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Abstract 

Long fibre reinforced plastics (LFRPs) possess excellent mechanical properties and are widely used in the 

aerospace, transportation and energy sectors. However, their anisotropic and inhomogeneous characteristics as well as 

their low thermal conductivity and specific heat capacity make them prone to subsurface damage, delamination and 

thermal damage during the machining process, which seriously reduces the bearing capacity and shortens the service life 

of the components. To improve the processing quality of composites, finite element (FE) models were developed to 

investigate the material removal mechanism and to analyse the influence of the processing parameters on the damage. A 

review of current studies on composite processing modelling could significantly help researchers to understand failure 

initiation and development during machining and thus inspire scholars to develop new models with high prediction 

accuracy and computational efficiency as well as a wide range of applications. To this aim, this review paper summarises 

the development of LFRP machining simulations reported in the literature and the factors that can be considered in model 

improvement. Specifically, the existing numerical models that simulate the mechanical and thermal behaviours of LFRPs 

and LFRP and metal stacks in orthogonal cutting, drilling and milling are analysed. The material models used to 

characterise the constituent phases of the LFRP parts are reviewed. The mechanism of material removal and the damage 

responses during the machining of LFRP laminates under different tool geometries and processing parameters are 

discussed. In addition, novel and objective evaluations that concern the current simulation studies are conducted to 

summarise their advantages. Aspects that could be improved are further detailed, to provide suggestions for future 

research relating to the simulation of LFRP machining. 

Keywords: Machining of LFRP; Finite element simulation; Damage; Heat. 

1. Introduction 

Long fibre reinforced plastics (LFRPs) including carbon fibre reinforced plastics (CFRPs) and glass fibre reinforced 

plastics (GFRPs) are usually fabricated by long and continuous fibres with epoxy resin. The combination of the 
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individual advantages of the fibre and resin helps to achieve the extraordinary mechanical properties of LFRPs, namely, 

high specific strength and specific modulus, enhanced corrosion, wear and impact resistance, and so on. LFRPs have thus 

become favourable materials in the aerospace, transportation and energy fields, to pursue weight reduction of the 

components [1-4]. The manufacturing of LFRP components has been progressively developed by autoclave and out-of-

autoclave approaches towards digital manufacturing, with the aim of further increasing the composite market by reducing 

the manufacturing costs. However, postprocessing, including drilling and milling, should be performed to ensure that the 

components meet the desired dimensional tolerance, surface quality and other functional requirements during assembly 

[1, 5-8]. At the same time, considering that the high-end equipment using LFRPs often bears an enormous load under a 

relatively harsh service environment, the precision and dimensional tolerance of the machined LFRP parts are always 

under extremely strict control to ensure good load-bearing performance and service reliability. 

However, LFRPs are typical difficult-to-cut materials [9]. The differences in the properties between fibre and resin 

consequently result in cutting challenges compared to homogeneous materials such as metals. More specifically, the 

continuous fibres usually play the role of reinforcement, and it is hence more difficult to cut because of their high 

strength, but the matrix material could be easier to remove, which introduces debonding between the fibre and resin. 

LFRPs are generally fabricated by the lamination of prepregs, and the interlaminar bonding strength is weak [3, 10]. 

Furthermore, LFRPs have low thermal conductivity and specific heat capacity. Therefore, the heat generated by cutting 

easily accumulates [11, 12], which usually causes high temperatures in the cutting zone with unexpected residual stress. 

In this situation, serious damage, such as fibre pull-out, subsurface damage, delamination, debonding and thermal 

damage, is frequently induced during the machining of LFRPs [2, 13-15]. In addition, the LFRP parts could be required 

to join with a metal component in which both materials need to be drilled simultaneously at the same clamping platform 

[16, 17]. Machining these LFRP and metal stacks together could further introduce more damage at the contact area 

(LFRP and metal stack interface) due to their individual material characteristics. Such damage would lead to direct waste 

of machined components or increased risk of degrading the bearing capacity and service life of the components [18-21]. 

Therefore, to minimise the damage and improve the machining quality and efficiency, it is necessary to thoroughly study 

the material failure and removal during the mechanical processing of the LFRP parts and to analyse the damage 

formation mechanism under different tool geometries and processing parameters. 

Experimental measurements and observations could be the most straightforward and reliable way to determine the 

composite machining with material removal and potential failures. However, a complicated preparation for composite 

machining experiments has to be accurately performed, while a high-speed and high-resolution camera is necessary to 

capture the initiation and development of transient damage or defects within composites. Assuming that both the 



 

 

experimental preparation and facility are perfect when measuring and recording the machining process, it could still be 

tricky to determine the barely visible damage evolution inside the LFRPs. It should be noted that the experiments also 

demand a high volume of composite materials, which is expensive. The finite element (FE) method has been recognised 

as an efficient approach to numerically predict composite material failure and machining processes under intensive 

loading conditions. The FE simulation is a cost-saving method that can help to visualise the material removal and 

damage formation process [22] at the desired geometrical scale and position with detailed output variables of interest 

[23]. A reliable FE model could also optimise the machining parameters with reduced damage and defects. Therefore, an 

increasing number of simulations have been conducted to investigate the LFRP part machining. 

Reviewing existing studies is an important way to promote the further development of FE models for predicting the 

processing of LFRP parts. A review can help scholars to secure a deeper understanding of the complex problems faced 

by previous authors in simulating the machining of LFRP parts while subsequently resolving innovative research gaps. 

By evaluating the advantages and disadvantages of the current FE models, it is straightforward to develop new models 

that have high prediction accuracy and computational efficiency as well as a wide range of applications. In recent years, 

scholars have reviewed the studies and proposed many novel and unique comments on the simulation of LFRP 

machining [1, 4, 24-26]. However, discussions on LFRP as well as LFRP and metal stack machining (orthogonal cutting, 

drilling and milling) simulations have rarely been reported. At the same time, it is essential to further extract the 

mechanical and thermal characteristics of the LFRP parts during machining that obtained through simulations, including 

the thermal-mechanical coupling effect on the material removal and damage response. 

Therefore, with the objective of comprehensively summarise the FE models that simulate the machining of LFRP 

parts, this paper focuses on reviewing the extensive corresponding investigations reported in recent years. The present 

work is structured, with details, as follows: an overview of FE modelling for machining LFRPs is initially outlined in 

Section 2. The orthogonal cutting scenario for the LFRPs by FE simulation is then reviewed in the third section. Next, 

the modelling of the LFRP drilling and milling process is introduced, with optimisation of the tooling design and 

processing parameters. Separately, the FE modelling of machining two different material workpieces (LFRP and metal) 

together is discussed in Section 5, with the concern of optimisation on the cutting sequence and processing parameters. In 

Section 6, the computational models that consider the thermal-mechanical coupling effect for simulating the LFRP 

machining process are reviewed, and the impact of the effect on material removal is introduced. Some concluding 

remarks are finally given at the end of this paper. 

2. FE modelling overview for predicting the machining of LFRP parts 



 

 

When establishing the FE models that are used to simulate LFRP machining, the material models of the LFRPs and 

the constituent phases should be accurately defined at the initial stage. During the cutting of the LFRPs, the internal 

stress of the workpiece gradually increases under the extrusion of the tool. Damage would be initiated since the internal 

stress exceeds the ultimate strength. The damage then evolves as the process progresses until complete failure of the 

material, after which the failed material in the cutting area is removed and chips are formed. Obviously, LFRPs are 

always progressively removed, and the workpiece experiences several stages in processing, including stress 

accumulation, damage initiation and damage evolution. Therefore, to accurately and efficiently simulate LFRP 

machining, initial responses, damage initiation criteria and damage evolution laws have been proposed by previous 

authors to characterise the material behaviours of LFRPs and constituent phases. Based on these material models, 

researchers have gradually developed and improved the accuracy of the numerical models for the simulation of various 

material responses of LFRP parts in machining with different processing methods. Current studies that have been 

conducted for modelling different LFRP machining processes are listed in Table 1, and the material models for the 

LFRPs and the constituent phases are described in the first part of the following sections. 

It can be seen from Fig. 1 that the LFRP workpiece is a bonded stack of LFRP lamina on the macroscale, and each 

of the lamina layers contains a resin matrix and the long and continuous fibres with the same direction on the microscale. 

The predefined direction of the fibres in individual plies of the laminates determines their mechanical characteristics for 

various service requirements [84], which could be laid out as unidirectional or multidirectional LFRPs according to the 

specific request for reinforcement. The structural features of LFRPs are considerably more complex than those of 

conventional metals and their alloys. Therefore, the orthogonal cutting of unidirectional LFRPs (shown in Fig. 2) was 

first recognised in an attempt to model the cutting process of the composites. This approach might be the easiest cutting 

action of the tool on the workpiece, and the fibre cutting angle (the angle that measured clockwise from the cutting 

direction of the tool to the fibre orientation) during the processing could be kept constant. The structural features of the 

LFRPs at the macroscale are highly different from those at the microscale. Modelling of LFRP orthogonal cutting could 

hence be implemented at either the microscale or macroscale to comprehensively analyse the local failure, material 

removal and damage of the constituent phases. For starting of the microscopic or macroscopic simulations of LFRP 

cutting, two-dimensional (2D) numerical models are always the priority. The 2D model defines a small number of 

elements, and the preprocessing and calculation of the simulation could be performed most efficiently. However, the 

stress distribution through the thickness in a 2D model is inevitable to miss. Three-dimensional (3D) FE models 

undoubtedly become an ideal solution to offer more accurate full-scale modelling of the cutting process in both the in-

plane and through-thickness directions, with full damage modes included. Since the orthogonal cutting simulations were 



 

 

proposed first, the related models, including the 2D and 3D models at both the micro and macro scales, are reviewed in 

Section 3 below. 

