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Abstract 

The study investigates the normal to the feed force component of the total cutting force in dry 
rough end down-milling of AZ91D magnesium alloy. The overall goal of this work is to 
investigate the dependence of this cutting force component on the milling parameters 
(particularly high cutting speeds – high-speed milling). An interesting aspect of this study 
pertains to the impact of end mill geometry (e.g. different helix angles) on machining effects. 
The study also involves capturing and analyzing the component’s signal in the time domain 
first, and then assessing its dynamics in the frequency domain. In addition to that, the following 
are determined: maximum, peak-to-peak and root mean square values, along with composite 
multiscale entropy (CMSE) and outliers or extreme values in box plots. Also, an analysis is 
performed using recurrence plots, in order to assess the periodicity and continuity of the plot 
diagonals. Results show a clear relationship between the final CMSE value and the applied 
cutting speed and depth of cut. FFT analysis revealed that the signal recorded - particularly at 
high cutting speeds - is characterized by a significantly lower number of harmonics. The 
reduced complexity of the frequency spectrum indicates a potentially lower susceptibility to 
self-excited vibrations. 
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1. Introduction 

 

Dry rough milling of magnesium alloys currently requires a holistic approach that combines the 
pursuit of maximum efficiency with maintaining high quality and process stability. The 
implementation of high-speed machining (HSM) strategies allows for a reduction in production 
cycle times, which is a priority for the machinery, automotive, and aerospace industries, among 



others [1]. Magnesium alloys have a high strength-to-weight ratio and low density, which 
makes them materials with outstanding machinability. This property allows for the effective 
removal of large machining allowances under high technological parameters [2, 3], as the 
process is characterized by significantly lower cutting forces and a more favorable thermal 
balance when compared to, for example, the machining of aluminum alloys [4, 5]. Specifically, 
cutting forces in a milling process for magnesium alloys can be approximately 50% lower than 
those observed for Al-Si alloys, which directly translates into significantly reduced thermo-
mechanical loads exerted on the tools. The direct dependency between cutting force response 
and resulting surface quality has also been observed in the micro-milling of AZ31B [6, 7]. 
Nevertheless, the precise, finish and, naturally, rough machining of magnesium alloys entails 
specific physicochemical challenges. The cutting zone temperature and thermomechanical 
loads in dry machining require strict process control [4, 5, 8]. This issue is particularly important 
in dry rough milling processes for magnesium alloys, where temperature-related safety 
assessment and chip ignition risk must be considered together with tool geometry effects [9]. 
In addition, fine chips and magnesium dust must be considered from the viewpoint of ignition 
risk and machining safety [10]. The morphology and fragmentation of chips should also be 
taken into account, since they are directly related to process stability and safety in dry 
magnesium alloy milling [11]. In response to these difficulties, conventional water-based flood 
cooling is increasingly less frequently used in favor of dry machining and minimum quantity 
lubrication (MQL) strategies [3, 12, 13], while advanced MQL approaches, including eco-
friendly nanofluid-assisted variants, have been reported to improve tribological conditions and 
overall machining performance [14–16]. For instance, the use of MQL in the milling of rare-
earth magnesium alloys has been shown to effectively reduce the cutting zone temperature, as 
shown by measurements with an infrared thermography camera, and to improve surface quality 
compared to dry cutting [17, 18]. Moreover, mercury pool thermocouple-based measurements 
have demonstrated that the use of eco-friendly nanofluids, such as MoS2 nanoparticles 
suspended in waste oil, significantly reduces the feed component of the total cutting force and 
the cutting zone temperature during the machining of magnesium implants, thus presenting a 
biodegradable and cost-effective alternative [19]. 
Recent studies on sustainable machining of the AZ91D alloy under variable cutting parameters 
further confirm the need to balance process efficiency with force-related and quality-related 
responses [20]. Similar couplings between machining parameters, cutting force, chip 
characteristics, and tool wear have also been reported for magnesium-based composite parts 
[21] . Investigations on the dry face milling of short carbon fiber-reinforced AZ91 matrix 
composites have revealed a direct correlation between increased reinforcement content and 
higher cutting forces and surface roughness. This finding is consistent with the generally 
observed strong interrelationship between feed rate, cutting forces and surface roughness in 
AZ91 alloy machining [21, 22]. 
Furthermore, modern tool path strategies, such as helical and trochoidal milling, can markedly 
affect cutting stability and chip evacuation [4, 10]. This has also been confirmed in studies on 
AZ31 magnesium alloy, where helical milling was shown to influence both machinability and 
surface integrity [23]. The significance of these advanced strategies is further emphasized by 
the need for precise chip thickness and cutting force modeling. For instance, comparative 
studies on trochoidal and slot milling of aluminum alloys have shown that applying semi-
mechanistic force models and matching maximum chip thicknesses can effectively minimize 
the discrepancies in cutting dynamics caused by different tool path conditions [24, 25]. 



