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IDENTIFICATION OF FRICTION AND HEAT PARTITION
MODEL AT THE TOOL-CHIP-WORKPIECE INTERFACES
IN DRY CUTTING OF AN INCONEL 718 ALLOY
WITH CBN AND COATED CARBIDE TOOLS

F. Zemzemi, J. Rech, W. Ben Salem, A. Dogui, Ph. Kapsa

Summary

This paper aims at characterizing the frictional behaviour at the cutting tool-workmaterial interface
during the dry machining of a Inconel 718 in its aged state with various coated carbide tools and c-BN
tools. A specially designed open tribometer has been used to characterize friction coefficient, heat
partition coefficient under extreme conditions corresponding to the ones occurring in cutting. The
tribometer provides the evolution of the apparent friction coefficient and of the heat partition coefficient
for a large range of sliding velocity and contact pressure. It has been shown that friction coefficient as
well as heat partition coefficient decrease with sliding velocity or contact pressure. A threshold effect of
the contact pressure has been highlighted. On the contrary, any sensitivity to coatings deposited on
carbide has been observed, whereas c-BN leads to very low friction coefficients.
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Identyfikacja tarcia i model podziatu ciepta w strefie kontaktu widr-ostrze-materiat obrabiany
w toczeniu na sucho nadstopu Inconel 718 narzedziami z CBN i weglikow spiekanych
z naniesionymi powlokami

Streszczenie

W pracy okre$lono charakterystyke tarciowego zachowania sie strefy kontaktu wior-ostrze obrabianego
w toczeniu na sucho nadstopu Inconel 718 po starzeniu narzedziami wykonanymi z réznych gatunkéw
weglikéw spiekanych z naniesionymi powtokami i polikrystalicznego CBN. Zaprojektowano i wyko-
nano tribometr do wyznaczania warto$ci wspotczynnika tarcia i wspétczynnika podziatu ciepta.
Badania prowadzono w warunkach ekstremalnych zblizonych do wystepujacych w procesie skrawania
na sucho. Tribometr umozliwia pomiary w czasie wartosci pozornego wspotczynnika tarcia i przeptyw
ciepta dla duzego zakresu wartosci predkosci skrawania i nacisku normalnego. Wykazano, ze zarébwno
wspbtczynnik tarcia, jak i podziatu ciepta zmniejszaja sie przy wzroscie predkosci i sity normalnej
skrawania. Okre$lono graniczny efekt nacisku kontaktowego. Nie stwierdzono wptywu rodzaju powtoki
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na ostrzu z weglika spiekanego na warto$¢ wspétczynnika tarcia. Natomiast skrawanie narzedziami
z ostrzem p-CBN prowadzi do uzyskania bardzo matej wartosci wspotczynnika tarcia.

Stowa kluczowe: Inconel 718, skrawanie, tarcie, wspotczynnik podziatu ciepta, regularny azotek boru,
powtoki, wegliki spiekane

1. Introduction

Inconel 718 alloy is a nickel based alloy, whichwslely used in the
aircraft industry. The primary uses of these allays in aircraft gas turbines
(disks, combustion chambers, shaft exhaust systblades, etc.) and steam
turbine power plants (bolts, blades, stack gas atehg, etc.) due to their
exceptional thermal resistance and ability to netheir mechanical properties at
high temperatures. However, many authors, suchaaaid et al [1], have
reported their difficulties to cut this materialiia aged state due to its high shear
strength, work hardened tendency, highly abrasiagbide particles in the
microstructure, strong tendency to weld and forrttdop-edge and low thermal
conductivity. These characteristics of the alloyguse high temperature
(>1000°C) and stresses (>3450 MPa) in the cuttorgedeading to accelerated
flank wear, cratering and notching, depending anttol material and cutting
conditions super alloys [2]. Nickel-base are notynatachined with uncoated
carbide tools (WC—Co grades) or TiN coated carboés with cutting speeds in
the order of 20-30 m/min [3]. Turbine engines mactdrers are willing to
increase the productivity of their cutting procesda order to achieve this aim,
industry is willing to adopt high cutting speedsitthe introduction of TiAIN
coatings on carbide tools, it is possible to ampiiting speed close to 50 m/min
[4] due to their high chemical resistance at higimperature. More recently the
application of c-BN materials enables to incredmedutting speed in the range
120 to 240 m/min due to their high hardness [2]ngidering the cost of each
part made of Inconel 718 (ex: a forged ring indtged state costs ~ 60.000 €
before any machining operations — diameter 900 nthickness 120 mm), it is
highly necessary to develop models in order to iptethe best cutting
conditions and/or the best cutting tool design,clvhtan provide the greatest
improvement without destroying a part. Severalrgifie papers have proposed
important contributions to the analytical modelifig7] or to the numerical
modeling (Finite Element Analysis) of Inconel 718tmg [8, 9].

