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A Study on Laser-assisted Machining of Silicon Nitride

using High Power Diode Laser

Su-Jin, Lee

Department of Marine System Engineering

Graduate School of Korea Maritime University

Abstract

Driven by development of science, factory automation is establishing itself
widely since the Industrial Revolution. So, the interest in instrument life span and
management time and cost increased, that on-going researches on materials like
ceramics, plastics and new materials are in progress. In particular, the engineering
ceramics which have been used long time by human being are one of the
materials advantageous in various conditions with high strength, endurance at high
temperature, abrasion resistance and corrosion resistance etc. However, due to high
strength and high brittleness of ceramics, a finishing process required after
sintering is difficult. Recently, the diamond grinding is generally considered as the
only method economically feasible for machining of materials for industrial
application. The grinding can produce products with excellent surface finishing and
measurement precision, but has low material removal rate and insufficient
machining flexibility, and thus is difficult to be applied to ceramics parts of

complex shape.
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Accordingly, this study focused on laser assisted machining (LAM) of silicon
nitride ceramic that efficiently removes the material through machining of softening
zone by local heating. In this study, the textual characteristics of SSN and HIP
treated silicon nitride ceramics by the temperature were researched as one of basic
research on such laser machining. And, the effects of laser-assisted machining
parameters were studied for cost reduction, and active application in processing of
silicon nitride ceramics.

Laser assisted machining of silicon nitride allows effective cutting using CBN
tool by locally heating the cutting part to the softening temperature of YSiAION
using the laser beam. If silicon nitride is sufficiently preheated, the surface is
oxidized and N, gas is formed and escapes from the material, thereby making the
cutting process more advantageous. During laser assisted machining, high power
results in reduced cutting force and increased tool life, but excessive power brings
oxidation of the surface. Increased feed rate also increases cutting energy during
laser assisted machining and feed rate shows greater influence on cutting force
than oxidation of the surface. Once appropriate cutting conditions are found by
controlling the laser power and feed rate, silicon nitride ceramic can more
efficiently be cut.

The surface temperature and cutting force were measured by pyrometer and
dynamometer at real time respectively. And the surface and cross section of
material were observed with video microscope and SEM, and oxidation of surface
was analyzed using EDS and XRD. Using the results of these experiments,

mechanism of laser assisted machining was ascertained.
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2.1 HPDL(High power diode lasen2] €3¢} &4

go] A (Lasen)™ F=Eo o SFAZ B A= HSE “Light
amplification by stimulated emission of radiation"ol| 4] M SAE WA THE ©oj
ojth. 1913 Hojo] Azt B ~HEH #3 o]E7 19161d o}QIFER
o] FEWZ W3 o]lE2L EfE 1952 Aol HHulZdT A vbA
zrowxo] o3 #HolAe drt WHHASH, 1960 Plw F=AT2d
A Holgte]l HzE AAF FRlEIAN=6943m)E TIAAHG. T o]F, I
A, 1A R AA ] gt TR AR o]FoK HolArE dH AT Ho
A= 204171 Hoje] Egolgte ol 2 EEH Brled EFstl Als vt
Askoh w3k AR st o8, I3, Y, AsA R AgFel o2 FRE
Hopol Mo A7t WP Qo

Q== Table 2.10] YEhd 23} o] thekgh wijda} kAo o)
oA 7} EEJew, o wE HojAE SAS AL Stk ol FdAM=

a5 & ATl ARSE ol oA tete] FAHLE HFES .



Table 2.1 Characteristics of various lasers

Excitation Wavelength Wave
Name of laser Medium g Remark
methode [m] type
Rub, cr:ALO Flash lam 0.6943 Visible rays,
Y s P ) P High power
3+, Lamps High power,
e NdYAG Diode laser 1.064 cw/p General purpose
3+, Flash lamp 1.054, High power laser
Ll Nd™:Glass Diode laser 1.062 p amplifier
3+, Lamps 1.047, Glass laser
R Nd™:YLE Diode laser 1.053 cw/p oscillator
34 Flash lamp 0.66~ Tunable
i Ti'":ALO / ’
REE LI ! 7 Laser 1.178 cwp Nano pulse
He-Ne He, Ne Discharge 0.6328 cwW Stability
. X . 0.4885, Excitation (.)f high
Ar Ar Discharge 0.5145 cwW current density,
' Middle power
. Efficiency,
CcO, CO,, N, He Dlscharge, 10.6 cw/p High power,
Electron light
General purpose
High power,
N, N2 Discharge 0.337 p Stability,
Excitation of dye laser
. 0.511, Separation of
Copper vapor Cu Discharge 0.578 p isotope
Flash lamp 0.308~ Tunable,
Dye R-6G ete. Laser 1.285 cwlp Nano pulse
AlGaAs 0.68~0.88 Compact, Efficiency,
GaAa Direct modulation.
i Elect - ’
DD InGaAsP ectron 1.1~1.6 cw/p High reliability
InP
Eximer KrF, XeCl Discharge, 0.249, Efficiency,
etc. Electron light 0.308 P High power
. Chemical- 2.4~ . .
Chemical HF, HBr etc. reaction 63 Quasi-cw | High power




2.1.1 HPDLS] 54 % FH &

WA gloj A= 1962 AU ™ A EZ(General electric)Ate] 4o A
Sog AEEAet. 2H Y ojmj o] wieA HolAE ML WA Eaiu
MAA| Ao A 77KOE YZHAIA HZSATE 1970 o] |y A Fx7F g
2 TR FFEVNEAE FY AME=FY PNFY Tole=E T FJHE

(hetero))§ g 7722 NFH o] LM e T o] 7hestA HAH. 53] 2E

06-17mAEZ Wor, sde] An AALE Toh wd dBANe] 53
o S0l AWAGE A 5L 5 4 Aok
e golAe dAE:se 7FE dAst FHED FolAE LA Utk

T3 hFgLto]l Thssta wiE B xHol golsty] WEol 4 e #&
73

sttt 7)ol FAZAANE Bxlo] Thsgh AF BAEZQ Aoz Qs F
T4l (source)ZH] T2 Wo| AMEEAARE, FHId e G AE Exlo] 7}
SaAL, 1Este HdFCR ANE UHE DY F uIFS Lokl FHE&H 3l

