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FOREWORD

The first standard on surface texture was issued in March 1940. The dates for the subsequent changes are as follows:
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Revision — February 1947 Revision — March 1985
Revision — January 1955 Revision — June 1995
Revision — September 1962 Revision — October 2002
Revision — August 1971 Revision — October 2009

Revision — March 1978

b current revision is the culmination of a major effort by the ASME B46 Committeeon the Classificatior
on of Surface Qualities. A considerable amount of new material has been added, particularly to reflect the
er of surface measurement techniques and surface parameters in practical use, Overall, the vision for ASM
1d as follows:
to keep it abreast of the latest developments in the regime of contact ptofiling techniques where the
irement control is highly advanced
to encompass a large range of other techniques that present validvand useful descriptions of surfad
hnical drawings referring to a specific edition of ASME B46.1\(e:g., ASME B46.1-2009) refer to the
tions given in that edition of the surface texture standard as iadicated. For technical drawings that do n
ificedition of the ASME B46.1 surface texture standard, the rtles and definitions given in the ASME B46.1
at the release date of the drawing shall be used.
e ASME B46 Committee contributes to international standardization activities related to surface texture
and analysis as referenced in ISO/TR 14368:1995£Geometrical Product Specification (GPS) — Mast
b present Standard includes 12 Sections as follows:
tion 1, Terms Related to Surface Texture, contains a number of definitions that are used in other Secti
ard. A large number of surface parameters;are defined in addition to roughness average, Ra. These in
ness Rq, waviness height Wt, the meamspacing of profile elements RSm, and several statistical functions
Fe parameters for area profiling techniques.
tion 2, Classification of Instruments for Surface Texture Measurement, defines six types of surfa
iring instruments including several types of profiling instruments, scanned probe microscopy, and area
ments. With this classification/scheme, future Sections may provide for the specification on drawings of
ment to be used for a_particular surface texture measurement.
tion 3, Terminology and Measurement Procedures for Profiling, Contact, Skidless Instruments, is based
y ISO Technical Committee 57 to define the characteristics of instruments that directly measure surfag
then can serv€)as input data to the calculations of surface texture parameters.
tion 4, Meastirement Procedures for Contact, Skidded Instruments, contains much of the informatior
busly contained in ASME B46.1-1985 for specification of instruments primarily intended for measureme|
parameters such as the roughness average Ra.
tion’5, Measurement Techniques for Area Profiling, lists a number of techniques, many of them develope
980s; for three-dimensional surface mapping. Because of the diversity of techniques, very few recomm
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1 since the
endations

canb

givemrim Section 5 atthistime to facititate umiformity of Tesutts between different techmiques. -HOWeveT,; th

is Section

does allow for the measurement of the area profiling parameters, Sa and Sq, as alternatives to the traditional profiling
parameters.

Section 6, Measurement Techniques for Area Averaging, discusses the use of area averaging techniques as comparators
to distinguish the surface texture of parts manufactured by similar processes. In later Sections, surface parameters based
directly on these techniques may be defined or surface specifications may be proposed that call for measurements by

these

types of instruments.
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Section 7, Nanometer Surface Texture and Step Height Measurements by Stylus Profiling Instruments, addresses the
use of contacting profilometry in the measurement of surface texture features whose height dimensions are typically
measured within the scale of nanometers. Section 7 may be applicable to such industries as semiconductor, data storage,
and microelectromechanical systems (MEMS) manufacturers.

Section 8, Nanometer Surface Roughness as Measured With Phase Measuring Interferometric Microscopy, addresses
the use of optical noncontact techniques for measuring highly polished surfaces. Section 8 may be applied to the measure-
ment of such items as polished silicon wafers, optical components, and precision mechanical components.

Section 9, Filtering of Surface Profiles, carries on with the traditional specifications of the 2RC cutoff filter and intro-
duces the phase corrected Gaussian filter as well as band-pass roughness concepts.

Section & Tarminalaogy and Deacsadiinc £or Boalyation of Cufacnn Tavtyurac Tloing Bractal Caopmnaty ;v\fvnr‘lit"\s the
To T eFHHRO0 gy et rioceatresrorevartat o o>t racte—rextureSoSigriacttaroeometyHtroate C

field of fractal analysis as applied to measuring surface texture. Introductions of various techniques and térms are
included to allow for lateral scale specific interpretation of surface texture.

Section|11, Specifications and Procedures for Precision Reference Specimens, describes different types of specjmens
useful in tlle calibration and testing of surface profiling instruments. Itisbased on ISO 5436, Part 1, MaterialMeasures, and
contains mew information as well.

Section|12, Specifications and Procedures for Roughness Comparison Specimens, describes specimens that are fiseful
for the testing and characterization of area averaging instruments.

ASME R46.1-2019 was approved by the American National Standards Institute on October 22, 2019.
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s for interpretation should preferably be submitted through the online Interpretation Submittal Forn
Cessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will rece
e-mail confirming receipt.

quirer is unable to use-the online form, he/she may mail the request to the Secretary of the B46 Stan|
e at the above addreSs, The request for an interpretation should be clear and unambiguous. It is furthe
d that the Inquirer 'stibmit his/her request in the following format:

Cite the applicable paragraph number(s) and the topic of the inquiry in one or two y
Cite the applicable edition of the Standard for which the interpretation is being requ

Phrase the question as a request for an interpretation of a specific requirement suitah
general understanding and use, not as a request for an approval of a proprietary des|
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information.

Xii


https://asmenormdoc.com/api2/?name=ASME B46.1 2019.pdf

Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior
to being answered, which may inadvertently change the intent of the original request.

Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
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Secrefary of the B46 Standards Committee. Future Committee meeting dates and locations can be fouhd on the ommittee
Page pt http://go.asme.org/B46committee.
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EXECUTIVE SUMMARY

1 GENERAL

In cases of disagreement regarding the interpretation of

values are not equal, the discrimination of the roughness

and waviness features of a given surface can become
confounded

surface tj‘xture measurements, it is recommended that
measurements with skidless stylus-based instruments
with Gausfian filtering be used as the basis for interpreta-
tion. The fpllowing key measurement parameters must be
establishdd for proper surface texture specification and
measurenent.

2 FILTER|NG

The spatial wavelengths to be included in a surface
texture njeasurement are generally limited by digital
band-pasf filtering. For measurement of roughness,
short-wayelength cutoff, As, specifies the short spatial
wavelength limit and is defined as the wavelength
where th¢ Gaussian filter will attenuate the true profile
by 50%. Spatial wavelengths less than As are severely atte-
nuated apd minimally contribute to the roughness
measurenpent.

The royghness long-wavelength cutoff, Ac, specifies the
long spatipl wavelength limit and is defined as the wave-
length where the Gaussian filter will attenuate the true
profile by 50%. Spatial wavelengths greater than Ae
are severlely attenuated and minimally contribute to
the rougl':lness measurement.

The ratjio of Ac to As (Ac:As) is the bandwidth of the
measurenient. Some instruments allow_the\selection of
Ac and As individually and/or the selection of a bandwidth,
typically[100:1 or 300:1. The spatial wavelengths
comprising the texture betweenAs.and Ac are minimally
attenuategl by the Gaussian filter:

The cutpffs, Ac and As, should'be chosen by the designer
in light of the intended<{furiction of the surface. When
choosing|Ac and As,.@ne must be cognizant that the
surface fe¢atures not measured within the roughness
cutoff bandwidth.may be quite large and may affect
the intenlded”firnction of the surface. Thus in some
cases it r:|3y be necessary to specify both surface rough-

On all surface texture specifications as of Janudry (1997,
Ac and As must be stated. When Ac and As are not Spefified,
guidelines are given in paras. 3-3.20.1 and 3-3,20.2 fpr the
metrologist to establish Ac and As. These\guidelings are
intended to include the dominant features df the
surface in the measurement whether these surface
features are relevant to the fun¢tion of the surface dr not.

3 STYLUS TIP RADIUS

The stylus tip radiusimay be chosen by the desigher or
metrologist based©6n the value of As (i.e., the short-wave-
length cutoff). Farisequal to 2.5 um, the tip radius should
typically be 2 [un or less. For As equal to 8 um, the tip fadius
should typically be 5 um or less. For As equal to 25 pm, the
tip radius‘should typically be 10 um or less.

4 STYLUS FORCE

The maximum static measuring force is determined by
the radius of the stylus and is chosen to assure minimal
damage to the surface and that constant contact is main-
tained with the surface. Specific recommendations for
stylus force may be found in para. 3-3.5.2.

5 MEASUREMENT PARAMETERS

h use
ation
hness

Many surface finish height parameters are i
throughout the world. From the simplest specific
of a single roughness parameter to multiple roug
and waviness parameter specifications of a given
surface, product designers have many options for speci-
fying surface texture to control surface function. Befween
these extremes, designers should consider the nded to
control roughness height (e.g., Ra or Rz), roughness
height consistency (e.g., Rmax), and waviness height
(e.g., Wt). Waviness is a secondary longer wavelgngth
feature that is only of concern for particular surface|func-

ness and waviness.

When surface waviness control is important, digital
band-pass filtering is applied similarly as it is for rough-
ness filtering. For waviness, the waviness short-wave-
length cutoff, Asw, and waviness long-wavelength
cutoff, Acw, are applied to obtain the waviness profile.
An important consideration is the correspondence of
the roughness long-wavelength cutoff and the waviness
short-wavelength cutoff. When these respective cutoff

Xiv

tions and finishing processes. A complete description of
the various texture parameters may be found in Section 1.

6 SURFACE TEXTURE SYMBOLS

Once the various key measurement parameters are
established, ISO 1302:2002 may be used to establish
the proper indication on the relevant engineering draw-
ings.
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ASME B46.1-2019
SUMMARY OF CHANGES

Following approval by the ASME B46 Committee and ASME, and after public review, ASME B46.1-2019 was approved by

the cross-

tified by a

height,

ity, SAE

division

the American National Standards Institute on October 22, 2019.
In ASME B46.1-2019, the figures and tables have been redesignated based on their parent paragraph,-and
refer¢nces have been updated accordingly. ASME B46.1-2019 includes the following additional changés iden
margin note, (19).
Page Location Change
1-1.4 Address of ISO updated
1-3.3 Definitions of profile element, \profile peak, profile peak
profile valley, and profile'valley depth revised
Figure 1-3.3-1 Former Figure 1-6 revised
1-4.2 Definitions of mean.spacing of profile elements, peak den:
peak, and spacing parameter revised
10 Figure 1-4.2-1 Former Figure '1-13 revised
13 1-4.4 In first equiation, symbol between dZ and dx corrected to
symbal
20 Figure 1-6.5-1 Formet Figure 1-23 revised
24 3-2 Address of ISO updated
29 Table 3-3.20.1-1 Former Table 3-1 editorially revised
29 Table 3-3.20.2-1 Former Table 3-2 editorially revised
31 4-2 Address of 1SO updated
36 5-2 Address of ISO updated
38 7-2 Address of ISO updated
47 9-2 Address of ISO updated
51 Table 9-4.3.2-1 Former Table 9-1 editorially revised
63 11-2 Address of ISO updated
71 Table1-7.3-1 Former Table 11-5 revised
72 Table 11-7.3-3 Former Table 11-7 revised
73 Table 11-7.3-4 Former Table 11-8 revised
75 12-2 Address of ISO updated
82 Nonmandatory Appendix B, B-5 Added
91 Nonmandatory Appendix D D-1 added and subsequent sections redesignated
94 Nonmandatory Appendix E E-1 added and subsequent sections redesignated
104 Nonmandatory Appendix G Section headings G-1 and G-2 editorially added
117 Nonmandatory Appendix ] Updated
118 Nonmandatory Appendix K Added

XV
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Section 1
Terms Related to Surface Texture

1-1 GENERAL

1-1.1| Scope

This Standard is concerned with the geometric irregu-
lariti¢s of surfaces. It defines surface texture and its consti-
tuentls: roughness, waviness, and lay. It also defines
pararmeters for specifying surface texture.

The terms and ratings in this Standard relate to surfaces
prodiiced by such means as abrading, casting, coating,
cutting, etching, plastic deformation, sintering, wear,
and grosion.

1-1.2( Limitations

This Standard is not concerned with error of form and
flaws| but discusses these two factors to distinguish them
from [surface texture.

This Standard is not concerned with luster, appearance,
color| corrosion resistance, wear resistance, hardness,
subsyrface microstructure, surface integrity, and many
other|characteristics that may govern functional censid-
eratigns in specific applications.

This Section does not recommend specific surface
roughness, waviness, or type of lay suitable’for specific
purppses, nor does it specify the.nmeans by which
theselirregularities may be obtained op produced. Criteria
for sg¢lection of surface qualitiesand information on
instrpment techniques and méthods of producing,
contrplling, and inspecting'surfaces are included in the
other|Sections and in the Appendices.

Sutfface texture designations as delineated in this Stan-
dard|may not provide a sufficient set of indices for
descrjibing performance. Other characteristics of engi-
neeripg compofients such as dimensional and geometrical
charalcteristics, material, metallurgy, and stress must also
be coptrelléd.

1-1.4 References

Unless otherwise specified on the engineerinjg drawing
or other relevant documents, this Standard is tojbe used in
conjunction with ISO 1302:2002,(Which prescyjibes engi-
neering drawing and other relatéd documentation prac-
tices for specifying surface’ texture. Relevant standards
that may be used in desigh“and measurement are the
following:

ASME B89.6.2-1973 (R2003), Temperature and Humidity
Environment, for Dimensional Measurement
ASME Y14.5M-1994 (R2004), Dimensioning gnd Toler-
ancing,‘Engineering Drawings and Related Dgcumenta-
tion Practices
Publisher: The American Society of Mechanical [Engineers
(ASME), Two Park Avenue, New York, NY 10016-5990
(www.asme.org)

ISO 1302:2002, Geometrical Product Specifications (GPS)
— Indication of surface texture in technicgl product
documentation

Publisher: International Organization for Standardization
(ISO), Central Secretariat, Chemin de Blandonpet 8, Case
Postale 401, 1214 Vernier, Geneva, Swijtzerland
(www.iso.org)

Nonmandatory Appendix ], Table J-1 is a paftial list of
specific industry standards that reference surface texture
specifications. Users are encouraged to submit pdditional
industry standards to be considered as refdrences in
Nonmandatory Appendix J.

References to other useful works are included as foot-
notes.

1-1.5 Cleanliness

Normally, surfaces to be measured should be free of any

1-1.3 Sl Values

Values of quantities stated in the SI' (metric) system are
to be regarded as standard. Approximate nonmetric
equivalents are shown for reference.

! Le Systéme International d’Unités.

foreign material that would interfere with the measure-
ment.

1-2 DEFINITIONS RELATED TO SURFACES

1-2.1 Surfaces

measured surface: a representation of the real surface
obtained by the use of a measuring instrument.
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Figure 1-2.1-1 Schematic Diagram of Surface Characteristics
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nominal syrface: the intended surface boundary (exclusive
of any int¢nded surface roughness), the shape and extent
of which afe usually shown and dimensioned on a drawing
or descriptive specification (see Figure 1-2.1-1).

real surfage: the actual boundary of an object. Its devia-
tions fronj the nominal surface stem from the processes
that prodfice the surface.

surface: the boundary that separates an objectfrom
another opject, substance, or space.

1-2.2 Components of the Real Surface

The redl surface differs from the nominal surface to
the extenlt that it exhibits surface téxture, flaws, and
errors of form. It is considered,as.the linear superposition
of roughrless, waviness, and.form with the addition of
flaws.

error of foym: widely spaced deviations of the real surface
from the |nominal surface, which are not included in
surface textureizFhe term is applied to deviations
caused by suchyfactors as errors in machine tool ways,
guides, or[spitidles; insecure clamping or incorrect align-

A AL 2\ 2\ A\ A
A\VASAAASA VAR VA VASA @ A b av g v/

(waviness heights
attenuated)

the surface should be inspected by some mutually agreed-
upon method to determine whether flaws are presemt and
whether they are to be rejected or accepted prjor to
performing final surface roughness measurements. If
specified flaws are not present, or if flaws are not spetified,
then interruptions in the surface topography of an|engi-
neering component may be included in roughness
measurements.

lay: the predominant direction of the surface pattern} ordi-
narily determined by the production method used (see
para. 1-6.5 and Figure 1-6.5-1).

roughness: the finer spaced irregularities of the syrface
texture that usually result from the inherent action of
the production process or material condition. These
might be characteristic marks left by the processes
listed in Nonmandatory Appendix B, Figure B-2-1.

surface texture: the composite of certain deviationp that
are typical of the real surface. It includes roughneds and
waviness.

waviness: the more widely spaced component ¢f the
surface texture. Waviness may be caused by|such

ment of the workpiece; or uneven wear. Out-of-flatness
and out-of-roundness? are typical examples.

flaws: unintentional, unexpected, and unwanted interrup-
tions in the topography typical of a surface. Topography is
defined in para. 1-5.1. However, these topographical inter-
ruptions are considered to be flaws only when agreed
upon in advance by buyer and seller. If flaws are specified,

2 ASME/ANSI B89.3.1-1972 (R1997), Measurement of Out-of-
Roundness.

factors as machine or workpiece deflections, vibration,
and chatter. Roughness may be considered as superim-
posed on a wavy surface.
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Figure 1-3.1-1 Measured Versus Nominal Profile

/ Measured profile
z

Nominal profile

1-3 DEFINITIONS RELATED TO THE
EASUREMENT OF SURFACE TEXTURE BY
ROFILING METHODS

The¢ features defined in para. 1-2.2 are inherent to
surfages and are independent of the method of measure-
ment| Methods of measurement of surface texture can be
classified generally as contact or noncontact methods and
as three-dimensional (area) or two-dimensional (profile)
methods.

1-3.1f Profiles

form-suppressed profile: a modified profile obtained by
variofis techniques to attenuate dominant form such as
curvature or tilt. An example of a mechanical technique
involyes the use of a skidded instrument (see Section 4).

measyred profile: a representation of the real profile
obtained by a measuring instrument (seg
Figurg 1-3.1-1). The profile is usually drawn in an x-z coex-
dinate system.

modified profile: a representation of the measuged profile
for which various mechanisms (electrical;"mechanical,
opticgl, or digital) are used to minimize .certain surface
texture characteristics and emphasize‘\others. Modified
profiles differ from unmodified, measured profiles in
waysy that are selectable by thé instrument user,
usually for the purpose of distinguishing surface rough-
ness from surface waviness.

By previous definitiont(see para. 1-2.2), roughness irre-
gularfties are more closely spaced than waviness irregu-
larities. Roughness can thus be distinguished from
wavihess in terms of spatial wavelengths along the
path fraced. Se€ para. 1-3.4 for a definition of spatial wave-
length. No-unique spatial wavelength is defined that would
distinguish’roughness from waviness for all surfaces.

profiling method: a surface scanning measurement tech-
nique that produces a two-dimensional graph or profile of
the surface irregularities as measurement data.

real profile: a profile of the real surface.

roughness profile: the modified profile obtained by
filtering to attenuate the longer spatial wavelengths asso-
ciated with waviness (see Figure 1-2.1-1).

waviness profile: the modified profile obtained by filtering
i associated
with roughness and the longer spatial wavelenigths asso-
ciated with the part form.

1-3.1.1 Aspect Ratio. In displays.of‘surfade profiles
generated by instruments, heightS-are usually [magnified
many times more than distan¢estalong the profile (see
Figure 1-3.1.1-1).® The sharp’peaks and vdlleys and
the steep slopes seen onysuch profile repredentations
of surfaces are thus greatly distorted images of the rela-
tively gentle slopes\eharacteristic of actual measured
profiles.

1-3.2 Reference Lines

mean line (M): the reference line about which the profile
deviations are measured. The mean line may|be deter-
mined in several ways as discussed below.

filtered mean line: the mean line established by the
selected cutoff filter (see para. 1-3.5) and its associated
analog or digital circuitry in a surface measuring instru-
ment. Figure 1-3.2-1 illustrates the electrical filfering of a
surface profile. It shows the unfiltered profile| in Figure
1-3.2-1, sketch (a), along with the filtered mepan line or
waviness profile. The difference between the unfiltered
profile and the waviness profile is the rpughness
profile shown in Figure 1-3.2-1, sketch (b).

least squares mean line: a line having the fqrm of the
nominal profile and dividing the profile so that, within
a selected length, the sum of the squares of the profile
deviations from this line is minimized. The fqrm of the
nominal profile could be a straight line or a ¢urve (see
Figure 1-3.2-2).

1-3.3 Peaks and Valleys, Height Resolution, and
Height Range

height (z) range: the largest overall peak-to-valley surface
height that can be accurately detected by a measuring

nominal profile: a profile of the nominal surface; a straight
line or smooth curve (see Figure 1-3.2-2).

primary profile: a modified profile after the application of
the short-wavelength filter, As (see Section 9).

NOTE: This corresponds to P (profile) parameters per 1SO
4287:1997.

profile: the curve of intersection of a normal sectioning
plane with the surface (see Figure 1-2.1-1).

instrument. This Is a key specification for a measuring
instrument.

profile element: a profile peak followed by a profile valley
or a profile valley followed by a profile peak (see
Figure 1-3.3-1).

3R. E. Reason, Modern Workshop Technology, 2 — Processes, H. W.
Baker, ed., 3rd edition (London: Macmillan, 1970): Chapter 23.

(19)
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Figure 1-3.1.1-1 Stylus Profile Displayed With Two Different Aspect Ratios
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profile pegk: the portion of a profile that lies above the
mean ling and between two intersections of the profile
with the mean line (see Figure 1-3.3-1).

profile pegk height: maximum height of the profile peak
(see Figuge 1-3.3-1).

profile valley: the portion of a profile(that’lies below the
mean ling and between two intersections of the profile
with the mean line (see Figure (1-3:3-1).

profile valley depth: maximum~depth of the profile valley
(see Figufe 1-3.3-1).

system helght (z) resolution: the minimum step height that
can be djstinguished from background noise by a
measuring system? This is a key specification for a
measurinﬁ instrument. The system background noise

can be eyaluated by measuring the apparent root

395 400 405 pm
1:1

sampling interval,* d,: the lateral point-to-point spading of
a digitized profile (see Figure 1-4.1.1-1). The minjmum
spatial wavelength to be included in the profile anplysis
should be at least five times the sampling intervall

spacing: the distance between specified points gn the
profile measured along the nominal profile.

spatial wavelength, A: the lateral spacing between adjacent
peaks of a purely sinusoidal profile.

spatial (x) resolution: for an instrument, the smpllest
surface spatial wavelength that can be resolved tq 50%
of its actual amplitude. This is determined by such|char-
acteristics of the measuring instrument as the sampling
interval, radius of the stylus tip, or optical probe sizg. This
is a key specification for a measuring instrument.

NOTE: Concerning resolution, the sensitivity of an instrunjent to

mean square (rms) roughness of a surface whose
actual roughness is significantly smaller than the
system background noise.

1-3.4 Spacings

roughness spacing: the average spacing between adjacent
peaks of the measured roughness profile within the rough-
ness sampling length (defined in para. 1-3.5).

Teasure the helghts of small surface features may depend on the
combination of the spatial resolution and the feature spacing,” as
well as the system height resolution.

waviness spacing: the average spacing between adjacent
peaks of the measured waviness profile within the wavi-
ness long-wavelength cutoff (defined in para. 1-3.5).

*L.P. Sanchez Fernandez, “Interpolation With Splines and FFT in Wave
Signals,” Research in Computing Science, Vol. 10 (2004): 387-400.

®]. M. Bennett and L. Mattsson, Introduction to Surface Roughness and
Scattering (Washington, DC: Optical Society of America, 1989): 22.
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Figure 1-3.2-1 Filtering a Surface Profile
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1-3.5 Measurement and Analysis Lengths

evalugition length,~L: length in the direction of the X-axis
used |for asséssing the profile under evaluation. The
evalufation length for roughness is termed Lr and the
evaluption-length for waviness is termed Lw.

(b) Roughness Profile

2 2.5 3 3.5 4

mm

wavelength cutoff value determines and is equal to the
roughness sampling length (i.e., Ir = Ac). Thg range of
selectable roughness long-wavelength cutoffs is a key
specification for a surface measuring instrumént.

roughness sampling length,” Ir: the sampling lerjgth speci-

fiedto-separatethe profile irregularitiesdesignated as

roughness long-wavelength cutoff,” Ac: the nominal rating
in millimeters (mm) of the electrical or digital filter that
attenuates the long wavelengths of the surface profile to
yield the roughness profile (see Sections 3, 4,and 9). When
an electrical or digital filter is used, the roughness long-

% In most electrical averaging instruments, the cutoff can be selected. It
is a characteristic of the instrument rather than the surface being
measured. In specifying the cutoff, care must be taken to choose a
value that will include all the surface irregularities that one desires
to evaluate.

roughness from those irregularities designated as wavi-
ness. The roughness sampling length may be determined
by electrical analog filtering, digital filtering, or geome-
trical truncation of the profile into the appropriate lengths.

roughness short-wavelength cutoff, As: the spatial wave-
length shorter than which the fine texture for the
surface roughness profile is attenuated.

7 See also Sections 4 and 9 and Nonmandatory Appendix A.
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Figure 1-3.2-2 Examples of Nominal Profiles

A Least squares
mean line

Y

Typical values for the various measurement and
analysis lengths are discussed in Sections 3 and 9.

1-4 DEFINITIONS OF SURFACE PARAMETERS FOR
PROFILING METHODS

Key quantities that distinguish one profile from another
are their height deviations from the nominal profile and
the distances between comparable deviations. Various
mathematical combinations of surface profile heights

PR Ak PR N1
DUATgITELITTE NOTTTat FTOTie

P

Curved Nominal Profile

\

sampling length, I: length in the direction of the X-axis used
for identifying the widest irregularities that are of interest
for the profile under evaluation. The sampling length is
always less than or equal to the evaluation length. The
sampling|length for roughness is termed Ir and the
sampling [length for waviness is termed Iw.

traversing length: the length of profile that is traversed by
a profiling instrument to establish a representative
evaluatign length. Because of end effects in profile
measurerpents, the traversing length must be longer
than the ¢valuation length (see Figure 1-3.5-1).

waviness long-wavelength cutoff, Acw: théspatial wave-
length lorlger than which the widely spaced undulations
ofthe surface profile are attenuated.to separate form from
waviness.\When an electrical orydigital filter is used, the
waviness Jong-wavelength cutoff'value determines and is
equal to the waviness samplinglength (i.e., Iw = Acw). The
range of selectable wavinesslong-wavelength cutoffs is a
key specification for a\surface measuring instrument.

waviness samplingllength,® Iw: the sampling length speci-
fied to separate:the profile irregularities designated as
waviness [from.those irregularities designated as form.
The wavirness cnmp]ing lpngfh mayv be determinedbvelec-

and spacings have been devised to compare ggrtain
features of profiles numerically.

Nonmandatory Appendix H provideés-example
computer subroutines for the calculation of sevejral of
these parameters.

1-4.1 Height (z) Parameters

height parameter: a generalterm used to descyibe a
measurement of the profilé_taken in a direction nprmal
to the nominal profile<Height parameters are expriessed
in micrometers (um)®

1-4.1.1 Roughness Height Parameters

average maximum height of the profile, Rz: the average of
the successive values of Rt; calculated over the evalyation
length.

average maximum profile peak height, Rpm: the averpge of
the'successive values of Rp; calculated over the evalyation
Iength.

maximum height of the profile, Rt: the vertical distance
between the highest and lowest points of the profile
within the evaluation length (see Figure 1-4.1.1-1].

Rt =Rp + Rv

maximum profile peak height, Rp: the distance betwegén the
highest point of the profile and the mean line withjn the
evaluation length (see Figure 1-4.1.1-1).

maximum profile valley depth, Rv: the distance betwegen the
lowest point of the profile and the mean line within the
evaluation length (see Figure 1-4.1.1-1).

maximum roughness depth, Rmax: the largest of the syicces-
sive values of Rt; calculated over the evaluation length (see
Figure 1-4.1.1-2).

profile height function, Z(x): the function used to repiesent

the pninf-hy-pninf deviations bhetween the measured

trical analog filtering, digital filtering, or geometrical trun-
cation of the profile into the appropriate lengths.

waviness short-wavelength cutoff, Asw: the spatial wave-
length shorter than which the roughness profile fluctua-
tions of the surface profile are attenuated by electrical or
digital filters. This rating is generally set equal in value to
the corresponding roughness long-wavelength cutoff (Asw
= Ac).

profile and the reference mean line (see
Figure 1-4.1.1-3). For digital instruments, the profile

8 A micrometer is one-millionth of a meter (0.000001 m). A microinch
is one-millionth of an inch (0.000001 in.). For written specifications or
reference to surface roughness requirements, micrometer can be abbre-
viated as um, and microinch may be abbreviated as pin. One microinch
equals 0.0254 pm (pin. = 0.0254 pm). The nanometer (nm) and the
angstrom unit (A) are also used in some industries; 1 nm = 0.001
um, 1A = 0.1 nm.
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Figure 1-3.3-1 Profile Peak, Valley, and Element
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Figure 1-3.5-1 Surface Profile Measurement Lengths
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Figure 1-4.1.1-2 The Rt and Rmax Parameters
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Figure 1-4.1.1-3 Illustration for the Calculation of Roughness Averagé Ra

: Mg

Y

Z(x)

A

Ra

Z(x) is agproximated by a set of-digitized values (Z;)
recorded using the sampling intetyal (d,).

root mean square (rms) roughness, Rq: the root mean
square ayerage of the profile height deviations taken
within thfe evaluationlength and measured from the
mean linel Analytically; it is given by the following equa-
tion:

Rq = [(I/L) /GL z(x)zdx]l/2

average deviation of roughness profile
Z(x) from'the mean line
total'shaded area/L

Y

line. As shown in Figure 1-4.1.1-3, Ra is equal to the Jum of
the shaded areas of the profile divided by the evalyation
length L, which generally includes several sampling
lengths or cutoffs. For graphical determinations of rpugh-
ness, the height deviations are measured normal fo the
chart centerline.

Analytically, Ra is given by the following equatipn:

Ra = (I/L)/(;L|Z(x)|dx

1

The digital approximation is as follows:

1/2
Rq = [(Z% + Z*5 + Z%5 + ..+ Z* N)/N]

roughness average,’ Ra: the arithmetic average of the
absolute values of the profile height deviations recorded
within the evaluation length and measured from the mean

°Roughness average is also known as centerline arithmetic average
(AA) and centerline average (CLA).

For digital instruments an approximation of the Ra
value may be obtained by adding the individual Z;
values without regard to sign and dividing the sum by
the number of data points N.

