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Abstract
The knowledge of cutting force in practical technology is increasingly important due to the growing quality and performance
requirements. Therefore, especially in the case of milling, it also represents an important research area of cutting theory. The aim
of the research in the project presented here was the study of transient processes assumed inmilling. For this purpose, a model that
describes cutting force in interrupted cutting realistically was developed. According to the initial hypothesis, cutting force reaches
a stationary status in a finite time due to the fact that the thermodynamic processes of deformation are time consuming. This
influences the energy characteristics of cutting significantly in the case of milling. It was assumed that the transient increase of
cutting force can be described by a formula where Kienzle’s force formula is supplemented by an exponential function. The
validation of this force model was performed by force measuring during the machining of normalized C-steel of C45 quality. One
tool insert was used in the face milling tool. The measurements justified the applicability of the model; the Pearson index of the
correlation was R2 > 0.9, moreover, it was higher than 0.95 in many cases.
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1 Introduction

Bayard, O. [1] listed 48 models through which the researchers
of cutting theory wanted to describe chips formation and the
accompanying mechanical and thermal processes. We can al-
so add further researches which studied the formation of
sheared chips using thermoplastic instability or fracture me-
chanics (see e.g., Komanduri et al. [2]) or hard turning, which
is currently the subject of extensive research (e.g., Kundrák
et al. [3]), as well as the extensive literature on interrupted
cutting and milling. Thus, the otherwise interesting fact that
cutting has been the continuous interest of the researchers of
machining for about 150 years can be understood. Based on
the above, two statements can certainly be made. One is that
strong industrial interests are attached to these researches, and
the second is that the seemingly simple technology comprises
complicated processes.

This can be perceived in the summarizing work in which
Cheng et al. [4] discuss machining dynamics in a

comprehensive systematic manner. They demonstrate from
multiple angles how important the theoretical modeling of
multi-body dynamic features of machines and the recognition
of these are from the point of view of industrial practice. In
turning, in its initial phase in certain special ways of machin-
ing, the cutting force varies rapidly [5]; however, milling is
characterized by dynamic changes throughout the process [6].
They revealed that not only the shock effect of the cutting
force, but also its rapid change strongly influences the stability
of the machining system. In his comprehensive review of
cutting theory and detailed investigation of milling, Altintas
specified that, besides the shock effect of cutting force, its
rapid change also influences the process [7].

Solid body physics have become a part of the tool kit of
researchers. Turkovich [8] was able to rely on the considerable
previous findings in the application of dislocation theory.
These were supported by the material structure testing of
Black, performed on steel chips by transmission and electron
and scanning microscopes [9–12]. There were researchers
who investigated the movement of dislocations considering
even the atomic structure [13, 14] while others studied the
impact of the steel structure [15].

Ultimately, the micro-level processes determine the macro-
level behavior of the material. This has led to the broad-scale
application of constitutive equations in the plasticity theory or
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the increasingly popular FEM descriptions of chip formation.
Essentially, this is a phenomenological method that describes
the connection among stress, deformation, the speed of defor-
mation, and temperature developing as a result of the force
triggering deformation.

Although significant results have been achieved in the
FEM simulation of the process of chip formation, the preci-
sion of these simulations raises constant concerns [13]. This
must certainly be taken into consideration when cutting force
is to be determined. It is important that the constitutive model
describing the behavior of the machined material should be
applied with correct material properties in calculations. This
runs into difficulties that are hard to overcome owing to the
significant, fast deformation and heat. Such extreme experi-
mental conditions cannot be produced in material testing;
therefore, measurement results need to be extrapolated outside
the studied parameter range. This was also established by
Zerilli [16] previously.

Several further studies relied on the famous experiment of
Salomon [17], on which Longbottom and Lanham wrote a
review [18]. We know that cutting temperature develops in a
special way in interrupted cutting; it starts to decrease above a
maximum value if cutting speed is increased [19, 20]. Based
on the findings shown in Fig. 1, it was already known in 1929
that the change of cutting temperature and that of cutting force
in interrupted cutting are completely synchronized.
Consequently, the relationship is evident; however, the con-
clusion that the change of cutting force shows the same pattern
that was long known with regard to cutting temperature has
not been drawn yet. Later, several researchers, such as
Crookall et al. [21] and Zheng [22], connected cutting force
and temperature. The relationship of these two parameters was
proven in face milling. Yet, in spite of the fact that they used
the exponential formula of Pálmai [21] in the calculation of
cutting temperature, there is no reference to the fact that cut-
ting force should follow the same law.

The experimental findings of Lazoglu et al. [23] in hard
turning and Fan et al. [24] in the cutting of a Ti-6Al-4Valloy
show the close relationship of the force and temperature that
can be measured in cutting. Thandra és Choudhury [25] ex-
perienced this when applying an oxy-acetylene hot-machined
device under special circumstances.

