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Abstract: The surface quality and the subsurface proper-
ties such as hardness, residual stresses and grain size of
a drill hole are dependent on the cutting parameters of
the single lip deep hole drilling process and therefore on
the thermomechanical as-is state in the cutting zone and
in the contact zone between the guide pads and the drill
hole surface. In this contribution, the main objectives are
the in-process measurement of the thermal as-is state in
the subsurface of a drilling hole by means of thermocou-
ples as well as the feed force and drilling torque evalua-
tion. FE simulation results to verify the investigations and
to predict the thermomechanical conditions in the cutting
zone are presented as well. The work is part of an interdis-
ciplinary research project in the framework of the priority
program “Surface Conditioning in Machining Processes™
(SPP 2086) of the German Research Foundation (DFG).
This contribution provides an overview of the effects
of cutting parameters, cooling lubrication and including
wear on the thermal conditions in the subsurface and
mechanical loads during this machining process. At first,
a test set up for the in-process temperature measurement
will be presented with the execution as well as the analysis
of the resulting temperature, feed force and drilling torque
during drilling a 42CrMo4 steel. Furthermore, the results of
process simulations and the validation of this applied FE
approach with measured quantities are presented.

Keywords: Single lip deep hole drilling, monitoring, pro-
cess temperature.

Zusammenfassung: Die Oberflichenqualitit und die
Randzoneneigenschaften wie Harte, Eigenspannungen
und Korngrofle einer Tiefbohrung sind von den Schnittpa-
rametern des Einlippentiefbohrprozesses abhangig und
daher auch von dem thermomechanischen Ist-Zustand in
der Zerspanzone und in der Kontaktzone zwischen den
Fiihrungsleisten und der Bohrungswand. Die Hauptpunk-
te dieses Beitrags sind die In-Prozess Messung des ther-
mischen Ist-Zustandes in der Bohrungsrandzone mit Hilfe
von Thermoelementen sowie die Auswertung von Vor-
schubkraft und Bohrmoment. FE-Simulationsergebnisse
zur Verifizierung der Untersuchungen und zur Vorhersage
der thermomechanischen Bedingungen in der Zertspan-
zone werden ebenfalls vorgestellt. Die Arbeit ist Teil ei-
nes interdisziplindren Forschungsprojekts im Rahmen des
Schwerpunktprogramms ,,Oberflichenkonditionierung in
der Zerspanung® (SPP 2086) der Deutschen Forschungs-
gemeinschaft (DFG).

Dieser Beitrag gibt einen Uberblick iiber die Aus-
wirkungen von Schnittparametern, Kiihlschmierung und
Schneidenverschleify auf die thermischen Bedingungen
in der Randzone und auf die mechanischen Belastungen
wihrend dieses Bearbeitungsprozesses. Zunidchst, wird
der Versuchsaufbau fiir die In-Prozess Temperaturmes-
sung vorgestellt, des Weiteren wird sowohl die Ausfiih-
rung als auch die Analyse der resultierenden Temperatu-
ren, Vorschubkrifte und der Bohrmomente beim Bohren
eines 42CrMo4-Stahls prasentiert. Auferdem werden die
Simulationsergebnisse und die Validierung des verwende-
ten FE-Ansatzes mit den experimentellen Ergebnissen vor-
gestellt.
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1 Temperature measurement along
the drilling depth using
thermocouples

