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Abstract

Process improvement in milling through improved understanding of machining dynamics is an on-going research endeavor. The objective of this project is to advance digital modeling of the milling process by incorporating tool-specific geometry in the machining analysis. Structured light scanning will be used to perform tool geometry measurements and produce a 3D model.  The 3D model data will include the spatial location of the cutting edges, as well as the rake and relief profiles from the tool cross section. The rake and relief profiles will be  imported, together with the work material flow stress model, into a finite element analysis of orthogonal (2D) cutting. The predicted forces will be used to calculate the coefficients for a mechanistic cutting force model. These cutting force coefficients and the location of the cutting edges, as well as the tool-holder-spindle-machine structural dynamics, will be incorporated in a time domain simulation that will be used to predict the milling forces and vibrations. Cutting tests will be performed to validate the performance predictions for this digital modeling approach. 
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Chapter One
Introduction 

Advancements in machining dynamics research have led to process improvements and increased productivity. Milling, which makes up roughly 40% of machining operations [1], has been a focus of this on-going research endeavor. To determine optimal machining parameters for milling processes, the following must be known:
1. structural dynamics of the tool-holder-spindle-machine system
· describes the vibration response at the cutting tool’s free end
2. force model (dependent on tool geometry and workpiece material)
· describes the relationship between the cutting forces and milling parameters.
While the force and vibration response, and therefore the milling stability and optimal machining parameters, can be modeled and predicted for standard geometry endmills, this is not easily done for endmills with non-standard cutting edge geometries. The locations of the cutting edges are required to accurately predict milling behavior. For standard endmills, this information can be calculated from known tool specifications, such as diameter, helix angle, and number of teeth. For non-standard geometry endmills with variable helix angles and unequal teeth spacing, for example, this information is not easily determined or readily available. 
The research objective is to advance the accuracy and capability of milling process modeling by using structured light scanning to identify the cutting edge geometry. This includes determining the location of the cutting edges and also determining the cross-sectional rake and relief profiles for the cutting edges. The cross-sectional geometry will be used in finite element cutting simulations to obtain the coefficients used in mechanistic cutting force models. Finite element analysis provides an alternative to cutting tests which are the usual method for determining these force coefficients. The location of the cutting edges, finite element-based force model, and structural dynamics will be incorporated into a time domain simulation that will predict the milling forces and vibrations. Cutting tests will be performed to validate the predicted milling behavior. 


Chapter Two
Literature review

Milling dynamics research can be divided into two primary categories: 1) force modeling; 2) tool and workpiece vibrations modeling [2]. To predict milling behavior, it is necessary to describe the cutting force that is required to shear away the workpiece material in the form of thin slices, or chips. See Fig. 1. In mechanistic force models, the force is defined as being proportional to the commanded chip area, where the area is the product of the chip thickness (which depends on the feed per tooth and cutting angle) and the chip width (which is set by the axial depth of cut). In milling, the teeth constantly enter and exit the cut as the rotating end milling advances through the material. The force is therefore discontinuous and repeats in time, i.e., it can be described as a periodic forcing function.
The periodic force then acts on the dynamic system defined by the end mill, holder, spindle, and machine assembly and, in some cases, the workpiece (in other words, the workpiece flexibility may need to be considered). See Fig. 2. When this periodic force excites the system’s structural dynamics, forced vibrations occur. These vibrations are important because, as the tool is displaced from its nominal position, the chip thickness changes. This means that the instantaneous chip thickness depends both on the commanded chip thickness and the end mill’s vibration state.
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Figure 1: Cutting force in milling. The force varies with the tooth angle,  [2].

Milling is further complicated because the surface left by one vibrating cutting edge (or tooth) as it shears away the material is encountered by the next tooth. Therefore, the force at any instant in time depends not only on the current vibration state, but also on the vibration state earlier in time. This introduces a time delay into the system response. The result is that self-excited vibrations can occur in addition to the anticipated forced vibrations. These self-excited vibrations are referred to as chatter in machining and lead to large forces, large vibrations, unacceptable surface finish on the machined part, and potential damage to the tool, workpiece, and machine. The stability information is organized in a stability map, or stability lobe diagram, that separates stable combinations of spindle speed and chip width (or axial depth) from unstable combinations. See Fig. 3.
Modeling of machining operations has received continuous international attention since the mid-20th century [2-4]. An important aspect of machining performance prediction is modeling the cutting force. As described in [2], a mechanistic approach may be applied where the cutting force components are predicted using the commanded chip area and lumped parameter cutting force coefficients that capture the complicated chip formation process. 
A common assumption that is applied in milling operations is referred to as the “circular tool path” approximation. The actual path followed by any point on the cutter’s periphery as the tool rotates during translation is cycloidal in nature. However, because the linear advance is generally small relative to the product of the rotational speed and tool radius, the path may be approximated as a series of circles, each offset by the feed per tooth, ft, so that the time dependent chip thickness can be expressed as:

,						(1)

where  is the tool’s rotational angle; see Fig. 4. The feed per tooth is described in terms of the linear feed, f, spindle speed, , and number of teeth on the cutter, Nt, in Eq. 2. Typical units for these variables are mm/tooth for feed per tooth, rpm for spindle speed, mm/min for linear feed rate, and teeth/rev for number of teeth. 

						(2)
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Figure 2: Schematic of three-axis vertical spindle milling machine. The tool is clamped in a holder which is attached to the rotating spindle. The tool-holder-spindle is moved relative to the workpiece using the three axes to remove material [2].
[image: ]
[bookmark: _Hlk74131646]Figure 3: Example stability map for milling. Spindle speed-chip width combinations above the stability limit give unstable, or chatter, conditions.



Figure 4: Cutter angle definition [2].

As Eq. 1 shows, the chip thickness in milling varies periodically. It is zero when  and 180 deg and maximum (equal to ft) when  deg. Figure 5 shows this variation for both conventional, or up, and climb, or down, peripheral milling operations. Note that the chip thickness increases during up milling and decreases in down milling. In both cases, it is zero for  deg because no cutting occurs between these angles. The entry, or start, angle for up milling is , while the exit angle, , depends on the radial depth of cut, a, and tool radius, r:

.					(3)
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Figure 5: Chip thickness variation for up and down milling (a = r) [2].

In down milling, the exit angle is  deg. Similar to up milling, the start angle is written as a function of the radial depth and tool radius. See Eq. 4 and Fig. 5.

 (deg)				(4)

As the cutter rotates, the cutting force is not constant and is a function of the cutting angle. The cutting force, F, on any cutting edge can be expressed as a function of the chip area, A (which is the product of the chip width, b, and thickness, h), and specific force, Ks:
	
.						(5)

The normal and tangential components can be written using Eqs. 6 and 7, as demonstrated in Fig. 6:

 and				(6)

.				(7)
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Figure 6: Cutting force geometry for milling [2].

Equations 6 and 7 may be extended to include both cutting (c) and edge effect terms (e). The additional edge effect terms account for ploughing of the material, while the cutting terms are related only to shearing.

						(8)

						(9)

Figure 6 shows the cutting force exerted on a single tooth, where the force is described in a coordinate frame that rotates with the tool. For measurement purposes, however, it is generally more convenient to express the force in a fixed frame. For example, the workpiece may be mounted on a cutting force dynamometer and the x, y, and z direction force components recorded during milling (Fig. 7). To describe these forces analytically, the normal and tangential components must be projected into the x and y directions using the cutter angle . 
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Figure 7: Projection geometry for tangential and normal cutting force components into x and y directions [2].

The forces in Eqs. 10 and 11 are periodic with  and, therefore, time because the cutter is rotating as material is removed. This variable force excites the tool-holder-spindle-machine structural dynamics and leads to vibration that can be detrimental to part quality.
To determine the tool vibrations, the frequency response function (FRF) of the tool-holder-spindle-machine assembly is required [2]. The FRF is measured by performing an impact, or tap, test at the tool point (Fig. 8). An impact hammer is used to excite the system across a broad range of frequencies and the vibration response is measured by a low mass accelerometer. A signal analyzer converts the measured force and acceleration into the frequency response function which is used to generate a mathematical model to describe the vibrating system.

[image: Picture]
Figure 8: Impact testing setup to measure tool point FRF.
	
