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Mechanical properties of BTA deep drilled components made of AISI 4140+QT under quasi-static loading are analyzed in instrumented
Abstract
compression tests, inspired by the tube-flattening test according to DIN EN ISO 8492. Digital image correlation (DIC) analysis is used to observe
Mechanical properties of BTA deep drilled components made of AISI 4140+QT under quasi-static loading are analyzed in instrumented
spatial strain distribution on the front side of specimens during compression. It is found that microstructural changes resulting from drilling,
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have been reported [2]. Guo et al. found WEL to reduce fatigue
life of specimens as much as eight times and noticed significant
differences between the impact of WEL induced by turning and
by grinding [3]. In contrast to this, Smith et al. did not identify
any impact of WEL on the fatigue performance of hard turned
AISI 52100 [4]. Up to this day, the impact of WEL on the
mechanical properties of components remains a controversial
matter and research on it is still far from conclusive [2].
Due to the design of the BTA process and the construction
of the drill head, it is possible to achieve high surface qualities
without post-treatment. This is partly due to the fact that the
generated chips do not come in contact with the generated
surface. The chip mouth allows the evacuation of the oil-chipmixture through the inside of the drill head and the attached
boring bar [1]. A schematic sketch of the BTA drill head with
the mentioned chip mouth is displayed in Fig. 1.
The figure also shows the asymmetric design of the drill
head. While machining a radial force would occur, resulting
from the cutting forces at the cutting edges. The resulting radial
force would deflect the tool and lead to a straightness deviation
of the bore. To compensate for these radial forces, guide pads
are positioned at the circumference of the drill head. The guide
pads brace the tool against the machined surface, which is
another distinctive feature of the BTA process and the tool.
While in contact, the guide pads induce elastic and plastic
deformations in the subsurface zone. Furthermore, a burnishing
effect of the machined surface leads to an additional increase in
surface quality [1]. A detailed review of the role of guide pads
in BTA deep hole drilling is presented in [5] and [6]. Fig. 2
displays the conditioning of the surface due to the cutting edge
and the guide pads.
Due to the deformation and burnishing of the surface and
subsurface zone, the BTA deep hole drilling process has a major
impact on residual stresses, hardness, and microstructure [6-9].
Investigations based on the analysis of magnetic Barkhausen
noise and X-ray diffraction indicate that mostly compressive
residual stresses are built up in the subsurface zone of BTA

deep drilled components [9]. The residual stress state after BTA
deep hole drilling results from the combined effects of
machining by cutting inserts and burnishing by the guide pads
of the tool [6]. Schmidt et al. reported that the forces acting on
the bore surface can reach up to F = 5 kN. They noted, that the
forces strongly depend on the process parameters, the material
and the dynamic state of the process [10]. Recent investigations
in the field of BTA deep hole drilling by Steininger et al. focus
on the development of a multisensory approach, which allows
monitoring and avoiding dynamic disturbances. [11]. In
addition to this, Kaiser et al. used optical fiber Bragg grating
sensors in combination with eddy current sensors to monitor
center deviation of the tool during BTA deep hole drilling [12].
There is numerous testing methods for analyzing mechanical
properties of tubes, like the ring-expanding test (DIN EN ISO
8495), the drift-expanding test (DIN EN ISO 8493) and the ring
tensile test (DIN EN ISO 8496). The method used for the
instrumented compression tests is inspired by the tube-flattening test according to DIN EN ISO 8492. The tube-flattening
test can be used to analyze metallic tubes with an outer diameter
of up to d = 600 mm and a maximum wall thickness of the tube
of up to 15 % of the outer diameter. Specimens are compressed
between two platens until a given distance between the platens
is reached. The method is commonly used for characterizing the
quality of weld seams [13].
2. Experimental framework
2.1. Materials
All experiments were conducted using rolled round bars of
AISI 4140 (42CrMo4, 1.7225) in quenched and tempered
condition. Tempering was performed at T = 640 °C for t =
3.25 h. The material has a yield strength of R0.2 ≥ 650 MPa, a
tensile strength in the range of 900 to 1100 MPa and a hardness
greater than 280 HV10 [14]. The round bars were sawed to a
length of l = 250 mm and turned to an outer diameter of d =
74 mm. At one end of the specimens chamfers with an angle of
α = 30° were machined to allow clamping the specimens during
drilling.
2.2. Experimental setup

Fig. 1. Botek Type 12 BTA solid drill head according to [5].

