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Abstract 

Tungsten is extensively used as a plasma facing material in fusion energy reactors. A finite element model was created to simulate the machining 

of tungsten for the first time by estimating the cutting forces and observing the impact of the variation in tool rake angle. The model was validated 

through machining experiments involving a specially designed single flute fly cutter which indicated errors of 6% – 34%, depending on the rake 

angle. This investigation is the first step in understanding the impact of cutting parameters on machining of tungsten. However, the model is 

affected by the unpredictable impact of tungsten’s deformation behaviour and especially the effects of its brittle nature and low fracture toughness.
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1. Introduction 

Tungsten (W) belongs to the refractory group of metals 

alongside other metals including niobium, tantalum, 

molybdenum, and rhenium. These metals are known for their 

ability to withstand high temperature and wear, which have 

made them suitable for use in extreme environmental 

conditions. W, particularly, has extreme properties including its 

high melting temperature (highest of all known metals in pure 

state), density, elastic modulus, thermal conductivity and not 

least, its ability to maintain its mechanical properties at elevated 

temperatures. W is utilised in several industrial applications 

e.g., energy, aviation, medical, automotive, electronics, 

chemicals, and sports [1]. 

W has been identified as an ideal radiation-resistant, plasma-

facing material for making components which can withstand 

the extremes of conditions inside fusion reactors. It is 

specifically required in making divertor and first wall 

components in the reactor [2]. Despite these promising 

applications, W has severe limitations regarding its processing 

and manufacturing, especially the production of components 

with complex-shaped geometries. Its high temperature makes 

processing methods such as casting unfeasible. Its high ductile-

to-brittle transition temperature (DBTT) significantly limits its 

workability at room temperature [3]. The DBTT is at least 200 

°C in most cases [4]. This brittle nature, due to its high DBTT, 

alongside with its high hardness, strength, strain hardening 

tendency make machining of W very difficult. The machining 

of W has been characterized by rapid tool wear and material 

chipping [5]. Improvements in the machining of W will allow 

for economic production of complex geometries necessary for 

scaling fusion energy reactors.   

Machining of W will require the application of innovative 

methods. These methods would also benefit from the 

optimization of various cutting parameters. Finite element (FE) 

modelling can help with this process to enhance the 

understanding of the cutting mechanisms. FE modelling has 

been used for predictive purposes such as in estimating cutting 

forces and in the selection of cutting parameters [6].  

The effects of rake angle during the machining of various 

materials have been studied by many authors. Hall et al. [7] 

have shown how the rake angle can impact the chip morphology 

http://www.sciencedirect.com/science/journal/22128271
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of Ti-6Al-4V. They predicted the chip morphology using FE 

modelling and compared with actual experimental chip 

formation. Xu et al. [8] found that the cutting forces reduce with 

an increase in the rake angle during the simulation of Inconel 

718. An increase in shear angle, at the primary cutting zone, 

with the rake angle was used to explain this trend in the cutting 

forces. Menezes et al. [9] also showed that an increase in the 

rake angle causes a reduction in the cutting forces for 

aluminium. Ijaz et al. [10] have shown through FE modelling 

that the cutting forces during the machining of Al-2024 alloy 

are reduced at high rake angles.  

Inputs such as the material flow parameters and damage 

properties have been revealed to affect simulation results and 

limit comparisons with experiments. Ducobu et al. [11] 

examined the effects of four different constitutive models on 

the cutting forces and segmented chip formation of Ti-6Al-4V. 

They highlighted the huge impact of the choice of constitutive 

parameters on the results as well as the capability of the models 

to predict better chip morphologies. Harzallah et al. [12] used a 

modified Ludwick law which coupled the effects of 

temperature and strain rate to simulate the machining of Ti-6Al-

4V. They showed that this approach can predict the chip 

morphology together with the thermal and kinematic fields. 

