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Abstract

The influence of CrN coating on the thermal phenomena during wood composite (MDF—medium density fiberboard) peeling is inves-
tigated. The heat flux in the knife is used as the thermal indicator of the coating impact. The heat flux estimation is obtained through the
resolution of the inverse heat conduction problem in the tool. The difficulty encountered in this problem comes from the great uncertainty
in the sensors location and on the nonlocal measurement. The noninteger system identification method is used in order to obtain an accurat
heat transfer model in the tool that rely the spatial average heat flux on the cutting edge to the temperature of the sensors embedded in th
tool along the time. This average heat flux is then estimated during machining using the classical constant function specification method. The
spatial variation of the heat flux on the cutting edge is reached using a finite element approach and its magnitude is adjusted with respect tc
the value of the estimated average heat flux.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction occurring in the neighbourhood of tool. It is well known that
machining wood based products causes wearing out of tool
in transformation of raw materials to final products. During higher mineral particle rate and adhesive contents. Because
cutting process a tool in wedge form removes a part of ma- of this, carbide cutting toolsdve been introduced into sec-
chined material called chip. Meerous complex intensivein- ondary transformation of wood. The best cutting qualities
teractions occur in the cutting zone. These interactions result2"d Wear resistance are obtained with polycrystalline dia-
in different products like vibrations, noise and acoustic emis- Mond (PCD) tools, nevertheless very expensive. Carbide in-
sions, friction, plastic and elastic deformations, chemical SES aré cheaper, but do not provide as good performance
reactions and heat generation. Finally, their effects are ma-8S PCD inserts. Present directions in tooling research are
chined surface quality on the workpiece part and tool wear scoped on tool surface modifications in order to improve

on the processing system side. These phenomena take placté’OI life and performance and do not increase drastically the

both in continuous and intarpted cutting; they are also COS_IE; [1]. t stud th hini f. i
present during machining otlatively low specific gravity € present study concerns theé machining configuration

materials like wood or wood composites. Composite wood _represen_ted n F'g.' 1 called the peeling Process. It CO”?'StS
in removing material from a natural or composite wood disk

roducts machining increase the significance of phenomena . : ) :
P 9 9 P using a steel knife. In this process, the wood chip named
veneer is the final product used for different applications:
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Nomenclature
A state matrixN x N) Greek symbols
E gggggllarpiiglr);atrix o thermal diffusivity .................. Fas~1
o matrix of heat capacityN x N) a;, i noninteger model parameters .
e(t) measurement error at time. . . . ... K o clearanceangle ......................... o
Ex residue vector B toolangle ............. .. ...l
F. CUttiNG fOrCe ...t N Y rakeangle ... .
h(z) impulse response at time At sgmplmg pgrlod .......................... 5
Hx  regression matrix () Dirac function
K number of measurements e(r)  residue attime
L diStanCe . ..o m ¢@) heatflux ..................o W
l tool chip contactlength ................... m ¢ heatfluxinthechip ...................... W
I tool workpiece contactlength ............. m ¢ heatfluxinthetool ...................... W
n; reel integration/differentiation order bw heat flux in the workpiece ................ W
N order of noninteger model reduction qS(t) estimated heatflux ...................... W
N dimension of the complete model oy standard deviation oH
r number of future time steps 0 parameters vector of noninteger model
t time .. S é estimated parameters vector of noninteger
T(t) temperatureattime..................... K model
U@ input vector
U(t)  estimated input vector Operators
V. cuttingspeed ........... ... .snt DY f(r) fractional derivativev order of ()
Vy feedspeed ............. ...l amin~t IV f(¢) fractional integrab order of f ()
X horizontal componentaf, ............... N r gamma function
Y. vertical componentof, ................. N Subscripts
Y(t) temperature measurementattime....... K
Yk temperature measurements vector M measurement location
1% voltage ....... ... VvV i, j,0 iterationindex

velocity V, and the feed rat& . The micro lathe used in tively. The tool-workpiece friction lengti depends on the
this application is designed in order to impose a constant (i) visco-elastic behaviour of the disk, (ii) left off fibres on
value for V,, by adjusting the angular velocity of the disk the workpiece surface, (iii) the disk radius, (iv) the tool wear.
according to its diameter [2]The cutting force orthogonal  Considering the mechanical properties of workpiece mater-
componentsX, andY, on the tool are measured with em- ial used in this study, the ratit/! <« 1 may be described for
bedded piezoelectric sensors. These measurements lead tihe MDF composite, wheriedenotes the tool-veneer friction
determine the mechanical power consumed during peeling.length. This inequality is always verified and the tool-veneer
The process can be viewed, without making any geometri- interface can be regarded as the principal heat source during
cal approximations as an orthogdratting representation.  machining. The heat fluxes dissipated in the tool, the work-
MDF (Medium Density Fiberboard) disks are used as the piece and the veneer are respectively dengted,, ande..
workpieces in the studied cutting configuration. The heat generation rate as well as the heat flux repartition
The complete understanding of the cutting process anddepends on the tool-workpiece pair materials [5] and on the
especially resulting tools wearing requires knowledge of the cutting parameters: the feed rate and the cutting speed.
thermal effects in the cutting zone. Some previous studies Assessment of the average temperature in the cutting
(see [3] for example) on the wear process have shown thatzone is the subject of numerous investigations, mainly in
the high temperature at théding interfaces between tool metal machining became nowadays the interest of wood-
and machined material is one of the most significant fac- working area researchers. Thartperature distribution near
tors versus wear mechanisms [4]. On the other hand it isthe cutting edge has been investigated experimentally and
generally admitted that total amount of mechanical energy some theoretical considerations have been realised. Differ-
provided during the cutting process is converted into heat. As ent techniques have been applied; Okumura [6,7] studied
represented in Fig. 1, heatrggration occurs at two specific  some configurations of cutting process, including different
interfaces: the tool-workpie@nd the tool-veneer interfaces tool and workpiece material, as well as only the tool back
that lead to the clearance and rake faces of the tool respecface rubbing against the wood workpiece. The temperature



