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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards

bodies (ISO

member bodies). The work of preparing International Standards is normally carried out

through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

Surface roughness measurements of fine ceramic thin films in nanometer scale by atomic force

micr

oscopy have become one of the techniques widely applied to quality control and assurance in

industries.

One of the problems most frequently occurring in roughness measurements by atomic force microscopy
resulting from its scale dependency is the deviation of roughness due to the wear of the probe tip or
the deviation in the curvature of commercially available probe tips. This problem makes it difficult to

obtain areli
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able and reproducible result of the roughness measurement. Therefore, it is highly desirable

document covers the evaluation of probe-tip diameter and provides a method to judge the
uateness of a probe tip for use in day-to-day roughness measurements of fine' ¢ceramjc thin films
a certain arithmetical mean roughness in the range needing the use of atomi¢-force mijicroscopy in
uction lines or quality assurance processes.

puld be noted that because surface roughness is a scale-dependent, metrology par
oidable that the probe-tip evaluation process contains some contradictory procedures
uateness of the probe tip for a roughness measurement depends.on unmeasurable trul
cale of interest.

hmeter, it is
namely the
e roughness

is document, the parameters based on roughness prafiles are used. The roughne
ned by using a low-pass filter according to ISO 16610-21. The process to obtain t
h, which is identical to cut-off wavelength, is given in}SO 4288. Some different sampliy
bss a primary profile can be applied to obtain appri@priate values of arithmetic mean d
hness profile, if necessary.

5s profile is
he sampling
g lengths to
eviation of a
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Fine ceramics (advanced ceramics, advanced technical
ceramics) — Test method for surface roughness of fine
ceramic films by atomic force microscopy

1 Scope
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For t
ISO 1

ISO 4

document describes a method to evaluate the adequateness of a probe tip for fine-cerary
ce roughness measurements by atomic force microscopy, of surfaces with an arithmn
hness, Ra, in the range of about 1 nm to 30 nm and a mean width of roughness profi
in the range of about 0,04 pm to 2,5 um.

Normative references

following documents are referred to in the text in such a way, that some or all of t
Fitutes requirements of this document. For dated references,(only the edition cited
ted references, the latest edition of the referenced document{including any amendme

287, Geometrical Product Specifications (GPS) — Surfacetexture: Profile method — Term
urface texture parameters

1288, Geometrical Product Specifications (GPS):< Surface texture: Profile method -
bdures for the assessment of surface texture

1039, Surface chemical analysis — Scanning-probe microscopy — Measurement of drift n

11952, Surface chemical analysis —|-Scanning-probe microscopy — Determination (
tities using SPM: Calibration of measuring systems

8115-2, Surface chemical analysis — Vocabulary — Part 2: Terms used in scanning-probe

5178-2, Geometrical product specifications (GPS) — Surface texture: Areal — Part 2: Term
urface texture parameters

Terms and definitions

he purposes of this document, the terms and definitions given in ISO 4287, ISO 4288, |
1039, ISO11952 and ISO 25178-2 and the following apply.

ndTEC maintain terminological databases for use in standardization at the following ¢

nic thin-film
etical mean
le elements,

heir content
applies. For
hts) applies.
s, definitions

— Rules and

ate

)f geometric

microscopy

s, definitions

SO 18115-2,

ddresses:

|

3.1

EC Electropedia: avallable at http:// www.electropedia.org/

SO Online browsing platform: available at http://www.iso.or

evaluation length

In(X),

In(Y)

length of surface profile in the X or Y direction

3.2

probe-tip diameter evaluation standard plate
plate on which needle-shaped spikes are formed

Note

© ISO

1 to entry: The plate is used to evaluate the probe-tip diameter (3.3).
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probe-tip diameter

D
diameter of

a probe tip at a distance of 10 nm from the tip end

4 Test environment

Testing shall be carried out only where temperature change, sound noise and mechanical vibration
of the floor or walls are small enough to perform the measurements. The following installation
environment is recommended:

a) temper3
b) humidit
c) noisele
d)

5 Rough

Specimens fj
material ca
specimen st

6 Test aj

hture: 18 °C to 25 °C;
y: 70 % or less;
vel: 60 dB or less;

mechanfical vibration of the floor or the wall: 1 x 10-3 m/s2 (<100 Hz) or less.

ness measurement specimens

or roughness measurements are ceramic thin films on a substrate. Any kinds of subs
h be used, such as metal, glass, polymer, etc. The specimen shall be no larger thaj
age of the instrument being used.

pparatus

6.1 Cantilever

The cantiley
resonant fre

Fer shall be exclusively dedicated for a dynamic mode and commercially available
quency should be higher than 100;kHz.

