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Introduction

» Surface properties affect
= Friction and wear
= Lubrication
= Painting, coating, welding, soldering, adhesive bonding, corrosion
resistance
= Crack initiation
= Thermal and electrical conductivity

* Tribology
= Friction
= Wear
= Lubrication



Surface structure

= Oxide layer (hard, brittle, abrasive)
= [ron: FeO, Fe304, Fe203
= Aluminum: Al20s3
= Copper: Cu20, CuO
= Stainless steel: CrO

= Beilby layer: melting & surface flow-> rapid quenching
» Work-hardened layer: residual stress

_—— Contaminant FIGURE 4.1 Schematic
1-100 nm ——f - Adsorbed gas illustration of the cross-
1 nm — - : &% section of the surface
i o Oxide structure of metals. The
10-100 nm - // W e — Beilby (amorphous) layer thickness of the individual
1-100 nm - | e layers depends on processing
1-100 ,LLI'I'I—/ B P e - Work-hardened layer conditions and the
- < ) —— Mertal substrate environment. Source: After
: E. Rabinowicz and

B. Bhushan.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Surface texture

= Flaw (8)/ defect (B &), lay (IS El), roughness (H&J]), waviness (L&t &)

qur‘rzlil}),ol Interpretation Examples
Flaw _ - Lay parallel to the —
Waviness — | line representing the | |<—>
height 2 Lay direction = | surface to which the =l W S
v v S y symbol is applied =
i = *I =
Roughnessd. Lay perpendicular to ’ l
i i e J_ t}}le lim::f rcpresen}ginﬁ | | |m|||||
S . Waviness e i Boasal . the surtace to whic 1
Roughness height R, Width 'Roughness width cutoff the symbol is applied | — \/

Lay angular in both
/J"""J/M il / P b d™ THETFRRSSTD directions to the line
x representing the
Surface profile Error of form Waviness Roughness surface to which the

symbol is applied

Maximum waviness height 12570.002-2 < Maximum waviness width Pitted, protub(_‘l_‘anr, iy
Maximum R, " 6:“) 0.010 <— Roughness width cutoff P poroll:ls, OoF p;u;tlculatc e i =)
Minimum R, —" J?_O.UOS < Maximum roughness width nondirectional lay C—
Lay
(a) (b)

FIGURE 4.2 (a) Standard terminology and symbols used to describe surface finish. The

quantities are given in x in. (b) Common surface-lay symbols.
Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Surface roughness

= Surface profilometers (EHHEI| SAJ|)
Head

———— Stylus

Workpiece \
(a)

-

l\/ —— Actual
e surface

(b)

FIGURE 4.4 (a) Measuring surface roughness with a stylus. The rider supports the stylus
and guards against damage. (b) Path of the stylus in measurements of surface roughness

[broken line) compared with the actual roughness profile. Note that the profile of the stylus®

path is smoother than the actual surface profile. Source: D. H. Buckley. Typical surface
profiles produced by (c) lapping, (d) finish grinding, (¢) rough grinding, and (f) turning

processes. Note the difference between the vertical and horizontal scales. Source: from D. B.

Dallas (ed.), Tool and Manufacturing Engineers Handbook, 3d ed.

0.5 m (20 pin.)

Y
(0.016 in.)
(c) Lapping

0.6 wm (25 pin.)

)

WWVVWWWW
1

(d) Finish grinding

3.8 um (150 pin.)
Y

Iy

(e) Rough grinding

5 pm (200 pin.)
Y

—»

(f) Turning

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



R,and R,

= Arithmetic mean value
= arithmetic ave. (AA)
= center-line ave. (CLA)
» Root-mean-square ave. (RMS)