A. Kusiak et al. / International Journal of Thermal Sciences 44 (2005) 289-301 291

tool micro-hardness modifications after cutting experiment
has been used by Hayashi et al. [13]. Another approach has
beentested in [14], it consist in determination of temperature
from molten regions of specially prepared vacuum deposited
films within a split tool.

A less number of works concerning theoretical ap-
proaches to thermal effects at the tool-work interface dur-
ing wood cutting has been foun@he theoretical solution
depends greatly on assungis concerning boundary con-
ditions and chosen part of mechanical energy converted into
heat in the cutting zone. Numerical methods like boundary
element, finite elemetor finite difference have been applied
in several works [15,16]. The assumed thermal solicitations
were usually arbitrarily chosen or in the manner to match ex-
perimentally measured temperatures at several locations. In
the literature one can find also adaptations of analytical mod-
els developed for some metal cutting configurations. An an-
alytical approach proposed in [17] treats a one-dimensional
heat conduction problem in cylindrical coordinates. There
are no presented an exact verification of agreement with
experimental results. The analytical solutions confirm high
temperature gradient near the cutting edge, thus the mea-
Fig. 1. Peeling process—schema of the cutting configuration: 1—knife, sured temperature significanttijffer from the temperature
2—workpiece, 3—venedr,—workpiece movement (angular speed), at the tool veneer interface.

Vy—feed,a—clearance angl¢i—tool angle y —rake angle Fc—cutting The direct attempts to terepature measurement at the
force. Zoom on the togl—chlp—workplece |nterfaaﬁe'_—heat flux |n_the sliding interface can represemnly lower limits of tempera-
veneer, ¢;—heat flux in the tool,¢,—heat flux in the workpiece, .
I—tool-veneer contact length at the rake fakertool-workpiece contact ture on the tool. In the micro-scale, the contact between tool
at the clearance face. and veneer is a part of the nominal observed area accord-
ing to the surface roughness (see Fig. 1). This phenomenon
measurements have beenligad with an infrared detector causes the sliding thermal contact resistance between two
focussed at a point of the tool face. Entire tool-chip-work solids. This thermal resistance plays a crucial role in the
system has been also investigated by thermographic cameraepartition of heat flux and temperature occurrence between
The infrared thermography successfully represents thermalthe two sliding elements. Therefore, the average temperature
effects in the cutting zone; unfortunately the results strongly at the interface can significantly differ from temperature on
depend on the surface emissivity that is not precisely known the tool. In practice the real area of tool-chip contact cannot
in practice and varies with temperature. Experiments using be determined a priori. It depends on morphology of tool,
thermocouples located neaetlutting edge have being re- roughness of the rake surface, friction coefficient, chip elas-
alised, e.g., during drilling [8] or particleboard turning [9]. tic deformation, machining pameters and varies according
The measurements collected in experimental works have ex-to the tool coating type.
plicitly demonstrated high temperature gradient in the tool.  Instead of the direct attempts to determine the temper-
The measurements at a distance from the cutting edge orature in the cutting zone, the heat flux in the tool can be
the rake or clearance face do not represent real temperaestimated using an inverse approach. This inverse approach
ture value at the tool-chimierface; one can suppose that consists in estimating the heat flux from temperature mea-
investigated temperature is much higher. In [10,11] some surements at one or several locations in the tool. The idea
measurements have been realised very close to the tool tip orof inverse method appeared enough recently in the literature
the side face of the tool, it does not really represent the tool- concerning metal machining [18-21]. A direct model relat-
chip interface conditions. Darmawan et al. [12] in a study ing the heat flux to the temperature at the sensors locations
about performance of coated carbide tools in wood-chip ce- is also required. The reliability of the inverse approach de-
mented board machining, have built a special tool couple in pends first on the availability of the direct model to describe
order to assess the temperature at the tool-chip-workpiecethe real heat transfer in the tool; secondly, it depends on the
interfaces from the thermal edtromotive force occurring  measurementnoise level and on the accuracy of the tool-chip
between the two cutting parts. This approach is close to contact areas measurement.
natural thermocouple in metal machining with one inconve-  In Section 2, we present the temperature measurement
nience from machined material veh is an electric insulator.  device in various locations of the tool. As we show it in
This technique leads to the tool average temperature. TheSection 3, the used sensors and their positioning does not
thermo-mechanical techniquertsisting in investigation of  make it possible to use a discrete model, of finite elements
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type, as the direct model for the estimate of the heat flux spa-this estimate will be all the more reliable as the sensors will
tial variation on the cutting edge of the tool versus time. We be placed as close as possible to the heated area.

propose then, in Section 4, to use the system identification In the studied cutting configuration the tool veneer con-
method to work out a reliable model binding the average tact zone length issues from the machined disk thickness,
heat flux on the heated zone aoding to the temperature ~ which is 14 mm. In this configuration the minimal distance
at the sensors. As we will see it, this method requires de- between the cutting edge and the sensor can only be approx-
veloping a specific bench making it possible to control and imately 5 mm. It is the acceptabminimal distance so that
measure the heat flux applied to the tool. The application one does not degrade the mechanical resistance of the tool
is developed in Section 5. It concerns the heat flux estima- because of the sensors implementation.