During an industrial operation for the assembly of LFRPs, drilling and milling could play a more important role than 

cutting. Obviously, it is more valuable to develop numerical modelling to predict the drilling and milling of composites, 

although both processes would be more complicated and challenging than cutting. In drilling and milling, the geometrical 

features of the tool, such as the diameter, point angle and helix angle, could significantly impact the cutting forces and 

damage. At the same time, the cutter in drilling and milling moves in two directions, which is diverse from orthogonal 

cutting. As shown in Fig. 3a, the tool rotates along its axial direction while feeding parallel to the laminate thickness 

direction to penetrate the workpiece during drilling. The rotating tool moves in its radial direction to cut the workpiece in 

the milling process (see Fig. 3b). In this case, the drilling and milling of LFRPs could be simulated by referring to 3D 

orthogonal cutting modelling and implementing the tool features and their motion modes. The material removal process 

during drilling and milling could then be parametrically studied with the typical damage modes predicted, such as burrs 

and delamination. This part is expanded in Section 4, and the development of the model and the effects of the tool 

geometries and processing parameters on the damage are the main concerns. 

In the assembly of aircraft components, the LFRP workpieces should be drilled with metal parts together sometimes 

for joining, while considering the design request. However, due to the disparate machinability behaviours of LFRPs and 

metals, LFRP and metal stacks exhibit the most challenging tasks in manufacturing sectors [85, 86]. Moreover, violent 

interaction occurs between the LFRPs and metal when the LFRP and metal stack interface is under cutting. In such 

circumstances, the cutting force components of the LFRPs and metal could demonstrate completely different 

mechanisms from when they are cut individually. Furthermore, when the LFRP and metal stacks are machined under 

different cutting sequences, as shown in Fig. 4, the interactions between these two constituents vary and eventually result 

in a complicated damage mechanism at the interface. Therefore, studies that analyse the cutting forces and damage 

induced during the processing of LFRPs and metal stacks have been developed, in which the effects of the cutting 

sequence and processing parameters on the damage formation at the interface were determined, as listed in Table 1. Due 

to that the LFRP and metal stack processing prediction aims mainly to solve issues that occur in the drilling of LFRP 

parts, the current studies are explicated in Section 5, following the fourth section. 

When processing the LFRP parts, the thermal and mechanical behaviours of the workpiece can mutually affect each 

other. In other words, the heat that is generated by the cutting motion could change the stress-strain relationship of the 

material and make the matrix material softer. Therefore, the fibres are more prone to deformation and debonding, and 

mechanical damage, including delamination, tearing and burrs, is exacerbated [87]. Therefore, the thermal-mechanical 



 

 

coupling effect of the LFRPs is further developed to be embedded into the FE model for predicting the machining of the 

LFRP parts. Thermal-mechanical coupled modelling is applicable for LFRP machining under various processing 

methods, and it is an extended study of the LFRP processing simulations summarised in Sections 3, 4 and 5 (which 

ignore the influence of heat); thus, this topic is detailed in Section 6. 

3. Modelling orthogonal cutting of LFRPs 

With the aim of revealing the material removal mechanism and damage response, both micro and macro models 

with defined material constitutive theories have been developed to simulate the orthogonal cutting of LFRPs at different 

scales. Moreover, considering that the material removal of the LFRPs is dominated by the fibre cutting angles [88-90], 

simulations have been conducted under various fibre orientations. 

3.1 Microscale modelling of the LFRP orthogonal cutting 

LFRPs are usually composed of fibres, resin and their interfaces at the microscopic scale, where the mechanical 

behaviours of these individual constituent phases demonstrate different characteristics. Therefore, it is necessary to 

define accurate material models based on the constituent phases for their stress-strain relationships. 

3.1.1 Mechanics model for the fibres 

Fibres, glass or carbon, are the two most common categories that have been applied in the different industrial 

sectors. Glass fibres are usually assumed to be isotropic brittle materials in the simulation of LFRP orthogonal cutting 

[27-30]. However, carbon fibres are always considered to be transversely isotropic brittle materials [29-33]. Their stress-

strain relationship before failure is described by the elastic constitutive law. The initial response of transversely isotropic 

carbon fibre is shown in Eq. 1. Considering that glass fibres and carbon fibres are both brittle materials, the maximum 

stress criterion could be adopted for the judgement of fibre failure in the simulation of LFRP machining. 
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where E1 and E2 represent the elastic modulus in the longitudinal and transverse directions, respectively. G12 and ν12 are 

the shear modulus and Poisson's ratio, respectively. Additionally, ε1, ε2, and γ12 symbolise the normal and shear strains, 

and σ1, σ2, and τ12 are the normal and shear stresses. 



 

 

At present, the material model applied in the FE models to characterise the fibre behaviour during cutting is still 

relatively simple. The differences in the tensile and compressive properties of fibre have not yet been involved in such 

models, and the elastic constitutive law is used to describe the stress-strain relationship before failure, which is somewhat 

different from the real material behaviour of the fibre [74, 91]. A more accurate fibre material model should be defined in 

the near future to predict fibre failure. 

3.1.2 Mechanics model for the matrix 

The mechanics model of the matrix in a cutting simulation could be simplified as isotropic elastoplastic behaviour. 

A plastic constitutive law with isotropic hardening is adopted to express the mechanical behaviour of resin before failure. 

Furthermore, the maximum stress criterion [29, 32, 35, 73, 74] and the shear criterion [30, 34, 92] shown by Eq. 2 are 

commonly applied as the damage initiation criterion. 
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where 
pl  and 

pl  are the equivalent plastic strain and strain rate, respectively. θs=(q+ksp)/τmax is the shear stress 

ratio, q represents the Mises equivalent stress, p denotes the pressure stress, ks is a material constant, and τmax defines the 

maximum shear stress. pl

s is a function of the shear stress ratio and strain rate. When damage is generated in the matrix, 

the material stiffness is degraded under the control of the damage factor d, and the stress can be calculated as: 

 (1- )d   (3) 

where   denotes the effective (or undamaged) equivalent flow stress computed in the current increment. As the damage 

evolves, the damage factor d increases according to Eq. 4. After d reaches a critical value, the material stiffness is fully 

degraded, and the matrix fails. 
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where cL  is the characteristic length of the elements meshed in the FE model. The introduced cL  can reduce the mesh 

dependency of the simulation results. The equivalent plastic displacement at failure reads: 

 
2 fpl

f
max

G
u


  (5) 

where σmax is the yield stress at the time when the damage initiation criterion is met, and Gf represents the fracture energy 

per unit area. 



 

 

The stress-strain relationship of the matrix varies with the molecular components or the grade of the resin [93]. 

Therefore, to accurately define the constitutive law of the resin used in the LFRPs and thus predict the failure of the 

matrix, property test experiments should be conducted to further improve the material model by updating the damage 

initiation and evolution laws. In particular, a novel damage model that considers the influence of the strain rate would be 

valuable to explore. 

3.1.3 Mechanics model at the interface 

Currently, there are three highly popular approaches to modelling failure at the interface: 1) cohesive elements 

based on the traction-separation law [29, 30, 32-34, 48, 56, 58, 59, 94, 95], 2) continuum elements based on fracture 

mechanics [31, 35, 36, 73, 74], and 3) surface-based cohesive behaviour interactions [33, 57]. 

In the first approach, the interface is defined as the cohesive element. Mechanical behaviour in the normal direction, 

in the first (along the longitudinal direction) and second (perpendicular to the longitudinal direction) tangential 

directions, should be specified. Eq. 6 shows the initial response of the cohesive element. 
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where the subscript n represents the normal direction, and the subscripts s and t represent the first and second tangential 

directions, respectively. Here, ti is the traction stress vector, εi is the strain, and Kii represents the elastic modulus (i = n, s, 

t). With the action of the tool, the stress in the cohesion element increases gradually during cutting. When the stress 

components satisfy the maximum nominal stress criterion [34] or the quadratic nominal stress criterion [30, 33, 48, 56, 

58, 59] shown in Eq. 7, damage initiates in the cohesive element. 
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where ti
0 is the stress when the damage initiates (i = n, s, t). Afterwards, the stiffness of the cohesive element degrades 

linearly under the control of the damage factor d, which is defined in Eq. 8. The stress components of the cohesive 

element can be calculated according to Eq. 9. 
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where 2 2 2
m n s tu u u u    expresses the displacement, ui is the displacement component (i = n, s, t), um

0, um
f, and 

um
max represent the displacements at the onset of damage and complete failure, respectively, as well as the maximum 

displacement during the analysis procedure. Here, it  denotes the effective (or undamaged) stress. With progressive 

degradation, the cohesive element fails when its displacement exceeds the ultimate displacement [32] or the energy 

absorbed meets the power law criterion [33, 56, 58, 59] or the Benzeggagh-Kenane (B-K) fracture criterion [48, 94] 

shown in Table 2. At this moment, cracks are formed at the interface. 

