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Abstract. The aim of this work is to study the tool weapéy and mechanisms) that predominates in ceramis to
after turning nickel base superalloy - Incoh&51 in tool life tests. DOE techniques was useH thie following input
variables: tool materials [Sialon (AD; + SikN,), Whisker (AlO; + SiC) and Mixed (ADs + TiC)], cutting speed, tool
geometry and lubri-cooling atmosphere (dry, arg@hrand oxygen rich). In each machining test a teol edge was
used up to the end of the tool life with interrops for wear measurements. At the end of these ttesttools were
analyzed with the help of an optical and a scanmlegtron microscopy. The results showed that thing speed, the
tool geometry and the lubri-cooling atmospheresenhafluenced the types of wear and tool life. Notedar (VB),
average flank wear (3 and nose wear (\@ prevailed depending upon the cutting conditionsl 0ol material
used. Overall Sialon tools showed the best perfanaafollowed by the Mixed and the Whisker ceraniibe lowest
tool life was found in dry condition and notch wereais accelerated by oxygen rich atmosphere, pdaibyuat low
cutting speeds. Attrition, abrasion and diffusioergithe dominant wear mechanisms found.

Keywords: base superalloy, machining of nickel alloy, ta@ar; tool life
1. INTRODUCTION

The nickel alloys, also known as superalloys aredum the manufacture of mechanical componentsha t
aerospace and automotive industries, due to thglr tmechanical strength at high temperatures, bigkp resistance
and fatigue strength and excellent corrosion rascst. Its field of application includes componentsrking at
temperatures above 500 °C, such as blades, disctugyine components and elements of exhaust systeangines
(Machadoeet al, 2009; ASM Handbook Vol. 2, 1990). Currently, rétklloy 751 is widely used for making the exhaust
valves of diesel engines (Special Metals, 2004).

The superalloys are known as low machinability male due to several factors, including (Ezugstal, 1999): (i)
a major part of their strength is maintained duringchining due to their high temperature propert{és work
hardening occurs rapidly during machining, whictaimajor factor contributing to notch wear at thel those and/or
depth of cut line; (iii) cutting tools suffer froligh abrasive wear owing to the presence of hardsake carbides in the
superalloy; (iv) chemical reaction occurs at hightiog temperatures when machining with commergialvailable
cutting tool materials, leading to a high diffusiaear rate; (v) welding/adhesion of nickel alloygathe cutting tool
frequently occur during machining, causing sevexehing as well as spalling on the tool rake fage tb consequent
pull-out of the tool materials; (vi) production af tough and continuous chip, which is difficult ¢ontrol during
machining, thereby contributing to the degradatifrthe cutting tool by seizure and cratering; awil) the poor
thermal diffusivity of nickel-based alloys oftennggates high temperature at the tool tip as welhigh thermal
gradients in the cutting tool.

Several tools were used over time for machiningnilc&el-based alloys, such as cemented carbidantercoated
and uncoated - pure or mixed, and the ultrahardstodlthough currently cutting tools incorporatevadced
technologies in its design, the problems histoljcaincountered in machining of superalloys perdieakdown
phenomena such as cracking, spalling and chippmgbe observed more frequently in interrupted csish as in
milling. But the wear occurs in both continuousticgt processes, as is the case of turning, andterrupted cuts,
when major damages are prevented. The main formgeaf on a cutting tool are: crater wear, flank mead notch
wear (Machadet al, 2009; Ezugwtiet al, 1999; Childset al, 2001). The flank wear and the notch wear arerthimn
causes of rejection of the cutting tools in contims cutting operations and, although the interaatiothe mechanisms
is complex, there may be development of diffusi@ary abrasion, adhesion, and others (Ezugtal, 1999; Costest
al., 2007).