Ra = (|Z1| + |Zz| + |Z3| + ...+ |ZN|)/N

Rp;: the distance between the highest point of the profile
and the mean line within a sampling length segment
labeled i (see Figure 1-4.1.1-4).
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Figure 1-4.1.1-4 Surface Profile Containing Two Sampling Lengths, [; and L,, Also Showing the Rp; and Rt; Parameters

Rt,‘.' th
point|
labeld

€
<

£

A
Y

e vertical distance between the highest and lowest
5 of the profile within a sampling length segment
d i (see Figure 1-4.1.1-4).

1-41.2 Waviness Height Parameters

wavi
fied {f
been

ess height, Wt: the peak-to-valley height of the modi-
rofile from which roughness and part form have
removed by filtering, smoothing, or other means

(see Figure 1-4.1.2-1). The measurement is to be taken

norm
ness

1-4.2

mean
the pi
evalu

Thd
minaf
full ¢
profil

bl to the nominal profile within the limits of the wavi-
bvaluation length.

Spacing Parameters

spacing of profile elements, RSm: the mean spacing of
ofile elements calculated in both directions along the
htion length.

n
RSm = (l/n)z Smj
i=1

e parameter RSm requires height and spacing discri-
ion. Profile elements.are initiated or completed by
rossings of theJmean discrimination band. Each
e element mustalso exceed aminimum lateral width.

If not otherwise spécified, the default heig

ht for the

mean discriminationi-band shall be 10% off Rz (i.e.,

+5% of Rz fromy'the mean line) and th
minimum profile element width shall be 1
sampling length; both conditions shall be met

NOTES:

(1) The)default discrimination tolerances may not
priate for certain types of surfaces, such
honed surfaces.

(2) In Figure 1-4.2-1, see graphical and annotated ¢
the application of the height and width discrimin

peak count level'°: the vertical distance bef
boundary lines described in the definition of
(see Figure 1-4.2-2).

peak density,'° Rpc: the number of SAE peak
length measured at a specified peak count I
the evaluation length.

SAE peak™®: aprofile irregularity wherein the pr
sects consecutively a lower and an upper bouy
The boundary lines are located parallel to and e
from the profile mean line (see Figure 1-4.2-2), 3
by a designer or an instrument operator for eag
tion.

spacing parameter: a distance that charactq
lateral spacing of the individual profile eleme

1-4.3 Shape Parameters and Functions

b default
% of the

be appro-
hs plateau

xamples of
ation rules.

ween the
SAE peak

5 per unit
evel over

bfile inter-
idary line.
quidistant
nd are set
h applica-

rizes the
hts.

Figure 1-4.1.2-1 The Waviness Height, Wt

~«—— Waviness evaluation length ——————

amplitude density function, ADF(z) or p(z): the probability
density of surface heights. The amplitude density function

is normally calculated as a histogram of the
points on the profile over the evaluation le
Figure 1-4.3-1).

digitized
ngth (see

10SAE J911 — March 1998 (Society of Automotive Engineers).
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Figure 1-4.2-2 The Peak Count Level, Used for Calculating Peak Density

1 count 2 count

N

3 count 4 count 5 count

Ny

Peak Count

|' \ / Upper boundary line

M

Level W' !H ' V “,l
T v \ Lower boundary line

autocorre

Figure 1-4.3-1 Amplitude Density Function — ADF(z) or p(z)

- x p@

A

ation function, ACF(t): the normalized autoco-

variance function is as follows:'?

autocova
overlap in
evaluatiof
transforni
equation:

AQ

ACF(r) = ACV(z)/Ry>

iance function, ACV(z):the ACV(7) is given by an
tegral of shifted and.uhshifted profiles over the
length and is dlso*equal to the inverse Fourier
of the PSD.(ACV(7) is given by the following

V(z)o=""lim (I/L)/:II:Z Z(x)Z(x + 7)dx

L— o

bearing area curve, BAC: (also called the Abbott-Fird
curve) is related to the cumulative distribution of thg
It shows how the profile bearing length ratio varie
level.

correlation length: the shift distance at which the au
relation function falls to a selected value. Typical se
valuesare 1/e (the base of the natural logarithms) or
0 (the first zero crossing).

Htp: difference in the heights for two profile bearing|
ratios tp set at selectable values (see Figure 1-4.3

kurtosis, Rku: a measure of the peakedness of the g

stone
ADF.
with

ocor-
ected
0.1or

ength
2).

rofile

aboutthe meanline calculated over the evaluationl

ngth

where Tis

the shift distance. For a finite, digitized profile, it

may be approximated by the following equation:

)
1
j=1

where T = j'd,.

1R, B. Bla
(New York:

ckman and J. W. Tukey, The Measurement of Power Spectra
Dover, 1958): 5-9.

(see Figure 1-4.3-3). The continuous integral form is as

follows:

L
Rku = Ll/ Z4(x)dx
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Figure 1-4.3-2 The Bearing Area Curve and Related
Parameters

[ Bearing area curve

'[ A

profile bearing length: the sum of the section lengths
obtained by cutting the profile peaks by a line parallel
to the mean line within the evaluation length at a specified
level p. The level p may be specified in several ways
including the following:

(a) as a depth from the highest peak (with an optional
offset)

(b) as a height from the mean line

(c) asapercentage ofthe Rt value relative to the highest

naakfcaa Figura 1 4 2 A0
pear g e—T1513

Htp

tpl fpz 100%

Legend:
tp1 | tpz =

H ) Hz =
Htp =

selected profile bearing length ratios
levels for tp; and tp,
height between bearing ratios

For a|digitized profile, a useful formula is as follows:

1 1 N

4
- ¥ 7
4N }: ]
Rq j=1

Rku =

NOTE| The calculated values of skewness and kurtosis axé.very
sensitlve to outliers in the surface profile data.

power spectral density, PSD(f): the Fourier decomposition
of thegmeasured surface profile into its component spatial
frequencies (f). The function may be defined analytically
by th following equation:*

2
PSD(f) = lim (1/L)

L—> oo

L/2 .
/ Z(x)eilznfxdx
-L/2

where the expressiom)ihside the absolute value symbols
appraaches the Fouyier transform of the surface profile
Z(x) when L —,e=For a digitized profile with evaluation
length L, consisting of N equidistant points separated by a
samplinginterval d,, the function may be approximated by
the fgllowing equation:

—{se
profile bearing length ratio, tp: the ratiopof-the profile
bearing length to the evaluation length at a|specified
level p. The quantity tp should be expreSsed ih percent.
by + by + by + .. P,

tp = L

X 100%

skewness, Rsk: a measure of the asymmetry of the profile
about the mean line calculated over the evaluation length
(see Figure 1-4.3-5)\The continuous integral form is as
follows:

11

Rsk = —

L 3
s Z(x)dx
Rq LJo

For.a' digitized profile, a useful formula is as follows:

11 N
Rk=—— Y Z}
Rq3Nj§1 )

1-4.4 Hybrid Parameters

average absolute slope, RAa: the arithmetic average of the
absolute value of the rate of change of the profile height
calculated over the evaluation length. Analyticdlly, it may
be given by the following equation:

L
RAa = (1/L) /O \dZ/ dxldax

where |dZ/dx| is the local slope of the profile. Digitally, it
may be given by the following equation:

1 N
RAag = — A
N_Z1| il

1=

2

N
PSD(f) = (d,/N) | Y ze 2 (-1
j=1

where i=./=1, the spatial frequency fis equal to K/L,and K
is an integer that ranges from 1 to N/2. The PSD may also
be calculated by taking the Fourier transform of the auto-
covariance function.

Where =

1
Ai = —<Zi+3 - 9Zi+2 + 4SZi+1 - 452{—1 + 9Zi—2
60d,

— Zi_3)

The selected value of d, influences the value of RAa.

12D, G. Chetwynd, “Slope Measurement in Surface Texture Analysis,”
Journal of Mechanical Engineering Science, Vol. 20, No. 115 (1978).

(19)
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Figure 1-4.3-3 Three Surface Profiles With Different Kurtosis

Profile p@)
A
//\\ //\\ 7 > Rku < 3
Rku =3
Rku >3
Figure 1-4.3-4 The Profile Bearing Length
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GENERALNPTE: © ISO. This materialis reprinted from ISO Handbook 33 with permission of the American National Standards Institute (A
behalf of the International Organization for Standardization. Not for resale. No part of ISO Handbook 33 may be copied, or reproduced in an
electronic retrieval sysStem, or otherwise, without the prior written consent of the American National Standards Institute. All rights re

. 1/2
root mean square slope, RAq: the root mean square average L N
of the rate of change of the profile height calculated over RAq =|—= z (Al-)2
the evaluation length. Analytically, it may be given by the N i=1

following equation:
where 4; is as defined earlier. Just as for the average slope

1/2
RAq = [I/L fL (dZ/dx)de] RAa, the selected value of d, influences the value of RAq.
0

Digitally, it may be given by the following equation:

14
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Figure 1-4.3-5 Three Surface Profiles With Different

surface texture. Such techniques include parallel plate
capacitance and optical scattering.

area profiling method: a surface measurement method by
which the topographic information is represented as a
height function Z(x,y) of two independent variables (x,
y). Ordinarily, the function Z(x,y) is developed by juxta-
posing a set of parallel profiles as shown in
Figure 1-5.1-1. The height function Z(x,y) is defined in
para. 1-6.1.

Skewness
Profile p@)

??7 Rsk<0

Mean

SN— X.
?J» Rsk=0

Mean
Rsk>0

GENERALNOTE: Three surfaces with different skewness. Also shown
are th¢ amplitude density functions (histograms) of surface height.

1-4.5 Linear Material Ratio Curve Height
Parameters

Related to the profile bearing length is the linear mate-
rial ratio curve, also known as the bearing area curve. Pa-
rameters Rpk, Rk, Rvk, Mrl, and Mr2, derived from the
lineaf material ratio curve, may be found in the normative
referg¢nce ISO 13565-2:1996, which, through being refer:
enced in this text, constitutes a provision of this Standard.
1-4.6 Material Probability Curve Height
Parameters

Rellated to the profile bearing length is the material
probpbility curve. Parameters Rpgq;* Rvq, and Rmgq,
derivied from the material probability curve, may be
found in the normative reference 1SO 13565-3:1996,
whicly, through being referenced in this text, constitutes
a proision of this Standard:

1-5 DEFINITIONS:RELATED TO THE
£EASUREMENT OF SURFACE TEXTURE BY

REA PROFILING AND AREA AVERAGING
ETHODS

1-5.1 General

measured topography: a three-dimensionalrgpresenta-
tion of the real surface obtained by a measuring instru-
ment.

modified topography: a three-dimensional repr¢sentation
of the real surface obtained by a m¢asuring instfument for
which filtering mechanisms§/(electrical, m¢chanical,
optical, or digital) are used/to minimize certajn surface
texture characteristics and‘emphasize others.

nominal surface: see\para. 1-2.1.
real surface: see para. 1-2.1.

roughness topography: the modified topography obtained
by attenudting the longer surface wavelengths associated
with wayviness.

topography: the three-dimensional represemtation of
geometric surface irregularities (see Figure 145.1-1).

obtained
hssociated
ssociated

waviness topography: the modified topography
by attenuating the shorter surface wavelengths
with roughness and the longer wavelengths :
with the part form.

1-5.2 Reference Mean Surfaces

filtered mean surface: the surface established by ppplying a
filtering process to the measured topography. The filtering
techniques may be electrical, mechanical, dptical, or
digital. Some examples are a Fourier filter, a pplynomial
fit using least squares techniques, or a directignal-based
filter to eliminate or enhance directional surfade features
such as lay.

least squares mean surface: a surface having the general
form of the nominal surface such that, within g specified
area, the sum of the squares of the topography ¢leviations
from this surface is minimized.

re surface
measured.

mean surface: the three-dimensional referen

about which the fnpngraphir‘ deviations are

Several types of surface measurement techniques are
used to quantify the surface texture over a selected area of
asurface instead of over single profiles. Area methods may
be divided into two classes: area averaging methods and
area profiling methods.

area averaging method: a technique that measures a
representative area of a surface and produces quantitative
results that depend on area averaged properties of the

15

The mean surface may be determined in several ways.

1-5.3 Area Peaks and Valleys

area peak: the point of maximum height on atopographyin
an area bounded by the intersection of the topography
with the mean surface; the area analog of a profile
peak (see Figure 1-5.3-1).
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Figure 1-5.1-1 Topographic Map Obtained by an Area Profiling Method

10 nm

Distance, pm

Figure 1-5.3-1 Area Peaks (Left) and Area Valleys (Right)

GENERAL NOTE: Reproduced with permission frem DIN Deutsches
Institut fiiff Normung e.V. in connection with-the copyright for
DIN 4761-1978. Not for resale. No part of this’publication may be
reproduced| in any form, including an.electronic retrieval system,
without the| prior written permission ef DIN Deutsches Institut fiir
Normung elV., Am DIN Platz, Burggrafenstrafle 6, 10787 Berlin,
Germany.

area valley: the point of maximum depth on a topography
in an arealboutded by the intersection of the topography
with the rhedn surface; the area analog of a profile valley

evaluation area, Ae: the total area over which the valpes of
surface parameters are evaluated. For proper statisfics, it
may contain a number of sampling areas. Ae = L,L for a
rectangular, raster scanned area.

reso-
of the

minimum resolvable area: the area analog of spatial
lution. This is usually determined by the capabilities
measuring instrument by such factors as the sanjpling
interval (see para. 1-3.4), radius of the stylus tfp, or
optical resolution. The lateral resolution may nfot be
the same in every direction. For example, in a raster|{scan-
ning system, an instrument may have a very pmall
sampling interval along the direction of each scan line,
but may have a large spacing between adjacent scan|lines.

sampling area, As: the area within which a single valye of a
surface parameter is determined. The characteristic
dimension of the sampling area should at least be
equal to the maximum spatial wavelength to be quantified.

1-6 DEFINITIONS OF SURFACE PARAMETERS FOR

(see Figure 1-5.3-1).

1-5.4 Sampling Areas

Sampling areas for area profiling methods are concep-
tually similar to sampling lengths for ordinary profiling
methods (see para. 1-3.5). In particular, the following
concepts are useful:
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AREA PROFILING AND AREA AVERAGING
METHODS

1-6.1 Height Parameters

area peak-to-valley height, St: the vertical distance
between the maximum height and the maximum depth
in the evaluation area, and is as follows:

St =Sp+ Sv
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average roughness, Sa: the arithmetic average of the abso-
lute values of the measured height deviations from the
mean surface taken within the evaluation area. Analyti-
cally, Sa is given in Cartesian coordinates by the following
equation:

L L.
Sa = (I/Ae)fo y/O le(x, ¥)|dxdy

For a rectangular array of M x N digitized profile values

either area peaks, whose heights are above a selected
reference surface, or area valleys, whose depths are
below a selected reference surface.

directional peak spacing: the distance between adjacent
peaks in a profile through the surface topography that
can be calculated in any selected direction over the
measured surface (see Figure 1-6.3-1).

1-6.4 Shape Parameters

Zj, the formuia 15 given by the following equation:

1 M N
k=1 j=1

height function, Z(x, y): the function used to represent the
pointtby-point deviations between the measured topo-
graplly and the mean surface.

maximum area peak height, Sp: the maximum height in the
evaluption area with respect to the mean surface.

maximum area valley depth, Sv: the absolute value of the
minirhum height in the evaluation area with respect to the
mean| surface.

root mean square (rms) roughness, Sq: the root mean
squarle average of the measured height deviations from
the mlean surface taken within the evaluation area. Analy-
tically, Sq is given by the following equation:

Ly pLx 2 1/2
Sq = [(I/Ae)/(; /0 Z%(x, y)dxdy]

Th¢ digital approximation is as follows:
1/2

NOTE| The height parameters are defined here with respect to
the mgan surface. One can iise) these definitions for character-
ization of roughness andjek waviness parameters by choosing
an appropriately filtered mean surface. For example, one could
obtain the Sq for roughness by calculating a filtered, wavy mean
surface with respect to which the heights Z(x, y) are calculated.
These|heightstwetlild contain only roughness information and
hence| the~ctalculations of parameters based on these heights
would beyestimates for roughness only.

kurtosis, Sku: a measure of the peakedness of.the surface
heights about the mean surface. Analytically, Sku may be
calculated from the following:

L Lk
u = %/ y f Z4(x, y)dxdy
(Sq)"Ae 0 ¥0

For a digitized prefile, it may be calculated from the
following:
Sku = LL% % z4
- (s* MN 2 j=1 *
skewness, Ssk: a measure of the asymmetry pf surface

heights about the mean surface. Analytically, Ssk may
be calculated from the following:

L Lx
Ssk = %f ? f Z3(x, y)dxdy
(Sq)°Ae’0 70

For digitized profiles it may be calculated|
following:

from the

NOTE: The calculated values of skewness and kurtosis are sensi-

tive to outliers in the surface height data.

1-6.5 Other Parameters

area autocorrelation function, AACF: the normdlized area

1-6.2 Waviness Parameter

area waviness height, SWt: the area peak-to-valley height
of the filtered topography from which roughness and part
form have been removed.

1-6.3 Area Spacing Parameters

area peak density: the number of area peaks per unit area.
Additional parameters can be defined that include the
mean area peak spacing and parameters that count

17

autocovariance runction as indicated by the following
equation:

AACF(zy, 7,) = AACV(z, 7,)/(Sq)”

area autocovariance function, AACV: this three-dimen-
sional function is used to determine the lateral scale of
the dominant surface features present on the measured
topography. Single profiles through the function can be
used to evaluate lay characteristics. The function is
equal to the inverse Fourier transform of the area
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Figure 1-6.3-1 Comparison of Profiles Measured in Two Directions on a Uniaxial Periodic Surface Showing the
Difference in Peak Spacing as a Function of Direction

Profile A

power spq
by the fol

ctral density function but also may be estimated
owing formula:

y)=

AACY

lim 1 /Ly/2 Lx/2
Lx,Ly— oo LyLy —Ly/2/-Lagd

-Z(x, y)Z(x + 17,5+ Ty)dxdy

/(‘L’x, T

The di
following

bital approximation may-be/given by the

1 M-k N—j'
AALV(zy 1) = —— > ZiZisi ek
k=1 j=1

j=

where
y k=1 j=1
Tx = J 4o
T, = k'l
Y ° when the sampling interval here in both x and y dire
area powdr Spectral density function, APSD: the square of s the same (d,).
the amplitude of the Fourter transformr of the measured

Profile B

1
APSD(f., = li
(fx f)’) Lx,lf;n—’ 00[ LxLy]
Ly/2 rLx/2
—Ly/2J-Lx/2

2
-Z(x, y)e_lzn(fxx+fyy)dxdy

A digital approximation is given by the followinig:

APSD(f,, £,)

2 |xx alf (j—1)+f, (k—=1)1d
- 9 Zzzjkeilnx_ y o
MN

rtions

topography. This three-dimensional function is used to
identify the nature of periodic features of the measured
topography. Single profiles through the function can be
used to evaluate lay characteristics. One version of the
function is given by the following formula:

18

area root mean square directional slope, Sdq(6): the root
mean square average of the derivative of the measured
topography along a selected direction, 6, calculated
over the sampling area. For example, the direction can
be selected to be perpendicular or parallel to the lay
to provide information about the lay itself. Typically,
instruments calculate this parameter in the x or y direc-
tion.
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area root mean square slope, Sdq: the root mean square
sum of the x and y derivatives of the measured topography
over the evaluation area.

surface bearing area ratio: the ratio of (the area of inter-
section of the measured topography with a selected
surface parallel to the mean surface) to (the evaluation
area). By analogy with the profile bearing length ratio
(see para. 1-4.3), this ratio is normally expressed as a
percentage.

(see Figure 1-5.1-1), Str will approach 1.00. The Str pa-
rameter is derived from the area autocovariance function,
AACV, and is given by the following:

length of fastest decay AACV in any direction

B length of slowest decay AACV in any direction

texture direction,'® Std: is determined by the APSD and is a
measure of the angular direction of the dominant lay
comprising a surface. Std is defined relative to the Y-

textuf

domi

e aspectratio, > Str: ameasure of the spatial isotropy ~ 2X1s. Thus a surface with a Tay along the. V-axis will
or dirpctionality of the surface texture. Forasurfacewitha ~ result in a Std value of 0 deg. A positive St value is

hant lay (see Figure 1-6.3-1), the Str parameter will ~ measured clockwise from the Y-axis.

ach 0.00, whereas for a spatially isotropic texture For indication of surface lay, see Figure 1-6.5-1.

apprd

13K. J. Stout, Development of Methods for the Characterisation of
Roughness in Three Dimensions (London, UK: Penton Press, 2000).
ISBN 1-8571-8023-2.
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Section 2
Classification of Instruments for Surface Texture Measurement

2-1 $COPE this classification with some examples @ shown in

. . ) . Figure 2-1-1.
Instruments included in this Section are used for

measjirement 9f surface_ texturg, -Whl.Ch 1pcl_11des rough- 2-2 RECOMMENDATION
ness and waviness. This classification is intended to

aid i choosing and understanding these instruments In cases of disagreement regarding the interpretation of
and in determining which Sections apply to their applica- surface texture measurementsy it is recommended that
tion. The classification system has been made as general as measurements with a_Type [ (skidless) instrument
possiple. However, instruments exist thatdonotclearly fit ~ with Gaussian (50%)iltering be used as thq basis for
within any single instrument class. A schematicdiagramof  interpretation. Type\I'instruments are listed helow and
the Gaussian filter is described in Sectign 9. The

Figure 2-1-1 Classification of Common Instruments for Measurement of Surface Texture

Instruments for.the'\Measurement of Surface Texture

Full Profiling Instruments With Instruments With
Instruments Parameters and Parameters Only
Limited Profile Capability |
Type | Type ll Type 1l Type IV Type V Type VI
| Profiling, | Profiling " | Scanned probe | _ |[Profiling, contact,| | Skidded | Areadveraging
cgntact, skidless noncontact microscopy skidded instruments instquments
instruments instruments instruments parameters only
-—t--—-—-—-—-t-—c - - EXAMPLES - — - ————— - —t————— -———-
—L LvDT Interferometric Scanning Stylus with Stylus with | | Parallel plate
1/ microscope 1 tunneling . LvDT | piezoelectric capdcitance
Interferometric microscope (STM) transducer transducer
] transducer Optical focus Total
B sensing Atomic force Fringe-field Stylus with - intdgrated
Capacitance — microscope — capacitance —  moving coil scatfer (T1S)
— | transducer Nomarski (AFM) transducer
— differential Bidirkctional
profiler reflectance
distribution
| Laser —| function (BRDF)
triangulation
Angle resolved
Scanning electron scatter (ARS)
— microscope (SEM)
stereoscopy
Confocal optical

microscope

21
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recommended bandwidth, stylus tip and radius, and
sampling interval are to be determined using Table
9-5.11-1, based on the desired roughness cutoff (Ac). If
the roughness cutoff is not specified, it may be determined
as per Table 3-3.20.1-1 or Table 3-3.20.2-1, as appro-
priate. The recommended maximum stylus force is
given in para. 3-3.5.2, based on the desired tip radius.
Ifthe surface structures to be assessed require a smaller
short-wavelength cutoff, As, than 2.5 pm as given in

(b) measures roughness and for some types may
measure waviness and error of form with respect to
an external datum

(c) may have a selection of filters and parameters for
data analysis

(d) for microscope-based instruments, imaging objec-
tives are often interchangeable, providing surface imaging
resolution to submicrometers or field of view to several

millimeters
(0) can gonarata filtarad o o ot the

Table 9-5343-thenitisrecommendedthateithera
Type I (drofiling, contact, skidless) instrument or a
Type IlI [(scanned probe microscopy) instrument,
applied as$ described in Section 7, be used as the basis
for interpetation.

The abgve recommendations do not apply if significant
damage can occur to the surface when using a Type I or
Type III ipstrument.

2-3 CLABSIFICATION SCHEME

2-3.1 Type I: Profiling, Contact, Skidless
Ingtruments

2-3.1.1 |Properties

(a) megsuring range often includes both smooth and
rough surffaces

(b) megpsures roughness and may measure waviness
and error|of form with respect to an external datum

(c) may have a selection of filters and parameters for
data analysis

(d) for [stylus-type transducers, tips are often change:
able and may range from submicrometer diamond stylito
ball tips With radii of several millimeters

(e) can|generate filtered or unfiltered profiles

(f) cappble of unfiltered profiling or topographical
analysis (prea profiling), or both

(g) restilts may be sensitive to matenial hardness and
steep surface slopes

2-3.1.2| Examples

(a) skidless stylus type adapted with a linear variable
differential transformer (LVDT) vertical measuring trans-
ducer

(b) skidless stylustype using an interferometric trans-

ducer
(c) skidless.stylus type using a capacitance transducer conductivity
2-3.1.3 —See-Section—3-

fe)-eangeneratefiltered-or-unfiltere prefile -y
selection of filter types and parameters may vary with
instrument techniques or defined data analysis

(f) capable of unfiltered profiling or topographical
analysis (area profiling), or both

(g) depending on instrument type, results mpy be
sensitive to the following materialyproperties: surface
reflectivity, steep surface slopes, the presence of thin

films, and dissimilar materials

2-3.2.2 Examples

(a) interferometric-thicroscope
(b) optical focu$sensing

(c) Nomarski\differential profiler
(d) laser triangulation

(e) scanning electron microscope (SEM) stereoqcopy
(f) confocal optical microscope

2-3:2.3 Reference. See Sections 5 and 8 and Nor
datery Appendices C and E.

man-

2-3.3 Type lll: Scanned Probe Microscopes

2-3.3.1 Properties
(a) measuring range most often includes smooth
surfaces
(b) measures roughness with respect to an ex
datum
(c) may have a selection of filters and parametejrs for
data analysis
(d) probe tip sizes and scanning rates influence lpteral
resolution, which varies from atomic scale to micrometers
(e) can generate filtered or unfiltered profiles
(f) capable of unfiltered profiling or topographic
analysis (area profiling), or both
(g) results may be sensitive to steep surface slopejs and,
for scanning tunneling microscopes (STM), to surface

ernal

2-3.2 Type lI: Profiling, Noncontact Instruments

These techniques generally use an optical or electronic
sensor.

2-3.2.1 Properties
(a) measuring range often includes both smooth and
rough surfaces

22

2-3:3:2Examptes
(a) scanning tunneling microscope (STM)
(b) atomic force microscope (AFM)

2-3.3.3 Reference. See Section 5 and Nonmandatory
Appendix E.
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2-3.4 Type IV: Profiling, Contact, Skidded
Instruments

2-3.4.1 Properties

(a) uses askid as a datum, usually in order to eliminate
longer spatial wavelengths. Therefore, waviness and error
of form cannot be measured with this type of instrument.

(b) may have a selection of filters and parameters for
data analysis.

(c) for stylus-type tranducers, the tip radius is

(b) typically produces measurements of the Ra param-
eter, but other parameters may also be available.

(c) for those instruments using a diamond stylus, the
stylus tip radius is commonly 10 pm but may be smaller.
With a 10 pum stylus radius, these instruments may not be
suitable for measuring very short spatial wavelengths.

(d) does not generate a profile.

2-3.5.2 Examples
(a) skidded stylus type with piezoelectric measuring

comnllonly 10 um or less. With a 10 um stylus radius,
the ijstrument may not be suitable for measuring very
short|spatial wavelengths.

(d)] yields surface parameter values and generates an
outpyt recording of filtered or skid-modified profiles.

2-3.4.2 Examples

(a)] skidded stylus type with LVDT vertical measuring
transgflucer

(b)| fringe-field capacitance (FFC) transducer

2-3.4.3 Reference. See Section 4.

2-3.3 Type V: Skidded Instruments With
Parameters Only

2-3.5.1 Properties

(a)] uses a skid as a datum, usually in order to eliminate
longelr spatial wavelengths. Therefore, waviness and error
of form cannot be measured with this type of instrument,

transducer
(b) skidded stylus type with moving deil-theasuring
transducer

2-3.5.3 Reference. See Section 4

2-3.6 Type VI: Area Averaging Methods

2-3.6.1 Properties
(a) measures averaged parameters over def]
(b) profiles are ngt-available from these in

2-3.6.2 Examples

(a) parallel'plate capacitance (PPC) method

(b) totalyintegrated scatter (TIS)

(c) angle resolved scatter (ARS)/bidirectio
tancé distribution function (BRDF)

ned areas
truments

hal reflec-

2-3.6.3 Reference. See Section 6.

23
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Section 3
Terminology and Measurement Procedures for Profiling,
Contact, Skidless Instruments

3-1 SCOPE

This Section defines terminology and measurement
procedurgs for Type I profiling, contact, skidless instru-
ments, pe Section 2. Itaddresses terminology, calibration,
and use of these instruments for the assessment of indi-
vidual surface profiles. A description of a Type I instru-
mentthatcomplies with ISO 3274:1996 is also included. In
cases of disagreement regarding the interpretation of
surface tgxture measurements, a Type I instrument in
compliange with ISO 3274:1996 should be used. This rec-
ommendaltion is also discussed in Section 2. Other types of
instruments may be used, but the correlation of their
measurements with those of Type I instruments that
comply wijith this Section must be demonstrated.

3-2 REF

The fol
reference

ERENCES

owing is a list of standards and specifications
l in this Standard, showing the year of approyal:

[SO 3274:[1996, Geometrical Product Specifications.(GPS)
— Surfjce Texture: Profile Method — Nominal-Charac-
teristicg of Contact (Stylus) Instruments

ISO 428831996, Rules and Procedures fot the Measure-
ment of Surface Roughness Using Stylus Instruments

Publisher] International Organization for Standardization
(ISO), Central Secretariat, Chemin de Blandonnet 8, Case
Postal¢ 401, 1214 Vernier, Geneva, Switzerland
(www.ipo.org)

surface. The measured stylus displacemeénts’yield the
measured surface profile.

3-3.2 Measuring Loop

The measuring loop compyrises all component$ that
connect the instrument.Stylus to the workpiece
surface. This loop can censist of (but is not necesfsarily
restricted to) the workpiece fixturing, measuring $tand,
traverse unit, and stylus pickup (see para. 3}3.5).
Ideally, the number of components in the measjuring
loop should be/nminimized. This minimization gengrally
reduces thé\system sensitivity to vibration and thprmal
effects.

3-3:3. Profile Coordinate System

The profile coordinate system is the right-hapded,
three-dimensional, Cartesian coordinate system de¢fined
by the work surface and the direction of motion ¢f the
stylus. In this system, the stylus traverse defines the x-
axis and the displacements normal to the work surface
define the z-axis (see Figure 3-3.3-1).

