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1 Introduction

In anumber of industrial branches, knowledge of the diameter of small holes is decisive for the quaity of
the products to be manufactured (e.g. drawing dies for the wire industry, spinning nozzles for the textile
indugtry, injection nozzles for the automobile industry). In addition, the requirements specified in 1SO
9000 for the metrologica traceability must be complied with.

An inquiry made in 1998 among industrid firms and nationa indtitutes reveded that only the firm of
Conoptica (NO) manufactures commercial measuring instruments for the determination of hole diameters
smdler than 1 mm. Some nationa institutes have set up measuring systemsin their laboratories, some of
which have been modified to dlow diameters of small holes to be measured. These measuring systems
use the most different methods of measurement which have not yet been well-proven, and there was an

interest in comparing them in an international comparison.

Six European nationa metrology ingtitutes agreed to participate in the EUROMET #406 comparison
measurements of the diameter of ring gauges. The Physikalisch-Technische Bundesangtadt (PTB),
Germany, was the pilot |aboratory. The comparison started in June 1999 with the circulation of five ring
gauges. Two of them are shown in Figure 1. The pattern chosen for the comparison was the round robin
type, with afirst and afina calibration by the pilot laboratory.
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Figure 1: Ring gauges 1 mm and 0,1 mm of the comparison measurements

The ring gauges are made of tungsten carbide and enclosed with a aluminium
ring for better handling.
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3 Timeschedule

The origind time schedule had foreseen about one month for each laboratory for the cdibration including
the transportation. The following table shows the effective measurement date for each laboratory.

Laboraty County Date of measurement
PTB Germany June 1999

NPL United Kingdom July 1999

OFMET Switzerland August 1999
Justerversenet Norway September 1999
IMGC Italy October 1999

SP Sweden November 1999

PTB Germany December 1999
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4 Guiddinesfor realization of measurements

1. Measurement objects
5 rings of tungsten carbide with different diameter (mark): 1 mm (d10/1 B ), 0,5 mm (d5/05_B), 0,3 mm
(d3/03_B), 0,2 mm (d2/02_B), 0,1 mm (d1/01_A).

2. Reference temperature

Correction of the diameter measured with respect to the reference temperature of 20 °C. The linear
expansion coefficient for correction is5,540° K™.

3. Measurement pogitions
Diameter measurement at the podition 0° - 180° and different heigths z (cf. Table 1 and Figure 2).

Definition of the positions: 0° a side of symbol and position 180° at side of diameter vaue. Definition of
z-heigths: zero at height of upper plane surface.
ring | d10 | d5 | d3 | d2 | d1

height (2) | 0,375 mm | 0,35 mm | 0,20 mm | 0,25 mm | 0,25 mm
Table 1. Measurement heights on the ring gauges
4. Description of measurement principle and device used for measurements like:
Mechanica or optica principle used.

Method of trace back of diameter measurements to length standards.
Adjustment of ringsin relaion to cylinder surface or cylinder end face (A — see sketch).

Consideration of form deviations like:

Repested repositioning of rings with new adjustment,

Measurement of form deviations (roundness, straightness, parallelism),
Variation of measurement position (e.g. angle + 5° and height + 0,1 mm).
Cleaning procedure.

Environment conditions.

5. Uncertainty of measurements
The determination of the uncertainty has to be carried out in conformity with the ISO-guide ,, Guide to the

expression of uncertainty in measurement” (GUM). The error budget should be in tabular form with a

complete list of the considered influence quantities.

6. Form measurements

Roundness, straightness and paraldism measurements may be carried out if posshle. Please plot the
results with ascde of 0,5 um/cm.
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Figure 2: Definition of the position and orientation of measurement
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5 Measurement methods and instruments used by the participants

5.1 Physikalisch-Technische Bundesanstalt (PTB), Germany

Two different devices were used for the measurements:

Ring gauges 1,0 mm and 0,5 mm: length comparator of PTB (section 1), symbol LC

All ring gauges. coordinate measuring machine of Werth with fibre probe (section I1), symbol CMM

I. Length comparator with Cd spectral lamp (ring gauges 1,0 mm and 0,5 mm)

For diameter calibration, alength comparator of PTB [1] was used as shown in the diagrammatic sketch
in the next figure. The length standard of the comparator is a 114 Cd spectra lamp (1) with a relative
uncertainty of the wavelength of 340°.

et @ | -
1 @ f |
777 B
[ = ]

Principle of PTB comparator used for calibration of the diameter of ring gauges 1,0 mm and 0,5 mm
1 Cd spectral lamp and filter, 2K ésters prism, 3 measurement reflector, 4 reference reflector, 5 probe,
6 object to be measured

@

Description of measurement
The measurements were carried out in atemperature-stabilized room (20 °C + 0,1 K).
The diameter of the contacting sphere used for cdibration was 0,3 mm.
The diameter of the probe sphere was determined using a cdibrated parallel gauge block.
Thering gauges were adjusted in relation to their cylinder axis.
The measurement height was adjusted in relation to the upper edge of the interna cylinder determined
with the contacting sphere.

The ring gauges were cleaned with acohol and dried with compressed air.
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Uncertainty budget for measurement results obtained with the length comparator

Input quantity Uncertainty contribution  /um
Ring gauge 1B 05 B
Nomina diameter /mm 1 05
Dater of measurements 06 99 06 9
Length measurement 0,005 0,005
Probing system 0,005 0,005
Temperature influence assumed to be negligible
Repestability * 0,06 0,07
Adjustment of rings 2 0,01 0,01
Cregting 0,015 0,02
Elastic deformation assumed to be regligible
Diameter of probe sphere ® 0,025 0,025
Standard uncertainty 0,07 0,08
Expanded uncertainty 0,14 0,16

! Includes the influence of form deviations by repeated mounting of the ring measured. * This
contribution is mainly influenced by the adjustment of the rings with a Moore No. 3. ® Diameter of the
probe sphere determined using a calibrated pardld gauge block.

I1. Coordinate Measuring Machine (all ring gauges)

A commercid CMM (Werth-Videocheck) with fibre probe was used for the diameter cdibration [2, 3].
(For measurements carried out in June and December, different CMMs of the same type were used.) The
length measurements with the CMM were traced back with the aid of the 1 mm ring gauge, calibrated
with the PTB comparator. The differences between the cdibrated vaues and the vaues measured with the
CMM were used for correction of the probe sphere diameter.

Description of measurement
The measurements were carried out in atemperature-stabilized room (20 °C + 1 K).
The diameters of the contacting spheres were about 0,06 mm.
The diameter of the contacting spheres was determined using the 1 mm ring gauge calibrated by PTB
(cf. section 5.11).
The ring gauges were adjusted in relation to their upper (engraved) front face.
The measurement height was adjusted in relation to the edge determined with the contacting sphere.
The diameters measured were corrected for the angle measured between cylinder axis and front face

(cf. results of form measurements in section 8.1).



M easurement methods and instruments 11

The measurement position was varied as specified in the guidelines. The measurement va ue reported
for the diameter is the mean of the diameters measured in these positions.
The rings were cleaned by different methods:

June: Different cleaning methods, either ultrasonic bath with acohol or CO, dry ice cleaning. Asa
result of the cleaning methods used, the adhesive forces between probe and ring gauges were
relatively strong.

December: All ring gauges were cleaned with acetone in an ultrasonic bath and dried with nitrogen.
After this, the ring gauges were packed under cleanroom conditions until they were used for the
measurements. As aresult of the cleaning method used, the adhesive forces between probe and ring

gauges were negigible.

