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Cutting force coefficients (CFCs) are the most important factors in the 

prediction of CFs (CFs) and other machining characteristics (MCs). This study 

was conducted to model the CFs and MCs in the milling process based on the 

calculated values of CFCs. From the relationship of average values of CFs and 

feed rate, CFCs were determined and used to predict dynamic CFs (DCFs) in 

the flat milling process. In static models, the average values of CFs were 

presented as a linear regression of feed rate. The DCFs and other MCs were 

modeled depending on the cutting parameters, cutter geometry, CFCs, and 

structure parameters of the machine-tool system. By performing the flat-milling 

process of gray cast iron GG25 using HSS-Co solid tool, the average CFs were 

modeled as the linear regression of feed rate with large determination 

coefficients (R2 > 93%). Besides, all CFCs of a pairs of tool and workpiece for 

each cutting type were successfully determined based on the measured data of 

CFs from the experimental process. Moreover, the proposed models of DCFs 

were successfully verified based on the compared results between the predicted 

CFs and measured CFs in several cutting tests with different cutting parameters. 

The proposed models of cutting force in this study were successfully used to 

predict the DCFs and several MCs in milling processes using a flat milling tool. 

And can be used to design and develop tools and machine in industrial 

manufacturing. 
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1. Introduction

In milling processes, the CFs are the most 
important components to predict the 
machining characteristics and improvement of 
quality and effective of the machining 

processes. The CFs can be predicted by two 
methods including, theoretical and 
experimental methods. In the experimental 
method, the cutting force models are modeled 
from experimental data with several 
controllable input parameters such as depth of 
cut, feed rate, and cutting velocity [1, 2]. It is 
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quite easy to perform this method; however, 
the CF models in these are often only used for 
specific cases of the machine, tool, workpiece, 
and even machining conditions. In theoretical 
methods of cutting force, the CFs are modeled 
based on the mechanical, geometrical, and 
tool-workpiece physical interactions in cutting 
processes. The orthogonal and oblique models 
were applied to analyze the cutting mechanics 
[3, 4]. In these cases, the relationship of chip 
thickness and cutting force based on the CFCs 
was applied to build the CF models. So, the 
effective method of CFCs is one of the most 
important keys to model the CFs in machining 
processes. The traditional approach in the 
determination of CFCs is that from the cutting 
test of each pair of tools and workpiece, the 
edge force coefficients and shear force 
coefficients are determined and evaluated. 
This approach has been applied conveniently 
in milling [4], turning [5], drilling [6], and 
grooving [7]. The transformation method and 
direct method are two methods that are often 
applied to determine CFCs. In the first one, 
CFCs were determined based on data that were 
obtained by orthogonal experimental 
processes [4, 8]. Based on the cutting force 
models for the oblique cutting process when 
considering the effect of the end of the cutting 
edge, the CFCs were also estimated [9]. In the 
second one, from cutting test data, CFCs were 
determined directly from several measured 
parameters such as the cutting edge length, the 
spindle speed, and the instantaneous values of 
the uncut chip thickness [10], from measured 
cutter deflection [11] and the instantaneous 
cutting force [12]. Besides, the measured 
average CFs were also used to calculate the 
CFCs [13]. 
In the direct calibration of CFCs, the CFCs 
were often determined using two models. The 
exponential force coefficients model is the 
first model that has been applied to determine 
CFCs. Using this model, CFCs were 
determined based on the measured values of 
the average chip thickness [14-18]. The second 
model is called the linear-force model that the 
CFCs were determined based on the values of 
the average cutting force. Using this model, 
the CFs were successfully modeled and 
verified in several milling processes such as in 
the milling using flat mill tool [2, 13], the 

