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Abstract
Microturning is a micromechanical machining process used to produce microcylindrical or axially symmetrical parts. Micro-
cylindrical parts are mainly used in microfluidic systems, intravenous micromotors, microsurgical applications, optical lens 
applications, and microinjection systems. The workpiece diameter is very small in microturning and therefore is greatly 
affected by the cutting forces. For this reason, it is important to predict the cutting forces when machining miniature parts. 
In this study, an analytical mechanistic model of microturning is used to predict the cutting forces considering the tool nose 
radius. In the semi-empirically developed mechanistic model, the tool radius was considered. A series of semi-orthogonal 
microturning cutting tests were carried out to determine the cutting and edge force coefficients. The mechanistic model was 
generalized depending on the cutting speed and depth of cut by performing multilinear regression analysis. In the study, the 
depth of cut (ap = 30–90 µm) and feed values (f = 0.5–20 µm/rev) were selected considering the nose radius and edge radius 
of the cutting tool. The experiments were carried out under high-cutting speeds (Vc = 150–500 m/min) and microcutting 
conditions. Ti6Al4V alloy was used as the workpiece material and the tests were carried out under dry cutting conditions. 
Validation tests for different cutting parameters were carried out to validate the accuracy of the developed mechanistic 
model. The results showed that the difference between the mechanistic model and the experimental data was a minimum of 
3% and a maximum of 24%. The maximum difference between the experimental and the model usually occurs in forces in 
the tangential direction. It has been observed that the developed model gives accurate results even at a depth of cut smaller 
than the nose radius and at feed values smaller than the edge radius.
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Abbreviations
Ft, Fr, Ff  Tangential, radial, feed force (N)
Fxexp, Fyexp, Fzexp,  Experimental cutting force from 

microturning tests (N)
dFt, dFr, dFf  Elemental tangential, radial, feed 

force (N)
Ai  Chip section (i:I, II) (mm2)
MRR  Material removal rate
HRC  Hardness Rockwell C (MPa)
Li  Cutting length (i: I, II) (mm)
Ktc,Kfc, Krc  Cutting force coefficients (N/

mm2)
Kte, Kfe, Kre  Edge force coefficients (N/mm)
ap  Depth of cut (mm)
Vc  Cutting speed (m/min)
h(q)  Chip thickness (mm)
f  Feed rate (mm/rev)
Re  Nose radii (µm)
Re  Tool edge radius (µm)
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kr  Cutting edge angle (°)
krm  Minor cutting edge angle (°)
dL  Elemental edge length (mm)
q  Angle made by positive X-axis (°)
q1, q2  Limits of integration (°)
Fx, Fy, Fz  Total cutting force at tangential, 

radial, and feed directions, respec-
tively (N)

Gij, Zij  Tool geometry and cutting condi-
tions expressions

FtI, FfI, FrI  Cutting force components in zone 
I (N

FtII, FfII, FrII   Cutting force components in zone 
II (N)

bn  Normal friction angle (°)
ts   Shear stress (MPa)
i  Inclination angle (°)
gn  Normal rake (°)
fn  Normal shear angle (°)
g0  Rake angle (°)
h  Chip flow angle (°)

1 Introduction

Nowadays, the miniaturization of components plays an 
important role in various application areas such as biomed-
ical, electronics, aerospace, and communications. Micro-
components with cylindrical geometry are mainly used in 
microfluidic systems, intravenous micromotors, microsurgi-
cal applications, optical lens applications, and microinjec-
tion systems. The most used technique in the manufacturing 
of cylindrical microgeometries is microturning. Microturn-
ing is a process that belongs to micromechanical machining 
processes and is used to manufacture microcylindrical or 
axially symmetrical parts [1]. The most important advan-
tage of microturning is that three-dimensional parts can be 
easily formed at high speeds. However, the metal removal 
rate can vary depending on the equipment and cutting tool 
used. The most critical disadvantage of microturning is that 
the cutting force affects the machining accuracy [2]. Due 
to the low diameter-to-length ratio, the workpiece is forced 
to vibrate in the tangential direction while the cutting tool 
supports the workpiece, which helps to reduce the vibration 
[3]. Therefore, by controlling the cutting forces in microturn-
ing, more accurate and smaller parts can be produced [4]. A 
significant problem that occurs during cutting is the elastic 
deflection of the workpiece. To achieve the lowest possible 
elastic deflection in microturning, the cutting forces must 
also be small. Various methods are proposed to eliminate 
the elastic deflection of the workpiece [5]. To predict the 
elastic deflection that may occur in microturning, the cutting 
forces must be known. Cutting forces can be estimated using 

a variety of modeling techniques as well as experimental 
methods. Numerical modeling and mechanistic modeling 
are the most used methods for estimating cutting forces. It 
is possible to come across studies on turning [6–8], milling 
[9, 10], and drilling [11] processes using numerical mod-
eling techniques. It is also possible to come across studies in 
which the mechanistic model is used to predict cutting forces 
in orthogonal turning [12], conventional turning [13], and 
milling [14, 15] operations. In a study in which the mecha-
nistic model and finite element analysis were used together, 
the estimation of the cutting forces in the microturning pro-
cess was carried out [16]. Although Ti6Al4V alloy was used 
in this study, the cutting speed values were chosen very low.