tion in the tool in order to evaluate the influence of CrN In this experiment micro thermistors are used, instead of
coating during peeling. CrN coating is deposited by PVD thermocouples, given to theieliability and low sensitivity
magnetron sputtering; its average thickness is 2 pm. Somet0 Vibrations during machining process. The allowed tem-
previous studies have shown that such a coating on the toolP€rature measurement range, fref0 to 150°C, and time
decreases the friction coeffiit at the tool-veneer interface  response 200 ms are well adapted in the present configura-
and consequently decreases tionsumed mechanical power tion. Dimensions of the used thermistor are 4 mm length and
and the tool wear [22]. Consequently, this coating leads to 0.5 mm diameter. It must be noted that this length is of the
decrease the average temperature in the cutting zone and imsame order of magnitude that the distance between the cut-
proves the veneer surface quality. Peeling experiments withing edge and the sensor. Thereby, measurement cannot be
CrN coated tool and uncoated one using the laboratory micro considered as punctual and the contact between each sensor
lathe have been realised. The machined material is a wood@Nd the tool material can differ from another. Itimposes con-
composite of MDF type whose density variation along the §|derat|on of the thermistor in modelling of heat conduction
thickness gives place to a heat flux variation along the cut- In the tool. . . . .

ting edge. We use the finite elements model then to obtain Five thefm'Sto_fS are fixed Wlth_a high conduct|v_e adhe-
a representation of this variation and we adjust the value of SIV€ in 0.6 mm diameter holes drilled by electro discharge

this variation starting from the average heat flux previously Method. The sensors are placed symmetrically as repre-
estimated. A discussion is given in section 6 in order to con- sented in Fig. 2. It must be accented here, that their positions

nect the flux consumed in thedl to the total mechanical N the tool are assumed approximately. A current genera-

power deduced from the efforts measurement tor supplies very weak constant current equal 10 pA to each
' thermistor in order to avoid of self heating phenomena. The

resistance of the thermistohanges according to its temper-
ature, so the measurement of voltageon the thermistor

2. Temper ature measurement in the tool leads to the temperature using the following relation:

If one seeks to reach the average heat flux on the cutting 7 ;) — (L) 0.1460265— 13935 (1)
edge versus time or more precisely its spatial variation, it is 10-°

obvious that uncertainty on the result of the estimate will be obtained from calibration data supplied by the manufacturer.
less if the number of sensors is large and that one carries  Acquisition of the data and parallel sensor temperature
out a great number of time sampling. Increasing the num- determination is realised by National Instruments Acquisi-
ber of sensors and the sampjimate of measurements will  tion Card connected with a computer and treated by Lab
have as a direct consequence to minimize the influence of VIEW software. The data acquisition system is schemati-
the noise during the inversion of measurements. Moreover cally represented in Fig. 2.

Tool

Thermistors
Computer

Current Acqusition
generator device

Fig. 2. Schema of the temperature measurement in the tool during cutting process.
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3. Sensitivity analysisto measurement location error tool because of the nonpunctuality of measurement. Conse-

guently, this model is even less usable for the estimate of the
Initially, we used the finite element method, applied to spatial heat flux variation on the heated area.

a spatial discretization of the tool by linear tetrahedral el- A more reliable model binding the average heat flux to

ements of Lagrange-quadratic type. The center of the five the temperature of the sensors is obtained using the system

sensors are positioned upon the mesh that leads to the fivedentification method described hereafter.

nodes labelsv,, (m =1,...,5). As we saw in the previous

section, the thermal sensors used give a measurement in a

bulk which one cannot reduce to a point on the mesh of the 4, Obtaining the direct model from the noninteger

tool. In addition, the sensors location is known with much system identification

uncertainty. It is thus significant to analyze the influence of

such an error on the estimate of the heat flux applied to the

heated area.

The thermal conductivity and diffusivity of the knife and . . I
the knife holder are 30 Wh—1.K-1 and 10°° m2.s~1 re- The principles of the system identification method are

spectively chosen approximately as for the low chromium Présented by Ljung [24]. Assumingliaear andstationary
steel [23]. The exchange coefficient, by natural convection, SYStem, that is the thermal properties of the system do not
with the ambient is assumed to be constant and equal tovary with fcemperatu_re and time, the method consists in iden-
10 W-m—2.K L. As verified through numerical experiments, tifying a linear relation between the heat f_Il;b)(t) and the
small variations of this last parameter have no significant in- [€MPeraturely (1), at eachM sensor location, from mea-
fluence on the temperature of the sensors during the duratiorSUrements of these two quantities. The assumption of lin-
of machining. earity appears c_or_rectly pos_ed with regarc_i to the range of

A spatially uniform heat flux chosen 10 W is applied on temperature variation reachedthe gppllcatlon. The most
the tool-veneer area and the temperature at each node of€neral relationship is on the following form
the mesh is calculated. A random error of zero mean and | M
5% standard deviation is _added to th.e cal.culafced value atz a; D" Ty () = Z BiD" p(1) 2)
nodesv,,. The demonstration consists in estimating the heat .=~ i=Mo
flux for spatial displacements of node§, as: x(N,;) =
x(N,,) =1 mm, that corresponds to the sensor dimensions In this equation, symbol ® denotes the differentiation op-
given in the previous section. The heat flux is estimated us- erator d'/di", {e;, ;} are the model parameters. The value
ing the algorithm described in Appendix B. The sampling of the bounds(Lo, L, Mo, M) in the series essentially de-
period for the estimation iar = 1 second and the number pends on the distance between the heated surface and the
of future time steps is = 3. The results of estimations are  sensor location and on the time range.
represented in Fig. 3. In the literature the differential orders are integers.

