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Abstract  

Graphene reinforced metal matrix composites have received a lot of attention from academia and 

industry due to their excellent mechanical properties. In this paper, the machinability of graphene 

reinforced aluminum metal matrix composites (Gr/Al MMCs) during micro-machining is 

investigated by finite element method. A three-dimensional modeling program based on the Python 

language is developed independently, this program can generate graphene with random distribution 

of orientation and position. A three-dimensional two-phase finite element model considering the 

cutting edge radius is established to simulate the micro-machining process of Gr/Al MMCs. 

Embedded element method is used in the model to more efficiently simulate the interaction behavior 

between graphene and aluminum matrix during micro-machining. The accuracy of the model is 

verified by indirect experiments. Stress distribution, tool-graphene interaction, chip formation, 

cutting force and specific cutting energy during micro-machining are investigated with different 

uncut chip thickness. The simulation results show that graphene inhibits stress propagation, 

resulting in the formation of a stress field with irregular contours within the matrix. Continuous 

serrated chips are generated during the cutting process. The addition of graphene increases the 

magnitude and fluctuation of cutting forces.  

Keywords Finite element mode · Graphene · Metal matrix composites · Micro-
machining · Cutting mechanism 

1 Introduction 

Due to their properties such as high specific strength, fatigue resistance, wear resistance and low 
density, aluminum matrix composites have been widely used in aerospace, automotive industry and 
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defense in recent years [1]. 
The traditional reinforcements for aluminum matrix composites are mainly silicon carbide 

particles, carbon fibers and alumina particles [2,3]. With the discovery of graphene, it has become 
a more attractive nano-reinforced material for improving the properties of metals with its excellent 
mechanical properties. Graphene is a two-dimensional material composed of carbon atoms in a 
single hexagonal honeycomb structure [4]. In graphene, three of the four valence electrons in each 
carbon atom form a strong and stable structure by sp2 orbital hybridization [5]. The strong chemical 
bonds between carbon atoms give graphene excellent structural rigidity and mechanical properties. 
Graphene has a Young's modulus of 1.1 TPA and a tensile strength of 130 GPa [6]. The room 
temperature thermal conductivity of graphene is about 5000 w / (m ∙ K) [7]. In addition, graphene 
has a large specific surface area (2630 m2/g), which enhances the interfacial interactions and results 
in better mechanical properties of graphene-reinforced metal matrix composites. Bishta et al. [8] 
prepared Gr / Al MMCs by spark plasma sintering. The results showed that the yield strength and 
tensile strength of the composites were increased by 84.5% and 54.8%, respectively, when the 
graphene nanoplatelet content was 1 wt%. Lou et al. [9] obtained graphene nanoplatelet-reinforced 
aluminum composites by hot extrusion process. The tensile strength of GNP/Al composites was 
improved by 11.2%, while the increase in plasticity was not significant. In general, graphene is used 
as a reinforcement for aluminum matrix composites, which significantly improved the properties of 
aluminum. 

Aluminum matrix composites are used in aviation, electronics and other high precision or micro 
parts. Micro-machining is considered as one of the most widely used micro-manufacturing methods. 
Understanding the micro-machining process of aluminum matrix composites can help to improve 
the machining process. Unlike macro-machining processes, the size effect of micro-machining 
processes is more pronounced as the ratio of uncut chip thickness to cutting edge radius decreases. 
Na et al. [10] studied the effects of different graphene contents on chip morphology, milling force 
and machined surface morphology of Gr / Al MMCs during micro-milling. The experimental results 
showed that the milling force is maximum when graphene mass fraction is 1%. With the increase of 
graphene content, the chip morphology of the composites gradually changes from crack morphology 
to continuous morphology. Liu et al. [11] investigated the effect of tool angle on 45 vol.% SiCp / 
2024Al micro-machining. It was shown that a proper tool rake angle can effectively suppress tool 
wear, reduce SiCp shedding and improve the machined surface quality. Teng et al. [12] investigated 
the micro-machinability of nanoparticle reinforced magnesium matrix composites. The cutting 
forces, surface morphology and size effects during micro-milling were analyzed. Compared with 
the experimental method, the finite element method can clearly show the stresses and strains in the 
matrix and reinforcement during machining processing. Gao et al. [13] developed a two-
dimensional finite element cutting model of metal matrix nanocomposites considering the random 
distribution of graphene nanosheets in the matrix. The effect of different parameters on the cutting 
force was investigated by this model. It was shown that the cutting depth has the greatest effect on 
the cutting force. Teng et al. [14] established a two-dimensional finite element micro-machining 
model of nano SiC / Mg metal matrix composites considering the tool cutting radius. The tool-
particle interaction, stress distribution, cutting forces and chip formation processes were 
investigated at different uncut chip thicknesses. The simulation results show that the SiC 
nanoparticles limit the stress propagation and remain intact during the machining process. When the 
uncut chip thickness is greater than 1 μm, continuous serrated chips are formed. Liu et al. [15] 