Ti6Al4V alloy offers superior properties in terms of 
strength, corrosion resistance, and biocompatibility and is 
widely used in implant manufacturing. Ti6Al4V alloy, also 
called grade 5, is classified as difficult to machine materials. 
The main problems in micromachining of these alloys are 
rapid tool wear [17, 18], burr formation [19], and built-up 
edge [20]. Chip adhesion and consequently the poor surface 
quality and tool breakage are among the most encountered 
problems, especially in the micromilling of Ti6Al4V alloy. 
When turning the Ti6Al4V alloy at medium cutting speeds 
(30–60 m/min), while the tool life is longer, chip adhesion 
and long chip formation problems may occur. Tool wear is 
the biggest problem at high cutting speeds (> 120 m/min). 
High-speed machining results in better surface finish and 
lower cutting force, while increasing efficiency in metal 
removal. In addition to these advantages, machining at high 
speed causes an increase in the cutting temperature in the 
cutting zone. As a result, tool wear increases, and tool life 
is shortened. To overcome the high temperature produced 
during high-speed machining, cutting fluids are used. High-
speed machining means that the strain rate increases. As a 
result, not only the cutting forces change but also the chip 
shape and tool-chip contact conditions. In the studies carried  
out for high-speed turning of Ti6Al4V alloy, the cutting 
speed was taken as a maximum of 150 m/min [21, 22]. 
Aslantas et al. [23], the cutting speed was used between 100 
and 400 m/min. In the study, it is recommended to choose a 
high cutting speed for maximum metal removal rate (MRR) 
and minimum surface roughness. In another study by  
Aslantas and Cicek [24], ultra-high cutting speeds (1250 m/
min) were used. The authors state that the cutting forces 
remain constant at cutting speeds greater than 1000 m/min.

In the conventional turning process, the mechanistic 
modeling technique is commonly used for force estimation. 
However, studies using the mechanistic modeling technique 
in the microturning process are quite recent. The microturn-
ing process is defined by several key characteristics: high 
speed, low depth of cut, low feed rate, relatively large tool 
nose radius, and tool edge radius. These characteristics lead 
to a different chip forming mechanism and force generation 
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compared to conventional turning. It has been stated that the 
thrust force is greater than the tangential force at a very low 
depth of cut [25]. It has been emphasized that the direction 
of the resulting force vector changes significantly undercut-
ting conditions where the thickness of the undeformed chip 
is smaller than the edge radius [26]. Horvart estimated the 
cutting forces in the fine-tuning process using a new force 
model. In the study, a specific cutting force was determined 
considering the radius of the tool nose radius [27]. Jagadesh 
and Samuel [16] developed a mechanistic model to predict 
the cutting forces in microturning. In the study, the verifi-
cation of the mechanistic model was carried out using the 
finite element technique. The finite element method is also 
used to obtain the coefficients used in mechanistic mode-
ling [28]. In this study, full orthogonal shear experiments 
were carried out under microconditions. The shear and edge 
force coefficients obtained were compared with the numeri-
cal modeling results. Jin and Altintas [29] used a slip-line 
field model that considers the stress variation in the material 
deformation zone due to the tool edge radius effect. The total 
cutting forces are evaluated by integrating the forces along 
the entire contact zone between the chip and the rake face 
and the plowing force caused by the round cutting edge. The 
proposed model was experimentally verified by a series of 
cutting force measurements performed during microturning 
tests. Based on Merchant’s analysis of 3D cutting, Shalaby 
et al. [30] developed a mechanistic force model in which the 
depth of cut is much smaller than the tool tip radius. Both 
the tool tip radius and the flank wear occurring in the tool 
were considered in the model created.

To date, many studies have been conducted to estimate the 
cutting force in the turning process, and the majority of these 
studies have considered the conventional cutting process. In 
recent years, it is possible to come across studies on modeling 
cutting forces in microturning. However, in these studies, the 
cutting speeds investigated were in the low range. For this 
reason, none of the previous studies employed mechanistic 

modeling at very high cutting speeds for Ti6Al4V alloy. From 
this point of view, this study aims to fill this gap in the litera-
ture. In addition, it has been shown that the mechanistic model 
can be generalized depending on the cutting speed and depth 
of cut, and it can be used for different cutting parameters by 
performing multilinear regression analysis.

