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Abstract. The carbon nanotube (CNT) composite material model containing interfaces was 
constructed in this paper. With the aid of the ABAQUS’s cohesive element and user-defined field 
(USDFLD) technologies, the damage beginning and evolution of the composite model under 
transverse load was simulated in the way of material degradation. The effect of the random 
distribution of CNTs in the matrix was considered. Respectively, the maximum tensile stress and Von 
Mises strength theory was applied as failure criterion in this analysis, and their results were 
compared. 

Introduction 

Since Ajayan first made the CNT composite by adding CNTs to the polymer matrix in 1994, the 
CNTs have been widely used in all kinds of materials for its excellent mechanical performance [1]. 
Usually adding a small quantity of nanophase can greatly improve the whole mechanical properties of 
the composite, but it will also bring some side effects, such as interface flaw, CNTs aggregation [2, 3], 
etc. These problems have limited the developments and application of CNT composite materials on a 
certain degree. 

The interface links the CNT and the matrix, its property plays a very important role in the 
macroscopic behavior of the composites materials. Terumasa Tsuda [4] measured the shearing 
strength of multi-walled CNT-PEEK interface, 3.5~7MPa, by pulling out test, and if it had been 
treated in the condition of 1MPa pressure and 573K temperature for 1 hour, the shearing strength of 
the interface could be improved to 6~14MPa. Surface modification has been frequently used in 
improving the composite property, Florian H. Gojny [5] strengthened the tie between the CNT and 
the epoxy matrix by modifying the multi-walled CNT surface. As to the distribution of the CNTs, 
Xiaolong Jia [6] added Fe3O4 particles to the CNTs, and made the CNTs distribute more orderly in 
the deionized water with the help of magnetic field, in this way the strength and modulus of the 
carbon nanotube-epoxy composite improved greatly. Longbin Qiu [7] also obtained well-aligned 
CNTs composite by synthesizing the nanotubes array with the CVD method, this made the material 
strength a magnitude order higher.  

The efforts of scholars around the world have made the CNT composite developed rapidly and 
more widely applied. On this basis, CNT composite model containing interface was established in 
this paper, with the ABAQUS’s cohesive element and user-defined field technologies, the composite 
damage process under transverse load was studied. Also the effect of CNTs’ random distribution was 
considered.  

Model establishment 
Python script was used to realize Parametric modeling in this paper. The representative volume 

model containing matrix, interfaces and 9 CNTs was constructed as shown in Fig.1. The volume 
fraction of the CNTs is 5%, the axial thickness of the model is 2.65nm, and the other dimensions are 
listed in Table.1. The CNTs and matrix were both meshed with element C3D8R, while the interface 
was meshed with the cohesive element COH3D8. The finite element model is shown in Fig.2. 
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Fig. 1 Geometry model 

Table 1 Dimensions of the model 

L (nm) ri(nm) ro(nm) t(nm) 

26.52 1.66 2.00 0.01 

 
Fig. 2 Finite element model 

As for boundary conditions, upward displacement load was applied on the upper surface of the 
model, to the other five surfaces, only the normal displacements were constraint. 

CNTs, matrix and interface are all isotropic material in this paper, material property parameters 
are listed in Table.2. 

Table 2 Material property parameters 

Material properties CNT Matrix Interface 

Young’s 

modulus(GPa) 
1000 3.5 5 

Poisson’s ratio 0.34 0.48 0.48 

Strength(MPa) ∞ 100 50 

Solving method 
The cohesive element provided by ABAQUS can simulate the interface behavior between two 

different materials conveniently. In this paper bilinear load-displacement cohesive mode is applied to 
simulate the damage process of the interface between the CNT and matrix. The curve equation can be 
expressed as: 
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Where σ0  is the initial failure stress, δ0  is the initial failure displacement, δf is the complete failure 
displacement. When: δ<δ0, the material is in the elastic state; δ=δ0, the damage begins and the stress 
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reaches the critical value σ0, this is the initial failure stage; δ≥δf, the material completely damage, and 
loses the carrying capacity. In the damage evolution stage the stiffness weakening coefficient D is 
introduced. D=0, that means no damage or the beginning of the damage, and D=1 means complete 
damage. The cohesive model’s constitutive relation in the damage evolution stage can be expressed 
as: 
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Where, σn, σs, σt are normal stress, first shear direction stress and second shear direction stress, ɛn, ɛs, 
ɛn, are the corresponding strain, and Knn, Kss, Ktt are the corresponding modulus. 

For the matrix, ABAQUS’s USDFLD was used to simulate its damage process. As the load 
increases, limited degradation will be done to the matrix if stress, strain or other parameters reach the 
critical value of the considered criterion. Both the maximum tensile stress strength theory, Eqs.3 
(usually for brittle material) and the Von Mises strength theory, Eqs.4 (usually for plastic material) 
are applied here. 
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When the failure criterion is met, the modulus of the matrix will be reduced as Eqs.5: 
dm mE dE=  (5) 

Where d is the reduction factor. It was found that the trend of the stress-strain curve tended to be 
uniform as d reduced. Taking into account the computational cost here, took 0.001 for d. 

