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Introduction to Silicon Carbide

• Better alternative to semiconducting Silicon for operation at 
elevated temperatures and high power applications

• Chemical resistance, non-oxide ceramic, high temperature 
resistance

• Extremely hard and brittle material

• Hardness: 26 GPa

• Difficult to machine due to its extreme hardness



Applications

• Optical Mirrors
• LEDs
• Wide bandgap and high temperature applications such as 

thyristors and IGBTs.

Courtesy: Boeing



High Pressure Phase Transformation

• The ductile material removal can be attributed to a High
Pressure Phase Transformation (HPPT) at the tool-chip
interface and the resultant phase is metallic or amorphous

• The HPPT occurs due to contact between the sharp tool and
workpiece at or below critical depth of cut, i.e., below the
ductile to brittle transition



µ-LAM Process

• Micro-size laser passes through the optically transparent 
diamond tool

• IR laser used
• Reduces the cutting forces

Traditional LAM process
µ-LAM process



Simulation Model



Introduction 
• Software used: AdvantEdge developed by Third Wave Systems
• Finite element metal machining commercial software
• Can be used due to metallic phase at tool-chip interface (HPPT)
• Measurement of temperature, stresses at nano scale

Limitations:
• Direct Laser heating cannot be incorporated
• Crystalline dependency of the brittle behavior is not included 



Material Model
Drucker-Prager Yield Criterion:

…(1)

…(2)
where  I1 is first invariant of stress tensor

…(3)

Where J2 is second invariant of deviatoric stress tensor
Hence initial yield strength is given by:

…(4)

For uni-axial stress, σ2 = σ3 = 0 and also σc = σ1 = H= 26 GPa
σt = H/2.2 = 11.82 GPa (for ceramics)
Hence, К= 16.25 GPa and Drucker-Prager coefficient (α) = -0.375
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Material properties

Material properties Value Units
Elastic Modulus, E 330 GPa
Poisson’s ratio 0.212 -
Hardness, H 26 GPa
Initial yield strength, σ0 16.25 GPa
Reference plastic strain, ε0

p 0.049 -
Accumulated plastic strain, εp 1 -
Strain hardening exponent, n 50 -

Low strain rate sensitivity exponent, m1 100 -

High strain rate sensitivity exponent, m2 100 -

Threshold strain rate, εt
p 1E7 sec-1

Drucker-Prager  coefficient (DPO) 0.375



Thermal Softening
• Assumed Thermal softening Curve

• Thermal cutoff temperature: 2000 C and melting temperature: 
3200 C

• Used in preliminary analysis, to verify if thermal softening 
behavior can be simulated in the software



• Realistic thermal softening curve

• Thermal cutoff temperature: 1500 C and melting temperature: 
2830 C (based on references)

• Used in the thermal effects to mimic the thermal softening 
effect during actual µ-LAM process

Thermal Softening (contd.)



Process parameters

Parameters Values Unit

Feed 500 nm

Cutting speed 1 m/s

Depth of cut 20 µm

Tool geometry

Parameter Value

Cutting Edge Radius, r, (nm) 100 

Rake angle, α - 45º 

Relief angle, β 5º 



Preliminary work



Introduction

• This work was done to verify if thermal softening 
behavior can be simulated in the software

• Assumed thermal softening curve is used

• Thermal cutoff point: 2000 C

• Melting point: 3200 C

• Two heating effects
– Tool and workpiece heated
– Workpiece (surface heated) boundary condition



Heating Effects
• Tool and workpiece heated



Heating Effects (Contd.)

• Workpiece (surface heated) boundary condition



Results
• Tool and workpiece at 1000 C



Results (Contd.)
• Tool and workpiece at 2600 C



Results (Contd.)
• Workpiece (surface heated) boundary at 1000 C



Results (Contd.)
• Workpiece (surface heated) boundary at 2600 C



Results (contd.)

Simulation 
Temperature 

(° C)

Maximum 
Cutting 
Pressure 

(GPa)
Cutting Force 

(mN)
Thrust Force 

(mN)

Tool and 
workpiece heated

20 27 560 850
1000 27 560 840
1900 27 530 830
2000 27 530 840
2300 19 480 670
2600 15 410 600
3100 2 80 90

Workpiece 
(surface heated) 

boundary 
condition

1000 27 460 780
1900 27 450 780
2000 26 450 770
2300 21 410 610
2600 15 330 530
3100 4 120 160



Results (contd.)

