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Abstract 

The fracture resistance of construction adhesive has attracted tremendous 

interests in the past decades. This paper conducts an experimental study on the mode I 

fracture resistance of epoxy construction adhesive reinforced with graphene 

nanoplatelets (GNPs) through double cantilever beam (DCB) specimens. The 

experimental results show that the mode I fracture toughness of nanocomposites 

increases compared with the neat epoxy. It is worth noting that the mode I fracture 

toughness of nanocomposites at a graphene content of only 0.25 wt% exhibit a 5 

times enhancement compared with neat epoxy adhesive. When the graphene content 

continues to increase, the mode I fracture toughness of adhesive decreases as the 

aggregation of graphene in adhesive. The mechanical behavior of the DCB specimens 

with different nanocomposites adhesive are predicted using finite elements analysis 

(FEA). The mode I fracture properties of nanocomposites obtained from the 

experimental results are used as cohesive zone model parameters in FEA. The 

prediction agrees very well with the experimental results. 

Keywords: Graphene Epoxy; Fracture Resistance; Numerical Analysis 

1. Introduction 
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Epoxy based adhesive joints have been widely used in different applications, 

including bonding metal components, fiber-reinforced composites (FRP), and 

concrete structures [1–5]. Epoxy adhesives have shown lots of advantages, such as 

lightweight, low-cost, and avoiding the use of metal fasteners, which are commonly 

vulnerable to corrosions [6–11]. To evaluate the quality of adhesives, fracture 

toughness is an important criterion, because the brittle nature of the epoxy based 

adhesive joints is the major drawback limiting the service life. In open literatures, 

people have made a lot of efforts on enhancing the fracture toughness of epoxy based 

adhesives, but most works still cannot fulfill the requirements in the industries due to 

the issue of complicated fabrication process, unsatisfactory properties, and relatively 

high cost.  

Recently, polymer based composites have attracted tremendous interest due to 

their effectiveness in improving the mechanical and other functional properties of 

epoxy adhesives [12]. Many types of fillers such as metal particles [13, 14] and 

carbon fillers including carbon nanofibers (CNFs) [15,16], carbon nanotubes (CNTs) 

[17,18], and graphene [19,20,21], have been studied. For instance, nanofiber was 

introduced in the epoxy adhesive to improve mechanical performance of the joints. 

The mechanical performance of the reinforced aluminum joints was investigated by 

utilizing double cantilever beam (DCB). Mod I fracture toughness of the adhesively 

bonded joints were found to increase by 97% with addition of nanofiber into epoxy 

adhesive [22]. Compared with other types of fillers, graphene presents much better 

performances, resulting from the large aspect ratio, large specific surface area, and 
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exceptional mechanical strength. Hitherto, graphene/polymer composites have been 

extensively explored to achieve desired mechanical and other functional properties 

[23–25]. 

From the previous works, various graphene fillers such as graphene nanoplatelets 

(GNPs), reduced graphene oxide (rGO), and three dimensional graphene have been 

developed [26], and their epoxy based composites possessed excellent mechanical 

properties. Take GNPs as an example, it has been introduced into a rubber-modified 

epoxy adhesive in order to simultaneously improve the bulk mechanical properties 

[27], bulk fracture toughness and single joint lap shear strength of the adhesive. The 

Young’s modulus was observed to increase by 4% and the fracture energy of the bulk 

adhesive increased by 21 % after adding 0.1 wt.% GNPs. Although the mechanical 

properties of GNPs/epoxy composites have been extensively studied, the fracture 

resistance of GNPs/epoxy composites and their applications in construction adhesives 

are still rarely studied. 

Herein, GNPs have been used to reinforce epoxy adhesive. Nanocomposites with 

different graphene contents, including 0.25 wt%, 0.5 wt%, 0.75 wt% were fabricated. 

The double cantilever beam (DCB) specimens were used to test mode I critical strain 

energy release rate of nanocomposites. The variation trend of mode I fracture 

toughness with the graphene content were obtained. The numerical analysis 

conducted by ABAQUS was also carried out to simulate DCB specimens with 

different nanocomposites. 

2 Experiment 
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2.1 Materials  

The adhesive used in this paper was manufactured by Kangda Company in 

Shanghai, a two-component epoxy adhesive which contains component A for epoxy 

and component B for curing agent. This adhesive has been widely used in the 

construction area to join fiber reinforced polymer (FRP) to the existing structures. The 

cure condition of this adhesive is at room temperature (RT) for 72 h according to the 

manufacturer of adhesive. The GNPs were fabricated by thermally expanding the the 

graphite intercalated compound (GIC), and the details can be found in our previous 

works [19, 23] 

2.2 Preparation of GNP/epoxy composites  

GNPs were dispersed in acetone at a graphene concentration of 2mg/ml, 

followed by sonication for 6 h in a bath sonicator. Then the GNP/acetone dispersions 

were mixed with a certain amount of epoxy (component A of the adhesive), depending 

on the graphene content of the final composites. After that, GNPs and epoxy adhesive 

were pre-mixed using a magnetic stirrer at 2000 rpm for 3h to evaporate acetone at RT. 

