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The paper describes technological and economical aspects of high speed flank milling of Greek Ascoloy with solid carbide end mills. A methodology for establishing a basis for planning of flank milling operations is presented. High speed machining will give a high material removal rate and relatively low cutting forces, which is important in order to reduce the deflections of the cutting tool in flank milling. Typical applications for high speed flank milling can be found in the aerospace industry where a large amount of the components are thin-walled and complex shaped, and have to be manufactured within narrow tolerances. Mathematical models for estimation of tool life and cutting forces have been developed from machining experiments. Based on these models and economical considerations, recommendations on selection of cutting tool and machining data are presented. Computation tools for efficient exploitation of the new models are developed, and recommendations are illustrated by examples. ABSTRACT:
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1. Introduction Free form surfaces are traditionally machined by point milling with a ball ended tool. The method is time-consuming and the cutting conditions are usually poor. For some free form surfaces, especially ruled surfaces generated by straight ruling lines, flank milling can be applied. The method offers short machining times and better cutting conditions. In flank milling, the radial depth of cut is typically only 5 to 20 % of the tool diameter. In this situation the time for cooling of the cutting edge is long, and the tool will not reach a high temperature when conventional cutting data are used. Therefore, high cutting speed can be applied [ILL 90, SCH 96], which will increase the material removal rate. High speed milling is especially interesting in situations where the cutting force is a critical factor. When other cutting parameters are constant, an increase in the cutting speed will increase the material removal rate without increasing the cutting forces [SOR 98]. This is important for efficient flank milling of aerospace components, which are often thin-walled and have to be manufactured within narrow tolerances. Optimization of end milling operations has earlier been outlined and discussed [ARM 94]. This paper describes a methodology for selection of cutting tool and optimal machining data for high speed flank milling. The paper focus on efficient removal of material, but the effect of the cutting tool and machining data on the surface finish is also discussed. The results presented are based on investigations of machining tests with solid carbide end mills in Greek Ascoloy.



2. Tool testing Tool tests have been performed in order to develop a tool life model and a cutting force model for solid carbide end mills. Tests have also been performed in order to detect differences in the tool life for end mills from different tool manufacturers. There exists an ISO standard [ISO 89] for testing of end mils. The main features of this standard is the basis for the tool tests, although the details in the standard are not concerned due to the amount of work that is involved. A proposed French standard [AFN 95] for investigation of end mill’s performance is also considered.



2.1. Test conditions The tool tests are performed as straight single passage milling tests in Greek Ascoloy (AMS 5616). Greek Ascoloy is a stainless steel frequently used in the aerospace industry. The chemical composition for the material is shown in Table 1. Table 1. Chemical composition for Greek Ascoloy Fe C Si Mn Ni Cr bal. 0.15 0.3 0.4 2.0 13.0



Mo 0.15



W 3.0



Other 1.2



The material is hardened and tempered and has a martensitic structure. The hardness for the material used in the investigation is measured to 316 HV 10. Other characteristic data are: Density: 7.9 g/cm3 Melting temperature: 1535°C Young’s modulus: 210 Gpa Tensile strength: 1130 Mpa Tensile ductility: 9% The tools are tested in a hydraulic tool holder. The tool overhang was approximately 32 mm for all tools. Emulsion (5 %) is used for all tests.



2.2. Tool wear The flank wear, VB, was used as the tool wear criterion in the tests. This is the dominating type of tool wear in flank milling, and for practical applications flank wear is the type of tool wear that can be measured most easily. The investigations showed that difference in tool life between coated and uncoated tools is very large, see Figure 1. The tool life for a coated tool is 8 to 10 longer than the tool life for a uncoated tool. Even if an uncoated tool will reach a larger flank wear before it breaks, these tools can not be recommended for machining Greek Ascoly. Figure 1 illustrates that the flank wear rate for a coated tool is large when the flank wear reaches 0.11 mm. In the machining tests reported in this paper, the tool life criterion was VB = 0.15 mm. However, in practical applications this VB value is too large because the probability of tool breakage is very high at this flank wear. Therefore, for the development of the tool life model, VB = 0.12 mm is used as a criterion.



Figure 1. Tool wear vs. machined length for a coated and an uncoated tool The tool life for end mills varies a lot from different vendors, and is dependent on the quality of the carbide, the coating and the tool geometry. Figure 2 shows machined length before the tool is worn out for 16 different coated solid carbide end mills.



