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While the results of flank temperature shown in Figure 8.15 indicate minor differences, there are a
few interesting observations that can be discussed further. On one hand, the flank temperature results
indicate that increasing the vibration frequency K leads to a decrease in the flank temperature in
VAD. This reduction in flank temperature is more pronounced when using a feed of /= 0.1 mm. On
the other hand, the flank temperature in continuous drilling is generally lower than or very close to
the corresponding VAD results in most cases.

It's important to consider the influence of the characteristic increase in uncut chip thickness
associated with VAD. This influence could explain the recorded temperature variations, resulting in
higher temperatures for VAD when compared to continuous drilling. This can also explain the
slightly higher temperature using amplitude ratio Ky = 1 in comparison with K, = 0.5. In addition
to thermal effects, cutting edge integrity is quite important for tool life.

In VAD and continuous drilling, the first sign of tool failure is observed to be small chippings of the
tool. These chipping occur at different locations as shown in Figure 8.16. In continuous and peck
drilling, chipping occurs in the middle of the cutting edge. Usually, the tool can still drill once
chipping occurs at this location. However, in VAD, chipping occur more frequently at or very close
to the chisel edge followed by almost immediate tool failure. In seldom cases, chipping occurs at
the cutting edge towards the outer diameter of the tool which causes accelerated tool failure as well.

Figure 8.16 Examples of cutting edge chipping onset and its location in peck drilling, continuous
drilling and VAD

The form of chips in VAD and continuous drilling is significantly influenced by changes in uncut
chip thickness, resulting in distinct differences between the two techniques, as illustrated in
Figure 8.17. In the case of continuous drilling, uncut chip thickness is uniform resulting in a
continuous helical chip that is formed at the entrance of the borehole. As drilling progresses, the
chips transform into smaller, discontinuous helical chips with a short tail. On the other hand, VAD
consistently produces short chips with a C-shape, even at the borehole entrance.
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Workpiece mat. Inconel 718 Cutting tool WC twist drilling tool
Cutting speed 20, 25 m/min  Cut. tool coating Uncoated (HW), —
Feed 0.075, 0.1 mm Multi-layer (TiN-TiAIN) —
VAD freq. ratioK; 0.5...1.5 Tool diameterd 6.8 mm
VAD Amp. ratio K, 0.5...1 Borehole length / 34 mm
Drilling type Continuous and VAD
v, =20 m/min, f=0.075 mm v, =20 m/min, f=0.075 mm v, =20 m/min, f=0.075 mm
Continuous Ki=0.75, Ky, =1 Ki=1,Ky=1
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Figure 8.17 Chip forms in continuous drilling and VAD at different parameters

Figure 8.15 demonstrates that the alterations in chip form when utilizing different VAD parameters
are in general not substantial. Moreover, adjusting the feed from /= 0.075 mm to f= 0.1 mm or the
cutting speed from v, = 20 m/min to v, = 25 m/min does not yield significant variations in chip shape
and size. When employing an amplitude ratio of Ky = 0.5, chips that would otherwise be separate
appear to be connected with a small chip thickness. Furthermore, there is a slight qualitative
reduction in chip size as the frequency ratio increases from K= 0.75 to Ky = 1.5. It should be noted
that chip form can also be influenced by tool wear and cutting edge condition.
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8.4 Chapter conclusions

In this chapter, case studies on interrupted machining techniques, namely peck drilling and
Vibration-Assisted Drilling (VAD), were examined for their application in drilling Inconel 718
under MQL. Peck drilling involves retracting the drilling tool after a specified drilling distance,
resulting in a non-continuous feed. It was observed that shorter pecking lengths contribute to longer
tool life, although the total drilling time increases, and the material removal rate is hindered. On the
other hand, VAD offers the advantage of higher cycle frequency compared to peck drilling, as the
feed is continuous and an oscillatory motion is generated by an actuator where the workpiece is
attached. VAD generates smaller chips compared to continuous drilling and shows improvement in
reducing the increase in mechanical load experienced near the end of the borehole. However, VAD
also leads to higher maximum mechanical loads and premature tool failure due to chipping near or
at the chisel edge.

