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NATIONAL PHYSICAL LABORATORY

DIVISION OF MATERIALS APPLICATIONS

THE VAMAS HARDNESS TESTS ROUND-ROBIN

ON CERAMIC MATERIALS

by

D M Butterfield, D J Clinton and R Morrell

SUMMARY

This report analyses the results of a VAMAS round-robin to examine the
utility of conventional hardness test methods to hard ceramic materials.
Two high-alumina ceramics were characterised by HR4SN, HV1.0, HVO.2 and
HKO.2 tests at NPL, and then by 22 participants in the UK, US, Japan,
France, Germany and JRC Petten. Participants remeasured NPL's Vickers
and Knoop indentations, and then used their own equipment to repeat the
test series. Analysis of the results has revealed the typical scatter
involved in measurement, the bias of individuals and the bias of
instruments, leading to estimations of the reliability with which
hardness dats can be produced. It is shown that potential errors of
measurement as a consequence of these factors may be as high as 10-1%%
in hardness number on the HY and HK scales and t 1 (an eguivalent
inaccuracy) on the HRN scsle. These limitations need to be recognised if
hardness test methods for ceramics are to be standardised.
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LIST OF PARTICIPANTS:

Us

FRANCE

F R GERMANY

EEC

JAPAN

DISTRIBUTION:

BP Research, Sunbury-on-Thames

British Ceramic Research Ltd, S5toke-on-Trent
British Aerospace, Sowerby Research Centre, Bristol
Imperial College, London

Lodge Ceramics, Rugby

Morgan Materials Technology Ltd, Stourport

National Engineering Laboratory, East Kilbride
Pilkington Brothers, R & D Laboratories, Lathom
University of Oxford

National Institute of Science and Technology,
Gaithersburg, MD (two sets, one with three observers)

ENSCI, Limoges

BAM, Berilin

JRC, Petten, Netherlands

Mechanical Engineering Laboratory

Japan Fine Ceramics Centre, Nagoya

Asahi Glass Company, Tokyo

National Institute for Research in Inorganic Materials,
Ibaraki-ken
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National Research Laboratory of Metroclogy

Participants {2 each)
{see list above) 44 total
VAMAS organisation 2

(B Steiner, NIST)
NPL 10

Overall total 56
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1. INTRODUCTION

Hardness measurements are widely employed in the metallurgical industry
as a quality-control tool and as g means of specifying the resistance of
a material to localised deformation, scratching or erosion. The tests
are based on indenting the test-piece with a hard indenter which may be
spherical, conical or pyramidal. Such tests have been subject to
considerable research and standardisaticn, particularly with regard to
the establishment of indentation procedures, geometry of the indenters,

and the provision of certified hardness test blocks.

Microhardness tests are widely enmployed in the glass industry for
determining the scratch resistance of optical glass, and in the paints

and coatings industry for the same purpose.

The existence of convenient methods of determining hardness has resulted
in their application to ceramic materials without the development of any
firm basis for their validity. Notwithstanding the extensive studies of
indentation fracture processes {1,2,3] in brittle materials, there
remains a lack cof experimental evidence to support the use of hardness
tests as a means of quality-control or specification. In particular, the
high levels of hardness (> 1000 HVS5}, the small size of indentations,
and the combination of plastic flow, fragmentation and gross cracking,
lead to observational difficulties, and hence to considerable scatter

between indentations and to differences between observers [4].

As engineering ceramics become wmore widely employed in conditions in
which "hardness" is an important parameter, such as in shaft seals,
slurry pumps, guides, rollers and other applications where erosion is a
problem with metallic materials, it becomes necessary to understand the

implications of using hardness tests. Important questions include:

{1) what types of tests are meaningful?

{2} what are the limitations imposed by material factors such as grain

size and porosity?
{(3) what are the limitations imposed by cracking and fragmentation?

(4} what are the limitations imposed by observational difficulties,
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including poor contrast and small indentation size?

