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Abstract 

Nickel-based superalloys, for instance Inconel 718, are applied in extreme conditions due to their excellent 
high-temperature strength. However, the same thermomechanical properties make the machining of Inconel 718 a 
challenge. Cutting fluids play a vital role in extending tool life as well as preserving surface integrity. Nevertheless, 
their effectiveness is naturally restricted by the fluid’s heat capacity. In order to improve cooling effectiveness, a 
new approach has been developed that combines high-pressure fluid supply and high cooling performance through 
the use of a deep temperature emulsion (DTE). Experimental and computational investigations were carried out 
on the high-speed turning of Inconel 718. Cutting forces, tool wear, chip formation and surface integrity were 
monitored. The experiments revealed that the addition of monoethylene glycol (MEG) reduces a cutting fluid’s 
freezing temperature but negatively affects the machining performance. However, the observed deficiencies are 
compensated by the benefits of cooling the cutting fluid. The cutting fluid at a temperature of T = -10 °C leads to 
comparable results to those of the reference process and even to further improvements in process performance. 
Therefore, the application of DTE could potentially outperform and ultimately replace conventional cooling strat-
egies. 
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Nomenclature 

A Johnson-Cook material parameter, MPa 

ap  depth of cut, mm 

B  Johnson-Cook material parameter, MPa 

C  Johnson-Cook material parameter, MPa 

c  heat capacity, kJ/(kg·K) 

Ff  feed force, N 

Fp  passive force, N 

Fs  force gradient of velocity 

Fc  cutting force, N 

f  feed rate, mm/rev 

h  uncut chip thickness, mm 

hc  heat transfer coefficient, W/m2∙K 

ha  convection coefficient, W/(m·K) 

l  length, m 

m  Johnson-Cook material parameter   

n  Johnson-Cook material parameter 

p  pressure, bar 

Q  volume flow, l/min 

�̇� heat flow density, W/m2 

�̇�𝑆 shear dimensions 

�̇�𝑓 friction dimensions 

Ra  average surface roughness, μm  

Rz  average roughness depth, μm 

T  temperature, ° C 

TF  fluid temperature, ° C 

t  time, s 

th  duration, min 

Vs  velocity gradient of velocity 

vc  cutting velocity/speed, m/min 

φ volume fraction (%) 

𝜇 dynamic viscosity, kg/(m·s) 

𝜆 heat conductivity, W/(m·K) 

𝜔 rotational speed, rad/s 

 

Mathematical operators 

∆  delta 

∞  infinite 

 

Greek symbols 

𝜀 plastic strain, 1/s 

𝜀̇  strain rate, 1/s 

𝜀0̇ reference strain rate, 1/s 

ρ  density, kg/m3 

 

Abbreviations 

ALE  Arbitrary Lagrangian Eulerian  

BSE  backscattered electrons 

CAD  Computer-aided design 

CEL  Coupled Eulerian Lagrangian 

CFD  Computational fluid dynamics 

DTE  cooled deep-temperature emulsion 

EDM Electrical discharge machining 

FEM  Finite element method 

MEG  monoethylene glycol 

SE  secondary electrons 

SEM  scanning electron microscope 

VB  width of wear mark  

WC  solid carbide  

 

1 Introduction  

Nickel-based superalloys are used in areas where high mechanical and thermal strength is required. Examples 

include power generation, chemical industry, automotive engineering and the aerospace industry for components 

such as blisks and turbine blades in aerospace jet engines [1]. The alloy maintains the majority of its mechanical 

properties up to a temperature of T = 650 °C and also has excellent oxidation resistance. These extreme temperature 

thermomechanical properties also represent a great challenge for the machining of Inconel 718. The low thermal 

conductivity and high mechanical toughness lead to a high thermal load on the cutting tools, resulting in premature 

tool failure as a result of high adhesive and abrasive wear [2]. In order to increase tool life, conservative cutting 

parameters are used, which often leads to low productivity. Cutting fluids are used to control the cutting tempera-

ture and remove heat from the cutting zone. In addition to productivity, the component quality is particularly 

important since the majority of Inconel 718 parts are safety-critical components. Cutting fluids have been the 

subject of research as one of the major elements affecting machining performance, particularly for difficult-to-

machine materials. As of today, improvements in both productivity and surface integrity have been achieved in 

three ways: 

• Increasing the penetrability of cutting fluids at the friction area. 

• Increasing the fluid flow rate and pressure to enhance cooling. 

• Decrease the temperature of cutting fluid to boost thermal exchange and preserve surface integrity. 

Obikawa and Yamaguchi applied an air jet to the tool tip during wet high-speed turning of Inconel 718 [3]. 

