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Objectives ) e,

= Surface texture, roughness, waviness, and lay
= Why do we care?

= What are some of the existing standards?

= How is surface texture generally measured?

= How do we calibrate instruments for measuring
these characteristics? (How should we make
calibrated measurements?)

= What are some of the contributing factors to
measurement uncertainty?

= Calibration of a step height standard on a coherence
scanning interferometer




Why do we care? ) B,

= Surface texture and topography affect:

= Wear and friction (sliding surfaces)

= Electrical and thermal conductivi+f~~=t~m+-)

= Corrosion properties

= Fatigue (stress concentrators on

= Cost (excess cost to make a surf:
or costs due to poor product quz
properties were inadequately m

= Measurement (especially form:
form requirement if you have to

" O-ring seals (be careful if you sp
Some seal designs actually requi
range between a minimum and I..c.c.covit vaiae,

" etc.

Inner sleeve
moves under
operating
conditions

0-ring support
0-ring
0-ring support
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Surface texture, roughness, waviness, and lay ) e,

Tetal profile
R W - (includesemarin
w geomenic an)

Worviness prfile

ﬁwﬁwﬁ [rm:hﬂiiht-lﬂﬁ.
afenuated)
Raughness prafile
aftenuated]

From ASME B46.1:2009




Specifications and Standards ) .

From ANSI/ASME Y14.36M:1996

Symibal Meaning |
(e) Basic Surface Tealure Symbol.  Surfoce moy be produced by any

method except when the bor or circlke (Symbol b oor g) is U

specified. C

1 m v
=]

() Material Removal By Machining Is Required. The horizontal bar

indicotes moterial removal by machining is required fo produce the

surfoce ond moterlal must be provided for thot purpose
(c) o . .

Moteriol Removol Allowonce  Volue in millimaters for “X" defines the a = rnughnaga walue Ru imn micromeiars

X minimurm moteriol removal requirement, I
! .

@ | b = production maethod, trectment,

Materigl Removal Prohipited. The circle in the vee indicates the ! 1

surfoce must be produced by processes such os costing. forging. | coating, ather teéxt, or nole collowt

ot finishing, cold finishing, die costing, powder metallurgy or

injection malding without subsequent removol of material. _ =

€ = roughness culeff or sampling lenglh

(e) Surfoce Texture Symbol. To be used when ony surfoce texture in millimeatars

wolugs, production metnod, treotment, cooting or oiher text ore

specified obove the horizontol line or to the right of the symbal . .

Surfoce moy be produced by any method excepl when bor or eircle d = dlrcr. tIDH 'Elf |€I:l'

{Symbol b or d) is specified or when the method is specified

above the horizantal line. . & ux
" &/TE e = minimum moterial remaval require—

33X minimum =

ment in millimeters
1 ox __I l__ I opprox WKOTE: 1. UNLESS OTHERWISE SPECIFIEQ

f = roughness volue other thon Ry in
ML SURFacEs 32775 9 = o
i 00 00 i;v/ \./_
60 1 00

micrometers preceded by s poarameler

! _ symbol (eg. R 0.4)
:Z \— 60 isxd . 'V"IJ - E‘j’}q—:’ ‘3‘)’ - ]\%’{Ts

letter height = X %/‘l - Uvﬂlfﬁl—.ﬂ-' Ql.f' - IQE'-’J{J_E

* THIS CIMENSION IS ADJUSTED BY +1 FOR EACH LINE OF VALUES . FIG. 3 SYMBOL VALUE APPLICATION
BEYOND THE TWO LINES SHOWN BELOW THE HORIZONTAL LINE —

FIG. 2 LOCATION OF SURFACE TEXTURE
SYMBOLS

FIG. 1 SURFACE TEXTURE SYMBOLS AND CONSTRUCTION




Some International Standards

= |SO 1302:2000
= Graphical (drawing) symbols

= |SO 4287:1997
= Definitions for profile

= |SO 4288:1996
= Procedures for profiles

= ]SO 5436:2000 (parts 1 & 2)
= Profile measurement standards; materials; software

