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Abstract
In this paper, a self-repairing polyurethane without external stimulation was synthe-
sized. First, a reversible acyl hydrazone bond was introduced into the polyurethane 
molecular chain. The bond could be dynamically reversible under acidic stimula-
tion to repair the material damage. After that, different contents of bis(2-ethylhexyl) 
phosphate components were added to modify the material in the synthesis, and its 
performance was compared to pure polyurethane (PU-0). The polymer was tested 
using digital viscometer, differential scanning calorimeter (DSC), thermogravimet-
ric analysis (TG), tensile test, etc. The results showed that the addition of bis(2-eth-
ylhexyl) phosphate can promote the healing of the material, so that the synthetic pol-
yurethane material can be repaired to a certain extent without external stimulation.

Keywords Self-healing · Polyurethane · Acyl hydrazone bond · Reversible covalent 
bond · bis(2-ethylhexyl) phosphate

Introduction

Based on its adjustable physical and chemical properties, polyurethane has been 
widely used in medical, electronic, and architectural fields [1, 2], and can be made 
into products such as adhesives [3], coatings [4], and foam boards [5]. When the 
material is subjected to environmental and external forces [6] for a long time, it 
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will generate cracks, which will make the material invalid and unable to meet the 
requirements of use. It can only be replaced with new materials, causing waste [7].

Based on the self-healing phenomenon of the human body [8], people began to 
study self-repairing polyurethanes. At present, self-healing materials are mainly 
divided into two categories: one is external repair agents, including microcapsules 
[9], fiber tube sealing [10], 3D microvascular [11] and so on. The above-mentioned 
repairing agent is embedded in the substrate, and the material can be repaired when 
the material breaks [12]. Another type is to introduce reversible bonds into the poly-
mer chain, including Diels–Alder (DA) bond [13], acyl hydrazone bond [14], N–O 
bond [15], disulfide bond [16], coumarin [17], hydrogen bond [18], etc. The repair 
was achieved through the reversible reaction of bonds.

Nowadays, self-healing polyurethanes prepared with DA bonds can be repaired 
under infrared irradiation [19] or microwave stimulation [20], making polyurethanes 
promising for sensors, artificial skin [21], etc. By introducing disulfide bonds into 
polyurethane [22] can achieve self-healing of materials at moderate temperatures, 
[23, 24] and can prepare smart materials [25] or flexible electronic products [26]. 
Compared to other reversible bonds, acyl hydrazone bonds have the advantages of 
high bond energy and good stability. It is often used to prepare elastomers [27], 
hydrogels [28] and other materials, and can be used in bioengineering [29]. Because 
the repair of the acyl hydrazone bond must be achieved under acidic or aniline 
stimulation [14, 30, 31], the material cannot be repaired completely independently, 
which limits the use of the material [32–35].

In this work, we introduced the synthesized acyl hydrazone bond chain extender 
into the polyurethane chain and added different contents of bis(2-ethylhexyl) phos-
phate components to synthesize a series of self-repairing polyurethanes without 
external stimulation. The properties of each polyurethane material were studied, 
and glacial acetic acid was applied to PU-0 to verify the repair ability of the acyl 
hydrazone bond, and then no stimulation was applied to each spline cutting to test 
the self-repair ability of the material. The results showed that the addition of bis(2-
ethylhexyl) phosphate enables the polyurethane material containing acyl hydrazone 
bond to undergo a certain degree of self-repair without stimulus.