milling process using ball mill tool [19], and 
the milling process using face mill tool [20].  
The linear relationship of average CFs and 
feed rate was applied to determine CFCs in the 
flat milling process with the influence of the 
cutter’s helix angle [21]. The stable cutting 
conditions were evaluated by the experimental 
method. Then, these stable cutting conditions 
were applied to determine the CFCs. However, 
only a half-down milling type was carried out 
to determine CFCs. Other cutting types as half-
up milling and slotting have not been 
conducted to determine CFCs. Besides, the 
authors only investigated the static model 
forces, and the modeling process has not been 
mentioned for dynamic CFs in the milling 
process. 
To evaluate the CFCs in different milling 
types, in this study, CFCs were estimated 
based on the regression model of average CFs 
in the flat milling process. Six components of 
CFCs were determined from the experimental 
data of CFs. The main contributions of this 
study are (1) successfully verifying the 
average CF models in all three cutting types 
(down milling, up milling, and slotting), (2) 
successfully determining the CFCs in these 
three cutting types, (3) successfully 
determining the parameters of the machine-
tool dynamic structure system, and (4) 
successfully modeling and verifying the DCFs 
and predicting several MCs in flat milling 
processes. 

2. Modeling of DCFs and MCs in flat milling
process
2.1. DCF modeling

The cutter rotation angle and the CFs in the flat-

milling process are ϕj, as presented in Fig. 1. The

cutter rotation angle (degree) of flute number j 

(ϕj) was calculated by Eq. (1).

ϕj = ϕ1 − (j − 1)ϕP, j = 1~Nf (1) 

where ϕP is the distance angle of cutter number

i and cutter number i-1 (degree). This angle 

depends on the cutter geometry, and it can be 

calculated by Eq. (2). 

ϕP =
2π

Nf
(2)
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At an axial depth of cut (z), the lag angle Ψj(z)

is expressed by Eq. (3), based on the effect of the 

cutter helix angle (β) [4, 21]. 

Ψj(z) =
2 tanβ

D
z   (3)  

where D is the diameter of cutting tool (mm). 

The cutter rotation angle (ϕj(z)) of the flute

number j, at an axial depth of cut z was calculted 

by Eq. (4), as described in Fig. 1. 

ϕj(z) = ϕj −Ψj(z) = ϕ1 − (j − 1)ϕP −
2 tan β

D
z 

          (4) 

Assuming that with the new cutter, the cutter nose 

radius is equal to zero, the differential tangential 

CF (N), differential radial CF (N), and differential 

axial CF (N) were modeled in Eq. (5) [2, 21]. 

{

dFt,j(ϕj, z) = Kte ∗ dz + Ktc ∗ hj(ϕj(z)) ∗ dz

dFr,j(ϕj, z) = Kre ∗ dz + Krc ∗ hj(ϕj(z)) ∗ dz

dFa,j(ϕj, z) = Kae ∗ dz + Kac ∗ hj(ϕj(z)) ∗ dz

(5) 

where Ki,j is the CFCs, and the instantaneous

chip thickness is hj(ϕj(z)).

The linear relationship of the average cutting 

force model and feed rate was applied to 

determine CFCs (Ki,j) in milling processes using

a flat milling tool [21]. The milling experiments 

were performed with the constant depth of cut, 

constant spindle speed, and with the change of 

feed rate in the determination of the CFCs, as 

described clearly by Kao et al [21]. By this way, 

the CFCs were estimated by Eq. (6). 

Fig. 1. Rotation angle and CFs in flat-milling process. 
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(7)
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{

Ktc =
C1F̅fc−C2F̅nc

C1
2+C2

2  Kte =
C3F̅fe−C4F̅ne

C3
2+C4

2

Krc =
C2F̅fc+C1F̅nc

C1
2+C2

2  Kre =
C4F̅fe+C3F̅ne

C3
2+C4

2

Kac = −
F̅ac

C4
 Kae =

F̅ae

C5

     

       (6) 

where C1, C2, C3, C4, and C5 are constants that 

can be calculated by Eq. (7) [20]. 

Besides, the average CFs are the average feed 

CF, average normal CF, and average axial CF 

(F̅f, F̅n, and F̅a) that were calculated from 

measured CFs with the change of feed rate.  

The coefficients of the linear functions (F̅fc, F̅fe, 
F̅nc, F̅ne, F̅ac, and F̅ae) were determined by 

regressing the average CFs as the linear function 

of feed rate as presented in Eq. (8). 