2  Modelling of cutting forces

2.1  Geometrical modeling

To model the cutting force in the microturning process, geo-
metric modeling should be done first. In microturning, the nose 
radius, cutting edge angle, the depth of cut, and the feed rate of 
the cutting tool are required for geometric modeling. This is 
because these four factors directly affect the chip cross-section. 
For a healthy cutting process in microturning, it is generally 
recommended that the depth of cut should be greater than the 
nose radius and the feed value should be greater than the tool’s 
edge radius [25]. In the mechanistic model used in this study, 
the depth of cut is greater than the nose radius (ap > Rε), and 
the cutting edge angle κr = 90° is considered.

In Fig. 1, uncut chip thickness is constant in region II and 
depends on the feed rate (f) and the cutting-edge angle (κr). In 
this region, the magnitude and direction of the forces along the 
straight edge (ap-Rε) do not change. The cutting-edge length 
(LII) and the chip cross-sectional area (AII) in this range are 
obtained from Eqs. (1, 2, 3, 4 and 5).

(1)L =
ap

sin�r

(2)h = f .sin�r

(3)A = L.h = ap.f

Fig. 1  Definition of the tool 
geometry during microturning 
operation. a Top view of the 
turning process. b Geometric 
definitions of the nose radius
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where ap is the depth of cut, κr is the cutting-edge angle, f 
is the feed rate, h is the chip thickness, and Rε is the nose 
radius. Chip thickness in the first region constantly changes. 
However, the direction and magnitude of the cutting forces 
also change. As can be seen in Fig. 1, the chip thickness in 
the first region is expressed as an infinitesimal element. In 
addition, the forces occurring in the infinitesimal element 
are shown as dFt, dFr, and dFf. The direction of each infini-
tesimal force is considered normal with respect to the local 
cutting edge. The edge length (LI) and chip cross section (AI) 
of the chip in the first region can be calculated as follows.

where integration limits θ1 and θ2 are given by the expres-
sions in Eq. (8).

To calculate the chip cross-sectional area given in Eq. 
(8), it is necessary to determine the chip thickness. The chip  
thickness in zone II varies as a function of θ. In turning  
processes where the nose radius is considered, the chip 
thickness can be determined obtained by using the geometric  
relationship in the triangle  pO1O2 [31].

2.2  Mechanistic modelling

The model proposed in this study allows the estimation of 
the cutting forces in the microturning process considering 
the cutting-edge angle and the nose radius. The mechanistic 
model presented here is based on the statements proposed 
by Altıntaş [32]. This model divides the cutting forces into 
two main components. The first is the force generated by 
the sliding mechanism, which is proportional to the cross 
section of the chip that has not been cut. The second is the 
force generated by plowing, which is proportional to the 

(4)LII =
ap − R�(1 − cos�r)

sin�r

(5)AII = f .
[
ap − R�

(
1 − cos�r

)]
−

1

4
f 2sin(2�r)

(6)LI = ∫
�2

�1

dL = ∫
�2

�1

R�d�

(7)AI = ∫
�2

�1

h(�)dL = ∫
�2

�1

h(�)R�d�

(8)�1 = cos−1
f

2R�

, �2 =
�

2
+ �r

(9)

h(�) = R� −

√
f 2 + R�

2 − 2fR�cos

[
� − � − sin−1

(
f

R�

sin(�)

)]

edge length of the cutter. Equation (10) gives the general 
expression of the mechanistic model proposed by Altıntaş.

where Ft, Ff, and Fr are tangential, feed, and thrust forces, 
respectively. Ktc, Kfc, and Krc are called cutting force coeffi-
cients, and Kte, Kfe, and Kre are called edge force coefficients. 
In zone II, which is shown in Fig. 1, the cutting edge angle 
does not change, and the chip cross section becomes con-
stant. The magnitude and direction of the cutting forces in 
zone II also do not change. Therefore, when LII and AII from 
Eqs. (4) and (5) are substituted into Eq. (10), the cutting 
force components in zone II are obtained.

In zone I, the cutting edge angle κr(θ) constantly 
changes, and as a result, the direction and magnitude of 
the cutting forces also change. For this reason, each force 
component occurring in zone I can be written as follows.

The total forces obtained during cutting are obtained by 
summing the force components belonging to the 1st and 
2nd zones given in Eqs. (11) and (12).

In the turning process given in Fig. 1, the cutting-edge 
angle is κr = 90°. Therefore, the cutting forces occurring 

(10)

Ft = Ktc.A + Kte.L

Ff = Kfc.A + Kfe.L

Fr = Krc.A + Kre.L

FfII = KfcAII + KfeLII

(11)FrII = KrcAII + KreLII

FtII = KtcAII + KteLII

FfI =

�2

∫
�1

Kfc(�)h(�)R�d� +

�2

∫
�1

Kfe(�)R�d�

(12)FrI =

�2

∫
�1

Krc(�)h(�)R�d� +

�2

∫
�1

Kre(�)R�d�

FtI =

�2

∫
�1

Ktc(�)h(�)R�d� +

�2

∫
�1

Kte(�)R�d�

Ff = FfI + FfII

(13)Ft = FtI + FtII

Fr = FrI + FrII
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in the x-, y-, and z-directions in region II are equal to the 
tangential (Ft), radial (Fr), and feed (Ff) forces, respec-
tively (Eq. 14).