The same statement can be made with regard to the re-
search by Aurich et al. [26], who performed a 3D FEM anal-
ysis, and also regarding the end-milling research findings of
Sato et al. [27]. The close relationship between the force and
temperature in high- and ultra-high-speed milling was shown
by Cui et al. [28] with Abaqus/Explicit FEM software.

As the wear of the tool is determined by force and temper-
ature together, as known, cutting force is used to monitor wear
[29]. Suresh et al. [30] studied the relationship of the cutting
force and the wear of the tool in hard turning. Li et al. [31]
applied the cutting force for the monitoring of the tool wear in
a way that they examined the irregular fluctuation of the force.

These examinations did not extend to the transient initial
section of chip formation. This was equally ignored in theo-
retical analyses and in experiments. The initial phase of chip
formation is also important from a practical angle since the
entire process of milling can be regarded as transient. Zheng
et al. [32] showed by the fractal analysis of cutting force and in
force measurements registered with a microsecond time scale
that the exponential growing phase of the force can be clearly
seen beside the chaotic characteristics. This can be concluded
from the results obtained by Zhang et al. [33] in hard milling.

So, the change of the cutting process in time has been the
subject of intensive research for many years; however, we can
conclude that the dynamics of the force’s change, which is
also significant due to the close connection between tempera-
ture and force, has not been dealt with even in the latest pub-
lications. This paper discusses the findings of the work which
aims to examine the transient, dynamic characteristics occur-
ring in interrupted cutting.

Fig. 1 Synchronicity between
cutting force and cutting
temperature (Salomon, C. [17])
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2 The transient model of cutting force
in milling

The force that is necessary for chip formation is basically
determined by the chemical composition, structure, and con-
dition of the workpiece’s material. The impacts of significant,
fast deformation on the material structure were studied in de-
tail by Zener and Holomon [34, 35] seven decades ago. They
described the phenomena that influence the behavior of the
material and determine the stress necessary for enforcing the
expected deformation. According to Ashby [36], there are at
least six distinguishable and independent ways in which a
polycrystalline can be deformed and yet remain crystalline: a
stress which exceeds the theoretical shear strength, then the
glide motion of dislocations, the dislocation creep. Two inde-
pendent kinds of diffusional flow originate from the flow of
point defects through grains and round their boundaries:
Nabarro-Herring creep and Coble creep. Finally, twinning
provides a sixth mechanism.

Although not all of these can be shown in cutting, the
process is quite complex. In Fig. 2, a C-steel chip root where
the two characteristic zones of deformation appear can be
seen. The difference between the two zones is striking.

The little pegs that can be seen in the lower part of the flow
zone (2) deserve special attention. As the chip root was made
by removing the tool with a blow in the direction of cutting
speed vc, these pegs suggest the development of local
welding. This was a steel and hard metal material pair and it
is obvious that such phenomenon does not happen, e.g., in
TiN-coated inserts. Yet it must be concluded that friction
speed can even be very small on the contact surface of the
tool and the chip, and the internal friction of the flow zone
determines the friction force.

The processes are especially complex near the edge of the
tool where the two zones meet. Figure 3, in which the rake
face of a worn tool can be seen during the turning of C-steel,
shows an example for this. The characteristic, chaotic signs of
the movement of the material can be seen in the band between
the tool edge and the worn crater.

So, the temperature and the deformation are connected in a
complex way, in several mechanisms occurring at the same
time. Leslie [37] showed that the stress needs to be increased
in order to maintain the strain rate. Several processes happen
at a time, for example

– the mobile dislocation density increases by the multipli-
cation of the dislocations;

– the average dislocation speed increases very quickly.

These cause a stress that is composed of two parts: one
of them is dependent on temperature and the other that is
athermal, i.e., independent of temperature. Nevertheless, it
is true that the G shear modulus of the material also

depends on temperature in the latter. Thus, it can be stated
that stress and temperature are closely connected on the
level of microstructure. Owing to the difficulties caused
by complex processes, Lüthy and Whitte [15] studied the
structural phenomenon like grain boundary sliding with a
phenomenological method.

Examining the movement of dislocations on an atomic lev-
el, Lin et al. [13] concluded that dislocation density has a
characteristic of increase that is similar to the charging of an
electronic condenser. Similar phenomena occur on a macro-
scopic scale as well.

The calculations of Kalhori et al. [38], which were per-
formed considering the dislocation density, the deformation
localized on the shear zone, strain hardening, and thermal
softening, also show the close relationship of temperature
and shear stress.

