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ABSTRACT: Determination of machining forces in order to calculate the required power and torque
for cutting and select the right tools, equipment, and cutting parameters (feed rate, cutting depth,
cutting speed) for machining the desired geometry and material prior to the process is significant. The
analysis of machining forces is necessary to determine the forces to reduce the cost of performing

multiple empirical experiments. In this study, the components of F,, F,, and F. milling forces with

two cutting edges with main adjustment angle «=4s5- were predicted by the mechanistic modeling

method by calculating cutting and edge force coefficients. Also, for the first time, the cutting section of  Keywords:

the workpiece was designed in order to eliminate the calculating error of the round corner of inserts. L
Machining forces

To avoid the interaction of the parameters, simultaneous change of cutting speed with feed rate was .
Cutting parameters

avoided and 8 experiments with different feed rates but with the same cutting speed were performed.
Milling

A comparison of the modeled forces curve with the results obtained from the dynamometer shows

acceptable agreement. As the feed rate increases, the difference between the predictive and experimental ~ Mechanistic modeling

force decreases relative to the increase of force

Cutting and edge force coefficients

1- Introduction

Predicting machining forces to determine the required
power, torque and selecting the appropriate tools, equipment
and cutting parameters (including feed rate, cutting depth and
cutting speed) to achieve better chip removal conditions is of
particular importance. Since one of the features of the milling
process geometry is that the cross-sectional area of the chip is
not fixed and is changed with the rotation period of the milling
tool, so there is a need for a model that can be used to predict
forces at any time. Various cutting models are commonly
used for this purpose. One of the methods for calculating
cutting forces is finite element analysis with related software
[1]. Using the finite element method to analyze the machining
process is very time-consuming and costly. There are other
analytical methods for calculating cutting forces in the
machining process, in which the exact calculation depends on
the exact calculation of friction in the cutting process. Due to
the complexity and non-linearity of friction, in the machining
process and the formation of cutting edges with different
wear rates [2], and geometric errors, elastic deformation of
tools and workpieces or the phenomenon of chip thickness
accumulation that occurs in each tool rotation period due
to heating and elastic recovery of chips from previous tool
cycles [3]. The results of calculations in these methods are
not accurate. The cutting model that is mostly used for this
case is mechanistic modeling in which the cutting force is
considered proportional with undeformed chip area and the
edge force which is extracted from the plowing force and
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friction force on the cutting edge is considered proportional
with the length of the engaged cutting edge [4]. In the
intended model, the proportion constants are cutting and edge
force coefficients that depend on the geometry of the tool, the
cutting conditions, and the characteristics of the workpiece.

In this research, using mechanistic modeling equations,
while calculating cutting and edge force coefficients, by
modeling the workpiece and end milling tool with cutting
edges of 45-degree adjustment angle, cutting forces at a
constant cutting depth was predicted and compared with
experimental forces, by changing the amount of feed rate for
each cutting edge. In this study, for the first time, by removing
the effect of the tool tip radius on the tool engagement, a
computational error due to the roundness of the tool tip
was eliminated and more accurate results were obtained in
predicted cutting forces by mechanistic modeling.

2- Methodology

The FP4M milling machine, HF45 TC16D10-
31W20L100Z02 tool holder and Kistler 9265B dynamometer
and St37 steel workpiece with initial dimensions of 170 x 70
x 15 mm were used for the experiments.

According to Fig. 1, as shown by the tool engagement
view with the workpiece, due to the lower tool tips than the
prepared section of the workpiece, during the cutting process,
the error due to friction changes in the roundness of the tool
tips was eliminated in the performed experiments. As a result,
the accuracy of the calculations was improved.
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Fig. 1.3D view of tool engagement with the workpiece
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Fig. 2. Chip cross-section, adjustment angle and differential

cutting forces at point P[7]

Generalized model of external end mill geometry
proposed by Engine, Altintas and Gradisek [5-7].

