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Abstract

The thermomechanical load on the workpiece surface during the machining process strongly influences
its surface integrity and the resulting fatigue strength of the components. In single-lip drilling, the
measurement of the mechanical load using dynamometers is well established, but the thermal
interactions between the tool and the workpiece material in the surface area are difficult to determine with
conventional test setups. In this paper, the development and implementation of an in-process
measurement of the thermal load on the bore subsurface is presented. The experimental setup includes
a two-color ratio pyrometer in combination with thermocouples, which enable temperature measurement
on the tool's cutting edge as well as in the bore subsurface. In combination, a force measurement
dynamometer for measuring the occurring force and torque is used. Thus, the influence of different cutting
parameter variations on the thermomechanical impact on the bore surface can be evaluated.
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1. INTRODUCTION

When using quenched and tempered high-strength steels
in industrial applications, especially in the automotive
industry, the fatigue behavior is of fundamental importance.
In the case of machined components, the fatigue strength
is influenced by the surface integrity to a large extent. M.
Field and J. F. Kahles [Field 1964] technically defined the
surface integrity as the inherent or enhanced condition of a
surface produced by machining processes or other surface
generation operations. Main characteristics to describe the
surface integrity are the surface roughness, residual
stresses, hardness and microstructure [Novovic 2004,
Javidi 2008]. These factors are highly affected by the
applied machining process to manufacture components
and have direct influence on the fatigue strength of the
components when operational dynamic loads are used in
later application. Since the surface layer of a component is
usually exposed to the highest loads during the machining
process, it is often affected by factors like stress concen-
tration, oxidation, microstructure transformation or burning
out of alloy elements [Javidi 08]. However, some of the
effects that occur during the machining process can be
utilized to achieve positive effects on the surface integrity.
In previous studies on the single-lip deep hole drilling
process it was shown that by increasing the mechanical
impact on the bore wall, a hardening of the bore subsurface
in combination with a refinement of the subsurface micro
structure can be achieved [Nickel 2018, Nickel 2020]. In

addition, residual compressive stresses induced into the
bore subsurface can counteract the tensile stresses
occurring in the surface layers of the components during
operational loads, thus preventing crack initiation and
propagation. For components exposed to dynamic internal
pressures in industrial applications, this effect is often
achieved by applying additional surface treatment methods,
such as a hydraulic autofrettage process [Novovic 2004,
Basara 2011]. For the single-lip deep hole drilling investi-
gated in this study, favorable process parameters (tool
design, cutting conditions and sulfur content of the material)
were identified in order to increase the fatigue strength by
increasing the mechanical load acting on the bore
subsurface, so that a subsequent surface treatment
process can be obsolete for some applications [Nickel
2018, Nickel 2020]. The single-lip deep hole drilling process
was identified as particularly effective for this purpose since
the asymmetrical design of the tool has the effect that a
large part of the cutting forces resulting from the cutting of
the material are transmitted to the bore wall via the tool’s
guide pads. In addition to the mechanical effects used to
deliberately influence the surface integrity properties, the
thermal effects during single-lip deep hole drilling, which
have been largely unexplored to date, also affect the
surface properties produced. The development and appli-
cation of an experimental setup for in-process measure-
ments of the thermal effects on the bore wall during single-
lip deep hole drilling is therefore addressed.
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1.1 Temperature Measurement in Drilling Processes

