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Abstract


During the machining of unidirectional carbon fiber-reinforced polymers (UD-CFRPs), their anisotropic characteristics and the complex cutting conditions often lead to defects such as delamination, burrs, and surface/subsurface damage. This study systematically investigates the effects of different fiber orientation angles (0°, 45°, 90°, and 135°) on cutting force, chip formation, stress distribution, and damage characteristics using a coupled macro–micro finite element model. The model successfully captures key microscopic failure mechanisms, such as fiber breakage, resin cracking, and fiber–matrix interface debonding, by integrating the anisotropic mechanical properties and heterogeneous microstructure of UD-CFRPs, thereby more realistically replicating the actual machining process. The cutting speed is kept constant at 480 mm/s. Experimental validation using T700S/J-133 laminates (with a 70% fiber volume fraction) shows that, on a macro scale, the cutting force varies non-monotonically with the fiber orientation angle, following the order of 0° < 45° < 135° < 90°. The experimental values are 24.8 N/mm < 35.8 N/mm < 36.4 N/mm < 44.1 N/mm, and the simulation values are 22.9 N/mm < 33.2 N/mm < 32.7 N/mm < 42.6 N/mm. The maximum values occur at 90° (44.1 N/mm, 42.6 N/mm), while the minimum values occur at 0° (24.8 N/mm, 22.9 N/mm). The chip morphology significantly changes with fiber orientation: 0° produces strip-shaped chips, 45° forms block-shaped chips, 90° results in particle-shaped chips, and 135° produces fragmented chips. On a micro scale, the microscopic morphology of the chips and the surface damage characteristics also exhibit gradient variations consistent with the experimental results. The developed model demonstrates high accuracy in predicting damage mechanisms and material removal behavior, providing a theoretical basis for optimizing CFRP machining parameters.
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1. Introduction


Carbon fiber reinforced polymer (CFRP) exhibits superior mechanical properties, including excellent strength-to-weight ratio, high elastic modulus, and corrosion resistance [1,2,3]. Compared to traditional metallic materials, CFRP composites are increasingly applied in fields such as aerospace engineering, automotive industry, and defense technology. Although CFRP components can be molded through primary manufacturing processes, secondary operations are often required to achieve dimensional precision and interface compatibility for component assembly and structural integration. Among these, milling operations are particularly important in the production of CFRP components to meet stringent dimensional tolerances and achieve excellent edge integrity. Unlike drilling processes, milling removes material through the lateral motion of the tool [4]. The inherent anisotropy and heterogeneous microstructure of CFRP composites make the milling process prone to typical defects, including interlaminar delamination [5] and burrs caused by fiber protrusion [6]. Therefore, systematically studying the material removal kinematics in composite machining and deeply understanding the initiation mechanisms of defects is crucial for advancing surface integrity in CFRP manufacturing.



A critical factor influencing the machinability of CFRP is the fiber orientation angle (FOA), which significantly affects mechanical response, cutting forces, surface roughness, and chip formation [7,8,9]. Numerous studies have demonstrated that FOA alters cutting energy and dominant failure modes [10,11]. For instance, He et al. [12] proposed a milling model that improved the accuracy of cutting force predictions, while Geier et al. [13] and He et al. [14] reported that cutting forces generally increase with FOA due to changes in the tool-fiber interaction geometry.



The failure mechanisms in CFRP machining—including fiber fracture, matrix cracking, and fiber–matrix debonding—are closely linked to FOA [15,16]. Milling experiments conducted at 0°, 45°, 90°, and 135° FOA reveal distinct stress distributions and fracture patterns [17,18]. Detailed surface morphology studies further confirm the correlation between fiber orientation and surface roughness [19,20,21]. Chip formation also exhibits FOA-dependent characteristics: at 0° and 45°, chips primarily form via fiber bending, whereas at 90° and 135°, they are dominated by extrusion-induced fractures [22]. Ge et al. [23,24] extended this observation in drilling studies, demonstrating that fiber orientation fundamentally alters material removal paths and fracture surfaces.



From a modeling perspective, Cepero-Mejías and Wang [25,26,27] employed macroscale finite element models to simulate machining-induced damage and analyze FOA effects. However, these models often fail to address interfacial damage or phase-specific failure modes. To overcome this, several micromechanical modeling approaches have been proposed. For example, microscale simulations reveal resin cracking and interfacial debonding under different fiber cutting angles [28]. Thermomechanically coupled micro-cutting models enable precise characterization of 3D damage evolution [29]. Energy-based progressive damage models, incorporating Hashin and maximum stress criteria, have also improved the accuracy of cutting force and near-surface damage predictions [30,31].



Although previous studies have explored the effects of fiber orientation angle on cutting forces and damage evolution during CFRP milling, most investigations have focused on a single scale—either macroscopic or microscopic—making it difficult to comprehensively reveal the multiscale damage mechanisms. Macroscopic models struggle to capture microscopic debonding behaviors at the fiber–matrix interface, while microscopic models often overlook the evolution trends of macroscopic cutting forces and surface morphology. Moreover, existing research provides limited quantitative correlation between fiber orientation, chip morphology, and subsurface damage depth, which constrains the optimization of machining parameters.



Therefore, this study develops a coupled macro–microscopic finite element model combined with systematic experiments to simultaneously predict cutting force evolution, chip formation, and microscopic damage behavior. By observing surface and chip morphologies, the research achieves a quantitative and mechanistic understanding of fiber orientation-dependent damage behaviors, providing a theoretical basis for optimizing CFRP milling processes.




