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Effects of sulfur on triple shape memory properties of TPI/EVAC composites
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Abstract : To develop a low-cost and easily controllable crosslinking scheme to simultaneously improve the mechanical and
shape memory properties of shape memory materials, trans-1, 4-polyisoprene (TPI) and ethylene vinyl acetate copolymer (EVAC)
were used as the matrix to prepare sulfur crosslinked TPI/EVAC composites by adding different contents of sulfur, and the effects of
sulfur contents on the vulcanization characteristics, mechanical properties, crystalline, and shape memory properties of the compos-
ites were investigated. The results show that with the increase of sulfur content, the crosslinking density and curing rate index of the
composites are improved, and the optimum vulcanization time is shortened, while the scorching time reaches its maximum when the
sulfur content is 0.5 phr, indicating that at this content, the composite can achieve higher crosslinking density, production efficiency,
and processing safety. The mechanical properties, crystallinity and shape memory properties are firstly increased and then decreased
with the increase of sulfur content, and the tensile strength and elongation at break reach the maximum of 20.7 MPa and 482% when
the sulfur content is 0.5 phr, the crystallinity also reaches the maximum at this content, and the optimal triple shape memory proper-
ties and repeated cycle stability are also demonstrated. The shape fixed rates corresponding to TPI and EVAC reach 97.9% and
82.5% respectively, while the shape recovery rates reach 92.4% and 84.2% respectively. After three cycles, both shape recovery rates
show improvement. The research indicates that the incorporation of sulfur can address the challenge of simultaneously achieving
both mechanical and shape memory properties in shape memory materials by regulating the formation of crosslinking networks. It
can also selectively regulate the melting temperatures of a specific component in composites, providing the new theoretical founda-
tions for designing multi-shape memory materials with tunable response temperatures.

Keywords : trans-1,4-isoprene rubber ; ethylene vinyl acetate copolymer ; sulfur ; mechanical property ; crystallinity ; triple

shape memory property
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Tab.1 Curing characteristics of TPI/EVAC composites with different sulfur contents

Properties T/E-S 0.25 T/E-S 0.50 T/E-S 0.75 T/E-S 1.00 T/E-S 1.25
M, /(dN-m) 1.85 3.27 3.74 4.00 4.38
M, /(dN -m) 0.62 0.60 0.60 0.60 0.60
M,—M, /(dN-m) 1.23 2.67 3.14 3.40 3.78
t.,,/min 226 8.07 7.6 7.20 6.89
£ 4,/MiN 15.04 14.83 14.32 13.45 13.13
Curing rate index/min "' 7.82 14.79 15.01 16.00 16.02
Crosslinking density/(x10™° mol+cm™) 32 43 4.6 5.2 5.4

Notes: M, is maximum torque during vulcanization, reflecting the crosslinking degree of the vulcanized rubber; M, is minimum torque during vulca-
nization, reflecting the viscosity of the unvulcanized compound; M, —M, is torque difference, serving as the core indicator for characterizing the degree

of vulcanization; ¢, is scorching time, i.e., the time required to achieve 10% crosslinking; ¢, is optimum vulcanization time, i.e., the time required to

achieve 90% crosslinking.
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Tab.2 Tensile properties data of TPI/EVAC composites with different sulfur contents
Samples Maximum force/N Tensile strength/MPa Elongation at break/% MO(:;E;;;KALZO% MO:EZTIZ\Z)ZO%
T/E-S 0.25 214 19.8 479 5.2 11.1
T/E-S 0.50 218 20.7 482 5.3 11.2
T/E-S 0.75 215 18.9 473 43 10.0
T/E-S 1.00 197 18.5 456 42 10.2
T/E-S 1.25 169 15.7 426 3.8 9.7
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Fig. 1 Tensile stress-strain curves of TPI/EVAC composites with differ-

ent sulfur contents
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Fig. 2 SEM images of TPI/EVAC composites with different sulfur

contents

i BEFFUR R R o3 T4 A LA (50 7 4 i 3
Z L2 RE T R, R R, 38 S A %
BB 1) 5 0, X 52 A M R S T AR A M — R A
B M
2.4 DSC o #r

fifi i DSC XA R B 1% 12 1) TP/EVAC & & 44
TR 235 (i RN R T A EA IR TRA 4 45 & R il
Mgk ant&l 3 B, 45 S RE Rl s ES B 3.

Exo

TPI EVAC

-20 0 20 40 60 80 100
Temperature/°C
(a) Crystallization curves

T/E-S 1.25 TPI EVAC

T/E-S 1.00

T/E-S 0.75

T/E-S 0.50

Exo —

T/E-S 0.25

-20 0 20 40 60 80 100
Temperature/°C

(b) Melting Curves

3 R[S Bt TPUEVAC & & k1 kHG DSC 2k
Fig. 3 DSC curves of TPI/EVAC composites with different sulfur

contents
£3 FTEHmHEEETPUEVAC 8 &+ PHNE RGBS ES &
Tab.3 Crystallization and melting characteristic parameters of

TPI/EVAC composites with different sulfur contents

T/E-S T/E-S T/E-S T/E-S T/E-S
Parameters

025  0.50 0.75 1.00 1.25

X, /% 7.0 8.5 83 8.2 8.1
AH, /0eg) 1311 1586 1543 1531 1522
T, m/°C 498 432 40.6 39.1 35.8

X, unc/% 22 26 25 24 23

A pne/(7g) 52 63 6.1 5.8 55
T pnc/°C 90.6  88.5 88.7 88.8 89.9

m (EVACY

Notes: X_ denotes crystallinity, calculated from DSC test data; AH

denotes melting enthalpy; 7, denotes melting temperature.
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Fig. 4 XRD patterns of TPI/EVAC composites with different sulfur
contents
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Fig. 5 Schematic diagram of shape memory of sulfur crosslinked TPI/EVAC composites
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Fig. 6 Shape memory curves of TPI/EVAC composites with different sulfur contents
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Tab. 4 Shape fixed rate and shape recovery rate of TPI/EVAC

composites with different sulfur contents

T/E-S T/E-S T/E-S T/E-S T/E-S

Properties g 55 0.50 0.75 1.00 1.25

Ry o1/% 82.4 82.5 80.0 79.4 78.2

Ry /% 97.6 97.9 97.8 96.5 96.1

R, /% 73.4 92.4 91.6 90.0 86.2

R .o/ 58.3 84.2 83.8 70.2 63.9
Notes: Ry, is shape fixed rate corresponding to EVAC; R, is

shape fixed rate corresponding to TPL; R, , ,, is shape recovery rate corre-

sponding to TPL; R, is shape recovery rate corresponding to EVAC.
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Fig. 7 Repeated cyclic shape memory curves of TPI/EVAC composite

at 0.5 phr sulfur content
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Tab.5 Repeated cyclic shape memory properties data of TPI/
EVAC composite at 0.5 phr sulfur content

Properties Cycle 1 Cycle 2 Cycle 3
R, o1/% 823 82.1 81.8
Ry 1/ % 97.0 98.3 98.5
R o /% 92.1 93.6 99.3
R /% 84.5 85.3 92.7
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