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Flank wear prediction in milling AISI 4140 based on cutting forces PCA for different cutting edge preparations
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One of the criteria mastering the choice of a cutting tool is its wear resistance. For coated inserts, prior to the coating process, edge preparation method choice will impact their performance. So, a classification based on its impact on wear resistance is needed. Indeed, the flank wear of three coated cemented carbide inserts presenting differently prepared edges (untreated, dragging and magneto-abrasive machining) is explored experimentally. Those inserts are used to face mill the hardened AISI 4140 low alloy steel. Further, by means of the principal component analysis (PCA), correlations between the online measured cutting forces and flank wear behaviour are investigated. In view of this analysis, for each studied case, the statistical law predicting flank wear relying on cutting forces components is established with fair approximation. However, the experimental results have quantitatively shown that edge preparation could be in some cases not beneficial for tool wear resistance of the milling inserts considering either maximal or average flank wear.

Introduction

With the development of cutting processes, machinists are looking for higher and higher performance of cutting tools. Proved by the worldwide researchers, the preparation of the cutting edge may bring two advantages to the commercialised cutting inserts: on one hand, the improvement consists in generating a high quality and defect-free cutting tool surface for following coating stages. On the other hand, it allows the achievement of a well-defined micro-geometry of the cutting edge. As a consequence, edge preparation affects tool life, so the economical aspect can be improved. Nevertheless, as tool wear has also an influence on the cutting mechanics during the machining operation, it affects the cutting forces.

In fact, to monitor tool wear online, dynamometers have been extensively used [START_REF] Martin | A comparison of in-process tool wear measurement methods in turning[END_REF] in order to get cutting forces and torques. However, for tool wear prediction, posteriori data treatment methodologies are needed. For example, a neural network is used for nonlinear and multi-variable curve-fitting capability [START_REF] Lee | Statistical analysis of cutting force ratios for flank-wear monitoring[END_REF]. Such technique within statistical and sensitivity analysis is based on orthogonal matrixes and the analysis of variance as proposed by [START_REF] Taguchi | System of Experimental Design[END_REF]. For tool wear prediction, another technique based on PCA is used for linear and multi-variable curve-fitting within a mathematical way. This technique allows the reduction of a complex correlation system into a minimal number of dimensions [START_REF] Jolliffe | Principal Component Analysis[END_REF]. Indeed, [START_REF] Zhou | Intelligent diagnosis and prognosis of tool wear using dominant feature identification[END_REF] and [START_REF] Stanley | Prediction of tool wear based on cutting forces when end milling titanium alloy Ti-6Al-4V[END_REF] have demonstrated that based on relevant features extracted from forces measurements in milling, tool wear can be predicted. As previously presented, probable mechanical and geometrical changes can be revealed when the cutting edge is prepared. Indeed, when tool life is the criterion, edges with different preparations do not behave the same way. Furthermore, to identify the correlation between wear and the cutting mechanisms, it seems necessary to pick up the most suitable combination of forces for a reliable prediction of tool wear during the machining process. In light of this finding, a statistical linear model is needed to outfit the experimental and calculated evolutions.

Building on our research, the present study deals with the prediction of flank wear by cutting forces analysis, besides it highlights the influence of the cutting edge preparation method on tool wear during face milling AISI 4140 QT steel. Indeed, the cutting tests, the work material and the inserts are described in a first part. Then, the main results of the inserts profiles are shown and discussed. After that, the results of tool life tests are demonstrated by comprehensive wear charts in terms of both maximal flank wear (V Bmax ) and average flank wear (V Bav ) comparing the different preparation methods impacts. Moreover, to correlate cutting forces and working angles with wear results, a mechanical analysis is established using principal component analysis (PCA) leading to a statistical model for flank wear prediction.

Experimental investigation

The object of the experimental study is to compare the flank wear evolution of the untreated insert with other prepared ones, besides the evolution of the cutting forces during the trials. Through systematical analysis, the impact of edge preparation techniques will be revealed. This study is a complementary research work to the project led by [START_REF] Bouzakis | Effect of cutting edge preparation of coated tools on their performance in milling various materials[END_REF] in the frame of a CIRP collaborative working group. Consequently, the same conditions defined by the corresponding Robin test have been followed.

Work material

All experiments are performed with workpieces made of AISI 4140 QT (ISO 42 Cr Mo 4 QT). It is a low alloy quenched and tempered steel. Its chemical composition and mechanical properties have been determined (cf. Table 1). This alloy is widely used where there is a requirement for elevated strength in combination with a defined and high level of toughness. 

