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Abstract. Stacks materials are frequently applied in aeronautical industries due to its great combination properties.
Although, as per different machinabilities, choosing the cutting parameters for drilling stacks is far from simple. Usually,
in industries, the machining parameters are set to suit the most hard to machine material in a stack, which increases
the cutting time and productivity. Smart machining techniques contribute to the development of drilling stacks materials
by adapting the parameters to the identified material. The goal in the present work is to create a map for identification
based on the specific force analysis using two metallic materials: aluminum and titanium alloys, often found in aeronautic
stacks. The resultant map shows distinct regions for these materials proving it could be applied to use on smart drilling
techniques.
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1. INTRODUCTION

Metal-composite hybrid structures have become essential in aeronautical construction for economic and environmental
reasons as maintaining good mechanical properties. Due to the different assembled materials, which present a distinctly
different machinability, the parameters must change during machining to allow this optimization (Rey, 2016). In the
past, the procedure for optimizing cutting parameters were time disconnected to the manufacturing process. With all the
connectivity of machines, automation and networking, now-a-days in the focus of Industrial internet of things (I-Iot),
the real-time identification of parameters for improving the process is an industrial reality (Wenkler et al., 2018; Chen
et al., 2019). The political environmental protection initiatives related to aerospace industry (laws, and directives) push
researchers to reduce times and costs, increase the efficiency and to develop flexible and smart processes (Cao et al.,
2017).

It is a fact that thousands of holes have to be drilled for assembling airplanes, so smart drilling is a key point for
performance maximization. Increasing the feed rate or cutting speed on the layer that presents higher machinability is
directly related to this goal (Geier et al., 2019). Smart drilling is, so, the adaptation of the cutting parameters in real
time, which requires the characterization and modeling of the evolution of the process variables (force, torque and power
depending on the cutting feed and spindle speed), the creation and management of a database, the processing of data and
real-time adjustment of the machining parameters (Klyuchnikov et al., 2019; Uekita and Takaya, 2017). These models are
associated with the capacity for identification, data processing and real-time action offered by machine learning tools (Sun
et al., 2019).

This work proposes to construct a data base for smart drilling strategies on bi-metallic stack workpiece in order
to identify the material through specific force map. The drilling experiments were developed in both Aluminum and
Titanium workpieces separately, using the same tool geometry. The average specific force was calculated for a wide range
of cutting parameters. The identification map presents the results of the specific cutting force, calculated using the cutting
power, and the specific feed force, using the feed force, in both materials.

2. SPECIFIC CUTTING FORCE AND SPECIFIC FEED FORCE

The machining force for each cutting edge is described by the vector ~Fm that can be decomposed on the local referen-
tial frame: Fc, the cutting force tangential to the cutting speed ~Vc, Ff , the feed force aligned to the tool axis, and Fr on
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the radial direction (Araújo et al., 2020).
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In a mechanistic model, for homogeneous material, these components are considered to be proportional to the chip
cross-sectional area. This leads to the constants of proportionality called "specific force", that depend on the cutter
geometry, cutting conditions, tool and workpiece material (Jayaram et al., 2001). In drilling, the local specific force
changes along the cutting edge as the cutting speed varies. Although, for a fixed tool dimension it is possible to calculate
an average specific force considering the total chip load Ac.

Hence, the average specific cutting forceKc (MPa) for a pair tool-workpiece in drilling can be calculated using cutting
force for a single cutting edge F (1)

c (N) as represented in Equation 2. For experimentally determining the Kc in drilling,
as it is not possible to easily measure the contribution of a single edge, the cutting power Pc (W) is used considering the
two tool principal cutting edges (Wenkler et al., 2018).
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where fz is the feed per tooth and D the nominal tool diameter.
Similarly, the specific feed force Kz (MPa) can be calculated using the feed force of a single cutting edge F (1)

z . The
total force in vertical direction Fz is a sum of the feed force from both cutting edges (Fz = 2Ff ):
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3. MATERIALS AND METHODS

During the experiments, power and force were measured for drilling two workpiece materials: Aluminum 2017A
and Ti6Al4V titanium alloy. These experiments were done following the experimental setup and design of experiments
described below. Later, the collected data was used to make power and force comparisons, as well as the identification
map with the specific cutting and feed forces.

3.1 Experimental setup

All drilling experiments were developed in a CNC milling center DMU85 using flood water-based coolant internally
through the drilling tool. The workpieces were fixed in a 9257B Kistler dynamometer, as shown in Figure 1(a). It
is important to notice that in all cases the holes were drilled in the measuring area of the dynamometer. The force
acquisition used a 5070 Kistler amplifier. For power acquisition, a Montronix power sensor PS200-DGM measured the
input of effective electrical power of spindle. Analogical data from force and power is converted to digital using a 9201
National Instruments acquisition module (10 kHz acquisition rate) and the LabView software was used for recording data.
For making the holes, solid carbide drilling tools of 11 mm diameter, coated with TiAlN and a point angle of 140o were
used (Code: WPC – VA – TiAlN 11 623 110 from Klenk/Ceratizit). Further tool dimensions are shown in Figure 1(b).

(a) Experimental elements (b) Tool dimensions (mm) (Ceratizit, 2019)

Figura 1: Experimental setup

3.2 Design of Experiments

The range of cutting parameters is wider than usual because the goal was to compare the Aluminum and Titanium
drilling results using the same data input. A full factorial design of experiments is represented by the blue points in
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Figure 2: for Aluminum Vc = 20, 60 and 100 m/min and fz = 0.02, 0.10 and 0.18 mm/th and for Titanium Vc = 20, 40
and 60 m/min and fz = 0.02, 0.06 and 0.10 mm/th. The three red points on each work space represent the data validation
points.