2. Macroscopic Theoretical Model


This study assumes that CFRP composites are orthotropic homogeneous materials with no independent fiber, matrix, or interface phases. When the load exceeds the material’s intrinsic strength limit, the material will experience damage, reducing stiffness. The stress–strain relationship [32] is as shown in Equation (1):


  σ = C :  ε M   



(1)




where  σ  is stress, εM is mechanical strain, and C is the stiffness matrix. When the composite material satisfies the damage initiation criteria, the symmetric damage stiffness matrix can be represented as follows:


   C d  = 1 / Δ        d f   E  11   ( 1 −  d m   ν  23    ν  32   )      d f   d m   E  11   (  ν  21   +  ν  23    ν  31   )      d f   E  11   (  ν  31   +  d m   ν  21    ν  32   )            d m   E  22   ( 1 −  d f   ν  13    ν  31   )      d m   E  22   (  ν  32   +  d f   ν  12    ν  31   )             E  33   ( 1 −  d f   d m   ν  12    ν  21   )             Δ  d f   d m   S  12               Δ  d f   d m   S  23               Δ  d f   d m   S  13          



(2)







Cd is the symmetric stiffness matrix after damage. The 1/Δ is a factor used for normalizing the stiffness matrix in the damage model, ensuring the numerical stability during the damage evolution process. Vij (ij = 1,2,3) and Sij (ij = 1,2,3) represent Poisson’s ratio and shear strength, respectively. df/dm is the damage variable for the fiber and matrix, calculated as follows:


     d f  = ( 1 −  d  f t   ) ( 1 −  d  f c   )      d m  = ( 1 −  S  m t    d  m t   ) ( 1 −  S  m c    d  m c   )     Δ = 1 −  d f   d m   ν  12    ν  21   −  d m   ν  23    ν  32   −  d f   ν  13    ν  31   − 2  d f   d m   ν  21    ν  32    ν  13      



(3)







In the equation, dI represents the damage variable, and the subscripts ft, fc, mt, and mc denote the damage under fiber tension, fiber compression, matrix tension, and matrix compression, respectively. Smt and Smc are the introduction coefficients controlling the shear stiffness loss caused by matrix tension and compression failure, with values of 0.9 and 0.5 for Smt and Smc, respectively [33].



2.1. Damage Initiation Criteria and Evolution Laws


2.1.1. Damage Failure Criterion


The damage failure criterion for the macro milling process of composite materials is the 3D Hashin failure criterion [34], consisting of four modes: fiber tension, fiber compression, matrix tension, and matrix compression. The four failure modes are expressed as follows:



Fiber tension (ε11 ≥ 0)


   F  f t   =   (  ε  11  ε  /  ε  f t   ε , 0   )  2  ≥ 1 ,    ε  f t   ε , 0   =  X T  /  E  11    



(4)







Fiber compression (ε11 < 0)


   F  f t   =   (  ε  11  ε  /  ε  f t   ε , 0   )  2  ≥ 1 ,    ε  f t   ε , 0   =  X T  /  E  11    



(5)







Matrix tension (ε22 + ε33 ≥ 0)


   F  m t   =   (  ε  22  ε  /  ε  m t   ε , 0   )  2  ≥ 1 ,  ε  m t   ε , 0   =  Y T  /  E  22    



(6)







Matrix compression (ε22 + ε33 < 0)


     F  m c   =   [ (  E  22    ε  22   +  E  33    ε  33   ) / 2  S  12   ]  2  + (  ε  22   +  ε  33   ) /  ε  m c   ε .0   [   (  E  22    ε  m c   ε , 0   / 2  S  12   )  2  − 1 ] +   (  G  23   /  S  23   )  2  {  ε  23  2  − [ (  E  22    E  23   ) /  G  23   ]  ε  22    ε  33   }     +   [ (  G  12    ε  12   ) /  S  12   ]  2  +   [ (  G  13    ε  13   ) /  S  13   ]  2  ≥ 1 ,  ε m  ε , 0   =  Y c  /  E  22      



(7)







In the equation,    ε  i j  ε    and Eii (i,j = 1,2,3) represents the elastic strain tensor and Young’s modulus, respectively.    ε  f t   ε , 0    ,    ε  f c   ε , 0    ,    ε  m t   ε , 0     and    ε  m c   ε , 0     represent the initial failure elastic strains for the respective failure modes. XT and XC represent the tensile and compressive strengths in the fiber direction, respectively. YT and YC represent the transverse tensile and compressive strengths, respectively. G12, G13, and G23 are the shear moduli. S12, S13, and S23 are the shear strengths.




2.1.2. Damage Evolution Model


According to the damage initiation criterion, damage occurs once the damage index reaches or exceeds 1. This study uses a progressive damage model based on the fracture energy of composite materials [33,35] to describe the decline in mechanical properties after damage occurs. The evolution process is as follows:


   d i  =  ε i  e , f   /  ε i  e , f   −  ε i  e , 0   ( 1 −  ε i  e , 0   /  ε i e  )      d i  ∈ ( 0 , 1 ) , i = f t , f c , m t , m c    



(8)







In the equation,    ε i e  ( i = f t , f c , m t , m c )   is the elastic strain in the corresponding direction.    ε i  e , 0     is the initial failure elastic strain for different failure modes.    ε i  e , f     i = f t , f c , m t , m c     is the final failure elastic strain when the corresponding damage variable reaches 1. The corresponding expression is as follows:


     ε  f t   e , f   = 2  G  f t   /  X T  l      ε  f c   e , f   = 2  G  f c   /  X C  l      ε  m t   e , f   = 2  G  m t   /  Y T  l      ε  m c   e , f   = 2  G  m c   /  Y C  l    



(9)







In the equation,    G i   ( i = ft , fc , mt , mc )    is the fracture energy for the corresponding failure mode [33].  l  is the element’s characteristic length, calculated as the cube root of the corresponding element volume.


  L =     (  L  i n i t i a l   )  3  /  l z     



(10)







Linitial denotes the initial characteristic length of the element. lz denotes the thickness of elements in the predefined local coordinate system.




2.1.3. Macroscopic Finite Element Model


The ABAQUS software (2023) was employed to develop the macroscopic finite element (FE) model. As shown in Figure 1, the cutting simulation model of CFRP adopts a four-layer stacked structure of unidirectional carbon fiber reinforced polymer (T700S/J-133). The fiber volume fraction is 70%, consistent with the experimental specimens. Given that machining-induced stress accounts for over 90% of the total stress, residual stress caused by curing shrinkage is not explicitly modeled. Instead, the material’s inherent anisotropy is incorporated via directional material properties, as listed in Table 1.



