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This article describes a methodology based on force distributions for predicting cutting forces in side milling 7075-T651 aluminum. The

methodology includes a practical mechanism for gathering experimental data. Milling forces on each disc are measured by experimentally

dividing the cutter into discs for determining the milling coefficients. Force distributions are characterized as functions of cutting and edge

forces, including cutter geometry and cutting parameter effects. In contrast to previous researches, the coefficients are determined considering

relations between load and shear. Owing to its high performance, this methodology can be effectively used to improve machining accuracy in

side milling.
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INTRODUCTION

Side milling is a greatly utilized material removal
application for manufacturing 2D contour parts in dies
and molds industry. Interactions between workpiece
and helical flutes generate cutting forces. Accurate and
reliable force predictions are essential to enhance proces-
sing efficiency. The selection of optimum cutting
conditions is very important to increase processing
efficiency [1]. Force predictions also have a critical effect
in achieving the desired surface quality since surface
properties affect dimensional accuracy, friction, wear as
well as functions of mechanical products [2].
Analytical and semi-analytical predictions of milling

forces have been studied to provide a basic understand-
ing to process planners in selecting cutting conditions.
Li et al. [3] modeled milling forces by developing a simu-
lation approach based on a well-known metal cutting
assumption. Decomposing end mill into segments in this
approach, the actions of segments were considered as
oblique cutting. Fontaine et al. [4] proposed an approach
to estimate milling forces from an oblique cutting model
built by material and friction attributes for surface
milling. This approach also relies on oblique cutting
processes described by tooth segments. Sun et al. [5] pre-
dicted cutting forces depending on the cutter–workpiece
motion in sculptured surface machining. The forces were
calculated by establishing relations between milling coef-
ficients and chip thickness. Hosseini et al. [6] developed a

method predicting cutting forces by calculating chip load
for end mills with various geometrical variables. This
method identifies process geometry from flute points.
Wan et al. [7] established a unified approach to predict
milling forces for helix tool geometries. They determined
shear stress, shear, and friction angles needed for force
predictions through milling tests instead of orthogonal
turning ones.
Efficiently establishing the milling coefficients affecting

the accuracy of cutting forces constitutes an important
research subject. Dotcheva et al. [8] evaluated milling
coefficients throughmeasured surface error. For this pur-
pose, they established a mechanism consisting of two
strips with different axial depths and the same cutting
parameters. Wan et al. [9, 10] suggested a procedure to
calibrate milling coefficients using instantaneous cutting
forces. They stated that several tests were required for
determining the milling coefficients as functions of
instantaneous chip thickness. Budak et al. [11] estab-
lished an approach to determine milling coefficients from
the oblique cutting theory with orthogonal cutting quan-
tities. The results indicated that this approach provides a
way for predicting milling coefficients in end milling.
Gonzalo et al. [12, 13] offered inverse approaches
decreasing the experimental study to evaluate milling
coefficients. They implemented two methods based on
orthogonal and oblique cutting simulations, and milling
tests not dependent on radial cut depth for determining
the coefficients. Wang et al. [14] presented inverse pro-
portion models to predict milling coefficients from simu-
lation tests. They utilized the milling forces obtained
from the suggested model to optimize process conditions.
In recent years, micro milling has been applied in

mechanical component production. However, the ratio
of feedrate to cutter radius causes error in predicted
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cutting forces [15]. Srinivasa and Shunmugam [16]
included the edge radius and material strength to the
mechanistic model for predicting micro end-milling
forces. Those make it unusual from classic helical milling
in determining milling coefficients. Rao and Shunmugam
[17] predicted micro end-milling forces with an approach
that relies on forces acting on tooth segments and milling
coefficients evaluated implementing the oblique cutting
analysis. In this approach, the forces were associated
with the uncut chip area. Afazov et al. [18] predicted
micro milling forces for AISI H13 steel using a method
depending on the chip thickness obtained from the mech-
anics of milling cutter and the forces computed with finite
element analysis. Özel and Liu [19] introduced an oper-
ation designing model to achieve predefined milling
forces, surface accuracy, and roughness during the
machining of micromold cavities. The model was used
to identify machining conditions on molds.
Despite the utility of the methods presented above for

defining milling coefficients, they do not include the
effects of force distribution along the flute. New
mechanisms are necessary to facilitate applications and
enhance the prediction accuracy. Therefore, the aim of
this study is to develop a methodology that can be read-
ily implemented for determining milling coefficients. For
this purpose, a new and practical calibration mechanism
is established, which can experimentally divide the cut-
ting part of the end mill into discs. The mechanistic
model is then extended to predict the milling forces in
side milling. The advantage of the suggested method-
ology is that the milling coefficients, including the effects
of cutting parameters and cutter geometry, are cali-
brated by identifying the force distribution as the func-
tions of cutting and edge forces on each disc. This can
provide useful process information to manufacturing
engineers for achieving dimensional accuracy required
in side milling. The performance of the methodology is
confirmed by experimental tests performed on 7075-
T651 aluminum.