These models enable to estimate cutting tool weaedh on the thermo-
mechanical conditions occurring at the tool-workeniai interface, or to predict
the segmentation of chips (saw tooth chips).

The development of a cutting model necessitatesargel number of
parameters:

« The mechanical properties of the workmaterial:wflgtress model,
damage model,
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« The thermal properties of the workmaterial andtloé cutting tool
material,

* The heat exchange coefficient of the material witklironment,

 The friction model of the couple workmaterial/@ogttool material,

* The heat partition coefficient at the interfacéwmen the workmaterial
and the cutting tool material (secondary shear amterubbing zone in Fig. 1)
due to the frictional heat.

Cutting
tool

Secondary
shear zone

Rubbing
zone

V¢ : Cutting speed
f: feed

Cutting Tool
Cutting Tool

Contact
Pressure Sliding Velocity
&

&
Y .~

Fig. 1. Chip formation mechanisms (a) — typicalpghaf normal stress distribution (b)
and sliding velocity distribution on the tool raleee (c)

Among these data, the scientific community regestsimportant lack of
knowledge on friction and heat partition models thé tool-workmaterial
interface [10]. In the context of Inconel 718 allmachining, this lack is even
worse due to the narrow range of applications anthé price of this alloy,
which limits practical investigations as pointed bw [7]. As an example, some
authors [6, 8, 9] do not mention the values oftiic coefficient in their model.
Other authors [5], consider that friction coeffitids constant all around the
cutting tool, but do not provide its value. Finalgme authors [7], consider two
regions in the contact: a sliding region modeledab@oulomb’s friction law,
and a sticking region defined by a critical shdegss, but they do not provide
any quantitative value of these parameters. Anyway, et al. [7] reports that
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the discrepancies of his model is largely influehbg the over-simplification of
the friction model, whereas Monaghau [5] indicates his model is not able to
predict the built-up-edge effect, that is largegpdndent on the friction model.
One explanation for these discrepancies is probdbé/ to the absence of any
specific tribological set-up to identify these dataiction coefficient are either
assumed, or adjusted by iteration by means of tineenical cutting model itself
in order to fit numerical and experimental macrg@sccutting and feed forces
and/or the shear angle in the primary shear zopn®[# to the large uncertainty
for each input data, it is questionable if this maetology could provide relevant
friction coefficient. Especially, Ozel [10] has st that a large variation in
friction modeling has little influence on macrosmoforces, but is has a huge
influence on contact temperature. So it is difficahd dangerous to use
macroscopic forces to fit friction parameters.

Moreover, many papers do not mention the existarice heat partition
coefficient at the tool-workmaterial interface, evié several authors, such as
Bonnet et al [11], have shown its strategic infleeeon contact temperature. As
an example, in the context of Inconel 718 cuttiSgnawane et al [9] has
neglected the heat transfer at the tool-chip iatef whereas Montaghau et al
[5] has included this parameter in theirs modehuwiitt providing its value.

This literature review proves that the knowledgedlmnfrictional properties
during the machining of Inconel 718 alloy requigesat improvement. So there
is a deep necessity to discuss the way to obtdavaet friction and heat
partition coefficients. Fig. 1 proposes a schematiew of the various
tribological situations observed along the toolpckbntact area. The contact
pressure, along the tool rake face of a cuttind, tearies considerably [12]. Its
maximum value is close to the cutting edge andheasaches 3.5 GPa for
Inconel cutting as shown by [2]. On the contratg, minimum value (0 MPa)
occurs at the end of the contact between the guttiol and the chip (Fig. 1b).
Additionally, [13] and [11] reported that slidinglocity varies along the tool
rake face (Fig. 1c). The sliding velocity is abaeto close to the cutting edge
and increases slowly until it reaches its maximwatue at the end of the tool-
chip contact area (close ¥, as defined in Fig. 1). On the other side, in the
rubbing zone, the friction velocity is almost eqtathe sliding velocity/c.