As it is seen, the discrete model that we used is not re- Nevertheless, as demonstrated by Battaglia et al. [25] in
liable for the estimate of a uniform heat flux applied to the case of heat diffusion, the differentiation order in relation

4.1. Theory

(2) must be
&} e)l(act positio‘n x(Nm) i
| = 1 mm (front) I ni=_2 (3)
! © -1 mm(back) 2
= == real heat flux value i . ) . )
This result makes it possible to have to identify only the
; parametersa;, 8;} of the model, which is realized through
‘ ! T % | linear minimisation. It is not any more the case when one
I B .‘”x;_iprx:ﬁakx)gx&%&w&%)f%y&—}:@ﬂ@‘% ‘ ,,,,, . must also identify the commemsable order of derivation
E| | E? AL ' ' R (see [26] in this case). The"D operator, whem; have
E 6 | E’ contazzme—.ﬂ. ey :}\E real values, is called the fractional derivative. The system
4 ! £ 3 :}}1 identification method based dractional calculus has been
| i P offf g A developed in the previous paper [25] and presented in Ap-
B e x| g L I e pendix C. Given to the noise measurement, it is better using
§ we b the fractional integral*l (v € R) instead of the fractional
o ; — ! derivative in relation (2). Given to the fundamental property:
2 : : ; : . : 1 D~V =1", relation (2) becomes
0 5 10 15 20 25 30 35
time (s) L N
Fig. 3. Analysis of the direct discrete model sensitivity to the error of mea- Z il Ty (1) = Z Bil"p@), ao=1 (4)

surement position. i=Lg i=My
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Fig. 4. Experimental apparatdor the system identification.
) ) . ) e el (4] T T T i y
4.2. Experimental apparatus for the system identification B i e ]
—— lemp. mees therm3

18/ “n- temp, mess teema N g

& tamp maas therms

temp sirmud therm1
terrp, sirmd therm2 -
temp simd therms

To simulate similar conditions on the tool like those oc-
curring during machining, the micro heating device schemat-
ically represented in Fig. 4 has been developed. The heat flux
is provided by a micro resistor formed as hot wire 14 mm
length and 1.4 mm width. Dimensions of the micro resistor
have been chosen with respect to the knife-veneer friction
area encountered during thetitng process. This micro re-
sistor has also a weak thermal inertia; less than 100 ms. One
surface of the micro resistor is held in contact with the rake
face of the tool, while opposite face is insulated by synthetic
foam simultaneously playing the role of elastic support for : i T RIE RiE
the micro resistor in order to ensure an optimal tool-resistor Ca
contact. It must be noted hetleat the tool-veneer contact
area is measured on the tooteafthe machining process.
In order to reduce the thermal contact resistance betweerFig. 5. Experimental data (heat fluwndhe tool and temperatures at the
the micro-resistor and the tool, silver conductive grease hassensors) obtained during the system identification of the uncoated tool.
been introduced at the interfadée electric power provided The compa_rison_ _between temperatures measured by sensors and com-
to the micro resistor is assumed to be totally converted into puted from identified models (t'.amp' m?as'_measured temperature; temp.

. . . simul.—computed temperature; thernf“a—-the thermistor number).
heat and the heat flux from the micro resistor is supposed
to be completely dissipated in the knife. This means that the
heat flux in the knife is equal to the consumed electric power. Fig. 5. In order to accurately identify the thermal behaviour
of the tool at the small and the long times the heat flux is gen-
erated in the form of different length steps. The sampling

=&
(o))
o AL

temp. simud thermd
termp. st thermé

-
EiN
el

temperature (°C)

time (s)

5. Application and results period during the identification stage was 0.02 second and
duration of the experiment was 80 seconds. The numerical

5.1. Average heat flux estimation computing of noninteger integrals in identification algorithm
imposes short sampling peddn order to obtain precise

5.1.1. Non-integer system identification results. Algorithm, described in Appendix C, was used to

Both CrN coated and uncoated knives had to be identi- estimate{«;, 8;} parameters of models represented in the
fied because both knives were independently instrumentedform of relation (4) between applied heat flux and tempera-
with thermistors, five for eacaccording to schemain Fig. 2. tures measured by thermistors. The number of parameters in
Thereby, each knife constitutes a unique system with regardthe noninteger model essentially depends on the distance be-
to the different location of the thermistors. The example of tween the heated surface and the measurement location. Itis
experimental data, i.e., applied heat flux and the temper-chosen regarding the variance of the vector of residtjes
atures measured in the uncoated knife are represented ir{see [21]). Tables 1 and 2 collect the estimated parameters
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Table 1

Parameters of noninteger models identified foraated tool (standard detions in parenthesis)

Sensor Parameters

num(;:)elr @ o [27) a3 oy Bo B1 B2 B3

(model) (Ag)  (Aap) (Aap) (Aag) (Aay) (Ao) (ABD) (AB2) (AB3)

1 1 —0.2502 02348 —0.0166 Q0017 —0.0148 00619 —0.0907 Q0476
0) (1.18e-5 (3.96e-7 (6.15e-8 (2.32e-10 (7.49e-8 (6.12e-7 (8.61e-7 (1.51e-%

