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Abstract: CuS nanoparticles are introduced into a thermoreversible polyurethane based on Diels-Alder
(DA) bonds and disulfide bonds, successfully yielding a self-healing polyurethane with five-fold response
to thermal, near-infrared light, microwaves, solar light, and UV. When the CuS content is 0.3% (mass
fraction) , the modified polyurethane achieves optimal comprehensive mechanical properties and self-healing
performance. After damage such as cracks or fractures in the modified polyurethane occurs, the material can
be restored repeatedly through heat-treated at 120 °C for 6 min, irradiated with 4 W/m’ of near infrared light
at a wavelength of 808 nm for 60 s, or treated under a 250 W microwave for 80 s, and followed by a heat
treatment for 12 h at 60 °C. In addition, the damaged sample can also be repaired multiply after being treated
to a simulated solar light or irradiated through UV for 6 h. The results show that the near-infrared light
response offers the quickest self-healing speed, shortest repair time and highest repair efficiency. The self-
healing behavior is achieved through the cooperation of thermoreversible DA reaction, disulfide bonds
exchange, dissociation and regeneration of hydrogen bonds, directional migration of CuS nanoparticles, and
thermal movement of molecular chains. These findings have important guidance for the development of
multi-responsive self-healing materials with efficient self-healing capability and provide various ideal
selections for damage repair under different environments.
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Fig.3 DSC curves(a) and local enlarged view(b) of nano-CuS modified polyurethane
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Fig.5 Specimen photos(a) and SEM images(b) of nano-CuS modified polyurethane
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Fig.6 Typical stress-strain curves of nano-CuS modified polyurethane
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Table 1  Tensile strength, elongation at break, fracture toughness and Shore hardness of polyurethane

modified with various amounts of nano-CuS

Sample Tensile strength/MPa Elongation at break/ % Fracture toughness/(MJ-m™®)  Shore hardness(HA)
SPU-DA 6.4940.14 680+11 6.90+0.23 71+1
CuS, ,-SPU-DA 8.1940.12 641+6 11.03+0.33 73+1
CuS,,-SPU-DA 10.260.21 55848 12.65+0.18 7442
CuS,;-SPU-DA 11.3940.20 508413 18.25+0.17 76+1
CuS,,-SPU-DA 9.4340.20 45319 8.90+0.17 771
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Fig.7 Photos of scratch in CuS s-SPU-DA and SPU-DA specimens before and after repair
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Fig.8 Typical stress-strain curves of thermal responsive self-healing behavior of nano-CuS modified polyurethane
(a)typical stress-strain curves of CuS, ;-~SPU-DA specimens repaired multiple times by heat treatment;

(b)typical stress-strain curves of CuS, ;-SPU-DA repaired at different temperatures
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Fig.11

NIR light responsive repair behavior of nano-CuS modified polyurethane

(a)surface temperature variation curves of CuS, ;-SPU-DA and SPU-DA specimens under NIR light irradiation as a function of time
(b)photos of scratch in CuS, ;-SPU-DA and SPU-DA before and after repair under 808 nm with intensity of 4 W/cm?
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Fig.12 Typical stress-strain curves of CuS, ;-SPU-DA repaired
multiply under NIR light irradiation
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Fig.13 Microwave responsive repair performance of nano-CuS modified polyurethane

(a)surface temperature variation curves of specimens under microwave as a function of time ;

(b)photos of scratch in specimens before and after repair under microwave
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Fig.14 Typical stress-strain curves of CuS;, ;-SPU-DA repaired

multiply under microwave
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Fig.15 Simulated sunlight responsive repair performance of
nano-CuS modified polyurethane

(a)surface temperature photos of CuS, ;-SPU-DA and SPU-DA after
simulated sunlight irradiation; (b)typical stress-strain curves of CuS, 3~

SPU-DA repaired multiply under simulated sunlight irradiation
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Fig.16  Simulated UV responsive repair performance of
nano-CuS modified polyurethane
(a)surface temperature photos of CuS, ;-SPU-DA and SPU-DA after
UV irradiation; (b)typical stress-strain curves of CuS, ;-SPU-DA

repaired multiply under UV irradiation
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Table 2 Multiple repair efficiency of CuS,;-SPU-DA

under five stimuli

Healing efficiency/ %

Self-healing mode

1st 2nd 3rd
HEAT 91.2 75.4 67.2
NIR 93.4 81.1 73.8
MW 90.9 89.6 72.2
S-SUN 55.4 48.1 34.0
uv 47.1 36.0 28.9
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Fig.17 Self-healing mechanism diagram of nano-CuS modified polyurethane
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