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Project Summary

Eddy current conductivity measurements are used as a routine inspection method for vast
quantities of aluminium alloys used in aircraft manufacture. The relationship between the
mechanical hardness and the electrical conductivity of individual alloys has been well
established. Thus for the aerospace industry, conductivity measurements form a very
important quality assurance which is directly reflected in the safety of an aircraft.

Conductivity is also increasingly used in the specification of coins and in the detection of
coins in sorting, handling and vending processes. Thus for these industries it forms part of the
tools for combating fraud.

The majority of conductivity reference standards produced by manufacturers of eddy current
conductivity meters are traceable through conductivity standards measured using a direct
current method. This would be a satisfactory situation if the materials had uniform properties
throughout their thickness. Most of the reference standards produced in this way for the
aerospace industry are special alloys of aluminium which undergo grain stretching and
precipitate hardening processes. The coin industry has its main interest in conductivities in
the range 4 — 18 %IACS.

In many cases the finished material has different conductivity values in the surface layers to
that of the bulk of the material. Since many commercial eddy current conductivity meters
operate at a frequency of 60 kHz and above, the penetration depth of the eddy currents is only
a few millimetres at most. Reference materials produced by NPLML and calibrated at a
frequency of 60 kHz with traceability to electrical standards are used in the major European
aerospace standards laboratories but traceability to other European national laboratories is to
a DC method. However, due to the need to intercompare with US manufacturers who use
reference standards also measured by the DC method, it is necessary to investigate how well
the two methods of measurement agree and how well industrial users agree with recognised
standards laboratories.

The project encompassed a thorough investigation of present conductivity measuring
methods and a new proposed method, together with the possible production of a second
generation of a range of reference materials. This places on a very sound and traceable basis
the conductivity measurements made by FEuropean standards laboratories, equipment
manufacturers and users in the aerospace industry. It will also assist coin producers and users
to have confidence in detecting fraudulent coins.

The objectives of the project are

e to develop a new methodology for the measurement of conductivity which may be useful
for both DC and AC measurements,

e to establish the agreement between existing and new DC and AC methods of conductivity
measurement,

e to investigate materials to be used as standards over the full range of conductivities and
to ensure that standards and measurements have traceability to national standards with an
uncertainty of better than 1%.
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This report marks the end of the project and all objectives have been met.

The new methodology based on the van der Pauw effect for measuring conductivity has
proved to be a reliable, low uncertainty technique for measurements at DC. The technique has
been implemented by at least 2 of the partners and can be used to measure block-shaped
references. It’s application at AC is limited in usefulness due to the considerable challenges
in the measurement.

The agreement between DC and AC has been analysed by reducing the frequency of
operation of the NPL existing Heydweiller bridge technique from 60 kHz to 4 kHz. It is clear
from the examples in workpackage 5 analysis that the origin of differences between the AC
and DC measured values of conductivity are not easy to interpret. The model analysis in
workpackage 3 has suggested that a difference of 0.5% may be expected between the DC and
AC values, where the AC values are expected to be higher. What can be concluded is that if
the DC measured value for the conductivity was used to calibrate a commercial conductivity
measurement instrument working at 60 kHz then a discrepancy could be introduced due to
this calibration in all subsequent measurements.

The ideal material for a conductivity standard should exhibit little or no anisotropy and
correct agreement between the AC and DC measured values. A material that was investigated
in this project was CuGe. With the simple phase diagram exhibited by this alloy material with
good uniformity should be produced. Also, due to the excellent solubility of germanium in
copper it would be possible to produce material for use across the conductivity range of
interest to industry.

It is important to emphasise that even when there is correct agreement between DC and AC
conductivity values the uncertainty cannot be lower than that of the AC method. It is not
possible to say if the AC and DC values agree to a level better than the combined uncertainty
of the individual methods, shown to be around 0.52%. Since the uncertainty for the AC
method is considerably higher than the DC techniques this dominates the level of agreement
that can be achieved. If instruments that work at AC are calibrated using conductivity
reference materials that are measured at DC, the evaluation of the uncertainty for the
calibration of the mentioned instruments should include a contribution from the possible
difference between AC and DC measurements. It is also recommended that the calibration
certificates for DC calibrations of conductivity standards should contain a sentence which
states that for the calibration of eddy current meters by means of these DC calibrated
standards one has to take into account an additional contribution from the possible difference
between AC and DC measurements.
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Summary of Workpackages

Work Effort Status
package Name Duration (man-
number (months) | months)
0 Meetings 34 3.5 Completed
1 Co-ordination activities 34 3 Completed
2 Test  specimen  preparation  and 33 6 Completed
assessment
3 Investigation of DC, AC and Van der 27 15 Completed
Pauw measurement techniques on
existing and new materials
4 User assessment and comparison of 6 3 Completed
existing and new materials
5 Analysis of results 4 3 Completed
Total project 34 33.5

Deliverables

Available in restricted report version NPL Report CETM S139, September 2003.

Milestones

Available in restricted report version NPL Report CETM S139, September 2003.

Workpackage O

This workpackage covered the meetings needed for coordinating the project and for
communications between the partners.

Description of tasks

0.1 Start-up meeting

0.2 Mid-term review assessment meeting

0.3 Final review meeting

0.4 Workshop to establish the needs of the coin industries, added at mid-term review.

Three partner meetings have been held during the project hosted, in turn, by the NMI
partners.

At the mid-term review, it was agreed that the way to investigate a broad cross-section of the
views and problems faced by the coin production, handling and vending industries was to
hold a workshop. This was held at NPL in March 2003 with invited speakers from the key
industries. The Chairman of the Mint Directors Working Group on the euro sent a
representative and there were attendees from some European Mints and also the European
Central Bank. The discussions at the workshop were stimulating and lively, and contacts have
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continued between the parties to discuss and take forward the issues. Annex A includes notes
and attendance list from the meeting.

Workpackage 1 Management report

This workpackage covered the coordination activities carried out by NPLML.

Description of tasks

1.1 Project co-ordination, all work-packages

Available in restricted report version NPL Report CETM S139, September 2003.
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Workpackage 2

This workpackage covered obtaining material, both conventional and Cu-Ge, for use in the
remainder of the project.

Description of tasks

2.1 Acquiring and machining conventional materials

2.2 Supplier identification, commissioning and machining of copper-germanium alloys

2.3 Uniformity testing on conventional and Cu-Ge alloys

2.4 Temperature testing of conventional and Cu-Ge alloys

Task 2.1 Report from NPLML

Summary of available material

The material used in the shapes for this project is summarised as follows:

Material Conductivity Bar Block
MS/m 600 x 80 mm 80 x 80 mm

Copper 59 NS v
Cu-Ge #1 42 v v
Aluminium 36 v v
Duralumin 29 NS NS
Aluminium alloy 22 v v
Aluminium alloy 19 v v
Brass 15 NS v
Nordic gold 9 v" (300 x 40 mm) 4
Titanium 2 v v

All the materials listed in the table above have a set of rings that can be inserted into the NPL
Heydweiller AC bridge. A tick in the table indicates that the bar or block is from the same
parent sheet from which the rings were fabricated. Where a material is marked as NS, the
sample is not from the same parent sheet from which the rings were fabricated. Due to the
size of the parent Nordic gold sheet, it was not possible to fabricate a bar with dimensions of
600 x 80 mm.

A second batch of Cu-Ge, Cu-Ge #2, will be available at the end of the project and
distributed to the partners.
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Task 2.2 Report from PTB

One of the objectives of the project is to establish the agreement between existing and new
DC and AC methods of conductivity measurement. The different methods need samples with
different geometry, i.e. bars, blocks (stars), and rings. The best way to check the consistency
of the results obtained by the different methods is to prepare the samples from the same alloy
plate. As a prerequisite the alloy plate has to be homogenous. For the alloy plates to be manu-
factured from copper-germanium the following physical properties were specified:

- conductivity: 42, 35.7,22.3 and 9 MS/m,

- homogeneity: the conductivity values of the plates, measured with a commercial eddy-
current conductivity meter over the entire surface (top and back side), should not deviate
more than 0.2 % from the mean value,

- permeability: < 1.001

The dimensions of the plates are determined by the dimensions of the samples. The samples
with the largest dimensions are the rings (outside diameter 380 mm, thickness 10 mm) for the
eddy current measurements and the bars specimen (600 mmx80 mmx10 mm). In order to
arrange them together on a rectangular plate as shown in Figure 1, the dimensions of the plate

have to be about 650x500 mm?.

650 X500 mm?

Figure 1

In addition to the bar and to the ring sample, several block samples (80x80x10 mm®) could
be machined from this plate. The plate should have a thickness of 12 mm to provide adequate
material for finishing. The mass of this plate made from copper-germanium is about 34 kg.
The amount of copper-germanium which is needed to fabricate a plate of 34 kg is about 20 %
higher (41 kg) taking into account the demands of the manufacturing process (melting,
rolling).

The manufacturing of the alloy plates needs to melt a certain amount of alloy material and to
roll it to the dimensions of the plates. The melting of the alloys should be done in a vacuum
induction furnace, otherwise the alloy material could become porous. The task was to find a
supplier who is capable 1.) to melt in a vacuum induction furnace an amount of alloy large
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enough to produce the desired plates, and 2.) to roll the alloy into the form of a plate having
the required dimensions.

As originally planned, the Cu-Ge alloys would be supplied by the IME Metallurgische Pro-
zesstechnik und Metallrecycling, an institute at the Aachen University of Technology
(RWTH), Germany. However, when this project started, the IME began to replace its facili-
ties. As a result, at the IME only small amounts of alloys (about 15 kg) could be melted and
rolled (width 200 mm) during the project years. As a consequence the bar and the ring
samples could not be machined from the same plate but had to be prepared from three
different plates (two plates would be needed for the two pieces of the ring). It was doubtful
whether the conductivity values of the different samples prepared from different plates would
be equal within 0.2 %, as specified above.

The PTB therefore started an extensive search for another sub-contractor with the help of the
Deutsche Kupferinstitut of the IME, and of the Isabellenhiitte, Heusler GmbH (the
Isabellenhiitte is the manufacturer of the well-known resistance alloys Manganin and Zeranin,
Zeranin being a copper-germanium-manganin alloy). The number of capable sub-contractors
for manufacturing the alloy plates is strongly restricted because the mass and the dimensions
asked for are in between the capabilities of laboratories at universities and that of industrial
facilities. A further complication arises from the fact that melting and rolling usually are done
by different parties.

As a result of the search for a capable, experienced, and willing supplier for the copper-
germanium alloys it was found that the manufacturing of these alloys would be possible by a
co-operation between ALD VACUUM Technologies AG, Hanau, and the Stahlzentrum
Freiberg, Freiberg (near Dresden). ALD is a large and competent producer of vacuum
equipment, including induction furnaces, and also offers and sells the technology and
consultancy for producing special metals and alloys. The Stahlzentrum Freiberg had been an
institute at the University Freiberg but is now independent. It has the facilities to melt the Cu-
Ge alloys and roll them to plates. The melting can be done by means of a very modern
vacuum induction furnace, which allows the alloy to be cast under vacuum in a water cooled
mould. This induction furnace had been delivered by ALD, and ALD constructed and
optimised the special graphite crucibles and the water cooled mould which are essential for
the fabrication of the required alloy plates. The Stahlzentrum Freiberg is able to roll plates
having a width up to 400 mm which, however, is less than the 500 mm needed to machine the
bar and ring samples from a plate when they are arranged as shown in Figure 1. Therefore the
arrangement of the samples to be machined was chosen as shown in Figure 2, with the
dimensions of the plates being 800x400x12 mm® and the mass, in Cu-Ge, of about 34 kg.

800 X400 mm?

Figure 2
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It was planned that ALD would be the sub-contractor but problems arose concerning the
contract for manufacturing the alloys. Several attempts by PTB and ALD to find a solution
which conformed to the regulations of the RTD project and to ALD’s terms of trade were
unsuccessful. This critical situation was ended by the suggestion of ALD that the sub-
contracting for supplying the alloys should be arranged between PTB and the Stahlzentrum
Freiberg. The Stahlzentrum Freiberg kept close contact with ALD for the necessary transfer
of knowledge for the best possible manufacturing of the copper-germanium alloys. The
contract between the PTB and the Stahlzentrum Freiberg was signed on 09.08.2001.

Detailed technical discussions, which were encouraging and fruitful, took place with the
experts at ALD and Stahlzentrum Freiberg regarding the melting and rolling processes. The
germanium contents which correspond to the specified conductivities, were calculated as
follows: For the specified conductivity values at 20 °C the corresponding resistivity values at
the same temperature were calculated. Assuming that Matthiessen’s rule can be applied, that
part of resistivity which corresponds to pure copper at 20 °C (1.673-10° Q cm, e.g. [3], [4])
was subtracted. The resulting resistivity part is the temperature independent part due to the
germanium. Dividing this figure by 3.7 10° Q cm/at.% ([3], [5]) results in the germanium
contents 0.190; 0.304; 0.758 and 2.55 at.%. However, this calculation is only reliable for
small germanium concentrations. For higher germanium concentrations the resistivity no
longer increases linearly with the germanium content [5] as shown in Figure 3.

36 T T
. Cu1 Ge
X
30 1
pQcm
20 45 MS /m
QL,Z

10 — 410MS/m

d2.0M8/n

13

Figure 3: Residual resistivity p(T = 4.2 K) of Cu-based alloys as a function of the solute
concentration [5].

Therefore the manufacturing of the alloys started with the lowest concentration. This
procedure gave the possibility of improving the calculation of the amounts of the constituents
for the more concentrated alloy if the measured conductivity (resistivity) value deviated from
the expected one, and so the difference between the calculated and the resulting conductivity
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could be kept small. The reproduction of the manufacturing process had to be provided by
applying analysis and testing methods.

The contract stated the manufacturing of four copper-germanium alloy plates having
germanium contents of 0.19, 0.30, 0.76 and 2.55 atomic % germanium. The contract had two
stages: If the properties of the first plate manufactured do not meet the specifications given
above, the contract may be cancelled and the other three plates will not be manufactured. The
first plate had to be delivered before 12.10.2001, the other three plates before 24.11.2001.

Because of lack of experience in working with bulk quantities of this special alloy, the
Stahlzentrum Freiberg made three attempts to produce a first Cu-Ge plate with 0.19 atomic %
germanium suitable for machining the different conductivity samples, i.e. the ring, a bar and
blocks (VdP samples).

The first attempt resulted in a plate which had a thickness of 11.2 mm instead of 12 mm. The
reason was that after rolling to a thickness of 12 mm the plate was bowed. To remove the
bowing the plate was tempered again and rolled once more with the result of a further
reduction of the thickness to 11.2 mm. A second and a third attempt were made to produce a
Cu-Ge plate with 0.19 atomic % germanium, contractually on the thickness issue. The second
plate was manufactured (rolled) to a thickness of the 14 mm with respect to a possible
bowing of the plate. From this plate NPL's machining subcontractor produced a ring, a bar
and 6 blocks. Details of the assessment are given in Task 2.3.

At this stage of the work on the Cu-Ge alloys the subcontract needed a decision whether to
proceed with the work as planned, i. e. to fabricate the remaining three plates with 0.30, 0.76,
and 2.55 atomic % germanium, or to cancel the contract. The manufacturing of a highly
concentrated Cu-Ge alloy in form of a plate which has a high homogeneity with respect to the
conductivity is a large challenge. It requires that at the first stage the ingot has to be of high
homogeneity, and that at the second stage the subsequent rolling process has to preserve this
property. The germanium content of the Cu-Ge alloys strongly influences the physical
properties of the alloys. For example, increasing the germanium content decreases the
thermal conductivity by the same factor as the electrical conductivity is decreased
(Wiedemann-Franz-Law). The thermal conductivity influences the solidification of the
molten alloy in the water cooled mould and therefore also the properties (homogeneity) of the
ingot. Also the hardening of the alloy during the rolling process is changed. Therefore the
manufacturing of an alloy with 2.55 atomic % germanium required adjustment and
optimisation of the different process parameters, based on the experience from the work on
the lower concentration alloy.

Given that the subcontractor Stahlzentrum Freiberg took three attempts to produce a Cu-Ge
plate with 0.19 at.-% germanium having properties which corresponded to the conditions of
the contract, it was decided to cancel the first contract and place a new contract restricting the
work to optimising the process for one Cu-Ge alloy with a concentration of >2.55 at.-%
germanium, having a conductivity of about 9 MS/m. This value is of special interest because
it is the same as for the coin metal Nordic Gold.

From the measurements of the conductivity of the plates with an eddy current meter using
different frequencies (see the reports from IFR and NPL in [2]) it was clear that the as-rolled
plates were inhomogeneous in the direction of the thickness, i.e. the conductivity increased
from the bulk to the surface and that the surface contains less germanium. There is strong
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evidence that this is caused by the annealing procedure which is necessary for the rolling
process because the effect of germanium degradation increases with the temperature and the
duration of the annealing (for details see the report by the Stahlzentrum Freiberg in the
Annex B-2). From the results at this stage, it was concluded that the measured
inhomogeneous conductivity of the raw (non-machined) Cu-Ge plates mainly resulted from
the rolling process and the necessary annealing. The procedure to make the alloy itself
(melting, casting) was robust with the different parameters (stirring time, cooling rate, etc.)
being optimised, but the rolling process needed more and systematic experimental work. The
parameters are the annealing temperature, annealing time, degree of thickness reduction
during the different steps of rolling, temperature during rolling. Further, knowledge of the
diffusion behaviour of the germanium is important, i.e. parameters such as evaporation
pressure and diffusion velocity. Most of these experimental investigations can be done on
smaller samples and do not need the large and expensive plates.

Based on this experience from the former work on the lower concentration alloy PTB and
Stahlzentrum Freiberg agreed a work plan for the manufacturing of the alloy with 2.55 at.-%
germanium, taking into account comments by NPL. After the EC had agreed to proceed with
the work on the Cu-Ge alloys (Task 2.2), a new subcontract between PTB and Stahlzentrum
Freiberg was signed on 14 March 2003. The topics of the new work plan treated
investigations and improvements of the melting process and of the rolling process (see
Appendix C-1).

At first a smaller-sized ingot (dimensions 125x110x135 mm’; mass 16 kg) with a germanium
concentration 0f.2.86 at.-% was produced using the same cooling technique as used for the
alloy plates with 0.19 at.-% germanium, i.e. the two water cooled plates were placed
vertically together with two blocks of aluminium oxide thus forming the mould. Within this
mould the molten alloy was solidifying in the directions perpendicular from the surfaces of
the cooled plates. To determine the profile of the concentration and of the conductivity within
the ingot it was cut into slices and probes were taken for chemical analysis. The results of
these analysis and of conductivity measurements along different directions are given in
Appendix C-2. It was found that the conductivity increased along the direction perpendicular
to the cooled plates from 9.1 MS/m to 10.2 MS/m having a maximum at the centre of the
ingot. To improve the homogeneity another cooling technique was developed where only one
water-cooled plate was used and placed as bottom of the mould. In this case the solidification
generates no gradient in the direction parallel to the bottom, that is between the later (after
rolling) “surfaces” of the plate. Again the ingot was sliced and investigated with respect to
the homogeneity of the germanium concentration and of the conductivity. The results were
promising and this technique was used to produce a large ingot (70 kg) from which a large
plate with the specified dimensions of 400x800x12 mm® could be manufactured.

Although the appearance of the large ingot was good, problems arose with the rolling
process. At each stage of the rolling process cracks appeared, at the first stages only at the
edges and these cracks were removed by milling. The later stages, however, produced cracks
all over the surface. After analysing the reasons for this, the plate was re-melted, a new large
ingot produced and a plate was rolled using the additional information on the critical
parameters of the rolling process. The resulting plate is flat and has the dimensions
850x440x16 mm’. The conductivity value which has been measured on the surface of the as-
manufactured plate is 8.82 MS/m. The details of the manufacturing of this plate are given in
the report of the Stahlzentrum Freiberg on the work during the period 01-01-2003 to 30-06-
2003 (Appendix C-2). The plate was sent to NPL for milling the surfaces and for first
measurements of the conductivity by means of an eddy current meter.
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The contracts and reports from Stahlzentrum Freiberg are contained in Annex B and Annex C
and results of their assessment are in Task 2.3.

Task 2.3 Report from IFR

The plates produced in the first contract with Stahlzentrum Freiberg went first to IFR for
uniformity checking. The results of this are shown in the year 2 project report [2]. However,
the true behaviour of the material could not be properly assessed due to a skin left on the
plate from the processing and was only established after machining by NPL. Therefore the
plate from the second Stahlzentrum Freiberg contract went directly to NPL for uniformity
checking.

Task 2.3 Report from NPLML

All uniformity measurements carried out by NPL were made using a commercial
conductivity meter at a frequency of 60 kHz. All surfaces were cleaned prior to measurement
and their temperature allowed to stabilise.

Note: 100 %IACS is 58 MS/m.

Selected Cu-Ge plate from thefirst contract

Uniformity measurements as delivered.

Initial measurements were made using a grid size of 10cm X 10cm resulting in 36
measurement points on the surface of both sides. The measurements were made at an ambient

temperature of 20 = 1°C. The mean uncorrected conductivity value, the standard deviation
and standard error of the mean are given in Table 1.

Sheet 2 Side ABefore Machining

Note: each graduation is 0.1%IACS
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Sheet 2 Side B Before Machining

A/

1=

Note: each graduation is 0.1%IACS

Figure 4
Side A Side B
Mean ¢ 71.744 %IACS 71.690 %IACS
Standard deviation 0.203 %IACS 0.213 %IACS
Standard error of the mean 0.047 % 0.049 %

Table 1 Uniformity measurements before machining.

The picture below left, shows the surface finish as received after rolling. The black surface
layer caused by the rolling process can be seen. All initial measurements were made with this
layer cleaned but intact. The picture also shows an area sanded prior to machining to
investigate the layer thickness it also shows some cracks on the surface. The picture on the
right shows the curvature of the plate as received. Some flattening was required before the
plate was machined.

Figure 5
Uniformity measurements after machining.
Measurements were made to side B after Imm of the thickness had been machined off. The

uniformity measurements were made using a grid size of 4cm X 4cm, resulting in 220
measurement points. The measurements were made at an ambient temperature of 20 + 1°C.
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The mean uncorrected conductivity value, the standard deviation and standard error of the
mean are given in Table 2.

Sheet 2 Side B After Machining (Imm removed)

NN

' N 4’
NG SO0 v | B ST

Smmdlle=oNTT =N, P
o J LSNP NS

NP Ny s
.-- P ‘A-

e Iy

Note: each graduation is 0.1%IACS, but the grid resolution is higher than previous diagrams.
Figure 6

1 2
Mean o 70.798 %IACS 70.741 %IACS
Standard deviation 0.213 %IACS 0.156 %IACS
Standard error of the mean 0.020 % 0.017 %

Table 2 Uniformity measurements after first machining.

In Table 2, the values given for column header 1 refer to values calculated based on all
measured values and values given for column header 2 refer to values calculated based on all
measurements except for the top two rows where the values typically are higher that the rest
of the plate. It can be seen from the tables that the true uniformity was not measured until the
surface layer was removed. By selecting areas away from the high values, rings, a bar and the
blocks were machined from material of suitable uniformity.

Lower value Cu-Ge plate from the second contract

The uniformity measurements were made using a grid size of 4cm X 4cm, resulting in 220
measurement points. This grid size is as above but note that the scale in the diagrams is finer
at 0.05 %IACS. The measurements were made at an ambient temperature of 20 + 1°C. The
mean uncorrected conductivity value, the standard deviation and standard error of the mean
are given in Table 3.




