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STRESS AND HEAT FLUX DISTRIBUTION IN RAKE FACE
ANALYTICAL AND EXPERIMENTAL APPROACHES

J. Artozout, C. Lescaliel, A. Dacuntd, A. Bomont-Arzuf

1 - Arts et Métiers ParisTech — 4 rue Augustin Res-57070 Metz France
2 - ArcelorMittal Global Research and Developmean@range R&D — Long Carbon Bars & Wires
BP 3, F- 57360 Amnéville

Abstract: Metallurgical solutions for an improvement in magbility currently use non-
metallic inclusions in order to create solid lulnts at the interfaces between tool and
workmaterial. It is possible to identify and quéyntinese layers afterwards. However it is
important to know the conditions for which theseels appear: tribological conditions,
kinematical conditions (i.e. cutting speed, feed a®epth of cut) and thermomechanical
conditions (stress and temperature distributiotheinterfaces). We focus on the tool / chip
interface and more precisely on the thermomechhrgoaditions. This contribution is
concerned with both the analytical modeling and sueament of the temperature distribution
in the chip forming zone. We propose a correlati@tween theoretical and experimental
values.
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1. INTRODUCTION

The thermal heat flux density in both the shearezotlepends on the local values of the
shear stress and the strain rate. A bibliograpimeey highlights the various normal and shear
stress distributions which have been proposed @orttical approaches or measured using
some experimental protocol [Astakhov, 2006]. Howen®st of the distributions seem to
agree on a few points, i.e. the normal stress as&en the vicinity of the cutting edge, the
tool chip zone is generally divided between a stigkand a sliding contact zone. The direct
measurement of the normal and shear stress disbmbin the tool-chip interface is quite
complex. However the shear stress at the tool ti@face and the strain rate measured in
the chip at the vicinity of the rake face diredityluence the heat flux generated within the
secondary shear zone. It seems interesting totigeds the indirect measurement of the shear
stress from an accurate temperature distributioasemement and a easily computable model
for the temperature distribution.

2. MODELLING

The modelling concerns an orthogonal cutting op@nalSome common assumptions are
used: the cutting operation is considered as agts@te problem, the tool is perfectly sharp,
the rake face is plane, the chip thickness is emstll along the tool chip interface, the chip
is considered as a rigid body, the chip and thé @o® considered as semi-infinite medium,
the outer surfaces of the different bodies are ss@gp to be perfectly adiabatic, the
thermophysical parameters of the tool and the wiedgare not supposed to be temperature
dependant. The temperature rise in the cutting zersssumed to be due to the cumulative
effect of both the primary shear zone (PSZ) andsgedndary shear zone (SSZ). These shear
zones are considered as plane heat sources regpebticated on the shear plane, according
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to Merchant theory, and along the the tool / cmerface. The adiabaticity of the free
surfaces is taken into account using a common rdethe termperature rise due to the
cumulative action of the actual heat source andtaal symmetrical heat source.

Figure 1 - Simplified analytical modelling of themary shear zone

The temperature rise due to the primary shear @aoriee workpiece side is evaluated using:
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The temperature rise due to the primary shear aartbe chip side is evaluated using:
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where K is a modified Bessel function of the second kind.

Figure 2 - Simplified analytical modelling of thecendary shear zone
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The temperature rise due to the secondary shearaothe chip side is evaluated using:

le Venip-(X—1)
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) 2w Vi R Viin. R
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Z.H.AW 2 lw 2 lw
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The temperature rise due to the secondary shearaothe tool side is evaluated using:

b
1 ' fe tool 1 1
Tay D) =g | | Qs G dmdy,

The global heat fluxes are easily calculated frorbasic mechanical chip formation
model using forces and velocities decompositione Tain problem consists in the
determination of the heat flux density distributialh along the heat source as well as the
determination of the heat partition ratios i.e. tieat quantity produced in the shear zones and
flowing into the bodies in contact. For instancejraform distribution of both heat fluxes
leads to mean values forr§), the heat flux density distributed along the sh@ane, and for
Qssz the heat flux density distributed along the tclolp interface. These values should be
calculated using:

Vs X Fs
2 X by X Lpsy

Venip X Fy

and QSSZ:be x 1
0 c

Qpsz =

Different simulations are performed using experitaémalues (cutting forces and shear
angle and chip thickness and velocities) and differheat partition ratio values for the
primary shear zone. These simulations seem to iglghthat the influence of the primary
shear zone on the temperature distribution atdbedhip interface could be neglected. The
temperature rise at the tool-chip interface duth&primary shear zone is almost equivalent
to the temperature measurement accuracy. It seas tm focus on the heat partition ratio
for the secondary shear zone: B defines the heat dhtering the tool. The heat fluxes
entering the tool and the chip are evaluated using:

chi
$9%' = B X Qssz et ssz = (1= B) X Qssz

The litterature proposes many shear stress disimitmiand so as many heat flux density
distributions 0. In fact, whatever the distributiorathematical modelling is, the local heat
flux density value is conditioned by the two follmg equations:

Venip X Fy

e
0t =0 and | o(al =52

Komanduri proposes an interesting analytical madgllwhich focuses on the
temperature distribution due to both the shear 2¢ldemanduri et al., 2000], [Komanduri et
al., 2001-1], [Komanduri et al., 2001-2]. Concerneith the tool chip interface, the model
proposes to equalize temperatures on the both sidé®e interface. It implicitly assumes a
thermically perfect contact. Moreover this moddladuces a local heat partition ratio. For
instance, for the secondary shear zone, the h@atflwing into the tool and then into the
chip varies all along the tool contact length. Témssumption is evaluated for the most popular
heat flux distributions in the tool chip contacneo(see Table 1). This analysis reveals some
interesting points such as a similar trend fortladl curves presenting the local heat partition
as a function of the position within the tool clupntact zone: the heat flowing into the tool
seems to increase regard to the distance to thiegedge, the vicinity of the cutting edge is
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always physically unacceptable (some authors tatkuba heat sink in the vicinity of the
cutting edge [Chao et al., 1955], some authorsempht a local heat flux near the cutting
edge).
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the upper temperature distributions are calculatesthg a heat partition ratio value
leading to an identical mean temperature on th@ ahide and on the tool side.
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Table 1 - Distribution of temperature and heat jéoh ratio along the tool chip interface
cutting edge = 100% - end of the tool chip conta®

3. EXPERIMENTS

An experimental device is designed to perform ggtmal cutting tests and to measure
simultaneously the cutting forces and the tempeeauistribution (see Figure 3). The
experiments consist in pipe machining operatiortse Ppipe material is currently a carbon
steel or a free cutting steel. The tool is a bdsit coated carbide tool insert provided by
Sandvik. The tool rake face is perfectly plane. Tigp breaking device consists in an
adjustable carbide wedge (a particular attentiairasvn to its position). The tool is mounted
on a Kistler 9257 table. The insert side face @mugd so that the infrared camera optical axis
is as normal as possible to the surface observddlencamera observes the substrate tool
material. The camera is a FLIR SC7000 equipped \&ithlose-up x3 lens. The sensor
material is made of indium antimonide. The thermredge is composed by 640 x 512 pixels.
The pixel resolution is about 15 um. The spectesponse extends from 1.5 to 5 um
(MWIR). The software provided by FLIR enables toeme simultaneously with four
integration times and so to cover a wider tempeeatange. Two different temperature ranges
are calibrated: 5 - 300°C and 500 - 1300°C.
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Figure 3 - Experimental device

Experiments focus on the evolution of both the ingttforces and the temperature
distribution towards the cutting conditions (i.aittthng speed, feed and depth of cut). The
inserts are observed using an optical microscoper #ie machining operation in order to
check the tool-chip contact length and comparewilee to the one measured on infrared
thermal image. The thermal image clearly indicdkesposition of both the shear zones and
enables to measure the shear angle as well ahifhe¢hackness (the assumption of constant
chip thickness is easily checked). A particulaemtibn is drawn to investigate the influence
of the chip breaking device on the cutting forcése thermal image shows a temperature
increase due to the friction between the chip &edchipbreaker. An assumption is implicitly
made: the temperature distribution at the tool ip afiterface is not affected by the friction on
the chipbreaker. A comparison between the meastegtperature distribution and the
calculated temperature distribution enable to deits® the most relevant heat flux
distribution as well as the associated parametdrs.analysis of the thermal image presented
above leads to a tool-chip contact zone with camsee sticking and then sliding contact. The
fraction of sticking contact is about 10% of theemll tool-chip contact length. The
workmaterial is a free cutting steel with high sulp and lead contents. The calculated and
measured temperatures show a very good agreement.
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Figure 4 — Thermal image recorded
free cutting steel — Vc =110 m/min —f = 0,4 mev/+ ap = 1,5 mm
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Figure 5 — Temperature distribution and heat flux
free cutting steel — Vc =110 m/min — f= 0,4 mev/+ap = 1,5 mm

4. CONCLUSIONS

We propose an approach combining an analyticalthemodeling and experimental
measurements based on infrared thermography. Acalyhodeling enables fast computing
of the temperature distributions as well as easgpaters evaluation using inverse methods.
Thermography enables to get relevant informatidrmuiaithe orthogonal machining operation
such as the shear angle and the different temperdistributions i.e. in the tool and the chip.
This approach enables to determine the distributiothe most relevant heat flux as well as
the heat parition coefficient for the tool-chip tact zone. Further developments concern the
implementation in the temperature modeling of st@limaterial thermophysical constants
and the comparison of different steel grades.
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