Experimental

Materials

Dimethyl succinate (CP, Mn = 146.14, colorless liquid) was purchased from Sinop-
harm Chemical Reagent Co. Ltd. Hydrazine hydrate (AR, 80% colorless liquid) was 
purchased from Tianjin Fuyu Fine Chemical Co. Ltd. 4-hydroxybenzaldehyde (CP, 
Mn = 122.12) was purchased from Sinopharm Group Chemical Reagent. Anhydrous 
ethanol (CP colorless liquid) was purchased from Tianjin Fuyu Fine Chemical Co. 
Ltd. Hexamethylene diisocyanate (CR colorless liquid) was purchased from Bayer, 
Germany. Hexamethylene diisocyanate trimer(–NCO = 19.6%) was purchased from 
Wanhua Chemical Group Co. Ltd. Polyethylene glycol (LR Mn = 1000) was pur-
chased from Tianjin Damao Chemical Co. Ltd. Bis(2-ethylhexyl) phosphate (CP) 
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Canos Technology Co., Ltd. Glacial acetic acid (AR, Mn = 60.05, colorless liq-
uid) was purchased from Nanjing Chemical Reagent Co. Ltd. Dibutyltin dilaurate 
(DBTDL, AR, 95.0%, Mn = 631.57, colorless oily liquid) was purchased from Tian-
jin Damao Chemical Reagent factory. Dimethyl sulfoxide (DMSO, AR, Mn = 78.13, 
colorless liquid) was purchased from Tianjin HengXing Chemical Reagent Co., Ltd. 
N,N-dimethylformamide (DMF, AR, 99.5%, Mn = 73.09, colorless liquid) as solvent 
were purchased from Tianjin Fuyu Fine Chemical Co. Ltd.

Synthesis of hydroxyl‑terminated small molecule acylhydrazone chain 
extender(PN)

Synthesis of Succinic Dihydrazide: Dimethyl succinate (29.23 g, 0.2 mol), hydra-
zine hydrate (30.03 g.0.6 mol) and absolute ethanol (100 g) were added into a flask 
and refluxed for 2 h in absolute ethanol at 60 ℃. The turbid liquid was filtered and 
washed with absolute ethanol three times for purification, and dried in vacuum to 
constant weight to obtain the white powder, yield: 89%.

Synthesis of chain extender (PN): Succinic dihydrazide (14.6 g, 0.2 mol) was dis-
solved in deionized water (100 g) and add it into a flask. 4-hydroxybenzaldehyde 
(24.4 g, 0.2 mol) was dissolved in absolute ethanol and slowly add it dropwise to the 
flask, so that 4-hydroxybenzaldehyde can fully react with succinic dihydrazide at 
40 ℃ for 2 h. The crude product was filtered and washed three times with absolute 
ethanol and deionized water, and dried in vacuum to obtain a white powder, yield: 
91%. The schematic of the reaction is shown in Scheme 1.

Synthesis of self‑healing polyurethane

A series of polyurethane with different compositions were prepared using the 
two-step route (Scheme 2), and the feed ratios are presented in Table 1. In the 
first step, PEG (5.00  g, 5.00  mmol) was added to a vessel and dehydrated at 
100 °C under vacuum for 1 h. Then, DMSO (15 g) was poured into the container 
as solvent in nitrogen atmosphere, and then HDI (5.05 g 0.03 mol) and DBTL 
(0.10 g) were added to the container, the polyurethane prepolymer (PEG-HDI) 
was obtained by stirring at 70 ℃ for 4  h. In the second step, chain extender 
PN (10.63 g ·0.03 mol) was added to the mixture without stopping the reaction. 
After 4 h of reaction, the solution temperature was lowered to room temperature, 
a certain amount of bis(2-ethylhexyl) phosphate and HDI trimer (6.43 g) were 

Scheme 1  Synthesis mechanism of acyl hydrazone bond extender (PN)



10726 Polymer Bulletin (2022) 79:10723–10739

1 3

added and stirred for 10 min. After that, the mixture was poured into a mold and 
dried in an oven at 80 ℃ for 24 h. In order to carry out the control experiment, 
polyurethane PU-0 without bis(2-ethylhexyl) phosphate was prepared according 
to the above steps.

