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INTRODUCTION

The cutting process begins with the applica-
tion of a sufficiently large and properly oriented 
force within the tool-to-workpiece system. This 
force is necessary to overcome the material’s re-
sistance to deformation, the frictional resistance, 
and the resistance to the disruption of cohesion, 
which allows for the creation of a new surface. 
The applied force separates the excess material 
as a chip from the workpiece [1, 2]. Ciecieląg 
and Zaleski [7] investigated the effect of element 
thickness and unsupported element on the maxi-
mum values of the vertical force for thin-walled 
elements made of

aluminum and titanium alloys and polymer 
composites. Duan et al. presented factors in-
volved in milling process simulation and analysed 

milling force coefficient [8]. Jain et al. [9] found 
experimentally the effect of radial depth of cut 
during step-machining strategy of thin materials 
made of aluminum alloy. Bołon et al. [10] stated 
that high-speed milling is currently one of the key 
milling methods used in the aerospace industry. 
Huang, et al. [11] analyzed dynamic forces in 
milling thin-wall components with variable chip 
load. Liu et al. [12] proposed a position-oriented 
milling process monitoring model for titanium al-
loy Ti-6Al-4 V. 

The action of the cutting force is accompa-
nied by the cutting resistance, which is the resul-
tant resistance of the workpiece during machin-
ing. The cutting force depends on many variable 
factors such as the mechanical properties of the 
workpiece material, the geometry of the cutting 
tool, the cross-sectional area of the cut layer, 
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and the cutting conditions and parameters, so 
its value can vary over a wide range [1, 3]. For 
this reason, it is important to select appropriate 
machining parameters, cutting tool and surface 
treatment strategy [2, 4, 5]. The effect of cut-
ting parameters on the value of the cutting force 
varies. Cutting speeds have the least impact on 
changes in force values, whereas the depth of 
cut has the most significant effect. Increasing the 
depth of cut enlarges the cross-sectional area of 
the material being cut, which in turn leads to an 
increase in cutting forces [4, 5].

The impact of cutting forces in the milling 
process can cause static deflection, which de-
pends on the machining strategy and cutting pa-
rameters [13-17]. Currently, high-speed methods 
reduce cutting forces, but the technology does not 
eliminate the deflection of the workpiece [18, 19].

The high demand for air transport forces man-
ufacturers to increase the production of aircraft 
designed for passenger and cargo transport. This 
demand influences the search for new construc-
tion materials, solutions in the design and produc-
tion of aircraft structures. One approach is to use 
thin-walled structures that reduce the mass of the 
element but provide sufficient stiffness during the 
occurring loads. The production of this type of el-
ements is associated with high processing costs.

The industry strives to reduce machining 
costs by, among others, shortening the machin-
ing time by searching for new machining meth-
ods or increasing cutting parameters [20] One ap-
proach to increasing machining parameters is to 
increase the cross-section of the machined layer, 
which increases cutting forces and the properties 
of the finished product [4, 5]. Therefore, for their 
evaluation, determined by such quantities as sur-
face topography or dimensional deviations, it is 
useful to know the phenomena occurring during 
the machining process [20]. They can identify the 
causes of inconsistencies during part execution, 
which can serve as a basis for improving ma-
chining conditions. [21–23]. The aforementioned 
phenomena can include the measurement of cut-
ting forces. Based on their course, it is possible 
to determine whether the process is stable, or to 
look for anomalies during machining [20]. Many 
of the presented works are of a simulation nature, 
so it is necessary to conduct experiments to con-
firm the obtained results [6, 24]. It is observed 
that there is a lack of experimental research on the 
evaluation of cutting forces during the machining 
of thin-walled titanium or nickel alloy parts, so it 

is reasonable and necessary to conduct research 
in this area [26].