Because the entry and exit angles in the force model depend on the end mill geometry, several researchers have studied the influence of end mill geometry on machining performance. For example, multiple authors have modeled the performance of indexable cutters, which are considered in this study. Fu et al. predicted the forces in face milling for various cutting conditions and cutter geometries [5]. Kim and Ehmann simulated the static and dynamic cutting forces in face milling [6]. Zheng et al. modeled face milling as the simultaneous action of multiple single point cutting tools [7]. Engin and Altintas presented a generalized indexable cutter model for predicting cutting force, vibration, surface finish, and stability in milling, where the cutting edge locations were defined mathematically [8-9].
Authors have also examined non-standard cutting edge geometries. Wang and Yang [10] presented force models in the angle and frequency domains for a cylindrical roughing endmill with sinusoidal cutting edges. Merdol and Altintas [11] modeled the serration profile by fitting points along a cubic spline projected on the helical flutes. This geometric model was used to generate a time domain milling model. Dombovari et al. [12] used the semi-discretization method to analyze the stability of serrated endmills. Later, he and others created general models for various tool geometries [13-14]. Koca and Budak [15] used a linear edge-force model and the semi-discretization method for force and stability modeling and optimized the serration waveform shape to reduce milling forces and increase stability.  Grabowski et al. [16] extended their mechanistic model to calculate the process forces of serrated endmills. Tehranizadeh and Budak [17] proposed a genetic algorithm to optimize the design of serration shapes. No et al. used structured light scanning to perform force and stability modeling for non-standard geometry endmills [18-19].
Because all measurement results include uncertainty, it is important to evaluate the uncertainty associated with the cutting edge identification from the structured light measurements. Researchers have evaluated the measurement uncertainty for several scanning systems in prior publications. Mahmud et al. studied a plane laser sensor mounted on the ram of a coordinate measuring machine (CMM). They considered the angle of incidence between the optical plane and the scanned surface, the scanning path, and the analysis of the resulting point cloud [20]. Müller et al. examined the influence of test specimen surface properties on structured light scanning measurements. They showed that the color of polymer gear wheels affected the measurement and corresponding uncertainties [21-22]. Polo et al. measured steel gage blocks with two different structured light scanners at different resolutions and compared the uncertainties [23]. Adamczyk et al. studied the effects of ambient temperature changes on structured light scanners and proposed a compensation scheme [24]. Kaszynski et al. described a reverse engineering process for integral blade rotors (IBRs) using structured light scanning [25]. A calibration block was used to evaluate uncertainty. Rosman et al. showed how adaptive pattern selection can maximize information gain for structured light scanning [26]. Jain et al. presented a methodology to estimate the instrument transfer function for a commercial structured light scanner and its uncertainty [27].
There are two options for determining the force model coefficients used to predict cutting forces. First, cutting tests may be completed where the axial depth, radial depth, and feed per tooth values are prescribed, the force components are measured for the desired tool-work material pair using a cutting force dynamometer, and a linear regression is completed to calculate the force coefficients [2-3, 28]. Second, finite element simulation may be applied to predict the cutting force components using the work material’s constitutive relationship (e.g., the Johnson-Cook flow stress model [29]) and machining parameters. 
The Johnson-Cook flow stress model has been widely studied in the literature. See Eq. 12, where  is the equivalent stress,  is the equivalent plastic strain,  is the strain rate, T is the deformation temperature, and Tm is the melt temperature. The material constants are A, B, n, C and m, where A is the yield strength of the material under reference conditions, B is the strain hardening constant, n is the strain hardening coefficient, C is the strain rate strengthening coefficient, and m is the thermal softening coefficient. Also,  and  are the reference strain rate and the reference deformation temperature. Multiple authors report the Johnson-Cook coefficients for 6061-T6 aluminum [30-39], for example. A summary of these values is provided in Table 1.

				(12)

Table 1: Johnson-Cook flow stress model parameters.
	A (MPa)
	B (MPa)
	C
	n
	m
	Reference
	Comments

