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ABSTRACT  

The plastics processing and injection molding industry is known for the fact that the future molded part contains a variety of geometric 

shapes and, in some cases, free surfaces. To produce these shapes, knowledge of CAM systems is required to enable the programmer 

to select the necessary milling strategies designed to achieve the best possible quality and dimensional accuracy. However, it is equally 

necessary to understand and appreciate the effect of each strategy and which strategy is best suited for a given type of surface. The 

paper compares finishing milling strategies by evaluating the topography of the machined surface. The material was AlCu4Mg alu-

minium alloy, where Constant-Z and Spiral strategy – circle-type finishing strategies were selected for the production process. Surface 

topography analysis was evaluated and compared at three different heights of the produced part with respect to the tool contact with 

the machined surface, which showed a variation in toolpaths and therefore also in the quality of machining. The surface topography 

results demonstrated the Constant Z strategy to be the more suitable strategy for producing the shaped surface, which achieved uniform 

toolpaths over the whole height of the part. 
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INTRODUCTION 
 
Achieving dimensional and geometric accuracy as well as the 

focus on overall surface quality is still the number one parameter 

in various industries such as the automotive, aerospace and plas-

tics industries. In the field of plastics processing, the milling pro-

cess is mainly used in the production of molds, dies, etc. [1]. In 

the process of manufacturing various parts from simple shapes 

to complex parts, molds and dies, where it is important to 

achieve the desired part quality, CAM systems have been ap-

plied as a very suitable tool that offers a wide choice of different 

strategies for 3-axis or multi-axis machining [2]. However, the 

selection of the right strategy to achieve the required geometric 

shape or free-form surface holds an equally important role. 

These are the factors that ultimately lead to the required surface 

quality, which may include achieving the desired surface rough-

ness, surface topography, tolerance, dimensional accuracy, etc. 

[3,4]. 

These requirements raise questions about how to achieve them. 

It is necessary to know the manufacturing process itself as well 

as the technology, and if the parts are being manufactured on 

CNC machines, the suitability of milling strategies and cutting 

conditions [5]. Computer numerical control (CNC) is a flexible, 

productive and the most efficient method of manufacturing to 

produce complex shapes [6]. Since the choice of milling strate-

gies is conditioned by the shape of the part to be manufactured, 

it is not always easy to choose them correctly. Several facts must 

be considered, such as the type of machine used, i.e., 3-axis or 

5-axis machining, the type of milling strategy, the cutting con-

ditions, and the precision to be achieved, among others. Last but 

not least is the geometry and shape of the part to be produced. 

Different strategies are suitable for each curve and surface, and 

the direction of machining is also important, be it descending or 

ascending. All of the factors have an influence on the quality and 

the resulting surface topography. 

In practice, especially in the production of molds and dies, it is 

necessary to produce combinations of different surfaces, con-

vex, concave, or free surfaces. Therefore, the importance of se-

lecting the milling strategy intended for finishing is justified and 

it is necessary to know which of the strategies is appropriate to 

use for finishing a given surface. In the case of the production of 

the abovementioned surfaces, not only the selection of the ap-

propriate strategy but also the contact point of the tool with the 

workpiece plays an equally very important role, as it changes 

during the production process with respect to the machined area 

and thus influenced, in particular, the roughness and topography 

of the surface [7]. The most commonly used milling strategies 

include zig-zag, offset, spiral, radial, constant Z and others. The 

selection of the strategy along with the generation of toolpaths 

allows the final shape of the part to be achieved [8-10]. When 

machining shapes such as convex, concave, or free-form sur-

faces, ball-end cutting tools are most commonly used, which by 

their geometry, allow this required shape to be achieved. 

In the manufacturing process, the surface topography is the re-

sult of the tool geometry used, the cutting conditions and, most 

importantly, a factor known as the overlap of the toolpaths, 

which affects the scallop height and, therefore, the surface 

roughness of the machined part [11-12]. When evaluating the 

surface topography, not only the toolpaths can be observed on 

the surface of the machined part, but also the negative influences 
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that may affect the surface quality can be observed as well. In 

the case of convex, concave, or freeform shapes, these are 

mostly areas where zero cutting speed is achieved in the manu-

facturing process. These are mostly areas where the tool has a 

perpendicular position with respect to the machined part [13,14].  