Scheme 2  Synthesis route to PU-X

Table 1  Addition of all reactants in the modified self-healing polyurethane

Modified PU Bis(2-ethylhexyl) 
phosphate/wt.%

Bis(2-ethylhexyl) 
phosphate/g

Pre-PU/g PN/g HDI trimer/g

PU-0 0 0 20.05 10.63 5.36
PU-0.2 0.2 wt% 0.07 20.05 10.63 5.36
PU-0.4 0.4 wt% 0.15 20.05 10.63 5.36
PU-0.6 0.6 wt% 0.22 20.05 10.63 5.36
PU-0.8 0.8 wt% 0.30 20.05 10.63 5.36
PU-1.0 1.0 wt% 0.37 20.05 10.63 5.36
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Characterizations

FTIR spectra were recorded using the HQL Fourier Transform Infrared-Raman 
Spectrometer of Bruker Company in Germany, and attenuated total reflectance 
(ATR) method was used. 64 scans at a resolution of 2   cm−1 were averaged for 
each measurement. The digital viscometer (LDV-2 + Pro) tests the viscosity 
change of the self-healing polyurethane solution at 80 ℃. The rotor type was 
No.4. Differential scanning calorimeter (TA, Q20) and thermal gravimetric ana-
lyzer (TA, Q20) were used to test the thermal properties of polyurethane materi-
als. DSC test conditions: heating rate 10 ℃/min (− 80 ℃ ~ 150 ℃), nitrogen, TG 
test conditions: heating rate 20 ℃/min (40 ~ 700 ℃), nitrogen.

The mechanical properties were tested by electronic stretching machine 
(Zwick/005, German, ISO527-2). The tensile speed was 500  mm/min, and the 
average value of each three samples was taken. The calculation formula of self-
repair efficiency (R) was as follows:

Among them, �
0
 and �

1
 were the breaking elongation before and after self-

repair; �
0
 and �

1
 were the tensile strength before and after self-repair, respectively.

The equilibrium swelling rate (ESR) and gel rate (GR) of the polyurethane 
material were tested in order to verify the cross-linked structure of a series of pol-
yurethanes. Samples of a certain quality were cut and soaked in DMF solution. 
The samples were taken out and weighed every 10  min, and then soaked after 
recording the quality. Repeat soaking-weighing steps until the sample quality 
remains unchanged, that is, the swelling balance is reached. Equilibrium swelling 
ratio (ESR) is calculated according to formula 3. The swelling equilibrium sam-
ple was placed in deionized water for 48 h to replace DMF solution. Then, take 
out the sample and put it in the oven for drying, take out and weigh it at regular 
intervals until the weight no longer changes, and record the final quality. The gel 
content (GR) was calculated according to formula 4.
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Results and discussion

Synthesis of hydroxyl‑terminated small molecule acyl hydrazone chain extender 
(PN)

Figure  1a shows the infrared spectra of dimethyl succinate and succinyl dihy-
drazide. In the infrared curve of dimethyl succinate, the C = O stretching vibra-
tion absorption peak at 1732   cm−1, the stretching vibration absorption peak of 
CH in the -CH3 group at 2950  cm−1, and the stretching vibration absorption peak 
of C–O–C is from 1100 to 1200   cm−1. In the infrared curve of succinyl dihy-
drazide, the stretching vibration of C = O is at 1619  cm−1, the absorption peaks at 
3175  cm−1 and 3288  cm−1 are the symmetric and antisymmetric stretching vibra-
tion absorption peaks of N–H in –NH2, respectively. The infrared curve of suc-
cinic dihydrazide in the figure does not show the characteristic absorption peaks 
of –CH3 representing dimethyl succinate and –COC– in the ester group, but –NH2 
which has a representative hydrazide group appears. The characteristic absorption 
peak of –NH and the stretching vibration absorption peak of –CN– bond indicates 
that the reaction successfully prepared succinic dihydrazide.