For the parameters in Table 2, α, β and γ are material constants. Gn, Gs, and Gt are the fracture energies in the normal 

direction and the first and second tangential directions, respectively, and Gn
C, Gs

C and Gt
C denote the critical fracture 

energies. Specifically, GS
C

 =Gs
C + Gt

C, GS =Gs + Gt, GT
C=Gn

C + Gs
C + Gt

C, GT=Gn + Gs + Gt. 

The cohesive element can simulate the interface cracking process with acceptable accuracy. However, in the FE 

models, the thickness of the interface is much smaller than that of the fibre and matrix. Under this circumstance, the 

extremely small thickness of the cohesive element adopted to model the interface significantly reduces the lowest stable 

time increment and dramatically increases the simulation time. In addition, the cohesive element can only fail in tension, 

and excessive element distortion would occur under compressive loads. 

In the second approach, continuum elements are used for the interface modelling. The material behaviour of the 

developed continuum elements could be considered to be similar to that of the matrix, but with smaller tensile and shear 

stress thresholds [35, 36]. With this approach, there is no need to additionally define the material model for the interface. 

However, errors might exist between the simulation results and the cracking obtained through experiments. 

In the third approach, the interface is simulated by defining a surface-to-surface cohesive behaviour contact between 

the fibre and resin matrix. The mechanical behaviour of this contact is assumed to be the same as the material model of 

the cohesive element. Since no element is required to characterise the interface in this method, it is helpful for the 

improvement of the calculation efficiency of the FE model. The disadvantage of this method is that there is no element to 

display the interface in the simulation results, and the stress distribution and damage at the interface cannot be expressed. 

3.1.4 Micro models for the LFRP orthogonal cutting 

The workpiece of the microscopic model is defined based on the individual phases of the fibre, matrix and interface 

of LFRPs with the corresponding material behaviours. Elements with optimised sizes are planned with the strategy for 



 

 

the different FE model areas to strike a balance between the simulation accuracy and the computational efficiency. 

Details of the typical models for the simulation of LFRP orthogonal cutting are listed in Table 3. 

Nayak et al. [27] first proposed a micro model that included a single glass fibre with the surrounding matrix phase, 

as shown in Fig. 5a. The model successfully predicted the stress distribution on the fibre during cutting (see Fig. 5b) and 

revealed that the crack might be most likely to initiate from the side of the fibre away from the tool and then spread to the 

entire cross-section, resulting in the breakage of the fibre. Subsequently, Rao et al. [28, 29] developed a microscopic 

model with multiple fibres and simulated the orthogonal machining of unidirectional LFRPs under different fibre 

orientations. In this model, the fibre was assumed to be elastic and failed once the maximum principal stresses reached 

the tensile strength. The matrix was defined as an elastoplastic material, and its elastic modulus was linearly degraded 

after the damage was initially formed. In addition, the interface between the matrix and fibres was simulated using zero 

thickness cohesive elements, which allowed for the initiation of debonding once the interfacial fracture energy was 

exceeded. Through simulation, it was indicated that the contact pressure between the tool and fibre varied with the fibre 

orientation. As the fibre orientation changed from 15° to 90°, the depths of matrix failure and interfacial debonding as 

well as the cutting force per unit width continued to increase, while the thrust force per unit width tended to decrease, as 

shown in Fig. 6. Furthermore, the formation of chips was dominated by crushing and tensile fracture of the fibre. 

Dandekar et al. [30] proposed a micro model that consisted of fibre, matrix and interface. The failure of the carbon fibre 

was modelled using the Marigo failure criterion, while the damage initiation and evolution for the matrix followed the 

shear failure option. Additionally, the arbitrary Lagrangian-Eulerian (ALE) method was performed to ensure the 

calculation stability of the model. It was concluded that the debonding depth and fibre damage increased with an 

increased fibre cutting angle. The aforementioned studies preliminarily explored the microscopic simulation of 

orthogonal cutting of composite materials by gradually adding different constituent phases and applying various material 

models. 

Due to the application of the zero-thickness cohesive elements at the interface, excessive element distortion could be 

easily caused as errors under compressive stress. Calzada et al. [31] proposed the continuum interfacial element to model 

the interface to avoid error. The continuum element allowed the failure to take place in either tension or compression 

compared to the zero-thickness cohesive element, and its progressive damage was defined to initiate when the stress 

exceeded the maximum normal stress or tangential stress. After damage was induced, the elastic modulus of the 

continuum element decreased exponentially with increasing strain, and its removal was controlled by the normal and 

tangential fracture energies. With the help of the model, the fibre failure mode, the characteristic fibre length in the chips 

and the cutting forces in the CFRP machining under different fibre orientations were studied. The characteristic fibre 



 

 

length in the chips decreased first and then increased with increasing fibre orientation, and the maximum value was 

acquired when the fibre orientation was 0°, as shown in Fig. 7. Abena et al. [32, 33] reported a new definition approach 

for cohesive elements to simulate the interface in CFRPs. The defined cohesive elements fail in either of the two ways: 

(a) both the quadratic nominal stress criterion (damage initiation criterion) and the power law criterion (failure criterion) 

are met, and (b) a surrounding element fails. The novel approach was compared against three other interfacial simulation 

methods (zero thickness cohesive element, small thickness cohesive element, and cohesive behaviour), and it exhibited 

advantages in terms of the simulation result accuracy and the computational efficiency. 

With the development of increased computer performance, 3D micro numerical models have become the leading 

way to predict the cutting process. Liu et al. [34] regarded the fibre and matrix to be isotropic and simulated the 

orthogonal cutting of CFRPs by a developed 3D microscopic model. Based on a user-defined script embedded in 

ABAQUS preprocessing, the fibres were randomly partitioned with a high volume fraction in the geometric model of the 

workpiece. The microcutting processes of composites under different cutting speeds, depths and fibre orientations were 

studied. The simulation results were verified through micromilling experiments. It was found that the processed fibres 

bent more severely when a lower cutting speed was used. At the same time, the cutting force tended to increase with 

increased cutting depth. In the 3D cutting model developed by Xu et al. [35-38], the material properties of the interface 

were assumed to be similar to those of the matrix but defined by the smaller tensile and shear stress thresholds to 

reproduce the fibre-matrix bonding strength. With this model, the variations in machining quality and tool wear during 

traditional and elliptic vibration-assisted (EVA) cutting of CFRPs under different fibre orientations were assessed. The 

relations of the cutting forces versus the cutting depth, feed rate, tool vibration frequency and amplitude were also 

evaluated. 

The microscale models are suitable for the analysis of the contacts and frictions between the tool and various 

phases. They also helped to explain the micromechanisms of matrix breakage, fibre fracture and interface cracking. 

However, when developing micro models, the individual constituent phases should be separately defined. The material 

behaviours of the fibres, matrix and interface, as well as the contact behaviours between them are also required to be set. 

The establishment of complex geometric models of the constituent phases prolongs the preprocessing time. Moreover, in 

order to simulate the failure processes of the three constituent phases more accurately, the elements in the cutting area 

need to be meshed with a small size (usually approximately 1 μm), which results in low computational efficiency of the 

micro models. 

3.2 Macroscale modelling of the LFRP orthogonal cutting 



 

 

The macro models used for the simulation of LFRP orthogonal cutting are developed based on the equivalent 

homogeneous assumption, and each layer of the LFRP workpiece could be considered to be an equivalent homogeneous 

material (EHM). The material model of the EHM includes the damage initiation criteria and damage evolution laws; 

therefore, the chip formation process and the cutting forces could be numerically predicted with parametric studies on the 

tool geometries and processing conditions. 

3.2.1 Initial response for the EHM of the LFRPs 

The EHM in the numerical models used to simulate LFRP machining is always assumed to be an elastic anisotropic 

material [22, 40, 46, 47, 49]. The stress-strain relationship of the undamaged EHM can be expressed by: 
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where Ei and Gij represent the elastic and shear moduli, respectively. Here, νij denotes Poisson's ratio; εi and γij are the 

normal and shear strains, respectively; and σi and τij are the normal and shear stresses, respectively (i, j = 1, 2, 3). 

3.2.2 Damage initiation criteria for the EHM of the LFRPs 

Currently, multiple theories have been proposed to predict the damage initiation in LFRPs. The most common 

damage initiation criteria include the maximum stress criterion, Tsai-Hill criterion, Hoffman criterion, Tsai-Wu criterion, 

Hashin criteria, Hou criteria, Chang-Chang criteria and Puck criteria [99-110]. 