6.2 Scanmer

The scanne
scanning ar

pa should be largerthan 10 pm x 10 um in the XY plane.

Figure 1 shows an example-of a measurement system having a specimen stage scan mecha;

Position in

the Z directiofl is controlled using a Z-position control circuit that keeps a con

separation lpetween the probe and the specimen surface. For this purpose, a light beam from a

diode illum
Surface prof

nates the/cantilever and the reflected beam position is monitored by a light detq
ile is\measured by scanning the specimen stage in the XY plane.

shall be capable of scanning cantilever or specimen stage by shifting the XYZ position].

trate
h the

The

The

nism.
stant
laser
ctor.
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Key

1 lpser diode 6  specimen stage

2 ljght detector 7 X, Yand Z scanner

3  (dantilever 8  Z-position control circuit
4  probe tip 9  X-Yscan circuit

5 dpecimen

Figure 1 — Schematic of AFM system

6.3 | Specimen stage

The [specimen stage shall be capable of supporting a specimen horizontally. The test|area of the
specinmen‘should be in the centre of the specimen stage. Scanning should be performed nedr the centre

f h A vl V.4 4 £ |
(0} t C A, I dlIUZ dATS Ul LIIT S5LAIIlITT USTU.

7 Test apparatus calibration

This document only describes a method to evaluate the adequateness of a probe tip for fine-ceramic
thin-film surface roughness measurements by atomic force microscopy. If the apparatus needs to
be calibrated, refer to standards describing calibration criteria and methods for a scanning probe
microscope; see ISO 4288, ISO 11039 and ISO 11775.

© IS0 2017 - All rights reserved 3
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8 Probe-tip diameter evaluation standard plate

A standard for probe-tip diameter evaluation is a plate on which a number of needle-shaped spikes,
arranged in a square matrix, are formed. The needle-shaped spikes are typically as follows:

9

tip curvature radius: 10 nm;

tip aper

ture angle: 20° or 50°;

tip height: 300 nm to 600 nm;

distance between any two nearest neighbour tips: 2,12 um;

plate sif

Calibr

The calibraf
profile of a d
step with a

The standat
with uncert
step height

The calibrat]

The calibrat]

a)

b)
‘)

d)

f)

g)

h)

j)

k)

Mount {
scanne|

Set the

Scan an|
An exar

From tHh
where t]
dimens

Measur
height f

Measur
success

e:5mm x 5 mm.

ation of X-Y and Z scan axes

ion of the X-Y scanner and Z scanner should be carried out by measuring the X, Y 2
ertified calibration standard. The standard should have a grating withya certain pitch
certain height.

d sample is a specimen with calibrated height and pitch, which-are certified and trac
hinty data attached. It is recommended that the grating pitch'is less than 2 um and thg
s less than 20 nm.

ion standard should be stored in a clean and dry box‘and be handled with care.
ion shall be carried out in the following sequence using the dynamic mode.

he calibration standard in such a way that‘the grating is oriented to the X-Y axes o
and that its plane lies nearly parallel tothe X-Y plane of the scanner.

humber of picture elements at 512 x-512 or 256 x 256.

area of about 10 um square of the calibration standard and store the surface profile
hple is shown in Figure 2 a).

e surface profile data, draw a surface profile along the X direction at a selected Y pos
he surface profile comtains several steps on the calibration standard and level off the
onal profile along the X direction. An example is shown in Figure 2 b).

br at least fiveé Successive profile elements in the profile along the X direction.

ve pising or falling parts of the profile.

From tH

b a pitehualong the X direction by measuring the distance between the mid-points of

nd Z
ind a

bable
t the

f the

data.

ition
one-

e profile peak height at the centre of top and bottom sections of the profile. Calculate fnean

two

e stirface nrnfl]p data_draw a surface nrnfl]p n]nno the Y direction at a selected Ynnc

ition

where the surface proflle contains several steps and level off the one-dimensional profile along the

Y directi

101.