The increased penetrability of the cutting fluid resulted in a maximum machining length of l = 2000 m, which was 

two to four times longer than for ordinary wet machining. Ezugwu et al. investigated tool life in the machining of 

Inconel 718, applying coated carbide tools under high-pressure cooling assistance [4]. They reported that the in-

creased pressure resulted in a significant extension of tool life due to the combined benefits of chip lifting and 

enhanced cooling. Recent research showed that lowering the temperature at the cutting edge resulted in a decrease 

in subsurface microstructural damage and improved surface integrity, especially when cryogenic cooling strategies 

were applied [5]. Shokrani et al. conducted an initial study on cryogenic machining of Inconel 718 under the direct 

exposition of liquid nitrogen [6]. They observed significant improvements in surface integrity at the cost of accel-

erated tool wear.  

  



   

 

   

 

A new approach that inhibits the potential to set a new standard when it comes to an effective process cooling is 

the application of cutting fluids cooled with cryogens. Their ability to combine the benefits of an effective tem-

perature reduction with sufficient lubrication of the cutting edge has drawn growing attention. Kirsch et al. suc-

cessfully applied a cutting fluid based on a mixture of water and MEG in the turning of Ti6Al4V. Their findings 

showed a significant reduction in notch wear while the tool temperature can be kept constant at T = 0 °C compared 

to T = 175 °C in dry machining [7]. Whilst significant positive effects can be observed in the machining of tita-

nium-based alloys, the application of DTE did not result in a noticeable advantage when machining austenitic 

steels. Due to the absence of thermal softening, increased formation of martensitic phases inside the workpiece 

material took place, leading to higher cutting forces. 

The majority of the energy used during machining is converted into heat and is distributed throughout the chip, 

tool and workpiece. Fig. 1 shows the three main heat sources in machining processes, whereby the deformation 

zone is divided into (A) the shear zone, (B) the deformation zone and (C) the friction zone between the chip and 

the tool on the tool flank [8]. The determination of the heat flux influences the accuracy of the model. Developing 

a precise temperature prediction model is challenging due to the complex contact phenomena and despite extensive 

literature on various models, further investigations and research are necessary [9, 10]. In particular, the machining 

of difficult-to-machine materials such as Inconel 718, which generates higher temperatures in the cutting zone due 

to higher mechanical strength, is an important factor for the development of new technologies that aim to increase 

tool life and reduce production costs. A model that can be used to reliably predict the temperature in the cutting 

zone is, therefore, extremely valuable [11, 12, 13]. The applicable modelling techniques can be divided into ana-

lytical and numerical approaches. The former is less computationally intensive but has proven to be less suitable 

for complex machining geometries. The numerical approaches in the orthogonal section also show a more difficult 

derivation of heat balance equations for inclined complex geometries due to the boundary conditions and the mesh 

distribution [14]. A critical review of earlier investigations on heat development and heat dissipation in the orthog-

onal machining process is presented in [15].  

 

Fig 1 The three main heat sources in machining processes 

The Finite Element Method (FEM) is used for the analysis of forming and machining processes and enables 

the prediction of cutting forces, stresses, tool wear and temperatures [16]. The applied models use Eulerian and 

Lagrangian approach or a combination of these methods such as Arbitrary Lagrangian Eulerian (ALE) and the 

Coupled Eulerian Lagrangian (CEL) for simulation of machining processes which are implemented in commercial 

software packages such as DEFORM, Abaqus and AdvantEdge [17]. Friction models and coefficients influence 

the simulation quality independently of the software resulting in differences in methods and modelling strate-

gies[18, 19]. A detailed benchmark of simulation software for machining processes in scope of a CIRP collabora-

tive work is therefore planned to be published within the next few years [20].  

In this paper, experimental and computational investigations are presented which were carried out with a focus 

on high-speed turning of Inconel 718. A new approach was implemented to supply cutting fluid at a temperature 

of T = −10 °C, which was made possible by the addition of MEG to the fluid. Cutting forces, tool wear, chip 

formation and surface integrity were monitored, and an FEM model of chip formation was developed. The inves-

tigations revealed that the addition of MEG negatively affects the machining performance. However, the observed 

deficiencies are compensated by the benefits of cooling the cutting fluid.  

 

 



   

 

   

 

2 Experimental setup 

Pre-investigations 

Before the field experiments were carried out, the basic properties of a DTE were examined. The measurements 

were carried out on emulsion mixtures with different percentage contents of MEG while the concentration of the 

synthetic oil-based additive Bechem Avantin 3309 was kept constant at φAvantin = 10 %. The freezing point was 

measured using a refractometer, which utilises the critical angle principle to determine the freezing point of any 

applied fluid mixture depending on the content of MEG. 