Temperature measurement in machining processes,
especially during drilling, is particularly demanding for the
measurement equipment used due to the high local
temperature gradients, the fast heating rates and the poorly
accessible working zones. The instationary character of the
drilling process, the fast rotation of the tool as well as the
complex geometry of the cutting edge have to be
considered for temperature measurement setups and lead
to a limitation of the choice of suitable measurement
methods. Due to the characteristics of the process, the area
with the major impact on the produced surface integrity is
located directly at the cutting edge of the tool. Apart from
high cooling lubricant pressures and hot chips, this area is
subject to the greatest thermal and mechanical loads.
Therefore, the positioning of the measuring technology
close to the cutting zone represents an enormous challenge
for the sensor technology used [Beno 2012, lovkov 2016].
In the literature, numerous studies on experimental,
analytical and numerical methods with different approaches
can be found so far. In most of them temperatures were
detected locally in the bore subsurface, at the chip, at the
tool’s cutting edge, at the guide pads or the heat distribution
in the workpiece was measured [Weinert 2006, Bagci 2006,
Ueda 2007, Beno 2012, Michna 2014, Girinon 2018,
Islam 2019, Oezkaya 2019]. E. Oezkaya et al. used pyro-
metric temperature measurement to assess the thermal
load along the cutting edge during the twist drilling of
Inconel718. For this purpose, the optical fiber of the
pyrometer was inserted into a prepared workpiece parallel
to the middle axis of the bore [Oezkaya 2019]. J. Michna
measured process temperatures and used a finite element
chip formation model to show that the white etching layers
that were produced during the twist drilling process are due
to thermal stress and the associated heating and cooling
rates. For the thermal analysis J. Michna used a
thermographic camera and a ratio pyrometer. With four
cross bores drilled into the workpiece perpendicular to the
cutting edge, which served to position the optical fiber, the
temperatures were detected on the cutting edge and in the
workpiece [Michna 2014]. The process temperatures acting
on the bore surface and subsurface during single-lip deep
hole drilling have been largely unexplored to date.

2. EXPERIMENTAL SETUP
2.1. Machine Tool

The experiments were set up and carried out on an Ixion
TLF 1004 deep drilling machine. The coolant lubricant
supply through the inner coolant channels of the single-lip
drills was kept at a constant pressure of pu = 100 bar for
all experiments. As a lubricant, the drilling oil Petrofer Isocut
T 404 with a viscosity of v =10 mm?/s was used.

2.2. Single-Lip Deep Hole Drills

For the drilling tests single-lip drills with a diameter of
ds.o = 5 mm were used, as these are common dimensions
for bores in hydraulic blocks and systems. The mechanical
impact on the surface integrity of different tool designs,
such as varying cutting edge geometries, circumferential
shapes and coatings, have been investigated in [Nickel
2018]. It was found that the design of the major cutting edge
has a large impact on the occurring mechanical tool load
and the resulting hardening of the bore subsurface. From
these tests, a tool with a relatively large, arc-shaped outer
cutting edge was selected, which results in high passive
forces in the process. This causes an increase in the neutral
force transmitted into the bore wall via the guide pads. Due
to the circumferential shape A (according to VDI 3208) with

relatively narrow guide pads, the surface pressure is
increased in order to achieve a high mechanical impact on
the surface and subsurface. The tool properties as well as
geometry are shown in Fig. 1.

Tool diameter dsip = 5.0 mm
Tool length Isscp = 255 mm
Tool-head length Iston = 30 mm
Outer cutting edge radius R = 2.486 mm
Inner cutting edge angle 2 = 105°
Coating TiN
Circumferential shape A

Inner cutting
edge

ﬁ
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Fig. 1: Properties of the used tools.

2.3. Material Properties and Specimen Geometry

The material used for the tests is the quenched and
tempered steel AISI 4140 (42CrMo4+QT, 1.7225). The
material has a tensile strength of Rm =960 MPa and a
hardness of 316 HV10. The sulfur content of the material,
S = 0.011 weight-% (wt-%), is relatively low compared to
conventional AISI 4140. A lower sulfur content reduces the
number and size of manganese sulfide inclusions in the
steel, which has a positive effect on the fatigue strength of
the material. The material’s chemical composition can be
found in Table 1.

Table 1 : Chemical composition of the workpiece material
AIS| 4140 (Wt-%).

C Si Mn P S Cr Mo Fe
0.41 0.18 0.85 0.011 0.011 1.01 0.18 bal.

Key factor for understanding the effects of different process
parameter combinations of the drilling process on the
surface integrity is to analyze the associated thermo-
mechanical load on the bore surface and subsurface. The
mechanical tool load generated during the single-lip deep
hole drilling process is measured at a frequency of 2 kHz
using a piezoelectric dynamometer from Kistler. The feed
force Fr and drilling torque Md are analyzed with the
software DIAdem from National Instruments and can be
correlated with the resulting mechanical impact on the bore
surface. The influence of the mechanical load during the
single-lip deep hole drilling process on the surface integrity
was investigated in detail in [Nickel 2018, Nickel 2020].

