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Abstract: Nickel-base alloys are proven materials in the fields of the aerospace and oil industry, which
is due to their characteristic material properties of high temperature strength, high toughness and
good oxidation resistance. These properties are beneficial to applications in technical components in
general. However, they also represent challenges for machining. Especially while drilling Inconel
718, high temperatures occur in the chip-formation zone that implicate high thermal load in the
material and thus, influence the surface integrity, for example, by causing white layers. Hence, the
development of strategies to improve the ability to supply cutting edges with cooling lubricant is
becoming increasingly important. In this context, an alternative process design, the discontinuous
drilling, takes place, characterized by a periodic interruption of feed motion and thus, chip formation.
A minor retraction movement from the contact zone enables the cooling lubricant to reach the cutting
edges and to reduce their thermal load. In comparison to the conventional process of drilling Inconel
718, the effects of discontinuous drilling with varying numbers of interruptions on the resulting
surface integrity and further parameters of drilling qualities are analyzed. Thereby, the prevention of
process-related phase transformations due to thermal impact was discovered when a discontinuous
drilling strategy was implemented.
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1. Introduction and Preliminary Investigations
1.1. The Nickel-Base Alloy Inconel 718

Inconel 718 is considered to be one of the most widely used alloys for high-temperature
applications in the aerospace industry due to its high tensile strength, fatigue strength
and temperature resistance, which ensure that the alloy’s capability is maintained at
temperatures up to 700 °C [1]. Hence, the mentioned properties qualify the material
for applications in turbine blades, exhaust gas components, high-performance engines,
reactors and turbochargers [2-5]. Furthermore, the nickel-base alloy is a proven material in
the building of power plants and is applied in the oil and chemical industries. However,
the described advantageous properties are equivalent to extensive challenges in machining.
From the interaction of low thermal conductivity and high toughness, accelerated tool
wear and reduced surface quality can be derived, which has to be emphasized in particular
for drilling [1,6].

1.2. Characteristic Challenges and New Approaches to Drilling Inconel 718

Due to the material properties already mentioned, it is difficult to achieve an efficient
process for drilling components made of the nickel-base alloy. Because of its additional
high-temperature strength, toughness and creep resistance, the setting of productive and
process-safe cutting parameters is very demanding. These prevailing circumstances during
drilling favor high thermomechanical loads arising in the difficult-to-access cutting zone
and leading to premature tool failure. The common signs of wear at the cutting edge are

J. Manuf. Mater. Process. 2021, 5, 43. https:/ /doi.org/10.3390 /jmmp5020043

https://www.mdpi.com/journal /jmmp


https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0002-4769-4885
https://orcid.org/0000-0002-1725-8951
https://orcid.org/0000-0001-8215-0093
https://doi.org/10.3390/jmmp5020043
https://doi.org/10.3390/jmmp5020043
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmmp5020043
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp5020043?type=check_update&version=1

J. Manuf. Mater. Process. 2021, 5, 43

20f12

due to abrasion on the one hand, which is intensified by carbides, as well as by strength-
enhancing precipitations in the microstructure. On the other hand, the alloy Inconel 718
is known for its adhesion tendency and its pronounced work hardening with further
negative impact on tool life. The aforementioned thermomechanical load in the chip-
formation zone also affects the workpiece quality by impairing surface integrity, typically
in the form of white layers, leading to high tensile residual stresses, microcracks and thus,
reduced fatigue strength in the highly stressed component. Therefore, the development
and implementation of a favorable cooling strategy is essential for improving drilling
processes by enhanced heat evacuation from the chip-formation zone [7-12].

In this context, Oezkaya et al. modified the flank face of twist drills by grinding
a passage parallel to the cutting edge in favor of improved coolant flow between tool
tip and the bore hole ground. Firstly, the applicability was researched numerically by
computational fluid-dynamics simulations showing that the passage is filled with coolant
flushing to crucial areas of the drill, leading to reduced temperatures at the cutting edges.
Secondly, the finite element method was used to ensure that the stability and mechanical
strength of the modified tool tip are retained. Afterwards, corresponding experiments
on drilling Inconel 718 revealed a significantly increased drilling path as well as lower
tool wear. Using the enhanced tool, higher cutting parameters could also be successfully
achieved [13-15].

