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Prepar ation and properties of fluorescent europium complex-modified
hydroxyl-ter minated polybutadiene-based
polyurethane elastomer

CHEN Ke', JIANG Wen', YANG Qianl, TIAN Wenxue?, WANG Xiaoru?, LI Chunxiangz*
(1. Xi'an Aerospace Propulsion Institute, Xi'an 710000, Shaanxi, China; 2. School of Chemistry and Chemical Engineering,
Harbin Institute of Technology, Harbin 150001, Heilongjiang, China )

Abstract: To establish a visualized correlation between micro-scale and meso-scale structures of hydroxyl-
terminated polybutadiene (HTPB)-based polyurethane elastomer for crack detection, a dihydroxy-
functionalized europium complex Eu(TTA);DMPA was synthesized using 2-thenoyltrifluoroacetone and
2,2-bis(hydroxymethyl)propionic acid (DMPA) as ligands, Eu’" as central metal. The complex and
1,4-butanediol (BDO) was incorporated as chain extender via covalent bonding during the hard segment
synthesis of HTPB-based polyurethane elastomers, resulting in a elastomer (E-HTPB-PU) prepared through
fluorescence labeling. The samples were characterized by FTIR and fluorescence spectrophotometer. The
effect of the content of hard segment composing of Eu(TTA);:DMPA, toluene diisocyanate (TDI) and
1,4-butanediol on the mechanical properties and the fluorescence intensity-strain relationship during visualized
tensile deformation were investigated through tensile testing and Abaqus simulation. The results demonstrated
that the chemical formula of Eu(TTA);DMPA was determined as Eu(CgH,40,SF3);CsHyO4, and E-HTPB-PU
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exhibited tunable fluorescence intensity. E-HTPB-PU-15% prepared by 15% hard segment content (mass

fraction) showed the optimal comprehensive mechanical properties, with an elongation at break of 1074% and

a tensile strength of 1.21 MPa. The tensile strain of E-HTPB-PU was inversely proportional to the

fluorescence intensity, and the higher the tensile deformation degree, the lower the fluorescence intensity, so as

to realize the visual correspondence between the mechanical and chemical signals received by E-HTPB-PU

during the tensile strain process. However, the appearance of micro-crack in the tensile process was

accompanied by the fracture or slip of the E-HTPB-PU molecular bond, which led to the aggregation of Eu

around the crack. Therefore, the fluorescence intensity in the local cracked region increased.

Key words: hydroxy-terminated polybutadiene; micro-crack; elasticity; fluorescent labeling; visualization

imaging; adhesives
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ZBRHAEA . R SOCPRICER , X R IRk
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NIk A E AL ( EuClye6H,0, Tt 704k 99.9% ).
2-WEWY I Bt = S50 B ( HTTA, /3% 98% ). 2,2-
W H )RR ( DMPA, R4 98% ), HIZKE
SEMRE (TDI, Jii /0% =98.0% ), iR+
THACRHE A R 2w s HTPB, Kookt (&
) BB ABRA R 1,4-T ZF (BDO), 4347
afi, BT EYIWIBARAR; AR T Y
(DBTDL ), 4r#frali, REEFHEE RN AT ;
PUS RN (THF), Zfral, KW E FEabe TA
FROAFE]; TR W, rd, KRE K b5
HIRAF,

Nicolet iS50 I {8 FL i AR 466 21 AP SE 5 {X ( FTIR ),
& E Thermo Fisher Scientific 227 ; LS55 B%¢ Y65
e EETE . IVIS Lumina BZ8 8 248, £ H
Perkin Elmer /A &) ; UTM23327 BUSSHLEE il B T 7 fig
I, W = PR B A FRA 7l ; AVANCE
Il HD 600 MHz 7l 4% fb 8 T A% i He i i i
(NMR ) , [ Bruker /A ); Sigma 500 %37 % 5
Hili B F o8 (SEM) , f=E Carl Zeiss A F
12 Ak
1.2.1 REATSDH &

