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In metal cutting, the extreme tool temperature restricts the material removal rate. To address

this, it is crucial to adopt techniques that reduce heat input and enhance heat dissipation from the
cutting tool inserts. Rake surface texturing, particularly with micro-pillars, is gaining popularity in

this context. Direct measurement of the cutting tool temperature is exceptionally challenging, so

a numerical approach is adopted in this work to inverse estimate the tool tip temperature based

on the temperature measured at a distant location from the rake face. Stage I of the work involved

the development of a circular micro-pillar array on tungsten carbide inserts using the Reverse Micro
Electrical Discharge Machining (RMEDM) technique. Based on the discharge pulses recorded during
RPEDM, the 110V-100 nF voltage-capacitance combination proved feasible for this operation. In Stage
I, turning operations were performed on Ti6Al4V alloys under dry, compressed air, and wet conditions.
The tool temperature measured at the distant location revealed a substantial temperature drop for
textured tools. This is attributed to the reduced contact area at the interface, as observed from the
rake morphology of the tools, and to the enhanced heat dissipation from the higher surface area of the
developed textures, as revealed by the computational fluid dynamics-based numerical study in Stage
Il of the work. An array of closely spaced, small-diameter, and higher-depth micro-pillars beyond the
tool-chip contact area could enhance heat dissipation from the cutting tools.
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Increasing the cutting speed and/or the feed rate of machining operations may significantly enhance the
productivity of any manufacturing industry. However, this enhancement is restricted due to the shortened tool
life caused by excessive stress and heat generation at higher cutting speeds and feeds. A significant fraction of
the heat generated during the chip formation process in the primary shear zone is carried away by chips while
the remaining heat is conducted into the workpiece, raising its temperature. However, due to the minimal tool-
chip contact area for a brief period, this part of heat generation makes a negligible contribution to heating the
cutting tools!. The heat generated at the secondary shear zone directly affects the tool life and significantly
constrains the material removal rate. The contact between the moving chips and the rake surface of the tool is
so nearly complete that sliding is almost impossible over a large portion of the total contact interface. To sustain
a continuous chip flow under the condition of seizure, excessive shearing of the chip underside is witnessed,
confined to a thin region adjacent to the interface. The heat generated from this additional plastic strain is
conducted directly into the tool, raising its temperature'. Heat generation is further amplified in the case of heat-
resistant titanium and nickel-based superalloys due to their superior mechanical and poor thermal properties?.

The constraints imposed by the cutting temperatures have stimulated tool material development, from cast
steel in 1742 to Mushet’s tool steel in 1868, followed by High-Speed Steel (HSS) in 1906°. HSS allows cutting
speeds twice that of Mushet’s steel and four times that of cast steel. The development of superior metals led
to the adoption of cemented carbides in the mid-1920s. The adoption of sintered cubic boron nitride and
sintered polycrystalline diamond as tool materials was reported in 1969 and the early 1970s*. Apart from the
development of the tool materials, considerable research has been carried out on the surface coating of the tools.
Coated carbide tools were first reported in the 1970s*. Modern-day cutting tools have three or more layers of
generally used materials like TiC, TiN, AL O,, etc.**. Coatings facilitate the reduction of friction, which retards
wear at the interface. Materials with low thermal conductivity are also used to create a thermal barrier at the
interface®. Solid lubricants like MoS, and CaF, used in conjunction with coated tools have been reported to
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reduce friction considerably during machining®. The material removal rate has improved significantly with
these superior cutting materials and coating techniques. However, the problem of high-temperature generation
persists, especially for heat-resistant superalloys, which are still machined at a comparatively lower speed than
steel”.

