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Abstract:
In the course of the calibration of masses having small nominal values, in the context of a key comparison of the CIPM, problems of reproducibility were noted in the measurements made; they were ascribed to air buoyancy corrections. This led the Laboratoire National de Métrologie et d'Essais (LNE) to undertake the production of new mass standards between 10 g and 1 mg with a view to obtaining improved metrological characteristics and in particular a better knowledge of their density. At the same time, the use of automatic comparators with robots made it necessary to design more appropriate new shapes for standards below the gram. After the calibration in a weighing designs of all of the new standards from 10 g to 1 mg, using two 20 g references, a mass to mass comparison of standards having the same nominal value (new against old) was carried out. The results obtained allow us to conclude that the metrological qualities of the standards made in this way are substantially better.

Keywords: mass standard, weight density, sub-division of weight, standard wire, standard sheet.

1.   INTRODUCTION

Mass comparisons from the references to class E1 masses require corrections for air buoyancy that in turn require a prior determination of the volume (or of the density) of each standard.

On the occasion of CIPM key comparison CCM-M.K5, differences of reproducibility were found by the LNE in the measurements it made to calibrate the two travelling standards of each of the two lowest nominal values, namely 200 mg and 5 g. This defect of reproducibility, discovered on this occasion, was ascribed to the obsolete design of the standards used by the LNE for this comparison in terms of their metrological characteristics, in particular knowledge of their density.

The LNE accordingly undertook to design new standards from 10 g to 1 mg with a view to improving their metrological characteristics, and in particular achieving better mastery of the determination of their density.    

2.   REFERENCE STANDARDS FROM 500 mg to 1 mg

The standards used by the LNE until now, of an older design, were acquired in 1986. Made from stainless steel wires, they had the following shapes: triangular for 1, 10, and 100 mg; square for 2, 20, and 200 mg; and pentagonal for 5, 50, and 500 mg.

Given the advantages of the handling of wires over the handling of sheet (cf. § 2.5), it was decided to keep this type of shape for the new standards.

2.1. Selection of the maker and choice of material

The production of these standards was entrusted to a French manufacturer of mass standards, the Zwiebel company. The material chosen was an alloy of cobalt, nickel, and chromium having the trade name "Nivaflex". The table below gives its composition in detail.

Table 1. Composition of the alloy chosen.

	Material
	Content in %, Min.-Max.
	Material
	Content in %, Min.-Max.

	Cobalt
	42 - 48%
	Tungsten
	2 - 6%

	Nickel
	19 - 25%
	Iron
	2.5 - 7.5%

	Chromium
	16 - 20%
	Titanium
	addition

	Molybdenum
	2 - 6%
	Beryllium
	addition


The material is packaged in wire form in coils several hundred metres long. The diameters of wire used for the production of the standards are given in table 2. 

Table 2. Diameters of the wires used to make the standards.

	Mass (mg)
	1
	2
	5
	10
	20
	50
	100
	200
	500

	Diameter (mm)
	0.1
	0.13
	0.2
	0.3
	0.4
	0.6
	0.8
	1.0
	1.35


2.2. Shapes selected

The LNE has acquired a new A5 automatic comparator with a robot. With a capacity of 5 g and a resolution of 0.1 µg, it can be used for automatic comparisons of combinations of masses. A further requirement on the replacement of the wire reference standards from 500 mg to 1 mg was to adapt the shapes given to them to take full advantage of the capabilities of the new comparator.
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Fig. 1: A5 comparator that can accept combinations
of standards having cylindrical, blade, or wire shapes
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A5 comparator that can accept combinations of standards having cylindrical, blade, or wire shapes


Fig.2 Davit of the weighing cell of the A5 comparator 
and one of the mass carriages manipulated by its robot

Various shapes were produced by bending to make them compatible with the use of the A5 automatic comparator and its robot (cf. figs. 1 & 2). The shapes adopted after some trial and error as being most propitious have the following characteristics:

· perfectly symmetrical (even when standards having the same nominal value are differentiated by curving their ends) so that they can be suspended without tilting one way or the other.

· having an angle with a suitable opening allowing easy transfer from the carriage of the robot to the davit of the tray of the comparator or vice versa.