Atkins [13] emphasized the importance of fracture toughness, 

alongside the yield strength, in modelling methods involving 

fracture. The toughness-to-strength ratio has been shown to be 

a measure of ductility and is vital in determining the extent of 

plastic flow before the commencement of cracking. Hence, an 

accurate incorporation of the toughness would help in capturing 

the physics of the process.  

FE modelling of W is rare in the literature and to the best of 

the author’s knowledge, this is the first attempt to model its 

machining. Besides, orthogonal cutting simulations are 

prevalent in machining simulations and are validated using a 

turning set up. This article, on the other hand, focuses on the 

milling of W. The effect of changes in the rake angle on the 

cutting forces during the peripheral milling of W is the subject 

of this study. The cutting forces are estimated using a FE model 

which simulates the process. A representative experimental set 

up is used to validate the simulation results.  

2. FE modelling and experimental set up 

The numerical and experimental approach implemented in 

this study are outlined in sub-sections 2.1 and 2.2 respectively. 

A 2-D plain strain model was used to simplify the milling 

simulation whilst accounting for the relevant tool geometries, 

particularly the rake and clearance angles and cutting 

parameters. The complexity and the considerable 

computational demands of a 3D simulation are avoided using 

this approach. The cutting tools and the experimental validation 

set up were devised such that they are representative of the 

model. 

2.1. Set up of model 

The model was 2-D and based on the Arbitrary Lagrangian-

Eulerian formulation. It was explicitly solved in Abaqus with a 

plain strain condition assumed. This assumption is due to the 

axial depth of cut being far greater than the feed per tooth. The 

workpiece was modelled to be deformable whilst the cutting 

tool was rigid. The variable profile of the uncut chip thickness 

in milling is considered as shown in the set up in Fig. 1 with α, 

γ and ae defined in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Model set up with boundary conditions 

The boundary conditions are also shown in Fig. 1 where an angular velocity 

(111.11 rad/s) was specified for the tool, based on the cutting speed, and the 

workpiece was fixed in all directions.  Both parts were meshed with 4-node 

plain strain thermo-coupled quadrilateral elements with reduced integration 

and hourglass control (CPE4RT) to solve the stress/displacement and 

temperature fields simultaneously. The mesh was also more refined in the 

uncut chip profile and tool tip regions. A minimum mesh element size of 0.02 

mm was selected based on a convergence study of the trade-off between the 

model accuracy and computation time. The tool geometries and cutting 

parameters used in both simulation and experiment are given in Table 1. The 

thermomechanical properties of the workpiece and the properties of the cutting 

tool are given in  

 

 

 

Table 2. The plastic work-to-heat conversion factor of 0.9 was used in the 

model [14]. The initial temperature of the part and cutting tool were predefined 

as 293 K. 

Table 1. Tool geometries and cutting parameters 

Tool geometric features and cutting 

parameters 

 

Tool radius (r) 6 mm 

Rake angle (γ) 10°, 12°, 14° 

Primary clearance angle (α) 10° 

Edge radius (re) ~0.005 mm 

Cutting speed 40 m/min 

Feed/tooth/revolution (ft) 0.1 mm 

Axial depth of cut (ap) 7 mm 

a
e
 

Fixed boundary 
conditions 

y 

x 

γ 
α 

Uncut chip profile 

Cutting tool 

Workpiece 
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Radial depth of cut (ae) 3 mm 

 

 

 

 

Table 2. Thermomechanical properties of workpiece and cutting tool [15,16] 

Properties Workpiece (W) Cutting tool 

(W carbide) 

[16] 

Density (kg/m3), 

20°C≤T≤1200°C 

(19.303-2.37910-4T-

2.24510-8T2)1000 

11900 

Elastic modulus (GPa), 

20°C≤T≤800°C 

397.903-2.30710-3T-

2.71610-5T2 

534 

Poisson’s ratio 0.29 0.22 

Thermal conductivity 

(W/mK), 20°C≤T≤1000°C 

174.927-

0.107T+5.00710-5T2-

7.83510-9T3 

50 

Specific heat (J/kgK), 

20°C≤T≤1000°C 

128.308+3.28010-2T-

3.41010-6 T2 

400 

Inelastic heat fraction 0.9  

 