Face milling tool characteristics

In this study, cemented carbide inserts SEAN 1203AFTN-M14 provided by SECO are used with the face milling tool SECO R220.14-0080-12 (Ø80 mm; κ r = 45°). The differences among the inserts (edge radius, chamfer length) are due to the preparation process. Two types of pre-treatment are used: dragging and magneto-abrasive machining.

A TiAlN coating is deposited on the inserts by physical vapour deposition (PVD) to improve the wear resistance of the grade. PVD-coated grades are recommended for applications with low feed rate where high edge toughness is required. They are suitable for applications with low to intermediate cutting speeds. The inserts profile measurements are performed by different devices: an optical vertical scanning interferometer (VSI), a mechanical profiler and a scanning electron microscope (SEM) with stereoscopy software.

Milling tests

Down face milling tests are conducted on a CNC machine at a cutting speed of 250 m/min without lubrication. All experiments are carried out using only one insert at once with a 0.485 mm/tooth feed rate, a 4.7 mm and a 3 mm radial and axial engagement respectively.

Figure 1 Experimental equipment (see online version for colours)

As Figure 1 shows the primary workpiece has a 500 mm length and a 50 × 50 mm 2 square section. The tool has to perform on 2,500 mm cutting length in order to progress the tool wear. Then, it has to cut a secondary workpiece fixed on a piezoelectric dynamometer in order to measure the cutting forces. After each forces measurement test, tool wear is inspected by an optical microscope. A maximal flank wear (V Bmax ) equal to 0.2 mm is chosen as tool life criterion, owing to the dramatic increase in wear rate over this value. As shown in Figure 2(b), V Bav describes the average wear land of all the cutting edge area in contact with workpiece material, while V Bmax describes the highest wear including the spalling depth.

Force measurement

For forces monitoring, a 9257A Kistler piezoelectric dynamometer is granting the measurements, and DasyLab data acquisition software is used. For the forces F x and F y , the chosen measurement stretch is of ± 2,000 N, the gain of 200 N/V and the resolution is of 0.03 N. For F z , the measurement range is of ± 400 N, the gain of 40 N/V and the resolution of 0.006 N. The sampling rate is 10 kHz.

Results and discussion

Influence of the edge preparations on the cutting inserts geometry

Globally, considering the minor cutting edge illustrated in Figure 3, preparations can be classified according to two criteria: the tool edge radius (r β ) (from the lowest to the highest) and the chamfer length (b ε ). Those classifications lead to the same ranking. So, the untreated edge comes first, then dragging, and finally, magneto-abrasive machining as Table 2 shows. 

Wear evolution results

The milling wear test starts with a new cutting edge. Besides abrasion, small crackings appear at the beginning of the tool wear. When tool life end approaches, they are extended leaving a chipping morphology (cf. Figure 2). Figure 4 and Figure 5 show that the insert with magneto-abrasive machining preparation has the best wear behaviour followed by the untreated insert and then dragging preparation. This result does not seem in agreement with the classification established according to the chamfer length or the cutting edge radius. Indeed, although the edge radius raises the edge strength against chipping, it also apparently increases flank wear [START_REF] Sikdar | Effect of variation in edge geometry on wear and life of coated carbide face milling inserts[END_REF]; as in this particular case abrasive wear and chipping are combined, this explanation seems to be in concordance with the current results. Furthermore, other modifications may influence significantly wear resistance, such as the internal stresses of the coating and inside the substrate induced by the removal of the material, besides the influence of the surface texture on the adhesion of the coating [START_REF] Rech | Influence of cutting edge radius on the wear resistance of PM-HSS milling inserts[END_REF]. 

Mechanical analysis

The second aim of this study is the definition of which parameter or combination of parameters is significantly correlated to wear evolution. So, different variables are measured during wear trials: cutting forces applied to the tool (measured directly by the piezoelectric dynamometer), and insert force components applied to the chip (calculated using data collected from the transducer and the tool geometry aspects). Those forces are essentially shear force (F s ), normal (N) and tangential (P) cutting force components according to the rake face (cf. Figure 6).

As the insert has a working cutting edge angle κ r equal to 45° and a 20° working back rake angle (γ p ) (ISO 3002-1, 1982) some coordinate systems are then used to resolve the cutting force into directional components. According to [START_REF] Stephenson | Metal Cutting, Theory and Practice[END_REF], most analysis uses coordinate systems where one axis is parallel to either the cutting edge or the cutting velocity. Here, the referential related to the cutting edge is chosen because of the oblique cutting configuration.

