Journal of Machine Engineering, Vol. 14, No. 2, 2014

2D and 3D FEM simulation,
cutting process, Inconel 718

Piotr NIESLONY*
Wit GRZESIK!
Krzysztof ZAK"
Piotr LASKOWSKFP

3D FEM SIMULATIONSAND EXPERIMENTAL STUDIESOF THE TURNING
PROCESS OF INCONEL 718 SUPERALLOY

This paper is focused on the finite element anslg§imachining of Inconel 718 superalloy in a netirogonal
(3D) turning process. The cutting experiments vweengied out on the cylindrical workpiece of Incofdl8 with

the cutting speed of 60-90 m/min, the feed rat8.dfmm/rev and different depths of cut. The FEMuations
include the average and maximum interface tempesitthe resultant cutting force and its three camapts and
the chip thickness obtained for the 3D turning pesc The simulation results were compared with raxgatal

data obtained in the non-orthogonal process. Itfaasd that the experimental values of the cutforges are
underestimated (about 23-30%) in relation to th&FEimulation data. Additionally, it was noted thé cutting
depth has a significant effect on the average faxtertemperature only when using a non-orthogaumalirig

process.

1. INTRODUCTION

Inconel 718 is a high strength, thermal resistackal-based superalloy. It is known to
be one of the most difficult-to-machine materia¢sduse of its high hardness, high strength
at high temperatures and low thermal conductivitye assessment of machinability of the
superalloys has been a topic of research overattteykars. It is observed that most of the
efforts are directed towards assessing the lifewfing tools and disclosing tool wear
mechanisms in machining of this nickel-based sulogrdl],[2],[3]. Besides that, the
cutting force during machining of Inconel 718 hagih investigated by some authors [4],[5].
It should be noted that the majority of publicaoconcern the modeling of superalloy
machining during orthogonal cutting tests.

Recently, more and more researchers have prest@iedinite element simulations in
the machining of this alloy. The Johnson-Cook (Ja@@del is still the most popular model
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for the machining simulation due to its robustnasd ease of application in the FE codes
[6],[7]. But some researchers [5],[8] use otherstitative models in the FEM simulation. In
this case study, a Power Law model is used togettierthe J-C law.

One of the aims of FEM simulation tests is to palan efficient numerical model for
the prediction of the thermal and mechanical charetics of machining and other
manufacturing processes [9].

It is well known that the numerical models needb® validated with a reliable
experimental database. This paper presents a él@teent model for the turning of Inconel
718 using the original 3D CAD model of the groowadtting insert. The effects of the
cutting speed and cutting depth on cutting forced the cutting temperature in a non-
orthogonal turning process of Inconel 718 are itigated.

2. METHODOLOGY OF INVESTIGATIONS

In this study, non-orthogonal turning trials weeereed out on a CNC lathe equipped
with a Kistler9257B piezoelectric dynamometer wgh5019B amplifier and NI 6062E,
National Instruments, A/D multi-channel board. TWisualization of the recorded force
signals and their processing was performed usingPi©udata acquisition system.
The experimental and simulation conditions are i§igelcin Table 1.

Table 1. Configurations of experimental and nunarsimulations

Cutting condition v=60 +90m/min,
a,=0.125, 0.250, 1.0 and 2.0mm,
f=0.1mm/rev

Tool data Grooved tool (KM) type CNMG 120412-UP
Sintered carbide insert H10 coated with TiAIN layer|
of 3um thick

Cutting edge radiusx50um

Tool geometry Cutting tool angles:

orthogonal rake,=-5°, orthogonal clearaneg=5°,
back rakey,=-4.55°, side rake=-5.41°, tool
inclination angle\&=-5.0°

Tool nose radius+1.2mm

Simulation models Three dimensional (3D)

The experiments and FEM simulations were perforni@d cutting inserts with
grooved rake faces. In this case CNMG 120412-UBngutool inserts coated with a TiAIN
monolayer produced by Kennametal were used [133.mibasured value of the cutting edge
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radius for this insert was equal {&50um. The finite element modeling was performed in
AdvantEdge package. For the FEM simulation theinaig3D CAD model of the grooved
cutting insert was used. The dimensioned groove thedcutting edge along with the
magnified corner area are presented in Fig. 1.
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Fig. 1. Dimensioned cross-section of CNMG 120412duiing insert with CAD model of the tool wedge
used in FEM simulation

3. EXPERIMENTAL RESULTS

3.1. THERMAL EFFECTS

The analysis of the experimental results was peréor in two stages. The first part
was focused on the variations of the average cuttemperature resulting from the
variations of process parameters for non-orthog¢BBl) FEM simulations. The second
stage concerns the assessment of the influencebeofprocess parameters and FEM
predictions on the maximum value of the cuttingpernature.