1.3. Further Development of the Conventional Process towards Discontinuous Drilling

In contrast to developing optimized tool geometries used in conventional drilling
processes, the approach of discontinuous drilling was designed as a new process strategy
to improve the machining of nickel-base alloys by inserting targeted interruptions into the
feed motion and permitting a reliable coolant supply to the cutting edges. During these
interruptions, the tool is retracted from the chip-formation zone, which leads to a wetting
of the cutting edges with cooling lubricant. Simultaneously, the interruption enforces chip
breaking and thus, intensive friction at the secondary shear zone due to the formation of
ribbon chips is extenuated, which is coherent with reduced thermal load [16-18].

In order to distinguish the advanced process strategy from conventional drilling, first
experimental studies were executed focusing on the influence of three interruptions and
seven interruptions, respectively, on thermomechanical load seen over a drilling depth
of I3 = 64 mm. During the experiments, a twist drill with a diameter of dtp = 8 mm was
used, cooled and lubricated by a specialized deep hole drilling oil. The setting of cutting
parameters based on the scientific work of Beer leading to a cutting speed of v, =25 m/min
and a feed of f = 0.1 mm [19].

The experimental work on discontinuous drilling was carried out on the deep-hole
drilling machine tibo KTE 40-1000 using the cutting oil Blaser Blasomill 10 D. The cooling
lubricant is characterized by a viscosity of v = 10 mm? /s and a density of p = 0.85 g/cm?,
related to a temperature of T = 40 °C.

For the experimental analysis of drilling Inconel 718, a round specimen with a diameter
of d = 200 mm and a thickness of t = 70 mm was used. The heat treatment included an
annealing at a temperature of T = 980 °C and a subsequent three-step aging process at the
temperatures T =721 °C, T =56 °C and T = 621 °C. The material’s chemical composition is
presented in Figure 1, based on the inspection certificate of the manufacturer. The material
hardness was measured over the diameter showing an average of H = 490 HV30. The
tensile strength of the material is Ry, ~ 1404 MPa.
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Figure 1. Microstructure (top) and chemical composition (bottom) of Inconel 718 (in wt-%).

The experimental setup used in the initial experiments on discontinuous drilling is
presented in Figure 2 and consists of the clamped specimen and the tool placed in the
corresponding rotating dynamometer Kistler 9170A, which records the mechanical load in
the form of feed force and drilling torque during the experiments.

Workpiece
@ 200 mm Stator
In = Rotating
R Dynamometer
¥
Twist Drill e\
-
= \
A / L
Tool Diameter dmp = 8.00 mm
Coolant Channel
Diameter Deco = 100mm |, 7 " ESSSS—
Averaged Cutting B . ¢
Edge Radius Te = 4002pm
Substrate Cemented carbide Point Angle o = 140°
Coating TiN + TiAIN Helix Angle ) = 30°

Figure 2. The experimental setup in detail and an overview of the tool properties.

Figure 3, exemplary for a process with three interruptions, illustrates the fundamental
process idea of discontinuous drilling. The final drilling depth, 15 = 64 mm, is interrupted
periodically after 16 mm at the marked points of the currently reached drilling depth.
Afterwards, the retraction movement of |; = 2 mm, contrary to the direction feed motion,
occurs and the tool’s position is maintained for t; = 2 s to allow a cooling of the cutting
edges by flushing with the cooling lubricant. After this time interval, the feed motion
continues. The approach described can be transferred to discontinuous drilling with seven
interruptions performed with interruptions after every 8 mm of feed motion.
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Figure 3. The discontinuous drilling process using the example of the three interruptions.

During drilling, the different process strategies were opposed to each other primarily
by analyzing the mechanical load acting on the tool and the flank wear occurring. In this
context, it can be stated firstly, that for all examined process strategies, the tools were able
to achieve a drilling path of Ly = 2560 mm for the cutting parameters used.

