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Abstract. Current article was devoted to FEM modelling of damages machined surface 

of unidirectional CFRP (carbon fiber reinforced plastic). Modelling was performed on 

micromechanical level. Based on the proposed spatial arrangements of fibers relative to 

the cutting edge and the direction of main motion to convert 3D-process of drilling CFRP 

in 2D- equivalent orthogonal cutting. During numerical simulation, it was found that the 

angle of fibers orientation affects the average value of cutting force, amplitude of 

oscillation and depth of damage at the machined surface. The smallest impact on 

machined surface damage was detected at samples with angle of fiber orientation θ = 45°, 

which was proved in experimental study. 
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1 Introduction 

Fiber composites have characteristic feature, namely the possibility of oriented physical 

properties and thus CFRPs have complex mechanical, thermal, magnetic, etc. behavior when 

applying the load. The specific material micro-configuration and anisotropy increases the 

difficulty of modeling the efficient computational model. To simulate the machining process 

and to predict e.g. magnitude of cutting forces, wear, temperature, etc., it is possible to use the 

specialized commercial FEM software (more in [1], [2]). However, in generally, the 

machining process is characterized by many physical changes that are difficult to describe 

mathematically and obtain the reliable computational results consistent with the experimental 

data [3]. In addition, these calculations require high computing power and expensive software 

with a quality computing analyst.  

The composite behavior and material properties are predicted either by Unit Cell (UC) for 

periodic or by Representative Volume Element (RVE) for random composite structure. 

Geometry of RVE is estimated statistically. RVE and UC are finite domains with specific 

boundary conditions that can be solved as continuum mechanics problem. In case of any 

irregularity (curved fibers) and/or randomness, the cell (volume element) can involve 

thousands of fibers/nanotubes. It causes huge number of equations to be solved in case of 

classical numerical methods (Finite Element Method (FEM) or Boundary Element Method 

(BEM)) due to fine mesh. There are authors/researchers who have developed a continuum 

models with micro/nanofibers/particles to simulate the machining behavior in drilling and 

milling of such composites (more in [4], [5]). When machining CFRP, the several machining 

defects as delamination, burrs and subsurface changes appears [4]. 

2 Methodology of research  

It is proposed to study influence of fiber orientation on defect value at machined surface 

of carbon fiber reinforced plastic (CFRP) samples. Study consisted from two stages: finite 

element modelling (FEM) of CFRP orthogonal cutting; experimental verification of FEM 

results. 

To simulate 3D process of CFRP drilling as 2D process of orthogonal cutting the spatial 

model of carbon fiber orientation to the minor cutting edge of the drill and the direction of 
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primary motion was proposed. FEM of unidirectional CFRP orthogonal cutting was realized at 

the micromechanical level. 

CFRP samples for experimental orthogonal cutting was manufactured by hand lay-up 

technique using the technology of vacuum forming techniques in according to  

GOST 25.604-82, GOST 11262-80, GOST 4651-82 methodology. CFRP samples consisted of 

high module carbon LU-P/ 0.1GOST 28006-88The material of matrix was epoxy resin Lorit 

285. Mass fraction of carbon fiber in the CFRP sample was 60%, the thickness of a single 

layer of fibers was 0,15 mm and the average diameter of the fiber – 10 μm.  

In according to GOST 11262-80 and GOST 4651-86 methodology the physical and 

mechanical properties of epoxy Lorit 285:E = 1.4 MPa; μ = 0,45; σ0 = 56 MPa; σv= 67 MPa; 

and CFRP: E = 422 MPa; μ = 0.3; σv = 450 MPa was defined. The average coefficient of 

friction of CFRP and epoxy resin were identified during tribological studies. It was found that 

in a couple of carbide/ CFRP– 0.21, and carbide/epoxy resin – 0.19, respectively. Defined 

physical, mechanical and tribological properties of carbon fiber were considered when 

creating a finite-element model of orthogonal cutting of CFRP. 

The aim of experimental study was to define the influence of carbon fiber orientation on 

the defects of machined surface of CFRP samples during orthogonal cutting. 

3 Finite element modeling of CFRP machining 

3.1 Theoretical basic of transfer from 3D to 2D cutting of CFRP fiber 

 

The FEM modeling was realized at micromechanical level. To transform the 3D process 

of drilling CFRP in 2D process of orthogonal cutting the spatial scheme of fiber orientation 

relatively to minor cutting edge of the drill and main motion when cutting was designed. 