NPL Report DEM-ES 001
G6RD-CT-2000-00210 “Conductivity” page 18 of 149
May 2004

Low Value Sheet Side A Before Machining

Note: each graduation is 0.05%IACS

Low Value Sheet Side B Before Machining

’—

4

Note: each graduation is 0.05%IACS

Figure 7
Side A Side B
Mean ¢ 15.196 %IACS 15.204 %IACS
Standard deviation 0.041 %IACS 0.033 %IACS
Standard error of the mean 0.018 % 0.014 %

Table 3 Uniformity measurements before machining.

It can be clearly seen, by comparing table 3 with table 1, that this sheet has significantly
improved uniformity even before machining.

Task 2.4 Report from NPLML

This task was transferred from Hocking to NPLML in the first project year.
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Temperature coefficients (TC) have been measured on most of the conventional materials and
on the newer Cu-Ge and Nordic gold. A summary table 4 is shown below.

Material TC
MS/m/K
Copper -0.175
Cu-Ge (70) -0.070
Aluminium -0.146
Dural -0.094

Aluminium alloy, H  -0.065
Aluminium alloy, J | -0.054
Aluminium alloy, R| -0.059
Aluminium alloy, S| -0.043
Aluminium alloy, B| -0.037

Brass, C2 -0.025
Brass, C1 -0.020
Lital -0.011
Nordic gold -0.005
Cu-Ge (16)

Titanium -0.002

Table 4
Due to the small signal changes to be measured when assessing temperature coefficients, the

uncertainty in these coefficients is significant and they should only be used for correcting
small temperature changes.

Workpackage 3

3.1 Assessment of techniques at DC

3.2 Assessment of techniques up to 1 kHz

3.3 Assessment of techniques from 1 kHz and up to 100 kHz

Task 3.1 Report from NMi

The aim of this task in work package 3 was to make precise measurements of the DC
conductivity of several samples. The samples studied were of the normal bar shape, as well as
square samples. A particular aim has been to test whether the DC conductivity of square
samples can be directly measured with a new method, based on the Van der Pauw method.

Electrical M easurement set-up

The electrical set-up that was developed at NMi in the first project year has been significantly
improved in the following second project year. In the final third project year the set-up was
successfully used for measurement of a large series of conductivity samples, both in the
conventional shape (bars) as in the new, Van der Pauw shape (square blocks).
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Conventional set-up

Since conductivity measurements were going to be performed on a reasonably frequent basis
at the Nederlands Meetinstituut, it was decided at the start of the project to develop a new
electrical measurement set-up that is completely automated.

The main elements of the electrical measurement set-up to accurately determine the low
resistances of the conductivity samples are a 1 — 100 ampere DC current source, reference
resistors with several values (1 m€, 100 uQ, and 15 u€), and a nanovolt meter. The
unknown conductivity sample and a reference resistor are placed in series in the current
circuit (see figure 3a). The nanovolt meter (a HP34420 nanovolt meter) measures the ratio of
the voltages developed across reference resistor and conductivity sample, which is equal to
the inverse conductance ratio of reference and sample. Since a ratio measurement is
performed, only the linearity of the 1 mV range of the nanovolt meter is important, which is
more stable and accurate than the absolute gain.

All instruments are computer controlled. A key element for completely automating the
measurements, is an automated switch box. This box was developed for switching the
polarity of the current and for selection of the current and voltage contacts of the square
samples in the Van der Pauw measurements (figure 6a). Switching the current polarity is
crucial for compensation of thermal voltages. Inside the box, the part with the voltage relays
is thermally and electrically well shielded from the part with high current relays and the
environment for optimal measurement of the small DC voltages. The whole measurement
process is controlled by a computer using a program written in Testpoint.

For conductivity measurements in the conventional bar shape, special clamps for introducing
the current have been made, as well as knife edges for sensing the voltage. See Figure 4 for a
design sketch of the measurements in this configuration.

Figure 8. Design sketch of a conventional bar-shaped conductivity sample,
together with clamps for feeding the current, as well as the voltage-sensing
element with two knife-edges. The knife-edges are separated from the main
body of the sensing element by kapton foil.

Van der Pauw set-up

For the measurements on square samples in the Van der Pauw geometry, the normal clamps
would not suffice since the contact area in Van der Pauw measurements should be negligible
compared to the sample size. Since initial tests at PTB showed that pressing brass blocks to
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the edges of the sample worked reasonably well, a special clamping unit was made at NMi
(see Figure 5) based on this idea.

Figure 9. Design sketch and photograph of the special clamping tool for square
conductivity samples. Four brass blocks make contact to the corners of the
sample, laying in the middle of the plastic holder. Note that two of the brass
blocks can be screwed inwards in order to clamp the sample on all edges.
Each block has a voltage and current contact. Typical contact resistance of
the blocks to the sample achieved thisway is 50 — 100 u2.

The contact resistances of the blocks to the sample that are achieved this way are in the range
of 50 — 100 p€ although such low contact resistances are not achieved on all samples.
Sometimes an oxide layer had to be removed first, and often the contacting blocks were
slightly rotated or moved in order to reduce any resistance due to oxides between the
contacting block and the sample (also see below). It was crucial that before each precision
measurement the contact resistances of the four clamping blocks were tested. If such a
resistance were high (well above 1 mQ2), heating would occur at this contact, which would
affect the temperature of the sample as well as giving rise to extra thermal voltages.

For the electrical measurements, the basic principle is similar to that of the conventional bar
type samples. However, here all four sides of the sample are measured. It is checked that
results from opposite sides agree with each other (symmetry argument) and then the
conductivity is calculated using the Van der Pauw formula [6] and see also Tasks 3.2 and 3.3.
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Figure 10. Schematic diagram of the set-up for conductivity measurements in the
Van der Pauw geometry at NMi. The switches swl-sw4 are for reversing the
current polarity and for selecting the current and voltage contacts. The whole
set-up is computer controlled.

Improvements of the set-up

From the initial measurements with the system in the first project year, the following
limitations of the initial measurement set-up had been identified, which were solved in the
second project year

1. Extrathermal voltages in the voltage lines inside the automated switch box, produced by
the heat generated at the current relays of the switch box.
The large currents needed to measure the small resistances of the conductivity samples
produce heat inside the automated switch box. This heat influences and increases the
thermal voltages at the voltage relays inside the same switch box. This problem was
identified already in the design of the switch box and thus the voltage relays were
thermally insulated inside the switch box from the current relay section. Since this
apparently was not sufficient to eliminate all effects, and additional fan was placed inside
the box near the current contacts to remove the heat out of the switch box. This appeared
to be very efficient in removing the unwanted effects.

2. Noise, due to non-perfect shielding of the wires in the measurement set-up.
In the initial measurement set-up, not all wires were shielded. To improve this situation,
all voltage leads have been shielded, with all shields connected to a central ground at the
switch box. This significantly reduced the noise in the voltage measurements, especially
for measurements were the conductivity sample was placed in an oil bath (where the
motor for stirring the oil generates a significant disturbing electromagnetic field).

3. Insufficient accuracy in the temperature measurement of the conductivity sample.
Since the materials from which the conductivity samples are made have a quite
significant temperature dependence, the measurement of the temperature of the sample
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should be done quite carefully. We therefore have added four thermistors to the
measurement set-up. These thermistors in the Van der Pauw measurements are located on
the four corners of the conductivity sample, where the contacts to the sample are made
(see Figure 3b). The thermistors were calibrated at several temperatures around 20 °C, the
reference temperature in the conductivity measurements. The total uncertainty in the

temperature measurement is estimated to be 40 mK (k= 2).

4. The contact resistance between current contact and the Van der Pauw conductivity
samples as made with the special clamping tool is causing a temperature rise at the
corners of the sample, which effect needed further study.

Initially we found that with the special clamp as given in figure 3b, contact resistances of
typically 3 mQ could be obtained. For a measurement current of 10 A, this means a
dissipation of 300 mW at each of the current contacts. This dissipation gives a very
significant increase of the temperature at the corners of more than 1 °C, even when the
sample is in a well-stirred oil bath. This temperature rise at the corners of the sample is
severely limiting the total uncertainty in the measurement: with such a large increase in
(local) temperature, it is very difficult to precisely determine the average temperature of
the complete conductivity sample and in addition thermal voltages are increased.

We therefore paid extra attention to further lowering the contact resistance. It appears that
when the contacts are moved slightly after they have been pressed to the sample, the
contact resistance reduces with more than a factor ten to typically 50 — 100 uQ. With this
method, such low contact resistances can be reproducibly obtained. Before each Van der
Pauw measurement, the value of the contact resistance on all four corners is checked.

5. Determination of the best measurement current in the measurement. Large currents give
a larger voltage signal that is easier to measure with the nanovolt meter, but also
produces more heat at the contacts of the Van der Pauw sample.

Having achieved the improvements in the switch box and the contact resistance, a study
was undertaken to determine the optimal measurement current. Large currents give a
larger voltage signal that is easier to measure with the nanovolt meter, but also produces
more heat at the contacts of the Van der Pauw sample. The study was performed for
different environments of the sample: in air, non-stirred oil, and stirred oil.

In figure 7 the results are presented for measurements on a square sample in Van der
Pauw geometry in the flowing oil of the temperature controlled oil bath. From the
individual temperatures at the corners of the sample it can be clearly seen that different
contacts are subsequently used as current contact. From these measurements, it was
decided to use a measurement current of 10 A as the optimal current, since the voltage
signal at that current is significantly larger than for 1 A, 2 A, or 5 A, but at the same time
the average heating is only 30 mK, with a variation of the individual temperature at the
corners of about 15 mK.

It was found that for measurements in air or in non-stirred oil, the increase in temperature
of the contacts was significantly larger. For example, the heating at a measurement
current of 30 A was 0.3 °C, 1.4 °C, and 2.2 °C for measurements in flowing oil, air, and
non-stirred oil respectively.

6. Waiting times in the measurement process, related to the settling of thermal voltages in
the set-up, are not yet optimised.
Finally, the waiting times in the experiment were optimised. After some study it was
concluded that the waiting time after selection of new current contacts was 3 — 5 minutes,
needed for the new thermal situation to stabilize. After switching of current direction a
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waiting time of 10 seconds was needed, and similarly for switching of the voltage
contacts between sample en reference resistor 6 seconds.

20,40 ]
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20,204 LWL
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20,10
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Figure 11. Temperature of the four corners of a conductivity sample (A, B, C, D)
in flowing oil during a Van der Pauw measurement as a function of
measurement current being increased in steps over time.

M echanical measurements

In conductivity measurements, apart from the electrical resistance (inverse conductance), also
some dimensions of the sample have to be measured. On bar samples this is the area of the
cross section of the bar, as well as the distance between the knife-edges of the sensing
element.

The distance between the knife-edges of the several sensing elements was determined using a
3D co-ordinate measuring machine (CMM), calibrated with a laser interferometer. It
appeared that the kapton foil was very suitable for electrically isolating the knife edges from
the main body of the sensing element (see Figure 4): variations in length after several times
of mounting and de-mounting of the knife edges was only 2 um. The total uncertainty of the
knife edge distance was 5 um, mainly determined by the curving and non-parallelism of the
knife edges.

For the measurements on the square sample, the thickness of the sample is needed. For best
results, the thickness of the sample is measured in two steps. First, the flatness of both sides
of the samples is measured (see Figure 12). From these results it should be concluded to what
extent the flatness of the sample limits the thickness measurement of the sample (in the case
of Figure 9, this is approximately 1 um). After the flatness measurements, the thickness of
the sample was measured on nine points, spread homogeneously over the whole area of the
sample. The resulting thickness was d = (10,059 7 +/- 0,000 8) mm.
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Figure 12. Measurement of the flatness of the top and bottom of the square test
sample measured by NMi. It is concluded that the flatness limits the thickness
measurement of the sample to approximately 1 gm.

Since the above way of working is time consuming, the majority of the dimensional
measurements in practice are performed with micrometer screw gauges, that are calibrated
just before the measurements using end gauges of 10 and 80 mm respectively. For the blocks,
the thickness is measured at four places near the corners of the block, and subsequently
averaged. For the bars, the thickness is measured at four places along the location of the
knife-edge and at each side of the bar (resulting in 8 values in total) and subsequently
averaged. The width of the bar was measured at four places along the position of the knife-
edge and the results were subsequently averaged. Each bar and block is measured at least two
times in order to check the reproducibility of the results.

M easurement results

Figure 13 shows a typical result of a Van der Pauw measurement on a square conductivity
sample, using the improved measurement set-up and measurement parameters. The four
different type of data points indicate the results obtained from the four sides of the sample,
where Ry and Rc are from opposite sites of the sample, and similarly Rz and Rp. From
symmetry arguments it can be seen that Ry and Rc should be equal, as well as Rs and Rp.
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In the measurements of figure 10 indeed Ry = Rc and Rg = Rp within 0.002 %, far within the
noise of the measurement. Furthermore, Ry differs only 0.17 % from Rg so that the correction
factor f(r) (see below) taking into account effects from the difference in these two values also
can be neglected. The difference in Ra and Rp is caused by the non-exact squareness of the
sample as well as by non-homogeneity in the plane of the sample (e.g. different
conductivities for directions along and across the rolling direction of the plate from which the
sample was machined).
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Figure 13. Typical result of a series of Van der Pauw measurements on a square
conductivity sample on all four sides A, B, C, and D of the sample (results for
Ra, Rs, Rc, and Rp, are given by diamonds, squares, pluses and crosses
respectively).

Uncertainty in the measurements
An important activity in the project was the careful examination of the factors contributing to
the uncertainty in the measurements.

An important contribution to the total measurement uncertainty is the linearity of the 1 mV
range of the nanovolt meter used in the set-up. A non-linearity in the measurement range of
the voltmeter will result in an error in the measured ratio in voltage across the conductivity
sample and the reference resistor.

The non-linearity of the nanovolt meter was measured in two different ways. First of all, the
1 mV range was calibrated with the Josephson array voltage standard (figure 10a). With this
primary quantum standard, voltages can be generated with very low uncertainty. The results
of this measurement show the deviation from linearity to be less than 10 nV, that is 10 ppm
of the full scale. This would e.g. mean an uncertainty of 100 ppm (= 0.01 %) in a 1:10 ratio
measurement where one of the voltages is at the maximum of the input range, that is I mV.
The limitation of this calibration method is that for very small voltages, as they are present in
the conductivity measurements, the deviation from linearity can not be determined: the
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smallest voltage the Josephson array voltage standard can generate is 165 uV, whereas
voltages as low as 6 UV occur in the conductivity measurements in the Van der Pauw
method.

Therefore, a second way of calibrating the non-linearity error was used. A ratio measurement
was performed of a 1 mQ and 100 uQ resistance standard with known values, for different
currents and thus for different input voltages at the nanovolt meter. This is more exactly
simulating the situation that occurs in the conductivity measurements. Figure 10b indicates
that the deviation from linearity is well within 100 ppm for all relevant input voltages.

Thus as a conclusion, we estimate the uncertainty due to non-linearity of the nanovolt meter
less than 0.01 % for the voltages and voltage ratios that occur in our conductivity
measurements.

An further important prerequisite for low uncertainty in conductivity measurements in the
Van der Pauw geometry is that the contact area at the corners of the sample should be small
compared to the dimension of the sample. Versnel has shown in 1978 that the error
introduced by our contact geometry is equal to 2.05 - A*, with A the ratio between the sum of
lengths of the contacts and the length of the boundary of the sample (see [7]). For our
conductivity samples, which are 80 mm x 80 mm x 10 mm, a contact width of 2 mm thus
only introduces an error smaller than 1 ppm. With the clamp given in figure 3a contact sizes
are always smaller than this 2 mm.

The correctness of this evaluation was tested in practice by NPL by comparing the results
obtained on a square conductivity sample with those obtained on a star shaped sample made
from the same batch of material. In the star geometry the necks of the star produce the
required, well-defined current distribution which relaxes the contact geometry requirement.
The difference in the results was only 0.025 %, well within the measurement repeatability
and sample homogeneity of the batch, so that we conclude that our analysis is correct.

The final result for the uncertainty in conductivity measurements at NMi using the Van der
Pauw geometry is given in Table 5 on the next page. The total uncertainty of the
measurement is 0.04 % (k= 2), as outlined in this table for a conductivity value of 36 MS/m.
For conductivity values lower than 36 MS/m the measurement uncertainty is the same,
whereas for higher conductivity values it slightly increases to 0.05 % at 100 % IACS
(58 MS/m). This increase is due to the lower voltage signal across the conductivity sample
when the conductivity increases. The effect of residual, non-compensated, thermal voltages
then becomes the limiting factor in the experiment.
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Figure 14. Measurement of the linearity of the 1 mV range of the nanovolt meter.
(a) Deviation from linearity as a function of input voltage, generated with a
Josephson array voltage standard. (b) Measured resistance ratio of a 1 mg2
and 100 m« reference resistor as a function of the voltage across the 1 m¢2
resistor. The solid line is based on the known values of the two resistors.
Uncertainty bars indicate one standard deviation.

As a test of the uncertainty in the Van der Pauw conductivity measurements, three square test
samples made from the same sheet of material were measured by the three metrology
institutes participating in the conductivity project. Already in the first project year this
measurement was performed by NPL and PTB. However, at NMi now a new value with
lower uncertainty could be obtained with the improved measurement set-up.

The resulting values are given in Table 6 and give an excellent agreement of better than
0.035 %. As a second test, a bar from the same material was measured at NMi. Also this
value agrees well with that of the blocks, namely within (0.07 + 0.07) %.
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Table 6. Overview of conductivity values obtained by three national metrology

ingtitutes using a Van der Pauw method on square blocks as well as the

results of a measurement on a conventional bar. All blocks and bar are made
from the same sheet of material.

G6RD-CT-2000-00210 “Conductivity”

Institute | Block DC Estimated Difference
conductivity | Uncertainty from
(MS/m) (95%) average (%)
NPL 21 35.795 0.15 -0.032
PTB 23 35.815 0.06 +0.024
NMi 24 35.809 0.04 +0.008
Difference
from blocks
(%)
NMi Bar 35.833 0.07 +0.07
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Conclusion
We have successfully implemented a measurement set-up and measurement procedure for
conductivity measurements on conventional bar samples as well as on square metallic
samples in the Van der Pauw geometry. A detailed uncertainty analysis is performed that
shows that the total uncertainty of the conductivity measurements for all practical
conductivity values is better than 0.05 %. A comparison of measurement values obtained by
NPL, PTB and NMi lead to an agreement of better than 0.035 %.

With these results, the activities in this task concerning the study on the applicability of the
Van der Pauw method for DC conductivity measurements have been completed very
successfully. The uncertainty of the set-up is more than a factor ten better than aimed for in
the project proposal. Since the set-up is completely automated, large batches of conductivity
material can be measured very efficiently.

When comparing the conventional conductivity measurements on bar samples with those on
block samples measured in the Van der Pauw method, there appear to be a few significant
advantages of the block samples:

e The DC conductivity measurement of bars effectively measure the conductivity in one
direction, namely that along the length of the bar. For the blocks the Van der Pauw
method measures the in-plane conductivity, averaging the conductivity for both
directions defining the plane of the sample. When bars are made from plates with a
significant in-plane variation of the conductivity, for example along and perpendicular
to the rolling direction, results from bar measurements can deviate significantly from
results obtained by eddy current measurements (using commercial conductivity
meters).

e For the bar samples, a total of three dimensional measurements are needed, but the
block measurement needs only one dimensional measurement. Since the dimensional
measurements are time consuming and contribute significant to the total uncertainty
of the measurement, blocks have a significant advantage in this point.

e The contacts to the blocks via pressing of the blocks to the corners of the sample is
better defined and thus gives more reproducible results than the bar measurements
which are using knife edges. This is especially true for materials that are difficult to
contact due to oxidation layers.

e The blocks are significantly smaller in size (factor 6) than bars and thus easier to
make with sufficient homogeneity. In addition, from the same plate, more square
samples can be obtained than bar samples, which saves material.

e Finally, industrial reference blocks can now be measured directly without an
additional transfer using a commercial eddy current meter.

The results obtained in this task of the project have been presented at the conference for
precision electromagnetic measurements (CPEM) 2002, Ottawa, June 2002. In addition, a
paper has been published on the DC conductivity measurements [8].

Task 3.1 Report from PTB

One of the objectives of the project is to establish the agreement between existing and new
DC and AC methods of conductivity measurement. The Task 3.1 deals with two DC
methods: 1. measuring the conductivity of block-shaped samples using the Van-der Pauw-
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method (VdP) and 2. measuring the conductivity of bar-shaped samples. In both cases a DC
current is used.

I. Determination of the conductivity using the VdP method

Using the VdP method the conductivity of a block shaped conductivity standard is
determined by measurements of the so called VdP resistances and by measurements of the
thickness of the plate. The terminus VdP resistance is defined as follows: If the edges of the
square plate are clockwise numbered as 1, 2, 3, and 4, the VdP resistance Ry, is the ratio of
the voltage drop across the edges 3-4 and the current through the edges 1-2. By a cyclic
rotation of the current and voltage connections to the edges of the sample four different
measurements can be made. Presumed a perfect sample (homogenous conductivity; square
plate with the large surfaces being parallel) the four resistance measurements give equal
results. The blocks which are used in the course of this project have the dimension 80x80x10
mm’. Contact to the corners of the quadratic plates are made by pressing metallic plates at an
angle of 45 degrees against the four 10 mm long edge lines.

The conductivity was determined from VdP measurements [6], [8] using the formula

1_7r-d'RA+RB.f

Chy 2 O
In formula (1) Rs and Rg are the mean values Ry = (Rj2 + R34)/2 and Rg = (Rys + Ry1)/2, d is
the thickness of the plate, and f(r) is a correction factor which takes into account that the
plate possibly is not perfectly quadratic so that the ratio r = Ry / Rg # 1. The advantage of the
VdP method is that only one dimensional measurement —the measurement of the thickness d-
is necessary instead of three measurements in the case of bar shaped samples. For the
application of the VAP theorem the homogeneity of the plate sample with respect to its
conductivity is indispensable. It is evident from formula (1) that the uncertainty of the
determined conductivity is essentially influenced by the uncertainties of the thickness d and
of the resistances Ry and Ry To perform the resistance measurements, a suitable apparatus
had been constructed which allows to fix the block shaped conductivity standard and to make
contacts to its edges. At PTB four small copper blocks are used as contacts which are pressed
by springs against the edges lines. In that cases of the VAP measurements where these
contacts are used as current contacts the current (10 A) causes a power dissipation in the
contact resistance between the sample and the contact plate. As a result the temperature of the
VdP sample can be raised over the temperature of the oil bath. To measure the temperature
difference between the contact block and the oil bath which is caused by the power
dissipation in the contact resistance, holes had been drilled into the copper contact blocks and
thermistors inserted. It was tried to keep the contact resistances —and thus the power
dissipation in the contacts- as small as possible by cleaning the contact surfaces of the contact
blocks (copper oxide!). For the electrical measurements the VdP sample was immersed into
an oil bath at 20.0 °C (Guildline, type 9730-CR).

The method for the resistance measurements is demonstrated by Figure 15:
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Figure 15: measurement set-up for VdP conductivity measurements on block samples

A current of 10 Ampere was given by a transconductance amplifier (Wavetek 4600) in
connection with a calibrator (Datron 4000). This current was measured by means of a
calibrated 10-m{2 resistance standard and a calibrated DVM (Agilent 3458A). The voltages at
the block were measured using a nanovoltmeter (NVM, Keithley 181, 2 mV range). The
NVM was calibrated up to about 300 uV using a voltage which was generated by an
appropriate current I, driven through the same 10-m£2 shunt. This current |, was calibrated
using the above Agilent 3458A. The influence of the linearity of the NVM could be kept
small by generating a calibration voltage across the 10-m£2 shunt which had a value being
nearly the same as the voltage drop across the VdP sample at 10 A.

