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Increasing the efficiency of cutting operations while fulfilling the required (expected) quality of the parts 
constantly requires a thorough knowledge of the chip removal process. This is especially justified in the 
case of deviations from the usual (traditional) technological conditions or cutting data, both in terms of 
cutting theory and technique. This paper summarizes some of the results of a study of cutting force and 
cutting temperature in face milling. The technological analysis of face milling was performed by FEM 
simulation, which was compared and validated by measuring the cutting force. The chip removal of C45 
rolled steel as a function of tool rotation was studied with two different depths of cut ap and feed rate fz 
so that at a constant nominal Ac cross section the ratios ap/fz were 0.1 and 10. The effect of the change of 
the cross-section and chip ratio is shown. 
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 Introduction 

The study of the mechanical and thermal processes 
of cutting technology has long been intertwined. This 
is also true for cutting performed with a rotary tool, as 
shown in Salomon’s much-cited article [1]. He has 
already presented the measurement of cutting force 
and cutting temperature together during milling. 
These two characteristics of machining, force and 
temperature, have been the subject of intensive re-
search ever since. As a typical example, among the 
newest investigation results, the mechanistic model by 
Shalabi et al. [2] can be mentioned for the case of pre-
cision machining where the depth of cut is made con-
siderably smaller than the tool nose radius. It is espe-
cially important to know the conditions of chip re-
moval when cutting difficult-to-machine materials 
with special compositions. Geng et al. [3] studied the 
machinability of a nickel-based superalloy by calcula-
ting and measuring the cutting force. The cutting force 
for milling this extremely difficult-to-machine material 
was determined with ABAQUS FEM software and 
the results were verified by force measurements. This 
made it possible to determine the optimal technology. 
Fan et al. [4] studied the cutting force for the in-
dustrially important Ti-6Al-4V alloy. Kecik et al. [5] 
rated the stability of the process in the machining of 
Ni superalloys by measuring the cutting force, and 
Huan et al. [6] measured the cutting force in the 
milling of Ti-matrix composites. Machining of special 

materials also requires the development of measure-
ment methods. For the machining of aluminum alloys 
used in aviation, a 4-Component-High-Speed-Rota-
ting-Cutting-Force-Dynometer was developed and 
used by Klocke et al. [7]. Knowledge of cutting forces 
is particularly important during machining non-me-
tallic composite materials, such as carbon fiber rein-
forced plastics (CFRPs), which are becoming more 
widespread. Henerichs et al. [8] studied the effect of 
tool geometry and fiber orientation in machining by 
measuring the cutting force. The machining of biome-
dical Co-Mo-Mo alloys is a little studied field so far in 
the machining of special materials. Ahearne and Baron 
[9] performed a full factorial orthogonal cutting expe-
riment. The constants of the Kienzle formula were es-
tablished, with which the macro-mechanical modeling 
of more complex machining was established for this 
special material. A relatively new technology is turn-
milling, in which the cutting force was investigated 
using a predictive analytical model by Karaguzela et al. 
[10]. For complex surfaces, Niederwestberg and Den-
kena [11] have extended the modeling of the cutting 
process to arbitrary milling operations in which milling 
is performed with a rotating tool. The new way of mo-
deling made it possible to consider all the relevant 
technological parameters. Cui et al. [12] studied the 
cutting force in ultra-high speed milling. Abaqus/ex-
plicit FEM software was used for modeling. In par-
ticular, the complex processes in the tool tip environ-
ment require in-depth studies, which was investigated 
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by Fernández-Abia et al. [13] in the high-speed turning 
of austenitic stainless steel. A geometrically similar 
problem was addressed by Ge et al. [14] for a three-
edge tool, and by Aydin and Köklü [15], who modeled 
the cutting forces in ball-end milling.  