= |SO 11562:1996
= Metrology filters

= |SO 13565: 1996
= more filters
= |SO 25178 series of standards (next slide)
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ISO 25178 series )

Part 1: Areal surface texture drawing indications (2011)
Part 2: Terms, definitions and surface texture parameters (2011)
Part 3: Specification operators (2011)
Part 4: Comparison rules
Part 5: Verification operators
e  Part 6: Classification of methods for measuring surface texture (2010)
e Part 70: Measurement standards for areal surface texture measurement Megsurement of Surface Topography,
instruments (2011) Springer, 2011.
e  Part 71: Software measurement standards (2011) *  Note that years listed are “projected”
e  Part 72: Software measurement standards — XML file format (2011) *  Anumber of these are still in voting
e  Part 601: Nominal characteristics of contact (stylus) instruments (2010)
e Part 602: Nominal characteristics of non-contact (confocal chromatic
probe) instruments (2010)
e  Part 603: Nominal characteristics of non-contact (phase shifting interfer-
ometric microscopy) instruments (2011)
e  Part 604: Nominal characteristics of non-contact (coherence scanning in-
terferometry) instruments (2011)
e  Part 605: Nominal characteristics of non-contact (point autofocus) in-
struments (2011)
e  Part 606: Nominal characteristics of non-contact (variable focus) instru-
ments (2011)
e  Part 607: Nominal characteristics of non-contact (imaging confocal) in-
struments (2011)
e  Part 700: Calibration of non-contact instruments (2011)
e Part 701: Calibration and measurement standards for contact (stylus) in-
struments (2010}

From Leach, editor, Chapter 1 of Optical
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ASME standards ) e,

* ANSI/ASME Y14.36M

— Drawing symbols

- ASME B46.1:2009

— Definitions for texture (mainly profile, but has
some coverage of aerial texture)




List of published standards ) &,

Standard number Short title (GPS-> Geometrical Product Specifications)

ASME Y14.36M:1996 Surface texture symbols

ASME Y'14.5:2009 Dimensioning and Tolerancing

ASME B46.1:2009 Surface Texture (Surface Roughness, Waviness, and Lay)

ISO 1302:2002 GPS-Surface texture-Indication of texture in product documentation
ISO 4287:1997 GPS-Surface texture-Profile method-terms, definitions. ..

ISO 4288:1996 GPS-Surface texture-Profile method-Rules and procedures

ISO 5436-1:2000 GPS-Surface texture-Profile method-measurement stds

ISO 5436-2:2000 GPS-Surface texture-Profile method-software

ISO 8785:1998 GPS-Surface imperfections-terms, definitions ...

ISO 12085:1996 GPS-Surface texture-Profile method-Motif parameters

ISO 12179:2000 GPS-Surface texture-Profile method-Calibration of stylus instruments
ISO 13565-1:1996 GPS-Surface texture-Profile method-stratified functional-filtering
ISO 13565-2:1996 GPS-Surface texture-Profile method-stratified functional-heightratio
ISO 13565-3:1996 GPS-Surface texture-Profile method-stratified functional-material prob
ISO 16610-1:2006 GPS-Filtration-overview

ISO 16610-20:2006 GPS-Filtration-linear filters-basic concepts

ISO 16610-21:2011 GPS-Filtration-linear filters-Gaussian filters

ISO 16610-22:2006 GPS-Filtration-linear filters-Spline filters

ISO 16610-28:2010 GPS-Filtration-linear filters-end effects

ISO 16610-30:2009 GPS-Filtration-Robust profile-basic concepts

ISO 16610-31:2010 GPS-Filtration-Robust profile-Gaussian regression

ISO 16610-32:2009 GPS-Filtration-Robust profile-Spline

ISO 16610-40:2006 GPS-Filtration-Morphological-basic concepts

ISO 16610-41:2006 GPS-Filtration-Morphological-Disk and horizontal line segment filters
ISO 16610-49:2006 GPS-Filtration-Morphological-Scale space techniques

ISO 25178-2:2012 GPS-Surface texture-Areal-Terms, definitions

ISO 25178-6:2010 GPS-Surface texture-Areal-Classification of methods

ISO 25178-601:2010 GPS-Surface texture-Areal-characterisitics of stylus instruments

