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Titanium alloy and nickel alloy are mainly used feveral aeronautical parts due to their high gtreland
durability at high temperature. However, thermahauactivity of these materials are very low and nmafsthe
heat generated during cutting are concentratelydacted into the cutting tool. Therefore, the toekcbdme
extremely high temperature resulting shorter tdel In this paper, a method for calculating théimpm cutting
condition for cutting low thermal conductivity matds such as titanium alloy and nickel alloy isséleped and
evaluated. The temperatures on the cutting toofdipvarious combination of tools and work piecetenals
were calculated by dynamic FEM simulation and thengation tool for optimum cutting condition is eted
based on these results. The amount of heat flovitentemperature on the cutting tool were calcdl@i@sed on
cutting theory. Then, optimum cutting conditions finose materials were estimated by newly developed
program. The method was finally evaluated by séweqgeriments. It is concluded from the results (id The
developed program is applicable for estimation pfimmum cutting conditions regarding titanium allayd
nickel alloy. (2) Titanium alloy (Ti6Al4V) can be achined with longer tool life using estimated optim
cutting condition.

1. INTRODUCTION

Recently, titanium alloy and nickel alloy material® being widely used in aeronautic
and astronautic parts. The cutting methods witly epgplication and high accuracy for those
materials are also being investigated [1],[2],[Bpwever, thermal conductivities of those
materials are very low and thus, most of the heatgated during cutting is conducted into
cutting tool. Consequently, the tool becomes ex#lgnmhigh temperature and lost its
mechanical strength and hardness, resulting shooi@r life. The easy and effective
techniques for estimation of optimum cutting coidit for cutting these materials are
seriously demanded.

Therefore in this research, the cutting simulatising dynamic-explicit FEM is

lNagaoka University of Technology, Dept. of InforinatScience and Control Engineering
2 Nagaoka University of Technology, Dept. of Mechahigngineering
3Nagaoka University of Technology, Educational affaiection, Mechanics and Machinery Group



Estimation Tool for Optimum Cutting Condition offfd¢cult to Cut Material 77

operated taking physical properties of work pieoel types and cutting conditions as input
parameters. The temperature at the cutting toaluifing cutting process is very difficult to
measure and thus, it is extrapolated using sinmratrinally, the relation between cutting
condition and generated heat during cutting ohtiten alloy, nickel alloy and some other
materials are revealed.

Concretely, the program for calculating thethgeneration during cutting and the
heat distribution on the whole cutting tool is fideveloped and evaluated by experiments.
And then, the tool tip temperature for various combons of work, tools and cutting
conditions are calculated. The optimum cutting ¢owl can easily be calculated in short
time using the developed program. Moreover, thehaeical property of the cutting tool is
also investigated by FEM static analysis. In tleissiarch, the lathe cutting process is used in
experiments for evaluation.

2. INVESTIGATION OF DIFFICULTY FOR CUTTING OF DIFRRULT TO CUT
MATERIALS

In this section, the difficulty for cutting of tidum alloy and nickel ally materials is
investigated using cutting simulation. Here, dymamxplicit method is used with taking
cutting tool types and cutting condition as parargetThe tool tip temperatures for cutting
of titanium alloy and nickel alloy materials arelatdated and finally the difficulties
of cutting those materials are evaluated.

Fig. 1 shows the schematic of the simulation maded the AdvantEdge Ver. 4.5
(dynamic explicit method) software is used in siatan. Three work-piece materials
Inconel718 (nickel alloy), Ti6Al4V (titanium alloysand S45C (carbon steel) are used in
calculation. The tool types used are Molybdenum H&8bide P20, Ceramics &);, CBN
and Diamond. Table 1 shows the analysis conditiosed in simulation. Two kinds
of cutting conditions, medium cutting for generaleuand high speed cutting for higher
productivity are selected in the simulation.
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Fig. 1. Cutting simulation model

However, cutting of carbon steel using diamond teolild occur dispersion of carbon
atoms from diamond tool to the carbon steel wodcgiand this will cause extremely large
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wear and tool damage. Therefore, this combinasooniitted in the simulation. Moreover,
the cutting tool model is changed into two dimenalanodel in the simulation.