In the present work a study on the wear mechanishen using three types of ceramic tools under tifferént
atmospheres is conducted when turning Inconel tikslloy.
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2. EXPERIMENTAL PROCEDURES

Two types of toolholders with different cutting gmetries — Tab. 1 (Kennametal, 2008), three typeseodmic
inserts [SIAION (SiN, + Al,Os3), Whisker (AbO3 + SiC) and Mixed (AIO; + TiC) — ISO SNGN 120716] (Kennametal,
2006; Kennametal, 2007) and three types of luboling atmospheres (dry, argon rich and oxygen nebje used in
the present investigation. The cutting speeds tsldor the experiments were 150 m/min and 300 mAvhile depth
of cut, feed rate and tool nose radius were kepstamt in 2.0 and 0.2 mm/rev and 1.2 mm, respdgtive

Table 1. Cutting geometries of the tools

Angles Cutting geometries
CG1 (ISO CSSNR 2525 M12) CG2 (ISO CSXNR 2525 M12)
XR 45° 850
XR 45° 5o
Qo 8° 6°
BO 90° 90°
Yo -8° 6°
& 90° 90°
)\S 0° -6°

The Ni alloy tested showed approximately 30 HRchafdness and the following chemical composition%gvt
(Villares Metals, 2008): Ni 71.12%, 16.70% Cr, F8®%b, 2.34% Ti; Al 1.33%, 0.88% Nb, Mn 0.27% Si®4, Mo
0.08% C 0.06%, Cu 0.04% Co 0.04%, W 0, 02%, V #0% 0.001%, P 0.001%. They were used in cylintbeas
with the dimensions dfl 105 x 250 mm.

The turning tests were carried out on a CNC latieomi Multiplic 35D model, belonging to the Mackigi
Research Laboratory — LEPU of the Federal UniversitUberlandia — UFU — Brazil. Measurements of were
done by optical microscopy using a stereomicros@lyepus model SZ6145TR with digital camera anddex®ro
Express 5.1 software. A scanning electron micropeofEM Zeiss EVO 40 model was used for tool weactmanisms

| analysis. Figure 1 shows the setof the system ready for a test.

Figure 1. Experimental set up

A 2° factorial design (Montgomery, 2001) was used whiesels of the input variables (cutting speed, tool
geometry and atmosphere) are summarized in Figirite the variable ‘atmosphere’ has three levéisy twere
analysed in pairs (three times) to fulfill the D@&fjuirements. In order to investigate the effeéthe input variables
on the tool lives statistical analysis was perfaimeing Statistica 7.0 and Microsoft Excel 2010wsafes.
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Ceramic:
SIAICN
Whisker
Mixed
Cusing spesd:; Cutting geomstry: Atmosphere:
150 mimin CG1 Dry
300 m/min CcG2 Oxygen Rich
Argon Rich

Figure 2. Scheme of tests with the ceramic inserts
The end of tool life criteria adopted in the tests shown in Tab.2.

Table 2. End of tool life criteria used in the 60 3685, 2000)

Type of wear Maximum value (mm)
Notch wear (VR) 1.00
Average flank wear (VB 0.40
Max. flank wear (VBma) 0.60
Nose wear (VB) 0.60

3. RESULTS AND DISCUSSION
3.1. Considerations on the wear

The SIAION (SiN4 + Al,O3) tools showed the best performance among all neris, followed by the Mixed
(Al,05 + TiC) and the Whisker (AD; + SiC) ceramics. The lowest tool life was foundiiy condition and notch wear
was accelerated by oxygen rich atmosphere, paatiguit low cutting speeds.

During the tests three types of wear were detemteithe ceramic tool used. They are identified #evic.

* SIAION (SkN4 + Al,Oz) = Average flank wear (VB — Fig. 3;

» Mixed (Al,O3 + TiC) = Notch wear (VR) and nose wear (V8 - Fig. 4;

» Whisker (AbO; + SiC)— Notch wear (VR) - Fig. 5.

WD = 55mm Mag= 70X Spot Size = 323

200 pm EHT = 20.00 kv Signal A = SE1 Date 31 Aug 2010 @

Figure 3. Average flank wear (\4Bon SIAION (SiN,4 + Al,O3) ceramic, after 60s. A large chipped area is also
seen on the rake face



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

EHT = 20.00 kv Signal A = SE1 Date :1 Sep 2010
WD=11.5mm Mag= 70X Spot Size = 329

Figure 4. Notch wear (VB and nose wear (VB on Mixed (ALO; + TiC) ceramic, after 60s

200 m EHT = 20.00 kv Signal A = SE1 Date :1 Sep 2010
|_| WD = 7.0 mm Mag= 70X Spot Size = 342

Figure 5. Notch wear (VB on Whisker (AJO; + SiC) ceramic, after 20s

The chemical and adhesive interactions betweeNitladoys and ceramics are weak and do not favieeirdiffusion
wear mechanism, although at higher cutting spe€ds= 300 m/min) heat generation is intense andbeaspread
among the materials (ASM Handbook Vol. 5, 1994; [385, 2000).