Measure profile peak heights at the centre of top and bottom sections of the profile. Calculate mean
height for at least five successive profile elements in the profile along the Y direction.

Measure a pitch along the Y direction by measuring the distance between the mid-points of two
successive rising or falling parts of the profile.

If an X- or Y-pitch measured is out of the range of uncertainty needed for roughness measurements,
correct X or Y values by obtaining an X- or Y-axis calibration factor.

If the mean height obtained is out of the range of uncertainty needed for roughness measurements,

correct

Z values by obtaining a Z-axis calibration factor.
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10.1 Outline of probe-tip error evaluation
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unsufitable for a roughness measurement with a certain error for a specimen to be measur
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100806
! . . . o
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(um)
a) Surface profile b) Surface profile along the X difection

Probe-tip error evaluation

error for roughness measurements using a probe tip with a certain probe-tip diamg
lated by using a probe-tip error evaluation;template, providing the error from the

jected and replaced with a new one.

e-tip evaluation shall be carried(out using the probe-tip evaluation sequence shown in

re 2 — Examples of surface profile data for the calibration of the’X-Y scanner and Z scanner

ter shall be
relationship

een the probe-tip diameter, preliminary.Ra and preliminary RSm. If a probe tip is judged to be

ed, it should

Figure 3.
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10.2 Measurements of preliminary Ra,and RSm

Preliminary measurements of specimen
Measure preliminary Ra and RSm

l Replace the probe-tip
( Measurement of probe-tip evaluation standard  |with a new one

<

Determine cross-sectional shape and D of the probe-tip <

}

Judgment 1

Marked distortion
Acceptable cross-section l from circular

Judgment 2
Dmeas > D for 5 %-criterion
(or 20 %-criterion)

Dmeas < D for 5 %-criterion
(or 20 %-criterion)

Applicable to measurements

Figure 3 — Probe-tip evaluation sequence

Preliminary|roughness measurements shall‘be carried out to obtain preliminary Ra and RSm, the values

to be used in the probe-tip judgementprocedure.

a)

b)
‘)

d)

e)

f)

Place thie specimen to be measuréed on the specimen stage without any surface treatment or without
using any adhesive.

Choose prbitrarily a measuring position on the specimen.

Set the humber of picture elements at 256 pixels or 512 pixels in the X direction and the scanning
speed within 0,5'Hz to 1 Hz.

Scan a 2 pmiline in the X direction at a fixed Y position using the dynamic mode. Again scan a 10 um
line in theX direction at the same Y position. Apply an appropriate cut-off length.

Select one of the two surface profiles along the X direction, such that the number of profile elements
in the evaluation length In(X) is between 20 and 50.

Calculate preliminary Ra and RSm values from the selected surface profile.

10.3 Evaluation of probe-tip diameter

The evaluation of probe-tip diameter should be carried out using the following sequence. A schematic
drawing of probe-tip diameter determination is shown in Figure 4.

a)

Measure a part of the probe-tip diameter evaluation standard plate by scanning a 2 um x 2 pm to
3 um x 3 um squared area with the number of picture elements ranging from 128 pixels x 128 pixels

© ISO 2017 - All rights reserved
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b)

d)

e)

f)

IS0 19606:2017(E)

to 32 pixels x 32 pixels to identify a needle-shaped spike on the standard plate to be used in a
probe-tip diameter measurement.

Confirm one of needle-shaped spikes on the surface is profiled.

Adjust the scanning area so that the centre of the needle-shaped spike lies in the centre of the
measured area.

Measure again the area under the following conditions: the scan area of 1 x 1 to 1,28 pm x 1,28 um
squared, picture elements of 512 pixels x 512 pixels and a scan speed of 0,5 Hz. Apply an appropriate
cut-off length (typically 300 nm to 700 nm).

raw the cross section of the needle-shaped spike profiled at 10 nm below its top in thed Z direction.
n example of such a cross section is shown in Figure 5 b). If the shape is markedly diqtorted from
ircular, the probe tip should be rejected and replaced with a new one. The tip-diameter evaluation
hould be repeated for the new probe tip (Judgment 1). It is recommended to.draw a bird’s-eye view
fthe profile as shown in Figure 5 a).

f the ratio between the smallest dimension and largest dimension of-the'cross section|drawn in €)
iis less than a factor of 0,8 then measure another tip. If not then caleulate the probe-tip[diameter as

escribed in Annex A. For the purposes of the calculation of D, assuhié that the diametef of the cross
gection drawn in e), d, is the average of the smallest and largest.dimensions. Regard the calculated

diameter as the probe-tip diameter, D. The determination of-Blis described in Annex A.