2 1 —0.1312 03827 00205 Q0008 —0.0453 02168 —0.3545 02071
0) (7.21e-6 (7.62e-7 (1.31e-% (2.33e-10 (3.67e-9 (3.60e-6 (5.94e-9 (1.29¢-9

3 1 05019 08113 03230 —0.0047 —0.1458 10170 —2.4341 20624
0) (1.54e-5 (6.15e-6 (3.11e-9 (1.25e-9 (5.28e-6 (9.12e-5 (2.56e-4 (1.03e-9

4 1 —0.0462 04338 00360 Q0005 —0.0490 02504 —0.4438 02796
0) (4.51e-6 (7.17e-7 (1.04e-7 (1.38e-10 (2.83e-7 (3.02e-6 (5.43e-9 (1.31e-9

5 1 —-0.1111 02749 —0.0085 Q0017 —0.0185 Q0872 —0.1423 00832
()] (1.50e-5 (5.70e-79 (7.36e-8 (1.89e-10 (L41e-9 (1.31e-6 (2.12e-9 (4.39¢-7

Table 2

Parameters of noninteger models identified for CrN coated tool

Sensor Parameters

num(::)elr ag ag [27) a3 oy Bo B1 B2 B3

(model) (Aog)  (Aay) (Acp) (Awg) (Aag) (Afo) (ABY) (AB) (AB3)

1 1 —0.0677 02821 —0.0034 Q0014 —0.0193 01068 —-0.1771 01055
0) (1.00e-5 (0.44e-6 (0.06e-9 (0.01e-% (1.19e-7% (1.15e-6 (1.83e-9 (3.94e-7

2 1 —0.0834 04599 00522 Q0002 —0.0535 03169 —0.5964 03906
()] (4.39e-6 (7.39-7 (1.48e-7 (0.01e-8 (4.81e-7 (5.25e-6 (9.50e-9 (2.41e-9

3 1 01585 06330 01766 —0.0020 —0.0595 05044 —1.3549 11997
()] (8.55e-6 (2.96e-6 (1.22e-9 (0.01e-% (0.27e-5 (4.03e-5 (1.02e-4 (3.78e-9

4 1 —0.2076 03627 00098 Q0011 —0.0347 01836 —0.2986 01728
0) (4.82e-6 (5.08e-7 (0.74e-7 (0.01e-9 (2.32e-7 (2.11e-6 (3.24e-9 (6.73e-9

5 1 —-0.1131 02894 —0.0077 Q0016 —0.0166 00913 —0.1548 00936
() (1.13e-5 (0.61e-6 (0.06e-9 (0.01e-8 (1.30e-7% (1.22e-6 (1.95e-9 (4.17e-7

for uncoated and coated toolsgectively. Calculated tem- 181 e e 1 :

. .po . ermp. meas. therm. 2 s
peratures from the identified systems and previous measurec 74~ Lo mees e & { i
4h5 uwn: meas therm 5 & R 7

heat flux are plotted in Fig. 5. A good agreement between
the calculated and measured temperature was found for eact 12
model. In order to validate the identification results, another &
experiment must be realised. The temperatures at the sensorg
for a new variation of applied heat flux were computed using g
previously identified models. Results of computing are com- §
pared with measured temperature in Fig. 6. The excellent
agreement demonstrates thdntified models are accurate

for any variation of the heat flux. It must be also noticed that

a small number of parameters is sufficient to fit precisely the
measurements.

The impulse responses for each sensor along with their
confidence interval are calculated from previously identified
models (see Appendix C). The same procedure was repeated
for identification of CrN coated tool. Fig. 6. Validation of the identified ndels (uncoated tool)—comparison

between temperatures measured hysses during second experiment and
computed from identified models in the first one.

v temp sl therm. 1
< temp simd therm. 2
O temp.simul. therm. 3
O tamp simul therm 4
O temp simul. therm. &

i+

10

a8k

10 20 30 40 50 80 70 80

5.2. Reliability of the system identification approach

The system identification experiment is carried out by with respect to the tool-veneer contact lengtit is impor-
heating an approximately determined area on the rake facetant to know if the clearance zone significantly modifies the
of the knife. Nevertheless, in practice, a part of this heat flux heat transfer in the tool and thus the temperature at the points
also comes from the tool-workpiece interface, that is from of measurement. For that weeithe finite elements model
the clearance face of the tool. Even if its lengths small previously described and we consider three distinct geomet-
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Fig. 7. Temperature evolutions at the middle sensor according to the heatFig. 8. Example of the temperature measured by all the thermistors in the
flux repartition between the rake and the clearance face of the knife. The tool during MDF peeling with uncoated tool. The cutting speed is 0S5t
FEM geometry is represented below the graph. and the veneer thickness 0.5 mm.

rical configurations. In the first configuration, one supposes

that the contact area on theearance face is null and total was used as the workpiece material. The continuous peeling
heat flux is applied to the cutting face. In the second config- process has been carried out by about 50 seconds. The ini-
uration, 70% of flux is applied to the cutting face and 30% tial diameter of the disk was 200 mm and the final was the
on the clearance face. The height of the contact area on thefunction of the process duration and the cutting speed. The
clearance face is equal to Grim. In the third configuration,  minimal achieved final diameter was 60 mm.