The newly developed experimental setup to perform in-
process measurements of the temperature that affect the
bore surface and subsurface is focused on in this paper.
The temperature in the bores subsurface is measured
thermoelectrically, whereas the tool’'s cutting edge and
guide pad temperature is measured pyrometrically. The first
step is the preparation of the round test specimens, which
are chamfered from four sides using a face mill. For the
installation of the temperature measurement sensors, three
cross bores (B1, B2, B3) are drilled in the chamfered
surface of the specimen with a distance of acs = 7 mm
between these bores. This preparation of the cross bores is
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performed from three sides of the specimen, in order to be
able to use one specimen for three single-lip deep hole
drilling tests in position X1, X2 and X3. The cross bores for
the temperature sensors are machined with a miniature drill
from Guehring and have a diameter of Dce= 0.4 mm.
Machining a drilling depth l:that is as exact and reproducible
as possible is crucial for a valid evaluation of the results.
Depending on the function of the cross bore, the drilling
depth is set to k=5.0 mm (B1, B3), which is intended for
the use of the thermocouples, and It = 5.6 mm (B2), for the
cross bores in which the glass fiber for the pyrometer is
placed. Fig. 2 shows a sketch of the test specimens
prepared like this with an example of a manufactured
single-lip drilling test bore at position X2.

In subsequent tests, which are not part of this paper, deep
hole drilled specimens are machined into test specimens
for fatigue tests. Since the critical area in which these
specimens fail is located exactly in the middle of the
specimens due to its design, this area was also selected for
the installation of the temperature measurement sensors.

44'mm Detail B
¢ -« (Cross-bores)
X2 B1 B2 B3

» 77 mm
70 mm
B > B deep hole (X2)
2 63 mm - P \
AN

:
*

@5 mm

e

Fig. 2: Sketch of the test specimens generated and photo
of the drilled cross bores.

2.4. Temperature Measurement Equipment

For the thermoelectric measurement two thermocouples
type K with a diameter drc = 0.25 mm are used. These are
inserted into the cross bores B1 and B3 using a graphite-
containing thermal-conductive paste with a thermal
conductivity of A = 10.5 W/mK and are then fixed with an
adhesive. In addition to the small radial air cavity of A75 ym
between the thermocouple and the bore wall, the use of a
thermal conductive paste led to a reduction of the recorded
measurement deviation tolerance, since the heat transfer
between the thermocouple and the material is ensured. The
pyrometric temperature measurement was performed with
a fiber optic ratio pyrometer type FIRE-3 from the
manufacturer en2Aix. The optical fiber with a diameter of
dr =0.33 mm is glued into the cross bore B2, so that it
protrudes about Lr = 600 um into the single-lip bore created
in the subsequent test. This test set-up ensures that the
fiber is cut several times by the cutting edge of the single-

lip drill during the machining process. The thermal radiation
emitted by the cutting of the workpiece material is absorbed
by the fiber and converted into a temperature by the pyro-
meter software. An overview of the test setup including the
equipment for the temperature and tool load measurement
is given in Fig. 3. The cutting parameters for the single-lip
deep hole drilling process for this test series to measure the
thermo-mechanical load are kept constant at vc = 65 m/min,
f = 0.1 mm. For the visualization of the microstructure in the
bore subsurface, a Zeiss Axio Imager M1m light
microscope was used.

NI cDAQ-9184
incl. measurement module:
Temperature, force and torque

Amplifier Pyrometer

Fire-3

Dynamometer

SLD * TC: Thermocouple

* PM: Pyrometer fiber

Fig. 3: Sketch of the experimental setup including temper-
ature and force measurement sensors.

2.5. Eddy-Current Measurements

The non-destructive assessment of the surface integrity
was performed by means of eddy-current measurements
with an Elotest PL-600 and a custom designed sensor with
a diameter of 4 mm from Rohmann. The measurements
were carried out with an eddy-current frequency of 900 kHz
with a preamplification of 30.50 dB, an amplification of
30.00dB and an x- and y-spread of 6 dB. The third
harmonic was considered.

