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Industry 4.0 is the need of the hour in current global market scenario and all the processes are moving towards automation and smart manufacturing. In machining, smart techniques implementation depends on developing a database for decision-making, which is the case for stack drilling in aerospace industry. In this application, choosing one optimal condition for several materials is a challenge due to their different machinability. Hence, material identification techniques are suitable approaches for adapting the cutting parameters in real time, which improves tool life, hole quality and productivity. In that regard, the goal of the present paper is to create a specific force data map for axial drilling and circular milling processes based on its experimental force and power measurements. To do that, experiments were separately carried out on Titanium and Aluminium workpieces in a range of cutting speed and feed conditions. The results show that specific cutting and feed forces for each material can be identified on distinct regions of the map, without thresholds overlapping. Given that, these maps can be used as a signature to distinguish two metallic materials in real time machining. In this case, the specific data points at the interface layers may offer advantage to accurately identify tool position unlike monitoring gradient of feed forces while drilling stacked materials. Therefore, smart machining techniques seeking cutting parameters optimization can be implemented for a particular material.

Introduction

Multi stack drilling is one of the major operations in aircraft assemblies and it demands lots of time and resources to achieve high-quality holes.Usually, Titanium and Aluminium stacked materials are drilled before aircraft assembly and this poses a major challenge in machining due to the different materials' machinability. Some of the drilling challenges include poor finishing, burr formation and rapid tool wear [START_REF] Zhu | Evaluation of novel tool geometries in dry drilling aluminium 2024-T351/titanium Ti6Al4V stack[END_REF]. These hole quality aspects, as exit burrs, can have a significant influence during assembly and affect productivity [START_REF] Gillespie | Burrs produced by drilling[END_REF]. Hence, as thousands of holes have to be drilled for assembling an airplane, techniques considering different materials' machinability in a stack are crucial for performance maximization.

In this aspect, smart machining is a solution that refers to real time adaptation of cutting parameters for process optimization based in massive data from smart factories, specially using machine tool acquisition [START_REF] Kong | A study on a general cyber machine tools monitoring system in smart factories[END_REF]. Previous research have presented prediction models and data monitoring techniques which can be helpful in smart machining applications. Wenkler et al. [START_REF] Wenkler | Intelligent characteristic value determination for cutting processes based on machine learning[END_REF] developed a way of predicting specific cutting force by Artificial Neutral Network which can be implemented in process planning or smart manufacturing. Hegab et al. [START_REF] Hegab | A smart tool wear prediction model in drilling of woven composites[END_REF] predicts tool wear by using Machine Learning models for a wide range of cutting conditions in drilling. Furthermore, a smart machining system is developed by monitoring spindle power and torque in order to optimize feed rates in milling by Park et al. [START_REF] Park | Development of smart machining system for optimizing feedrates to minimize machining time[END_REF].

One interest of applying smart machining during stack drilling is material identification. With this purpose, tool position detection inside the stacked layers is a key parameter so it is possible to adapt cutting parameters and machining strategies. Regarding this aspect, Pardo et al. [START_REF] Pardo | Assessment of decision-making algorithms for adaptive drilling of aerospace stacks[END_REF] used cutting forces signals as input for three different decision-making algorithms to identify the tool position in stacked materials. Their objective was to compare the effectiveness of different approaches, which could be used for material identification. Jallageas et al. [START_REF] Jallageas | Self-adjusting cutting parameter technique for drilling multi-stacked material[END_REF] developed a methodology to material identification in drilling multi-stacked material using thrust force signals. Their strategy used both: thresholds and gradient of forces to differentiate metallic materials and spectral analysis in order to distinguish aluminum and carbon fiber. The approach does not use any input process parameter, it uses pattern recognition for a specific drilling case. Material identification in stack drilling for a wide range of parameters is still a challenge that requires more research and the development. However, implementation of smart machining strategies in drilling alone may not completely optimize the process, so additionally other alternatives such as helical milling, also known as orbital drilling, can be applied.

Orbital drilling shows advantages regarding the process flexibility and ability to produce high-quality holes on different materials [START_REF] Bruno | A review of helical milling process[END_REF][START_REF] Morales | Study of the Influence of Helical Milling Parameters on the Quality of Holes in the UNS R56400 Alloy[END_REF]. Sun et al. [START_REF] Sun | Hole-making processes and their impacts on the microstructure and fatigue response of aircraft alloys[END_REF] data shows that the fatigue life of holes produced by helical milling showed better life compared to conventional drilling. Although, cutting mechanistic is more complex in this process and so is the cutting models. Wu et al. [START_REF] Wu | Cutting force prediction for circular end milling process[END_REF] discussed force models for circular milling taking into account the uncut chip thickness and feed rates variation at the corners. The cutting coefficients calculation in circular model can be further extended for helical milling adding vertical feed.

