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PREFACE

Research results in the field of the metrology of hardness published in
the last decades in technical journals and conference reports in various
languages have been collated in three publications of BIML:

Factors influencing hardness measurement, 1983
Hardness test blocks and indenters, 1984
Hardness standard equipment, 1989.

The present publication complements the earlier ones, dealing with
subjects of rather basic character, such as

-~ hardness as a special measured quantity,
- ways of assuring metrological control,

- methods of uncertainty evaluation,

- international hardness comparisons.

The aim of previous publications has been maintained: to survey the
dispersed research results from this narrow field of metrology with a more
or less unified presentation. When necessary the reader may study the
original publication for more detail. The series is intended to be of
special help to metrologists who are about to start work on some detailed
problem of hardness measurement , specially standardizing work, to give
them a start in the search of the literature.

The author wishes to express his appreciation to the research workers
listed in the Index, whose results are summarized. Any comments, proposals
or additions to the text or to the references will be welcomed and
appreciated. :

Dr Ferenc PETIK
Assistant Director

This publication is for restricted distribution and not an official
document of OIML. The views and opinions expressed are those of the author
and not necessarily those of the Organization.
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1. The special nature of hardness measurement

A hardness value is the result of an experiment performed under
standardized conditions and based on a convention.

1.1. The place of hardness measurement in metrology

The inclusion of hardness measurement in the broad system of measured
quantities is often a subject of dispute, of objections of principle, and
of other difficulties among metrologists. The material-testing specialist
who measures various quantities tries to find interconnections,
relationships and similarities between the measurement of hardness and that
of other quantities. To clarify these problems, it is useful to begin with
the examination of some of the principles of hardness measurement, perhaps
from a somewhat philosophical approach.

Hardness measurement has a special place in metrology. It is useful to
look for analogies with some SI-units, to examine the problems of
establishing measurement scales, the role and the characteristics of
measurement standards.

The process of hardness testing is an experiment performed under
prescribed conditions whereby the measurement is performed, after the
indentation process, in two steps:

- The primary measurement is length measurement (indentation depth, length
of diagonal, diameter). The obtained length value is an auxiliary
quantity of hardness measurement.

- The second step of hardness measurement is the determination of the
hardness value from the auxiliary quantity by employing the equation
defining the hardness testing method.

The above mentioned objections and disputes concern always the second
step of measurement, and never the primary length measurement which
serves as the basis.

The indirect measurement method of hardness is analogous to viscosity
measurement: Viscosity is determined in an experiment where, primarily,
the duration of liquid flow through the instrument is measured. The
second step is the determination of viscosity value from the measured
time.

A precondition for measurements of this type is an unequivocal
correlation between the measured quantity and the auxiliary quantity
determined in the experiment during the primary measurement.

1.1.1. Hardness as a measurable quantity

A measurable quantity represents some characteristic of a phencmenon
or of an object, which can be qualitatively described and quantitatively
determined. Hardness is a characteristic of the material which is of
great interest in technology.

The definition of a quantity to be measured is not always simple.
Length and time are obvious concepts for everybody, but mass is no
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longer. We learn at school that mass means an amount of material. If we
try to define force, the difficulties are still greater.

The concept of hardness corresponds to everyday word usage. Even
nonprofessionals have an idea of a hardness scale for everyday needs,
from the very soft to the very hard. This idea is based on the
characteristic of material to resist the penetration of another body. For
technological purposes only those hardness ranges are of interest which
are called "very hard" by nonprofessionals. In these ranges difference in
hardness cannot be determined without testing equipment.

Measured quantities also can be classified according to whether we
have a sensing organ for them, or not. The first group includes e.qg.
length, force, luminous intensity, the second one the electrical and
several chemical quantities, and many more. Technological hardness has a
special status also in this respect. As shown above, we have sensing
organs for hardness, which are however not of use in the hardness ranges
of interest in technology.

The measured quantity may be constant (e.g. a given mass, or the
length of a given object), or the quantity may be variable with time
(e.g. the length of an object being warmed up). There are measuring
instruments capable of following and indicating continuously the
continuous variation of the quantity to be measured (thermometer, dial
gauge). Measurement methods based on comparison, however, are suited only
to the determination of a constant quantity. Hardness of a material, the
result of a technological process (mostly heat treatment), can be
measured only after the treatment is complete. Hardness is measured in
the stabilized state. Testing apparatus is not suited to measuring
continuously changing hardness.

On account of the small local destruction of the surface of the
specimen, hardness testing is a not repeatable measurement, in common
with all destructive methods of material testing. (But even the
measurement of an SI base unit, time, is not repeatable). On account of
the imperfectly uniform hardness of a given material surface, a sample is
taken from the local hardness values on the surface. The repetition of
sampling is of course burdened with uncertainty. Also in the case of
changing hardness, in consequence of ageing or heat effects, a new sample
has to be taken representing the new hardness of the surface.

1.1.2. Hardness standards

In the realization of different units of measurement various methods
are employed. For the SI base units and for some derived units the
methods can be classified as follows:

a. Material measure: The only unit having a material measure standard is
mass, kg. Before 1960 the metre too belonged to this class.

b. Experiment to realize the unit: For time, s; electric current, A; and
various derived units, such as force, N, and pressure, Pa, etc. From
1960 to 1983 the standard of metre also belonged to this class
(definition by the krypton radiation).

c¢. Definition by natural constants: For length, m (definition based on
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the velocity of light); for thermodynamic temperature, K, and amount
of substance, mol.

The realization of a measurement standard for hardness would be
possible in two ways:

- Definition of the hardness scale by fixed points, realized by standard
hardness blocks.

- Definition of the hardness scale by an experiment performed on a
hardness standard equipment.

The first hardness scales, e.g. Mohs, were based on fixed points. Even
for technological hardness scales used in our day various similar
solutions have been proposed. However, as is well known, earlier
discussions of this question were resolved in favour of the second
solution which corresponds to method b. above and is so in some way
related to the standards of the units s, A, N and Pa.

The blocks are not called standard hardness blocks any more, but
standardized (or calibrated) hardness test blocks. The blocks are
nevertheless indispensable as secondary transfer standards for hardness
values, in the traceability of measurements performed by immobile
equipment.

.3. SI-scales, reference-value scales

Measurable quantities are either physical quantities given in SI
units, or quantities given on a reference-value scale. According to the
International Vocabulary of General Terms in Metrology a reference-value
scale is, "for a given quantity or property a series of values determined
in a defined manner and adopted by convention". Hardness scales belong to
this group, together with numerous other quantities that are very
important for science and technology, e.g. the practical temperature
scale, the time scale {(the time that elapsed since a given datum),
viscosity, the International Sugar Scale, various scales of alcohol
content, light sensitivity of films, wind force scale, seismic intensity,
and many others. These scales are indispensable for the knowledge of the
world, and so cannot be considered as part of "second-order metrology".

Quantities given on a reference-value scale are:

- on the one hand, sufficiently well known to express relationships by
numerical values,

- on the other hand, not sufficiently well known to describe and
generalize the relationships with the exactness of physical laws.

With the progress of science a quantity given on a reference-value
scale may later become measurable on an SIi-scale, i.e. may be transformed
to a physical quantity. E.g. the Celsius and Fahrenheit temperature
scales are reference-value scales. Thermodynamic temperature (Kelvin
scale) in turn, is a physical quantity, its unit belongs to SI. Or one of
the former units for kinematic viscosity was the Engler degree: now we
have the m2/s in SI.



In hardness measurement too, the first timid signs of a development in
this direction have appeared: It is not correct to specify Brinell
hardness with the symbols kgf/mmz or N/mm2, like the physical quantity
pressure. There are two reasons for this: The distribution of pressure
under the ball indenter is not uniform. Furthermore, the area which is
taken into consideration for calculating the hardness value is measured
only after the test load has been removed (recovered indentation). We
have no knowledge of the magnitude of the indentation area under load
when performing a Brinell test. With hardness testing under load by the
Vickers method, which is often mentioned lately, it is possible to
correlate hardness with mean pressure under the indenter, since the test
load and the indentation area produced by it exist simultaneously. Thus
this is a small step in approximating hardness measurement to SI.

1.1.4. Some characteristics of hardness scales

The following characteristics of physical quantities can be utilized
in application:

- Relation (two measured quantities are equal, or one is larger than the
other).

- Addition (by adding two measured quantities of the same kind, we
obtain a new quantity of the same kind).

- Multiplication (by multiplying a measured quantity by a positive
number we obtain a new quantity of the same kind).

Examples of employing the three characteristics for an SI-unit:

3 g 3
3 g+
5x 3

g < 4
:7g
5g

9., g

(IR
[

4
g
For reference-value scales, only the first characteristic applies,
e.g.
650 HV = 650 HV and 650 HB > (harder than) 550 HV.

It is, however meaningless to try to perform the following operations:

? (Increase the hardness by 200 HV?)
? (To make three times as hard?)

i

250 HV + 200 HV
3 x 250 HV

it

Hardness scales are not linear, accordingly even substraction, the
operation with scale intervals is impossible:

450 HV - 440 HV # 460 HV - 450 HV # 10 HV.

The impossibility of multiplication of hardness scales has another
consequence: For physical quantities,

Value of the quantity = numerical value x unit
5m = 5 x 1m

The numerical value indicates, how many units compose the quantity. In
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the case of reference-value scales this principle is not applicable:
55 HRC # 55 x 1 HRC,

since HRC 1is not a unit of measurement, but the symbol of the
conventional measurement method.

Hardness scales have no real zero. On the Rockwell scale 0 HRC is in
principle feasible, namely when the permanent increase of depth of
indentation is 0.200 mm. (Even negative HRC value can be imagined
according to the definition of the method). However this zero is quite
arbitrary and useless in practice. It is prescribed namely that the
Rockwell-C method is applicable only in the range 20-70 HRC.

The zero of the Vickers hardness scale would correspond, according to
the definition of the method, to an infinitely large indentation, that is
that the indentation process never ends, is not stabilized. Technically
this is also meaningless.

The limited possibility of conversion of values of different hardness
scales follows from the precedings. The relationship between different
scales for physical quantities is linear. E.g. length can be measured in
metres or feet. The relationship between the two length scales is given
by the factor 3.25. The relationship between different hardness scales is
not linear. A remarkable proof of this fact is supplied by diagrams
indicating the uncertainty of hardness standard equipment as a function
of hardness levels [P-28]. Rockwell hardness uncertainty decreases as
hardness increases (+ 0.2 HRC at 30 HRC and + 0.1 HRC at 65 HRC). For
Vickers hardness the relationship is inverted (x 1 HV at 150 HV and + 3
HV at 600 HV). This is, however, no physical or metrological
contradiction. The reason is in the different character of the two
scales. Scale intervals are smaller on one scale in that hardness range
where the intervals of the other scale are larger. The different
definition of various hardness testing methods is the reason why the
conversion of hardness values to another scale can be performed only with
the help of experimentally produced tables, and the conversion formula
established for a certain material is not necessarily valid for other
materials.

1.2. The metrology of hardness testing

The most important subjects of research work in the metrology of
hardness can be summarised as follows:

- Establishing, maintaining and comparing hardness reference scales,
- PFactors influencing measured hardness values (instrumental and

personal),
- Errors at various levels of the hierarchical order of hardness

measurement.

1.3. A short summary of the history of research work in the metrology of
hardness

The Brinell method appeared in 1900 and remained the only hardness
testing method available for 20 years. The need to test heat-treated
materials led to the development of the Vickers method {in its present
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form in 1925). But in the meantime the need to simplify hardness testing
and make it less time consuming than the methods employing microscopes
led, in 1920, to the Rockwell method, with the straightforward dial-gauge

reading.

At first, hardness testers were produced by a single, and then by a
few manufacturers who were careful to maintain the consistency of
measurement of the testers they sold, and users had confidence in the
apparatus as supplied by the manufacturer. As the number of manufacturers
increased, the first step towards unification was the development of
standard specifications for methods of hardness testing in the vyears
between the two World Wars. These standards contained relatively few data
on test equipment.

When disputes arose about differing values of hardness measured on the
same obJject at different places, hardness-testing specialists felt the
need for the metrological assurance of their test results, though this
expression was not yvet in use that time.

The obvious solution was to procure sufficiently uniform and stable
steel blocks which could be used for comparing the results of measurement
of different hardness testers. Hardness test blocks were available in
1937 in Sweden and Germany, the literature refers to similar blocks in
Japan two years later [F-3, W-13, Y-1].

The blocks were well suited to eliminating some disputes, but where
there were discrepancies between the results of two hardness testers the
question remained: which tester gave the correct result? The traditional
metrological solution was evident; a standard measuring instrument which
had superior metrological characteristics to those of the commercially
available hardness testers.

The first standardizing machine was built by K. Meyer [M-11] and came
into operation in 1943. In the post-war years, efforts aimed at the
unification of hardness measurement gathered momentum; more and more
countries and metrological institutions started work in the field.
Hardness testing was empirical and piecemeal originally, but later
systematic research was started.

