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NEW EPOXY WITH SELF-REPAIRING PROPERTIES  
OF ENVIRONMENTAL-FRIENDLY  

BUILDING STRUCTURE ADHESIVES  

Abstract:  With the rapid increase in newly constructed buildings, the number of old buildings that need 
reinforcement and repair also increases due to aging, accidental damage, or modernization refurbishment. 
Likewise, the demand of the building adhesive keeps growing with the expansion of its application scope. 
However, because of the recognition of many demerits of the existing epoxy building adhesives (e.g., low bonding 
strength, high frangibility, and low elasticity modulus), the need for a new environment-friendly building structure 
adhesive has been growing steadily. In this paper, the potential of nano-scaled rubber (VP-501: diameter of  
~70 nm) was investigated with respect to its capacity to enhance the capacity of the epoxy resin with respect to the 
static tensile, fracture toughness, and dynamic mechanical properties. Further, its effects on the thermal stability 
and glass-transition temperature change were also examined with the content of toughening agent. Our discussion 
was extended further to describe the mechanism under which the toughness and heat resistance of the modified 
epoxy resin are improved. 
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Introduction 

In 1946, since the bisphenol an epoxy resin has been introduced, epoxy resin adhesive 
had entered a rapid development phase [1]. Over the past 50 years, hundreds of epoxy resin 
products have been developed, undergoing a tremendous change in the structure of product 
[2, 3]. The use of epoxy resin has basically covered all industries, as its annual growth rate 
of consumption is kept at a level of more than 10 % [4]. 

Building structure adhesive system includes several types such as epoxy resin and 
modified epoxy resin, acrylic resin, unsaturated polyester resin [5], and polyurethane resin. 
Since the epoxy resin has many properties that could not be matched by any other 
thermoset resin, in addition to advantages of the general polymers [6], it has been more 
widely used as a primary adhesive [7, 8]. Currently, the building structure adhesive has 
been applied in various engineering construction projects such as housing reinforcement, 
highway and bridge construction, anchoring and extension, and decoration and sealing [9]. 
The use of epoxy resin building structure adhesive is made dominantly in many different 
fields such as steel plate bonding reinforcement, highway pavement rapid repair technology 
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[10], carbon fiber sheet reinforcement, and reinforcement bar implantation technology.  
The modern construction adhesive has been developing towards directions of high strength, 
economy, easy use and environmental compatibility [12], beyond the field of bonding.  
As a new type of functional composite material, the building adhesive could provide more 
and better options for civil engineering construction projects, and it has become a shining 
star in the field of civil engineering materials [13]. 

In the early 1950s, epoxy resin had been already used in civil engineering construction 
widely. For example, the epoxy resin adhesive was used for the first time to quickly repair 
road pavement in New Jersey, US. By the 1960s, with the development of polymer 
synthetic materials, the building adhesive had been used in projects such as highway, 
highway bridge and airport runway construction, as well as the hydraulic engineering and 
military installation reinforcement projects, in some developed countries. In the 1970s, 
various excellent construction adhesives emerged successively, and their application scope 
was expanded into more fields, such as bonding of on-site construction components and 
anchoring of steel bars, etc. [14, 15]. When the Maracaibo Lake Bridge was built in 
Venezuela, the building adhesive had been applied onto the base of bridge pier, and the 
bridge had been in good service condition for many years. In 1971, after a major earthquake 
in San Fernando, California, the Municipal Building of 137 m in height and a ten-storey 
hospital building were repaired and reinforced with the building adhesive, and total  
7.5 Mg (tonnes) of adhesive were used. In 1983, the British University of Sefel successfully 
strengthened a bridge with the building adhesive, achieving an increase in the loading limit 
of the bridge from 110 to 500 Mg. In the 1990s, as the further research work has been 
conducted in various countries, many dedicated adhesive companies such as Sika (Swiss) 
and 3M (US) have developed a variety of adhesive products for different situations, with 
the superior performance. Continuous increase in the application amount of the building 
adhesive makes it more and more important for the development of the whole adhesive 
industry [16]. 