The examination, carried out by Li et al. [39], is typical
of the complex material structure characteristics of chip
formation. The authors identified the various crystal axles
in the chip root, and thus, they identified the significantly
varying cutting forces belonging to various directions. It
is clear how complicated the actual consideration of crys-
tal structure is even in the case of a single crystal. The
micro-structural change or strengthening mechanism have

2

1
vc

Fig. 2 Steel chip root (C45) made with turning

vchip

Fig. 3 The rake face of the worn high-speed steel turning tool
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been the subject of intensive research ever since, and the
work has not been completed yet.

All these studies show that the significant deformation, the
speed of deformation, and the fast thermal processes charac-
teristic of chip formation are also shown in the change of the
material structure. As we can see, it became obvious several
decades ago that chip formation is characterized by extreme
processes, whose physical observation is hindered by great
difficulties. The extensive dislocation theory and material
structure investigations concentrated on morphological, struc-
tural, and energetic features but a lot less attention was dedi-
cated to kinematical characteristics.

It is broadly known that cutting temperature is usually
measured at the contact surface of the tool and the chip.
Salomon [17] did the same when taking his measurements
and the known results were reached. So, the temperature
and force analogy can be regarded as directly proven in
the flow zone. This can also be established for the shear
zone in another temperature range. Here, the important
fact that a part of the heat produced flows opposite the
direction of the movement of the material must be con-
sidered. As a result of this, the temperature of the material
arriving at the shear zone changes rapidly at the beginning
of the operation: it is initially low then starts increasing
quickly. This generates a transient phenomenon, which
ceases in continuous cutting. There is no time for this in
milling, and so the forming stress in the material changes
rapidly during the entire machining cycle.

It can be stated clearly that the critical nature of temperature
in the deformation processes was also justified by these ex-
aminations. Based on the many-sided material studies, it can
also be established that the cutting force increases rapidly
from the start of the process until it reaches a limit value.

This can be approximated by the

dF

dt
≅Cexp−

t
τ

ð1Þ

empirical equation where τ is the time constant of the pro-
cess andC is a technology-dependent constant. The solution of
the equation with initial condition F = F(t0 = 0) = 0 becomes

F ¼ CF 1−exp−
t
τ

h i
ð2Þ

where CF = C τ. This formula is identical with the formula
regarding cutting temperature that was derived by Pálmai
[21] based on the findings of Salomon [17]. Equation (2)
is in line with the other research results published by the
researchers of cutting in connection with the nearly adia-
batic, fast, significant deformation. The most frequent
method of interrupted cutting is milling, where, as known,
the undeformed thickness of the band removed by the tool
changes, which also influences cutting force. According

to the Kienzle’s exponent power function mainly used in
turning, the specific cutting force is kc = F/apfz

xsinxφ,
where ap is depth of cut, fz is feed per tooth (which equals
feed per revolution when one insert is used), x is
Kienzle’s exponent, and φ is angle position of the milling
cutter. In milling, this specific cutting force, ignoring the
other technological parameters, considering Eq. (2) is

k ¼ Cksin
−xφ 1−exp−

t
τ

� �
¼ Cksin

−xφ 1−exp−
φ
φτ

� �
; ð3Þ

where Ck is a constant of specific cutting force, φ = ωt,
and φτ = ωτ with ω angular speed. This transient angle φτ

influences function F(φ) in the same way as time constant
τ, which is indicated by Fig. 4.

If cutting commences in angle position φ0 of the milling
cutter, the specific cutting force becomes

Fig. 4 Cutting force in variousmethods ofmilling. nt, not transient; u, up;
s, symm; d, down
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k ¼ Cksin
−xφ 1−exp−

φ−φ0

ωτ

� �
¼ Cksin

−xφ 1−exp−
φ−φ0

φτ

� �
;

ð4Þ
and the cutting force is

F ¼ CFsin
1−xφ 1−exp−

φ−φ0

ωτ

� �

¼ CFsin
1−xφ 1−exp−

φ−φ0

φτ

� �
; ð5Þ

where

CF ¼ Ckap f z
1−x: ð6Þ

Functions (4) and (5) can be regarded as the transient basic
functions of cutting force in milling. This is a phenomenolog-
ical model where the physical content of time constant τ has
not been explored yet. This shall be the subject of further
research. Some features of the model are shown by Figs. 4
and 5. On the one hand, these figures present the

characteristics of cutting force as a function of angle φ (a),
on the other hand, the actual undeformed thickness is shown
as a function of sinφ (b).

As shown in Fig. 4, it can also be evidenced in down, up,
and symmetric milling that the force converges on a curve that
can be characterized by time constant τ ≈ 0 during the increase
of the machined curve. Similar to turning, there is no transient
phenomenon in this curve marked by a thin continuous line. It
can also be seen from Fig. 4a that, due to the transient phe-
nomenon, the maximum force does not develop at φ = 90o but
at angle φmax, which is larger. This can be determined from
Eq. (5) based on the dF/dt = 0 condition.

