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Abstract
Flank face chamfers are an effective way to suppress vibrations and increase the productivity of milling processes. The under-
lying process damping mechanism is the so-called indentation effect. The effect describes the process damping as a result 
of an additional force due to the indentation of workpiece material under the flank face. In literature, this force is commonly 
modeled by the volume indented under the flank face and a process damping coefficient. To determine the process damping 
coefficient, various approaches with partly contradictory results exist. In this paper, a novel method to calculate the process 
damping coefficient based on process forces measurements in orthogonal cutting is applied for steel machining. The method 
considers ploughing effects of flank face chamfer and cutting edge rounding as well as plastic deformation effects. In the 
current investigation, the approach is applied to different cooling strategies, chamfer widths, and cutting speeds. The results 
show that the cutting speed has the most significant influence on the process damping coefficient. With increasing cutting 
speed, the process damping coefficient increases, which can be attributed to strain rate hardening effects.

Keywords Metal working fluid · Process damping · Orthogonal cutting · Ploughing force

1 Introduction

Chatter vibrations are one of the most common reasons 
for limited productivity in cutting. Besides constructive 
approaches, e.g., active damping systems, damping mecha-
nisms resulting from the cutting process itself can be used 
to suppress chatter vibrations. These effects are summarized 
as process damping effects [1, 2]. The most important pro-
cess damping effect is the indentation effect. The indenta-
tion effect describes additional ploughing forces due to the 
springback of the workpiece material under the flank face. 
The force acts against the vibration direction and leads to a 
damping effect [3]. A significantly improved stability behav-
ior due to the indentation effect is demonstrated in literature 
for rounded [4–6], worn [7–10], and chamfered cutting tools 
[11–13]. An increase in the stability limit of more than 100% 
could be achieved in [8] for low spindle speeds using worn 
tools. An even higher increase in the stability limit of more 

than 300% was achieved using chamfered cutting tools in 
milling [11].

The indentation force can be calculated by the model of 
Wu [14, 15]. The force is divided into a radial component 
and a tangential component, which depend on the indented 
volume under the flank face V, the friction coefficient on the 
flank face µFF, and a process damping coefficient Kpd.

A high number of publications focus on the determina-
tion of the process damping coefficient Kpd. In [16], 2D 
finite element simulations of an orthogonal cutting process 
were performed with a worn tool and a wavy surface. The 
results showed a decrease in the process damping coef-
ficient with increasing tool wear. Experimental investi-
gations with a worn tool in turning and an excitation of 
the tool by a piezo element were carried out in [17]. Wu 
used a workpiece-specific relationship based on experi-
ments in [18] to calculate Kpd. In [19], stability limits for 
high and low spindle speeds were compared to determine 
the process damping coefficient. The results show process 

(1)Fpd,r = V ⋅ Kpd

(2)Fpd,t = �FFV ⋅ Kpd
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damping coefficients in a range from 60 to 75 kN/mm3 for 
milling of steel. Sellmeier used finite element indentation 
tests to calculate Kpd [20]. An overview of different pro-
cess damping coefficients Kpd identified in the literature 
for steel is given in Fig. 1.

The overview shows a strong deviation between the pro-
cess damping coefficients determined in literature. Some of 
the investigations in literature are not based on actual cut-
ting processes or neglect the fact that the deformation under 
the flank face is not pure elastic. Moreover, the influence 
of process-related boundary conditions, e.g., cutting speed 
or cooling strategy, is often not investigated. Based on the 
findings from literature, the research objective of this work 
is the knowledge of the process damping coefficient  Kpd 
from actual cutting tests under the consideration of the elas-
tic–plastic deformations under the flank face as well as pro-
cess boundary conditions (cutting speed, cooling strategy).

In this paper, an approach presented in [21] to identify the 
process damping coefficient in the cutting of aluminium is 
extended. For this approach, orthogonal cutting experiments 
with a cutting tool with a negative chamfer angle have to be 
carried out. The negative chamfer angle leads to a defined 
indentation volume V. The general idea of the approach 
presented in [21] is that the process forces can be divided 
into the forces acting on the rake face FNγ and FTγ and the 
ploughing forces Fpd,r and Fpd,t (Fig. 2). For processes with-
out forces acting on the flank face, the friction coefficient 
on the rake face can be calculated based on Eq. (3), where 
γ is the rake angle:

If the ploughing forces Fpd,t and Fpd,r act on the flank face, 
they have to be subtracted from Fc and FcN to calculate µRF:

(3)
FTγ

FNγ

=
sin(�)Fc + cos(�)FcN

cos(�)Fc − sin(�)FcN

= �RF

Substituting Eqs. (1) and (2) into Eq. (4) leads to Eq. (5). 
Note that in contrast to the work presented in [21], in this 
paper, a differentiation between the friction coefficient of 
the rake face µRF and the friction coefficient of the flank face 
µFF is considered:

By rearranging Eq. (5), Kpd can be calculated as

With this approach, no separation between cutting forces 
acting on the rake face and ploughing forces is necessary. 
The ploughing forces can be obtained by calculating the pro-
cess damping coefficient with Eq. (6) and applying Eqs. (1) 
and (2). Furthermore, this approach has the advantage that 
adjustment errors in the chip thickness h can be neglected 
for the calculation of  Kpd. However, in [21], neither the 
indentation effects of the cutting edge rounding nor plastic 
deformation effects, which influence the indented volume V, 
were considered. In the machining of steel, a certain cutting 
edge rounding is necessary to prevent an initial cutting edge 
failure [22]. Thus, the approach is currently not applicable 
to steel. This challenge will be addressed in this paper by 
using high-speed recordings of the cutting process. This ena-
bles the identification of the minimum chip thickness and 
the elastic springback and thereby a precise differentiation 
between elastic and plastic deformations. Moreover, there is 
currently no knowledge about the influence of the cooling 
strategy on the process damping coefficient. In this paper, 
the influence of various cooling strategies with different 

(4)
sin

(
�)(Fc − Fpd,t

)
+ cos(�)(FcN − Fpd,r)

cos
(
�)(Fc − Fpd,t

)
− sin(�)(F

��
− Fpd,r)

= μRF

(5)
sin

(
�)(Fc − �FFKpdV

)
+ cos(�)(FcN − KpdV)

cos
(
�)(Fc − �FFKpdV

)
− sin(�)(FcN − KpdV)

= �RF

(6)

Kpd =
�RFcos(�)Fc − �RFsin(�)FcN − sin(�)Fc − cos(�)FcN

V
(
�RF�FFcos(�) − �RFsin(�) − �FFsin(�) − cos(�)

)

Fig. 1  Comparison of process damping coefficients identified with 
different approaches

Fig. 2  Force components during orthogonal cutting [21]
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metal working fluid (MWF) pressures and MWF mediums 
will be investigated for the first time using a test rig, which 
is specialized on high-speed recordings of cutting processes 
with MWF.

2  Experimental procedure 
and methodology

2.1  Experimental setup

To identify the process damping coefficient, orthogonal 
cutting experiments were performed on a planing test rig 
(Fig. 3a).

The test rig enables high-speed recordings (camera Pho-
tron Fastcam SA5) and force measurements (dynamometer 
Kistler 9257B) of processes with cutting speeds up to 500 m/
min. The maximum cutting speed can be kept constant over 
the entire workpiece length of 120 mm. To illustrate this, 
the velocity and acceleration curve for the highest applied 
cutting speed of vc = 350 m/min were calculated based on the 
position data of the test rig and plotted in Fig. 3b. Moreo-
ver, MWF can be applied to processes with pressures up 
to 70 bar by an accumulator system, which is presented in 
detail in [23]. The experimental setup on the planing test 
rig is given in Fig. 3. The MWF is applied to the process by 
a nozzle with a diameter D = 1 mm and a tilt angle λ = 40°. 
The components of the test rig, e.g., the high-speed cam-
era, are protected against the MWF by housing, sapphire 
glass, and the nozzle holder. The workpiece is mounted on 
the machine table, which performs a linear movement with 
the cutting speed. In the investigations, quenched and tem-
pered steel AISI4140 was machined. The chip thickness h 
increases on the first 33 mm of the cutting process from 
h = 0 mm to a maximum uncut chip thickness h = 0.1 mm. 
The uncut chip width is b = 2 mm. A full factor variation of 
cutting speed vc (120, 240, and 350 m/min), chamfer width 
bf (130, 165, and 225 µm), MWF pressure p (10, 30, and 
70 bar), and MWF medium (cutting oil Blaser Vascomill 
CSF35, 10% emulsion Zeller + Gmelin Zubora 67H extra) 
was carried out in the investigations. Furthermore, the vari-
ation of cutting speed and chamfer width was also performed 
for dry processes. Every experiment was repeated once. The 
TiAlN-coated cemented carbide tools have a negative cham-
fer angle αf = -1°, a clearance angle α = 14°, a rake angle 
γ = 1°, and a cutting edge rounding 

−

S = 35 µm.