Table 1. Analysis conditions for cutting simulation

Cutting parameters l\gsg:z;n Higl:]tt?r?g%d
Cutting depth a, 1 mm 0.2 mm
Feed speedf: 0.2 mm/rev | 0.1 mm/rev
Cutting speedV 150 m/min 1000 m/min
Cutting distancel: 9 mm

Room temperatureTr 20°C

Workpiece height H 2 mm
Workpiece length L 10 mm

Rake angle y, 5°

Clearance anglea, 10°

Tool tip radius r 0.02 mm

Fig. 2 shows one example of the simulation resshiswing temperature distribution
of cutting Ti6Al4V with carbide tool for 9 mm cutiy distance. It is observed that steady
state thermal condition is reached at this cuttisgance. The temperature at the tip of the
tool determines tool life and cutting accuracy. rEere, in this research, the tool tip
temperature is investigated by using cutting sitnutawith taking parameters for work
piece materials, types of cutting tools and cutwogditions. Fig. 3 shows the simulation
results of the tool tip temperature by cutting deion at 9 mm from starting. It can be seen
that the temperature results for cutting Ti6Al4\ddnconel 718 are comparably higher than
S45C This is due to their low thermal conductiated 7.1W/Mk, 11.4WmK which are very
much lower than S45C (49.8W/m.K). Therefore, alnbstheat generated between the tool
and the chip during cutting is conducted into theting tool having higher thermal
conductivity. Moreover, in the case of using samiircg condition and work piece, the tool
with high thermal conductivity materials CBN (800WK) and diamond (1000W/m.K)
exhibit lower tool tip temperature than other typésool materials. This is due to the effect
that the thermal conductivity of the cutting tochterial is very high and most of the cutting
heat is conducted through the cutting tool andasstd out with higher heat sink effect. This
causes lesser temperature differences througheuwtlible cutting tool. Moreover, diamond
tool having lower coefficient of friction also assless heat generation during cutting.

Here, the problems relating to the temperature oisethe cutting tool tip will be
considered. Johnson revealed the phenomenon; nhdbie ometals becomes soften and
decreases its yield strength when their temperdiammmes higher [4]. The relationship
between temperature and thermal softening factoigiwdohnson discovered is shown in
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Fig. 3. Calculated results of temperature on thénguby AdvantEdge

Fig. 4. The multiplication of thermal softening fac with the yield strength of the work
piece at room temperature will give the actualmgjtie of work piece at actual temperature.
The thermal softening factors of mould making matsy SKD11, SKD61 and carbideV10
materials are shown from the experimental resdlth® authors [5]. From these results, it
can be said that hardness of most of the metalslarest in a straight line relation with
their temperature. On the other way, it can be #Haal if the temperature of a material is
raised to half of its melting point, its strengthilvalso become half of its original yield
strength. At that condition, the cutting resistantehe work material could also become
about half. However, for the case of cutting adrtiim alloys and nickel alloys, the cutting
tool tip becomes extremely high temperature duviay short cutting time and decreasing
its strength resulting extremely shorter tool life.
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With the exception for the case of diamond cuttiogl, there is no thermal
dependency of the hardness till its temperaturehesa308C and it is applicable for cutting
titanium alloy and nickel alloy materials understtemperature.

The optimum cutting condition for cutting titaniualloys and nickel alloys can be
obtained by using such explicit dynamic FEM cuttgiqiulation with many steps of trial
and error calculations. However, these applicaoftiwares are expensive and also take
extremely long time for calculations.
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Fig. 4. Relationship between temperature and thiesaftening factor for some materials

3. INVESTIGATION OF OPTIMUM CUTTING CONDITION BY CACULATION

3.1. EXPLANATION OF THE OPTIMUM CUTTING CONDITION ETIMATION TOOL

The high temperature at the cutting tool tip desesahardness and strength of the
cutting tool and thus, tool life also becomes srorThe objective of this research is to
develop an estimation tool to predict optimum agfticondition. Firstly, the simulation
model for calculation of cutting heat generationl &eat distribution on the cutting tool is
developed. There also have several studies rel&tirtbe cutting heat generation and the
heat distribution behaviors [6], [7]. In this resdg the equations revealed by Hirao [7] are
used for calculation of heat distribution. The hgamerated during lathe turning proc€ss
[W] can be considered as follow. The heat figW/m? generated by plastic deformation
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during chip formation at the shear plagg[W/m?] generated by frictional abrasion between
rake face of the tool and the chip apW/m? generated by frictional contact between
flank face of the tool and newly cut surface of W@k piece. Among theng, andgs are
conducted into the work piece aggandgs are conducted into the cutting tool. TakiRg

