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ABSTRACT: The self-healing materials attract a lot of attention as self-healing ability considerably improves reliability of service and

extends the life time of materials. However, the present self-healing materials lack the mechanical strength and thus cannot be used

in practical applications. The industrial elastomer (VHB 4910) is a strong polymer, which has been used as dielectric actuator. Sur-

prisingly, we observed that VHB 4910 has autonomic self-healing ability. As this is an acrylic polymer, we analyzed the hydrogen

bonding between carbonyl and hydroxyl groups and demonstrated that this bonding and the molecular chain entanglement contrib-

utes to its self-healing ability. The tensile test, X-ray diffraction (XRD), Raman, and Fourier transform infrared (FTIR) spectroscopy

were employed to analyze the self-healing processes. This study provides an insight into the mechanism of self-healing behavior and

ability of VHB 4910 to recover its strength. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42135.
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INTRODUCTION

Self-healing is an intrinsic property of biological systems such as

human skin, which can heal the wound after injury. To elongate

the life time of industrial products, researchers have created vari-

ous self-healing materials. In 2002, White et al.1 achieved a break-

through by incorporating microcapsules, which contain a healing

agent. When the crack nucleates and propagates, the microcap-

sules will be ruptured and release the healing agent to heal the

crack by a polymerization process. However, this self-healing pro-

cess cannot be repeated multiple times as the healing agent would

be depleted. The polymers with reversible covalent bonds were

developed to solve this problem; however, the requirements of

external intervention such as heating and ultraviolet stimuli limits

theirs application.2–5 In 2008, Leibler et al. created a rubber-like

material, which exhibited autonomic self-healing ability.6 This

supramolecular polymer was made of fatty acids and urea, which

healed by hydrogen bonding. Their works initiated the application

of noncovalent bonds to manufacture novel self-healing materials.

The autonomic self-healing materials have been applied in various

laboratory type applications for developing novel biological materi-

als,7,8 coatings,9,10 electronic skin,11 and batteries.12 The self-healing

ability of these materials is attributed to the reversible noncovalent

interactions in particular such as hydrogen bonding,6,8,13–15 hydro-

phobic association,16–20 ionic bonds,21–24 and p-p stacks.25,26 How-

ever, the low mechanical strength has limited the practical

application of these materials.27 To our surprise, we accidentally

observed that the widely used and studied elastomer (VHB 4910)

exhibits excellent autonomic self-healing ability. This elastomer can

heal the cutting damage in the ambient environment without

external intervention. Furthermore, the elastomer shows an excel-

lent mechanical property as its toughness reaches up to �1.91

MJ/m3. The elastomer was previously used as dielectric actuator

because of its electro-active properties.28,29 Some of its viscoelastic

properties have been studied by Steinmann and coworkers.30 As

this is acrylic polymer, we hypothesize that the hydrogen bonding

between carbonyl bonds and hydroxyl groups and the molecular

chain entanglement contribute jointly to its self-healing ability.15

To evaluate its self-healing behavior, we performed tensile tests

on specimens of this material. The X-ray diffraction (XRD) pat-

tern of VHB 4910 identified its amorphous structure. The

Raman and Fourier transform infrared (FTIR) spectra illustrate

its possible constituents and self-healing mechanism. In addi-

tion, the reptation model will be used to confirm the molecular

chain diffusion at the cut interfaces.31–34 To our best knowledge,

it’s the first study about the self-healing mechanism of VHB

4910. This study points out that this commercial product has

the potential to be used for novel applications, such as coatings,

where the self-healing ability is required.

EXPERIMENTAL

Materials and Sample Preparation

VHB 4910 was used as purchased from 3M Company with a

cross section dimension of 25.4 3 0.889 mm2. The main
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constituents of this material are acrylic but no detailed struc-

tural composition is known. The samples were cut into a rec-

tangular shape with a length of 100 mm.

Fourier Transform Infrared Spectrum Measurements

The Fourier transform infrared (FTIR) spectra were scanned

under room temperature with the IlluminatIR II inVia Reflex

(Smiths Detection) equipped with a 363 ATR objective. The

scanning range covered the wavenumbers from 650 to 4000 cm-

1 with a resolution of 4 cm21.

Raman Spectrum Measurements

The Raman spectra were obtained using a Renishaw 2000

Raman Microscope. The wavelength of the laser source was

785 nm and the scattered light was dispersed with a grating of

1200 L/mm. The scattered laser light was collected by the

Renishaw CCD camera. A 503 objective was chosen. The expo-

sure time was set to 10 s with 1 accumulation. The laser power

was 0.01 W. The glass slide was covered with an aluminum foil

to remove the disturbance from silicon oxide. The sample was

placed on the foil covered glass slide.

