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Grinding (&4 (1)
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| FIGURE 9.5 The grinding
surface of an abrasive wheel
. (A46-J8V), showing grains,

B porosity, wear flats on grains
(see also Fig. 9.9), and metal
chips from the workpiece
adhering to the grains. Note
the random distribution and
shape of the abrasive grains.
Magpnification: S0X.

Bond
FIGURE 9.1 Schematic
illustration of a physical
. model of a grinding wheel,
POTOS“Y showing its structure and
wear and fracture patterns.
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Grinding (&4 (2)

Irregular geometry of grains.

Highly negative rake angle : -60° or even lower.
The radial positions of the grains in a grinding

wheel vary.
High cutting speed : ~30m/s

FIGURE 9.7 Variables in
surface grinding. In actual
grinding, the wheel depth of
cut, d, and contact length, €,
are much smaller than the
wheel diameter, D. The
dimension ¢ is called the
grain depth of cut.

Grinding
wheel

Grains

FIGURE 9.6 Grinding
chip being produced by a
single abrasive grain: (A)
chip, (B) workpiece, (C)
abrasive grain. Note the
large negative rake angle of
the grain. The inscribed
circle is 0.065 mm

(0.0025 in.) in diameter.
Source: M. E. Merchant.

FIGURE 9.9 Schemaric
illustration of chip formation
by an abrasive grain. Note
the negative rake angle, the
small shear angle, and the
wear flat on the grain.

Wdr'kpiece
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Residual stresses
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FIGURE 9.10 Residual stresses developed on the workpiece surface in grinding tungsten:
(a) effect of wheel speed and (b) effect of grinding fluid. Tensile residual stresses on a surface
are detrimental to the fatigue life of ground components. The variables in grinding can be
controlled to minimize residual stresses, a process known as low-stress grinding. Source:
After N. Zlatin et al., 1963.
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Surface Grinding (& & & 4})

Workpieces Wheel

Workpiece Workpiece
Horizontal-spindle surface grinder: Horizontal-spindle surface grinder: Rotary table Worktable
traverse grinding plunge grinding
(a) (b) ()

FIGURE 9.12 Schematic illustrations of surface-grinding operations. (a) Traverse
grinding with a horizontal-spindle surface grinder. (b) Plunge grinding with a horizontal-
spindle surface grinder, producing a groove in the workpiece. (c) Vertical-spindle rotary-
table grinder (also known as the Blanchard-type grinder).
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Cylindrical Grinding (S 3 4&)

_— Grinding—__ FIGURE 9.14 Thread

grinding by (a) traverse and
(b) plunge grinding.
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Internal Grinding (L& & 4))

Workpiece
Wheel
e ee
——i. - —
b Al J__.
<~
(a) Traverse grinding (b) Plunge grinding

FIGURE 9.15 Schematic
illustrations of internal-
grinding operations.

&
J

(¢) Profile grinding
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Regulating
9 wheel

End Pressure
stop roll

Support %
roll ‘ Grinder

Workpiece
(revolves clockwise)

Workpiece

Work-rest Regulating
blade wheel
(a) Through-feed grinding (b) Plunge grinding (¢) Internal grinding

FIGURE 9.16 Schematic illustrations of centerless-grinding operations.
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Ultrasonic Machining (=31} X2)

Power
supply Transducer
= 3 1.2 mm FIGURE 9.19
0 % 50-mm (2-m) (0048 il'l.) 1 (;\)Schcnmti'c illustrfuion of
% 0 dismeter ‘ the ultrasonic-machining
: “ " process by which material is
= | QuOIONC 0o 1050 O | - removed through

f_ microchipping and erosion.

~ Abrasive slurry 16 i
Tool —Y| - b CRURLY. e b 8% 1% ormm Holes O.j.mm (0.016 in.) | (1) and (c) Typical examples

£ S ; lameter of holes produced by

ERS WOl'kplCCC (0.025 X 0.060 in.) ultrasonic machining. Note

Glass—graphite Glass t:e d:mens:()n's of cut and
: the types of workpiece
epoxXy composite materials.