As a consequence, it is clear to any expert irolody that, due to the
variable sliding velocity along the tool-workmatdricontact, the friction
coefficient and the heat partition coefficient vago along the contact [14] in
the case of steel and stainless steel machiningldi®ed in Fig. 2, in zone “i” at
the tool-workmaterial interface, the local contacessure “P and the local
sliding velocity “V/” will lead to a local friction coefficient “{i and to a local
heat partition coefficientd;”. So there is a need to perform a friction testaon
tribometer independent from the cutting processlfitsvith the same contact



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Identification of friction and heat partition model 9

pressure “P and the same sliding velocity Vin order to identify this local
friction coefficient “y” and this local heat partition coefficierd;".

Additionally, in order to identify the evolution ofhe local friction
coefficient in any zone “i” along the contact, ikdomes necessary to perform
friction tests with a large range of sliding veloes (from O m/min up to the
desired cutting speédk).

Cutting
tool
Workmaterial
A Fy
Average ) =
Sliding F, |% _
Velocity . £ V| Cutting tool
V! \ Cutting Tool 2 material
- ,__IZOI'Ie «i» /
i / Sliding ]
s 2 rake face -/ -
sliding Velocity /‘ / Ve|OCIty
v v,f .
Average
Pressure
g Pi 5 Cutting Tool
- Zone «i» / Average /
Contact - onthe - Contact
e __f'af,e_f-af-e"“'“ / Pressure
T

& PI [
Fig. 2. Specification of the tribo-contact to simu@ a cutting operation

As mentioned previously, many authors use the rguttirocess itself to
evaluate an average macroscopic value of frictioeffient on the rake face,
without considering the influence of the edge radiploughing effect) or
without considering the contact with the flank fagdis method has been used
by several authors for Inconel 718 alloy [7], bigoafor other workmaterials
[15, 16]. The main limitation of this approach isedo the fact that the estimated
friction coefficient is obtained from cutting testad not from friction tests. The
limitation of cutting tests comes from the facttttieey are only able to provide
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macroscopic data. For example, from macroscopitingutorce and feed force,
it is very difficult to discriminate the role of éhprimary shear zone and of the
secondary shear zone and of the rubbing zone.cddmsequence, the estimation
of the friction coefficient is difficult as well. Breover, it has been shown
previously that such tests can only estimate aregesfriction coefficient on the
rake face, whereas the friction coefficient vargslot along the contact.
Additionally most of them are not able to estimiie heat partition coefficient,
since they are not able to measure the heat funsinitted to cutting tools or the
temperature in the cutting tool.

Hence, it becomes clear that a better understandinghe frictional
phenomena at the tool-workmaterial interface caly be done by means of a
special tribometer, independent of any cutting ess¢ able to simulate similar
tribological conditions (pressure, temperature oeity) as the one occurring
along the tool-workmaterial interface, as showrrig. 2. A specially designed
tribometer (Fig. 2) has been developed to simudaie tribological conditions
occurring at the tool-workmaterial interface innsrof contact pressure “Pi” and
sliding velocity “Vi”. This tribometer involves aip (made of the same material
as the one of the cutting tool) rubbing a surfanade of the same material as
the one of the investigated workmaterial), in ortlersimulate the friction in
cutting. Due to the helical movement of the pinuai the bar, this tribometer
can be classified as a so called ‘open tribomegenge the pin rubs against a
continuously regenerated surface on the bar. Thisfiguration is highly
necessary in order to simulate the friction ofwakmaterial around the cutting
tool. Indeed, Fig. 1 reminds that the workmateisabnly once in contact with
the cutting tool, either on the rake face or onfthek face, which explains the
necessity to use only open tribometers insteadoafneonly used pin-on-disc
tribometer.

This system, based on the principle proposed byehiguist et al. [17], was
developed by Zemzemi et al. [14]. The instrumeatatprovides the friction
coefficient, as well as the heat flux transmittedthe pin, which enables to
estimate the heat partition coefficient.