For all tests, the drilling length was set as 15 mm and a new tool was used every new material. Furthermore, to check
if the wear influenced the results, for every three experiments made, the first ones were repeated. Those were called check
points and were used to analyze if force and power results were maintaining in the same range as the tool has been worn.

(a) Aluminum (b) Titanium

Figura 2: DOE workspace

4. EXPERIMENTAL RESULTS

The results of force, power and specific force for both materials are presented in the following subsections. The graphs
are presented in terms of length of the hole and the images scales were maintained equal for both materials to allow a
better comparison of results.

4.1 Feed force results

Regarding the cutting force, Figures 3 and 4 summarizes the results obtained per length of the hole for Aluminum and
Titanium, respectively. Each figure contains results of different cutting speeds. Figures 3(a) and 4(a) were taken using the
lower feed values and 3(c) and 4(c) the highest ones. As it can be seen, the force increases for higher feed values, while
no significant variation could be observed when varying velocities.

(a) fz = 0.02 mm/th (b) fz = 0.10 mm/th (c) fz = 0.18 mm/th

Figura 3: Experimental feed force for drilling Aluminum

4.2 Cutting power results

Cutting power results are shown in Figures 5 and 6 for Aluminum and Titanium, respectively. Likewise, it can be
observed that, for both materials, the power increases for higher feed values and higher cutting speeds.

From the results presented in Figure 6, it can be noticed that the cutting power on Titanium showed an increasing
behavior during the cutting process. This behavior is associated to the elastic recovery of the cylindrical surface on
Ti6Al4V as reported in the work of Shugurov et al. (2020) where the lamellar and bimodal microstructures were subjected
to nanocratch test. In their studies, they found out that the elastic recovery for Titanium varied from 9% to 15%, being
larger for bi-modal microstructures due to the elastic deformation of the samples and the development of reversible
β → α → β phase transformation, which is related to the presence of vanadium in the crystal lattice, that leads to a
higher elastic recovery. Shugurov et al. (2020) also addressed the influence of the material microstructure and elastic
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Figura 4: Experimental feed force for drilling Titanium
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Figura 5: Experimental cutting power for drilling Aluminum
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Figura 6: Experimental cutting power for drilling Titanium
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recovery on the ploughing mechanisms, which is the main mechanism of abrasive wear. Taking this into consideration,
the elastic recovery of the material during cutting leads to an increase in power, which can drive the tool to a higher
abrasive wear. This behavior was not present in Aluminum data.

4.3 Specific cutting and feed forces

Figures 7(a) and 7(b) shows an comparison of the specific cutting force (Kc) behavior when drilling Aluminum and
Titanium, respectively. Figures 7(c) and 7(d) shows the same comparison, but for the specific feed force (Kf ). As it can
be seen, Kc and Kf values are higher for lower feed rates, as for its calculation power and force, respectively, are divided
by feed. In addition, the results are higher for drilling titanium, due to its poor machinability caused by its higher hardness
and higher yield and tensile strengths.
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Figura 7: Average Kc and Kf per experiment with different cutting speeds during drilling

5. IDENTIFICATION MAP

The Kc and Kf variation with feed is shown in Figure 8(a) and 8(b), where comparisons between both materials are
made. The behavior of results are similar, considering that the results for titanium are higher. Another comparison is
presented in Figure 8(c), where an identification map of Kc per Kf is shown. From there, it can be noticed that there is a
clear distinction in the range of force and power results for drilling Titanium and Aluminum.

This gap between materials makes it suitable for applying smart drilling techniques in the drilling process of stacks
materials made out of Aluminum and Titanium. Since the identification map obtained in Figure 8(c) allows the distinction
between these materials from its power and force data, considering cutting speed, feed and tool diameter used, when a
stack is being drilled, it is possible to adjust the cutting parameters in real time to make the drilling process more efficient.

Assuming a situation where the estimated Kc values are lower than 1000 N/mm2 (for parameters range used in this
work), the material drilled is presumed to be aluminum and the cutting speed can be raised to achieve better drilling
results and the process become less time consuming. On the other side, if the values are too high, the material being
drilled should be titanium and the velocity shall be reduced to meet the recommended parameters. Although, the region
where the titanium meets aluminum or vice versa is a critical area, because the tool is cutting both materials at the same
time. When this change occurs, there is a increasing/decreasing power region that can be used as a trigger to adjust the
cutting speed. This alteration should be made as soon as the change in material is detect to reduce tool damage, specially
when the change is from aluminum to titanium.
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(c) Kc and Kf

Figura 8: Identification map with Kc per Kf for both materials

6. CONCLUSIONS

This article focused on the analysis of force and power during drilling Titanium and Aluminum workpieces aiming the
identification of each material during cutting. As expected, the specific cutting and feed force were higher for titanium,
due to its material poor machinability, which allows clearly the distinction between both material. The results shows that
the methodology can be used as a smart drilling technique for the detection of the drilled material using monitoring data.

One important point observed in the signal pattern is that: during machining Titanium the elastic recovery of material
leads to an increase in power when the tool penetrates the workpiece. This elastic recovery disturbs the identification, it
could induce to a wrong interpretation that the specific cutting force is increasing inside the hole, which it is not the case.
A second point to note is that when the tool wear plays a role, the values of specific forces of Aluminum could cross the
area of the Titanium region as these values will tend to rise. Although, in this experiments, no significant tool wear was
observed, in a large scale process this phenomena has to be taken into account.
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