The dimensions of the workpiece are 2 mm in length, 1 mm in height, and 0.75 mm in width, representing a section of the actual experimental specimen (50 mm × 50 mm × 3 mm) and focusing on a refined cutting region of 0.75 mm × 0.75 mm × 2 mm to balance computational cost and accuracy. The workpiece is discretized using 8-node linear hexahedral elements with reduced integration and enhanced hourglass control (C3D8R) to minimize numerical artifacts. The mesh size in the cutting zone is refined to 0.01 mm, while a coarser mesh of 0.1 mm is applied in other regions.



For the milling case with a 90° fiber orientation, three mesh configurations were evaluated. A global approximate size of 0.1 mm was defined, with local seeding applied to generate mesh sizes of approximately 0.05 mm, 0.02 mm, and 0.01 mm in the refined zone. Based on the extracted peak cutting forces, a mesh size of 0.05 mm yielded a peak force of 41.8 N/mm; 0.02 mm yielded 39.8 N/mm; and 0.01 mm yielded 42.6 N/mm. The results indicate that the deviation of the peak cutting force for the finest mesh (0.01 mm) from the experimental peak force (44.1 N/mm) is less than 5%, thus the 0.01 mm mesh was selected to achieve optimal accuracy-efficiency trade-off.



The Hashin 3D failure criterion was employed for element deletion (Equations (4)–(7)), with damage initiation triggered based on the elastic strain thresholds (see Table 1), and damage evolution governed by an energy-based progressive degradation law (Equations (8)–(10)). Delamination between CFRP plies is initiated when the normal or shear traction at the cohesive interface exceeds the interfacial strength limit.



The cutting tool is modeled as a rigid body, with thermal conduction and tool wear effects during machining neglected. The tool geometry is defined by a rake angle of 20°, a clearance angle of 10°, and a cutting edge radius of 0.002 mm. The material properties of the workpiece and the geometric parameters of the tool are summarized in Table 1 and Table 2, respectively. To replicate the clamping condition of the laminate, two types of boundary constraints are applied: lateral constraints on the horizontal sides and full fixation at the bottom surface of the laminate.



In the present model, all degrees of freedom at the bottom and both ends of the workpiece are fully constrained (UX = UY = UZ = URX = URY = URZ = 0), ensuring consistency between the applied boundary conditions and the experimental setup. The cutting tool moves along the x-direction at a speed of 480 mm/s. Parametric studies were conducted on the cutting processes of unidirectional CFRP with four typical fiber orientations: 0°, 45°, 90°, and 135°. The interaction between the cutting tool and the workpiece is modeled using the Coulomb friction law. To improve simulation accuracy, orientation-dependent friction coefficients were applied, with values of 0.3 [36], 0.6, 0.8, and 0.6 [37] corresponding to fiber orientations of 0°, 45°, 90°, and 135°, respectively. Additionally, in this model, the CFRP laminate is treated as a homogenized orthotropic material, and the fiber–matrix interface is assumed to be perfect. While these simplifications significantly reduce computational complexity, they may mask local effects such as stress concentrations around individual fibers and variations in interface adhesion due to manufacturing heterogeneities. As a result, the model may underestimate the initiation of interfacial debonding and matrix yielding under high local stresses. In future work, we will adopt more detailed ply-level modeling, which will help improve the accuracy of the model.





 





Table 1. Material properties of carbon fiber/epoxy unidirectional laminates [38,39].






Table 1. Material properties of carbon fiber/epoxy unidirectional laminates [38,39].










	
	Density
	ρ = 1600 kg/m3





	
	Young’s modulus
	E11 = 130 Gpa E22 = E33 = 7.7 Gpa

G12 = G13 = 4.8 Gpa G23 = 3.8 GPa



	Composite lamina

properties
	Poisson’s ratio
	ν12 = ν13 = 0.33 ν23 = 0.35



	
	Strength
	XT = 2080 MPa XC = 1250 MPa

YT = 60 MPa YC = 140 MPa

ZT = ZC = 290 Mpa

S12 = S13 = S23 = 110 MPa



	
	Fracture energy
	G1tc = 133 N∕mm G1cc = 40 N∕mm

G2tc = 0.6 N∕mm G2cc = 2.1 N∕mm










 





Table 2. Tool geometric parameters and processing conditions.






Table 2. Tool geometric parameters and processing conditions.





	Parameters
	Value





	Density
	3.5 × 10−9 (ton/mm3)



	Young’s modulus
	960 GPa



	Poisson’s ratio
	0.2



	Rake angle (α)
	25°



	Relief angle (β)
	10°



	Tool edge radius
	0.2 µm



	Depth of cut
	0.1 mm



	Cutting speed
	480 mm/s



	Spindle speed
	2000 rpm



	Feed per tooth
	0.04 mm/tooth










2.2. Microscopic Theoretical Model


2.2.1. Fiber and Matrix Failure Criteria


The fiber is an orthotropic elastic material [28] and is considered a brittle material. Under external loading, the fiber stiffness rapidly decays, resulting in brittle fracture. Therefore, the effect of fiber stiffness degradation is neglected, and its constitutive relation is expressed as follows:


   σ t  =  E t   ε t   



(11)







In the equation, σt, εt, and Et represent the fiber stress, strain, and elastic modulus, respectively.



The brittle failure behavior of the fiber under external loading is assessed using the maximum principal stress failure criterion. This means that when the maximum principal stress applied to the fiber under external loading reaches the fiber’s tensile or compressive strength limit, the failure factor Δf = 1. The brittle fracture occurs, leading to failure, as shown in the following equation:


   Δ f  = max ( x , y , z ) =        σ j  /  i t  (  σ j  > 0 )       −  σ j  /  i c  (  σ j  < 0 )        



(12)




where x, y, and z correspond to the principal directions of the fiber material, and j takes the values corresponding to the X direction along the fiber axis and the Y (Z) direction perpendicular to the fiber axis. σj represents the stress in different directions, Xt/Yt is the fiber’s tensile strength, and Xc/Yc is the fiber’s compressive strength. Since the fiber is orthotropic, the failure strength thresholds in the Z and Y directions are equal.



The resin matrix is defined as an isotropic elastoplastic material using the shear failure criterion [40]. The shear failure criterion assumes that the equivalent plastic strain at the onset of damage is a function of the shear stress ratio and strain rate.