The development of bi-component epoxy adhesive has reached a certain level with 
respect to the scale in China in the late 1990s. Currently, the major differences between our 
country and the advanced foreign countries in the adhesive industry could be summarized 
as below. (1) The variety of adhesive products are less in China. There are several types of 
adhesive rarely found in China, such as the adhesive with high temperature resistance, 
adhesive with high peeling strength and adhesive that could solidify rapidly at room 
temperature etc. (2) The quantity of adhesive products is small. Only dozens of room 
temperature solidifying adhesive products could be acquired in the market.  
(3) The performance of adhesive products is poor. There is almost no adhesive product that 
could reach the performance criteria below at the room temperature: the shear strength  
> 30 MPa, and the peeling strength > 3.0 kN/m. (4) The development prospect is not 
optimistic [17]. The amount of scientific research funding is too small; and there are not 
sufficient fine chemical raw materials that needed for synthesizing new epoxy resin and 
curing agent, etc. Additionally, after accession into the World Trade Organization, a lot of 
foreign commodities have been flowing into China, which is also considered as one of the 
factors that restrict the development of adhesive field in our country [18]. 
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Tensile properties 

Review the relevant literature, combined with the development status of infrastructure 
construction and emission reduction technology in Guangdong Province, China, and we 
choose to get each subsystem’s indicators. The load-displacement curve of the system 
before and after modification is shown in Figure 1. It could be seen that as the content of 
VP-501 increases, the breaking load increases significantly, and the elongation at break of 
the composite material also shows an increasing trend. The breaking pattern of the whole 
system gradually changes from the brittle fracture to the yield ductile fracture. 

 

 
Fig. 1. Load - displacement curve of VP-501 modified epoxy system under different content 

Figure 2 shows the trend in which the tensile strength of the modified epoxy system 
changes as the content of nano-rubber particles changes. The tensile strength of the 
modified epoxy system shows a trend to increase first and decrease later as the content of 
VP-501 increases, and reaches the peak when the content of nano-rubber reaches 15 %; and 
that the tensile strength increases from 46.25 to 61.34 MPa, increased by a percentage of 
32.63 % compared with the pure epoxy resin. Subsequently, with the addition of  
nano-rubber, the tensile strength of the system begins to decline, indicating that excess 
nano-rubber will agglomerate and thus impair the toughening effect. Generally, addition of 
rubber into the epoxy resin will always reduce its tensile strength at room temperature. 
However, addition of VP-501 nano-rubber into the epoxy resin does lead to a significant 
increase in the tensile strength of the system rather than decrease. Since the surface of 
nano-rubber contains a large amount of active groups, such as carboxyl and hydroxyl, when 
it is added into the epoxy resin, the active groups on the surface of rubber particles will 
react with the epoxy groups to form ester bonds, resulting in a highly cross-linked network 
structure, which contributes to formation of a stable and tight interface between the 
toughening particles and the matrix. Additionally, the nano-rubber particles could not only 
keep their rubber elasticity, but also realize an even dispersion in the epoxy resin matrix 
due to the gradient cross-linked structure formed by the nano-rubber particles. When the 
composite material is subjected to an applied load, the stress is concentrated  
on the nano-rubber particles first, and the strength of interface between the nano-rubber and 
the epoxy resin is high due to the presence of chemical bonds. Therefore, it is considered 
that the addition of nano-rubber could result in a mitigation of stress concentration, leading 
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to an increase in the tensile strength of the modified system. From the view of 
microstructure change, addition of nano-rubber increases the cross-linking density of the 
epoxy resin system, and the movement of the polymer chain is limited. When it is subjected 
to an external stress, the tensile strength of the composite material will increase as the  
cross-linking density increases. 

 

 
Fig. 2. Effect of VP-501 addition on tensile strength of epoxy resin 

When an object is subjected to an external force, it will undergo the elastic 
deformation if the elastic limit of the object is not exceeded. When the elastic deformation 
occurs, an internal stress will be generated inside the material, to restore the shape of the 
object. Elastic modulus is a physical parameter that could reflect the ability of a material to 
resist deformation, which is used as one of the bases for selecting materials in engineering. 

Figure 3 shows that the tensile modulus of the system shows a decreasing trend with 
the increase of VP-501 content, which could be explained by the fact that addition of elastic 
particles of carboxyl-terminated nitrile butadiene rubber has reduced the rigidity of the 
system, compared with the pure epoxy resin, because the rigidity of the nano-particles is 
lower than that of the matrix material. 