In both hole making processes of aerospace materials: axial drilling and helical milling, the specific cutting coefficients data can be used to identify the material being machined. They can act as material signatures to adapt proper cutting parameters in real time. These data could directly improve the process productivity and hole quality if appropriate cutting parameters are applied for the specific material.

Hence, the goal of this paper is to develop a data map of specific force coefficients related to each material for both process: axial drilling and circular milling processes, not developed in the previous papers, for further application in helical milling. The materials used for the experiments were aluminium 2017A and titanium Ti6Al4V, being subjected to a common set of cutting conditions. In the following sections, the force model and cutting coefficients are presented, as well the experimental set-up. The cutting forces and power results are presented and discussed, and lastly, the identification map with cutting coefficients for both processes is built.

Force model and specific force coefficients

Mechanistic force models can provide quantitative cutting force predictions based on the uncut chip thickness principle. Once experimental tests are made, the cutting force models enable estimating the specific cutting coefficients for a different set of variables, as describe by numerous papers [START_REF] Armarego | Computerized Predictive Cutting Models for Forces in End-Milling Including Eccentricity Effects[END_REF][START_REF] Altintas | Manufacturing Automation: Metal Cutting Mechanics, Machine Tool Vibrations, and CNC Design[END_REF].

The forces for a general orthogonal cutting can be described by a mechanistic force model considering only cutting action of the cutting edge neglecting ploughing and chisel edge effects. The machining force ⃗ F m is calculated considering the small finite elements of the cutting flute in the cutting edge referential frame decomposed: tangential (dF c ), radial (dF r ) and axial (dF z ) components:

⃗ dF m =   dF c dF r dF z   . ( 1 
)
The local force in point P of the cutting edge is a function of the uncut chip thickness h and the specific force coefficients: K c , K r and K z . dF c = K c (P ).h(P )db dF r = K r (P ).h(P )db dF z = K z (P ).h(P )db where h(P )db is the elementary uncut chip load calculated on the reference point P in db elemental length of the cutting edge.

For each rotating tool machining process there are some assumptions in order to identify a global value for specific forces coefficient: in drilling, milling and circular milling, as follows.

Drilling

In drilling, local specific force coefficients can change along the cutting edge, as cutting speed varies from zero to the maximum cutting speed V c on the tool nominal radius D/2. Also, cutting angles can change along the edge. Although, for a fixed tool geometry, it is possible to calculate an average specific force coefficient along the edge. It can be calculated using the total chip load per cutting edge

A c = ∫ hdb = f z (D/2) = f 2 (D/2
) (where f is the feed per revolution for a 2 flutes tool and f z is the feed per tooth).

In drilling, it is not possible to experimentally measure the cutting force for a single cutting edge F c (N), because both edges are in contact with the workpiece and they have opposite directions. The average specific cutting force K c (N/mm 2 ) for a tool-workpiece pair in drilling is calculated using the experimental cutting power P c , contribution of both cutting edges [START_REF] Wenkler | Intelligent characteristic value determination for cutting processes based on machine learning[END_REF]:

K c = F c A c = 120 P c V c f z D (2)
On other hand, it is possible to measure the feed force F z and to directly calculate the feed force F f for each cutting edge (F z = 2F f ). The specific feed force K f (MPa) is calculated as:

K f = F f A c = F f f z (D/2) = F z f z D (3)

Milling

In milling, in order to determine the cutting coefficients of the tool-workpiece pair, the local cutting force dF c (t) and the radial force dF r (t) are analyzed considering the variation of the uncut chip thickness along the tool rotation.

Martellotti equation [START_REF] Araujo | A model for thread milling cutting forces[END_REF] described h(θ 2 ) as a function of the tool rotation angle θ 2 . The forces in axial direction (dF z ) can be neglected, if the helix angle is small. When summing the contributions of each cutting part db, dF c (t) and dF r (t), the directions are not the same and a change to a fixed referential is necessary. From there, dF x (t) and dF y (t) can be calculated and the machining tool for each cutting edge in contact to the workpiece at the time t can be calculated.

