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ABSTRACT: Machining 3D surfaces with variable curvature profiles, the cutting tool, which is a ball-end 

milling tool, must be used. With this type of tool, depending on the position of the tool's contact with the 

machining surface, the magnitude as well as the direction of cutting force, cutting speed, cutting temperature ... 

are different. Cutting speed varies from maximum to zero at the tip, so in the vicinity of the workpiece material 

is not cut but destroyed by deformation. This leads to the deformation of the cutting tool also changes 

continuously, greatly affecting the machining accuracy as well as the surface quality of the part. This error is a 

big problem for mechanical manufacturers because there has not been any specific research to adjust 

appropriately for the process of compiling processing programs. Therefore, there should be further studies on 

deformation of cutting tools. The paper focuses on modeling the cutting area, shear force, geometric error and 

roughness of machining surface when milling 3D surface with ball-end milling cutters. In this study, using 

methods such as experimental testing, regression and simulation to develop regression equations to evaluate the 

influence of technological parameters on shear forces, surface roughness and 3D surface geometry error. 

KEYWORDS: Ball-end milling, 3D geometric surface, CNC milling, machine manufacturing 

INTRODUCTION 

One of the main goals of manufacturing on a global level is to focus on processes that respect environmental 

sustainability. To do so, emissions must be significantly reduced to reduce the environmental impact of processes 

by improving energy efficiency and reducing waste of resources and materials. Machining is the most common 

metal forming process in the mechanical manufacturing industry. Machining is a process unless a raw material 

is turned into the desired product by removing the material around it. Investigate the forces generated during 

machining, workpieces and tool materials, the geometry of tools and workpieces, and machine parameter settings 

that affect process efficiency and output quality. Today, the strong development of the manufacturing industry 

has affirmed an essential position in the development of each economy. Modern and high-productivity 

metalworking methods and technologies have been widely applied such as casting, cutting, pressure machining 

and welding. However, in terms of the degree of completion of processed products to put into actual production, 

machining and cutting play an indispensable and most important role in the machine and mechanical engineering 

[1]. Milling has been considered as one of the most popular machining technologies from the 2nd industrial 

revolution until now. It plays an essential role in various manufacturing industries such as mould making, 

automobile industry, aircraft industry and ships. With the advent of milling technologies associated with 

generations of digital integrated milling machines, productivity and product quality have been enhanced. CAD 

/ CAM-CNC technology with precision, high productivity, and low cost are increasingly popular [2]. In 2D CNC 

machining, almost unchanged parameters consist of the residual and shear force components and thermal shear. 

As a result, it is not difficult to research, analyze and install suitable cutting modes to meet machining accuracy 

as well as processing products quality [3]. Regarding 3D CNC machining, the CAM software only creates the 

toolpath based on calculating geometric when the impact the elements like cutting heat, changing the position 

of cutting tools, etc... are not changed, however, the fact is not so. a ball-end milling cutter frequently is employed 

to machining variable curvature profiles when taking place machining 3D surfaces.  The difference in the 

position of the tool's contact with the machining surface leads to varying the force, speed, and temperature of 

cutting. the material will be destroyed because of deformation in the vicinity of the cutter tip that is explained 

by the large change in Cutting speed at the cutter tip [4]. As a consequence, there is an existence of constant 

change in the machining location of the cutting tool that reduces the processing accuracy along with the quality 

of the part's surface. It is fact that rare specific research provides appropriate adjustments to address this issue. 
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Hence, it is needed to study deeply to minimize this error to improve the accuracy and quality of machining 

surface [5]. A numerical model is used to predict the topography and surface roughness during ball end milling, 

based on the geometric intersection of the tool and the workpiece. With simulation models, surface topography 

as a function of feed per tooth and revolution, radial depth of cut, axial depth of cut, number of teeth, tool tooth 

radius, torsion angle, eccentricity and phase angle between teeth. It defines cross-sectional roughness parameters, 

as well as surface roughness parameters. 