The measurements of Ry and Rg can be a challenge because in the case of VAP conductivity
standards made from aluminium their values for Ry, Rg can be as small as 0.61 u€. This
results in a voltage drop of only 6.1 UV for a current of 10 A. The current reversal should be
done quickly to maintain a nearly constant temperature of the sample. Further, after the
reversal there should be a waiting-time (about 30 s) before sampling the voltage drop with the
nanovoltmeter.

The following gives a detailed description of the different parameters of the measuring
process and their contribution to the measurement uncertainty of the conductivity of VdP
samples. The mathematical model to describe the measuring process was

1 -d ZU|
— = ._.ij )

o In2) 4-1
Explanation of the parameters in (2):

d: mean value of the results of five thickness measurements at different places of the VdP
sample (at the centre and near the four corners). The resolution of the used 3-axis coordinate
measuring system was less than 100 nm. The uncertainty is governed by the scattering of the
measured thickness values (type A) which is caused by the imperfect surface. The given
standard uncertainty is the standard deviation of the five measured values.

U; : the voltage, necessary to calculate the VAP resistances (Ui/l, i = 1...4). U; is the difference
of the two VdP voltage readings of the nanovoltmeter (Keithley 181) for currents |, and I.
through the sample. Each value U; is the mean of four “single” results. The single result was
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calculated using a regression procedure from the voltage readings during about 30 minutes
including 15 current reversals. The given uncertainty is the standard uncertainty of the mean
of the four “single” measurements.

| : the current | was measured as the ratio Uy/R;, U; being the voltage drop across a shunt
resistor Ry = 10 m€2. The nominal current value was 10 A. U; was measured by means of a
DVM (Agilent 3458A). The standard uncertainty of | is estimated to 1,5 -10” (rectangular),
taking into account the uncertainty of R and of the DVM in the voltage range 0,1 V.

knv : calibration factor of the Keithley 181 nanovoltmeter. kyyy is defined as the ratio of a
given and known voltage difference AU,;, and the corresponding voltage difference AU;nq
which is indicated by the nanovoltmeter, i.e. knym = AU,y / AUjpg. For the calibration of the
nanovoltmeter, AUg;, is got as the difference of two voltage drops U, which were produced
at the 10-mQ shunt by two opposite directed currents i, and i. The procedure for the
measurement was similar to that for U; as described above. The uncertainty for kyym includes
contributions from the type A uncertainty of AUy, from the linearity of the NVM, which
depends on the measurement value, and from a type B contribution from AU,;,.

Kedee : this factor takes into account the heating of the current edges of the VAP sample which
is caused by the power dissipation in the contact resistances of the two current contacts. The
current contacts were made by pressing two copper plates against the edges. The voltage drop
across the contact was found to be smaller than 1 LV in most cases corresponding to a contact
resistance smaller than 0,1 p€. The heating of the VAP sample which is caused by the
described power dissipation in the current contacts could not directly be measured. However,
thermistors were mounted in bores of the copper contact plates which measured the
temperature raise AT of the contact plates. AT causes a temperature gradient across the VdP
sample. As a first approximation it is assumed that the influence of this temperature gradient
on the measured conductivity value is equivalent to a temperature raise of the whole sample
by AT/2. The evaluation of the conductivity value takes into account a correction by a(AT/2)
where «is the temperature coefficient of the investigated material.

Koii : correction factor which takes into account the difference AT,; between the measured
value of the oil bath temperature Tp,e,s and the nominal value Ty = 20 °C; ATy = Tineas — To- It
is chosen Ky;; = 1 and no corrections have been applied. During the measurements the oil bath
temperature T,; was within the limits of + 0,03 K.

k. : a prerequisite for the evaluation of the conductivity of the VAP sample by means of the
above given formula —using the measured values for the resistances and the thickness- is r =
Ra/Rg = 1. If r differs from 1 a correction factor k; = f(r) has to be applied. f(r) was given by
Van der Pauw [6], it can be approximated by f(r ) = 1 - 9-(1-r)*107.

Kaae - if the contact areas are not infinitely small because the edges of the samples are possibly
deformed by pressing the contact plates too hard against the edges, a further correction has to
be applied to the evaluated conductivity value. The flatness of the edges introduces a
contribution to the relative uncertainty of 2,05-7»4, herein A is the ratio of the sum of the
lengths of the contacts and the length of the boundary of the sample [7]. It is assumed that the
length of the contact area is smaller than 0,5 mm. For the investigated samples the length of
the boundary is 4x80 mm. Therefore it is Kga = 1 with an uncertainty of 3,2-10” (rectangular).
A sample uncertainty budget for the calibration of VdP samples is given in Table 7.
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Table 7: Sample uncertainty budget for Van der Pauw measurement for copper-germanium
value u G |Cu (Ciuy’ v u*v
d 9,95840  [9-107 1 9-10° [8,10-10° |4 1,64-10™"7
mm 09
U, 53716 uV [1,1-107 |1 1,1-10* [1,21-100 |3 4,88-107"
08
U, 53872 uV [1,3-107 |1 1,3-10* [1,69-100 |3 9,52-107"
08
U; 53703 uV [9,4-10° |1 9,4-10° [8,84-100 |3 2,60-107"
09
U, 53861 uv [7,5-10° |1 7,5:10° [5,62:100 |3 1,05-10"
09
| 99975 A [1,5:10° |1 1,510° 225100 oo 0
10
kavm (1) 0,99985  [4,3-10° |1 43107 [1,85100 oo 0
07
kavm (2) |1 2107 1 2:10°  [4,001100 oo 0
10
Kedge 1 0 1 0 0 oo 0
Kr-oil 1 52100 1 52:10° [2,70-10° oo 0
09
ke 1 0 1 0 0 oo 0
Kitat 1 32107 1 3.2:107 [1,02:100 oo 0
17
4,90-10° 2,40-100  |ver=29111,97-10"°
04 07
k=2 9,79-10°
04

result: (41,187 + 0.040) MS/m

IT Determination of the conductivity using bar shaped samples

The DC conductivity of the bar shaped conductivity standards is determined by
measurements of the resistance R per unit length, using knife-edges of known distance |, and
measurements of the thickness d and width w of the sample:

1_g wd
~=R 3)

For the measurement of R = U/I the current | is applied at the ends of the bar using large
clamps. The voltage U is sensed using a sensing element with two knife-edges, the two knife-
edges being separated from the main body of the sensing element by insulating foils. The bar
shaped conductivity samples which are used in the course of this project have a much larger
size than the bar samples which are regularly calibrated by PTB for customers. For this
reason at PTB a new set of three voltage sensing elements had been prepared, the
construction is very similar to that shown by Figure 1 in [8]. The distances | of the knife-
edges of the three sensing elements are 100, 200, and 300 mm.
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The method for the resistance measurements was the same for the bar samples as for the VdP
samples described above. : A current of 10 A was given by a transconductance amplifier
(Wavetek 4600) in connection with a calibrator (Datron 4000). This current was measured by
means of a calibrated 10-m{Q resistance standard and a calibrated DVM (Agilent 3458A). The
voltage difference between the two knife-edges was measured using a nanovoltmeter (NVM,
Keithley 181, 2 mV range). The NVM was calibrated up to about 2 mV using a voltage
which was generated by an appropriate current |, driven through the same 10-m€2 shunt.
This current |, was calibrated using the above Agilent 3458A.

The following gives a detailed description of the different parameters of the measuring
process and their contribution to the uncertainty of the determined conductivity value.

The mathematical model to describe the measuring process is

1 > U/l
S=wd = [Ik, @

Explanation of the parameters in (4):

d: mean value of the results of fifteen thickness measurements at different positions of the bar
sample. At each of five equally spaced positions along the long axis of the sample (spacing
length 100 mm) three measurements distributed over the width of the sample were made. The
resolution of the measurements was less than 100 nm. The uncertainty is governed by the
scattering of the measured thickness values (type A) which is caused by the imperfect
geometry. The given uncertainty is the standard deviation of the fifteen measured values.

w: width of the bar shaped sample. The value for w is the mean of the results of five
measurements of the width at different positions of the bar sample (the measurement
positions were equally spaced with a spacing length of 100 mm). The resolution of the
measurements was less than 100 nm. The given uncertainty is the standard deviation of the
five measured values.

li: distance of the three knife-edges which are used as potential contacts. The machining
process for the knife edges was carefully designed and performed with respect to get them
parallel. The distance of the knife edges was measured at different positions along them and
the mean value was taken for |;. The uncertainty of |; corresponds to the limits of these
measurements.

kii: This factor takes into account a possible misalignment between the axes of the bar which
is used as a support for the knife edges and the axes of the sample, the angle being . If such
a misalignment exists the distance l.¢s between the "potential contacts", i.e. the distance in the
direction of the current between the points where the knife-edges make contact to the surface
of the bar sample, is no longer equal to |. l.¢ can be larger or smaller than | by an amount Al
which depends on the position where the knife edges actually make contact to the surface of
the sample. It is Al = lrexsing, lwire being the length of the knife edges. To keep the
misalignment angle o as small as possible the knife edges support was put onto the bar
sample by means of a guiding apparatus. sino. is estimated to be smaller than 5-10™. In our
case lnife 18 47 mm, this results in Al = 1,4 10 mm.
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Ui: difference of the readings of the Keithley 181 nanovoltmeter for currents |, and I. through
the sample. The value U; was calculated using a regression procedure from the voltage
readings during about 30 minutes including 15 current reversals. The given uncertainty is the
standard uncertainty of the mean of the measurement.

G6RD-CT-2000-00210 “Conductivity”

I: same as above for the measurement of VAP samples .
knvm: same as above for the measurement of VAP samples.
Koii: same as above for the measurement of VdP samples.

A sample uncertainty budget for the calibration of a bar-shaped conductivity sample is given
in Table 8.

Table 8: Sample uncertainty budget for bar shaped sample measurement for copper-germanium

value u C. ICwu (Ciu) u*iv
d 10,0614  |7,9-10° |1 7,9-10° 16,24-100 |14 2,78-10°®
mm 09
U, 30,1780 1,2210° |1 1,2-10° [1,44-100 |10 2,07-107"
Y 10
U,* 60,0471 2,6:10° |1 0 0 10 0
Y%
Us 90,2079  [7-10°® 1 7-10° 490100 |10 2,40-107*
Y 11
Iy 100,200 1,7.10° |1 1,7-10° [2,89:100 | 0
mm 10
I, 200,054 1,7.10° |1 1,7-10° [2,89:100 | 0
mm 10
l5 299,129 1,7.10° |1 1,7-10° [2,89:100 | 0
mm 10
b 80,0497  [6-10” 1 6:10°  [3,60-100 |4 3,24-107"°
mm 09
| 99975 A [1,510° |1 1,5-10° [2,25:100 | 0
10
kavm (1) 0,99985  [7.6:10° |1 7,6:10° [5,86:107 oo 0
09
kavm (2) |1 5107 1 510° 12,5107 | 0
Kr-oil 1 52:10° |1 52:10° [2,70-100 |0 0
09
Keit 1 1,410% |1 1,410" [1,9610° | 0
08
2,03-10° 4,12:10°  |ver=281]6,02:10"°
04 08
k=2 4,06:10°
04

* excluded from evaluation due to poor insulation of one knife edge

result: (41,194 + 0.,017) MS/m




NPL Report DEM-ES 001
G6RD-CT-2000-00210 “Conductivity” page 38 of 149
May 2004

IIT Comparison Measurements

As a task of this project, comparison measurements on block samples using the van-der-Pauw
method and on bar samples had to be performed by three of the partners. As a first test
measurements were made on aluminium blocks from NPL. These square blocks have the
dimensions 80x80x10 mm®. The results of the conductivity measurements which have been
made at the NPL, the NMi, and the PTB on the aluminium blocks using the van—der-Pauw
method are in good agreement [2].

The calibrations of the eighteen conductivity samples which were circulated in three sets A,
B, and C were performed during the period from 7. Oct. 2002 to 14. Feb. 2003 by the three
partners NPL, NMi, and PTB. The eighteen conductivity standards were fabricated from nine
different materials, pure metals and metallic alloys. From each material two different shaped
samples were made, one sample having a bar geometry (600x80x10 mm’) and the other
having a so called Van-der-Pauw (VdP) geometry which is a quadratic plate (80x80x10
mm’). The report from PTB on these calibrations is attached in Appendix D.

Task 3.2 Report from PTB

The aim of this work package is to determine the conductivity of bars and van-der-Pauw
(vdP) samples using AC currents at frequencies up to 1 kHz. The approach which has been
tried at PTB is a potentiometric one, i.e. the sample and a shunt of known AC/DC difference
(Wavetek 4953) are connected in series and supplied by a transconductance amplifier
(Wavetek 4600). The voltages are measured using a calibrated DSP Lock In Amplifier
(Perkin Elmer Model 7265). The measurement set-up as used in the vdP measurements is
shown in figure 16. The sample holder is the same as we have used for the DC vdP
measurements.

3458A
(/r .
Perkin Elmer
7265
Fluke | Wavetek 10 m<Q U

5700 4600 —|

Calibrator  Transconductance Sample
Amplifier

Fig. 16: set-up for AC van der Pauw measurements
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Fig. 17: measured and calculated real part of the conductivity ¢ of the brass versus the

frequency f.

In a first experiment, a brass rod (13.1 MS/m) with circular cross section was used. The rod
had a diameter of 10 mm, and the distance of the potential contacts was 80 mm. For the
described geometry the influence of the skin effect can be calculated using formulas given in
standard textbooks. The measured and the calculated conductivity ¢ of the brass rod are
compared in fig. 17 which shows the real part of ¢ versus the frequency f. For f > 100 Hz the
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Fig. 18: set-up for the VAP measurement of conductivity on block samples

A similar experiment was made using an aluminium bar (600x80x10 mm’). Potential
contacts were made by the same knife-edges which are used for the DC measurements. In this
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experiment the observed deviation from the DC value was of the order of 5 % already at 10
Hz.

Also conductivity samples with the van-der-Pauw geometry have been investigated (fig. 18).
Measurements have been carried out for three different block samples, titanium, copper and
brass. The measuring current was 10 A and the frequency was varied from 10 Hz to 2,5 kHz.
The frequency response of the system without the VAP sample holder was checked by
measuring the voltage across the shunt resistor. The real part of the measured voltage is flat
within 0,05 % as shown in fig. 19 in the investigated frequency range. The imaginary part
shows a capacitive behaviour.

100,5 1

mv 4 1 mv
4o
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2 ] " 12 E)f
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Fig. 19: frequency response of the measurement system as measured as the voltage drop on
the shunt

Measurements with AC on the block shaped VAP samples even for frequencies below 1 kHz
show a strong dependence on the frequency. It turns out that the shape of the resistance vs.
frequency curve also strongly depends on the position of the leads and on the “visibility” of
electromagnetic interference between current and potential contacts. Up to now the best
results have been obtained with a set-up under the following conditions. Open loops in
current and potential leads have been avoided as far as possible. An aluminium block serves
as an electrostatic shield and an iron sheet close to the potential contacts serves as an
electromagnetic shield. A criterion for the optimum condition has been that the imaginary
part of the VdP-voltage was minimised.
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Fig. 20: Normalised real part of the measured AC-resistance for three different VAP samples

and the shunt as function of frequency

As described above, the resistance vs. frequency curve for the shunt is flat, whereas for the
VdP samples the resistance first decreases and then increases with frequency, i.e. the curve
shows a minimum (fig. 20). The higher the conductivity of the material the lower is the
frequency where the minimum is reached. For low frequency a value close to the DC-

conductivity value is measured.

The following figures show the frequency dependence of the imaginary part (reactance). The
reactance curves start as a capacitance, similar as the shunt, and turn into inductivity for

higher frequency (fig. 21).

1000 Hz



NPL Report DEM-ES 001

G6RD-CT-2000-00210 “Conductivity” page 42 of 149
May 2004
6
pe - = Titanium -
5 - e Brass
Copper
4
L]
3 4
L ]
E 2 5 °
= . g
14 b .
® - A
o 9 - .
oy ] — L]
- - - ] . : :
]
14 [ ] = n
T T EER T v
10 100 1000 Hz
f

Fig. 21: reactance vs. frequency for the VdP samples
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Fig. 22: normalised reactance curves (0-R) of the VdP samples

In figure 22 the normalised reactance curve is plotted. From this figure it can be seen that for
higher conductivities the onset of the inductive behaviour is at lower frequencies.

In figure 23 the normalised resistance curve (Ry = R(10 Hz)) for the titanium, copper and
brass sample is plotted against a normalised frequency (multiplied with the respective
conductivity, o). In this case the observed minimum in the resistance curve is reached at
nearly the same normalised frequency. A log-log plot of these curve shows for high
frequency a R~Vof behaviour.
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Fig. 23: resistance vs. normalised frequency (o+f) plot for three VAP samples

These measurements show that it is difficult to obtain significant results from AC VdP
calibration for conductivity standards. Only for a circular rod there is a mathematical solution
for the frequency dependence of the measured resistance versus frequency. For the VdP
geometry to the best of our knowledge there is no such theory, only approximations. The
principal effects of the skin effect theory could be observed with these measurements. For
low frequency the DC value could be obtained and for high frequency the theoretical square
root of (o+f) behaviour could be observed for both, the real and the imaginary part. Also as
described in theoretical works, the imaginary part is inductive in the high frequency limit.
The skin-effect becomes dominant at of values above 2000 MS/ms which means for copper
(~ 60 MS/m) a frequency of ~ 30 Hz. To perform AC conductivity calibrations on VdP
samples at the frequencies commonly used by eddy current meters (> 60 kHz) is at present
not possible.

Task 3.3 Report from NPLML

Review of approach

The NPL task was aimed at linking the work at frequencies up to 100 kHz to the lower
frequency work being done by the other NMI partners. It was anticipated that the van der
Pauw technique may be able to provide the bridge between the frequencies. It became clear,
as will be described later in this section, that this new technique was not going to find
application to this higher frequency band and an alternative approach of reducing the
operating frequency of the existing Heydweiller bridge was begun.
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Van der Pauw measurement principlesand DC measur ements

The van der Pauw technique is essentially a four terminal resistance measurement.
Considering a rectangular test specimen of constant thickness, four contacts are made around
the perimeter. The van der Pauw theory requires these contacts to be infinitely small.
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Figure 24

Labelling these contacts as shown in Figure 24, the resistance values shown obey the
relationship:

exp(-TRVR) + exp(-TRy/Ry) = 1 (5)

Where R is the required resistance. If the two measured resistance values Ry and Ry are
similar, this can be written as

l: md (RA+RB) (6)
6 In2 2

Where d is the thickness in mm and ¢ is the required conductivity in MS/m.

If the contacts have a finite size an error can be introduced. The magnitude of this error
depends on the relative dimensions of the contact area and the test specimen in plane
dimensions.

For the measurements on the NPL blocks the contacts were engineered to locate at the
corners and along the thickness. To keep the contact resistance low and minimise local
heating during the resistance measurements, a grove was used in each of the contacts to mate
with the block corner. To determine if this contact geometry introduced an error in the
measurement of conductivity, a test specimen in the shape of a star was engineered. With this
geometry the necks guide the current into the central area to produce the required current
distribution. For this geometry, the size of the electrical contacts is not important. A test
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specimen with the theoretically-required star geometry was produced from the same
aluminium sheet as the blocks. The star geometry is shown in Figure 25.

Figure 25

From equation (6), the only dimension required is the thickness. This was determined for the
star and the block using a calibrated micrometer.

DC conductivity measurement setup

Test specimens prepared from the same aluminium sheet were used to establish the DC van
der Pauw conductivity measurement and to check any contribution due to contact and test
specimen geometry. Square blocks produced from the same sheet were sent to PTB and NMi
for their van der Pauw conductivity measurements.

The measurements were performed in a laboratory controlled at a temperature of 20 + 1 °C.
To report the conductivity at a temperature of 20.0 °C a calibrated thermocouple, calibrated
ice point reference, calibrated digital voltmeter and a known material temperature coefficient
were used. To limit the effect of temperature variations in the laboratory an oven was used to
provide an additional thermal jacket. The test specimen, van der Pauw contacts and attached
thermocouple were placed in the oven and allowed to stabilize overnight. The test specimen
in the van der Pauw contacts is shown in Figure 26 and an individual contact is shown in
Figure 27.
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Figure 26

Figure 27

For a van der Pauw resistance measurement two resistance values are determined. During
this, a contact that for one measurement carried a current is a voltage contact for the second
measurement. If the contact resistance is high this can introduce thermal voltages that drift
during the measurement. To reduce these the NPL electrical contacts were gold plated and a
current of 1 A was used. While this reduces the voltage to be measured, preliminary
measurements indicated that higher currents produced significant thermal effects that
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increased the measurement repeatability. To change the contact configuration for the two
resistance measurements a switch box was used.

The required voltage measurements for the resistance determination were made using an EM
P13 Picovoltmeter. The output of the P13 was measured on a calibrated Keithley 2001. For
each resistance measurement the current direction was reversed and the average taken. The
applied current was determined using a calibrated 1 Q Tinsley resistor and a calibrated
Keithley 2000 digital multimeter. The P13 was calibrated using a calibrated 100 n€2 resistor
and a known current. This current was determined using a calibrated 10 € resistor.

To obtain the conductivity at a temperature of 20.0 °C a temperature coefficient of 0.41 % /
°C was used. Typically, a conductivity correction of 0.12 % was applied. An uncertainty
contribution of 10 % of the correction was included in the overall measurement uncertainty.

Results

Shown in table 9 is a summary of the DC conductivity values measured by NPL, PTB and
NMi on the three aluminium blocks. Also shown are the measurements made at NPL on the
star geometry. All test specimens were machined from one area of the sheet.

DC Difference
DC Conductivity | Estimated from
Block | conductivity of star Uncertainty | average
Institute No. (MS/m) (MS/m) (95%) (%)
NPL 21 35.795 35.786 0.15 -0.032
PTB 23 35.815 - 0.06 +0.024
NMI 24 35.809 - 0.04 +0.008

Table 9 — DC conductivity results.

NPL measurements on the block and the star agree within the measurement repeatability. The
adopted contact and test specimen geometries can therefore be used without introducing
significant errors. It is recommended that a contribution of 0.02 % (rectangular) could be
included in the measurement uncertainty for contact and test specimen geometry.

For the determination of conductivity using equation (6), Rx and Rp should be approximately
equal. When this is the case an additional term can be ignored. The value of this additional
term calculated for different percentage differences of R4 and Ry is shown in table 10.

% difference f Error (%)
1 0.999991 0.000875
2 0.999965 0.003536
3 0.99992 0.008038
4 0.999856 0.014436
5 0.999772 0.02279
6 0.999668 0.033159
7 0.999544 0.045607
8 0.999398 0.060197
9 0.99923 0.076996
10 0.999039 0.096075

Table 10 — Conductivity factor.
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For the aluminium block the difference between R4 and Rg was 0.5%. From this table, no
additional term is required in equation (6).

AC Van Der Pauw M easurements

The sample blocks measured had a very low resistance values, which entailed passing a high
current through them to generate a voltage difference sufficient to measure. However, too
high a current would have lead to unacceptable amounts of Joule heating at the contacts. It
was decided to drive a current of approximately 1A through the blocks, giving voltage drops
of approximately 10 uV for Titanium, and 500 nV for Aluminium at low frequencies.