S SCHR[16-1717 Ll & DO R &Y. =il
T, ¥ 2.199 g (6 mmol ) EuCly*6H,0 ¥ T 20 mL JG
KOEEET = O S, HrbafhinA 3.999 ¢
( 18 mmol ) HTTA ) LB (HTTA 7E SR
fR Al , RED), Bk 10 min, BEJS . FIE R -2%
P23 N 0.804 g (6 mmoL ) DMPA i) Z AR T I
WEWR, R 30 min, ZJ5, IR E 5%
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1 2 AL BRZK IO pH 29 7, T 55 °CoKI T B
5ho IMZERIE, ¥ ONRBIA LB TR, Gk,
VEVR 3K, T 40 “CHZ T 24 h, 135 2.967 g {1
IR, RIEATCE YR Y. FEEATCE YR i T
KB, FAERBEF KL, 155 2.603 g FL5 i
P4, iCH Eu(TTA);DMPA ., Hil & BRZ 0T s

CH,0H 00

0.9 P o cHoH
EuCh+6H,0 + HiC —|—- COOH + M‘; — e Se-8-dn,
CH,0H 9§ cnon

NS (s

CF; W

DMPA HTTA Eu(TTA):DMPA

1.2.2 HTPB & J& 2 B 3R 4] &

R e A HTPB, TDI. Eu(TTA);DMPA
1 BDO i o [& 1k 52 b il 45 5 3 Mk b TDI .
Eu(TTA);DMPA F1 BDO 3 FHRF 43 T4 2 i Y b2
ZERE SO SRPEIRREBE, DL HTPB 20 T-5E 4L i1k
2R ER E SUNERBY, [l Eu(TTA);DMPA ( %456 )
BN 2%, WRIEAI (1) [ (2) X B & kT
WA,
n(—NCO) = n[HTPB(—OH)] + n[§ 4%57(—OH)] (1)
Bl B2 /% = (mrprtmarsen )/ (Myrps+mrprtmyen) < 100
(2)
K n(—NCO)N FF MR AR I A ) 1) 5, mol;
n[HTPB(—OH)| 4 HTPB H 3L Fi i, mol; n[d"
I (—OH) A 47 PR EEY R AL, mol; m A
TAPRX N E ) F R, g; Eu(TTA);DMPA 5 BDO
BN BER

BTG R BE B 84 N 10% . 15%. 20%.
25%. 30%M%¢ 5 HTPB Al MEddEik, 10k
E-HTPB-PU-10% . E-HTPB-PU-15% . E-HTPB-PU-
20%. E-HTPB-PU-25%. E-HTPB-PU-30%, E{KJC
FNFE 1R,

# 1 E-HTPB-PU /5 RHEC 7

Table 1 Raw material formulation of HTPB type polyurethane
clastomers with adjustable fluorescence intensity

it HTPB/ TDI/ Eu(TTA);DMPA/ BDO/

R TR% 8 g g g
E-HTPB-PU-10% 10  10.00 0.75 0.22 0.14
E-HTPB-PU-15% 15  10.00 1.17 0.24 0.36
E-HTPB-PU-20% 20  10.00 1.65 0.25 0.60
E-HTPB-PU-25% 25  10.00 2.20 0.27 0.87
E-HTPB-PU-30% 30  10.00 2.82 0.29 1.19

E-HTPB-PU MR &5 T . EoL, KE
it Eu(TTA);DMPA #fi# T 10 mL PU&( kg, 153
Eu(TTA);DMPA 1 U S0 K IR W, 75 FH 5 8 2 it HTPB
T 10 mL PUSRIE R, 53] HTPB () DY S0

W, & HIk, 78 60 °C/KIR TB HTPB fI U S
WG 1B Y TDI A5 HTPB Jfi 2 1%/ DBTDL
IMAZ DB RN 2.5 h, FR¥IARTHEZ 65 °C,
JIA Eu(TTA);DMPA F4 PU SR IR AT, [V 2.5 h )&,
AR BDO KW 2 he RNEEHE, &R E A
PR, EEIR T T4 d, T 60 CHZ T
bt 2d, 4%] E-HTPB-PU,

HTPB R FEE#MEK (HTPB-PU) 1 54 3
5 E-HTPB-PU #[F], {UASNA Eu(TTA);DMPA,
1.3 SRS ERENK

FTIR M : R Sl iRk A KBr J& ik il #f
VR ATR #5087 4000~400 cm ™', 43
BN 4em™, FRURE32 K,

'HNMR i : 5ACEET ( CDCLy ) iR 5

BEIEICIGEMAR . Eu(TTA)sDMPA 3zt &5 14 Ry ik
4 5 nm, HLJE 500 V, HHEE 1200 nm/min; E-
HTPB-PU IR &4 B % 2.6 nm, HLE 500 V, £
3% 1200 nm/min.

