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Introduction 

 

In recent years, the problem of depletion of fossil fuels 

due to massive consumption of resources and energy, 

and also environmental problems are becoming serious 

problem, so we have to focus on the development of 

energy saving systems. Therefore, it is required to 

improve the thermal efficiency of heat exchangers of 

automobiles or airplanes, which consume a large 

amount of energy. In the past, there have been many 

researches aimed at achieving the enhanced thermal 

efficiency of the heat exchanger by structural 

improvement, such as improving fin design and 

arrangement of fins. However, it causes negative effects, 

such as deterioration of workability and increase of fluid 

resistance. It means that there is a limitation to improve 

thermal efficiency by the structural improvement. 

Therefore, it is necessary to develop a high thermal 

conductivity material that improves the heat dissipation 

efficiency of the fins themselves. At present, the main 

material used for the heat exchanger is aluminum (Al). 

Aluminum has superior properties in various aspects 

such as light weight property, strength property, thermal 

conductivity, workability, corrosion resistance, and etc. 

The main purpose of the reinforcement in composites is 

to have high strength and stiffness. Higher temperature 

materials, higher strength-to-weight ratio materials, 

light weight, and highly corrosion-resistant materials 

have attracted a attention from scientists and engineers.  

On the other hand, carbon nanotube (CNT: Carbon 

Nano Tube), (CF: Carbon Fiber) and Graphite (Gr), 

have lighter weights than Al, and higher thermal 

conductivity, and high strength characteristics. They are 

expected to be used for composite materials to improve 

their characteristics. There are many researchers 

studying on their thermal conductivity. Thermal 

conductivity of a composite material containing 

orientation controlled reinforcements in Al matrix is 

increased by few times as compared with Al as a base 

material. Thermal conductivity of a composite can be 

improved by maintaining highly accuracy of fiber 

orientation in the composite. However, it is well known 

that the delamination between the carbon fibers and the 

matrix dramatically reduces both the strength 

characteristics and thermal conductivity of the 

composites. Indeed, their advantage in low density and 

high specific properties give an increasingly important 

role. 

The present study aims to clarify mechanical 

properties of Al based composite materials with 

different volume fraction of Gr and CF. A 

Representative Volume Element (RVE) is modeled used 

for the analysis. Both Gr and CF mechanical properties 

are used in the unit model to carry out the comparison 

of the mechanical deformation characteristics using 

finite element method (FEM) software. 

 

FEM Model 
 

Finite element analysis was carried out by using 

ANSYS 17.1 as simulation software. Due to the 

symmetry of the package geometries, a unit RVE model 

was modeled. The schematics of the FEM model are 

shown in Fig.1. Three FEM models were developed 

having different reinforcement as Gr, CF, and 45˚ 

aligned CF. Pure Al and pure Al with void is considered. 

CF model also used to figure out the effect of the fiber 

alignment on the deformation of the composites. Then, 

to find out the deformation in composite delamination 

effect also considered for pure Al and void contained Al. 

 

 
Figure 1 FEM model of the composite. 

To understand the effect of volume fraction, void in 

the Al matrix, contact parameter on the deformation, 

and damage evaluation in composites a set of baselines 

was defined in this study. For a total of 20 different 

cases has been used for analysis and comparison.  

 

Material Properties 
 

In the analysis, Al was considered to show plastic 

deformation, whereas Gr and CF were considered as 

elastic material. This is the reason why the linear 

material properties were given to Gr and CF and the 

bilinear material properties was given to Al. The 

material’s (Al, Gr and CF) mechanical properties used 

in the analysis are represented in Table 1. Bilinear 

traction-separation material law used to represent the 

delamination in the contact between matrix and 

reinforcements shown in Fig.2.  