3-3.4 Stylus

The stylus is the finite object that contacts the
piece surface to be assessed.

work-

3-3.4.1 Stylus Tip. The stylus tip is critical in sgrface
profile assessment as it determines the size and shape of
surface features that can be properly assessed. The tip

See als¢ Sections 13279, and 11. geometry should be specified in all measurements of
critical importance. Refer to Section 9 (Table 9-5J11-1)
3-3 TERMINOLOGY for stylus tip size selection when the short-wavelength
cutoff is specified. Basic tip geometries are desdribed

3-3.1 Prefiling, Contact, Skidless Instruments in paras. 3-3.4.2 and 3-3.4.3.

A profiling, contact, skidless instrument is an instru-
ment that measures displacements of a stylus relative
to an external datum. The stylus is traversed along the
surface a distance termed the traversing length to
allow for an adequate evaluation length and number of
cutoff lengths for the measurement (see para. 1-3.5).
Selection of the various measurement lengths is described
in para. 3-3.20. The displacements of the stylus are linearly
proportional to the heights of features contained on the

24

3-3.4.2 Conical Stylus With Spherical Tip. The conical
stylus with a nominal spherical tip is most commonly used.
It incorporates an included flank angle, @, which is typi-
cally 60 deg or 90 deg (see Figure 3-3.4.2-1). The effective
radius, R, of the tip shall be 2 pm, 5 um, or 10 um (0.00008
in., 0.0002 in., or 0.0004 in.). Effective radius is defined as
the average radius of two concentric and minimally sepa-
rated circles whose centers fall on the conical flank angle
bisector and whose arcs are limited by radial lines drawn
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Figure 3-3.3-1 Profile Coordinate System

+Z (Surface normal)

+Y

Figure 3-3.4.2-1 Conical Stylus Tip

Tangency
implied

(a) Canical Stylus With Spherical.Tip — Included Angle 90 deg

+X (Traverse direction)

30 deg (for a 60+deg stylus) or 45 deg (for a 90-deg stylus),
either side.ef this bisector. The arcs and the radii must
contain.the stylus tip profile.

The tip radius of the stylus shall be within +30% of the
nominal value. This can be evaluated as fhown in
Figtire 11-7.2-3. Because the stylus tip is qubject to
wear and mechanical damage, even when| made of
diamond, regular checks of the stylus are recommended.
This is to ensure that the tip radius is within the folerances
stated above.

The stylus condition should be checked on|a regular
basis, determined by the amount of use, weai|, environ-
ment, instrument type, required accuracy, anfd applica-
tion, etc. Techniques for checking the stylus [condition
are discussed in Section 11.

3-3.4.3 Other Stylus Tip Geometries. Othei| stylus tip
geometries are appropriate for particular megsurement
applications (Figure 3-3.4.3-1). Tip geometry must be
explicitly specified when alternate stylus tips jare used.

(a) Truncated Pyramid Tip. A truncated pyramid stylus
with a rectangular contact area and an included flank
angle, «, in the direction of traverse, typically 60 deg
or 90 deg.

(b) Spherical Tip. A large radius ball tip (¢.g., 1 mm
radius ruby ball) may be used for large-scale roughness

Tangency
implied

(b) Conical Stylus With Spherical Tip - Included Angle 60 deg

measurements of surfaces such asroadways (e.g., traverse
lengths greater than 25 mm, peak-to-valley amplitudes
greater than 50 um).

(c) Chisel Point Stylus. A stylus tip constructed from a
cylinder sliced at a shallow angle. It is typically used for
measuring large step heights (e.g.,, 1 mm height) and
general form measurements.

(d) Chisel (Knife) Edge Stylus. A stylus with aline contact
perpendicular to the direction of traverse. It is typically
used for measuring cylindrical surfaces in the axial
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Figure 3-3.4.3-1 Other Stylus Tip Geometries

-

ed values of static measuring force are determined by the
stylus radius, and are given in the following table:

Maximum Recommended
Static Measuring Force
Nominal Tip Radius, pm (in.) at Mean Position of Stylus, N (gf)

2 (0.00008) 0.0007 (0.07)
5 (0.0002) 0.004 (0.4)
10 (0.0004) 0.016 (1.6)

(a) Truncated Pyramid (b) Spherical

]

(d) Chisel (Knife) Edge

d) Chisel Point

direction o minimize alignment errors. It can also be used
to measurfe the maximum amplitude of area peaks, which
may be nfissed by styli with a point contact.

3-3.4/4 Stylus-Generated Profile. The stylus-gener-
ated profile is that profile generated by the finite stylus tip
as it is trgversed relative to the workpiece surface. This
profile is not necessarily the actual cross section of'the
workpiede surface as some surface features'of the
surface mpy be inaccessible for given stylus dimensions.

3-3.5 Pickup

The pitkup comprises the stylus; stylus holding
mechanism, measuring transducery;and any signal condi-
tioning aspociated with the measuring transducer. As this
system is fraversed across thesworkpiece, z-axis displace-
ments of the stylus are transmiitted to the measuring trans-
ducer, thus generating'a profile of displacements relative
to the reference datum.

3-3.5.1| Static-Measuring Force. To ensure that the
stylus acqurately follows the surface being measured, a

contactingfercenormaltothe surfaceisrequiredtomain

For a truncated pyramid stylus, use the smaller, pf the
dimensions of the truncated flat as the nominal tip radius.

On soft materials, the stylus may make a visible mark as
it traverses the surface. Such a mark does'not necessarily
mean that the measurement is incorrect)In some calses, it
may be desirable to make measurefnents using a noncon-
tact technique.

3-3.5.3 Static Measuring Force Variation. This fis the
change in static measuringfotce in the z direction over the
entire z measuring range’of the pickup.

3-3.5.4 Dynamic Measuring Force. The dynamic
measuring foree\is the instantaneous normal force|asso-
ciated with the motion of the stylus as it is traversed rela-
tive to thessurface. This force may be difficult to qupntify
and varjes with amplitude and spatial wavelength pf the
surface'irregularities, stylus location on the surfacg¢, and
thelinstrument traversing speed.

3-3.5.5 Total Stylus Force. In all cases, a minjmum
total stylus force (static and dynamic) shou]d be
applied to maintain contact with the surface during
measurement to avoid situations in which the gtylus
leaves the surface during traverse.!

3-3.5.6 Pickup Transmission Characteristic| This
function indicates the percentage of the amplitudg of a
sinusoidal surface profile transmitted by the pickup as
a function of surface spatial wavelength (see Sectipn 9).

3-3.5.7 Pickup Measuring Range. The pickup
measuring range is the z-axis range over which the
surface profile heights can be properly assessed hy the
pickup.

3-3.5.8 Pickup Measuring Resolution. The pjckup
measuring resolution is the smallest z profile height |ncre-
ment detectable by the pickup. Often, this is a functjon of

tain stylus tip contact with the surface. The static
measuring force is the force exerted on the workpiece
surface by the stylus while at rest. When specifying an
instrument, the static measuring force is given at the
midpoint of the height (z) range of the instrument.

3-3.5.2 Maximum Recommended Static Measuring
Force. The stylus force should be sufficient to maintain
top-surface contact but not so large that the stylus
causes damage to the surface. The maximum recommend-

4=l .l da 1 - | 1 1.1 1 e
UIT HTIdg HITTCAUUIT STITULIUIT At STITUOUIU DT TTPUT LLd fOF
each available magnification.

3-3.5.9 Pickup Range-to-Resolution Ratio. The
pickup range-to-resolution ratio is the ratio of total z-
axis measuring range to the pickup measuring resolution
at a given magnification.

1]. F. Song and T. V. Vorburger, “Stylus Flight in Surface Profiling,
Transactions Journals of the ASME, Vol. 118 (May 1996): 188.
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3-3.5.10 Pickup Nonlinearity. The pickup nonlinearity
is the deviation in z-axis magnification as a function of
stylus vertical displacement.

3-3.5.11 Pickup Hysteresis. The hysteresis of a pickup
is the difference in the measured stylus position for
upward versus downward stylus motion.

3-3.6 Drive Unit

Thedri nit provid x-axi g ion contro
This motion determines the instantaneous x-axis posi-
tions [for corresponding z-axis positions. The drive unit
also dontrols the speed of traverse.

3-3.6.1 Reference Guide. The reference guide deter-
minep the plane of the measured profile through the
linearf guidance of the stylus drive unit during the traverse.
In a typical application where the stylus measures height
displacements in the z direction, the reference guide
constfains the drive unit in the y and z directions.

3-3.6.2 x-Axis Straightness. The x-axis straightness is
the njeasure of departure of the reference guide from a
straight line in both the y and z directions. It can be
compfuted as the distance between two parallel lines in
the dfirection under assessment (y or z) whereby the
two llnes completely enclose the data generated by the
refer¢nce guide and have minimum separation.

3-3.6.3 x-Axis Range. The x-axis range is the maximum
length in the direction of traverse over which a profile
measjirement can be made.

3-3.6.4 x-Axis Resolution. The x-axis resglution is
defined as the smallest increment in th€ xdirection
that ¢an be resolved. The x-axis position can be deter-
mined either by a velocity-time system.qr by an encoding
system.

3-3.6.5 External Datum. The.external datum is the
refergnce with respect to which stylus displacements
are measured. This datunpimay be separate from the refer-
ence puide or integralswith it.

3-3.7

Th¢ amplifi€rmagnifies the signal generated by the
pickupp.

3-3.71 Amplifier Gain. The amplifier gain is the

Amplifier

profile data, which is a requirement if an instrument is
to comply with ISO 3274:1996.

3-3.8.1 Analog-to-Digital Converter. The analog-to-
digital converter (ADC) converts the analog z signal to
discrete, digital values. These values, together with the
sampling rate and stylus traverse speed, or x-axis
encoder reading, make up the digital representation of
the traversed profile.

wavelength
sampling
rate. This wavelength is computed as twice the x-axis
spacing of the digital values (the sampling ifterval). It
should be noted that in practical terms, the measured
amplitude of a sinusoidal profile’ at this wavelength
may be smaller than its actual amplitude because of
the phase difference between the sampled data points
and the profile peaks.and valleys. Refer to [Section 9
for further information-pertaining to sampling interval.

3-3.8.3 Aliasing: When analog data containing wave-
lengths shortetthan the Nyquist wavelength ar¢ sampled,
these wavelengths will be falsely represented as wave-
lengths longer than the Nyquist wavelength. Thi$ phenom-
enon_.issreferred to as aliasing and is depicted in
Figure 3-3.8.3-1.

3-3.8.4 Antialiasing Filter. The antialia
removes wavelengths shorter than the Nyqyist wave-
length prior to digitization. This eliminates the¢ potential
for aliasing. This filtering can be the result of npechanical
filtering due to the finite stylus tip or the result of an elec-
tronic filter typically incorporated in the analog-to-digital
converter.

ing filter

3-3.9 Primary Measured Profile

The primary measured profile is the completelrepresen-
tation of the measured workpiece surface after application
of a short-wavelength filter to eliminate high frequency
noise or artifacts (see Section 9).

3-3.10 Instrument Sinusoidal Transmission
Function

The instrument sinusoidal transmission| function
describes the percentage of transmitted amplitude for
sine waves of various wavelengths at givejn tracing

amount of z magnification provided by the amplifier. A
selection of gain settings is available on many instruments.

3-3.8 Analog-to-Digital Conversion

This section, covering analog-to-digital conversion, is
optional for Type I instruments according to the classifi-
cation scheme of Section 2, which covers both analog and
digital instruments. However, this section covers termi-
nology associated with the digitization and storage of

27

Speeds as TePIesented I tire anatog or digital signal
prior to filtering. This transmission function describes
the combined mechanical and electronic effects of the
instrument on the stylus-generated profile.

3-3.11 Instrument Nonlinearity

The instrument nonlinearity is the deviation in
measured z-axis displacement as a function of the
actual z-axis stylus displacement.
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Figure 3-3.8.3-1 Aliasing

/ Actual profile

Apparent profile

\/

Sampling interval

3-3.12 Ipstrument Measuring Range

The ingtrument measuring range is the z-axis range
over whigh the surface profile heights can be properly
assessed by the instrument.

3-3.13 I

The insfrument measuring z resolution is the smallest
detectable z profile height increment. Often, this is a func-
tion of the[z magnification and should be reported for each
available  magnification.

strument Measuring z Resolution

3-3.14 Ipstrument z Range-to-Resolution Ratio

The insfrument z range-to-resolution ratio is the ratio of
total z-axis measuring range to the instrumentmeéasuring
z resolutipn at a given magnification.

3-3.15 Zpro Point Drift

The zerp point drift is the recorded change in z reading
under conditions where the stylus is held stationary at
constant|ambient temperatire and where outside
mechanicgl influences afe*minimal.

3-3.16 Rlesidual Profile

The resiidual profile is the profile that is generated by
internal ahd-external mechanical disturbances as well as

3-3.18 Short-Wave Transmission Limit

The short-wave transmission limit is the short-
length boundagy~of the band of wavelengths inc
in the desired profile (e.g., the roughness prafile).
Ideally, this\houndary is obtained via analog or digital
filtering whereby short wavelengths are attenuafed in
amplitude (see also Section 9).

wave-
uded

3=3.19 Profile Filter

The profile filter is the filter that separates the rpugh-
ness, R, from the waviness, W, and form error, F, cdmpo-
nents of the primary profile, P. This filter consists of gither
an analog or a digital implementation of a 2RC or a [Gaus-
sian filter. Based on sine wave amplitude transmjssion
characteristics and compliance with ISO standardp, use
of the digital Gaussian filter is recommended. For
further discussion of profile filtering, refer to Sectjon 9.

3-3.20 Profile Filter Cutoff Selection

Roughness filter cutoff length is determined in pgrt by
the x and z aspects of the surface under evaluation as
related to the intended function of the surface. The rpugh-
ness filter cutoff length should be chosen by the degigner
in light of the intended function of the surface. When
choosing the appropriate roughness filter cutoff, one
must be cognizant that the surface features not measured

by deviati
ideally smooth surface is measured by an instrument.

ns inthe rofoerence gnir‘n and - datum when an

3-3.17 x-Axis Profile Component Deviations

The x-axis profile component deviations are those
deviations between the actual profile and the measured
profile in the x direction.

28

withimthe Toughmess tutoff bamdwidth mmay bequite large
and may affect the intended function of the surface. Thus,
in some cases it may be necessary to specify both the
surface roughness and surface waviness and their respec-
tive cutoff lengths.

The roughness long-wavelength, Ac, and short-wave-
length, As, cutoffs must be specified, and should be indi-
cated on the drawing per ISO 1302:2002. When the
roughness cutoff is not specified, guidelines are given
in paras. 3-3.20.1 and 3-3.20.2 for measurement of
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le 3-3.20.1-1 Cutoff Values for Periodic Profiles
Using RSm

RSm

, mm (x 0.001 in.)

Over

Up to
(Including)

Cutoff Length, Typical Evaluation
mm (in.) Length, mm (in.)

0.013
0.040
0.13
0.40

(0.5)
(1.6)
()

(16)

0.04 (1.6)

0.13 (5)

0.40 (16)
1.3 (50

0.08 (0.003) 0.40 (0.016)

0.25 (0.010) 1.25 (0.05)

0.80 (0.03) 4.0 (0.16)
2.5 (0.10) 12.5 (0.5)

not conform to Table 3-3.20.2-1, then the cutoff length
determined in (d) should be used.

3-3.20.3 Profile Filter Evaluation Length. Typically
the evaluation length is chosen to include at least five
roughness long-wavelength cutoff lengths, Ac. However,
depending on the size of the measurement area, it may
be necessary to limit the evaluation length to include
fewer than five roughness cutoff lengths, Ac. In this
case, the evaluation length used should be noted on

1.3

(50) 4.0 (160) 8.0 (0.3) 40.0 (1.6)

perio
RSm 3
includ
ment
funct
3-3
Profi
(a)
graph
(b)
estim|
3-3
iodic
(a)
surfa
(b)
for th
(c)

cutoff.

(d)
the ef
Repe
accep

(e)
one h|
lengtl
the r
cutof

Hic and nonperiodic profiles based on estimates of
nd Ra, respectively. These guidelines are intended to
le the dominant features of a surface in the measure-
whether these surface features are relevant to the
on of the surface or not.

.20.1 Profile Filter Cutoff Selection for Periodic
es

Estimate the surface roughness parameter, RSm,
ically from an unfiltered profile trace.

Determine the recommended cutoff value from the
ated or measured RSm value using Table 3-3.20.1-1.

.20.2 Profile Filter Cutoff Selection for Nonper-
Profiles

Estimate the roughness parameter, Ra, for the
fe profile to be measured.

Use Table 3-3.20.2-1 to estimate the cutoff length
e estimated Ra value.

Measure the Ra value of the profile at'the estimated

If the measured Ra is outside thetange of values for
timated cutoff length, adjustthe’ cutoff accordingly.
it the measurement and cutoff adjustment until an
table combination is reached.

If the next cutoff length shorter than the acceptable
hs not been tested;.measure Ra at this shorter cutoff
1. [f this shorteretitofflength is acceptable in terms of
bsultant Rajthen this becomes the measurement
. If thisdiew cutoff length and Ra combination do

(19) Tablé

Using Ra

Ra, pm (pin.)
Up to Cutoff Length, Evaluation
Over (Including) mm (in.) Length, mm (in.)
0.02 (0.8) 0.08 (0.003) 0.40 (0.016)
0.02 (0.8) 0.10 (4.0) 0.25 (0.010) 1.25 (0.05)
0.10 (4.0) 2.0 (80.0) 0.80 (0.03) 4.0 (0.16)
2.0 (80.0) 10.0 (400.0) 2.5 (0.10) 12.5 (0.5)
10.0 (400.0) 8.0 (0.3) 40.0 (1.6)

the appropriate documentation. Some instrunpents may
automatically change the roughness long-whavelength
cutoff to maintain five cutoff lengths within'the ¢valuation
length. Therefore, care must be taken to ensure that the
proper roughness cutoff length, A¢; is used.

3-3.21 Profile Recording and Display

After filtering, the measured profile is typically plotted
on a graph for visual interpretation. Digital inftruments
can also store the dis€rete data points for further numer-
ical analysis and(graphical display.

3-3.21.1 Z-Axis Magnification. The z-axis inagnifica-
tion is the{ratio of the displayed profile heights to the
actual heights of the corresponding surface fdatures on
the workpiece. This magnification may also [be repre-
sented as a surface z displacement (in units pf length)
per scale division on a graph.

3-3.21.2 x-Axis Magnification. The x-axis iagnifica-
tion is the ratio of the length of the displaypd profile
to the actual length traversed by the stylus. This magni-
fication can also be represented as surface displacement
(in units of length) per scale division on a grgph.

3-3.21.3 Magnification Ratio (Aspect Ratio). The
magnification ratio or aspect ratio is the rati¢ of the z-
axis magnification to the x-axis magnification.

3-3.22 Profile Evaluation

The evaluation of the primary roughness and waviness
profiles shall be according to the definitions and formulas
given in Section 1.

3-4 MEASUREMENT PROCEDURE

The following paragraphs provide guidelines for the use

pe [ instruments in the mea of workpiece

surfaces.

3-4.1 Stylus Inspection

The instrument’s stylus should be inspected for cleanli-
ness, wear, and mechanical damage as per the following
procedure.

3-4.1.1 Visual Inspection. Prior to its use, the stylus
should be visually inspected for cleanliness and mechan-
ical integrity. If the stylus tip is loose, if the shaft is bent, or
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if the mounting surfaces (for a detachable stylus) appear
to have excessive wear, the stylus should be repaired or
replaced. The stylus must also be clean and free of any lint
or residual film left from the cleaning process.

3-4.1.2 Magnified Inspection. The stylus tip should
also be inspected with the aid of a magnification
device (e.g., a microscope or optical comparator). Once
again, a broken or worn stylus should be repaired or
replaced. See also Section 11 for procedures to evaluate

3-4.4 Workpiece Fixturing

A visual assessment of the workpiece surface should be
made to determine a representative portion of the surface
on which the trace is to be made. The workpiece should
then be securely fixtured relative to the instrument stylus
and traverse direction such that the lay of the surface, if
any, is perpendicular to the direction of traverse.

3-4.5 Instrument/Workpiece Leveling and

the stylug| tip.

3-4.2 Instrument Calibration

The insfrument should be calibrated according to the
instrument manufacturer’s specifications using a preci-
sion refertence specimen (see Section 11) traceable to
the SI unlit of length. This specimen should also be
clean and|free of signs of wear, which may affect the cali-
bration of{the instrument. Measurements of the precision
referencespecimen must be within the stated uncertainty
of the prdcision reference specimen.

3-4.3 Workpiece Cleanliness

The wofkpiece to be assessed should be cleaned with a
nondamaging solvent and should be free of any residual
film or other debris prior to measurement.

Alignment

The instrument and workpiece should be dligned such
that the underlying geometry of the surface under teft and
its relationship to the traverse minimjze total stylys dis-
placement during measurement over the evaluation
length. For flat surfaces, this requires that the syrface
under test be leveled relative to/the instrument trgverse
unit. Commonly, the measuring:instrument is adjusted for
tilt relative to the workpiece’until no significant reflative
tilt is detected by the Stylus as it is traversed. For [cylin-
drical components,in‘addition to leveling, the axis pf the
component should be closely aligned with the axis pf the
traverse to avQid the presence of a curvature in theltrace.

3-4.6 Assessment of the Workpiece Surface

Upon-fulfilling the above requirements, the styluf may
be positioned and the measurement made. If a parameter
measurement is required, e.g.,, the roughness parameter
Ra, the value can be obtained after proper filtering.

=3

30
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Section 4
Measurement Procedures for Contact, Skidded Instruments

Contact, skidded instruments and procedures used to
determine roughness values of a given surface shall
complly with the specifications in this Section. The use
of other principles of surface roughness measurement
are explained in other Sections of this Standard.

Depending on the effective size of the skid relative to the
surface spatial wavelengths and amplitudes to be
measpred, waviness may not be accurately measured
with & skidded instrument. Therefore it is generally rec-
ommended that waviness be measured with a skidless
instryment.

ge compared to the height and.spacing of the irre-
ties being measured.

This Section is concerned only with tracer-type instru-
ments using skidded, contact probes (see Figure 4-1.2-1).
In thg case of the stylus, both the skid and stylus contact
the snuirface. In the casevof/the fringe-field capacitance
(FFC) probe, the skid-contacts the surface but the
sensqr does not.(These instruments are classified as
Type|lV or Type-\.in Section 2.

4-2 REFERENCES

The following is a list of standards and specifications

Publisher: International Organization for Standardization
(ISO), Central Secretariat, Chemin de Blandonpet 8, Case
Postale 401, 1214 Vernier, Geneva, Swjtzerland
(www.iso.org)

See also Sections 1 through+3y’9, and 11.

4-3 PURPOSE

The purpose of this-Section is to foster the un
surface roughness.evaluation among contac
instruments and*to allow the specification ¢f desired
surface texttire'values with assurance of securjng repea-
table restlts.” Special configurations of instruments for
special.purposes such as small radius skids, Jong styli,
fast response, and special cutoff characterist{cs do not
meet the requirements of this Section but gre useful
for comparative purposes. The instrument manufacturer
shall supply information where deviations exist.

formity of
, skidded

4-4 INSTRUMENTATION

4-4.1 Roughness Average Value Ra From
Averaging and Digital Readout Instruments

(a) The readout device shall display the averpge devia-
tion from the filtered mean line in micrometefs (micro-
inches). This quantity is the roughness average Ra,
formerly known as arithmetic average (AA) and centerline
average (CLA), and is explained in further| detail in
Section 1. The filtered mean line is also degcribed in
Section 1.

(b) For uniform interpretation of readings from
contact-type instruments of the averaging type, it
should be understood that the reading that is donsidered
significant is the mean reading around which|the value
tends to dwell or fluctuate with a small amplitude.

referenced in this Standard, showing the year of approval:

ISO 1302:2002, Geometrical Product Specifications (GPS)
— Indication of Surface Texture in Technical Product
Documentation

31

Analog meters are damped to minimize acute deflections;
nevertheless, extremely high and low momentary read-
ings often occur. These anomalous readings are not repre-
sentative of the average surface condition, and such
readings should not be used in determining roughness
average. An instrument with a digital readout integrates
these high and low momentary readings and displays the
surface roughness averaged over a significant length of
surface profile.
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Figure 4-1.2-1 Schematic Diagrams of a Typical Stylus Probe and Fringe-Field Capacitance Probe

Stylus probe

/

7

Component

Gap sealerl

Capacitance
field

GENERAL NOTES:

(@) Stylus Probe

AVVAVAVAV\VAVAVA

(b) Typical\Fringe-Field Capacitance Probe

Disk-shaped
sensing element

Nonconductive
sphere (skid)

(a) The fringe-field capacitance (FFC) probe is<comprised of a conductive thin film sensor embedded in a nonconductive sphere. The sensor is

concenfric with the equator of the-sphére, but is uniformly offset from the sphere edge.

(b) This Figure is not drawn to scale;\the skid radius is shown smaller than it is in reality, and the roughness structure is shown lafger in

comparfison with the probe assembly than it is in reality.

4-4.2 Cutoff Selection

In all cases, the cutoff, Ac, must be specified on drapvings
created or revised after December 14, 1996, 6 mpnths

Table 4472
Lengths for Continuously Averaging Instruments Using
Analog Meter Readouts

Measurement Traversing Length,

Cutoff, mm (in.) mm (in.)
0.08 (0.003) 1.5-5 (0.06-0.2)
0.25 (0.01) 5-15 (0.2-0.6)
0.8 (0.03) 15-50 (0.6-2.0)
2.5 (0.10) 50-150 (2.0-6.0)

8.0 (0.3) 150-500 (6.0-20.0)

after the 1995 revision of this Standard was published.
On earlier drawings when the cutoff was not specified,
the 0.8 mm (0.03 in.) value was applied. The set of rec-
ommended cutoff values is given in Tables 4-4.2-1 and
4-4.2-2. See Section 3 for cutoff selection guidelines.
See Section 9 for details of the filtering techniques.
The effect of the variation in cutoff is illustrated in
Figure 4-4.2-1.
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Table 4-4.2-2 Measurement Cutoffs and Minimum
Evaluation Lengths for Instruments Measuring
Integrated Roughness Values Over a Fixed
Evaluation Length

Measurement Evaluation Length,

(b) The skids and the probe shall be in line either in the
direction of motion or perpendicular to the direction of
motion. In some designs, the skid is concentric with the
probe. The arrangement of skids shall be such as to
constrain the probe to move parallel to the nominal

Cutoff, mm (in.) mm (in.) surface being measured. The probe support shall be
0.08 (0.003) 0.4 (0.016) such thgt under.n'ormal operating con'ditions no lateral
0.25 (0.01) 1.25 (0.05) deflections suff1.c1ent to cause error in the roughness

05 009 w0010 measement Wil OUUT -+ somonghan st
15 (010) 75 (03) - (é Hitisnecessas y-to-use-skidradii-smaller
ard, the long-wavelength response of thé ijstrument
0(03) 24.0 (0.9) may be affected. Skids normally supplied with conven-
tional stylus-type instruments often'have tdo small a
radius to provide accurate readings on|surfaces
4-4.3 Response Time for Analog Averaging rougher than 12.5 um (500 ping),Ra. For meagurements

Instruments

Foy instruments with analog meter readout, the
respqnse time, defined as the time to attain 95% of
the fihal reading, shall be no shorter than 0.5 s or 104,
s, whfchever is the longer period, where the frequency
f. (in|hertz) corresponds to the long-wavelength cutoff
at thg traversing speed v (i.e, f. = vAc).

4-4.4 Traversing Length for Analog Averaging
Instruments

To provide full readings with the response times speci-
fied in para. 4-4.3 for averaging-type instruments using
analog meter readouts, the traversing length used for
any measurement shall be compatible with the selected
cutoff in accordance with Table 4-4.2-1.

When these analog readout instruments are\used, the
traversing length need not be continuous in‘one€ direction,
provided the time required to reverse the direction of
trace|is short compared to the timye‘the tracer is in
motign. Care must be taken to ensure that the cutoff
length is chosen appropriately (see para. 3-3.20) and
that 4 suitable traversing length is selected. Typically,
the rlegion being meastred is chosen to permit a
minijmum travel in ene direction of five times the
cutoff length. Traversing lengths less than five cutoffs
may be necessary\as a result of sample size and should
be noted as appropriate on drawings or test documents.

4-4.3 Stylus Probe

with cutoff values of 25 mm (1.4n.) or more, it i generally
preferable to use an externdlreference surface rpther than
a skid.

(d) Situations in which the skid leaves a mark on the
surface may advetsely affect the measurement results.
Therefore, noncontact measurement techniques should
be considered:

4-4.6 ‘Fringe-Field Capacitance (FFC) Prpbe

4-4.6.1 Probe Tip Radius. The FFC probel does not
nrechanically track the surface like a stylus instrument;
however, there is a lateral spatial resolution [or virtual
radius of measurement due to the electric figld’s finite
size. The profile measurement at each pojnt in the
trace corresponds to a weighted spatial ayerage of
height near the sensor. This physical phenomenon acts
to filter higher spatial frequencies from thle surface
profile in the same way that a stylus tip’s dimensions
prevent the tracking of ultrafine texture. The spatial reso-
lution of the FFC probe is not a fixed value, byt rather a
function of the average height of the surface mepsured. As
the average height decreases, the FFC probe provides a
finer spatial resolution.

Spatial resolution of the FFC probe along th¢ profiling
direction shall be equivalent to that of a 10 jum radius
stylus or smaller. For FFC probes with thg sensing
element in the form of a disk as in Figur¢ 4-1.2-1,
sketch (b), the lateral resolution perpendicuflar to the
profiling direction should be a concern foi1f the user
when measuring surfaces that do not have a gtrong lay.

Refer to para 3-34

4-4.5.2 Stylus Probe Supports (Skids)

(a) If a single skid is employed to provide a reference
surface, it shall preferably have a radius of curvature in the
direction of the trace of at least 50 times the cutoff. If two
skids transverse to the probe are used, their radius of
curvature shall be not less than 9 times the cutoff.

33

4-4.6.2 FFCProbe Force. The FFC probe contacts the

surface via its nonconductive skid. The probing force must
be sufficient for the skid to maintain contact with the
surface during profiling.