Single lip deep hole drilling is a machining process for pro-
ducing deep holes with an 1/d ratio of up to 900, with hole
diameters between 0.5 and 80 mm [1]. This process fulfills
very high quality requirements with respect to the achiev-
able high surface quality and hole tolerances from IT8 to
IT9 [2]. In addition to single lip deep hole drilling, there are
further variants of deep hole drilling, such as BTA drilling
or ejector drilling, which differ in the tool shape and the
type of cooling lubricant supply. Characteristics of all deep
hole drilling processes are the continuous chip removal as
well as the better diameter tolerances, surface qualities,
roundness and centerlines compared to spiral drilling.
The knowledge of the thermomechanical conditions
in the cutting zone during the single lip deep hole drilling
process is essential to achieve desired surface quality and
subsurface properties in the drilling hole. The mechanical
loads can be measured straightforward by a dynamometer,
but the temperature monitoring is more challenging be-
cause of a difficult accessibility of the cutting zone during
the drilling process. There are some methods to monitor
the temperature, e. g. by means of installing thermocou-
ples or resistance temperature sensors in the workpiece or
the tool, or by using thermographic cameras or two-color
pyrometers. The challenge is to measure the quantities as
close as possible to the cutting zone. FE simulations can be
carried out to investigate mechanisms in the cutting zone,
to predict temperatures or to validate the measurement re-
sults. A method of determining the cutting zone temper-
ature along the depth of the borehole using thermocou-
ples is presented in this work. Cylindrical samples with
a length of 100 mm, and 25 mm outer diameter consisting
of a quenched and tempered steel 42CrMo4 were used to
carry out the experiments. The 16 thermocouples were po-
sitioned in such a way that the temperature location can
be resolved higher at the beginning of the drilling process.
The test setup can be seen in Fig. 1. Type K thermocouples
are utilized with an outer diameter of 1 mm. The measuring
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Figure 1: Experimental set up for temperature
measurement with thermocouples on the subsur-
face of the drill hole.

accuracy of the thermocouples is +2.5 °C. For data acquisi-
tion, the NI CompactRIO measuring system with NI 9213
module was used. The evaluation of the measuring sig-
nals was realized with the LabVIEW software. The 16 bore-
holes for the thermocouples are positioned perpendicular
to the drilling direction with a distance of 0.2 mm from the
drilling surface. A heat conducting paste was used to opti-
mize the thermal contact conditions between the thermo-
couple and the workpiece. Special care was taken to en-
sure that the thermocouples are firmly seated so that they
are fixed during the test. It was important that the thermo-
couples were not damaged during the process to record
the temperature evolution in the whole drilling process,
e.g. due to friction and forming processes between the
guide pads and the drilling surface. In the first step the test
was carried out three times without cooling lubrication.
The machining parameters were kept constant throughout
these three tests.

The feed force and the drilling torque were measured
with a dynamometer of type 9125A from the company
KISTLER. The sampling rate per channel is 4 kHz and the
measuring range reaches up to a maximum of 3kN and
50 Nm. The used single lip driller (SLD) EB 800 was pro-
vided by the supplier Giihring KG. The SLD has a nominal
diameter of 18 mm, the exchangeable insert and the guide
pads consisting of cemented carbides are TiAIN coated.

Figure 2 shows on the left the temperature evolutions
at the 16 measuring points over the drilling depth in the
third test under dry conditions. All three repetitions were
made with one insert. Compared to the first test, the tem-
perature level is increased by 150 °C, which is presumably
due to the wear of the cutting edge. The wear progress
should be accelerated by the lack of cooling lubricant [3].
The red markings in the diagram indicate the thermocou-
ple positions along the drilling depth. The temperature
at the beginning of the drilling process is slightly higher
than the subsequent measured values, then the temper-
atures continue to rise until the temperatures decrease
again from a drilling depth of approx. 65 mm. The reason
is that the part of heat energy, which is generated by the
guide pads is not present in this area [1]. The maximum
values of each individual measurement are offset to the
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Figure 2: Left: Temperature and temperature gradient at the 16 positions along the drilling depth; right: the corresponding feed force and

drilling torque; v, = 68 m/min; f = 0.042 mm; dry.

thermocouple positions. This is on the one hand due to the
time offset caused by the heat flow and on the other hand,
due to the additional heat energy input with a smaller gra-
dient through the guide pads. The moment when the cut-
ting edge passes a measuring point, the temperature rises
with the highest gradient, as shown in Fig. 2. The gradient
consideration is of importance for influencing the material
properties in the borehole subsurface. The temperature
level is below that of the thermographic measurements [4],
because of the distance of 0.2mm to the cutting zone. On
the right side in Fig. 2 the corresponding feed forces and
drilling torques are shown. The force peak at the begin-
ning is typical for the single lip deep hole drilling process,
the further peaks are caused by the chip accumulation, as
the chip removal by the cooling lubricant is not given. The
chip removal was only supported by compressed air.