For the maximum stress, Tsai-Hill, Hoffman, and Tsai-Wu criteria, only one index is necessary to characterise the 

internal damage of the LFRP laminates, as shown in Table 4. In the equations of Table 4, IF is the failure index. When IF 

reaches 1, the damage initiates. Xi and Yi represent the strength in the longitudinal and transverse directions, respectively. 

S denotes the shear strength. The subscripts t and c represent tensile and compressive failure, respectively, while σi and 

ij  express the stresses during the analysis procedure. 

It is easiest to understand by the maximum stress law that as long as the stress components in the workpiece meet 

the corresponding ultimate strengths given, failure has been formed. The Tsai-Hill criterion considers the coupling 



 

 

effects due to the longitudinal, transverse and in-plane shear strengths to predict eventual failure. However, although this 

criterion contains the combined effect of different directional stresses, the individual contributions from the tensile and 

compressive loadings in either the fibre or matrix are not accounted for. In this case, Hoffman proposed an improved 

criterion that contains the tensile and compressive strengths in the longitudinal and transverse directions of the specimen 

together with the shear strength. Following that, Tsai-Wu further improved the consistency between the theory of 

Hoffman and the experimental results. Due to the convenience of performance, such polynomial criteria have been 

widely used in the early stage of LFRP cutting simulations. However, the accuracy of these criteria in predicting the 

damage initiation of LFRPs is poor because progressive damage initiation cannot be successfully modelled for each 

damage mode. 

The Hashin, Hou, Chang-Chang and Puck failure criteria were developed for predicting the individual damage 

initiation mode and their interaction, as listed in Table 5. In the equations of Table 5, i
fF , i

mF  and 
dF  are the failure 

indexes in the longitudinal, transverse and through-thickness directions, respectively. When the failure index reaches 1, 

the corresponding damage mode initiates. Here, ε1T and ε1C are the tensile and compressive failure strains in the 

longitudinal direction, respectively, and vf12 is Poisson's ratio. Additionally, mσf expresses the mean stress magnification 

factor for the fibres in the transverse direction, which is used to characterise the difference between the transverse 

modulus of the fibre and the modulus of the matrix. Further, σ1D is the stress value for linear degradation, and pk
ij denotes 

the slope of the fracture envelope. 

The Hashin criteria considered different failure modes (fibre tensile failure, fibre compressive failure, matrix 

cracking, and matrix crushing), which would be believed to initiate by the failure indexes. Subsequently, the interlaminar 

failure mode, called delamination, was added by the Hou criteria. The Chang-Chang criteria further accounted for the 

nonlinearity between the shear stress and shear strain based on the previous progressive damage laws. Referring to 

experimental observations of transverse compression fractures, Puck et al. [108-110] offered novel criteria by 

considering the angle between the fracture plane and the through-thickness direction of LFRPs for their matrix 

compressive failure mode. These criteria have opened new avenues to improve the accuracy of LFRP damage initiation 

prediction to a certain extent compared to experimental results. However, there are too many factors that can affect the 

damage initiation of LFRPs, such as dynamic eff ects and in situ effects, which could be considered in the further 

optimisation of the damage initiation criteria [111]. The effectiveness of several damage initiation criteria has been 

evaluated in the World-Wide Failure Exercise (WWFE) [112], and the clarified benefits and drawbacks are of great 

assistance for the upgrading of damage initiation criteria in the future. 

3.2.3 Damage evolution laws for the EHM of the LFRPs 



 

 

After the damage initiates, damage evolution follows, with material degradation in two ways: 1) the material 

stiffness directly degrades to a predefined parameter [41, 44]; 2) the material stiffness gradually reduces according to 

specified evolution laws under the control of the damage factor [19, 23, 113-116]. 

To progressively predict the damage evolution, the second method is more ideal. For this method, when the damage 

factor d increases from 0 to 1, the material stiffness will be fully degraded, and the composite will completely fail. In 

general, d could be defined to increase under linear or exponential patterns, as listed in Table 6. 

In the equations of Table 6, eq  is the equivalent displacement, 
0
eq  denotes the equivalent displacement at which 

the damage initiation criterion for that mode is met, and 
f

eq  is the equivalent displacement at which the material is 

completely damaged in this failure mode. The equivalent displacement for each of the damage modes is defined as 

2 2
1 12

c
ft L    , 1

c
fc L   , 2 2

2 12
c

mt L     and 2 2
2 12

c
mc L     . The subscripts f and m represent 

the longitudinal and transverse directions, respectively. The subscripts t and c symbolise tensile and compressive failure, 

respectively. F is the failure index. Gfi and Gmi are the fracture energies in the longitudinal and transverse directions, 

respectively (i = t, c). 

3.2.4 Macro models for the LFRP orthogonal cutting 

On the basis of the equivalent homogeneous assumption, there have been many macroscale models to report for 

simulating LFRP orthogonal cutting. In these models, the LFRP layers were set to be EHM, and the abovementioned 

material model was utilised to characterise their material behaviour. At the same time, in some of the FE models, the 

interfaces of the LFRPs were defined by the cohesive elements to predict the delamination. To access a more accurate 

material damage model into the FE programme, user-defined UMAT/VUMAT subroutines have been developed. 

Detailed studies on developing typical simulation models for LFRP orthogonal cutting are listed in Table 7. 

Similarly, the 2D model has always been used to simulate LFRP orthogonal cutting due to its high efficiency. Arola 

et al. [39] developed a 2D cutting model for unidirectional graphite/epoxy composites based on the critical stress 

criterion. The cutting forces and subsurface damage for the fibre orientations within the range of 0° to 90° were studied. 

There were higher cutting forces with increasing fibre orientation. The tool rake angle could have limited influence on 

the cutting forces, but it did affect the depth of the subsurface damage. Mahdi et al. [40] simulated LFRP machining 

using the Tsai-Hill criterion and analysed the cutting forces under different fibre orientations. With the help of a 2D 

model, Lasri et al. [41] compared the predicted cutting forces and damage in LFRP machining when adopting the Hashin, 

maximum stress, and Hoffman criteria. It was found that the Hashin criteria could predict a closer damage initiation 

compared to experimental observations. Moreover, they also evaluated the chip formation process by introducing the 



 

 

stiffness degradation concept into the model. Zenia et al. [42-44] specified the mechanical behaviour of CFRPs with a 

combined elastoplastic-damage model by a user-defined subroutine. Based on the simulations and corresponding 

experiments, they studied the influences of cutting parameters on the cutting forces and chip formation, as shown in Fig. 

8. 

The 2D models were mainly used to study the influences of the fibre orientation, tool geometries and processing 

parameters on the subsurface damage within the 1-2 plane. Bhatnagar et al. [45] characterised the subsurface damage 

region through the Tsai-Hill failure envelope and found that the subsurface damage tended to deepen with increasing 

fibre orientation and cutting depth. Mkaddem et al. [46] adopted an adaptive mesh technique and dynamic explicit 

elements to enhance chip formation with damage generation. The research outcomes confirmed that the crack due to the 

action of the tool was dominated by the mode-I fracture for small fibre orientations. However, separation for high fibre 

orientations essentially resulted from the mode-II failure. In addition, subsurface damage was related to the fibre 

orientation, as shown in Fig. 9. Santiuste et al. [47] computationally predicted the orthogonal cutting of glass and carbon 

fibre reinforced composites based on the Hashin criteria. The cutting-induced damage for the two types of fibres always 

demonstrated distinguished differences: the GFRP introduced a larger damage expansion area than that of the CFRP. It 

was also concluded that the energy required to complete the failure of the material strongly determines the chip formation 

mechanism and the matrix damage. Soldani et al. [49] analysed the effects of the tool geometries, the mesh configuration 

and the level of energy required to reach the complete breakage of the element on the cutting forces and subsurface 

damage. The results showed that lower rake angles led to greater cutting forces, and the increase in the cutting force was 

dependent on the enlargement of the cutting edge radius. The depth of the subsurface damage has undoubtedly been the 

most sensitive factor, which could even be affected by the mesh orientation. When the energy for the element breakage 

was low, the material more easily failed in brittle mode; thus, the depth of the subsurface damage was small. In addition, 

the increase in the cutting edge radius could be directly related to the enhanced damage. Zenia et al. [42-44] concluded 

that a larger fibre orientation and cutting depth resulted in a higher cutting force and degree of damage. However, the 

increase in the tool rake angle led to a decrease in the cutting force and the damage level. Moreover, there was a 

significant interaction between the tool rake angle and the tool edge radius on both responses of the cutting forces and 

damage formed. Jia et al. [50] confirmed that the most serious subsurface damage occurred when the fibre cutting angle 

was 135°. 

