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2 Introduction

The metrological equivalence of national measurement standards and of calibration certificates issued by
national metrology institutes is established by a set of key and supplementary comparisons chosen and
organized by the Consultative Committees of the CIPM or by the regional metrology organizations in
collaboration with the Consultative Committees.

Recent CIPM Key Comparison (KC) on gauge blocks by optical interferometry, CCL-K1.2011 was run during
2011 to 2012. In the annual meeting of Technical Committee for Length (TCL) of the Asia Pacific Metrology
Programme (APMP) held in November 2015, it was agreed that the corresponding APMP KC will be run
after the report of CCL-K1.2011 is released. At the TCL meeting in 2016, it was agreed that APMP will plan
to run a regional KC on gauge block measurement by optical interferometry with KRISS as the pilot
laboratory. In 2017, the artefacts were purchased, and the comparison was registered in the key
comparison database (KCDB) in June 2018 as APMP.L-K1.2018. The artefact circulation has actually
started in February 2020. Following the decision made in 2021 at the meeting of the Working Group on
Mutual Recognition Arrangement (WG-MRA) of the Consultative Committee for Length (CCL), the
comparison code has been changed from APMP.L-K1.2018 to APMP.L-K1.n01.

Usually, only measurement by optical interferometry is allowed for the key comparison on gauge block
calibration. However, considering the fact that there are only few NMls equipped with a long gauge block
interferometer within the Asia Pacific region, it was discussed and decided within the Discussion Group 1
of the CCL that other measurement methods could also be used for the long gauge block calibration.
However, if an NMI has several measurement methods for long gauge blocks, the method having the
smallest measurement uncertainty was allowed to be used for this KC.

The basic goal of this key comparison is to demonstrate the equivalence of routine short gauge block
calibration services using optical interferometry and long gauge block calibration services by the method
having smallest uncertainty, offered by NMls to clients, as listed in the KCDB. To this end, participants in
this comparison agreed to use the same apparatus and methods as routinely applied to client artefacts.

The results of this comparison may also be used as the evidence of newly claimed Calibration and
Measurement Capabilities (CMCs).

3 Organization

3.1 Pilot laboratory

This key comparison was coordinated and piloted by the Korea Research Institute of Standards and
Science (KRISS).

3.2 Participants

The list of participant laboratories and their contact persons are shown in Table 1. Originally, 12 NMIs
wished to participate in the comparison. However, NMC, A*STAR of Singapore had to withdraw its
participation due to a major setback in the relocation schedule of the institute due to the pandemic. Thus,
only 11 NMls could participate in the comparison.
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Table 1. List of participant laboratories and their contacts.

Lab. Code Contact person, Laboratory address Phone, Fax, Email address

KRISS Chu-Shik Kang Phone: +82 42 868 5103
Korea Research Institute of Standards and | Fax +82 42 868 5012
Science (KRISS), Building 201, 267 Gajeong-ro, | Email: cskang@kriss.re.kr
Yuseong-gu, Daejeon, 34113 Republic of Korea
NMIJ/AIST Akiko Hirai Phone: +81-29-861-4283
National Metrology Institute of Japan (NMlJ) | Fax: +81-29-861-4080
/AIST, Central 3, 1-1-1 Umezono, Tsukuba, | E-mail: a-hirai@aist.go.jp
Ibaraki 305-8563, JAPAN
NMIA Peter Cox Phone: +61 3 9644 4906

National Measurement Institute, Australia| Fax: +61 3 9644 4900

(NMIA), 1/153 Bertie Street, Port Melbourne | email: Peter.Cox@measurement.gov.au
VIC 3207 Australia
MSL Chris Young Phone: +64 4 9313530

Measurement Standards Laboratory of New | Fax: +64 4 566 600

Zealand (MSL-NZ), 69 Gracefield Road,|Email: chris.young@measurement.govt.nz
Gracefield, Lower Hutt 5040, New Zealand
NIMT Samana Peingbangyang Phone: +66-2577-5100. ext 1215 (0), 1110 (L)
National Institute of Metrology (Thailand), 3/4- | Fax: +66 (0) 2-577-5095

5 Moo 3, Klong 5, Klong Luang, Pathumthani, | Email: samana@nimt.or.th

12120 THAILAND
NMIM Razman Mohd Halim Phone: (603) 8778 1600
National Metrology Institute of Malaysia | Fax: (603) 8778 1616
(NMIM), Lot PT 4803, Bandar Baru Salak Tinggi, | Email: razmanmh@sirim.my
43900, Sepang, Selangor Darul Ehsan, Malaysia
MUSSD A.D.D. Naminda Phone: +94-11-2182267
Measurement Units, Standards and Services | Fax: +94-11-2182269
Department (MUSSD), Mahenawatta, Pitipana, | Email:

Homagama, Colombo 10200, Sri Lanka addimension@measurementsdept.gov.lk  /
addnaminda@yahoo.com
SCL George Tang / Henry Chiu Phone.: +852 -2829 4805 / +852 -2829 4839
The Standards and Calibration Laboratory (SCL), | Fax: +852 - 2824 1302
35/F Immigration Tower, 7 Gloucester Road, | Email: george.tang@itc.gov.hk /
Wan Chai, Hong Kong hklchiu@itc.gov.hk
NIM Xudong Zhang Phone: +86-10-64524924

National Institute of Metrology (NIM), No.18, | Fax: +86-10-64524902
Bei San Huan Dong Lu, Chaoyang Dist., Beijing, | Email: zhxd@nim.ac.cn
P. R. of China 100029
SNSU-BSN Ocka Hedrony / Nurul Alfiyati Phone: 62 818 08258759 / 62 856 1024377
SNSU-BSN, Kompleks Puspiptek Ged. 420, Setu, | Fax: 62 21 7560568

Tangerang Selatan, Banten 15314, Indonesia Email: ocka@bsn.go.id / nurul@bsn.go.id
CMS/ITRI Ming-Wei Chang Phone: +886-3-573-2150

Center for Measurement Standards (CMS)/ITRI, | Fax: +886 3 572 4952

Bldg. 16, No.321, Sec. 2, Guangfu Rd., East Dist., | Email: MWChang®@itri.org.tw

Hsinchu City 300, Taiwan

NMC, A*STAR | Siew Leng Tan / Shengkai Yu Phone: 65 62791938 / 65 62791907
NMC, A*STAR Fax: 62791992
1 Science Park Drive, Singapore 118221 Email: tan_siew_leng@nmc.a-star.edu.sg /

yu_shengkai@nmc.a-star.edu.sg

3.3 Schedule

The participating laboratories were asked to specify a preferred timetable slot for their own
measurements of the gauge blocks — the timetable given in Table 2 has been drawn up taking these
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preferences into account. Each laboratory calibrating long gauge blocks only is given 4 weeks that include
customs clearance, calibration and transportation to the following participant, and each laboratory
calibrating both short and long gauge blocks is given 6 weeks. Extra 1 week is given to MUSSD and
CMS/ITRI whose time slot includes the New Year’s Day and the Chinese New Year’s Day, respectively.

However, due to the outbreak of COVID-19 pandemic, reordering/rescheduling was inevitable because
some NMlIs were closed during the planned time slot. NMC, A*STAR of Singapore had to withdraw its
participation due to a major setback in the relocation schedule of the institute due to the pandemic. The
final version of the rearranged schedule is shown in Table 3.

An ATA (Agreement on Temporary Admission) carnet was used for exports and imports. However, during
the transportation of artifacts from Hong Kong to Malaysia, an inadvertent failure to properly utilize the
ATA carnet occurred. Consequently, subsequent transport had to proceed without the ATA carnet,
resulting in delays, particularly during the shipment from Malaysia to Indonesia.

The second measurements of the pilot lab, which should have been conducted right after the circulation
was finished, faced a significant delay, leading to a delay in data analysis and report drafting.

Table 2. Initial schedule of the comparison

Laboratory Economy Planned date of reception of artefacts
KRISS (Pilot lab) Republic of Korea 6 January 2020
NIM China 17 February 2020
NIMT Thailand 30 March 2020
MSL New Zealand 11 May 2020
NMIJ/AIST Japan 22 June 2020
NMIA Australia 3 August 2020
NMIM Malaysia 31 August 2020
SNSU-BSN Indonesia 12 October 2020
SCL Hong Kong China 9 November 2020
MUSSD Sri Lanka 7 December 2020
CMS/ITRI Chinese Taipei 11 January 2021
NMC, A*STAR Singapore 1 March 2021
KRISS (Pilot lab) Republic of Korea 12 April 2021

Table 3. Actual schedule of the comparison

Laboratory Economy Actual date of reception of artefacts
KRISS (Pilot lab) Republic of Korea 6 January 2020
NIMT Thailand 21 February 2020
NIM China 10 April 2020
NMIA Australia 30 June 2020
NMIJ/AIST Japan 31 July 2020
MSL New Zealand 15 September 2020
MUSSD Sri Lanka 13 November 2020
SCL Hong Kong China 18 December 2020
NMIM Malaysia 25 January 2021
SNSU-BSN Indonesia 16 June 2021
CMS/ITRI Chinese Taipei 20 August 2021
KRISS (Pilot lab) Republic of Korea 20 October 2021
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4 Artefacts

4.1 Description of artefacts

The package contains short gauge blocks - 9 steel and 9 tungsten carbide blocks - and 2 long gauge blocks.
The gauge blocks are of rectangular cross section and comply with the calibration grade K of the standard
ISO 3650. The coefficients of linear thermal expansion of the gauge blocks supplied by the manufacturers
(shown in Table 4) were provided to the participants.

Table 4. List of artefacts.

Identification Nominal Material Linear thermal expansion Manufacturer
length /mm coefficient /10 K
09199X 0.5 Tungsten carbide 45+1.0 KOBA
09609X 2 Tungsten carbide 45+1.0 KOBA
08538X 2.5 Tungsten carbide 45+1.0 KOBA
10019X 3 Tungsten carbide 45+1.0 KOBA
09391X 5 Tungsten carbide 45+1.0 KOBA
10603X 10 Tungsten carbide 45+1.0 KOBA
08201X 20 Tungsten carbide 45+1.0 KOBA
07583X 75 Tungsten carbide 45+1.0 KOBA
10636X 100 Tungsten carbide 45+1.0 KOBA
174202 0.5 Steel 10.8£0.5 Mitutoyo
174732 2 Steel 10.8+0.5 Mitutoyo
174429 2.5 Steel 10.8£0.5 Mitutoyo
130226 3 Steel 10.8+0.5 Mitutoyo
160971 5 Steel 10.8+0.5 Mitutoyo
136906 10 Steel 10.8+0.5 Mitutoyo
173764 20 Steel 10.8+0.5 Mitutoyo
171057 75 Steel 10.8£0.5 Mitutoyo
172859 100 Steel 10.8£0.5 Mitutoyo
160259 400 Steel 10.8+0.5 Mitutoyo
160115 500 Steel 10.8+0.5 Mitutoyo

4.2 Stability check

Due to the unavailability of the option to replace blocks having drift with others or to purchase new gauge
blocks, and given the well-established analysis method for gauge block key comparisons in the presence
of length drift, a comprehensive checking of stability before the circulation of the artefacts was deemed
unnecessary, and the two measurement results of the pilot, taken before and after the circulation, were
used for the stability check.

For each gauge block, pilot’'s measurement results were fitted to a straight line using a weighted total
least squares algorithm, from which the slope and its standard uncertainty are obtained. If the absolute
value of the slope is bigger than the expanded uncertainty of the slope value, then it is considered that a
significant drift is present. On the contrary, if the slope value is less than the expanded uncertainty of the
slope value, it is considered that there is no significant drift. Slope and its uncertainty of each gauge block
is shown in Table 5.

Pg. 5/89



APMP.L-K1.n01

Calibration of gauge blocks Final Report

Table 5. Comparison of slope a and its expanded uncertainty U(a)

<Steel short gauge blocks>

Ih /mm a /(hm/d) u(a) /(nm/d) [aj/U(a)
0.5 -0.002 7 0.0126 0.107
2 0.001 4 0.0126 0.056
25 0.008 3 0.0126 0.329
3 0.003 9 0.012 6 0.155
5 0.005 7 0.012 6 0.226
10 0.0019 0.012 6 0.075
20 -0.006 0 0.0127 0.236
75 -0.003 0 0.014 2 0.106
100 -0.007 9 0.0151 0.262
<Tungsten carbide short gauge blocks>
In /mm a /(nm/d) u(a) /(nm/d) [aj/u(a)
0.5 -0.014 2 0.012 6 0.563
2 -0.009 1 0.012 6 0.361
2.5 -0.007 8 0.012 6 0.310
3 -0.006 2 0.012 6 0.246
5 -0.006 2 0.0126 0.246
10 -0.006 2 0.0126 0.246
20 -0.0119 0.0127 0.469
75 0.002 3 0.0137 0.084
100 -0.0191 0.0145 0.659
<Steel long gauge blocks>
Ih /mm a /(hm/d) u(a) /(nm/d) [aj/U(a)
400 -0.106 8 0.0371 1.439
500 -0.1349 0.045 3 1.489

As can be seen from Table 5, there were no short gauge block having significant drift, whereas two long
gauge blocks showed significant drift. Drift rates of the 400 mm and 500 mm long gauge blocks
correspond to 39.0 nm per year and 49.2 nm per year, respectively, which are smaller than the allowed
dimensional stability of grade K and grade 0 gauge blocks (120 nm per year and 145 nm per year for 400
mm and 500 mm blocks, respectively) specified in the international standard I1SO 3650:1998 [1].

In case of long gauge blocks, in order to assess the presence of any drift in the artifacts, additional
supplementary measurements were performed prior to and after the circulation of the artefacts using a
linear measuring system (LMS) of the pilot laboratory, which is a 1-D comparator equipped with a
contacting probe and a laser interferometer. The expanded uncertainty of long gauge block calibration
by using the LMS is y :\/(66 nm)2 +(0-30><10'6|n)2 , and its ID of the CMC registered in KCDB is

APMP-L-KR-00000DD6-5
Figure 1 shows the measurement results where the uncertainty bars show combined standard uncertainty
(k=1) of the measured values.
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Figure 1. Measurement results of two long gauge blocks by pilot lab using a linear measuring system (LMS,
brown squares) and long gauge block interferometer (LGBI, blue dots) before and after the circulation of
artefacts. The uncertainty bar shows standard uncertainty (k=1).

4.3 Measurement method

As already mentioned in Section 2, only optical interferometry was allowed for short gauge block
calibration, whereas for the long gauge block calibration, the measurement method having the smallest
uncertainty in the laboratory was allowed to use. Table 6 summarizes the methods each NMI used for
the short and long gauge block calibrations.

Table 6. Measuring methods of each NMI

NMI Artefact Short gauge block Long gauge block
KRISS Gauge block interferometer Gauge block interferometer
Mechanical i b i I length
NIMT Gauge block interferometer echanica comparl_son ya gnlversa eng
measuring machine
NIM Gauge block interferometer Gauge block interferometer
NMIA Not measured Linear measurlng system (laser
interferometer)
NMIJ/AIST Gauge block interferometer Gauge block interferometer
MSL Gauge block interferometer Not measured
MUSSD Not measured Mechanical comparison by a gauge block
comparator
scL Not measured Mechanical comparison by a gauge block
comparator
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NMIM Gauge block interferometer Mechanical comparison by a gauge block
comparator
SNSU-BSN Not measured Mechanical comparl_son by a gnlversal length
measuring machine

(1) Linear measuring system (laser
interferometer)

CMS/ITRI Not measured
(2) Universal length measuring machine

As shown in Table 6, CMS/ITRI reported two measurement results of long gauge blocks obtained with two
different measuring systems. The results obtained by the linear measuring system is taken as the official
measurement results and used for the key comparison reference value determination, because they have
smaller uncertainties than those obtained by the universal length measuring machine. More information
on the measurement system of each participant can be found in Appendix D.

4.4 Transportation

A plastic case containing 2 long gauge blocks and two wooden cases for the short gauge blocks, was used
for the transportation of the artefacts (Figure 2).

Figure 2. Transporting case

Upon reception of the package, each laboratory was asked to check that the content is complete and that
there is no apparent damage on the box or any of the standards. The confirmation of the reception was
to be immediately sent to the pilot with a copy to the former participant (sender), by using the provided
form (Appendix A of the Technical Protocol).

4.5 Condition of artefacts

Before the measurements, the surface condition of each gauge block was to be inspected and reported
in accordance with Appendices B1, B2 and B3 of the Technical Protocol. During the circulation, several
instances of damage or scratches on the measuring faces were reported.

The first laboratory, NIMT, reported that accidentally measuring faces of the 400 mm long gauge block
were damaged while measuring with the long gauge block comparator. Interferograms measured with a
flatness interferometer were provided by NIMT, from which an indentation was observed as a small dot
near the central point of each measuring face (see Figure 3).
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Figure 3 — Interferograms (provided by NIMT) of the two measuring faces of the 400 mm long gauge block

After consulting with CCL DG1 moderator, pilot has prepared and circulated a short document (see
Appendix A) which lists possible ways to measure the 400 mm gauge block. The participants were allowed
to either directly measure the central length at the central point, or make an indirect measurement by
measuring at a non-central point near the central point and correct for the flatness/parallelism effect, or
reject the measurement. Only the next participant, NIM, was exceptionally allowed to perform deburring
of the measuring faces of the 400 mm gauge block to prevent damages on the platens of subsequent
participants. A form to describe whether direct or indirect measurement was made has been included in
the document, and the participants were asked to submit the filled form after the measurements. Table
7 summarizes the feedback from the participants. It turned out that most of the participants except for
CMS/ITRI used the direct measurements. NMIJ/AIST has reported that they measured with both methods
and found no difference between the two results, which means that the dip reported by NIMT was
actually not serious.

Table 7. Summary of the feedback from participants on the 400 mm long gauge block measurement point

NMI Measurement method Availability of meaSl.Jring at Measured point
non-central point

KRISS Optical interferometry Yes Central point
NIMT Mechanical comparison Not asked Central point
NIM Optical interferometry No Central point
NMIA Interferometric comparison Yes Central point
NMIJ/AIST Optical interferometry Yes Central point

MSL (Not Applicable) (Not Applicable) (Not Applicable)
MUSSD Mechanical comparison No Central point
SCL Mechanical comparison Yes Central point
NMIM Mechanical comparison No Central point
SNSU-BSN Mechanical comparison Yes Central point

CMS/ITRI Interferometric comparison Yes Non-central point

Several laboratories including NMIJ/AIST, MSL and NMIM, reported on the defect found at the edge of
the 10 mm steel gauge block. Figure 4 shows the photos provided by MSL and NMIM. NMIJ/AIST and MSL
also reported that it didn’t cause problem in the wringing process.
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(a) Provided by MSL (b) Provided by NMIM

Figure 4 — Photos of the 10 mm steel gauge block showing a dent on the edge of face A.

Figure 5 - Photo (provided by NMIM) of the 3 mm steel gauge block showing a dent on the edge of face B.

NMIJ/AIST and NMIM also reported on the dent located at the edge of the Face B of 3 mm steel gauge
block. Figure 5 shows the photo provided by NMIM. As there was no other lab who reported on this dent,
it is considered that it didn’t affect the measurement.

MSL submitted the measuring face condition chart (Appendix B1 of the Technical Protocol) twice, once
upon reception of the artefacts and the other before exporting the artefacts. This seems to be a good
practice to follow in the future, which may make it easy to trace scratches.

Most laboratories after MUSSD reported on the straight scratches along the central points on measuring
faces of long gauge blocks, which seem to be made due to improper measuring force of the gauge block
comparator. Figure 6 shows the photos provided by SCL.

-

(a) 400 mm Face B (b) 400 mm Face A (c) 500 mm Face B (d) 500 mm Face A

Figure 6 — Photo (provided by SCL) of scratches on measuring faces of long gauge blocks

All drawings showing the surface condition of the measuring faces of the gauge blocks, as reported by the
participants, are compiled in Appendix B.
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5 Measuring instructions

5.1 Measurands

The measurand to be reported is the deviation e of the central length I from the nominal length I, of a
gauge block. Arithmetic mean of the two values for wringing on both faces is considered as representative
foreg,i.e.,

and e’ =1° -1 (1)

6. =(ef +e?)/2 with e =12 -1,
where the superscripts label the face wrung to the platen, with “A” denoting the marked measuring face
for gauge blocks with nominal length < 6 mm and the right-hand measuring face for gauge blocks with a
nominal length > 6 mm, and “B” denoting the unmarked measuring face for gauge blocks with nominal
length <6 mm and the left-hand measuring face for gauge blocks with a nominal length 26 mm,
respectively (see Figure 7).

FACE "A" SO Ay
e y
‘ N
%
.y T e
N . T
. Q-F‘;‘ . -
T\‘J - g
FACE "B" FACE "B

Figure 7. Nomenclature of faces

The participants were asked to make measurements based on the standard procedure that the laboratory
regularly uses for this calibration service for its customers.

