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内容説明

超精密加工

究極の加工精度

加工単位と加工方法

延性材料の加工

超高速除去加工

超高加速度除去加工（含振動加工）

硬脆材料の加工

 Siウエハの化学・機械複合加工（CMG）

極薄Siウエハの加工

サファイアウエハのCMG加工

Wheel
spindle

Work
spindle
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加工精度nanotechnology
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Example: 単結晶Si

Diamond structure

この原子を除去する方法は?
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原子間結合エネルギ

Bonding energy
(Si: 2.25eV/atom

or
18kJ/cm3)
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究極の目標：原子レベルの操作

1990年ノーベル物理賞
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Drexler’s Assembler
入力：
103種類
の原子

出力：
何でもアリ
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K. Eric Drexler (1955-)
 Massachusetts Institute of 

Technology, Cambridge, MA
Ph.D., Molecular 
Nanotechnology, September 
1991
Dissertation: Molecular 
Machinery and Manufacturing 
with Applications to Computation
Supervisor: Marvin Minsky

 Massachusetts Institute of 
Technology, Cambridge, MA
S.M., Engineering, September 
1979.

 Massachusetts Institute of 
Technology, Cambridge, MA
S.B., Interdisciplinary Science, 
June 1977 
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超短パルスレーザ加工

電子軌道間移動に伴うエネルギ

レーザ照射
• 原子は電子を介して結合している．

• 電子は原子核から見て決まった位
置に存在する．

• 電子が１つの軌道から別の軌道に
移るときにエネルギ（光）を吸収した
り，放出したりする．


 C

hhE 
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10-12sec

Dissociation 

Pulse length:
pico(10-12sec) & Femto(10-15sec)

Heat process

Ablation process

多光子吸収の原理

http://64.227.154.50/Index.htm
Multi photo

Photon

Excitation level

PhotonPhoton

Base level

Single photo

Single photo

Energy
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実際の加工方式

切削応力の
FEM解析

 材料の除去メカニズムは，石器時代
からほとんど変わっていない．
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超精密加工の要素技術

工作機械 工 具 工作物

除去加工の３大要素

環 境(振動，温度，クリーン度 等)

位置と経路
制御

除去メカニ
ズム
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超精密工作機械
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工作機械に必要な特性

位置決め精度 (Positioning)
分解能（Resolution: ~10nm/step)

剛性（Stiffness: 1000N/m)

位置決め精度(Positioning)
運動精度(Linearity：0.1m/200mm)

多軸補間（Multi-axial interpolation）

位置決め精度(Positioning)
熱安定性(Thermal stability)

Anti-vibration

超精密5軸ナノ加工機
FANUC ROBONANO α-0iB



(15)Prof. Zhou Libo 2015/2/17

工作物ー材料
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除去メカニズム：応力ーひずみ曲線

 Example:  Steel (S45C)
 E=210GPa, G=80GPa

 y=0.6GPa, f=1.3GPa

 e=0.625％, f=3.45%

 Specific removal energy

(=Specific share stress)
 Theoretically δ=1.0GPa

 Practically ω=4.7GPa
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High speed machining

 C.Solomon (German) first 
proposed in1931
 Temperature goes high 

together with cutting speed 
in the low speed region, 
meets its maximum and then 
comes down as cutting 
speed keeps increasing.

 Undiscovered Solomon’s 
valley

Cutting speed

Te
m

pe
ra

tu
re

Solomon’s 
valley
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Solomon’s valleyへの探検

 In 1950s, by Von Karman
Experiments based on theory of critical impact 

speed

 In 1960s, by Lockheed and Tanaka
Use of rifle to get higher speed 

 In 1980s, By Eda
Use of rocket to boost up the cutting speed

見果てぬ夢．．．．
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： density of material

： stress

： plastic strain

Material vp m/s

Al alloy (5056) 300

Pure Al (1199) 200
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Base

Wheel
spindle

Work
spindle

Experimental set-up
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Spindle

Type
Diameter
Rotational speed
Rotational accuracy
axial
radial

Aerostatic bearing
50 mm
5,000～50,000 rpm
(at 50,000 rpm)
0.2m
0.2m

Table

Stroke (X-axis)
(Z-axis)