The addition of MEG allows for reducing the melting temperature of water-based emulsion below T = 0 °C 

whilst the experiment at T = 25 °C using emulsion containing MEG benchmarks the impact of MEG on the per-

formance of water-based emulsion. 

Experimental investigations 

All field trials were carried out on a Monforts RNC 602 CNC turning machine utilising solid carbide DNMG 

110408-F3S turning inserts in a PDJNL 2525M-11-JHP tool holder with high-pressure jet nozzles both at the flank 

and the rake face of the tools. The machine-integrated coolant pump is a Vogel D PMS 5A centrifugal pump with 

a maximum volume flow of Q = 57 l/min that was reduced to a volume flow of Q = 1.6 l/min at a fluid supply 

pressure of p = 8 bar. The applied sets of cutting parameters were kept constant at a cutting speed of vc = 120 m/min, 

a feed of f = 0.15 mm/rev and a depth of cut of ap = 0.25 mm. Three different experimental runs were carried out 

two times each, utilising varying cooling environments. The applied boundary conditions are listed in Table 1.  

Table 1: Overview of the cutting fluids and inlet temperatures used in the experimental tests 

Cutting fluid 
tested 

Water percentage 
by volume 

Bechem Avantin 
3309 percentage by 

volume 

MEG percentage by 
volume 

Fluid inlet tempera-
ture 

 [φwater] = % [φAvantin] = % [φMEG] = % [TF] = °C 

Standard+25 90 10 0 25 

DTE+25 50 10 40 25 

DTE-10 50 10 40 -10 

 

The reference setup involved a regular emulsion with a concentration of 10% Avantin 3309 and 0% MEG. In 

the following experiments, deep temperature emulsion featuring content of 40% MEG was applied both at ambient 

temperature and at a temperature of TF = −10 °C. A new setup was developed for cooling emulsion to -10 °C. The 

cutting fluid was cooled down by a copper heat exchanger with a spiral shape immersed into liquid nitrogen. The 

setup was capable of delivering cutting fluid at the minimum temperature of −10 °C. The experimental setup is 

illustrated in Fig. 2.  

 

Fig 2 Setup used for the experimental investigations 



   

 

   

 

Measurement chain 

The Measurements of the cutting force Fc, the feed force Ff and the passive force Fp were carried out using a 

Kistler 9121 piezoelectric dynamometer with Kistler Type 9011 amplifiers. The direct output of the dynamometer 

is Fx, Fy, and Fz in a global coordinate system. The conversion was made considering Fc = Fx, Fy = Ff, and Fp = Fz 

under the hypothesis that the spiral angle of 0.2 ° did not influence the conversion of the forces’ direction signifi-

cantly. 

Within all experimental runs, type K thermocouples were inserted into the cutting tools. For this purpose, 

ground holes with a diameter of d = 0.5 mm were machined into the corners of the indexable inserts by electrical 

discharge machining (EDM). Pictures of an accordingly prepared tool and the entire measuring setup are shown 

in Fig. 3. Each of the tools was provided with two ground holes, each of which ran from the back of the tool to the 

rake face. To prevent weakening of the cutting edge of the tools, the base holes for the thermocouples did not lead 

directly to the cutting edge, but were placed 0.3 mm away from the cutting edge and ended 0.075 mm below the 

rake face. Every time the tool had to be taken out for tool wear measurements, the thermocouple had to be rein-

stalled and secured in position using HBM X60 quick adhesive. 

 

Fig 3 Positioning of the thermocouple during the experimental investigations 

The signals from the temperature and force measurements were simultaneously recorded using NI Signal Ex-

press software. A Mahr Marsurf MD18 Portable Surface Roughness measurement device was used to measure the 

surface qualities. At least every two minutes of machining time tool wear was observed, and the flank wear with 

VB was measured using a Keyence VHX digital light microscope. 

A separate experimental run was carried out to obtain workpiece surfaces that were machined with unworn 

tools in order to examine the impacts of different cooling strategies on subsurface microstructure to minimise 

influences caused by tool wear. The microstructure was metallographically analysed after preparation with Kalling 

II micro etchant. It is a grain boundary etching which makes deformations of the microstructural grains visible.  

  



   

 

   

 

3 Experimental results 

   Pre-investigations 

The measurement of freezing points of emulsions with different percentage contents of MEG has shown that 

an increase in MEG percentage results in a continuously decreasing freezing point. The addition of Avantin 3309 

also leads to a decreased freezing point. Based on the conducted investigations, a freezing point of TF = −40 °C is 

already reached with a MEG content of φMEG = 40 %, as shown in Fig. 4. It has to be noted, though, that due to 

the possible slush formation, solutions based on MEG and water should not be used near their freezing points. 