4-4.6.3 FFC Probe Support (Skid). The skid shall
preferably have a radius in the direction of the trace of
at least 50 times the cutoff.
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Figure 4-4.2-1 Effects of Various Cutoff Values

Measured profile without electrical filtering

1mm
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seen in Fi
placemen

ssible Sources of Skid Errors

rids undergo appreciable verticalidisplacement
over a surface, this displacement is subtracted
robe motion (see Figure 4-4.7<1). This displace-
pendent on the skid locatien and the wavelength
hce waviness. In somecases, smaller skids must
ecause only a shortlength of surface can be
. In such case$/the skid motion might cause
errors on suxfaces with large roughness values.
kid systems, where the skid leads or lags the
hy produce another source of skid error, as
ouré-4-4.7-2. Here again, the skid vertical dis-
t is"subtracted from the probe displacement.

With 0.8 mm cutoff, Ra = 1.0 um

M

With 0.25 mm cutoff, Ra = 0.

/\"""\rw

With 0.08 mm cutoff, Ra = 0.25 pm

WWMW'

OTE: Profiles have unequal vertical and horizontal magnifications.

ment shall not deviate by more than +7% from the ty
value of the input.

4-4.9 Operational Accuracy

Instrument calibration for Ra measurement shot
checked using precision roughness specimens at d
two points in the measurement range depending d
manufacturer’s instructions. If two precision refe
specimens are used, one should be characterized
large Ra for checking calibration and the second
small Ra for checking linearity. Stylus check spec
should notbe used for this purpose. [f the Ra measure
on either specimen differs by more than 10% of th

ue Ra

1ld be
ne or
n the
rence
by a
by a
mens
ment
b cali-

This may
where an

occur specifically for relatively fine finishes
isolated peak in the surface occurs.

4-4.8 Instrument Accuracy

The Ra
mechanic

indication of an instrument to a sinusoidal
al input of known amplitude and frequency

within the amplitude and the cutoff range of the instru-

34

brated value, instrument recalibration is required. For
additional information on precision reference specimens,

refer to Section 11.
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Figure 4-4.7-1 Examples of Profile Distortion Due to Skid Motion

GENERAL NOTES:

(a) THis Figure is not drawn to scale; the skid radius is shown smaller than it is in reality, and the roughness structure is shoyn larger in
comparison with the probe assembly than it is in reality.

(b) SKid motion (dotted line) is subtracted from the probe motion (not shown).

Figure 4-4.7-2 Examples of(Profile Distortion

& A

Path of probe

I N

Path of skid

<l _

7

The defected profile resulting from the
difference between the two paths

GENERAL NOTE: This Figure is not drawn to scale; the skid radius is shown smaller than it is in reality.
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Section 5
Measurement Techniques for Area Profiling

5-1 SCO

Area pi
produce 3
Such a m

PE

ofiling methods denote those techniques that
quantitative topographical map of a surface.
hp often consists of a set of parallel profiles.

This Section divides area profiling techniques into two

classes (i.
used to g
Type Il or

., imaging and scanning methods). Instruments
bnerate these topographic maps are generally
Type 11l or modifications of Type I instruments.

The instryiment types are discussed in Section 2.

5-2 REF

The fol
reference

ISO 1302:
— Indi

ERENCES

owing is a list of standards and specifications
l in this Standard, showing the year of approval:

P002, Geometrical Product Specifications (GPS)
ation of Surface Texture in Technical Product

Documé¢ntation

Publisher
(1IS0),C
Postalg
(www.i

See als

5-3 REC

The top|
of surface
and defin
profiling
include S|
these and
nique usej
ments m
the latera

International Organization for Standardization
bntral Secretariat, Chemin de Blandonnet 8, Case
401, 1214 Vernier, Geneva, Switzerland
50.01g)

Sections 1 and 2.

DMMENDATIONS

ographic data can be used-to calculate a variety
texture parameters. Section 1 contains terms
itions of parameteTs Telating to these area
techniques. The.parameters defined there
p and Sq. However, the measured values of
other parameters depend on details of the tech-
d for the’ measurement. Area profiling instru-
y be.used to measure Sa and Sq, provided
resolution and the sampling length (or alter-

natively,

the sampling area) are indicated for each

thoroughly certain properties of the instrument{pdarticu-

larly system height resolution, height range, spatial
lution, sampling length, evaluation length, andevaly

reso-
ation

area (discussed in Section 1) in order to“appreciate the

capabilities and limits of the instruments. In add
it is important to determine whether the instry
detects height differences between raster pr

ition,
ment

bfiles

spaced along the y direction and,'if so, whether it routinely

filters away those differences.
With a knowledge of theffactorslisted above, buye
sellers can agree on meaningful specifications for su

s and
faces

as characterized by<area profiling techniques. It is ignpor-

tant to point/out'that the practices described i

h ISO

1302:2002+do hot apply entirely to this class of ipstru-

ments.

5-4“IMAGING METHODS

In an imaging method, the radiation emitted or ref]

ected

from all points on the illuminated surface is simulta-

neously imaged on a video camera or an optical de
array. Therefore, the topographical data from all poi
the surface are accumulated nearly simultaneously. §
ples of imaging methods are phase measuring inte
metric microscopy and vertical scanning interferor
microscopy.

5-5 SCANNING METHODS

These methods use a probe that senses the height

tions of the surface. When the probe is raster scanneﬂi
i

the surface, a profile is generated through the collec
sequential measurements. The probing technique m
optical, electrical, or mechanical. Examples of sca
methods include optical focus-sensing systems, Non
differential profiling, stylus, scanning tunneling n

ector
its on
Exam-
rfero-
hetric

varia-
over
on of
ay be
nning
harski
hicro-
ctron

scopy, atomic force microscopy, and scanning ele

measurement. Future revisions of this Standard may
contain recommended procedures for filtering topo-
graphic maps and measuring surface parameters. In
the meantime, it is important that the user understand
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microscopy. Nonmandatory Appendix E describes

oper-

ating principles for several types of area profiling techni-

ques.
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Section 6
Measurement Techniques for Area Averaging

5COPE

a averaging methods denote those techniques that
ire a representative area of a surface and produce
itative results that depend on area averaged proper-
f the surface texture. They are to be distinguished
hrea profiling methods, described in Section 5. Terms
efinitions of parameters relating to area averaging
iques are contained in subsections 1-5 and 1-6.
carefully used in conjunction with calibrated rough-
omparison specimens or pilot specimens (described
tion 12), area averaging techniques may be used as
arators to distinguish the surface texture of parts

manufactured by similar processes or to petfo
tive surface texture measurements.

6-2 EXAMPLES OF AREA AVERAGING M

There are a variety of area-averaging techi
estimating surface texture over an area. C
used quantitative methods.iriclude parallel pl3
tance, total integrated Seatter, and angle resolv
Nonmandatory Appendix F describes operating
for these area averaging methods.

rm repeti-

ETHODS

hiques for
ommonly
te capaci-
bd scatter.
principles

37


https://asmenormdoc.com/api2/?name=ASME B46.1 2019.pdf

(19)

ASME B46.1-2019

Section 7
Nanometer Surface Texture and Step Height Measurements by
Stylus Profiling Instruments

7-1 SCOPE

This Se¢tion is concerned with the measurement of very
small (nanometer-sized) features on surfaces. These
features may be either irregular, such as roughness
and wavihess features, or regular, such as the depths
of etched grooves or the thicknesses of deposited
films. Befause these very small features are at (or
near) the|performance limit of many metrology instru-
ments, special recommendations are made for both the
measurement methods and the reports for these measure-
ments. Obhserving the recommendations of this Section
will redufe the uncertainty of measuring very small
features and will improve the comparison of results
from diffdrent laboratories.

7-2 APPLICABLE DOCUMENTS

Guide to the Expression of Uncertainty in Measurement;
1995 (1leferenced in the text as GUM)

Publisher] International Organization for Standardization
(ISO), Central Secretariat, Chemin de Blandonnet8, Case
Postal¢ 401, 1214 Vernier, Geneva, Switzerland
(www.ipo.org)

7-3 DEFINITIONS
7-3.1 Step Height, Zs

Step helght is the distatice between the upper and lower
portions df a step-height’specimen, measured perpendic-
ular to th¢ surface, Different step-height algorithms may
be appliedl depending on the geometry of the specimen
and the methads used to measure it. For example, the
specimenlgeametry may consist of a single-sided step

complex (as the combining of numerous §ine’ wayes of
differing frequency and amplitude). The_cyclic nfature
of noise distinguishes it from zero point’ drift.

7-3.3 Type A Evaluation (of Uncertainty)

This is a method of evaliiation of uncertainty Qy the
statistical analysis of a series of observations (see (UM).

7-3.4 Type B Evaluation (of Uncertainty)

This is a methiod of evaluation of uncertainty by reans
other than the<statistical analysis of a series of obgerva-
tions (see GUM).

7-3.5~Standard Uncertainty

Standard uncertainty is the uncertainty of the resylt of a
measurement expressed as a standard deviatiorn (see
GUM).

7-3.6 Combined Standard Uncertainty

Combined standard uncertainty is the standard yncer-
tainty of the result of a measurement when that refult is
obtained from the values of a number of other quanitities,
equal to the positive square root of a sum of termls, the
terms being the variances or covariances of these [other
quantities weighted according to how the measurg¢ment
result varies with changes in these quantities.

7-3.7 Expanded Uncertainty

Expanded uncertainty is the quantity definihg an
interval about the result of a measurement that may
be expected to encompass a large fraction of the distribu-
tion of values that could reasonably be attributed fo the

measurand (see GUM).

a double-sided step, or an array of steps whose heights
are to be averaged. The measurement may be accom-
plished with a profiling method or an area profiling
method.

7-3.2 Noise

Noise is the cyclic variation in the measured value of a
feature having unchanging size. The cyclic variation may
be simple (as the sine wave of simple harmonic motion) or

7-3.8 Coverage Factor, k

The coverage factor is the numerical factor used as a
multiplier of the combined standard uncertainty in
order to obtain an expanded uncertainty.

NOTE: For quantities discussed here, a coverage factor, k, of 2.0
shall be used.
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7-4 RECOMMENDATIONS

7-4.1 Instruments

7-4.1.1 Instrument Vertical Resolution. The vertical
resolution of the instrument should be small with
respect to the size of the feature that is to be measured,
typically less than one-tenth of the roughness parameter
or step height to be measured.

7-4.1.2 lnstrument Spatial Resolution. The spatial

or form removal procedures are used, they shall be
reported in accordance with para. 7-7.2.2.

7-4.2.3 Measurement of Step Heights and Groove
Depths. All double-sided step heights and groove
depths, including samples to be measured and calibration
standards, shall be evaluated using the procedure
described in Section 11 as a guide. For single-sided
steps, different methods must be used but the algorithms
are not yet standardized. The algorithm used to determine

resolfition of the instrument shall be shorter than the
shorttwavelength cutoff, As.

7-4.1.3 Stylus Cone Angle. The stylus cone angle shall
be sufficiently small that the cone flank does not come into
contact with the surface feature being measured.

7-4.1.4 Noise and Zero Point Drift. The uncertainty
arising from noise and zero point drift in the instrument
must pe small with respect to the size of the feature to be
measpired.

7-4.2

7-4.2.1 Number of Data Points. A sufficient density of
data points must be collected to provide an accurate
sampling of the shortest spatial wavelengths to be
assesped in the surface profile. The shortest spatial wave-
lengths of interest should be at least five times larger than
the sgmpling interval (point spacing). This recommendas-
tion ¢gnsures a minimum peak amplitude estimate aceli-
racy ¢f 90% for the shortest spatial wavelengths.}?
NOTE
the ny
showr]
is givg

Methodology

If the peak-to-valley amplitude of a cosine wave'is-1.0 and
mber of sampled points per wavelength is\Nit may be
that the smallest detected peak-to-valley.amplitude, q,
n by the following:

a=[1+ cos(x/NJ]/2

For1l smaller integer values-of N, the smallest detected
peak-to-valley amplitude\is’given in the following table:

N a N a
2 0:50 6 0.933
3 0.75 7 0.950
4 0.854 8 0.962
5 0.905

the height or depth shall be reported.

7-4.2.4 The Maximum Stylus Tip Radius, rad,a,, for
Roughness. The detection and accurate|measyrement of
nanometer-sized surface features require stylu tips with
small radii. The stylus tip radius,racts as a short-wave-
length cutoff filter with specialcharacteristics. Consider a
surface profile that is a sinewave of the form 3s follows:

z = Asin(2mx/A)

as shown in Figure 7-2.4-1.
The radius of curvature r, at the top and botfom of the
waveform is™as follows:

r. = A%/ (4n*A)
This is the radius of the largest sphere that ¢an follow
the profile of the sine wave surface. Larger radiiwill not fit
into the bottoms of the valleys in the sine wave. If the
sphere represents the tip of the stylus on a neasuring
instrument, the stylus can sense the full amplitude of
the sine wave surface only if the stylus tip|radius is
less than or equal to r.. For stylus radii largér than r,
the peak-to-valley amplitude of the surface wave is atte-
nuated and the degree of attenuation is greafer as the
stylus tip radius increases. Conversely, a $tylus tip
radius, r, acts as a short-wavelength filter that attenuates
sine wave surface features at wavelengths shoiter than A
calculated from the following:

A= (471',2Arc)1/2

Further, since the rms value of a sine wave surfface, Rq, is
the amplitude A4 divided by 2Y%, it follows that

rad .y = /12/(4-21/21172Rq)

where Rq is the rms roughness parameter of the|sine wave

7-4.2.2 Curvature (Form) Removal. Many surfaces
include a designed form or curvature because of their
intended function. The underlying curvature or form of
the surface may be removed from the data. If curvature

L. P. Sanchez Fernandez, “Interpolation With Splines and FFT in Wave
Signals,” Research in Computing Science, Vol. 10 (2004): 387-400.

2L. P. Sanchez Fernandez, “Measurement Error of Waves in Research
Laboratories” (Spanish language), Hydraulic Engineering in Mexico, Vol.
XIX, No. 2 (2004): 101-106.

39

surface and rad,,, s the maximum radius of the stylus tip
for the sine wave surface. Tip radii larger than rad,,,, will
not be able to sense the full amplitude of surface wave-
lengths shorter than A.

For surface profiles other than sine waves, the size of the
maximum tip radius (the largest tip radius that can sense
the full amplitude of the surface form) may vary from that
derived above but the principle still applies; for any
surface there is a maximum tip radius size, radyay,
such that for styli with radii greater than rad,,x the
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Figure 7-4.2.4-1 The Radius of Curvature for a Surface
Sine Wave

Accurate measurement of narrow negative steps
(grooves) requires careful coordination of all the
factors affecting spatial resolution. These factors
include the stylus tip radius, the short-wavelength
cutoff filter, and the horizontal sampling interval.

7-4.2.6 Stylus Force. The stylus force must be selected

,

X

measured| peak-to-valley amplitude is attenuated. Knowl-
edge of the shape of the surface profile is helpful in
selecting the appropriate stylus tip radius. Conversely,
knowledge of the stylus tip is helpful in determining
the short-wavelength limits of measured surface profiles.

7-4.2.5( The Maximum Stylus Tip Radius, rad,,,, for
Grooves.|When measuring a narrow negative step, a
groove, if may be necessary to choose a small stylus
tip radiug and small cone angle to ensure that the tip
contacts the bottom of the groove (see
Figure 7-#.2.5-1). If the groove depth is small enough
that the groove shoulders contact only the spherical
tip and npt the cone flank, the maximum tip radius r
that will feach the bottom of the groove is as follows:

r=a/2 + b*/2a

where a i§ the groove depth and b is one-half the groove
width as $hown in Figure 7-4.2.5-1.

With a jip radius smaller than (a2 4 b%2a) the spherical
tip will coptact the bottom of the.groove over a distance x
given by

x = 2b~2(2ra — az)l/2

as in Figure 7-4.25;2,

It is recommended in Section 11 that a step height or a
groove mgasurement use the data from the middle third of
the groovg asfollows:

fe (a) to be high enough to maintain the stylus tip in
contact with the surface being measured, and
| (b) to below enough to avoid damaging the surface by
- scratching or gouging it

The suitability of the stylus force may be ltestpd by
running the measurement at a chosen scan.speefl and
sampling interval and again at half the jscan speefl and
the same sampling interval; if thezmeasuremegnt is
unchanged the stylus force is acceptable.

7-4.3 Environment

The instrument’s installation and setup shall minimize
environmental influences{on a measurement.

7-5 PREPARATFION FOR MEASUREMENT

7-5.1 Instruments

7-5.1.1" Maintain the instrument according o the
manufacturer’s instructions in order to ensure pgrfor-
mance to specification. Allow the instrument to [come
to'mechanical and thermal equilibrium with its enyiron-
ment before attempting to make measurements.

7-5.1.2 Test the stylus condition by observipg its
expected performance, by viewing it under a fhigh-
power microscope, or by scanning it over the edgp of a
razor blade (see Section 11). Replace the stylus if it is
damaged or no longer has its original shape.

7-5.1.3 Verify that the instrument can suppoft the
sample in a stable position.

Figure 7-4.2.5-1 Stylus Tip Touching Bottom and
Shoulders of Groove

x =2b/3

Assuming that the width between the upper groove
shoulders defines the width of the measured groove
implies a maximum tip radius, rad,,.,, given by the
following:

rad . = 2b2/9a + a/2

40
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Figure 7-4.2.5-2 The Stylus Tip Contact Distance, x

P

- ~

permit them to retain their calibration in service for
long periods of time.

Step height calibration specimens are available in sizes
from approximately 7.0 nm to many micrometers in
height.

7-6.1.1 Specimen Storage and Cleaning. The surfaces
of standard specimens are vulnerable to damage and must
be handled and stored in a manner that will avoid contact
with the surface. Should the standard require cleaning,

2b

7-5.1.4 Verify that both the sample surface and stylus
are filee of contamination.

7-5.2 Environment

Review potential contributors to noise and drift. Adjust
the squrce of disturbances (windows, doorways, air condi-
tioners, foot traffic, the number of people in the vicinity of
the ifjstrument, acoustic noise levels, etc.) to minimize
their pffects. Permit the instrument to reach equilibrium
with this new environment.

7-6 CALIBRATION ARTIFACTS

For the purposes of this Standard, a calibration:artifact
must farry with ita size value, such as a step height, and an
unceftainty estimate, both traceable to the SI unit of
length. The uncertainty estimate must be consistent
with (UM. This section describes thregekinds of calibration
artifarts. Other kinds of artifacts afe acceptable if they may
be adapted to the metrology priocedures described herein.
Vertig¢al scale calibration i the nanometer range using
roughness specimens isqhot recommended.

7-6.1 Calibration-Specimens

Vertical scale“calibration may be accomplished with a
step height calibration specimen. Step height calibration
specimensased in nanometer metrology shall be Type Al
specijnéns in accordance with Section 11.

special techniques should be used to prevent [damage.

7-6.2 Calibrated Displacement Actuators

Calibrated displacement actuatots.are vertfical scale
calibration devices that are drived by electricql currents
and are capable of stable and#epeatable displacements.
They may be calibrated with/respect to the wavlelength of
light with an interferometer. If sufficiently gtable and
linear, they can therefore provide displacements in the
nanometer size range that are traceable to the SI unit
of length. They may also be calibrated on surface profil-
ometers, which are themselves suitably calibrpted.

Such actoators may provide static displacements for use
in step-height calibrations or dynamic displacdments for
roughness calibrations, depending on the fofm of the
curfent supplied to the actuator.

7-6.2.1 Calibrated Displacement Actuatoy Storage
and Cleaning. In order to promote stability, a calibrated
displacement actuator should be stored in fa padded
instrument case. It should not be subject tg extreme
temperatures, high humidity, especially conflensation
on the case or the actuator, or high shocl loads. It
must be otherwise maintained according to thg manufac-
turer’s instructions.

7-6.3 Ultrasmooth Surface Artifacts

Ultrasmooth surface artifacts are not used for|scale cali-
bration but rather for testing the noise floor of a surface
measuring instrument. They are available frgm optical
fabrication shops. The rms roughness Rq may typically
range from 0.1 nm to several nanometers.

7-6.3.1 Ultrasmooth Surface Artifact Stdrage and
Cleaning. The surfaces of ultrasmooth artjfacts are
vulnerable to damage and must be handled and stored
in a manner that will avoid contact with the surface.

Step height calibration Specimens are solid substrates,
often of glass or silicon, on which the surface has been
specially prepared and conditioned (by deposition, oxida-
tion, etching, and/or some other combination of
processes) to provide a durable and uniform surface
finish with calibrated height features such as step
heights or grooves. The surface finish and/or features
may be measured and characterized with calibrated
profiling techniques. Their uniformity and durability

Should the standard require cleaning, special techniques
should be used to prevent damage.

7-6.4 Artifact Calibration Requirements

The calibration procedure shall provide the information
required in paras. 7-6.4.1 through 7-6.4.3.

7-6.4.1 Calibration specimens shall be calibrated using
Section 11 as a guide. Uncertainty shall be estimated
according to GUM.
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7-6.4.2 Calibrated displacement actuators shall be
calibrated with interferometers or calibrated profiling
instruments using the manufacturer’s instructions as a
guide. Uncertainty shall be estimated according to GUM.

7-6.4.3 The roughness of super-flat surface artifacts
shall be calibrated using profiling techniques. Uncertainty
shall be estimated according to GUM.

7-7 REPORTS

7-7.1 Data

As amipimum, measurements made in accordance with
this Sectign shall contain the seven data statements shown
in the following:

(a) the[LD. of the sample measured

(b) the[measured property

(c) the[measured value

(d) the|expanded uncertainty (k = 2) of the measure-
ment

(e) transmission band (As and Ac)

(f) dat¢ and time

(g) name of metrologist

7-7.2 Annhotations to the Data

7-7.2.1|Zero Point Drift Correction. If apparent zero
point drift has been removed, the measured value shall
be followed by the word “Leveled.”

7-7.2.2 Curvature (Form) Removal. If form or curva-
ture has been removed, the measured value shall be
followed by the words “Form removed.”

7-7.2.3 Other Data Processing Procedures. If any data
processing techniques have been used that are not in
accordance with GUM, the measured uncertainty shall
be followed by the words “Other than GUM.”

If the
ta (at
all levels), the measurement uncertainty shall be followed
by the phrase “includes Type B components:*

7-7.2.4 Nonstatistical Estimates of Uncertainty.

7-7.3 Reporting Example

(a) Sample: AX55654-A

(b) Measured Property: Ra

(c) Measured Value: 12.24 ‘nf; Leveled
(d) Expanded Uncertainty-(k = 2) of the Measurement:

0.84 nm, includes Type B>components

(e) Transmission Band: 0.5 pm to 1200 pm
(f) Date and Time: December 12, 1999, 4:55 P.J.
(g) Name of Metrologist: John Smith

42
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Section 8
Nanometer Surface Roughness as Measured
With Phase Measuring Interferometric Microscopy

8-1 $COPE

This Section describes instruments for the measure-
ment{ of surface roughness in the range of 0.1 nm to
100 nim Rq using the technique of phase measuring inter-
feronjetric microscopy. This Standard addresses proce-
dureg for measurement of surface Rq along a single
profile. Other surface parameters may also be measured
if avajilable.

This Section is limited to surfaces that offer sufficiently
uniform optical properties consistent with the high preci-
sion tharacteristics listed under instrument require-
ments. This Section is not concerned with the
specification of precision reference specimens.

8-2 DESCRIPTION AND DEFINITIONS:
NONCONTACT PHASE MEASURING
NTERFEROMETER

The basic instrument (Figure 8-2-1) consists of an inter-
feronjeter integrated with a microscope. Within'the inter-
ferometer, one beam of light travels down a‘reference
path,| which includes a number of gptical elements
including an ideally flat and smooth firror from which
the light is reflected. Another beam/ of light travels to
and i reflected from the sample’being tested. When
the tywo beams of light are-eombined, an image of the
test syirface is formed at the'detector array, superimposed
with @ series of dark and\bYight bands of light, defined as
fring¢s. During medsurement, the reference mirror is
transflated to cause’a known difference between the
optical path to,the test surface and the optical path to
the re¢ferenceNmirror.

By [measuring the intensity pattern from the various
images 'during the shifting process, the phase variation

The longest spatial wavelength of the) profil¢ that may
be measured, AL, is given by the follewing equation:

AL = NA/M (8-2)

where M is the magnification.of the optical system, 4 is the
spacing of the elements in'the detector array, and N is the
total number of array elements in the [detector
(Figure 8-2-2).

The shortest spatial wavelength (Figure 8-2-3) that may
be measured,'AR, depends on the nature of the optical
system being used (ref. [2]). As an approximation, if
the lateral* resolution of the instrument is ljmited by
the aptical system’s resolution, then AR is gien by the
following:

AR = 5d (8-3)

where d is the optical resolution of the system and is given
by the Sparrow (ref. [2]) criterion as follows:

d = 1/(2NA) (8-4)

where Ais the wavelength of the illumination anfl NA is the
numerical aperture of the objective lens.

If the lateral resolution is limited by the geometric
spatial sampling of the detector system (refs| [3], [4]),
then AR is as follows:

AR = SA/M (8-5)

where 4 is the spacing of the detector pixels arld M is the
magnification of the optical system.

8-3 KEY SOURCES OF UNCERTAINTY

Sources of uncertainty include such items ag tempera-
ture and humidity fluctuations, electronic noige sources

of the wavefront, ¢, returning from the specimen may
be measured. Given that the variation ¢; is a function
of camera element i, the actual surface height Z; at the
ith location is determined by the following equation
(ref. [1]):

Z; = A®;/4n (8-1)

where A is the wavelength of illumination.
The height Z; at each detector array element is calcu-
lated, and then Rq is calculated.

throughoutthreimstrumentation;,amd-vibratioh sources.
For reliable measurement in the nanometer regime,
the height resolution (Nonmandatory Appendix E)
must be less than one-tenth of the Rq of the surface to
be measured.
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Figure 8-2-1 A Typical Phase Measuring Interferometer System
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Figure 8-2-2 Demonstration of the Detector Array With Element Spacing, 4, and the Measurement of the Longest
Spatial Wavelength, AL, Covering the Total Number of Pixels, N
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Figure 8-2-3 Demonstration of the Detector Array With Element Spacing, 4, and the Measurement of the Smallest
Spatial Wavelength, AR, Covering Five Pixels
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NONCONTACT PHASE MEASURING
NTERFEROMETER INSTRUMENT
REQUIREMENTS

8-4.1 Tilt Adjustment

The instrument must contain elements that will allow
precige control of the relative tilt of the specimen surface
to thejreference path. The instrument must allow the tilt to
be adjusted to easily produce one-tenth of a fringe across
the fipld of view.

8-4.2

The¢ stage that supports the specimen must translate in
minimal increments consistent with the correlation length
of thg sample.

Sample Stage

8-4.3

The system must contain means that will allow the
precilse control and verification, of\the focus of the
system. The rms repeatability of the focus adjustment
must |be better than 1/20.

Focusing Means

8-4.9 Reference Path4#ms Variation

The¢ system must beconstructed such that the reference
path 1ms variation/shall be less than 4/250. Measurement
of the referenee~path rms variation is described in
para.|(8-6.2.1¢

8-5 TEST'METHODS

AR

8-5.1 Instrument Preparations and Envirgnmental

Stability

The noncontact phase measuring interfprometer
system is suitable for nanometer Rq measjirements
when the height'resolution (para. E-2.[l.2(c) in
Nonmandatofy Appendix E) is one-tenth of|the Rq of
the surface,being measured. Interferences fron the envi-
ronment Such as mechanical vibrations, acoystic (e.g.,
airflew'fans), electrical (e.g., unstable line voltage fluctua-
tions/electromagnetic disturbances), tempergture, and
humidity variations must be minimized.

8-5.2 Instrument Accuracy

The accuracy of the noncontact phase measufing inter-
ferometer is determined by the preciseness ofthe wave-
length of illumination, the vertical digital rjesolution
(number of bits) of the detection of the fram¢s of data,
and the amount of shift between frames of measurements.

8-5.2.1 Wavelength. The measurement of the wave-
length of illumination may be done by any number of stan-
dard spectroscopic techniques. It is apprdpriate to
measure the spectral transmission of the optical passband
filter in the system.

8-5.2.2 Phase Shift Adjustment. Techniques
shifting adjustment are discussed in ref. [1].

for phase

8-6 MEASUREMENT PROCEDURES
8-6.1 Direct Profile Method

This section discusses the instrument preparation and
measurement procedure for making nanometer surface
roughness measurements. Three test methods are
described for measuring the Rq of a surface in the
nanometer regime.

45

When measuring surfaces of Rq on the order of 10 times
the reference path rms variation, itis appropriate to take a
direct measurement of the profile without correcting for
the effects of the reference path. Prior to measurement, the
system should be brought to optimum focus, the specimen
tilt should be adjusted to minimize the number of fringes,
and the light level should be maximized.
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8-6.2 Subtract Reference Method

When measuring surfaces of Rq between 2 times and 10
times the reference path rms variation, it may be neces-
sary to take a direct measurement of the profile by
subtracting the measurement of the reference path
profile. The technique for measuring the reference
path is described in para. 8-6.2.1. The technique for
measuring the test surface profile is described in para.
8-6.1.

8-7 DATA ANALYSIS AND REPORTING

The display of the results of a given measurement
depends on the procedure that was used to obtain the
Rq of the surface.

All reports should include the following items:

(a) wavelength of measurement

(b) specimen Rq or other texture parameters per ASME
B46.1

(c) height resolution, taken prior to the profile

8-6.2.1 Measuring the Reference Path Profile and rms
Variation| To measure the reference path profile and rms
variation, [a super smooth (Rq < 0.2 nm) sample free from
defects syich as digs and scratches must be used. The
approximpte correlation length for the sample must be
known. A[number of profile measurements at positions
separated by at least the correlation length over the
super smpoth sample are made. These profile measure-
ments are|then averaged together to reduce the roughness
effects off the super smooth sample, resulting in the
measurement of the reference path profile from which
the rms vpriation is evaluated (ref. [1]).