The shapes chosen for the standards from 1 to 500 mg were inverted Vees, with the two ends bent inward for the "one punch mark" mass (or one end turned), and the two ends bent outward for the "two punch mark" mass (or both end turned), as shown by the figure below.
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Fig.3 Shapes used for the
standards from 1 to 500 mg

2.3. Validation of the shapes selected

In order to validate these shapes, a triangular comparison was carried out, mass to mass, pairwise. Each trio included one copy of each shape, all having the same nominal value. The closings observed were all less than 0.15 µg, with a mean of 0.07 µg. This confirms the good behaviour of the standards so made and their total compatibility with the A5 automatic comparator.

Table 1. Results of triangular comparisons, in µg.

	Nominal mass
	Closure (1)
	Mean standard deviation
	Manufacturer's criterion(2)

	1 mg
	0.06
	0.08
	0.15

	2 mg
	0.03
	0.06
	0.15

	5 mg
	-0.03
	0.07
	0.15

	10 mg
	-0.07
	0.06
	0.15

	20 mg
	0.00
	0.07
	0.15

	50 mg
	-0.11
	0.11
	0.15

	100 mg
	-0.14
	0.13
	0.15

	200 mg
	-0.06
	0.12
	0.15

	500 mg
	-0.11
	0.11
	0.15


(1) algebraic sum of the measured differences between 3 standards having the same nominal value, compared pairwise.

(2)  repeatability claimed by the manufacturer in the characteristics of the A5 comparator

2.4. Determination of the density of the standards

Given the small volume of the standards from 500 to 1 mg, it was not possible to measure their density by a direct hydrostatic weighing. To make this measurement possible, a sample of the wire used to make them was taken during the production of the masses. Its length was chosen so that its volume would create enough buoyancy for a determination of its density - a length of two metres for the smallest diameters. The samples of wire were coiled with a mean diameter of the order of about ten centimetres. This being the case, it is very difficult to eliminate all air bubbles trapped in the turns. In order to solve this problem, the coils were placed in the water just after it was bi-distilled. When this was done, the water, as it cooled, absorbed all of the air bubbles. The repeatability found in the measurements made demonstrated, were a demonstration needed, that the method used was satisfactory. 
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	Fig.4 Hydrostatic weighing installation
	Fig.5 Container of bi-distilled water with the suspension and the sample
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	Fig.6 Samples of wires of different diameters used to make masses having different nominal values


The measurement results show that the density of the material is significantly altered by the process by which it is prepared, especially for the wires smaller than 0.2mm in diameter. As it happens, at these diameters, the density is decreased by more than 1%, or by 100 and 140 kg/m3 (with an extended uncertainty of 50 kg/m3 on this determination). At the other diameters, the density remains within a range of more or less 20 kg/m3 (or ± 0.24%) centred on the mean, as shown by figure 7.

Note that the consequence of this variation of density on the determination of the corrections for air buoyancy (and in consequence on the determination of the masses of the standards), is attenuated by the fact that the relative uncertainty of the classes defined by RI 111 increases below 200 g as the nominal value of the mass decreases.
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Fig.7 Density vs. wire diameter
(extended uncertainty, k=2)

2.5. Handling and storage of the standard wires

The "wire" shape was chosen over the "blade" shape for the fractions of the gram in order to facilitate the handling and storage of the standards, which are a main cause of their drift: the use of tweezers, of which the pressure is hard to control, leads to scratching or even deformation, and in the worst case, the standards, whether wire- or blade-shaped, may be dropped. With wires, the use of a hook (cf. fig. 8), which lifts only and exerts no pressure, is a much more reliable way to avoid damaging the standards in the course of handling them. This use is facilitated by the shape chosen for their design (cf. § 2.2). In order to complete the handling tooling, it was necessary to design a storage unit in which it would be easy to place and withdraw the wires, with no risk of damage.