investigated the effects of cutting speed and tool-particle interaction on the surface formation 
mechanism of micro-machined SiCp / Al composites. The results showed that the surface roughness 
of SiCp/Al composites decreased with increasing cutting speed, and high feed per tooth exacerbated 
the fracture of SiCp. There is very limited research on the micro-machining process of Gr / Al 
MMCs. The stress and strain of the aluminum matrix and graphene reinforcement during micro-
machining of Gr / Al MMCs are not well understood. It is necessary to investigate the effect of 
graphene on the aluminum matrix to improve the machining techniques of Gr / Al MMCs. 

In this paper, Gr / Al MMCs three-dimensional modeling program based on python is developed. 
A finite element model is developed to study the micro-machining process of Gr / Al MMCs 
considering the cutting edge radius. Unlike previous studies, the random distribution and 
deformation of graphene in three-dimensional space are considered in this model. The validity of 
the model is verified by indirect experiments. The distribution of stress and strain, tool-graphene 
interactions, chip formation, cutting forces and specific cutting energy of Gr / Al MMCs during 
micro-machining are investigated. 

2 Finite element modelling procedures 

2.1 Geometric modeling of micro-machining 

The mechanical properties of Gr / Al MMCs are greatly changed due to the incorporation of 
graphene reinforcement. The macroscopic mechanical properties of the Gr / Al MMCs are isotropic. 
However, the effects of the position and orientation of graphene on aluminum matrix cannot be 
ignored when the uncut chip thickness is in the micron range. Therefore, it is necessary to develop 
a microscopic model of Gr / Al MMCs that is close to the actual situation. The number of graphene 
in the representative volume element (RVE) should be calculate. The mass fraction of Gr / Al MMCs 
can be converted into volume fraction by the following [16]: 
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where V is the volume fraction of the graphene; w  is the weight fraction of the graphene; 
C

 ,

G
  and 

M
  are the densities of the Gr / Al MMCs, graphene and aluminum matrix, respectively; 

M
V   is the volume fraction of aluminum matrix. Bring Eq.2 into Eq.1 and rearrange to get the 
following: 
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The amount of graphene contained in the matrix can be calculated as follows: 

RVE

G

V
N V

V

 
  
 

                                 (4) 



where RVE
V  is the volume of RVE, G

V is the volume of graphene. The size of RVE is 20 μm × 4 
μm × 5 μm. The mass fraction of Gr / Al MMCs is set to 0.5%. Assume that the graphene edge 

length is 1 μm and the thickness is 20 nm. Due to the high aspect ratio of the graphene reinforcement, 
the graphene is equivalent to a variable shell. Different from particle reinforced aluminum matrix 

composites such as SiC and Al2O3, graphene has completely different mechanical properties in 

different directions [17]. Therefore, it is necessary to consider the orientation of graphene in the 

aluminum matrix. Based on the Python language, the random generation of graphene in position 

and orientation is achieved by a random distribution algorithm (RDA). Due to the high graphene 

content, this RDA cannot currently ensure that all graphene will not intersect when the required 

number of graphene is generated. It is necessary to adjust the position of a small amount of cross-

graphene after all graphene is generated. Fig. 1 shows the flow chart of the graphene formation 

process.  

