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ABSTRACT: When machining a 3D surface with a variable curved profile, we will have to use a ball-end 

milling cutter. With this type of cutter, depending on the position of the tool's contact with the machining 

surface, the size and direction of the cutting force, cutting speed, cutting temperature, etc. will be different. The 

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 causes the deformation of the cutting tool to constantly change, 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 are no specific studies so that they can make appropriate adjustments to the process 

of compiling the processing program. Therefore, there should be further studies on deformation of cutting tools. 

The research method is to use mathematical tools and calculation software to establish the relationship between 

shear force, surface roughness, transform the cutting tool's position with technological parameters and 

machining surface geometry parameters. The paper focuses on building the cutting section model when milling 

3D surfaces with the ball-end milling cutters. Simultaneously assess the parameters of cutting force and 

machining surface error when milling the 3D surface with a milling cutter. 
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INTRODUCTION 

With the rapid development of aerospace equipment, high-end manufacturing equipment, and other high-precision 

equipment for a variety of industries, many complex surface products require increased reinforcement accuracy 

and efficiency. In addition to optimizing machining tools, machining equipment and other aspects, research 

focused on the better determination of machining parameters is also important in improving accuracy and 

machining efficiency [1]. The major concern of the manufacturing industry is the quality of processing parts that 

are normally represented by dimensional accuracy, form, and surface finish. A part of the manufacturing industry 

is the machining of various metal products that recently use computer numerical control to conduct. Due to the 

developments of technology, complex surfaces like mould details, components of engines and turbine, plane's 

part, etc., or are hardness materials completely processed. Practically, electrochemical corrosion, processing by 

ultrasonic, and processing by sparks are effective methods applied in the machine industry to create products that 

have precision and good surface quality. Nevertheless, their disadvantage is high production costs because of 

expensive investment and low productivity. By contrast, 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 in order to 

meet machining accuracy as well as processing products quality [3]. Regarding 3D CNC machining, the CAM 

software only creates the toolpath on the basis of 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 (between 0 and 1800) 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. 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. 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. Most of the studies 
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associated with shear force were carried out on flat milling in which the residual amount and the feed rate are 

unchanged. Research of the cutting force in the milling CNC 3D for surfaces that have continuously curved 

profiles is not in detail. It is fact that rare specific research provides appropriate adjustments to address this issue. 

Hence, it is needed to study deeply to minimize this error to improve the accuracy and quality of machining surface 

[5]. 

With the development of the high value-added manufacturing industry, components are designed to support heavy 

loads, frequently subjected to high temperatures and high pressures, high speeds and harsh environments [6]. 

Tough working conditions require products to satisfy specific surface qualities to improve their reliability, 

replaceability and service life [7]. To achieve product quality at a controlled cost, new generations of tools and 

geometries have emerged that avoid expensive precision processes such as grinding [8]. Advanced machining 

centres also improve CNC orbital accuracy, and the machining accuracy of parts can be enhanced by predicting 

surface quality and adjusting the machining plan before machining. However, precision machine tools will 

significantly increase costs, which often creates an additional burden on businesses. Therefore, it is possible to 

predict the surface roughness through mathematical modelling and experimental validation. 

The shear 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].

According to this study, based on investigation of the durability and wear allowance of cutting tools and evaluation

of surface quality, an effective plan for using the cutting tool can be done [11]. The roughness of the product

surface plays a key role in mechanical machining because in most cases, the surface quality is an influencing

factor of machine function. Engineering properties such as fatigue, hardness, and heat transfer are affected by the

surface finish. 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 [13]. But it

is noted that the factors associated with the geometry of machining surface and cutting tools are driven by the

angle  [11]. The quality of the surface (roughness and mechanical properties of surface layers) and geometric

accuracy (shape, dimensions, surface position) are two critical indicators in assessing 3D surface machining

quality [14]. Due to the capacity and conditions of experimenting, The interest of the published references in these

