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Abstract:
Hole making on stacked aerospace materials is a major operation during aircraft assembly

which poses significant challenges during manufacturing because of different material machinability.
Strategies involving smart machining including adapting proper cutting conditions using real time
monitoring can lead to significant improvements. This paper is a continuation of our research that
uses data map methodology characterized by different specific force regions for workpiece material
identification. In this article, spindle power is monitored utilizing CNC machine internal sensor
during helical milling of Aluminium and Titanium alloys in a aerospace stack for estimating cutting
coefficients. Our previous research addressed the material detection in circular milling of Aluminium
and Titanium alloys independently using a force dynamometer. The result shows the applicability of
data map technique consisting of axial force coefficients for material identification in helical milling
and highlights the significance of stack sequence.

1 Introduction
Data acquisition, monitoring and feedback loop for corrective actions plays a vital role for perfor-
mance optimization in smart machining strategies implemented in industries. The hardware and
techniques required for data monitoring should be feasible enough for easy implementation on the
shop floor without expensive investments and disturbance to current processes [1]. Data acquisi-
tion of state of the art machine tool can add significant value and are also easy to acquire without
any additional accessories or hardware setup [2]. The internal sensors in the machine tool capture
a variety of data and can be useful for the operator to improve productivity and tool life during
machining.

Aerospace stack hole making is one such application where lot of research is being carried out
in order to enhance the process productivity and hole quality [3, 4]. Each of the material layer
in a stack has different machinability and properties. Using a single tool, one shot machining, for
both materials is challenging. This could lead to poor hole quality and lower production rates.
The methodology of adapting cutting parameters after identification of different materials in real
time can increase productivity. This can be achieved by real time force and power monitoring,
data acquisition and implementing a feedback loop [5]. Pardo et al [6] discusses decision making
algorithms in order to identify process incidences in stack drilling. Monitoring of signals from AE
sensors for tool position identification in Carbon Fibre Reinforced Plastics (CFRP)/Aluminium
stacks is shown by Neugebaur et al [7]. Fang et al [8] developed force sensor less method to detect
stack interface in robotic orbital drilling operations which can be helpful to adapt proper cutting
conditions.
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Helical milling (also called orbital drilling) is a hole making technique, especially advantageous,
for machining of hard and exotic materials resulting in better hole quality and tool life compared
to axial drilling [9]. The exit burs produced in helical milling is considerably less compared to axial
drilling [10]. Sun et al [11] showed higher fatigue life and surface finish for holes produced in helical
milling in comparison with axial drilling of Aluminium and Titanium alloys. Better chip evacuation,
less cutting forces result in better tool life and hole quality in helical milling. Implementation of
helical milling for producing holes in aerospace stacks is also widely researched topic and considerable
work is being done in this area [12, 13].

The state of the art shows monitoring the gradient of thrust forces or cutting torque to identify
the material and tool position in a stack and can be challenging especially at the interface layers.
The data maps of cutting force coefficients for individual materials can have significant advantages
for real time material identification especially at the material interface to clearly distinguish the
materials based on specific data points [14].

This paper presents the applicability of data maps for the identification of work piece materials
during helical milling of aerospace stack made of Aluminium and Titanium alloys. Experiments are
done to verify the possibility of using CNC machine internal sensor to monitor spindle power for
estimating cutting coefficients. The cutting force data is also monitored by a force dynamometer in
order to compare with the spindle power signal especially at material transition for gradient change.
In the following sections, the cutting force model, specific force coefficients and cutting power in
helical milling are presented, followed by experimental set-up, results and conclusions.