6 Results

6.1 Measured values and standard uncertainties as reported by participants

Measurement values and their combined standard uncertainties reported by the participants are collated
in Table 8, 9 and 10. Cells corresponding to unmeasured blocks are shaded as grey.
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Table 8. Measurement results of the participants for steel short gauge blocks
In/ mm 0.5 2 2.5 3 5 10 20 75 100
Serial number 174202 | 174732 | 174429 | 130226 | 160971 | 136906 | 173764 | 171057 | 172859
ec®/ nm -24 -24 40 13 -9 -22 21 24 19
KRISS1 ec®/nm -17 24 32 -6 31 -11 14 22
ec/nm 21 -24 36 -7 -27 -16 19 20
u(ec)/nm (k=1) 13 13 13 13 13 13 13 14 15
ec®/ nm -38 -22 39 27 -5 -23 -8 20 42
NIMT ec®/nm -20 -17 38 9 -2 -26 -35 51 65
ec/nm -29 -20 39 18 -4 -25 -22 36 54
u(ec)/nm (k=1) 13 13 13 13 13 13 13 17 20
ec®/ nm -10 -18 40 21 8 21 -11 19 5
NIM ec®/nm -7 -16 42 25 2 21 -10 21
ec/nm -9 -17 41 23 5 21 -11 20 3
u(ec)/nm (k=1) 7 7 7 7 7 8 8 12 14
ec®/ nm
Nmia | 8o/ nm
ec/nm
u(ec)/nm (k=1)
ec®/ nm -13 33 30 0 9 -44 -19 18 22
NMIJ ec®/nm -17 29 34 -5 4 -34 -13 6 14
/NIST 6./ nm -15 31 32 -2 3 -39 -16 12 18
u(ec)/nm (k=1) 12 12 12 12 17 12 12 17 16
ec®/ nm -5 21 42 17 -7 -39 -24 26 19
MSL ec®/nm -9 -20 35 8 -11 -32 -26 8 21
ec/nm -7 21 38 12 -9 -36 -25 17 20
u(ec)/nm (k=1) 11 11 11 11 11 11 11 12 13
ec®/ nm
Mussp | &</ nm
ec/nm
u(ec)/nm (k=1)
ec®/ nm
scL |e/nm
ec/nm
u(ec)/nm (k=1)
ec®/ nm -12 -16 38 12 -5 -32 -16 22 40
NMIM ec®/nm -19 -15 38 12 -10 27 -17 21 37
ec/nm -16 -16 38 12 -8 -30 -17 22 39
u(ec)/nm (k=1) 14 14 14 14 14 14 15 26 32
ec®/ nm
SNSU-BSN | &</
ec/nm
u(ec)/nm (k=1)
ec®/ nm
cMmSs ecB/nm
/ITRI e/ nm
u(ec)/nm (k=1)
ec®/ nm -20 22 50 12 -5 -20 21 20 5
Kkriss2 | &5/ nm -29 -22 45 18 6 -28 -28 10 13
ec/nm -24 -22 48 15 -24 -24 15 9
u(ec)/nm (k=1) 13 13 13 13 13 13 13 14 15
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Table 9. Measurement results of the participants for tungsten carbide short gauge blocks

In/ mm 0.5 2 2.5 3 5 10 20 100
Serial number 09199X | 09609X | 08538X | 10019X | 09391X | 10603X | 08201X | 07583X | 10636X
ecA/ nm -36 -68 63 24 77 -35 173 87 1
B . _ - _
KRIss1 L &co/nm 43 72 68 43 82 28 175 78 7
ec/nm -39 -70 65 33 80 31 174 83 3
u(ec)/nm (k=1) 13 13 13 13 13 13 13 14 15
ecA/ nm -46 -55 64 45 92 -16 171 75 7
B . . -
NIMT e/ nm 43 65 68 19 86 28 176 84
ec/nm -45 -60 66 32 89 22 174 80
u(ec)/nm (k=1) 13 13 13 13 13 13 13 14 15
ec™/ nm -34 -62 68 50 89 221 171 59 -22
NIM ecB/nm -35 -64 72 45 93 221 177 65 -24
ec/nm -35 -63 70 48 91 21 174 62 -23
u(ec)/nm (k=1) 7 7 7 7 7 8 8 12 15
ec™/ nm
B
nmia  [Se/nm
ec/nm
u(ec)/nm (k=1)
ec™/ nm -40 -65 69 29 87 -29 165 78 -12
NMIJ e/ nm -36 -79 64 44 86 24 157 66 -19
/NIST e/ m -38 -72 67 36 87 -26 161 72 -16
u(ec)/nm (k=1) 12 15 12 19 12 12 12 15 13
ec™/ nm -55 -72 70 30 88 -23 158 86 -7
MSL ecB/nm -54 -76 70 38 92 -31 161 78 -11
ec/nm -54 -74 70 34 90 27 159 82 -9
u(ec)/nm (k=1) 11 11 11 11 11 11 11 12 13
ec™/ nm
B
Mussp L& /nm
ec/nm
u(ec)/nm (k=1)
ec™/ nm
B
scL ec®/nm
ec/nm
u(ec)/nm (k=1)
ec”/ nm -54 -73 66 39 89 -24 159 74 -5
B . . - j
Nviv Lee?/nm 53 69 64 27 85 33 161 86 1
ec/nm -54 71 65 33 87 29 160 80 3
u(ec)/nm (k=1) 14 14 14 14 14 14 14 18 20
ec™/ nm
B
SNSU-BSN |5/
ec/nm
u(ec)/nm (k=1)
ec™/ nm
cMms ecB/nm
JITRI e/ nm
u(ec)/nm (k=1)
ec”/ nm -58 -84 55 17 72 -43 157 93 -26
B j j . B
KRIss2  L&co/nm 60 82 54 32 70 37 158 78 33
ec/nm -59 -83 54 25 71 -40 157 86 -29
u(ec)/nm (k=1) 13 13 13 13 13 13 13 14 15
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Table 10. Measurement results of the participants for steel long gauge blocks

In / mm 400 500
Serial number 160259 160115
ec™/ nm 41 -154
KRISS1 ec®/nm 34 -133
ec/nm 37 -144
u(ec)/nm (k=1) 41 50
ec™/ nm
NIMT ec/ nm
ec/nm -270 -540
u(ec)/nm (k=1) 160 198
ec™/ nm -99 -305
NIM ec®/nm -87 -301
ec/nm -93 -303
u(ec)/nm (k=1) 35 43
ec™/ nm
NMIA ec?/nm
ec/nm 546 440
u(ec)/nm (k=1) 162 195
ec™/ nm 66 -129
NML/AIST ec®/nm 61 -122
ec/nm 63 -126
u(ec)/nm (k=1) 36 44
ec”/ nm
MSL ecB/nm
ec/nm
u(ec)/nm (k=1)
ec/ nm 450 -618
MUSSD ec®/nm 454 -554
ec/nm 452 -586
u(ec)/nm (k=1) 153 172
ec™/ nm -100 100
scL ec®/nm 200 100
ec/nm 100 100
u(ec)/nm (k=1) 279 353
ec™/ nm
NMIM ec/ nm
ec/nm 59 -69
u(ec)/nm (k=1) 261 301
ec”/ nm
sNsU-BSN  |Eeo/nm
ec/nm 70 -29
u(ec)/nm (k=1) 186 216
ec™/ nm
cms/iTR e/ nm
ec/nm 10 -110
u(ec)/nm (k=1) 82 99
ec™/ nm -106 -335
KRISS2 ec®/nm -117 -327
ec/nm -111 331
u(ec)/nm (k=1) 41 50

6.2 Measurement uncertainties

Standard uncertainty components as reported by the participants can be found in Appendix C.
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7 Analysis

7.1 Calculation of the Key Comparison Reference Values and Degrees of Equivalence

In case of short gauge block measurement results, the key comparison reference value (KCRV) of each
gauge block was calculated as the weighted mean of the participants’ results. However, in case of long
gauge block measurement results, drift was taken in to account, and the KCRV became a function of time,
resulting in different KCRV for different NMI.

7.1.1 Short gauge blocks

If we denote the total number of participants submitting a result as /, and denote the i-th laboratory’s
measured value and its associated standard uncertainty as x; and u(x;), respectively, the KCRV is the
weight mean X, of the participants’ results provided that they are statistically consistent. The weighted

mean is calculated by equation (1),

where W, is the weight calculated by equation (2),

W=C— o )

JuCx)F

with the normalizing factor C being

c-—t

i)

The standard uncertainty of the weighted mean, which is also called internal standard deviation, is
calculated by:

U(YW) = uint (Yw) =

RB — ueXt(YW). (5)

The data in a key comparison are considered consistent provided that RB is less than or equal to RB'maX :

Pg. 15/89



APMP.L-K1.n01

Calibration of gauge blocks Final Report

R =

B,max

1+./8/(1-1) (6)

where | is the number of laboratories reporting measurement results. Table 11 lists RB’maX for several

values of I.
Table 11. R, . values for several | values.
| 6 7 8 9 10
Rg max 1.505 1.468 1.438 1.414 1.394

For each laboratory and each gauge block, normalized error or E,, value is calculated as the ratio of the
degrees of equivalence (DoE) and its expanded uncertainty, as shown in equation (7).

E - X, — X,
2Ju(x )~ [ue (%, )F

If the absolute value of E, is bigger than 1, the result becomes an outlier.

Incase Rg > Ry ., the result corresponding to maximum |E| value is excluded and the weighted mean

is recalculated. This is repeated until the condition Ry <Ry . is fulfilled.

For all short gauge blocks, the Birge ratios are less than 1.505, which means that all measurement results
are statistically consistent. Furthermore, all |En| values are less than 1. Therefore, for each short gauge
block, the weighted mean calculated with measurement results of all participants becomes the KCRV
without any iteration process.

Table 12 shows the KCRV and Birge ratio of all short gauge blocks.

Table 12. Weighted mean, its internal/external standard deviation and Birge ratio of short gauge block
measurement results

Material [, /mm X, /nm Uy, /nm Uy, /nM Rg
Steel 0.5 -13.7 4.4 3.1 0.712
Steel 2 -20.5 4.4 2.1 0.488
Steel 2.5 38.2 4.4 1.3 0.303
Steel 14.8 4.4 3.7 0.858
Steel -1.9 4.5 2.7 0.599
Steel 10 -28.4 4.6 3.0 0.666
Steel 20 -16.8 4.6 2.3 0.500
Steel 75 20.2 6.1 2.9 0.485
Steel 100 20.4 6.6 6.5 0.972
Tungsten carbide 0.5 -41.8 4.4 3.4 0.792
Tungsten carbide 2 -67.0 45 2.3 0.506
Tungsten carbide 2.5 68.1 4.4 0.9 0.217
Tungsten carbide 39.6 4.5 3.2 0.711
Tungsten carbide 88.4 4.4 1.6 0.364
Tungsten carbide 10 -25.0 4.6 1.7 0.365
Tungsten carbide 20 168.2 4.6 3.1 0.683
Tungsten carbide 75 75.8 5.6 3.6 0.638
Tungsten carbide 100 -8.8 6.0 4.2 0.696
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Figure 8 shows the measurement results of the participants together with the KCRV and its uncertainty.
All uncertainties shown as bars or dotted lines correspond to standard uncertainty (k=1).
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Figure 8. Measurement results and KCRV for short gauge blocks.
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Figure 8. Measurement results and KCRV for short gauge blocks (continued).
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Figure 8. Measurement results and KCRV for short gauge blocks (continued).
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Figure 8. Measurement results and KCRV for short gauge blocks (continued).
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Figure 8. Measurement results and KCRV for short gauge blocks (continued).

Tables 13 and 14 show the E, values of steel and tungsten carbide short gauge blocks, respectively.

Table 13. E, values of steel short gauge blocks

[, /mm
M| 0.5 2 2.5 3 5 10 20 75 100
KRISS -0.284 -0.140 -0.090 -0.229 -0.231 0.074 0.034 -0.042 -0.007
NIMT -0.623 0.021 0.030 0.132 -0.087 0.138 -0.216 0.497 0.889
NIM 0.432 0.320 0.250 0.751 0.642 0.560 0.440 -0.010 -0.708
NMIA - - - - - - - - -
NMIJ.AIST -0.056 -0.469 -0.280 -0.750 -0.034 -0.480 0.034 -0.258 -0.084
MSL 0.334 -0.024 -0.013 -0.137 -0.355 -0.382 -0.412 -0.155 -0.020
MUSSD - - - - - - - - -
SCL - - - - - - - - -
NMIM -0.085 0.169 -0.010 -0.104 -0.231 -0.062 -0.008 0.036 0.296
SNSU-BSN - - - - - - - - -
CMS/ITRI - - - - - - - - -
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Table 14. E, values of tungsten carbide short gauge blocks

lomm s 2 2.5 3 5 10 20 75 100
NMI
KRISS 0109 | -0.140| -0117| -0255| -0366| -0.261| 0249| o0266| 0.219
NIMT 0130 o0285| -0087| -0311| o0025| o0125| o0245| o0.164| 0537
NIM 0622| o0366| 0171| 0789 o0239| o0308| 0453| -0650| -0.517
NMIA - ; ; - ; ; - - :
NMIJAIST 0171| -0176| -0050| -0.097| -0.062| -0.043| -0317| -0.136| -0313
MSL 0603| -0351| 0093| -0279| o0080| -0.008| -0452| 0292 -0.010
MUSSD - ; ; - ; ; - - ;
scL - ; ; - ; ; - - ;
NMIM 0458 | -0153| -0.118| -0249| -0052| -0.150| -0304| 0.123| o0.151
SNSU-BSN - ; ; - ; ; - - ;
CMS/ITRI - ; ; - ; ; - - ;

7.1.2 Long gauge blocks

In case of long gauge blocks, as the effect of drift had to be taken in to account, an analysis proposed in
reference [2] has been followed. In this analysis, the KCRV becomes a linear function of time whose slope
pis determined by the results of pilot, but intercept is determined by the results of all participants.

The KCRV at any time t becomes
|
KCRV (t) = > w(e; + At)
(8)
| |
= Zwixi _ﬁzvvi(ti ~t)
i=1 i=1

where W, is the weight defined in equation (2), g is the slope determined by least squares fitting of the

pilot’s results (see equation 9), and ¢; is defined in equation 10.

3

z (tlk - tl)(xlk - Xl)

ﬂ — k=1 - (9)
Z(tlk_tl)z
o, =X =Bt (10)

In equations 9 and 10, X,, denotes the pilot’s measured value taken at time t, (k=1, .., K), and X,and
t, denote their arithmetic mean, while X, and t, (i =2, .., 1) denote the measured value and time of

laboratories other than the pilot. As each participant took measurements for several weeks, the
estimated day in the middle of the period was determined by the pilot, and used for t, and t; values.

Square of standard uncertainty of KCRV becomes
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| 2
| le,A |:Z\Ni(ti _t)}
u?(KCRV () = > w2u’(X;) +—= (11)
= Z(tik _t1)2
k=1
where u(X;) denotes the standard uncertainty of X, and o, , is defined as equation (12).
: 2
Z(Xlk —a, - fty)
ol =22 (12)

K-2

As can be seen in equation (12), to follow this analysis, at least three measurement results of pilot
obtained using a gauge block interferometer (GBI) are required (K >3). The pilot had total of 4 results
but with only 2 obtained by GBI, and the other two were obtained by the linear measuring system (LMS)
equipped with a laser interferometer. Since figure 1 shows that all four results show consistent drift, as
an approximate approach for the slope determination, the pilot used the two measurement results
obtained by GBI and one LMS result which was measured between the two GBI results®.

Degree of equivalence (DoE) D, of the i-th laboratory with respect to KCRV, and its standard uncertainty
u(D,) are calculated as

D, = X, —KCRV(t,) (13)

u*(D,) = (1—2w,)u?*(X,) +u*(KCRV (t,))
=U*(X,)-U?(KCRV(t))  (when X, contributees to KCRV) (14)
=u?*(X,)+U’(KCRV(t))  (when X, doesn't contribute to KCRV)

The normalized error E, is calculated as

E-—D . (15)
2u(D))

7.1.2.1 KCRV for 400 mm long gauge block calculated from results of all participants (1% trial)

When results of all participants were used, the KCRV for 400 mm gauge block at any time t became:

KCRV (t) = 4877.94 nm—0.11061 nm xt
=11.84 nm—0.11061 nm x (t —t") (16)
=11.84 nm-0.11061 nm x (t —43992.13)

|

where t"is the weighted mean of t, i.e., t =zWiti , while t, t. and t"are numbers with unit 1, and
i=1

correspond to number of days since January 1, 1900.

1 After circulating the Draft A.2 report, in which the slope of the KCRV for each long gauge block was
determined using these three data, the pilot asked the participants whether, even at this stage, a third measurement
using the LGBI should be conducted by the pilot and all three data sets obtained with the LGBI should be used in
determining each KCRV slope, in order to fully follow the reference analysis method. The majority of participants
responded that either approach would be acceptable, but some preferred to retain the current analysis. Since any
modification made after circulating a Draft A report containing KCRVs requires the consent of all participants, it was
decided to maintain the existing analysis results.
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Figure 9 shows the measurement results of 400 mm block together with KCRV and its standard
uncertainty. In the figure, all uncertainties shown as bars or dotted lines correspond to standard
uncertainty (k=1), and UfA is 70.8 nm?2. Orange dots labelled as KRISSO and KRISS1.5 are results of the

pilot obtained with LMS, which are shown for reference only.

400 mm (All included)

NMIA ]
MUSSD

SNSU-BSN

l cMs

NMIL SCL NIMIM
1 ¢

Lo
KRISs2

Figure 9. Measurement results and KCRV for 400 mm long gauge block (- all participants included). Dotted lines
represent the standard uncertainty of KCRV. Orange dots labeled as KRISSO and KRISS1.5 are results of pilot
obtained with LMS, but are not used for KCRV calculation.

En values of the measurement results are shown in Table 15.

Table 15. En values for 400 mm long gauge block measurements when all results are used for KCRV calculation

NMI Di/nm u(Di)/nm En
KRISS 8.4 35.7 0.117
NIMT -292.5 158.8 -0.921
NIM -112.5 28.8 -1.956
NMIA 536.6 160.8 1.669
NMIJ/AIST 58.7 30.0 0.979

MSL = _ -
MUSSD 459.4 151.7 1.514
SCL 111.8 278.3 0.201
NMIM 75.4 260.2 0.145
SNSU-BSN 101.5 185.0 0.274
CMS/ITRI 50.0 79.6 0.314

In case of long gauge block measurements, | = 10, and thus Rg max =1.39 (see Table 11). The internal and

external standard deviation of the weighted mean calculated by equations (3) and (4) were 20.0 nm and
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40.6 nm, respectively, resulting in Rg=2.04. As Ry >Ry ., the outlier with maximum En value has to

be removed and KCRV recalculated.

7.1.2.2  KCRV for 400 mm long gauge block with result of NIM excluded (2" trial)

Since the result of NIM gives the maximum |En| value, it is excluded, and only 9 laboratory’s results are
used for the KCRV recalculation. When NIM’s results were excluded, the KCRV became

KCRV (t) =4932.12 nm—-0.11061 nm xt
=62.35n1m-0.11061 nm x (t —44025.43)

(17)

Figure 10 shows the measurement results of 400 mm block together with KCRV and its standard
uncertainty, when NIM’s result is excluded. In the figure, all uncertainties shown as bars or dotted lines
correspond to standard uncertainty (k=1). Orange dots labelled as KRISSO and KRISS1.5 are results of the
pilot obtained with LMS, which are shown for reference only.

400 mm (NIM excluded)

NMIA
MUSSD

SNSU-BSN

|/~ CEMS

+ KRISS2

Average date of measurement

Figure 10. Measurement results and KCRV for 400 mm long gauge block (- NIM’s result excluded). Dotted lines

represent the standard uncertainty of KCRV. Orange dots labeled as KRISSO and KRISS1.5 are results of pilot
obtained with LMS, but are not used for KCRV calculation.

E. values of the measurement results are shown in Table 16. When calculating NIM’s E, value by equation
(15), equation (18) was used for u(D,).

U3(D,) = u*(X,) + UA(KCRV (t,)) (18)

Table 16. En values for 400 mm long gauge block measurements when NIM’s result is excluded for KCRV
calculation

NMI Di/nm u(Di)/nm En

KRISS -45.8 329 -0.696
NIMT -346.7 158.1 -1.096
NIM -166.7 42.6 -1.956
NMIA 482.4 160.2 1.506
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NMIJ/AIST 4.5 26.6 0.084
MSL = = =
MUSSD 405.2 151.1 1.341
SCL 57.6 277.9 0.104
NMIM 21.2 259.9 0.041
SNSU-BSN 47.3 184.4 0.128
CMS/ITRI -4.2 78.4 -0.027

The internal and external standard deviation of the weighted mean calculated by equations (3) and (4)
were 24.3 nm and 40.2 nm, respectively, resulting in R; = 1.66. As R =1.41 for I=9 (see Table 11),

R; >R

recalculated.