indicators normally is at a certain [15]. For example, the roughness is concerned while the physical properties of

the surface layer are not, consider surface geometry or geometric cutting tools, without the influence of tool wear

and technological parameters on surface quality [16]. The investigation of ball-end milling cutters in 3D surface

milling of CNC model was conducted in some researches [17]. However, almost studies that applied pure

geometric models that employ CAD methods or pure geometric analysis, simultaneously not provide specific

mathematical model to calculate cutting force, heat cutting, surface roughness. Some studies have built the

equations of cutting force and surface roughness when milling 3D surface but not really general and fully assess

the impact of technology and figure parameters to the machining surface, cutting force and surface roughness

[18]. The given models cannot be applied to adjust the input parameters to ensure machining accuracy and surface

quality [19].

The goal of the simulation is to assist the manufacturer in selecting the appropriate machining parameters before 

executing the parts on the machine tool. These parameters are selected according to the imposed quality criteria. 

The most important criterion is the topography of the machined surface. It is affected by bending and vibration 

phenomena caused by shear force. Some experimental works are extensions of analytical studies in order to 

confirm simulation results and ensure the predictive accuracy of various models [20]. Analytical studies suggest 

new models or algorithms that consider process physics, their input and interaction parameters to predict or 

estimate different responses like surface roughness, chip shape, shear force, etc. These analytical studies lead to a 

clear understanding of the mechanisms involved and improve the overall quality and efficiency of the process. 
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Toolpath generation and resurfacing mainly ensure the path efficiency and accuracy of the touch surface before 

actual machining.  

This study focuses on building a computational simulation model for shear force and roughness based on 

numerical simulation platforms of the MathLap application. Simultaneously, an experimental process with a 3-

axis CNC machine using ball end tools was carried out to mill the steel alloy billet. Evaluations of similarity in 

simulation and experimental data are discussed to clarify the role of numerical simulation in the study of 

geometrical parameters of milling cutters.  

LITERATURE AND METHODOLOGY 

There are many geometrical parameters specific to the sweet cutting process. First of all, the quality of the detailed 

machined surface with parameters of roughness and machining allowance. Next, the cutting edge is the 

characteristic quantity for the cutting speed vector. The study of turning force is not only meaningful in theory 

but also practice. To calculate the work consumed when cutting, it is necessary to know the cutting force. Once 

we know the cutting force, we can know the cutting heat and the distribution of heat during the cutting heat. Next, 

the cutting force is an important quantity that determines the quality of the cutting process. The cutting force 

depends on the area of the metal to be machined, it can be determined by parameters such as tool radius r, depth 

of cut a and tool displacement b and can be expressed by the Equation (1) [17]: 

𝐹 = 𝜕𝑡[𝑡𝑎𝑛(𝛽 − 𝛾1) + 𝑐𝑜𝑡𝛾1] [∫ |𝑔1(𝑥) − 𝑔2(𝑥)|𝑑𝑥
𝑥2

𝑥1

+ ∫ |𝑔3(𝑥) − 𝑔4(𝑥)|𝑑𝑥
𝑥2

𝑥1

] (1) 

The next factor is the cutting tool material to cut metal, the tool material must have a higher hardness than the 

material to be processed. The tool material hardness is greater than the workpiece material hardness. Usually, the 

machining material hardness is 140 – 200HB, so the average tool hardness is higher than 60 HRC [18]. 

Technological properties of the tool material are shown in many aspects, such as hardenability, hardening 

permeability, carbon escape rate during heat treatment, ductility in the cold state and hot temper, ease to the 

machine by cutting. To ensure that tool carbon steel has sufficient hardness and high wear resistance, the carbon 

content in tool carbon steel is less than 0.7%. The lathe machine can process non-circular surfaces: multi-sided 

shapes, ellipses, cams, etc. utilizing mounting equipment. The machined surface on the lathe achieves accuracy 

level 2 and gloss V6 - V7. 