The influence of cutting geometry (CG) on the agerdlank wear (VB) and nose wear (V8 of the ceramic
inserts was most favourable to first geometry (C@iat inhibited wear mechanisms at both cuttipgesls (Cs = 150
m/min and and Cs = 300 m/min) where the temperatare relatively low and high, respcetively (ASMnidhook Vol.
16, 1989; Grzesik, 2008).

Observing the colour of the chips during machinied staining could be seen on their edges, realdtsfound in
the tests with ceramic materials done by Liao ahti&s (1996). The highest temperatures tend thugour the
thermally activated mechanisms such as diffusi@h@addation at the tool edges (Shaw, 1986).
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3.2. Influence of cutting speed, cutting geometryral atmosphere over the tool life

The influence of the input variables: cutting spé@d), cutting geometry (CG), atmosphere (A) arertaterial of

the insert (MI) on the tool life (t) was verifieding statistical tools — ANOVA (Montgomery, 2001).

The materials of the inserts (MI) were comparegairs for two different atmospheres (A), varying ttutting
speed (Cs) and the cutting geometry (CG). The maxirp value accepted was 0.20 and correlation ciefiti B>

0.90 for all comparisons.
Tables 3 to 11 show the influence of these inpttiées on tool lives (t) of the ceramic inserts.

Table 3. Effects of the input variables on tooékwf SIAION (SiN,4 + Al,O3) X Mixed (Al,O3 + TiC) inserts in Dry

x Oxygen rich atmospheres

Var. Effect Std. Err. t p
Cs -119,37 31,84 -3,74 0,013320
CG -80,87 31,84 -2,53 0,051941
A 46,12 31,84 1,44 0,207226
MI -89,62 31,84 -2,81 0,037373

Table 4. Effects of the input variables on tooéBwof SIAION (SiN,4 + Al,Q3) X Mixed (Al,O3 + TiC) inserts in Dry

x Argon rich atmospheres

Var. Effect Std. Err. t p
Cs -97,25 31,92 -3,04 0,018672
CG -82,00 31,92 -2,56 0,037069
Ml -68,00 31,92 -2,13 0,070641

Cs by CG 74,50 31,92 2,33 0,052312

Table 5. Effects of the input variables on tooéBwof SIAION (SiN,4 + Al,O3) x Mixed (Al,O3 + TiC) inserts in

Argon rich x Oxygen rich atmospheres

Var. Effect Std. Err. t p
Cs -139,37 16,61 -8,38 0,000394
CG -55,12 16,61 -3,31 0,021057
A 31,62 16,61 1,90 0,115350
MI -57,37 16,61 -3,45 0,018173

Table 6. Effects of the input variables on tooékwof SIAION (SiN,4 + Al,O3) X Whisker (ALOs + SIC) in Dry x

Oxygen rich atmospheres

Var. Effect Std. Err. t p
Cs -123,00 24,05 -5,11 0,000624
CG -69,75 24,05 -2,89 0,017613
MI -105,50 24,05 -4,38 0,001757

Cs by Ml 77,50 24,05 3,22 0,010464

Table 7. Effects of the input variables on tooébwof SIAION (SiN,4 + Al,O3) x Whisker (ALOs + SiC) x in Dry x

Argon rich atmospheres

Var. Effect Std. Err. t p
Cs -107,12 26,29 -4,07 0,006549
CG -65,12 26,29 -2,47 0,048032
Ml -79,87 26,29 -3,03 0,022879

Cs by Ml 58,12 26,29 2,21 0,069113
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Table 8. Effects of the input variables on tooéwof SIAION (SiN4 + Al,O3) X Whisker (ALOs + SiC) in Argon

rich x Oxygen rich atmospheres

Var. Effect Std. Err. t p
Cs -130,37 13,84 -9,41 0,000032

A 27,62 13,84 1,99 0,086197

MI -82,62 13,84 -5,96 0,000560
Cs by MI 57,87 13,84 4,18 0,004135

Table 9. Effects of the input variables on tooébwf Mixed (A}Os + TiC) x Whisker (AbOs + SiC) in Dry X