The go-to solution for enormous heat generation is applying cutting fluids. Cutting fluids helps heat dissipation
from the cutting zone faster and lubricates the tool-chip contact area. However, the associated ecological
hazards, economic costs, occupational diseases, and stringent government policies discourage the extensive use
of cutting fluids>®°. Several other strategies are being explored to compensate for the cutting fluids. Researchers
have explored externally assisted mechanisms like laser, vibration, or both. In laser-assisted machining, a laser
heat source creates localized thermal softening in the workpiece material to ease its machining. This approach
has helped reduce tool wear and improve the material removal rate due to the reduction in cutting forces'®!!.
Vibration-assisted machining periodically disrupts the intimate contact between the tool and the workpiece,
interrupting the tool’s continuous heat supply. The high frequency and small amplitude vibrations help improve
the tool life under dry machining'>!3. Tool texturing is another approach that is gaining much interest in the
machining domain. It involves the development of micro/nano features on the tool’s surfaces, intending to
reduce interface contact area and improve tribological conditions in this region'4"1%. Micro-pillared textures can
restrict the seizure zone by initiating faster curling of the flowing chips!’. These micro-scaled features protruding
from the tool’s rake face are expected to act as heat exchangers, rejecting heat from the tool body into the
surroundings?®?!. To investigate the effectiveness of these textures as heat exchangers, accurate temperature
measurement and its distribution on the tool surface is necessary.

Estimating temperature and its distribution around the tool’s cutting edge is quite challenging due to the
continuously moving chips in this region and the intimate contact at the interface??. Cutting temperature can
be experimentally measured by direct conduction techniques using tool-work thermocouples or embedded
thermocouples, indirect radiation technique using infrared thermography or pyrometer, and metallographic
techniques. In a tool-work thermocouple, the tool-chip interface acts as a hot junction, while the tool or the
workpiece acts as a cold junction. The measured temperature is the mean of the entire interface; hence, the
locally generated high temperatures cannot be captured?*?*. An embedded thermocouple is used to measure the
temperature of a fixed point or multiple fixed points below the rake surface of the tool>>2. Several holes must be
drilled into the inserts to station the thermocouples, which alters the tool strength and heat flow. Drilling holes
into the hard tool inserts is also very challenging. The temperatures measured below the rake surface are used to
estimate the temperature of the cutting zone using the inverse heat conduction method?’. Accurate calibration,
slow response, and noise are the major problems associated with the thermocouple techniques?. Due to its
non-contact nature, radiation-based methods do not require pre-drilled holes, eliminating the impact on tool
strength and heat flow. It also has a faster response compared to thermocouples. In a recent work, an infrared
detector-based high-speed transient temperature measuring system was developed to measure the temperature
rise of tool tip during high-speed machining of Ti6Al4V?®. However, the significant challenges reported in
radiation-based methods are chip obstruction and surface emissivity determination. The obscured view created
by cutting fluid restricts this method only to dry machining. In the metallographic technique, temperature
estimation is based on the microstructure and microhardness of the cutting tool, analyzed after machining. For
an accurate estimate, the tool material should undergo observable microstructural and hardness changes with
temperature, in the range of 600-1000 °C. Therefore, this method is restricted mainly to HSS; however, iron-
bonded cemented carbides have been reported to experience such metallographic changes with temperature®.
Based on the complexity of the machining process and the challenges associated with each measuring technique,
no consensus is established between the results from different measuring techniques?’. Several studies have
reported using Computational Fluid Dynamics (CFD) to investigate the heat transfer, cutting fluid flow, and
mechanical deformation of the cutting tools during machining®*-32. The flow of high-pressure coolants via
internal cooling channels on the cutting tool inserts was investigated using CFD simulations for turning Inconel
718. The study reveals that heat transfer from the tool was significantly enhanced. Another work used CFD to
explore the effect of internal cooling channel profiles on heat dissipation through the cutting tools. To replicate
the heat generated during the turning operation, a uniform heat flux was applied at the tip of the tool*2. However,
this study did not consider the tool/chip contact area as the source of heat in the tool.

