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Abstract: In this work, the mechanical properties of composite samples prepared using a conventional and 

nanomodified matrix were studied. The thickness of the monolayers in the samples was 0,2 μm. It was found in 

experiments, that the addition of fullerene soot as a nanomodifierled to an increase in the mechanical properties 

of the samples along the direction of reinforcement. At the same time, an improvement in the quality of the 

contact of the matrix with the fibers in the samples with the nanomodifier was observed: on the fracture surface, 

the nanomodified matrix envelops the fibers, while the usual matrix completely exfoliates. The obtained effects 

of changing the strength of composites can be associated, among other things, with a change in the level of 

residual stresses arising in composites during nanomodification. Analytical and numerical modeling methods are 

used to explain these effects.  
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Introduction 

The development of modern technology requires the creation of new structural materials with high elastic-

strength characteristics, and, on their basis, structures with more effective weight data. The creation of polymer 
composites based on nano-modified binders has been one of the priority areas of research in the field of 

composite materials manufacturing technologies for many years[1-12]. Significant progress has been made in 

this area [13-21]. The development of composite materials that improve their operational limits is based on the 

reinforcement of two or more fibers into a single polymer matrix, which leads to an improved material system 

called hybrid composites with a wide variety of material properties [22-25]. When creating nanocomposites, the 

key tasks are the development of efficient, reliable, and affordable production technologies for mass production, 

which make it possible to obtain materials with stable mechanic characteristics[26-39]. The objective of this 

work is to identify the characteristics of elasticity and thermoelasticity of monolayers, which are realized in the 

resulting composites. 

 

Experimental studies of the mechanical properties of composites 

In the experiments, samples of composites obtained from carbon fibers and an epoxy binder and obtained from 
carbon fibers and a nano-modified epoxy binder containing 0.2 wt. % fullerene soot produced by the company 

"Nanopolymer" (Russia) and particles of carbon black (soot). The samples differed in the mutual orientation of 

the carbon fiber layers. The used fullerene soot contains 10% of C60 and C70 fullerenes and consists of 100% 

carbon, that is, it does not contain other impurities. The density of soot is 0,3 g/cm3. Epoxy binder EDT-10 

(Russia) and carbon fibers HTA-40 (TohoTenax Co. Ltd.) were used to prepare composite samples. The fiber 

volume content was 50%. The properties of the matrix fibers are presented in Tables 1 and 2. For the nano-

modified matrix, it is also known that Young's modulus was 2.5 GPa. 

 

Table 1. Properties of NTA 40 fibers 

Characteristics Unit Value 

Elasticmodulus, E1 GPa 257 

Elasticmodulus, E2 GPa 24 

Shearmodulus, G12 GPa 16 

Poisson'scoefficient, ν21 - 0,279 

Poisson'scoefficient, ν23 - 0,49 

CTE 10-6·oС-1 -0,1 

Density g/cm3 1,7 

 

Table 2. Properties of EDT matrix -10 

Characteristics Unit Value 

Elasticmodulus,Е GPa 2 

Poisson'scoefficient, ν - 0,4 

CTE 10-6·oС-1 65 

Density g/cm3 1,23 
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The results of testing samples of composites made using a conventional and nano-modified matrix are presented 

in Table 3. The thickness of the monolayers in the samples was 0,2 μm. It was found in experiments that the 

addition of fullerene soot led to an increase in the mechanical properties of the samples along the direction of 

reinforcement. At the same time, an improvement in the quality of the contact of the matrix with the fibers in the 

samples with the nanomodifier was observed - on the fracture surface, the nanomodified matrix envelops the 

fibers (Fig. 1 a, b), while the usual matrix completely exfoliates (Fig. 1 c, d). The obtained effects of changing 

the strength of composites can be associated, among other things, with a change in the level of residual stresses 

that arise in composites during nanomodification.  
 

Table 3. Test results of composite samples 

Sample 

Regularbinder Withfiller 

Elasticmodulus, 

GPa 

Tensilestrength, 

MPa 

Elasticmodulus, 

GPa 

Tensilestrength, 

MPa 

1 128 1260 138 1526 

2 7 52 6 43 

3 72 764 66 579 

4 9 123 12 146 

 

а  b  

c  d  
Fig. 1. Micrographs of the fracture surface of composites with nanomodified (a, b) and conventional (c, d) 

matrices. 

Modeling the elastic properties of nanocomposites 

To identify the elastic properties of a monolayer from the known values of the elastic moduli of composite 

samples with different reinforcement schemes, we will use the classical model of layered composites[29-33]. 

The effective modulus of elasticity of a layered composite with a symmetric reinforcement scheme can be found 

by the formula: 

2
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         (1) 

Here H nh  – thickness of a package composed of n monolayers with a thickness h,  
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n
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components of the stiffness matrix of a layered material for the case of a plane stress state formed by layers of 

equal thickness,  ij
k

Q – reduced moduli of elasticity of the kth layer in the coordinate system of the package, 
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determined on the basis of standard relations through the sought characteristics of the rigidity of monolayers and 

their orientation angles
k . In matrix form, these relations can be represented in the following form: 

  1 1[ ] [ ] [ ] [ ] [ ] [ ]k k k k k kij
k

Q Q T Q R T R   ,  
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whereby
21 1 12 2E E  . 

