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A B S T R A C T   

A network of microchannels is formed at the interface between the cutting tool and the workpiece during 
machining due to their rough surface structures. The penetration of coolant into these microchannels has a great 
effect on the machined surface quality by changing the frictional behaviour and heat transfer characteristics of 
the interfaces. Most of the present studies focus on the macroscopic coolant delivery process but the mechanism 
of the microscopic penetration phenomena in the channels at the interface remains unclear. Thus, this study 
proposes a multi-scale and multi-phase comprehensive theoretical model by combining the machining process, 
coolant flowing in microchannels and lubrication process, to analyse the coolant transportation in the micro
channels and investigate its lubrication effects and the friction mechanisms at the interface between the tool and 
the workpiece. Then, an orthogonal turning testing of Inconel 718 is designed to verify the proposed model. The 
cooling and lubrication effect of coolant in the microchannels on the reduction of tool wear, contact length, 
cutting force and temperature has been demonstrated. And the improvement of chip fragment and microstruc
ture has also been revealed.   

1. Introduction 

During machining processes, such as milling or grinding, the tool's 
rake face is in contact with the flowing chip. Due to the cutting action, 
the chip can exhibit a rough surface that allows for the formation of 
microcavities or micro-voids in the tool-chip interface, which from here 
onwards are referred to as ‘microchannels’. These microchannels play a 
major role in the machining process because, when cooling systems are 
employed, they permit inwards flow towards the cutting edge of the 
tool, thereby providing a lubrication/cooling capacity locally near the 
cutting edge and the newly formed chip. Different kinds of coolants are 
widely used to help with heat dissipation, lubrication, and chip 
breakage. Among these, the lubrication mechanism in the contact zone 
has an important effect on coolant efficiency and machined surface 
quality. The lubrication performance depends on both the coolant flow 
at the macroscale (i.e., how it interacts with the chip at a large scale) and 
at the microscale (i.e., how the coolant penetrates the microchannels on 
the interface between the cutting tool and the chip). 

On the macroscale, the coolant properties are determined by the 
fluid–structure interaction between the coolant, the cutting tool and the 
chip, which yields an initial pressure and velocity of the coolant at the 
entrance of the contact zone, thereby changing the interface lubrication 
status. The normal force exerted on the chip by the coolant pressure 
changes the chip curvature and reduces the size of the contact zone 
significantly when a high-pressure water jet is applied [1]. The coolant 
also alters the breaking mode and morphology of the chips, and in
troduces tool temperature variation, which in turn alters the velocity 
field of the coolant flow [2,3]. Additionally, the motion of a rotary tool 
changes the coolant spatial distribution and the amount of coolant that 
falls into the wedge cavity formed by the chip and tool's rake face [4]. 
Moreover, the larger temperatures in the primary and secondary shear 
zones create a gradient of thermal properties (e.g., thermal conductiv
ity), which also alter the heat dissipation mechanism during the cut [5] 
and thus result in a complex thermal history upon the machined surface 
[6] that plays an important role on the surface integrity (e.g., plastic 
behaviour, grain refinement, micromechanical properties) [7]. 
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The effect of coolant macro-properties on cutting processes has been 
extensively studied by both theoretical and experimental methods, 
including coolant initial parameters, application methods and delivery 
parameters. The initial velocity and pressure at the exit of the nozzle are 
determined by the cooling system configuration and can be adjusted by 
internal pipe layout [8], nozzle shape [9] and atomizer device [10]. The 
application method depends on the coolant type, and it significantly 
alters the way the coolant reaches the chip and the tool. The traditional 
flood method has significant disadvantages, such as high energy con
sumption, splashing and mist generation [11]. Therefore, scholars have 
developed various cooling application methods to improve the cutting 
performance, such as the well-known minimum quantity lubrication 
(MQL) method [12], high pressure jetting [13] or high-pressure cooling 
[14] and cryogenic cooling [15]. The latter has been deeply studied both 
as an external coolant and for internal cooling (i.e., embedded within 
the tool) [16] and show that cryogenic machining can drastically 
improve tool life. Furthermore, the delivery parameters (e.g., flow rate, 
pressure and nozzle position [17,18]) directly affect the coolant's spatial 
distribution, especially at the entrance of the formed microchannels. 

By studying and optimizing the coolant properties at the macroscale, 
the machining process has been improved greatly by reducing temper
ature and tool wear, thereby yielding longer tool life and high-quality 
workpiece. However, these extensive theoretical and experimental 
studies of coolant properties in the macroscale are far from revealing the 
mechanism of friction, wear and heat generation in the contact zone. 
Modifying macro parameters is not always good for the cutting process 
[19]. 

