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Abstract — Recently, in the framework of the Working
Group on Hardness (WGH) of the Consultative Committee
for Mass and Related Quantities (CCM) of the Comité
International des Poids et Mesures (CIPM), the opportunity
to improve the definitions of the hardness scales has been
discussed.

In this paper is investigated, from the theoretical point of
view, the benefits in terms of decreasing of uncertainty
subsequently to the approval of new definitions. The
analysis will be done on the most important Rockwell,
Vickers and Brinell hardness scales, but it will be possible to
extend the benefits easily to all other scales.

Keywords: hardness, definition, uncertainty
1. INTRODUCTION

National Metrology Institutes (NMIs) have demonstrated
their interest to the improvement of the definitions in order
to fulfil to the requirements of an improvement of the level
of uncertainty of hardness measurements demanded from
the measuring activities of test, calibration and industrial
laboratories.

As it is well known, due to the conventionality of the
method, present definitions declared in the relative
standards, have been adopted by NMIs even if they have not
been directly studied and approved by them; in fact,
standards are essentially addressed to test and calibration
laboratories and they do not take into consideration (if not in
indirect way) formal and substantial demands of the highest
levels of the traceability chain that are deputed to the
realization of hardness scales.

The fundamental question is following: are new
proposed definitions (that we hope will be adopted in a short
time) in the position to improve the uncertainty of the
realization of the hardness scales?

The answer to this question is possible analysing the
matter from two points of view: theoretical and
experimental. The experimental one, has been investigated,
for example, during last international comparisons, where
have been proposed different protocols for the comparison
in order to see the practical repercussions of different
specifications. From the theoretical point of view, some
analysis have been carried out, for example, in the guideline
for the calculation of the uncertainty in hardness

measurements issued by EA [1], in which the calculation of
the uncertainty of the definition is reported, as well the level
of uncertainty reached at the state of the art of primary
hardness standard machines.

More investigations are necessary to validate the efforts
of the CCM-WGH to have metrological definitions to be
adopted at the level of NMIs.

Following, a theoretical analysis of the reduction of the
uncertainty on the main hardness scales on metallic
materials is done following the ISO GUM [2]
recommendations

2. TRACEABILITY CHAIN

The dissemination of hardness scales (fig. 1) begin from
hardness scale definitions where the measurement method
associated with the relevant tolerances of the involved
quantities is described. The definitions are used to design
and realize hardness reference machines that materialise
hardness scale definitions. Distinction should be made
between primary standard machines, which constitute the
best possible realisation of the hardness scale definitions,
and calibration machines, used for the production of
hardness reference blocks. The machines are used to
calibrate hardness reference blocks. Again, one may
distinguish between primary hardness reference blocks,
calibrated by primary hardness standard machines and used
when the highest accuracy is required, and hardness
reference blocks intended mainly for the verification and
calibration of industrial hardness testing machines.

The uncertainty of the scale definitions, produced by the
tolerances adopted and by the lack of definition of some
influence factors is the first step in the uncertainty budget [3,
4]. The second is the wuncertainty of the nominal
materialisation of the scale definition, produced by the
uncertainty of the factors defined by the scale definitions
and the third is the uncertainty of the effective
materialisation of the scale definition, produced by all the
other the factors not defined by the scale definitions.

With the result of this three-step uncertainty calculation,
is possible to calculate the uncertainty of the primary
hardness reference blocks calibration, from which the
uncertainty of the other levels of the metrological chain is
derived.



Is now clear that a reduction of the uncertainty at the
first steps has direct practical implications in the reduction
of the uncertainty in all other subsequent levels.
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Fig. 1. four-level structure of the metrological chain necessary to
define and disseminate hardness scales.

3. ANALYSIS

2.1. Present situation

The analysis begins considering the present situation,
where, at international level, the used definitions are those
indicated in the ISO standards, 650x series (part 3) [5, 6, 7].

Considering the tolerances of the influence factors as
defined in the standards and associating some values
(derived from the practical experience in the materialization
of the hardness scales made in several NMIs) to the
undefined influence factors, the uncertainty of the definition,
calculated following the EA guide [1], for some of the main
important Brinell, Vickers and Rockwell scales are reported
in tables I, 11, II1.

The same type of calculation is used to estimate the
uncertainty at the second step (materialization of the
hardness scales through the primary hardness standard
machines). In this case the best realization for each single
factor should be included, but the problem arise when in the
definition is not indicated a reference value, but only a
tolerance. In fact, when any NMI for the realization of the
hardness scales can choose influence factors inside a more
or less large band of values indifferently, the results are
surely different and the uncertainty must contain this
possible difference.

Therefore, when we calculate the uncertainty of the
primary hardness standard machines, only the contributions
due to influence factor having a reference value can be
estimated with the calibration of the machine (and evaluated
as Type A factor): for the other factors, the total tolerance
must be considered and evaluated as Type B factor.

Brinell - ing quantity X, Symbol Unit Value [ Tolerance[a,, type B[ u?(x,) < u,’(H)
Test force F N 29420 | 0.1% 2.9E-01 | 2.9E-02 | 2.3E+00 | 1.5E-01
Indentation diameter d mm 0.240 | 0.0005 | 50E-04 |8.3E-08|-14E+03( 15E-01
Ball diameter D mm 1 0.001 1.0E-03 | 3.3E-07 [-2.0E+01| 1.3E-04
Numerical Aperture NA 1% 6.5E+00 |1.4E+01| 1.0E+00 | 1.4E+01
Test force application time ty s 7 1 1.0E+00 | 3.3E-01| 2.1E-01 | 1.4E-02
Test force duration time ty s 12.5 25 2.5E+00 | 2.1E+00] -6.0E-02 | 7.6E-03
Total 1.5E+01
[Combined standard uncertainty u (H) 3.8E¥00
[Confidence level 95%
[Coverage factor 2.0
Expanded standard U(H) | 7.6 HBW1/30
Relative Expanded standard uncertainty U ., (H) | 12%
[Hardness ] 653.5_HBWI/30 I
Brinell - ing quantity X; __|Symbol Unit Value [ Tolerance [ a;, type B] u”(x,) o Ju’(H)
Test force F N 18387 | 0.1% | 1.8E+00 |1.1E+00| 3.6E-01 | 1.5E-01
Indentation diameter d mm 0.600 | 0.0005 | 5.0E-04 |8.3E-08|-5.4E+02| 2.4E-02
Ball diameter D mm 25 0.001 1.0E-03 | 3.3E-07 [ -8.0E+00| 2.1E-05
ical Aperture NA 1% 6.5E+00 |1.4E+01[ 1.0E+00 | 1.4E+01
Test force application time t; s 7 1 1.0E+00 | 3.3E-01| 2.1E-01 | 1.4E-02
Test force duration time ty s 12.5 25 25E+00 | 2.1E+00] -6.0E-02 | 7.6E-03
Total T4E+01
[Combined standard uncertainty u (H) 3.8E+00
[Confidence level 95%
[Coverage factor 2.0
Expanded standard U(H) | 7.6 HBW2.5/187.5
Relative Expanded standard uncertainty U  (H) | 12%
|Hardness [ 653.5 HBW2,5/187,5 |
Brinell - ing quantity X;  |Symbol Unit Value [ Tolerance[a;, type B[ u?(x,) c; u,’(H)
Test force F N 7355.0 | 0.1% | 7.4E+00 |1.8E+01| 9.1E-02 | 1.5E-01
Indentation diameter d mm 1.200 | 0.001 1.0E-03 | 3.3E-07 [-2.7E+02| 2.4E-02
Ball diameter D mm 5 0.002 | 20E-03 | 1.3E-06 |-4.0E+00| 2.1E-05
Numerical Aperture NA 1% 6.5E+00 |1.4E+01 1.0E+00 | 1.4E+01
Test force application time t; s 7 1 1.0E+00 | 3.3E-01 [ 2.1E-01 | 1.4E-02
Test force duration time t, s 12.5 25 2.5E+00 | 2.1E+00] -6.0E-02 | 7.6E-03
Total T4E+01
[Combined standard uncertainty u (H) 3.8E%00
Confidence level 95%
[Coverage factor 2.0
Expanded standard U(H) | 7.6 HBW5/750
Relative Expanded standard uncertainty U ., (H) | 12%
Hardness ] 653.5 _ABWSIT50 |
Brinell - ing quantity X, __|Symbol Unit Value [ Tolerance [ a,, type B] u’(x,) ¢ Jui(H
Test force F N 29420.0[ 0.1% | 2.9E+01 |2.9E+02| 2.1E-02 [ 1.3E-01
Indentation diameter d mm 2500 [ 0002 | 20E-03 | 1.3E-06|-1.2E+02| 2.1E-02
Ball diameter D mm 10 0.003 | 3.0E-03 | 3.0E-06|-2.0E+00| 1.2E-05
Numerical Aperture NA 1% 6.0E+00 |1.2E+01 1.0E+00 | 1.2E+01
Uniformity (max error of d) % 1% 1.1E:02 | 4.2E-05 [-1.2E+02| 6.5E-01
Test force application time t; s 7 1 1.0E+00 | 3.3E-01| 2.0E-01 | 1.3E-02
Test force duration time ty s 12.5 25 25E+00 [ 2.1E+00] -6.86-02 | 9.6E-03
Total 1.3E+01
[Combined standard uncertainty u (H) 3.6E¥00
[Confidence level 95%
[Coverage factor 2.0
Expanded standard U(H) T 7.2 HBW10/3000
Relative Expanded standard uncertainty U ., (H) | 1.2%
|Hardness ] 601.5 ABW10/3000 |

