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Abstract

Developments in manufacturing technologies have led to the ability of product
fabrication with complex deterministic surface topography, designed to have specific
functions. The measurement of surface topography has become increasingly important in
recent years. In industry and research environments, the most popular methods for
surface texture measurements are i) profile measurement (line profiling) and ii) areal

measurement with either contact (tactile) or non-contact (optical) instruments.

Profile measurements have been used for many decades, whereas areal measurements
are relatively recent technique, compared to profile measurement, that can cover large
areas of surface textures to have more comprehensive information about a surface.
Areal measurements can be conducted using contact and non-contact surface texture
instruments. Measurements using optical instrument are still less understood compared
to contact stylus instruments; but optical measuring instruments have significant
advantages over contact instruments in terms of relatively short measuring times,
accessibility for small delicate surface features and minimal damage to surfaces.
Therefore, establishing the traceability of optical measuring instruments is very

important to have reliable areal surface topography measurements.

Focus variation microscopy (FVM) instrument is an optical areal surface topography
measuring instrument. The measurement traceability of the FVM can be established by
determining its metrological characteristics. Measurement traceability is achieved when
an unbroken chain of calibration processes to the definition of metre, with stated
measurement uncertainties at each step. The Organisation for International Standards
(ISO) has proposed metrological characteristics for optical areal surface texture
measuring instruments, including for FVM instruments. These metrological
characteristics, which directly affect measurement results, should be quantified to

calibrate the FVM instrument for surface topography measurement.

FVM is a popular instrument used for various type of surface topography measurements
obtained from various manufacturing processes, including both subtractive and additive,
and various surface coating processes. However, the establishment of FVM’s traceability
to get reliable measurement results is still challenging. Because, most of FVM
instruments cannot, or at least are very difficult, to measure very smooth surfaces with
Ra < 10 nm. Due to this reason, the available calibration infrastructures (including
reference artefacts, and calibration procedures and methods) for areal surface
topography measuring instruments cannot be applied for FVM because the

infrastructures are based on the use of very smooth reference artefacts.



This research project aims to develop novel calibration infrastructures, including novel
artefacts, procedures and methods to quantify the metrological characteristics of the
FVM. The project provides calibration infrastructures by using novel low-cost material
measures and novel practical procedures to determine the metrological characteristic for
FMV. The metrological characteristics of focus variation microscopy include:
measurement noise, residual flatness, amplification coefficients, linearity deviations and
perpendicularity deviations and topographic spatial resolution. The Low-cost material
measures were calibrated with more accurate and traceable measuring instruments to

create the traceability link to the metre.

Key words: traceability, surface texture, focus variation microscopy, calibration,

measurement uncertainty, metrological characteristics.
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1 Introduction

Measurements have a daily importance in our lives and are carried out across numerous
disciplines, from science to engineering, using different methods. The methods range
from simple to advanced, based on the work carried out. Measurement has been defined
in VIM (JCGM200 2008, JCGM200 2012) as the ‘process of experimentally obtained one
or more quantity values that can reasonably be attributed to a quantity’. Measurement in
the manufacturing field can be used for different purposes, including studying a sample’s
surface texture and checking the dimensions of the sample to optimise manufacturing
quality. Thus, measurement plays a vital role in manufacturing and is carried out from
the design stage through to production, to final quality inspection to completed products.
Leach RK, Senin N et al. (2017) recently discussed why measurement has become a
fundamental aspect of manufacturing. One of its benefits is related to the improvement
of the manufacturing process; for example, in the measurement of surface texture. The
surfaces being measured can be of different textures due to different process conditions.
From the measurement results, one can monitor the process conditions and improve the
process. Studying the different types of surface texture is, therefore, important so as to

overcome the issues currently preventing measurement.

1.1 Surface texture

The terminology of ‘surface’ should be clarified in the beginning. ConciseOxfordDictionary
(2011) presents several definitions for this word, one of them being ‘the outside part or
uppermost layer of something’. This definition indicates the surface as a being the
highest part of a body that can be touched. The International Standard (ISO14460-1)
also defined the surface of samples as ‘a set of features which physically exist and
separate the entire workpiece from the surrounding medium’. It can, therefore, be
understood that the surface connects an existing feature to its surrounding environment.
Blunt and Jiang (2003) Identified the surface of an engineering component as a physical
boundary between the work piece and the surrounding environment. These definitions
allow one to understand the significance of the surface; it is an essential part of an
object that can provide information about the object’s geometry (Leach, Weckenmann et
al. 2014). Surfaces can form different textures, which depends on the surface material
type and the process that generate the surface. Therefore, understanding the property
of surfaces is important, as most of the engineering component failures are significantly
affected by the condition of the component’s surface (Blunt and Jiang 2003). The surface
texture has been defined by Leach (2010) and (2014) as ‘the features that remain once
the form has been removed’. Continuing developments in the measurement of surface

texture drives continuing research in the topic. Research on the measurement of surface
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texture has been carried out for over a century (Leach 2010). Improvement of surface
texture measuring methods is constantly required to keep up with developments in
manufacturing. Nowadays, manufacturing machines use high technologies to build an
array of complex parts, such as laser micro milling machine (Pham, Dimov et al. 2002).
The advanced manufacturing technology is able to produce a surface that has been
deterministically designed to improve the functionality of the part (Evans and Bryan
1999, Alting, Kimura et al. 2003, Bruzzone, Costa et al. 2008, Whitehouse 2010, Jiang
and Whitehouse 2012, Godi and Chiffre 2014, Senin, MacAulay et al. 2014). Some
products require a specific surface texture to perform their function. For example, the
special patterned-surface of an engine cylinder block and the surface texture of bearing
part. The engine cylinder block needs to have a deterministic pattern with valleys to
preserve the lubricant on the interior surface while the engine is working. Therefore, a
dimpled surface texture or stratified surface texture that has a high deep valley can be
used to increase the friction resistance of the cylinder block and achieve the required

function and performance (Godi, Kihle et al. 2013, Grabon and Pawlus 2016).

Figure 1 shows the surface texture of an engine cylinder block. From Figure 1, the inner
surface texture of an engine cylinder block has a patterned valley that can keep the
lubricant. Similarly, the inner bearing surface texture can become as oil reservoir to
reduce the issues of friction. These designed surface textures can directly affect the
part’s function, such as wear resistance, reduce the coefficient of friction and operational
lifetime (Stout and Blunt 2001, Jiang, Scott et al. 2007, Vorburger, Rhee et al. 2007,
Chand, Mehta et al. 2011, Gupta, Kumar et al. 2013). The requirements for this type of
surface texture can be fulfilled using various advanced manufacturing techniques, such
as laser texturing process (Etsion 2005, Grabon, Pawlus et al. 2011, Yin, Li et al. 2012,
Hsu, Jing et al. 2014).

Making a specifically-designed surface texture is one of the advantages of using
advanced manufacturing techniques, for example micro-scale injection moulding, laser
texturing and diamond turning. The advanced manufacturing techniques manufacture
the designed surface texture with high precision. Subsequently, an accurate surface
texture measurement is required to be able to measure and verify the tolerance of the
surfaces. Measuring the specifically designed surface texture is challenging due to some
reasons, for example the measurement depends on the surface materials, features to be
measured are smaller than the optical resolution limit and the measurement with already
well-understood tactile instrument is not anymore suitable. Some of surface texture
measuring instruments cannot measure all surface types. For instance, the reflective,

translucence and high rough surfaces can be difficult to measure in optical instruments.
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Leach, Bointon et al. (2018) mentioned that all surface measuring instruments are
currently limited to measuring only some types of surfaces. Understanding the different

surface types can help improving the measurement process.

/‘,’ - -Spark plug
J
=
Valve \ : /) Valve
\ AL/ surface texture
| \ \ —_—
\ \ e
\E =\ —_—
e \ ) r
~ \
Piston — \ It —
\ v\ '-\ —
| \ Cylinder [
|y \ \ 1\ —
|0
R |
Crankshaft /4"/ (A\u\ l
p - valleys to
(” “) v preserve the
O /_./ o lubricant
N —— {

Figure 1: The engine cylinder block and the importance role of its surface

Different methods can be used to measure the surface texture based on the
measurement of interest. The types of surface texture methods have been classified
into: line profiling, areal topography and areal-integrating (Vorburger, Rhee et al. 2007,
IS025178-6 2010, Leach and Smith 2018). The methods of surface texture using line
profiling and areal topography parameters are more popular in the industry and research
sectors, as they provide the required data from the measured surface texture using
surface topography measuring instruments. The areal-integrating type, on the other
hand, relates more to the statistical information of the surface. Figure 2 shows the
classification of surface texture measurements. Line profiling as a measurement
parameter has been a subject of research focus for over a century (Leach 2013, Leach,
Giusca et al. 2014) and has led to numerous publications. Although many measurements
have been carried out using line profiling type, these measurement data for surface
texture are inadequate. The line profiling type only provides data of a single profile form
an entire surface. The areal topography measuring type, on the other hand, can cover a
large area of measured surface and provide rich measurement data. For this reason,
measurement of surface texture using areal topography has become more popular in

research. Moreover, areal topography type can provide comprehensive information on
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the functional features of the surface (Jiang, Scott et al. 2007, Leach, Flack et al. 2009,
Leach, Giusca et al. 2009, Giusca, Leach et al. 2011, Leach, Claverley et al. 2012, Leach
and de Groot 2015). This advantage encourages further focus on the areal topography
measurement, rather than line profiling. Table 1 compares line profile and areal

measurements.

Line profiling Areal topography Areal-integrating

Figure 2: The classification of surface texture measurement

The measurement of surface texture is not a new concept. Areal topography
measurements were first made between 1967 and 1970, with the first standard
published at the end of 2005 (ISO/IEC17025 2005, Jiang, Scott et al. 2007). The
considerable time delay in publishing may indicate slow development of this method. In
addition, more focus may have been on line profiling measurements at that time. Jiang,
Scott et al. (2007) and Kaptonek, Nadolny et al. (2016) confirmed that areal surface
measuring instruments have only become available commercially in the early 1990s.
Consequentially, several measurement companies have developed measuring systems
that are suitable for areal topography, which have made this type of measurement more
popular. The measurement of surface texture using either line profiling or areal
topography can provide useful information on the manufactured surface quality; i.e.
these instruments can calculate the parameters of Ra and Sa, which are frequently used
for assessment of surface quality. Making accurate surface texture measuring
instruments is important to obtain a reliable surface data and its surface texture

parameters.
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Table 1: Comparison of line profiling and areal topography measurements

Line profiling Areal topography
Line measurement Area measurement
More efficient data Adequate data
2D 3D
Traditional measurement Modern measurement
Only limited region More real representation

1.2 The measuring instruments

The available surface texture measuring instruments for areal topography measurement
operate based on different principles. Some of the instruments require contact with the
measured surface, while others do not. The stylus (contact) and optical (non-contact)
measuring instruments are the two techniques currently used for areal surface
topography (Leach, Giusca et al. 2009, Leach and Smith 2018). The stylus instrument
measures the surface texture using a stylus tip. The stylus instrument is commonly used
as a reference measuring instrument. The reason is that a mature mathematical model
that describes a profile obtained from rolling a ball, that is a stylus tip, across a surface
is available. The model allows the prediction of the measuring results with high confident
(Leach and Haitjema 2010, Leach and Giusca 2013). However, certain long-standing
issues make the stylus instruments undesirable for measurement, in spite of its
widespread use in research and industry. For this reason, the advantages of the stylus
instrument do not outweigh its limitations. First, the stylus instrument can damage the
surface being measured through contact with the stylus tip - this especially concerns
measurement of soft surfaces. Moreover, this leads to reading of wrong data. The
damage also can be to the stylus itself; for instance, it can break when contacting a
surface with high impact. In addition, the stylus instrument proves time-consuming for
certain measurements. Leach, Giusca et al. (2014) argued that areal surface texture
measurements using a stylus instrument is time-consuming, as it requires multiple setup
and calibration steps prior to the measurements. Furthermore, the stylus tip collects the
measured data by touching all the determined points on the surface - this not only takes
time, but also make the measurement difficult as large areas with complex topography
are meant to be covered using areal surface texture measurement. Thus, the stylus
instrument is an inappropriate method of areal measurement. Optical instrument, on the
other hand, is the preferred alternate method for areal measurement as it overcomes
the limitations of the stylus instrument. The optical instruments do not damage the

measured surfaces and the short measuring times make this method easier to employ
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(Whitehouse 2002, Leach 2004, Hansen, Carneiro et al. 2006, Leach and Haitjema 2010,
de Groot 2015, Tosello, Haitjema et al. 2016). Table 2 shows the differences between
the stylus and optical instruments. From table 2, optical instruments are more preferable
to be used as areal surface texture measuring instrument. For instance, mounting the
stylus component onto the system prior to measurement is not a requirement when
using the optical instrument. Instead, the surface is measured using the instrument’s
illumination source through the objective lens or other methods, such as ring light.
Although the optical instrument overcomes the stylus instrument in a number of ways, it
is currently difficult to interpret the measurement results obtained using the optical
instrument. The electromagnetic wave interaction between the light source and
measured surface has no analytical solution to estimate the measured surface (Leach
and Haitjema 2010, Foreman, Giusca et al. 2013, Leach, Giusca et al. 2014).

Table 2: Differences between stylus and optical instruments

Stylus Optical
Stylus can be broken No damage
Geometrical measurement Optical path measurement
Slow measurement Fast scan

Optical instruments for surface texture measurement operates using several techniques
- similar in their measurement principles, but different in how they operate. optical
instruments, available commercially to measure surface topography, comprise coherence
scanning interferometry, confocal microscopy, digital holography, light scattering and
focus variation (Leach and Giusca 2013, Leach, Giusca et al. 2013). Light scattering,
notably, is used to statistically measure the surface parameter (area-integrating
measurement) (Leach and Haitjema 2010). These optical instruments have been
increasingly used in research and industry. The traceability of optical instrument has
become important. To realise measurement traceability, an unbroken chain of calibration
to the definition of a metre has to be established. The optical instrument should be
calibrated against a more accurate measuring instrument and the measurement
uncertainty of the calibration procedure should be stated for traceability. The calibration
of areal surface texture instruments has received significant attention in research (Jiang,
Scott et al. 2007, Leach and Giusca 2013, Leach, Giusca et al. 2015) and this has led to
an international standard used to define specific characteristic for optical instrument

calibration. The IS025178 series is the international standard used for the calibration of



University of Nottingham Chapter 1

areal surface texture instruments. The 1S025178 includes metrological characteristics
(MCs) for the calibration process; these comprise measurement noise, flatness deviation,
linearity deviation, amplification coefficient, X-Y mapping deviations, topographic spatial
resolution and topographic fidelity (IS025178-601 2010, Leach 2011, IS025178:600
2012, 1SO25178-606 2015, Leach, Giusca et al. 2015, 1SO25178:600 2017, Haitjema
and Leach 2018, 1S025178:600 2018). The details of these characteristics will be
discussed in the next chapters. The optical measuring instruments such as for coherence
scanning interferometry and confocal microscopy have been calibrated by determining
the MCs. However, the calibration of FVM has not previously been completed using the
MCs determination. This research will calibrate the FVM by completing the MCs

determination.

To have a reliable surface texture measurements, the traceability of the measurement
results should be established. To establish the traceability, optical measuring
instruments for areal topography measurement should be calibrated by determining their
MCs. Specifically for common FVM instruments, common available reference artefacts
have very smooth and reflective surfaces so that the common FVM instruments cannot
obtained the measurement of the artefact surfaces to calculate the MCs. Hence, new
artefacts along with certain practical procedures (easy to carry out in a reasonable

period of time) should be proposed to be able to determine MCs for FVM instruments.

1.3 Research aims

The thesis aims to investigate the traceability framework by determining the
metrological characteristics (MCs) for a focus variation microscopy (FVM) instrument, as
an optical areal surface texture measuring instrument. The investigation will comprise
both development and manufacturing processes for a novel suggested reference artefact
to determine the MC of the FVM. In addition, development of the calibration procedures
will be included in this investigation. The research objective is to estimate the
uncertainty of the measurement results. The aims of the thesis will be addressed by the
following process. Each MC for FVM will be determined separately by measuring a
suitable artefact in a separate experiment. If a suitable artefact for FVM is not available,
a new low-cost artefact will be designed and manufactured. The new artefact will be
calibrated with a more traceable measuring instrument to achieve traceability. The
results for the new artefact with the more traceable instrument will be compared with

the FVM and the uncertainty estimated.
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1.4 Research questions

The method used to determine the MCs for FVM is important. Most of the available
artefacts cannot be measured with FVM because of its measuring limitations with
measuring smooth and transparent surfaces. Therefore, measuring a suitable artefact is
important in this research project. The artefact used to determine the MCs for FVM will
influence the choosing of good practical procedures. This research project focuses on
FVM calibration by determining its MCs and has been motivated by the following
research questions:

1- How can the MC of FVM be determined?

2- What are the suitable artefacts to determine the MCs for FVM?

3- What are good practical procedures to determine the MC with the suitable

reference artefacts?

In this thesis, each MC of FVM can be determined by addressing some experiments.
Four experiments will be implemented in the determination of measurement noise
and measurement repeatability using the replica of an optical flat surface and flat
surface artefacts. The determination of measurement noise will be with different
measurement parameters, that are illumination parameters, contrast and brightness
parameters. In addition, the determination will be with different scale location of the
vertical motion stage and objective lenses. The residual flatness determination will
compare ISO filtering rule and the proposed filtering method using two objective
lenses of 50x and 100x. The proposed filtering method is applied by multiplying the
sample distance of the field of view of each objective by ten. The ISO filtering
process is a low pass Gaussian filter as stated in the ISO standard to generate an SF-
surface with a cut-off the value that is equal to one-tenth of the field of view. The
amplification, linearity and perpendicularity characteristics will be determined in
three novel experiments, using novel and low-cost reference artefact. The
determination will be performed for the lateral scale with multiple-image field
measurements; vertical scale; and measuring the lateral scale with single image field
measurement. Three new low-cost artefacts will be proposed to determine
characteristics in vertical and lateral scale calibration. The cross-grating artefacts will
be for the lateral scale calibration experiment and step height artefact will be for
vertical scale calibration. The lateral period limit (LPL) will be determined using a
novel method. The novel method will be presented using an artefact with a random

surface.
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1.5 Thesis structures

The following chapters will discuss the details of this project. Chapter 2 reviews the
literature regarding the research project and is divided into two sub-sections: the
calibration of areal surface texture measurements and the working principle of the
optical instrument technique used here (FVM). The details of proposed artefacts used in
the experiments of determining the MCs for FVM are in Chapter 3.Chapters from 4-7 will
present the experimental results (proposed artefacts and procedure) to determine the
MCs of the FVM. Measurement noise calibration will be reported in Chapter 4. Chapter 5
will report residual flathess calibration and Chapter 6 will report the calibrations of
amplification, linearity and perpendicularity. Topographic spatial Resolution calibration
will be reported in chapter 7. The final chapter will conclude and summarise the results

of this thesis, including suggested future works.
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Chapter two: Literature review
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2 Literature Review
2.1 Metrological traceability

Traceability is an important terminology used in metrology, and, as being stated by
Leach and Giusca (2013), it is as one of the most fundamental concepts. Traceability is
indicated as one of the metrological pillars of the field. Leach (2010) and Leach (2014)
claimed that any measurement in any manufacturing system must be traceable and
documented. Traceability should be available in any measurement processes so that its
value should be clearly demonstrated. Traceability assures in obtaining reliable and
trustable measurements (Leach and Giusca 2013, Moroni, Syam et al. 2018) - i.e. it
ensures measurement accuracy. Therefore, the subject of traceability is a fundamental

topic when discussing metrology.

The international vocabulary of metrology (VIM) (JCGM200 2008, JCGM200 2012) has
defined metrological traceability as ‘property of a measurement result whereby the result
can be related to a reference through a documented unbroken chain of calibrations, each
contributing to the measurement uncertainty’. This definition highlights that traceability
can be achieved using a calibrated reference through an unbroken chain of calibration at
all stages. This reference can be a calibrated material measure and/or traceable
measuring instrument. Often, the instrument calibration achieves the traceability using a
calibrated artefact (Leach 2010, Leach 2014). In addition, the mention of measurement
uncertainty in the above definition shows the importance of traceability. Leach and
Giusca (2013) and Leach, Giusca et al. (2015) stated that uncertainty is essential to and
always an aspect of traceability; traceability cannot be established without stating
uncertainty. Morel (2006) mentioned that measurement uncertainty is an essential
element in traceability and that measurements cannot be compared if the uncertainty is
not stated. Without stating the measurement uncertainty, the traceability chain cannot
be constructed and a measurement may not yield a meaningful result. The method used
to demonstrate the measurement traceability is a calibration (I1S025178:700 2018).
Calibration along with measurement uncertainty are the essential part of metrological

traceability.

Traceability can be achieved to different instruments for both profile and areal
measurements; this has been discussed for stylus instruments for some years (Leach,
Giusca et al. 2015). However, current traceability for areal surface topography
instruments is, as yet, unsatisfactory, as the measurement conducting using stylus
instrument takes relatively longer time (Leach and Giusca 2013, Leach, Giusca et al.
2015).

12
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The unbroken chain mentioned in the metrological traceability definition is a ‘sequence of
measurement standards and calibrations that is used to relate a measurement result to a
reference’ (JCGM200 2008, JCGM200 2012). This definition confirms the importance of
the unbroken metrological traceability chain; moreover, Whitehouse (2003) and (2010)
demonstrated that traceability is a measurement procedure employed for both national
and international measurement standards. Once an instrument is traceable, it can be
claimed that the measurement it provides will be accurate and reliable. The traceability
chain infrastructure starts from the definition of the metre, which is the highest level in
the traceability chain, to measurements conducted in the industry. The definition of
metre is ‘the length of the path travelled by light in a vacuum in a time interval of 1/c of
a second, where c is the speed of light given by 299 792 458 m's™’ (Petley 1983). Figure

3 shows the unbroken chain of the metrological traceability infrastructure.

The traceability process can be carried out using a primary instrument that has already
been traceable - i.e. an instrument that is traceable and more accurate than the
calibrated secondary measurement. Any instrument that is being calibrated with a
primary instrument can be an example of a secondary instrument. The primary
instrument can be used to calibrate a material measure and, then, to estimate the
measurement uncertainty of the calibration results. When the calibration of material
measure with primary instrument is completed, the secondary instrument can measure
the calibrated material measure. The results of material measurements with the
secondary instrument can be compared with those of the primary instrument. It should
be noted that the definition of a metre has high accuracy and low measurement
uncertainty. Thus, when the metrological traceability chain is moving down from the
definition of a metre to the instrument that is being calibrated, the measurement

accuracy decreases and the measurement uncertainty increases.

Interferometers
Definition of Primary iodine Calibrated laser on primary
metre stabilised laser sources stylus Transfer artefact Industry
instruments
Secondary Artefacts
instrument

Figure 3: The traceability chain infrastructure
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The metrological traceability chain can be applied through a calibration hierarchy
(ISO/VIM 2004, JCGM200 2008, IJCGM200 2012, ISO/WD25178-700.2 2014,
1S025178:700 2018, Leach and Smith 2018). The calibration process compares two
measuring instruments, one of which is more accurate than the other, and the
traceability to the metre is established by comparing against the measurement with the
higher accurate instrument, that is, commonly the instrument at a national measuring
institute (NMI) (Alan 2001, Cox and Harris 2006, Czichos, Saito et al. 2011, Smith 2013,
NPL 2018). This calibration process creates the unbroken chain of metrological
traceability. Thus, the unbroken chain of metrological traceability confirms that the
measurement results obtained are referenced to a high level of traceability metrological
chain (definition of metre) (ISO/IEC17025 2005, Hemming 2007, Czichos, Saito et al.
2011, Valery, Anna et al. 2013). When the measurement is linked to the national
standard of known accuracy, traceability can be established. Each step in the calibration
process should be supported by documented evidence to confirm the linked chain of
traceability (Alan 2001, Czichos, Saito et al. 2011, Leach 2011, Estler 2014). Figure 4

depicts the calibration hierarchy according to the national metrology.
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Figure 4: Calibration hierarchy

2.2 Calibration

The term ‘calibration” can be used in different disciplines. However, Whitehouse (2003)
and (2010) state that ‘metrology is only as good as the calibration procedure’,
demonstrating the importance of calibration in metrology. The calibration of an
instrument is one of the fundamental processes in metrology used to maintain

measurement traceability (Mathioulakis and Belessiotis 2000, Raghavendra and
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Krishnamurthy 2013, Advanced Instruments 2015). VIM (JCGM200 2008, JCGM200
2012) has defined calibration as an ‘operation that, under specified conditions, in a first
step, establishes a relation between the quantity values with measurement uncertainties
provided by measurement standards and corresponding indications with associated
measurement uncertainties and, in a second step, uses this information to establish a
relation for obtaining a measurement result from an indication’. This definition clarified
calibration as a practical procedure that follows required conditions so as to achieve a
relationship from the results. Leach and Giusca (2013) and Raghavendra and
Krishnamurthy (2013) mentioned that the conditions of an instrument calibration should
be the same as those applied on a daily basis. For example, performing the
measurement on the same temperature in controlled lab. The definition also emphasised
that the measurement uncertainty is of importance in calibration. Smith (2013) and
Syam (2018) mentioned that the measurement uncertainty should be stated when
performing a calibration process to instruments and its result must be reported and

appropriately certified.

The calibration process was explained by Ville (2003) as an operation applied to an
element of already known dimensions to assess the measurement of the instrument.
Although this explanation is correct, some crucial details relating to the calibration
process are missed. Czichos, Saito et al. (2011) and Leach (2011) clarified that the
calibration process can be achieved using a direct comparison against a more accurate
measuring instrument, or certified material reference. Raghavendra and Krishnamurthy
(2013) and Richard et al. (2015) agreed that calibration is a comparison operation
between two measurements: one is used as a primary standard of a known value, while
the other as the tested value. This method is used to demonstrate measurement
traceability (ISO/WD25178-700.2 2014) and to established the traceability chain. Once
the traceability with an unbroken chain is achieved, it can be assumed that the
calibration process is valid. The results of calibration can then be presented in different
ways, such as using a calibration diagram, curve, spreadsheet table or statement
(JCGM200 2008, JICGM200 2012, ISO/WD25178-700.2 2014). One or more presentation

types for calibration results are acceptable to use, depending on requirement.

The time it takes to perform calibration of a full instrument is the main barrier for
industry to apply a calibration process (Leach 2011). The measuring time for the
calibration using stylus instrument is time-consuming. Leach (2011) suggests using the
optical measuring instrument to reduce the measurement time when measuring areal
topography to overcome this issue. ISO25178 provides guide for the calibration process

of surface measuring instruments by determining MCs (Giusca, Leach et al. 2011, Leach
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2011, 1SO25178-606 2015, 1SO025178:700 2018). JCGM200 (2012) and 1S025178:700
(2018) state that calibration should not be confused with adjustment, which follows a
different process. Giusca and Leach (2013) and Leach, Giusca et al. (2015) mentioned
that the aim of the calibration process is commonly misused with adjustment.
Instrument adjustment is only performed after the calibration process, typically by the
manufacturers of an instrument to correct systematic errors (Raghavendra and
Krishnamurthy 2013, IS025178:700 2018). It is important to consider the differences

between the two processes and avoiding misused terminologies.

2.3 Measurement uncertainty

Measurement uncertainty is one of the important terms in metrology that cannot be
ignored. The measurement uncertainty can be used in a wide range of measurement
results of metrology processes (Bell 2001). Any measurement taken by an instrument
carries risks of errors and the true value can be difficult if not impossible to achieve.
Measurement uncertainty is instrumental for conducting precise and accurate
measurements that allows metrologists to confidently interpret the results and also to
established measurement traceability (Bucher 2012, Smith 2013, Chen and Chen 2016,
Leach and Smith 2018). Otherwise, the measurement results are ambiguous or not
reliable when presented without information about the uncertainty. A level of uncertainty
sources accompanies all measurements (Leach 2010, Raghavendra and Krishnamurthy
2013, Leach 2014); and can represent a specific margin with a level of confidence. VIM
defined the measurement uncertainty as ‘non-negative parameter characterizing the
dispersion of the quantity values being attributed to a measurand, based on the
information used’ (JCGM200 2008, JCGM200 2012). The non-negative parameter
mentioned in this definition could be a standard measurement uncertainty. The
measurement uncertainty is also defined as the range around the measurement results
that contains the true value (Stadek 2015). The measurement results should, therefore,
be presented as an interval within which the true value is expected. This degree of
deviation in the measurement is described by the statement of uncertainty (Leach 2004,
Leach 2014). Therefore, it is important to present the measurement results along with a
statement of uncertainty - i.e. a results showing the measurement value, including the
uncertainty statement and the confidence level. Leach (2004) and Morel (2006) agreed
that a measurement would not be meaningful without stating the uncertainty in the
result, but would only be an estimation or approximation of the measured value (Taylor
2009, Grous 2013). Stating the uncertainty shows the reliability of a measurement. In
addition, with the stated uncertainty, one can then compare the differences between

measurements values of the same surface carried out by different instruments.
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Measurement results are deemed to be more reliable or more accurate the lower the
uncertainty it has (Rabinovich 2006). The lower uncertainty of measurement results are

desirable.

Measurement uncertainty can be estimated using two types of standard uncertainty
evaluation, called type A and type B evaluations (Bell 2001, Kacker, Sommer et al. 2007,
Czichos, Saito et al. 2011). These two types of standard uncertainty evaluation are
different and should be used in any uncertainty evaluation. The guide to the expression
of uncertainty in measurement (GUM) clarified the differences between two evaluations;
type A is a statistical analysis from repeatability conditions, while type B does not use
statistics but instead uses other sources, such as calibration certificates, expert opinions

or previous published information (BIPM 2008).

GUM is a reference guide that should be followed when applying measurement
uncertainty (Evans 2010, Caja, Gomez et al. 2015, Haitjema 2015, Leach, Giusca et al.
2015, Leach and Smith 2018) as it provides good methodology for estimation. For
example, the calculation of uncertainty can be focussed on the parameter. More complex
situation in areal surface topography measurements, the influence factor of using
filtering and calculating the parameter on the measurement results should be taken into
account as the contribution factors of measurement uncertainty (Leach 2011). However,
applying the GUM guidelines is not that practical in practice as the procedure involves a
mathematical model for surface texture measurement (Harris, Leach et al. 2010, Giusca,
Leach et al. 2011, Leach and Giusca 2013) which most of the time the model is unknown
or cannot be differentiated. Leach, Giusca et al. (2015) mentioned that the researches
on measurement uncertainty from areal instruments is very limited; moreover, while it is

available for optical instruments, some further research into this is required.

2.4 Material measure

Material measure in metrology is important to apply the measurement process. Material
measures can be standard, where the value is known - such as the gauge block - and
this can be used for instrument calibration to achieve measurement traceability. The
standard material measure is traceable to the metre through the National Metrology
Institute (IS025178:700 2018). It is clear that when the material measure is traceable,
it can be used for instrument calibration. However, different terminologies can be used
to describe the material measure. 1ISO25178-70 (2014) stated that the material measure
can also be named as an artefact, calibration sample, calibration specimen, calibration

standard, standard artefact, physical measurement standard or physical standard. The
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last term is the most recent, one according to Leach, Giusca et al. (2015) and Leach and
Giusca (2013). Despite the different terms, all terminologies have the same meaning

and principles. Although there is no one rule for which term to use.

There are several definitions for material measure. VIM (2008) and (2012) has been
defined the material measure as a ‘measuring instrument reproducing or supplying, in a
permanent manner during its use, quantities of one or more given kinds, each with an
assigned quantity value’. Furthermore, 1S025178-70 (2014) defined the material
measure as ‘surface texture dedicated manufactured workpiece intended to reproduce or
supply, in a permanent manner during its use quantities of one or more given kinds,
each with an assigned quantity value’. Both definitions give a general explanation with a

similar meaning and are useful to mention so as to cover any differences.

Several material measures are commercially available, as demonstrated by Leach and
Giusca (2013) and Leach, Giusca et al. (2015), for profile and areal measurements. For
example, the artefacts of NPL bento box. Different companies can provide different
material measures and used for specific instrument types. However, there is currently a
lack of material measures suitable for FVM. The reason is that common FVM instruments
cannot measure very smooth and reflective surfaces (Leach 2011); thus, creating a new
traceable artefact to overcome the FVM limitation is required for the calibration of
surface texture measurements by FVM. In addition, Danzl, Helmli et al. (2008) claim that

a special material measure should be designed for FVM.

2.5 Metrological characteristics

The calibration procedure should be applied following a standard approach. The MCs of
areal surface topography instruments for surface texture measurements have been listed
in the ISO 25178:600 series as a standard determination for areal surface texture
measurement calibration. The concept of MCs is to provide simple and practical routines
of calibration for areal surface topography instruments, that can be used by a non-expert
user (Leach, Giusca et al. 2015). When the standard calibration is simple, any user in
industry can easily perform it. This allows one to confirm that the calibration follows a

standard approach and also can be applied by a non-expert user.

The MCs for all areal surface topography instruments comprise a common calibration
framework (Leach, Giusca et al. 2015), which can be used to calibrate surface texture
measurements. Leach (2011) and Leach and Giusca (2013) demonstrated that

instrument calibration must involve MC measurements. Thus, MCs are defined as
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‘characteristics of measuring equipment, which may influence the results of
measurement’ (1S025178:600 2012, 1S025178-606 2015, 1S025178:600 2016). The
importance of MCs lies in how they affect the measurement results. As mentioned in the
calibration process section of this introduction, measurement uncertainty estimation is
an integral part of this process. Leach (2011) and IS025178:700 (2018) define the
calibration process of surface texture measurements as a simple series of tasks that can
evaluate the uncertainty of MCs; thus, there is a connection between calibration and MCs
and the latter directly contribute to the measurement uncertainty (I1SO025178:600 2012,
I1S025178-606 2015, 1SO25178:600 2016, Leach, de Groot et al. 2018).

The MCs involve measurement noise, flatness deviation, linearity deviation, amplification
coefficient, X-Y mapping deviations, topographic spatial resolution and topographic
fidelity (ISO25178-601 2010, 1SO25178-606 2015, Leach, Giusca et al. 2015, Seewig
and Eifler 2017, Haitjema and Leach 2018, 1S025178:600 2018, 1SO25178:700 2018).

Table 3 lists the MCs of areal surface topography instruments.

Table 3: A list of metrological characteristics for surface texture measurements

Metrological Characteristic Symbols Axis
Measurement noise Nwm V4
Flatness deviation Zrt 4

Amplification Coefficient dy, Qy, 4 XY, Z

Linearity deviation Ly 1y, I, XY Z

X, Y mapping deviations Aperxy XY
Topographic spatial Resolution Wr Z

Topographic fidelity Te XY Z

The methods of determining the MCs have been developed by NPL, in particular for the
stylus instrument, confocal microscopy and coherence scanning interferometry (Leach
and Giusca 2013, Leach, Giusca et al. 2015). These methods can be used as a guide for
other areal surface topography instruments, although individual instrument specifications
should be considered. The current lack of suitable material measures for focus variation
microscopy (FVM) can make determining some of the MCs problematic (Giusca,
Claverley et al. 2014).
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2.5.1 Measurement noise

Measurement noise, as discussed in ISO 25178, is one of the metrological characteristics
of an areal surface texture instrument. The measurement noise is an essential
metrological characteristic for instrument calibration (Leach, Giusca et al. 2015, de Groot
2017, de Groot and DiSciacca 2018). It has been defined in 1SO025178:600 (2012),
1S025178-606 (2013), 1SO25178-606 (2015) and 1S025178:600 (2018) as the ‘noise
added to the output signal occurring during the normal use of the instrument’. This
definition means that the noise can affect the measurement analysis from an instrument
and can thus affect the instrument’s performance in terms of its measuring accuracy. In
addition, measurement noise contributes to the measurement uncertainty (Giusca, Leach
et al. 2012, IS025178-606 2015, 1S025178:600 2018). It is clear that identifying the
measurement noise inherent in the instruments can assist in estimating measurement
uncertainty, since measurement noise will be one of the uncertainty contributors. When

the measurement uncertainty is estimated, a measurement is reliable and traceable.

Noise within a measurement can originate from a number of different sources depending
on the working area and the type of instrument. Basically, measurement noise is a
combination of environmental noises (external noises) and the internal noises of an
instrument, such as the noise of Z axis drive unit during scanning and the noise from the
electronics (Giusca and Leach 2013, Barker, Syam et al. 2016, 1S025178:600 2018).
Sources of noise within the environment in FVM measurements are temperature and
vibration, while electronic noise from e.g. amplifiers and optical noise from e.g. stray
light are the sources of internal noises. The noise from the drive units arises from the
movement in the Z directions due to the imperfections of the geometry of mechanical

components of an instrument.

Measuring instruments in an industrial area have different measurement noise compared
to controlled laboratory, for example, NMI’'s laboratory. Measurement noise in an
industrial area environment can be higher than that in a controlled laboratory (Barker,
Syam et al. 2016). Machining operation and other rotary machineries in an industrial
area is likely to be the source of vibrations which can be the main contributor to
measurement noise in industrial environment. Lower levels of measurement noise are
more likely obtained in a laboratory where environmental conditions are strictly

controlled.

The ability of an instrument to take effective measurements performance can be affected

by noises. An instrument’s measurement performance capability, i.e. accuracy, is
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decreased when the noise level is increased. Noise, typically high frequency noise, can
limit an instrument's ability to detect small-scale spatial wavelengths of a surface texture
(ISO25178-606 2015, Barker, Syam et al. 2016). Noise can thus lead to a loss of
information for the surface being measured. However, several process can be performed
in order to reduce the noise. de Groot and DiSciacca (2018) claim that the noise can be
reduced by averaging over time, smoothing filters or field averaging. Spending long
measuring time by reducing the measurement speed can assist to decrease the noise.
When the measurement data are averaged over time, the noise can be reduced. The
long measuring time, a low measurement noise can be obtained. The noise result can be
improved by reducing the measurement speed (Fleming 2013, TechNote(LT05-0010)
2014). The averaging process and using filter in the analysis can also be used to reduce

the noise.

Material measure

The measurement of noise can be performed using a specifically designed artefact such
as a smooth flat artefact (Giusca and Leach 2013, de Groot 2014, 1S025178-606 2015,
IS025178:700.3 2016). An example of smooth flat artefact is an optically flat material
measure (Giusca, Leach et al. 2012). The deviation and roughness of optically flat
material measure standard is negligible (Sa / Ra < 10 nm) and usually made of polished
glass (IS025178-70 2012, EdmundOptics 2018). However, some measuring
instruments, for example, FVM have limitations to their measuring specifications and an
optically flat material measure cannot be used. The FVM instrument needs to measure
the surface contrast for each pixel compared to its neighbouring pixels in the image on
the CCD sensor (Leach 2011). Therefore, as the optical flat material measure is smooth
and transparent surfaces, its contrast cannot be measured by FVM instrument. For the
FVM instrument a different process is required. For an FVM instrument, it is important to
be aware of the range of roughness on a flat surface which the instrument can measure
(IS025178:700.3 2016). This is important with this type of instrument in order to avoid
its limitations. FVM instruments can measure surfaces that have a surface roughness of
greater than 10 nm. Leach (2011) has demonstrated that a replica process, that
replicates the surface features of measuring artefact, can be used with a very smooth
surface such as an optically flat artefact. Although a replica can assist in solving the
surface measurement issues of FVM instruments, it is not always an appropriate method
in practice because during the replication process, some features of the original surface
may be lost. Macdonald (2014) argues that applying the replica method is not always
possible. A reason is that replica materials cannot 100 % replicate a surface so that
some feature details cannot be captured and transferred to the replica material.

Gasparin, Hansen et al. (2011) confirmed that the achievement of replication degree is
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different from material to material. The replication degree is around 1 % for soft red-
replica and 8-9 % for hard replica of a contoured artefact. Therefore, the replica
operation may fail to replicate some of the features on the original surfaces that have
nanoscale differences, such as very smooth or highly polished surfaces. Even when the
original surfaces are very smooth, understanding the measurement noise from
measuring a replica can still cause problems particularly with validity of the data
obtained. Furthermore, some experiments of measurement noise have been conducted
without using a smooth surface artefact. The material measure, which has been used for
the measurement noise, is flat surface. de Groot and DiSciacca (2018) mentioned that
the measurement noise is not limited to exceptional artefact of smooth surface. The
results can also be obtained with another type of artefact that has flat surface. For
example, using a structured silicon carbide reference flat surface and additive
manufacturing artefact. The benefit of using flat surfaces that are far from the smooth
surfaces can help to obtain low noise results if capturing the data is limited by the signal
to noise (de Groot and DiSciacca 2018). The noise signal using flat surfaces can limit the
ability of measuring instrument to capture the data. When the measuring instruments

are limited, low measurement noise can be obtained.

Analytical background

Measurement noise is characterised by the parameter Sg,.se that is an Sg parameter,
the root mean square (RMS) of the surface height measurements, can be used to
estimate the amount of measurement noise (I1S025178:700.3 2016) and should be used
when conducting measurement noise experiments. Measurement noise can be calculated
using two techniques: subtraction and averaging (ISO/WD25178-700.2 2014, de Groot
and DiSciacca 2018). These techniques can be applied to identical collected data but are
different in their calculation methods. Giusca and Leach (2013) state that the results of
the subtraction and averaging methods should be similar, therefore the same effect
should be achieved by using both methods, and the most efficient method can be chosen
by the user. When the results are not similar, the calculation process may not be correct
or a non-stationary surface data occur that makes the averaging method fails to work
(Baker et al., 2016).

For the subtraction technique, two measurements are taken at the same sample position
and one is subtracted from the other (Giusca, Leach et al. 2012, Giusca and Leach 2013,
IS025178:700.3 2016). This operation removes the form and the underlying roughness
of the surface. The equation that can be used after subtracting the measurements to

estimate the measurement noise S@noise iS:
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Sq

Sqnoise = 7z (1)
Where Sq is the root mean square value of the scale limited surface after subtraction. To
reduce the measurement noise variability, repeating the subtraction operation at least

three times is advisable (Giusca and Leach 2013).

The averaging technique is another method for calculating measurement noise.
According to Hiersemenzel (2013), this method for calculating measurement noise was
first introduced by (Haitjema and Morel 2005). This method is based on the assumption
that the contribution of instrument noise to multiple surface topography measurements
at the same location can be decreased by the square root of the number of
measurements (Hiersemenzel, Singh et al. 2012). When the data from several
measurements can be averaged automatically by the acquisition instrument software,
the average method can be useful. Using this method, the measurement noise is

calculated as follows:

_  |sa®-sap
Sqnoise - l_lmean (2)
n

where Sq is the root mean square height of the un-averaged surface topography, SGmean
is the root mean square height of the averaged surface topography, and n is the number
of measurements (Giusca and Leach 2013). Recommending the most appropriate
number of repeated measurements can be difficult (Giusca and Leach 2013). However,
when increasing the number of topography measurements does not change the value of
the estimated measurement noise appreciably, the number of measurements can be

deemed to be sufficient.

Measurement repeatability can be used to estimate measurement noise and is defined in
1S025178:600 (2012), 1SO25178-606 (2015), 1SO025178:600 (2018), JCGM200 (2008)
and JCGM200 (2012). The definition presented in ISO025178-606 (2015) is ‘repeatability
of topography map in successive measurements of the same surface under the same
conditions of measurement’. While I1S025178:600 (2012) and 1S025178:600 (2018)
have defined it as ‘closeness of agreement between successive measurements of the
same surface topography under the same conditions of measurement’. JCGM200 (2008)
and JCGM200 (2012) defined the measurement repeatability as ‘measurement precision
under a set of repeatability conditions of measurement’. Although the definitions in all of
these sources have the same meaning and present the same idea, there are slight
differences in the explanations. The repeatability of surface topography measurements

gives an indication of the likelihood of agreement between repeated measurements
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which can be expressed as a standard deviation (SD) (IS025178-606 2015,
1S025178:600 2018). As this method focuses on the standard deviation between
repeated measurements, it is quick to apply. For example, the value of standard
deviation for ten measured surfaces can be calculated fairly rapidly. This method can be
used as a complementary method for determining measurement noise (ISO025178:700.3
2016) and can thus be applied as part of analytical processes to assist in understanding
the obtained values. It can be applied in the last stage of analytical processes after

completing the subtraction or averaging calculations.

Previous works

Measurement noise has been studied in the past with different measuring instruments in
both laboratory and industrial environments. Giusca, Leach et al. (2012) investigated
measurement noise in laboratory conditions for three measuring instruments: a contact
stylus, a coherence scanning interferometer (CSI) and an imaging confocal microscope
(ICM). The study estimated measurement uncertainty and using the subtraction and
averaging methods for measurement noise. Another work of the measurement noise is
performed on point autofocus instrument (Maculotti, Feng et al. 2018, Maculotti, Feng et
al. 2018). Barker, Syam et al. (2016) have conducted experiments with a coherence
scanning interferometer (CSI) in an industrial environment. Measurement noise
experiments using the focus variation technique has been conducted by Giusca,
Claverley et al. (2014) and Hiersemenzel (2013). Previous experiments of measurement
noise using FVM instruments have been carried out with the Alicona G4. Measurement
noise experiments will be carried out in this research using an FVM Alicona G5 and the
subtraction, averaging methods and measurement repeatability will be applied for

calculations.

2.5.2 Residual flatness

Residual flathess for areal topography measuring method has been defined as ‘flatness
of the areal reference’ (I1S025178:600, 2012; 1S025178-606,2015; 1S025178:600,
2018). It has been defined as ‘deviation of the measured topography of an ideally flat
object from a plane’ (ISO025178:600 2016, 1SO025178:600 2018, I1SO25178:600 2019).
These definitions demonstrate that residual flatness is related to the artefact surface and
the error within the Z scale measurement rather than the measurement noise from the
sensor and optical system. Therefore, the quality of the areal flat is important for this
type of metrological characteristic. The flatness deviation can come from a number of
sources, such as imperfections in the areal reference, residual flathess or the optical
setup of the instrument (IS025178:600 2016, IS025178:600 2018). The residual
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flatness was measured using a standard Halle flat surface artefact (the details of the
Halle flat surface artefact are presented in section (3.1) of chapter 3). Ninety-six sets of
data of repeated measurements were collected from different locations. The measured
surfaces of areal topography of different measuring locations using FVM were averaged
prior to applying the measuring analysis to reduce random noises. Prior to applying the
Gaussian filter to generate an SF-surface, form removal in term of levelling and
thresholding of the averaged surfaces were applied to approximately flatten the surface
so that the filtration process could be performed to obtain the result. The details of this
process are described in section (5.1) of chapter 5. The parameter that is used to
characterise residual flatness is Sz. This parameter is related to the highest and lowest
points with respect to the reference plane obtained from a flat surface (Leach 2011,
Leach and Giusca 2012, Giusca and Leach 2013, Leach 2013, Giusca, Claverley et al.
2014, Blateyron 2015, MichiganMetrology 2016) i.e. the highest peak and the lowest

valley. Figure 5 shows the Sz value.

S
T L4 g

Sz value

Figure 5: Sz value

Scratches and dirt are examples of local height variations on the measured surface that
can affect the value of Sz (Leach 2011, Leach and Giusca 2012, Giusca and Leach 2013,
Giusca, Claverley et al. 2014). It is obvious that when scratches or dirt are found on a
flat topography, the measurement results could be affected significantly. However,
measuring the surface of the artefact at a number of locations in the X and/or Y
directions with the same instrument settings can assist in overcoming this problem
(vdi/vde2617 2004, Leach 2011, Leach and Giusca 2012, Giusca and Leach 2013,
Giusca, Claverley et al. 2014, 1S025178:700.3 2016, 1S025178:700.3 2018). As the

condition of the surface at different locations will not be similar, measuring at different
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locations leads to a collection of different results from the surface and overcomes the
problem. I1S025178:700.3 (2016) and (2018) confirm that using a number of
measurement locations can decrease the effects of small deviations on the standard flat
artefact. The results of this process therefore tend to be valid and more reliable than
those from other processes. The point highlighted here is that it is important to maintain
the perfection of the areal reference to reduce the amount of false data.
IS025178:700.3 (2016) and (2018) recommend that at least three different surface

locations should be measured.

Material measure

The measurement of residual flatness concentrates on the Z scale errors of the vertical
linear stage of an instrument. The residual flatness can be measured using a standard
flat surface artefact (Leach 2011, Hiersemenzel, Singh et al. 2012, Leach and Giusca
2012, Giusca and Leach 2013, Giusca and Leach 2013, Giusca, Claverley et al. 2014,
1S025178:700.3 2016, 1S025178:700.3 2018). However, It is important to understand
that the standard flat surface required for measuring residual flatness is not a perfect
smooth surface (ISO025178:700.3 2016, IS025178:700.3 2018). Therefore, the
roughness of the standard flat surface used should be taken into consideration. When
using optical measuring instruments, the limitations of the instrument, particularly for
instruments using FVYM method must be avoided. In a FVM, a certain degree of surface
roughness needs to be present so that contrast values can be calculated for the FVM
method to work (Leach 2011).

In practice, the ideal number of measurement repetitions cannot be recommended
(Leach 2011, Giusca and Leach 2013). The number of repetitions required depends
directly on the stabilisation of the Sz value, so recommending an exact nhumber can be
difficult. Every residual flatness experiment has different repeated measurements. The
correct value of Sz can only be determined once the value stabilises. Therefore, it is best

to simply repeat the measurements until the Sz value remains unchanged.

Filtering and threshold processes

The threshold and filter processes are applied during the analysis of the measured data.
These processes can help to avoid spurious data and achieve effective Sz measurement
(Ismail, Yanagi et al. 2010, Zeng, Jiang et al. 2010, Leach 2011, Giusca, Leach et al.
2012, Hiersemenzel, Singh et al. 2012, Giusca and Leach 2013, Giusca, Claverley et al.
2014). The threshold operation is used to remove irrelevant spike noises in the data.

Therefore, the levelling process is carried out prior to the threshold operation. The
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levelling procedure can be applied as part of determining the residual flatness
(IS025178:700.3 2016, 1S025178:700.3 2018). From a practical point of view,
removing the surface spikes on the levelled surface is an efficient methodology. Using a
filtering process, long scale components of a surface can be separated from short scale
components of a surface (Seewig 2005, Leach 2010, Whitehouse 2010, IS025178-2
2011, Seewig 2013, Leach 2014, Blateyron 2015, 1SO16610-60 2015, ISO16610-61
2015) so that different aspects such as roughness and waviness can be obtained. In
addition, a filter can be used to remove the effects of high spatial frequency noise
(Guan, Hirsch et al. 2016). For example, measurement noise calculations. A combination
of filtering and threshold analysis can be an effective method for obtaining reliable Sz
measurements. The filter recommended for the calibration of residual flatness is the S-
filter (ISO25178-3 2012, 1SO25178:700.3 2016, I1S025178:700.3 2018). This filter is a
low-pass Gaussian filter with 1/10 cut-off on the field of view (Giusca, Claverley et al.
2014). It is important to apply a standardised procedure for calibration to ensure the

correct process is followed consistently and any problems that may occur are avoided.

Previous works

Residual flatness experiments have been carried out previously with a variety of areal
surface topography measuring instruments and have included estimates of measurement
uncertainty. Giusca, Leach et al. (2012) Performed residual flathess experiments with a
coherence scanning interferometer (CSI) and an imaging confocal microscope (ICM).
Another work for residual flatness using ICM has been carried out by (Bermudez, Felgnher
et al. 2018). With FVM instrument, two different methods of carrying out the experiment
have been implemented. In one case, the residual flatness data was compared for
different averaged surfaces using a filter (Hiersemenzel, Singh et al. 2012). In the
second case, a filtering procedure was applied and the results compared with the
unfiltered results (Giusca, Claverley et al. 2014). All of these experiments were carried
out on a FVM Alicona G4. The experiments in this research will be carried out using a
FVM Alicona G5.

2.5.3 The amplification, linearity and perpendicularity

The three metrological characteristics of surface texture measurements are for scales
calibration. Both the amplification coefficient and linearity deviation characteristics are
focusing on the measurements of the X, Y and Z axes (ISO25178-601 2010, Leach 2011,
1S025178-606 2015, Haitjema and Leach 2018, IS025178:600 2018, 1S025178:700.3
2018). Therefore, these two characteristics may have the same process in applying the

measurement. Due to these characteristics have the same interest in calibrating the
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axes, the characteristics can use the same measurement data. For example, when the
measurement data of used artefact are collected, both the amplification coefficient and
linearity deviation characteristics can use them. 1S025178:700.3 (2018) states that the
amplification coefficient and linearity deviation characteristics can use same
measurement data in the determination. In addition, Leach (2011) and Giusca and Leach
(2013) demonstrate that the relationship of an ideal and instrument response curve on
each of the three axes can be established by the amplification coefficient and linearity
deviation characteristics. This means that two metrological characteristics can be
implemented together with the same experiment. While the perpendicularity
characteristic is only focused on X and Y axes. In spite of the perpendicularity
characteristic has different interest of axis measurements, it does not mean that the
characteristic cannot use the same data of amplification coefficient and linearity
deviation characteristics. As the measurement data of the amplification coefficient and
linearity deviation for X and Y axes are not containing the measurements data of Z axis,
the perpendicularity characteristic can use the same measured data of the amplification
coefficient and linearity deviation characteristics in X and Y axes. 1S025178:700.3
(2018) mentioned that the perpendicularity characteristic does not need to be calibrated
separately and determined directly. It can be demonstrated that the amplification
coefficient, linearity deviation and perpendicularity characteristics can be applied

together using the same experiment data.

The definitions can provide more understanding on these characteristics. The
amplification coefficient characteristic has been defined as ‘slope of the linear regression
curve obtained from the response curve’ (ISO025178-601 2010, 1S025178:605 2011,
Giusca, Leach et al. 2012, de Groot and Beverage 2015, IS025178-606 2015, Leach,
Giusca et al. 2015, 1S025178:600 2018). The response curve here means the
instruments’ results that are obtained from the measurements. In order to clarify the
amplification coefficient definition, an example of linear response curve can be shown in
Figure 6. From Figure 6, an ideal curve, response curve and Linear curve which slope is
an amplification coefficient are indicated by number (1), (2) and (3), respectively. When
the collected values are equal to the input quantity values, it can be assumed as an ideal
response (ISO25178-601 2010, ISO25178-606 2015, 1SO25178:600 2018). This means
that a slope of straight line can be equal to 1. While the linearity deviation has been
defined as ‘the maximum local difference between the line, from which the amplification
coefficient is derived, and the response curve or function’ (Giusca, Leach et al. 2012,
IS025178-606 2015, Leach, Giusca et al. 2015, 1S025178:600 2018). Both the
definitions of the amplification coefficient and linearity deviation confirm the relationship

between these two characteristics. Leach (2011) explained that the relationship of

28



University of Nottingham Chapter 2

amplification coefficient and linearity deviation can be established by the ideal response
curve and the instrument response curve on the scales of X, Y and Z. Therefore, when
the amplification coefficient characteristic is determined, the linearity deviation

characteristic should be mentioned.

Measured data
N

Input data

Figure 6: linear response curve

The Perpendicularity characteristic can be related to the amplification coefficient and
linearity deviation characteristics. This characteristic can be applied using the same
measuring data of amplification coefficient and linearity deviation that focuses on the X
and Y axis. The perpendicularity characteristic that is related to X and Y axis is interested
on their nonlinearity and can be performed after the amplification coefficient and
linearity characteristics. These information were confirmed by the perpendicularity
definition. 1S025178-601 (2010), Giusca, Leach et al. (2012) and 1S025178:700.3
(2018) defined the perpendicularity characteristic as ‘the perpendicularity deviation
between any two of the X, Y and Z axes’. It can be applied by determining the angle
deviations between X and Y axis. These deviations occur by different reasons that
depend on the measuring instrument type. In the imaging optical instruments, the
deviations of the linearity and perpendicularity indicate to the optical distortions
(IS025178:700.3 2018). The optical distortions mean lens error which is very rare
appearing perfectly (Mansurov 2015). Figure 7 shows the linearity and perpendicularity

deviations.
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1 : without linearity and perpendicularity deviations (zero distortion)
2 and 3: with two different linearity and perpendicularity deviations

Figure 7: example of linearity and perpendicularity deviations

Material measure

The determination of the amplification coefficient, linearity deviation and perpendicularity
characteristics uses a calibrated material measure to perform the experiment.
IS025178:600 (2018) and I1S025178:700.3 (2018) demonstrate that a standard
material measure with calibrated depth can be used in the amplification coefficient,
linearity deviation and perpendicularity characteristics. The standard material measure
means that the material measure is calibrated and traceable with most accurate
measuring instrument. Therefore, it is important to notes that the artefact areas should
be calibrated prior to performing the measurements (Leach 2011, 1S025178:700.3
2018).

A cross grating artefact can be used for the amplification coefficient, linearity deviation
and perpendicularity characteristics. Giusca, Leach et al. (2012) and Giusca and Leach
(2013) and Leach, Giusca et al. (2015) state that a calibrated cross grating artefact that
has different pitch values is measured to determine the amplification coefficient, linearity
deviation and perpendicularity of local characteristic of the lateral scales. The
measurement of centre position of gravity is required when measuring the X and Y axes.
Therefore, the distances of X and Y plane and the grid positions should be calibrated
(IS025178:700.3 2018). With this type of the artefact, the measurements should cover
most of the areas within X and Y axis. IS025178:700.3 (2018) recommend that 95% is
the minimum measurement area of the X and Y lengths. When the measurements are

applied on the most of the artefact area, it can give reliable results.

A calibrated step height artefact is another artefact type that can be used in the
measurements of Z axis. It is important that using an artefact should be appropriate for

the characteristic. Leach (2011) provides that the calibration of Z-axis is often performed
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by using a single-step artefact, but it cannot afford a sufficient information. Therefore,
using different step height artefacts with different height can be appropriate for the
amplification coefficient and linearity deviation in case of measuring the Z-axis. The
different step height artefact can provide enough information comparing with a single
step height. Giusca, Leach et al. (2012) and Leach (2015) argue that the relationship
between the ideal response curve and instrument response curve can be established by
different step height with various heights. However, it should be noted that the current
available artefacts to determine the amplification coefficient, linearity deviation and
perpendicularity characteristics are not suitable for FVM instruments due to its limitation
of measuring smooth surfaces. Low image contrast of smooth surfaces prevents the CCD
sensor of FVM from differentiating one pixel with respect to its neighbouring pixels
(Leach, 2011) (please see section 2.6.4 in chapter 2 for more details). Therefore, the
FVM cannot capture appropriate measured data of smooth surfaces. To solve this issue,
a new artefact must be manufactured when determining these metrological

characteristics for FVM.

Previous works

The amplification coefficient, linearity deviation and perpendicularity characteristics have
been done with some of areal surface texture measuring. Giusca, Leach et al. (2012)
carried out the amplification coefficient, linearity deviation and perpendicularity
characteristics with using three measuring instruments such as contact stylus instrument
(CS), coherence scanning interferometer (CSI) and imaging confocal microscope (ICM).
The calibration was applied on measuring cross grating artefact for X and Y scales and
step height artefact for Z axis. Furthermore, these characteristics have been applied
using coherence scanning interferometer (CSI) and phase shifting interferometers (PSI)
by Giusca and Leach (2013). In addition, de Groot and Beverage (2015) performed the
amplification coefficient using interference microscopy. The step height standard artefact
and the wavelength scanning standard method have been used in the study. However,
the amplification coefficient, linearity deviation and perpendicularity characteristics have

not yet been investigated in FVM G5.

2.5.4 Topographic spatial resolution

According to Leach, Giusca et al. (2015), resolution is difficult to define for the areal
surface topography instrument, due to problems with determination. Resolution
determination uses different procedures for lateral and vertical axes, therefore, defining
resolution is not straightforward. However, the latest version of 1S025178:600 (2018)

includes the term ‘topographic spatial resolution’ as a metrological characteristic for the
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lateral resolution determination of surface topography instruments. The term
topographic spatial resolution provides a definition for different measurement methods.
Topographic spatial resolution is defined in ((ISO25178:600) as a ‘metrological
characteristic describing the ability of a surface topography measuring instrument to
distinguish closely spaced surface features’. Although topographic spatial resolution is an
umbrella term for different measurement methods, it can be quantified using several

parameters and functions.

