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Abstract 

 

Nowadays there are high demands on efficiency and economy in engineering production. Therefore, CAM systems are 

used to prepare programs for modern productive NC machines. These systems are in most cases well prepared for 

roughing operations and the modern machining strategies are applied.  

Anyway for product quality the finishing operations are more important. The finishing operations which combine modern 

methods of machining with adaptive tool path generation are usually not present. Absence of such operations is most 

evident when machining complex surfaces.  The aim of the research was to determine the effect of a constant volume of 

the chip to the load of the cutting tool. The tests were performed according to the idea of constant volume removal. The 

result is that the effect of the constant volume of the chip influences the cutting tool load but the effect is not so significant 

and we must continue and develop the theory to find the correct attitude to surface finishing operations. 
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1. Introduction 

 

Current engineering production adapted to today's fast moving times. We are currently very quickly and 

productively able to produce parts in large series, but also respond quickly to changes in demand and to change production 

program. This trend is also adapted to modern CNC machine tools, which can not only combine several manufacturing 

technologies together, but also enable the production of parts in a single setup. This allows us to quickly and efficiently 

produce even very complex parts in a required quality. In order to respond to the change we must also be able to quickly 

and efficiently prepare NC-programs. That is why today CAM systems are used for the preparation of NC programs. For 

final quality and precision of machined surfaces the finishing operations are especially important. The final result of the 

machining is influenced by the method for tool paths generation, but also by the load of the cutting tool. 

 

Nomenclature 

Ft, Pz tangential cutting force 

σ  ultimate tensile strength 

A cross sectional area of the uncut chip 

Zc number of inserts in the cut 

Cm machinability factor 

Cw tool wear factor  

Ks specific cutting resistance 

S feed per revolution 

T depth of cut 

Kr correction factor for rake angle 

Kw correction factor for tool wear 

Kv correction factor for cutting speed  

 

2. Finishing operations in CAM systems 

 

CAM system development in recent years has focused primarily on roughing operations. CAM systems usually 

contain operations which support advanced machining strategies as HPC, HFC and more [1]. These operations can also 

adaptively adjust tool path [2]. This makes them possible to quickly and efficiently remove the material of the rough 

stock. 

The aim of roughing is to remove as much material as possible in the shortest time, but the quality and precision 

of the machined surfaces are not so important. In contrast, finishing operations give the use properties of the resulting 

surface finish. It is possible to choose several finishing operations in CAM systems. Basic finishing operations are divided 

according to the slope of the surface. Unfortunately, CAM systems usually miss the possibility to combine modern 

machining strategies and tool paths generation adaptively according to the surface shape. It can cause a problem when 

the slope of the machined surface dramatically changes. 

We can now divide the finishing operations into three basic groups. In the first group, there are the operations 

for vertical walls and surfaces with a small slope angle. These operations create the tool path in the axial direction. The 

user sets the axial step of the tool path and the CAM system calculates the radial step accordingly [3].  

The next group of finishing operations is used for machining of the pocket bottom or shallow surfaces. The basic 

parameter is the radial step which defines the basic side step of the tool path. CAM system calculates the axial position 

of the tool path according to the shape of the surface. 

The third group defines the tool path according to the surface normal direction which is suitable especially for 

the surfaces where the slope changes from vertical to horizontal direction. The CAM systems usually combine both 

approaches mentioned above. The definition of the operation then contains both, radial and axial side step. Some systems 

also compute the tool path according to the scallop height or to the constant step along defined 3D curve (fig. 2). 

 
Fig. 1.  Vertical (a) and horizontal (shallow) (b) surface finish 
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Fig. 2. Function CONTOUR-DRIVEN used for fillet finishing, CATIA 

 

These basic strategies allow the user to choose a proper surface finish operation. Anyway, the tool path generated 

by these strategies is not optimal. This is obvious by machining complicated shape surfaces (fig.3). During the change of 

the slope several parameters change at the same time and it influences the quality of the finished surface [4]. This raises 

a kind of distrust of the CAM users and they usually set up smaller side step in radial or axial direction to reach required 

surface quality. This leads to a smaller machining productivity. 

Bull nose and ball nose cutters are usually used for surface finishing.  The change of surface slope changes the 

contact point of the cutter and accordingly varies several parameters. First the cross section of the chip changes and it 

also causes the change of the cutting force. This can result into the cutting tool chatter and lower quality of the finished 

surface. The change of the contact point also changes the effective cutting speed. Again this can negatively influence the 

cutting process.  

According to the current analysis the cutting force respectively is tangential component is an important parameter 

of the cutting process. The change of this cutting force may affect the quality of the finished surface. 

 

 
 

Fig. 3.  Example of complicated shape surface 

 

 
 

Fig. 4. Change of the contact point according to the surface slope 
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3. Complex surface machining 

 

On the basis of the knowledge mentioned above the purpose of the research was to propose a strategy which can 

generate such a tool path that the cutting force is being kept constant even on a surface with variable slope. To be able to 

solve this problem, it is necessary to understand the complex behaviour of the finish cutting process. As an initial analysis 

the practical test was performed. The reason of this test was to identify the change of the cutting force according to the 

change of the slope and the side step. The reason of the change of the side step is to identify the cutting force change 

according to the chip volume. 