The purpose of the paper is to evaluate the 
cutting force occurring during the last full-pass 
(finishing) milling of thin-walled sample surfaces 
in a vertical orientation for a combination of in-
put factors - workpiece material, cutting tool, and 
cutting strategy. It is worth mentioning that the 
results presented in the article are part of a larger 
experiment within the framework of which the 
influence of input parameters on output quantities 
was evaluated. In the aforementioned experiment, 
three input factors were assumed – material, cut-
ting tool, and cutting strategies. The material used 
for thin-walled samples was nickel alloy Inconel 
625 and titanium alloy Ti6Al4V. Machining was 
carried out using three different cutting tools: per-
formance machining, general purpose, and high-
speed machining. Two types of cutting strategies 
were used during the experiment. Side face mill-
ing and cylindrical milling were adopted when 
machining samples with thin walls in a vertical 
orientation. The experiment carried out included 
the measurement of vibrations and cutting forces 
occurring during machining, surface topography 
parameters, and thin wall deviations.

In paper [24], we presented selected param-
eters of surface topography, and thin-wall devi-
ations were identified using an optical method, 
specifically through the utilization of a 3D optical 
scanner for Ti6Al4V titanium alloy samples. In 
the article [26], we presented the waveforms of 
the vibration signal in the form of spectrograms 
for Ti6Al4V titanium alloy and Inconel 625 nickel 
alloy samples. In the publication [27], we showed 
the distribution of surface topography parameters 
(waviness and roughness) and vertical thin wall 
deviation plots determined by the optical meth-
od for Inconel 625 nickel alloy samples. We pre-
sented the correlation between the results of di-
mensional and shape accuracy obtained through 
optical measurements (a 3D optical scanner was 
used) and contact measurements (With the use 
of a coordinate measuring machine) in the study 
[28]. The presented laboratory tests extend the 
scope of knowledge concerning the measurement 
of cutting force parameters during milling of thin-
walled titanium and nickel aircraft alloys. First of 
all, they fill the gap in the literature regarding the 
selection of tools and machining methods.
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MATERIALS AND METHODS

The machining conditions for samples con-
taining a thin vertical wall are identical to the 
studies [25–28]. The machining parameters were 
selected in accordance with the tool manufac-
turer’s recommendations regarding the material 
being machined (Table 2). This article only pro-
vides the basic information on machining condi-
tions necessary to understand the concept of the 
described experiment. 

The series of samples was made at a Mikron 
VCE 600 Pro machining center (Biel/Bienne, 
Switzerland) with iTNC 530 control software 
launched by Heideinhain (Traunreut, Germany). 

The cutting was carried out with three dif-
ferent monolithic cutters for machining superal-
loys and titanium alloy: JS554100E2R050.0Z4-
SIRA – universal cutter, JS754100E2C.0Z4A-
HXT – cutter for performance machining and 
JH730100D2R100.0Z7-HXT – cutter for high-
speed machining [34–36].

A 7x30x50 mm semi-finished part was mount-
ed in a vice with a shank height of 10 mm, and 
this was mounted on a force gauge using mount-
ing clamps (Figure 1).

Measurement of cutting forces during the 
machining of samples was conducted using a 
Kistler 9265B. three-axis piezoelectric force 
meter bolted to the machine table. The force 
meter was connected to a Kistler LabAmp Type 
5165A load amplifier. The signal was recorded 
on a computer using dedicated Kistler LabAmp 
software (Figure 1).

In the experiment, we processed thin-walled 
samples oriented vertically, with documentation 
and dimensions provided in Figure 2.

The assumed test model, which includes in-
formation on input factors and output quantities, 
is shown in Table 1. Based on the test model, it is 
seen that the input factors include the workpiece 
material, the cutting strategy, and the cutting tool. 
The workpiece material was popular aerospace 
alloys – nickel alloy Inconel 625 and titanium 

Figure 1. Experimental setup: 1 – tool; 2 – sample; 3 – vise; 4 – Kistler 9265B piezoelectric actuator; 5 – Kistler 
LabAmp Type 5165A load amplifier; 6 – computer with dedicated Kistler LabAmp software

Figure 2. Documentation of the vertical thin-walled sample [26]
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alloy Ti6Al4V. Inconel 625 is a nickel-chromium-
molybdenum alloy with the addition of niobium, 
in which molybdenum increases strength (Rm 
827-1103MPa) without the need for hardening by 
heat treatment, and is also resistant to corrosive 
environments. Ti6Al4V alloy class 5 (Rm 950 
MPa) with 94.3%Ti, 6%Al, 4%V, 0.25%Fe and 
0.2%O in the annealed condition is highly ma-
chinable and can be welded using conventional 
methods. Two side milling strategies were ad-
opted - cylindrical milling and face milling and 
three different monolithic cutters were used for 
different machining methods - general-purpose 
high-speed, and performance machining.