Thus, the desired characteristics of a monolayer are elastic moduli along and across the fibers
1E and

2E , 

Poisson's ratio
12 and in-plane shear modulus

12G . These values are identified from the conditions for the 

minimum standard deviation of the calculation results and experimental data for the elastic moduli of the 

composites presented in Table 2.3. Accordingly, consider the following function: 

       
22 2 2

1 2 12 12 0 90 45 0/90

1
( , , , )

2
f E E G E E E E         ,   (2) 

where
...E – this is the difference between the experimentally found value of the elastic modulus of the 

composite in a given direction (Table 3) and its calculated value determined by the expression (1). 

Variable values 
1E , 

2E , 
12 and

12G , at which function (2) reaches a minimum are the sought characteristics 

of the monolayer.  

To determine the properties of unidirectional layers of fiber composites, we use the model of a cylindrical 

inclusion. To take into account the effect of the dispersed filler (fullerene soot), it is necessary to take into 

account that the nanomodified matrix additionally contains spherical inclusions, which are particles of carbon 

black and fullerenes C60 and C70.  

Based on the initial experimental data, it is known that the fiber volume content is 50%. The content of fullerene 

soot in the matrix is 0,2 wt. %. Taking into account the known density of the epoxy matrix and fullerene soot, we 

obtain that the volumetric content of the filler in the matrix is 0,82%. In this case, the content of fullerenes is 

only 1/10 of this value, that is, 0,082%. The remaining 0,738% is carbon black. 

The fiber diameter is 7 μm. The size of fullerenes is about 1 nm, and of carbon black particles - 50-1000 nm. For 

carbon black particles, when constructing representative fragments of material for numerical calculations, we 
will set the normal size distribution.  

The properties of the matrix and fibers are known (Tables 1 and 2). The elastic modulus of fullerenes is assumed 

to be approximately equal to 1 TPa, and the Poisson's ratio is 0,35. For carbon black particles, the corresponding 

characteristics are taken equal to 80 GPa and 0,3. To assess the thermoelastic characteristics of monolayers, the 

coefficient of thermal expansion of the filler particles is assumed to be 5·10-6С-1. 

An analytical calculation to determine the effective elastic properties of a monolayer will be carried out in the 

Digimat-MF module using the Mori-Tanaka averaging method. Separately, we will also evaluate the effect of the 

filler on the elastic modulus of the matrix, considering the material containing only fullerene soot as inclusions. 

Based on these calculations, we will determine the "effective" volumetric content of inclusions, taking into 

account the influence of interphase layers formed around the inclusions. The influence of these layers, as will be 

shown below, cannot be neglected, since in this case underestimated values of the elastic characteristics of the 

matrix will be obtained. Therefore, in fact, knowing the modulus of elasticity of the nanomodified matrix from 
experiments, the content of the filler will be selected such that the calculation and experiment will coincide. The 

found value of the effective volumetric content of inclusions is further used in analytical and numerical 

calculations of the properties of a monolayer. 

Numerical calculations will be carried out using the Digimat-FE module. The size of a cubic representative 

fragment was set by the system automatically. The effective elastic properties were calculated by determining 

the ratio of the volume-averaged representative fragment of the stress level to a given value of homogeneous 
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deformations. In this case, the boundary conditions and the geometry of the fragment itself are periodic. The 

calculations were carried out using the finite element method.  

An example of a representative fragment of a unidirectional composite containing a dispersed filler is shown in 

Fig. 2 a. This illustration shows only reinforcing fibers and carbon black particles. Fullerenes, even with a very 

low volumetric content (less than 0,1%), are contained in such a fragment in a very large amount, and it is 

impossible to model their effect at this scale level. For example, a cubic fragment of a 1 μm matrix contains 

more than 400 thousand fullerenes for a given volumetric content. Therefore, in particular, the nano-modified 

binder is black, while the usual binder is yellow. To model such materials, it is necessary to resort to multiscale 
approaches and to carry out a consistent determination of effective properties at various scale levels. This task is 

greatly simplified if the properties of the nanomodified matrix are known from experiments. In particular, it is 

known that its Young's modulus is 2.5 GPa. The missing characteristic is Poisson's ratio, which can be 

approximately taken unchanged, or estimated on the basis of analytical calculations using the found value of the 

"effective" volumetric content of the filler, which was done. Further, it suffices to numerically solve the 

averaging problem on a representative fragment containing only fibers (Fig. 2 b). 

 

a  b  
Fig. 2. Examples of cubic representative fragments of a unidirectional layer based on a matrix with a filler (b) 

and a homogeneous matrix (a). Fragment size 35 μm. 