2 Helical Milling
In helical milling, the tool describes a helical trajectory as shown in Fig. 1(a). The combination of
tool movement in XY plane and Z plane simultaneously results in gradual removal of material for
every orbital rotation of the tool (Eq.1).

f⃗z = f⃗xy(xy plane)+ f⃗a(axial) (1)

P = fa 2πRtt

fxy
=

fa π(D −Dt)

fxy
(2)

α = arctan P
π(D−Dt)

= arctan
fa
fxy

(3)

Norb =
fa Z N

P (4)

The depth of material removed per orbital rotation is designated as pitch P (mm/rev) and it is
a function of the feed and the radius of the trajectory Rtt, calculated based on the tool diameter Dt

and the machined diameter D (Eq.2). The resulting ramp angle is indicated as α (Eq. 3), a function
of the axial feed and the circular feed [15].

Figure 1(b) shows tool trajectory with reference to fixed Cartesian coordinate (Xm, Ym) and
rotating tool coordinate (Xt,Yt) systems. The tool rotates around its own axis at N(rpm) spindle
speed (or θ̇2 rad/s) and around hole center O at Norb rpm (or θ̇1 rad/s) to machine the hole. The
offset distance between tool center C and hole center O is designated as Rtt [16].

2.1 Chip geometry
Figure 2(a) shows chip generation during helical milling. There are two zones of chip generation: at
the peripheral edge, that it is represented by the index ’p’ in this article, and the bottom edge of the
tool, represented by ’b’ index. The chip thickness (hp) at the peripheral side of the tool is similar
to conventional milling process which is a function of tool revolution angle (θ2) and feed per tooth
fz. The chip width bp is a function of θ2 and the axial position of the tool in the orbital rotation
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(a) Helical milling trajectory (b) Referential frames

Figure 1: Tool trajectory in helical milling.

(a) Chip Geometry (b) Cutting forces

Figure 2: Chip generation and cutting forces during helical milling.

[17] and the chip thickness hp is described by Martellotti equation [18].

bp(θ2) = P − P

π
arccos

Rtt −Rt cos(θ2)√
R2

tt +R2
t − 2RtRtt cos(θ2)

(5)

hp(θ2) = fz sin(θ2) (6)

bb =
Dt

2
(7)

hb = fz
P

π(D −Dt)
(8)

In the bottom edge, the chip length bb can be approximated to tool radius (Eq. 7) and the chip
thickness hb is described by Eq. 8. The bottom uncut chip thickness can be assumed constant and
independent of cutting velocity. Hence, the specific force coefficients can be identified for the bottom
edge and peripheral edge of the tool based on the local uncut chip load.
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2.2 Cutting forces and coefficients
The mechanistic force models predict the cutting forces based on uncut chip load at the cutting
edge. The cutting force predictions has become more and more closer to the experimental values by
including various factors like tool geometry, operation type, tool vibrations etc in the force models
[19]. The machining force F⃗m is calculated considering the small finite elements of the cutting flute
in the cutting edge referential frame decomposed: tangential (dFt), radial (dFr) and axial (dFz)
components for the peripheral flute j is given by:

d⃗Fm =

dFt

dFr

dFa

 . (9)

Figure 2(b) illustrates the cutting forces exerted by the peripheral and bottom edges of the
tool on the work piece during helical milling. The tangential, radial and axial force components are
depicted at peripheral (Ftp,Frp,Fap) and bottom cutting edges (Ftb, Frb, Fab) respectively. However,
the tangential (Ftb) and radial (Frb) force components at the bottom edge is significantly small and
can be neglected. The force components can be expressed as a function of uncut chip cross section
and flute rotation angle θ2 as:

Ftp,j = Ktp.hp(θ2)jbp(θ2)j (10)
Frp,j = Krp.hp(θ2)jbp(θ2)j (11)
Fap,j = Kap.hp(θ2)jbp(θ2)j (12)
Fab,j = Kab.hbRt (13)

where Ktp,Krp,Kap are the specific force coefficients for tangential, radial and axial force compo-
nents obtained at peripheral cutting edge j and Kab is the specific force coefficient from axial force
component obtained at bottom cutting edge j. Hence the total force due to peripheral and bottom
edges considering Z flutes in a tool can be expressed as below:

Ft =
∑Z

j=1 Ktp.hp(θ2)jbp(θ2)j (14)

Fr =
∑Z

j=1 Krp.hp(θ2)jbp(θ2)j (15)

Fa =
∑Z

j=1 Kap.hp(θ2)jbp(θ2)j + Z.Kab.hbRt (16)

However, during experiments, the cutting forces recorded are in fixed Cartesian coordinate system
(Fxm, Fym, Fzm) and can be transferred to one of the reference cutting edges. The reference flute
position (θ2) being known, the angular position of remaining flutes for a particular tool can be
calculated:

(θ2)j = (θ2) + (j − 1)λ (17)

where λ=2π/Z is the tool pitch angle The axial components (Fap+Fab) can be approximated to cut-
ting force (Fzm) obtained in Z direction during experiments. The rotation matrix for transformation
of forces is given by Eq.18: Fr(θ2)j

−Ft(θ2)j
Fa

 =

cos(−θ2)j − sin(−θ2)j 0
sin(−θ2)j cos(−θ2)j 0

0 0 1

 .

FX

FY

FZ

 (18)

2.3 Cutting Power
In case of end milling , depending upon the number of flutes, the cutting power is the summation
of power consumed by the flutes (j = 1...Z) in active contact with the work piece at any instant.

Powercut =

Z∑
j=1

[Powerp(j) + Powerb(j)] (19)
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where Powerp and Powerb denotes cutting power because of peripheral and bottom cutting edges
respectively which are in active contact with the work piece during helical milling. Depending upon
the cutter pitch angle, the number of peripheral flutes simultaneously in contact with the work piece
can be determined considering peripheral angle of immersion between ϕ= 0 to 180o for helical milling.
The bottom edges of all the flutes are always in contact with the work piece during helical milling.
Tangential cutting force Ftp at the peripheral cutting edge is the major component of cutting force
in magnitude and can be considered for the calculation of cutting power Powerp at peripheral edge.
Similarly, axial cutting force Fab is the major cutting force at the bottom edge and can be used
to express cutting power Powerb at bottom edge of the tool. The cutting power can be expressed
approximately as a function of cutting force and cutting velocity Vc. The cutting velocity at a point
on the bottom edge varies along the edge based on its distance from the tool center. Hence the
cutting power is expressed as a function of average cutting velocity V c for the bottom cutting edges
as shown below:

Powercut =

Z∑
j=1

1

60

{
g(θ2) · (Ftp)j · Vc + (Fab)j · V c

}
(20)

where g(θ2)=0 or 1 is a contact function based on position of the peripheral flute in or out of
immersion angle zone. Tangential Ftp and axial Fab cutting forces can be further expressed as a
function of specific force coefficients (Ktp,Kab) and uncut chip load (hp, bp, hb, bb) as follows:

Powercut =

Z∑
j=1

1

60

{
g(θ2) · [hp(θ2) · bp(θ2)]j · Ktp · Vc + [hb · bb]j · Kab · V c

}
(21)

Machine spindle power can be monitored during machining and the total spindle power monitored
has components of cutting and non cutting power because of spindle inertia and power because of
tool feed motion expressed as:

Powertotal = Poweridle + Powercut + Powerfeed (22)
The idle power component for a particular machine spindle can be determined to get the actual
cutting power. The power because of tool feed motion is assumed to be relatively less in helical
milling. During experiments, powertotal can be recorded at different pre defined cutting conditions.
The modelled cutting power (Eq. 21) can be re-written to determine values of Ktp and Kab as a
function of cutting power and chip dimensions.

3 Materials and Methods
This section describes about the helical milling experiments conducted on Aluminium (2024A) and
Titanium (Ti6Al4V) alloy stacks for a range of cutting conditions and setup as described in the
following subsections. The aim of these experiments is to monitor spindle power for material iden-
tification during hole making of stacked aerospace materials by utilizing CNC machine internal
sensors.