Uncertainty budget for CMM measurement results

Error! Not avalid link. * Includes the influence of form deviations due to variation of the orientation and
height of measurements as well as the variation of the diameter of the contacting sphere used. * This
contribution is mainly influenced by the uncertainty of the correction of the diameter for the angle
measured between cylinder axis and front face. * No influence because the diameter of probe sphere was
determined using this ring. Its diameter was calibrated with the length comparator of PTB (cf. section 5.1

).
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I11. Results of PTB measur ements

Date Ring 10B 10B 05B 03B 02B OLA
device LC CMM  CMM  CMM  CMM  CMM
June 99 D jum 9993 10000 4997 2986 1992 1011
U fum 0,15 06 09 09 09 30
December 99 D /um 4999 10000 5003 2991 2005 1011
U fum 0,15 06 09 09 09 10

Results of PTB measurements, mean values and expanded uncertainties for k = 2 (95%)
L C length comparator, CMM coordinate measuring machine

References

[1] Lidicke F, Rademacher HJ Bestimmung von Mal3 und Form an Zylindern und Kugeln. PTB-
Mitteilungen 99 (1989), pp. 429—-433
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[3] J G, Schwenke H, Trapet E: Ein opto-taktiler Sensor zur Messung kleiner Strukturen auf KMG.
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5.2 National Physical Laboratory (NPL), United Kingdom

The measurements reported here were made with a travelling microscope where the position of the stage
is monitored with a laser interferometer. The microscope uses reflected illumination and the settings are
made visualy with the aid of a TV camera and monitor. Supplementary measurements were made with an
image shearing microscope which was calibrated with the aid of an interferometrically measured
graticule. This microscope was used primarily to aid in the interpretation of the images of the edges. From
comparative measurements it was noted that an offset of +3 micrometres should be applied to the
measurements obtained from the travelling microscope. The diameters of the pinholes were measured
closeto the top surface.

The measurement uncertainties come from avariety of sources; they are listed below in descending order
of importance:

1 - Uncertainty in the position of the true edge within the image of the edge (£3 um)

2 - Edge raggedness (x1um)

3 - Difficulty in ensuring the measurement of a diameter and not that of a chord. (this is particularly
difficult with the larger diameter pinholes. (1 pum)

4 - Cdlibration uncertainty in the magnification of supplementary microscopes used in the image
interpretation. (0.2 um)

5 - Measurement repesatability (operator repeatability and interferometer noise) (0.5 um)

These expanded uncertainties have not been caculated in arigorous way as required by 1SO, and we are

not confident that they are sufficiently independent so as to be able to add them in quadrature; we think
that our best total uncertainty is closeto 5 pm.

In the case of the 100 um pinhole, the additional microscope used gave us the dightly better confidence

limit of £3 pm.

The table below presents our find measurements. These supersede the many confusing measurements |
had sent you before.

0.1 mm 0.2 mm 0.3 mm 05mm 1.0 mm
X Y X Y X Y X Y X Y
1200 | 1193 | 2134 | 2110 | 3195 | 3176 | 5235 | 525.7 | 1034.1| 1034.5
+3 5 +5 5 5

It was aso noted that measurements made using transmitted illumination (and hence more representative
of the diameters deeper insde the bore of the hole) were approximately 5.5 pm smdler than those
obtained with reflected illumination (reported in the above table)
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Optical microscope

Monitor
CCD camera ] O
Lamp [O O]
Interferometer
Laser Iﬁ:l
Moving stage
Table

NPL measurement device
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5.3 Swiss Federal Office of Metrology (OFMET), Switzerland

Measurement principle
Length measurement machine SIPFEAM-LMMY5, according to:
R. Thalmann, A new high precision length measuring machine, 9-IPES/TUME 4, Braunschweig, 26 - 30 May 1997.

M easur ement head: Vertical axis
column
Inductive
probe
Tt Mirror

Internal diameter

standard *

Adjustable table ‘ —

M easur ement system: Plane mirror interferometer

Stylus. - 3 ruby spheres (@ 05 mm, 0.3 mm, 02 mm) with tungsten carbide stylus,
- ground ,, spherical“ tungsten carbide probe of @ 0.12 mm with unknown roundness deviation.
Diameter of probing sphere determined with the help of a calibrated gauge block.

Adjustment: With respect to cylinder generating line, probed with the measurement probe (as good as

this was possible...)

Form deviations: Each ring was measured at three different heights. The following diameter variations

were observed:

Ring diameter variation with height
d10 210nm/ 0.1 mm
ds 390 nnv 0.1 mm
d3 300 nnv 0.1 mm
d2 240 nm/ 0.1 mm

For the redization of the nomina measurement height, an uncertainty of 30 um has been assumed.
Roundness deviations were considered to be much smaler than the influence of the diameter variations
with height: Each standard was aso measured in directions = 5° from the nominal direction, the variations
were, however, consderably smdler (in the same order of magnitude than the repeatability of
measurement in a given direction).

Cleaning procedure: Using benzine and Q-Tips (or at least parts of Q-Tips).
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M easurement results
Note: The measurement results obtained with the smaller than the largest possible probe diameters are

given for information only! Measurement uncertainties are given with a coverage factor k = 2.

Ring meas. height measured diameter probe @ used
d10 -0.375 mm (0.99956 + 0.00010) mm 0.5mm

d10 -0.375 mm 0.99956 mm 0.3 mm

d10 -0.375 mm 0.99957 mm 0.2 mm

ds -0.35mm (0.50021 + 0.00012) mm 0.3 mm

d5 -0.35 mm 0.50022 mm 0.2 mm

d3 -0.20 mm (0.29975 £ 0.00012) mm 0.2 mm

d3 -0.20 mm 0.29977 mm 0.12 mm

d2 -0.25mm (0.19990 + 0.00020) mm 0.12 mm

Uncertainty of measurement
In the following table, only the magor contributions to the combined unceratinty are given. All length
dependent terms (such as laser wavelength, refractive index, temperature effects or cosine error) become

negligible for the smal dimensions and are therefore omitted.

Std. uncertainties/ nm
Description of the contribution d10 d5 d3 dz2
Repestability (average of 6 measurements) 10 13 18 18
Searching point of max. diameter (lateral adignment of ringw.rt.| 20 25 25 40
measurement axis
diameter variation with height: uncertainty of nominal| 35 45 45 45
measurement height
stability of the probe constant (essentidly sphere diameter| 20 20 20 40
including difference between left and right zero deflection of
probe)
roundness deviation of probe (7?) - - - 50
uncertainty of gauge block length a height used for| 10 15 15 30
determination of probe constant (not necessary central length of
gauge block)
Combined gandard uncertainty u, 47 59 60 95
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5.4 National Standards Laboratory (Justervesenet), Norway

Description of measurement principle used

The measurement instrument is the Conoptica Profiler 1000 (CP 1000) from Conoptica, Klagbu,
Norway. This instrument was developed for measuring the inner geometry of wire drawing dies. It
covers the diameter range from 20 micrometersto 7 millimeters. See www.conoptica.no.

The measured diameter is the one visble when looking through the hole when the observation
direction coincides with the hole cylinder axis. The hole cylinder axis is determined by tilting the ring
gauge in small angular steps around two axis that are norma to the hole cylinder orientation, whereby
the distance across the opening is recorded as function of the tilt angle.