The temperature of the mixture was subsequently elevated to 100 °C for full 

evaporation of acetone. After cooling down to RT, curing agent (component B of the 

adhesive) at a stoichiometric ratio (weight fraction epoxy/ hardener = 3/1) was added 

into the mixture and mixed using a planetary mixer (ZYMC-180V, ZYE Technology 

Co., Ltd) at 2000 rpm for 3 min to obtain the final GNP/epoxy composites. 

Nanocomposites containing three different graphene contents, including 0.25 wt%, 

0.5 wt% and 0.75 wt% were prepared. 

2.3 Sample fabrication 
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The mode I fracture toughness of adhesive was investigated using DCB 

specimens. The specimens were fabricated according to the standard ISO 25217 and 

the dimensions of the specimens were shown in Fig. 1. Stainless steel was used for the 

adherends. To control the thickness of adhesive, four 0.1mm-thick spacers, two on 

each side, were inserted between the adherends before the application of adhesive and 

the thickness of adhesive was 0.2mm. A sharp pre-crack with the length of 70 mm 

was fabricated by a 40-µm thick polytef (PTFE) film. The pre-crack was placed in the 

middle of the spacers to ensure that the pre-crack positions in the mid-plane of 

adhesive. The spacers were removed after the joints being cured. 

As required by the standard ISO 25217, the average thickness and width of the 

adherends were measured before bonding. The average thickness of the adhesive was 

obtained by subtracting the respective average thicknesses of the two adherends from 

the total thickness of the DCB specimen after bonding. Before bonding, the surface of 

the adherend was first scrubbed with acetone to erase the oil stain and metal oxide on 

the surface, followed by sanding with 60# sandpaper to increase the roughness of the 

bonding surface. The sides of the adherends and the surfaces of the spacers were 

coated with a release agent to avoid excessive adhesive bonding. The adhesive was 

evenly applied to avoid excessive mixing of air bubbles. The DCB joints were cured 

at RT for 72 h. After curing, scrape the excess adhesive on the side of joints to 

complete DCB specimen preparation.  
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Fig. 1. Illustration of DCB specimen dimensions.  

2.4 Test procedure and data analysis 

The DCB specimens with GNP/epoxy adhesive and neat epoxy adhesive were 

tested by an electronic universal testing machine (Zwick 8406) as shown in Fig. 2. To 

avoid blunted pre-cracks, all the specimens were loaded before the experiment 

starting until the cracks were extended forward by 2-3 mm on the basis of the 

pre-cracks. Force-displacement curves were recorded during the experiment. At least 

four specimens were tested for each material.  
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Fig. 2. Experimental set up for DCB specimens 

The compliance-based beam method (CBBM) to obtain the mode I fracture 

toughness of adhesive has been proposed by Moura [28-30]. It does not need the 

measurement of crack propagation to calculate the mode I fracture toughness of the 

adhesive. This method has been compared with the traditional methods which need 

the crack propagation for calculating the mode I fracture toughness of adhesive in the 

literature and the good consistency is obtained [29, 30]. The mode I fracture 

toughness of ductile adhesive is calculated by Equation (1-5).  

G� = 6P�B�h (2a�

�

h�E� + 15G) (1)

 

δ=8Paeq3EfBh3 +
12Paeq5BhG  

 (2)

 E� = (C� − 12(a� + |∆|)5BhG )� 8(a� + |∆|)!Bh!  
(3)

∆= h" E�11G #3 − 2 $ Γ1 + Γ&
�' (4)

Γ = 1.18)E�EG  
 (5)

where P is the force value; h is the thickness of adherend; B is the width of the 

specimen; G and E are shear modulus and elastic modulus of the adherend; C� is the 

initial compliance of the specimen and a� is the initial crack length which is 70mm 

in this paper; a�
  is the equivalent crack length and the value of a�
  can be 

obtained by solving Equation (2) through Matlab Software; ∆ is the rotation 

correction value of the initial crack; E� is the flexural modulus of the modified 

specimen, which takes into account of factors that may affect the P–δ relationship, 
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such as the stress concentration at the crack tip, changes in the stiffness of the 

specimen during the experiment etc.  

3 Results 

3.1 Experimental study on mode I fracture toughness of neat adhesive and 

GNP/epoxy adhesive 

To investigate the effect of graphene content on mode I fracture resistance of 

epoxy adhesive, tests on DCB specimens with neat epoxy and different content of 

GNP/epoxy adhesive were carried out. Fig. 3 presents typical force-displacement 

curves of neat adhesive and GNP/epoxy nanocomposites with three different graphene 

contents. It can be observed that all three nanocomposites showed higher peak load 

and maximum displacement than the neat epoxy adhesive, but this improvement was 

not increased with the increase of GNP content. The nanocomposites containing 0.25 

wt% GNP shows the highest peak load and maximum displacement. The R-curves for 

neat epoxy and nanocomposites were shown in Fig. 4 and the variation trend of mode 

I critical strain energy release rate with the graphene content was shown in Fig.5 and 

the specific value of mode I fracture toughness of neat epoxy and nanocomposites 

with different GNP content were listed in Table 1. 