At these low signal levels, voltage measurements using lockin detection was necessary, in
order to reduce the effect of ambient electrical noise. It was necessary to use the differential
inputs on the lockin amlifier (Stanford Research, Model; SR530) due to the configuration of
the ground connections in the instrument.

The resistances of the connecting leads and contacts to the sample were estimated to be
several orders of magnitude higher than that intrinsic to the sample, so most of the voltage
drop in the circuit was across the leads. The same applied to any ground/ instrument case
connections. Therefore due consideration had to be given to proper ground wiring, which
was difficult considering the internal connections of many of the instruments used.

Electromagnetic pickup between the current and voltage leads was a considerable part of the
measured signal (several 10’s of %). The pickup was therefore measured independently, and
subtracted from the measured signal. This was achieved by measuring a modified aluminium
block, that had an insulating barrier inserted across the block near the voltage measuring
terminals. In this way, not only was the current in the supply cables reproduced, but the
current distribution in the block was approximately maintained as well. Efforts taken to
reduce the effects of electromagnetic pickup included;

e All current supply connections were realised using co-axial cables, with an identical
current flowing in both conductors to minimise emitted electromagnetic radiation.

e  Voltage sensing leads from the sample block were screened twisted pair cable with the
screen connected to the instrument case of the lockin amplifier, which was in turn connected
to the circuit ground.

e The voltage and current connections to the sample block were made with the aid of rigid
copper busbars, so that a repeatable loop area was formed by both current supply, and voltage
sense paths. This resulted in a significant improvement in the repeatability of both signal and
pickup measurements when compared to the case of a flexible cable connection.

The block self-inductance produced a frequency dependent contribution to the measured
signal. This was at a phase of 90° relative to the signal due to resistive contributions, and was
much larger than the resistive contribution at high frequencies. Therefore, to accurately
determine just the resistive contribution to the total measured voltage it was found necessary
to supply a reference signal to the lockin amplifier that had negligible phase difference with
respect to the current in the circuit. This was achieved using a low inductance current shunt,
calibrated for AC-DC difference, in the current path. It was found that the amplifier used to
drive the circuit had a non-negligible frequency dependent phase difference between input
voltage and output current, precluding the use of the signal generator output as a reference
source. At high frequencies, since the inductive part of the measured signal was much larger
than that arising from the sample resistance, the use of lower sensitivity ranges on the lockin
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amplifier was necessary to avoid overloading the input circuitry. An insufficient quadrature
rejection in the lockin amplifier might also have introduced an unwanted component to the
measured resistive signal.

At high frequencies, the current distribution in the sample block will inductively couple to
any surrounding electrically conducting objects. The presence of such objects will certainly
alter the measured inductive signal, and if sufficient losses occur (joule heating or hysteretic
losses) in the objects coupled to, the resistive signal will also be affected. This meant that
careful attention had to be paid to the physical configuration of the measurement circuit, with
a separation of approximately 2 m between the sample, and any other circuit element. Long
cables then had to be used to supply current to the sample block, which was another cause of
measurement problems. Standard co-axial cables have a capacitance of the order of 100
pF/m, which presents an additional (frequency dependent) AC current path in parallel with
the sample block, and a possible phase change between the current in the current shunt (used
to provide the reference to the lockin amplifier), and the current flowing in the sample block.
The effects due to the cable capacitance were investigated by doubling the cable length
between the shunt and sample, and resulted in appreciable (10’s of %) deviations in the
measured voltage signal, even with the pickup subtracted as detailed above. These
differences were larger at high frequencies, but were still present below 100 Hz.

The measurement repeatability resulting from breaking, and re-establishing the current and
voltage connections to the corners of the sample block resulted in an estimated error of
approximately 0.2% when measuring a sample of titanium.

The pickup voltage measurements repeated over a period of a few days to within 1%. the
contribution of the pickup to the corrected resistive values was 10% — 20% below 1 kHz, and
up to 50% above 1 kHz.

Frequency dependent effects.

The behaviour of the resistive component of the signal shows unusual behaviour as a function
of frequency. If the material conductivity stays constant over the frequency range
investigated, any change in resistance with frequency should arise from changing effective
cross section area, due to skin effects in the sample block. This would be expected to give
rise to a monotonical increase in resistance with increasing frequency, as the skin depth
decreases. The low frequency resistivity should also be comparable to the measured
resistivity value using DC supply.

The measured behaviour from both aluminium and titanium samples was contrary to this,
with a resistivity minimum observed when the calculated skin depth was approximately equal
to the sample thickness (10 mm), as shown in Figure 28. Similar results have been obtained
by researchers at PTB, Germany. This behaviour was considered unlikely to be due to any
outside source of interference, due to the considerable difference in the frequencies at which
it occurs in different samples, and the similarity in the form of the curves.
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Figure 28. Resistivity plots for Van der Pauw geometry, Aluminium and Titanium.

One possible explanation for the behaviour shown in Figure 28, is a phase change between
the current in the shunt and in the sample block, which increases with increasing frequency.
This would cause an initial decrease in measured signal with increasing frequency, as the
phase shifted away from being purely resistive, and a subsequent increase as the inductive
component becomes dominant at high frequencies. Unfortunately, attempts to model this
behaviour using discrete circuit elements did not give realistic inductance or capacitance
values for the circuit elements considered.

At high frequencies, the measured resistive signal should increase with the square root of the
frequency, as predicted by the skin effect theory. However, an approximately quadratic form
was observed for the resistive component of both aluminium and titanium sample blocks.
The skin depths of these two materials should be dissimilar at high frequencies, implying that
the data in Figure 29 was not due to any intrinsic property of the sample materials measured.
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Figure 29. High frequency resistive signal, Aluminium and Titanium sample blocks.
4 point probe method.

An alternative measurement approach was investigated, with the aim of reducing the
electromagnetic pickup between the current supply, and voltage measuring contacts. This
consisted of 4 sprung loaded contact probes mounted linearly on a Smm pitch. The outer pair
of contacts served as the current supply contacts, and the inner pair as voltage sense contacts.
A current of approximately 1A was again driven through the sample during all
measurements, and allowed to stabilise to minimise any contributions due to Joule heating.
The probe spacing was chosen to be much smaller than the side length of the sample blocks,
so that with the probe on the middle of the block, the approximation of an infinite slab could
be made when considering the current distribution in the block. This was found to be
approximately true in practice, with measurement deviations of less than 0.45% for small
adjustments in probe positioning from the centre of the block, and less than 2.5% with the
probe positioned halfway between the centre, and edge of the sample block.

The measured signal component due to electromagnetic pickup was measured by placing a
short circuit across the voltage probes, and isolating them from the current supply and sample
block with a thin insulating barrier, in a similar manner to the approach used for the Van der
Pauw geometry. There was a significant increase in the measured pickup contributions,
compared with the Van der Pauw geometry.

In a similar manner to the investigations using the Van der Pauw geometry, the effects of
cable capacitance on the measured signal were investigated. Unfortunately a doubling of the
cable length from the current shunt to the sample block still had an appreciable effect on the
measured resistive component. The change due to this effect was 4.2 % of the measured
value at a frequency of 520 Hz.
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Calibration of the lockin amplifier.

Due to the wide range of frequencies investigated (in the range 10 Hz to 100 kHz), and the
different conductivities of the materials investigated, the measured signal levels spanned
many ranges on the lockin amplifier (from 1 uV to 1mV F.S.D.). The calibration of the
lockin amplifier was attempted using an inductive voltage divider to generate the small signal
levels required, but electrical noise was found to saturate the amplifier input stages on the
ranges used at lower frequencies (below 50 uV F.S.D.). The loading of the outputs of the
inductive voltage divider by the lockin amplifier inputs was another potential source of error
in the calibration process.

Existing AC Conductivity Bridge

Prior to the start of this project, NPL provided calibration of AC conductivity reference
standards using a toroidally wound mutual inductor method where the conductivity is
calculated from the change in mutual resistance when a material is introduced into the
inductor. Available standard materials covered the conductivity range of 11.5 to 59 MS/m,
and the frequency range covered by the bridge is 10 to 100 kHz. Reference standard
calibrations are carried out at the working frequency of commercial eddy current conductivity
instruments at 60 kHz. This measurement system was established in the mid 1980s after the
British Calibration Service approached NPL regarding differences between AC and DC
methods and AC traceability. Figure 30 shows the toroidally wound mutual inductor and
diecast box containing the T-network.

Figure 30

The NPL primary standards are in the form of annuli and fabricated from non-ferromagnetic
conducting material. The metal annuli are made in two parts, which allow them to be
assembled as a complete ring within the coil former of the mutual-inductor bridge, also made
in two sections. The dimensions of the rings are an outer diameter of 380 mm, an inner
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diameter of 220 mm and a thickness of 10 mm. This gives the annuli an 80 mm flat surface
on which the probe of a transfer instrument can be used. Secondary reference standards for
the calibration of commercial instruments are available in the form of 80 x 80 mm square
blocks, which have a thickness of 10 mm. These blocks are calibrated against the rings using
a comparator probe containing a mutual winding that replaces the toroidal mutual inductor in
the bridge. Figure 31 shows an annuli ring standard and a secondary reference block.

Figure 31

Circuit for the measurement of thering standards

R, = variable resistor

21
C = variable capacitor

R21 = R22 =10kQ

¥ Mé@/@ R =1kQ

4 Ry,=10Q

M = inductor

Figure 32
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The circuit diagram in Figure 32 shows the Heydweiller bridge and T-network selected for
the measurement of the mutual resistance change when the inductor is empty and when the
inductor has the material annuli inserted into the inductor. Since the mutual resistances to be
measured are small there are a number of factors that can contribute errors in the
measurement. These factors include the primary and secondary winding resistances, leakage
inductances, self-capacitance of the windings and mutual capacitance between the windings.
The bridge can be calibrated by determining the values of the discrete components making up
the bridge and allowing for the multitude of corrections.

Circuit for the calibration of the Heydweiller bridge

calibratin
resistor

Figure 33

The circuit diagram shown in Figure 33 shows the preferred approach for calibration of the
bridge by measuring a known low value resistance that is inserted into the measuring arm of
the bridge. The resistors constructed for the bridge calibration are co-axial, each consisting of
a short length of Zeranin wire in a copper tube mounted on a co-axial plug. The
measurements are of the difference between each resistor and a short circuit.

Calculation of AC conductivity of ring standards
The AC conductivity of each ring, ¢, can be calculated using the following formula taken

from the paper by Lynch, Drake and Dix [9] and its subsequent correction in Lynch, Drake
and Dix [10]

Anf(b+t ) p, N*
o= *2
R, I”

where:
¢ = the conductivity of the ring in S/m
b = the mean width of the standard ring in m
t = the mean thickness of the standard ring in m
L, = the magnetic constant, 4w.107 H/m
N = the number of turns in winding = 30
R", = the eddy current resistance (see equation 10)
| = the mean circumference of the standard ring in m
f = frequency in Hz
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This expression is derived using a one-dimensional approach and corrects for that part of the
eddy-current path from one surface to the other. To do this a factor (b+t)/b has been used.
This correction is only appropriate when the ratio t/d is greater than 10. When t/d is small
curved paths are present and interference between upper and lower corners occur.

Correctionsto measur ed resistance

To correct for the interactions between the corners a factor of (1+kd/(b+t)) is used. The value
of k is chosen to agree with the results of a full 2-dimensional calculation and 2.7 is used. For
extrapolation to DC values the full 2-dimensional theory may need to be used. Further
corrections applied to the resistance include effect of the primary and secondary resistance
and leakage inductance and capacitance. All conductivity measurements are normalised to
20°C.

Calibration of reference blocks and bars

When calibrating reference blocks and bars the toroidal mutual inductor is replaced by a
solenoidal mutual inductor designed to stand on the surface to be measured and at a well
defined distance from the surface. The mutual inductance and resistance can then be
measured with the same Heydweiller bridge used for the annular ring standards. A plot of the
calibrated conductivities of the ring standards is made against the balance resistances, Ry and
a spline fitted to the data points. The balance resistance of the material under test is measured
and the conductivity value determined using the spline.

Uncertainty calculation for ring calibration

Ring Standards Uncertainty

Source of uncertainty Reference Value Type Prob.Dist. Divisor C; U V; or
(%) (%)  Venr

Dimensions of ring Paper ref.2 0.03 B normal 2 1 0.015 inf

Calculation of average path Paper ref.2 0.02 B rectangular  1.7321 1 0.012 inf

length of of eddy currents

Skin effect correction Interpolation  from 0.17 B rectangular  1.7321 1  0.098 inf

paper ref.2
Errors caused by capacitancelnterpolation from 5 uouar 17321 1 0058 inf
between windings paper ref.2
Bridge calibration error 0.15 B normal 2 1 0.075 inf
Bridge resolution 0.02 B rectangular  1.7321 1 0.012 inf
Temperature measurement 0.12 B rectangular  1.7321 1 0.069 inf
Repeatability of measurement 0235 A normal 1 1 0.235 inf
Combined uncertainty 0.281
Expanded uncertainty k=2 0.563

The expanded uncertainty is rounded up to + 0.6%

Table 11

The uncertainty calculation shown in Table 11 is calculated in accordance with Guide to the
Expression of Uncertainty in Measurement [11]. When the bridge is used with the transfer
mutual inductor additional contributions for resolution and repeatability are included.
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M easur ements made using the Heydweiller bridge

During the project additional conventional materials of Nordic Gold and Titanium and a
copper germanium alloy were added to the range of conductivity values to be measured using
the NPL bridge during the material circulation.

Although the operating frequency range stated above had a lower limit of 10 kHz, it is
possible to reconfigure the bridge to operate at frequencies below 10 kHz. Measurements
were made on all materials both blocks and bars (except smaller Nordic Gold bar) at
frequencies of 100, 60 and 10 to 4 kHz.

Analyses of electrical AC/DC conductivity differences

Conductivity instruments for measuring the electrical conductivity of non-ferrous metals and
alloys have an operating frequency of 60 kHz. To provide traceability, NPL established a
measurement system based on a bridge technique for the calibration of conductivity reference
blocks at this frequency. These are calibrated against primary standards kept at NPL. The
conductivity of these primary standards are traceable to UK National Standards through an
unbroken chain of calibrations. The geometry of the primary standards must be such that the
induced current distribution is calculable and rings with an outside diameter of 380 mm, an
inside diameter of 220 mm and a thickness if 10 mm were chosen. To enable the
determination of the material conductivity the rings have been sectioned to produce two
nearly identical halves and each half is inserted into a mutual inductor that is then electrically
connected to produce a complete toroidal shape inductor. The change in the mutual resistance
of the inductor due to the material is measured at the required frequency using the modified
Heydweiller bridge shown schematically in Figure 32 and from this the conductivity is
calculated.

The details of the design, construction, calibration and analyses of results can be found in [9].
From the resistance value at bridge balance the mutual resistance is determined and to this a
number of corrections are applied. These corrections are due to the resistance of the primary
winding, the leakage inductance of the inductor and the winding configuration used.

The mutual resistance of the material can be measured at frequencies from 5 to 100 kHz. The
lower frequency is limited by the sensitivity of the bridge and the upper frequency by the
significance of a term in the balance equation. This term is difficult to determine
experimentally and the resulting uncertainty it contributes increases considerably with
frequencies above 90 kHz. The Heydweiller bridge is calibrated as a system in this frequency
range using resistors of known AC value. The resistance of these are measured using the
bridge and by comparison to the known value the bridge error determined.

As mentioned above, an operating frequency of commercial conductivity measuring
instruments is 60 kHz. The majority of calibration work is therefore carried out at this
frequency. Analyses of the measured mutual resistances at 60 kHz are well established and
uses a semi-empirical 1-dimensional approach. The following equation is used to calculate
the conductivity:

Arf(b+t ) i N*
o= o
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where

¢ = conductivity of the ring in S/m

b =mean width of the standard ring in m

t = mean thickness of the standard ring in m

L, = magnetic constant, 4r.10” H/m

N = number of turns in winding

R’ = eddy current resistance

| =mean circumference of the standard ring in m
f = frequency in Hz

This expression includes a factor (b+t)/b which allows for current flow from one face of the
ring to the other. This factor works well when the ratio of the thickness of the ring to the skin

depth, 6 = %, is such that © >> /2. When 6 is small (< w/N2) this factor cannot account for

the curved paths taken around the corners, nor particularly for the interference between upper
and lower corners. For these values of 0 this factor is modified to (b+t-md)/b, where m is a
small number determined empirically. By geometry m = 2 when 0 is large (>10). It is not
clear what the value of m should be at smaller values of .

To determine the conductivity of the primary standards at low frequencies it is necessary to
know the appropriate value of 6. This low frequency behaviour is required so that analyses
with the conductivity determined using DC techniques could be made. The difficulty in
determining the conductivity at low values of 0 is due to the difficulty in determining the
conductivity path since it is this that determines the mutual resistance. Mutual resistance
values determined experimentally can be used to calculate the required conductivity if this
can be modelled. The following section introduces a 2-dimensional theory that can be applied
generally to conductivity determination. An analysis of experimental data with the 2-
dimensional theory was used to determine the value of the m in the semi-empirical 1-
dimensional case.

2-dimensional Conductivity Analyses

Within the metallic core, of constant permeability i and conductivity 6, Maxwell’s equations
lead to a diffusion equation for the magnetic field H.

oH
V?H = uo—
W ot

Introducing sinusoidal time-dependence at angular frequency ®<<oc/e (so displacement
currents may safely be neglected) and taking account of the symmetry leads to the complex
scalar Helmholtz equation
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Once H has been found, the mutual resistance R,, can be found from the time average of the
dissipated power P = J.J/26. Leading to:

32N?  (D+b\ (s oV 2
= ]
R, =20 n(D_bjn§§<Bm+nXRmn+Jmn)

0=

Jrnfuo
Jon = Y48 (BY, + THR ,,,

o=1
5

In these equations

b = breadth of specimen

t = thickness of specimen

D = arithmetic mean diameter of specimen
R=%D

N = number of turns in each winding
¢ = conductivity in MS/m

L = permeability of free space in H/m
f = frequency in Hz

o = angular frequency

0 = skin depth in m

R, = mutual resistance in Q
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Shown in Figure 34 is the mutual resistance calculated using this 2-dimensional theory for a
frequency of 1 kHz. For a value of @ = /2 the behaviour of the function R(c) changes from
being approximately R o« G to R o< 1No. The maximum discrepancy between the 1-
dimensional and 2-dimensional theories occurs close to this point. With a smaller ratio of b/t
the divergence between the theories is greater.

Mutual Resistance (me)

20 40 60

Conductivity (MS/m)

Figure 34 Calculated mutual resistance versus conductivity using the 2-dimensional theory
for a frequency of 1 kHz.

At higher frequencies the position of the maximum occurs for lower conductivity values and
eventually the maximum no longer occurs. In Figure 35 the mutual resistance for copper has
been measured at a number of frequencies down to 4 kHz and the conductivity calculated
using the 2-dimensional theory. It can be seen that the conductivity decreases by
approximately 0.5 % at 4 kHz compared to the 60 kHz value.
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Figure 35 Frequency behaviour of the conductivity for the copper NPL primary standard.

In this project a number of reference blocks and bars were distributed to the laboratories
involved who determined the conductivity using their measurement technique. For the NPL
measurements on these items the conductivity value was determined by comparison of the
unknown with the appropriate primary standard. This is done at the required frequency using
a small mutual inductor that replaces the toroidal inductor of the Heydweiller bridge system.
When the conductivity frequency behaviour of the rings are known the conductivity of the
item can be determined at that frequency. Since the conductivity of the primary cannot be
guaranteed to be constant through the material volume the comparator probe is used at a
number of points on each ring for both sides of the ring. The average balance resistance is
then determined and the position at which the measured resistance was closest to this average
the ring is marked by drawing around the probe using a fine marker pen. This establishes the
point at which all subsequent substitution measurements should be made. The value of the
item can then be found using the conductivity value of the primary at the appropriate
frequency.

Workpackage 4

This work covered the use and assessment of the reference standards by the industrial
partners.

Description of tasks

4.1 Comparison of Cu-Ge and conventional alloys in uses required by user in aerospace
industry.

4.2 Comparison of Cu-Ge and conventional alloys in uses required by users in equipment
manufacture.
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The industrial partners received all the available material samples during the period March to
June 2003. They had the opportunity to compare the use of a sample of Cu-Ge with the
normal use of conventional materials in the way they normally use reference standards in
their respective laboratories. Under workpackage 5, EADS had the responsibility to report
their use of the materials and agreement between their measurements, all of which have
different traceability routes to national standards representing SI units.

The full report, which comprises deliverable D4, is contained in the following section.

Workpackage 5

This work covers analysis of the results from all partners and conclusions to be drawn on DC
and AC agreements. It also covers production of this report which will be produced in
restricted and non-restricted versions.

Description of tasks

5.1 Analysis of the results of the standards laboratory results.

5.2 Analysis of the results of the industrial user results.

5.3 Overview of results of project and preparation of final report

Task 5.1 Analysis of the results of the standards laboratory results.

Analyses of block and bar conductivity values measure by NPL, PTB and NMi.

In Tables 12 and 13, and figures 36 and 37, the conductivity values of the blocks and bars
determined by NPL, NMi and PTB are given. All the values are for a temperature of 20 °C.
The NPL values were determined at 60 kHz and the PTB and NMi results are DC values.
Within the stated uncertainties there is a significant difference between the AC and average
DC values for the copper and Dural blocks and the copper, alloy R, Brass and titanium bars.
The Dural block has an anodising layer that is coloured red for ease of identification by end
users. For AC measurements the thickness of this anodised layer is not significant since the
lift off introduced is small. However, for DC measurements since the thickness of the
anodised layer is not well known and is expected to be a significant percentage of the block
thickness it is likely to be the cause of the discrepancy between the AC and DC values. For
the copper material the bar and block were not made from the same sheet so it is not possible
to assume that they will have the same material uniformity.
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NPL to
NPL 60 . PTB to
Block KHz PTB DC | NMi DC NMi average
value value . DC
value difference | ,.
difference
MS/m %
Copper 58.863 58.243 58.265 -0.038 1.035
CuGe 41.351 41.187 41.192 -0.012 0.391
Aluminium | 35.911 35.786 35.813 -0.075 0.310
Dural 28.526 | 28.223 | 28.333 -0.388 0.869
Alloy R 22.465 22.529 22.524 0.022 -0.274
Alloy S 18.937 19.000 19.002 -0.011 -0.338
Brass 14914 14.824 14.827 -0.021 0.593
Nordic | 9553 | 9500 | 9530 | -0.011 | 0246
Gold
Titanium | 2.1819 2.173 2.1739 -0.042 0.387

Table 12. Block conductivities measured by NPL at 60 kHz and by PTB and NMi at DC.

Block differences

MS/m

—e— PTB-NMi blocks/ %
—m— AC-DC blocks/ %

Figure 36
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NPL to
NPL60 | prppe | nmipe | PIBO | overage
Bar kHz NMi
value value . DC
value difference | ,.
difference
MS/m %
Copper 59.046 58.613 58.514 0.17 0.817
CuGe 41.350 41.194 41.160 0.083 0.418
Aluminium | 35.979 35.828 35.752 0.21 0.525
Dural 29.032 29.005 29.008 -0.01 0.088
Alloy R 22.491 22.639 22.665 -0.11 -0.716
Alloy S 18.965 18.938 18.922 0.085 0.185
Brass 15.033 14914 14.915 -0.007 0.788
Nordic
Gold - 9.530 9.521 0.094 -
Titanium 2.1824 2.160 2.1604 -0.019 1.017

Table 13 Bar conductivities measured by NPL at 60 kHz and by PTB and NMi at DC.