3. RESULTS AND DISCUSSION

Of particular importance for the produced surface integrity
are the maximum thermomechanical loads occurring during
the drilling process. Such loads can cause phase trans-
formations in the subsurface microstructure, especially if a
critical threshold is exceeded. Highly critical for the fatigue
strength of components is the formation of thermally
induced brittle martensitic layers in the subsurface micro-
structure, so-called white etching layers (WEL), which are
often accompanied by the formation of undesirable tensile
residual stresses. The risk of WEL formation exists
especially when the austenitizing temperature is reached or
exceeded. As a result, the subsurface microstructure can
be austenitized for a brief moment and then transformed
into a martensitic microstructure by subsequent quenching
with the cooling lubricant [Koster 1970, Griffiths 2001,
Pan 2017]. For this reason, the maximum temperatures
Tmax are the main focus of the analyses when evaluating the
temperature measurements. However, the critical threshold
for structural microstructure changes is influenced by a
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superposition of thermal and mechanical effects on the
bore’s surface and subsurface, so that the thermo-
mechanical load in conjunction has to be regarded.

3.1. Thermoelectric Measurement

Fig. 4 exemplary shows a temperature curve as a function
of the process time tn measured during the single-lip deep
hole drilling process using two thermocouples TCO1 and
TCO02. For each thermocouple measurement, the maximum
temperature Ttcmax IS evaluated. The temperature peaks
are about 2 seconds apart, which is due to the distance of
the measuring positions along the single-lip bore of stcoi-
Tcoz = 14 mm.

Material: 42CrMo4+QT, (S = 0.011 wt-%)

Tool: SLD, @ 5 mm

Coolant: Oill, peootant = 100 bar

Cutting Speed: v, =65 m/min

Feed: f =0.1mm

Thermocouple: Typ K/ @ 0.25

250
Stco1 -Teoz = 14 mm
. tzcm —Tco2 trcot -tco2 =2.0289 s

. C * > 1 Lt =0.0145s
e
Lo » TTCOZmax

Q
g 150 . o ——
g 100 TCO01,max — TC02
o
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@
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0 2 4 6 8 s 12

Process time t,

Fig. 4: Exemplary temperature profile of the
thermocouples TCO1 and TCO02 including definition of the
maximum temperature Ttcmax from the thermoelectric
measurement.

The nominal distance of the thermocouples to the bore wall
of the single-lip bore is set by the depth of the cross bores
Dce = 0.4 mm. Due to the position of the temperature
measuring sensors in the center of the sample and thus at
a drilling depth of about | = 70 mm of the single-lip deep
hole drilling process, the actual distance of the thermo-
couples is additionally influenced by the straightness
deviation of the single-lip drill. In order to consider this factor
for the temperature measurements, cross sections of the
areas where the single-lip drill passed the cross bores with
the thermocouples are prepared and analyzed. This
enables a precise determination of the distance of the
thermocouples’ position in relation to the bore wall of the
Dsie = 5 mm single-lip bore. This measurement is carried
out on the center line of the cross bore. Due to the diameter
of the thermocouple of drc = 0.25 mm, which was installed
in the center of the bore with thermally conductive paste,
this enables a comparable measurement for all
micrographs of the cross sections. During preparation of the
cross sections, the diameter of the cross bores was
measured and checked to ensure that the correct plane of
the section is achieved. The measured distances are set in
proportion to the measured temperatures for thermocouple
1 (TCO01) and thermocouple 2 (TC02).

When analyzing the micrographs, three cases are distin-
guished, which occur during the in-process temperature
measurement with thermocouples, due to the straightness
deviation: 1.) The single-lip drilled bore runs at a

measurable distance ass to the cross bore containing the
thermocouple. 2.) The nominal distance of the single-lip
bore to the cross bhore is completely compensated by the
straightness deviation, so that the cross bore is briefly met
by the cutting edge of the single-lip drill. However, due to
the deformation of the workpiece material at the cutting
edge of the tool, the cross bore is kept closed. In this case,
the distance between the thermocouple and the single-lip
bore is not existent (ass = 0 pm). 3.) The cross bore is hit
and opened by the single-lip drill so that cooling lubricant
can enter the cross bore. In this case, there is no distance
ass between the single-lip bore and the thermocouple too,
but the results are additionally distorted by the contact of
the cooling lubricant with the thermocouple and cannot be
used afterwards.