The cdlibration object is aphotomask. There is one dot that corresponds each of the ring gauges.
Optical. Object automatically tilted around two axes normal to the hole cylinder axis to bring the
illumination/observation directions in coincidence with the cylinder axis. Hole depth and image
projections analyzed from video images.

Optica enhancement of edge positions.

Dimensions measured relative to “ Dot and line comparison chart”, Cdibration mark 3087, issued by
Physikalisch- Teknische Bundesanstalt. The dots (“holes’) of the calibration object, which correspond
to the ring gauge dimensions, were measured immediately before and after measurement of each Cary
ring gauge. Ten measurements were carried out of both ring gauges and calibration object.

The measurements were corrected for light diffraction caused by the straight cylindrical shape of the
ring gauges, were the calibration object has zero z-depth.

Cleaning procedure: acetone bath in an ultra sound device for five minutes.

All measurements were carried out in a closed compartment without air turbulence, with an
environmentd temperature of 21°C. The expangion relative to 20°C is negligible in this context.

The diameter and ovality were measured a the depth were the projected diameter, in the prescribed

orientation, has its minimum.

Uncertainty of measurements

We expect that the expanded uncertainty draws its main contribution from the following quantities:
The expanded uncertainties of the diameters of the calibration object 3087, as reported by PTB (Upy,)
The expanded uncertainty of the correction for light diffraction (Ug)

The expanded uncertainty related to the repeatability of the measurement system (U,

U =\/U ptb2 +Udiﬁ2 +Um52
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Uncertainties are calculated with coverage factor K=2, or two times the standard uncertainty.

Ring d1o d5 d3 d2 di

Upi 0,3um 01um 0,1um 0,1um 0,06um
U girr 05um 04um 04um 04um 1,0um
Uns 0,15um 0,15um 0,15um 0,15um 0,15um
U 0,6um 04um 04um 04um 10um

For the d1 ring gauge the uncertainty of the correction for light diffraction, Ugg, is high. The reason for
thisis lack of information about the actua depth profile for this object. The measurements show that it is
more trumpet-shaped than the other rings. See the attached Drawing Die Measurement Report samples.
The portion caled Bearing length in these reports indicates which part of the cylinder is used for
caculating the diffraction shift.

M easur ement results
Diameter measurements at 0° - 180°

Ring d10 a5 a3 7 dl

Diameter | 999,3t06um | 499,6£t04um | 300,2t04um | 200,4£04um | 100,9£1.0um

Form measurements

The ovality of the hole was calculated as the difference between the two main axes of a best-fit elipse
approximation. These measurements were carried out by utilisng the software package for measuring
wire drawing dies. The object is tilted and the position of the hole edges is recorded as function of the tilt
angle. From this data the actual shape of the hole is computed.

The depth of the ring gauge cylinder was measured between two points were the depth profile tangent
angle exceeds approximately 5° for the d1 ring, approximately 10° for the other four rings. Due to a
mistake this depth was measured at orientation 90° - 270°, at right angles to the diameter measurement

orientation.

Ring d10 ds d3 d2 di
Ovdlity 04um 0,2um 2,5um 1,0um 14um
Depth 90° 736um 524um 454um 517um 382um
Depth 270° 679um 512um 423um 498um 39%6um
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5.5 Iditutodi Metrologia G. Colonnetti (IMGC), Italy

Abstract
This report details the IMGC measurements made on five tungsten carbide small ring gauges circulated
among the European laboratories participating in the EUROMET Project 406 piloted by PTB.

Introduction
The inner diameter of 5 ring gauges was measured a IMGC, within the frame of a EUROMET

comparison of diameter measurements piloted by PTB and involving six National Measurement I ngtitutes.

Circulated standards
The five tungsten carbide rings circulated for this exercise were:

Diameter/mm I dentification

1 d10/1_ B
0.5 ds/05_B
0.3 d3/03 B
0.2 d2/02 B
0.1 d1/o1 A

The linear expanson coefficient was given in the Measurement Guidelines by the pilot laboratory as:
5510° K™

Diameters had to be measured along the direction 0° - 180° taken aong the direction identified by the
trade mark and the nomina vaue engraved on the upper surface of the ring gauge.

Before starting the measurements, nothing was noted by visua ingpection, but with an optical microscope
indentations (presumably made by a spherica probe) were noted on the following rings:

d10/1_B: spherical indentation at 0°
d5/05_B: spherica indentation at 0°

Measuring instruments

The measuring apparatus is that one which is normally used for calibrating larger rings and plugs. It is
based on a Moore Measuring Machine, modified at IMGC, equipped with a laser interferometer and a
LVDT probe. This latter has been used only for d10 ring, for smaler rings it was replaced by a

microscope with a CCD-camera.
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Tab. 1. Instrument identification.

Instrument Manufacturer | Model Ser. No.
Universa Measuring Machine Moore n. 3 M245

Laser interferometer HP 5518 3626A03700
LVDT probe (tip bal dia. = XX) Cary | DIM 6283
Cdlibrated gauge block Cary LUX 00 15/9081
Microscope (objective 50x) Nikon OPTIPHOT 100S | 628562

CCD camera REGIS TIRSANL 30AGAF00192
Stage micrometer Leitz - 060_643.008

M easurement procedure
By IMGC, this exercise is considered a pilot study on the subject of small ring calibration (this range

being out of the IMGC calibration services) rather than aforma comparison.

The measurement procedure is basicaly the same, independent of mechanica or optical probe. The probe
is used to determine the start and the end point for the interferometric displacement measurement. The
mechanica probe diameter is determined with a calibrated gauge block, whereas the optica probe width
is determined with a cdibrated stage micrometer (object micrometer).

Traceahility is given by the gauge block (or by the stage micrometer, for the optica probe) and the
wavelength of the laser interferometer.

In this exercise, mechanica measurements were made only on d10 at the required depth of 0.375 mm.
The other ring gauges were measured only with the optical probe, then only at about the top surface (no
attempt was made to correct either for the depth specified in the Guiddlines or for the beve effect).

Mechanical probe
The equipment configuration from bottom up was. Moore carriage, tilt table, small rotary table, mounting

cylinder (stainless sted height adapter up to Abbe condition in vertical).

Probe (ruby) bal diameter: 0.5 mm, overdl length: 15 mm, stem (thicker) length: 2 mm, stem diameter: 1
mm. Probe measuring force: 2 mN.

Theagpplied procedure is the following:

1. Thering is set (glued) on the mounting cylinder, and the selected measuring direction is (visudly)

aligned with the displacement axis and the measuring (laser) axis. The ring holder is roughly aligned
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with theY and Z Moore axis.

The probe diameter is calibrated with a 10 mm gauge block.

Three complete measurements of the ring diameter are made.

Step 3isiterated two other times by repositioning the probe at the same (nomind) depth.
Steps 2, 3 and 4 are repeated two other times.

A tota of three sets of 9 measurements each is then obtained.

o g o~ WD

With the automatic control of the Moore machine, no manua handling of the ring is required to reset the
equipment between each set of measurements.
The same procedure was applied when the ring was measured adong the optiona direction (90°-270°).

Optical probe

The optical probe has been developed for the calibration of line standards, i.e. bi-dimensiona artefacts
with a high definition of the measured edge. In the case of aring gauge (3D artefact measured asif it were
2D artefact!), the poor definition of its circular edge (and of its zlocation, as well) is an additional severe
problem.

A rectangular window is created via software in order to smulate the behaviour of a mechanica probe.
The “contact” reading is obtained from a digital image processing system (assembled a IMGC with
boards manufactured by Imaging Technology) of the CCD-camera output of the Nikon microscope.