The cutting speed when turning is a determining factor in the turning process. It is the displacement of the cutting 

edge with respect to the workpiece surface in a precise unit of time. Turning cutting speed is the sum of the speed 

of the workpiece's revolution and the speed of the tool feed [9]. 

𝑉 =
𝜋𝐷𝑛

1000
(2) 

Depth of cut (t) is the value of the metal layer to be cut after one tool change due to the perpendicular. Or is the 

distance between the machined surface and the unmachined surface. The t-value is measured in the workpiece 

axial plane across the centre of the workpiece. 

Feed amount S tool displacement distance in the direction of auxiliary movement after the workpiece is rotated 1 

revolution, unit (mm/rev). Distance of tool movement in the direction of auxiliary movement after the part has 

rotated for 1 min.  

As the cutting thickness increases, the cutting temperature and cutting force per unit length of the blade increase, 

making the tool wear quickly. So a represents the specific load of the cutting edge. If cutting length (a) is kept 

constant (b) is increased, the load acting on the cutting mesh length remains the same. 

Theoretically, the relationship between b, a, t and the feed rate S is expressed through the equation [19]: 

𝑎 =
𝑆𝑠𝑖𝑛𝛼

𝑐𝑜𝑠𝛼
;  𝑏 =

𝑡

𝑠𝑖𝑛𝛼
(3)
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The force acting on the backside is harmful (affecting the rigidity of the technology system) affecting the tool 

wear, the quality of the machined surface. The force acting on the front face depends on the work material 

characteristics, the size of the metal layer being cut, and the chip forming conditions. The force acting on the back 

surface depends on the workpiece material, the back angle, the coefficient of friction on the back, the contact area. 

Figure 1. Diagram of cutting force when milling with a ball-end cutter [19][20] 

Shear forces are usually analyzed in three different directions Figure 1. Tangential force Fz acting in the main 

direction of motion uses this force to calculate tool strength, machine, and cutting power. The radial force Fy 

acting in the horizontal plane is perpendicular to the workpiece centerline, affecting the machining accuracy using 

this force to calculate tool strength. The feed force Fz acts in the opposite direction of the feed. 
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The coefficients of the materials are obtained from the experimental model with the equipment for the cutting 

force measurement. These coefficients vary considerably with the cutting parameters such as feed rate, cutting 

speed, cutting width and depth. To conduct milling in addition to the milling machine, there must be other types 

of milling cutters. The knife rotates, the part has a reciprocating motion. Factors such as cutting speed, geometry 

quality, contact position, depth of cut, length of cut have had an impact on cutting forces during milling. By 

milling method, one can machine plane, complex profile, keyway, thread cutting, gear milling. The milling cutter 

blade works intermittently, the tool body mass is large, so the heat transfer condition is good. The cutting area 

when milling changes, so the cutting force changes, vibration during cutting. This milling machine is mainly used 

for milling planes with end mills or end mills. In some vertical milling machines, the machine spindle can be tilted 

at an arbitrary angle relative to the table. 

MATERIALS AND EXPERIMENTAL SET-UP 

Figure 2. Experimental milling process 

The calculation of the shear force during milling is supported by various experimental and simulated conditions. 

The milling process is investigated in a CNC machine. Input parameters entered during simulation include cutter 

type, depth of cut, feed rate, material type and cutting mode. Machining parameters are changed based on the 

conditions that tie are set as boundary conditions. In order to obtain the calculated data, the process of optimizing 

the tool feed and milling angle has been added. Meanwhile, the required output parameters of the optimal 

technological process are the cutting force, contact area and precision grade of the machined surface. 