As mentioned previously, Inconel 718 alloy is conmigamachined on the
one hand with TiN or TiAIN coated carbide toolsdam the other hand with c-
BN tools. So, this paper aims at characterizingftivtion coefficient and heat
partition coefficient of TiN or TiAIN coated carl®dpins and c-BN pins against
a bar made of Inconel 718 in its aged state. M@eaonsidering the variety of
cutting conditions used in industry and considetimagf friction conditions vary
very significantly on the rake face and on the Kldace, this paper aims at
characterizing these friction properties in a largage of sliding velocity and
contact pressure.
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2. Experimental set-up

The principle of this open tribometer has alreadgrbapplied and validated
in several previous works [11, 14, 18] publishedvamious scientific journal,
including International Journal for Machine Tool darManufacture. The
tribometer is based on a lathe as shown in Figh&.workmaterial is simulated
through a cylindrical bar of a Inconel 718 alloy.

=
1
]

7 1-Workpiece :
Inconel 718

2-Cutting tool
refreshing
the surface

‘ 4-Pneumatic jack ‘

6-Dynamometer 5-Pin holder
— )
\ D e
/’4 N \\ Heat Flux
\ o _— meas.
Forces L N S
~—  Mmeas. h

Fn
Ft

Fig. 3. Description of the tribometer

Cutting tools are simulated through pins havinglaesical geometry. They
are either made of carbide (grade H10F from Sandvikmade of c-BN (grade
DCC500 from Element Six) which are similar gradehie ones used for cutting
tools designed for Inconel 718 alloys. In order éliminate the potential
influence of surface roughness, pins have beeshmdi to reach a low surface
roughnessRa< 0.3 um) which is coherent with a typical surface rougimen
a finely ground carbide cutting tool. Then carbpiles either remains uncoated,
or have been coated with TiN layer or a TiAIN layposited by the PVD
method.

Concerning the bar, after each friction test, dimgttool refreshes the
surface ploughed by the pin. A belt finishing opiera is also performed in
order to obtain a very low surface roughneRa ¢ 0.1 um) and a constant
surface for each test.
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Each friction test has 10 seconds duration apprataéty and it has been
replicated 3 times in order to estimate the unadgta

Each pin is maintained by an instrumented pin-holdé&e pin-holder is
fixed onto a dynamometer in order to provide the@asent normalF, and
tangential forceF; (macroscopic forces). The apparent friction cogffit is
provided by the ratio between the tangential aedittrmal forces.

=
p—app = Ft (1)

The term ‘apparent friction coefficient’ or ‘macampic friction coefficient’
is used since it differs significantly from the il friction coefficient’ induced
by adhesion at the pin-workmaterial interface (RY.Indeed the macroscopic
forces measured by the tribometer include on tleehamd adhesive phenomena,
that is affected by properties such as hardnesamniclal reactivity, asperities,
and on the other hand plastic deformation of thekmaterial, which cannot be
neglected under such severe contact conditionso(&.~ 1000 N). Bonnet et al
and Zemzemi [11, 14] have used a simple decompasiti these macroscopic
forces:

uapp = uadh+ p—plas (2)

Where, Ly, is the apparent friction coefficier .4, the adhesive part and

Hoast the deformation part. Of course, the major hypsithef this model is that

a relative movement exists between two materials. skitic adhesive layer
should be present at a smaller scale in the irderfa

Based on this assumption, it becomes possible tcaaxthe part of
adhesion and deformation from the apparent frictoefficient, based on an
analytical model [19] or a numerical model [14].

Each pin is maintained by an instrumented pin-hold@ch, in dry sliding
situation, is able to provide data on the instagas heat flow entering into the
pin (@pin). [20]. It should be underlined that only a percentagéeftotal energy
@, dissipated during tests, is transmitted to pislarge amount of heat
remains in the workmaterigl,ormaterial [14]-

It is possible to estimate the total energy digsigpauring the test by:

Gt =Fi. V (3)
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By assuming that all the energy is transformed heat, and by assuming
that the thermal conductivity of the interface rémsaconstant, the heat partition
coefficienta can be estimated by:

- ¢pin
F v

a

(4)

This means that a heat flux equabt@ is transmitted to pins, whereas the
workmaterial supports (1 &) @it