The window width corresponds to the ball tip diameter for bi-directiona measurements, whereas the
window height determines the number of pixel rows activated (integration amplitude). By displacing the
artefact (relative displacement between artefact and CCD camera), the window “penetrates’ in the
measurement area and defines the artefact edge position by measuring its distance from the window side
(I€ft or right).

The inverse of window sensitivity (about 0.32 umv/pixe, with a magnification of 50X) is determined on
both window sides againgt the displacements (between 2 pm and 12 pm) measured with the laser
interferometer.

In addition, the window width is calibrated against a reference stage micrometer (from the left edge of the
first line to the right edge of the fourth ling, at a distance of about 320 um) calibrated in terms of both line
separation and linewidth.

With this optical probe, the measurement procedure and data processing are exactly the same used with
the mechanica probe, except for the probe calibration which is made againgt the stage micrometer.
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For each ring, three measurement series were made, each consisting of 15 runs.

Results

Measurement dates. from 14/10/1999 to 4/11/1999.

The temperature in the measuring volume is (20 + 0.1) °C.

Inafew cases (see Tab. 2.), additional measurementswere made along the optiona 90°-270° direction.
For ring d10, the optica measurement along the 0°-180° direction was not made because of an indentation
a 0° (asmilar indentation was detected in the same position aso for ring d5, estimated depth: ~ 9-10 pm;

estimated width: ~ 40 pm).

Tab. 2. Measurement results.

Ring M ethod Direction Diameter/mm
d10/1 Bb mechanical 0-180 0.999 65
mechanical 90-270 0.999 50
optical 90-270 1.031 33
d5/05 B optical 0-180 0527 04
optical 90-270 0.516 93
d3/03_B optical 0-180 0.316 08
d2/02 B optical 0-180 0.210 68
d1/0L A optical 0-180 0.11809
optical 90-270 0.130 75

The large difference (of about 32 um on d10 ring) between the optical and the mechanical measurement,
is due to the different definition of the ring edge between mechanical method (contact surface) and optical
method (average position between maximum and minimum intensity signa).

In particular, with these ring gauges, this difference is even larger because of the effect of the beveled
edge. As aconsequence al optica method diameters are larger than contact measured diameters. In order
to evaluate the relevant correction, a specific sudy should be necessary, but has not yet been made. On
this occasion, the results are reported as obtained.
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Uncertainty evaluation
The sources of uncertainty are summarised in Tab. 7.

Tab. 3. Uncertainty sources (u/um)

Source of uncertainty Mechanica | Optical Optical
Ring diameter/mm | 1 1;05;0.3,0.2 0.1
Repestability 0.008 0.07 0.07
Reproducibility (repositioning) 0.058 0.28 0.97
Probe calibration 0.023 0.11 0.11
Air wavelength 0.002 0.001 0.001
Ring dignment 0.012 0.12 0.12
Deformation 0.002
Ring temperature correction 0.001 0.001 0.001
Form deviation 0.029 0.79 0.79
U (k= 1)/jum| 0.070 0.85 1.26
U (k=2)/um|0.14 17 23

In this evduation, the uncertainty related to the difference between the mechanica and optica

measurements was not taken into account. In other words, the optical measurand is considered different

from the mechanica measurand because of edge identification problems and because of the different

height of the measurement plane (optical measurements at the top ring surface).
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5.6 Swedish National Testing and Research I nstitute (SP)

Measurement objects
5 rings of tungsten carbide with different diameter (mark): 1 mm (d10/1 B ), 0,5 mm (d5/05_B), 0,3 mm
(d3/03_B), 0,2 mm (d2/02_B), 0,1 mm (d1/01_A).

L aboratory
These measurements were made by

The Swedish Nationa Testing and Research Ingtitute (SP)
L ength section, Boras, Sweden.

Operators. SO, RJ

Reporting officer: Mikadl Frennberg

Reference conditions

Cleaning procedure:

The rings were cleaned in an ultrasonic bath with petrol and dried with compressed air.
Environment conditions:

The laboratory has a temperature of 20 + 0,2 C°

M easurement results

Diameter measurement at the position 0° - 180° and at the edges of the holes:

ring d1o d5 d3 d2 di
height (z=0) 0,9974 mm 0,4967 mm 0,2981 mm 0,1982 mm 0,1018 mm
height (z = max) 0,9974 mm 0,4977 mm 0,2989 mm 0,971 mm 0,031 mm
mean value' 0,9974 mm 0,4972 mm 0,2985 mm 0,977 mm 0,2024 mm
repeet diff z=0 0,9 um 002 pm 05 pum 05 pum 0,8 um
repeat diff z = max 0,6 um 08 um 10um Opm 0,8 um

Description of measurement principle and device used for measurements;

The measurements were made with an optical microscope (Zeiss ZKM 250) with a movable X-Y table
with built in glass-scales and digital read-out system. The readout has been calibrated with a laser
interferometer (HP 5528A) which is traceble to our nationa standards.

Therings were placed in the horisontal position on the table under the microscope.

The measurements were performed at the edge of the holes on both sides. Z = O refersto side A according
to the sketch in the guiddlines. Z = max refers to the other sde. The rings were turned upside down for
this measurement.

The measured diameter in X-direction was found by taking the middle position in the Y -coordinate. Five
repeated measurements were made in each position.

! According to an information of Mr. K&l lberg (SP), the mean values are used for calculation.
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Repested repositioning of rings with new adjustment were made once for each ring (and side). Thus a
total of ten measurements on each sde was made. The difference between the mean values of the first and
second set of measurements is reported as repeat difference in the table above.

Consderation of form deviations;

Measurement of form deviations. The only consideration was the measurements from both ends (to reved
conica shape). Red form measurements were not made.

Uncertainty of measurements

Uncertainty component Type(A/B) |Sizek=1)
Repestability A 0,7 um
Temperature (0,5 °C) B 0,006 pm
Instrument caibration B 04 pum
Measurement procedure B 17 um
(edge detection)

Combined std uncertainty 19um

Expanded (k =2) 38 um
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6 Resultsof comparison measurements

6.1 Survey of measurement methods used

The measurement principles used can be divided into four groups as follows:

A

B
C
D

mechanical contacting measurement

optical measurement with respect to the projection of the inner diameter

optical measurement with respect to the position of the edges on upper side

optica measurement with respect to the position of the edges on both sides

6.2 Summary of measurement results

The measurement results and the uncertainties given by the participants are summarized in Table 2 and

represented for each ring gauge in Figure 3to Figure 7.