START

Calculate the number of graphene within the three-

dimensional model as N

Randomly generate the position coordinates and 

rotation angle of the i-th graphene

Whether the distance between

 the i-th graphene and all the generated graphene 

satisfies the requirement

i<N

Generate the i-th graphene and i=i+1

Slightly adjust the overlapping graphene position or angle

END

Yes

Yes

No

No

 

Fig. 1 Flow chart of graphene generation process 



Conventional methods of cohesive zone elements and tied node to simulate composite interface 
behavior require that the mesh at the reinforcement-matrix interface must be identical. Due to the 
large number of randomly distributed graphene sheets in the model, the conventional method 
generates a large number of elements, which may lead to high computational cost and non-
convergence [18]. The embedded element method is used to specify that an element or group of 
elements is embedded in host elements. The degrees of freedom of the embedding nodes are 
restricted to the matrix element nodes close to the nodes, and the appropriate weight coefficients are 
determined based on the geometric position. Therefore, graphene and aluminum matrix can be 
meshed separately without strictly meeting the consistency of interface mesh [19]. Liu et al. [20] 
developed the RVE finite element model of discontinuous fiber reinforced composites using the 
embedded element method. The results showed that the embedded element method can predict the 
mechanical properties of the composites well. Therefore, the mechanical transfer between graphene 
and aluminum matrix is accomplished by the embedded element method in this paper. The modeling 
process of Gr / Al MMCs RVE is shown in Fig. 2. 

 

Fig. 2 Illustration of the modeling process of Gr / Al MMCs RVE 

In this paper, a three-dimensional two-phase finite element cutting model of Gr / Al MMCs is 

established using ABAQUS software. The mesh size of aluminum matrix and graphene 
reinforcement is defined as 0.1 μm. The element types of the aluminum matrix and graphene 
reinforcement are C3D8R and S4R, respectively. The tool is reduced to a rigid body because the 
tool is much harder than the Gr / Al MMCs. The micro-machining model of the Gr / Al MMCs is 
shown in Fig. 3. Although the embedded element method can greatly reduce the number of meshes, 
the computational process is still complicated. An appropriate mass scale is used to improve the 
computational efficiency. The machining parameters are listed in Table 1. The intense deformation 
of the material during the cutting process leads to a significant increase in the material temperature. 
Therefore, adiabatic heating effects are considered in this paper.  

Embedded element method 

Aluminum matrix Graphene 

Gr/Al MMCs 



 

Fig. 3 Illustration of the micro-machining model of Gr / Al MMCs 

Table 1  Machining parameters in FE model 

Parameters Values 

Cutting speed, Vc (m/min) 62.83 

Uncut chip thickness, t (μm) 0.25, 0.5, 0.75, 1, 1.25,1.5 

Tool rake angle,α (Degree) 10 

Tool clearance angle,β (Degree) 6 

Cutting edge radius, (μm) 2 

2.2 Materials constitutive model 

The Johnson-Cook constitutive model can well describe the stress and strain behavior of 

materials at large strains, high strain rates and high temperatures. The Johnson-Cook constitutive 

model is simple and convenient, and it has been widely used in machining simulation. The Johnson-

Cook constitutive model is shown as: 

0

( ) 1 ln 1

m
pl

pl n r

f

m r

T T
A B C

T T

 


                         

&

&
               (5) 

where
f

 is the flow stress, pl is the plastic strain, pl& is the plastic strain rate, 0 is the reference 

strain rate, T is the workpiece temperature, Tr and Tm are the ambient temperature and material 

melting point. Coefficient A is the yield strength, B is the hardening modulus, C is strain rate 

sensitivity coefficient, n is the hardening coefficient, m is the thermal softening coefficient. The  

model parameters of aluminium in Johnson-Cook constitutive model are listed in Table 2. 