On the microscale, the coolant works by penetrating the micro
channels with specific initial properties that dramatically change the 
friction coefficient, heat generation rate and thermal conductivity of the 
interface. For example, in porous and permeable materials, localised 
fluid delivery can drastically reduce the friction coefficient in the tool- 
chip interface [20] and therefore induce a gradient of micro
mechanical properties beneath the machined surface [21]. Nevertheless, 
the study of fluid delivery upon the cutting zone (at a microscopic level) 
is a great challenge, since, as defined by Astakhov [22], the high contact 
pressure between the cutting tool and the workpiece make the fluid 
through capillaries an intricate problem in which also evaporation is 
easily enabled. The coolant (in liquid state) usually vaporises (into 
steam) as a form of heat dissipation mechanism due to the elevated 
cutting temperatures that are easily achieved during machining. Only a 
few theoretical investigations related to coolant penetration have been 
reported. Up to now, only two classical penetration models are available 
for describing the coolant delivery process on the tool's rake face and 
both of them are based on the theory of capillarity: (1) the Williams- 
Tabor penetration model [23,24] and (2) the Godlevski droplet evapo
ration model [25]. At such a small scale (i.e., at the scale of contact zone 
during cutting) the coolant behaviour is typically studied with CFD 
simulations, usually employing turbulence models [26], even for the 
case of internal cryogenic cooling [27]. Coolant penetration has mainly 
been studied by experimental means, where the coolant penetration is 
evaluated indirectly with the measured variables during cutting exper
iments, including tool wear, surface roughness, friction forces and 
temperatures. However, this implies that any coolant delivery parame
ters that could be optimised, are based solely on large amounts of 
experimental data. 

Recently, designed textures have been employed on the rake or 
clearance surfaces of the cutting tool to modify the contact interface 
properties and the coolant function. In this case, the microchannels are 
formed because of textures in different shapes and sizes fabricated/ 
allocated in the cutting tool. The contribution that these make to the 
machining process has been assessed with machining tests where the 
direction, location, size and patterns of the fabricated microchannels are 
varied significantly [28,29]. The results show that the friction on the 
tool-chip interface can be reduced with the application of surface- 
textured cutting tools, which in turn yields lower tool wear and an 

improved machinability [30,31]. Additionally, textured tools can also 
aid the chip breakage process [32]. Moreover, the texture alters the 
coolant's pathway due to the varying texture, which definitely alters the 
heat transfer and friction properties in the contact zone [33]. The 
effectiveness (e.g., how effectively they reduce friction and heat) of the 
microchannels mainly depends on their geometry and layout [34]. 
However, the shape and dimensions of the textures are designed with no 
systematic methodology and only selected by comparing vast amounts 
of experimental results. Thus, the effect of the texture on the coolant 
properties in the microchannels is yet to be understood in-depth. 

Most of the research on coolant penetration is based on experimental 
work, while only little is related to deep understanding of the lubrication 
phenomena occurring in the cutting zone via modelling approaches. 
Thus, it is necessary to study the coolant penetration into the micro
channels between the rough surfaces to reveal the mechanism of the 
microscopic lubrication phenomena in the cutting zone. This will enable 
more effective solutions for minimising friction and understanding the 
heat transfer mechanisms. In this paper, a comprehensive multiscale 
model is proposed to elucidate the scientific queries on the cooling and 
lubrication phenomena of coolant penetration into the microchannels in 
the tool-workpiece interface. 

2. Definition of the problem 

In a typical cutting process the coolant helps by reducing heat gen
eration, friction and the adhesion tendency between the tool and the 
workpiece [35]. This results in a continuous chip (Fig. 1a), with the 
surface of the tool and the newly formed chip covered with a random 
structure filled with voids or spaces in between the rake face and the 
chip, which could be regarded as microchannels or microcavities 
(Fig. 1b). For enabling ease of understanding, this random structure can 
be simplified into a controlled network of microchannels on the tool's 
rake face, arranged in a woven pattern (Fig. 1c). The coolant delivered 
from the nozzle of the hydraulic system spreads into the large cavity 
formed by tool and the chip, with the coolant penetrating into the 
microchannels on the interface, where some of it is heated enough to 
vaporise (Fig. 1d). The coolant and the steam in the microchannels 
change the friction and heat transfer mechanism between the tool and 
the chip, which finally affects the cutting process. 

3. Multiscale modelling of coolant penetration process 

The cutting fluid applied during machining (Fig. 1) enters the wedge 
cavity formed by the varying chip and cutting tool. After filling up the 
cavity, the coolant will penetrate the contact zone between tool rake 
face and newly generated chip surface via microchannels. Therefore, a 
comprehensive multiscale analysis is needed to investigate the coolant 
penetration process. Thus, the whole analysis process is performed to 
deal with four problems, including the chip formation process, coolant 
delivery in the macro wedge cavity, coolant penetration into the 
microchannels and cooling/lubricating effect under high temperature 
and contact forces. 