In this work, Reverse Micro Electrical discharge machining (RUEDM) in combination with Laser Beam
Micro Machining (LBuM) is utilized to fabricate the micro-pillars that emulate pin-fins on uncoated tungsten
carbide (WC) turning inserts. During the RuUEDM, the discharge voltages are captured to analyze the effect of
input voltage and capacitance on the texture fabrication. Turning experiments are conducted on a Ti6Al4V rod
using textured and plain tools under dry, compressed air, and wet conditions. Cutting tool temperatures were
measured at a distant location from the tooltip using embedded thermocouples, and the tool-chip contact area
over the rake face was also measured. Using these two experimental data as input, inverse estimation of the
tooltip temperature is attempted in this study using a CFD-based numerical approach. This approach helps gain
insights into the micro-pillars’ enhancement of heat dissipation. Furthermore, to maximize the effectiveness of
the textures, various sizes of the micro-pillars are examined.

Materials and methods

This section discusses the adopted approach for fabricating the micro-pillared structures on the rake face of
turning inserts, followed by the turning experiment setup. The CFD modeling and boundary conditions are
discussed at the end.
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Texture fabrication

The micro-pillar texture profiles were fabricated using the RUEDM process. This Electrical Discharge Machining
(EDM) variant has been explored in the literature for fabricating micro-pillars>®**. LBuM is employed to fabricate
the tool plate consisting of the arrayed micro-holes, which is the negative replica of the micro-pillar profile.
This tool plate aids in fabricating the micro-pillars on the WC inserts using RUEDM, refer to Fig. 1a,b. The
LBuM and RUEDM process parameters are listed in Tables 1 and 2. The non-isoenergetic pulses in an RC-based
UEDM process make it challenging to estimate the MRR and surface finish at different voltages and capacitances.

Laser Beam Micro Machining (LBuM)

Laser head

—

H i Laser beam
_ Planar electrode —
Fixture
Planar electrode Machine bed Planar electrode with
without micro-holes micro-holes after LBuM
(a)
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— Cutting tool insert
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Plain cutting tool Textured cutting tool
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Mikrotools DT-110i

Data acquisition
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Fig. 1. (a) Schematic illustration of LBuM; (b) Schematic illustration of RUEDM; (¢) Experimental setup for
LBuM-RuEDM process.
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Type Nd-YAG

Wavelength 1070 nm

Feed rate 80 mm/min

Spot diameter | 45 um

Power 150 W

Table 1. Parameters for LBuM.

Type RC based circuit

Workpiece Tungsten carbide turning inserts
Tool plate Titanium (0.2 mm)

Voltage 90, 100, 110 V

Capacitance 68, 100, 120, 150 nF

Voltage Sensor | Yokogawa (model: 701,938)

(a) Plain toolj

Table 2. Parameters for RUEDM.

WD14mm SS30

Fig. 2. (a) Plain tool; (b) micro-pillars fabricated on the tool’s rake face.

Therefore, it is imperative to acquire live discharge data to gain insight into the material removal process®.

During the fabrication of the micro-pillars, discharge voltage was captured and analyzed to study the effect of
input voltage and capacitance on the texture fabrication process. Figure 1c illustrates the hybrid micromachining
center (Mikrotools, DT110i) housing the LBuM and RUEDM setup. A plain tool and a micro-pillar fabricated
texture tool are shown in Fig. 2. The average measured pitch between two successive micro-pillars is 98 pm, and
the fabricated circular micro-pillars’ diameter is 302 pm.

Turning experiment

Turning experiments were conducted on a Ti6Al4V rod using the fabricated micro-pillar tool inserts and plain
tool inserts. This study examined three machining conditions: dry, compressed air, and flood conditions. Each
experiment was repeated for a minimum of two times. The process parameters and machining conditions used
in this study are listed in Table 3. The experimental setup is shown in Fig. 3. K-type thermocouples were used
to measure the cutting tool temperature at a distant location (point A) from the tooltip for all the machining
conditions, as indicated in Fig. 4. The micro-EDM process was used to drill blind holes on the rear side of turning
inserts to embed the thermocouple at point A. The tools used during the turning operation were observed
under a scanning electron microscope to determine the tool-chip sticking contact area at the interface under all
machining conditions. The measured temperature at point A and the measured sticking contact area are used for
inverse estimation of the tool tip temperature using CFD-based numerical simulations later in the study.