Table 2  Parameters of material properties for aluminum [21] 

Parameters Values 

Density (g/cm3) 2.7 

Youg’s modulus (MPa) 70000 

Poisson’s ratio 0.27 

A (MPa) 148 

B (MPa) 361 

C 0.001 

m 0.859 

n 0.183 

Tm (K) 1220 

Tr (K) 298 

Cutting tool 

Cutting direction 

Aluminum Graphene 

Cutting edge 

radius 



The Johnson-Cook dynamic failure model is used to define the failure criterion of matrix during 

machining process. The matrix fails when the damage parameter D exceeds 1. The damage 

parameter D is defined as: 
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where pl is an increment of equivalent plastic strain, 
pl

f
 is the failure strain at the current time 

step for the stress state, strain rate and temperature. Failure strain 
pl

f
 can be expressed as: 
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where
1d -

5d ( list in Table 2) are fracture parameters measured below the transition temperature , 
p is the pressure stress, q is the von Mises stress. The parameters of Johnson-Cook dynamic failure 

model are listed in Table 3. 

Table 3  Parameters of Johnson-Cook failure model for aluminum [21] 

Parameters Values 

d1 0.071 

d2 1.248 

d3 -1.142 

d4 0.147 

d5 0.1 

There is a linear relationship between stress and strain in graphene, therefore it is considered as 

a linear elastic material [22]. Graphene fractures without a distinct plastic phase and therefore a 

brittle fracture model is used to define the graphene fracture criterion [23]. The material parameters 

of graphene are shown in Table 4. 

Table 4  Material properties for Graphene [24,25,26]  

Parameters Values 

Density (g/cm3) 2.267 

Youg’s modulus (GPa) 1000 

Poisson’s ratio 0.186 

Tensile strength (GPa) 130 

2.3 Contact definitions and boundary conditions 

The surface-to-surface contact (Explicit) model is used between the tool surface, graphene 
reinforcement and aluminum matrix. Sliding friction and sticking friction are the two main types of 
Coulomb friction. The Coulomb friction model is used to calculate the frictional stress on the contact 
surface as follows: 
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where f
 is the frictional stress on the interface, 

n
 is normal stress distribution along the tool,   

is the ultimate shear stress at the interface,  is the coefficient of friction. The friction coefficient 
 is defined as 0.6 in this study [10]. The bottom surface of the model is fixed. Due to the extrusion 
of the side material, the movement of the model sides in the axial direction of the tool is restricted.   

3 Results and discussion 

In this section, the micro-machining process of Gr / Al MMCs will be analyzed from the aspects 
of stress distribution of aluminum matrix and graphene reinforcement, chip formation process and 
cutting force. Due to the small size of graphene, there are a large number of graphene sheets even 
in a small volume. Therefore, the increased values of cutting forces between Gr / Al MMCs and 
pure aluminum are used to indirectly verify the validity of the finite element cutting model. Na [10] 
carried out micro-milling experiments on 0.5 wt% Gr / Al MMCs using end mill with a cutting edge 
radius of 2 μm. At uncut chip thicknesses of 0.25, 0.5, 0.75, 1, 1.25, and 1.5 μm, compared with that 
of pure aluminum, the cutting force of Gr / Al MMCs increased by 7.5%, 12.4%, 11.2%, 4% and 
12.5%, respectively. The simulation results show that the cutting forces increases by 6.2%, 4.3%, 
8.4%, 2.9%, and 3.6%, respectively, under the same machining conditions. This suggests that the 
three-dimensional Gr / Al MMCs finite element model can simulate the strengthening effect of 
graphene on the aluminum matrix. The large errors between some simulated and experimental 
results may be due to the inhomogeneous distribution of graphene in the model. The increase in the 
simulated cutting force is slightly lower than the experimental value. This may be due to the fact 
that graphene inhibits the coarsening and growth of the aluminum matrix grains, and the smaller 
grains improve the mechanical properties of the aluminum matrix, making the actual cutting force 
larger than the simulated value. 