It can be seen from Fig. 5 that the enhancement of mode I fracture toughness was 

significantly when the GNP content increased to 0.25wt%. The nanocomposite 

reinforced at a graphene content of 0.25 wt% delivered almost 5 times increase in 

mode I fracture toughness compared with the neat epoxy, which was the highest 

improvement among all the materials tested in the paper. However, when the 
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graphene content continued to increase, the mode I fracture toughness decreased 

compared with nanocomposites with graphene content of 0.25 wt%. The fracture 

surfaces of DCB specimens with different content of GNPs were examined by optical 

microscope, as shown in Fig.6. From Fig.6, the reason to cause the decrease in mode I 

fracture toughness when the graphene content increased was that the aggregation of 

GNP in the epoxy adhesive, especially in DCB specimens with the GNPs content of 

0.5%. 

 

Fig.3 Force-displacement curves of DCB specimens containing neat epoxy and 

different content of GNP/epoxy nanocomposites. 
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(a) Neat Epoxy 

 

(b) 0.25 wt% 
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(c) 0.5 wt% 

 

(d) 0.75 wt% 

Fig.4 Typical R-curves of DCB specimens containing neat epoxy and different 

content of GNP/epoxy nanocomposites. 
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Fig. 5 Mode I fracture toughness of nanocomposites with a function of graphene 

content 

Table 1 Mode I fracture toughness of Neat Epoxy and GNP/Epoxy Nanocomposites. 

Graphene 

Content (wt %) 

Mode I fracture toughness 

(N/mm) 

standard deviation  

(N/mm) 

0 0.32 0.201 

0.25 1.9 0.216 

0.5 1.1 0.049 

0.75 1.36 0.134 
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Fig.6 Fracture Surfaces of DCB specimens with different content of GNPs 

3.2 Numerical Simulation and Result 

DCB specimens containing different nanocomposites were simulated by 

ABAQUS. The entire analysis was geometrically nonlinear. Meshing diagram of the 

DCB specimen and the applied boundary conditions were shown in Fig. 7. The plane 

strain elements (CPE4) with an out-of-plane width of 25 mm were employed for 

adherend and the adhesive was simulated by two-dimensional 4-node cohesive 

elements (COH2D4).  

The steel adherends were divided into 12 elements in the thickness direction, and 

the mesh was refined close to the overlap area. The adhesive was divided into one 

element in the thickness direction due to the instinctive property of cohesive elements. 
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The boundary conditions were applied according to the experiment, left end of the 

lower adherend was fixed in the x direction and the y direction and the left end of 

upper adherend was fixed in the x direction and the experimentally measured 

maximum displacement was applied in the y direction of the lower adherend. 

     Elastic-plastic material model was used for adherend steel, as shown in Table 2. 

The cohesive zone model parameter for neat adhesive and nanocomposites with 

different GNP content were obtained as follows. The mode I critical strain energy 

release rate of the adhesive input in the CZM was experimentally tested, cohesive 

stiffness was obtained by dividing the tensile modulus of the adhesive by adhesive 

thickness in DCB specimens. The cohesive strength was inputted by the inverse 

method.  

 

Fig.7 Mesh diagram in DCB specimens 

Table 2 List of material properties of the adherends in DCB specimens  

Yield stress /MPa Plastic strain 

400 0 

420 2.0e-2 

500 20.2e-2 

600 50.0e-2 

Comparisons between the experimental data and FEA results containing 

nanocomposites were shown in Fig.8. It could be seen that the DCB specimens could 

be resonably predicted by cohesive zone models. 
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(a) Neat Epoxy 

 

(b) 0.25 wt% 
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(c) 0.5 wt% 

 

(d) 0.75 wt% 

Fig.8. Comparison of the experimental and numerical results of DCB specimens with 

different GNP content of nanocomposites. 

4 Conclusion 

This paper conducted experiments on fracture resistance of the nanocomposites 
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with different graphene content by DCB specimens. The results show that mode I 

fracture toughness of nanocomposites increased compared the neat epoxy. The mode I 

fracture toughness of nanocomposites reinforced by 0.25 wt% graphene increased by 

5 times compared with neat epoxy adhesive, which was the highest improvement 

among all the nanocomposites. With the graphene content continued to increase, the 

mode I fracture toughness of adhesive decreased as the aggregation of graphene in the 

epoxy adhesive. The mechanical behavior of the DCB specimens with different 

nanocomposites can be predicted by FEA with good consistency when CZM was used 

for different content of adhesive. 
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