Figure 1b is an infrared spectrum of succinyl dihydrazide and acyl hydrazone 
chain extender (PN). In the molecular spectrum of PN, the stretching vibration 
peak of C = N is at 1653   cm−1, and the stretching vibration absorption peak of 
C = O in acyl hydrazone bond is at 1606   cm−1, and at 3231   cm−1 is the stretch-
ing vibration absorption peak of O–H in compound molecules. The characteristic 
peaks of C = N and –H appear in the infrared spectrum of the PN, which proves 
that the reaction product has been successfully synthesized.

(a) (b)

Fig.1  Infrared spectrum of succinyl dihydrazide synthesis a and PN b 
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Synthesis of self‑healing polyurethane

Following the well-designed synthesis route (Scheme 2), the target cross-linked PU 
was prepared. The FTIR spectra in Fig.  2a support the structure of the produced 
PEG-HDI. On the PEG-1000 spectrum, 3420   cm−1 is hydroxyl stretching vibra-
tion absorption peak. On the IPDI spectrum, 2260   cm−1 is –NCO groups stretch-
ing vibration absorption peak. By contrast, on the PEG-IPDI spectrum, the –NCO 
groups still exist, and it illustrate that the system still contains isocyanate groups 
after PEG-1000 and IPDI reaction completely. The absorption peak of -NH- was at 
3420–3010  cm− 1. The C = O was at 1750  cm-1 and the absorption peak at 1604  cm− 1 
was the absorption peak of C–N–H. Above analyses illustrate that PEG-1000 and 
IPDI could react with each other and produce carbamate groups (–CONH–) [36].

In the Fig.  2b, On the PN spectrum, 3231   cm−1 is hydroxyl stretching vibra-
tion absorption peak. On the PEG-IPDI spectrum, 2260   cm−1 is the characteristic 
absorption peak of isocyanate groups. Moreover, when the chain extender is added, 
the absorption of –NCO at 2260  cm−1 disappears in the spectrum of PEG-HDI-PN, 
which means that the chain extender has successfully reacted with the prepolymer. 
And there is a combined absorption peak of –NH and –OH at 3565–3100   cm−1. 
These results confirmed that the second step of the reaction was successful [37].

Analysis of viscosity

Figure 3 shows the change of the viscosity of each polyurethane solution with the 
extension of reaction time at 80 ℃. In the viscosity test curve, it can be seen that 
with the extension of time, the viscosity of each polyurethane material will increase, 
and the solution gradually turned into a gel to form a cross-linked polyurethane 
material. The increase in the amount of bis(2-ethylhexyl) phosphate added made the 
viscosity of the polyurethane material increase slowly. When the addition is 1.0wt%, 

(a) (b)

Fig. 2  a Infrared spectra of PEG-1000, HDI, PEG-HDI b Infrared spectra of chain extender (PN), PEG-
HDI, PEG-HDI-PN
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the gel time of polyurethane containing bis(2-ethylhexyl) phosphate is ten times 
longer than that of pure PU without addition, which proves that only an appropriate 
amount of bis(2-ethylhexyl) phosphate can be added, but not infinitely.

Characterization of cross‑linked structure and thermal properties

Differential scanning calorimetry (DSC) analysis

The DSC curves shown in Fig. 4 convey the glass transition temperature (Tg) of the 
self-healing polyurethane. All the synthesized self-repairing polyurethanes have two 
glass transition temperatures. The glass transition temperature (Tg1) of the soft seg-
ment is below 0 ℃, and the glass transition temperature (Tg2) of the hard segment is 
above room temperature, which means that the materials are in a high elastic state 
at room temperature, and the chain segments can move, which is beneficial to the 
self-healing of self-repairing polyurethane materials. In addition, we also found that 
with the increase of the amount of bis(2-ethylhexyl) phosphate, the Tg1 and Tg2 of 
the synthesized self-repairing polyurethane materials decreased, and the tempera-
ture difference between them decreased, which indicated that with the addition of 
bis(2-ethylhexyl) phosphate, the microphase separation of soft segment and hard 
segment decreased, which was beneficial to the movement of chain segments. When 
the material was damaged, the ability of molecular chain movement was enhanced, 
which was conducive to the self-healing of the material.