Modelling and simulation of milling processes have received much attention in the past decades. In the literature, 

such efforts began with flat-head milling tools, extending to 3-axis ball-head milling first and then 5-axis ball-

head milling. Recently, their integration with processes has become even more important for increasing impact 

in manufacturing. The sheer force of a ball-end milling cutter during the cutting process was conducted 

experimentally and theoretically by Yoshihiro et al. [6]. This work had been done only on a flat surface and an 

inclined work surface made from hard steel and they also investigated the effect of the inclined angle of the 

machined surface and the feed rate on the tool life of ball-end milling. However, the application of these results 

is not able for calculation of the cutting force if the infeed direction, cutting depth, and cutting speed change 

continuously which frequently happen in 3D milling [7][8]. A novel geometric model of ball-end milling was 

proposed by Chung-Liang et al. [9] that describe basically the relationships between the thickness of undeformed 

chip, rake angle, the velocity of cutting, shear plane area and angle of chip flow in ball-end milling. The authors 

also calculated the shear plane area of the shear deformation zone as well as the effective frictional area on the 

tool face. Nevertheless, it was not built for a 3D surface. Problems when milling free surfaces and Surface 

roughness was studied by Rybicki [10]. But it is noted that the factors associated with the geometry of machining 

surface and cutting tools are driven by the workpiece tilt angle [11]. The roughness bassed on milling faces with 

tilt angles along with various toolpaths approaches were studied by Dimitrios et al. [12]. The authors used the 

experimental regression method with equations that illustrated the association between surface and toolpaths. 

Based on the technological parameters in the machining process including each specific toolpaths plan the Rz 

regression equation was developed in this study of Mohammed et. al [13]. Although the end milling cutters have 

been studied quite comprehensively, applying this result to the process of the CNC surface 3D milling with the 

ball-end milling cutters is impossible. Cutting speed and tool wear are two main parameters that have been 

focused on in the majority of the existing studies [14]. An orthogonal machining data model has been developed 

based on the cutting geometry of a ball-head mill with flat rake faces. Accordingly, the milling cutter is meshed 

into finite molecules and bound to the straight payoff condition. The shear forces, surface roughness and 

machining surface errors caused by variations in tool location under the effect of shear force have not yet been 

studied completely [15]. Most of studies associated to shear force were carried out on flat milling in which the 

residual amount and the feedrate are unchanged. Research of the cutting force on in the milling CNC 3D for 

surfaces that have continuously curved profile is not in detail [16]. 

In rough, for the purpose of removing unwanted mass as quickly as possible, the tool faces different cutter-

workpiece contact boundaries, whereas, in cutting conditions uniformity takes precedence over quality. 

However, excessive shear force variation during roughing can affect the part during finishing. Therefore, it may 

be necessary for semi-finished passes before closing. In this regard, toolpath creation, planning and selection of 

process parameters are crucial to reduce total cycle times [10]. In some cases, although effective milling 

parameters are known, they may not be fully realized in the process because the CAM system may not allow 

variable cutting parameters to be made. The size and geometry of the ball-head milling cutter are regulated by 

such parameters as the tool radius in the coordinate system plane of the workpiece, the feed direction and the 

helix angle during machining. Meanwhile, calculating these parameters by manual methods is very difficult. 

Therefore, the integration of simulation models and digital technology can help improve machining quality and 

reduce machining time. Usually, a simulation model is built based on 2 models including a data collection model 

implemented by experiment and a data processing model implemented by the mathematical model. There have 

been some studies on 3D surface milling of CNC models with ball end mills [17], but they are purely geometrical 

models. Usually, processing models have not integrated specific optimization functions for cutting force, 

temperature field, and roughness during the analysis of the machined surface. Therefore, it is very promising to 

integrate research using available algorithms that can be built into some powerful and user-friendly simulation 

applications like MatLab [18]. Integrating data sets from experiments and combining optimal simulation 

algorithms will improve the bottlenecks that digital machining is facing [20]. What's more, it's also an effective 

way to determine the optimal parameters for part machining with the help of advanced generations of CNC 

machines [19]. 
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This work focuses on surveying and evaluating the relationship between technological parameters such as 

workpiece tilt angle, tool feed rate to cutting force and workpiece surface quality. With the support of both 

simulation calculations by MATLAB simulation and experiments on actual embryos to improve the 

comparability and reliability of the research. The research process was carried out on face mills using a ball-

head milling cutter selected and optimized for the workpiece material. In addition, comparative assessments of 

the impact of key technological factors on detailed roughness are also clarified before conclusions are drawn. 