TABLE II. Uncertainty due to the definition (ISO standards,
series 6507, part 3) for some Vickers scales.

Vickers - quantity X; Symbol | Unit | Value | Tolerance | a;, type B| u?(x;) [ u;”(H)
Test force F N 1.96 0.1% 2.0E-03 | 1.3E-06 | 4.4E+02 | 2.5E-01
Indentation diagonal length d mm | 0.021 0.0002 2.0E-04 | 1.3E-08 | -8.3E+04 | 9.2E+01
Numerical Aperture NA 1% 8.6E+00 |2.5E+01| 1.0E+00 [ 2.5E+01
Test force application time ty s 5 5 5.0E+00 |8.3E+00| -6.4E-01 | 3.4E+00
Test force duration time t, s 14 1 1.0E+00 | 3.3E-01| 2.2E-01 | 1.5E-02
[Approach velocity v mm/s| 0.125 0.075 7.5E-02 | 1.9E-03 | 6.4E-01 | 7.7E-04
Plane angle @ ° 136 0.1 1.0E-01 | 3.3E-03 | 1.7E+02 | 1.0E+02
Tip radius r mm 0 0.0005 5.0E-04 | 8.3E-08 | -4.8E+04 | 1.9E+02
Length of line of junction c mm 0 0.0005 5.0E-04 | 8.3E-08 | 5.8E+04 | 2.8E+02
Total 7.0E+02
[Combined standard uncertainty u (H) 2.6E+01
Confidence level 95%
Coverage factor 2.0
Expanded standard uncertainty U (H) I 52.8 HV0.2
Relative Expanded standard uncertainty U ,, (H) | 6.1%
[Hardness [ 8622 Hvo.2]

Vickers - quantity X; Symbol | Unit | Value | Tolerance | a;, type B| u?(x;) c; u;*(H)
Test force F N 9.81 0.1% 9.8E-03 | 3.2E-05| 8.9E+01 | 2.6E-01
Indentation diagonal length d mm | 0.046 0.5% 2.3E-04 | 1.8E-08 | -3.8E+04 | 2.6E+01
Numerical Aperture NA 1% 8.8E+00 |2.6E+01| 1.0E+00 | 2.6E+01
Test force application time ty s 5 5 5.0E+00 |8.3E+00| -6.5E-01 | 3.5E+00
Test force duration time t, s 14 1 1.0E+00 | 3.3E-01| 2.2E-01 | 1.6E-02
[Approach velocity v mm/s| 0.125 0.075 7.5E-02 | 1.9E-03 | 6.5E-01 [ 7.9E-04
Plane angle a ° 136 0.1 1.0E-01 | 3.3E-03 | 1.8E+02 | 1.0E+02
Tip radius r mm L] 0.0005 5.0E-04 | 8.3E-08 |-2.1E+04 [ 3.8E+01
Length of line of junction [4 mm 0 0.0005 5.0E-04 | 8.3E-08| 2.7E+04 | 5.9E+01
Total 2.6E+02
[Combined standard uncertainty u (H) 1.6E+01
Confidence level 95%
Coverage factor 2.0
[Expanded standard uncertainty U (H) I 32.0 HV1
|Re\ative Expanded standard uncertainty U, (H) | 37 %
[Hardness [ 8753 Hv1 |

Vickers - quantity X;  |Symbol | Unit | Value | Tolerance [ a,, type B] u?(x;) c u,?(H)
Test force F N ]1294.20 0.1% 2.9E-01 | 2.9E-02| 2.8E+00 | 2.2E-01
Indentation diagonal length d mm | 0.260 0.001 1.0E-03 | 3.3E-07 | -6.3E+03| 1.3E+01
Numerical Aperture NA 1% 8.2E+00 |2.2E+01| 1.0E+00 | 2.2E+01
Test force application time ty s 7 1 1.0E+00 | 3.3E-01|-5.9E-01| 1.1E-01
Test force duration time t, s 14 1 1.0E+00 | 3.3E-01| 2.0E-01 | 1.4E-02
Approach velocity v mm/s | 0.525 0.475 4.8E-01 | 7.5E-02| 5.9E-01 | 2.6E-02
Plane angle a ° 136 0.1 1.0E-01 | 3.3E-03 [ 1.7E+02 | 9.2E+01
Tip radius r mm 0 0.0005 5.0E-04 | 8.3E-08 | -3.5E+03| 1.0E+00
Length of line of junction [4 mm 0 0.001 1.0E-03 | 3.3E-07 | 4.4E+03 | 6.5E+00
Total 14E+02
[Combined standard uncertainty u (H) 1.2E+01
[ Confi level 95%
Coverage factor 2.0
[Expanded standard uncertainty U (H) | 23.3 HV30
Relative Expanded standard uncertainty U ., (H) | 2.8%
[Hardness | 820.8 Hv30




TABLE III. Uncertainty due to the definition (ISO standards,
series 6508, part 3) for Rockwell C scale.

- ing quantity X ; Symbol | Unit| Value | Tolerance | a;, type B| u®(x;) c; u;“(H)
Preliminary test force Fo N | 98.07 0.2% 2.0E-01 | 1.3E-02 | 1.2E-01 | 1.8E-04
Total test force F N |1471.0 0.1% 1.5E+00 | 7.2E-01|-4.0E-02| 1.2E-03
Indenter angle a ° 120 0.1 1.0E-01 | 3.3E-03 | 1.3E+00| 5.6E-03
Indenter radius r mm | 0.200 0.005 5.0E-03 | 8.3E-06 | 1.5E+01 [ 1.9E-03
Indentation depth h um 2.0E-01 | 1.3E-02 5.0E-01 | 3.3E-03
Indentation velocity v um/s| 30 10 1.0E+01 | 3.3E+01|-2.0E-02| 1.3E-02
Preliminary test force dwell time ty s 3 1 1.0E+00 [ 3.3E-01| 1.0E-02 | 3.3E-05
[ Total test force dwell time t s 4 2 2.0E+00 | 1.3E+00]-7.0E-02] 6.5E-03
Total 3.2E-02
ICombined standard uncertainty u (H) 1.8E-01
Confidence level 95%
Coverage factor 2.0

Expanded standard uncertainty U (H) | 0.36 HRC
Hardness [ 20.0 HRC]

hardness scales (force applied by dead weights, indentations
measured by laser interferometric system, cycle parameters
controlled by a load cell, etc.), due to the lack of definition
of some influence factor [9] that gives the main contribution
to the uncertainty, the present limit of the uncertainty at this
level is the definition itself.