As illustrated in Figure 3, the freezing point of a regular emulsion consisting of φWater = 90% water and φAvantin = 

10% Avantin 3309 is located below the freezing point of pure water. This can be traced back to the content of the 

oil in the emulsion. The freezing point then decreases further with an increasing percentage of MEG. At a percent-

age of φMEG = 40%, a freezing point of TF = −40 °C was successfully reached.  

While water has a density of ρW = 0.997 kg/m3, the addition of Avantin (ρA = 1.02 kg/m3) and MEG 

(ρM = 1.11 kg/m3) results in an emulsion density of ρE = 1.0445 g/cm³ with respect to a MEG content of 

φMEG = 40%. This equals an increase in density of ΔρE = 4.14% compared to a regular emulsion. 

 

Fig 4 Resulting freezing points and densities of emulsions with different percentages of MEG 

An increased MEG content also increments kinematic viscosity. At T = 25 °C, MEG has a viscosity of 

μM = 16.1 mPa·s while the viscosity of water is only μW = 1.002 mPa·s. The viscosity of the resulting emulsion is 

also affected by the addition of Avantin 3309, which has a viscosity μA = 6.18 mPa·s. Following the Gambill-

method it can be calculated that the resulting deep temperature emulsion has a viscosity of μDTE = 4.86 mPa·s. 

Thermal capacity, as well as the thermal conductivity of the emulsion, is decreased due to the addition of MEG. 

While the heat capacity of water is cw = 4.2 kJ/(kg·K), the heat capacity of MEG is cM = 3.5 kJ/(kg·K), representing 

a percentage difference of Δc = 17%. The thermal conductivity is also lowered by Δλ = 49%, being λM = 0.29 

W/(m·K) compared to λW = 0.59 W/(m·K). In both cases, the properties of Avantin 3309 also have to be taken into 

account. The resulting properties of the applied deep temperature emulsion are shown in Table 2. 

Table 2: Characteristics of the applied MEG-additive deep-temperature emulsion 

Properties Value 

 Water percentage φMEG = 50% 

MEG percentage φMEG = 40% 

 Avantin 3309 percentage  φMEG = 10% 

Freezing Point TF = −40 °C 

Density ρDTE = 1044.5 kg/m³ 

Dynamic viscosity μDTE = 0.00486 kg/m s 

 

Machining tests 

3.1.1 Tool life 

The experimental results are compared in order to investigate the differences in the process that can be observed 

using different cooling strategies. After the regular emulsion, DTE was used both at ambient temperature (DTE+25) 

and at a temperature of T = −10 °C (DTE−10). All tested tools lasted for a duration of th = 12 to 15 min. 

Regarding the influence of the MEG itself, it becomes evident that it has minimal impact on tool life when 

compared with regular emulsion. Nevertheless, flank wear width development only remained similar up to 



   

 

   

 

th = 10 min. After that, the flank wear width increased at a higher rate until the critical wear mark of 

VBMax = 300 μm was exceeded, and the tool was worn out. 

The use of DTE-10 resulted in a shortened tool life of th = 12 min, which represents a percentage reduction of 

Δth = 20 %. While for a duration of th = 8 min, the flank wear width development remained constant in comparison 

to the reference tests, a significant rise in flank wear width occurred after this point of time. As explained in the 

methodology, every experimental run was conducted with a new tool, resulting in six applied cutting inserts. For 

every measurement of flank wear width, the machine was stopped and tool wear was measured using a digital light 

microscope. The cutting tool was then reinserted and two more minutes of machining was conducted. The devel-

opments of flank wear width for different cooling conditions are displayed in Fig. 5.  

 

Fig 5 Tool wear progress in dependence of the applied cooling strategy 

3.1.2 Wear behaviour  

Flank wear abrasion, as well as notching and crater wear, were observed for all cooling strategies. The use of 

DTE−10 did not show immediately positive effects regarding flank wear width, but notch wear was reduced, as 

shown in Fig. 6. At the same time, a larger amount of cutting fluid residues was found on the flank face. 

 

Fig 6 Impact of the different cooling strategies on notch wear 



   

 

   

 

The tools used under the application of regular cutting fluid at ambient temperatures reached the tool life wear 

criterion due to flank wear which resulted in an ablated cutting edge. In contrast to this, the tools used with DTE−10 

developed thermal cracks as a consequence of heavy tool wear. The scanning electron microscope (SEM) images 

shown in Fig. 7 illustrates the distinct differences between the conditions of the worn tools. Within the backscat-

tered electrons (BSE) micrographs, elements of different densities are illustrated by varying shades of brightness. 