B, max

B.max » and thus the next outlier with biggest E, value has to be additionally removed and KCRV

7.1.2.3 KCRV for 400 mm long gauge block with results of NIM and NMIA excluded (3™ trial)

Since NMIA's |E,| value is the second largest, the result of NIM and NMIA are excluded and KCRV was
recalculated using 8 laboratory’s results. The KCRV became

KCRV (t) =4921.03 nm -0.11061 nm xt

(19)
=51.22 nm—0.11061 nm x (t — 44025.69)

Figure 11 shows the measurement results of 400 mm block together with KCRV and its standard
uncertainty, when the results of NIM and NMIA are excluded. In the figure, all uncertainties shown as
bars or dotted lines correspond to standard uncertainty (k=1). Orange dots labelled as KRISSO and
KRISS1.5 are results of the pilot obtained with LMS, which are shown for reference only.

400 mm (NIM and NMIA excluded)

MUSSD

NML scL SNSU-BSN

T _' ® ¢ ] cwms

200.0 2 T - KRISS2

NIMT

Average date of measurement

1-D

Figure 11. Measurement results and KCRV for 400 mm long gauge block (-results of NIM and NMIA excluded).
Dotted lines represent the standard uncertainty of KCRV. Orange dots labeled as KRISSO and KRISS1.5 are
results of pilot obtained with LMS, but are not used for the KCRV calculation.
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En values of the measurement results are shown in Table 17. When calculating E, values of NIM and
NMIA by equation (15), equation (18) was used for u(D,).

Table 17. E, values for 400 mm long gauge block measurements when results of NIM and NMIA are excluded for
KCRV calculation

NMI Di/nm u(Di)/nm En
KRISS -34.7 32.7 -0.590
NIMT -335.6 158.1 -1.066
NIM -155.6 42.8 -1.930
NMIA 493.5 163.9 1.512
NMIJ/AIST 15.6 26.3 0.353

MSL - = -
MUSSD 416.3 151.0 1.385
SCL 68.7 277.9 0.124
NMIM 323 259.8 0.062
SNSU-BSN 58.4 184.4 0.159
CMS/ITRI 6.9 78.3 0.045

The internal and external standard deviation of the weighted mean calculated by equations (3) and (4)
were 24.6 nm and 33.3 nm, respectively, resultingin R;=1.36. As R =1.44 for | =8 (see Table11),

R <R
equation (19) for the 400 mm long gauge block.

B, max

B.max » Which means that this set of data is statistically consistent. The final KCRV is thus the

7.1.2.4 KCRV for 500 mm long gauge block calculated from results of all participants (1% trial)

When results of all participants were used, the KCRV for 500 mm gauge block at any time t became:

KCRV (t) =5835.63 nm —0.13696 nm xt
=-189.88nm—0.13696 nm x (t —43993.61)
t is a number with unit 1, and corresponds to the number of days since January 1, 1900.

(20)

Figure 12 shows the measurement results of 500 mm block together with KCRV and its standard
uncertainty. In the figure, all uncertainties shown as bars or dotted lines correspond to standard
uncertainty (k=1), and 0'12,A is 14.2 nm?. Orange dots labelled as KRISSO and KRISS1.5 are results of the

pilot obtained with LMS, which are shown for reference only.
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NMIA

SCL -9

£ T NMINM SNELRESN
Lty » NMI [

- :

KRI552

600.0 Nty MUSSD

800.0

Average date of measurement

1-Dec-17 1-Dec-18 1-Dec-19 30-Nov-2( i0-Nov-21 30-Mov-22 O-Nowv-23 29-Nov-24

Figure 12. Measurement results and KCRV for 500 mm long gauge block (- all participants included). Dotted lines
represent the standard uncertainty of KCRV. Orange dots labeled as KRISSO and KRISS1.5 are results of pilot
obtained with LMS, but are not used for KCRV calculation.

E. values of the measurement results are shown in Table 18.

Table 18. En values when all results are used for KCRV calculation

NMI Di/nm u(Di)/nm En
KRISS 25.5 43.2 0.295
NIMT -363.5 196.5 -0.925
NIM -122.8 35.5 -1.731
NMIA 632.7 193.5 1.635
NMIJ/AIST 73.0 36.7 0.995

MSL - = -
MUSSD -372.5 170.3 -1.094
SCL 319.0 352.2 0.453
NMIM 155.6 300.0 0.259
SNSU-BSN 214.3 214.6 0.499
CMS/ITRI 143.9 96.0 0.750

In case of long gauge block measurements, | =10, and thus R, =1.39 (see Table 11). The internal and
external standard deviation of the weighted mean calculated by equations (3) and (4) were 24.3 nm and
47.2 nm, respectively, resultingin Ry =1.94. As Ry >R; ., the outlier with maximum En value has to

be removed and KCRV recalculated.

7.1.2.5 KCRV for 500 mm long gauge block with result of NIM excluded (2" trial)

Since the result of NIM gives the maximum |En| value, it is excluded, and only 9 laboratory’s results are
used for the KCRV recalculation. When NIM’s results were excluded, the KCRV became

Pg. 28/89



APMP.L-K1.n01
Calibration of gauge blocks Final Report

KCRV (t) =5893.28 nm —0.13696 hm xt (21)
=-136.77 nm—0.13696 nm x (t —44026.76)

Figure 13 shows the measurement results of 500 mm block together with KCRV and its standard
uncertainty, when NIM’s result is excluded. In the figure, all uncertainties shown as bars or dotted lines
correspond to standard uncertainty (k=1). Orange dots labelled as KRISSO and KRISS1.5 are results of the
pilot obtained with LMS, which are shown for reference only.

500 mm (NIM excluded)

NMIA

20 ‘{
KRISSO .
ScL SNSU-BSN

T MMIM
= NI o

e /nm

CMS

KRISSL.5 l .

KRIS52

MNIMT MUSSD

Average date of measurement

Figure 13. Measurement results and KCRV for 500 mm long gauge block (- NIM’s result excluded). Dotted lines

represent the standard uncertainty of KCRV. Orange dots labeled as KRISSO and KRISS1.5 are results of pilot
obtained with LMS, but are not used for KCRV calculation.

En values of the measurement results are shown in Table 19. When calculating NIM’s E, value by equation
(15), equation (18) was used for u(D,).

Table 19. En» values when NIM’s result is excluded for KCRV calculation

NMI Di/nm u(Di)/nm En
KRISS -32.1 39.8 -0.403
NIMT -421.1 195.8 -1.075
NIM -180.4 52.1 -1.731
NMIA 575.0 192.8 1.492
NMIJ/AIST 15.3 32.7 0.234
MSL
MUSSD -430.2 169.5 -1.269
SCL 261.3 351.8 0.371
NMIM 97.9 299.6 0.163
SNSU-BSN 156.7 214.0 0.366
CMS/ITRI 86.2 94.5 0.456
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The internal and external standard deviation of the weighted mean calculated by equations (3) and (4)
were 29.5 nm and 48.8 nm, respectively, resulting in R, = 1.66. As Rgmax =1.41 for I=9 (see Table 11),

Rg > Rg . » @nd thus the next outlier with biggest £, value has to be additionally removed and KCRV

recalculated.

7.1.2.6 KCRV for 500 mm long gauge block with results of NIM and NMIA excluded (3™ trial)

Since NMIA's |E,| value is the second largest, the result of NIM and NMIA are excluded and KCRV was
recalculated using 8 laboratory’s results. The KCRV became

KCRV (t) =5879.85nm —0.13696 nm xt (22)
=-150.24 nm—0.13696 nm x (t —44027.06)

Figure 14 shows the measurement results of 500 mm block together with KCRV and its standard
uncertainty, when the results of NIM and NMIA are excluded. In the figure, all uncertainties shown as
bars or dotted lines correspond to standard uncertainty (k=1). Orange dots labelled as KRISSO and
KRISS1.5 are results of the pilot obtained with LMS, which are shown for reference only.

500 mm (NIM and NMIA excluded)
NMIA

KRISSO -
SCL —9
NMIM SN5U-BSN

L

400.0 T o
KRISS2

NIMT € MUSSD

Average date of measurement

Figure 14. Measurement results and KCRV for 500 mm long gauge block (-results of NIM and NMIA excluded).
Dotted lines represent the standard uncertainty of KCRV. Orange dots labeled as KRISSO and KRISS1.5 are
results of pilot obtained with LMS, but are not used for the KCRV calculation.

E. values of the measurement results are shown in Table 20. When calculating E, values of NIM and
NMIA by equation (15), equation (18) was used for u(D,).

Table 20. E, values for 500 mm long gauge block measurements when results of NIM and NMIA are excluded
for KCRV calculation

NMI Di/nm u(Di)/nm En

KRISS -18.7 39.6 -0.236
NIMT -407.7 195.7 -1.041
NIM -167.0 52.3 -1.596
NMIA 588.5 197.3 1.492
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NMIJ/AIST 28.8 324 0.444
MSL - = =
MUSSD -416.7 169.4 -1.230
SCL 274.7 351.7 0.391
NMIM 111.4 299.5 0.186
SNSU-BSN 170.1 213.9 0.398
CMS/ITRI 99.7 94.4 0.528

The internal and external standard deviation of the weighted mean calculated by equations (3) and (4)
were 29.8 nm and 40.7 nm, respectively, resultingin R; =1.37. As R =1.44 for | =8 (see Table 11),

Ry <R which means that this set of data is statistically consistent. The final KCRV is thus the
equation (22) for the 500 mm long gauge block.

B,max

B,max /

7.2 Correlation between laboratories

The potential for correlations between the participants’ measurement results was investigated.

In this KC, the measurement method for short gauge blocks was limited to optical interferometry. A
correlation could exist if the light sources of the laser interferometers used by two NMlIs had been
calibrated by the same NMI. However, given that the contribution of the vacuum wavelength of each light
source to the overall uncertainty is very small, the effect of such correlation can be regarded as negligible.

In contrast, for the long gauge blocks, the measurement method was not limited to optical interferometry,
and each NMI was allowed to use the measurement method with the smallest uncertainty available to
the NMI. Therefore, the possibilities for correlations are more diverse than in the case of the short gauge
blocks. For example, if the reference long gauge block of an NMI that performed measurements using
mechanical comparison method was calibrated by another NMI participating in this KC, the measurement
results of the two NMIs would have a non-negligible correlation. Likewise, if the reference long gauge
blocks of two or more NMls were calibrated by another NMI that did not participate in this KC, the results
of those NMlIs would also be correlated.

Therefore, the calibration sources (NMls) for the reference long gauge blocks used by participants who
did not employ the LGBI were investigated, and the results are shown in Table 21.

Table 21. Traceability of reference long gauge blocks of each NMI

NMI Source of traceability

NIMT VTT MIKES
NMIA NPL
MUSSD PTB
SCL NPL

NMIM NMIU/AIST
SNSU-BSN NPL
CMS/ITRI PTB

The possibility of correlation was examined in two cases.

First, since the reference LGBs of NMIM had been calibrated by NMIJ/AIST, the correlation between the
results of NMIM and NMIJ/AIST was investigated. If such correlation existed, it would most likely be due
to the influence of the thermometers, barometers, and hygrometers used for air refractive index
measurement. Therefore, NMIJ/AIST was asked to confirm the calibration dates of these environmental
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instruments at the time of calibrating NMIM’s reference LGBs and at the time of measuring LGBs of the
key comparison. The confirmation revealed that the environmental instruments had been recalibrated
once between the calibration date of NMIM'’s reference LGBs and the date of NMlJ's participation in the
key comparison. It was therefore concluded that the results of the two NMls were not correlated.

Second, attention was given to the fact that three NMIs (SCL, SNSU-BSN, and NMIA) had their reference
LGBs calibrated by NPL (of the United Kingdom). Although NPL did not participate in this comparison, it
was considered that the results of these three NMIs might be correlated. In this key comparison, SCL and
SNSU-BSN both calibrated the LGBs using mechanical comparison method, so if the calibration date of
their reference LGBs by NPL were close, their results could be correlated. In the case of NMIA, the
situation was different, as NMIA used the interferometric comparison method, and used only one 100
mm gauge block for the reference. The pilot requested NPL to confirm the calibration dates of the
reference LGBs for the three institutions, and it was confirmed that the reference LGBs of all three NMls
had been calibrated using different measuring systems (See Table 22). The PLBI, GBI and LBM are different
instruments using different sensors. The only traceability relationship between them is that the LBM uses
a length bar calibrated in the GBI for its traceability. However, NPL confirmed that between the NMIA
calibration in the GBI and the recalibration of the length bar used in the LBM, the GBI was re-calibrated.
This breaks the traceability link between the GBI and the LBM between the NMIA and SNSU-BSN
calibrations. Thus, the two instruments were independent of each other at the times they performed the
calibrations for NMIA and SNSI-BSN. Thus, although these 3 labs had their items calibrated at NPL, they
were calibrated in 3 independent instruments which therefore had no correlated uncertainties.

Table 22. NPL’s measurement system and calibration dates for the reference GBs of the 3 NMls.

Identification of the . . Nominal length of calibrated
NMI Calibration dates
measurement system artefacts
SCL PLBI 15/08/2017 to 27/08/2017 125 mm - 500 mm
SNSU-BSN LBM 27/07/2020 to 20/08/2020 125 mm - 500 mm
NMIA GBI 15/05/2018 to 31/05/2018 0.5 mm-100 mm

It may be noted from Table 21 that the reference LGBs of both MUSSD and CMS/ITRI were calibrated by
PTB. For MUSSD, the mechanical comparison method was used, with PTB-calibrated long gauge blocks of
the same nominal length as those under calibration serving as references. In contrast, CMS/ITRI employed
the interferometric comparison method, using a single 100 mm gauge block calibrated by PTB to establish
a reference point. Communication with PTB confirmed that the short gauge block of CMS/ITRI had been
calibrated using a short gauge block interferometer, while the two long gauge blocks of MUSSD were
calibrated using a mechanical comparator. As completely different measurement systems were involved,
the two calibration results can be regarded as having negligible correlation.

In conclusion, there is no significant correlation among the measurement results of any of the NMls
participating in this key comparison.

7.3 Linking of results to other comparison

To link results of this key comparison to other comparison, two candidate KCs might be considered: CCL-
K1.2011 or CCL-K1.n01.

In CCL-K1.2011, 3 NMIs (NIM, NMIJ/AIST and NMC, A*STAR) from APMP had participated. However, NMC,
A*STAR did not participate in APMP.L-K1.n01, and thus only NIM and NMIJ/AIST can be the linking labs.
Considering that NIM’s results are outliers in case of long gauge blocks of this comparison, only NMIJ/AIST
could link results of the two comparisons in the case of long gauge blocks.

On the other hand, CCL-K1.n01 is not yet finished, and only has two NMIs (NIM and NMC, A*STAR) from
APMP. Among these two, NMC,A*STAR did not participate in APMP.L-K1.n01, and due to NIM’s issue on
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long gauge block results mentioned above, it would not be possible to link results of APMP.L-K1.n01 to
CCL-K1.n01.

In conclusion, this comparison can only be linked to CCL-K1.2011 via NMIJ/AIST and NIM, although the
long gauge block results can be linked by NMIJ/AIST only.

8 Conclusion

A total of twenty gauge blocks were circulated in this key comparison: 9 short steel gauge blocks, 9 short
tungsten carbide gauge blocks, and 2 long steel gauge blocks.

In contrast to short gauge blocks, for which only optical interferometry was permitted, long gauge blocks
could be measured by whichever method offered the smallest measurement uncertainty in the respective
laboratory. In practice, three types of methods were employed: optical interferometry (- excess fraction
method -), interferometric comparison, and mechanical comparison (using a long gauge block comparator
or a universal measuring machine).

The temporal drift of each long gauge block length was taken into account in determining the KCRV, with
each KCRV expressed as a function of time. Nevertheless, the observed drift rates were within the
permissible limits for grade K or grade 0 gauge blocks specified in the international standard I1SO
3650:1988.

For all 18 short gauge blocks, the participants’ results showed |En| < 1, indicating that the measurement
results were mutually comparable and consistent.

For the long gauge blocks, however, the results from two laboratories had to be excluded in calculating
the KCRVs. The |En| values of four laboratories were found to be greater than 1, although for one of them
the values were only slightly above the threshold (1.07 and 1.05, for the 400 mm and 500 mm blocks,
respectively).

The results of this comparison can be used to support existing CMCs or future CMC submissions.
Laboratories whose long gauge block measurement results were unsatisfactory should identify the root
cause of the discrepancies and take corrective action, or otherwise revise their CMCs upward.

9 References
[1] 1SO 3650:1998, “Geometrical Product Specifications (GPS) — Length standards — Gauge blocks”.

[2] Nien Fan Zhang et al., “Statistical analysis of key comparisons with linear trends,” Metrologia 41 231
-237 (2004).
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Appendix A — Document additionally circulated after receiving report from NIMT

Important Notice on the APMP.L-K1.2018

Chu-Shik Kang, Al 15, 2020)

Please note that the long gauge block of nominal length 400 mm has an indentation at the central
point of each messuring face. due to some unexpected accident during the comparison, The pholos
of the measuring faces are shown in Fig 1. and the interference fringes obtained from a flatness
interferometer are shown in Fig. 2

[

Fig. 1 Photos of measuring Faces of the 400 mm long gauge block. () left measuring face (b)

o o

right measuring face. (fhotes provded oy Nl

) (2]

Fig. 2 Interference fringes of measuring faces of the 400 mm long gouge block obtained by a

When an indentation i made, it is likehy that there would be a bure around the hole (see Fig. 3(a))
which might damage the surface of a platen {or bese plate) during the wiinging process,

S0, the pilot asked NIM 1o remove the burrs by eweptionally aliowing the deburring, Flease note
that all ather NMis are not allowed to perform a deburring a5 specified in the technical pratocol

_— \\J,. b —\J—

{a) Burr on measwring face [0) Deburred measuring face

Fig. 3 Schematic of the surface befare and after the deburring process

A5 the measuring face after the deburring i expected have a dip as shown in Fig, 3b), measuring
the central length of this long gauge block by wsing routine calibration method might result in
negative messurement enor referencing to the measured value obtained before the accident.

Atthough it may be ideal to replace the damaged gauge block with a differant one, as 1 is practically
mpossible to do 0 during the intercompanson, the pldot of the APMPL-K1 2018 decided through
discussion with Dr. Andrew Lew®s, the moderstor of OCL Discussion Geoup 1 igauge tlock). that the

particpant should decide one of the following three options fer the measurement of the 400 mm
eng gauge block:
1 I the participant’s instrument allows to measure length at 'non-central point’ which is

near the central poirt, the central length & 1o be measured ‘indirectly’ using
evtrapclation. That i, the length at the non-central point’ & measured first, and then
the estrapolated central length s found by apphing a corection for the
Natness/parallelism (see Fig. 41

2 H the panicipant’s nstrument doesnt allow 10 MEasure a1 nen-central point’, then just
megsure using the normal way keeping in mind that the uncertainty might increase
for this measurement.

E H it is usual to reject the measurement when indentations are found ot the central
points of the measuring faces in the routine caliaration of long gauge blocks, then the

Fig. 4 Indirect measurement of extrapolated central length (1. = [+ o) where L 1. and A
denate non-central length, extrapolated central length, and correction for
flatness/paralielism, respectively,

In gither case, please fill in and submi the Table entitled "Detailed information on the mezsurement
of 400 mm long gauge block™ given in the Appendin when you submit the Measurement Raport.

[End of document]

flatness interf {a) left ing face (b) right ing face, (Photos by HIMT) partcpant may decide not to meaure ths gauge block.
3 4
Appendiz
S _——-\-]; - Table: Detailed infi ion for the of 400 mm long gauge block
Al
. ¥
o A I Measurement method used for the 400 mm gauge block (Mark "0°)

optical interferometry

mechanical comparison

nterferometric comparison

ather method |[please describe]:

this long gauge block was rejected and not measured
ilability of tral length (Mark "0°)

instrument used allowed measuring non-central lengths

instrument used only allows measuring central lengths

Measured position (Mark "0°)

central point (direct measurement)

non-central point (indirect measurement)

In case of indirect measurement (Enter value)
distance of measuring point from central paint:
length at non-central paint:

correction value for flatness/parallelism:

(indirectly measured) central length;

Date;

MM

Name:
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Appendix B — Surface inspection results of participants
1. NIMT

APMP L-K1.2018
Measurement of gauge blocks by interferometry Technical protocol APMP L-K1.2018
Measurement of gauge blocks by interferometry Technical protocol

Appendix B1 - Conditions of Measuring Faces (Short gauge blocks, steel)

Appendix B2 — Conditions of Measuring Faces (Short gauge blocks, tungsten

To: Dr. Chu-Shik Kang, KRISS carbide)

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea To: [ Chushix Kang, KRISS

Fax: +82 42 868 5012 e-mail: cskang@kriss.re.kr 267 Gajeong-ro, Yuseong-gu, Dagjeon, 34113, Republic of Korea
crom: | rare_Matienal |r|<fiL.J‘F of Metrclogy (Thatand) | Samana Peingbangang Fax: 482 42 868 5012 el cskang@ris re ke

4
8 September 2020 . . Mational Institute of Metrology (Thailand) : Samana Peingbangyang
Signature: bate ) ’ From: | NMI: Name:
8 September 2020
Signature: S Date: oo R

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.)

