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Abstract 

The most recent developments in the application of carbon fiber reinforced plastics (CFRP), like for passenger 
aircrafts, wind power stations and hybrid cars, have increased the interest in manufacture of these materials. In this 
contribution results of two different approaches to the simulation of the cutting process of CFRP will be presented. 
The macro model is based on continuous but anisotropic material properties with implicitly defined fiber orientation 
and the micro model on explicit fiber / matrix representation. For verification purposes the simulation results were 
compared to cutting experiments. Partially the calculated results show very good agreement to experimental findings, 
e.g. for the material removal mechanism, but the cutting forces and thrust forces are significantly smaller, although 
tendencies were calculated correctly. 
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1. Introduction 

The most recent developments in the fields of passenger aircrafts, wind power stations and hybrid cars 
have increased the interest in manufacture of parts made of carbon fiber reinforced plastics (CFRP). From 
the manufacturing point of view, models would be appreciable which are capable of describing the 
material removal process at CFRP in sufficient detail, so that information regarding the machining forces, 
the surface integrity and the material removal mechanism can be retrieved [1,2]. Such models would 
allow to improve the process efficiency and the workpiece quality on basis of numerical parameter studies 
and tool design studies. In the literature already several cutting process simulations based on FEM 
modeling for fiber reinforced plastics (FRP) and CFRP are published [3,4,5]. The conclusion of the  
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Fig. 1.Experimental setup for milling a slot in CFRP specimen with fiber orientation 0° and 90° (relative to cutting direction) 

literature review and the requirements of the experimental setup led to the selection of the employed 
software as well as the model development described below. Two different modeling approaches to the 
cutting process simulation of CFRP have been developed: a macroscopic type with continuous but 
anisotropic material properties, because of the fiber orientation, and a microscopic model with explicit 
fiber / matrix representation. For verification purposes the simulation results will be discussed in 
comparison to cutting experiments, which will be presented first. 

2. Cutting experiments 

Cutting experiments have been carried out using a disc milling cutter with a diameter of 160 mm and 
one carbide insert cutting slots in CFRP specimens (cf. figure 1). The cutting radius was about 35 microns 
and the face angle -7°. Depending on the fiber orientation, the cutting direction was either along horizon-
tally lying fibers (0°) or across vertically oriented fibers (90°) applying dry up-cut milling conditions. The 
experiments were carried out at a cutting speed vc of 100 m/min, a depth of cut ae of 0.6 mm and a feed 
per tooth fz of 0.1mm/rev. Besides cutting force measurements the surfaces were analyzed on basis of 
micrographs. Figure 2 shows the fiber structure below surfaces at the bottom of milled slots of two 
specimens with different fiber orientation at otherwise identical milling parameters. The milled surfaces 
of the specimens with vertically oriented fibers (90°, figure 2 left) are somewhat rougher than those with 
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Fig. 2.Fiber / matrix microstructures in cutting direction (from right to left) at bottom of milled slots in CFRP specimens with fiber 
orientation 90° (left figure) and 0° (right figure) 
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Fig. 3. Setups of the implicit macroscopic (left) and the explicit microscopic model (right) for the CFRP cutting simulation 

horizontally lying fibers (0°). While the specimens with 90° fiber orientation show cracks extending 
frequently from the milled surface at an angle of 18° into the material at intervals of about 200 microns, 
the surfaces of the specimens with horizontal fibers (0°, figure 2 right) show no cracks and are very 
smooth. The micrographs further show that the fiber structure of the specimens with 0° fiber orientation is 
hardly altered at all, usually only the very outer fibers are broken into pieces. 

3. Design of the cutting process models 

The models were designed two dimensional in a so-called orthogonal cutting setup considering a rigid 
cutting edge (contour lines in figure 3) engaging with the CFRP specimens. All values were chosen 
according to chapter 2, additionally the friction coefficient was set to 0.3. The cutting conditions result in 
a maximum chip thickness hmax of 12.5 microns, which was used as engagement depth in the models. 
For the cutting process simulation of CFRP material two different approaches were developed: a 
macroscopic model, which is based on continuous but anisotropic material properties with implicitly 
defined fiber orientation, and a microscopic model with explicit fiber / matrix representation (cf. 
figure 3). While the implicit macroscopic model focuses on average process information, like cutting 
forces and workpiece shape, the explicit microscopic model allows to study the cutting mechanism itself 
und details of the local fiber and matrix damage. The employed software is the FEM program ABAQUS 
using element type CPS4R. For the cutting process simulation the progressive damage model by Hashin 
[6] was considered (cf. figure 4). At increasing load the stress of the fibers as well as the matrix elements
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Fig. 4. Material behaviour at progressive damage Fig. 5. Influence of viscose regularisation on the cutting force 
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Table 1. Material data for the implicit macroscopic model (k Calculated according to [7] using data from [8]; l from [3]) 