3.1. Constitutive and damage models for the cutting process and the chip 
formation process 

The machining process is simulated with a Lagrangian-based 3D 
finite element model proposed in ABAQUS/Explicit as shown in Fig. 2. 
The Johnson-Cook constitutive model is employed to describe the plastic 
behaviour of the workpiece [36], which is made of Inconel 718. 
Therefore, the material flow stress in Eq. (1) is used to describe the strain 
and stress variation during machining [37]: 

σ = [A+Bεn]

⎡
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⎛

⎝ ε̇
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⎞
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where the equivalent stress is σ, the yield strength of the workpiece 
material at room temperature is A, the hardening modulus is B, the 
coefficient dependent on the strain rate is C, the work-hardening 
exponent is n, the thermal softening coefficient is m, and ε denotes the 
equivalent plastic strain; refer to Table 1 for the specific values for each 
variable. Tmelt and Troom represent the melting temperature of the ma
terial and room temperature, respectively. The strain to initial fracture is 
based on the Johnson-Cook damage model shown in Eq. (2), which 
evaluates the accumulated damage according to an energy evolution law 
in which the fracture occurs after the element's energy reaches the 
threshold value [38]. 

εf =
[
D1 +D2e

D3 σm
σ

]
⎡

⎣1+D4ln
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As shown in Fig. 2, the workpiece is fixed at the bottom. The cutting 
tool is assumed to be rigid and moving at constant cutting speed of 60 
m/min. The workpiece and the tool are both meshed with quadrilateral 
plain strain elements. A mesh sensitivity study was iteratively performed 
until the final mesh size exerted insignificant changes to simulation 
outputs (e.g., forces, temperatures). The minimum element sizes of the 
workpiece and the cutter were finally set to be 0.001 mm and 0.002 mm, 

respectively. The main problems in the contact zone are the friction 
forces and heat transfer, and thus, a Coulomb model for friction was 
employed for calculating the friction forces. Then, it is assumed that the 
all the friction and plastic work during the machining process are con
verted into heat, which is transferred between the contact bodies mainly 
through conduction. Since the friction coefficient and the heat transfer 
coefficient rely on the contact pressure and distance away from the tool 
tip, a subroutine is developed to implement the changing law between 
these variable coefficients and the instantaneous pressure and distance. 
And then, the friction coefficient and heat transfer coefficient are 
updated according to the real contact status in every iteration. Beyond 
the contact zone, the heat is transferred into the surroundings mainly by 
convection with heat transfer coefficient of 20 W/m2/◦C. The initial 
temperature of workpiece and cutter and the room temperature are set 
as 20 ◦C. Following this, a transient coupled thermal analysis is executed 
to analyse the cutting process, which ultimately yields the cutting forces, 
temperature field and chip morphology. 

3.2. Macro coolant flow modelling in the wedge cavity 

The coolant enters the wedge cavity (Fig. 3a) and interacts with both 
tool and chip surfaces. Due to the impact that the fluid has on the pro
cess, its properties must be known precisely; therefore, these can be 
obtained with the Computational Fluid Dynamics (CFD) model shown in 
Fig. 3b. The CFD's solution volume is formed by the tool rake face, the 
chip surface (on the rake face side), the nozzle and its surrounding at
mosphere. The nozzle is considered as the fluid inlet with a constant 
velocity, which is calculated with the nozzle geometry and the coolant 
supply system. The rake face of the tool, the chip surface and the nozzle 
pipe are treated as stationary non-slip walls. The side surfaces are 
treated as pressure outlets with atmosphere pressure. The interaction 
between the air and the coolant is described by a multiphase Volume of 
Fluid (VOF) model with k-ε fluid characteristics. 

In the simulation, the pressure of the coolant is set to 5.5 MPa, which 
corresponds to a velocity at the nozzle outlet of 105.6 m/s. Following 
this, a steady analysis is performed to get the pressure (Fig. 4a) and the 
velocity field (Fig. 4b) of the coolant in the wedge cavity. The pressure 

Fig. 1. Overview of the coolant penetration problem in the contact zone between cutting tool and workpiece. (a) General cutting process with coolant delivery at the 
tool-chip interface. (b) The rough surfaces of the tool and the chip allow for microcavities to be in place, which can be regarded as microchannels. (c) The 
microcavities are approximated with rectangular microchannels in a woven pattern. (d) Coolant penetration from the main large cavity and into the microchannels 
occurs in the contact zone, where some of the coolant is vapourised due to the elevated cutting temperatures. 

Fig. 2. FEM model for the machining process simulation. The Johnson-Cook 
constitutive and damage models for Inconel 718 were employed for the 
simulations. 

Table 1 
Parameters for the Johnson-Cook constitutive and damage models for Inconel 718 [39].  

A/MPa B/MPa n C m ε̇/s− 1 Tmelt/◦C Troom/◦C D1 D2 D3 D4 D5 

1262 1354 0.5 0.006 1.08 0.001 1340 25 0.4058 0.750 − 1.450 0.04 0.89  
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on every node at the end of the wedge cavity is obtained as a function of 
the cutting width, y, by fitting the discrete values with a second order 
polynomial expression (Fig. 5), described by Eq. (3). 

