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ABSTRACT
Various2-D numerical simulations were carried out using the

commercial software AdvaBtige Versios 5.2 and 5.3to model
ductile modemicro-Laser Assisted Machiningu-LAM) of Silicon
Carbide (4HSIC). The cutting tool is a single point diamond. The
workpiece material (SiC) is heated locally by a laser heatrich
pasgsthrough the diamond tool tip. The workpiece is heated beyond
the thermal softening poinh orderto study the effect of increased
temperature. The cutting and thrust forces are reduced when machining
is done above the thermal softening temperature. The atilong were
carried out fotwo casesat different temperatures above and below the
thermal safening point to study the effect pfLAM on the cutting and
thrust forces. In the firstaseboth the tool and workpiece material were
heated to study the behavior at elevated temperaturebe Isecond
ca®, a thermal boundary condition waiovided on theop surface of

the workpieceto simulate the laser heating effdaeping the tool at
room temperature (20C). In both case the chip formation was
observed and the chargji@ cutting and thrust forces were evaluated
The simulation restd indicatea significant decreasan machining
forces if Silicon Carbide is heated beyond the thermal softening
temperature thus demonstrating the benefits-bAM process.

Keywords: Precision machining, Single Point Diamond Turning,
Thermal softening4H Silicon Carbide

1 INTRODUCTION
Silicon Carbide (SiC) i@n advancedngineerecteramic and

an alternativeto semiconductingsilicon (Si) for operation aklevated
temperatures and high power applicatioB®me of Si6@ beneficial
properties include: leemical resistance, high temperature resistance,
extreme hardness and high stiffnEgs Also Silicon carbide is one of
the non oxide ceramscthat are found in various commercial
applications and hence it has a goodr@sion and erosion resistance
[2]. SiC hasa relatively high hardness; 26 GPaand is nominally a
brittle material[13]. Hence machining oiC is difficult as the cutting
forces maybe very highwhich can damage the tool as well iagpart
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damagg(fracture)into the workpiece. The classic propeegd benefit

of SiC is that it retains its strerfigéven at elevated temperatyrefich
imposes additional challenges for laser assisted (elevated temperature)
machining. Current limitations for brittle material machitg include

the high cost of processing and product reliabilitiie cost is mainly

due to the high tool cost, rapid tool wear, long machining time, low
production rate and the manufacturing of satisfactory surface figure and
form. The low producteliability is primarily due to the occurrence of
surface/subsurface damage and brittle fracture.

Laser Assisted Machining (LAM) is promisingway of
lowering the material strength during machinifij. LAM can also
increase the material removal rates lehinaintairng the workpiece
surface quality. In LAMprocesseghe workpiece is heated locally by a
laser pastits thermal softening poinand therductile modemachining
is done on the thermally softened surfa¢gé In p-LAM, the laser
beam passethrough the diamond tool, thus heating the surface just
below the tool tipin the chip formation zonf0]. The heating effect
produced isat themicroscopic scale and hence the laser power required
to heat the workpiece is letanin macro LAM processs[8]. During
LAM processing the workpiece isdeformed below the fracture
strength, thereby enabling a visplastic flov rather than brittle
fracture [5]. The workpiece useth this study iscrystaline 4H-SiC.

This simulation work was done obtain thehavior of single crystal

SiC at elevated temperatures to perform ductile mode machihiveg.
objective of this study is to simulate the change in the chip formation
andstudy the resultamhachining forcesvith and without laser heating.
The workpiece ideated above the thermal softening point to analyze
the change in cutting and thrust forces during machining. The cutting
pressure also decreases as the workpiece temperature increases by the
laser heating effect. As these ceramic materials are expensive,
simulations prove to be a suitable tool to complement pitngsical
experiments. The simulatioradso provide sufficient data to relat®

the experiment results.
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2 MATHEMATICAL MODEL limitation of the simulation software angasused tostudythe thermal
effects on SiC above the thermal softening temperature.