By substituting the relevant forces from Eq. (13) into Eq. 
(14), the total cutting forces can be evaluated.

where κr(θ) = θ-π/2. By substituting the relevant forces from 
Eqs. (11) and (12) in Eqs. (15), (16) and (17), a transforma-
tion between cutting force components (Ft, Ff, Fr) and (Fx, 
Fy, Fz) in the dynamometer’s coordinate system is achieved.

(14)
⎡⎢⎢⎣

Fx

Fy

Fz

⎤⎥⎥⎦
=

⎡⎢⎢⎣

1 0 0

0 sinκr cosκr
0 −cosκr sinκr

⎤⎥⎥⎦

⎡⎢⎢⎣

Ft

Fr

Ff

⎤⎥⎥⎦

(15)Fx = FtI + FtII

(16)
Fy = FfIcos�r(�) + FfIIcos�r + FrIsin�r(�) + FrIIsin�r

(17)
Fz = FfIsin�r(�) + FfIIsin�r − FrIcos�r(�) − FrIIcos�r

(18)

Fx =

�2

∫
�1

Ktc(�)h(�)R�d� +

�2

∫
�1

Kte(�)R�d� + KtcAII + KteLII

(19)

Fy =

�2

∫
�1

Kfc(�)h(�)R�cos�r(�)d� +

�2

∫
�1

Kfe(�)R�cos�r(�)d�+KfcAII
cos�r

+ KfeLIIcos�r +

�2

∫
�1

Kfc(�)h(�)R�sin�r(�)d� +

�2

∫
�1

Kre(�)R�sin�r(�)d�

+ KrcAIIsin�r + KreLIIsin�r

(20)

Fz =

�2

∫
�1

Kfc(�)h(�)R�sin�r(�)d� +

�2

∫
�1

Kfe(�)R�sin�r(�)d� + KfcAII
sin�r

+ KfeLIIsin�r −

�2

∫
�1

Kfc(�)h(�)R�cos�r(�)d� −

�2

∫
�1

Kre(�)R�cos�r(�)d�

− KrcAIIcos�r − KreLIIcos�r

Fig. 2  a Schematic representation of the system used in microturning experiments. b Position of cutting tool and workpiece relative to each 
other. c Axis definitions of the experimental setup. d Close view of the cutting setup
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The expressions given in Eqs. (18, 19 and 20) allow us 
to estimate the cutting force components in the coordinate 
system XYZ using the cutting parameters (f and ap), tool 
geometry (κr and Rε), and cutting force coefficients for a 
particular tool-workpiece pair. To calculate the cutting force 
components from Eqs. (18, 19 and 20), the cutting force and 
edge force coefficients must be known.

3  Material and method

3.1  Cutting test setup

To obtain the cutting force coefficients used in the mechanis-
tic model, semi-orthogonal microturning experiments were 
performed. In the cutting experiments, the cutting speed and 
depth of cut were kept constant and feed rates were changed. 
To determine the effects of cutting speed and depth of cut 
on the cutting force coefficients, additional tests were car-
ried out in different series. A specially designed high-speed 
and high precision test setup is used for the microturning 
tests. The whole system is fixed on a vibration isolated table 
(Fig. 2a). The repeatability of the axes used in the test setup 
is 1.5 µm and the maximum spindle speed is 60,000 rpm. 
The spindle has a pneumatic tool clamping system and the 
workpiece is fixed by using collets of suitable diameter 
instead of the cutting tool (Fig. 2b). The feed rate of the 
workpiece is controlled by the Z-axis, and the depth of the 
cut is controlled by the Y-axis (Fig. 2c). The cutting tool 
and the tool holder are fixed on the dynamometer. The cut-
ting forces were measured using a Kistler MiniDyn 9119A1 
three-component dynamometer with its charge amplifier 
(Type 5070). Dynoware software was used to analyze the 
cutting force data. The sampling rate of the cutting force 
measurements was 12.5 kHz (2d). During the experiments, 
a USB microscope with 50–800 × magnification was used to 
better observe the cutting zone more clearly.