A schematic drawing of a Brinell standardizing machine was published
in 1949 in the Soviet Union (reproduced in [P-29]). Philips and Fenner
[P-13] published a detailed description of the Rockwell standardizing
equipment of the NPL in England in 1951. By 1955, standardizing machines
with deadweight loading (mostly Rockwell) were in operation also in both
German states, Austria and Japan. In the USA and Sweden, commercial
testers of improved quality were used as standardizing machines.
Officially calibrated blocks were available in Germany from 1952. The use
of these blocks in a national survey of the state of industrial hardness
measurement practice revealed a very sad situation {M-11], but this
national comparison gave impetus to the development and wuse of
standardized blocks, and of checking equipment. For example, a
description of measuring equipment and a method for checking the geometry
and surface quality of diamond indenters was published in 1951 by Tolmon

and Wood [T-1].
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Early research work

The effects of indenter geometry were analysed theoretically and
empirically by Hild, Guidel and XK. Yamamoto [H-4, G-1, Y-8]. Extensive
research on indenters and on all factors influencing hardness results,
including the quality of blocks, was performed in the years 1951-1956 in
Japan. It is most regrettable that only very condensed summaries on this
work are available in languages other than Japanese [Y-13, Y-14].

Standardizing machines were equipped with selected indenters, and
correction curves were established for each of them. Hormuth [H-9]
introduced a group standard of indenters to realize the hardness
reference scale. The first international hardness comparison, made in the
years 1954 to 1957, compared the standardizing machines of Austria,
France, GDR, FR Germany, Japan, Sweden, UK, USA and the USSR [M-117.
Discrepancies which were revealed gave rise to a proposed international
convention on the unification of hardness values as early as the late

1950s.

In addition to the Rockwell standards, more and more Vickers and
Brinell standardizing machines came into use. It was soon recognized that
the weak point of these machines was the measuring microscope. In various
countries, work teams were set up to perfect the optical and metrological
characteristics of the microscopes used for the measurement of

indentations.

The analysis of errors in hardness measurements was also started
(Piliptchuk [P-14]). As the hardness test is a measurement which is not
repeatable at the same place, but is easily repeatable at another point
on the same specimen, the possibility of exploiting the rapidly
developing statistical methods of planning experiments and analising
results was soon recognized (Marriner, [M-1]).

(To avoid undue omissions and unintentional offence in connection with
this brief historical survey of hardness research work, only those
research workers who are no longer active are mentioned once by name. But
even the list of countries in which work has been done cannot be
exhaustive. The development of science and technology is always the
result of numerous contributions, frequently simultaneous and in
parallel. The author apologizes for any omissions.)

1960-1970

In the 1960s, Japanese research workers introduced statistical
analysis for every aspect of hardness standardization. The international
comparison which started in 1961 was planned from the beginning in such a
way that additional information might be made available by the
application of mathematical statistics [Y-6]. This new tool of
metrologists was soon complemented by another, the computer.

This hardness comparison was not the only one made in the 1960s.
Various groups of countries, regional organizations (e.g. CMEA) organized
comparative measurements between standardizing machines with and without
indenters, between indenters, between measuring microscopes, etc. [P-4].

Various efforts were made to improve the metrological characteristics
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of the spiral microscopes generally used in Rockwell standardizing
machines (e.g. in FRG, Czechoslovakia, GDR, Hungary), but the classical
method offered no real sclution. Only technological development (the
laser) permitted a solution to be found in a different way, but that came

some years later.

All the research themes started in 1950s were continued, with an
enlarged number of participating institutions in a greater number of
countries. In Japan the new Rockwell standardizing machine employed a
lever transmission for loading. Around 1965, much attention was given to
the parameters of the loading cycle (e.g, in Romania, FRG, Japan, UK).
The surface quality of diamond indenters was the subject of some research
work (Poland, GDR, FRG). Crystallographic characteristics of the diamond
were established and taken into consideration during the manufacture of
indenters. The functional examination of indenters permitted useful
analyses (among others, Hungary and Poland).

In standardizing Vickers machines efforts were made to obtain a
standard indentation of specified diagonal length (Germany,
Czechoslovakia, Japan). Shore-hardness standardizing machines were set up
in Japan, where also the influence factors of the Superficial Rockwell
test were examined. Much research work was done in various countries in
connection with the interconversion of hardness values established by
different methods. The introduction of 8I, of the new unit for force, the
newton, also caused some discussion in hardness-testing circles, but this
question was peacefully solved; animosity has long since disappeared.

The systematic analysis of sources of error in standardizing machines
was the subject of various studies (in Japan, Czechoslovakia and
Hungary). The state of industrial hardness measurement practice was the
subject of new analvses in various countries (Czechoslovakia, Japan, FRG,

GDR).
1970-1980

In the following decade, several existing Rockwell standardizing
machines were equipped with laser interferometers to measure the
indentation depth. On newly installed standardizing machines the design
was improved by the introduction of frictionless bearings and other newly
developed machine elements (e.g. in Italy and USA). The standardized
hardness test block became a mass product, and the questions of the costs
of production and calibration gained importance. At the same time the
choice of commercially available high-quality blocks increased.

Several countries (Soviet Union, Czechoslovakia, GDR) published
standard specifications for the national hierarchy scheme of hardness
measurements. The unified way of stating the uncertainties of hardness
measurements made by the standard equipment, transferred by the blocks,
and measured by the ordinary measuring instruments (commercial hardness
testers) was also studied (Hungary). In connection with Vickers
standardizing work and microhardness testing, much attention was given
to personal and physiological effects when using measuring microscopes
(Japan, Italy).

In the field of industrial hardness testing, the requirements of
automated production lines became of great importance. The increasing
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role of plastics in technology and everyday life also demanded new
departures in hardness testing.

Present

2.1.

As we reach the present time in this historical survey, only two
developments are mentioned here. One is the endeavour to eliminate the
human element from the measurement of Vickers indentations. The other is
the great number of proposed new hardness-testing procedures {(e.g, series
measurement, test under load, etc.). New methods used to be developed
with the aim of eliminating some of the drawbacks of the classical
methods. Generally, a new method does not easily take root. A good idea
needs a manufacturer ready to bear the costs of developing and marketing
the new tester. It is a long road to obtaining general acceptance, which
can only be as a result of perceived advantages over earlier methods. The
acceptance of a new method becomes complete when standardization
institutes are ready to write a standard specification for it.

It is worth mentioning that most of the new methods proposed in recent
decades have been indentation methods. The great hopes of earlier times
concerning non-destructive hardness testing (ultrasound, magnetic, etc.)
seem not yet to have been realized.

The results of this research work were summarized in the surveys
contained in four BIML publications [P-21, P-22; P-28] including the
present one.

The aim of all this work is the metrological assurance of hardness
testing.

2. The uniformity of hardness measurements
Ways of assuring metrological control of hardness measurement

The elements of assuring metrological control of hardness measurement
are the following:

a) Measurement units, scales

- To maintain national or international hardness measurement scales,
hardness standard equipment (standardizing machines, including
measuring microscopes) is installed and maintained under constant
metrological control, to ensure stability of hardness scales and its
reproduction with the best possible uncertainty [P-17, P-28].

b) Transfer standards

- To ensure the connection between stationary standard machines and
stationary hardness testers, hardness test blocks of specified
quality are produced and calibrated (standardized, verified) on the
standardizing machines [P-22].
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Fig. 1. Hierarchy scheme of hardness measurement, after the
setting-up of an international standard. 1) International hardness~-
standard equipment. 2) and 4) Standardized blocks. 3) National
hardness standard equipments of different countries. 5) Hardness
testing machines in industry (working instruments).
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Fig.2. Hierarchy scheme of hardness measurement. Present state.
1) National hardness-standard equipments of different countries.
2) Standardized blocks. 3) Hardness testing machines in industry
(working instruments).
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2.2.

c) Industrial hardness testers

These measuring instruments (testing machines) are subject in
conformity with national legal prescriptions, to

- pattern examination and approval,
- initial and periodic verification (calibration).

The most important steps of the verification process are:

~ Examination of the installation of the machine, general check of the
state and functioning of the machine.

- Verification of the test force.

- Verification of the indenter (geometrical control and functional
examination by measurements on a standard machine).

- Verificatioon of the measuring device.

- Indirect verification of the hardness tester by means of standardized
hardness test blocks.

All these operations should be based on metrological specifications,
preferably internationally harmonized prescriptions (ISO International
Standards, OIML International Recommendations).

Hierarchy schemes

The values determined by all measuring instruments, thus also by
hardness testing machines, must be traceable to the standards. The
connection between the international and national primary standards, and
the instruments used in everyday measurement practice (working or
ordinary instruments) is ensured by the metrological institutions by the
methods indicated in hierarchy schemes. The scheme is a useful means of
indicating the various classes of accuracy. Instruments standing in a
lower row have a lower uncertainty and accuracy than those standing
higher, because each instrument is checked by the instrument standing in
the immediately higher row. The principles for the establishement of
hierarchy schemes are discussed in detail in OIML International Document

D5 (Edition 1982).

The desirable future hierarchy scheme for hardness measurement is
shown in Fig. 1. This is similar to the scheme of physical quantities
which have an international standard. In Fig. 1 the large squares
indicate the stationary equipment, the small squares the portable blocks,
which ensure the connection between the stationary machines.

Though the necessity of setting up international hardness standards
has been discussed for decades, these efforts have been without success
until now. (Only some state groups, e.qg. CMEA, have regional
international standards). At present in most countries the national
hardness standard represents the highest element in national hierarchy

schemes.

The present state of the hierarchical order is shown in Fig. 2. The
national hardness-standard equipments stand in row 1. These are
maintained at present independently of each other, the only connection
between them being the international comparisons performed with the help
of standardized blocks. On the national hardness-standard equipments
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blocks 2 are calibrated which are employed in turn, for checking hardness
testing machines used in industry designated by 3.

The principles given in these figures were elaborated more in detail
in some hierarchy schemes used by national metrology services or in
regional organizations.

The hierarchy scheme elaborated in Poland [M-26] is shown in Fig. 3.
The national Thardness standards are traceable, by fundamental
measurements, to the national mass and length standards. The Brinell
hardness standard machine is not existing yet. The set of secondary
standard Brinell blocks of the I order are calibrated abroad. The scheme
indicates that Rockwell hardness testers in the industrial laboratory can
be verified either by blocks of the III order, calibrated on the
secondary standard machine of a regional metrological office, or by
blocks of the I order, calibrated on the national standard machine.

In a small country (e.g. Hungary) it is possible to calibrate
{standardize) all blocks necessary for the verification of hardness
testers on the standard machine. In terms of Fig. 3 this means that the
rows of secondary standards of the I and II orders are not necessary.
This can be called a three element scheme (see Fig. 2). In the case of
Poland and of larger countries secondary standard machine(s) are
inevitable, the scheme includes five elements in the hierarchy 1line.
SMOLITCH [S-8] showed on practical examples that the longer traceability
line reduces the reserve of uncertainty which remains for the industrial
hardness testers.

A principle employed for national hardness standards in- several
countries is the unity of three elements ("tri-lateral standard") [C-13]:

Machine

N

Indenter Set of blocks

If any one of the three elements is damaged or deregulated
(e.g. machine failure, broken indenter, lost block, or block of bad
constancy), the standard reference value can be reconstituted by means of
the remaining two elements.

This principle is employed in the hierarchy scheme for Rockwell
measurement TGL 31543/31 elaborated by the Institute ASMW, East Berlin,
the practical realization of which is shown in Fig. 4 [H-14]. The
national standard consists of the standard machine and of five standard
indenters, level (1) in Fig. 4. The uncertainty of transmitting the
hardness value from the standard machine to blocks being calibrated is
characterized by the standard deviation s, and by the unknown error
component 6, of the standard.

Se < 0.05 HR (A,B,C)
©, < 0.15 HRA

< 0.25 HRB

< 0.15 HRC

17



national
standard of
Rockwell hard-
ness scale

gtandard machine

get of standard indenters

I

ref, st. of . reference standard machin—e—}
18t order 1| b e e e

. get of stand, n indenter,
"-T‘-L. blocks .JL__ class 1

L calibration

it service (3)
] (producers

1t of blocks and
of indenters)

HA S MW (4)

ref, st, of l
2nd order i or factory

' , indenter, class 2 {

! !

— |
measuring ; hardness tester f

| ‘
instrument i {ndenter N tactory (5)
r““”:'"“‘""""“"“‘“‘“1‘°'1

L tesr cbiect (matertal) |

Fig. 4. The practical realization of the ASMW hiera
: rchy scheme i
to the standard specification TGL 31543/31. 7 Recording

18



The set of blocks shown at level (2) serves as the third element of
the tri-lateral standard.

The I order reference standard is conserved at regional calibration
services and manufacturers of blocks and indenters. This reference
standard, shown at level (3), consists again of the above-mentioned three
elements. The machine is compared with the national standard by means of
the indenters from level (1) and the blocks from level (2).

The indenters class 1 and the set of blocks which belong to the
reference standard, are calibrated on the national standard.

The set of blocks consists of § elements for HRC, and of 3 elements
for HRA, or HRB measurements. These blocks are of better quality than
those wused for current calibration (permitted range of values
approximately halved). The correction value of reference indenters,
class 1, should be ¢, < 0.3 HRA or HRC.