The combinations of parameters and cutting 
conditions used are summarized in Table 2. The 
assumption for the selection of cutting speed and 
feed rate was the choice of a value contained in 
the middle of the range recommended by the cut-
ting tool manufacturer. The adopted value of cut-
ting speed vc during the milling of titanium alloy 
samples is a typical value (or close to the assumed 
one) in studies [23–26]. Based on the presented 
parameters, it is evident that the value of the re-
moval rate – which depends on the depth of cut, 
feed rate, and radial depth – is constant and equals 
2.03 cm3/min. Using a constant value for this pa-
rameter was the basis for comparing the results. 

During machining, SILUB MAX water-oil emul-
sion cooling was applied in a proportion of 85% 
water and 15% oil [27].

The measurement of cutting forces for each 
sample was recorded on three components Fx, 
Fy, Fz marked according to the coordinate sys-
tem shown in Figure 1. A sampling frequency of 
1000Hz was used during the measurement. To 
determine the values of the component forces, it 
was necessary to set the appropriate sensitivities 
of the force meter, which were selected accord-
ing to the datasheet provided by the manufac-
turer of the force meter used. The sensitivities 
adopted for calibration of the force meter are 
shown in Table 3.

RESULTS AND DISCUSSION

The cutting force components along the 
three axes of the coordinate system (x, y, z) dur-
ing the machining process of the samples were 
determined based on the conditions described 
before. These components are designated as Fx, 
Fy, and Fz, respectively. For parts with thin verti-
cal walls, the cutting force component Fx is the 
normal feed force, the Fy component is the feed 
force, and the Fz component is the resistance 

Table 1. The assumed research model
Input factors Test object Output factor

•	 Workpiece materials,
•	 Cutting tools (for different milling 

methods),
•	 Machining strategies.

•	 Thin wall samples in horizontal 
orientation •	 Cutting forces

Table 2. Cutting parameters adopted during the experiment (based on [34–36])
Sample 
number Material Cutting tool Machining 

strategy ap [mm] ae [mm] Vc [m/min] Vf

 [mm/min]
T1_1

Titanium alloy
Ti6Al4V - grade 5

JS554100E2R050.0Z4-SIRA
Face side 
milling

2 4 100 255

T2_1 JS754100E2C.0Z4A-HXT 2 4 100 255

T3_1 JH730100D2R100.0Z7-HXT 2 4 100 255

T4_1 JS554100E2R050.0Z4-SIRA
Cylindrical side 
milling

16 0.5 100 255

T5_1 JS754100E2C.0Z4A-HXT 16 0.5 100 255

T6_1 JH730100D2R100.0Z7-HXT 16 0.5 100 255

N1_1

Nickel alloy
Inconel 625

JS554100E2R050.0Z4-SIRA
Face side 
milling

2 4 40 255

N2_1 JS754100E2C.0Z4A-HXT 2 4 40 255

N3_1 JH730100D2R100.0Z7-HXT 2 4 40 255

N4_1 JS554100E2R050.0Z4-SIRA
Cylindrical side 
milling

16 0.5 40 255

N5_1 JS754100E2C.0Z4A-HXT 16 0.5 40 255

N6_1 JH730100D2R100.0Z7-HXT 16 0.5 40 255
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force. Consequently, considering the axes of the 
machine tool coordinate system, the transitions 
on the input side had positive values of cutting 
forces on the x, and y components, while on the 
output side, the values of these components were 
negative. It is due to a change in the direction of 
the force – milling on the output side took place 
in the opposite direction on the x and y axes than 
on the input side. The cutting force component 
along the z-axis was positive for both the entry 
and exit of the tool from the material.