ISO 25178-602:2010 GPS-Surface texture-Areal-characteristics of confocal chromatic probe
ISO 25178-701:2010 GPS-Surface texture-Areal-Calibration and standards for stylus instr.
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Measurement methods ) i,

= Visual/tactile inspection

= Notrecommended

= Stylus based equipment
= Portable, shop floor
= Benchtop

= Non-contact
= QOptical “stylus”
= Scanning microscopy (including confocal, point autofocus, etc)
= Scanning laser triangulation
= Areal image

= Focus variation
= Scanning white light interferometry
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Ra (Roughness average)

= ASME B46.1 Ra (aka arithmetic average, centerline average) is
one of the oldest quantitative surface texture standards

1 L
Ra =z_([‘z(x)‘dx

LS LTI W )
o e W includes emarin
o OSSN T geametric fam)




Commonly used parameters: ) i

= T T v v T
oa— —
o= —
o= —
o1 —
L —

—o.a — _

o= _

o= — _

- —
L L . .

s ) a5 ER) =5 B

Ra
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Rq (rms)

For a pure sinusoid, Rq=(n/\8) Ra

NSNNNSNNINNSN

Others include:
Rt: peak-valley
Rz: avg peak-valley



Parameters for the parameters ) .

= Ra (and other parameters) are defined over a length “L”

= QOther parameters for calculation are generally prescribed
(for example, how to filter to separate profile from

waviness, etc.)

Fig. 1-7 Surface Profile Measurement Lengths

Sampling
length
[~ £ £ - £ - £ - £ |

- Evaluation length (L)

- Traversing length
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Measurement of surface texture ) e,

= Measure z, measure x, apply mathematical operations to
obtain Ra

= Calibration and uncertainty?

= How does the specified texture actually relate to the
desired functionality?

= What about 2-D (3-D?) surface. “R” parameters do not
address those. “S” parameters for areal texture

| L
q: I,(‘;

e

L,

j z(x, y) a’ydx

Tatal prafile

-F\.-annwﬁ W (includesemarin
w geometric fam)

Waviness prafile
il e e [roughnessheights

aaaaa abed]
Roughneis prafile

T e e e e e e S e St [wainess heights

aaaaa abed)




Visual miscues ) i,

" For asinusoid profile, Ra= l(P-V)
T
= Let’s consider Ra=3 um (roughly 120 uin) over a 4 mm length (roughly
0.16 in) (P-V = 9.4 um for sinusoid; P-V = 12.1 um for triangle.
= |'m passing around a “X1000” “pseudo-strip chart” (1 mm—>1m)
= Don’t let visual distortions of typical surface profile equipment mislead you!

This line, scaled down to 4 mm length,
would have Ra = 3 um (120 pin)




How do you calibrate surface texture @
instruments?

= |nstruments measure z and x, but also perform filtering and other

(sometimes fairly complicated) mathematical operations

[ | Calibration Of 2 AanAd veAancAare Aara nAat FAan AfFiAnnll+

&-4.8 Instrument Accuracy. The Ra indication of an
«“ )
= NPL “Good Pr: instrument to a sinusoidal mechanical input of known

= Calibrated amplitude and frequency within the amplitude and the 1dard)

off range of the instrument shall not deviate by more
" Meansofc from the true Ka value of the input.

= Calibrated “x” artifact (unless you have another means of
Checking x ( checking linearity. Stylus check specimens should not be

usad for this nurmoe g measurement on either

= Calibrated specimen |differs by more than 10% of the calibrated 2 and system

ral ' BrallTa g Togquired. For addi-
= Note that UnCEﬁEaH?ruF;IE.l qun cncno aic uI]UL DﬁrCIICLIJ out

= Analysis suggeststhatdne sds disgsdion measurement is the most
critical for getting good results in measuring surface texture




Measurement uncertainties ) .
= Uncertainties of what? Suppose Ra? 1 L
= 1SO GUM: Ra =—_”z(x)‘dx
L 0

= y(measurand) = f(x; X, X3 ... X)) 1

= Type A (statistical data) + Type B R 'V . (6R 2 . (oR 2 )
= partial derivatives, etc. Ug, = (GLJ U J{ Py j U, J{ ij u,

= Just for Ra:

= As Filter (mechanical? optical? signal processing?) uncertainty from filtering?