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.)

|+ - — —
g - |
1y |
| |
= A B g A B |
iace (MMF) UMF) [MMF) (UMF) (MNIF) UMF) - B [4
P face oy g A 8 A
) MMF) WMFA) MMF) UNFY (Mnary MR
) %) ¢ . (+14336) ‘
1994732 i o i 0.5 mm 2&'551 Es mm
] — M b (19 Ced6TAK) (0853%x)
] 2 — — Py
. = |
2 | 2 |
| 4
3 L1 L 2 ‘
3 face . *\“_ B . =] L L L L1 L |
g (REMF)  ILHMF) i face B A 5 A
- I (11335"%‘5 ) % Lol B ] M RHMF)  (LHMF)
ey < I
t _ e a ; “od %) todiix) CtaTc )
& Wl | o — -~
“ [ z — ] T —
| o | | . il
v | |
o
&
| 5 v
| P
A B A 8 A B J L] b
face RHMF)  (LHMF) RHMP AHMP (RHME)  (LHME) face A B A B A ]
Fi 20 ‘_}'5 i RHMR)  (LHMF) RHMF (MR WHMA LHUR
n mm -
(r13764) C mrgl":'} (1‘153% ) I gz:l mm (O‘TEW)\) 6ﬂl§mm
|+ MM marked messuring fa + RHMF: right hand measuring face lof2e f‘j (10E36R)
| +  UME unmarked measuring face +  LHMF:left hand measuring face . d measuring face = RHMF: right hand messuring facs
1 unmarked measuring face +  LHME: left hand measuring facs
. 13/27
Pg. 12/27 e 131
APMPL-K1.2018
Measurement of gauge blocks by interferometry Technical protocol

Appendix B3 - Conditions of Measuring Faces (Long gauge blocks)

To: Dr. Chu-Shik Kang, KRISS

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

Fax: +82 42 868 5012 e-mail: cskang @kriss.re.kr
From: | Nwi;  Mational Institute of Metrology (Thailand) pyye. Samana Peingbengyang
I
g 8 September 2020
Signature: .....

Date! oo

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.).

A B
RHME) (LR (RHMF) (LM

I 400 mm 500 mm

Long gauge blocks - Steel

RHMF: right hand measuring face
« LHMF: left hand measuring face

400 mm left 400 mm right
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2. NIM

APMP.L-K1.2018

Measurement of gauge biocks by interferometry Tachnical protocol

Appendix B1 — Conditions of Measuring Faces (Short gauge blocks, steel)
Te: | Dr, Chu-Shik Kang, KRISS |

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

Fax: 482 42 868 5012 e-mail; cskang @kriss.re ke

From: | NMI: Mtinnal. Tnst iince &f ey Dhivaiame: . Audlerd 2hand
Bmure: M#’Zd’ﬂ!‘ﬂ R

oate:  April. L9 202w

Adter detailed inspection of the measuring faces of the gauge blacks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.).

A B A B A B
face AME) UMF) PAMF)  UNF) MMF (UMY
i 0.5 mm 2mm 25 mm
'
;i s
3 A B A B A B
o face MMF) IMF) IMMF) UMF) RHMF) {LHMF)
o
i i, 3 mm 5 mm 10 mm
o
£ PRoN
g 1
i
w
1
A g A A ]
o RHMF) LHMF) RHNR)  AHMP) RHMF) HMF)
4 20 mm 75 mm 100 mm
« MMF maked measuring face = RMMF right hand measuring face
= UMF unmarked measuring face LHMF: laft hand messuring face

Pg 12/27

APMP L-K1.2018

Measurement of gauge blocks by interferometry Technical protocal

Eppendix B2 - Conditions of Measuring Faces (Short gauge blocks, tungsier_n'
carbide)

To: [ Dr. Chu-Shik Kang, KRISS

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

Fax: +82 42 868 5012 e-mail: cskang@kriss.re kr

kit of Mesrelefg. Chinaname: Kuderd..2hand].
Signature: w&&m} Pl fe. 2020

Fram: | NMi: Al

Date:

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.)

[ — —
a0 10n A
face ) 5 B : A :
CE T LT MM e
w iy 0.5 mm 2mm 25 mm
=
2 " =
3 2 ' l
|
& || l
! face A 8 A 8 A 8
_3 MME) (UM L I ) RHMF (LHMA)
ﬂ & 3 mm 5 mm 10 mm
w
S -
3 I =
]
{ M |
t
i |
“ ‘ 1
face A 8 A 8 A B
REME) LR RHMF} ILHNFY RHNF) LHwF)
Iy 20 mm 75 mm 100 mem
*  MMFEmarked measuring face  + RHMF: right hand measuring face
*  UMFEunmarked measuring face +  LHMF: left hand measuring face
Pg. 1327

APMP L-K1 2018
Measurement of gauge blocks by interferometry

Technical protocol

Appendix B3 — Conditions of Measuring Faces (Long gauge blocks)

To: [ Dr. Chu-Shik Kang, KRISS

Fax: +82 42 B68 5012

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

e-mail: cskang@kriss.re.kr

Signature )(ua'm#.,..«?&m;,....

From: | Nt Vitlenal inct ot i Aeoselg, Amame: _Audter..24 4

Date: 491'f e, 2020

face (RMAT) (LM

& | 400 mm

Long gauge blocks - Steel

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.).

00

BHME)  (LHMA)

+ RHMF right hand measuring face
+  LHMF left hand measuring face

500 mm
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3. NMIA

APMP L-K1.2018

MeasUrement of gauge BIocks by interferometry Technical protocol

PE B3 — Conditi of M
To: Dir. Chu-Shik Kang, KRISS

ing Faces (Long gauge blocks)

267 Gajeong-ro, Yuseong-gu, Dagjeon, 34113, Republic of Korea
Fax: +82 42 868 5012

_NMIA

e-mail: cskang@kriss.re.kr

From: | NMI:

After detailed inspection of the measuring faces of the gauge blocks thesa are the results, Please mark
gnificant surface faults hes, ind cormosion, etc.).

; N N
R
S I T
4 I8 400 mm 500 mm
k]

+  RHMEF right hand meesuring face
*  LHMF lefi hand measuing face

Diagram shows approximate locations and sizes of scratches only.
Al scratch marks are very light. No raised burrs were detected.
Max. magnetism was approx. 4.7 Gauss.

4. NMIJ/AIST

APMP.L-K1, 2016
Measurament of gauge blocks by interferomatry

APMP.L-K1.2016

Technical protocol Measurement of gauge blocks by interferomatry

Appendix B1 - Conditions of Measuring Faces {Short gauge blocks, steel)

Tachnical protocol

To: [ Dr. Chu-Shik Kang, KRISS

Fa: +62 42 868 5012

267 Gajeong 10, Yuseong-gu, Dasjeon, 34113, Republic of Korea L

e-mail: cskang @kriss.re.kr

carbide) :

Apper!di: B2 - Conditions of Measuring Faces (Short gauge blocks, tungsten

Dr. Chu-Shik Kang, KRISS

NMIJ

From: | NMI:

name: .Akiko.. HIRAL

Fax: +82 42 868 5012

A BT

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

e-mall; cskang@hkriss.reke

NMIT

From: | NMI:

name: Akiko. HIRAL

Date: Auaus'T 4. R020

¥ AT

Date: ﬁu&uST é JM

After detalled inspection of the measuring faces of the gauge blocks these are the results, Flease mark
significant surface faults (scratches, indentations, corrosion, etc.).

After detailed inspection of the measuring faces of the gauge blocks these are the results. Flease mark
significant surface faults [scratches, Indentations, corresion, ete.).

M 5 7 P
=il B
S
| i %
Lid [ | : | o1
|
face R o L
NMEL (INE) e A B A B A E
3 0.5 mm BN UME MMF N MNEY UMFL
o L 0.5 mm 2 mm 25 mm
=9 ] 2
3 3 LT BT
e s
2 i 4% -
R L ; ol |
a - S
= e B A 8 A B = S =l RS
& MMEE UM} MME) RINF RHMA  {LHME | face B A B
2 I TV IMNE: LR MHME LHNF
F] L 3 mm S mm 10 mm
& :§ h 3 mm 5 mm 10mm
5 T 8 . .
o 1 3 \
. [ = ‘
| 5 | S
| -
W
face A 2 B = A ) Rl i
[RHMF] ) RHMF)  (LHMF RHMF  0HME) face A B A B
I ol | MHMF)  (LHAE IRHMEY . MRy EHMFI MR
75 mm .
A 20 mm 100 mm | b e, P P
+ MMF:marked maasuring face RHMF: right hand measuring face L. . .
H I, g ) g Face RHMAF: right hand messuring face
= UMF: unmarked mesuring face LHMEF: leit hand measuring face UIMF: unmarked measuring face = LHME left hand measuring late
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5. MSL

APMPL-K1.2018

Measurement of gauge blacks by interfarometry Technical pratocal

Appendix B3 — Conditions of Measuring Faces (Long gauge blocks)
To:  [Dr. Chu-Shik Kang, KRISS

267 Gajeong-ro, Yuseang-gu, Dacjeon, 34113, Republic of Karea

Fax: +82 42 868 5012 kr

L NMELEST
sgnarore: T EFTT

e-mail: cskang @kri

wame: Akika.. HIRAL
Date: AuGusT A,.R020

After detailed inspection of the measuring faces of the gauge blocks these are the results. Flease mark
significant surface faults {scratches, indentations, corrosion, ete, ),

A B
RHME (LM

500 mm

= RMMF: right hand measuring face
= LHMF left hand measuring face

APMP L-K1.2018

APMP.L-K1.2018

Technical protocol

Maasurement of gauge blacks by interferometry

Appendix B1 - Conditions of Measuring Faces (Short gauge blocks, steel}
Ta Dr. Chu-Shik Kang, KRISS

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Karea

Fax: <82 42 BB8 5012 e-mall: cskang@kriss.re.kr

From: | NMI: Labniin Name: .

| signature: . Date: .

After detailed inspection of the measuring faces of the gauge blacks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.)

A B A B A B
L MR MR MM (MR MMFE MR
2 0.5 mm 2mm 25 mm
'
il
] — L L | =], =l
3 e B A B A g
s [ ] MM (UM} RAME  LHMEY
; S - 3 mm 5 mm 10 mm
t RS e
o —
=
W
— 5 5 X% e
THES MR (LHME) (RHMF)  LHMF) RHMF}  LHMF
4 20 mm 75 mm 100 mm
+  MMFmarked measuring face  +  REMF: right hand measuring face
*  UMF unmarked measuring face + LHMF leh hand measuring face

Pe.13/27

Measursment of gauge blocks by intsrferometry Technical protocal

Appendix B2 - Conditions of Measuring Faces [Short gauge blocks, tungs{en
carbide)

To: Dr. Chu-Shik Kang, KRISS

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

Fax: =82 42 868 5012 e-mall: cskang@kriss.re.kr

From: |nmi: L (NSL Name: .

Signature; [, Date:

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.)

— — —
: A B A g8 A 8
face DIMFL(ME [ MR MR
g 1 0.5 mm 2mm 25 mm
g
| face B A A
- e MMA MR MNE LR RHNE  ILHMR
]
:g 7},, b, 7 mm 5 mm 10 mm
g — =T -
o
h:
v
= B A g A B
AHME (LHME) RAMFY (LME) RHME) LR
I 20 mm 7S mm 100 mm
+ MMFmarked measuring face  +  RHME right hand measuring face
UM unmerked messuting face + LAMF left hand measuring face
Pg. 14/27
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10 mm steel gauge block side A

APMP.L¥
Measurem

Appendix B1 - Conditions of Measuring Faces (Short gauge blocks, steel)

]

To: [ Dr.Chu-Shik Kang, KRISS
267 Gajeong-1o, Yuseong:gu, Daejeon, 34113, Republic of Korea

Fax: +82 42 868 5012 e-mail: cskang @kriss.re.kr

[ - { T A .
From: | NMI L1121 S O o Name: SRS (hulg

After detailed inspection of the measuring faces of the gauge blocks these are the results. Pleass mark
significant surface faults (scratches, indentations, corraslon, etc.).

- — [
z \
-
) =] jLn 4
A A B B
Hace MMFL ME) IMME) (M) MMF) MR
L 0.5 mm 2mm 15 mm
'
3 o i
e ¥
2 A H B d
3 - el S
s face A A
§ MME} UMF) MM (UMF) RHMF) (LHMF)
E i 3 mm 5 mm 10 mm
r ) | e
9
=
w
]
p |
face A B 8 A B
RHNRE MR RHMF  (LMF) REMR LHMA
A 20 mm 75 mm 100 mm
+  MMFmaked measuring face = RHME right hand measuring face
| UMF: unmarked measuring face «  LHMF:left hand messuring face

APMP.L-K1.2018

biocks b

Measun ormetry

Appendix B2 - Conditions of Measuring Faces (Short gauge blocks, tungsten
carbide)
To: Dr. Chu-Shik Kang, KRISS

267 Gajeang-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea |

Fax: +82 42 868 5012 e-mail: cskang@kriss.re kr

From: | NMI: ... 35 s Name:

SIENATUNG: oo e g s wesiibnsi Date:

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (scratches, indentations, corrosion, etc.)

— 1 M == TS
I |
|
[
B B A B
face MR MR MMP MR MM U
] I 0.5 mm 2 mm 25 mm
]
8
@
= ~
F L 4 — L
1 face A B
i wNR R L R AR MR
= b 3 mm 5 mm 10 mm
@
o i
-]
]
5 L
3 ‘\
n
A g A 8 A 8
g RHME  LHME) Lokl RHMP OHME
[ 20 mm 75 mm 100 mm
MMF: marked measseing face RHMF: ight hand me:
UME: unmarked messuring face LHMF: laft hand massuring face

Pg. 1327

Pg. 14/27
]

(After measurement)
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6. MUSSD

APMP.L-K1.2018
Measurament of gauge biocks by intarfarometry Technical protocol

Appendix B3 — Conditions of Measuring Faces (Long gauge blacks)
To: Dir. Chu-5hik Kang, KRISS

257 Gajeang-ro, Yuseong-gu, Dagjeon, 34113, Republic of Korea

Fan: +82 42 BGS 5012 w-mail; cskang@kriss.re.kr

From: | nmwi:  MUSSD - Sri A

MNarme:

Signature: .27 Date: ZUZDNwemIJe 3

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults {scraiches, indentations, corrosion, ete, ).

Il |

(RHBE  (LHMF) (RHMF  [LHMF

A 400 men 500 mim

Long gauge blocks - Steel
&
8

= RHMF rght hand measuring face
*  LHMF: left hand measuring face

7..SCL

APMP.L-K1.2018 .
Measurement of gauge blocks by interferometry

Technical protocol

Appendix B3 - Conditions of Measuring Faces (Long gauge blocks)

To: Dr. Chu-Shik Kang, KRISS

267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

Fax: +82 42 868 5012 e-mail: cskang@kriss.re.kr
From: | NMI:  Standards & Calibration Laboratory Name: George Tang
Tab ol Date: 21 December 2020

3
8

a
)
g A B
B faca (RHMF)  (LHMA)
2 i, 400 mm

2

*Note from SCL:

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (seratches, indentations, corrosion, etc.).

= RHMEF: right hand measuring face
+ LHMF left hand measuring face

The horizontal scratches were found from the the center of all 4 measuring faces all the way to the back
face (opposite to the front face where make and 5/N were found). Refer to photo attachments for details.

Other scratches were relatively minor compared to those b

400 mm left

i

(RHMF}  (LHMT
500 mm

scratches,

500 mm left

Pg. 40/89



APMP.L-K1.n01
Calibration of gauge blocks

Final Report

8. NMIM

APMP.LK1.2018
Measurement of gauge blacks by interferometry

Technical protocol

Appendix B1 - Conditions of Measuring Faces (Short gauge blocks, steel)

To: [ Dr. ChuShik Kang, KRISS
267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

Fax: +82 42 868 5012 e-mail: cskang@kriss.re kr

Natioral Meaiogy Insttule of Mislaysia Razman Mohd Halim

From: | NMI Name:

25 January 2021

Signature: Date:

regnas

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark

surface faults corrasion, etc.).

Y| T
/ —
. N
A B A B
face IMMP UM MMF MR MMF) UM
L o5 mm 2mm 25 mm
> I
y
I b
2 X
g A B A B A B
o e IMME) LMF) MMF UNF) RHEME (L)
o
H " 3 mm 5 mm 10 mm
o
1=
2 " =4
w | .
Y A B el
face A 8 A 8
RHVA (LHWA RHMF) - ILHMP) RHMA LHMA)
L 20 mm 75 mm 100 mm
MMFrarked measuring face = RHMF: right hand measuring face
+ UMF unmarked measuring face LHMF: 2t hand reasuring faze

APMP.L-K1.2018

Measurement of gauge blacks by interferometry

Technical pratacel

dix B2 — Condi of

carbide)

To:

Faces (Short gauge blocks, tungsten

Dr. Chu-Shik Kang, KRISS
267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Korea

Fax: +82 42 868 5012 e-mail: cskang@kriss.re.kr

Natioral Merciogy Insiivie of Malays Razman Mot Halim

NMLI: Name:

Signature: ""E"/? e Date: o omamEE

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark.

surface faults corrosion, etc.).

-
A 5 & 3 Iy 5
face P R MR MR MR UM
o I 05 mm 2mm 25 mm
-]
£ 1 ] =
] .
£ > .
s i
o
g
[ L1 L et = L =
| face H A 5 A H
-] MNP MR MMF) (UM RHMF)  (LHMP
.3 iy 3 mm 5 mm 10 mm
=
v
o
+ 7
5
£
@
A A F A B
e RHMFY AHMF RHMF) ILHMFy RHMF LHMPY
I 20 mm 75 mm 100 mm
+ MMFmarked measuing face  +  REMF right hand measuring face
- UMF: unmarked measuning lace LEME: et hand measuring face

Pg. 12/27

Pg.13/27

APMP.LK1.2018
Measurement of gauge blacks by intedferametry

Technical protocel

Appendix B3 — Conditions of Measuring Faces (Long gauge blocks)

To: [ Dr. Chu-Shik Kang, KRISS
267 Gajeong-ro, Yuseang-gu, Daejeon, 34113, Republic of Korea

Fau: +82 42 868 5012 e-mail: cskang@kriss.re.kr

Magianal Metrology Institute of Malaysia Razman Mohd Halim

From: [ NMI Name:

Signature: R ki Date; 23 danany 2021

o

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark

significant surface faults (scratches, indentations, corrasion, etc.).

2

3

o

k3

a A B A B

E‘ face (RHME (LHME) (RHNE (LHME
E I 400 mm 500 mm

&

- RHMF right hand measuring face
*  LHMF left hand measuring face

PE. 14/27

3 mm steel gauge block

10 mm steel gauge block

Pg. 41/89
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9.. SNSU-BSN

APMP.L-K1.2018

Measurement of gaugs blocks by interferometry Technical protocol

APMP L-K1.2018

Measurement of gauge biocks by interferometry Technécal profocol

Appendix B3 - Conditions of Measuring Faces (Long gauge blocks)

Ta: | Dr. Chu-Shik Kang, KRISS
| 267 Gajeong-ro, Yuseong-gu, Daejeon, 34113, Republic of Kerea

| Fax: +82 42 868 5012 e-mail: cskang@kriss.re.kr

Name;  Norul Mk

B e

From: | M SRS - |

Signature: .. Date: !'“M-

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (scratches, indentations, carrosicn, etc.).

RHME)  (LHMP RHME  (LHMP)

i 400 mm 500 mm

Long gauge blocks - Steel

| +  RHMF: right hand measuring face
| < LHMF left hand messuring face

Appendix B3 -.C.unditinns of Measuring Faces (Long gauge hl;cks}

To: Dr. Chu-Shik Kang, KRISS
267 Gajeong-ro, Yuseong-gu, Dacjeen, 34113, Republic of Korea

Fax: +82 42 868 5012 e-mail: eskang@heiss.re.ke

Wurul Al _

From: | MM Name

qL My
Signature: Date f.

After detailed inspection of the measuring faces of the gauge blocks these are the results. Please mark
significant surface faults (seratches, indentations, corrosion, etc.

