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Abstract

The drilling process of Inconel 718, a nickel-based superalloy, is very challenging due to the material properties, the operat-
ing conditions and the high quality requirements. Carbides within the material matrix cause an excessive amount of abrasive tool
wear. Moreover, a large amount of the heat caused by the machining process, especially in drilling, has to be dissipated by the
tool and the coolant, due to the low thermal conductivity of Inconel 718. This high thermal load also restricts the cutting speed.
The combination of all attributes limits productivity and economic efficiency when drilling Inconel 718 with cemented carbide
twist drills.

This paper presents a method to adapt twist drills considering the mentioned demands by using geometry-modified tools. The
aim is to increase the resistance against abrasive wear and to reduce the thermal loads; so that, tool life and bore quality can be
improved. The analysis of the new tool geometry was realized by advanced Computational-Fluid-Dynamics (CFD) simulations.
The simulations provide detailed information about the coolant flow and consequently the improved cooling of tool regions
which are, on the suggested geometry, exposed to very high thermal loads. Experiments showed that the tool life can be in-
creased by up to 50% in contradiction to a standard twist drill. The improvement on the bore quality was shown by determining
the roundness deviation and the average surface roughness. In addition, micro hardness tests and metallurgy preparations were
conducted to investigate the surface integrity of the bore surface layer. Although the presented geometry only represents a proto-
type status, the results are impressive. The tool life and the bore quality have been improved, and the simulations showed clearly
that there is a significantly better coolant flow, when using the new geometry.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction the tool are provided with a larger amount of coolant without
increasing the total volume of coolant needed [1, 2, 3, 4].
The machining of difficult-to-cut materials such as the Inconel 718 was developed for applications in aerospace
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temperature strength. Additionally, a large amount of heat has
to be dissipated by the tool and the coolant because of the low
thermal conductivity of the workpiece material. Abrasive and
adhesive mechanisms dominate the wear as a result of the
high amount of carbides within the metal matrix and the adhe-
sive tendency of the large portion of nickel in the alloy
[3,4,5,6]. Especially when drilling Inconel 718 high tool
loads lead to low productivity and limited tool life. Due to the
high temperatures in the cutting zone, the cutting speed has to
be limited up to v. =50 m/min. Typically used feed rates are
around /= 0.10 mm/rev [2, 7]. In order to reduce the thermal
load and support the chip evacuation an internal cooling with
high pressure is commonly applied. The use of MQL or no
coolant leads to a large amount of subsurface damage and
very short tool life [7, 8].

When drilling with twist drills, internal cooling channels
are used to supply sufficient cutting fluid to the cutting zone.
The exits of these channels are located on the flank face
which leads to an indirect cooling of the cutting zone. To
enhance the cooling effect and to reduce the thermal load
different design elements can be used. By changing the geom-
etry, the diameter and the location of the cooling channels a
higher coolant flow rate and convection can be achieved.
Furthermore, the form of the flutes, the end and length of the
cooling channels and even the form of the tool chuck influ-
ence the efficiency of the cooling [9, 10, 11]. A major draw-
back when supplying the coolant via the flank face of a tool is
the poor cooling effect. Because of the small gap between tool
and workpiece the velocity of the coolant has to be twice as
large as the maximum cutting speed to fill this gap properly.
Obikawa and Yamaguchi proved this fact by a CFD-
simulation of a turning process [12]. The method presented
here shows a way to improve the wear resistance of cemented
carbide drills and to improve the efficiency of the supplied
coolant fluid. This is achieved by a new flank face geometry.
The influence on the tool wear, the bore roundness deviation
and average surface roughness and the surface integrity will
be presented, as well. Additionally a CFD-simulation was
used to analyze the influence on the coolant flow in detail.

2. Experimental procedure
2.1. Workpiece material

The workpiece, a round plate consisting of Inconel 718,
had a diameter of 4 = 200 mm and a thickness of # = 34 mm.
The fully annealed material fulfils the standards of the aero-
space industry with respect to the metallurgic composition,
heat treatment and mechanical properties. Some selected
properties are listed in Table 1.