Pmin = − 3.0226× 1012y2 + 5.3191× 106 (3)  

3.3. Micro penetration model of coolant in the microchannels 

The microchannels between the tool's rake face and the chip permit 
the coolant from the outlet of the wedge cavity to enter the contact area. 
The coolant flow is affected by the channel morphology, contact pres
sure and thermal boundaries. The coolant properties are defined not 
only by the inlet pressure, the temperature and relative velocity of the 
tool and the chip, but also by the air in the channels and the steam 
generated by the coolant that is evaporated due to heat. Hence, a ther
mal and multi-phase CFD model is built to study coolant flow in the 
microchannels (Fig. 6), considering the pressure distribution (as shown 
in Fig. 5) and the transient nature of the process. A k-ω viscous turbu
lence model [26] is selected to achieve enough accuracy both near the 

wall and in the channels. Three phases are defined, including air, steam, 
and coolant, with the phase change of coolant to steam described by the 
evaporation-condensation mass transform model. Initially, the volume is 
filled with air, but then, the coolant is introduced at the entrance. The 
simulation is executed after setting appropriate parameters to obtain the 
fluid properties, including the volume fraction, velocity, pressure and 
temperature field of all three present fluids (i.e., coolant, steam and air), 
as shown in Fig. 7. In this case, the heat transfer coefficient hlij at node (i, 
j) of the coolant-solid interface can be obtained with Eq. (4): 

hlij =
qij

ΔTij
(4)  

where, qij is the heat flux at node (i,j) and △Tij is the temperature 
increment of node (i,j) relative to the rake face. An example of this is 
shown in Fig. 7c. 

3.4. Lubrication and heat transfer modelling in the contact zone 

Friction coefficient and heat transfer coefficients are the two most 

Fig. 3. Analysis of coolant flow in the macro wedge. (a) Macro wedge cavity. (b) Boundary conditions for multiphase VOF CFD model.  

Fig. 4. Simulated results of coolant properties in the macro wedge. (a) Pressure field. (b) Velocity field.  
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relevant parameters for introducing the effect of coolant in the contact 
zone during the machining process (Fig. 8a). The heat is transferred 
between the tool and the workpiece by both the coolant-solid and solid- 
solid interfaces. The heat transfer coefficient of the coolant-solid inter
face (hli) is obtained with Eq. (4) and the heat transfer coefficient of the 
solid-solid interface (hsj) is calculated with a thermal conductance 
analysis of the surface (taking into account the morphology) and the 
applied load. Following this, the total heat transfer coefficient is ob
tained by combining the interfaces in a parallel sequence, as shown in 
Fig. 8b and in Eq. (5). 

h = 1

/
∑

i,j

(
1
hli

+
1
hsj

)

(5) 

The friction force in the contact zone is obtained by two different 
methods according to the force distribution (Fig. 8b). In the sticking 
zone, the solid-solid interface friction coefficient (μss) is assumed to be 
constant as it is difficult for the fluid to penetrate when the chip and the 
tool keep in constant contact under a large pressure. In the sliding zone, 
on the other hand, the friction force is heavily affected by the lubricating 
action provided by the coolant. Therefore, the lubrication problem can 
be described with a full film lubrication model (Fig. 8c). 

The friction coefficient μl is obtained with the pressure distribution of 
the coolant film by solving the Reynolds equation (Eq. (6)) 

∂
∂x

(
ρh3

η
∂p
∂x

)

+
∂
∂y

(
ρh3

η
∂p
∂y

)

= 6Vchip
∂(ρh)

∂x
+ 12

∂(ρh)
∂t

(6)  

where h is the film thickness, η is the viscosity and Vchip is the relative 

velocity. 
The solution of Eq. (6) is obtained with a finite difference method. 

Firstly, the lubrication film is meshed into Nx × Ny elements with in
tervals dx and dy in two directions. All the parameters are converted into 
a dimensionless format, where dX = dx/Lx and dY = dy/Ly are the 
dimensionless element sizes in x and y, respectively; Hij = hij/hout is the 
dimensionless film thickness, and Pij = pijhij/ηVchipLx is the dimensionless 
pressure. Then, the pressure at node (i, j) can be calculated with a 
second-order discrete formulation (Fig. 8d): 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

FijPij = AijPi,j+1 + BijPi,j− 1 + CijPi+1,j + DijPi− 1,j + Eij

Aij =
H3

i,j+0.5

dY2 ,Bij =
H3

i,j− 0.5

dY2

Cij =
H3

i+0.5,j

dX2 ,Dij =
H3

i− 0.5,j

dX2

Eij =

(
Hi+1,j − Hi− 1,j

)

2dX

Fij =

(
H3

i+0.5,j + H3
i− 0.5,j

)

dX2 +

(
H3

i,j+0.5 + H3
i,j− 0.5

)

dY2

(7) 

The equations for pressure in all nodes are derived with Eq. (7), and 
boundary conditions are applied at nodes which are on the surrounding 
edges. A program is developed to calculate the pressure distribution in 
the film via an iterative method. With this, the friction coefficient in the 
sliding zone (μl) can be obtained with Eq. (8). 