2 H3es 553 43 wAY

ot 2 ok olye AFIF AF #elA Fo
5 /HAEE 9ixA #olAo H7|-F HI}EES oF 20~30 %= CO.# °]A
o] 10~15%9% A&olv Nd:YAG #olA o & 1~5 %0l W] =2 Hol

T AAE AEEHE Y A&
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2.1.2 HPDLS] &3 &

1A G el A Aol A e Bl dolA mE tell Y E o B
Ae A B2 47 st AUALEZE . 2 AU AES Abol 9
Aol ofs) #olA wRIAgo] dojdt 148 729
= #olA mAR] YA(electron)’t A5 TS 7] W Eel Zze] At
obuel AAetel AAG oz oA FHolBR, RIEAY dUAE=
A dA&Her H JdUAME Hojdn. Fig. 2.1°04= PEIH} NF wHE=A|
(semiconductor)?t P-NH o] F2E yetdth wreAlo] oyAn Fx= A
7} & A= 7 A (valence band)$F A7 EAFAY EAT F e A=
(conduction band)Z TE o] 31, 7FHAo A=t Alol= FAUZ &
g HAA7E EAEA e Fge] Atk = FAUY FFel ol HAet FF
o] qUAIZE7E LR He FHAAA AAY HFEEC] 50%7F He X
(Eps F 2V (Fermi)=9 et gt glolAEs do7]7] fsix= A=t 7}
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E : Conduction band
E, : Acceptor band
Eg: Fermi band
Ey : Valence band
: Acceptor band

P-N bend without bias

Fig. 2.1 Energy bands of P and N type semiconductor
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Recombination
Emitted light

SN\

I
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Fig. 2.2 Generation of electron and hole in semiconductor
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P-type region N-type region

Transition region

(a) Band structure of P-N junction

Laser oscillation
region

(b) P-N junction forward-bias

Fig. 2.3 Mechanism of laser oscillation of P-N junction diode laser
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Fig. 2.4 Comparison of laser oscillation mechanism with diode

and general laser
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Fig. 2.5 Variation of wavelength according to oscillator power
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Index-guided double hetero-junction
edge emitting Fabry-Perot type
single-stripe diode laser (front view)

~500 #m

Metal -
Oxide -
P-type ... .
Lasing channel - T <1/m
Substrate - A
Metal -y )
Elliptical
output Cleaved and
polished face
acting as

resonator mirrors

Fig. 2.6 Dimensions and cross section through

a edge emitting diode laser
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|~ (Spontaneous emission)
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Fig. 2.7 Characteristics of diode laser power output

Electroluminescence intensity

by input current

Laser

LED

-

0.86

Fig. 2.8 Comparative electroluminescence intensity of laser and LED
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Wavelength(x/m)
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Table 2.2 Applications of conventional ceramics

White ware

Dish, Plumbing, Enamel, Tile, etc.

Heavy clay products

Sewer pipe, Pottery, Brick, etc.

Refractory

Brick, Castables, Cements, Crucible, Molds, etc.

Construction

Brick, Block, Plaster, Concrete, Tile, Glass, Fiberglass, etc.

Abrasive product

Grinding wheel, Abrasive, Milling media, Sandblast nozzles,
Sandpaper, etc.

Glass

a lot of

Table 2.3 Applications of engineering ceramics

Electronic material

Heating element, Dielectrics, Substrates, Semiconductor,
Insulator, Transducers, laser, Hermetic seal, Igniters, etc.

Aerospace and
automobile material

Reentry, Radomes, Components of turbine, Heat exchanger,
Emission, etc.

Medical material

Prosthetics, Controls, etc.

High temperature
structure

Furnace parts, Braze parts, etc.

Nuclear material

Fuel, Controls, etc.

etc.

Cutting tool, Armor, Glass ceramics, Fiber optics, etc.
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(a) Sintering for O mim | (b) Sintering for O mim | (c¢) Sintering for 0 mim

at 1,300 C at 1,600 C at 1,760 C

(d) Sintering for 5mim at 1,760 C (e) Sintering for 30 mim at 1,760 C

Fig. 2.9 Variation of silicon nitride fracture according to temperature and time

of sintering
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SEM image
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Fig. 2.10 SEM image of powder before sintering of silicon nitride
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Fig. 2.11 SEM image of HIP treated silicon nitride
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Fig. 2.12 Variation of YSiAION viscosity with temperature
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Table 2.4 Applications of dense silicon nitride

Materials Applications

Powder Coating material, Refractories, etc.

Nozzle, Cutting tool, Roller, Bearing, Mechanical seal,
Dies, Components of pump, Gage block,
Components of automobile, Cooking plates, Valves,
Shape-forming
Valve plate for common rail system,

Turbo charger rotors, Components of engines,

Components of aircraft, etc.

Electron products Semiconductor substrate

Fiber - whisker FRP, FRM, FRC
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Fig. 2.13 Examples of application for diesel engine parts

Table 2.5 Examples of application for diesel engine parts

No. Name Material

1 Rocker arm seat SiC, SizNg, AlO;

2 Top seat SiC, SisNg, ALO3

3 Valve guide SiC, SizNg, AlLO;, MICA

4 Exhaust port liner SizN4, LAS, MAS, MICA, ZrO,
5 Exhaust valve SiC, Si3N4

6 Turbo charger SiC, SizNg

7 Valve seat SiC, Si3N4

8 Cylinder liner SiC, Si3Ng, AlLO;

9 Piston crown SiC, SizNg, AlLO;

10 Piston pin SiC, Si3Ng, ALOs;

11 Rocker arm tip SiC, SizNy, Al,O;

12 Push rod tip SiC, Si3Ng, ALOs3

13 | Pre-combustion chamber SizsNg, LAS, MAS, MICA, ZrO,
14 Glow plug SiC

15 Swirl casing cap SiC, Si3Ng

16 Cylinder head SiC, Si3Ng

17 Tappet SiC, Si3Ng, ALOs3

18 Cam SiC, Si3N4, Al,O;
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Main flank

Nose

(a) Geometry of CBN insert

End cutting edge angle Specimen
/'i "\ Rake angle
\
Nose radius == \ Tool base
Side cutting edge angle End relief angle
(b) End and side edge angle (c) End relief and rake angle