Resolution can be determined depending on the type of axis; vertical scale (Z-axis)
resolution is influenced mostly by measurement noise and residual flatness (Leach and
Giusca 2013, Giusca, Claverley et al. 2014, de Groot 2017), therefore, measurement
noise can be used to determine Z-axis resolution. However, Z-axis resolution, in this
case, is contributed without the lateral component. In their work, Leach, Giusca et al.
(2015) agreed that measurement noise can be enough to quantify resolution of the Z-
axis, from the measurement uncertainty point of view. Noise measurement is estimated
by Sg, which is measured from a flat surface. To contribute to lateral resolution, the
lateral period limit (LPL) or ‘structural resolution’ can be used to determine X- and Y-axis
resolution, i.e. the lateral resolution (Giusca and Leach 2013). The LPL closely measures
the minimum space between two features, where the depth of the two features can be
resolved to at least 50 % of its original depth (IS025178:600, 2018) (IS025178:600
2018) (IS025178:600 2018) (IS0O25178:600 2018). In their work, Xie, Lehmann et al.
(2012) stated that the role of lateral resolution is becoming more important as well as
the axial resolution of measuring instruments. The lateral resolution provides information
on the measuring instrument, in detecting the smallest sized features in a surface. The
lateral resolution in a 2D measuring instrument can distinguish between the lateral
distances between two points, regardless of the depth of the two points. However, 3D
measurement of areal surface texture instruments considers the height of features as an
essential attribute of that feature. It should be noted that ‘lateral period limit’ is used
instead of ‘lateral resolution’. The lateral period limit is used for 3D resolution, or the
ability to distinguish two objects on one surface, including correct height measurement
(Leach 2011). Therefore, LPL determination can be used in quantifying the topographic

spatial resolution for areal surface topography measuring instruments.

LPL has been defined from different sources, such as 1S025178-606 (2015) and
1S025178:600 (2018). The LPL is defined as ‘the spatial period of a sinusoidal profile at
which the height response of an instrument transfer function falls to 50%’
(IS025178:600 2018). ‘Sinusoidal’ indicates the type of artefact that can be used for

resolution. Additionally, ‘instrument’ refers to optical and stylus instruments. The
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definition states that the height response of an instrument should also be considered. A
useful parameter that can be used for instrument response characterisation, is the
optical resolution limit which is based on the Rayleigh criterion (IS025178:600 2018).
This criterion is related to the LPL value for the theoretical quantification of the optical

lateral resolution.

The LPL is useful in determining the smallest lateral feature that can be meaningfully
measured. The LPL is the width limit of a feature, where its depth can still be resolved at
least 50% of from its real depth (ISO25178:600 2019). An example is presented in
Figure 8, where (A) illustrates LPL and its relationship with the depth of a measured
feature. The depth can be reconstructed when the feature width is larger than the lateral
resolution (B): the measured depth is equal to the feature depth, and the width is larger
than the lateral resolution. However, when the feature width is less than the lateral
resolution, the depth cannot be completely reconstructed (C): the width is less than the
lateral resolution and the depth is less than the feature depth. It is important to know
that the minimum lateral resolution can reconstruct the depth of groove, for example,

the measured data can be obtained once the depth limit of the width of groove is

constructed.
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Figure 8: The lateral period limit (LPL).

Material measure

LPL may be determined using different types of artefacts; in their work, Giusca and
Leach (2013) stated that a Siemens star artefact could be used to determine LPL. For

example, NPL standard artefact of Siemens star. This type of artefact provides
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continuous spatial wavelengths to measure resolution in different lateral directions,
therefore using this type of artefact is useful in determining resolution, if suitable for the
measuring instrument. However, the FVM cannot measure this type of artefact, because
it has a very smooth surface (Ra < 10 nm). Therefore, a suitable resolution artefact for
FVM is required. Leach (2011) demonstrated that the design of resolution artefact is
important in generating high quality resolution measurements. Because the artefact
design of resolution measurements can affect resolution values, the resolution of other
areal surface topography measuring instruments can be determined using a type ASP
material measure, following ISO definitions of lateral period limits (Giusca and Leach
2013). The ASP material measure is a 3D version of Siemens star artefact can provide a
continuous variation in spatial frequency (Xu, Fang et al. 2012, Giusca and Leach 2013,
Leach, Giusca et al. 2015). Giusca and Leach (2013) used star-shaped artefacts of ASP
material to determine the lateral resolution of areal surface topography measuring
instruments. Different methods can be used to determine the LPL. 1ISO025178:600 (2012)
states that a vertical edge, sphere or a number of gratings, can determine the LPL, e.g.
a rectangular grooved surface artefact can be used when combining limits for full height

transmission function.

Previous work

Resolution experiments, using optical measuring instruments, were carried out for
several optical instruments. The LPL resolution phase shifting interferometry has been
reported by Giusca and Leach (2013). In their work, a star pattern comprising ASP
material was measured using a 50x objective lens, along with the analysis method used
to calculate the LPL. Results from (Giusca and Leach 2013) were confirmed by
measuring step height artefacts, however, FVM resolution has not yet been determined.
As mentioned previously, the Siemens artefact, used for resolution determination is not
suitable for FVM. Measurement of the Siemens star artefact using FVM is shown (Figure
9). Here, the Siemens star artefact is measured on FVM using 20x and 50x objective
lenses. The surface features of the artefact failed to be reconstructed by FVM, therefore,

LPL quantification cannot be calculated from this artefact.

In addition, profile measurements of both objectives lens do not provide reliable artefact
results. When the surface cannot be reconstructed, resolution determination cannot be
performed. Figure 10 shows FVM profile measurements of 20x and 50x objective lenses,
therefore, FVM requires a suitable artefact with a rough, measurable surface.
Alternatively, a random surface artefact is suggested. This thesis therefore proposes a

novel method for FVM resolution determination with random surface artefacts.
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Figure 9: A Siemens star artefact, measured with FVM using 20x (left) and 50x (right)

objective lenses. FVM failed to reconstruct the surface of the artefact.
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Figure 10: Profiles extracted through the petal of the Siemens star artefact, using FVM

20x (top) and 50x (bottom) objective lenses

2.6 Focus variation microscopy

There are several standard methods available to measure surface texture, one of which

is focus variation microscopy (FVM). FVM is a software technology used for operating
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optical instruments for surface texture measurements. FVM can provide multi-
measurements of surface texture in both 2- and 3D. Danzl, Helmli et al. (2009) and
Alicona (2015) stated that FVM can measure the roughness, wear, form and welding
spots inspection. This makes FVM a reliable measuring tool that can be used in both
industry for quality of products and in the laboratory for research and development. FVM
has been defined in (ISO25178-6 2010, ISO25178-606 2015) as a ‘surface topography
measurement method whereby the sharpness of the surface image (or another property
of the reflected light at optimum focus) in an optical microscope is used to determine the
surface height at each position along the surface’. This definition emphasises that the
FVM method only works with optical instruments to measure surface topography and the

data is collected from the reflected light of the optical microscope.

The FVM is developed in several stages until the launch of the final version in the mid to
late 1980s (Grossmann 1987, Pentland 1987, Helmli, Hiersemenzel et al. 2012,
Hiersemenzel, Singh et al. 2013). The term ‘focus variation’ was based on a method
called ‘shape from focus’ (SFF) (Hiersemenzel, Singh et al. 2012) - the predecessor of
the FVM. The final technique was then commercially deployed as an instrument with
hardware and software for surface topography measurements. Hiersemenzel, Singh et
al. (2013) mentioned that that FVM was initially developed from ‘depth of field’, with the
final development an accepted improvement of the technology capable of capturing 3D

data (with colour) using a specific algorithm at the vertical axis.

2.6.1 FVM working principle

The optical instruments for areal surface topography measurements are similar in their
components, but different in working methods. For example, optical instruments have
light and different magnifications to measure surfaces. Different sources provide
explanations on how the FVM functions (Danzl, Helmli et al. 2009, Danzl, Helmli et al.
2011, Leach 2011, Hiersemenzel, Singh et al. 2013, Tian, Weckenmann et al. 2013,
1S025178-606 2015, Moroni, Syam et al. 2015). A full FVM measurement can be

completed when the 3D information of measuring surface is presented.

FVM working principle starts from a white light source passing to the splitting mirror
through an optical tube. Then, the splitting mirror guides the white light towards the
objective lens that measures the sample’s surface. When focused on the sample surface,
the white light is reflected by the surface in different directions. Some of the reflected
light from the measured sample is captured by the objective and back again through the

optical tube to the image sensor after passing a tube lens. It is important to note that
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the behaviour of reflective light from the sample’s surfaces depends on the type of
surface. For example, a diffuse surface type causes all light to be strongly reflected in
different directions, whereas a specular surface reflects light in one direction. A charge-
coupled device (CCD) sensor, which is located behind the tube lens, then gathers and
sense the reflected light. The focus variation value then can be calculated for the formed
image. Figure 11 shows the working principle of FVM. The ring light can also be used
with FVM to allow measurement of slope surfaces that exceed 80°. This option is an
advantage for FVM over other optical measuring instruments. A slope angle of more than
80° will prevent the reflected light from coming back to the lens opening (lens aperture)
so that there is no light coming to the image sensor, for example, the numerical
aperture of 20x objective lens. Other interferometer-based instruments cannot use ring-
light because the ring light does not pass through a reference lens as happens in the
axial light system. In an interferometer-based instrument, a reference light is required to

create interference fringe from where a surface height can be inferred.

3D surface reconstruction is performed during a measurement by capturing a stack of
images continually along the vertical movement of the precision optics head. Changing
the focus can affect the contrast on the CCD sensor. The contrast analysis evaluates the
variation of focus for each pixel in each image using an algorithm. The sample can be
measured when the focus position become in focus (see Figure 12). Repeating this
process in each lateral position allows one to measure the sample topography in the
range of the objective field of view. This process converts 2D information into 3D,
including colour imaging and depth information. Figure 12 shows the 3D surface

reconstruction process from a stack of images of FVM.
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1=White light source (coaxial light)
2=Llens

3=polarizer

4=splitting mirror (semi-transparent)
S5=objective lens

6=sample's surface

7=analyser

8=CCD sensor

9=Ring light

Figure 11: FVM schematic diagram
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Figure 12: Evaluation process

2.6.2 FVM components

Optical system

According to Vernhes, Bloch et al. (2008), the optical system is the main component of

the FVM that confers its precision and includes different lens systems. It is located in the
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main head of the FVM and can move vertically to elicit the measurement process. In
addition, the lens systems require different objectives to allow for measurements of
different resolutions (Vernhes, Bloch et al. 2008, Danzl, Helmli et al. 2009, Danzl, Helmli
et al. 2011, ISO25178-606 2015). These objectives differ depending on the measuring

field of view and required resolution.

Charge-coupled device (CCD) sensor

The CCD is located at the optics system of the FVM (number 8 in figure 6). The CCD
collects the reflected light from the measured surface to analyse the data and the sensor
must have two characteristics — high spatial resolution and high radiometric resolution -
to distinguish between in- and out-of-focus (Leach 2011). The high spatial resolution
minimises the calculation region of the focus and the radiometric resolution improves
calculation of the focus of low contrast samples. Without these characteristics, the

capability of FVM to reconstruct a 3D surface is limited.

Light source

The measurement process begins from the emitted light source, located in the optical
system of FVM - as previously mentioned. Leach (2011) stated that the light source
confers quality of the FVM measurement. The light source has been defined in
IS025178-606 (2015) as a ‘source of light containing a continuum of wavelengths in a
predefined spectral and spatial range’. The FVM can use different light sources, with the
illumination type including coaxial light emitted through the optical train and/or from the
side called ring light (Danzl, Helmli et al. 2011, Hiersemenzel, Claverly et al. 2013,
IS025178-606 2015). In addition, the light can be external to the measuring instrument
(IS025178-606 2015). The choice of illumination depends on the measuring surface; the
ring light can provide more information from the surface by increasing the capability of
measuring high slope surfaces so as to exceed 80° and overcome the limitation (Danzl,
Helmli et al. 2009, Leach 2010, Danzl, Helmli et al. 2011, Hiersemenzel, Claverly et al.
2013, Helmli, Danzl et al. 2014, Leach 2014).

It should be noted that using different illumination types results in different forms of
light projection - needed to measure different sample types and to achieve a high
contrast image by the CCD (Leach 2011, Macdonald 2014). The different forms of light
projection, for general optical instrument, include coaxial illumination, ring light, diffuse

light, dark field light or point illumination (Figure 13). Using these different forms of light
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projection overcomes measurement limitations associated with surfaces with different

reflection properties (Leach 2011).

1- Coaxial illimination

2- Ring light

3- Point light

4- Diffuse illumination
5- Dark field illumination

NS y

Figure 13: Different types of illumination

Light-emitting diodes (LEDs) are used in the FVM; LED light allows the CCD to detect
colour and has the benefit of stability and a long lifetime (Leach 2011). However,
halogen bulb light can also be used as light source in the FVM (Hiersemenzel 2013). A
polarizer (no. 3 in figure 11) generates the polarized light required for illumination and
the analyser (no. 7 in figure 11) filters the reflected light from the sample (Leach 2011).
The polarizer is located in the instrument before the light reach the sample, whereas the
analyser is reached after the light is reflected to CCD sensor. Polarization helps to reduce
the specular components that affect the CCD sensor (SYAM 2014); this is useful when
measuring a highly reflective surface. IS025178-606 (2015) defines polarization as a
‘method which allows one to filter out light waves in certain polarization states by using

special optical elements called polarizers’.

Objectives

The objectives are connected to lenses in the optical system and used to capture the
reflected light from the sample and magnify a measuring area. The FVM uses different
magnification lenses to make measurements, ranging from 2.5x, 5x, 10x, 20x, 50x
and 100x. Each magnification has a different resolution, objective’s numerical aperture,
depth of field, working distance and field of view (Vernhes, Bloch et al. 2008, Danzl,
Helmli et al. 2009, Hiersemenzel 2013, Macdonald 2014). Table 4 shows the FVM
objective ranges with their measuring field of view and numerical aperture. When the
magnification is high, the measurement field of view is reduced and good vertical
resolution is achieved (Leach 2011, SYAM 2014). The numerical aperture is different for
each magnification. The numerical aperture can determine a large slope angle on a
measured surface. The depth of field can be decreased when using a low magnification

lens. It is, therefore, important to choose the correct magnification lens for a particular
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measurement to efficiently obtaining high quality data. For example, using a high

vertical resolution increases the scan time.

Table 4: The FVM objective’s field of view

Objective’s range Measuring field of view Numerical aperture of
/mm objectives
2.5x% 5.63 x 5.63 0.075
5x 2.82 x 2.82 0.15
10x 1.62 x 1.62 0.3
20x 0.81 x 0.81 0.4
50x 0.32 x 0.32 0.6
100x 0.16 x 0.16 0.8

Driving unit

The driving unit of the FVM (sometimes called the control unit) is responsible for the
vertical and lateral movements (X, Y and Z axes) and is vital for measurement accuracy
and reliability of data. The vertical direction of movement of the optical system is carried
out automatically and accurately (Hiersemenzel 2013). Moreover, the driving unit is
responsible to vertically scan a surface and also to move a sample in lateral (x-y)
direction. The movement required depends on the measured sample and the objective.
For example, the vertical direction should remain constant when the measured table
moves in the lateral direction during the measurement. Although the range of movement
in the X, Y and Z planes in the FVM is limited (100 x 100 x 100) mm (Danzl, Helmli et
al. 2009, Sun and Claverley 2015, Scherer 2016), it allows measurements to be taken at
different positions and in different directions. However, vertical and lateral movements

cannot be performed simultaneously.

2.6.3 Advantages of FVM over other optical measuring instruments (Alicona,
2015):

1. FVM can collect the depth information with true colour registration of the surface.

2. Measuring form, position, roughness and dimensions in one system, the gap
between classical surface metrology and measuring technology of 3D coordinates
is closed in FVM.

3. Ring light allows FVM to measure high slope surfaces that exceed 80°.
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2.6.4 FVM limitations

There are limitations to FVM that can prevent measurements of some types of surface
texture. For instance, measurement of smooth (small local roughness) and/or
transparent surfaces is impossible with the FVM (Danzl, Helmli et al. 2009, Danzl, Helmli
et al. 2011, Giusca, Claverley et al. 2014, SYAM 2014, 1S025178-606 2015). Thus, any
surface that does not meet this requirement tends to be difficult to measure. A surfaces
of minimum roughness with Ra <10 nm at a wavelength cut-off of Ac = 2 ym, for
instance, is difficult to measure using the FVM (Danzl, Helmli et al. 2011, SYAM 2014,
IS025178-606 2015). It is, therefore, preferable to use a rough surface when using the
FVM so as to avoid this limitation. Moreover, the image contrast of the measured
surfaces must be high enough for the CCD sensor to differentiate a pixel with respect to
its neighbour pixel. Smooth or highly polished surfaces tend to have a low contrast, as
captured during vertical scanning. The FVM calculates the focus curve at each position in
the stack of images contain a peak of most focused position (see Figure 14). This peak
can be detected by using maximum point, polynomial curve fitting or point spread
function curve fitting methods (Leash, 2011). The information about these methods is
presented in Table 5. A depth map can be available when all lateral positions of the CDD

sensor perform the maximum detection.

Sharp position

LY
£
Focus measure

Figure 14: The focus curve
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Table 5: Methods of peak detection for focus curve

Chapter 2

Methods Description Advantage | Disadvantage Formula
The calculation of the
Maximum depth value is out of the Fastest Lowest (3) Depth=arg(max Fz)
point index of the largest focus method accuracy ForZ1<Z<Zn
- Using the left and right
points that are around the Higher (4) P(z)=az%?+bz+c
Polynomial | maximum focus point to fit | resolution (5)
curve the Polynomial curve by of the *okkk Ming, z (F, — [az? + bz + c])?
fitting least square technique (4) depth z1szszn
- The maximum of fitted value (6) p(z2) =2az+b =0
the polynomial in (5)(6) (7) Zmaximum = —2%
can be calculated using the
coefficients a and b in (7)
Point The measured focus values
spread can fit the point spread Highest Slowest
function function to calculate its accuracy method kKKK
curve maximum
fitting

As mentioned, it is impossible to measure transparent surfaces. Bello, Verveniotou et al.

(2011) and Leach (2011) argued that a replica coating material allows the FVM to

measure transparent surfaces, as it copies these surfaces. In this case, the FVM can

easily collect data from these surfaces. However, Macdonald (2014) claim that it is not

always possible to use this replica material as some objects are difficult to replicate and

modify. The differences in the surfaces are at the nanoscale; thus, the measurement

must be sufficient to capture the variations. Using replica materials may therefore not

always be a good choice as the accuracy of measurement data may be affected. To

conclude, although an alternative to measuring smooth or transparent surfaces, replica

materials may not always be applicable for some surfaces.
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Chapter three: The measurement
artefacts
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3. Measurement artefacts

The chapter presents the artefacts used in the research project. Different measuring
artefacts have been used in the experiments of determining the MCs for FVM. The details

of the artefact used in the project are presented in the following.

3.1 Measurement noise and Residual flatness artefacts

Two artefacts with different roughnesses are measured in different experiments
of measurement noise. One artefact is an optical flat with transparent surface and
the other has a surface of suitable roughness. The transparent surface cannot be
measured by FVM due to the previously mentioned limitation, which is solved by
applying a process to replicate the surface and allow measurements to be taken.
The replica material is a silicone casting made from polyvinylsiloxane material.
The replica can be produced using cartridges that contain a compound of the
polymer and curing agent mixture. This compound can be mixed together
automatically in a disposal nozzle during the application (Gasparin et al., 2011).
The negative-mirror of a surface can be produced. The replica can be applied
directly without any requirement for bubble removing. The Sa value of the replica
material is (0.0138) pym compare to (0.010) um Sa value of optical flat. The
optical flat artefact and its replica are shown in Figure 15. The other standard flat
surface artefact is called a Halle flat surface and the artefact is presented in
Figure 16. This standard Halle flat artefact has been used in the experiment of
measurement noise and residual flathess determination. The standard Halle flat
artefact (Line of products: KNT 4080/03) is made of stainless steel material with
dimension of (40 x 20 x 11.3) mm. The measuring area contains six grooves of
different depths.

Figure 15: The optical flat artefact (left) and its replica (right)
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Figure 16: The Halle flat artefact

3.2 Amplification, linearity and perpendicularity artefacts

3.2.1 cross grating artefact for multi-image field measurements

The determination of the Ilateral amplification, linearity and perpendicularity
characteristics requires a calibrated material measure in the form of a two-dimensional
(2D) cross-grating (IS025178-6 2010). The cross-grating can be used to establish the
scales of the x- and y-axes. FVM cannot measure commonly available cross-gratings that
are smooth (Ra<10nm). Therefore, a new cross-grating artefact that can be measured
with FVM needs to be designed and manufactured to calibrate the lateral performance.

The proposed cross-grating artefact has hemispherical groove features (called “calottes”
from now onwards) produced by a Kern Evo high-precision micro-milling machine from a
block of stainless steel (grade 303). The artefact design is a square block of size of 28
mm with 5 mm thickness, and contains thirty-six calottes with nominal diameters of 0.5
mm. The nominal distance between two calottes is 4 mm. The artefact is designed to
capture the scale error of the xy-stage for measurements both with and without
stitching, and is presented in Figure 17, which shows the nominal length and thickness

of the artefact.

Firstly, a face milling process, using a 6 mm diameter carbide end mill, was applied to
flatten the top surface of the block (see Figure 18). The spindle speed and the feedrate
of the face milling process were 5000 rpm and 300 mm per minute, respectively.
Secondly, the calotte features are machined by a 0.5 mm diameter carbide ball nose mill
with the same spindle speed and a federate (see Figure 19). The final surface texture for
the top face of the artefact is achieved with a lapping process using a Kemet LM15
lapping machine. Figure 20 shows the Kern milling machine used to make measuring
artefact. The artefact is made of stainless steel to create a surface with texture that

complies with the FVM requirement. Figure 21 shows the manufactured cross-grating
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artefact. The Sa of the manufactured artefact for the measured surface is (0.357+0.004)

Mm using nesting indices of S-filter = 2.5 ym and L-filter = 250 pm.

Figure 17: The artefact design.

Figure 18: carbide end mill tool used to flatten the top surface of the artefact.
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Figure 20: Kern milling machine.

Figure 21:The manufactured artefact.
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3.2.2 cross grating artefact for single image field measurements

Another cross grating artefact has been designed and manufactured to determine the
amplification coefficient, linearity deviation and perpendicularity characteristics for single
image field measurement. This cross grating artefact is stainless steel block containing
thirty six hemispheres. Each hemisphere has 0.5 mm diameter and 0.75 mm for the
distance between two centre hemispheres. The dimensions and manufactured of this
cross grating artefact are shown in Figure 22 and Figure 23, respectively. Same
manufacturing process of making first cross grating artefact for multi image field
measurement has applied on this artefact. The differences between both artefacts are
only in the measurement dimensions. The dimensions of this cross grating artefact are

smaller than the previous cross grating artefact for multi image field measurement.

5.00

[

Figure 22: The design of the second cross grating artefact

Figure 23: The manufacturing second cross grating artefact
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3.2.3 Step height artefact for Vertical scale measurement

The step height artefact is used in this experiment for the error of Z axis of amplification
coefficient and linearity deviation characteristics. The step height artefact has made from
stainless steel containing five slots with different distance. The depth of each slot is
different starting from 0.10 mm and increase 0.10 mm until the last slot. The distance
between each slot is 0.70 mm. The kern machine that has made the cross grating
artefact is also used to make the step height artefact. Figure 24 and Figure 25 show the

design of step height with the dimensions and the manufactured artefact.

Figure 24: The design of step height artefact

Figure 25: The manufactured step height artefact

3.2.4 Single image field artefact

The artefact is a square block of size of 15 mm with 5 mm thickness. Six slots in each X
and Y directions contain thirty-six intersections with nominal diameters of 0.02 mm. The
nominal distance between two intersections is 0.07 mm. Figure 26 and Figure 27 show

the designed and manufactured artefact. The stainless steel artefact (grade 303) is
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manufactured using Kern Evo high-precision micro-milling machine. Figure 20 presents
Kern milling machine used for making artefact. The top surface of the block is flatten
using 6 mm diameter carbide end mill. A sharp scraping tool carbide material is used to
full depth of slot at feed rate of 40 mm/min. Figure 28 shows a scraping tool used to
make full depth of slots. The thirty-six slot intersections have been measured to
determine the error of X and Y directions. A 2D height map of measured slot
intersections with FVM is shown in Figure 29. The artefact features in Figure 29 are not
deterministic. Therefore, the difficulties of manufacturing small features may due to tool

wear during scraping or material sticking on the tool.

Figure 26: The design of 3rd artefact

&

Figure 27: The manufactured artefact
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Figure 28: A scraping tool

Figure 29: 2D map of slot intersections.

3.3 Topographic spatial resolution artefact

The experiment determines the LPL of topographic spatial resolution using random rough
surface artefacts that can be measured by FVM. The artefact used here is a block of
stainless steel (grade 303), with six rectangular grooves of the same size on the top. The
dimensions are 40 x 20 mm, 5 mm thick and 30 mm for the groove size. The average
Sa value on the groove surface is 0.162 ym (Gaussian filter with S nesting index of 2 pm
and L nesting index of 0.088 mm). The artefact is made by an electrochemical jet
machine (EJM), that removes the surface material using an electrolyte jet, instead of
conventional tools (Mitchell-Smith and Clare 2016). When an electrical potential is
applied between the electrolyte nozzle and work surface, an anodic dissolution occurs,
thereby removing the surface material. Figure 30 shows the EJM used to manufacture

the artefact.

52



University of Nottingham Chapter 3

Figure 30: Electromechanical jet machine

A tape mark was placed on the block top to measure the same areas of each groove for
both the Zygo CSI and FVM instruments. Figure 31 shows the artefact used in the

experiment.

Figure 31: The resolution artefact. The red rectangle shows the groove measuring areas
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Chapter four: Measurement
noise experiments
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The thesis aims to investigate the traceability framework by determining the
metrological characteristics (MCs) for a focus variation microscopy (FVM) instrument, as

an optical areal surface texture measuring instrument.

The MCs of measurement noise and measurement repeatability can be determined by
doing four experiments. The research aim is addressed by determining the measurement
noise of FVM using the measurement of a replica of an optical flat, the determination
having different measurement parameters, that are illumination, contrast and brightness

parameters and finding non-linearity of a vertical scale.

The experiment on a replica of an optical flat measurement addresses all the three
questions. In this experiment, the MC can be determined through the measurement
noise and measurement repeatability. The replica of an optical flat can be measured in
the determination of measurement noise for FVM. Good practical procedures to
determine the MC with the replica of an optical flat are presented in the experimental
methodology. In this stage of performing the experiment, it can be predicted that the
noise is stable between different vertical heights and objective lenses. The variable of

vertical height can be kept constant as contrast and exposure time vary.

Regarding the determination of measurement noise with different measurement
parameters (illumination, contrast and exposure time parameters), these experiments
also address all three research questions. A Halle flat surface artefact can be measured
to determine the measurement noise for FVM. Good practical procedures to determine
the MC with different parameters using the Halle flat surface artefact have been followed
throughout. In this stage, it can be predicted that changing the parameters of
illumination, contrast and exposure time does not affect the noise. In these experiments,
the variables of the parameters of illumination, contrast and exposure time were kept

constant and the vertical height varied.

The finding of non-linearity vertical scale for measurement noise determination
addresses all three research questions. The measurement noise was determined for
different vertical heights and objective lenses. The Halle flat surface artefact can be
measured for measurement noise determination and good practical procedures were
followed throughout the experiment. The noise can be predicted in this stage as constant
for different vertical height scales. The variable of different vertical height is constant in
this experiment and the variable of the contrast and exposure time of different objective
lens varies. By doing these experiments of determining the measurement noise, the

research aims can be achieved, and the questions answered.
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4. The experiments

The measurement of noise in the FVM calibration is important to study instrument’s
performance in terms of its measuring accuracy. The measurement noise data are
obtained using a FVM G5 instrument. The noise measurement experiments have been
implemented in different ways to study the effect of different material measures and
different measurement parameters to the calculated measurement noises. The
experiments of measurement noise are performed using different experiment designs,
such as measuring the replica of an optically flat artefact, measuring the flat surface
artefact, investigating the effect of contrast and brightness (exposure time) and the
effect of different illumination types. The hypothesis for the replica of an optically flat
artefact is: ‘the noise is stable for different vertical heights and with both objectives
because any flatness errors are from the vertical stage error’. The experiment will
determine the noise between two objective lenses for different vertical heights. The
objective lenses of 50x and 100x and the vertical heights of 5, 35, 40, 55, 70and 85

mm will be used in the experiment.

The hypothesis of investigating the effect of contrast and brightness (exposure time) is:
‘changing the contrast and brightness does not affect the noise in both objectives’. The
experiment will determine the noise between two objective lenses for different vertical
heights between two different parameters of contrast and brightness (exposure time).
The hypothesis of investigating the effect of different illumination types is: ‘changing the
illumination types does not affect the noise’. The experiment will determine the noise
between two different illumination types, coaxial light and polariser for different vertical
heights. The hypothesis of measuring the Halle flat surface artefact is: ‘the noise is
stable for different vertical heights’. The experiment will determine the noise between

two objective lenses of 50x and 100x at different vertical heights.

Three analytical methods are used to analyse the experiment results, namely
subtraction, averaging and measurement repeatability. The values of measurement
noise (Sqgnoise) are calculated three times to better estimate the noise because averaging
will reduce random variations in the calculated results. Some measurement noise
experiments are conducted at different vertical heights that are from 1 mm to 100 mm.
Figure 32 shows the vertical height scale of the FVM instrument. The schematic diagram
in Figure 33 shows the vertical height and its relation to sample and stage position. From
Figure 33, it can be seen that the height can be adjusted vertically and the stage for the

sample is positioned at a suitable distance to allow the objective lens to capture the
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data. For example, the sample’s stage position for 0 mm vertical height is different from

the sample’s stage position for 50 mm vertical height.

Figure 32: The vertical height scale of the instrument

— 50 mm

100 mm

J— Lens

Sample —— pm—"

— — S0 e

Figure 33: Schematic diagram of the vertical height of FVM related to sample and stage
position.
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The data analytic process is implemented using MountainsMap surface metrology
software (Surf). In the subtraction method, the data of two measuring surfaces are
subtracted. The levelling process is applied on the subtracted surface to obtain the Sq
value. The Sgn.ise Value was calculated by using the obtained Sq value in formula one
(see analytical background section on page 23).
(SGnose = 22) (1)

The calculation was repeated three times with different measuring data of Sq to obtain
the best estimation and reduce the error. Figure 34 shows the subtraction process of the
replica of the optical flat surface artefact using Mountainsmap. For averaging purposes,
the data of 2, 4, 6, 8 and 10 measured surfaces are averaged. The averaged surfaces
are levelled, and the threshold set to remove the spikes from the averaged surface
(Figure 35 shows the averaged process from Mountainsmap). Then, the Sq value can be
obtained after the thresholding process and used in the following formula. The S@noise
results from the average method were calculated using formula number two (see

analytical background section on page 23).

_ [sa®-5af
Sqnoise - Tm (2)
n

The Sg value is non-averaged data and the Sq2.,, is the value of a number of averaged
Sq data, which represented by n.

This calculation is repeated three times using different Sq data to obtain the best
estimation and reduce the error. For measurement repeatability, the Sqg value is
obtained from Mountainsmap by levelling and setting the threshold for the measured
surface. Figure 36 represents the process of obtaining the Sq value from the measured
surface. The SD result is obtained from calculating ten Sq data. The calculation is
repeated three times to obtain the best estimation and reduce the error. All the
calculations of subtraction, averaging methods and measurement repeatability are
presented in figures using minitab software. It is important to mention that the analysis
procedures using Mountainsmap are applied on all the following experiments of
measurement noise. Details of the design for each experiment to measure noise with
their results and discussions are provided below. The measurement processes are
applied under normal conditions of temperature and humidity that are 20°C +1°C and

50% £5%, respectively.
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Figure 36: Measurement repeatability using Mountainsmap

4.1 The replica of flat surface artefact

Method

This experiment is designed to find the measurement noise for different objectives and
vertical heights by measuring the replica of the optical flat surface. The hypothesis is
‘the noise is stable for different vertical heights and with both objectives’. Two different
magnification lenses of FVM, 50x and 100x, are used to collect the data. Twenty
measurements are collected sequentially in the same area of the surface at different
levels (5 mm, 35 mm, 40 mm, 55 mm, 70 mm and 85 mm) of the vertical height range
of the FVM instrument. All measuring data for different vertical scale are collected in one
session measuring time. The settings for the experiment are presented in Table 6. From
Table 6, the contrast and exposure time are chosen to assist in gaining the image data
from both objectives. The contrast and exposure time are different. The contrast in this
experiment is chosen to make the measuring sample visible and the exposure time is set
to make the image bright when measuring. When the contrast value becomes higher, it
leads to a long measuring time. Therefore, the contrast and exposure time are chosen to

collect good measurement data within short time.
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Table 6: Settings for the experiment process

Lens Height range Number of Image Exposure time Artefact
/mm measured surface | Contrast /Us

50x | 5, 35, 40, 55, 70, Replica of

100x and 85 /every 20 / every height 1 500 optical flat
lens

The procedure of analysing the subtraction method, averaging method and
measurement repeatability using Mountainsmap software are explained in the general
methodology information (see section 4 The experiments). The average of (2, 4, 6, 8
and 10) surfaces is calculated by using the average method. This process is conducted to
find out the differences between the noise results of the averaging surface. The
repeatability measurement is applied under the same measuring conditions, but with
different height levels, namely 10 mm, 40 mm, 60 mm and 80 mm. The standard
deviation (SD) of the Sg of the measured surface is calculated for the measurement

repeatability.

Results

The subtraction method of the replica artefact has shown some interesting findings.
There are statistically significant differences in the noise for different vertical heights. In
terms of the 50x magnification lens (see Figure 37), the noise varies between the
different vertical heights. The 40 mm level of vertical height has the highest noise, while
the 5 mm level has the lowest noise. Figure 38 shows the noise of different vertical
heights using the 100x magnification lens. The highest noise appears at the 55 mm level
of vertical height, while the 85 mm level shows the lowest noise. The interval results in
Figure 37 and Figure 38 are one sigma calculation of standard deviation divided by

square root of three i.e. (number of measuring data).
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Figure 37: Results of subtraction method for 50x objective lens
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Figure 38: Results of subtraction method for 100x objective lens

The results of the average method are similar to the subtraction method for instrument
behaviour. The noise varies between the vertical heights in both objectives. In the 50x
and 100x objective lenses, the noise is reduced in each vertical height when the number
of averaged surfaces increases. However, at level 55 mm in both objectives, there is an
assignable different behaviour that could be related to the vertical stage non-linearity.

Figure 39 shows the noise for the average method for the 50x objective lens. The noise
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for the average method for 100x is shown in Figure 40. The interval results in Figure 39
and Figure 40 are one sigma calculation of standard deviation divided by square root of

measured surface i.e. (number of measuring data).
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Figure 39: Results of average method for 50x objective lens
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Figure 40: Results of average method for 100x objective lens

The measurement repeatability results agree with the subtraction and averaging
methods. The results of different vertical heights are the standard deviation of 10 single
measured surfaces. The highest noise of the 50x objective lens at 40 mm vertical
height, and the 60 mm level shows the lowest noise. Figure 41 presents the results of
Standard Deviation for the 50x objective lens. In the 100x objective lens, the highest
noise is at 60% level of vertical height and the lowest noise is at 40 mm level. Figure 42

illustrates the results of Standard Deviation for the 100x objective lens. The interval
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results of Figure 41 and Figure 42 are one sigma calculation of standard deviation

divided by square root of ten surface measured data.
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Figure 41: Results of measurement repeatability for 50x objective lens
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Figure 42: Results of measurement repeatability for 100x objective lens

4.2 The effects of different measuring parameters

4.2.2 Contrast and brightness parameters
Method

Experiments have been carried out focusing on the noise between two different settings

of the contrast and brightness parameters. The hypothesis is ‘changing the contrast and
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brightness does not affect the noise in both objectives’. Two objective lenses of 50x and
100x are used to measure the Halle flat artefact. In addition, 20 data are collected for
each different setting of contrast and brightness. The vertical range is fixed at 10 mm
height. The same vertical and lateral resolutions have been used in both objectives. The
details of the experiment are presented in Table 7. From Table 7, the contrast and
exposure time are chosen to assist in gaining the image data from both objectives. The

contrast and exposure time are discussed in the first measurement noise experiment.

Table 7: Information for the experiment

Lens Image Exposure time Height Number of Vertical Lateral

Contrast | (Brightness) / us | range | measured surface | resolution | resolution

1.10 130
50x 1.70 90

1.10 130 10 mm 20 10 nm 1.34 pm
100x ™1770 90

The procedure of analysing the measured data for subtraction, averaging and
measurement repeatability using Mountainsmap software is presented in section 4 of this
chapter. For the average method, different average surfaces (2, 4, 6 and 8) are
calculated in both settings of contrast and brightness. A standard deviation of each
objective at different parameters is obtained for the measurement repeatability

calculation.

Results

The subtraction method in both objectives has statistically significant difference for noise
results. This means that different parameters of contrast and brightness affect the noise
of the FVM instrument. The subtraction method results for different contrast and
brightness for 50x and 100x objectives are shown in Figure 43 and Figure 44,
respectively. The results of the second (2) contrast and brightness settings are higher
than for the first (1) contrast and brightness settings in both objective lenses. The
interval results in Figure 43 and Figure 44 are one sigma calculation of standard

deviation divided by square root of three i.e. (number of measuring data).
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Figure 43: Results of subtraction method for 50x objective lens (1: first contrast and
exposure time setting, 2: second contrast and exposure time setting).
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Figure 44: Results of subtraction method for 100x objective lens (1: first contrast and
exposure time setting, 2: second contrast and exposure time setting).

The average method results are limited in this situation and cannot capture the
significant difference between two measurement parameters. The noise results are
decreased when the number of the averaged surfaces is increased in both settings and
objectives. Figure 45 and Figure 46 show the average results of 50x and 100x objective
lenses. The interval results in Figure 45 and Figure 46 are one sigma calculation of
standard deviation divided by square root of measured surface i.e. (nhumber of
measuring data).
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Figure 45: Results of average method for 50x objective lens (1: first contrast and
exposure time setting, 2: second contrast and exposure time setting).

2 -y
21
-
0
E
] 19
-
v
3 13
s i)
a
12 - a
o
15 -
L 2
15
Average no 2 a & 3 2 L] 6 8
Seltings 1 2

Figure 46: Results of average method for 100x objective lens (1: first contrast and
exposure time setting, 2: second contrast and exposure time setting).

Similar to the results of the subtraction and average methods, the measurement
repeatability of the 50x and 100x objective lenses are statistically different between the
settings of contrast and brightness. Figure 47 and Figure 48 show the measurement
repeatability of the 50x and 100x objective lenses, respectively. From Figure 47 and
Figure 48, the interval results are one sigma calculation of standard deviation divided by

square root of ten surface measured data.
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Figure 47: Results of measurement repeatability for 50x objective lens (1: first contrast
and exposure time setting, 2: second contrast and exposure time setting).
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Figure 48: Results of measurement repeatability for 100x objective lens (1: first

contrast and exposure time setting, 2: second contrast and exposure time setting).

4.2.2 The illumination parameters

Method

This experiment is designed to find the effect on the noise that could result from using
the polariser. The measurements in this experiment are collected twice with different
illumination settings. The first measurement is applied on coaxial light as a normal

situation, while the second measurement is performed by using the polariser. These
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different illumination types apply the same parameters of contrast, exposure time and
vertical and lateral resolution. Two objective lenses of 50x and 100x magnifications are
used to measure the Halle flat surface artefact. The measurements are conducted at
different vertical heights (20 mm, 40 mm, 60 mm and 80 mm). Table 8 shows the
information of the experimental design. The contrast and exposure time can be changed
separately. The contrast and exposure time are chosen to assist in gaining the image
data from both objectives. The contrast and exposure time are discussed in the first

measurement noise experiment.

Table 8: Details of the experiment

Height Number of Parameters
Lens | range measured Illumination Image Exposure time Vertical Lateral
/mm surface Contrast | (Brightness) /us | resolution | resolution
50x | 20, 40, 25 data for - Coaxial 500 = 50x%
100x | 60 and | each height light 1 80 = 100x 10 nm 1.46 um
80 - Polariser

The procedure of analysing the measured data for subtraction, averaging and
measurement repeatability using Mountainsmap software is presented in section 4 of this
chapter. Regarding the average method, the surface average numbers are 2, 4, 6 and 8.
The standard deviation of calculating the measurement repeatability is applied in some

of the vertical heights, namely (20, 40, 60 and 80) mm.

Results

The results of the subtraction method demonstrate that the noise with the polariser is
statistically higher than the noise with the normal light condition in both of the
objectives. One reason could be with the polarised light is that the light intensity on the
CCD image sensor is lower compared to the measurement without polariser filter. The
difference between the noise of polarised and normal light is significant in both
objectives. Figure 49 and Figure 50 show the subtraction results of the 50x and 100x
objective lenses, respectively. The interval results in Figure 49 and Figure 50 are one
sigma calculation of standard deviation divided by square root of three i.e. (number of

measuring data).
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Figure 49: Results of subtraction method for 50x objective lens (1: polarised, 2: normal
light)
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Figure 50: Results of subtraction method for 100x objective lens (1: polarised, 2:
normal light)

The findings for an average method for both light settings in two objective lenses seem
to be similar to those for the subtraction method. The noise using the polariser is higher
than with the normal light. With the normal light setting, the noise decreases when the
number of the average surfaces is increased. Figure 51 shows the average method for
50x objective lens for both light settings. The average method results of the 100x
objective lens are shown in Figure 52. The interval results in Figure 51 and Figure 52 are
one sigma calculation of standard deviation divided by square root of measured surface

i.e. (number of measuring data).
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Figure 51: Results of average method for 50x objective lens (1: polarised, 2: normal
light)
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Figure 52: Results of average method for 100x objective lens (1: polarised, 2: normal
light)

The measurement repeatability findings are similar (statistically insignificant) to the
subtraction and average methods. The polariser data are higher than the normal light
data. The results of measurement repeatability for 50x and 100x lenses are shown in
Figure 53 and Figure 54, respectively. The interval results in Figure 53 and Figure 54 are
one sigma calculation of standard deviation divided by square root of ten surface

measured data.
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Figure 53: Results of measurement repeatability for 50x objective lens (1: polarised, 2:
normal light)
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Figure 54: Results of measurement repeatability for 100x objective lens (1: polarised, 2:
normal light)

4.3 Discussion

The measurement noise and measurement repeatability are conducted in different
experimental designs. The aim of the first experiment is to find the noise between
different objective lenses and vertical heights using the replica of an optical flat. The
experiment is carried out using two objective lenses, with magnifications of 50x and
100x, to measure the replica of an optical flat surface with equal contrast and brightness

parameters. Different height levels (5 mm, 35 mm, 40 mm, 55 mm, 70 mm and 85 mm)
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of the total vertical scanning range of the instrument are used. The next experiments are
conducted between different parameters of the FVM to study the effect of the different
parameters on the measurement noise. The aim of the first parameter (contrast and
brightness) is to find the effects on the noise of changing the contrast and brightness
settings. Two magnifications using 50x and 100x objective lenses have been
implemented with the same settings of vertical and lateral resolution. One height range
(10 mm) of vertical scanning on the flat surface artefact has been used. Twenty
measuring data are collected in each setting for both objectives. In the second
parameter (illumination conditions), the purpose is to find the effect of different
illumination types on the noise. Coaxial light and a polariser are used. Different height
levels (20 mm, 40 mm, 60 mm and 80 mm) of the vertical stage scale have been used
in two objective lenses of 50x and 100x magnifications. The results for subtraction and
average methods and measurement repeatability have been calculated. At each height
level, twenty-five data have been collected in both light settings. The parameters of

contrast and vertical and lateral resolution have been fixed for all of the measurements.

The noise is nonlinear between the different vertical heights in both objectives. The
finding of nonlinearity of the vertical scale for FVM was not expected when performing
the experiment. The nonlinearity of vertical range may be caused by the imperfection of
the ball screw of the vertical Z drive. The manufacturer of the FVM instrument confirms
that the vertical range varies. i.e. the noise is vary in different height. The interpretation
of this difference may relate to the way in which the height range adjust is mounted on
the guiding rails and the way in which the drive train is guided. The effects of varying
the vertical range of FVM seem to be general as confirmed by the FVM manufacturer.
The finding of nonlinearity of vertical scale is very significant for FVM users. Therefore, it
is important for the FVM users to recognise the nonlinearity of the vertical scale when
using FVM; for example, when measuring at the level that provides low noise. In spite of
the fact that the FVM instrument can measure the replica of the optical flat artefact to
overcome its limitations, using the replica might not always be appropriate to identify
the noise. The findings of measurement noise and measurement repeatability are high.
Therefore, the replica may not provide valid results of the noise. According to Macdonald
(2014), it is not always possible to apply the replica due to the fact that the surface
texture of the original surface can be different at the nanoscale level. The surface should
have a roughness of more than 10 nm to allow the instrument to collect the data (Leach
2011). Therefore, there is some doubt about the replica of the optical flat artefact. Due
to the fact that the optical flat artefact cannot be measured by the FVM, its replica,
which overcomes the instrument limitation, may have an issue in the object

modification. The measurement can be obtained from the replica, but it could affect the
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appropriate results. For this reason, the replica of the optical flat artefact seems to

become inappropriate for the measurement of noise.

Regarding the noise difference between contrast and brightness parameters, the findings
indicate that the effects on the measurement noise of changing the contrast and
brightness are significant in both objectives. These findings are similar to a previous
measurement noise experiment (Hiersemenzel 2013). In Hiersemenzel’'s work, changing
only the contrast is not affecting the noise, while changing only the brightness can affect
the noise. However, the findings of our experiment indicate that changing the contrast
and brightness together can affect the noise significantly. The noise between two
settings does not exceed 0.5 nm in both objectives. The changing in the noise may be
occurring because of the brightness effect. The contrast and brightness can be related to
whether polarised or normal light is being used to obtain the data. Leach (2011) explains
that the contrast and brightness settings can assist in gaining the image data. It is clear
that changing the settings of contrast and brightness can allow the instrument to collect
sufficient data from the surface in the measuring operation. The drawbacks of applying
this experiment are related to choosing the appropriate settings to allow the
measurements to be collected. Some settings of contrast and brightness create
difficulties in measuring the surface in both objectives. In addition, some settings of

contrast and brightness can result in a long measuring time.

In the findings of different illumination parameters, using the polariser in the
measurement with specific settings of contrast leads to increase the noise. The polarised
light can assist in collecting the measurement. Leach (2011) and Nikolaev, Petzing et al.
(2016) confirmed that the polarisation can reduce the specular light components that
cause a problem for the CCD sensor to collect the data. However, the polarised light will
reduce the light intensity to the CCD image sensor and can increase the noise. From the
practical point of view, the polariser setting can be used when activated to reduce the
specular light from the measuring surface. However, when the polariser setting is
changed to a different light setting, it may cause some issues in the measurement.
Therefore, the noise can be increased when using the polariser when the measurements
in both light situations have used the same measuring conditions. The polariser settings
can be made suitable for its work. Using the polariser with a different setting leads to
some problems in the measurement. High measurement noise can be an example of the

measurement problems.

To sum up, the noise results from the previous measurement noise experiments can be

improved when averaging the collected measurement over time due to random noise
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reduction. This measurement collection strategy may help in obtaining better
measurement noise results. Also, De Groot and DiSciacca (2018) mention that averaging

the measurement over time can assist in getting low measurement noise.

Regarding the question of the determination of MCs for FVM, the determination of
measurement noise is provided in three measurement noise experimental designs. A flat
surface artefact and replica of an optical flat surface artefact are suitable artefacts in this
determination. The replica of the optical flat surface is measured due to the FVM
limitations of not being able to measure smooth and transparent surfaces. The
calibration procedures for FVM through measurement noise determination are explained

in the experimental methodologies.

4.4 Detection of stage non-linearity with measurement repeatability

The experiment is focused on detecting a non-linearity signature of the FVM vertical
stage using measurement noise and measurement repeatability. Two objective lenses
with magnifications of 50x and 100x have been used. The Halle flat artefact was
measured at different vertical heights, namely 5 mm, 40 mm, 55 mm, 70 mm and 85
mm. Twenty data were collected for each height in each lens. The contrast and
brightness parameters were set constant between the different lenses. Table 9 shows
the information for the measurement. The contrast and exposure time are chosen to
assist in gaining the image data from both objectives. The contrast and exposure time

are discussed in the first measurement noise experiment (see page 60).

Table 9: Information for the experiment design

Height range for Number of Exposure time

Lens every lens /mm | measured surface | Contrast | Brightness / us | Artefact

50x 5, 40, 55, 70 20 data for every 1 142 Halle flat
100x and 85 height artefact

All the calculation methods of measurement noise, namely subtraction, averaging and
measurement repeatability. The procedure of analysing the measured data for
subtraction, averaging and measurement repeatability is presented in section 4 of this
chapter. Regarding the average method, different average surfaces were calculated,
namely 2, 4, 6, 8 and 10 surfaces. In the measurement repeatability, the standard
deviation was calculated for some of the vertical heights, namely 5 mm, 40 mm, 55 mm

and 85 mm.
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Result

The results of the Halle flat artefact for the subtraction method present a significant
difference between 50x and 100x objective lenses. In the 50x objective lens, the 5 mm
level of vertical height has the highest noise and the 35 mm level of vertical height has
the lowest noise. The results of the subtraction method for the 50x magnification lens
are shown in Figure 55. In the 100x objective lens, the 35 mm level of vertical height
has the highest noise and the 5 mm level of vertical height has the lowest noise.
Figure56 demonstrates the subtraction method results for the 100x objective lens. The
interval results in Figure 55 and Figure 56 are one sigma calculation of standard

deviation divided by square root of three i.e. (number of measuring data).
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Figure 55: Results of subtraction method for 50x objective lens
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Figure 56: Results of subtraction method for 100x objective lens

The average method findings of the Halle flat artefact show similar results to the
subtraction method. For the 50x magnification lens, the noise is higher at 5 mm height,
while the values for the other heights seem to be similar. The findings of the average
method for 50x are shown in Figure 57. In the 100x magnification lens, the highest
noise was at 70 mm level of vertical height and the lowest noise is at 40 mm level of
vertical height. The average results of the noise for 100x are presented in Figure 58. By
increasing the number of averaging surfaces, the noise can be reduced with a condition
that the surface data has a statistically stationary condition. The interval results in Figure
57 and Figure 58 are one sigma calculation of standard deviation divided by square root

of measured surface i.e. (number of measuring data).
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Figure 57: Results of average method for 50x objective lens
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Figure 58: Results of average method for 100x objective lens

The measurement repeatability results are similar to the results of subtraction and
averaging methods. Both 50x and 100x objective lenses are non-linear between the
vertical heights. A perfect stage should have a constant noise in all of the vertical
heights. Figure 59 shows the standard deviation calculation of the 50x objective lens. In
comparison, the noise of the 100x objective lens increases when the vertical height
increases. The SD calculation of the 100x objective lens is shown in Figure 60. The
results obtained in Figure 59 and Figure 60 are the results of standard deviation divided

by square root of ten surface measured data.
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Figure 59: Results of measurement repeatability for 50x objective lens
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Figure 60: Results of measurement repeatability for 100x objective lens

Summary

This experiment detects the non-linearity signatures of the vertical height for the FVM.
Two objectives lenses with magnifications of 50x and 100x have been applied to
measure the Halle flat surface artefact with equal contrast and brightness parameters.
Subtraction and average as well as the surface topography repeatability methods have
been used in the calculation. Different height levels (5 mm, 35 mm, 40 mm, 55 mm, 70

mm and 85 mm) of the total vertical scanning range of the instrument are used.

The noise results show that the vertical stage tends to be non-linear. It is recognised
that the nonlinearity of the vertical scale is more significant for FVM users when, for
example, measuring at the level that has less linearity. In the 100x objective lens, the
noise seems to increase for both the noise and the measurement repeatability. The noise
between the different vertical heights is statistically significant. The manufacturer of the
FVM instrument agrees with these findings and confirmed that the change between the
different levels of vertical height is significant, and the results of this experiment present
a similar idea to that presented by the FVM manufacturer (Alicona 2016). Although these
differences are quite small, they can add to the increase of the measurement noise of
the FVM instrument. The non-linearity could be caused by the way in which the drive
train is guided and how the Z-axis is mounted on the guiding rails. This interpretation
seems to be the reason behind the differences in the linearity of vertical height levels. As
the FVM manufacturer obtained similar results, it can be confirmed that the effects seem

to be general for FVM.
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In this experiment, the metrological characteristic can be determined through the
measurement noise and measurement repeatability. A Halle flat reference surface
artefact is a suitable artefact that can be measured in the determination of measurement
noise for FVM. The good practical procedures to determine the MC with the suitable

artefact are presented in the experimental methodology.
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Chapter five: Residual flatness
experiment
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The thesis aims to investigate the traceability framework by determining the
metrological characteristics (MCs) for a focus variation microscopy (FVM) instrument, as

an optical areal surface texture measuring instrument.

The research aim is addressed by determining the residual flathness of FVM by applying
two different filters using the measurement of the Halle flat surface artefact (the ISO
filter standard and proposed method). One of the MC of FVM can be determined through
the residual flathness. Good practical procedures to determine the MC are used
throughout the experiment. Applying the filter can be predicted as an important process
in the determination of residual flatness. The variables of different filter and objective
lenses were kept constant, and contrast and exposure time for different objective lenses
were varied in the experiment. The research aims and questions can be achieved by

doing the experiment of determining the residual flatness.

5 The experiment

5.1 Method

The experiment is performed to calculate the residual flathness characteristic using
different filtering processes. One process follows the ISO instruction and the other is
proposed method. The ISO instructions of the filtering process are to use a low pass
Gaussian filter as stated in the ISO standard to generate an SF-surface with a cut-off
value that is equal to one-tenth of the field of view. Another filtering process (the
proposed method) is to multiply the sample distance of the field of view of each
objective by ten. The ISO standard requires measurements with a determined
specification for sample length and area. This ISO sampling requirement in many cases
cannot be satisfied. Therefore, the proposed filter method can be used as an alternative
when the sample length or the size of a measured surface area cannot follow the ISO
requirements. Two objective lenses with magnifications of 50x and 100x have been
used in this experiment. Instrument parameters are fixed to find the differences that
may occur between the objectives. The fixed parameters are contrast, brightness, and
vertical and lateral resolutions. Only one vertical height range (55mm) has been used.
This experiment focuses on the error of the Z-scale. The measuring surface should be
flat (Ra>10nm) to achieve the measuring requirements of determining the residual
flatness for FVM. Therefore, a Halle standard flat surface (with Sa value is 85.4 nm) is
chosen to measure in the experiment (see Figure 16, chapter 3). Total of 96 data are

collected from four different locations for each lens. Using Alicona’s script (see appendix
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1), three sets of data are collected in the first location before moving to the next location
and up to a total of four different locations, returning to the first. The goal of this process
is to reduce the effect of local variations of the measured surface. The variations mean
any variation from an ideal plane of measuring surface. The measuring process is

presented in Figure 61. The details of the parameters are shown in

Table 10. From Table 10, the parameters of contrast, brightness/exposure time, vertical
and lateral resolution were chosen to assist in gaining the image data from both
objectives. The experiment is applied at the normal measuring temperature and
humidity. For the purpose of data analysis, the MountainsMap software program is used
for data analyses. With the Mountainsmap software program, a number of measurement
data can be averaged together. The levelling process was performed for the averaged
surface of the 96 sets of measuring data. Threshold, by removing points that have
distances more than three standard deviations from the average point heights, was
processed on the levelled surface. Two filter settings of the ISO standard and the
proposed method were applied on the data of threshold surface. The threshold value was
material ratio 0.5% to 99.5%. The ISO filter was a low pass Gaussian filter applied as
stated in the ISO standard to generate an SF-surface with a cut-off value that is equal to
one-tenth of the field of view. The proposed filter method was to multiply the sample
distance of the field of view of each objective by ten. The value of Sz was calculated
after the filtration process. Figure 62 represents the analysis process of obtaining Sz
value using Mountainsmap. From Figure 62, the averaged surface refers to the result of

the 96 averaging surfaces.
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Figure 61: Measuring process
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Table 10: The experimental parameters

Parameter Data Lens
Image Contrast 1 50x / 100x
Brightness/ exposure time 300 ps 50x / 100x
Vertical resolution 0.01 pm 50x / 100x
Lateral resolution 1.34 ym 50x / 100x
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Figure 62: Residual flatness analysis process

5.2 Results

The results have been obtained by averaging from number of surfaces. The levelling
process is applied on the averaged surface. To remove the spikes from the levelled
surface, the threshold operation is performed. Before calculating the Sz values of the
residual flatness, two different filter processes are followed, namely the ISO instructions
of the filtering process and another filtering process (proposed method). A low pass
Gaussian filter is applied as stated in the ISO standard to generate an SF-surface with a
cut-off value that is equal to one tenth of the field of view. The cut-off of the 50x

objective lens was 32 pm and for the 100x was 16 uym. The filter using other process is
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selected by multiplying the sample distance of the field of view of each objective by ten.
The sampling distances of the 50x and 100x lenses are 0.176 um and 0.088 pm,
respectively; hence, the other filtering process uses a filter with sampling distances of
1.76 ym and 0.88 uym. A flow chart of the process is shown in Figure 63. The Sz values
of the filter process following the ISO standard (setting 1) are 22.9 nm and 26.1 nm for
50x and 100x objective lenses, respectively. The Sz results of the filter procedure
following the other process (setting 2) are 37.8 nm and 38.7 nm for 50x and 100x
objective lenses, respectively. The Sz values of unfiltered data are 53.6 nm and 42.3 nm
for 50x and 100x objective lenses, respectively. Although the difference between the
two objectives is not significant, using different filter processes is statistically significant

different for the residual flatness results. Figure 64 shows the Sz findings of the residual

flatness.
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Figure 63: The flow chart of the analytical process
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Figure 64: Results of residual flatness for both objective lenses and filter methods
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5.3 Discussion

The residual flatness experiment has been conducted on the FVM instrument using two
objective lenses with 50x and 100x magnifications. Constant parameters of contrast
and brightness and vertical and lateral resolutions have been used in the experiment. A
total of 96 surface data has been collected for each objective. The artefact has been
measured in different locations to take into account the surface variations. The value of
residual flathess has been obtained after applying a mathematically levelling process,
threshold and filtering the averaged surfaces. The ISO filtering rule and the other
filtering method have been applied.

The difference in values of Sz between different objectives lenses is quite small. The
result of Sz is not significant when the objective lenses are changed. This finding
suggests that Sz is more related to vertical scale error of the stage rather than the
sensor and optical system performances. Therefore, changing the objective will not
significantly affect the value of Sz. The value can be affected by scratching or/and dirt on
the objectives and the measured surfaces (Leach 2011, Leach and Giusca 2012, Leach
and Giusca 2013, Giusca, Claverley et al. 2014). Furthermore, the measuring method of
the artefact surface has led to reduce the Sz value. Measuring the artefact surface in
different locations can assist in minimising the value of Sz (vdi/vde2617 2004, Leach
2011, Leach and Giusca 2012, Leach and Giusca 2013, Giusca, Claverley et al. 2014,
1S025178:700.3 2016, 1S025178:700.3 2018). Each location on the measured surface
has a different topography due to local variations of the measured surface. In addition,
applying the S-filter on the surfaces in this experiment has led to reduce the effects of
high spatial frequency components, which can be caused by the instrument electrical
noise, for the residual flathess values. According to 1SO25178:700.3 (2016) and (2018),
the S-filter can assist in obtaining the effective Sz value. Using the filter can eliminate
the high-frequency noise components from the surface data so that the Sz value is
reduced after applying the filter process. The Sz values of unfiltered data are 53.6 nm
and 42.3 nm for 50x and 100x objective lenses, respectively. Therefore, the results
show that filtering process is very influential in determining the residual flatness.
Subsequently, a filter value for assessing residual flatness should be carefully and
appropriately selected following ISO standard to measure certain length, otherwise, the
proposed method can be used instead for determining the residual flatness for FVM.