In addition to the forces, some other variables are investigated: the apparent friction coefficient (μ e ) defined as the ratio between the tangential cutting force (P) and the normal force (N) as described in Figure 6, is also calculated. The equivalent axial angle (EAA); angle between the resultant force (R) and the tool revolution axis, and the equivalent radial angle (ERA), which is measured between R and the cutting velocity direction are also investigated. Finally, the shear angle (Φ), which is the angle between the cutting force and shear plane inside the formed chip, is calculated online. In fact, for orthogonal cutting, [START_REF] Ruhong | Modeling of cutting force pulsation in face-milling[END_REF] assumed that the chip is formed by shearing along a single plane inclined at an angle Φ with respect to the machined surface. However, in this study, the present case consists in oblique cutting. So, forces responsible of the shear (F s ) and their inclination angle (λ) relative to the resultant force (R) are explored.

Once in the right local reference, the formula allowing the calculus of the previously described parameters is defined.
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Principal component analysis

Among the different statistical methods, the PCA is the most appropriate to analyse problems including diverse measurement results. According to [START_REF] Jolliffe | Principal Component Analysis[END_REF], this method (PCA) is a mathematical technique that allows the reduction of a complex correlation system into a fewer number of dimensions, in order to establish the PCA criterion. Its efficiency is demonstrated by [START_REF] Lorenz | Principal component analysis in technology[END_REF] whenever several variables are implicated in the synthesis. In this situation, measurement coding is relatively simple, since it consists in putting each variable into a centred reduced form (CRF). This form allows mathematical handling and comparison between variables which have different units and distant magnitudes. In the present study, it must be correlated with the flank wear. Figure 7 describes the sequent steps of PCA. 

Inclusion of the implication percent of each variable
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A single correlation between two variables (here V B and one of the cutting forces components) is unable to predict tool flank wear with the required accuracy. Nonetheless, this purpose can be reached by PCA. For that reason, relying on that method, a full correlation matrix including all the components was built, and the relevant criterion (RC) was calculated. Indeed, during the tests, it was observed that the resultant force R mostly increases with the number of cuts (NC). However, its correlation with V Bmax is not so obvious. Thus, R and the other mechanical parameters are analysed by PCA in order to get an elaborated relationship between the forces and flank wear.

Basing on this technique, the analysis is led. Only variables having a correlation coefficient with V Bmax exceeding 62% are kept. According to this criterion, only three parameters are left to represent wear evolution: F pav , F pnav and R av . For the remaining parameters mentioned in Section 3.3 such as the apparent friction angle (β), the corresponding correlation coefficient is below the significance threshold. Nevertheless, in literature, for other tool-material pairs such as ceramic tool machining spheroidal cast iron, friction angle is highly correlated with the tool wear [START_REF] Grzesik | Determination of friction in metal cutting with tool wear and flank face effects[END_REF].

Then, basing on the simplified correlation matrix in Table 3(a), the factors are ranked. Indeed, eigenvalues have allowed factors classification according to their implication rate in the collected data. As factor 3 represents 89% of the significant information [the highest eigenvalue corresponding to the matrix in Table it is taken as the RC. According to the factor components, RC's formula is revealed as following: 0.596 0.537 0.597 In order to quantify the real significance of the RC coefficients, they are replaced by their contribution rate in the factor 3 [corresponding to Fact3 bis cf. Table 3(c)], then multiplied by the significance rate of factor 3 (89%). So, the expression of the RC becomes:

pav pnav av RC F F R = × - × + × (11) 
0.809 0.728 0.81

pav pnav av RC F F R = × - × + × (12) 
In order to check if the maximal flank wear can effectively be characterised by this criterion, the correlation coefficient is calculated relating RC and V Bmax for each wear test with the different edge preparation. Indeed, the referring insert flank wear is 90%, 83% and 80% correlated with the RC for the untreated edge, the one prepared by dragging and the one treated by magneto-abrasive machining respectively.