The transient nature of the specific cutting force grad-
ually ceases in the phase after the maximum. This can be
observed especially in Fig. 4a. As it can be seen, it is only
in the φ > 90o positions of the milling cutter that the tran-
sient effect lessens to a degree where the specific cutting
force is mainly influenced by only the thickness of the
removed layer. As a result of this, two constants, in this
case Ck and x, used in the Kienzle-formula, is usually not
enough for the empirical calculation of the specific cutting

Fig. 5 Specific cutting force in
various typical methods of
milling. nt, not transient; u, up; s,
symm; d, down
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Fig. 6 The data obtained by a three-component force measuring instrument. (v = 200 m/min, fz = 0.4 mm/rev)
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force. τ time constant also needs to be determined. This is
relatively simple in symmetrical milling. It is clear in
Figs. 4b and 5b that the sinφ1 = sin(π-φ1) formula can
be used at a chosen φ1 > φ0 angle, and thus

F π−φ1ð Þ
F φ1ð Þ ¼ Γ ¼

1−exp−
π−φ1 þ φ0

ωτ

1−exp−
φ1−φ0

ωτ

ð7Þ

Here, the transient constant Γ can be determined by force
measurement, then τ can be calculated with the numerical
solution of Eq. (7).

3 Measuring the cutting force

The measurements were made in the laboratory of Institute of
Manufacturing Science of the University of Miskolc, with a
vertical machining center type PERFECT JET MCV-M8 (H).

Dynamometer: type Kistler 9257A three-component dyna-
mometer, 3 Kistler 5011A charge amplifier, type National
Instrument Compact DAQ-9171 four channel data acquisition
unit, laptop. The measurement software was prepared in
LabView programming language.

The workpiece was a normalized C45 unalloyed C-steel.
The type of the milling head: Sandvik R252.44-080027-

15M face milling cutter, D = 80 mm.
The type of the milling insert: Sandvik R215.44-

15T308M-WL GC4030
Edges: α = 11o, γf = 20o, λs = 4o, κr = 90o, κr’ = 1.5o, rε =

0.8 mm.
Technological data: ap = 0.4 mm, fz = 0.1, 0.4, and 1.6 mm/

rev, vc = 100, 200, and 400 m/min.
Themilling cutter cut with one edge so that themeasurement

of the cutting force should not be influenced by the other edges.

4 The validation of the transient model
of the milling force and discussion

Chip removal occurs as a result of the distributed force system
that develops on the contact surface between the tool and the
workpiece and the chip. Based on the rules of statics, the
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Fig. 7 The specific cutting force in symmetrical milling as a function of
cutting speed and feed

Fig. 8 The specific cutting force measured in the upper section of Fig. 7
on an lg-lg scale

Fig. 9 The specific cutting force on an lg-lg scale as a function of the
current undeformed thickness (feed per tooth values; fz = 0.1, 0.4 and
1.6 mm/rev)
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resultant of this system of forces is a force and a torque vector.
Considering the relatively small size of the surfaces in contact,
the torque is usually ignored in cutting theory, and it is only
the resultant cutting force that is taken into consideration.
Essentially, it is the force developing in the chip root that
determines the process, and this is the amount of force that
is necessary to start and maintain the process. The fact that
main cutting force Fc, thrust force Fh, and passive force Fp are
generally distinguished is a practical method for the study of
forces and energy relationships. However, it must be acknowl-
edged in the study of processes actually taking place that the
resultant cutting force is the primary characteristic of the pro-
cess. For the purposes of the impact assessment, it is practical
to divide this into two components, namely Fxy = (Fx

2+
Fy

2)1/2 = Fch = Fc
2 + Fh

2) 1/2 in the basic plane and passive
force Fp at right angles to cutting speed v. From an energetic
point of view, Fxy is relevant from among these; therefore,
validation was performed mainly with the analysis of Fxy.

The results of force measurements with fz = 0.4 mm/rev
feed are summarized in Fig. 6. Figure 6b also shows the

Fxy component. Such a series of measurements were per-
formed with fz = 0.1 mm/rev and fz = 1.6 mm/rev, as well
as fz = 0.4 mm/rev feed with cutting speeds of v = 100 and
400 m/min.

The nature of the curves shown in Fig. 6 corresponds
to what can be seen in the basic function of the transient
force model in Fig. 4b. This suggests a connection be-
tween the milling process examined by measurements
and the assumed model.

