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A testing device in turning including, a six-compgoh dynamometer, is used to measure the completerto
of the cutting actions in the case of self-excitélarations. For the tests, the insert tool used IENMA
160412 type carbide not coated, without chip breakbe machined material is a chrome molybdenum
42CrMo24-type alloy. The test workpieces are cyilical and have a diameter of 120 mm and a leng80of
mm. For the first time, we present an analysisooéds and moments for different depths of cut affdrdnt

feed rates

1 Introduction

In the three-dimensional cutting configuration, thechanical actions torsor (forces and momentsjftén
truncated: the moments part of this torsor is reghe due to lack of adapted metrology [1, 2, 3].
Unfortunately, until now, the results on the cugtiiorces are almost still validated using platforohgorces
(dynamometers) measuring the forces’ three comgsng&he actions torsor is thus often truncated beza
the torsor moment part is probably neglected fok laf access to an adapted metrology [4, 5]. Howeve
forces and pure moments (or torque) can be mead6iedRecently, an application consisting in six-
component measurements of the actions torsor tinguprocess was carried out in the case of higledp
milling [7], drilling [8, 9], etc. Cahuc et al., if10], present another use of this six-componemiadyometer

in an experimental study: taking into account of #tut moments allows a better machine tool power
consumption evaluation. It allows a better approatckthe cut [8, 11, 12] and thus allow us to reaekw
properties of the vibrations of the chip-tool-waklqge system in the dynamic case.

Moreover, the tool torsor has the advantage ofgorBnsportable in any point and, especially, at th
tool tip pointO. The following study is carried out in severalggts, including two major ones. The first one
is related to the analysis of forces. The secorelisrdedicated to determining the central axis ariuist
moments analysis to the central axis during the cut

In paragraph 2 we present first the experimentaicdeused and associated measurement elements.
Paragraph 3 is devoted to the measurement of tiegprocess actions. An analysis of the forcesrtex
during the cut process is performed. It allowsaisxperimentally establish several properties efdttting
actions resultant. The case of the moments atotbitip point is also accurately examined. The k@raxis
of the torque is required (paragraph 4). The emcsteof central axes highlighted from the multipbsts
noticeably confirm the presence of moments at tw tip point. In paragraph 5, we carry out more
particularly the analysis of the moments at thetre¢éraxis by studying the case the most sensitive t
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vibrations &p = 5 mm,f = 0.1 mm/rev). Before concluding, this study gieesertain number of properties
and drives to some innovative reflexions.

2. Experimental Device

The experimental device presented in Figure 1 @®raventional lathe (Ernault HN 400). The machining
system dynamic behaviour is identified using a dkt&ection accelerometer fixed on the tool. Two
unidirectional accelerometers are positioned onldtiee and on the front bearing of the spindlegrider to
identify the influence of this one during the codtiprocess. All the cutting actions (forces andjues at the
tool tip point) are measured by a six-componentadyometer [6]. The instantaneous spindle speed is
continuously controlled (with an accuracy of 1%)dyotary encoder directly coupled with the workgie
The connection is carried out by a rigid steel wiree test workpieces are cylindrical and haveaandier of
120 mm and a length of 30 mm. The geometry of thppart part holder was optimised by a finite eletnen
analysis (using SAMCHF software) in order to confer a maximum rigidity ttee unit. This procedure is
described in [13]. Thus, under a loRd 1,000 N, for material having a Young modulis 21.16 N/mm2,
the workpiece dimensions selected &e= 60 mm (diameter),; = 180 mm (length) for a bending stiffness
of 7.10 N/m (Figure 2). These values are within the higlmit of the stiffness zone acceptable for a
conventional lathe [14, 15, 16].
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FIGURE 1: Experimental device and associated measurestaments.
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During the tests, the insert tool used is a TNMAD#612 type carbide not coated, without chip breakee
machined material is a chrome molybdenum 42CrMgp4-talloy. Moreover, the tool geometry is
characterized by the cutting anglethe clearance angte the inclination angle of edgg, the direct angle
K, the nozzle radius,; and the sharpness radiBg17]. In order to limit the influence of the toalear on
measurements, the tool insert is examined aftdr test and changed if necessary &/6.2 mm ISO 3685).
Nevertheless, the present study does not, straplyaking, deal with fretting and tool wear. Thel too
parameters are detailed in the Table 1.
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FIGURE 2: Geometry and dimension of the piece and thé&piece. | FIGURE 3: Tool geometry.
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TABLE 1: Geometrical characteristics of the tool.