    ε ¯  s  p l   (  θ s    ε ¯   p l   )  



(13)




where    θ s  = ( q +  k s  p ) /  τ  max     is the shear stress ratio,    τ  max     is the maximum shear force, and Ks is the material parameter. q represents the Mises stress, and p represents the compressive stress.     ε ¯  s  p l     represents the equivalent plastic strain.     ε ¯   p l     represents the equivalent plastic strain rate.


    q =   3 / 2 (  s  i j    s  i   j   )       = 1 / 2 [ (  σ  11   −  σ  22   ) + (  σ  22   −  σ  33   ) + (  σ  33   −  σ  11   ) + 6  σ  12  2  + 6  σ  23  2  + 6  σ  31  2  ]    



(14)






    ε ¯  s  p l   =    ∫ 0 t     ε ¯   p l      d t  



(15)







In the equation, Sij represents the deviatoric stress tensor, and σij represents the Cauchy stress tensor.



When Equation (16) is satisfied, the element is deleted due to failure. Where ωs is the state variable which increases with monotonic plastic deformation.


   ω s  = ∫ ( d   ε ¯   p l   ) /   ε ¯  s  p l   (  θ s  ,   ε ¯   p l   ) = 1  



(16)








2.2.2. Zero-Thickness Cohesive Element Failure Model


The interface phase is applied to the transition zone connecting the fiber and resin matrix, which is critical in stimulating the induced damage in the interface region. Cohesive elements are commonly used to simulate mechanical behaviors such as interphase debonding and failure.



This study uses the bilinear traction-separation law [41], with the failure modes shown in Figure 2.



It is constitutive equation is expressed as follows:


         σ n         σ s         σ t        =        K  n n      0   0     0     K  s s      0     0   0     K  t t                ε n         ε s         ε t         



(17)




where n denotes the expected direction, s and t represent shear directions. σi represents the stress in each direction, εi is the strain in each direction, and Kii is the elastic modulus in each direction (i = n, s, t). Under external loading, stresses in cohesive elements progressively increase. When stress components in the three directions satisfy the quadratic nominal stress criterion in Equation (18), interfacial debonding and failure damage occur between fiber and matrix.


       t n  /  t n f     2  +      t s  /  t s f     2  +      t t  /  t t f     2  = 1  



(18)




where tn, ts, and tt represent the instantaneous components of normal stress and the two shear forces at the interface,    t n f    represents the interface tensile strength,    t s f    and    t t f    represents the shear strength. When interfacial damage initiates, an energy-based damage evolution criterion is adopted, with the power-law criterion serving as the ultimate failure criterion as shown in Equation (19):


       G n  /  G n C     β  +      G s  /  G s C     β  +      G t  /  G t C     β  = 1  



(19)




where Gn, Gs, and Gt represent the fracture energies in the normal direction and the two shear directions,    G n C   ,   G s C   ,    G t C    represent the fracture energies in the normal and two shear directions,  β  is the mixed-mode fracture correction factor, which is taken as 1.6 [42] as a constant. When the condition of Equation (19) is satisfied, the cohesive element is considered to fail. The interface material parameters are shown in Table 3.




2.2.3. Microscopic Finite Element Model


As shown in Figure 3, the fiber, epoxy resin matrix, and interface are modeled in this study for the microscopic CFRP cutting finite element model. The material model has the total dimensions of 100 μm length, 24 μm width, 88 μm height. The fiber diameter is 7 μm, with a total fiber volume fraction of approximately 70%. The cutting depth is 30 μm, and a global mesh size of 0.8 μm is adopted. In the micro-model, the resin is defined as isotropic elastic–plastic material, and fibers as a transversely isotropic brittle material, with the tool directly contacting a single fiber. Fiber surfaces are assumed to be defect-free to accurately characterize fiber deformation and failure under cutting loads. Both fiber and matrix meshes use swept meshing with C3D8R elements and hourglass control to prevent hourglassing. Zero-thickness cohesive elements (COH3D8) were used to model interphases. Similarly to the macroscopic model, the cutting tool is treated as a rigid body in the microscale model, with its displacement controlled by a reference point (RP). The cutting speeds are consistent with the experimental settings. The material parameters used in the microscale model are listed in Table 4.






3. Experimental Setup


To ensure the predictive accuracy of the finite element model, validation through comparison with experimental results is essential, enabling the extension of the numerical model to studies involving various machining parameters and composite structures. The CFRP laminates used in the experiment were supplied by Wuxi Jiabo Composite Materials Co., Ltd., located in Jiangsu, China and the material properties of T700s/J-133 are listed in Table 5. Unidirectional specimens with four typical fiber orientations (0°, 45°, 90°, 135°) were prepared via waterjet cutting, with dimensions of 50 × 50 × 3 mm and an approximate fiber volume fraction of 70%. Milling was performed using a four-flute AlCrN-coated carbide end mill with a diameter of 6 mm. The experimental setup is illustrated in Figure 4.



Milling experiments were conducted on a DNM415 CNC machining center, with the spindle rotating clockwise at 2000 rpm and a constant feed rate of 480 mm/s along the x-axis. The radial depth of cut was 0.1 mm, and the axial thickness of the CFRP laminate was 3 mm. Each experiment was repeated three times, and the average values were reported. During machining, the CFRP workpieces were mounted on a dynamometer using custom fixtures, and the dynamometer was secured to the machine table via a mounting base. The tool had a rake angle of 25° and a relief angle of 10°. Cutting forces (Fx, Fy, Fz) were measured using a three-component piezoelectric dynamometer (Kistler 9129AA) connected to a charge amplifier (Kistler 5080A). Real-time force data were acquired using the Kistler Dynoware software (version 3.6.2, Kistler Instrumente AG, Winterthur, Switzerland) at a sampling frequency of 10 kHz. Post-machining surface morphology was examined using a JEOL JSM-7610F Plus scanning electron microscope (SEM), and a comparative analysis was conducted under the four fiber orientation conditions. Surface roughness measurements were conducted using a laser confocal microscope (OLS4100), with a maximum scanning area of 0.64 × 0.64 mm. Two representative measurement regions were selected on the surface of each specimen, and the arithmetic mean of the measured values was reported as the surface roughness of the sample. The final results (peak cutting forces, chip morphology analysis, surface damage characterization) were all compared with the model to verify the reliability of the model.