Fig. 2.14 Geometries of CBN cutting tool

i
Specimen
—— Tool insert ‘
i
Positive(+) Negative(-)
rake angle rake angle

Fig. 2.15 Geometrical comparison of positive and negative

rake angles of CBN cutting tool
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(a) Flow type (b) Shear type

<

(c) Tear type (d) Crack type

Fig. 2.16 Schematics of chip types
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Ceramic fabrication techniques

Mechanical machining Hybrid machining

s ™ ' )
Abrasive machining & grinding Electrochemical machining Electro discharge machining
& J \ J ¥ J
s I A e I "\ e I ™\
Ultrasonic machining Electrical discharge machining Laser assisted chemical etching
\ J ~ J (. J
( I ) e I X 3\ s I A
Abrasive waterjet machining Electrochemlc.:a! GRS Laser assisted machining

E machining ) v L )

" 7 L

Chemical machining Radiation machining

[Chemical mechanical machining] Electron beam machining

Plasma arc machining

~
L Laser machining

Fig. 2.17 Diagram of ceramic fabrication techniques

Fig. 2.18 Diamond grinding of engineering ceramics
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intering . .
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Fig. 3.1 Fracture SEM image of SSN and HIP treated silicon nitride

Table 3.1 Mechanical properties of ceramics

Material ALO; Y410} SizNy

Mechanical property Ivory Ivory Black
Vickers hardness(load 500 g) GPa 17.2 13.2 14
Flexural strength MPa 380 1000 880
Young's modulus of elasticity| GPa 380 200 300
Poisson's ratio - 0.23 0.31 0.28
Thermal conductivity(20 C) |W/(m - k) 32 3 30
Hea&i‘:“;‘l‘ vrv‘*;ti:r‘)a“ce AT.T 250 300 750
o o S a0%e | w0 |

Specific heat kg - k)| 0.79x10° | 0.46x10° | 0.66x10°
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7FA = TaegutecAte] CNMA 120408 LN TB 650 A2+8 QAMEZ ==4u7(nose

radius)2 0.8 mm, F7= 476 mmo|a F £ H(tip)Fiol CBNo] ZEE 3]
o} L3 CBN 575 133t FFSTE PCLNL-2525 738 AH&3tth

Hare ZAS 98t KISTLERAMY 9257B type 375 & Al(dynamometer) &
AREsl o™, MY E -5~5kHzEAN SRS 0& T4z ko +, -9

(sampling)3lod HA|ZFo. 2 A3} T
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7302 dolth ole Hed BYoza) FAWE 300~2,300 ColH AMEHE

g 15822 m=E B AFolA FE ARESE HPDL 2 HIAEAS 9%

W]

CO. #OIA Fe] RGeS WA etk GAHE HEo WHo| F ALl
Wk 49 248 95 129 2442 300mme] Z4WA 47 43 mm

o] RN FHZAYUE 60mmzE E°]aL SAHAUHS H4 0.5mm=E T35}
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Table 3.2 Specifications of experiment setup
Spec.
Picture Specifications
Item
Maker/Model Type Max. power| Wave length
HPDL LASER LINE/ |Fib led
iber couple
. +
LDF1500 - 100 | diode Laser 25 kW 910 +980 nm
Multi- CNC controller Max. rpm Traveling speed
tasking
machine FANUC 31i-A 4000 30/16/30 m/min
Measurin Natural
Maker/Model uring .
Dynamo- range frequency
meter KISTLER/
92578 -5~5kN 3.5kHz
Pyro- Maker/Model Temp. range | Spectral range
meter KLEIBER/ - o - m
KGAF730 300~2300 C 1.58 ~2.2 u

Power Density [W//cm”2)
il

=
1

Horizontal Line Profile:

| ' | ' | . !
2 1 0 1
-Posiion [rm)

(b) X-axis position

)
I 1

Pover Densiy (w/om2)
T

“Wertical Line Profile

[ 05 1
r-Position mml

(a) 3D display

(c) Y-axis position

Fig. 3.2 Beam profile of high power diode

laser (5 x5 rectangular beam))
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(a) Photo of optical module

Optic head (SEA)Revolver Assy l
Cove1(84\ l “

Front body Assy Frame (SCM440)
Rear body Assy (SCM440)

(c) Decomposition diagram of optical module

Fig. 3.3 Photo and schematic of optical module
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| Multi-tasking

achine

(b) Outward aspects of machine

Fig. 3.4 Experiment equipments of HPDL system with multi-tasking

machine
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Dynamome,t,er

~

Fig. 3.5 Experimental system for laser-assisted machining

Fig. 3.6 Photo and geometry of cutting tool(Taegutec/CNMA120408)
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Pyrometer

m Data logger

Tool and
dynamoineter

m Data logger

Pyrometer

|I‘C]

Cutting tool
[Fyl and

dynamometer

180°

(b) Schematic of HPDL laser-assisted machining

Fig. 3.7 Schematic illustration of experimental system
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[Principal parameter]

[Laser]

* Power

* Beam shape & spot size
* Traveling speed

[Tool] « Laser-tool lead [Turning mach.]
* Hardness * Laser-tool angle * Rotational

* Rake angle « Laser-pyrometer angle speed

* Nose radius * Preheating time & Temp. « Feed rate

* Traveling « Cutting depth
speed

[Work piece]
* Surface hardness
* Thermal conductivity
* Beam absorptivity
* Fracture toughness
\ * Flexural strength

Fig. 3.8 Principal parameters of laser-assisted machining system
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20.0kv x100 500um

(c) SEM image

of surface(x100)

(d) SEM image of surface(x3,000)

Fig. 4.1 Photos and SEM images of surface and fracture

of HIP treated silicon nitride
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HIP SizN4, N=620 rpm, /= 0.013 mm/rev, &, =90 °,

Preheating distance = 70 mm

Surface

Surface temperature by laser power
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o

o
T

800 -

600 -

Temperature, C

400 -

200 -

—0— 400W

—O0— B600OW

—A— 800W

6 I 160 I 260 360 460 I 560
Time, sec

Fig. 4.2 Photos

of surface variation and graph of surface temperature

of HIP treated silicon nitride by laser power
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HIP SizN4, N=620 rpm, /= 0.013 mm/rev, &, =90 °,
Preheating distance = 70 mm

SEM image

P=800W Crater in 800 W
2000 . : ; : ;
> 1600 | 1
n T
v -
(&} 7]
5 %1200 | .
=] c
< °
2 2 soof .
< 2
= S
> S 400t -
>
400W 600W 800W