2 Cutting Torsor Actions

3.1 TestsThe experiments are performed within a framewonkilar to the one described in Cahuc et al.,
[10]. For each test, the complete torsor of the haaical actions is measured using the six-component
dynamometer according to the method initiated inldose [18], developed by Couétard [11] and used in
several occasions [7, 10, 19, 20, 21]. These méchlaactions are evaluated for four cut dempg= 1 mm;

2 mm; 3.5 mm; 5 mm) and for four feed ratgs 0.1; 0.05; 0.0625; 0.075 mm/rev). The six-cormgr
dynamometer gives the instantaneous values ohalkdrque cutting components in the three-dimermdion
spacelX, Y, 2) related to the machine tool (Figure 1). Measum@sare performed i®', which is the center

of the six-component dynamometer transducer. Thesy are transported to the tool tip podtvia the
moment transport classical relations. Measuremegtntainties of the six-component dynamometer are:
+4% for the force components and +6% for the mongentponents.
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3.2 Resultant of the cutting actions analyBts. the four values feed rdtendicated above, two examples
of forces resultant measurements applied to thetip@oint are presented: one of these for thblstaase
(quasi no-existent vibrationgp = 2 mm and another one for the unstable casedzeifed vibrations)ap =

5 mm. The Figure 4 shows signals related to thalteest components of cutting forces following theee &,

Yy, 2) cutting directions. For the test case preseneed,tparameters used aa@:= 2 mm,f = 0.1 mm/rev and
N = 690 rpm. The Figure 5 shows signals relatedh¢orésultant components of cutting forces following
three &, y, z) cutting directions. For the test case here pteserparameters used asp = 5mm,f = 0.1
mm/rev andN = 690 rpm.
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FIGURE 4: Signals related to the resultant compongriBURE 5: Signals related to the resultant components
of cutting forces following the threex,¢,2) cutting| of cutting forces following the threex,,z) cutting
directions (without vibrations). directions (with vibrations).

In the stable cas@ap = 2 mm,f = 0.1 mm/rev) it appears (Figure 4) that the force component
amplitudes remain almost independent of the tinrarpater. Thus, the amplitude variation is limitedLtor
2 N around their rated values, starting with 20GoN (F,), 400 N for ¢,), and 600 N for Fy). These
variations are quite negligible and lower than utaisties of measurements. Indeed, when the nomated
stress is reached, the component noticed as trestoxalue isK,), while the highest in absolute value k§)(
Taking as reference the absolute valud=, the following relation between these three congmis comes:

[Fx| = Fz|/ 2 = Fy|/ 3 (stable casep =2 mm). (2)

In the unstable case (Figuredp =5 mm,f = 0.1 mm/rev) we observe that the force component on the
cutting axis Fy) has the most important average amplitude (1,500t also the most disturbed (1,000 N)
with oscillations between -2,450 N and —450 N. Ttree along the feed rate axisz| also has important
average amplitude (1,000 N), but the oscillatioresssanaller: £200 N in absolute value and +20% lative
value. The efforts along the radial directidix) are the weakest in terms of average amplitud® (20 but
also the most disturbed regarding relative valu4@tN). These important oscillations are the talegib
consequence of the contact tool/workpiece frequeptures and, thus, demonstrate the vibration and
dynamical behaviour of the systamiTM.

Finally, taking as reference the absolute valug=, the following relation between the absolute eslu
of these three components comes:

Fx| = Fzl/ 5 = Fy|/ 7.5 (nstable cas@ap =5 mm). (2)

In other words, whatever the cut depip we have the following order relation between thsddute
values of the cutting actions components:

Fx < FZ < Fyl. ®3)
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More precisely, in the turning case studied heteatever the cut depép = 2 mm (stable case) ap =
5 mm (unstable case), we have, with the errorsxpeements close the following relation between the
absolute values of the cutting actions components:

Fx| = Fz/ap= Fy|/ 1.5p. 4)

So, the cutting actions are found proportionah ¢ut depth. This result is in agreement with 23,

In the unstable case = 5mm,f = 0.1 mm/rev) the force resultant component hagitt a plan in
which a variable cutting forcdsv moves around a rated valke [23]. This variable force is an oscillating
action (Figured) that generatetol tip displacements and maintains the vibratioh elastic system block-
tool BT [23]. Thus, the cutting force variable and the self-edivibrations of elastitWTM system are
interactive, in agreement with research wWi@kl5, 24, 25].

Fn

FIGURE 6: Cutting forceF, evolution around the nominal val&g.

3.2 Study of the moments to the tool paiike for the torsor resultant, we give here tworapées of
statements of the moment components to the tool poithe machine frame (Figure 1). The stable éase
first presented, see Figure 7 (without vibratiookofving the three space machine directiongfpn= 2 mm
andf = 0.1 mm/rev), and then the unstable case is shinwigure 8 (with vibrations following the three
space machine directioap = 5 mm and = 0.1 mm/rev.).
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FIGURE 7: The moment components time sign#SURE 8: The moment components time signals that act
that act on the tool tipap = 2 mm). on the tool tip&p =5 mm).