The Johnson-Cook (J-C) constitutive model which 

combines strain and strain rate hardening as well as the thermal 

softening effect was used to model the thermo-elasto-visco-

plastic behaviour of the workpiece during deformation. The 

model is expressed as: 

𝜎 = (𝐴 + 𝐵𝜀𝑛)(1 + 𝐶 ln 𝜀̇∗)(1 − 𝑇∗𝑚), 1 

where 𝜀  is the plastic strain, 𝜀̇∗ = 𝜀̇ 𝜀0̇⁄  is the dimensionless 

plastic strain rate normalised with a reference strain rate 𝜀0̇ and 

𝑇∗ = (𝑇 − 𝑇𝑟) (𝑇𝑚 − 𝑇𝑟)⁄  is the homologous temperature. 

𝑇𝑚and 𝑇𝑟 are the material’s melting and reference temperatures 

respectively. 𝐴 , 𝐵 , 𝑛 , 𝐶  and 𝑚  are material constants 

determined through calibration. 𝐴 is the yield stress, 𝐵 is the 

coefficient of strain hardening, 𝑛  is the strain hardening 

exponent, 𝐶 is the coefficient of strain rate hardening and 𝑚 is 

the thermal softening exponent. The J-C constants used in this 

study for W are given in Table 3, although the authors [17] did 

not report the range of strain rates.  

Table 3. J-C constants for W [17] 

A (MPa) B (MPa) n C m 𝜀0̇ (s-1) Tr (K) Tm (K) 

1507 176.64 0.12 0.016 1 1 293 3696 

 

The damage to the workpiece was also considered in this 

study due to the highly deforming nature of materials during 

machining. Failure was assumed to occur in two stages, namely 

damage initiation and evolution. The J-C failure model informs 

the damage initiation stage through the accumulation of 

deformation up to the fracture strain. The cumulative damage 

is expressed as a damage parameter, 𝑑, which is expressed as: 

𝑑 = ∑ ∆𝜀 𝜀𝑓⁄ , 2 

where ∆𝜀 is the increment of the equivalent plastic strain which 

occurs during an integration cycle and 𝜀𝑓  is the equivalent 

fracture strain. Damage is initiated in any given element when 

𝑑  1. 𝜀𝑓 is defined by Johnson and Cook as: 

𝜀𝑓 = (𝐷1 + 𝐷2𝑒𝑥𝑝𝐷3𝜎∗)(1 + 𝐷4 ln 𝜀̇∗)(1 + 𝐷5𝑇∗), 3 

where D1, D2, D3, D4 and D5 are coefficients of the model, 𝜎∗ 

is the stress triaxiality, defined as the ratio of the hydrostatic 

stress to the von Mises equivalent stress. The dimensionless 

strain rate, 𝜀̇∗, and homologous temperature, 𝑇∗, are the same 

as those defined earlier for the J-C constitutive model in 

equation 1. The damage constants used in the simulation are 

given in Table 4 by Lee [17] which indicate that only the stress 

triaxiality influence the strain to fracture whilst the strain rate 

and temperature would not impact the onset of damage. The 

plastic deformation and damage of the tool were not considered 

in this study because of its rigid assumption.  

Table 4. J-C damage parameters for W [17] 

𝐷1 𝐷2 𝐷3 𝐷4 𝐷5 

0 0.33 -1.5 0 0 

 

The fracture energy Gf was used to model the damage 

evolution through a consideration of the fracture toughness of 

W (5.1 MPam1/2) [18], which helps to minimize mesh 

dependency. The stress-displacement response after damage 

initiation is evaluated in this approach with Gf expressed as 

[19]: 

 

𝐺𝑓 =  ∫ 𝐿𝜎𝑦𝑑𝜀̅𝑝𝑙
�̅�𝑓

𝑝𝑙

�̅�0
𝑝𝑙

= ∫ 𝜎𝑦𝑑�̅�𝑝𝑙
𝑢𝑓

𝑝𝑙

0

, 4 

where L is the characteristic length (dependent on the mesh 

element geometry), �̅�𝑝𝑙 is the equivalent plastic displacement 

and �̅�𝑓
𝑝𝑙

 is the equivalent plastic displacement at failure. 