In Fig. 2, the cross-sectional area of the instantaneous
undeformed chip is calculated by multiplying the thickness
of the undeformed chip(i(¢,x)), which is a function of
instantaneous angles of tool engagement and cutting edge
adjustment ( k) across the instantaneous chip width(e =4/, )
. The instantaneous tangential (dF,), radial (dF,), and axial
(dF,) forces acting on the tool are also defined as mechanistic
modeling equations [6]:

dF, =K, -h(¢,x)-db+K, -ds
dF. =K, -h(¢,x)-db+K,, -ds (1)

dF, =K, -h(¢,x)-db+K,, -ds

In Eq. (1), the parameters K, ,K,. and K, , are respectively
tangential, radial, and axial cutting force coefficients. g
,k, andK, are respectively tangential, radial, and axial
edge force coefficients. Also ds is the differential cutting
edge engagement length of the tool with the workpiece. By
considering (h(¢,x)= fi-sing,sinx)at each moment, Eq. (2) are
obtained [7].

dF, ;(¢;z)= K- fi-sing;sink-db(z)+ K, -ds(z)
dF, ;(p;-2) =K, fi-sing;sink-db(z)+ K, -ds(z) ()
dF, ;(;-2)= K, fi-sing;sinx-db(z)+ K, - ds(z)

ac?

J
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Eq. (2) shows that the instantaneous machining force in
each direction is divided into two cutting and edge forces. the
cutting force depends on the amount of feed rate ( ;) and the
edge force is function of the tool cutting edge engagement
length with the workpiece. By multiplying conversion matrix,
differential forces on x, y and z directions are obtained [7]:

dFX~j(¢j'Z) —cos¢; —sinksing; —cosxsing; dE-J’(¢j'Z)
dFy,j(goj-z) = sin¢j —sianosgbj —cosxcosqﬁj dFr’j(qoj-z) 3)

0
dFZ’j((DjZ) dFa,]((ij)
By programming, predicting model was executed.
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Fig. 3. Comparison of the results obtained from the
dynamometer and predicting model for F,
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3- Results and Discussion

Fig. 3 shows an example of a comparison of experimental
and predictive force F, during a tool rotation half-cycle (for
a cutting edge) with a feed rate of 0.025 mm/rev for one
cutting edge.

By increasing feed rate, cutting speed increases, thus
chip compression reduces. This factor makes the thickness
of the cutting layer as well as the cutting force not increase
unusually [8]. Accumulation of burrs in each rotation of
the tool increases the cross-sectional area of chip during
cutting, which cannot be eliminated or calculated. As the
curve approaches the middle of the interval (0° to 180°),
the difference between the predicting model curve and the
experimental curve increases due to the greater accumulation
of burrs. Since the most unintended accumulation of burrs
which are adhered to the edge of the workpiece occurs in
front of the tool in feed motion direction. For this reason,
the largest predicting model error occurs approximately at the
maximum value of the force curve.

4- Conclusions

In this research, by using mechanistic modeling, milling
forces were predicted for an end-mill tool with a cutting
edge of adjustment angle x =45 . The results describe that
by mechanistic modeling analysis, milling forces can be
predicted proportional to feed rate with less amount of error
percentage. Furthermore, at higher feed rates the percentage
of milling forces increase was not completely according to the
percentage of feed rate increase. This is due to the reduction of
friction force share in total milling force. On the other hand,
with increasing feed rate, the cutting speed increases and as
a result, chip compression decreases. This factor makes the
thickness of the cutting layer as well as the cutting force not
increase unusually. Accumulation of burrs in each rotation of
the tool sometimes increases the cross-sectional area of the
chip. This event cannot be eliminated or calculated. These
burrs during the cutting operation cause an instantaneous and
casual (unpredictable) increase in the cross-sectional area of
the chip in a moment, that in the next moment the adhering
chip may be separated. So, this unintended chip cross-section
increasing phenomenon will cause instantaneous variations
in experimental forces. The largest difference between the
values of the experimental and predicting force in the middle

of the half-cycle is close to the maximum force. This is due to
the greater accumulation of chips adhered to the edge of the
workpiece in front of the tool due to the pressure of the tool in
the direction of feed motion.