8-6.3 Absolute Rq Method

When measuring samples of Rq about 2 times the refer-
ence path|rms variation or less, it is necessary to eliminate
all effects pfthe reference path. The absolute Rq technique
involves taking the difference between two measure-
ments of the sample at positions separated by a distance
greater than the correlation length. The resulting differ*
ence profile with rms variation, defined as Rqd, has.the
effects of] the reference path removed. The Rg.of the
sample is|then estimated from Rqd as follows:
Rq = Rqd/~N2 (8-6)

Note that this technique does not produce a profile, but
rather a measure of the Rq of the(spécimen.

measurement
(d) measurement of the reference path profile
(e) measurement of the reference path rms’ var
(f) vertical digital resolution
(g) demonstration of the proper phase shifter afdjust-
ment
(h) sampling interval A/M and oOptical spatial resolu-
tion kA/NA (choose k as appropriate; typically, k 3 0.6)
(i) For Direct Profile Method: graph of the syrface
profile
(j) For Subtract Reference Method: graph of the syrface
profile indicatings/that the reference path has|been
subtracted
(k) For Absbélute Rq Method: indication on th¢ final
report that'the measurement of Rq was perfofrmed
with the absolute Rq method; no profile shoulld be
displayed

ation
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Section 9
Filtering of Surface Profiles
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s Section specifies the metrological characteristics of
RC filter and the phase correct Gaussian filter and
transmission bands as they are used in evaluating
heters for roughness and waviness. These filters and
mission bands are specified as they should be used in
[ profiling, contact, skidless instruments; Type IV
ct, skidded, instruments; and Type V skidded instru-
b with parameters only. These filtering approaches
Iso be used in Type II profiling, noncontact instru-
5 and Type 11 scanned probe microscopes. The
liment types are discussed in Section 2. Both
of filters are suitable for the evaluation of param-
pf surface roughness defined in Section 1, except for
bm, and Rv, where phase distortion from the 2RC
rauses errors for some types of surface undulations.
he 2RC filter does not separate roughness and wavi-
hs effectively as the Gaussian filter. Therefore, for
Ation of waviness parameters, only the Gaussian
should be used. For more information on‘why
ng is required and on the difference between
types, see Nonmandatory Appendix G.
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nced in this Standard, showing the year of approval:

1562:1996, Geometrical Product Specifications
S) — Surface texture: Profile method — Metrolo-
hl characteristics.of phase correct filters
6610-30:2009,)Geometrical Product Specifications
S) — Filtration — Part 30: Robust Profile Filters:
ic Conceepts

hersInternational Organization for Standardization
D)} Eéntral Secretariat, Chemin de Blandonnet 8, Case

9-3 DEFINITIONS AND GENERAL SPECIFI

9-3.1 Notes on Terms Defined Préviously

This paragraph includes further inforn
measurement and analysis. lengths, as d
para. 1-3.5, with respect to,thé.surface filterin|

roughness long-wavelength.Cutoff, Ac: typical
long-wavelength cutoff-values for all types of
0.08 mm (0.003inY); 0.25 mm (0.010 in.)
(0.03in.), 2.5 mm(0:10in.),and 8 mm (0.3 in.). ]
ness long-wavelength cutoff value used must
specified.

roughness short-wavelength cutoff, As: typical
short:-wavelength cutoff values for all types

CATIONS

/

ation on
cfined in
o process.

oughness
filters are
, 0.8 mm
he rough-
be clearly

foughness
of filters

aréZ0.8 um (0.00003 in.), 2.5 pm (0.0001 in.), 8 um

£0.0003 in.) and 25 pm (0.001 in.). The r
short-wavelength cutoff value used must be cle
fied.

traversing length: for digitally filtered roughness
ments, an adequate tracing length must be add
and after the evaluation length for the integratio
ments of the digital filtering. For a roughness
length of five sampling lengths, the traversing
typically equal to at least six sampling lengths.
ness, one-half of a waviness long-wavelengt}
required at each end of the waviness evaluat
for filtering. As a result, the waviness travers
is equal to the waviness evaluation length
length of one waviness long-wavelength cutof]

waviness long-wavelength cutoff, Acw: form ma
rated from waviness on a surface by digital filte1
Gaussian filter. When this is practiced, a wavi
wavelength cutoff of the Gaussian filter must
specified. Typical waviness long-waveleng

bughness
hrly speci-

measure-
ed before
nrequire-
bvaluation
length is
For wavi-
W cutoff is
on length
ng length
plus the
f, A\cw.

y be sepa-
ing with a
hess long-
be clearly
th cutoff

Postale 401, 1214 Vernier, Geneva, Switzeriand
(www.iso.org)

See also Sections 1 through 4.
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1 £ 10+ £ £ a0 0.03 i
varaesTor—arr—types—orrircetrs—atre—o-omm—( V. 1n.),

2.5 mm (0.1 in.), 8 mm (0.3 in.), 25 mm (1
80 mm (3 in.).

in.), and

waviness short-wavelength cutoff, Asw: this value may be
equal to the corresponding roughness long-wavelength
cutoff (Asw = Ac), and the filter transmission characteristic
may be the complement of the roughnesslong-wavelength
cutoff filter transmission characteristic. Typical waviness

short-wavelength cutoff values for all types of

filters are

0.08 mm (0.003in.),0.25mm (0.010in.), 0.8 mm (0.03 in.),
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2.5 mm (0.10 in.), and 8 mm (0.3 in.). The waviness short-
wavelength cutoff value used must be clearly specified.

9-3.2 Definitions of Terms Associated With
Filtering

cutoff ratio: for roughness or waviness, the ratio of the
long-wavelength cutoff to the short-wavelength cutoff.

phase correct profile filters: profile filters that do not cause
phase shifts that lead to asymmetric profile distortions.

2n + 1. Each type of cutoff (roughness short-wavelength
cutoff As, roughness long-wavelength cutoff Ac, waviness
short-wavelength cutoff Asw, and waviness long-wave-
length cutoff Acw) has an associated weighting function
(see Figure 9-3.2-3).

9-4 2RCFILTER SPECIFICATION FOR ROUGHNESS

The 2RC filter consists of analog circuitry of two ide-
alized RC filters in series. The capacitor and resistor

profile filter: the mechanical, electrical (analog), or digital
device or [process that is used to separate the roughness
profile frpm finer fluctuations and from the waviness
profile or o separate the waviness profile from the rough-
ness profile and, if necessary, the form error. Profile filters
with long{wavelength cutoff provide a smooth mean line
to a meastired profile, thus providing a suitable, modified
profile forf the calculation of parameters of roughness or
waviness [with respect to that mean line.

transmission band: for roughness or waviness, the range of
wavelengfths of sinusoidal components of the surface
profile that are transmitted by the measuring instrument.
This range is delineated by the values of the short-wave-
length cytoff and the long-wavelength cutoff (see
Figures 913.2-1 and 9-3.2-2).

transmission characteristic (of a filter): the function that
defines the magnitude to which the amplitude of a sinu-
soidal profile is attenuated as a function of its spatial
frequency, f, or spatial wavelength, A. The transmission
characterjstic of a filter is the Fourier transform of the
weighting| function of the filter.

Each cytoff value (roughness short-wavelength.eutoff
As, roughness long-wavelength cutoff Ac, waviness
short-wayelength cutoff Asw, and waviness\long-wave-
length cufjoff Acw) has a distinct transmission character-
istic (see,|e.g., Figures 9-5.8-1 and 9-5.9-1).

weighting|function (of a filter): theMuhction for the mean
line calculption that describes the.smoothing process. This
may be adcomplished by applying either of the following
expressions; the first is dnalytical, the second, digital:

Z ()= f_::o S(x) z(x + xp)dx

n

2y = Z AUZi+k

values are selected to yield the desired transmissio:ichar-
acteristic, consistent with the traverse speed of the'instru-
ment. This type of filtering can also be applied digitdlly by
convolving an asymmetric, phase distorting weighting
function, having the shape of the respouse'of the 2R( elec-
trical filter, with the unfiltered digital profile.

9-4.1 The 2RC Transmission/Band

The electrical system fof.2RC filtering must trapsmit
surface wavelengths ranging from the designated|long-
wavelength cutoff,point (Ac) to 2.5 um (0.0001 ip.) or
smaller (see Figure‘9-3.2-1). Historically, the short-wave-
length cutoff generally was determined by the stylus tip
radius and other system features. Typically, th¢ 2RC
system short-wavelength cutoff is limited to 2.5 jum or
less. The transmission for a sinusoidal, mechgnical
input:to the stylus shall be flat to within #7% of|unity
over the spatial frequency passband region, exc¢pt in
the immediate vicinity of the cutoff wavelength.

9-4.2 Long-Wavelength Cutoff

Typical roughness long-wavelength cutoff values fpr the
2RC filter are listed in para. 9-3.1. The roughness|long-
wavelength cutoff, Ac, is the wavelength of the sinugoidal
profile for which 75% of the amplitude is transmitted by
the profile filter.

If no cutoff is specified for a measurement, then the
appropriate cutoff value can be determined follgwing
the procedure detailed in Section 3. The long-wavelength
cutoff must be specified in all cases on drawings creafed or
revised after December 14, 1996. For drawings creaged or
revised earlier, the 0.8 mm value was applied if no|value
was specified.

9-4.3 Transmission Characteristics

k=-n

In the analytical expression, z(x + x;) is the unfiltered
profile as a function of position near a point x4, z'(x,) is the
filtered profile calculated for point x;, and S(x) is the
weighting function. In the digital expression, z;’ is the
ith profile height in the filtered profile, z; is a profile
height in the unfiltered profile, the a, values make up
the weighting function, and the number of profile
heights included in the weighting function is equal to

48

9=4:3:1-Short-Wavetength-Transmission—€haracter-

istic. The transmission characteristic near the short-
wavelength cutoff of the roughness transmission band
shall be equivalent to that produced by two idealized
low-pass RC networks, with equal time constants, in
series. The transfer function is as follows:

filt tput _
Iiter output (1 — ikis/2) 2

filter input
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Figure 9-3.2-1 Wavelength Transmission Characteristics for the 2RC Filter System
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gure 9-3.2-2 Gaussian Transmission Characteristics Together With the Uncertain Nominal Transmjssion
Characteristic of a 2 pm Stylus Radius
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Figure 9-3.2-3 Weighting Function of the Gaussian
Profile Filter

9-4.4 2RC Filter Long-Wavelength Roughness
Weighting Function

2RC filters can be realized either in electronic analog
form or digitally. In the digital form, the long-wavelength
roughness filter weighting function that is convolved
through the digital profile has the following form:

S(x) = (A/20)[2 — (Alx1/Ac)]eA1x1/40)

S
2/)c
-L/Ac
1 J/ \ 1
-1 -0.5 0 0.5 1 x/Ac

GENERAL NOTE: © ISO. This material is adapted from ISO
11562:1996 with permission of the American National Standards
Institute (ANSI) on behalf of the International Organization for Stan-
dardization] All rights reserved.

where th¢ short-wavelength roughness cutoff, As, is less
than or ¢qual to 2.5 um (0.0001 in.), i = /=1, and
k=1/J3|= 0.577.

The peycent limits of the transmission characteristic
near the ghort-wavelength cutoff are calculated from
the following equations:

upper limit = 103
97

lower limit = s —
1+ 0.39(2.5 pm/2)

These tyvo limiting functions are shown on the left-hand
side of Figure 9-3.2-1. These limits are in addition te thée
allowabld error of the amplitude transmission«0f’the
roughnesg transmission band stated in para. 9:4/1.

9-4.3.2 Long-Wavelength Transmission-Character-
istic. The[transmission characteristic of the long-wave-
length end of the roughness transmission band shall be
that prodficed by the equivalent &f two idealized, high-
pass RC nletworks, with equal.time constants, in series.
The transfer function of this\system is as follows:

filt tput
Jiter outpub.~ (1 - ik A//lc)’z
filter input

where i ahd k aresa$ defined in para. 9-4.3.1.
The percenttransmission limits of this transfer function
are calculpted*from the following equations:

wiereA=3"64Tor 7596 transmissiomatAc, x s the popition
in millimeters from the origin of the weighting function
(o0 < x < 0), and Ac is the long-wavelength youghness
cutoff.

9-5 PHASE CORRECT GAUSSIAN-FILTER FOR
ROUGHNESS

9-5.1 Phase Correct Gaussian Filter Mean Line

This mean line is comprised of the waviness and any
other long spatial Wavelength components ip the
profile that are noet'dssociated with the surface roughness.
The mean lineisdetermined for any point of the measured
profile by taking a Gaussian weighting function averpge of
the adjacentpoints as described in paras. 9-5.6 and 9-5.7.

9-5.2 ‘Gaussian Filter Roughness Profile

The roughness profile is composed of the deviatipns of
the measured profile from the Gaussian mean line, which
is determined by subtracting the mean line from the
measured profile.

9-5.3 Long-Wavelength Cutoff of the Gaussian
Phase Correct Filter

For the phase correct Gaussian filter, the long-wave-
length cutoff, Ac, is the spatial wavelength of a sinugoidal
profile for which 50% of the amplitude is transmitted by
the profile filter. Typical long-wavelength roughness
cutoff values are the same for both the Gaussian|filter
and the 2RC filter and are given in para. 9-3.1.|If no
cutoffis specified for a measurement, then an appropriate
cutoff can be determined by following the proc¢dure
detailed in Section 3. The long-wavelength cutoff|must
be specified in all cases on drawings create¢d or
revised after December 14, 1996. For drawings created

103

14029(4/ Ac)?
97

140.39(4 / Ac)?

upper limit =

lower limit =

These limits are given in Table 9-4.3.2-1 and are
graphed in Figure 9-3.2-1. These limits are in addition
to the allowable error of the amplitude transmission of
the roughness transmission band stated in para. 9-4.1.

H | H £l fale) 1 L H f
oF-frevisea earter e o mvarte-—was—appried, 11 a

value was not specified.

9-5.4 Short-Wavelength Cutoff of the Gaussian
Roughness Profile

The cutoff wavelength, As, is the spatial wavelength of a
sinusoidal profile for which 50% of the amplitude is trans-
mitted by the short-wavelength cutoff filter.
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Table 9-4.3.2-1 Limits for the Transmission Characteristics for 2RC Long-Wavelength Cutoff Filters (19)

Long-Wavelength Cutoffs

Spatial Wavelength, 0.08 mm 0.25 mm 0.8 mm 2.5 mm 8.0 mm
mm (in.) (0.003 in.) (0.010 in.) (0.030 in.) (0.100 in.) (0.300 in.)
0.008 (0.0003) 97-103
0.010 (0.0004) 96-102
0.025 (0.001) 93-100 97-103
0.05 (0.002) 84-93 95-102
0.08 (0.003) 70-80 93-100 97-103
0.1 (0.004) 60-71 91-98 96-102
0.25 (0.01) 20-27 70-80 93-100 97-103
0.5 (0.02) 6-8 38-48 84-93 95-102
0.8 (0.03) 2-3 19-26 70-80 93-100 97-103
1.0 (0.04) 13-18 60-71 91-98 94-102
2.5 (0.1) 2-3 20-27 7.0-80 93-100
5.0 (0.2) 6-8 38-48 81-93
8.0 (0.3) 2-3 19-26 7p-80
10.0 (0.4) 13-18 6p-71
25.0 (1.0) 2-3 2p-27
50.0 (2.0) 6-8
80.0 (3.0) D-3

9-5.5 Short-Wavelength Transmission
Characteristic

Th¢ transmission characteristic in the region of the
shortfwavelength cutoff is expressed as the-fraction to
whicl} the amplitude of a sinusoidal profile(is;attenuated
as a flinction of its spatial wavelength. This transmission
charagcteristic is produced by a Gaussian'profile weighting
functjon as defined in this Section, The equation is as
follows:

filter output () “n(ats/ 2)”

filter input

wherg a = /[In(2)]/4% = 0.4697 and As is the roughness
shortfwavelengthacutoff. Examples of the transmission
chargcteristie_for several values of As (and Ac) are
given|in Figure 9-3.2-2.

9-5.6 i

[ J

where x is the lateral position from the mdan of the
weighting function. The direct result of thi$ filtering
process is a smoothed profile, i.e., one whose sjort wave-
lengths are attenuated.

9-5.7 Weighting Function for the Roughness Long-
Wavelength Cutoff

The weighting function of the Gaussian phake correct
filter for the roughness long-wavelength cutoff
(Figure 9-3.2-3) has a Gaussian form. With the 1png-wave-
length cutoff Ac, the equation is as follows:

S(x) = (axlc)flefn[x/(wlc)]z

In this case, the smoothed profile that reqults from
applying the long-wavelength filter is the roughness
mean line, and the roughness profile is found by
subtracting this roughness mean line from the original
measured profile

Short-Wavelength Cutoff

The weighting function of the Gaussian phase correct
filter for the roughness short-wavelength cutoff has a
Gaussian form, similar to that discussed in para. 9-5.7
and shown in Figure 9-3.2-3. The equation for the
weighting function, S(x), is as follows:

$(x) = (as) e/ (@)

51

9-5.8 Transmission Characteristic of the
Gaussian-Filtered Waviness Profile
(Roughness Mean Line)

The transmission characteristic of the roughness mean
line is determined from the weighting function S(x) by
means of the Fourier transform (see Section 1) and is
given in Figure 9-5.8-1. The transmission characteristic
for the mean line has the following equation:
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Figure 9-5.8-1 Gaussian Transmission Characteristic for the Waviness Short-Wavelength Cutoff, Asw,
or for Deriving the Roughness Mean Line Having Cutoff Wavelengths, Ac
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GENERAL NOTE: © ISO. This material is adapted from ISO 11562:1996 with permission of the American National Standards Institute (ANSI) on

behalf of the International Organization for Standardization. All rights reserved.

filter output —n(adc/ 1)
— =
filter input

9-5.9 Transmission Characteristic of the Gaussian
Filtered Roughness(Profile

The trapsmission characteristic of the Gaussian filtered
roughnesg profile (seeFigures 9-3.2-2 and 9-5.9-1) is the
complement to thestransmission characteristic of the
roughnes$ meantlifie, as defined in para. 9-5.8, because
the roughnegs profile is the difference between the
measured| ptofile and the roughness mean line. The equa-

realized digital filter from the Gaussian filter shpll be
given as a percentage of unity transmission over the wave-
length range from 0.01Ac to 100Ac. An example ¢f the
deviation curve for an implemented filter with rgspect
to the transmission characteristic of an ideal Gayssian
filter is given in Figure 9-5.10-1.

9-5.11 Transmission Band

The transmission band for roughness for the Gayssian
filter is the range of wavelengths of the surface profile that
are transmitted by the short- and long-wavelength futoff
roughness filters. The limits are defined by the valyies of
the roughness long-wavelength cutoff and short-yave-

tion is therefore givermr by thefoltowing:
filter output —n(adc/ )
——=1-c

filter input

9-5.10 Errors of Approximations to the Gaussian
Filter

No tolerance values are given for Gaussian filters as they
were for 2RC filters in para. 9-4.3. Instead, a graphical
representation of the deviations in transmission of the

Tength cutoff. Typical values are listed in Table
9-5.11-1. The transmission band over the spatial wave-
length domain (see Figure 9-3.2-2), including the attenua-
tion at the band limits, comprises the instrument
transmission characteristic, and therefore should be
taken into account in any surface roughness measure-
ment. If the short-wavelength limit is set too large,
then some roughness features of interest may be attenu-
ated and not contribute to roughness parameter results. If
the short-wavelength limit is set too small, then
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Figure 9-5.9-1 Gaussian Transmission Characteristic for the Roughness Long-Wavelength Cutoff
Having Cutoff Wavelengths, Ac
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GENERAL NOTE: © ISO. This material is adapted from ISO 11562:1996 with permission of the American National Standards Institufe (ANSI) on

behalf|of the International Organization for Standardization. Al rights reserved.

undegirable finely spaced features may be included in the
filterg¢d profile and contribute to parameter results.

9-5.12 Cutoff Ratio

The¢ ratio of the long-wavelength cutoff, Ac, to the short-
wavelength cutoff, As, of aygiven transmission band is
expressed as Ac/As. df\not otherwise specified, the
values of As and thé«utoff ratio can be obtained from
Tabl¢ 9-5.11-1,\provided that the long-wavelength
cutoff, Ac, is’khown. The sampling interval (point
spacing) should be less than or equal to one-fifth of
the short-wavelength cutoff, As, in order to accurately
incluge\all spatial wavelengths that contribute to the

9-6 FILTERING FOR WAVINESS

Although both the 2RC filter and the Gaussiaf filter are
described here for obtaining the roughness megn line and
the roughness profile, only the Gaussian filter|is recom-
mended for obtaining the waviness profile by geparating
waviness from roughness. The transmission chafacteristic
for the roughness mean line is given in para. pP-5.8. The
profile representing waviness and form error i therefore
identical to the roughness mean line and is equal to the
subtraction of the roughness profile from the tofal profile.

9-6.1 Gaussian Filter Waviness Profile

filtered profile (see para. 7-4.2.1).

The values of stylus radius shown in Table 9-5.11-1
provide the transmission band limits as listed without
the filtering effects of the stylus intruding into the trans-
mission band. If another cutoff ratio is deemed necessary
to satisfy an application, this ratio must be specified. The
recommended alternative cutoff ratios are 100, 300, or
1000.

53

Tire waviness profite 15 the Toughmness mean line as
described in subsection 9-6 after further separation
from the form error (or straightness) profile.

9-6.2 Waviness Long-Wavelength Cutoff and
Evaluation Length

The waviness evaluation length can consist of one or
more waviness cutoff lengths, Acw, to separate form
error at the long-wavelength waviness limit. A filtered
profile with a waviness long-wavelength cutoff of Acw


https://asmenormdoc.com/api2/?name=ASME B46.1 2019.pdf

Figu

ASME B46.1-2019

re 9-5.10-1 Example of a Deviation Curve of an Implemented Filter From the Ideal Gaussian Filter
as a Function of Spatial Wavelength

+5%

Transmission Characteristic,
Deviatian Fram the Gaussian Filter

VYAV,

—5%
1072 1071 10° 10? 102
AMAc
GENERAL NOTE: © ISO. This material is reproduced from ISO 11562:1996 with permission(of the American National Standards Institute [[ANSI)
on behalf of the International Organization for Standardization. All rights reserved.
Table 9-5.11-1 Typical Cutoffs for Gaussian Filters and Associated Cutoff Ratios
Ac/As Max. Sampling
Ac, mjm (in.) As, pm (in.) (Approximate) T'tip, M (in.) Interval, pm [(in.)
0.08 {0.003) 2.5 (0.0001) 30 2 (0.00008) or less [Note (1)] 0.5 (0.00002)
0.25 {0.01) 2.5 (0.0001) 100 2 (0.00008) or less [Note (2)] 0.5 (0.00002)
0.8 {0.03) 2.5 (0.0001) 800 2 (0.00008) or less 0.5 (0.00002)
2.5 {0.10) 8 (0.0003) 300 5 (0.0002) or less 1.5 (0.00006)
8.0 {0.3) 25 (0.001) 300 10 (0.0004) or less 5 (0.0002
NOTES:
(1) With a honstandard stylus tip radius(of 0:5 pm, the cutoff ratio for Ac = 0.08 mm may be set equal to 100:1, provided As = 0.8 um gnd the
maximym point spacing = 0.16 pm.
(2) With a honstandard stylus tip radius of 0.5 um, the cutoff ratio for Ac = 0.25 mm may be set equal to 300:1, provided As = 0.8 um gnd the

maxim

m point spacing = 0.16\Im.
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Table 9-6.3-1 Typical Values for the Waviness Long-

Wave

length Cutoff, Acw, and Recommended Minimum
Values for the Waviness Traversing Length

Asw, mm (in.)

Min. Traversing Length
When Using Gaussian

Acw,mm (in.) Filter, mm (in.)

0.08 (0.003)
0.25 (0.01)
0.8 (0.03)

0.8 (0.03)
2.5 (0.1)
8 (0.3)

1.6 (0.06)
5 (0.2)
16 (0.6)

In order to minimize end effects when using a Gaussian
filter, the traversing length should include half a waviness

cutoff on each end of the evaluation length, s
traverse should be equal to at least twice the
long-wavelength cutoff (see Table 9-6.3-1).

9-6.5 Waviness Transmission Band

The limits of the waviness transmission

o that the
waviness

band are

formed by Gaussian filters at the short-wavelength

25 (0.1)
8 (0.3)

25 ()
80 (3)

50 (2)
160 (6)

may |
para.
lengtl

9-6.3

Tyy
Gaus
are li

9-6.4

e realized by using a Gaussian filter as described in
9-6.4 or by least squares methods over profile
is equal to the waviness cutoff, Acw.

Waviness Traversing Length

ical traversing lengths for waviness when using a
ian filter to separate waviness and form error
sted in Table 9-6.3-1.

| Methods for Determining the Waviness Mean
Line

If the total unfiltered profile contains intentional

contd
remo
may

and 1
from
meth|
corre
similg
sian fi
wave
funct
tion:

ur or form deviation, then this should first be
ved by least squares fitting. The remaining profilé
5till contain form errors in addition to wavinéss
oughness. The further separation of form*error
waviness may be accomplished by least'squares
ods as mentioned in para. 9-6.2 or\by phase
ct filtering. This is accomplished i a manner
r to that discussed in para. 9-5.7,byrapplying a Gaus-
Iter with a cutoff value equal fo'the waviness long-
ength cutofflength, Acw, in place of Ac. The weighting
on, S(x), for this filter is given by the following equa-

S(x) = (odcw)_1 e_n[x/(o"lcw)]2

cutoftf, Asw, and the long-wavelength cu
Typical values for Asw and Acw are given
9-6.3-1. A Acw/Asw ratio of 10:1 is implied
9-6.3-1, but other ratios may be used.

off, Acw.
in Table
in Table

9-6.5.1 Waviness Short-Wayelength TrarLsmission

Characteristic. The waviness{ransmission cha
intheregion of the short-wavelength cutoffis ex
the fraction to which thesamplitude of a sinusoi
is attenuated as a function of its spatial wavelg
transmission characteristic is produced by a
profile weighting function as defined in para.

acteristic
bressed as
dal profile
ngth. This
Gaussian
9-5.6.

9-6.5.2_Waviness Long-Wavelength Transmission

Characteristic. The form error may be remove|
cation er by phase correct Gaussian filtering. If]
then the long-wavelength waviness transmissi
teristic is that produced by a Gaussian profile
function as defined in para. 9-5.7. In this case,
mission characteristic for waviness at the Ad

given by the following expression:
filter output - e—?t(a/lcw//l)z

filter input

The form error line then is the mean line for
ness profile.

d by trun-
the latter,
n charac-
weighting
the trans-
w limit is

the wavi-

9-7 FILTERING OF SURFACES WITH STRATIFIED

FUNCTIONAL PROPERTIES

Filtering surfaces that are plateau-like in nature,

consisting of deep valley structures, are add
ISO 16610-30:2009, which, through being r
in this text, constitutes a provision of this Sta

ressed in
pferenced
hdard.
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Section 10
Terminology and Procedures for Evaluation of Surface Textures
Using Fractal Geometry

10-1 GENERAL
10-1.1 S¢

This Seftion is concerned with terms and procedures
for using|fractal geometry in the analysis of surfaces.
These terjns can be used in selecting analysis methods
and in reporting the results of fractal analyses. The use
of standard terms can facilitate the comparison of analysis
methods gnd promote the understanding of the differ-
ences in the results of the different analysis methods.

ope

10-1.2 L|mitations

This Standard recognizes that there are currently
several types of fractal analysis in use and that develop-
ment of fractal analysis methods is continuing. It also
recognizgs that different types of analysis based on
fractal gegmetry may find applicability in different situa-
tions.

10-2 DEFINITIONS RELATIVE TO FRACTAL-BASED
ANALYSIS OF SURFACES

10-2.1 Bpsic Terms Relating to Fractal Geometry
of Engineering Surfaces

10-2.1.1 Scale of Observation:The scale of observation
is the size| either linear or areal)yat which an observation,
analysis, ¢r measurement is.made.

10-2.1.2 Fractal Surfaces. Real surfaces are partially
fractal, in that they can-be characterized, approximated, or
modeled 3s havingdpregular, geometric components over
some range of-scales of observation. Ideal fractal surfaces
are mathematical models that have irregular components

10-2.1.4 Complexity. Complexity is a méasure pf the
geometric intricacy, or irregularity, as ihdicated Hy the
change in a geometric property (e.g;)length or [area)
with respect to a change in scale of observption
(Figure 10-2.1.4-1). Greater corhpléxities correspgnd to
greater fractal dimensions and.'Steeper slopes on|area-

scale and length-scale plots-(see para. 10-2.2).

10-2.1.5 Scale-Sensitive Fractal Analysis. This is
fractal analysis that includes reference to the range of
scales over whichythe fractal dimensions apply.

10-2.1.6 .Euclidean Dimension. This is a whole nymber
equal to theyhinimum number of coordinates requifed to
locate apointin a space of that dimension. To locate afpoint
on aldine requires only one coordinate, the distancealong
the\line, hence the dimension of the line is one; to locate a
point on a plane requires two coordinates, hende the
dimension is two.

10-2.1.7 Fractal Dimension, D.! The fractal dimension
is the ratio of the log of the number of linear or|areal
elements N with respect to the log of the reciprofcal of
the linear scaling ratio r.
D = (logN)/[log(l/r)] (10-1)
A linear element is a line segment or step length. An
areal element is a tile or patch. The linear scaling ratio
is any fraction of the nominal profile (para. 1-3.1). The
scaling ratio times the length of a nominal profile is
the linear scale of observation.
All methods for determining a fractal dimension should
be consistent with eq. (10-1). Each method for deter-
mining the fractal dimension shall include a qualifiey indi-
cating the method.
For an ideal fractal surface, eq. (10-1) represents the

at all scalesof observatiom

Periodic and quasi-periodic geometric components of a
surface do not exclude that surface from having fractal
components or from being advantageously characterized
by fractal analysis.

10-2.1.3 Self-Similar. A self-similar surface is one that
reveals the same kinds of topographic features that repeat

in a statistical sense over a range of scales (Figure
10-2.1.3-1).
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slope of a log-log length-scale or area-scale plot
because all scales are covered, including r = 1 (at
which point N = 1 as well). For real surfaces, this will
not be true in general. On real surfaces, the fractal dimen-
sions are calculated from the slope of these plots in a scale
range over which the surface is self-similar.

1 B.B.Mandelbrot, Fractals Form Chance and Dimension (San Francisco:
W.H. Freeman and Co., 1977).
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Figure 10-2.1.3-1 Self-Similarity Illustrated on a
Simulated Profile

10-2.1.7.2 Area-Scale Fractal Dimension (Das). This
is the fractal dimension derived from a log-log plot of rela-
tive area versus scale of observation (see para. 10-2.2.2).

Das = 2 — 2(slope)

10-2.1.8 Complexity Parameter. A complexity param-
eter is a parameter that can be derived from the fractal
dimension and that preserves the ranking of surfaces
achieved with the fractal dimension.

GENEJ
approy

AL NOTE: The regions in the boxes are enlarged to show
imately the same geometric structure on the enlarged region.