Bar differences

1.2

0.8
0.6
0.4
© 0.2 - —e— PTB-NMi bars/ %

° 0 —m— AC -DC bars/ %
-0.2

LSS
-0.6

-0.8 -

Figure 37

Refer to the reports by the individual laboratories for the measurement uncertainty budgets.
For the NPL 60 kHz measurements the uncertainty is 0.5% and for the DC measurements the
typical worst-case uncertainty is taken as 0.1%. Both these are 95 % values. The combined
uncertainty used for identifying significant difference was therefore 0.52%.
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Possible reasons for the observed difference between the AC and DC measured conductivities
are:

1) The skin depth in the material makes the AC measurement surface sensitive. For DC
measurements the current is through the volume of the material.

2) DC measurements on bars are made along the length and for the AC measurements
the current is in circular paths on the surface.

When considering 1), if the conductivity of the material is not uniform through the thickness
then the there will be a difference between the AC and DC determined values due to the
difference in the volume of the material involved. Non-uniform conductivity through the
thickness is most probably due to work hardening of the surface. This work hardening could
happen as the result of the rolling required to obtain the thickness of the parent sheet. This
leaves the surface of the material stressed and this changes the conductivity. Some aluminium
alloys are heat-treated after rolling to obtain the required temper condition and this will
relieve the stress to some extent.

Point 2) will contribute to AC/DC differences if the conductivity is dependent on direction. A
considerable number of the conductivity coupons that are used to calibrate commercial
conductivity measuring instruments are calibrated using primary standards measured at DC.
A circular cross section bar for which the conductivity has been determined at DC will be
sectioned into disk coupons. Possible differences between AC and DC measured
conductivities could be due to the poor material uniformity introduced in 1) and the
conductivity anisotropy of 2). Since the current paths for AC methods are circular different
conductivities will contribute to the measured value. As for 1), a possible cause of anisotropy
is the rolling stage used in producing the parent plate. In the production of rods extrusion is
involved and this could contribute to anisotropy.

Measurement methods are required to discriminate between 1) and 2). For 1) the
measurement method requires sensitivity to depth through the thickness. For the AC method
used at NPL the measurement frequency can be selected. Shown in Figure 38 is the skin
depth for a material with a conductivity of 16.5 %IACS at frequencies from 1 kHz to 100
kHz. The skin depth is the distance at which the magnitude of the current reduces to 1/e ( =
36.8%) of the value at the surface.
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Skin depth (mm)

1 10 100

Frequency (kHz)

Figure 38 Skin depth versus frequency for material with a conductivity of 16.5 %IACS.

Measurements at high frequency are therefore sensitive to the surface material and
measurements at lower frequencies approach the DC condition of current through the whole
volume of the material. Referring to the frequency behaviour of the conductivity of copper
shown in Figure 3, the 4 kHz value can be compared to the value determined using DC
methods. This accounts for 0.5 % of the observed difference between the AC and DC
methods. Allowing for this frequency behaviour the significant difference between the
conductivity values for the AC and DC methods is removed.

For 2) contributions due to anisotropy can be investigated using DC Van der Pauw
measurements. For this technique the resistance used to calculate the conductivity is the
average of two resistance values. The individual resistance values are determined in such a
way that the current flows in two roughly orthogonal directions. This is closer to the current
path for the AC method than the current direction for DC bar measurements. If anisotropy is
present there will be a difference in the two resistance values. Another possible cause of a
difference for these blocks is the length of the sides. When a significant difference occurs the
geometry should be checked to eliminate this as the cause. By comparing the DC
conductivity value of a block to that of a bar when these are made from the same material
could demonstrate if this discrimination is possible.

Referring to the tables above it can be seen that titanium has a significant difference of 0.6%
between the block and bar DC conductivity values (Bar value lower than that of the block).
For the titanium block the NMi Van der Pauw two resistance values differed by 3.6% and
anisotropy therefore exists. The AC conductivity value for the block and bar agree well and
this agreement is believed to be due to the circulating current direction that occurs for both
measurements. For the AC bar measurement the current also flows in a direction at right
angles to the DC current and for all angles between these and the effect of the anisotropy is
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reduced compared to the DC measurement. The remaining difference between the AC and
DC measured values for the block could be due to the material uniformity through the
thickness. If a similar behaviour to that observed for copper (Figure 37) occurs then the
conductivity of the surface will be higher and this will increase, as observed, the AC
measured conductivity of the block. For titanium it can be concluded that both poor
conductivity uniformity through the thickness and anisotropy contribute to the difference
between the AC and DC measured conductivity values.

For alloy R there is a significant difference between the AC and DC measured conductivities
for the bar but not for the block. The NMi Van der Pauw resistance values differed by 2.1%.
With the similarity between the current paths for the AC method and the Van der Pauw
technique this appears to indicate that for this material it is mainly anisotropy that causes the
difference between the AC and DC measured values for the bar. For this alloy there appears
to be a smaller contribution from the through the thickness material uniformity if this behaves
in the same way as for copper.

Conclusion

It is clear from these two examples that the origin of differences between the AC and DC
measured values of conductivity are not easy to interpret. The model analysis in workpackage
3 has suggested that a difference of 0.5% may be expected between the DC and AC values,
where the AC values are expected to be higher. What can be concluded is that if the DC
measured value for the conductivity was used to calibrate a commercial conductivity
measurement instrument working at 60 kHz then a discrepancy could be introduced due to
this calibration in all subsequent measurements.

The ideal material for a conductivity standard should exhibit little to no anisotropy and
correct agreement between the AC and DC measured values. A material that was investigated
in this project was CuGe. With the simple phase diagram exhibited by this alloy material with
good uniformity should be produced. Also, due to the excellent solubility of germanium in
copper it would be possible to produce material for use across the conductivity range of
interest to industry. From DC NMi Van der Pauw measurements the difference between the
two resistance values was only 0.3% and the AC and DC measured conductivities for the
blocks and bars agree within the combined measurement uncertainty.

It is important to emphasise that even when there is correct agreement between DC and AC
conductivity values the uncertainty cannot be lower than that of the AC method. It is not
possible to say if the AC and DC values agree to a level better than the combined uncertainty
of the individual methods. Since the uncertainty for the AC method is considerably higher
than the DC techniques this dominates the level of agreement that can be achieved. If
instruments that work at AC are calibrated using conductivity reference materials that are
measured at DC, the evaluation of the uncertainty for the calibration of the mentioned
instruments should include a contribution from the possible difference between AC and DC
measurements. It is also recommended that the calibration certificates for DC calibrations of
conductivity standards should contain a sentence which states that for the calibration of eddy
current meters by means of these DC calibrated standards one has to take into account an
additional contribution from the possible difference between AC and DC measurements.
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Task 5.2 Analysis of the results of the industrial user results.

Deliverable D4 Report on user results

This report gives the results of the measurements of the three industrial partners IFR,
HOCKING and EADS.

Comparison of the measurement protocols
See annexes 5.2A, 5.2B, and 5.2C for the full description of the 3 protocols.

IFR HOCKING EADS
See annex A B C
gg;nber of points / 5 points/side 9 points /side 5 points/side
Number of

. 5 5 5
measurements/point
Equipment SIGMATEST 2.068 | AUTOSIGMA 3000 | SIGMATEST 2.068
- To

Traceability to PTB NPL, Fischer, Zetec to NPL
fstr:;ber of standards 4 (chosen by 9) 2 7 (linearization)
Probe diameter 14 mm 13 mm 14 mm
Specimen 20°C 0.2 °C 20°C 0.1 °C 20°C £2°C
temperature
frequency 60 kHz 60 kHz 60 kHz
Temperatu're No yes No
compensation
Table 14

Analysis of the results

The results have been analysed in order to separate as well as possible the components of
uncertainty coming from the equipment, the material, the measurement method and the
environmental conditions.

- repeatability : this component is quantified as the maximum standard deviation found
on the same side, at one location. Repeatability can be assigned to the measuring
equipment and to the variation of temperature during the measurement.

- uniformity : this component is quantified as the standard deviation of the means
[between the 9 (or 5) average values of the conductivity] on the same side. Uniformity
can be mostly assigned to the material and includes part of repeatability (see previous
paragraph).

- difference between the 2 sides : measured by the difference of the average conductivity
values of the 2 sides. This is not an uncertainty component if the 2 sides are considered
separately.
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- reproducibility : the results of the measurement of an unknown material depend on the
reproducibility of the method, especially of the calibration of the conductivity meter.

G6RD-CT-2000-00210 “Conductivity”

- bias (and uncertainty) of the standards used in the calibration step (obvious
components of uncertainty).

- bias due to interpolation or linearization error : the indication of the conductivity
meter is corrected using interpolation between the 2 (or more) standard values flanking
the indication or (for EADS) using a regression polynomial based on 7 standard values,
that is supposed to better describe the response of the conductivity meter.

Repeatability
IFR : REPEATABILITY

Measured by standard deviation (in %) of 5 results at the same location.
The largest value is chosen among the 5 locations.

Set Metal sideA location sideB location
C Titanium 0,025 4 0,039 2
B Nordic gold 0,033 4 0,020 2
A Brass 0,036 4&5 0,036 2&4
B Al alloy 2 0,047 2 0,048 5
C Al alloy 1 0,037 5 0,040 4
A Dural 0,025 5 0,019 1
C Al 0,020 2 0,025 3
A CuGe 1 0,066 2 0,047 1
B Copper 0,064 4 0,050 4
Table 15
Comment :

The highest values are 0.066 % for side A and 0.050 % for side B.

0.05 %, can be chosen as a reasonable measure of repeatability in IFR measurement
conditionsfor all the materialsand the two sides.

HOCKING : REPEATABILITY

Measured by standard deviation (in %) of 5 results at the same location.

The largest value is chosen among the 9 locations.

et M etal sideA location sideB location
C Titanium 0,055 9 0,058 1
B Nordic gold 0,079 4 0,179 7
A Brass 0,081 4 0,080 3
B Al alloy 2 0,092 2 0,067 2
C Al alloy 1 0,076 4 0,142 7
A Dural 0,072 3 0,081 5
C Al 0,077 9 0,053 8
A CuGe 1 0,032 3 0,041 8
B Copper 0,084 5 0,110 9

Table 16
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Comment : The highest value is 0.092 % for side A.

0.15 % can be chosen as a r easonable maximum measur e of repeatability in HOCKING
measurement conditions for all the materials and the two sides. The value of 0.179 % is
certainly due to an error, and could have been discarded by using statistical tests.

EADS: REPEATABILITY

Measured by standard deviation (in %) of 5 results at the same location.
The highest value is chosen among the 5 locations and the 7 tests (for sets A and C) or 5
tests (set B)

set Metal side A sideB
C Titanium 0.155 0.039
B Nordic gold 0.030 0.032
A Brass 0086 0.127
B Al alloy 2 0.233 0.087
C Al alloy 1 0.085 0.067
A Dural 0.091 0.141
C Al 0.097 0.050
A CuGe 1 0.147 0.098
B Copper 0.048 0.065
Table 17

Comment : 0.15 % can be chosen as a reasonable maximum measur e of repeatability in
EADS measurement conditions for all the materials and the two sides. The value of 0.233%
is certainly due to an error during test 1, and could have been discarded by using statistical
tests. For the other tests, repeatability is lower than 0.15 %.

Comments about repeatability

IFR has the best value of repeatability (0.05 %), certainly attributable to the excellent
temperature control (20 °C = 0.2 °C).

Unifor mity
IFR : UNIFORMITY

Estimated by the standard deviation (in %) of the means [5 values] on the same side.

set Metal side A sideB
C Titanium 0,017 0,030
B Nordic gold 0,029 0,035
A Brass 0,079 0,085
B Al alloy 2 0,179 0,367
C Al alloy 1 0,092 0,016
A Dural 0,025 0,019
C Al 0,027 0,020
A CuGe 1 0,063 0,121
B Copper 0,083 0,079

Table 18
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HOCKING : UNIFORMITY

Estimated by the standard deviation (in %) of the means [9 values] on the same side.

set Metal side A sideB
C Titanium 0,059 0,024
B Nordic gold 0,039 0,040
A Brass 0,072 0,085
B Al alloy 2 0,327 0,243
C Al alloy 1 0,075 0,055
A Dural 0,090 0,194
C Al 0,020 0,026
A CuGe 1 0,020 0,008
B Copper 0,131 0,074
Table 19

EADS: UNIFORMITY

For each of the tests (5 or 7), estimated by the standard deviation (in %) of the means [5
values] on the same side. The highest value is chosen.

> ATTENTION : these figures take into account the reproducibility of the method ¢

set M etal side A test sideB test

C Titanium 0.062 7 0.044 7

B Nordic gold 0.037 3 0.029 5

A Brass 0.112 6 0.079 7

B Al alloy 2 0.161 3 0.338 5

C Al alloy 1 0.110 1 0.070 5

A Dural 0.112 2 0.161 5

C Al 0.034 3 0.027 1

A CuGe 1 0.063 5 0.131 1

B Copper 0.122 5 0.024 1
Table 20
Analysisand Comments about unifor mity
Uniformity is expressed in %.
Metal IFR Hocking | EADS min max mean
Titanium 0,017 0,059 0,062 0,02 0,06 0,046
Nordic gold| 0,029 0,039 0,037 0,03 0,04 0,035
Brass 0,079 0,072 0,112 0,07 0,11 0,088
Al alloy 2 0,179 0,327 0,161 0,16 0,33 0,222
Al alloy 1 0,092 0,075 0,110 0,08 0,11 0,092
Dural 0,025 0,090 0,112 0,03 0,11 0,076
Al 0,027 0,020 0,034 0,02 0,03 0,027
CuGe 1 0,063 0,020 0,063 0,02 0,06 0,049
Copper 0,083 0,131 0,122 0,08 0,13 0,112
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SideB

Metal IFR Hock, EADS min max mean

Titanium 0,030 0,024 0,044 0,02 0,04 0,033

Nordic gold| 0,035 0,040 0,029 0,03 0,04 0,035

Brass 0,085 0,085 0,079 0,08 0,09 0,083

Al alloy 2 0,367 0,243 0,338 0,24 0,37 0,316

Al alloy 1 0,016 0,055 0,070 0,02 0,07 0,047

Dural 0,019 0,194 0,161 0,02 0,19 0,125

Al 0,020 0,026 0,027 0,02 0,03 0,024

CuGe 1 0,121 0,008 0,131 0,01 0,13 0,087

Copper 0,079 0,074 0,024 0,02 0,08 0,059

Table 21

Al alloy 2 presents a poor uniformity (sides A and B), as seen by the 3 final users (mean
around 0.3 %)

The "best" blocks are Ti, Al, Nordic Gold (about 0.05 %)

Brass, Al alloy 1, CuGe 1, have a value of less or around 0.1 %, (depending of the side for
CuGe 1)

EADS uniformity values are consistent with the others users values.

Differences between the 2 Sides
The differences between the 2 sides are estimated by the differences of the mean values (5 or

9). These values cannot be used as uncertainty components : for a block, side A and side B
must be seen as 2 different objects.

Table 22
set Metal A-B (IFR) A-B (HOCKING) | A-B (EADS)!
C Titanium 0.061 0.096 0-206
B Nordic gold 0.032 0.085 0.018
A |Brass -0.149 -0.340 -0.181
B Al alloy 2 0.306 0.386 0.284°
C Al alloy 1 0.050 0.002 0.036
A |Dural 0.381 0.583 0.487°
C Al 0.002 0.023 0.007
A |CuGel -0.065 -0.008 -0.008
B | Copper 0.077 -0.025 0.118"

REPRODUCIBILITY OF EADSMETHOD

EADS made this study to evaluate the variability of the results due to the use of a method
based of the linearization of the conductivity meter response in the range of the 7 NPL
standards values. This method is coherent with the "on site" measurement protocol, where the
user has not at his disposal a set of standards but only the 2 blocks provided with the

' Mean of the 5 or 7 tests

* test 1 gives a high value (difference of 0.32 % between A and B)

? This difference is very significant : 7 tests give the same order of values for A-B
* This difference is significant : 5 tests give the same order of values for A-B
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equipment. The calibration lab quantifies the error of the linearized response of the
conductivity meter (by using its 7 NPL standards).

A study of the method reproducibility characterises the variation of the results due to
"calibration step" and linearization possible variations.

Results :
set Metal side A side B
C Titanium 1.182 1.180
B Nordic gold 0.077 0,072
A Brass 0.035 0,043
B Al alloy 2 0,051 0,065
C Al alloy 1 0,047 0,068
A Dural 0,082 0,068
C Al 0,031 0,078
A CuGe 1 0,062 0,069
B Copper 0,097 0,087

Table 23

Differences between the Industrial Users Results

Results

The differences between the 3 users come from the differences of their standards and from
the differences between their methods (interpolation / linearization) : see § 3.

The reference value for each material is the mean of the values given by the 3 users.
Each difference "user-reference" is calculated for the 3 users, and expressed in percentage :
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IFR HOCKING| EADS Mean | diff IFR / |diff HOCK |diff EADS

MS/m MS/m MS/m MS/m | mean % |/ mean % | / mean %
Titanium 2,159 2,172 2,166 -0,30 0,30
Nordic gold 9,522 9,552 9,378 9,484 0,40 0,72 -1,12
Brass 15,039 14,868 14,993 | 14,967 0,48 -0,66 0,18
Al alloy 2 18,794 18,822 18,832 | 18,816 -0,12 0,03 0,09
Al alloy 1 22,379 22,372 22,424 | 22,392 -0,06 -0,09 0,14
Dural 28,327 28,158 28,418 | 28,301 0,09 -0,51 0,41
Al 35,582 35,663 35,891 | 35,712 -0,36 -0,14 0,50
CuGe 1 40,886 40,946 41,126 | 40,986 -0,24 -0,10 0,34
Copper 57,868 58,301 58,635 | 58,268 -0,69 0,06 0,63
Table 24
Comments

EADS gives the highest values from 18 MS/m to 58,3 MS/m, and the lowest values under 15
MS/m. this may be a consequence of the linearization method.

The best agreement between IFR and Hocking is 0.03 % around 22.4 MS/m, the worst 1.15
% around 15 MS/m.

These results are presented in annex 5.2D.

Uncertainty Evaluations

IFR UNCERTAINTY EVALUATION

IFR takes into account the following components :

- 1 Repeatability of measurements on the primary standards
- 2 Repeatability of measurements on the test material
- 3 Uniformity of the material
-4 Interpolation
-5 Uncertainty of the conductivity standards

Component See § and comment Distribution | Value (std
dev)
1  Repeatability |On the calibration standards (§ 3.1.3) Normal 0.05 %
Repeatability | On the material to be measured (§ 3.1.3) Normal 0.05 %
3 Uniformity of | For the worst sample Al alloy 2 (§ 3.2.4)| Rectangular 0.23 %
the material | 0.40 %
4  Interpolation |Linearization of the conductivity meter Rectangular 0.10 %
5  Standards PTB calibration certificate (worst case) Normal 0.34 %
Table 25

The value (std dev) for rectangular distribution is obtained by dividing the measured value by
\ 3. The uncertainty U is obtained by the quadratic sum of these components respecting a
coverage factor k of 2.




NPL Report DEM-ES 001
G6RD-CT-2000-00210 “Conductivity” page 74 of 149
May 2004

Uncertainty U =2 v (0.05)* + (0.05)* + (0.23)> + (0.10)* + (0.34)*
Uncertainty U = 0.82 % (in the worst case)
HOCKING UNCERTAINTY EVALUATION

The Hocking Autosigma 3000 uses two std samples for its Calibration, the values of the two
samples are set from a straight line best fit evaluation of the values of 29 Calibrated blocks
Values (1.027 to 100.98 IACS) from NPL, Fischer and Zetec. It is therefore difficult to state
a figure for the inaccuracy of primary comparison Standard since all blocks have different
quoted accuracy deviation values.

However uncertainties can be evaluated for Temperature variations during measurement of
the samples and also the calibration of the Hocking instrument calibration (setting blocks).
The Instrument measurement system also has very small cyclic variations which also add to
the uncertainty of measurement.

Temperature uncertainty of Setting blocks (+/- 0.1° C) [0.05%]

Temperature uncertainty of Sample at measurement (+/- 0.1 ° C);

As the material conductivity temperature coefficients vary for each measured sample a
blanket figure cannot be stated. The uncertainty would have to be generated for each sample
based on it’s coefficient for +/- 0.1 © C temperature variation.

Cyclic Measurement variation.
The Cyclic variations of the measurement system attribute +/- 5 counts on 5 figure numbers
and +/- 3 counts on 4 figure numbers, on the least significant digit of all measurements taken.

EADSUNCERTAINTY EVALUATION

EADS takes into account the following components :

- 1 repeatability (including temperature effects on the measured materials)

- 2 uniformity (the aim is to characterise a sample in it's whole surface)

-3 reproducibility of the method (including the temperature effects during the
standardisation step on the 2 standardisation blocks, and the temperature effects on the 7
NPL standards during the linearization step)

-4 uncertainty of the standards used in the linearization step.

-5 the residues of the linearized response of the conductivity meter.

Some of these components are redundant, so the uncertainty is certainly over estimated.

Component See § and comment Value (std dev)
1  repeatability § 3.1.3 includes some reproducibility component 0.15%
2 uniformity § 3.2..4 for the worst sample (Al alloy 2) 0.40 %
also includes some reproducibility component
3 reproducibility §3.4 the worst value is chosen 0.10 %
4  standards NPL calibration certificate and ageing evaluation 0.50%
5  residues EADS study of the conductivity meter 0.20 %

Table 26
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The uncertainty is obtained by the quadratic sum of these components and a coverage factor
of 2.
The uncertainty (for the worst sample) is :

U= 2x/(0.15%) +(0.4%)? +(0.1%) + (0.5%)? + (0.2%)?
U=14% intheworst case

The main components are uniformity (that depends on the block) and the standards and their
ageing between 2 calibrations at NPL.

General Conclusions

The highest difference between the mean values of the measurements is 1.12 %
(§ 3.5.1). The results given by the 3 users are consistent, considering the uncertainty
evaluations and the contributions of the uncertainties of the standards.

The compatibility between the AC and DC calibrations is better than expected.

If we discard the blocks that have a low uniformity (Al alloy2), the uncertainty of the
measurements will be improved.
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Annex 5.2A : Measurement Protocol - IFR

Used measuring devices and standards

SIGMATEST D 2.068.01 SN 312
Probe 14 mm SN 371
Measuring device control number: 7

Last calibration: 16-janv-03

9 Calibration normals SN 101 - 109
Measuring device control number: 15

Last calibration: 17-janv-03
Tracibility: PTB
Thermometer Testo 950 SN 689812
Probe 0628 0015 SN 10087026
Probe 0628 0017 SN 10086526
Measuring device control number: 11

Last calibration: 10-déc-02
Measuring frequency: 60 kHz
Measuring unit: MS/m

Calibration of SIGMATEST:

Calibrated to 4 of 9 PTB standards

PTB standard 101 102 103 104 105 106 107 108 109

MS/m 0,617 | 2,061 | 4,363 | 14,72 | 17,43 | 22,44 | 29,39 | 35,70 | 57,90

Two of the four points near to the customer value.

Measuring uncertainty: +/- 0,5%

Temperature conditions:

Ambient temperature 20°C -0,3K
Surface temperature PTB standards 20°C+0,2K
Surface temperature test specimens 20°C+0,2K

Difference between PTB standards and test specimens <=0,1K
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Measuring

procedure:

At every measuring point five measurements are taken.
Probe lifted off and then placed on standard between each reading.