μl =

∑Ny
j=1

∑Nx
i=1

(
0.5hij(pij − pi− 1j)

dx +
Vchipη

hij

)

dxdy
∑Ny

j=1
∑Nx

i=1pijdxdy
(8)  

4. Experimental setup 

Different kinds of orthogonal turning tests are performed in a labo
ratory setup (Fig. 9a) to obtain the cutting forces and cutter temperature 
when coolant and different inserts are applied. The insert (SECO 150.10- 
3N-12) is characterised by a 0◦ rake angle and 6◦ clearance angle. Two 
types of inserts are employed, with one being original without any 
microchannels on the rake face, and the other one modified with laser 
machining to possess several crossed microchannels with a square cross 
section on the rake surface (Fig. 9b). In the past, laser texturing has also 
been explored for enabling a chip breakage mechanism [32]; however, 
here the laser texturing is aimed at creating the microchannels on the 
rake face to act as a fluid delivery system. Hocut 3380, which is a water- 
based fluid with ca. 90–92 % water content is chosen as coolant and 
delivered to the cutting area by holes inside the blade at 5.5 MPa. 
Several disks with 2 mm thickness and 4 mm spacing were previously 
machined on an Inconel 718 cylinder to prepare the sections for the 
orthogonal turning tests. During machining, the temperature of the 
insert is measured with a thermocouple (Type K) embedded under the 
insert's rake face near the cutting zone (Fig. 9c), while a dynamometer 
(Kistler 9121) is employed to capture the cutting forces. In the experi
ments, the feed rate is set to 0.2 mm/rev, the cutting speed is kept 
constant at 60 m/min, and a fixed length of 6 m was cut for each test. To 
study the role of the microchannels upon the coolant delivery, the 
experimental trials were done under coolant-applied conditions, thereby 
providing a straightforward assessment between the two types of inserts 
(flat and channelled, respectively). At the end of the experimental trials, 
the surface morphology of both the disks and the inserts were scanned 
with a 3D surface profile measuring instrument (Alicona G4) to assess 
the surface topography for each machining condition. 

Fig. 5. Pressure distributions of coolant at the entrance of microchannels. The 
original data is shown, as well as the fitted curve with Eq. (3). 

Fig. 6. Boundary conditions for the coolant flow analysis in the microchannels.  
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5. Results and discussion 

5.1. The role of the microchannels upon the contact status on rake faces 

The wear condition on the rake surface of the different inserts after 
machining are shown in Fig. 10. In the presence of coolant, the flat insert 
presents a regular uniform wear along the cutting edge (Fig. 10a) that is 

only present at small depths (ca. 124 μm); this is to be expected due to 
the presence of coolant during the machining process. Interestingly, 
however, the channelled insert (Fig. 10b) presents a significantly larger 
depth at which wear is detected (ca. 405 μm), an aspect which might be 
initially not expected due to the enhanced coolant delivery but could be 
explained by the stiffness of the tool's edge. Since the microchannels 
were fabricated via laser processing near the cutting edge (see Fig. 9b), 

Fig. 7. Simulated results of coolant properties in the microchannels. (a) Pressure. (b) Velocity. (c). Heat transfer coefficient on the rake face. (d) Heat transfer 
coefficient on end surface. 

Fig. 8. Lubrication model at the interface: (a) Coolant distribution in the sticking and sliding zone. (b) Friction coefficient and heat transfer coefficient model in the 
contact zone. (c) Boundary conditions for lubrication film. (d) Mesh grids and discretized scheme for film model. 
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this implies that the stiffness of the edge is drastically reduced due to the 
absence of material. Since the depth of cut is 200 μm, and this is in-line 
with the depth at which the microchannels' first row is located, it would 
be expected that the maximum bending stress would occur at the 
microchannels locations, thereby enabling ease of deformation. Addi
tionally, since the chip flow would be in contact with the sharp edges of 
the microchannels, these ones will be also prone to deformation due to 
the constant rubbing against the chip in the contact zone, instead of 
enabling the non-hindered flow that the flat insert offers. Another way of 
analysing this phenomenon is that the microchannels could be regarded 

as surface anomalies or defects from the pristine cutting tool shape (i.e., 
due to the changes in height generated by the microchannels), and it is 
well known that surface defects lead to accelerated wear mechanisms 
[40]. This is the reason why the first row of microchannels disappears (i. 
e., smears out) and produces the much larger wear depth. 

The deformation of the rake face geometry during machining has a 
great effect on the accuracy of workpiece, since a straightforward cor
relation between the insert's morphology and the machined surface 
exists. For instance, the workpiece surfaces (Fig. 11) clearly show that 
there is a match between their morphology and the respective shapes 

Fig. 9. Experimental setup employed for the orthogonal turning process. (a) Testing setup. (b) Fabricated microchannels in the insert. (c) EDM hole in the insert for 
thermocouple insertion. 

Fig. 10. SEM inspection of the inserts' rake faces following machining under coolant conditions. (a) Flat insert, depicting a minimum amount of wear that is 
constrained to about 124 μm from the cutting edge. (b) Channelled insert showing a larger depth of wear (405 μm) due to the reduced stiffness and the increased 
friction in the contact zone with the microchannels. 