Figure 2. Machined length for different coated solid carbide end mills (VB = 0.15 mm)



The large variation in machined length illustrated in Figure 2 implies that there exists no tool life relation that is valid for all coated end mills. In the next section we present a tool life model that is adapted for one specific tool.



2.3. Relation between cutting data and tool life The tool life is dependent on the chosen cutting data. In high speed flank milling the tool life is a function of cutting speed, feed rate, and radial depth of cut. The axial depth of cut has minor effect on the tool life, except when the axial depth of cut is so large that strong vibrations occur. For this study, the following model for the tool life is applied: D



E a  f z ⋅ e  ⋅t G ⋅vc = C d 



(1)



where fz is the feed per tooth, ae is the radial depth of cut, d is the tool diameter, t is the tool life, and vc is the cutting speed. For one specific type of end mill the following parameters are found (VB = 0.12 mm): E = 0.30, D = 0.51, G = 0.45, and C = 168. For example, for a 10 mm end mill at vc = 400 m/min, fz = 0.1 mm/tooth, and ae = 1.0 mm, the estimated tool life is 9.2 minutes.



3. Optimal cutting data and tool life For optimal utilization of end mills, two different situations can be considered: 1) Normal production conditions, where the optimization criterion is minimal costs per removed volume of material. 2) Situations where the production equipment is heavily loaded. In such a situation a high material removal rate may reduce the need for new investments. 3.1. Minimal costs per removed volume of material The costs for using one cutting tool can be expressed by the model C m = M ⋅(t + t ct )+ Ct



(2)



where M is the total machine and operator cost per unit of time, t is the tool life which is assumed to be equal to cutting time, tct is the tool changing time and Ct is the tool cost.



The cost per removed volume of material for one cutting tool is Cm M ⋅(t + t ct )+ C t = . V 1000 ⋅a p ae vc f z zt πd



(3)



By using the tool life model (1) we get the following expression for the cost per removed volume of material: Cm (M ⋅(t + t ct )+ Ct )πd 1− D . = 1− E 1− D V 1000 ⋅C ⋅a p f z ae t 1− G z



(4)



In practical situations the value of the parameters E and D will be between 0 and 1. Therefore, large values for fz and ae will give the lowest costs. For a particular value for fz and ae, the optimal tool life can be found by differentiate (4) and equate to zero. The tool life is then C  1  t =  − 1⋅tct + t . M G  



(5)



However, the choice of fz and ae is restricted by maximum allowable cutting force, maximum allowable chip thickness, and other things that will affect the probability for tool breakage. The machine tool may also have a limited available spindle speed and feed rate. These limitations must be taken into account when cutting parameters are chosen. As a consequence, the tool life found in (5) will not be the optimal tool life in all situations. A method for selection of optimal cutting parameters under different kind of restrictions is described later in the paper.



3.2. Maximized material removal rate In some situations, the material removal rate is the optimization criterion when cutting parameters are selected. In flank milling, the material removal rate can be expressed as MRR =



1000 ⋅a p ae vc f z zt πd (t + t ct )



.



(6)



By using the tool life model (1) we get the expression MRR =



1000 ⋅C ⋅a p ae



1− D



fz



1− E 1− G



πd (t + t ct )



t



dDz



.



(7)



In the same way as for the cost per removed unit of material we can differentiate and equate to zero to find an optimum tool life: 1  t = tct  − 1 G 



(8)



Again, this tool life will not be the optimal tool life in all situations, due to different kinds of restrictions. The optimization method presented later in the paper is applicable to the maximum material removal rate criterion as well as the minimum cost criterion.



4. Cutting forces in flank milling The forces acting on the cutting tool will cause deflections of the workpiece, the cutting tool, and the machine tool. The result may be dimensional errors to the product. Cutting forces may also generate vibrations that will cause bad surface finish and reduced tool life.



4.1. Force components in flank milling The force components in flank milling are: - The side force (The force normal to the feed direction and normal to the tool axis), FfN. - The feed force, Ff - The axial force, Fa The side force is the largest of the three force components. Besides, deflections in the direction of this force will directly cause dimensional error of the product. Vibrations in this direction will have strong influence on the surface integrity. Therefore, the side force is the critical force component in flank milling. The force model presented in this paper is developed to estimate the side forces. The feed force is generally 60 to 80 % the size of the side force, and the axial force is 20 to 50 % the size of the side force. Deflection in the feed direction or in the axial direction will only produce minor dimensional errors in flank milling.