A fundamental indicator of machinability, directly affecting process quality and safety, is the 
set of cutting force components. Their variability, particularly that of the feed force component 
Fx, influences elastic deformations in the machine tool-holder-tool-workpiece system and, 
consequently, affects shape accuracy and surface layer integrity [13, 26]. An initial increase in 
the cutting force components may decrease the undeformed chip thickness. Paradoxically, this 
decrease causes a subsequent rise in the forces and thus specific cutting energy, which has a 
negative impact on the shear angle and generates higher cutting zone temperatures [27, 28]. 
This phenomenon is closely related to minimum chip thickness. When the applied feed per 
tooth is smaller than this critical threshold, a “ploughing” effect occurs instead of cutting, 
leading primarily to elastic deformation. This results in unstable, increased cutting forces and a 
significant degradation of surface quality [29, 30]. 
Although increasing the feed or axial depth of cut usually leads to increased cutting forces [13, 
31], these relationships are strongly nonlinear and may additionally depend on process 
instability [32]. Earlier studies conducted for the AZ91HP/D alloy also confirmed that both 
technological parameters and tool geometry significantly affect the cutting force components 
[33, 34]. In HSM, the cutting resistance may decrease following the process launch in the high-
speed range [4, 5, 8]. Tool geometry is also crucial for stable material removal, and the helix 
angle in particular can substantially modify the load distribution in the cutting zone [8, 26, 31]. 
Similar conclusions regarding the role of helix angle in high-performance milling were reported 
in [35, 36]. The significant influence of cutting tool geometry on machining performance has 
also been confirmed in the face milling of other construction materials, where increasing the 
number of cutting flutes was shown to considerably reduce the components Fx and Fy and 
significantly improve surface roughness [37, 38]. Furthermore, cutting force components 
exhibit a strong dependence on the applied protective tool coatings. For instance, TiB₂ coatings 
have been shown to effectively minimize the Fx and Fy forces during machining light alloys 
(e.g. AlSi21CuNi) [39]. This was also confirmed in a study on rough milling magnesium alloys 
by carbide tools coated with TiAlN [40]. At highly elevated cutting speeds (exceeding 1600 
m/min), these forces are also significantly influenced by the dominant tool wear mechanisms, 
such as adhesion and abrasion [8]. 
The milling environment is characterized by strong nonlinearity, where unfavorable 
combinations of kinematic parameters can initiate chatter, leading to a deterioration in surface 
quality and a decrease in repeatability [32, 41]. Under specific conditions, chatter vibrations 
can become so intense that their amplitude exceeds the actual chip thickness. Consequently, the 
chip becomes dissected or fragmented, leaving characteristic chatter marks that severely 
“damage” the machined surface - a phenomenon commonly referred to as machining instability. 
The transition from stable machining to unstable chatter is frequently governed by bifurcation 
phenomena, and it fundamentally alters the nonlinear milling dynamics [42]. The determination 
of stable condition limits and the avoidance of resonances have so far relied mainly on stability 
lobe diagrams [43, 44]. However, the classical FFT-based analysis is often insufficient for the 
interpretation of non-stationary signals [45]. Therefore, it is increasingly complemented by 
nonlinear dynamics methods, such as recurrence plots [46, 47] and composite multiscale 
entropy (CMSE), which enable a more precise assessment of transient phenomena and signal 
disorder [48, 49]. In such cases, alternative signal-processing approaches, including wavelet-
based and Hilbert–Huang methods, may provide a more detailed description of transient 
changes in cutting-force signals [50]. Recurrence plots together with recurrence quantification 
analysis (RQA) have proven to be remarkably effective advanced nonlinear methods for 



analyzing cutting force time series. They allow for the detection of subtle dynamic changes, 
process instabilities, and even minor surface defects [51]. 
The interpretation of multi-parameter milling results is often complemented with an analysis of 
variance (ANOVA), which enables the determination of statistical significance of both 
technological parameters and tool geometry on the components of the total cutting force [52, 
53]. Apart from ANOVA, the advanced prediction of cutting force components and material 
damage based on technological parameters can be effectively performed using Artificial Neural 
Networks which have demonstrated a strong predictive capability for cutting forces and 
delamination-related indicators [54, 55]. In the context of dry rough milling of magnesium 
alloys, such statistical approach helps compare machining conditions and indicate parameter 
ranges associated with a greater process stability and a lower likelihood of process-related 
defects. 
Despite the growing knowledge base regarding magnesium alloys machinability, the literature 
still lacks comprehensive analyses correlating high-speed machining parameters with the 
nonlinear dynamics of end mills with different edge geometries (e.g. helix or rake angles). A 
recent work investigating a dry rough milling process for alloy AZ31B conducted with tools of 
different geometry also confirmed the strong relationship between tool geometry, vibration 
response and process stability [56].  
In response to this gap, the present work studies the behavior of the normal to the feed force 
component Fx during a dry rough down-milling process for alloy AZ91D that is conducted with 
two different tools having their helix angle set equal to 20° and 50°, respectively. The study 
covers not only the amplitude (maximum values, peak-to-peak, RMS) and the scatter of force 
results using box plots, but also the signal complexity using CMSE methods, FFT spectra, and 
recurrence plots. The culmination of the work is a comprehensive stability assessment using 
ANOVA tests, which served to develop specific guidelines on safe and efficient milling of this 
alloy. 
 

2. Methods and materials  

 

The research was conducted on the specimens of AZ91D magnesium die-casting alloy, with its 
main alloying elements being aluminum, zinc, and manganese. Experiments were carried out 
under high-speed machining conditions on a vertical high-speed machining center, Avia VMC 
800 HS, which is specifically designed for light alloy machining. Due to high values of the chip 
cross section, this process can also be classified as high-performance cutting (HPC). The 
milling process was performed using three-flute uncoated carbide end mills. The tools had 
different helix angle geometries (λs of 20° and 50°), and they were mounted in shrink fit 
toolholders and balanced (on a balancing machine Cimart RT610) as specified in the ISO 
21940-11:2016 standard for grade G2.5 (up to 25,000 rpm). Figures 1a and 1b show the 
experimental setup and measuring equipment in the end-milling process under study.  
A statistical analysis was performed to determine the significance of the applied parameters of 
milling (cutting speed vc, feed per tooth fz, and depth of cut ap) on the Fx component. First of 
all, the Shapiro-Wilk W test was employed to test the normality of distribution. It showed that 
not all of the studied variables had normal distributions. These were: Fx for vc = 800 m/min and 
λs = 50° (W = 0.7830; p = 0.0187) and ap = 3 mm and λs = 50° (W = 0.8224, p = 0.0495). Since 
the lack of normality prevented the use of a parametric test, a non-parametric test developed by 
Kruskal-Wallis was employed, followed by a multiple comparison of mean ranks for all 
dependent variables. For the variables that followed a normal distribution, the homogeneity of 



variances was examined by Levene’s test. Unfortunately, the variances of all examined 
variables with normal distributions were heterogeneous, which precluded the use of a one-way 
ANOVA. For such cases, Welch’s ANOVA was applied, because it does not require the 
assumption of equal variances to be met. To demonstrate statistically significant differences 
between the effect of the analyzed technological parameters on the cutting force component Fx, 
a Games-Howell test was performed. This is a parametric post-hoc test that is used after 
ANOVA if the assumption of homogeneity of variances is not met. The significance level in all 
statistical analyses was set to α = 0.05.  A diagram showing the applied methodology of 
statistical analysis is given in Figure 1c, while Table 1 lists all types of tests used for a statistical 
analysis of the studied dependent variable Fx. All statistical analyses were performed using 
Statistica ver. 13. 
 