50% of flux is applied to the cutting face and 50% on the  The example of five temperature data measured in the
clearance face. The height of the contact area on the clearqg| is represented in Fig. &om realised measurements the
ance face is equal to 1.4 mm. The height of the contact areagyerage heat flux in the tool istimated. All the tempera-

on the cutting face is equal to 1.4 mm in the three configu- tre measurements have besamried out with the sampling
rations. In three cases, total heat flux is equal to 10 W. We neriod A+ = 0.2 sec. The computed previously impulse re-
represent in Fig. 7 the temperature of sensor 3, positionedsponsesy were then used to estimate the heat flux in the
the closest to the heated zone, for the three studied casesy using the sequential method described in Appendix A.

We note that the gap between the three curves is not signifi-o yhe estimation, the measurements have been simply re-
cant. Thus, this enables us to conclude that a variation of thesampled toAs = 1 second by considering only one on five

Peat flyx aria, 'T.tz f'elg liited by t‘?he t\tNO preC(tedmg ":t%nt-h samples. Thid\r approximately corresponds to the heat dif-
r:ge:rrisl(t)rs]tsehs?rs Ilt V\illlrt])eugg\(/:i?)l?sq tr?e i?rggr% ;Jtrﬁe\'\genso?sfusion time from the rake surface to the thermistor. Fig. 9
: y represents the estimated hdlaix during processing using

(1,2, 4 and 5) more dlstant: . . : . two knives at three cutting speeds. Fig. 10 shows the heat
In other words the identified system will make it possi- . .
flux found for different veneer thickness.

ble to estimate very precisely the heat flux applied to the - . . .
y P Y PP As said in the introduction the mechanical energy can be

tool during machining when the contact area on the clear- : ) . .

ance zone evolves from 0 to 1.4 mm. considered as completely_cmﬂzed into heat during F:uttlng.
The measurement of cutting forég allows computing the

mechanical power consumed during process. In this way the

comparison between the heatflastimated in the tool and

the computed mechanical power demonstrate the rate of heat

Two series of peeling process have been realised, the firsttvacuated by the tool from the cutting zone and its relation-
with uncoated tool and the second with CrN coated. The ship with the cutting parameters. The piezoelectric system
same clearance angle= 1° and tool angles = 20° were of the micro lathe permits to measure componexitsand
fixed for both knives. The principal aim of the application Y. during peeling experiments. The measurement was car-
is the evaluation of the coatings influence on the thermal ried out during the process and the averages values were
phenomena during cutting. To make this study complete the determined. From the resultafit and the cutting speed the
peeling process was realised at three cutting speed: 0.2, 0.3nechanical power was obtained and the results are given in
and 1 ms1: next at three values of veneer thickness: 0.2, Table 3. The example of two components measurement is
0.5, 1 mm; keeping the cutting speed at 0.5m. MDF presented in Fig. 11.

5.3. Average heat flux estimation during the machining
process
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Fig. 10. Heat flux estimated during MDF peeling process with various ve-
neer thickness using CrN coated and uncoated tool.

Table 3
Averages values of the heat flux in the knife and the mechanical power
during peeling; with two knives

Uncoated CrN coated
Veneer thickness [mm] 0.5 0.5
Cutting speed [ns~ 1] 02 05 1 02 05 1
Approximate heat flux 5 9 11 4 55 88
value [W]
Mechanical power [W] 36 994 1856 323 798 1672
Ratio [%] 133 9.0 59 124 6.9 53
Cutting speed [ns~1] 0.5 0.5
Veneer thickness [mm] 2 05 1 02 0.5 1
Approximate heat flux 9 9 9 55 55 7.1
value [W]
Mechanical power [W] 118 994 1432 638 798 1220
Ratio [%] 76 9.0 6.3 8.6 6.9 58
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Fig. 11. Example of the cutting force measurement during machining with
uncoated tool. The cutting speed is 0.5t and the veneer thickness
0.5 mm.
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Fig. 12. Heat flux distribution along the cutting edge concerned by cutting
of MDF.

5.4. Heat flux repartition on the heated surface

As we had specified, the density variation along the thick-
ness of the MDF disk leads to a spatial variation of the heat
flux on the cutting edge. We use the finite elements model to
estimate this variation. The maximum number of partitions
of the requested surface is equal to the number of sensors
which is 5 here. Nevertheless, beyond 3, numerical exper-
iments show that the sensitivity to the heat flux repartition
becomes null because of positioning too far away from the
sensors.

In Fig. 12 we plotted the interpolated profile of the heat
flux on the heated area at four different moments. One high-
lights well that the heat flux on the two domains located in
the neighbourhood of the two faces of the disk is greater than
that in the center. On the other hand, this repartition becomes
even more marked according to the time evolution. This phe-
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| | The most important finding concerns the reduction of the
heat flux in the knife by CrN coating. The similar results
were obtained from the cutting force measurements. These
measurements demonstrate higher power consumption rate
during peeling with uncoated tool. The cutting force mea-

©- complete discret model | |
—=- identified model

R Ry surements are also explicative for the estimated heat flux
. g,( y %ﬁw i \“T evolution. In Fig. 11, region 1, one observes during the first 3
o223 WVWT— seconds the tool engagement and the refusal from the work-
\ piece that involves important vibrations. Such a behaviour
********************* N yields from the relatively low cutting speed (1-sn' max-

imal) and not perfectly circular form of the work piece at
the beginning of the cutting process. This phenomenon is
the principal one for the slow heat flux slope reason. On the
other hand, it clearly appears in Fig. 11, region 2, that the
25 30 35 40 mechanical power slightly increases. One observes the same

evolution on the heat flux in the tool at the beginning of ma-
Fig. 13. Comparison between the average heat flux obtained from inversion Chlnlng. Furthermore’ given to the heat ﬂ!JX magnltUde In
of the identified model and the sum of three heat fluxes obtained from the F€gion 2, it seems that the heat flux reparation in the tool, the
complete discrete model. veneer and the workpiece evolves in this region and becomes
constant after, region 3.