4. Results and Discussion


4.1. Experimental Data and Statistical Analysis


4.1.1. Cutting Force Statistics


To ensure the reliability of the data, each milling experiment was repeated three times (n = 3) under identical conditions, including a cutting speed of 480 mm/s, a cutting depth of 0.1 mm, and fiber orientation angles of 0°, 45°, 90°, and 135°. Statistical analysis was carried out using analysis of variance (ANOVA), with a significance level set at α = 0.05. The cutting force in the Fy direction was excluded from further analysis due to its minimal variation and lack of significant differences throughout the machining process. As presented in Table 6 and Table 7, the standard deviations across groups were relatively low (ranging from 0.49 to 1.49), indicating good experimental repeatability. Fiber orientation had a highly significant effect on the cutting force (F(3,8) = 227.2, p < 0.0001, η2 = 0.98), with the 90° orientation exhibiting a significantly higher cutting force (44.1 ± 1.49 N/mm) compared to the other groups.




4.1.2. Assessment of Workpiece Integrity


Surface integrity was evaluated based on surface roughness (Ra) measurements. To ensure the reliability of the experimental results, each test under different fiber orientation conditions (0°, 45°, 90°, and 135°) was repeated three times. Surface roughness was measured using a laser confocal microscope (JEOL JSM-7610F Plus) in both transverse and longitudinal directions for each specimen, and the results were reported as mean values.



As shown in Figure 5, Ra was significantly affected by fiber orientation. The highest roughness values were observed at a fiber orientation angle of 135°, indicating the most severe surface damage. In the transverse direction, Ra followed the following order: 135° > 90° > 45° > 0°, with values of 3.568 µm, 2.19 µm, 1.755 µm, and 1.23 µm, respectively. In the longitudinal direction, the same trend was observed: 135° > 90° > 45° > 0°, with corresponding values of 3.716 µm, 2.274 µm, 1.832 µm, and 1.154 µm.



A comparison between transverse and longitudinal Ra values revealed that the largest deviation occurred at 0° orientation (6.59%), while the deviations at other angles were all below 5%. These deviations fall within acceptable engineering limits, indicating good surface integrity of the machined workpieces.





4.2. Cutting Forces


Figure 6, Figure 7 and Figure 8 analyzes the cutting forces obtained through simulation and experimentation at the macroscopic scale during the milling process of CFRPs with different fiber orientations. Due to computational efficiency, the geometry of CFRPs in the finite element model differs from that in the experiment, so the cutting forces cannot be directly compared. In this study, the cutting forces are normalized to per unit width and thickness. Figure 6 presents a comparison of the simulated and experimental cutting forces in the Fx direction for different fiber orientations. The results show that the cutting force in the Fx direction exhibits both periodic and non-periodic fluctuations over time. At 0°, the simulated cutting force fluctuates in a relatively regular manner, while the experimental data shows more frequent and larger fluctuations, reflecting the sudden brittle fractures of fibers under shear stress, which cause complex dynamic changes in the cutting force over time. At 45°, both simulated and experimental cutting forces exhibit fluctuations, with the experimental values being generally higher. Significant fluctuations occur in the time range of 0.004 to 0.016 s, reflecting the dynamic interaction of forces during the cutting process at this angle. At 90°, the simulated cutting force is relatively stable, while the experimental cutting force shows large fluctuations and peaks in the time ranges of 0.008 to 0.012 s and 0.016 to 0.020 s. This indicates that, as the processing time progresses, fractured material debris accumulates at the tool tip, causing oscillations in the cutting force and poor processing stability. At 135°, the simulated cutting force shows fluctuations but remains relatively stable, while the experimental cutting force fluctuates frequently, primarily due to fiber bending failure, which generates force impacts on the tool and creates high-frequency oscillations.



Figure 7 presents a comparison of the simulated and experimental cutting forces in the Fy direction under different fiber orientations. Over the machining period of 0 to 0.020 s, the Fy direction cutting forces for different cutting angles (0°, 45°, 90°, 135°) fluctuate continuously over time, reflecting the sustained dynamic interaction between the tool and workpiece. However, the values of the Fy direction cutting forces are generally smaller, and their impact on the core dynamic characteristics of the machining process is negligible. Therefore, an analysis of these Fy cutting force fluctuations over time is not conducted.



Figure 8 compares the simulated and experimental peak cutting forces (Fx direction) under different fiber orientations. The results show that the maximum deviation occurs at a 135° fiber orientation, with a discrepancy of 8.79% (simulated: 33.2 N/mm, experimental: 36.4 N/mm), while the minimum error is observed at a 90° fiber orientation, with a deviation of 3.4% (simulated: 42.6 N/mm, experimental: 44.1 N/mm), indicating high predictive accuracy of the model for the principal cutting forces. The cutting force exhibits a characteristic trend, initially increasing and then decreasing with an increasing fiber orientation angle [44], following the order: 0° < 45° < 135° < 90°, with corresponding experimental values of 24.8 N/mm < 35.8 N/mm < 36.4 N/mm < 44.1 N/mm, and simulated values of 22.9 N/mm < 33.2 N/mm < 32.7 N/mm < 42.6 N/mm. This behavior originates from distinct material removal mechanisms: at 0°, the cutting force is parallel to the fiber direction, leading to interfacial debonding as the dominant failure mode, with minimal cutting forces due to the matrix’s significantly lower strength compared to the fibers. At 45°, shear-induced fracture predominates, with the cutting force acting at an acute angle to the fibers, requiring overcoming the fiber shear strength. At 90°, perpendicular orientation necessitates overcoming both interfacial debonding and fiber bending fracture strength, resulting in the maximum cutting force [8]. At 135°, the obtuse angle leads to fiber bending fracture as the primary removal mechanism, producing cutting forces between those at 45° and 90°. Additionally, it is important to note that the simulated results are generally lower than the experimental results. This discrepancy arises because, in the simulation, once a unit reaches its failure strength, it is automatically deleted and no longer subjected to any force from any direction.




