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Abstract

A more comprehensive orthogonal turning model is developed in order to further study the influence of feed velocity on
frictional chatter. Nonlinear dynamic behavior of the cutting tool in two directions is presented by using bifurcation diagram,
phase portrait, and Poincaré section. It can be found that the cutting tool has a variety of dynamic behaviors at different feed
velocity and cutting velocity, such as periodic motion, quasi-periodic motion, and chaotic motion. Furthermore, the vibration
displacement of the cutting tool is affected by the feed velocity, especially for relatively high feed velocity which will result
in the cutting tool vibration displacement increase in the cutting direction but a decrease in the feed direction. In addition,
it is clear that the stick—slip phenomenon only appears in the cutting direction in our work.
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1 Introduction

Chatter vibration has been studied for a long time because of
its serious impact on the productivity and machining accu-
racy. Self-excited vibrations will directly affect cutting pro-
cess, they can reduce efficiency, affect the surface finish, dra-
matically affect tool life, and reduce production efficiency.
As we all know, regenerative chatter, frictional chatter,
mode coupling chatter, and thermo-mechanical chatter are
mainly caused by self-excitation vibration [1]. The friction
and regenerative factors are the main cause of chatter. Fric-
tional chatter is mainly induced by the nonlinear friction
force that exists between the cutting tool, the workpiece,
and the chip [2—4]. Regenerative chatter is mainly due to the
mutative cutting force that determined by the position of the
cutting tool at the current time and the last time [5—-8]. The
presence of mode coupling chatter is due to the relatively
coupled motion of the cutting system in multiple directions
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[9]. Thermo-mechanical chatter is caused by the temperature
change and plastic deformation of the cutting system in the
cutting process [10]. As early as 1800s, Taylor studied chat-
ter and realized that chatter would affect the cutting process
to limit production efficiency [11], then, Arnold first applied
negative damping effect to explain the occurrence of chatter
in the cutting process [12], moreover, Grabec established the
two degrees of freedom nonlinear dynamic model of cutting
process who investigated the frictional chatter where the cut-
ting force is determined by the relative velocity between the
cutting tool, workpiece, and the chip [13], and many of the
nonlinear dynamic models of the cutting process have been
proposed. The typical factors that can influence the nonlin-
ear dynamic model are the cutting tool and the workpiece
separated from each other [14], the nonlinear friction coef-
ficient [15], and the workpiece and tool geometry [15, 16].
Especially, the nonlinear dynamic model considers loss of
contact between the tool and workpiece was established by
Wiercigroch [10]. In the past, many researchers have ana-
lyzed the stability and dynamic response characteristics of
the cutting process [17-25].

In recent years, Rusinek et al. established a frictional
chatter model in which the cutting force of the cutting sys-
tem consists of the normal force and the frictional force
between the tool, workpiece, and the chip. In their work,
the influence of many different parameters on the nonlinear
dynamics of the cutting system was studied. Such as, effect
of the specific cutting force coefficient, cutting velocity, and
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the ratio of the stiffness has been studied through bifurcation
diagrams [3, 18]. However, a very important factor influenc-
ing the turning process, feed velocity is not involved in their
model. In order to further investigate the influence of feed
velocity on the dynamic characteristics of cutting system,
a more novel and comprehensive two degrees of freedom
orthogonal turning model considering the influence of feed
velocity is established in this work. Meanwhile, aiming
at improving the stability of cutting process, the dynamic
responses of the cutting tool under the influence of feed
velocity for different cutting velocity are investigated.