Rings |Participants| PTB1 | PTB2 | NPL |OFMET| Juster- | IMGC SP PTB 3

LC CMM vesenet CMM
Method A A C A B C D A

1mm Dinum | 9993 | 10000 | 1034,1 | 99956 | 999,3 |999,65" | 9974 | 1000,0
Uinum | 015 06 5 0,10 06 014 38 06

0,5mm Dinpum | 4999 | 4997 | 5235 | 500,21 | 4996 | 527,04 | 4972 | 5003
Uinum | 015 09 5 012 04 17 338 09

0,3 mm Dinum Ya 20986 | 3195 | 299,75 | 3002 | 31608 | 2985 | 2991
Uinpum Ya 09 5 012 04 17 338 09

0,2 mm Dinum Ya 1992 | 2134 | 19990 | 2004 | 21068 | 197,7 | 2005
Uinum Ya 09 5 0,20 04 17 38 09

0,1 mm Dinpum Ya 101,1 1290 Ya 1009 | 11809 | 1024 | 1011
Uinpum Ya 30 3 Ya 10 23 38 10

Table 2: Results of diameter measurements
D diameters and U expanded uncertainties (95%) given; for methods cf. section 6.1
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Figure 3: Ring gauge 1 mm, diameter and expanded uncertainties (95%)
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Figure 4: Ring gauge 0,5 mm, diameter and expanded uncertainties (95%)
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Figure 6: Ring gauge 0,2 mm, diameter and expanded uncertainties (95%)




30

Results of comparison measurements

D /um

107

106
129 118

105

104

103

102

101

100

Methods:

97 T T T T T T
PTB 2 NPL OFMET Just.ves. IMGC P PTB 3

Laboratory

Figure 7: Ring gauge 0,1 mm, diameter and expanded uncertainties (95%)
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7 Determination of reference values

7.1 General remarks

7.1.1 Prerequisitesfor the comparahility of measurement results

To guarantee the internal consistency of comparison measurements, some basic prerequisites must be

complied with to make a comparison of the results possible. These prerequisites can be formulated as

follows:

1. Theparticipants must measure the same measurand.

2. The measurand must be stable, or drifts must be appropriately taken into account.

3. Weédl-defined measurement instructions must be available.

4. Theinfluence of the characteristics of the object to be compared on the uncertainty of the measurand

must be relatively smadll.

7.1.2 Assessment of the comparison measurements carried out

For the measurements carried out within the scope of the EUROMET 406 comparison, the following
satements can be made with respect to the prerequisites defined above:

1. Different measurands were determined: given diameter, projected diameter, distance between edges.
a) Only three participants determined the measurand defined in the Guiddines. PTB,
OFMET, IMGC onthe 1 mm ring (method A).
b) Asregards the characterigtics of the rings, ancther participant determined the defined
measurand in al probability, as the projected (minimum) diameter measured and the defined
diameter differ only dightly from each other: Justervesenet (method B).
¢) Three participants did not determine the defined measurand: NPL, IMGC on the
rings smdler than 1 mm (method C) and SP (method D). One participant corrected the
measurement results to be able to draw conclusions regarding the defined measurand: SP (method
D).
The gtability of the measurand can be taken for granted.
Well-defined measurement instructions were available (Guiddlines).
The influence of the object measured on the uncertainty of measurement is consderable (form
deviations, roughness, quality of the edge). The influence on the method (C) could be demonstrated
(cf. section 8.2).
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7.1.3 Conclusionsregarding the evaluation of the results

For the evaluation of the results, the following conclusions are drawn from the assessment of the
comparison measurements made in section 7.1.2:

The reference value is calculated on the basis of the measurement results of those participants who

determined the defined measurand (A) or corrected the measured value with respect to the defined

measurand (D).

In addition (with the ring characteristics known), the measured values of that participant are used

where, in al probability, the measurand measured deviates only dightly from the defined measurand

(B).

Two reference values are calculated and compared in order to assess the correction procedure (D) and

the coincidence of defined diameter and measured diameter (B):

l. The reference vaue from the results of the participants (A) who determined the defined
measurand.

Il. I1: The reference vaue from the results of the participants (A, B, D) who ether determined
the defined measurand or made corresponding corrections, or where the measurand measured
deviated only dightly from the defined measurand.
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7.2 Methods for the determination of reference values

In the course of the comparison measurements, complete measurement results X =x £ u(x) (k =1,..., n))

were obtained independently for the same physical quantity Y in n laboratories, using different measuring
devices and different measurement methods. The measurement results obtained are fitted on the

assumption that the measurands X; are identica with .

7.2.1 Weighted mean

Fitting can be carried out according to [Weis99] by weighted averaging of the input quantities. The

weighted mean is determined as follows:

_ 2 X
or
d
y= a__ g X% )
with
_U(y)
I T () 3
and
) ég 1 U
u =a A
W)= & ) @

According to eg. (4), the uncertainty of the weighted mean u(y) is influenced only by the uncertainties
u(x;) and not by the digpersion of the values measured.

The best estimate of the difference between measured value and reference vaue is
Dx = x—Y, and the associated standard uncertainty according to GUM s
u?(Dx ) = u?(x,) +u?(y) - 2u(x;, y) (5
AsYy is caculated according to eg. (1), y and x; are correlated and the following is valid according to
[Wo6geOQ):
u(x, y) = u(y). ©)
From thisit follows for the standard uncertainty of the difference between measured value and reference

value:
u?(Dx) = u?(x;)- u?(y) (7)
or, for the expanded uncertainty, with the coverage factor k = 2
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U(Dx ) = 24/u’(x) - u*(y) . (8

The ratio of the deviation of a measured vaue from the reference value to the measurement uncertainty
associated with this measured value informs about the plausibility of the uncertainty staiement. According
to [MRA], a possibility for checking this plausibility is the En vaue as the ratio of the deviation of a
measured vaue from the reference value to the expanded uncertainty of this deviation according to
eg. (9). If the amount of the En vaue in relation to the measured value is grester than 1, it can be assumed
that too low a vaue has been indicated for the measurement uncertainty associated with the measured

value.

Dx 9

The consistency of the measured values with the modd of the comparison measurements alows a
datement to be made on whether the requirements for the comparability of measurement results
summarized in section 7.1.1 are met. The chi-squared criterion [Weis99] serves for this purpose, whose
development leads to the Birge ratio R with an expectation vaue of Rg = 1. According to [SAIC99], the
Birge ratio can be described as the ratio of externa consstency S to internal consstency Sy

(10)

with

S =U(Y) (11
and

(12)

For a coverage factor of k = 2, the data of the comparison meas.rements are consistent with the model,
provided the following is vaid according to [SAIC99] for the Birge ratio determined:

R, <+/1+8/(n-1) (13
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7.2.2 Arithmetic mean

In the special case when the standard uncertainties are not given, the reference value is determined from
the arithmetic mean

18 (14)
y=1 a X .

The uncertainty of the reference vaue is equa to the experimenta standard deviation of the means(X) ,
i.e.

u(y) =s(x), (15)
and, therefore, independent of the uncertainties u(x) associated with the measurement results. The best
estimate for the difference between measured vaue and reference  vaue s
Dx = x—Y, and the associated standard uncertainty according to GUM is.

u?(Dx ) = u?(x,) +u®(y) - 2u(x,, ) (16)
The degree of correlation between y and X depends on the number of participants and the uncertainty is
determined by [Krys00]

U (Dx) = u*(y) + u%(x) §L- 2y 0
nH
To assess the consstency of data and model, the En value is determined in anaogy to eg. (9).
Remark:
Theresult of eq. (17). is obtained gpproximately by using the dgorithmsin the Guide GUM 5.2.2
u?(Dx) = U?(x) + U (y) - 2u(x)u(y)r(x, y) (18)
and GUM C.3.6.3
u(x) dy (19)

") o

with dy change of the output quantity y by changedx; of the input quanity x;. The input quantities for the
determination of the arithmetic mean according to eg. (14) are of the same magnitude and eg. (20) is vdid.

dy » %dxi (20)
Inserting eq. (20) and eg. (19) into eg. (18) results in eg. (21), which is an approximation to the result
givenin eg. (17).

2 2 2 2 1 (21)
us(Dx ) » u“(x)+u(y) - 2u (&)xﬁ
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7.3 Comparison of the reference values determined with different methods

For the arithmetic mean and the weighted mean, the reference values for the diameters of the rings were
determined using the results obtained by methods (A) and (A, B, D) (cf.section 7.1.3). In addition, these
reference vaues were determined for the results obtained by all methods used (A, B, C, D) (for symbols
of methods: cf. section 6.1). The reference values D, and the expanded uncertainties of the reference
valuesU(D,«) according to eg. (4) and eq (15) for k =2 are shownin Table 3.