The workpiece material selected for this study is heat-resistant stainless steel 08Cr20Ni16, austenitic stainless 

steel with good oxidation and corrosion resistance. Moreover, the high chromium and nickel content gives it high 

strength and good resistance to high temperatures. It is commonly used in petroleum, electronics, chemical, 

pharmaceutical, textile, aerospace and other fields. The chemical composition of the workpiece includes 0.4%C, 

0.32%Si, 0.8%Mn. For 5-axis machining, the cutter is pre-oriented to the desired position at a safe height and 

then lowered to the machine on a pre-shaped flat surface. The workpiece is set up so that the workpiece coordinate 

system is aligned with the three orthogonal measuring directions of the dynamometer. The sample size of the 

workpiece is shown in Figure 3. 
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The cutting tool is R214-14B20-040 ball-end milling cutter with 14mm diameter and 10o helix angle selected. 
Moreover, the Haas VF-4-SE milling machine was selected in this study with the shaft rotation parameters of 

3000 to 4200 rpm, the maximum displacement from 600 to 1000mm. Spindle speed is fixed at low revolutions 

3000 rpm to minimize heat generated during dry machining. The bridgehead cutter is used for cutting. The milling 

process with the end mill is carried out with the technological parameters of the feed rate 0.025, 0.075, 0.125mm; 

for machining residuals are 0.15 and 0.25. The cutter has a ball radius of 0.32 mm and two cutting edges with a 

cutting edge radius of approximately 0.62 μm. The workpiece surface is inclined in the feed and crossfeed 

directions to prevent the bottom of the ball mill from coming into contact with the machined surface. The zero 

speed bottom causes drag marks on the machined surface resulting in a poor surface finish. A cut depth of 1.5mm 

was used throughout the experiments. The sampling frequency is 20 kHz during shear force measurement. Each 

test was performed three times and only consistent results were included in the results and discussion sections. 

Optical microscopes are used to observe the quality of the machined surface. Non-contact optical surface gauges 

are used to measure the roughness of machined grooves. 

During milling, the close geometrical relationship between the workpiece and the intersection determines the 

quality of the surface topography. Besides, the quality of surface topography also depends on vibration, 

transmission joint deformation and unreasonable setting of milling parameters. According to the MATLAB 

simulation, the 3D surface topography has an orderly arrangement of convex and concave shapes, which is mainly 

influenced by the feed per tooth in the feed direction and by the cutter distance in the feed direction. intermittent 

knife. During milling, the close geometrical relationship between the workpiece and the intersection determines 

the quality of the surface topography. Besides, the quality of surface topography also depends on vibration, 

transmission joint deformation and unreasonable setting of milling parameters. According to the MATLAB 

simulation, the 3D surface topography has an orderly arrangement of convex and concave shapes. That is mainly 

affected by the feed per tooth in the infeed direction and by the discontinuous infeed cutter distance. With each 

stage, it can be seen that the shear force generated by each tooth, both measured and predicted, varies in magnitude, 

which is evidence of the effect of the cutter running on the cutting force. Meanwhile, the influence of cutter 

vibration on cutting force, shear force predictions without taking into account the cutter vibration. 

When ball-end milling proceeds along the toolpath, the material is first removed by the sweep surface of the 

current cutting edge. Then the material remaining after scanning by the current blade will be cut again by the next 

blade, and the next. At a higher level, after the current toolpath is processed, the material remaining on the 

workpiece is re-cut along its adjacent toolpath and so on. Therefore, for surface simulation, the cutting edge and 

its scan surface along a toolpath need to be modelled first. 

The main purpose of this study is to analyze the lateral forces generated during ball head milling. The investigation 

is divided into two parts. In the first stage, the influence of the inclination of the cutting tool relative to the 

machined surface on the cutting forces was investigated. 

Figure 3. Detailed drawing of the experimental sample 

In this study, the cutting force of the bridge end mill is calculated and tested for two cases: (1) The impact of the 

tool tilt angle on the cutting force, (2) the impact of the feed rate on the cutting force. Besides, some evaluation 

of surface quality has also been shown through surface machining error or roughness. 
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RESULTS AND DISCUSSION 

Cutting force according to the tool inclination angle 

The plot of the dark cutting force with the tool inclination is shown in Figure 4. It is clear from the graph in Figures 

4(a) and (b) that there is a steady increase in the cutting force with the tool inclination from 0 to 75 degrees during 

machining. This is because, as discussed, there is the plastic strain in plastic-mode machining and therefore an 

increase in uncut chip thickness due to an increase in tool inclination must be accompanied by a corresponding 

increase in the theoretical shear force in the flexibility process. However, this increase in machining force is not 

entirely due to an increase in the unformed chip thickness working with the tool inclination angle but is also partly 

contributed by the increase in the cutting edge junction length with the inclination angle. 