The MC of residual flatness is determined by applying either the ISO filter process or the
proposed method. A suitable artefact to determine the residual flathess for FVM is a
standard flat surface artefact (a Halle flat surface artefact was measured in the
experiment). The experiment of residual flathess has addressed the question on what is

a good practical procedure to determine the MC with suitable reference artefact.
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Chapter six: Amplification,
linearity and perpendicularity
experiments
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The thesis aims to investigate the traceability framework by determining the
metrological characteristics (MCs) for a focus variation microscopy (FVM) instrument, as
an optical areal surface texture measuring instrument. Therefore, this chapter
investigates the determination of amplification, linearity and perpendicularity

characteristics for FVYM

The research aim is addressed by determining the amplification, linearity and
perpendicularity characteristics of FVM by applying three novel experiments using novel
and low-cost reference artefacts. The experiments are the lateral scale with multiple-
image field measurements, vertical scale, and measuring the lateral scale with single
image field measurement. Each experiment proposes new low-cost artefacts and
procedures for vertical and lateral scale calibration. Cross grating artefacts will be
measured in the lateral scale calibration experiment, with multiple image fields, with
both stitching and non-stitching measuring strategies. The measurements of reference
artefacts for lateral calibration of single image field and step height artefacts for vertical

scale are presented.

The MC of FVM can be determined through the amplification, linearity and
perpendicularity characteristics. Cross grating and step height artefacts are measured in
the determination. Good practical procedures to determine the MC are followed
throughout the experiments. Thus, the research aim and questions can be achieved by
doing the experiments of determining the amplification, linearity and perpendicularity

characteristics.

6 The experiments

6.1 Lateral scale calibration

Calibration of the material measures

In order to calibrate the distances between the centres of the calottes of the cross-
grating, a Zeiss O-Inspect non-contact coordinate measuring machine (CMM) is used
with a maximum permissible error specification of E; ypr = +(1.6 + L/300) pm, where L is in
millimetres. This CMM is periodically performance verified to assure that it operates
within its specification E; y,pz. According to the specification, the CMM has one-magnitude
higher accuracy for its x- and y-stages compared to that of the FVM, so that the
distances between the centre of the calottes measured by the CMM can be used as the

length reference, that is traceable via a gauge block measurement, for the distances
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measured by FVM. The calottes’ centre measurements are carried out in four different
positions with different orientations at each position. The orientation is changed by
rotating the artefact by 90° clock-wise for each position. Measurements are repeated
five times for each calotte at each position. With this strategy (ISO/DTS15530-2 2007),
the volumetric error of the CMM is taken into account as a contributor for the combined
standard uncertainty estimation of the artefact’s measurement results. Figure 65 shows
the artefact calibration with the CMM, where one of the four artefact calibration positions
is shown. The artefact position is not parallel to the CMM’s x- and y-axes (skewed
position) so that the CMM will move both the x- and y-axes to reach each calotte. By
moving both axes, the errors from both axes are taken into account as influence factors
in the uncertainty estimation of the calottes’ centre measurements. The callotes’ centre
measurements are carried out by the CMM optical-head with a 2D vision system. For the
traceability, the measurement of a calibrated gauge block is carried out by using the

tactile sensor of the CMM.

The location of the centre of each calotte is measured and the centre distances between
pairs of calottes were calculated. The centre locations are obtained by an image
processing algorithm that extracts the points of the detected circle of callotes and
associates a circle geometry to the extracted points to obtain the centre location of the
callotes. Table 11 shows details of the uncertainty estimation for the centre distance and
maximum combined uncertainty of a distance between two calottes on the artefact. In
Table 11, all influence factors are detailed (The calculation process of Table 11 is in
appendix 4). The factors consider the CMM repeatability, CMM geometric error,
temperature variation and uncertainty for the length measurement of a Grade 1 gauge
block. The measurement uncertainty of the length (the centre distance between two
calottes) is estimated according to ISO/DTS 15530-2 for calibration with a CMM
(ISO/DTS15530-2 2007). Traceability of the calibration results is established with a
substitution measurement of the gauge block, with the tactile sensor of the CMM, with

nominal length 4 mm (equal to the nominal length being calibrated).
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Table 11: All influence factors of the calibration process. The calculation for the largest
uncertainty among all the centre distances is shown.

Sources Description

Value /um

Influence factor considering the CMM repeatability, part
Urep 0.817 property (form, texture), sampling strategy, contamination of
the surface, etc. (Type A).

Influence factor considering CMM geometric error, stylus

Ugeo 0.316 error, tip error, fixturing error and alignment error (Type A).

Influence factor considering the length error correction
Ulaar 0.052 applied to the length measurement (only applied for
distance/length and size measurement) (Type B).

Influence factor due to thermal variation and error of

Htemp 0.005 coefficient thermal expansion of the measured part (Type B).
u 0.045 Influence factor from the measurement of the calibrated

gaugeblock ' gauge block (Grade 1 gauge block) (Type B).

Utotal 0.88 Combined standard uncertainty

Figure 65: The artefact calibration with the CMM

The second artefact of cross grating has also been measured and calibrated using Zeiss
O-inspect CMM to estimate the measurement uncertainty and achieving the traceability
(see Figure 65). The measurements have been carried out in four different orientation
positions. The measurements have been repeated five times for each hemisphere. The
measurement uncertainty of each artefact have been estimated following
(ISO/DTS15530-2 2007). Several factors are influence the measurement uncertainty of
length errors considering the CMM repeatability, CMM geometric error, temperature
variation and uncertainty for the length measurement of reference artefact. The
maximum combined standard uncertainty of cross grating artefact is 0.71 ym. Table 12
shows the calibration process of cross grating artefact (The calculation process of Table

12 is in appendix 5.
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Table 12: The calibration process of second cross grating artefact. The calculation for the
largest uncertainty among all the centre distances is shown

Sources Value / ym Description

Urep 0.404 Uncertainty source considering the CMM repeatability, part property

(form, roughness), sampling strategy, dirt of the surface, etc.

Ugeo 0.527 Uncertainty source considering CMM geometric error, stylus error, tip

error, fixturing error and alignment error
Ucorr 0.252 Uncertainty source considering the error applied to the
measurement (only applied for distance/length and

measurement)

Utemp 0.00095 Uncertainty source due to thermal variation and error of coefficient

thermal expansion of the measured part
Ugaugeblock 0.05 Calibration of gauge block
Utotal 0.71

Experimental design

Two objective lenses of 5x and 10x magnifications have been chosen to measure the
cross-grating artefact in x- (horizontal), y- (vertical) and diagonal directions. The image
fields of the 5x and 10x objectives are (2.82 x 2.82)mm and (1.62 x 1.62)mm,
respectively. The objectives have been chosen to give a relatively large size of image
field. The area of measurements is larger than the image field of both the objectives.
The measurements are carried out at one height (z —direction) location (at the height of
the instrument table where parts are placed) as the calibration is focused on the lateral
performance of the FVM. Four measurement types have been determined: measurement
in horizontal, vertical and diagonal directions (see Figure 66), and measurements for the
whole calottes grid. Each measurement type is replicated three times and averaged to
reduce random error. Both stitching and non-stitching measurement methods are
applied. The measurements with stitching measure the surfaces in between two callotes
and non-stitching measurements only measure the callotes’ centre without measuring
the surfaces in between two callotes. The purpose of stitching measurements is to study
the effect of the stitching algorithm with respect to the lateral stage accuracy. The
stitching measurements involve the measurement of multiple image-fields that overlap
with each other and the point registration of the overlapped image-fields to reduce the
error of the lateral stage. The measurements from the horizontal and vertical directions

are used to calculate the perpendicularity error. For amplification and linearity in 2D, all
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the calottes are measured only with a stitching method, with both 5x and 10x objective

lens magnifications, and 2D error maps are presented.

J

Vv D

Figure 66: Horizontal (H), vertical (V) and diagonal (D) directions of the measurements.

For the measurements of the second cross grating artefact using FVM, the hemispheres
that are in one image field has been measured repeatedly three times for better error
estimations. The total hemispheres measurements that are covered by 5x and 10x are
sixteen and four, respectively. Due to the number of the measurements using 10x are
few in one image field, three different areas were measured. The data of three different
measuring directions of horizontal, vertical and diagonal have been calculated for the
amplification and linearity characteristics in both objective lenses. Figure 67 and Figure

68 show the covered measuring area and measurement directions for both objectives.

Figure 67: Measuring area using 5x
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Figure 68: Measuring area using 10x

Amplification and linearity deviation results

The amplification and linearity of the xy-stage are determined by calculating the errors
between two calottes’ centres from measurements in the x-, y- and diagonal directions.
The callote centres are calculated as the centre of a sphere associated to the 3D point
cloud of the callottes. An error is defined as the difference between a calibrated length
(measured by CMM) and a length measured by FVM. The length is the distance between
two calottes’ centres. The results show different errors for the measurements carried out
in different measuring directions with both the objectives 5x and 10x and with and
without stitching. In addition, the results show that the choice of the different objective
lenses does not significantly affect the error, but the use of stitching does have a
significant effect

Figure 69, Figure 70 and Figure 71 show the errors of the length measurements of 1%
artefact with the 5x objective lens for the horizontal, vertical and diagonal directions
respectively. From Figure 69 and Figure 70, it can be seen that the average length errors
measured of 1% artefact with stitching are reduced by up to 52 % and 25 % for the x-
and y-directions respectively, compared to the errors obtained from the measurements
without stitching. Similarly, Figure 72, Figure 73 and Figure 74 show the errors of 1%
artefact for the measurements with the 10x objective lens for horizontal, vertical and
diagonal directions respectively. From Figure 72 and Figure 73, the average length errors
can be reduced by up to 62 %, and 10 %, for x- and y-directions respectively, for
measurement with stitching compared to without stitching. The length errors in the
diagonal direction obtained from both the 5x and 10x objective lenses are similar for
both stitching and non-stitching measurement strategies. The results show that the
stitching algorithm is only effective for measurement in the single x- and y-directions,

but is not as effective in the diagonal direction. The figure calculations are in appendix 6.
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From the non-stitching measurements with both the 5x and 10x objective lenses, the
results show that the lateral error of the stage is the largest in the x-direction. Since the
non-stitching strategy measures each calotte separately to calculate their centre
positions, their errors cannot be numerically compensated. Numerical compensations are
applied by stitching overlapping surfaces when the calottes are measured. The
measurement results obtained by the 10x objective lens with the stitching method have
lower errors than the measurements obtained by the 5x objective lens. Lager numbers
of images for stitching are obtained to reconstruct the measured surfaces with the 10x
objective lens due to a smaller field of view. Subsequently, with larger numbers of
images for stitching, compensation of the stage’s error can be improved so that the
measurement error is reduced. The higher error of the non-stitching method could be

because of ho compensation of stage error is available.

The measurement uncertainty of length errors considers several influence factors: the
standard error from measurement repetitions, the uncertainty of the length calibration,
the error due to the material expansion and the error in the estimation of the coefficient
of the material’s thermal expansion coefficient. Table 13 shows the influence factors that
contribute to the measurement uncertainty. In Table 13, the largest uncertainty
estimation corresponding to a 20 mm length measurement is shown. The combined

standard uncertainty for the 20 mm length measurement is 1.48um.
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Figure 69: Results of the error calculation of 1% artefact for the 5x objective in the
horizontal direction
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Figure 70: Results of the error calculation of 1 artefact for the 5x objective in the
vertical direction.
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Figure 71: Results of the error calculation of 1% artefact for the 5x objective in the
diagonal direction.
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Figure 72: Results of the error calculation of 1% artefact for the10x objective in the
horizontal direction.
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Figure 73: Results of the error calculation of 1% artefact for the 10x objective in the
vertical direction.
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Figure 74: Results of the error calculation of 1% artefact for the 10x objective in the
diagonal direction.

Table 13: Measurement uncertainty estimation and its influence factors. The shown
estimated combined uncertainty is the largest uncertainty estimation among the errors
measured with the 5x and 10x objective lenses corresponding to a 20 mm length

measurement.
Uncertainty Value / Description
contributor pm
Urep 1.17 Standard error from multiple measurements (Type A).
Utemp 0.23 Uncertainty due to stainless steel coefficient of thermal
expansion (CTE) 11.7 x 107 K™t and AT =1 °C) (Type B).
UcTe 0.023 Uncertainty due to error in the CTE estimation (10 % CTE)
(Type B).
Utrace 0.88 Uncertainty of calibration of the length (Type B).
Utotal 1.48 Combined uncertainty

According to the results of an analysis of variance (ANOVA), the length measurement
errors obtained with the 5x and 10x objectives are statistically similar for all the
measurements in x-, y- and diagonal-directions. The results show that the errors are
mostly contributed by the performance of the xy-stage. Therefore, changing the
objective may not significantly affect the results of the calibration. Giusca, Leach et al.
(2012) also reported that errors of amplification, linearity and perpendicularity of the xy-
stage of other instruments are not affected by the magnification of the objectives. The
results suggest that a low magnification lens can be used to determine the amplification
and linearity errors of the xy-stage. By using a low magnification lens, a larger field of

view can be obtained so that measurement time can be reduced.

In summary, the results of the amplification coefficient (a) and linearity deviation (/),
following their definition in ISO/DIS 25178 (IS025178:600 2018), are numerically
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presented in Table 14. From Table 14, the calculated amplification coefficients show that
the measurements with stitching tend to decrease the measured distance and the
measurements without stitching tend to increase the measured distance between the
centres of two callottes. The amplification coefficients calculated from the measurements
with stitching have value less than one unity, meaning the measured distances are
shorter than the calibrated distance. In contrast, the coefficients calculated from
measurements without stitching have values more than unity, meaning the measured
distances are longer than the calibrated distances. From the calculated linearity deviation
shown in Table 14, the results show that, even though the measurements with stitching
decrease the stage errors, they also increase the non-linearity. It is worth noting that
the stage error and linearity deviation are different. The stage errors show the difference
between a measured and calibrated distance between two callottes’ centres, while
linearity deviations show the maximum difference between the measured data and the
line from which the amplification coefficient is derived (1S025178:600 2018).

Table 14: The calculated values of amplification coefficient and linearity deviation.

5x 10x
Amplification coefficient (a) | stitching non-stitching stitching non-stitching
ax 0.99987 1.0007 0.99992 1.00069
ay 0.99971 1.00016 0.99982 1.00015
Qdiagonal 0.9998 1.0004 0.99983 1.00045
Linearity deviation (/) stitching non-stitching stitching non-stitching
ly/um 1.24 0.51 0.41 0.21
Iy /um 0.84 0.60 0.61 0.42
ldiagonal /HM 1.47 0.51 0.51 0.73

The error results of the second cross grating artefact of 5x and 10x objective lenses have
been collected for horizontal, vertical and diagonal directions. For the 5x objective lens,
the horizontal direction has low error comparing to the other directions. The high error,
that can caused by dirt, for the vertical direction may be obtained. Figure 75, Figure 76
and Figure 77 show the error results of 2" artefact with 5x objective lens for horizontal,
vertical and diagonal direction, respectively. Due to small area can be measured using
10x objective lens, the error results for all different measuring positions in different
directions are presented in Table 15, Table 16 and Table 17. Each measuring position
has different results. The error results of positionl in all measuring directions are lower
the other measuring positions. The vertical direction has high error result in measuring
position 1. The measuring position 2 shows the horizontal direction is higher error than
the other directions. In the measuring position 3, the diagonal results are higher than

the horizontal and vertical directions. It is important to know that each measuring area
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position has different error stage, therefore, it is difficult to obtain same error results in
different measuring positions. When the measuring area is changed, a new measuring

data can be collected. The figure calculations are in appendix 7.
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Figure 75: Results of error calculation of 2" artefact for the 5x objective lens for
horizontal direction
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Figure 76: Results of error calculation of 2" artefact for the 5x objective lens for vertical
direction
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Figure 77: Results of error calculation of 2" artefact for the 5x objective lens for
diagonal direction

Table 15: Error results of 2" artefact for 10x objective lens for horizontal direction in
different positions

TRIAL POSITION1l /pym POSITION2 /um POSITION3 /um

1 -1.95 -1.94 -1.87
2 -2.60 -3.25 -1.98
3 -1.93 -4.03 -3.08

Table 16: Error results of 2" artefact for 10x objective lens for vertical direction in
different positions

TRIAL POSITION1 /uym POSITION2 /um POSITION3 /um

1 -0.26 -1.61 -3.07
2 0.22 -1.03 -1.34
3 -1.67 -2.27 -1.36

Table 17: Error results of 2" artefact for 10x objective lens for diagonal direction in
different positions

TRIAL POSITION1 /ym POSITION2 /ym POSITION3 /um

1 -2.97 -3.63 -2.75
2 -0.97 -3.32 -4.42
3 -2.61 -3.42 -4.37
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Perpendicularity deviation result

The perpendicularity deviation is obtained by calculating the differences of the angles
between the x- and y-axes from the CMM measured data and from the FVM measured
data. For the perpendicularity deviation, the calottes’ centre locations are estimated from
the measurements in the x- and y-directions, using stitching and non-stitching
strategies. Three repeated measurements are carried out for stitching and non-stitching
measurements to estimate the calottes’ centre locations. From the estimated calottes’
centre locations, least-square lines are fitted to the centre locations in both the x- and y-
directions. The perpendicularity deviation the 5x and 10x objective lenses are 0.46° and
0.22°for the measurements with stitching, and 0.22° and 0.19° for the measurements
without stitching, respectively. Table 18 shows the results of all perpendicularity
deviations. From Table 18, the maximum differences for the perpendicularity deviation
for both stitching and non-stitching measuring strategies, and both the objective lenses
are around * 0.2°. Giusca, Leach et al. (2012) also found a similar perpendicularity
deviation of 0.3° with a coherence scanning interferometer. The differences in 5x and
10x for the second cross grating artefact are 0.002° and -0.023°, respectively. Table 19

shows the perpendicularity calculation of second cross grating artefact.

Table 18: Results of perpendicularity deviation (+ standard deviation of the mean).

5x 5x 10x 10x
STITCHING / NON- STITCHING NON-
° STITCHING / ° /° STITCHING / °
FVM 90.46 +0.53 89.77 £0.20 90.22 +0.07 90.19 +0.46
CMM 89.99+0.01
Difference 0.46 | 0.22 | 0.22 | 0.19

Table 19: Results of perpendicularity calculation for the second cross grating artefact

5x /° 10x / °
FVM 90.003 £ 0.06 89.979 £+ 0.05
CMM 90.002
Difference 0.002 -0.023

Amplification and linearity errors in 2D

The amplification and linearity deviation in xy-directions are presented as 2D error maps.
The 2D error maps for measurements with the 5x and 10x objectives lenses are shown
in Figure 78 and Figure 79 respectively. For all the measurements, stitching is employed

and the measurements cover the whole surface of the artefact. All the calottes’ centre
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locations are calculated from the average of three repeated measurements. The
coordinates of the calculated centres are mathematically aligned, by least-squares fitting
a line to the callottes’ central position, calculating the angle of the fitted line with respect
to the x-axis of the reference coordinate system and rotating all the central positions
based on the calculated angle, to remove errors due to fixturing and placement when
setting up the artefact for the measurements. After the alignment, all centre locations
from both the measurements of CMM and FVM are registered and overlapped, by
translating the coordinate system of all the centre positions (from both the CMM and
FVM measurements) to the centroid position of the centre location, based on their
centroid locations (Daemi, Ekberg et al. 2017). After all the centre locations have been
registered and overlapped, the errors of each centre’s location on the grid are calculated
as the difference between the centre locations measured with the FVM and centre
locations measured with the CMM. The centre locations measured with the CMM are used
as reference values. The maximum differences between the CMM and FVM
measurements with the 5x and 10x objective lenses are 7.6 ym and 5.2 um,

respectively (The CMM data calculations of the figures are in appendix 8).
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Figure 78: 2D error map for the measurement obtained with the 5x objective lens (the
FVM data is red and the CMM is blue).
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Figure 79: 2D error map for the measurement obtained with the 10x objective lens (the
FVM data is red and the CMM is blue).

From the 2D error maps, it can be seen that the measurement errors with stitching, for
both the 5x and 10x objectives lenses, are generally 15 % higher than the errors in the
single axis measurements with stitching. The increase of the errors can be attributed to

the contribution of both the x- and y-axis errors for the 2D measurements.

6.2 Vertical scale measurement

Prior to measuring the new artefacts using FVM, the artefacts have been measured and
calibrated using Zeiss O-inspect CMM to estimate the measurement uncertainty and
achieving the traceability. The measurement has been repeated five times for each slot
in step height artefact. The measurement uncertainty of each artefact have been
estimated following (ISO/DTS15530-2 2007). Several factors are influence the
measurement uncertainty of length errors considering the CMM repeatability, CMM
geometric error, temperature variation and uncertainty for the length measurement of
reference artefact. The maximum combined standard uncertainty of the step height
artefact is 0.22 uym. Table 20 shows the calibration process of step height artefact (The
calculations of Table 20 are in appendix 9). Each source in table 20 shows the maximum
value obtained in appendix 9. For example, the value of u,ep indicates its maximum value
of the calculation in appendix 9, while the value of uetal is the square root calculation of

the sum of each squared source.
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Table 20: The calibration process of step height artefact

Sources Value / um Description
u. e Uncertainty source considering the CMM repeatability, part property
i ' (form, roughness), sampling strategy, dirt of the surface, etc.

Uncertainty source considering CMM geometric error, stylus error, tip

Hoeo 0-101 error, fixturing error and alignment error

Yo e Uncertainty source considering the error applied to the length
measurement (only applied for distance/length and size measurement)
Uncertainty source due to thermal variation and error of coefficient

Utemp 0.00062
thermal expansion of the measured part

Ugaugebiock | 0.05 Calibration of gauge block

Utotal 0.22

The measurements of step height artefact have been carried out at five different vertical
heights of 15mm, 35mm, 55mm, 75mm and 90mm. Each slot measurement in each
vertical height has been repeated three times. All the measurements have been carried
out using 50x objective lens with increasing the vertical resolution to detect the small
error. The distance between the top point and bottom point of each slot is calculated.
The calculation of step height artefact is applied using MountainsMap software. Figure80

shows the step height slot from the top.
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Figure 80: Top view of step height

The results of Step height artefact:

The measurement results of step height artefact are collected at different vertical height

levels. The results from FVM are compared with the reference CMM results. Measuring at
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different height level does not indicate any differences between the levels. As the
artefact is measured using one objective lens (50x), Each level can measure the artefact
with the same measuring field of view of objective lens and measuring vertical distance.
However, the measurement at level 15 mm can be maximum differences between the
CMM and FVM. The maximum difference result is 3.14 um. Figure 81 shows the results

of step height measurements.
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Figure 81: Results of step height measurements

6.3 Single image field calibration

Prior to measure the artefact with FVM, a coherence scanning interferometer (CSI)
instrument has been used as reference in the artefact calibration (CSI instrument is
traceable). Five repeated measurements in four different positions are carried out using
20x objective lens. Figure 82 presents the artefact measuring with CSI instrument. The
FVM measure the artefact using 10x and 20x objective lenses. Three repeated
measurements are carried out for each objective. The amplification and linearity are
determined by calculating the errors between two intersection’s centres from
measurements in the x-, y- and diagonal directions. An error is defined as the difference

between a calibrated length (measured by CSI) and a length measured by FVM.
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Figure 82: The artefact measurement with CSI

Measurement Uncertainty calculation:

Zygo CSI instrument was used to calibrate the distances between the intersection
centres of the artefact. Zygo CSI instrument is used as the length reference due to its
higher accuracy compared to the FVM. The measurement uncertainty of the length (the
centre distance of between two intersections) was estimated. The artefact is measured in
four different positions with different orientations at each position. The orientation is
changed by rotating the artefact by 90° clock-wise for each position. Measurements were
repeated five repeated measurement were carried out at each position. Several factors
influence the measurement uncertainty of length errors considering the Zygo
repeatability, Zygo geometric error, temperature variation and uncertainty for the length
measurement of reference artefact. Table 21 shows the calibration process of the cross
grating artefact. The maximum combined standard uncertainty in Table 21 is 1.7414 pm.
From Table 21, it is important to notice that a calibrated reference artefact called areal
cross grating is measured by a commercial coherence scanning interferometry (CSI)
from Zygo to achieve the traceability. The calculations of Table 21 are in appendix 10.
The result of reference artefact is contributed in the total calculation of calibration
process. Due to non-deterministic features that were shown in Figure 29, large
uncertainty calibration is obtained in Table 21. Each source in Table 21 presents the
maximum value obtained from the calculation in appendix 10. For example, the value of
U,ep indicates its maximum value of the calculation in appendix 10, while the value of

Uotal iS the square root calculation of the sum of each squared source.
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Table 21: The calibration process of cross gating artefact

Description

Source Value / pm
urep
1.5544
l'lgeo
0.5605
uCOI‘I‘
0.00008816
utemp
9.29356E-08

Ureference artefact 0.55

Utotal

1.7414

Uncertainty source considering the 2Zygo repeatability, part
property (form, roughness), sampling strategy, dirt of the surface,
etc.

Uncertainty source considering Zygo geometric error, stylus error,
tip error, fixturing error and alignment error

Uncertainty source considering the error applied to the length
measurement (only applied for distance/length and size
measurement)

Uncertainty source due to thermal variation and error of coefficient
thermal expansion of the measured part

Calibration of reference artefact

Combined standard uncertainty

Amplification coefficient and linearity deviation results:

The results show different errors for the measurements carried out in different

measuring directions with both the objectives 10x and 20x. The errors of the length

measurements with the 10x objective lens are in Figure 83, Figure 84 and Figure 85 for

the horizontal, vertical and diagonal directions, respectively. Similar results are obtained

from different objective lenses. The errors of diagonal direction are higher than the

errors of other directions in both objectives. The instrument algorithm can be more

effective when measuring in vertical and horizontal directions. Figure 86, Figure 87 and

Figure 88 show the errors of length measurements with the 20x objective lens for the

horizontal, vertical and diagonal directions, respectively (The figure calculations are in

appendix 11).
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Figure 83: Error results of 10x in horizontal direction
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Figure 84: Error results of 10x in vertical direction
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Figure 85: Error results of 10x in diagonal direction
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Figure 86: Error results of 20x in horizontal direction
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Figure 87: Error results of 20x in vertical direction
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Figure 88: Error results of 20x in diagonal direction

Perpendicularity deviation results:

The perpendicularity deviation is obtained by calculating the differences of the angles
between the x- and y-axes from the CSI and FVM measured data. The perpendicularity
deviation estimates the measurement of the intersection’s centre locations in the x- and
y-directions. Three repeated measurements are carried out for the intersection’s centre
locations in both objectives. A least-square lines are fitted to the centre locations in both
the x- and y- directions. The perpendicularity deviation of the 10x and 20x objective
lenses are 0.155° and 0.391°, respectively. Table 22 shows the results of all
perpendicularity deviations. The maximum differences in Table 22 for the

perpendicularity deviation for both the objective lenses are around + 0.2°.
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Table 22: The perpendicularity calculation

20x 10x
FV 90.175 £ 0.474 89.629 + 0.579
CMM 90.02 + 0.109
Difference /° 0.155 -0.391

Amplification and linearity errors in 2D:

The measurements are applied on the whole artefact surface. The average of three
repeated measurements of all the centre intersection locations are calculated. The
intersection centres are mathematically aligned by fitting the least-squares line. Then,
the angle of the fitted line is calculated with the reference coordinate system. All the
central positions are rotated to remove errors based on the calculated angle. The
registered centre location from Zygo and FVM are overlapped to the centroid position of
the centre location. The error differences of each centre’s location between Zygo and
FVM are calculated. The centre locations of Zygo value is used as reference. The
maximum differences between the Zygo and FVM measurements with the 10x and 20x
objective lenses are 3.3 pum and 2.8 um, respectively. Figure 89 and Figure 90 show the
2D map of error map for the 10x and 20x objective lenses, respectively. (The data

calculation of the figures is in appendix 12).
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Figure 89: 2D error map for the measurement obtained with the 10x objective lens (the
FVM data is red and the Zygo is blue)
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Figure 90: 2D error map for the measurement obtained with the20x objective lens (the
FVM data is red and the Zygo is blue)

Conclusion and future work

The calibration of the vertical and lateral scale for FVM is presented by determining its
amplification, linearity and perpendicularity characteristics. For lateral scale calibration
measurement, a novel and low-cost calibrated cross-grating artefact (£100 for
manufacturing cost), consisting of a grid of calottes, and procedures for the
determination of linearity, amplification and perpendicularity characteristics have been
proposed. As part of this study for determining the characteristics, two objective lenses
of 5x and 10x are used to measure the proposed cross-grating artefact with both
stitching and non-stitching strategies. Measurements in the horizontal, vertical and
diagonal directions, along with measurements of the entire grid of calottes, are carried
out. The results from the measurements of the proposed cross-grating artefact indicate
that:
1. Measurements with stitching can reduce errors in the x- and y-directions, but not
in the diagonal direction.
2. Measurements in 2D direction have 15 % larger errors than measurements in
only one direction.
3. Measurements with stitching can significantly reduce lateral stage error, but

increase the non-linearity of the error.

For the measurement results of the second cross grating artefact, a high error has been

found in the vertical direction of 5x objective lens. Some dust on the measured artefact
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may be the reason behind the obtained high error. Regarding the measurement using
10x objective lens, different measuring positions are carried out due to small measuring
area can be covered. Each measuring position has different measuring error results.
Small measuring dimensions should be used to collect a good measuring process for

single image field.

In the calibration of single image field experiment, some issues have limited determining
the amplification coefficient, linearity deviation and perpendicularly characteristic. The
micro features of used artefact have non-deterministic square shapes due to the
manufacturing process complexity. In the process, some of the slot intersections of the
artefact have inaccurate dimensions due to tool wear during cutting. This issue causes a
high uncertainty when calibrating the artefact and make it not reliable. A large
uncertainty of artefact calibration reduces the significance of the experiment data. Some
post processing for the artefact may be required to get a better shape and to avoid this
issue. When the artefact is measured, some good features can be used for single image
field, particularly, on the top right corner region (see Figure 29). Alternatively, another
type of micro-scale precision machining can be used to get deterministic grid shape with
a possibility of more complex processing and higher manufacturing cost. The high
manufacturing technology, for example special nano-pulse laser drilling may produce
required artefact with precise dimensions. However, it is important considering the cost
of making a new artefact using high manufacturing technology such as laser texturing
process. The new artefact can be designed and manufactured using high manufacturing

technology in the future work.

The MC of amplification, linearity and perpendicularity have been determined in the
experiments for lateral and vertical scale measurements. The measurement of lateral
scale was applied for single and multiple image fields using low-cost manufactured
artefacts of cross grating and the measurement of vertical scale is performed using step
height artefact. The process of applying the experiment addressed the question of good

practical procedures to determine the MC with the suitable reference artefact.
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Chapter seven: Topographic
spatial resolution experiment
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The thesis aims to investigate the traceability framework by determining the
metrological characteristics (MCs) for a focus variation microscopy (FVM) instrument, as
an optical areal surface texture measuring instrument. Therefore, this chapter

investigates the lateral period limit (LPL) determination for FVM.

The research aim is addressed by determining the LPL of FVM by comparing its
resolution with CSI measuring instruments using 20x with FVM and 20x and 50x
objective lenses with CSI. The traceability will be achieved by linking the FVM results
with CSI results. The CSI instrument is used to measure a calibrated reference start
artefact to calibrate the LPL of the CSI. The MC of FVM can be determined through the
LPL. Random surface artefact is measured in the determination of LPL for FVM. Good
practical procedures to determine the MC are followed throughout the experiment. The
resolution of CSI measuring instrument can be predicted as better than the resolution of
FVM. The research aims and questions can be achieved by doing the experiment of

determining the LPL.

7.1 A methodology to determine LPL from a random surface

This methodology determines the LPL of any kind of surface, using FVM. The
methodology involves the comparison of an areal measurement with another optical
method that is traceable, for example CSI and confocal microscopy. Applying this

methodology will be presented in the next sections. The methodology is as follows:

1. Measure any random surface with an FVM, at a predefined area with a specific
field of view.

2. Measure again the predefined area with any other optical areal topography
instrument, with a specific field of view that is traceable, for example, CSI or
confocal microscopy. In this thesis, a CSI was used. Mathematically align the
measured areal from the FVM to the measured areal from the other traceable
optical instrument. This process can be applied using specific software called
MountainsMap. The software includes colocalisation module that can colocalise
images of different measuring instruments and overlay the images on 3D
surface topography. The colocalisation is an automatic tool using advanced
algorithms of pattern recognition. This algorithm of pattern recognition can
detect sorts of basic features to identify matching landmarks on the two
image-like datasets. The image overlaying can facilitate the correlation study

between the image and topographic features. The overlays can provide 3D
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visualisation, such as zooms, translation, axes rotation and adjusting the
transparency of overlaid image (Digitalsurf, 2018).

3. Obtain areal measurements from the FVM and the other instrument with the
same lateral size (measured data with the same length and width).

4. For each instrument, calculate the average height h; of each lateral sampling

distance d;:
1
hi(d;) = N 1211 — iz (8)
Where z;,,z;,, are the heights at pixel location 1 and 2, with lateral distance d;.
N is the total number of height differences for each lateral distance d;.

5. For each calculated h;from both measured areas, each with the same d;,

calculate the transmitted height ht; and build a transmission height curve:

hiFVM—h;CSI
h;CSI

ht; = | | x100 (9)

Where h;FVM is the h; from the FVM and h;CSI is h; from the CSI.

6. Determine the lateral resolution by determining the resolution that
corresponds to 50 % height transmission on the transmission curve following
the LPL definition (see Figure 95 and 97).

7.2 The experiment

Measurements are performed for all six grooves. Five measurements are performed on
each groove. The Zygo CSI is used as a measuring reference to compare results with the
FVM. A 20x objective lens is used in the FVM, and 20x and 50x objectives lenses are
used in the CSI. The CSI resolution, under 20x and 50x objectives lenses, is checked by
measuring a calibrated Siemens star artefact, before comparing the data with the FVM
resolution, to establish traceability. Then, resolution of the CSI is determined using 20x
and 50x objective lenses, according to Giusca and Leach (2013). The results from these
CSI measurements are compared to the resolution results from the FVM (using the 20x
objective lens). Using Mountainmap software, data are overlapped to assess the same
measurement areas from both instruments. Figure 91 and Figure 92 show the surface
measuring areas of the FVM and CSI instruments, using the 20x and 50x objective
lenses, respectively. From these figures, the surface height coloured map measurement
for the 20x objective lens of the FVM and CSI is (600 x 500) pum and (170 x 170) um for
the 50x objective lens of the CSI. This work proposes the use of a random surface
artefact to determine the LPL of FVM.
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Figure 91: The measuring areas of the 20x objective lens of the Zygo CSI (left) and the
20x objective lens of the FVM (right).

Figure 92: The measuring area of the 20x objective lens of the FVM (left) and the 50x
objective lens of the Zygo CSI (right).

7.2.1 CSI 20x and 50x LPL calibration with NPL Siemens star reference artefact

The LPL is function can be used to quantify the topographic spatial resolution
characteristic (ISO25178, 2018). The quantification can be performed depending on the
measurement method used. The determination of LPL following the ISO definition
(described in the literature review chapter) has mentioned the sinusoidal profile of ASP
artefact that can be used. According to Giusca and Leach (2013), the star patterns
artefact, which is often assessed using circular profiles of different diameters (see figure
93), has similar functionality compare to the use of grids. The circular profile is only

limited to a discrete series of spatial frequencies. However, the advantage of the ASP
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artefact can be obtained by extracting the profile of star patterns along the star radial

direction. The ASP artefact that is used to determine the LPL is Siemens star artefact.

g N1 [’l r IJ’
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Figure 93: circular profile of ASP artefact

Prior to achieving an unbroken chain of measurement traceability, a Siemens star
artefact is measured using 20x and 50x objective lenses on a CSI Zygo. The Siemens
star is an NPL reference calibrated artefact, widely used for topographic spatial
resolution measurement for optical measuring instruments, such as phase shifting

interferometry and CSI. Figure 93 shows the Siemens star artefact used in this

experiment.
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The Siemens star artefact is calibrated by subtracting two profiles that are extracted
through the middle of the petals. One profile is from the upper petal, while the other
profile is from the lower petal. Figure 94 shows the two profiles extracted through the
petals. The profiles are extracted through the middel of petals 5-23 (lower) and petals 8-
26 (upper). The result of subtracting two profiles is called instrument response profile
(IRP), which can determine the instrument resolution. The resolution of the instrument is
determined following the ISO definition of LPL. From the IRP, the lateral scale should be
multiplied by n/n (where n = petal number, 18) and the vertical scale is normalised to
the maximum height (Giusca and Leach, 2013). The LPL results can be the point at
which the height response of the instrument falls to 50 %. This process is applied in the
determination of the LPL following the ISO 25178-6 definition. The LPL of the 20x and
50x objectives lens is (1.34 £ 0.128) pm and (0.783 £+ 0.064) um, respectively. Figure
94, Figure 95 and Figure show the process used to determine the LPL of the Siemens
star artefact using CSI for 20x objective lens and Figure 97, Figure 98 and Figure 99
show the 50x objective lens results. From Figure 94 and Figure 97, two profiles are
extracted through the middle of the petals; one from the lower petal and the other from
the upper petal. These petal profiles are subtracted and are shown in Figure 95 and
Figure 98. In Figure 96 and Figure 99, the vertical scale is normalised to the maximum
height, and the lateral scale is multiplied by n/18. The LPL is determined at which the
height response of the instrument falls to 50 %. These procedures are applied according
to Giusca and Leach, 2013. Theoretically, the instrument resolution (optical resolution)
of the 20x and 50x objective lenses is calculated using the Rayleigh criterion. The optical
resolution of the 20x and 50x objective lenses of the Zygo CSI are 762.5 nm and 554.54
nm, respectively, based on the Rayleigh criterion. As the optical resolution is smaller
than the LPL, the surface topography is measured. The Rayleigh criterion is used to

calculate the optical resolution as follows (Leach and Haitjema 2010):

A
r=0.61 2, (10)

where A is the central wavelength (500 nm) of the white light, and NA is the numerical
aparture of lenses. The NA of the 20x and 50x CSI objectives lens is 0.40 and 0.55,

respectively.
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Figure 94: Two profiles extracted through the middle of the lower petal (left) and the
upper petal (right) using the 20x CSI objective lens.
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Figure 95: The subtraction result of the two profiles
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Figure 97: Two profiles extracted through the middle of the lower petal (left) and the
upper petal (right) using the 50x CSI objective lens.
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Figure 99: The lateral period limit (LPL) using the 50x CSI objective lens

7.2.2 Results

Part 1: The LPL by comparing with Zygo 20x measurement data

The experiment results of LPL compare the Zygo CSI with FVM of approximately the
same measuring area. Using a 20x objective lens, different height measurement results
are obtained between the 20x objective lenses of the FVM and CSI, and the 20x
objective lens of the FVM with the 50x objective lens of the CSI using random surface
artefact. The FVM has lower height than CSI measurements, suggesting that more
filtering effects are obtained from FVM measurements. In addition, the more filtering
effects suggest that FVM has lower lateral resolution when compared to the CSI
instrument. The filter process can remove the effect of high spatial frequency noise.
Figure 100 shows profile data comparisons between CSI and FVM. The LPL is calculated
using height transmission, by determining the corresponding lateral resolution that
corresponds to a 50 % height transmission. The LPL using height transmission is
presented in Figure 101. From the fitted curve in Figure 101, 50 % transmission height
corresponds to 19 um, therefore, the estimated LPL for the FVM is determined at 19 um,
and the LPL of the 20x CSI objective lens is 1.34 pm. The optical resolution of the 20x
CSI objective lens is 0.7762 um.
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Figure 100: Average height h;(d;) data comparisons (blue) FVM 20x and (red) CSI 20x
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Figure 101: Height transmission ht; data (red dots) between FVM 20x and CSI 20x
lenses. Fitting curve (blue line). The lateral resolution corresponding to the 50 % height

transmission is 19 um and the calculated optical resolution is 0.7762 pm.

Part 2: LPL by comparing with Zygo 50x measurement data
Another experiment compared the same measuring area of Zygo CSI using a 50x

objective lens with FVM using a 20x objective lens. In this experiment, the LPL is
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determined by comparing different objective lenses. Due to different objective sizes
between the two instruments, the results of same measuring area seem not appropriate.
The graph should present similar results for the same measuring area. Figure 102
compares the profile of the 20x FVM objective lens (blue) with the 50x CSI objective lens
(red). Calculation of LPL, using height transmission, is presented in Figure 103. From this
figure, 50 % transmission height from the fitted curve corresponds to 4.8 pm, therefore
the estimated LPL of the FVM is 4.8 ym and the LPL of the 50x CSI objective lens is
0.783 pum. The optical resolution of the 50x CSI objective lens is 0.554 ym.
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Figure 102: Average height h;(d;) data comparisons for FVM 20x lens (blue) and the CSI
50x lens (red).
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Figure 103: Height transmission ht; data (red dot) between the FVM 20x and CSI 50x
lenses. Fitting curve (blue line). The lateral resolution that corresponded to 50 % of the

height transmission is 4.8 pm, and the calculated optical resolution is 0.554 um.

7.3 Summary

In this experiment, a novel method to determine the LPL of an FVM instrument by
measuring a rough random surface has been presented. The FVM is compared with a CSI
to generate measurement traceability. Therefore, the reference artefact of the Siemens
star is measured with CSI to link the traceability chain. The CSI measured the Siemens
star artefact using 20x and 50x objective lenses. Then, the rough random surface
artefact is used to compare the measurement results of the FVM and CSI. The results of
the 20x objective lens of the FVM are compared with the 20x and 50x objective lenses
of the CSI.

The results showe that the CSI resolution, for both 20x and 50x objective lenses, is
better than the resolution of the FVM 20x objective lens. The estimated LPL for
measurements with the 20x FVM objective lens and the 20x CSI objective lens is 19 ym
and 1.34 ym, respectively. The optical resolution of the 20x CSI objective lens is 0.7762
pm. Comparison of the 20x FVM objective lens and the 50x CSI objective lens show that
the estimated LPL of the FVM and CSI are 4.8 pym and 0.783 pm, respectively. The

optical resolution of the 50x CSI objective lens is 0.554 ym.

Further investigations should be carried out to confirm the efficiency of this novel
method. These investigations could incorporate experiments using several random

artefacts that could corroborate data from this study. The metrological characteristic of
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LPL for FVM is determined using a novel method with measuring random surface

artefact. The calibration procedure is presented by comparing the resolution of CSI and

FVM. The traceability is achieved by measuring a reference Siemens star artefact.
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Chapter eight: Conclusion and
future work
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8 Conclusion and future work

8.1 Conclusion

This project presents novel calibration infrastructures of FVM for surface texture
measurements in the form of novel low-cost artefacts (£100 for each artefact) and
practical calibration procedures to determine its MCs. The metrological characteristics of
FVM, addressed in this project, include: measurement noise, residual flatness,
amplification coefficients, linearity deviations and perpendicularity and topographic
spatial resolution. Each MC for FVM was determined separately by measuring a suitable
artefact in a separate experiment. Most of the available artefacts cannot be measured
with FVM because of its limitation in measuring smooth and transparent surfaces. The
new low-cost artefacts were designed and manufactured when the suitable artefact for
FVM was not available; for example, the artefacts measured for determining the
amplification, linearity and perpendicularity characteristics. The new artefacts were
calibrated with more traceable measuring instruments to achieve the traceability. The
results of the new artefacts with the more traceable instrument were compared with the

FVM and the uncertainty was estimated. Each chapter is summarised as follows:

Chapter Two is a literature review of related work and covers all topics related to surface
texture measurements, including application of surface texture measurements,
measurement traceability, calibration, measurement uncertainty, material measures and
metrological characteristics. In addition, the chapter reviews the FVM as an optical
measuring instrument including its working principles, instrument components and
limitations. The literature review indicates that most available reference artefacts for
calibration of surface texture measuring instrument are not suitable for use with the FVM
due to their very smooth surfaces. Hence, from this literature review, new reference
artefacts, and the procedure to use them for calibration, are still required and are
proposed in this thesis to overcome the lack of artefacts suitable for most of FVM
instruments and practical procedures using the proposed artefacts to quantify the

metrological characteristic.

Chapter Three: the measurement artefacts used in the determination of metrological
characteristics for FVM has been presented. The artefacts for determining the
measurement noise characteristic are replica of optical flat surface and flat surface
artefacts. For the residual flatness determination, the artefact of Halle flat surface is
used in the measurement. Three new artefacts have been designed and manufactured

for the determination of amplification, linearity and perpendicularity characteristics. The
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artefacts have been manufactured by Kern micro milling machine. The determination of

topographic spatial resolution uses random surface artefact that is manufactured by EJM.

Chapter Four presents a work on the determination of the metrological characteristic of
measurement noise, determined with both subtraction and averaging methods, for FVYM.
The chapter presents novel various experiments for the measurement of noise and
measurement repeatability. These experiments include the determination of
measurement noise using replicas of an optical flat having very smooth surface with Ra
< 10 nm and the determination of measurement noise with different measurement
parameters, that are illumination parameters, contrast and brightness parameters. A
novel experiment finding uncovers vertical scale non-linearity of the FVM by measuring
its measurement noise at different scale location of the vertical motion stage. Another
novel experiment is also carried out by using the replica of an optical flat to determine
the measurement noise for different objective lenses at different vertical heights. The
general results show that the noise determined by measuring the replica is significantly
higher than the noise from the other experiments using flat surface artefacts. Instead,
the replica measurements can overcome FVM limitations, but may always give higher
measurement noise from a real situation. The reason could be due to the fact that the
replica may have issues in the replication of surface features, therefore, measurements
can be obtained from the replica, but they could affect result reliability. For this reason,
the measurement of the replica of the optical flat artefact will give higher measurement
noise than the measurement of the optical flat itself. The experiment using different
illumination parameters shows statistically a significant effect of illumination on noise.
The results also shows that measurements using polariser for determining the noise,
with the same contrast setting of normal light, leads to higher noise than the
measurements without using the polariser. The contrast and brightness effects on
measurement noise are also carried out. Form this experiment, the noise findings
indicate that changing the contrast and brightness together significantly affects the
noise. The last measurement noise experiment detected the non-linearity of the vertical
height for the FVM. The non-linearity of vertical scale of FVM could be caused by the way
the drive train is guided, and how the Z-axis is mounted on the guiding rails. The
measurement results of measurement noise determination can be achieved by using the
replica of an optical flat that cannot be measured directly with the FVM due to very
smooth surfaces (Ra<10nm). However, by using the replica of an optical flat artefact,
high noise results are obtained. This result show that the use of replica will give an
overestimate of the true measurement noise of the FVM and users should carefully
aware of this result. Another measurement noise result is related to the non-linearity of

vertical scale for FVM. This result is the most significant as with the measurement noise
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quantification; the stage non-linearity behaviour of the FVM can be detected. In this
experiment, the MC can be determined through the measurement noise and
measurement repeatability. The replica of an optical flat and Halle flat surface artefact
were measured in the determination of measurement noise for FVM. The good practical
procedure to determine the MC is described in the experimental methodology. The
research aims and questions are achieved by doing these experiments to determine the

measurement noise.

Chapter Five focuses on determining residual flatness characteristics. The experiment
compares the determination of residual flathess by using ISO filtering rule and the
proposed filtering method with two objective lenses of 50x and 100x. The proposed
filtering method is applied by multiplying the sample distance of the field of view of each
objective by ten. For example, the sampling distances of the 50x and 100x lenses are
0.176 um and 0.088 pm, respectively; hence, the other filtering process uses a filter
with values of 1.76 ym and 0.88 pm, respectively. The results from the ISO filtering rule
are lower than the proposed filtering method for both objective lenses. The results from
the ISO filtering rule are 22.9 nm and 26.1 nm for the 50x and 100x objective lenses,
respectively and the results from the proposed filtering methods are 37.8 nm and 38.7
nm for the 50x and 100x objective lenses, respectively. The results show that filtering
has a significant effect in determining the residual flatness and has to be chosen
appropriately. The measurement results of residual flatness determination are reliable.
The proposed filter method can be suggested to be applied by FVM users when the ISO
filter cannot be performed. The experiment of residual flatness addressed all the three
research questions. The MC of FVM was determined through the residual flathess. The
Halle flat surface artefact was measured in the determination of residual flatness for
FVM. Good practical procedure to determine the MC was followed throughout the
experiment. The research aims and questions have been addressed by doing the

experiment to determine the residual flatness.

Chapter Six: the amplification coefficient, linearity deviation and perpendicularity
characteristics are determined in three novel experiments, using novel and low-cost
reference artefact to determine the amplification coefficient, linearity deviation and
perpendicularity characteristics for the lateral scale with multiple-image field
measurements; vertical scale; and measuring the lateral scale with single image field
measurement. Three new low-cost artefacts (£100 for each) were proposed to determine
characteristics in vertical and lateral scale calibration. The lateral scale calibration
experiment, with multiple image fields, with both stitching and non-stitching measuring

strategies, used cross-grating artefacts. The results show that measurements with
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stitching reduced lateral errors in the x- and y-directions (due to the inaccuracy of the
lateral motion stage), but increase the stage’s non-linearity of the error. This significant
measurement result of the experiment is reliable. The lateral error was reduced by up to
2 pym for measurements with stitching. The proposed reference artefact for lateral
calibration of single image field measurements shows a significant optical lateral error
(distortion). From this result, it is recommended that some post-processing, e.g.
distortion correction for the artefact may be required to get required accuracy for very
smooth surfaces. Alternatively, another type of micro-scale precision machining may be
used to manufacture an artefact with deterministic grid shapes, with the possibility of
more complex processing and higher manufacturing costs. This process of making the
artefact for single image field measurements can be a challenge and will be one of future
work. The experiment of the amplification, linearity and perpendicularity characteristics
addressed all the three research questions. The MC of FVM is determined through the
amplification, linearity and perpendicularity characteristics. Cross grating and step height
artefacts were measured in the determination. Good practical procedures to determine
the MC have been proposed and implemented throughout the experiments. The research
aim and questions have been answered by doing the experiments to determine the

amplification, linearity and perpendicularity characteristics.

Chapter Seven: the determination of lateral period limit (LPL) is demonstrated and a
novel method to determine LPL is presented. The novel method presents the use of an
artefact with random surface to determine the FVM’s LPL. Promising results from a
methodology to determine LPL from any random surfaces are presented. The
experiments compare the measuring results of FVM with CSI. The reliable results show
that the resolution of CSI is better than the resolution of FVM. Traceability is achieved by
measuring a calibrated artefact by the CSI and then comparing the results of the CSI
with the results of the FVM. More investigation is required for the proposed method to
determine the LPL using any random surface artefact. The experiment of LPL addressed
all the three research questions. The MC of FVM is determined through the LPL. Random
surface artefact is measured in the determination of LPL for FVM. Good practical

procedures to determine the MC have been followed throughout the experiment.

In summary, the project presents novel calibration infrastructure for FVM by determining
the MCs for the FVM, including: measurement noise, residual flatness and amplification
coefficient, linearity deviation and perpendicularity characteristics. In general, the
proposed practical procedures of calibration are developed for ease of use by the
industry. The traceability is established by measuring the novel low-cost material

measures by other instruments that have traceable measurement results.
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8.2 Future work

The calibration infrastructure for FVM, by providing low-cost material measures (£100 for
each) and practical procedures to determining metrological characteristics, was
performed in this project. However, further work is required to better manufacture a
reference artefact to determine the amplification coefficient, linearity deviation and
perpendicularity characteristics for single image field measurements. In addition, the
proposed method to determine the lateral period limit with any artefact having random
surface requires more investigations, for example by validating the method with more
artefact with different surface topography. The list of metrological characteristics, for
surface texture measurements, as mentioned in (IS025178:600 2018), contain
topography fidelity characteristics. This project has not determined the topography
fidelity for FVM, but this is planned for future work.
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Appendix 1

ALICONA script for measurement noise and residual flatness (Ch. 4 and Ch. 5):

1 IF-AUTOMATION 1.0

2 IFMVERSION 6.1.1.1

3 END-IF-AUTOMATION

4 function iterativeCapture () {

5 wvar folderName="Anas";

6 var projectName="residual flatness 100x";

7 //var objectName="sample 20X ";

8 wvar path="D:\\Anas\\residual flatness 100x\\";

9 wvar fileName;

10 //====Variables declaration and assignment=====================

11 var model=new SurfaceModel;

12 var factor=2;

13 var vector = new Point3DVector;

14 verResolution=0.0le-6;

15 latResolution=1.46e-6;

16 var 1i;

17 var n; //total number of measurement

18 var repeatition; // total number of repetition per position

19 var delta x;//movement in X direction

20 var delta y;//movement in Y direction

21 var no_of row; //total number of row

22 var no_of col; //total number of column

23 var counter row;

24 var counter column;

25 var current position= new Point3D;

26 var new position= new Point3D;

27 var original position= new Point3D;

28 g measureDevice.getPos (current position);

29 // this is to get start position of the measurement.