One of the peculiarities of cutting is that difficult 
problems can arise even with the technology used in 
practice. This has been addressed by Zheng et al. [16] 
in face milling with cutter runout. The ongoing exten-
sive cutting force studies promise answers to many 
problems. This is especially true for intermittent 
cutting like milling. More and more studies are appea-
ring on calculating the cutting forces arising during 
milling [17]. Rubeo and Schmitz [18] used an empirical 
technological function to describe the dependence of 
the cutting force coefficients on process parameters 
such as feed per tooth, spindle speed, and radial im-
mersion in milling. By examining the average and in-
stantaneous forces they were able to separate the sta-
ble and unstable ranges of the process. From the 
cutting data at high feed machining, our research 
group studied the force change depending on the chip 
cross section [20] and the cutting speed [21], which 
increases productivity by increasing the feed rate [19]. 
It has also been found that by increasing the feed with 
a constant chip cross section, the cutting force decre-
ases [22]. The relationship between cutting force and 
feed in face milling of steel has already been studied 
by Korkut and Donertas [23]. Karpuschewski and Batt 
[24] used the so-called inverse cutting technology and 
measured the cutting forces during milling with step-
ped cuts. With this, they were able to create a favorable 
cutting process. Borysenko et al. [25] showed that the 
deformation of the material is less in inverse cutting 

than in conventional cutting, resulting in a significant 
reduction in cutting force and more favorable work-
piece surface integrity. Reducing machining energy 
requirements requires process forecasting. Rief et al. 
[26] successfully used specific cutting force for a ho-
listic analysis of specific energy consumption. On the 
basis of this brief review of the literature, it can be 
concluded that the study of cutting force has long 
been, and still is, the focus of interest for technology 
developers. 

This paper describes studies aimed at the complex 
analysis of machining energy demand and cutting tem-
perature using FEM in milling. It has been shown that 
by validating the FEM analysis by force measure-
ments, the thermal processes of chip removal can be 
reliably studied without labor-intensive and costly me-
asurement of temperature conditions. 

 2The performed investigations and their 
conditions 

2.1 Investigation method 

The process of chip removal by face milling was 
analyzed using the finite element method (FEM). The 
change in cutting forces was also examined by cutting 
experiments and the force measurement data were 
compared with the FEM results, thus the results were 
validated at the same time (Fig. 1). This was done 
based on the specific cutting force values. As a result 
of the FEM tests, the change of the cutting tempera-
ture was also shown as a function of the rotation of 
the milling tool. 

 

Fig. 1 Investigation steps 
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Since machining with a rotary tool is characterized 
by intermittent chip separation and chips of variable 
cross-section, the current technological process was 
examined as a function of four characteristics. These 
are the angular rotation of the cutter φ, the nominal 
layer thickness h·sinφ, the equivalent layer thickness 
heq and the chip quotient K. The tests were performed 
taking into account an equivalent layer thickness (heq) 
that is the quotient of the actual (approximate) cross 
section (Ac(φ) = ap·fz·sinφ) corresponding to the an-
gular rotation of the milling tool φ and the cutting edge 
length lc(φ) [27]. As the heq equivalent layer thickness 
is not sufficient for the satisfactory characterization of 
the technological variants occurring in practice, it is 
justified to introduce the chip quotient K = ap/fz [24]. 
In milling, the actual chip ratio also varies as a function 
of the angle of rotation φ, so it is expedient to distin-
guish from the nominal chip quotient K = ap/fz the 
effective chip quotient ap/(fz·sinφ), which is denoted 
as Keff; the value of which can vary greatly during the 
rotation of the cutter [27]. The characteristic (distin-
guished) points of the angle of rotation of the cutter 
are shown in Fig. 2, where point “1” is the place of 
entry into the cut, point “2” is the place of exit from 
the cut. 

 

Fig. 2 Characteristic points of the angle of rotation of the cut-
ter 

2.2 FEM simulation tools 

The FEM simulations were performed with the 
ThirdWave AdvantEdge Finite Element software, 
which is a dedicated FEM modeling system for such 
cutting processes as turning, milling, or drilling. It can 
be used to analyze the chip formation process, tempe-
rature, cutting forces, etc.  

The input parameters for the simulation are intro-
duced in the following. Our intention was to provide 
parameters as close to the real cutting experiments as 
possible, within the given boundary conditions.  

Workpiece: material: C45 (200 Bhn); length: 5 mm; 
height: 30 mm; width: 70 mm.  

Tool: Dc = 120 mm; insert shape: S (square); nose 
radius: 0.8 mm; insert width: 0.5 mm; radial rake angle: 
0°; axial rake angle: 12°; lead angle: 0°; relief angle: 15°; 
number of teeth: 1; edge radius: 0.015 mm; material: 

Carbide-General. 
Process parameters: spindle speed: 530 RPM; feed 

per tooth: 0.3, 3 mm; depth of cut: 3, 0.3 mm; angle of 
rotation: 75°; dry cutting; initial temperature: 20 °C.  