R, as the fractions of the generated heat distribtadele chip from heat sourcg, g, andR;

as the heat distributed to the work piece from Beatceg; and the amount of heat received
by work piece i, [W], that for toolQ, [W] and, for chipQ. [W] can be represented by
equations (1)~(3) respectively [8]. Moreover, takihe average arising temperature of tool
T is 1/8 of infinite object (tool), and heat sougaat contact length between rake surface
and chipl, depth of cuta, for three dimensional cutting the average tempegabn the
surface of the object can be shown as in equadig@](

Qw=(1-R1)q:A+RsqzC+ + - - 1)
Qi =(1-R) 3B+ (1-R;)qsC- - - - (2)
Q. =R A+R,,B* = - - (3)
T =(1-R) QI S/A+ -« +° 4)

Here, A [m? is the shear plane area of work piece and dBifm?] is contact area
between rake face and chip[m?] is contact area between flank face and new waekep
S[-] is the geometrical factor determined from orgyative format,/| of heat source, , A
[W/mK] is thermal conductivity of cutting tool. Thealues in the left side of equations (1)
to (4) varies with cutting conditions (cutting sdeéed speed, depth of cut), tool geometric
shape (rake angle), physical properties of tool amdk piece (thermal conductivity,
specific heat, density), the coefficient of frictibetween the tool and chip. Using equations
(1) to (4), the heat generated during cutting orrkwgiece or cutting tool and the tool
temperature can be calculated easily in the stegrdoeeal cutting with this simple method.
Moreover, the quantitative estimation of the hasatrithution on work piece or cutting tool,
for different frictional heat generation dependmg tool geometry, size, material, surface
treatment condition, and cutting condition can dsoobtain easily by this method. In this
research, the conventional cutting tool with cleaesangle 6 is used for the calculations
of the evaluation using these model equations. Mare the friction between the work
piece and flank face is taken to be negligibléhim ¢alculation.

These model equations are set on the excel sgreset and filling the input factors
for heat generating mentioned in above can easilgadiculated,,, Q;, Q., Ri, R andT in
very short time. Hereafter, this method will beledlthe estimation tool for optimum
cutting condition.
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3.2. CALCULATION OF TOOL TIP TEMPERATURE USING ESWIATION TOOL

Among the input factors of the estimation tool wa@ite, thermal dependence
characteristic of thermal conductivity, specifiahand strength of materials also effects on
the tool tip temperature. In the studies of heatrthution in cutting, the values of thermal
conductivity and specific heat of the work piecel ahip could become more accurate by
considering thermal dependency of their mecharpoaperties. Here, thermal dependency
of thermal conductivity and that of specific heatues considered for accurate calculation
are shown in Fig. 5 and Fig. 6 respectively [9]eTihput value for tensile strength of the
work piece is taken from the yield strength valoeresponds to the temperature of work
piece from Fig. 4 (assuming inversely proportioaadl taking material constant =1). The
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Fig. 5. Thermal dependency of thermal conductivity Fig. 6. Thermal dependency of specific heat
for soma materials for some materials

calculation is taken for three kinds of work pienaterials S45C, Inconel718 and Ti6AI4V.

The same cutting condition as in previous cuttimgugation (AdvantEdge Ver. 4.5) is used.

The calculation results of tool tip temperature fioedium cutting and high speed cutting
using estimation tool are shown in Fig. 7. It iguieed to provide the temperature values
of work piece and chip for accurate calculationsidering thermal dependency property
of thermal conductivity, specific and yield stremgEor confirming the accurate and stable
output results of tool tip temperature, some stéfdsial and error calculations are taken. In
this study, only 2~3 times of simple trial and ercalculation meet the best convergence
of results.

The percentages values shown in the figure repi®gdba values of the percentage
difference of results from previous calculationg(F8) compared with newly developed
estimation tool. From these results, it can be skeanthe values exist between 74%~116%
in comparing with the previous simulation resulor Ehe case of without considering the
thermal dependency for thermal conductivity, spedifeat of work piece and chip, the



Estimation Tool for Optimum Cutting Condition offli¢ult to Cut Material 83

values are between 50%~200% while calculating usioignal properties. Therefore, the
consideration of the thermal dependency is effedir the improvement of accuracy in the
calculation.