Simulation procedure and boundary conditions

ANSYS Fluent was used to perform the CFD simulations. The CAD model of the tools was prepared using
SOLIDWORKS and imported into the ANSYS workbench. To avoid the high computational time, only the part
of the insert involved in machining was modeled and analyzed. A control volume was defined on the tool’s
rake face for fluid flow, see Fig. 5. Since the cutting fluid/air cannot penetrate the tool-chip contact area?, the
control volume was defined from the end of the contact region. The entry and exit boundary conditions were
pressure inlet and pressure outlet. A pressure inlet was chosen to replicate the pressurized fluid flow from an
external source at the entry. The standard K-E model was used to model the turbulent flow of the fluid . The fluid
and the solid interface have been defined as a coupled system for better heat transfer. A uniform heat flux was
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Variable Attribute

Machine tool CNC lathe (Make: FANUC series oi Mate-TC)
Workpiece Ti6Al4V cylindrical rod

Tool insert TCMW 16 T3 04 H13A (Make: Sandvik)
Tool holder STGCL2020K 16

Cuuting speed 110 m/min

Feed 0.3 mm/rev

Depth of cut 0.5 mm

Cutting edge angle 90°

Dry condition Air at 0.1 bar gauge pressure
Compressed air condition | Air at 4 bar gauge pressure

Wet condition Synthetic oil in water

Table 3. Process parameters and machining conditions.
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Fig. 3. Experimental setup for the turning operation.
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Fig. 4. Schematic illustration of thermocouple mounting holes.
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Fig. 5. (a) Isometric view of the CFD model indicating the fluid control volume, turning insert, and the input
heat flux; (b) Top view of the model illustrating fluid inlet and outlet.

Tungsten carbide | 15,770 180 - 39
‘Water 998.2 4182 1.003e-03 0.6
Air 1.225 1006.43 1.7894e—-05 0.0242

Table 4. Material properties in CFD analysis®2.

Diameter | 50, 100, 200 and 300
Pitch 25, 50, 100 and 200

In Contact area region: 20

Depth Beyond contact area: 20, 40, 60, 80 and 100

Table 5. Micro-pillar dimensions.

applied over the experimentally obtained tool/chip contact area, such that the simulated temperature matched
the experimentally measured temperature at point A (see Fig. 4). This approach led to the determination of total
heat entering the cutting tool and, hence, the tool tip temperature under the various machining conditions. A
similar approach of using a uniform heat flux was adopted earlier*>¢. The properties of the WC insert and the
fluids used in the simulation are listed in Table 4. Different values of micro-pillar diameter, pitch, and depth are
explored in this work to study the effect of micro-pillar dimensions on its heat dissipation capability, summarised
in Table 5.

Governing equations

In the current problem statement, the input heat shall be conducted into the tool body through conduction.
This heat shall then be dissipated by the fluid flowing over the rake face through convective heat transfer. The
conduction heat energy equation is represented in Eq. (1). Here, p, denoted the density of the tool insert, C is the
heat capacity, and K is the thermal conductivity of the insert.

PTPT T _poor

= — 1
Oz + oy? = 022 kE ot’ W

The heat conducted into the tool body is dissipated from the rake surface via convention to the fluid flowing over
the surface. This governing equation is given by Eq. (2).
Q=hA(T—Ty), @

here Q is the heat transferred per unit time, & is the heat transfer coefficient, A is the surface area of the insert
over which the fluid flows, T is the surface temperature of the insert, and Tf is the fluid temperature. The surface
area term in Eq. (2) highlights the advantage of increasing the surface area to accelerate the heat dissipation
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from the hot body. The development of micro-pillars on the rake face is intended to exploit this feature of the
heat transfer process. In CFD, the mass, momentum, and energy conservation approach is used to simulate the
problem. The continuity equation gives the mass conservation equation as Eq. (3).

o v 0w, .
or Oy dz

where u, v, w are the fluid velocity in the x, y, and z directions. The Navier-stokes equation gives the momentum
conservation equation as Eqgs. (4a), (4b) and (4c). Its conservation equation includes the pressure, viscous, and
body forces.