nomenon corresponds well to the variation of density of the ~ The ratio between the estineat heat flux in the tool and
machined material, this variation coming from the compres- the consumed mechanical power reveals the knife in the
sion of the two faces of the disc during its development. As Studied process is not the principal way of heat evacuation
an indicator this variation ofehsity has been measured and from the cutting zone. The heat flux in the knife is less than
is represented in Fig. 12. The decrease of flux in the cen-15% of the mechanical energyh& relationship between the
ter of the edge seems exaggerated with respect to the reagutting parameters and the found ratio can be driven. One
phenomenon. It would thus be necessary to instrument theobserves the ratio decrease versus the cutting speed and the
tool with more sensors, located closer to the edge, but as weveneer thickness increase.

announced that significantly increases the risks of degrada- Considering the length of the working cutting edge and
tions of the tool during machining. By plotting, in Fig. 13 the composition of the machined material in the present ap-
the sum of the previous identified three fluxes versus time, plication, attention must be paid to the spatial distribution of
one obtains a constant flux which value is rather close to thatthe heat flux in the tool. The heat flux variation in the tool
estimated it the previous sén for the same cutting condi-  follows overall the density variation of the material whatever
tions. Nevertheless, one does not find the same dynamic aghe type of coating. This variation thus generates a spatial
one highlighted in Fig. 13. In our opinion, that comes from repartition of the temperature on the cutting face which leads
the weak sensitivity already discussed previously. to a nonhomogeneous wear of the tool.

6. Discussion 7. Conclusion

The experimental approach treats different configurations ~ This study highlighted the influence of a CrN coating and
of the peeling process parametém comparative intention.  the various cutting parameters one the average heat flux in a
In this way the average heat flux in the tool was found de- cutting tool during wood peeling process. This average heat
pendent on the cutting speed. The relationship between theflux is estimated from tempeitare measurements in the tool
veneer thickness and the estited heat flux appears not so  using microthermistors embedded at several locations along
evident. the cutting edge. The inherent difficulty in this inverse heat

The estimated average hehtx slightly decreases dur-  conduction problem comes from the type of used sensor. In-
ing the process. In fact, the cutting conditions are constantdeed, measurementis not punctual and the size of the sensors
during one experiment; however this is an approximation re- leads to necessity to take into account their dynamics in the
garding the variable diameter of the disk while processing. heat transfer model in the tool. Thus, a classical model of
In this study, the clearance angle has been fixed as the venediinite elements type making it possible to consider the vari-
thickness does not exceed 1 mm. Nevertheless, the clearancation space—time of flux on the requested zone proves to be
angle should be adapted accoglin the disk diameterinor-  unsuited. The model binding average flux to the tempera-
der to keep constant contact surface at the clearance and thaure at the measurement locations is obtained in the system
acting on the knife forces rapport [27]. This is not the case identification sense. For that was necessary to work out
on the lathe used here. a specific experimental bench making it possible to control
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and measure the heat flux applied to the tool. The parame-Ty (((K +i — 1)Ar))

ters of the model based on the noninteger order integration K—1

operator are identified stargnfrom measurements of heat - Z h (K +i — I)AI)QAS(IAI) + Ty (0) (A.4)
flux and temperature of the sensors. This model is then used =1

in an algorithm of inversion testimate the average heat flux
versus the time during the machining process.

The results obtained clearly highlight the role of the CrN
coating on the tool, in partidar when one jointly analyzes
measurements of efforts and thus the total power consume
during the cut. The space variability of heat flux along the
heated zone is highlighted by the use of the finite elements
model and the results attest variation of the work mater-
chowed, these resuis must be analyzed with many precaondlx B: Solution ofthe nverse heat conduction
> ! > - < . problem using the complete discrete model
tions being given the low sensitivity obtained from the sen-
sor localization far away with respect to the cutting edge. Using the finite element method the direct model is writ-

ten in the following matrix form

Ty (0) is the initial temperature from the sensur.
The sampling periodt for the estimation is chosen close
to the diffusion time from the heated surface to the largest
istance between the sensors and the tool-veneer interface
according toAr ~ L2/a, whereL is the distance and the
thermal diffusivity of the tool material.

Appendix A. Constant function specification method de_T — AT(1) + BU(1) (B.1)
dt '
The objective is to estimate the heat flux in the tpal) Y(t)=CT(1) (B.2)

atthe timer from realised temperature measuremefjs:) In these relation3 (¢) is the vector that collects the tempera-

at the timer, point M and previous instants with @ sam- yres o the N nodes of the me&h, (N x N) is the matrix of
pling periodAt. The convolution theorem leads eXpressing ihe heat capacith (N x N) is the state (or evolution) matrix,
the temperature at a sensor located at pdraccording to B(N x P) is the input (or control) matrix an@(M x N) is the

the heat flux as output (or observation) matrix which precise the measure-

K ment positions on the M mesh nodes. Fin&lg) (P x 1) is
Tu(KAD =" hyu((K —DA1)¢UAL (A1) the input vector.