Ac Filter (electrical? signal processing?) uncertainty from filtering?

Uncertainty in x direction measurement

= Uncertainty in z direction measurement
= Effect of leveling the mean line?
= Effect of lay direction?

= Uncertainty in mathematical algorithm for integral?

= Mathematical estimate of measurement uncertainty following GUM

is comelicated!



Uncertainty of surface texture

Sandia
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measurements
Table 11-3 Tolerances and Uncertainties for
. . Types Al and A2
= Determination of —
. . Kaminal Linice riainly ol One Standard
uncertainty for step height,  wue« Messurement i Deviation
_ . D-r.|:_l.h ar 'I'demnfr.c on (Calibmted HIE-H.P 'h'!ulu_t Fram the
Rp, Rv, Rt (Rt=(Rp-Rv)) is T mn TS e
straightforward o s - )
. . | =14 e e,
= Determination of 10 xi0 2 j
uncertainty for Ra, Rq, etc. is ———= = -
1FFi1 Table 11-6 Toler d Uncertainties f
more difficult e e Wintios o
= Allowable tolerances & Contined Expanded
uncertainties for reference SR Measuementin - Standard
specimens, per ASME B46.1—> e jomrl  jelecife s fn e
= Al, A2: Step heights; C1-C4; o1 a4 :3
precision sinusoid or other . o - -

1d =10 &3 )

“shaped” grooves




Let’s focus on non-contact for step height = =
(type A reference stds)

Laboratories

= Limited to areal image, “scanning white light interferometry”
= Most instruments nowadays are “coherence scanning”

= Example: Taylor-Hobson CCI-Lite

Talysurt CCl Lite System Specifications

Meazuremnenit techinique Coherence Correlagion Interferometry
Vertical range |Z] 2.2 mm a= standard [> 10 mm with 7 -stitching)
Vertical resolution [max] 0.01 nm [0.1 A

Moize floor [Z] <008 nm [0.8 &)

Repeatsbility of surface RMS (7]
Max. Measurement area [X, ¥l

Number of meacurement points

<0.02 nm [0.2 A)*
&.& mm [>T mm with X, Y stitching|
1024 x 1024 starmdard

Optical resolution [X, Y] 0.4 - 0.6pm [surface dependent]

Step height repeatability <0.1%
Surface refl=ctivity 0.3% - 100%
Mezzure=mient time 040 seconds [typical|

Certain commercial equipment, instruments, or materials are identified in this paper in order to adequately describe the
experimental procedure. Such identification does not imply recommendation or endorsement by the authors, Sandia
National Laboratories, or NCSL International, nor does it imply that the materials or equipment identified are the only or
best available for the purpose.

I ———————



Coherence Scanning Operating Principles)&.

= Measures vertical (z) features

= ¥,y (lateral) are like conventional microscope
(image/pixel)

= Resolves vertical to 0.1 nm (or better)

= Software (both embedded and workflow) for measuring '}m”mage%nsor
and analyzing surface geometry map

= Slope limitation due to objective numerical aperture

= Computer control for “stitching” (measurements larger
than field-of-view) %

Top Doam — /
N n Beam Splitter
Light Source

— n n N awm ggm ey ow
Objective Lens

Internal Reference Mirror
““——— Piezo Drive System

_______________________ '\

. . Beam Splitter
Scam Direction

Measuring Range | T |

-
é\ ,,,,,,,,,,,,,,,,,,,,,,,, Object to be measured

Profile extracted by software

e




Typical measurement process ) ..

= Set up sample
= Measure

= Send topographic data to
software

= Analyze topographic data

in software ; S B
= Analysis software also i ] e
capable of S parameters B e e
(surface, or areal) and ~ S ——
fractal parameters e F_ﬂ fffffffffffff
- | | | .