»d
>

Key

probe tip

one of the needle-shaped spikes on the probe-tip evaluation standard plate
probe-tip curvature radius

curvature radius of a needle-shaped spike

probe-tip diameter

characterized probe-tip diameter, the distance between the probe centre at the depth of 10 nm beneath the top
of the needle-shaped spike on the probe-tip evaluation standard plate

Figure 4 — Schematic drawing of fundamentals of probe-tip diameter determination

© IS0 2017 - All rights reserved 7
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a) Bird’s-¢|

Figure j

10.4 Evalu

Judge if the
measured b

A 5 %-critey
lessthan 59

Figure 10 s}
error evalug

example D 5
because me
example D 1
below the d
<5 %. Temp
Ra =1 nm,
accuracy of

If the probe

:2017(E)

. 10.00nm

. 15.00nm

O 2000nm

ye view of measured surface profile

b) Cross.section

— Example of measured data of one of the needle-shaped spikes on the probe-ti
diameter evaluation standard plate, diameter,"D”: 27,3 nm

ation of error in roughness measurements

D obtained in 10.3 is suitable or not for réughness measurement of a specimen f{
iy applying one of error evaluation templates‘given in Figures 6 to 9 (Judgment 2).

ion and a 20 %-criterion are defined, wiiich enable roughness measurements with an
o and 20 %, respectively. Fundamental assumptions of the criteria are described in Ann

nows how to use the error evaluation templates given in Figures 6 to 9 for the prol
tion. For a given rough value'of RSm, if D is placed above the solid line in the D-RSm ma
D1, the probe tip is not suitable for roughness measurements of a specimen to be exan
hsurement error due tostip diameter exceeds 20 %. If D is placed below the solid lin
: D2, the probe tip-enables roughness measurements with an error <20 %. If D is p
tted line, for exarhple D = D3, the probe tip enables roughness measurements with an
lates given in/Figures 6 to 9 show 5 %-criterion and 20 %-criterion for specimens
B nm, 10 nm{and 30 nm, respectively. Apply one of the criteria depending on the reqj
Foughness measurements.

ip is netapplicable for roughness measurement of a specimen with a certain evaluation ¢

replace the ;I)robe tip and evaluate the probe-tip error again by using the procedure described in 10.]

o be

brror
ex B.

e-tip
p, for
lined
b, for
aced
PITOT
with
hired

I'TOT,
3.
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1000 | i
>
100 L i
10 L :
0,01 0,1 1
X

Key
1  dolid line: 20 %-criterion X RSmin pum
2 (dotted line: 5 %-criterion Y probe tip diameter in nm

Figure 6 — D-RSm map for probe-tip error evaluation to measure roughness of a spe¢imen with
preliminary Ra of 1 nm
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1000

T T

=
©
(=}

Key
1  solid lind
2  dotted li

Figure 7 —

10

T T

0,01 0,1

: 20 %-criterion X RSmin pm

he: 5 %-criterion Y _\'probe tip diameter in nm

D-RSm map for probe-tip error evaluation to measure roughness of a specimen yith

preliminary Ra of 3 nm

10
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1000
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Key
1
2

L

Figy

TTTyTTT

10

T TTTTT

0,01

olid line: 20 %-criterion
lotted line: 5 %-criterion

0,1 1

X RSmin pm
Y probe tip diameter in nm

re 8 — D-RSm map for probe-tip error evaluation to measure roughness of a spe

preliminary Ra of 10 nm
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© ISO

2017 - All rights reserved

11


https://standardsiso.com/api/?name=cbbd427c8439f56f18b7f4d6493a7033

IS0 19606:2017(E)