Symmetrical face milling was modeled. The mesh 
parameters were adjusted to be fine enough at the vi-
cinity of the cutting edge while keeping running time 
under control. Thus, the minimum element size in the 
tool was set at 0.065 mm, while in the workpiece and 
in the chip it was set at 0.005 mm. The workpiece and 
tool material were selected from the standard material 
library of the software. Among the technological pa-
rameters, the values of the depth of cut and the feed 
per tooth were varied and the other parameters were 
constant. The cutting data were selected in such a way 
that material removal took place at significantly differ-
ent chip ratios. Accordingly, we worked with a 3 mm 
depth of cut at a feed per tooth of 0.3 mm and with a 
depth of cut of 0.3 mm at a feed of 3 mm. Thus, the 
chip ratios examined were as follows: K1 = 10 (A) and 
K2 = 0.1 (B). 

2.3 Condition of cutting experiments and force mea-
suring system 

The experiments were performed on a Heller 
FT2000 vertical machining center. During cutting, a 
Garant XOEW 120508 PDER-W insert was used, 
which was clamped in a custom-made, expediently de-
signed face milling head [25]. A single insert was pla-
ced in the tool, the reason being that the chip separa-
tion process could be examined independently of the 
interaction of several edges. The geometry of the ex-
perimental tool was the same as the geometry of the 
tool used in the finite element simulations: 

· tool diameter: Dc=120 mm 

· major cutting edge angle: κr=90° 

· nose radius: rε=0,8 mm 

· cutting edge radius: rβ=0,015 mm 

· radial rake angle: γf=0° 

· axial rake angle: γp=12°  

 
In the experiments, C45 rolled C-steel was used as 

the workpiece. Its hardness was about HB200. The 
cutting parameters were also the same as those used in 
the finite element simulation. The cutting speed (vc) 
was 200 m/min, the spindle speed was set accordingly 
to n = 530 1/min. Based on the expedient design of 
the workpiece, the working width (bw) was 70 mm. 
The depth of cut (ap) was set to two values: 0.3; 3 mm, 
the feed per tooth (fz) was also of two values: 0.3; 3 
mm, but so that the nominal undeformed chip cross-
section (Ac = ap·fz) was a constant value of 0.9 mm2. 

A Kistler 9255B three-component dynamometer 
was used for force measurements. Three 5011 type 
charge amplifiers were connected to this (also made 
by Kistler). The measured signal was then transmitted 
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to the data recording and processing laptop via a Na-
tional Instruments USB 6212 data acquisition unit. 
The measurement software used on the laptop was 
written in the LabView programming language. 

 Comparative study of cutting forces (spe-
cific values) 

The results of the FEM run (example given in Fig. 
3) were compared with the results obtained during the 
cutting experiments. It was examined, how well the 
values obtained with FEM follow the values obtained 
in the experiments as a function of the rotation of the 
tool and whether there is a difference from the values 
obtained at different chip ratios. 

 
a) Experimental setup A: ap=3 mm ; fz=0,3 mm ; K=10 

 
b) Experimental setup B: ap=0.3 mm ; fz=3 mm; K=0.1 

Fig. 3 FEM run results 
 
The FEM calculations were analyzed and compa-

red by determining the cutting force Fxy (Fa) (active 
force) in the base plane of the tool in versions A and 
B and the specific cutting force kxy calculated from it. 
The cutting force Fxy was obtained as the resultant of 
Fx and Fy using the following relation: 

 ��� =  !�# + !�# . (1) 

3.1 Comparison of Fxy cutting force and kxy specific 
cutting force 

In the axis of symmetry of the workpiece – where 
the angle of rotation of the cutter is 90° – the data 
belonging to different milling positions were compa-
red to the measured and calculated values (Figs. 2 and 
3) - with respect to the standard deviation – by calcu-

lating with the mean value of the interval j = 

90°±2°.The ratios of Fxy(φ)/Fxy(φ = 90°) and 
kxy(φ)/kxy(φ = 90°) were determined in this way, the 
values of which are thus equal to one at φ = 90°. Thus, 
both in the measurements and in the calculation of the 
FEM, a characteristic is obtained as a function of the 
angle φ; in case of the similarity of the two the results 
of the FEM calculations can be considered validated 
by the measurements. For the Fxy cutting force com-
ponent, this characteristic is shown in Fig. 4. 