A series of 37 micrographs of cross sections were prepared
and analyzed after the drilling tests to measure the actual
distance of the thermocouple to the bore wall. For further
evaluation, only those measurements were selected in
which a distance to the single-lip bore was ensured during
the drilling process and the measurement was not
influenced by the contact of the single-lip drilled bore with
the cross-bore. An exemplary representation of the
determination of these actual distances ass using the
micrographs of some cross bores is shown in Fig. 5
(bottom). The measured maximum temperatures Ttcmax
are plotted over the respective distance to the bore wall in
Fig. 5 (top).

E’ 200 RP16-X3
E ¢ i ATCO1 ®TCO02
- 8 _
® ~ P2-X1 R2=0.8178
2 160 A AKS
E ‘RP16-X3 ~ JRP16-X1
5 140 - N
%
£ =2 < g RP16-X2
& 120 - P4-X2
é 0 =+ * not included for linear regression
= 0 200 um 600
Measured distance from bore-surface, agg
*P4- RP16-X3, P2-X1, RP16-X2,
X2,TC02 TC02 TCO1 TC02

Dg g = 5 mm single-lip bore
Dcg = 0.4 mm cross bore for TC

Fig. 5: Maximum temperatures Ttcmax of TCO1 and TC02
for different measured distances from the bore surface ags
(top); Micrographs of the cross bores (bottom).

The maximum temperature detected by the thermocouples
is Ttcozmax= 189.8°C at a distance of ags =117 um from
the bore surface. With an increasing distance from the bore
subsurface lower maximum temperatures are measured,
with the lowest temperature of Trcozmax= 102.5°C at a
distance of ass = 265 ym from the bore wall.

Even though a relatively high coefficient of determination of
R2=0.8178 can be achieved for the regressive curve
shown in Fig. 5, outliers such as the P4-X2 measurement
and the relatively high number of eight non-evaluable
measurements show that thermoelectric temperature
measurement has only limited suitability for in-process
measurements during the single-lip deep hole drilling
process. Therefore, pyrometric temperature measurement
is applied as an alternative method to access the thermal
influence on the surface integrity.
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3.2. Pyrometric Temperature Measurement

The thermal radiation emitted in the working zone during
the single-lip deep hole drilling process is transformed into
two voltage signals using a ratio pyrometer and then
converted into a temperature. Due to the used test setup,
the temperatures measured correspond to those directly at
the cutting edge and flank face (sector 1) or the guide pads
(sector 2) of the drilling tool. These temperatures have a
direct effect on the bore surface, which is in contact with the
tool. The output signals of the pyrometer are two voltage
signals (voltage channel 1 to 2) gained from the two
different wavelengths detected by the pyrometer. The level
of the voltage and corresponding temperatures while the
single-lip drill passes the measuring position are shown in
Fig. 6. The periodic signal pattern of the voltage channels
results from the passing of the tool’s cutting edge along the
embedded optical fiber with each rotation of the tool. Thus,
at each contact with the cutting edge, the emitted thermal
radiation is detected by the fiber and output as a voltage
signal.

Material: 42CrMo4+QT, (S = 0.011 wt-%)

Tool: SLD, @ 5 mm

Coolant: Oil, peoolant = 100 bar

Cutting Speed: v, =65 m/min

Feed: f =0.1mm

Gain Factor: G1:1*108/ G2: 1*108
I Voltage Channel 1 Voltage Channel 2
Bl Temperature

Sector 1  Sector 2
L MV
\Y; -
o
o 6
&
‘;6 4
2
J l Ih l_nl
L I i
800717 . m v
9 cC l
[+
§ 600 ‘
g7 4
2-400 Pyrometer | [Bore wall
2 300 ’ fiber
0 Measuremeni: 0.462 s

0 02030405 s 07
Time t

Fig. 6: Exemplary voltage and temperature measurement
at different tool cutting edge positions.