The II order reference standards, level (4), consist of sets of blocks
and indenters. These are kept by calibration offices of ASMW, or by the
quality control organs of factories producing hardness testers. These
blocks and class 2 indenters are previously calibrated either at level
(3), or (l1). The reference indenters, class 2, may have a correction
value ¢, = 0.5 HRA or HRC at the maximum. The set of blocks should
contain at least 3 pieces for HRC and 2 pieces for HRA or HRB.

Hardness testers newly produced in factories (initial verification or
calibration) or already in use in material testing laboratories (periodic
verification or calibration) which are shown as level (5) in Fig. 4 are
checked by the blocks and the indenter from level (4).

The hierarchy schemes for hardness measuring instruments elaborated by
the CMEA (NTM SEV.41-89) is an example of the calibration chain based on

an international (regional) standard. The elements of these schemes are
enumerated in Table 1.

Table 1

CMEA hierarchy schemes (for HB, HV, HR-A, B, C, HR-N, T)

1. CMEA standard (machine, with measuring equipment and indenter)

la Measurement

2 National standard (set of blocks + Standard equipment serving as a
comparator)

2a Comparison on the comparator

3 Secondary standards (set of standardized blocks + standard indenter)

3a Comparison on a comparator

4 Working standards (set of blocks)
4a Measurement

5 Ordinary hardness testers

In this scheme only the international standard (level 1) is a
standardizing machine. The main elements of standards at levels 2, 3 and
4 are sets of blocks. (In small states level 3 is omitted, if a single
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standardizing machine is sufficient to calibrate all the blocks used for
checking the industrial hardness testers in that country). The national
standardizing machine is called in this scheme a comparator, forming part
of the national standard (2).

This question needs some clarification.

If we want to compare two blocks, then we make 5 or 10 indentations on
each on the same standardizing machine in a short period of time. The
comparison mentioned in 2a is not exactly the same. On the regional
international standard (1) located in Prague, Czechoslovakia a set of
blocks is calibrated (la) which will be sent e.g. to Budapest to serve as
national standard of Hungary (2). If the Hungarian Institute wants to
calibrate (2a) a number of blocks (3 or 4), before doing so, to check the
correct functioning of their standardizing machine, first & or 10
measurements are made on the national standard set of blocks (2).
Consequently the comparison indicated under 2a is not an actual
comparison of blocks 2 and 3, but rather a simplified notation of two
steps: firstly the standardizing machine is calibrated by the help of the
national standard blocks (2), secondly on the standardizing machine the
secondary standard blocks (3) are calibrated.

In any case, the alternance of stationary equipments and portable
blocks, as shown in Figures 1 and 2 is inevitable in any hierarchy scheme
for hardness measurement. The denomination of the individual elements in
the chain depends on local metrological tradition or legal requirements.

In the complete scheme, the secondary standard (3) consists of a set
of standardized blocks with marked hardness value, and of a standard
indenter. When the secondary standard (3) and working standards (4) are
compared (i.e. the hardness value is transferred to the working
standard), a hardness tester is used as comparator (3a) with the indenter
forming part of the secondary standard (3). What was said above on the
comparison 2a, applies also for comparison 3a.

The nature of "comparison and "comparator” employed in this hierarchy
scheme can be put in proper light by taking an analogy, that of
calibrating weights on a self-indicating weighing instrument. [ The
corresponding concepts in hardness measurement figure in brackets. ]
Weights of e.g. 1.0 - 1.2 kg [ secondary standard blocks] to be calibrated
are placed on the weighing instrument [hardness standardizing equipment].
The mass [hardness] value read on the scale of the instrument is marked
on the weights [blocks]. The pieces calibrated one after another do not
need to have the same mass [hardness] value. To ensure that the
calibrating instrument is functioning correctly, in certain time
intervals, e.g. once in a week, a mass standard of 1 kg [national
standard block of known hardness] is measured on the instrument. Can we
call this process a "comparison" of the 1 kg mass standard and of the
different weights of the range 1.0-1.2 kg? Perhaps it is better to speak
of tracing the mass values to the standard, but the weighing instrument
also forms a level of the hierarchy scheme, as follows:

Mass standard - (weighing) - Weighing instrument - {(weighing)-
Weights to be calibrated.

20



I¥H 62 ¥ D¥9H §°T ¥
gYH 0°$-0"2Z ¥ AH %9-7 F 9H %p-z¢ 7 V ‘I011s pejjTuwred umurxe) g
N¥H S°T 7 Y¥H 0°2-5°T ¥
Q ‘TeAST 20USPTIUOD £6'( e
gH 570 F dH £€°0 ¥ M %5°7-8°0 ¥ g4 %0°1-8°0 F ‘SITWIT J01ay 7
Q ‘T®A9T 90ULPT JUOD 66°0 21
¥YH €°0 F 9H z2'0 ¥ AH %Z2°1-9°0 ¥ gH %9°0~5°0 F ‘S3TWIT JoIxy £
S ‘spiepuels TrRUOTIRU bue YiaWd 8y3y Jo
¥H 9070 dH S0°0-€0°0 AH %SE€°0-GT°0 gH %8T1°0-€T°0 uosTIedWos 9yl JO uoTIeTASD pIepuelg Z
® ‘sI0iJe
9H 2Z2°0~I1°0 % dH €0 ¥ AH 2%9°0 * gH %£°0-Z°0 ¥ PTIBWSSAS POldaIIOO 30U JOo JTWTT
¥H G0°0 ¥H 520°0 AH %Z°0 gH %€T1°0-0T"0 7S ‘uoTjeraAep paepuelg T
I ‘N D ‘g ‘w (00T AH-T AH)
TTeMyDnoy SISYDTA TToutag UoTledTIyToeds Ajutelasoun Jo waog T8a9T

JUSWSINSEO SSOUPIRYH 10]
SweYdS AUYdIRISTH YAWD oYyl Jo SToAST TenpTATPUT Yl Je SeTjuTRlILdup

¢ 9Tqel

21



Perhaps this mass analogy helps to understand better the operations
included in the hierarchy scheme of hardness measurement (Table 1).

Uncertainties specified for each level of the CMEA hierarchy scheme
are given in Table 2. This hierarchy scheme was approved not as an
International Standard but as a document on a "Scientific-Technological
Method". It was apparently constructed with the aim of uniting and
harmonizing several already existing national schemes and practice. In
some elements and data of the scheme the effects of inevitable compromise
solutions are visible.

A national scheme, elaborated on similar principles as the CMEA-
scheme, 1s that of the Soviet Union, published as state standards GOST
8062-85, GOST 8063-79, GOST 8064-79 [K-18, B-15]. The elements are shown
in Table 3. These are similar to those given in Table 1, of course
without the elements related to the international standard. Therefore the
numbering of levels is identical in Tables 1 and 3. Uncertainties
specified for each level are given in Table 4.

Table 3

GOST hierarchy schemes (Soviet Union)

2. State standard (Standard machine with measuring equipment and
indenter).

2a Measurement.

3. Secondary standards (set of blocks).

3a Comparison on a comparator.

4 Working standards (set of blocks).
4a Measurement.

5 Ordinary hardness testers.

In the United States, in the ACCO-Wilson Standardizing Laboratory the
calibration of blocks is made by lever type Rockwell testers. For
checking the correctness of these, a dead-weight machine was built [D-2).
Control charts of the dead-weight machine and of the lever~-type machines
were compared every other day a first. After confidence was built up,
comparison was changed to a weekly basis. Control charts for the two
types of machines over a period of approximately five months show a good
similarity. Therefore the dead-weight machine is not used any more for
calibrating blocks, it provides an independent control as a duplicate
(reserve) standard.

.3. Propagation of uncertainties in the hierarchical order

The peculiarities of hardness measurement discussed in Chapter 1.1
have an influence also on the propagation of errors, on the accumulation
of uncertainties at the different levels of the hierarchy scheme.

Stated uncertainty values for hardness standards were discussed in
detail in the BIML Publication - Hardness Standard Equipment,
1989 [P-28]. 1In comparison with standards of most SI-units the
uncertainty of hardness standards is relatively high.

22



I¥H €~ % O¥H 0°2~0'T ¥
g9H 0°¢Z ¥ AH %G-¢ gq %5~ V ‘Joxxs pejjTured umwrxel g
N¥H Z2-T ¥ YV¥H 2°T 7
g8 %1 § ‘UOT}RTA®D pJepUR]S ey
¥H 2°T-5°0 ¥H §°0-€£°0 AH %8°0-£°0 s‘entea paleiIqITeD JO UOTIBTASD DPIRPURIS
gH %71°¢-9°1 Q ‘TOAST 90USPTIUOD GE°( 3B SITWTT JIOXIF ¥
gH %570 S ‘UOT}RTA®D pIepUER]S By
¥H §°0-£°0 ¥H 0Z°0-8T°0 AH %5Z°0-51°0 S‘onTeA PelRIQITED JO UOTIRTASD pIepueis
gH %6°0-%°0 Q ‘T®AST 9DUSPTIUOD GE*(Q 3B SITWIT JIOXIH £
aH %Z2°0 S ‘uoTjetasp paepuelg 1=F4
0 ‘sJoxas
¥H 9°0 ¥H €°0 F AH %9°'0-€°0 ¥ gH %€°0 ¥ STiewe]sds ps3o8IIod j0u Jo TuTT
¥H 0 ¥H 10 AH %2°0-T1°0 g8 %T7°0 (0T = u) “s ‘uorieTA®p paepue;g Z
I ‘N D ‘d 'y (00T AH-T AH)
TToMyDO0Yy SISHOTA TTsutayg uorienTIToeds Ajurteagesun Jo wiog TenoT

JUSWEINSERY SSOUPIBRH IO0J
SWSYDS AyoIeIsTy LS0D oY} JO SToAST TeNpPTATPUT ®Yl Je seTluTelIanu

¥ o1gel

23



In machinery production where hardness testing is widely employed, the
smallest units of mass and length which are necessary in practice are in
the order of 107® kg and 10™° m, respectively. The uncertainty of the
international and national standards of these units is 10™° or better.
This "reserve" of three orders of magnitude is sufficient for the
realization of a traceability in several steps. When stating the hardness
of a workpiece, values used to be indicated in steps of 0.5 HRC. By
employing the classical methods of metrology, hardness testing machines
having an uncertainty of 0.1 HRC would be necessary to this end, what is
practically impossible, since only standardizing machines have this
uncertainty. If a dJdenotes the uncertainty of ordinary measuring
instruments and the standard is n-times better, the composed uncertainty
is found to be

a' = Ja2 + a2n72 = g J1 + n~2

The values for different ratios n are shown in Table 5.

Table 5
n = 10 5 2
J1 + n~2 1.005 1.020 1.118
(a' - a) % 0.5 2.0 11.8
A ratio n = 10 between uncertainties at two levels of the hierarchy

scheme is the well known thumb rule of metrology, but it can be reduced
to 5 if necessary. In the hierarchy schemes of hardness measurement n = 2
is usual. Consequently the effect of the higher levels may augment
uncertainties by 12 % what is not negligible any more.

A standard or recommendation on questions of the accumulation of
uncertainties in the field of hardness measurement would be useful and
desirable.

In the followings a calculation method [P-24] is given for the
propagation of random uncertainties in the hierarchical order shown in
Fig. 5. (This scheme is similar to the one shown in Fig. 2). The hardness
value 1is transferred from standardizing machine 1 to hardness testing
machine 3 by standardized blocks 2. The test specimen (workpiece) is
designated by 4. The three measurement operations are denoted by A, B,
and C. In the case of most measured quantities the traceability of an
ordinary measuring instrument to the standard generally necessitates only
two measurements. In the case of hardness testing three measurements are
required. Each additional level in the hierarchy scheme results in an
increase of uncertainty.

Uncertainties are classified, according to CIMP Recommendation 1
(CI-1981) in two groups. Those which are determined by statistical
methods are characterized by the standard deviation 8. The second group
of uncertainties includes the ones which are determined by other, not
statistical methods. These methods inevitably include subjective factors
(estimate, etc.). Uncertainties belonging to this group are characterized
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by a value u, which is treated as if it were a standard deviation. At
calculating and specifying random uncertainties of hardness testing the
following symbols will be used.

Ramdom uncertainties

u, variation of the standardizing machine in time

S, repeatibility of the standardizing machine

u; non-uniformity of hardness along the surface of blocks
Uy repeatability of the hardness testing machine

us non-uniformity of hardness of the specimen

Ue variation of the hardness testing machine in time.

Number of indentations

n, at calibrating standardized blocks

n, at calibrating hardness testing machines

ns at hardness testing

n, at each machine, when comparing two standardizing machines.

To the determination of the individual values [P-23, I-5, P-5, pP-28]:
To s». For the most important hardness testing methods,

s> = 0.003 e HRC,

where e denotes the permanent increase of depth of indentation in HRC
units, further

1l

So (4.5 HV + 300) . 10~ HV 30,

and

i

S (1 + HB/600) HE 10/3000.

If there were standardized blocks with perfectly uniform surface, the
standardizing machine would measure it with repeatability standard
deviation s,. On real blocks local hardness non-uniformity can be
separated by analysis of variance. In Table 6, s>, u; and u, are given
for two hardness levels as examples.