Correlation of three angles which characterized fiber orientation in chosen coordinate system 

was described in according to the equation (1) and (2):  

)cos,cos,(cos l ,    (1) 






cos

cos
0 tg ,      (2) 

where θ, χ, η – Euler angles of the fibers in the static coordinate system whose Z axis is 

oriented along the main motion (Dr), and the X-axis lies in the cutting plane. The analysis of 

variation of angle Θ0of the rotational drill showed that the smaller the angle  in terms of the 

more cutting edge range of variation of the angle, the less it depends on the output angle θ 

(Fig. 1). Pτ – tool orthogonal plane, Pn – cutting plane, Pv – basic plane, Aγ – rake face of 

cutting tool, γ – rake angle.  

 
 

 
 

Fig. 1. Schema of fiber orientation.  

 

So, when θ=0°, angle Θ0varies from 0 to 360°. The angle between conditional axe of carbon 

fiber and minor cutting edge is 0°, 45°, 90°, 135° (Fig. 2). 
 



 
 

Fig. 2. The specific position of minor cutting edge to fiber 

 

3.2 Boundary conditions of finite element model of cutting CFRP  
 

Design model of CFRP for FEM modeling has following geometric characteristics width 

b = 0.13 mm, length l = 0.5 mm and a height h = 0,5 mm (Fig. 3). Thickness of cut (a) is set 

equal to 0.1 mm. Size of finite element in mesh was set 10 μm in according to diameter of 

carbon fiber. Size of finite element for wedge was set equal to 50μm. 

Design model was created with three-dimensional finite elements of the first order with a 

uniform distribution of stresses in the volume of the element. The criterion fiber failure was 

value of maximum main stresses, for matrix the criterion of failure was value of accumulated 

plastic strain. The interaction between CFRP fiber and epoxy matrix was set completely rigid. 

Wedge was set completely solid. Model of fiber failure - ELASTIC; Model matrix failure - 

PIECEWISE_LINEAR_PLASTICITY. The model of contact interaction between wedge and 

CFRP was ERODING_SURFASE_TO_SURFASE. Quantity of finite elements of design 

model was – 32532 pieces. Quantity of finite elements of workpiece – 32500 pieces. Quantity 

of finite elements of the tool – 32 pieces. 
 

 
 

Fig. 3. Schematic of boundary conditions of FEM 
 

As a result of the FEM modelling revealed four main stages of machining of CFRP. At 

first stage cutting edge just touches the surface. At the second step the cutting edge starts 

cutting layer of CFRP, followed by increase in cutting force. The third stage is characterized 

by steady-state work tool and fluctuating cutting forces ranging from 80 to 130 N/mm. Axial 

force remains unchanged up to reduce the thickness of processed layer and the beginning of 

the fourth stage. The fourth stage was characterized by the end of the cutting process and the 

release of the wedge from CFRP (Fig. 4). 

Numerical simulation found that the angle of orientation of fibers affects the average 

value of cutting force, the amplitude of oscillation, the depth of damage the cut surface. The 

smallest impact on the direction of the main cutting motion detected at an angle of fiber 

orientation θ = 135°, and minimum depth of damage of the machined surface – at an angle of 

fiber orientation θ = 45°. 

 



   

   
 

Fig. 4. Influence of fiber orientation on specific cutting force. 

 

The performed calculations showed that the mechanism of chip formation with different 

fiber orientations is different. Thus, in the model with θ = 0°, the emergence and development 

of an advanced crack was revealed, which propagates along the interface between the matrix 

and the fiber (Fig. 4). The impact of the wedge on the machined material extends before the 

cutting edge by 200 μm. The extinction of the crack is evidenced by a decrease in the specific 

cutting force in the range of 200 μm before the output of the tool. Chips formation is due to 

the detachment of the cut layer from CFRP workpiece. The primary destruction of the material 

occurs in the matrix. The results show that the least impact of the wedge on the material being 

processed in the direction of the main motion is observed with a fiber orientation angle  

θ = 135° and is only 100 μm.  

It should be noted that, because of the change in the fracture mechanism, the amplitude of 

the oscillation of the cutting force in the machining cycle changes with the angle of the fibers. 

The smallest amplitude is observed at θ = 0°, the largest at θ = 135°. Chip formation with an 

angle θ = 0° occurs under the action of compressive forces on the side of the wedge, while 

cutting with an angle θ = 135° bending from the loading cycle. Since the accumulation of 

damage before destruction in the second case is greater, then the amplitude of the change in 

force is greater. 

Model experiments showed that chip formation is accompanied by periodic destruction of 

the machined surface. Although the period of damage in all cases was approximately the same 

(about 180 μm), the depth of damage was different. The greatest depth of damage was fixed at 

θ = 0° and θ = 90°, i.e. with maximal cutting force. On the other hand, the lowest depth of 

damage corresponds to the fiber orientation angle θ = 45°, which provides the lowest cutting 

force with the smallest amplitude. 