Table 1. Selected properties of the workpiece material Inconel 718

Property Value

Ultimate tensile strength at room

Rugrr > 1400 N/mm?
temperature

Ultimate tensile strength at T = 649 °C Ringa9°c > 1100 N/mm?

Elongation a=17..23%
Hardness H>450 HV30
Thermal conductivity A=11.1 W/(m - K)
Thermal expansion 0=12.6-10° K"

2.2. Twist drill design

The improvement of cemented carbide twist drills by a
modification of the flank face was tested on drills with a di-
ameter of d=6.8 mm for a maximum drilling depth of
=34 mm (I/D=75) provided by Guehring KG, Albstadt,
Germany. Macro- and micro-geometry of the tools comply
with a standard tool designed for the machining of difficult-
to-cut materials. The used cemented carbide had an amount of
5 % Cobalt and an average grain size of d,, = 0.5 pm. For an
elimination of potential influencing factors, no coating has
been applied. Furthermore the flutes were ground to achieve a
median surface roughness below Rz = 0.5 pm. The low sur-
face roughness has been chosen to improve the chip evacua-
tion and to reduce the risk of chip jamming and a resulting
tool failure.

The modified flank faces are inspired by a similar modifi-
cation on cutting inserts for turning and milling. The utiliza-
tion of a flank face backspace in a defined distance to the
cutting edge this modification limits the maximum width of
flank face wear. Due to this, process forces and the impact on
the subsurface integrity can be hold on a constant level and
tool life can be extended. Improvements in tool life range
between 40 % and 250 % depending on the process and the
workpiece material [13, 14, 15, 16].

To adapt such a flank face geometry for a twist drill, sever-
al specific features when drilling have to be considered. Due
to the changing cutting speed and the varying geometry the
mechanical load differ along the cutting edge [17, 18]. Espe-
cially when drilling Inconel 718 the process forces are very
high. Previous experiments showed feed forces up to 2500 N
when a worn tool was used. Furthermore the tool wear in
drilling differs in many ways from that in turning or in milling
processes [6, 7, 19, 20, 21]. The resulting flank face modifica-
tion based on all the above mentioned factors is shown in
Fig. 1.

Tool:
Modified

Drill diameter:
d= 6.8 mm

Tool travel path |;:
0.000 m

Fig. 1. Twist drill with modified flank face

As can be seen within the overview picture (Fig 1. upper
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part) a groove has been implemented on the flank face parallel
to the cutting edge at a distance of / = 150...200 um. The
secondary cutting edge has a negative chamfer and thus re-
duces the distance of the groove to 100 pm in the vicinity of
the outer corner, see detail A. The groove has been manufac-
tured by laser melting which results in a rough surface and
small burrs as can be seen in detail B. The depth of the groove
is about d = 50 um. Because of the clearance angle a reloca-
tion of the whole flank face is not necessary.

2.3. Experimental setup

The experiments were realized on a machining centre, type
BZ40CS, manufactured by Grob, Mindelheim, Germany.
Cutting parameters were chosen to v.=35m/min and
/= 0.10 mm/rev with an internal cooling supply of p = 40 bar.
The water-based emulsion used had a concentration of 5 %.
The manufactured through-bores had a total depth of
1 =34 mm. The abort criteria for tool wear measurement were
chippings along the cutting edge, especially close to the outer
corner, or a maximum width of flank wear land of
VB, =300 pm. Because of the limited width of flank wear
land when using the modified tools, the abort criterion for
them was the first appearance of flank wear behind the
groove. However, this fulfils the criterion of VB,,,, =300 pm,
too.

3. CFD-Simulation

In the field of production engineering, the CFD-analysis is
a relatively new and effective tool to investigate the heat flux
and the coolant flow in manufacturing systems and processes
[22, 23]. Ozkaya et al. have already shown in their studies that
CFD can be utilized to optimize tools for machining process
[24, 25, 26, 27]. Within this study the CFD is used to analyze
and visualize the complex coolant flow of two different twist
drills. In order to obtain accurate and reliable results, the nu-
merical computations should be performed on a high quality
mesh, which is also very challenging with respect to the com-
plex geometry of the drilling tools [28, 29]. Another very
important point is the choice of an appropriate turbulence-
model [23, 30].