Due to the effect of this tool position on the machined surface, 

the degraded quality can be manifested by the appearance of var-

ious plastic deformations, a process called ploughing, grooves, 

etc. [15].   

The effects of strategies such as linear, offset and spiral were 

compared in the work of Sadeghi et al. [16], who focused on the 

analysis of the microhardness of steel specimens with a convex 

shape. Ozturk et al. [17] compared the effect of 5 different ma-

chining strategies on a sample containing convex and concave 

curves. The objective of their research was to compare the ma-

chined surface with the surface obtained in simulation, the sur-

face roughness and to analyze the surface texture with respect to 

the given strategy. It was conducted without further attention to 

the point of contact of the tool with the machined surface. The 

result was that the Constant Z strategy obtained the best rough-

ness values.  

Similarly, Scandiffio et al. [18] analyzed the contact relationship 

between tool and workpiece with respect to the machining direc-

tion, where they obtained a worse surface quality for the de-

scending milling of steel samples. However, none of the authors 

dealt with surface topography to document the tool-workpiece 

contact point in the machining process. Wojciechowski et al. 

[19] analyzed the method of vibration estimation in freeform 

milling, where the result was that the length of tool alignment 

has a significant influence on this parameter.  

The evaluation of milling strategies for convex surfaces was also 

carried out by Shaghayegh et al. where the radial strategy 

achieved the best surface texture and the helical strategy the 

worst one [20]. The research conducted by Tuysuz et al. [21] 

demonstrated the most suitable value of effective cutting speed 

and this was in the region where the tool cuts approximately tan-

gential to the machined surface. When machining in the down-

ward direction, material deformation in the form of a notch ef-

fect occurred. The low cutting speed results in maximum vibra-

tion in the machining process, which is undesirable from the 

point of view of surface quality. Therefore, also in this case, the 

correct choice of milling strategy plays an important role, in 

which we have to consider the contact of the tool with the ma-

chined surface [22-23]. The influence of milling strategies on 

the topography and surface roughness was analyzed by Kow-

alczyk [24], who compared four strategies in the machining of 

aluminum material. The result was that the best roughness val-

ues were obtained with a circular tool path. Hao et al. [25] state 

that the surface topography is influenced not only by the plastic 

deformation of the machined surface, but also by the vibrations 

generated during the manufacturing process. 

The relationship of tool to workpiece contact in freeform ma-

chining was investigated by Arruda et al. [26], who evaluated 

three contact points in machining, descending, ascending, and 

machining through the center of the tool. In his work, Toth [27] 

compared the results obtained from the simulation in a CAM 

system with the toolpaths on machined samples. Mali et al. [28] 

described some gaps requiring further research in the area of 

freeform milling, such as tool inclination, three-dimensional sur-

face roughness, surface topography, or residual stresses. 

In three-axis milling, the tool axis (Z-axis) is fixed relative to the 

workpiece surface, so only the feed direction can be examined 

and changed by the user's CAM. The effective tool diameter and 

the actual cutting speed depend on the inclination of the surfaces 

(in 3-axis machining). This dependence affects the quality of the 

machined surface. Also, to meet the requirements for machining 

accuracy, the axis movement must be coordinated. The defini-

tion of synchronous motion of multiple axes states that each axis 

must traverse the distance of each segment by a position com-

mand at the same time.  It is a great challenge to maintain syn-

chronous motion in complex machining of freeform surfaces 

[29-31]. In the case of the assumption that a curved surface con-

sists of different small curvature segments with different normal 

vectors, machining such a surface is complicated. The trajectory 

is divided into sub-segments to achieve the accuracy require-

ment, where these segment positions are transferred as a com-

mand in the form of program code to the NC machine. 

The machining process includes a parameter known as cycle 

time, which includes the time it takes for the machine to read 

one line of NC code and then transfer that data to the machine 

motion. The second aspect is the time in which the control unit 

needs to correct the machine motion such as position, speed or 

acceleration [32]. Different toolpaths are generated in the ma-

chining process using linear interpolation, which is defined as 

the path between two following cutting tool positions (CL). In a 

CAM system, it is possible to define a tolerance zone also known 

as chord error, which modifies the segments of the toolpath. If 

the user sets the tolerance zone smaller, the toolpath becomes 

more similar to the CAD model [33]. When a CNC machine cre-

ates a toolpath consisting of multiple small segments (for exam-

ple, when milling freeform shapes), the CNC has to calculate 

many NC blocks in a short time. If the CNC is unable to perform 

that volume of calculations to achieve the program feed rate, the 

CNC will reduce the feed rate to make process capabilities suit-

able. This is the reason why the machining time calculated by 

the CAM system becomes incorrect and the actual machining 

time is longer [34]. 