Previous work at NPL [4,5] has been concerned with the utility of tests
as applied to a wide range of high-alumina ceramics., It has been shown
that cracking tends to be unacceptably severe above HVi.0 in materials
with grain sizes above about 8 um, and above HVS in finer-granined ones.
When indentation sizes fall below about 25 um for HV and 50 um {long
diagonal) for HK, the scatter of indentation sizes increases markedly
due to a combination of increased observational error and the smaller
volume of microstructure tested by the indenter. It was concluded that
the most reliable type of measurement was Rockwell superficial (N-scale)
which although could produce extensive damage, the results suffered
least scatter, and the test could distinguish between differing levels

of porosity and grain size.

In order to verify these conclusions the VAMAS Ceramics Project was used
as a vehicle for conducting a round-robin test of hardness measurement

to provide a body of statistical evidence.

2. ROUND~ROBIN DESIGN

The round-robin was designed to examine the ability of participants to
make measurements of hardness using three common test techniques,
Rockwell Superficial (HRUSN}, Vickers (HV) and Knoop (HK). Each
participant was supplied with two test disecs, both of alumina, but
different types:

A A white, high porosity {99.9%), fine-grained {(~ 1.5 pm)}, low
porosity (< 0.5%} product: "Vitox", manufactured by Morgan Matroc
Ltd (Anderman Division), East Molesey, Surrey, UK.

B : A pink, general purpose alumina, 95% ﬁominal A120 content, medium

3
grain size (~ 5-8 pm), moderate porosity {3-5%) product, with
about 8-10% by volume of a second, glassy phase: "Sintox FA",

manufactured by Lodge Ceramics Ltd, Rugby, Warwickshire, UK.

Material A, by virtue of its nearly fully dense, fine~grained
microstfucture, was employed in order to present participants with as

near a problem~-free high-hardness specimen as possible in terms of
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ability to observe and measure HV and HK indentations. Variations from
point to point should be minimised because of uniform grain size and
high density. The material is used for replacement hip joints, for which
IS0 6474 contains a hardness specification. Material B was chosen in
order to present. more problems to¢ the participant in terms of
nicrostructural inhomengeneity, porosity, cracking and spalling around
indentations, requiring decisions from the participant as to the

acceptability and measﬁrability of indentations.

Each test disc was divided into four zones using baked-on ink lines in
order to define indentation positions, as shown in Figure 1. NPL placed
HRUSN indentations in one top zone, and a line of HV1.0, HVO.2 and HKO.2
indentations in the adjacent central zone. Two experienced observers
with similar judgement criteria were employed for the optical
measurements of the HV and HK indentations in order to provide =
systematic set of data covering all test discs. This allowed statistical
monitoring of the quality of each disc whilst reducing scatter due
operator bias.

Participants were asked to remeasure the NPL HV and HK indentations with
their own available system. A comparison of these measurements with
those of NPL would then show any reading biases of the participants
relative to that of the NPL observer. An analysis of the differences can
be used to determine whether they are random or systematic, and whether
they are of sufficient magnitude compared with the scatter of individual
results to demonstrate unacceptability of the test for gquality-control
purposes. [Note: The HRYSN data cannot be remeasured because the
hardness scale is linked empirically to the depth of penetration of the
indenter after application of a major load but while still under a minor
load.]

Participants were then asked to use their own equipment to make
equivalent sets of indentations in the remaining two zones and to
measure these. The differences between the two sets of participants’
measurements would then indicate the differences between their machines

and/or indenters and those at NPL,

Finaliy, one of the NPL observers would recheck sgome of the

participants' indentations, especially in cases of wide deviation from
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the expected results.

The tests were therefore designed to examine:

1. machine differences

2. systematic biases of measurement

3. scatter of data

b, criteria for acceptance/rejection of indentations due to excessive

cracking or other problems.

5. suitability of the test method as a quality-control tool in terms

of repeatability and discrimination,

The test instructions and the results form for return by the
participants are included as Appendices I and II.

3. PARTICIPANTS

Test discs and instructions were distributed to participants either
directly or through the Japan ¥Fine Ceramics Center (coordinating
Japanese involvement)., Twenty-eight sets were sent, and twenty have been

returned and analysed in this report.

The results have been communicated in confidence to all participants,

from whom agreement has been received to publish the results in full.

4. TEST DISC PREPARATION

As~fired discs of the materials described in Section 2 were purchased
from the respective suppliers in an as-fired form. They were mounted,
six of one type at a time, in a Struers Abramatic automatic polishing

machine, and after initial polishing trials, were all given the same
polishing sequence to give a flat metallographic~guality finish with a

minimum of scratching and grain pluck-out.

