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The influence of cutting force on surface machining quality

Keywords: FLEXIBLE MANUFACTURING, CNC MACHINING, ADVANCED MANUFACTURING PROCESSES, CAM, ADVANCED MANUFACTURING Ball-end mill, cutting force model, machining quality Ball-end mill, cutting force model, machining quality

Appropriately controlled cutting forces can contribute not only to the safety and efficiency of machining but also to the quality of machined surfaces. It is even more important when hardened material is cut. The correlation between the cutting force and the surface quality in ball-end milling operations has been investigated by machining P20 steel (HRC 30) work-pieces using solid carbide ball-end cutters. Plane surfaces with different depth of cut were machined using two different cutting strategies. The first strategy cut the test-piece using a cutting force model, whereas the other machined with a feed rate optimisation product, which uses the removal rate as an analogue of cutting force to control the feed rate. The test results show that constant surface quality is possible when the cutting forces are controlled through feed rate adjustment. Conversely, a desired surface quality can also be maintained by controlling the cutting force in a predetermined manner.

Research initiatives to investigate the correlation of the cutting parameters within the milling process have been conducted over the years. [START_REF] Merchant | Mechanics of the Metal Cutting Process[END_REF] pioneered this work and reported the fundamental relationship between the cutting parameters and the cutting force in orthogonal cutting application. Martelloti (1941[START_REF] Martelloti | An Analysis of the Milling Process Part II-Down Milling[END_REF] demonstrated that feed per tooth is one of the most important cutting parameters to determine the removed chip volume and other milling parameters. [START_REF] Sabberwal | Chip Section and Cutting Force During the Milling Operation[END_REF] suggested the empirical relationship between the cutting force and undeformed chip volume in end milling operations. In the plane surface machining by feed rate optimisation software section, the machining quality and the recorded cutting force during the machining trial for a similar test-piece is presented along with a comparison of the machining quality from the cutting force model.

The material of the test-pieces used in the machining trials was P20 steel with a hardness value of HRC30. The cutters were 8 mm diameter, 2-flute with 30° helical angles, solid carbide ball-end mills.

Calibration of a cutting force model for milling P20 steel

Many cutting force models have been developed over time, but the practical application of cutting force models is limited due to their empirical characteristics and the model parameters being restricted to a few popular work-piece materials. As addressed by Luttervelt [START_REF] Van | Present and Future Trends in Modelling of Machining Operations, Progress Report of the CIRP Working Group 'Modelling of Machining Operations[END_REF] from the cutter tip can be calculated by:
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where is the rotation angle of the reference flute 1 at the tip of the cutter. The undeformed chip thickness t j of a cutting element, E j , can be given by:
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Considering the size effect, the differential tangential and radial cutting forces dF tj and dF rj on an element can be calculated by:
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where, t m , and r m are the size effect parameters. The resultant cutting forces on the cutter in the x and y directions at cutter rotation angle are obtained by summing the cutting force over all the cutting elements by: 
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where a 0 ,a 1 ,a 2 ,a 3 and b 0 ,b 1 ,b 2 ,b 3 are constants. Therefore, the average cutting forces on the cutter can be written as:
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The model parameters, m t , , m r, K t and K r can be evaluated using the slot milling test data.

The cutting conditions of the model parameters calibration tests are presented in Table 1, where a brand new cutter was restricted to six cuts to minimise the effect of tool wear on the cutting force. In the first set of tests (CT1 to CT6), the depths of cut are the same while the feed rates are different. In the second and third set of tests (CT7 to CT12, CT13 to CT18), different depths of cut and fixed feed rates were used. The tests were carried out on a Hermle C600U 5-axis machining centre. The instantaneous cutting forces in the feed (F y ) and the normal directions (F x ) were measured using a 3component dynamometer, as seen in Figure 2. To avoid the effect of noise on the 8as presented in Table 1.

A method was developed to evaluate the size effect parameters based on the assumption that the size effect parameters are constant for a specific work-piece.