As in drilling, some assumptions should be made for the identification of specific cutting force and specific radial force. It is considered that the maximum force is achieved in the position of θ 2 when the average uncut chip thickness along the cutting edge is higher. The reference frame is now fixed in the rotating tool θ 2 and not in each element. Then, the approximation done lead to:

K c = F c (θ 2 ) A c (θ 2 ) -→ K c = F c (max) A c (max) ≈ F c (max) h ′ (max).a p (4) K r = F r (θ 2 ) A c (θ 2 ) -→ K r = F r (max) A c (max) ≈ F r (max) h ′ (max).a p (5)
Considering that the measurement is taken using a fixed dynamometer, the acquisition is done in a XY fixed referential frame. In linear milling, when feed direction is aligned with X direction :

[

F X F Y ] = [ Sin(-θ 2 ) -Cos(-θ 2 ) Cos(-θ 2 ) Sin(-θ 2 )
] .

[ 

F c (θ 2 ) F r (θ 2 ) ] ( 6 
) X Y F t F r F t F a F r F tan F rad

Circular Milling

Unlike in linear milling, circular milling involves movement of tool around a centered fixed point in clockwise or anticlockwise direction to enlarge a existing hole diameter. Figure 1(b) shows the circular milling tool trajectory (at θ 1 = 0) and the associated geometric parameters. A tool of diameter D t with center C is moving around the hole center O. D 1 refers to pre hole diameter and D is the final diameter to be achieved after circular milling. R tt is the tool trajectory radius with reference to hole center O [START_REF] Araujo | Analytical and experimental investigations on thread milling forces in titanium alloy[END_REF].

In circular milling, cutting forces at the cutting edge have different referential frames that have to be analyzed in order to determine the cutting coefficients of the tool-workpiece pair. The cutting forces exerted by the tool on the workpiece can be seen in Figure 1(a). Feed motion produces F tan and F rad forces and the cutting action gives rise to tangential (F t ), radial (F r ) and axial forces (F z ) at the cutting edge. It can be noted that the direction of feed forces in circular milling changes continuously unlike in linear milling where feed direction and feed force direction remain unchanged. In circular milling context, forces in axial direction (F z ) can be neglected.

The forces measured during experiments by the dynamometer are in XY referential frame: F X and F Y as shown in Figure 1(a). The tool rotates around the hole center O in clockwise direction given by angular position θ 1 and around its own axis given by θ 2 , also in clockwise direction. The forces F X and F Y can be transformed using a rotation matrix (Eq. 7) to deduce F tan and F rad at the tool center. F tan and F rad are significant to understand tool deflection effects on hole quality. To calculate F t and F r at the cutting edge, the rotation matrix as a function of θ 2 and the dynamometer referential frame components (F X and F Y ) (Eq. 8) can be applied. The specific cutting coefficients K c and K r (N/mm 2 ) are identified by analyzing F t and F r maximum values for a particular set of tool revolutions using Eq.4 and Eq.5.

[

F rad F tan ] = [ Cos(-θ 1 ) -Sin(-θ 1 ) Sin(-θ 1 ) -Cos(-θ 1 )
] .

[

F X F Y ] (7) 
[ F t (θ 2 ) F r (θ 2 ) ] = [ -Sin(-θ 2 ) -Cos(-θ 2 ) -Cos(-θ 2 ) -Sin(-θ 2 )
] .

[

F X F Y ] (8) 
3 Materials and methods

In this section, drilling and circular milling experiments are presented in Aluminium (2017A) alloy and Titanium (Ti6Al4V) alloy workpieces measuring cutting forces and cutting power. The experiments were carried out for a specific range of cutting conditions, following the experimental setup and the design of experiments described below. 

Experimental setup

All drilling and milling experiments were carried out on a CNC milling center DMU85-DMG mono block machine. Flood water-based through coolant was used for drilling and circular milling was carried out in dry condition. The tools used for the experiments were: carbide drills from Klenk having diameter 11 mm, one of the most commonly used in aerospace stack drilling applications, and carbide end mills of 8 mm diameter from Fraisa.

The workpieces were fixed on a 9257B Kistler dynamometer, as shown in Analogical data of force and power were converted to digital using a 9201 National Instruments acquisition module with 10 kHz acquisition rate. The measured forces were filtered using a low pass Butter-worth filter with cutoff frequency of 700 Hz (appropriated to the maximum spindle speed).

Design of Experiments

Table 1 summarizes the cutting conditions on Aluminium and Titanium along with tool details for drilling and circular milling operations. The range of cutting parameters is wider than usual because the goal was to compare the responses in both materials and processes for a wide range of cutting conditions. The lowest feed per tooth allowed for a monoblock carbide tool is included (0.02mm/tooth) in the parameters range.Drilling depth was set as 15mm in case of axial drilling for both materials. Circular milling was carried out on the drilled hole with an axial depth of 1mm and a radial width of cut of 1.9mm. In order to have a cutting continuity coefficient c less than 1, in other words to have only one cutting flute in contact with the workpiece at any point of time [START_REF] Araujo | Modeling thread milling forces in mini-hole in dental metallic materials[END_REF], the chosen final milled hole diameter is 14.8mm.