A stainless steel box was accordingly designed and built. It has, on its back wall, two rows, staggered, of support hooks from which the standard wires can be hung (1 standard per hook). On the front, a guillotine door, which moves no air when opened and closed, gives access to the hooks, making it easy to suspend and withdraw the standard wires using the handling hook. To make the hanging-removal operation more precise, the top of the box is transparent.
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Fig. 8. Handling tool and storage box for the standard wires

3. REFERENCE STANDARDS FROM 10 g to 1 g

Mass standards having a nominal value less than 20 g are too small for their volume (or their density) to be determined directly by hydrostatic weighing: the uncertainty of this determination is too large. The LNE undertook a study for the purpose of evaluating a super-alloy, with a view to replacing the references from 1g to 10 kg by standards made from a single billet of material of which the density will be determined very precisely. While waiting for the results of this study, it was decided to replace the current standards from 10 g to 1g, the volume of which has not been determined by hydrostatic weighing. The new standards, the density of which is better known, can be expected to improve the uncertainty on the correction for the buoyancy of air in the course of comparisons in which they are used.

3.1. Choice of manufacturer and material

As for the old standards, the production of the standards from 10 to 1 g was entrusted to the Zwiebel company. The material chosen for this is a chromium-nickel stainless steel designated X18M25W. The table below gives its composition in detail. Prior studies had shown that the material has good properties: low magnetic susceptibility, ease of polishing, density close to 8000 kg.m-3, etc. And the manufacturer itself has for a long time been using this material for its production of masses of type E1.

Table 4. Composition of X18M25W.

	Material
	Content in % 
	Material
	Content in % 

	Chromium
	17%
	Iron
	( 0.03%

	Nickel
	13%
	Molybdenum
	3%


3.2. Shape 

The standards were manufactured in compliance with the shape defined in the RI 111 for class E standards.

3.3. Determination of the density of the standards

To allow a more precise determination of the density of the new standards, it was decided to take, from the bar of material of which the standards are made, a sample of material large enough for this determination.  

To validate the chosen solution, on each of 2 bars 6 metres long and 11 mm in diameter (corresponding to the diameter of the bars used in making the 10g masses), 2 samples 100 mm long were taken, one in the middle and the other at the end, in order to check the homogeneity of the density. 

As shown by Figure 1, in both bars (A and B), there was no significant difference between the densities of the sample taken in the middle and the sample taken at the end. The measurements made confirm the good homogeneity of the bars and the pertinence of the method. 
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Fig. 9: Evaluation of the homogeneity of X18M25W stainless steel bars for the production of the new standards

In this way, three bars were chosen for the production of the standards: 11 mm in diameter for the 10 g and 5 g masses and 7.5 mm in diameter for the 2 and 1 g masses. The standards and the samples were taken side by side, as shown by the example of the cutting plan in fig. 1.  
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	Figure 10: Cutting plan, from a bar 7.5 mm in diameter, for 1 and 2 g mass standards
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	Figure 11: Cutting plan, from a bar 11 mm in diameter, for 10 g or 5 g mass standards


Table 5. Comparison of the uncertainty on the determination
of the density of the old and new standards
	Nominal 
value
	Volume
(mm3)
	extended uncertainty (k=2) on the density

	
	
	old standards 
(direct measurement)
	New standards (measurement of samples)

	1 g
	125
	38 kg/m3
	1.2 kg/m3

	2 g
	250
	19 kg/m3
	1.2 kg/m3

	5 g
	625
	7.7 kg/m3
	0.55 kg/m3

	10 g
	1.250
	3.9 kg/m3
	0.51 kg/m3


3.4. Check of magnetic susceptibility and magnetization

To check the magnetic susceptibility of the mass standards and of the samples of alloy, the LNE built a Davis type susceptibility meter (see [1]). To measure the magnetization of the standards, a Lakeshore gaussmeter with a triaxial probe was acquired.

The many measurements made on the X18M25W alloy used to manufacture the masses from 1 to 10g show that the magnetic susceptibility found is well below the criterion defined by RI 111. 