3.1 Von Mises stress distribution of aluminum matrix 

Fig. 4 von Mises stress distribution of aluminum at uncut chip thickness of (a) 0.25 μm, (b) 0.5 μm, (c) 0.75 μm, (d) 

1.0 μm, (e) 1.25 μm, (f) 1.5 μm 

As shown in Fig. 4, clear defined shear bands are formed in aluminum at different uncut chip 
thickness. Fig. 5 shows that the stress distribution of Gr / Al MMCs is different from that of 
aluminum. The addition of graphene greatly changes the stress distribution in the aluminum matrix. 

Clearly defined 

shear bands 

(b) (a) (c) 

(d) 

(e) 

(f) 



It can be found that the added graphene acts as a barrier, limiting the propagation of stress (as show 
in Fig. 5b-f). In the process of micro-machining, von Mises stress field of irregular contour is formed 
in the aluminum matrix, as shown in Fig. 5c. By observing the von Mises stress distribution in Fig. 
5d, the deformed stress contour can be found near graphene. A low stress region is formed near the 
graphene reinforcement. This is because the high-strength graphene undertakes great stress in the 
cutting process and reduces the stress of the matrix material near the graphene reinforcement.  When 
a continuous chip is formed, the maximum stress in the aluminum matrix decreases slightly as the 
uncut chip thickness increases and then remains basically at about 550 MPa. The position of the 
aluminum matrix shear band is roughly the same as that of the aluminum shear band, which is 
located in the first deformation zone during the cutting process. 

Fig. 5 Von Mises stress distribution of Gr / Al MMCs at uncut chip thickness of (a) 0.25 μm, (b) 0.5 μm, (c) 0.75 

μm, (d) 1.0 μm, (e) 1.25 μm, (f) 1.5 μm  

In the process of Gr / Al MMCs micro-machining simulation, a unique machining phenomenon 

Dead metal zone 

(e) (f) 

Low stress zone 
Irregular contour 
shear band  

(c) (d) 

Limiting the 
progression 
of stress 

 

(b) (a) 
Broken chips 

 



different from the macro-machining process is observed: when the uncut chip thickness is greater 
than 0.5 μm, a low stress zone appeared at the tool tip, which is similar to the stagnation state in the 
material flow. This region is referred to as the metal dead zone. The location of the metal dead zone 
is approximately the same as the location of the strain band generation in Fig. 10. This suggests that 
the metal dead zone may be related to the chip formation process.  

 

Fig. 6 von Mises stress distribution of aluminum matrix at uncut chip thickness of 0.75μm (a) 2.4 μs, (b) 4.4 μs, (c) 

5.2 μs, (d) 8.0 μs 

Fig. 6 illustrates the von Mises stress distribution of aluminum matrix during micro-machining 
at uncut chip thickness of 0.75 μm. As shown in Fig. 6a, the initial shear zone forms in the aluminum 
matrix when the tool makes initial contact with the Gr / Al MMCs and moves forward as the tool 
advances. In Fig. 6b-c, it can be observed that the stress tends to bypass the graphene when the shear 
band encounters the graphene, resulting in an irregular shear band profile. This phenomenon shows 
that graphene inhibits the propagation of stress in aluminum matrix, which is consistent with the 
phenomenon observed in the polymer/GNP cutting model developed by Fu [25]. Unlike the micro-
machining process for aluminum, large residual stress can be observed on the machined surface, as 
shown in Fig. 6d. This phenomenon can be attributed to the friction between the graphene 
reinforcement and the tool during the machining process. The graphene pulls the aluminum matrix 
to produce plastic strain, which results in high residual stresses on the machined surface along the 
tool advancement direction. From the above, it can be seen that there are two modes of action of 
graphene on the aluminum matrix. The stress distribution of the aluminum matrix near the graphene 
is different in the two modes. The bond between graphene and matrix is always well maintained in 
either mode. 