Uniaxial Tensile Tests

The uniaxial tensile tests were done with the INSTRON 3366

tensile machine with a 1 kN load cell. The sample length

between two jaws is 50 mm. The cross speed was controlled at

100 mm/min. The samples were cut in the middle with a scalpel

and brought into together with a slight force before the tensile

tests.

RESULTS AND DISCUSSION

Mechanical Characterization of Self-Healing Behavior

This material shows autonomic self-healing ability in an ambi-

ent environment. The samples were separated into two pieces

by a cut using a medical scalpel and then the cut pieces were

brought into contact with a slight press. After healing periods

from 10 to 960 min, the samples were stretched using a tensile

machine at a constant speed of 100 mm/min (Figure 1). The

samples can be stretched to a different strain depending on the

healing time. Figure 2(a) shows that both the nominal fracture

strain and stress increased with the healing time and respectively

reached a value of �727% and �0.30 MPa after 240 min. The

nominal fracture strain and stress leveled off after that and

finally reached �760% and �0.35 MPa after a healing time of

960 min. This can be compared to the nominal fracture strain

and stress of the original samples (�900% and 0.56 MPa).

The area under the strain-stress curve is defined as toughness

and measures the work done by the tensile machine during the

loading process. The material is very tough as its toughness is

�1.91 MJ/m3, which is almost twice of the value (�1 MJ/m3)

that was obtained for the copolymer of acrylamide and acry-

late.17 The healing efficiency of the material is determined by

the ratio of the toughness of the healed sample to that of the

original sample.22 Figure 2(b) shows that the self-healing effi-

ciency increased with healing time and reached an average value

of �60% after a healing time of 240 min. In a relatively short

healing time, the toughness of healed samples recovered to

�1.32 MJ/m3, which is much higher than observed for other

self-healing materials.19,22 Moreover, the best healed sample

Figure 1. The tensile test of a healed sample confirmed that VHB 4910

has autonomic self-healing ability.

Figure 2. (a) The nominal fracture strain and stress of the healed samples

in relation to the healing time from 10 to 960 min. (b) The self-healing

efficiency changes as a function of the healing time from 10 to 960 min.
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after 960 min at room temperature reached �84% of the nomi-

nal tensile strength of the original samples [Figure 3(a)]. Its

fracture stress and strain is respectively about 0.43 MPa and

�850%, which is rather close to 0.56 MPa and �900% of the

original samples. The deviation from the average value exists

mainly because this material is notch sensitive and we cannot

ensure that the contact of the cut specimens is perfect and small

notches may nucleate the early failure.

Furthermore, we tested the influence of waiting time on the

self-healing ability. The waiting time describes the period

between cutting and contacting the samples. The cutting inter-

faces were expected to approach an equilibrium state after

which the ability of self-healing is lost.6 However, this materials

exhibit an impressive self-healing ability even after a waiting

time of 40 h. Figure 3(b) shows that after the same healing time

of 120 min, the fracture strain and stress of the healed samples

with a waiting time of 40 h only decreased by �11% in com-

parison to the samples that were joined just after they were cut

and separated.

The Role of Hydrogen Bonding in Self-Healing

Because possible constituents of our material are acrylate and

acrylic acid, we assume that the self-healing can be realized by

two mechanisms: reconstruction of hydrogen bonding and

interdiffusion of the molecular chains.15 Figure 4(a) shows the

schematic process of the self-healing process between the cut

interfaces. The (XRD) pattern demonstrated the amorphous

structure of VHB 4910 [Figure 4(b)] and such structure pro-

vides random associations of the mobile chains and thus can

generate rather diverse distribution of hydrogen bonds. Raman

and FTIR spectroscopies of our samples allowed determination

of the possible constituents of chemical bonds and the damage

of chemical bonding. We compared Raman and FTIR spectra of

our materials [Figure 4(c)] and the assignment of the bands is

presented in Table I. The vibration frequency of carbonyl bonds

(C@O) was recorded at 1707 and 1731 cm21,35 the hydroxyl

group (AOH) deformation is at 1376 cm21,8 and the stretching

of carbon oxygen bond (CAO) coupled with AOH in plane

bending appears at a frequency of 1160–1255 cm21 in the FTIR

spectrum.35,36 The results obtained confirm the existence of

functional groups constituting poly(acrylic acid) in the investi-

gated material.