Motion error
Yawing (X-axis)
Pitching (X-axis)
Yawing (Z-axis)
Pitching (Z-axis)

Feed rate
Resolution

60 mm
150 mm

0.1m/60 mm
0.1m/60 mm
0.1m/150 mm
0.1m/150 mm
1～1260 m/min
10 nm/step

工作機械の仕様
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Grinding wheel

Work piece

Workpiece diameter

Wheel diameter

Depth of cut

Speed ratio Vs / vw

Speed ratio (Vs +vw )/vp

SD140N100M60  3.0

Al alloy A5056 (vp =300m/s)
Pure Al (99.99%)  A1199 (vp =200m/s)

150 mm

200 mm

0.5，1 m/step ( or 21.7 nm/rev)

1

10，60，80，90，100，110，140%

実験条件
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Al1199
Al5056

10%

130% 140%

10%

Morphology
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Grinding direction Grinding direction研削方向 研削方向

(a) Vs+vw=140m/s (b) Vs+vw=280m/s

研削方向 研削方向

(a) Vs+vw=140m/s (b) Vs+vw=280m/s

Zoom up view (by SEM)
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Roughness variation
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50m 

Grinding direction  

50m 

Grinding direction

 

50m 

Grinding direction

50m 

Grinding direction

(a) Al 1199 at speed ratio of 10% (b) Al 5056 at speed ratio of 60%

(c) Al 1199 at speed ratio of 140%      (d) Al 5056 at speed ratio of 130%

Cross-sectional view



(29)Prof. Zhou Libo 2015/2/17

40

45

50

55

0 10 20 30 40 50
Depth from the surface  m

V
ic

ke
r's

 h
ar

dn
es

s 
 H

v 70%
100%
140%

(Al 1199)

40

45

50

55

70 80 90 100 110 120 130 140
Speed ratio　%

V
ic

ke
r's

 h
ar

dn
es

s 
 H

v DOC:1μm×100times
DOC:0.5μm×200times

(Al 1199)

120

130

140

150

40 60 80 100 120
Speed ratio  %

V
ic

ke
r's

 h
ar

dn
es

s 
  H

v DOC=1μm×100times
DOC=0.5μm×200times

(Al 5056)

Hardness variation

110

120

130

140

0 10 20 30 40 50
Depth from surface  m

V
ic

ke
r's

 h
ar

dn
es

s 
 H

v 60%
100%
130%

(Al 5056)

(30)Prof. Zhou Libo 2015/2/17

原子間結合エネルギ

Bonding energy
(Si: 2.25eV/atom

or
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Inter-atomic force given by potential

Interaction between particle i and j
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Abrasive grain

Workpiece

Model
Inter-atomic potential
Integral calculation
Initial temperature T
Diameter of abrasive D
Grinding speed V
Work speed v
Depth of cut d
Grinding distance l

Rigid diamond C (111)
Al (111) (fcc metal) (plasticity

propagation speed vp = 200~300m/s)

2-D Plane strain
Morse (Al-Al, Al-C)
Leap frog
300 K
10.4 nm
50 - 2000m/s
0
2 nm (8 atom layers)
67 nm

sp

sp
pv




 


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Simulation parameters



(33)Prof. Zhou Libo 2015/2/17

Traveling distance at Ｖ＝100m/s

0nm 0．5nm 1.0nm 1.5nm 2.0nm
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Traveling distance at Ｖ＝300m/s

0nm 0．5nm 1.0nm 1.5nm 2.0nm
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Traveling distance at Ｖ＝1000m/s

0nm 0．5nm 1.0nm 1.5nm 2.0nm
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V=100m/s

V=200m/s

V=300m/s

V=400m/s

V=500m/s

V=1000m/s

Traveling Distance of Atom 
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得られた成果

