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@ Surface finish: introduction

www.hih.gov
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@ Surface finish: Theory

Maximum valley depth R, Rv = min Vi
Maximum peak height R, Rp = Max'y;

1
Average roughness R, Ra — g ?:1 |yl' |

Root mean squared roughness Rpys Or R, ers = \/ % Z?zl (yl-)z

Total roughness R, from the highest peak to the lowest valley points. It is also referred to as R, 0r R,

R, =R, — R,

Average consecutive peak-valley roughness R,. This is the average of 5 largest consecutive peak-valley distances
R, = 5 [28-1(Rpi = Rui)]

Actual surface
y Vertical deviations

) /— Nominal surface
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AT Measure

Estimate surface

finish by

comparing with

standards

= |nexpensive

= Portable
= Subjective
= Qualitative

bbs.homeshopmachinist.net

= RUBERT

E  REAMING

Surface Roughness COMPARISON STANDARDS
SpP . PURERT COMPOSITE POCKET SET - No. 30-695-1

This set ¢21s.cts ¢f Safeca ovhess Standards for the six most important machining methods. The roughness of each
specimen is given as the AA value, standardised in ANSI B46.1, and in Military Standard 45662,

The machining data for the master specimens were obtained in co-operation with individual companies and research
establishments, in a manner consistent with the recommendations of the British Standards Institution; and the masters
themselves are produced, tested and measured by Rubert + Co. in their own laboratories. The specimens are in turn made
from these masters by electra-forming process which is extremely faithful to the originals. The No. 30-695-1 Set is intended for
the use of Drawing, Planning and Research Offices, Quality Controllers, Inspectors, Works Managers, Foremen, etc.

The 30 specimens are calibrated in p* AA (Arithmetic Average) and in the metric equivalent ym Ra.They are correct to within
+10% of the stated values, excluding instrumentation errors.

For some purposes it may be important to know also the peak-to-valley depth of roughness, referred to in ISO specifications
as Ry, elsewhere as Rt. This parameter bears a rather complex relationship to AA, the ratio RyfAA varying between 4 and 12.
The Ry equivalents given in the table below are to be regarded as approximate figures, which may deviate by +30% from
actual values

wAA | 500 250 125 63 3z 185 k.- 8 4 2
Horizontal Milling 'Ry | 2000 1250 630 320 160 100
Vertical Milling T .
Tuming | WmRy | 0 32 16 | 80 a0 [ 28 | 1 -
Ratio RyfAA | 4 5 5 5 5 6,25
Flat Lapping wRy | 400 240 120 | 63 40 22
Reaming T — r t
Grinding umRy | 10 6,0 30 | 18 1.0 055
Ratio RylAA | 6.4 7.5 715 | 79 | 10 11

RUBERT + CO. LTD.. ACRU WORKS, DEMMINGS ROAD, CHEADLE, SK8 2PG, ENGLAND

VERTICAL
MILLING

30-695-1

BEERES i ikt il H'ﬁ.‘.ix.i

™
2=}
1
[~ ]
=
(-]
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AA | 500 | 250

ad

u



TEXAS As=M*ENGINEERING

@ Measurement: Profilometry

www.worldoftest.com

store.gaging.com

Contact stylus with different head/force

= |nexpensive

= Portable

= Not accurate due to stylus size

= Scratch soft surface 7




TEXAS As=M*ENGINEERING

@ Measurement: Interferometry

mirror | |CCD Camera

—
half-silverad
coheran mirror
light source 'FlhjE{:t
e 1 Collimating ENs
White lens — —
T’ mirrar |Ig|"l1: ]
Source
Reference
flat
J-IZIE-[-EEI!L‘II‘ .H-
Specimen
www.activeopticalsystems.com 8

http://en.wikipedia.org/wiki/Interferometry
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T

Measurement: Interferometry

WWW.Zygo.com

Non-contact
Measure line and
area surface finish
Non-portable
Expensive



ECM+ ECP, sample A12

B ZY30

+3.52144

um

-1.63871
1480

AvgHgt 0,00000 mm rms 0.3771 um TltMag 0.00 deg
PV (All) 0.00518 mm Points 14803 TltAng 0.0z deg
Ra ([(Test) 268.81 ni Ra (Ref) 268.81 ni

B ZY30
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)

Measurement: Tunneling microscopy

U U Tunneling
current between

2 parts:

(a)

I~€_2Kd

(H)

Fig. (a) Electron wavefunctions for two separate metals 1 and 2 with work
functions ¢,; and ¢,. (b) Electron wavefunction for the same two metals
connected and separated by a small distance d; V' is the bias potential. Tunnelling
through the barrier may now proceed since the wavefunctions overlap.