Recently, 3D modelling has been widely developed for predicting the LFRP cutting process. Rao et al. [51] 

proposed a 3D FE model for the simulation of CFRPs under quasistatic cutting based on the 3D Tsai-Hill criterion. The 

variations in the stress component contours in the workpiece were assessed, and the distributions of the contact pressure 



 

 

and the frictional shear stress in the cutting area were determined. It was found that the cutting force increased with 

increasing fibre orientation and cutting depth but was less affected by the tool rake angle. The length of the formed chips 

tended to decrease with increasing fibre orientation. On the basis of the Hou criteria, Santiuste et al. [22] analysed the 

out-of-plane failure of CFRP laminates in the cutting process. The effect of the stacking sequence on the distribution of 

the induced damage at each layer was predicted, and it was concluded that the damaged zones at the internal layers were 

smaller than those at the external layers. Additionally, the cohesive interaction was implemented in the numerical model 

to analyse the interlaminar damage [48]. By comparing the results obtained with and without cohesive interaction, it was 

confirmed that the cohesive interaction could give a more realistic damage prediction, as shown in Fig. 10. 

In the current macroscale models, the LFRP workpieces were regarded as EHM. Therefore, elements meshed with 

significantly small sizes were unnecessary for the simulation. The defined interaction between the tool and the workpiece 

was simple compared with the micro model. In this case, the time increment in the macro models was large for most 

cases, and the computational cost was low. 

Obviously, with the microscopic model and macroscopic model, the orthogonal cutting of LFRPs at different scales 

could be displayed. Therefore, micro-macro linked models have also been proposed to reveal the removal mechanism of 

LFRPs [53], including the local failure of the constituents at the microscale and chip formation at the macroscale. 

4. Modelling drilling and milling of LFRPs 

In recent years, development processes of the models for the simulation of the drilling and milling of LFRPs have 

been proposed. After referring to the material models of LFRPs and their constituent phases, scholars predicted the 

material removal processes by implementing the motion modes of the tools. Parametric analyses were conducted to help 

suppress the damage and improve the machining quality. 

4.1 Development processes and models for the simulation of LFRP drilling and milling 

During the simulation of LFRP drilling and milling, several processes, including modelling the tool geometry, 

setting the tool movement, and defining the material model, should be conducted. Specific settings of the typical models 

for the drilling and milling of composites are listed in Table 8. 

To date, twist drills, step drills and end mills have been applied in modelling the LFRP processing. These tools were 

established in commercial 3D modelling software (e.g., ProE, SolidWorks) and imported into FE models afterwards. The 

cutting motion in the simulations was performed by moving the tool while fixing the workpiece. For the movement of the 

drill bits, their rotation and feeding were set in the axial direction [57, 58, 60]. In studies related to the milling of LFRP 

laminates, tools were defined to rotate in the axial direction and feed along the radial direction [63, 64]. Two methods 



 

 

were reported to prevent the workpiece from moving: 1) constraining the nodes at the bottom of the workpiece [58] and 

2) providing rigid support below the workpiece [56]. 

According to the geometric structure of LFRP laminates, the workpiece in the proposed models consists of LFRP 

layers with different fibre orientations and layer interfaces [56-60]. The layers were assumed to be EHM, and the 

material models for EHM in Section 3.2 were implemented to characterise their material mechanical behaviour. The 

interfaces were simulated using the cohesive elements or cohesive interactions mentioned in Section 3.1. To improve the 

computational efficiency while ensuring high accuracy in the result, the element size of the workpiece was optimised, as 

shown in Fig. 11. 

The surface-node contact [58] is the first candidate to describe the complex interactions between the tool and 

workpiece, which requires the definition of the normal and tangential behaviours along the contact surface. Hard contact 

is suitable for characterising the normal behaviour, and the tangential behaviour could be considered to be the friction 

between the surfaces. The friction was usually calculated based on the Coulomb friction algorithm: 

 n n   (11) 

where τn and σn denote the shear stress and contact pressure, respectively, and μ represents the friction coefficient. 

With the above development processes, Singh et al. [55] simulated UD-GFRP drilling to determine the influence of 

the point angle on the damage. FE models for the investigation of CFRP drilling were reported by Phadnis [56] and 

Isbilir [57, 58] et al. With these models, the variations in the thrust force, torque and delamination with the step ratio of 

the step drill and the processing parameters were analysed. Feito et al. [59-61] established both simplified and complete 

models to study CFRP drilling. The complete model helped to assess the thrust force and delamination when the CFRPs 

were processed by twist drill and step drill at different feed rates and cutting speeds. Whereas, the simplified model 

applied the thrust force acquired from the complete model as the boundary condition to avoid having an enormous 

computational cost. The aforementioned studies were mainly focused on the formation and suppression of delamination, 

while Wang et al. [21] explored the burrs through the simulation of CFRP drilling. In this work, a multiscale numerical 

model that involves the fibre and matrix phases was presented to analyse the distribution and formation of burrs. 

For the milling of LFRPs, He et al. [63] evaluated the relations of milling forces and delamination versus the spindle 

speed and feed rate based on a 3D FE model. The maximum milling force and chip formation process in the milling of 

GFRPs under different machining parameters were predicted by Prakash et al. [64]. 

Although great effort has been made to simulate the drilling and milling of LFRPs, the related research is still 

limited. In these two machining processes, complex interactions occur between the tool and the workpiece. At the same 

time, because the 3D model is required to describe the cutting of the tool on the workpiece in the three coordinate 



 

 

directions, the current models contain a tremendous number of elements. In this case, the complex tool-workpiece 

interactions and the tremendous number of elements result in an extremely long calculation time for the simulations, as 

shown in Table 9. The low computational efficiency blocks the expansion of the emulation. Therefore, a two-step method 

is suggested to make the investigation of LFRP drilling and milling more convenient in the future: 1) calculating the 

processing parameters of each cutting edge of the tool at every moment through theoretical analysis and 2) modelling the 

oblique cutting of the LFRPs according to the calculated processing parameters. 

4.2 Parametric analyses of the drilling and milling of LFRPs 

On the basis of numerical models, changes in the thrust force, torque and damage with the tool geometries and 

processing parameters were discovered. Details of the relevant studies are given in Table 10. 

At present, numerical discussion on the effect of mill cutter geometries on LFRP milling has rarely been published. 

In contrast, the drilling of LFRPs was frequently studied with the FE method to explore the relations of the thrust force 

and the damage with the dill bit geometries. Singh et al. [55] conducted drilling tests using twist drills with point angles 

of 90°, 104°, and 118° on GFRPs. It was indicated that the growth of the point angle led to higher delamination factors. 

Isbilir [57, 58] and Feito [59-61] et al. analysed the influences of the step ratio of the step drill on the thrust force, torque, 

and delamination. The results showed that both the thrust force and the torque decreased after increasing the step ratio, 

and the damage could be effectively suppressed by adopting the step drill, as illustrated in Fig. 12. Al-wandi et al. [62] 

compared the twist drill and double point angle drill in terms of delamination and concluded that the double point angle 

drill was able to produce better hole quality when drilling CFRPs. The performance of twist drills with or without wear 

was assessed by Feito et al. [60]. It was found that the worn tool more easily caused serious damage. 

For the drilling of LFRPs, the feed rate was found to be the most determinant parameter that affects the machining 

quality [56, 59, 60, 62]. The thrust force, torque and delamination were confirmed to increase when the feed rate was 

enlarged. The increase in the torque was obvious. When the feed rate was kept constant, some studies reported that 

greater spindle speeds could contribute to a decrease in the thrust force, torque and delamination, and the torque and 

delamination decreased faster than the thrust force [56, 62]. However, other scholars pointed out that there was no large 

difference in the results obtained under different spindle speeds [60]. With regard to the milling process, delamination 

and fibre pull-out were easily generated at low cutting speeds [63, 64]. 

5. Modelling machining of LFRP and metal stacks 

The machining of the LFRP and metal stacks is harder than that of the LFRPs. To gain insight into the causes of 

poor manufacturing quality, the processing of LFRP and metal stacks was emulated by importing the material model of 

metal into the simulation of LFRP cutting to examine the cutting forces and the damage generated in the LFRPs and 



 

 

metal. In addition, the LFRP and metal stack interface was also treated as a real part of the workpiece in some studies, 

which gave a way to investigate the interfacial damage under different processing parameters and cutting sequences. 

5.1 Material model of metal in simulations of LFRP and metal stack machining 

Many theories have been proposed to characterise the material behaviour of metals, including the Mises, Hill, and 

Johnson-Cook (JC) models, as well as the shear criterion [116-126]. The shear criterion is formulated in Eq. 2. The Mises 

and Hill yield criteria are shown in Eqs. 12 and 13, respectively. 
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where s  is the yield stress, and f, g, h, l, m and n are material constants. These two models consider the six 

components of the stress, while other parameters (strain rate, temperature, and so on) that affect the material behaviour of 

metal are not involved. 

The JC model possesses the advantage of characterising the strain hardening effect, strain rate sensitivity and 

thermal softening behaviour of metal with high accuracy [121-123]. Therefore, within the investigations on the 

modelling of LFRP and metal stack machining, the initial response of the metal was commonly described by the JC 

strength model, and the JC fracture model was implemented as the damage initiation criterion [65-69, 72]. The metal was 

defined as isotropic and elastoplastic material. In addition, the damage accumulation was expressed through the damage 

evolution laws of the matrix phase shown in Section 3.1.2. 