SEM M. FEatmigr, A Y5 (LEID)
P, TAERJE 20 pA, HFIEE K 5.0 kV,

FreEPEREM R . MRS B HIVE S IR GB/T
9865.1—1996 it AL A5 1 Fi AR IR P AR o A ARE
g ) 2 TUEATHIVE . B qa B R i 2
MR 7 5 1 GB/T528—1992 ( Bk st Al A 1
AP AP RE B0 52 Y 2 RSB ARGy Ik AT
PEHL 3 A~ [AlI vk -8 H <) E-HTPB-PU
WEAAAREESS, BESCR SE R 20 mmx4 mmx2 mm, 7F
100 mm/min $7 {3 38N XA S5 047 7 2k Rg v A
M, S5 R RCT-1H .

PECGMIK . FEDE AR R G % E-HTPB-
PU A TR R AR, 1SR RIEAE T 12 s 2
B RARSS R EARE, FEAARSE R 10 mmx10 mmx
2 mm, RHAZOCRIG REAERA IR N 420 nm, &
S KR 620 nm Z /4 P TIEL, ARAERC (3) X
RS IEAT O R T e R I A

D/% = Iemission/Labsorption 100 (3)

K @ HEFTH, %; Lmission A E-HTPB-PU [
DECRIFIREE , au.; Lpsorption A E-HTPB-PU %5
WG, a.u..
1.4 HiEAE

{8 FH Abaqus 4%} E-HTPB-PU #4745 FRIC/MT

2 HREWR
21 RIESMRERH

2.1.1 FTIR
[ 1 & Eu(TTA);DMPA £ FTIR i%[& .
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K1 Eu(TTA);DMPA 14 FTIR 1%/#
Fig. 1 FTIR spectrum of Eu(TTA);DMPA

ME 1AL H,1656 cm™ &b HTTA Hh C=0
R AR IR S g, B RS Y Eu(TTA);DMPA
Ji C=0 SEMWBIELaT R E 1622 cm ' A, UL
HTTA i) C=0 %5 Euw W IhEfr, HIMar
W B JE BT = F ¥4k ; DMPA M
Eu(TTA);sDMPA 7£ 3377 cm ' Fff 3T HiEE T—OH Y
iR S, (HE BC A Y Eu(TTA);DMPA J&5 ,
PR —OH 1 AH X 5 il 1T 588 B 055 5 1691 em ™!
I JEFRIE (C=0) M de IR sl e, JE BLIC &
Y Eu(TTA);DMPA J5UICIETH R, - HAE 1540 A
1412 cm ™" 4b 3 T —COO— A4 Sz % R4 45 4% 5 Wit
WAL U LK R e 4 i 3 MR SO, R 2 ) Y 25 (R
128 em ™, <200 cm™', ULHRRERMR A EIH A O Ji+
Ve Ml R T2 580, 5 Bud A R, B
WKIESZ DMPA Wi C=0 ##'5 Eu’ IR 7,
Eu(TTA);DMPA ) '"HNMR &% /& (&g ) th, 61.01
(AT ), 3.42(—CH; ), 3.46 (—CH,OH ), 6.50~
8.00 (WEWYIA ) WA B KA IE L, 456K
FTIR % &, #E Eu(TTA);DMPA ¥ 1k 2% 3 Ky
Eu(CsH40,SF;);CsHoO40

2 >N HTPB-PU #l E-HTPB-PU-15%F FTIR
I

E-HTPB-PU W
HTPB-PU (‘\u

4000 3500 3000 2500 2000 1500 1000
BEBUem™

2 HTPB-PU Hl E-HTPB-PU-15%# FTIR &
Fig.2 FTIR spectra of HTPB-PU and E-HTPB-PU-15%

MIE 2 7] LLE i, 7 HTPB-PU Ay FTIR 3% 1,
1540 cm ' kb N—H #EZ hIRS00&; 1710 cm™!
A ERFE (C=0) RYM%EIRsNIE; 2260 cm™ 4bk
HPL R FR AR L (—NCO ) MHFfiEIE . 1, HTPB-
PU A 24 5 R R BE M A7 A, RS L 25 it o 7
E-HTPB-PU-15%[1 FTIR &K, Bk THEAE Bk
HTPB-PU B [EHFIEAN, 7E 1244 F1 1136 cm™
A IR T C—F B C—S S i 4 4R sh i, JIF
5 E-HTPB-PU-15%%. 2l % o
212 ®AKIE