Using the recorded measurement results from 
a piezoelectric force gauge with a sampling fre-
quency of 1000 Hz, a graphical representation of 
the cutting force components on the three axes of 
the coordinate system for the last complete pass 
on both the input and output sides was developed 
in the Matlab program.

Cutting force for titanium alloys samples

The graphs of the cutting force components 
of the last pass for titanium alloy samples with 
thin vertical walls manufactured using face side 
milling are shown in Figure 3a-c, while Figure 
3d-f was obtained using cylindrical side milling.

Based on the graphs shown in Figure 3, it 
is reported that for samples made with the tool 
for high-performance machining and the tool 
for general purposes, we observe that both their 
shape and the accepted values of the corre-
sponding components of the cutting forces are 
similar to each other. This relationship applies 
to the comparison of samples performed using 
side face milling with cylindrical milling, i.e. 
the comparison of T1_1 and T2_1 and T4_1 
and T5_1. The trend works for both sides ma-
chined, i.e., No significant differences were ob-
served between the input and output sides of the 
samples T1_1, T2_1, T4_1, and T5_1 (3%). The 
similar nature of the graphs of the corresponding 
components of the cutting forces may be due to 
the similar geometry of the two cutters. As men-
tioned, the values of the corresponding compo-
nents for the opposite strategies are similar to 

each other, but slightly smaller values (mainly 
of the Fy component) were registered for the 
samples made with the side face milling strategy 
(T1_1 and T2_1) was 3% and the cylindrical one 
(T4_1 and T5_1). The decrease in cutting force 
is because in this strategy the thin wall has no 
support from the other side, so it can be deflect-
ed by the pressure of the milling cutter during 
machining, and as a result deform.

The differences in cutting force compo-
nents between the machining strategies applied 
to samples produced using the general-purpose 
tool (T1_1 and T4_1) was 3% and the high-
performance machining tool (T2_1 and T5_1) 
are negligible. However, this is not the case for 
samples manufactured with the high-speed ma-
chining tool (T3_1 and T6_1). Notably, sample 
T3_1, which was processed with the high-speed 
machining tool in conjunction with the side face 
milling strategy, exhibits a distinct graph pat-
tern, characterized by significantly higher cut-
ting force component values components by 
30% compared to the other samples made with 
the same strategy (T1_1 and T2_1). The differ-
ent character is characterized by a different loca-
tion of peaks, sample T3_1 presents peaks at the 
beginning of the transition for both sides - input 
and output - on the x and z axes. For samples 
T1_1 and T2_1, the observed peaks appear at the 
beginning of the transition and are only present 
on the output side along the y-axis. Addition-
ally, when utilizing the high-speed machining 
tool, the cutting force components recorded for 
side face milling (T3_1) were notably higher 
compared to cylindrical milling (T6_1), which 
contrasts with the trend observed for samples 
processed with the general-purpose and high-
performance machining tools. Upon examining 
the graphs obtained during machining with the 
high-speed tool, it becomes evident that the cut-
ting forces for the sample produced using the 
cylindrical side milling strategy (T6_1) are up 
to twice as low as those recorded for the face 
milling strategy (T3_1). Sample T6_1 exhibits a 
graph pattern similar to other samples subjected 

Table 3. Calibration data for the Kistler 9265B dynamometer (based on manufacturer’s documentation)
Cutting force component Calibration range [N] Sensitivity [pC/N]

Fx 0 ‒ 15000 ‒7.86

Fy 0 ‒ 15000 ‒7.91

Fz 0 ‒ 30000 ‒3.6
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Figure 3. The components of the cutting force for the sample: (a) T1_1; (b) T2_1; (c) T3_1; 
(d) T4_1; (e) T5_1; (f) T6_1
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to the same strategy (T4_1 and T5_1), but with 
significantly higher cutting force component 
values and a considerably larger peak increase at 
the end of the x-axis transition. 

For the side face milling strategy, a slightly 
higher instability is observed, i.e. the graph is 
rough, as the tool is forced to overcome a lot of 
resistance during cutting. An additional factor is 
that during side face milling, the force is concen-
trated on a larger arm from the mounting holder 
compared to the opposite strategy, so it is more 
sensitive to component vibration that occurs. 