{

F̅f = F̅fcft + F̅fe 

F̅n = F̅ncft + F̅ne
F̅a = F̅acft + F̅ae

    (8) 

2.2. Modeling of dynamic chip thickness and 
machining characteristics  

The instantaneous chip thickness (hj(ϕj(z)))

consists of the static chip thickness, chip 

thickness from cutter run-out, and the dynamic 

chip thickness. So, Eq. (9) was applied to 

calculate the instantaneous chip thickness. 

hj (ϕj(z)) = hs (ϕj(z)) + hrun−out (ϕj(z)) +

hd (ϕj(z))  (9) 

In static status (without vibration), the static chip 

thickness (Fig. 2) is a function of feed per flute 

and cutter rotation angle as presented by Eq. 

(10). 

hs (ϕj(z)) = ft sin (ϕj(z))    (10) 

Considering with a new tool, the run-out 

parameters of the tool are equal to zero. The chip 

thickness (mm) that is formed from run-out 

parameters is also equal to zero 

(hrun−out (ϕj(z)) = 0).

Fig. 3 described the formation of dynamic chip 

thickness. This parameter can be calculated by 

Eq. (11). 

hd (ϕj(z)) = wt(ϕj) − w(t−τ)(ϕj)         (11) 

where wt(ϕj) and w(t−τ)(ϕj) are the

displacement of flute number j and flute number 

i-1 at rotation angle ϕj(z) and can be calculated

by Eq. (12). 

{
wt(ϕj(z)) = xtsin(ϕj(z)) + ytcos(ϕj(z)) 

w(t−τ)(ϕj(z)) = x(t−τ)sin(ϕj(z)) + y(t−τ)cos(ϕj(z))

(12) 

where xt and x(t−τ) are the vibrations of machine

tool at time t and time (t − τ) in x directions, 

respectively, and yt and y(t−τ) are the vibrations

of machine tool at time t and time (t − τ) in y 

directions, respectively. 

Fig. 2. The static chip thickness in flat-milling 

process. 

Fig. 3. The dynamic chip thickness in flat-milling 

process. 
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The vibration displacements of machine-tool in x 

and y directions were modeled by Eq. (13) [22-

24]. 

{
[mx]{ẍ(t)} + [cx]{ẋ(t)} + [kx]{x} = {Fx(t)}

[my]{ÿ(t)} + [cy]{ẏ(t)} + [ky]{y} = {Fy(t)}
   (13)

where [mj], [cj], and [kj] are the matrices of mass, 

damping coefficient, and system stiffness of 

machine tool system, respectively, in the j 

direction, as shown in Fig. 4. These matrices are 

often determined by analyzing the frequency 

response function that was obtained by the 

experimental method for each machine-tool 

system. 

Fig. 4. Machine tool dynamic structure in flat-milling 

process. 

The   DCFs   are   modeled   depending   on   the 

process, as shown in Fig. 5, and can be presented 

as follows: 

Step 1: Calculate the chip thickness (first time, it 

is the initial value or the static chip thickness); 

Step 2: Calculate the tangential, radial, and axial 

differential CFs; 

Step 3: Calculate the feed, normal, and axial 

differential CFs; 

Step 4: Calculate the total CFs in feed, normal, and 

axial directions; 

Step 5: Calculate the x and y vibrations. 

From step 5, the obtained vibrations will be one of 

the output parameters for the calculation of chip 

thickness. So, this process is a close loop. Other 

MCs such as cutting power, bending moment, 

torque moment, etc., were calculated depending on 

the values of calculated CFs.  

The tangential, radial, and axial differential DCFs 

were calculated by Eq. (14). 

{

dFt,j(ϕj, z) = [Ktchj(ϕj(z)) + Kte] ∗ dz

dFr,j(ϕj, z) = [Krchj(ϕj(z)) + Kre] ∗ dz

dFa,j(ϕj, z) = [Kachj(ϕj(z)) + Kae] ∗ dz

   (14)    

The feed, normal, and axial differential DCFs 

were calculated using the transformation as in 

Eq. (15). 