 



Table 1 Mechanical property of materials 

Materials Young’s 

Modulus 

[GPa] 

Poisson’s  
Ratio 

Tangent 

Modulus 
[GPa] 

Yield 

Strength 
[MPa] 

Al 
Al(Void) 

Gr 

CF 

68 
58 
10 

200 

0.334 
0.334 
0.23 

0.2 

0.2 
0.35 

- 

- 

55 
36 
- 

- 

 

 
Figure2  Bilinear Traction-Separation material law.  

 

Analysis condition 
 
The symmetric boundary condition and transient 

analysis were considered in the RVE model. For Al-Gr 

composite, 80MN force was loaded in +Y direction 

considering the experimental data. 100MN force (+X 

direction) perpendicular to the CF direction was loaded 

to make plastic deformation. On the other hand, as for 

Al-CF composite where CF is 45˚aligned with the 

loading direction (+Y direction) with same material 

properties of Al and CF, showed the plastic region in the 

stress-strain curve by 200MN force. Different models 

considering the variables are shown in Table 2. 

 
Table2 Variables in analysis condition 

 
 

Continuum damage mechanics (CDM) is applied to 

find out the Damage variable, D, which is a parameter 

to consider damage and represented by Eq. 1. 

 
The metal damage which is caused by the equivalent 

plastic strain is considered in this study. To figure out 

the damage model as a function of the equivalent strain 

Eq. 2 is considered.  

 
D is damage,  the maximum damage value, 

is the equivalent plastic strain, is the equivalent 

plastic strain over which damage initiates, 

is the maximum equivalent 

plastic strain at which the damage value reaches the 

maximum value , respectively. Also, M is the 

exponent to control the damage evaluation order. 

 

Result and Discussion 
 

Effect of Gr and CF Vol. Fraction and Void  
Mechanical properties such as Young’s modulus (E) 

and yield strength (σy) of Al-Gr composite, decrease 

with increase in the value of Gr volume fraction for pure 

Al and pure Al with void.  

 

 
Figure 3 Effect of Gr vol. fraction and void on E and  

σy of Al-Gr composites. 

 
Figure 4 Effect of CF vol. fraction and void on E and 

σy of Al-CF composites. 

On the other hand, Young’s modulus (E) and yield 

strength (σy) of Al-CF composite, increase with increase 

in the value of CF volume fraction for pure Al and pure 

Al with void. The composite containing 60% Gr shows 

the lower mechanical properties than 40% and 20% Gr 

as shown in Fig 3. The 60% CF volume fraction of pure 

Al matrix composite shows the higher values of both E 

and σy than 40% and 20% CF volume fraction 

composites as shown in Fig 4. The composite 

containing 45º aligned CF of the pure Al matrix and 

(1) 

(2) 



pure Al matrix with voids also shows the same 

tendencies as non-aligned CF composites as shown in 

Fig 5.The composite employing no void in the Al matrix 

shows the higher values of E and σy than the composite 

with void in Al matrix.  

 

 
Figure 5 Effect of CF vol. fraction and void on E and 

σy of Al-45ºCF composites. 

 

Now, the damage is considered in the elastic and 

plastic region of stress-strain curve of composite for 

pure Al and pure Al with void referring the CDM law of 

Eq.1. It is clear that composite of lower volume fraction 

of Gr is less affected by damage than the higher Gr 

volume fraction composite shown in Fig. 6. The 

composite of the lower volume fraction of nonaligned 

CF and 45º aligned CF has the high damage than the 

higher CF volume fraction composites as shown in 

Fig.7 and 8. It has been found out that the composite 

with void matrix has the higher damage variable, D than 

the no void matrix.  

 

 
Figure 6 Effect of Gr volume fraction and void on 

damage of Al-Gr composites. 

 
Figure 7 Effect of CF volume fraction and void on 

damage of Al-CF composites. 

 
Figure 8 Effect of CF volume fraction and void on 

damage of Al-45ºCF composites. 