Suppose the average cutting forces on the cutter for constant depth of cut can be expressed as: 
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Comparing Equation [START_REF] Kline | The prediction of cutting forces in end milling with application to cornering cuts[END_REF] with Equation ( 11), the size effect parameters were obtained as:
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The model parameters constants a 0 ,a 1 ,a 2 ,a 3 and b 0 ,b 1 ,b 2 ,b 3 in Equation 7 were obtained using the least squares technique from Equation (8) and Equation [START_REF] Kim | Cutting Force Prediction of Sculptured Surface Ball-End Milling Using Z-Map[END_REF]. And the specific cutting pressures were given as: In the ball-end milling applications, where the tests-piece is P20 (AISI), the cutting forces on the cutter can be calculated using Equations 6, 12 and 13.
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Machining with a cutting force model

The infinitesimal cutting force model, which has been used by [START_REF] Kline | The prediction of cutting forces in end milling with application to cornering cuts[END_REF], [START_REF] Kim | Cutting Force Prediction of Sculptured Surface Ball-End Milling Using Z-Map[END_REF] and Bouzakis et al (2003) for cutting force control in cornering and sculptured surface quality machine research, was used to investigate the influence of the cutting force on the surface quality of ball-nose milled parts. A cutting force, on a randomly selected surface, can be calculated using the cutting data supplied by the cutter tool manufactures, and the cutting conditions are usually kept constant through the machining process. However, the feed rate must be adjusted, when the cutting conditions vary, according to the calculated cutting force on a specified surface. The feed rate would be reduced when the calculated cutting force is larger than the target value, or increased when the calculated cutting force is smaller. It is convenient to machine a freeform surface using a ball-end mill cutter, but it is difficult to maintain the surface roughness over the whole free form surface. To reduce this complexity, the cutting process can be considered incrementally, and the cutting force on the cutter at a specific location can be determined by the cut geometry, cutter immersion condition and cutting parameters at each location point (Feng, 2001). Understanding the cutting force and its affect on simple plane surfaces is important, because plane surface machining can simplify the cutting force calculation and ease the surface roughness measurement. Therefore, a test-piece with three plane surfaces S1, S2 and S3 was machined with different depths of cut on each surface, as shown in Figure 4. The cutter was fed to the work-piece in the negative y direction (raster tool passes in down milling mode) with a spindle speed of 2000 rpm. The first tool path was half immersion down milling with subsequent passes having a step-over value of 0.3 mm.

Each surface was, therefore, machined with a fixed width of cut of 0.3 mm and a specified depth of cut of 2.0 mm, 1.2 mm and 0.8 mm for surfaces S1, S2 and S3

respectively. The cutting force for surface S1 was calculated from the cutting force model using the supplier recommended feed rate. This cutting force was considered as the target value, which would be maintained during the machining process. Likewise, when surfaces S2 and S3 were machined, the cutting forces were calculated using equation 1 and compared with the target value for surface S1. The feed rate was decreased when the cutting force was larger than the target value, and increased when the cutting force was smaller. Therefore, in this way, a constant cutting force could be maintained through the machining operation. The cutting conditions and the measured average AF and maximum MF cutting forces on the cutter are listed in Table 2. The measured surface textures and machined surface roughness values are shown in Figure 5.

It can be seen that the surface roughness changed very slightly across the surfaces S1, S2 and S3 from 9 µm to 10 µm, though the depth of cut varied significantly from 2.0 mm to 0.8 mm. The larger cutting force of 71 N on surface S2 produced a slightly larger surface roughness value of 10 µm, compared with the target value of 9 µm on surface S1. The surface roughness value of surfaces S1 and S3 are the same. These results support the view that the cutting force model can be used to predict a feed rate to maintain a constant force and, therefore, ensure a constant surface quality. In this test, the shape shown in Figure 4 was machined using feed rates generated by commercial feed rate optimisation software, in which the removed chip volume is used as an analogue of the cutting force. In variable cutting conditions, the feed rate is adjusted based on the anticipated variation in the removed chip volume. The target feed rate is determined from the cutting data recommended by the cutting tool supplier. The cutting conditions and the recorded cutting forces are listed in Table 3.