2000

XN oo
Al SE N SN N

B HSS SSSTR

' . ——— D~ D~

@ Carbide Y

. o XL
O Alumina LSRR BaRS
N R - RN SO —\©
B¢BN Sm——ES ===9
1500 .
M Diamond

Temperature change °C

1000 |

2 O MREE

S45C | Inconel718
Medium cutting High speed cutting

500

Ti6

Al4V

Fig. 7. Calculated results of temperature on the cuttirigtpo

In the next step, the calculation method for optimweutting condition using
estimation tool relating to the work pieces Inc@d@ and Ti6Al4V will be explained. As
an example, the cutting process of Inconel 718 6414V with carbide tool P20 will be
considered. Here, the determination of limit cugtoondition (at which tool tip temperature
reach its maximum limit), is undergone based orctiraition for cutting work piece S45C,
carbide tool P20 with medium cutting condition (Tel). Although the amount of heat
distribution to the cutting todl; depends on the thermal conductivity of work pigbe,
heat entering area (contact area of rake face hipjd may also change depending on the
specification of work piece and cutting tool, whighlargely effect orQ;. Therefore, the
temperature on the tool tip is chosen as basic ¢emtyre value for the calculation here as it
is directly effect on the softening coefficient@M). It can be considered that, if the tool tip
temperature while cutting Inconel718 and Ti6Al4\Vultbmaintain as same temperature as
in cutting S45C, the mechanical properties of thitirng tool will also be maintained in the
same condition as cutting S45C. The machinistseeaily calculate the tool tip temperature
under desired cutting condition using this estioratiool for optimum cutting condition and
easily define the standard optimum cutting condifiar each material.

As a standardization, the optimum cutting conditioncutting work piece S45C with
P20 carbide tool at which tool tip temperature wotdach T45=849.8°C is calculated by
using estimation tool. After that, the optimum tgtcondition for work piece Inconel718,
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Ti6AI4V is estimated by changing cutting conditigoutting speed, depth of cut, feed
speed) to keep tool tip temperature below 848.8Although the optimum value can be
obtained easily [10], some trial and error caldals are repeated here.

Table 2 shows the estimated results of optimunmnguttondition. Here, the optimum
cutting condition is estimated by changing anyh& parameters from cutting speed, depth

Table 2. Calculated result of limit of cutting clition

Material S45C Inconel 718 TiBAI4V
Modification of cutting Cutting | Cutting Feed | Cutting | Cutting Feed

parameter speed depth speed speed depth speed
Cutting speed m/min 150 74.8 150 150 37.8 150 150

Cutting depth mm 1 1 0.075 1 1 0.047 1

Cutting speed mm/req] 0.2 0.2 0.2 0.072 0.2 0.2 0.016
Tool temperatureoc 849.8 849.7 849.8 848.5 849.3 849.6 8496
Material repoving rat | 5000 | 249.3 | 3750| 180.0 1260 23 30.8

of cut and feed speed. To achieve nearly the samiag tool temperature as cutting S45C
material, it is necessary to reduce any of therguttondition is as usual. However, for the
cases of cutting Inconel 718 and Ti6Al4V, chandimg cutting speed is the best choice for
maintaining the high productivity and tool tip teenpture under desired value compare to
changing other conditions by considering metal remhaate. This estimation tool for
optimum cutting condition is much easier, lowertcasd shorter calculation time compare
with using cutting simulation (AdvantEdge Ver. 4iB)the previous section. It is applicable
in the industries for practical usage of cuttinggasses. Moreover, even though the specific
cutting resistance of each kind of work piece mdiedand the cutting characteristic may
also change. However, it can be controlled by awrsng the specific cutting resistance
of work piece, hardness and using thermal softecasdficient from Fig. 4.

3.3. INVESTIGATION OF THE STRESS ANALYSIS ON RAKEACE OF THE CUTTING TOOL

In this section, the stress distribution on theertdce of the cutting tool is investigated
using simple and effective static implicit FEM ays$ method. And then, the method for
estimation of cutting stresses on the tool duriagireg of titanium alloy and nickel alloy
was evaluated.

Fig. 8 shows the stress analysis model of cuttow tip and Table 3 shows the
analysis condition and the cutting tool geometnytHe simulation, the cutting condition in
table 1 is used and the cutting force exerting e dutting area of the tool rake surface
(depth of cuta,x feedf) is obtained by calculation using the estimatioal for optimum
cutting condition explained in previous sectioneTdestraints for the cutting tool taken in
FEM simulation are; both sides of the rake faceraasle to be roller supported and, the
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upper surface and the opposite side of the rakamirs made to be fixed as shown.