Fig. 11. Surface morphology of the machined workpieces following machining under coolant conditions. (a) Surface produced with the flat insert, where a cross 
sectional analysis yields a roughness between − 1 μm and 1 μm. (b) Surface produced with the channelled insert, where a slightly larger roughness is depicted 
(variation between − 2 μm and 2 μm). 
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from their corresponding inserts shown in Fig. 10. Due to the fluid 
presence, in both cases the machined surface is considerably smooth. 
However, due to the lower tool wear, the flat insert produced a smoother 
surface (Fig. 11a), as opposed to the slightly rougher surface produced 
with the channelled insert (Fig. 11b). 

As explained previously, the contact area between the insert's rake 
face and the workpiece is composed of a sticking zone and a sliding zone. 
The length of the contact zone can be assessed by measuring the distance 
between the tool tip and one particular position on the rake face where 
the contact pressure changes from positive values to almost zero 
(example shown in Fig. 12a); experimentally, this was achieved by ex
amination of the rake face at the end of each machining test with a 3D 
surface profile scanner (Alicona G4). The contact lengths for the 
different inserts are shown in Fig. 12b, where it is easy to note that the 
simulation results are similar to the experimental ones. It is interesting 
to see that both the simulations and the experimental measurements 
show an insignificant difference between the flat insert and the chan
nelled insert. Nevertheless, the standard deviation obtained experi
mentally is significantly larger for the channelled insert than for the flat 
one. The reason for this is the presence of the microchannels, which due 
to accelerated wear enable a larger variation on the mean values of 
contact length. 

5.2. The role of the microchannels upon cutting forces and friction 

The measured specific cutting and thrust forces are shown in Fig. 13, 
where it is easy to see that the channels themselves can bring the benefit 
of decreasing the machining forces when compared to the flat insert. The 
specific cutting force for the flat insert is steadily constant, with an 
average value of 403 N/mm (Fig. 13a), which sees a significant reduc
tion of 8.5 % produced by the microchannels (specific cutting force of 
369 N/mm), as it can be seen in Fig. 13b. However, note how the force 
depicts a slightly decreasing trend as a function of time. The specific 
thrust forces for the flat insert (Fig. 13c) show an increasing trend be
tween 50 N/mm and 100 N/mm, producing an average value of 70.5 N/ 
mm. This value is remarkably reduced by the microchannels (Fig. 13b), 
which are 26.6 % lower in mean value, plus also show a slightly 
decreasing trend (i.e., instead of the increasing trend from the flat 
insert). Since the friction force runs along the rake face (i.e., 90◦ respect 
to the cutting direction), the chip flow will be drastically affected along 
this direction, which is why the sensitivity of the microchannels is more 
easily noticeable in the thrust force direction. 

The mean specific cutting and thrust forces of experimental mea
surements and simulations are compared in Table 2, also including the 
friction coefficient. Both in simulations and in experimental measure
ments, the microchannels generate a lower value of forces and of friction 

coefficient, aspect that is due to the enhances coolant delivery near the 
cutting zone. While the cutting and thrust forces can be reduced by 8.5 
% and 26.6 %, respectively, the friction coefficient also is lower by 19.8 
%, changing from being 0.175 for the flat insert and 0.140 for the 
channelled insert. Interestingly, however, is that while the simulations 
also show the benefit of the microchannels (i.e., they also produce less 
values of force and friction in the presence of the microchannels), they 
are significantly different than the experimental results (see Table 2). 
The reason for this disparity could rely on the fact that the model does 
not consider the wear of the insert, which is enhanced by the existence of 
the channels. Since the channels rapidly wear out, less chip material gets 
trapped within the channel cavities along the rake face and therefore the 
chip flow eases up along the thrust force direction. However, the cavities 
being worn out is not considered in the model, and thus, the model 
yields a significantly larger mean value of thrust force (Table 2) because 
of more chip volume being trapped within the cavities during the chip 
flow. This error is much less in the cutting forces, where due to the wear, 
a ploughing effect could more easily be enabled experimentally, thereby 
producing slightly larger experimental values than simulated ones. 
These results highlight the important role that the microchannels have 
upon coolant delivery during the machining process and that they are 
efficient for decreasing cutting and thrust forces, but also show that 
there is a need to consider tool wear in the modelling process. 

As previously stated, the channelled inserts show a gradually 
decreasing trend over time (see Fig. 13). This is an interesting phe
nomenon that occurs due to the ongoing engagement of the sharp edges 
of the channels during the cutting process (see Fig. 14). During the cut, 
the channels' sharp edges aid in the cutting process by making a series of 
small cuts in the chip, which could in turn act as stress concentrators that 
end up yielding lower stresses along the shear plane to produce the cut. 
Nevertheless, this in turn would be accompanied with accelerated tool 
wear in the microchannels, especially those closest to the cutting zone, 
an aspect that is validated with the tool assessment post-machining 
(Fig. 10b), in which the first row of microchannels has disappeared 
due to the ongoing contact with the chip. 