When the model needs to be adjusted to the measurement
results, the value of exponent x is to be determined first in
formulas (3)–(5). As the force measurement was performed
by a three-component instrument, force Fxy that develops in
the basic plane of the tool can be calculated directly from
components Fx and Fy. Figure 7 shows the results of such
measurements in symmetrical milling. Here, the values of
specific cutting force kxy can be seen as a function of actual
undeformed thickness of chip h = fzsinφ, which were mea-
sured in technological version fz = 0.1 and 0.4 mm/rev. This
figure can be compared with the curve marked with a bold line
in Fig. 5, and it can be stated that the nature of the curves is the
same, which represents a qualitative justification of function
(4). It can be clearly seen in Fig. 5b that the transient charac-
teristic actually ceases at the values of φ that follow the peak
point of the curve. So there the Kienzle-power function can be
applied and exponent x can be determined.

Figure 8 shows the normal procedure where measurement
results are presented in an lg-lg scale coordinate system. Here,
the data that were measured at v = 200 m/min cutting speed
and fz = 0.1 and 0.4 mm/rev feed can be seen. As it can be
seen, the regression line fits in well, the Pearson score is rather
high at the line calculated for the data.

Figure 9 presents the measured values for the various
methods of milling (up, symmetric, and down) and the three
versions of fz. The environment of the horizontal peak points
of the curves is demonstrated by Fig. 10. As for the latter, the
steepness of the line adjusted to the measurement results is
nearly identical with the number shown in Fig. 8. Comparing

Fig. 10 The peak point of the curves of Fig. 9 and the regression line that
shows the trend of functions
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the results of several other measurements, it could be
established that exponent value x = 0.4 can be used in the data
base of the series of experiments.

The CF, Ck, and τ constants of formulas (4) and (5) can be
determined if we know the value of x. This is possible by the
application of Eq. (7) or by an iteration method, for which a
concrete example is presented in Fig. 11. The symmetrical
milling was carried out at a speed of v = 400 m/min and fz =
0.4 mm/rev feed, where forces Fx, Fy were measured. Fxy,meas,
which is also regarded as measured data, can be directly cal-
culated from this. These are shown by data marked with tri-
angles (Δ) in Fig. 11a. As the value of x is already known,
constantsCF and τav (which is the average time constant of the
transient milling process) need to be determined from formula
(5). The target is that the Fxy,calc calculated data series should
fit in perfectly with the measured values. This can be achieved
if, apart from steepness a ≈ 1, Pearson score R2 approximates
to the maximum value, nearly 1, in the y = a·x formula of the
regression line shown in Fig. 11b. The feasibility of this is
demonstrated by Fig. 11b, where CF = 400 N, τav = 3 μs, and
in these constants a = 1.0074, R2 = 0.9859. The calculations
were made at cutting speeds v = 100 and 200 m/min and the
results are shown by Table 1 and Fig. 10.

The measurement results presented in Fig. 11 can also be
evaluated in another way. If there were not for the transient
phenomenon, force Fxy should be symmetrical to φ = 90°, as
this is shown by the broken line. It can be clearly seen that the
measured data and the model curve calculated from this data
significantly deviate from this. It can also be observed that the
measured data curve reaches its maximum at φmax = 111° >
90°, and this also clearly suggests the presence of a transient
effect (Fig. 12).

The impact of the cutting speed as a function of the unde-
formed thickness can also be seen in Fig. 13. If there were not
for the transient effect, the measurement result should be the
same in angle positions 90° −φ and 90° + φ of the milling
cutter and we would not get a mapping curve shown in Fig. 5b.

Formula (5) can be applied in the cases of force compo-
nents Fx, Fy. Figure 14 shows the data measured in symmet-
rical milling and the model curves adjusted with formula (5).
Matching can be regarded as satisfactory here as well.

Figure 15 presents the relationship of force components
Fx, Fy, showing with broken line the characteristics where
τ = 0 and which would occur if it were not for the tran-
sient phenomenon. There is a striking difference between
the two curves.

Similar to symmetrical milling, formula (5) can also be
applied in up and down milling (Fig. 16).

The three feeds applied at ap = 0.4 mm= const depth of cut
in the experimental programme also mean that the chip ratios,
being ap/fz: 4.0, 1.0, and 0.25 were significantly different in
the three versions. It is important to consider that the shape of
the cross section of the removed layer changes largely with the
increase of the angle position of the milling cutter. In the case
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Fig. 12 The adjustment of the transient model to the measured values in
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Table 1 The constants of the measured and calculated data shown in
Fig. 10 (fz = 0.4 mm/rev).

v (m/min) C (N) τav (μs) a* R2**

100 353 2.6 0.9835 0.9649

200 360 2.6 1.0023 0.9671

400 400 3 1.0074 0.9859

*The linear constant of regression line y = a·x shown in Fig. 11

**Pearson score
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of the current ap/fzsinφ = 0...4 (if fz = 0.1 mm/rev) chip ratio, it
is really the undeformed thickness that is changing; however,
the degree of change is considerably smaller and the nature of
cutting is different as well if speed is fz = 1.6 mm and chip ratio
is ap/fzsinφ = 0… 0.25. In this version, the undeformed thick-
ness is constant and the width of the layer is changing.