TABLE V. Uncertainty of the best possible

materialization of

the ISO standards, series 6507, part 3 definition for some Vickers

scales.
Rockwell - Influencing quantity X; Symbol | Unit| Value | Tolerance | a,, type B| u?(x;) c; u,’(H)
Preliminary test force Fo N | 98.07 0.2% 2.0E-01 [ 1.3E-02| 7.0E-02 | 6.3E-05 Vickers - ing quantity X; [Symbol | Unit | Value | State of the art [ u;, type A] u?(x;) < u H) | vi [u*(H)/v)
[ Total test force F N |1471.0 0.1% 1.5E+00 [ 7.2E-01|-3.0E-02| 6.5E-04 ;feds‘ force p lenath Z N 01;79; :-:;;/; g gggi 3 gggg ‘;“3?%24 ;;E-%Z 390 Q-:E-Uui
o X . ¥ x Indentation diagonal lengtt mm | 0. . X 08 | -8.3E+ +  5E+
Indenter ang_le * 120 01 10E-01 | 3.3E-03] 8.0E-01 | 2.1E-03 Numerical Aperture NA 1% 4.3E+00 |6.2E+00( 1.0E+00 [ 6.2E+00( 100 | 3.8E-01
Indemer‘ radius r pm | 0.200 0.005 5.0E-03 | 8.3E-06 | 3.0E+01| 7.5E-03 Test force application time t s 5 5 5.0E+00 | 8.36400| -6.45.01 | 3.48+00| 3 | 3.9E+00
Indentation depth h um 2.0E-01 | 1.3E-02 f 5.0E-01 | 3.3E-03 [Test force duration time t s | 14 0.5 50E-01 | 25601 | 22601 | 12602 3 | 4805
Indentation velocity v |umis[ 30 10 1.0E+01 [3.3E+01] 0.0E+00 [ 0.0E+00 | Approach velocity v | mmis| 0125 0.075 756-02 | 1.96-03| 6.4E-01 [ 77604 3 [ 2.0E-07
Preliminary test force dwell time to s 3 1 1.0E+00 | 3.3E-01 5.0E-03 | 8.3E-06 Plane angle a ° 136 0.05 5.0E-02 | 2.5E-03 | 1.7E+02 | 7.6E+01| 30 | 1.9E+02
i 4. 0E-( 3 Tip radius ro|mm| o 0.0002 20E-04 | 4.0E-08 |-4.7E+04| 87E+01| 9 | 8.4E+02
F;::: test force dwell time ¢ S 4 2 20E+00 |1.3E+00]-4.0E-:02 féégg Length of line of junction c mm 0 0.0002 2.0E-04 | 40E-08) 58E+04 | 1.4E+02] 9 | 2.0E+03
- [Total 58E+02 1.2E+04
[Combined standard uncertainty u (H) 1.3E-01 Combined standard Uncertainty U (H) 2.4E+01| ver 29
Confidence level 95% [Confidence level 95%
Coverage factor 2.0 Coverage factor 2.0
Expanded standard uncertainty U (H) | 0.25 HRC [Expanded standard uncertainty U(H) 294 Hvo2]
Hardness [__40.0 HRC] Ee\aﬂve Expanded standard uncenaml\i Ui (H) : 5.7 I% |
[Hardness 8622 _HV0.2
- - - 7
kwell - quantity X; _[Symbol | Unit] Value | Tolerance | a;, type B| u”(x,) o _|u’(H) [Vickers - ing quantity X, [Symbol | Unit | Value | State of the art [u ype Al a7x) | & | a2 (i) | v, o (A)/v;
Preliminary test force Fy N | 98.07 0.2% 2.0E-01 [ 1.3E-02[ 5.0E-02 | 3.2E-05 [ Test force F N | 981 0.01% 7.7E-01| 30 | 2.0E-02
[ Total test force F N |1471.0 0.1% 1.5E+00 | 7.2E-01|-2.0E-02| 2.9E-04 Indentation diagonal length d mm | 0.046 0.5% 2.3E-04 | 5.3E-08|-3.8E+04|7.7E+01| 9 | 6.5E+02
Indenter angle a ° 120 0.1 1.0E-01 | 3.3E-03 | 4.0E-01 | 5.3E-04 Numerical Aperture NA 1% 8.8E+00 |2.6E+01| 1.0E+00 | 2.6E+01| 100 | 6.5E+00
Indenter radius r|wm| o200 0005 | 50E-03 |83E-06(5.0E+01|21E-02 ot force applcation tme A I A o ol boviel IRl Bt IS ettt
Indentation depth h um 2.0E-01 | 1.3E-02| 5.0E-01 | 3.3E-03 Aporosch velocty | s | 0125 0.075 75602 | 1.9E.03| 65601 79604 3 | 21E07
Indentation velocity v um/s| 30 10 1.0E+01 | 3.3E+01| 3.0E-02 | 3.0E-02 Plane angle « . 136 0.05 5.0E-02 | 2.56-03 | 1.86+02 | 7.8E+01| 30 | 2.0E+02
Preliminary test force dwell time to s 3 1 1.0E+00 | 3.3E-01| 4.0E-03 | 5.3E-06 Tip radius r mm 0 0.0002 2.0E-04 | 4.0E-08 [-2.1E+04| 1.8E+01| 9 [ 3.5E+01
Total test force dwell time t s 4 2 2.0E+00 | 1.3+00]-3.0E-02] 1.2E-03 Length of line of junction c [mm] o 0.0002 20E-04 | 4.0E-08] 2.7E+04 | 2.8E+01] 9 | 8.9E+01
Total . - - 5.6E-02 ofal 23E+02 9.9E+02
o - - [Combined standard uncertainty U (F) 1.5E+01
Combined standard uncertainty u (H) 2.4E-01 {,DTF":HW slz‘:‘;r uncertanty u (H) 25;:) e 5,
Confidence level 95% Coverage factor 2.0
Coverage factor 2.0 Expanded standard uncertainty U (H) 305 HV1 |
[Expanded standard uncertainty U (H) | 0.47 HRC Relative Expanded standard uncertainty U ., (H) 35 % |
[Hardness [ 60.0 HRC] |Hardness [ 8753 _HV1 | T
[Vickers - ing quantity X, _[Symbol | Unit | Value | State of the art [ u,, type A] u”(x) | & | u () | v, lu, (A)/v,
Test force F N [294.20 0.01% 2.9E-01 | 8.76-02 | 2.8E+00 | 6.7E01| 30 | 15E-02
1 1 1 Indentation diagonal length d mm | 0.260 0.001 1.0E-03 | 1.0E-06 [ -6.3E+03| 4.0E+01| 9 | 1.8E+02
Results of this calculation for the IMGC-CNR (Italian — [jensiordasorations A SRR I ol Boov] s Pl b e
. . Test force application time t, s 7 5 5.0E+00 | 8.3E+00| -4.7E-01 [ 196400 3 | 1.2E+00
NMI) prlmary hardneSS Standard maChlneS [8] are rep()[’ted [Test force duration time t, s 14 0.5 5.0E-01 | 25E-01| 2.1E-01 | 1.1E-02| 3 | 3.96-05
[Approach velocity v |mmis| 0525 0.075 75602 | 1.96-03| 4.76-01 | 4.2E04| 3 | 59E-08
1 1 1 1 Plane angle « ° 136 0.05 5.0E-02 | 2.56-03 | 1.7E+02 | 6.9E+01[ 30 | 1.6E+02
in tables IV, V, VI for the most important Brinell, Vickers [ N I - BRSO Il v ey Dl Il e
. Length of line of junction c [mm] o 0.0002 20E-04 | 4.0E-08] 4.4E+03|7.8601] 9 | 6.8E-02
and Rockwell scales respectively. ol 1360 5E+07
[Combined standard uncertainty u (H) 12E+01| vgg 53
Confidence level 95%
Coverage factor 2.0 |
. . L. . [Expanded standard uncertainty U (H) 233 HV30
TABLE IV. Uncertainty of the best possible materialization of Relaive Expanded siandard inceriay U 7] pram—|
[Hardness [ 8208 AV30 | T

the ISO standards, series 6506, part 3 definition for some Brinell
scales.