Experimental results

The following subsections present the results of feed force and power for drilling along with cutting forces for circular milling. The graphs are presented in terms of length of the hole for drilling for various cutting speeds and feed rates. Circular milling forces are presented in terms of tool angular position θ 1 (around O) which is taken as a reference for all the feed rates and cutting speed values tested. It should be noted that the trajectory rate (θ 1 /time) changes based on variation in feed rate values.

Feed force and power in drilling

Regarding the cutting force, Figure 3 shows the results obtained per depth of the hole for Aluminium and Titanium respectively. Each figure contains results of different cutting speeds obtained at f z =0.1 mm/th. Varying cutting speeds do not greatly differ the feed force values as seen in the Figure 3. Also, the region where the tip of the tool starts entering the workpiece is clearly observed from the increasing force slope, then the cut is stabilized. The complete graphical results from the experiment for other feed values are referred in the earlier article from Gonçalves et al. [START_REF] Clara | Smart drilling: material identification using specific force map[END_REF].

Cutting power results are shown in Figure 4 for Aluminium and Titanium at f z =0.1 mm/th. For Titanium, there is an increase in power when the tool penetrates the workpiece unlike Aluminium which remains almost stable during drilling. This can be attributed to the elastic recovery of material, since no tool conicity was observed. An important fact that can be observed comparing both graphs is: the results are the same during the first 2 mm penetration for both materials, when only the chisel point is in contact with the workpiece. In consequence, identifying the materials during this phase of drilling, and also in the transition of materials, is challenging in stack drilling. This was also observed previously by Pardo et al. [START_REF] Pardo | Assessment of decision-making algorithms for adaptive drilling of aerospace stacks[END_REF]. 

Forces in Circular Milling

The cutting forces F X and F Y obtained with the dynamometer during circular milling can be seen in the Figure 5. The graph shows the variation of forces Figure 6 shows the variation of transformed forces at the cutting edge (F t and F r ) in a time window of two tool revolutions θ 2 = [0 -720 o ] in Aluminium and Titanium at f z = 0.1 mm/th and V c = 40 m/min. Eight peaks can be observed in the transformed forces for a 4 flutes end mill. The cutting forces were transformed as previously indicated in Eq. 8.

Experimental specific force coefficients

After acquiring forces and power data for the analyzed processes, the specific cutting force coefficients were estimated. They are presented in the following subsections for the drilling and milling operations, followed by the targeted identification map. It is important to claim that the circular milling experiments were done after the analysis of drilling experiments. As the aim of this paper is the material identification based on the data, the range of feed per tooth was 10 Open Access Version of the articles Submitted to Part B: Journal of Eng. Manufacture in October-2021 narrowed to 0.10 and 0.18 mm/th, where the values of forces were closer. Also, low feed rate values as 0.02 mm/tooth are very rarely used in the industry for these materials.

Specific force coefficients in drilling

The K c and K f values for different feed rates are shown in Figure 7(a) and 7(b), where comparisons between both materials are made. The behavior of results are similar, considering that the values for Titanium are higher due to its poorest machinability. K c and K f values are calculated as indicated in the Eq.2 and 3 previously. The data includes values calculated at several tool angle positions θ 1 for each specific feed rate and cutting velocity with the objective of having a representative value with larger spectrum of experimental variability and noise.

It can be noted in Figure 8 that the specific coefficient values for Titanium are considerably higher compared to Aluminium, as observed for drilling.

Identification map

In this article we propose a clear distinction between both materials and force coefficient values identified in a single graphic, so called identification map. Even though the analysis of force coefficients per feed shows distinct results for different materials, identification can be mistaken through these results. This is because of the possibility of having similar coefficient values for both the materials at different feed rates.

Figures 9(a) and 9(b) presents the identification map using K c per K f for drilling and K c per K r for circular milling. It should be noted that in drilling K f is derived from the feed force and in circular milling K r is derived from the radial cutting force. The areas identified as Aluminium and Titanium are clusters with a simple method using minimum and maximum points on the map, without thresholds overlap. Although, the methodology could be improved using other sophisticated clustering methods. This clear distinction increases the material identification precision, which is the first step of self-adjustment techniques (changing spindle speed or feed per tooth).