To u,: This is a value estimated on the basis of long-time experiments.
According to measurements on a HRC standardizing machine
u, £ s,.
To us: An upper limit for this estimated value can be obtained from

standards, from the value specified for the range of five indentations.
(Standard deviation sy estimated from range R is found to be

Sr = A{(n) R
where A (5) = 0.43 and
A(10) = 0.32 )

In the case of Rockwell C blocks the specified value for the range of
five indentations is 1.5 % of €. From this an estimate for the
corresponding standard deviation can be calculated. After having
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Table 6

Hardness level So U Ug
30 HRC 0.2 0.4 0.8
(0.22)
65 HRC 0.1 0.2 0.4
(0.11)
200 HV 1.2 3.3 6.2
800 HV 4.0 9.5 18.3
100 HB 1.2 1.6 3.7
300 HB 1.5 2.6 5.4
Table 7
S R \ R v R vV S
ST S%Z4 = uz + s2
B s§= = ui + (s2 + u3)/n,
HT S%s = u? + (s3 + u2)/n, + (uz + uz)n,
M §%,. = ug + (sz + u:ZB)/nl + (ug + u%)/nz + uzzz/ns
M, Sis = u% + (s3 + uz)/n, + (Ui + u3)/n, +(uz + uz)/n, + ug
| — | S ——————
A B
ST, -8T, S8, = 2 [u? + (s3 + u3)/n.]
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separated s,, the value of us is obtained. In Table 6 the wvalues for
selected HRC blocks with reduced range of 1 % are also included in
brackets.

The correlations of us and s. deserve a closer consideration.
Metrological development work aimed at improving the uniformity of
hardness measurement has been carried in two directions, namely at
improving the metrological characteristics of the standardizing machines
and of the blocks, respectively. Efforts are required in both directions
in parallel. When measuring a block on the standardizing machine, random
uncertainties s, and us cannot be separated, only their sum appears. Even
if one of the two uncertainties were equal to zero, one could not detect
this fact. But if the two values are considerably different, their sum is
practically equal to the greater one. What is the situation with the
actually available equipment?

As Table 6 shows, the standard deviation u, for the non-uniformity of a
block having a range of 1.5 % is approximately the double of the standard
deviation of the standardizing machine (s,). By the analysis of wvariance,
non-uniformity of hardness can be shown to be significant. In the case of
blocks with a range of 1 %, however (see values in brackets in Table 6),
values s, and u, are approximately equal. Manufacturers of standardizing
machines and of blocks arrived to a similar level of random
uncertainties. A simple calculation shows that s, = 0.003 e corresponds,
in the case of 5 indentations, to a range of 0.7 % of e. Consequently if
somebody wanted to narrow the specified range at the calibration of
blocks to the value of 0.7 %, this specification could be met only on a
perfectly uniform block. Or the standardizing machine should be improved.
Indeed, at measurements performed on a standardizing machine with laser
interferometer ranges of 0.5-0.6 % were found on the blocks of three
different manufacturers, and ranges of 0.7-0.8 % for those of other three
sources [C-9].

The development of standardizing machines and blocks can mutually
promote or retard the development of the other, or already achieved
levels of development can be detected by measurement.

To u,: An upper limit for this estimate is given by the range of five
indentations specified in standards as repeatability. From this an
estimate of the standard deviation is calculated, from which u, is still
to be separated. See the examples in Table 6. The hardness testing
machine would measure a perfectly uniform test specimen with this
standard deviation, or better.

To us: This value is included here only for the sake of completeness. It
actually belongs to the sphere of testing of materials.

To ueg: It is difficult to determine a value for the variance of the
hardness testing machine in time. During calibration a correction with
respect to the national hardness reference scale can be established. This
correction is changing with time. The user of the apparatus can determine
variations of the testing machine in time by daily calibrations by means
of standardized test blocks and plot them in a chart. This value should
be determined, if required, individually for each machine.
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Accumulation of random uncertainties

Calculation is carried out by the quadratical addition of standard
deviations, that is by the addition of variances. Repeated quadratical
addition can be demonstrated by right-angled triangles (Fig. 6, 7). The
addition of wvariances accumulated in hardness measurement is shown in
Table 7, in the modified clear presentation proposed by Iizuka [I-5].

Accumulated standard deviations figuring in Table 7:

Hardness standardizing machine, or the national hardness reference

Sll
scale, a single measurement.

S§:» Nominal value of the calibrated reference block (B).

S, Calibration of the hardness testing machine (HT).

S.4 Hardness measurement by the hardness testing machine shortly after
calibration (M,).

S.s Hardness measurement by the hardness testing machine, taking into
consideration also its variation in time and the non-uniformity of
the specimen (M,.).

Ssy Comparison of two standardizing machines, i.e. the standard
deviation of the difference of two hardness reference scales
(ST,~-ST,).

In Fig.5 the places are marked where these values are obtained. This
presentation of error accumulation clearly shows that a term for
repeatability (R) and for non-uniformity of the specimen (V) is added at
each level of the hierarchy scheme. At the first and last level a term
representing stability in time (S) is also added. A denotes the sum
corresponding to the range specified in standards for non-uniformity of
blocks. Similarly B corresponds to repeatability of the testing machine
as specified in standards.

As numerical examples, the values calculated for 50 HRC according to
Table 7 are shown in Fig 6. Random uncertainty s,, of the standardizing
machine is shown in Fig. 7. If the unknown systematic uncertainties 8, of
the standardizing indenter are also taken into consideration,
Si12 = 0.21 HRC increases to s,,* = 0.28 HRC. In the addition according to
Fig. 6 s, has only a minor effect: s¥*, is 0.01 HRC higher than s,,. By
considering that several values used in this calculation are estimates,
this difference is negligible.

A broken line divides Table 7. What is above this line, is the task of
the Institutes of metrology: Standardized blocks ensuring the
traceability of hardness testing machines to the national hardness
reference scale are placed at the disposal of material testing
laboratories. Random uncertainties figuring below the broken line are
less reliable, informative values.
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International hardness comparisons

It is to be hoped that generally accepted international standard
machines will be available for the hardness scales in the not very
distant future (Fig. 1).

The correlation between different national standardizing machines to-
day is ensured by international hardness comparisons (Fig. 2). Random
uncertainty of a comparison is given in Table 7 (variance s3,). The
_ hardness comparison is actually a standardization of the same block of

high gquality (non-uniformity of 1 %) by an increased number of
indentations on two standardizing machines. A calculation gives e.g.
So1 = 0.30 HRC at 30 HRC, and 0.15 HRC at 65 HRC, if n. = 25. The formula
for sq, is analogous to that for s,.,. A closer analysis of the formula

shows, that practically

The uncertainty of the comparison, the reliability of systematic
differences or corrections determined by comparison depend sclely on
long-time stability of the two standardizing machines. Other influence
factors (repeatibility, non-uniformity of the Dblock) can be nearly
neglected in consequence of the increased number of indentations employed
for comparison purposes.

Systematic errors, corrections

The calculation of the propagation and accumulation of uncertainties
discussed so far, as summarized in Table 7, deals only with random
uncertainties. At wvarious levels of the hierarchy scheme systematic
errors may also arise, these can however be eliminated by employing a
correction to the hardness value, equal to the systematic error with
opposite sign.

When tracing back a hardness value to the measurement standards,
systematic errors may arise at the following levels.

- The hardness testing machine may have an error with respect to the
block used for its calibration (e.g. permitted maximum error of
+ 1.5 HRC according to ISO 716).

Unfortunately, this error is not sufficiently stable to be taken
into consideration with opposite sign as a correction.

- The blocks are supposed to be marked in wvalues of the national
hardness reference scale, when calibrated on the national
standardizing machine.

- The national standardizing machine may have a systematic difference
with respect to similar standards of other states. This fact should
not be forgotten, if there is a danger of an international dispute on
the hardness of a component. (This problem is discussed more in detail
in the Chapter 5 dealing with international comparisons).
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3.1.

3.2.

3. Experimental methods of uncertainty evaluation

The problem of the true value of the measured object

In the metrological examination of a measuring instrument we need the
true value of the quantity to be measured (VIM 1.18). The true value of a
quantity is an ideal concept and, in general, we cannot know it exactly.
For a given purpose, the conventional true value of the quantity
(VIM 1.19) may be substituted for the true value.

In the case of hardness even the determination of the conventional
true value of a measured object may be problematic.

One source of the problems is the non-repeatability of hardness
measurement. In the case of the measurement of other quantities we can
come nearer to the conventional true value by repeating the measurement
several times. The hardness measurement causes a local destruction of the
surface of the measured object, it cannot be repeated at the same place.
Adjacent points of the measured object have not necessarily the same
hardness even in their original state. But the deformation caused by the
previous indentations in that region of the surface further deforms the
original state of hardness.

Consequently, when we speak of repeated hardness measurement (e.gq.
n = 5 measurements of the same object) we have not measured the same

quantity.

In the BIML Publication Hardness test blocks and indenters [P-22]
(point 4.1), measurement results were  presented showing some
characteristic hardness wvalue distributions along the surface of a test
block. If we want to determine the repeatability of a hardness testing
equipment, the obtained repeatability value inevitably includes also the
non-uniformity of hardness of the block, beside the repeatability of the
measuring instrument. This is not the case e.g. when measuring the mass,
since the measured quantity, the measured mass can be assumed to be
constant, to have its conventional true value.

In analysing the uncertainty of hardness measurement some methods are
to be found to separate the uncertainties of the measuring instrument
from those of the measured object.

The factorial experiment employed by YAMAMOTO, YANO and YAZIMA [Y-4,
Y-5, Y-6] was already summarized in [P-22].

The method of Latin Squares, first employed on hardness blocks by
MARRINER [M-1] deserves a detailed discussion [P-11, P-7, P-18, P-22].

The experimental method of Latin and Greco-Latin Squares

Similarly as various problems of probability calculation and
combinatorics, the latin and greco-latin squares were first discussed in
connection with gambles and puzzles. The so-called magic square of n
elements is a square composed of the numbers 1,2,... n in such a way that
each number figures only once in each row and column. E.g. a magic
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square of four elements is

3 04 1 2
1 3 2 4
4 2 3 1
2 1 4 3 (1)

The sum of each row and column is equally n (1 + n)/2 = 10. A problem
described in this connection by Euler in 1779 was named the problem of
the 36 officers. As an introduction to the Latin Squares it is worth
while to mention this problem, or rather than of the 25 officers:

At a military parade there are 25 officers from 5 different brigades
(a, B, v, 8, €). From each brigade one lieutenant (A), one captain (B),
one major (C), one colonel (D), and one brigadier (E).

The first task is to arrange the 25 officers in a 5 x 5 square so that
each grade be represented once in each row and column. This is possible
by arranging the officers in a five-element magic square, a Latin Square,

e.g.

P ET O
[ex i B w I
QW my
O0Qwmt
HOOQ®EP

(2)

A further contraint can be that not only each grade, but also each
brigade should be represented in each row and column, but only once. In
this case the arrangement in a Greco-Latin Square can help, e.g.

BB Cy D& Ee Ac
Ce Da EBR Ay BS
Dy ES Ae Ba CB
Ea A8 By C& De
AS Be Ca DB Ey (3)

The Greco-Latin Square is produced by superimposing two Latin Squares
and using Greek letters in one of them for the sake of discrimination.
Two Latin Squares are called orthogonals if in the resulting Greco-~Latin

Square each couple of Latin and Greek letters figures only once. On the
contrary the following combination of two squares is non orthogonal.

ABC ay B Aa By CB
CAB+Bay = CB Aud By
BCA Yy B a By CB Aa (4)

In the Greco-Latin Square resulting from the superimposition of the
two Latin squares the couples Aa, By and CB occur three times each, while
6 other possible couples of letters are missing. Such a square is
useless for experimental purposes. Square (3) proves that the problem of
25 officers can be solved. Euler proved that there are no 6 x 6, or
10 x 10 element orthogonal squares, the problems of 36 or of 100 officers
cannot be solved.
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From a given square several further squares can be generated by
permutating the rows and columns. By a similar operation squares can be
reduced to the form where the first row and first column contain the
ordered series of letters. E.g. The first square in (4) can be reduced by
interchanging the 2nd and 3rd rows to the form

O W
=0 ow
@ r 0

(3)

The number of possible reduced five element squares is 56, that of six
element squares is 9408. From these, further squares can be generated by
permutating rows or columns. From a reduced Latin Square of n elements
(n!)?® further squares can be generated.

To ensure random arrangement for an experiment, random numbers taken
from a table can be used for permutation of rows and columns. E.g. the
randomization of a four element reduced Latin Square by the help of
random numbers 1342 and 2134 is the following

1. 2. 3. 4.

1. A B C D

2. B D A C

3. ¢ A D B

4. D C B A (6)
1. 3. 4. 2

1. A ¢ D B

2. B A C D

3. ¢ D B A

4. D B A C (7)
1. 3. 4. 2

2. B A C D

1. A C D B

3. ¢ D B A

4. D B A C (8)

Three to nine element Latin Squares can be found in Fisher, R.A.-
Yates, F.: Statistical Tables for Biological, Agricultural and Medical

Research, London, 1957.

Like many other methods of factorial experiment also the Latin Squares
were first employed in biological and agricultural research.