Though the depths of cut are the same as those in Table 2, the feed rates differ significantly. In this test, the feed per tooth was increased from 0.117 mm/tooth on S1 to 0.406 mm/tooth on S3, with corresponding depth of cut changes from 2.0 mm to 0.8 mm. It is apparent from a comparison of the data in Tables 2 and3 that the cutting forces in the latter test are larger than those in the cutting force machining trial, and that the cutting forces change considerably in variable cutting conditions. It is considered that the chip volume can not represent the actual cutting force precisely, especially in varied cutting conditions. The measured surface textures and roughness values of the machined surfaces are shown in Figure 6. 

  dF xj , dF yj differential cutting force in x and y directions on the infinitesimal cutting element j, AF x, AF y average cutting force compoenets, AF Average cutting force on the cutter, dF tj , dF rj differential cutting force in tangential and radial directions on the infinitesimal cutting element j, dz thickness of the infinitesimal disc, E j cutting element of j, f feed per tooth, F x , F y resultant cutting force in x and y directions on the cutter, i 0 helical angle of the flute, K t , K r cutting force parameters in tangential and radial directions, m t , m r size effect parameters in tangential and radial directions, MF maximum resultant cutting force on the cutter, N f numbers of flute on a cutter, R o radius of the cutter, t j undeformed chip thickness of element cutting edge on flute j, d rotation angle increment,t j undeformed chip thickness on flute j, z axial distance of the infinitesimal cutting element measured from the cutter tip, measured from the referenced flute at cutter tip, lag of the cutting element on referenced flute, distanced z from cutter tip, j angular position of the cutting element on flute j, distanced z from the cutter tip, j engagement indicator of cutting element on flute j, Introduction

  , the kernel of the empirical cutting models is the calibration of the model parameters for the specific work-piece material and cutter combination. The infinitesimal flute cutting force model of Feng and Meng (1994) was developed for ball-end mill cutting force calculation. It has a simpler system to calibrate the model parameters than other ball-end mill cutter models (Yang and Park 1991, Lee and Altintas 1996). The curved cutting edges of the ball-end mill cutter are considered as a series of infinitesimal cutting elements, as shown in Figure 1. Suppose the reference of the cutter rotation is at the tip point of flute 1, and the cutter has a number of helical flutes, f N , Figure 1 (c). Owing to the helix angle, 0 i , of the flute, Figure 1 (a), the lag of a cutting element, z, on flute 1, Figure 1 (b) and (c), can be given as: angular position of a cutting element of flute j on a disc z, Figure 1 (b),

  t K and r K are the tangential and radial specific cutting pressures. dz is the thickness of the disc. The differential tangential and radial cutting forces on the element can be resolved into the cutting forces in x (normal) and y (feed) directions as (Figure 1 (d)):
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  , samples of 20 cutter revolutions were used to calculate the average cutting forces (AF x , AF y ) in Equation

  the log function of the cutting forces against the log function of feed rate is shown in Figure3. It can be seen that the log function of the cutting forces has linear relationship with the log function of the feed rate. Using the linear regression method, the cutting force can be resolved as:
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 112356 Figure 1 Infinitesimal cutting force model for a ball-end milling cutter

  

  In ball-end milling applications, the cutting force and the surface machining quality have a strong positive correlation. Larger cutting forces produce rougher surfaces than smaller cutting forces. The infinitesimal flute cutting force model, which controls the cutting accurately, can be used for cutting force control. Similar to all mechanistic cutting force models, it requires considerable effort to calibrate and ascertain the parameters for specific combinations of material and cutting media. The machining trials demonstrated that the cutting force model was able to maintain a relatively constant surface quality between 9 µm and 10 µm, whilst maintaining the average cutting force in the range 62.8N to 71.7N. Using the chip volume removal rate as an analogue of cutting force does not control the cutting force precisely. The average cutting force varied by 104%, and the machined surface roughness values ranged from 17 µm to 48 µm. The results of the investigation supports the view that consistent surface finishes can be produced by maintaining the cutting forces at desired levels with feed rate control strategies.
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