Laser power, W

Fig. 4.3 SEM images of surface and vickers hardness of
HIP treated silicon nitride by laser power
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HIP Si3Ns, N=620rpm, f'=0.013 mm/rev, &,=90 °,
Preheating distance = 70 mm

(a) P=400 W (x100) (b) P=400 W (x3,000)

Bloating

20.0k¥ %100 500um

(¢) P=600W (x100) (d) P=600W (x3,000)

(e) P=800 W (x100) (f) P=800 W (x3,000)

Fig. 4.4 Fracture SEM image of HIP treated silicon nitride by laser power
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HIP Si3N4, N=620 rpm, /= 0.013 mm/rev, &, =90 °,
Preheating distance = 70 mm

Location
POW) 1 2 3 4

400 W

600 W

800 W

As-

received H|section

Fig. 4.5 SEM images of fractural cross section of HIP treated silicon nitride
by laser power
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HIP SizN4, N=620 rpm, @, =90 °, Preheating distance = 70 mm

flmm/rev)

0.013 mm/rev 0.024 mm/rev 0.03 mm/rev
PwW)

()
400 W

(b)
600 W

(©
800 W

Fig. 4.6 Photographs of HIP silicon nitride surface preheated by laser power
and feed rate
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HIP SizN4, N=620 rpm, &, =90 °, Preheating distance =70 mm

flmm/rev)

0.013 mm/rev 0.024 mm/rev 0.03 mm/rev
Pw)

()
400 W

(b)
600 W

©
800 W

Fig. 4.7 SEM image of HIP silicon nitride surface preheated by laser power
and feed rate
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HIP SizNg , N=620rpm, @,=90°, Preheating distance =70 mm

(mm/rev)
0.013 mm/rev 0.024 mm/rev 0.03 mm/rev
Pw)
8
&
5
w2
S ;
3 Bloating
=1
2
2
e
&
3
£
=1
w2
[—J
>
R
=}
.2
k3]
2
g
&

Fig. 4.8 SEM image of HIP silicon nitride surface and cross section preheated

by laser power and feed rate
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HIP SizsNg , N=620rpm, &, =90°,
Preheating distance = 70 mm
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Fig. 4.9 Variation of HIP silicon nitride temperature by
laser power and feed rate
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Si;N,, N = 620 rpm, CDp= 90 °, P=600 W
1600 . . . - I - T - T
1400 |- —0— 0.013mm/rev|
I —0— 0.024mm/rev| |
oQ) 1200 —— 0.0Smm/reV
q5 o 4
S 1000 | i
s _
D soo| i
& L |
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— 600 | i
408:!? T T T T T T T T T 3-!;
0 100 200 300 400
Time, sec

Fig. 4.10 Variation of HIP silicon nitride temperature at one point

by feed rate
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SSN SizNg, N=620 rpm, f=0.013 mm/rev, &, =90 °,
Preheating distance =20 mm

ﬁptwk) 400 W

% 1,000

x 10,000

Fig. 4.11 SEM images of SSN silicon nitride surface preheated by laser power

Si;N,, /=0.013mm/rev, &=90°
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Vickers hardness, Hv

ow 400W 600W 800W
Laser power, W

Fig. 4.12 Graph of vickers hardness of SSN silicon nitride
by laser power
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SSN SizNg, N=620 rpm, P=600 W, &,=90°,
Preheating distance =20 mm

Feed rate|

\ ,agniﬁcatiok

0.013 mm/rev

0.024 mm/rev

% 1,000

0.03 mm/rev

m

x 10,000

Fig. 4.13 SEM images of SSN silicon nitride surface by feed rate
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HIP SizN4, N=620rpm, f=0.013 mm/rev, d=0.3 mm, & =90° & =180°,
Machining distance = 20 mm

iy 400 W 600 W 800 W
ifcatiod

agnification

x100

x3,000

a
«» Closed pore ex(posed
4in cutting

20.0kv ¥3.0k 10um

Fig. 4.14 SEM images of surface for HIP silicon nitride machined by laser power

Si.N, , 70.013mm/rev, ®=180°
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. 1400 |
1200 |
1000 |
800 |
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400 |
200 |

Load = 5009 ]

Hv

Vickers hardness

200W 400W 600W
Laser power, W

Fig. 4.15 Graph of vickers hardness for HIP silicon nitride machined
by laser power
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HIP SizNg, N=620rpm, P=600W, d=03 mm, & =90° & =180°,
Machining distance = 20 mm
(mm/rev)

Magnification

0.013 mm/rev 0.024 mm/rev 0.03 mm/rev

x100

" 20.0kv x100 500um

x3,000

Clos@oﬁ'e

in cutting \

Fig. 4.16 SEM images of surface for HIP silicon nitride machined by feed rate
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P(W) SEM image

f(mm/rev 600 W 800 W

0.024 mm/rev

0.03 mm/rev

i | MU el s
Vickers hardness of HIP silicon nitride
by feed rate in 600 W and 800 W

Si,N, , /=0.013mm/rev, ®=180°
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Fig. 4.17 SEM images of indentation for HIP silicon nitride machined
by feed rate
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HIP SizN4, N=620 rpm, P =600 W, f=0.013 mm/rev, & =90° & =180 °,
Machining distance=20mm
d(mm)

*\ 0.5 mm 0.7 mm 0.9 mm
IMagnificatios

x100

x3,000

20.0kv x3.0k 10um

Fig. 4.18 SEM images of surface for HIP silicon nitride machined by cutting depth
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HIP SizN4, N=620 rpm, f=0.013 mm/rev, d=0.3 mm, & =90° & =180°,
Machining distance = 20 mm

P(W)

200 W 400 W
Image

Surface
photo

Chips
photo

P(W)
Image

Surface
photo

Chips
photo

Fig. 4.19 Photos of surface and chips for HIP silicon nitride machined
by laser power
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HIP SizN4, N=620rpm, d=0.3 mm, &, =90° & =180°,
Machining distance = 20 mm

flmm/rev) 0.024 mm/rev

P(W)

600 W 800 W
Image

Surface
photo

Chips
photo

flmm/rev) 0.03 mm/rev

P(W)