Figure 4 describes the measured drilling torque My, and feed force Fy of the respective
process strategies, which are mostly on a similar level, seen over the drilling path.

Material: Inconel 718
Tool: Twist drill @ 8 mm Continuous drilling
ku:rfcan:: Oil - 40 B ® Discontinuous drilling - 3 interruptions
ubricant pressure: Pc = - ar ® ® Discontinuousdrilling- 7 interruptions
Cutting speed: ve = 25m/min
Feed: f = 01lmm
8 2500
o N 4
> Nm
8 T
2 § 1500 +
2 4 :
£ T 1000 {4
_— v
.—: =
| 27 500 4
0 - 0 d
256 1024 mm 2560 256 1024 mm 2560
Drilling path L; Drilling path L;

Figure 4. The mechanical load occurring at the cutting edge, seen over the drilling path L.
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Apart from a outlier due to an error during measurement at the stage Ly = 768 mm for
continuous drilling, the mechanical load for all examined process strategies only slightly
and uniformly increases due to developing tool wear.

However, by measuring and comparing the tool’s flank wear after a periodic interval
of L¢ = 256 mm for every process strategy examined, slight differences are apparent, which
is shown in Figure 5.

Material: Inconel 718

Tool: Twist drill @ 8 mm ¢ Continuousdrilling

Lubricant: Oil . . . . .
Lubricant pressure: pc = 40bar ® Discontinuousdrilling - 3 interruptions
Cutting speed: ve = 25m/min Discontinuous drilling - 7 interruptions
Feed: f = 01lmm

&
VY

Max. width of flank wear
VBH\&X
o
=}
41
Do

256 1024 mm
Drilling Path L

Figure 5. Development of flank wear over the drilling path.

At the end of the drilling path, the width of flank wear VBnax for continuous drilling
is 13% higher than the corresponding value of discontinuous drilling with seven interrup-
tions.

Therefore, reduced thermal loads can be suspected, showing beneficial influence on
the development of tool wear since the mechanical load is mostly uniform for all process
strategies. Thus, the presentation of the first experimental results underlines the potential
of a discontinuous feed motion integrated in the process of drilling Inconel 718 [20]. The
highlighted improvements in decreased tool wear also indicate that a potential influence of
the targeted supply of cooling lubricant on the process-related microstructure of drilled
holes can be expected. The required metallographic analyses for achieving information
about the present grain structure and microhardness are discussed in the following section.

2. Metallographic Analysis of Microstructure and Microhardness
Preparation in Favor of Metallographic Analysis

Subsequent to the experiments, particular bore holes, after a drilling path of L¢ = 1280 mm
for each process strategy examined, were machined out of the material and prepared for
analyzing the process-related microstructure. The drilling depth 14 = 32 mm was selected
as the central point for defining the measurements, since for both the discontinuous
drilling with three interruptions and with seven interruptions, the feed was paused at this
location, allowing the cooling lubricant to act on the cutting edges. Thus, a comparison of
the adapted process strategies and continuous drilling is feasible, aiming at referring to
different thermal loads. The isolated bore holes are embedded, polished and finally, etched
to expose the microstructure. For the etching, a mixture of nitric acid, hydrochloric acid and
acetic acid was used to carve out the process-specific formation of grain boundaries at the
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surface area of each specimen. Therefore, Figure 6 describes the fundamental procedure to
identify reasonable locations for measuring microhardness and create microscopic images
of the grain structure.

(@ 1.-3055mm (D 1,=2905mm
S @ 1=2955mm |
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Cutting
Edge
Corner

'
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Figure 6. Longitudinal section analyzed at the middle of drilling depth 14 = 32 mm.