2.2  Calculation of indentation volume V

In this paper, the process damping coefficient will be calcu-
lated based on process force measurements and the indented 
volume under the flank face according to Eq. (6). Due to the 
large cutting edge rounding, ploughing effects of the cutting 

edge as well as plastic deformations have to be considered. 
Ploughing effects on the cutting edge rounding will be con-
sidered by calculating the minimum chip thickness  hmin, 
which defines the uncut chip thickness at which the first chip 
formation occurs. Based on investigations in [24], the  hmin 
depends on the effective rake angle. For symmetric cutting 
edge microgeometries up to 100 µm, the separation point 
occurs at an effective rake angle of γhmin =  − 54 to − 66°. 
Thus, it is assumed that  hmin is restricted by γhmin =  − 60°, 

Fig. 3  a Experimental setup of the planing experiments [23] and b 
velocity curve for a cutting speed vc = 350 m/min
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which is shown in Fig. 4. Plastic deformation effects are con-
sidered by measuring the elastic chip thickness springback 
hel. Overall, the indentation volume can then be calculated 
based on the partial areas in Fig. 4:

The partial areas A1–A3 are defined according to Eqs. 
(8)–(11).

3  Results and discussion

3.1  Input parameters for the calculation of  Kpd

Besides process forces measurements, the indentation 
volume V, the friction coefficient on the flank face µFF, 
and the friction coefficient on the rake face µRF are 
required to calculate the process damping coefficient 
Kpd according to Eq. (6).

The indentation volume V can be calculated dependent on 
the chamfer width  bf with the specifications of the cutting 

(7)V =
(
A1 + A2 + A3

)
b

(8)A1 =
S
2

4
(2
(
�

2
+ �hmin

)
− sin(2

(
�

2
+ �hmin

)
))

(9)

A2 = x1

�
bf − S

��
cos

�
−af

�
+

sin
�
−af

�
tan(�)

�

+
x2
1

tan(�)
+

1

2

�
hmin − hel

�⎛⎜⎜⎜⎝
cos

�
−�f

��
bf − S

�
+

sin
�
−�f

��
bf − S

�
+ x1

tan(�)

⎞⎟⎟⎟⎠

(10)A3 =
1

2
(bf − S)

2

(
sin

(
−�f

)2
tan(�)

+ cos
(
−�f

)
sin(−�f ))

(11)x1 = S
(
1 − cos

(
�

2
+ �hmin

))
− hmin + hel

tool (αf =  − 1°, α = 14°, 
−

S = 35 µm), the minimum chip thick-
ness hmin, and the elastic chip thickness springback hel.

The elastic chip thickness springback  hel was identified by 
measuring the contact length between flank face and work-
piece  KLα on high-speed images during the planing process, 
as pictured in Fig. 5a. During a video, hel was measured at 
five-time steps. The mean values of those measurements for 
the dry process are shown in Fig. 5b. With increasing cham-
fer width bf, the elastic chip thickness springback increases 

Fig. 4  Definition of the indentation area

Fig. 5  a Measurement of the flank face contact length  KLα and 
b,measured elastic chip thickness springback hel (dry)
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due to an increased minimum chip thickness. On the other 
hand, no significant effects could be identified for the cutting 
speed. While the highest cutting speed leads to the lowest hel 
at bf = 130 and 225 µm, it also leads to the highest springback 
for a chamfer width bf = 165 µm. A nearly constant elastic chip 
thickness springback hel was also shown in [25] for machining 
aluminum at cutting speeds vc ≥ 150 m/min. This was attrib-
uted to the fact that high elastic deformations only occur at 
low strain rates. Due to the high ratio of tensile strength to 
Young’s Modulus for steel, low elastic deformations at high 
strain rates are also expected in this case. Since the cooling 
strategy also seems to have no significant influence on  hel, the 
value was only evaluated depending on the chamfer width bf. 
Therefore, for the calculation of the indented volume, elas-
tic chip thickness springbacks hel (bf = 130 µm) = 3.6 µm, hel 
(bf = 165 µm) = 4.1 µm, and hel (bf = 225 µm) = 4.7 µm are 
used based on the results in Fig. 5b.