The JC strength model is formulated as: 

  
0

-
1 ln 1-

-

m

n r

m r

T T
A B C

T T


 



    
      
     

 (14) 

where σ  is the equivalent flow stress,   denotes the equivalent plastic strain,   represents the equivalent plastic 

strain rate, 0ε  stands for the reference equivalent plastic strain rate, T is the workpiece temperature, Tm is the material 

melting temperature, and Tr is the room temperature. A, B, C, m and n are material constants. The JC fracture model is as 

follows: 
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where i  refers to the plastic strain at damage initiation, P is the hydrostatic pressure, /P σ  denotes the stress 

triaxiality, D1-D5 are the damage parameters, S  is the scalar damage parameter, and   is the plastic strain 

increment. Once S  reaches 1, damage initiation is assumed to occur in a given finite element. 

5.2 Models for the LFRP and metal stack machining 

In the present literature, the emulation of LFRP and metal stack machining was achieved with the material models 

of EHM and metal described in Section 3.2 and Section 5.1, respectively. At the same time, cohesive elements were 

applied for the modelling of the LFRP and metal stack interface. When processing LFRP and metal stacks, there exist 

two types of cutting-sequence strategies: 1) from metal to LFRPs (type-I) and 2) from LFRPs to metal (type-II). The 

cutting-sequence strategy significantly affects the cutting mechanism of the LFRP and metal stacks; therefore, it was 

considered in the boundary condition setting. Points of typical simulations of the LFRP and metal stack machining are 

illustrated in Table 11. 

To date, tremendous effort has been made to analyse the orthogonal cutting and oblique cutting of LFRP and metal 

stacks with numerical methods. Xu et al. [65, 66] proposed a 2D macromechanical model to study the orthogonal cutting 

of hybrid CFRP/Ti stacks under the type-I cutting sequence, as shown in Fig. 13. The chip removal exhibited obvious 

variation between the machining of Ti and CFRP. In these studies, more attention was given to interface damage 

formation. Severe cracks and delamination were observed on the CFRP/Ti stack interface, and these damages were led 

by the mixed failure modes. Furthermore, the effect of the cutting-sequence strategy was involved in research on 

CFRP/Ti stack processing [67, 68]. Chip formation, machined surface morphology, subsurface damage and delamination 

under both the type-I and type-II cutting sequences were discussed. The results revealed that the type-II cutting sequence 

was more beneficial for the high-quality machining of CFRP/Ti stacks than the type-I cutting sequence. In this 

circumstance, parametric optimisation was conducted on the processing parameters and tool-workpiece frictional 

coefficient at the type-II cutting sequence. It was suggested that a high cutting speed, low feed rate, and small frictional 

coefficient should be utilised. 

Jia et al. [69] developed a 3D model to simulate the oblique cutting of CFRP/Ti stacks. In this work, special focus 

was given to exploring the change in the subsurface damage of CFRPs with the cutting parameters and cutting sequence. 

The cutting depth positively impacted the depth of the subsurface damage, while the cutting speed caused only negligible 

variance in the damage degree. In addition, when the CFRP/Ti stacks were processed under the type-II cutting sequence, 

the subsurface damage had less extent due to the support of the Ti alloy. However, the damage was serious under the 

type-I cutting sequence because of the squeezing of Ti. 



 

 

The critical thrust force and torque in the drilling of LFRP and metal stacks, as well as the delamination at the LFRP 

interlayer interface, were also predicted with FE simulations [70]. Zitoune et al. [71] modelled the push of a drill bit on 

CFRP/Al stacks and analysed the mechanical behaviour of the CFRP/Al stack interface. The relationship between the 

thickness of the aluminium plate beneath the CFRP laminates and the critical thrust force that was responsible for the 

delamination of the last ply of CFRPs was evaluated. It was indicated that the aluminium plate helped to delay 

delamination. Kim et al. [72] established a numerical model to study the thrust force-time history in the drilling of 

CFRP/Al stacks and showed the stress contours of both the CFRP and Al. 

With regard to the simulation of LFRP and metal stack cutting, more parametric analyses should be performed to 

find optimal parameters for the processing of both LFRPs and metal. The effect of metal burrs and chips on the removal 

of LFRPs and the distribution of thermal damage in machined LFRP-metal stacks are interesting projects. There are still 

few studies about the modelling of LFRP-metal stack drilling. The damage induced at the stack interface and the hole 

wall of the LFRPs and metal should be explored in future work. 

6. Simulations of LFRP machining with thermal-mechanical coupling 

The cutting heat not only leads to thermal damage in the cutting area of LFRPs but also exacerbates mechanical 

damage. To determine the temperature distribution of LFRPs and the influence of heat on material failure, the thermal-

mechanical coupling effect was introduced into the simulation of LFRP machining. 

6.1 Thermal-mechanical coupling in LFRP machining 

To describe the complicated thermal-mechanical coupling effect in LFRP machining, multiple variables are 

required. Specifically, they are 1) the generated heat, 2) the partition of heat between the tool-workpiece (even between 

the tool and constituent phases), 3) the heat conduction between and within the tool and workpiece, 4) the temperature, 

and 5) the change in the stress-strain relationship of the workpiece as forced by the temperature rise. 

In FE modelling, Cheng et al. [74] adopted a concise and effective method for defining the thermal-mechanical 

coupling. First, the mechanical machining of LFRPs produced heat, and there were two heat sources. One was the plastic 

energy dissipation caused by the cutting force, and the other was the frictional heating created by the motion of the tool 

against the chip and workpiece. The heat fluxes of these two heat sources are given by Eqs. 17 and 18. 
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where pl  is a factor that indicates the portion of plastic energy dissipated to heat,   represents the stress, 
pl  refers 

to the effective plastic strain rate, f  denotes the fraction of frictional energy dissipation converted to heat, 
s  is a 

factor that expresses the portion of frictional heating conducted to each surface,   stands for the frictional stress 

between the tool and workpiece, and   is the rate of slip between the tool and chip or workpiece. 

Then, the heat continued conducting during the cutting process, and the temperatures of the workpiece and tool 

continued to increase. The temperature rise minus the conductive cooling to the surrounding elements equalled the sum 

of the heat generated due to plastic work and frictional work, to maintain equilibrium. The heat flux equilibrium equation 

for each element of the model is as follows: 
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where f denotes the total heat flux, C and q are the specific heat and thermal conductivity, respectively,   is the element 

temperature, and t  and x  refer to the temporal and spatial derivatives, respectively. The temperature of element N at 

time t t   was formulated by discretising Eq. 19 over time: 
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where  
N

t
  is the temperature of element N at time t, 

N  is the temperature increment of element N, and t  is the 

current time increment. 

Next, the temperature-dependent strain was obtained using the thermal expansion coefficient (see Eq. 21), which 

also showed the effect of heat on the mechanical behaviour of LFRPs during machining. 
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where 
0

ij  is the strain without the influence of heat, 
T

ij  denotes the heat strain, ij  denotes the thermal expansion 

coefficient, and   represents the increment in temperature. 

Finally, the thermal-mechanical coupled stress was calculated through the strain and constitutive equations. 

6.2 Thermal-mechanical coupled simulations of LFRP machining 

Details of the typical models for the thermal-mechanical coupled simulation of LFRP machining are listed in Table 

12. 

The thermal-mechanical coupling models were mainly utilised to discuss the orthogonal cutting of LFRPs at the 

microscale and to reveal the removal mechanism of LFRPs. The heat generation in the cutting area was studied, and 



 

 

approaches were proposed to suppress heat accumulation. In the work published by Gao et al. [73], the friction between 

the contact surface of the tool and the workpiece was set as the heat source. The simulation helped to predict the 

historical variation in the temperature at the tool tip. Xu et al. [75] investigated the influence of heat on material removal 

under traditional cutting and EVA machining. During the modelling process, the material properties at various 

temperatures and the thermal contact between the tool and workpiece were treated as key parameters that affect the 

accuracy of the results. With this model, the cutting temperature was concluded to dominate the material removal of 

CFRPs. When the temperature in the cutting zone was below the glass transition point of the matrix, the fibres and matrix 

deformed and fractured in brittle modes. In contrast, the matrix became softer and deformed in ductile mode when the 

temperature exceeded the transition point, which led to serious fibre deflection beneath the processed surface. In 

addition, the ultrasonic vibration applied on the tool tip assisted the reduction of the tool-workpiece friction and the 

speeding up of the material removal, thus slowing down the heat generation and temperature increase. 