@-i-u@—i—v@—i-w@ ——a—P—i- @-l-@-i—@ + F. (4a)

P\ @ Ox dy 9z) " or "H\ 922 Oy? 022 o a
P\ Ox dy 0z ) oy A Oy? 022 v

LT LT W Y A W (4)

PUa %%z 7Y dy Yoz )T "o TH\ 22 oy? = 022 = ¢

where p is the fluid density,  is the fluid viscosity, and Fx, Fy, and Fz are the forces acting on the fluid in x, y, and
z directions. Energy conservation is based on the first law of thermodynamics, according to which the net energy
in a control volume is equal to the energy entering the control volume minus the heat going out. Equation (5)
expresses the energy conservation equation. Here, Cp is the fluid’s specific heat, and A is the thermal conductivity

of the fluid.
Cp (w9L 100,00 oy (O 0T O (5)
PEP\Uey Ty TV N 0x2 = Oy? 922 )’

Results and discussions

The results from all three stages of the present work are compiled here, and a detailed discussion is provided.
Firstly, the discharge voltage recorded during the RUEDM experiments is analyzed to gain insight into the effect
of input voltage and capacitance in the fabrication of arrayed micro-pillars. Secondly, the measured cutting
tool temperature and tool-chip contact area from the turning experiments are analyzed for different machining
conditions. Finally, the obtained experimental data from the turning experiments are used to perform CFD
simulations to inversely estimate the cutting tool temperature and explore the heat dissipation capability of the
micro-pillar textured inserts.

Stage I: fabrication of arrayed micro-pillar on turning inserts

Given that the voltage and capacitance are the prime input parameters controlling the RUEDM process’s output
response, machining was performed at three different voltages, 90 V, 100 V, and 110 V, to decide on a suitable input
voltage. The capacitance was kept constant at 100 nF during this trial. The discharge voltages recorded for these
three input voltages are displayed in Fig. 6. An excessive short circuit is observed in 90 V and 100 V (Fig. 6a,b),
indicating that these input voltages are unsuitable for machining an array of micro-pillars. On increasing the
voltage to 110 V, continuous charging and discharging of the capacitor is observed, which results in constant
spark generation and material removal (Fig. 6¢,d). Accumulation of debris fills the narrow inter-electrode gap
between the tool plate and the workpiece, causing the potential difference to drop to zero, resulting in a short
circuit. The discharge gaps (inter-electrode gap) at four different input voltages ranging from 90 to 120 V were
measured and compiled in Fig. 7. The excessive short-circuiting observed in 90 V and 100 V indicates that an
average discharge gap of 2.3 um and 4.5 um is highly narrow for the dielectric to access the region and flush the
debris. A discharge gap of 6.1 um corresponding to the continuous spark generation at 110 V indicates that a gap
above this shall overcome the problem of debris accumulation and short-circuiting. However, it does not imply
that higher voltage is always beneficial. It has been observed that a higher voltage generates a wider discharge
gap, but it also promotes overcut and inaccurate profile dimensions’. Therefore, an input voltage of 110 V is
fixed for this study as a trade-off between short-circuiting and overcut.

