinetics and properties[J]. Composites Science
and Technology,2014,102:65-73.

Ma Zhonglei, Zhang Guangcheng, Yang Quan, et
al. Microcellular foams of glass—fiber reinforced poly(phenylene
sulfide) composites generated using supercritical carbon
dioxide[J]. Polymer Composites,2015,37(8):2 527-2 540.

Leung S N, Wong A, Guo Q P, et al. Change in the critical
nucleation radius and its impact on cell stability during polymeric
foaming processes[J]. Chemical Engineering Science,2009,
64(23):4 899-4907.

Tomasko D L, Li Hongbo, Liu Dehua, et al. A review of
CO, applications in the processing of polymers[J]. Industrial
& Engineering Chemistry Research,2003,42(25):6 431-6 456.

Kajiya D, Imanishi M, Saitow K I. Solvation of Esters and
ketones in supercritical CO,[J]. The Journal of Physical Chemistry
B,2016,120(4):785-792.

Jia Pin, Hu Jie, Zhai Wentao, et al. Cell morphology and
improved heat resistance of microcellular poly(L-lactide) foam
via introducing stereocomplex crystallites of PLA[J]. Industrial
& Engineering Chemistry Research,2015,54(9):2 4762 488.

Lee M, Tzoganakis C, Park C B. Effects of supercritical CO, on
the viscosity and morphology of polymer blends[J]. Advances in
Polymer Technology, 2000, 19(4):300-311.


杨超