The orthogonal cutting, drilling and milling of LFRPs at the macroscale were also simulated by thermal-mechanical 

coupling models. Assessments of the temperature distributions and damage were conducted. Santiuste et al. [76] explored 

the temperature distribution in the orthogonal cutting of CFRP laminates, as shown in Fig. 14. The results proved that the 

thermal and mechanical intralaminar damage was strongly affected by the fibre orientation. Furthermore, the area of 

damage initiated by the heat was larger than that initiated by mechanical action; therefore, it was important to consider 

the thermal effect when studying CFRP cutting. Through a fibre orientation-based analytical model, Wang et al. [77] 

theoretically calculated the heat partition ratios between the tool and workpiece in the cutting of unidirectional CFRPs 

under different fibre orientations. With these heat partition ratios, the temperature distribution during the orthogonal 

cutting of the CFRPs was accurately predicted in a macroscopic numerical simulation. These studies are of great 

assistance for the further discussion of the thermal damage induced during LFRP drilling and milling. 

The prediction of the temperature distribution in CFRP drilling was conducted by Díaz-Álvarez et al. [78]. In this 

work, experimental testing and analytical modelling were first implemented to estimate the heat flux at the tool-

workpiece interface. Then, the heat flux was imported into the numerical simulation to analyse the heat propagation and 

evaluate the temperature. In general, the maximum temperature was detected at the hole wall and close to the hole exit. 

Moreover, tool wear drove an increase in the temperature. Bao et al. [79] modelled the drilling of aramid fibre reinforced 

plastics (AFRPs). The obtained temperature distribution presented a rounded diamond shape with the diagonal direction 

consistent with the fibre direction. In addition, due to the poor thermal conductivity of AFRPs, the temperature increased 

sharply even when the workpiece was drilled under low spindle speeds. Montoya et al. [80] explored the thermal field of 

the workpiece during the drilling of CFRP/Al stacks. The temperature reached in the composite was greater than that 



 

 

achieved in aluminium. Sheikh-Ahmad et al. [81-83] proposed numerical heat conduction models to study heat diffusion 

and partitioning in the milling of CFRPs and GFRPs. It was indicated that the largest heat partition in the workpiece was 

achieved when milling with a coated carbide burr cutter at the lowest feed speed and highest spindle speed. 

In the thermal-mechanical coupled simulations of LFRP machining, the temperature-dependent thermal and 

mechanical properties of the workpiece participate in the calculation. Therefore, the computational efficiency of these 

simulations is extremely low, and few studies have been successfully performed until now. For the future, the thermal 

and mechanical damage in the orthogonal cutting of LFRP laminates at different processing parameters should be further 

studied with the FE method. The thermal-mechanical coupling models used to simulate material removal in the drilling 

and milling of LFRPs are also worthwhile to develop. 

7. Conclusions 

In this paper, simulations of LFRP part machining reported in the literature and the factors considered in the model 

improvements are summarised. Based on the reviewer’s work, the following conclusions can be drawn: 

1) The orthogonal cutting of unidirectional LFRPs was first recognised in an attempt to model the cutting process 

of composites. Then, simulations of LFRP drilling and milling and LFRP and metal stack machining, as well as coupled 

thermal-mechanical simulations of LFRP part machining, were gradually proposed. 

2) The foundation of the numerical simulations is the accurate characterisation of the material behaviours of the 

constituent phases. For the LFRP parts, it is necessary to define the material behaviours of the fibre, matrix, interface, 

EHM and metal and the thermal-mechanical coupling effect. 

3) By modelling LFRP orthogonal cutting, the material removal mechanism of LFRPs, including the local failure 

of the constituent phases at the microscale and chip formation at the macroscale, was revealed. 

4) In the orthogonal cutting of LFRP composites, the increase in the fibre orientation and cutting depth would 

bring about higher cutting forces and a higher degree of subsurface damage. Therefore, it is better to machine LFRPs 

under small fibre orientations and cutting depths. 

5) Through the simulation of LFRP drilling and milling, the tool geometries and processing parameters were 

confirmed to have great impact on the thrust force and delamination. With regard to the processing parameters, the thrust 

force and delamination area increased with increasing feed rate and decreasing spindle speed. 

6) It was indicated that the type-II cutting sequence was more beneficial for the high-quality machining of LFRP 

and metal stacks than the type-I cutting sequence. The support from the metal helped to suppress the damage in the 

LFRPs. 



 

 

7) The cutting temperature affects the material removal of LFRPs. The matrix in LFRPs fractured in brittle mode 

when the temperature in the cutting zone was below the glass transition point, while it deformed in ductile mode when 

the temperature exceeded the transition point. 

Although great effort has been made in the simulation of LFRP part machining and fruitful results have been 

achieved, there still exist some aspects that can be improved: 

1) The fibre material model should be defined more accurately by considering the non-linearity of the stress-

strain relationship and the differences in the tensile and compressive properties. 

2) More property test experiments should be conducted to evaluate the influence of the dynamic eff ect and in situ 

effect on the material behaviours of resin and LFRPs, and their material models, including the damage initiation and 

evolution laws, should be further improved. 

3) All current methods applied in interface modelling are not perfect, and an advanced approach should be 

developed to simulate the interface cracks that occur in the processing of LFRPs. 

4) Concerning the 3D microscopic model for the LFRP orthogonal cutting and the LFRP drilling and milling 

models, the geometric structures are complex, and complicated model parameters are involved. Accordingly, user-

defined subroutines are suggested to simplify the pretreatment process of the simulation. 

5) Simulation of LFRP drilling and milling could be achieved through a two-step method, which contains the 

calculation of the processing parameters of each cutting edge and the modelling of LFRP oblique cutting with these 

parameters. 

6) More parametric studies should be conducted to analyse the influences of the tool geometries (e.g., tool wear) 

and the processing parameters (e.g., tool/workpiece friction coefficient) on the cutting forces, temperature distribution 

and damage (especially the damage at the interface). 

It is hoped that this review can help scholars complete more research on the simulation of LFRP machining. 
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Fig. 1 Characteristics of LFRPs 

 

 

Fig. 2 Parameters of LFRP orthogonal cutting  



 

 

 

  

(a) Drilling (b) Milling 

Fig. 3 Parameters of LFRP drilling and milling 

 

  

(a) Metal to LFRP (b) LFRP to Metal 

Fig. 4 Parameters of LFRP and metal stack machining under the two cutting sequences 

  



 

 

 

  

(a) Micro model including a single fibre (b) Stress distribution on fibre 

Fig. 5 Stress distribution of the micro model including a single fibre [27] 

 

    

(a) Matrix failure (b) Interfacial debonding (c) Cutting force (d) Thrust force 

Fig. 6 Variations in the matrix failure, interfacial debonding, cutting force and thrust force with the fibre orientation [29] 

  



 

 

 

    

(a) 0° (b) 45° (c) 90° (d) 135° 

Fig. 7 Variations in the fibre failure mode and the characteristic fibre length in chips under different fibre orientations 

[31] 

 

 

Fig. 8 Chip formation process of the CFRPs [44]  



 

 

 

 

Fig. 9 Subsurface damage under different fibre orientations [46] 

 

  

(a) Stacking sequence [90/0/45/-45]S (b) Stacking sequence [45/-45/0/90]S 

Fig. 10 Delamination predicted with (left column) and without (right column) cohesive interaction [48] 

  



 

 

 

Fig. 11 Setup of a typical simulation model for LFRP drilling [60] 

 

   

(a) Thrust force (b) Torque (b) Delamination factor 

Fig. 12 Variations in the thrust force, torque and delamination factor with the step ratio of the step drill [58] 

  



 

 

 

Fig. 13 Chip-morphology evolution during CFRP/Ti cutting: (a) Ti-phase cutting; (b) interface cutting; (c) CFRP-phase 

cutting [66] 

 

 

Fig. 14 Temperature fields for different ply orientations (90°, 0°, -45°, 45°) when cutting CFRPs [76] 

 



 

 

Table 1 Researches on the simulation of the machining of LFRP parts 

Model features Authors and references 

Orthogonal 

cutting, without 

the effect of heat 

Microscale Nayak et al. [27]; Rao et al. [28, 29]; Dandekar et al. [30]; Calzada et al. [31]; Abena et al. 

[32, 33]; Liu et al. [34]; Xu et al. [35-38]. 

Macroscale Arola et al. [39]; Mahdi et al. [40]; Lasri et al. [41]; Zenia et al. [42-44]; Bhatnagar et al. 

[45]; Mkaddem et al. [46]; Santiuste et al. [22, 47, 48]; Soldani et al. [49]; Jia et al. [50]; 

Rao et al. [51]; Wang et al. [52]; Wang et al. [53]. 

Drilling and milling, without the 

effect of heat 

Chakladar et al. [54]; Singh et al. [55]; Phadnis et al. [56]; Isbilir et al. [57, 58]; Feito et 

al. [59-61]; Wang et al. [21]; Al-wandi et al. [62]; He et al. [63]; Prakash et al. [64]. 

LFRP and metal stack machining, 

without the effect of heat 

Xu et al. [65-68]; Jia et al. [69]; Qi et al. [70]; Zitoune et al. [71]; Kim et al. [72]. 

LFRP part machining, with the effect 

of heat 

Gao et al. [73]; Cheng et al. [74]; Xu et al. [75]; Santiuste et al. [76]; Wang et al. [77]; 

Díaz-Álvarez et al. [78]; Bao et al. [79]; Montoya et al. [80]; Sheikh-Ahmad et al. [81-

83]. 