30 //initial valu for new position

31 new position.x=current position.x;

32 new_position.y=current position.y;

33 new position.z=current position.z;

34 original position.x=current position.x;

35 original position.y=current position.y;

36 original position.z=current position.z;

37 zUpper=original position.z+0.5e-6;

38 zLower=original position.z-0.5e-6;

39 no_of row=2;

40 no_of col=2;

41 repeatition = 2; //number of repetition in each position = repetition
-1

42 delta x=2000e-6;

43 delta y=2000e-6;

44 var accuracyMicrometers = 0.01;

45 var accuracy = new Point3D;

46 accuracy.x = accuracyMicrometers * 1.0E-6;
47 accuracy.y = accuracyMicrometers * 1.0E-6;
48 accuracy.z = accuracyMicrometers * 1.0E-6;
49 n= no of row* no of col* repeatition; //total number of measurement
50 counter row=1;

51 counter col=1;

52 counter=0;

53 for(i=1l;i<=n;i++) {

54 var model=new SurfaceModel;

55

56 var objectName="100X ";
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57 objectName=objectName+i;

58 //Here is the code to take measurement repetition and move to other
59 area in X-Y plane

60 1f ((i%repeatition)==0) {

61 if (counter row==no_of row+l) {

62 counter row=1;

63 current position.x=original position.x;

64 }

65 if (counter col==no_of col+l) {

66 counter col=1;

67 }

68 new position.x=current position.x+delta x*counter row;

69 counter row=counter row+l;

70 new position.y=current position.y+delta y*counter col;

71 counter col= counter col+l;

72 g measureDevice.movePos (new_position, true, accuracy);

73 current position.x=new position.x;

74 current position.y=new position.y;

75 1}

76 g measureDevice.captureModel (model, zUpper, zLower, verResolution, latR
77 esolution);

78 g database.writeObject (folderName,projectName, objectName, model) ;
79 model.getPoints (vector);

80 fileName=path+objectName+".txt";

81 vector.writeToFile (fileName,model.ASCII) ;

82 //=========== This is for decimation the data points ==============
83 //model.scale (model.cols()/factor, model.rows ()/factor);

84 //For scaling down the object

85 //model.getPoints (vector) ;

86 //fileName="D:\\Wahyudin\\FileOutput\\"+"Dec 4"+objectName+".txt";
87 //fileName=path+objectName+".txt";

88 //vector.writeToFile (fileName,model.ASCII) ;

89 model.dispose();

90 1}

91 }
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Appendix (2)
MATLAB code for 2D Error map (Ch. 6):

fid=fopen(filename, 'r'");
SOURCE = zeros(leb5,1);
pointCounter=0;

while 1

readLine=fgetl (fid) ;

if (~ischar (readLine)) %stop when reach the EOR reading
break;

end

val=regexp (readlLine, "\t', 'split'); %Splitting the string with certain
delimiter

pointCounter=pointCounter+l;
SOURCE (pointCounter, 1l)=str2double (val(l));
SOURCE (pointCounter, 2)=str2double (val (2));

end

fclose (fid) ;

SOURCE (pointCounter+l:end, :) = []; %reduce the matrix size
no of points=size (SOURCE,1);

$Rotate the points
SOURCE=MATLAB CODE rotate data (SOURCE) ;

data=SOURCE;
data CMM=SOURCE;

point layout=[1 2 3 4 5 6;
78 9 10 11 12;
13 14 15 16 17 18;
19 20 21 22 23 24;
25 26 27 28 29 30;
31 32 33 34 35 36;1;

$plotting the cmm data: HORISONTAL
for i=1:6
for j=1:5
$plot (data(point layout (i, j) :data(point layout(i,j+1),1),

data (point layout (i, j) :data(point layout (i, j+1),2), 'b-', 'MarkerSize', 50);

plot ([data(point layout(i,Jj),1)
data (point layout (i, j+1),1)], [data(point layout(i,J),2)
data (point layout (i, j+1),2)],'b-"', 'MarkerSize', 50);
hold on;
end
end

$plotting the cmm data: VERTICAL
for j=1:6
for i=1:5
$plot (data(point layout (i, j):data(point layout(i,j+1),1),

data (point layout (i, j) :data(point layout (i, j+1),2), 'b-', 'MarkerSize', 50);
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54 plot ([data (point layout(i,j),1)

55 data (point layout (i+1,3),1)], [data(point layout (i,3),2)
56 data (point layout (i+1,3),2)1,'b-", 'MarkerSize', 50);
57 hold on;

58 end

59 end

60

61 x1lim([-0.1ed4 2.1e4]);
62 ylim([-2.1ed4 0.1e4d]);
63 axis equal;

64 xlabel ('X/\mum') ;

65 ylabel ('Y/\mum') ;

68 $===================== Data Reading ========================—=——=—=—=======
69 fid=fopen(filename, 'r');

70 SOURCE = zeros(le5,1);

71 pointCounter=0;

72

73 while 1

74

75 readLine=fgetl (fid) ;

76 if (~ischar(readlLine)) $%stop when reach the EOR reading
77 break;

78 end

79

80 val=regexp (readlLine, "\t', 'split'); %Splitting the string with certain
81 delimiter

82

83 pointCounter=pointCounter+1;

84 SOURCE (pointCounter, 1) =str2double (val (1)) ;

85 SOURCE (pointCounter, 2)=str2double (val (2)) ;

86

87 end

88 fclose (fid);

89 SOURCE (pointCounter+l:end, :) = []; %reduce the matrix size
90

91 %Rotate the points
92 SOURCE=MATLAB CODE_ rotate data (SOURCE) ;

94  data=SOURCE;
95 data ALICONA=SOURCE;

96

97 point layout=[1 2 3 4 5 6;
98 7 8 9 10 11 12;

99 13 14 15 16 17 18;

100 19 20 21 22 23 24;

101 25 26 27 28 29 30;

102 31 32 33 34 35 36;1;
103

104 %Calculating difference between ALICONA and CMM centres
105 for i=1:36

106 delta x(i)=data CMM(i,1)-data ALICONA(i,1);
107 delta y(i)=data CMM(i,2)-data ALICONA(i,2);
108 end

109 amplification=50;

110

111 $plotting the Alicona data: HORISONTAL
112 for i=1:6
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for j=1:5
splot ([data (point layout (i, j),1)
data (point layout (i,j+1),1)], [data(point layout(i,j),2)
data(point layout(i,j+1),2)],'r-', 'MarkerSize', 50);

plot ([data(point layout (i, j),1l)+delta x(point layout(i,]j))*amplification
data (point layout (i, j+1),1)+delta x(point layout(i,j+1))*amplification], [da
ta(point layout(i,Jj),2)+delta y(point layout(i,j))*amplification
data (point layout (i, j+1),2)+delta y(point layout(i,j+1)) *amplification], 'r-
', 'MarkerSize', 50);
hold on;

end

end

$plotting the Alicona data: VERTICAL
for j=1:6
for i=1:5
$plot ([data (point layout (i, Jj),1)
data (point layout(i+1l,3),1)], [data(point layout(i,j),2)
data (point layout(i+1,3),2)],'r-', 'MarkerSize', 50);

plot([data(point layout (i, j),1l)+delta x(point layout(i,]j))*amplification
data (point layout(i+l,3),1)+delta x(point layout(i+l,j))*amplification], [da
ta(point layout(i,Jj),2)+delta y(point layout(i,j))*amplification

data (point layout(i+1l,3),2)+delta y(point layout(i+l,j)) *amplification], 'r-
', 'MarkerSize', 50);

hold on;

end
end
%% %============CALCULATE sphere distancas from ALICONA data================
%$%$%SHORISONTAL
counter=0;
for i=1:06

for j=1:5

counter=counter+1;
dist hor (counter)=sqgrt (sum((data ALICONA (point layout(i,j),1)-
data ALICONA (point layout(i,j+1),1)) "2+ (data ALICONA (point layout(i,j),2)-
data ALICONA (point layout(i,j+1),2))"2));
end
end
path='C:\ANAS error map plots\';
name='10X sphere distances HORISONTAL.txt';
filename=[path name];
fid=fopen(filename, 'w'); %opening the file
for 1i=1:30
fprintf (£id, '$f \n', dist hor(i));
end
fprintf (£id, "\n");
fclose (fid);

$$SVERTICAL
counter=0;
for i=1:06
for j=1:5

counter=counter+1;

dist ver (counter)=sqgrt (sum((data ALICONA (point layout(j,i),1)-
data ALICONA (point layout (j+1,1i),1)) "2+ (data ALICONA (point layout(j,i),2)-
data ALICONA (point layout(j+1,1i),2))"2));
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173 end

174 end

175 path='C:\ANAS error map plots\';

176  name='10X sphere distances VERTICAL.txt';
177 filename=[path name];

178 fid=fopen(filename, 'w'); %opening the file
179 for i=1:30

180 fprintf (fid, '$f \n', dist ver(i));
181 end

182 fprintf (fid, "\n");

183 fclose (fid);

184

185  %$%%DIAGONAL

186 counter=0;

187 for i=1:5 $TOP_LEFT to BOTTOM RIGHT

188 counter=counter+l;

189 dist diag(counter)=sqrt (sum((data ALICONA (point layout(i,i),1)-

190 data ALICONA (point layout (i+1,i+1),1))"2+(data ALICONA (point layout(i,i),2)
191  -data ALICONA (point layout (i+1,1i+1),2))"2));

192 end

193 col=6;

194  for i=1:5 $TOP_RIGHT to BOTTOM LEFT

195 counter=counter+l;

196 dist diag(counter)=sqgrt (sum((data ALICONA (point layout (i,col),1)-

197 data ALICONA (point layout (i+1,col-

198 1),1))"2+(data ALICONA (point layout(i,col),2)-
199  data ALICONA (point layout (i+l,col-1),2))"2));
200 col=col-1;

201 end

202 path='C:\ ANAS error map plots\';

203 name='10X sphere distances DIAGONAL.txt';

204 filename=[path name];

205 fid=fopen (filename, 'w'); %opening the file
206 for i=1:10

207 fprintf (fid, '$f \n', dist diag(i));

208 end

209 fprintf (fid, "\n") ;

210 fclose (fid);
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Appendix (3)
MATLAB code for Rotate data (Ch. 6):

function SOURCE transformed=MATLAB CODE rotate data (SOURCE)

$line fitting
data for fitting=SOURCE (1:6,:);
data for fitting(:,3)=0; %convert the matriks into nx3 matrix

$LINEAR LEAST-SQUARE LINE FITTING

$Translation of the data point to its centroid
Mraw=data for fitting; %generate M matrix nx2
MrawHom=Mraw;

MrawHom (:,4)=1;

[n m]=size (Mraw) ;

avgX=sum (Mraw (:,1)) /n;
avgY=sum (Mraw (:,2)) /n;
avgZ=sum (Mraw (:,3))/n;

T=[1 0 0 avgX; 0 1 0 avg¥; 0 0 1 avgZ;0 0 0 1];
MtranslatedHom=inv (T) *MrawHom'; $%$here we have to inverst T from T12 into
T21=inv (T12)

MtranslatedHom=MtranslatedHom';

Mtranslated=[MtranslatedHom(:,1) MtranslatedHom(:,2) MtranslatedHom(:,3)];

$fitting the line
[U,S,V]=svd (Mtranslated) ;
singularValue=S(1,1);
a=vV(:,1);
for 1i=2:3
if (singularValue<=S(i,1i))
singularValue=S(i,1i);
a=V(:,i);
end
end
a
a=a';
$calculate the degree of rotation
a ref=[1 0 0];
cos_angle= sum((a.*a_ref))/(sqrt(sum((a).A2))*sqrt(sum((a_ref).A2)))5in
radian
angle=acos (cos_angle)
cos (angle); %for verification only

$translate to point 1 as origin

for i=1:36
SOURCE (1,1)=SOURCE (1,1) -SOURCE (1, 1) ;
SOURCE (1, 2)=SOURCE (1, 2) -SOURCE (1, 2) ;

end

$rotate

rot z=[cos(angle) -sin(angle) 0
sin (angle) cos(angle) 0
001

17

%$convert matrix SOURCE into nx4 format
SOURCE (:,3)=0;
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temp=rot z*SOURCE';
temp=temp';

SOURCE_transformed=temp(:,1:2)

Fmmmm————————— TRANSFORM the coordinate to its centroid

$formating data points
SOURCE=0;
for i=1:36
SOURCE
SOURCE
SOURCE
SOURCE
end

14

1
;2
;3

4

14

r

(i
(i
(i
(i

S
0;
1

%calculate the centroid:

centroid x=mean (SOURCE(:,1));
centroid y=mean (SOURCE (:,2));

dx=centroid x-SOURCE (1,1);
dy=centroid_ y-SOURCE (1, 2);

dz=0;

T12=[1 0 0 dx
01 0 dy
0 01 dz
000 171;

temp=0;

temp=inv (T12) *SOURCE" ;
temp=temp';

SOURCE_transformed=0;

SOURCE_transformed=temp(:,1:2)

end

SOURCE_transformed(i,1);
OURCE_ transformed (i, 2);
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Appendix (4)

[ Object of calibration
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,) [K"] (W + Ulrys) [K7] oy (Ty — 20°C) = (Ty — 20°C)
4 2.22E-05 0.00000069 | 0.003333333 | 5.7735E-08 [ 05 1]

[ Reference artefact used

[ Type i Part number i
Gauge block I- [
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position P Position 3
1-2 3.9998 4.0001 3.9998 3.9998 1 3.9991 3.9991
1-2 3.9999 3.9996 3.9998 3.9997 2 3.999 3.999
1-2 3.9999 4.0004 3.9998 4.0001 3 3.9991 3.9991
1-2 4 3.9995 4.0007 3.9999
1-2 3.9999 3.9990 3.9998 4.0002]
i 3.9999 3.999726899 3.999963906 3.999952915
S; 7.07107E-05 0.00054562 0.000420551 0.000192535
(S)"2 5E-09 2.97701E-07 1.76863E-07 3.70699E-08
yi-y r 1.40701E-05 e -0.000159031 e 7.79756E-05 ¥ 6.69855E-05
(yi-y)*2 1.97967E-10 2.52909E-08 6.0802E-09 4.48706E-09
Coverage factor (p) 95.45|%
y 3.99988593 Etprop -0.000258327
Degree of freedom (ve) ut /v,
Urep 0.000359386 16 4.17049E-17 Limeassia 3.999066667
Degree of freedom
Ugeo 5.4815E-05 3 1.88085E-19 Unmeasstd 5E-05 8
=% -0.001033308
Ucor 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 « 0
Calibrated value 4.000919237 Effective degree of freedom
standard uncertainty 0.000171431
k factor 2.133028362
Extended uncertainty 0.000365668
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (WP gy + Wys) [K7] U (Ty —20°C) = (Tyy — 20°C)
[ 7 T 2.00E-05 T 0.00000069 T 0.003333333 T 5.7735E-08 05 |
[ Reference artefact used ]
[ Type | Part number | Nominal length /mm Calibrated length /mm
Gauge block |- 0.0001
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 Position 3
2-3 3.9997 4.0003 4.0010 4.0002 1 3.9991 3.9991 3.99
2-3 3.9992 4.0000 4.0010 4.0004 2 3.999 3.999 3.9
23 3.9995 4.0000 4.0000 4.0001 3 3.9991 3.9991 3.99
2-3 4.0002 4.0008 3.9996 4.0001
2-3 3.9996 4.0013 4.0001 4.0002
Yi 3.99964 4.00048 4.00034 4.0002
S; 0.000364692 0.000563028 0.000630872 0.000122474
S22 1.33E-07 3.17E-07 3.98E-07 1.5E-08
Yi-y r -0.000525 e 0.000315 e 0.000175 e 3.5E-05
(v, - )2 2.75625E-07 9.9225E-08 3.0625E-08 1.225E-09
Coverage facor () [——w5as]%
y 4.000165 Etprop -0.000258327
Degree of freedom (v.) utlve
Urep 0.000464489 16 1.1637E-16 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000184097 3 2.39301E-17 Unmeasstd 5E-05 8
= -0.001033308
Ugorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 © 0
cali value [ Z.001198308 | Effective degree of freedom
standard i [ 0.0002333 ]

k factor 2.12631338
Extended uncertainty 0.000496068

153



University of Nottingham

Appendices

Object of calibration

|
(T — 20°C) = (T, — 20°C)

Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (U + ulpys) [K?] Ugyt
4 | 2.22E-05 0.00000069 | 0.003333333 | 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caibration imm k
Gauge block |- | 00001 2]
[ Calibration measurments: 4 positions, 5 repeatitions each
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No.
3-4 4.0003 3.9992 4.0000 4.0000 1 3.9991 3.9991 3.9991
3-4 4.001 3.9995 4.0000 4.0002 2 3.999 3.999 3.999
34 4.0003 4.0004 4.0007 4.0006 3 3.9991 3.9991 3.9991
3-4 3.9998 3.9990 4.0005 4.0005
34 4 3.9988 4.0005 4.0002
Yi 4.00028 3.999371246 4.000342011 4.000311126
S; 0.000454973 0.000603437 0.000307924 0.000252589
(Sp2 2.07E-07 3.64136E-07 9.48172E-08 6.38011E-08
Yi-y r 0.000203904 " -0.00070485 " 0.000265916 e 0.00023503
(yi-y)y"2 4.1577E-08 4.96814E-07 7.07112E-08 5.52391E-08
Coverage facor () [ G5 8]%
y 4.000076096 Eprop -0.000258327
Degree of freedom (v.) ut/ve
Urep 0.000427128 16 8.32097E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000235291 3 6.38525E-17 Uneasstd 5E-05 8
E. -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 o 0
Calibrated value 4.001109403 Effective degree of freedom
standard uncertainty 0.000230508
k factor 2.14049663
Extended uncertainty 0.000493402
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (WP + Wlrys) [K?] Ugy (Ty —20°C) = (Ty —20°C)
[ 7 T 2.22E-05 T 0.00000069 T 0.00 T 57735608 [ 05 |
[ Reference artefact used ]
| Type | Part number | Noi | length /mm U 3 |
Gauge block I- 0.0001] 2]

[ Calibration 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 I Position 3
4-5 4.0005 4.0015 3.9991 3.9999 1 3.9991 3.9991 3.9991
4-5 4.0001 4.0009 3.9991 3.9995 2 3.999 3.999 3.999
4-5 4.0005 3.9997 3.9991 3.9999 3 3.9991 3.9991 3.9991

4-5 4.0008 4.0010 4.0003 3.9995
4-5 4.0007 4.0012 3.9992 3.9990
Yi 4.00052 4.00086 3.99936 3.99956
S; 0.000268328 0.00068775 0.000527257 0.000371484
(S)*2 7.2E-08 4.73E-07 2.78E-07 1.38E-07
Yi-y M 0.000445 F 0.000785 F -0.000715 " -0.000515
(yi-y)2 1.98025E-07 6.16225E-07 5.11225E-07 2.65225E-07
Coverage factor (p) 95.45|%
y 2.000075 Etpop ~0.000256327
Degree of freedom (v,) wtiv,
Urep 0.000490153 16 1.443E-16 Limeasstd 3.999066667
Degree of freedom
Ugeo 0.000364086 3 3.66077E-16 Unneasstd 5E-05 8
Eo -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 w 0

Calibrated value

standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Obiject of calibration

|
Length of measurement [mm] CTE K] Uncertainty of CTE (uy) [K™] (WP + Whys) [K?] Uy (Ty —20°C) = (Ty — 20°C)
4 2.22E-05 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
[ Type Part number I Nominal length /mm Calibrated length /mm U cairation imm k
Gauge block 4 0.0001
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 Position 3
56 3.9987 3.9993 4.0001 3.9995 1 3.9991 3.9991 3.9991
5-6 3.9992 3.9996 4.0001 3.9997 2 3.999 3.999 3.999
56 3.9986 3.9994 4.0003 3.9992 3 3.9991 3.9991 3.9991
56 3.9994 3.9995 4.0000 4.0003
5-6 3.9995 3.9991 4.0002 4.0002
Vi 3.99908 3.99938 4.00014 3.99978
S; 0.000408656 0.000192354 0.000114018 0.000465833
(Sp"2 1.67E-07 3.7E-08 1.3E-08 217E-07
Yi-y r -0.000515 " -0.000215 " 0.000545 " 0.000185
(y,-y)"2 2.65225E-07 4.6225E-08 2.97025E-07 3.4225E-08
Coverage facor (p)  [__96a5]%
y 3099505 Etpop ~0.000258327
Degree of freedom (ve) ut/ v,
Urep 0.000329393 16 2.94306E-17 Lmesssta 3.999066667
Degree of freedom
Ugeo 0.000231427 3 5.97603E-17 Uneassts 8
= -0.001033308
Ueorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 o 0
Calibrated value 4.000628308 Effective degree of freedom
k factor 2.168942996
Extended uncertainty 0.000422223
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (uy) [K'] (U + Wlrys) [K2] Ugyt (Ty —20°C) = (Ty —20°C)
[ [ 2.22E-05 [ 0.00000069 0.00333333 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caibrat | k |
Gauge block I- | 4 0.0001] |
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
31-32 4.0004 3.9999 3.9995 3.9990 1 3.9991 3.9991 3.9991
31-32 3.9999 4.0003 3.9995 3.9993 2 3.999 3.999 3.999
31-32 4.0001 3.9995 3.9996 3.9989 3 3.9991 3.9991 3.9991
31-32 4.0008 4.0002 3.9996 3.9992
31-32 4.0002 4.0001 3.9995 3.9991
i 4.00028 4 3.99954 3.9991
S; 0.000342053 0.000316228 5.47723E-05 0.000158114
(sir2 1.17E-07 1E-( 3E-09 2.5E-08
Yi-y r 0.00055 r 0.00027 -0.00019 -0.00063
(yi-y"2 3.025E-07 7.29E-08 3.61E-08 3.969E-07
Coverage factor (p) 95.45|%
y 309973 Etpop ~0.000258327
Degree of freedom (v.) v,
Urep 0.000247487 16 9.37891E-18 Lmeassid 3.999066667
Degree of freedom
Ugeo 0.000259551 3 9.45472E-17 Unmeasstd 5E-05 8
Ev -0.001033308
Ueorr 5.27033E-05 800 9.6441E-21
Usemp. 5.31061E-06 0 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

4.000763308

0.000178599

2.319809441

0.000414315

Effective degree of freedom ™9 ]
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)
|

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U gy + Ulys) [K?] U
| 2.22E-05 0.00000069 0.003333333 | 5.7735E-08 0.5
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm 1] | k |
Gauge block I= | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
32-33 3.9996 4.0000 4.0000 4.0010 1 3.9991 3.9991 3.9991
32-33 4.0002 3.9996 4.0000 4.0009 2 3.999 3.999 3.999
32-33 4.0001 4.0000 3.9990 4.0012 3 3.9991 3.9991 3.9991
32-33 3.9996 3.9998 3.9996 4.0004
32-33 3.9994 4.0000 3.9996 4.0006
Yj 3.99978 3.99988 3.99964 4.00082
S; 0.000349285 0.000178885 0.000409878 0.000319374
(Si)r2 1.22E-07 3.2E-08 1.68E-07 1.02E-07
Yi-y r -0.00025 r -0.00015 r -0.00039 r 0.00079
(v, -y)"2 6.25E-08 2.25E-08 1.521E-07 6.241E-07
Coverage factor (p) 95.45|%
y 4.00003 Etprop -0.000258327
Degree of freedom (v.) ut/v,
Urep 0.000325576 16 2.809E-17 L meassta 3.999066667
Degree of freedom
Ugeo 0.000267893 3 1.07301E-16 Unmeassta 5E-05 8
Eo -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp. 5.31061E-06 Ld 0
Cali value [ 4.001063308 ] Effective degree of freedom
standard uncertainty 0.000204811
k factor 2231351317
Extended uncertainty 0.000457005
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P + Whys) [K7] Uayt (Ty —20°C) = (Ty, — 20°C)
[ 7 I 2.22E-05 I 0.00000069 0.003333333 T 5.7735E-08 [ 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U | K |
Gauge block 1- | 0.0001] 2]
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repef name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
33-34 3.9996 4.0001 3.9996 3.9994 1 3.9991 3.9991 3.9991
33-34 3.9998 4.0007 3.9996 3.9997 2 3.999 3.999 3.999
33-34 4.0003 4.0005 4.0008 4.0000 3 3.9991 3.9991 3.9991
33-34 3.9997 4.0007 4.0000 4.0000
33-34 3.9997 4.0002 4.0004 3.9997
Yi 3.99982 4.00044 4.00008 3.99976
S; 0.000277489 0.000279285 0.000521536 0.000250998
(S)*2 7.7E-08 7.8E-08 2.72E-07 6.3E-08
Yi-y r -0.000205 r 0.000415 5.5E-05 r -0.000265
(yi-y)r2 4.2025E-08 1.72225E-07 3.025E-09 7.0225E-08
Coverage factor (p) 95.45|%
y 4.000025 Eipop -0.000258327
Degree of freedom (v.) /v,
Urep 0.00035 16 3.75156E-17 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000154785 3 1.19584E-17 Umeasstd 5E-05 8
Eu -0.001033308
Uecorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 © 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (P + Ulpys) [K?] Uy
[ 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 ]
[ Reference artefact used |
[ Type I Part number Nominal length /mm Calibrated length /mm U I k |
Gauge block B | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
34-35 4.0002 4.0002 3.9999 4.0001 1 3.9991 3.9991 3.9991
34-35 4.0003 4.0003 3.9999 3.9997 2 3.999 3.999 3.999
34-35 3.9991 3.9990 4.0001 3.9990 3 3.9991 3.9991 3.9991
34-35 4.0005 4.0001 4.0002 3.9996
34-35 4 4.0004 3.9997 4.0000
i 4.00002 4 3.99996 3.99968
S 0.000544977 0.000570088 0.000194936 0.000432435
Sir2 2.97E-07 3.25E-07 3.8E-08 1.87E-07
yi- r 0.000105 e 8.5E-05 e 4.5E-05 e -0.000235
(yi-y)"2 1.1025E-08 7.225E-09 2.025E-09 5.5225E-08
Coverage factor (p) 95.45 %
y 3.999915 Eprop -0.000258327
Degree of freedom (v.) ut/v,
Urep 0.000460163 16 1.12095E-16 Lmcassta 3.999066667
Degree of freedom
Ugeo 7.932E-05 3 8.24689E-19 Uneassta 5E-05 8
Eo -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp. 5.31061E-06 B 0
Calibrated value 4.000948308 Effective degree of freedom
standard uncertainty 0.000216168
k factor 2.14049663
Extended uncertainty 0.000462708
[ Object of calibration |
Length of measurement [mm] CTE [KT] Uncertainty of CTE (u,y) [K'] (P + Wys) [KP] U (Ty —20°C) = (Ty — 20°C)
[ 2.22E-05 | 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 ]
[ Reference artefact used ]
| Type | Part number | Nominal length /mm Calibrated length /mm U, | 3 |
Gauge block I- | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
35-36 4.0006 3.9991 4.0011 3.9999 1 3.9991 3.9991 3.9991
35-36 4.0001 3.9997 4.0011 4.0000 2 3.999 3.999 3.999
35-36 3.9997 4.0010 4.0004 3.9999 3 3.9991 3.9991 3.9991
35-36 4.0004 3.9992 4.0002 3.9999
35-36 4.001 3.9993 4.0007 3.9993
i 4.00036 3.99966 4.0007 3.9998
S; 0.00049295 0.000782943 0.000406202 0.000282843
(Sir2 2.43E-07 6.13E-07 1.65E-07 8E-08
Yi-y r 0.00023 F -0.00047 r 0.00057 F -0.00033
(yi-y)"2 5.29E-08 2.209E-07 3.249E-07 1.089E-07
Coverage factor (p) 95.45|%
y 2.00013 Evprop 20.000256327
Degree of freedom (vc) ut/v,
Urep 0.000524643 16 1.89406E-16 L meassta 3.999066667
Degree of freedom
Ugeo 0.000242831 3 7.24389E-17 Uneasstd 5E-05
Eo -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Uremp. 5.31061E-06 L 0
Calibrated value 4.001163308 Effective degree of freedom
standard uncertainty 0.000269439
k factor 2.133028362
Extended uncertainty 0.000574722
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Object of calibration

1
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (0 gy + Upys) [K?] Ut (Ty —20°C) = (Ty, — 20°C)
| 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U, | 3 |
Gauge block I= | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
1-7 4.0004 3.9993 4.0008 4.0003 1 3.9991 3.9991 3.9991
1-7 4.0007 3.9997 4.0008 4.0008 2 3.999 3.999 3.999
1-7 4.001 3.9991 4.0001 3.9996 3 3.9991 3.9991 3.9991
1-7 4.0007 3.9995 4.0006 4.0006
1-7 3.9997 3.9998 4.0000 4.0007
i 4.0005 3.99948 4.00046 4.0004
S; 0.000494975 0.000286356 0.000384708 0.000484768
(Si)n2 2.45E-07 8.2E-08 1.48E-07 2.35E-07
Yi-y r 0.00029 r -0.00073 r 0.00025 r 0.00019
(v, -y)"2 8.41E-08 5.320E-07 6.25E-08 3.61E-08
Coverage factor (p) 95.45|%
y 4.00021 Etprop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000421307 16 7.87656E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000244199 3 7.40861E-17 Uneasstd 5E-05 8
Eo -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 ° 0
Calibrated value 4.001243308 Effective degree of freedom
standard uncertainty 0.000230682
k factor 2.148852324
Extended uncertainty 0.000495702
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™'] (0w + ulrys) [K?] Ugt (Ty —20°C) = (T, - 20°C)
[ ) I 2.22E-05 I 0.00000069 0.003333333 T 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U cabrat | 3 |
Gauge block I- | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
7-13 3.9998 4.0006 3.9993 3.9995 1 3.9991 3.9991 3.9991
7-13 3.999 3.9998 3.9993 3.9988 2 3.999 3.999 3.999
7-13 3.9995 4.0002 4.0001 3.9995 3 3.9991 3.9991 3.9991
7-13 3.9997 4.0003 3.9997 3.9992
7-13 4.0001 4.0001 4.0003 3.9986
i 3.99962 4.0002 3.99974 3.99912
S; 0.000408656 0.000291548 0.00045607 0.000408656
(S)"2 1.67E-07 8.5E-08 2.08E-07 1.67E-07
Yi-y r -5E-05 r 0.00053 7E-05 v -0.00055
(- )2 2.5E-09 2.809E-07 4.9E-09 3.025E-07
Coverage factor (p) 95.45|%
y 3.00967 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000395917 16 6.14264E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000221886 3 5.04984E-17 Umeasstd 5E-05
Eo -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 LJ 0
Calibrated value 4.000703308 Effective degree of freedom
standard uncertainty 0.000215556
k factor 2.14049663
Extended uncertainty 0.000461396
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE [K] Uncertainty of CTE (ugy) [K'] (U + Wpys) [K?] Ugyt
[ 7 I 2.20E-05 I 0.00000069 I 0.003333333 T 57735E-08 | 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | Kk
Gauge block I= | 4 0.0001]
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No.
13-19 3.9986 3.9983 4.0002 3.9986 1 3.9991
13-19 3.9995 3.9995 4.0002 3.9983 2 3.999
13-19 3.9988 3.9990 3.9994 3.9997 3 3.9991
13-19 3.9989 3.9991 3.9995 3.9984
13-19 4.0001 3.9991 3.9994 3.9979
Yi 3.99918 3.999 3.99974 3.99858
S; 0.000614003 0.00043589 0.0004219 0.000676018
(Si)"2 3.77E-07 1.9E-07 1.78E-07 4.57E-07
Yi-y r 5.5E-05 v -0.000125 v 0.000615 v -0.000545
(yi-y)"2 3.025E-09 1.5625E-08 3.78225E-07 2.97025E-07
Coverage factor (p) 95.45|%
y 3.999125 Etprop ~0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000548179 16 2.25751E-16 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000240468 3 6.96611E-17 Umeasstd 5E-05 8
E. -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 o 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom

Object of calibration

]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (0w + Ulys) [K?] Uy (Ty —20°C) = (Ty, - 20°C)
7 I 2.22E-05 I 0.00000069 0.003333333 I 5.7735E-08 [ o5 ]
[ Reference artefact used ]
| | Part number | Nominal length /mm Calibrated length /mm U caibras | k |
Gauge block I= | 4 0.0001 ] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
19-25 4.0017 4.0003 3.9991 4.0022 1 3.9991 3.9991 3.9991
19-25 4.0007 4.0001 3.9991 4.0025 2 3.999 3.999 3.999
19-25 4.0011 4.0002 3.9993 4.0020 3 3.9991 3.9991 3.9991
19-25 4.0013 4.0006 4.0003 4.0010
19-25 4.0001 4.0006 3.9994 4.0030
v, 2.00098 2.00036 3.99944 2.00214
S; 0.000609918 0.000230217 0.000497996 0.00074027
(82 3.72E-07 5.3E-08 2.48E-07 5.48E-07
Yi-y r 0.00025 r -0.00037 r -0.00129 r 0.00141
(yi-y)*2 6.25E-08 1.369E-07 1.6641E-06 1.9881E-06
Coverage factor (p) 95.45 (%
y 2.00073 Etpop -0.000258327
Degree of freedom (v.) ut/ve
Urep 0.000552494 16 2.32944E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000566539 3 2.14624E-15 Uneassta 8
Eu -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 o 0
Calibrated value 4.001763308 Effective degree of freedom
standard uncertainty 0.000379602
k factor 2.3664195
Extended uncertainty 0.000898297
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Object of calibration

1
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U gy + Ulys) [K?] U (Ty —20°C) = (Ty, —20°C)
| 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm 1] | k |
Gauge block I= | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
25-31 3.9979 4.0002 4.0008 3.9984 1 3.9991 3.9991 3.9991
25-31 4 3.9994 4.0008 3.9987 2 3.999 3.999 3.999
25-31 3.9998 3.9996 4.0006 3.9985 3 3.9991 3.9991 3.9991
25-31 3.9989 3.9994 3.9992 3.9988
25-31 3.9989 3.9995 4.0007 3.9991
Yj 3.9991 3.99962 4.00042 3.9987
S; 0.000839643 0.000334664 0.000687023 0.000273861
(Si)r2 7.05E-07 1.12E-07 4.72E-07 7.5E-08
Yi-y r -0.00036 r 0.00016 r 0.00096 r -0.00076
(v, -y)"2 1.296E-07 2.56E-08 9.216E-07 5.776E-07
Coverage factor (p) 95.45|%
y 3.99946 Etprop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000583952 16 2.90703E-16 L meassta 3.999066667
Degree of freedom
Ugeo 0.000371304 3 3.95984E-16 Uneasstd 5E-05 8
Eo -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp. 5.31061E-06 w 0
Cali value [ 4.000493308 ] Effective degree of freedom
standard uncertainty 0.000324765
k factor 2.168942996
Extended uncertainty 0.000704397
[ Object of calibration |
Length of measurement [mm] CTE [KT] Uncertainty of CTE (u,y) [K™] (Ul + Wrys) [KP] Ugt (Ty —20°C) = (Ty — 20°C)
[ 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
[ Reference artefact used ]
[ Type | Part number | Nominal length /mm Calibrated length /mm U caitr | k |
Gauge block ]- | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repe name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
6-12 3.9993 4.0004 4.0002 4.0011 1 3.9991 3.9991 3.9991
6-12 3.9996 3.9977 4.0002 4.0018 2 3.999 3.999 3.999
6-12 3.9998 3.9987 3.9992 4.0013 3 3.9991 3.9991 3.9991
6-12 4.0017 3.9997 4.0019 4.0018
6-12 4.0019 4.0002 3.9990 4.0012
Yi 4.00046 3.99934 4.0001 4.00144
S; 0.001238144 0.001128273 0.001148913 0.000336155
Sir2 1.533E-06 1.273E-06 1.32E-06 1.13E-07
Yi-y r 0.000125 4 -0.000995 -0.000235 v 0.001105
(yi-y)"2 1.5625E-08 9.90025E-07 5.5225E-08 1.22102E-06
Coverage factor (p) 95.45|%
y 2.000335 Etprop ~0.000258327
Degree of freedom (v.) ut/ve
Urep 0.001029442 16 2.80768E-15 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000436071 3 7.53337E-16 Unmeasstd 5E-05 8
= -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp. 5.31061E-06 © 0
Calibrated value 4.001368308 Effective degree of freedom
standard uncertainty 0.000512148
k factor 2.14049663
Extended uncertainty 0.001096251
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[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (WP + Wpys) [K?] U (Ty —20°C) = (T, — 20°C)
[ 4 2.22E-05 0.00000069 | 0.003333333 | 5.7735E-08 | 05 ]

[ Reference artefact used |

| Type | Part number | Nominal length /mm i libration fmm
Gauge block I- 4 0.0001
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
12-18 4.0009 4.0007 3.9995 4.0009 1 3.9991 3.9991 3.9991
12-18 4.0006 4.0008 3.9995 4.0008 2 3.999 3.999 3.999
12-18 4.0007 4.0006 3.9999 4.0008 3 3.9991 3.9991 3.9991
12-18 3.9991 4.0013 4.0005 3.9996
12-18 3.999 4.0006 4.0017 4.0000
Yi 4.00006 4.0008 4.00022 4.00042
S; 0.000928978 0.000291548 0.000923038 0.000584808
sp)n2 8.63E-07 8.5E-08 8.52E-07 3.42E-07
yi-y r -0.000315 . 0.000425 e -0.000155 . 4.5E-05
(y -y)*2 9.9225E-08 1.80625E-07 2.4025E-08 2.025E-09
Coverage factor (p) 95.45|%
y 4.000375 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000731779 16 7.16901E-16 Lmeasstg 3.999066667
Degree of freedom
Ugeo 0.000159661 3 1.3538E-17 Unneassis 8
= -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 © 0
Calibrated value 4.001408308 Effective degree of freedom
standard uncertainty 0.000340997
k factor 2.148852324
Extended uncertainty 0.000732752
[ Object of calibration
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (Uy + ulrys) [K?] Uy (Ty —20°C) = (T, —20°C)
[ 7 T 2.22E-05 T 0.00000069 T 0.003333333 [ 57735608 [ 05 |
[ Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm [§] | k |
Gauge block |- | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
18-24 3.9992 4.0000 3.9991 3.9975 1 3.9991 3.9991 3.9991
18-24 3.9992 4.0000 3.9991 3.9973 2 3.999 3.999 3.999
18-24 3.9991 3.9999 4.0011 3.9972 3 3.9991 3.9991 3.9991
18-24 3.9996 3.9992 3.9980 3.9991
18-24 3.9998 3.9991 3.9996 3.9985
i 3.99938 3.99964 3.99938 3.99792
S 0.000303315 0.000450555 0.001125611 0.000837854
(Si)r2 9.2E-08 2.03E-07 1.267E-06 7.02E-07
Yi-y r 0.0003 " 0.00056 v 0.0003 v -0.00116
(v, -y)"2 9E-08 3.136E-07 9E-08 1.3456E-06
Coverage factor (p) 95.45|%
y 3.00008 Etpop ~0.000258327
Degree of freedom (ve) ut/ v,
Urep 0.00075233 16 8.0089E-16 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000391493 3 4.89389E-16 Uneasstd 5E-05 8
= -0.001033308
Ucor 5.27033E-05 800 9.6441E-21
Utemp. 5.31061E-06 0 0
Calibrated value 4.000113308 Effective degree of freedom

standard uncertainty 0.000392839

k factor 2.148852324
Extended uncertainty 0.000844153
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (u?py + Ulpys) [K?] Ugut
7 T 2.22E-05 T 0.00000069 0.003333333 T 57735E-08 | 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
iauge block I= 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
4-30 4.0007 3.9999 4.0010 4.0004 1 3.9991 3.9991 3.9991
4-30 4.0007 4.0003 4.0010 3.9999 2 3.999 3.999 3.999
4-30 4.0009 4.0001 3.9993 4.0008 3 3.9991 3.9991 3.9991
4-30 4.0012 4.0010 4.0003 4.0005
4-30 4.0009 4.0011 4.0005 4.0010
i 4.00088 4.00048 4.00042 4.00052
S; 0.000204939 0.00054037 0.000697854 0.000420714
(Si)"2 4.2E-08 2.92E-07 4.87E-07 1.77E-07
Yi-y r 0.000305 v -9.5E-05 -0.000155 v -5.5E-05
(yi-y)"2 9.3025E-08 9.025E-09 2.4025E-08 3.025E-09
Coverage factor (p) 95.45|%
y 2.000575 Etprop ~0.000258327
Degree of freedom (v.) ut/ve
Urep 0.0004995 16 1.55626E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000103722 3 2.41129E-18 Umeasstd 5E-05 8
= -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Uiemp 5 31061E-06 w 0
Calibrated value 4.001608308 Effective degree of freedom
standard uncertainty 0.000235362
k factor 2.14049663
Extended uncertainty 0.000503792
Object of calibration |
ength of measurement [mm] CTE [K™] Uncertainty of CTE (u,y) [K] (U gy + ulys) [K?] Ugy (Ty —20°C) = (Ty, — 20°C)
| 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm i U caiorati | k
iauge block I= | 0.0001 2
Calil 4 iti 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
0-36 4 4.0001 4.0004 4.0012 1 3.9991 3.9991 3.9991
0-36 4.0006 3.9994 4.0004 4.0008 2 3.999 3.999 3.999
0-36 4.0002 4.0004 3.9995 4.0013 3 3.9991 3.9991 3.9991
0-36 3.9991 3.9991 4.001 3.9998
0-36 3.9982 3.9996 3.9989 4.0000
Yi 3.99962 3.99972 4.00006 4.00062
S; 0.000965401 0.000526308 0.000861974 0.000687023
(sin2 9.32E-07 2.77E-07 7.43E-07 4.72E-07
Yi-y r -0.000385 v -0.000285 v 5.5E-05 v 0.000615
(y, -y)"2 1.48225E-07 8.1225E-08 3.025E-09 3.78225E-07
Coverage factor (p) 95.45|%
y 4.000005 Etprop -0.000258327
Degree of freedom (v.) ut/ v,
Urep 0.00077846 16 9.1809E-16 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000225592 3 5.39575E-17 Uneasstd 5E-05 8
EL -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 0 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (g + Uys) [K?] Ugy
[ 4 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | 3
Gauge block |- | 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
[ Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
1-8 5.6551 5.6558 5.6572 5.6552 1 3.9991 3.9991 3.99¢
1-8 5.656 5.6559 5.6572 5.6554 2 3.999 3.999 3.9¢
1-8 5.6562 5.6560 5.6567 5.6553 3 3.9991 3.9991 3.99¢
1-8 5.6563 5.6566 5.6570 5.6550
1-8 5.6565 5.6565 5.6560 5.6558
Yi 5.65602 5.65616 5.65682 5.65534
S; 0.000544977 0.000364692 0.000501996 0.000296648
(Si)r2 2.97E-07 1.33E-07 2.52E-07 8.8E-08
Yi-y r -6.5E-05 v 7.5E-05 v 0.000735 s -0.000745
(yi-y)"2 4.225E-09 5.625E-09 5.40225E-07 5.55025E-07
Coverage factor (p) 95.45|%
y 5.656085 Eprop ~0.000258327
Degree of freedom (ve) ut /v,
Urep 0.000438748 16 9.26406E-17 L meassta 3.999066667
Degree of freedom
Ugeo 0.000303466 3 1.76685E-16 Unmeassta 5E-05 8
= -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 © 0
Calibrated value 5.657118308 Effective degree of freedom
standard uncertainty 0.000253631
k factor 2.181165682
Extended uncertainty 0.000553212
[ Object of calibration ]
Length of measurement [mm] CTE [KT] Uncertainty of CTE (u,y) [K™] (P + Wlys) [K?] Ugy (Ty —20°C) = (Ty, — 20°C)
[ 7 T 2.22E-05 T 0.00000069 T 0.003 3 [ 57735808 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
Gauge block |- | 4 0.0001] 2
I Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
8-15 5.6575 5.6559 5.6562 5.6574 1 3.9991 3.9991 3.9991
8-15 5.6573 5.6557 5.6562 5.6577 2 3.999 3.999 3.999
8-15 5.6569 5.6564 5.6572 5.6574 3 3.9991 3.9991 3.9991
8-15 5.6569 5.6556 5.6560 5.6580
8-15 5.6561 5.6557 5.6578 5.6577
i 5.65694 5.65586 5.65668 5.65764
S; 0.000536656 0.000320936 0.000782304 0.000250998
(8”2 2.88E-07 1.03E-07 6.12E-07 6.3E-08
yi-y r 0.00016 v -0.00092 v -1E-04 r 0.00086
(- y)*2 2.56E-08 8.464E-07 1E-08 7.396E-07
Coverage factor (p) 95.45|%
y 565678 Eprop ~0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000516236 16 1.77556E-16 Limeasstd 3.999066667
Degree of freedom
Ugeo 0.000367605 3 3.80438E-16 Unneasstd 5E-05 8
E. -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 L 0
Calibrated value 5.657813308 Effective degree of freedom
standard uncertainty 0.000299815
k factor 2.195291287
Extended uncertainty 0.000658182
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Object of calibration

|
U (Ty — 20°C) = (Ty, — 20°C)

gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P y + W) [K?]
7 T 222605 T 0.00000069 T 0.00: T 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
1ge block |- | 0.0001 ] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
22 5.6573 5.6579 5.6579 5.6570 1 3.9991 3.9991 3.9991
22 5.6569 5.6573 5.6579 5.6563 2 3.999 3.999 3.999
22 5.6565 5.6567 5.6568 5.6574 3 3.9991 3.9991 3.9991
22 5.6573 5.6573 5.6575 5.6562
22 5.6575 5.6574 5.6564 5.6554
Yi 5.6571 5.65732 5.6573 5.65646
S; 0.0004 0.000426615 0.000674537 0.000773305
(sp)n2 1.6E-07 1.82E-07 4.55E-07 5.98E-07
Yi-y r 5.5E-05 v 0.000275 r 0.000255 v -0.000585
(yi-y)"2 3.025E-09 7.5625E-08 6.5025E-08 3.42225E-07
Coverage factor (p) 95.45|%
y 5.657045 Etorop ~0.000258327
Degree of freedom (vc) ut/ v,
Urep 0.000590551 16 3.04066E-16 Lmoassta 3.999066667
Degree of freedom
Ugeo 0.000201225 3 3.41578E-17 Uneassta 5E-05 8
Ev -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 o 0
Calibrated value 5.658078308 Effective degree of freedom
standard uncertainty 0.000287539
k factor 2.133028362
Extended uncertainty 0.000613329
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (0P + Ulys) [K7] Ugy (Ty —20°C) = (T — 20°C)
2.22E-05 0.00000069 0.003333333 [ 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiorati | k
iauge block I- | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
2-29 5.656 5.6565 5.6566 5.6559 1 3.9991 3.9991 3.9991
2-29 5.6559 5.6574 5.6566 5.6574 2 3.999 3.999 3.999
2-29 5.6566 5.6569 5.6573 5.6557 3 3.9991 3.9991 3.9991
2-29 5.6562 5.6572 5.6564 5.6572
2-29 5.6563 5.6569 5.6576 5.6578
Yi 5.6562 5.65698 5.6569 5.6568
S; 0.000273861 0.000342053 0.000519615 0.000940744
(Si)n2 7.5E-08 1.17E-07 2.7E-07 8.85E-07
Yi-y r -0.00052 v 0.00026 v 0.00018 v 8E-05
(y,-y)"2 2.704E-07 6.76E-08 3.24E-08 6.4E-09
Coverage factor (p) 95.45|%
y 5.65672 Eprop ~0.000258327
Degree of freedom (v.) u'/v,
Urep 0.000580302 16 2.83501E-16 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.0001772 3 2.05408E-17 Umeasstd 5E-05 8
E. -0.001033308
Uecorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 o 0
Calibrated value 5.657753308 Effective degree of freedom
standard uncertainty 0.000279295
k factor 2.133028362
Extended uncertainty 0.000595745
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[ Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U + Uys) [K?] Ugy
[ 4 | 2.22E-05 | 0.00000069 | 0.003333333 | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | 3
Gauge block |- | 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
[ Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
29-36 5.6579 5.6574 5.6579 5.6579 1 3.9991 3.9991 3.99¢
29-36 5.6587 5.6570 5.6579 5.6561 2 3.999 3.999 3.9¢
29-36 5.658 5.6576 5.6560 5.6578 3 3.9991 3.9991 3.99¢
29-36 5.6569 5.6572 5.6576 5.6558
29-36 5.6566 5.6574 5.6561 5.6559
Yi 5.65762 5.65732 5.6571 5.6567
S; 0.000858487 0.000228035 0.000966954 0.001055936
(Si)r2 7.37E-07 5.2E-08 9.35E-07 1.115E-06
Yi-y r 0.000435 v 0.000135 v -8.5E-05 s -0.000485
(yi-y)"2 1.89225E-07 1.8225E-08 7.225E-09 2.35225E-07
Coverage factor (p) 95.45|%
y 5.657185 Eprop ~0.000258327
Degree of freedom (v.) u/v,
Urep 0.000842467 16 1.25936E-15 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000193628 3 2.92839E-17 Unmeassta 5E-05 8
= -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 o 0
Calibrated value 5.658218308 Effective degree of freedom
standard uncertainty 0.000392592
k factor 2.148852324
Extended uncertainty 0.000843623
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (uuy) [K™'] (WP y + Wlrys) [K?] Ugy (Ty —20°C) = (Ty, — 20°C)
7 T 2.22E-05 T 0.00000069 T 0.00333 T 57735E-08 | 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm | 3
iauge block B | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
-1 5.6563 5.6575 5.6561 5.6582 1 3.9991 3.9991 3.9991
-1 5.6571 5.6560 5.6561 5.6584 2 3.999 3.999 3.999
-1 5.6465 5.6560 5.6563 5.6580 3 3.9991 3.9991 3.9991
-1 5.6582 5.6570 5.6585 5.6593
-1 5.6574 5.6574 5.6570 5.6581
v, 5.6551 565678 5.6568 5.6564
S; 0.004855409 0.000736206 0.001019804 0.000524404
(Sp)"2 2.3575E-05 5.42E-07 1.04E-06 2.75E-07
Yi-y r -0.00167 s 1E-05 s 3E-05 v 0.00163
(y,-y)*2 2.7889E-06 1E-10 9E-10 2.6569E-06
Coverage factor (p) 95.45 %
y 565677 Etprop ~0.000258327
Degree of freedom (v.) ut/v,
Urep 0.002521507 16 1.0106E-13 L meassta 3.999066667
Degree of freedom
Ugeo 0.000673721 3 4.29219E-15 Uneasstd 5E-05 8
=% -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp. 5.31061E-06 ° 0
Calibrated value 5.657803308. Effective degree of freedom
standard uncertainty 0.001178084
k factor 2.148852324
Extended uncertainty 0.002531528
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Object of calibration

]
Ut (Ty —20°C) =

ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (U + Wys) [K?] (Tyw —20°C)
7 T 222605 T 0.00000069 T 0.00: 3 T 57735608 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caio | k
iauge block B | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
1-16 5.6557 5.6541 5.6559 5.6545 1 3.9991 3.9991 3.9991
1-16 5.6557 5.6561 5.6559 5.6545 2 3.999 3.999 3.999
1-16 5.6558 5.6579 5.6568 5.6549 3 3.9991 3.9991 3.9991
1-16 5.6564 5.6555 5.6563 5.6552
1-16 5.6574 5.6556 5.6561 5.6552
Yi 5.6562 5.65584 5.6562 5.65486
S; 0.000731437 0.001370401 0.000374166 0.000350714
(82 5.35E-07 1.878E-06 1.4E-07 1.23E-07
Yi-y r 0.000425 v 6.5E-05 v 0.000425 v -0.000915
(yi-y)"2 1.80625E-07 4.225E-09 1.80625E-07 8.37225E-07
Coverage factor (p) 95.45|%
y 5.655775 Elorop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000817924 16 1.1189E-15 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000316583 3 2.09272E-16 Uneasstd 5E-05 8
E. -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 L] 0

Calibrated value
standard uncertainty

k factor

Extended uncertainty

Effective degree of freedom

Object of calibration

]
(Ty — 20°C) = (Tyy — 20°C)

1gth of measurement [mm] CTE[K] Uncertainty of CTE (u,y) [K"'] (P + W) [K7] Ugn
4 | 2.22E-05 | 0.00000069 | 0.003333333 | 5.7735E-08 [ o5 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiibration fmm | k
uge block I= | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2
21 5.6574 5.6578 5.6576 5.6578 1 3.9991 3.9991
21 5.6572 5.6566 5.6576 5.6570 2 3.999 3.999
21 5.6572 5.6557 5.6579 5.6575 3 3.9991 3.9991
21 5.6565 5.6569 5.6571 5.6571
21 5.656 5.6570 5.6580 5.6574
Yi 5.65686 5.6568 5.65764 5.65736
S; 0.000589915 0.000758288 0.000350714 0.000320936
(S)"2 3.48E-07 5.75E-07 1.23E-07 1.03E-07
yi-y r -0.000305 r -0.000365 r 0.000475 r 0.000195
(yj-y)"2 9.3025E-08 1.33225E-07 2.25625E-07 3.8025E-08
Coverage factor (p) %
y 56567165 Eprop ~0.000258327
Degree of freedom (v) ut/v,
Urep 0.000535957 16 2.06281E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000202052 3 3.47225E-17 Umeasstd 5E-05
EL -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 L 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

5.658198308

0.000265447

2.133028362

0.000566206
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE [K7] Uncertainty of CTE (u,y) [K™] (WP gy + uys) [K] Ugyt
[ 4 | 2.22E-05 | 0.00000069 | 0.003333333 | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | 3
Gauge block |- | 0.0001] 2
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
[ Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
21-26 5.6571 5.6575 5.6573 5.6564 1 3.9991 3.9991 3.99¢
21-26 5.6566 5.6581 5.6573 5.6569 2 3.999 3.999 3.9¢
21-26 5.6567 5.6576 5.6561 5.6563 3 3.9991 3.9991 3.99¢
21-26 5.6577 5.6580 5.6566 5.6566
21-26 5.6585 5.6581 5.6565 5.6565
Yi 5.65732 5.65786 5.65676 5.65654
S; 0.00078867 0.000288097 0.000527257 0.000230217
(Si)n2 6.22E-07 8.3E-08 2.78E-07 5.3E-08
Yi-y r 0.0002 v 0.00074 v -0.00036 s -0.00058
(y,-y)"2 4E-08 5.476E-07 1.296E-07 3.364E-07
Coverage factor () [___96a8]%
y e
Degree of freedom (v.) /v,
Urep 0.00050892 16 1.67703E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000296311 3 1.60601E-16 Unmeasstd 5E-05 8
= -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 o 0
Calibrated value Effective degree of freedom
standard uncertainty 0.000276687
k factor 2.158263401
Extended uncertainty 0.000597164
Object of calibration |
\gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (P + ulpys) [K] Uy (Ty —20°C) = (Ty — 20°C)
4 [ 2.22E-05 [ 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caioraii | 3
1ge block |- | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
31 5.6562 5.6574 5.6560 5.6575 1 3.9991 3.9991 3.99
31 5.6569 5.6562 5.6560 5.6577 2 3.999 3.999 3.9
31 5.6568 5.6561 5.6562 5.6573 3 3.9991 3.9991 3.99
31 5.6567 5.6566 5.6569 5.6577
31 5.6548 5.6567 5.6565 5.6579
Yi 5.65628 5.6566 5.65632 5.65762
S; 0.000870057 0.000514782 0.000383406 0.000228035
(Sj)"2 7.57E-07 2.65E-07 1.47E-07 5.2E-08
Yi-y r -0.000425 r -0.000105 -0.000385 v 0.000915
(yi-y)"2 1.80625E-07 1.1025E-08 1.48225E-07 8.37225E-07
Coverage factor (p) 95.45|%
y 5656705 Eiprop -0.000258327
Degree of freedom (ve) /v,
Urep 0.000552494 16 2.32944E-16 L meassta 3.999066667
Degree of freedom
Ugeo 0.000313196 3 2.00458E-16 Uneassts 8
E. -0.001033308
Ucorr 5.27033E-05 800 9.6441E-21
Utemp 5.31061E-06 LJ 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration |
\gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™'] (Ul gy + Ulpys) [K7] Uyy (Ty —20°C) = (Ty, — 20°C)

0.75 I 2.22E-05 I 0.00000069 I 0.00333: I 5.7735E-08 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | K
1ge block I= | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
0.750000 0.749800 0.748600 0.747900 1 0.5009 0.5009 0.500!
0.750300 0.749400 0.748200 0.748200 2 0.5013 0.5013 0.501:
0.749500 0.749200 0.748300 0.748001 3 0.5002 0.5002 0.500:
0.749300 0.749200 0.748500 0.748200
0.749200 0.749900 0.748700 0.748400
Yi 0.749660181 0.749500037 0.748460116 0.748140168
S 0.000472347 0.000331646 0.000207365 0.000194879
(Si)"2 2.23111E-07 1.09989E-07 4.30003E-08 3.79778E-08
Yi-y r 0.000720056 v 0.000559912 v -0.00048001 ¥ .0.000799957
(yi-y™2 5.1848E-07 3.13501E-07. 2.30409E-07 6.39932E-07
Coverage factor (p) %
y 0.748940126 Etprop 0.0016
Degree of freedom (ve) ut/v,
6 2679086 17 L
Degree of freedom
Ugeo 0.000376643 3 4.19256E-16 Uneasstd 0.000482183 8
El
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 L] 0
Calibrated value 0.747740126 Effective degree of freedom

standard uncertainty 0.000346295

k factor 2.168942996
Extended uncertainty 0.000751093

Object of calibration |
gth of measurement [mm] CTE [K™] Uncertainty of CTE (u,y) [K™'] (U + Wys) [K?] Uy (Ty —20°C) = (T —20°C)
0.75 2.22E-05 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 ]

Reference artefact used

Type Part number Nominal length /mm Calibrated length /mm U caiorat [ k
1ge block I- | 0.75 0.0001] 2

Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
0.748900 0.751400 0.750000 0.750000 1 0.5009 0.5009 0.5009
0.748600 0.751201 0.750100 0.749700 2 0.5013 0.5013 0.5013
0.749100 0.751400 0.750100 0.749901 3 0.5002 0.5002 0.5002
0.749400 0.751201 0.750300 0.750100
0.749400 0.750801 0.749900 0.750000
Vi 0.74908012 0.751200588 0.750080231 0.749940423
S 0.000342135 0.000244817 0.000148367 0.000151626
(Sir2 1.17056E-07 5.99356E-08 2.20129E-08 2.29905E-08
Yi-y r -0.00099522 r 0.001125248 F 4.89016E-06 ¥ -0.000134918
(yi-y)"2 9.90464E-07 1.26618E-06 2.39137E-11 1.82028E-08
Coverage factor (p) 95.45 (%
y 0.75007534 Etprop 0.0016
Degree of freedom (v.) ut/ v,
Urep 0.000235582 16 7.70028E-18 Lmeassta 0.5008
Degree of freedom
Ugeo 0.0004354 3 7.48705E-16 Uneasstd 0.000482183 8
E. 0.0012
Uecorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 0.748875340 Effective degree of freedom

standard uncertainty 0.000349634

k factor 2231351317
Extended uncertainty 0.000780156
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Object of calibration

|
U (Ty — 20°C) = (Ty, — 20°C)

ength of measurement [mm] CTE [K'] Uncertainty of CTE (u,y) [K'] (U gy + Uys) [K]
0.75 2.22E-05 [ 0.00000069 0.003333333 [ 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U catiorat | 3
iauge block |- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
-4 0.750600 0.749900 0.750800 0.751300 1 0.5009 0.5009 0.50¢
-4 0.750400 0.749702 0.750900 0.751300 2 0.5013 0.5013 0.50°
-4 0.750400 0.750300 0.750900 0.750900 3 0.5002 0.5002 0.50(¢
4 0.750400 0.750700 0.750700 0.751300
-4 0.750600 0.750501 0.750800 0.751200
Yi 0.750480125 0.750220611 0.750820119 0.751200053
S; 0.000109567 0.000414324 8.3764E-05 0.000173219
(Si)"2 1.20049E-08 1.71664E-07 7.01641E-09 3.0005E-08
Yi-y r -0.000200102 v -0.000459616 v 0.000139892 ¥ 0.000519826
(yi-y)*2 4.00407E-08 2.11247E-07 1.95697E-08 2.70219E-07
Coverage factor (p) 95.45|%
y 0.750680227 Etprop 0.0016
Degree of freedom (v.) uf /v,
Urep 0.000234889 16 7.61005E-18 Lmeasstd 0.5008
Degree of freedom
Ugeo 0.000212343 3 4.23559E-17 Unmeasstd 0.000482183 8
EL 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 w0 0
Calibrated value 0.749480227 Effective degree of freedom
standard uncertainty 0.000293356
k factor 2.195291287
Extended uncertainty 0.000644003
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (U + ulys) [K?] Ugy (Ty —20°C) = (Ty, — 20°C)
0.75 T 2.22E-05 T 0.00000069 0.003333333 [ 57735608 05 |
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm [§] | 3 |
iauge block |- | 0.75 0.0001] 2|
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 [ Position 3 |
5 0.750800 0.749800 0.751100 0.749500 1 0.5009 0.5009 0.5009
-5 0.751100 0.750600 0.750900 0.749700 2 0.5013 0.5013 0.5013
-5 0.751100 0.749800 0.750600 0.749600 3 0.5002 0.5002 0.5002
5 0.750800 0.749800 0.750700 0.749600
-5 0.750400 0.749800 0.751100 0.749600
Yi 0.750840073 0.749960029 0.750880177 0.749600207
S; 0.000288061 0.000357754 0.000228007 7.07367E-05
[Ch3 8.29793E-08 1.27988E-07 5.19872E-08 5.00368E-09
Yi-y r 0.000519952 v -0.000360092 0.000560056 ¥ -0.000719915
(yi-y)2 2.7035E-07 1.29666E-07 3.13662E-07 5.18277E-07
Coverage facor () [—6a5]%
y 0.750320122 Etorop 0.0016
Degree of freedom (v.) u'/v,
Urep 0.000258824 16 1.1219E-17 Limeassta 0.5008
Degree of freedom
Ugeo 0.000320411 3 2.19577E-16 Umeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 0.749120122 Effective degree of freedom
standard uncertainty 0.000320647
k factor 2.181165682
Extended uncertainty 0.000699385
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Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P y + W) [K?] Ugyt
0.75 T 222605 T 0.00000069 T 0.00: T 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
1ge block |- | 0.75 0.0001 ] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
0.749500 0.750400 0.749000 0.749500 1 0.5009 0.5009 0.5009
0.749300 0.749900 0.749600 0.749600 2 0.5013 0.5013 0.5013
0.749400 0.750100 0.750000 0.750100 3 0.5002 0.5002 0.5002
0.749900 0.750000 0.749401 0.749700
0.749900 0.749800 0.749200 0.750000
Yi 0.749600047 0.750040055 0.749440249 0.749780141
S; 0.00028287 0.00023023 0.000384783 0.00025876
(sp)n2 8.00157E-08 5.30059E-08 1.48058E-07 6.69567E-08
Yi-y r -0.000115076 v 0.000324932 -0.000274874 ¥ 6.50183E-05
(yi-y)"2 1.32426E-08 1.05581E-07 7.55555E-08 4.22738E-09
Coverage factor (p) 95.45|%
y 0.749715123 Etorop 0.0016
Degree of freedom (v.) /v,
Urep 0.000294973 16 1.89264E-17 Lmoassta 0.5008
Degree of freedom
Ugeo 0.000128649 3 5.70665E-18 Uneassta 0.000482183 8
Ev 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 w 0
Calibrated value 0.748515123 Effective degree of freedom
standard uncertainty 0.000292045
k factor 2.181165682
Extended uncertainty 0.000636999
Object of calibration |
gth of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (0P gy + W) [K7] Uy (Ty —20°C) = (T, —20°C)
0.75 2.22E-05 [ 0.00000069 0.00333: 5.7735E-08 [ 05 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiiorat | k
1ge block |- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
32 0.749600 0.750301 0.750000 0.750400 1 0.5009 0.5009 0.5009
32 0.750500 0.750401 0.749300 0.750601 2 0.5013 0.5013 0.5013
32 0.749300 0.750100 0.749600 0.750500 3 0.5002 0.5002 0.5002
32 0.749900 0.749700 0.750100 0.750600
32 0.749900 0.749500 0.750300 0.750300
Yi 0.749840051 0.750000317 0.749860245 0.750480242
S; 0.000445006 0.000387505 0.000403857 0.000130469
(82 1.98031E-07 1.5016E-07 1.63101E-07 1.70221E-08
yi-y r -0.000205163 r -4.48967E-05 -0.000184969 ¥ 0.000435029
(yi-y)"2 4.2092E-08 2.01571E-09 3.42134E-08 1.8925E-07
Coverage factor (p) 95.45|%
y 0.750045214 Etprop 0.0016
Degree of freedom (v.) /v,
Urep 0.000363426 16 4.36117E-17 Lmeasstd 0.5008
Degree of freedom
Ugeo 0.000149324 3 1.0358E-17 Unmeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 0.748845214 Effective degree of freedom
standard uncertainty 0.000309421
k factor 2.148852324
Extended uncertainty 0.000664899
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Object of calibration