1000

100

| BRELERRAL |

10

T T TTTTIT

T T TTTTIT

0,1

A

0,01

Key
1 solid ling: 20 %-criterion
2 dotted lihe: 5 %-criterion

0,1 1

X  RSminpum
Y _\'probe tip diameter in nm

Figure 9 — D-RSm map for probe-tip error evaluation to measure roughness of a specimen yith

preliminary Ra of 30 nm

12

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=cbbd427c8439f56f18b7f4d6493a7033

IS0 19606:2017(E)

>
3 ' . "
»° | A b i
f--~----- === -= I
K "’ l C— 1 1
4
- " l PToocoew 2 |
|
X
Key
1  dolid line: 20 %-criterion X A RSm
2 dotted line: 5 %-criterion Y * probe tip diameter

Figure 10 — D-RSm map describing howto apply the templates of Figures 6 to 9 for probe-tip
evaluation

11 Roughness measuremehts of specimen

Roughness measurements shall be carried out using an evaluated probe tip and under the measurement
condiitions given in Claus€ 4 The roughness measurement sequence shall be as follows.

a) Mount the specimen to be measured as described in Clause 5.

b) (hoose a number of measuring points on the specimen. For example, four corners and the centre of
4 10 mm squiare in the middle area of the specimen as shown in Figure 11.

c) $electithe number of picture elements from 256 pixels to 512 pixels in the X directi¢pn and from
10 plxels to 512 pixels 1n the Y d1rect10n Evaluatlon lengths In[X] and In[Y) are chopen so as to

5 5 ; ff length to
suppress a long-wave component. Table 1 shows the recommended evaluation lengths for each
preliminary RSm value of the specimen. Pixels in the Y direction could be 10 pixels if the average
roughness of a line profile is measured.

d) Scan the surface of the specimen at the given conditions.

e) Repeat the evaluation of the probe-tip diameter, D, when, during a series of roughness
measurements, a change in image is observed that could be due to wear of the probe tip. If the
change in the probe-tip diameter is confirmed by the probe-tip diameter evaluation, the roughness
measurement conditions should be reconsidered.

f) Calculate Ra or Sa of the specimen using numerical data of the surface profile after compensating
for any specimen tilt from the horizontal.

© IS0 2017 - All rights reserved 13
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g) Obtain Rz or Sz of the specimen using numerical data of the roughness profile after compensating
for any specimen tilt from the horizontal by referring to ISO 25178-2 and ISO 25178-3 (Rz is
maximum height of the profile and Sz is maximum height of the surface).

10 mm

Key
1 measuripg points

Figure 11 — Measuring positions on thie specimen: four corners and the centre of a 10 mm
square in the middle area

Table 1 — Recommended evaluation length for roughness measurements

Preliminary RSm Recommended evaluation length
pm In (um)
0,04 <RSm < 0,10 2
0,10 < RSm < 0,20 5
0,20 < RSm < 0,40 10
0,40<RSm<1,0 20
HEO<RSm~<25 56

12 Test report
The test report shall contain the following items as a minimum:
a) type, material and shape of the test specimens;

b) date of the test, name of person conducting the test, and name and address of the testing
establishment;

c) the International Standard used (including its year of publication);

d) manufacturer, model number and specification of the measurement system;

14 © IS0 2017 - All rights reserved
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e) type and detailed shapes of probe-tip diameter evaluation standard;
f) manufacturer and number of standard used to calibrate X, Y and Z axes of the instrument;
g) temperature and humidity in the measurement room;

h) test conditions used (material of the probe, model number of cantilever, resonant frequency,
vibration frequency, Q value, scanning area, scanning speed, number of picture elements, and kind
and shape of specimen holder if used);

i) probe-tip evaluation data (bird’s-eye profile data, cross-section data, probe-tip diameter
evaluated);

j) testresult data (images of roughness measurements and values of Ra or Sa, Rz or Sz, etr.);
k) any deviations from the procedure;
1) any remarks about the testing circumstances;

m) any unusual features observed.