MATERIAL AND METHODOLOGY 

Numerical values of ball-end cutter shear forces are determined from a series of grooving tests. In the grooving 

test with a large depth of cut, not only the cutting element position but also the chip thickness, cutting speed and 

depth of cut, varied along the cutting edge in the ball head mill. Furthermore, the cutting element position in the 

milling test is a change from 0 to the end of the depth of cut in the radial direction. Therefore it cannot be applied 

to the calculated force factors of end machining. In more detail, the shear element position can be approximated 

as the only factor that affects the shear force factor. Because both the cutting depth in the radial direction and 

the axial direction is very small. To calculate the shear force, it is necessary to take the edge characteristic factor 

and the shear force characteristic factor in advance. These coefficients are determined by the workpiece material, 

tool material and tool geometry. Simulations and experiments show that the usual constant stock strategy during 

finishing may not lead to uniform cutting in terms of shear forces. It is proven that the homogeneity in the 

finishing stage can be improved through the modification of the semi-finished toolpath. Since the height of the 

scallop can be a concern in the semi-finishing stage, for variable-width surfaces the cycle can be reduced by 

about 30% by dividing the original toolpath in the real height of scallops. In multi-stage roughing, where the 

depth of cut may be subject to stability limits, the implementation of the depth of cut varies with different stability 

limits, instead of a constant depth of cut which greatly reduces the cycle time. 

Reliable evaluation of instantaneous tool displacement in ball-end milling of alloy steels requires an assessment 

of the partial tool displacement caused by geometrical errors of the spindle-tool-tool system. These errors can 

cause toolpaths, often manifesting as shifts, a time process similar to a sine curve. Furthermore, they have a 

period T equal to the tool revolution time. Tool runs out can be caused by tool failures or defects in the joints 

between the tool clamp and the tool bar, as well as defects found between the tool holder and the spindle. 

Therefore, the depletion occurs by the offset between the localization of the tool and the spindle. 

The roughness model of the machined surface by ball head milling is calculated based on the theories of 

simulation. The components are depicted as shown in Figure 1. The roughness model of the machined surface 

by ball head milling is calculated based on the theories of simulation. The components are described as shown 

in Figure 1. The relationship of the radius Rk of the spherical tool with the orthogonal system of the tool head 

has been described in the figure. Point P is the point of contact of the tool with the workpiece. 

Due to the complex cutting edge geometry of the ball head mill, the direct calibration of the ball head milling 

force factor has until now still required a large number of calibration cuts. A new approach is proposed in the 

present study to determine the cutting force factor for ball end milling from only a single test cut. The 

instantaneous shear force is used instead of the average force to correct for the experimental force coefficients. 

This single test greatly reduces the time and effort required to determine the coefficients to meet a wide range 

of shear conditions. 



A Study on the Effect of Technology Parameters on 3d Geometric Surface Parameters in Ball-end Milling Process 

106 

Figure 1. Technological parameters of ball-end milling cutter [1] 

Figure 2. Workpiece sample 

In this study, a workpiece sample with the shape shown in Figure 2 was selected. The material of the workpiece 

is aluminium alloy A6061S – T6 with a tensile stress of 320MPa, compressive stress of 265MPa and a hardness 

of 98 HV. This is an aluminium alloy that is used quite commonly for flat structural applications such as aviation, 

automotive, and fixtures. 

The experimental process was performed on a 3-axis CNC milling machine Haas VF-4-SE with a rotational 

speed of 3000 to 4200 rpm, the largest displacement of 600 to 1000 mm. Milling is carried out by a ball end mill 

with a diameter of 14mm of type R214-14B20-040. The CNC milling machine operates continuously at 3000rpm 

and is always properly lubricated to reduce excessive heat generation in dry machining. Besides, the conditions 

of the semi-dry cutting process have been integrated. 

Before conducting the test on the CNC milling machine with the selected ball face mill, the workpiece samples 

are carefully cleaned, and the machined reference surfaces are determined. Next, the milling technology 
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parameters are selected as follows: feed rate is 0.1, 0.2 and 0.3mm, workpiece tilt angle is in the range of 0 

degrees to 90 degrees with 5-degree increments; The cutting depth is set to 1mm, the spindle's steady rotation is 

3000 rpm. 

The sampling frequency during the shear force measurement is 30kHz. Each test sample was taken at random 3 

times and only those results that met the statistical criteria were selected. A non-contact photometer and optical 

microscope are arranged to determine the roughness of the milled grooves as well as the workpiece surface 

quality parameters. The depth of cut in the milling stage is the difference between the material thickness 

remaining from the previous stage and to the next stage. Therefore, the prior surface optimization corresponds 

to the adjustment of the stock left by the previous stage, which is done by offsetting the previous stage's toolpath. 