Measuring
Points:
Following measuring points were used :

80 mm x 80 mm

plate Side A Side B
3A 2A 2B 3B
1A 1B
4A 5A 5B 4B
600 mm x 80 mm 1 2 3 4 5 6 7
plate Side A
Side B 1 2 3 4 5 6 7

The numbers on the front and rear are correlated to the same position in the plate.

Enclosed technical designs show the dimensional details of the measuring
points of all test specimens at set A, B and C.
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Annex 5.2B : Measurement Protocol - HOCKING

To measure conductivity of 3 off 80 X 80 mm blocks and 1 off 40 X 300 mm block from
Set“ B” at various places on their surface both sides. Measurement Units. TACS.

80 X 80 mm BLOCKS

Measurements were taken in 9 positions on side “A”, in the centre, at the four corners 11 X
11 mm in from each edge and in the centre of each side 11 mm in. These positions were
nominated as “lA” through “9A” see Diag 1. The samples were then turned over and
measured on the reverse, side “B” the designation corresponding to the positions directly
below the side “A” numbers, e.g. “1B” is directly below “1A”.

Diag 1.

1A 2A 3A

8A 9A 4A

TA 6A 5A

Block Name here. Eg (Alloy 2)

40 X 300 mm BLOCKS

Measurements were taken in 5 positions on side “A” on the centre line of the block and at
distances from the end as shown in Diag 2. These positions were nominated “30A” through
“270A”

The sample was then turned over and measured on the reverse, side “B” the designation
corresponding to the positions directly below the side “A” numbers.

e.g. “30B” is directly below “30A”.

Diag 2.

30A 80A 150A 220A 270A

NORDIC GOLD. SIDE A UP

>30mm >80mm >150mm >220mm >270mm
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MEASURING METHOD

The samples were placed on a 12 mm thick Aluminium plate raised on insulators in a
“Carbolite Temperature Controlled Chamber”. The plate’s temperature was monitored by a
sensor affixed to it, feeding an Anville Instruments series 215 digital thermometer. The
temperature was held at a constant 20 degrees C. +/- 0.1 °C.

A Hocking “Autosigma 3000 was used to make the measurements it was set in the
Engineering mode which displays the conductivity to a second decimal place to give better
discrimination, not so in it’s normal operating mode.

A series of five readings were taken at each designated position checking the instruments
calibration on the “standard cal samples” between each successive reading and recalibrating
if the cal value had drifted. The five values were then averaged and rounded to the nearest 2™
Dec place.

APPENDIX

Equipment used.
Autosigma 3000. Model 471001DL. Serial Number. 35788-08.
Probe. Model 47P001. Serial Number 35843/8. Code. 5558.
Anville Instruments Digital Thermometer. Model.215/TR/0.1
Serial Number.60214.
(calibrated ICL. Till 20-05-03. Ref. 167217.)

Carbolite Eurotherm chamber. Type. NRCI/30F Serial Number. 12/93/2087.
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Annex 5.2C : Measurement Protocol EADS

For one test of a set (sides A and B) :

Step 1 : "calibration" of the conductivity meter by using the 2 samples supplied with the
equipment. In fact, step 1 is not a calibration step, but a standardisation step.

Step 2 : measurement of the 7 NPL standards, and calculation of the best fit linear response of
the conductivity meter,

Step 3 : measurement of the values of the three 80 mm x 80 mm blocks of the set (sides A
and B) and use of the regression coefficients given by step 2 to calculate the corrected value
of the material (use of EXCEL sheets).

The samples were placed on a wooden table, at the laboratory temperature, that is 20 °C + 2
°C and is monitored.

The conductivity meter was a Sigmatest 2.068, the temperature compensation function was

disabled.
Five readings were taken at each designated position Ul, Ur,LI,Lr,C.

Test on side A

Upper Left
Center
Lower Left Lower Right
SIDE A
Test on side B
Upper Left ,.-,,..u-*'fjpper Right
Center
Lower Left T ower Richt
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See the NMI individual reports for details of the measurement methods. The measurement
protocols and the calibration route used by the industrial partners can be found in the
appropriate sections of the industrial users report.

In the following table the conductivity values of the blocks measured by the industrial users
using instruments working at 60 kHz are individually compared with the 60 kHz value from
NPL and the average NMi and PTB DC value.

IFR to IFR to Hocking to Hocking to EADSto EADSto
Block NPL average NPL average NPL average
DC DC DC
% difference
Copper -1.719 -0.667 -0.964 0.081 -0.389 0.650
CuGe -1.137 -0.742 -0.989 -0.595 -0.547 -0.154
Aluminium -0.925 -0.611 -0.695 -0.383 -0.056 0.255
Dural -0.703 0.173 -1.307 -0.426 -0.380 0.493
Alloy R -0.384 -0.659 -0.416 -0.691 -0.183 -0.457
Alloy S -0.761 -1.101 -0.611 -0.951 -0.558 -0.897
Brass 0.831 1.420 -0.309 0.286 0.527 1117
NGocr)ﬂ;C -0.326 -0.079 -0.010 0.236 -1.866 -1.615
Titanium -1.061 -0.669 -0.456 -0.067 - -

Table 27 Analyses of NMI and industrial partners results

The following graphs show the % differences in the above table against the conductivity value
for the three industria partners.
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IFR

A Average DC conductivity
(] NPL 60 kHz conductivity

Difference (%)

0 20 40 60
Conductivity (MS/m)
Except for conductivities of 14.9 MS/m (brass), 18.9 MS/m (Aluminium alloy S) and 22.5

MS/m (Aluminium alloy R) the difference is larger for the NPL 60 kHz values. IFR use
conductivity primary standards calibrated using a DC method.
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A Average DC conductivity
(] NPL 60 kHz conductivity

Difference (%)
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0 20 40 60

Conductivity (MS/m)

Between conductivities of 9.5 MS/m (Nordic gold) and 22.5 MS/m (Aluminium alloy R) the
difference is smaller for the NPL 60 kHz value. Hocking use a variety of conductivity
standards to calibrate their instrument and both AC and DC methods are used for the
certification.
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Between conductivities of 14.9 MS/m (Brass) and 35.9 MS/m (Aluminium) the difference is
smaller for the NPL 60 kHz value. EADS uses a set of NPL conductivity reference blocks to
calibrate their instrument. The linearisation process used by EADS is expected to have a
greater contribution at higher conductivities where the sensitivity is high. This could explain
the discrepancy observed for copper.

Discussion

When considering the agreement between the conductivity values of the NMI’s and the
industrial partners a number of points relating to the industrial measurements need to be
considered:

e The measurement protocol adopted

e The measurement method to certify the reference standards that are used to calibrate
the commercial instrument

e The linearisation routine used

e The temperature of the measurement

Each of these has been considered by the industrial partners and contributions for them
included in their uncertainty budget. The calculated measurement uncertainty for IFR was
0.82% and for EADS 1.4%. These figures include a worst-case contribution of 0.4% due to
material uniformity. Typically, the uniformity was better than 0.1%. Adjusting the size of the
uniformity contribution, uncertainties of 0.75% for IFR and 1.2% for EADS can be used.
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Considering these uncertainties and the measurement uncertainties for the NMI values the
number of significant differences between the reported values are given below.

Significant differences

IFR to DC = 2 significant difference at 14.9 and 18.9 MS/m

IFR to 60 kHz = 4 significant differences at 2.18, 35.9, 41.4 and 58.8 MS/m.
EADS to DC = 2 significant differences at 9.5 and 14.9 MS/m.

EADS to 60 kHz = 1 significant difference at 9.5 MS/m

Conclusion

Referring the graphs above, there are no trends in the percent differences versus conductivity
behaviour. This is also the case for the differences in the AC and DC values obtained by the
NMTI’s. Therefore, each of the methods used to measure the conductivity is a valid technique
with no discernable systematic contribution. The origin of the observed scatter is probably
due to the material properties and more specifically to the details of the method used to
determine the conductivity.

From the measurements by the NMI’s on blocks and bars it is possible to conclude that
contributions to the observed differences result from material uniformity through the
thickness and also from conductivity anisotropy. The role of anisotropy is evident from the
number of differences between the AC and DC determined values for the bars. With the
measurement current only in one direction, the presence of anisotropy will have a greater
effect than for current distributions that average many directions. The method for determining
the conductivity should use current distributions that are as close as possible to that used by
commercial instruments. Avoiding contributions due to poor material uniformity through the
thickness requires the measurement to be made at the appropriate frequency. The NPL AC
method satisfies both these requirements. However, due to the complexity of both the NPL
technique and the analyses the measurement uncertainty is 0.5%. Any DC method should
include this uncertainty as a MINIMUM contribution arising from AC/DC differences. Such a
contribution cannot be lower since the agreement between the AC and DC methods cannot be
established to better than this. The work in this project has shown that significant differences
between the AC and DC measured conductivities occur. For the copper block the difference
was 1 % and including an AC to DC difference contribution of this size is considered good
practice. For copper the skin depth at 60 kHz is only 0.3 mm and AC techniques are therefore
very sensitive to the surface layers. The surface will be mechanically stressed due to the
machining required for finishing and this is known to alter the conductivity. Considering this,
an agreement of 1 % between the AC and DC methods is encouraging.

When making measurements with commercial instruments a number of other uncertainty
contributions need to be considered. One of the most important is the linearisation used.
Commercial instruments work by measuring the change in the impedance of a ferrite-cored
coil when the material whose conductivity is required is introduced. The relationship between
the change in impedance and the conductivity is non-linear and cannot be calculated. A
number of conductivity standards across the range are therefore required. Linearisation is
achieved using software and the residuals that this produces can be significant. Users of
commercial instruments need measurement protocols to deal with this. Whatever method is
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chosen, interpolation is involved and so uncertainties must be included. Combined with the
uncertainty from the reference materials and other aspects of using the instrument an
uncertainty of 1 % is possible.

Technological Implementation Plan and Forward Look

Available in restricted report version NPL Report CETM S139, September 2003.

References

[1] NPL Report CETM S86, Report 1 on activities within the RTD Project GGRD-CT-2000-
00210, Report period 01.10.2000 to 30.09.2001, Report authors: LCA Henderson et al.,
November 2001.

[2] NPL Report CETM S109, Periodic Progress and Management Report 2 on activities
within the RTD Project G6RD-CT-2000-00210, Report period 01.10.2001 to 30.09.2002,
Report authors: LCA Henderson et al., November 2002.

[3] R. L. Powell and F. R. Fickett, ,,Cryogenic Properties of Copper”, NBS, Boulder,
Colorado; Poster INCRA (International Copper Research Association), Dec. 1979.

[4] Handbook of Chemistry and Physics, 9. Edition, by The Chemical Rubber Co., Cleveland,
Ohio, edited by R. C. Weast, 1968.

[5] P. Warnecke, ,Bestimmung der Quantenkorrekturen zum elektrischen
Leitungsmechanismus  dreidimensionaler,  gestorter  Kupferlegierungen: = Schwache
Lokalisierung und Elektron-Elektron-Wechselwirkung”, Thesis, TU Braunschweig, Germany,
1987

[6] Van der Pauw, “A method of measuring specific resistivity and Hall effect of discs of
arbitrary shape”, Philips Res. Rep., vol. 13, pp.1-9, 1958

[7] W. Versnel, “Analysis of symmetrical Van der Pauw structures with finite contacts”,
Solid-S. Electron., vol. 21, pp. 1261-1268, 1978

[8] G. Rietveld, Ch. V. Koijmans, L. C. A. Henderson, M. J. Hall, S. Harmon, P. Warnecke,
B. Schumacher, “DC Conductivity Measurements in the Van der Pauw Geometry”, IEEE
Trans. IM, Vol. 52, No. 2, April 2003.

[9] Measurement of eddy-current conductivity, Lynch, A.C., Drake A.E. and Dix, C.H., Proc
IEE A 1983, vol 130, pp 254-260.

[10] Errata - Measurement of eddy-current conductivity Lynch, A.C., Drake A.E. and Dix,
C.H. IEE Proceedings, Vol 1345 Pt, No 4, April 1987.

[11] BIPM, IEC, IFCC, ISO, IUPAC, IUPAP, OIML, Guide to the Expression of Uncertainty
in Measurement, International Organisation for Standardization, Geneva, First Edition 1993.



NPL Report DEM-ES 001
G6RD-CT-2000-00210 “Conductivity” page 88 of 149
May 2004

[12] Lesley Henderson, Michael Hall, Peter Warnecke, Bernd Schumacher, Gert Rietveld,
Gilbert Brigodiot, Peter Lale, Richard Bodenberger, “Towards the resolution of discrepancies
in the measurement of low frequency electrical conductivity used for non-destructive testing”,
NCSL, August 2002.

[13] “Can we resolve the discrepancy in measurements of low frequency electrical
conductivity?”, EC Conference ‘Towards an integrated infrastructure for measurements’, June
2002.



NPL Report DEM-ES 001
G6RD-CT-2000-00210 “Conductivity” page 89 of 149
May 2004

Annex A Notes from the Conductivity workshop
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WORKSHOP
on the measur ement of
Eddy Current Conductivity

held at National Physical Laboratory, 20 March 2003

Key points from discussions

e There is a demand for calibrations above 100 kHz coming from both aerospace and
coin industries.

e The traceability chain for some instrumentation has insufficient consideration of AC
contributions.

e There are conflicting specifications for conductivity to be met by suppliers to the
aerospace industry.

e There are 16 producing Mints in 12 countries. The mechanism for comparing between
Mints relies on the European Central Bank but could possibly be improved by further
discussions with the NMIs who have much experience in comparisons.

e There is interest in the coin industries for reference standards in the form of coin
blanks in the range 5 — 18 %IACS. NPL presently supplies larger reference blocks at
16.6 %IACS.

Presentations

Introduction Lesley Henderson
NPL

Techniques and materials for the measurement of DC and | Michael Hall

AC conductivity of non-ferrous metals and alloys NPL

How the instrument manufacturers work Richard Bodenberger
Foerster

Conductivity - a blank producers view David Donovan*

Birmingham Mint
*unable to attend, slides shown

Conductivity measurements at EADS and in the French Gilbert Brigodiot

aeronautic industry EADS Launch Vehicles
Problems and issues arising in coin handling Simon Scott-Brown
Scan Coin Technology

Open discussion, introduced by Liane Rupprecht, Austrian | Liane Rupprecht, speakers and
Mint, representing the Mint Directors Working Group EC project partners
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Detailed questions and discussion

Michael Hall’s (MJH) presentation:
e David Jones asked if frequencies other than 60 kHz were required by customers. MJH
answered that there is a need for traceability at higher frequencies and the existing
system could not be used above 100 kHz.

Richard Bodenberger’s (RB) presentation:

e David Jones asked regarding the blocks at PTB measured at DC, if there are any
contribution in the uncertainty for AC components. Peter Warnecke (PW) answered
that uncertainty includes contributions for resistance and length.

e Franz Herres (FH) asked how often the standards are measured and have they
experienced any aging. RB said they are measured every two years and about half had
minor aging (approx 0.1-0.2% variation).

Gilbert Brigodiot’s (GB) presentation:
e MJH asked how he complies with the specifications when the tolerances are lower
than the calibration uncertainties. There was no clear answer.

Simon Scott-Brown (SS-B)/Geoff Howells’s (GH) presentation:

e Gwyn Ashcroft (GRA) asked was there a specific conductivity material that the
standard coins were made from. SS-B said that 500,000 were made to obtain the
100,000 of a specific value.

e QGert Rietveld asked how critical is the discrimination, and SS-B answered stating that
8 parameters are used.

e MIJH asked how well can assemblies be made time after time. GH said that the
tolerance on coin assembles and electronics may differ by 5%.

Workshop open discussion:

e GRA asked if the coin vending industry was the only reason the Mints required
specific conductivity values. Liane Rupprecht (LR) answered yes.

e GRA said it seemed that the two industries were measuring conductivity differently
and was there any way to standardise. SS-B said that Scan Coin use meters to separate
and RB followed saying their equipment makes 100 samples per second and averages
to give displayed value, whereas the coin industry require measurements on 60
individual items per second.

e John Rees (JR) asked Scan Coin how they detect magnetic parameters between
magnetic and non-magnetic coins. GH said they do measure the magnetic parameters
using a magnet on one side of the coin and a hall sensor on the other. MJH stated that
positioning was important and asked what remanence remains. GH said they use
magnetic moment and that the magnetic history affects the reading of the coin.

e MIJH asked if magnetised coins could affect cards with magnetic strips in a
pocket/wallet. LR said that a 1 Euro coin could become a magnet.

e PW said that vending machines from different companies use different rejection
systems, they look for too many properties whilst the coins are moving therefore all
parameters not just conductivity are important. GH said that is how learn-by-example
machines operate.

e Central Bank of Ireland asked if Mints were making measurements to specific
tolerances or do manufacturers just say a coin fails and not which parameter it has
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failed on. GH stated that coins have to be within all parameter tolerances. SS-B
followed stating that if coins are rejected they can say which parameter it has failed
on. LR says that it depends on the machine.

e FH stated that NRI sensors measure 12 parameters and do not rely on any one
parameter therefore coins that are completely different in one of the parameters can be
accepted in one window because of the combined parameters.

e SS-B said that coins in use make up 10% of the transactions made and that most coins
go through the system 2 to 3 times a year therefore damaged or counterfeit coins
should be removed.

e Simon Jones (SJ) asked if eddy current techniques were used to identify corroded
bicolour coins. FH said that the junction resistance can cause problems with the
bicolour coins and that corrosion could possibly help. SJ continued saying that more
Ni leeched from the bicolour coins therefore the corroded coins should be sorted from
the un-corroded coins. FH said that this was nothing to do with eddy current
measurements but in the production of the coins. FH continued saying that it was
harder for coin machines to recognise new coins. SS-B stated that they had no problem
with the junction resistance.

e LR continued saying that some industries are happy with the bicolour coins and some
are not. JR said that some £2 coins had been aged prior to their release, LR followed
saying that the conductivity can change a lot with time.

e GRA asked about the uniformity of the material plates and if material batches vary.
LR said that the coins are not homogeneous and that they buy material with set
tolerances.

e PW said that several people are producing standards using different methods. A set of
artefacts should be used as primary standards, held in one place. MJH added that they
should be fully AC/DC characterised to help in the calibration of the instruments. GB
asked if we need reference materials with a link to the SI. FH stated that the coin
industry does not care about ‘the real world’, but different Mints are obtaining
different results.

e LCAH asked LR if there was a mechanism for the Mints to inter-compare their
measurements. LR said yes, when the European Central Bank visits each Mint they
take their own coin set to check. FH said that different results could be obtained on
coins because of stamping.

e LCAH asked FH how it links to instrument manufacturers. FH said that the Foerster
instrument calibration is traceable to PTB and linked to Boeing standards but different
standards give different results. MJH added that this issue was the motivation for the
current project and has been an issue for many years.

e FH asked about obtaining standards in the 5 to 18 %IACS range especially around the
16.6 %IACS value. MJH stated that NPL has standards available at 16.6 %IACS. FH
stated that the blanks industry requires stable measuring standards for the 16
producing Mints in 12 countries. LCAH stated that investigations on blanks could be
done using the NPL blocks. PW added that there should be a comparison within the
Mints.

e SJ asked is there any work on more useable defect standards? Chris Hocking asked if
there are any Euro norms on types of cracks.
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Name Organisation

Liane Rupprecht Munze Osterreich AG

David Jones Conductivity Calibrations
Carla Silva Impresna Nacional-Casa da Moeda
Jose Miguel Garcia Azkoyen Medios de Pago S.A.
Franz Herres European Central Bank

John Coughlan Central Bank of Ireland

Brian Clarke Central Bank of Ireland
Carson Jones The Royal Mint

Gillian Prosser The Royal Mint

John Rees The Royal Mint

David Donovan Birmingham Mint* unable to attend
Chris Hocking Hocking NDT

Allan White Hocking NDT

Simon Jones

Simon Scott Brown Scan Coin Technology

Geoff Howells Scan Coin Technology

Peter Warnecke PTB

G Rietveld NMi Van Swinden Lab
Richard Bodenberger Foerster

Gilbert Brigodiot EADS Launch Vehicles
Lesley Henderson NPL

Michael Hall NPL

Stuart Harmon NPL

Gwyn Ashcroft NPL

Stuart Harmon
Lesley Henderson
Michael Hall

29 April 2003
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Annex B-1 First Contract between PTB and Stahlzentrum
Freiberg
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Available in restricted report version NPL Report CETM S139, September 2003.
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Annex B-2 First Report from Stahlzentrum Freiberg
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Final report on the Cu-Ge alloys research project

“Formation of copper germanium alloys by vacuum melting and their processing by rolling

within the scope of the EU Conductivity Project"

Working period from 09-08-2001 to 31-03-2002

Research centre:
Stahlzentrum Freiberg e.V.
Institut for Process and quality technique
At the TU Bergakademie Freiberg
Leipziger Strasse 34
09599 Freiberg

Freiberg, September 2002
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0 Introduction

Within the scope of a research project sponsored by the EU, research activities for the

following subject were performed for one year in cooperation with the PTB:

“Formation of copper germanium alloys by vacuum melting and their processing by rolling

within the scope of the EU Conductivity Project*

Under identification No.: G6RD-CT-2000-00210.

A new water-cooled copper mould was manufactured according to the specified working
plan, and a special copper germanium alloy with 0,19 at.-% of Ge melted and cast as a slab.
This slab was hot-rolled to 12 mm sheet in the two-roll reversing roll stand. In this process,
uniform thickness (+ 0,5 mm) and suitable minimum dimensions (800 x 400 mm) had to be
kept. The Ge concentration should be homogeneous over the whole surface, with a
maximum deviation of 0,2% from the mean value.

This sheet was handed over to the firm Magnetische Prifanlagen, Reutlingen, for

measurement of the electric conductivity.

1 Primary materials and crucible material

Pure copper drawn as wire was used as primary material for melting the alloy. Sections of
these wires of Milbary quality were obtained from the firm Sachsisches Metallwerk, Freiberg.

An analysis at reception showed (in addition to copper) in m %:

Si Fe

<0,001 0,004

Alloying of Ge was performed with highest-purity germanium of piece quality of approx.
1..2cm obtained from the Research Centre for Non-ferrous Metals, Freiberg. Quality:

germanium with a purity of 99,99%.

The crucibles for melting were of pure graphite (external diameter: 250 mm, internal
diameter: 200 mm, bottom thickness: 30 mm). They were specially designed (including a
melting cover) in accordance with the respective experimental data and manufactured by

Grafitverarbeitung, Hanau.
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2 Construction and mounting of the water-cooled mould

For the experiments, a new mould with improved heat dissipation was constructed and
released for production. KM Europa Metal AG, Osnabriick, manufactured the sandwich
mould from steel and a special ELBRODUR "G" (Cu-Cr-Zr) copper alloy. Information

regarding the alloy and the mechanical characteristics can be taken from the Annex.

Figure 01 shows the constructional drawing of the mould. It is composed of two parts: one
plate of Elbrodur "G" alloy provided with cooling channels and a steel plate to guarantee
mechanical stability. A circular ring gasket was inserted to seal the mould against the water
flowing through. In operation, suitable flexible pressure tubings are introduced into the
furnace via vacuum fittings, and the water quantity calculated for quick cooling of the melted

material is defined with the aid of flowmeters.