The solid carbide tool material is displayed by the bright white colour so that even the thin tool cracks of the 

DTE−10 tool can be identified. The dark grey areas represent the TiAlN tool coating, and the lighter grey areas 

consist of workpiece material adhesions.  

 

Fig 7 SE (above) and BSE (below) images showing the resulting wear at the end of tool life 

3.1.3 Process forces 

Within all conducted experimental runs, the cutting force Fc remains constant at a level of Fc = 150 N for the 

first 8 minutes. After this point, the curves representing different cooling strategies start diverging. In particular, 

the force development of the process conducted using DTE−10 shows a steep increase up to the point of th = 12 min 

when the tool is worn out. In comparison to this, the cutting force development of the tests conducted using regular 

emulsion and DTE+25 show comparable trends, as illustrated in Fig. 8. The feed force Ff, as well as the passive 

force Fp, show similar behaviour compared to the cutting force Fc.   

 

Fig 8 Obtained cutting forces under application of different cooling strategies 



   

 

   

 

3.1.4 Chip formation 

At the beginning of the process (th = 2 min), the collected chips show similar shapes for all three cooling 

strategies. At th = 6 min, the appearances of the chips start to differ as can be seen in Fig. 9. Stronger curling and 

shorter lengths in comparison to those chips produced using emulsions at ambient temperatures can be observed 

for the chips produced with DTE−10. Later in the process (th = 10 min), the chip formation becomes affected by the 

higher progression of tool wear regarding the tools used at this low temperature. In addition, stronger influences 

regarding the microstructure of the produced chips can be observed when either DTE+25
 or DTE−10 were applied. 

While the material grains are still visible in the chips that originate from the reference process, their microstructure 

shows signs of increased deformation under the influence of MEG. 

 

Fig 9 Chip formation and microstructure depending on the varying cooling strategy 

3.1.5 Surface qualities 

It can be observed that the surface roughness increases significantly when changing from regular emulsion to 

DTE+25. While the reference process results in the average surface roughness of Ra = 0.997 μm, the use of DTE+25 

results in the average surface roughness of Ra = 1.488 μm. Surprisingly the described effect is, to a large part, 

compensated when the emulsion is cooled and applied in the state of DTE−10, resulting in an average surface 

roughness of Ra = 1.129 μm. The average surface roughnesses obtained under varying cooling strategies are illus-

trated in Fig. 10. 

 
Fig 10 Average roughness value Ra, roughness depth Rz and maximum roughness depth Rmax for different applied cooling strategies 



   

 

   

 

3.1.6 Metallographic analysis 

The workpiece samples for the metallurgical analyses have been machined using new tools both under con-

ventional emulsion and deep temperature emulsion, respectively. The micrographs shown in Fig. 11 reveal no 

noticeable metallurgical differences as a result of varying coolant temperature. Both surfaces present neither grain 

refinement nor white etching layers while the dimensions and number of carbides inside the material remain con-

stant.    

 

Fig 11 Micrographs of the workpiece subsurface zones 

4 Simulation and results 

Chip formation 

The presented chip formation simulations were performed using DEFORM 3D software. The geometries of the 

real tools which was used for experimental tests were digitalised with Alicona InfiniteFocus G5 and the data was 

imported into the DEFORM 3D software. A cutting speed pf vc = 120 m/min, a feed of f = 0.15 mm and a depth 

of cut of ap = 0.25 mm were chosen as input data for the simulation. The workpiece was modelled as a plastic body 

and the tool as a rigid body. The friction between the tool and the workpiece was chosen in accordance with the 

Coulomb friction model with the friction coefficient value of 0.5 [23, 24, 25]. The applied boundary conditions 

are presented in Table 3. Accurate flow stress models are necessary in order to describe the workpiece material 

behaviour. Therefore, the workpiece is defined by using the thermoviscous-plastic material model of Johnson & 

Cook [26]. The equivalent stress is calculated with: 

𝜎 = (𝐴 + 𝐵𝜀𝑛) [1 + 𝐶 ln (
𝜀̇

𝜀0̇

)] [1 − (
𝑇 − 𝑇𝑟

𝑇𝑚 − 𝑇𝑟

)
𝑚

] (1) 

whereby A, B, C, n represents the applied material parameters while 𝜀  is the plastic strain, 𝜀̇ the strain rate,  𝜀0̇  the 

reference strain rate, T the temperature, Tr the reference temperature and Tm the melting temperature. The material 

was selected from the DEFORM 3D library with all material constants selected according to Table 4. 