_ya+yb+yc+yd”':£n _:EI
R, = - 2 -], viox

2 2 2 2
IS Y Y Y e L& e [,

= Rough surface:
= Lower precision, short fatigue life, higher electrical & thermal contact

resistance, lower corrosion resistance, better painting & coating, lower cost

Digitized data FIGURE 4.3 Coordinates
™ used for measurement of

}f
\ surface roughness, using Egs.
. (4.1) and (4.2).
A m fghi

abcde\ |

ik 1A

¥ x
ha Center (datum) line ¢

Surface pr()ﬁh: S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Atomic Force Microscope (AFM) Tip

piezoresistor
region PZT region 8

LGCIT ZakE U
-

: —_— ilFm
g B B Z2AKY  H»1lB8.8868 1¢7mm

el Si=—_  1ibnm
gl 28KU X8,800 16nm

Before PZT process After PZT process



Friction

= Adhesion theory of friction (S 0| &)

= |ntimate contact of asperities creates an adhesive bond

N

Block —a E

LR
\ Friction

N resisting
motion

= Friction coefficient (OF&H %)

FIGURE 4.6 Schemaric
illustration of the relation
between friction force F and | |

normal force N. Note that as | |

the real area of contact A <<A A < A- . e—— A~A-
approaches the apparent T I £ I 2

area, the friction force I

reaches a maximum and
stabilizes. Most machine
components operate in the
first region. The second and
third regions are encountered
in metalworking aperations,
because of the high contact
pressures involved between
sliding surfaces, i.e., die and
workpiece.

| ot S ——

' Forging, extrusion

Stretch forming Drawing, rolling

-

‘u:ﬁ Beep drawing ~ Metal cutting

i

Bending

Friction force (F)

Normal force (N)

FIGURE 4.5 (a)Schematic
illustration of the interface of
two contacting surfaces,
showing the real areas of
contact. (b) Sketch illustrating
the proportion of the
apparent area to the real area
of contact. The ratio of the
areas can be as high as four
to five orders of magnitude.

=

F A 7 friction(shear) factor, m=-

N

N oAr o | K(shear yield stress)=Y /2

4 Y
H=T"—"— /
hardness p=—" = SN
hardness  3Y

A
y:iz—ﬁ:om?
o Y

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley




Measuring Friction

» Ring compression test

FIGURE 4.7

Good lubrication Poor lubrication

& O

volume :%(302 ~15%)10 =%(392 —ID?)5

change in ID = %xloo =13%(decrease)

#=0.09 and m=0.4

Reduction in internal diameter (%)

Original dimensions I &1 040 ‘ | J
of specimen: Y
80 ob :% in. = 19 mm [ Tn /1) I S *,[( L |
/ / 0.30 \
70 ID=3in=95mm | X ) m=1.0
Height =3 in. = 0.64 mm // | 60— [ fr /
60 - - ]
| / 0.20 | /
50 F—F—] 77 — . S0 ]
0.15 bl 0.7
1 M e 1 @
// / /o1 g O T 7 T
30 S /| g
'/ 7 /) 010 = 0.5
20 I 00 B = ’* I .
00 g /l/ /
10 I /é///// 10'07* ; 20—+ 7 |
/__4%/% 0:08 g ' / 0.3
o e i N P I
— < 10 T P = I
-10 %{\ F\\\ é | /
N\ K‘\o.m 02
0 i | ,
~20 - - | |__o.1s
ﬁl 0.03
-30 NG -10 1 S :l:
—40 | | AL \-\\\ 10
’ ‘ ~0.02 .
420 —— PR SUSR SA———
sl | MG | SN.0.05
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Reduction in height (%) Reduction in height (%)
(a) (b)

FIGURE 4.8 Charts to determine friction in ring compression tests: (a) coefficient of
friction, p; (b) friction factor, s Friction is determined from these charts from the pereent
reduction in height and by measuring the percent change in the internal diameter of the
specimen after compression.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Wear (1)

. . . o =

= Progressive loss of material from = Adhesive wear (S 0t2)
a surface
FIGURE 4.9 Ch i

. anges in
originally (a) wire-brfshed Scale: ‘?—50 pm 3 e Hard - Metal
and (b) ground-surface P]%Stu ZOlIE Soft Ll transfer
profiles after wear. Source: 25 pm ~— (microweld) o, (possible
E. Wild and K. J. Mack. “ L
fragment)

Unworn (a) (b) ()

FIGURE 4.10  Schematic illustration of (a) two asperities contacting,
{bjadhesion between two asperities, and (c) the formation of a wear particle.