2 Temperature and mechanical load
measurements with cutting
parameter study and cooling
lubricant influence

Here, the previously described experiment has been car-
ried out using deep hole drilling oil. A cooling lubricant
pressure of p = 70 bar and a flow rate of V = 231/min was
set. Furthermore, the cutting speed at constant feed was
changed between three values and the feed was also varied

at constant cutting speed. A new cutting insert was used
for each cutting parameter set and repetition. Each param-
eter combination was repeated three times. For compari-
son, the same parameter studies were carried out with a
cooling lubricant pressure of p = 30 bar and a correspond-
ing flow rate of V = 151/min, but without additional repe-
titions. The flow rate was monitored with a measuring de-
vice from KRACHT, type VC 0.4 F1 PS G-08 and the cooling
lubricant pressure with a measuring device from ifm, type
PN 9021.

Figure 3 on the left shows the temperature evolution at
the 16 measuring points at a cutting speed v, = 65 m/min,
a feed f = 0.05mm and a coolant pressure of p = 70 bar.
In comparison to the dry drilled samples, the temperatures
here are on average lower by a factor of five to eight. How-
ever, the shape of the temperature curve is very similar,
initially the temperature rises sharply, followed by a drop,
and slowly rises again. On the right side in Fig. 3 the corre-
sponding mechanical loads are shown. Both the feed force
and the drilling torque are on a lower level compared to
dry machining. The arbitrary load peaks during drilling
are not present.

On the left side in Fig. 4 the maximum temperatures
at the respective sensor positions were compared at dif-
ferent cutting speeds, a constant feed and a coolant pres-
sure of p = 70 bar. Each value is an average of three mea-
surements. The error bar represents a 95 % confidence in-
terval, which means that with an infinite number of rep-
etitions, 95 % of the measured values would lie within
the shown range. Despite the wide spread, the hypothe-
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Figure 3: Left: Temperature at the 16 sensor positions; right: the corresponding feed force and drilling torque; v, = 65 m/min; f = 0.05 mm;

lubrication: V = 23 /min; p = 70 bar.

75 75
o 65 | 065 -
S Ik ] S| :
555 [ i o 255 s 5 "
43 5 . ) ! ,E *3 - e & & 1
= 1 = 8
845 [ ¥ £ a5 =
& 5
=35 Fas E

25 25

0 20 40 60 80 100 0 20 40 60 80 100

Sensor position /mm

x f=0.05 mm; v.=50 m/min o f=0.05 mm; v.=65 m/min
a f=0.05 mm; v.=80 m/min

Sensor position /mm

x f=0.05 mm; v.=50 m/min o f=0.05 mm; v.=65 m/min
a f=0.05 mm; v.=80 m/min

Figure 4: Maximum temperature along the drilling depth at different cutting speeds; left: V23 |/min; p = 70 bar; right: V15 |/min; p = 30 bar.

sis that the temperature also increases with increasing cut-
ting speed can be confirmed. In this case, the tendency
can be seen both during the beginning of drilling and in
the further depth course, whereby the temperature values
for 65m/min and 80 m/min are very close to each other.
On the right-hand side of Fig. 4 the results are shown for
a lubrication with p = 30 bar. Up to a depth of 20 mm the
temperature spreads very strongly, in the so-called quasi-
static range the temperatures are at 55-60 °C, which is
5°C higher than in the left diagram. The tendency towards
higher temperatures with increasing cutting speeds is no
longer clearly visible, which may be due to the fact that the
values are not averaged from several repetitions. A similar
behavior can also be observed when varying the feed at
constant cutting speed (see Fig. 5). The temperatures in the
right-hand diagram, i.e. at a lower coolant flow rate, are
approx. 5 °C higher. Besides, it can be seen, that especially
at greater depths, the highest temperature values can be
assigned to the maximum feed of f = 0.07 mm.