Table 3: Boundary conditions 

Tool Workpiece 

Indexable insert DNMG 110408-F3S Material Inconel 718 
Simulation angle  45 ° Material model Johnson and Cook 

Material solid carbide Friction; hybrid Shear = 0.45 
Coulomb = 0.5 

Cutting speed vc = 12 m/min Heat transfer coefficient hc = 45 W/m2∙K 
Elements 90,000 Elements 30,000 

Object type rigid Object type plastic 
  

  



   

 

   

 

Table 4: Inconel 718 Material model constants of Johnson & Cook [27] 

A in MPa B in MPa n C �̇� in 1/s m Tr in °C Tm in °C 

450 1700 0.65 0.017 1 1.3 25 1300 

Young modulus 200 GPa 
Poisson ratio 0.294 

Coefficient of thermal expansion 1.210-5 1/K 
Density 8,206 kg/m-3 

 

In order to achieve a high degree of accuracy in the process simulation, high mesh quality is required in the contact 

zone. Therefore, an automated mesh density distribution is selected, which results in higher resolutions at the point 

of action where the workpiece material is split. At least three to five meshing elements must be distributed over 

the chip thickness, which leads to a correspondingly high number of elements. The meshes support the reconstruc-

tion of the distorted material during the numerical calculation and are generated based on the boundary conditions 

so that fine elements are left where high resolution is required. The turning process is simulated with the Lagran-

gian equation to analyse the temperature without cooling (Fig. 12). 

 

 

Fig 12 Temperature analysis without cooling 

The simulation results were validated by comparing the cutting forces from the experimental results. A time win-

dow of ∆t = 0.003 s was investigated in which the measured cutting force Fc remains constant (Figure 13). In the 

absence of tool wear, the experimental and the computational values show a good agreement, which leads to the 

conclusion that the developed computational model can be assumed to resemble the process [28]. 

 

Fig 13 Validation of the applied simulations using experimental force measurements 



   

 

   

 

Thermal analysis 

The ANSYS FEM Thermal software was used to investigate the heat transfer mechanisms in the proposed 

turning condition. Figure 14 shows the indexable insert in direct contact with the workpiece while the chip is 

formed during machining. The main focus of the mesh refinement for the FEM thermal is in the contact zone, as 

well as in the immediate areas near the tool cutting edge and chip formation. Exactly in these areas, the temperature 

development was examined. A detailed three-dimensional meshing played a major role in improving the accuracy 

of the results in addition to an accurate set of boundary conditions, which is listed in Table 5. The indexable 

inserts, chip and contact zone are finely meshed locally to determine the temperatures accurately in the FEM 

thermal modelling.  

 

Fig 14 Position of the indexable insert; thermal meshing method 

The simulated results of the heat dissipation inside the cutting tool and workpiece are shown in Figure 15. The 

thermal load was determined experimentally using thermocouples at a distance of l = 0.75 mm at a temperature of 

T1 = 53.078 °C. For the numerical approximation of the heat flow density, the convection coefficients of the non-

flowing air were set with 𝛼𝐴𝐼𝑅_𝑛𝑜𝑛 = 10 W/m2K  and the flowing air with 𝛼𝐴𝐼𝑅  = 100 W/m2K and then the heat 

flow density �̇� varied until a maximum, simulated temperature of T1 = 52.87 °C. 

Table 5 FEM simulation boundary conditions 

Calculation type: transient total time t = 0.1 s 

Simulation time steps time steps Δt = 0.055 s 
Tool materials  WC 

Workpieces materials  Inconel 718 

Speed rotational speed ω = 114.25 rad/sec 
FEM model number of elements ca. 1 million 
Convection   air 275 W/m-2∙°C 
Convection  medium 200 W/m-2∙°C 

Heat flux  tool - contact zone 400 W/mm-2 

 

  



   

 

   

 

With this approach, based on equation 2, it was possible to define the heat flux with �̇� = 150 W/m2 and to calculate 

the maximum temperature that prevails on the workpiece inversely with T = 975 °C.    

�̇� = 𝛼 (𝑇𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 − 𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛) (2) 

Compared to the results of the valid chip formulation simulation, this temperature deviates only slightly, so that 

this model can be used for further studies in the future.  

As shown in Figure 15, the heat is concentrated at the tip of the tool with the highest density and quickly drops as 

it is conducted through the workpiece, chips and the cutting tool. The relatively low thermal conductivity of the 

Inconel 718 workpiece, cutting chips and the tool coating, results in high thermal density at the tip of the cutting 

tool. This indicates the importance of cutting fluid penetration into the cutting zone and close to the cutting tool 

nose. The majority of the heat transfer is through conduction from the tip of the tool and, macroscopically, by 

convection from the cutting tool, workpiece and chips to the cutting fluid. 