 

The solution to the problem of minimizing function (2) within the framework of the macromechanical approach 

was built using the Matlab system. In the process of searching for the minimum of function (2), the restriction 

was imposed that the Poisson's ratio of a unidirectional layer 
12 cannot exceed the Poisson's ratio of the matrix. 

Without this condition, minimization led to the determination of obviously overestimated values
12 for 

composites with the original matrix. Based on the available experimental data (Table 3), the following 

characteristics of the elasticity of the monolayer were found based on the initial matrix: 

Е1= 131 GPa, Е2 = 8.3 GPa, ν12 = 0.4, G12 = 2.4 GPa    (3) 

and based on nano-modified matrix: 

Е1= 136 GPa, Е2 = 4 GPa, ν12 ≈ 0, G12 = 3.3 GPa.     (4) 
Within the micromechanical approach, the characteristics of a unidirectional layer without nanoparticles were 

determined on the basis of the classical solution of the averaging problem for the model of a cylindrical inclusion 

by the Mori-Tanaka method, and they were: 

Е1= 129. GPa, Е2 = 5. GPa, ν12 = 0.33, G12 = 1. GPa,     (5) 

α1= 4.5·10-7С-1, α2 = 4.2·10-5С-1 

To obtain an analytical assessment of the properties of the nanomodified monolayer, the “effective” volumetric 

content of fullerene soot in the matrix was preliminarily determined, at which the calculated value of the 

effective Young's modulus of the nanomodified matrix coincides with the known experimental value (2,5 GPa). 

It was found that if we do not take into account interfacial effects, then the calculation predicts the effective 

Young's modulus equal to 2,04 GPa, with an initial value of 2 GPa. That is, with such a low content (0.82%) of 

even very hard inclusions, they should not have a significant effect on the properties of the material. The 
experimentally found increase in the matrix modulus can be explained by the influence of hardened and rigid 

interphase zones formed around the inclusions. For an approximate assessment of their influence, the concept of 

"effective" volumetric content of inclusions is introduced. It is assumed that the properties of the interphase 

zones and inclusions are the same, and the calculation should use the value of the "effective" volumetric content 

of inclusions, which is the sum of their real volumetric content and the content of interfacial zones. This value 

was approximately 10% for the considered composite. In this case, the predicted Young's modulus of the 

modified matrix is 2.5 GPa, Poisson's ratio is 0,39, and the thermal expansion coefficient is 5.76 · 10-5 С-1. 

Further, taking into account the "effective" content of inclusions, the following characteristics of a unidirectional 

layer with nanoparticles were found: 
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Е1= 130 GPa, Е2 = 5.9 GPa, ν12 = 0.33, G12 = 2.2 GPa    (6) 

α1= 5.3·10-7С-1, α2 =3.3·10-5С-1 

As a result of numerical modeling using three-dimensional representative fragments (Fig. 2b), the following 

values of the characteristics of monolayers were found. No added nanoparticles: 

Е1= 124.8GPa, Е2 = 4.9GPa, ν12 = 0.33, G12 = 1.5GPa,     (7) 

α1= 5·10-7С-1, α2 =4.3·10-5С-1 

For nano-modified layer: 

Е1= 125 GPa, Е2 = 6GPa, ν12 = 0.33, G12 = 1.8GPa    (8) 
α1= 5.6·10-7С-1, α2 =3.8·10-5С-1 

When using the characteristics of monolayers (3) and (4) found within the framework of the macromechanical 

approach, the standard deviation of the calculation results from experiments is 1.6 GPa for a conventional matrix 

and 2.5 GPa for a nanomodified matrix. The corresponding deviations for characteristics (5) and (6), found as a 

result of micromechanical modeling and analytical calculations, were 2.6 GPa and 4.5 GPa. For the sets of 

characteristics (7) and (8) found in numerical calculations, deviations of 4,3 GPa and 6,7 GPa were obtained.  

Comparison of the calculated results obtained within the framework of macro- and micromechanical modeling 

and experimental data is shown in Fig. 3. Shown here are the values of the elastic moduli of composites with 

different reinforcement schemes, found experimentally and theoretically based on the identified properties of 

monolayers (3) - (8). 

 
Fig. 3. Comparison of the experimental values and results of calculations of the elastic moduli of composites 

based on the conventional (a) and nanomodified matrix (b) taking into account the identified values of the elastic 

moduli of the monolayer. Vertical axis scale in GPa. 

 

Conclusions 

Based on the results of experimental studies, the effective characteristics of a monolayer made of a composite 

material based on both conventional and nanomodified matrices were determined, and a solution to the 

corresponding inverse problem was obtained. It was found that the addition of nanoparticles within the 
recommended standard range of 10% leads to a slight increase in the longitudinal elastic modulus and shear 

modulus of the monolayer. In this case, there is an almost twofold decrease in the elastic modulus in the 

transverse direction and a decrease to zero Poisson's ratio. The reliability of the developed numerical models is 

confirmed by a good correlation between the results of both numerical and analytical solutions and the obtained 

experimental data on the study of the thermomechanical characteristics of nanomodified materials.  
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