Table 1. Types of tests used for a statistical analysis of the dependent variable Fx for different 
milling conditions 

Fx versus vc for λs=20° ANOVA Welch 
Fx versus vc for λs =50° Kruskal-Wallis 
Fx versus ap for λs =20° ANOVA Welch 
Fx versus ap for λs =50° Kruskal-Wallis 
Fx versus fz for λs =20° ANOVA Welch 
Fx versus fz for λs =50° ANOVA Welch 

 

 

 



 
Figure 1. Schematic research diagram methodology: a) research flowchart, b) experimental 
setup for conducting dry end milling tests and measuring cutting forces, c) methodology for 
ANOVA statistical analysis of results 
 
To compare these results with the findings of earlier studies in this field, the main technological 
parameters of milling were made variable. The radial depth of cut ae was maintained constant 
throughout the milling process and set equal to 14 mm. This value was selected in compliance 
with the recommendation of cutting tool manufacturers, who suggest that for stable milling this 
depth value should be below 25% of the tool diameter or above 75% of the tool diameter. Table 
2 lists all machnining technological parameters (both variable and constant).  
 
Table 2. Results of Welch’s one-way ANOVA regarding the influence of cutting speed (vc), 
depth of cut (ap), and feed per tooth (fz) on the Fx component of the total cutting force, where: 
df1 - degrees of freedom for the variance between groups, df2 - degrees of freedom for the 
variance within groups, F - value of the test statistic, p - probability level. 

Variable parameters  Constant parameters 
vc from 400 to 1200 m/min  fz 0.15 mm/tooth, ap 6 mm, ae 14 mm 
fz from 0.05 to 0.30 mm/tooth vc 800 m/min, ap 6 mm, ae 14 mm 
ap from 0.5 to 6.0 mm vc 800 m/min, fz 0.15 mm/tooth, ae 14 mm 

 
All cutting force components were measured with a piezoelectric dynamometer from Kistler 
(model 9257B) and a 5017B amplifier. As a result, it was possible to capture sequences of 
signals for the variable milling parameters, for the established time series. Given the great 
quantity of captured data, this study investigates only one component of the total cutting force, 
namely – the one measured in the X-direction, Fx, also known as the component normal to the 
feed force, Ffn (other components of the total cutting force that could be captured included: Fy 
– feed force component Ff , and Fz – passive force component Fp). The sampling frequency was 
10 kHz. Thanks to the use of Kistler’s dynamometer, all cutting force components could be 
measured with a ±5 kN accuracy range.  
All captured signals of the Fx component were examined, except those at the tool’s entry and 
exit from the workpiece, so as to enable a comparative analysis of the research data. Maximum, 
peak-to-peak, and root mean square (RMS) values were among the cutting force indicators 
under analysis. Additionally, the study's findings were displayed as box plots, which, among 
other things, made it possible to see outliers and extreme values. Furthermore, all results were 



processed by composite multiscale entropy (CMSE), which was calculated using Matlab's 
normal, regular approach [48, 56]. The CMSE calculation takes advantage of coarse-graining, 
wherein thereby obtained time series is used as an average of the original data points in non-
overlapping windows by increasing a scale factor of τ. Every coarse-grained time series has a 
length of N⁄τ. From a practical perspective and according to literature sources, when τ < 20, the 
error is very small and has no effect on the accuracy of the calculated CMSE value. Thus, the 
scale factor τ was also included in the calculation. 
 

3. Results 

 

The parameters and conditions of milling were chosen on a basis of a previous analysis of stable 
machining regions [56] and earlier studies, as well as a review of the literature in this field. 
Cutting force component signals were captured in dry rough end-milling conducted with 
variable machining parameters. An example of a cutting force component Fx time series in a 
dry end milling process is shown in Figure 2. 

 
Figure 2. Example of a cutting force component Fx signal recorded in a milling process 
conducted with: vc 600 m/min, fz 0.15 mm/tooth, ap 6.0 mm, ae 14 mm (helix angle 50°) 
 
The following signals of the Fx component were analyzed: the maximum value, peak-to-peak 
value, root mean square (RMS) value, along with outliers or extreme values in the box plots. 
Also, the box plots show the scatter of the results.  In addition to providing valuable information 
about the machining process, these plots also show the location of results (time series). The 
recorded signals of this component have very similar patterns in the time series; however, their 
ranges and values differ.  
The box plots predominantly show the dependence of the variable technological parameters (vc, 
fz, ap) on the two different tools. Each box plot comprises the following [56]: box – contains 
the standard deviation, whiskers – present the scatter of the results (maximum and minimum 
values), outliers and extreme – show the values outside the max-min range as round points and 
asterisks. The remaining experimental data are plotted as bar diagrams showing the maximum, 
peak-to-peak, and root mean square (RMS) values. Linear plots show the results of composite 
multiscale entropy (CMSE) calculations. Next, FFT analysis results are presented, which 
identify the dominant frequencies in the signal. Finally, recurrence plots (RPs) are given to 
illustrate the periodicity of the analyzed force signals. The maximum value of the Fx component 
was defined as the average of its 10 maximum values. This allowed, on the one hand, for the 
presentation of the maximum value and, on the other, for the visualization of the scatter of the 
maximum values by adding the standard deviation. The peak-to-peak value was calculated as 
the difference between the maximum and minimum values of the Fx component. The RMS 
value of this force component was calculated using the standard procedure, e.g., [52,56]. 
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3.1.Box plots, maximum cutting force, peak-to-peak, root mean square value 

 

Box plots were created to analyze the scatter between obtained cutting force results. Figure 3 
shows the dependence of the cutting speed and helix angle on the cutting force component Fx. 
One can observe that, for most cases, the machining process proceeds under stable conditions, 
without the occurrence of values classified as outliers or extreme. Isolated outliers only occur 
when machining is conducted using cutting speeds of 600–800 m/min and a helix angle of 50°. 
This may indicate reduced stability of milling under these particular conditions. Furthermore, 
in the high-speed machining range (especially at 1200 m/min), the values of the Fx component 
become stable and decrease, which is desirable directly due to lower force values and indirectly 
due to probably  lower cutting zone temperatures (lower forces should generate lower 
temperatures). A comparison of the two helix angle values, however, reveals - in some cases - 
higher standard deviations for a helix angle of 50°; in the remaining cases, the values are 
comparable. The values shown in Figure 3 are within a fairly wide range from approx. 300 N 
to approx. 700 N.  
 