 

Fig 15 Heat dissipation inside the cutting tool and workpiece 

5 Discussion 

The experimental investigations show that the first positive effects of a deep-temperature emulsion can be 

observed at a fluid temperature of TF = −10 °C. While the addition of MEG is assumed to reduce the lubrication 

properties of the emulsion and therefore impair the process, the reduced temperature was able to compensate for 

some of the observed effects.  

Different positive effects of the deep temperature emulsion were observed during the examinations, while 

overall tool life was reduced by Δth = 20%, probably due to the diminished thermal softening of the workpiece 

material. Based on convective heat transfer law, increased heat removal and convection can be achieved by in-

creasing contact surface (A), improving convective heat transfer or through the increased thermal gradient. This 

study specifically considered increasing the thermal gradient (𝑇 − 𝑇∞) by reducing the temperature of the cutting 

fluid. However, this was achieved by compromising the specific heat and thermal conductivity of the fluid by 

using MEG in order to lower the freezing point of the water-based emulsion. The heat transfer h is a function of 

the Nusselt number which in turn is a function of specific heat and thermal conductivity. Given the average tem-

perature of T = 475 °C at the cutting zone, reducing the fluid temperature by ΔT = 35 °C only results in ~7% 

increase in heat transfer whilst MEG has a greater impact on specific heat and thermal conductivity. This indicates 



   

 

   

 

the need for using alternative anti-freezing chemicals with minimal impact on cooling capabilities or lower fluid 

temperatures in order to compensate for the loss in cooling capacity due to dilution with MEG.   

The hard TiC and NbC abrasive carbides present in Inconel 718 also eroded the TiAlN coating, undressing the 

WC substrate of the cutting tool. Once the substrate was unprotected, the high chemical affinity of Inconel 718 led 

to adhesion and BUE formation on the cutting edge. In this condition, the continuous agglomeration and detach-

ment of BUE resulted in crater wear, which weakened the resistance of the cutting tool. Once the crater appears, 

the simultaneous cooperation of abrasion, adhesion and crater wear itself produced a combined effect more signif-

icant than the sum of their separate effects leading quickly to chipping and notching on the cutting edge. 

A similar tool wear behaviour was observed in all conducted experiments under the application of Standard+25, 

DTE+25 and DTE-10 cutting fluids.  However, their impact on the overall wear was different based on the properties 

of the emulsion. Compared with Standard+25, the DTE+25 supply resulted in better machining conditions while the 

coating was protecting the substrate. Once the coating was eroded, DTE+25 presented a higher abrasion on the flank 

and increased adhesion due to the alteration given by the addition of MEG. This is because the addition of MEG 

reduced the heat capacity of the DTE+25 and so it resulted in a higher machining temperature. The latter increased 

the chemical adhesion of Inconel 718 on the tool substrate, and a more prominent notching at the cutting edge was 

observed. On the other hand, cooling down the emulsion with liquid nitrogen improved the wear behaviour. The 

DTE-10 showed a reduction in adhesion due to the decrease in machining temperatures. This was reflected in the 

form of decreased abrasion on the flank and reduced notching dimension. DTE-10 generally compensated the draw-

back induced by the addition of MEG, showing a similar behaviour of Standard+25, suggesting that DTE-10 can 

potentially outperform Standard+25 if the emulsion is supplied at lower temperatures. 

 Furthermore, the ultimate tool failure came into effect by thermal cracking instead of a cutting corner breakout. 

This hints at the necessity for the development of specially adjusted tools to withstand high thermal shocks. The 

reduction in lubrication represents another possible explanation both for the worsened flank wear as well as the 

heavy notching since a lack of lubrication results in higher diffusion of workpiece material into the cutting edge. 

Notching appeared especially when the DTE was used at ambient temperature. It was reduced drastically when 

the process was cooled down, which correlated with a reduction in burr formation. The described effects can also 

be traced down to the reduced ductility of the workpiece material at low temperatures. 

Although low temperatures are usually connected with higher process forces due to the absence of thermal 

softening of the workpiece material, this effect cannot be observed in the conducted experiments. In all experi-

mental runs, the initial process forces started at a similar level. With further increase in cutting time and tool wear, 

it was possible to observe an increase in the cutting forces due to the tool wear progression. This is also reflected 

in the change of chip formation that appeared simultaneously to the rise in process forces. The micrographs of the 

tools taken after each experimental run indicated that when a rise of process forces occurred, the tools showed 

significant wear progress and vice versa. While all cooling strategies which were applied at ambient temperatures 

showed tool failure due to flank wear, the application of DTE−10 resulted in thermal cracking inside the tools 

followed by tool failure. The thermal cracks can be traced back to the high thermal tensions which occur inside 

the tool when it is cooled as drastically as it was the case in the conducted experiments. The low temperatures 

inside the largest part of the tool are in blatant contradiction to the high temperatures that occur at the tool tip 

where the workpiece material is machined. It can be concluded that the tools applied under the use of heavy cooling 

have to be selected carefully to withstand the occurring thermal tensions. Larger amounts of binding materials and 

larger grain sizes are to be preferred.  