A new cutting tool was used in each test to ensure that the 
cutting force values were not affected by tool wear. The cut-
ting tests were repeated at least three times for each cutting 
parameter. A titanium specimen with a diameter of 10 mm 
was used to perform the cutting test. The cutting parameters 
used in microturning tests are given in Table 1. Different 
cutting parameters were used to validate the created model. 
Vc = 100, 230, 410 m/min, ap = 30, 50, and 90 µm and f = 4, 
7.5 and 12.5 µm/rev were used in the validation experiments. 
The tests were carried out under dry-cutting conditions. 
After the validation tests, the variation of the cutting forces 
over a wide range of cutting parameters was obtained by 
using the generated mechanistic model.

3.2  Cutting tool and workpiece material

In this study, Ti6Al4V alloy, which is widely used in the 
biomedical sector and dental implants and has been the 
subject of numerous studies due to its excellent mechanical 
properties, was chosen as the workpiece. The chemical 
composition of the Ti6Al4V alloy used is given in Table 2. 
The titanium alloy was supplied from Baoji First Titanium 
Industry Co., Ltd. and the comparison of the alloy produced 
with the ASTM B348 standard is also presented in Table 3. 
The mechanical properties of the alloy are also given in 
Table 2. In the cutting process, AlTiN-coated cutting tool 
manufactured by Kennametal was used for the cutting 
process. ISO Code of the cutting tool is TDHB07T12S0. The 
edge radius of the cutting tool was measured as Re = 7.25 µm 
and the nose radius as Rε = 40 µm (Fig. 3a, b). The cutting 
edge angle of the cutting tool is 90°, the rake angle is 0°, and 
the clearance angle is 15° (Fig. 3a). The other geometrical 
parameters of the cutting tool are shown in Fig. 3c.

3.3  Determination of cutting coefficients

The method proposed by Armarego and Brown [33] is gener-
ally used to obtain the cutting force coefficients needed for the 
mechanistic modeling of the turning process (Eq. 21). Accord-
ing to this method, normal friction angle (βn), inclination angle 
(i), normal rake (γn), and chip flow angle (η) are needed to 
obtain the Ktc, Kfc, and Krc coefficients. Various methods 
have been proposed to calculate these angles [32–34]. Since 
the deformed chip thickness is very small in microturning, it 
becomes difficult to determine the chip ratio  (rc) and then the 
shear angle. For this reason, in this study, the cutting force 

Table 1  The parameters used in microturning tests

Cutting speed (m/min) Depth of cut (µm) Feed rate (μm/rev)

150 40 0.5, 1, 2.5, 5, 10, 20
300 40

65
500 40

Table 2  Mean chemical 
composition of Ti6Al4V bar 
(wt.%)

Element Ti Al V Cu Mo Fe Mn C N O

wt.% Balance 6.40 4.16 0.01 0.01 0.161 0.01 0.028 0.017 0.154
ASTM B348 Balance 5.5–6.75 3.5–4.5 – – 0.4 – 0.08 0.05 0.2
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values obtained from the microturning experiment were substi-
tuted in Eqs. (18, 19 and 20), and the cutting force coefficients 
were obtained.

Ktc =
�s

����
.
���

(
�n − �0

)
+ ���(i).���(�).���(�n)√

cos2
(
� + �n − �0

)
+ tan2(�).sin2(�n)

(21)

Kfc =
�s

����.���i
.

���
(
�n − �0

)
√

cos2
(
� + �n − �0

)
+ tan2(�).sin2(�n)

In order to calculate both cutting and edge force coeffi-
cients, the expressions in Eqs. (18, 19 and 20) are rearranged 
as follows. The cutting and edge force coefficients given in 
Eqs. (18, 19 and 20) are dependent on θ. Besides, if cutting 
and edge coefficients are considered independents of θ, they 
can be pulled out of the integral, giving place to the expres-
sions in Eqs. (22, 23 and 24) [31].

where Fxexp, Fyexp, and Fzexp on the left side of the equation 
represent the cutting forces obtained during microturning. 
Other expressions (Gij and Zij) given in the equation depend 
only on the tool geometry and cutting conditions and are 
given in Eq. (23). θ1 and θ2 given in Eq. (23) are the angle 
values showing the integral limits and are given in Eq. (8).

Krc =
�s

����
.

���
(
�n − �0

)
.���(i) − ���(�).���(�n)√

cos2
(
� + �n − �0

)
+ tan2(�).sin2(�n)

Fxexp = KteGtx + KtcZtx

(22)Fyexp = KfeGfy + KreGry + KfcZfy + KrcZry

Fzexp = KfeGfz + KreGrz + KfcZfz + KrcZrz

Table 3  Mechanical properties of Ti6Al4V bar

Property ASTM B348 Specimen

Young modulus (GPa) 113.8 114
Tensile strength (MPa)  > 895 1013
Yield strength (MPa)  > 828 938
Elongation at break, (%)  > 10 13
Density (g/cm3) 4.4 4.42
Hardness (HRC) 33–36 34

Fig. 3  Geometric properties of 
the cutting tool used in micro-
turning tests
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After calculating the Gij and Zij terms in Eqs. (23, 24) 
was used to determine the cutting force coefficients for 
each set of experiments [35]. The solution of Eq. (24) 
was carried out by the least-squares method and Kij 
coefficients were obtained directly from microturning 
experiments. Fx1,..., Fxn; Fy1,..., Fyn; Fz1,..., Fzn, given in 
Eq. (24) are the average values of the cutting force com-
ponents measured during microturning experiments. In 
order to obtain the cutting and edge force coefficients, 
24 experiments were carried out using the cutting param-
eters given in Table 1. K coefficients were obtained by 
using the obtained average cutting force components in 
Eq. (24).