Fig. 5. The block diagram of dynamic milling process.
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{

dFf,j(ϕj, z)

dFn,j(ϕj, z)

dFa,j(ϕj, z)

} = [

− cos (ϕj(z)) − sin (ϕj(z)) 0

sin (ϕj(z)) − cos (ϕj(z))   0 

 0                          0        1

]{

dFt,j(ϕj, z)

dFr,j(ϕj, z)

dFa,j(ϕj, z)

}             

        (15) 

The differential DCFs of each cutting edge on 

the cutter flute were calculated by Eq. (16). 

Fq,j(ϕj) = ∫ dFq,j(ϕj, z)
z2(ϕj)

z1(ϕj)
,   q = f, n, a  (16) 

where z1(ϕj) and z2(ϕj) are the minimum

and maximum depth of cut of each cutting 

edge, respectively. 

The boundary conditions in the calculation of 

CFs were determined as the beginning and 

ending cutter rotation angles of each cutting 

edge, as presented in Eq. (17). 

 ϕst ≤ ϕj ≤ ϕex +Ψa (17) 

where ϕst and ϕex are the entry and exit angles

of each cutting edge, respectively. Ψa is the lag

angle at a maximum depth of cut as calculated 

by Eq. (18). 

Ψa =
2 tanβ

D
a   (18) 

where a is the maximum depth of cut. 

The total feed, normal, and axial DCFs were 

calculated by Eq. (19). 

{

Ff(ϕj) = ∑ Ff,j(ϕj) 
Nf
j=1

 Fn(ϕj) = ∑ Fn,j(ϕj) 
Nf
j=1

 Fa(ϕj) = ∑ Fa,j(ϕj)
Nf
j=1  

  (19) 

In this study, the feed, normal, axial directions 

coincide with x, y, and z directions, so the CFs in 

x, y, z, and the resultant cutting force in xy plane 

Fxy(ϕj) can be calculated by Eq. (20).

{

Fx(ϕj) = Ff(ϕj)  

Fy(ϕj) = Fn(ϕj) 

Fz(ϕj) = Fa(ϕj)  

Fxy(ϕj) = √Fx
2(ϕj) + Fy

2(ϕj)

     (20) 

From the calculation results of dynamic CFs, 

other machining characteristics such as the 

spindle power, spindle torque, and spindle 

bending moment can also be modeled. 

The spindle power P(ϕj) can be calculated by Eq.

(21). 

P(ϕj) = 10
−6Vc∑ Ft,j(ϕj)

Nf
j=1   (21) 

where Vc is the cutting velocity that can be 

calculated by Eq. (22). 

Vc =
πDS

1000
     (22) 

where S is the spindle speed. 

The spindle torque T(ϕ) can be calculated by Eq. 

(23). 

T(ϕj) = 10
−3 D

2
∑ Ft,j(ϕj)
Nf
j=1         (23) 

The spindle bending moment M(ϕj) can be

calculated by Eq. (24). 

M(ϕj) = 10
−3LFxy(ϕj) (24) 

where L is the tool length. 

3. Material and experimental method
3.1. Material

To verify the average CF models as presented by 

Eq. (8) and verify the DCF models, the 

experiments were performed in flat milling 

processes of gray cast iron GG25 using a solid 

flat mill tool.  

The gray cast iron GG25 is known as one of the 

least expensive metals of all cast metals. This 

metal is often considered first when a cast metal 

is selected because of the low cost of its metal. 

The machinability of the gray cast iron GG25 is 

superior to that of virtually all steels because of 

the graphite present. The workpiece dimensions 

were the length of 80 mm, the width of 30 mm, 

and the height of 40 mm, as shown in Fig. 6. 

The flat solid milling tool was chosen with main 

properties as follows: flute number (Nf) of 2 

flutes, helix angle (β) of 300, rake angle (αr) of 

50, and cutter diameter (D) of 10 mm. A high-

speed steel tool that was coated by Co (HSS-Co) 

was used in cutting tests, as described in Fig. 7. 
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Fig. 6. Experimental workpiece. 

Fig. 7. Setting of machine tool dynamic structure 

measurement; (a) tool, (b) acceleration sensor, (c) force 

sensor, (d) signal processing box, and (e) CutproTM 

software. 