The application of the side cylindrical mill-
ing strategy (T4_1 – T6_1) provides more stable 
graphs, i.e. without sudden peaks (increases in 
cutting forces). The exception is the occurrence 
of a peak at the end of each pass for all tools 
used, the strong influence of which is noticeable 
on the x-axis (direction normal to the feed mo-
tion), and a less significant impact is observed 
on the y-axis, which represents the direction of 
the feed motion. The peaks appear to result from 
the need to overcome the resistance to material 
breakage during tool exit.

Cutting force for nickel alloys samples

In the next step, results were developed for 
samples machined from nickel alloy, whose 
graphs of the components of the cutting forces 
were prepared in the same way as for titanium 
alloy. First, graphs were determined for samples 
made by the side face milling strategy (N1_1 – 
N3_1), which are shown in Figure 4a-c. Follow-
ing this, plots of the component cutting forces of 
samples machined with the cylindrical side mill-
ing strategy (N4_1 – N6_1) were prepared, which 
are shown in Figure 4d-f.

Similar to the titanium alloy, the cutting 
force component plots for nickel alloy samples 
machined using the general-purpose tool (N1_1 
and N4_1) and the high-performance machining 
tool (N2_1 and N5_1) exhibit comparable pat-
terns across the individual component axes. A 
mutual comparison of the samples obtained with 
these two tools in terms of strategy shows that the 
corresponding values of the component cutting 
forces - the component cutting forces of samples 
N1_1 and N2_1 and N4_1 and N5_1 – are com-
parable to each other and the difference in results 

Figure 3 cont. The components of the cutting force for the sample: (a) T1_1; (b) T2_1; (c) T3_1; 
(d) T4_1; (e) T5_1; (f) T6_1
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Figure 4. The components of the cutting force for the sample: (a) N1_1; (b) N2_1; (c) N3_1; 
(d) N4_1; (e) N5_1; (f) N6_1
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was about 10%. This is a result of the similar 
geometry of the two tools, which translates 
into similar conditions in terms of the achieved 
cutting forces, which was also observed in the 
graphs of the titanium alloy samples.

Analyzing the values of the cutting force com-
ponents of the nickel alloy samples, it is evident 
that for those obtained with the side face milling 
strategy (N1_1 and N2_1), an approximately 50% 
increase in the Fx component and an approximately 
twice as much increase in the Fy and Fz components 
is observed compared to their titanium alloy coun-
terparts (T1_1 and T2_1). The samples machined 
with the cylindrical side milling strategy (N4_1 
and N5_1) show about three times the values of the 
Fx component and about twice the increase in the 
Fy and Fz components compared to their titanium 
alloy counterparts (T4_1 and T5_1). The increase 
in cutting forces was expected because nickel alloy 
is a significantly harder material compared to tita-
nium alloy. so a higher force is required to break 
the material during machining.

When milling titanium alloy samples, the 
values of cutting force components between 

strategies were similar. For nickel alloy samples 
made with the tool for general purpose and high-
performance machining, half the values of the Fx 
component were obtained during cylindrical side 
milling (N4_1 and N5_1) compared to face mill-
ing (N1_1 and N2_1). This statement is correct 
when the peaks at the end of the transition for this 
component are ignored.

For the components Fy and Fz, the cutting 
force values were about 25% higher for cylindri-
cal side milling (N4_1 and N5_1) compared to 
face milling (N1_1 and N2_1). The observations 
presented lead to the conclusion that the harder 
material, as well as the strategy used, affected the 
increase in values and the change in the distribu-
tion of the cutting force among the components.

Focusing on the peak values of the samples 
described above, we see that in the case of sam-
ples N1_1 and N2_1, it is observed that there is 
a peak at the beginning of the transition on the 
y-axis on the output side – with a similar increase 
(about 50%) as in the case of titanium alloy. Peaks 
at the end of the transition on both sides ma-
chined for samples N4_1 and N5_1 are seen on 

Figure 4 cont. The components of the cutting force for the sample: (a) N1_1; (b) N2_1; (c) N3_1; 
(d) N4_1; (e) N5_1; (f) N6_1
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all components – as in the case of their titanium 
alloy counterparts. However, the aforementioned 
peaks tend to increase more compared to titanium 
alloy, as up to twice as much is observed when 
comparing them to the obtained cutting forces in 
the right part of the transition.