 “High speed” は再定義する必要がある： 塑性伝
播速度と材料に依存.
塑性伝播速度を超えて切削すると，延性材料の弾
性域が大きくなり，脆性的な挙動を示す．その結果
，塑性変形が小さくなり，仕上げ面粗さを含む加工
品位の向上ができる.
分子動力学シミュレーションにより，上述の現象を
理論的に証明した.
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Top cited paper of PE in 2003/04
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Yield stress  Fracture stress

Micro 
plastic 
stress 

(a) Brittle material (b) Ductile material

脆性材料 延性材料

応力ーひずみ曲線

脆性材料 vs. 延性材料

注意：塑性変形エネルギ熱
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加工のモード

Atomic potential Energy of Si
(15.9ｘ10-18 J/atom or 8ｘ105 J/cm3 )
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研究目的と方法

Abrasive (CeO2,SiO2) ⇔ Si

Additives (Na2CO3) ⇔ Si

Coolant (KOH) ⇔ Si

P
ot

en
tia

l e
ne

rg
y 

 e
V

Lattice
spacing

Surface barrier 
potential energy

Bonding energy
1.5910-17J/atom

Proper 
chemical 
reaction

Expected 
chemical 
reaction

Objective
 to generate a 

perfect (defect free) 
surface by fixed 
abrasive process

Methodology
 by introducing 

chemical reaction 
into grinding 
process
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CMG wheel

CEROX 1650 Av. Size: 2±1m，purity: 70%

Abrasive

Additive

Abrasive

Additive

300mm0mm
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CeO2 abrasives

Lattice fringe with spacing 0.58 nm

Average particle size : 1.5m

2nm

0.58 nm

100 nm
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Experimental conditions

Machine tool Horizontal type precision grinder

Wheel SD800J75DK100 CMG3000

Workpiece 300mm Si wafer [100]

Work revolution 1500 rpm 500 rpm

Wheel revolution 50 rpm 50 rpm

Feed rate 30, 20,10 m/min 0.1 [kgf/cm2]

Coolant 10 [ℓ/min] Dry, (10 [ℓ/min]) 
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Dry CMG process

Finish by CMGStart with SD 800
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Finished surface roughness

Ra=0.76nm, Ry=5.2nm Ra=0.81nm, Ry=5.8nm Ra=0.79nm, Ry=5.4nm

CMGSD3000Polished

year 2002year 2000Commercialized
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AFM observation on (100)
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CMG quality

3.84Å
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{100} plan @ 0a position
84.32/2 a Å
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TEM observation

10nm10nm

(a) CMP (b) CMG
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TEM observation
(a) SD400

(d) CMG

(b) SD3000

(c) SD5000
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CMG Wheel element analysis
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CMG wheel composition analysis
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Grinding waste element analysis
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Grinding waste composition analysis
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Chemical reaction at CMG

22
1

3222 OOCe)CeO(22)2(CeO  e

2
2

2 SiO2SiO)(OSi   e

2322
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(Amorphous)
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Process simplification
Wafer Single crystal Silicon (100)，t=850 100 m

Process CMP (commercialized) CMG

1st stage Lapping (or grinding)

(detail unknown)

Grinding by SD800

V = 2000min-1,

v = 500min-1,

f = 20mm/min 

2nd stage Polishing

(detail unknown)

Grinding by CMG3000,

V = 500min-1,

v = 50min-1,

P = 0.01MPa 

3rd stage Polishing

(detail unknown)

4th stage CMP

P-8
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CMG の応用
 Back-grinding: extremely thin wafer
 Power device (IGBT) (Automotive, etc.)

 Mobile device (Electronics)

 Replacement of free slurry
 Bare wafer processing （Semiconductor 

material）

 Planarization (IC manufacturer)

Other electronic and photonic substrate
 Crystallized glass (Electronics and optics)

 Compound semiconductor (LT, Sapphire)

5m
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最近の研究成果

50m 40m 30m

15m20m

65m

5m LED panel
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Recent results

Ra: 0.7 nm

Extremely-thin ground 
Si wafer

Surface roughness of CMG 
wafer

15 µm
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Thank you for your attention

Please contact

lbzhou@mx.ibaraki.ac.jp

for question, suggestion or comment.