Tool and 
workpiece heated

Workpiece (surface 
heated) boundary 
condition
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Results (contd.)

Tool and 
workpiece heated

Workpiece (surface 
heated) boundary 
condition

27 27 27 27
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Actual µ-LAM process heating effects



Introduction

• This work was done to study the material behavior with 
different heating conditions on tool and workpiece

• Realistic thermal softening curve used

• Thermal cutoff point: 1500 C

• Melting point: 2830 C

• Three Heating effects
– Tooltip boundary condition
– Rake and clearance face heated boundary condition
– Workpiece (surface heated) boundary condition



Heating Effects

• Tooltip boundary condition



Heating Effects (contd.)
• Workpiece (surface heated) boundary condition



Results
• Tooltip at 20 C



Results (contd.)
• Tooltip at 2200 C



Results (contd.)
• Rake and clearance face at 20 C



Results (contd.)
• Rake and clearance face at 2200 C



Results (contd.)
• Workpiece (surface heated) boundary condition at 20 C




Results (contd.)
• Workpiece (surface heated) boundary condition at 2200 C






Results (contd.)

Temperatures 
( C)

Cutting 
Force 
(mN)

Thrust 
Force 
(mN)

Chip 
formation

Pressure 
(GPa)

Tooltip 
Boundary 
Condition

20 500 900 Yes 33
700 460 890 No 30

1500 370 610 No 27
2200 200 300 No 20
2700 80 130 Yes 8

Workpiece 
(surface 
heated) 

boundary 
condition

20 470 1002 Yes 32
700 450 1000 No 30

1500 390 570 No 27
2200 200 260 No 20
2700 30 40 No 3

Rake and 
clearance face

Boundary 
Condition

20 500 1006 Yes 33
700 450 1000 No 29

1500 380 620 No 27
2200 200 300 No 20
2700 60 90 Yes 6



Results (contd.)
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Results (contd.)
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Stress and temperature interaction study



Introduction
• This work was done to study the interaction between pressure 

and temperature during the actual µ-LAM process

• Workpiece (surface heated) boundary condition was chosen for 
this analysis

• Three approaches were chosen
– Normalized Cutting Force Approach
– Yield strength as a function of temperature
– Yield strength as a function of pressure and temperature



Yield strength vs. temperature 
Temperature (°C) Hardness (σc)

GPa
Yield strength 

(σt)
GPa

Normalized yield 
strength

Calculated yield 
strength with 
variable σc

(κ)

20 26 11.82 1 16.25

300 22 10.00 0.846 13.750

400 20 9.09 0.769 12.500

500 18 8.18 0.692 11.250

600 16.6 7.55 0.638 10.375

700 15 6.82 0.577 9.375

800 14.35 6.52 0.552 8.969

1000 12.75 5.80 0.490 7.969

1100 12 5.45 0.462 7.500

1300 10 4.55 0.385 6.250

1400 8.835 4.02 0.340 5.522

1500 6.8 3.09 0.262 4.250

2700 2 0.91 0.077 1.250



Approaches
• Normalized Cutting Force Approach

Normalized cutting forces  =  X stress + Y temperature
Where X and Y are the  proportional multipliers and X + Y = 100 %

• Normalized Cutting force is based on the cutting forces obtained 
from simulation output. It  is calculated by dividing the cutting force 
at any given temperature by force at 20 C

• Stress factor is  assumed as 1 because in Drucker-Prager model stress 
is not a function of temperature

• The thermal contribution (Y) is the normalized yield strength value at 
the given temperature taken from previous table



Results from Normalized cutting force approach

Temperatures 

( C)

Cutting 

Force (mN) Stress %

Temperature 

%

20 470 100 0

700 450 90 10

1500 390 77 23

2200 200 31 69

2700 30 1 99

At room temperature (20 C) it is assumed that the machining is 
entirely due to high pressure at the tool-chip interface 



Results from Normalized cutting force approach 
(contd.)