In extreme situations, the acquired machining data can be incorporated to the commercial software in to alarm or stop the tool rotation in extreme situations, as it is already the case of power [START_REF] Köttner | Process monitoring using machine learning for semi-automatic drilling of rivet holes in the aerospace industry[END_REF].

Conclusions

The main focus of this article was to demonstrate the possibility of material identification during hole making operations of two different materials by analyzing specific force coefficients. In this regard, cutting force and power data were analyzed to identify specific force coefficients for Titanium and Aluminium. Our work proposes utilisation of data points of specific force coefficients for material identification while drilling stacked materials. This novel technique can help to adapt proper cutting parameters in real time. Such data maps with precise points of specific force coefficients can have advantages over monitoring of thrust forces for gradient change to identify materials or tool position in the The results can be summarized as follows:

• In both operations, specific force coefficients are identified in different regions of the map for Titanium and Aluminium due to the materials distinct machinability;

• During initial phase of axial drilling, when only chisel point is inside the material, the signals are similar comparing both materials and difficult to identify;

• Considering drilling results in 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 lead to wrong interpretation of increasing specific cutting force inside the hole, which is not the case.

• In circular milling, the transformed feed forces (F tan and F rad ) can be further analyzed to understand its relation with respect to hole quality and attributed to optimal cutting conditions for a tool-material pair.

• The variation of K r values in circular milling compared to K c values for a particular feed and velocity may be attributed to tool deflection/vibrations which is also reflected in radial forces. However, there is a distinct separation when the values are compared with both materials.

Hence, the gap between the cutting force coefficients for both materials makes it suitable for applying smart machining techniques using data monitoring in hole making processes of stacked materials made out of Aluminium and Titanium.
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Figure 1 :

 1 Figure 1: Referential Frames in X and Y indicating cutting forces and tool trajectory in circular milling

Figure 2 :

 2 Figure 2: Experimental setup

Figure 3 :

 3 Figure 3: Experimental feed force for drilling Aluminium and Titanium

  Figure 2(a), using only its internal measuring region, connected to a 5070 Kistler m/min Vc = 40 m/min Vc = 20 m/min (b) fz = 0.10 (Titanium)

Figure 4 :

 4 Figure 4: Experimental cutting power for drilling Aluminium and Titanium

Figure 5 :

 5 Figure 5: Experimental forces F X and F Y during Circular Milling of Aluminium as an example (f z -0.1 mm/th and V c -40m/min)

  Fr for Titanium.

Figure 6 :

 6 Figure 6: Calculated F t and F r during 2 revolutions in circular milling of Aluminium and Titanium (window on θ 1 = [185 o -198 o ]) at f z = 0.1 mm/th and V c = 40 m/min

Figure 7 :

 7 Figure 7: Specific force coefficients (K c and K f ) for Aluminium and Titanium in drilling

Figure 8 (

 8 Figure8(a) and 8(b) shows K c and K r values against feed for Aluminium and Titanium. They were calculated using F t and F r values, respectively, for a specific set of tool revolutions.The data includes values calculated at several tool angle positions θ 1 for each specific feed rate and cutting velocity with the objective of having a representative value with larger spectrum of experimental variability and noise.It can be noted in Figure8that the specific coefficient values for Titanium are considerably higher compared to Aluminium, as observed for drilling.

Figure 8 :

 8 Figure 8: Specific force coefficients (K c and K r ) for Aluminium and Titanium in circular milling

  (a) Kc and K f (Drilling) (b) Kc and Kr (Milling)

Figure 9 :

 9 Figure 9: Identification Map for Drilling and Circular Milling in Aluminium and Titanium

Table 1

 1 

					: Design of Experiments: Cutting conditions
	Operation						Workpiece	Cutting speed	Feed (mm/th)
										(m/min)
	Drilling							Aluminium 20 / 60 / 100	0.02 / 0.10 / 0.18
	( 11 mm, 2 flutes)				Titanium	20 / 40 / 60	0.02 / 0.06 / 0.10
	Milling							Aluminium 40	0.02 / 0.10 / 0.18
	( 8 mm, 4 flutes, 30°helix) Titanium	40	0.02 / 0.10 / 0.18
	0	2	4	6	8	10	12	14	16
				Length (mm)			

Thus, as shown in this work, the specific force coefficients makes it possible to clearly identify different materials in real time, which is calculated by online monitoring of cutting forces and power. The calculation of instantaneous specific force coefficients for material identification and real time decision making to adapt cutting parameters will optimise the hole making process.