Several papers have addressed the application of different mill-

ing strategies in manufacturing, but only a small number have 

taken a closer look at the effect of milling strategy on convex, 

concave, or free surfaces, focusing on the tool-workpiece con-

tact and its topography [35]. The choice of aluminium alloy was 

based on its wide use in the industrial field. Al-Cu-Mg alloys 

have many excellent attributes. Industry manufacturers are seek-

ing novel ways and resources to achieve desired qualities for the 

structural components [36-38]. Therefore, the aim of this paper 

was to evaluate and compare two specific strategies on the qual-

ity of the machined surface by comparing and evaluating differ-

ent surface topographies at different heights of the manufactured 

part. The justification for the evaluation of surface topography 

at different heights of the fabricated part lies in the tool contact 

with the workpiece, which is different with respect to the effec-

tive tool diameter. 

The aim of the research was to contribute to scientific 

knowledge by investigating tool contacts at three different 

heights, using two milling strategies and under downward mill-

ing conditions.  

  

MATERIAL AND METHODS 
 
Experimental procedure 
 
For the experimental procedure, two samples of the machined 

surface were produced. The sample design was created in the 

CAD system Solidworks and tool path generation for the ma-

chining process was defined in the system SolidCAM. 

For the production, a 3-axis milling machine EMCO mill 155 

was used, where the maximum spindle rotation is 5000 RPM. 

The material for the production was aluminum alloy (AlCu4Mg) 

with mechanical and chemical properties as shown in Table 1 

and Table 2. 
 
Table 1 Mechanical properties of the AlCu4Mg material  

Tensile strength [MPa] 

Yield 

strength 

[MPa] 

Hardness 

[HB] 

101.89 86.69 90.20 
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Table 2 Mechanical properties of the AlCu4Mg material  

Cu Mg Fe Si Mn Ti Zn Al 

4.30 0.79 0.26 0.24 0.3 0.04 0.04 
bal-

ance 

 
Roughing, semi-finish and finish operations are mostly used for 

shaping milled surfaces in the machining process. The machin-

ing operations used in the experimental research are shown in 

Fig. 1. 

 

 
Fig. 1 Selected machining operations 

 

Roughing and semi-finish operations were the same for all three 

samples to achieve the same surface texture. Of all operations, 

the finishing operation is the most difficult, because, in the mill-

ing process, the contact tool-material cutting speed and chip for-

mation are changed. 

The cutting parameters with the tool description used for the pro-

duction are shown in Table 3. A carbide ball end-mill was used 

for the finishing operation, where a BT-40 rigid system with a 

mechanical collet chuck was used with a 40 mm tool overhang. 

Parameters for the individual operations were chosen based on 

the tool manufacturer’s recommendations. For the cooling min-

eral oil-based emulsion coolant was used in the production. The 

test samples’ dimensions were 65 x 65 x 40 mm. 

 

Table 3 Selected cutting parameters with tool description  

Tool 

di-

am-

eter 

Cutting 

speed 

[m.min- 

1] 

Feed 

per 

tooth 

[mm] 

Spin-

dle fre-

quency 

[RPM] 

Tool 

pro-

ducer 

Tool code 

End 

Mill 

D18 

270 0.125 4800 
Kor-

loy 
AMS2018S 

End 

Mill 

D8 

123 0.029 4900 
ZPS-

FN 
273618.080 

Ball 

End 

Mill 

D6 

92.4 0.022 4900 
ZPS-

FN 
511418.060 

 
For the milling process of the shaped surfaces, the following in-

put data were defined. 