An example which gave the idea to MARRINER to use the method for
hardness test blocks is illustrated in Fig. 8. The yields of four types
of wheat are to be compared. The simplest solution is to sow the four
types of wheat (A,B,C,D) in adjoining plots (Fig. 8a). Yields may however
be influenced by different soil quality in the different plots.
Reliability of the experiment can be improved by repeating the experiment
with a different arrangement in other blocks (Fig. 8 b). A further
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improvement can be brought about by arranging the plots in a Latin Square
(Fig. 8 ¢). E.g. if soil quality is improving as we pass from the left to
the right, this change of soil quality has a similar effect on the yield
of each wheat type, since each figures once in each column.

The analogy is valid alsc for the hardness along the surface of the
hardness test block. For the determination of the systematic errors
(corrections) of several indenters, 5 to 10 indentations are made by each
of them, as well as by the standard indenter on the same block, on a
standardizing machine. The mean of hardness values obtained by one
indenter is used for calculating the correction.

In the case of good quality indenters correction values obtained by
this method may be lower than the variation of wvalues obtained by the
same indenter. Hardness value may be influenced by the location of the
indentation on the block. But hardness distribution on the surface of the
block is not known in advance. Latin Squares can help in such cases, just
as in the wheat crop experiment described above.

If we want to measure in five rows, five columns with five indenters,
the number of necessary combinations would be 5% = 125. But there are
only 5%= 25 points available, on account of the non-repeatability of the
hardness test at the same point. So the use of a Latin Square not only
reduces the number of measurements from 125 to 25, but this is the only
possible solution to detect the effect of the surface in two co-ordinate
directions and of different indenters.

The actual realization of the Latin Square on the surface of the block
can be a grid with a division of 3.5 mm. So a 5 x 5 square takes a block
surface of 14 x 14 mm. Hardness variations on such a small surface can be
proved by a Latin Square experiment evaluated by the analysis of

variance.

Accordingly, in the experimental design of Latin Squares the effect of
three factors is examined.

~ Different indenters.
~ Hardness variation in horizontal direction.
~ Hardness variation in vertical direction.

(As the block surface has two dimensions, hardness variations of the
block are considered as two factors.)

A single measured hardness value, can be represented by the
mathematical model

Xiq = X +p+h+vts (9)
where
X;5 1s the hardness value obtained in the ith row and jth column,
X is the mean hardness of the block,
P is the systematic error of the indenter used,
h is the systematic error brought about by hardness variation in
the horizontal direction,
v is the same in the vertical direction,
s is measurement uncertainty.
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Measurement results obtained in a Latin Square (with the symbol of the
respective indenter 1in brackets) can be presented as shown in (10). This
arrangement corresponds to a map of the examined surface of the block.

X12(B) X12(D) X13(E) X,4(C) ®a1s(R)
%21(A) X22(E) X23(D) X24(B) X25(C)
%31(C) X32(B) Xas(B) X34(D) X35(E)
%421(D) Xa2(R) %43(C) Xaa(E) ®us(B)

Xg1(E) %52(C) Xs3(B) Xs.(BA) Xss(D) (10)

Fig. 9 shows a block with two different Latin Squares of 5 x 5
indentation. One of the sguares is the same as the one given in (10).

The measurement results x,;, if developed according to (9) without the
uncertainty component, can be written for the Latin Square as shown in
(11). Sums of rows X,; and sums of columns X, are given to the right and
below the square respectively. Sums of values measured by the same
indenter X, collected from the square, are also given below.

A comparison of sums of rows X.,; shows that each one contains the
component

i.e. the mean hardness of the block, the systematic errors of the
indenters and hardness variation in the horizontal direction.

Sums of rows differ only in the components 5v, 5v,...5vs, representing
the systematic variation of each row caused by the variation of hardness
in the vertical direction. Accordingly the wvariation of the sums of row
X,s+ 1s characteristic of the variation of hardness in one direction.

Analogous considerations show that the wvariation of hardness in the
horizontal direction is characterized by the wvariation of sums of colums
Xwny. Finally the variation of sums obtained with the same indenter X,
characterizes the variation brought about by the use of different
indenters, independently of hardness variations on the block surface.

These consideration apply only in the <case 1if there are no
interactions between factors. In the relatively small surface of the
square, independence of hardness variations in the two co-ordinate
directions can be assured, supported by measurement results. The
correction value of indenters, in turn, is a function of hardness value.
In the case of a Latin Square, however, hardness variation is so small
that it does not influence the correction of indenters.
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In a Greco-Latin Square arrangement four factors can be examined. In
hardness standardizing work the fourth factor may be e.g. the order of
measurements performed by the same indenter. One may suppose that the
indenter clamped into the standardizing machine changes its position at
the effect of each indentation process even if dummy indentations were
performed outside the square following a change of indenter.

A 7 x 7 element Greco-Latin Square is given in (12).

G2 B3 C6 E5 F1 A7 D4

F4 D7 G5 A3 C2 E1 B6

C7 E6 F2 B4 G3 D5 Al

A6 G1 D3 F7 E4 B2 C5

B5 A2 E7 C1 D6 G4 F3

D1 F5 A4 G6 B7 C3 E2
E3 C4 Bl D2 A5 F6 G7 (12)
For the sake of convenience, Greek letters were replaced here by
numbers, which represent the order of the measurement made by the same
indenter. While in the Latin Square shown in (10) the five indentations
to be made by e.g. indenter D could be made imn any order, in the Greco-
Latin Square the indenter D is first used at D1 (6th line, first column),

then at D2 (7th line, 4th column), and so on. The distance between
indentations is 3.5 mm, the whole square embraces a surface of

21 x 21 mm.
The mathematical model for the Greco-Latin Square experiment is

Xiy = X + pt+th+v+ozxs {(13)

where

o is the variation due to the order of measurement,
all the other symbols correspond to (9).

From the square a fourth sum, X.,, the sum of identical orders can be
calculated, the variance of which is characteristic of the effect of the
number of measurements performed after having changed the indenter
(irrespective of the dummy indentationsj.

3.3. Analysis of variance

The great problem in the metrology of hardness is that the variance of
a measured hardness value (s2) is the sum of the variance of the non-
uniformity of the measured object (in our case the hardness test block,
sZ) and of the variance of the hardness tester (si).

2 2

It is the value s which can be obtained from measured hardness values.
Before the introduction of the statistical method of variance analysis,
it was mathematically impossible to decompose s to its components [P-14].
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Measurement results obtained in the Latin Square arrangement are
processed by this method of mathematical statistics, by the analysis of
variance. The method is amply discussed in the relevant literature. Here
only the evaluation process is described, without going into details,
into mathematical justification.

To perform the analysis of variance of measurement data according to
(11) we need the sums X_.., X,:, Xny, as well as the squares thereof,

namely X2, X2;, X&s-.

Further the overall sum of the 25 values

25 = 5 S
X =2 X535 = Z Zoxe ™ Z Koz = B Enass
a1 Piy 1 1

and the square of this sum, X2.

The tabulated form of the analysis of variance is given in (14), with
calculation formulae.

The residual sum of sguares X.?, can be determined by substracting the
first three S8 values from the overall value. s,° is an estimation for
the variance 02 characterizing the measuring equipment and measurement
method. According to the column headed "Expectation of mean square™, an
estimation can be obtained for the variance between indenters, o2, for

the variance between rows, o> and between columns, o,.2.

These components can, however, be separated only, if the F-test proves
that a component is sigmificantly different from ¢®. The test values are
indicated in the last column. The critical values of the F-test (F.,) can
be taken from statistical tables, for 95 %, or 99 % confidence levels. If
the F values calculated according to the last column are higher than the
Fer.os O For, ee values,

F > Fcr,QS (F > Fcr,gg)l

then it can be understood, with a confidence of 95 % (99 %), that the
respective component of variance has a significant effect. In the case

F < F.-

one cannot simply state the contrary. One can understand that on the
basis of measurement results one cannot reject the hypothesis that the
two variance values are equal.

After the F-test, the non significant sources are added to the
residual and new F-tests are made on the modified table. In this case,
however, new F_, values apply orn account of the modified degrees of
freedom.

The main idea of variance analysis is summarized by the following
formula.

f.s® = £, 83 + f,.83 + f,,.82 + f,_.83 (15)
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The overall sum of squares can be decomposed to the sums of squares
originating from the different sources.

In the Latin Square experiment discussed here,

factors was examined.

the effect of three
The Greco-Latin Square arrangement permits also

the examination of a fourth factor, namely the order of measurements made
it was supposed that the
position of the clamped indenter is changing at the effect of each
even if 2-3 unevaluated dummy indentations have been made

after clamping the indenter.

by the same indenter.

indentation,

For the analysis of variance we need the same sums,

As already mentioned,

and the squares

thereof, as in the case of Latin Square experiments, plus the sums of

orders X..o

{(e.qg.

indenter), and X...

the sum of the third measurements

made by each

The table of the analysis of variance is given under (16).

The calculation is

similar as in the case of Latin Squares. The

calculation method will be clarified by two numerical examples.

3.4. Numerical examples

Example 1. Latin Square of 5 x 5 elements

In a Latin Square experiment according to (10) with five Rockwell C
indenters on a block of about 50 HRC the following results were obtained:

X, HRC
36(B) 31(D) 18(E) -6(C) 18(A) 97 49.51
-1(A) 13(E) 28(D) 27(B) 7(C) 74 49.63
-3(C) 16(B) O(A) 20(D) -5(E) 28 49.86
17(D) =-7(A) -8(Cy -1(E) 11(B) 12 49.94
20(E) -7(C) 16(B) 0(A) 6(D) 35 49.83
X, 69 46 54 40 37 X = 246
HRC  49.65 49.77 49.73 49.80 49.32 HRC 49.75

Sum of results obtained with the

A

B

C

D

same indenter:

E

X 10

E3d

HRC 49.95 49.47

106

-17

50.09 49.49 49.78

102

45

The HRC values given in the table serve only as information, but are
not necessary for the analysis of variance.

The table contains the transformed measured values

e!

= (e - 50)

40

where e 1is the permanent increase of depth of indentation in units of
2 um (see ISO 6508-1986). e' = 40

corresponds to 1 HRC.
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The transformation of measured values simplifies calculations done
without a computer program. The reasoning underlying the transformation
is the following.

On the measuring microscope indentation depth values were read to
0.1 um. Since two observers were working in parallel, the mean of their
values could have the lowest digit of 0.05 pum. E.g. the indentation made
in the first row, second column, by indenter D was measured by the two
observers as 101.6 and 101.5 um, respectively. The mean was 101.55 pym.
From all mean values 100 was substracted and the remainder (1.55)
multiplied by 20, to obtain in this case 31. By this transformation both
values less than one and higher than 100 were avoided.

Values necessary for the analysis of variance can be taken from the
table:

®
T Xia

jSd <N

5

4810.80

i

il

3407.60

d=21

5

il

2552.40

X2

25

1l

2420.64

T %2, = 6628.00

The table of the analysis of variance can be composed as follows.

f s* F
Indenters..... 4810.80 - 2420.64 = 2390.16 4 597.54 10.3>F., (99)
ROWS ...vevuns 3407.60 - 2420.64 = ©986.90 4 246.74 4.2>F., (95)
Columns ...... 2552.40 - 2420.64 = 131.76 4 32.94 0.6<F.,- (99)
Residual ..... 4207.36 - 3508.88 = 6©698.48 12 58.21 1
Overall ...... 6628.00 - 2420.64 = 4207.36 24 175.31

From statistical tables we obtain for 4/12 degrees of freedom that

= 3.26, at 95 % confidence level and
5.41, at 99 % confidence level.

Fcr,95

it

Fcr S B9
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The F value for the effect between indenters is found to be
significant at 99 % level, that for the effect between the rows at 95 %
level. The effect between columns is not significant, consequently this

source can be unified with the residual. The modified table is

f s* F
Indenters........ 2390.16 4 597.54 11.5>F., (99)
ROWS cuuvuvecucanen 986.96 4 246.74 4.8>F., (99)
Residual ........ 830.24 16 51.89 1
Overall ......... 4207.36 24 175.31

The critical F values for 4/16 degrees of freedom:

Fcr,?S = 3'01
Fcr,gg 4‘77

It

In the modified table both sources, those of different indenters and

(=)

rows are significant at the 99 % level.

The conclusions of this Latin Square experiment can be summarized as
follows:

1. Estimation for the uncertainty of the measuring method and equipment
(for designations see (14)):

= 51.89

Q
il

it

g =7.2 2 + 0.18 HRC

2. Estimation of the standard deviation of mean values measured by
different indenters:

> _ Sa - 0 _597.54 - 51.89

op = = z = 109.13

o_ = 10.4 = + 0.26 HRC

»

It is not surprising that this effect 1is significant, since the
establishment of differences between different indenters was the main
objects of the experiment. o, characterizes the "homogeneity" of the

group of indenters.

3. Estimation of the standard deviation of mean values obtained in
different rows:

2 2 —-
s3 - 0% _ 246.74 - 51.89 _ . o,

5
= 6.2 = + (0.15 HRC

o2 =

Q uiji

v

There is a noticeable, significant hardness variation on the block
surface in the vertical direction.
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There is no significant difference between the mean values obtained in
different columns. The obtained F-value is so far from the critical
value, that a hardness wvariation on the block surface in the
horizontal direction is improbable, even in the case if interactions
were not taken into consideration.