By neglecting the heat dissipated by the plastiordeation of the
workmaterial and by assuming that a relative movdraethe interface exists, it
becomes possible to estimate the theoretical heditipn coefficient gy, for
sliding contacts. A commonly used model is basetherratio of effusivitys of
the two materials [5], as shown in equ. 5. This eldds also been validated for
several materials (steels, stainless steels) [1]1 when sliding velocity is very
low (quasi-static contact)

£pin — A pin 'ppin 'Cpin
‘gpin + ‘gwm \//1 pin 'Iopin 'Cpin + \/Awm'pwm'cwm

atheo =

(5)

with :

Apin = 44.6 (W.K~.m™) at 20°C
Ppin = 12800 (kg.r) at 20°C
Coin = 226 (J.kg.K™) at 20°C

Awm = 6.6 (W.KLmY) at 20°C
Pum = 4430 (kg.r?) at 20°C
Cum = 565 (J.kg.K™) at 20°C

Thusoueo is close to 64% at 20°C.

As mentioned previously, this equation is only d&ior very quasi-static
contacts and not for dynamic sliding interfaces, [23]. So an experimental
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estimation of the heat partition coefficient is necessary for high sliding
velocity. This point is an important originality tfis experimental set-up.

Concerning the friction conditions that have tadmsted, they depend on the
cutting conditions. As mentioned previously, Indoi&8 alloy is commonly
machined on with TiN or TiAIN coated carbide cugfitools with cutting speed
in the range 20-50 m/min, and with c-BN cuttinglsoap to 250 m/min. So, this
paper aims at characterizing the friction coeffitiand heat partition coefficient
of uncoated or TiN or TiAIN coated carbide pinsaimange of sliding velocity
between 20 and 50 m/min, and of c-BN pins in a eang sliding velocity
between 80 and 250 m/min in order to explore tieidnal phenomena along
the tool-chip interface (secondary shear zone abing zone — Fig. 1).

Carbide pins have been manufactured with three gpherical diameter of
9, 13 and 17 mm. A normal force of 1000 N has bagplied for all pins in
order to obtain average contact pressure of apmately 3.4, 2.6 and 1.8 GPa
[14]. This range of contact pressure is in accardanith the contact pressure
estimated along the tool-Inconel 718 interface [2].

C-BN pins have been manufactured with a 9 mm diamatly. A normal
force of 1000 N has been applied in order to obtairaverage contact pressure
of approximately 3.4 GPa.

All tests have been performed in dry conditions.

3. Experimental results

3.1. Influence of diding velocity

Figure 4 plots the evolution of the apparent faoticoefficient,,, versus
sliding velocity Vs for TiAIN coated pins. It is shown that frictioroefficient
decreases as sliding velocity increases. Appanéctioh coefficients are in
range from 0.2 to 0.6. This trend corresponds staadard behaviour already
observed for several metallic materials, such aSI¥i45 steels [21] or
AISI316L [11] or AISI4142 [14]. This decrease isedto a combined effect of
the decrease of the interfacial friction coeffitignq, and of the loss of the
mechanical properties due to heating of the Inc@h8l
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—=—TiAIN coated carbide pins - diam. 9 mm P~3.4GPa
Q10 --=-TiAIN coated carbide pins - diam. 13 mm P~2.6GPa

Apparent friction coefficient x app

-0 TiAIN coated carbide pins - diam. 17 mm P~1.8GPa

0.00
0 10 20 30 40 50 60

Sliding velocity vs, m/min

Fig. 4. Evolution of the apparent friction coeféot versus sliding velocity
for three contact pressures

Figure 4 plots also the evolution of apparent ivittcoefficients for three
average contact pressures from 1.8 GPa to 3.4 IG&apears the lowest level of
contact pressure (1.8 GPa) leads to high apparietibh coefficient, whereas
the two highest level of contact pressure (2.6 3d4dGPa) lead to lower and
equivalent values. This shows that the couple otenas “TiAIN coated
carbide / Inconel 718" is sensitive to contact pues.

Moreover, it shows that a threshold effect exi&fgparent friction seems to
decrease with contact pressure to a critical pres&eyond this limit, apparent
friction coefficient seems to remain constant. @urse, additional contact
pressures have to be investigated in order to eeafinore precisely this critical
value, as well as the rate of decrease for therappéiction coefficient versus
contact pressure. This behaviour has already bdesereed during the
machining of TiAl6V4 alloy with carbide tools [23)hereas steels do not reveal
any sensitivity to contact pressure [14, 24].