Effect of cutting direction and tool-workpiece contact area on surface roughness, cutting force and tool life is 

evaluated during milling of free shapes where vibrations and forces are observed as factors affecting. During post-

cutting because of higher force and vibration during subsequent cutting reduces tool life and surface roughness. 

In addition to tool surface contact phenomena, the influence of toolpath strategy in free-geometry milling. The 

double-speed incremental forward milling strategy shows a 50% reduction in cutting force, ensuring more stable 

cutting than in the descending direction 

(a)
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(b) 

Figure 4. Effect of tool inclination angle on cutting force: (a) machining residual t = 0.15mm, (b) machining 

residue t = 0.25mm 

Both of these factors together increase the material removal rate causing an increase in the machining force. 

Interestingly, there was no further increase in shear force when the brittle fracture occurred at a critical tool 

inclination angle of 90 degrees as shown in Figure 4. This is supported by the theory of linear fracture mechanics 

where constant energy is required to break surface bonds. The last two tool inclinations cause brittle failure and 

therefore a sudden increase in the cutting force for these two tool inclinations. Vibrations due to brittle fracture 

can be predicted from the above result by the occurrence of brittle fracture in the cut. Because brittle fracture only 

occurs at an angle of inclination of 75 degrees upwards. The cutting force increases with the increase of the 

machining residual, with an increase of 0.1mm in the machining residue, the maximum cutting force at 0.125mm 

has recorded a 61% increase in the cutting force. In addition, as the feed rate increases, the cutting force also tends 

to increase. 

Force analysis in the X, Y and Z directions has shown that the degree of shear force change in the three directions 

is quite similar. According to the angle of inclination of the milling cutter, the cutting force is quite stable when 

the angle changes from 0 to 45 degrees, however, after 45 degrees, the cutting force has a sudden increase. The 

rationale provided for this increase in shear forces is based on the plastic deformation mechanism. Obviously, 

with a rotation angle less than 45 degrees, the cutting process is completed in the plastic deformation domain. 

When the tilt angle exceeds 45 degrees, the plastic deformation mechanism is replaced by a hard and brittle 

mechanism. This has increased the cutting force, when the cutting force increases, the risk of affecting the 

machining quality is obvious. 

With the variable tool inclination angle model, the percentage difference from the experimental forces does not 

exceed 3% for Fx, 7% for Fy and 6% for Fz. However, in the case of the model with a constant tool inclination, 

the difference is 9% for Fx, 28% for Fy and 31% for Fz (Figure 5). These findings confirm that the precise shear 

force model specific to precision ball-end milling of curved surfaces must include the edge force variation as a 

function of the surface inclination angle. Because steel has the ability to solidify by two mechanisms, the second 

phase is dispersed and martensitic transformation under the effect of mechanical load. Therefore, when conducting 

cutting, cutting cannot be performed with a large depth of cut and a large amount of feed. The cutting process of 
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high-strength steel products is always mainly finishing with a small depth of cut and feed and a very high cutting 

speed to ensure productivity and surface quality. 

Figure 5. Effect of tool inclination angle on cutting force with t = 0.15mm and S = 0.125mm 

Figure 6. Correlation of deviation of cutting force from tool inclination angle in calculation and experiment. 