The improvement in chip breaking when using deep temperature emulsion can be traced back to a decrease in 

workpiece material ductility. While the high ductility of Inconel 718 resulted in poor chip breaking during the 

reference tests, the use of DTE+25 resulted in a relatively similar, but more irregular formation of the chips shear 

segments. In comparison to that, the chips produced under use of DTE−10 broke more frequently and showed 

stronger curling. This can also be attributed to the lowered ductility of the workpiece material at lower tempera-

tures. 

The results of the pre-investigations suggest that the process lubrication is hindered due to the changed attrib-

utes of DTE regarding wettability as well as lubrication. This leads to a lowered penetrability at the critical friction 

area and consequently, to adhesion between the cutting edge and the workpiece surface. This also is a possible 

explanation for the lowered surface qualities that resulted from the application of DTE+25 and DTE−10, respectively. 

Although the lowered process temperature was in parts able to compensate for the observed effects, it has to be 

said that the addition of MEG generally results in a decrease in surface qualities.   

In contrast with previous investigations, the analysed micrographs of the workpiece subsurface showed no 

significant differences between the use of regular emulsion and DTE−10. This can probably be attributed to the 

application of new tools and the heat transportation being less of a problem in turning rather than, for example, 

drilling. It can be expected that a further increase in tool wear will result in more significant influences on the 

subsurface. However, it can be affirmed that the changed cooling strategy does not directly affect the microstruc-

tural integrity of the workpiece.  



   

 

   

 

The results of the FEM thermal simulation show a good approximation based on the data taken from the liter-

ature. Therefore, the model can be used for future investigations. Based on the thermal simulation, a flow simula-

tion is planned, which takes into account the real mixtures. In this way, the respective fluid behaviour can be 

predicted, so that the high experimental effort is reduced. 

6 Conclusion and Outlook 

A new setup for delivering sub-zero cutting fluid at T = −10 °C has been generated and its performance has 

been investigated for turning Inconel 718. Workpieces made of solution-hardened and annealed Inconel 718 were 

machined by turning under the application of varying cooling strategies. This represents an initial approach on the 

turning of nickel-base alloys using cryogenically cooled cutting fluids. Three different cooling strategies were 

performed: conventional cutting fluid, MEG additive fluid at ambient temperature (DTE+25) and cryogenically 

cooled MEG-additive fluid at temperatures of T = −10 °C (DTE-10). The chip formation process was successfully 

reproduced in two-dimensional simulations. The results were validated by comparing the cutting forces to those 

from the experimental results. Their good agreement leads to the conclusion that the developed computational 

model can be assumed to resemble the process. The key results may be summarised as follows:   

• Wear behaviour was found to be significantly dependent on the applied cooling strategy. The use of 

DTE-10 resulted in decreased notching to the detriment of increased flank wear. 

• The applied cooling strategy did not show a direct influence on the cutting forces. However, the use of 

DTE−10 resulted in fast flank wear leading to increased forces in the later stages of the process. 

• While the addition of MEG itself harmed chip breaking and surface qualities, the drawbacks mentioned 

above were partly compensated by cooling the cutting fluid down to T = −10 °C. 

• Computational simulation of machining and heat transfer at the cutting zone indicated the importance of 

cutting fluid penetrability into the cutting zone due to the low thermal conductivity of the workpiece, 

chips and cutting tool which diminishes conductive heat transfer. 

• The overall results show that the conventional process still outperforms the benefits of DTE-10. However, 

the innovative approach has the potential for further improvement. While tool life remained the same 

when DTE+25 was applied, notch wear was significantly reduced under use of DTE−10. It is believed that 

an optimal concentration of MEG based on the aspired temperature in combination with an efficient and 

more effective cooling system has to be developed. It will merge the benefits of the conventional turning 

of Inconel 718 and a deep-temperature process without affecting tool life or workpiece quality.  

In future work, a prediction model of tool life in the high-speed turning of Inconel 718 with the application of 

cutting fluid, particularly at low temperatures, will be established. Further Computational fluid dynamics (CFD) 

simulations are currently being carried out in order to provide a theoretical basis for the optimisation of cutting 

parameters. In addition, more detailed force measurements will be carried out in order to provide a data basis for 

detailed, simulation-based studies of stress distribution inside the applied tools.  
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