Starting from the central point of feed interruption, located at the drilling depth
14 = 32 mm, it has to be considered that there is a deciding offset between the chisel edge
and the cutting-edge corner where chip formation takes place and the thermal load is trans-
ferred into the surface of the bore hole. By calculating this offset length as I ¢ = 1.45 mm,
the location of the cutting-edge corner at the moment of interruption is identified as
14 = 30.55 mm. This central drilling depth serves as the boundary between the area ma-
chined before interrupting the feed and the area in contact with the cutting edge following
the interruption of the feed, respectively. Concerning the measurements of microhardness,
both areas consist of three points of measurement each to guarantee a solid amount of
data, enabling a resilient comparison of microhardness in relation to the process strategy.
Another measurement is located directly at the point of interruption to analyze the po-
tential effects of transitions in microhardness due to the adapted process strategy. The
principle behind the following analyses of microstructure and microhardness is illustrated
in Figure 7.

11\ =

Figure 7. Longitudinal section analyzed at the middle of drilling depth 14 = 32 mm.



J. Manuf. Mater. Process. 2021, 5, 43

7 of 12

The later presented microscopies were made with the optical microscope Zeiss Axio
Imager 2, whereas the measurements of Vickers microhardness were made with the testing
device Shimadzu HMV-G. The measurement of microhardness was at the direct surface area
up to a maximum distance of bg = 150 pm to the bore hole wall. This was defined corre-
sponding to Beer, who analyzed the influence of drilling on the microstructure of Inconel
718 in this region. The analysis of every bore hole consists of ten points of measurement
arranged in two offset lines, as shown in Figure 7. The starting point of measurement closer
to the bore hole wall is positioned with a distance to surface of I;; = 10 um, whereas the
starting one of the offset line has a pitch to the surface of I; , = 25 um. This placement does
not conform to standards but is necessary to receive insights into microhardness in the area
of potential transformation of the microstructure, which is observed up to 20 pm within the
surface area when the material is drilled with twist drills [13]. The following measuring
points, on the other hand, are carried out with a standardized horizontal measuring dis-
tance of I, = 30 um and I, = 30 um, representing the vertical distance between the two lines,
respectively. The intender loads the material with a test force F = 245.2 mN over a duration
of t = 10 s. Comparative measurements of the material’s hardness in the initial condition
were placed within a distance of 2.9 mm to the surface area. By taking into account ten
arranged measurements, an average materials hardness of 560 HV0.025 is indicated.

3. Results of Metallographic Analysis
3.1. Analysis of Process-Related Microstructure

In terms of suspected reduced thermal loads during drilling with interruptions of the
feed, decreased tool wear has already been proven and a homogeneous microstructure of
the bore holes from a discontinuous process should become apparent.

As akind of initial state, Figure 8 shows the etched surface of a bore hole resulting from
a conventional drilling process with continuous feed motion. The pictured microscopies
reveal process-induced transformations in the microstructure in the form of characteristic
white layers with a thickness of almost t = 10 um at the central location of measurement
at 1y = 30.55 mm. Those layers are formed within the grains of the nickel-base alloy and
are characterized by a highly refined grain structure. The rise of white layers with their
typical fine-grain structure is very critical for components made of nickel-base alloys and
has to be avoided because this kind of microstructure decreases the service life of technical
parts dramatically.

On the one hand, this transformation is due to the complex interaction between me-
chanical and thermal load in the chip-formation zone and, on the other hand, due to rapid
cooling afterwards by lubricant that is evacuated through the flutes. The material reacts
with recrystallization on this alternating load after facing the mentioned high temperatures
at the cutting-edge margins combined with high friction at the land of the drill, which has
a major impact on thermal load. Moreover, tool wear is connected to higher temperatures,
because there was higher tool wear detected in continuous drilling.

The first impression of present microstructure requires further analysis in the area
around the measurement point to intensify scientific value and later, to support a funded
comparison with the discontinuous process strategies. In this regard, additional pictures
were taken in front of and behind a drilling depth of 13 = 30.55 mm, respectively, where
a potential influence on the interruptions could be identified. However, concerning the
continuous drilling, further recrystallization has already been discovered in the area of
14 = 30.05 mm and moreover, in front of the central measurement point, specifically pointed
out for I = 31.5 mm, 14 = 32 mm and 14 = 32.5 mm. Although those observed layers do
not range consistently over the displayed edge zone, a thermal load acting in the chip-
formation zone and causing phase transformations already at a relatively low cutting speed
of v =25 m/min is recognizable and of representative value.
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Process Strategy: Continuous drilling Cutting speed: ve = 25m/min
Material: Inconel 718 Feed: f = 0.1mm
Tool: Twist drill @ 8 mm Lubricant pressure: pc = 40bar
Lubricant: Oil Drilling path: L; = 1280mm

Figure 8. Characteristic bore hole wall microstructure resulting from drilling conventionally in
Inconel 718.