600 W 800 W
Image

Surface
photo

Chips
photo

Fig. 4.20 Photos of surface and chips for HIP silicon nitride machined
by laser power and feed rate
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HIP SizN4, N=620rpm, P =600 W, f=0.013 mm/rev, & =90° & =180 °,
Machining distance = 20 mm

d(mm)

0.7 mm 0.9 mm
Image

Surface
photo

Chips
photo

Fig. 4.21 Photos of surface and chips for HIP silicon nitride machined
by cutting depth
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HIP SizN4, N=620 rpm, f=0.013 mm/rev, d=0.3 mm, &, =90 °,
@,= 180 °, Machining distance =20 mm

Location

Rak
P(W) Nose ake

200 W

400 W

600 W

800 W

Fig. 4.22 Photos of tool used for HIP silicon nitride machining
by laser power
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Si;N,, /~0.013mm/rev, @=180°
240 T T T T T T T T T T
- [—e— 200w 1
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Machining time, sec

Fig. 4.23 Graph of main cutting force for HIP silicon
nitride by laser power

HIP SizNg, N=620rpm, P=600 W, &,=90° & =180°,
Machining distance = 20 mm

Sflmm/rev) 0.013 mm/rev 0.024 mm/rev 0.03 mm/rev
d(mm)

0.3
mm

d(mm)

fimmirev) 0.3 mm 0.7 mm

0.013
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Fig. 4.24 Photos of tool used for HIP silicon nitride machining
by feed rate and cutting depth
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Si;N,, P=600W, ®=180°

—0— 0.013mm/rev, 600W ] ]
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——0.03mm/rev, 600W |
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Fig. 4.25 Graph of main cutting force for HIP silicon nitride
by feed rate
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Fig. 4.26 Graph of main cutting force for HIP silicon nitride
by cutting depth
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SSN SizNg, P=600 W, f=0.03 mm/rev, d=1mm, &,=90° & =180°,
Machining distance = 20mm

Treatment] - .
Magnificatioh As-received Preheated Machined
o
S
—
X
=
S
ol\
—
X
§ 7S Oxide layér
- L -~
- v A
X ‘\1 \

Fig. 4.27 SEM images of cross section of as-received, preheated and machined
SSN silicon nitride
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SSN SizNs4, f=0.013 mm/rev, d=1mm, &, =90° & =180°,
Machining distance = 20 mm

AL 400 W 600 W 800 W
Magnificatios
S
<
X
S
S
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%
= 29
S . .
=} Si}icété glass
— Jayer .
X

Fig. 4.28 Photos and SEM images of surface for SSN silicon nitride machined
by laser power
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Si;N,, f=0.013 mm/rev, & =180°
2000 T - . .
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Vickers hardness, Hv

400W 600W 800W
Laser power, W

Fig. 4.29 Graph of vickers hardness for SSN silicon nitride machined
by laser power
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SSN SisNg, P=600W, d=1mm, &,=90° @& =180°,
Machining distance = 20 mm

(mm/rev)
0.013 mm/rev 0.024 mm/rev 0.03 mm/rev
Magnification
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Fig. 4.30 Photos and SEM images of surface for SSN silicon nitride machined
by feed rate
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Si;N,, P=600 W, &,= 180 °
2000 . - . - .
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1600 |
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Feed rate, mm/rev

Fig. 4.31 Graph of vickers hardness for SSN silicon nitride machined
by feed rate
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SSN SizNg, P=600W, f=0.013 mm/rev, & =90° &, =180°,
Machining distance = 20 mm
d(mm)

1 mm 2 mm 3 mm
Magniﬁcatiok

x40

% 1,000

x 10,000

Fig. 4.32 Photos and SEM images of surface for SSN silicon nitride machined
by cutting depth
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Si;N,, P=600 W, f=0.013 mm/rev, &,= 180 °
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Fig. 4.33 Graph of vickers hardness for SSN silicon nitride machined
by cutting depth
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SSN SizNg, N=620 rpm, f=0.013 mm/rev, d=1mm, & =90° & =180°,
Machining distance = 20 mm

P(W)

200 W 400 W
Image

Chips
photo

P(W)

600 W 800 W
Image

Chips
photo

Fig. 4.34 Photos of chips for SSN silicon nitride machined by laser power
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SSN SizNg, N=620rpm, P=600W, &, =90° & =180°,
Machining distance = 20 mm

d(mm) flmm/rev)
mm/rev) I mm d(mm)

0.013 mm/rev

0.013mm/rev

0.024mm/rev

0.03mm/rev

Fig. 4.35 Photos of chips for SSN silicon nitride machined by feed rate and
cutting depth
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0.013 mm/rev, @,=180°

Si3Ny, f
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Machining time, sec

Fig. 4.36 Graph of main cutting force for SSN silicon nitride

by laser power

- 110 -



Si;N,, P=600 W, &= 180 °
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Fig. 4.37 Graph of main cutting force for SSN silicon nitride by feed rate
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Fig. 4.38 Graph of main cutting force for SSN silicon nitride by cutting depth
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(b) Recessing

(c) Edge preparation (d) Combined working

Fig. 4.39 Examples of laser-assisted machining for dense silicon nitride
with various shapes
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Table 4.1 Spectral absorptivity of materials at principal laser wavelengths

Wave length(um) 0.3~0.6 1.06 10.6
Material (Short wave length laser) (Nd:YAG laser) (CO; laser)
ALO; - 0.05~0.1 0.93~0.98
MgO - 0.2 0.93~0.98
Si0, Transp. Transp. 0.9
7xO, - 0.1~0.2 0.85~0.98
SiC 0.8~0.9 0.85~0.95 0.8~0.9
SizNy 0.6~0.7 0.6~0.8 0.9
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Fig. 4.40 Variation of zirconia heated according to heating steps
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Fig. 4.41 Experimental setup with the CO, laser and a lathe
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Si;N,, D =16 mm, P=350 W, & =0 °

1600 H . . - . - .
I —a— 1260rpm
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Fig. 4.42 Graph of surface temperature for HIP silicon
nitride by CO, laser
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HIP SizNs, N=1260rpm, P=350 W, &,=25°

Surface
Wt %
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N —
b
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HAZ Al 2.21
Si 49.30
Element Wt %
(c) N _
. @] 32.94
Heating
Al 1.87
area
Si 65.19