It is also an important factor if downmilling or upmilling is
used. As for the former case, chip removal starts at the cur-
rently maximum thickness while a transient effect is experi-
enced. On the other hand, it happens just the other way
around. The transient effect is the strongest at the initial min-
imum thickness, then it gradually decreases while the re-
moved thickness increases. Symmetrical milling combines
these two tendencies because the undeformed thickness first
increases, then decreases. Therefore, first the characteristics of
up milling prevail, then the impacts of down milling apply.
Consequently, the mechanism of chip formation is different.
The ap/fzsinφ = 1 (fz = 0.4 mm/rev) version is the typical case
applicable to non-free cutting, which is also considerably dif-
ferent from the two other versions. The validity of the transient
model had to be examined from the point of view of the
various methods of milling under such circumstances. The

results are summarized in Fig. 17 and in Table 2. Generally,
it can be stated that the model can be adjusted to the measured
data well (R2 > 0.9) in spite of the fact that the shape and size
of cross section can be rather different as shown previously. It
is only in the case of down milling when the Pearson score is
smaller (R2 ≈ 0.89), which is probably down to the character-
istics listed above.

As it can be seen in the last two rows of Table 2, the basic
function fits in with the measurement results only approxi-
mately in down milling. The data provided in the table was
established based on the evaluation of the complete cutting
phase. This data shall be regarded as average values that char-
acterize the entire cutting phase. The more detailed examina-
tions showed that τloc time constants calculated based on (7)
for the various positions of angle φ of the milling cutter de-
crease during the increase of φ (Fig. 18), so φ changes as a
function of the time passed from the beginning of the cutting
cycle. This is not surprising as it had to be acknowledged
when creating the transient model that such a simple formula
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Fig. 14 The matching of the
transient model with the
measured Fx and Fy cutting force
values in symmetrical milling.
(v = 200 m/min, fz = 0.4 mm/rev,
x = 0.4)
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Fig. 16 The adjustment of the transient model to the measured cutting
force values in up and down milling (v = 200 m/min, fz = 0.4 mm/rev, x =
0.4; other data is shown in Table 2)
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can only provide an approximate solution under manifold,
complicated structural and kinematical conditions.

As the transient phenomenon mostly influences cutting
force in the initial phase of cutting, the change of forces Fxy
and Fz was examined separately in this initial phase. The re-
sults are summarized in Fig. 19. The criterion for determining

Fig. 17 The verification of the
transient model of specific cutting
force kxy in the main methods of
milling (fz = 0.1 mm/rev (a), fz =
0.4 mm/rev (b), fz = 1.6 mm/rev
(c))

Table 2 Adjustment of function (5) to the results of forcemeasurements

Milling fz (mm/rev) Force CF (N) τ av (μs) a* R2**

Up 0.1 Fxy 154 1.0 1.0009 0.9927
Fz 205 1.2 1.0029 0.9613

0.4 Fxy 345 3.5 1.0061 0.9989
Fz 312 1.2 0.985 0.9939

1.6 Fxy 970 5.3 1.0024 0.9983
Fz 548 1.9 1.0091 0.9982

Symm 0.1 Fxy 158 3.0 0.9949 0.9519
Fz 180 2.65 0.9909 0.9557

0.4 Fxy 368 2.7 1.0057 0.9472
Fz 310 2.5 1.0086 0.9525

1.6 Fxy 1020 1.8 0.9997 0.9872
Fz 573 1.8 0.999 0.9797

Down 0.1 Fxy 198 4.4 1.0032 0.9262
Fz 265 5.5 1.0081 0.9362

0.4 Fxy 435 3.4 1.0486 0.9208
Fz 376 4.4 1.0059 0.9219

1.6 Fxy 1450 4.0 1.0153 0.8993
Fz 1600 5.0 1.0027 0.89

*The constant of regression line y = a·x

**Pearson score
Fig. 18 τ time constant as a function of the angle position in symmetrical
milling (v = 200 m/min)
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the constants of function (5) was that the constant should be
0.99 < a < 1.01 and R2 > 0.99 in the regression line y = a·x of
the measured and calculated values. Besides meeting these
strict criteria, it is completely obvious that the transient phe-
nomenon greatly differs from the other milling methods in
down milling. It is an especially striking phenomenon in
Fig. 17b.

The fact that time constant τ continuously changes during
the cutting process may lead to interesting conclusions regard-
ing the causes of the transient phenomenon. This probably
originates from the structural changes of the material that were
mentioned in the introduction. However, this needs further
research.