Analysis of equilibrium swelling rate and gel content

The polyurethane sample was swollen in DMF solution, and the mass was recorded 
every 10 min. Table 2 and Fig. 4 were calculated using formula (3).
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Fig. 3  Viscosity spectra of PU-0/0.2/0.4/0.6/0.8/1.0 self-repairing polyurethane at 80 ℃
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Table 2 and Fig. 5 show that each polyurethane sample swells when immersed 
in DMF solution at room temperature, and the mass increases rapidly during the 
initial immersion, and tends to increase slowly with the extension of time. In the 
initial process of swelling, the solvent small molecules permeate into the cross-
linked network, which increases the distance between the networks, expands the 
volume of the material, and the mass increases rapidly, and tends to smooth after 
a period of time. For PU-0.6, PU-0.8 and PU-1.0 that appear to reach a plateau at 
about 100 min and then they swell at a higher rate. This is because the addition 
of bis(2-ethylhexyl) phosphate hinders the crosslinking of polyurethane, reduces 
the cross-linking degree of the material, weakens the intermolecular force, 
strengthens the force between solvent and chain segment, and further increases 
the mass. With the increase of volume expansion, the elastic retraction force of 
the cross-linked network also increases, and the two forces counteract each other 
and finally reach the swelling equilibrium. According to the formula (3) to cal-
culate the equilibrium swelling rate, it was found that the addition of bis(2-ethyl-
hexyl) phosphate affected the equilibrium swelling rate of the material. The more 
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Fig. 4  DSC spectra of PU-0/0.2/0.4/0.6/0.8/1.0 self-repairing polyurethane

Table 2  PU-0/0.2/0.4/0.6/0.8/1.0 equilibrium swelling record table

PU-0 PU-0.2 PU-0.4 PU-0.6 PU-0.8 PU-1.0

Initial weight/g 0.413 0.379 0.384 0.397 0.416 0.403
Swelling balance weight/g 0.829 0.768 0.808 0.920 1.085 1.213
Equilibrium swelling rate/% 100.73 102.64 110.42 131.74 160.82 200.99
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bis(2-ethylhexyl) phosphate was added, the more the mass and volume of the 
sample was increased, and the higher the equilibrium swelling rate was obtained.

The sample which was reached swelling equilibrium was soaked in deionized 
water to obtain the final weight of the sample after drying. The gel content of 
the sample is calculated according to formula (4), and the results are shown in 
Table 3.

In Table  3, the addition of bis(2-ethylhexyl) phosphate changes the gel con-
tent of polyurethane materials. The more bis(2-ethylhexyl) phosphate is added, 
the lower the gel content is. The gel content of all polyurethane materials is more 
than 50%, indicating that the synthesized polyurethane is still a cross-linked net-
work structure. The equilibrium swelling ratio and gel content data of each self-
repairing polyurethane were compared to PU-0 and integrated to obtain Fig. 6.

According to Fig. 6, the more bis(2-ethylhexyl) phosphate is added, the higher 
the equilibrium swelling ratio of the material is, and the lower the gel content is. 
This is because the addition of bis(2-ethylhexyl) phosphate hinders the cross-link-
ing of polyurethane and reduces the cross-linking degree of the material, so the 
more liquid is absorbed when soaking DMF solution, the higher the equilibrium 

Fig. 5  Equilibrium swelling diagram of of PU-0/0.2/0.4/0.6/0.8/1.0

Table 3  Gel quality record sheet for PU-0.2/0.4/0.6/0.8/1.0

PU-0 PU-0.2 PU-0.4 PU-0.6 PU-0.8 PU-1.0

Original weight/g 0.381 0.379 0.384 0.397 0.416 0.403
Weight after first drying/g 0.309 0.299 0.281 0.275 0.254 0.207
Weight after second drying/g 0.307 0.298 0.281 0.275 0.252 0.207
gel ratio/% 80.58 78.63 73.18 69.27 60.58 51.36
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swelling ratio is, and the uncross linked linear molecules will be dissolved after 
swelling, resulting in lower gel content of the material.