Figure 6 summarizes the temperature and force behav-
ior at different cutting speeds and cooling lubricant con-
ditions. Here, the shown temperatures are averaged over
16 maximum values along the drill hole with three repeti-
tions. As already mentioned, no repeat tests were carried
out at a pressure of p = 30 bar. The feed forces are average
values from the quasi-static range. At a cooling lubricant
pressure of p = 70 bar, the temperature increases with in-
creasing cutting speed; no clear trend can be documented
for the feed force. At a pressure of p = 30 bar, on the con-
trary, a decreasing tendency is clearly recognizable for the
feed force.

In Fig. 7 the temperatures and forces have been eval-
uated using the same method to identify correlations with
the feed rate. The feed force shows a clear increase with
higher feed rate. There is also an increase in tempera-
ture, but there are clear differences depending on the cool-
ing lubricant pressure. An FE simulation, which will be
discussed in the following, provides very similar results
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Figure 5: Maximum temperature along the drilling depth at different feeds; left: V = 231/min; p = 70 bar; right: V = 15 |/min; p = 30 bar.
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Figure 6: Left: mean temperature during SLD at different cutting speeds and cooling lubricant pressures; right: corresponding feed force.
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Figure 9: Mean feed force in quasi-static section during SLD at different wear levels and cutting speeds; left: V = 23 |/min; p = 70 bar; right:

V =15 |/min; p = 30 bar.
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Figure 10: Outer cutting edge radius of the insert after several drilling passes and at different cutting speeds; left: V = 231/min; p = 70 bar;

right: V = 15 1/min; p = 30 bar.

(Fig.17), but the dependencies of the thermomechanical
parameters on the cutting parameters are clearer. This is
due to the fact that a simulation is an idealized process
and, in this case, no disturbing influences like chip re-
moval or coolant conditions were considered.

3 Effect of cutting edge wear on the
temperature in the subsurface
and mechanical loads

3.1 Effect of cutting edge wear at different
cutting speeds

The effect of cutting edge wear on the thermomechanical
condition during single-lip deep hole drilling was also in-
vestigated. For this purpose, the previously described ex-
periment was repeated four times with the same cutting in-
sert for each parameter set. Besides the temperature in the
subsurface, the feed force, the drilling torque and the cut-
ting edge radius were measured. For the measurement of

the cutting edge radii the optical system “InfiniteFocusG5”
with the software module “EdgeMaster” of the company
alicona was used. Fig. 8 shows the temperatures after four
drilling passes of 100 mm long samples at different cutting
speeds, on left at p = 70bar and on right at p = 30bar
coolant pressure. As expected, both diagrams show an up-
ward trend.

In Fig.9, an increase in force can also be seen with
an increasing number of drilling passes, although this is
not clear at low coolant pressure. This can be caused by
various disturbance variables that increase with a lower
coolant flow rate, such as poorer chip removal. At p =
30 bar, the feed force seems to drop after the first pass
and then slowly increase again. In Fig. 10, the cutting edge
radii of the outer cutting edge were plotted after each pass,
as this area of the cutting edge is decisive for the sub-
surface and surface conditioning. Each point in these di-
agrams is an average of 50 values along the cutting edge.
The error bar represents the 95 % confidence interval. At O,
the cutting edge radius of a new insert is plotted. The radii
already show significant deviations when the inserts are
new due to the manufacturing process. Therefore a direct
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Figure 11: Mean temperature during SLD at different wear levels and feeds; left: V = 23 /min; p = 70 bar; right: V = 15 /min; p = 30 bar.
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Figure 12: Mean feed force in quasi-static section during SLD at different wear levels and feeds; left: V = 23|/min; p = 70 bar; right: V =

151/min; p = 30 bar.

comparison of the absolute values between the different
cutting speeds is less reasonable. However, the wear de-
velopment with each pass for each parameter set and thus
for each insert provides the expected tendency to increase
the radius.