3.1 Experimental setup
Helical milling experiments were carried out on a CNC milling center DMU85-DMG mono block
machine under wet condition. A carbide end mill from Fraisa (code: P45217391) with 4 flutes and
8 mm diameter was used for all the helical milling experiments (Fig.3(b)). The stack is made of
Aluminium and Titanium alloy with 4 mm thickness of each layer bearing dimensions 35 mm X
100 mm. The layers are stacked together by bolt/nut assembly using a fixture as shown in the Fig.
3(a). The workpiece is fixed on a 9257B Kistler dynamometer, connected to a 5070 Kistler amplifier.
Analogical data of force is converted to digital using a 9201 National Instruments acquisition module
with 1000 Hz acquisition rate. For power acquisition, Sinucom NC trace software tool which can
monitor spindle power at a rate of 4 ms is utilised. Along with spindle power, machine data like X,
Y, Z position, spindle angular position is also recorded.
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(a) Experimental setup
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Figure 3: Experimental details.

Table 1: Cutting conditions
Stack fa (mm/th) fz (mm/th) Vc (m/min) Norb (rev/min) P (mm/rev)
Ti−→ Al 0.002 0.044

40

30

0.5Ti−→Al 0.003 0.059 40
Al−→Ti 0.002 0.044 30
Al−→Ti 0.003 0.059 40
Ti−→Al 0.001 0.044 30 0.3Ti−→Al 0.002 0.059 40

3.2 Design of experiments
Table 1 summarizes the cutting conditions adopted for helical milling experiments and the cor-
responding stack sequence. The stack sequence is varied during experiments and represented as
Al→Ti for Aluminium Titanium sequence and Ti→Al for Titanium Aluminium sequence. Cutting
velocity Vc is 40 m/min (for 8mm diameter tool) in all the experiments considering machining of
both material layers by the same tool and recommendations by the tool supplier. Different feed per
tooth in axial (fa) and peripheral (fxy) is defined considering the resulting chip thickness and the
corresponding cutting forces predicted by algorithms developed in Python. Hence, corresponding
feed per tooth (fz) at tool center point for helical trajectory is calculated along with pitch (P ) and
orbital rotation speed (Norb) from Eq.1 to Eq. 4. The hole diameter produced is 11mm since it is
one of the most popular diameters produced in aerospace industry.

4 Experimental results
The following subsections present the cutting power, cutting forces monitored during helical milling
of stacks and estimated specific force coefficients data map. The specific coefficients are estimated
from the cutting power signal in order to verify the possibility of utilising spindle power for material
identification.
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(a) Al→Ti: fa=0.002 mm/th,
fz=0.044 mm/th
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(b) Al→Ti: fa=0.003 mm/th,
fz=0.059 mm/th
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(c) Ti→Al: fa=0.002 mm/th,
fz=0.044 mm/th
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(d) Ti→Al: fa=0.003 mm/th,
fz=0.059 mm/th

Figure 4: Cutting power with hole depth at different cutting conditions.

4.1 Cutting power
Figure 4 (a) to (d) shows cutting power as a function of hole depth at various feed per tooth and
stack sequences. The material layers can be approximately identified by the distinct steps observed
in the power signal at the stack interface approximately at 4 mm where tool transition occurs from
one layer to other. The power signal shows disturbances while the tool is transiting from Titanium
to Aluminium layer and is further observed during machining of Aluminium as shown in Fig.4 (d).
This can be mostly attributed to sticky chips of Titanium sticking to the cutting edge which is
re-machined while machining Aluminium. This phenomenon was also reaffirmed in the cutting force
signals for Ti→Al sequences in some cases. It is important to note that these signal disturbances
were not consistent for all Ti→Al stack sequence experiments but was observed frequently.

4.2 Cutting forces
Figure 5 (a) and (b) shows the cutting forces (Ft, Fr and Fa) obtained at the cutting flute after
force transformation using rotation matrix for different stack sequences. However, in this article,
the cutting force signals are shown only for one of the cutting conditions since the main purpose
was to just compare it with the cutting power signal especially at the stack interface.