Comparing theoretical and experimental results, it is found that the mean deviation is less than 5%, shown in 

Figure 6. Thus, the calculated and experimental results are similar and ensure the set boundary conditions. In 

general, the differences are greatest at 75 degrees, which can be explained from the transition of the plastic 

mechanism to the embrittlement mechanism of the workpiece when experimentally witnessing a strong change in 

the shear force. Then, the difference in shear force between calculation and experiment can be up to 50%, which 

clearly reveals that the limits on boundary conditions of theoretical equations are still limited. limited and has not 

yet reflected the sudden change in the deformation mechanism that occurs during machining. Therefore, testing 

the cutting force by experimental studies has become important in evaluating the parameters affecting the cutting 

force of end mills on the machining parameters and the machining quality of metal workpieces. 
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In fact, one factor that affects the flexibility of the machining system is cutter vibration. Vibrations will cause the 

machined surface to be uneven. It contributed to further misalignment of the machined surface. During one 

revolution of the tool, such deviations left by the previous tooth will change the effective uncut chip thickness for 

the current cutting edge. Meanwhile, the oscillation running out and the real-time of the cutter will also cause the 

position of the current cutting edge to deviate from the assumed position under ideal machining conditions. As a 

result of these two factors, the predicted shear force under ideal conditions will deviate from the actual value. 

Surface roughness according to the tool inclination angle 

Milling tests with ball end cutters are performed to determine the effect of tool inclination angle on the achieved 

surface roughness. The results revealed that improved roughness would be achieved if the tool inclination angle 

relative to the workpiece was too small (15 degrees) or too large 90 degrees). The cause identified could be the 

tilt of the cutter surface in the infeed direction causing lower peaks or possibly lower scallop height. The angle of 

inclination changes gradually and the average surface roughness is measured at the bottom of the groove. The best 

surface finish is achieved at a 45-degree inclination as shown in Figure 6 for all three cases in terms of machining 

residuals. Observation from the graph in Figure 7 also noted that the surface finish is better for the higher end 

values of the angle of inclination than for the lower end values. Moreover, as the feed rate increases, there is also 

a slight increase in roughness, which is depicted in Figure 6b. This may be because, at lower inclination angles, 

machining is performed by the part of the blade with the higher speed gradient including the extremely low-speed 

region which mainly exerts a drag on the workpiece surface and is not due to cut. As such, the quality of the 

groove to be machined is in the ductile mode. However, a small number of chips were found to stick to the 

machined surface due to dry cutting action. At low infeed values per revolution relative to the radial depth of cut, 

the roughnesses resemble semicircular parallel grooves. In that case, the roughness in the longitudinal direction 

is very low. In contrast, at per-tooth infeed values higher than the radial depth of cut, the classical approximation 

of the cylindrical groove is not appropriate, since the resulting surface is more complex. The roughness values are 

similar in both the vertical and horizontal directions.  

When considering the roughness in the machining process, it is also necessary to consider the working conditions 

of the milling cutter. Ball end mills work in abrasive conditions. The front face of the cutter is close to the chip 

because it has to deform and break the chip, the front side of the tool will form a concave groove and the backside 

of the turning tool is ground close to the workpiece, so it will also be worn. Front and back wear occurs until the 

gap between front and back is too small to withstand the great pressure, the cutting edge is destroyed, cannot 

continue cutting. 

In terms of mechanical properties and technology, due to the austenitic organization, it has high ductility and the 

yield strength is not high, but it has the ability to stabilize by plastic deformation. Therefore, although it is flexible, 

it is difficult to cold-deform, but thereby greatly increases the strength and hardness of the product. Furthermore, 

the mechanical work to separate the chip from the workpiece during cutting and the grinding of the workpiece 

and the chip with the tool is largely converted to heat. This heat heats the workpiece, the workpiece is transferred 

to the air, but mainly concentrates on the tool, especially the cutting mesh. Therefore, when cutting, the mesh is 

heated more strongly. The temperature of the cutting edge depends on many factors: workpiece material, cutting 

speed, chip cross-section, tool cooling...Therefore, cutting tools need to use high hot hardness type, preferably 