Example 2. Greco-Latin Square of 7 x 7 elements

Measurement results obtained on a block of approximately 65 HRC in the

experimental arrangement according to (12) were as follows:

X,
32 22 18 32 32 ‘39 47 222
4 38 44 41 18 35 41 221
13 24 22 27 40 28 47 201
35 31 30 22 28 33 26 205
21 30 25 31 39 43 34 223
10 4 40 37 28 27 38 184
10 10 29 41 59 37 61 247
b, 125 159 208 231 244 242 294 X=1503
The sums of orders and of indenters, respectively:
1. 2. 3. 4. 5. 6. 7.
%o 215 214 204 199 214 231 226
A B C D E F G
X 291 201 143 233 192 155 288
HRC £63.96 64.28 64.49 64.17 64.31 64.45 63.97

These tables contain the transformed measurement results:
e' = (e - 35) . 40

Values necessary for the analysis of variance:

i

46 210.14

49 093.28

i

il

46 449.28
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S OXZ,

A==
7 = 48 B866.72
X
79~ 46 102.22

£x2, 53 375.00

it

With these values, the table of the analysis of variance was found to be:
£ s® F

Orders ....... 46 210.14 - 46 102.22= 107.88 6 17.98 0.4<F_...
Indenters ....}|49 093.28 - 46 102.22=2 991.06 6 498.51 11.3>F_,
ROWS ..vevnu.. 46 449.28 - 46 102.22= 347.06 6 57.84 1.3<F...
Columns ...... 48 866.72 - 46 102.22=2 764.50 6 460.75 10.4>F_ .
Residual ..... 1 062.28) 24 44.26 1
Overall ...... 53 375.00 - 46 102.22=7 272.78| 48

The critical F values for 6/24 degrees of freedom, as taken from

statistical tables, are

= 2.51

Fcr,95

Fer,0e = 3.67

The hypothesis of the experiment about the effect of the order of
measurements was not found to be true, the F value for the variance
factor of the order of the measurement is far below the critical wvalue.
The effect of rows is similarly not significant.

The effect of columns, however, is very strong, similar to that of
indenters. By uniting the not significant factors with the residual, the
modified table is found to be:

£ s~ F
Indenters........ 2991.06 6 498.51 11.8
Columns.......... 2764.50 6 460.75 16.9
Residual ........ 1517.22 36 42.15 1
Overall ......... 7272.78 48
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3.5.

By comparing the new ¥F-values, with the critical value for 6/36
degrees of freedom

Fcr,99 = 3'351
the previous statement on the two significant factors is confirmed.
The conclusions of this Greco-Latin Square experiment:

1. Estimation for the uncertainty of the measuring method and equipment:
o? = 42.15

-~

c = 6.5 * 0.16 HRC
This is conform with the % 0.18 HRC value found in Example 1.

2. Estimation of the standard deviation of mean values measured by
different indenters:

2 -0 498.51 - 42.15

Op = 7 = - = 65.2

[
2]
1Y

Op = 8.1 =0.20 HRC

This value depends on the composition of the group of indenters used
in the experiment. The o, value is not especially interesting from
metrological point of view, since the systematic errors of individual
indenters determined in the experiment are used as correction values in
later measurements.

3. Estimation of the standard deviation of mean values obtained in
different columns:

2 2 _
o2 = s3 - o~ _ 460.75 - 42.15 - 59.8

On = 7.7 % + 0.19 HRC

There is a significant hardness variation on the block surface in the
horizontal direction, which is similar to that observed in Example 1 in
the vertical direction.

4. There is no significant difference between rows and between the orders
of measurement.

Some remarks on experiments in Latin or Greco-Latin Squares

Experiments in the square arrangement are especially useful in the
first stage of a longer series of experiments, when it is not yet known
which factors have a significant effect. Later the non significant
factors can be disregarded and a simpler arrangement is sufficient.
E.g. Latin Square or factorial experiment in place of the Greco-Latin
Square.

A disadvantage of the square arrangements is that all factors should
occur at the same number of levels. E.g. in Example 2 seven indenters,
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seven measurements with each, in seven rows and seven columns. In
experimental practice the use of squares with 5 to 9 elements is usual.
In the case of a higher number of elements the calculation may become
complicated (if no computer program is disponible) and it is difficult to
find identical levels for each factor. In the case of 4 elements, in
turn, random distribution is not sufficiently ensured.

Therefore in such a case it is advisable to perform two similar
experiments, in two different arrangements. Another disadvantage of four
element squares is that the number of freedoms remaining for the
residual, namely the measuring method, is low.

To ensure random distribution, it is advisable to avoid regular
squares, 1in which rows are generated by shifting the elements of the
preceding row without varying the order of the letters, like the squares
given in (4).

In exceptional cases one of the values of the square may be missing.
E.g. an external influence disturbs the measurement, or anyvhow an
evidently outsider value would necessitate the repetition of the complete
series of measurement. (Hardness measurements cannot be repeated at the

same place!)

A single missing value can be replaced by an estimation taken from
neighbouring values, by using the following formula in the case of Latin
Squares:

_ on (X, + X, +%X) - 2X
* = (n - 1) (n - 2) (17)

where

%' is the missing value,

X., X!, X;, are the sums for the indenter, row and column,
respectively, in which one value is missing,

n is the number of square elements.

Example 3. Missing value

Let us assume that in Example 1 the wvalue in the 4th row and
1st column is missing. By employing formula (17):

::5 (-5 + 52 + 85) - (2 x 229)
4 x 3

e = 17

The estimation is identical with the measured value. Of course this is
not always the case. E.g. if the value of the 4th row and 2nd column is
missing:

5 (19 + 53 + 17) = (2 x 253)
4 x 3

Xl

while the measured value was - 7.
Or if the value in the 5th row and 4th column (0) is missing, the
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estimation gives x' = - 5.

The wvalue of measurement uncertainty is not much influenced by a
missing value. Take into consideration that the estimation for

uncertainty was found in this case to be + 7.
3.6. Use of the analysis of variance in the metrology of hardness

Evaluation of Latin Square experiments is only one of the possible
applications of the analysis of variance in the metrology of hardness.
This was discussed here in detail so as to get acquainted with the
method. Numerous other possibilities of the application of the analysis
of variance were published in the literature on hardness measurement,

especially in Japan.

In the following the main data of these applications are summarized.
The referenced detailed descriptions can serve as models at planning

experiments.

a) Comparison of the uncertainty and sensitivity of various hardness
testing methods [W-2].

Factors: Testing methods
Blocks

b} Stability of hardness testers [Y-17]

Factors: Areas on block surface
Replication
Interaction

c) Fluctuation of hardness testers over a long period of time [Y-4]

Factors: Machines (40)
Blocks ( 5)

d) Hardness correction values [Y-4]

Factors: Variation of the machine in time
Indenters
Blocks
Hardness testers
Interactions

e) Evaluation of the error of a Brinell hardness standard [S-11]

Factors: Machines (2)
Hardness levels (4)
Indenting velocity (3)
Duration of loading (3)
Test force (3)
Deformation of the indenter (3)
Replication (2)
Magnification (3)
Hardness level - magnification interaction
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f) International hardness comparison [Y-20]

Factors: Indenter, P (2)
Replication, R (4)
P ¥ R interaction
Blocks, B (12)
R x B interaction
P x R interaction
R x P x B interaction
Areas on block surface, A (3)
A x B interaction

g) Hardness distribution on block surface [Y-4]

Factors: Radial direction (3 levels)
Circular direction (5 levels)
Repetition

h) Indenter corrections [Y-12]

Factors: Indenters, P
Blocks, B
P x B interaction
Areas on block surface, A

i) Machine-indenter interactions [P-7]

Factors: Indenters
Machines
Interaction

3) Personal differences in measuring Vickers indentations [Y-19] (several
evaluation methods)

Factors: Skill of persons
Persons, W
Size of indentation, M
W x M interaction
Direction of measurement, N
W x N interaction

k) Evaluation of different coincidence methods on a microscope [T-5]

Factors: Methods
Observers
Replication
Tip angle of the mark
Observer—~angle interaction

1) Form measurement of small spherical surfaces [I-1]
Factors: Balls

Replication
Interaction
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4.1.

4. Uncertainty problems of indenters

The effect of manufacturing teolerances for indenters on measured
hardness values was discussed in Chapter 8 of the BIML Publication
"Factors influencing hardness measurement” [P-21].

The performance test of the indenter, which was discussed in Chapter 9
of the BIML Publication "Hardness test blocks and indenters™ [P-22]
establishes a correction value with respect to a standard indenter or to
a reference value. The correction value is a function of the hardness

level.

It would be desirable to use indenters with geometrical parameters
exactly at nominal value (i.e. desirable tolerance * 0) for
standardization purposes. But this 1is practically impossible. The
standards specify tolerances for the geometry of indenters, e.g. for cone
angle and radius of the spherical tip in the case of the Rockwell C

method.

As shown in [B-5] and [P-21] the geometrical tolerances of the
indenter alone may be responsible for hardness measurement errors of *
0.7 HRC. Even indenters having identical geometrical parameters (within
the uncertainty of measuring these parameters) may give hardness values
differing by + 0.3 HRC at high hardness levels. (The determination of the
tip radius is less reliable than that of the cone angle. And at high
hardness levels just the spherical part of the indenter is decisive in
producing the indentation.) Even higher measurement errors may be caused
by those characteristics of indenters, for which no specification
(tolerance) can be set up, such as surface roughness, or in general
surface quality, transition between spherical and conical part of the
Rockwell indenter, rotational symmetry, coincidence of rotation axis with

indenter axis, etc.
Collective standard of indenters

An indenter is a delicate instrument (or tool) which may be hurt or
broken at any time. Therefore the use of a single indenter as a standard
is not a reliable solution. Most institutes established a collective
standard of indenters, consisting of several indenters. In the case of
the destruction of one element in the collective standard the standard
(reference hardness value) can be maintained and the missing element
replaced by another indenter.

The collective standard or group standard of indenters consists of 3,
5 or more indenters. The mean of hardness values obtained by each
indenter in the group, or some function of the mean, is considered as the
reference value of hardness. Accordingly each indenter in the group has a
correction value with respect to the reference value.

HORMUTH [H-10] used at first 5 HRC-indenters as a collective standard.
The deviations from the reference wvalue as shown in Fig. 10 were
determined by 10 measurements with each indenter at each hardness level.
Later 7 indenders were taken to define the reference value. From the 7
indenters several groups of 5 were used as collective standards, the
deviations of which are shown in Fig. 11. It can be seen that each
collective standard is within * 0.1 HRC from the reference value. Taking
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the uncertainties of measurement on hardness standard machines into
consideration, these deviations can be statistically regarded as zero.

The HRC-indenter collective standard developed by SuTKA [C-1, C-7]
consists of three elements. Ten indentations were made by each indenter
on 11 blocks. This measurement series was performed three times. After
the elapse of six months the whole procedure was repeated again. The
indenter corrections established as the mean of all measurements were
represented by a regression line of the first order, in the following

form:

H=H; . k + kg

where

H 1is the hardness in terms of the reference scale,
H, :the hardness measured by the respective indenter.
k, k,: constants.
E.g. for one of the elements of the collective standard (No. 3349):
k = 1.0019, ko, = - 0.24.

If this indenter is used for HRA measurements, no correction is
necessary (k = 1, k., = 0).

A measurement series performed three years later gave values within
+ 0.05 HRC from earlier regression lines.

In a collective standard, indenters from the same manufacturer should
be used. The manufacturing process itself may produce certain "systematic
differences” with respect to other types of indenters. In Fig. 12 the
deviations of four indenters of the same manufacturer from wvalues
obtained by an indenter of another manufacturer are shown [P-20].

The character of the four curves is apparently similar. The group
formed of these 4 + 1 indenters 1is not convenient as a collective
standard. When four indenters of the same manufacturer were added to the
original standard indenter (called + 1 above), correction curves shown in
Fig. 13 were obtained. For each indenter two curves determined in two
different dinstitutes are shown. These five indenters form the HRC-
indenter collective standard of Hungary.

In Japan a group of ten indenters forms the collective standard [Y-6].
The absolute deviation of hardness values measured by these indenters
from those of the ideal indenter were found to be less than 0.22 HRC.

The deviations of a collective standard of HV-indenters consisting of
four elements from the reference value obtained as their mean are shown
in Fig. 14 [H-8]. Considering uncertainties from other error sources of
Vickers measurements, HV indenter corrections can often be neglected. The
Vickers indenter form is more compatible with the crystal characteristics
of diamond. This helps to approximate ideal geometry for Vickers
indenters much better than in the Rockwell C case.
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4.2. Uncertainty of the indenter correction

Indenter corrections given 1in the form of broken 1line diagrams
{Fig. 10) or as regression lines are not exactly defined values, they
have an wuncertainty. E.g. one of the 1lines given in Fig. 10 was
determined by 14 repetitions of the measurement series. During a period
of 8 years the curves shown on Fig. 15 were obtained. In this form the
results cannot be used. A single line shall be used, whereby the
existence of an uncertainty of the determination of the line should be
borne in mind.

In other words the problem is to find the random error of the
determination of a systematic error (correction).