3.1. Geometry model, boundary conditions and meshing

Both drills (see Fig. 2) are computationally modeled for a
length of /=20 mm. The computational models provided by
Guehring were imported into the ANSYS/CFX simulation
environment. A negative model, the so called fluid geometry
(light blue) was created out of the solid body model (grey),
shown in Fig. 2 (P1), by using a cavity fill. The essential
boundary conditions are prescribed (P2). To achieve an ideal
alignment and to resolve the flow completely, the mesh was
sufficiently refined in area A (P3), where high turbulence
zones and gradients exist. Patch independent tetrahedron
elements in combination with the inflation layer method,
which is suited for fine calculations in near-wall regions, were
used for the discretization. On contrary, there are only small
variations of fluid variables existing in the domain B (P3). For
the areas of the computational domain, where steep gradients

do not occur, a relatively coarse mesh is sufficient. Therefore,
away from wall-boundary layers, the domain was meshed
with a sweep method so that a reasonably fine mesh which led
to sufficiently accurate numerical results within affordable
computational cost was obtained. Following, the above dis-
cussion on the spatial discretization, employed mathematical
models and the solver parameters, especially turbulence mod-
els, are introduced in the next sections (Fig.2).

Standard tool *

P p\

@ Geometry with fluid model

@ Fluid model
Boundary conditions shown in:
Minlet: Stationary, Water, 20°C, 40 bar
Houtlet: Stationary, Environment
MRotating: Wall, 1638 min-!

Rotating: Wall, 1638 min'",
roughness = 10 ym

© Meshing model and method

() Tetrahedrons, Patch independent
with inflation

( Sweep with inflation

Modified tool

Solver control:
Turbulence numeric: 1. Order
Turbulence model: k-g; k-w; k-w-SST

Fig. 2. Boundary conditions and meshing zone
3.2. Turbulence model

The Reynolds Averaged Navier Stokes (RANS) models are
very often employed to mathematically described, industrial
flow problems in the turbulent regime [23]. The RANS equa-
tions must be closed with an additional transport equation for
the turbulent quantities. For this purpose the turbulence mod-
els k-e-, k-w- or k-w-shear-stress-transport (SST) are usually
used, where the turbulent kinetic energy is described by k& and
the isotropic dissipation is described by either ¢ or w [23, 31].
The k-¢ model is more accurate for resolving the flow away
from the boundary layer. In addition to the transport equation
for the turbulent energy, the energy-dissipating vortex is re-
solved using the characteristic frequency. For calculations in
near-wall areas (fringes), which are accurately meshed, the
k- model is suited best [32]. The k-w-SST turbulence model
provides an opportunity to combine the two preceding mod-
els; it considers the near-wall areas and areas being away
from the wall. It is, therefore, an ideal candidate for numerical
simulations in our scope.

3.3. Numerical model of turbulence intensity

The flow can be specified by different parameters as the
Reynolds number Re, the kinetic energy k£ and the turbulence
intensity /; so that, a direct comparison of different turbulence
models is possible. The equation of turbulence intensity 7 (5)
contains the irregular variations of the vortexes and is calcu-
lated using the ratio between turbulent strength u,,, (3) and
mean velocity & (1). The turbulent strength is defined as the
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root mean square (rms) of the temporal turbulent fluctuation
u’ (t) (2). The Reynolds number Re (4) is the ratio of mean
velocity u multiplied with the characteristic length Dy and the
kinematic viscosity v. The kinetic energy & (6) is the square
value of the product of the maximum velocity vp,,, and the
turbulence intensity /, which is then multiplied with a factor
of 1.5. The volumetric flux Q is given through the double
integral (7). The velocity is a continuous variable for which
the mean value is supposed to be calculated according to the
mean value theorem. Our numerical results are obtained on a
computational grid which provides only point-wise values;
thus, the right hand side of (1) has been employed.
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4. Experimental results
4.1. Tool wear

The tool wear was tested by the application of four drills.
Two standard tools are compared against two modified ones.
The maximum width of flank wear land over the drill path
was measured regularly at a distance of /,=0,170 m. The
results are shown in Fig. 3.