It can be observed in Fig. 2 that the dynamic sigidemperature at the tool-chip
interface was generated. Its processing allows aeghage (o) and maximum (., values
of the temperature to be determined. An examplthefsignal analysis in the form of the
window is presented in Fig. 2.

Fig. 3 presents the changes of the average (Fjgar8 maximum (Fig. 3b) interface
temperatures resulting from variations of the agttspeed and the depth of cut. The feed
rate was kept constant at 0.1mm/rev. Moreovery#hees of the depth of cut were selected
for medium (g=1 and 2mm) as well as for finish turning<@.125 and 0.25mm).
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Fig. 2. Signal waveform of cutting temperaturetirae with defined zoomed area of average and maximu
temperatures. Cutting parameters60m/min, f=0.1mm/rev,&1mm
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Fig. 3. Comparison of the average (a) and maxintynefnperatures for 3D FEM simulation models

It was observed in Fig. 3a that the increase ofdeq@h of cut causes that the average
temperature increases slightly. For the two valoles, used (0.125 and 2.0mm) and the
cutting speed of 80 m/min the values of the avetageperature differs by about 200°C.
This fact suggests that the choice of the depttubin the turning of Inconel 718 seems to
be important in terms of the cutting temperatureca@ding to Fig. 3a, the influence of the
cutting speed is visible and the percentage chaages the range of 7-12%.
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Fig. 4. Visualization of the FEM simulation resulésc) with slice images of the cutting zone (bRfpcess parameters:
V=80m/min, f=0.1mm/rev, &2mm (a,b) and 0.125mm (c,d)

On the other hand, the changes of the maximum fatertemperature i, are
presented in Fig. 3b. In this case, the influerfab® depth of cut on the maximum interface
temperature can be ignored. However, the differdreteeen the maximum and average
values of the interface temperature resulting ftbm variation of the depth of cut ranges
from 50-200°C. In 3D cutting simulations one caswdlize the heat transfer in the cutting
zone. For instance, Fig. 4 shows exemplary imagagytihe slice technique for the cutting
speed of 80m/min and the lowest (0.125mm) and Isigt2=mm) values of the depth of cut.

3.2. MECHANICAL EFFECTS

The measured and predicted values of the three @oempial forces £ K and F are
specified in Fig. 5. This comparison was basedhenwell known fact that the depth of cut
predominantly influences the cutting forces. Thaegal conclusion is that a 3D simulation
allows to differentiate between the three compaomentthe resultant cutting force. For the
highest depth of cut of 2mm (Fig. 5a) a higheringtforce Fc and a lower passive forge F
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were determined. When the dept of cut is decresédm the passive force decreases and
the values of the feed and passive forces are aatolgato each other. In contrast, for finish
turning with substantially lower depths of cut o£256mm and 0.250mm, comparable values
of the cutting and passive forces were determiagsghown in Fig. 5b.
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Fig. 5. Comparison of the components of resultatitrg force obtained with experimental tests aid/Fsimulations
in non-orthogonal turning processes for lower (&) higher (b) values of depth of cut

The different relationships between componentiatde result from the fact that for
low depths of cut the tool nose takes part in tlaemning. It should be noted that for the
tool nose radius of ¥1.2mm and g1mm the active part of the cutting edge is only
curvilinear [11]. Fig. 5 also presents the compmaribetween measured and simulated
(predicted) values of the three force components.géneral, a better fitting of the
predictions to the measurements is observed fofetbeé k and passive fforces and for
these two cases the differences are of about 7-I3%the other hand, they are higher
of about 30% for the cutting force.F
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For smaller depths of cut the prediction errorstagher. They are about 40% for the
cutting R and feed Fforces and about 20% for the passive force. lukhbe noted in
Fig. 5b that the participation of the componenttates corresponds to the measured data.
As mentioned earlier, the decrease of the depttubfesults in the increase of the passive
force and the decrease of the feed force.