2.1 Introduction
As the workpéce is heated locally there tisermal softening
and subsequerductile material removatiuring machining There is Thermal Softening Curve for 4H Sit
also aHigh Pressure Phase afrsformation (HPPT) at the techip 15
interface, and theresultant phase obtaineds ductile (netallic or T cutoff
amorphous)in certain ceramics suckhs &ilicon Nitride and SiC[4]. ! /
The ductile material removal below the thermal softening point is due \ ——Thermal
to HPPT. The existence of high pressure phase beyond the thermal Softening Curve
softening point is not yet reporte@y confining the scope of the 0.5 T oot for 4H SiC
simulation tothe ductie mode of material removal, it is possible to use &
the metal maching simulation software Advanti§e to predict the 0
behavior ofSiC. The software currently only includes ductile or plastic 20 2000 3200
deformation and does not consider a fracture criterion or brittle material
removal mechanismdn the ductile modeeven for ceramics)the Figure 1 Thermal Softening Curve for 4H-SiC
software can be used to accurately predict the forces arssupes Note: The temperature valugs, and Tpe; are estimatedoased on different
generated byhe tool-workpiece interaction, for a given set of process  values from various refences [8L6]
conditions assuming an appropriate material model is[#$ed
Material properties arspecifiedin the model which include 2.1.3  Strain Rate Sensitivity
elastic and plastic behavior, heat transfer, thesnétening as well as The strain rate sensitivity given by
strain rate gasitivity. The simulation (material model) uses the
DruckerPrager model toaccommodate theressure induced phase A s ‘
transformation and the rdsant plastic/ductilebehavior{7]. 1+ - = "Q” D , TN 2
2.1.1 Elastic Plastic Behavior (4)
The elasticbehavior is specified by providing the Elastic
(Youngds) modul us and Poissonds ratio. The strain hardening behayv
for the DruckerPrager model is defined as G '
-n -2 a1 , 92 L ;
1, E YD Tmm 0 BT
i . -nE )
Q-" =, g’Y 1+ )
1) where,, is the effective von Misgs stressisghe flow stress; 1 is the
accumulated plastic strain rat€! is the reference plastic strain rate,
where o is the initial yield stressz”is the plastic strainZa is the and m and m are low and high strain rate sensitivity exponents,
reference plastic straig, Y is the thermal softening functioand n is respectively.-¢ is the threshold strain rate whideparates the two
the strain hardening exponent. The initial yield strsssalculated regimes.The pertinent workpiece material properties are given in Table
using the DruckePrager yield criteriofi7]. 1.
The strain rate sensitivitfreferto Figure 2) is normalized tthe initial
2.1.2 Thermal Softening Behavior yield stress [7].

The thermal softening functidn (T) is defined as

Table 1 Workpiece material properties (Ref. [8])
OTY=cg+esT+caT? +caT® + g7 4+ c5T% if T < Toye

) Material properties Value Units
Elastic Modulus, E 330 GPa
Poi ssonds ratigdg 0.212 -
T—T.us , Hardness, H 26 GPa
= : — =T, ———
o) G{T"“‘r}(i Tonate — cur) i T=Tou 3) Initial yield stress, g 16.25 GPa
Reference plastic straing »olE -
) o ) N Accumulated plastic strain 1 -
The polynoml_al coefficientsc thrOl_Jgh G are fit to a B" order Strain hardeningxponent, n 50 ;
polynomial, T is the temperaturel, is the linear cutoff temperature L ow Strain rate sensiivit 100 -
andTeis themelting temperature. exponent Yy
For the polynomial shown in equation (2),i€ set to 1 while H'ph T LI n it 100
c; through ¢ are set to zerin the AdvantEdge softwarelhus the Igh Strain rate sensitivity )
exponentm,

value of thermal softening is 1 for temperatures below or equal to the - 0 1E7 -
cutoff temperature of the materialeaching a value of zero at the Threshold strain rate,, sec
melting temperature as seen in figure 1. Hmsple model is a current
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incorporate crystallographic planes/orientatiamsl treats the material
as elastigplastic and ductile. To reflect the ductile behavior in

1o Strain Rate Sensitivity ceramics, promoted by the RP, a pressure sensitive Druck@nager
' constitutive model as explained in section 2.2 is used.
1.15 / The objective of these simulations was to studlyctile
g 11 machiningbehaviorof single crystal SiC above its thermal softening
f= 1.05 / ——Flow temperatureFor this study, the gstalline dependency of the brittle
2 stress behavior of SiC is not included in the model, as the primary goal is to
1 . . . .
° study the thermal softening and resultant plastic and ductile material
L 0.95 responseThe simulations were carrieauit in two stages.n the first
0.9 - - - - - - stage bothhetool and workpiece were heated andthasecond stage
N Q> & & > & © a thermal boundary condition was providedtha top surface of the
X X X X X X X H H H H H
< < < < < < < workpiece to simulaté¢he laserheatingeffect. (Note: The simulation
R 3 3 N R N N , 2 ;
_ software does not provide for the diréetorporation of the laser heat
. ~ Strain Rate (1/sec) o source, thus the heating effect is modeleith these thermal
Figure 2 Strain rate sensitivity normalized to initial yield stress conditiony The simulation input consists ¢he workpiece and tool
dimensions antheir mechanical and thermal properties as described in
L . . the next sectionThe bol and workpiece material models used in this
2.2 Determination of Initial Yield Stress