The potential benefits associated with tribological effects in interrupted machining may have been
overlooked due to the premature failure of the tool in VAD, particularly in interrupted VAD. Non-
interrupted VAD has demonstrated relatively promising results in terms of tool life. However, in all
VAD cases, peck drilling consistently outperforms in terms of tool life when compared to VAD and
continuous drilling.

It is worth noting that the VAD case study only covers a limited range of frequency and amplitude
ratios due to constraints imposed by the used actuator. Therefore, future investigations should
consider exploring higher frequency and amplitude ratios, achieved through actuator performance
development or alternative VAD actuation techniques, to further understand the impact of VAD on
the drilling performance of Inconel 718 under MQL. Furthermore, it might be necessary to introduce
modifications to the cutting edge geometry of the drilling tool, particularly at the chisel edge. These
modifications aim to enhance its resistance to chipping, which can occur due to the increased load
experienced during VAD.



Chapter 9: Summary and Outlook

This dissertation explores the impact of interruptions on the tribological conditions during the
machining of difficult-to-cut materials under near-dry conditions. The research involves
fundamental investigations using an orthogonal cutting setup with variable interruption geometry
machined on the workpiece along the cutting path. Additionally, case studies discussing a possible
application of interrupted machining in drilling operation were also examined. The investigations
involved two materials: Austenitic stainless steel 1.4305 and nickel-based superalloy Inconel 718
with more focus on the latter. The delivery method for metalworking fluids was the minimal quantity
lubrication (MQL) technique. Throughout the study, mainly uncoated tools were utilized.
Enhancement of MQL through interrupted machining and the utilization of uncoated tools were
expected to contribute into improving machining sustainability.

Preliminary investigations have revealed the significant potential of interrupted machining to
enhance tribological conditions within the tool-chip interface compared to continuous machining.
By providing intermittent exposure to the machining environment, interrupted machining enables
cutting fluids to better reach the contact zones, resulting in less adhesion on the rake face. To
quantify the adhesion resulting from severe tool-chip contact, adhesion gray level masking (AGLM)
of backscatter electron (BSE) images was employed. The results from adhesion area quantification
and tool-chip contact length on the rake face emphasize the influence of interrupted machining in
reducing chip-tool contact, particularly at low cutting speeds. Moreover, a noteworthy observation
points to a relationship between increased interruption frequency and reduced tool-chip contact
length. It is worth noting that the mechanical load and apparent coefficient of friction showed only
limited influence beyond a finite cutting length, indicating a transient behavior that deserves further
investigation to explore its behavior and factors influencing it.

Further experimental investigations aimed to study the transient behavior occurring at the beginning
of the cutting period after the interruption were conducted. The length of interruptions was varied
to investigate its impact on tool-chip contact. The results revealed that a specific finite cutting length,
coinciding with the end of the initial period of chip formation (IPCF), was observed to exhibit
considerable reductions in mechanical load and tool-chip contact compared to the steady-state
condition. Valuable insights into optimizing MQL application for enhanced machining performance
were offered by this finding, as reduced tool-chip contact leads to decreased work during machining.
The potential benefits of understanding and characterizing IPCF for improving continuous
machining by incorporating interruptions along the cutting path were emphasized. Interestingly, a
relationship between the development of contact zones on the tool's rake face and the end of IPCF
was observed, with sticking contact gradually forming within IPCF until it reached a final size. This
suggested a possible link between contaminants resistant to ablation and mechanical loads.

Another significant indicator of IPCF is the chip curl, which takes on an arc shape. The arc radius
of the initial chip curl was directly correlated with the contact condition within the tool-chip
interface, with small chip curls indicating low contact in this interface. Notably, the initial chip curl
exhibited a finite length, undergoing a shape change at a specific transition location. This transition
between initial chip formation and subsequent chip formation within IPCF could serve as an
essential indicator of changes in tool-chip contact before chip-workpiece contact occurs. The
existence of IPCF was found to be dependent on an adequate cutting-free period. The size of
interruptions influenced the repeatability of IPCF. The IPCF appeared relatively insensitive to



134 9 Summary and Outlook

cutting speed, indicating the existence of a finite critical cutting length. The critical length was found
to be within 1.5 to 2.5 mm as obtained from fitting a sigmoid function to the time resolved apparent
coefficient of friction. The critical cutting length might indicate a thermal-related phenomenon
initiated by the mechanical ablation of contaminants on the rake face of the cutting tool. To
investigate the thermal effects further, thermal modeling of IPCF became necessary.