(a) (b) (c)
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Finishing Operations (0} 2lZ23)

u Honlng (§Lc‘>|) St()nc\.

Spindle

= Superfinishing

FIGURE 9.21 Schematic Nonabidi :
illustration of a honing tool INonabra ]ng —
to improve the surface finish bronze gUldC

of bored or ground holes.

Holder

Workpiece

Oscillation
(traverse if necessary)

Stone

Rotation

FIGURE 9.22 Schematic
illustration of the
superfinishing process for a
cylindrical part:

(a) cylindrical microhoning;
/ Motor Rolls (b) centerless microhoning.

\X/ork’piccc
(a) (b)

= Lapping ()
= Polishing (&0} / Buffing (HZ)
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Lapping

11

Abrasive

Lap position and
pressure control

Nz = g

| After I
Guide rail Workpieces

(a) (b)

FIGURE 9.23 (a) Schematic illustration of the lapping process. (b) Production lapping on
flat surfaces. (c) Production lapping on cylindrical surfaces.

Upper lap -

Workpiece

Workholding

plate
Machine pan ~ Lower lap
(c)
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TABLE 9.4

General Characteristics of Advanced Machining Processes

Process

Characteristics

Process Parameters
and Typical Material
Removal Rate or
Cutting Speed

Chemical machining
(CM)

Electrochemical
machining (ECM)

Electrochemical grinding

(ECG)

Electrical-discharge
machining (EDM)

Wire EDM

Laser-beam machining
(LBM)

Electron-beam
machining (EBM)

Water-jet machining
(WJM)

Abrasive water-jet
machining (AWJM)
Abrasive-jet machining
(AJM)

Shallow removal (up to 12 mm)

on large flat or curved surfaces;
blanking of thin sheets; low tooling
and equipment cost; suitable for low
production runs.

Complex shapes with deep cavities;
highest rate of material removal;
expensive tooling and equipment;

high power consumption; medium to

high production quantity.

Cutting off and sharpening hard
materials, such as tungsten-carbide
tools; also used as a honing
process; higher material removal
rate than grinding.

Shaping and cutting complex parts
made of hard materials; some
surface damage may result; also
used for grinding and cutting;
versatile; expensive tooling and
equipment.

Contour cutting of flat or curved
surfaces; expensive equipment.

Cutting and hole making on thin
materials; heat-affected zone; does
not require a vacuum; expensive
equipment; consumes much energy;
extreme caution required in use.

Cutting and hole making on thin
materials; very small holes and
slots; heat-affected zone; requires a
vacuum; expensive equipment.

Cutting all types of nonmetallic
materials to 25 mm (1 in.) and
greater in thickness; suitable for
contour cutting of flexible materials;
no thermal damage; environmentally
safe process.

Single or multilayer cutting of
metallic and nonmetallic materials.

Cutting, slotting, deburring, flash
removal, etching, and cleaning of
metallic and nonmetallic materials;
tends to round off sharp edges;
some hazard because of airborne
particulates.

0.025-0.1 mm/min.

V: 5-25 dc; A: 1.5-8 A/mm?;
2.5-12 mm/min, depending on

current density.

A: 1-3 A/mm?; typically 1500

mm?/min per 1000 A.

V: 50-380; A: 0.1-500;
typically 300 mm?®/min.

Varies with workpiece material

and its thickness.
0.50-7.5 m/min.

1-2 mm?®/min.

Varies considerably with
workpiece material.

Up to 7.5 m/min.