Samples were obtained using a tool specifi-
cally designed for high-speed machining. (N3_1 
and N6_1) present different trends. Focusing on 
sample N3_1, made with the side face milling 
strategy, it is apparent that it showed a different 
character than the other samples obtained with the 
same strategy in both nickel alloy and titanium al-
loy. The course of the components of the N3_1 
sample tends to be more unstable, manifested by 
a rough graph, i.e. sudden increases in the val-
ues of cutting forces. Interestingly, a very regular 
graph is noted when the same tool is used, but 
with a cylindrical side milling strategy (N6_1) –
meaning that the smoothest graph was obtained 
in the group of titanium and nickel alloy samples. 
The graph itself and the nature of the graph for 
sample N6_1 are similar to the graphs obtained 
with other tools with the same strategy (N4_1 
and N5_1) but with a smoother and more regular 
course of values. A similar situation occurs for the 
obtained values of the components of the cutting 
forces, ignoring the values of the peaks occurring 
at the end of the transition, which are larger.

An interesting situation is observed by focus-
ing on the comparison of values for nickel and 
titanium alloy samples made with the tool for 
high-speed machining. The results presented for 
N3_1 and N6_1 are similar in value to those ob-
tained for sample T6_1 (titanium alloy, cylindri-
cal side milling) and about half the value for T3_1 
(titanium alloy, face side milling). The nickel al-
loy selected for this study is harder than the tita-
nium alloy, so an increase in cutting forces was 
expected when machining it compared to titani-
um—which was confirmed for samples processed 
with the general-purpose and high-performance 
machining tools. However, this trend was not 
observed when using the high-speed machining 
tool on nickel alloy. It was noted that, for titani-
um alloy samples, the cutting force components 
were twice as high for those machined with the 
high-speed tool using a side face milling strategy 
(T3_1) compared to cylindrical milling (T6_1). 
In contrast, when machining nickel alloy, the use 
of this tool resulted in similar cutting force values 
for both strategies (N3_1 and N6_1). These find-
ings highlight the significant influence of material 

properties on the machining process when using 
the high-speed machining tool under these condi-
tions, where a harder material appears to reduce 
cutting forces.

Statistical analysis of cutting forces

For the statistical analysis conducted for 
samples with thin horizontal walls, the maximum 
values of the total cutting force Fc for all passes 
were assumed, determined by vector compositing 
of the selected components Fx, Fy, and Fz. Figures 
5 and 6 show the mean values, standard error, and 
standard deviation for titanium alloy and nickel 
alloy samples, respectively. Appendix A contains 
Table A1 with the minimum and maximum val-
ues, mean, median, variance, standard deviation, 
and standard error for the analysis.

Based on the Figures 5 and 6 graphs, showing 
the values of the total cutting force Fc for titanium 
and nickel alloy samples, the following observa-
tions can be given:

The application of the tool for general pur-
pose (T1_1 and T4_1) and the tool for high-per-
formance machining (T2_1 and T5_1) is char-
acterized by similar mean value 121.55N and 
13.99N and scatter of results for titanium alloy 
samples made under the same conditions (for 
both cutting strategies).

It is impossible to clearly determine which 
strategy yielded more favorable results based on 
the presented data. For the tool for general purpos-
es (T1_1, T4_1, N1_1, and N4_1) and the tool for 
high-performance machining (T2_1, T5_1, N2_1, 
and N5_1), the average values are similar. For the 
tool for high-speed machining, in the titanium al-
loy group (T3_1 and T6_1), smaller average val-
ues were obtained for the cylindrical side milling 
strategy by 8% compared to the face milling strat-
egy, while in the nickel alloy group (N3_1 and 
N6_1), the trend is the opposite – smaller average 
values were obtained for the face milling strategy 
compared to the face milling strategy by 10%.