Worn

WWM - Archard wear law v —x =V

3p

Unworn

Worn

(b)
V =0.001in°
k =107%(from table 4.2)
W =200Ib

p =120kg / mm?* =170,700Ib/in*
3Vp _ (3)(0.001)(170,700)

S =W (10%)(200)

= 2560in = 213 ft Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Wear (2)

= Abrasive wear

.
FIGURE 4.11 Schematic
illustration of abrasive wear
Hard - in sliding. Longitudinal
pa rticle scratches on a surface usually

indicate abrasive wear,

n Corrosive wear FIGURE 4.12 Types of

wear observed in a single die
used for hot forging. Source:

= Fatigue wear e Topd

! I

- \1—/\%,—\
® & DD

O PP

- Bottom die

1. Erosion
2. Pitting (lubricated dies only)
Ref. 3. Thermal fatigue

S. Kalpakijian, "Manufacturing Processes for Engineering Materials", | 4. Mechanical fatigue

3/4th ed. Addison Wesley Q 5. Plastic deformation



Lubrication

12

= 4 regimes of lubrication = Geometric defects

(a) Drawing or

extrusion
Tooling Die
— Lubricant — — ;..-N______/—;“—-x-_______;-————: -— ~
Workpiece :l
(a) Thick film (b) Thin film FIGURE 4.14  Inlet zones

for entrainment of lubricants

(b) Rolling

Boundary film

in drawing, extrusion, and

rolling. Entrainment of
w \_/V lubricants is important in
—— - reducing friction and wear in
— — £ e e W metalworking operations.
/—\—’_\_ /\_/\ Source: After W. R. D.

i Wilson.

(c) Mixed (d) Boundary
FIGURE 4.13 Types of .
lubrication generally Plastic
occurring in metalworking
operations. Source: After W.
R. D. Wilson.

Ref.

Pressure

Inlet zone

Rigid

|
|
|
|
|
|

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley
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Surface Treatment (1)

= Shot peening, water-jet peening, laser peening
» Roller burnishing (surface rolling)

» Cladding (clad bonding)

= Mechanical plating

» Thermal spraying

= Surface texturing

FIGURE 4.15 Examples
of roller burnishing of (al a
conleal surface and (b a flat
surface and the burnishing
toods used. Sowrcer Cogsdill
Toel Products,

{a.) ﬂ"b}
Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Surface Treatment (2)
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Ref.

Vapor deposition (CVD/PVD/ lon implantation)

Electroplating/ electroless plating
Electroforming

Anodizing

Diamond coating

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley

Carrier gases Exhaust
i —r —_—
*\
Exhaust
scrubber
¢ Graphite
Stainless-steel — &= shelves
retort )
FIGURE 4.16 Schemaric workplece

illustration of the chemical

vapor deposition process. Electric fufnace

| A
I FIGURE 4.17 Schematic
illustration of the
electroplating process.

Agitator

Part to be plated
(cathode)

= 'O i
_l| Heating coils

Sacrificial
(copper) anode



Cold spray (1)
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High deposition rate at low temperature

Accelerated powder particles are sprayed onto substrate.

Fabrication type : constructive process
Typical substrate materials : metal

High pressure gas supply

!

Carrier gas Gas
control
module
Fowder
feeder
o
Fas-pow der i I:l g:;n
BEe bt — pre-heater
l \_‘ Control PC
‘ Gras

Supersonic nozzle

[ ] Bubstrate

Schematic diagram

Particle diameter ( gan )

100 -

(=1

=1

0.0

0

Thermal-spray Method

Cold-spray method

Room temp. 300~600°C

Deposition

Room temp.