PROPOSED METHODOLOGY

This study introduces two different novelties for force
predictions in end milling. First, a new mechanism is
designed to perform calibration tests, which can exper-
imentally discretize the cutter along its z-axis. The mech-
anistic model is then improved by determining the
milling coefficients, which involve the effects of cutting
and edge force distributions.

EXPERIMENTAL WORK

Milling tests were conducted on a Johnford VMC-550
machining center. The tests were performed on Al7075-
T651 sheet metal slices with dimensions 50mm�
250mm� 3mm. One-fluted carbide end mills with helix
angle 30�, normal rake angles (cn) 5, 10, and 15�, and
diameters (D) 8, 10, and 12mm without any coating
were used to identify the capability of the suggested
methodology. Feed (FX) and transverse (FY) forces were
measured using the dynamometer 9443B.

Milling tests were performed at constant cutting speed
(V) 30m=min with three different feedrates (ft) of 0.04,
0.08, and 0.12mm=tooth without coolant. The axial
cut depth was 1.5 times greater than the cutter diameter.

Experimental Mechanism

Force predictions still depend on milling coefficients
defined from experimental data although various mech-
anistic models are developed for predicting milling
forces. The approach widely used for defining the milling
coefficients relies on measuring cutting forces for one
tooth period. The variation of forces along the flute is
further neglected for defining the milling coefficients.
However, tangential and radial forces vary along the
flute since the helix angle of flutes produces variation
on the cutting force distribution along the z-axis [20].
Hence, the determination of milling coefficients requires
the understanding of the force distribution for accurate
model calibration.
A practical mechanism is here established to mechan-

istically calibrate the milling coefficients, which allows
identifying the force distribution. For this purpose, the
cutter is experimentally sliced into v number of disc ele-
ments over the axial cut depth. Figure 1 depicts the cali-
bration mechanism. The workpieces are sheet metal
slices, and blocks consisting of the slices placed on each
other are constituted to identify the force distribution.
One of the slices is clamped on the dynamometer. The
others are mounted on the worktable. The lower tip of
the end mill is initially located a few millimeters (dpos)
down from the bottom slice for stable cutting.

FIGURE 1.—Setup of calibration tests.
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Experimental Procedure

A series of half-immersion up and down milling tests
was conducted using the experimental mechanism
developed. The average forces for each feedrate were
found. The measured forces were obtained from the slice
on the dynamometer despite machining all slice surfaces
during tests. That is provided by leaving a gap (ds)
between the slice on the dynamometer and others. The
machining procedure was realized by changing the axial
positions of the cutter and the slices on the worktable to
identify cutting forces on each disc. The cutter axial
increment is equal to the disc height dz. The determi-
nation of the force distribution for the D¼ 12mm cutter
is represented in Fig. 2. After collecting the force data,
the coefficients are evaluated by implementing the model
defined in the next section.

MODELING OF MILLING FORCES

Based on the work of Budak et al. [11], tangential
(Fjz,T), radial (Fjz,R), and axial (Fjz,A) milling forces
exerted by the element (dz) of the jth flute at axial
position z are expressed as

Fjz;TðhÞ ¼ ½KTc hðhjzÞ þ KTe� dz
Fjz;RðhÞ ¼ ½KRc hðhjzÞ þ KRe� dz
Fjz;AðhÞ ¼ ½KAc hðhjzÞ þ KAe� dz

9=
; ð1Þ

where KTs, KRs, and KAs (s¼ c, e) are empirically deter-
mined cutting and edge milling coefficients. h(hjz) is the
instantaneous chip thickness, given by

hðhjzÞ ¼ ft sin hjz ð2Þ

where ft and hjz denote the feedrate and the element
immersion angle, respectively, and hjz is defined as

hjz ¼ hþ
XN�1

j¼0

2p
N

� z tanb
R

ð3Þ

where N and R are the tooth number and the radius of
the cutter, respectively. b and h represent the helix and
cutter rotation angles, respectively.