References
[1]M. Aydin, U. K&klii, Analysis of flat-end milling forces
considering chip formation process in high-speed cutting
of Ti6Al4V titanium alloy, Simulation Modelling Practice
and Theory, 100 (2020) 102039.

[2]L. Zhou, B. Deng, F. Peng, M. Yang, R. Yan, Semi-
analytic modelling of cutting forces in micro ball-end
milling of NAKS80 steel with wear-varying cutting
edge and associated nonlinear process characteristics,
International Journal of Mechanical Sciences, 169 (2020)
105343.

[3]S. Wojciechowski, M. Matuszak, B. Powatka, M.
Madajewski, R.W. Maruda, G.M. Krdélczyk, Prediction
of cutting forces during micro end milling considering
chip thickness accumulation, International Journal of
Machine Tools and Manufacture, 147 (2019) 103466.

[4] F. Koenigsberger, A.J.P. Sabberwal, An investigation into
the cutting force pulsations during milling operations,
International Journal of Machine Tool Design and
Research, 1(1) (1961) 15-33.

[5]S. Engin, Y. Altintas, Mechanics and dynamics of general
milling cutters.: Part I: helical end mills, International
Journal of Machine Tools and Manufacture, 41(15)
(2001) 2195-2212.

[6] S. Engin, Y. Altintas, Mechanics and dynamics of general
milling cutters.: Part II: inserted cutters, International
Journal of Machine Tools and Manufacture, 41(15)
(2001) 2213-2231.

[7]1J. Gradisek, M. Kalveram, K. Weinert, Mechanistic
identification of specific force coefficients for a general
end mill, International Journal of Machine Tools and
Manufacture, 44(4) (2004) 401-414.

[8]G. Yucesan, Q. Xie, A.E. Bayoumi, Determination of
process parameters through a mechanistic force model
of milling operations, International Journal of Machine
Tools and Manufacture, 33(4) (1993) 627-641.

HOW TO CITE THIS ARTICLE

DOI: 10.22060/me;j.2020.18159.6753

G. R. Juzdani, S. E. Mirmohammadsadeghi, Mechanistic modeling of cutting forces
in milling process by end milling with cutting edges with adjustment angle of 45
degree, AUT J. Mech. Eng., 53(Special Issue 4) (2021) 633-636.

635






TVIA B YYV-Y Sloxio AFe v Jlo oF g 0l DY 0,93 (Sl cwiigen sl
DOI: 10.22060/mej.2020.18159.6753

i oddy glaad b (oSSl 5,8 )l b 6,55 ,8 wuT 8 50 i glog pd (cwiid (55w o
4z 50 FO pulisd 4l

* Bolodarms ye lusrl s (1552 Lo o)l

Olnleoleral o e o oDl ol5T olKiiils e Fome> a1y (S5 09,5

1609ls s b

AR R YRR VEPINER- TR
YA FIY i Sl
VR AITE
YYR4/-9/-0 00T 2l

(euadls wlols

G oeile glag

Ol lie QB 5 (s)lo 5 03l (sl p3Y )slisS 5 (g amlore jslaieas ) uitle (Slag s (apes 1AM
3 G A 50 i g dsnin ) edle sl (U2 Sy oG Bos S0 E5) G Slayel )l 5 i
Gl Jobs e Lo i jaolie (s (sl 6 uile (sl o o ol )55 31 (a2 58 BB o 51y 8 ol
5+ 658 by slaadlie gk (ol 3 depse B 5905 (225 e Slaghiles] plnl slaaiy e
lpd dslone b (owain (sila o gy 4 420 ¥O (ol s gyl cod o odip ad 9o b (2SSl 55 L
ol b o ad 5 e ) glasgay askad b wdaie 25l ) Gl (6l eimren 135 (St & 5 Shn (20

ety oo e 1o el e 3G ) (6 sler pglanods 00,8 Bl (o (sle i) S35 (685 Slenlono
ool Gy G e b (s Sslite (5580 slag i b GlalesT A sl 5 00,8 Sl (55,80 25 L o
Er ol bsas o plii |y Jod LB gillas egalins ) sswlcamsds gl b oad Jow (slog s oo dulie