The initial test was performed on the specimen made of 1.2379 steel. This is a type of high alloyed chrome 

molybdenum vanadium steel. The specimen was machined by the ball end mill with interchangeable insert (Iscar ballplus 

with HCM insert). The main parameter was the slope of the surface. At the beginning three slopes were defined – 20, 40 

and 55 degrees. The side step varied from 0.05 mm to 1.45 mm. 

The result of the test is shown in fig.5. The resulting graph shows that the cutting force changes linearly according to the 

side step in all three slopes. It is also possible to see that the cutting force reaches the smallest values on the 20 degrees 

surface; the highest values are reached on the 40 degrees surface.  

Another set of test cuts proved also a linear dependence of the cutting force and depth of cut. This corresponds 

also to the cutting force calculation equations based on ultimate tensile strength [5] or specific cutting resistance [6]. The 

tangential cutting force is also linearly dependent to the cross sectional area of the chip in both equations: 

 

wmCt CCAZF   [5] (1) 

 

vwrZZ KKstKKP   [6] (2) 

 

 
 

Fig. 5. The dependency of the tangential cutting force on the side step 

 

 
 

Fig. 6. The dependency of the cutting force on the cutting speed 
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Another performed test compared the cutting force according to the cutting speed while the chip cross section 

was kept constant. The result shows that the cutting force decreases together with increasing cutting speed (see fig. 6). 

This result also corresponds with general knowledge which was first introduced by C. Salomon in 1931 [7]. 

The main idea of the next test was to keep the chip volume constant and so keep the cutting force of the finishing 

tool constant. The test was performed on a rotational surface with variable slope which formed a closed pocket (see fig. 

7). The tool path was calculated so the chip volume and feed were constant and the surface had a constant material offset 

of 0.5 mm. This test should show the behaviour of the cutting force on a surface with variable slope and to compare the 

strategy with constant chip volume to a standard finishing operation in CAM system. The tool path with constant chip 

volume was created manually because this strategy is not offered by CAM systems. 

 

Fig. 7.  Test surface with constant offset 

 

The second type of machining strategy used a constant axial step. The test was repeated with variable cutting 

speeds 100, 350 and 600 m/min. The results of the test are shown in the fig. 8 and fig. 9, where x axis shows time in 

seconds and y axis is the tangential force in Newtons. 

The graphs in fig. 8 and fig. 9 show that the cutting force in both cases is very similar and varies together with 

time. In case of strategy with constant chip volume the values of the cutting force are strongly limited (time range 150 – 

160 s) in comparison with the peak value in case of Constant Z (time range 105 – 115 s). This is the time range which 

corresponds in both cases with cutting in the position of the lower radius of the pocket, where the radius of the surface 

and radius of the cutting tool are equal. 

The similar values of the cutting force (except of the time ranges mentioned above) clearly show that the 

influence of the chip volume is not as important as expected. Vice versa, the cutting force is highly influenced by the 

slope angle of the surface. This effect may be caused by varying effective cutting force [8]. To prove this idea it is 

necessary to perform and evaluate further tests which could define the desired adaptive strategy of surface finishing. 

 
Fig. 8.  Constant Z – vc = 600 m/min 

Constant 

offset 
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Fig. 9. constant chip volume - vc = 600 m/min 

 

4. Quality of finished surface 

 

The aim of the finishing operation is an effective machining of the surfaces in a desired quality. For effective 

finishing the uniform quality of the surface is needed. The constant chip volume was used for tool side step calculation. 

The problem is that the constant chip volume depends not only on the tool path side step but also on the machined surface 

curvature. The side step is different in case of flat surface and it is different in case of the surface with a curvature equal 

or nearly equal to the ball end mill radius. This causes, that he side step varies and the final surface quality is not uniform. 

It means that the quality of the surface significantly decreases in flat regions and the programmer would be forced to set 

a small chip volume. The situation would be the same as in case of recent strategies in CAM systems. 

This is the reason, why the constant chip volume cutting is not very effective for finishing operations.  

 

5. Conclusion 

 

The main idea of the research is to find an effective strategy of surface finish to reach homogenous quality of the 

machined surface. The surface quality is mainly given by the side step of the tool path. The strategy of cutting with 

constant chip volume was used to secure this demand and the side step of the toolpath was calculated according to the 

condition of constant chip volume. 

According to the performed tests it is possible to state that the constant chip volume cutting causes more uniform 

cutting tool load but at the same time it is not possible to secure required quality of the finished surface. So, this strategy 

of cutting is not suitable for tool path side step calculation. There is still a need to develop another algorithm to calculate 

an optimal tool path for surface finishing. Anyway, the prediction of the cutting force based on the chip volume can be 

used as a tool to check the cutting force in the CAM simulation and to help to protect the cutting tool and work piece 

surface form damage caused by tool overload. 

Because the constant chip volume strategy showed that it is not appropriate for surface finish operation it is 

needed to focus on other forms of tool path calculation. The side step calculation should be defined especially by the 

surface properties as surface curvature and position of the contact point of the cutting tool. 
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