4.3 Cutting force coefficients
Cutting force coefficients Ktp (at tool periphery) and Kab (at tool bottom edge) are estimated from
cutting power signals as described in subsection 2.3. The coefficients are identified by taking maxi-
mum power values at every quarter orbital rotation of the tool and corresponding chip dimensions
at that instant. Kab and Ktp are represented as a function of hole depth for different stack sequences
as shown in the Fig. 6 and 7. The data points of Kab observed in Fig. 6 (a) shows distinct density
of points at two regions indicating two different material layers. Density Based Spatial Clustering
Algorithm (DBSCAN) is adopted in order to distinguish the data sets based on the density while
removing some of the noise. Figure 6 (b) shows the data map of Kab after implementing clustering
model (DBSCAN) indicating data points in different symbols. Symbol (□) indicates Titanium layer

7



0 1 2 3 4 5 6 7 8
Length (mm)

−100

0

100

200

300

400

500

600

Lo
ca
l F
or
ce
s (

N)

Fr
Ft
Fa

(a) Cutting forces: Al→Ti
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(b) Cutting forces: Ti→Al

Figure 5: Cutting force in rotating tool system as a function of hole depth at fa=0.002 mm/th,
fz=0.044 mm/th.

0 1 2 3 4 5 6 7 8
Length (mm)

0

1000

2000

3000

4000

5000

6000

7000

8000

Ka
b 
(N
/m

m
²)

(a) Kab

Aluminium

Titanium  

(b) Kab after DBSCAN clustering

0 1 2 3 4 5 6 7 8
Length (mm)

0

1000

2000

3000

4000

5000

6000

7000

8000

Kt
p 
(N
/m

m
²)

(c) Ktp

Figure 6: Data map of cutting force coefficients for Al→Ti stack at fa=0.002 mm/th, fz=0.044
mm/th

and symbol (Y ) indicates Aluminium layer. The distance that specifies the neighborhoods (ϵ) value
is set to 25 and minimum samples in a cluster is set to 2. The model behavior is found to be best
with above parameters for our data set of Kab. Figure 6 (c) shows the data map of Ktp as a function
of hole depth and its difficult to distinguish two separate regions indicating two material layers.
Figure 7 (a) shows the data map of Kab for Ti → Al stack sequence and it again shows distinct
region of data points. Figure 7 (b) shows data map after implementation of clustering algorithm
indicating two colours for two material layers. The data map of Ktp is shown in Fig. 7 (c) and the
indications are similar to data map of Ktp for Al → Ti stack sequence. It is difficult to distinguish
different material layers.

5 Conclusion
The objective of this work is to check the applicability of data maps for material identification during
helical milling of aerospace stacks. This is achieved by monitoring machine spindle power from the
CNC machine internal sensor to estimate specific coefficients. This technique is advantageous as it
does not require any external expensive sensors or any modification in the setup in order to place
the sensor and is easy for shop floor implementation.

The data map of axial specific force coefficient Kab makes it possible to identify the material
layer in real time distinguishing two separate regions. However, it is difficult to identify two different
material layers by observing data map of tangential cutting force coefficient (Ktp) as the data points
are unevenly distributed . The stack sequence plays a crucial role in terms of generated cutting
forces and required cutting power for machining. Especially, the movement of tool from Titanium
to Aluminium layer is accompanied by disturbances in monitored signal of cutting force and power
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Figure 7: Data map of cutting force coefficients for Ti→Al stack at fa=0.002 mm/th, fz=0.044
mm/th

which may lead to erroneous material identification. The consequences of stack sequence on data
maps needs further studies.
The map of cutting force coefficients can be grouped by clustering algorithms and can be used to
train machine learning models in the future for smart machining applications including adapting
optimised cutting parameter suitable for a particular layer.
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