3.2 Interaction between tool and graphene reinforcement  

Initial shear zone 

 

Direction of stress 
movement 

Graphene 

(a) (b) 

(c) (d) 



Fig. 7 shows the von Mises stress distribution of graphene during micro-machining of Gr / Al 
MMCs at uncut chip thickness of 1 μm. As shown in Fig. 7a, graphene sheets start to be subjected 
to low stress in the initial stage due to the effect of deformation of the aluminum matrix. Fig. 7b 
illustrates that the deformation of graphene sheets in the aluminum matrix gradually increases as 
the tool advances, and the graphene sheets subject increased stress. The region where graphene 
sheets subject high stress is mainly located in the chips and shallow machined surfaces, which is 
basically the same as the high strain region of the aluminum matrix in Fig. 10b. The von Mises 
stress of graphene reinforcement is significantly higher than that of aluminum matrix. This 
phenomenon indicates that the load transferred from aluminum matrix during cutting is mainly 
subject by graphene. The graphene sheets below the cutting edge of the tool subject the most stress 
due to the extrusion and friction between the cutting edge and graphene. A small portion of the 
graphene sheets are broken at the edges. During the cutting process, most of the graphene sheets 
can keep their structures intact, which proves that graphene can withstand high von-Mises stresses 
during micro-machining.  

 

Fig. 7 von Mises stress distribution of graphene during micro-machining of Gr / Al MMC 

Analyzing the interaction between tool and reinforcement is better to understand the 
machinability of composites and to predict tool wear. Fig. 8 shows the evolution of stress and 
deformation of graphene located below the cutting edge with the advancement of the tool. As shown 
in Fig. 8a, graphene starts to contact with the tool and deforms. Fig. 8a-c illustrates that graphene 
bends along the advancing direction of the tool due to the extrusion of the tool on the graphene. As 
shown in Fig. 8c, there is a clear stress concentration zone at the bend of graphene. At this time, the 
von Mises stress on graphene is the largest. It can be observed from Fig. 8d that the bending 
deformation of graphene partially recovers after the tool passes. 

(a) 

Graphene breakage 

(b) 



 

Fig. 8 Change of graphene located below the cutting edge with tool advancement 

In precision machining process, the quality of the machined surface is an important factor 
affecting the performance of the workpiece. The simulated microscopic morphology of the 
machined surface of Gr / Al MMCs can be observed from Fig. 9. Because graphene is easily 
deformed, it does not produce holes and scratches on the machined surface as silicon carbide 
particles do during the machining process. Good surface quality can be obtained on the machined 
surface of Gr / Al MMCs. One part of the graphene is exposed and the other part is embedded in the 
matrix. Graphene sheets embedded in the machined surface reduce the contact area between the tool 
and the matrix and can act as a lubricant during the cutting process. Na et al. [10] found that graphene 
can prevent the generation and expansion of microcracks and micro holes during machining. 

 

Fig. 9 Simulated micro morphology of Gr / Al MMCs machined surfaces 

3.3 Chip formation process analysis 

Fig. 5a also illustrates that the aluminum matrix is extruded by the tool and accumulates in front 
of the cutting edge, forming a small amount of broken chips. This is the reason when the uncut chip 
thickness decreases to a certain value, only part of the cutting edge of the tool is participating in the 
micro-machining process. The nominal rake angle of the tool has no effect on the cutting process 
and a negative rake angle occurs in the actual cutting process. At this time, the interaction between 
the tool and the aluminum matrix is mainly caused by the friction generated by the ploughing. The 
shear force required for the plastic deformation of the chip is insufficient, and most of the aluminum 
matrix is pressed into the workpiece, and a small portion is crushed to produce a broken chip. Fig. 
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Original position Stress concentration 

zone 

(c) 

(a) (b) 

(d) 
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5b-f illustrates that the ploughing effect decreases as the uncut chip thickness increases. The 
aluminum in front of the tool tip begins to damage and separate from aluminum matrix. The 
separated aluminum matrix moves along the rake face of the tool. This means that chips begin to 
form. During this process, graphene sheets above the cutting path move with the surrounding 
aluminum matrix and enter the formed chip as the tool advances. 