By analyzing the present microstructure after a drilling path of Ly = 1280 mm for
continuous drilling following the described procedure, also illustrated in Figure 6, a resilient
schema of measurement is created, transferable on analyzing the discontinuous processes.
Hence, the bore hole of discontinuous drilling with three interruptions after a drilling
path of L = 1280 mm was also prepared for analyzing the corresponding microstructure,
the results of which are presented in Figure 9, and certain improvements regarding the
prevention of potential phase transformation due to thermal load are verifiable. In contrast
to continuous drilling, no significant transformations in the microstructure were found
in the particular surface areas where the feed motion was interrupted; those areas are
equivalent to those analyzed during the conventional drilling of Inconel 718. By including
these additional results, the assumption that inserting interruptions into the drilling process
of the nickel-base alloy leads to a reduced thermal load is even more emphasized. After
pointing out the beneficial impact on tool wear, a potential influence on surface integrity
has to be expected.

Since there are already improvements located at I3 = 30.05 mm before the second point
of interruption is reached, there also have to be potential reduced process temperatures
resulting from the first interruption of the feed at 1§ = 16 mm with a maintained benefit on
bore hole microstructure.
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Process Strategy: Discontinuous drilling  Cuttingspeed: ve = 25m/min

Threeinterruptions Feed: f = 0.1mm
Material: Inconel 718 Lubricant pressure: pc = 40bar
Tool: Twist drill @ 8 mm Drilling path: L; = 1280mm
Lubricant: Oil

| ———>

Figure 9. Improvement on microstructure due to a discontinuous drilling process with three interruptions.

In order to complete the analysis of the process-related microstructure of bore holes
drilled in Inconel 718, the holes resulting from a discontinuous process strategy with seven
interruptions of feed were also separated and embedded to allow further examination.
Figure 10 provides insights into the characteristic microstructure. Again, the interruptions
show a beneficial influence on the surface area of the bore hole for all measurements. The
described impact of alternating loads on microstructure leading to recrystallizations is
almost absent under these circumstances, since the tool temperature is potentially reduced
due to the rewetting of the cutting edges during the interruptions. The microscope images
illustrate that the characteristic austenitic microstructure is not transformed into fine-
grained white layers but maximally into a martensitic microstructure, exclusively due to
mechanical impact. The grain structure is preserved from white layers in the bore hole’s
surface area and thus, decreasing workpiece quality can be prevented with the improved
drilling concept. When comparing the microscope images of the bore holes made by
discontinuous drilling with three interruptions with discontinuous drilling supported by
seven points of pausing the feed and wetting the cutting edges, there are no significant
differences detectable. Regarding this aspect of the analysis, further, in particular numerical
investigations have to be performed to optimize the effective number of interruptions
needed to avoid transformations of microstructure in relation to increased productivity.
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Process Strategy: Discontinuous drilling Cutting speed: ve = 25m/min

Feed: f = 01mm
Material: Inconel 718 Lubricant pressure: pc = 40bar
Tool: Twist drill @ 8 mm Drilling path: L; = 1280mm
Lubricant: Oil

>

14 =30.05mm

Figure 10. Improvement on microstructure due to a discontinuous drilling process with seven interruptions.

3.2. Analysis of Process-Related Microhardness

The formation of white layers, especially in continuous drilling, is usually accompa-
nied by an increase in hardness in the surface area up to 50% above the material’s basic
hardness, due to tensile residual stresses that are undesirable in applications of Inconel
718 [13].