The minimum chip thickness hmin is 4.7  µm 
for a symmetric cutting edge rounding 

−

S  =  35  µm 
and γhmin =  − 60°. This leads to indented volumes 
V (bf = 130 µm) = 0.001  mm3, (bf = 165 µm) = 0.0014  mm3, 
and V (bf = 225 µm) = 0.002  mm3. Nevertheless, those val-
ues are based on the averaged effective rake angle at the 
minimum chip thickness γhmin. In contrast, Bassett iden-
tified γhmin in a range from − 54 to − 66° [24]. Additional 
experimental results in [26] show a minimum chip thick-
ness hmin = 6.7 µm at 

−

S = 30 µm for orthogonal cutting of 
AISI1045, which corresponds to the boundary of Bassetts 
results with γhmin =  − 54°. Therefore, to evaluate errors in 
the calculation of the indented volume V, the relationship 
between V and γhmin is given in Fig. 6. For the boundaries 
of γhmin given by Basset, a significant influence on V can 
be observed. The maximum relative deviations occur at 
the lowest chamfer width bf = 130 µm with an increase of 

31% at γhmin =  − 54° and a decrease of 26% at γhmin =  − 66°. 
Due to the inverse proportional relationship between pro-
cess damping coefficient Kpd and indented volume V (see 
Eq. (6)), those boundaries can be directly applied to the pro-
cess damping coefficient Kpd.

The friction coefficient on the flank face µFF was calcu-
lated using force measurements during the tool entry of the 
chamfered tools. During the tool entry, no chip formation 
occurs, and the process is characterized by ploughing effects 
at the cutting edge and the flank face. The process forces 
for an unchamfered and a chamfered tool during tool entry 
are shown in Fig. 7. After the first contact between tool and 
workpiece, the forces in cutting and cutting normal direc-
tion are characterized by an almost identical increase for the 
unchamfered tool. When the minimum chip thickness hmin is 
exceeded, the chip formation begins. The ploughing effect 
is constant from this point on, and the increasing process 
forces are characterized by the chip formation with increas-
ing uncut chip thickness. This leads to a higher increase of 
 Fc compared to FcN. The process forces of the chamfered 
tool are characterized by high cutting normal forces FcN 

Fig. 6  Relationship between indented volume V and effective rake 
angle at the minimum chip thickness γhmin

Fig. 7  a Process forces using an unchamfered tool and b process 
forces using a chamfered tool
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after the first contact. This can be attributed to the contact 
between the chamfer and workpiece, which leads to addi-
tional ploughing forces in the cutting normal direction. After 
exceeding the minimum chip thickness hmin, the increase of 
Fc and  FcN is comparable to the unchamfered tool.

By subtracting the process forces of an unchamfered tool 
before the beginning of chip formation from the process 
forces of a chamfered tool, the process forces acting on the 
flank face can be estimated. Consequently, the friction coef-
ficient on the flank face can be calculated using Eq. (12):

For all considered processes, the friction coefficient on 
the flank face µFF is in a range between 0.20 and 0.29. No 
significant influences of chamfer width and cutting speed 
on µFF could be identified. Thus, the mean value over all 
processes µFF = 0.24 was considered for the calculation of 
the process damping coefficient in Section 3.2.

The friction coefficient on the rake face µRF was identified 
based on process force measurements with an unchamfered 
tool. For this purpose, time-averaged values of Fc and FcN 
for a constant uncut chip thickness h = 0.1 mm were used. 
Ploughing effects of the cutting edge rounding are taken 
into account by subtracting the process forces at the point 
of the minimum chip thickness Fc,hmin and FcN,hmin from Fc 
and FcN, respectively:

The calculated friction coefficients on the rake face µRF 
are shown in Fig. 8a. For dry cutting processes, all cutting 
speeds lead to coefficients of approximately 0.5. The appli-
cation of oil as MWF leads to reduced friction coefficients 
on the rake face at cutting speeds vc = 120 m/min and pres-
sures p = 70 bar. In contrast, experiments with emulsion as 
MWF only show a slight decrease of the friction coefficient 
at one process with low cutting speed vc = 120 m/min and 
high-pressure p = 70 bar. In the high-speed images during 
the cutting process (Figs. 8b and c), it can be seen that the 
high MWF pressure at low cutting speed leads to visible 
penetration of the emulsion in the gap between chip and 
rake face and a turbulent flow, which might be a reason for 
the reduced friction coefficient. However, the formation of 
microfilms and the penetration of the transparent oil can-
not be evaluated with high-speed images. Moreover, besides 
lubrication effects, changing normal loads and temperatures 
because of the MWF application might also influence the 
friction coefficient. The significant influence of metal work-
ing fluid on the cutting process can also be shown by the 
increasing chip thickness h′ at high metal working fluid 
pressure. Since a higher chip thickness h′ is associated with 