Traceability path )

= Lateral (x,y) is similar to typical microscope
objective (use stage micrometer if

'\
NECESSa ry) Digital Image Sensor
= Vertical comes from the vertical sensor, not
the fringes
= How do | calibrate a span of vertical height? %
— /
Beam Splitter
SR Objective Lens Light Source

Internal Reference Mirror
“~——— Piezo Drive System

T Beam Splitter

]
Object to be measured

All boils down to yellow ruler
(figuratively)

Fig. 9.4 Path of a single ray bundle through a CSI instrument




Calibration of step height standards @/ .

= Step height standards (Type “A” reference specimen per
ASME B46.1:2009) are generally used to calibrate the vertical
scale of instruments

= Vertical scale has the greatest influence on texture parameters

= Calibration by comparison with certified reference specimens

= |tis possible to directly calibrate the motion of the z translation on the
interferometer, but this is more difficult to perform!

= Direct comparison specimen to specimen? Or calibrate the z-
translation?
= We choose to calibrate the z-span, as if it were a graduated scale with
subdivisions:
= Span calibration (scale factor) and uncertainty of span
" Nonlinearity of span




measurement equation; uncertainties @

= use calibrated step height (CV) to calibrate vertical scale

(measure MV, calculate scale factor SF SF:%

= measure UUT (measurement m).
= Calibrated value of y of UUT is: y=mxSF

NN 271/
= Uncertainties: uy:(_'”mj J{— j

‘U
SF
om OSF
nm Length = 16.365 ym Pt=2.840 nm Scale = 5.000 nm
F -
1 P Il."h“‘x f\ ."h‘ "
4 N )
. AN ACA r"”l Jf"“ Ry, f / WA
Vil f.'f K 7 II'. ;rf \‘"‘x \ ;’j Vo
] b
1 \ - HI/ NG II".,I
24
-""I'"'IllllI""I'"'I'"'I""Illl'I""I""I""I"llllllllllllllllllllllll-
1] 1 2 3 4 ] L] ¥ <] 9 10 11 12 13 14 15 16 pm

Non-linearity & non-uniformity study




Typical calibration results

Value Value Value Value Units
CcVv 949.2 949.2 949.2 949.2Inm
MV 933.149 933.25 932.577 933.12Inm
SF 1.0172 1.0171 1.01782 1.01723|none
m 7.796 46.087 177.923 443.89Inm
y (UUT) 7.93 46.874 181.094 451.538lnm
UUT (previous
cal, external 8.7+0.75 47.4+0.90 180.11+3.0 449.5+4.4lnm
source, k=2)
1. ey () 4.792 4.792 4.792 4.792Inm
2. Umv (a) 0.396 0.463 0.582 1.192|nm
UsF 0.0052 0.0052 0.0052 0.0053|dim'less
3. Sm (a) 0.036 0.079 0.221 0.389|nm
4. u, () 0.522 0.522 0.522 0.522|nm
Unm (RSS 3-4) 0.524 0.528 0.567 0.652|nm
MXUsk 0.04 0.238 0.921 2.351jnm
Uy 0.53 0.58 1.08 2.44Inm
Uy k=2) 1.1 1.2 2.2 4.9Inm

Sandia
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Initial data )

= Uncertainty is limited by master

= Optical instrument has demonstrated <1 nm
repeatability and much faster operation

= Optical instrument has demonstrated ~ £0.9 nm scale
nonlinearity (over span of ~ 20 um)
" [nstrument qualified for:

= Step height standards (Type A reference specimens)

= Ongoing work: Structured (square wave, sinusoid, and
triangular) profiles (Type B and Type C reference specimens)

= Limitations: Inhomogeneous surfaces; coated surfaces

Current BMC (k=2) =21 nm + 1.2% of rdg (0-3200 nm)
Proposed BMC (k=2) =1.0 nm + 1% of rdg (0-50000 nm)




Resources ) dei

= ASME and ISO standards

= NPL Good Practice Guide 108 (smooth surfaces with CSI)
= NPL Good Practice Guide 116 (rough surfaces with CSl)

= NPL Good Practice Guide 37 (stylus instruments)

= Optical Measurement of Surface Topography, Richard Leach,
ed. Springer 2011

= Handbook of Surface and Nanometrology, David Whitehouse,
CRC Press 2011

= Surfaces and their Measurements, David Whitehouse, Hermes
Penton Science, 2002
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Backup slides below




Conclusions )

= Surface texture is complicated! (How many standards do you
need to buy?)