 
Figure 3. Cutting force component Fx (in a box-plot form) for different helix angles and variable 
cutting speed vc  
 
Subsequent plots (Figure 4) present component Fx metrics such as maximum value (Fxmax), 
peak-to-peak, and root mean square value. These results relate to the variable cutting speed, 
which also included the high-speed machining range. The maximum value and the range of 
variation (peak-to-peak) of the component increase up to a cutting speed of 800 m/min, after 
which these values decrease, especially at 1200 m/min. The speeds between 1000 and 1200 
m/min can be defined as the high-speed machining range. After exceeding the conventional 
cutting speed limit, the component values (including the maximum, peak-to-peak, and root 
mean square values) begin to decrease, reaching their minimum at the maximum cutting speed. 
This is a beneficial effect of machining conducted at elevated cutting and rotational speeds. 
Furthermore, these results (for the maximum value of the component) are characterized by a 
relatively low standard deviation. Such machining is primarily possible for light alloys 
(aluminum and magnesium) when using high-speed electric spindles. The observed maximum 
values under high-speed machining conditions fluctuate around approximately 300 N. A 



comparison of these values to those observed in machining at 400 m/min reveals a favorable 
decrease in the component value, by approximately 140–170 N relative to the initial value. A 
similar, though not exactly the same, situation can be observed for RMS. For this case, the 
highest values are observed in the following speed ranges: 600–800 m/min for the tool with a 
helix angle of 20° and 800–1000 m/min for the 50° tool. For both cases, the most favorable 
conditions occur at 1200 m/min. The RMS values observed at this speed are the lowest across 
the entire machining range, amounting to approximately 154 N and approximately 145 N, 
respectively. 
 

a)  

b)  

c)  



Figure 4. Cutting force component Fx for different helix angles and cutting speeds: a) maximum 
value, b) peak-to-peak, c) root mean square (RMS) 
 
Another box plot (Figure 5) shows the dependence of feed per tooth and helix angle on the 
cutting force component Fx. One can notice here is a greater scatter of the results than that 
observed for cutting speed. This is particularly evident for a wide range of feeds, namely from 
0.10 to 0.25 mm/tooth. Interestingly, this relationship occurs only for the 50° tool. Again, like 
in the case of cutting speed results, a greater scatter between the test results occurs for the 50° 
tool. A change in the feed value causes an increase in the chip cross-section, which directly 
affects both the values and the results scatter, as analyzed by evaluating the cutting force 
component. The values shown in Figure 5 range widely from approximately 200 N to 
approximately 800 N. Despite the high values of the component, a certain stabilization of these 
force component values can be observed for the feed value ranging from 0.20 mm/tooth to 0.30 
mm/tooth. Given the efficiency of this process, it is therefore recommended that machining be 
conducted with medium feed rates, thereby achieving, on the one hand, increased machining 
efficiency at low feeds, while, on the other, preventing an excessive increase in the results 
scatter for this cutting force component.  
 

 
Figure 5. Cutting force component Fx (in a box-plot form) for different helix angles and variable 
feed per tooth fz  
 
An analysis of the feed per tooth results (Figure 6) reveals the expected increase in individual 
measures characterizing the cutting force component Fx. The maximum value of the Fx 
component increases from 220 N to 375 N for a feed per tooth value of 0.05 mm/tooth (for the 
helix angles of 20° and 50°, respectively), to approximately 635–651 N and approximately 834–
886 N for the feed range of 0.2–0.3 mm/tooth (for the angles 20° and 50°, respectively). Similar 
relationships can also be established for measures such as the peak-to-peak and RMS values. 
In the case of peak-to-peak, the range of changes is between approx. 475 N and approx. 1204 
N (for the helix angle 20°), and from approx. 587 N to 1696 N (for the helix angle 50°). The 
RMS value changes as follows: from approx. 114 N to approx. 258 N (helix angle 20°), and 
from 156 N to approx. 425 N (helix angle 50°). Once again, lower values of the component 
were produced during machining conducted with the 20° tool.  
 



a)   

b)  

c)  
Figure 6. Cutting force component Fx for different helix angles and feeds per tooth: a) maximum 
value, b) peak-to-peak, c) root mean square (RMS) 
 
The last box plot (Figure 7) describes the interrelation between the axial depth of cut, helix 
angle and cutting force component Fx. This relationship is analogous to that established for feed 
per tooth. A higher depth of cut (and thus in the chip’s cross-section) causes an increase in the 



Fx values and the scatter of the results. For this case, the results range from approximately 100 
N to the values observed for feed and cutting speed, i.e., approximately 800 N. Once again, 
most of the results classified as outliers and extreme are achieved for the 50° tool.  Only for a 
feed rate of 0.30 mm/tooth and a helix angle of 20° can one observe the presence of results 
classified as outliers and extreme. It is quite evident, that machining conducted with high ap 
values can cause local increases in the cutting force value and in the scatter between these 
values. Once again, for most cases, the machining process performed by the 50° tool was 
characterized by higher values and wider range of Fx.  
 

 
Figure 7. Cutting force component Fx (in a box-plot form) for different helix angles and variable 
axial depth of cut ap  
 
The final anlaysis of axial depth of cut dependency is plotted in Figure 8. Similarly to feed per 
tooth, an increased depth of cut increases the cutting force component. For ap ranging from 1.5 
mm to 6 mm, higher component values are observed for the helix angle 50°. Furthermore, for 
this tool, a fairly large results scatter is observed at ap = 3.0 mm. The component values range 
from 80 N to approx. 570 N (helix angle 20°), from approx. 70 N to approx. 740 N (helix angle 
50°)—for the maximum value; from 165 N to 1069 N (helix angle 20°), from approx. 145 N to 
approx. 1311 N (helix angle 50°) – for the peak-to-peak value; from approx. 30 N to approx. 
200 N (helix angle 20°), and from 26 N to approx. 260 N (helix angle 50°) – for the root mean 
square value. It can be assumed with some simplification that the component remains at a 
relatively low level for the axial depth of cut ranging from 0.5 to 1.5 mm. In contrast, the use 
of higher ap values, which are very characteristic of roughing, results in high Fx values, ranging 
from approx. 340 N to approx. 570 N and from approx. 570 N to approx. 740 N (for the helix 
angles 20° and 50°, respectively, and for the maximum value of Fx).  
 



a)  

b)  

c)  
Figure 8. Cutting force component Fx for different helix angles and axial depths of cut: a) 
maximum value, b) peak-to-peak, c) root mean square (RMS) 
 
 
 
 



3.2.Composite multiscale entropy 

 

The Fx component signals measured in the experiments were also processed by multiscale 
composite entropy (CMSE). This method allows for the dynamics of the experimentally 
obtained signals to be examined. The calculated value of entropy describes the degree of 
disorder in the measured signals, thus defining their dynamic complexity. Results of the 
analysis by this method are presented in Figs. 9-14. 
 