The comparison of the mechanical loads exertechercutting tool is extended to the
resultant cutting force as shown in Fig. 6. As shaw Fig. 6 the influence of the cutting
speed in the range of 60-90m/min on the resultaming force can be neglected. The
prediction errors for the depth of cut equal to 2mron average of about 23%. For smaller
depths of cut the prediction are less accurateladppropriate errors increase to 28%.
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Fig. 6. Quantitative comparison of the measuremamissemi-orthogonal FEM simulations of the restltaitting force
obtained for higher: (a) and lower (b) values gbttieof cuts and different cutting speeds

Such distinct prediction errors originate from th#iculties in the accurate meshing
of the cutting zone. In the case when the tool rmselominantly takes part in the metal
removal, some problems appear with meshing andesimg in the cutting zone. As
a result, they generate considerable errors ifrEM predictions.
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3.3. PLASTIC DEFORMATION

As show in Fig. 4a the spirally curled chip is gerted during 3D simulations. The
chip form depends on the machining parameters asddhe geometry of the chip breaking
groove on the rake face. After simulations both wheeformed chip thicknessand the
chip thickness, were measured using a special graphical prograspldeintegrated with
the FEM package AdvantEdge [12], as shown in FigBétause the chip thickness is not
uniform, the maximum and minimum values were deiieech and the average values were
computed. All obtained data are specified in TablAs a result, the chip compression ratio
An was determined as the ratio of the chip thickigsso the undeformed chip thicknelss

(eqn.l).

_hy
) o=—th
" h

(1)

Fig. 7. Determination of the cut layer h and chigknesshch in AdvantEdge Tecplot360 forw 80m/min,
f=0.1mm/rev and @0.125mm

Table 2. Values of chip thickness and the real fordeed chip thickness obtained from FEM simulation

ap, MM f, mm/rev h mm i en, MM p— he, average, mm
0.125 0.05 0.020 0.027 0.032 0.030
0.10 0.043 0.042 0.06 0.052
0.5 0.05 0.026 0.034 0.046 0.041
0.10 0.060 0.073 0.083 0.079
10 0.10 0.070 0.115 0.124 0.119
0.15 0.140 0.180 0.218 0.200
20 0.10 0.090 0.114 0.149 0.134
0.15 0.150 0.189 0.206 0.197




24 Piotr NIESLONY, Wit GRZESIK, Krzysztof ZAK, Piotr ASKOWSKI

-
(&)}
|

e

-
|

—— ap=1 mm
—— ap=2 mm
— ap=0.125 mm
—6— a,=0.25 mm
\ ‘ \ ‘ \ ‘ \
0 0.05 0.1 0.15 0.2
Feed rate, mm/rev

Chip compression ratio A,

o
3

Fig. 8. Chip compression ratio vs. feed rate apgedifrom the 3D simulation for constant cuttingesphe
ve=80m/min and different depth of cuts

It should be noted that the chip compression regti@a quantitative measure of the
degree of the plastic deformation occurring ing¢h#ing zone. It represents the true strain in
the plastic deformation and can be used to cakula elementary work spent over plastic
deformation of a unit volume of the work material],[13]. The influence of the feed rate
and the depth of cut on the chip compression (&©R) is presented in Fig. 8. As shown in
Fig. 8 the chip deformation depends on both theshnological parameters but more
intensively on the feed rate used. In general,ltheer the feed rate, the higher plastic
deformation of the chip. This fact can be explaimederms of a greater strain-hardening
effect occurring at a lower feed (thinner unrefodnodip removed) and the associated size
effect [11]. Moreover, a smaller feed rate concdires higher specific cutting pressure.
In Fig. 8, two groups of graphs for smaller andyéardepths of cut are distinguished. The
predicted values of the CCR are compared with ¥pemental data provided by Thakura
et al. [14] and Hagberg and Malm [15]. Quite a gamgteement was reached when
comparing these results.

4. SUMMARY

Based on the experimental results and FEM predistibe conclusions are as follows:

 The analysis of the 3D FEM simulations using sgdegraphical programs is capable
of accurately determining the mechanical and theroads as well as the plastic
deformation in the cutting zone.

« During machining of Inconel 718 the average intesefeemperature depends on the depth
of cut. Lower temperatures were predicted for finfmachining with a smaller depth
of cuts. On the other hand, the maximum interfaemperature is, in general,
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independent of the depth of cut applied. Howewusryalue is important in terms of the
thermal regime of the coated cutting inserts.

* A comparison of the predicted and measured compgsradrthe resultant cutting force
indicates that the FEM predictions exceed experiatiemlues. The prediction errors are
somewhat lower for medium machining but in gendhnaly exceed 20%. The highest
errors are determined for the cutting forge F

« Higher values of the passive forcg Were predicted when machining with smaller
depths of cut. This fact suggests the predominaletaf the tool nose in generating the
machined surface.

» The chip deformation depends on the feed ratelandepth of cut used. Machining with
the smallest feed rates causes the strain-hardesifegt increase and the size effect
occurs.
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