(12)�FF =

(
Fc,hmin − Fc,hmin(bf = 0)

)
+
(
FcN,hmin − FcN,hmin(bf = 0)

)
tan(−�f )(

FcN,hmin − FcN,hmin(bf = 0)
)
−
(
Fc,hmin − Fc,hmin(bf = 0)

)
tan(−�f )

(13)�RF =
(FcN − FcN,hmin) + (Fc − Fc,hmin) ⋅ tan�

(Fc − Fc,hmin) − (FcN − FcN,hmin) ⋅ tan�

a lower shear angle and, therefore, a higher friction angle 
and a higher friction coefficient, this is in contrast to the 
experimentally determined friction coefficients. A possible 
explanation might be the cooling effect of the high-pressure 
MWF, which changes the mechanical properties and, there-
fore, the material behavior of the workpiece.

3.2  Identified process damping coefficients

The parameters determined in Section 3.1 and process force 
measurements with chamfered cutting tools and constant 
uncut chip thickness h = 0.1 mm were used to calculate the 
process damping coefficient. The calculated process damp-
ing coefficients are shown in Fig. 9. The coefficients are in 
a range between 280 and 500 kN/mm3. Noticeable is the 
influence of the cutting speed. For all processes, independent 
of chamfer width and cooling strategy, the process damp-
ing coefficient at vc = 120 m/min is smaller than the process 
damping coefficient at vc = 350 m/min. The same effect was 
observed for the measured process forces. This is in con-
trast to thermal softening effects, which are expected with 

Fig. 8  a Calculated friction coefficients on the rake face, b high-
speed image at low MWF pressure, and c high-speed image at high 
MWF pressure
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higher cutting speeds. A possible explanation is a strain rate-
dependent hardening effect.

To investigate possible hardening effects, HV1 Vickers 
hardness measurements were conducted on the workpiece 
surface, which was in contact with the flank face, after the 
cutting process. The measurement was performed for pro-
cesses with three different cutting speeds (120, 240, and 
350 m/min) and two different chamfer widths (130 and 
225 µm). Workpiece-specific hardness differences are con-
sidered by conducting the process and the measurement on 
two different workpieces. On every workpiece, three hard-
ness measurements were carried out. The mean values of 
those measurements are shown in Fig. 10.

The results show that the measured hardness is higher 
in all cases when the surface was machined with a cutting 
speed of vc = 350 m/min compared to vc = 120 m/min. This 
proves the strain rate hardening effect. Also, this effect is 
more dominant than thermal softening effects, which nor-
mally lead to reduced process forces with increasing cutting 
speed. On the other hand, no significant influences of the 
chamfer width on the hardness can be observed in Fig. 10.

For a further evaluation of the behavior of the process 
damping coefficient, a Pareto analysis was performed based 
on the results in Fig. 9. The results in Fig. 11 show that the 
cutting speed is the most significant influencing factor on 
the process damping coefficient. Furthermore, the effect of 
MWF pressure p and chamfer width  bf is also highly signifi-
cant. The interactions between the individual parameters, on 

the other hand, are not significant. The increase of the pro-
cess damping coefficient Kpd with increasing MWF pressure 
p can be attributed to cooling effects. Even though the MWF 
is focused on the rake face, the area around the cutting edge 
is flooded with coolant, leading to lower material tempera-
tures. Measurements in [27] show that Young’s modulus of 
the used specimen decreases from 203.5 MPa at 20 °C to 
167.4 MPa at 400 °C. Thus, process forces due to material 
springback are reduced with higher temperatures.

An increase of the process damping coefficient  Kpd with 
increasing chamfer width  bf is contrary to findings from the 
literature (see Fig. 1). A possible explanation is the con-
sideration of ploughing effects and plastic deformation in 
this approach. An increase of the chamfer width leads to 
additional plastic deformation of the workpiece material, 
which is associated with additional forces. However, by 
considering the elastic chip thickness springback hel in the 

Fig. 9  Identified process damping coefficients Kpd

Fig. 10  Hardness measurements of workpieces machined with differ-
ent cutting speeds and chamfer widths

Fig. 11  Pareto effect of the process damping coefficient Kpd
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calculation of the indented volume, only the elastic spring-
back is considered in the calculation of V.