 

 
Fig. 3. Effect of VP-501 content on elastic modulus of epoxy resin system 
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Figure 4 shows a trend in which the failure strain of the epoxy resin composite changes 
with the content of nano-rubber. It could be seen that the failure strain at room temperature 
increases with the increase of VP-501 content. When its content is 15 %, the strain reaches 
the peak point, from 2.2 to 4.33 %, and then decreases slightly. Addition of elastic  
nano-particles will reduce the rigidity of the epoxy cross-linked network and enhance the 
mobility of the molecular chain, leading to an increase in the failure strain of the system at 
room temperature. This result is in coincide with the trend of tensile strength with the 
increase of VP-501 addition in Figure 2. 

 

 
Fig. 4. Effects of strain on the VP-501 content of the epoxy resin system failure 

In summary of all tensile mechanical properties above, Table 1 below has completely 
shown the corresponding data. 

 
Table 1  

Tensile mechanical properties of the system 

Nano-rubber content 
[phr*] 

Tensile strength 
[MPa] 

Young’s modulus 
[GPa] 

Failure response 
[%] 

Pure epoxy resin 46.25 ±2.54 2.10 ±0.12 2.20 ±0.07 
5 47.66 ±1.53 1.92 ±0.08 2.48 ±0.04 
10 50.28 ±0.86 1.71 ±0.02 2.95 ±0.06 
15 61.34 ±2.35 1.53 ±0.06 4.33 ±0.05 
20 40.30 ±1.22 1.45 ±0.05 4.01 ±0.08 

* phr = parts per hundreds of rubber 

Fracture toughness 

Figure 5 shows how the fracture toughness of VP-501 modified epoxy resin changes 
with the content of VP-501. It could be seen that when the nano-rubber is added, the 
fracture toughness of the epoxy resin material increases as the content of VP-501 increases, 
and the addition of nano-rubber has exhibited a good toughening effect. When the content 
of nano-rubber is 15 %, the fracture strength factor of the composite material will increase 
from 1.12 to 3.01 MPa∙m1/2 by a percentage of 168.7 %. 

The nano-rubber could accomplish nano-scale dispersion in the epoxy resin due to its 
small particle size, so the interface between the two phases is large. The phase interface of 
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the epoxy resin modified by VP-501 elastic nano-rubber with a particle size of 70 nm is 
enlarged more than 100 times, compared with the epoxy resin modified  
by liquid-terminated carboxylated nitrile butadiene rubber with a particle size of 1,000 nm. 
The active groups at the VP-501 nano-particle interface form more chemical bonds with the 
epoxy groups in the epoxy resin, and the -CN groups at the VP-501 nano-particle interface 
form more hydrogen bonds with the -OH groups in the epoxy resin. The adhesion between 
the two phase interfaces is improved due to the enlargement of the interface between two 
phases and the significant increase of hydrogen bonds and chemical bonds, leading to  
an effect on the motions of molecules and polymer chains at the interface between two 
phases. Therefore, the interfacial properties and macroscopic mechanical properties are 
improved in the modified epoxy resin, thus causing a significant increase in the fracture 
toughness of the modified epoxy resin. 

 

 
Fig. 5. Effect of VP-501 content on fracture toughness of epoxy resin 

Table 2  
Effect of VP-501 content on fracture toughness of epoxy resin 

Nano-rubber content 
[phr] 

KIC  
[MPa∙m1/2] 

Pure epoxy resin 1.12 ±0.12 
5 1.81 ±0.08 
1 2.62 ±0.12 
15 3.01 ±0.08 
20 2.87 ±0.05 

 
As it is indicated in the traditional theory on toughening the epoxy resin with rubber, 

the diameter of rubber particles in the dispersion phase has an optimum range, and if the 
diameter of rubber particle is too small, the toughening effect of the epoxy resin will be 
impaired. McGarry et al. has found that when the diameter of CTBN particle is less than 
100 nm, it will have no toughening effect on the epoxy resin. But when we use the elastic 
nano-rubber with a particle diameter of only 70 nm, the toughening effect is significantly 
better than that of the CTBN with a large particle diameter. Based on the results of 
observation on the fracture surface of elastic nano-particle toughened epoxy resin by  
a scanning electron microscopy, it could be seen that the brittle fracture appears near the 
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crack tip in the pure epoxy resin, and the fracture surface is very smooth. After the  
nano-rubber VP-501 is added, the ductile fracture appears near the crack tip, which is 
reflected by the river-shaped or beach-shaped extension of cracks. Currently, following 
statements on mechanism under which the rubber improves the toughness of epoxy resins 
have been accepted widely. (1) Epoxy resin matrix shear zones between adjacent rubber 
particles could form local shearing yield; (2) holes or plastic defects occurs in the epoxy 
matrix, which are formed through the debonding and cavitation of the rubber particles; and 
(3) rubber particles at crack tip could generate a bridging effect. In all these statements on 
the toughening mechanism, the particle diameter of rubber is always an important 
parameter. According to a new theory on interaction between rubber particles and plastic 
zone, rubber particles smaller than the plastic zone of the pure epoxy resin could interact 
with the plastic zone at tip to generate the cavitation effect and contribute to the occurrence 
of shearing yield, resulting in an excellent toughening effect. Due to the small particle 
diameter of the elastic nano-particles we used, the epoxy matrix could produce a larger 
plastic flow and plastic deformation zone when the epoxy resin is subjected to an external 
load, therefore, the elastic nano-particles could greatly improve the toughness of epoxy 
resin. 