TABLE VI. Uncertainty of the best possible materialization of

el - Infaencing quantiy X, syl Unt | Vawe [ Suw ot a [ g Al a5 [ v T, the ISO standards, series 6508, part 3 definition for Rockwell C
Test force F N 294.20 0.01% 2.0E-02 | 8.7E-04 | 23E700 | 44E-03] 30 | 66E-07
indentation diameter d mm 0.240 0.0005 50E-04 | 2507 |-1.4E+03( a6E-01| 9 | 23602 scale
Ball diameter D mm 1 0.001 1.0E-03 [ 1.0E-06 [-2.08+01| 4.0E-04| 30 | 5.4E-09 .
Numerical Aperture NA % 6.5E+00 [ 1.4£+01 [ 1.0E+00 | 1.4E+01| 100 | 2.08+00
t, s 7 1 1.0E+00 | 3.3E:01 | 21E-01 | 1.4E X -
eopiciedivarivig t s 125 25 355200 |5 1:00| so002 | vec0a] 3 | ece Rockwell - ing quantity X, _|Symbol | Unit| Value | State of the art [u . type A] uZ(x) | & [ u (W) | v, [u (H/¥]
otal TSER0T 206700 y test force Fo | N | 9807 0.02% 20E-02 | 3.8E-04 | 1.2E-01 | 55606 | 30 | 10E-12
Combined standard uncertainty (1) 3.8E+00] ver | 105 Total test force L L ] I 15E01 | 22602( 40E.02] 3505 | 30 | 40EA1
Confidence level 95% indenter angle « | X 0E-02 | 25603 [ 1.3E+00| 4.2E-03 | 15 | 1.26
Coverage factor 2.0 indenter radius r | mm]| 0.200 0.001 1.0E-03 | 1.08-06 | 1.56+01| 23604 | 15 | 3.4E-09
Expanded standard uncertainty U (F) 7.6 HBW1/30 jon depth ho | um 0.02 20E-02 | 4.0E-04 | 5.0E01 | 1.0E04 | 30 | 33E-10
[Relative Expanded standard uncertainty Uy (F) 12 % Indentation velocity v |umis| 30 10 1.0E+01 [33€+01)2.0E-02| 1.3E:02 | 100 | 1.8E-06
[Rardness [ 6555 ABWIR0 ] I Preliminary test force dwell time o |s| 3 15 1.56+00 [2:3€+00| 1.0E-02 | 2.3E-04 | 100 | 5.1E-10
[Total test force dwell time t [ s] a 0.5 50E-01 | 2.56-01-7.0802] 12603| 9 | 17E-07
[Brinell - ing quantity X, _|Symbol Unit Value | State of the art | u,, type A] u’ (x,) o Ju’M] v Ju tHyv] [Total N =) 3.1E-06
[Test force F N 18387 0.01% T8E-01 | 34E-02| 3.6E-01 | 44E-03| 30 | 6.6E-07 Combined standard uncertainty  (F) TaE01 ] v | 119
indentation diameter d mm 0.600 0.0005 50E-04 | 25607 |-5.4E+02( 7.36-02| 9 | 6.0E-04 Confidence lovel %
Ball diameter D mm 25 0.001 1.0E-03 | 1.0E-06 | -8.0E+00| 6.4E-05| 30 1.4E-10 [Coverage factor 2.0
Numerical Aperture NA % 6.5E+00 [ 1.4E+01 [ 1.0E+00 | 1.4E+01| 100 | 2.0E+00 B T T 525 FRC
Test force application time 4, s 7 1 106400 | 336-01| 21601 14602 3 | 68605 [Hardness [ 200 ARC] —|:|
[Test force duration time ¢ s 125 25 256400 [2.1E400[ -6.0e-02| 76E-03] 3 | 1.9E.05
e e ST Ty T o — 24E Rockwell - ng quantity X, [Symbol | Unit] Value | State of the art | u,, type A] a?(x) | & [ a (R | v, [a, (/]
e o e Y test force Fo | N | 9807 0.02% 20E-02 | 3.8E-04 | 7.06-02 | 1.9E.06| 30 | 12E-13
Coverage factor 20 Total test force F | N |1a710]  001% 15601 | 226-02|-3.0E-02| 19E-05 | 30 | 1.3E-11
xpanded standard uncertainty U (H) 7.5 HBW25/187.5 Indenter angle a ° 120 0.05 5.0E-02 | 2.5E-03| 8.0E-01 | 1.6E-03| 15 | 1.7E-07
Relative Expanded standard uncertainty U, (F) T % indenter radius r | um | 0.200 0.001 1.0E-03 | 1.0E-06 | 3.0E+01| 9.0E-04 | 15 | 5.4E-08
[Fardness [ 6555 ABWZSET5 ] I indentation depth ho | pm 0.02 20E-02 | 4.0E-04 | 5.08-01 [ 1.0E-04 | 30 | 33E-10
indentation velocity v |umis| 30 10 1.0E+01 | 3:3E+01 [ 0.0E+00| 0.0E+00{ 100 | 0.0E+00
Brinell - ing quantity X, _[Symbol| __Unit Value | State of the art | u . type Al ' (x) | o | u (W) | v [u’ (/] Preliminary test force dwell time o |'s| 3 15 1.56+00 | 2.3E+00( 5.0E-03 | 5.68-05 | 100 | 3.2E-11
Test force F N 73550 0.01% 79601 [ 54E-0T] 51E02 [44E-03] 30 | 66607 [Total test force dwell time t | s| a 05 50E-01 | 2.56-01[-4.06-02[ 4.0E04| 0 | 18508
Indentation diameter d mm 1.200 0.0010 1.0E-03 | 1.0E-06 | -2.7E+02| 7.3E-02| 9 | 6.0E-04 Total 3.1E-03 24E-07
Ball diameter D mm 5 0.002 20603 | 4.0E-06 | 4.0E+00| 6.46-05| 30 | 1.4E-10 [Combined standard uncertainty u (H) 55602 v | 39
Numerical Aperture NA % 6.5E+00 [ 14401 [ 1.0E+00 | 1.4E+01| 100 | 2.0E+00 Confidence level 5%
Test force application time t s 7 1 106400 | 3:36-01 | 2.1E01 14€-02| 3 | 6805 Coverage factor 2.0
[Test force duration time L s 125 25 256400 [2.1E+00[ -6.0E-02| 76E-03] 3 | 1.9E.05 Expanded standard U(H) 0.11_HRC
olal T4ES0T 2.0E+00 Ea,d,.ess [ 400 ARC] I
Combined standard uncertainty u (H) 3.8E+00] ver 101
Cocee oo 7o soﬁkwe“ iest ey X, syr/:bo' U:i( ;:I:: s'a':oofzt?e = uzhotép:; 3 B?l/))A S0 : éEr:;; % u;1rg)1/: '
= reliminary test force 0 X .02% X X X X x
EAbanded slandard uncertanty Ut T Total test force F | N |1am10[  001% 15601 | 226-02|-2.06-02| 8.7E06 | 30 | 255E-12
elative Expanded standard uncertainty U, (H) 11 %
indenter angle « | ° | 120 0.05 50602 |256-03| 4.0E-01 [ 40E-04 [ 15 | 1.1E-08
[Hardness [ 6535 RBWST7S0 ] I Indenter radius r | wm| 0200 0.001 10E-03 | 1.0E-06 | 5.0E+01 | 25603 | 15 | 4.2E-07
- - - - - ion depth n | um 0.02 20E-02 | 4.0E-04 [ 5.0E-01 | 1.0604 | 30 | 33E-10
5"':3" - Sany X, sy":ml U:“ zzjlz‘:len ul:enr: r/":.3 ué vng;oA au 7éxgo 2 12 02 3“ éE(?S ;\5 ui ;g)g; - velocity v fpmis) 30 10 1.0E+01 3.3E+01] 3.08-02  3.0E-02 100 | 9.0E-06
est force . .01% ) 9E+( -+ - - -
indentation diameter d mm 2.500 0.001 10E-03 | 1.0E-06 |-1.26+02| 1.6602| o | 27E-05 ?;Tgm:‘sa('{oz:‘x;m‘r"”:" time 'I“ : i 1‘): ;%E;gf 22:;?3:’ _‘;%EE_%:; :g;igﬁ 130 ;ggtg;
Ball diameter D mm 10 0.003 3.0E-03 | 9.0E-06 | -2.0E+00| 3.6E-05| 30 4.4E-11 = =1 >
[Numerical Aperture NA 1% 6.0E+00 | 1.26+01 1.0E+00 | 1.2E+01| 100 | 1.5E+00 Total _ 33E02 9.4E06
ITest force application time t, s 7 1 10E+00 | 336-01| 20601 | 136-02| 3 | 5.4E-05 (Combined standard uncertainty u (H) 1.8E-01 [ vee [ 117
[Test force duration time L s 125 25 256400 [2.1E+00| .6.85-02| 06E 03] 3 | 3.1E.05 Confidence level 95%
otal 1.2E+01 15E+00 Coverage factor 2.0
Combined standard uncertainty u (H) 35e+00] v | 100 Expanded standard U(H) 0.36_HRC
Confidence level 95% Hardness [ 60.0 HRCT T
Coverage factor 2.0
Expanded standard uncertainty U F] 6.9 HBW10/3000
Relative Expanded standard uncertainty Ury (F) 11 %
[Fardness [ 6015 ABWT0/3000 ]