2 Modeling for a Turning System

In the orthogonal turning system the normal force under
consideration, the normal force applied to both surfaces of
the cutting tool is presented in Fig. 1., the cutting tool can
be described as a two degrees of freedom system vibrat-
ing in the X and Y directions, meanwhile the workpiece is
treated as a rigid body that does not vibrate. Hence, vibration
response of the cutting tool motion in the X and Y directions
can be written as follows

mi+cx+kx=F +N,

my +c,y+ky=F,+N, M

where, m is the tool equivalent mass, ¢, and cy.are equiv-
alent damper coefficients, k, and k, are equivalent spring

m

workpiece N

Fig.1 The two degrees of freedom model of orthogonal turning pro-
cess, where m is the equivalent mass of the cutting tool,k, and k c,
and c, are equivalent spring coefficients and equivalent damper coef-
ficients in the X and Y directions, respectively,/ is the instantaneous
chip thickness,g is the shear angle of the workpiece material,v, is the
nominal cutting velocity,v, is feed velocity of the cutting tool,v, is the
relative velocity of the cutting tool and the workpiece, and v is rela-
tive velocity between the cutting tool and the chip,N,.N, and F.F| are
the normal forces and the dry friction forces applied to the cutting
tool surfaces, respectively
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coefficients in the X and Y directions, respectively. x and y
stands for the cutting tool vibration displacement in the X
and Y directions, respectively. A cutting force consists of
two parts, the normal force applied to the cutting tool and the
frictional forces exists in the workpiece, tool, and the chip.

Normally, The normal forces can be presented as [3, 17,
18]

N, = Qh(c(v, — 1)* + DH(WH(v,)
N, = KhH(h) @
where Q means the specific cutting force modulus, # means
the instantaneous chip thickness, ¢ is a constant associ-
ated with the cutting force,K means the contact stiffness,
v, means the relative velocity between the cutting tool and
the workpiece, and H(.) represents the Heaviside function.
In a real cutting process, the frictional forces always exist
between the workpiece, cutting tool, and the chip. It can be
expressed as

F, = ]\/y/,tx(sgn(vx) —-ayv, + ﬁxvi)

Fy, = N pu,(sgn(vy) —a,v, + ﬂyvi) 3)
where p, and p, are the static coefficient of friction between
the workpiece and the cutting tool, and the chip and the
cutting tool, respectively. ax,ﬂx,ay,and ﬁy are constants that
determine the characteristics of the dry friction force,vy is
the relative velocity between the chip and the cutting tool,
and sgn(.) represents the sign function.

More specifically, the instantaneous chip thickness 4 and
the workpiece revolution period = can be expressed in the

following form
h=vt—y, v=2n/Q 4)

The relative velocity between the workpiece and the cut-
ting tool v,, between the chip and the cutting tool v, can be
written as

V=V =X vy=vtang +ve—y 3)

Fig. 2 Bifurcation diagram of the cutting tool vibration displacement
x and y versus feed velocity v, from 0.2 to 1 when the spindle veloc-
ity Q=2
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Fig. 3 Phase portrait and Poincaré section of the vibration displacement of the cutting tool in the X and Y directions when the spindle velocity

Q=2,v=02

where v, means the nominal cutting velocity, and v, = QR
Wy is the velocity of the feed,p means the shear angle of the
workpiece material, here Q is the angular velocity of the
workpiece,R is the radius of the workpiece.

For clarity, the cutting tool vibration Eq. (6) and the
dimensionless vibration Eq. (7) are put in the appendix.

3 Details of the Dynamic Response
of the Cutting Tool

Firstly, the complicated dynamic response of the cutting
tool will be revealed with the help of the numerical simula-
tion method. Feed velocity v, is chosen as the bifurcation

parameter that the values choose from 0.2 to 1. It is con-
venient to use the Poincaré section to locate the periodic
and chaotic solutions, therefore, the bifurcation diagrams
correspond to the maximum value of the vibration displace-
ment of the cutting tool in X and Y directions, respectively.
There are many parameters in the above model, but this
research mainly focuses on the impact of feed velocity on
the dynamic response of the cutting tool for the three differ-
ent dimensionless spindle velocity Q.