 

a) Version A 

 

b) Version B 

Fig. 4 Relative values of the force Fxy according to the values 
measured and calculated at φ = 90° 

 
A similar method was used to compare the mea-

sured and calculated values of kxy specific cutting force 
(Fig. 5). 

 
a) Version A 
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b) Version B 

Fig. 5 Relative values of the specific cutting force kxy accor-
ding to the values measured and calculated at φ = 90° 
 
At the milling cutter angle position φ, the momen-

tarily removed material cross section Aφ is 
Ac(φ) = ap·fz·sin φ. Here, in view of the large diffe-
rence between the cutting speed and the feed rate, the 
difference between the real cycloid path of the tool 
edge and the circular arc assumed as an approximation 
is neglected. As a function of this actual material cross-
section Ac(φ), the characteristic curve of the ratios 
Fxy(φ)/Fxy(φ = 90°) and kxy(φ)/kxy(φ = 90°) develops 

specifically, which is shown in Fig. 6. The marks ● 

and ▲ s indicate the initial phase of cutting. 

 
a) Version A 

 
b) Version B 

Fig. 6 Relative values of the specific cutting force kxy compa-
red to the measured and calculated value at φ = 90° as a 
function of the momentarily removed cross section Ac(φ) 

Based on Fig. 6, it can be concluded that the force 
required to separate the material of cross section Aφ is 
not exactly the same in the ascending and descending 
phases. This particular fact can be established for both 
the measured data and the FEM calculation results for 
both versions. The characteristic curves shown in Fi-
gures 4–6 can be considered as validating the FEM 
calculation results with force measurements. 

3.2 Scattering of the measured and calculated values 

When measuring the cutting force, it is not un-
common for the scattering of the results to be quite 
large due to the many factors influencing the process. 
It is noteworthy that the same is true for FEM results, 
suggesting an interesting analogy. 

 

a) The scattering for Versions A and B 

 

b) The heq-kc relationship, where the exit from the cut can also 
be seen 

Fig. 7 The specific cutting force as a function of the equivalent 
thickness heq of the deposited material layer, at different scales 

(Version B, ● shows the exit cutting) 
 

Chip removal is characterized by large and rapidly 
changing deformation and quick, large temperature 
changes. As a result, opposite effects also occur, such 
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as an increase in the forming strength, i.e., the forming 
hardness, due to the high deformation and the high 
deformation rate. At the same time, due to the rapid 
increase in temperature, thermal softening occurs. 
This may cause a chaotic phenomenon of determinis-
tic instability known from nonlinear dynamics, which 
has already been modeled and verified by several re-
searchers [28]. Thus, the reasons for the scattering of 
the measurement results are not limited to the possible 
instability of the measurement system, but can also be 
that the process itself causes a significant fluctuation 
in the measured data. 

The FEM simulation can be characterized simi-
larly. The constitutive equation describing the impor-
tant properties of a plastically rapidly deformed mate-
rial naturally includes the characteristic data that can 
be used in the calculations to consider the effect of 
deformation, deformation resistance, deformation 
rate, and thermal softening. The natural consequence 
of this is that the results are also scattered in the tech-
nological process simulated in this way. 

The standard deviation of the data obtained by the 
FEM calculation is, of course, shown in the calculated 
time series, the specific manifestation of which is then 
shown in Fig. 7 as a function of the heq equivalent thic-
kness. The significant scattering of the specific cutting 
force can be seen here, as well as the characteristic of 
the equivalent layer thickness heq in diagram a. This is 

manifested in the fact that heq(j) = Ac(j)/lc(j), 

lc = ap+fz·sinκr·sinj+rε·(π/2-1), if rε≤ap while 

lc = fz·sinκr·sinj+rε·arccos(1-ap/rε), if rε≥ap; and in 

these formulas the effect of sinj has a clearly visible 
maximum; while at higher heq values there are no lon-
ger calculation results (Fig. 7a). Figure 7b shows a 
range of heq values where exit from cutting is also vi-
sible. 

 Temperature in chip root 

Like the specific cutting force, the cutting tempe-
rature is usually given by an empirical formula and a 
fractional power function as a function of the techno-
logical parameters ap, fz, etc. This does not apply to 
milling, as the calculation results shown in the 
following figures suggest. Figure 8 shows the tempe-
rature formed in the chip root as a function of the an-
gle of rotation φ of the cutter. The same is shown in 
Fig. 9 in specific value and in a narrower range. Here, 
the reference basis of the data for Version B is the 
average calculated for the interval φ = 90° ± 2°, which 
is To = 717.9 °C. 