To determine a suitable capacitance value for the fabrication of arrayed micro-pillars, four sets of capacitors
(68 nF, 100 nF, 120 nE, and 150 nF) are explored at the previously determined input voltage of 110 V. The
discharge voltages recorded during machining and the final machined surfaces are depicted in Figs. 8 and 9.
The spark frequency can be observed as a differentiating parameter among these capacitor values from Fig. 8.
Frequent sparking is witnessed at the lowest capacitance, while the least is observed at the highest. At low
capacitance (68 nF), due to low input energy, the amount of material removed per spark is less, as evident from
the fine craters on the machined surface (Fig. 9a). This helps maintain a uniform inter-electrode gap close to
the discharge gap, thus enabling continuous spark generation at 68 nF. As the capacitance value increases, the
material removed per spark also escalates, resulting in a more significant inter-electrode gap. Thus, no spark is
generated until the required discharge gap is regained, resulting in a time gap between two successive sparks,
refer to Fig. 8b-d. Small short-circuit phases are recorded at 120 nF capacitance, while at 150 nE negligible
machining is noticed due to excessive short-circuiting (see Fig. 8c,d). Due to the high energy per spark at this
capacitance value, large debris is formed, which clogs the inter-electrode gap, resulting in a short circuit. This
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non-evacuation of the large debris leads to its re-solidification, as evident from Fig. 9c. The machined surface
at 100 nF capacitance indicates uniform material removal and flushing debris, as visible in Fig. 9b. Based on

these observations, a combination of 110 V and 100 nF is used in this study to fabricate arrayed micro-pillars on
tungsten carbide turning tool inserts.

Stage II: Determination of cutting tool temperature and tool-chip contact area from turning
experiments

The intimate contact between the fast-moving chips and the rake face makes tooltip temperature measurement
very challenging. Therefore, an indirect approach is adopted in this study where thermocouples are embedded in
the inserts at a distant location from the tooltip (see Fig. 4). The temperature measured by these thermocouples
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Fig. 9. RUEDM machined surface at 110 V: (a) 68 nF; (b) 100 nF; (c) 120 nF.

during the turning operation under dry, compressed air and wet conditions are depicted in Fig. 10. It is evident
that the plain tool experiences a higher temperature compared to the textured tool, irrespective of the machining
conditions. In dry condition a significant drop of 10.8% is witnessed, followed by 7.6% in compressed air and
4.2% in wet condition. This indicates the effectiveness of the textured tools in adverse conditions. The major
causes of this temperature drop are restricted tool-chip contact area and enhanced heat dissipation through the
rake face. Micro-pillar textured tools are capable of inducing higher curling to the flowing chips, which mitigates
the adhering tendency of the freshly formed chip underside to the rake surface?*®. This aids in suppressing
the additional heat generation in the seizure zone. Further, the increased surface area due to the fabrication of
micro-pillars on the rake face enhances convective heat transfer from the tool to the surrounding air/CE

Since the shearing of the chips in the seizure region is the major source of heat for the cutting tools, it is
necessary to study the tool/ chip contact interface. To quantify the tool-chip contact interface, the rake faces of
the used inserts were observed under a scanning electron microscope. The sticking contact area is quantified
using Image J software, as demonstrated in Fig. 11a. The measured sticking region at the interface is plotted in
Fig. 11b. In the case of plain tools, the least contact area is observed in compressed air condition, followed by
wet and dry conditions. The high-pressure jet of compressed air, flowing opposite the direction of chip flow,
uplifts the chip from its usual flow path and shortens the contact area. However, this phenomenon is non-
visible in dry conditions since the air pressure is negligible. The low-pressure water jet led to a lower contact
area than dry machining but significantly higher than compressed air condition. On the contrary, the contact
area under dry and wet conditions has reduced substantially for the textured tools, while that in the case of
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Fig. 11. (a) Sticking area measurement at the interface; (b) Average sticking area for plain and textured tools.

compressed air is marginal. This highlights the adeptness of the textures to minimize the contact region by
inducing tighter chip curling'®. As the chip experiences the micro-gaps between the micro-pillars, it loses
contact with the rake surface, leading to its deviation from the straight-line motion. As the chip touches the
bottom of these micro-gaps and the edges of the subsequent micro-pillars, bending moments shall be exerted
on the chip underside, subjecting it to curl further. The depth of the texture strongly influences the curling
mechanism?®. The mechanism of additional chip curling in textured tools is illustrated in Fig. 12. Alongside
tighter chip curling, this textured pattern also facilitates enhanced cutting fluid penetration through its micro-
gaps up to the cutting edge, which helps in retarding chip adhesion, as evident from textured tools under wet
conditions. The effectiveness of textured tools in compressed air condition is minimal due to the already reduced
contact area by the high-pressure jet. Figure 11b shows that textured tools and cutting conditions actively affect
the tool-chip sticking contact area.