Gfz = sin�rLI + ∫
�2

�1

sin(� −
�

2
)R�d�;

Grz = −cos�rLI − ∫
�2

�1

cos(� −
�

2
)R�d�;

Gfy = cos�rLI + ∫
�2

�1

cos(� −
�

2
)R�d�;

Gry = sin�rLI + ∫
�2

�1

sin(� −
�

2
)R�d�;
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4  Results and discussion

4.1  Cutting test results

In order to determine the cutting force values to be used in 
the mechanistic modeling, microturning experiments were 
carried out for different cutting parameters. The variation in 
cutting forces depending on the different depth of cut, cut-
ting speed, and feed rate is given in Fig. 4. As can be seen 
in Fig. 4, the cutting forces increase linearly with increasing 
feed rate. It is possible to say that the Fx (tangential direc-
tion) force and Fz (feed direction) force increase linearly 
with increasing depth of cut (Fig. 4a–c). However, it is dif-
ficult to say that there is such a tendency in the Fy (radial 
direction) force (Fig. 4b). Increasing cutting speed also con-
tributes to the reduction of cutting forces. This situation is 
observed more clearly especially in the Fz force (Fig. 4f).

4.2  Variation of cutting and edge force coefficients

After the microturning tests, three cutting force 
components for different cutting speeds, feed, and depth 
of cut were obtained in the previous section (Fig. 4). By 
using Eq. (22, 23 and 24), the coefficients Kc and Ke 
were obtained depending on the cutting forces obtained 
from the experiments. This procedure was repeated for 
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different cutting speeds and depths of cut. The variations 
of cutting force coefficients as a function of cutting 
speed and depth of cut were determined (Table 4 shows 

the values of cutting force and edge force coefficients 
for different depths of cut). Figure 5 shows the variation 
of cutting force and edge force coefficients with a depth 

Fig. 4  Variation of the Fx, Fy, and Fz forces obtained in microturning tests for different cutting parameters

Table 4  Cutting and edge force 
coefficients for different depth 
of cuts (VC = 300 m/min)

ap (µm) Ktc (N/mm2) Kfc (N/mm2) Krc (N/mm2) Kte (N/mm) Kfe (N/mm) Kre (N/mm)

40 2337 1466 801 13.3 32.2 4.6
65 2301 1412 737 9.9 25.5 2.5
100 2214 1201 401 9.4 24.6 2.6
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of cut. It can be observed that the force coefficients 
decrease linearly as the depth of cut increases. It can be 
said that the R2 error for the cutting force coefficients 
is quite small. However, the R2 error is higher for the 
edge cutting coefficients. There could be two reasons for 
this. The first is the dimensional difference in the edge 
radius of the cutting tool. The second is the tool wear that 
occurs during cutting. The first possibility is a problem 
that can arise from tool manufacturing, and it is not 
possible to manufacture all tools with the same geometry. 
To minimize the effects of the second possibility, a new 
cutting tool was used in each experiment. However, the 
contribution of the edge force coefficient to the total 
cutting force is lower.

Table 5 shows the values of the cutting and edge force 
coefficients obtained for different cutting speeds. Also, 
Fig. 6 shows the variation in the values of cutting and edge 
force coefficients as a function of cutting speed. It can be 
said that the values of Kfc, Ktc, and Krc decrease linearly with 
an increase in cutting speed. However, the variation of Krc 
with cutting speed is very limited, it can be said to remain 
constant. However, the edge force coefficients do not change 
significantly with cutting speed.

Multiple linear regression analysis was performed for the 
coefficients given in Tables 3 and 4. Thus, the variation of 
force coefficients as a function of cutting speed and depth of 
cut is expressed by a linear equation. In some studies, the edge 
coefficients were assumed to be constant with the assumption 
that they change little with cutting speed and depth of cut [12]. 
In this study, a regression analysis was performed for the edge 
coefficients and an attempt was made to determine whether a 
linear relationship exists. For this purpose, first, the variation of 
six coefficients with Vc and ap is expressed with a linear model 
as shown in Figs. 5 and 6.