Reference vaues and expanded uncertaintiesin um
from arithmetic mean of method from weighted mean of method
Ring gauge A A,B,.D |AB,CD A A,B,D |ABCD

1mm D« 999,70 999,32 1003,66 999,54 999,53 999,54
UD.«) 0,27 0,67 8,72 0,07 0,07 0,07

0,5mm D« 500,03 499,49 505,93 500,09 500,06 500,14
U(D.«) 0,28 0,94 849 0,09 0,09 0,09

0,3 mm D« 299,15 299,23 304,53 299,67 299,76 299,95
U(Dre) 0,52 0,66 6,90 0,19 0,11 0,17

0,2 mm D« 199,87 199,53 203,10 199,90 199,98 200,11
U(Dre) 0,75 1,05 471 0,19 0,17 0,17

0,1 mm D« 101,10 101,38 108,77 101,10 101,05 103,62
UD\«) 0,00 0,69 9,77 0,9 0,68 0,64

Table 3: Reference values D,« and expanded uncertaintiesU(D,«)

Reference vaues determined from arithmetic mean and from weighted mean using the measurement
results obtained by different methods (only A, A and B and D, al methods), expanded uncertainties for
k =2, bold values used for evaluation in sections 7.4and 7.5; for methods cf. section 6.1

For loth, the arithmetic mean and the weighted mean the differences between the reference vaues
according to (A) and (A, B, D) are very small. This leads to the conclusion that the deviations of the
correction for (D) and the difference between measured and defined diameter for (B) are relatively small.
The arithmetic mean according to (A, B, C, D) clearly deviates from the two arithmetic means obtained
by (A) and (A, B, D). This supports the decision to determine the reference values without taking the
results obtained by (C) into account. The respective weighted mean, however, clearly deviates only in the
case of the 0,1 mm ring, the reason for this being the comparably high measurement uncertainty of the

vaues measured according to (C).
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Figure 8 shows the differences between arithmetic mean and weighted mean for the methods in question.
In addition, the expanded uncertainties of these differences are indicated as the sum of squares of the
uncertainties of arithmetic mean and weighted mean (k = 2).

15

10

arithmetic - weighted mean /un
(6}

o4z 1 T - 1 1 I
1 * i £ i T T 1 L
o1 mm ¢ 05mm A 0,3mm 0,2 mm * 0,1 mm
'5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
LaliRe) Q o Q o Q o Q LaliRe) Q
D O D O (2 \ ' \ 2 \
v % v & v oo v oo v oo
‘e el e el el

Method

Figure 8: Deviations of the reference values from arithmetic mean and from weighted mean
using the values obtained by different measurement methods (only A, A and B and D, al methods).
Uncertainty of the deviations for k = 2; for methods cf. section 6.1

It can be seen that the differences between both computation methods, i.e. arithmetic mean and weighted
mean, are relatively small when the results obtained by (C) are not taken into account. Basic differences
between the reference values determined as the arithmetic mean and the weighted mean will, therefore,
not be treated in detall. For the evauation of the comparison measurements described in the following two
sections, both the arithmetic mean (section 7.4) and the weighted mean (section 7.5) were used as
reference values. Section 7.5 covers additiona investigations into the consistency of data and mode

according to section 7.2.1
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7.4 Deviations of measurement results from the arithmetic mean

The deviations DD of the measurement results from the arithmetic mean acc. to eg. (14) are summarized
in Table 4. The arithmetic means have been determined from the measurement results obtained with the
methods (A, B, D), cf. section 7.1.3. The expanded uncertainties acc. to eg. (15) and the En values acc. to
eg. (9) are given in addition. For symbols of methods cf. section 6.1.

Ring | Participants | PTB1 | PTB2 | NPL |OFMET|Just.ves.| IMGC SP | PTB3
gauge
Method A A C A B C D A
1mm DD inpm -0,02 068 | 3478 | 024 | -002 | 033 -192 | 068
U@D)inum | 059 0,82 0,58 083 0,59 384 084
YENY, 0,03 083 042 -002 | 057 0,50 081
05mm | DD inum 042 0,22 2402 | 073 012 2756 | -228 | 082
UDD)inpm | 078 | 117 078 | 087 383 | 118
YENY, 0,53 0,18 093 013 -059 | 069
03mm | DD inum -063 | 2027 | 052 097 1685 | -073 | -013
U(DD) inpm 1,06 0,52 0,65 383 0,99
YEnY, 059 0,99 1,50 0,19 0,13
02mm | DD inpum -033 | 1387 | 037 087 1115 | -188 | 097
U(DD) inpm 1,20 084 0,90 389 1,20
YENY, 0,28 044 0,96 048 081
01 mm DD inpm -028 | 2763 -047 | 16,72 103 -0,28
U(DD) inpm 308 1,11 383 | 1,12
YENY, 0,09 043 0,27 0,25

Table 4: Deviations DD of measured diameter from the arithmetic mean D« (A, B, D)
Expanded uncertainties U(DD) for k = 2 and E,-vaues, for methods cf. section 6.1

In the case of two participants, the amount of the En vauesis higher than 1 (PTB 1: ring gauge 1 mm and
Justervesenet: ring gauge 0,3 mm). A possible reason for thisis that the participants stated too low values
for the measurement uncertaintiesin Table 2.

For each ring gauge the deviations DD from the arithmetic mean (A, B, D) and the expanded uncertainties
U(DD) arerepresented in Figure 9 to Figure 13. The broken lines indicate the expanded uncertainty of the

reference value U(D,«) acc. to Table 3.
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Figure 9: Ring gauge 1 mm: deviations DD of measured diameter from the arithmetic mean
D« (A, B, D) with U(DD) for k = 2, broken lines U(D;); for methods cf. section 6.1
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Figure 10: Ring gauge 0,5 mm: deviations DD of measured diameter from the arithmetic mean

D« (A, B, D) with U(DD) for k = 2, broken lines U(D,); for methods cf. section 6.1
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Figure 11: Ring gauge 0,3 mm: deviations DD of measured diameter from the arithmetic mean
D« (A, B, D) with U(DD) for k = 2, broken lines U(D;); for methods cf. section 6.1
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Figure 12: Ring gauge 0,2 mm: deviations DD of measured diameter from the arithmetic mean

D« (A, B, D) with U(DD) for k = 2, broken lines U(D,); for methods cf. section 6.1
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Figure 13: Ring gauge 0,1 mm: deviations DD of measured diameter from the arithmetic mean
D« (A, B, D) with U(DD) for k = 2, broken lines U(D;); for methods cf. section 6.1
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7.5 Deviations of measurement results from the weighted mean

The deviations DD of the measurement results from the weighted mean acc. to eg. (1) are summarized in
Table 5. The weighted means have been determined from the measurement results obtained by methods
(A, B, D), cf. section 7.1.3 The expanded uncertainties acc. to eg. (4) and the En values acc. to eqg. (9) are
given in addition. For symbols of methods cf. section 6.1.