Like for the resultants in the stable case (Fighrehe moment components average values arelglight
disturbed at the tool tip point (quasi-constantsegt for some dN.m — déci Newton metre —) thougthin
unstable case (Figure 8) the moment componentsag&eralues are very disturbed at the tool tip point
However, we can note that the moment componentbeatool tip point are more disturbed than their
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equivalents regarding the resultant. Thus, the nmbroemponents seem more sensitive to the selfexkcit
vibrations than the force components applied. Thhs, follow-up of those could be a good means of
precociously detecting the existence of regenexatibrations.

The analysis of the results shown in Figure 7 allave to establish that, among the three moment
components, the average value of the componeng dlenaxis feed rate is lowedfl¢z= — 40 dN.m). It is
the most disturbed in relative valueg20 dN.m i.e. 50%). The absolute value of the corepbalong the axis
of cut plays the role of pivaiMoy = 60 dN.m) with a weaker disturbance in absol#tkie ¢£16 dN.m i.e.
30%). The highest component is along the radia @4ox = 80 dN.m) with a weaker disturbance in absolute
value (20 dN.m i.e. 25%). Taking as referenceatrerage values this of the componkluz, we have:

IMoZ| =|Moyi[/1.5 = Mox|/2. ()

The analysis of the results shown in (Figure 8)vedl us to establish that, among the three moment
components, the average value of the absolute \@lilee component along the axis of cut is the kwe
(Moy = - 100 dN.m). It is most disturbed in relativdue (280 dN.m i.e. variations of about 300%!). The
component of the torque along the radial axis $dlways positivévlox = 170 dN.m (150 dN.m); it is thus
the most raised moment component and, proportigntilie least disturbed (x75%). Thdoz moment
component along the radial direction is always tiegavith an average value about - 140 dN.m in Alieo
value, the highest, but less disturbed theoy (with oscillations of 140 dN.m i.e. only £100%jinally, for
this cut depth, we have the following relation betw the absolute values of the moment components:

IMoy|| =|Mo4Z|1,4= Mox|/1,7 @p=15 mm), (6)

with a module of average torque at the tool tijmpabout Mo|| = 275 dN.m. The comparison of Eq. (2) and
Eq. (6), shows that the role &fandy axes is reversed fap = 5 mm. This allows us to think that the
transport of the moments at the tool tip point &asajor effect. Moreover, only the Mox modulus ked#mpe
highest whatever the value @p in the turning cases here considered. It is dlsconly positive and slightly
decreasing component when the depth of cut incse&@Be notes that the componeltey and Moz are
always negative when the cut depth increases. Tdwius of the moments component at the tool timtpoi
increases with the cut depth, like the one of dsaiitant.

In the same way the general order relation (3}Herresultant is replaced for the moment at théttpo
point by:

[Moy] < [MoZ < [MoX. @)
The x andy axes positions are also reversed regarding thdtaes and moment at the tool tip point
components. This can be allotted to the momentsp@t at the central axis. It is an additionaleimose
being studied of the moments at the central axis.
In addition, for the unstable cassp(= 5 mm,f = 0.1 mm/rev) the spatial evolution of the momaéstso
longer fully situated in a plane, as it is the ciseforces. An 8, slightly out of plane is desetb(Figure 9)
[27].




FIGURE 9: Moments place space representation.

3 Central Axis

It is well known that it is possible to associateeatral axis to any torsor (except the torsorwepmoment),
which is the single object calculated starting fritva six torsor component2§]. A torsor [A]lo in a pointO
is composed of resultant forcBsand the resulting momeno

[Al, = {—R. . ®)
M

[o]

The central axis is the straight line classicabfied by:

—Rz ° AR, 9)
whereO is the point where the mechanical actions torsa maved (here, the tool tip) aidis the current
point describing the central axis. Th@A is the vector associated with the bi-poi@t A] (Figure 10). This
line (Figure 10a) corresponds to the geometric points where thehamécal actions moment torsor is
minimal. The central axis calculation consists éteimining the points assembly (a line) where tingor can
be expressed according to a slide block (straightdirection) and the pure moment (or torqsj|