3.2 Effect of cutting edge wear at different
feeds

In the same way, the influence of the feed on the mean
maximum temperatures along the drill hole, as well as on
the mean feed force in the quasi-static range and the cut-
ting edge radii was investigated. In Fig.11 the tempera-
tures at p = 70bar on the left and at p = 30 bar on the
right are plotted. In the diagram on the left a clear increase
in temperature with the number of passes can be seen,
except for the parameter combination f = 0.07 mm and
V. = 50 m/min. In this case, the values fluctuate strongly,
which was also observed by the chattering in the process.
With this parameter combination and p = 30 bar cooling
lubricant pressure, a breakout at the cutting edge corner
was detected at the second pass and the test series was
interrupted, see diagram on the right and Fig. 14. For the

smaller feed rates, a slow increase in temperatures is also
detectable at p = 30 bar. The feed forces in Fig. 12 correlate
with the temperatures in that way that the increase is more
pronounced at p = 70 bar than at p = 30 bar. At p = 30 bar,
the difference between the series of measurements is also
more pronounced. The force level of the problematic pa-
rameter set is 300 N higher than the comparative values.

The corresponding cutting edge radii, shown in
Fig. 13, display an increase of the edge rounding predomi-
nantly. At f = 0.03mm, v, = 50 m/min and p = 30 bar lu-
bricant pressure an opposite effect has occurred. The com-
bination of parameters, which led to the break-out can be
recognised by a very small radius after two passes, which
can be explained by the sharp edges at the break-out point.

The light microscopic images of the cutting inserts af-
ter four drilling passes for qualitative wear investigation
are shown in Fig. 14. The wear on the outer cutting edge
or corner, see marking on the upper left hand side, can
not only be quantitatively recorded but also visually iden-
tified.

For comparison, the radii of the central and inner cut-
ting edges were plotted in Fig. 15, after four drilling sam-
ples no progressive wear can yet be detected. Also, the
spreading in the initial condition is mentioned.
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Figure 14: The inserts after 4 drilling passes at different feeds and cooling lubricant pressures.

4 Validation of FEM simulation and
experimental investigations

For a deeper understanding of the mechanisms in the
drilling process, FE simulations of this highly dynamic and
unsteady-state process were conducted using the commer-
cial solver ABAQUS with an explicit simulation scheme.
Due to the huge computational costs when modelling the
whole test set up, the FE model was reduced to the in-
sert taken from CAD data of the company Giihring KG
and a cylindrical workpiece. With this modelling setup,
full 3D deep hole drilling process simulations were per-
formed. Figure 16(a) shows a schematic representation of
the FE modelling setup. The heat generation during the
drilling process requires a coupled temperature displace-
ment formulation of the solver, which allows the simula-
tion of heat transfer as well as a stress analysis in paral-
lel. In the framework of this work, the element elimination

technique (EET) was chosen to represent the machining
process. Those elements are removed from the FE model,
which reach a previously defined critical measure accord-
ing to the Johnson-Cook damage model.

Due to the high stiffness of the cemented carbide in-
sert, it is defined as a rigid body. For modelling the mate-
rial behavior of the workpiece during this highly dynamic
process including large deformation and heat generation
a strain rate as well as temperature dependent plastic-
ity model, which is called Johnson-Cook (JC) constitutive
model, was applied [5, 6]. In order to move the insert ac-
cording to the drilling process, a reference node was de-
fined, which is linked to all of the nodes in the insert. Thus,
on this reference node a lateral velocity along the driller
axis and an angular velocity around this axis were applied.
At the end of the simulation, this reference node deliv-
ered the reaction force of the insert to evaluate the simula-
tion and to compare the results with the experiments. The
initial temperature was set to room temperature. A gen-
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Figure 16: Schematic representation of the modelling set up (a), chip formation (b) and temperature distribution in the insert during the

simulation.

eral contact was defined between the insert surface and
the surface of the workpiece with a hard pressure over-
closure correlation, which describes the interaction of the
cutting insert and the workpiece in direction orthogonal
to the surface. Further selected interaction properties are
friction applying a Coulomb friction model with a friction
coefficient p of 0.5 as well as heat generation due to friction
converting the deformation-induced energy into heat [7].
Besides, boundary conditions were applied to constrain
the movement of the workpiece. In this simulation, the de-
grees of freedom at the bottom surface as well as the lat-
eral surface of the cylindrical workpiece are restricted (see
Fig. 16(a)). Finally, this established FE model is able to re-
produce chip formation during the drilling process nicely
(see Fig. 16 (b)).