Percentage pressure vs. temperature



Approach
Yield Strength as a function of temperature approach

• This approach determined the effect of temperature on the yield 
strength which in turn affects the cutting forces and pressures

• A percentage contribution due to temperature can be calculated using 
the yield at room temperature (20 C) and the calculated yield (κ) at 
an elevated temperature

• It is calculated using the equation given below



Results from Yield Strength as a function of temperature 
approach

Temperature 

( C) Pressure % Temperature %

20 100 0

700 58 42

1500 25 75

2200 18 82

2700 9 91



Results from Yield Strength as a function of 
temperature approach (contd.)

Percentage pressure vs. temperature



Approach
Yield Strength as a function of pressure and temperature approach
• This approach is used to determine the combined effect of pressure and 

temperature

Drucker-Prager Yield Criterion:

…(1)

…(2)
where  I1 is first invariant of stress tensor

…(3)

Where J2 is second invariant of deviatoric stress tensor
Hence initial yield stress is given by:

…(4)
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Results from Yield Strength as a function of pressure 
and temperature approach

Temperature
( C)

From 
simulation 

output
σx 

From 
simulation 
output σy

From 
simulation 

output
σz

First variant 
of stress 

tensor in D-P 
model

I1

Second variant 
of stress tensor 
in D-P model

J2

κ
(GPa)

20 38.737 25.919 32.408 97.064 41.077 47.500
700 22.059 21.621 21.966 65.646 0.053 25.017
1500 8.855 10.789 9.813 29.457 0.935 12.721
2200 4.777 2.578 3.679 11.034 1.209 6.042
2700 0.395 0.783 0.591 1.769 0.038 0.999



Results from Yield Strength as a function of pressure 
and temperature approach (contd.)

Temperature 

( C) Pressure % Temperature %

20 100 0

700 53 47

1500 27 73

2200 13 87

2700 2 98



Results from Yield Strength as a function of pressure 
and temperature approach (contd.)



3-D simulations and comparison with experiments



Introduction

• The objective of this work was to compare the cutting forces and pressures 
of the simulation with the results of experiments which can provide a 
validation for the model

• Experimental depths of cut at 55, 70, 95 and 120 nm

Parameter Value Units

Feed 200, 150, 100 nm

Tip Radius 5 µm

Scratch Speed 1 m/s

Length of Cut 8 µm



Introduction (contd.)

W: width of cut
R: Cutting Edge radius
d: Depth of cut



Results



Results (contd.)

Program 
feed

Depth 
of Cut
(nm)

Temp
(° C)

Width 
of cut 

in 
expt 
(um)

Cutting 
Force 
(mN)

Thrust 
Force 
(mN)

Calculated 
contact 

(crescent) 
area in 
expt

Max 
pressure 

using 
cutting 

force from 
simln 
(GPa)

Max 
probed 

pressure 
(GPa)

Average 
pressure 
using the 

he
misphere
area and 

thrust 
force

Experiment 54 20 1.47 7.5 25 5.28E-08 115 29
Simulation  

#1 100 45 20 1.8
9.125 ±
1.105

48.5 ±
0.1 6.52E-08 173 27 33

Experiment 70 20 1.5 16.4 50 6.67E-08 246 29

Simulation 
# 2 150 70 20 1.93

9.94 ±
0.14

49.5 ±
0.1 9.80E-08 101 28 33



Conclusions for the work



Conclusions
• The software can successfully simulate the thermal softening 

behavior and various heating effects were used to mimic the actual 
µ-LAM process

• The cutting and thrust forces decrease due to decrease in yield 
strength of the material at elevated temperatures

• The cutting pressures also decrease with increase in temperature due 
to decrease in hardness

• The results from the three heating effects were statistically different

• From the interaction study, the thermal contribution dominates the 
process between 750 C and 1900 C until the melting point of SiC

• Below 750 C, the machining is believed to be pressure/stress 
dominant



Future Work

• 3-D simulations at elevated temperatures at same depth of cut as
that of experiments to study the behavior of high pressure phase

• Data analysis of High pressure and temperature tests conducted
at Argonne National Laboratory to evaluate the phase transition
conditions and parameters of 4H, 6H and 3C SiC; and determine
the optical properties (absorption) of the retained HPPT

• Comparison of 2-D simulation with the experiments both at room
temperature and at elevated temperatures

• Collect data point in the thermal softening curve beyond the
thermal cutoff point; and attempt to combine pressure
temperature curve
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Thank You for your attention!!



Questions and Suggestions
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