It can be seen that the variation of cutting force coef-
ficients with cutting speed and depth of cut fits very well 
with a linear model. The least-squares estimation method 
was used to develop the linear models. The models and 
analysis of variance indicators for the shear and edge coef-
ficients are shown in Table 6. The P-value shows that the 
linear models for the three cutting coefficients (Kfc, Krc, 
and Ktc) are statistically significant. However, it is difficult 
to say that the P value is statistically significant for the 
models obtained for the edge force coefficients (especially 
Kfe and Kre). The correlation coefficients (R2 and R2

adj) for 
the cutting force coefficients are higher than 70%, which 
means that the relationship between the cutting coefficients 
and the cutting speed and depth of cut is adequately repre-
sented in the proposed models.

4.3  Comparison of mechanistic model and experiment 
results

A series of experimental tests were conducted to investigate 
the consistency of the proposed mechanistic models. The 
relationships for the cutting and edge coefficients, shown 
in Table 6, were introduced into the corresponding mod-
els together with the cutting conditions and the geometrical 
characteristics of the tool. In this way, the force values Fx, 
Fy, and Fz were estimated for different cutting parameters. 
Then, these force values were compared with the experimen-
tal cutting forces obtained from the dynamometer. Figure 7 
compares the results using different parameters from the cut-
ting parameters used to determine the cutting and edge coef-
ficients. In Fig. 7, the force results obtained for different feed 
values are compared with the model results. However, the 
cutting speed (Vc = 200 m/min) and depth of cut (ap = 50 µm) 
used were also different from the parameters used in the 

Fig. 5  Variation of cutting and 
edge force coefficients with a 
depth of cut (VC = 300 m/min)

Table 5  Cutting and edge force 
coefficients for different cutting 
speeds  (ap = 40 µm)

VC (m/min) Ktc (N/mm2) Kfc (N/mm2) Krc (N/mm2) Kte (N/mm) Kfe (N/mm) Kre (N/mm)

150 2418 1604 821 13.8 35.7 4.6
300 2337 1466 801 13.3 34.2 4.6
500 2112 1377 642 12.9 33.9 3.8
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Fig. 6  Variation of cutting and 
edge force coefficients with cut-
ting speeds (ap = 40 µm)

Table 6  Relationships and 
their regression analysis of the 
cutting and edge coefficients

Relationship for cutting and edge force coefficients R2 (%) R2
adj (%) P value

Kfe = 41.25 − 0.0038 ⋅ Vc − 0.1698 ⋅ ap   79.0 58.0 0.210
Kre = 6.18 − 0.00224 ⋅ Vc − 0.0328 ⋅ ap   74.7 49.3 0.253
Kte = 16.65 − 0.00232 ⋅ Vc − 0.0714 ⋅ ap   84.7 69.4 0.153
Kfc = 1882 − 0.643 ⋅ Vc − 4.75 ⋅ ap   97.2 94.4 0.028
Krc = 1007 − 0.382 ⋅ Vc − 5.16 ⋅ ap   87.9 75.8 0.012
Ktc = 2632 − 0.892 ⋅ Vc − 1.398 ⋅ ap   95.3 90.6 0.047

Fig. 7  Comparison of test results and mechanistic model results for different feed rate values
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model. It is aimed to show how well the results obtained 
from the model for different cutting parameters are in 
agreement with the experimental one. As can be seen from 
Fig. 7, the cutting forces increase with increasing feed rate. 
Increasing feed rate causes the chip cross section removed 
per unit time to increase, which in turn increases the cutting 
forces. Comparing the model and experimental results, it 
can be said that acceptable convergence has taken place. 
The maximum error (24%) was obtained for 0.0075 mm/
rev at Fy force, while the minimum error was obtained at Fz 
force. The reason for the maximum error; the linear model is 
used in the regression analysis of K coefficients obtained as 
a function of cutting speed and depth of cut. Since a linear 
regression based on the depth of cut and the cutting speed 
means that the amount of error occurring in both cases is 
multiplied, the amount of error has also increased. As can be 
seen in Fig. 7, the model and experimental results are close 
to each other in the feed value (f = 4 µm/rev) which is smaller 
than the tool edge radius (Re = 7.25 µm). Similarly, it is pos-
sible to say that the experimental and mechanistic results 
obtained for f = 12.5 µm/rev are compatible with each other.