A hybrid analytical and finite element approach is employed to model the transient temperature
increase occurring at IPCF. The analytical method, utilizing experimentally obtained input
parameters, precisely considers the determination and distribution of input heat flux along the flank
face, considering its magnitude during both interruption and cutting intervals. Numerical solutions
of the partial differential heat equation are used to obtain a 2D section of the tool's temperature field,
allowing the determination of critical transition temperatures corresponding to finite cutting
distances at the end of IPCF. The average temperature of the rake face at variable cutting speeds
obtained from the thermal model at a defined distance was validated experimentally using a
two-color pyrometer directed at the rake face through a milled slot in the workpiece along the cutting
path. The thermal model predicts temperatures that are very close to the experimental measurements,
particularly at low cutting speeds. The transient thermal model in combination with the critical
distance obtained from IPCF allows for the determination of a transition temperature which is found
to be within 180 to 220 °C for both investigated materials even when different cutting parameters
were used.

Case studies were conducted to investigate potential challenges and opportunities when a continuous
machining operation is interrupted to establish a link between fundamental investigations and
practical application. The drilling of Inconel 718 was investigated in these case studies. To assess
the influence of interrupted drilling, the interruption cycle frequency is systematically varied using
different drilling techniques. These include low-frequency peck drilling and relatively higher
frequency vibration-assisted drilling (VAD). The VAD investigation utilizes a custom-built
hydraulic actuator to control vibration amplitude and frequency, covering an extended range of
parameter variations. Peck drilling involves the drilling tool being retracted after a specified drilling
distance, resulting in a non-continuous feed. It was observed that longer tool life is achieved using
shorter pecking lengths, although the total drilling time is increased, and the material removal rate
is hindered. On the other hand, the advantage of higher cycle frequency, compared to peck drilling,
is offered by VAD, as the feed is continuous and an oscillatory motion is generated by an actuator
where the workpiece is attached. Smaller chips compared to continuous drilling are generated by
VAD, and an improvement in reducing the increase in mechanical load experienced near the end of
the borehole is shown. However, higher maximum mechanical loads and premature tool failure due
to chipping near or at the chisel edge are also brought about by VAD. The potential benefits
associated with tribological effects in interrupted machining may have been overlooked due to the
premature failure of the tool in VAD, particularly in interrupted VAD. Relatively promising results
in terms of tool life have been demonstrated by non-interrupted VAD. However, in terms of tool
life, peck drilling consistently outperforms VAD and continuous drilling in all VAD cases.

Utilizing MQL for machining difficult-to-cut materials through interrupted machining has shown
promising feasibility. However, a key concern that emerges is related to tool life, where premature
tool failure can occur due to small chippings of the cutting edge. To address this challenge, further
investigations aimed at optimizing cutting edge geometry and cutting edge preparation are needed
to effectively mitigate these issues and improve tool longevity. It is important to acknowledge that
the VAD case study covers a limited range of frequency and amplitude ratios due to constraints
imposed by the used actuator. Hence, future investigations should explore higher frequency and
amplitude ratios, achieved through actuator performance development or alternative VAD actuation
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techniques. This approach will provide more insights into the impact of VAD on the drilling
performance of difficult-to-cut materials under MQL. Additionally, considering the overall energy
consumption when active means are used to introduce interruptions in continuous machining
operations can be highly relevant to the sustainable evaluation of the process. Exploring this aspect
will contribute to a more comprehensive understanding of the sustainable impact of interrupted
machining techniques. The combination of minimal consumption of metalworking fluids, reduced
energy usage, and the use of uncoated tools directly contributes to sustainability. These promising
attributes serve as strong motivation for conducting further research focused on improving tool life
during interrupted machining, particularly in drilling operations. By such advancements being
achieved, not only is an environmentally friendly approach embraced, but also cost savings are
achieved, and machining performance is enhanced, making interrupted machining a viable and
sustainable solution for difficult-to-cut materials.
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