Fig. 4.43 Variation of HIP silicon nitride surface heated by CO, laser
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HIP SizsN4, N=1260 rpm, P =350 W, f=0.013 mm/rev, &, =90 °
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SEM
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(2) 400 C (b) 974 C (¢) 1221 C

Si Element | Wt% Si Element | Wt % Si Element Wt %
Y 17.35 Y 19.93 Y 31.40
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0 Al 5.63 o Al 3.30 oV Al 476
analysis| |AlY si 42.82 ] AlY si 43.28 Al Si 29.93
(a) 400 C (b) 974 C (¢) 1221 C

Fig. 4.44 Variation of HIP silicon nitride surface heated with 0.013mm/rev of feed rate
by CO, laser
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HIP SizN4, N=1260 rpm, P =350 W, f=0.013 mm/rev, d=0.5 mm, &,=90°
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(a) Surface temperature

(b) Cutting force

Fig. 4.45 Characteristics of HIP silicon nitride machined by CO, laser
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(a) As-received (x100) (b) As-received (x1,000)

Al
Element Wt %
O 36.55
O Al 63.45

(c) EDS analysis

Fig. 4.46 Characteristics of as-received alumina
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ALOs, N=1260 rpm, P =350 W, f=0.013 mm/rev, @,=45°

Surface

SEM
image ey
(a) 300 T < (b) 300 C < (c) 945 C (d) 1,220 C
Al
EDS Element | Wt %
@) 32.35
analysis
O Al 67.65

Fig. 4.47 Variation of alumina surface heated with 0.013 mm/rev of feed rate
by CO; laser

(a) Grain growth

(b) Pore agglomeration
P

Fig. 4.48 Schematic of mechanism of grain growth and pore agglomeration for Al,O3
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ALO;, D=8 mm, N=1260 rpm, f=0.013 mm/rev, d=0.25 mm, @&, =45°
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z
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(a) Preheating : 1,100 C

Fig. 4.49 Characteristics of Al,O; machined with various temperature by CO, laser
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AlL,O3, D=8 mm, N=1260 rpm, f=0.013 mm/rev, d=0.25 mm, @,=45°
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(b) Preheating : 1,300 C

Fig. 4.49 To be continued
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ALOs, D=8 mm, N=1260 rpm, f=0.013 mm/rev, d=0.25 mm, @,=45°
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Fig. 4.49 To be continued
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AlLO;, D=8 mm, N=1260 rpm, f=0.013 mm/rev, d=0.25 mm, @, =45°
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Fig. 4.49 To be continued
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ZrO,, D=14 mm, N= 620 rpm, f=0.013 mm/rev, d = 0.4 mm,

@,=45°, T,=1200 C
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Fig. 4.50 Characteristics of zirconia machined by CO, laser
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Fig. 4.51 SEM images and EDS analyses of HIP treated silicon nitride
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Fig. 4.52 SEM images and EDS analyses of SSN treated silicon nitride
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(e) 1,300 C ) 1,400 C

Fig. 4.53 Variation of HIP silicon nitride microstructure by increasing temperature
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Fig. 4.54 Variation of SSN silicon nitride microstructure by increasing temperature
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Fig. 4.55 SEM image and EDS analysis for variation of HIP silicon nitride microstructure
by increasing temperature
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Fig. 4.56 SEM image and EDS analysis for variation of SSN silicon nitride microstructure
by increasing temperature
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Fig. 4.57 XRD analysis measurement and pattern list of SizNy4
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Fig. 4.58 Results of XRD analysis of SizN4
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(f) 1,800 C< (g) 1,800 C<

Fig. 4.59 Schematic illustration of variation mechanism of silicon nitride microstructure
with heated using HPDL
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Fig. 4.60 Element mapping of HIP silicon nitride heated by 800 W of laser power
with EDX detector
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Fig. 4.61 Element mapping of SSN silicon nitride heated by 800 W of laser power
with EDX detector
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Fig. 4.62 Comparison of data between predictions and measurements

Fig. 4.63 Schematic illustration of thermal simulation model
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Fig. 4.64 Full temperature result of thermal simulation model
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Fig. 4.65 Temperature result of thermal simulation model for z-x section
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Fig. 4.66 Temperature result of thermal simulation model for z-x section (magnification)
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Fig. 4.67 Temperature result of thermal simulation model for x-y section

at laser beam location (magnification)
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Fig. 4.68 Temperature result of thermal simulation model for x-y section

at tool location (magnification)
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(a) Schematic illustration of laser-assisted machining
with change of temperature

(b) Magnified A (c) Magnified B

Fig. 4.69 Schematic illustration of laser-assisted machining mechanism
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(d) Magnified C (e) Magnified C at relatively low
temperature

(e) Magnified D

Fig. 4.69 To be continued

- 160 -



m
ol

5

X

Eis

o

st A< 7H Ashita Aeeel
goz dolA o Auatel T FYUS

o
ﬁo

o

0

wjr
Ho

)

Q)
=

e

AAUSS a7

7}

o

—

() Aspats A=

o 5] CBN

=

}E}
skl A

S
| .

]

of Aspqta Alte

tgou delAg Al

J|

A=Y

o 1

)
e Aol 271

o
A

YSIAIONS. 2 4] & o

=
o

Fod Ashs 7] wZolo

3

Ty A

s

YSIAION BIAZAAN7F 1000 C o] ol A

Z W3yt 228 Ho

=
=

= ZFE A A 400 WAl A 600 We] € o] A

SR

mm/revZ 0.3 mmE

= Al

A3l ol A7t 2AS

o wepa Al

—é-_]__

E7F S7bekel mel Tdd S9N

o] %

=
L

o A7E =]

belme A

S

HHez A

b =), el vhEES} Fsbstel 379 4

S

Stof] H]

BEA]

Els

Sl 9
o] o

(RiR=

77

o

6(}:

%

Frgol &

o meb olgEEE BT

=
T

- 161 -



)

(6)

(7

o
N
N
g?i_‘
=2
R=)
ALY
)
Lo
o
of
o
o
B3
o
i)
)
Lo
9,
ot
=2
Lo
ol
2
N,
V)