MR MERSUTEoRNT

face

anE

EHME LHME

I 400 mm 500 mm

Long gauge blocks - Steel

+ HHME right hand meatunng face
+ LHME foft hand measuring face

(Before measurement)

(After measurement)

Photos of artefact condition after measurement at SNSU BSN

Long gauge block, 400 mm, face A

Long gauge block, 400 mm, face B

Long gauge block, 500 mm, face A

Long gauge block, 500 mm, face B

Pg. 42/89
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10. CMS/TRI

Only photos were submitted without the filled form.
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Appendix C — Uncertainty budgets reported by the participants
C1. Uncertainty budgets for short gauge block calibration

1. KRISS

Measurement Function (mathematical model of measurement):

e=L-1I,

={%1m+5]— Lin-D)-Laity -200+ L+ +i. +1, +1, +I; :>—!_,,

Definition of variables in the measurement function:

e: deviation of central length from nominal length
L: central length of gauge block

Ly: nominal length of gauge block

A: vacuum wavelength of red laser

m: integral part of the interference order

F: fractional part of the interference order

n: refractive index of air

e: thermal expansion coefficient of gauge block
foe: temperature of gauge block

ls: phase correction

I« correction for wringing layer

fv: correction for aberration of optics

I+ correction for aperture effect

I.»: correction for obliquity effect

I:: correction for geometrical effect (non-central positioning)

Uncertainty budget for Steel gauge blocks

source of standard sensitive uncertainty degrees of
uncertainty uncertainty coefficient probability contribution freedom
X, u(x,) c distribution U, v,

A 5.82E-09 xA | Lo/A Normal 5.82E-09 Ly o0
m 0 - 0.0 nm -

F 0.009 316.5 nm t 3.0 nm 11
n 2.27E-08 Ly Normal 2.27E-08 Ly o0
o 5.776-07 /°C | 0.09°C x Lo Rectangular 5.20E-08 Lo 50
tae 4.96-03 °C -10.8E-06/°C Lo | Normal 5.30E-08 Lo o0
Iy 4.6 nm 1 Rectangular 4.6 nm 50
Iy 4.9 nm 1 Rectangular 4.9 nm 50
e 9.9 nm 1 Rectangular 9.9 nm w0
Ia 1.13E-10x Ly | 1 Trapezoidal 1.13E-02 nm 50

D 2886.8 nm | 3.95E-14/nmxLg Rectangular - 50
ra 288675.1 nm | 4.90E-18/nmxLy Rectangular - 50
lob 3.73E-08 Lo Rectangular 3.73E-08 Ly 50
la 3.2nm 1 Rectangular 3.2nm 50
2 order term (o) | 2.83E-09 Ly 2.83E-09 Ly -
combined standard uncertainty (k = 1)
u.=Q[12.8, 0.086 Ly] nm (Lo in mm) or . =Q[12.8 nm, 0.086x10° L) Veft > 890

Pg. 44/89
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Uncertainty budget for Tungsten carbide gauge blocks
source of ] ;tandard sensitive uncertainty degrees of
uncertainty uncertainty coefficient probability contribution freedom

x, u(x,) c distribution u

A 5.82E-09 xA Lo/% Normal 5.82E-09 L, s

m 0 - - 0.0 nm -

F 0.009 316.5 nm t 3.0nm 11

n 2.27E-08 Ly Normal 2.27E-08 Lo s

v} 5.77e-07 /°C 0.09°C x Lo Rectangular 5.20E-08 L, 50

I 4.9E-03 °C -4.5E-06/°C Ly | Normal 2.21E-08 Lo s

1y 4.6 nm 1 Rectangular 4.6 nm 50

Iw 4.9 nm 1 Rectangular 4.9 nm 50

Ik 9.9 nm 1 Rectangular 9.9 nm s

In 1.13E-10x Ly 1 Trapezoidal 1.13E-02 nm 50

D 2886.8 nm ?ﬁ'ii—xm Rectangular 50

f 288675.1 nm T;:EE‘I_XLU Rectangular 50

lab 3.73E-08 Lo Rectangular 3.73E-08 Ly 50

Is 3.2 nm 1 Rectangular 3.2nm 50

(2(;; order term | » 83¢-09 Lo - 2.83E-09L |-

combined standard uncertainty (k = 1)

u. = Q[12.8,0.072 Lg] nm (Lo in mm) or u. =Q[12.8 nm, 0.072x10°% L] Vers > 890
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2. NIMT

Measurement Function (mathematical model of measurement):
d=1I1-L
d=ly —L+l+1, +1 +1g+1, +1;+1, +1 +1,

Definition of variables in the measurement function:

d : deviation from nominal length of the gauge block
I : length of gange block at the reference temperature (20 °C)

s, = %{N + &) : the best-fit solution for gauge block length, base on the method of exact

fraction for wavelengths of light

L : nomunal length of the gauge block

N : mteger part of number of half wavelengths within gauge block length
(fringe order)

£ : fractional part of fringe order

A vacuum wavelengths of the different light sources used

lr=06al :  the gauge temperature correction. This correction arises from the

gauge block temperature offset &= 20 - #,. where f; 1s the gauge block
temperature in degrees Ceclius and 20 °C is the ISO 1 standard reference
temperature for dimensional measurements

a : linear coefficient of thermal expansion of the gauge block

e : the length attributed to the wringing influence

1 : the correction for wavefront errors as a result of imperfect interferometer
optics

ln : the obliquity correction 1s a length correction accounting for the shift in

phase resulting from the optical design and alignment properties inherent in
the interferometer

I : the refractive ndex correction is /,=(n-1)L where n 1s the refractive index of
arr evaluated using a modified version of the Edlen equation
Iz : the gauge block geometry correction accounts for non-flatness and non-

parallelism of the gauge block

l,=_1(; _ i ; | = the phase change correction 1s an end effect correction accounting for
=1 " =) )
the difference in the apparent optical length to the mechanical length
IF : the pate bending correction is the auxiliary plate was bended by the result of
molecular when the measuring faces of the gauge block was wrung to the
auxiliary plate during the measurement.

Ir : the variation of surface texture on the reflection of the hght wave.
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Uncertainty budget for Steel gauge blocks

Source of Uncertainty Probability Stamdard : Canfrbution Unoer,, v
Distribution | Uneer, ufx ;) u iy

Vacuum wavelength; ulA) Momal 7.00E-08 1.00E+00 L 7 00E-09 L 100
Fringe frachon; ulg) Mormal 0.0076 3165000000 241 ]
Refractive index of air; uin)
Edien equation; u(E) Mormal 1.00E-08 L 1.00E-08 L 100
IPRT calibration; uil_,) Marmal 7.50E-03 8.50E-07 LC 7-13E-08 L 100
IFRT resohdion, ull, ) Rectangular|  2.89E-05 9.50E-07 L 2. T4E-11 L 100
IFRT drift; wl_.) Rectangular|] & 77E-03 9.50E-07 L 5 48E-09 L 100
IFRT bridge resistance; ult,, ) MNormal 1.25E-04 9.50E-07 L 1.19€-10 L 100
IPRT Seft heating Rectangular| 2.89E-03 O.50E-07 LiC 2 T4E-0D L 100
Pressure calibration, ulp, ) il 1.60E+DD 2.TOE-09 LFa 4 08E-02 L 100
Pressure resolution; ulp ..} Rectangular) 2.BOE-01 2. TOE-09 LiPa 7.TIE-10 L 100
Pressure drifl; u(p,.u) Rectangular| 2 31E+00 2.TOE-09 LFa B.24e-09 L 100
RH calibsration. wRH ) Marmal B8.60E-1 B.G0E-D9 L% 7.23E-09 L 100
RH resalution; u{Rh,__) Rectangular| 2 80E-02 B.50E-09 L% 2 48E-10 L 100
RH dnift; uiRh .} Rectangular]  5.7TE-M1 B.50E-09 L% 4 ME-D2 L 100
Gauge block temperaiure; ulh
IFRT cabibration, uil. ) Fdarrvigal T.50E-03 1.16E-05 L B G3E-08 L 100
IFRT resohstion; ult__) Rectangular|  2.89E-05 1.15E-05 L 3.3Ze-10 L 100
IPRT drift, wit_s) Rectangular| 577E-03 1.15E-08% L B.64E-08 L 100

IPRT bridge resistance; w(l, ) Mearrrial 1.25E-D4 1.16E-05 L 1 44E-09 L 100
IPRT Seft heating Rectangular| 2.83E-03 1.15E-05 L 3.32e-08 L 100
Temperature gradient; uiﬂ] Rectamgular, 5.7TE-03 1.15E-05 L B G4E-08 L 100
CTE; wilt) Rectangular|  2.89E-07 2.00E-01 L 5.7TE-DE L 100
Winging influence; wil ) Rectangular 5.00 1 a.00 100
Obsquity; uily)
Pinhale radius, u(l,) Rectangular|  7.30E+02 417E-14 L 3 04E-11 L 100
Colimator aperbure; ufl,) Rectangular| 1.60E+04 333E13 L 5.00E-09 L 100
Phase change cormechon; u{ly) Rectangular 6.00 1 6.00 100
Flatness and Farallel; ufl;) Rectamgular 257 1 257 100
Wavefront ermor; wil,) Rectangular) 346 1 346 100
EBending of plate; ull) Rectangular 5.00 1 5.00 100
Varation of roughness; u(lg) Rectamgular) 0,00 1 0.00 100

Combined standard uncertainty (k =1}, u_ 12.90 1.45E-07 L
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Uncertainty budget for tungsten carbide gauge blocks

Source of Uncertainty Probability | Standard ., Confribution Uncer., VL
Distribution | Uncer, uix ) u vl
WACUUM wavekengin, l..I[:"n.] Momsal T.00E-09 1.00E+00 L T.00E-09 L 100
Frinige fraclion, wE) Nafmal 00076 316.4955175 24 9
Refractive index of air; ujn)
Edien equation; u(E) Marmal 1.00E-08 L 1.00E-08 L 100
IPRT calibraton; uil,) Mormal T.S0E-03 950E-OT Lz TA3E-09 L 100
IPRT resclution; uit,,) Rectanguiar) 2.89E-05 9.50E-07 Lic 2 TAE-11 L 100
IPRT drift; Uil ) Rectanguiar) S5.7TE-03 9.50E-07 Lic 5.48E-09 L 100
IPRT bridge resisiance, u{t, )| Normmal 1.25E04 9 50E-OT LAz 1.19E-10 L 100
IPRT Sefi heating Rectanguiar) 28903 9.50E-07 Lic 2 TAE-0R L 100
Pressure calibraton; ulp.) Hormal 1.50E+00 2.TOE-09 LiPa 4 05E-09 L 100
Pressure resclution; u{p ) |RECtanguiar  2.83E-01 2. TOE-09 LiPa T.78E-10 L 100
Pressure drift, uip_ ) Rectanguiar 2.31E+00 2. TOE-09 LiPa 6.24E-09 L 100
RH calibraion, u{RH_;) Narmal 8.50E-01 8 50E-09 L% T.23E-09 L 100
RH resclution; uRh__, Rectangular  2.89E-02 8.50E-09 LM% 2A5E-10 L 100
RH drift;, U{RN ) ReCtanguiar 5.7TE-01 8 50E-O9 LM% 4 91E-09 L 100
Gauge block temperature; ufl)
IPRT calibraton; ufl, ) Narmal T.50E-03 4 H0E-06 L 3 3BE-08 L 100
IPRT resolution; uil,..) Fteclar'g.llal] 2 B89E-05 4 50E-06 L 1.30E-10 L 100
IPRT drifl; uit ) Reclangulall S.TEADS 4 S0E-DG L 2 BOE-DE L 100
IPRT bricige resistance; u(l,.)| Normmal 1.25E-04 4 S0E-O6 L 5.63E-10 L 100
IPRT Sefi heatng Rectanguiar 28903 4 S0E-06 L 1. 30E-08 L 100
Temperalure gradient; ui®)  |Rectangulall  5.77E-03 4 S50E-06 L 2 BOE-08 L 100
CTE uidt) Rectanguiar)  2.89E-07 2.00E-0 L 5.7TE-08 L 100
Wringing infuence; il Rectangutar 900 1 2.00 100
Coliquity; (i)
Pinhole radius, ufl ) Fte-clangulai] T.A0E+D2 4 17E-14 L J04E-11 L 100
Collimator aperture; u(L) Faeuarg.na-l 1.50E-=04 3.33E-13 L 5.00E-089 L 100
Phase change carmeciion; ufly]Reciangularn 6.040 1 5.00 100
Flatness and Parallel; u(l;) Fteclar'g..llal] 2587 1 2587 100
Wavefront emor; ul,) Fteclargulznl 346 1 3.46 100
Bending af plate; ujl) Reclangulaal 6.00 1 5.00 100
ariation of roughness; uily)  |Rectangular 0,00 1 0,00 100
Combined standard uncertairty (k=1), us 1280 | 7.99E-08 L
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3. NIM

Measurement Function (mathematical model of measurement):

The phasze shifting interferometer for short gauge block iz used for measuring the center length of the gauge block
with wringing onto a platen. The measured length [ of the gange block can be expressed as

q
— 1 ':ki+F|':|-'Li
l =2 _El ———— — La(t; - 20)

The model equation includes all corrections to the measured value of gauge block length due to influences
parameters impacting on measuring results and can be expressed as

= ggfﬂm — La(t, —20) + 81, + 8lg + 8y + Shy + 8l + 8lg
Definition of variables in the measurement function:

L Wominal length of zauge block

| —— The length of measured gavge block at a reference temperature of 20°C

k; —— Integer part of fringe order

F; ——Fractional part of fringe order

Aec
g— Number of wavelengths used to determine length, based on the method of exact fractions
Refractive index of air

Vacuum wavelength

b
p—Pressure of air

{ —— Temperature of air

J—— Humidity of air

Carbon dioxide content
t;—— Temperature of zauge block

X

o —— Thermal expansion coefficient of gauge block
&, —— Obliquity correction — size of the source aperture

&n Obliquity correction — alignment error of the entrance aperture of the collimating assembly (expectation
value equals zero)

a Correction for wave front errors as a result of imperfect interferometer optics (expectation value equals
Zero)
&l Correction accounting for flatness deviation and variation in length of the gauge block (expectation value

equals zero)
&
il

Correction accounting for the wringing film (expectation value equals zero)

Phase change correction
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Uncertainty budget for steel gauge blocks

source of standard sensitive . uncertainty degrees of
uncertainty uncertainty coefficient p.rol:-rabllllty contribution freedom

X, u(x,) ¢ distribution ” v
633nm vacvum | 43.010-3, LiJ: normal 0.03x10¢L 50
wave length
543nm vacuum 2 5x1078A Lii normal 2.5x1073L 50
wave length - e e -
Refractive index| ) 41075 L normal 2.64x107 L 44
of air
Fringe fraction .
of 6330m laser 0.01 A2 normal 3.2 nm a
Fringe fraction 0.01 =2 normal 2.7 nm 9
of 543nm laser ’ e ’
Gauge block 9.0x 1073 Lex rectangular 072x108L 50
temperature
Thermal
expansion 2.89x10°7C 1 Lit=-20) rectangular 3TT=1078L 12
coefficient
Source size 28 87 um dL/8R rectangular 0.67x1078L 12
Alignment error | 0.26x1078 L 1 rectangular 0.26x1078 L 2
Wave front 3.0 nm 1 rectangular 3.0 nm 12
EITOrS
Wringing film 3.0 nm 1 rectangular 3.0 nm 12
Phase correction 3.5 nm 1 rectangular 35nm 12
Gauge block
flatness and 0289 mm 40.4 nm/7.4mm| rectangular 1.6 nm 12
parallelism

combined standard uncertainty (k=1) Q7 nm +
u, 0.12x107¢L]
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Uncertainty budget for tungsten carbide gauge blocks
source of standard sensitive . uncertainty degrees of
uncertainty uncertainty coefficient F.'l.r(.'ll:-labﬂll'h,f contribution freedom
X, ulx,) c distribution u, v

633nm vacuum | ) 43,901y, Lij normal 0.03x10%L 50
wave length

343nm vacuum 2 531078 LiA normal 2.5x1072L -0
wave length - e e -

Refractive index| ) ¢4 1075 L normal 2.64x102 L a4
of air

Fringe fraction o

of 633nm laser 0.01 A2 normal 32 nm 9
Fringe fraction 0.01 A=/2 normal 2.7 nm 9
of 543nm laser ’ e ’

Gauge block 91073 La rectangular 405x102L 50
temperature

Thermal

exXpansion 5.77x1077C1 Ltz 200 rectangular 11.55=108L 20
coefficient

Source size 2887 um dL/Ef rectangular 0.67=1078L 12
Alignment error | 0.26x1078L 1 rectangular 0.26x10%L 2
Wave front 3.0 nm 1 rectangular 3.0 nm 12
EITOIS

Wringing film 30am 1 rectangular 30nm 12
Phase correction 3.5 nm 1 rectangular 3.5 nm 12
Gauge block

flatness and 0289 mm 40,4 nm/7.4mm| rectangular 1.6 nm 12
parallelism

combined standard uncertainty (k=1) Q[7 nm +
u 0.13x1078L]
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4. NMU/AIST

Measurement Function (mathematical model of measurement):

.
q

q _
> (x; +F,)%+At‘g - L+ dlg+Alg+8,4 +lg + Sy, + Ay
i=1

Definition of variables in the measurement function:

/

L

Fi

Aty

d

{ill o

{_1.:5

o

(.?G

length of the gauge block at the reference temperature of 20°C;
nominal length of the gauge block;

number of wavelengths used for the determination of the length based on the method of exact
fractions (i=1, .., q);

integer part of number of half wavelengths within gauge block length (fringe order);
fractional part of fringe order;

vacuum wavelengths of the different light sources used;

index of refraction of the air;

= (20 - t;) is the difference of the gauge block temperature t; in °C during the measurement from
the reference temperature of 20 °C;

linear coefficient of thermal expansion of the gauge block;

obliquity correction for the shift in phase resulting from the angular alignment errors of the

collimating assembly, with zero expectation value (ﬂg) =)

aperture correction accounting for the shift in phase resulting from the finite aperture diameter s
of the light source:

32

o
162

fis the focal length of the collimating lens;

s

correction for wave front errors as a result of imperfect interferometer optics, with zero

expectation value (&'A) =0

correction accounting for flatness deviation and variation in length of the gauge block, with zero

expectation value (ﬁg) =0;

Final Report

Hw  length attributed to the wringing film, with zero expectation value <aw) =0, since the length of

the gauge block is defined to include the wringing film;

Aly  phase change accounting for the difference in the apparent optical length to the mechanical

length.
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Uncertainty budget for steel gauge blocks
source of standard sensitive S uncertainty degrees of
uncertainty uncertainty coefficient RrObab'"w contribution freedom
distribution
'r! u(xi) c,‘ u‘, V!.
AL LA 1.46x10* - L iniise 1.46x10° L
n 2.80x10°* L s 2.80 x 10° L
ol 4 5nm 1 Uniform > nm
s 1.73 pm EBHI0L | s 11.08x10°L
8o 144x10%rad | 1.69x10*L | oo 2.45x10°L
AL 9.76 x 107 K 10.8x10°L Urifsin 1.055%H L
a 2.89x 107 K 0.02L Uniform 5.78x10° L
ol 5nm 1 Normal F
F; 5nm 3 Nl 5 nm
Aly 8.66 nm . | Noitiial 8.66 nm
combined standard uncertainty (k = 1) \/12.22 +(0,11>< L)?- i
u ;
< (L: mm)
Uncertainty budget for tungsten carbide gauge blocks
source of standard sensitive P | uncertainty degrees of
uncertainty uncertainty coefficient ;r:tf;blll'w contribution freedom
istribution
xr' u (xi ) cr' ul’ V!.
Al A 1.46x10°* L i 1.46 x 10° L
n 2.80x10°® L Rl 2.80x10°L
Ol4 5nm 1 Uniform 5nm
s 1.73 um 6.25x10%°L | yaieo 1.08x10° L
Olo 1.44 x 10° rad 1.69x 10" L Uniform 2.45x10° L
Aty 9.76 x 107 K 4.5x10°¢L Uniform 4.39%x 10%L -
o 5.77 x 107 K™ 0.021L Litsibiocis TA5 %109
Ol 5 hm 1 Norivial 5 nm
Fi 5 nm 1 Nortial 5 nm
Aly 7.88 nm | Noirnal 7.88 nm
combined standard uncertainty (k = 1) \/l 1.7%+ (0.055>< L)Z nm
U
“ {L: mm)
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5. MSL

Measurement Function (Mathematical Model of Measurement)

The length |

of the gauge at the reference temperature of 20 *°C is given by:

A
= Z—i(ﬂ +1ky) + Ogal + SlogL + 81y + 8l + 81, + Aly + AL,

Definition of Variables in the Measurement Function

Term Description of Term
L The nominal length of the gauge
Ay Vacuum wavelength of the red laser source
n Index of refraction of the air
Fi Fractional part of the fringe order for the red laser source
Ky An integer number representing the fringe order
g Amount the gauge departs from reference temperature 6, = t — 20 °C
@ Linear coefficient of thermal expansion of the gauge block
8lns Obliquity and aperture corrections
Sy Correction for wave front errors as a result of imperfect optics
6l Correction due to the flatness deviation and variation in length
Oly Length attributed to the wringing film
Alg Phase change
Al, Change in length due to compression of the gauge block under its own weight when
measured in the vertical orientation
Uncertainty Budget
Source of Standard Sensitivity Probability Uncertainty Degrees of
uncertainty uncertainty coefficient distribution | contribution freedom
u(n) 0.028 x 10° L normal 0.028 x 10°L |37
(o) 2645x 10°nm | L/do rectangular | 0.004 x 10°L | 50
u(fg) 0.004 K al normal 0.018 x 10°L | 50
u(e) 0577 x 10°K™" [ u(8y)L rectangular | 0.042 x 10°L | 50
u(8los) 0.040 x 105 L normal 0.040 x 105L | 50
u(F1) 4 nm 1 normal 4 nm 14
u(ély) S nm 1 normal 5 nm 50
u(él) 2nm 1 normal 2 nm 50
u(élw) 5 nm 1 normal 5nm 8
u(4dls) 7 nm 1 normal 7 nm 7
u(4ly) <1 nm 1 normal 0.5 nm 50
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6. NMIM

Measurement Function (mathematical model of measurement):

1 A; - -
I=— E (1, +Fy) o—+dty - a - L+l +Al+0l,+0lg+dly,+Al,
q = 2n

Definition of variables in the measurement function:

F,
A

Ats

814

§ls
5l

Alg

length of the gauge block at the reference temperature of 20°C
number of wavelengths used for the determination of the length based on the method
of exact fractions (i=1, ..., g)
integer part of number of half wavelengths within gauge block length (fringe order)
fractional part of fringe order
vacuum wavelengths of the different light sources used
index of refraction of the air
|20 - | is the departure (in °C) of the gauge block temperature t: from the reference
temperature of 20°C during the measurement
linear coefficient of thermal expansion of the gauge block
nominal length of the gauge block
obliquity correction for the shift in phase resulting from the angular alignment errors
of the collimating assembly, with zero expectation value

(0lp) =0
aperture correction accounting for the shift in phase resulting from the finite aperture
diameter s of the light source

=
A, =—
I6f

fis the focal length of the collimating lens
correction for wave front errors because of imperfect interferometer optics, with zero
expectation value (él,) = 0
correction accounting for flatness deviation and variation in length of the gauge block,
with zero expectation value {dl;) = 0
length attributed to the wringing film, with zero expectation value (4l,,) = 0, since the
length of the gauge block is defined to include the wringing film
phase change accounting for the difference in the apparent optical length to the
mechanical length

L
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Uncertainty budget for steel gauge blocks

SOURCE OF UNCERTAINTY STANDARD SENSITIVITY COEFFICIENTS, | proBapiLmy | UNCERTAINTY CONTRIBUTION | pegpeesoF
X
e UNCERTAINTY, ufx,} ¢ =515, DISTRIBUTION u, =ufx) |, [nm] for L [mm] FREEDOM, v
Value Unit Formula Calculation Absolute Relative
Fitted Length, u,{l,,)
Frequency Stabilised He-Ne laser | B.00E09 Lgh * 126588 © L Normal 0.006 "rmL(mm)| 1000
633 nm (red) calibration, uA)
Freguency Stabilised He-Ne |aser
543 nm [green) calibration, uff) 5.00E08 LA, ° 108703 T L Mormal 0.005 “nmiimm)| 1000
Red Fringe Fraction, u(F) 0.01 fringe M2q : 158.25 Rectangular 1.6 nm 10
Green Fringe Fraction, u(F,) 0.01 fringe ]\;ﬁ.q Y 13588 Rectangular 1.4 nm 10
Red Fringe Integer, ujx,) 1] M 2g b 158.25 0.0
Green Fringe Integer, ulk,) 1] ]\;ﬁ.q 135.88 0.0
Difference in temp. of gauge 0.281 nm L{mm) 1000
block from 20°C, u, (At,)
Gauge Temperature Calibration
(PT100)
bl bl bl
T1 Platen, u(8,) 0.015 “C ol 108605 /°CL Normal 0.162 nm L{mm}) 1000
T2 Air, u(B,) 0.015 Yo ol 108605 /°CL Normal 0.162 nm L{mm) 1000
bl
T3 Gauge, ulb.) 0.015 “C ol 108E05 /°CL Mormal 0.162 nm L{mm)}) 1000
Resolution, u(g,) 0.0003 Yo ol 108E05 /°CL| Rectangular 0.003 nm L{mm) 1000
Thermal Expansion Coefficient, 577EDT Jrc AL ) 0.1 “CL Rectangular 0.06 nm L{mm) 1000
u o)
1

MNominal Length of gauge block, 0 At 1.0BE-D6 [1]
ulL)
Higher order terms 0.026 L 1 Rectangular 0.03 nmL{mm) 1000
(Obliquity Correction, u(51,) 0.01 Y Lom 1 Rectangular 0,01 nmL{mm) 1000
Aperture Correction from 0.007  Lrm 1 Rectangular 0.007 nm L{mm) 1000
Source Size, u{Al)
Wavefront Errors Correction, N
ulsl,) 5 nm 1 Rectangular 5 nm 1000

0.048 1000
Refractive Index of Air, u(sl,) 468E08 L Rectangular 0047 “rmimm)| 1000
Edlen eguation, u(f) 10008 T L Rectangular 001 nmL{mm) 1000
Parallelism [ Flatness, u(&l;) 25 ¥ mm 1 Rectangular 25 nm 1000
'Wringing, u(&1,) 10 T im 1 Rectangular 10 nm 10
Phase Change Correction, u(fly, B.539 T im 1 Rectangular 8.5 nm 1000
(Combined Standard Uncertainty (k=1), u,_ 14 nm | 0.29 nm Limm) 43
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Uncertainty budget for tungsten carbide gauge blocks
SOURCE OF UNCERTAINTY x STANDARD SENSITIVITY COEFFICIENTS, | PROBABILITY UNCERTAINTY CONTRIBUTION | hecpeps oF
1| UNCERTAINTY, ufx;) ¢ =5f/3,; DISTRIBUTION |  w;=u(x) |cg| [nm]forL[mm] |FREEDOM, v;
Value Unit Formula  Calculation Absolute Relative
Fitted Length, u.(l5)
Frequency Stabilised He-Ne laser | 8.00F-09 1/gh, 126598 © L Normal 0.006 'nml(mm)| 1000
633 nm (red) calibration, u(A,)
Frequency Stabilised He-Ne laser
543 nm {green) calibration, u(A,) 5.00E-09 ok,  1087.03 © L Normal 0.005 "nm Limm)| 1000
Red Fringe Fraction, u(F,) 0.01 fringe Af2q h 158.25 Rectangular 1.6 nm 10
Green Fringe Fraction, u(F,) 0.01 fringe Ae/2q " 13588 Rectangular 1.4 nm 10
Red Fringe Integer, u(k;) 0 A/2q Y 15825 0.0
Green Fringe Integer, u(k,) 0 A/2q 135.88 0.0
Difference in temp. of gauge 0.117 nm L{mm) 1000
block from 20°C, u,(At,)
Gauge Temperature Calibration
(PT100)
- Al Al
T1Platen, u(8,) 0.015 °c al 450E-06 /°CL Normal 0.0675 nm L{mm) 1000
~
T2 Air, u(B,) 0.015 °c al 4.50E-06 /CL Normal 0.0675 nm L{mm) 1000
~
T3 Gauge, u(B;) 0.015 °c al 4.50E-06 /°CL Normal 0.0675 nm L{mm) 1000
~
Resolution, u(8.) 0.0003 °c al 4.50E-06 /°CL| Rectangular 0.001 nm L{mm) 1000
Al
Thermal Expansion Coefficient, 5.77E-07 fc Atg.L 0.1 °CL| Rectangular 0.06 nm L(mm) 1000
ufa)
Al
Nominal Length of gauge block, 0 Atg.a 4.50E-07 0
ufL)
Higher order terms 0.026 L 1 Rectangular 0.03 nm L{mm) 1000
Obliquity Correction, u(8l) 0.01 T Lnm 1 Rectangular 0.01 nm L{mm) 1000
Aperture Correction from 0.007 Lnm 1 Rectangular 0.007 nm L(mm) 1000
Source Size, u(al)
Wavefront Errors Correction, =
u(5ly) 5 nm 1 Rectangular 5 nm 1000
0.048 1000
Refractive Index of Air, u(él,) 4.68E-08 L Rectangular 0.047 "nm L{rmm) 1000
Edlen equation, u(E) 1.00E-08 L Rectangular 0.01 nm L{mm) 1000
Parallelism / Flatness, u(6ls) 2.5 N nm 1 Rectangular 2.5 nm 1000
Wringing, u(bl,,) 10 N nm 1 Rectangular 10 nm 10
Phase Change Correction, u(alg)| 8.539 nm 1 Rectangular 8.5 nm 1000
Combined Standard Uncertainty (k=1), u, 14 nm | 0.14 nmL{mm) 43
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C2. Uncertainty budgets for long gauge block calibration
1. KRISS
Measurement Function (mathematical model of measurement):
e=L-1,
= {%{m +F)=L(n=1)=Lia(te =20)+1, +1 +1. +1, +1,, +1; } -,
Definition of variables in the measurement function:
e: deviation of central length from nominal length
L: central length of gauge block
Lo: nominal length of gauge block
A: vacuum wavelength of red laser
ni: integral part of the interference order
F: fractional part of the interference order
n: refractive index of air
a.: thermal expansion coefficient of gauge block
Ier: temperature of gauge block
ly: phase correction
lw: correction for wringing layer
Ig: correction for aberration of optics
Ia: correction for aperture effect
lov: correction for obliquity effect
la: correction for geometrical effect (non-central positioning)
Uncertainty budget
source of standard sensitive uncertainty degrees of
uncertainty | uncertainty coefficient probability contribution | freedom
x, u(x,) c distribution u, v,
L 5.82E-09 x). Lo/ Normal 5.82E-09 Lo ©
m 0 - - 0.0 nm -
F 0.031 316.5 nm t 9.8 nm 29
n 5.68E-08 Lo Normal 5.68E-08 Lo o0
o 5.77E-07 /°C 0.055°C x Lo Rectangular 3.18E-08 Lo 50
fen 6.2E-03 °C -10.8E-06/°C Lo Normal 6.70E-08 Lo a0
ls 5.8nm 1 Rectangular 5.8 nm 50
Iw 6.9nm 1 Rectangular 6.9 nm 50
le 8.1nm 1 Rectangular 8.1 nm w0
Ia 3.21E-11x Lo 1 Trapezoidal 3.21E-11 Lo 50
D 2 886.8 nm L11E-14/nmxLo Rectangular - 50
[ 288 675.1 nm 7.41E-19/nmxLo Rectangular - 50
lob 4.15E-10 Lo Rectangular 4.15E-10 Lo 50
I 2.4 nm 1 Rectangular 2.4 nm 50
lzc:sii':; 3.58E-09 Lo - 3.58E-09Lo | -
combined standard uncertainty (k = 1)
e = Q[15.8, 0.094 Lo] nm (Lo in mm) or u. = Q[15.8 nm, 0.094x10° L] Veff > 204
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2. NIMT

Measurement Function (mathematical model of measurement):

L=l 48, +8, +8, +d,, +d, - Llaxd)+ (6axar)-o, - o

LAY

Definition of variables in the measurement function:

[ : Length of the unknown gauge block at reference temperature (t; = 20 °C)
[ : Length of the reference gauge block at reference temperature (t; = 20 °C)
o, :  Change of the length of the reference gauge block since its last calibration

due to drift
oy ¢ Observed difference in length between the unknown and the reference
gauge block
ol Variation in observed length difference by influence of the comparator
L : Nominal length of the gauge block
a = S £0% Average of the thermal expansion coefficient of the unknown

2

and reference gauge block

ot = t, ~t, . Temperature difference between unknown and reference gauge
block
Oa = w, —a,: Difference in the thermal expansion coefficient between the

unknown and reference gauge blocks

Ar = (r\_ s J —t,: Deviation of the average temperature of unknown and
reference gauge block from reference temperature
Ol : Variation in length of the unknown gauge block
Olys : Variation in length of the reference gauge block
Oy : Influence in length due to non-centric touching of the measuring faces of
the unknown gauge block
Al gg : Influence in length due to non-centric touching of the measuring faces of

the reference gauge block
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Uncertainty budget for the 400 mm long gauge block

<00

Uncertzinty udget of Stesl Long Gasge Block mm
Quastity Titimats USru_al_fd | Destasiey Semsitivity —_Tnur_:a-rhinty ‘i“?"
neertainty ) coafficiant contribstion ~
X . distrbstion freadom
nx ;) [ H'.f\" L§
RofCE (7., 400 m| 265ED02 pm| Nermal 1 2.65E-02 pam 100
Dnﬁnfhfc_é (S'DJ {wwﬂ 591}1.1_;}1 m 'R,ﬂ“.,,jhf“ . 5905-{]\_.__._.;;_ . 1[)0
‘mnn DfRefGB(MTF’ “ﬂm - "050; m - Nm ) . TOE_M........;;. . mu
Wonceniric touch Rel GB rﬁ.:‘(-; .00 "n:n- 1 20E-01 pm | Rectangslas 1 1.20E-02 an 100
Repeat of meas (&/pgp ) .00 mm| 0OME-00 wm| Nomal 1 0.MEH um a
Ace of comparator / 8/, ) 0.00 mm| 290E02 pm|Ractarmlar 1 200E02  pee | 100
Temp difforent (a - Ei} o 000 - 3 13E.07 Spaeial 400 am| -123ED1 0 pem 100
Them:il expmsinn di:&'erent {Sn . .‘_'!.E] 0.00 ] Al‘lf':-i]'1 S;Ef-ial A0 mm| 3 Ei-iE—[I"' m 100
\Iurlcen‘mctouch LLC f 6.%) 0.00 mm| 1.73E-02 |..m Ra:ts.r.guh: -i -1 73E-01 uzr_ 100
\ ariation nfUU'C { Biyr ) 'EC'U 'n:n ISOOE-OS ";..'m Ra:ta.r_sula:“” —1 —S.OOZE.—OE"""”;.;; IE!D
Res of comparator (&7 ) 0.00 mm| 290E-03 pm | Rectangsla 1 230E-05 pm | 100
Elastic deform 8/ ¢5:) .00 mm| 230E-03 pm | Rectarmslar 1 2.30E03 o= | 100
combinsd standacd pacartzinty . (A=) 0.160 pre | 236
Uncertainty budget for the 500 mm long gauge block
Uncartainty dudest of S122] Loag Gangs Block 300 mm
¥ . - dutribution fraedom
) ] wix ) e, ) ur
Ref GB 7. ) 500 tm| 3.15E-02 pm|  Nosmal 1 3.15E-02  pm | 100
Drift of Ref GB (57 ) 0.00 rmem | B40E02 | Rectanguler 1 | 840E02 pm| 100
Veriation of Ref GB ¢&/42) 0.00 mm|900E03 pm| Nosmal 1 900E03 pm| 100
Noncentric touch Ref GB ¢/ 8/ | 0.00 pm | Rectangular 1 1I0E02 pm | 100
.Repeat of meas (é/pp) 0.00 reum nm \Icmr.ﬂ 1 CI'DO"—OD pm ......... 3 .......
.-L':a: ﬁfccnmpmtor _r‘ 5.'c ) 0.00 rem pm | Ractangulae 1 260E-02 pm | 100
r,mp dﬂﬁm‘ (“ 53} . ﬂ:}r sw,ﬂ ~,|}ﬂmm . .-l ‘E-“um 1{;{]
Themal e*.zpanﬁwﬂ dﬁfer-?ﬂt (éa M’) 0.00 l 415--0” Special 500 mm| -TOIE0Z pm | 100
VnncmnnctouChthcfasz q:x“;;; = 3501“:;;"{;;;¥;;; HMMfImmm“”;lTEE{Qmulég,njaa“
Variation of UUC ¢ &/,-- ) 0.00 mm | SO0E-03 um| Reciangular -1 -5 0E-03  pm | 100
Res of comperator (57 ) 0.00 rom | 2.80E-03 pm| Rectanzular 1 280E03 pm | 100
Elastic deform (6/s/: ) 0.00 mm| 230E-03 un| Rectangular 1 230E-03  pm | 100
combinad standard vncartainky 1 (2= ) 0.108 pm | 225
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3. NIM

Measurement Function (mathematical model of measurement):

The phase shifting interferometer for long gauge block 1s used for measuring the center length of the gauge block
with wringing onto a platen. The measured length [ of the gauge block can be expressed as

q

150 (kg + FiA
= EZLT— L(I(Ig - 20)
i=]

The model equation includes all corrections to the measured value of gauge block length due to influences
parameters impacting on measuring results and can be expressed as

_lxa
I_Q_Ele

Definition of variables in the measurement function:

(ki+Fi)Af

- La(t, — 20) + 81, + 8lg + 8l + 8l + 814 + 8l

L —— Nominal length of gauge block

! — The length of measured gauge block at a reference temperature of 207

ki — Integer part of fringe order

F; Fractional part of fringe order

Aiz Vacuum wavelength

g —— Number of wavelengths used to determine length, based on the method of exact fractions
" Refractive index of air

P Pressure of air

t —— Temperature of air

f — Humidity of air

x —— Carbon dioxide content

Iz Temperature of gauge block

& —— Thermal expansion coefficient of gange block

Als Obliquity correction — size of the source aperture

dln Obliquity correction — alignment error of the entrance aperture of the collimating assembly (expectation
value equals zero)

dla Correction for wave front errors as a result of imperfect interferometer optics (expectation value equals
Zero)

dlg Correction accounting for flatness deviation and variation in length of the gauge block (expectation value
equals zero)

Sl Correction accounting for the wringing film (expectation value equals zero)

o Phase change correction
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Uncertainty budget
source of standard sensitive - uncertainty degrees of
uncertainty uncertainty coefficient p.rol:.rabllllty contribution freedom
X, u(x,) ¢ distribution ” v
633nm vacuum |4 43901, LiZ normal 0.03x107L 50
wave length
S43nm vacuum | oy, Lijs normal 2.5x1078L 50
wave length
Refractive index) 5 ¢4 105 L normal 264x105L a4
of air
Fringe fraction - -
of 6330 laser 0.015 A2 normal 4.8 nm 9
Fringe fraction 0.015 12 normal 41nm 9
of 543nm laser ’ e ’
Gauge block 5.2x1073C Lo rectangular 5.62x10°=L 50
temperature
Thermal
EXpansion 2.89x1077( 1 Lt —20) rectangular 4 62x1078 L 20
coefficient
Source size 2887 um dL/8 rectangular 0.11=10=L 12
Alignment error|  0.17x1078 L 1 rectangular 0.17=107EL 2
Wave front 35 nm 1 rectangular 3.5 nm 12
EIrors
Wringing film 35 nm 1 rectangular 3.5nm 12
Phase correction 5.0 nm 1 rectangular 5.0 nm 12
Gauge block R — )
flatness and 0289 mm |Y80°F(2ex107L) rectangular Q[3. lEn_m,ﬂ_Q-lX 12
. 7.4 1078L]
parallelism
combined standard uncertainty (k=1) Q10 nm +
u B 2x10780)]

(4
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4. NMIA

Measurement Function (mathematical model of measurement):

Length of test bar at 20 °C = R + &L, + Rnom@(8-20) - (Thom@:(6-20))

Definition of variables in the measurement function:

Where:

R is the reported reference gauge block length at 20 °C.

6L,, isthe difference between the laser readings on the reference gauge block and the length bar.
0 is the temperature of the reference gauge block / length bar at the time of measurement.

o, is the coefficient of thermal expansion (CTE) of the reference gauge block.

o is the coefficient of thermal expansion (CTE) of the length bar.

Rmom IS the nominal length of the reference gauge block (ref).

Toom isthe nominal length of the length bar (test).