In terms of variance, a characteristic difference can 
be established between the studied versions. For 
Version B, the outliers appear to be larger, as shown 
in Fig. 9. This is even more striking in Fig. 10, where 
the temperature formed in the chip root is plotted as 
a function of the nominal chip thickness. Here it is 

clear that at fz · sinφ = 3 mm the curve “reverses” and 
continues at somewhat higher temperature values.
These facts also confirm that in addition to the 
commonly used parameters, the chip quotient should 
be used when examining the technological features of 
milling and evaluating the results. 

 

Fig. 8 Temperature in the chip root as a function of the angu-
lar position of the cutter φ 

 

Fig. 9 Temperature relative to φ = 90° as a function of cut-
ter angle φ 

 

Fig. 10 Chip temperature as a function of the nominal thic-
kness of the removed layer (version B). 

 
A similar situation is observed when the tempera-

ture is examined as a function of the equivalent thic-
kness (Fig. 11). It seems reasonable to assume that 
there is a strong correlation between the specific 
energy requirement of cutting and the temperature in 
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the chip root. However, the FEM calculation results 
shown in Fig. 12 indicate that a characteristic diffe-
rence can be seen for the two chip ratios. It is also 
interesting that the ratio of temperatures formed in 
versions A and B is significantly lower than the ratio 
of specific energy demand. This is presumably due to 
the fact that the heat dissipated during chip removal 
has a different distribution in the two cases. 

 

Fig. 11 Chip temperature as a function of the equivalent thic-
kness of the removed layer heq 

 

Fig. 12 The temperature of the chip root as a function of the 
specific energy required for chip removal 

 

Fig. 13 Enlarged detail from Fig. 12 for Version B 

It can also be stated that the variance of the calcu-
lation results is very large in both versions. Also note-
worthy is the undoubted fact that the specific energy 
of the rotary cutter exceeding the value of φ = 90° 
causes a different temperature rise in the chip root 
than in the range below 90° (Fig. 13). Another impor-
tant calculation result is that it is more energy-efficient 
if the operation takes place in the range K < 1. This 
suggests that more energy is required to remove the 
same amount of material under non-free cutting con-
ditions than in free cutting. In fact, the theory of non-
free cutting still needs to be developed in many re-
spects. Of course, there are aspirations in this di-
rection, as in the work of Shi and Wang [29], but 
further analyses are needed.  

It is noteworthy that the rapid change in power de-
mand is not of an alternating nature. This would make 
it probable that the phenomenon is a characteristic of 
mathematical simulation and not a characteristic of the 
technological process. Here, however, there are also 
points arising from the calculation on the ascending 
and descending sections of the smaller and larger 
waves. This makes it probable, for the time being wit-
hout any evidence, that FEM here simulates a feature 
of chip removal characteristic of milling. For cutting 
under other cutting conditions, but with repeatedly 
increasing nominal undeformed chip thickness h, 
Csernák and Pálmai [30] concluded that in this case 
harmonics of the frequency of intermittent cutting can 
also be formed. This is noteworthy in milling because 
it can cause vibration excitation at a frequency that ap-
proaches one of the self-frequencies of the machining 
system, and this resonance can be notoriously harm-
ful. This feature of milling needs to be further investi-
gated. 

 Summary 

The continuous development of material removal 
by cutting requires the examination of the most im-
portant characteristics, such as the cutting force. In 
this work we examined face milling, with emphasis on 
the shape of the removed chip cross section. The ana-
lysis was performed with ThirdWave AdvantEdge 
FEM software and by cutting experiments with 
ap/fz = 0.1 and 10 ratios on C45 steel. It was found 
that in the case of rotary tools, the material removal is 
well characterized by the nominal layer thickness 
h · sinφ, the equivalent layer thickness heq and the chip 
quotient ap/fz in addition to the angular rotation of the 
cutter φ. When using the chip quotient K = ap/fz, it is 
also expedient to distinguish between the nominal va-
lue and the actual one, which is related to the position 
of the cutter φ. It was found that the chip quotient K 
is a good indicator of chip removal conditions, such 
as cutting force and temperature in the chip root. It is 
energetically favorable if the chip quotient is as small 
as possible (K<1). 
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