Themo‑gravimetric analysis (TGA) of the samples

It can be seen from Fig. 7 that a series of self-healing polyurethanes began to lose 
weight at around 100 °C and no longer continued to lose weight at around 550 °C. 
As shown in Table  4, at 200 ℃, the weight loss rates of PU-0, PU-0.2, PU-0.4, 
PI-0.6, PU-0.8 and PU-1 are 2.92%, 3.56%, 5.27%, 5.38%, 5.76% and 7.08% respec-
tively, and the weight loss rate of the material increases with the increase of the 
amount of bis(2-ethylhexyl) phosphate, and the char yields of PU-0, PU-0.2, PU-0.4, 

Fig. 6  Trend graph of equilibrium swelling rate and gel content of PU-0/0.2/0.4/0.6/0.8/1.0
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PI-0.6, PU-0.8 and PU-1 are 13.39%, 13.28%, 13.15%, 12.78%, 12.70%, 12.48%, 
respectively at 700 ℃. This shows the addition of bis(2-ethylhexyl) phosphate hin-
ders the cross-linking of polyurethane, which reduces the degree of cross-linking of 
the material, and the internal molecular chains and segments of the material were 
easier to move, resulting in a reduction in the heat resistance of the material. How-
ever, when each self-repairing polyurethane material is heated to 200 ℃. The mass 
loss rate was less than 8%, indicating that each self-repairing polyurethane mate-
rial still had good thermal stability and could maintain the basic performance of the 
material at this time.

Test and analysis of tensile properties

In order to characterize whether the addition of different contents of bis(2-ethyl-
hexyl) phosphate has an effect on the mechanical properties of polyurethane, the 
mechanical properties of PU-(0/0.2/0.4/0.6/0.8/1.0) are tested. The tensile curve and 
tensile data are shown in Fig. 8 and Table 5.

According to Fig. 8 and Table 5, it could be seen that with the increase of bis(2-
ethylhexyl) phosphate, the tensile strength of the polyurethane material was decreas-
ing and the elongation at break was increasing. The polyurethane materials gradually 
become soft and elastic, indicating the degree of cross-linking of the polyurethane 
material decreases with the addition of bis(2-ethylhexyl) phosphate. It was more 
conducive to segment movement and made the molecular chain of materials have 
more space to move, which was conducive to self-repair. It provided the possibility 
of self-repair without external stimulation at room temperature.

Self‑healing performance analysis

Firstly, the repair ability of acyl hydrazone bond was verified, and the PU-0 spline 
was cut off in the middle to simulate the damage of the material in nature, and then 
the damage healing was promoted by dripping glacial acetic acid. Figure 9 is the 
schematic illustration of the self-healing mechanism of PU-0 materials. Figure 10a 
is the self-repair process diagram of PU-0, b is the tensile curve of PU-0 repair at 
different time, and Table 6 shows the healing efficiency of PU-0 repair at different 
time, which is calculated by formulas (1) and (2).

Table 4  Related Thermal 
Degradation Data of PU-X in  N2

Sample Weight loss rate at 200 ℃ 
(wt%)

Char residues at 
700 °C (wt%)

PU-0 2.92 13.39
PU-0.2 3.56 13.28
PU-0.4 5.27 13.15
PU-0.6 5.38 12.78
PU-0.8 5.76 12.70
PU-1 7.08 12.48
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Fig. 8  Tensile Stretch curves of PU-0/0.2/0.4/0.6/0.8/1.0