Rings | Participants | PTB1 | PTB2 | NPL |OFMET|Just.ves.| IMGC SP | PTB3
Method A A C A B C D A

1mm DD inpm -0,23 047 | 3457 | 003 -023 | 012 -213 | 047
u@D)inum | 013 0,59 0,07 0,60 012 380 0,62

YENY, 1,76 0,79 0,37 0,39 0,9 0,56 0,76

05mm | DD inpm -016 | -036 | 2344 | 015 | -046 | 2698 | -286 | 024
U(D)inpm | 012 0,88 0,08 0,39 380 0,89
YENnY, 1,34 041 1,89 1,18 0,75 0,27

03mm | DD inum -116 | 1974 | -001 | 044 1632 | -1,26 | -066
U(DD) inpm 091 0,10 0,36 380 083

YENY» 1,27 014 | 121 033 | 080
02mm | DD inum -0,78 | 1342 | -008 | 042 1070 | -233 | 052
U(DD) inpm 0,86 0,10 0,36 380 0,86

YENY, 091 0,82 1,15 0,61 0,60

0,1 mm DD inpm 0,07 27,95 -0,15 17,04 1,35 0,05
U(DD) inpm 2,96 0,73 3,74 0,75
YENY, 0,02 0,20 0,36 0,07

Table 5: Deviations DD of measured diameter from the weighted mean D, (A, B, D)
Expanded uncertainties U(DD) for k = 2 and En vaues, for methods cf. section 6.1

For anumber of measurement results, the amount of the En vauesis gregter than 1. A possible reason for
thisis that the participants stated too low vaues for the respective measurement uncertaintiesin Table 2
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In Table 6 the Birge ratios Rs, determined acc. to Ring gauge Rs Rs max
eg. (10), are given, as are the maximum values of 1 mm 1,66 15
Birge ratios Rs max, determined acc. to eq. (13). It 0,5mm 1,79 15
can be seen that for the ring gauges 0,2 mm and 0,3 mm 167 16
0,1 mm the Birge ratios R; are smdler than Rg ma. 0,2 mm 149 16
For these measurements, there is a consistency 0,1 mm 045 16

between data and model. For the ring gauges 1 mm,

0,5 mm and 0,3 mm, the Birge ratios Rs are only Table 6: Birge ratio for evauation of
digthly larger than the Rs ma. It can therefore be weighted mean

said that for these measurements the consistency of

data and mode is approximately given.

For each ring gauge the deviations DD from the weigthed mean (A, B, D) and the expanded uncertainties
U(DD) are represented in Figure 14 to Figure 18. The broken lines indicate the expanded uncertainty of

the reference value U(D,«) acc. to Table 3.

deviations from weighted mean /um
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Figure 14: Ring gauge 1 mm: deviations DD of measured diameter from the weighted mean
D« (A, B, D) with U(DD) for k = 2, broken lines U(D;); for methods cf. section 6.1
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Figure 15: Ring gauge 0,5 mm: deviations DD of measured diameter from the weighted mean
D« (A, B, D) with U(DD) for k = 2, broken lines U(D;); for methods cf. section 6.1
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Figure 16: Ring gauge 0,3 mm: deviations DD of measured diameter from the weighted mean

D« (A, B, D) with U(DD) for k = 2, broken lines U(D,); for methods cf. section 6.1
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Figure 17: Ring gauge 0,2 mm: deviations DD of measured diameter from the weighted mean
D« (A, B, D) with U(DD) for k = 2, broken lines U(D;); for methods cf. section 6.1

28 17

-1
-2
-3
Methods:
-4
A C A B C D A

'5 T T T T T T

PTB 2 NPL OFMET Just.ves. IMGC P PTB 3

Laboratory

Figure 18: Ring gauge 0,1 mm: deviations DD of measured diameter from the weighted mean

D« (A, B, D) with U(DD) for k = 2, broken lines U(D,); for methods cf. section 6.1
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8 Influence of the form of the cylinder face

8.1 Influence of straightness deviations

Straightness measurements on the ring gauges were carried out by the pilot laboratory usngaCMM and a
fibre probe (cf. section 5.1 I1). This had to be done to investigate the influence of the form of the ring
gauges on the uncertainty of diameter measurements (cf. section 7.1.1, 5.).

In the following, the deviations from straightness and paralelism are shown for each ring gauge. As the
ring gauges were adjusted for the CMM measurements in relation to their upper front face, the origina
data (grey curve) include the angle between the cylinder face and this front face. The black curves were
obtained after fitting of the original data. The respective heights for diameter measurements have been
marked in addition. It an clearly be seen that, especidly for the smaller ring gauges, a variaion of the
measurement height within 0,05 mm may result the diameter measured varying by up to severa tenths of

amicrometer.
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Figure 19: Ring gauge 1 mm: results of straightness measurements
Measurements carried out with a CMM and afibre probe. grey curve: origina data; black curve:
obtained after fitting of the original data (angle between cylinder face and front face: about

90°-2,2°), + —: height of diameter measurement
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Figure 20: Ring gauge 0,5 mm: results of straightness measurements

7,5

Measurements carried out with a CMM and afibre probe. grey curve: origina data; black curve:

obtained by after fitting of the origina data (angle between cylinder face and front face: about

90°-1,4°), + —: height of diameter measurement

0,0 \\
e
£ 0,1
q) = i
&
S
e
C
o
=

-0,2 - —
2
(@]
D
o]
5
T 03 </
N

0° 180°
-0,4
7,5 5,0 2,5 0,0 25 5,0

deviation /um

Figure 21: Ring gauge 0,3 mm: results of straightness measurements
Measurements carried out with a CMM and afibre probe. originad data,

+ —: height of diameter measurement
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Figure 22: Ring gauge 0,2 mm: results of straightness measurements

Measurements carried out with a CMM and afibre probe. grey curve: origina data; black curve:

obtained dter fitting of the original data (angle between cylinder face and front face: about

90°-4,6°), + —: height of diameter measurement
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Figure 23: Ring gauge 0,1 mm: results of straightness measurements

Measurements carried out with a CMM and afibre probe. grey curve: original data; black curve:

obtained after fitting of the original data (angle between cylinder face and front face: about

90°-3°), + —: height of diameter measurement
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8.2 Influence of the determination of the edge of the cylinder

As shown in section 6.2 large differences were found between the measurement results obtained by

method (C) and the other results. These differences are probably not caused by the measurement
uncertainty but by the measurement procedures, in combination with the properties of the ring gauges. For
the optical measurement with respect to the position of the edges on the upper front face (C) these edges
have to be determined. If the edge is not sharp but lacerated, deviations in the determination of the edge
position results in deviations of the diameters measured.

To investigate this influence, measurements were carried out at the ring 0,3 mm with the aid of a confocal
laser scan microscope (Lasertec 1LM21P, objective: x80 long distance, NA 0,75, latera resolution:
0,5 um). Firgt, the upper front surface of the ring was focused and the edge position was determined. Then

the focus was scanned down until the edge of the cylinder face was visible.

The result of these measurements are shown in Figure 24 for the 0° side of the ring. The image field is
141 yum x 110 um. The upper photograph shows the front face, the lower photograph the edge of the
cylinder. The height difference between the two foca danesis about 6 um. From this measurement,
the laterd difference of the two different edges can be estimated to be approximately 8 um. The lateral
difference a the 180° sde of the ring is in the same order. These lateral differences result in a
deviation of the diameter measurements by about 16 pm in relation to the measurement at the edge of
the cylinder.
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approx. 8 um

Figure 24: Influence of the quality of the edge on diameter measurements Ring gauge 0,3 mm.
Front face (upper photograph) and edge of cylinder (lower photograph), field of view: 141 pm x 110 um
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8.3 Cylinder surface

To investigate the cylinder surface, ring gauges of the same charge as the rings used for the comparison
measurements are prepared for REM measurements. The rings are ground in the axid direction to be a
haf-pipe, fixed with epoxy and all over coated with gold (approx. 5 nm thick). Figure 25 and Figure 26
show REM measurement results obtained on a 0,1 mm ring gauge. Residues of epoxy can be seen on the
cylinder surface. The right side of the photograph can be assigned to the upper face of the ring gauge. It
can be seen that the cylinder form is very bad, especialy from the middle to the left sde. On the detailed
figure, scratches can be seen which are probably due to manufacture, as well as holes and the lacerated
edge. Figure 27 shows a detall obtained on a 0,2 mm ring gauge.