Uncertainty can be estimated by the following methods:

a) According to poiat 2.3 the uncertainty of the hardness value of a
block, as determined by n, measurements is

1/2
Siz T [u:?[ + (s3 + ug)nl}

Indenter correction is defined as a difference with respect to the
mean determined by five indenters. The uncertainty of the mean is
found to be

Siz

J5

The uncertainty of the correction, s.,, as the difference of these two
values is found to be

Sl2

22 = 1,1 8.4

S22 = (83 + éiz)
For n, = 5 measurements on blocks with a reduced range of uncertainty
(R = 0.01 e), calculated s,, values are plotted in Fig. 16.

b) If correction values of an indenter are repeatedly determined on
different standard machines, also indenter-machine interaction should
be taken into consideration. It will be shown in point 4.4 that this
interaction is approximately equal to s,. Accordingly the uncertainty
s.> ©of the indenter correction, if determined on five machines, is
found to be

Calculated values are shown in Fig. 16.

c) The uncertainty of the correction curves can be determined also from
experimental values [P-10].

In the test series 5 indenters, 7 blocks, and 5 hardness standard
machines were used. Five HRC indentations were made in each combination
of the above-mentioned three factors (5 x 7 x 5 = 175), by a single
observer. Thus the total test series consisted of 875 indentations.
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4.3.

Mean values of the five measurements made with the same indenter on
the same machine and on the same block supplied one point of the
correction curve. In Fig. 17 correction curves of ocne of the indenters as

determined on five machines are shown.

Differences between the five curves indicate that none of them can be
regarded as the one supplying the '"correct" correction values. In trying
to find the reliability of correction curves of this kind, the following

considerations were employed.

Fig. 18 was constructed, where vertical sections indicate the range of
points taken over from Fig. 17 a to e. In Fig. 18 the ranges of values
for the same indenter, from a former measurement [P-4] are also indicated
by dotted lines, for purposes of compariscon and checking. There was no
significant difference between ranges obtained for the correction curve
in the two experiments. By using formulae of mathematical statistics, an
estimation of standard deviations can be obtained from the range of

values.

sgp values corresponding to ranges shown in Fig. 18, as well as those
for similar diagrams constructed for the other four indenters were
calculated and plotted in function of nominal hardness. From five values
for each hardness level, the second order regression curve (sy) shown in

Fig. 16 was obtained.

The three curves shown in Fig. 16 give three estimations of the
uncertainty of the indenter correction determined by different methods
described above. The small difference of curves s.,, and s,, shows that
the machine-indenter interaction (use of various machines to establish
the correction) has a relatively small effect on uncertainty.

YANO et al. [Y-12] employed a multiple regression analysis to find the
"jdeal” indenter. They found that after corrections employed to the
standard indenter, the ideal form can be found within the following
standard deviation values: 0.08 HRC, 0.08 HRA, 0.10 HR30N. The range of

errors of the primary calibration of indenters, at the 99 % confidence
level: = 0.12 HRC, + 0.08 HRA and * 0.14 HR30N. The same for secondary

indenters: + 0.16 HRC, * 0.10 HRA and + 0.20 HR30N. Indenter corrections
which are smaller than 0.04 HRC, 0.03 HRA or 0.05 HR30N are neglected as

not significant.

Indenter-block interaction

In an international HRC comparison YAMAMOTO and YANO [Y-20] observed
considerable fluctuations in machine differences if the hardness of two
blocks differs slightly, say 1 or 2 HRC. The reason for this cannot be
clarified strictly, but it is possible that the fluctuations originate
from the errors of indentation depth measurement. The above mentioned
authors did not think that indentation loads or form errors of indenters
may have such an effect in the case of small hardness differences.
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PETIK [P-10] confirmed these observations. In the experiment described
in point 4.2, two blocks each for the hardness levels of approximately
38 HRC and 62 HRC, and three for the level of 51 HRC were used. The
results given in Fig. 17 clearly show the fluctuations of the correction
curves at small hardness differences.

In a personal communication HILD expressed the opinion that these
fluctuations may simply originate from measurement uncertainties.

YANO et al. [Y-12] made a series of experiments in which four blocks
were used at each hardness level. On the surface of each block three
sections were marked. In each of them, indentations were made with 20 or
30 indenters. The analysis of variance showed a significant interaction
between blocks and indenters. This interaction may be responsible for the
previously mentioned fluctuations on the correction curve.

This question deserves further research work.

Indenter-machine interaction

When comparing different hardness testers it was found that part of
the difference was due to indenters, another part to machines. Therefore
comparisons are often made in such a way that the same (travelling)
indenter is used in both machines. A comparison of this kind establishes
the difference of the two machines. By measurements made on the same
block, on the same machine with the travelling indenter on the one hand,
and by the own indenter of the machine on the other, the difference of
the two indenters can be established. By employing this method, the
correction value of the hardness tester (machine and indenter) is
supposed to be the sum of the corrections for the machine and for the
indenter. But the two corrections are additive only if the machine and
indenter effects are independent, i.e. there is no interaction between
the two.

To wverify the hypothesis of independent effects, the measurement
values of the experiment described in point 4.2, consisting of
Sx7x5= 175 combinations of indenters, blocks and machines were

“evaluated [P-7].

The 125 wvalues measured by a single person on each block were
processed by the analysis of variance. As an example, Table 8 shows the
analysis of values obtained on the block, which had an overall mean of
50.92 HRC.

58



Table 8

Analysis of variance for a machine-indenter
interaction test

Sum of Degrees
Source squares, of Mean square Fischer test
freedom, value
Ss £ MS = SS/f F
Indenters 1.9245 4 s3o = 0.4811 siy/s? = 26.5
Machines 1.0069 4 $%.c = 0.2517 S3++/8% = 13.9
Interaction 0.8493 16 s%, = 0.0531 sZ./s2 = 2.93
Residual 1.8150 100 sZ = 0.0182
Overall 5.5957 124
st and s3; supply estimations for the following values:
s2 =07
s3: =502 + o7
where
O, represents the machine indenter interaction
and o is characteristic of the measuring equipment and method.

The critical F-values for the statistical test are

1.75

i

Fcr (16;100)0_95
F., (16;100)g oo = 2.19

F-values for interaction, considering also the tables for the other six
blocks, were found to be in the range from 2.6 to 7.6, consequently the
interaction was always significant at the 0.99 confidence level.

This series of measurements proved the existence of an interaction
between the standard machine and the standard indenter, accordingly
correction values for the machine and the indenter cannot be simply
added. Machine and indenter should be considered as a single, inseparable
unit. In the contrary case, o, should be taken into consideration at
specifying uncertainty of the standard equipment. O, values were found to
be of the same order of magnitude as the measurement uncertainty o.
Fig. 19 shows o and o, values found at different hardness levels. In
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(1-a)100 = 95 3

are also indicated, calculated at the left side of Fig. 19 by the formula

= £ 82 € 0% < —3£~—— sz
Xlw(a/z);f Xa/z;f
where
f = 100, X§.975;1oo = 129.6
- Xg‘yés;loo = 74.2

For the standard deviation o, representing interaction (right side of
Fig. 19) the confidence range is defined as

1
<02 <= STr Factarzy (£1:£5) - s2

5L

HN

S |

L —

1 S3x - s
5 F1_<a/2)(f1;f2)

where
£, = f, = 100 and Fo._s»s (100;100) = 1.94.

The broken lines drawn in Fig.19 are calculated regression curves of
the second order.

To check the values obtained in this interaction experiment, the
results of an earlier international comparison [P-4], originally
organized with other aims, were also evaluated statistically. In that
comparison five persons were working on five standard machines, each
person having a set of five blocks of different hardness levels. 17
indenters were used alternately on each machine and each block, producing
five indentations on each. The results of the comparison were already
discussed in [P-28], here only the results of the statistical evaluation
of the machine-indenter interaction are given.

The number of degrees of freedom:

Source f
Between indenters 16
Between machines 4
Interaction 64
Residual 340
Overall 424

The concept of variance between machines is not identical here with
that in the previously discussed experiment. Here it would be better to
speak of "variance between machines, including measuring person and his
set of blocks".

Results are shown in Fig 20 (values marked by small cercles). Values
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5.1.

Results are shown in Fig 20 (values marked by small cercles). Values
used for establishing confidence ranges:

f, =64, f, = 340, Fo_oys (64;340) = 1.44.
All interaction values were found to be significant.

To have a better possibility of comparison with the results of the
analysis of variance of the experiment represented by Table 8, the
results were evaluated also in such a way that only 5 indenters from
among the 17 were taken into consideration. Results are shown in Fig. 20
by the points marked by an x. In this case too all interaction values
were found to be significant.

The values shown in Fig. 19 and 20, respectively, do not differ
significantly.

The existence of a machine-indenter interaction, as evidenced by the
experiments described here, were confirmed by ECKARDT [E-4]. The reason
necessitating this series of experiments was the following.

In a collective standard of five HRC indenters all correction values
were within a band which is about 0.3 HRC large. The corrections for the
same indenters were determined also on another standard machine. The band
in which new correction values were included increased to 0.6-0.7 HRC.
Within this band the relative positions of the individual correction
curves also changed. The series of planned experiments, with analysis of
variance gave similar conclusions asg the previously discussed
experiments. The most surprising result of this series was that two
secondary standard machines were measuring about 0.2 HRC below the
national standard with cne indenter, and about 0.1 HRC above the national
standard when using another indenter. This difference can be attributed
to the machine-indenter interaction.

5. International hardness comparisons
Methods of comparison employed

In international hardness comparisons the standard equipments of two
Or more countries are compared. Standard equipment serves to maintain the
national hardness reference scales of the respective country. Thus the
international hardness comparison determines the difference between
different national hardness reference scales.

The standard equipment (machine, microscope) is stationary, cannot be
transported. The only element of the standard which can be transported is

the indenter.

The connection between stationary hardness standard equipments is
ensured by the hardness reference blocks, serving as transfer standards.

62



1 2
e i
s

3

Fig. 21.

EN
m

Scheme of a s1mple multi-
lateral comparison.

Flg. 22.

CO A
NAYL
HON

©

Fig. 24. Scheme of a multilateral
comparison with different
sets of blocks in each

relation.

63

Fig. 23.

Scheme of a bilateral comparison.

4 1I1/3

II1/2

II/3

Scheme of a multilateral
comparison with subgroups.

1
ON
2}

Another variant of the scheme
shown in Fig. 24,

©

OO
@/



In international hardness comparisons one of the laboratories sends to
another laboratory:
- a set of blocks, or
~ a set of blocks and indenters, which are
- in certain cases accompanied by a measuring person (especially useful
in the case of the Vickers and Brinell method).

The simplest case of a bilateral comparison is shown in Fig. 21. The
circles represent laboratories, the double <circle indicates the
laboratory sending the blocks. It is usual to measure the block before
sending and after the return. The numbers in the figure indicate the
order of measurements.

There are several possible methods for organizing multilateral
comparisons. The less expensive but most time consuming method is
represented in Fig. 22. In this case a single set of blocks is sent
around the six participating laboratories.

The duration of the comparison can be reduced by forming subgroups of
laboratories using different sets of blocks (Fig. 23).

A further step is to send different sets of blocks to each participant
(Fig. 24), or each participant sends his blocks to the organizing
laboratory (Fig. 25). This method is practically a multiple bilateral

comparison.
Other comparison schemes are also possible.

Before starting the comparison, all the details must be agreed and set
down in written instructions. These instructions must indicate, among

others

- the number of indentations to be made,

- the place of indentations on the blocks,

- the time schedule of making the indentations,

- specification of the test cycle,

- cleaning the blocks before the tests,

- preparation of the blocks before sending them back,

- unified tables for the presentation of measured data,
- statistical methods to be employed for evaluation.

A remark concerning statistics is useful here. Statistical evaluation
has become on inseparable part of metrological work. Methods should be
used, however, cleverly, after careful considerations, never
mechanically. In some cases statistics can be used (or misused) to prove
some desirable conclusion, or to reject the same, if desired so. In a
comparison of two measuring instruments (standards) the difference of
results obtained on both is determined. The question, whether this
difference is significant, is answered by using statistical methods.
There are cases when the metrologist is interested to prove that the
difference 1is significant. ("As a result of our work we were able to
prove that our partner measures differently”.) In other cases the
metrologist 1is personally interested to have a not significant
difference. ("The observed difference between our standard and the
international standard is not significant, consequently our standard is
just as good".)
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The following considerations show how such contradictory arguments can
be justified by employing statistical methods [P-9].

Let X, and X, designate the mean of n measurements made by two
measuring instruments (standards). Their difference is

d =X, - X,

To determine whether d is significant the Student-test is employed. By
this test a d,.;, value can be obtained. If

d < duins d is not significant,
if d > dnins d is significant.

In the upper part of Fig. 26, d.;.,. represents the limits for
p = 0.95 confidence level. In the lower part Qin,= the same for p = 0.99
confidence level. It is evident that in the case represented by the
figure, the difference d is significant at p = 0.95. By simply raising
the confidence level to p = 0.99, difference d is not significant any
more. In a better formulation: At p = 0.99 we cannot reject the
hypothesis that X, = X,.

To avoid similar ambiguities, all details of statistical evaluation,
especially confidence levels should be fixed in advance.