To determine the initial yield stresa pressure sensitive
DruckerPrager model as proposed by Ajjarapu et al. (2004) was

simulation work are similar to comparison study between numerical
simulations and single point diamond turning experiments dpne
Pattenet al. (2008), whichldemonstrates thahe material modelsare

specified as detailed below. . .
The DruckefPrager yielccriterion is given by quite rdiable [10,20).
— 3.1 Workpiece model and Properties
V3/z + Lha-x - (5)
J is the second invariant of the deviatoric stress tensor, given by Simulation Model
1 . . Tool
J= g 1-/9(2 0o 2 /(3 Ao 3- Al)ﬂ (6) __,-"')-
I (I,= &+ O+ Us) is the first invariant of stress tensatis the pressure
sensitivity coefficient, @ is thh Workpiece qual
given by i
—— L ———»
2,008 : . .
o = @) Figure 3 Simulation Model
n 0T &
The workpiece was made long enou@h = 0.08 mm to
. _ _ _ _ ensure that the letig of cut(loc) would allow steady state conditions

wher an d aré the yield sengthin tension and compression to beachieved. The height (a 0.02 mn) of the workpiece was much
respectively. The quantityis equal to thélow stress in the case when larger (between 10 to 100 times) in comparison to the @eat uncut
Uc = Uy, i.e. no pressure dependency. chip thicknesgt). The boundary conditions of the workpiece surface is

assumed to be traction free and constrained iticaédirection.Refer

The hardness of SiC materialteken a26 GPa[9, 15 and to Figure 3and 4for thesedimensions

the tensile yieldstressis calculatedto be 11.2 GPa based on a

proposed value of H/2 A8]. The compressive yieldlf) is set to equal The thermal propertied the SiCare given in &ble2.

the hardness of theaterial [§.
For a uniaxial stress staté @ndds are zero),

Table 2 Thermal properties of workpiece(SiC) (Ref. [8])

= .1 (8) Properties Value
Thermal ConductivitfW/m x C) 390
From equation (8)ve get, *Thermal Softening temperatune) 2000
*Melting temperaturex(C) 3200
J= ?f 9) Initial reference temperaturg C) 20

Fromequat i on sl®2 GPaanddrorueguatid),( U e qu a;}':%fgti

provide a pressure sensitigleruckerPrager) yield criterion.

: The thermal softening and melting targiure of SiC given in table 2

. . matedbased on various referend@16] to study the behavior of SiC
0.375. These two parameters are set in the software material model to \hijle machining above thermal softening temperature.

3.2 Tool Specifications
3. SIMULATION MODEL The tool used is a single imb diamond. The tool parameters
The simulation methot$ based upo 2D Lagrangian finite are given in table .3The simulations were conducted iFD2and as a
elementmachining model assuming plane strain conditifi®. The result a roundhose tool geometry could not be simulated, therefore the
simulations wee carried out by specifying thmaterial properties for simulated tool cutting edge is flathe top and rear surfaces of the tool
pol ycr ys4H&iC.| Thuse theUconstitive model does not are rigidly fixed with adiabatic condition¥he material model for the
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tool is polycrystalline diamond with elastic propestas given in Table

4.

Table 3 Tool Parameters/Geometry

Cutting Edge Radiys, (nm) 100
Rake angle U - 45°
Reliefangle b 5°
Rake length (mm) 0.0075
Relief length (mm) 0.0075

workpiece

e T

j——— lo¢ ———
1

+*

Figure 4 Tool and Workpiece geometry

The -45x rake anglecreats a high pressuresufficient to
accommodate the HPPT, thie chip formation zone is conducive for
ductile deformation[6]. The thermal and mechanical properties

diamond are given in table 4.

Table 4 Tool Properties (Ref. [8])

Thermal Conductivity, W/nxC 1500
Heat Capacity, J/kgC 471.5
Density, kg/m3 3520
Elastic Modulus, GPa 1050
Poisson's ratio 0.2

3.3 Simulation Process

Procesparameters used thesimulatiors are given in table 5.

Table 5 ProcessParameters

Parameters Values
Feed (nm) 500
Coefficient of friction 0.5
Cutting speed (m/s) 1
Depth of cut (mm) 0.02

used for comparison to evaluate the various machining conditions
(primarily the workpiece temperature and the resultant thermal
softening effect).All simulated force results are based on achieving
steadystate conditionsThe initial temperatte of the workpiece and

tool is set at room temperature 0). To study the various effects of
heating on SiC, two different conditions were used to study the
behavior of SiC. In the first case, both ttu®l and workpiece were
heated. h the second casa thermal boundary condition was provided
on thetop surface ofvorkpiece toartificially increasethe temperature

in an effort to simulate the effect ahe p-LAM process. The
simulations were carried out at various temperatures above and below
the thermal softening point of SiC. The simulation temperatures were
20x C, 100k C, 190&x C, 200k C, 2300x C, 260« C and 3108 C,

where 2000° C is the thermal safleg temperaturas shown in figure

1. The feed and cutting edge radius were kephstant in all
simulations. The results of the simatibns were viewed in Tecplot][7
which provides temperature, pressure and stress contours along with
the cutting and thrust force plots for analysis of the simulation results.
At each of the simulated temperatures, ¢hg formation,force plots

and pressure contours arged andtompaed to evaluate the results.