As we can see in the tables, even if the IMGC-CNR
machines try to have the best possible realization of the



2.2. Possible improvements

At the level of the CCM-WGH, it is been proposed is to
have definitions with the best possible description of the
indentation testing cycle and with reference values for each
influence parameter involved in the hardness tests [10].

Working in this direction, it is possible to eliminate
totally the uncertainty of the definition, beginning the
calculation of the uncertainty directly from the second step
(materialization of the hardness scales), even if some
problems to be solved remain.

In fact, some influence factors cannot be easily defined,
like the Numerical Aperture of lenses and illumination
systems of the Vickers and Brinell optical measuring
systems.

It is known and it has been recently confirmed in the last
Vickers Key Comparison of the CIPM, that NA has
influence in the size of the image of the Vickers and Brinell
indentations. The quantification of this effect depends by the
size of the indentation and by the material of the hardness
blocks; then is not easy to calculate a correlation function
for this effect but we can estimate this effect as £1% of the
dimension of the indentation (from 0,07 to 0,4 of NA).

A possibility is trying to define a restricted range of
possible NA depending by the size of the indentation to be
measured: in fact, NA is normally correlated to the
magnification of the lens. In this way we can reduce this
effect of about two times, therefore +0,5%.

TABLE VIII. Uncertainty of the best possible materialization of
the CCM -WGH possible definition for some Vickers scales.

[Vickers - quantity X, [Symbol | Unit | Value | State of the art [ u,, type A] u’(x) | & | u,2(H) | v, |u, (H)/v]
[Test force F N | 196 0.01% 2.0E-04 | 3.8E-08 | 4.4E+02 | 74E-03| 30 | 1.8E-06
Indentation diagonal length d | mm [ 0.021 0.0002 20E-04 | 4.0E-08 |-8.3E+04| 2.8E+02| 9 | 85E+03
Numerical Aperture NA 0.5% 4.3E400 [6.2E+00| 1.0E400 | 6.2E+00 9 | 4.3E+00
Test force application time t s 5 05 50E-01 | 256-01|-8.8E-01|1.9E01| 3 | 1.2E-02
Test force duration time t s | 14 05 50E-01 | 256-01| 22601 | 1.2E02| 3 | 4.8E-05
[Approach velocity v | mms| 0425 0.01 1.0E-02 | 1.0E04| 8.86-01 [7.7E-05 3 | 2.0E-09
Plane angle a ° | 138 0.05 5.0E-02 | 2.56-03 | 1.7E+02 [ 7.6E+01( 30 [ 1.9E+02
Tip radius ro|mm| o 0.0002 20E-04 | 4.0E-08 |-4.7E+04| 87E+01| 9 | 8.4E+02
Length of line of junction c lmm]| o 0.0002 2.0E-04 | 4.0E-08] 5.8E+04 [ 1.4E+02| 9 | 2.0E+03
[Total 58E+02 T2E+04
[Combined standard uncertainty u (H) 24E+01] veg 29
Confidence level 95%

Coverage factor 20

Expanded standard uncertainty U(H) 493 HV02]

Relative Expanded standard uncertainty U  (H) 57 % |
[Hardness [ 8622 AVOZ] T

[Vickers - quantity X, [Symbol | Unit | Value | State of the art | u,, type A| u’(x) | & | U, (H) | v |u, (H)/v]
[Test force F N | 981 0.01% 9.8E-03 | 9.6E-05 | B.9E+01 | 7.7E-01| 30 | 2.0E-02
Indentation diagonal length d | mm | 0046 0.5% 23E-04 | 5.3-08|-3.8E+04| 7.7E401| 9 | 6.5E+02
Numerical Aperture NA 0.5% 4.4E+00 [6.4E+00| 1.0E+00 | 6.4E+00| 9 [ 4.5E+00
Test force application time t s 5 05 50E-01 | 256-01|-89E-01| 2001 3 | 1.3E-02
Test force duration time t; s | 14 05 50E-01 | 256-01| 22601 | 1.2E02| 3 | 5.1E-05
[Approach velocity v | mms| 0425 0.01 1.0E-02 | 1.0E-04| 8.9E-01 [8.0E-05 3 | 2.1E-09
Plane angle a ° | 138 0.05 5.0E-02 | 2.56-03 | 1.8E+02 [ 7.8E+01( 30 | 2.0E+02
Tip radius ro|mm]| o 0.0002 20E-04 | 4.0E-08 |-2.1E+04| 1.8E+01| 9 | 35E+01
Length of line of junction c [mm] o 0.0002 2.0E-04 | 4.0E-08] 2.7E+04[2.8E+01] 9 | 8.9E+01
[Total 21E+02 9.8E+02
[Combined standard uncertainty u (H) TAE01] vey 44
Confidence level 95%

Coverage factor 20

Expanded standard uncertainty U(H) 294 HV1 |

Relative Expanded standard uncertainty U () 33 % |
[Hardness [ 8753 AVi_] T

[Vickers - quantity X, |Symbol | Unit | Value | State of the art | u,, type Al u’(x,) | _& | u’(H) | v u, (H/v;
Test force F N [294.20 0.01% 2.9E-01 | 8.76-02 | 2.8E+00 | 6.7E01] 30 | 15E-02
Indentation diagonal length d | mm [ 0.260 0.001 1.0E-03 | 1.0E06 -6.3E+03[4.0E+01| 9 | 1.8E+02
Numerical Aperture NA 0.5% 4.1E+00 |5.6E+00| 1.0E400 | 5.6E+00| 9 | 3.5E+00
Test force application time t s 7 05 50E-01 | 25E-01|-6.1E-01|9.2E-02| 3 | 2.8E-03
Test force duration time t; s | 14 05 50E-01 | 256-01| 2.1E-01 | 1.1E02| 3 | 3.9E-05
[Approach velocity v | mms| 0.525 0.01 1.0E-02 | 1.0E-04 6.1E-01 | 3.7E05| 3 | 45E-10
Plane angle « ° | 138 0.05 50E-02 | 256-03| 1.7E+02 | 6.9E+01| 30 | 16E+02
Tip radius ro|mm| o 0.0002 20E-04 | 4.0E-08 |-35E+03| 4.8E-01| 9 | 26E-02
Length of line of junction c [mm] o 0.0002 2.0E-04 | 4.0E-08] 4.4E+03[7.8E-01] 9 | 6.8E-02
[Total T.2E+02 3AE+02
[Combined standard uncertainty u (H) TAE+01| vey 40
Confidence level 95%

Coverage factor 2.0

[Expanded standard uncertainty U (H) 218 HV30 |

Relative Expanded standard uncertainty U . (H] 27 % |
Eardness [ 8208 _Hv30 | T

TABLE IX. Uncertainty of the best possible materialization of
the CCM -WGH possible definition for Rockwell C scale.