Figure 3. Simulation and testing process 

On the basis of the comparison between the proposed method and the method of determining the average milling 

force coefficient, it can be seen that the milling force predicted by the average milling force formula is only 

suitable for predicting the milling force for a range of areas. small micro parameters of the process. The main 

reason is due to the average milling force factor based on the fixed speed and depth of the cut. In addition, the 

milling force factor is determined by varying the feed rate to obtain experimental data, and the default milling 

force factor is only affected by the workpiece material and not the process parameters. However, since the shear 

coefficient is strongly influenced by the milling parameters, it is not appropriate to assume that the shear 

coefficient is constant. Milling forces are more accurately predicted by means of average milling force 

coefficients under conditions of test speed and depth of cut. However, there is a large error in predicting milling 

forces according to other process parameters. 
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The process of simulation and calculation of shear force is described as follows: the simulation system of the 

milling process with ball cutters is performed with the help of Mathlap simulation software and the additional 

3D Labview package. Data on technological parameters, tools, workpieces, machining machines and jigs are set 

first. Next, analytical and computational models are set up to calculate shear force, vibration and surface 

roughness. In addition, in some other exhaustive studies, the integration of FEM simulation to determine stress 

and thermal field is also mentioned. However, in this study, the FEM simulation part was omitted. And finally, 

the simulation data set with output information such as shear force in the directions of the workpiece coordinate 

system, roughness parameters will be collected. The data are then compared and evaluated together with the 

experimental data. The process of calculation and simulation is shown according to the block diagram in Figure 

3. The goal here is to create a 3D surface roughness parameter that formalizes the influence of machining

parameters and can be correlated with surface requirements. Recent needs in the field of surface roughness

characterization have emphasized the suitability of using 3D parameters. To determine this 3D parameter, a

simulation model of the 3D terrain was proposed for three-axis machining using the ball-head cutter tool. The

model is set up to consider that during milling, the cutting edges are in a combined translational and rotational

motion. This model was first developed to machine a flat surface allowing simulation comparison with

experimental test results.

RESULTS AND DISCUSSION 

Cutting force associated with the workpiece tilt angle 

The relationship between the shear force and the workpiece tilt angle is shown in Figure 4. A general trend 

observed from experimental data is that when increasing the angle of inclination of the workpiece, the shear 

force changes in two stages.  

In the first stage, when the workpiece inclination angle was less than 30 degrees, the cutting force witnessed a 

slight and stable increase with the increasing angle of inclination. The increase recorded during this period was 

about 3% on average for a machining residual of 0.15mm, while for a machining residue of 0.25mm the increase 

in cutting force was about 5% on average. One mechanism that dominates the cutting process at this stage is the 

plasticity mechanism. The plasticizing mechanism is closely related to the residual stress formed in the metal 

workpiece when subjected to an external force from the tool. The existence of residual stress will result in 

decreased metal ductility, increased strength and hardness, increased deformation work, making the workpiece 

prone to cracking, increased wear and tear of equipment. Changes the state of stress distribution when an external 

force is applied. 

The second stage begins when the tilt angle is greater than 30 degrees, the cutting force has a very strong increase 

when the angle of inclination of the workpiece exceeds 35 degrees. On average, the cutting force increase in this 

stage reached 300% and 420% compared to the first stage of the machining residuals of 0.15mm and 0.25mm. 

The sharp increase in shear force can be explained through the combined effect of residual stress and thermal 

stress. As mentioned above, residual stress tends to lead to hardening and reduce the ductility of the workpiece, 

furthermore, as the workpiece inclination angle increases, the surface in contact with the workpiece becomes 

larger, so the friction increases. between the tool head and the workpiece increases rapidly, generating a large 

amount of heat. Although the cooling mechanism of the lubricant has been promoted, in a short time, the heat 

caused can also change a part of the workpiece in direct contact with the tool. Thus, that combination led to a 

sharp increase when the embryo tilt angle reached the limit. 
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(a) 

(b) 

Figure 4. The correlation between cutting force and workpiece inclination: (a) machining residue is 0.15mm, 

(b) machining residue is 0.25mm.