Additionally, a linear damage evolution was used as shown in 

equation 5. 

𝐷 =
𝐿𝜀̅𝑝𝑙

�̅�𝑓
𝑝𝑙

=
�̅�𝑝𝑙

�̅�𝑓
𝑝𝑙

(�̅�𝑓
𝑝𝑙

=
2𝐺𝑓

𝜎𝑦0

) , 5 

Coulomb friction was used to approximate the interaction at 

the tool-workpiece contact regions. The resulting friction 

energy from this interaction was assumed to be completely 

converted to heat with this ensuing thermal energy being 

equally distributed between the tool and workpiece. 

2.2. Set up of experiment 

The machining experiments were based on peripheral 

milling using a climb milling strategy. The set up used for the 

validation is shown in Fig. 2 where a 7 mm block of W was 

used. The block is a commercially pure dense W which was 

produced through powder metallurgy, where it was blended, 

compacted, and sintered at high temperatures up to about 3000 

°C. The chemical composition, by weight, is shown in Table 5. 

This shows the block constitutes about 99.99% W with the 

other elements present in trace amounts. 
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The experiments were performed on a XYZ vertical milling 

centre with a 13-kW spindle in dry conditions. The cutting tool 

was an uncoated solid tungsten carbide (WC-Co) end mill with 

single flute as shown in Fig. 2 and was designed based on the 

BS ISO 1641-1:2016 standard. 

Table 5. Chemical composition of W block 

Element Weight (%) 

Al 0.0002 

C 0.002 

Ca 0.0004 

Mg 0.0001 

Mo 0.001 

N 0.002 

Si 0.0001 

O 0.004 

 

 

 

 

 

 

 

 

Fig. 2. Experimental set up for validation 

The tool was custom designed and manufactured to have a 

single tooth with zero helix angle such that the model set up is 

replicated as best as possible. The cutting geometries are given 

in Table 1 with three different rake angles of 10°, 12° and 14°. 

The machining parameters are same as those used in the 

simulation, including a cutting speed of 40 m/min, feed rate of 

0.1 mm/tooth, radial and axial depths of cut 3mm and 7 mm 

respectively. Bending moment signals were measured using a 

SPIKE® sensory tool holder with a sampling rate of 2.5 kHz. 

These signals were converted to the corresponding cutting 

force signals by considering the lever arm (47.2 mm) of the 

SPIKE®, which is based on the sensor location and the 

corresponding tool lengths. Further machining tests were 

performed on 20 x 20 x 40 mm W blocks. The cutting tools are 

12 mm Balzers Latuma-coated solid carbide end mills, each 

having two teeth and 34° helix angle. The rake angles tested are 

8°, 10°, 12° and 14°. Cutting performances were assessed based 

on the ISO8688 with 300 µm threshold for the flank wear.  

3. Results and discussions 

Experimental results are first shown in Fig. 3 while Fig. 4 

and Fig. 5 compare these with those of the simulation. The 

experimental results from varying the rake angle are shown in 

Fig. 3 (a), (b) and (c) for 10°, 12° and 14° angles respectively. 

Results are shown for selected time frames of the signals. The 

signals are characterised by cycles of sharp increases, up to the 

peak levels from the initial point of tooth engagements, and 

tooth disengagements. 

 

Fig. 3. Experimental cutting force results for (a) 10°; (b) 12°; and (c) 14° rake 

angles 

The eperimental results are further compared with those of 

the simulations in Fig. 4, where individual signals are 

compared. For this, the initial simulated values were 

transformed to the equivalent cutting forces by considering the 

axial depth of cut (7 mm). There are instabilities in the model’s 

generated signals. These are possibly due to the inherent 

brittleness of the material, which was accounted for in the 

model by the fracture toughness (5.1 MPam1/2) [18]. 