	324
	114
	0.002
	0.42
	1.34
	30
	

	250
	79.7
	0.0249
	0.499
	1.499
	30
	

	293.4
	121.26
	0.002
	0.23
	1.34
	31
	

	324.1
	113.8
	0.002
	0.42
	1.34
	32
	

	250
	70
	0.001
	0.499
	1
	33
	-8 deg rake angle

	250
	70
	0.001
	0.499
	1.315
	33
	-5 deg rake angle

	250
	79
	0.0249
	0.499
	1.499
	33
	0 deg rake angle

	250
	137
	0.0205
	0.499
	1.499
	33
	+5 deg rake angle

	250
	209
	0.001
	0.499
	1.499
	33
	+8 deg rake angle

	275
	86
	
	0.39
	1
	34
	C was determined as a function of cutting speed and feed

	324
	114
	0.002
	0.42
	1.34
	34
	

	335
	85
	0.012
	0.11
	1
	34
	

	250
	79.7
	0.0249
	0.499
	1.499
	34
	

	324
	114
	0.002
	0.42
	1.34
	35
	

	236.7
	41.2
	0.0411
	0.084
	1.41
	36
	

	293.4
	121.26
	0.002
	0.23
	1.34
	36
	

	324
	114
	0.002
	0.42
	1.34
	36
	

	275
	86
	0.0031
	0.39
	1
	37
	

	324
	114
	0.002
	0.42
	1.34
	37
	

	324
	114
	0.002
	0.42
	1.34
	38
	

	164
	211
	0.00197
	0.465
	1.419
	38
	

	293
	121.26
	0.002
	0.23
	1.34
	39
	

	324
	114
	0.002
	0.42
	1.34
	39
	

	282.9
	109.1
	0.0081
	0.3905
	1.321
	
	Mean

	42.9
	39.2
	0.0114
	0.1252
	0.164
	
	Standard deviation



This project will build on prior efforts by implementing scanning metrology to measure the cutting edge macro-geometry and cross-sectional profile; applying finite element analysis to determine the force model by direct use of the measured edge rake and relief angle geometry; measuring the structural dynamics at the tool point; and including all three within a time domain simulation to enable digital force, vibration, and stability prediction.


Chapter Three
Materials and methods

[bookmark: _Hlk74127315]Scanning uncertainty evaluation
The approach for this research will follow the Type A (statistical) uncertainty evaluation described in NIST Technical Note 1297 [40]. The uncertainty contributed by the manual edge identification, the second step from the procedure used to extract the edge coordinates from the solid model, will be evaluated first. To quantify the associated variation, a single scan will be performed on a selected end mill and the cutting edges will be identified multiple times from that single scan by one software user. The standard deviations in the angle and radius at each z location for each tooth will then be calculated. These standard deviations will represent the uncertainties due to manual fitting.
Second, the uncertainty contribution due to the scanning process itself will be included. The added uncertainty from the scan non-repeatability will be assessed by performing the same number of scans as multiple fits from the previous exercise and completing a single fit of the cutting edges for each scan. The logic is that, if the scan repetitions contribute no additional uncertainty, then the standard deviation profile will be similar to the multiple fit-single scan case since both cases included the same number of manual fits. However, if the scan repetitions contribute additional uncertainty, then the standard deviations will increase. While it is not possible to isolate the scan uncertainty independently since the manual fit is required to identify the cutting edge geometry, this approach will enable the increase in uncertainty to be identified, if any.

Force modeling by finite element analysis
Orthogonal cutting simulations will be completed using AdvantEdge™ from Third Wave Systems [41]. These finite element predictions will also be compared to the experimental linear regression approach for validation purposes. 
The final two rows of Table 1 give the mean and standard deviation values for the five parameters. To calculate the four cutting force coefficients, the following procedure will be followed:
1. Values for A, B, C, n, and m will be randomly sampled from normal distributions centered at the mean value with one standard deviation (Table 1).
2. The sampled 6061-T6 aluminum Johnson-Cook material model will be defined manually in AdvantEdge™.
3. The cutting edge cross-sectional geometry will be extracted from the end mill scan and imported to define the rake and relief surface profiles.
4. The orthogonal cutting parameters will be specified including the cutting speed, chip width, and chip thickness.
5. Simulations at multiple chip thickness values will be completed and the mean tangential, Ft, and surface normal direction, Fn, force values will be recorded.
6. The ratio of the cutting force values to the chip width, or F/b, will be plotted on the ordinate and the chip thickness values will be plotted on the abscissa. The slope and intercept will be determined from a linear regression to the multiple data pairs. For each direction, the slope will provide the cutting (c) coefficient and the intercept will identify the edge effects (e) coefficient from Eqs. 8 and 9.

Steps 1-6 will be repeated many times for different {A, B, C, n, m} combinations. The results from this exercise will provide force model coefficients, as well as their uncertainties due to the distributions in the Johnson-Cook material model coefficients.
A sensitivity analysis will also be conducted to determine which Johnson-Cook parameters have the most impact on the output forces from the finite element cutting simulations. One parameter will be randomly sampled (normal distribution at the mean and one standard deviation; same as above) while the other four parameters are kept at their mean values. This process will be repeated 25 times for each of the five Johnson-Cook parameters. The standard deviation in the output forces will be due to the variation in the selected parameter; a larger standard deviation implies a more sensitive the parameter. 
Dependencies between multiple parameters and the predicted forces will also be analyzed. Two parameters (e.g., A and B or A and n) will be varied while the remaining three are kept at their mean values. The varied parameters will be selected at evenly spaced intervals, forming a grid of test points (see Fig. 9). The linearity will be assed by plotting the predicted forces over the parameter pairs domain and fitting a plane to the force data. Departures from the plane will indicate nonlinearity.  

[image: ]
Figure 9: Grid of test points for A and B Johnson-Cook parameter variation.