4.2. The effect of the helix angle The helix angle will influence on the cutting force characteristics. A small helix angle will give large fluctuations in the force level because the number of edges



simultaneously engaging the workpiece is low. A larger helix angle will produce a smoother cutting force. The difference is most evident for small axial and radial depth of cut. However, the average side force, FfN, and the average feed force, Ff, are not significantly affected by the helix angle, see Figure 3. The axial force will increase when the helix angle increases. A large axial force requires a strong cutter holding system.



Figure 3. The effect of the helix angle on the cutting forces (30°, 45° and 60° helix angle)



From the tool life tests we have indications that a tool with a 30° helix angle will have longer tool life than a tool with a 45° helix angle, but the difference is not very clear.



A model for the side force on a solid carbide end mill in flank milling is developed and presented here. The model is based on the work required to remove a given volume of material. Contributions to the side force, Ffn, are made by the tangential force, Fc, and the radial force, FcN, see Figure 4.



Figure 4. Side force, FfN



The forces FcN and Fc are assumed to attack at the middle point of the contact arc between the tool and the workpiece. The angle θ is found from the expression θ = arctan



r 2 − (r − ae )2 ae



(9)



The forces Fc and FcN are perpendicular to each other, and therefore we can write F fN = Fc cos θ + FcN sin θ



(10)



We assume that FcN is proportional to Fc, i.e. FcN = k r ⋅Fc



(11)



The power required for the cutting process can be found by the formula Pc = Fc vc



(12)



Another expression for the power requirement is Pc = a p ae v f k c



(13)



where kc is the specific cutting force. This value can be found from the formula kc =



1 − 0,013 ⋅γ0 hm



mc



k cf



(14)



where γ 0 is the rake angle, hm is the average chip thickness and kcf is the cutting force constant for flank milling. The average chip thickness can be found from the formula hm =



360°⋅ f z ⋅ae π ⋅d ⋅ω e



(15)



where ω is the length of the contact arc between the tool and the workpiece, given by the expression ω e = arctan



r 2 − (r − ae )2



(r −



ae )



(16)



By combining the equations (12) and (13) we get an expression for the tangential force Fc based on the estimations for the power requirement. Applying the relation between cutting speed and feed speed and taking into consideration the different units, we get the following expression for the force Fc: Fc =



a p ae f z z πd



kc



(17)



The tangential force Fc is the basis for calculating the side force, FfN, according to (10) and (11). Machining tests have given the following values for the parameters in the force model: kr = 0.5 kcf = 700 N/mm2 mc = 0.5 The force model gives good agreement with measured values for new tools over a wide range of cutting data; ae/d = [0.01 - 0.5] mm, ap/d = [0.5 - 3.0] mm, d = [5- 20] mm, vc = [50- 500] m/min, fz = [0.005 - 0.2] mm/tooth, Because of variations in the tool wear characteristics for different sets cutting data, a model for cutting forces that is valid for a worn tool over the same range of cutting data is difficult to find. Generally, the side force for a worn tool is 2 to 3 times higher than the side force for a new tool.



5. Deflections Deflections and vibrations in the machine tool system may be critical factors in flank milling. Normally, the tool, the tool holder, and spindle are the most compliant parts of the machine tool system. In addition, a thin-walled workpiece may set certain limitations to the maximum allowable cutting force. The machine tool, tool holder and cutting tool used in this investigation have been measured with respect to the stiffness. The measurements show that the stiffness is 3000 to 4000 N/mm for a 10 mm solid carbide end mill in a hydraulic tool holder. The tool overhang was 32 mm. The result is that a side force of 350 N will cause a deflection at the tool tip of approximately 0.1 mm. The acceptable value for the deflection is dependent of the type of machining operation, but for a finish cut where a surface is flank milled in several adjacent passes, the deflection has to be very low, perhaps lower than 0.05 mm. Moreover, in practical machining operations, the maximum allowable cutting force is often determined by the maximum allowable vibration level instead of the maximum allowable deflections.