To make the results applicable for processes with differ-
ent cutting speeds  vc, chamfer widths  bf, and MWF pressures 
p, regression models are created. The regression models are 
created individually for the two MWF mediums (emulsion 
and oil) and the dry process. As a constant factor, 212.5 kN/
mm3 was calculated over all cooling strategies. Due to the 
small scope of the parameter variation (only three levels 
per parameter), a linear dependency between the process 
damping coefficient Kpd and the parameters cutting speed vc, 
chamfer width bf, and MWF pressure p was assumed. With 
the least squares regression method, Eq. (14) was identified 
for the dry cutting process, Eq. (15) was identified for cut-
ting processes with oil as MWF, and Eq. (16) was identified 
for cutting processes with emulsion as MWF:

To evaluate the accuracy of those models, the calculated 
values are set against the experimental values in Fig. 12. All 
experimental values deviate less than 15% from the values 
calculated with the model. Thus, for the chosen range of cut-
ting speed, chamfer width, and MWF pressure, the regres-
sion models have a high accuracy.

(14)

Kpd = 212, 5
kN

mm3
+ 0, 525

kN

mm3
⋅ μm

bf + 0, 318
kN ⋅min

mm3
⋅m

vc

(15)
Kpd =212,5

kN

mm3
+ 0,447

kN

mm3
⋅ �m

bf

+ 0,387
kN ⋅min

mm3
⋅m

vc + 1,0
kN

mm3
⋅ bar

p

(16)
Kpd =212,5

kN

mm3
+ 0,515

kN

mm3
⋅ �m

bf

+ 0,399
kN ⋅min

mm3
⋅m

vc + 0,92
kN

mm3
⋅ bar

p

The developed process damping coefficient models can be 
used to predict the stability behavior under the consideration 
of process damping effects. For the analytical prediction of 
the stability limit, the indented volume V can be calculated 
based on the velocity term ẋ [9]:

By multiplying the process damping coefficient with the 
indented volume V, the process damping force can be imple-
mented in the dynamic equation.

Moreover, the stability limit can be calculated by using 
time-domain material removal simulations [28]. In this 
case, the time-resolved engagement conditions of the flank 
face and, subsequently, the volume indented by the flank 
face can be calculated. Therefore, it is possible to consider 
process damping effects by applying the force model of Eqs. 
(1) and (2).

4  Conclusions and outlook

In this paper, the process damping coefficient Kpd was 
identified using orthogonal cutting tests with a tool with 
a negative chamfer angle. Besides ploughing effects of 
the chamfer, plastic deformations and ploughing effects 
on the cutting edge rounding were taken into account in 
the analysis. The investigations were performed for dif-
ferent chamfer widths, cutting speeds, and cooling strate-
gies. Based on the results, the following conclusions can 
be drawn:

– The friction coefficient between the flank face chamfer 
and workpiece (approximately 0.24) is significantly lower 
than the friction coefficient between chip and rake face 
(approximately 0.5). This can be attributed to a higher 
relative speed between the flank face chamfer and work-
piece. Consequently, an estimated friction coefficient on 
the rake face is not applicable to calculate process damp-
ing forces.

– High-speed recordings enable a differentiated view on 
elastic–plastic deformations on the flank face. It is shown 
that the minimum uncut chip thickness significantly 
affects the indented volume V.

– The cutting speed is the most important influence fac-
tor on the process damping coefficient. With increasing 
cutting speed, the process damping coefficient increases. 
The reason is strain rate-dependent hardening effects. 
This effect was proven by hardness measurements of the 
workpiece. An increase of the cutting speed from 120 to 
350 m/min leads to an increase of Vickers hardness of 
approximately 25 HV1.

(17)V =
apb

2

f

2vc
ẋ

Fig. 12  Comparison of modeled and experimental identified process 
damping coefficient Kpd
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In future investigations, the identified coefficients will be 
applied in a dexel-based material removal simulation [28]. 
Therefore, a process-specific design of the chamfer can 
be achieved. This might lead to a significant productivity 
increase. Moreover, since the investigations indicate force 
components due to plastic and elastic workpiece deforma-
tion, the force model might be extended by an additional 
term to consider the plastic deformation behavior.
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