Stage llI: Analysis of cutting tool temperature using CFD

This section presents the inverse estimation of tool tip temperature based on CFD analysis performed on the
cutting tool inserts. The working model and the boundary conditions, as depicted in Fig. 5, form the basis of this
analysis. A uniform heat flux is applied to the experimentally obtained sticking contact area (refer to Fig. 11),
such that the simulated temperature becomes equal to the experimental tool temperature measured at the distant
location A (refer to Figs. 4 and 10). To ensure the accuracy of the results, a mesh convergence study is performed
to negate the effect of element size, the findings of which are compiled in Fig. 13. An element size of 30 um was
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Fig. 13. Mesh convergence results for maximum tool temperature.

used for the tool insert and the control volume, while a finer element size of 10 um was used for face meshing
of the rake face due to the 20 um depth of the textures. These element sizes have been chosen as a trade-off
between accuracy and computational time. The total elements for the plain and textured tools were 49,86,623
and 65,51,084, respectively.

Inverse estimation of tool tip temperature

Based on the inverse temperature estimation approach mentioned above, heat flux in the range of 15-22 W/mm?
matched the experimental temperature, depending on the machining condition. Figure 14 shows the temperature
contours of the tool section under various machining conditions. The experimentally obtained temperature is
indicated by point A, which forms the reference for the study to fix the input heat flux over the experimentally
obtained contact area on the rake face. The temperature at point B indicates the inversely estimated tool tip
temperature. The estimated tool tip temperature for plain tools is significantly higher than the textured tools,
irrespective of the machining condition. This resonates with the measured temperatures at point A. When
compared with a plain tool, the tool tip temperature of the texture tool dropped by 7.5% under dry condition,
while the temperature drop at point A for the same condition is about 10.8%. The higher temperature drop at
the distant point A than at the tooltip (point B) suggests that the increased surface area due to the development
of micro-pillars on the rake face enhances the convective heat dissipation through the rake face for the textured
tools. However, this trend does not hold true for compressed air and wet conditions. This is because an external
source like compressed air or cutting fluid has superior heat dissipation capability, making the textures less
effective in these cases. However, the textured tools have shown a significant temperature drop of 8.1% and
13.3% at point A for compressed air and flood conditions, respectively. Therefore, it can be concluded that
under dry condition, tool temperature is controlled by low tool-chip contact area and enhanced heat dissipation,
whereas, for compressed air and wet conditions, it is majorly because of the lower tool-chip contact area.
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Fig. 14. Temperature contours under dry, compressed air and wet conditions incorporating actual contact
area: (a, ¢, e) Plain tools; (b, d, f) Textured tools.

Effect of micro-pillar texture size on tool temperature

Given the benefits associated with the micro-pillar textures developed on the rake face, it becomes necessary
to study the effect of texture size on the tool temperature. From the basic knowledge of heat exchangers, it
is well-known that long, closely-spaced fins of smaller diameter result in better heat dissipation from the hot
body. However, the limitation associated with the existing manufacturing techniques to fabricate an array of
micro-scale features makes this study challenging. Therefore, adopting a numerical approach becomes a feasible
solution. A previous study revealed that increasing the depth of micro-pillars beyond 55 um adversely affected
their capabilities due to severe accumulation of the workpiece material in between the textures?. This restricts
the use of higher-depth texture, which otherwise would enhance convective heat transfer. Moreover, the model
developed in this study takes the tool-chip contact area as input, which is a function of texture shape and size.
Thus, it should not be altered. Therefore, to explore the effect of texture size on tool temperature, the micro-
pillar size was altered beyond the tool-chip contact area. Since textured tools were found to be most effective in
improving convective heat transfer under dry conditions, only dry conditions are explored in the further part
of the study.