As the carbonyl bond is likely responsible for hydrogen bonding

with the hydrogen atom of hydroxyl groups, we focus the obser-

vation on the Raman spectrum from 1665 to 1780 cm21 cover-

ing the possible range of carbonyl bonds. We scanned along a

line which is 14 mm long and starts from the cut interfaces to

the area that is not affected by the cut. Figure 5(a) illustrates

the variation of the Raman spectra. The intensity increased con-

tinuously with the distance from the cut. This can be attributed

to the smaller damage of chemical bonds at positions that are

at larger distance from the cut. The second derivative plot of

the Raman spectra indicates that there are two peaks in the car-

bonyl bands [Figure 5(b)]. The peak at the higher wavenumber

represents the free carbonyl bonds while the other at a lower

wavenumber is associated with the hydrogen-bonded carbonyl

bonds.35 Fitting by Lorentz function was applied to the Raman

spectra in order to separate these two peaks [Figure 5(c)]. The

results obtained close to the cut show two peaks at �1670 and

1730 cm21. The band wavenumber of the hydrogen-bonded car-

bonyl bonds increased with the distance at first, but is leveled

off at the distance of 2 mm, while the full width at half maxi-

mum (FWHM) decreased with the distance at first but also lev-

eled after 2 mm [Figure 6(a)]. The hydrogen bonding constrains

the vibration of original carbonyl bonds and thus the wavenum-

ber decreases and the FWHM of the corresponding chemical

bonds broadens.35 The result confirms that there exists strong

hydrogen bonding at the cut interface, which reassociates both

parts. Compared with the hydrogen-bonded carbonyl bond, the

band wavenumber and FWHM of the free carbonyl bond

remained almost constant with the distance [Figure 6(b)]. In

addition, the damage of the cut brought a stress field around

the cut interfaces. The cut damage and the stress filed reduced

both of the hydrogen bonded carbonyl bonds and the free car-

bonyl bonds. Figure 6(c) shows that both of the Raman inten-

sities of the hydrogen bonded and the free carbonyl bonds

decreased with the distance closer to the cut interfaces. How-

ever, the intensity ratio of the hydrogen bonded carbonyl bonds

to the free carbonyl bonds increased when the distance is closer

to the cut interfaces. This increasing ratio confirms that some

Figure 3. (a) The comparison of the strain–stress curve of the best healed

sample after a healing time of 960 min under room temperature to the

original sample. (b) The comparison of the mechanical strength of healed

samples without or with a waiting time of 40 h.
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Figure 4. (a) The schematic healing process of VHB 4910 between the cut interfaces. (b) XRD shows that VHB 4910 is an amorphous material. (c) The

peaks of Raman and FTIR were identified and the two peaks for carbonyl bonds were highlighted.

Table I. Observed Wavenumbers and Assignment of Raman and FTIR Bands

Raman (cm21) Infrared (cm21) Assignment

2956 2954 CAH3 stretching vibration36

2926 2917 CAH2 stretching vibration36

2870 2869 CAH2 stretching vibration36

2718 Overtone of 1446

1730 1731 C@O stretching vibration (free carboxylic)35

1703 1707 C@O stretching vibration (hydrogen bonded carboxylic)35

1663 Overtone and combination

1446 1459 CH2 scissors deformation or CH3 asymmetrical deformation36

1373 1376 OH deformation8

1333 CH2 twisting35

1301 CH2 wag or twisting8

1255 CAO stretching coupled with OAH in-plane bending35

1152 1160 CAO stretching coupled with OAH in-plane bending35,36

1116 1117 CACH2 stretching vibration35

1063 1067 CAO stretching vibrations36

1039 1037 CH2 rocking35

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4213542135 (4 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


free carbonyl bonds transferred to the hydrogen bonded car-

bonyl bonds at the cut interfaces.

To confirm that the hydrogen bonding contributes to the self-

healing process, we made tensile tests on the urea immersed sam-

ples. As urea solution is known to be a chemical, which can dis-

rupt hydrogen bonding,37 we immersed the fresh cut interfaces

into a 30 wt % urea solution for 1 min and then brought the

interfaces into contact for 30 min. The fracture strain and stress

of the urea-processed samples was reduced respectively to

�208% and �0.11 MPa, both of which are half of the values

obtained for the previously healed samples (Figure 7). There-

fore, hydrogen bonding is verified to be one of the self-healing

mechanisms of VHB 4910.