© IS0 2017 - All rights reserved 15


https://standardsiso.com/api/?name=cbbd427c8439f56f18b7f4d6493a7033

ISO 19606:

2017(E)

Annex A
(normative)

Determination of D from D’

A.1 Conditions needed for probe-tip diameter evaluation standard plate

The values (

A.2 Fund
Probe-tip e

The diametd
from5nmt

The apertut
ranges from

A.3 Proc
A probe-tip

Using the gij
section of th
for this calg
measured D
radius of th
shaped spik

certain angiilar aperture. D’crjt is givenby Formula (A.1):

crit

Dl

For apertur
in Table A.1

ftip curvature radius and tip aperture angle should be obtainable from the supplier.

amental assumptions
d is spherical with a curvature radius, R.

er of the needle-shaped spikes on a probe-tip diameter evaluationstandard plate R’ rg
D 10 nm.

e angle of the needle-shaped spikes on a probe-tip diameter evaluation standard
20° to 50°.

pdures
diameter D is calculated as a function of R’ andD’.

ven values of the curvature radius, R’, and 6, the value of D’, i.e. the diameter of the
e spike drawn in 10.3 e), calculate the“curvature radius of the probe tip. The formula
ulation depends on the values of thé angular aperture of the needle-shaped spikg
. There are two cases: D’ = D’crit@nd D’ < D’crit, where D’crit is the diameter measured fa
e probe tip when, for the conditions shown in Figure 4, contact between it and the ne
e occurs at the transition peint between the curved tip of the spike and its conical base

10

[ sin(ez) ¢ /2

e curvature t@be considered in the measurements, D’crit is given for the sake of conven

Table A.1 — D’ for various aperture angles

nges

plate

Cross
used

and
r the
edle-
for a

(A1)

ence

40

16

an
)

52,2

an
U

47,6

U

47,2

A oy
Aperture ange{ J

D’crit (nm)
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For D’ < D’crit, use Formula (A.2):

D'?
D=2R=2 4—0+10—2R' (A.2)

For D’ = D’cri, use Formula (A.3):

D' R 5
7—m+(1‘? 10)tan(9 / 2)

=2R = (A.3)
[1—sin(6 / 2)]tan(6 / 2) + cos(6 / 2)

whete 6 is the aperture angle of the needle-shaped spike.
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Annex B
(informative)

Method to determine criteria for probe-tip error

B.1 Fundamental assumptions

The desirab
shown in Fij

a) Surface
f(x)=
because

This Ra va

rectangular

b)

c) The prg
tip radi
cosine @

le D to measure surface roughness with a certain accuracy is calculated usingra nl\odel

rure B.1 assuming as follows.

profile of the specimen f{x) is given by

tRa 2T
+—-cos X
2 RSm
Ra = Rz
T

ue agrees well with real specimen surfaces compared with that of a triangula
Lshaped surface because the real surface can be approximated by the sum of cosine cu

The prope-tip has a spherical shape with radius R.

(B.1)

- or
rves.

be-tip shall reach the base of the valleys ofé¢he surface. Therefore, the maximum value of

is Rmax occurs when the spherical face-of the probe tip fits the base of the valley d
urve.

B.2 MaxaiE'n

um value of D

Rmax is obtalined using Formula (B.2):

RSm?
2n3Ra
ximum D vdlue corresponding to Rpax can be determined using Formulae (B.2) and (§

f the

(B.2)

.3):
(B.3)

Rmax =
Then the m4
Dmax = 2
Dmax = 2

Ripax(R < 10 nm)

(B.4)

B.3 Comparison between calculations and measurements

Dmax values calculated for specimens with Ra = 5 nm and 20 nm are shown in Figures B.2 and B.3,
respectively. Open circles show D for probe tips used for a measurement. Measured Ra and its
measurement error (ARa) for a specimen with Ra = 5 nm are plotted in Figure B.4. If it is assumed that
the measured Ra using the sharpest probe tip in this experiment is real roughness, then it is found that
ARa is smaller than 5 % when D is smaller than Dy3x/2. When D is between Dyax/2 and Dpyax, ARa is
smaller than 20 %. Measured Ra and ARa for a specimen with Ra = 20 nm as plotted in Figure B.5 show
that ARa is smaller than 3 % when D is about a half of Dy ax.

18
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B.4 Determination of criteria

It is expected from the above description that ARa is smaller than 5 % when D is smaller than Dy ax/2
(5 % criterion) and ARa is smaller than 20 % when D is between Dpax/2 and Dpax (20 % criterion).
Calculated Dpyax values for specimens with different RSm are shown in Figures 5 to 8.

RSm

Key

X RQorizontal axis of roughness profile

Figure B.1 — Maodel for probe-tip error evaluation
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