Fig. 27 shows d,:./¢0 values within which the zero hypothesis cannot be
rejected, at various confidence levels (p) and repetitions (n).

5.2. Published comparison results

The results of numerous international hardness comparisons were
published. Others were circulated in the restricted circle of the

participants.

Table 9 summarizes in a chronological order the accessible
publications.

Comparison results should not be used as correction values without
further considerations and consultations. Some of the national hardness
reference scales, the relative position of various scales has changed
with time, as it can be seen from an evaluation of comparisons. Some
intentional changes are discussed in point 5.3. Other changes have
unknown or not published reasons.

If the knowledge of the differences of two national hardness reference
scales is necessary for practical reasons (delivery of certain products),
only recent comparison results should be taken into consideration, after
consultations between partners.
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5.3. Redefinition of some national hardness reference scales

As a result of international hardness comparisons, or on other

reasons, in some cases a redefinition (shift) of a national hardness
reference scale may become necessary. Three known cases deserve mention

here.

a)

b)

HRC hardness testers produced in the Soviet Union in the 1930's were
checked by using imported blocks calibrated by the Wilson Company in
the USA [S-8]. HRC values measured in the Soviet industry corresponded
accordingly to the Wilson Reference Scale of that time. The use of
this HRC scale in industry was maintained until 1980. After the second
World War Soviet Metrological Institutes set up deadweight Rockwell
standard machines which were compared with standards of other
states.In this way the values of the so-called All-Union Standard were
conform with other national standards, but differed from hardness
values measured in the Soviet Industry. This anomaly was removed in
1979 by publishing the State Standard Specification GOST 8064~79
establishing the legal status of the All-Union Rockwell standard
machine and of the hierarchy scheme of Rockwell hardness measurements
performed in the Soviet Union. The Standard contains a conversion
table between the traditional industrial Rockwell values (denoted by
HRC) and the Rockwell wvalues of the standard equipment (denoted by
HRC_.). Some characteristic points of the conversion table:

HRC, HRC
20.0 17.8
30.0 28.1
40.0 38.4
50.0 48.7
60.0 59.0
65.0 64.1

GOST 8064 specifies also some practical measures to ensure the
transition to hardness values conform to international practice [K-
14]: Hardness testers used in industry are to be modified; hardness
values specified in drawings or other technical documents must be
given in HRC_, values; blocks calibrated in HRC values can be used with
conversion tables during the two years of validity of their calibrated
value.

In the United Kingdom, in order to disseminate to industries a
standard HRC scale with a level that is commercially wviable whilst
retaining the stability of the national reference scale, a small
corrections was applied to the hardness values assigned to each
hardness block calibrated on the NPL deadweight machine [W-23]. The
corrections, of less than 1 HRC unit, have been evaluated from a
knowledge of the effect of design features in commercial machines
which tend to reduce the hardness values, together with an allowance
for the slightly harder values obtained when using shorter dwell times
of only a few seconds compared with a standardizing time of 30

seconds.

The effect of these technical developments is that HRC values with
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traceability to NPL in 1982 were about 1 HRC unit lower than they were
in the 1970's. This is in agreement with practice in other major

industrial countries.

c) The effect of dwell time and of other test conditions on hardness
reference scales was examined also by the Technical Committee
ISO/TC 164. The changes introduced in the new series of IS0
International Standards on hardness testing, elaborated in the 1980's,
may have an effect on national hardness reference scales.

Earlier loading cycles employed in industrial hardness testing and
at calibrating hardness test blocks were different. In industry the
hardness test should be performed as quickly as possible, of course
without excessive loss of precision. For block calibration the
metrology laboratory has more time, consequently load rise time and
dwell times were specified so that the penetration process be
completely stabilized, to ensure maximum precision and accuracy.

During the elaboration of the revised International Standards on
hardness testing the practical opinion prevailed and was fixed as
specification for the loading cycle: The calibration of the blocks
should be performed in a loading cycle which is identical with that
employed in hardness tests in industry.

What are the possible effects of this decision on existing hardness
reference scales [P-26]?

For the calibration of Rockwell blocks we are specially concerned with
the following elements of the loading cycle:

- t,, time of application of the preliminary test force
- ti, load rise time from preliminary test force to total test force
- tn, time of application of the total test force.

The values given in the old and new ISO specifications for the
calibration of standardized blocks for Rockwell hardness testing machines
are shown in Table 10.

Table 10

Values specified in the Standards

ISO/R 674 IS0 674

(1968) (1988)
to 10 to 20 s 1 to 10 s
tsy - 2 to 8 s
tm 30 to 35 s 3 to 5 s

Time of application of the preliminary test force (to)

The former practice was to maintain the preliminary force for 10 to
20 s, because approximately 10 s was necessary to stabilize the position
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of the indenter. The new prescription is 1 to 10 s. DAMBACHER found a
difference of 0.3 to 0.4 HRC in the final hardness value of a block of
20 HRC, depending on whether the preliminary test force was maintained
for 1 s or 10 s. This tolerance range for time, in the unstabilized part
of the indentation cycle is very wide for calibration purposes.

Load rise time (t,)

The difference of hardness values obtained at the two ends of the
range specified for load rise time (2 and 8 s, respectively) is 0.2 to
0.3 HRC at 65 HRC, and 0.2 HRC at 20 HRC.

Time of application of the total test force (tn)

The value specified earlier was 30 to 35 s, and has now become 3 to
5 s.

Shorter application times mean higher hardness values. This effect is
greater on materials of low hardness. Stabilization of penetration is not
to be expected before 30 s. Table 11 shows hardness values obtained with
different application times.

Table 11

Hardness values (HRC) obtained with a duration of

30 s 5 s 3s
20.0 20.6 to 20.7 20.7 to 20.9
60.0 60.2 60.3

This means that the national hardness reference scales should be
corrected by up to 0.9 HRC at the low end and by 0.3 HRC at the high end
of the HRC-scale. Even the limiting values of the newly specified range
(3 to 5 s) may result in a hardness difference of

0.1 to 0.2 HRC at 20 HRC
0.1 HRC at 60 HRC

Table 12 shows a similar effect in the case of the HRB scale.
Table 12

Hardness values (HRB) obtained with a duration of

15 s 5 s 3 s

55.0 56.1 56.8

Addition of uncertainties resulting from relatively large range of time
specifications

Three kinds of uncertainties, originating from the specified ranges of
time have been mentioned so far (Table 13).
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The resulting uncertainty can be considered in two ways:

a) Let us assume, firstly, that time wvalues within the specified ranges
will be employed by calibration personnel at random. In this case a
standard deviation can be estimated from the sum by quadratic
addition, by using the appropriate formula. the three specified time
ranges result in an increase in the uncertainty of the hardness
standardizing machine by 0.4 HRC.

b) We may assume, alternatively, that a given national standardizing
institute will use only a narrow part of the ranges specified in the
standard. But these will not necessarily be indentical to those used
by other national institutes. The result will be a systematic
difference between the calibrated values obtained by different
institutes which may be as great as the arithmetic sum indicated in
Table 13, namely 0.7 HRC. The international uniformity of hardness
measurements is thus impaired.

Table 13

Range of hardness values {(in HRC)

resulting from the range at hardness level
of time specified for 20 HRC 60 HRC
to 0.3 to 0.4 0.2
ts 0.2 0.2 to 0.3
tm 0.1 to 0.2 0.1

Sum by simple addition

0.7 0.6
Sum by quadratic addition 0.4 0.4

6. Uncertainty of industrial hardness testers

The final aim of all metrological work connected with hardness testing
is the metrological assurance of industrial hardness testers. A detailed
discussion of problems of these hardness testers goes beyond the scope of
the present work. Only some questions are mentioned here, with hints and
references for those who intend to study this field more in detail.

Several decades ago, the first step towards the unification of
hardness measurements was the survey of the state of hardness testers
used in various laboratories, the establishement of their precision and
relative measurement deviation (accuracy). Extensive comparisons were
made, the essential conclusions of which form now the basis of IS0
International Standards on the verification of hardness testers (IS0 71e-
1986, ISO 1079-1989, IS0 146-1984, ISO 156-1982 for the Rockwell, Vickers
and Brinell methods). These Standards can be regarded as the condensed
outcome of many years of egperience.

The metrological behaviour of hardness testers is specified in the
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standards by two characteristics:

Repeatability, i.e. the range of five consecutive measurements made on a
standardized block.

Error i.e. the difference between the meaniof the five measurements and
the specified hardness of the standardized block.

Fig. 28 illustrates this specification on the example of Rockwell
testers at the levels of 60 and 20 HRC respectively. The range specified
for the error is identical (+ 1.5 HRC) at all hardness levels. The range
for repeatability depends on hardness. H is the hardness of the
standardgzed block used. H,, H.,...Hs are the five measured hardness
values, H the mean of the five.

Specifications given in a standard represent minimum requirements
necessary for the use of the hardness tester. In special application more
severe requirements, or other specifications better suited for the given
task may be employed.

In such cases some of the experience of earlier research work may be
useful, such as

HILD [H-4] on the examination of Rockwell testers,

JEGRADEN et al. [J-2] and YAMASHIRO et al. [Y-10] on the examination of
Super-Rockwell testers,

PILIPTCHUK [P-14] on the theoretical foundations of the fine
adjustment of hardness testers,

ROSSOW [R-13] on the examination of Rockwell C testers; with well
founded design of experiments and evaluation of results.

Surveys on the state of industrial hardness testing in various
countries can be found in the publications enumerated in Table 14.

Table 14

State of hardness testing in given countries

Author Reference Country Year of publication
Meyer M-11 F.R. Germany 1957
Rossow R-12 F.R. Germany 1961
Yoshizawa . Y-13 Japan 1961
%ossow R-13 F.R. Germany 1967
Cutka Cc-3 Czechoslovakia 1970
Yano et al Y-26 Japan 1972
Shinozuka-Matsuura s5-18 Japan 1973
Eckardt-Kersten E-1 GDR 1974
Shinozuka 5-19 Japan 1975
Dambacher D-1 F.R. Germany 1978

The real problems facing industrial hardness testing can be better
understood by the following considerations, by the help of an imaginary
example on the heat treatment of a machine component [B-2].
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On Fig. 29 the frequency distribution of the hardness of a batch of
heat treated components is shown, which is supposed to be Gaussian. The
standard deviation of measured hardness values was found to be + 1 HRC.

The value specified on the drawing of the component is {58 % 2)HRC.
Let us suppose that the mean of measured hardness values corresponds to
the prescribed value, namely 58 HRC (what is of course an optimistic
assumption). In this case the tolerance range of + 2 HRC includes 95 % of
all produced pieces, 5 % (area shaded by points) is rejected by the
mamifacturer. The pieces are delivered to another company whose hardness
tester has a systematic deviation of 0.5 HRC with respect to that of the
manufacturer. This means the rejection of another 5 % of the delivered
pieces (shaded area under the curve) when control tests are made.

So far the possible errors of hardness testers were not fully taken
into consideration. According to ISO 716 the error of the hardness tester
may be * 1.5 HRC with respect to the block of the verification officer.
Thus in our example, in an extreme case, the systematic difference
between measurements made by the manufacturer and the receiver may amount

to 3 HRC.

This may result in disputes which can be resolved only by direct
hardness comparisons between the two partners.

Another problem is the random error of the testers. IS0 716 specifies
a repeatibility of 1.2 HRC at 58 HRC, i.e. in the case of five
repetitions of the hardness measurement, the difference between the
maximum and minimum value may be 1.2 HRC. This corresponds to a standard
deviation of * 0.5 HRC. If the manufacturer is cautions, desiring to
avoid disputes, he reduces the product tolerance of + 2 HRC to + 1.5 HRC
so as to take into account the uncertainty of the tester. In this case
(Fig. 29 b) already 14 % of heat treated pieces are to be rejected, in

place of the 5 % mentioned earlier.
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STANDARD SPECIFICATIONS AND RECOMMENDATIONS

IS0 146-1984 Metallic materials - Hardness test - Verification of Vickers
hardness testing machines HV 0.2 to HV 100.

IS0 156-1982 Metallic materials - Hardness test - Verification of Brinell
hardness testing machines

IS0 716-1986 Metallic materials - Hardness test - Verification of Rockwell
hardness testing machines (scales A-B-C-D-E-F-G-H-K)

IS0 1079-1989 Metallic materials - Hardness test - Verification of Rockwell
superficial hardness testing mcahines (scales 15N, 30N, 45N, 15T, 307
and 45 T)

IS0 6508-1986 Metallic materials - Hardness test - Rockwell test (scales A-
B-C-D-E-F-G-H-K)

VIM - International Vocabulary of Basic and General Terms in Metrology.
BIPM - IEC - ISO - OIML, 1984

OIML, International Document D 5-1982 Principles for establishement of
hierarchy schemes for measuring instruments

TGL 31543/31 Staatliches Etalon der Einheit der H&rte nach Brinell (Berlin)

GOST 8062-79 State standard and hierarchy scheme for hardness measurements
on the Brinell scale (In Russian)

GOST 8063-79 State standard and hierarchy scheme for hardness measurements
on the Vickers scale (In Russian)

GOST 8064-79 State standard and hierarchy scheme for hardness measurements
on the Rockwell and Super-Rockwell scales {In Russian)
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