Table 5  PU-0/0.2/0.4/0.6/0.8/1.0 mechanical properties

Test items PU-0 PU-0.2 PU-0.4 PU-0.6 PU-0.8 PU-1.0

Tensile 
strength /
MPa

0.87 ± 0.12 0.76 ± 0.05 0.73 ± 0.02 0.74 ± 0.02 0.75 ± 0.01 0.69 ± 0.03

Elongation 
at break 
/%

211.71 ± 3.98 227.25 ± 2.64 225.02 ± 1.67 255.29 ± 1.58 317.82 ± 2.28 320.58 ± 1.96

Fig. 9  Schematic illustration of the self-healing mechanism of PU-0 materials
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In Fig.  10a, the PU-0 is cut off and repaired with glacial acetic acid for 48  h, 
and the spline can be stretched from 7 to 13 cm without breaking, indicating that 
the acyl Hydrazone bond of the material can be dynamically reversible and can be 
repaired under acid stimulation. According to Fig. 10b and Table 6, the polyurethane 

Fig. 10  a Repair process diagram of PU-0; b Tensile curves of PU-0 for self-healing different times
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synthesized by acyl hydrazone bond can be self-repaired under the stimulation of 
glacial acetic acid, and the self-repair efficiency increases gradually with the exten-
sion of time, and the highest self-repair efficiency is 86.21% for tensile strength.

Then, the self-repairing efficiency of each polyurethane material without external 
stimulation was verified, and each self-repairing polyurethane spline was cut off at 
25 ℃ for 72 h without any stimulation, and then the repair spline was tensile tested. 
Tensile curve and data see Fig. 10 and Table 7.

As can be seen from Fig. 11 and Table 7, after cutting off the synthesized self-
repairing polyurethane and repairing without external stimulation for 72  h, the 

Table 6  Repairing the tensile record of PU-0 for self-healing different times

Original PU-0 Healed 6 h Healed 12 h Healed 24 h Healed 48 h Healed 72 h

Elongation at 
break/%

211.71 17.18 110.45 160.15 160.96 157.05

R(�) 1.00 8.11% 52.17% 75.65% 76.03% 74.18%
Tensile strength/

(MPa)
0.87 0.16 0.51 0.68 0.72 0.75

R(�) 1.00 18.39% 58.62% 78.16% 83.72% 86.21%

Table 7  Repairing the tensile 
record of PU-0.6/0.8/1.0 for 
self-healing 72 h

PU-0.6 PU-0.8 PU-1.0

Elongation at break/% 1.930 6.518 7.044
R(�) 0.76% 2.05% 2.19%
Tensile strength/(MPa) 0.023 0.054 0.068
R(�) 3.11% 7.20% 9.86%

Fig. 11  Tensile curves of PU-0.6/0.8/1.0 for self-healing 72 h
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repair efficiency of PU-0, PU-0.2 and PU-0.4 is too low to be measured by tension 
machine. After 72 h of repair with PU-0.6, PU-0.8 and PU-1.0, the self-repair effi-
ciency characterized by elongation at break and tensile strength gradually increased, 
up to 9.86%. This shows that with the addition of bis(2-ethylhexyl) phosphate, the 
reversible bond of acyl Hydrazone can be promoted, and the material can still have 
the ability of self-repair without external stimulation, and can carry out self-repair to 
a certain extent.

Conclusions

In summary, a self-repairing polyurethane based on acyl hydrazone bond was suc-
cessfully synthesized in this paper. Self-repairing polyurethane (PU-0) has a high 
self-repairing efficiency (86.21% for tensile strength) under the stimulation of acid. 
Self-repairing polyurethane (PU-X, X = 0.2, 0.4, 0.6, 0.8, 1) without acid stimulation 
was prepared by adding a certain amount of bis(2-ethylhexyl) phosphate to PU-0. 
According to the experimental results, PU-X can still repair itself to a certain extent 
without external stimulation, which makes up for the deficiency that acyl Hydrazone 
bond can be repaired only under certain external stimulation, and provides a new 
route for the preparation of completely independent repair materials.
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