The central axis is also the point where the rastlicutting force is colinear with the minimum
mechanical moment (pure torque). The test resolible us to check, for each measurement poirtgiktis
colinearity between the resultant cutting foReand momentM , calculated at a point of the central axis
(Figure 10b).The meticulous examination of the six mechanicdiloactorsor components shows that the
forces and thenoment average values are not null. For each pifimheasurements, the central axis is
calculated in the stable (Figutda) and unstable modes (Figure 11bjany rigour, the casgp =2 mm and
f = 0.1 mm/revshould be described as quasi-stable movement &ectne vibrations exist but their
amplitudes are very small —of the order of micramet thus, quasi null compared to the other studied
cases. Considering the cutting depth vape 5 mm and = 0.0625 mm/reyvthe recorded amplitude was ten
times more important.
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FIGURE 10.Central axis representatioa) (@nd of the colinearity between vectumR and minimum
momentM , at central axisk).
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FIGURE 11: Central axes representation obtained for &8rspinds of the workpiece speed and feed rate
f=0.0625 mm/reva) stable procesap = 2 mm;b) unstable processp =5 mm.

In the presence of vibrationg = 5 mm) for a 68 spin rounds of the workpiece @ints of
measurements per spin round), the dispersive diearat the central axes beam, compared to theestabl
mode, can be observed, where this same beam ferigghmore or less tilted compared to the normial @x
the plane X, y). The self-excited vibrations, due to the variatnlement generation, can explain this central
axis dispersion.




4 Analysisof Central Axis Moments Related

While transporting the moment from the tool tigre central axis, the minimum moment (pure torddg)is
obtained. From the moment values at the central, ainstant and variable parts are deduced. kestdr
the efforts, the variable part is due to the setfited vibrations, as revealed below.

Using this decomposition, the moments contribution the areas of contact tool-workpiece—chip is
expressed. The observations resulting from theyaisashow that the tool vibrations generate roteaticause
variations of contact; and, thus, generate variafienents, confirming the efforts analysis detaite8ection
3. This representation allows us to express the mesnalong the three axes of the machine tool: dwive
moment in the direction and the two moments of rotation alerendz directions.

For the unstable case, characterizedpy 5 mm and = 0.1 mm/rev, the analysis of the cutting torque
components average values at the central axisqsptesl by the letter a) leads to the followingules Max
= -4 dN.m £24 dN.mMay = - 34 dN.m £160 dN.mylaz= 8 dN.m £110 dN.m. Thus, one has the following
relation between the modulus of the three torquepmments (with the errors of measurement close):

IMax| = [MaZ/2 = [May||/8. (10)

The confrontation of Eq. (6) and (10) shows theangnce of transporting the moment from the tqml ti
point to central axis. It is as also interestingntde as the module of the average couple of ctiteatentral
axis is worth [[My||= 88 dN.m, three times lessiththe tool point.

In addition, one notes that the torque modulus@easing with feed rate as for thesultant cutting
force at the central axis. The moment component albegadial axisX) remains the weakest but also the
least disturbed. Contrary to the moment componanthe tool tip point or the resultant, the singteler
relations (3) and (8) are replaced by:

IMax| < [May| < MaZ if f < 0.0625, (11)

Madx| < MaZ < [May| if f> 0.0625. (12)

Depending on the feed rate, the role of cutting faed rate axes is thus inversed. Moreover, thagutor
along the feed rate axis plays the role of “pivatiid keeps it of the transportation at the tooptipt forf >
0.0625. Wherf < 0.0625, the role of “pivot” go back to the cuttiagis, and the influence of cutting and the
feed rate axes is inversed. This remark compldtegptevious one above, and highlights that theysaid
cutting moment at the central axis needs to exanimenore details.

5 Conclusion

Experimental procedures here developed allowecdtternhine the elements required for a rigorous amaly
of the influence of tool geometry, its displacememd the evolution of contacts tool/workpiece toal/chip
on the machined surface. These experimental realita’ed us to establish a vectorial decompositbn
actions analyzing the resultant of applied actionsor during a turning process. Thus, it is dertrated that
the cutting effort evolves around a constant frateldie, describing an “8” in a leaning plan companath
the machine spindle. This cutting force, whose iappbn point describes an ellipse, is perfectlyllwe
correlated with displacements of the tool tip pointa good agreement with [27].

Furthermore, a really innovative study of the motaext the tool tip point, and at the central aXithe
action torsor, is presented. For the resultant fitkeehe moment, at the tool tip point or the cahaxis, the
modulus of these elements is increasing with tleel feate. An order relation exists between the @eera
values of modulus of action components and theageewalues of moments at tool tip point. One notes
especially that the roles gfandy axes are inversed, and z axis plays the roleigbth But not unique order
relation exists at the central axis. Only the momeadulus along the radial axis remains the weakbsin
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the feed rate increases. This property is commah e component modulus of the same row of the
resultant. For the module of the other componehti@ moments at the central axis, their relatigsifion
depends on the feed rate value. This highlightsttiestudy of cutting moments at the central aisds to

be examined in more details.
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