Fig. 2 Machining and burnishing of the surface according to [1].

For all experiments, the deep hole drilling machine Giana
GBB 560 was used. A solid BTA drill head type 12 by Botek
(Botek Präzisionsbohrtechnik GmbH, Riederich, Germany)
was equipped with TiN-coated guide pads and cutting inserts,
which were made of cemented carbide. The cutting parameters
feed rate f and cutting speed vc were varied in the range of
f = 0.150 to 0.300 mm and vc = 65 to 80 m/min to analyze their
impact on surface integrity resulting from BTA deep hole
drilling. During drilling oil was supplied by an oil pressure
head with a pressure of p = 11 bar and a flow rate of V =
300 l/min. For all experiments, the cutting oil Berucut RMO
TC 22 by Bechem (Carl Bechem GmbH, Hagen, Germany) was
used.
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Fig. 3. Steps in the preparation of the specimens.

After drilling, segments with a length of l = 30 mm were
extracted at the middle of the bore for the quasi-static
compression tests. In addition to this, segments for microstructural investigations of the surface edge zone of the bores
were extracted at the middle of the bore.
By subjecting some of the specimens to an additional heat
treatment process after drilling, it was possible to analyse the
impact of machining on the mechanical properties of the BTA
deep drilled specimens and compare them to the properties of
specimens which were free of most influences of deep hole
drilling. For this purpose, some specimens were subjected to
annealing at T = 580°C for approx. t = 2h (Fig. 3, A). Thus a
material condition free of residual stresses was restored and
effects like an increased dislocation density caused by BTA
deep hole drilling were eliminated. The other specimens were
not subjected to any heat treatment after drilling (Fig. 3, B).
The employed cutting parameters for the annealed specimens
were vc = 65 m/min and f = 0.150 mm. The specimens which
were not subjected to annealing were drilled using a cutting
speed of vc = 80 m/min and a feed of f = 0.150 mm (without
WEL), a cutting speed of vc = 80 m/min and a feed of f = 0.225
mm (WEL with a thickness of tWEL ≈ 6 µm) and a cutting speed
of vc = 80 m/min and a feed of f = 0.300 mm (WEL with a
thickness of tWEL ≈ 11 µm) [8].
Quasi-static compression tests were carried out using the
universal testing system Autograph AGS-X by Shimadzu
(Shimadzu Corporation, Kyoto, Japan) with a maximum
applicable force of F = 250 kN (Fig. 4, A). The specimens were
mounted on the lower compression platen. During testing,
compressive forces were applied to the specimens by lowering
the upper compressive platen. For this, a constant crossbar
movement of vcrossbar = 5 mm/min was employed.
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Simultaneously to compression loading, the deformation of
the annealed specimens was recorded using the camera system
GOM ARAMIS 3D SRX (GOM GmbH, Brunswick,
Germany). By means of subsequent digital image correlation
(DIC) analysis, a strain determination on the front surface of
the specimen was enabled. Two cameras and a light projector
were fixed on a tripod, which was placed in front of the
universal testing system (Fig. 4, B), enabling a 3D measuring
of deformations. Specimens were prepared for DIC analysis by
applying speckle patterns on the front surface of the specimens
(Fig. 4, C).
3. Results and discussion
Fig. 5 presents an exemplary result of the compression tests.
At the beginning of quasi-static compression, in the elastic
region, the compressive force scales linearly with increasing
displacement, following Hooke’s law. With plastic deformation, the compressive force increases less sharply with an

Fig. 5. DIC analysis of the BTA deep drilled specimens
under quasi-static compression.

Fig. 4. Experimental setup for instrumented quasi-static compression tests.