 
Figure 9. CMSE values of Fx for helix angle 20° and different cutting speeds 
 
First, using the CMSE procedure, the value of a coarse-grained time series y(τ) was calculated 
for a scale factor τ by a one-dimensional time course x with a total length of N. After that, the 
sampling entropy SampEn was determined to define the probability whether two consecutive 
data strings of length m would be similar to each other within a tolerance of r. The CMSE value 
was calculated by averaging of τ SampEns. The string length m = 2 and the scale factor τ = 20 
were used for the calculations. The tolerance r was chosen to be 10% of the standard deviation 
of the original time series. The Matlab Simulink 2019b software and widely available formulas 
and equations were used for the calculations. 



 
Figure 10. CMSE values of Fx for helix angle 50° and different cutting speeds 
 
Figure 9 shows CMSE results for the Fx component signals that were captured during milling 
conducted by the 20° tool at different cutting speeds. In the initial range of parameter τ (τ < 6), 
the highest entropy value was observed at vc = 800 m/min. At higher values of parameter τ, the 
entropy level became equal for all tested cutting speeds. For the 50° helix angle tool (Figure 
10), the highest entropy values were observed at vc = 1200 m/min in the initial range of 
parameter τ. The lowest entropy values across the entire τ parameter range were observed at vc 

= 800 m/min. This indicates a significantly lower dynamics of the milling process when the 
above tool and cutting speed are used. At the same time, comparing both tools, lower entropy 
values can be observed in machining conducted with the 50° helix angle tool for all analyzed 
cutting speeds. Based on this, it can be concluded that using this tool is more advantageous due 
to the lower complexity of the cutting dynamics. 
Next, the effect of feed per tooth was analyzed. For a helix angle of 20° (Figure11), the lowest 
entropy values were obtained for the lowest feed per tooth. The entropy calculation results for 
the remaining feeds per tooth did not show significant differences. The exception was the 
entropy level for fz = 0.1 mm/tooth and τ>15. In this range, the entropy value was significantly 
higher at the indicated feed per tooth compared to the other results. For a helix angle of 50° 
(Figure 12), an increase in the feed per tooth made the entropy level increase, too. The feed 
increase was proportional, and this trend was observed for all tested feeds per tooth. For the 
variable feed per tooth, lower entropy values were also observed when using the 50° tool. 
When examining changes in the axial depth of cut, similar entropy values were observed, 
regardless of the tool used (helix 20° - Figure 13, helix 50° - Figure 14). Smaller differences 
between the calculated entropy values were observed for the 20° tool. For both cases, the 
entropy value decreased to a considerable extent with increasing the axial depth of cut. 



 
Figure 11. CMSE values of Fx for helix angle 20° and different feeds per tooth 
 

 
Figure 12. CMSE values of Fx for helix angle 50° and different feeds per tooth 
 
 



 
Figure 13. CMSE values of Fx for helix angle 20° and different axial depths of cut 
 

 
Figure 14. CMSE values of Fx for helix angle 50° and different axial depths of cut 
 

3.3.Fast Fourier Transform Analysis 

 

The cutting force component Fx signals captured in the experiments were analyzed in the 
frequency domain by the Fast Fourier Transform (FFT). This approach made it possible to 



determine the frequency of the Fx component. All calculations were made with a Matlab 
R2019b algorithm. This helped detect self-excited vibration (chatter), the occurrence of which 
complicates and significantly impedes the milling process. The analysis was performed for the 
cutting force component Fx signals that were measured for variable milling parameters (vc, fz, 
and ap) and different geometry tools. 
Characteristic peaks visible in the FFT graphs define individual frequencies of the analyzed Fx 
component signals and their harmonics. The number of harmonics and their amplitudes can be 
used to measure the degree of complexity of the signal, and thus the complexity of its dynamics. 
The higher the number of harmonics is, the stronger the likelihood of their overlapping and 
amplifying becomes. The characteristic peaks in the FFT graphs primarily result from the 
operation of individual cutting flutes and their interaction with other vibration sources. This can 
lead to the occurrence of unfavorable self-excited vibrations during milling. 
 

 
Figure 15. FFT for cutting force component Fx  for a helix angle of 20° and different cutting 
speeds 
 
First of all, the influence of variable cutting speed was examined. Obtained results are presented 
in Figure 15 (for helix angle 20°) and in Figure 16 (for helix angle 50°). For both cases, one 
can observe that the number of harmonics decreases and their values become significantly lower 
with increasing the cutting speed. This effect is particularly visible when milling is conducted 
with vc = 1200 m/min using 50° tool (Figure 16). This is a beneficial phenomenon, as a lower 
number of harmonics significantly reduces the likelihood of unfavorable self-excited vibrations 
occurrence during machining. 



 
Figure 16. FFT for cutting force component Fx for a helix angle of 50° and different cutting 
speeds 
 

 
Figure 17. FFT for cutting force component Fx for a helix angle of 20° and different feeds per 
tooth 
 
A higher feed per tooth value induces a gradual decrease in the number of harmonics in the 
analyzed signal spectrum (Figure 17 and Figure 18). A smaller number of harmonics, especially 



in the higher frequency range, was observed when the machining process was conducted using 
the 50° tool. The fewest number of harmonics was observed at fz = 0.25 mm/tooth. 
 

 
Figure 18. FFT for cutting force component Fx for a helix angle of 50° and different feeds per 
tooth 
 

 
Figure 19. FFT for cutting force component Fx for a helix angle of 20° and different axial depths 
of cut 



 
Figure 20. FFT for cutting force component Fx for a helix angle of 50° and different axial depths 
of cut 
 
The greatest changes in the signal spectrum were observed when milling was conducted with 
variable axial depth of cut using both types of tools (Figure 19 and Figure 20). For the 20° tool, 
above 2.5 kHz occurs a sharp decrease in the number of harmonics and their amplitude, 
especially in the range of smaller axial depths of cut (Figure 19). Even better results were 
achieved for the 50° tool. Above 2.5 kHz, for all analyzed axial depths of cut, the occurring 
harmonics have a marginal effect on the signal dynamics. Therefore, milling with the 50° helix 
angle tool is more advantageous. 
 

