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Summary A simple thermo-mechanical model of the cutting processitioduced in this paper. The results — that were verified
experimentally — can be used for the quick qualitative préath of the chip type.

INTRODUCTION

The accurate description of processes is essential forabel@pment of manufacturing technologies. Although saver
finite element software packages are available for the nmglef cutting processes, the overview of the effects of para
eter changes is not easy with them and the compilation of B Fodel usually requires significant efforts. Another
successful approach is the use of simple empirical formiglathe calculation of certain characteristics of the cugti
process. For example, the use of the so-called three qualeds usual in publications that concentrate on the desori

of the regenerative effect [1]. Our goal is to find a tradeksfween these two approaches and set up a simple cutting
model that is able to the qualitative description of the pssc Our basic nonlinear thermo-mechanical model congprise
4 ordinary differential equations. This model can be exéghsimply to the description of the effects of varying cugtin
speed and varying depth of cut. We believe that the simplafithe — experimentally validated — model and the relagivel
low number of parameters can help in the quick overview otiiténg process.

THERMO-MECHANICAL MODEL

Our model is based on the widely used assumption that therdafmn is concentrated into one or more deformation
bands (shear zones) during cutting. As Fig. 1 shows, wetegplihe shear zone into three layers of equal thickhess
There is no plastic deformation in layer O
which plays a role in the thermal processes
only. The plastic deformation occurs in the
other two layers. We assumed that the rake
angle o of the tool equals the angle of the
shear plane®, and we ignored the strain-
hardening). We also supposed that thermal
conduction occurs only on the boundary sur-
faces of the layers. Exploiting these assump- N
tions, two differential equations can be ob- z workpiece /( L v
tained that describe the mechanical balance of ;

plastic shear stresses, in the deformation

layers 1 and 2 with the normal stresscting Figure 1. The thermo-mechanical model

on the face of the tool. Three energy equations

describe the heat flow among the three layers of temperdiyrds, and7s [3]. Since we were able to expressby 7,
our model comprises the following dimensionless ordindiferential equations:

o= f(1-(F1+15) )
To = ((Ty—2To) — f€Ty )
T = f(77(72P+1—p)F1(717T1)—f(Tl—TO)) —¢(2Th — T2 — To) 3)
Ty = nfraFa(n,Ty) — (f6+¢) (T — Th) 4

Fy and F»> denote the deformation velocities in layers 1 and 2, thaeddpn only three material parametegschar-
acterizes the geometry of chip formatiali, denotes the time scal€,is the dimensionless velocity of the chip. The
amount of heat produced during plastic deformation is desdrbyn, while ¢ is related to both thermal conduction and
technological conditionsf denotes the ratio of the actual cutting speed to a refergraxeds The expressions of these
nondimensional parameters can be found in [3, 5]. The dxiuilh solutions of this system correspond to the formation
of continuous chips, periodic solutions indicate segnmenképs, while the occurrence of chaotic solutions meartshiea
chip becomes aperiodic.

a)Corresponding author. E-mail: csernak@mm.bme.hu.
b)These simplifying assumptions were disregarded in our refimed model [2].



BIFURCATION CHARTS

We explored the structure of the solutions by bifurcatioalgsis. For this purpose, we numerically searched for stabl
equilibrium solutions. The change of the position of eduilim states was followed by the continuation and bifuarati
software AUTO. The bifurcation points were also detectedrdythis process. We found that the parameters of period
doubling bifurcations follow each other according to theeabaum ratio. Thus, we were able to estimate the borders of
the parameter domain of chaotic solutions [4]. The resiiltsis calculation are shown in Figure 2.

It is easy to extend our model to the description of var-

ious additional effects [2, 5]. For example, the oscil- a)

lation of the tool or the workpiece can be taken into % 1Y l] ” ] II II IH '

account by exchanging the coefficieftin Equations 30H | i oo LU

(4) to the expression of the effective cutting velocity. fxed + poriodigizem | TR ' lll :

If the nondimensional velocity of the tip of the tool in b)i:____ Fosas e | L

the direction of cutting is; and the reference velocity = || FBX =]

is denoted by, the expression of the effective veloc- ¢ “‘Q& chaoti =

ity becomesf (1 — ij). By supplementing the set of :}‘3 & =l
equations with the simplest possible differential equa- 1°]] = i?g?/;:;on <% ——
tion of the oscillating took = m — Az, we obtain a 5l b 7 x&j""%
6D model. Certainly, the oscillation of the tool can be == 27— 5
modeled in a more refined way, too, e.g., by taking into %5 o 5 10 15 20 25 :
account the regenerative effect. c) &

We found that due to the interaction between the oscil- Figure 2. Two-parameter bifurcation diagram.

lating workpiece and the formation of chips, the solu-

tions became more complex than in the case of the 4D model.example, the original equilibrium solution turned
to small amplitude chaotic solution if the tool was assuntetd elastic. This result is in agreement with the practical
experience, i.e., that the chip thickness varies slighttyiaregularly in the case of continuous chips, too.

If the amplitude of the vibrations exceeds a critical valtnes tool may temporarily leave the workpiece. The forces
that arise when the tool starts to cut again are very largenaa lead to the damage of the tool or the workpiece.
We numerically determined the domains on the plane of paemg (cutting speed) andl (tool stiffness) where this
situation may occur. The red points of Figure 3 denote thesgerous parameter domains, while the tool did not leave
the workpiece in the domains denoted by green.

80
CONCLUSIONS

A new model for the description of large plastic defor-
mation of metals was introduced for the case of cutting.

A bifurcation analysis was performed and chaotic solu- 4 ¢
tions were found. The model was applied to the case

of an elastic, oscillating tool and the domains where

the tool may leave the workpiece were determined. Al-
though the regenerative effects are not considered yet,

the model can be coupled with regenerative models. We ¢, I 2
believe that this simple model makes a quick overview F
of the sources of vibrations during the cutting process Figure 3. Safe and dangerous parameter domains.

possible. Moreover, it can provide help during the de-

sign and evaluation of preliminary experiments and measents that are necessary for the preparation of the pradtucti
process. In the case of large simulation software, our modgli support the design or can be used for the determination
of certain parameters in applications.

Acknowledgements This research project was supported by the Hungarian Naticience Foundation under grant no.
OTKA K83890.

References

[1] Stépan G.: Delay-differential equation models for maehtool chatter. In: Dynamics and chaos in manufacturirec@sses, Ed. F. C. Moon,
Wiley, pp. 165-191, 1998.

[2] Palmai Z. Csernak G.: Effects of built-up edge inducedltzions on chip formation during turnin@ubmitted to J. Sound Vib., 2011.

[3] Palmai Z.: Chaotic phenomena induced by the fast plagtiormation of metals during cuttingSME Journal of Applied Mechanics, 73:240-245,
2006.

[4] Csernak G., Palmai Z.: Exploration of the chaotic pheroeinduced by fast plastic deformation of metéts. Journ. Adv. Manuf. Technol.,
40:270-276, 2009.

[5] Palmai Z., Csernédk G.: Chip formation as an oscillatorimtyithe turning process, Sound Vib., 326:809-820, 2009.