An affine relation between RC and V Bmax is statistically obtained for each edge preparation (cf. Figure 8). Based on those equations, V Bmax evolution graphs obtained by the RC are compared with graphs obtained by measurements. Those graphs are given in CRF calculated as following: Although the RC can only predict the CRF of the flank wear, PCA has proven its reliability. In fact, it associates parameters having different physical values (here distances in µm for V Bmax and forces in N for cutting forces components) by transforming them into unitless variables given in CRF. Then, via the RC, the flank wear is connected to the cutting forces components. The results have shown good correlation between measurements and predictions. Indeed, Figure 8(a) shows, in the case of the untreated edge (the reference), that curves collapse with a correlation of 90%. Although the correlation is high, the error rate is still high for edges prepared by magneto-abrasive machining (18%) and dragging (33%). Here, the best predictable behaviour is that of the reference, and the worst is the one obtained by dragging. Nevertheless, given the nature of these results, it now appears that knowing the cutting forces and the appropriate statistical model, it is possible to predict flank wear with fair approximation.

Conclusions

This study has investigated the flank wear resistance of three inserts during AISI 4140 QT face milling and its link to cutting forces. Indeed, the statistical relationship between those cutting forces and flank wear behaviour has been demonstrated via a PCA. Furthermore, the resulting predictive laws have been built for each studied edge preparation method.

In view of the nature of the results, it has been shown that strong correlations exist between V Bmax values and the machining force evolution while milling (with coefficients higher than 84%). Alongside those correlations, the mechanical and statistical analysis has revealed models predicting the flank wear. Consequently, in spite of the differences observed in the inserts behaviour, there is every likelihood that a model based on the cutting forces is able to predict online tool flank wear for each edge preparation with fair approximation. However, in light of the discussion surrounding the wear charts, it would appear likely that edge preparation does not necessarily enhance the tool wear resistance. Indeed, the untreated cutting edge has a longer tool life than the one prepared by dragging. Nevertheless, in spite of the limited number of the tested preparations, it seems possible that an optimal cutting edge radius guaranteeing the lowest tool failure exists. Therefore, it is confirmed that tool geometry is not enough to explain inserts behaviour. More research into the influence of the edge preparation on the tool surface integrity could be a good track to explain this phenomenon. 
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Figure 2

 2 Figure 2 Worn reference edge after performing over (a) 90,000 NC corresponding to the chipping prevailing (b) 150,000 NC corresponding to the cutting edge end of life (see online version for colours)

Figure 3

 3 Figure 3 Chamfer corner length in major (b ε ') and minor (b ε ) cutting edges characterised by optical interferometry (see online version for colours)

Figure 4

 4 Figure 4 Evolution of the average flank wear land (V Bav ) with the different edge preparation methods (see online version for colours)

Figure 5

 5 Figure 5 Evolution of the maximal flank wear (V Bmax ) with the different edge preparation methods (see online version for colours)
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 66 Figure 6 Local forces and angles schema, (a) the ERA (b) the EAA (c) the apparent friction angle (β) (see online version for colours)
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  Figure 7 PCA methodology
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 8 Figure 8 V Bmax evolution obtained by measurement and by RC for (a) the untreated edge (b) the edge prepared by dragging (c) the edge prepared by magneto abrasive machining (see online version for colours)
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Table 1

 1 Chemical composition and mechanical properties of AISI 4140 QT

	Properties	AISI 4140 QT	
	Composition in weight %	C	0.48
		Cr	1.16
		Cu	0.188
		Mn	0.882
		Mo	0.17
		Ni	0.114
	HRC	31	
	HB	298	
	R m [MPa]	860~1,060	
	R p0.2 [MPa]	730	
	A [%]	14	
	Z [%]	45	

Table 2

 2 Inserts cutting edges geometrical characteristics

	Edge preparation	Untreated	Dragging	Magneto-abrasive machining
	Cutting edge	Minor	Major	Minor	Major	Minor	Major
	r β (μm)	37.2	37.4	42.8	44.6	53.8	52.5
	b ε (μm)	183.8	88.3	181.1	76.6	177.4	85.6

Table 3

 3 

		(a) Simplified correlation matrix		
		F pav	F pnav	R av
	F pav	1.000	-0.748	0.991
	F pnav	-0.748	1.000	-0.750
	R av	0.991	-0.750	1.000
	Table 3(b) The different Eigen vectors		
		Factor 1	Factor 2	Factor 3
	F pav	-0.706	0.383	0.596
	F pnav	0.004	0.844	-0.537
	R av	0.708	0.377	0.597
	Table 3(c) Percentage of implication of every variable in Factor 3	
			Fact3 bis	
	F pav		90.9%	
	F pnav		-81.8%	
	R av		91.0%	

Table 3 (d)

 3 Percentage of implication of every variable in the total information

	% total info
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