The evaluation of the measurements is presented in Figure 11 and was carried out
according to the procedure presented in advance. The analysis of the material’s microhard-
ness for the three examined process strategies is composed of three averaged measuring
points each for the area before interrupting the feed (points 1-3), and the area after the in-
terruption of feed appeared (points 5-7), respectively, in accordance with the methodology
of microscopic analysis and is presented in separate diagrams.

The figure points out increased hardness in the immediate surrounding of the bore
hole wall, especially in discontinuous drilling with three interruptions. With a value of
651 HV0.025 at bs = 0.1 mm, the microhardness is nearly 16% above the averaged value of
the common microhardness of the material in its initial condition, speaking of the drilling
depth before the feed motion is paused and a cooling and lubrication of the cutting edges
is initiated. Since the increase of hardening at this drilling depth is higher than for the
drilling depth after the interruption of feed happened for discontinuous drilling with
three interruptions, a positive impact on hardness could be assumed due to decreased
process heat. However, a distinct correlation between adapted coolant supply and a
reduced hardness increase is difficult to detect, especially because, at the area before the
feed interruption, the hardness in continuous drilling is the closest to the hardness of
the surrounding material. Besides the thermal impact of the drilling process, mechanical



J. Manuf. Mater. Process. 2021, 5, 43

11 0of 12

deformation with subsequent strain hardening can also be suspected as a major influence
on hardness at the bore wall.

Material: Inconel 718
{oglz' ; gj‘l'iSt drill @ 8 mm ¢ Continuousdrilling
v r{can ’ ® Discontinuousdrilling- 3 interruptions
Lubricant pressure: pc = 40bar
Cuttingspeed: Ve = 25m/min Discontinuous drilling - 7 interruptions
Feed: f = 01Imm
Drilling path: L; = 1280mm Hardness of initial material condition: 560 HV0.025
750 T T
§ HV0.025 Area before theinterruptionof feed
'g 650 L 4 — ry ° °
€ 600 - - 3 = = ’
7] £ 3 -~ [ ] -
E 550 E —
0T
750 T T
@ HV0.025 On the exact drilling depth of theinterruption |
v
-g 650 r ) [ - .
s 60 ¢ * ~ > ’ s ® ° o
g 550 hd 2 o
p <
0
750 T T
§ HV0.025 Area after the interruption of feed -
€ 650
= b4 Q 2 a
S 600 o = ! @ =
v -~
- ——O —_
z 0D L
0 T
0 30 60 90 um 150

Distance to surface bg

Figure 11. Impact of a discontinuous drilling strategy on microhardness.

In general, the greatest deviation to continuous drilling would have been expected
at the exact location of interrupting the feed motion and moreover, the directly following
part of the bore hole, since this matches the drilling depth where a wetting of the cutting
edges with lubricant takes place immediately, and a cooling effect on the cutting edge
should have happened, causing a direct influence on the microstructure. The values of
Vickers hardness are mostly at the same level for each of the process strategies examined,
especially for the examined part of the bore hole wall that is drilled after interrupting
the feed. Based on the analysis of microhardness, new approaches have to be aimed at
designing the interruption of the feed in terms of duration and distance between hole
bottom and tool tip, to additionally clarify and potentially minimalize the thermal impact
on hardening.

4. Conclusions

The already suggested potential benefit of a discontinuous drilling process on tool
life due to reduced thermal loads becomes amplified by the additional analysis of mi-
crostructure. First, microscopic images of longitudinal sections separated from bore hole
walls illustrate the appearance of white layers during the conventional drilling of Inconel
718. In contrast to this result, a positive impact on phase transformation in the material
during discontinuous drilling is revealed. The microstructure examined at the drilling
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depths subsequent to the point of feed interruption is free from thermal-induced phase
transformations in both discontinuous processes. This can be attributed to the occurring
retraction movement of the twist drill allowing a wetting of the cutting edge, since this is
missing during conventional drilling, where white layers were detected in the relevant
areas. Additional measurements of microhardness in the crucial areas of the bore hole
did not reveal significant differences between the process strategies, since this property of
surface integrity is more influenced by mechanical load than thermal load.
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