To demonstrate the validity of the model created, experi-
ments were also conducted at different cutting speeds and 
the results were compared with the mechanistic model 
(Fig. 8). As can be seen in Fig. 8, different parameters from 
the cutting parameters used in the creation of the mecha-
nistic model were used. With the increasing cutting speed, 
a decrease is observed in all three cutting forces. However, 
this decrease is at very low levels. This decrease may be the 
result of thermal softening with increasing temperature in 
the cutting zone. High cutting speed results in tool wear, 
while low cutting speed causes built-up-edge. It should be 
noted that both these conditions affect the cutting forces. 
Therefore, the increase in cutting speed may not be the only 
reason for the decrease here. In some studies, while the cut-
ting forces increased with increasing cutting speed [36], it 
remained constant in some studies [37]. The thermal proper-
ties of the Ti6Al4V alloy as well as the tendency to chemi-
cally bond with the carbide tool can lead to different results. 
It can be seen that the difference between the experimental 
and mechanistic models decreases with increasing cutting 
speed for the Fx and Fz forces. However, this is not true 

Fig. 8  Comparison of test results and mechanistic model results for different cutting speed values
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for the Fy forces. While the error for the Fx and Fz forces is 
7.5% on average, the error for the Fy forces is about 16.4%. 
However, it can be said that the error between the predicted 
cutting forces and the experimental results is at an accept-
able level. In studies where mechanistic modeling techniques 
are used, the difference between experiment and modeling 
varies from 16 to 26% [12, 13].

In microturning, feed rate and depth of cut are important 
for chip formation. In the cutting process with a very low 
feed rate (f <  < Re) and shallow depth of cut (ap <  < Re), the 
ploughing mechanism is more dominant than the slip. For 
this reason, in this study, the mechanistic model was veri-
fied by conducting experiments at different depths of cut. 
Figure 9 shows the comparison of cutting forces obtained 
for different depths of cut. The maximum error occurred at 
0.09 mm depth of cut and 21.3% for Fy force. The maximum 
error for Fx forces is 12%. It can be seen that Fy forces do 
not change with increasing depth of cut. Since Fy force is the 
force in the radial direction, it was not affected by increasing 
the depth of cut. It can be seen that the difference between 
the experiment and modeling for Fz force increases with the 

depth of cut (ap = 30 μm), which is smaller than the nose 
radius.

5  Effect of cutting parameters on cutting 
forces

In the previous section, the validation of the mechanis-
tic model used was done. This section aims to reveal the 
effect of cutting parameters on cutting force in high-speed 
microturning process with 3D variation graphs. The varia-
tion in cutting forces was obtained by using a wide range of 
cutting speed (100–500 m/min), depth of cut (30–90 µm), 
and feed rate (0.5–20 µm/rev). In Fig. 10, the variation of 
cutting forces occurring during high-speed microturning is 
given. In Fig. 10a, c and e, the variation of all three cutting 
forces depending on the depth of cut and feed rate is given.  
Increasing depth of cut and feed rate increase the chip cross-
section . Increasing chip cross-section  (apxf) caused the Fx 
force to increase 2.4 times and the Fz force approximately 4.6  
times. The increase in Fy force is only about 35%. From this 

Fig. 9  Comparison of test results and mechanistic model results for different depths of cut values
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Fig. 10  Effect of cutting parameters on cutting forces
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point of view, it can be concluded that the increased chip 
cross-section  in the microturning process affects the cutting 
force in the feed direction more. The Fy force is particularly 
affected by the feed value, and at low feed rates (≤ 8 µm/rev) 
increasing depth of cut has little effect. Figure 10b, d and 
f show the effect of cutting speed and feed rate on cutting 
forces. Increasing cutting speed causes a decrease in cutting 
forces. This reduction is approximately 5% for the Fx force, 
14% for the Fy force, and 17% for the Fz force for f = 20 µm/
rev. However, at the minimum feed rate (f = 0.5 µm/rev), the 
Fy and Fz forces decreased by approximately 3.5%, while the 
Fx force increased by 10%.

6  Conclusion

A mechanistic model considering the nose radius is pro-
posed to estimate the cutting forces during the high-speed 
microturning process. For the Ti6Al4V alloy, much higher 
cutting speeds than those used in conventional turning are 
used. In addition, multilinear regression analysis was per-
formed in the study, and the mechanistic model was general-
ized depending on the cutting speed and depth of cut. It is 
possible to rank the obtained results as follows.

• The effect of cutting speed and depth of cut was 
expressed with a single linear equation by performing 
multiple linear regression analysis. Thus, the proposed 
model can be used for different cutting parameters.

• The coefficients for cutting and edge force coefficients 
are expressed using a linear model. While the R2 value 
of the cutting force coefficients is more than 85%, the R2 
value for the edge force coefficients is about 70%.

• Validation tests were conducted both within and outside 
the range of cutting conditions used to determine the 
force coefficients.

• From the validation tests, it can be concluded that the 
model has good predictive power. The maximum error 
between experiment and model is 24% while the mini-
mum error is 3%.

  It has been determined that increasing the depth of 
cut and feed value causes a linear increase in Fx and Fz 
forces, while the increase in depth of cut does not cause 
any change in Fy force.

• Although cutting speed causes a small decrease in cutting 
forces, this variation is around 5% on average.
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