]
gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (Ul gy + Ulpys) [K?] Uant (Ty —20°C) = (Ty — 20°C)
0.75 2.22E-05 [ 0.00000069 0.0033333: 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiibrai | k
1ge block IE | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
33 0.748400 0.750500 0.749200 0.749001 1 0.5009 0.5009 0.500¢
33 0.748800 0.750500 0.749400 0.748500 2 0.5013 0.5013 0.501¢
33 0.749200 0.751100 0.749400 0.748900 3 0.5002 0.5002 0.5002
33 0.748600 0.751600 0.749300 0.748801
33 0.749000 0.751400 0.749100 0.748800
Yi 0.748800105 0.751020025 0.749280056 0.748800479
S; 0.000316253 0.000506943 0.00013033 0.000187289
(Si)r2 1.00016E-07 2.56991E-07 1.69858E-08 3.50772E-08
Yi-y r -0.000675061 s 0.001544859 -0.000195111 ¥ -0.000674687
(yi-y)"2 4.55707E-07 2.38659E-06 3.80681E-08 4.55203E-07
Coverage factor (p) [ S45]%
y 0.749475167 Etprop 0.0016
Degree of freedom (ve) ut/v,
Urep 0.000319793 16 2.61466E-17 Limeassta 0.5008
Degree of freedom
Ugeo 0.000527223 3 1.60967E-15 Uneasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 w0 0
Calibrated value 0.748275167 Effective degree of freedom
standard uncertainty 0.00039204
k factor 2.254866004
Extended uncertainty 0.000883998
I Object of callbration ]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (U gy + Ulys) [K2] Ugy (Ty —20°C) = (Ty — 20°C)
[ 0.75 I 2.22E-06 I 0.00000069 0.003333333 I 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
Gauge block |- | .75 0.0001 [ 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
| Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
33-34 0.75090006 0.7499 0.7506 0.7512 1 0.5009 0.5009 0.50C
33-34 0.750800007 0.7498 0.7504 0.7513 2 0.5013 0.5013 0.501
33-34 0.750600107 0.7494 0.7502 0.7519 3 0.5002 0.5002 0.50C
33-34 0.750800107 0.7491 0.7506 0.7513
33-34 0.750800107 0.7499 0.7504 0.7515
Yi 0.750780077 0.749620323 0.750440087 0.751440444
S; 0.000109527 0.000356077 0.000167356 0.0002794
(sir2 1.19962E-08 1.26791E-07 2.8008E-08 7.80646E-08
Yi-y r 0.000209844 v -0.00094991 v -0.000130146 ¥ 0.000870212
(yi-y)*2 4.40347E-08 9.02329E-07 1.6938E-08 7.57268E-07
Coverage facor () [__95a5]%
y 0.750570233 Etprop 0.0016
Degree of freedom (ve) ut/v,
16 93631E-18 L
Degree of freedom
Ugeo 0.000378657 3 4.28293E-16 Uneasstd 0.000482183 8
= 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 B3 0
Calibrated value 0.749370233 Effective degree of freedom
kfactr
Extended uncertainty 0.000734157
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Object of calibration

|
U (Ty — 20°C) = (Ty, — 20°C)

gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P y + W) [K?]
0.75 T 222605 T 0.00000069 0.00: T 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
1ge block |- | 0.75 0.0001 ] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
35 0.750000 0.749900 0.750900 0.748900 1 0.5009 0.5009 0.5009
35 0.749300 0.750200 0.751100 0.749300 2 0.5013 0.5013 0.5013
35 0.749400 0.749900 0.751400 0.749200 3 0.5002 0.5002 0.5002
35 0.749400 0.749600 0.750700 0.749500
35 0.749200 0.750000 0.750800 0.749500
Yi 0.749460072 0.749920168 0.750980185 0.749280125
S; 0.000313146 0.000216644 0.00027756 0.000249015
(sp)n2 9.80602E-08 4.69346E-08 7.70395E-08 6.20083E-08
Yi-y r -0.000450066 v 1.00304E-05 0.001070047 ¥ -0.000630012
(yi-y)"2 2.02559E-07 1.00609E-10 1.145E-06 3.96915E-07
Coverage factor (p) 95.45|%
y 0.749910138 Etorop 0.0016
Degree of freedom (v.) /v,
Urep 0.000266478 16 1.26063E-17 Lmoassta 0.5008
Degree of freedom
Ugeo 0.000381289 3 4.40328E-16 Uneassta 0.000482183 8
Ev 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 0.748710138 Effective degree of freedom
standard uncertainty 0.000338081
k factor 2195291287
Extended uncertainty 0.000742185
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (0P + Ulys) [K7] Ugy (Ty —20°C) = (T — 20°C)
0.75 [ 2.22E-05 0.00000069 0.003333333 [ 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiorati | k
iauge block I- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
5-36 0.750300 0.750400 0.749200 0.749900 1 0.5009 0.5009 0.5009
5-36 0.750900 0.749900 0.749500 0.749700 2 0.5013 0.5013 0.5013
5-36 0.750900 0.750500 0.749500 0.749700 3 0.5002 0.5002 0.5002
5-36 0.751001 0.750100 0.749600 0.749500
5-36 0.751100 0.750100 0.749700 0.749500
Yi 0.750840285 0.750200136 0.749500064 0.749660088
S; 0.000313199 0.000244888 0.000187111 0.000167295
(Si)n2 9.80938E-08 5.997E-08 3.50107E-08 2.79875E-08
Yi-y r 0.000790142 v 0.000149993 v -0.000550079 ¥ -0.000390055
(yi-y)"2 6.24324E-07 2.24978E-08 3.02587E-07 1.52143E-07
Coverage factor (p) 95.45|%
y 0.750050143 Eprop 0.0016
Degree of freedom (v.) u'/v,
Urep 0.000235086 16 7.63568E-18 Lmeasstd 0.5008
Degree of freedom
Ugeo 0.000302979 3 1.75552E-16 Umeasstd 0.000482183 8
E. 0.0012
Uecorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 0.748850143 Effective degree of freedom
standard uncertainty 0.000312655
k factor 2.181165682
Extended uncertainty 0.000681952

172



University of Nottingham

Appendices

Object of calibration

]
gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (Ul gy + Ulpys) [K?] Uant (Ty —20°C) = (Ty — 20°C)
0.75 [ 2.22E-05 0.00000069 [ 0.0033333: [ 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiibrai | k
1ge block IE | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
0.749500327 0.7498 0.7488 0.7504 1 0.5009 0.5009 0.500¢
0.749300107 0.7496 0.7494 0.7499 2 0.5013 0.5013 0.501%
0.750000007 0.7508 0.7490 0.7496 3 0.5002 0.5002 0.5002
0.749600107 0.7504 0.7490 0.7496
0.74930006 0.7503 0.7500 0.7497
Yi 0.749540121 0.750180077 0.749240436 0.749840675
S; 0.000288059 0.000481698 0.000477585 0.000336088
(Si)r2 8.29782E-08 2.32032E-07 2.28088E-07 1.12955E-07
Yi-y r -0.000160206 s 0.00047975 v -0.000459891 ¥ 0.000140347
(yi-y)"2 2.5666E-08 2.3016E-07 2.115E-07 1.96974E-08
Coverage factor (p) [ S45]%
y 0.749700327 Etprop 0.0016
Degree of freedom (ve) u'/v,
Urep 0.000404986 16 6.72509E-17 Limeassta 0.5008
Degree of freedom
Ugeo 0.000201458 3 3.43159E-17 Umeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 L 0
Calibrated value 0.748500327 Effective degree of freedom
standard uncertainty 0.00032665
k factor 2.133028362
Extended uncertainty 0.000696753
Object of callbration ]
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (0P + Wlpys) [K2] Uy (Ty —20°C) = (Ty, - 20°C)
0.75 I 2.22E-06 I 0.00000069 0.003333333 I 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
iauge block |- | .75, 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
-13 0.75000096 0.7500 0.7504 0.7503 1 0.5009 0.5009 0.5009
-13 0.749900427 0.7501 0.7503 0.7503 2 0.5013 0.5013 0.5013
-13 0.749200667 0.7494 0.7501 0.7506 3 0.5002 0.5002 0.5002
-13 0.749900327 0.7496 0.7500 0.7502
-13 0.75010024 0.7496 0.7498 0.7500
Vi 0.749820524 0.749740088 0.750120163 0.750280132
S; 0.000356291 0.00029659 0.000238739 0.000216796
(Sir2 1.26943E-07 8.79655E-08 5.69965E-08 4.70006E-08
Yi-y r -0.000169703 s -0.000250139 v 0.000129936 ¥ 0.000289905
(yi-y)"2 2.8799E-08 6.25693E-08 1.68833E-08 8.40451E-08
Coverage facor () [_95aB]%
y 0.749990227 Etprop 0.0016
Degree of freedom (ve) ut/v,
16 1.58908E-17 -
Degree of freedom
Ugeo 0.000126589 El 5.34983E-18 Uneasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 B 0
Calibrated value 0.748790227 Effective degree of freedom
Kfactr
Extended uncertainty 0.000635128
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Object of calibration |
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (U + Wys) [K?] Ugy (Ty —20°C) = (Ty, — 20°C)

0.75 T 222605 T 0.00000069 T 0.00: 33 T 57735608 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caio | k
iauge block B | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
3-19 0.7495 0.7503 0.7504 0.7488 1 0.5009 0.5009 0.5009
3-19 0.74980006 0.7503 0.7502 0.7492 2 0.5013 0.5013 0.5013
3-19 0.75010024 0.7507 0.7504 0.7494 3 0.5002 0.5002 0.5002
3-19 0.749900327 0.7500 0.7506 0.7493
3-19 0.749700007 0.7505 0.7507 0.7506
Yi 0.749800127 0.750360008 0.750461169 0.749461053
S; 0.000223723 0.000260761 0.000194579 0.000676555
(82 5.0052E-08 6.79961E-08 3.78608E-08 4.57727E-07
Yi-y r -0.000220462 v 0.000339419 v 0.00044058 ¥ -0.000559536
(yi-y)"2 4.86037E-08 1.15205E-07 1.9411E-07 3.13081E-07
Coverage factor (p) 95.45|%
y 0.750020589 Elorop 0.0016
Degree of freedom (ve) ut/v,
Urep 0.000391674 16 5.88357E-17 Lmeassta 0.5008
Degree of freedom
Ugeo 0.000236467 3 6.5139E-17 Unmeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 L] 0
Calibrated value 0.748820589 Effective degree of freedom
standard uncertainty 0.00032926
k factor 2.133028362
Extended uncertainty 0.00070232
Object of calibration
gth of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U gy + W) [K7] Uy (Ty —20°C) = (T, —20°C)
0.75 [ 2.22E-05 [ 0.00000069 [ 0.00333: [ 5.7735E-08 [ 05 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | k
1ge block |- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
25 0.750700666 0.7498 0.7500 0.7509 1 0.5009 0.5009 0.5009
25 0.75010054 0.7490 0.7501 0.7504 2 0.5013 0.5013 0.5013
25 0.749900167 0.7490 0.7504 0.7506 3 0.5002 0.5002 0.5002
25 0.74980006 0.7496 0.7502 0.7508
25 0.75030054 0.7493 0.7499 0.7506
Yi 0.750160394 0.749340011 0.750120792 0.750660456
S; 0.000358007 0.000357766 0.000192836 0.000195056
(82 1.28169E-07 1.27997E-07 3.71856E-08 3.80467E-08
yi-y r 8.99814E-05 r -0.000730402 v 5.03786E-05 ¥ 0.000590042
(yi-y)"2 8.09665E-09 5.33488E-07 2.53801E-09 3.4815E-07
Coverage factor (p) 95.45|%
y 0.750070413 Etprop 0.0016
Degree of freedom (v.) /v,
Urep 0.000287836 16 1.71601E-17 Lmeasstd 0.5008
Degree of freedom
Ugeo 0.000272683 3 1.15184E-16 Umeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 0.748870413 Effective degree of freedom

standard uncertainty 0.000314499

k factor 2.168942996
Extended uncertainty 0.000682131
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Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P y + W) [K?] Ugyt
0.75 T 222605 T 0.00000069 T 0.00: T 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
1ge block |- | 0.75 0.0001 ] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
31 0.749400007 0.7497 0.7504 0.7505 1 0.5009 0.5009 0.5009
31 0.749700427 0.7501 0.7499 0.7510 2 0.5013 0.5013 0.5013
31 0.750000007 0.7502 0.7499 0.7503 3 0.5002 0.5002 0.5002
31 0.750300007 0.7500 0.7502 0.7507
31 0.749700107 0.7503 0.7504 0.7507
Yi 0.749820111 0.750060048 0.750160237 0.750640152
S; 0.000342007 0.000230189 0.000251192 0.000260679
(sp)n2 1.16969E-07 5.29868E-08 6.30974E-08 6.79535E-08
Yi-y r -0.000350026 v -0.000110089 -9.89973E-06 ¥ 0.000470015
(yi-y)"2 1.22518E-07 1.21196E-08 9.80046E-11 2.20914E-07
Coverage facor () [_95a5%
y Euer
Degree of freedom (vc) ut/ v,
Urep 0.00027432 16 1.4157E-17 Lmoassta 0.5008
Degree of freedom
Ugeo 0.000172155 3 1.82996E-17 Uneassta 0.000482183 8
Ev 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value Effective degree of freedom
standard uncertainty 0.000293617
k factor 2.181165682
Extended uncertainty 0.000640426
Object of calibration |
gth of measurement [mm] CTE K] Uncertainty of CTE (ugy) [K™] (WP y + Ulys) [K?] Ugy (Ty —20°C) = (Ty — 20°C)
0.75 T 2.22E-05 T 0.00000069 0.00 33 T 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrat | k
1ge block |- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
2 0.750200107 0.7493 0.7495 0.7496 1 0.5009 0.5009 0.5009
2 0.7503 0.7495 0.7502 0.7499 2 0.5013 0.5013 0.5013
2 0.75 0.7499 0.7499 0.7500 3 0.5002 0.5002 0.5002
2 0.750200027 0.7491 0.7496 0.7496
2 0.749800007 0.7497 0.7499 0.7495
Yi 0.750100028 0.749500147 0.749820177 0.749720156
S; 0.000200014 0.000316128 0.000277579 0.000216807
(Sir2 4.00057E-08 9.99366E-08 7.70501E-08 4.70052E-08
Yi-y r 0.000314901 v -0.00028498 v 3.50503E-05 ¥ -.4971E-05
(yi-y)"2 9.91626E-08 8.12137E-08 1.22852E-09 4.22123E-09
Coverage factor () [wGaBl
y 0.749785127 Etprop 0.0016
Degree of freedom (v.) ut/ve
Urep 0.000256904 16 1.08898E-17 Lmeassta 0.5008
Degree of freedom
Ugeo 0.000124441 3 4.99585E-18 Umeasstd 0.000482183 8
E
Ucorr 0.000252488 9 4.51562E-16
- 0
Calibrated value 0.748585127 Effective degree of freedom
standard uncertainty 0.000284293
k factor 2.211800697

Extended uncertainty

0.000628798
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Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P y + W) [K?] Ugyt
0.75 T 222605 T 0.00000069 T 0.00: T 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
1ge block |- | 0.75 0.0001 ] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
18 0.749300027 0.7505 0.7499 0.7499 1 0.5009 0.5009 0.5009
18 0.749600007 0.7505 0.7495 0.7500 2 0.5013 0.5013 0.5013
18 0.749300027 0.7508 0.7496 0.7494 3 0.5002 0.5002 0.5002
18 0.749400007 0.7508 0.7498 0.7497
18 0.74920006 0.7505 0.7497 0.7496
Yi 0.749360025 0.750620145 0.74970082 0.749720666
S; 0.000151639 0.000164245 0.000158003 0.000238732
(sp)n2 2.29945E-08 2.69764E-08 2.4965E-08 5.6993E-08
Yi-y r -0.000490389 v 0.000769731 r -0.000149594 ¥ -0.000129749
(yi-y)"2 2.40481E-07 5.92486E-07 2.23783E-08 1.68347E-08
Coverage factor (p) 95.45|%
y 0.749850414 Elorop 0.0016
Degree of freedom (vc) ut/ v,
Urep 0.00018161 16 2.71957E-18 Lmeassta 0.5008
Degree of freedom
Ugeo 0.000269595 3 1.10055E-16 Uneasstg 0.000482183 8
Ev 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 0.748650414 Effective degree of freedom
standard uncertainty 0.00029752
k factor 2.211800697
Extended uncertainty 0.000658054
Object of calibration |
gth of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (U + W) [K7] Uy (Ty —20°C) = (Ty, — 20°C)
0.75 [ 2.22E-05 [ 0.00000069 0.003333: [ 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | 3
1ge block |- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3 |
24 0.7500015 0.7508 0.7509 0.7499 1 0.5009 0.5009 0.5009
24 0.750200007 0.7505 0.7503 0.7498 2 0.5013 0.5013 0.5013
24 0.75020024 0.7499 0.7503 0.7501 3 0.5002 0.5002 0.5002
24 0.749800107 0.7500 0.7502 0.7500
24 0.749900107 0.7498 0.7505 0.7507
yi 0.750020392 0.750200131 0.750440498 0.75010046
S; 0.000178856 0.000430087 0.000279142 0.000353508
(Sj)"2 3.19894E-08 1.84975E-07 7.79205E-08 1.24968E-07
Yi-y r -0.000169978 v 9.76039E-06 v 0.000250128 ¥ -8.99103E-05
(yi-y)"2 2.88926E-08 9.52653E-11 6.25641E-08 8.08386E-09
Coverage factor (p) 95.45|%
y 0.75019037 Evpop 0.0016
Degree of freedom (v.) ut/ v,
Urep 0.00032398 16 2.75432E-17 Lmeassta 0.5008
Degree of freedom
Ugeo 9.11207E-05 3 1.43624E-18 Umeasstd 0.000482183 8
= 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp. 9.95739E-07 L 0
Calibrated value 0.748990370 Effective degree of freedom

standard uncertainty
k factor

Extended uncertainty

2.181165682
0.000642683
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Object of calibration

]
gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (0l + ulys) [K2] Ugy (Ty —20°C) = (Ty — 20°C)
0.75 I 2.22E-05 I 0.00000069 0.0033: I 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U catiorat | Kk
1ge block |- | 0.75 0.0001 [
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 [ Position 3
30 0.749800027 0.7498 0.7496 0.7505 1 0.5009 0.5009 0.500¢
30 0.749600167 0.7499 0.7501 0.7503 2 0.5013 0.5013 0.501%
30 0.75020006 0.7504 0.7497 0.7504 3 0.5002 0.5002 0.5002
30 0.750300107 0.7502 0.7500 0.7498
30 0.750600167 0.7508 0.7500 0.7494
Yi 0.750100105 0.750220101 0.749880233 0.750080077
S; 0.000400012 0.000402493 0.000216862 0.000465815
(Si)"2 1.6001E-07 1.62001E-07 4.7029E-08 2.16983E-07
Yi-y r 2.9976E-05 v 0.000149972 v -0.000189896 ¥ 9.94801E-06
(yi-y)"2 8.9856E-10 2.24916E-08 3.60605E-08 9.89628E-11
Coverage factor (p)  [_Sa5]%
y 0.750070129 Eiprop 0.0016
Degree of freedom (v.) ult/ve
Urep 0.000382761 16 5.36598E-17 Limeassta 0.5008
Degree of freedom
Ugeo 7.04448E-05 3 5.13043E-19 Umeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 0.748870129 Effective degree of freedom
standard uncertainty 0.000307071
k factor 2.158263401
Extended uncertainty 0.000662741
Object of calibration |
gth of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U2 + W) [K7] Ut (Ty —20°C) = (Ty — 20°C)
0.75 [ 2.22E-05 [ 0.00000069 0.00333333: | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm 1] | k
1ge block IE | 0.75 0.0001 [ 2
Calibration 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3 |
36 0.750500167 0.7493 0.7500 0.7499 1 0.5009 0.5009 0.5009
36 0.749900327 0.7494 0.7497 0.7499 2 0.5013 0.5013 0.5013
36 0.749800167 0.7494 0.7502 0.7498 3 0.5002 0.5002 0.5002
36 0.74950024 0.7495 0.7497 0.7504
36 0.74960054 0.7493 0.7496 0.7505
Yi 0.749860288 0.749380185 0.749840235 0.750100085
S; 0.000391077 8.39469E-05 0.000250972 0.000324012
[Ch3 1.52941E-07 7.04709E-09 6.29872E-08 1.04984E-07
Vi-y r 6.50897E-05 v -0.000415013 F 4.50363E-05 ¥ 0.000304887
(v -y)2 4.23667E-09 1.72236E-07 2.02827E-09 9.2956E-08
Coverage facor () [ 9545]%
y 0.749795198 Edprop 0.0016
Degree of freedom (v.) ue“ /v,
Urep 0.000286339 16 1.68059E-17 Limeassta 0.5008
Degree of freedom
Ugeo 0.000150404 3 1.0661E-17 Unneasstd 0.000482183
El
. o 4515626-16
- 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

ength of measurement [mm] CTE K] Uncertainty of CTE (uaw) [K'] (Wry + Urys) [K7] Ugnt
0.75 I 2.02E-05 I 0.00000069 0.003333333 T 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
iauge block I- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
-8 1.060165218 1.0597 1.0593 1.0609 1 0.5009 0.5009 0.5009
-8 1.060023797 1.0592 1.0590 1.0610 2 0.5013 0.5013 0.5013
-8 1.059741124 1.0602 1.0589 1.0605 3 0.5002 0.5002 0.5002
-8 1.059811653 1.0600 1.0588 1.0608
-8 1.060165218 1.0600 1.0594 1.0607
Yi 1.059981402 1.05982581 1.059076354 1.060787824
S; 0.000197435 0.000372147 0.000257964 0.000183129
(sp)n2 3.89806E-08 1.38493E-07 6.65452E-08 3.35361E-08
yi-y r 6.35548E-05 v -9.20375E-05 v -0.000841494 ¥ 0.000869976
(y,-y)*2 4.03921E-09 8.4709E-09 7.08112E-07 7.56859E-07
Coverage factor (p) 95.45| %
y 1.059917847 Etprop 0.0016
Degree of freedom (ve) ut/v,
Urep 0.000263418 16 1.2037E-17 Limeassta 0.5008
Degree of freedom
Ugeo 0.000350889 3 3.1582E-16 Unmeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp. 9.95739E-07 o 0
Calibrated value 1.058717847 Effective degree of freedom
standard uncertainty 0.000329256
k factor 2.181165682
Extended uncertainty 0.000718162
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (0 + ulpys) [K] Uy (Ty —20°C) = (Ty — 20°C)
0.75 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm U cabrat | 3 |
iauge block B | 0.0001] 2]
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
-15 1.060660172 1.0621 1.0600 1.0599 1 0.5009 0.5009 0.5009
-15 1.05967026 1.0621 1.0604 1.0595 2 0.5013 0.5013 0.5013
-15 1.060306677 1.0619 1.0602 1.0597 3 0.5002 0.5002 0.5002
-15 1.060448155 1.0622 1.0601 1.0596
-15 1.060306621 1.0621 1.0607 1.0595
Yi 1.060278377 1.062074415 1.060264204 1.059629017
S; 0.000369458 0.000132244 0.00030249 0.000162884
(Sir2 1.36499E-07 1.74885E-08 9.15003E-08 2.65313E-08
Yi-y r -0.000283126 r 0.001512911 r -0.000297299 ¥ -0.000932487
(yi-y)"2 8.01604E-08 2.2889E-06 8.83866E-08 8.69531E-07
Coverage factor (p) 95.45|%
y 1.060561503 Etorop 0.0016
Degree of freedom (ve) ut/ v,
Urep 0.000260777 16 1.15616E-17 Limeasstd 0.5008
Degree of freedom
Ugeo 0.000526544 3 1.60139E-15 Unneasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 0 0

Calibrated value 1.059361503

standard uncertainty 0.000382967
k factor 2.283681613

Extended uncertainty 0.000874576

Effective degree of freedom
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Object of calibration

]
(U + ) [K7] oy (Ty —20°C) = (Ty —20°C)

Length of measurement [mm] CTE [K™] Uncertainty of CTE (u,y) [K™]
[ 0.75 | 2.22E-05 | 0.00000069 | 0.003333333 | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | 3
Gauge block |- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
[ Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
15-22 1.060801631 1.0591 1.0613 1.0612 1 0.5009 0.5009 0.50(
15-22 1.061862369 1.0597 1.0613 1.0617 2 0.5013 0.5013 0.50°
15-22 1.061650159 1.0594 1.0612 1.0615 3 0.5002 0.5002 0.50(
15-22 1.06143801 1.0585 1.0617 1.0617
15-22 1.061013841 1.0592 1.0612 1.0619
Yi 1.061353202 1.059175295 1.061339 1.061565362
S; 0.000439893 0.000447232 0.000221359 0.000261808
(Si)r2 1.93506E-07 2.00016E-07 4.89997E-08 6.85434E-08
Yi-y r 0.000494987 v -0.001682919 v 0.000480785 7 0.000707147
(yi-y)"2 2.45012E-07 2.83222E-06 2.31154E-07 5.00057E-07
Coverage factor (p) 95.45|%
y 1.060856215 Eprop 0.0016
Degree of freedom (v.) /v,
Urep 0.000357444 16 4.08106E-17 L meassta 0.5008
Degree of freedom
Ugeo 0.000563356 3 2.09841E-15 Unmeassta 0.000482183 8
= 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 © 0
Calibrated value 1.059658215 Effective degree of freedom
standard uncertainty 0.000410666
k factor 2.283681613
Extended uncertainty 0.000937831
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (ugy) [K'] (U + Whys) [K7] Uy (Ty —20°C) = (T, — 20°C)
0.75 [ 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm u | Kk
Gauge block I- | 0.75 0.0001] 2
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
22-29 1.059882357 1.0627 1.0612 1.0591 1 0.5009 0.5009 0.50C
22-29 1.05952881 1.0626 1.0614 1.0590 2 0.5013 0.5013 0.501
22-29 1.05938738 1.0626 1.0616 1.0592 3 0.5002 0.5002 0.50C
22-29 1.05938738 1.0630 1.0608 1.0592
22-29 1.059811729 1.0626 1.0614 1.0595
Yi 1.059599531 1.062696861 1.061282474 1.059203572
S; 0.00023454 0.000176222 0.000297467 0.000209743
(sin2 5.5009E-08 3.10541E-08 8.84865E-08 4.39922E-08
yi-y r -0.001096079 v 0.002001252 v 0.000586864 ¥ -0.001492038
(yi-y)"2 1.20139E-06 4.00501E-06 3.4441E-07 2.22618E-06
Coverage factor (p) 95.45|%
y 1.06069561 Etpop 0.0016
Degree of freedom (ve) u'/v,
Urep 0.000233742 16 7.46258E-18 Lmeasstd 0.5008
Degree of freedom
Ugeo 0.000805035 3 8.75021E-15 Umeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 © 0
Calibrated value 1.059495610 Effective degree of freedom [ 6 |
standard uncertainty 0.000486517
k factor 2.516528348
Extended uncertainty 0.001224333
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Object of calibration

]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™'] (g + ulpys) [K2] Ugy (Ty —20°C) = (Ty — 20°C)
[ 0.75 [ 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U, | K |
Gauge block |- | 0.75 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
29-36 1.061155149 1.0600 1.0605 1.0614 1 0.5009 0.5009 0.5009
29-36 1.061013841 1.0597 1.0604 1.0611 2 0.5013 0.5013 0.5013
29-36 1.061155149 1.0598 1.0608 1.0613 3 0.5002 0.5002 0.5002
29-36 1.061013916 1.0591 1.0608 1.0609
29-36 1.06101401 1.0597 1.0601 1.0608
Yi 1.061070413 1.059656194 1.060518975 1.061098588
S 7.7353E-05 0.000340469 0.000300126 0.000236643
()2 5.98349E-09 1.15919E-07 9.00753E-08 5.59999E-08
yi-y r 0.000484371 v -0.000929848 v -6.70676E-05 ¥ 0.000512545
(yi-y)"2 2.34615E-07 8.64618E-07 4.49806E-09 2.62703E-07
Coverage factor (p) 95.45|%
y 1.060586042 Etprop 0.0016
Degree of freedom (v.) ut /v,
Urep 0.000258833 16 1.12206E-17 Lmeasstd 0.5008
Degree of freedom
Ugeo 0.000337446 3 2.7013E-16 Umeasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Uiemp 9.95739E-07 w 0
Calibrated value 1.059386042 Effective degree of freedom
standard uncertainty 0.000324988
k factor 2.181165682
Extended uncertainty 0.000708853
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (U gy + Ulpys) [K2] Uy (Ty —20°C) = (T, —20°C)
0.75 I 2.22E-05 I 0.00000069 0.00333333: I 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm U, | k
Gauge block |- | 0.0001] 2
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3 |
6-11 1.060306809 1.0614 1.0604 1.0604 1 0.5009 0.5009 0.5009
6-11 1.060589652 1.0609 1.0609 1.0607 2 0.5013 0.5013 0.5013
6-11 1.060377669 1.0607 1.0612 1.0612 3 0.5002 0.5002 0.5002
6-11 1.061084775 1.0608 1.0611 1.0604
6-11 1.060307149 1.0609 1.0609 1.0607
Yi 1.060533211 1.060943094 1.060900727 1.06070274
S; 0.00032938 0.00028279 0.000294154 0.00028975
(Si)r2 1.08491E-07 7.99702E-08 8.65266E-08 8.39552E-08
Yi-y r -0.000236732 r 0.000173151 r 0.000130784 ¥ -6.72028E-05
(yi-y"2 5.60421E-08 2.99812E-08 1.71045E-08 4.51622E-09
Coverage factor (p) 95.45|%
y 1.060769943 Evprop 0.0016
Degree of freedom (v) ut/v,
Urep 0.000299559 16 2.01313E-17 L meassta 0.5008
Degree of freedom
Ugeo 9.47118E-05 3 1.67639E-18 Uneasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp. 5739E-07 L 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

1.059569943

0.000289725

2.195291287

9]
<o
o

0.000636031

Effective degree of freedom
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Object of calibration

|
U (Ty — 20°C) = (Ty, — 20°C)

gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P y + W) [K?]
0.75 T 222605 T 0.00000069 T 0.00: T 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
1ge block |- | 0.75 0.0001 ] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
16 1.060023967 1.0607 1.0600 1.0592 1 0.5009 0.5009 0.5009
16 1.060589652 1.0615 1.0596 1.0590 2 0.5013 0.5013 0.5013
16 1.060094571 1.0619 1.0592 1.0588 3 0.5002 0.5002 0.5002
16 1.059740935 1.0616 1.0592 1.0596
16 1.059528886 1.0611 1.0594 1.0587
Yi 1.059995602 1.061339777 1.05947233 1.059062372
S; 0.000401925 0.00047041 0.000313907 0.000366063
(sp)n2 1.61543E-07 2.21285E-07 9.85374E-08 1.34002E-07
Yi-y r 2.80821E-05 v 0.001372257 r -0.000495191 ¥ -0.000905149
(yi-y)"2 7.88602E-10 1.88309E-06 2.45214E-07 8.19294E-07
Coverage factor (p) 95.45|%
y 1.05996752 Elorop 0.0016
Degree of freedom (v.) /v,
Urep 0.000392227 16 5.91685E-17 Lmeassta 0.5008
Degree of freedom
Ugeo 0.00049568 3 1.25767E-15 Uneasstg 0.000482183 8
Ev 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 1.058767520 Effective degree of freedom
standard uncertainty 0.000394898
k factor 2.211800697
Extended uncertainty 0.000873435
Object of calibration |
gth of measurement [mm] CTE [K"] Uncertainty of CTE (u,y) [K'] (U + Wys) [K7] Ugyt (Ty —20°C) = (Ty, —20°C)
0.75 [ 2.22E-05 [ 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U cai |
1ge block |- | 75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
21 1.061013728 1.0613 1.0626 1.0617 1 0.5009 0.5009 0.5009
21 1.060094486 1.0605 1.0623 1.0623 2 0.5013 0.5013 0.5013
21 1.06030664 1.0604 1.0624 1.0619 3 0.5002 0.5002 0.5002
21 1.060801744 1.0604 1.0621 1.0615
21 1.060872325 1.0612 1.0621 1.0622
i 1.060617784 1.060773528 1.062300676 1.061918927
S; 0.000395618 0.000449114 0.000220236 0.000329384
(sir2 1.56514E-07 2.01704E-07 4.85039E-08 1.08494E-07
Yi-y r -0.000784944 v -0.0006292 v 0.000897947 ¥ 0.000516198
(yi-y)"2 6.16138E-07 3.95893E-07 8.06308E-07 2.6646E-07
Coverage factor (p) 95.45|%
y 1.061402729 Etprop 0.0016
Degree of freedom (ve) ut/ v,
Urep 0.000358892 16 4.1476E-17 Limeassta 0.5008
Degree of freedom
Ugeo 0.000416813 3 6.28818E-16 Unneasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 o 0
Calibrated value 1.060202729 Effective degree of freedom
standard uncertainty 0.000364616
k factor 2.181165682
Extended uncertainty 0.000795289
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Object of |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (g + ulpys) [K?] Ut (Ty —20°C) = (Ty — 20°C)
0.75 [ 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 1]
Reference artefact used
Type [ Part number [ Nominal length /mm Calibrated length /mm U caiirat [ k
iauge block |- | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 [ Position 3 |
1-26 1.060660257 1.0591 1.0587 1.0607 1 0.5009 0.5009 0.5009
1-26 1.061225895 1.0601 1.0595 1.0603 2 0.5013 0.5013 0.5013
1-26 1.061084587 1.0600 1.0595 1.0607 3 0.5002 0.5002 0.5002
1-26 1.060872702 1.0597 1.0592 1.0612
1-26 1.06129657 1.0595 1.0602 1.0607
Yi 1.061028002 1.05969856 1.059429814 1.060730941
S 0.000261652 0.000401842 0.000537585 0.00029998
(S))"2 6.84618E-08 1.61477E-07 2.88997E-07 8.9988E-08
yi-y r 0.000806173 v -0.000523269 " -0.000792015 ¥ 0.000509112
(yi-y)"2 6.49914E-07 2.73811E-07 6.27288E-07 2.59195E-07
Coverage factor (p) 95.45| %
y 1.060221829 Eprop 0.0016
Degree of freedom (v.) /v,
Urep 0.000390168 16 5.79357E-17 Limeassta 0.5008
Degree of freedom
Ugeo 0.000388395 3 4.74082E-16 Uneasstd 0.000482183
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 B 0
Calibrated value 1.059021829 Effective degree of freedom
standard uncertainty 0.000363194
k factor 2.158263401
Extended uncertainty 0.000783868
Object of calibration |
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (WP + Wys) [K?] Uy (Ty —20°C) = (T — 20°C)
0.75 I 2.02E-05 I 0.00000069 I 0.0033333. T 57735608 | 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrat | K
iauge block I [ 0.75 0.0001] 2
Calibration its: 4 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3 |
6-31 1.060448 1.061650 1.062075 1.060872 1 0.5009 0.5009 0.5009
8-31 1.060872 1.060731 1.061226 1.061156 2 0.5013 0.5013 0.5013
8-31 1.060802 1.061297 1.061297 1.061084 3 0.5002 0.5002 0.5002
8-31 1.060731 1.061438 1.062145 1.060731
6-31 1.060660 1.061509 1.061650 1.061085
i 1.060702766 1.061325138 1.061678501 1.06098567
S; 0.000162824 0.000355703 0.000426046 0.000177536
(Si)n2 2.65117E-08 1.26525E-07 1.81515E-07 3.15189E-08
yi-y r -0.000470253 v 0.000152119 v 0.000505482 ¥ -0.000187348
(yi-y)"2 2.21138E-07 2.31403E-08 2.55512E-07 3.50994E-08
Coverage factor (p) 95.45|%
y 1.061173019 Evprop 0.0016
Degree of freedom (v.) RN
Urep 0.000302519 16 2.09387E-17 Lmeasstd 0.5008
Degree of freedom
Ugeo 0.000211126 3 4.13928E-17 Unneasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 w 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

1.059973019

0.000305284

2.168942996

0.000662143

Effective degree of freedom
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Object of calibration

1
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (0 gy + Upys) [K?] Ut (Ty —20°C) = (Ty, — 20°C)
0.75 | 2.22E-05 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | 3 |
Gauge block I= | 0.75 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
15-16 0.751000 0.749001 0.751800 0.750700 1 0.5009 0.5009 0.5009
15-16 0.751000 0.749400 0.751500 0.750501 2 0.5013 0.5013 0.5013
15-16 0.750900 0.749400 0.752000 0.751300 3 0.5002 0.5002 0.5002
15-16 0.750600 0.748700 0.751600 0.750900
15-16 0.750901 0.749300 0.751900 0.751700
i 0.750880429 0.749160403 0.751760045 0.75102028
S; 0.000164253 0.000304868 0.000207357 0.00048136
(Si)n2 2.6979E-08 9.29442E-08 4.29969E-08 2.31708E-07
Yi-y r 0.00017514 r -0.001544886 r 0.001054756 ¥ 0.000314991
(yi-y)y"2 3.06739E-08 2.38667E-06 1.11251E-06 9.9219E-08
Coverage factor (p) 95.45|%
y 0.750705289 Etprop 0.0016
Degree of freedom (v.) /v,
Urep 0.000314097 16 2.4333E-17 Lmeassta 0.5008
Degree of freedom
Ugeo 0.00054993 3 1.90541E-15 Unmeasstd 0.000482183 8
Eo 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 Ld 0
Calibrated value 0.749505289 Effective degree of freedom
standard uncertainty 0.000398859
k factor 2.283681613
Extended uncertainty 0.000910866
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (uy) [K™] (g + ulpys) [K?] Uyy (Ty —20°C) = (Ty, —20°C)
0.75 2.22E-05 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
[ Reference artefact used ]
[ Type | Part number | Nominal length /mm Calibrated length /mm V] | k |
Gauge block ]- | 0.75 0.0001] |
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
15-21 0.749500 0.750100 0.751500 0.749800 1 0.5009 0.5009 0.5009
15-21 0.749601 0.749900 0.751200 0.750300 2 0.5013 0.5013 0.5013
156-21 0.749401 0.749400 0.751100 0.750300 3 0.5002 0.5002 0.5002
16-21 0.749701 0.749401 0.751500 0.749900
15-21 0.749001 0.750100 0.750600 0.750600
Yi 0.749440789 0.749780215 0.751180222 0.750180039
S; 0.000270271 0.000356329 0.000370067 0.000327115
(Si)"2 7.30463E-08 1.26971E-07 1.3695E-07 1.07004E-07
Yi-y r -0.000704528 r -0.000365101 r 0.001034906 ¥ 3.47226E-05
(yi-y)y"2 4.96359E-07 1.33299E-07 1.07103E-06 1.20566E-09
Coverage factor (p) 95.45|%
y 0.750145316 Etprop 0.0016
Degree of freedom (ve) ut /v,
Urep 0.000333156 16 3.07985E-17 L measst 0.5008
Degree of freedom
Ugeo 0.000376596 3 4.19046E-16 Unmeasstd 0.000482183
Eo 0.0012
Ucorr 0.000252488 9 4.51562E-16
Uiemp 9.95739E-07 w 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

]
gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (Ul gy + Ulpys) [K?] Uant (Ty —20°C) = (Ty — 20°C)
0.75 2.22E-05 0.00000069 0.0033333: 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiibrai | k
1ge block IE | 0.75 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
30 0.749800 0.749600 0.751000 0.750700 1 0.5009 0.5009 0.500¢
30 0.749900 0.749600 0.750500 0.750000 2 0.5013 0.5013 0.501%
30 0.749900 0.749200 0.751200 0.750000 3 0.5002 0.5002 0.5002
30 0.750100 0.749400 0.751100 0.750100
30 0.749900 0.749600 0.750800 0.749800
Yi 0.749920048 0.749480036 0.750920138 0.75012016
S; 0.000109559 0.000178912 0.000277587 0.000342085
(Si)r2 1.20033E-08 3.20095E-08 7.70543E-08 1.17022E-07
Yi-y r -0.000190048 s -0.00063006 v 0.000810043 4 1.00643E-05
(yi-y)"2 3.61181E-08 3.96975E-07 6.56169E-07 1.01291E-10
Coverage factor (p)  [__S45]%
y 0.750110096 Etprop 0.0016
Degree of freedom (ve) u'/v,
Urep 0.000243972 16 8.85727E-18 Lmeassta 0.5008
Degree of freedom
Ugeo 0.000301298 3 1.71689E-16 Uneasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 w0 0
Calibrated value 0.748910096 Effective degree of freedom
standard uncertainty 0.000313609
k factor 2.181165682
Extended uncertainty 0.000684033
Object of callbration ]
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P + Wlpys) [K2] Uy (Ty —20°C) = (Ty, - 20°C)
0.75 I 2.22E-06 I 0.00000069 0.003333333 I 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrati | k
iauge block |- | .75, 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
9-35 0.750800 0.749700 0.749901 0.750700 1 0.5009 0.5009 0.5009
9-35 0.750200 0.749500 0.749600 0.750900 2 0.5013 0.5013 0.5013
9-35 0.750500 0.749601 0.749601 0.750401 3 0.5002 0.5002 0.5002
9-35 0.750900 0.750002 0.749801 0.750100
9-35 0.750500 0.749600 0.749700 0.750600
Vi 0.750580069 0.749680684 0.74972058 0.75054034
S; 0.000277469 0.000193149 0.000130422 0.00030484
(Sir2 7.69891E-08 3.73066E-08 1.70098E-08 9.29273E-08
Yi-y r 0.000449651 s -0.000449734 v -0.000409838 ¥ 0.000409921
(yi-y)"2 2.02186E-07 2.02261E-07 1.67967E-07 1.68036E-07
Coverage facor () [_95aB]%
y 0.750130418 Etprop 0.0016
Degree of freedom (ve) ut/v,
16 7.85631E-18 Lo
Degree of freedom
Ugeo 0.000248403 El 7.93209E-17 Uneasstd 0.000482183 8
E. 0.0012
Ucorr 0.000252488 9 4.51562E-16
Utemp 9.95739E-07 B 0
Calibrated value 0.748930418 Effective degree of freedom
Kfactr
Extended uncertainty 0.000655761
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Horizontall
1 2 3 4 5
L 0.004001 0.004001 0.004001 0.004001 0.004001
ol 0.259403 0.241083 0.744631 0.407013 0.607471
02 0.000171 0.000233 0.000231 0.00029 0.000195
o3 0.046811 0.046812 0.046812 0.046812 0.046807
o4 0.004681 0.004681 0.004681 0.004681 0.004681
GCtotal 0.263634 0.24563 0.746116 0.409723 0.60929 I
o1= standard deviation /sqrt(3)
02= standard uncertainty calibration of each length
03= (L*¥11.7%1) L=m /Osteel=11.7 /AT=(21-20 C°)
04= (L*10%*11.7%1)
L= calibrated value of length
ol calculation
L1 12 13 u T 5 ]
Differencel | -3.15437 | -3.51956 | -1.57083 | -1.80401 -5.98387
Difference2 | -2.89464 | -4.54167 | -4.59927 | -3.04527 -5.66216
Difference3 | -3.95069 | -4.06373 | -3.86407 | -3.46429 -8.03755
Mean -3.33324 | -4.04165 | -3.34472 | -2.77119 | -6.56119
SD 0.449299 | 0.417568 | 1.289739 | 0.704967 | 1.052171
SD/sqrt(3) | 0.259403 | 0.241083 | 0.744631 | 0.407013 | 0.607471
0.259403 0.241083 0.744631 0.407013 0.607471
Horizontall
1 2 3 4 5
L 0.004001 0.004001 0.004001 0.004001 0.004001
ol 0.83557 0.344805 0.193671 0.098142 0.462276
02 0.000171 0.000233 0.000231 0.00029 0.000195
o3 0.046811 0.046812 0.046812 0.046812 0.046807
o4 0.004681 0.004681 0.004681 0.004681 0.004681
Gtotal 0.836893  0.348  0.199304 [ 0.108836 [ 0.464663 |
ol= standard deviation /sqrt(3)
2= standard uncertainty calibration of each length
03= (L*¥11.7%1) L=m /Osteei=11.7 /AT=(21-20 C°)
04= (L*¥10%*11.7%1)
L= uncertainty calculation of length
ol calculation
L1 12 13 4 T 15
Differencel | 0.707757 | 3.525121 | 6.968984 | 8.922901 12.39222
Difference2 | -2.60765 | 2.632385 | 6.209487 | 9.293297 10.89709
Difference3 | 0.136999 | 4.082393 | 6.860786 | 8.943369  10.5454
Mean -0.58763 3.4133 | 6.679753 | 9.053189 | 11.27824
SD 1.44725 | 0.597221 | 0.335449 | 0.169987 | 0.800685
SD/sqrt(3) 0.83557 | 0.344805 | 0.193671 | 0.098142 | 0.462276

Stitching 5x
Verticall

1 2 3 4 5

L 0.004001 0.004001 ~ 0.004  0.004002  0.004
ol 0.239937 0.42981 0.506968 0.455065 0.166409
02 0.00023 0.000215 0.000278 0.000379 0.000324
o3 0.046814 0.046808 0.046802 0.046821 0.046806
o4 0.004681 0.004681 _ 0.00468 _ 0.004682 0.004681
Gtotal 0.244506 0.432377 0.509145 0.457491  0.17293 |

o1 calculation

L1 12 13 4 T 15
Differencel | -0.95031 | -1.42211 | -5.44237 | -6.36042 -4.93567
Difference2 | -1.80169 | -2.15855 | -4.06126 | -6.36042 -4.93567
Difference3 | -0.89272 | -0.34562 | -3.32384 | -4.68841 -4.32424
Mean -1.21491 | -1.30876 | -4.27583 | -5.80308 | -4.73186
SD 0.415583 | 0.744453 | 0.878094 | 0.788195 | 0.288229
SD/sqrt(3) | 0.239937 | 0.42981 | 0.506968 | 0.455065 | 0.166409

NOStitching 5x
Verticall

1 2 3 4 5
L 0.004001 0.004001  0.004  0.004002 0.004
ol 0.228039 0.174396 0.343423 0.508731 0.624497
02 0.00023 0.000215 0.000278 0.000379 0.000324
o3 0.046814 0.046808 0.046802 0.046821 0.046806
o4 0.004681 0.004681 0.00468 0.004682 0.004681
Gtotal 0.232842 0.180629 0.346629 [ 0.510902 [ 0.626266 |

o1 calculation

L1 12 13 4 T 15
Differencel | 2.605533 | 1.670291 | 2.731725 | 5.098249 6.197867
Difference2 | 1.942447 | 2.248775 | 1.449322 | 3.139674 3.555312
Difference3 | 2.884123 | 2.35904 | 2.689491 | 3.333544 4.710372
Mean 2.477368 | 2.092702 | 2.290179 | 3.857156 [ 4.821183
SD 0.394975 | 0.302063 | 0.594826 | 0.881148 | 1.08166
SD/sqrt(3) | 0.228039 | 0.174396 | 0.343423 | 0.508731 | 0.624497

185

Appendices

Diagonall
1 2 3 4 5
L 0.005657 0.005657 0.005658 0.005657 0.005658
ol 0.410882 0.655984 0.439901 0.987645 0.755075
02 0.000253  0.0003  0.000287 0.000279 0.000393
o3 0.066187 0.066187 0.066199 0.066187 0.066199
o4 0.006619 0.006619 _ 0.00662 0.006619  0.00662
[ ot 0.416232 0.659348 0.444903 0.989883  0.758 |
o1 calculation
L1 12 13 4 [ 5 ]
Differencel | -6.162 | -9.30429 | -9.62691 | -4.59953 -12.5902
Difference2 | -4.42106 | -6.65048 | -7.07987 | -8.34161 -11.7672
Difference3 | -5.21424 | -7.25127 | -8.04321 | -8.10339 -9.49748
Mean 526577 | -7.73535 | _-8.55 | -7.01484 | -11.285
SD 0.711669 | 1.136198 | 0.76193 | 1.710652 | 1.307828
SD/sqrt(3) | 0.410882 | 0.655984 | 0.439901 | 0.987645 | 0.755075
Diagonall
1 2 3 4 5
L 0.005657 0.005657 0.005658 0.005657 0.005658
ol 0.540908 0.814386 0.438778 0.194281 0.935505
02 0.000253  0.0003  0.000287 0.000279 0.000393
o3 0.066187 0.066187 0.066199 0.066187 0.066199
o4 0.006619 0.006619  0.00662 _0.006619  0.00662
[ ot 0.544983 0.817098 0.443793 | 0.205353 [ 0.937868 |
o1 calculation
L1 12 13 4 T 5 ]
Differencel | -0.74527 | 2.654456 | 3.965443 | 5.743857 9.401351
Difference2 | -1.24455 | 0.030823 | 2.220218 | 6.350174 6.687872
Difference3 | 0.94491 | 3.289676 | 3.653851 | 6.530591 10.55311
Mean -0.3483 [ 1.991652 [ 3.279837 | 6.208207 | 8.880778
SD 0.936881 | 1.410559 | 0.759986 | 0.336505 | 1.620343
SD/sqrt(3) | 0.540908 | 0.814386 | 0.438778 | 0.194281 | 0.935505
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Horizontall
1 2 3 4 5
L 0.004001 0.004001 0.004001 0.004001 0.004001
ol 0.50355  0.47857 0.516405 0.345264 0.5838
02 0.000171 0.000233 0.000231 0.00029 0.000195
o3 0.046811 0.046812 0.046812 0.046812 0.046807
o4 0.004681 0.004681 0.004681 0.004681 0.004681
Ototal 0.505743 0.480877 0.518544 0.348455 0.585692 I
1= standard deviation /sqrt(3)
02= standard uncertainty calibration of each length
03= (L*11.7%1) L=m /osteel=11.7 /AT=(21-20 C°)
04= (L*10%*11.7*1)
L= calibrated value of length
ol
L1 L2 L3 L4 L5

Differencel | -2.94076 | -2.83245 | -1.78305 | -2.27474 -4.88644

Difference2 | -1.55076 | -3.08245 | -2.82305 | -2.71474 -3.18644

Difference3 | -0.84076 | -1.21245 | -0.63305 | -1.28474 -2.47644

Mean -1.77743 [ -2.37579 | -1.74639 | -2.09141 | -3.51644
SD 0.872175 | 0.828908 | 0.89444 [ 0.598015 [ 1.011171
SD/sqrt(3) | 0.50355 | 0.47857 | 0.516405 | 0.345264 | 0.5838
050355 0.47857 0516405 0.345264  0.5838
Horizontall

1 2 3 4 5
L 0.004001 0.004001 0.004001 0.004001 0.004001
ol 0.427404 0.244146 0.030307 0.253903 0.194727
62 0.000171 0.000233 0.000231  0.00029 0.000195
o3 0.046811 0.046812 0.046812 0.046812 0.046807
o4 0.004681 0.004681 0.004681 0.004681 0.004681
Gtotal 0.429985 0.248638 0.055963 | 0.258225 [ 0.200328 |

o1= standard deviation /sqrt(3)

02= standard uncertainty calibration of each length

03= (L*11.7*1) L=m /osteei=11.7 /AT=(21-20 C')
4= (L*10%*11.7%1)
L= uncertainty calculation of length

Stitching 10x

ol
L1 L2 L3 L4 L5
Differencel | 1.229237 | 2.897545 | 6.296948 | 8.405256 11.02356

Difference2 | -0.57076 | 2.477545 | 6.196948 | 9.215256 11.75356

Difference3 | 0.519237 | 3.507545 | 6.316948 | 9.425256 11.05356

Mean 0.39257 | 2.960878 | 6.270281 | 9.015256 | 11.2769

SD 0.740285 | 0.422874 | 0.052493 | 0.439773 | O..

337277

SD/sqrt(3) 0.427404 | 0.244146 | 0.030307 | 0.253903 | O.

194727

Verticall
1 2 3 4 5
L 0.004001 0.004001  0.004  0.004002  0.004
ol 0.206186 0.294832 0.331344 0.547049 0.411302
02 0.00023 0.000215 0.000278 0.000379 0.000324
a3 0.046814 0.046808 0.046802 0.046821 0.046806
o4 0.004681 0.004681 0.00468 0.004682 0.004681
Gtotal 0.211486 0.298561 0.334665 0.549069 0.413983 |
ol
1 2 3 [ 5
Differencel | -0.08987 | -0.83051 | -1.95735 | -0.4797 -2.60245
Difference2 | -0.7807 | -0.09655 | -2.9573 | -2.21317  -3.7341
Difference3 | -0.90002 | -1.34073 | -3.31302 | -2.68298 -4.31862
Mean -0.5902 | -0.75593 | -2.74256 | -1.79195 | -3.55173
SD 0.357125 | 0.510663 | 0.573904 | 0.947517 | 0.712396
SD/sqrt(3) | 0.206186 | 0.294832 | 0.331344 | 0.547049 | 0.411302
NOStitching 10x
Verticall
1 2 3 4 5
L 0.004001 0.004001  0.004  0.004002 0.004
ol 0.19112 0.525027 0.452473 0.244452 0.599434
62 0.00023 0.000215 0.000278 0.000379 0.000324
a3 0.046814 0.046808 0.046802 0.046821 0.046806
o4 0.004681 0.004681 0.00468 0.004682 0.004681
Gtotal 0.196826  0.52713  0.454911 | 0.248939 [ 0.601277]
ol
11 2 3 [ L5
Differencel | 2.321336 | 2.896817 | 3.270479 | 3.627024 5.730658
Difference2 | 1.598583 | 0.893792 | 1.35126 | 2.911863 3.195342
Difference3 | 2.278292 | 2.739248 | 2.274377 | 3.919922 4.289875
Mean 2.06607 | 2.176619 | 2.298705 | 3.48627 | 4.405292
SD 0.33103 [ 0.909374 [ 0.783707 | 0.423403 [ 1.038251
SD/sqrt(3) | 0.19112 | 0.525027 | 0.452473 | 0.244452 | 0.599434
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Diagonall
1 2 3 4 5
L 0.005657 0.005657 0.005658 0.005657 0.005658
ol 0.168829 0.431065 0.115921 0.218326  0.3029:
02 0.000253  0.0003  0.000287 0.000279 0.000393
o3 0.066187 0.066187 0.066199 0.066187 0.066199
o4 0.006619 0.006619  0.00662  0.006619  0.00662
[ ot 0.18146  0.436167 0.133656 0.228234  0.31013
ol
L1 12 13 L4 L5
Differencel | -5.29944 | -4.27425 | -6.5325 6583  -7.7869'
Difference2 | -4.79359 | -5.74334 | -7.0154 | -7.43992 -8.5743t
Difference3 | -4.60733 | -4.06547 | -6.85468 | -6.70687 -9.0602
Mean -4.90012 | -4.69435 | -6.80086 | -6.90993 | -8.47389
SD 0.29242 [ 0.746626 | 0.200781 [ 0.378152 [ 0.524656
SD/sqrt(3) | 0.168829 | 0.431065 | 0.115921 | 0.218326 | 0.30291
Diagonall
1 2 3 4 5
L 0.005657 0.005657 0.005658 0.005657 0.00565:
ol 0.244163 0.647634 0365096 0.847454 1.17560!
02 0.000253  0.0003  0.000287 0.000279 0.00039:
o3 0.066187 0.066187 0.066199 0.066187 0.066199
o4 0.006619 0.006619  0.00662  0.006619  0.00662
| Gtotal 0.253062 0.651041 0.371108 | 0.85006 [ 1.177486
ol
L1 12 13 L4 L5
Differencel | -0.86155 | 2.257287 | 3.578085 | 7.487302 9.73071i
Difference2 | -1.54638 | 1.142401 | 2.467661 | 6.084607 6.62662!
Difference3 | -0.53086 | 3.874718 | 3.958129 | 9.652962 11.55961
Mean -0.97959 [ 2.424802 | 3.334625 | 7.741624 | 9.305668
SD 0.422903 | 1.121735 | 0.632365 | 1.467833 | 2.036208
SD/sart(3) | 0.244163 | 0.647634 | 0.365096 | 0.847454 | 1.175605
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Appendix (7)

Horizontal
1 2 3
L 0.000753 0.001502 0.002253
ol 0.94767 0.993733 0.452262
02 0.000346  0.00035 0.000293
o3 0.008812 0.017577 0.026364
o4 0.000881 0.001758 0.002636
Gtotal 0.947711 0.99389  0.453037 I
01= standard deviation /sqrt(3)
02= standard uncertainty calibration of each length
03= (L*11.7*1) L=m /osteei=11.7 /AT=(21-20 C)
0d= (L*10%*11.7%1)
L= uncertainty calculation of length
o1 calculation
L1 L2 L3
Differencel | -3.35993 | -5.78753 | -7.15771
Difference2 | -5.46054 | -3.51615 | -6.34042
Difference3 | -7.37918 | -7.72787 | -8.2525
Mean -5.39988 | -5.67718 | -7.25021
SD 1.641412 | 1.721195 | 0.78334
SD/sqrt(3) 0.94767 | 0.993733 | 0.452262

5x
Vertical

1 2 3
L 0.000746 0.001497 0.002247
ol 0.413889 1.306672 3.524275
02 0.000327 0.000289 0.000329
03 0.008733 0.017517 0.02629
o4 0.000873 0.001752 0.002629
Gtotal 0.413982 1.306791 3.524374

o1 calculation

L1 L2 L3

Differencel | 3.098154 | 2.685972 | 7.195268
Difference2 | 1.887945 | 0.475506 | -7.612

Difference3 | 1.391165 | -2.82212 | -2.00715
Mean 2.125755 | 0.113119 | -0.80796
SD 0.716876 | 2.263222 | 6.104224
SD/sqrt(3) | 0.413889 | 1.306672 | 3.524275
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Diagonal
1 2 3
L 0.001062 0.002124 0.003189
ol 0.952082 1.385093 1.130169
02 0.000329 0.000383 0.000411
03 0.012425 0.024851 0.037311
3 0.001243 0.002485 0.003731
Gtotal 0.952164 1.385318 1.130791
o1 calculation
L1 L2 13
Differencel | -2.15457 | -2.95827 | -9.35158
Difference2 | -2.72303 | -6.92309 | -14.083
Difference3 | -5.90216 | -8.69696 | -11.0437
Mean -3.59325 | -6.19277 | -11.4927
SD 1.649055 | 2.399051 | 1.95751
SD/sqrt(3) |0.952082 | 1.385093 | 1.130169
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Appendix (8) - X value

Object of calibration

CTE K]

|
(Ty — 20°C) = (Ty — 20°C)

.ength of measurement [mm] Uncertainty of CTE (u,y) [K'] (U + Ulpys) [K?] U
[ 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 ]
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm U catiorat | k |
3auge block |- 4 0.0001] 2|
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
-2 3.9998395 3.9995 4.0006 4.0003 1 3.9991 3.9991 3.9991
2 3.9995633 4.0001 4.0006 4.0001 2 3.999 3.999 3.999
-2 3.9996315 3.9996 4.0010 3.9996 3 3.9991 3.9991 3.9991
-2 3.999381 3.9997 4.0004 3.9999
-2 3.9999899 4.0000 4.0010 3.9997
Yi 3.99968104 3.99978194 4.0007463 3.99993284
S; 0.000238141 0.000247735 0.000279497 0.000264209
(Si)"2 5.67112E-08 6.13727E-08 7.81186E-08 6.98064E-08
Yi-y r -0.00035449 F -0.00025359 r 0.00071077 r -0.00010269
(yi-y)"2 1.25663E-07 6.43079E-08 5.05194E-07 1.05452E-08
Coverage factor (p) 95.45|%
y 7.00003553 Etprop ~0.000258327
Degree of freedom (ve) u'/v,
Urep 0.00025788 16 1.10564E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000242506 3 7.20525E-17 Unneasstd 5E-05 8
E /1
Ueor ——————7r 0 r 0
Ui /1 - 0
Calibrated value 4.000035530 Effective degree of freedom ™9 |
standard uncertainty 0.00016734
k factor 2.319809441
Extended uncertainty 0.000388197
Object of calibration |
gth of measurement [mm] CTE [K™] Uncertainty of CTE (u,y) [K™'] (WP y + W) [K?] Ugy (Ty —20°C) = (Ty — 20°C)
7 T 222605 T 0.00000069 T 0.003 3 T 57735608 | 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiorati | 3
1ge block |- | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
7.9994186 7.9995286 8.0004 8.0001 1 3.9991 3.9991 3.9991
7.9994102 7.9997 8.0004 7.9998 2 3.999 3.999 3.999
7.9995236 8.0000 8.0008 7.9997 3 3.9991 3.9991 3.9991
7.9993863 7.9992 8.0011 7.9999
7.9998038 7.9990 8.0008 7.9999
Yi 7.9995085 7.99949486 8.00071012 7.99988506
S; 0.000173283 0.000412332 0.000284892 0.00015649
(8j)"2 3.0027E-08 1.70018E-07 8.11633E-08 2.44892E-08
Yi-y r -0.000391135 r -0.000404775 v 0.000810485 ¥ -1.4575E-05
(yi-y)"2 1.52987E-07 1.63843E-07 6.56886E-07 2.12431E-10
Coverage factor (p) 95.45|%
y 7.999899635 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000276449 16 1.46017E-17 L meassta 3.999066667
Degree of freedom
Ugeo 0.000284887 3 1.3723E-16 Unmeassta 5E-05 8
E —
Ueor ————r 0 r 0
Uiy - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