Do sl
&858
i g5l Jae

ad s Jop 29l

b oo 1Bl (02 g (e (590 OB Jladie lag s ol s 4 (59 i

Sloslome 3L o) § e @ 5L 6,8 wble wn T2 ko ol
L s, omile an] B gl pogasay 5 anils la Julo g5 0ol sl
el slaghs) adlbise a2 9 pole) Jlows by S €5
3579 6, edle a1 50 (b gy dmslons sl 55 (6,500
Slaol 585 dewle 4 5oL (K o) 3.85 dnloes 45 055l
0 oSl g ot d 5 (Sauzen Lo 4 0)ls (b an T
s Giale ol b odiy load LS5 5 5,5 niile a8
SVl gla S s o owiin slallas 3gejshaie b g o[Y]
Oh9d 2 40 a5 ool Cwls clilil oasay b g IS axdad g 5l
Ml b slaglyss heolyy SVl b5k g ade 5 51 50 )l
o by onl 5o Slowlbre zuls wsd oo el Y] Wl o 3929 &

Sl ol iy i o B Jao g Jolo 380 sz

doddlo —)
29UES Ol e psbiied 5, etle log s (st
&5 Joli) hn clio sla il g Sl ol Sl 5 oY
bolyd 4 pliws jolied (Lhn Sy g (hp Goe «Sordn
3 S ol el Jlojs5 5 glofag ol 3l (1o ool g
w3l alaiie mhaw oS Coul (nl ()58 wld avaie b s
45 W eaiS oo il 5 9405 (505 oglid 0,90 b g 00905 <ol
31y g st G iy 50 (T Gl a5 0l oo (S
gbign oolial jslate iyl (sl Logos sSUsT (o5 (sla s
Sguee szl Sl Lo o b by armle o) 5l (So
Sqamme il iy, 5l eolatwl [V] sl oo abg e sla,l38le 5 b

e.mirmohammadsadeghi@iaukhsh.ac.ir :olsiss lsoage oot s *

(Creative Commons License) oo o (Sosis 31 Luilacd o allie () .ol 00 00ld 108 ol ol8ils ol )Ll s 126 3si> g B oian g5 0 (uilio (358>
Auileyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode .ol 5l uilucd cpl bz gl sl 48,5 )18 Loy o 2,0 BY NG

Y.y



YA LYV dorao AFr e Jlo oF 0305 05led OY 090 « Sl cwdins 4 puis

{ _:._:i'_)_r ~— -
N4 oroe '
- ‘ il
(<)

(AN

oS ol CS 1l colu Sl 58 W1l Sl
Fig. 1. The end milling holder made by Smoxh company

05 s lo3T (6l eoliiuwls g0 (SUiSSl 558 I3l owiid Slasine 3 Jgus
Table 1. Geometric specifications of milling tool used for experimental tests

Sl gallss s il Jsb S5 kb SzsS kb ol @i ay6l5 oo
d (mm) L (mm) D1 (mm) D2 (mm) S =D1’D2°
\ Voo ¥ Ve £