.. . . Rockwell - quantity X; Symbol | Unit| Value | State of the art | u;, type A| u®(x;) C; ui“(H) | vi u,‘(H)/V,
To calculate benefits deriving from this formulation raiminary s Torcs R R AR e
9
. | Total test force F N |1471.0 0.01% 1.5E-01 4.0E-11
- Indenter angle a ° 120 0.05 5.0E-02 1.2E-06
results for the IMGC-CNR primary hardness standard — |meniorancic « | |gm| o ams | soece 12600
3 3 depth h pm 0.02 2.0E-02 3.3E-10
machines are presented in tables VII, VIII, IX. Indontation veloct N i 3 506400 506
’ ) ity
Preliminary test force dwell time to s 3 0.5 5.0E-01 6.9E-11
[ Total test force dwell time t S 4 0.5 5.0E-01 1.7E-07
Total 5.7E-06
TABLE VII. Uncertainty of the best possible materialization of Combhhed standerd uncertany ¥ ) 1
M 11 : Co factc
the CCM -WGH possible definition for some Brinell scales. e T ]
|Hardness T 200 ARC]
[Brinell - ing quantity X, _[Symbol Unit Value | State of the art | u,, type A] u’(x,) < u () | v, u, (H/v] - - —
Test force F N 294.20 0.01% 2.9E-02 | 8.7E-04 | 2.3E+00 | 4.4E-03| 30 6.6E-07 Rol:}kwell - quantity X, Symbol Unit| Value | State of lnhe art [ u,, type Al u®(x,) c; u,”(H) v, |u,*(H)/v)
Indentation diameter d mm 0.240 0.0005 5.0E-04 | 256-07 [-1.4E+03)| 4.6E-01| 9 | 2.3E-02 Preliminary test force Fo N | 98.07 0.02% 2.0E-02 30 [ 1.2E-13
Ball diameter D mm 1 0.001 1.0E-03 | 1.0E-06 [-2.0E+01| 4.0E-04| 30 | 5.4E-09 [ Total test force F N |1471.0 0.01% 1.5E-01 30 | 1.3E-11
[Numerical Aperture NA 0.5% 3.3E+00 |3.6E+00| 1.0E+00 | 3.6E+00 9 1.4E+00 Indenter angle a ° 120 0.05 5.0E-02 15 1.7E-07
Test force application time ty s 7 0.5 5.0E-01 | 2.5E-01| 2.1E-01 | 1.1E-02 3 3.8E-05 Indenter radius r pm | 0.200 0.001 1.0E-03 15 | 5.4E-08
Test force duration time t, s 125 0.5 5.0E-01 | 2.5E-01 ] -6.0E-02 | 9.1E-04. 3 2.8E-07 depth h um 0.02 2.0E-02 30 | 3.3E-10
[Total 4.0E+00 1.4E+00 velocity v pm/s| 30 3 3.0E+00 3 0.0E+00
[Combined standard uncertainty u (H) 2.0E+00] ver 1 Preliminary test force dwell time ty s 3 0.5 5.0E-01 9 4.3E-12
Confidence level 95% [ Total test force dwell time t S 4 0.5 5.0E-01 9 1.8E-08
Coverage factor 2.2 [Total 2.4E-07
[Expanded standard uncertainty U (H) 44 HBW1/30 T it .
[Relative Expanded standard uncertainty U ., (H) 0.7 % S::‘,ﬁ:::d s:::ard uncertainty u (H) Nett 37
|Hardness [ 6535 HBWIB0 | I Coverage factor T
Expanded standard uncertainty U (H)
[Brinell - ing quantity X; _[Symbol Unit Value [ State of the art Tu,, type Al u”(x) | & T u"(H) [ v Ju"(Hy/v) [Hardness ] __400HRC] I
[Test force F N 1838.7 0.01% 1.8E-01 | 3.4E-02 | 3.6E-01 [ 4.4E-03]| 30 6.6E-07
IBndHeg\allor; diameter g mm n.zsgn 00.00(:)0‘5 ?.85-33 3 gg-gg -g.g:gé gzé-gg 390 ESE-% Rockwell - quantity X, __|Symbol | Unit] Value | State of the art | u,, type A| u” (x,) < u, 2 (H) | vi Ju; (H)/v]
Numerical Aperture NA 0.5% 3.36+00 | 3.66+00| 1.06+00 | 3.6E+00| 9 1.4E400 Preliminary test force Fo N | 98.07 D.DZDA 2.0E-02 5.0E-02 | 9.6E-07 | 30 | 3.1E-14
[Test force a X » | Total test force F N |1471.0 0.01% 1.5E-01 -2.0E-02| 8.7E-06 | 30 | 2.5E-12
pplication time: ty s 7 0.5 5.0E-01 | 2.5E-01| 2.1E-01 | 1.1E-02 3 3.8E-05
[Test force duration time I s 125 05 5.0E-01 | 25601 ] 6.0E-02]9.1E 04| 3 | 28807 :2‘;22{:: fﬁ"g‘ues “ u:n 0122:‘7 :h‘:; fgg’gg ; gg;%x ;gg’gg 12 ; ;E’g?
otal 3.6E+00 TAE+00 . N 3 3 3
Combined standard uncertainty o (7] 1.% = B indentation depth ho | um 0.02 2.0E-02 5.0E-01  1.0E04| 30 | 3.3E-10
Confdence ovel 5% velocity v |umis| 30 3 3.0E400 30E02|8.1E-03| 3 | 2.2E-05
Coverage factor 2.3 Preliminary test force dwell time to s 3 0.5 5.0E-01 4.0E-03 | 4.0E-06| 9 1.8E-12
Expanded standard uncertainty U (H) 4.3 HBW25/187.5 [ Total test force dwell time t S 4 0.5 5.0E-01 2.5E-01]-3.0E-02| 23E-04| 9 5.6E-09
Relative Expanded standard uncertainty U , (H) 0.7 %  Total 1.1E-02 2.2E-05
[Rardness [ 653.5_WBW2,5/1875 | T [Combined standard uncertainty u (H) TAE-01] ver 5
Confidence level 95%
Brinell - ing quantity X, |Symbol Unit Value | State of the art [ u,, type A| u”(x;) c u (H) | vi Ju, (H/v] Coverage factor 26
[Test force F N 7355.0 0.01% 7.4E-01 | 5.4E-01 | 9.1E-02 | 4.4E-03| 30 | 6.6E-07 Expanded standard uncertainty U (H) 0.27 _HRC]
Indentation diameter d mm 1.200 0.0010 1.0E-03 | 1.0E-06 |-2.7E+02| 7.35-02| 9 | 6.0E-04 [ 60.0 HRC] |
Ball diameter D mm 5 0.002 2.0E-03 | 4.0E-06 |-4.0E+00| 6.4E-05| 30 1.4E-10
[Numerical Aperture NA 0.5% 3.3E+00 |3.6E+00| 1.0E+00 | 3.6E+00 9 1.4E+00
|Test force application time ty s 7 0.5 5.0E-01 | 2.5E-01| 2.1E-01 | 1.1E-02 3 3.8E-05 . .
2 12.! 0. 5.0E-01 2.5E-01] -¢ - ( - -
T —— - . - - S 1 Moreover, analysing in tables I, II, III the column of
[Combined standard uncertainty u (H] 1.9E+00 ver [ - . . . 2
Contdore v ) contributions to the variance of each single factor, u;,"(H),
[Expanded standard uncertainty U (H) 4.3 HBWS5/750 b T
Ree Bmmeaa Samsa oy U] o one should noted that the weigh of some factors is much
[Hardness ] 653.5 HBWS/750 I I . o .
higher than others. The best condition consists to have the
[Brinell - ing quantity X; _|Symbol Unit Value Tolerance | uy, type A] u2(x;) o a2 | v, Ju, () g
Test force’ F N 29420.0| 0.01% 2.9E+00 |8.7E+00| 2.1E-02 | 3.8E-03[ 30 [ 4.7E-07 1 1 M
ncantaion ciameter j mm |0 | 0001 | 10E03 | 70E6|-r2e0e| TaE0z| o | 27Eds same amount of the contribution for all factors. For this
Ball diameter D mm 10 0.003 3.0E-03 | 9.0E-06 [-2.0E+00| 3.6E-05( 30 | 4.4E-11 b . . . f d d . f .
[Numerical Aperture NA 0.5% 3.0E+00 |3.0E+00| 1.0E+00 [ 3.0E+00 9 1.0E+00
[Test force application time ty s 7 05 5.0E-01 | 2.5E-01| 2.0E-01 | 9.6E-03 3 3.0E-05 reason a etter Optlmlsatlon O Stan ar SPGCI lcatlons Can
Test force duration time 1 S 125 0.5 5.0E-01 | 2.5E-01 | -6.8E-02 | 1.2E-03 3 4.4E-07 . . . .
T E— 0] 200 be achieved modifying the tolerances of the influence
[Combined standard uncertainty u (H) 1.7E+00| ver 9 . .
Confience el e factors to have, for all factors, about the same influence; is