5.3. The role of the microchannels upon cutting temperatures 

Based on the previous section, it has been proved that the enhanced 
coolant delivery through the microchannels can have a significant 
impact upon the lubrication effect. However, there is still the need to 
understand the cooling effect it may incur during the machining process. 
For this, the measured variations of temperature on the setting point 
inside the insert (see Fig. 9c) were compared for both inserts (Fig. 15). 
The temperature produced by the flat insert reached a maximum of 
41.2 ◦C, which can be reduced by 13.3 % (i.e., decreasing to 35.7 ◦C) if 

Fig. 12. Contact pressure and contact length on the rake face. (a) Example of the contact pressure for the flat insert without coolant. (b) Comparison of experiment 
and simulation results of contact length on the rake face during machining for both cutting inserts and under coolant conditions. 
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the microchannels are considered in the tool. 
Since the temperatures shown in Fig. 15 are constrained to the point 

of measurement within the inserts (i.e., they do not measure the tem
perature in the cutting interface but slightly beneath the rake face), 
simulations were also completed to find out the thermal fields in the 
tool-workpiece interface (see Fig. 16), where it is easy to note that much 

higher temperatures can occur near the cutting zone. While the flat 
insert yields a temperature (i.e., as measured beneath the rake face) of 
41.2 ◦C (see Fig. 15), the simulation shows that at the cutting interface, 
the maximum temperature is ca. 947 ◦C (see Fig. 16a) which is about 23 
times larger. In the case of the channelled insert, the maximum tem
perature in the cutting interface is approximately 750 ◦C (see Fig. 16b), 

Fig. 13. Measured specific cutting and 
thrust forces for the different inserts during 
machining. (a) The specific cutting forces 
from the flat insert depict a constant trend of 
403 N/mm. (b) The channelled insert pro
duces a slightly smaller specific cutting force 
of 369 N/mm in average but showing a 
decreasing force trend. (c) The thrust forces 
from the flat insert show an increasing trend 
between 50 N/mm and 100 N/mm, pro
ducing an average value of 70.5 N/mm. (d) 
The channelled insert produces a decreasing 
thrust force trend of 52 N/mm in average.   

Table 2 
Comparison of specific cutting force, specific thrust force and friction coefficient from the experimental trials and the simulations.   

Specific cutting force Specific thrust force Friction coefficient 

Flat insert (N/ 
mm) 

Channelled insert (N/ 
mm) 

Difference Flat insert (N/ 
mm) 

Channelled insert (N/ 
mm) 

Difference Flat 
insert 

Channelled 
insert 

Difference 

Experiment 403.5 369.1 − 8.5 % 70.5 51.7 − 26.6 % 0.175 0.140 − 19.8 % 
Simulation 350.0 326.0 − 6.9 % 120.0 109.0 − 9.2 % 0.343 0.334 − 2.5 % 
Error − 13.3 % − 11.7 %  70.2 % 110.7 %  96.2 % 138.5 %   

Fig. 14. Simulated cutting processes for the channelled insert with coolant delivery at different time steps: (a) Step 500. (b) Step 750. (c) Step 1000. Note that the 
microchannels produce an enhanced cutting mechanism in which these points of contact act as micro-cutters or stress concentrators. 
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which is, similarly, about 21 times larger than the measured tempera
ture of 35.7 ◦C beneath the rake face (see Fig. 15). The significant dif
ference between the temperatures at the rake face and then slightly 
beneath (i.e., at thermocouple location) is justified by the role of the 
coolant and the contact length. Based on the simulation, the spatial 
distribution range of the temperature will be smaller because of the 
contact length reduction that the channels create. Consequently, heat 
dissipation via diffusion into the insert's body is hindered. This implies 
that most of the heat will be concentrated in the contact zone near the 
cutting edge; thus, the thermal readings beneath the insert's rake face 
are much lower than those at the interface. Additionally, according to 
the simulation, there is a 20.8 % reduction in maximum temperature 
when the channelled insert is employed. This implies that coolant de
livery is significantly improved by the microchannels, even if this hin
ders the heat diffusion into the tool. These simulation results are in line 
with those measured experimentally (Fig. 15), highlighting that in re
gions closer to the cutting edge of the tool, the difference between the 
temperatures can be more drastic. 

5.4. The role of the microchannels upon chip morphology 

It is known that chip analysis can revel significant information about 
the influence of the workpiece's texture [41,42] and the resultant surface 
integrity [43]. Thus, chips were collected from the turning tests for 