High temp. High temp.

&0 Al

g 100
Particle velocity (m/ sec)

0 a0




Cold spray (2)
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» Repair of damaged mold

1. Mold fabrication

Damaged part

*

2. Damaged mold

Cold Spray
Deposition T
3. Deposition of 4. Machining 5. Repaired mold

particles mold surface



Nano particle deposition system (NPDS)

High deposition rate at room temperature

1 1 1 - v Thermal-spray Method
Aerosol with particles is accelerated by a gas i,
flow and sprayed onto substrate. W Dl R
. . . £ Deposition
Fabrication type : constructive process S
. . . g Room temp. Deposition
Typical substrate materials : metal, ceramic
| — UD am a0 60 0 100
Particle velocity (m/ sec)
Deposton Fabrication envelop
o
I:l I:l Substrate -, =1
] [ Holder i
O O ‘:3:';';:‘: ﬂ
—T—— . -
a Vacuum Pump
X-Y¥ Stage Controller $Aerodynamic
(PMAC, PC) Filter

Aerosol oJ vhe
Generator
(TSI 3400A)
Flow — —
Meter Aerosol
Generator
Air Compressor for Small Nozzle

Filter for dust, oil, humidity

TS J(" >

Schematic diagram _ _— :
TiO, coating on Stainless steel
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Measurement

= Length: dial indicator, LVDT

» Straightness : autocollimators

» Flatness: interferometry

= Roundness: total indicator reading (TIR), full indicator movement
= Profile

= Coordinate measuring machines (CMM) and layout machines

= Gages

= Microscopes




Precision & Accuracy

19

= Accuracy(8& %)
= degree of conformity of a
measure to a standard or a true

value(closeness to the true value,
Om)

= Precision(8¥€ %
= the degree of refinement with
which an operation is performed
or a measurement stated(size of
standard deviation, o)

Probability
density

A

&m

True value

Value



Precision & Accuracy — example

20

= Precise = Accurate = Accurate
= Not accurate = Not precise = Precise



Dimensional Tolerance
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Maximum diameter

system. (b)~{d) Various methods of assigning tolerances on a shaft. Source: L. E. Doyle.

3rd/4th ed. Addison Wesley

mm

g =
= -%. S g ISO number
=8 2 c
y %’,' 3 & s N1 N2 N3 N4 NS Né N7 N8 N9 N10 Ni11 Ni12
5l gl BB 0.0250.05 0.1 02 04 08 1.6 32 6.3 125 25 50um
5% A | |o 0.100 T | T T T T T T T T
5|88 Hole S| 5l 5 -42.0
== © % &
¥ o
1 gt 2 Zero line, or 110
%"EJ " line of zero
R I § % @ | deviation —40.5
o R E = B .
g .2 18| £ 3 & 0.0101
= = Tl gl A ©
£ EJ = &
LSt lgr Exr g 0.1
£ B 3
&
(a) = 2 g o ~0.05
2 X
_— i
| 40.00+0.05 = 0.001F LY S
’ _0'05 mm 5 S
.. S e
L57540.002, w7 Ho.01
; ‘\-\o“"'
(b) poists ¥ H0.005
Y 0.0001 | ] | 1 | ] 1 1 |
40.05+0.00 mm 0.5 1 2 4 -16 32 63 125 250 500 10002000 pin.
| —0.10
11.577+0.000 . Surface roughness Ra FIGURE 4.20 Tolerances
. d surface roughnes:
—0.004 m zrl:m?n:dain variihus ’
i manufacturing processes.
These tolerances apply to a
25-mm (1-in.) workpiece
dimension. Source:
40.05 Schey, J.A., Introduction to
39.95 mm Manufacturing Processes,
: 3rd ed. New York, McGraw-
1.577 o Hill, 2000, p. 68.
1.573
Ref.
(d) S. Kalpakjian, "Manufacturing Processes for Engineering Materials"
FIGURE 4.19 (a) Basic size, deviation, and tolerance on a shaft, according to the ISO
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Quality Assurance