In the following simulation, the bifurcation diagram,
phase portrait, and the Poincaré section are employed to
study the cutting tool dynamic response in both directions.
For the Poincaré section, we collected all of the points of
intersection of the trajectory with the surface of section x=0
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Fig.4 Phase portrait and Poincaré section of the vibration displacement of the cutting tool in the X and Y directions when the spindle velocity

Q=2,v=08

when X <0 in three dimensions {x, y,x}, and y=0 when <0
in three dimensions {y, x,y}. Assuming the following initial
conditions and parameters:

x=x=0,y=y=0, fxzfy:0.0l s aX:ay:OS
Be=P,=0.1u,=p,=05,4g=09,tanp =045,k = 0.5
,=03a=1R=0.1,2=24,6, respectively.

Obviously, for the case of spindle velocity Q = 2, the
dynamic responses of the vibration displacement of the
cutting tool in two directions are very complicated. In the
midst of chaos there are some windows of other period and
some windows have an abrupt transition from chaos to order.
All of this phenomenon can be observed in the Fig. 2. In
addition, as shown in Fig. 3 and Fig. 4, there is period 1
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motion when vy = 0.2, and chaotic motion can be observed
at around v, = 0.8 in both directions. Similarly, a single
point and many irregular points appearing in the Poincaré
section can further determine that the type of tool dynamic
response is periodic-1 motion and chaotic motion. Especially
a period 2 motion appeared in the X direction, meanwhile a
period 4 motion appeared in the Y direction at about v, = 1
as shown in Fig. 5. In addition, the periodic motion can be
confirmed by two points and four points on the Poincaré
section. Moreover, there are very obvious stick—slip motion
in the X direction but hardly appears in the Y direction as
shown in the Fig. 3, 4 and 5.
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Fig. 6 Bifurcation diagram of the cutting tool vibration displacement
x and y versus feed velocity v, from 0.2 to 1 when the spindle veloc-

ity Q =4

Furthermore, for the case of spindle velocity Q = 4, the
more interesting phenomenon is there is almost no chaotic
motion when feed velocity continues to increase from 0.2
to 1 as shown in Fig. 6. It can be seen from Figs. 7 and 8
that with the increase of feed velocity, the motion of the
cutting tool from period 7 to period 3 and then turn into
period 1 in both directions, while feed velocity beyond 0.94,
the motion of the cutting tool is still period 1 but period 2
motion appears in the Y direction. Also, the Poincaré section
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Fig. 7 Phase portrait and Poincaré section of the vibration displacement of the cutting tool in the X and Y directions when the spindle velocity

Q=4,v=02

consists of the seven points and three points in Fig. 7 and
Fig. 8, meaning the periodic-7 motion and periodic-3 motion
of the cutting tool. Moreover, the cutting tool vibration dis-
placement is increased with feed velocity more than 0.94
in the X direction, on the contrary, the cutting tool vibra-
tion displacement decreases in the Y direction. Similarly,
stick—slip phenomenon only appears in the X direction.
While for the case of Q = 6, bifurcation diagram shown
in Fig. 9, it is readily distinguished that there exist compli-
cated dynamics motions with feed velocity changed. The
cutting tool motions experience quasi-periodic and peri-
odic motions in both directions. It can be seen from Fig. 10,
the response of the cutting tool is quasi-periodic motion in
both directions. The Poincaré section in Fig. 10 means that
the motion of the tool is quasi-periodic because it consists
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of a large number of points falling on a closed curve. Fur-
thermore, with the feed rate over 0.83 as shown in Fig. 11,
period 1 and period 2 motions appear in the X and Y direc-
tions, respectively. The Poincaré section in Fig. 11 consists
of one point and two point, confirming the periodic-1 and
periodic-2 motion of the cutting tool. Similar behavior is
presented in Fig. 9, vibration displacement of the cutting
tool increases in the X direction but decreases in the Y direc-
tion when feed velocity is greater than 0.83. Similar to the
above two cases, stick—slip phenomenon still appears in the
X direction.