3.2. Influence of coatings

Figure 5 plots the evolution of apparent frictiomefficient versus sliding
velocity for three types of carbide pins havingianteter of 9 mm: uncoated,
TiN coated and TiAIN coated carbide pins. It regedkarly that the tribological
behavior of Inconel 718 is almost not sensitivedatings. However, this does
not mean that coatings are not beneficial for egttiools. Indeed, several
authors, [4] have shown that TiAIN enables to iasee significantly the wear
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resistance during the machining of Inconel 718.sEheesults only show that

0.70

-#-TiAIN coated carbide pins - diam. 9 mm

0.60 -&-TiN coated carbide pins - diam. 9 mm

—e-uncoated carbide pins - diam. 9 mm

0.50

0.40

0.30

0.20

Apparent friction coefficient 1 app

0.10

0.00
0 10 20 30 40 50 6C

Sliding velocity vs, m/min

Fig. 5. Evolution of apparent friction coefficievgrsus sliding velocity
for two various coatings deposited on carbide,amdncoated carbide

these coatings do not influence the interfaciadtifsh coefficientpg,. It can
influence the chemical reactivity and improve gsistance to carbide particles
included into the Inconel 718. Of course, this tabe investigated further, but
it is not the topic of this paper, that only aintgpeoviding quantitative data to
sustain the development of numerical cutting madels

3.3. Influence of ¢c-BN substrate

Figure 6 plots the evolution of apparent frictiomefficient versus sliding
velocity for TIiAIN carbide pins and c-BN pins. Obuwrse, it does not make
sense to perform friction tests under the saménglidelocity since the range of
cutting speeds are fully different (~50 m/min farlide tools and ~250 m/min
for c-BN tools). Considering the chip compressiatiarillustrated in Fig. 1, the
sliding velocity is approximately 2 to 3 times shaalon the rake face compared
to the cutting speed. So, for TIAIN carbide pinsmiakes sense to perform
friction tests in the range of 20-50 m/min, whertsasc-BN pins, it makes sense
to perform tests in the range 80 to 250 m/min.
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0.70

-=-TiAIN coated carbide pins - diam. 9 mm

-<=c-BN pins - diam. 9 mm
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....... U .44 : €stimated interfacial friction coefficient
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Friction coefficient

0.20 \
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Sliding velocity vs, m/min

Fig. 6. Evolution of apparent friction coefficiead of estimated interfacial friction coefficient
versus the macroscopic sliding velocity for TiAlNated carbide pins and c-BN pins

Figure 6 shows that the c-BN substrate leads tgy eemall values of
apparent friction coefficient (0.1 — 0.22). Additadly, the values decreases
versus sliding velocity as for TiAIN coated carbigies. This very low level of
apparent friction coefficient is never obtaineddny conditions with any other
metallic materials such as steels against TiN cbpies (lowest value ~ 0.2 for
AISI1045 [24]). These values are comparable todhes obtained with steel
using mineral oil lubrication [18]. This seems malicate that c-BN exhibits very
low interfacial friction coefficient. The detailedstimation of the interfacial
friction coefficient has not been presented in ffaper since it is a tough work
[14]. However, the application of the analytical deb developed by Mondelin
[19] shows, that for Inconel718.4n Can be estimated by:

Madh ~ 0-8Uapp (6)

So, based on the experimental apparent frictiofficants plotted in Fig.
6, it is possible to plot the evolution of the mwtted interfacial friction
coefficient versus macroscopic sliding velocity Ysithors would like to catch
the attention on the following aspect: The macrpgcsliding velocity Vs is not
the average local sliding velocityVindeed, due to friction, the sliding velocity
of workmaterial at the interface is limited [11,]14 order to identify a model
of the evolution of the interfacial friction veldgilag, against the average local
sliding velocityVi, it is necessary to perform a post-treatment witiumerical
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model of the friction test as the one developed1#y. This work will be the
topic of an additional paper.