 
a) 

 

b) 

 
c) 

 

d) 

 

Fig. 6. TEM photograph of nano-phase modified epoxy: resin a), c): content of 5 %; b), d) content  
of 15 % 

During the radiation vulcanization of nano-rubber particles, unsaturated double bonds 
of large molecules on the surface of rubber particles are more likely to undergo the  
cross-linking reaction, leading to a higher cross-linking degree. On the contrary, the rubber 
molecules inside the rubber particles are less likely to undergo the cross-linking reaction, 
thus leading to a lower cross-linking degree. Therefore, the microstructure of elastic  
nano-particles should adopt a special "gradient cross-linked structure", which could not 
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only retain the elasticity of the rubber, but also avoid the agglomeration of the rubber 
particles, making them easier to realize the nano-scale dispersion in the resin matrix. 

Figure 6 shows the transmission electron microscope images of modified epoxy resin 
with different nano-phase contents. It could be seen that in the epoxy resin matrix, the 
spherical nano-rubber particles are well dispersed in the form of individual particles, and 
the size of nano-rubber particles is still kept at about 70 nm. Such a good dispersion of the 
nano-rubber particles has further verified that the cross-linking degree on rubber particle 
surface is higher than that of the special gradient cross-linked structure inside the particle. 
When the composite material is subjected to an external stress, the uniformly dispersed 
nano-rubber could generate a passivation effect and bridge the brittle solidified parts of 
epoxy resin, to improve the toughness of the epoxy resin matrix, achieving a good 
modification and toughening effect. 

Dynamic mechanical properties 

Dynamic Mechanical Analysis (DMA) is a thermo-mechanical analysis technology, 
which is used to measure the dynamic modulus, mechanical loss and temperature 
correlation of materials under vibration load at the programmed increasing temperature 
conditions. At present, DMA is widely used in the studies of polymer materials, and it has 
several scanning modes such as sample temperature, frequency and deformation.  
As properties of a material (such as modulus, mechanical loss tanδ and the viscosity) 
change with temperature, frequency or time, a series of scanning curves could be shown, 
and basic parameters of the material (such as the glass-transition temperature Tg in the 
curve tanδ) could be determined. Additionally, the detailed information on the heat 
resistance and toughness of the material could also be gained. 

Figure 7 shows the relationship between storage modulus and temperature of the epoxy 
resin composite when different contents of VP-501 are added. It could be seen from the 
Figure that the initial storage modulus (50 °C) of nano-composite shows a trend to increase 
first and decrease later after the nano-rubber is added, and that when the content is 15 %, 
the initial storage modulus increases from 1.375 ∙ 109 to 1.764 ∙ 109 MPa, increased by  
a percentage of 28.3 %. 

 

 
Fig. 7. Effect of nano-rubber content on storage modulus curve of composite material 
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Conclusion 

With the development of adhesive products, studies on building structure adhesives 
have been conducted widely. The nano-composite material is a nano-particle containing 
composite material, modified by the nanometer material, in which the resin, rubber, 
ceramics, metal and other matrices are taken as the continuous phase, while the metal, 
semi-conductor, rigid particles, inorganic particles and other modifiers are taken as the 
disperse phase, prepared through dispersing the nanometer particles evenly into the matrix 
material. The nano-composite material has excellent properties that could not be matched 
by the general engineering materials, due to its features such as the nano-scaled small size 
effect in the disperse phase and the large specific surface area. Therefore,  
the nano-composite material is a new topic, which has a very broad application prospect 
and a promising commercial development future, and the modification of epoxy resin 
adhesive with the nano-materials has become one of the most popular research topics in the 
adhesive industry. 
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