 

 

Fig. 4. Comparison between experiment and simulated cutting forces for (a) 

10° (experiment); (b) 10° (simulation); (c) 12° (experiment); (d) 12° 

(simulation); (e) 14° (experiment); (f) 14° (simulation) 

Multiple peak points are plotted in Fig. 5 with the model’s 

predictions overlayed to avoid a single random selection of an 

individual signal for comparison. There is an overestimation of 

the cutting forces by the simulation for 10° and 12°, while for 

the 14°, an underprediction can be observed. The trends in the 

simulation and experiment only agree when the rake angle was 

increased from 12° to 14°. For the experiments, the cutting 

forces increase by 13% with an increase in the rake angle from 

Spike tool 
holder 

Clamp 

Spindle 

Cutting tool 

W block 
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10° to 12° before a subsequent minimal decrease by 0.85% 

when increased to 14°. The simulation results, on the other 

hand, decreased by about 3% from 10° to 12° with a more 

drastic decrease of about 22% from 12° to 14°.  

 
Fig. 5. Comparison of experimental and simulation results for 10°, 12° and 

14° rake angles 

This erratic response in the results could be due to the 

material behaviour under machining, in which limited 

knowledge is available in the literature. For some difficult-to-

machine alloys like Inconel 718 and Ti-6Al-4V, as reviewed in 

section 1, a clear trend in the cutting forces have been found, 

where the cutting forces reduce with increase in rake angle. 

However, the simulation results in this study agree with these 

findings. This decrease is possibly due to the corresponding 

increase in the shear angle as the rake angle increases. Despite 

the unobservable trend in the experimental results, the decrease 

in the cutting forces from 12° to 14° rake angle (although being 

minimal) is noteworthy as with the simulation. The increase 

from 10° to 12° could be due to other explanations, as given by 

Chen and Pan [20], where an increase in the contact length of 

the tool flank and workpiece, due to the increase in rake angle, 

causes the cutting force to increase. Due to the limitation of the 

study of the material behaviour under machining deformation, 

reconciling the difference between the trends in the simulated 

and experimental results in this study would be essential.  

In absolute terms, the errors between the simulation and 

experimental results are 34%, 15% and 6% for 10°, 12° and 14° 

rake angles respectively. The model particularly overestimated 

the cutting force for the 10° rake angle. This could be accounted 

for by the limitations of J-C constitutive model in responding 

to changes in the model. 

Machining tests on W blocks, performed for different rake 

angles, have further showed that the bending moments reduce 

significantly for the 14° tool. Fig. 6 (a) and (b) show these 

results where the mean and maximum resultant bending 

moments are plotted during each machining pass on the 40 mm 

block.  

 

Fig. 6. Bending moments for different rake angles: (a) Mean; (b) Maximum 

Corresponding tool wears are also plotted in Fig. 7 where 

the 14° tool showed better performance in terms of tool life. 

This represents a 27% increase in the cutting time compared to 

the 10° and 12° tools which have similar performances. 

 

Fig. 7. Tool flank wear for different rake angles 

The stress distributions in the workpiece were also observed 

using the simulation as shown in Fig. 8. The von Mises stresses 

are highest in the primary shear zones as expected. The 

maximum stresses occur during the peak engagement of the 

tool with workpiece. The chip formation is not clearly defined 

as in other materials where the morphologies are either 

continuous or serrated, depending on the material behaviour. 

Machining of Ti-6Al-4V alloy, for instance, has been found to 

result in the formation of serrated chips through extensive 

studies. The chip formation and morphology for W, on the 

other hand, has not been studied. Evidence of cracks could be 

seen in Fig. 8 at the tool contact with the workpiece. These 

cracks are due to the characteristic brittleness of the material 

and the absence of plastic flow.  