Analysis of shear forces in different directions on the coordinate system attached to the workpiece. The combined 

results from the simulation output obtained from the analytical model in the X, Y and Z directions are shown in 

Figure 5. The data in Figure 5 have shown that the cutting force tends to increase sharply as the workpiece tilt 

angle increases. Averaged over the entire range of inclination angles considered, the shear force increases by 
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about 1.4 N per degree for the X direction, by about 0.2 N per degree for the Y direction and 0.1 N per degree 

increase for the Z direction. The change in shear forces occurs in two stages as shown in the maximum shear 

analysis above. Since the relative displacements between the two parts of the lattice go by integer times the 

atomic distance, the atoms on either side of the slip surface occupy new equilibrium positions, so that, after 

removing the lattice load, it is impossible to return to its original shape, leaving ladders on the crystal surface. 

On the basis of comparison between the proposed method and the method of determining the average milling 

force coefficient. It can be seen that the milling force predicted by the mean milling force formula is only suitable 

for predicting the milling force for a small range of process parameters. The main reason is due to the average 

milling force factor based on the fixed speed and depth of the cut. In addition, the milling force factor is 

determined by varying the feed rate to obtain experimental data, and the default milling force factor is only 

affected by the workpiece material and not the process parameters. However, since the shear coefficient is 

strongly influenced by the milling parameters, it is not appropriate to assume that the shear coefficient is 

constant. Milling forces are more accurately predicted by means of average milling force coefficients under 

conditions of test speed and depth of cut. However, there is a large error in predicting milling forces according 

to other process parameters. 

Figure 5. The change in cutting force is associated with the workpiece coordinate system according to the 

workpiece inclination angle. 

Regarding the cause due to the plastic deformation mechanism, it can be seen that this deformation occurs after 

removing the load, but there is still a residual strain that causes the sample to change in shape and size. A plastic 

deformation mechanism in the lattice slip may also be involved in the above result. If acting on a pure normal 

stress crystal, the atomic distance in the direction orthogonal to the crystal surface will increase or decrease. If 

the stress is small, the change in atomic distance is also small and when the stress is removed, the attraction or 

repulsion will bring the atom back to its original position, ie the deformation will be lost. If the high normal 

stress causes the change in atomic distance to exceed the allowable value, then failure will occur. Thus, normal 

stress does not cause the crystal to undergo plastic deformation, but only elastic deformation and then brittle 

failure, or failure without plastic deformation. Most machine parts have to go through more or less machining 

to ensure the exact dimensions and smoothness required. This is the most time-consuming operation in 

mechanical factories. In order to improve cutting productivity, one of the important factors is that the workpiece 

must have appropriate hardness, and the broken chips ensure high machinability.  

Theories have demonstrated that the shear mode is influenced by a variety of factors such as the chemical 

composition of the material, the method of manufacture and heat treatment, the microstructure, the grain size, 

and the lattice. The above factors often influence each other in a way that can affect the cut and cannot be 
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evaluated independently and separately. The cutting mode also depends on the machining method, the type of 

tool material, and the geometrical parameters of the cutting tool. In addition, there are conditions for fastening 

and clamping details, so the cutting mode is very complicated, often chosen by experience and using empirical 

formulas to calculate the cutting mode. 

(a) 

(b) 

Figure 6. The correlation between cutting force and feed rate (a) machining residue is 0.15mm, (b) machining 

residue is 0.25mm. 
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Surface roughness associated with the workpiece tilt angle 

Surface roughness is a very common parameter when evaluating the machining quality of CNC turning or 

milling methods. During the milling process of the workpiece, the part surface will not be ideally flat, but there 

will be microscopic irregularities on the surface that cannot be seen by the naked eye. That roughness may be 

the inevitable result of the plastic deformation mechanism and the milling tool mark left on the pre-tool stroke. 

The evolution of the roughness change process is clearly depicted in Figure 7. The change in roughness according 

to the inclination angle of the workpiece indicates the inclined angle region where the surface quality is the best. 

The results show that at an inclination angle of 25 degrees, the surface roughness is the lowest, with values 

ranging from 25 to 40 nm. Meanwhile, going to both sides of the 25-degree angle, the roughness tends to 

increase. At an angle of inclination of 5 degrees, a roughness of approximately 115 nm was recorded, while at a 

45-degree angle it was about 130 nm. The mechanism and theory of plastic and sliding deformation of the crystal

lattice can clarify these figures. Since the displacement of the atom in each plane occurs only once over short

distances, the residual strain is produced when the antisymmetric stress is very small. Therefore, when the

crystals are plastically deformed by the antiparallel, the destruction process is a brittle failure. Plastic

deformation strongly changes the mechanical properties of the metal in the direction of increasing strength, also

known as strengthening or hardening. That means increasing the strength limit, yield strength, elastic limit,

hardness, decrease ductility, toughness. However, the phenomenon of hardening adversely affects the

technological properties: machinability, plastic deformation.