Milling Coefficient Calibration

For calibrating milling force coefficients here, a
methodology is presented considering the influences
of cutter geometry and cutting parameters on force
distribution. The methodology is applied experimentally
dividing the end mill into v number of discs. The average
forces, FX and FY , are measured from specially devised
milling tests for each disc element, and expressed as

Fq � Fqc ft þ Fqe ð4Þ

where Fqc and Fqe are the cutting and edge forces exerted
on the disc at the slice, respectively. A second-order poly-
nomial is used to describe a set of v pairs of cutting and
edge forces {(z1, Fqs; 1), (z2, Fqs; 2), . . ., (zi, Fqs; i), i2 [1, 2,
. . ., v]} (q¼X, Y and s¼ c, e), as follows:

fqsðzÞ ¼ cqs; 0 þ cqs; 1 zi þ cqs; 2 z2i ð5Þ

where zi is the axial coordinate of the ith disc. cqs,0, cqs,1,
and cqs,2 are the polynomial coefficients.
The force distribution is represented by free-body dia-

gram of a disc element with height dz, as shown in Fig. 3.
Since it has a small height, the distributed force is taken
as a uniformly distributed force FqsðzÞ over the height dz,
and then replaced by a load of magnitude FqsðzÞdz. The
cutting and edge shear forces at the location z and z þdz
are denoted by Vqs(z) and Vqs(z)þDVqs(z), respectively.
The equilibrium equation of the forces acting on the
element is written as

VqsðzÞ þ
DVqsðzÞ

dz
dz ¼ VqsðzÞ � FqsðzÞ dz ð6Þ

FIGURE 2.—Process of force distribution identification.
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Integrating the cutting and edge shear forces on the
height dz can be expressed as

Vqs;zD � Vqs;zC ¼ �
Z zD

zC

Fqsdz ð7Þ

Thus, the cutting and edge shear forces (Vqs) are found by
integrating the distributed force for axial cut depth (a):

Vqs ¼ �
Z a

0

fqsðzÞdz ð8Þ

The tangential (Fjz,T) and radial (Fjz,R) forces are
resolved into x- and y-directions as follows:

Fjz;X ðhÞ
Fjz;Y ðhÞ

� �
¼ � cos hjz � sin hjz

sin hjz � cos hjz

� �
Fjz;TðhÞ
Fjz;RðhÞ

� �
ð9Þ

The forces Fjz,X and Fjz,Y exerted by flute j at rotation
angle h are written as

Fjz;X ðhÞ ¼
R zj; k
zj; k�1

ft
2 �KTc sin 2hjz � KRcð1� cos 2hjzÞ
� �n

þ �KTe cos hjz � KRe sin hjz
� ��

dz

Fjz;Y ðhÞ ¼
R zj; k
zj; k�1

ft
2 KTcð1� cos 2hjzÞ � KRc sin 2hjz
� �n

þ KTe sin hjz � KRe cos hjz
� ��

dz

9>>>>=
>>>>;

ð10Þ

where zj,k and zj,k� 1 are the lower and upper integration
boundaries, respectively. The sum of instantaneous

forces at rotation angle h is determined from the
contributions of the forces exerted by all flutes as
follows:

Fsum;X ðhÞ ¼
XN�1

j¼0

Fjz;X ðhÞ; Fsum;Y ðhÞ ¼
XN�1

j¼0

Fjz;Y ðhÞ

ð11Þ

Combining Eqs. (4), (8), and (9), the cutting and edge
coefficients are expressed as follows:

Kup
Tc ¼ 8p

N a
�2VXcþpVYc

p2þ4

� 	
;Kdown

Tc ¼ 8p
N a

2VXcþpVYc

p2þ4

� 	
;

Kup
Rc ¼ �2

K
up
Tc

p þ 4VXc

N a

� 	
;Kdown

Rc ¼ 2
Kdown

Tc

p � 4VXc

N a

� 	
;

Kup
Te ¼ p �VXeþVYe

N a


 �
;Kdown

Te ¼ p VXeþVYe

N a


 �
;

Kup
Re ¼ �Kup

Te � 2pVXe

N a ;Kdown
Re ¼ Kdown

Te � 2pVXe

N a

ð12Þ

where Kup
ps ; and Kdown

ps (p¼T, R and s¼ c, e) are

the established coefficients for up and down milling,
respectively.

RESULTS AND DISCUSSION

Milling Force Coefficients

The variations of force distributions dependent on
cutting parameters and cutter geometry are important
in improving machining accuracy since the forces
vary along the flute in end milling. Figure 4 shows the
distributions of the cutting and edge components for
D¼ 12mm and cn¼ 15� end mill. It is seen that the cut-
ting and edge forces vary parabolically along the cutting
part of the cutter, that is, the cutting and edge forces
increase over the axial cut depth because of helical flutes.
For the calibration of coefficients, these variations are
defined through second-order polynomial equations.
The cutting and edge shear forces are then calculated
using Eq. (8).
Figure 5 shows the effects of cutting parameters and

cutter geometry on milling coefficients. Milling type is
investigated as the most important parameter. It is seen
that the calibrated coefficients depend on cutting con-
ditions as well as cutter-workpiece pair. In other words,
the milling tests result in different values of the coeffi-
cients, which are performed under different cutting con-
ditions. Cutter geometry also has a significant influence
on coefficients. The coefficients identified for three differ-
ent rake angles decrease with increasing rake angle in all
cases of down milling while no such trend is observed in
up milling.