]
gth of measurement [mm] CTE [K] Uncertainty of CTE (uy) [K™'] (U’ ry + Uys) [K?] U (Ty —20°C) = (Ty — 20°C)
7 | 2.22E-05 0.00000069 | 0.003333 | 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number Nominal length /mm Calibrated length /mm [§] | k
1ge block |- 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
11.9991632 11.9998016 12.0014 12.0003 1 3.9991 3.9991 3.9991
11.9986938 11.9998 12.0014 12.0002 2 3.999 3.999 3.999
11.9990304 12.0001 12.0008 11.9998 3 3.9991 3.9991 3.9991
11.9995247 12.0000 12.0007 11.9999
11.9994871 12.0002 12.0009 12.0001
Yi 11.99917984 11.99997624 12.00106228 12.00007384
S; 0.000343577 0.000189063 0.000349414 0.000195976
(Si)r2 1.18045E-07 3.5745E-08 1.2209E-07 3.84065E-08
Yi-y r -0.00089321 -9.681E-05 0.00098923 v 7.9E-07
(yj-y)"2 7.97824E-07 9.37218E-09 9.78576E-07 6.241E-13
Coverage factor (p) 95.45|%
y 12.00007305 Etpop
Degree of freedom (vc) ut/v,
Urep 0.000280307 16 1.54338E-17 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000385765 3 4.61369E-16 Uneassta 5E-05 8
£ —
Uear ——7r 0 0
Ui - 0
Calibrated value 12.000073050 Effective degree of freedom [ 5 ]
standard uncertainty 0.000230039
k factor 2.648654254
Extended uncertainty 0.000609294
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Object of calibration

]
gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (0P + Upys) [K7] Ugyt (Ty —20°C) = (Ty, — 20°C)
4 [ 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm Ucai | 3
1ge block |- | 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
15.9994451 15.9991 16.0015 16.0003 1 3.9991 3.9991 3.9991
15.9996318 15.9992 16.0015 16.0004 2 3.999 3.999 3.999
15.9993634 16.0004 16.0015 16.0004 3 3.9991 3.9991 3.9991
15.9993881 15.9991 16.0012 16.0004
15.9994282 15.9990 16.0014 16.0004
Yi 15.99945132 15.9993637 16.00140426 16.0003848
S; 0.000105916 0.000594877 0.000100407 6.88192E-05
(Sir2 1.12182E-08 3.53879E-07 1.00815E-08 4.73609E-09
yi-y r -0.0006997 v -0.00078732 v 0.00125324 v 0.00023378
(- Y2 4,8958E-07 6.19873E-07 1.57061E-06 5.46531E-08
Coverage factor () [_95aB]%
y 16.00015102 Etprop -0.000258327
Degree of freedom (ve) ut/ v,
Urep 0.000308186 16 2.25524E-17 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000477381 3 1.08198E-15 Uneassia 8
e —
Ueor | 0 " 0
Ui — - 0
Calibrated value Effective degree of freedom
standard uncertainty 0.000275625
k factor 2.648654254
Extended uncertainty 0.000730035
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (W + Ulys) [K?] Uyy (T —20°C) = (Ty — 20°C)
7 T 2.22E-05 T 0.00000069 T 0.0033: T 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm [§] | Kk
iauge block |- | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
-6 19.9999926 20.0005 20.0006 20.0001 1 3.9991 3.9991 3.99¢
-6 19.9997619 20.0001 20.0006 19.9999 2 3.999 3.999 3.9¢
-6 19.9998882 20.0002 20.0006 20.0003 3 3.9991 3.9991 3.99¢
-6 20.0001115 20.0001 20.0015 19.9999
-6 20.0001676 20.0002 20.0006 19.9994
Yi 19.99998436 20.0002104 20.00077622 19.99994038
S; 0.000164731 0.000165197 0.000428737 0.000335025
(Si)"2 2.71361E-08 2.72902E-08 1.83815E-07 1.12242E-07
Yi-y r -0.00024348 v -1.744E-05 v 0.00054838 ¥ -0.00028746
(yi-y)"2 5.92825E-08 3.04154E-10 3.00721E-07 8.26333E-08
Coverage factor () [o&as%
y Ee
Degree of freedom (vc) ut/ve
16 191835E-17 Lo
Degree of freedom
Ugeo 0.000192124 3 2.83849E-17 Uneassta 8
& —
Ueor ——————7r 0 r 0
Uiy — ) - 0
Calibrated value 20.000227840 Effective degree of freedom [ 156 |
standard uncertainty 0.000163561
kfactor
Extended uncertainty 0.000356753
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Object of calibration

]
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (Upy + Ulpys) [K7] Uy (Ty —20°C) = (Ty, —20°C)
4 2.22E-05 [ 0.00000069 0.00: 3. | 5.7735E-08 [ o5 1]
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm 1] | K |
iauge block |- | 4 0.0001] 2]
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
1-32 23.9986056 23.9998 24.0007 23.9996 1 3.9991 3.9991 3.9991
1-32 23.9988974 23.9998 24.0007 23.9996 2 3.999 3.999 3.999
1-32 23.9984906 23.9996 24.0009 23.9995 3 3.9991 3.9991 3.9991
1-32 23.9995371 23.9996 24.0015 24,0003
1-32 23.9996635 23.9993 24.0008 23.9996
Yi 23.99903884 23.9996008 24.00092184 23.99972286
S 0.000535428 0.000211381 0.000338788 0.00030323
(Sp)"2 2.86683E-07 4.46819E-08 1.14777E-07 9.19486E-08
yi-y r -0.000782245 4 -0.000220285 v 0.001100755 ¥ -9.8225E-05
(y,- Y2 6.11907E-07 4.85255E-08 1.21166E-06 9.64815E-09
Coverage factor (p) 95.45 | %
y 23.99962109 Etprop ~0.000258327
Degree of freedom (v.) ut/ve
Urep 0.000366773 16 4.52409E-17 Lmeassia 3.999066667
Degree of freedom
Ugeo 0.000395995 3 5.12291E-16 Uneassta 5E-05
e —
Ueor /7 0 " 0
Uiy /1 - 0
Calibrated value 23.599821085 Effective degree of freedom
standard uncertainty 0.000257114
k factor 2.428809082
Extended uncertainty 0.00062448
[ Object of calibration ]
Length of measurement [mm] CTE [KT] Uncertainty of CTE (u,y) [K™'] (P + Wlys) [K2] Ugy (Ty —20°C) = (Ty, — 20°C)
[ T 222605 T 0.00000069 T 0.003333333 [ 5.7735E-08 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm [§] | k
Gauge block |- | 4 0.0001] 2
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement rep: n name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
32-33 3.999373 3.9995 4.0010 3.9997 1 3.9991 3.9991 3.9991
32-33 3.9989798 4.0001 4.0010 3.9996 2 3.999 3.999 3.999
32-33 3.9991755 4.0001 4.0007 3.9995 3 3.9991 3.9991 3.9991
32-33 3.9993756 3.9993 4.0010 3.9995
32-33 3.999338 3.9994 4.0010 3.9998
Yi 3.99924838 3.99968394 4.00092686 3.99961608
S; 0.000171168 0.000404423 0.000155205 0.000108776
[Ch 2.92984E-08 1.63558E-07 2.40885E-08 1.18322E-08
Yi-y r -0.000620435 r -0.000184875 v 0.001058045 7 -0.000252735
(v, - )2 3.8494E-07 3.41788E-08 1.11946E-06 6.3875E-08
Coverage factor (p) 95.45 (%
y 3.999868815 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000239153 16 8.17794E-18 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000365428 3 3.71507E-16 Uneasstd 5E-05 8
e —
Ueor ———— 71 0 r 0
Uiy /1 = 0
Calibrated value 3.999868815 Effective degree of freedom
standard uncertainty 0.000211715
k factor 2.648654254
Extended uncertainty 0.00056076
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Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

h of measurement [mm] CTE[K"] Uncertainty of CTE (u,y) [K] (Wrw + W) [K] Uam
7 T 2.22E-05 T 0.00000069 0.003333 T 5.7735E-08 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiior: | 3
e block |- | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
easurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 [ Position 3 |
7.9993676 8.0001 8.0007 7.9998 1 3.9991 3.9991 3.9991
7.998938 8.0000 8.0007 7.9997 2 3.999 3.999 3.999
7.9996097 8.0001 8.0015 7.9998 3 3.9991 3.9991 3.9991
7.999576 7.9999 8.0010 7.9998
7.9993268 7.9997 8.0010 8.0001
Yi 7.99936362 7.99997848 8.0009433 7.99984964
S; 0.000268414 0.00016176 0.000340727 0.000158669
(Si)r2 7.20461E-08 2.61663E-08 1.16095E-07 2.51758E-08
Yi-y r -0.00067014 v -5.528E-05 0.00090954 ¥ -0.00018412
(yi-y)"2 4.49088E-07 3.05588E-09 8.27263E-07 3.39002E-08
Coverage factor (p) 95.45 (%
y 8.00003376 Etprop ~0.000258327
Degree of freedom (v.) /v,
Urep 0.000244685 16 8.9613E-18 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000330821 3 2.49533E-16 Uneasstd
E —
—— 0 0
Ui —— - 0
Calibrated value 8.000033760 Effective degree of freedom Zl
standard uncertainty 0.00019833
k factor 2.648654254
Extended uncertainty 0.000525307
Object of calibration |
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] Py + Ulys) [K?] Uy (Ty —20°C) = (Ty, — 20°C)
I 2.22E-06 I 0.00000069 0.00333333 I 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U calibrati | 3
iauge block |- 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 Position 3
4-35 12.0001553 12.0008 12.0009 11.9996 1 3.9991 3.9991 3.9991
4-35 12.0000871 12.0002 12.0009 11.9996 2 3.999 3.999 3.999
4-35 12.0001253 12.0000 12.0011 11.9994 3 3.9991 3.9991 3.9991
4-35 12.0002616 12.0006 12.0016 11.9998
4-35 12.0004185 12.0005 12.0012 11.9994
Yi 12.00020956 12.0004053 12.00111394 11.9995699
S; 0.000133608 0.000307553 0.000294438 0.000163272
(Si)r2 1.78511E-08 9.45891E-08 8.66935E-08 2.66576E-08
Yi-y r -0.000115115 v 8.0625E-05 " 0.000789265 ¥ -0.000754775
(yi-y)"2 1.32515E-08 6.50039E-09 6.22939E-07 5.69685E-07
Coverage factor (p) 95.45| %
y 12.00032468 Etprop -0.000258327
Degree of freedom (vc) ut/v,
Urep 0.000237588 16 7.9659E-18 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000317854 3 2.12653E-16 Uneassia 8
E ——
Ueor —————7r 0 ¢ 0
Ui /1 - 0
Calibrated value 12.000324675 Effective degree of freedom [ 6 |
standard uncertainty 0.000191174
k factor 2.516528348
Extended uncertainty 0.000481094

192



University of Nottingham

Appendices

Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U + Ulpys) [K7] Uy
I 2.02E-05 I 0.00000069 0.00333333: I 5.7735E-08 [ 05 |
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm U catiorat | 3 |
iauge block |- | 4 0.0001] 2|
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
5-36 15.9995483 16.0000 16.0013 16.0003 1 3.9991 3.9991 3.9991
5-36 15.999489 16.0001 16.0013 16.0000 2 3.999 3.999 3.999
5-36 15.9996474 16.0000 16.0014 16.0002 3 3.9991 3.9991 3.9991
5-36 15.9992625 16.0000 16.0010 16.0000
5-36 15.9998919 16.0004 16.0014 15.9997
i 15.99956782 16.00009194 16.00128044 16.00005336
S; 0.000229769 0.000161194 0.000140596 0.000209625
(Si)"2 5.27937E-08 2.59837E-08 1.97673E-08 4.39425E-08
Yi-y r -0.00068057 r -0.00015645 0.00103205 r -0.00019503
(yi-y)y"2 4.63176E-07 2.44766E-08 1.06513E-06 3.80367E-08
Coverage factor (p) 95.45|%
y 16.00024839 Etorop -0.000258327
Degree of freedom (v.) ut /v,
Urep 0.000188737 16 3.17228E-18 Limesssia 3.999066667
Degree of freedom
Ugeo 0.000364099 3 3.66131E-16 Uneassa 8
E —
Uear ————7r ° 0
U /] - 0
Calibrated value 76000248390 Effective degree of freedom
standard uncertainty 0.000200665
k factor 2.86931517
Extended uncertainty 0.000575771
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (U + Whys) [K7] Ugyt (Ty —20°C) = (T, —20°C)
[ 2.22E-05 [ 0.00000069 0.00: | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
iauge block |- 4 0.0001] 2
Calibration 4 , 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
-7 19.9992774 19.9998 20.0010 19.9995 1 3.9991 3.9991 3.9991
7 19.9991049 19.9995 20.0010 19.9999 2 3.999 3.999 3.999
7 19.9991282 19.9998 20.0006 19.9997 3 3.9991 3.9991 3.9991
-7 19.999142 19.9997 20.0010 19.9997
-7 19.9993529 19.9999 20.0005 19.9997
Yi 19.99920108 19.9997157 20.00080412 19.99968912
S; 0.000108313 0.000170638 0.000238785 0.000133036
(Si)r2 1.17316E-08 2.91173E-08 5.70181E-08 1.76985E-08
Yi-y r -0.000651425 r -0.000136805 r 0.000951615 ¥ -0.000163385
(yj-y)"2 4.24355E-07 1.87156E-08 9.05571E-07 2.66947E-08
Coverage factor (p) 95.45(%
y 19.99985251 Etprop -0.000258327
Degree of freedom (ve) ut /v,
Urep 0.000169975 16 2.08678E-18 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000338543 3 2.73662E-16 Unneasstd 5E-05 8
E ——
Ueor —————7r 0 r 0
Ui /1 = 0
Calibrated value 79999852505 Effective degree of freedom [ 4 ]
standard uncertainty 0.000185556
k factor 2.86931517
Extended uncertainty 0.000532419
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Object of calibration

]
gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P gy + W) [K?] Uy (Ty —20°C) = (Ty — 20°C)
7 T 222E-05 T 0.00000069 0.0033 5.7735E-08 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrat | k
1ge block = | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
3 23.9992722 23.9997 24.0009 23.9999 1 3.9991 3.9991 3.9991
3 23.9990763 23.9997 24.0009 23.9997 2 3.999 3.999 3.999
3 23.9993174 23.9998 24.0007 23.9995 3 3.9991 3.9991 3.9991
3 23.9997928 24.0000 24.0010 23.9998
3 23.9997547 23.9997 24.0008 24.0004
i 23.99944268 23.99979368 24.00087514 23.99986976
S; 0.000315806 0.00012995 9.4535E-05 0.000350623
(Sir2 9.97333E-08 1.68869E-08 8.93687E-09 1.22936E-07
Yi-y r -0.000552635 r -0.000201635 r 0.000879825 ¥ -0.000125555
(yi-y)*2 3.05405E-07 4.06567E-08 7.74092E-07 1.57641E-08
Coverage factor (p) 95.45| %
y 23.99999532 Eiprop -0.000258327
Degree of freedom (v.) ut/ve
Urep 0.000249246 16 9.64828E-18 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000307668 3 1.86677E-16 Umeasstd 5E-05 8
E —
Ueor —————r 0 . 0
Uiy - 0
Calibrated value 23.999995315 Effective degree of freedom [ 6 ]
standard uncertainty 0.000189973
k factor 2.516528348
Extended uncertainty 0.000478072
Object of calibration |
ength of measurement [mm] CTE [K"] Uncertainty of CTE (u,y) [K] (U gy + ulys) [K] Uant (Ty —20°C) = (Ty, - 20°C)
I 2.22E-06 I 0.00000069 I 0.003333333 I 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
iauge block |- | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
3-19 3.9996275 3.9997 4.0016 3.9998 1 3.9991 3.9991 3.9991
3-19 3.9998995 3.9999 4.0016 3.9999 2 3.999 3.999 3.999
3-19 3.9996711 3.9996 4.0009 3.9999 3 3.9991 3.9991 3.9991
3-19 3.9995995 4.0004 4.0003 3.9996
3-19 3.9998897 4.0003 4.0010 3.9996
Yi 3.99973746 3.99995772 4.0010744 3.99974372
S; 0.000145741 0.000355693 0.000520235 0.000156658
(Si)r2 2.12404E-08 1.26518E-07 2.70644E-07 2.45418E-08
Yi-y r -0.000390865 r -0.000170605 r 0.000946075 ¥ -0.000384605
(yi-y)"2 1.52775E-07 2.91061E-08 8.95058E-07 1.47921E-07
Coverage factor (p) 95.45 (%
y 4.000128325 Etprop -0.000258327
Degree of freedom (vc) ut/v,
Urep 0.00033277 16 3.06562E-17 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000319487 3 2.17055E-16 Umeasstd 5E-05 8
E —
Uear /7 0 " 0
Uiy /] - 0
Calibrated value 4.000128325 Effective degree offreedom [ 9 ]
standard uncertainty 0.000218323
k factor 2.319809441
Extended uncertainty 0.000506469
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (U + Ulys) [K?] Uyt
[ 2.22E-05 [ 0.00000069 0.003333333 [ 5.7735E-08 [ 05 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm [§] | 3
1ge block |- | 4 0.0001] 2
Calibration its: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
25 7.9994407 8.0000 8.0015 8.0005 1 3.9991 3.9991 3.9991
25 7.9989762 7.9999 8.0015 7.9999 2 3.999 3.999 3.999
25 7.9992685 8.0000 8.0005 7.9999 3 3.9991 3.9991 3.9991
25 7.9993773 7.9998 8.0009 7.9999
25 7.9992678 8.0000 8.0007 8.0007
Yi 7.9992661 7.9999521 8.0010182 8.00015848
S; 0.000178116 7.09823E-05 0.000459444 0.000392135
(Si)n2 3.17253E-08 5.03848E-09 2.11089E-07 1.5377E-07
yi-y r -0.00083262 " -0.00014662 0.00091948 r 5.976E-05
(yi-y)"2 6.93256E-07 2.14974E-08 8.45443E-07 3.57126E-09
Coverage factor (p) 95.45 (%
y 8.00009872 Etorop -0.000258327
Degree of freedom (ve) u: /v,
Urep 0.000316868 16 2.52032E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.00036099 3 3.53786E-16 Unmeasstd 5E-05 8
5 —
————r o o
— - 0
Calibrated value 8.000098720 Effective degree of freedom
standard uncertainty 0.000229477
k factor 2.428809082
Extended uncertainty 0.000557355

Object of calibration

]
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (WP gy + Uys) [K?] Uyt (Ty —20°C) = (Ty, — 20°C)
7 I 2.02E-05 I 0.00000069 I 0.003333333 [ 5773508 | 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | Kk
iauge block B | 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
5-31 11.999664 11.9989 12.0001 12.0001 1 3.9991 3.9991 3.9991
5-31 11.9994354 11.9989 12.0001 12.0001 2 3.999 3.999 3.999
5-31 11.9992445 11.9995 12.0006 11.9997 3 3.9991 3.9991 3.9991
5-31 11.9993947 11.9988 12.0008 12.0001
5-31 11.9991429 11.9992 12.0008 12.0002
Yi 11.9993763 11.9990669 12.0004937 12.00002752
S; 0.000199029 0.000312588 0.000331606 0.000209687
(sir2 3.96124E-08 9.77112E-08 1.09962E-07 4.39686E-08
Yi-y r -0.000364805 v -0.000674205 v 0.000752595 ¥ 0.000286415
(yi-y)*2 1.33083E-07 4.54552E-07 5.66399E-07 8.20336E-08
Coverage factor (p) [ g5a]%
y 11.99974111 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.00026984 16 1.32546E-17 Lmeassia 3.999066667
Degree of freedom
Ugeo 0.000320945 3 2.21045E-16 Unneasstd 5E-05 8
5 —
Ueor ———7r 0 " 0
Uiy — - 0
Calibrated value 11,999741105 Effective degree of freedom [ 6 ]
standard uncertainty 0.000200784
k factor 2.516528348
Extended uncertainty 0.000505278
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Object of calibration

]
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (W y + Ulpys) [K?] Ugy (Ty —20°C) = (Ty — 20°C)
7 T 2.22E-05 T 0.00000069 0.003333333 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiibrati | Kk
iauge block |- 4 0.0001 | 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
-12 15.9996739 16.0004 16.0010 15.9998 1 3.9991 3.9991 3.99¢
-12 15.9992338 16.0001 16.0010 15.9999 2 3.999 3.999 3.9¢
-12 15.9993368 15.9997 16.0009 15.9999 3 3.9991 3.9991 3.99¢
-12 15.9993152 16.0000 16.0007 15.9998
-12 16.0002997 16.0002 16.0012 15.9998
Yi 15.99957188 16.0000896 16.00094296 15.99983534
S; 0.000440334 0.000249247 0.000178982 7.18483E-05
(sr2 1.93894E-07 6.21243E-08 3.20346E-08 5.16217E-09
Yi-y r -0.000538065 v -2.0345E-05 r 0.000833015 -0.000274605
(yi-y)"2 2.89514E-07 4.13919E-10 6.93914E-07 7.54079E-08
Coverage factor (p) 95.45(%
y 16.00010995 Etprop ~0.000258327
Degree of freedom (v.) /v,
Urep 0.000270747 16 1.34336E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000297104 3 1.62328E-16 Uneasstd 8
e —
e ————r 0 r 0
Uiy /1 = 0
Calibrated value 16.000109945 Effective degree of freedom
standard uncertainty 0.000191647
k factor 2.428809082
Extended uncertainty 0.000465473
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] Py + ulys) [K?] Ugyt (Ty —20°C) = (Ty — 20°C)
4 2.22E-05 [ 0.00000069 0.003333. 5.7735E-08 [ 05 ]
Reference artefact used
Type [ Part number [ Nominal length /mm Calibrated length /mm U caio | k
iauge block |- | 4 0.0001] 2
C: its: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
2-18 19.999131 20.0001 20.0008 19.9998 1 3.9991 3.9991 3.999
2-18 19.9991453 19.9998 20.0008 19.9999 2 3.999 3.999 3.99
2-18 19.9992045 20.0000 20.0004 19.9997 3 3.9991 3.9991 3.999
2-18 19.9992115 19.9999 20.0005 19.9999
2-18 19.9989894 19.9999 20.0006 20.0002
Yi 19.99913634 19.99993246 20.00062026 19.99990218
S; 8.94357E-05 0.000115599 0.000192203 0.000182542
(Sir2 7.99874E-09 1.33632E-08 3.69418E-08 3.33216E-08
Yi-y r -0.00076147 v 3.465E-05 v 0.00072245 4.37E-06
(yi-y)2 5.79837E-07 1.20062E-09 5.21934E-07 1.90969E-11
Coverage factor () [ 5548]%
y 19.99989781 Eprop -0.000258327
Degree of freedom (ve) ut/v,
16 131175613 (-
Degree of freedom
Ugeo 0.000303176 3 1.76011E-16 Unmeasstd 5E-05 8
E —
Ueor —————7r 0 ” 0
Uiy /1 - 0
Calibrated value Effective degree of freedom
standard uncertainty 0.000166013
k factor 286931517
Extended uncertainty 0.000476343
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Object of calibration

CTE [K]

|
(Ty — 20°C) = (T — 20°C)

ength of measurement [mm] Uncertainty of CTE (u,y) [K™] (U + Ulpys) [K7] Ugt
3 I 2.22E-05 I 0.00000069 0.0033333. T 5.7735E-08 [ 05 |
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm U calioration | k |
iauge block |- 0.0001] 2|
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
8-24 23.9996091 23.9996 24.0006 23.9998 1 3.9991 3.9991 3.9991
8-24 23.9995351 24.0001 24.0006 24.0007 2 3.999 3.999 3.999
8-24 23.9993662 24.0004 24.0006 24.0003 3 3.9991 3.9991 3.9991
8-24 24.0001178 23.9999 24.0015 24.0003
8-24 23.9999698 23.9998 24.0007 23.9999
Yi 23.9997196 23.99994326 24.00081818 24.00019576
S; 0.000313171 0.000295703 0.000399532 0.000347646
(S))"2 9.80763E-08 8.74403E-08 1.59626E-07 1.20858E-07
yi-y r -0.0004496 v -0.00022594 0.00064898 r 2.656E-05
(yi-y)"2 2.0214E-07 5.10489E-08 4.21175E-07 7.05434E-10
Coverage factor (p) 95.45|%
y 24.0001692 Etprop -0.000258327
Degree of freedom (ve) ut/ve
Urep 0.000341321 16 3.39306E-17 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000237183 3 6.59315E-17 Uneasstd 5E-05 8
E —
Ueor ————7r 0 0
U —— - 0
Calibrated value 24.000169200 Effective degree of freedom
standard uncertainty 0.000193298
k factor 2.211800697
Extended uncertainty 0.000427536
[ Object of calibration ]
Length of measurement [mm] CTE [KT] Uncertainty of CTE (u,y) [K™] (P + Wlys) [K?] Ugyt (Ty —20°C) = (Ty, — 20°C)
[ 7 T 2.22E-05 T 0.00000069 T 0.003 3 [ 5773508 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
Gauge block |- 4 0.0001] 2
I Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
24-30 3.9994548 3.9989 4.0009 4.0003 1 3.9991 3.9991 3.9991
24-30 3.9989634 3.9996 4.0009 4.0005 2 3.999 3.999 3.999
24-30 3.9990219 3.9994 4.0008 4.0003 3 3.9991 3.9991 3.9991
24-30 3.9992444 3.9991 4.0011 4.0005
24-30 3.9992083 3.9992 4.0007 4.0001
i 3.99917856 3.99925398 4.00087132 4.00033934
S; 0.000195169 0.000256459 0.000174837 0.000138889
(8”2 3.8091E-08 6.57714E-08 3.05679E-08 1.92903E-08
yi-y r -0.00073224 v -0.00065682 v 0.00096052 r 0.00042854
(- Y2 5.36175E-07 4.31413E-07 9.22599E-07 1.83647E-07
Coverage factor (p) 95.45|%
y 3.0999108 Edprop ~0.000258327
Degree of freedom (ve) ult/v,
Urep 0.000196036 16 3.69219E-18 Limeasstd 3.999066667
Degree of freedom
Ugeo 0.000415716 3 6.2222E-16 Unneasstd 5E-05 8
E —
Ueor —————7r 0 . 0
Uiy /1 = 0
Calibrated value 3.999910800 Effective degree of freedom
standard uncertainty 0.00022559
k factor 2.86931517
Extended uncertainty 0.000647289
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Object of calibration

CTE K]

|
(Ty — 20°C) = (Tyy — 20°C)
|

ength of measurement [mm] Uncertainty of CTE (u,y) [K'] (W rw + Wrys) [K°] Uant
4 | 2.22E-05 | 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm U caliorai | k |
iauge block IE 4 0.0001] 2]
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
0-36 7.9991549 7.9998 8.0010 7.9994 1 3.9991 3.9991 3.9991
0-36 7.9994235 7.9994 8.0010 8.0000 2 3.999 3.999 3.999
0-36 8.0003135 7.9995 8.0009 7.9998 3 3.9991 3.9991 3.9991
0-36 7.9997145 8.0001 8.0010 7.9994
0-36 7.9993372 7.9997 8.0009 7.9997
i 7.99958872 7.99970124 8.00094068 7.99965718
S; 0.000452738 0.00030623 4.54881E-05 0.000264352
(Sj)"2 2.04972E-07 9.37768E-08 2.06917E-09 6.98818E-08
Yi-y r -0.000383235 r -0.000270715 v 0.000968725 ¥ -0.000314775
(yi-y)"2 1.46869E-07 7.32866E-08 9.38428E-07 9.90833E-08
Coverage factor (p) 95.45|%
y 7.999971955 Etprop -0.000258327
Degree of freedom (v) ut/ve
Urep 0.000304425 16 2.14716E-17 Lmessstg 3.999066667
Degree of freedom
Ugeo 0.000323737 3 2.28838E-16 Umeasstd 5E-05
E. —
Ueor ——————r 0 . 0
e /1 - 0
Calibrated value 7.999971955 Effective degree of freedom
standard uncertainty 0.00021151
k factor 2.428809082
Extended uncertainty 0.000513717
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (U + ulpys) [K7] Ut (Ty —20°C) = (Ty, — 20°C)
[ I 2.00E-05 I 0.00000069 0.003333333 I 5.7735E-08 [ 05 |
[ Reference artefact used |
| | Part number | Nominal length /mm Calibrated length /mm U caiorat | K |
Gauge block |- | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
1-8 11.9992021 11.9997 12.0008 12.0005 1 3.9991 3.9991 3.9991
1-8 11.998981 12.0000 12.0008 12.0003 2 3.999 3.999 3.999
1-8 11.9989013 11.9999 12.0006 12.0006 3 3.9991 3.9991 3.9991
1-8 11.9994738 12.0000 12.0009 12.0002
1-8 11.9995698 12.0001 12.0006 12.0002
Yi 11.9992256 11.99993102 12.00074648 12.00036548
S; 0.000293951 0.000140663 0.000132467 0.000188698
[Cha 8.64072E-08 1.97861E-08 1.75476E-08 3.56068E-08
Yi-y r -0.000841545 v -0.000136125 4 0.000679335 7 0.000298335
(yi-y)"2 7.08198E-07 1.853E-08 4.61496E-07 8.90038E-08
Coverage factor (p) 95.45(%
y 12.00006715 Etprop -0.000258327
Degree of freedom (ve) ut/ve
Urep 0.000199592 16 3.96745E-18 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000326245 3 2.36011E-16 Uneasstd 5E-05
E —
Uear /71 0 " 0
Uer /1 - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

]
U (Ty — 20°C) = (Ty — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (WP + Ulpys) [K]
[ I 2.20E-05 I 0.00000069 0.0033333 I 5.7735E-08 [ 05 |
[ Reference artefact used |
[ Type | Part number | No I length /mm Calibrated length /mm U cairatio | k |
Gauge block |- | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
8-15 15.9995625 15.9993 16.0008 16.0004 1 3.9991 3.9991 3.9991
8-15 15.9989982 15.9994 16.0008 16.0003 2 3.999 3.999 3.999
8-15 15.9987856 15.9999 16.0008 16.0002 3 3.9991 3.9991 3.9991
8-15 15.9996244 15.9994 16.0005 16.0005
8-15 15.9994394 15.9997 16.0002 16.0003
i 15.99928202 15.9995291 16.0006136 16.00033648
S; 0.000370016 0.000253395 0.000237716 0.000129325
(S)"2 1.36912E-07 6.42088E-08 5.65091E-08 1.67249E-08
Yi-y r -0.00065828 r -0.0004112 0.0006733 r 0.00039618
(yi-y)"2 4.33333E-07 1.69085E-07 4.53333E-07 1.56959E-07
Coverage factor (p) 95.45|%
y 15.9999403 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000261894 16 1.1761E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000317898 3 2.1277E-16 Uneassta 5E-05 8
e —
— 0 0
Ui /1 - 0
Calibrated value 15.999940300 Effective degree of freedom [ 6 ]
standard uncertainty 0.00019744
k factor 2.516528348
Extended uncertainty 0.000496863
[ Object of calibration |
Length of measurement [mm] CTE [K"] Uncertainty of CTE (u,y) [K™'] (Wl + Wrys) [K?] Ugpg (T —20°C) = (Ty — 20°C)
4 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
[ Reference artefact used |
[ | Part number | Nominal length /mm Calibrated length /mm [§) | 3 |
Gauge block |- | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
15-22 19.9992067 20.0002 20.0009 20.0003 1 3.9991 3.9991 3.9991
15-22 19.999152 20.0002 20.0009 20.0001 2 3.999 3.999 3.999
15-22 19.9992075 20.0004 20.0004 20.0004 3 3.9991 3.9991 3.9991
15-22 19.9994883 20.0005 20.0014 20.0002
15-22 19.9996162 20.0006 20.0007 20.0004
Yi 19.99933414 20.00037344 20.00085184 20.00029886
S; 0.000205412 0.000181098 0.000382869 0.000133808
(sr2 4.21942E-08 3.27963E-08 1.46589E-07 1.79045E-08
Yi-y r -0.00088043 r 0.00015887 r 0.00063727 r 8.429E-05
(yi-y)"2 7.75157E-07 2.52397E-08 4.06113E-07 7.1048E-09
Coverage factor (p) 95.45(%
y 20.00021457 Etprop -0.000258327
Degree of freedom (ve) u'/ v,
Urep 0.000244685 16 8.96134E-18 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000318017 3 2.13087E-16 Umeasstd 5E-05 8
e —
Ueor /71 0 r 0
—— - 0
Calibrated value 20.000214570 Effective degree of freedom ™ 6 ]
standard uncertainty 0.000193023
k factor 2.516528348
Extended uncertainty 0.000485748
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Object of calibration

]
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™'] (U y + ulrys) [K?] Uy (Ty —20°C) = (T — 20°C)
4 2.22E-05 [ 0.00000069 0.00: 33 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm [§] | k
iauge block |- | 4 0.0001]
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
2-29 23.9997215 23.9995 24.0006 23.9996 1 3.9991 3.9991 3.99
2-29 23.9998972 24.0000 24.0006 23.9997 2 3.999 3.999 3.9
2-29 23.9998773 24.0001 24.0009 23.9996 3 3.9991 3.9991 3.99
2-29 23.999848 23.9995 24.0009 23.9998
2-29 23.999915 23.9995 24.0006 23.9994
Yi 23.9998518 23.99969412 24.00070468 23.99959166
S; 7.69711E-05 0.000289136 0.000184008 0.000149358
(Sir2 5.92455E-09 8.35996E-08 3.3859E-08 2.23079E-08
Yi-y r -0.000108765 v -0.000266445 v 0.000744115 -0.000368905
(y;-y)"2 1.18298E-08 7.09929E-08 5.53707E-07 1.36091E-07
Coverage factor () @8]
y 23.99996057 Evpop ~0.000258327
Degree of freedom (v.) u'/ v,
Urep 0.000190847 16 3.31654E-18 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000253742 3 8.63633E-17 Unassia 8
E —
Ueor —————r 0 r 0
— - 0
Calibrated value 23.999960565 Effective degree of freedom [ 6 |
k factor 2.516528348
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K] (U gy + Uys) [K?] U (Ty —20°C) = (Ty — 20°C)
4 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | K
iauge block |- | 4 0.0001]
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
9-36 3.998912 3.9991 4.0011 3.9997 1 3.9991 3.9991 3.9991
9-36 3.9983603 4.0000 4.0011 4.0003 2 3.999 3.999 3.999
9-36 3.9990022 3.9999 4.0009 3.9996 3 3.9991 3.9991 3.9991
9-36 3.9982504 3.9997 4.0010 3.9999
9-36 3.9987146 3.9998 4.0014 4.0001
Yi 3.9986479 3.99969758 4.00110004 3.9999215
S; 0.000331831 0.00037247 0.00017032 0.000295494
(Sir2 1.10112E-07 1.38734E-07 2.9009E-08 8.73166E-08
yi-y r -0.001193855 v -0.000144175 v 0.001258285 v 7.9745E-05
(yi-y)"2 1.42529E-06 2.07864E-08 1.58328E-06 6.35927E-09
Coverage factor () [958
y Eur
Degree of freedom (ve) ult /v,
Urep 0.000302147 16 2.08359E-17 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000502968 3 1.33327E-15 Uneassis 8
E —
Uear ——7r 0 " 0
Uiy — - 0
Calibrated value 3.999841755 Effective degree of freedom
standard uncertainty 0.000285487
k factor 2.86931517
Extended uncertainty 0.000819151
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Object of calibration

CTE K]

(W + W) [KP]

|
(Ty — 20°C) = (Ty — 20°C)
|

ength of measurement [mm] Uncertainty of CTE (u,y) [K'] Ugy
4 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm U | K |
iauge block IE 4 0.0001] 2|
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
-1 7.999313 7.9994 8.0004 8.0003 1 3.9991 3.9991 3.9991
1 7.999726 7.9995 8.0004 8.0002 2 3.999 3.999 3.999
-1 7.9995108 7.9993 8.0009 8.0006 3 3.9991 3.9991 3.9991
-1 7.9995143 7.9994 8.0012 8.0004
11 7.9994371 7.9992 8.0008 8.0004
yj 7.99950024 7.99933124 8.00074628 8.00038344
S; 0.000150268 0.000139301 0.000335077 0.000155708
(S)"2 2.25806E-08 1.94046E-08 1.12276E-07 2.4245E-08
yi-y r -0.00049006 r -0.00065906 0.00075598 " 0.00039314
(v, -y)"2 2.40159E-07 4.3436E-07 5.71506E-07 1.54559E-07
Coverage factor (p) 95.45|%
y 7.9999903 Etorop -0.000258327
Degree of freedom (v.) /e
Urep 0.00021125 16 4.97884E-18 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000341636 3 2.83801E-16 Unmeasstd 5E-05 8
E /1
—— 0 0
— - 0
Calibrated value 7.999990300 Effective degree of freedom
standard uncertainty 0.000195203
k factor 2.648654254
Extended uncertainty 0.000517025

Object of |
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™'] (U gy + ulys) [K?] Uy (Ty —20°C) = (T, — 20°C)
4 [ 2.22E-05 [ 0.00000069 0.00: | 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrat | k
iauge block |- 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
1-16 12.0001744 12.0001 12.0009 11.9998 1 3.9991 3.9991 3.9991
1-16 11.9998851 12.0002 12.0009 11.9996 2 3.999 3.999 3.99¢
1-16 11.9998239 12.0002 12.0009 11.9995 3 3.9991 3.9991 3.9991
1-16 12.000004 12.0002 12.0006 11.9997
1-16 12.0001392 12.0003 12.0012 11.9995
Yi 12.0000053: 12.00019306 12.00090864 11.99961142
S; 0.000153199 6.6452E-05 0.000180708 0.000137656
(s)r2 2.34699E-08 4.41587E-09 3.26554E-08 1.89493E-08
Yi-y r -0.00017429 r 1.345E-05 r 0.00072903 r -0.00056819
(yi-y)*2 3.0377E-08 1.80902E-10 5.31485E-07 3.2284E-07
Coverage facor (5) [ 8545]%
y Eur
Degree of freedom (ve) ut/ v,
Urep 0.00014097 16 9.87301E-19 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000271551 3 1.13284E-16 Uneassta 5E-05
£ —
Uear /71 0 r 0
— - 0
Calibrated value 12.000179610 Effective degree of freedom
standard uncertainty 0.000149698
k factor 2.86931517
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Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (U gy + ulpys) [K] Ut
[ I 7.02E-05 I 0.00000069 0.003333333 I 5.7735E-08 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caibrat | 3 |
Gauge block I= 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
16-21 15.9994744 15.9994 16.0007 16.0002 1 3.9991 3.9991 3.9991
16-21 15.9993796 15.9993 16.0007 16.0003 2 3.999 3.999 3.999
16-21 15.9989969 15.9999 16.0006 16.0004 3 3.9991 3.9991 3.9991
16-21 15.9989541 15.9997 16.0009 16.0001
16-21 15.9989304 15.9994 16.0004 16.0001
Yi 15.99914708 15.99955614 16.00064384 16.00021552
S; 0.000258819 0.000238912 0.000185755 0.000118782
(Si)"2 6.69874E-08 5.70792E-08 3.45049E-08 1.41092E-08
Yi-y r -0.000743565 v -0.000334505 0.000753195 ¥ 0.000324875
(yi-y)"2 5.52889E-07 1.11894E-07 5.67303E-07 1.05544E-07
Coverage factor (p) 95.45|%
y 15.99989065 Etprop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000207774 16 4.65916E-18 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.00033387 3 2.58862E-16 Umeasstd 5E-05 8
E /1
oor ————7r 0 " 0
Ui /1 = 0
Calibrated value 15.999890645 Effective degree of freedom
standard uncertainty 0.000191053
k factor 2.648654254
Extended uncertainty 0.000506034
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (U gy + ulpys) [K7] Ut (Ty —20°C) = (Ty, —20°C)
[ I 7.22E-05 I 0.00000069 0.00333333 I 5.7735E-08 [ 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | 3 |
Gauge block |- | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
21-26 20.0001619 19.9997 20.0002 20.0002 1 3.9991 3.9991 3.9991
21-26 20.0001415 20.0004 20.0002 20.0004 2 3.999 3.999 3.999
21-26 20.0000616 20.0003 20.0010 20.0003 3 3.9991 3.9991 3.9991
21-26 19.9998442 20.0000 20.0009 20.0008
21-26 19.9998496 19.9999 20.0013 20.0006
Yi 20.00001176 20.0000496 20.0007014 20.0004517
S; 0.000155105 0.000284617 0.000516053 0.000244847
(Sp)"2 2.40577E-08 8.10066E-08 2.66311E-07 5.99503E-08
Yi-y r -0.000291855 r -0.000254015 r 0.000397785 7 0.000148085
(yi-y)"2 8.51793E-08 6.45236E-08 1.58233E-07 2.19292E-08
Coverage factor (p) 95.45|%
y 20.00030362 Etorop -0.000258327
Degree of freedom (v.) ut/ve
Urep 0.000328377 16 2.9069E-17 Limeassia 3.999066667
Degree of freedom
Ugeo 0.000165797 3 1.57423E-17 Umeasstd 5E-05 8
E. —
ear ——— 71 0 r 0
Uirs /1 = 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] Uy + Wys) [K?] Ugy
7 T 2.22E-05 T 0.00000069 T 0.00° 33 T 57735608 | 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caio | k
iauge block |5 | 0.0001]
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
8-31 23.9987049 23.9991 24.0005 23.9993 1 3.9991 3.9991 3.9991
6-31 23.9987345 23.9993 24.0005 23.9992 2 3.999 3.999 3.999
8-31 23.9986436 23.9998 24.0004 23.9994 3 3.9991 3.9991 3.9991
6-31 23.9990719 23.9990 24.0003 23.9997
8-31 23.999179 23.9991 24.0007 23.9999
Yi 23.99886678 23.99923292 24.00048096 23.99950374
S; 0.000241386 0.000324726 0.000139915 0.000297956
(82 5.8267E-08 1.05447E-07 1.95763E-08 8.87779E-08
Yi-y r -0.00065432 v -0.00028818 v 0.00095986 v -1.736E-05
(yi-y)"2 4.28135E-07 8.30477E-08 9.21331E-07 3.0137E-10
Coverage factor (p) 95.45|%
y 23.9995211 Eiorop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000260801 16 1.15658E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000345545 3 2.97014E-16 Unmeasstd 5E-05 8
E —
Uoor ——7r 0 r 0
Uiy — - 0
Calibrated value 23.999521100 Effective degree of freedom ™ 6 |
standard uncertainty 0.000208456
k factor 2.516528348
Extended uncertainty 0.000524584
[ Object of calibration |
Length of measurement [mm] CTE [K"] Uncertainty of CTE (u,y) [K'] (U + uys) [K?] U (Ty —20°C) = (Ty, - 20°C)
[ | 2.22E-05 | 0.00000069 0.00: 5.7735E-08 [ 05 1]
[ Reference artefact used |
| | Part number | Nominal length /mm Calibrated length /mm U, | |
Gauge block I- | 4 0.0001] 2]
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
26-31 3.9991747 4.0000 4.0011 4.0004 1 3.9991 3.9991 3.9991
26-31 3.9992224 3.9996 4.0011 4.0003 2 3.999 3.999 3.999
26-31 3.9996324 4.0002 4.0013 4.0004 3 3.9991 3.9991 3.9991
26-31 3.9987937 3.9996 4.0011 4.0004
26-31 3.9999793 3.9995 4.0012 4.0003
i 3.9993605 3.99976604 4.00115124 4.00035324
S; 0.000455988 0.000325502 0.00010852 5.07655E-05
(S)"2 2.07925E-07 1.05951E-07 1.17766E-08 2.57713E-09
Yi-y r -0.000797255 r -0.000391715 r 0.000993485 0.000195485
(yi-yy2 6.35616E-07 1.53441E-07 9.87012E-07 3.82144E-08
Coverage factor (p) 95.45|%
y 4.000157755 Etprop -0.000258327
Degree of freedom (v.) ut /v,
Urep 0.000286457 16 1.68336E-17 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000388832 3 4.76219E-16 Uneasstd 5E-05 8
e —
Ueor /7 0 " 0
Uirs /) - 0
Calibrated value 4.000157755 Effective degree of freedom
standard uncertainty 0.000232828
k factor 2.648654254
Extended uncertainty 0.000616682
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Object of calibration |
\gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (W + Ulpys) [K7] Ugn (Ty —20°C) = (Ty — 20°C)
7 T 222E-05 T 0.00000069 T 0.003333. 57735608 [ 05 ]

Reference artefact used

Type. | Part number | Nominal length /mm Calibrated length /mm U caibrat | K
1ge block I= | 4 0.0001] 2

Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
31 7.9995388 7.9998 8.0006 7.9994 1 3.9991 3.9991 3.9991
31 7.9991834 7.9998 8.0006 7.9996 2 3.999 3.999 3.99¢
31 7.9997636 7.9998 8.0009 7.9993 3 3.9991 3.9991 3.9991
31 7.9995995 7.9997 8.0008 7.9996
31 8.0001743 7.9996 8.0007 7.9995
i 7.99965192 7.9997537 8.0007229 7.99945958
S; 0.000360697 0.000100349 0.000144209 0.00014048
(Si)*2 1.30102E-07 1.00698E-08 2.07963E-08 1.97347E-08
Yi-y r -0.000245105 r -0.000143325 r 0.000825875 ¥ -0.000437445
(v, -y)"2 6.00765E-08 2.05421E-08 6.8207E-07 1.91358E-07
Coverage factor (p) 95.45|%
y 7.999897025 Etprop ~0.000258327
Degree of freedom (vc) ut/v,
6 5102126 18 L
Degree of freedom
Ugeo 0.000281964 3 1.31685E-16 Uneasstd 5E-05 8
E —— ]
oo /7 0 " 0
Uiy —— ] - 0
Calibrated value 7.999897025 Effective degree of freedom Zl
standard uncertainty 0.000170033
k factor 2.516528348
Extended uncertainty 0.000427892

Object of calibration
ength of measurement [mm] CTE K] Uncertainty of CTE (uy) [K'] (WP + Wpys) [K?] Uat (Ty —20°C) = (Ty, - 20°C)
7 T 222605 T 0.00000069 T 0.003333333 [ 5773508 [ 05 |

Reference artefact used

]
Type | Part number | Nominal length /mm Calibrated length /mm U | k |
iauge block [- | 4 0.0001] 2]

Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
5-31 11.9991271 11.9998 12.0006 12.0003 1 3.9991 3.9991 3.9991
5-31 11.9993918 11.9994 12.0006 12.0005 2 3.999 3.999 3.999
8-31 11.9998071 11.9997 11.9999 12.0005 3 3.9991 3.9991 3.9991
8-31 11.9991162 11.9995 12.0004 12.0000
8-31 11.9995539 11.9996 12.0003 12.0001
Yi 11.99939922 11.9996194 12.00036132 12.00026858
S; 0.000293469 0.000172961 0.000274995 0.000232115
("2 8.61242E-08 2.99156E-08 7.56224E-08 5.38773E-08
yi-y r -0.00051291 v -0.00029273 r 0.00044919 v 0.00035645
(yi-y)"2 2.63077E-07 8.56909E-08 2.01772E-07 1.27057E-07
Coverage factor (p) 95.45|%
y 11.99991213 Etprop ~0.000258327
Degree of freedom (v.) /v,
Urep 0.00024776 16 9.42026E-18 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000237626 3 6.64259E-17 Uneassts 5E-05 8
E —
Uear | 0 " 0
Uiy /1 - 0
Calibrated value 11999912130 Effective degree of freedom ™9 |
standard uncertainty 0.000162461
k factor 2.319809441
Extended uncertainty 0.000376878
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Object of calibration

|
(Ty, — 20°C) = (Ty, — 20°C)

ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K"] (2 + W) [K7] Uy
I 2.22E-05 I 0.00000069 0.00333333 I 5.7735E-08 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caibrat | Kk
iauge block I= 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 [ Position 3 |
8-31 15.9987398 16.0000 16.0002 15.9998 1 3.9991 3.9991 3.9991
8-31 15.9991538 16.0001 16.0002 16.0002 2 3.999 3.999 3.999
8-31 16.0001668 16.0003 16.0007 16.0005 3 3.9991 3.9991 3.9991
8-31 15.9988088 16.0002 16.0004 16.0000
8-31 15.9992726 15.9998 16.0007 15.9998
Yi 15.99922836 16.00008096 16.00044772 16.00004534
S; 0.000570725 0.000197102 0.000239447 0.000301742
Sir2 3.25727E-07 3.88492E-08 5.7335E-08 9.10482E-08
Yi-y r -0.000722235 r 0.000130365 r 0.000497125 r 9.4745E-05
(yi-y)"2 5.21623E-07 1.6995E-08 2.47133E-07 8.97662E-09
Coverage factor (p) 95.45|%
y 15.9999506 Etprop -0.000258327
Degree of freedom (ve) u'/v,
Urep 0.000358106 16 4.11136E-17 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000257347 3 9.13763E-17 Unmeassta 5E-05 8
E —
Ueor ————r 0 r 0
Uiy /1 = 0
Calibrated value 15.999950595 Effective degree of freedom
standard uncertainty 0.000205438
k factor 2.211800697
Extended uncertainty 0.000454388
Object of calibration |
ength of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (u?rw + Ulrys) [K7] Uy (Ty —20°C) = (Ty — 20°C)
4 2.22E-05 [ 0.00000069 0.003333333 [ 5.7735E-08 [ 05 1]
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm U cai | k| |
iauge block |- | 0.0001] 2]
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
5-31 19.998977 20.0002 20.0001 19.9998 1 3.9991 3.9991 3.9991
8-31 19.9994446 20.0004 20.0001 19.9995 2 3.999 3.999 3.999
5-31 19.9992317 19.9993 20.0008 19.9996 3 3.9991 3.9991 3.9991
8-31 19.999368 20.0004 20.0006 19.9995
8-31 19.9992713 20.0002 20.0004 19.9998
yj 19.99925852 20.00008802 20.00040974 19.99965046
S; 0.000178008 0.00044494 0.000294003 0.000161077
(Sp)"2 3.16869E-08 1.97972E-07 8.64378E-08 2.59457E-08
Yi-y r -0.000593165 v 0.000236335 0.000558055 ¥ -0.000201225
(yi-y)"2 3.51845E-07 5.58542E-08 3.11425E-07 4.04915E-08
Coverage factor (p) 95.45|%
y 19.99985169 Etprop ~0.000258327
Degree of freedom (v) ut /v,
Urep 0.000292422 16 1.82801E-17 L meassta 3.999066667
Degree of freedom
Ugeo 0.000251598 3 8.34804E-17 Uneassts 5E-05 8
£ —
—— 0 0
U —— = 0
Calibrated value 19.999851685 Effective degree of freedom
standard uncertainty 0.000181459
k factor 2.283681613
Extended uncertainty 0.000414395
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Object of calibration

1
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (0 gy + Upys) [K?] Ut (Ty —20°C) = (Ty, — 20°C)
| 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | 3 |
Gauge block I= 0.0001] |
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
26-31 23.9995058 23.9993 24.0012 23.9998 1 3.9991 3.9991 3.9991
26-31 23.9995277 24.0001 24.0012 23.9995 2 3.999 3.999 3.999
26-31 23.9989355 24.0003 24.0012 23.9995 3 3.9991 3.9991 3.9991
26-31 23.9997019 23.9996 24.0008 23.9994
26-31 24.0002655 23.9995 24.0011 23.9992
i 23.99958728 23.99976152 24.00109978 23.99947246
S; 0.000476478 0.000433914 0.00015127 0.000222586
(Si)n2 2.27032E-07 1.88281E-07 2.28825E-08 4.95444E-08
Yi-y r -0.00039298 r -0.00021874 0.00111952 r -0.0005078
(yi-y)"2 1.54433E-07 4.78472E-08 1.25333E-06 2.57861E-07
Coverage factor (p) 95.45|%
y 23.99998026 Etprop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000349192 16 3.71703E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000377874 3 4.24764E-16 Uneasstd 5E-05 8
EL /1
Ueor —————7r 0 0
U —— 1 = 0
Calibrated value 23.999980260 Effective degree of freedom
standard uncertainty 0.000245121
k factor 2.428809082
Extended uncertainty 0.000595352
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Appendix (8) Y value

Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

gth of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™'] (uPy + ulys) [K?] U
I 2.22E-06 I 0.00000069 I 0.0033333; I 5.7735E-08 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm [§] | k
1ge block’ B | 4 0.0001]
Calibration measurments: 4 positions, 5 repeatitions each | Gauge block measurement
Measurement repetition name | Position 1 Position 2 Position 3 Position 4 | Measurements No. Position 1 Position 2
| -4.0018424 -4.0033153 -4.0003957 -4.0015622 1 3.9991 3.9991
-4.0012022 -4.0026328 -4.0003957 -4.0011197 2 3.999 3.999
-4.0009048 -4.0032967 -4.0011075 -4.0018444 3 3.9991 3.9991
-4.0011478 -4.0023741 -4.001665 -4.0015724
-4.0005493 -4.0023274 -4.0010972 -4.0013226
i -4.0011293 -4.00278926 -4.0009 -4.00148426
S; 0.000474597 0.000485892 0.000540975 0.000275037
(Sir2 2.25242E-07 2.36091E-07 2.92654E-07 7.56455E-08
Yi-y r 0.00045446 v -0.0012055 v 0.00065154 v 9.95E-05
(yi-y)"2 2.06534E-07 1.45323E-06 4.24504E-07 9.90025E-09
Coverage factor (p) 95.45 (%
y -4.00158376 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000455421 16 1.07545E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000417749 3 6.34482E-16 Unmeasstd 5E-05 8
£ —
Ueor —————7r 0 " 0
Uiy — - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom il

Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)
]

Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (y + ulrys) [K?] Uy
4 [ 2.22E-05 0.00000069 0.00333333: [ 5.7735E-08 [ 05
[ Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm [§] | k |
Gauge block I- 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 | Position 3 Position 4 Measurements No. Position 1 Position 2 |
2- -3.9997227 -4.0018768 -3.9996865 -3.9989517 3.9991 3.9991
2-3 -3.9990281 -4.0016688 -3.9996865 -3.998897 2 3.999 3.999
2-3 -3.9987092 -4.0022012 -4.0004514 -4.0005811 3 3.9991 3.9991
2-3 -3.9994139 -4.0011143 -4.0002703 -3.9988637
2-3 -3.9993373 -4.0009743 -4.0008946 -3.9986524
i -3.99924224 -4.00156708 -4.00019786 -3.99918918
S; 0.000387083 0.000515941 0.000519123 0.000786333
(82 1.49833E-07 2.66195E-07 2.69489E-07 6.18319E-07
yi-y r 0.00080685 r -0.00151799 v -0.00014877 0.00085991
(yi-y)y"2 6.51007E-07 2.30429E-06 2.21325E-08 7.39445E-07
Coverage factor (p) 95.45|%
y -4.00004909 Etprop -0.000258327
Degree of freedom (v.) ut/ v,
Urep 0.000570928 16 2.65623E-16 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000556543 3 1.99872E-15 Uneasstd 5E-05 8
5 —
Ueor —————7r 0 r 0
U /1 - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE [K] Uncertainty of CTE (uy) [K™'] (U + ulpys) [K2] Uy
[ 7 I 2.02E-05 I 0.00000069 I 0.003333333 T 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U | 3 |
Gauge block - 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 | Position 3 Position 4 Measurements No. Position 1 Position 2 Position 3
34 -4.0018147 -4.0025312 -4.0010428 -4.0009141 1 3.9991 3.9991 3.9991
3-4 -4.0014229 -4.0015556 -4.0010428 -3.9989581 2 3.999 3.999 3.999
3-4 -4.0015127 -4.0016382 -4.000748 -4.0020755 3 3.9991 3.9991 3.9991
34 -4.0017206 -4.0015763 -4.0009828 -3.9999311
3-4 -3.9995809 -4.001834 -4.0008914 -3.9991093
yj -4.00121036 -4.00182706 -4.00094156 -4.00019762
S; 0.000924296 0.000408687 0.000124681 0.001306872
(Si)"2 8.54324E-07 1.67025E-07 1.55453E-08 1.70792E-06
Yi-y r -0.00016621 r -0.00078291 r 0.00010259 r 0.00084653
(yi-y)*2 2.76258E-08 6.12948E-07 1.05247E-08 7.16613E-07
Coverage factor (p) 95.45|%
y -4.00104415 Etprop -0.000258327
Degree of freedom (v.) u'/v,
Urep 0.000828373 16 1.17718E-15 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000337603 3 2.70636E-16 Umeasstd 5E-05 8
E. —
Ueor /7 0 " 0
ey /1 - 0
Calibrated value -4.001044150 Effective degree of freedom
standard uncertainty 0.000407105
k factor 2.148852324
Extended uncertainty 0.000874808
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (2w + uys) [K?] U (Ty —20°C) = (Ty, — 20°C)
[ 4 | 2.22E-05 | 0.00000069 | 0.0033333: | 5.7735E-08 [ 05 1]
[ Reference artefact used |
[ Type | Part number | Nominal length /mm Calibrated length /mm U cair | K |
Gauge block |- | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 | Position 3 Position 4 | Measurements No. Position 1 Position 2 | Position 3
- -3.9995596 -4.0011863 -4.0014668 -4.0001521 1 3.9991 3.9991 3.9991
4-5 -3.9992964 -4.0012761 -4.0014668 -3.9995963 2 3.999 3.999 3.999
4-5 -4.0004689 -4.0018171 -4.0013087 -3.9999288 3 3.9991 3.9991 3.9991
4-5 -3.9996352 -4.0005866 -4.0002206 -3.9991229
4-5 -3.9991091 -4.0005953 -4.0008437 -3.9997203
Yi -3.99961384 -4.00109228 -4.0010613: -3.99970408
S; 0.000522029 0.000517372 0.000534835 0.000387579
(S)"2 2.72514E-07 2.67674E-07 2.86048E-07 1.50218E-07
Yi-y r 0.00075404 r -0.0007244 F -0.00069344 r 0.0006638
(yi-y)*2 5.68576E-07 5.24755E-07 4.80859E-07 4.4063E-07
Coverage factor (p) 95.45|%
y -4.00036788 Etprop -0.000258327
Degree of freedom (v.) ut/v,
Urep 0.000494078 16 1.48978E-16 L meassta 3.999066667
Degree of freedom
Ugeo 0.000409758 3 5.87313E-16 Uneasstd 5E-05
£ —
Ueon ———————7r 0 " 0
Ui /1 = 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,) [K'] (P + Uys) [K7] Uy (Ty —20°C) = (Ty — 20°C)
4 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
[ Type | Part number | Nominal length /mm Calibrated length /mm U i | K |
Gauge block |- | 4 0.0001] |
[ Calibration measurments: 4 positions, 5 repeatitions each | Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 | Measurements No. Position 1 Position 2 | Position 3 |
5-6 -4.0001436 -4.0020782 -4.0020347 -3.9994124 1 3.9991 3.9991 3.9991
5-6 -4.0001166 -4.0017994 -4.0020347 -3.9987282 2 3.999 3.999 3.999
5-6 -4.0001282 -4.0007896 -4.0007507 -3.9999793 3 3.9991 3.9991 3.9991
5-6 -3.9992347 -4.0021428 -3.9997543 -3.9982913
5-6 -3.9989637 -4.0021586 -4.0003385 -3.999231
i -3.99971736 -4.00179372 -4.00098258 -3.99912844
S; 0.000572457 0.000579701 0.00102362 0.000647323
Sir2 3.27707E-07 3.36053E-07 1.0478E-06 4.19028E-07
Yi-y r 0.000688165 r -0.001388195 r -0.000577055 ¥ 0.001277085
(yi-y)"2 4.73571E-07 1.92709E-06 3.32992E-07 1.63095E-06
Coverage factor () [ G5a5]%
y -4.000405525 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000729826 16 7.0928E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000603089 3 2.75603E-15 Uneasstd 5E-05 8
e ——
Uoor ——— 71 0 r 0
Ui /1 - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom il