4.3. Macroscopic Chip Formation Process and Macroscopic Surface Morphology of CFRP


Figure 9 compares the simulated and experimental results of chip morphology and surface damage under four typical fiber orientations.



At 0° orientation, the cutting direction aligns parallel to the fiber axis, inducing plastic deformation and fiber bending, which results in long, continuous chips (Figure 9(a1)). The machined surface appears relatively smooth, exhibiting only slight columnar pits (Figure 9(c1)). Subsurface damage remains shallow (≈40 μm) (Figure 9(b1)), with stress concentration predominantly along the fiber direction.



At 45° orientation, the tool compresses the fibers at a 45° angle, producing blocky chips (Figure 9(a2)). Due to fiber fracture, surface damage becomes more severe. The interaction between brittle fibers and ductile resin leads to pit formation and subsurface damage extending to approximately 90 μm (Figure 9(b2,c2)).



At 90° orientation, the fibers are perpendicular to the cutting path, causing shear-dominated failure and the formation of granular chips (Figure 9(a3)). The surface exhibits significant damage, including numerous burrs and pull-out holes, with subsurface cracks propagating to around 110 μm (Figure 9(b3,c3)).



At 135° orientation, the fibers oppose the tool direction, resulting in pronounced bending fractures, irregular chip morphology, and extensive surface pitting. Subsurface cracks reach their maximum depth (≈130 μm), which agrees well with the simulation results (Figure 9(a4,c4)).




4.4. Analysis of Three-Dimensional Roughness Parameters of CFRP Machined Surfaces


A comprehensive multi-parameter characterization system was implemented to evaluate the 3D surface topography, incorporating five key roughness parameters: Sa (arithmetic mean height), representing the average deviation from the reference plane; Sq (root mean square height), which is more sensitive to extreme values; Sz (ten-point height), calculated from the average difference between five highest peaks and five lowest valleys to minimize outlier effects; Ssk (skewness), quantifying height distribution symmetry (Ssk > 0 indicates predominant peaks while Ssk < 0 reflects valley dominance); and Sku (kurtosis), describing height distribution steepness (baseline 3 for normal distribution, >3 for sharp peaks, and <3 for flattened distributions).



As shown in Figure 10a, the maximum Sa value (4.766 µm) occurred at 135° fiber orientation, being 1.8 times higher than the minimum value (2.568 µm) at 0° orientation, demonstrating significant fiber orientation effects on surface roughness. Figure 10b reveals that Sq exhibited strong positive correlation with Sa across all orientations, consistently showing 10–15% higher values while maintaining identical trends, with maximum roughness at 135° attributed to abundant dimples [20].



Contrastingly, Sz displayed distinct behavior (Figure 10c), peaking at 90° but reaching minimum at 135°. This divergence occurs because Sz focuses on peak-to-valley distance, whereas Sa/Sq characterize overall undulations. The 90° orientation generated greater extreme height differences but fewer micro-fluctuations, while 135° produced more microscopic variations with reduced peak-valley gaps [28].



Surface asymmetry analysis (Figure 10d) showed positive skewness (Ssk > 0) only at 0°, indicating balanced topography, while negative values at other orientations (minimum Ssk = −1.274 at 90°) confirmed valley-dominated surfaces with maximum porosity. Kurtosis results (Figure 10e) revealed flattened distributions (Sku < 3) at 0° versus leptokurtic surfaces [45] (Sku > 3) at other orientations, ordered as 90°(5.973) > 45°(3.239) > 135°(3.023) > 0°(2.476). The 90° orientation’s exceptionally sharp peaks originated from fiber fracture-induced irregularities, whereas 135° approached Gaussian distribution (Sku ≈ 3) [19] due to randomly distributed fracture pits.




4.5. Microscopic Failure Behavior of CFRP


Figure 11 compares the simulated fracture behaviors during micro-cutting for four fiber orientations (a–d) and elucidates the dominant mechanisms governing each case.



In the 0° orientation (Figure 11a), cutting along the fiber direction primarily induces compressive fracture on the rake face, followed by fiber peeling due to bending as the tool advances, while only limited resin microcracks and fine debris form under flank face compression. This mechanism dominates because fibers aligned with the tool path readily undergo buckling under axial tool pressure.



The 45° orientation (Figure 11b) exhibits simultaneous transverse compression and axial tensile stresses in inclined fibers, leading to coupled bending–compressive failure accompanied by extensive matrix cracking that promotes fiber pull-out and larger debris formation. Here, the mixed-mode loading at 45° maximizes shear–tensile interactions, creating this composite fracture pattern.



For 90° fibers (Figure 11c), direct compressive crushing occurs perpendicular to the tool, generating fan-shaped matrix microcracks, granular chips, and surface pull-out voids, with peak shear stress making compression-shear failure predominant.



The 135° orientation (Figure 11d) demonstrates severe crushing on both tool faces due to counter-movement between fibers and the tool, inducing secondary bending fractures in adjacent fibers that produce highly fragmented debris and deep surface pits. This reverse orientation amplifies bending stress and fiber interactions, yielding the most severe fracture mode.



These findings are consistent with the previous literature [29,31], confirming that as fiber orientation changes from 0° to 135°, the stress equilibrium among axial compression, bending, and shear modifies the dominant failure mechanisms. The 0° orientation tends to induce compressive buckling, 45° leads to mixed-mode fracture, 90° orientation maximizes shear-dominated fragmentation, while the 135° orientation intensifies synergistic bending–crushing destruction.




4.6. Microscopic Morphology of Chips and Its Material Removal Mechanism


As shown in Figure 12, the material removal mechanism and chip formation at 0° fiber orientation primarily involve debonding at the fiber–matrix interface and vertical fiber fracture. The chips are formed through interface debonding and vertical fiber fracture, resulting in long, strip-like debris. Axial stress is distributed along the fiber length, making the fibers more prone to buckling rather than shear fracture, which is consistent with the suggestion of Li et al. [46] that “chips are primarily formed through shear action along the fiber direction at the matrix-interface.” Due to the low fracture strain of epoxy resin (1.5–8.0%) [23], the integrity of the chips is poor, containing numerous microcracks. Correspondingly, scanning electron microscope (SEM) images clearly show the micron-scale matrix fragments and fiber-end fracture morphology (Figure 12d), where the distribution of microcracks is highly consistent with the simulated crack propagation path. This observation confirms the accuracy of the model in predicting interface shear strength and fiber fracture modes.