 

 

Fig. 8. Simulated von Mises stress distributions in the W workpiece 

The importance of fracture toughness in machining has been 

highlighted by Atkins [13] where the toughness captures the 

properties of materials, alongside the yield strength, and 

determines the types of chips formed during cutting. The 

toughness-to-strength ratio is a measure of ductility in any 

given process. Atkins [13] expressed the toughness-to-strength 

ratio as 𝐸𝑅 𝑘2⁄  for full elastoplastic analyses, where E is the 

modulus of elasticity, R is the toughness and k is the yield 

strength. Calculations made for W showed this measure to be 

3.62 m1/2 compared to Ti-6Al-4V, for instance, where the value 

is 12.34 m1/2 at the minimum (a factor of at least 3.41). This 

low toughness-to-strength ratio of W indicates there is very 
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limited plastic flow before cracking commences during 

deformation. This explains the domination of the chip 

formation process of W in this study by cracking. On the other 

hand, Ti-6Al-4V has been shown to produce continuous and 

serrated chips, and this can be attributed to its relatively higher 

toughness-to-strength ratio. The chip formation process is also 

responsible for the instabilities observed earlier in the 

simulations in Fig. 4 (b), (d) and (f).  

4. Conclusions and future works 

A 2-D FE model has been presented to simulate the 

peripheral milling of W for the first time and supported by 

experimental investigations. The impact of varying the rake 

angle was specifically studied. The following conclusions were 

made based on the simulation and experimental results: 

• The errors between simulations and experiments are 6%, 

15% and 34% for 14°, 12° and 10° tools respectively. 

• The simulations and experiments agree in terms of the 

decrease in the cutting forces with the increase in rake 

angle from 12° to 14°. This decrease was 0.85% for the 

experiment while being more drastic for the simulation, at 

about 22%.  

• Additional experimental investigations showed that the 

14° tool is optimal when machining W. 

• There was limited plastic flow during machining of W, as 

cracks could be seen to dominate the simulation.  

Future investigations will focus on the impact of 

temperature on the workpiece and cutting tool/coating material 

properties and how these can be captured in FE simulation. In 

addition, chip formation mechanism will be investigated both 

experimentally and analytically specifically for crack 

formation and propagation in cutting chips. 

Acknowledgements 

This work was supported by the UK Atomic Energy Authority 

with funding from EPSRC Grant EP/T012250/1. The authors 

also acknowledge the support of EPSRC through grant number 

EP/R513155/1 project 2297674. 

References 

[1] E. Lassner, W.-D. Schubert, Properties, chemistry, technology of 

the element, alloys, and chemical compounds, 2005. 

[2] V. Barabash, A. Peacock, S. Fabritsiev, G. Kalinin, S. Zinkle, A. 

Rowcliffe, J.W. Rensman, A.A. Tavassoli, P. Marmy, P.J. 

Karditsas, F. Gillemot, M. Akiba, Materials challenges for ITER - 

Current status and future activities, J. Nucl. Mater. 367-370 A 

(2007) 21–32. https://doi.org/10.1016/j.jnucmat.2007.03.017. 

[3] L.L. Snead, D.T. Hoelzer, M. Rieth, A.A.N. Nemith, Refractory 

alloys: vanadium, niobium, molybdenum, tungsten, in: Struct. 

Alloy. Nucl. Energy Appl., Elsevier, 2019: pp. 585–640. 

[4] M. V. Aguirre, A. Martín, J.Y. Pastor, J. Llorca, M.A. Monge, R. 

Pareja, Mechanical behavior of W-Y2O3 and W-Ti Alloys from 25 

°C to 1000 °C, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 40 

(2009) 2283–2290. https://doi.org/10.1007/s11661-009-9956-4. 

[5] C.M. Edstrom, A.G. Phillips, L.D. Johnson, R.R. Corle, Literature 

on fabrication of tungtsen for application in pyrochemical 

processing of spent nuclear fuels, 1980. 

[6] P.J. Arrazola, T. Özel, D. Umbrello, M. Davies, I.S. Jawahir, 

Recent advances in modelling of metal machining processes, CIRP 

Ann. - Manuf. Technol. 62 (2013) 695–718. 

https://doi.org/10.1016/j.cirp.2013.05.006. 