3.4.Recurrence Plots Analysis 

 

A classical analysis of the cutting force components can adequately reveal complex signal 
dynamics. Therefore, a nonlinear recurrence analysis method was proposed, which yielded very 
promising results in a broad analysis of the dynamics of various measurement signals. Every 
recurrence plot was generated using 700 data points. The same embedding parameters were 
used, i.e., 𝑚 = 5 and ߬ = 6. The threshold ߳ was set to 0.75 times the standard deviation. In this 
analysis, the plots are presented in such a way that the upper panel shows the normalized signal 
correlated with the recurrence plot (lower plot). 
Figure 21 presents recurrence plots obtained for the force signals captured at the extreme tested 
cutting speeds (vc = 400 m/min and vc = 1200 m/min) for both tools (helix angles 20° and 50°). 
Periodic vibrations were observed, characterized by very long diagonals running parallel to the 
mean diagonal. A direct correlation is evident between the cutting speed and the spacing 
between the diagonal lines. Increasing the cutting speed reduces both the force signal period 
and the spacing between these lines. At lower cutting speeds, the diagonal lines seem parallel 
yet show additional fluctuations, which is demonstrated by the time histories. On increasing the 



cutting speed, the lines become more continuous, which indicates an increase in the machining 
process stability. 
The use of variable feed per tooth has a minor effect on the milling process dynamics, as evident 
from the data in Figure 22. For both tools used, minor changes in the distances between the 
diagonals and their continuity were observed. This indicates a minor change in the signal 
dynamics. Better repeatability of the diagonal lines is observed when milling with the helix 
angle 50° tool. Similar conclusions were drawn from the analyses of this signal of the Fx 
component obtained by multiscale entropy and FFT. 
The most pronounced changes in the recurrence plots are observed when analyzing the 
measurement signals for different depths of cut, for both cutting tools used (Figure 23). For ap 

= 0.5 mm, irregularly broken diagonal lines are visible, indicating the presence of a very 
complex signal with a large number of harmonics. For ap = 6.0 mm, the diagonals have a more 
regular shape, resulting from a more stable milling process. 
 
 vc = 400 m/min vc = 1200 m/min 

he
li

x 
an

gl
e 

20
° 

  

he
li

x 
an

gl
e 

50
° 

  
Figure 21. Recurrence plots for cutting force component Fx for different helix angles and 
variable cutting speed 
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Figure 22. Recurrence plots for cutting force component Fx for different helix angles and 
variable feed per tooth 
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Figure 23. Recurrence plots for cutting force component Fx for different helix angles and 
variable axial depth of cut 
 

3.5.ANOVA statistical analysis of the cutting force component Fx 

 

Table 3 presents Welch’s ANOVA results for the Fx variable as a function of the milling process 
parameters. The results demonstrate that whatever the helix angle value, a change in feed per 
tooth exerts a substantial impact on the Fx component of the total cutting force. For both 
analyzed cases, i.e., λs = 20° and λs = 50°, the p-value is lower than the significance level α = 
0.05. Regarding the qualitative variables, i.e., the cutting speed vc and the depth of cut ap, their 
influence on the Fx component is significant in milling with λs = 20°. To identify statistically 
significant differences between the analyzed groups, a post-hoc Games-Howell test was 
performed, the findings of which are listed in Table 4. The post-hoc test results (Table 4) show 
that in milling with λs = 20°, increasing the cutting speed from vc = 400 m/min to vc = 600 
m/min and from vc = 600 m/min to vc = 800 m/min has no considerable impact on the value of 
Fx. For the variable feed per tooth fz and λs = 20°, there are no statistically significant differences 
in the Fx component value when the feed per tooth is changed from fz = 0.20 mm/tooth to fz = 
0.25 mm/tooth. As for the independent variables, i.e., fz at λs = 50° and ap at λs = 20°, by varying 
the values of all analyzed machining parameters we exert a significant impact on the Fx 
component value. 
 
Table. 3. Welch’s ANOVA results for Fx versus cutting speed (vc), depth of cut (ap) and feed 
per tooth (fz), where: df1 - degrees of freedom for the variance between groups, df2 - degrees 
of freedom for the variance within groups, F – value of the test statistic, p - probability level 
Fx for  λs=20° 
Variable df1 df2 F Welch p conclusion 
Cutting speed vc  4 17.2372 878.4690 p < 0.0001 p<α 
Depth of cut ap  5 19.3131 20519.5700 p < 0.0001 p<α 
Feed per tooth fz  5 17.0033 20174.5100 p < 0.0001 p<α 
Fx for  λs=50° 
Variable df1 df2 F Welch p conclusion 
Feed per tooth fz  5 18.5864 23733.7600 p < 0.0001 p<α 

 



Table 4. Post-hoc Games-Howell test results for a dependent variable Fx versus cutting speed 
(vc), feed per tooth (fz) and depth of cut (ap). The level of probability with no statistically 
significant differences is marked in red 
Cutting speed vc 
 400 600 800 1000 1200 
400  0.13500 0.00091 0.00001 0.00000 
600 0.13500  0.94800 0.00015 0.00000 
800 0.00091 0.94800  0.00000 0.00000 
1000 0.00001 0.00015 0.00000  0.00000 
1200 0.00000 0.00000 0.00000 0.00000  
Feed per tooth fz for λs=20° 
 0.05 0.10 0.15 0.20 0.25 0.30 
0.05  0.00000 0.00000 0.00000 0.00000 0.00000 
0.10 0.00000  0.00000 0.00000 0.00000 0.00000 
0.15 0.00000 0.00000  0.00000 0.00000 0.00000 
0.20 0.00000 0.00000 0.00000  0.75900 0.00900 
0.25 0.00000 0.00000 0.00000 0.75900  0.04700 
0.30 0.00000 0.00000 0.00000 0.00900 0.04700  
Feed per tooth fz for λs=50° 
 0.05 0.10 0.15 0.20 0.25 0.30 
0.05  0.00000 0.00000 0.00000 0.00000 0.00000 
0.10 0.00000  0.00000 0.00000 0.00000 0.00000 
0.15 0.00000 0.00000  0.00000 0.00000 0.00000 
0.20 0.00000 0.00000 0.00000  0.00000 0.01200 
0.25 0.00000 0.00000 0.00000 0.00000  0.00067 
0.30 0.00000 0.00000 0.00000 0.01200 0.00067  
Depth of cut ap 
 0.5 1.0 1.5 3.0 4.5 6 
0.5  0.00000 0.00000 0.00000 0.00000 0.00005 
1.0 0.00000  0.00000 0.00000 0.00000 0.00000 
1.5 0.00000 0.00000  0.00000 0.00000 0.00000 
3.0 0.00000 0.00000 0.00000  0.00000 0.00000 
4.5 0.00000 0.00000 0.00000 0.00000  0.00000 
6.0 0.00005 0.00000 0.00000 0.00000 0.00000  

 
Results of the non-parametric Kruskal-Wallis test (Table 5) show that for λs = 50°, the cutting 
force component Fx is strongly affected by the cutting speed vc and the depth of cut ap. A 
multiple comparison of mean ranks (Table 6) for the Fx component obtained with λs = 50° 
reveals that increasing the cutting speed from vc = 400 m/min to vc = 800 m/min, as well as 
from vc = 800 m/min to vc = 1200 m/min and from vc = 1000 m/min to vc = 1200 m/min results 
in statistically significant differences in the Fx component values. Regarding the dependence 
between ap and Fx, increasing the depth of cut from ap = 0.5 mm to ap = 3.0 mm, 4.5 mm and 
6.0 mm, as well as from ap = 1.0 mm to ap = 4.5 mm and 6.0 mm, and from ap = 1.5 mm to ap 
= 6.0 mm induces statistically significant differences in the value of the analyzed dependent 
variable. 
 