Understandably, the peak of the F(φ) curve is important for
practical technology. This force develops at the φmax position
of the milling cutter, which can be established from the mea-
sured data directly. As, based on Fig. 18, time constant τ is
usually different in various φ angles, the process is character-
ized by a local τloc,max time constant and a φloc,τ = ωτloc,max

angle in the environment of φloc,max. Assuming that the value
of exponent x has been determined, and the angle position φ0

of the milling cutter is known at the beginning of cutting, there
is a direct relationship between angles φloc,max and φloc,τ

pursuant to (5). This is presented by Fig. 20, where symmet-
rical milling is shown by a continuous line (φ0 = 43°) and
down milling by a broken line (φ0 = 90°).

Table 3 includes the φ = φav,max values that could be
established from the measurement series having a maximum
(symmetric and down milling). The corresponding τav data
come from Table 2.

The results marked in Fig. 20 show the different effect of
the average and local time constant of the transient process
and the scatter of the measurements. The fact that τav and local
time constant τloc,max at the maximum of the force differ can
be understood based on Fig. 18. Moreover, the fact that this

difference scatters can be traced back to the complexity of the
cutting process.

5 The energy effect of the transient process

The feature of the transient process that the force necessary for
chip formation only gradually approximates the stationary
status of the process is significant from an energy point of
view. As it can be seen in Fig. 21 based on the data of the
force measurement series, the specific power (Pc) need of chip
formation reached the value which could be expected without
the transient phenomenon, marked by the continuous line, in
this symmetrical milling operation only at the end of the cycle.
Although the difference rapidly decreases after the com-
mencement of the process, it is significant. There is a similar
situation in the case of down and up milling (Fig. 22).

This way, two opposite effects prevail in milling. One of
them is the consequence of the well-known fact that the un-
deformed thickness of material continuously changes during
machining. This considerably influences the specific cutting
force, which significantly increases, often even due to rather
small layer thickness. This is accompanied by the effect of the
transient process shown above, as a result of which less energy
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function of φτ = ωτ calculated from time constant τ (Table 3)
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is necessary for chip formation in the initial phase than in
continuous cutting. So, this double effect jointly determines
the energy need of the cutting of a given amount of material.

It is broadly known that the specific energy need of cutting
is an important technological and economic feature, which is
largely influenced by various technological parameters.
Figure 23 presents the specific energy (E) need in the three
main methods of milling. It transpires that the energy neces-
sary for chip formation is rather different in the various
methods of milling. From an energy point of view, symmetri-
cal milling is the most advantageous based on the experiments
conducted in this project. The undeformed thickness in up
milling starts from zero in principle but actually from the
removable minimum value. This means that the specific cut-
ting force is high at the initial phase of the cutting cycle. There
is a similar situation in the case of down milling, although this
phenomenon is less intensive due to the transient effect there.
Naturally, these statements only concern the cases where B <
D, i.e., the width of the workpiece is smaller than the diameter
of the milling cutter. The value determined by calculation,
which would characterize the cutting operations without the

transient effect, is also shown in accordance with the Figs. 21
and 22. Here, both effects mentioned above can be observed.
On the one hand, it can be seen that the specific energy need is
smaller in symmetrical milling because the same amount of
material is removed with the cutting of a thicker layer. On the
other hand, the transient effect is also significant in all the
three versions.

Karpuschewski and Batt [40] pointed out that cutting
ratio ap/fz strongly influences the cutting force. The small-
er this ratio is, the better the shape of the removed diam-
eter becomes and consequently the cutting force de-
creases. This effect occurs in a complex way in milling.
It is practical to differentiate current cutting ratio ap/fzsinφ
belonging to the angle position φ of the milling cutter,
which changes continuously, from cutting ratio ap/fz,
which can be regarded as specific. It has been broadly
known for a long time that the specific cutting force de-
creases in parallel to the increase of the undeformed thick-
ness. Besides, it must also be considered that large feed fz
modifies the characteristics of chip formation. It is not the
thickness but the width of the band that decreases during

Table 3 φmax angles determined
with local and average time
constant τ

Milling v
(m/min)

fz (mm/
rev)

φ0

(°)
τav*
(μs)

τloc,max

(μs)
φav,τ

(°)
φloc,τ

(°)
φloc,max

(°)
φav,max

(°)

Symm 100 0.4 43 2.6 5.0 6.2 12 95.5 90.5

200 0.1 3.0 1.3 14.3 6 100.2 99.0

0.4 2.6 1.9 12.4 9 91.5 96.8

1.6 1.8 1.5 8.6 6.9 90.7 92.4

400 0.4 3.0 3.8 28.7 36 114.6 110.4

Down 200 0.1 90 4.4 6.7 21.0 32 134.7 131.0

0.4 1.7 1.5 8.1 10 119.4 115.9

1.6 4.0 1.5 19.1 10 119.4 128.0

*See Table 2, x = 0.4

Fig. 22 The transient specific power need in down and up milling (D =
80 mm, B = 58 mm, fz = 0.4 mm/rev, v = 200 m/min)

Fig. 21 The transient specific power need in symmetrical milling (D =
80 mm, B = 58 mm, fz = 0.4 mm/rev, v = 200 m/min)
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the turn of the milling cutter, which also has a positive
effect. The energy consequence of this complex effect is
shown in Fig. 24. The transient effect can be observed as
well.