Fig. 8. CF measurement; (a) tool, (b) workpiece, (c) 

dynamometer, (d) processing system, and (e) 

software. 

3.2. Machine and determination method of 

machine-tool structure parameters 

TWV-720A CNC milling machine was used to 

conduct the cutting tests as described in Fig. 8. 

The machine-tool dynamic structure parameters 

were determined by a measurement system 

including the Endevco-25B-10668 acceleration 

sensor, Kistler-9722A2000 force sensor, Ni-

9234 signal processor, and CutproTM software, as 

described in Fig. 7. 

3.3. DCF measurement system 

The DCFs were measured in feed (x), normal (y), 

and axial (z) directions using a measurement 

system including a 624-120-5KN CF sensor (XYZ 

directions), a processing system, and an application 

software. Fig. 8 presented the detail of CFs 

measurement system.  

3.4. Experimental plan 

The cutting tests include two sets. Set 1 was 

performed to determine the CFCs. In this set, 

half-up milling tests, half-down milling tests, 

and slotting tests were conducted with constant 

cutting depth, constant spindle speed, and 

variations of feed rate. The cutting tests were 

conducted with small values of cutting depth and 

spindle speed to ensure stable conditions [22, 

25]. Set 2 was conducted at the normal cutting 

conditions with different cutting types and 

different cutting conditions to measure DCFs 

and evaluate the DCF models. The experimental 

parameters of all cutting tests were presented in 

Table 1. 

Table 1. Cutting test parameters. 
Test 

No 

Cutting 

type 

a 

(mm) 

S 

(rpm) 

ft 

(mm/flute) 

Set 1: Verification of average force model and 

determination of cutting force coefficients 

1 Half-down 0.5 1000 0.050 

2 Half-down 0.5 1000 0.075 

3 Half-down 0.5 1000 0.100 

4 Half-down 0.5 1000 0.150 

5 Half-down 0.5 1000 0.200 

6 Half-up 0.5 1000 0.050 

7 Half-up 0.5 1000 0.075 

8 Half-up 0.5 1000 0.100 

9 Half-up 0.5 1000 0.150 

10 Half-up 0.5 1000 0.200 

11 Slotting 0.5 1000 0.050 

12 Slotting 0.5 1000 0.075 

13 Slotting 0.5 1000 0.100 

14 Slotting 0.5 1000 0.150 

15 Slotting 0.5 1000 0.200 

Set 2: Verification of dynamic cutting force model 

16 Half-down 1.5 2000 0.100 

17 Half-up 1.5 2000 0.100 

18 Slotting 1.0 3000 0.100 
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4. Experimental results and discussions
4.1. Analysis of machine-tool structure parameters

Using the dynamic structure measurement 

system, the force and response vibration in the 

tapper test was stored for each direction of the 

machine tool system. By using the measured 

results, the relationship of force and response 

vibration was analyzed in the frequency domain 

as the frequency response function (FRF). Then, 

based on obtained FRF, CutproTM software was 

applied to de structure parameters of a machine-

tool system. 

The analyzed FRF results of the dynamic 

structure of the machine-tool system is described 

in Fig. 9. Table 2 presents the obtained results of 

the dynamic structure parameters of this 

machine-tool system.  

Fig. 9. Analysis of machine-tool dynamic structural. 

Fig. 10. Regression models of average CFs in half-

down. 

The obtained results showed that the dynamic 

structures of the different directions are 

different. It means that the effects of the dynamic 

process on the cutting process in different 

directions are different.  

Besides, in the same dynamic structure mode of 

the machine tool system, the structure natural 

frequencies in different directions are quite close 

to each other but not the same. This difference is 

15.01 % in this machine tool system. It means 

that in one machine tool system, the effect of the 

natural frequency of the machine tool system on 

the cutting process is different in different 

directions, but this difference is not so much. 

The experimental method by using CutproTM

software is a convenient method to determine the 

structure parameters of a machine-tool system. 