Object of calibration

|
(Ty — 20°C) = (Ty - 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (u?ry + ulrys) [K7] U
[ 7 T 2.22E-05 T 0.00000069 0.003333333 T 57735E-08 | 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caliorat | 3 |
Gauge block |- | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each | Gauge block measurement
Measurement repetition name Position 1 Position 2 | Position 3 Position 4 | Measurements No. Position 1 | Position 2 | Position 3
31-32 -4.0016091 -4.0015753 -4.0019979 -3.9997026 1 3.9991 3.9991 3.9991
31-32 -4.0015153 -4.0030766 -4.0019979 -3.9992389 2 3.999 3.999 3.999
31-32 -4.0012979 -4.0020591 -4.0014602 -3.999709 3 3.9991 3.9991 3.9991
31-32 -3.999442 -4.001657 -3.9998115 -3.9982223
31-32 -3.9990116 -4.0017039 -4.000892 -3.9987038
Yi -4.00057518 -4.00201438 -4.0012319 -3.99911532
S 0.001245393 0.000621937 0.000916338 0.00064797
(Si)"2 1.551E-06 3.86805E-07 8.39675E-07 4.19865E-07
Yi-y r 0.000159015 v -0.001280185 r -0.000497705 ¥ 0.001618875
(yi-y)"2 2.52858E-08 1.63887E-06 2.4771E-07 2.62076E-06
Coverage factor (p) 95.45|%
y -4.000734195 Etprop -0.000258327
Degree of freedom (v.) ut/ve
Urep 0.000894057 16 1.59735E-15 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000614588 3 2.97232E-15 Uneasstd 5E-05 8
e —
Ueor —————7r 0 ¢ 0
Uiy —— - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE [K] Uncertainty of CTE (u,) [K'] (y + Uys) [K?] U
[ I 2.22E-05 I 0.00000069 0.00 3 I 5.7735E-08 [ 05 |
[ Reference artefact used ]
| Type | Part number | Nominal length /mm Calibrated length /mm U, | 3 |
Gauge block |- | 0.0001] 2|
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
[ Measurement repetition name Position 1 Position 2 Position 3 Position 4 | Measurements No. Position 1 Position 2 | Position 3
32-33 -8.0022309 -8.0026989 -8.0011937 -8.0018809 1 3.9991 3.9991 3.9991
32-33 -8.0019757 -8.0023264 -8.0011937 -8.0019593 2 3.999 3.999 3.999
32-33 -8.0019432 -8.0024232 -8.0012221 -8.0014692 3 3.9991 3.9991 3.9991
32-33 -8.0018493 -8.0018485 -8.0022162 -8.0022141
32-33 -8.0002623 -8.0021004 -8.0010932 -8.0020183
Yj -8.00165228 -8.00227948 -8.00138378 -8.00190836
S; 0.000789762 0.000322716 0.000467911 0.00027467
(Si)r2 6.23724E-07 1.04146E-07 2.1894E-07 7.54435E-08
Yi-y r 0.000153695 F -0.000473505 F 0.000422195 ¥ -0.000102385
(i -y)m"2 2.36222E-08 2.24207E-07 1.78249E-07 1.04827E-08
Coverage factor (p) 95.45|%
y -8.001805975 Evprop -0.000258327
Degree of freedom (ve) ut /v,
Urep 0.000505533 16 1.63282E-16 Lmeassid 3.999066667
Degree of freedom
Ugeo 0.000190736 3 2.75731E-17 Unmeassta 5E-05 8
e —
Ueor /71 0 r 0
Uiy /1 - 0
Calibrated value -8.001805975 Effective degree of freedom
standard uncertainty 0.000245373
k factor 2.148852324
Extended uncertainty 0.000527269
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,) [K™'] (0P + Whys) [K7] Uy (Ty —20°C) = (Ty — 20°C)
4 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
[ | Part number | Nominal length /mm Calibrated length /mm U i | 3 |
Gauge block I- | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 | Measurements No. Position 1 Position 2 I Position 3 |
33-34 -7.9999481 -8.0013024 -8.0008862 -7.999621 1 991 3.9991 3.9991
33-34 -8.0006241 -8.0013602 -8.0008862 -7.9994852 2 3.999 3.999 3.999
33-34 -8.0000363 -8.0016105 -8.0004215 -7.9994066 3 3.9991 3.9991 3.9991
33-34 -8.0002512 -8.0018358 -8.0013657 -7.9991054
33-34 -8.0007437 -8.0020742 -8.0000131 -7.9994586
Yi -8.00032068 -8.00163662 -8.00071454 -7.99941536
S; 0.000351968 0.000324015 0.000514984 0.000190517
(82 1.23881E-07 1.04986E-07 2.65209E-07 3.62968E-08
Y-y r 0.00020112 r -0.00111482 F -0.00019274 r 0.00110644
(yi-y)"2 4.04493E-08 1.24282E-06 3.71487E-08 1.22421E-06
Coverage factor (p) 95.45|%
y -8.0005218 Etpop -0.000258327
Degree of freedom (v,) /v,
Urep 0.000364133 16 4.39523E-17 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000460492 3 9.36798E-16 Unmeasstd 5E-05 8
£ ——
Uoor /7 0 ” 0
Uers ——— - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom ™6 |
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Object of calibration

]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (W py + Whrys) [K] U (Ty —20°C) = (Ty —20°C)
[ 7 I 2.22E-05 I 0.00000069 0.003333333 [ 5773508 [ 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U, | k
Gauge block |- 4 0.0001]
Calibration measurments: 4 positions, 5 repeatitions each | Gauge block measurement
Measurement repetition name Position 1 Po: n 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
34-35 -8.0008262 -8.0025324 -8.0002921 -8.0003697 1 3.9991 3.9991 3.999
34-35 -7.9998001 -8.0011455 -8.0002921 -8.0001841 2 3.999 3.999 3.99¢
34-35 -8.0001518 -8.0006287 -8.0005491 -8.0006771 3 3.9991 3.9991 3.999°
34-35 -8.0004591 -8.0014876 -8.0010034 -8.0003563
34-35 -8.0000646 -8.0019752 -8.0012358 -7.9999943
Yi -8.00026036 -8.00155388 -8.0006745 -8.0003163
S; 0.000394214 0.00073521 0.000427615 0.000252878
(Sir2 1.55405E-07 5.40534E-07 1.82854E-07 6.39473E-08
Yi-y r 0.0004409 v -0.00085262 v 2.676E-05 0.00038496
(yi-y)"2 1.94393E-07 7.26961E-07 7.16098E-10 1.48194E-07
Coverage factor (p) 95.45|%
y 800070126 Etprop ~0.000258327
Degree of freedom (v.) /v,
Urep 0.000485474 16 1.38869E-16 Limeasstd 3.999066667
Degree of freedom
Ugeo 0.000298645 3 1.65721E-16 Umeasstd 5E-05 8
E —
Ueor —————r 0 . 0
Uiy I - 0
Calibrated value -8.000701260 Effective degree of freedom
standard uncertainty 0.000263504
k factor 2.181165682
Extended uncertainty 0.000574745
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U + Wys) [K7] Uy (Ty —20°C) = (Ty, — 20°C)
[ 7 I 2.02E-05 I 0.00000069 I 0.003333333 T 5.7735E-08 [ 05 |
[ Reference artefact used |
[ | Part number | Nominal length /mm Calibrated length /mm U caiir | K |
Gauge block I- 4 0.0001] |
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 | Position 3 Position 4 | Measurements No. Position 1 Position 2 | Position 3
35-36 -8.0012585 -8.0015816 -8.0017031 -8.0013681 1 3.9991 3.9991 3.9991
35-36 -8.0010929 -8.001083 -8.0017031 -8.000948 2 3.999 3.999 3.999
35-36 -8.0010064 -8.0012434 -8.0001132 -8.0008025 3 3.9991 3.9991 3.9991
35-36 -8.0009733 -8.0011226 -8.0017929 -8.0007215
35-36 -8.000804 -8.0013424 -8.0008482 -7.9999396
i -8.00102702 -8.0012746 -8.0012321 -8.00075594
S 0.000166562 0.000199771 0.000734421 0.00051995
(S)"2 2.7743E-08 3.99085E-08 5.39374E-07 2.70348E-07
Yi-y r 4.5395E-05 r -0.000202185 r -0.000159685 ¥ 0.000316475
(yi-y)"2 2.06071E-09 4.08788E-08 2.54993E-08 1.00156E-07
Coverage factor (p) 95.45|%
y -8.001072415 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000468341 16 1.20279E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000118531 3 4.11232E-18 Unneasstd 5E-05 8
e ——
Uoor /71 0 r 0
Uiy ——— - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty
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[ Object of calibration
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (0P + W) [K7] Uy (Ty —20°C) = (T, — 20°C)
[ 7 T 3.22E-05 T 000000069 T 0.003333333 [ 5773608 [ 05 |

Reference artefact used

Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | k
Gauge block I- | 4 0.0001] 2
[ Calibration measurments: 4 positions, 5 repeatitions each | Gauge block measurement
Measurement repetition name Position 1 Position 2 | Position 3 Position 4 | Measurements No. Position 1 Position 2 Position 3
3.9991 3.998

1-7 -8.0015853 -8.0024484 -8.0012707 -8.0014061 1 3.9991
17 -8.0021669 -8.0015468 -8.0012707 -8.0016574 2 3.999 3.999 3.99
1-7 -8.0017152 -8.0010939 -8.0004091 -8.0014788 3 3.9991 3.9991 3.999
1-7 -8.0010588 -8.001956 -8.0015952 -8.0010458
1-7 -7.9996857 -8.0017773 -8.0007331 -8.0005906
Y -8.00124238 -8.00176448 -8.00105576 -8.00123574
S 0.000955621 0.000500413 0.000475834 0.000423728
(S)*2 9.13211E-07 2.50413E-07 2.26418E-07 1.79545E-07
Yi-y r 8.221E-05 r -0.00043989 r 0.00026883 r 8.885E-05
v -y)*2 6.75848E-09 1.93503E-07 7.22696E-08 7.89432E-09
Coverage factor (p) 95.45 %
y -8.00132459 Etpop -0.000258327
Degree of freedom (vc) ut/v,
Urep 0.000626416 16 3.84938E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000152869 3 1.13771E-17 Unossss 8
‘. —
Uear ——— 7 0 r 0
Uarp — » 0
Calibrated value -8.001324590 Effective degree of freedom

standard uncertainty 0.000290382

k factor 2.158263401
Extended uncertainty 0.00062672
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I Object of calibration

]
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U gy + ulys) [K?] Ugy (Ty —20°C) = (Ty, - 20°C)
[ 7 T 2.22E-05 T 0.00000069 T 0.0033333 T 57735E-08 | 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm [§] | 3
Gauge block I- | 4 0.0001] 2
[ Calibration measurments: 4 positi 5 repeatitions each | Gauge block measurement
Measurement repetition name Position 1 | Position 2 | Position 3 Position 4 | Measurements No. Position 1 | Position 2 | Position 3
7-13 -8.0009897 -8.0019044 -8.0021947 -8.0008224 1 3.9991 3.9991 3.999°
7-13 -8.0011848 -8.0007559 -8.0021947 -8.0010328 2 3.999 3.999 3.99¢
7-13 -8.0010271 -8.0007842 -8.0006896 -8.0009663 3 3.9991 3.9991 3.999°
7-13 -8.001122 -8.0013103 -8.001729 -8.0000346
7-13 -8.0009814 -8.0019433 -7. -7.999898
Yi -8.001061 -8.00133962 -8.00133538 -8.0005508:
S; 8.89051E-05 0.000577383 0.001024621 0.000541143
sp)n2 7.90413E-09 3.33372E-07 1.04985E-06 2.92835E-07
Yi-y r 1.0705E-05 v -0.000267915 v -0.000263675 ¥ 0.000520885
(yi-y)"2 1.14597E-10 7.17784E-08 6.95245E-08 2.71321E-07
Coverage factor (p) 95.45|%
y -8.001071705 Etprop -0.000258327
Degree of freedom (ve) ut/ve
Urep 0.000648837 16 4.43081E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000185459 3 2.4646E-17 Unneasstd 5E-05 8
E —
Ueor —————7r 0 " 0
Ui /1 = 0
Calibrated value -8.001071705 Effective degree of freedom
standard uncertainty 0.000304625
k factor 2.148852324
Extended uncertainty 0.000654595

[ Object of calibration
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (02 + Ulys) [K7] Ugy (Ty —20°C) = (T\, —20°C)
4 | 2.22E-05 | 0.00000069 | 0.003333333 | 5.7735E-08 [ 05 1]

Reference artefact used

Type | Part number | Nominal length /mm Calibrated length /mm U caiibrati | k
Gauge block | 4 0.0001] 2

[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. n P
13-19 -12.0019917 -12.0033 -12.0005 -12.0013 1 3.9991
13-19 -12.0009418 -12.0021 -12.0005 -12.0008 2 3.999
13-19 -12.0014118 -12.0026 -12.0013 -12.0009 3 3.9991
13-19 -12.0015468 -12.0022 -12.0019 -12.0014
13-19 -12.0003973 -12.0022 -12.0014 -12.0007
i -12.00125788 -12.00245826 -12.0011141 -12.00103642
S; 0.000609541 0.000491934 0.000630278 0.000333939
(Sj)"2 3.71541E-07 2.41999E-07 3.9725E-07 1.11515E-07
vi-y r 0.000208785 v -0.000991595 v 0.000352565 ¥ 0.000430245
(yi-y)"2 4.35912E-08 9.83261E-07 1.24302E-07 1.85111E-07
Coverage factor (p) 95.45|%
y -12.00146667 Etprop -0.000258327
Degree of freedom (ve) ut /v,
Urep 0.000529695 16 1.96808E-16 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.0003337 3 2.58334E-16 Unmeasstd 5E-05
e —
Uear ——7r 0 " 0
Uiy /1 = 0
Calibrated value -12.001466665 Effective degree of freedom
standard uncertainty 0.000289748
k factor 2.181165682
Extended uncertainty 0.000631989
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[ Object of calibration
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K] (U gy + Ulys) [KP] Ugut (Ty —20°C) = (Ty, —20°C)
[ 7 T 522605 T 0.00000069 T 0.003333333 [ 5773608 [ 05 ]

[ Reference artefact used

]
| Type | Part number | Nominal length /mm Calibrated length /mm U | k |
Gauge block |- | 4 0.0001] 2|

[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 I Position 2 I Position 3
19-25 -12.0005093 -12.0013 -12.0007 -12.0006 1 3.9991 3.9991 3.9991
19-25 -12.001008 -12.0013 -12.0007 -11.9985 2 3.999 3.999 3.999
19-25 -12.0004875 -12.0011 -12.0011 -11.9998 3 3.9991 3.9991 3.9991
19-25 -12.0007119 -12.0014 -12.0005 -11.9989
19-25 -12.0001984 -12.0012 -12.0008 -11.9992
Y -12.00058302 -12.0012525 -12.00076532 -11.99940198
S 0.000299879 0.00011452 0.00022087 0.000803054
(sin2 8.99273E-08 1.31148E-08 4.87837E-08 6.44895E-07
Yi-y r -8.2315E-05 r -0.000751795 r -0.000264615 ¥ 0.001098725
(yi-y)"2 6.77576E-09 5.65196E-07 7.00211E-08 1.2072E-06
Coverage factor (p) 95.45|%
y -12.00050071 Eiprop -0.000258327
Degree of freedom (v.) ut/v,
Urep 0.000446296 16 9.91819E-17 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000392555 3 4.94719E-16 Uneassta
5 —
Uear ——————7r 0 " 0
Ui /1 - 0
Calibrated value -12.000500705 Effective degree of freedom
standard uncertainty 0.00027993
k factor 2.283681613
Extended uncertainty 0.000639271
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K] (WP + ulpys) [K?] Uay (Ty —20°C) = (Ty —20°C)
7 I 2.22E-05 I 0.00000069 I 0.003333333 I 5.7735E-08 05 ]
[ Reference artefact used |
| Type | Part number | U caiiorat | 3 |
Gauge block |- 0.0001] 2|
[ alibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
25-31 -12.0006194 -12.0012 -12.0005 -12.0002 1 3.9991 3.9991 3.9991
25-31 -12.0008154 -12.0008 -12.0005 -12.0004 2 3.999 3.999 3.999
25-31 -12.0006705 -12.0016 -12.0017 -12.0004 3 3.9991 3.9991 3.9991
25-31 -12.0005593 -12.0011 -12.0004 -12.0005
25-31 -11.9999346 -12.0010 -12.0014 -12.0006
Yi -12.00051984 -12.00114968 -12.00092106 -12.00038596
S; 0.000340598 0.000286992 0.000604997 0.000150237
(Sp)"2 1.16007E-07 8.23647E-08 3.66021E-07 2.25711E-08
Yi-y r 0.000224295 F -0.000405545 i -0.000176925 ¥ 0.000358175
(yj-y)"2 5.03082E-08 1.64467E-07 3.13025E-08 1.28289E-07
Coverage factor (p) 95.45|%
y -12.00074414 Etprop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000383068 16 5.38324E-17 L meassta 3.999066667
Degree of freedom
Ugeo 0.000176627 3 2.02764E-17 Uneassta 5E-05 8
E —
eor /71 0 " 0
Uiy /1 - 0
Calibrated value -12.000744135 Effective degree of freedom

standard uncertainty 0.000192737

k factor 2.148852324
Extended uncertainty 0.000414163
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Object of calibration

]
Length of measurement [mm] CTE [K™] Uncertainty of CTE (u,y) [K'] (Pry + Uys) [K7] Uy (Ty —20°C) = (Ty — 20°C)
4 | 2.22E-05 | 0.00000069 0.003333333 5.7735E-08 [ 05 ]
[ Reference artefact used |
[ Type | Part number | Nominal length /mm Calibrated length /mm U i | K |
Gauge block |- 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repe name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
6-12 -12.0003435 -11.9992 -12.0000 -11.9983 1 3.9991 3.9991 3.9991
6-12 -12.0005833 -12.0012 -12.0000 -11.9984 2 3.999 3.999 3.999
6-12 -12.0005768 -12.0026 -12.0006 -11.9989 3 3.9991 3.9991 3.9991
6-12 -12.0006669 -12.0004 -12.0004 -11.9988
6-12 -12.0014163 -12.0003 -12.0003 -11.9984
Vi -12.00071736 -12.00074264 -12.00026296 -11.99857614
S; 0.000408829 0.001239058 0.000299641 0.000277142
(S)"2 1.67141E-07 1.53526E-06 8.9785E-08 7.68078E-08
Yi-y r -0.000642585 r -0.000667865 -0.000188185 0.001498635
(yi-y)m"2 4.12915E-07 4.46044E-07 3.54136E-08 2.24591E-06
Coverage factor (p) 95.45|%
y -12.00007478 Evprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000683557 16 5.45805E-16 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000511556 3 1.4267E-15 Uneasstd 5E-05 8
El —
——————r 0 0
Uiy — - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom

Object of calibration

]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (0 py + Wrys) [K7] Ugut (Ty —20°C) = (Ty — 20°C)
4 [ 2.22E-05 [ 0.00000069 [ 0.003333333 5.7735E-08 [ 05 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caio | k
Gauge block I- 0.0001] 2
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
12-18 -12.0005186 -12.0022 -12.0016 -12.0005 1 3.9991 3.9991 3.99
12-18 -12.0013867 -12.0014 -12.0016 -12.0001 2 3.999 3.999 3.9
12-18 -12.0003932 -12.0024 -12.0014 -12.0011 3 3.9991 3.9991 3.99
12-18 -12.0018293 -12.0021 -12.0013 -11.9996
12-18 -12.0014468 -12.0017 -12.0011 -11.9991
Yj -12.00111492 -12.00196608 -12.0013985 -12.00009632
S; 0.000626663 0.000424731 0.000212725 0.000767785
(8j)"2 3.92706E-07 1.80397E-07 4.52517E-08 5.89494E-07
Yi-y r 2.9035E-05 v -0.000822125 r -0.000254545 7 0.001047635
(y,- )2 8.43031E-10 6.7589E-07 6.47932E-08 1.09754E-06
Coverage factor (p) 95.45 | %
y -12.00114396 Etprop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000549511 16 2.27953E-16 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000391478 3 4.89317E-16 Uneasstd 5E-05 8
E
e ———7r 0 " 0
Ui /1 - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty
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Object of calibration

|
U (Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (U + Wpys) [K?]
[ [ 2.22E-05 [ 0.00000069 [ 0.003333333 5.7735E-08 [ 05 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm [§] | 3
Gauge block |- | 4 0.0001] 2
[ Calil 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
18-24 -12.0017589 -12.0026 -12.0017 -12.0017 1 3.9991 3.9991 3.999
18-24 -12.0017457 -12.0016 -12.0017 -12.0019 2 3.999 3.999 3.99
18-24 -12.0017274 -12.0014 -12.0006 -12.0018 3 3.9991 3.9991 3.999
18-24 -12.0002517 -12.0026 -12.0022 -11.9997
18-24 -11.9999413 -12.0025 -12.0016 -11.9999
i -12.001085 -12.00214976 -12.00154236 -12.00098956
S 0.00090909 0.000614533 0.000606035 0.001092781
(S)"2 8.26446E-07 3.77651E-07 3.67278E-07 1.19417E-06
yi-y r 0.00035667 4 -0.00070809 v -0.00010069 0.00045211
(yi-y)"2 1.27213E-07 5.01391E-07 1.01385E-08 2.04403E-07
Coverage factor (p) 95.45 | %
y -12.00144167 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000831496 16 1.19504E-15 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.00026507 3 1.0285E-16 Unessta 8
e —
Ueor /7 0 r 0
Uiy /1 - 0
Calibrated value -12.001441670 Effective degree of freedom
standard uncertainty 0.000394769
k factor 2.148852324
Extended uncertainty 0.000848301
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (u’py + Ulys) [K?] Ugy (Ty —20°C) = (Ty — 20°C)
4 [ 2.22E-05 [ 0.00000069 [ 0.003333. 5.7735E-08 [ 05 ]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | 3
iauge block |- 4 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
4-30 -16.0006277 -16.0016 -16.0007 -16.0000 1 3.9991 3.9991 3.99¢
4-30 -16.0003845 -16.0016 -16.0007 -15.9991 2 3.999 3.999 3.9¢
4-30 -16.0002848 -16.0017 -16.0008 -16.0007 3 3.9991 3.9991 3.99¢
4-30 -16.0004081 -16.0013 -16.0014 -15.9998
4-30 -16.0004337 -16.0013 -16.0008 -15.9986
Yi -16.00042776 -16.00148344 -16.00085828 -15.99962426
S; 0.000125207 0.000201049 0.000321547 0.000808096
(82 1.56767E-08 4.04209E-08 1.03393E-07 6.5302E-07
yi-y r 0.000170675 v -0.000885005 v -0.000259845 0.000974175
(yi-y)*2 2.913E-08 7.83234E-07 6.75194E-08 9.49017E-07
Coverage factor (p) 95.45 (%
y ~16.00059844 Etprop ~0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000450697 16 1.03152E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000390395 3 4.83923E-16 Unmeasstd 5E-05 8
E. —
- — 0 r 0
Uiy —— - 0
Calibrated value -16.000598435 Effective degree of freedom
standard uncertainty 0.000280584
k factor 2.283681613

Extended uncertainty

0.000640765
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Object of calibration

]
Length of measurement [mm] CTE [K"] Uncertainty of CTE (u,y) [K'] (U + W) [K7] '™ (Ty —20°C) = (T, — 20°C)
2.22E-05 [ 0.00000069 0.003333333 [ 5.7735E-08 [ 05 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
Gauge block |- 4 0.0001] 2
[ Calibration 4 itions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
30-36 -16.0007557 -16.0020 -15.9997 -16.0009 1 3.9991 3.9991 3.999°
30-36 -16.0001118 -16.0010 -15.9997 -16.0007 2 3.999 3.999 3.99¢
30-36 -15.999499 -16.0014 -16.0006 -16.0011 3 3.9991 3.9991 3.999°
30-36 -15.9998659 -16.0014 -15.9993 -16.0009
30-36 -16.0005498 -16.0014 -16.0006 -16.0006
Vi -16.00015644 -16.0014493 -15.99998518 -16.00082158
S; 0.000508055 0.000345469 0.000571957 0.00018308
(Sir2 2.5812E-07 1.19349E-07 3.27135E-07 3.35181E-08
Yi-y r 0.000446685 r -0.000846175 r 0.000617945 ¥ -0.000218455
(yi-y)"2 1.99527E-07 7.16012E-07 3.81856E-07 4.77226E-08
Coverage factor (p) 95.45|%
y -16.00060313 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.00042957 16 8.51287E-17 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000334803 3 2.61768E-16 Umeasstd 5E-05 8
e —
oo ———7r 0 r 0
- — - 0
Calibrated value -16.000603125 Effective degree of freedom
standard uncertainty 0.000254812
k factor 2.231351317
Extended uncertainty 0.000568576
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K] (U gy + Ulys) [K?] Ugyt (Ty —20°C) = (T, —20°C)
[ 3 I 2.20E-05 I 0.00000069 I 0.003333333 I 5.7735E-08 [ 05 |
[ Reference artefact used ]
| | Part number | Nominal length /mm Calibrated length /mm U | k |
Gauge block I= 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
1-8 -16.0007266 -16.0000 -16.0009 -16.0003 1 3.9991 3.9991 3.9991
1-8 -16.0008803 -16.0006 -16.0009 -15.9990 2 3.999 3.999 3.999
1-8 -16.0006587 -16.0011 -16.0019 -16.0005 3 3.9991 3.9991 3.9991
1-8 -16.000291 -16.0005 -16.0010 -15.9996
1-8 -15.9995852 -16.0003 -16.0013 -15.9996
i -16.00042836 -16.00051672 -16.00120656 -15.99980758
S; 0.000518662 0.000399794 0.000414171 0.000625944
(sir2 2.6901E-07 1.59835E-07 1.71637E-07 3.91806E-07
Yi-y r 6.1445E-05 r -2.6915E-05 r -0.000716755 ¥ 0.000682225
(yi -y 3.77549E-09 7.24417E-10 5.13738E-07 4.65431E-07
Coverage factor (p) 95.45|%
y -16.00048981 Eiprop -0.000258327
Degree of freedom (v.) ut/v,
Urep 0.000498043 16 1.53818E-16 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000286308 3 1.39989E-16 Uneassta
e —
Ueor —/———r 0 " 0
Ui /1 - 0
Calibrated value -16.000489805 Effective degree of freedom
standard uncertainty 0.000264769
k factor 2.168942996
Extended uncertainty 0.000574268
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Object of calibration

]
Length of measurement [mm] CTE [K] Uncertainty of CTE (uuy) [K'] (Ww + Ulys) [K7] Ugn (Ty —20°C) = (Ty, — 20°C)
4 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm | K |
Gauge block I- 4 0.0001] 2]
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repe name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
8-15 -16.0014299 -16.0022 -16.0014 -16.0001 1 3.9991 3.9991 3.9991
8-15 -16.0012503 -16.0010 -16.0014 -15.9994 2 3.999 3.999 3.999
8-15 -16.000748 -16.0011 -16.0015 -16.0006 3 3.9991 3.9991 3.9991
8-15 -16.0009197 -16.0012 -16.0015 -15.9991
8-15 -16.0006263 -16.0013 -16.0013 -15.9984
Yi -16.00099484 -16.0013515 -16.00144212 -15.9995227
S; 0.000337985 0.000497898 6.89704E-05 0.00085501
(82 1.14234E-07 2.47903E-07 4.75692E-09 7.31042E-07
Yi-y r -0.00016705 r -0.00052371 r -0.00061433 r 0.00130509
(yi-y)"2 2.79057E-08 2.74272E-07 3.77401E-07 1.70326E-06
Coverage factor (p) 95.45 (%
y -16.00082779 Eiprop -0.000258327
Degree of freedom (vc) ut/v,
Urep 0.000523912 16 1.88353E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000445612 3 8.21459E-16 Uneasstd 5E-05 8
£ ——
Ueor /1 0 " 0
Ui /1 - 0
Calil value F ~16.000827790 ] Effective degree of freedom
standard uncertainty 0.000323325
k factor 2.283681613
Extended uncertainty 0.000738372
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (U ry + ulrys) [K] Uay (T —20°C) = (Ty, —20°C)
[ 7 I 7.22E-05 I 0.00000069 I 0.003333333 I 5.7735E-08 [ 05 ]
[ Reference artefact used ]
| | Part number | Nominal length /mm Calibrated length /mm U, | k |
Gauge block I= | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
15-22 -15.9996951 -16.0010 -16.0010 -15.9992 1 3.9991 3.9991 3.9991
15-22 -15.9997941 -16.0002 -16.0010 -15.9982 2 3.999 3.999 3.999
15-22 -16.0002218 -16.0005 -16.0007 -15.9993 3 3.9991 3.9991 3.9991
15-22 -16.0007365 -16.0007 -15.9984 -15.9992
15-22 -16.0004518 -16.0004 -16.0013 -15.9993
Vi -16.00017986 -16.00056636 -16.00045754 -15.99905294
S 0.000438566 0.00029275 0.001172013 0.000476069
(S)"2 1.9234E-07 8.57023E-08 1.37361E-06 2.26641E-07
Y-y r -0.000115685 r -0.000502185 -0.000393365 7 0.001011235
(yi-y)y"2 1.3383E-08 2.5219E-07 1.54736E-07 1.0226E-06
Coverage factor (p) 95.45|%
y -16.00006418 Etprop -0.000258327
Degree of freedom (v.) ut /v,
Urep 0.000685255 16 5.5125E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000346759 3 3.01212E-16 Unneasstd 5E-05 8
EL /1
— 0 0
Ui /1 - 0
Calibrated value -16.000064175 Effective degree of freedom
r 0.000352101 I

k factor

Extended uncertainty

2.148852324
0.000756614
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Object of calibration

CTE [K]

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] Uncertainty of CTE (u,y) [K'] (U rw + Urws) [KC] Uayt
[ 4 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiprat | k |
Gauge block |- | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
22-29 -16.0010024 -16.0026 -16.0008 -15.9992 1 3.9991 3.9991 3.9991
22-29 -16.0008534 -16.0016 -16.0008 -15.9993 2 3.999 3.999 3.999
22-29 -16.0008941 -16.0012 -16.0016 -15.9990 3 3.9991 3.9991 3.9991
22-29 -15.999839 -16.0018 -16.0002 -15.9988
22-29 -15.9997054 -16.0016 -16.0012 -15.9985
Yi -16.00045886 -16.00177374 -16.0009088 -15.99894728
S; 0.000630964 0.000514762 0.000546001 0.000312542
sr2 3.98115E-07 2.6498E-07 2.98117E-07 9.76822E-08
Yi-y r 6.331E-05 v -0.00125157 v -0.00038663 v 0.00157489
(yi-y)"2 4.00816E-09 1.56643E-06 1.49483E-07 2.48028E-06
Coverage factor (p) 95.45|%
y ~16.00052217 Epop ~0.000258327
Degree of freedom (ve) ut/ v,
Urep 0.000514513 16 1.75196E-16 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000591622 3 2.55232E-15 Unesssta 8
E —
Usor /71 0 r 0
Uiy /1 - 0
Calibrated value -16.000522170 Effective degree of freedom
standard uncertainty 0.000374765
k factor 2.428809082
Extended uncertainty 0.000910233
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U gy + Ulys) [K7] Uy (Ty —20°C) = (T, — 20°C)
2.22E-05 | 0.00000069 0.00: 33! 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U i | K |
Gauge block |- | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
29-36 -20.0023106 -20.0018 -19.9998 -20.0022 1 3.9991 3.9991 3.9¢
29-36 -20.0011168 -20.0017 -19.9998 -20.0016 2 3.999 3.999 3.
29-36 -20.0013049 -20.0019 -20.0001 -20.0017 3 3.9991 3.9991 3.9¢
29-36 -20.0017868 -20.0019 -20.0018 -20.0018
29-36 -20.0005491 -20.0018 -20.0001 -20.0015
Yi -20.00141364 -20.00182554 -20.00031578 -20.00176474
S; 0.00066917 7.32735E-05 0.000820938 0.000263538
(Sjn2 4.47788E-07 5.369E-09 6.7394E-07 6.94525E-08
Yi-y r -8.3715E-05 v -0.000495615 v 0.001014145 ¥ -0.000434815
(yi-y)"2 7.0082E-09 2.45634E-07 1.02849E-06 1.89064E-07
Coverage factor (p) 95.45|%
y 20.00132993 Etprop ~0.000258327
Degree of freedom (v.) ut /v,
Urep 0.000546935 16 2.23708E-16 Limeasstd 3.999066667
Degree of freedom
Ugeo 0.000350023 3 3.12714E-16 Uneassta 5E-05 8
E —
e /7 0 r 0
Uiy /1 = 0
Calibrated value -20.001329925 Effective degree of freedom
standard uncertainty 0.00030076
k factor 2.181165682
Extended uncertainty 0.000656007
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Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (y + ulys) [K?] Ugt
4 | 2.22E-05 | 0.00000069 0.00333333: | 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caibrat | 3 |
|Gauge block |B | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
6-11 -20.0011524 -20.0007 -20.0011 -19.9995 1 3.9991 3.9991 3.9991
6-11 -20.0013846 -20.0020 -20.0011 -19.9990 2 3.999 3.999 3.999
6-11 -20.0010938 -20.0016 -20.0011 -19.9998 3 3.9991 3.9991 3.9991
6-11 -20.0015344 -20.0014 -20.0010 -19.9995
6-11 -20.0018005 -20.0012 -20.0010 -19.9992
Yi -20.00139314 -20.00136398 -20.00105106 -19.99940004
S; 0.00028876 0.000476082 7.33914E-05 0.000300196
(Sp)n2 8.33824E-08 2.26654E-07 5.3863E-09 9.01179E-08
Yi-y r -0.000591085 r -0.000561925 v -0.000249005 ¥ 0.001402015
(yi-y)m"2 3.49381E-07 3.1576E-07 6.20035E-08 1.96565E-06
Coverage factor (p) 95.45|%
y 20.00080206 Evpop ~0.000258327
Degree of freedom (ve) ut/ve
Urep. 0.00031841 16 2.56974E-17 L meassta 3.999066667
Degree of freedom
Ugeo 0.000473708 3 1.04906E-15 Uneassta 8
e —
Ueor —————r 0 . 0
— - 0
Calibrated value -20.000802055 Effective degree of freedom
standard uncertainty 0.000276364
k factor 2.648654254
Extended uncertainty 0.000731992
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (P + Uys) [K?] U (Ty —20°C) = (Ty, — 20°C)
4 [ 2.22E-05 [ 0.00000069 0.003333: 5.7735E-08 [ o5 1]
[ Reference artefact used |
[ Type | Part number | Nominal length /mm Calibrated length /mm U cabrato | K |
Gauge block |- | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
11-16 -19.9992592 -20.0017 -20.0018 -19.9991 1 3.9991 3.9991 3.9991
11-16 -19.9993672 -20.0005 -20.0018 -19.9987 2 3.999 3.999 3.999
11-16 -19.9994779 -20.0002 -20.0011 -20.0003 3 3.9991 3.9991 3.9991
11-16 -19.9984339 -20.0008 -20.0005 -19.9992
11-16 -19.9985109 -20.0010 -20.0006 -19.9992
Vi -19.99900982 -20.00084288 -20.00116102 -19.99928748
S 0.000497397 0.000563822 0.000583003 0.000593334
(Si)r2 2.47404E-07 3.17896E-07 3.39893E-07 3.52045E-07
Yi-y r 0.00106548 4 -0.00076758 " -0.00108572 v 0.00078782
(y,-y)'2 1.13525E-06 5.89179E-07 1.17879E-06 6.2066E-07
Coverage factor (p) 95.45 (%
y -20.0000753 Etprop -0.000258327
Degree of freedom (ve) u'/v,
Urep 0.000560633 16 2.46976E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000541901 3 1.79654E-15 Uneasstd 5E-05 8
e —
Ueor ———————7r 0 " 0
Uiy /1 - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom [ 9 ]

220



University of Nottingham

Appendices

Object of calibration

1
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (0 gy + Upys) [K?] Ut (Ty —20°C) = (Ty, — 20°C)
| 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | 3 |
Gauge block I= | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
16-21 -19.9997918 -20.0019 -20.0006 -20.0008 1 3.9991 3.9991 3.9991
16-21 -20.0003063 -20.0013 -20.0006 -19.9997 2 3.999 3.999 3.999
16-21 -20.000302 -20.0014 -20.0004 -20.0012 3 3.9991 3.9991 3.9991
16-21 -20.0004052 -20.0013 -20.0002 -19.9996
16-21 -20.0002366 -20.0010 -20.0006 -19.9993
i -20.00020838 -20.00137862 -20.00049006 -20.0001226
S; 0.000240534 0.000299993 0.000190869 0.000817487
(Si)n2 5.78566E-08 8.99957E-08 3.64311E-08 6.68285E-07
Yi-y r 0.000341535 r -0.000828705 5.9855E-05 ¥ 0.000427315
(yi-y)"2 1.16646E-07 6.86752E-07 3.58262E-09 1.82598E-07
Coverage factor (p) 95.45|%
y -20.00054992 Etprop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000461673 16 1.13574E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000287167 3 1.41676E-16 Uneasstd 5E-05 8
E —
Ueor —————7r 0 0
U —— 1 = 0
Calibrated value -20.000549915 Effective degree of freedom
standard uncertainty 0.000251485
k factor 2.181165682
Extended uncertainty 0.00054853
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (U + Upys) [K?] Ugyt (Ty —20°C) = (Ty — 20°C)
[ 3 I 2.20E-05 I 0.00000069 0.003333333 I 5.7735E-08 [ 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiio | 3 |
Gauge block |- 0.0001 ] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
21-26 -19.9995735 -20.0013 -20.0018 -19.9989 1 3.9991 3.9991 3.9991
21-26 -19.9989438 -20.0008 -20.0018 -20.0001 2 3.999 3.999 3.999
21-26 -19.9991137 -20.0008 -20.0019 -19.9989 3 3.9991 3.9991 3.9991
21-26 -19.9999309 -20.0010 -20.0005 -19.9993
21-26 -19.9995458 -20.0012 -20.0014 -19.9995
i -19.99942154 -20.00102052 -20.00145344 -19.99933518
S; 0.000394012 0.000251856 0.000583764 0.000487296
(S)"2 1.65245E-07 6.34316E-08 3.40781E-07 2.37458E-07
Yi-y r 0.00088613 4 -0.00071285 s -0.00114577 v 0.00097249
(yi-yy2 7.85226E-07 5.08155E-07 1.31279E-06 9.45737E-07
Coverage factor (p) 95.45 (%
y -20.00030767 Etprop -0.000258327
Degree of freedom (v.) ut/v,
Urep 0.000446351 16 9.92303E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000544052 3 1.82524E-15 Unmeassta 5E-05 8
E —
Ueor | 0 " 0
U /1 - 0
Calibrated value ~20.000307670 Effective degree of freedom [ 6 ]
standard uncertainty 0.000337408
k factor 2.516528348
Extended uncertainty 0.000849096
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Object of calibration

CTE [K]

|
(Ty — 20°C) = (Ty, — 20°C)
|

Length of measurement [mm] Uncertainty of CTE (u,y) [K'] (0 gy + Upys) [K?] Ut
| 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U, | 3 |
Gauge block I= | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
26-31 -20.0016986 -20.0025 -20.0018 -19.9995 1 3.9991 3.9991 3.9991
26-31 -20.0015743 -20.0019 -20.0018 -19.9992 2 3.999 3.999 3.999
26-31 -20.001729 -20.0014 -20.0009 -19.9999 3 3.9991 3.9991 3.9991
26-31 -20.0010183 -20.0029 -20.0005 -19.9993
26-31 -20.0006826 -20.0028 -20.0017 -19.9995
i -20.00134056 -20.0022864 -20.0013382 -19.99946972
S; 0.000466496 0.000633117 0.000604056 0.000258398
(Si)n2 2.17619E-07 4.00837E-07 3.64883E-07 6.67697E-08
Yi-y r -0.00023184 r -0.00117768 -0.00022948 r 0.001639
(yi-y)"2 5.37498E-08 1.38693E-06 5.26611E-08 2.68632E-06
Coverage factor (p) 95.45|%
y -20.00110872 Etprop -0.000258327
Degree of freedom (v.) /v,
Urep 0.000512374 16 1.72301E-16 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000590174 3 2.52743E-15 Uneasstd 5E-05 8
5 —
Ueor —————7r 0 " 0
U —— 1 = 0
Calibrated value -20.001108720 Effective degree of freedom
standard uncertainty 0.000373606
k factor 2.428809082
Extended uncertainty 0.000907419
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (U gy + Ulys) [K?] Ut (Ty —20°C) = (Ty, —20°C)
[ 2.22E-05 [ 0.00000069 [ 0.00: 33 [ 5.7735E-08 [ o5 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caliorat | k
Gauge block |- | 4 0.0001] 2
[ Calibrati its: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
26-31 -24.0002086 -24.0021 -24.0006 -24.0006 1 3.9991 3.9991 3.999
26-31 -24.0010735 -24.0011 -24.0006 -24.0003 2 3.999 3.999 3.99
26-31 -24.00114 -24.0015 -24.0007 -24.0002 3 3.9991 3.9991 3.999
26-31 -24.000663 -24.0013 -24.0010 -24.0007
26-31 -23.9994031 -24.0013 -24.0008 -24.0006
i -24.00049764 -24.00146404 -24.00072154 -24.00047928
S; 0.00071644 0.000373288 0.000175863 0.000215889
Sin2 5.13287E-07 1.39344E-07 3.09279E-08 4.66081E-08
yi-y r 0.000292985 s -0.000673415 v 6.9085E-05 7 0.000311345
(- Y2 8.58402E-08 4.53488E-07 4.77274E-09 9.69357E-08
Coverage factor (p) 95.45 %
y -24.00079063 Etprop -0.000258327
Degree of freedom (ve) ut/v,
Urep 0.000427249 16 8.33036E-17 Limeassia 3.999066667
Degree of freedom
Ugeo 0.000231127 3 5.94513E-17 Umeasstd 5E-05 8
5 —
Ueor /7 0 r 0
Uiy /1 - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (U2 + Whys) [K7] U
4 | 2.22E-05 | 0.00000069 0.00333: 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U | |
Gauge block |- 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 I Position 3
26-31 -24.0012783 -24.0024 -24.0010 -24.0010 1 3.9991 3.9991 3.9991
26-31 -24.001595 -24.0019 -24.0010 -24.0011 2 3.999 3.999 3.999
26-31 -24.0016059 -24.0015 -24.0010 -24.0012 3 3.9991 3.9991 3.9991
26-31 -24.0013509 -24.0016 -24.0008 -24.0012
26-31 -24.0003128 -24.0017 -24.0011 -24.0012
Yi -24.00122858 -24.00181524 -24.00096024 -24.0011558
S; 0.000532147 0.000351959 0.00012099 8.45081E-05
(S)*2 2.8318E-07 1.23875E-07 1.46386E-08 7.14163E-09
yi-y r 6.1385E-05 v -0.000525275 0.000329725 ¥ 0.000134165
(yi-y)»2 3.76812E-09 2.75914E-07 1.08719E-07 1.80002E-08
Coverage factor (p) 95.45|%
y -24.00128997 Eiprop -0.000258327
Degree of freedom (ve) ut/ve
Urep 0.000327428 16 2.87344E-17 Lmeasstd 3.999066667
Degree of freedom
Ugeo 0.000184029 3 2.38949E-17 Umeasstd 5E-05 8
e —
Ueor ————————r 0 0
Uiy /1 - 0
C; value [ -24.001289965 ] Effective degree of freedom
standard uncertainty 0.000172941
k factor 2.168942996
Extended uncertainty 0.000375098
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™'] (U + Wpyg) [K?] Uy (T —20°C) = (T, — 20°C)
[ 7 I 2.02E-05 I 0.00000069 0.003333333 I 57735608 | 05 |
[ Reference artefact used |
[ Type I Part number I Nominal length /mm Calibrated length /mm V] I k |
Gauge block = 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
26-31 -24.0011258 -24.0013 -24.0009 -23.9999 1 3.9991 3.9991 3.9991
26-31 -23.999274 -24.0007 -24.0009 -23.9999 2 3.999 3.999 3.999
26-31 -23.9997366 -24.0015 -24.0009 -24.0001 3 3.9991 3.9991 3.9991
26-31 -23.9997692 -24.0011 -24.0010 -23.9996
26-31 -23.9992079 -24.0013 -24.0010 -23.9997
Yi -23.9998227 -24.0011754 -24.00092762 -23.99986336
S 0.00077256 0.000269668 6.32846E-05 0.000189073
(Sp)"2 5.96849E-07 7.27209E-08 4.00494E-09 3.57487E-08
Yi-y r 0.00062457 F -0.00072813 -0.00048035 r 0.00058391
(v -y)*2 3.90088E-07 5.30173E-07 2.30736E-07 3.40951E-07
Coverage factor (p) 95.45 (%
y -24.00044727 Etprop -0.000258327
Degree of freedom (ve) ut /v,
Urep 0.000421107 16 7.86156E-17 Lmeassta 3.999066667
Degree of freedom
Ugeo 0.000352603 3 3.22035E-16 Uneasstd 5E-05 8
E. —
——————r 0 0
Ui ——— - 0
Calil value [ -24.000447270 ] Effective degree of freedom

standard uncertainty
k factor

Extended uncertainty

0.00025797
2.254866004
0.000581687
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Object of calibration

|
(Ty — 20°C) = (Ty — 20°C)

Length of measurement [mm] CTE [K'] Uncertainty of CTE (u) [K™'] (W rw + W) [KC] Ut
[ 7 I 2.22E-05 I 0.00000069 I 0.003333333 I 57735E-08 | 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | 3 |
Gauge block I- | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
26-31 -24.0003851 -24.0010 -24.0012 -23.9982 1 3.9991 3.9991 3.9991
26-31 -24.0000509 -24.0008 -24.0012 -23.9987 2 3.999 3.999 3.999
26-31 -23.9997132 -24.0009 -24.0004 -23.9993 3 3.9991 3.9991 3.9991
26-31 -24.0001334 -24.0007 -24.0003 -23.9982
26-31 -23.999614 -24.0009 -24.0004 -23.9987
Yi -23.99997932 -24.00085188 -24.00070458 -23.9986309
S; 0.000315357 0.000136355 0.000473255 0.000473309
(S))"2 9.94501E-08 1.85927E-08 2.2397E-07 2.24022E-07
Yi-y r 6.235E-05 F -0.00081021 r -0.00066291 F 0.00141077
(yi-y)"2 3.88752E-09 6.5644E-07 4.3945E-07 1.99027E-06
Coverage factor (p) 95.45|%
y 24.00004167 Etpon ~0.000258327
Degree of freedom (ve) ut /v,
Urep 0.000376176 16 5.00618E-17 Lmesssta 3.999066667
Degree of freedom
Ugeo 0.000507449 3 1.38142E-15 Uneassta 8
E. —
Ueor —————r 0 " 0
Uers /1 = 0
Calibrated value -24.000041670 Effective degree of freedom [ 6 ]
standard uncertainty 0.00030443
k factor 2.516528348
Extended uncertainty 0.000766107
[ Object of calibration ]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (U + ulpys) [K?] Uyt (Ty —20°C) = (T, —20°C)
[ 3 I 2.20E-05 I 0.00000069 I 0.003333333 I 5.7735E-08 [ 05 |
[ Reference artefact used |
[ Type | Part number | Nominal length /mm Calibrated length /mm U | k |
Gauge block |- | 4 0.0001] 2|
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
|__Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 [ Position 3 |
26-31 -24.0007855 -24.0005 -24.0014 -24.0008 1 3.9991 3.9991 3.9991
26-31 -24.0002997 -24.0008 -24.0014 -23.9995 2 3.999 3.999 3.999
26-31 -24.0013551 -24.0022 -24.0016 -24.0014 3 3.9991 3.9991 3.9991
26-31 -24.0001242 -24.0001 -24.0012 -23.9981
26-31 -23.99963 -24.0003 -24.0011 -23.9977
Yi -24.0004389 -24.00076432 -24.00133486 -23.99951392
S; 0.000658082 0.000822005 0.000173979 0.001611597
(82 4.33071E-07 6.75692E-07 3.02689E-08 2.59725E-06
Yi-y r 7.41E-05 r -0.00025132 r -0.00082186 r 0.00099908
(yi-y)m"2 5.49081E-09 6.31617E-08 6.75454E-07 9.98161E-07
Coverage factor (p) 95.45|%
y -24.000513 Etprop -0.000258327
Degree of freedom (v.) ut/v,
Urep 0.000966473 16 2.18121E-15 Limeasstd 3.999066667
Degree of freedom
Ugeo 0.000381037 3 4.39163E-16 Unassd 8
E —
Uear ————7r 0 " 0
Uy /] - 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

]
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (u?y + ulpys) [K2] U (Ty —20°C) = (T — 20°C)
[ T 2.22E-05 T 0.00000069 0.003333333 [ 57735608 [ 05 |
[ Reference artefact used |
[ Type | Part number | Nominal length /mm Calibrated length /mm U caio | k |
Gauge block ]- | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
26-31 -24.0017408 -24.0027 -24.0022 -24.0008 1 3.9991 3.9991 3.9991
26-31 -24.0022379 -24.0013 -24.0022 -23.9999 2 3.999 3.999 3.999
26-31 -24.0019566 -24.0017 -24.0005 -24.0011 3 3.9991 3.9991 3.9991
26-31 -24.0001407 -24.0020 -24.0016 -23.9992
26-31 -23.998886 -24.0023 -24.0005 -23.9995
Yi -24.0009924 -24.00200538 -24.00140202 -24.00009704
S; 0.001432076 0.000527103 0.000850285 0.000821909
(Si)"2 2.05084E-06 2.77838E-07 7.22985E-07 6.75534E-07
Yi-y r 0.00013181 r -0.00088117 -0.00027781 F 0.00102717
(yi-yy»2 1.73739E-08 7.76461E-07 7.71784E-08 1.05508E-06
Coverage factor (p) 95.45|%
y -24.00112421 Eiprop -0.000258327
Degree of freedom (v.) ut /v,
Urep 0.000965298 16 2.17063E-15 Limeassta 3.999066667
Degree of freedom
Ugeo 0.000400634 3 5.36723E-16 Unoassts 8
5 —
Ueor /71 ° " 0
Uy /1 - 0
Calibrated value -24.001124210 Effective degree of freedom
standard uncertainty 0.000475906
k factor 2.148852324
Extended uncertainty 0.001022652
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Appendix (9)

Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U + Upys) [K?] Ugt
[ 0.07 2.22E-05 [ 0.00000069 0.003333333 [ 5.7735E-08 [ 05 ]
[ Reference artefact used |
[ Type I Part number I Nominal length /mm Calibrated length /mm U caibration imm K
Gauge block ]- | 0.07 0.0001
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
0.070100 0.070500 0.070800 0.070300 1 0.5009 0.5009 0.5009
- 0.070200 0.070600 0.070600 0.070200 2 0.5013 0.5013 0.5013
- 0.070100 0.070500 0.070400 0.070100 3 0.5002 0.5002 0.5002
- 0.070200 0.070500 0.070500 0.070200
11 0.070200 0.070500 0.070400 0.070200
Y 0.07016 0.07052 0.07054 0.0702
S; 5.47723E-05 4.47214E-05 0.000167332 7.07107E-05
(S)r2 3E-09 2E-09 2.8E-08 5E-09
Yi-y r -0.000195 F 0.000165 0.000185 " -0.000155
(v, -y)2 3.8025E-08 2.7225E-08 3.4225E-08 2.4025E-08
Coverage factor () [ 96aB]%
y 0.070355 Epop 0.0016
Degree of freedom (ve) ut/v,
Urep 9.74679E-05 16 2.25625E-19 Limeassta 0.5008
Degree of freedom
Ugeo 0.000101448 3 2.20663E-18 Uneasstd 0.000482183 8
Eo 0.000112
Ucor 2.35655E-05 9 3.42661E-20
Utemp. 9.29356E-08 o 0
Calibrated value 0.070243000 Effective degree of freedom
standard uncertainty 7.09102E-05
k factor 2.283681613
Extended uncertainty 0.000161936
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (U + Ulpys) [K?] Uy (Ty —20°C) = (Ty — 20°C)
[ 0.17 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
[ Reference artefact used |
[ Type I Part number I Nominal length /mm Calibrated length /mm U k
Gauge block [- [ 017
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 I Position 3
22 0.172100 0.172200 0.172400 0.172200 1 0.5009 0.5009 0.5009
22 0.172100 0.172200 0.172400 0.172200 2 0.5013 0.5013 0.5013
22 0.172200 0.172300 0.172300 0.172100 3 0.5002 0.5002 0.5002
22 0.172000 0.172300 0.172200 0.172100
2-2 0.172100 0.172200 0.172100 0.172200
Yi 0.1721 0.17224 0.17228 0.17216
S; 7.07107E-05 5.47723E-05 0.000130384 5.47723E-05
(S)*2 5E-09 3E-09 1.7E-08 3E-09
Yi-y r -9.5E-05 F 4.5E-05 8.5E-05 F -3.5E-05
(y,-y)"2 9.025E-09 2.025E-09 7.225E-09 1.225E-09
Coverage factor () [__96aB%
y 0.172195 Etpop 0.0016
Degree of freedom (v.) ut/ve
Urep 8.3666E-05 16 1.225E-19 Limeassta 0.5008
Degree of freedom
Ugeo 4.03113E-05 3 5.5013E-20 Unneasstd 0.000482183 8
E. 0.000272
Ueorr 5.72305E-05 9 1.19198E-18
Usemp 2.25701E-07 w o
Calibrated value 0.171923000 Effective degree of freedom
standard uncertainty 7.12856E-05
k factor 2148852324
Extended uncertainty 0.000153182
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Object of calibration

|
(Ty — 20°C) = (T, — 20°C)

Length of measurement [mm] CTE [K™] Uncertainty of CTE (u,y) [K'] (WP + Wys) [K7] Uy
[ 0.27 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U, I K |
Gauge block |- | 0.27 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 I Position 3
33 0.272300 0.272500 0.272400 0.272300 1 0.5009 0.5009 0.5009
3-3 0.272100 0.272500 0.272300 0.272300 2 0.5013 0.5013 0.5013
33 0.272100 0.272500 0.272200 0.272200 3 0.5002 0.5002 0.5002
33 0.272100 0.272300 0.272200 0.272200
3-3 0.272300 0.272500 0.272200 0.272300
Yi 0.27218 0.27246 0.27226 0.27226
S; 0.000109545 8.94427E-05 8.94427E-05 5.47723E-05
(Sir2 1.2E-08 8E-09 8E-09 3E-09
Yi-y r -0.00011 v 0.00017 v -3E-05 " -3E-05
(yi-y)"2 1.21E-08 2.89E-08 9E-10 9E-10
Coverage factor (p) 95.45|%
y 0.27229 Etpop 0.0016
Degree of freedom (v.) ut/ v,
Urep 8.80341E-05 16 1.50156E-19 Lmeassta 0.5008
Degree of freedom
Ugeo 5.97216E-05 3 2.65023E-19 Umeasstd 0.000482183 8
=% 0.000432
Ueorr 9.08955E-05 9 7.58452E-18
Utemp 3.58466E-07 £ 0
Calibrated value 0.271858000 Effective degree of freedom
standard uncertainty 0.000103459
k factor 2.195291287
Extended uncertainty 0.000227123
Object of calibration |
ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (P + W) [K7] Ut (Ty —20°C) = (Ty, — 20°C)
0.37 [ 2.22E-05 [ 0.00000069 [ 0.00333333: [ 5.7735E-08 [ 05 1]
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U caiibation fmm | 3
iauge block |- | 0.37 0.0001 [
Cali measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3 |
-4 0.371600 0.371700 0.371800 0.371800 1 0.5009 0.5009 0.5009
-4 0.371600 0.371800 0.371700 0.371800 2 0.5013 0.5013 0.5013
-4 0.371600 0.371700 0.371600 0.371700 3 0.5002 0.5002 0.5002
4 0.371500 0.371800 0.371600 0.371800
-4 0.371700 0.371700 0.371600 0.371600
Yi 0.3716 0.37174 0.37166 0.37174
S; 7.07107E-05 5.47723E-05 8.94427E-05 8.94427E-05
(Sp)"2 5E-09 3E-09 8E-09 8E-09
yi-y r -8.5E-05 v 5.5E-05 v -2.5E-05 v 5.5E-05
(v, -y)"2 7.225E-09 3.025E-09 6.25E-10 3.025E-09
Coverage facor () [ 5545]%
y 0.371685 Etprop 0.0016
Degree of freedom (v.) /v,
Urep 7.74597E-05 16 9E-20 Lmeassta 0.5008
Degree of freedom
Ugeo 3.40343E-05 3 2.79528E-20 Unmeasstd 0.000482183 8
= 0.000592
Ucorr 0.000124561 9 2.67473E-17
Utemp 4.91231E-07 o 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty
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Object of calibration

Length of measurement [mm]

CTE [K7] Uncertainty of CTE (u,y) [K™]

(W + urys) [KF]

Uay
5.7735E-08

0.47

2.22E-05 0.00000069 |

0.003333333

Reference artefact used

Part number

|
Gauge block

Nominal length /mm Calibrated le! i /mm calibration fmm
.47

Appendices

]
(Ty —20°C) = (Ty, — 20°C)

Gauge block measurement
Position 1 P n2 Position 3

[ Calibration measurments: 4 positions, 5 repeatitions each
Measurement repetition name Position 1 Position 2 Position 3 Position 4
55 0.471600 0.471700 0.471900 0.471900
55 0.471600 0.471700 0.471900 0.471900
55 0.471600 0.471800 0.471800 0.471600
5-5 0.471600 0.471700 0.471800 0.471800
5-5 0.471700 0.471700 0.471800 0.471800
i 0.47162 0.47172 0.47184 0.4718
S 4.47214E-05 4.47214E-05 5.47723E-05 0.000122474
(S"2 2E-09 2E-09 3E-09 1.5E-08
Yi-y r -0.000125 e -2.5E-05 e 9.5E-05 5.5E-05
(y-y)"2 1.5625E-08 6.25E-10 9.025E-09 3.025E-09
Coverage factor (p) 95.45|%
y 0.471745
Degree of freedom (v.) ut/v,
Urep 7.4162E-05 16 7.5625E-20
Ugeo 4.85627E-05 3 1.1587E-19
= 0.000752
Ucorr 0.000158226 9 6.96409E-17
Utemp 6.23996E-07 ) 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

0.470993000
0.000163479
2.283681613

0.000373333

Effective degree of freedom

228

Measurements No.