6. Tool holder The choice of tool holder will influence on the vibrations that occur in milling. Generally, a stiff tool holder will give less vibrations and longer tool life. However, the relation between tool holder stiffness and tool life is complex, and it is not always possible to predict which one of two tool holders that will work best for a specific tool. Tests performed with two high quality hydraulic tool holders showed that the shortest and apparently strongest tool holder gave significantly shorter tool life than the longest and probably less stiff tool holder. Therefore, if possible, different tool holder should be tested for a given machining operation in order to find the optimal choice. The tool holder should not introduce cutter runout, in order to ensure an equal chip load to all cutting edges [KLI 83]. Unequal chip load will reduce the tool life. Small runout is especially important for small tools where the feed per tooth is low. If the eccentricity of the tool tip movement is larger than the feed per tooth, one or more of the cutting edges will not cut. Moreover, the surface quality will be reduced.



7. Choice of cutting tool and machining data The choice of cutting tool implies decisions on diameter, length, number of edges, helix angle, corner radius/chamfer, and tool material/coating. Furthermore,



the optimal choice of cutting tool must be based on knowledge about relations between cutting data and tool life, and relations between cutting data and deflections/vibrations. Here we present general considerations about choice of cutting tool and machining data based on the models developed in the previous parts of the paper. 7.1. Choice of tool diameter and axial depth of cut Tool diameter and axial depth of cut are two parameters that are strongly related to each other for solid end mills. Large tool diameters will make large axial depth of cut possible, owing to increased stiffness of the tool. On the other hand, large axial depth of cut may be a condition for economical use of large end mills.



Figure 5. Cost per removed volume of material vs. end mill diameter.



Figure 5 is based on an axial depth of cut equal to the tool diameter, and radial depth of cut and feed per tooth according to the vendor data. The cost per removed volume of material is calculated from equation (3), based on available tool cost data. Operator and machine rate is 20 NOK/min, and tool changing time is 0.25 min. The tool life is estimated from the model presented in section 2. Figure 5 shows that large tool diameters will give the lowest cost per removed volume of material. This is true, even if large solid carbide end mills are relatively expensive. It should be noted that end mills with inserts could replace solid end mills for large diameters, giving even lower machining costs.



7.2. Choice of cutting data for limited allowable side force When cutting force is not a restricting factor, the best economy is achieved at low cutting speed and large chip thickness. For machining operations where the cutting forces must be low, high cutting speeds and low chip thickness can be applied. The most important advantage of high speed milling is that the material removal rate is high, even if the cutting forces have to be kept at a low level. The following example illustrates the problem of finding the optimal cutting parameters for a situation where the allowable cutting force is limited: Based on the geometric conditions we select a tool with diameter 10 mm, and we use an axial depth of cut of 10 mm. Equation (5) is used as a guide to find the desired tool life, 31 minutes. Based on our models for tool life and side force, cutting data that gives a specific side force can be found. Figure 6 shows the combinations of cutting data that satisfy both the given tool life a given side force. The machining costs are plotted against the radial depth of cut.



Figure 6. Machining cost vs. radial depth of cut at constant force levels



For low radial depth of cuts the feed per tooth is very high. Therefore, the maximum allowable chip thickness will be an additional limiting factor for selection of cutting data.



Figure 6 shows that the best economy is achieved at low radial depth of cut and high feed per tooth. Comparing data for the two different force levels curves, we see that higher cutting speed is preferable when the maximum allowable force is low. 7.3. Maximum chip thickness As mentioned in the previous section, the maximum allowable chip thickness for the cutting tool may be a limiting factor. The allowable chip thickness can be found from machining tests [AFN 95], or it can be derived from the tool manufacturer’s recommendations.



7.4. Maximum available feed speed High speed machining requires high feed speeds of the machine tool. For conventional milling machines the available feed speed may be lower than the desired feed speed. In such situations, the available feed speed, as well as the maximum allowable chip thickness will restrict the choice of cutting data. The available feed speed may influence on the choice of number of cutting edges. A machine tool with low feed speed will not be able to exploit the potential of a tool with many cutting edges. However, for solid carbide end mills the tool cost is not very sensitive to the number of edges. A large number of edges can imply lower feed per tooth, which generally leads to longer tool life. Therefore, in flank milling, the cutting tool should have a large number of cutting edges.



8. Optimization method and implementation Based on the considerations in the previous section, we suggest the following method for selecting cutting tool and cutting data. The optimization criterion is cost per removed unit of material (3), but in a similar way the criterion of material removal rate (6) could be used. 1) Select tool diameter and axial depth of cut 2) Set restrictions on maximum spindle speed, feed speed, side force and chip thickness 3) Define the working range and the number of levels for all cutting parameters. Use a systematic approach to calculate the machining cost, spindle speed, feed speed, chip thickness, and side force for all combinations of cutting parameters. Reject combinations where any of the restrictions are violated.