[ 3 > Eu(TTA);DMPA FY%¢6615E . IR 3 Af
DI, FEELRSHEK 614 nm, 1175 Eu(TTA);DMPA
A3 A Y & G A T 375 nm (8] 3a); il
FEWOR AN 375 nm, P15 Bu(TTA);DMPA 7E 580,
591, 614, 651 1 697 nm 4bHBL T EH1 5 AMFRAE A 5T
W IR T *Do—"Fo BRIE P Dy—F BT °Dy—'F,
&E\ 5D0—>7F3 EE?H(ELJ& 5D()—>7F4 EE?‘&‘:F, ﬁ
WK I BETE 614 nm AbikF i, HEE 614 nm
() % S AT 45 3) 375 nm IR G

a
5
&
]
il
R
®

200 250 300 350 400 450 500
Pmm

b
5
|
i
=
R
i

500 550 600 650 700 750
BH/nm

3 Eu(TTA);DMPA HIFGRUIEHE (a) RIS (b)
Fig. 3 Fluorescence excitation spectrum (a) and fluorescence
emission spectrum (b) of Eu(TTA); DMPA

¥l 4 i Eu(TTA);DMPA F1 E-HTPB-PU-15%%
SEECIGEXT LI, WK 4 FTLLE S, FE RS K
614 nm, E-HTPB-PU-15%7E 373 nm Ab3RAG45 K%
KW, FI Eu(TTA);DMPA {1 T 375 nm 4k #9984 & 4
M, HEEBMS, HigPdHa2E0) (K 4a),
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XAEH R, TR & AR 1 A2, Eu(TTA);DMPA
M HTPB N 255, W 5 34usoy S8 1 =
WAL, ERER FEEM kMK 373 nm,
Eu(TTA);DMPA Fil E-HTPB-PU-15%3J7E 614 nm 1
A ST, RO ECTREETOL RS, HET
5D0—>7F2 EE%J@E&O

N

=
é E-HTPB-PU-15%
b
ES
&
Eu(TTA);DMPA
250 300 350 400 450 500
I H/nm
b
5 E-HTPB-PU-15%
s
#
b
E|
®
Eu(TTA),DMPA

500 550 600 650 700 750
HH/nm
4 Eu(TTA);DMPA il E-HTPB-PU-15%[{%¢ i %kt
i (a) MRS (b)

Fig. 4 Fluorescence excitation spectrum (a) and fluorescence
emission spectrum (b) of Eu(TTA);DMPA and E-
HTPB-PU-15%

5 R AN [ B B F i 1Y E-HTPB-PU B9 26
W B s ATLAE e &S 614 nm, E-
HTPB-PU 7£ 315~375 nm Z [A]45 —~ 58 (3 & 1
H7E 373 nm Zbik i Kk g (K 5a); ek
Bk Hg 373 nm, FrA E-HTPB-PU ¥J7E 614 nm 31
FoR &S, RN BEuRRHIETOE & ST, 198 T
Dy— 'F, LT ERT
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Fig. 5 Fluorescence excitation spectrum (a) and fluorescence
emission spectrum (b) of E-HTPB-PU

2% B RTAR BB S RS20 E-HTPB-PU (9856
PR R SN E , (G CR A . O=R P,
R g e AR B AN S 2R R RE AR DG, D
FEPE(L S Bu(TTA);DMPA {456 AL I 22 R B A 56

& 6 My AS[R) Al B & 2 i E-HTPB-PU %8G JiE
Bl EE

900 1=32.9x-119.5 (R*=0.8) .

10 15 20 25 30
BB A R/%
K6 WS i E-HTPB-PU (9063 25 1k

Fig. 6 Change of fluorescence intensity of E-HTPB-PU
with different hard segment content

MWE 6 WTLLE W, BEEEE & LT, E-
HTPB-PU B2 BEZHem, SO2K N, 96
Jii Eu(TTA);DMPA 7E [E {b 2 72 v & 54 5 570 (1) 4R
M, 8 TR i B oy, B & 1T, FRR
% Eu(TTA);DMPA SRTR N g n, i i S 80¢
JEERE N, E-HTPB-PU-15% . E-HTPB-PU-25%)
DGR EE B, X2, RAEAMRR AR
REGHMEER, SBCRERKMEA, A
(3) 58, WEHETOLE T RINGERAE 64.70%/C
fio WEEAKT , Eu(TTA)DMPA LI FIEASAE
R R OB BE A3 Ai , BB B A o R B B
MO i v, A 1 T R 7 5 T A e B 1) 43 A B
J7, RSB  R A  IRAEAE KIGE . I, BEE B
B mtrysen , ser AR 98 o B AR T
P
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2.1.3 A Hak