. 10
5o st - = Normal (Gaussian) Distribution
=& "
22 of |
58 X XXy X,
52 4t X =
SZ H|
£ Range , R = X, — Xnin
0 1 1 1 1
12.95 13.00 13.05 —\ 2 —\ 2 —\ 2 —\ 2
Diameter of shafts (mm) _ (Xl B X) + (XZ B X) + (X3 B X) +- (Xn — X)
(a) o =
n-1
—————99.73%——
b 95.46%

Control Chart

FIGURE 4.21 (a

Upper control Imit(UCL,) =X+30 =X+ AR
Lower control Imit(LCL,)=X-30=X—-AR

N
1
1
1
I
I
[
I
I
I
I
I
I
I
[
I
|

I 1—=F T 1 1T 1

mmmmmmmmmmeeoor

~40 -3 -2 -1 0 +1 +2 +3 +4o

Diameter of shafts relative to mean | S| XS | g ma (3~4 p p m)

b
N - = ]SO 9000 (quality management &
: ii §1 quality assurance)
Tab ; = |SO 14000 (environmental
Pl management)
b Ref.

Diameter of shafts (mm) S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
(c) 3d/4th ed. Addison Wesley



Control Chart
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Average diameter X (mm)

Range R (mm)

9 FIGURE 4.22 Conirol
- charrs used in statistical
E 4 4 quality control. The process
mis = shown is in good statistical
e o
£8 8 Sltia et
58 8 illustration, the sample size is
U U Uan ive, i {1} r
o4 RIS i
. EEEBE
1303F-=253F5 8 ——=—=m—=——————mm—mm . UCLg
13.02 | [
13.01F &, i /\ /\
13.00 Q\R\{{ X (average of
12.99 - W v ‘:\ﬁ/ averages)
1298
1297 ——— === mm e - -~ LCLg
12.96
0 L L 1 I I L I !
Time —»
(a)
012 F
D010 | i i e s UCLg
0.08 -
0.06 - A o -
- R ' R (average
0.04 Y \\/ \'b range)
0.02 -
0 LCLg
Time =
(b}
TABLE 4.3
Constants for Control Charts
Sample Size A, D, Dy dy
2 1.880 3.267 0 1.128
3 1.023 2.575 0 1.693
4 0.729 2,282 0 2.059
5 0.577 2,115 0 2.326
6 0.483 2.004 0 2.534
7 0.419 1.924 0.078 2.704
8 0.373 1.864 0.136 2.847
9 0.337 1.816 0.184 2.970
10 0.308 1.777 0.223 3.078
12 0.266 1.716 0.284 3.258
15 0.223 1.652 0.348 3.472
20 0.180 1.586 0.414 3.735

Average diameter X (mm) Average diameter ¥ (mm)

Average diameter ¥ (mm)

Tool changed

Ref.

LCL

x

FIGURE 4.23 Control

- charts, (a) Process begins to

become our of control,
because of factors such as
tool wear. The tool is
changed, and the process is
then in good statistical
control. (b) Process
parameters are not set
properly; thus, all parts are
around the upper control
limit. (¢) Process becomes
out of control, because of
factors such as a sudden
change in the properties of
the incoming material.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley



Process Capability Indices

* Process Capability Index, Cp

USL — LSL
C,=
6o,
»+ 30 o
= Minimum acceptable value for Cpis 1 ~USSLD
. USL-LSL @
» Desirable value : 1 ~ 2

* Process Capability Index, Cpk

USL — 7N LSL — 7N
ZUSL — ZLSL —
O-X GX
M, - Process mean
Zmin = min ‘ZUSL , Or (_ZLSL )‘
C_ = Zﬂ >1.0

pk



Process Capability Indices - example
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LSL USL
0x=10
100 130 190
ZysL = 10150 L in = min‘G T (_3)‘
10
_6 =3
100130 _3_

Z.o = T Cpk—g—lO

=-3