Fig. 6. Specimen drilled with a feed of f = 0.150 mm and
a cutting speed of vc = 80 m/min after quasi-static compression.
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Fig. 7. Crack propagation in an annealed specimen
in circumferential direction (f = 0.150 mm, vc = 65 m/min).

increasing displacement. At a displacement of s ≈ 22.6 mm, at
a force of F ≈ 51.7 kN, a crack can be detected at the top
position on the inside of the bore, which results in a sudden
drop in compressive force (Fig. 5, C). At this stage of the test,
the crack cannot be detected via DIC, since it is occurring in
the middle of the specimen. With increasing displacements and
crack expanding in the longitudinal direction, it becomes
visible at the front surface of the specimens and thus also in the
results of DIC (Fig. 5, D). This crack initiation and propagation
is typical for quasi-static compression testing and is visualized
in Fig. 6 for a specimen that was drilled using a feed of
f = 0.150 mm and a cutting speed of vc = 80 m/min (Fig. 6).
In Fig. 7 the circumferential propagation of a crack is
visualized for a specimen, which was drilled using a feed of
f = 0.150 mm and a cutting speed of vc = 65 m/min. In contrast
to the specimen shown in Fig. 6, the specimen was annealed
after BTA deep hole drilling.
Within the DIC analysis of strains at various positions of the
specimens, it was found that at all stages of compression the
major deformation occurs at the top and bottom of the inner
side of the BTA deep drilled specimens (Fig. 5 and Fig. 8).
Besides top and bottom positions, also the left and the right
parts of the specimens show severe deformation. In contrast to
this, the bottom left, bottom right, top left and top right
positions show almost no local deformation at any stage of
compression.
At a displacement of approx. s ≈ 22.6 mm a sudden and
severe rise of the strain at Pos. 1 can be detected, indicating a
crack initiation (Fig. 8, Pos. 1). At this time, the strain changes
to a constant course at the sides of the specimen (Fig. 8, Pos.
3).
At a displacement of approx. s ≈ 25 mm the crack has propagated to the front surface of the specimen and corrupts the
speckle pattern at Pos. 1, thus DIC cannot be used for interpretting strain at that position from then on.
In previous investigations, it was shown that cutting
parameters have a major impact on surface integrity resulting
from BTA deep hole drilling. Besides topographical aspects
like roughness and roundness of the bores [14] they also affect
the residual stress state in the surface edge zone of bores
significantly [6, 9].
In terms of microstructural changes caused by BTA deep
hole drilling the formation of WEL is an important
phenomenon. In machining two mechanisms for WEL

Fig. 8. Equivalent von Mises strain during compression at different
positions of a specimen that was drilled using a feed of
f = 0.150 mm and a cutting speed of vc = 65 m/min.

Fig. 9. Hardness HV0.01 in the subsurface zone of the specimens drilled
with a cutting speed of vc = 80 m/min and varying feeds according to [8].
Different scales needed to be used to visualize the structure of the WEL
which is present in the two specimens depicted at the bottom.
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formation are reported, which are based on severe plastic
deformation during cutting and phase transformation resulting
from cutting temperatures that exceed austenitization temperature. A comprehensive review on the WEL formation in
machining processes is presented in [15, 16].
It is reported that WEL can form in deep hole drilling when
using elevated feed rates and cutting speeds [6-8]. Baak et al.
recently observed the formation of WEL during single lip deep
hole drilling of AISI 4140 and found a propagating effect of
feed rate and Sulphur content of the material on the WEL
formation [17]. The layers observed in BTA deep hole drilling
are usually followed by a darker transitional layer and the
substrate material [8]. Due to this composition of the
subsurface zone, particularly the presence of the darker layers,
the conclusion can be drawn that the WEL probably build up
following the mechanism of phase transformation [15]. In
addition to this, no clear correlation between the forces
impinged on the bore walls during BTA deep hole drilling and
the formation of WEL could be identified in previous
investigations [8]. This indicates that mainly elevated process
temperatures are the driving force for the formation of WEL in
BTA deep hole drilling. Layers formed by the temperature
induced phase transformation mechanism oftentimes have
undesirable characteristics, like elevated tensile residual
stresses [18]. These tensile residual stresses are known to have
a negative impact on the fatigue performance of components,
as they promote the initiation and growth of cracks. In addition
to this, it was found that the WEL hardness can exceed the
hardness of substrate material by up to three times (Fig. 9) [8].
At the same time, the layers tend to be very brittle [15].
In quasi-static compression, higher compressive forces
needed to be applied in order to deform the specimens that had