=0 The implicit discretisation of relations (B.1) and (B.2)
hy(IAr) is the impulse response at time= /At and lead to

point M, calculated from the model of heat transfer in the
tool by replacingp (+) with the Dirac functions(z). In order

to solve the inverse heat conduction problem in the tool (es- Y’ = CT® (B.4)
timation of the boundary condition), the constant function y;ip

specification method is applied. Detailed description of this TR 1

method is presented by Beck [28]. The method assumes &2 = (I» — ArC,*A)"",  F=A:DC,"B (B.5)
constant estimated heat flux from instatd ¢ + » Az, where Replacing(n) with (n + 1) in relations (B.3), (B.4) gives
r denotes the number of future time steps. The estimated

T®W — pT®-D L Fy®™ (B.3)

~ 1 1
heat flux$ (K At) at timer = K At is then given by Y+ = cDT™ 4 CFU" Y (B.6)
. SubstitutingT ™ by its expression from relation (B.3) one
(KAL) = !Z > (rm(((K +j = DAr)) obtains
j=1M=1 Y@+ = cp?T¢=D 4+ cDFUTHD + CFU™ (B.7)
_ TM((K yj— 1)At)) dij Repeating thign + r) times with r future time steps one
finds
roJ -1 Y™ =cDT"Y 4 CFU™
x [Z > dhiM} (A2)  YO+D =cDp?T-Y 4 CDFU™ D + CFU®™
j=1mM=1 : (B.8)
whereJ is the number of sensors ar}f@_(KAt) is the tgm- y (tr) — cprtrtiTe-1 4 cpr-lpyetn)
perature measured from the senspat timer = K Ar with +CD'2FUe+ =D 4 ... 4+ CFU®™
J ) This can be written in the matrix form as
dijr =) hu((AD) (A.3) N
v Y=T+XU (B.9)

and with
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B Y(’l) CDT(n—l)
y (n+1) - CDZT(n—l)
Y = , T= . and
Y(r;+r) CDn+r4:lT(n71)
B CF
CDF +CF
X = . (B.10)
| CD'"'F+CD""?F+..-+CF

Finally, considering™ = U®+D — ... = U+ the esti-
mation ofU™ (heat flux) in the least square sense is

0™ = (X™X)"XT(Y = T) (B.11)

Appendix C. System identification method

The noninteger model expressing the temperalyy &)
at the sensoM according to the heat flug(z) in the tool is

L M .
Yl T = Y Al mi=z =1 (C1)

i=Lg i=Mop

Benefiting from the equality’lf (1) = D~ f(¢), v € N, the
numerical approximation of the fractional derivative of func-

tion f(¢) given by Griinwald is used to compute noninteger
integrals

D'f(t) =

1 K v
- (—1)k( >f((K—k)At) (C.2)
At ]; k

where Az is the sampling period; € % the differentiation
order and
v viv=1---(v—k+1
(k) - k!
Let us consider temperature measurenigntt) by the sen-

sor M at timet, with ey (¢) denoting the measurement error
as

Yy (t) =Ty (1) +em(t) (C.3)

By replacingTy (¢) in relation (C.1) from its expression in
(C.3) one finds

M L
152y @)=Y Bl @) — D il Ya(t) +em(t)
i=Mp i=Lo+1
(C.4)

The residuesy, () is expressed according to the measure-
ment error as

L
em(t) = Z%""’eM(I)

i=Lg

(C.5)

The relation (C.4) is represented as the linear regression
1592Y (1) = H ()01 + e (1) (C.6)
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The regression matrix is

Hy (1) = [—150tD 2y, (1)
— 12y (1)1 M0/ 2 (1) IM2¢1)] (C.7)

and the vector of unknown parameters is

,BN]T

Performing(K + 1) successive measurements with constant
sampling periodAt, relation (C.6) becomes

0y =[o1 an+1P0 (C.8)

1Lo/2Y ¢ =Hk@y + Ex (C.9)
where
Ha (1) em(t)
Hp(t 4+ At) em(t + At)
Hg = and Eg = X
Hu (r + K Ar) em(t + KAr)
(C.10)

Because the model is identified from huge quantity of data
(the numberk is large), the recursive least square method
is applied as the parameters estimation algorithm, where the
vector of parameters at instants estimated from parame-
ters estimated previously at instagnt- 1) according to

O =0y — 1) +LO[1F2y ()

~Hu )0yt —1)] (C.11)
with
_ T
L() = Pt - DHy® - (C.12)
AMt) +Hpy (P — DH,,(2)
_ T _
P() = P(r — 1) P —DH,,(OHy@®P(E - 1) (C.13)

MO +Hu ()P — DHHI (1)

where the initial values aré;, (0) = 0, andP(0) = 10PI p,
with Op andl p are zeros vector and ones matrix respectively
with dimensionD = 2N.

The confidence domain of the identified parameters
yields from the covariance matrix, given by

N 0,

cov(fm) = P(tf)%/zy
in the recursive least square method, whgrelenotes the
final instant of estimation and

_ExEg
Tk

(C.14)

oy (C.15)

Computing of the impulse responsaVheng () = §(¢) is
the Dirac function and its noninteger integral is

v—1 ®

1V8(¢) = t—, with T'(v) :/u”flexﬂ—u)du (C.16)
T(v)

0
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From (C.1), the impulse responaé) is obtained by solu-
tion of

N
h(t)=>_Bi
i=0

N+1

> ailh(n)
i=1

tv—l

o (C.17)

Expression (C.17) permits to relate the incertitude on the
impulse response directly to the confidence domain of es-

timated parameters andp; in the form

N ij2—1 N+1

Ah(t) =Y ABITi — N Agi1"ih

) ; A r i ;0 1" h (1)
N+1
- Z(a,- + Aa)I" Ah(r)
i=0

ao=1 Aapg=0 (C.18)
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