Comparing the values of the total cutting force 
Fc depending on the workpiece material, similar 
to the above observation on strategy, also yields 
inconclusive results. For samples machined with 
the tool for general purposes and the tool for high-
performance machining, smaller values were ob-
tained for titanium alloy compared to nickel alloy. 
For the tool for high-speed machining, smaller 
values were obtained for titanium alloy with the 
cylindrical side milling strategy, while for nickel 
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alloy, the sample was machined with the face 
milling strategy.

Both in the titanium alloy group and in both 
material groups, the largest average value was ob-
served for sample T3_1 – 1 552.77N, while the 
smallest was for T2_1 – 114.27N (with similar 
values for T1_1, T4_1, and T5_1). 

In the nickel alloy group, the highest mean 
value was observed for sample N6_1 – 466.68N, 
while the lowest was for N1_1 – 345.65N (with 
similar values for N2_1, N4_1, and N5_1).

The use of the tool for general purposes and 
the tool for high-performance machining gives 
similar values of cutting forces, potentially 
due to similar cutter geometries. Machining 
with the tool for high-speed machining pres-
ents significantly higher values of the obtained 
cutting forces.

Figures 7 and 8 show the results of statisti-
cal analysis of the significance of two side milling 

parameters on the entry and exit side for two ma-
chined materials. Vertical bars indicate 0.95 con-
fidence intervals. The results were processed us-
ing the ANOVA method in Statistica.

Comparing the significance levels between 
the input side and output side for titanium and 
Inconel materials, it can be concluded that the av-
erage values ​​of total cutting force do not show 
significant difference.

CONCLUSIONS

This paper presents the cutting force results 
for machining of titanium alloy Ti6Al4V and 
nickel alloy Inconel 625 for three different tools 
(general purpose, high performance and HSM) 
and milling strategies – side and side milling.

Based on the results of this study, the follow-
ing conclusions can be drawn:

Figure 6. The results of total cutting force statistics for nickel alloy samples
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	• For most of the samples, approximately 50% 
lower average values ​​of total cutting force 
were obtained when milling titanium alloy 
samples.

	• It is not possible to clearly state which machin-
ing strategy resulted in lower cutting forces, 
because the results depend on the tools used.

	• The average values ​​of total cutting force are 
very similar for samples made with the gener-
al purpose tool and the high performance tool 
(3%) – in terms of material. This trend is very 
visible in the results obtained when machining 
titanium alloy samples.

	• The use of a high-speed cutting tool showed 
that in the case of the titanium alloy, lower 

values ​​were obtained by using the cylindrical 
side milling strategy, while in the case of the 
nickel alloy, lower values ​​were obtained by us-
ing the side milling strategy by 30%, while in 
the case of the nickel alloy, lower values ​​were 
obtained by using the side milling strategy.

	• The lowest value of the total cutting force (tak-
ing into account both analyzed material groups) 
was obtained for sample T2_1 – 114.27 N of 
the titanium alloy machined with a high-perfor-
mance cutting tool using side milling.

	• The highest value of the total cutting force 
(taking into account both analyzed mate-
rial groups) was obtained for sample T3_1 – 
552.77 N of the titanium alloy machined with 

Figure 7. Side milling severity levels on the entry side, (F = 3.9827, p = 0.07392)

Figure 8. Side milling severity levels on the exit side, (F = 4.5871, p = 0.05786)
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a high-speed cutting tool using side milling. 
An interesting observation is that lower results 
were obtained when machining the nickel al-
loy corresponding to this sample – N3_1 – 
420.55 N (the same cutting conditions)..

Based on the overall research conducted, the 
following possible directions for research can be 
done:
	• Machining samples with different thin wall 

thicknesses and controlling parameters.
	• Using different combinations of cutting speed 

and feed rate, as well as cutting depth and ra-
dial depth to determine the favorable values.

	• Using different support methods to minimize 
the effects of vibration and cutting forces.

The statistical results of cutting forces for thin 
wall samples in a vertical orientation are present-
ed in Appendix (Table A1), comparing titanium 
alloy and nickel alloy.
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