In order to observe the damage process of the matrix visually, state variable SDV1 was compiled 
by USDFLD. The state variable SDV1 is the ratio of equivalent stress to the matrix strength. When 
the equivalent stress becomes bigger than the matrix strength, the modulus of the matrix reduces, and 
the value of SDV1 is no longer changed when it reaches 1.  
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The CNT’s properties are excellent, and its strength is much higher than the matrix, so its 
modulus will not be reduced. 

Result analysis 
Fig.3 shows the SDV1 contour of the model under the two different strength theories when the 

strain is 5%.  

  
(a) Maximum tensile stress criterion (b) Von Mises criterion 

Fig.3 SDV1 contour of the model with 5% strain 
Analysis of the detailed damage process: 
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1) Under both two strength criterion, damage began from the matrix elements next to the interface, 
and then extended to the adjacent CNT. Finally the damage region was like the Chinese character 
“一” penetrating the whole model, and vertical to the load direction. 

2) Under the maximum tensile stress criterion, damage began when the strain reached 0.6%, and 
the final failure region went through the first row of the CNTs. Under the Von Mises criterion, 
damage began when the strain reached 1.09%, and the final failure region went through the second 
row of the CNTs. 

3) In the undamaged region of the matrix, the average stress under the maximum tensile stress 
criterion was larger than that under the Von Mises criterion. 

4) In the undamaged region of the matrix, the stress level was still high near the interface. 
Under the maximum tensile stress criterion and Von Mises criterion, the damaged elements’ 

location of the interfaces were different. Fig.4 shows the weakening coefficient contour of the 
interface stiffness under the two different strength theories when the strain reaches 5%.  

  
(a)Maximum tensile stress criterion (b)Von Mises criterion 
Fig.4 Stiffness weakening coefficient contour of the interface with 5% strain 

Under both two criterion, interface damage began when the strain reached 0.33%, while the 
damage evolution under the maximum tensile stress criterion was faster. Because the limited 
degradation was applied, the interface was damaged incompletely, but the stiffness weakening 
coefficient D (i.e. the SDEG value) reached quite a high level, so it could be considered that partial 
failure occurred to the interface. The locations of the damaged regions of the interface were different 
from that of the matrix, the interface’s damaged regions were the upper and lower parts that vertical 
to the transverse load. The left and right sides of the interface were damaged slightly. 

In order to analyze the effect of the CNTs distribution, five random models were established by 
using Python script to generate random numbers. See Fig.5. 

     
MODEL T1 MODEL T2 MODEL T3 MODEL T4 MODEL T5 

Fig.5 Five random models 
After analysis of different random models, it was found that damage always began between the 

two most closed CNTs, and then extended through the whole model transversely. As an example, 
Fig.6 shows the SDV1 contour of the MODEL T4 with 5% strain. 

  
(a)Maximum tensile stress criterion (b)Von Mises criterion 

Fig.6 SDV1 contour of the MODEL T4 with 5% strain 
Analysis of the five random models’ calculation results: 
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1) Under the maximum tensile stress criterion, the maximum stress and corresponding strain of 
the five model are: 75.88MPa（0.57%）, 75.75MPa（0.57%）, 74.99 MPa（0.55%）, 73.41MPa
（0.54%）, 72.88MPa（0.52%）. While the CNTs-orderly-distributed model’s maximum stress and 
corresponding strain is 76.76MPa（0.58%）, so it can be seen that the strength of the random model 
has been weakened slightly. 

2) Under the maximum tensile stress criterion, as for the stress-strain curves of different models, 
there is no obvious regularities after the maximum stress point, the stresses present a declining trend 
generally. After the strain reaching about 0.8%, the curves turn into a relatively stable stage, and the 
stable values of different curves diverse. 
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Fig.7 Stress-strain curves of the random models under the maximum tensile stress criterion 
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Fig.8 Stress-strain curves of the random models under the Von Mises criterion 

3) Under the Von Mises criterion, the maximum stress and corresponding strain of the five 
models are: 104.48MPa（1.06%）, 102.93MPa（1.03%）, 99.11MPa（0.97%）, 96.10MPa（0.94%）, 
94.44MPa（0.88%）. While the CNTs-orderly-distributed model’s maximum stress and corresponding 
strain is 105.70MPa（1.09%）, the strength of the random model has also been weakened.  

4) Under the Von Mises criterion, the stress-strain curves’ trends of different models tend to be 
the same after the maximum stress point. They all decline rapidly, then turn into a relatively stable 
stage after the strain reaching about 1.4%, and the stable values diverse.   
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Conclusion 
In this paper cohesive element and USDFLD provide by ABAQUS were used to model the 

interface and matrix damage of the CNTs composite under the transverse load. Visually the damage 
process were presented. 

Under the transverse load, damage first began at the interface zone that vertical to the load, then 
extended to the matrix. The final failure region appeared to be the Chinese character “一”, and was 
vertical to the load direction. The properties of the matrix and interface are the key factors to the 
composites transverse performance. 

As to the CNTs-random-distributed models under the transverse load, damage usually began 
between the two most closed CNTs, and then extended to the adjacent CNTs until penetrating the 
whole model. The random distribution led to the transverse strength weakening on a certain degree. 
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