 

Damage Evaluation in Al-Gr and Al-CF 
Composites 
The variation of damage variable due to equivalent 

plastic strain is shown in Figs. 9, 10 and 11. The value 

of D increases with increase in the equivalent plastic 

strain. The cracks and voids in the specimen increase 

with increase in strain, then, the specimen eventually 

achieves the extreme damage status. For Model 1, the 

damage starts at the higher strain than the Model 2 for 

all volume fraction of Gr shown in Fig.9. For Model 5 

and 8, the damage develops at the higher strain than the 

Model 6 and 9 for Al-CF composites shown in Figs.10 

and 11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As for Model 9, the damage initiation occurs at the 

lower strain than Model 8 and 10. As for 45º aligned CF 

 
Figure 9 Variation of damage variable with 

equivalent plastic strain of Al-Gr composites. 

 

 
Figure 10 Variation of damage variable with 

equivalent plastic strain of Al-CF composites. 

 

 

 

 



models (Model 8 to 10), the damage initiates at the 

lower strain than the non-aligned CF models (Model 5 

to 7). (Model 8 to 10) reach its extreme damage status at 

lower strain value than the other models (Model 5 to 7). 

 

 
Figure 11 Variation of damage variable with equivalent 

plastic strain of Al-45ºCF composites. 

 
Effect of CF Alignment 

 

 

 
Figure 12 Effect of CF orientation angle on E and σy     

of Al-CF composites. 

 

Effect of CF alignment on the mechanical properties 

(E and σy) on the Al-CF composites is shown in Fig. 12. 

For all volume fraction of CF and for all models, the 

mechanical behaviors of Al-CF composites decrease 

with the value of increase in the alignments. The rate of 

decreasing of mechanical behavior is increase with the 

lower volume fraction of CF. In case of void containing 

Al matrix the same tendency of composite mechanical 

behavior can be observed. 

 

Conclusion 
 

The present study conducted the finite element analysis 

(FEA) of Al-Gr and Al-CF composites to investigate the 

effect of voids contained in the Al matrix, the volume 

fraction of Gr and CF, and the contact parameters on the 

mechanical behavior of the composites. The effect of 

the CF alignment on mechanical behavior of the Al-CF 

composite was also investigated here. In this research, 

the strength characteristics of Al-based composite 

materials containing carbon fibers (CF), and graphite 

(Gr), having excellent thermal conductivity, are studied 

by analysis. The results are summarized as follows: 

 

 When Gr is contained in the Al matrix, the strength 

of the material becomes lower roughly in 

proportion to the Gr volume fraction. The 

mechanical properties, such as Young’s modulus, 

decrease with the increase in the value of Gr 

volume fraction. Especially, the containing of Gr 

dramatically leads to the lower elongation. It is 

also found that the progress of delamination 

between Gr and Al matrix affects the mechanical 

properties.  

 Although the rigidity of the Al based composite 

material increases by CF, the strength of Al-CF 

composite increase with the increase in the CF 

volume fraction. 

 Both the damage initiation and propagation occur 

at the higher strain value for the higher volume 

fraction of CF. Also, the value of damage variable, 

D is low for the higher volume fraction of CF. The 

damage value of the Al-CF composite is higher 

than the Al-Gr composite in the elastic region 

because of the large difference between Young’s 

modulus of CF and Al matrix. For the 45º aligned 

CF, Young’s modulus dramatically decreases. In 

order to obtain the higher stiffness CF composites, 

the fiber alignment is one of the important factors. 

However, the 45º alignment of the CF has a 

negative effect on the load transfer efficiency 

between fibers. 

 When the damage variable was considered as a 

function of the equivalent plastic strain, both 

damage initiation and propagation occur at the 

higher strain for the lower volume fraction of Gr. 

Also, the value of the damage variable, D is lower 

for the lower volume fraction of Gr.  

 Considering the void in Al matrix for Gr and CF 

reinforced composites, the composites have the 

lower strength and the higher deformation than the 

pure matrix for all models. 