4.2. Average CFs and CFCs 

The average CFs were calculated from measured 

data of CFs set 1 as listed in Table 3. The results 

from this figure show very clearly that the 

average CFs changed with the change of feed per 

flute in all cutting types and all directions. The 

results in Table 3 also show that the average CFs 

in different directions can be negative or positive 

values. This issue can be explained as follows:  

In this study, the CFs that were modeled are the 

instantaneous CFs, the instantaneous CFs are 

built as a mathematical and trigonometric (sine, 

cosine) function of many parameters whose one 

of these parameters is the rotational position of 

the cutting tool in the milling process. 

The rotating position of the cutting tool changes 

cyclically from 0 degrees to 360 degrees in 

milling processes; therefore, the instantaneous 

cutting force values can be also the negative or 

positive values in different directions. This leads 

to the average cutting force values can also be 

negative or positive values in different 

directions. 

The regression models of average CFs were 

investigated and described from Figs. 10 to 12. 

The obtained results from these figures show that 

for all milling types in this study (half-down, 

half-up, and slotting), the average cutting force 

is a linear regression of the feed rate with large 

determination coefficients (more than 93.46%). 

So, in flat milling processes, the average CFs can 

be modeled as the linear regression of the feed 

rate not only for one milling type [2, 20, 24] but 

also for different cutting types.
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Table 2. Structure parameters of machine-tool dynamic system. 

Direction 
Mode 

No. 

Natural 

frequency (Hz) 

Damping 

ratio (%) 

Modal stiffness 

(N/m) 

Mass 

(kg) 

X 

1 842.975 0.898 7.8919E+08 28.132 

2 1591.739 5.067 4.8211E+07 0.482 

3 2790.641 3.940 1.2730E+07 0.041 

4 3040.326 2.447 2.7212E+07 0.075 

5 3331.161 1.683 2.5056E+07 0.057 

Y 

1 991.800 2.641 1.8614E+08 4.793 

2 1514.482 6.180 4.0318E+07 0.445 

3 2785.8612 6.635 1.3818E+07 0.0451 

4 2960.7592 1.996 4.4508E+07 0.1286 

5 3342.8788 2.054 2.2508E+07 0.0569 

Table 3. The average CFs. 

ft 

(mm/flutes) 

Half-down Half-up Slotting 

Ff (N) Fn (N) Fa (N) Ff (N) Fn (N) Fa (N) Ff (N) Fn (N) Fa (N) 

0.050 -2.820 17.301 -1.953 20.223 9.375 -3.941 -29.413 56.557 -11.479

0.075 -5.474 22.334 -2.131 25.958 11.916 -4.691 -32.663 78.774 -12.453

0.100 -7.054 27.832 -2.219 29.295 13.087 -5.067 -48.526 91.653 -18.320

0.150 -11.779 35.584 -4.592 41.762 18.315 -8.845 -55.955 119.771 -27.604

0.200 -13.821 48.188 -5.645 49.632 22.065 -10.322 -68.840 159.541 -29.259

Fig. 11. Regression models of average CFs in half-

up. 

Fig. 12. Regression models of average CFs in 

slotting. 

The analyzed results show that the measured 

results of average CFs have a good agreement 

with the analyzed results from theoretical 

models of average CFs. So, in the flat milling 

process, the average CFs can be presented as the 

linear regression of the feed rate. 

Using average cutting force data, all six CFCs 

were determined by applying Eq. (6) and listed 

in Table 4. The obtained results in this figure 

show that the CFCs are different when 

determined in different cutting types. The 

absolute values of edge force coefficients (Kte, 

Kre, and Kae) are much smaller than those of 

shear force coefficients (Ktc, Krc, and Kac).  

Besides, in each cutting type, the absolute value 

of Ktc is the largest in all CFCs. Moreover, Kac is 

often the smallest value in all CFCs. 