Table 6. Measurement of the magnetic susceptibility
of the X18M25W alloy

	magnetic susceptibility
	Extended uncertainty (k=2)
	Criterion for class E1

	0.003 20
	0.000 50
	< 0.020


Unfortunately, because of the small size of the masses from 1 to 10 g, it is difficult to make measurements on them directly to verify the absence of magnetization. The LNE according had recourse to a method it has developed (see [2]) to make sure that the characteristics of the standards produced, in terms of magnetism, make them fit for use. This method is the following: 

When a sample is placed on the susceptibility metre, the force applied to its magnet can be regarded as the product of two terms: F = G.A

For a given distance, the first term (G) depends only on the shape of the sample, and it alone depends on the shape; the second term (A) depends among other things on the fields applied to the sample (local field and field of the magnet) and on the interaction of the magnetization of the sample, if any, with that of the magnet.

If we consider a sample of arbitrary shape 
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Fig. 12: the four weighings to establish the ratios F1/F2 and F3/F4
With F(i) = A(i).G(i), bearing in mind that G1 = G3 and G2 = G4

If the sample is not magnetized, then when it is turned over the field to which it is subjected does not change, so 

A1 = A2 and A3 = A4, which is reflected by:

F1/F2 = F3/F4 = GT/GB

where GT is the geometrical correction coefficient of the sample placed right-side up at distance z0, 

and GB is the geometrical correction coefficient of the sample placed upside down at distance z0.

The determination of F1, F2, F3, and F4 makes it possible, by comparing the ratios F1/F2 and F3/F4, to determine whether or not the sample is magnetized.

In practice, four weighings (weighing with the mass right-side up, then upside down, in each of the two orientations of the magnet) are sufficient to establish the ratios and detect any magnetization of the mass.

In the mass standards from 1 to 10 g observed, no significant difference between ratios F1/F2 and F3/F4 was observed. These masses in fact conserve the ratio Gt/Gb, allowing the conclusion that there is no significant permanent magnetization.

For details of the method, the interested reader may refer to the paper already published on the subject (cf. [2]).

3.5. Handling and storage of the standard wires

As is already the case for other wire standards, and for the same reasons, recourse to tweezers for the handling of the standards from 1 to 10 g was ruled out. Small aluminium forks with Teflon heads, shown in figure 13, were made.

A support, also made of Teflon, with a hole matching the diameter of each standard, was added to the storage boxes described earlier (cf. § 2.5) to hold the standards from 1 to 10 g.
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Fig. 13. Handling tool and storage box
for the standards from 10 to 1g

4. CALIBRATION OF THE NEW STANDARDS 

4.1. Method used for calibration

The dissemination of the quantity mass was redone starting from the 20 g reference standards and using the new standards from 10 g to 1 mg. This operation consisted in calibrating 26 standards (2 per nominal value). The least squares method using weighing designs was performed to calibrate the standards. This method ensures that the solution is overdetermined and, consequently, the quality of the calibration can be checked. Moreover, the determination of uncertainties can be made by matrix calculation, taking into account variances and covariances directly (for more details see [3] and [4]). The weighing designs are noted “WD” during the text. 
 The comparisons were performed using automatic comparators - AT 106 between 20 and 5 g and A5 between 5 g and 1 mg. The latter comparator has a robot that offers the advantage of making it possible to compare combinations of masses, thanks to a tray with a davit on which one can place, as desired, either OIML-shaped standards or wire standards (cf. fig. 2).
Weighing plan
Altogether, the weighing plan included 41 comparisons. each of 12 ABBA type weighing procedures (A for the weighing of the standard, B for the weighing of the mass. It was divided into five weighing designs (WDs nos. 1 to 5). Each successor weighing designs used as standards the two masses having the smallest nominal value of the preceding weighing designs.

The comparisons performed are defined in the weighing plans given below.

These take the form of a matrix in which:

· each row represents a comparison, identified by its serial number from 1 to X.

· the columns represent the standards or masses to be calibrated.

The tables are read as follows:

For the ith comparison, the standard (or the mass to be calibrated) having coefficient 1 in the ith row was compared to the standard (or the mass to be calibrated) having coefficient -1 in the same row.