 
 



Table 5. Kruskal-Wallis test results for Fx (where:  p - probability level) 
Fx for  λs=50° 
Variable   conclusion 
Cutting speed vc  KW H (4;n=40) = 37.46341 0.0000 p<α 
Depth of cut ap  KW H (5;n=48) = 44.51631 0.0000 p<α 

 
Table 6. Multiple comparison of mean ranks for Fx depending on the cutting speed vc  and the 
depth of cut ap. The level of probability with no statistically significant differences is marked in 
red 
 Cutting speed vc 
 400 600 800 1000 1200 
400  1.00000 0.00040 0.06195 1.00000 

600 1.00000  0.06195 1.00000 0.06195 

800 0.00040 0.06195  1.00000 0.00000 
1000 0.06195 1.00000 1.00000  0.00040 
1200 1.00000 0.06195 0.00000 0.00040  
 Depth of cut ap 
 0.5 1.0 1.5 3.0 4.5 6 
0.5  1.00000 0.33406 0.00185 0.00047 0.00000 
1.0 1.00000  1.00000 0.10513 0.03818 0.00007 
1.5 0.33406 1.00000  1.00000 0.91189 0.00910 
3.0 0.00185 0.10513 1.00000  1.00000 0.91189 

4.5 0.00047 0.03818 0.91189 1.00000  1.00000 

6.0 0.00000 0.00007 0.00910 0.91189 1.00000  
 

4. Discussion 

 

Results reported in this paper complement the research investigating relationships between tool 
geometry and selected machinability indicators, specifically the cutting force component Fx. A 
similar study was conducted in 2014 [34] to determine the impact of technological parameters 
and rake angle on cutting force components and their amplitudes. That study focused, however, 
only on the AZ91D alloy. The present study undertook to extend the scope of research results 
to include, among others, box plots, peak-to-peak and root mean square values. Moreover, the 
current study presents the results of composite multiscale entropy, FFT analysis and recurrence 
plots. A detailed statistical analysis was made by ANOVA and post-hoc tests. Simple results 
reported in [34] detected the presence of a characteristic, high-speed machining range. In this 
region one can usually observe a drop in the components of the total cutting force and the cutting 
zone temperature. Comparing three levels of variation in vc and fz as well as four different axial 
depths of cut ap, the following can be established. The highest cutting force components (Fx, 
Fy, Fz) occurred at the lowest tested cutting speed, i.e., at vc = 400 m/min. The highest value 
was obtained when machining was conducted with γ = 5°, vc = 400 m/min and Fx = 747 N (in 
the directions Y and Z, the components had lower values). The use of low and mid feed per 
tooth values led to an increase in all force components, while at higher feeds -- they became 
stable. An increase in the feed per tooth value from 0.05 to 0.15 mm/tooth at variable depth of 
cut led to an increase in all cutting force components.  
An analysis of two tested axial depths of cut (for two feeds per tooth) revealed – as expected – 
a nearly linear increase in the cutting force component values and their amplitudes. The Fx 
component was below approx. 600 N at fz = 0.15 mm/tooth and approx. 350 N at fz = 0.05 



mm/tooth. Lower cutting force component values and amplitudes were observed for the tool 
with a rake angle of γ = 30°, indicating improved stabilization of the machining process. This 
effect may be attributed to the more favorable, sharper tool geometry compared to the tool 
described by γ = 5°, as well as to potentially reduced deformation in the shear zone. This 
observation is also important from the perspective of machining safety, since lower cutting 
forces in the cutting zone may contribute to reduced heat generation and, consequently, lower 
temperatures. It is therefore of great relevance to magnesium alloys machining, where excessive 
cutting zone temperature may increase the likelihood of chip ignition.  
Similar analyses were conducted in 2022 [40, 52] using, among others, a two-flute carbide 
cutter with a helix angle of 30°. In [52]  the analysis was conducted for the AZ31B wrought 
alloy, while in [40] for the AZ91D die-casting alloy. The AZ31B alloy's machinability was 
examined, showing that high-speed milling made the cutting force component values decrease 
upon entering the high-speed machining range. The Fx component generally achieved the 
highest values in relation to the parameters under analysis. The study captured 3 components 
of the total cutting force and analyzed the quantities such as the maximum value (Fmax), the 
amplitude of cutting force components (Famp), and the root mean square value (Frms). Moreover, 
the study offered an analysis by composite multiscale entropy and artificial neural networks 
simulations. The results demonstrated that for the so-called low ranges of vc, the cutting force 
components would increase in all three directions, whereas they would decrease at high values 
of vc, which is typical of the region defined as HSM. Irrespective of the technological 
parameters or tool type, using the investigated parameters, the highest values were usually 
recorded for the cutting force component Fx, much like in previous studies (for tools with 
different rake angles). Regardless of the end mill type or technological specifications, an 
increase in feed per tooth caused a linear rise in the values of all cutting force components. The 
cutting force component signals recorded at the highest values of the examined technological 
parameters exhibited a lesser degree of disorder, as shown by the CMSE analysis. A study on 
the AZ91D alloy [40] subjected to machining using a two-flute carbide cutter with a helix angle 
of 30° showed that that use of variable parameters had impact on the cutting force components 
(feed force and normal to the feed component), with the highest values observed for the feed 
component. Individual cutting force components depended more on feeds rather than on cutting 
speeds. The cutting force components, as well as their amplitudes and ranges rose 
approximately linearly and proportionately with an increase in feed per tooth. It is interesting 
to note that when the cutting speed was increased to 1200 m/min, the total cutting force 
components dropped. This could be a sign of increased machining stability and entering the 
high-speed machining range. 
An analysis of cutting zone temperature is as important as that of cutting forces. The cutting 
force components can have a direct impact on the temperature at tool-workpiece contact. Given 
the decohesion mechanism, this impact may also extend to the chip temperature that is induced 
during machining. For the analyzed cutting tools, the chip temperature [9] was below approx. 
420 °C. This value can be considered relatively safe in dry rough milling. A detailed analysis 
of magnesium alloy machinability, taking into account the temperature of chips, led to the 
following observations. Higher cutting speeds could be used in the dry rough milling of 
magnesium alloys without chip ignition danger (no typical mode of chip ignition was observed). 
In terms of individual technological parameters under analysis, the maximum chip temperature 
did not exceed the following values: 362.95 °C for cutting speed, 417.74 °C for feed per tooth, 
and 358.13 °C for axial depth of cut. These are important findings in the context of safety during 
dry milling of magnesium alloys.  