CBN and crystalline Diamont grades, in order to increase economy three Carbide TTK can be used. Cooling 

should be applied with minimal cooling lubrication by high-pressure coolant misting instead of overflow 

irrigation. 
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(a) 

(b) 

Figure 7. Relationship between roughness and tool inclination with different stepover: (a) machining residual t 

= 0.15mm, (b) machining residue t = 0.25mm 
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The measured and calculated surface roughness of the workpiece is shown in Figure 8. As shown in Figure 8, the 

measured and simulated roughness maintains a high degree of consistency, first increasing and then decreasing, 

then that increases and eventually decreases. The results on the roughness comparison are also highly consistent, 

first increasing and then decreasing. It can also be seen from two pictures; in milling with ball end cutters with an 

angle of 30 to 60, the range of variation of surface roughness is smaller and the machining quality is better. 

Meanwhile, when the angle of inclination of the cutting tool is greater than 60 degrees or less than 30 degrees, the 

surface roughness shows an increasing trend in surface roughness of different milling technology modes. When 

the tool has a different inclination angle, the cutting process will have a different cutting speed; so variation of 

surface roughness occurs due to a combination of many factors including actual cutting speed, cutting force, 

cutting heat, vibration and workpiece material. 

The magnitude of the deviation between the measured and simulated surface roughness may be due to 

measurement error, deviation of the measuring part, or actual cutting conditions such as tool feed and possible 

material tearing from the workpiece. The good agreement observed between the measured and simulated results 

in our experiments suggests the need to consider dynamic changes of feed rate when modelling surface 

topography, and also confirmed the proposed model. 

The actual milling process is complex and many factors can affect the topography of the machined surface. The 

main machining parameters that can be controlled, such as spindle speed, feed rate, tool direction, depth of cut, 

path span, tool and workpiece geometry, were considered in the developed model. Small deviations must result 

from actual cutting conditions that are difficult to control, such as vibration and machine vibration, tool wear, tool 

and feed misalignment, material tearing and plastic deformation, etc. 

Figure 8. Comparison of roughness in simulation and experimental calculations with S = 0.125mm 

CONCLUSION 

The improvement of the accuracy and surface quality of the product after CNC milling is often closely related to 

the choice of the type of cutting tool. Therefore, computational and experimental research using cutting tools on 

milling machines have always attracted considerable attention from researchers. In this paper, a study on selecting 

the change of tilt angle of ball head cutting tools was investigated on a 5-axis CNC milling machine. The research 

results have shown some of the following characteristics: 

• When changing the angle of inclination of the cutting tool from 0 degrees to 90 degrees with an increment

of 15 degrees, the cutting force tends to stabilize from 5N to 15 N with an angle of inclination less than

60 degrees. However, the cutting force increases sharply and is difficult to control when the angle of the
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cutting tool exceeds 75 degrees. The mechanism of plasticization and hardening is explained for the 

above change. 

• As the infeed increased as the tendency to increase the shear force on the test specimens was observed

an increase was observed. However, that increase is not significant, about less than 5% for the average

over the entire length of the instrument tilt angle surveyed.

• Roughness is considered a quality evaluation parameter of the milling process. It is clear that the angle

of inclination of the cutting tool has a significant effect on the surface quality of the milling workpiece.

Low roughness also means good surface quality is noted for tool inclination angle of 45 degrees.

However, it is difficult to extend the tool inclination angle range when roughness change becomes worse

as the angle range expands towards 15 degrees and 90 degrees.

• The fairly good correlation between the calculated and experimental results has shown that the model's

reliability is acceptable. The model is able to predict the surface texture and roughness parameters of the

machined surface with an average of 20% prediction error.

It should be noted that the variable cutting force directly affects the instantaneous displacement of the tool and 

thus the machined surface quality such as surface roughness, surface position error. Therefore, reliable shear force 

modelling is essential for accurately predicting surface textures after finishing ball milling, mainly in industrial 

applications. 
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