B Sstandard tool A Modified tool

500
um
400
350
300

250 —
200 -

150 ra . ——
100
50

0

7

/
1/
= 1/

\\\ .

Maximum width
of flank wear land VB, ,,

0.0 0.5 1.0 15 2.0 25 3.0 m 4.0
Tool travel path |,

Fig. 3. Flank wear over tool travel path
As it can be seen the standard tools show very similar

progression of wear and reach tool life travel paths between
Ly=12.210...2.380 m before the abort criterion in tool wear of

VB, =300 um was exceeded. When using the modified
tools the wear differs significantly in comparison to the stand-
ard tools. Both drills show a relatively constant maximum
width of flank wear land over the tool travel path. This is
caused by the limitation due to the groove. The occurring
variation refers to build-up-edges and wear of the rake face.
The abrasive wear influences the measured width by relocat-
ing the cutting edge used as the origin during measurements.
The steady state differs between VB, = 150...200 um be-
cause of the different distances of the groove on both of the
tools used. After a tool life travel path of L= 2.686 m respec-
tively L,= 3.400 m the flank wear reaches the flank face be-
hind the groove and leads to values above VB, =300 um.
The condition of the worn tools can be seen in Fig. 4. The
scanning electron microscope (SEM) images were made by
using a back scattered electron detector which represents the
materials by different shades of grey. The cemented carbide is
shown by light grey to near white, the workpiece material by
medium grey and the material with a high portion of carbon as

near black.
| Outer corner

| | Major cutting edge |

Tool:
Standard

Tool life
travel path L
2.380m

Tool:
Modified

Tool life
travel path L
2.686 m

Fig. 4. SEM images of worn standard and modified twist drills

As can be seen both tools show extensive abrasive wear.
The preparation of the cutting edge has been removed by the
cutting process on both tools. The resulting edge has a radius
below r= 10 um. Abrasive wear occurs on the rake face and
at the outer corner, too. Especially the modified tool shows a
rounding of the outer corner which is additionally covered by
adhesive workpiece material. The smeared material within the
groove only occurs if wear reaches the flank face behind the
modification. If the rounding of the corner gets too large or if
too much of the remaining flank face before the groove has
been abraded off, the rear edge of the groove gets in contact
with the bore ground. This chipping leads to smeared material
within the groove and it only occurs when the tool life has
reached its end. The limitation of the flank wear by applica-
tion of the groove can only be achieved at the outer corner.
The image of the major cutting edge shows only about two
thirds of the generated landing affected by abrasive wear.

A comparison of the amount of deposited workpiece mate-
rial between the standard and the modified tool shows a much
larger amount on the modified tool. The standard tool mostly
shows Inconel 718 on the land and the rake face, while the
modified tool has additional material on the flank face and the
amount of workpiece material on the other faces is much
larger. Furthermore the carbonaceous deposits reveal differ-
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ences between both tools. These deposits consist of a large
amount of carbon in combination with sulphur, phosphor and
other elements and are attributed to boiling of the coolant.
Because of the cleaning necessary for taking SEM images not
all leftovers of the cutting fluid remain on the tools, as can be
seen on the major cutting edge of the standard tool. The much
larger amount of deposits on the standard tool indicates higher
temperatures near the cutting edge. In comparison the modi-
fied tool only shows some small amounts of deposits in direct
vicinity to the area of the flank wear.

4.2. Bore quality

The impact of the flank face modification on the bore
quality is evaluated by the roundness deviation and the aver-
age surface roughness. The roundness deviation has been
measured for the first 25 bores for each drill in different drill-
ing depths. The parameters were chosen in accordance to
VDI 2631 [33]. The average surface roughness was measured
using a cut off filter of /. = 0.25 mm in the first, fifth and tenth
bore. Twelve measurement points were determined for each
bore. The resulting boxplots are presented in Fig. 5.