Milling Force Verification

The accuracy of milling forces predicted using the
milling coefficients identified from the suggested method-
ology has been verified through the comparison of forces
measured. The tests were performed on Al7075-T651
blocks without coolant, at constant cutting speed, at
different feedrates, and at constant axial cut depth 1.5

FIGURE 3.—End mill with chip load and free-body diagram of a disc

element.
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times greater than the cutter diameter. The cutters were
two-fluted carbide end mills with different rake angles
and diameters. Table 1 shows the performance of average
cutting forces mechanistically identified from the sug-
gested methodology. As seen in Table 1, the mean absol-
ute deviations of the predicted forces FX and FY are 6.9%
and 5.1%, respectively. The highest percentage deviation
is obtained lesser than 15% for the predicted forces, apart
from Test 12. These results indicate that the suggested
methodology provides excellent accuracy rates for the
cutting force predictions.
Figures 6 and 7 show instantaneous measured and

predicted milling forces in 1.5 cutter revolutions for
half-immersion up and down milling, respectively. It is
observed that the milling forces that are predicted
depending upon the coefficients identified mechanisti-
cally by the designed mechanism agree well with the
measured forces. The slight deviations between measured
and predicted forces can be associated with deflections

and cutter runout. Furthermore, Fig. 5 indicates that
when each tooth begins to cut in up milling, FY comes
up to about 900N and decreases to about 100N at the
end of the process. This circumstance will be imprinted
on the surface as dimensional error. As seen in Fig. 6, a
similar case is observed in down milling.
The average force approach in Ref. [21] is also con-

sidered to demonstrate the validity of the suggested meth-
odology. The effect of the cutting-force distribution is
neglected to establish the milling coefficients using the
approach in Ref. [21] based on the average forces deter-
mined from the slot milling data. However, in the sug-
gested methodology, the effect of force distribution is
considered to determine the milling coefficients through
a presently developed mechanism. Thus, the milling coef-
ficients given in Fig. 4 are calibrated substituting the cut-
ting (VXc, VYc) and edge (VXe, VYe) shear forces into
Eq. (12), which are determined from the suggested meth-
odology. The patterns of milling forces simulated by the

TABLE 1.—Comparison of measured and predicted cutting forces.

Test no. V (m=min) ft (mm=tooth) Milling type D mm cn (�)

FX (N) FY (N)

Measured Predicted Deviation (%) Measured Predicted Deviation (%)

1 30 0.04 Up 12 15 �130.6 �139 6.4 277 276.5 0.2

2 0.08 15 �269.8 �277.9 3 524.4 553 5.5

3 0.12 10 �570 �598.3 5 948.5 937.4 1.2

4 30 0.04 Down 12 5 �266.1 �244.1 8.3 340.7 336.2 1.3

5 0.08 10 �395.9 �434.9 9.9 536.3 578.9 7.9

6 0.12 5 �802 �732.2 8.7 1004 1008.7 0.5

7 30 0.04 Up 10 10 �145.5 �144 1 249.2 261 4.7

8 0.08 10 �277.7 �288 3.7 465 522 12.3

9 0.12 5 �424.1 �419.4 1.1 642.5 685.8 6.7

10 30 0.04 Down 8 10 �103.7 �88.3 14.9 223.4 231.4 3.6

11 0.08 15 �158.3 �149.8 5.4 373 411.8 10.4

12 0.12 10 �311.6 �265 15 648.1 694.1 7.1

Mean absolute deviation 6.9 5.1

FIGURE 4.—Variations of cutting (FXc, FYc) and edge (FXe, FYe) forces.
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suggested methodology exhibit a better fit with the
experimental forces than those obtained from the
approach in Ref. [21]. Consequently, the milling forces
predicted through the force distribution methodology
are more accurate than those based on the average force
approach.

CONCLUSIONS

This study improves the prediction of milling forces by
suggesting a novel methodology to evaluate the milling
coefficients in side milling. The advantage of the method-
ology is that the milling coefficients are established from
the mechanistic model extended by experimentally iden-
tifying the force distribution along the cutting part of the
cutter according to the influences of cutter geometry and
cutting parameters. This contributes to improving the
dimensional accuracy of sidewall surfaces, especially
dies=molds, through cutting force knowledge. Relations
between load and shear together with mechanics of end
milling are examined to establish the milling coefficients,
which are functions of the cutting and edge force compo-
nents exerted by a disc element. Based on the newly
developed experimental mechanism, the suggested meth-
odology is validated by conducting verification tests. It is
found that the results of the force distribution method-
ology are substantially in agreement with the findings
achieved through verification tests. Consequently, it is
necessary to be determined from the force distribution
of the milling coefficients in milling processes where the
chip thickness varies along the cutter axis.
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