Figure 01: Constructional drawing of a permanent mould half

The mould half was delivered in a suitable wooden box, Figure 02. Installation was started
immediately after opening of the transport box. Stahlzentrum Freiberg had already prepared
the respective connectors, connecting fixtures and working appliances. When the mould is
assembled, the two prefabricated cooling plates are placed in parallel on a working platform,
and the two edge sides or the lower edge of the mould are blocked with chamotte bricks
(SiO,-Al,03). By an opening and closing mechanism especially developed for this purpose,

the mould can quickly be opened or closed to withdraw the cast piece .
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Figure 02: Packed permanent mould halves

Figure 03a: Mounted permanent mould halves
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Figure 03b: Mounted working platform

3 VIM12 vacuum induction melting and casting plant

The experiments for melting of the Cu-Ge alloy were carried out in a VIM12 vacuum
induction melting and casting unit. Figure 04 shows the system of the unit in which melting
and casting processes can be performed under vacuum or protective gas. The plant’s
operation is based on induction heating of the metal to be melted. For this purpose, induction
coils of different sizes are available, into which appropriate melting crucibles of graphite or,
for steel melting, of magnesia or alumina metal are inserted. Casting is performed via a
turning mechanism which swings the melting crucible including the induction coil and thus
delivers the liquid melt to the mould. Different mechanisms provided above the furnace cover

allow the melt to be treated, material to be recharged or samples to be taken.
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Vakuumschmelzanlage VIM 12

Frequenz: 2,0.. 3,5 kHz
Leistung: 100 kW

Revolverwechseleinrichtung

zum Chargieren, Legieren, . s
Probenehmen und Messen unter Vakuum: max. 10° mbar

Vakuum

MF-Generator 100 kW
(Thyristorumformer)

Vakuum pumpsatz mit

Schmelztiegel mit -
. Drehschieberpumpe
max. 10 Liter oder .
4 Li Schmelzvol Ifrelskolbenpumpe und
max. iter Schmelzvolumen OLDiffusionspum pe

Figure 04: System of the VIM12 vacuum melting and casting unit

The whole unit is shown in Figure 05. This figure shows the auxiliary units (generator,
control cabinet) and the rotary carrousel above the furnace. A detailed figure, Figure 06,
shows the interior of the furnace with installed induction coil, graphite crucible, graphite

tundish and water-cooled mould, prepared for melting experiment No. 1, Cu-Ge 0,19.

Figure 05: VIM 12 vacuum melting and casting unit in the institute’s Lauchhammer hall
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Figure 06: Installed graphite crucible, graphite tundish and copper mould in VIM 12

4 Melting and processing of alloy No. 1

Up to now, three sheets of the alloy were melted with 0,19 at-% of Ge and further processed.
In the melting process, the prepared copper was placed into the melting crucible, the furnace
was closed and the vacuum pumped. After an underpressure of 10* mbar had been
reached, the copper was melted via induction with approximately 25 ... 30 kW. After a
melting time of 30 min, the melt was alloyed with an appropriate quantity of germanium and

stirred for about 10 minutes.

After that, the crucible was tilted and the mould cast, Figure 07. After solidification of the slab
(110x220x320 mm), the furnace was flooded and opened and the cast piece removed,
Figure 08.
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Figured 07: VIM 12 after the casting process

Figure 08: Withdrawn block No. 1 of Cu-Ge alloy

After cooling of the cast piece, the casting head was cut off as calculated before and the
lateral faces were milled off to eliminate any oxide skin on the sheet surface to be formed.
The slab prepared in this way was preheated to 800 °C in a preheating furnace and milled on
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a two-roll reversing roll stand. Special importance was attached to flatness and compliance

with the outer dimensions of 400x800 mm. Figure 09 shows milling of the block in this flat.

G6RD-CT-2000-00210 “Conductivity”
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Figure 09: Hot rolling of block No. 1 of Cu-Ge alloy

5 Homogeneity problems of the electric conductivity

Systematic electric conductivity tests performed on this sheet with the scanning electron
microcsope of the firm Magnetische Prifanlagen in Reutlingen showed inhomogeneities of
the electric conductivity over the sheet’s surface. In this context it has to be said that different
measurements with variable test frequencies performed on the front face and on the back of
the sheet lead to a peak of the electric conductivity at the same place of the sheet which

might be due to a macroscopic defect. This defect could be the result of a back fin or of an

inhomogeneity due to a shrink hole.

According to the Matthiessen rule, the electrical resistance of a Cu-Ge alloy should be

composed as follows:

Pces = Pecu t Pae
where p., = temp.abhangig =1,678-107°Qcm(20°C) and

-6 _Qcm

Pee = temp.unabhangig =3,7-107 2 .

temp.abhéngig = temperature dependent
temp.unabhéangig = independent of the temperature

Samples from different zones were taken to characterize the inhomogeneities of the Ge
contents in the cast piece, i.e. samples were taken from the side and bottom faces of the
slab, but also from the head and shrink hole zone separated before milling. Figure 10 shows

where the respective sample has been taken.
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Figure 10: Sampling scheme for chemical analyses from the cast ingot

Chemical analyses of samples of the slabs taken before hot milling showed slight
inhomogeneities in the Ge content which depend on the sampling place, Table 01. There are

hardly any significant differences, an increase in the Ge contents could be shown only in the

shrink hole and the head region.

Table 01: Analyzed mass fractions at different places of the cast slab

Contents in m-%

1(1) 1(2) 1(3)
Head Lu 0,234 0,209 0,198
Head Se 0,200
Head Mi 0,215 0,214 0,206
Block O
Block F 0,202 0,216 0,182
Block M 0,205 0,206 0,194
Block S 0,211 0,216 0,198

Table 02 shows the calculation of the respective electric conductivity performed according to

the above Matthieseen rule after conversion into atomic percent.

May 2004
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Table 02: Electric conductivities of the cast slab calculated from the mass fractions

electr. conduct. MS/m

1(2) 1(2) 1(3)
Head Lu 41,041 42,435 43,126
Head Se 42,997
Head Mi 42,117 42,169 42,649
Block O
Block F 42,895 42,051 44,109
Block M 42,691 42,658 43,375
Block S 42,345 42,037 43,144

Accordingly, the variation of the Ge content in the cast slab 1(1) to 1(3) would result in the

following variations of the electric conductivity, Tab. 03:

Table 03: Inhomogeneity of the electric conductivity of plate No. 1

Charge Mean value m-% | Standard dev. Mean value | Standard dev.
MS/m

1(2) 0,211 0,012 42,35 0,658

1(2) 0,212 0,004 42,27 0,241

1(3) 0,195 0,008 43,28 0,477

In the most favourable case, an electric conductivity of 42,27 +0,24 MS/m and in the most

unfavourable case, an electric conductivity of 42,35 +0,66 MS/m, i.e. an inhomogeneity of

approx. 1... 3 % could be expected.

Spectrometric proof of the reduction of the Ge content towards the edge could not, however,

be furnished on the scanning electron microcsope with EDX.

A second problem resulted when the electric conductivity was measured with different test

frequencies and, consequently, different depths of penetration. In these cases, a higher

electric conductivity, probably caused by lower Ge contents, resulted in the outer layers of

the sheet, Figure 11.
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Figure 11: Variable electric conductivities when changing the test frequencies

It is assumed that germanium diffused out of the marginal zone and oxidized as a result of
the preheating process for sheet metal forming. To check this assumption, smaller sample
pieces were deformed at lower milling temperatures and, subsequently, the conductivity was
measured again with different test frequencies. An improvement can be achieved only at a

clearly lower preheating temperature of 500 °C, Figure 12.
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Figure 12: Electric conductivity after different milling temperatures

6 Prospects

As to future prospects it can be said that hardly any further measures can be taken from

melting technology aspects. The melting treatment has been optimized and the solidification

conditions

improvements could be achieved in particular in the following forming process or by a

in the water-cooled mould have also been optimally adjusted. Further

general change of the product. This refers above all to its size.
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Annex C-1 Second Contract between PTB and
Stahlzentrum Freiberg
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Available in restricted report version NPL Report CETM S139, September 2003.
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Annex C-2 Second Report from Stahlzentrum Freiberg
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Final report on the Cu-Ge alloysresear ch project, series||

“Formation of higher Cu-Ge alloys by vacuum melting and their processing by rolling within

the scope of the continued EU Conductivity Project No. G6RD-CT-2000-00210

Working period from 01-01-2003 to 30-06-2003

Research centre:
Stahlzentrum Freiberg e.V.
Institute for Process and Quality Technique
at the TU Bergakademie Freiberg
Leipziger Strasse 34
09599 Freiberg

Freiberg, July 2003
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0 Introduction

Within the scope of a research project sponsored by the EU, research activities for the
following subject have been performed since August 2001 in cooperation with the

PTB, Braunschweig:

“Formation of copper germanium alloys by vacuum melting and their processing by rolling"
within the scope of the EU Conductivity Project, identification No.: G6RD-CT-2000-00210.

In 2003, the project will be continued to investigate the effect of higher Ge concentrations on
the distribution of Ge and on the influence of the forming process. In accordance with the
working plan specified, the distribution of Ge and the influence of the electric conductivity
were investigated on smaller castings in the first quarter of 2003. In the following step
performed in the second quarter of 2003, a larger slab with higher Ge content was cast and

hot-rolled into a 12 mm sheet.

1 Initial materials and crucible material

In addition to top discard from the first series, wire drawn from pure copper was again used
as initial material to smelt the alloy. Sections of these wires of Milbary quality were obtained
from Sachsisches Metallwerk, Freiberg. Table 01 (residue = Cu) shows the analysis at

reception (except for copper) in Ma-%:

Table 1: Chemical analysis of the material used (copper, ma-%):

Si Fe

<0,001 0,004

Alloying of Ge was performed with ultrapure germanium (99,999 %) of piece quality obtained
from HEK GmbH, Lubeck.

As in the first series, the crucibles for smelting were of pure graphite (external diameter: 250
mm, internal diameter: 200 mm, bottom thickness: 30 mm). They were specially designed
(including a melting cover) in accordance with the respective experimental data and

manufactured by Grafitverarbeitung, Hanau.
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2 Melting and processing of alloy No. II/1

The first ingot of series Il was cast as a 16-kg ingot with the base area 125 x 110 mm and a
height of 135 mm. The ingot was divided into three slices for chemical analysis and
conductivity measurements; from the other half, three sections were cut for rolling tests,

Figures d 0la and b. From the rear, one slice was obtained for continuous measurement of

the conductivity from mould edge to mould edge.

FiguresOla and b: Cutting plan for block I1/1

Table 02 shows the results of the chemical analysis in Ma-%

Table 02: ICP analysis of ingot II/1 (ma-%):

Designation Ge 0) C Cinitial mat.
00 (head) 3,25
0 (R+0 mm) 3,26

1 (R+18 mm) 3,27

2 (R¥36 mm)  |3,28

3 (R+55 mm) 3,25 0,005 0,013 0,006

The Ge contents determined do not show any detectable gradient from edge to core. To
increase knowledge, the O content and the C contents were in addition measured before and

after remelting to detect any carbon pickup by the melt from the graphite crucible.

In analogy, the electric conductivities were measured on the respective surfaces at a
distance from the mould wall. Figure 02 shows an increase in the electric conductivity from

the edge towards the core, which would correspond to a decrease in the Ge concentration.
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Figure 02: Electric conductivity, ingot 11/1, measurement on layer plates

The conductivities measured on the slice for continuous edge—to-edge measurements,

Figure 03, confirm this development.

Cu-Ge II/1:

11
10,5 A

10 A

—&— Kontischeibe von links
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0,5 mm:

8 T T
0 50 100

Distance mould - mould [mm]

Figure 03: Electric conductivity, ingot 11/1, measurement on continuous plate

The cause consequently is a lower Ge concentration in the core of the cast ingot, which here

cannot, however, be explained.
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3 Melting and processing of alloy No. II/2

A different casting technology was developed to even out the gradient of the heat flux during
the cooling process and to obtain a solidification front approximately plane throughout the
ingot. For this purpose, only one half of the mould was used, which was flatly installed as the
bottom, and the surrounding walls of the future ingot were provided with a refractory lining.
The result after casting was a considerably smaller, slightly shrunk top shrink hole of only
approx. 10 mm, which points to the success of the technology (in cast 11/1, the shrink hole is
40 mm in depth), Figures 4a, b.

N

Figures 04a, b: Arrangement of the mould, ingot 11/2, top shrink hole

The resulting gradient was measured by the methods described in chapter 2. For this
purpose, the ingot was again cut into slices parallel to the cooling surface; at an ingot height
of 90 mm, it was also cut into 5 slices of 16 mm, plus allowance for cutting. The sample chips
for the ICP analysis were taken from the respective face of the slices, and the electric
conductivity was measured again on the sample surface. Table 03 shows the result of the

chemical analysis, a clearly detectable difference in the Ge concentration cannot be seen.
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Table 03: Chemically determined Ge contents (mass-%):

Contents, determined

by ICP
Or 1r 2r 3r 4y 5r
0 18 36 54 72
3,148 3,041 2,992 3,077 2,983
3,185 2,997 2,876

3,166 3,019 2,992 2,977 2,983

Om Im 2m 3m 4m 5m
0 18 36 54 72
2,989 3,037 3,040 3,111 2,880
3,014 3,005 2,979 3,058 2,938
3,002 3,021 3,010 3,085 2,909

Figure 05 illustrates this result:
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Figure 05: Ge content, ingot 1l/2, analysis of the layer plates

Figure 06 shows the result of the conductivity measurement of the cut ingot slices in analogy
to chapter 2. As a precaution, two parallel measurements were carried out. Here, too, the
change with distance is insignificant. A slight increase in the electric conductivity at the very
edge of the cooling surface might be in agreement with the chemical analysis; it could,
however, also be a measurement effect through the edge, as is obviously the case on the

head surface (here at 90 mm). No special importance must be attached to these

measurement points.
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Figure 06: Electric conductivity, ingot 11/2, measurement on layer plates

The continuous measurement from cooling surface to ingot head shows a slight but
continuous increase in the electric conductivity towards the head, i.e. to the inside of the

ingot, as has already been observed in ingot 11/1, Figure 07.
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Figure 07: Electric conductivity, ingot 11/2, measurement on continuous plate
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It is, however, also to be noted that only cast structures have so far been investigated,

deformed structures might show a more uniform behaviour.

4 Rolling tests on block 1I/1

On the other three samples of ingot II/1, rolling tests were carried out at different and,
compared with the tests of the first series, considerably reduced temperatures (between 400
and 600 °C). The forming process to 8 mm sheet went off smoothly and the forming forces

were, as expected, highest at a forming temperature of 400 °C.

Figure 08 shows the conductivities measured to the rolled 8 mm sheets. A clear indication

that the preheating temperature has an influence on the Ge content and thus on the electric

conductivity has not been found.

Rolling tests

11

10,5

/ —m—1/1, 400 °C

11/1, 500 °C
9 /1, 600 °C

elektrische Leitf. [MS/m]
© B
(6] o
>\.

0 1 2 3 4 5

Distance from sheet surface [mm]

Figure 08: Measurement of electric conductivities on rolled 8 mm sheets

5 Ingot II/3 and 111/3 for final sheet manufacture

In accordance with the technology described in chapter 3, a large 11/3 ingot was cast, i.e. a
ingot with plane solidification front and correspondingly low inhomogeneity with respect to the
Ge concentration, Figure 09. The ingot cooled down very slowly; approximately 8 minutes

after casting, the alloy was still liquid in the upper zone.
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Figure 09a, b: Ingot 11/3, cast in horizontal position

The resulting top shrink hole was extremely small (approx. 1 cm) so that only very little
material was lost. After a small initial forming pass, the ingot was machined on all sides.

To protect the Ge, graphite was applied to the surface and a very low forming temperature of
500 °C was selected (the pretests (chapter 4) had shown that this was possible). As a result,
however, only very small reductions could be achieved, the cast structure was not sufficiently
smashed and cracks increasingly occurred first in the edge zone, later on the whole surface,

due to the very rough cast structure, Figure 10.

Figure 10: Cracks on the rolled charge II/3

As further milling off of the areas affected by cracks appeared to be fruitless, this plate was

divided and melted down again.

Ingot 1ll/3 was cast in accordance with the classical "vertical mould" variant, i.e. vertical
mould and separation of the head under the top shrink hole. Measurement of the electric

conductivity on the ingot showed 8,75 MS/m on all sides.
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After that, a sheet of approx. 1000 x 430 x 14 mm was formed in the two-roller reversing

stand of the Institut fur Metallformung in analogy to the procedure performed for ingot I/1
from 2002. A forming temperature of 850 °C was selected. At the beginning, a pass rolling
sequence with a decrease of 5 % and later a decrease of 10 % were adjusted. Under these

conditions, the sheet could be formed without friction.

From the sheet, a small strip was separated and cut to form a step block to measure the
dependence of the Ge concentration on the distance from the sheet surface, Figure 11. The
mean value amounts to 8,85 MS/m with a standard deviation of 0,07. The points represented
result from the mean value of 5 measured values with a mean standard deviation of 0,06.

The ICP analysis of the sheet showed a Ge concentration of 3,06 ma-% Ge.

Cu-Ge IlI/3
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Figure 11: Measurement of the electric conductivity of the rolled sheet I11/3

The finished and packed sheet, Figure 12, was sent through TNT and reached Teddington
on 18-06-03.
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Figure 12: Rolled and packed sheet I11/3
6 Metallographic investigation of ingot I1/1

The cast structure and possible reasons for the inhomogeneity of the Ge concentration in the
copper were investigated. Figures 13a, b show a dentritical solidification of the alloy; the
high cooling speed has, however, prevented growing of larger dentrites from the edge to the

deep inside of the ingot. This would cause poor macroscopic homogeneity.

Figures 13a, b: Macrostructure, ingot Il/1, etching according to Klemm
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A great number of very differently oriented dendrites shows rapid solidification due to the
great cooling effect of the new mould. Good prerequisites for obtaining high homogeneity
have thus been established.

By means of colour etching it was attempted to further characterize the cast structure and to
show an accumulation of Ge in the spacings between the dendrites, Figure 14a, b. Different

colouring can indicate phase differences or differences in the orientation.

100 um

Figure 14a, b: Macrostructure, ingot 1l/1, colour etching

The spectrometric analysis of this sample does not, however, clearly prove that there is really

a concentration of Ge (blue) in the interdendritical spaces, Figure 15a, b.

400 LLIM

Figure 15a, b: REM mapping, ingot 11/1, element distribution Ge
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It is therefore assumed that the germanium is homogeneously distributed and does not
accumulate in the dendrite spacings. This is also in compliance with the assumptions made
on the basis of the Cu-Ge phase diagram in the range of the Ge concentration investigated.
The differences found in the electric conductivity may be caused by "normal

crystalsegregation.

Dr.-Ing. A. Franke
Stahlzentrum Freiberg e. V.

As of 07.07.03
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Annex D PTB Measurement Report
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Physikalisch-Technische Bundesanstalt FS]"B
Braunschweig und Berlin

Peter Warnecke, Bernd Schumacher 2003-04-25

Report on the Calibration of Conductivity Samples in the Framework
of the RTD project G6RD-CT-2000-00210 “ Conductivity”

1. Calibrated Object

The calibrated objects are eighteen conductivity standards made from nine different
materials, pure metals and metallic alloys. From each material two samples were calibrated,
one sample having a bar geometry (600x80x10 mm®) and one being a so called Van-der-

Pauw (VdP) geometry which is a quadratic plate (80x80x10 mm?).

2. Calibration Procedure

The DC conductivity of the bar shaped conductivity standards was determined by
measurements of the resistance per unit length, using knife edges of known distance, and

measurements of the thickness and width of the sample.

The DC conductivity of the VAP conductivity standards was determined by measurements of
the so called VdP resistance and by measurements of the thickness of the plate. The terminus
VdP resistance is defined as follows: If the edges of the square plate are clockwise numbered
as 1, 2, 3, and 4, the VdP resistance is the ratio of the voltage drop across the edges 3-4 and
the current through the edges 1-2. By a cyclic rotation of the current and voltage connections
to the edges of the sample four different measurements can be made. Presumed a perfect
sample (homogenous conductivity; square plate with the large surfaces being parallel) the
four resistance measurements give equal results. Contact to the corners of the quadratic plates

was made by pressing copper plates against each corner.
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The method for the resistance measurements was the same for the bar samples and for the
VdP samples: A current of 10 Ampere was given by a transconductance amplifier (Wavetek
4600) in connection with a calibrator (Datron 4000). This current was measured by means of
a calibrated 10-m£Q2 resistance standard and a calibrated DVM (Agilent 3458A). The voltages
at the block were measured using a nanovoltmeter (NVM, Keithley 181, 2 mV range). The
NVM was calibrated up to about 300 LV using a voltage which was generated by an
appropriate current |, driven through the same 10-m£2 shunt. This current |, was calibrated
using the above Agilent 3458A. Details concerning the model equation and the uncertainty
are given in section 6.

All measurements were traceable to the primary standards of PTB.

3. Environmental Conditions

During the calibration the conductivity standards under test were kept in an oil-bath at

(20,00 + 0,03) °C.

4. Measurement Conditions

The measuring current was (9,9975 + 0,0003) A.
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5. Results of Calibration

The calibration concerns the measurand DC-conductivity. The calibrations of the eighteen
conductivity samples which were circulated in three sets A, B, and C were performed during
the period from 7. Oct. 2002 to 14. Feb. 2003 as given in the schedule in the measurement

instructions. Table I contains the results for all conductivity samples.

Table I:
shape : Van der Pauw Bar (in MS/m)
(in MS/m)
material Set |value exp.unc. |k value exp.unc. |k
brass A 14,824 0,007 2,1 14,914 0,005 2
Cu-Ge A 41,187 0,040 2 41,194 0,017 2
Dural* A 28,223 0,036 | 2,24 29,005 0,010 2
copper B 58,243 0,061 1,65 58,613 0,024 2
Al-alloy 2 B 19,000 0,029 | 2,65 18,938 0,007 2
nordic Gold B 9,529 0,002 2 9,530 0,003 2
Al-alloy 1** C 22,529 0,027 2,1 22,639 0,017 2,1
Titanium** C 2,173 0,001 2 2,160 0,001 2,1
EC-Aluminum |C 35,786 0,030 2 35,828 0,013 2

* no correction of thickness due to oxidisation

ok correction for edge temperature applied

6. Uncertainty of Measurement

The reported expanded uncertainty is stated as the standard uncertainty of measurement
multiplied by a coverage factor k (depending on the respective effective degrees of freedom),
which for a normal distribution corresponds to a coverage probability of 95%. The standard
uncertainty of measurement has been determined in accordance with the ISO Guide to the
Expression of Uncertainties in Measurement.

6.1 Uncertainty of the measurements on VdP samples
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The conductivity was determined from VdP measurements [1] using the formula

1_7d R+Rg
T 2 f(ry (1

The mathematical model to describe the measuring process was

o In2) 41

. U.
1 _r.d .L.ij )

Explanation of the parameters in (2):

d: mean value of the results of five thickness measurements at different places of the VdP
sample (at the centre and near the four corners). The resolution of the used 3-axis coordinate
measuring system was less than 100 nm. The uncertainty is governed by the scattering of the
measured thickness values (type A) which is caused by the imperfect surface. The given

standard uncertainty is the standard deviation of the five measured values.