Mechanical properties CFRP Mechanical properties CFRP 

E-Modulus E11 (MPa) 116000k Shear strength SL (MPa) 79l 

E-Modulus E22 (MPa) 8500k Shear strength ST (MPa) 79l 

Shear modulus G12 (MPa) 3260k Fracture energy (tensile) GLT 0.01 

Poisson ratio 12 (-) 0.32k Fracture energy (compressive) GLC 0.005 

Tensile strength XT (MPa) 1950l Fracture energy (transv.,tensile) GTT 0.0009 

Compressive strength XC (MPa) 1480l Fracture energy (transv.,compr.) GTC 0.006 

Transv. Tensile strength YT (MPa) 48l Hashin coefficient  1 

Transv. Compressive strength YC (MPa) 200l Viscose regularization VR (all) 1E-7 

Density  (g/cm³) 1.47   

follows from the origin to point A. As a material would be damaged beyond its maximum strength, the 
elements progressively loose in strength without recovering when being strained beyond point A. In point 
B the material can be considered being broken. The converted energy of this damage process is the 
fracture energy G, which is equivalent to the area of the triangle in figure 4. The necessary data for the 
progressive damage model of the CFRP for all directions are listed in table 1. The material data were 
retrieved from the fiber and matrix manufacturers [8] or from literature [3, 5, 9, 10]. It was found that a 
program parameter of ABAQUS, the so-called viscous regularization has a significant influence (via the 
cutting speed) on the calculated cutting force (cf. figure 5). This unwanted effect could be suppressed by 
choosing a suitably small number (cf. table 1). The microscopic model contains only a few explicit fibers 
because of the numerical expense and the rapid model degradation soon after damage initiation due to the 
tool impact. Here fiber and matrix were modeled with the element type CPS4R and the interface between 
them with element type COH2D4 using data from [5].  

4. Cutting and modeling results 

Figure 6 shows the measured and calculated process forces during a single tool / workpiece contact. 
Because of the up-cutting condition the experimental forces gradually increase from the beginning to the  
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Fig. 6. Cutting and thrust forces for one cutting edge contact to unidirectional CFRP with 0° and 90° fiber orientation: (left) 
experimental measurements and (right) calculated data of the macroscopic model; (Fc –cutting force, Ft – thrust force, Dw – diameter 
of milling cutter, vc – cutting speed, ae –depth of cut, fz – feed per tooth and revolution) 
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Fig. 7. Comparison of calculated and measured cutting and thrust forces for 0° and 90° fiber orientation 

end of contact, where the maximum chip thickness is reached. Here the 90° fiber orientation shows a 
strong dynamic response in the forces, presumably due fiber fracture related process instabilities. For both 
fiber orientations the cutting forces Fc are lower than the thrust forces Ft. In compassion the calculated 
forces are significantly lower than the measured ones (cf. Figure 6). The different course of the calculated 
forces results from the model starting condition, in which a head-on collision determines the initial 
course. Hence only the course of the forces after the initial conditions was used in this analysis. Figure 7 
shows averaged forces for a depth of cut of 12.5 microns (max. chip thickness). For the macroscopic 
implicit model as well as for the microscopic explicit model the forces are much lower than measured in 
experiment. The forces of the microscopic explicit model show somewhat larger values than the 
macroscopic implicit one and this approach reflects a comparable tendency to the experimental forces.  

As the weaker CFRP component the matrix plays an important role in the material removal process as 
well as regarding the composite failure mode. Figure 8 shows the calculated matrix damage distributions.  
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Fig. 8. Calculated matrix damage distributions in the macroscopic model (left) and the microscopic model (right): top row for a fiber 
orientation of 90° and bottom row for 0° fiber orientation. 
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The macroscopic model (Fig. 8 left) describes the load and the failure mode for both fiber orientations 
(0° and 90°) quite well. For the 90° fiber orientation a deep running matrix damage can be observed at 
about the same angle as for the corresponding experiment (cf. Fig. 2 left), whereas the 0° fiber orientation 
doesn’t develop any deeper damage as observed in the experiment as well. The microscopic model 
provides further insight into the underlying material removal mechanisms as well as related damage 
modes (cf. Fig. 8 right). At 90° fiber orientation the matrix between the fibers is loaded to the point of 
total damage (cf. to point B in Fig.4) upon these matrix elements are deleted. As consequence the fibers 
bending more and fracture significantly below the cutting plane. It is interesting to notice that the 
development of the deep running matrix failure (at about 18°) can already be detected here in the 
compressive stress distribution ahead of the cutting edge (Fig.8, upper right). The simulation for the 
0° fiber orientation shows a similar effect regarding the matrix behavior. The cutting edge compresses 
matrix and fibers upon which, again the matrix exceeds its maximum strength first and its elements are 
deleted by the program. The fibers are also break due to a bending load. The fractured 0° fiber segment in 
the microscopic model (Fig. 8 lower right) resembles very much the found fragments of the 
corresponding experiment (cf. Fig.2 right).  

5. Conclusions 

A macroscopic CFRP model, based on continuous but anisotropic material properties with implicit 
fiber orientation, and a microscopic model with explicit fiber / matrix representation were developed for 
the simulation of the material removal process. Partially the calculated results show very good agreement 
to experimental findings, e.g. for the material removal mechanism, but the calculated cutting forces and 
thrust forces are significantly smaller than the experimental ones, although tendencies were calculated 
correctly in case of the explicit fiber / matrix model. Despite the close resemblance of the apparent 
material removal mechanisms and the fiber / matrix failure mode, the discrepancy of the calculated forces 
from experimental ones is assumed to result from the progressive damage model by Hashin in both 
models, for the implicit as well as for the explicit fiber / matrix representation. When exceeding the 
compressive strength of a CFRP component in the experiment it must yield, but it can still carry a 
compressive load as it is still physically present in the tool / workpiece contact. However when the finite 
elements reach the total damage state of the progressive damage model, the elements in the FEM model 
cannot carry load anymore and will be deleted. Accordingly lower cutting forces will be calculated.  
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