 

Table 2 Typical failure criteria for the cohesive element 

Failure criteria Formula 

Power Law Criterion [96] 
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B-K Fracture Criterion [97, 98] 
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Table 3 Details of the typical micro simulation models for LFRP orthogonal cutting 

References 
Workpiece 

size (mm) 
Material 

Damage initiation 

criterion for fibre 

Damage initiation 

criterion for 

matrix 

Element types for 

fibre and matrix 
Interface 

Size of elements 

around cutting 

area (μm) 

Size of elements 

away from cutting 

area (μm) 

Friction coefficient 

Rao et al. [29] Not specified CFRP and 

GFRP 

Maximum stress Maximum stress Not specified Cohesive element 1 Not specified 0.3 

Dandekar et 

al. [30] 

Not specified CFRP and 

GFRP 

Marigo for carbon 

fibre; Shear 

failure for glass 

fibre 

Shear failure CPS4R and CPS3 Cohesive element 5 5 × 20 1.8, 0.49, and 0.6 for 

CFRP with 45°, 90°, and 

120° fibre orientations; 

0.3 for GFRP 

Abena et al. 

[33] 

Not specified CFRP Maximum stress Maximum stress 3D Stress and 

Hex element 

Cohesive element 1 Not specified 0.3 

Xu et al. [37] 1.9 × 2 × 0.5 CFRP Maximum stress Maximum stress C3D8R and C3D6 Continuum 

element 

Not specified Not specified 0.12, 0.41, 0.25 and 0.21 

for 0°, 45°, 90°, and 135° 

fibre orientations 

  



 

 

Table 4 Damage initiation criteria with a single damage index 

Failure criteria Maximum stress criterion Tsai-Hill criterion [99] Hoffman criterion [100] Tsai-Wu criterion [102] 

Formula 1 1 12max( , , )FI
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Table 5 Damage initiation criteria with mixed-mode failure 

Failure criteria Hashin criteria [103] Hou criteria [104] Chang-Chang criteria [106] Puck criteria [108, 109] 
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Table 6 Definition of the damage factor [116] 

Increasing pattern Formula 

Linear  
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Table 7 Details of typical macro simulation models for LFRP orthogonal cutting 

References 
Workpiece size 

(mm) 
Material 

Stacking sequence 

of workpiece 

Damage initiation 

criterion for layer 

Element type for 

layer 
Interface 

Size of elements 

around cutting 

area (μm) 

Size of 

elements 

away from 

cutting area 

(μm) 

Friction 

coefficient 

Zenia et al. [44] 2.5 × 1.2 CFRP Unidirectional Yield stress CPS4R Not considered 5 50 0.4 

Santiuste et al. 

[48] 

3 × 3 × 0.8 CFRP [45/-45/0/90]s, 

[90/0/45/-45]s 

Hou C3D6 Cohesive 

interaction 

7 Not specified 0.5 

Soldani et al. 

[49] 

3 × 3 GFRP Unidirectional Hashin CPS4R Not considered 4, 7 or 12 Not specified 0.5 

Rao et al. [51] 2 × 1 × 0.03 CFRP Unidirectional Tsai-Hill C3D8R Not considered 10 Not specified 0.3 

  



 

 

Table 8 Setups in the typical simulations of the drilling and milling of composites 

References Workpiece size (mm) 
Stacking sequence 

of workpiece 

Damage 

initiation 

criterion for 

the layer 

Element type 

for the layer 
Interface 

Interface 

thickness 

(μm) 

Size of 

elements 

around cutting 

area (mm) 

Size of elements 

away from 

cutting area 

(mm) 

Friction 

coefficient 

Isbilir et al. [57, 58] 40 × 40 × 4.16 [90/-45/0/45]2s Hashin C3D8R Cohesive 

interaction 

Not 

specified 

0.26 1.04 0.15 

Feito et al. [59] 25 × 12 × 2 [04/904]s Hou C3D6R Cohesive 

element 

5 0.25 1 0.3 

Phadnis et al. [56] 25 × 12 × 2 [04/908/04] Hashin and 

Puck 

C3D8R Cohesive 

element 

10 0.25 1.25 0.3 

He et al. [63] 30 × 15 × 0.56 Unidirectional Hashin C3D8R Cohesive 

element 

Not 

specified 

0.2 Not specified 0.3 

 



 

 

Table 9 Calculation time of the typical simulation models for the LFRP drilling and milling [21] 

References Computer configuration Calculation time 

Isbilir et al. [57] 8 core, 3.16 GHz CPU, 32 Gb RAM 4 months 

Phadnis et al. [56] 24 Intel quad-core, 48 GB RAM 62 h 

Feito et al. [59] 16 CPU 4 days to 3 weeks 

Wang et al. [21] 8 core, 3.1 GHz CPU, 32 Gb RAM Simulation-I 25 h 

Simulation-II 26 h 

 



 

 

Table 10 Details of the studies on the parametric analysis of drilling and milling of LFRPs 

References Workpiece Tool Spindle speed (rpm) 
Feed rate 

(mm/min) 

Phadnis et al. [56] T300/LTM-45EL CFRP Twist drill with a diameter of 3 mm and a point angle of 120° 2500 150, 300, 500 

Isbilir et al. [58] UD-CFRP Twist drill with a diameter of 8 mm and a point angle of 140° 

Step drill with step ratios of 4.5, 5, 5.5, 6, 6.5 

4500 457 

Feito et al. [59] T300/LTM45-EL CFRP Twist drill with a diameter of 3 mm and a point angle of 120° 2500 150, 300, 500 

Singh et al. [55] UD-GFRP Twist drill with 90°, 104°, 118° point angles Quasi-static 300 

Al-wandi et al. [62] VTN264 CFRP Twist drill and double point angle drill with a diameter of 8 mm 2500, 5000, 7500, 10000 125, 500, 1250 

He et al. [63] UD-CFRP Three-flute end mill with a 45° helix angle and 10 mm diameter 1500, 2000, 3000 180, 300, 450 

Prakash et al. [64] UD-GFRP Solid carbide end mill cutter with a 30° helix angle and 10 mm diameter 350, 660, 900, 1700 50, 150 

 

 

  



 

 

Table 11 Points of typical simulations of LFRP and metal stack machining 

References 
Workpiece size 

(mm) 
Cutting sequence 

Damage initiation 

criterion for 

LFRPs 

Element type 

for LFRPs 

Element type 

for metal 
Interface 

Size of elements 

around cutting 

area (μm) 

Size of elements 

away from 

cutting area (μm) 

Friction 

coefficient 

Xu et al. [68] 2 × 1 Ti to CFRP and 

CFRP to Ti 

Hashin CPS4R CPE4RT Cohesive 

element 

10 for Ti and 5 

for CFRP 

78 0.05, 0.10, 0.20, 

0.30, 0.40 

Jia et al. [69] 2 × 1 × 0.5 Ti to CFRP and 

CFRP to Ti  

Hashin C3D8R C3D8R Cohesive 

element 

5 5 × 20 0.3 

Zitoune et al. 

[71] 

Not specified Al to CFRP Not specified 3D volume 

element 

3D volume 

element 

Not specified Not specified Not specified Not specified 

  



 

 

Table 12 Setup of typical simulations of LFRP machining with thermal-mechanical coupling 

References 
Workpiece size 

(mm) 
Heat source 

Fraction of 

energy 

converted to 

heat 

Fraction of 

heat 

transferred 

into 

workpiece 

Specific heat of 

constituent phases 

(mJ/T ℃) 

Thermal 

conductivity of 

constituent phases 

(mJ/mm s ℃) 

Thermal expansion 

coefficient of 

constituent phases 

(/℃) 

Damage initiation 

criterion for 

constituent phases 

Friction 

coefficient 

Cheng et al. [74] 0.1 × 0.064 × 

0.016 

Plastic energy 

dissipation and 

frictional heating 

0.9 0.5 7.94 × 108 for 

fibre, 1 × 109 for 

matrix and 

interface 

10.45 for fibre, 0.5 

for matrix and 

interface 

-4.1 × 10-7 for fibre, 

4.5 × 10-5 for matrix 

and interface 

Maximum stress 

for fibre, matrix 

and interface 

0.3 

Xu et al. [75] Not specified Plastic energy 

dissipation and 

frictional heating 

Not specified Not specified Varies with 

temperature 

Varies with 

temperature 

Varies with 

temperature 

Maximum stress 

for fibre, matrix 

and interface 

0.25 

Santiuste et al. 

[76] 

3 × 3 × 0.8 Frictional heating Not specified 0.8 Not specified 6 for longitudinal 

direction and 0.5 for 

transverse direction 

10-6 for longitudinal 

direction and 26 

×10-6 for transverse 

direction 

Hou for layer and 

quadratic stress 

for interface 

0.4-0.8 

Díaz-Álvarez et 

al. [78] 

Not specified Frictional heating Not specified 0.5 1.1 × 109 5 Not specified Not considered Not specified 

 