[7] S. Hall, E. Loukaides, S.T. Newman, A. Shokrani, Computational 

and experimental investigation of cutting tool geometry in 

machining titanium Ti-6Al-4V, Procedia CIRP. 86 (2020) 139–144. 

https://doi.org/10.1016/j.procir.2020.01.028. 

[8] D. Xu, L. Ding, Y. Liu, J. Zhou, Z. Liao, Investigation of the 

influence of tool rake angles on machining of inconel 718, J. 

Manuf. Mater. Process. 5 (2021). 

https://doi.org/10.3390/jmmp5030100. 

[9] P.L. Menezes, I. V. Avdeev, M.R. Lovell, C.F. Higgs, An explicit 

finite element model to study the influence of rake angle and 

friction during orthogonal metal cutting, Int. J. Adv. Manuf. 

Technol. 73 (2014) 875–885. https://doi.org/10.1007/s00170-014-

5877-5. 

[10] H. Ijaz, M. Danish, M. Asad, S. Rubaiee, A three-dimensional finite 

element-approach to investigate the optimum cutting parameters in 

machining AA2024, Mech. Ind. 21 (2020). 

https://doi.org/10.1051/meca/2020087. 

[11] F. Ducobu, P.J. Arrazola, E. Rivière-Lorphèvre, E. Filippi, On the 

selection of an empirical material constitutive model for the finite 

element modeling of Ti6Al4V orthogonal cutting, including the 

segmented chip formation, Int. J. Mater. Form. 14 (2021) 361–374. 

https://doi.org/10.1007/s12289-020-01535-2. 

[12] M. Harzallah, T. Pottier, R. Gilblas, Y. Landon, M. Mousseigne, J. 

Senatore, Thermomechanical coupling investigation in Ti-6Al-4V 

orthogonal cutting: Experimental and numerical confrontation, Int. 

J. Mech. Sci. (2020). 

https://doi.org/10.1016/j.ijmecsci.2019.105322. 

[13] T. Atkins, The importance of toughness in manufacturing, J. Mater. 

Process. Technol. 261 (2018) 280–294. 

https://doi.org/10.1016/j.jmatprotec.2018.04.042. 

[14] P.J. Arrazola, D. Ugarte, X. Domínguez, A new approach for the 

friction identification during machining through the use of finite 

element modeling, Int. J. Mach. Tools Manuf. (2008). 

https://doi.org/10.1016/j.ijmachtools.2007.08.022. 

[15] V. Barabash, Historical Baseline Document: Appendix A , 

Materials Design Limit Data, 2012. 

[16] G. Chen, C. Ren, X. Yang, X. Jin, T. Guo, Finite element 

simulation of high-speed machining of titanium alloy (Ti-6Al-4V) 

based on ductile failure model, Int. J. Adv. Manuf. Technol. 56 

(2011) 1027–1038. https://doi.org/10.1007/s00170-011-3233-6. 

[17] J.K. Lee, AFIT Scholar AFIT Scholar Theses and Dissertations 

Student Graduate Works Analysis of Multi-Layered Materials 

under High Velocity Impact Analysis of Multi-Layered Materials 

under High Velocity Impact Using CTH Using CTH, (2008). 

https://scholar.afit.edu/etd/2685. 

[18] B. Gludovatz, S. Wurster, A. Hoffmann, R. Pippan, Fracture 

toughness of polycrystalline tungsten alloys, Int. J. Refract. Met. 

Hard Mater. 28 (2010) 674–678. 

https://doi.org/10.1016/j.ijrmhm.2010.04.007. 

[19] ABAQUS, ABAQUS Documentation, Dassault Systèmes Simulia 

Corp, Providence, RI, 2020. 

[20] S.H. Chen, C.H. Pan, Influence of rake angles of multi-position tool 

on cutting characteristics, Appl. Syst. Innov. 1 (2018) 1–13. 

https://doi.org/10.3390/asi1020018. 

 