The surface topography of milled workpieces is always characterized by a pyramidal structure as produced in 

normal machining operations. The morphology of the tool marks matches the selected feed, but not the feed. 

This is because the vibrations that occur during machining have a direct impact on the topography of the surface. 

In particular, the roughness margin lines along the feed direction of all the 15 degrees and 45 degrees machined 

workpiece surfaces show normal tool marks with a distance corresponding to the feed F, instead of with a feed 

per tooth F/2. By observing the entire terrain, a great severity can be noticed. The observed results are in 

agreement with the tool deflection hypothesis that was proposed when analyzing the shear force signal. 

(a)
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(b) 

Figure 7. The overall change in surface roughness with respect to the workpiece inclination angle: (a) 

machining allowance is 0.15, (b) machining allowance is 0.25 

Moreover, the surface roughness in the case of increased machining residuals was also recorded higher. It can 

be understood that with larger machining residues, the contact force of the tool with the workpiece surface is 

higher so that the tool marks left on the surface are more visible and i.e. higher roughness. On the other hand, 

for many structural metallic materials, failure occurs following the plastic-sliding deformation period. But there 

are also many materials where failure occurs immediately after elastic deformation, with little or no plastic 

deformation (brittle failure). It also depends on whether the load state is dynamic or static, periodic or non-

periodic. 

Another result revealed from the data in the study is that as the feed rate increases, the roughness also increases. 

The increase in roughness at S = 0.3 is about 2% to 3% compared with S = 0.1. This also accurately reflects the 

upward trend in shear values in the tests mentioned above. Thus, the shear force and surface roughness are also 

interrelated through the change of the inclination angle of the workpiece. For ball-end milling, due to the special 

structure of the ball head edge, the cutting speed of each part on the edge of the ball head milling machine is not 

the same. Therefore, the different cutting speed is one of the reasons that significantly affect the position of the 

cutting part on the cutting edge to the study of the force factor of the ball head mill. 

In milling processes carried out for hard machine-tool-tool systems, surface roughness formation is influenced 

mainly by the tool-geometric-kinetic projection of the tool onto the workpiece and elastic deformation. - ductility 

of the material, caused by the circular cutting edge radius. On the other hand, in the case of milling with a flexible 

machining system, relatively instantaneous movements between the working part of the tool and the workpiece 

can significantly influence the formation of surface irregularities. It should be noted, however, that the effect of 

milling dynamics on the surface roughness produced is strongly correlated with the vibration frequency and the 

variation of the displacement peak on successive teeth. Therefore, in this section the relationship between 

instantaneous tool displacement and surface roughness parameters has been discussed. 
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(a) 

(b) 

Figure 8. The overall change in surface roughness for the feed rate: (a) machining allowance is 0.15, (b) 

machining allowance is 0.25 
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Comparison of calculated and tested models of cutting force 

The difference in the maximum combined shear force between the calculation and the experiment is 

encouraging. In general, the deviation between calculated and experimental data is within the allowable limit of 

3-5%. Thus, the theoretical models integrated with the MathLab simulation package are quite reliable, which

will help in the optimal selection of parameters related to the angle of inclination in milling with ball cutters.

However, the results in Figure 9 have revealed that at some inclination angles the difference between the

theoretical calculation and the experimental data can reach more than 5%, as at 40 degrees of inclination. This

shows that it is necessary to adjust input technology parameters, mathematical models or test sampling

procedures.

Figure 9. The maximum cutting force deviation between calculated and experimental data 

Prediction of cutting forces is of prime importance to ensure the quality of the part being machined. At a large 

scale, shear force modelling allows the simulation of deformation and vibration of the workpiece. Furthermore, 

it allows the machine to be extended as a clamping system. At a lower scale, surface integrity can be estimated 

from the local load applied by the tool to the workpiece material. Therefore, it is necessary to improve the 

accuracy of the simulation model. 

The degree of deviation in shear force projected in the horizontal direction of simulated and experimental data 

is depicted in Figure 10. It is clear that the similarity of the two data sets from the analytical model and the 

experimental model has a very good match. This reflects the quality of the algorithms used to be reliable. The 

error level of deviation of the two models is less than 3%. 