U; : the voltage, necessary to calculate the VdP resistances (Uyi/l, 1 = 1...4). U; is the difference
of the two VdP voltage readings of the nanovoltmeter (Keithley 181) for currents |, and I.
through the sample. Each value U; is the mean of four “single” results. The single result was
calculated using a regression procedure from the voltage readings during about 30 minutes
including 15 current reversals. The given uncertainty is the standard uncertainty of the mean

of the four “single” measurements.

| : the current | was measured as the ratio Uy/R;, U; being the voltage drop across a shunt
resistor Ry = 10 m€Q. The nominal current value was 10 A. U; was measured by means of a
DVM (Agilent 3458A). The standard uncertainty of | is estimated to 1,5 -10” (rectangular),
taking into account the uncertainty of R and of the DVM in the voltage range 0,1 V.

knv : calibration factor of the Keithley 181 nanovoltmeter. kyyy is defined as the ratio of a
given and known voltage difference AU,;, and the corresponding voltage difference AU;nq
which is indicated by the nanovoltmeter, i.e. knym = AUiy / AUing. For the calibration of the
nanovoltmeter, AU, is got as the difference of two voltage drops U,y which were produced

at the 10-mQ shunt by two opposite directed currents i, and i. The procedure for the
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measurement was similar to that for U; as described above. The uncertainty for kyym includes
contributions from the type A uncertainty of AUy, from the linearity of the NVM, which

depends on the measurement value, and from a type B contribution from AUg;,.

Kedge : this factor takes into account the heating of the current edges of the VAP sample which
is caused by the power dissipation in the contact resistances of the two current contacts. The
current contacts were made by pressing two copper plates against the edges. The voltage drop
across the contact was found to be smaller than 1 1V in most cases corresponding to a contact
resistance smaller than 0,1 p€. The heating of the VAP sample which is caused by the
described power dissipation in the current contacts could not directly be measured. However,
thermistors were mounted in bores of the copper contact plates which measured the
temperature raise AT of the contact plates. AT causes a temperature gradient across the VdP
sample. As a first approximation it is assumed that the influence of this temperature gradient
on the measured conductivity value is equivalent to a temperature raise of the whole sample
by AT/2. The evaluation of the conductivity value takes into account a correction by o«(AT/2)

where « is the temperature coefficient of the investigated material.

Koii @ correction factor which takes into account the difference AT,; between the measured
value of the oil bath temperature Ty,c.s and the nominal value Ty = 20 °C; ATy = Tineas — To. It
is chosen Ky;; = 1 and no corrections have been applied. During the measurements the oil bath

temperature T,; was within the limits of = 0,03 K.

k. : a prerequisite for the evaluation of the conductivity of the VdP sample by means of the
above given formula —using the measured values for the resistances and the thickness- is r =
Ra/Rg = 1. If r differs from 1 a correction factor k; = f(r) has to be applied. f(r) was given by
Van der Pauw [1], it can be approximated by f(r ) = 1 - 9-(1-r)*107.

Kaae - if the contact areas are not infinitely small because the edges of the samples are possibly
deformed by pressing the contact plates too hard against the edges, a further correction has to
be applied to the evaluated conductivity value. The flatness of the edges introduces a
contribution to the relative uncertainty of 2,05-%4, herein A is the ratio of the sum of the

lengths of the contacts and the length of the boundary of the sample [2]. It is assumed that the
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length of the contact area is smaller than 0,5 mm. For the investigated samples the length of

the boundary is 4x80 mm. Therefore it is Kga = 1 with an uncertainty of 3,2-10” (rectangular).

The uncertainty budget for one of the reported calibration results is attached in Annex 1.

6.2 Uncertainty of the measurements on bar samples

The conductivity was determined from resistance and length measurements using the
formula:

1_gpWwd
—=R 3)

The mathematical model to describe the measuring process was

l:W'd'w'Hki 4)

o
Explanation of the parameters in (4):

d: mean value of the results of fifteen thickness measurements at different positions of the bar
sample. At each of five equally spaced positions along the long axis of the sample (spacing
length 100 mm) three measurements distributed over the width of the sample were made. The
resolution of the measurements was less than 100 nm. The uncertainty is governed by the
scattering of the measured thickness values (type A) which is caused by the imperfect

geometry. The given uncertainty is the standard deviation of the fifteen measured values.

w: width of the bar shaped sample. The value for w is the mean of the results of five
measurements of the width at different positions of the bar sample (the measurement
positions were equally spaced with a spacing length of 100 mm). The resolution of the
measurements was less than 100 nm. The given uncertainty is the standard deviation of the

five measured values.

l;: distance of the three knife-edges which are used as potential contacts. The machining
process for the knife edges was carefully designed and performed with respect to get them

parallel. The distance of the knife edges was measured at different positions along them and
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the mean value was taken for |;. The uncertainty of |; corresponds to the limits of these

measurements.

kii: This factor takes into account a possible misalignment between the axes of the bar which
is used as a support for the knife edges and the axes of the sample, the angle being c. If such
a misalignment exists the distance l.¢s between the "potential contacts", i.e. the distance in the
direction of the current between the points where the knife-edges make contact to the surface
of the bar sample, is no longer equal to |. l.¢ can be larger or smaller than | by an amount Al
which depends on the position where the knife edges actually make contact to the surface of
the sample. It is Al = lrexsind, lwire being the length of the knife edges. To keep the
misalignment angle o as small as possible the knife edges support was put onto the bar
sample by means of a guiding apparatus. sino. is estimated to be smaller than 5-10™. In our

case lnife 1S 47 mm, this results in Al = 1,4 10 mm.

U;: difference of the readings of the Keithley 181 nanovoltmeter for currents |, and |. through
the sample. The value U; was calculated using a regression procedure from the voltage
readings during about 30 minutes including 15 current reversals. The given uncertainty is the
standard uncertainty of the mean of the measurement.

I: same as above.

knvMm: same as above.

K.ii: same as above.

The uncertainty budget for one of the reported calibration results is attached in Annex 1.

All other uncertainty budgets are given in Excel worksheets.

Literature:
[1] Van der Pauw, “A method of measuring specific resistivity and Hall effect of discs of

arbitrary shape”, Philips Res. Rep., vol. 13, pp.1-9, 1958
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[2] W. Versnel, “Analysis of symmetrical Van der Paauw structures with finite contacts”,

Solid-S. Electron., vol. 21, pp. 1261-1268, 1978
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sample uncertainty budget for Van der Pauw measurement for copper-germanium

value u G C-u (C{U)2 Y u*/v
d [9,95840 mm 9107 1 9-10° | 8,10-10% 4 1,64-10"
U, 5,3716 pV 1,1-10™ 1 1,1-10* | 1,21-10% 3 4,88-107"
U, 5,3872 uVv 1,3-10* 1 1,3-10% | 1,69-10™ 3 9,52:10™"7
U, 5,3703 pV 9,410 1 9,4-10° | 8,84:10% 3 2,60-1077
U, 5,3861 pV 7,5:10” 1 7,5:10° | 5,62:10% 3 1,05-10"
| 9,9975 A 1,5:10° 1 1,510° | 2,25-10™ o 0
knvmt (1) 0,99985 4310" 1 4310% | 1,85:10" 00 0
kvt (2) 1 2:10° 1 2:10° | 4,00-10™ o0 0
Kedge 1 0 1 0 0 o0 0
Kr-oi 1 52-107 1 52:10° | 2,70-10% o0 0
k. 1 0 1 0 0 o0 0
Kitat 1 3,2:107 1 32107 | 1,02:10"7 o0 0
4,90-10™ 2,40-10" | vs=291 | 197107

k=2 9,79-10™

result: (41,187 + 0.040) MS/m

sample uncertainty budget for bar shaped sample measurement for copper-germanium

value u G Cru (Cruy’ v u*/v
d [10,0614 mm 7,9-10° 1 7,9-10° | 6,24:10% 14 2,78-10
U, 30,1780 uV 1,2:10° 1 1,2:110° | 1,44-107° 10 2,07-107%
U,* 60,0471 pV 2,6:10° 1 0 0 10 0
U, 90,2079 pV 7-10° 1 7-10° | 4,90-10™"" 10 2,40-10%
l 100,200 mm 1,7.10° 1 1,7.10° | 2.89-10™ o0 0
l, ]200,054 mm 1,7-10° 1 1,7.10° | 2,89-107° o 0
5 ]299,129 mm 1,7.10° 1 1,7.10° | 2.89-10™ o0 0
B |80,0497 mm 6107 1 6:10° | 3,60-10% 4 32410
| 9,9975 A 1,5:10° 1 1,510° | 2,25-10™ o 0
kvt (1) 0,99985 7,6:10” 1 7,6:10° | 5,86:10% 00 0
kvt (2) 1 5107 1 5107 | 2,510% o0 0
Kr-oil 1 5,2:107 1 5,2:10° | 2,70-10” o 0
Kt 1 1,4-10° 1 1,410% | 1,96:10™ o0 0
2,03-10™ 4,12:10% | vy;=281 | 6,02:10"

k=2 4,06:10™

* excluded from evaluation due to poor insulation of one knife edge

result: (41,194 + 0.017) MS/m
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Annex E Measurement Report from NMi
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Report Conductivity measurementsSet A —C
CONDUCTIVITY PROJECT
NMi Van Swinden Laboratorium

I ntroduction

Measurements have been performed on Set C, set B, and set A respectively. The
measurement period was from 24 October 2002 up until 5 March 2003. No visible damage
was seen on arrival of the sets of the standards.

Electrical measurement set-up

The electrical measurement set-up used was identical to that described in the CPEM 2002
paper and the final report of the CONDUCTIVITY project. The measurement current was 10
A in almost all cases, with a 15 n€ shunt used as reference resistor. The value of this shunt
was determined several times during the measurement period by comparing it with a
calibrated 100 nQ reference resistor using the same set-up. The shunt did not significantly
change value in the measurement period, so the average value of all calibration measurements
was taken as the reference value in the conductivity measurements.

Each sample was measured at least two times in order to check for reproducibility. A single
measurement consisted of 10 — 20 ratio measurements for the bars and 40 ratio measurements
for the blocks (each side 10 times). Between the different bar measurements, the knife-edge
was repositioned to a slightly other location of the bar, but still near to the middle of the bar.
The measurements were completely automated.

With the block measurements, the contact resistance of the four contacts at the corners of the
blocks was checked before each measurement. This appeared to be crucial in order to prevent
excessive heating at the corners due to accidentally bad contacts (with contact resistances of a
few mQQ instead of the normal 50 — 100 pu€).

With the bar measurements, it appeared important to check the position of the knife-edge
voltage contacts after the measurements. In a few occasions, the knife-edge had moved due to
the oil flow in the oil bath. In all these cases, the measurement results were ignored and the
measurement was repeated.

Environment

All measurements were performed with the samples in a temperature controlled oil bath, with
the temperature close to 20 °C (typically 20.025 °C), so that the temperature corrections to
the conductivity would be small. The heating of the sample due to the 10 A measurement
current was negligible in the bar measurements, and at most 0.02 °C in the block
measurements. In the block measurements 4 thermistors were placed at the respective corners
of the sample, to monitor the temperature close to the contacts. In the bar measurements the
thermistors were close to the measurement area of the bar, that is the location of the knife-
edge.

The measurement set-up with the oil bath was located in a temperature and humidity
controlled room, part of our Faraday cage, with measured temperature variation of (23.0
0.2) °C and humidity variation of (45 = 5) %.
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Dimensional measurements

The majority of the dimensional measurements were performed with two micrometer screw
gauges, that were calibrated just before the measurements using end gauges of 10 and 80 mm
respectively. For the blocks, the thickness was measured at four places near the corners of the
block, and subsequently averaged. For the bars, the thickness was measured at four places
along the location of the knife-edge and at each side of the bar (resulting in 8 values in total)
and subsequently averaged. The width of the bar was measured at four places along the
position of the knife-edge and the results were subsequently averaged.

Each bar and block was measured at least two times in order to check the reproducibility of
the results.

The length of the knife-edges used in the experiments was measured at the NMi VSL length
department using a 3D CMM. The knife-edge used in the bar measurements was nominally
40 mm wide and 200 mm long, except for the measurements on the Nordic gold bar where a
40 mm wide and 100 mm long knife edge was used. In the latter case the knife-edge had the
same width as the Nordic gold bar; for all other bar measurements the knife-edge nominally
had half the width of the bars.

Bar measurements
Some peculiarities of the bar measurements

SET | Material Notes

B Cu Good R-measurement. Length measurements stable and no
large change along measurement area.
A CuGe Good R-measurement. Width and thickness stable along

sample, but there is a small difference in thickness between
one side of the sample and the other side.

C Al R-measurement repeated 6 times; relatively high noise of
the nanovolt meter, probably caused by the oxide layer on
the Al bar (contact resistance of the knife edges), but the
results reproduce well.

Length: width of the bar is stable within a few pum, but the
thickness increases over the measurement area by 14 um.
Therefore, the thickness has a relatively high uncertainty.

A Dural Good R-measurement. Width and thickness stable along
sample.

C Al alloy — R | R-measurement very repeatable. Length measurements
stable and no large change along measurement area.

B Al alloy — S | R-measurements not very repeatable. Thickness measure-

ments are stable but the width varies almost 20 um along
measurement area.

Brass C2 Width and thickness stable along sample

Nordic gold | Good R-measurement. Length measurements stable and no
large change along measurement area.

C Ti Measured against the 100 puQ reference resistor (with 10 A
measurement current).

Length: width of the bar is stable within a few pum, but the
thickness increases over the measurement area by 10 um

W | >
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along one side of the bar and 20 um along the other side of

the bar. In addition there is a difference of 10 um between

the 2 sides of the bar. Therefore, the thickness has a
relatively high uncertainty.

Block measurements
Some peculiarities of the block measurements

SET | Material Notes

B Cu R-measurement: low contact resistance, reproducible
result. Thickness stable across sample.

A CuGe R-measurement: low contact resistance, very reproducible
result. Thickness stable across sample.

C Al Nice R-measurement. Thickness stable across sample.

A Dural Very difficult to obtain a good contact resistance; final

value is 400 p€2, which still allowed for a measurement
current of 10 A.

Length: thickness varies over the sample with 16 um,
which leads to higher uncertainty. In addition, the
correction due to the annodisation layer is not accurately
known and is set to (30 = 15) um.

C Al alloy — R | Initially problems with the contact resistance to the block,
which could be solved however.

Thickness various across sample by 14 um, leading to a

higher uncertainty.

B Al alloy — S | R-measurement: low contact resistance, very reproducible
result. Thickness varies 20 um across sample, leading to a
higher uncertainty.

Brass C2 Good R-measurement. Thickness stable across sample.

| >

Nordic gold | R-measurement: low contact resistance, very reproducible
result. Thickness stable across sample.

C Ti Contact resistance is relatively high (700 u<Q), so the
measurements are performed with 3 A measurement
current, in order to limit heating. Thickness stable across
sample.

Measurement results

The results of all measurements are reported in the first page of the accompanying Excel
spread sheet, with the following pages containing our individual measurement results with
detailed uncertainty calculation. Note that for the block measurements where the difference
between Rx and Ry is larger than 1 %, a correction was made in the f(r ) factor.
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A summary of the spreadsheet is contained in the table below.

SET Material B/S Value Uncertainty Unc [%]
[MS/m]  [MS/m]

B Cu Bar 58.5144 0.0340 0.06
A CuGe Bar 41.1603 0.0423 0.10
C Aluminium Bar 35.7516 0.0250 0.07
A Dural Bar 29.0084 0.0168 0.06
C Al alloy - R Bar 22.6651 0.0118 0.05
B Alalloy2-S Bar 18.9227 0.0213 0.11
A Brass C2 Bar 14,9152 0.0088 0.06
B Nordic Gold Bar 9.5211 0.0057 0.06
C Titanium Bar 2.1604 0.0019 0.09
B Cu Square  58.2645 0.0527 0.09
A CuGe Square  41.1922 0.0318 0.08
C Aluminium Square 35.8134 0.0217 0.06
A Dural Square 28.3383 0.1177 0.42
C Al alloy - R Square 22.5243 0.0197 0.09
B Alalloy2-S Square 19.0021 0.0202 0.11
A Brass C2 Square 14.8268 0.0098 0.07
B Nordic Gold Square 9.5295 0.0045 0.05
C Titanium Square 2.1738 0.0011 0.05
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Annex F EUROMET project 427 Protocol
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Protocol for
Comparison of AC and DC Conductivity Standards
EUROMET Project 427, EUROMET.EM-S7

1. Introduction

This project is closely related to the EC project ‘Conductivity’ which started in October 2000,
where one objective was to establish agreement between existing and new DC and AC
methods of conductivity measurement.

2. Travelling standards

2.1 Description: Four bar test specimens and four block test specimens have been produced
as travelling standards. They have been carefully machined to avoid work hardening and they
have been finished by diamond turning to provide a good finish and the minimum variation in
dimensions.

The test specimen details are given in the following table:

Specimen Bar size Block size Bar and block Approximate
Material thickness conductivity at
(mm) (mm) (mm) 20 °C (MS/m)
Aluminium 600 x 80 80 x 80 10 36
Aluminium Alloy 600 x 80 80 x 80 10 22
Nordic gold 300 x 40 80 x 80 10 9
(optional)
Titanium 600 x 80 80 x 80 10 2

2.2 Quantities to be measured: Participants should determine the conductivity of the
bars/blocks by either a DC or AC technique (or both, if available). Dimensions of the
bars/blocks will be provided. At NPL the bars have been measured by both AC and DC
methods. The AC measurements were made at frequencies of 10, 30, 60 and 90 kHz.
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3. Organisation

3.1 Co-ordinator:
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National Physical Laboratory

Queens Road, Teddington, Middlesex, TW11 OLW, UK

Lesley Henderson

Stuart Harmon

tel: +44 20 8943 7154

+44 20 8943 6908

Fax: +44 20 8614 0493

+44 20 8614 0493

lesley.henderson@npl.co.uk

stuart.harmon@npl.co.uk

3.2 Participants: One month has been allowed for each participant and includes transportation
time to the next participant.

Laboratory Period of measurements
NPL (Co-ordinator) Summer 2003
PTB Summer 2003
NMi Summer 2003
NPL (Co-ordinator) September 2003
UME October 2003
Boeing November 2003
NPL (Co-ordinator) December 2003

See Appendix 1 for participant details.
Any delays should be reported to the pilot laboratory as soon as possible.

3.3 Transportation information: Participants will be responsible for arranging and paying for
transportation to the next participant. Participants should inform the co-ordinator by e-mail or
fax when the standards have been received and the next recipient and the co-ordinator when
despatched on to the next laboratory. If delay occurs the pilot laboratory shall inform the
participants and revise - if necessary - the time schedule, or skip one country and put it at the
end of the circulation.

Participants are responsible for ensuring ease of passage through customs and for meeting
any charges imposed by Customs. Particular attention should be given when the standards are
travelling under ATA Carnet. This will be needed for the circulation to UME and Boeing.
The ATA Carnet must always accompany the standards and be stamped on entry and exit
from each country.

When the ATA carnet is used, it must be used properly. Upon each movement of the package
the person organising the transit must ensure that the carnet is presented to customs on
leaving the country, and upon its arrival in the country of destination. When the package is
sent unaccompanied the carnet must be included with the other forwarding documents so that
the handling agent can obtain customs clearance. In no case should the carnet be packed with
the device in the package. In some cases it is possible to attach the carnet to the package. The
carnet must be saved in the laboratory very carefully because a loss of the carnet may cause a
serious delay in the comparison schedule.
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3.4 Packing and Handling: Care should be taken when unpacking and packing so that no
marks/scratches that could affect dimensional measurements by future participants are made.
Bars/blocks should only be handled using gloves. A contents checklist will be included with
the travelling standards.

3.5 Failure of travelling standards: Any damage to the travelling standards should be reported
to the pilot laboratory immediately.

4 M easurementsinstructions

4.1 Methods of measurement: The measurand is the conductivity. It should be measured at 20
degrees Celsius. Any deviation from this temperature must be reported and the conductivity
corrected to 20 degrees Celsius using temperature coefficients which will be circulated with
the standards.

Each participant should use their own DC or AC method. For an AC method, the frequency
must be reported. Dimensions of the bars/blocks will be provided.

5. M easurement uncertainty

5.1 Main Uncertainty contributions: Each participant should evaluate all the contributions for
their particular measurement technique.

5.2 Reported uncertainty budgets: The uncertainties in the measurement should be calculated
in accordance with the ISO Guide to the Expression of Uncertainties in Measurement, stating
the k-factor (at 95% confidence level) and the number of degrees of freedom. An uncertainty
budget must be included in the report. The layout of a typical uncertainty budget format is
given in Appendix 2.




NPL Report DEM-ES 001
G6RD-CT-2000-00210 “Conductivity” page 145 of 149
May 2004

6. Measurement report

6.1 Time constraints: The report should be sent to the pilot laboratory within 6 weeks of
completing measurements (BIPM Guidelines).

6.2 Content of the report: In addition to the results and associated uncertainty for each result,
the report should contain a brief description of the measurement technique and all relevant
defining conditions such as temperature, frequency, date of measurement etc.

A statement should be included describing traceability to the SI. If traceability is taken from
another NMI then this should be clear in the report and the uncertainty budget.

Stuart Harmon
Lesley Henderson
13 August 2003



G6RD-CT-2000-00210 “Conductivity”

Appendix 1: Participants

NPL Report DEM-ES 001
page 146 of 149
May 2004

Laboratory and address

Contact name, e-mail and fax

PTB
Bundesallee 100
D-38116 Braunschweig

Peter Warnecke*

peter.warnecke@ptb.de
+49 531 592 2105

Germany

NMi Gert Rietveld
Schoemakerstraat 97 grietveld@nmi.nl

PO Box 654 +31 15261 2971

2600 AR Delft

The Netherlands

UME Levent S6zen*

Tibitak, UME Levent.sozen@ume.tubitak.gov.tr
PO Box 21 +90 (262) 646 59 14
Gebze, Kocaeli 41470

Turkey

The Boeing Company Joseph Rook

PO Box 3707 MC 2T-40 Joseph.c.rook@boeing.com
Seattle +1 206 544 5907

WA 98124-2207
United States

* Indicates members of support group

Appendix 2: Scheme of the uncertainty budget

Typical uncertainty budget format

Source of uncertainty Value Type Prob.Dist. Divisor C; U; V;or Ve
(%) (%)

Contribution 1 0.0050 B normal 2 1 0.00250 oo

Contribution 2 0.0050 B  rectangular 1.7321 1 0.00289 oo

Contribution 3 0.0010 A normal 1 1 0.00100 4

Combined uncertainty 0.0039 971

Expanded uncertainty k=2 0.0079
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Annex G People involved in the project

NPLML

Queens Road
Teddington

Middlesex TW11 OLW
UK

Lesley Henderson (lesley.henderson@npl.co.uk, tel +44 20 8943 7154, fax +44 20 8614
0493)

Michael Hall

Stuart Harmon

Gwyn Ashcroft

PTB

Bundesallee 100
38116 Braunschweig
Germany

Peter Warnecke (peter.warnecke@ptb.de, tel +49 531 592 2120, fax +49 531 592 2105)
Bernd Schumacher

NMi
Schoemakerstraat 97
PO Box 654

2600 AR Ddlft
Netherlands

Gert Rietveld (grietveld@nmi.nl, tel +31 15 269 15 00, fax +31 15 261 29 71)
Chris Koijmans

EADS

Avenue du General Niox

BP 11

331665 Saint Medard en Jalles Cedex
France

Gilbert Brigodiot (gilbert.brigodiot@lanceurs.aeromatra.com, tel +33 5 56 57 35 95, fax +33
55657 3699)

Hocking

Inspec House
129-135 Camp Road
S Albans

AL15HP

UK

Chris Hocking (chris@hocking.com, tel +44 (0)1727 795533, fax +44 (0)1727 795433)
Allan White
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IFR

In Laisen 7

D-72766 Reutlinge

Germany

Richard Bodenberger (mprue@t-online.de, tel +49 71 21 10990, fax +49 71 21 140466)
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Annex H Resource Summary

Available in restricted report version NPL Report CETM S139, September 2003.