The impact of the modified flank face on the variation of
the roundness deviation is relatively small. Median and range
of both tool types are identical. However the standard tool
shows spikes above 0.020 mm. The influence on the average
surface roughness is much more intense. As can be seen the
maximum has been reduced from a value of about ARz =1 pm
down to Rz =5 pm. Both medians are close to each other, but
the lower quantile of the modified tool reaches lower values
and additionally the range of the values is smaller. Referring
to both, roundness deviation and average surface roughness,
the modification of the flank face does not influence the me-
dian of the measured values. Instead, the maximum has been
reduced which is a hint for a more stable process. High values
in roundness deviation result in most cases from small parti-
cles smeared onto the bore surface. High average surface
roughness values are often influenced by marks caused by
chips during evacuation. The decrease of high values can be
used as an evidence that these undesired phenomena occur
less when applying the modified drill.
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Fig. 5. Influence of the modified flank face on the bore roundness deviation
and average surface roughness

4.3. Surface integrity of the bore

To investigate the surface integrity the first bore of each tool
type were examined by light microscope images of the bore
surface layer and by additional microhardness tests. Fig. 6
shows the results of the metallurgy preparation. After polish-

ing Kallings 2 were used for etching. The figure represents the
metallurgy of the bore surface layer within the axial direction.
In radial direction no significant changes have been observed.

As it can be seen the microstructure of the basic material
differs between the two samples. These differences are related
to the position of the bores on the workpiece sample having a
varying grain size across the diameter. Prior investigations
showed only small impact of the grain size on the microhard-
ness and a tendency to larger deformations of the grains with-
in the bore surface layer according to larger grains. Fig. 6
reveals that both tool types alter the microstructure only to a
depth of less than 20 um. Changes in grain size and the ten-
dency to a so called white layer limits to the first microns.
Concerning to the higher deformation with increasing grain
size the modified tool performs better. To summarize, the
changes in microstructure for both tools are far below the
typical limits given by the aerospace industry [34]. Further
investigations were realized by microhardness tests which
results are shown in Fig. 7. The horizontal lines mark the
average hardness of the basic material.

| Standard tool | | Modified tool |

cutting direction
20 pm

¢

Fig. 6. Metallurgy preparation of the bore surface layer in axial direction

Both tools show higher hardness values up to a depth of
0.2 mm before the base hardness is reached. The standard tool
reveals slightly larger values up to 100 HV0.025 in compari-
son to a maximum hardness of 75 HV0.025 when using the
modified tool. The falloff with increasing distance to the bore
is similar. The hardness tests are in compliance with the met-
allurgy inspections from Fig. 6. When using the modified tool
the bore surface layer is slightly less influenced, but both tool
types show good results.

B Standard tool A Modified tool
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Fig. 7. Microhardness of the bore surface layer
5. CFD-Simulation results
Fig. 8 shows the velocity distribution of the fluid in the

fringe zone of the bore ground and a sectional view of the
flute. The sectional view for the 4-¢ model (Fig. 8) provides a

53



54

Nicolas Beer et al. / Procedia CIRP 24 (2014) 49 — 55

good insight to the core flow field but not near the boundary
layers. The oscillatory contour-plots and a lower v,,,, are
evidences that the velocity field is not accurately resolved.
The k- model, however, cannot accurately resolve the core
flow field but near the boundary layers. The advantage of this
model is that the flow field near the boundary layers is re-
solved accurately, which is obvious with the plotted smooth
contours in Fig. 8. The best results can be obtained by using
the k-w-SST model, which combines the advantages of both
other models. The flow field can be resolved precisely in the
complete domain by the k-w-SST model.

Table 2 presents the comparison criteria for the examined
turbulence models for the standard tool and the modified tool
at two cross-sections along the cutting edge. The turbulence
intensity shows that the k-w-SST model resolves the temporal
and spatial fluctuations in the boundary layers and in core
flow areas much better than the other models. For all turbu-
lence models, the modified tool results in a flow field which
has a much higher maximum velocity, kinetic energy and
volumetric flux inside the control area.