Aoz Adgti JAVE 23 7)Fo] BE SSN X ® A|Ho] HIPA &
H AR GA 23 2 AgEAeH, E5o] FUE el we AAEgol

o] Agle = E01EAT 600 Wl HolHE= A HIP A
9 AEe A 09mm 2o]7kA] Aate]l AN SSN A d A-goll=
3mmeo]de] Zo]7tA]l 7hEel Zhsdkdth. SSN A E Ashata Aty ¢
A2E 2 HIPS Aatd I vlawste] fsdoln AL A YolA
22 CBNTTE O Z& Zo7tx] Aats et x I FHo] Atk

CO#lolAE HPDLA vIste] BE Aetelo s dolA Fgol /Hg =%k
%3490} HPDLS ©] &3 G4 f4b

1=
-
$ A%S BGth TTOUS A=sos] 35 Agitast mwste] 2

- 162 -



®)

9 4

(10) & A7oNM= Agra Ay e #dolA ogddate] 7Feds A3

glo] A At ot Apqtiol XA AFS thed 2ol FHEAT
oA 7} ZAMH 7] A Ashta

A A, 1 ofE SZHE FoFe] p-SiNyot o]2 A Z AAsta e vAA
o] YSIAIONO.Z FA=o] o} o] st AJHES 1,000 C ©]3t= #Ho|AE
Z3ate] AAgatE 2HF oz & WHake dojux ¥tk AR 1,000
C olFeg 7145 YSIAION©| Aste 7] Al&stm SisNgoll Hlste] &5
fFElsol 9d) Atart sHalElo] AbglFeo] FAA]Y

AR 1200 Col el 4] EWlo] §833 LIt S F5AH, SiNE

og it

O

R,

S 3 YSIAIONS] 37t #AET, RULETF FE3] FsEHT HAA

YSIAION®] A3te] ofste] Aslati dA7F 7o) A= Aol ofy

Wihe &4dwWdel o3 dARA} dojd. 2 %

g B QAZE SR8 AstHA ot Aol st At ARt

71 EolA
bl

T
N
N
fr
0
=
%
H
it
.
i
K
Og{:,"
%
Y
x
)
o
)
i
K
>
Og(:",
i
o

7} sheee] WE NS4 8 44 MAUES FRSdT o A

o] FAZHE Folm RES A B4 2 AENES 22 5 9

rr
N
N
ol
ox,
[o
2
>,
ol
N
=2
o
AT
ol
£
&
s
=
)
=
filo
o
oo
%
i)
oty
=
DX
Y
B
g,
Avd)

- 163 -



[2] ALAATE], A 7]E AR ALA - A5, AAAL, 2002
[3] AE3], 9 AA, A=F, “HaA g Fs, st=E3AL 1991

«“IL G = o
THEE 9

rok

227

ol

[4] Hﬂogg/j]— /\]0:19] X%%%

[5] S. Lei, Y. C. Shin and F. P. Incropera, "Experimental Investigation of
Thermo-Mechanical Characteristics in Laser-Assisted Machining of Silicon
Nitride Ceramics", Journal of Manufacturing Science and Engineering, Vol.123,
pp-639-646, NOV, 2001

[6] Chryssolouris, G., Anifantis, N., and Karagiannis, S., "Laser assisted machining:
an overview", Journal of Manufacturing Science & Engineering, Transactions of
the ASME, Vol. 119, Iss. 4(B), pp.766-769, 1997

[7] Anoop N. Samant, Narendra B. Dahotre, "Laser machining of structural
ceramics-A review", Journal of the European Ceramic Society, Vol. 29,
pp-969-993, 2009

[8] H=E, “dlolA 7h&s”, d=AL 2005

[9] A8, “dlol A& st, e, 2004

[10] &L, « dolAe] 7= 87, HEZ, 1999

[11] FrHs—, =A 5B, “v—F—In Lok, F4), <> =2 ik

[12] AR, AES, olFd, TIdads dsatady AsAFd vxe &2

H7MA19] 93, Journal of Korean Ceramic Society, Vol. 31, No. 7,

B

-

pp.777-783, 1994

[13] Somiya, Shigeyuki, Mitomo, Mamoru, Yoshimura, Masahiro, "Silicon nitride-1",
ElseVier Applied Science, 1990

[14] o], “Aepe 2] 22, W=EFAL 1991

[15] V.A. Izhevskiy, L.A. Genova, J.C. Bressiani, F. Aldinger, "Progress in SiAION

- 164 -



ceramics", Journal of the European Ceramic Society, 20, pp.2275-2295, 2000

[16] BHA &, A2t &, Rb=ERAE, 1979

[17] ol&<, $F9, A8E, 45, A4S, 8d, 29, “Azdgas, vx
=3AE 1979

[18] W. D. Kingery, H. K. Bowen, D. R. Uhlmann, "Introduction to Ceramics",
JOHN WILEY & SONS, pp.448-515, 1975

[19] Branko Matovic, "Low temperature sintering additives for silicon nitride",
University Stuttgart, Bericht Nr. 137, 2003

[20] Michael J. Hoffmann, Giinter Petzow, "Tailoring of mechanical properties of
Si3Ns Ceramics", Kluwer Academic Publishers, 1994

21] AF<, AR, “drol3 A, 71 ATAL, 1992

[22] Armitage Kelly, "Laser Assisted Machining of Hard to Wear Materials",
Master Thesis, Swinburne University of Technology, Aug. 2006

[23] Jong-Do Kim, Su-Jin Lee, Seo-Jeong Park, "The Basic Study on machinability
of ceramics in CO; laser assisted machining”, Journal of the Korean Society
of Marine Engineering, Vol. 33, No. 2, pp.322-329, 2009

[24] Jay C. Rozzi, F. E. Pfefferkorn, Y. C. Shin, F. P. Incropera, "Experimental
evaluation of the laser assisted machining of silicon nitride ceramics", Journal
of Manufacturing Science and Engineering, Vol. 122, pp.666-670, NOV, 2000

[25] S.Lei, Y.C. Shin, and F.P.Incropera, "Deformation Mechanisms and Constitutive
Modeling for Silicon Nitride undergoing Laser-assisted Machining",
International Journal of Machine Tools & Manufacture, 40, pp.2213-2233, 2000

[26] P.A.Rebro, Y.C.Shin and F.P.Incropera, "Laser-Assisted Machining of Reaction
Sintered Mullite Ceramics", Journal of Manufacturing Science and Engineering,
Vol. 124, pp.875-885, 2002

[27] M.H. Bocanegra-Bernal, B. Matovic, "Dense and near-net-shape fabrication of
Si3N4 ceramics", Materials Science and Engineering A, 500, pp.130-149, 2009

[28] Chih-Wei Chang, Chun-Pao Kuo, "Evaluation of surface roughness in laser-assisted
machining of aluminum oxide ceramics with Taguchi method", International

Journal of Machine Tools & Manufacture, Vol. 47, pp.141-147, 2007

- 165 -



[29]

[31]

[32]

[33]

[34]

Sakai Katsuhiko and Suzuki Yasuo, "Laser Assisted Turning of Hardened
Steel", Laser Materials Processing Conference, ICALEO ® 2005 Congress
Proceedings.