3.4. Evolution of the heat partition coefficient

By means of the original instrumentation of pinader, the evolution of
the heat flux transmitted to pins versus slidingpeity in dry conditions can be
obtained (see Fig. 7). It has been applied onlyHercouple of materials. TiAIN
coated carbide / Inconel 718 since the calibraiotiis system is very costly. In
addition, the total heat generated at the interiged¢so plotted in Fig. 7 based on
eq. 3.

Based on Fig. 7 and on eq. 4, it is possible tones¢ the experimental heat
partition coefficienta. Fig. 8 plots the evolution of the experimentakthe
partition coefficientr versus sliding velocity.

Figure 7. reveals that the heat flux transmittedpiios remains almost
constant or increases with sliding velocity. Tleedency is surprising compared
to previous observations made for steels [24]tantiim alloys [23] in this range
of the sliding velocity. Indeed, it was expectedttthe heat flux transmitted to
pins increases significantly with sliding velocityheoretically, the total heat
generated at the interface is supposed to incréasarly with the sliding
velocity if the friction coefficient remains conataBut the interfacial friction
coefficient decreases also exceptionally rapidlyshewn in Fig. 6. So the
increase of sliding velocity is partially compereshby the decrease of apparent
friction coefficient. So the total heat flux genein the contact increases much
slower than expected.

In parallel, Fig. 8 plots the evolution of the expeental heat partition
coefficient versus sliding velocity. It is obseryethat the heat partition
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200 /
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Sliding velocity vs, m/min

Fig. 7. Evolution of heat flux transmitted to pwersus sliding velocity
for TIAIN coated carbide pins
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with carbide pins for quasi-static contacts
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Fig. 8. Evolution of experimental heat partitioretfcient versus sliding velocity
for TIAIN coated carbide pins

coefficient decreases with sliding velocity, whisha standard behavior already
observed for all metallic alloys. However the lev&l this heat partition
coefficient is exceptionally low compared to theedhetical values estimated
from the ratio of effusivity as presented in the ®glt shows that the application
of this model is not valid for the couple of masdsi TiAIN coated carbide /
Inconel 718. It is difficult to explain the reasdor this result. Additional
investigations have to be contact at a much smsadigle at the interface between
pins and bars. This work has not been performedveder it shows that the
assumption made by Monaghan [5], considering angt heansfer at the
interface, is not appropriate to model heat excharag the tool-chip interface.

As discussed previously, it is not possible to tifgra model reporting the
evolution of the heat partition coefficient verssigding velocity, since it is
necessary to estimate, for each test, the aveoagé dliding velocity by means
of a numerical model. This work will be presentedifuture paper.

4. Conclusions
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This paper was concerned by the characterizatitineofrictional properties
at the tool-workmaterial interface during the maaing of an Inconel 718 alloy
with various coated carbide tools or c-BN tooldiy conditions. A specially
designed tribometer has been applied in ordemtalate an open tribosystem as
well as sliding velocity and contact pressure saamib the ones occurring at the
cutting tool-workmaterial interface. A design ofpeximent has been conducted
in order to explore a large range of sliding velpd¢rom 20 to 50 m/min for
carbide tools and from 80 to 250 m/min for c-BN I$00A range of contact
pressures has also been investigated from 1.8tGRBa.

This work has provided the evolution of appareiatifsn coefficient and of
the adhesive friction coefficient versus slidindoogty. It has been revealed that
friction coefficient decreases with sliding velgcitand contact pressure.
A threshold effect has also been highlighted, lbeyond a critical value of
contact pressure, friction coefficients are no nemesitive to contact pressure.

It has been shown that TiN and TiAIN coatings asé able to modify the
frictional behavior compared to an uncoated toOls.the contrary, c-BN tools
lead to very low friction coefficients.

Finally, an investigation on the heat flux trangedtto pins has shown that
experimental values of heat partition coefficiemé aery low compared to
theoretical values. Additionally, it has been shdhat heat partition coefficient
decreases with sliding velocity.

Finally this work provides original data of frictiocoefficient and heat
partition coefficient for several couples of cugtitool material / Inconel 718,
and for a spectrum of sliding velocity and confa@ssure. The next step of this
work will be to make a post-treatment with a nummarimodel of the friction
test, in order to provide local parameters sucHoaal sliding velocity and
temperature and then to identify a friction modet & heat partition model
depending on these local parameters. Finally thesdels will be implemented
in a numerical cutting model.
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