4) From all possible combinations of cutting parameters, select the combination of cutting parameters that gives the lowest machining cost. The optimization method requires a large number of calculations and it should therefore be implemented on a computer system. The advantage of this relatively simple method is that it guarantees a solutions that is very near the global optimal solution, the disadvantage is that the method is slower than sophisticated search algorithms. The accuracy of the method is dependent of the number of levels for the cutting parameters, i.e. the number of combinations that are calculated. Figure 7 to 10 shows an example of the user interface of an implementation of the method.



Figure 7. Main window The buttons in the “Add input data” frame gives the user access to the dialogs for entering the necessary input data. The input dialogs are shown in Figure 8 and Figure 9.



Figure 8. Dialogs for entering tool data and machine/operator data



Figure 9. Dialogs for entering restrictions and axial depth of cut



The “Optimize” butting starts the optimization algorithm. An example of optimized cutting parameters is shown in Figure 10. The maximum allowed side force and the maximum allowed chip thickness is exploited.



Figure 10. Optimized cutting parameters



9. Example of cutting parameters optimization In this section, an example of cutting data optimization for different conditions is presented. The optimization criterion is cost per removed volume of material. The following three cases are discussed: 1. 2. 3.



Restricted chip thickness Restricted chip thickness + restricted allowable side force Restricted chip thickness + restricted allowable side force + restricted available spindle speed and feed speed For all cases the following data are applied: - Tool diameter: 10 mm - Clearance angle: 10° - Axial depth of cut: 10 mm



-



Tool cost: 500 NOK Machine and operator cost: 20 NOK/min Tool changing time: 0.5 min Maximum allowable chip thickness: 0.03 mm.



Case 1. Restricted chip thickness When there is no restrictions to the cutting forces, the axial depth of cut and feed rate should be large. However, the maximum allowable chip thickness must not be exceeded. Our model for flank milling cutting data optimization is valid only for a radial depth of cut smaller or equal to than 0.5 × diameter, and the optimal combination of cutting parameters is found when the radial depth of cut is 5.0 mm. The optimal cutting parameters are: - radial depth of cut: 5.0 mm - cutting speed: 126 m/min ( n = 4000 rpm) - feed speed: 0.05 mm/tooth ( vf = 800 mm/min) The tool life is estimated to 31 minutes. Maximum allowable chip thickness is exploited. The machining cost is 0.92 NOK/cm3. The side force is estimated to 1150 N for a new tool. In most applications, this force is too large and it should therefore be reduced.



Case 2. Restricted chip thickness + restricted allowable side force Based on the stiffness measurement referred earlier in the paper we find that the maximum allowable side force is 350 N. Since a worn tool will produce higher cutting forces than a new tool, the maximum allowable side force for a new tool is set to 175 N. The optimal cutting parameters in this case are: - radial depth of cut: 0.34 mm - cutting speed: 339 m/min ( n = 10800 rpm) - feed speed: 0.174 mm/tooth ( vf = 7417 mm/min) The tool life is estimated to 31 minutes. Maximum allowable chip thickness and maximum allowable side force are exploited. The machining cost is 1.43 NOK/cm3. The spindle speed and the feed speed in this case are higher than what is available on most large, conventional multiaxis machines. Cutting parameters for



such machines can be calculated by adding new restrictions to the method:



optimization



Case 3: Restricted chip thickness + restricted allowable side force + restricted available spindle speed and feed speed The machining operation will be performed in a large, conventional milling machine. The maximum available spindle speed is 6000 rpm, and the maximum available feed speed is 2000 mm/min. The optimal cutting parameters in this case are: - radial depth of cut: 0.51 mm - cutting speed: 182 m/min ( n = 5800 rpm) - feed speed: 0.086 mm/tooth ( vf = 2000 mm/min) The tool life is estimated to 125 minutes. The chip thickness is 0.019 mm. Maximum allowable side force and maximum available feed speed are exploited. The machining cost is 2.37 NOK/cm3.



10. Conclusion A method for optimization of cutting data is presented. The method is based on a tool life model and a cutting force model. The method is used to find the optimal cutting parameters when the following conditions restricts the selection of parameters: - allowable chip thickness - allowable side force - available spindle speed - available feed speed It is shown that high speed milling is profitable in machining operations where the cutting force is a limiting factor.
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