•   Roughing operation – end mill tool D18 mm, two interchange-

able cutter plates marked APXT11T3PDR-MA, depth of cut ap 

= 3 mm, radial depth ae = 3 mm, toolpath tolerance T = 0.1 mm, 

surface allowance P = 0.5 mm 

•  Semi-finishing operation – end mill D 8 mm with two-flute 

cutters marked as 273618.080, cutting material HSS Co8, depth 

of cut ap = 0.5 mm, radial depth          ae = 0.5 mm, strategy 

Constant Z, toolpath tolerance T = 0.1 mm, surface allowance P 

= 0.2 mm 

•   Finishing operation – ball end mill D 6 mm with two-flute 

cutters marked as 511418.060, cutting material HSS Co8, radial 

depth ae = 0.25 mm, toolpath tolerance T = 0.01 mm, scallop 

height SH = 0.01 mm 

For the experimental procedure, the following methods were 

evaluated: 

1. Machined surface analyses in CAM system 

SolidCAM. Simulations of machined surfaces cre-

ated in Solid Verify were compared to actual sam-

ples produced. 

2. Surface topography comparison and evaluation us-

ing digital microscope Keyence VHX-5000.  

Each CAM system includes some possibilities to verify a ma-

chined surface. It also offers a lot of different strategies for 3 and 

5-axis milling to machine different types of surfaces.  

In our case strategy, two finish strategies were compared and 

evaluated. In the beginning, the machining process starts with 

roughing and semi-finishing operation. Fig. 2 shows the ma-

chined surface in simulation mode Solid Verify and Fig. 3 shows 

the real shape after machining. 
 

  
Fig. 2 Roughing operation - 

simulation 

Fig. 3 Roughing operation – 

real machining 
 
The comparison shows that the simulation shape and tool paths 

obtained corresponded with the real shape milling. After the 

roughing operation, it was possible to visually observe an irreg-

ular surface and the semi-finishing operation was used to re-

move it. The simulated machined surface after the semi-finish 

operation shown in Fig. 4 is compared with the real machined 

surface in Fig. 5. 
 

  
Fig. 4 Semi-finish operation 

–  simulation 

Fig. 5 Semi-finish operation 

– real machining 
 
After the semi-finishing operation, similar surfaces were ob-

tained. A surface allowance 0.2 mm was left for the finishing 

operation. To examine the relationship of milling strategies to 

surface quality, Constant Z strategy and Spiral-circle strategy 

were used.  

The simulation of the finishing operation using Constant Z strat-

egy as pictured in Fig. 6 can be compared with the real machin-

ing as shown in Fig. 7. The finishing operation of the Spiral-

circle strategy in the simulation mode is shown in Fig. 8 and the 

real machining using the Spiral-circle strategy is shown in Fig. 

9.  

  

  
Fig. 6 Finish operation: 

Constant Z strategy – simu-

lation 

Fig. 7 Finish operation: 

Constant Z strategy – real 

machining 
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Fig. 8 Finish operation: Spi-

ral-circle strategy – simula-

tion 

Fig. 9 Finish operation: Spi-

ral-circle strategy – real ma-

chining 
 
Individual comparisons show that tool paths generated using 

CAM system corresponded with the real machined surfaces.  
 
Topography observation  

Surface topography is the result of many factors, including vi-

bration during the cutting process, which have the most signifi-

cant effect on surface topography. These were the distances from 

the highest point of the sample surface downwards of 7.5 mm, 

15 mm and 22.5 mm. At each of these heights, there was a 

change in the effective diameter of the tool relative to the 

machined surface, where the  value depends on the axial depth 

of cut and the curvature of the workpiece surface. 

A digital microscope was used to observe the surface elements 

at the specified heights as shown in Fig. 10 to Fig. 15. The 

coloured areas in all the figures represent contour lines, giving a 

better overview of the height location of the tool marks. The 

photographic part of the figures (right) shows a realistic view of 

the given surface element.  

Grooves are visible on all sample surface elements, separating 

the individual cuts. It is assumed that the cause of the grooves is 

the method of grinding the cutting edge of the finishing tool. The 

cutting edge was not ground by a rolling motion of the grinding 

tool along the cutting edge, but the grinding tool was displaced 

in height by a step change in the setting angle. This resulted in 

the approximation of a hemispherical shape by a series of low 

conical surfaces. 

The individual elements of the surfaces at three different heights 

using the Constant Z strategy are shown in Fig. 10 to Fig. 12. 
 