 
5. Conclusions 

 

When designing a machining process, technological parameters must be carefully selected to 
ensure the optimum and most stable results. Among the key elements affecting process stability 
are the machining parameters and the rigidity of machine tools. In this study, different helix 
angles and values of the technological parameters were tested to assess the cutting force 
components and their amplitudes during AZ91D magnesium alloy machining. The findings of 
the study lead to the following conclusions: 
- For a variety of machining conditions, the rough milling process could be carried out 
effectively without a considerable increase in the normal to the feed force component.  
- When altering the technological milling parameters, notable differences were observed 
depending on the tool shape (helix angle); these variations occurred under all machining 
conditions. 
- Box plot analyses revealed that the ranges of the studied parameters would increase with the 
cross-section of the cut layer (i.e., feed per tooth and depth of cut); additionally, the presence 
of regions  "free" from extreme or outlier data was identified. 
- In terms of cutting tool geometry, considerably fewer regions with extreme values or outliers 
were observed for the tool with a helix angle of 20° compared to the 50° helix angle tool. 
- An analysis of the cutting speed and box plots revealed that the optimum conditions in terms 
of the normal to the feed force component range and lack of outliers / extreme values occurred 
at vc 400 m/min and in the range 1000-1200 m/min (for the 20° tool, no outliers / extreme values 
were observed for the entire tested  cutting speed range). 
- The smallest scatter of the cutting speed results was observed at vc = 1200 m/min, indicating 
entry into the high-speed machining range, which is a positive effect of using high cutting 
speeds for enhancing process efficiency. 
- An analysis of the maximum, peak-to-peak and root mean square values showed that they 
were the highest for the mid tested cutting speed value of vc = 800 m/min and for the 50° tool, 
amounting to Fx-max≈ 767 N, Fpeak-to-peak ≈ 1493 N, FRMS ≈ 359–376 N (for 800 and 1000 m/min), 
respectively. 
- An analysis of feeds per tooth and box plots showed that the optimum machining conditions, 
without regions having outliers / extreme values, occurred at low and very high feeds per tooth  
(0.05 and 0.30 mm/tooth); also, for the 20° tool, no outliers / extreme values occurred in the 
entire tested feed per tooth range. 
- The smallest scatter of feed per tooth results occurred within the range between 0.05 and 0.10 
mm/tooth; any further increase in the feed per tooth value, and hence in the cross-section of the 
cut layer caused a greater scatter between the results. For the feed per tooth ranging 0.20–0.30 
mm/tooth, the normal to the feed force component value became stable. 
- An analysis of the remaining results (Fx-max, Fpeak-to-peak, FRMS) made it possible to conclude 
that they were the highest and similar for the feed range 0.20–0.30 mm/tooth, their values being 
as follows: Fx-max≈ 635–651 N, Fpeak-to-peak ≈ 1172–1204 N, FRMS ≈ 254–258 N (for the 20° tool); 
and  Fx-max≈ 834–886 N, Fpeak-to-peak  ≈ 1655–1696 N, FRMS ≈ 369–425 N (for the 50° tool). 
- An analysis of axial depths of cut and box plots revealed that the optimum machining 
conditions occurred at ap = 0.5 to 3.0 mm, whereas for other cases there was a clear increase in 
the presence of outliers or extreme values. 



- Other results for axial depth of cut did not exceed the following values: Fx-max ≈ 736 N, Fpeak-

to-peak ≈ 1311 N, FRMS ≈ 259 N, these were the highest values for the largest cross-section of the 
cut layer and hence for the highest values of ap.  
- For the majority of cases, the maximum, peak-to-peak and root mean square values were lower 
for the 20° tool, so this tool is recommended for dry roughing of magnesium alloys.  
- Significantly lower entropy values were observed in milling with the 50° tool for all analyzed 
cutting speeds. The use of this tool is advantageous due to the lower complexity of the milling 
process dynamics. 
- An increase in feed per tooth caused a proportional increase in the entropy value calculated 
for both tools. However, lower entropy values were observed in milling with the 50° tool. 
- Regarding the effect of axial depth of cut, similar entropy values were obtained for both tools. 
The entropy value dropped sharply with increasing the axial depth of cut. 
- The FFT analysis of the signal demonstrated that an increase in cutting speed would reduce 
the number of harmonics while simultaneously decreasing their amplitudes. This effect was 
visible for both tools used. This is a beneficial phenomenon, as a lower number of harmonics 
significantly reduces the likelihood of undesirable self-excited vibrations during machining. 
- An increase in feed per tooth caused a gradual decrease in the number of harmonics in the 
analyzed signal spectrum. Fewer harmonics, especially in the higher frequency range, were 
observed in milling with the 50° tool. 
- Varying the axial depth of cut had the greatest influence on the signal spectrum. As this depth 
of cut was increased, a sharp decrease in the number of harmonics was observed. This effect 
was particularly noticeable at higher frequencies and with the 50° tool. 
- An analysis of the extreme cutting speed values via recurrence plots showed that at vc = 1200 
m/min, the diagonal lines of the plots became more continuous. This indicates increased 
stability of the machining process. 
- The dynamics of the milling process was little affected by varying feed per tooth. For both 
tools used, minor changes in the distance between the diagonals and their continuity were 
observed. Better repeatability of the diagonal lines was observed when the milling operation 
was performed with the 50° helix angle tool. Similar conclusions were drawn from the analyses 
by multiscale entropy and FFT. 
- The greatest impact on the behavior pattern of recurrence plots was exerted by increasing the 
axial depth of cut from ap = 0.5 mm to ap = 6.0 mm. For both tools used, the diagonal lines in 
the recurrence plots were observed at ap = 6.0 mm, which was due to a higher stability of the 
milling process. 
- Summarizing the presented findings, it can be concluded that using a tool with a 20° angle 
during milling limits the force level and the number of extreme values, whereas milling with a 
50° tool results in more regular signal dynamics. 
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