Figure 10-2.1.4-1 An ldealized Log-Log Plot of
Relgtive Length (of a Profile) or Relative Area (of a
Surface) Versus the Scale of Observation

~ log (Relative Length or Relative Area)

log (Scale of Obsefvation)

GENERAL NOTE: In this case the compleXities are in the following
order:fa > b > c.

surfa

to thd

Since many surfaces of engineering mterest have small
fractal dimensions (i.e., fractal dimensigns a few
hundredths or thousandths above the Euclidepn dimen-
sion), the use of a complexity parameter in place of the
fractal dimension can be a matter of convenignce.

10-2.1.8.1 Length-Scale Fractal Complexity (Lsfc).
This is a complexity parameter derived from length-
scale analysis, equal to=1000 times the slop¢ of a log-
log plot of relative length versus scale of obgervation,
or Lsfc = 1000 (DIs ¥ 1). See para. 10-2.2.1.

10-2.1.8.2 Area-Scale Fractal Complexity (Asfc).
This is a comiplexity parameter derived from prea-scale
analysis,‘equal to -1000 times the slope ofla log-log
plot of relative area (of a surface) versus scale of observa-
tion,‘er’Asfc = 1000 (Das - 2). See para. 10-2.2.2.

10-2.1.9 Multifractal Surface. A multifractal surface is
one whose complexity, and hence fractal dlmension,
changes as a function of scale of observation (Figure
10-2.1.9-1).

Figure 10-2.1.9-1 An Idealized Log-Log Plot of
Relative Length or Relative Area Versus the|Scale of
Observation (Length-Scale or Area-Scale Plot), Showing
Multifractal Characteristics and Crossover|Scales

one

©
L
<
2
kG
Th¢ fractal dimension is a measure of the geometric & .
compllexity, or dntricacy of a fractal or partially fractal ° Slopea
fe. The frdctal dimension increases with increasing &
complexity.‘The fractal dimension is greater than or equal %
Euclidean dimension (i.e., greater than or equal to 2 Second Smooth-fough
A4 than + £ £1 4 fap £l o , crossover scale
TITU ' ICOS UIIdir tvwwu Ivul da l.ll UTIIC, Aty sl calll UUrdalrr vur &J CTOSS0VET 5CdIE
equal to two and less than three for a surface). oo
o
. R I Slope b
10-2.1.7.1 Length-Scale Fractal Dimension (DLs). 1.0 + P
This is the fractal dimension derived from the slope of ¥
alog-log plot of relative length versus scale of observation Fine Coarse

(see para. 10-2.2.1).
DIs = 1 — slope

57

log (Scale of Observation)

GENERAL NOTE: The crossover scales are scales where there is a
change in slope, indicating a change in fractal dimension. In this
case, the second crossover scale indicates a change to a lower
complexity at finer scales (-slope a < -slope b).
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Figure 10-2.2.1-1 Three Stepping Exercises From a Length-Scale Analysis on a Simulated Profile

Scale = 40 um, N = 3 steps

(@

Scale = 25 um, N = 5 steps

(measured length = 3 X 40 = 120 um)

(measured length = 5 X 25 = 125 um)

Relative length = 1.091
Nominal length = 110.0 um

Relative length = 1.138
Nominal length = 109.8 um

(b)

©

A\ an N
~—

Scale = 10 um, N = 16 steps (measured length = 16 X 10 = 160 um)

Relative length = 1.455
Nominal length = 110.3 um

10-2.1.10 Crossover Scale. The crossover scale is the
scale of dbservation at which there is a change in the
fractal dimension (Figures 10-2.1.9-1 and 10-2.2.2.4-1).
Since the |change in fractal dimension is not necessarily
abrupt with respect to scale, a procedure is necessary
for determining the scale at which the change takes place.

10-2.1.11 Smooth-Rough Crossover Scale (SRC). This
is the first crossover scale encountered going from rela-
tively larger scales, where the surface appears to be
smooth, to finer scales, where the surface appears to
be rough.

The SR( is the scale above which the fractal dimension is
approximlately equal to the Euclidean dimension, and
below whjch it is significantly greater than:the Euclidean
dimension. A threshold in relative length'orrelative areais
used to d¢termine the SRC in length-seale and area-scale
analyses (Figures 10-2.1.9-1 and-10-2.2.2.4-1).

10-2.1.11.1 Threshold, Th. The threshold is the value
of the reldtive length (seepara. 10-2.2.1) or relative area
(see para.|10-2.2.2) used\to determine the smooth-rough
crossover| scale (Figure-10-2.2.2.4-1). Starting from the
largest s¢ales and’working toward the smallest, the
firstrelatiye length'or relative area to exceed the threshold
is used to| detérmine the SRC.

A valuelofirelative ]pngfh ar relative area can be speci-

! 110 um

10-2.2 Analysis‘Methods and Associated Ter

10-2.2.1 Length-Scale Analysis. Length-scale anglysis
(also knowh. as compass, coastline, or Richajdson
analysis)*is“the apparent lengths of a profile meafured
as a fuliction of the scales of observation by a seifies of
stepping exercises along the profile, as with a comppass
oridividers. The length of the step, or separation pf the
compass or dividers, represents the linear scales of gbser-
vation. The stepping exercises are repeated with progres-
sively shorter steps to determine the measured lengths as
a function of the linear scales of observation (Higure
10-2.2.1-1).

ms

10-2.2.1.1 Measured Length. The measured lerjgth is
the number of steps times the step length (i.e., scple of
observation) for one stepping exercise along the
profile. The measured length is the apparent length of
the profile at a particular scale of observation and
must be referenced to that scale as the meagured
length at a particular scale. For example, the meapured
length is 160 um at a scale of 10 um in Flgure
10-2.2.1-1, sketch (c).

10-2.2.1.2 Nominal Length. The nominal length is
the length of the nominal profile (para. 1-3.1) (i.¢., the
straight-line distance along the nominal profile|from

fied for the threshold, or the threshold can be selected as
some fraction P of the largest relative length or relative
area in the analysis in the following manner:

Th = 1 + [P X (maximum relative area or relative length — 1]

The value of P shall be 0.1, unless otherwise noted.
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the starting point to the end point of a stepping exercise).
The least squares mean line (para. 1-3.2) or the measure-
ment datum can be used for the nominal profile.

10-2.2.1.3 Relative Length. The relative length is the
measured length for a stepping exercise at a particular
scale of observation divided by the nominal length of
the profile covered by the stepping exercise. Conse-
quently, the minimum relative length is one.
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Figure 10-2.2.2-1 Four Tiling Exercises From an Area-Scale Analysis

__72tiles

Scale = 52900 nm?

©

18331 tiles

)

| 10000'm |

GENERAL NOTE: The triangular tiles, or patches, are shown in outline. The total area measured by the tiles increases as the scale ofjobservation
(tile arjea) decreases. The nominal areas covered by each tiling éxercise are represented on the ceiling of each box. The measured|area can be
calculqted as the scale times the number of tiles. Note that there is some distortion of the tiles in the display. In each tiling exercise, the tiles all have

the sagne area, which is the scale.

10-2.2.1.4 Length-Scale Plot. This'is a log-log plot of
the relative lengths versus the linear/scales of observation.

10-2.2.2 Area-Scale Analysis. Area-scale analysis is
the apparent area of a nieasured surface calculated as
a fungtion of scale by a.series of virtual tiling exercises
covelfing the measured surface in a patchwork fashion.
The 4reas of the tiles or patches represent the areal
scaleg of obsetvation. The tiling exercises are repeated
with tiles ef\progressively smaller areas to determine
the measured areas as a function of the areal scales of
obsernvation (Figure 10-2.2.2-1).

10-2.2.2.2 Nominal Area. The nominal area is the
area of an individual tiling exercise projected onto the
nominal surface (para. 1-2.1) (i.e., the ar¢a on the
nominal surface covered by the tiling exergise). The
least squares plane or the measurement datym can be
used for the nominal surface.

10-2.2.2.3 Relative Area. The relative afea is the
apparent measured area for a tiling exercise at ajparticular
scale of observation divided by the nominal arga covered
by that tiling exercise. Consequently, the minifnum rela-
tive area is one. 1“

10-2.2.2.1 Measured Area. The measured area is the
number of tiles, or patches, for one virtual tiling exercise
times the area of the tile or patch (i.e., scale of observa-
tion). The measured area is the apparent area at a par-
ticular scale of observation and must be referenced to
that scale, as the measured area at a particular scale.
For example, in Figure 10-2.2.2-1, sketch (d), the
measured area is 18331 tiles x 7830 nm?* = 143531
730 nm? at a scale of 7830 nm?.

10-2.2.2.4 Area-Scale Plot. This is a log-log plot of
the relative areas versus the areal scales of observation
(Figure 10-2.2.2.4-1).

10-3 REPORTING THE RESULTS OF FRACTAL
ANALYSES

The report of the results of fractal analysis can be in one
or both of two parts, as follows:
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Figure 10-2.2.2.4-1 An Area-Scale Plot Including the Results of the Tiling Series in Figure 10-2.2.2-1

Area-scale plot of ds2.002

GENERAL NOTE: The smooth-rough crossover is about 3 x 10° nmz, for a threshold in relative ‘area of 1.02. The area-scale fractal com
Asfc=-1000 (slope), isabout 71.87,and the area-scale fractal dimension, Das = 2 - 2 (slope), isabout 2.144. This plot also serves as an exam|

15 Sampling interval 2.5 nm
F Report on fractal analysis part 1
1.4F
S 1.3F
< E
¢ F
s E
E 1.2;
F Smooth-rough
F crossover
11F Threshold
C I
F / Slope |
e e m=—0.0718729 ————————- -
100, 0 TR L Ll Lo B Lo
1000 10 000 100 000 1000 000 16000 000

Scale of Observation, nm?

standard report of a geometric property versus scale.

(a) Parnt 1. Aplotofthelogofageometric property (e.g.,
relative length or relative area) of the measured profile or
surface vgrsus the log of the scale of measurement (e.g.,
step length or tile area). See example in Figure

10-2.2.2.4t1.

(b) Pajpt 2. A characterization of the plot:;dfsthe
geometrid property versus scale. See examplée in ‘Table

10-3-1.

10-3.1 Limits on the Scales of Observation

The refort shall not include any observations outside
thelimits pn the scales of observdtion, unless noted, except
where thg resolution of the instrument is unknown; then
the sampling interval shall'be used to determine the
minimum|scale of observation.

Table 10-3-1 Example of a Report on Fractal Analysis

10-3.1.1 Measured Profiles. The smallest po
linear scale of observation is either the sampling in
(para. 1-3.4) or the spatial resolution, whichever is 1
The largest linear scale of observation is the evaly
length (para. 1-3.5).

10-3.1.2 Measured Surfaces. The smallest po
areal scale of observation is 0.5 times the prod
the sampling intervals in x and y (assuming a triaj
tile), or the minimum resolvable area. The largest
scale of observation is the evaluation area
para. 1-5.4).

ReportomrFractalt Amalysts of a Measured-Surface; Part 2————

lexity,
bleofa

sible
terval
hrger.
ation

5sible
ict of
gular
areal

(see

Measured surface: ds2.002

Sampling interval: 2.5 nm

Measuring instrument: Nanscope II, STM

Complexity:
Asfc =71

.87

Das = 2.144

Slope = -0.07187

Scale range: 15600 to 1560000 nm? R*= 0.989
Scale range: 15600 to 1560000 nm?

Smooth-rough crossover:

SRC = 3000100 nm?

Scale range: 15600 to 1560000 nm?

Threshold in relative area: 1.02
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10-3.2 Plot of a Geometric Property Versus Scale

For any plot, the following information is required: the
plot, with the geometric property on the vertical axis and
the scale of observation on the horizontal axis, and the
points on the plot must represent the individual
results of geometric property calculations as a function
of the scale of observation. The units shall be indicated
where appropriate. Geometric properties such as relative
length and relative area are unitless.

Regression analyses are not required for plots, only for
the determination of parameters.

10-3.5.1 Supporting Information. The scale range over
which the least squares regression has been determined,
the regression coefficient, R* (for all regression analyses),
and the number of points used in the regression analysis
should be included.

10-3.6 Smooth-Rough Crossovers (SRC)

Th¢ geometric properties can be evaluated at scales
separpted by logarithmic or linear intervals.

Foif any plot other than those described above, the
methpd by which the plot was generated shall be reported.

10-3;3 Complexity Parameter

Forf any method of calculating the complexity, the range
of scajes of observation over which the complexity param-
eter dpplies and the regression coefficient, R* (e.g., from
regrepsion analysis of a portion of a length-scale or area-
scale plot), to indicate how well it applies over this range,
shall pe reported.

1043.3.1 Supporting Information. The method for
calculating the complexity parameter from the plot of a
geonletric property versus scale, its relation to the
fractgl dimension, and the method for generating the
plot lﬁ'om which it was calculated shall be reported in
detail, unless the method is described earlier (i.e.s
parag 10-2.1.8.1 and 10-2.1.8.2) and these paragraphs
are r¢ferenced.

10-3.4 Fractal Dimension

For
rangg
dime
(e.g.,
scale
over

any method of calculating the fractal dimension, the
of scales of observation overwhich the fractal
hsion applies and the regreSsion coefficient, R
from regression analysis of.a portion of a length-
or area-scale plot), to indicate how well it applies
this range, shall be reported.

1043.4.1 Supporting.Information. The method for
calcuflating the fractal dimension from the plot of a
geomegtric property-versus scale, the method for gener-
ating| the plet; and the scale range over which the
fractdl dimenhsion was calculated shall be reported in
detail, unless the method is described earlier (i.e.,
parag._10-2.1.7.1 and 10-2.1.7.2) and these paragraphs

The following supporting information is(tequired for
other than length-scale and area-scale.analyses: the
method for determining the SRC and‘the valyes of any
threshold parameters, possibly as a percentage of
some quantity.

The following supporting ififermation is re
length-scale and area-scale analyses: the vajue of the
threshold in relative length or relative areg that has
been used to determine’the SRC, possibly as a gercentage
of the maximum gelative length or relative |area (see
para. 10-2.1.11.1).

The units ofthe SRC shall be the same as the 4
horizontal axis of the plot.

The teporting of the SRC implies that at s
ciently’large scale, which has been meas
surface is sufficiently smooth to be considered

juired for

nits of the

me suffi-
ured, the
Euclidean.
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10-3.5 Slope of Plots of Geometric Property Versus
Scale

For any plot other than those described earlier (length-
scale and area-scale), the method by which the plot was
generated is required as supporting information. The line
used for determining the slope is generated by a least
squares regression analysis, unless otherwise noted.
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Section 11
Specifications and Procedures for Precision Reference Specimens

11-1 [SCOPE

This Section specifies the characteristics of specimens
for the calibration of instruments to measure surface
roughness. Precision reference specimens are intended
for use in the field calibration of instruments for
measpring roughness average or surface profile. They
are n¢t intended to have the appearance or characteristics
of commonly produced surfaces, nor are they intended for
use in] visual or tactile comparisons. The calibration of the
existihg wide range of instruments, in all modes of opera-
tion, ¢alls for more than one type of calibration specimen.
Each |calibrated specimen may have a limited range of
applifation according to its own characteristics and
those of the instrument to be calibrated. The validity
of th¢ calibration of an instrument will be dependent
on th¢ correct association of the characteristics of the cali-
bratign specimen with the machine features to be cali-
bratdd. In this Section, specifications are given fox
surfa¢e contour, material, accuracy, uniformity, and flat-
ness, fand a method for determining assigned valués)for
different types of specimens is given.

11-2 |[REFERENCES

Mulch of the technical informationsin this Section,
including tables, has been adapted from ISO 5436-
1:2000 with permission of the-American National Stan-
dardq Institute (ANSI) on behalf of the International Or-
ganizftion for Standardization. All rights reserved.

ISO 3436-1:2000, Surface Texture: Profile Method;
Mepsurement Standards — Part 1: Material Measures

Publisher: International Organization for Standardization
(ISP), CentralSecretariat, Chemin de Blandonnet 8, Case
Postale 401, 1214 Vernier, Geneva, Switzerland
(wyvi:is0.org)

11-3 DEFINITIONS

precision reference specimen: a specimen hay
rately determined standardized character
testing or establishing one or morgfeatures of
mance of an instrument.

Other definitions of terms are given in Sect

11-4 REFERENCE SPECIMENS: PROFILE
AND APPLICATION

ring accu-
istics for
he perfor-

on 1.

SHAPE

The profile.ofthe specimen depends on the intended use

ofthe spegimen (i.e., for testing amplification, sty
tion, patameter measurements, or overall ix
performance). To cover the range of requ
foup,types of specimens (A, B, C, and D) are
ih ‘paras. 11-4.1 through 11-4.4, each of w
have a number of variants.

11-4.1 Amplification (Step Height): Type

The specimens intended for checking th
magnification of profile recording instrum
grooves or plateaus surrounded by flat surf;
The grooves or plateaus themselves are gen
with sharp edges (as in Figure 11-4.1-1),
features may also be rounded, as in Figure 11

Figure 11-4.1-1 Type Al Groove

w

rlus condi-
strument
rements,
described
hich may

A

P vertical
ents have
hce areas.
erally flat
but these
-4.1-2.

J. F. Song and T. V. Vorburger, “Stylus Profiling at High
Resolution and Low Force,” Applied Optics, Vol. 30
(1991): 42-50

Publisher: The Optical Society (OSA), 2010 Massachusetts
Avenue, NW, Washington, DC 20036 (www.o0sa.org)
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Figure 11-4.1-2 Type A2 Groove

intended determinations. A single specimen or several
kinds of specimens may be provided on a single block.

e an
hated
value
least

d
r 11-5.3 Waviness and Flatness Limits
For roughness specimens, the waviness, measured with

respect to a flat datum, shall have waviness height, Wt, no
greater than the values shown in Figure 11-5.3-1. Step
height specimens shall have peak-to-valley flatness
over the local surface area to be measured that is less
than Znmor 1% of the step height being examined, which-
ever is greater.
11-6 ASSIGNED VALUE CALCULATION

GENERAL JQTE: ©.IS.O. This mater%al is re.produced from ISQ Each precision reference specinieh shall ha

5436:2000 yith permission oftheAm.erlcan Natlo.nal_Standardslnstl— assigned value clearly markedGiear the desig

tute (ANSI) [on behalf of the International Organization for Standar- . . .

dization. All rights reserved. measuring area of the specimén. The assigned
shall be the mean of composite values from at
nine uniformly distributed-locations on the desighated
measuring area as follows:

11-4.2 Stylus Condition: Type B n

The specimens intended primarily for checking the assigned value = Z Vi/n
condition| of the stylus tip consist of grooves or edges i=1

of differemt types, which are discussed in para. 11-7.2.

11-4.3 Pprameter Measurements: Type C

The spgcimens intended for verifying the accuracy of
parametel readout have a grid of repetitive grooves of
simple shape (e.g., sinusoidal, triangular, or arcuate).
Specimens for parameter calibration are classified as
Type C.

11-4.4 Qverall Instrument Performance: Type D

The sp¢cimens intended for overall ghecks of instru-
ment performance simulate workpi€éces containing a
wide range of peak spacings. This fype of specimen
has an irrfegular profile.

11-5 PHYSICAL REQUIREMENTS

The ma
the size of]
defined in

erial characteristics for the reference specimen,
the specimen, and the waviness height limit are

11-5.1 N‘aterials

where n'is.greater than or equal to 9, and where the
composite value V; of each location shall consist of the
meah of at least two individual readings of the measured
pdrameter being assigned. For example,

Vi= (Rjg + Rjp)/2

wherei=1,2,..,nand R;; or R;; is the measured vallue of
the parameter calculated from a single measurement.

Figure 11-5.3-1 Allowable Waviness Height, Wt,
Roughness Calibration Specimens

for

this ségtion.
3
The material used shall be stable enough to ensure £ /
adequate life and be consistent with the type of instrument s

being used, e.g., hard materials for contacting instruments
and optically uniform materials for optical instruments.

11-5.2 Size of the Specimen

For specimens with roughness profiles, the operative
area shall be large enough to provide for the traversing
length required by other Sections of this Standard for all

64
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12.5

25

Measured or Estimated Waviness Wavelength
Roughness Long-Wavelength Cutoff, Ac
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11-7 MECHANICAL REQUIREMENTS
11-7.1 Types Al and A2

Type Al specimens have calibrated plateau heights or
groove depths (see Figure 11-4.1-1) with nominal values
shown in Table 11-7.1-1. The calibrated step height is
shown as the distance d in Figure 11-7.1-1. A pair of
continuous straight mean lines (A and B) are drawn to
represent the level of the outer surface. Another line

For testing 10 um radius tips, a useful Type B2 specimen
design has @ =150 deg and an ideal Ra of 0.5 pm +5% (i.e.,
measured with a stylus with radius much finer than 10
um). The mean peak spacing RSm thus has a value of
approximately 15 pm.

NOTE: To assess the calibrated value of the Type B2 specimen, at
least 18 evenly distributed traces shall be taken on each
specimen. All instrument adjustments shall remain constant
throughout the determination. The stylus tip radius used to
pprfnr‘m the assessment must be pr‘pvimlc]v measured, e.g.,

(C) re¢presents the level of the groove or plateau. Both
typed of lines extend symmetrically about the center.
The duter surface on each side of the groove should be
ignorged for a sufficient length w; to avoid the influence
of any rounding of the corners. The surface at the bottom
of the groove is assessed only over the central third of its
widtH. The portions to be used in the assessment are also
showh. As long as the curvature of the step edges does not
extend out to the offset distance w;, the offset should be as
small as possible to improve precision of the height
measpirement. The specimen should be leveled so that
its measured surface is aligned with the plane of the
trace [path.

Foff Type A2, shown in Figure 11-4.1-2, a mean line
representing the upper level is drawn over the groove.
The depth shall be assessed from the upper mean line
to the lowest point of the groove. Nominal values of
groove depth and radius are shown in Table 11-7.1-2.

If afskid is used with an instrument for assessing these
types|of specimens, it shall not cross a groove at the same
time that the probe crosses the groove being measured.
Tolerpnces on the specimens are shown in Table'11-7.1-3.

11-7.p Types B1, B2, and B3

The¢ stylus condition is evaluated by\measurement of
Type |B specimens.

The Type B1 specimen has a set/of four grooves. The
widtHs of the individual grooves are typically 20 um, 10
um, 5 um, and 2.5 pum (see-Figure 11-7.2-1). The size and
condifion of the stylus is éstimated from the profile graphs
(see Table 11-7.2-1)¢The bottom of the grooves is not a
functional feature 6f the specimen. Therefore, the grooves
should be sufficiently deep such that the stylus tip does not
touch| the bottém. For example, the depth of the grooves
should be-greater than one-half of the width of the widest
groove fora stylus with a 90 deg included angle. For styli

using a Type B3 specimen.

The Type B3 specimen is a fine protrudling edge.
Uncoated razor blades, e.g., have tip widths of approxi-
mately 0.1 um or less. The stylus condition may be accu-
rately measured by traversing stich-a specimern|as shown
in Figure 11-7.2-3.If r; is the stylus tip radius and r; is the
radius of the razor blade edge, the recorded prpfile has a
radius r=ryq + r,. If, in addition, r, is much less thpn ry, then
the recorded radius ds.approximately equal to [the stylus
tip radius itself. This method can only be used with direct
profile recording‘instruments with very slow fraversing
speed capability.

11-7.3-Types Cl1, C2, C3, and C4

(a) “Type C1. Grooves have a sine wave pifofile (see
Figure 11-7.3-1). See Table 11-7.3-1 for recommended
values of Ra and RSm for these specimens s well as
the recommended values of cutoff to use when neasuring
them. For tolerances and uncertainties, see .

(b) Type C2. Grooves have an isosceles triangle profile
(see Figure 11-7.3-2). See Table 11-7.3-3 fof nominal
values of Ra and RSm. For tolerances and uncertainties,
see .

(c) Type C3.Simulated sine wave grooves include trian-
gular profiles with rounded or truncated peaks gnd valleys
(see Figure 11-7.3-2), the total rms harmonic fontent of
which shall not exceed 10% of the rms value of the funda-
mental. Recommended values of Ra and RSm ar¢ the same
as those shown for Type C2 specimens in Tablg 11-7.3-3.
For tolerances and uncertainties, see .

(d) Type C4. Grooves have an arcuate pripfile (see
Figure 11-7.3-3). For recommended values pf Ra and
RSm, see Table 11-7.3-4. For tolerances and uncertainties,
see .

NOTE: The nominal values given in Tables 11-7.3-1, 11-7.3-3,

with otherinctuded angtes, am appropriate groove depti
must be used.

Type B2 specimens with multiple isosceles triangular
grooves with sharp peaks and valleys, also called stylus
check specimens, may be used for estimating the radii of
stylus tips (see Figure 11-7.2-2). As the tip size increases,
the measured roughness average Ra decreases for this
type of specimen.
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3 3 3 e .
amt—t=7-3-4are vatues that assume regligibteattenuation

by the stylus or filter.

11-7.4 Types D1 and D2

These specimens have an irregular profile that is
repeated at length intervals equal to 5Ac along the direc-
tion that is perpendicular to the lay of a specimen with
unidirectional lay (Type D1) or radial direction of a
specimen with circumferential lay (Type D2) (see ISO
5436-1:2000). The grooves on the measuring area
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have a constant profile (i.e., the surface is essentially
smooth along the direction perpendicular to the direction
of measurement) (see Figure 11-7.4-1).

The nominal Ra values of the specimens may range from
0.01 pum to 1.5 um. For tolerances of certain higher Ra
values in this range, see Table 11-7.4-1. Recommended
tolerances for the smaller Ra values have not yet been
determined.

VATV

(2) for Type B2, the estimated mean Ra value for a
probe tip of specified radius
(3) for TypesCand D, the calibrated mean value of Ra
for each tip used, the value and type of filter for which the
specimen may be used, the standard deviation from each
mean, and the number of observations taken
(f) the permitted uncertainty in the calibrated mean
values as given in Table 11-7.1-3, , or Table 11-7.4-1
(g) any other reference conditions to which each cali-
bration-apphes—es igital

tha laact cignificant hite Af
S—tie-reaStSigheantBts—o01+¢

11-8 MA

After egch specimen has been individually calibrated, it
shall be agcompanied by the following statements as ap-
plicable:

(a) typ

(b) the

(c) the
calibrated

(d) the

(e) det

(1) f
the depth
mean, and
taken

0
NINg

e of specimen

nominal value

effective radius of the stylus tip(s) to which each
value applies

type of filter and cutoff

hils of calibration

br Types Al and A2, the calibrated mean value of
of the groove, the standard deviation from the
the number of evenly distributed observations

........ phes—eg
er to

odels

evaluation, and whether the declared values(re
direct measurement or are derived from sunface m

11-9 CALIBRATION INTERVAL

Reference specimens should be calibrated on a r¢
basis, as documented in the end User’s quality sy
Possible considerations for determining the calibj
interval may include the dmopunt of use, wear, the
ronment, instrument type(contact, noncontact), reg
accuracy, and application.

gular
stem.
ation
envi-
uired
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Table 11-7.1-1 Nominal Values of Depth or Height and
Examples of Width for Type Al

Depth, d, pm Width, w, pm
0.3 100
1.0 100
3.0 200
10 200
30 500
100 500

Figure 11-7.1-1 Assessment of Calibrated Values for Type Al

>
>

< (2-3)w

wy W. wy
d
A B
-~ C
w/3
GENERAL NOTE: © ISOxThis material is adapted from ISO 5436:2000 with permission of the American National Standards Institu
behalf|of the Internationial Organization for Standardization. All rights reserved.

e (ANSI) on
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Table 11-7.1-2 Nominal Values of Depth and Radius

for Type A2
Depth, d, pm Radius r, mm
1.0 1.5
3.0 1.5
10 1.5
30 0.75
100 0.75

Table 11-7.1-3 Tolerances and Uncertainties for Types Al and A2

Nominal Vlalue of Tolerance on Combined Expanded Uncertainty of Measurement in

Depth or Height, = Nominal Value, Calibrated Mean Value of Depth or Height, % Uniformity — One Standard Deyiation
pmj % [Notes (1), (2)] From the Calibrated Mean,|%
0.B +20 +4 +3
*15 +3 +2
3 +10 +3 +2
10 +10 +3 +2
30 +10 +3 +2
100 +10 +3 +2
NOTES:
(1) Assumgdd in this Standard to be at the two-standard-dgviations (or approximately 95% confidence) level (see subsection 7-2).

(2) Taken f

rom at least nine uniformly distributed, measurements (see subsection 11-6).
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Figure 11-7.2-1 Type B1 Grooves: Set of Four Grooves

1 1
| |
€10 um >
|
|
|
|
|
|
|
|
1

20 um

1
|
—>15 um |<— |
|

I
|
I
|
I —
| |
| |
| |
| |
| |
| |
| |

<—2.5um

Tablq11-7.2-1Tip Size Estimation From the Profile Graph
for Type Bl
Stylys Penetration of Grooves Approximate Tip Size, pm
First groove only 10 to 20
First and second grooves 5to 10
First, 4econd, and third grooves 25t0 5
All foyr grooves Less than 2.5
GENERAL NOTE: Assuming the tip has a standard 90, deg included

angle.
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Figure 11-7.2-2 Type B2 or Type C2 Specimens With Multiple Grooves
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GENERAL NOTE: © ISO. This material is adapted from ISO 5436:2000 with permission of the American National Standards Institute (ANSI) on
behalf of the International Organization for Standardization. All rights reserved.

Figure 11-7.2-3 Use of Type B3 Specimen

[

Stylus -

Razor
/_ blade

GENERAL NOTES:
(a) This is p schematic diagram of a razor blade trace for profiling the shape of a stylus tip to determine its radius.

(b) The oufput profile essentially represents the stylus tip shape if the radius and included angle of the razor blade are much finer
(c) Reprintled with permission from J./F~Seng and T. V. Vorburger, “Stylus Profiling at High Resolution and Low Force,” Applied Optics,

(1991)

42-50. © The Optical Society.

Recorded

Stylus —>

profile

Vol. 30
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(19) Tabld 11-7.3-1 Typical Ra and RSm Values for Type C1
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Figure 11-7.3-1 Type C1 Grooves

RSm |

N N

of the International Organization for Standardization. All rights reserved.