Table 4. Obtained CFCs 

Cutting types 
Shearing force coefficient (N/mm²) 

Ktc Krc Kac 

Half-down 1320.631 223.272 -134.378

Half-up 1224.800 863.381 -283.039

Slotting 1316.300 532.900 -206.167

Cutting types 
Edge force coefficient (N/mm) 

Kte Kre Kae 

Half-down 24.218 30.816 -3.488

Half-up 46.322 14.144 -5.252

Slotting 37.877 26.320 -5.010

y = 199.18x + 10.468

R²  =0.9931
y = 85.117x + 5.1632

R²  =0.9939

y = -46.013x -1.2818

R²  =0.9606
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4.3. Predicted results of DCFs 

The DCFs were predicted using the obtained CFCs 

in Table 4 and cutting parameters in Table 1 to 

compare to the experimental DCFs. The compared 

results are described from Figs. 13 to 15 for 

different cutting types and different cutting 

parameters of Set 2. With different cutting types 

and different cutting parameters, the DCFs 

predicted were quite close to the one from the 

experimental process. There are some different 

points between predicted and measured DCFs. 

These differences were quite small, as highlighted 

by circles from Figs. 13 to 15.  

The predicted DCFs were the solid lines that 

were not the same as the dotted lines (measured 

dynamic CFs) in every revolution. The 

amplitude of predicted dynamic CFs is 

sometimes larger and sometimes smaller than 

the amplitude of measured DCFs. Besides, the 

shapes of DCFs are often different in different 

revolutions. In this study, there are some 

different points between predicted DCFs and 

measured DCFs. But the differences are quite 

small. Besides, the shape of the predicted DCFs 

is close to the measured ones and the amplitude 

of predicted DCFs has a little difference to that 

one of the measured DCFs. 

The cutter run-out, noise, temperature, friction, 

deflection, etc., can be the reasons for the above 

differences. 

From the above-analyzed results, it can be 

concluded that the predicted results of DCFs are 

quite close to the measured DCF results. So, the 

proposed DCF models in this study can be 

applied to predict DCFs and other MCs such as 

vibrations, cutting power, bending moment, etc., 

in milling processes using the flat milling tool.  

4.4. Predicted results of MCs 

DCFs and other MCs such as chip thickness, 

machine tool vibrations, spindle power, spindle 

torque, etc., were predicted based on the 

obtained results of CFCs, the structure 

parameters of the machine-tool system, and the 

proposed DCF models. Fig. 16 presents the 

predicting process of machining characteristics 

in the flat milling process. 

Fig. 13. Evaluation of DCFs in half-down milling. 

Fig. 14. Evaluation of DCFs half-up milling. 

Fig. 15. Evaluation of DCFs in slotting. 
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The input parameters of the prediction system 

consist of tool properties such as tool diameter, 

tool length, number of flutes, helix angle, tool 

material, properties of the workpiece, cutting 

parameters, the system natural frequency, 

system stiffness, coefficient of damping, and so 

on.  

The output parameters are the machining 

characteristics of dynamic chip thickness, DCFs, 

vibrations, spindle power, etc., which were 

predicted and illustrated in Fig. 17. These 

parameters are expected to apply in the 

designing and development of tools and 

machines in industrial manufacturing. 

Fig. 16. Approach to prediction of machining 

characteristics. 

6. Conclusions

From the analyzed results in the flat milling 

process of gray cast iron GG25 using a solid 

HSS-Co tool, the conclusions  were  drawn  as 

follows: 

- The dynamic structures of the different

directions are different. It means that the

effects of the dynamic process on the cutting

process in different directions are different.

- In stable milling conditions with different

types, the average CFs can be presented as the

linear regression of the feed rate with the

determination coefficient R2 > 93%.

- All six CFCs were determined based on the

regression of average CFs. CFCs were different

when determined in different cutting types.

- The shape of the predicted DCFs is close to the

measured one and the amplitude of predicted

DCFs has a little difference to that one of the

measured CFs.

- The proposed models of DCFs were

successfully applied to predict the DCFs,

vibrations, cutting power, bending moment,

spindle torque, etc., in milling processes using a

flat milling tool. These models can be used to

design and develop tools and machines in

industrial manufacturing. Development,

verification, and application of cutting force

models for other machining processes will be the

further works of this study.

Acknowledgment 

This study was supported by the research project 

grant number 02-2020-RD/HĐ-ĐHCN of Hanoi 

University of Industry, Vietnam. 

Fig. 17. The prediction of cutting characteristics. 
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