Varies considerably with
workpiece material.
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4 mm
(before machining)

2 mm -
(after machining)

Chemically
machined area

Section

(a) (b)

FIGURE 9.25 (a) Missile skin-panel section contoured by chemical milling to improve the
stiffness-to-weight ratio of the part. (b) Weight reduction of space launch vehicles by
chemical milling of aluminum-alloy plates. These panels are milled after the plates have first
been formed into shape, such as by roll forming or stretch forming. The design of the
chemically machined rib patterns can readily be modified at minimal cost. Source: Advanced
Materials and Processes, ASM International, December 1990, p. 43.
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Electrochemical Machining / Grinding

= ECM (&oliJl8) = ECG (Mol H4)

Electrolyte from pump

Pump for circulating
electrolyte

l

Electrode (grinding wheel)

Spindle

———— Electrical connection

FIGURE 9.29 Schematic Insulating
illustration Of the =3 abrasive
electrochemical-machining sl 3
process. This process is the particles O | de
reverse of electroplating, —Insulatin
described in Section 4.5.1. Workpi bushi & BOWEE
coating QrKpicCe (+) ushing | supply
(+) Worktable — '
Tank (a)
L Inconel 0.9 mm
3.1 mm (g in.) (0.020 in.)
Workpiece  Electrolyte T @ e _;
) |
4 mm (—-1i
0 m ( zq in )

(b)

FIGURE 9.31 (a) Schematic illustration of the electrochemical-grinding process. (b) Thin
slot produced on a round nickel-alloy tube by this process.
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Electro Discharge Machining (EDM)

» EDM (& II2)

FIGURE 9.34 Stepped
cavities produced with a
square electrode by EDM.
The workpiece moves in the
two principal horizontal
directions, and its motion is
synchronized with the
downward movement of the
electrode to produce various
cavities. Also shown is a
round electrode capable of
producing round or elliptical
cavities. Source: Courtesy of
AGIE USA Led.

Current FIGURE 9.32 Schematic
- | ; illustration of the electrical-
Rectifier contro Servo control discharge-machining process.

Dielectric fluid

1.5-mm
- P -
dia.

8 holes, 0.17 mm

1.1-mm wall

(b) (c)

FIGURE 9.33 (a) Examples of cavities produced by the electrical-discharge-machining
process, using shaped electrodes. The two round parts (rear) are the set of dies for extruding
the aluminum piece shown in front. Source: Courtesy of AGIE USA Ltd. (b) A spiral cavity
produced by a rotating electrode. Source: American Machinist. (c) Holes in a fuel-injection
nozzle made by electrical-discharge machining. Marterial: Heat-treated steel.
’ IRV ATRINT uunlg_Hoon
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Micro ECM / EDM

Machined
Microshaft Electrode
<S) ©
|
Discharge
Circuit
7
/ d b @
( Diameter 20pum
Depth 50um
SUS 304

Ref.: Prof. C. N. Chu
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Wire EDM

17

= Wire EDM (2 & 2t0[H HE)

Wire
Dielectric | :
supply : ! _ize FIGURE 9.35 Schematic
@ diameter illustration of the wire EDM
ol e k process. As much as 50
! N
Sparl &4p hours of machining can be
R I performed with one reel of
WOI'kpiCCC w— M wire, which is then discarded
= or recycled.
¢ 1
|
* D /o
Wire Slot (kerf)
! |
guides —

O,
“ Reel
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Laser beam machining (LBM)

= Light Amplification by Stimulated Emission of Radiation (LASER)

Flash lamp

Reflective end ——\ ’
,,

Laser crystal

3.4-mm diameter

Partially
reflective
end

(b) Rubber

FIGURE 9.36

(a) Schematic illustration of
the laser-beam-machining
process. (b) and (c) Examples

y of holes produced in
(a) (C) Plastic nonmetallic parts by LBM.
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First Ruby Laser

1960, Theodore Maiman, USA
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Pulsed Laser
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Applications of Laser
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Heat treating

Table 9.5 General Applications of Laser in Manufacturing

D Workpiece
Applications mateprials Laser type
Cutting Metal PCO,, CWCO,, Nd:YAG, ruby
Plastics CWCO,
Ceramic PCO,
Drilling Metal PCO,, CWCO,, Nd:glass, ruby
Plastics Excimer
Marking Metal PCO,, Nd:YAG
Plastics Excimer
Ceramic Excimer
Surface treatment Matal CWCO,
Welding Matal PCO,, CWCO,, Nd:YAG, Nd:glass, ruby

Welding
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Laser Micro Drilling

[ Ceramic : 300um S
) I s — = '-P x

" fryr—

Beam Path

Entrance (90un) Exit (70.m)
Ceramic : 500un S )

Entrance (854m) Exit (50un)
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Micro LBM

115 um blind via
through 50 um
polyimide using
355 nm laser.