& 7 M A el i B 2 1 14 E-HTPB-PU 14 ) 3¢ M fiE
ARG

Fie EIE U HTPB F2{H M 0.48 mmol/g, FHit
I 10 g 9 HTPB #17[E KRS, TDIAINE K 0.84 .
BDO @R 0.22 g, XA AT ANZE S ECT 3k
PRORE B ik 9.52% DRI, 40 Bt 5 E>9.52% M
HTPB 3K 52 b o8 4, AL Tk
SEAIRAS . mtbAl %N, E-HTPB-PU-10%~E-HTPB-PU-
30%39 40 F EfL e RS . NE 7T TR, BEE
T B 2 5 ML 10%384 3 30% , E-HTPB-PU (137 i 5/
M (K 7a), XATREREF N, MBS &K
Aof 2R IR A AR A I B I, il B 1 0 K S B
SCWREE I 22, DT B MR 7 A i B (A ) T .
TR 7 il 5t 5 5 Dy S R 22 A 9 5 AR AR
LR R, MM B E N 15%8), E-HTPB-PU-15%
Wi KRR 1074%, PLAFSEE N 1.21 MPa; 241
Bt &l 30%0, E-HTPB-PU-30% {58 & 5 K,
b 7.22 MPa (&l 7b), DA S K R ok F AR I
E-HTPB-PU-15%M %5 & 11 MR fedE:

8
7L a —— E-HTPB-PU-10%
‘ —— E-HTPB-PU-15%

6 —— E-HTPB-PU-20%

s E-HTPB-PU-25%
< —— E-HTPB-PU-30%
St/
E 3t /
= sl ) / //,,

Ay

ok —

—1 1 L 1 Il 1 Il
0 200 400 600 800 1000 1200
NEAE/Y%
8rb mm hrfHR 11200
O WamkE A

© 61 1000
s =
#X 800
g 4 ¥
& &
B 4600

2t B

400
ot al |
200
10 15 20 25 30
R’/ %

B 7 R B S Y E-HTPB-PU (9 - 25 M2k (a)
LA 5 B - W7 2R (b)
Fig. 7 Stress-strain curve (a) and tensile strength-elongation
at break (b) of E-HTPB-PU with different hard
segment content

22 FIHEEARLERDH

& 8 Sk E-HTPB-PU-15% 7 A [ A% -5 S o i
AL, & 9 A E-HTPB-PU-15%7E A [R137 {1 57 28 1]
P S R A

—
W
T

—
n
T

—
w
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—
(8]
T

PEEEREE/(x10 a.u)

—
—

50 100 150 200 250 300 350 400
NEAE%
Kl 8 E-HTPB-PU-15%/YHifH i AR -5 Y3 B 56 &

Fig. 8 Relationship between tensile strain and fluorescence
intensity of E-HTPB-PU-15%

=50 0

FL intensity/
(10" a.u.)

2.593

0, 0,
100% 150% 5389
E [ 2.186
1.983
1.779
1.576
300% 350% 1373
e | | o— 1.170
0.966
0.763 I
0.598

P 3003 E-HTPB-PU-15%HY )% 2%
Kl 9  E-HTPB-PU-15%1E %6 MU 5 58 YA [Rl R A
A2 E
Fig. 9 Tensile strain test diagrams of E-HTPB-PU-15% in
fluorescence imaging system

ME 8 FTLLE Bl P AR N AR B, gk
TR0 5 G50 BE AW BRI . BARTE R L fE e, E-
HTPB-PU-15% 1) 2¢ 't 58 FE 5 i A o7 A% 9 48 £k 2 26
PERZ(y=—-0.00111x+1.55833 ). fH & 9 7] LI,
HAAS A AR 5 s A . FERAR R, E-
HTPB-PU-15% 7E & 3t J& L 1 sty 14 57 B 2 5 B 4
fiX, wrlEf BEDOCTR R R . XRFEN, TESEPRE:
YERE R, P e B g8 i T 200 9 i 1) J52 B2 /N
T e & Bl PR R AR 3, E-HTPB-PU-
15%H BLURFRIEDE AL B (022, X 5908 4 7 7
SRR A A3 A L T R BT R OG
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