The effect of feed velocity on the vibration displacement
of the cutting tool and the system dynamics under three dif-
ferent cutting velocity is shown in Fig. 2, Fig. 6, and Fig. 9.
It is turned out that the relatively high cutting velocity
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Fig.8 Phase portrait and Poincaré section of the vibration displacement of the cutting tool in the X and Y directions when the spindle velocity
Q=4,v. =026
Vf

results in smaller vibration displacement while feed veloc-
ity seriously affects the dynamic response of the cutting tool.
Besides, for relatively high feed velocity, the cutting tool
vibration displacement increases in the X direction while the
vibration displacement of the cutting tool decreases in the
Y direction. Therefore, it is very important to choose a rea-
sonable cutting velocity and feed velocity for stable cutting.

Fig.9 Bifurcation diagram of the cutting tool vibration displacement
x and y versus feed velocity v, from 0.2 to 1 when the spindle veloc-
ityQ==6
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Fig. 10 Phase portrait and Poincaré section of the vibration displacement of the cutting tool in the X and Y directions when the spindle velocity

Q=61 =025

4 Conclusions

In this paper, a two degrees of freedom orthogonal turn-
ing model is proposed based on friction model proposed
by other scholars. The novelty of our model is to consider
the effect of cutting velocity and feed velocity on dynamic
frictional force in turning process. The nonlinear dynamic
behavior of the cutting system is analyzed by using the feed
rate as the bifurcation parameter. It can be found that the
response of cutting tool has periodic motion, quasi-periodic
motion, and chaotic motion with the different feed velocity.
In addition, the stick—slip phenomenon is only found in the
cutting direction. Based on the model in this study, both the
cutting velocity and feed velocity have a significant effect on
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the vibration displacement and dynamic response of the cut-
ting tool, especially for relatively high feed velocity which
will result in the cutting tool vibration displacement increase
in the cutting direction but decrease in the feed direction.
For the cutting process, the phenomenon of increased vibra-
tion displacement of the cutting tool is a harmful behav-
ior. Therefore, it is important to choose reasonable cutting
parameters during cutting process. Furthermore, related
experiments and analytical method are a very useful research
methods to further validate theoretical research. Similarly,
based on current research work, relevant research on effec-
tive control of chatter can be conducted in the future.
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Appendix In order to reduce the number of parameters, Eq. (6) is
simplified as the following dimensionless equation.

Substituting Eqgs. 2,3,4 and 5 into Eq. (1), we obtain the

vibration response of the cutting tool motion in both

directions

mi + ¢k + kx = KQav, /Q — y)HQ27rv;/Q — y)p,(sgn(QR — %)
— a,(QR — %) + B (QR — ©)*) + QQav;/Q — Y)(c(QR -k — 1)* + 1)
H(Zn'vf/Q —yH(QR — %)
my + ¢,y + ky = 0Qav; /Q — y)(c(QR -k — 1)* + 1) (6)
HQrv;/Q — y)H(QR — %), (sgn((QR — %)
tan @ + vy — ¥) — a,(QR — ¥) tan @ + v; — 3) + f,(QR — %) tan @ + v, — 3)°)
+ KQrv, [Q = y)HQ2zrv, /Q =)
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X+265+x= k(Zn'Vf/Q - y)H(Zn'vf/Q — yu,(sgn(QR — %) — a,(QR — %) + f.(QR — %)
+qQav/Q = Y)(C(QR — i — 1)* + DHQ27v, /Q — y)H(QR — %)

428, Vay + ay = gQav,/Q = y)(e(QR — & — 1) + 1)
HQ2rv, /Q — y)H(QR — %), (sgn((QR — %) tan @ + v, — ¥) — a,(QR — ) tan @ + v, — )
+ B,(QR — %) tan @ + v; — 3)°) + k2mv, /Q — y)H(27v, /Q — y)