	WD
no. 1
	G
20 g
	H
20 g
	B0
10 g
	B1
10 g
	B0
5 g
	B1
5 g
	
	WD
no. 2
	B0
 5 g
	B1
5 g
	B0
2 g
	B1
 2 g
	B0
1 g
	B1
1 g

	1
	-1
	1
	
	
	
	
	
	1
	-1
	1
	
	
	
	

	2
	
	-1
	1
	1
	
	
	
	2
	
	-1
	1
	1
	1
	

	3
	-1
	
	1
	1
	
	
	
	3
	-1
	
	1
	1
	
	1

	4
	
	
	-1
	1
	
	
	
	4
	
	
	-1
	1
	
	

	5
	
	
	
	-1
	1
	1
	
	5
	
	
	
	-1
	1
	1

	6
	
	
	-1
	
	1
	1
	
	6
	
	
	-1
	
	1
	1

	7
	
	
	
	
	-1
	1
	
	7
	
	
	
	
	-1
	1


	WD no. 3
	B0
1 g
	B1
1 g
	B0
500mg
	B1
500mg
	B0
200mg
	B1
200mg
	B0
100mg
	B1
100mg
	
	WD no. 4
	B0
100 mg
	B1
100 mg
	B0
50
mg
	B1
50
mg
	B0
20
mg
	B1
20
mg
	B0
10
mg
	B1
10
mg

	1
	
	-1
	1
	1
	
	
	
	
	
	1
	
	-1
	1
	1
	
	
	
	

	2
	-1
	
	1
	1
	
	
	
	
	
	2
	-1
	
	1
	1
	
	
	
	

	3
	
	
	-1
	1
	
	
	
	
	
	3
	
	
	-1
	1
	
	
	
	

	4
	
	
	
	-1
	1
	1
	1
	
	
	4
	
	
	
	-1
	1
	1
	1
	

	5
	
	
	-1
	
	1
	1
	
	1
	
	5
	
	
	-1
	
	1
	1
	
	1

	6
	
	
	
	
	-1
	1
	
	
	
	6
	
	
	
	
	-1
	1
	
	

	7
	
	
	
	
	
	-1
	1
	1
	
	7
	
	
	
	
	
	-1
	1
	1

	8
	
	
	
	
	-1
	
	1
	1
	
	8
	
	
	
	
	-1
	
	1
	1

	9
	
	
	
	
	
	
	-1
	1
	
	9
	
	
	
	
	
	
	-1
	1


	WD no. 5
	B0
10
mg
	B1
10
mg
	B0
5
mg
	B1
5
mg
	B0
2
mg
	B1
2
mg
	B0
1
mg
	B1
1
mg
	Fig.7: Tables representing 
the 5 weighing designs
of the weighing plan for the calibration
of the reference standards from 1 mg to 10 g

	1
	
	-1
	1
	1
	
	
	
	
	

	2
	-1
	
	1
	1
	
	
	
	
	

	3
	
	
	-1
	1
	
	
	
	
	

	4
	
	
	
	-1
	1
	1
	1
	
	

	5
	
	
	-1
	
	1
	1
	
	1
	

	6
	
	
	
	
	-1
	1
	
	
	

	7
	
	
	
	
	
	-1
	1
	1
	

	8
	
	
	
	
	-1
	
	1
	1
	

	9
	
	
	
	
	
	
	-1
	1
	


4.2. Measurement results

It must be acknowledged that for the 14 nominal values of the 28 standards, the quadratic mean of the standard deviations obtained in the 41 comparisons made in the course of the weighing designs is almost always smaller than the manufacturer's criterion of the comparator used (see table 8).

The typical residues(1) calculated on the 5 weighing designs of the new standards calibration, are smaller than those coming from the old standards calibration (see Table 9).

(1) a residue is the value of the difference, for a comparison of a combination of standards, between the adjusted value derived from the analysis of the weighing designs and the measured value.

Table 8. Mean standard deviation found in the course
of the comparisons

	Nominal value
	Observed mean
standard deviation
	Manufacturer's criterion

	20 g
	0.41 µg
	1.50 µg

	10 g
	0.39 µg
	1.50 µg

	5 g
	0.31 µg
	0.40 µg

	2 g
	0.23 µg
	0.25 µg

	1 g
	0.23 µg
	0.25 µg

	500 mg
	0.18 µg
	0.15 µg

	200 mg
	0.13 µg
	0.15 µg

	100 mg
	0.10 µg
	0.15 µg

	50 mg
	0.09 µg
	0.15 µg

	20 mg
	0.06 µg
	0.15 µg

	10 mg
	0.07 µg
	0.15 µg

	5 mg
	0.05 µg
	0.15 µg

	2 mg
	0.06 µg
	0.15 µg

	1 mg
	0.06 µg
	0.15 µg


Table 9. Comparison of the residues derived
 from calibration of the new and the old standards