In the presented numerical study, a sensitivity analy-
sis with different cutting speeds v, and feeds f was carried
out.

Due to the huge computational effort of 3D process
simulations using experimental process parameters, the
parameters in the simulations are higher compared to the
experimental ones. To reduce this parameter gap, the low-
est feed in the simulations was defined as 0.08 mm, which
is slightly higher than the highest feed in the experiment
(0.07 mm). The simulations were performed under the as-

sumption of dry conditions. Considering the fluidic lubri-
cant was not part of this study and increases the numeri-
cal effort dramatically. However, the numerical results still
can be used to study the mechanisms as well as the general
correlation between the process parameters and the result-
ing quantities feeding force and temperature. In order to
validate the simulation, the measured quantities feeding
force and temperature were compared with the numerical
results. The temperature is captured at the position of max-
imum temperature on the cutting insert at the end of the
simulation where a steady-state is reached (see Fig. 16(c)).
Besides, the resulting feeding force was examined with re-
spect to the process parameter feed and cutting speed. The
results are summarized in Fig. 17.

Maximum temperatures around 400 °C to 700 °C with
increasing feed were obtained. This temperature range is
comparable to the experimental results of drilling under
dry conditions, which are presented in [4]. The resulting
feeding force for a feed of 0.08 mm (Fig.17 (a)) is with
2.4 kN almost the double compared to the experimental
value of 1.4kN in Fig. 7 (right) for a feed of 0.07 mm with
lubricant and a lower cutting speed, respectively. With
these results, the effect of the cooling lubricant on the
drilling process can be extracted. Generally, the sensitiv-
ity study on the feed indicates, that the feeding force is
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Figure 17: Numerical results of the drilling simulation with varying feed with a constant cutting speed of 427.51 m/min (a) and cutting speed

with feeds of 0.48 mm, 0.24 mm and 0.16 mm (b) under dry conditions.

highly dependent on this quantity: The lower the feed, the
lower the resulting feed force. The trend of the feeding
force with the experimental feeds of 0.03 mm, 0.05 mm and
0.07 mm in Fig. 6 and Fig. 7, is extended by the numerical
results, which indicates a good representation of the dom-
inant mechanisms in the drilling process. A reversed influ-
ence of the cutting speed on the feeding force is shown in
Fig. 17(b), which means at the end a decreased feed. This
correlation agrees well with the trend indicated through
the experimental results in Fig. 9 and Fig. 10. Nevertheless,
further numerical investigations are needed to overcome
the drawback of the higher process parameters and to de-
liver more reliable results.

5 Conclusions

In this paper, investigations were presented focusing on
the thermomechanical state during single lip hole drilling
with respect to the drilling depth. Different coolant strate-
gies were applied, 30 and 70 bar coolant pressure as well
as dry cutting. In addition, the wear of the cutting edges
was measured. Very significant differences were found be-
tween drilling without coolant and conventional drilling
with lubrication. After three dry drilling passes with one
cutting insert, the average temperature in the subsurface
increased by approx. 150 °C, using deep drilling oil the
temperature increased by max. 2 °C. Only slight differences
in terms of temperature and feed force were found between
30 and 70 bar coolant pressures. As expected, microscopic
investigations on the insert confirmed that the outer edge
is the location with the highest wear. With critically se-
lected cutting parameters, a lower coolant pressure can
lead to cutting edge outbreaks. In addition, it has been
shown that the initial conditions and the dimensional ac-
curacy of the cutting edges have a significant effect on the

experimental results. Large temperature deviation and a
force peak were observed at the beginning of the drilling
process. The higher mechanical load can have several rea-
sons. At the beginning there are different contact condi-
tions between insert and workpiece, which change con-
tinuously. This results in a different stress distribution in
the driller and other reaction forces. After a certain drilling
depth, the contact conditions are almost constant. The
monitoring of the thermomechanical condition is an es-
sential component for the adjustment of the subsurface
properties in the drilling hole.
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