1 0.5009 0.5009 0.50
2 0.5013 0.5013 0.50
3 0.5002 0.5002 0.50

Evpop 0.0016

Lmeassta 0.5008

Degree of freedom
Uneasstd 0.000482183
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Appendix (10)

[ Object of calibration

|
(T — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (U + ulpys) [K?] g
[ 0.07 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
[ Reference artefact used |
[ Type I Part number I Nominal length /mm Calibrated length /mm 1] I k |
[ACG1.2 artefact |- | 0.04 0.0001 ] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each artefact measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
1-2 70.898330 71.509355 69.054491 69.676326 1 0.04 0.04 0.04
1-2 71.498909 69.665606 69.708478 69.676285 2 0.04 0.04 0.04
1-2 70.887795 70.890429 70.890429 70.279378 3 0.04 0.04 0.04
1-2 70.279337 68.454289 68.446105 67.232298
1-2 70.890429 70.276680 69.054491 69.665606
Yi 70.89096003 70.15927187 69.4307989 69.30597864
S; 0.431204621 1.174922679 0.93011583 1.188620344
(S)*2 0.185937425 1.380443302 0.865115457 1.412818322
Yi-y r 0.94420767 F 0.21251951 " -0.515953456 ¥ -0.640773724
(yi-y)*2 0.891528123 0.045164542 0.266207969 0.410590965
Coverage factor (p) 95.45|%
y 69.94675236 Etprop 0.007556675
Degree of freedom (ve) ut/v,
Urep 0.980346177 16 0.00230918 Limeassts
Degree of freedom
Ugeo 0.366684651 3 0.000376643 Unmeasstd
Ev 0.000528967
Ucorr 8.81612E-05 0 0
Usemp 9.29356E-08 w 0
Calibrated value 69.946223393 Effective degree of freedom
standard uncertainty 0.475215889
k factor 2.148852324
Extended uncertainty 1.021168768
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (U + Wlpys) [K?] Upy (Ty —20°C) = (Ty — 20°C)
[ 0.07 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
[ Reference artefact used |
[ Type | Part number | Nominal length /mm Calibrated length /mm U cair | K |
[ACG1.2 artefact IE | 04 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
2-3 70.300589 69.689685 71.540640 71.501480 1 0.04 0.04 0.04
2-3 69.668246 70.300590 71.501480 71.522409 2 0.04 0.04 0.04
2-3 70.890388 71.522409 70.890429 71.501480 3 0.04 0.04 0.04
2-3 70.287308 69.665606 71.509314 70.287307
2-3 69.668246 70.898331 71.498869 72.109983
Yi 70.16295516 70.41532413 71.38814631 71.38453191
S; 0.513088699 0.800113555 0.278730599 0.666435758
(S)r2 0.263260013 0.640181701 0.077690747 0.444136619
Yi-y r -0.674784216 F -0.422415248 0.550406933 ¥ 0.546792531
(v -y)"2 0.455333738 0.178434642 0.302947792 0.298982072
Coverage factor (p) 95.45 (%
y 70.83773938 Eprop 0.007556675
Degree of freedom (ve) ut/v,
Urep 0.596923169 16 0.000317405 Limeassta 0.04
Degree of freedom
Ugeo 0.320896952 3 0.000220913 Umeasstd
Eo 0.000528967
Ueorr 8.81612E-05 0 0
Utemp 9.29356E-08 o 0
Calibrated value 70.837210414 Effective degree of freedom

standard uncertainty

0.311459749
2.158263401
0.672212177

k factor

Extended uncertainty
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Object of calibration

|
U (Ty — 20°C) = (Ty, — 20°C)
]

Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™'] Uy + ulys) [K?]
0.07 2.22E-05 | 0.00000069 0.003333333 5.7735E-08 [ 05
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U, | 3 |
[ACG1.2 artefact |- | 0.04 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
34 68.446105 69.665606 69.668286 69.054491 1 0.04 0.04 0.04
34 69.057196 70.279337 69.676326 69.057196 2 0.04 0.04 0.04
3-4 68.487013 69.065266 70.898330 70.276680 3 0.04 0.04 0.04
3-4 68.446105 71.540642 69.676326 71.509315
3-4 70.287307 69.057155 70.287307 69.057196
Vi 68.94474509 69.92160119 70.04131506 69.79097543
S 0.794027674 1.03626461 0.547852829 1.096343105
(Sin2 0.630479947 1.073844343 0.300142722 1.201968205
Yi-y r -0.729914102 r 0.246941997 0.366655864 0.116316242
(yi-y)"2 0.532774597 0.06098035 0.134436523 0.013529468
Coverage factor (p) 95.45|%
y 69.67465919 Etprop 0.007556675
Degree of freedom (v.) ut/v,
Urep 0.895326088 16 0.001606442 Lmeassia 0.04
Degree of freedom
Ugeo 0.248616327 3 7.95935E-05 Uneasstd
Eo 0.000528967
Ucor 8.81612E-05 0 0
Utemp. 9.29356E-08 o 0
Calibrated value 69.674130225 Effective degree of freedom
standard uncertainty 0.419254443
k factor 2.148852324
Extended uncertainty 0.900915884
[ Object of calibration ]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K"'] (W + ulpys) [K*] Uy (Ty —20°C) = (Ty, - 20°C)
0.07 | 2.22E-05 | 0.00000069 0.003333333 5.7735E-08 [ 05 ]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U cairat | k |
[ACG1 2 artefact |- | 0.04 0.0001] 2]
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
4-5 72.112573 69.668245 69.676286 70.287308 1 0.04 0.04 0.04
4-5 70.279337 71.522409 68.443377 69.689684 2 0.04 0.04 0.04
4-5 71.501521 70.279378 69.057155 68.446105 3 0.04 0.04 0.04
4-5 70.890429 69.668286 70.890429 70.890429
4-5 70.279378 70.300629 69.057195 70.287307
Yi 71.01264741 70.28778957 69.42488835 69.92016639
S; 0.796743374 0.756990977 0.928008765 0.926953802
sH)n2 0.634800004 0.57303534 0.861200267 0.85924335
Yi-y r 0.851274477 s 0.126416641 r -0.736484581 -0.241206537
(yi-y)"2 0.724668235 0.015981167 0.542409538 0.058180594
Coverage factor () [g5asl
y 70.16137293 Etprop 0.007556675
Degree of freedom (v.) /v,
Urep 0.855610741 16 0.001339815 Lmeassta 0.04
Degree of freedom
Ugeo 0.334320148 3 0.000260261 Unmeasstd 8
=% 0.000528967
Ucorr 8.81612E-05 0 0
Utemp 9.29356E-08 w 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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Object of calibration

|
U (Ty — 20°C) = (Ty, — 20°C)

Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (Ul gy + Ulys) [K?]
[ 0.07 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 ]
[ Reference artefact used ]
[ Type | Part number | Nominal length /mm Calibrated length /mm [§] | k |
[ACG1.2 artefact |- | 0.04 0.0001] 2|
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
[ Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 2 | Position 3
5-6 67.835056 70.279337 69.065306 69.665565 1 0.04 0.04 0.0¢
5-6 70.276680 69.057155 70.287307 69.668245 2 0.04 0.04 0.0«
5-6 69.057196 69.668245 70.890429 71.509355 3 0.04 0.04 0.0¢
5-6 70.300589 70.279337 69.668246 68.446105
5-6 68.454289 69.668246 69.151766 69.689684
Yi 69.18476177 69.79046388 69.81261085 69.7957908
S; 1.096463125 0.511275428 0.775088501 1.095723267
(Spn2 1.202231385 0.261402564 0.600762184 1.200609478
Yi-y r -0.461145056 r 0.144557055 r 0.166704023 ¥ 0.149883977
(yi-y)»"2 0.212654762 0.020896742 0.027790231 0.022465207
Coverage factor (p) 95.45(%
y 69.64590682 Etprop 0.007556675
Degree of freedom (v.) ul /v,
Urep 0.903466326 16 0.001665666 Limeassta
Degree of freedom
Ugeo 0.153787446 3 1.16531E-05 Unmeasstd 8
E. 0.000528967
Ucorr 8.81612E-05 0 0
Usemp. 9.29356E-08 B 0
Calibrated value 69.645377855 Effective degree of freedom
standard uncertainty 0.411294217
k factor 2.158263401
Extended uncertainty 0.887681256
[ Object of calibration |
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (U + Ulys) [K7] Uy (Ty —20°C) = (Ty — 20°C)
0.07 2.22E-05 | 0.00000069 0.0033333 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U | k |
[ACG1.2 artefact IE | 4 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
1-7 69.66828649 68.4461 70.8983 67.2323 1 0.04 0.04 0.0¢
1-7 70.27672084 70.8904 69.0545 69.6897 2 0.04 0.04 0.0¢
1-7 67.83505528 70.2793 69.6897 69.7085 3 0.04 0.04 0.0¢
1-7 69.05719553 69.6683 69.6682 69.0572
1-7 70.30058865 70.8878 70.8904 69.0545
Yi 69.42756936 70.03439023 70.04021977 68.9484374
S; 1.026455491 1.02198131 0.820384177 1.011852015
(S)"2 1.053610876 1.044445798 0.673030197 1.023844501
Yi-y r -0.185084833 v 0.421736041 v 0.427565581 ¥ -0.664216789
(yi-y)"2 0.034256395 0.177861288 0.182812326 0.441183943
Coverage factor (p) 95.45|%
y 69.61265419 Etprop 0.007556675
Degree of freedom (v.) ut/ve
Uep 0.97402918 16 0.002250235 Limeassta
Degree of freedom
Ugeo 0.263962427 3 0.000101141 Unesssia o —]
Ec 0.000528967
Ucorr 8.81612E-05 0 0
Utemp. 9.29356E-08 L 0
Calibrated value 69.612125225 Effective degree of freedom
standard uncertainty 0.455154498
k factor 2.148852324
Extended uncertainty 0.978059801
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[ Object of ]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K™] (U + Wys) [K2] Ugy (Ty —20°C) = (Ty — 20°C)
0.07 T 222E-05 T 0.00000069 0.0033333. 5.7735E-08 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
ACG1.2 artefact |- | 0.04 0.0001] 2
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
7-13 69.6655654 70.2767 69.0545 70.9825 1 0.04 0.04 0.
713 69.6762854 70.2767 70.2767 70.2873 2 0.04 0.04 o.
7-13 72.10998336 71.5015 70.2794 69.7325 3 0.04 0.04 0.
7-13 70.27933675 70.8983 69.6683 70.8983
7-13 69.68972437 70.3006 68.4543 70.2873
Yi 70.28417906 70.65075195 69.54663298 70.43759993
S; 1.053467931 0.544864156 0.793751111 0.512711648
[Ch3 1.109794682 0.296876949 0.630040826 0.262873234
Yi-y r 0.054388079 F 0.420960974 F -0.683158003 v 0.20780895
(yi-y)"2 0.002958063 0.177208141 0.466704856 0.04318456
Coverage factor (p) 95.45|%
y 70.22979098 Etprop 0.007556675
Degree of freedom (v.) /v,
Urep 0.758219244 16 0.000826265 Lmeassta 0.04
Degree of freedom
Ugeo 0.239801241 3 6.88913E-05 Umeasstd 8
Ec 0.000528967
Ucorr 8.81612E-05 0 0
Utemp. 9.29356E-08 LJ 0
Calibrated value 70.229262011 Effective degree of freedom
standard uncertainty 0.359660188
k factor 2.148852324
Extended uncertainty 0.772856631
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™'] (0w + ulpys) [K7] Uy (Ty —20°C) = (T, — 20°C)
[ 0.07 [ 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm | |
[ACG1.2 artefact IE | 0.04 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
7-13 71.52240944 70.2793 70.2793 70.2873 1 0.04 0.04 0.04
7-13 69.05719553 69.6897 70.2873 70.2873 2 0.04 0.04 0.04
7-13 69.06526558 69.6763 70.8904 69.6763 3 0.04 0.04 0.04
7-13 70.27933711 70.3006 71.4989 70.8983
7-13 69.06526558 69.0572 70.3192 70.8904
Yi 69.79789465 69.8006345 70.65501583 70.40794804
S; 1.098620043 0.514675936 0.53773109 0.509320957
(Spn2 1.206966 0.264891319 0.289154725 0.259407837
yi-y r -0.367478609 r -0.36473875 r 0.489642571 ¥ 0.242574788
(yi-y)"2 0.135040528 0.133034356 0.239749847 0.058842528
Coverage factor (p) 95.45|%
y 70.16537326 Evorop 0.007556675
Degree of freedom (ve) u'/v,
Urep 0.710707373 16 0.000637828 Lmeassta 0.04
Degree of freedom
Ugeo 0.21730686 3 4.64571E-05 Uneassts 0o — 8
= 0.000528967
Ucorr 8.81612E-05 0 0
Utemp 9.29356E-08 w0 0
Calibrated value 70.164844288 Effective degree of freedom
standard uncertainty 0.335896665
k factor 2.148852324
Extended uncertainty 0.72179233
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Object of calibration

|
(Ty — 20°C) = (Ty, — 20°C)

ength of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (U + Ulys) [K?] U
0.07 T 2.22E-05 T 0.00000069 0.003333333 T 57735608 | 05 |
Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | k |
CG1.2 artefact |- | 0.04 0.0001] 2|
Calibration ts: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3 |
9-25 67.90104612 68.4543 70.2793 70.8904 1 0.04 0.04 0.04
9-25 69.06530633 69.0572 69.6656 69.0653 2 0.04 0.04 0.04
9-25 69.66828649 69.0977 69.6683 71.4989 3 0.04 0.04 0.04
9-25 69.05449148 69.6656 69.0653 69.0977
9-25 69.06530705 70.9115 70.3006 69.6656
yj 68.95088749 69.43725736 69.79581694 70.04356592
S; 0.642990188 0.92890461 0.513678013 1.098811769
(S)"2 0.413436382 0.862863774 0.263865101 1.207387304
Yi-y r -0.605994434 i -0.119624573 F 0.238935011 ¥ 0.486683995
(yi-y)"2 0.367229253 0.014310038 0.05708994 0.236861311
Coverage factor (p) 95.45|%
y 69.55688193 Etprop 0.007556675
Degree of freedom (v.) /v,
Urep 0.82878715 16 0.001179538 Limeassta 0.04
Degree of freedom
Ugeo 0.237256988 3 6.60138E-05 Uneassta 8
Ev 0.000528967
Ucorr 8.81612E-05 0 0
Utemp 9.29356E-08 © 0
Calibrated value 69.556352961 Effective degree of freedom
standard uncertainty 0.389166231
k factor 2.148852324
Extended uncertainty 0.83626076
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K™] (U gy + Ulys) [KP] Uyt (Ty —20°C) = (Ty — 20°C)
[ 0.07 I 2.00E-05 I 0.00000069 I 0.003333333 I 5.7735E-08 [ 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiibrat | k |
[ACG1.2 artefact IE | 0.0001] 2|
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repe n name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
25-31 71.54068234 70.9299 70.2794 69.6656 1 0.04 0.04 0.04
25-31 71.49886868 70.2793 69.6683 70.8904 2 0.04 0.04 0.04
25-31 69.67628612 70.8904 69.0572 69.0788 3 0.04 0.04 0.04
25-31 69.6655654 70.2793 70.2767 69.6763
25-31 71.49890944 67.8350 69.7085 69.6656
i 70.7760624 70.04280082 69.79800353 69.79535808
S; 1.008998498 1.273932426 0.508549498 0.663408288
[Ch 1.01807797 1.622903826 0.258622592 0.440110556
Y-y r 0.673006189 r -0.060255389 " -0.305052676 7 -0.307698124
(yi-y)"2 0.452937331 0.003630712 0.093057135 0.094678136
Coverage factor (p) 95.45|%
y 70.10305621 Etprop 0.007556675
Degree of freedom (v.) ut/v,
Urep 0.913744349 16 0.001742765 Lmeassta 0.04
Degree of freedom
Ugeo 0.231715219 3 6.00588E-05 Unneassia o ] 8
= 0.000528967
Ucor 8.81612E-05 0 0
Utemp 9.29356E-08 o 0
Calibrated value 70.102527240 Effective degree of freedom
standard uncertainty 0.424745501
k factor 2.148852324
Extended uncertainty 0.912715357
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Object of calibration

]
Length of measurement [mm] CTE K] Uncertainty of CTE (u,y) [K'] (P + Ulys) [K] Ut (Ty —20°C) = (Ty, — 20°C)
0.07 I 2.22E-05 I 0.00000069 0.00333333 5 7735E-08 [ 05 |
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | K |
[ACG1.2 artefact B | 0.04 0.0001] 2|
[ Calibration its: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
1-8 98.52580655 98.9626 98.5371 97.2266 1 0.04 0.04 0.04
1-8 98.95508297 100.6909 98.0908 97.2266 2 0.04 0.04 0.04
1-8 98.09845866 100.2654 99.8193 98.0909 3 0.04 0.04 0.04
1-8 98.52580655 98.1137 97.6616 97.2343
1-8 98.53717711 99.4013 98.5258 97.2266
Yi 98.52846637 99.4867874 98.52693708 97.40101939
S; 0.302901956 1.027569916 0.807664043 0.385654551
(Si)"2 0.091749595 1.055899933 0.652321207 0.148729433
Y-y r 0.042663809 r 1.000984843 r 0.041134521 ¥ -1.084783173
(yi-y)"2 0.001820201 1.001970657 0.001692049 1.176754532
Coverage factor (p) 95.45 | %
y 98.48580256 Etprop 0.007556675
Degree of freedom (v.) uz" /v,
Urep 0.697979256 16 0.000593349 Lmeassta 0.04
Degree of freedom
Ugeo 0.426442399 3 0.00068897 Uneassa 0o — 8
E. 0.000528967
Ucorr 8.81612E-05 0 0
Utemp. 9.29356E-08 B3 0
Calibrated value 98.485273592 Effective degree of freedom
standard uncertainty 0.37801891
k factor 2.181165682
Extended uncertainty 0.824521873
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (uy) [K'] (U + Wpys) [K] Uayt (Ty —20°C) = (Ty —20°C)
0.07 | 2.22E-05 | 0.00000069 0.003333333 | 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number’ | Nominal length /mm Calibrated length /mm U, | 3 |
|ACG1.2 artefact |- | 0.04 0.0001] 2]
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 | Position 3
8-15 99.39002026 100.2542 100.2542 98.0908 1 0.04 0.04 0.04
8-15 99.39002026 98.5258 100.6835 100.6835 2 0.04 0.04 0.04
8-15 100.254206 99.3862 99.8268 98.9551 3 0.04 0.04 0.04
8-15 100.2541769 99.3862 99.8193 97.6922
8-15 99.40129197 99.3900 98.9551 99.8268
Yi 99.73794307 99.38849448 99.90777737 99.04968848
S; 0.471290588 0.611074502 0.641048827 1.229272145
(S)"2 0.222114818 0.373412046 0.410943598 1511110006
Yi-y r 0.216967221 r -0.132481372 r 0.38680152 r -0.47128737
(yi-y)m"2 0.047074775 0.017551314 0.149615416 0.222111785
Coverage factor (p) 95.45|%
y 99.52097585 Eiprop 0.007556675
Degree of freedom (ve) u'/v,
Urep 0.793344261 16 0.000990346 Limeasstd 0.04
Degree of freedom
Ugeo 0.190690257 3 2.75469E-05 Uneassia o —] 8
Eo 0.000528967
Ucorr 8.81612E-05 0 0
Utemp 9.29356E-08 o 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

Effective degree of freedom
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]
gth of measurement [mm] CTE [K™] Uncertainty of CTE (u,y) [K'] Uy + Wlys) [K2] Uy (Ty —20°C) = (Ty — 20°C)
0.07 I 2.00E-05 I 0.00000069 I 0.003333333 5.7735E-08 05 |
Reference artefact used
Type | Part number | Nominal length /mm Calibrated length /mm U | k
31.2 artefact IE | 0.04 0.0001] 2
Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 Position 3
22 98.53717711 97.2266 98.9551 98.9777 1 0.04 0.04 0.04
22 96.36239729 98.5258 98.5258 98.9777 2 0.04 0.04 0.04
22 97.2266064 98.5372 98.9626 100.2654 3 0.04 0.04 0.04
22 96.79743854 97.2343 98.0985 100.2505
22 97.66159342 97.2266 98.9551 98.1137
Yi 97.31704255 97.75011434 98.69940662 99.31698716
S; 0.836205455 0.713315022 0.384468152 0.928568699
(Sj)"2 0.699239563 0.508818321 0.14781576 0.86223983
-y r -0.953845114 s -0.52077333 v 0.42851895 1.046099494
(yi-y)"2 0.909820502 0.271204861 0.183628491 1.094324151
Coverage factor (p) 95.45 %
y 98.27088767 Etprop 0.007556675
Degree of freedom (ve) ut/ v,
Urep 0.744666616 16 0.000768754 Lmeassta 0.04
Degree of freedom
Ugeo 0452675197 3 0.000874794 Unassid o 8
E. 0.000528967
Ucor 8.81612E-05 0 0
Utemp. 9.29356E-08 o 0
Calibrated value 98.270358701 Effective degree of freedom
standard uncertainty 0.402659149
k factor 2.181165682
Extended uncertainty 0.878266316
[ Object of calibration |
Length of measurement [mm] CTE K] Uncertainty of CTE (u,) [K'] (WP + ulpys) [K?] ™ (Ty —20°C) = (Ty — 20°C)
[ 0.07 | 2.22E-05 | 0.00000069 | 0.003333333 5.7735E-08 [ 05 ]
[ Reference artefact used |
Type | Part number | Nominal length /mm Calibrated length /mm
[ACG1.2 artefact |- | 0.04
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement |
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 Position 2 I Position 3
22-29 99.81929277 96.7974 98.5372 99.8193 1 0.04 0.04 0.04
22-29 101.1479334 95.5060 97.6922 97.2343 2 0.04 0.04 0.04
22-29 100.254206 96.7936 96.37017659 98.0985 3 0.04 0.04 0.04
22-29 99.38999169 99.3900 97.6578 98.0985
22-29 99.40126265 99.8417 98.0908 101.1147
Vi 100.0025373 97.66575132 97.66962971 98.87303936
S; 0.732391828 1.863277015 s 1.79057738 1.565717713
(S"2 0.53639779 3.471801233 3.206167352 2451471956
Yi-y r 1.449797871 " -0.886988102 " -0.883109712 0.320299943
(yi-y)y"2 2.101913866 0.786747892 0.779882764 0.102592054
Coverage factor (p) 95.45(%
y 0855273942 Eprop 0.007556675
Degree of freedom (ve) wtlv,
Uep 1554496569 16 0.014598192 Limeassta
Degree of freedom
Ugeo 0560590208 3 0.002057504 Uneassia 0o 8
Eo 0.000528967
Ueorr 8.81612E-05 0 0
Utemp 9.29356E-08 L 0
Calibrated value 98.552210451 Effective degree of freedom
standard uncertainty 0.749571391
k factor 2.148852324
Extended uncertainty 1.610718225
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]
Length of measurement [mm] CTE [K] Uncertainty of CTE (u,y) [K'] (Wl + ulpys) [K?] Ut (Ty —20°C) = (Ty, — 20°C)
0.07 [ 2.22E-05 [ 0.00000069 [ 0.003333333 [ 5.7735E-08 [ 05 1]
[ Reference artefact used |
| Type | Part number | Nominal length /mm Calibrated length /mm U caiorat | K |
[ACG1.2 artefact |- | 0.04 0.0001] |
[ Calibration measurments: 4 positions, 5 repeatitions each Gauge block measurement
Measurement repetition name Position 1 Position 2 Position 3 Position 4 Measurements No. Position 1 | Position 2 | Position 3
29-36 97.69217886 99.8641 98.0908 100.2654 1 0.04 0.04 0.04
29-36 98.09084486 102.0375 100.2654 98.0985 2 0.04 0.04 0.04
29-36 100.6835025 100.7058 101.1184 98.5220 3 0.04 0.04 0.04
29-36 98.09845866 101.1295 101.1184 99.3863
29-36 99.81929277 100.2505 101.1147 99.3862
Yi 98.87685552 100.7974749 100.3415299 99.13167051
S 1.301857747 0.840620764 1.311138346 0.844688865
()2 1.694833593 0.706643269 1719083763 0.713499279
yi-y r -0.91002718 r 1.010592188 F 0.554647184 ¥ .0.655212192
(yi-y)"2 0.828149469 1.021296571 0.307633499 0.429303017
Coverage factor (p) 95.45|%
y 99.7868827 Etprop 0.007556675
Degree of freedom (ve) ut/v,
Urep 1.099324782 16 0.003651271 Lmeassta 0.04
Degree of freedom
Ugeo 0.464254 111 3 0.000967791 Unesssta o —1 8
EL 0.000528967
Ucorr 8.81612E-05 0 0
Utemp 9.29356E-08 o 0

Calibrated value
standard uncertainty
k factor

Extended uncertainty

99.786353735

0.543678189

2.148852324

1.168284139

Effective degree of freedom
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20x

Horizontal
1 2 3 4 5
6.99468E-05 0.000141 0.00021 0.000281  0.00035
0482818089  0.77828 0.470639 0.00581 0312163
0475215889 031146 0419254 041756 0411294
0000818377 0.001647 0.002462 0.003283 0.004098
8.18377€-05 0.000165 0.000246 0.000328 0.00041

Ctotal

0.67745415  0.838289 0.630303 0417614 0.516358

01= standard deviation /sqrt(3)

062= standard uncertainty calibration of each length
03= (L*11.7%1) L=m fostee=11.7 /AT=(21-20 C')
od= (L*10%*11.7*1)

L= uncertainty calculation of length

o1 calculation

L1 12 13 14 15

Differencel

68.96023276 | 140.5617 | 208.8559 | 279.7736 | 348.0773

Difference2

69.6043758 | 142.5393 | 209.5171 | 279.7812 | 349.3979

Difference3

70.96629937 | 139.2605 | 207.5548 | 279.7977 | 348.8235

Mean

69.84363598 | 140.7872 | 208.6426 279.7841 348.7663

D

0836265462 | 1.34802 | 0.815171 | 0.010063 | 0.540682

SD/sqrt(3)

0.482818089 | 0.77828 | 0.470639 | 0.00581 | 0.312163

L
ol
02
a3
o4

10x

Horizontal
1 2 3 4 5

Appendix (11)

6.99468E-05
0.618653329
0.475215889
0.000818377
8.18377E-05

0.000141
0.398881
0.31146
0.001647
0.000165

0.00021
0.629795
0.419254
0.002462
0.000246

0.000281
0.471442
0.41756

0.003283
0.000328

0.00035
0.396946
0.411294
0.004098

0.00041

Ototal

0.780104326

0.506079

0.756586

0.629781

0.571617

1= standard deviation /sqrt(3)

62= standard uncertainty calibration of each length

03= (L*11.7%1) L=m /osteei=11.7 /AT=(21-20 C')
ol= (L*10%*11.741)
L= uncertainty calculation of length

o1 calculation

L1

12

13

14

L5

Differencel

70.14947979

141.1757

208.7803

283.329

349.9888

Difference2

68.44096592

139.4834

207.8738

281.572

349.1083

Difference3

71.0208

140.3379

210.5038

283.2782

350.7918

Mean

69.87041524

1403323

209.0527

282.7264

349.963 |

D

1.071538998

0.690882

1.090838 | 0.816561 | 0.68753

SD/sqrt(3)

0.618653329

0.398881

0.629795 [ 0471442 | 0.396946

Appendices

20x
Vertical
1 2 3 4 5
L 6.96127E-05  0.00014  0.00021  0.00028  0.00035
ol 0.177458642 0.179558 0.313841 0.308724 0.894255
02 0455154498 035966 0.335897 0389166 0.424746
a3 0.000814468 0.001636 0.002457 0.003271 0.004091
o4 8.14468E-05 0.000164 0.000246 0.000327 0.000409
Ototal 0.488526209 0.401994 0.459705 0.496761 0.990009
o1 calculation
11 2 13 14 15
Differencel | 70.26409381 | 138.5583 | 209.476 | 277.1137 | 346.0739
Difference2 | 69.60747316 | 139.2149 | 210.1448 | 276.479 | 346.0864
Difference3 | 69.6167644 | 139.2211 | 210.8075 | 277.7886 | 349.3658
Mean 69.82944379 | 138.9981 | 210.1428 277.1271 347.1754
D 0.307367384 | 0.311003 | 0.543588 | 0.534725 | 1.548895
SD/sqrt(3) | 0.177458642 | 0.179558 | 0.313841 | 0.308724 | 0.894255
10x
Vertical
1 2 3 4 5
L 0.00006961 ~ 0.00014  0.00021 0.0002796  0.0003497
ol 0409221393  0.717487  0.8316435 0.6327565 0.8691175
02 0455154498  0.35966  0.3358967 0.3891662  0.4247455
03 0.000814468  0.001636  0.0024571  0.0032709  0.0040911
ol 0.00008145  0.000164 0.0002457  0.0003271  0.0004091
Ototal 0.61206898  0.802587 0.8969189  0.7428606 0.9673629
o1 calculation
L1 12 13 14 L5
Differencel | 66.65986969 | 139.4396 | 208.72895 | 276.24255 | 345.53194
Difference2 | 67.51929327 | 136.792 | 206.95796 | 275.37084 | 344.66023
Difference3 | 68.39602028 | 139.4168 | 210.48631 | 278.00561 | 348.19891
Mean 67.52506108 | 138.5495 | 208.72441 | 276.53966 | 346.13036 |
SD 0.708792245 | 1.242725 | 1.4404488 | 1.0959664 | 1.5053557 |
SD/sqrt(3) | 0.409221393 | 0.717487 | 0.8316435 | 0.6327565 | 0.8691175
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Diagonal
1 2 3 4 5
L 9.84858E-05  0.000198 0.000296 0.000395 0.000495
al 0321891301  0.582289 0.345817 0.593761 0.723216
a2 037801891  0.367382 0.402659 0.749571 0.543678
a3 0.001152284 0.002317 0.003466 0.00462 0.005787
o4 0.000115228  0.000232 0.000347 0.000462 0.000579
Gtotal 0.496501407 0.688503 0530788 0.956259 0.904799
o1 calculation
L1 12 13 14 15
Differencel | 98.90958283 | 197.8192 | 294.8895 [ 394.7276 | 492.2388
Difference? | 99.36843441 | 200.1266 | 295.322 [ 394.2229 | 492.6758
Difference3 | 98.02506044 | 199.7372 | 296.3199 | 396.6126 | 495.0875
Mean 98.76769256 | 199.2277 | 295.5104 3951877 493.334
D 0.557532088 | 1.008554 | 0.598973 | 1.028425 | 1.252647
SD/sqrt(3) | 0.321891301 | 0.582289 | 0.345817 | 0.593761 | 0.723216
Diagonal
1 2 3 4 5
L 9.84858E-05  0.000198  0.000296  0.000395  0.00049:
ol 0.164982479  1.34334  0.733584 0587132  1.29815
a2 0.37801891 0367382 0.402659 0.749571 0.543678
o3 0.001152284  0.002317  0.003466  0.00462  0.005787
o4 0.000115228  0.000232  0.000347  0.000462  0.000579
Gtotal 0412454671  1.392673  0.836834 0952157  1.407413
o1 calculation
L1 12 13 14 L5
Differencel | 97.96646134 1984127  293.8913 393.7119 492.9105
Difference2 | 97.35639127 193.473  292.6716 395.0622 487.4929
Difference3 | 97.95861367 198.4048 2957612 396.1998 491.0605
Mean 97.76048876 | 196.7635 | 294.1081 | 394.9913 | 490.4879
SD 0.285758036 | 2.326733 | 1.270604 | 1.016942 | 2.248461
SD/sqrt(3) | 0.164982479 | 1.34334 | 0.733584 | 0.587132 | 1.29815




University of Nottingham Appendices
Appendix (12) - Zygo data

X1 X2 X3 X4 X5 Mean | SD  [sD/sqrt(s)] Y1 Y2 Y3 Y4 Y5 Mean SD  [sp/sqrt(s)]
1 91.2057 91.2057 882072 91.2057 91.2057 ' 36.9310 © 1.1994 0.536388 1 942042 942042 957035 957035 95.7035 ' 38.7643 | 0.734504  0.32848
2 265.1208 266.6201 262.1223 263.6215 265.1208 7107.8188 " 1.528961 0.683772 2 91.2057 94.2042 957035 94.2042 94.2042 7382754 " 1.468971 0.656944
3 437.5366 437.5366 436.0373 436.0373 436.0373 7177.9732 7 0.734504  0.32848 3 957035 957035 94.2042  97.2028  95.7035 ¥ 39.0087 7 0.948241 0.424066
4 605.4546 606.9539 603.9553 603.9553 608.4531 7246.9055 © 1.748438 0.781925 4 97.2028 97.2028 100.2013  98.702  98.702 ¥ 40.1087 7 1.121931 0.501743
5 7823682 779.3697 779.3697 777.8704 780.869 ©317.9155 7 1.528961 0.683772 5 957035  98.702 98702 100.2013 97.2028 ¥ 39.9865 " 1.528949 0.683767
6 948787 951.7855 948787 950.2862 948.787 7387.0922 7 1.199395 0.536386 6 97.2028  98.702  100.2013 957035  94.2042 ¥ 39.6198 7 2.120288 0.948222
7 92,705  91.2057 89.7064 89.7064 86.7079 7 36.6866 " 1.989013 0.889514 7 265.1208 266.6201 262.1223 265.1208 268.1193 7108.1855 7 1.988986 0.889502
8 263.6215 263.6215 260.623 260.623 259.1237 ¥106.5966 © 1.799113 0.804588 8 263.6215 265.1208 263.6215 268.1193 269.6186 7108.4299 7 2.436027 1.089425
9 433.0388 437.5366 436.0373 433.0388 434.5381 7177.2399 7 1.748425 0.781919 9 265.1208 269.6186 266.6201 269.6186 266.6201 7109.0410 7 1.799113 0.804588
10 605.4546 605.4546 602.4561 603.9553 603.9553 7246.2944 7 1.121941 0.501747 10 266.6201 266.6201 266.6201 268.1193 266.6201 7108.7966 © 0.59968 0.268185
11 773.3726 776.3712 7763712 773.3726 771.8734 7315.5933 7 1.799133 0.804597 11 271.1179 271.1179 269.6186 271.1179 271.1179 7110.3854 7 0.59972 0.268203
12 948.787 950.2862 948.787 947.2877 944.2892 7386.3589 " 2.03369 0.909494 12 269.6186 271.1179 271.1179 272.6171 272.6171 7110.6299 7 1.121931 0.501743
13 92705  88.2072 89.7064 882072 91.2057 7 36.6866 " 1.748428 0.781921 13 436.0373 437.5366 439.0359 437.5366 439.0359 "178.4621 7 1.121973 0.501762
14 2621223 259.1237 260.623 262.1223 260.623 7106.3522 " 1.121973 0.501762 14 439.0359 439.0359 436.0373 440.5351 439.0359 "178.8288 7 1.468983 0.656949
15 434.5381 434.5381 433.0388 436.0373 434.5381 "177.1177 7 0.948209 0.424052 15 437.5366 439.0359 439.0359 440.5351 439.0359 "178.9510 7 0.948209 0.424052
16 605.4546 603.9553 603.9553 602.4561 605.4546 "246.2944 © 1.121941 0.501747 16 437.5366 436.0373 436.0373 436.0373 434.5381 "177.7288 7 0.948209 0.424052
17 771.8734 773.3726 771.8734 773.3726 776.3712 73152267 7 1.642364 0.734488 17 442.0344 440.5351 440.5351 436.0373 440.5351 "179.3177 7 2.033711 0.909503
18 947.2877 947.2877 947.2877 945.7884 947.2877 73859922 7 0.59972 0.268203 18 442.0344 443.5337 440.5351 440.5351 4450329 7180.2954 7 1.748438 0.781925
19 882072 86.7079 86.7079 86.7079 88.2072 ¥ 355866 © 0.734504  0.32848 19 611.4517 606.9539 608.4531 609.9524 608.4531 72482499 ¥ 1.528965 0.683774
20 260.623 260.623 257.6245 257.6245 262.1223 7105.8633 7 1.799113 0.804588 20 609.9524 611.4517 609.9524 611.4517 609.9524 7248.8610 7 0.734504  0.32848
21 433.0388 430.0403 431.5395 434.5381 437.5366 "176.6288 7 2.579435 1.153558 21 609.9524 612.951 611.4517 611.4517 609.9524 ¥249.1055 7 1.121973 0.501762
22 602.4561 602.4561 600.9568 602.4561 605.4546 72456833 7 1.468971 0.656944 22 611.4517 605.4546 608.4531 609.9524 606.9539 7248.0055 7 2.120288 0.948222
23 771.8734 7703741 773.3726 770.3741 774.8719 ¥314.7378 ¥ 1.748425 0.781919 23 612951 612.951 611.4517 611.4517 614.4502 ¥249.7166 © 1.121941 0.501747
24 9457884 945.7884 948787 947.2877 945.7884 7385.8700 7 1.19944 0.536406 24 612.951 614.4502 614.4502 612.951 611.4517 7249.9610 7 1.121931 0.501743
25 80.7108 83.7094 852086 86.7079 85.2086  34.3644 " 2.033708 0.909502 25 777.8704 776.3712 779.3697 779.3697 777.8704 7317.1822 T 1.121941 0.501747
26 257.6245 257.6245 259.1237 259.1237 262.1223 7105.6188 " 1.642364 0.734488 26 783.8675 7853668 780.869 780.869  780.869 7318.8933 " 1.896434 0.848111
27 430.0403 431.5395 434.5381 431.5395 433.0388 7176.1400 " 1.528965 0.683774 27 777.8704 7793697 780.869 779.3697 779.3697 7317.6711 7 0.948241 0.424066
28 602.4561 603.9553 600.9568 603.9553 606.9539 246.0500 " 1.989007 0.889511 28 779.3697 780.869 782.3682 780.869  780.869 7318.2822 7 0.948209 0.424052
29 776.3712 773.3726 7733726 773.3726 774.8719 73155933 7 1.19944 0.536406 29 783.8675 785.3668 783.8675 783.8675 782.3682 7319.5044 " 0.948241 0.424066
30 948.787  948.787 947.2877 947.2877 945.7884 7386.2367 " 1.121973 0.501762 30 783.8675 786.866 7853668 785.3668 782.3682 "319.8711 " 1.528965 0.683774
31 86.7079 83.7094 88.2072 86.7079 85.2086  35.0977 " 1.528961 0.683772 31 953.2848 951.7855 950.2862 950.2862 953.2848 7387.9478 7 1.341015  0.59972
32 256.1252 257.6245 254.6259 259.1237 256.1252 7104.6411 " 1.528961 0.683772 32 9532848 953.2848 954784 951.7855 953.2848 7388.5589 " 0.948209 0.424052
33 431.5395 431.5395 431.5395 433.0388 430.0403 "175.8955 7 0.948209 0.424052 33 956.2833 953.2848 957.7826 953.2848 956.2833 7389.4144 7 1.799113 0.804588
34 600.9568 600.9568 602.4561 602.4561 602.4561 72453167 " 0.734504  0.32848 34 950.2862 951.7855 954784 953.2848 956.2833 7388.5589 " 2.120288 0.948222
35 776.3712 771.8734 7763712 776.3712 774.8719 ¥315.9600 7 1.748432 0.781922 35 9457884 953.2848 957.7826 948.787 953.2848 7387.9478 7 4.133212 1.848429
36 950.2862 944.2892 947.2877 945.7884 947.2877 ¥385.9922 7 1.988986 0.889502 36 948787  954.784 959.2818 951.7855 956.2833 7388.9255 © 3.623121 1.620309
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Alicona data

20x 20x
X1 | X2 | X3 | Mean | SD  |SD/sart(3)| YL | Y2 | Y3 | Mean | SD |SD/sqrt(3)]

1 70.2123 67.2139 687131 ©  30.10 ¥ 1.224092 0.70673 1 62.7139 64.2131 61.2147 ¥ 27.47 F1.224092 0.71
2 227.6272 226.128 230.6256 ¥ 99.92 7 1.869831 1.079547 2 65.7123 64.2131 67.2115 ¥ 2878 F 1.22 0.71
3 391.0389 392.5381 386.5413 ¥ 170.84F 2.54815 1.471175 3 70.2099 70.2099 65.7123 ¥ 3010 F 212 1.22
4 546.9546 545.4554 542.4571 7 238.69 7 1.869786 1.079522 4 717091 70.2099 67.2115 7 3053 T 1.87 1.08
5 708.8671 705.8687 707.3679 ¥ 309.83F 1.224092  0.70673 5 717091 687107 70.2099 ¥ 3075 F 1.22 0.71
6 864.7828 864.7828 864.3828 ¥ 378.727 0.188562 0.108866 6 68.7107 657123 62.7139 ¥ 2878 F 245 1.41
7 68.7131 657147 65.7147 T 29.22 ¥ 1.413459 0.816061 7 223.1272 223.1272 220.1288 F 9729 F 141 0.82
8 227.6272 229.1264 221.6305 ¥ 99.04 ¥ 3.238596 1.869804 8 224.6264 223.1272 2246264 ¥ 9817 F 071 0.41
9 391.0389 392.5381 389.5397 ¥ 171.287 1.224092 0.70673 9 226.1256 224.6264 2246264 F 9861 F 0.71 0.41
10 545.4554 546.9546 543.9562 ¥ 238.917 1.224092 0.70673 10 229.124 227.6248 2261256 7 99.70 F 1.22 0.71
11 704.3695 704.3695 702.8703 ¥ 308.29F 0.70673 0.408031 11 232.1224 232.1224 230.6232 ¥ 10145 T 071 0.41
12 866.282 861.7844 861.7844 ¥ 378.127 2.120189 1.224092 12 232.1224 2321224 229124 ¥ 10123 7 141 0.82
13 67.2139 67.2139 65.7147 T 29.22F 0.70673 0.408031 13 379.0429 382.0413 379.0429 ¥ 16646 T 1.41 0.82
14 226.128 2246288 223.1297 ¥ 98.39 F 1.224051 0.706706 14 383.5405 383.5405 380.5421 ¥ 16755 F 1.41 0.82
15 389.5397 391.0389 389.5397 ¥ 170.84F 0.70673 0.408031 15 382.0413 386.5389 385.0397 ¥ 168.43 F 1.87 1.08
16 543.9562 543.9562 543.8956 ¥ 238.247 0.028558 0.016488 16 382.0413 379.0429 374.5454 ¥ 16580 T 3.08 1.78
17 704.3695 704.3695 701.3712 ¥ 308.08 7 1.413412 0.816034 17 382.0413 382.0413 382.0413 ¥ 16733 F 0.00 0.00
18 864.7828 864.7828 864.6828 ¥ 378.76 7 0.04714 0.027217 18 385.0397 385.0397 388.0381 ¥ 169.09 © 1.41 0.82
19 67.2139 70.2123 62.7164 T 29.22F 3.08052 1.778539 19 540.9554 543.9538 542.4546 ¥ 23760 T 1.22 0.71
20 220.1313 221.6305 226.128 ¥ 97.51 7 2.548104 1.471149 20 539.4562 543.9538 540.9554 ¥ 237.16 F 1.87 1.08
21 392.5381 389.5397 386.5413 7 170.62 7 2.448183 1.413459 21 543.9538 545.453 546.9522 F 23891 T 1.22 0.71
22 542.4571 542.4571 543.9562 ¥ 237.827 0.706683 0.408003 22 542.4546 542.4546 542.4546 ¥ 23760 T 0.00 0.00
23 702.8703 702.8703 704.3695 ¥ 308.08" 0.70673 0.408031 23 542.4546 546.9522 543.9538 ¥ 23847 F 1.87 1.08
24 864.7828 866.282 861.7844 ¥ 378.56 7 1.869831 1.079547 24 545453 546.9522 549.9506 " 239.78 ¥ 1.87 1.08
25 68.7131 67.2139 61.2172 ¥  28.78 ¥ 3.238596 1.869804 25 695372 695.372 695.372 ¥ 30457 ¥ 0.00 0.00
26 223.1297 223.1297 221.6305 ¥ 97.51F 0.70673 0.408031 26 702.8679 705.8663 705.8663 ¥ 308.73 F 1.41 0.82
27 386.5413 388.0405 389.5397 ¥ 169.96 7 1.224092 0.70673 27 704.3671 702.8679 701.3687 ¥ 307.86 7 1.22 0.71
28 542.4571 543.9562 542.4571 ¥ 237.827 0.706683 0.408003 28 7043671 699.8695 711.863 ¥ 30895 F 4.95 2.86
29 701.3712 701.3712 705.8687 ¥ 307.86 7 2.120142 1.224064 29 705.8663 702.8679 704.3671 ¥ 30851 F 1.22 0.71
30 .2836 702.. 861.7844 860.2853 377.13  0.74955 0.432753 30 702.8679 701.3687 708.8647 ¥ 30851 T 3.24 1.87
31 65.7147 687131 62.7164 T  28.78 ¥ 2.448143 1.413436 31 852.7869 854.2861 858.7836 7 374.62 ¥ 255 1.47
32 223.1297 224.6288 220.1313 ¥ 97.51 7 1.869795 1.079527 32 864.7804 861.782 864.7804 ¥ 37834 F 141 0.82
33 388.0405 385.0421 382.0438 ¥ 168.657 2.448143 1.413436 33 864.7804 864.7804 863.2812 ¥ 37855 F 0.71 0.41
34 537.9595 540.9579 540.9579 ¥ 236.50F 1.413459 0.816061 34 863.2812 860.2828 861.782 F 37746 T 1.22 0.71
35 702.8703 702.8703 699.872 ¥ 307.42% 1.413412 0.816034 35 860.2828 867.7788 863.2812 ¥ 37834 ¥ 3.08 1.78
36 860.2853 857.2869 860.2853 ¥ 376.37F 1.413459 0.816061 36 861.782 864.7804 867.7788 ¥ 378.77 ¥ 2.45 1.41
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10x

X1 X2 X3 Mean SD | sp/sart(3) |
1 37 40 38 F 3361 F1.247219 0.7200823
2 117 118 119 ¥ 103.46 F0.816497 0.471404521
3 198 199 198 ¥ 17390 F0.471405 0.272165527
4 275 277 278 ¥ 242558 71.247219  0.7200823
5 360 361 361 7 316.23 70.471405 0.272165527
6 436 438 438 ¥ 383.45 70.942809 0.544331054
7 39 39 38 ¥ 3390 F0.471405 0.272165527
8 117 117 118 ¥ 102.88 F0.471405 0.272165527
9 199 200 200 ¥ 175.07 70.471405 0.272165527
10 276 276 275 ¥ 24170 70.471405 0.272165527
11 360 356 356 ¥ 31331 F1.885618 1.088662108
12 437 436 437 ¥ 38287 F0.471405 0.272165527
13 38 40 39 F 3420 F0.816497 0.471404521
14 116 118 118 ¥ 102.88 70.942809 0.544331054
15 199 196 199 T 17361 T1.414214 0.816496581
16 275 277 276 ¥ 242.00 ¥0.816497 0.471404521
17 359 358 356 ¥ 31360 F1.247219  0.7200823
18 437 437 4387 T 1537.61 71862.048 1075.053832
19 36 38 36 7 3215 70.942809 0.544331054
20 115 116 117 7 101.71 F0.816497 0.471404521
21 197 197 198 ¥ 173.02 F0.471405 0.272165527
22 276 276 2776 ¥ 97266 F1178.511 680.4138174
23 357 355 358 7 31273 71.247219  0.7200823
24 438 436 439 ¥ 38375 F1.247219  0.7200823
25 36 36 37 T 3186 70.471405 0.272165527
26 115 116 116 ¥ 101.42 F0.471405 0.272165527
27 196 197 197 ¥ 17244 ¥0.471405 0.272165527
28 276 274 275 7 24112 70.816497 0.471404521
29 356 355 357 7 31214 70.816497 0.471404521
30 437 435 436 7 382.28 70.816497 0.471404521
31 38 38 40 ¥ 33.90 F0.942809 0.544331054
32 114 114 115 ¥ 100.25 F0.471405 0.272165527
33 197 197 199 ¥ 17331 ¥F0.942809 0.544331054
34 273 273 274 ¥ 239.66 70.471405 0.272165527
35 353 354 354 ¥ 31009 %0.471405 0.272165527
36 436 432 434 ¥ 380.53 F1.632993 0.942809042
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10x

Y1 Y2 Y3 Mean SD  [sp/sart(3)]
1 32.4416 32.4416  30.688 31.86  0.826655 0.477269
2 38 34 35 F 3127 71699673 0.981307
3 37 36 38 ¥ 3244 70.816497 0.471405
4 41 36 36 7 33.03 72357023 1.360828
5 39 39 36 " 3332 "1.414214 0.816497
6 37 37 36 7 3215 F0.471405 0.272166
7 113 114 113 ¥ 99.37 F0.471405 0.272166
8 115 117 114 ¥ 101.12 F1.247219 0.720082
9 115 114 115 ¥ 100.54 ¥0.471405 0.272166
10 115 114 117 7 101.12 F1.247219 0.720082
11 117 115 117 ¥ 102.00 ¥0.942809 0.544331
12 118 117 117 ¥ 102.88 F0.471405 0.272166
13 196 193 194 ¥ 17039 F1.247219 0.720082
14 196 196 194 ¥ 171.27 ¥0.942809 0.544331
15 195 193 194 ¥ 170.10 F0.816497 0.471405
16 193 193 195 F 169.81 F0.942809 0.544331
17 194 193 195 ¥ 170.10 F0.816497 0.471405
18 194 191 196 ¥ 169.81 72.054805 1.186342
19 275 273 275 ¥ 24054 70.942809 0.544331
20 275 274 274 ¥ 24054 ¥70.471405 0.272166
21 274 275 277 ¥ 241.41 ¥1.247219 0.720082
22 272 273 274 ¥ 239.37 70.816497 0.471405
23 274 275 275 ¥ 240.83 70.471405 0.272166
24 272 274 273 7 239.37 70.816497 0.471405
25 352 351 352 ¥ 308.34 F0.471405 0.272166
26 352 353 353 ¥ 309.22 F0.471405 0.272166
27 357 354 353 ¥ 31097 71.699673 0.981307
28 357 357 358 ¥ 31331 70.471405 0.272166
29 353 359 355 ¥ 311.85 72.494438 1.440165
30 350 362 356 T 312.14 F4.898979 2.828427
31 431 430 432 ¥ 37790 ¥0.816497 0.471405
32 430 432 430 ¥ 377.61 70.942809 0.544331
33 429 433 434 ¥ 378.78 72160247 1.247219
34 431 433 433 ¥ 379.07 70.942809 0.544331
35 434 435 433 ¥ 38053 F0.816497 0.471405
36 433 431 431 ¥ 378.49 70.942809 0.544331
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Appendix (13)
MATLAB code for Resolution (Ch. 7):

g=======================Processing ZYgo data - as reference ===============
noOfReplication=1;

filePath ='ANAS Resolution data\';

filePathFolder=filePath;

matvVal = zeros(20e6,3); SNOTES: use pre-allocated memory (like in C/C++)
where rhe variables are declared first.
for j=1:noOfReplication
filename='zygo5 1'; %'test alicona';%'test zygo';
fullName=[filePathFolder '\' filename '.txt'] $%string concatenation,
alternative to strcat()
fid=fopen (fullName, 'r'); %opening the file
pointCounter=0;
line counter=0;

while (~feof (fid))
readLine=fgetl (fid) ;
if (~ischar (readLine))
break
end

val=regexp (readLine,' ','split'); %Splitting the string with
certain delimiter
if (size (val, 2)>=3)
if (~isnan(str2double(val(3)))) %check if the z value is not NaN
pointCounter= pointCounter+1l;
matVal (pointCounter,1l)=str2double(val(l));%*delta x;
matVal (pointCounter, 2)=str2double (val (2));%*delta y;
if(strcmp(val (3),'***"))
matVal (pointCounter, 3)=matVal (pointCounter-1,3) S%use
the previous one
else
matVal (pointCounter, 3)=str2double(val (3)); %unit in ?
end
end
end

end $%$END of while
fclose (fid) ;

end %END of the inner for j
matVal (pointCounter+l:end,:) = [];

$%CALCULATING the heigth with respect to lateral distance---——------—-—--
nLag=pointCounter;

ZhTotal = zeros(nlag,2*nlLag); % column l=for the value, 2=for the lag index
var = zeros(l,nlLag); % column l=for the value, 2=for the lag index

average heigth=zeros(1l,nLag);

lagIndex=zeros (1l,nLaq);

lagIndexCounter=0;
ZhColCounter=0;
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for i=1l:pointCounter
for j=l:pointCounter

lag=sqgrt (sum( (matval (i, :)-matval(j,:))."2));%Euclidean distance
%abs (matvVal (i, 1) matvVal(j,1));
if (j~=1)
if (i==1)

lagIndexCounter=lagIndexCounter+1;

lagIndex (lagIndexCounter)=lag; % record all the possible
lag

$ZhColCounter=ZhColCounter+1;

ZhTotal (lagIndexCounter,1l)=abs (matVal (i, 3)-matval(j,3));

else
counter=1;
while ((lagIndex(counter)-lag)> 0.05)
$lagIndex (counter)~=lag %if the difference < 0.05 um, they are the same
counter=counter+1;
if (counter>nlag)
counter=counter-1;
break;
end
end
colCounter=1;
while (ZhTotal (counter, colCounter) ~=0)
colCounter=colCounter+1;
if (colCounter>2*nlag)
colCounter=colCounter-1;
break;
end
end
ZhTotal (counter, colCounter)=abs (matVal (i, 3) -matval (j,3));
end
end
end
end
lagIndex;
ZhTotal;

$calculating the average heigth
average heigth (lagIndexCounter+l:end)=[];
lagIndex (lagIndexCounter+l:end)=[1];
for i=1:1lagIndexCounter
average heigth(i)=0;
j=1;
colCounter=1;
while ZhTotal (i, colCounter)~=0
average heigth(i)=average heigth(i)+ZhTotal (i, colCounter);
colCounter=colCounter+l;
if (colCounter>2*nlagqg)
colCounter=colCounter-1;
break;
end
end
average heigth(i)=average heigth (i) /colCounter;
end
average heigth;
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120 plot (lagIndex,average heigth,'.");
121 ylabel ('Average height/um') ;

122 xlabel ('lateral distance/um');

123 title('Zygo data');

124

125 matrix size=size (matval);

126

127 $WRITING The data to File: lagIndex, avergae height, ZhTotal

128 fullName2=[filePathFolder '\' filename '-lagIndex ZYGO.txt'] $string
129 concatenation, alternative to strcat ()

130 fid2=fopen (fullName2, 'w') ;

131 for i=l:length (lagIndex)

132 fprintf (fid2, '$f\n',lagIndex (1)) ;

133 end

134 fclose (£id2) ;

135

136 fullName2=[filePathFolder '\' filename '-averageHeight ZYGO.txt'] $string
137 concatenation, alternative to strcat ()

138 fid2=fopen (fullName2, 'w') ;
139 for i=l:length (lagIndex)

140 fprintf (£id2, '$f\n',average heigth(i));

141 end

142 fclose (£id2) ;

143

144 fullName2=[filePathFolder '\' filename '-zhTotal ZYGO.txt'] $%$string
145 concatenation, alternative to strcat ()

146 fid2=fopen (fullName2, 'w') ;
147 for i=1:length (lagIndex)

148 colCounter=1;

149 fprintf (fid2, "'$f\t',lagIndex (1)) ;
150 while ZhTotal (i, colCounter) ~=0
151 fprintf (fid2, '$f\t',ZhTotal (i, colCounter)) ;
152 colCounter=colCounter+1;

153 if (colCounter>2*nLag)

154 colCounter=colCounter-1;
155 break;

156 end

157 end

158 fprintf (£id2, '\n");

159 end

160 fclose (fid2) ;

161

162 $keep all the data

163 lagIndex zygo=lagIndex;

164 average heigth zygo=average heigth;
165 ZhTotal zygo=zhTotal;

166

167

168 g======================= Processing Alicona data ==========================
169 noOfReplication=1;

170 filePath ='ANAS Resolution data\';

171 filePathFolder=filePath;

172

173 matVal = zeros (20e6,3); $NOTES: use pre-allocated memory (like in C/C++)
174 where rhe variables are declared first.

175 for j=1l:noOfReplication

176 filename='alicona5 1';

177 fullName=[filePathFolder '\' filename '.txt'] %string concatenation,
178 alternative to strcat()

179 fid=fopen (fullName, 'r'); %opening the file
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pointCounter=0;
line counter=0;

while (~feof (fid))
readLine=fgetl (fid) ;
if (~ischar (readLine))
break
end

val=regexp (readLine,' ','split'); %$Splitting the string with
certain delimiter
if (size (val, 2)>=3)
if (~isnan(str2double(val(3)))) %check if the z value is not NaN
pointCounter= pointCounter+1l;
matVal (pointCounter,1l)=str2double(val(l));%*delta x;
matVal (pointCounter, 2)=str2double (val (2));%*delta y;
matVal (pointCounter, 3)=str2double(val (3)); %unit in ?
end
end

end $END of while
fclose (fid) ;

end %END of the inner for j
matVal (pointCounter+l:end, :) = [];

$%CALCULATING the heigth with respect to lateral distance--—-——-----—-——--
nLag=pointCounter;

ZhTotal = zeros(nlag,2*nlLag); % column l=for the value, 2=for the lag index
var = zeros(l,nlLag); % column l=for the value, 2=for the lag index

average heigth=zeros(1l,nLag);

lagIndex=zeros (1l,nLaq);

lagIndexCounter=0;
ZhColCounter=0;

for i=1l:pointCounter
for j=l:pointCounter

lag=sqgrt (sum( (matval (i, :)-matval(j,:))."2));%Euclidean distance
%abs (matvVal (i, 1) matvVal(j,1));
if (j~=1)
if (i==1)

lagIndexCounter=lagIndexCounter+1;

lagIndex (lagIndexCounter)=lag; % record all the possible
lag

$ZhColCounter=ZhColCounter+1;

ZhTotal (lagIndexCounter,1l)=abs (matVal (i, 3)-matval(j,3));

else
counter=1;
while ((lagIndex(counter)-lag)> 0.05)
$lagIndex (counter)~=lag %if the difference < 0.05 um, they are the same
counter=counter+l;
if (counter>nlag)
counter=counter-1;
break;
end
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end
colCounter=1;
while (ZhTotal (counter, colCounter) ~=0)
colCounter=colCounter+1;
if (colCounter>2*nlLag)
colCounter=colCounter-1;
break;
end
end
ZhTotal (counter, colCounter)=abs (matVal (i, 3) -matval (j,3));
end
end
end
end
lagIndex;
ZhTotal;

$calculating the average heigth
average heigth (lagIndexCounter+l:end)=[];
lagIndex (lagIndexCounter+l:end)=[];
for i=1l:1lagIndexCounter
average heigth(i)=0;
j=1;
colCounter=1;
while ZhTotal (i, colCounter) ~=0
average heigth(i)=average heigth(i)+ZhTotal (i, colCounter);
colCounter=colCounter+l;
if (colCounter>2*nlagqg)
colCounter=colCounter-1;
break;
end
end
average heigth(i)=average heigth (i) /colCounter;
end
average heigth;

figure;

plot (lagIndex,average heigth,'.");
ylabel ('Average height/um') ;
xlabel ('lateral distance/um');
title('Alicona data');

matrix size=size (matVal);

SWRITING The data to File: laglIndex, avergae height, ZhTotal
fullName2=[filePathFolder '\' filename '-lagIndex ALICONA.txt'] %string
concatenation, alternative to strcat()
fid2=fopen (fullName2, 'w');
for i=1l:1length(lagIndex)
fprintf (£id2, '$f\n',lagIndex (1)) ;
end
fclose (£id2) ;

fullName2=[filePathFolder '\' filename '-averageHeight ALICONA.txt']
$string concatenation, alternative to strcat()
fid2=fopen (fullName2, 'w');
for i=l:length(lagIndex)
fprintf (£id2, '$f\n',average heigth(i));
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299 end

300 fclose (£id2);

301

302 fullName2=[filePathFolder '\' filename '-zhTotal ALICONA.txt'] $%string
303 concatenation, alternative to strcat () a

304 fid2=fopen (fullName2, 'w') ;
305 for i=1:length (lagIndex)

306 colCounter=1;

307 fprintf (fid2, '$f\t',lagIndex (1)) ;
308 while ZhTotal (i, colCounter)~=0
309 fprintf (£id2, '$£\t', ZhTotal (i, colCounter)) ;
310 colCounter=colCounter+1;

311 if (colCounter>2*nLag)

312 colCounter=colCounter-1;
313 break;

314 end

315 end

316 fprintf (£id2, '\n'");

317 end

318 fclose (£id2) ;

319

320 $keep all the data
321 lagIndex alicona=lagIndex;

322  average heigth alicona=average heigth;

323 ZhTotal alicona=ZhTotal;

324

325

326  $======================= plot =======================

327 height transmission=zeros (length(lagIndex alicona), 2)
328 for i=1:length(lagIndex alicona)

329

330 for j=1l:length(lagIndex zygo)

331 $if (lagIndex alicona (i)==lagIndex zygo(j))

332 threshold=0.05;

333 if (abs(lagIndex alicona(i)-lagIndex zygo(j))<threshold)

334 height transmission(i,1l)=lagIndex alicona(i);

335 height transmission(i,2)=100-(100* (abs (average heigth zygo(j)-
336 average heigth alicona(i))/average heigth zygo(j))); %in percentage
337 break

338 end

339 end

340 end

341

342 figure;

343 plot (height transmission(:,1),height transmission(:,2),'.");

)
344 xlabel ('Lateral distance/um');
345 ylabel ('Transmitted height/%');

346 title ('Transmission curve');

347

348

349 fullName2=[filePathFolder '\' filename '-Transmission curve.txt'] %string
350 concatenation, alternative to strcat ()

351 fid2=fopen (fullName2, 'w') ;
352 for i=l:length (lagIndex)
353 fprintf (£id2, '$f\n',height transmission(i));
354 end
355 fclose (£id2);
356
357 CPUTime=toc
358
359
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