13
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Measurement: Atomic force microscopy

| Repulsive forces -

\/ short range Coulomb interaction

» Distance

store.nanoscience.com

/ van der Waals interaction

e
e S

T10kY 12 2mra 21 S0k ZFIM)
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\'Ih Measurement: scanning probe microscopy

a2l [_ Manual Monitor
'.": ~ ~\‘-’! \\\.-/-N\\. —————————— o " .
i T s screen
control ¥
Tunnelling
tip piezo
' I A P
/ feedback Com
v e é | clectronics puter
2 ! ‘ < I Vbias
! Cantil
B e L N Caniilever
.‘\. 1" ‘\_I’ ‘\._"-‘\‘ ;'—"‘\ ;‘--\._ 'a'-“‘._‘ » N
- - s ~- = . Sample | o
‘ . .
z piezo drive
X B . :
. x + y piezo drive
(a) (b) Sample
piezo

(b) the

STM/AFM im'aging modes STM/AFM system

15
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@ STM/AFM system

*i‘ﬁ" Probe Laser

4 Quadrant
Photodetactor

: Cantilever

Substrate

education.mrsec.wisc.edu

= Tapping/scanning modes
= Atomic resolution
= EXpensive

= Very slow

= Non-portable

http://mcf.tamu.edu/instruments/new-afm
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\A'Ih Machined surface measurement

50.000 nmM

_ WWW.Zygo.com
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@ Ball-end milling: model

Effect of tool geometry and chip load

D*Ra

R, =D — JDZ — f,° (ur?-um)
1E+4 L
= Theory
LE+3 | Empirical
2 1.E+2 < XX
R, = 024239 XX

1E-2 1E1 1E+0 1E+1 1E+2 1E+3
Chip load (um/tooth)

R, = theoretical average surface finish (in, mm)

R, = theoretical peak-valley surface finish (in,

mm) 20
f. = chip load (in/tooth, mm/tooth)
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@ Flat-end milling: model

Effect of tool geometry and chip load

End Cutting F.dgt L i [me Rmdial Rake &ngle
Concavity Angle _.-”-._ -1".|I (Positive Shown )
Tooth Face i !
Rt — ft tan ~—End Ciearance I Tooth Face
Axial Relef ! Radial
Angle — i f_‘u11"'::'|g
. Ed
5 ™ End Gash "
R, = —f;tan «
a 1 8 ft ‘\\— Flute

Helix Angle |

Enlarged Section of Eod &all

http://www.globalspec.com/reference/68253/203279/milling-cutters

R, = theoretical average surface finish (in, mm)

R, = theoretical peak-valley surface finish (in,

mm) 21
f. = chip load (in/tooth, mm/tooth)



Surface roughness, Ra, pum
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Milling Al6061, ©3.175mm, flat end, 2 flute, 30m/min and
60m/min, Dry cutting, Interferometry
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Milling Al6061, ©3.175mm, flat end, 2 flute, 30m/min,
60m/min, Dry cutting, Profilometry

N
N

o %Jrfag,e Rough[lessERa,rum -

o
N

2
8 ?
6
4 /,, - ’: — i *
¥ A 4 18
2 - ’,," 1 T *
1 - A 1 (it: éﬁ'ﬂl o
T A :

. z Lk I cutting
6 ® A 5% Q edge
4 | AR T angle

| =3.49°
. 1

10 20 30 40 50 60 70 80 90 100
Chip Load, pum/tooth

- High - Low O Average = High

- Low A Average Trend  ----- Linear (Trend)
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@ Modelling issues

2.4 | -
Ductile metals
22 _
= 20 —
§ E 1.8+ -
-:lé- 1.6 -
14+ —
12/ < Free machining aloys 1 Effect of workpiece material
o \ . | = Built-up edge of ductile material
0 100 200 300 400 .
Cutting speed—ft/min u Tearlng Of Surface When
. | | | machining ductile materials
30.5 61 91.5 122 .
Cutting speed—m/min u CraCkS In Surface When

machining brittle materials
] Use correction factor to calculate
theoretical surface finish 26
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AT LECM: Electrode forming on CP Titanium

Rolling fracture

Rolling mark

Embedded  AS received CP titanium sheet
Inclusion




a LECM: Electrode forming on CP Titanium
S

- - o I E
‘ ; \ X \./3','*,;4; X ) « "JW
B 1 o 2O« & t y LR s
' s 2 Wy =3 " 1 . ]

10 kHz, stainless steel electrode, NaNO, + KBr
electrolyte, 3 mm gap, 168 mA/mm? current density,
62 um/s feed.
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@ LECM: Electrode forming on CP Titanium

ECM of CP Ti

e ECM: Sample A2,50kHz ,25-0V, 202mA ,485 mA/mm?,
200um, 90s, (50g KBr+15g NaNO,+500g H,0).