[Expanded standard uncertainty U (H)

3
.9 HBWA0L
[Relative Expanded standard uncertainty U, (H) 7%

[Rardness [ 601.5_HBW10/3000 | T

The ISO specifications remain useful and indispensable
for the other levels of the metrological chain, in particular
for the calibration level.

quite simple to increase tolerance values in tables until this
variations produce sensible effects in uncertainty results
(table X, XI, XII).



TABLE X Uncertainty due to the proposed modified definition
(ISO standards, series 6506, part 3) for some Brinell scales.

TABLE XII Uncertainty due to the proposed modified
definition (ISO standards, series 6506, part 3) for Rockwell C
scale.

Brinell - ing quantity X, __|Symbol Unit Value | Tolerance | a,, type B] u’(x) | & | u,’(H)
Test force F N 29420 | 02% | 59E-01 | 1.2E-01| Z3E+00 | 5.9E01
indentation diameter d mm 0240 [ 0001 | 1.0E-03 |3.3-07|-1.4E+03|6.1E-01 . ing quantity X, __ |Symbol | Unit] Value | Tolerance ] a,, type B] u’(x,) | & | u,’(H)
Ball diameter D mm 1 0.05 5.0E-02 (8.3E-04 [-2.0E+01| 3.4E-01 Preliminary test force Fo N [ 98.07 0.5% 4.96-01 |8.0E-02[ 1.2E-01 [ 1.2E-03
Numerical Aperture NA 1% 6.5E+00 [ 1.4E+01| 1.0E+00 | 14E+01 Total test force F | N {14710 02% | 2.9E+00 |29E+00|-4.0E-02|4.6E-03
Test force application time t s 7 5 5.0E+00 |8.3E+00| 2.1E-01 | 3.6E-01 Indenter angle " o | 120 oA TOE.01 | 3.32.03 | 138200 | 5.6E.03
Test force duration fime 7] S 125 5 5.0E+00 | 8.3E+00] -6.0E-02 | 3.0E-02 Indenter radius r | mm|o0200| 0005 | 50603 |83E-06|1.56+01|1.9E-03
Iiﬁ‘hm. T - lggg; Indentation depth ho | um 0.2 2.0E-01 | 1.36-02| 5.0E-01 | 3.3E-03
Qormoned siandar ult) o indentation velocity v |umis| 30 10 1.0E+01 |3.3E+01|-2.0E-02| 1.3E-02
Coverage facior >0 Preliminary test force dwell time to | s| 3 2 2.0E+00 |1.3E+00| 1.0E-02 | 1.3E-04
Expanded standard U] T 5.0 HBWIl30 Total test force dwell time t s | 4 2 2.0E+00 | 1.36+00| -7.0E-02 | 6.5E-03
Relative Expanded standard uncertainty U ., (H) | 1.2% Total 3.7E-02
|Hardness [ 653.5 HBW1/30 | [Combined standard uncertainty u (H) 1.9E-01

C: level 5%
Brinell - ing quantity X, _|Symbol Unit Value | Tolerance [ a,, type B] u’(x) |_c__ | u/’(H) (Coverage factor [ 20 |
Test force F N 18387 | 02% | 3.7E+00 |45E+00| 3.6E-01 | 5.9E-01 Wm i) [ 200 ARC] —_—
indentation diameter d mm 0.600 | 0002 | 20E-03 |1.3€-06|-5.4E+02| 3.9E-01

! : .03 | -8.0E+ .

Elilr‘ﬂdeI:;"aT':;erlure l\?A m 28 2“/‘- 615?5%10 133EE+$ ?gégg 124:;%11 - ing quantity X; Symbol | Unit| Value | Tolerance | a,, type B| u?(x;) < u,;’(H)
Test force application time t s 7 5 5.0E+00 |8.3E+00| 2.1E-01 | 3.6E-01 Prefiminary test force Fo | N | 98.07| 05% | 49E-01 |8.0E-02| 7.0E-02 | 3.9E-04
Test force duration time t s 125 5 5.0E+00 | 8.3E+00| -6.0€-02 | 3.0E-02 Total test force F | N |1a710] 02% | 2.9E+00 |29E+00|-3.0E-02| 2.6E-03
Total T6E+0T indenter angle a o | 120 0.1 1.0E-01 | 3.3E-03| 8.0E-01 | 2.1E-03
[Combined standard u(H] Z.0E+00 Indenter radius r |um|o0200| 0005 | 5.0E-03 |83E-06|3.0E+01|7.56-03
[Confidence level 95% Indentation depth ho | em 0.2 2.0E-01 [ 1.3€-02 [ 5.06-01 [ 3.3E-03
[Coverage factor 2.0 Indentation velocity v |umis| 30 10 1.0E+01 [3.3E+01| 0.0E+00 | 0.0E+00
Expanded standard U(H) [ 8.0 HBW2,5/187,5 Preliminary test force dwell time t, s 3 2 2.0E+00 |1.3E+00| 5.0E-03 | 3.3E-05
Relative Expanded standard uncertainty U . (H) | 12% Total test force dwell time ¢ s 4 2 2.0E+00 | 1.36+00] -4.08-02 2.1E-03
[Hardness [ 653.5 HBW2,5/167,5 | Total ToE0s

[Combined standard uncertainty u (H) 1.3E-01
Brinell - ing quantity X; Symbol Unit Value | Tolerance | a;, type B| u®(x;) Ci u;*(H) C level 95%
Test force F N 73550 | 02% | 1.5E+01 |7.2E+01| 9.1E-02 | 5.9E-01 [Coverage factor 2.0
indentation diameter d mm 1.200 | 0003 | 3.0E-03 |30E-06-2.7E+022.2E-01 Expanded standard uncertainty U (H) [ o.27 ARC
Ball diameter D mm 5 0.2 2.0E-01 | 1.3E-02 | -4.0E+00| 2.1E-01 [Hardness [__40.0 HRCT
Numerical Aperture NA 1% 6.5E+00 | 1.4E+01| 1.0E+00 | 1.4E+01
Test force application time ty s 7 5 5.0E+00 |8.3E+00( 2.1E-01 | 3.6E-01 - ing quantity X ; Symbol | Unit| Value | Tolerance | a;, type B| u®(x;) c; u,;’(H)
Test force duration time ty s 12,5 5 5.0E+00 | 8.3E+00] -6.0E-02 | 3.0E-02 Preliminary test force Fo N 9807 | 05% 49601 | 8.0E-02] 5.0E-02 | 2.0E-04
T T Lt Total test force F N 14710 02% | 29E+00 |2.9E+00|-2.0E-02| 1.2E-03
Confioncs vt 4 9% Indenter angle a o | 120 0.1 1.0E-01 | 3.3E-03 | 4.0E-01 | 5.3E-04
Coaree ot 2k Indenter radius r | wm|o0200]| 0005 | 50E-03 |83E-06]5.0E+012.1E-02
Expanded standard T T 75 HBWa50 Indentation depth ho | em 0.2 2.0E-01 | 1.3E-02 | 5.0E-01 | 3.3E-03
Relative Expanded standard uncertainty U (7] 2% Indentation velocity v |umss| 30 10 1.0E+01 |3.3E+01| 3.0E-02 | 3.0E-02
Hardness T 653.5 HBWS750 | Preliminary test force dwell time to | s| 3 2 2.0E+00 |1.3E+00| 4.0E-03 | 2.1E-05