Oxygen rich atmospheres

Var. Effect Std. Err. t p
Cs -41,87 19,25 -2,17 0,081616
CG -57,62 19,25 -2,99 0,030336
A 43,37 19,25 2,25 0,073997

Cshy A -42,37 19,25 -2,20 0,078988

Table 10. Effects of the input variables on toeé$ of Mixed (AbO; + TiC) x Whisker (A}O; + SiC) in Dry x

Argon rich atmospheres

Var. Effect Std. Err. t p
Cs -39,12 24,24 -1,61 0,145182
CG -52,37 24,24 -2,16 0,062725
A 37,37 24,24 1,54 0,161681

Cshy A -39,62 24,24 -1,63 0,140758

Table 11. Effects of the input variables on toeé$i of Mixed (A}O3 + TiC) x Whisker (A}Os + SiC) in Argon rich

x Oxygen rich atmospheres

Var. Effect Std. Err. t p
Cs -81,50 19,66 -4,14 0,001995
CG -50,00 19,66 -2,54 0,029207
Ml -25,25 19,66 -1,28 0,208003

Cs by CG 49,75 19,66 2,53 0,029851

It is observed that the cutting speed caused rexmfugt tool lives when changed from 150 to 300 mih. This
result is consistent with the literature (Machataal, 2009; Trent and Wright, 2000), where higher antafrheat

generation in the fastest cutting speed enhaneesd¢hr mechanisms, decreasing tool life.

Figures 6 to 8 illustrate the effect of the mainiafales on the tool life (t) of the several ins@dterials.
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Figure 6. Influence of inputs parameters on thélifem. SIAION ceramic inserts (W, + Al,O3) X Mixed ceramic
(Al, O3 + TiC)
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Figure 7. Influence of inputs parameters on théltfm. SIAION ceramic inserts (g, + Al,O3) X Whisker
ceramic (AbO; + SiC)
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Figure 8. Influence of inputs parameters on théltfm. Mixed ceramic inserts (AD; + TiC) x Whisker ceramic
(AlI,03 + SIC)

The change of the ceramic tool geometry from CGC@&® decreased the tool lives in all factorial dasiHence,
the geometry withygr = 45° v, = -8°, o = 8° and\s = 0° was more appropriate to machine the Incorél,
overcoming the geometry where these angles are-85°6° and 6°, respectively. The CG2 tool geognetas very
vulnerable to microchipping.

With respect to ceramic tool material, SIAION shavthe best results. It was followed by the mixed dren by the
whisker ceramic, that showed the worst performahderature (Ezugwuet al, 1999) indicates that all the three
ceramics used are suitable for machining nickelyall and the SIAION and Whiskers usually have denelresults
when the notch wear predominates. The resultsisfstindy indicate that beyond the notch, flank adde wear were
also present and thus the Whisker ceramic tool&damat present the same performance of the otthemddition, the
SIiAION tools showed good resistance against notearymaking flank wear dominant, with longer tooés.

4. CONCLUSIONS

The results showed that the cutting speed, toangéy and atmospheres influenced the types of aeaitool lives
of the ceramics tested. Notch wear QJBvas the dominant type of wear, followed by averfignk wear (VB) and
nose wear (VB).

The shortest tool life were found in normal atmaseh(dry) and the development of notch wear (\VBas
accelerated by oxygen rich atmosphere, particuktrlgw cutting speeds.

The interaction of the cutting geometry number @ higher cutting speed favoured the developmemiose wear
(VB() of the inserts tested.

The SIAION ceramics (8N, + Al,Os) is not prone to the development of notch weasenting the longest tool life
among all tools tested. For this type of tool mateaverage flank wear (M was dominant, followed by nose wear
(VBo).

Chipping on the secondary cutting edge was obsewlsh the CG2 cutting geometry was used in all roara
materials.

The wear mechanisms that predominate during mauhiaire attrition, abrasion and diffusion due tohhig
temperatures generated during cutting.
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