24

Electron Beam Machining

FIGURE 9.37 Schematic High-voltage cable (30 kV, dc)
illustration of the electron- >

beam-machining process.

Unlike LBM, this process

requires a vacuum, and Cathode gl‘ld
hence workpiece size is

limited.

Optical +— Electron stream
viewin | ;
& |~ Magnetic lens
system |Z]"/(
Viewing s« Deflection coils
ort | e R T s
g . L

Vacuum chamber

Workpiece b
o High-vacuum
pump
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Focused lon Beam System (1)

= Whatis Focused lon Beam ? N
= Nanoscale Hybrid Fabrication Tool suppressor —"m quid-metal sotree

+ Sputtering

» Deposition

extractor ——

S
= FIB Components ens
= Jon Gun (107 torr) P
« Liquid Metal lon Source (LMIS) aperture
: e octupole 1
= |on Optical Column
+ Electrostatic Lens deflector plate
- Variable Aperture T
i =
= Vacuum Chamber (10 torr) e || e
= Specimen Stage : : . lens 2
» Eucentric Stage — —
= Gas Nozzle sample stage 8 - octupole 2
 Carbon e
» Platinum
* Tungsten Schematics of FIB System
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Focused lon Beam System (2)

= Hybrid Fabrication Methods

Primary lons J‘ﬁ Sputtered Particles @ Volatile
@@ (ions or neutrals) Products

Sputtering (Milling) Deposition
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Focused lon Beam System (3)

Carl Zeiss SMT
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Case study: Stent

Proximal and distal markers
/ indicate position of stent on radiograph

L .315-1.50 in. Guide wire
/ wm 2 L 0.356 mm I/
- (0.014 in.) max /'

(0.010-0.16 in.) J
Catheter and balloon

used for stent expansion

Variable Thickness Strut (VTST™)
3-3-3 Pattern

FIGURE 9.41 The Guidant MULTI-LINK TETRA™ coronary stent system.

Al
> aNg
S
*b
> /'
> (@ (b ©
FIGURE 9.43 Evolution of the stent surface. (a) MULTI-LINK TETRA™ after lasing.

Note that a metal slug is still attached. (b) After removal of slag. (c) After electropolishing.

FIGURE 9.42 Dcail of
the 3-3-3 MULTI-LINK
TETRA™ pattern.
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section thickness to provide
radiopacity

b. 0.091 mm (0.0036 in.)
thickness for flex v
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Planarization using both
chemical and mechanical
process

Retainer ring l Slurry

\7 7‘ :/ Polish Pad

Platen

Wafer

L =

Rotary type CMP

Mermbrane ! .
or Carrier
Carrier film

After
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Nano grinding

= Local planarization
= Height control (resolution < 1 um)
= Surface roughness (Ra < 20 nm)
Micro Tool
= Tungsten Carbide (WC ISO K30)

\ Software and . ) !
| User In';_g(jaqe, . o e e Before After

.  Controller
e ~ spindle

| IDIM, SNU

Hardware configuration of nano grinding system 4 edge nano grinding tool fabricated by FIB
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Nano grinding

-> -> ->
Contact detection Height set from Planarization Microstructure
and origin set the substrate progress of flat surface
CCD .
camera Micro

scope
Computer Nano e

Stage
1
TL ]
Z 1L Ili-‘
MCS

controller

Tool
Spindle
Wprk u
| ]

l |
—— Ohmmeter |——
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Nanoscale 3D Printing System

Seoul National University
Nano Printing Laboratory

Director: Sung-Hoon Ahn

Co-directors: Kunwoo Lee & Caroline S. Lee

Copyright(c) 2010 Seoul National University Nano Printing Laboratory ALL RIGHT RESERVED
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