(N

Acknowledgements The research is supported by the National Natural

. . X . 14. Kotaiah, K. R., & Srinivas, J. (2010). Dynamic analysis of a turn-
Science Foundation of China (No. ! ]372.122) and Science and Tech- ing tool with a discrete model of the WB(/)rkpiece. PZoceedings of
nology Program of Gansu Province of China (No. 1610RJYA020). the Institution of Mechanical Engineers, Part B: Journal of Engi-

neering Manufacture, 224(2), 207-215.
15. Nosyreva, E. P., & Molinari, A. (1998). Analysis of nonlinear
References vibrations in metal cutting. International Journal of Mechanical
Sciences, 40, 735-748.
. R . . 16. Vogler, M. P., Devor, R. E., & Kapoor, S. G. (2002). Nonlinear
L Qumtafn: G". & Cllurana, J (2?1]1)' Chlattel;v}n I}rllf%hl;mlg proa—! influence of effective lead angle in turning process stability. Jour-
cesses: A review. International Journal of Machine Tools an nal of Manufacturing Science and Engineering Transaction of the
Manufacture, 51(5), 363. ASME. 124. 473-475
2. Wiercigroch, M., & Krthsov, A. M. (2001). Frictional cha.tter 17, Rusinék Rj Wiercigroch, M., & Wahi, P. (2014). Influence of
in orthogo.nal metal cutting. f’hilosophical Tfansaction.s of the tool flank forces on complex dynamics of cutting process. Inier-
Rqul Soc.‘lety ofLondon Series A: Mathematical, Physical and national Journal of Bifurcation and Chaos, 24(09), 1450115.
; ﬁ”g,’”ei”l’ég S\;’f‘“’”“?s’ 35}?%8% 7\;,3;735' 2015, Orthosona 18+ Rusinek R., Wiercigroch, M., & Wahi, P. (2014). Modelling
- husinek, B, wiercigroch, ., c Walt, t. ( ) rt logona of frictional chatter in metal cutting. International Journal of
cutting process modelling considering tool-workpiece frictional Mechanical Sciences. 89. 167—176
A f(ﬁ“,f(" Pé“;‘l’“, Cllfpi{jl :&4%3‘434' Ci 1 (2013, Modeling of 19+ Wang, A Jin, W. ., Wang, G. P., & Li, X. Y. (2016). Analysis on
- Bedlk, B, BusInek, &, arminsxi, J. ( )- Mo enng o dynamics of a cutting tool with the thermal distortion in turning
high-speed milling process with frictional effect. Proceedings of process. Nonlinear Dynamics, 2, 1183-1191
the Institution of Mechanical Engineers, Part K: Journal of Multi- 20 Werem(.:zuk A & Rusinek ’R’ 2017) Inﬁuence of frictional
5 1120dy Dy IEI?CHS’ 257(2’ 3\;1 . N.O line. J. AT & Nitmei mechanism on chatter vibrations in the cutting process—analytical
- faassen, R. 1. 1%, van de Wouw, ., Qosterling, J. A. J., & Nymet- approach. The International Journal of Advanced Manufacturing
jer, H. (2003). Prediction of regenerative chatter by modelling and Technology, 89(9—12), 2837-2844
analysis of high-speed milling. International Journal of Machine 21. Yan, Y. Xu’, I & Wit’:rcigroch, M. (2016). Regenerative chatter
T()()ls/and Manufacture, 43(14), }4?’7_1446' in self-interrupted plunge grinding. Meccanica, 51, 3185-3202.
6. Molr}ar, T. G., Insperger, T., & Stépén, G. (,2 016). Ste.lte-dependent 22. Yan, Y., Xu,J., & Wiercigroch, M. (2017). Influence of workpiece
fllstrél;u;ed-ltileziz;y lrr;(;céel of orthogonal cutting. Nonlinear Dynam- imbalance on regenerative and frictional grinding chatters. Pro-
ics, 84(3), —1156. ) , cedia IUTAM, 22, 146-153.