Uncertainty budget

source of standard sensitive uncertainty degrees of
uncertainty uncertainty coefficient probability contribution freedom

X 2 f(.l‘: ) c, distribution u, v,

Air Temp. 0.058 C 1.0 nm/mm/C normal 0.043 L 10
Air Press. 0.077 hPa 0.3 nm/mm/hPa normal 0.023L 30
Rel. Hum. 1.2 % 0.033 nm/mm/%RH normal 0.040 L 30
Alignment 2.5e-4 rad 250 nm/mm normal 0.062 L 10
CTE of test. 5.8e-7/C 2.5e-5 nm.C normal 0.144 L 10
Temp. diff. test 0.029C 10.8 nm/mm/C normal 0.312L 30
Laser calib. 35.7 nm 1.0 normal 35.7 30
Ref. gauge blockl 15.0 nm 1.0 normal 15.0 30
Secular change 59 nm 1.0 normal 59 30
CTE ref. g.b. 5.8e-7/C 2.5e-5nm.C normal 0.1 10
Temp. diff. ref 0.035C 10.8 nm/mm/C normal 0.4 30
Repeatability 56.6 nm 1.0 normal 56.6 43
combined standar; uncertainty (k= 1) Q[74,0.36 L] 75
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5. NMU/AIST

Measurement Function (mathematical model of measurement):

=

q

12(&',- +F,-)%+Atg oL+ +dlg +0,+0g+d, + Ay

i=1

Definition of variables in the measurement function:

/

L

At,

lﬂ )

s

length of the gauge block at the reference temperature of 20°C;
nominal length of the gauge block;

number of wavelengths used for the determination of the length based on the method of exact
fractions (i =1, .., g);

integer part of number of half wavelengths within gauge block length (fringe order);
fractional part of fringe order;

vacuum wavelengths of the different light sources used:

index of refraction of the air;

= (20 - t;) is the difference of the gauge block temperature £; in °C during the measurement from
the reference temperature of 20 °C;

linear coefficient of thermal expansion of the gauge block;

obliguity correction for the shift in phase resulting from the angular alignment errors of the

collimating assembly, with zero expectation value (&Q} ={-: .

aperture correction accounting for the shift in phase resulting from the finite aperture diameter s
of the light source:

32

-—— 1
16f2

fis the focal length of the collimating lens;

]

correction for wave front errors as a result of imperfect interferometer optics, with zera
expectation value <3A> =0

correction accounting for flatness deviation and variation in length of the gauge block, with zéro

expectation value ‘(‘?G} =0:

d.,  length attributed to the wringing film, with zero expectation value {ﬂw> =0, since the length of

the gauge block is defined to include the wringing film;

Ay phase change accounting for the difference in the apparent optical length to the mechanical

length.
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Uncertainty budget
source of standard sensitive o uncertainty degrees of
uncertainty uncertainty coefficient probability contribution freedom
distribution
xr' I“I[‘xr'.} C! “:‘ Vf
AL A 2.5x10 L Orifaeit 25x 1071 | - &3
n 1.85x10° L Néimal 1.85x10%L |
Ny 5.8 nm 1 Cisiarm 5.8 nm =
g 5 pum 39x10°°L Uil 195xi0™i |
o 2.56 % 10" rad 1.72x10° 1L it 441071 e
Aty 6.72 %107 K 1L.SX10°L" | yniform 7.26 x10°L | .o
o 577 x107 KT 0.05L Ui 144 x10%1L -
o, 4.1nm 1 Bl 4.1 nm e
F; 3.2 nm 1 [ —— 3.2 nm e
Alg 8.7 nm 1 Mormal 8.7 nm oo
combined standard um:ertai'nt';r (k=1) \lll 1.72 _,_(ﬂ 085 xL)x nm
u
¢ {L: mm)

* Although the coefficient of thermal expansion (10.8 £ 0.5) x 10° K was used to obtain the
measurement results, (11.5 £ 1.0) x 10° K* was used in the uncertainty evaluation following our

technical manual for long gauge block.
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6. MUSSD
Measurement Function (mathematical model of measurement):
SL=L,+D+d, —L[6af; +a,66] — L,
Definition of variables in the measurement function:
&L deviation of the length of the test gauge block from its nominal length
L.: length of the reference gauge block at 20 °C
D central length deviation between the test and reference gauge blocks
d, - quantity describing the systematic effect of the comparator used
ag: thermal expansion coefficient of the reference gauge block
o thermal expansion coefficient of the test gauge block
Go = @ — @, difference in thermal expansion coefficients
8, average temperature deviation of the test gauge block from 20 °C
48 temperature difference between the test and reference gauge blocks
L,,: nominal length of the test gauge block
Uncertainty budget
source of standard sensitive uncertainty degrees of
: : - probability P
uncertainty uncertainty coefficient contribution freedom
) distribution )
X, u(x,) c, u, v,
Calibration of
reference 28 nm (k=2) 1 Normal 28 nm o]
standard
Random effect 10.2 nm 1 t-distribution 10.2 nm 4
of readings
*Thermal
expansion 0.115x 107%°C™! 0.131, Rectangular 0.015 x 1071, 50
coefficient
Systematic
effect of the 40 nm (k=2) 1 Normal 40 nm o]
comparator
Temperature
difference
between the 0.029 °C 11.5x 1078 [, Rectangular 0.33x107°1, oo
test block and
reference block
*Difference
between
thermal 0.4 x 106 °C1 0.07 1, Rectangular | 0.03 x 10761, 50
expansions of
the gauge
blocks
combined standard uncertainty (k = 1) u, (400 mm) 153 nm Infinite
(500 mm) 172 nm Infinite

*degrees of freedom are 50 based on a 10 % relative uncertainty
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7. sCL

Measurement Function (mathematical model of measurement):

L =5(1-bab—o;068-5ad6)+R

Definition of variables in the measurement function:

L: Measurand, central length of the gauge block under test at 20 °C

S: Central length of standard gauge block at 20 °C

o Coefficient of thermal expansion of standard gauge block

& Temperature deviation from 20 °C of the standard gauge block (T — 20 °C)

oa: Difference in coefficient of thermal expansion between the standard and test gauge block

(erag)

o8 Difference in temperature between the standard and test gauge blocks (& 6,)
R: Reading of comparator

Uncertainty budget 400 mm

. standard sensitive . uncertainty degrees of
source of uncertainty uncertainty coefficient | Probability contribution freedom
X, ) distribution
u(x;) G u, v,

o tandard g208¢ | 30,61 nm 1 Nommal | 30.61 nm oc

ock

Drift of standard 2.55nm 1 Rectangular | 2.55 nm 200
gauge block
Uncertainty of drift | 21.36 nm 1 Normal 21.36 nm @

Instrument emvor of | ) 55 1 Rectangular | 11.55 nm 200
comparator

Calibration
uncertainty of the 60.91 nm 1 Normal 60.91 nm 250
comparator

Repeat-ability of
measurement 57.74 nm 1 Rectangular | 57.74 nm 0
readings

Readability Of.‘ 28.87 nm 1 Rectangular | 28.87 nm @
comparator reading

Difference in 57.74 nm 1 Rectangular | 57.74 nm 200
contact deformation

Coefficient of
thermal expansion of | 2.89x10-7/°C | 1.2x10"7 Rectangular | 3.46 nmn 200
standard gauge block

Temperature

3t b Tl

3?22232?‘;1;2 € lo.0s77°C 40 Rectangular | 2.31 nm 200
block

Difference in
coefficient of thermal
expansion between 4.08x107-7/°C | 1.2x10"8 Rectangular | 49.81 nm 200
standard and test
gauge blocks

Difference in
zZﬁZf;‘;‘;fdb;Z‘:"em 0.0577 °C 4320 Rectangular | 249.42 nm 200
gauge blocks

combined standard uncertainty (k= 1)
_ A U=547.6 nm | k=1.968
M= 2783 nm
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Uncertainty budget 500 mm
... . degrees
source of uncertainty standard sensitive N uncertainty of
uncertainty | coefficient | Probability | contripution
X u(x) c distribution " freedom
A i i v,
Standard gauge 33.16 nm 1 Normal 33.16 nm oc
block
Drift of standard 21.68 nm 1 Rectangular | 21.68 nm 200
gauge block
Uncertainty of drift 29.50 nm 1 Normal 29.50 nm =0
Instrument error of | 1) 55 1 Rectangular | 11.55 nm 200
comparator
Calibration
uncertainty of the 60.91 nm 1 Normal 60.91 nm 250
comparator
Repeat-ability o.f 57.74 nm 1 Rectangular | 57.74 mm 0
measurement readings
Readability Oi.‘ 28.87 nm 1 Rectangular | 28.87 mn 20
comparator reading
Difference in 57.74 nm 1 Rectangular | 57.74 nm 200
contact deformation
Coefficient of
thermal expansion of | 2.89x10"-7/°C | 2x10"7 Rectangular | 5.77 nm 200
standard gaunge block
Temperature
deviation from 20 °C
° | 2 2
of standard gauge 0.0577 °C 50 Rectangular | 2.89 nin 200
block
Difference in
coefficient of thermal
expansion between 4.08x10"-7/°C | 2.8x10"8 Rectangular | 114.31 nm 200
standard and test gauge
blocks
Difference in
temperature between | ) < o 5400 Rectangular | 311.77 200
standard and test gauge | cctanguiat . -
blocks
combined standard uncertainty (k= 1)
_ U=693.1nm | k=1.967
u,=352.3 nm
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8. NMIM
Measurement Function (mathematical model of measurement):
8L=L(1+ aB)-Lg(1+agbs)
L=Lg+8L—-Lg[6c-8+ ag -56]
Lyg =Lgyp +0L—Lgyg (000 +01g-80 )+l +OLua
Definition of variables in the measurement function:
L2p . the length test gauge block at 20°C
oL - measured deviation
Lsap - length of standard gauge block at 20°C
s . coefficient expansion of the standard gauge block
o' . coefficient expansion of the test gauge block
do . different of coefficient expansion between standard and test gauge block
Os : temperature deviation of standards gauge block from 20°C
g - temperature deviation of test gauge block from 20°C
&0 . different of temperature between standard and test gauge block
dl e Cerror due to alignment (cosine error)
SLamr - error due to drift of the standard gauge block
Uncertainty budget
. tainty standard sensitive uncertainty contribution degrees of
source or uncertain ili
uncertainty coefficient p.rot?abll_lty u, freedom
X; ) distribution
u(x,) ¢ Absolute Relative Vi
ufl z20) 0.098 pm 1 Normal 0.049 pm ]
u(él) 0.038 um 1 0.038 um 5
Repeatability, u{zL:) 0.08 um 1 Normal 4
Resolution, u(aLz) 0.01 pm 1 Rectangular co
uloes) 0.000001 /°C -0.03 L°C Rectangular 0.00000017L co
u(dc) 0.000001 /°C -0.47 L°C Rectangular -0.0000004L co
u(d) 0.35°C 0.0000002L/°C 0.0000001L co
Temp variation, u(&:) 0.50°C 1 Rectangular sa
Calibration of temp sensor u{sz) 0.03°C 1 Normal co
Resolution, u(&s) 0.01°C 1 Rectangular co
u(58) 0.05°C -0.00001L/°C Rectangular -0.0000002L ]
U(SLcos) 0.20 um 1 Rectangular | 0.115um oo
(S grir) 0.20 um 1 Rectangular 0.115 pm co
combined standard uncertainty (k= 1)
" 0.168 pm 0.501L 1937
[3

Pg. 69/89



APMP.L-K1.n01
Calibration of gauge blocks Final Report

9. SNSU-BSN

Measurement Function (mathematical model of measurement):

Iy =l + 8lp + 81 + 8l — L(@- 66 + 8 - §) + 61y + 8l

Definition of variables in the measurement function:

Is

= length of the reference gauge block at the reference temperature to = 20 °C according to

its calibration certificate;

8lg =change of the length of the reference gauge block since its last calibration due to drift;
al =observed difference in length between the wknown and the reference gauge block;

&l =correction for non-linearity and offset aof the comparator;

L = nominal length of the gauge blocks considered,;

i =average of the thermal expansion coefficients af the unlmown and reference gauge blocks;
a6 =temperature difference batween the unlmown and reference gauge blocks;

de = difference in the thermal expansion cogfficients batween the uninown and the reference
gauge blocks;

8 =deviation of the average temperature of the unknown and the reference gauge blocks
Jrom the reference temperature;

aly =correction for non-central contacting of the measuring faces of the unknown gauge
bleck.

Glg =correction for contact deformation

source of standard sensitive . uncertainty degrees of
uncertainty uncertainty | coefficient p_rob.abll_lty contribution freedom
distribution

A u(x;) L} Uy L
Readability of
instrument 0.0029 pm 1 Rectangular 0.0029 pm ==
u(ls)
Repeatability of
measurement 0.0018 pm 1 Type A 0.0018 pm 4
u(s)
Comparator
uncertainty 0.0900 pm 1 MNormal 0.0500 pm 50
u(8l)
Reference block 0.0729 pm 1 Normal 0.0729 pm -
value
L 2.04E-7L 1 MNormal 2.04E-TL ==
Drift 0.0098 pm 1 Triangular 0.0098 pm 12.5
u(8lp) 1.8E-7L 1 Triangular 1.8E-7L 125
MNon central
contacting 0.0064 pm 1 Rectangular 0.0064 pm 12.5
U{SEV)
Contact
deformation 0.0058 pm 1 Rectangular 0.0058 pm 12.5
u(slz)
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10. CMS/ITRI

Measurement Function (mathematical model of
measurement):
Case 1: The long gauge block measurement system with laser interferometer

The actual size value of long gauge block to be calibrated X = Size
value of set zero long gauge block + Reading value of laser interferometer +
Temperature correction value.
According to the abovementioned measurement principle, the
measurement eqguation can be derived. As for the calibration result, the
source of uncertainty is come from the reading of L during measurement,

50 ...

Ll+ef)=Li(l+ar-@)+ Ll + 0 &) o
where

L: the size of long gauge block to be calibrated at 20 °C

a: the thermal expansion coefficient of long gange block to be
calibrated

g: the temperature difference with respect to 20 "C for long gauge
block: to be calibrated

Ls: the size of standard long gauge block at 20 °C
ot the thermal expansion coefficient of standard long zange block

&: the temperature difference with respect to 20 °C for standard

long gauge block

L1 @ the size of laser rule at 20 °C
i the thermal expanzion coefficient of lazer rule

fL: the temperature difference with respectto 20 °C for laser rule
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Uncertainty budget

source of
uncertainty

X:

standard
uncertainty

u(x:)

sensitive
coefficient

C;

probability

distribution

uncertainty
contribution

Lk

degrees

of

freedom

wx)

Set long gauge block L.

2229 nm

Marmal

22 28 nm

43

Value reading
system of
laser interferometer

L

[(21.08 nm})?
+(3.24x10
5-1 :Il]-:l 5

1

[{21.08 nm})?®
+(3.24%10
5-1 :II]-J 5

97

Measurement
Repeated L,

20 nm

11

Resolution of
positioning
sensor tip L=

Rectangle

Snm

50

Laser
interferometer
value reading L.

Mormal

317 nm}* +
(3.24:40

!I'_:!::':

130.5

Temperature
difference of laser
beam and long gauge
block &a

Rectangle

5.B=107
ac 1

—0.04L *C

232108

50

Temperature error at

test ares

0.0168 *C

[i50 nm|*+
[1.05:1070 e

[{0.84 nm/eC <
(L7710
S-I'_In'ul:l.i'][l'i

56.0

Thermal expansion

coefficient of

laser
interferometer o

Rectangle

5.T=L0E
ard

—0L04L °C

0.231=105L

50

Temperature
difference of laser
beam and long gauge
block to be calibrated
il

Rectangle

0023 °C

—1x10%L °C*

2.3=104L

50

Thermal expansion
coefficient difference
of =&l long gauge
black and long gauge
black to be calibrated
O

Rectangle

083210
ard

—0.04=108
nm,“C

3.28 nm

50

Thermal expansion
coefficient of =et long
gauge block &

Rectangle

5810 °Ct

=1x10f nm °C

0.58 nm

50

Temperature
difference of set
standard and long
gauge block to be
calibrated 38

Rectangle

00115 °C

=1100 nm;~C

1270 nm

50
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Appendix D - Information of the measurement system reported by the
participants

1. KRISS
Ever
Short gauge block:

Make and type of INSErUMENT{S) i s s s s amr i

The KRISS short gauge block interferometer was originally manufactured by Tsugami and later medified
by KRISS for automated operation. It is a conventional gauge block interferometer based on a Twyman—
Green configuration.

Light sources / wavelengths used or traceability path (if applicable): ..o cesrciere e e e s

Frequency-stabilized lasers with wavelengths of 633 nm, 795 nm, and 895 nm are used to determine the
integral part of the interference order, while only the fractional order of the 6332 nm interferogram is used
to determine the central length of a gauge block. The vacuum wavelength of the 633 nm laser is calibrated
against an iodine-stabilized He-Me laser, and the wavelengths of the other lasers are taken from the
literature after verification with a wavemeter.

Description of measuring technique (including any corrections such as phase correction & platen material,
vertical to horizontal corrections, thermal expansion correction B1C.)i e

The KRISS short gauge block interferometer employs three frequency-stabilized lasers with nominal
wavelengths of 633 nm, 795 nm, and 835 nm. The gauge blocks are measured in a vertical orientation,
and the refractive index of air is determined using the equation proposed by Boensch and Potulski', based
on measured values of air temperature, relative humidity, barometric pressure, and carbon dioxide
concentration in air. The measurement principle follows the well-known exact-fraction (or excess-fraction)
method, in which the excess fraction of each interferogram is evaluated using the Fast Fourier Transform
technigue. The platens used in the measurements are made of the same materials as the gauge blocks
(hardened steel manufactured by Mitutoyo and tungsten carbide manufactured by KOBA), and it was
considered that there was no significant difference in surface roughness; therefore, no phase correction
was applied. The temperature of each gauge block was measured using an SPRT attached to its side face,
and the thermal expansion effect was corrected using the thermal expansion coefficients provided in the
technical protocol.

Range of gauge block temperature during measurements & description of temperature measurement
L= o T

Temperature was measured using SPRTs. During the short gauge block measurements, the air
temperature ranged from 15.065 °C to 20.090 °C, while the gauge block temperature ranged from
19.766 “Cto 20.001 °C.

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
e = = o T

U= 231_,_([;,_191]t nm [({in mm}or L-'=\/|:B nm “|t+([:u.l'.:nt:l[]'"’!]'I

L Boensch, G. & Potulski, €., “Messuramant of the refractiee index of air and comparison with modified Edlén’s formulse ™ ietrologio, 35(2), 133-130 {1958

If the reported uncertainty is significantly bigger than that of the related CMC, explanation for the
(1T =t =Te I W Tor=Y o =11t USSR

Not applicable.
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Long gauge block:

Make and tyPe of INSETUMENE{S] et ee s ses s bnr e e e e s s mn e saeaarasmnsaaaan rrsssnsaaenns

The KRISS long gauge block interferometer is an in-house-developed measurement system based on a
Twyman—Green configuration.

Light sources / wavelengths used or traceability path (if applicable): .o ee e

Frequency-stabilized lasers with wavelengths of 633 nm, 795 nm, and 895 nm are used to determine the
integral part of the interference order, while only the fractional order of the 633 nm interferogram is used
to determine the central length of a gauge block. The vacuum wavelength of the 633 nm laser is calibrated
against an iodine-stabilized He-Me laser, and the wavelengths of the other lasers are taken from the
literature after verification with a wavemeter.

Description of measuring technigque (including any corrections such as phase correction & platen material,
vertical to horizontal corrections, thermal expansion correction et.): s e

The KRISS long gauge block interferometer employs three frequency-stabilized lasers with nominal
wavelengths of 633 nm, 795 nm, and 895 nm. The long gauge blocks are measured in a horizontal
orientation, and the refractive index of air is determined using the equation proposed by Boensch and
Potulski?, based on the measured values of temperature, relative humidity, barometric pressure, and
carbon dioxide concentration in air. The measurement principle follows the well-known exact-fraction (or
excess-fraction) method, in which the excess fraction of each interferogram is evaluated using the Fast
Fourier Transform technique. The platens used in the measurements are made of the same material as
the long gauge blocks (hardened steel manufactured by Mitutoyo), and it was considered that there was
no significant difference in surface roughness; therefore, no phase correction was applied. The
temperature of each long gauge block was measured using a thermistor attached to its side face, and the
thermal expansion correction was applied using the thermal expansion coefficient provided in the
technical protocol.

Range of gauge block temperature during measurements & description of temperature measurement
T4 T T

Temperature was measured using thermistors. During the long gauge block measurements, the air
temperature ranged from 19.822 °C to 20.104 °C, while the long gauge block temperature ranged from
19.820 °C to 20.100 °C.

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
IHENTITIEr OF The CIMIC et n e e e s e e 4 e s b e e e e s e 24 e e b mne a2 e e rannnneaaanen

KRISS does not yet have a CMC for long gauge block calibration by optical interferometry. The results of
this key comparison will serve as supporting evidence for a future CMC submission.

2 Boensch, G. & Potulski, E., “Measurement of the refractive index of air and comparison with modified Edign’s formulas,” Metrologio, 35(2), 133-139 [193E).

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
INCrEAS RO LI EAINTY 1vvieriirsisrrsserssnssseirsrressnrsnsenssreesssrnresassesses samseassnssnnsansssnssssnssannsss cassnnssassneensssnsnessnnneassrnn

Not applicable.
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2. NIMT

Short gauge block:

Make and type of instrument(s) ... .
The ongmal gauge bLock |nterferometer (Twyman-Green} is, manufactured by Mltutoyo Japan but modlf ed
...99?.'5.6.1. parts, temperature measuring system and analysis software by National Institute of

LMetrology (Thailand) e,

Light sources / wavelengths used or traceability path: ... e

..Frequency stabilized HeNe laser, central wavelength 633nm

Frequency stabilized HeNe laser, central wavelength 543nm

Description of measuring technigue [including any corrections such as phase correction & platen material,
vertical to horizontal corrections etc):..