That difference is also reflected in the data comparing the two models from experiment and simulation for the 

shear force in the vertical direction (Figure 11), and the shear force in the elevation direction (Figure 12). 

However, at workpiece inclination angles of 5 degrees and 30 degrees, the difference is over 3%. 

The mechanical modeling approach views machining as performed by a series of small cutting edge elements. 

It is essentially a numerically integrated method for calculating cutting forces based on empirical chip-force 

relationships and unformed chip geometry on the cutting tool. The prediction accuracy of a given machining 

process depends largely on the reliability of the empirically determined shear force factors. However, the precise 

determination of these experimental force factors under a wide range of shear conditions is quite a time 

consuming as it requires a large number of experiments with different parameters to be incorporated into the 

experimental design. experience. Therefore, it is highly desirable to have an efficient method to determine these 

coefficients. 
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Figure 10. Comparison of X-axis shear force data of calculation and simulation 

Figure 11. Comparison of Y-axis shear force data of calculation and simulation 
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Figure 12. Comparison of Z-axis shear force data of calculation and simulation 

Figure 13. Comparison of Z-axis cutting force data of simulation and experiment 
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Comparison of calculated and tested models of surface roughness 

Figure 14. The maximum surface roughness deviation between calculated and experimental data 

Figure 15. The maximum surface roughness deviation along with feed rate between calculated and 

experimental data 

The data showing the deviation of mean roughness according to the workpiece inclination angle in calculation 

and experiment are shown in Figure 14. A numerical model for calculating roughness is established based on 

workpiece material, bumpy peak area, bump density. Usually, simulation problems focus on the simulation of 

parameters related to the average roughness. Furthermore, roughening deformations can occur along the 

machining infeed axis direction, thus forming the peripheral contours of the milling mark. However, the ball end 

milling of a plane may differ from line milling. In this case, both sides of the machine tool are involved in the 
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cutting process at a time. Therefore, the roughness calculation model in ball-end milling needs to be considered 

at the same time for both of the above machining processes. 

Figure 16. Force data of simulation and experiment 

The deviation data on the quality of the machined surface through the average roughness shows that the 

deviations are quite large compared with the deviation of the cutting force. The maximum deviation in roughness 

between calculated and tested data can be up to 10% at workpiece inclination angles at 0 degrees and 45 degrees. 

The reason may be that the optimal model of roughness still has many binding boundary conditions. Moreover, 

the roughness composition is also very diverse such as the average roughness, the highest bumpy peak height, 

the core roughness depth. 

CONCLUSION 

An important technology in surface machining of machine parts with high productivity and accuracy is multi-

axis CNC milling. The punching process usually consists of three main stages as rough milling, semi-finishing 

and finishing. In this work, we focus on milling the semi-finished product. Accordingly, this is a machining 

process that removes the remaining steps and burrs after the roughing stage. At the same time, it can ensure 

uniform thickness for subsequent finishing. The milling process of the semi-finished product is very important, 

but it is the stage where the cutting force is most difficult to control. Therefore, this study combines modelling 

and testing on real samples to evaluate the impact of workpiece tilt angle on cutting force. The results obtained 

in this study are summarized below: 

• Changing the workpiece tilt angle has a significant impact on the maximum cutting force. In the milling

process, plastic deformation and hardening have been considered as the basic theories to explain the

relatively low and stable cutting force with the workpiece inclination angle less than 30 degrees.

However, the residual stress effect strongly influenced the increase in shear force after the 35-degree

angle. The maximum cutting force can be increased over 400% at a 45-degree inclination.

• Roughness determines the quality of the workpiece surface after machining. In this study, the billet tilt

angle of 25 degrees is considered to be the most optimal in improving the surface geometry of the

product after milling.

• The similarity or difference in the values of the shear force and the average surface roughness for both

the simulation model and the experimental model confirmed the correctness of the established model.
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The study was carried out with the help of a computer simulation tool. Two simulation models were configured 

for a 3-axis CNC milling machine to evaluate the validity of the proposed method. The results show that this 

method is correct. Furthermore, this method has eliminated the need for a large number of discrete vectors to 

define the workpiece surface, and a comparative test has demonstrated that it is more computationally efficient. 

Based on the cutting geometry generated by this model, machining optimization can be performed. By applying 

feed rate and workpiece inclination scheduling, variation of the cutting area along the toolpath can be minimized. 

Therefore, more stable machining conditions can be achieved. 
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