Dpdy Oyge gwiid Gilwae ululy L) 4w o 5)155,8
Olgisn |y 5y allie 2 gl ad g Gip (pgate o9y ulpo
4 6B oedle slatalojT b g by Slle S¥oles 5l oolizal L
delaie by SLlSe slie 2 (22955l pd (i 5] Cawd
oS Ol aakd G ezmes ol sla il adls a5l
Lyl ol [F] asl o SShaol ey pi g o o gl o 25
polde Jolis boools 51 L bl p b (05, col b Sodory
lo o)l alne g delaie (315 lagysesl 5l adsh 6,5 pisle
bug 28 Ojgonr by V] anlioe coss & ip slag s
oS yyers LAl Wloas Lol laye cnyeS (33l b,
Oliee wils jeade (Jlod Ojgonr pop e @ olies
S onl 0ys] Cons 4 (o) e Djgoh 1) (29l e
Sy 5 0alg S oslul (lag s e IS (giluareS &)k
plxl LB askd o lnl 55,0 by & az g b osd i
e sl 05l Gall ey et Joe (nl s o
Slgl ool g ples b )5 askad 5 1l ules whaw 55 03l JS&
G ol by dilie sl ile;] plol b a5 claisSay
log 5 ppolie o)l ol elaws 5 00l mbans STl g 5 (5Lt
ol 005 (o (S )58 Sl Jsb o bap] slecaz

oy 5l pSelr sl ) G dlyd g )l awais (b (il

L1y (o o o5 009 (o 3l g5 5l 358 o0 oolicia]
G953l (2L a5 ad (95 5 4l JSS i 00l phakle e
b sl ! osiy ae) ,o STShol (ggys 5 (i) ol
2 IF 008 o i o cenlito )15 askad g Jl3l 25,0 4 Jsbo
a5 G o sl e el lacal Glais e Jos
oz Sheogaz 5 hp Ll Olpl asaie 4 (Soe oS 00g
O Go S siledae () 99 (IS psbar ils IS askad
55 sl 48,58 sy 03550 gy )0 6, edle Wb o
S35 2 03ln GRS IS 5 o laprlie SIS w098
a5 SISkl o5l 51 (20 S5 rizman 5 I3l 03l el
G yo S A e oS Wigd oo aid)S L5 50 Il ol s (s,
9 =l (owlon) gy slaadlhe 5l plaS s (sl ogatie (09
b g oy Dl pgs 09,5 (sladaa o 0] sgbise ()9me
ad @5 mlre s Sin o e by Al g0
Dipeds (2938 waly pl ol Jo 4 Kgd oo oy sy
e o onl s (2S0he ooln culs Gl e (oo
owid (53l Joe lsie cow g dF] eog Sl Ldos sl S
Slr 90 (2955 ulpd Slass &5 Wiz e s S (o0 il
el Jol 09,5 slaJae 2 bgrpe (2950 culps 2lp 99 (alulid

Sox laddie Slaslre a5 conl ] p (xw (hogh (pl )0

yy-¢



YVIA B YV-Y doin Ve e Jlo oF oy oyl DY 093 cSuilSio  wbies &y yui

S5 g CS il el O | (S Glasiin Y Jgus

Table 2. Technical specifications of insert made by Sandvik company.
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Table 3. The values of the machine feed speed and feed rate of the tool and the cutting edge for each test.
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Fig. 6. Dynamometer output diagram for the cutting-edge feed rate of 0.0625 mm per revolution.
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Table 4. Experimental average forces values.
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Table 5. Average values of cutting and edge forces of the tool.
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Table 7. Equations of 4 and B constants.
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Table 8. The values of A and B constants.
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Table O. Values of force coefficients.
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Fig. 7. The process of implementing the program in MATLAB
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Fig. 8. Comparison of dynamometer and predicting model results for cutting edge feed rate of 0.01 mm per revolution.
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Fig. 9. Comparison of dynamometer results and predicting model results for cutting edge feed rate of +,+ Yo mm per
revolution.
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Table 10. Maximum values of experimental and predictive forces with error percentage between them.
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Fig. 10. Comparison of dynamometer results and predicting model results for cutting edge feed rate of 0.0625 mm per
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Table 11. Average values of experimental and predictive forces with error percentage between them.
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