Fig. 9 shows the stress distribution along the ralkdace obtained by calculation
using static implicit FEM method (Cosmos Works) adgnamic explicit method
(AdvantEdge Ver. 4.5) for cutting Ti6Al4V materiaith carbide tool K10. The horizontal
axis is the distance along the rake surface fraretlge of cutting tool. The results obtained
from both CosmosWorks and AdvantEdge are aboutsHree values for the distance
between 0.1 ~ 0.6 mm. However, in the region from 0.1 mm, the results are different
about 5 times. The reason can be considered thalhd Cosmos Works stress analysis, the

Table 3. Tool geometry and analysis conditions

for stress on the rake face
Fixed

X direction (roller

axpported Fixed Rake angle
\ T \4 Depth of cut a, 1mm
Feed rate f: 0.2 mm
Tool height :H 2 mm
Tool thickness ' T 2 mm
Tool width W 1 mm
Rake angle % 5
Clearance angle a, 10O
Cutting force 'F Value calculated by dxge
Fig 8. Model for caloulation of stress on the Room temperatureTr 20°C
rake face
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Fig. 9. Calculated values of stress on the rake fac

value of input cutting force obtained by using tdpimum cutting condition estimation tool

Is assumed to be uniformly distributed throughdngt whole tool cutting area on the rake
face (depth of cud, x feedf). However, in the practical cutting, the stresstrébution is
largely concentrated near the cutting edge ofabédand causing higher stress near the edge.
Moreover, similar results were exhibited for theestcombinations of tools and work pieces.
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When the temperature of a material becomes higfiseyjeld strength also decreases.
This fundamental also effect on the cutting to@cr@asing its strength and hardness with
rising temperature. Especially, in the case ofimgtinconel718 and Ti6AI4V, thermal
conductivity of those materials are very low andstraf the cutting heat is conducted to the
cutting tool, resulting very high tool temperatumad shorter tool life. By using static
implicit FEM analysis, the average stress distiduton the tip of the tool is well
understood. And then, the temperature on the tigheftool could be estimated well by
using the developed estimation tool for optimuntingtcondition.

4. EVALUATION OF PROPOSED METHOD

Here, the developed estimation tool for optimumtingt condition is evaluated by
cutting experiment of Ti6Al4V and carbide tool P@8ing lathe turning process and the
temperature of the tool during cutting and the tdel are measured. The medium cutting
condition shown in Table 4 is used in the experimen

Table 4. Cutting condition and specification ofltoo

Type of cutting Medium cutting Ne\éveg]tﬁ;[::%d in
Work piece S45C, Ti6AL4AV Ti6AI4V
Cutting speed 150 m/min 37.8 m/min
Cutting depth 1mm
Feed rate 0.2 mm/rev

_ Kind of material Carbide P20
TP Geometry CNMG120408 (Tungaloy)
Holder PCLNR2525M12 (Toshiba Tungaloy)

Fig. 10 shows the results of the temperature attttng tool tip. The temperature on
the tool tip is interpolated by using FEM (Cosmosk¥) based on the measured
temperature values at the points near tool tip. tRercase of cutting Ti6AI4V at cutting
speed 150 m/min, it was failed to measure the teatypes due to chip moving direction and
tool damage. Therefore, the cutting speed is ratluoel00 m/min. The result of the
temperature calculated using ‘estimation tool fptimum cutting condition’ is also shown
for comparison. It can be seen that the temperdmrecutting Ti6AI4V with medium
cutting condition is extremely higher and it canrbduced to the value nearly same with
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cutting S45C carbon steel by controlling cuttingaition with using the proposed method.
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Fig. 11. Experimental result of tool life test

Finally the tool life experiment is taken for theratation of the applicability
of proposed estimation tool. The experiments drertdor each cutting conditions and flank
ware is measured for 700 m cutting length. Figshdws the experiments result of the tool
life test. The flank ware of the cutting tool fouttng Ti6A15V with using estimated
optimum cutting condition is much longer than tb&tmedium finishing cutting without

using estimation tool.
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5. CONCLUSION

From the above results, it is confirmed that theettgoed estimation tool for optimum
cutting condition is capable of controlling the fkdg temperature by investigating the
suitable cutting condition. Therefore, the devetb@stimation tool is very effective for
predicting cutting heat generation with maintainaudting tool life longer.

The following advantages are obtained from thisaesh.

(1) The developed ‘estimation tool for optimum twgtcondition’ is very effective for
investigating the optimum cutting condition of ¢ogf titanium alloys and nickel alloys.

(2) The optimum cutting condition for cutting loWwermal conductivity materials can
be estimated with easy, faster and economy by uem@roposed estimation tool.
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