1G68Wm
== 1 = m-m

Figure 25: REM shot of acut ring gauge (0,1 mm in diameter)
Large paticles are probably residues of epoxy used for preparation.



Influence of the form of the cylinder face

. Brm
PTBS&TF 15SKU Al rBAA 13mm

Figure 27: REM shot of a cut ring gauge (0,2 mm in diameter), detall
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8.4 Artefactsfor future projects

As shown in section 8.1 and section 8.2, both the deviations of cylinder form and the lacerated edges of
the ring gauges used result in large uncertainty contributions and, therefore affect the comparability of the
measurement methods applied. To avoid such large influences of the artefacts to be measured, both the
cylinder form and the quality of the edges have to be improved for future projects After the comparison
measurements had been completed PTB obtained another type of artefact for calibration, which is used as
atransfer standard for manufacturers of spinning nozzles in the textile industry. The artefact includes 5
holes of different diameter from 0,1 mm to 0,5 mm, with a depth of about 0,5 mm.

Both the cylinder form and the quality of the edges were investigated at PTB.

8.4.1 Straightness and parallelism measurementswith aCMM

Straightness measurements on the artefact were carried out by the pilot laboratory usng a CMM and a
fibre probe (cf. section 5.1 11). As an example, the mesurement results for the hole 0,2 mm are shown in
Figure 28. The deviations from graightness and pardleism are within about 1 um and, therefore, much
smdler than the deviations from straightness and parallelism measured at the ring gauge 0,2 mm (cf.
Figure 22 on page 49). Furthermore it can be seen that the angle between the cylinder axis and the upper
face of the artifact is nearly 90°.
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Figure 28: Artefact, hole 0,2 mm: results of straightness measurements.
Measurements carried out with a CMM and afibre probe. origina data
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8.4.2 Measurementsat the edgeswith a confocal laser scan microscope

The measurements at the edges are carried out with the aid of a confocal laser scan microscope (Lasertec
1LM21P, objective: x80 long distance, NA 0,75, latera resolution: 0,5 um). The result of these
measurements can be seen, for example, in Figure 29 for the hole 0,1 mm. (The edges of the other holes
are of the same quality.) Within the depth of focus of gpprox. 6 um below the front face, no deviations
from the edges were found & for the ring gauge 0,3 mm in Figure 24. This means that the edges of the
holes are very sharp compared with the edges of the ring gauges used for comparison measurements, and
it can be expected that this influence would be very small.

Figure 29: Hole 0,1 mm of atrandfer gandard for spinning nozzles

Feld of view: 141 pm x 110 pm; depth of focus. gpprox. 6 um
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9 Summary

Goal of comparison measurements

The goal of the EUROMET #406 comparison measurements of the diameter of ring gauges was to
explore and harmonize the measurement capabilities for diameter measurements on small rings with
diameters of up to 1mm. Six European nationa metrology ingtitutes agreed to participate in these
comparison measurements. The investigations were organized by the Physkaisch-Technische
Bundesangdt (PTB), Germany. The comparison sarted in June 1999 with the circulaion of five ring
gauges. The pattern chosen for comparison was the round robin type, with afirst and afina caibration by
the pilot laboratory.

Ring gauges used and definition of measurements

Five ring gauges with diameters of 1 mm, 0,5 mm, 0,3 mm, 0,2 mm and 0,1 mm were used for the
comparison measurements The thickness or heights of the ring gauges were in the range from 0,3 mm to
0,6 mm. The gauges were made of tungsten carbide and, for better handling, enclosed in a duminium
ring-shaped housing. The participants had to measure the diameter in a defined orientation and at
specified height distance from the engraved front face. Additiona form measurements were to be carried

out asfar as possible.

M easur ement methods used

The participants used different measurement principles as follows:

Number of Method used Symbol
participants

2 mechanicd contacting measurement A

1 optica measurement with respect to the projection of the inner diameter B

2 optica measurement with respect to the position of the edges on upper side C

1 optical measurement with respect to the position of the edges on both sides D

The defined measurands were determined only by method A. The measurement results obtained by
method B correspond approximately to the defined measurands because the smallest diameters of the ring
gauges are very similar to the defined measurement heights. In the case of method C, neither the defined
measurands were determined nor were the measurement results corrected with respect to the defined
measurands. With method D, the measurement results were corrected with respect to the defined

measurands.

Evaluation of reference values
To guarantee the comparability of the measurement results, the reference values were determined only
from the measurement results of methods (A, B, D). This evauation was carried out for the arithmetic

mean and the weighted mean. The differences of these reference values (A, B, D) to the reference values
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determined with the results of method (A) only are relatively smal for both, the arithmetic mean and the
weighted mean. This means, that the influence of the corrections with method (B) and (D) issmall.

En values were determined to evaluate the measurement results with respect to the relation of deviation
from the reference value to the associated uncertainty. To obtain an estimate of the consistency of the data
and the modd of the comparison measurements, the Birge ratios were determined in addition for the
evauation of the reference va ues from the weighted mean.

Comparison of measurement results

The uncertainties associated with the diameter measurement results differ consderably among the
different participants. The lowest expanded uncertainty given is U = 0,10 um whereas the largest
uncertainy isU =5 um (95 %). This fact emphasizes the variety of the devices and methods used for the
comparison measurements. In general, the measurement results obtained by methods (A, B, D) agree
within their associated uncertainties. The results by method (C) exceed the reference vaues by between
10 um and 30 um. Thisis probably due to the influence of the lacerated edges of the ring gauges.

The relations of deviations from the reference vaues to the associated uncertainties are reasonable for
most results given. In this context it may be possible that too small values of the associated uncertainties
have been given for afew measurement results, especialy with respect to the relatively strong influence
of surface and shape of the ring gauges on the uncertainty. For the determination of the weighted mean
this may result in some cases to En values which misrepresent the measurement capabilites of some
participants. For an assessment of the comparison measurements indepent on the associated uncertainties
the arithmetic mean and the corresponding En values was therefore given additionally. It can be assumed
that the En values from arithmetic mean characterise the measurement capabilities of some participants
better than the En values from weighted mean. Another newly developed type of artefact of better quality
mainly in the area of the edges was presented. These artefacts may possibly prevent this influence in
future projects.

Nevertheless it can be stated that the consistency of the data and model of the comparison measurements
(without method C) is given. For the measurements on the ring gauges 1 mm, 0,5 mm and 0,3 mm, the
evauated Birge ratios only dightly exceed the limit, whereas the Birge ratios evauated for the
measurements on the ring gauges 0,2 mm and 0,1 mm are clearly below this limit.

Result, bottom line
The investigations described here, may be only afirst step to the harmonization of cdibration work in this
important field. Further investgations for the development of new measurement equipment and efforts to

harmonize the different, probably mainly optical methods are urgently required.
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