 
Fig. 10 Examined element surface at a height of 7.5 mm, Con-

stant Z strategy 
 

 
Fig. 11 Examined element surface at a height of 15 mm, Con-

stant Z strategy 

 
Fig. 12 Examined element surface at a height of 22. Mm, Con-

stant Z strategy 

 
The individual elements of the surfaces at three different heights 

using the Spiral- circle strategy are shown in Fig. 13 to Fig. 15. 

 

 
Fig. 13 Examined element surface at a height of 7.5 mm, Spiral-

circle strategy 

 

 
Fig. 14 Examined element surface at a height of 15 mm, Spiral-

circle strategy 

 

 
Fig. 15 Examined element surface at a height of 22 mm, Spiral-

circle strategy 

 
Examples of the detail at 50x magnification on one of the surface 

topography elements with respect to the 22.5 mm height at 

which the machined surface was observed for the Constant Z 

strategy are documented in Fig. 16 and for the spiral circle 

strategy in Fig. 17. The tool grooves (toolmarks), arranged along 
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the contours, are clearly visible. The tool grooves (toolmarks), 

arranged along the contours, are clearly visible. The lighter areas 

represent individual chip removals (dimples), indicating a 

change in surface texture. It can be assumed that the cutting edge 

of the ball milling cutter vibrated irregularly during the spiral 

circle milling strategy. The toolpath will thus no longer 

correspond to the ideal machined surface, which may result in 

poor surface quality, and roughness and cause undercutting of 

the machined surface. 
 

  
Fig. 16 Surface texture de-

tail for strategy Constant Z  

Fig. 17 Surface texture de-

tail for Spiral-circle 
 
From the details, it is possible to see the difference in toolpaths 

due to the influence of tool contact in the relationship between 

the tool and the machined surface. Better surface topography can 

be observed with the Constant Z strategy, which is visible and 

different from the Spiral-circle strategy. 

The individual details show that under ideal conditions (no cut-

ting vibrations and tool deformations), the toolpath is in line 

with the ideal machined surface and produces a uniform and pe-

riodic surface topography along the feed. This results in tool-

marks arranged in contours that are clearly visible. 

At distances of 7.5 mm, 15 mm and 22.5 mm from the highest 

point of the sample surface downwards, measurements were 

made indicating the distances between each radial depth of cut 

ae in the downward machining direction Fig. 18 – Constant 

Z strategy and Fig. 19 Spiral-circle strategy. In general, as the 

curvature of the surface increases, the contact area of the tool 

with the workpiece increases and therefore the effective 

diameter of the tool increases as well. 

 

 
Fig. 18 Radial depth comparison for three heights, Constant Z 

strategy 

 

 
Fig. 19 Radial depth comparison for three heights, Spiral-circle 

strategy 

In milling, the contact area between the tool and the workpiece 

changes due to the curvature of the workpiece as shown in Fig. 

18. By applying the Z-constant strategy, the assumption of a 

larger effect of the effective tool diameter on the machined area 

was confirmed, where at distances from the highest point, the 

radial depth of cut ae increased in the downward direction. How-

ever, for the Spiral-circle strategy, this assumption was not 

proved.  

 
CONCLUSION  

The surface topography of the produced part of AlCu4Mg alu-

minium alloy was evaluated at three different heights and com-

pared with respect to the tool contact with the machined surface 

and the selected milling strategy. Descending milling direction 

was selected. The following conclusions were reached:   

The results of the individual comparisons showed that tool paths 

generated using CAM system corresponded to the actual ma-

chined surfaces.  

The topography of the surfaces resulted in visible grooves on the 

machined samples, separating the individual cuts. The cutting 

edge was moved in height during machining when the setting 

angle was changed in steps. This resulted in the approximation 

of a hemispherical shape by a series of low conical faces. 

It was possible to see the difference in toolpaths due to 

the influence of tool contact in the relationship between 

the tool and the machined surface. A better surface 

topography was obtained with the Constant Z strategy. 
In the Constant Z strategy, the toolpath was in line with the ideal 

machined surface and produced a uniform and periodic surface 

topography along the feed. This resulted in highly visible 

toolmarks arranged in contours. 

At distances from the highest point, the radial depth of cut ae 

increased in the downward direction due to the influence of the 

Constant Z strategy. For the Spiral circle strategy, this 

assumption was not proved, which could be caused by the 

influence of the tool vibration on the machined surface. 
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