Fig. 6 visualizes the contact situation between the optical
pyrometer fiber and the drilling tool for different phases of
the measurement in the time progression. Phase |
represents the first contact of the radius-shaped cutting
edge with the fiber. In phase Il the position and the angle of
the pyrometer's measuring spot on the cutting edge
changes with every revolution of the tool due to the
progressive movement of the drill in the feed direction. In
the area where the fiber meets the flank face of the cutting
edge almost orthogonally the highest voltage signals and
correlating temperatures are measured. In phase Il the
measuring spot of the pyrometer hits the transition of the
tool’s cutting edge to the guide pads, where the measured
voltages drop considerably. In the following phase IV, the

heat radiation of the guide pads is detected, which in turn
leads to a second increase in the measured voltages and
temperatures.

These four phases of contact between tool and pyrometry
fiber can be divided into two sectors: In Sector 1, the optical
fiber is cut several times by the cutting edge of the tool until
the relative position of the tool to the optical fiber at the
transition to the guide pads of the tool is reached. In this
sector, the cutting of the material mainly produces the
measured thermal radiation. In the further course of the
process, which is the second sector, the guide pads pass
the optical fiber with each rotation of the drill. The thermal
radiation emitted by the guide pads thus allows to detect the
thermal energy generated mainly by the friction between
guide pads and bore surface. Both, the heat generated by
cutting the material and the heat generated by friction affect
the integrity of the bore surface. As with thermoelectric
temperature measurement, analyzing the maximum
temperature Tmax during the measurement is focused, as a
change in microstructure can be assumed if the
austenitization temperature of the material is exceeded.

The maximum temperatures measured with the pyrometer
during the drilling process are shown in Fig. 7. In the
diagram, these values are visualized as box plots and
shown next to the thermoelectric measurement values in
the bore subsurface, allowing a comparison of the two
temperature measurement approaches. In addition to the
mean values of the measured maximum temperatures with
regard to all of the tests carried out, the spread of the
measured values becomes apparent as so-called whiskers
of the box-plots. The temperatures measured
pyrometrically directly at the tool are on average
significantly higher (T =583°C) than the temperatures
measured thermoelectrically at a certain distance to the
bore wall in the subsurface (T =122°C). In addition, the

spread of the wvalues in pyrometric temperature
measurement is significantly larger.
Material: 42CrMo4+QT, (S = 0.011 wt-%)
Tool: SLD, @ 5 mm
Coolant: Oil, Pegolant = 100 bar
Cutting Speed: v, =65 m/min
Feed: f =0.1mm
. 1000
oo |[Ass ]
= °C
S 700
% 600
@ 500
g 400
2 300
% 200
S 100 | —=F—

Thermoelectric  Pyrometric
measurements measurement
TCO01, TCO2

Fig. 7: Comparison of measured temperatures for thermo-
electric and pyrometric measurements.

The differences in the level of the measured temperatures
can be explained by the measuring position and the
response time of the used sensors. For the thermoelectric
measurement, the process-generated heat must first
distribute in the workpiece material between the tool and
the measuring position as well as in the thermocouple itself.
Therefore, it is less sensitive to short temperature peaks,
than the pyrometric measurement. Pyrometry allows to
detect even short temperature peaks directly at the tool’s
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cutting edge as well as on the tool’'s guide pads. This
contact area between the tool and the bore wall is
particularly critical for temperature induced short-term
austenitization and formation of WEL. With the here used
combination of cutting parameters almost all measured
maximum temperatures during the single-lip deep hole
drilling processes are below the austenitization temperature
of AISI 4140, which is about at Acz = 840°C. However, the
highest temperature measured during the tests showed a
value of T =833°C, which is close to the critical temper-
ature. In combination with the process-related mechanical
impact on the bore wall, such temperature peaks can cause
a localized transformation of the subsurface microstructure.
The material at the bore subsurface can be austenitized to
a depth of a few micrometers in the bore wall by the
thermomechanical effects occurring on the tool’s cutting
edge. As the tool continues its rotation, the deep drilling olil
with a much lower temperature is subsequently flowing
around this area and quenching it. These temperature
differences become visible in the individual voltage peaks
of the temperature measurement, which in sector 1 (Fig. 6)
represent one revolution of the tool. Although the maximum
temperature measured in this sector does not have a
permanent effect on the bore wall, but can apparently occur
infrequently, a white etching layer can be produced by
occurring temperature peaks during the drilling process.
Such effects can cause an embrittlement of the bore
surface, in which also tensile residual stresses can result
due to the directly successive strong heating and
guenching. The so affected parts of the bore wall can be a
critical spot for component failure in the later application of
a component. Therefore, by understanding the occurring
effects and adjusting the process parameters, an attempt
can be made to reduce the thermal load acting on the bore
wall during the single-lip deep hole drilling. Thus, the
temperature is aimed to constantly stay below the critical
level for thermally induced restructuring of the material
microstructure.