Fig. 10. Results of the quasi-static compression tests for specimens
machined with varying feed, micrographs according to [8].
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a WEL at the surface of the bore, compared to specimens that
did not have a WEL (Fig. 10). At the same time, the
displacement at failure was lower when a WEL was present at
the surface of the bores. A specimen that was drilled with a feed
rate of f = 0.300 mm and a cutting speed of vc = 80 m/min, had
a WEL with a thickness of approx. tWEL ≈ 11 µm. In quasi static
compression, a crack initiated at a displacement of s ≈ 9.9 mm
and a maximum force of F ≈ 48.5 kN was applied. In contrast
to this, a specimen that was drilled with lower feed but the same
cutting speed (f = 0.150 mm, vc = 80 m/min), had no WEL and
in compression tests, lower compressive forces needed to be
applied and higher displacements till the initiation of cracks
were observed.
For the specimens that were subjected to annealing, crack
initiation was observed at much higher displacements
compared to the specimens that were not annealed. One of the
annealed specimens showed the initiation of a crack at a
displacement of s = 22.6 mm and the other one at an even
higher displacement of s = 28.7 mm. The reason for this
increase in ductility during annealing might be found in the
reduction of dislocation density. Particularly the elimination of
WEL during annealing might have led to higher displacements
before crack initiation and propagation were observed.
The reason for this difference in performance of the
components under quasi-static compression might be found in
the microstructural characteristics of the subsurface zones of
the bores. The brittle nature of the WEL might have resulted in
the initiation of cracks at lower displacements. At the same
time, higher compressive forces needed to be applied for
specimens with a WEL potentially due to the elevated hardness
in the subsurface zone of the bores.
4. Conclusions and outlook
In this study, an approach, inspired by the tube-flattening
test according to DIN EN ISO 8492, was developed that
allowed the characterization of mechanical properties of BTA
deep drilled components under quasi-static compression. An
analysis of the spatial strain distribution on the front side of
annealed specimens during compression was performed by
means of DIC.
It was found that the microstructure in the surface edge zone
of the bores plays a key role in the quasi-static strength of deep
drilled components. When using high feeds and cutting speeds,
WEL form at the surface edge zone of the bores. When these
hard and brittle layers were present, higher compressive forces
were required for the deformation of the specimens and a
reduced displacement until cracking of the specimens was
observed. The displacements were significantly higher for
specimens that were subjected to annealing after drilling. The
reason for this might be found in the reduction of dislocation
density during annealing which lead to an increased ductility of
the material as well as in the elimination of potential WEL at
the surfaces of the bores. The findings will be validated in
future experiments with additional repeat trials, which will
include the DIC-based analysis of spatial strain distribution for
non-annealed specimens.
Based on the results, cutting parameters in BTA deep hole
drilling have to be chosen with care. Not only the quality of the
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bore in terms of roundness, roughness and straightness as well
as process stability need to be taken into account, but close
attention also needs to be paid to surface integrity resulting
from drilling, since surface conditioning in deep hole drilling
significantly affects the mechanical properties of components.
In future investigations, the impact of cutting parameters on
the mechanical properties of BTA deep drilled components
under cyclic loads will be investigated, based on the method
developed for quasi-static testing. Since the presence of WEL
is usually known to reduce the fatigue life of components
significantly by promoting the initiation and propagation of
cracks, it is expected that the cutting parameters play an even
bigger role with respect to fatigue performance of deep drilled
specimens. In addition to this, more detailed studies on the
alteration of microstructure and particularly on the mechanisms
that lead to WEL formation in BTA deep hole drilling will be
conducted.
Based on the discovered relations between surface conditioning in BTA deep hole drilling, the resulting subsurface zones
of the bores and the mechanic properties of the machined
components, a dynamic process control for BTA deep hole
drilling will be developed, which will allow the reliable and
robust production of high-quality components.
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