4 RESULTS

In the first case when both the tool and workpiece were heated
to the same temperature, the comparisons of the different simulations
are made with reference to the simulation at room temperature as
shown in figure 5

Ternperature (*C)
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45,7143

435714
41,4206
33.2857
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Figure 5 (At 20xC)
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Figure 6 (At 1000x C)

The simulations were conducted withe values given in
Tables2, 3, 4 and 5The feed irthe 2-D simulation relates to the uncut
chip thicknessand the depth of cuefers to the workpiece widthWith
the given values ohigh negative rake angle and feed, ductide

machining was achieved the experiments performed by Patten et al.

(2005).The coefficient of friction was taken as héwever the results
are not very sensitive to this valae established in previous research
[8]. The simulation results include the cutting and thruste®tbat are
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Y (mm)

Ternperature (¢ Ternperature {'C]
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Figure 7 (At 1900 C) Figure 11 (At 3100x C)
From figures5-8 it can be seen that from 2@ until the
thermal softening temperature of 20@D there isno significantchange
Ternperature {'C) . . . .
. g in the chip formationNote that the temperature scale changes in each
ggg; figure, as the minimum temperature is set to the-heating
. 020 temperatureThe workpiece undergoes plastic deformation and high
g 018 . . .
2015 pressurs are observed at the toalorkpiece interfaceFigures 9 10
1 . . . . .
- o and 11depit the thermal softening behavior #@ise chip thickness
. A‘A‘A‘g‘mwg:g;wv‘vgggm:'g;,?m . . .
el 010 increasesdue todecrease in the hardness of Sikhe lower cutting
R AN R AR SO 2006
. v%%@%%%‘éﬁ;‘%% : a?ﬁ‘i#f R forces enhance precision machining through increased ductile material
O BRI AR NS . . .
e S 2 removal.The simulaion results arsummarizedn Table6

Table 6 Simulation results
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Y (mm)

Figure 8 (At 2000x C)
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Figure 9 (At 2300xC)

Temperatwe (")
2330
32786
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Figure 10 (At 2600x C)

20 1000 1900 2000 2300 2600 3100

Temperature ({ C)

Figure 12

Maximum
Temperature| Cutting
of simulation | Pressure | Cutting force| Thrust force
(C) (GPa) (N) (N)
20 27 0.56 0.85
1000 27 0.56 0.84
1900 27 0.53 0.83
2000 27 0.53 0.83
2300 19 0.48 0.67
2600 15 0.41 0.60
3100 2 0.08 0.09
Forces vs. Temperature Plot
00 20 0¥ o o
0.8
0.7 Cutting
= 0.6 Force (N)
» 05 === Thrust Force
S 04 )
o
“ 03
0.2 5
0.1 oo® °
0 T T T . :
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Figure 13

From table6 and figure12, it can be seen that there is a
sudden change in cutting and thrust forces at temperatures above the
thermal softening temperatur@00x C. The change in cutting
pressure (refeto Figure 13 is due toa decrease in hardness of SiC
above the thermal softening pointo generate a ductile cutting
environment through purely applied stress (hydrostatic and shear)
required that the pressures at the 4dp interface be equal to or
higher than, the hardness of the matdiddl, which i taken to be 26
GPa in the material modéh the simulation at 310&C the forces and
pressure are negligible #ge workpiece material is cloge the melting
temperaturg¢3200xC). The chip formation is ductilat all temperatures
and above the thermal softening temperatuthe chip thickness

increases.

results

In the secondsetof simulations a thermal boundary condition
was provided on theop surface othe workpiece(referto Figure 14
keeping he tool at room temperature 20). Thesesimulations were
done to simulatéaser assisted machining such that the workpiece is
heated by the laser before machinihmpte that the temperature scale
changes in each figu(&igures 1520), as the minimum temperature is

set at 10° C less than the boundary condition temperature to show the
effect of thermal boundary condition othe top surface of the
workpiece. The figures 5-20 depict the second staggmulation

Figure 14 (Workpiece Boundary Condition)
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Figure 15 (100 C boundary condition on workpiece)
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Figure 16 (190 C boundary condition on workpiece)
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Figure 17 (200x C boundary condition on workpiece)
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Figure 18 (2300x C boundary condition on workpiece)
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