Y. Tian, Y. C. Shin, "Laser-Assisted Machining of Damage-Free Silicon
Nitride Parts with Complex Geometric Features via In-Process Control of Laser
Power", Journal of the American Ceramics Society, Vol. 89, No.11C, 2006

S. Lei, Y. C. Shin and F. P. Incropera , "Experimental Investigation of
Thermo-Mechanical Characteristics in Laser-Assisted Machining of Silicon
Nitride Ceramics", Journal of Manufacturing Science and Engineering, Vol.
123, pp.639-646, NOV, 2001

Jong-Do Kim, Su-Jin Lee, Hee-Jong Yoon, Seo-Jeong Park, "The
Characteristics of Laser Assisted Machining for SisNs by Laser Power and
Cutting Feed Rate", The 5th International Congress on Laser Advanced
Materials Processing LAMP 2009, HPL-3, Removal, #TuOH 4-4(#258), pp.154,
2009

Yinggang Tian, Yung C. Shin, "Multiscale Finite Element Modeling of Silicon
Nitride Ceramics Undergoing = Laser-Assisted Machining", Journal of
Manufacturing Science and Engineering, Vol. 129, pp.287-295, APRIL 2007

S. Skvarenina, Y. C. Shin, "Laser-assisted machining of compacted graphite
iron", International Journal of Machine Tools & Manufacture, Vol. 46, pp.7-17,
2006

- 166 -



i
‘o)

N

op

2AE %03 @As =AAA AT AR <

iz

To-

PaA, Bl At 3 Azke 9

SRR

o
=

Al A2 Al

ok
s

2 o} HEonA
AAZA WolFA L W ZE

Al A=

3|

Al 2 23

3|

(o3
=i

3AT AE

ok
=4

A

9

il

143 47 olslol= At

el

o

o

ol
H

o] ZAr=gYct. )

e A o

3}
=

o
= =

oA oA

AW, zAn Adz Ao AU A

Zoj%

ol

el

o]
=

Z4

Bl

Zels

ks

AL ol o

o

A

Eis

M

ok HAAE ALY AR

A9

7

Al

N
o
o]

ol
o

i
Far AR A

J

s

A A,

B



Bl

3
il

N

T
Y
N

=3

o

B

ad

A s

3}
hm g

A0 A 7

=
T

e Agdc o

W) Ao

A

2

5

AlaL A A

i

ol
)

~
;OO

T
BT

A7}

=
L

ol e} olry Telx W R Y

-
|

EEESY

ol
=

~

__OE

b Aeisie) =g Ba

file)

el oml Qe 24 A AdsUTh obF el ¥

3

& & FA

Aol g

To-

3} A gAtE oz YU o

]

A
=

o

wole

s A
=R

=R

o
il

5

ol
e

A1

20109 1€

<

o 4



	목   
	Abstract
	1. 서론 
	1.1 연구 배경 및 목적 
	1.2 연구내용 

	2. 이론적 배경 
	2.1 HPDL(High power diode laser)의 원리와 특성 
	2.1.1 HPDL의 특성 및 적용 
	2.1.1 HPDL의 발진원리 

	2.2 질화규소 세라믹의 특징 
	2.2.1 세라믹의 소결방법 및 종류 
	2.2.2 공업용 세라믹의 종류 및 특성 
	2.2.3 질화규소 세라믹의 특성 
	2.2.4 질화규소 세라믹의 적용 

	2.3 절삭이론의 기초 
	2.3.1 절삭공구의 구조와 형상에 따른 영향 
	2.3.2 절삭된 칩의 형태 

	2.4 세라믹의 레이저 예열선삭 
	2.4.1 기존의 세라믹 절삭가공 
	2.4.2 레이저 예열선삭의 개요 


	3. 실험 재료 및 방법 
	3.1 실험재료와 장치의 구성 
	3.1.1 실험재료 
	3.1.2 실험장치 

	3.2 실험 및 분석 방법 
	3.2.1 실험방법 
	3.2.2 분석방법 


	4. 실험 결과 및 고찰 
	4.1 질화규소 세라믹의 예열특성 
	4.1.1 출력에 따른 질화규소 세라믹의 조직적 변화 
	4.1.2 이송속도에 따른 예열된 질화규소 세라믹 표면의 산화 
	4.1.3 소결방법에 따른 질화규소 세라믹의 예열특성 

	4.2 HIP 처리된 질화규소 세라믹의 레이저 예열선삭 특성 
	4.2.1 파라메타 변화에 따른 시편의 표면관찰 
	4.2.2 절삭된 칩의 형상관찰 
	4.2.3 절삭력 및 절삭공구의 변화 

	4.3 소결방법에 따른 질화규소 세라믹의 예열선삭 특성비교 
	4.3.1 파단면을 이용한 조직적 관찰 
	4.3.2 절삭된 시편의 표면비교 
	4.3.3 절삭된 칩의 형상비교 
	4.3.4 절삭력 및 절삭공구 수명의 비교 

	4.4 세라믹의 종류 및 레이저열원에 따른 예열선삭의 가능성 평가 
	4.4.1 각종 세라믹의 레이저 흡수율에 따른 가공성 평가 
	4.4.2 CO2 레이저를 사용한 세라믹 예열선삭시의 절삭특성 

	4.5 질화규소의 절삭 메커니즘 및 조직적 거동의 규명 
	4.5.1 레이저조사에 의한 질화규소의 조직적 거동 및 결함발생 
	4.5.2 질화규소 세라믹의 레이저 예열선삭에 관한 열해석 
	4.5.3 질화규소 세라믹의 레이저 예열선삭 메커니즘 


	5. 결론 
	참고 문헌 