Front view Sectional view

A-A

k-g

Voo = 94.69 m/s
A-A

k-w

Vo = 98.12 m/s

A-A

k-w-SST

Voax = 99.48 m/s

Note: The white spots on the front view are above 90 m/s

-10.0 25 15.0 27.5 40.0 52.5 65.0 m/s

Velocity u,, (front view) / u, (sectional view)

90.0

Fig. 8. Numerical results and comparison of the turbulence models in terms
of the velocity

Table 2. Comparison of the turbulence models by numerical values

Turbulence model ~ k-€ k-0 k-w-SST Unit
Ve 6099 6243  68.55 m/s
Re 7096.55  7264.57 7976.49 - E =
k 1528 1621 19.09 m/s R
1 0.0528 0.0526 0.0520 - -
[ - - 6.235E-03  m?/s
Vmax 7193 7755 87.15 m/s
Re 8370.15  9024.12  10141.35 - E =
k 20.77 23.69 29.06 m?/s R
1 0.0517 0.0512 0.0501 - =
[ - - 1.036E-02  m’/s

Fig. 9 shows that for the standard tool, the velocity values
near the cutting edge decrease very quickly; and, at the outer
corner the velocity is almost everywhere close to zero. The
new flank face provides some space for the flow recirculation;
so that, the momentum can be shifted more towards the edge.
As a result, higher velocities of the coolant flow are achieved
at the cutting edge and especially near the outer corner, see
Fig. 9. This causes a higher amount of heat transport, hence a
more effective cooling. A comparison of the coolant velocity
distribution and the flank faces of the worn tools shows a
good agreement regarding the relation between the low veloc-
ity regions and the deposits of burned coolant, especially
around the outer corner.

Side view of modified tool

0 10 20 30 40 50 mis 70
Velocity magnitude |u|

Fig. 9. Coolant velocity field and flank faces of the worn tools
6. Discussion

The use of a modified tool by modifying the flank face
with a groove leads to different influences on the overall tool
performance. Beside the improvement for tool life, the geo-
metrical changes result in a better coolant supply for the
thermally high loaded outer corner where the maximum wear
occurs. The tool life is increased due to the fact that the width
of the flank wear land is limited and a wear stock is achieved
by the groove. The improved coolant flow occurs due to the
larger hydraulic diameter close to the cutting edge and due to
a channeling effect through the groove. The CFD simulations
show that the modified tool provided a better coolant flow. An
evidence for good agreement of our experimental and numeri-
cal studies is the accordance of the deposits of coolant on the
tool and the resulting flow field on the flank faces, see Fig. 9.
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A lower amount of deposits indicate lower temperatures with-
in the cutting zone. By reducing the hardness loss of the ce-
mented carbide the latter support a longer tool life time.
Therefore, the tool life increases up to 50%, as shown in sec-
tion 4.1. Beside the increase in tool life, the modified tool
shows a better performance regarding to the bore quality. The
absence of high values for roundness deviation and average
surface roughness can be related to the better lubrication.
Better cooling and lubrication also improves the surface integ-
rity as shown in Fig. 6 and 7.

7. Conclusion

The presented results show that the modification of the
flank face can improve the overall performance of cemented
carbide drills while machining Inconel 718. The designed
groove extends the tool life up to 50 % and additionally leads
to a much better coolant supply to the high loaded parts of the
drill. To analyze the coolant flow a three-dimensional, steady
CFD-simulation has been used. The very small geometrical
features near the cutting edge lead to a challenging meshing
process and a high number of nodes. The comparison of the
turbulence models showed that only the 4-»-SST is suitable to
numerically simulate the coolant flow in the complete do-
main. With the experimental results, the impact of the modi-
fied flank face can be analyzed in detail. The numerical and
experimental results are found to be in agreement.

The results are very encouraging for the development of
additional improved tools with geometrical modifications.
Within further investigations more complex flank faces can be
designed and studied. The CFD-simulation provides a good
support at the design stage by reducing the number of proto-
types to be tested in upcoming experimental work. Addition-
ally, it allows the detailed analysis of the coolant flow, which
cannot be measured with the state-of-art techniques.
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