As shown in Figure 13, the material removal mechanism and chip formation at 45° fiber orientation primarily involve bond failure at the fiber–matrix interface and the extrusion of fiber bundles along the fiber–matrix interface. The oblique cutting induces a mixed-mode failure—transverse compression and axial tension [47]—resulting in ordered block-like chips. The fibers support each other along the interface, reducing the generation of microcracks. Experimental SEM images (Figure 13d) show blocky chips with a more orderly fiber arrangement and smooth fracture surfaces. These observations are highly consistent with the simulated stress concentration zones and the mechanical mechanism of fiber bundles supporting each other, confirming the correspondence between the microstructural morphology in the experimental and simulation results.



As shown in Figure 14, the material removal mechanism and chip formation at 90° fiber orientation primarily involve brittle fracture caused by shear stress from the cutting edge and extrusion fracture due to compressive stress on the uncut fibers. Brittle shear fracture occurs when the fibers are perpendicular to the tool, generating particulate chips along with numerous pull-out holes. The matrix undergoes microcrack amplification under the effects of compressive and shear forces. Experimental SEM images (Figure 14d) reveal smooth fracture surfaces caused by fiber fracture due to shear, as well as microcracks resulting from extrusion fracture, all of which are in good agreement with the simulation results.



As shown in Figure 15, at a 135° fiber orientation, the material removal mechanism and chip formation primarily involve fiber bending fracture and extrusion fracture between adjacent fibers. Reverse cutting leads to severe crushing and bending fracture, resulting in highly fragmented chips. Tool compression and fiber interactions are intensified, leading to the poorest chip integrity. The reverse loading causes bending stress on the fiber’s outer surface to exceed the tensile strength, while the inner surface undergoes compression, forming a typical “bending-extrusion” failure mode, which aligns with the “bending-fracture” mechanism proposed by Zhang et al. [48]. For the 135° orientation, both the simulation (Figure 15a) and experimental (Figure 15d) results demonstrate the interaction of fiber bending–extrusion fracture, showing the worst chip integrity. The consistent fracture modes and fragment distribution patterns observed in both the simulation and experimental results further validate the model’s capability to capture the chip formation mechanism.




4.7. Mechanism and Validation of Surface Damage Formation for Different Fiber Orientations


When the fiber orientation angle is 0°, the surface damage and micro-morphology are shown in Figure 16(b1). The blade cuts along the axial direction of the fibers. The fibers undergo brittle fracture and interfacial debonding due to compression from the cutting edge and the flank face, forming columnar pits. The resin, due to its lower strength, cracks along the fiber direction, and the debris accumulates on the surface of the pits. The experimental SEM images (Figure 16(b1)) clearly show that the distribution of columnar pits and cracks matches well with the simulation predictions, confirming the model’s accurate representation of surface damage morphology under axial loading conditions.



When the fiber orientation angle is 45°, the surface damage and micro-morphology are shown in Figure 16(b2). The fibers fracture under the action of shear stress, resulting in neat fracture surfaces and the formation of groove-shaped pits. The flank face compression causes secondary fracture of the fibers, and residual resin particles are intercepted by the fracture surfaces. Additionally, the fibers exhibit good fracture elongation, and some fibers undergo secondary fracture under the compression of the flank face, leading to the generation of cracks beneath the fiber subsurface. Figure 16(b2) reveals clean fiber fracture surfaces with minor groove-shaped pits, where surface cracks generated by partial fiber bending fractures show excellent agreement with simulation results.



When the fiber orientation angle is 90°, the surface damage and micro-morphology are shown in Figure 16(b3). Due to their low shear strength, the fibers are cut radially, resulting in smooth fracture surfaces. The difference in fracture toughness causes the fibers to be pulled out, forming deep pits with clearly visible residual holes. In Figure 16(b3), holes generated by the fiber pullout after bending fracture can be observed, along with fibers that are pressed onto the machined surface by the rear cutting edge after fracture, as well as resin that is crushed and remains on the machined surface.



When the fiber orientation angle is 135°, the surface damage and micro-morphology are shown in Figure 16(b4). The compression from the rake face induces bending fracture of the fibers, resulting in irregular fracture surfaces and cracks propagating along the fiber axis, which form continuous pits. The fractured resin is smeared between the fiber fracture surfaces, leading to the poorest surface quality. In the experimental figure (Figure 16(b4)), large pits on the processed surface, fibers remaining on the surface after fracture, and fibers exposed after the matrix damage can be clearly observed. This further proves the versatility of the model under complex orientation conditions.



Through the comparison of simulations and experiments, we found that the damage mechanism at 0° is primarily dominated by axial brittle fracture, leaving columnar pits on the machined surface. At 45°, shear fracture occurs, forming groove-like pits on the surface. At 90°, the damage mechanism involves axial tensile and transverse shear fracture, resulting in deep holes on the surface. At 135°, bending fracture is the main mechanism, and due to fiber splitting and resin smearing, the surface roughness is the highest, with continuous fragmented pits formed on the surface.





5. Conclusions


In this study, a combined approach using macro- and micro-scale finite element models along with experimental validation was employed to conduct an in-depth analysis of cutting force evolution, surface damage characteristics, chip formation, and microscale material failure behavior. The material removal mechanisms and surface damage formation during CFRP milling were systematically investigated. The key findings are summarized as follows:




	
The macroscopic model proposed in this study demonstrates good predictability for cutting force, which can guide practical machining and production. The model explains that the cutting force exhibits a non-monotonic trend, following the order 0° < 45° < 135° < 90°. The maximum value is reached at 90° (experimental value: 44.1 N/mm, simulated value: 42.6 N/mm), while the minimum value occurs at 0° (experimental value: 24.8 N/mm, simulated value: 22.9 N/mm), with deviations from experimental values not exceeding 9%.