."The central ength of gauge btock was measured by frequency 5tab|L|zec| HeNe laser 633 nm. Both
..measuring faces of gauge block was wrung with the Quartz platen in a vertical orientation. T b?..?.’l%‘i‘?..
.comection was determined by five-stacking method and applied to the optically measured length

...0f gach gauge block. The coefficient of the thermal expansion for gauge block was applied to length

...of each gauge block. The fringe fraction was determined using 4 point method by means of relation
..between intensity of fraction fringe measured by optical power meter and the displacement of optical wedge.

Range of gauge block temperature during measurements & description of temperature measurement
MEthOd e ——

Gauge black temperature during the measurement is 19.800 - 20.200 degree Celsius using platinum resistance
thermometer with precision thermometry bridge and the standard resistor 100 Ohm in cil bath.
Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC... . . et emt oAt eatefeeeasteaseeeeeseessemeensessiesseneesseesserns
_ Steel = Q[26 10.30*10- 6L] “and Tungsten carbide = 0[26 0. 18*1&6L]

If the reported uncertainty is significantly bigger than that of the related CMC, explanation for the
increased UNCertainty ... e

L OO

Pg. 75/89



APMP.L-K1.n01

Calibration of gauge blocks Final Report

Long gauge block:

Make and type of instrument(s) ... .
Umversal Length Measurmg Machme (ULM) made by Mahr Germany Model 828 C|M

Light sources / wavelengths used or traceability path (if applicable): ..o

Standard gauge block made of steel was calibrated by MIKES, Finland using optical interferometry method.

Description of measuring technique (including any corrections such as phase correction & platen material,
vertical to horizontal corrections, thermal expansion correction etc.): ...

The length of gauge block under calibration was determined by comparison with the reference gauge block
having the same length and same material using universal length measuring machine (ULM). Both gauge block
were placed in a horizontal orientation. The thermal expansion coefficient of gauge block was applied

o the length of each GaUge DlOCK. | e

Range of gauge block temperature during measurements & description of temperature measurement
T =] 0T o S

...Gauge block temperature during measurermnent is 20+- 0.3 degree Celsius,

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC...

0[50 D 8*10 6L] fDr STEEL gauge leCk R NN EAEEEETE IR IR E I EEE RS PEEERE

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
LTl = Lo WLy ol T | SRS

N/A
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3. NIM

Short gauge block:

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC

If the reported uncertainty is significantly bigger than that of the related CMC, explanation for the
increased uncertainty
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Long gauge block:

Description of measuring technique (including any corrections such as phase correction & platen material,
vertical to horizontal corrections, thermal expansion correction etC.) ...,

the stack method.

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC

fractions. NMI Internal Service identifier: 5

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
increased uncertainty

NO.
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4. NMIA

Long gauge block:

MEKE BNT TYPE OF INSTEUMENTIS) oo eeeeeee e eemeees e eeeee e e eeemeeeeeseeseeemeeerees e eemeeemeeeressemeeemmeseseesreeeen

-....Pratt & Whitney horizontal measuring machine fitted with custom made length bar mounting & -....
alignment fixtures, Tesa inductive probes and Renishaw ML10 laser interferometer.

Light sources / wavelengths used or traceability path (if applicable): ... oo

--Renishaw ML10 HeNe laser interferometer calibrated by comparison over a common beam

__path against Keysight 5519A HeNe laser interferometer, calibrated against NMIA Memlo
frequency comb.

-~Reference 1 mm and 100 mm gauge blocks calibrated by NPL (UK).

Description of measuring technigue (including any cerrections such as phase correction & platen material,
vertical to horizontal corrections, thermal expansion Cormection 8. ) e e eeeeaee

__Comparison against reference gauge blocks and laser interferometer using a pair of Tesa
inductive probes as a null indicator. Measurements are made horizontally with the length

bar supported at its Airy points and aligned with the axis of measurement. Refractive index -

corrections for air temperature, pressure and relative humidity are made for the

wavelength of the laser interferometer. Temperature corrections for the length bar and

~“reference gauge blocks are made to refer the measured length to 20 deg. C.

Range of gauge block temperature during measurements & description of temperature measurement
L= T T OSSN UUSR

----Range: 19.94 deg. C to 20.30 deg. C, using magnetic surface mount sensors from a Renishaw .-
____EC10 environmental monitoring unit.

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC___....

.....1.08.05 Length bars, U95% = Q[94, 1.02 L], L length in millimetres

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
INCTEASE UNMCBITAINTY w.ovveeeeeceeeerencmeeeescrsmsrnnsssssmsmmas sessmanasssns e srasnsesassmeanse s anaesen e aaesnmeaessesn et esman e semmsars s nnn aaaman

........For gauge blocks of 400 mm and 500 mm nominal length, the
reported uncertainty is less than the currently listed CMC.
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5. NMU/AIST

Short gauge block:

Make and type of inStrlmBnES oo s i R o r T e i Vs

Light sources / wavelengths used or traceability path:......ccc.c.oicevees e

Zeeman stabilized He-Ne laser (633 nm), I, stabilized SHG of Nd:YAG laser (532 nm), and Rb stabilized

laser diode (780 MM). e e

Zeeman stabilized He-Ne laser is calibrated by |; stabilized offset-locked laser and traceable to the optical

frequency comb, which is the Japanese national standard of length. The frequencies of other lasers were
confirmed by the optical frequency comb.

[iescription of measuring technique (including any corrections such as phase correction & platen material,
vertical to horizontal corrections etc): ........ccoovvvieviinninne

A fringe fraction was calculated by image processing of an interference image. The interference fringes
were generated by tilting a gauge block and a platen. The fringes on the gauge block and the platen were
fitted to sinusoidal functions and their phase difference was calculated. The platens made of steel and
BK7 were basically used for steel and tungsten carbide gauge blocks, respectively. The face A of the gauge
block of steel 10 mm was difficult to wring on steel platen, therefore it was wrung on a BK7 platen. The
difference of phase change on reflection at gauge block and platen were corrected by stack method in
ials of gauge block and platen were different. The gauge blocks were measured in

vertical orientation, however no compression correctionwasmade.

Range of gauge block temperature during measurements & description of temperature measurement
MBTROH: .o L

From 19.97 °Cto 20.04 °C. Two Pt temperature sensors were attached to gauge blocks of 100 mm. One
sensor was attached to gauge blocks of 75 mm. The temperature of gauge blocks shorter than 75 mm
were assumed to be the same as air temperature. The ratio of resistance of the Pt sensors to a standard

resistance were measured by AC bridge and converted to temperature. .

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC......................

Q[23.4, 0.104L] nm,. L in.mm. Values range from 23 nm to 26 nm for L = 0.5 mm to 100 mm. It has no
identifier.

...................................................................................................................................................................

If the reported uncertainty is significantly bigger than that of the related CMC, explanation for the
increased UnNcertainty...... i cnrre e s

coefficient is smaller than that used in this comparison. Therefore, the reported uncertainty is bigger than
the CMIC. Extra uncertainty of difference by wringing faces was added for the gauge block whose abs(e.*-
e.f) exceeds 10 nm. In this measurement, steel 5 mm, 75 mm, tungsten carbide 2 mm, 3 mm, and 75 mm
showed large difference. The gauge block of steel 75 mm had a bump on the edge of the face A and it
however its effect on the measured length were seemed to be small.) The reason of the large difference
- by wringing faces of other gauge blocks might be the flatnessof faces. .. ... ... ...

RawssssamEEEEINE
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Long gauge block:

Make and type of INStrumMent(s) .....:.....ccccooevccmrenrecnrenernrsissnenisionie

NRLM design, Twyman-Green interferometer e

Description of measuring technique (including any corrections such as phase correction & platen material,
vertical to horizontal corrections, thermal expansion correction etc.)i.....occvvvveericeeennennn,

..................................................................................................................................................................

Range of gauge block temperature during measurements & description of temperature measurement
method: ..., :

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC.....................

Q[20.2,.0.170L] nm,. Lin mm. Values are 71 nm and 87 nm for L = 400 mm and 500 mm, respectively. It

DS D LTI ..ottt eeee e smeseneseeassesseseeseseenesnenenesssmeaensasnnn

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
INCre@sed UNCEIAINTY ........voviiiiririieeciities st esss s sss st e s es s nesseaenene
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6. MSL

Short gauge block:

Make and type of instrument (s):

Modified Hilger Gauge Measuring Interferometer type TN190.

Customised zirconia ceramic interferometer platen manufactured by Opus Metrology.
Light sources / wavelengths used for traceability path:

Hewlett Packard HP5519A Laser Head.

Description of measuring Technique (including any corrections such as phase correction and
platen material, vertical to horizontal correction etc):

The deviation from nominal length was measured using an NPL-Hilger Type TN190 gauge block
interferometer according to technical procedure MSLT.L.005.005. The gauge block interferometer is
modified to allow semi-automatic data collection for the fringe patterns and analysis of the fringe images.

The primary light source used in the measurements was a frequency-stabilised and calibrated Helium-Neon
laser source at 633 nm. A secondary light source was used to confirm measurements made with the
Helium-Neon laser. The secondary light source was the 546 nm emission line of a high-pressure mercury-
198 discharge lamp.

A surface correction of -12 nm to allow for the different surface properties of the gauges and the wringing
platen was determined by the stack method and applied to the measured lengths.

An orientation correction to allow for the deformation of each gauge under its own weight in the vertical
orientation has also been applied.

Deviation is defined as the measured length minus the nominal length.

Range of gauge block temperatures during measurements and description of temperature
measurement method:

The air temperature between the interferometer platen and the optical flat was in the range 19.95 °C to
20.11 °C. The temperature of the interferometer platen was in the range 19.91 °C to 20.09 °C.

Relevant 95% CMC uncertainty claim for the service(s) related to this comparison topic (if
existing) and identifier of CMC:

Q[30, 0.4L ], L in mm, values range from 30 nm to 50 nm, identifier MSL/4.
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7. MUSSD

Long gauge block:

Make and type of instrument(s)

Mahr 1308-16 comparator: 600 mm range

KOBA grade K steel gauge block: 500 mm, serial number: 87356
KOBA grade K steel gauge block: 400 mm, serial number: 87374
(Gauge blocks are PTB calibrated in 2020)

AHLEORM - ALMEMO 2550 multichannel precision thermometer
TESA monochromatic light unit (wavelength = 575 nm)

MITUTOYO 45 mm optical flat

Light sources f wavelengths used or traceability path (if applicable):

Mot Applicable

Description of measuring technique (including any corrections such as phase correction & platen
material, vertical to horizontal corrections, thermal expansion correction etc.):

All gauge blocks (400 mm and 500 mm test and reference) were cleaned first.

Both blocks were checked for the surface conditions by interferometry using the monochromatic light
unit and an optical flat of 45 mm diameter. Straight line fringe patterns can be observed on both gauge
block faces.

Both test gauge block and the reference gauge block were placed for thermal stabilization about 2 hours
before the calibration.

Test gauge block was compared with the reference gauge block. Five repeated measurements were taken.
The measurement cycle is “reference-test-reference-test” and so on.
The thermal expansion coefficient of the test gauge blocks was assumed as 10.8 x 1075 ¢!
The difference in thermal expansion coefficients between the two gauge blocks is taken as

115 % 107%5C™t — 108 = 1075%°C"L = 0.7 x 1078 =L

The variation of the thermal expansion coefficient of the reference gauge blocks is taken to be

+0.2 % 1078=Cct

Range of gauge block temperature during measurements & description of temperature measurement
method:

The maximum temperature variation is within the range 20.0 + 0.5 °C approximately.

Temperature of both gauge blocks was measured separately with contact temperature sensors.
Additionally, the ambient temperature was measured using a third sensor.

Relevant 95 3% CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC

Impossible to claim CMC for long gauge blocks because of the scratching of gauge block faces during the
calibration which leads to unpredictable measurement errors.

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
increased uncertainty

We assume that the uncertainty is significantly higher than the CMC expected because of the technical
problem given above.
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8. SCL

Long gauge block:

Make and type of instrument{s) ........ccorerereverreererecnserrienreerennns

1. Standard gauge block set: Make: OPUS, Model: -

2. Comparator: Make: Carl Zeiss Jena, Model: ULM 01-600C.............
Light sources / wavelengths used or traceability path (if applicable): NJA ..o eeeeeeeeereeeeeeeeeeseranan,

Description of measuring technique (including any corrections such as phase correction & platen material,
vertical to horizontal corrections, thermal expansion correction etc.): ..

Measurement by comparison against standard gauge block using a comparator. Standard gauge block
and test gauge block were supported horizontally at Airy points.

Range of gauge block temperature during measurements & description of temperature measurement
method:...cconvenn.

Range of gauge block temperature during measurement: 19.41 °C to 19.85 °C. The gauge block
temperature was obtained by temperature sensors attached to gauge block. .....cuvveeeeeensiioeeeerrenennnn,s

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier Of the CIMC .. ...t eeeare s snan

Existing CMC: Q[395, 4L] nm, L in mm Identifier: SCL/2.2.2-00.....coueerreverrenercnranans

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
increased uncertainty........ccccccevrceecenceesecneennn,
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9. NMIM

Short gauge block:

Make and type of instrument(s)

NPL-TESA gauge block interferometer based on Twyman-Green Interferometer.

Model No.: AGI300.

Serial No.: 303.

Light sources / wavelengths used or traceability path:

Two frequency-stabilized He-Ne lasers with wavelengths 633 nm and 543 nm were used. The 633 nm
frequency-stabilized He-Ne laser is calibrated using NMIM primary iodine-stabilized He-Ne laser while
543 nm frequency-stabilized He-Ne laser is traceable to NPL.

Description of measuring technique (including any corrections such as phase correction & platen
material, vertical to horizontal corrections etc):

The gauge blocks were calibrated by interferometric measurement using the exact-fraction method.
Gauge blocks were wrung onto platen of same material. For Face A measurement, Face B was wrung
and left in the chamber for at least 3 hours for acclimatization. To take the measurement, gauge
block was positioned horizontally, parallel to the marker on screen and observed using a CCD camera
linked to a PC. The gauge blocks were measured at least 5 times using the computer software and
automatically compensated corrections due to temperature, humidity and pressure. The steps were
repeated for Face B measurement by wringing Face A to the platen. Phase correction was measured
by stacking 4 gauge blocks.

Range of gauge block temperature during measurements & description of temperature
measurement method:

Range of gauge block temperature during measurements: From 19.3 to 20.3 °C
Temperature measured using 3 PT100 probes for platen, air and gauge block.

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing)
and identifier of the CMC

Q [30, 0.30L] nm, L in mm. Identifier: NMIM/5.

If the reported uncertainty is significantly bigger than that of the related CMC, explanation for the
Lo = L= AT ot =T =Y 1 OSSPSR

Reported uncertainty for steel gauge block at k=1 is [14,0.29L] nm. Uncertainty for CMC at k=1 is
[15,0.15L] nm. Relative part on reported uncertainty is slightly bigger than CMC due to larger recent
uncertainty of calibrated PT100 probes.
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Long gauge block:

Make and type of instrument(s):

The maker of the reference gauge block used is OPUS, grade K which is made from steel. The serial no
is 139141 {400 mm) and 13815L (500 mm).

The comparator used is 5IP with SIP smart interface. The serial no is 1006 and mode! no is 1002M.
The type of the comparator is only able to measure central length of the gauge blocks.

Light sources / wavelengths used or traceability path (if applicable):

The measurement method used is mechanical comparison which the reference standard used is
traceable to NMLJ

Description of measuring technique (including any corrections such as phase correction & platen
material, vertical to horizontal corrections, thermal expansion correction etc.):

If the reference gauge block is referred to as R and the test gauge block as T, the sequence of the
measurement for central length is done by the pattern as follow: R-T-R-T-R-T-R. Both gauge block is
aligned at the airy point horizontally side by side.

Range of gauge block temperature during measurements & description of temperature
measurement method:

Range of gauge block temperature during measurements is from 19.5°C to 20.3 °C . Temperature
measured using 2 PT100 probes for test and reference gauge block

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing)
and identifier of the CMC:

Q [364, 0.978L] nm, L in mm. Identifier: NMIM/6

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
[T a Lol == EoT=To I0 LTl =g =L ST
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10. SNSU-BSN

Long gauge block:

Make and type of instrument(s) :

Type and model of instrument: Comparator using two contacting probe, model ULM 1000, serial
number 5355028.

Manufacturer : Mahr.
Contact tips: spherical end, material tungsten carbide, radius 25 mm.

Measuring force of probe : 25N

Light sources / wavelengths used or traceability path (if applicable): -

Traceable through standard gauge blocks grade K calibrated by NPL UK

Description of measuring technique (including any corrections such as phase correction & platen material,
vertical to horizontal corrections, thermal expansion correction etc.):

Long gauge block measurement was performed by comparative method with standard gauge
blocks grade K by using ULM 1000 machine. Both artefact and standard gauge block had same
nominal length and same material. Material of standard gauge block is steel, manufactured by Koba
with CTE is 11.5 x 10%/K

Range of gauge block temperature during measurements & description of temperature measurement
method:

Range of gauge block temperature during measurements were 19.96 °C to 20.04 °C for 400 mm
length of gauge block and 19.99 °C to 20.03 °C for 500 mm length of gauge block. They were
measured by using surface temperature sensors located on long gauge blocks both UUT and
reference block.

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if existing) and
identifier of the CMC :

Existing CMC of SNSU-BSN is Q[0.24, 0.001L] pm, L in mm. NMI service identifier of existing CMC is
202

If the reported uncertainty is significantly higher than that of the related CMC, explanation for the
increased uncertainty : -
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11. CMS/ITRI

Long gauge block:

MMake and type of iINstrument{s] ... e
Case1: homemade by itri, The long gauge block measurement system with laser

interferometer.

Light sources / wavelengths used or traceability path (if
applicable): o

The wavelengths is 633nm.

Description of measuring technique (including any corrections such as phase correction &
platen material,vertical to horizontal corrections, thermal expansion correction
BEC.)E i

No.

Range of gauge block temperature during measurements & description of temperature

MEasUrement METhoO: . e e e e eeere e s e e enn s e s senmneeens e e eannaenes

Case 1: The range of gauge block temperature is (2020.04) “C...oovveevrenrcvmnessssiresessnesnnns

Case 2: The range of gauge block temperature is (2040.3) “Co.ovvivrveecesccmresnsesssevnsssnnns

Relevant 95 % CMC uncertainty claim for the service(s) related to this comparison topic (if
existing) and identifier of the CMC....cooiiiiiiniiiiee

Case 1: The CMC uncertainty claim ((672+(365%L)2)25, Lin m.

Case 2: The CMC uncertainty claim ((842+(735%L)2)25, Lin m.

If the reported uncertainty is significantly higher than that of the related CMC, explanation

for the increased UNCEMTAINTY .o e e et s n e s e ene s
The reported uncertainty is same as CMC .

Active move drive block

LVDT probe

1.2 m guide

Laser interferometer system

Fig. 1 lllustration of long gauge block calibration system
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Appendix E — Results of CMS/ITRI using a universal measuring machine

CMS/ITRI submitted additional measurement results of long gauge blocks calibrated by a mechanical
comparison method using a universal measuring machine. As the participants of this key comparison was
asked to use the measurement method having the smallest uncertainty in the lab, the results shown in
this appendix were not used in determining the KCRV. However, the results are shown here so that
CMS/ITRI may use this appendix as the supporting evidence for their future CMC (of long gauge block
calibration by mechanical comparison method) submission.

The measurement results obtained using a universal measuring machine of NIM are shown in Table E-1.

Case2: The long gauge block calibration system bases on Universal bases

Table E-1. Submitted results

on Universal Measuring System.

Long gauge blocks, steel

[a/ mm Serial number Deviation of ufec) fum

central length

from nominal

length Material

/um
400 160259 -0.09 0.16 1.98
500 160115 -0.32 0.19 1.98

Functional form of standard uncertainty

Gauge block set a/nm bf1l Comment
Long, steel 84 740 fn unit: m

X X

CcMS —

KCRV (tCMS )

E, =

Table E-2. En value of CMS' 2™ result

2[(ews) ]+ [ (X (s ]

In XcMs U(Xcms) XKCRV U(Xkcrv) En
400 -90 160 3 25 -0.287
500 -320 190 -210 30 -0.286

Since the KCRVs of the 400 mm and 500 mm long gauge blocks for CMS are 3 nm + 25 nm (k=1) and -210
nm + 30 nm (k = 1), respectively, the corresponding DoE and E, values are presented in Table E-2. In the
calculation of En value, the following equation was used.

Since |En| values are all smaller than 1, CMS’ 2" measurement results using a universal measuring

machine can be used to underpin the future CMC submission of CMS.

End of document
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