Figure 5. (a) The variation of the Raman spectra of carbonyl bonds along

a scanning line, which is of 14 mm in length and perpendicular to the

direction of the cut. (b) Second derivative plot of the Raman spectrum

for a point close to the cut interfaces. (c) The curve fitting of the Raman

spectra for a point at the cut interfaces.

Figure 6. (a) The change of the band wavenumber and full width at half

maximum (FWHM) for the hydrogen-bonded carbonyl bond at different

distances from the cut interfaces. (b) The band wavenumber and FWHM

for the free carbonyl bond remained almost constant with the distance to

the cut interfaces. (c) The Raman intensities of two carbonyl bonds and

the intensity ratio of the hydrogen bonded carbonyl bonds to the free car-

bonyl bonds change with the distance from the cut interfaces.
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The Influence of Chain Diffusion on Self-Healing

According to Wool et al.,33 the true fracture stress of healed

samples (rtr) is proportional to t0.25, where t is the healing

time. Therefore, we can derive the relation between the true

fracture stress and the healing time as:

logrtr

10 5C10:25logt
10 (1)

where C is a constant decided by the material. As this material

is an elastomer, the volume change during tensile tests was

ignored.38 Therefore, the true fracture stress rtr was calculated

from:

rtr5k3F=Ain (2)

where k is the deformation ratio (deformed length/initial

length), F is the force, and Ain is the initial cross-section area.

Figure 8 shows that the relationship between the true fracture

stress of the healed samples and the healing time in double-

logarithmic coordinates. We fitted the data with a general linear

equation and extracted the slope to be 0.25 with a standard

deviation of 0.017. Such an agreement indicates that the chain

diffusion process contributes to the self-healing and explains the

time-dependence of the healing process.

Furthermore, the Flory’s theory indicates that the mobility of

molecular chains increases with the temperature.34 We tested

the healing ability of this material under different healing tem-

peratures from 25 to 120�C with a same healing time of 120

min. Figure 9(a) shows that the fracture strain increases with

the healing temperature and the fracture stress shows almost a

proportional relation to the healing temperature. After healing

at 120�C for 120 min, the fracture strain and stress of the

healed samples recovered to �980% and 0.67 MPa which are

higher than the values measured for original samples (�900%

and 0.56 MPa). As a result, the healing efficiency increased and

reached �123% at the healing temperature of 120 C [Figure

9(b)]. This significant improvement of self-healing ability can

be attributed to the high temperature, which injects more

energy into the healing process and promotes the chain entan-

glement at the cut interface.

We also scanned Raman spectra at two points on the sample that

is healed for different healing times. One of the points is close to

the line of cut while another is 30 mm from this line. Figure

Figure 7. The influence of urea solution on the self-healing ability.

Figure 8. The proportional relationship between the true fracture stress of

healed samples and the healing time in double-logarithmic coordinates.

Figure 9. (a) Both of the fracture strain and stress increases with healing

temperatures from 25 to 120�C for the same healing time of 120 min. (b)

The healing efficiency increases healing temperature from 25 to 120�C

under the same healing time of 120 min and reaches to more than 100%

at 120�C.
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10(a) shows that the intensity of the spectra for the point close

to the cut increases with the time of healing. This behavior may

be attributed to the chain diffusion, which facilitated molecular

chains crossing the cut interfaces. With the increase of time,

more molecular chains entangled and more hydrogen bonds reas-

sociate. The entanglement and reassociation leads to the decrease

of the chains mobility.39 Therefore, the intensity increased signifi-

cantly during the first 120 min, while the increase after that time

is negligible. On the contrary, the spectra of the point on the

original surface did not change much as it is too far to be

affected by the chain diffusion process [Figure 10(b)].

CONCLUSIONS

We evaluated the self-healing ability of VHB 4910 with tensile

tests for different healing times. The self-healing ability increases

with the healing time. We demonstrated that the hydrogen

bonding is responsible for the healing process based on the

results obtained using Raman and Fourier transform infrared

spectroscopies. The increased self-healing efficiency at higher

temperatures and increased intensity of Raman spectra observed

for longer healing times provides support for important role of

chain diffusion in the self-healing process. When the cut interfa-

ces were brought together, the free carbonyl bonds were associ-

ated by the hydrogen bonding, which created a bridge for the

diffusion process. The diffusion of the molecular chains leads to

the entanglement of them which strengthened the self-healing

ability. During the healing process, the hydrogen bonding con-

nects the damaged surfaces and provides a bridge for chain dif-

fusion across the cut interface. The chain diffusion process

creates chain entanglements.
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