	
The microscopic model helps other researchers better and more easily understand the process. This model accurately predicts the chip and surface damage modes for each fiber orientation. At 0°, axial brittle fracture occurs with minimal surface damage, resulting in a smooth surface, and columnar pits are formed through resin extrusion and localized fiber bending fracture. At 45°, a mixed shear-tensile mode occurs, leading to surface quality degradation and the appearance of groove-like pits, primarily due to fiber–matrix interface delamination and increased resin plastic deformation. At 90°, shear-dominated pull-out generates an irregular surface, accompanied by granular debris and microcracks. At 135°, compression-bending results in highly fragmented granular chips, and the machined surface exhibits continuous large-area pits, showing the poorest quality.



	
The model assumes an ideal fiber–matrix interface, a rigid tool, and neglects thermal effects, which may influence predictions under high-speed conditions. Future research will incorporate thermo-mechanical coupling, tool wear, and random fiber distribution to enhance the realism of the model.
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Figure 1. Diagram of the FEM macroscopic model and applied boundary conditions. 
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Figure 2. Cohesive failure modes. 
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Figure 3. Schematic diagram of the microscopic scale model with different fiber orientations. 
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Figure 4. Experimental setup. 
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Figure 5. Surface Ra parameter analysis of milled CFRPs under different fiber orientations. 
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Figure 6. Comparison of simulated and experimental average Fx-direction cutting forces under different fiber orientations. 
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Figure 7. Comparison of simulated and experimental Fy-direction cutting forces under different fiber orientations. 
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Figure 8. Comparison of simulated and experimental peak cutting forces in Fx and Fy directions under different fiber orientations. 
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Figure 9. Macroscopic chip morphology and surface morphology under different fiber orientations. (a1–a4): Macroscopic chip morphology at 0–135° fiber orientations. (b1–b4): Macroscopic surface morphology at 0–135° fiber orientations. (c1–c4): 3D morphology at 0–135° fiber orientations. 
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Figure 10. (a–e) The influence of fiber orientation on three-dimensional surface roughness parameters. 
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Figure 11. Microscale failure behavior of CFRP under different fiber orientations. (a) 0°, (b) 45°, (c) 90°, (d) 135°. 
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Figure 12. Microstructure analysis and material removal finite element modeling under 0° fiber orientation (a) FEM simulation of chip microstructure (b) Fiber stress state during cutting process (c) Schematic diagram of chip formation (d) SEM image showing the microstructure of the chips. 
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Figure 13. Microstructure analysis and material removal finite element modeling under 45° fiber orientation. (a) FEM simulation of chip microstructure. (b) Fiber stress state during cutting process (c) Schematic diagram of chip formation. (d) SEM image showing the microstructure of the chips. 
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Figure 14. Microstructure analysis and material removal finite element modeling under 90° fiber orientation. (a) FEM simulation of chip microstructure. (b) Fiber stress state during cutting process. (c) Schematic diagram of chip formation. (d) SEM image showing the microstructure of the chips. 
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Figure 15. Microstructure analysis and material removal finite element modeling under 135° fiber orientation. (a) FEM simulation of chip microstructure. (b) Fiber stress state during cutting process. (c) Schematic diagram of chip formation. (d) SEM image showing the microstructure of the chips. 
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Figure 16. Processed surface damage morphology at the microscopic scale for four typical fiber orientation angles of CFRP. (a1–a4) Simulation results of processed surface micro-damage. (b1–b4) SEM images of the processed surface morphology. 
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Table 3. Cohesive material parameters [43].
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	Normal strength
	tn = 50 Mpa



	Interface
	Shear strength
	ts = 75 Mpa



	
	Elastic stiffness
	K = 100,000 N/mm3



	
	Fracture energy
	G = 0.002 N/mm3










 





Table 4. Material properties of microscopic model [43].
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	Material
	Property
	Values





	Carbon fiber
	Elastic constants
	E1 = 231 GPa, E2 = E3 = 15 GPa



	
	Poisson’s ratio
	V12 = V13 = 0.2, V23 = 0.25



	
	Shear modulus
	G12 = G13 = 15 GPa, G23 = 7 GPa



	
	Tensile strength
	Xt = 4.62 GPa, Yt = 1.5 GPa



	
	Compressive strength
	Xc = 3.96 GPa, Yc = 3.34 GPa



	Matrix
	Poisson’s ratio
	V = 0.35



	
	Young’s modulus
	E = 3.35 Gpa



	
	Yield strength
	σm = 120 MPa



	
	Fracture energy
	Gm = 0.1 N/mm



	Interface
	Normal strength
	tn = 50 MPa



	
	Shear strength
	ts = 75 MPa



	
	Elastic stiffness
	K = 100,000 N/mm3



	
	Fracture energy
	GI = 0.002 N/mm, GII = GIII = 0.006 N/mm










 





Table 5. Material performance parameters of carbon fiber T700S.
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	Materials
	T700s



	Density
	1.8 g/cm3



	Young Modulus
	230 GPa



	Strength
	4900 Mpa



	Poisson’s ratio
	0.2



	Elongation ratio
	2.1%










 





Table 6. Summary of ANOVA for peak cutting force in the Fx direction of CFRP plates.
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	Fiber Orientation (°)
	Cutting Force Measurements (N/mm)
	Mean
	Standard Deviation (SD)
	Sum
	Number of Observations





	0°
	25.5,24.1,23.9
	24.8
	0.49
	74.5
	3



	45°
	36.7,35.2,34.9
	35.8
	0.63
	107.4
	3



	90°
	43.9,43.1,45.5
	44.1
	1.49
	132.5
	3



	135°
	37.4,35.8,36.8
	36.4
	0.72
	109.3
	3










 





Table 7. Results of Analysis of Variance (ANOVA).
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	Source of Variation
	SS
	df
	MS
	F
	p-Value





	Between Groups
	569.1
	3
	189.7
	227.2
	<0.0001



	Within Groups
	6.68
	8
	0.83
	
	



	Total
	575.8
	11
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