Figure 15 indicates the effect of texture depth on the cutting tool temperature under dry condition. The
diameter and pitch of the micro-pillar are kept constant at 300 pm and 100 pm respectively. It can be observed
that increasing the depth of micro-pillars resulted in lower tool temperature due to improved convective heat
transfer from the increased surface area of the rake face to the surrounding air. A temperature drop of 2.9% is
achieved by increasing the texture depth from 20 to 100 um.

The effect of change in diameter beyond the contact area at a constant depth and pitch of 100 pm each is
presented in Fig. 16. Negligible improvement is observed in tool temperature. This is because the gap between
two successive micro-pillars (pitch) is unaltered, which increases the number of micro-pillars but shifts them
away from the machining region, thus making them ineffective.

The effect of pitch variation at a constant diameter of 50 pm and depth of 100 pm on tool temperature is
present in Fig. 17. On decreasing the pitch from 200 to 50 um a temperature drop of 2.3% is witnessed. This
is because a smaller pitch increases the number of micro-pillars in the confined region of interest, providing a
larger surface area for heat dissipation. However, further reducing the pitch to 25 pm adversely increased the
tool temperature. This is probably due to extremely constrained passage between the micro-pillars, which would
restrict the free flow of surrounding air through the textures up to the high-temperature region.

These effects of variation in micro-pillar depth, diameter, and inter-micro-pillar gap tool temperature are
compiled in Fig. 18. An overall reduction of 5.1% in tool tip temperature is achieved by increasing the texture
depth from 20 to 100 pm and decreasing the diameter and pitch from 300 to 50 pm and 200 um to 50 um,
respectively.

Conclusions

This work examines the heat dissipation capability of micro-pillar textures fabricated using RUEDM on tungsten
carbide inserts while turning Ti6Al4V alloys. CFD-based numerical simulation determined the tool tip
temperature and distribution under Wet, dry, and compressed air conditions using experimentally measured
tool temperature at a distant location and tool-chip contact. The key findings are:
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Fig. 15. Temperature contours for textured tools with varying micro-pillar depth from 40 to 100 um beyond
the contact area under dry condition (Dia =300 pm, Pitch=100 pm).

Fig. 16. Temperature contours for textured tools with varying micro-pillar diameter from 200 to 50 pm
beyond the contact area under dry condition (Depth =100 pm, Pitch=100 um).

Fig. 17. Temperature contours for textured tools with varying micro-pillar pitch from 200 to 25 um beyond
the contact area under dry condition (Depth =100 pum, dia=50 um).
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Fig. 18. Effect of variation in micro-pillar depth, diameter and pitch beyond the contact area on the tool
temperature under dry condition.

An input voltage of 110 V and capacitance of 100 nF for the RUEDM were the most feasible combination for
the arrayed micro-pillar fabrication process, based on spark frequency, discharge gap, and machined surface
morphology.

The tool-chip contact is significantly reduced when turning with textured tools due to higher chip curling, as
micro-pillars disrupt chip momentum.

Reduced heat influx to the tool due to reduced contact at the tool-chip interface and enhanced heat rejection
from the increased surface area provided by the arrayed micro-pillar were the prime contributors to reduced
tool temperature.

Closely spaced (50 um) micro-pillars of smaller diameter (50 pm) and higher depth (100 um) beyond the tool
chip contact area reduced the tool tip temperature by 5.1% compared to large and widely spaced micro-pillars
of lower depth. However, the inter-micro-pillar gap should not be too low to hinder the flow of fluid through
it, as observed in the 25 pum pitch gap.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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