 Total test force dwell time t S 4 2 2.0E+00 | 1.3E+00] -3.0E-02| 1.2E-03
Brinell - ing quantity X, _|Symbol Unit Value | Tolerance | a,, type B| u’(x,) <, u’(y,) Total 5.7E-02
Test force F N 204200] 02% | 59E+01 |12E+03 5.0E-0T Combined S::\rl‘sla’d uncertainty u (H) 2.3;—/01
indentation diameter d mm 2500 [ 0005 | 5.0E-03 |8.3E-06 1.3E-01 b
Ball diameter D mm 10 05 50601 |8.3E-02 3.4E-01 Coverage factor 2.0
Numerical Aperture NA 1% 6.0E+00 | 126401 1 2E+01 Expanded standard uncertainty U (H) [ 048 HRC
Uniformity (max error of d) % 1% | 1.1E02 |42E-05 6.5E-01 [Hardness 600 HRC]
Test force application time t s 7 5 5.0E+00 | 8.3E+00 3.2E-01
Test force duration time t s 12.5 5 5.0E+00 | 8.3E+00 3.86-02

1.4E+01 T

o T T S 7Ei00 In the tables we can see, for different types of hardness
[Confidence level 95% . . .
Coverage facor 20 scales, that some tolerances on the force, time, indentation
Fxnanded standard U] 7.5 HBW10/3000 R R K
[Retive Expanded sandard uncertaty U, ) 2w measuring system or indenters can be enlarged without
[Hardness [ 601.5 HBW1073000_]

TABLE XI Uncertainty due to the proposed modified
definition (ISO standards, series 6506, part 3) for some Vickers
scales.

Vickers - Influencing quantity X; Symbol | Unit | Value | Tolerance [ a,, type B| u?(x;) c; u,’(H)

Test force F N 1.96 0.2% 3.9E-03 | 5.1E-06 | 4.4E+02 | 9.9E-01
Indentation diagonal length d mm | 0.021 0.0002 2.0E-04 | 1.3E-08 | -8.3E+04|9.2E+01
Numerical Aperture NA 1% 8.6E+00 |2.5E+01| 1.0E+00 | 2.5E+01
[ Test force application time ty s 5 5 5.0E+00 |8.3E+00| -6.4E-01 | 3.4E+00
[ Test force duration time ty s 14 10 1.0E+01 |3.3E+01| 1.7E-01 | 9.4E-01
[Approach velocity v mm/s | 0.125 2 2.0E+00 |1.3E+00| 6.4E-01 | 5.5E-01
Plane angle a ° 136 0.1 1.0E-01 | 3.3E-03 [ 1.7E+02 | 1.0E+02
[ Tip radius r mm 0 0.0005 5.0E-04 | 8.3E-08 | -4.8E+04| 1.9E+02
Length of line of junction c mm 0 0.0005 5.0E-04 | 8.3E-08 | 5.8E+04 | 2.8E+02
Total 7.0E+02
Combined standard uncertainty u (H) 2.6E+01
Confidence level 95%
Coverage factor 2.0
Expanded standard uncertainty U (H) | 52.9 HV0,2
Relative Expanded standard uncertainty U , (H) | 6.1%
|Hardness [ 862.2 HV0,2]

Vickers - Influencing quantity X; Symbol | Unit | Value | Tolerance | a,, type B| u?(x;) c u,(H)
Test force F N 9.81 0.2% 9.8E-03 | 3.2E-05 | 8.9E+01 | 2.6E-01
Indentation diagonal length d mm | 0.046 0.5% 2.3E-04 | 1.8E-08 [-3.8E+04|2.6E+01
Numerical Aperture NA 1% 8.8E+00 |2.6E+01| 1.0E+00 | 2.6E+01
[ Test force application time ty s 5 5 5.0E+00 |8.3E+00| -6.5E-01 | 3.5E+00
[ Test force duration time ty s 14 10 1.0E+01 |3.3E+01( 1.7E-01 | 9.7E-01
[Approach velocity v mm/s | 0.125 2 2.0E+00 |1.3E+00| 6.5E-01 | 5.6E-01
Plane angle a ° 136 0.1 1.0E-01 | 3.3E-03 | 1.8E+02 | 1.0E+02
Tip radius r mm [] 0.0005 5.0E-04 | 8.3E-08 | -2.1E+04| 3.8E+01
Length of line of junction c mm 0 0.0005 5.0E-04 | 8.3E-08 | 2.7E+04 | 5.9E+01
Total 2.6E+02
Combined standard uncertainty u (H) 1.6E+01
Confidence level 95%
Coverage factor 2.0

Expanded standard uncertainty U (H) I 32.1 HV1
Relative Expanded standard uncertainty U ,, (H) | 3.7%

[Hardness [ 8753 HVA |

Vickers - quantity X; Symbol | Unit | Value | Tolerance | a;, type B| u?(x;) c; u,;?(H)
Test force F N |294.20 0.2% 2.9E-01 | 2.9E-02 | 2.8E+00 | 2.2E-01
Indentation diagonal length d mm | 0.260 0.001 1.0E-03 | 3.3E-07 | -6.3E+03| 1.3E+01
[Numerical Aperture NA 1% 8.2E+00 |2.2E+01| 1.0E+00 | 2.2E+01
[ Test force application time ty s 7 5 5.0E+00 |8.3E+00| -4.7E-01 | 1.9E+00
[ Test force duration time ty s 14 10 1.0E+01 |3.3E+01( 1.6E-01 | 8.5E-01
[Approach velocity v mm/s | 0.525 2 2.0E+00 |1.3E+00| 4.7E-01 | 3.0E-01
Plane angle a ° 136 0.1 1.0E-01 | 3.3E-03 | 1.7E+02 | 9.2E+01
Tip radius r mm 0 0.0005 5.0E-04 | 8.3E-08 | -3.5E+03| 1.0E+00
Length of line of junction C mm 0 0.001 1.0E-03 | 3.3E-07 | 4.4E+03 [ 6.5E+00
Total 14E+02
Combined standard uncertainty u (H) 1.2E+01
Confidence level 95%
Coverage factor 20
Expanded standard uncertainty U (H) | 23.5 HV30
Relative Expanded standard uncertainty U ., (H) | 29%
Hardness 820.8 HV30 |

significant modifications of the associated uncertainties.
These tolerance limits can be useful in the revision of the
standards to guide the experts to characterize any single
influence factor with the maximum possible tolerance to
achieve the same value of uncertainty at the lower cost (in
terms of instruments and controls).

3. CONCLUSION

The presented analysis demonstrates that is possible to
reduce the uncertainty in hardness measurements, beginning
from the possible elimination of the uncertainty at the level
of international definitions and, consequently, with a
reduction of uncertainties at the level of primary hardness
standard machines. A summary of these improvements is
shown in figures 2, 3 and 4.

Brinell scales are those have more benefits from the
possible CCM-WGH definition, reducing his uncertainty of
about 50%. Vickers scales are strictly more depending from
the geometry of the indenter that is not easy to improve
(especially for what concerns tip radius and line junction): in
this case, leaving the tolerances on these parameters like
they are, the improvement is only of about 0,1% on an
uncertainty of about (2+6)%. Rockwell C scale has more
benefits in the low and high part of the scale, where is
possible to reduce the uncertainty of about 0,1 HRC over
(0,1+0,4) HRC.

Moreover, this analysis allows the characterization of
most significant factors and then the -calculation of
maximum tolerances to introduce in international standards



in order to reduce the instrumentation and control
procedures costs assuring the same uncertainty.

The analysis has be done on the most important
Rockwell, Vickers and Brinell hardness scales, but it will be
possible to extend the benefits easily to all other scales.

Brinell Scales Uncertainty
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Fig. 2. Uncertainties of different definitions and realizations based
on those definitions for some Brinell scales.
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Fig. 3. Uncertainties of different definitions and realizations based
on those definitions for some Vickers scales.
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Fig. 4. Uncertainties of different definitions and realizations based
on those definitions for Rockwell C scale.
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