Medn Spacing of Profile Selected Cutoffs,
Elements, RSm, mm mm, to Check Ra Ra, pm
0.01 0.08 0.1
0.3
0.03 0.25 0.1
0.3
1
0.1 0.8 0.3
1
3
0.3 2.5 1
3
10
GENEHRAL NOTE: The values given assume negligible attenuation by

the sty

lus or filter.

ite (ANSI) on
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Table 11-7.3-2 Tolerances and Uncertainties for Types C1 Through C4

Combined Expanded
Uncertainty of Measurement in
Calibrated Mean Value of Ra, % Standard Deviation From Mean

Nominal Value of Ra, pm Tolerance on Nominal Value, % [Notes (1), (2)] Value, %
0.1 +25 +4 +3
0.3 20 +3 +2
1 +15 +3 +2
3 ENLY) TZ TZ
10 +10 12 +2
NOTES:

(1) Assumgd in this Standard to be at the two-standard-deviations (or approximately 95% confidence) level (see subsectioni 7-2).
(2) Taken from at least nine uniformly distributed measurements (see subsection 11-6).

Figure 11-7.3-2 Type C3 Grooves Table 11-7.3-3 Typical Values of Ra'and RSm for Tyjpe C2 (19)
Mean Spacing of Profile
/ Elements, RSm, mm. Ra, pm a, fleg
0.06 0.1 179
0.3 176
1.0 169
3.0 145
0.1 3.0 153
0.25 0.3 179
1.0 176
3.0 169
10.0 145
GENERAL NOTE: © ISO. This material is reproduced from ISO 0.8 10 179
5436:2000 yvith permission of the American National Standards Instix ' '
tute (ANSI) [on behalf of the International Organization for Standar- 3.0 1fe
dization. All rights reserved. 10.0 169
30.0 145
2.5 3.0 179
10.0 176
30.0 169

GENERAL NOTE: The nominal values given assume negligible
attenuation by the stylus or filter.
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Figure 11-7.3-3 Type C4 Grooves

RSm

\ A ‘/\ A /
N AN AN AN /

GENERALNOTE: ©ISO. Thismaterialisreproduced fromISO 5436:2000 with permission ofthe American National StandardsInstitu
behalf|of the International Organization for Standardization. All rights reserved.

ite (ANSI) on

(19) Tqble 11-7.3-4 Typical Values of Ra for Type C4

MLan Spacing of Profile
Elements, RSm, mm [Note (1)] Ra, pm

0.25 0.2
3.2

6.3
12.5

0.8 3.2
6.3

12.5
25.0

GENEHRAL NOTE: Neglecting any attenuation by the-filter.

NOTE:| (1) The filter cutoff, Ac, must be atleast5 times larger than the
RSm values shown here.
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Figure 11-7.4-1 Unidirectional Irregular Groove Specimen Having Profile Repetition at 54ic Intervals
(Type D1 With Ac = 0.8 mm)

4 mm | 4 mm

GENERAL NOTE: © ISO. This material is adapted from ISO 5436:2000 with permission of the American National Standards Institute (ANSI) on
behalf of the International Organization for Standardization. All rights reserved.

Table 11-7.4-1 Tolerances and Uncertainties for Types D1 and D2

Combined Expanded
Uncertainty of

Measurement in Standard Deviatipn
Nominal Value of Ra, Tolerance on Calibrated Mean Value of Ra, % From Mean Value,
pm Nominal Value, % [Notes (1), (2)] %
0.15 +30 +5 +4
0.5 +20 +4 +3
1.5 +15 +4 +3

GENERAL NOTE: These values correspond to Type-D1 and Type D2 specimens with profile repetition length intervals (5Ac) equal td 4 mm
(Ac = 0.8 mm).

NOTES:
(1) Assumdd in this Standard to be-at.the two-standard-deviations (or approximately 95% confidence) level (see subsection 7-2).

(2) Taken from at least 12 uniformly/ distributed measurements (see subsection 11-6).
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Section 12
Specifications and Procedures for Roughness Comparison
Specimens

12-1|SCOPE

This Section specifies the characteristics of specimens
that afre intended for comparison with workpiece surfaces
of sirpilar lay and produced by similar manufacturing
methjods. These comparisons may be performed by
area averaging techniques as discussed in Section 6 or
by the visual/tactile approach also discussed in
Nonnjandatory Appendix B, subsection B-3.

12-2| REFERENCES

The following is a list of publications referenced in this
Standard:

ISO 2632-1:1985, Roughness Comparison Specimens —
Paft 1: Turned, Ground, Bored, Milled, Shaped and
Plaped

Publisher: International Organization for Standardization
(ISD), Central Secretariat, Chemin de Blandonnet 8, €ase
Postale 401, 1214 Vernier, Geneva, Switzerland
(wyvw.iso.org)

Sed also Sections 1, 2, and 6.

12-3 | DEFINITIONS

roughness comparison specimen: ‘a specimen that has a
surfage with a known surfaceroughness parameter repre-
sentihg a particular machining or other production
procsss.

Other definitions-of terms are given in Section 1.

12-4| ROUGHNESS COMPARISON SPECIMENS

Royightiess comparison specimens are used to guide

comparison specimens are not suitableffor-the dalibration
of surface measuring instruments.

12-4.1 Individually Manufactured (Pilot)
Specimens

These specimens arg-made by direct application of the
production process the.specimen is intended to fepresent.

12-4.2 Replica‘Specimens

These spedimens are positive replicas ¢f master
surfaces.“They may be electroformed or|made of
plastic\or other materials and coated or qtherwise
treated to have the feel and appearance of thg surfaces
produced directly by a selected manufacturing process.

12-5 SURFACE CHARACTERISTICS

Individually manufactured specimens, mastdr surfaces
for reproduction, and their replicas shall exhibjt only the
characteristics resulting from the natural actjon of the
production process they represent. They [shall not
contain surface irregularities produced by abngrmal con-
ditions such as vibrations.

12-6 NOMINAL ROUGHNESS GRADES

Nominal roughness grades for comparison
shall be from the series in Table 12-6-1.

Nominal roughness average, Ra, grades fqr various
manufacturing processes are listed in TabJe 12-8-1
along with corresponding sampling lengths.

pecimens

12-7 SPECIMEN SIZE, FORM, AND LAY

Comparison specimens must he of ndpqnnf: size and

design personnel with respect to the feel and appearance
of a surface of known roughness grade produced by a
selected process. The roughness comparison specimens
are intended to assist workshop personnel in evaluating
and controlling the surface topography of workpieces by
comparing them with the specimen surface. At least one
surface parameter must be marked on the specimen (see
subsection 12-9). Additional parameters to describe the
surface of the specimen could also be included. Roughness

consistent with Table 3-3.20.1-1 to permit initial calibra-
tion and periodic verification. For specimen surfaces
having nominal Ra values of 6.3 pm or less, no side
should be less than 20 mm. For an Ra value of 12.5
um, no side should be less than 30 mm. For Ra values
greater than 12.5 pum, no side should be less than 50
mm. The general direction of the lay should be parallel
to the shorter side of the specimen. In cases such as
fine peripheral milling, when the surface irregularities
resulting from imperfection of cutting edges appear to
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Table 12-6-1 Nominal Roughness Grades, Ra, for
Roughness Comparison Specimens

Nominal Grade, Ra

be of greater consequence than the surface irregularities
resulting from cutter feed, the dominant lay should be
parallel to the shorter side of the specimen although
the feed marks may be parallel to the longer side. The

pm pin. form and lay of standard comparison specimens repre-
0.006 0.25 senting machined surfaces shall be as shown in Table
0.0125 0.5 12-7-1.
0.025 1
0.05 2 12-8 CALIBRATION OF COMPARISON SPECIMENS
01 Specimens should be evaluated using an instryment
capable of measuring parameters in accordance with
0.2 8 . . . .
this Standard. The sampling lengths are given in [Table
04 16 12-8-1. For periodic profiles, use Table!3-3.20.1-1. The
0.8 32 evaluation length shall include at léast five san]pling
lengths. A sufficient number of readings across the lay
16 63 ofthe surface shall be taken at eyenlydistributed locations
3.2 125 (at least five) to enable the mean'value of selected suyrface
6.3 250 parameters to be determinedjywith a standard deviaauion of
12.5 500 the mean of 10% or less.The mean value of the reqddings
shall be between 83%yand 112% of the nominal value.
25 1,000
50 2,000 12-9 MARKING
100 4,000 Markings.shall not be applied to the reference surface of
P00 8,000 the specimen. The mounting of the specimen shhll be
(00 16,000 marked“vith at least the following:

(a)-the nominal and measured values of the assigned
parameters (conventionally Ra) and the unit of measure-
ment (e.g., um)

(b) the production process represented by the
specimen (e.g., ground, turned)

(c) the designation “Comparison specimen”

Table 12-7-1 Form and Lay of Roughness Comparison Specimens Representing Various Types of Machined Surfaces
Process Represented Form of Specimen Lay

Peripheral [0.D. grinding Convex cylindrical Uniaxial

L.D. grindirjg Concave cylindrical Uniaxial

Peripheral [flat grinding Flat Uniaxial

Side-wheell grinding Flat Crossed arcuate
Cup-wheel|grinding Flat Crossed arcuate

0.D. turninig Convex cylindrical Uniaxial

1.D. turninz CoTrcave Lyhllb‘llihd} Uniaxial

Face turning Flat Circular

Peripheral milling Flat Uniaxial

End milling Flat Arcuate, crossed arcuate
Boring Concave cylindrical Uniaxial

Shaping Flat Uniaxial

Planing Flat Uniaxial

Spark erosion Flat Nondirectional

Shot blasting or grit blasting Flat Nondirectional

Polishing

Flat, convex cylindrical

Multidirectional
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NONMANDATORY APPENDIX A
GENERAL NOTES ON USE AND INTERPRETATION OF DATA
PRODUCED BY STYLUS INSTRUMENTS

A-1 INTIIODUCTION

Most s
generally
character
surface cli
topograph

rfaces of engineering interest are complex,
Consisting of randomly distributed irregularities
zed by a wide range of height and spacing. Each
aracterization parameter relates to a selected
ical feature of the surface of interest.

A-2 ROUGHNESS AVERAGE

One us¢ful quantity in characterizing a surface is the
roughneds average, Ra, as described in Section 1. A
common method of measuring the roughness average
uses the |motion of a sharp-pointed stylus over the
surface and the conversion of the displacement normal
to the sufface into an output reading proportional to
the roughness average. A number of factors affect the
results, gnd ASME B46.1 has attempted to specify
enough of those factors so that instruments of different
design angl construction might yield similar values for, Ra
that are ih reasonable agreement on any given surface.

A-3 STYLUS TIP RADIUS

The stylus dimensions limit the minjmum size of the
irregularifies that are included in a measurement. The
specified value of stylus tip radius has been chosen to
be as smdll as practical to include)the effect of fine irre-
gularities| Stylus radii ranging from 2 pm to 10 um are
fairly common. Since styli*of such small radius are
subject tp wear and mechanical damage even when
made of Wwear-resistant materials, it is recommended
that freqyient chéeks of the stylus be made to ensure
that the t|p radius'does not exceed the specified value.

A-4 SKIDBED-MEASUREMENTS

reference datum, and the tracer stylus is mounted pt the

end of a suitable beam.

A-5 TRAVERSING LENGTH AND/MEASUREM
STATISTICS

Since most surfaces are got\uniform, a sufficient length
of surface mustbe traversedto ensure that the full rgading
characteristic of the-surface is obtained. This lgngth
depends on the cutoff selected. The roughness reading
may also vary . Wwith location of the sampled prof}le on
the surface. Forcertain machining processes, it is pofsible
to obtain adequate surface finish control with [three
measurenments. If the process used produces partp that
varywidely in Ra over the surface, the use of a stat|stical
average of a number of measurements may be desirable.
This statistical averaging procedure must be clearly
defined in the surface specifications, and cannjot be
inferred by stated compliance with ASME B46.1.

ENT

A-6 FILTER CUTOFF SELECTION

In general, surfaces contain profile features charpcter-
ized by a large range of spatial wavelengths (i.e., lateral
peak spacings). Some instruments are designed to
respond only to lateral peak spacings less than a|given
value, called the roughness long-wavelength cutoff (Ac).
Such instruments can be configured to include long-wave-
length features within the filtered roughness profile and
its associated roughness parameters by setting the filter
cutoff to a larger value. With the advent of dual band-pass
filtering techniques (roughness and waviness), imstru-
ments that have this capability are now able to
measure long-wavelength features separately as wavi-
ness. This current practice is described in more fetail

One means of providing a reference surface against
which to measure stylus movement is to support the
tracer containing the stylus on skids, the radii of which
are large compared to the height and spacing of the irre-
gularities being measured. In measuring surface rough-
ness in small holes, slots, and recesses, and on short
shoulders, gear teeth, and thread surfaces, the geometry
may not permit the use of skids to support the tracer. In
such cases, the tracer body is supported and moved over a

78

in Sections 3 and 9 and Nonmandatory Appendix G. Exam-
ples of surfaces including important long-wavelength
features are milled surfaces having an undulating
profile (i.e., waviness) in addition to finely spaced rough-
ness features and machined surfaces exhibiting chatter
marks (e.g., shaft surfaces).
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A-7 METHODS FOR ROUGHNESS AND WAVINESS gularities of the profile. In the segmentation procedure,
SEPARATION the mean line is composed of straight line segments,
each having a length equal to the roughness sampling

Methods for separating roughness and waviness  |gnoth. The transmission characteristics of the Gaussian

. 1 . .
aspects of the surface (segmentation,” 2RC filtering,  fjjter specified in Section 9 are such that a sinusoidal wave-
and Gaussian filtering) are dllscussed in ASME B46.1. f5rm with a spatial wavelength equal to the cutoff would
These methods may produce different measured param- 1 5¢tenuated by 50%. For the 2RC filter, the attenuation at

eter values. The numerical difference between these  the cutoffis 25%. In the segmentation procedure, less than

values is referred to as methods divergence. The 350, attenuation occurs at the cutoff spatial wavelength.
methods divergence arises here because the methods ; cutoff or
prodyce different mean lines and yield different attenua- sampling length, the effective attenuation rgltes of the
tion rhtes for profile spatial wavelengths near the cutoff or three procedures differ. In cases of-disagreement
roughness sampling length. The filtered mean line for

instryments using either a 2RC or Gaussian filter is a
wavy(one, generally following the shape of the larger irre-

regarding the interpretation of measurenients, see
subsection 2-2.

! This technique was described in ASME B46.1-1985 and is not typically
used with current technology.
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NONMANDATORY APPENDIX B
CONTROL AND PRODUCTION OF SURFACE TEXTURE

B-1 SPECIFICATION

(a) Suj
drawing g
to the fu
product. U
tion costs
surface sf

(b) In

face texture should not be controlled on a
r specification unless such control is essential
hctional performance or appearance of the
nnecessary specifications may increase produc-
and reduce the emphasis on other more critical
ecifications.

the mechanical field, many surfaces do not
require control of surface texture beyond that required
to obtain the necessary dimensions on the manufactured
component.

(c) Working surfaces such as those in bearings, pistons,
gears, and sealed joint flanges are typical of surfaces that
require cgntrol of the surface characteristics to perform
optimally]Nonworking surfaces such as those on the walls
of transmlission cases, crankcases, or housings seldom
require any surface texture control.

(d) Experimentation or experience with surfaces
performing similar functions is the best criterion on
which to base selection of optimum surface characteris-
tics. Det¢rmination of required characteristics\for
working surfaces may involve consideration of suchcon-
ditions as|the area of contact, the load, speed, direction of
motion, type and amount of lubricant, temperature, and
material and physical characteristics of ¢component parts.
Variationfs in any one of the condifions may require
changes in the specified surface characteristics.

(e) Sp€cifications of different foughness parameters
have diffefrent sensitivities te‘variation in the machining
process. For example, peak=and valley-based parameters
(e.g., Rz,|Rmax) are more sensitive to variation in
machininjg process-conditions than parameters that
average a|l profilé. data (e.g., Ra).

B-2 PRqDUCTION

(b) Figure B-2-1 shows the typical range of syrface
roughness values that may be produced by common
production methods. The ability of a processing operation
to produce a specific surface roughness depends onmany
factors. For example, in surface grinding) the final suyrface
depends on the peripheral speed ofthé wheel, the spged of
thetraverse, the rate of feed, the@grit size, bonding mdterial
and state of dress of the wheel; the amount and type of
lubrication at the point.ofZcutting, and the mechanical
properties of the piece being ground. A small change
in any of these factérs may have a marked effdct on
the surface produced.

(c) Large amplitude waviness may be an undesjrable
surface condition that represents significant undulations,
in additionto roughness, of the surface, typically resplting
from unintended tool or workpiece vibration. Some|fabri-
cation.processes are prone to the generation of wayiness
aid some functional surfaces require the control of wavi-
ness. Examples include parts subject to contact lopding
such as bearings, gears, and some sealing surfaces. Wavi-
ness is also a consideration in the appearance of d¢cora-
tive components such as automotive body panels and
surfaces of appliances.

B-3 INSPECTION

(a) ASME B46.1 explains the interpretation of specifi-
cations of surface finish on drawings. Although this|Stan-
dard permits considerable latitude in the methlod of
producing and inspecting a surface, it specifies |imits
on the characteristics of measuring instruments, rpugh-
ness comparison specimens, and precision refefence
specimens. These specifications are essential for thg reli-
able measurement of surface parameters and are thuls nec-
essary for establishing and maintaining control of syrface
texture. The instruments permit the accurate megsure-

ment of characterization paramnfﬂrc for curFﬁrnc zn;ener.

(a) Surface texture is aresult of the processing method.
Surfaces obtained from casting, forging, or burnishing
have undergone some plastic deformation. For surfaces
that are machined, ground, lapped, or honed, the
texture is the result of the action of cutting tools, abrasives,
or other forces. It is important to understand that surfaces
with similar Ra ratings may not have the same perfor-
mance, due to tempering, subsurface effects, different
profile characteristics, etc.
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ated in production. The precision reference specimens
provide an accurate means of calibrating the measuring
instruments. The roughness comparison specimens allow
engineers or designers to obtain an approximate idea of
the surface textures produced by various machining
processes.

(b) One of the methods of control and inspection
covered in ASME B46.1 is the use of pilot specimens
that are actual piece parts from the production setup
that conform to the surface requirements specified on
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Figure B-2-1 Surface Roughness Produced by Common Production Methods

Roughness Average, Ra, um (uin.)

Process 50 25 12.5 6.3 3.2 1.6 080 0.40 0.20 0.10 0.05 0.025 0.012
(2,000)(1,000) (500) (250) (125) (63) (320 (16) (8) (4) 2 1) (0.5
T
Flame cutting 2
Snagging
Sawing

laning, shaping

rilling
hemical milling
lectrical discharge machinery

Nilling

roaching

eaming

lectron beam

aser
lectrochemical

oring, turning
arrel finishing

lectrolytic grinding
oller burnishing

brinding

Honing

lectropolish I I
olishing I
apping

$uperfinishing

$and casting

fot rolling

orging

erm mold casting

Investment casting
xtruding

old rolling, drawing:

ie casting

The ranges/Shown above are typical of the processes listed. Key: HEEEE Average application

A icati
fligher-orlower values may be obtained under special conditions. A Less frequent application
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the drawing. To assure reasonable accuracy, the surface
texture of pilot specimens should be measured by cali-
brated instruments. Pilot specimens are of the same
size, shape, material, and physical characteristics as
production parts from the same machine setup, which
may make it possible to determine by sight or feel
when production parts deviate significantly from the
established norm indicated by the pilot specimen. If
control is required at more than one station, pilot speci-

singular features such as scratches, dings, dents, or
machining steps.

(d) Engineers should recognize that different areas of
the same castings may have different surface textures. Itis
recommended that specifications of the surface be limited
to defined areas of the casting. The practicality and the
methods of determining that a casting’s surface texture
meets the specification should be coordinated with the

producer.
Oect-2002

mens mayrbe-eutinte-the requirednumberofpieces—Elee SAEJ4356—0et—=2002 —Autometive-Steel-Gastings,
troformed or plastic replicas of the pilot specimens may describes methods of evaluation for steel(casting
also be sqtisfactory. surface texture used in the automotive and related indus-
(c) Visjlal aids and comparator instruments, other than tries.
those of [the stylus type, are sometimes useful for
comparing the workpieces with pilot specimens or rough- B-5 SURFACE TEXTURE OF PARTS FABRICATED
ness comjparison specimens. However, the use of rough- BY ADDITIVE MANUFACTURING
ness comparison specimens or replicas of pilot specimens
for visual fnspection requires the adoption of precautions (a) Surface characteristics.of-parts fabricated through
to assure the accuracy of observation. Optical reflectivity ~ additive manufacturing (AM) may be considered on a
is not necessarily a reliable index of roughness, because different basis from¢machined surfaces. ISO/ASTM
reflectivity is dependent on such factors as the specular 52900-15:2015(E), Standard terminology for adfitive
properties of the material, the lighting conditions, viewing manufacturing —~<General principles — Terminglogy,
angle, rouphness, irregularity spacing, and color, as well as describes the terminology used in AM. AM surfacgs are
roughnesg height. The presence of waviness may affect the often a mix of the joined material forming a portjon of
appearange of a surface because long spatial wavelength ~ the intendedproductand partially joined feedstock mate-
features fire often more readily observable with the  rial, with height variations that can exceed teps or
unaided dye than shorter spatial wavelength roughness ~ hundreds of micrometers.
features. (b) Surface characteristics of AM are uniqu¢ and
warrant special consideration in determining appropriate
B-4 SURFACE TEXTURE OF CASTINGS measurement and analysis routines. The AM build pyjocess
is complex, with many variables that are both monitored
(a) Surfface characteristics of castings should netthe = and unmonitored as well as in and out of the controljof the
consideref on the same basis as machined surfaees;Cast-  producer. As such, the extent to which each variable {ffects
ings are characterized by random distribution of-hondir- the resultant surface topography and the effect df this
ectional deviations from the nominal surface. topography on part function are not fully undergtood.
(b) Surfaces of castings rarely need contyol beyondthat ~ This, however, is an active and rapidly advancing research
provided |by the production method{necessary to meet field.
dimensional requirements. Comparison specimens are For reference, Chapter 16, “Surface texture charpcter-
frequently used for evaluating 'surfaces having specific  ization and optimization of metal additive manufactyiring-
functional requirements. Surface texture control should produced components for aerospace applicatiors,” of
not be specified unless required for appearance or func-  Additive Manufacturing for the Aerospace Industry |(New
tion of the[surface. Specification of such requirements may York: Elsevier, 20191), discusses best practicgs for
increase the cost to<the user. surface texture characterization and finishing techniques
(c) Casfing porosity is an internal material character-  of metal parts built through powder bed fusion. Addjition-
istic that mpacts-the machined surfaces generated from ally, a data set of surface height maps investigatinjg the
castings. [Peses’ that are intersected by the machined  variation of surface topography in laser powdef bed
surface representflaws-or-singtlarities—thatare-often OSToT additive d1Tu UTing o icke OpETd j625

controlled by specification of maximum size, number,
or minimum spacing. The presence of surface porosity
can greatly influence the filtered roughness profile and
calculated roughness parameters. Evaluations of rough-
ness or waviness may be limited to areas free of such
porosity or require pore regions to be removed from
the evaluated profile. Manual evaluation of the unfiltered
surface profile or an alternate surface measurement
method may be required to assess porosity or other

82

is publicly available on the website https://www.data.gov
for engineers and producers to download and explore.”

(c) Surface-breaking and internal elements, such as
cracks and porosity, are characteristics that impact
both the as-built parts and those processed with

! ebook ISBN: 9780128140635, paperback ISBN: 9780128140628,
https://doi.org/10.1016,/B978-0-12-814062-8.00018-2.

Zhttps://doi.org/10.18434/M32020, https://doi.org/10.6028/
jres.124.023.

(19)
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secondary finishing operations. When intersected by a
machined surface, unless included intentionally for the
function of the surface, these elements represent flaws
or singularities. It is recommended that control of
surface-breaking flaws be separately specified by
maximum size, number, minimum spacing, or other
metrics agreed on by the producer and engineer. The pres-
ence of surface-breaking flaws can greatly influence the

ired to assess porosity or other singular features
hs scratches, dings, dents, or machining steps.
Engineers should recognize that different areas of
the sgme AM part may have different surface textures. Itis
recommended that specifications of the surface be limited
to defined areas of the part. It should be noted that filter
guidelines put forth in para. 3-3.20 have not been tested
with AM surfaces and, therefore, caution should be taken
wherl selecting appropriate filters and specification
should be coordinated with the producer and stated
along| with the parameter.

Due to the wide range of materials and fabrication tech-
nologies that fit under the category of AM, engineers
should also recognize that the specifications for one mate-
rial and fabrication system may not be achievable in other
materials or systems. The practicality and methods of
determining that an AM part’s surface texture meets a
process specification should be coordinated with the
producer.

ISO/ASTM 52902:2019, Additive manufacturing —Test
artifa Geo i Hity-asse f additive
manufacturing systems, describes test{artifacts to
assess geometric capability of AM systems ‘in¢luding an
artifact for assessing surface texture.

ASME Y14.46-2017, Product Definition fo Additive
Manufacturing, covers definitions‘of terms anfl features
unique to AM technologies with recommendptions for
their uniform specificationw in product definjtion data
sets and in related doctments.

The “Standardization-Roadmap for Additive| Manufac-
turing Version 2.0 < June 2018” from the America Makes
and ANSI Additive’/Manufacturing Standardization Colla-
borative® detdils the overall standardization progress,
includinggrogress related to surface texture offAM parts.

83

% https://www.ansi.org/amsc/.
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NONMANDATORY APPENDIX C
A REVIEW OF ADDITIONAL SURFACE MEASUREMENT METHODS

C-1 INTRODUCTION

This Ap|
technique
The lay
(including
the wide
complete
niques. H¢
unified ap
buyer and
sary agres
neering a
groups, aj
tries.
Surface
ally only o
tion and
can usual
tation ang
(a) opt
ment, imd
(b) ele
electron 1
(c) non
nics, eddy
(d) pre
gauging a
(e) sur
hardness
resulting
zones of]
surface.
on these {

(f) che

ion specty

pendix highlights certain surface measurement
5 other than those described in this Standard.
ge number of surface examination methods
b the different characteristics of probes) and
variety of data analysis techniques preclude
horeement of results obtained by different tech-
wever, methods divergence need not prevent a
proach to surface measurement agreed on by
seller, which forms a suitable basis for neces-
bment between them, as well as between engi-
hd manufacturing activities, between industry
1d between the United States and other coun-

texture, in the sense of this Standard, is gener-
ne of the essential elements for surface descrip-
ontrol. Additional surface quality information
y be obtained from other types of instrumen-
analysis such as the following:
cs, including microscopy, reflectance measure-
ge analysis, and holography.
‘tron optics (both scanning and transniission
hicroscopy).
destructive testing methods including ultraso-
current, and capacitance.
cision dimensional measurément including air
hd measurement of fornt.
face integrity measurfements (see ref. [1]) of
changes, stress, fatigue, and deterioration
from machining processes that cause altered
material at~and immediately below the
omponent integrity may depend significantly
ypes of<surface properties.
mical‘characterization including electron and
oscopy and analysis.

For o

her rnmmnn]y nused methods_ see

(a) For spatial resolution, the generally dce
Rayleigh criterion states that two objects in, the
plane of a diffraction limited lens will'be res
when they are separated by more than'a distanc
stated in the following formula:

4o Ho
NA
where
k = a value betwéen' 0.6 and 0.8 depending d
instrument characteristics

NA = numericalh\aperture of the lens

A, = waveleéngth of the illumination

(b) The numerical aperture NA is a function

refractive index of the medium between the len
the object, usually air, and the angle subtended
object plane by the effective radius of the lens. T
microscope lenses have NA values from 0.2 to 0.9
larger value may be extended to 1.4 by using immg
techniques.

C-2.2 Light Section Microscopy

(a) An oblique thin sheet of light or a projecte
image provides an outline of irregularities o
specimen surface. This approach was first ment
by Schmaltz (see ref. [2] or ref. [3]) in 1931 an
since been refined and modified.

(b) The Schmaltz instrument uses two objective ]
oriented at approximately 45 deg to the surface ng
Onelens transmits a thin sheet of light onto the surfa
the other lens is used to observe the profile t
produced. The method is generally limited to 400x n
fication with a spatial resolution of about 1 pm (4d

bpted
focal
blved
b d as

n the
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(see Figure C-2.2-1).

(I“) Iig]nf‘ section mirrncrnpnc can prr\viﬂn a-three-

Nonmandatory Appendices E and F.

C-2 OPTICAL METHODS

C-2.1 Introduction

Optical microscopes have spatial resolution capabilities
limited by the following criteria:

84

dimensional effect when the specimen is slowly moved
past the instrument. In addition to their use as surface
profile instruments, they can be used to measure step

heights, flatness, and parallelism of surfaces. The

y can

also be equipped with an auxiliary measuring system

and used as a noncontacting null sensor.
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Figure C-2.2-1 Schmaltz Profile Microscope

Viewing ;
direction /

Beam of light

C-2.3 Optical Reflectance Measurement
(Glossmeters)

Relative measurements can be made by obliquely illu-
minating a test surface with either single or multiple wave-
lengths of light and measuring the ratios of specular to
scattered intensities. Glossmeters operate on this prin-
ciple (see ref. [4]) and Figure C-2.3-1.

C-2.4 Double Beam Interferometry: Circular Path

Eyepiece

Light source

Objective lens —>=

«—— Slit imaging
lens

Figure C-2.3-1 Reflectance Measurement

Light source

Specular and diffuse
reflectance detectors

Condenser lens

m
plitter Aperture stop

Collimating
Lusing lens lens

Profiler

The circular path profiler developed by Soinmargren
(see refs. [5], [6]) is shown in Figure C-2{4-1. Two
laser beams (with different polarization states] are sepa-
rated by a Wollaston prism and are-incident on|a surface.
The relative height of the twe_points of illunfination is
measured by sensing ther€lative phase of thq reflected
beams. The measured- sample is then rotatdd. One of
the beams serves as-a:-reference because it iljluminates
the stationary point on the surface on the axis df rotation.
The other beam then serves to measure a surface height
profile of the'circular path traced over the rotatipng surface
with respect to the central reference point.

C-2.5Multiple-Beam Interferometry

{a) Inthis method, pioneered by Tolansky (s¢e ref.[7]),
the side of the reference flat facing the workpiecg has to be
coated with a thin semi-reflecting film having low absorp-
tion and a reflectivity approximately matching that of the
workpiece (see Figure C-2.5-1).