3.3. Mechanical Tool
structure

The mechanical tool load generated during the single-lip
deep hole drilling process is measured continuously. Since
the level of the mechanical tool load during the process
stays on a constant level, it is evaluated as the mean value
for one entire bore. In addition, the standard deviation of all
measured data points for a bore is evaluated, which is a
measure for vibrations occurring during the process. The
results for the mechanical tool load measurement are
presented in Fig. 8. An average feed force of Ff=428 N
and an average drilling torque of Ma = 1.68 Nm is measured
during the process. The mechanical impact of the single-lip
deep hole drilling on the bore edge zone has already been
focus of the analysis in previous investigations
[Nickel 2018, Nickel 2020]. The effects of the combination
of thermal and mechanical influence on the bore subsurface
is visualized in form of micrographs of cross sections of the
bore wall in Fig. 8. In this image, the plastic deformation of
the material’'s microstructure caused by the drilling torque
acting in the cutting direction and the associated
microstructure refinement can be observed. The
mechanical hardening of the bore subsurface and the
introduction of residual compressive stresses in this area
are desired effects to positively influence the surface
integrity properties to achieve a higher fatigue strength
under subsequent dynamic load. The cross section shows
a mechanical microstructure refinement up to a penetration
depth of about 40 um. In the areas directly adjacent to the
bore wall, a lighter coloring of the etched microstructure can
be seen, which indicates the formation of a white etching

Load and Subsurface Micro-

layer. However, this does not occur along the entire section
of the bore wall shown in this image, but only in a partial
area of it. In his investigations on a twist drilling process, J.
Michna has already established that the cause of the
formation of white etching layers lies in the superposition of
the thermal and mechanical effects onto the surface
[Michna 2014].

Material: 42CrMo4+QT, (S = 0.011 wt-%)
Tool: SLD, @5 mm
Coolant: Oil, Peootant = 100 bar
Cutting Speed: v, =65 m/min
Feed: f =0.1mm
500 2
g
§ N 1 - Nm g
[=] -
¥ 3007 I E
3 200 = |9
L. =
100ﬁ r 0,5 [a] 'f' —_ |
0 L, +[20pm]
Average feed force *etched for 5 sec.
mmm Average drilling torque in NITAL 3%

Fig. 8 : Mechanical tool load (left) and subsurface micro-
structure (right).

The results of the deep drilling tests carried out here also
indicate that the thermomechanical effects of the drilling
process on the bore wall shown in Fig. 8 induced a localized
transformation of the bore subsurface microstructure. The
measured temperature peaks in combination with the
measured cutting forces are thus at the limit of or in a critical
parameter range, where negative consequences for the
surface integrity and the associated fatigue strength of the
samples can be assumed. In addition to the level of
mechanical tool load, the values of the temperature
measurement carried out by means of a ratio pyrometer can
be used as an indicator that a critical temperature for
deterioration of the bore subsurface properties has been
reached. By using these analyzing methods in future
investigations under variation of the cutting conditions and
cooling lubrication strategy, the impact of these process
parameters on the generated thermal load during the
single-lip deep hole drilling process and the associated
effects on the surface integrity are going to be investigated.