4 Experimental Setup 

Experimental studies of orthogonal cutting were carried out under laboratory conditions at a 

constant temperature of 20°±2°C. During the experiment, CFRP samples has following geometric 

parameters width (b) = 20 mm, length (L) = 30 mm and a height (h) = 7 mm, with fiber 

orientation angles  = 0°,  = 45°,   = 90°,  = 135°. Depth of cut a = 0,1 mm, tool material – 

HSS. Wedge geometry in the orthogonal plane with angles γ = 7°, α = 10°. 

During FEM modelling of CFRP orthogonal cutting it was defined that on samples with 

fiber orientation angle θ = 0°, fiber pull out was a leading crack was up to 40 μm depth and 

180 μm length accompanied by a decrease in the specific cutting force. During experimental 

study this damaged of machined surface was detected length of 1.5 mm and a width of 0.5 mm 

(Fig. 5). A detailed examination of the detected defect made it possible to establish that the 

surface of the depression formed by drawing fibers is not homogeneous and abounds with a 

large number of irregularities, broken and crumbled fibers. The presence of these defects is 

explained by the fact that chip formation was accompanied by an interlayer shift, with a low 

value of plastic deformations, and the parameters of the cutting process during the formation of 

such chips are determined by the properties of CFRP and its ability to resist shear in the 

reinforcement plane. Because of machining, element chip with a fragment size of 2 to 5 mm 

were obtained. 
 



 

 

 
Fig. 5. Experimental results of CFRP samples orthogonal cutting with fiber orientation θ = 0°. 

 

During FEM modelling of CFRP orthogonal cutting it was defined that on samples with fiber 

orientation angle θ = 45° was characterized fiber pull out up to 10 μm with a period of damage of 

180 μm. Analysis of the images of the treated surface confirmed that orthogonal cutting of CFRP 

samples with an angle θ = 45° was not accompanied by significant damage (Fig. 6); nevertheless, 

the surface formed upon the destruction of the cut layer is smooth with considerable "smearing" of 

the matrix material due to contact of the tool clearance surface with machined surface, as a 

consequence of the elastic restoration of the matrix. Because of orthogonal cutting of samples with 

an angle of fiber orientation θ = 45°, large cylindrical chips were obtained with a width of 5 mm and 

a length of 15 mm. Plastic deformation of the material was realized at interlayer shear with 

compression. 
 

 

 

 
Fig. 6. Experimental results of CFRP samples orthogonal cutting with fiber orientation θ = 45° 

 

During FEM modelling it was established that samples with fiber orientation angle θ = 90° 

has fiber pull out at machined surface up to 30 μm. During orthogonal cutting of CFRP samples 

with the same angle of fiber orientation, based on the analysis of electron microscope photos, it 

was found that chip of CFRP was formed under longitudinal bending mechanism. Under that 

circumstance the formation of a shear crack along the interface of the "fibrous filler-matrix" was 

provoked (Fig. 7).  

As the results of the simulation show, the processing of samples with an angle θ = 135° is 

accompanied by pull out of the fibers to 35 μm, significant oscillations in the cutting force, 

delamination, shear of fibers, and out-of-plane displacement. The effect of the cutting edge on 

the side of the fibers causes them to be substantially bent, which triggers the formation of cracks 

and the formation of long chip elements. Due to the destruction under the cutting surface, the 

thickness of the chips is much greater than the thickness of the cut. This is confirmed by a 

fragment of chips obtained during the full-scale experiment, reaching a length of more than 10 

mm, and a width of 1 to 3 mm. Inspection of the treated surface showed that it contains areas 

with elongated and not cut fibers of a length from 0.7 to 1.2 mm and a width of 0.5 to 0.7 mm. 
 



 

 

 
Fig. 7. Experimental results of CFRP samples orthogonal cutting with fiber orientation θ = 90° 

 

5 Conclusions  

It was determined that the influence of the fiber orientation on the quality of the machined 

surface was studied in the orthogonal plane, while the presence of a spatial orientation of the 

fiber was established, which determines the existence of angles that determine the position of the 

fiber relative to other planes, which also affects the quality of the machined surface. The scheme 

and the physical meaning of the angles of the spatial orientation of the fiber are formulated. By 

the finite element method (FEM) and during the full-scale experiment, the effect of the fiber 

orientation angle θ and the orientation angle of the cutting edge was studied. The influence of the 

fiber orientation angle and the orientation angle of the cutting edge with respect to the direction 

of reinforcement is investigated. Using the FEM, it was found that the lowest damage of fiber 

pull pit was observed at θ = 45°, which was confirmed during experiments of orthogonal cutting 

of unidirectional CFRP samples. The greatest damage was detected at θ = 0°, although according 

to the results of machining the greatest amount of damage in the form of fiber pull out and not 

cut fibers was found in samples with angles θ = 135°. Comparing the results of the model and 

full-scale experiment, it can be concluded that the most qualitative surface without visible 

damage was obtained after machining sample with angle of fiber orientation θ = 45°. 
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