29
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@ LECM: Electrode forming on CP Titanium

B Sl

FS: 91000

F T

o ECM: Sample A11,100kHz ,25-0V, 205mA ,490 _
mA/mm?2,100um, 90s, (50g KBr+15g NaNO,+500g H,0). ECM+ECP of CP Ti
« ECP: (60 g/L, 99%, AICI, +280 g/L, 98+%, ZnCl, + 300 mLIL,
C4HgO +700 mL/L, USP-200 proof, C,H:OH) at 25v DC, 10
mm gap,120 mA/cm?, 35°C, 20 min, Img/cm?/min MRR. 30
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@ LECM: Electrode forming on CP Titanium

N\

ECM+ECP of CP Ti

e ECM: Sample A12,50kHz ,25-0V, 211mA ,504 mA/mm?2,50um,
90s, (50g KBr+15g NaNO4+500g H,0).

» ECP: (60 g/L, 99%, AICI; +280 g/L, 98+%, ZnCl, + 300 mL/L,
C3HgO +700 mL/L, USP-200 proof, C,H:OH) at 25v DC, 10
mm gap,120 mA/cm?, 35°C, 20 min, Img/cm?/min MRR.
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@ LECM: Polishing of CP Titanium

~

-

S

4 | | M""L
- m ) h {1 I - "n*‘l\ r 4 {3:“

Polishing of as-received CP Ti

« ECP: (60 g/L, 99%, AICl; +280 g/L, 98+%, ZnCl, + 300 mL/L,
C3HgO +700 mL/L, USP-200 proof, C,H:OH) at 25v DC, 10
mm gap,120 mA/cm?, 35°C, 20 min, Img/cm?/min MRR.

32
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@ UECM: CP Titanium

2.67 um 300 nm

300 nm
260
200
150
100

50

0 - T r 1 T -

0 10 20 30 40 50 pm
0 10 20 30 40 50 ym
After HECM, Area RMS=340 nm After LECM+ECP Area RMS=42 nm
e ECM: Sample A12,50kHz ,25-0V, 211mA ,504 mA/mm?50um, 90s, (50g
KBr+15g NaNO4+500g H,0).
« ECP: (60 g/L, 99%, AICI, +280 g/L, 98+%, ZnCl, + 300 mL/L, C;H40 +700 33

mL/L, USP-200 proof, C,HsOH) at 25v DC, 10 mm gap,120 mA/cm?, 35°C, 20
min, Img/cm?/min MRR.
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@ UECM+ECP: CP Titanium

2.67 um 2,67 um

0 T r 1 T e 0 T [ 1 T =

0 10 20 30 40 50 pym 0 10 20 30 40 50 pm

After HECM, Area RMS= 340 nm After LECM+ECP Area RMS= 42 nm

e ECM: Sample A12,50kHz ,25-0V, 211mA ,504 mA/mm?50um, 90s, (50g
KBr+15g NaNO4+500g H,0).

» ECP: (60 g/L, 99%, AICl; +280 g/L, 98+%, ZnCl, + 300 mL/L, C;H;O +700
mL/L, USP-200 proof, C,HsOH) at 25v DC, 10 mm gap,120 mA/cm?, 35°C, 20
min, Img/cm?/min MRR.

34
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@ UECM+ECP: CP Titanium

300 nm 150 nm

300 nm 150 nm

280 125

200 100

150 75

100 50

50 23

0 10 20 30 40 5pm O 2 4 6 8 10 12 ym

After ALECM+ECP, Area RMS=42 nm After LECM+ECP Area RMS= 20 nm

e ECM: Sample A12,50kHz ,25-0V, 211mA ,504 mA/mm?50um, 90s, (50g
KBr+15g NaNO4+500g H,0).

» ECP: (60 g/L, 99%, AICl; +280 g/L, 98+%, ZnCl, + 300 mL/L, C;H;O +700
mL/L, USP-200 proof, C,HsOH) at 25v DC, 10 mm gap,120 mA/cm?, 35°C, 20
min, Img/cm?/min MRR.

35
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@ LECP: CP Titanium

300 nm

250 — 125 —

200

1480

100

50

After ECP of as-received material. After ECP of as-received material.
Area RMS=10 nm Zoom-in area RMS= 3.4 nm

Area RMS within a grain =2 nm

» ECP: (60 g/L, 99%, AICI; +280 g/L, 98+%, ZnCl, + 300 mL/L, C;HgO +700
mL/L, USP-200 proof, C,HsOH) at 25v DC, 10 mm gap,120 mA/cm?, 35°C, 20
min, Img/cm?min MRR.
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:@ SUMMARY

1) Measurement of machined surface finish

=  Comparison

= Profilometry

= |nterferometry

= Scanning probe microscopy (STM and AFM)

2) Modeling of machined surface
= Turning

= Ball-end and flat-end milling
= Macro vs micro machining

37
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