= Don’t create new requirements without proper study (if
Ra=0.8 um is good, then Ra=0.4 um is not necessarily better!)
= You may not be using the right surface texture parameter!
= Be aware of a whole raft of ISO standards!

= Areal parameter family (S family) and fractal parameters may
provide better description (and maybe correlate better with
function) than R family of parameters
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Filtering of profiles ) .

= Filters remove undesired frequencies (or wavelengths)
= Low pass—>removes high frequencies; etc.

= Total profile: “unfiltered” (raw “z” vs “x” data)
= May be “mechanically” filtered because of the stylus

. . . Total profile
= Filtering performed by electronics or software

L | | | | | | | |

0 \/v o,
10 | | | | | | | | As (Microroughness)

0 20 40 60 80 100 =k 140 160 removed

10 | | | | | I | | :

o
0 | | | | | | | | |

0 2 @ &0 ® 100 120 140 b | % (cutoff) kept—
= I I I ' ' ! ' | leaves roughness
0
-10 ' ' ' | l l l l |

0 20 40 50 E 100 120 10 ® | % (cutoff) removed—

10 | | | | I ! ' / leaves waviness
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Filtering due to mechanical stylus @&

= Because of stylus radius (typ. 2 um, but 5 um and 10 um also
used), wavelengths < 2 um typically not seen. Stylus
mechanically acts like A (microroughness) filter
Profilometer Stylus
P ~ \\\ typ. 90° angle
/ N

N
// N

Radius (typ. 2 um)

K/




Roughness profiles, the (gory) details

N
7

N

X
*‘Remember that the profile goes across the direction of the Iay

*Profile instruments measure z and x, and calculate: 4
«Actual measurement? r I ‘Z(x)‘ X

*Stylus cannot physically measure fine details
of surface

*Stylus effectively averages over some lateral
space

Profilometer Stylus

Sandia
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More gory details )

= Spatial frequency: “cycles/mm” or “cycles/um”
= Spatial wavelength: “mm” or “um”
= Short wavelength<>high frequency

I I ' I T N T
™ 2l

LW A

s
6
.
)
0
2 W{ |
-4 — | |
5 I j i
5




Let’s just look at a filter ) .

Fig. 9-2 Gaussian Transmission Characterstics Together With the Uncertain Mominal Transmission
Characteristic of a 2 pm Stylus Radius
(Paul Scott, Private Communication), modified

*Uncertainty in filter AT H—}’“*F;:T K \ N\
characteristics? % /] /| \l\ i H'gl \
*Short wavelength (high pass); K },f / /( ) \ \ \
long wavelength (cutoff) location?  * / / / I '\a B \ - T
*Pass band variation? - £ s e £ | = 2 3 5 3
-Steepness of rolloff? a:r u?/ 2 '3‘”/ UNE \3 \3 \3

T i ]

el LI

| ]
_._._._'_'_._,_-—"

Tansmisskan Charss
=N

i
gl ]

| | \ l\ \ \

. [ LA TP LI
I LR
I T LT

1 wm 1um 10 wm .1 mm
Wawelength

Reprinted from ASME B46.1:2009, by permission of The American Society
of Mechanical Engineers. All rights reserved.

-
=

~
L""‘-.._‘

1 mm 10mm
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More on uncertainty ) .

= Remember that the instrument is typically “£7%” for Ra!

= For calculating uncertainty in Ra:

= NPL GPG recommends only reporting the expanded type A (2 x
standard error of the mean of > 12 measurements)

= What functionality do you want to ensure, based on the
surface texture specification?
= Reflectivity?
= Electrical contact resistivity?
= Bearing ratio? (rotating O-ring seal?)

= How good do you really need to know your surface texture?