Figure 25 shows the effect of cutting speed. In addition to
the above, a further effect of the transient phenomenon can be
observed. Obviously, the specific energy need has a maxi-
mum. It is broadly known that cutting force generally de-
creases if speed increases; however, this is preceded by a
growing phase that is also the cause of the transient effect.
This is in line with the conclusion made by Salomon [17]
claiming that cutting temperature only increases up to a certain
limit during the increase of speed, then it starts to decrease.
This was confirmed by the examination of Pálmai [21]. There
is no proven direct connection between the specific energy
need of cutting and the temperature developing in the chip
root, as the energy need characterizes the process, while the
temperature characterizes the condition of the chip root in a
selected moment. The analogy, however, is evident.

The results of force measurements enabled the energy com-
parison of milling and turning. It is assumed that if a chosen fz
feed was applied in turning, the specific cutting force that
could be measured in the environment of φ = 90° in milling
would develop. The specific energy need of turning can be
calculated by this, which is shown by Fig. 26.

It is understandable that the energy need is smaller in the
case of greater feed and the beneficial effect of the decrease of
cutting ratio ap/fz, which was shown by Karpuschewski [40].
The same can be established for milling. The new piece of
information is that the relationship of energy need in the two
methods of cutting can vary. It can be seen that milling is more
advantageous at fz = 0.1 mm/rev feed; however, this changes
at larger feeds. All in all, it can be established that the energy
need of turning and the symmetrical milling presented herein
are approximately the same due to the opposite effect of the
two phenomena mentioned, i.e., the change of band thickness
and the transient phenomenon.
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6 Summary

The measurement and calculation of cutting forces in
manufacturing has been studied by researchers of cutting the-
ory for a long time. Turning removing a permanent diameter
was studied for many years, but lately more and more atten-
tion has been given to the cutting of a changing cross section,
i.e., milling. This paper gives an account of the research whose
objective was to examine the transient processes assumed in
milling. A model that describes the actual cutting force in
short-time interrupted cutting was elaborated for this. The hy-
pothesis was that the thermodynamic processes of deforma-
tion in the chip root are time consuming; therefore, the cutting
force reaches the stationary status during a finite time. A mod-
el function where the usual Kienzle function was supplement-
ed with an exponential part was applied in the qualitative
description of the assumed transient process.

The force measurements were performed during the mill-
ing of normalized C45 steel. There was only one insert in the
milling tool so that the process changing quickly in time could
be examined better. The symmetrical, down and up milling
were conducted with ap = 0.4 mm depth of cut, fz = 0.1, 0.4
and 1.6 mm/rev feed, and vc = 100, 200, and 400 m/min cut-
ting speeds. The diameter of the milling cutter was D =
80 mm, the width of the workpiece was B = 58 mm.

Based on the experiment, the following conclusions
can be drawn:

It was clearly proven that the assumed transient phenome-
non does exist and it can be described approximately by an
exponential function, which shows the speed of the process by
a time constant τ. The deformation of the material in cutting is
the result of such complicated processes that can be described
by the exponential function only approximately; time constant
τ changes during the process. Nevertheless, an average time
constant τav can be determined for the whole cutting cycle.
This time constant characterizes the cycle well.

The model function fit in well with the measured Fxy forces
and kxy specific cutting forces determined based on the forces.
The Pearson score of the correlation was R2 > 0.9, or often
even higher than 0.95.

The traditional Kienzle power function of the specific cut-
ting force in milling cannot be used because it fails to consider
the transient process. However, it can be applied well if sup-
plemented with an exponential part.

The transient phenomenon in milling leads to the conse-
quence that the specific energy need of the material’s cutting is
smaller than in the case of a stationary process.

There is a considerable difference between the energy pro-
cesses of the removal of the chip root in the case of cutting
with varying specific cutting ratio ap/fz. If cutting ratio ap/fz is
smaller, the specific energy use is also smaller.

The fact that the specific energy need of cutting based on
measurements is smaller in symmetrical milling than in down

or up milling, it can also be attributed to the impact of the
transient phenomenon.

If milling is compared with turning from an energy point of
view, it can be concluded that the specific energy use is nearly
the same because the opposite effects mostly offset each other.

The physical content of time constant τ has not been ex-
plored in depth yet in the presented phenomenological model
of the cutting force in milling. Further research is required in
this respect, which may make the model more precise.
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