In a series of tests already carried out, in which the cutting
speed was varied in three steps of vc = 50, 65 and 80 m/min,
the surface integrity properties were assessed by eddy
current measurements. These results are presented in the
following section.

3.4. Eddy-current assessment of the surface integrity

The assessment of the resulting surface integrity was
performed by means of eddy-current measurements. Fig. 9
shows exemplary results of bores drilled with varying
cutting speed. Eddy-current measurements are sensitive to
changes in microstructure, hardness, etc. It can clearly be
seen that the different resulting surface conditions can be
separated by these measurements. Previous investigations
have lead to the assumption that the correlation is based on
changes in the subsurface microstructure [Nickel 2018].
The thermal penetration of the bore wall prevailing for these
cutting speed variations in addition to different feed rates
will be investigated in future test series in order to analyze
the impact of different parameter combinations on the
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surface integrity. The results are to be put in context with
the results of the in-process measurements and the
destructive analysis methods of the surface integrity
properties. The aim is to identify a range for values of the
non-destructive eddy-current measurement at which the
desired surface integrity properties are obtained.
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Fig. 9 : Exemplary eddy-current measurement at bores
drilled with different cutting parameters.

4. SUMMARY AND OUTLOOK

The objective of this paper was to implement a combination
of measurement methods to assess the thermomechanical
impact of the single-lip deep hole drilling process on the
bore wall. In particular the measurement of the thermal
loads occurring during the process were in focus and were
realized by means of two different approaches. A
thermoelectric temperature measurement setup was
applied in the bore subsurface at a defined nominal
distance of ass=50um from the bore wall. The
temperature measurement by means of ratio pyrometers
measured the heat radiation emitted directly at the tool’s
cutting edge and the guide pads. By analyzing the
subsurface microstructure using micrographs of cross
sections of the bore wall, the effects of the drilling process
could be correlated with the determined thermomechanical
effects acting on the bore wall. In addition, the eddy-current
assessment was applied as a non-destructive method to
characterize the produced surface integrity under varying
cutting conditions. The findings obtained can be
summarized as follows:

e The temperature measurement using thermocouples
offers a comparatively inexpensive possibility to determine
temperatures in the bore subsurface zone. Deviations in the
distance between the thermocouple position and the bore
subsurface, however, can be caused by the straightness
deviation of the tool and be an undesirable influencing
factor. The height of the temperature directly at the bore
surface, which usually leads to the formation of white
etching layers of only a few micrometers thickness, cannot
be assessed directly using a thermoelectric measurement
setup.

e The temperature measurement by means of ratio
pyrometry allows the in-process temperature measurement
directly at the tool’s cutting edge and at the guide pads of
the tool with a frequency of 7 kHz. The temperatures
determined with this setup represent the thermal load acting
directly on the produced bore surface. The high sampling
rate of the pyrometer allows to analyze the maximum

temperature at each revolution of the tool when passing the
optical fiber at the corresponding measuring position.

e The average of all maximum temperatures Tmax measured
in the tests by the pyrometric measurement are below the
austenitizing temperature of the material AISI 4140, but
some of the values approach the range of this critical
temperature.

o The feed force and torque occurring in the drilling process
was measured and evaluated in the form of the mechanical
tool load. The resulting effects on the bore’s subsurface
integrity were documented in form of a microstructure
refinement up to depth of approximately 40 um in the
subsurface zone of the bore.

e Further, the analysis of the bore wall cross-sections
shows a partial microstructural transformation in the
subsurface microstructure in the form of a white etching
layer (WEL), which, at the set process parameters, is
caused by the superposition of thermal and mechanical
effects acting on the bore wall.

In further investigations, the test setup using pyrometric
temperature measurement during the single-lip deep hole
drilling process, which has been successfully applied in this
study, is to be applied for further cutting value combinations
and cooling lubricant variants. Thereby, a holistic
consideration of the thermomechanical effects on the bore
wall and the associated surface integrity are to be enabled.
In the future, this data will be used to model the interactions
between the process parameters during the single-lip deep
hole drilling and the produced surface integrity properties
that are decisive for the fatigue strength of the machined
specimens.
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