examination, towards assessment of the surface integrity, which in turn, 
should reflect the coolant penetration status (see Fig. 17). An enhanced 
chip fragmentation can be seen during the cutting process where a long 
chip (Fig. 17a) is generated with a flat insert, while the coolant makes 
this breaking process more effective (Fig. 17b). This is due to the coolant 
pressure and enhancement of fluid delivery through channels which 
leads to a reduction of the chip-tool contact length while also tends to 
break the chip. To quantify the chip geometry, the degree of chip seg
mentation (G) is defined as (Hmax-Hmin)/Hmax, where Hmax and Hmin are 
the maximum and minimum chip thickness respectively [44]. Under 
coolant conditions, the flat insert produced a segmentation of G = 0.500, 
only to see a 10.9 % reduction due to the microchannels (G = 0.446), 
which is line with the lower friction coefficient that this insert produces 
(refer to Table 2). Nevertheless, it is necessary to understand what this 
might imply in terms of the localised shearing taking place within the 
chip, which is why zoomed-in portions of the chip are shown in Fig. 17c, 
d, where a similar thin white layer exists for both inserts with the main 
difference being that the chip produced with the channelled insert 
(Fig. 17d) possesses an increased shear banding per segment, if 
compared to the flat insert chip (Fig. 17c). The results indicate a distinct 
cooling/lubricating effect between the chip and the tool, which results 
in lower normal and shear stresses in the chip-tool interface. This, on the 
other hand, proves the advantage of the channels in terms of a more 
efficient coolant delivery. 

6. Conclusions 

This paper proposes a multiscale comprehensive theoretical model 
for the coolant penetration into the microchannels at the interface be
tween tool and workpiece for the case of orthogonal cutting with a 
cooling system enabled. Both simulation and experimental studies have 
been performed to study the effect of coolant and lubrication mecha
nisms on the machining process of Inconel 718.  

• A multiscale mathematical model was developed in order to predict 
cutting forces and temperatures during machining, while consid
ering coolant delivery through microchannels embedded on the 
cutting inserts. This was achieved by employing a Johnson-Cook 
constitutive and damage model to describe the flow stress and 
threshold strain for Inconel 718. A CFD analysis was coupled with 
this to calculate the pressure distribution along the cutting width of 
the fluid. Then, the pressure was utilised in a micro-penetration 
model of the coolant into the wedge cavities (i.e., the micro
channels on the insert) using a A k-ω viscous turbulence model, 
taking into account the phase change of the coolant into steam near 
the cutting zone and through the channels. Finally, the heat transfer 
coefficients and localised friction values were calculated for the 
solid-solid and solid-coolant interfaces within the sliding zone of the 
chip. 

• The proposed multiscale comprehensive model has been well veri
fied by comparing with experimental results and revealed that the 
cooling effect principle of the coolant is enabled by changing the heat 
transfer coefficient, while the lubrication mechanism is enabled by 
changing the friction coefficient on the micro-contact surfaces. The 
cooling and lubricating effect of the coolant is determined by the 
flow properties, microchannels geometry and cutting parameters. 
Nevertheless, it is also noted that is necessary to include tool wear in 
the model to account for the tool deformation along the cut, which is 
of great relevance when dealing with such a localised analysis (i.e., in 
the tool-chip interface). 

• The cooling and lubrication mechanisms have an important influ
ence on the whole machining process but vary in degree of contri
bution on the different machining parameters or characteristics. The 
cooling mechanism of the coolant has a direct effect on dramatically 
decreasing temperature and the spatial range of the thermally 
affected zone by enhancing heat dissipation from the workpiece and 

Fig. 15. Measured temperatures under the rake face for the flat (magenta 
colour) and the channelled (blue colour) insert. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 16. Temperatures fields of the two inserts at steady state during machining 
with coolant conditions. (a) The flat insert with coolant yields a maximum 
temperature of 947 ◦C. (d) However, the microchannels manage to make a 
reduction in temperature (750 ◦C), which shows the capability of the channels 
towards heat dissipation. 
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insert to the coolant. And the two mechanisms (lubrication and 
cooling) both work in the contact zone, which leads to a significant 
reduction of the contact length, friction coefficient and cutting and 
thrust forces.  

• The textured tool benefits the cutting process by reducing the contact 
length, cutting forces and friction coefficient. However, the micro
channels contribute only little on the reduction of temperature due to 
the shortage of a heat dissipation mechanism (i.e., diffusion is hin
dered due to the discontinuities in the material formed by the 
microchannels). Nevertheless, the microchannels aid the coolant on 
entering the contact zone, which helps to overcome this problem. 
However, it should be noted that fabrication of channels on the rake 
face will reduce the strength of cutting edge and break the coating 
layers integrity. Inappropriate design will greatly increase wear and 
friction which will result in cutting edge damage. The effectiveness 
of the microchannels depends mainly on their layout and di
mensions. Thus, a systemic design methodology for the micro
channels is needed to further increase their effectiveness.  

• As shown by this work, the modelling process is quite intricate due to 
the multiscale necessity for coupling the macro-level fluidic and 
machining conditions with the micro-level contact conditions be
tween the coolant, the tool, and the workpiece. However, it was 
shown that tool wear is significantly important and thus could 
comprise a future line of research in the topic of customised textured 
tools for improved machining performance. It is expected that this 
research topic enhances predictive models for tool life and 
machining behaviour, and extends also to other type of cooling 
methods such as cryogenic cooling (e.g., CO2 or LN2). 

• The present results have not only revealed the fundamental mecha
nism of the coolant in the cutting zone, but also are very useful for 
the development of novel cooling methods and improved tool design. 
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