Time domain simulation
Time domain simulation enables numerical solution of the coupled, second-order, time-delay differential equations of motion for milling in small time steps [2]. It is well suited to incorporating the inherent complexities of milling dynamics, including complicated tool geometries (runout of the cutter teeth, non-uniform teeth spacing, variable helix, and indexable geometries) and the nonlinearity that occurs if the tooth leaves the cut due to large magnitude vibrations. The simulation applied here is based on the regenerative force, dynamic deflection model described by Smith and Tlusty [42]. As opposed to analytical or semi-analytical stability maps that provide a global picture of the stability behavior, time domain simulation provides information regarding the local cutting force and vibration behavior for the selected cutting conditions. The simulation to be used in this study is described in the following paragraphs.
The time domain simulation will directly incorporate the measured tooth angles and radius variation. For the tooth angles, the measured angles from the scanned edge will be arranged in an array, where the columns are the individual teeth and the rows are the z locations. A row array of closely spaced tooth angles for use in the time domain simulation will then be then defined. The resolution in this array will be:  = 360/SR, where SR is the number of steps per revolution in the simulation.
Once this array is defined, the measured tooth angles will be specified in an index array with each entry given by the ratio / rounded to the nearest integer, where  is the measured angle of the tooth at the selected z location. This index array will then be used to specify the angle of any tooth at any z location by identifying the nearest preselected value from the closely spaced tooth angle array for use in the simulation. The reason for this approach is that the current chip thickness in milling depends not only on the commanded chip thickness and current vibration, but also the surface left by the previous teeth at the current tooth angle. To be able to do so conveniently, this information will be organized according to specified tooth angles.
The radius variation for each tooth will be included as runout, RO. The z-dependent RO values for each of the teeth will also be arranged in an array, where the columns will be the individual teeth and the rows will be the z locations. All RO values will be normalized to the maximum radius from all teeth, which will yield negative RO values. A negative RO value reduces the chip thickness for the current tooth, but leaves behind material that the next tooth must remove (and therefore increases that chip thickness).
Two other data organization requirements will be: 1) the surface that is left behind by the current tooth; and 2) the commanded chip thickness. To keep track of the previously machined surface, another array will be defined that records the surface location in the tool’s normal direction for each simulation time step. The columns of this matrix will be the number of steps per revolution and the rows will be the z locations. The influence of runout on subsequent chip thickness values will be captured in this matrix. Because there will be variations in the tooth angles from one tooth to the next, the commanded chip thickness will also be modified to account for the actual tooth angle using the circular tooth path approximation. As noted, this approximation calculates the nominal chip thickness from the product of the feed per tooth and the sine of the tooth angle.
Given this information, the simulation will proceed as follows:
1. The instantaneous chip thickness, h(t), will be determined using the commanded chip thickness, runout, and vibration of the current and previous teeth at the selected tooth angle for the current axial slice.
2. The cutting force components in the tangential, t, and normal, n, directions will be calculated at each axial slice using the cutting force coefficients obtained from finite element analysis:

					(13)
					(14)

where b is the axial slice width and the cutting force coefficients are identified by the subscripts t or n for direction and c or e for cutting or edge. These forces will then be then summed over all axial slices engaged in the cut. The time dependence is included explicitly here; it was not shown in Eqs. 8 and 9.

3. The summed force components will be used to find the new displacements by numerical integration of the second-order differential equations of motion in the x (feed) and y directions:

				(15)
				(16)

where m is the modal mass, c is the modal viscous damping coefficient, and k is the modal stiffness. The subscripts (x or y) identify the direction. While these equations include only a single degree of freedom in each direction, multiple degrees-of-freedom in each direction can be accommodated by summing the modal contributions (i.e., there is a separate pair of equations for each degree of freedom represented in modal coordinates).

4. The tool rotation angle will be incremented by adding one to each entry in the tooth angle index array and the process was repeated.

A flowchart is provided in Fig. 10 to summarize the simulation steps.
[image: ]
Figure 10: Time domain simulation flowchart. (Left) setup information. (Right) simulation steps.

Validation
Given the tool geometry (with uncertainty), cutting force coefficients from finite element simulation (with uncertainty), and the time domain simulation, milling force predictions will be completed. These predictions will include both the time-dependent mean values of the cutting force and the time-dependent uncertainties. The predictions will be compared to measured force values from milling experiments. The model will be considered successful if the 95% confidence intervals from prediction contain the measured force values.



Chapter Four
Results and discussion


Chapter Five
Conclusions and future work
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Figure 2: Example stability lobe diagram.
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