(b) If the distance between the surface$ is small
enough, on the order of a few wavelengths of light, the
light will be reflected back and forth many times
between the two surfaces. Extremely sharlp fringes
result, which are easier to interpret than thg broader
appearing fringes from a double-beam intefprometer.
The practical upper limit of magnification i§ approxi-
mately 125x to 150x. Monochromatic light i essential
and good fringe sharpness and contrast dgpend on
high reflectivity and low absorption for the yorkpiece
and reference mirror. Because of the clos¢ spacing
between the workpiece and the reference nfirror, the
coating on the mirror can become damaged [and must
be replaced if necessary.

C-2.6 Differential Interference Contrast br

85

Nomarski Microscope

This instrument (see refs. [8], [9]) consists of a
Wollaston prism, which can be attached to most metallur-
gical microscopes close to the objective lens. The prism
produces two images of the workpiece that are sheared
(i.e., displaced) with respect to each other by a small
amount, usually the limit of resolution of the objective.
The resulting image contains greatly enhanced surface
detail. Changes of height as small as 1 nm or less can
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Figure C-2.4-1 Schematic Diagram of Circular Path Profiler

Axis of rotation

Sample under test |

¢ 3

Rotary table , Rotary table

Microscope
objective

Woltaston
prism

Figufe C-2.5-1 Multiple-Beam Interferometer be identified. The measurement is qualitative, however.
The various shades of gray in the image represent

Eyepiece different slopes on the work surface. Differential interfer-
N [mage ence contrast can be used with any magnification that is
_/ available on the microscope. Figure C-2.6-1 is a differential
! interference contrast photograph of an automobile gngine
Collimating Focusing lens cylinder wall before run-in.

lens /
N Beam splitter

@@}l S o (a) This system is similar to differential interfefrence

Light |\\VL /Objective lens contrast. However, the amount of shear of th¢ two

source dan images is much greater, generally 20% of the field|view.
Reference

C-2.7 Differential Interferometry

The composite image is overlaid with interference
i frrdicatt i i ' n the
two sheared images. The fringes are of exceptionally
high contrast because the workpiece is acting as its
own reference mirror that has the same reflectivity.
The effects of vibration between the workpiece and
the microscope are canceled because the reference
mirror and workpiece are identical. The fringes are
always straight regardless of the curvature of the work-
piece as long as there are no discontinuities within the
field of view. White light as well as monochromatic

interferometric
beam splitter
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Figure C-2.6-1 Differential Interference Contrast
Photograph of Automobile Engine Cylinder Wall

720

a = fringe displacement caused by the step
i = spacing between adjacent fringes
wavelength of the illumination

>
Q
1

(c) Animportant disadvantage of differential interfero-
metry is that every discontinuity appears twice on the

Figure C-2.7-1 Differential Interferometry

A, A,
B, B,

W >

light ¢an be/used for any magnification. Precise measure-
menttofdefect hpigh‘rq can be made by the nsual methods

composite image. These double images are separated
by the 20% shear of the field of view:\If fhere are
many discontinuities, interpretation becomes extremely
difficult.

C-3 REPLICAS

When the surface itself €annot be examinedl directly,
negative impressions~(replicas) are sometiimes used.
Although all replicas-initially contact the workpiece,
different types of’teplicas are made for contgcting and
noncontacting/measurements.

(a) Replicas“for Contacting Methods. Wherl a typical
stylus instrument cannot be used on a surface because
of its shape, location, or softness, a replich may be
madethat can then be measured with a stylus injstrument.
Cautions regarding the replica material includg its hard-
ness after curing, its shrinkage, and its fidelity. Hpwever, in
certain cases it is possible to duplicate surface details
down to the 2 nm height range (see ref. [10]).

(b) Replicas for Noncontacting Methods. No hardness or
wear-resistant properties are required when re¢plicas are
examined using noncontacting methods. Therefpre, softer
materials such as coatings or films may be used for repli-
cation.

(c) Zehender Technique for Extending Utilization of
Interference Microscopes (see ref. [11]). On rough surfaces
the interference fringes are deflected to such a hjgh degree
that their course cannot be followed. By means of the
Zehender method, such rough surfaces can,|in effect,
be demagnified. For this purpose, a transpgrent film
replica is made of the surface to be exam|ned. The
replica F is made by pressing a piece of acgtate film
against the work surface W, which has been|wet with
a drop of acetone [see Figure C-3-1, sketch (a)].

After drying, the film is placed in a Zehendef chamber
that consists of a mirror and cover glass combination with

of fringe interpretation as long as the steps or disconti-
nuities are small with respect to the 20% shear of the field
of view. In Figure C-2.7-1, if, e.g., a simple surface has two
planar surfaces, P; and P,, with a step edge occurring along
a straight line AB, it will appear in the eyepiece as two
separate lines A;B; and A;B,.

(b) The step heightis evaluated as the fringe fraction as
follows:

a replica in between. The combination is viewed under a
two-beam type of interference microscope at a suitable
magnification, not exceeding 200x. Figure C-3-1, sketch
(b) is a schematic diagram that shows the principle of
the demagnification effect. The film replica F, which
has a refractive index ng is placed on the mirror M
with the impressed features downward. The medium J
is a liquid that is placed between the film and the
mirror and has a refractive index n;. In this arrangement,
the deflections of the interference fringes caused by the
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Figure C-3-1 Zehender Method

power of electrons requires that the specimen and the
entire electron path be in a high vacuum region with abso-
lute pressures of 107> Torr or less. Specimens must have a
thickness of 100 nm (4 pin.) or less. However, the extre-
mely short wavelength of the electron, approximately
0.0025 nm for an accelerating voltage of 200 kV,
allows for high spatial resolution (0.2 nm to 0.4 nm)
and useful magnifications up to 5 x 10°.

(c) To study surface topography, a suitable replica
whaoca-thiclknace ic lace than 100 s (4 113 ) aay
....... thickressistess—than100-nm{4pintmyst be

(€)] (b)

surface topography are reduced by the factor (ns- n)) as
compared with those obtained by viewing the surface
directly.

If ng= 1151 and n; = 1.41, then the fringe deflections will
be only onje-tenth of those obtained without a replica. By
choosing @ suitable immersion fluid, the sensitivity of the
interference method can be adapted to the roughness of
the surfacg to be evaluated. Commercial Zehender replica
kits include the necessary reference mirrors, replica films,
and immejsion fluids. An important secondary advantage
of the technique is that the replica can be taken on a curved
surface sych as an involute gear tooth and then flattened
out with g cover glass so that it conforms to the shape of
the referdnce mirror. Pits, cracks, and other discontinu-
ities can then be examined on curved surfaces. Consider;
able skill gnd patience are required for meaningful results.

C-4 ELECTRON MICROSCOPE METHODS

C-4.1 Transmission Electron Microscope (TEM)

It shoulfd be noted that TEMs are frequently used to look
at microsfructures where the termr [texture” is used to
refer to grain orientation and notysurface topography.

(a) Thq TEM is fundamentally analogous to an optical
transmisgion microscope.where, instead of photons of
light, eledtrons illuminaté the sample, as illustrated in
Figure C-§.1-1. The illwminating beam of electrons is
focused by an electromagnetic condenser lens (or
lenses) sHown in\the diagram as L;, onto the specimen,
S. Variatipns ‘ihelectron density of the sample impede
or allow lthe electrons to pass through an objective

made of the surface of the test specimen. Quantifative
information about the topography may thende obtained
by taking two measurements, with the specimen peing
tilted through an angle of about 8 deg (0.14|rad)
between the two measurements. Surface profiles and
contour maps may be constructed€rom the two megsure-
ments with the aid of instrument software or a sfereo-
scope. Height resolution is‘sighificantly limited Hy the
measurement of tilt angle,-stereoscopic interpretption,
and the replication précedure.

Figure C-4.1-1 Comparison of Optical and Transmission
Electron Microscopes

Light Microscope Electron Microscope

Cathode

Lamp
— \ — Anodp
L, !

lens, L,, and subsequently through a projector lens, Ls,
to form an image, I, on a fluorescent screen, photographic
plate, or other capturing method. Figure C-4.1-1 is only a
schematic of the principal components of a TEM and
should not be interpreted as inclusive of all TEM
designs. Additional intermediate condenser and projector
lenses are often used.

(b) The low penetrating power of electrons and their
short wavelength result in many differences between
optical and electron microscopes. The low penetrating

(@ (b)
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Figure C-4.2-1 Diagram of Scanning Electron Microscope

Electron gun L J Gun supply
Condenser < lene
lens
Supply
Stigmator |Z| |Z|
Objective X! X Magnification Scanning
lens X | K= unit circuit
~ | Scanning
coils \
Specimen | -
z_l - Amplifier
Detector
Display unit

Vacuum system

C-4.2
A S
graph
meas
(a)

inatig

Scanning Electron Microscope (SEM)

EM can provide an image that is based-on topo-
ic contrast that can be used for surface texture
irements using stereoscopic pairs:

In contrast to the TEM, in which'the area of exam-
n is uniformly illuminated by a broad beam of elec-
trons| a SEM (see refs. [12] through [16]) uses a scanning
beam|of electrons finely foclised on the specimen surface.
The image of the specimen.is derived from secondary and
backgcattered electrensiemitted from the specimen and
colledted by a detector (or detectors) placed in proximity
to thg specimens-The images formed may then be used to
obtain texturakinformation about the specimen surface. A
scherhati¢c-diagram of a SEM is shown in Figure C-4.2-1.
Similarly,.a$ with Figure C-4.1-1, Figure C-4.2-1 is only a

(c) The extraction of quantitative informatfion about
surface topography from the many possible gutputs of
a SEM is difficult and complex, since contrast in the
displayed image is affected by many factors (e.g., electric
field enhancement at sharp edges, crystallographic orien-
tation, and the point-to-point variation in atonfic compo-
sition of the specimen). Nevertheless, because of its
excellent spatial resolution (as small as 1 nmp) and its
large depth of focus, the SEM is a convenient and
frequently used tool to examine the surfacefs of engi-
neering specimens. Stereoscopic pairs df images
similar to those described for the TEM are ohe way to
achieve topographic information.

C-5 SURFACE EXAMINATION REFERENCES

basic
should not be interpreted as inclusive of all SEM designs. A
number of different lens designs and electron sources are
possible.

(b) The advantages and limitations of using an instru-
ment having an electron beam, discussed in para. C-4.1 for
the TEM, also apply to the SEM. However, since the SEM
depends primarily on backscattered or emitted electrons,
there are no stringent requirements on specimen thick-
ness.
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NONMANDATORY APPENDIX D

D-1

Thi
other]

NTRODUCTION

s Appendix discusses surface texture parameters
than those described in Section 1 of this Standard,

which may be useful in surface quality research and

certa
about
Final
variaf

D-2

D-2.]

Thi
eters
aver
heighl
lengtl

D-2.3

Thil
the d
lengtl
tions
accor

D-2.3

Thil
in len|

n areas of process control. It also adds information

the autocovariance function defined in Section 1.
y, it discusses the uniformity of surfaces and the
ion of measured parameters.

NTERNATIONAL STANDARDS AND
PARAMETERS

Average Peak-to-Valley Roughness R and
Others

s general term is intended to include those param-
that evaluate the profile height by a method that
ges the individual peak-to-valley roughness
ts, each of which occurs within a defined sampling
1! (see Figure D-2.1-1).

) Average Spacing of Roughness Peaks, AR

s is the average distance between peaksimeasured in
rection of the mean line and within the sampling
1. The term “peaks” has a wide(variety of interpreta-
therefore, this parameterymust be evaluated
ding to a specific standard,(see Figure D-2.2-1).

Swedish Heightof Irregularities (Profiljup),
RorH

s is the distance/between two lines parallel and equal
oth to the mean line and located such that 5% of the
line and 90% of the lower line are contained within

uppel
the

aterjal side of the roughness profile (see

Figurle 'D=2.3-1). This parameter is the same as Htp

the average of these products. The formula foid
ACV from a profile is given in Section 1¢

(b) Theroot mean square roughness (Rq) of
is equal to the square root ofthe ACV value at the
position. The correlation length\(see Section
profile is determined as the(shift distance ¥
ACV, orits upper boundary€nvelope, first drops
fied fraction of the ACVwhen evaluated at the
position. When two_pdints on a profile have
greater than the correlation length, they are ¢
to be independent and generally result from
steps in the.surface forming process. Figy
shows profiles of surfaces obtained by three j
methods.along with the normalized ACV of ea
The fiormalized ACV is called the autocorrelatio
(ACE) and is also described in Section 1.

D-4 UNIFORMITY OF SURFACE

(a) The various surface texture parameters
the evaluation of a single surface profile. Ho
surface is truly uniform. Therefore, no sing
roughness profile or parameter measureme
profile is truly representative of the entire surf

(b) To characterize the surface texture of an
completely, it is necessary to analyze a number
This analysis provides information on the med
the parameter for the surface and the distribuf
dard deviation) in readings that can be expec

Figure D-2.1-1 Average Peak-to-Valley Rod
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(5%,

90%) (see para. 1-4.3 and Figure 1-4.3-2).

D-3 AUTOCOVARIANCE FUNCTION (ACV)

(a)

larity

The autocovariance function is a measure of simi-
between two identical but laterally shifted profiles.

For a particular shift length, its value is obtained by multi-
plying the shifted and unshifted waveform over the over-
lapping length, ordinate by ordinate, and then calculating

L A practical implementation is described in ISO 12085:1996.
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Figure D-2.2-1 Average Spacing of Roughness Peaks
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D-5.1 Surface Texture Measurement and
Instrumentation
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MacMillan and Co., Ltd., 1970)
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(c) Th¢ number of profiles necessary to provide. a
meaningfiil measurement is dependent on the intrasur-
face variation, the intersurface variation, and the gauge
capability of the measurement system relative to the
surface quality specification.

(d) Fewer profiles are required to fully’ characterize a
precision reference surface comsisting of a regular
geometri¢ pattern than, e.g., a grit-blasted sheet metal
surface wjth randomly spaced pits of varying sizes.

D-5.2 Statistical Parameters

J. S. Bendat and A. G. Piersol, Random Data: Analys|s and
Measurement Procedures (New York: John Wiley and
Sons, Inc., 1971)

R.B.Blackman and J. W. Tukey, The Measurement of Power
Spectra (New York: Dover Publications, Inc., 19%8)

D. C. Champeney, Fourier Transforms and Their PHysical
Applications (New York: Academic Press, 1973)

R. K. Otnes and L. Enochson, Digital Time Series Aralysis
(New York: John Wiley and Sons, Inc., 1972)

D-5 GENERAL REFERENCES ON SURFACE
TEXTURE MEASUREMENTS

General referencés may be found in the Engineering
Index (1943%onward), under appropriate headings,
such as Metals Finishing, Surface Roughness Measure-
ment, and Metals Testing.
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Figure D-3-1 Measured Profiles and Their Autocorrelation Functions
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NONMANDATORY APPENDIX E
CHARACTERISTICS OF CERTAIN AREA PROFILING METHODS

E-1 INTRODUCTION

This Agpendix describes the operating principles and
performance of several area profiling techniques. Due to
the advanfement of technology, the performance aspects
discussed|here may not be up to date.

E-2 IMAGING METHODS

E-2.1 Veftical Scanning Interferometric
Microscopy

E-2.1.1|Description. This type of microscope is sche-
matically pimilar to the phase measuring interferometric
microscojpe shown in Figure 8-2-1. However, these
systems typically use a white light source. The microscope
will typicdlly scan either the sample or the optical system
normal to|the surface of the sample. During the scanning
motion, the resulting interference fringe patterns are
analyzed|on a pixel-by-pixel basis to determine the
height in the vertical scan where the fringe contrast,is
highest. By establishing the height corresponding to
the maximum fringe contrast for each pixel, a.map of
the surfade heights is established.

E-2.1.2

(a) Range. Vertical scanning interferometric micro-
scopes arg applicable for surfacesrwith Ra smaller than
about 20 pm. The evaluatignydrea ranges up to
about 6 mm x 6 mm depending on the magnification
of the mikcroscope objective*used. In addition, larger
evaluation areas may berachieved by combining images
of smallerf evaluation‘areas. Vertical scanning interfero-
metric njicroscopes are limited in their ability to
measure gurfaces\with large slopes.

(b) Accuracy. The accuracy of these interferometers is
limited byl several factors, including the calibration of the

Performance

(c) System Noise and Height Resolution. The heighfreso-
lution islimited by the system noise, which can-belesf than
1 nm, or by the quantization increment of thé verticalscan-
ning system. The system noise is affected by the ndise of
the detector electronics and environrental factofs. To
minimize the environmental effeets, the instrumpents
may be mounted on vibratign jisolation tables. The
heightresolution can be estimated by taking the difference
between successive topography measurements and falcu-
lating the Rq value of the resulting difference topogiaphy.
Signal averaging can beapplied to reduce the system|noise
to less than 1 nm.

(d) Spatial Resolution. The spatial resolution is fleter-
mined by thé.same considerations as the phase meaguring
interferomtetric microscope (see Section 8).

E-3*SCANNING METHODS
E-3.1 Optical Focus-Sensing Systems

E-3.1.1 Description. The principle of operatjon is
shown in Figure E-3.1.1-1 (see ref. [2]). A convdrging
optical beam is reflected from the surface. The instryment
senses whether the optical beam is focused on the surface
and records the height at which this focus occursg. The
beam is raster scanned and produces profile or arealtopo-
graphy measurements by recording the focus locatiqnasa
function of lateral position over a sample.

Many techniques have been used to sense focus.
marily, they produce an error signal when the beam
of focus. The error signal is then used to displace an
tive lens to the correct focus position. The position
sensor atbestfocus isrecorded as the height of the s
at that location. These servo systems are similar to
used in optical read-write memory systems.

usto-
is out
bjec-
of the
hrface
those

E-3.1.2 Performance

scanning mechanism, variations in material properties,
and other measurement artifacts (see ref. [1]). The accu-
racy of these systems can also be affected by contaminants
such as oil films on the surfaces. Low reflectivity surfaces
may decrease the signal-to-noise ratio of the measure-
ment unless compensating circuitry or mechanisms are
included in the instrument. In addition, if the surface
slope is too large, the reflected light signal will not
enter the detection system.

94

(a) Range. The height range is limited by the vertical
motion of the focus system, which is on the order of 1 mm.
The evaluation length is limited by the x-y motion system
used and can be on the order of 10 mm to 100 mm in each
direction.

(b) Accuracy. Both specular and diffuse samples may be
measured with these systems. However, the accuracy of
these systems can be affected by the presence of contami-
nants such as oil films on the surfaces. Low reflectivity
surfaces may decrease the signal-to-noise ratio of the


https://asmenormdoc.com/api2/?name=ASME B46.1 2019.pdf

ASME B46.1-2019

Figure E-3.1.1-1 Schematic Diagram of an Optical Focus-Sensing Instrument
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(c)|System Noise and Height Resolution. A height reso-
lutior] of 10 is achievable. The height resolution may be
estimpted-by measuring the apparent rms roughness of a
suffiqienitly smooth optical surface. The system noise

/\/’\/ Surface

Displacement
transducer

E-3.2 Nomarski Differential Profiling

E-3.2.1 Description. The Nomarski differentjal profiler
(seeref. [3]) is based on the optical technique offNomarski
differential interference contrast (DIC) microgcopy. The
profiling system (see Figure E-3.2.1-1) us¢s a laser
light source, a microscope objective, and a bifefringent
(Wollaston) prism to focus two orthogonally|polarized

arises from a number of sources such as mechanical vibra-
tion and acoustical noise.

(d) Spatial Resolution. The spatial resolution may be
limited by the response of the feedback circuit to
control the focus mechanism or by the spot size of the
light beam. A spatial resolution of about 0.8 pm can be
achieved in a high magnification system.

Iight beams at nearby locations on the surface. The
profiling direction is aligned with the direction of the
beam separation.

After reflection from the surface, the two beams again
pass through the Wollaston prism and recombine. The
beam is then split again by a polarizing beam splitter
and directed to two detectors that monitor the phase
shift of the reflected beams. This phase shift arises
from the difference in the vertical height of the two adja-
cent areas from which the two beams are reflected, and
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Figure E-3.2.1-1 Schematic Diagram of Nomarski Differential Profiler
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therefore| is directly proportional to the local surface
slope. The integration of the slope data providesinforma-
tion on topographical height variations. The sensor'head is
rastered dcross the surface to generate a series of equally
spaced twio-dimensional profiles of the surface slope. This
type of syqdtem is capable of measuringsuifaces thatreflect
a small percentage of the focused laser light, typically
down to gbout 4%.

E-3.2.2| Performance

(a) Range. The evaluation length of Nomarski profiling
systems i limited bythe translation capability in the x and
y directions and may’be as large as 100 mm in each direc-
tion.
(b) Acdurdacy. The accuracy of the rastering optical

Auto focus
servo
system

Wollaston | |
. e
prism
| |<— Focusing
LIch objective

the surface slope is too large, the reflected signdl will
not enter the detection system.

(c) System Noise and Height Resolution. Becauge the
technique is based on the difference in opticall path
length of two light beams reflected from nearly the
same place on the surface, it is relatively unaffected by
specimen vibrations. The height resolution depenids on
the electronic noise and the number of quantization
levels in the digitization system. System noise is qn the
order of 0.01 nm.

(d) Spatial Resolution. The spatial resolution df this
instrument depends on the choice of focusing objective
and the sampling intervals used during rastgring.
Spatial resolution of about 0.8 um can be achievefl in a
high magnification system.

profiler is determined by the accuracy of the reference
slope standard or reference height standard used in
the calibration and by the variation of the optical
phase change on reflection over the surface. Because
the recorded profile is an integration of differential
heights, there is a certain amount of vertical drift in
the measured surface profiles, which increases with
traverse length. However, for profiles of 1 mm length,
the vertical drift is on the order of the system noise. If

(e Other—C€omnsiderationsBectause Tetative hieights
between successive profiles are not monitored, the
recorded topography represents a collection of two-
dimensional profiles and is not necessarily a complete
representation of the three-dimensional topography.

E-3.3 Stylus

E-3.3.1 Description. Contacting stylus instruments
used for surface profiling methods may be adapted for
area profiling by adding a second axis of motion, as
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Figure E-3.3.1-1 Area Scanning Stylus Profiler

increase in the gap spacing and hence is very sensitive
to any change in the gap spacing. Figure E-3.4.1-1
shows a schematic diagram of an early STM design.
The probe tip is mounted to a three-axis piezoelectric
transducer (PZT) scanning mechanism. A feedback
system detects the tunneling current and drives the z-
axis PZT to maintain a constant tunneling current and
gap spacing between the probe tip and the surface.
The x- and y-axis PZTs perform raster scanning of the

3D .
display Amplifier
Z motion
PiVOt‘\ sensor
\ Diamond
tipped
| ® |] stylus
Sample "/

| A/Yn:otion

>
X motion

showp in Figure E-3.3.1-1, to provide rastering of the
surfape profiles (see refs. [4], [5]). Characteristics of
stylug instruments are discussed in Sections 3 and 4.

E-3.3.2 Performance

(a)| Range. The evaluation length of these instruments
is limlited by the length of travel of the motion system;
range¢s as large as 300 mm have been realized. The
height range of the transducer may be as large as'6
mm, put there is an engineering trade-off between
range and resolution.

(b)| Accuracy. The accuracy of stylus instrurments is
limited primarily by the accuracies of thel standards
used fo calibrate the vertical travel and by the linearity
of thg transducer. The latter is typieally better than 1%
(i.e., yariations in measured step height or Ra values are
less than 1% over the height range of the transducer).

(c) | System Noise and HeightResolution. The heightreso-
lutior] depends on the sensoy €lectronics and environmen-
tal ndise. For single-profile stylus instruments, the noise
has b¢en measured.tode as small as 0.05 nm under certain
conditions (see ref6]). The spatial resolution may also be
limitgd by the’sampling interval (see para. 1-3.4).

(d)| Spatial Resolution. The spatial resolution depends
on th¢ area’of contact of the stylus tip with the surface and
can have dimensions as small as 0.1 ym (see ref. [7]). The

ce5t5 tO—otrtT cHH et e 5oy

tact oamplc o kqu tHp—& thyraa divaancianal image Of

the surface topography. Later designs generplly use a
piezo tube scanner to achieve the three axes pf motion.

Scanning tunneling microscopy is a noncontdct surface
profiling technique. However, damage to the test surface is
possible because of the strong.electric field[and high
current densities and because’of the potential for acci-
dental mechanical contacti/The use of STM is|generally
limited to electrically conducting surfaces.

E-3.4.2 Performance

(a) Range. The-evaluation length of the insfrument is
limited by the length of accurate travel of thg scanning
system. Useful results have been obtained with ranges
as hightas 500 pm. The height range is limited by the
travelof the z-axis PZT and has typical values on the
order of 2 um.

(b) Accuracy. Probe tip geometry can affedt imaging
accuracy. Artifacts arising from tunneling a{ multiple
places from a single probe tip can confuse the interpreta-
tion of the data. The test surface can have localizgd regions
having differing electrical properties, a fdctor that
produces erroneous structure in the surface|profile at
the subnanometer level. In all three directions| the accu-
racy is affected by the linearity of the PZT transducers.
Their sensitivity (distance traveled/voltage input) can
vary up to a factor of two or more over their range. There-
fore, calibration of the PZTs is an important congideration.
To calibrate the scanning mechanism, structures with
known periodicity and height can be profiled.

(c) System Noise and Height Resolution. The he¢ightreso-
lution is typically of an atomic scale (0.1 nm or lgss) and is
determined primarily by the overall stability pf the gap
spacing. The gap width stability is mainly limitegl by vibra-
tion and thermal drift. An especially high degreg of vibra-
tion isolation is therefore required. Thermal drifts of more
than about 1 nm/min can distort an image, which might

spatial resolution may also be limited by the sampling
interval (see para. 1-3.4).

E-3.4 Scanning Tunneling Microscopy (STM)

E-3.4.1 Description. The STM works on the principle of
electron tunneling (see refs. [8], [9]). A tunneling current
is produced when a sharpened conducting tip is brought to
within ananometer of a conductive surface and avoltage is
applied between them. The tunneling current decreases
by roughly an order of magnitude for every 0.1 nm

take several minutes to acquire. Therefore, the sample and
stage should be isolated from any heat source.

(d) Spatial Resolution. Atomic-scale spatial resolution
(0.2 nm or better) is typically achievable. Tip sharpness
and lateral vibration are primary factors that limit spatial
resolution. Lateral drift of the PZT transducers can also be
significant. In addition, as the evaluation length of the
system is increased, the design trade-offs cause an accom-
panying degradation in spatial resolution.
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Figure E-3.4.1-1 Basic Structure of an Early STM
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E-3.5 Atpmic Force Microscopy

E-3.5.1 Description. The atomic force microscope
(AFM) is pimilar to a contacting stylus instrument but
also uses fleatures of the STM design. The sensor primarily
detects the mechanical force between a probe tip and a
sample surface. The probe tip, often having a radius less
than 100 pm, is mounted to a small cantilever. The repul:
sive or attyactive forces between the sample and the probe
tip deflec the cantilever. The deflection of the cantilever
can be sensed to subnanometer resolution using-any one
of severaljtechniques. These include an optical lever tech-
nique using a laser beam (see ref. [10}) (see Figure
E-3.5.1-1) and a piezoelectric technique. The sample or
probe tip is usually mounted to{ ajpiezoelectric tube
scanner. A feedback loop to the z-axis of the scanner
keeps the(cantilever deflectionconstant during scanning.
The probe tip, when brought close to the surface, first
begins to fleel an attractiVe force and then the strong repul-
sive force|of contact<AFMs are mostly operated in either
the repuldive (contaet) mode or an oscillatory, intermit-
tent contdct mode.

The AHM:sensing mechanism makes possible the

Feedback

Data

(b) Accuracy. As with STMs, the accuracy of the grofile
depends to'a large extent on the nonlinearities of the PZT
materials. Calibration standards may be used to caljbrate
both'the vertical and lateral travel. The repeatability|of the
PZT stage determines the lateral measurement rgpeat-
ability.

(c) System Noise and Height Resolution. The heigh{reso-
lution is determined by the degree to which the prohe tip-
to-surface distance is maintained constant during|scan-
ning. This is determined in part by the resolution of
the method for sensing the deflection of the cantjlever
and may be smaller than 0.1 nm. Vibration isolation is
also required, but perhaps not to the degree required
for the STM.

(d) Spatial Resolution. The primary determingnt of
spatial resolution in the repulsive mode is the sjze of
the contact area of the probe tip with the surface.
Under certain conditions, individual atoms have|been
resolved by an AFM. For operation in the attrjctive
mode, the spatial resolution is determined bl the
spacing between the probe tip and the sample. Spatial
resolution on the order of 5 nm has been achjeved
using the attractive mode.

measurenrentefbotheleett i\,a}}y Luudu\,t;us andnoncon
ducting materials. AFMs can operate in air as well as in
vacuum or liquid media.

E-3.5.2 Performance

(a) Range. The vertical and lateral ranges are limited by
the PZT transducers and are about the same as those of
STMs.
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E-3.6 Confocal Microscopy

Confocal microscopy, originally referred to as double
focusing microscopy, was first described by M.
Minsky"? in 1957. The depth-discrimination effect of
confocal microscopy is achieved by the use of pinhole

1 M. Minsky, “Microscopy Apparatus,” U.S. Patent 3013467 (19
December 1961, filed 7 November 1957).

2 M. Minsky, “Memoir on Inventing the Confocal Scanning Microscope,”
Scanning, Vol. 10, No. 4 (1988): 128-138.
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Figure E-3.5.1-1 Schematic Diagram of an Atomic Force Microscope With an Optical Lever Sensor
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GENERAL NOTES:

(a) Rgproduced fromS. Alexandar etal.,“An Atomic-Resolution Atomic-Force Microscope Implemented Using an Optical Lever,” Jour
PRpysics, Vol. 65 (1989): 164 (https://doi.org/10.1063/1.342563), with the permission of AIP Publishing.

(b) Seg ref. [10].

illumjnation (or other method of achieving structured
illumination) and pinhole detection as shown in Figuke
E-3.6f1. After passing through a beam splitter, dight
passes through a microscope objective and illuminates
the tgrget surface (first focal point). Light reflected by
the sjurface is decoupled by the beam({splitter and
directed toward the detector pinhole,which is located
on the focus plane of the microscopéetobjective (second
focal| point). Maximum reflected-light intensity is
regigtered on the detector-when the microscope
objective is focused on the~specimen. If the specimen
is mgved out of focus,@"partial suppression of the
signdl occurs because“less reflected light passes
through the detector/pinhole. By controlled translation
of the¢ relative distance in the z direction between the
specimen and’the optics (such that it enters and then
leavep the.foeal plane of the microscope objective), a
correllation between the specimen’s vertical position
and reflected light intensity at the detector can be
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