	WD no.
	weighing design (WD)
	Residue of WD with 
new standards
	Residue of WD with 
old standards

	1
	5 to 20g
	0.30 µg
	0.57 µg

	2
	1 to 5g
	0.05 µg
	0.10 µg

	3
	100mg to 1g
	0.05 µg
	0.06 µg

	4
	10 to 100mg
	0.02 µg
	0.02 µg

	5
	1 to 10mg
	0.01 µg
	0.01 µg


5.   COHERENCE OF OLD AND NEW

The calibration of the new standards versus the old ones are performed. For a same nominal value, the two new standards are compared to the two old standards using a weighing design as shown in table 10.

 The mean value of the residues obtained for each nominal value can be considered satisfactory (except for 1g). Nevertheless, the difference between the value of new standards via the old ones and the value from the direct calibration should be  smaller. The explanation of these results is probably due to the uncertainty of the density of the old standards. The determination of these ones was done by hydrostatic weighing directly on the weight from 10g until 1g. Between 500mg and 1mg, it was estimated from the alloy used. So it is not surprising that the worst normalized deviations observed (see table 11) are for the one gram weights (which are above 1) because these weights are the smaller volume measured by hydrostatic weighing for old standards. The uncertainty of density measurements used for some of old standards seems now optimistic. The improvement of the alloy knowledge, in particularly for density, confirms this point of view. The different calibrations performed since 1986 on the old standards show an inadequate stability for reference standards. 
Table 10. weighing design for the calibration of new versus old standards at each nominal value from 1mg up to 10g

	Comparison
	B0 old
standard
	B1 old 
standard
	B0 new 
standard
	B1 new 
standard

	1
	-1
	0
	1
	0

	2
	0
	-1
	1
	0

	3
	-1
	0
	0
	1

	4
	0
	-1
	0
	1

	5
	0
	0
	-1
	1


Table 11. difference of new standard  values  coming from a direct calibration and  a calibration via the old standards 

	Nominal value
	coherence (µg)
	normalized deviation
	Residue
of W.D.

	
	B0
	B1
	B0
	B1
	

	10g
	0.39 µg
	0.16 µg
	0.27
	0.10
	0.11 µg

	5g
	-0.17 µg
	-0.40 µg
	0.16
	0.38
	0.09 µg

	2g
	-0.21 µg
	-0.39 µg
	0.23
	0.42
	0.14 µg

	1g
	-1.08 µg
	-1.05 µg
	1.49
	1.45
	0.47 µg

	500mg
	0.42 µg
	0.43 µg
	0.70
	0.73
	0.17 µg

	200mg
	0.15 µg
	0.18 µg
	0.34
	0.39
	0.04 µg

	100mg
	0.03 µg
	0.06 µg
	0.09
	0.18
	0.03 µg

	50mg
	-0.08 µg
	-0.10 µg
	0.27
	0.35
	0.02 µg

	20mg
	-0.10 µg
	-0.04 µg
	0.52
	0.20
	0.02 µg

	10mg
	0.02 µg
	0.06 µg
	0.09
	0.32
	0.02 µg

	5mg
	0.04 µg
	0.05 µg
	0.24
	0.25
	0.03 µg

	2mg
	0.11 µg
	0.08 µg
	0.61
	0.40
	0.04 µg

	1mg
	0.06 µg
	0.09 µg
	0.33
	0.47
	0.01 µg


6.   CONCLUSION

The LNE has produced new mass standards between 10 g and 1 mg having better metrological characteristics; in particular, their density is better known. The design of the fractions of the gram is better suited to the use of automatic comparators with robots, such as the A5 comparator. Their calibration in a weighing designs from 10 g to 1 mg using two 20 g references demonstrates a coherence among the comparisons that justifies the conclusion that the metrological qualities of the standards made in this way are substantially better than those of their predecessors. 
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