7. Nayfeh, A. H.,, & Ngyfeh, N. A. (.201 1). Analysis of the cutting 23. Yi, S., Nelson, P. W., & Ulsoy, A. G. (2007). Delay differential
3 ;(()011 0{1 a;athe.]]q\f agll/ne,ar gy ngcml\l/f 5 63;3 )63956?51 6. Suberitical equations via the matrix lambert w function and bifurcation analy-
- hamariagy, L. tepan, G, oon, T. L. ( )- Su .CrltICa sis: application to machine tool chatter. Mathematical Biosciences
hopf bifurcation in the delay equation model for machine tool and Engineering, 4(2), 355-368
vibrations. Nonlinear Dynamics, 26, 121-142. 24. Wang, A., Jin W Y ’Chen W. C., Feng, R. C., & Xu, C. W.
2. Tl;lfSty’ '.J’ (I;Ol%mk.’ M,‘ The s}?blhtyﬁf tﬁesma;hlﬁe t(l)?lgzéiamst (2018). Bifurcation and chaotic vibration of frictional chatter in
se! -e)f(:lte vibration in machining. Mach Sci Techno i o turning process. Advances in Mechanical Engineering, 10(4),
10. Wiercigroch, M., & Budak, E. (2001). Sources of nonlinearities, 168781401877126
chatter generation and suppression in metal cutting. Philosophical 5. Grossi. N Montevécchi F, Sallese, L., Scippa, A., & Campatelli
Transacti'ons of the Ro},’ al chiety ?f London Series A: Mathemati- G. (2071 8),. Correction t,oz 7Chatter ’stal’)ility pr’ediyction for high:
1 fl;al,lPh)g li’?’l alngcf)gn%neirmg S?enccfs’ 339 117‘ 8114)’ 66_3_69;‘ . speedmilling through a novel experimental-analytical approach.
- taylon B W (, ): n the art of cutting metals. American soct- The International Journal of Advanced Manufacturing Technol-
ety of Mechanical Engineers., 63(1619), 25942-25944. 08y, 96(9), 4541-4544 ’
12. Arnold, R. (1946). Cutting tools research: report of subcommittee ’ ’ ’
0? iarllnc}l)e tool;the n}e;lha;nstn; (;f toolfx{brz;ltlor} 1nl ;?e c,juttmg Publisher’s Note Springer Nature remains neutral with regard to
ot steel. Froceedings of the Insiitution of Mecnanicat Engineers, jurisdictional claims in published maps and institutional affiliations.
154(1),261-284.
13. Grabec, L. (1986). Chaos generated by the cutting process. Physics

Letters A, 117, 384-386.

@ Springer KE;E



International Journal of Precision Engineering and Manufacturing (2021) 22:1069-1079

1079

\\ ;P”J_

RN
| 1l

it

W

\\

!

An Wang received his M.E. in
Mechanical Manufacturing and
Automation from Lanzhou Uni-
versity of Technology, Lanzhou,
China, in 2008. He received his
Ph.D. from Lanzhou University
of Technology in 2020. His
research interests include nonlin-
ear vibrations and nonlinear
dynamics and control.

Wuyin Jin is a Professor at the
School of Mechanical and Elec-
tronical Engineering, Lan-
zhou University of Technology.
He received his Ph.D. from
Xi’an Jiaotong University in
2004. His major research
includes neuroscience and
dynamic system analysis,
machine vision and image pro-
cessing, embedded systems and
signal processing, and nonlinear
dynamics theory and method.

@ Springer KE _:E



	Influence of Feed Velocity on Nonlinear Dynamics of Turning Process
	Abstract
	1 Introduction
	2 Modeling for a Turning System
	3 Details of the Dynamic Response of the Cutting Tool
	4 Conclusions
	Acknowledgements 
	References