 

Fig. 10 Distribution of equivalent plastic strain comparison between (a) aluminum; (b) Gr / Al MMCs 

It can be observed from Fig. 10a that with the advance of the tool, a slender strain zone is formed 
near the tool tip and extends to the upper surface of the aluminum. Regular strain band is formed in 
the chip. The process is repeated to form a continuous chip with regular shape, as shown in Fig. 11a. 
The position and orientation of graphene are important factors determining the propagation of stress 
and strain. Therefore, the chip shape in the micro-machining of Gr / Al MMCs is related to the 
position and orientation of graphene. As shown in Fig. 10b, the high strength graphene sheets in the 
chip restrict the expansion of the strain band. Irregular strain bands are generated in the chip. As 
shown in Fig. 11b, cracks can be observed on the chip surface and a serrated chip is formed. This is 
due to the random distribution of graphene within the matrix, and this inhomogeneous 
microstructure leads to excessive local strain during deforming process, which leads to matrix 
tearing. Gao [13] established a two-dimensional micro-machining model of graphene reinforced 
metal matrix nanocomposites with a cutting depth equal to the average size of graphene. With this 
model, it can be observed that discontinuous serrated chips are formed during the micro-machining 
process. This phenomenon is different from the continuous serrated chips observed in Fig. 10b, 
which may be due to the fact that the chips may not break in the cutting depth direction when the 
cutting depth is larger than the size of graphene. The phenomena observed by the model in this paper 
are generally consistent with the chip shape described in the paper of Na [10].  

Fig. 11 Chip morphology comparison between (a) aluminum; (b) Gr / Al MMCs 

3.4 Cutting force 
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Fig. 12 shows the simulated cutting forces and specific cutting energy for Gr / Al MMCs with 
uncut chip thicknesses of 0.25, 0.5, 0.75, 1, 1.25 and 1.5 μm, respectively. As shown in Fig. 4, the 
cutting force increases with the increasing of the uncut chip thickness, while the specific cutting 
energy decreases nonlinearly. This is due to the size effect of the micro-machining process. The 
fluctuation of the cutting force increases significantly with the increasing of the uncut chip thickness.  

 

Fig. 12 Simulated cutting force and specific cutting energy of Gr / Al MMCs at different uncut chip thickness 

Fig. 13 shows the simulated cutting forces change over time for machining aluminum and Gr/Al 
MMCs with an uncut chip thickness of 1 μm. The two cutting forces increase rapidly in the initial 
stage. Then they gradually transition to stable stage and fluctuates within a certain range. In contrast, 
the cutting force fluctuation of micro-machined Gr / Al MMCs is more pronounced than that of 
aluminum. The reason may be that the graphene reinforcement effect leads to non-uniform material 
properties. During the cutting of aluminum, periodic strain bands are generated due to the piling 
effect in front of the tool, resulting in periodic fluctuations of cutting force. This phenomenon is not 
evident in the cutting process of Gr / Al MMCs. This is due to the addition of graphene that disrupts 
the periodic formation of strain bands.  

 

Fig. 13 Simulated cutting force of aluminum and Gr / Al MMCs at uncut chip thickness of 1μm 
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4 Conclusions 

In the micro-machining process of Gr / Al MMCs, the stress and strain distribution, interaction 
of tool-graphene, chip formation and cutting force are studied. The main conclusions of this paper 
can be summarized as follows: 
1. A Python-based structural modeling program is developed to generate graphene randomly 

distributed in position and orientation in three-dimensional space. A three-dimensional 
microstructure model of Gr/Al MMCs with a similar structure to the actual one is developed. 
In addition, the deformation of graphene during micromachining is considered in the model. 

2. Graphene acts as a barrier, limiting the extension of stress and strain in the aluminum matrix, 
leading to the formation of irregular von Mises stress distributions and continuous serrated 
chips. 

3. The location of graphene subjected to high von Mises during micro-machining is essentially 
the same as the large strain region of the matrix. The von Mises stress of graphene is much 
higher than that of matrix. Most graphene sheets can remain intact during cutting process. The 
maximum von Mises stress on graphene is located at the contact between the lower cutting 
edge and the machined surface due to tool extrusion and friction on the graphene. 

4. The addition of graphene reduces the tool- matrix contact but increases the fluctuation of 
cutting force during cutting. The accuracy of the finite element model is indirectly verified by 
comparing with the increased value of experimental cutting force.  
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