The final sequence was as shown in Table 1.
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5. TEST DISC CHARACTERISATION AT NPL

5.1  HRA4SN

Test discs in pairs of material A and material B were subjected to five
Rockwell HRUSN indentations on an Eseway Type S superficial tester with
a 158 dwell time. Before each test disc was indented, the machine was
checked using a hardened steel block of hardness 74 HRUSN supplied with
the machine. No significant trend of result over the test series was
found {Table 3, Figs. 2, 3},

5.2 HV1.0 and HVO.2

The tests were carried out using a Leitz Minilcad II micrcharness tester
at both load levels, The diamond indenter used was supplied by the
manufacturers to the National Bureau of Standards ({now National
Institute of Science and Technology) recommendations as embodied in ASTM
Standard E92.

Before undertaking measurements on the ceramic discs, indentétions were
made in a 576 HV(.1l steel test block supplied by the manufacturer and
certificated by the Staatliches Materialprifungsamt Nordrhein-Westfalen
(F.R. Germany}. The results of these measurements should in principle be
a guide to the observer as to his criterion for placing the cross-wires
at the ends of the diagonals and for checking the instrument
performance., However, the value of the test data are questionable when
the test pieces have such different optical contrast that there can be
no equivalence of observation between the test block and the unknowns.
It becomes unclear as to how the observer should adjust his criterion in
order to match the test block result. The maximum deviations observed
were about 0.5 um in an indentation of diagonal approximately 18 um,
with the observer's measurements being greéter than expected from the
test block. [It has to be borne in mind that the calibration of the test
block by one observer ig similarly subject to both systematic errors of
observation and potential errors of diamond geometry.] It was concluded
that the deviations observed were within expected observgtional criteria
differences and thus the machine performance was judged to be adequate,
No deliberate adjustment of observer's criterion was made except insofar

as the tests were used to allow the observer's eyes to become accustomed
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to the microscope system.

A series of indentations was then placed in each test disc, first using
HV1.0 and HVO.2. At least five HV1.0 indentations were used, more if
some were judged as being unacceptably damaged such as to preclude
measurement. At least ten HV0.2 indentations were made using the same
criterion. The indentations were placed in a line starting 3 mm in from
the edge of discs, the larger HV1.0 indentations acting as a guide to
locating the smaller HV0.2 indentations. Each indentation was numbered
and entered intc the participants' results form so that identification
of unacceptable ones could be made by the participant.

5.3 HKO.2

After a batch of test discs had been indented with a Vickers diamond,
the indenter was changed for a Knoop diamond supplied' by Leitz and
certified as being of correct geometry by the Staatliches
Materialprifungsamt Nordrhein-Westfalen and equivalent to the National

Bureau of Standards recommendations embodied in ASTM Standard E384.

No test block was available for calibration purposes. A series of at
least ten indentations was placed in the same line &s the Vickers

indentations and the long diagonals were measured.

6.  PARTICIPANTS' RESULTS

Participants were asked to make the series of remeasurements of the NPL
indentations, and to make their own series of measurements with their
own machines after calibration checks and according to the suppliers
instructions {Appendix 1)}. The completed results form and the test discs
were then returned to NPL for checking and analysis. Participants' age
and eyesight data, potentially relevant to measurements requiring

microscope viewing, are given in Table 2.

6.1  HRASN

Only one third of the participants had equipment to measure HRY45N; two
used HRA, and one, HRC. Only three participants had HRUSN test blocks
with which to check the machine; the others used HR30ON, HRC or HRA test
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blocks as noted in Table 3. No particular testing difficulties were
noted.

6.2 HV1.0

All participants were able to measure the NPL-placed indentations,
although some indentations in material B proved difficult. It is
suggested that the damage introduced at indentation corners resulted in
loss of material by spalling in the period between initial testing
production at NPL. and their examination by the participants. Material A

caused no problems.

Laboratory 16 used three observers toc make separate assessments,

All but two laboratories made their own HVi.0 indentations, again with
no problems in material A, but some difficulties with material B.
Laborateory 9 used a universal mechanical testing wmachine equipped with

an indenter, rather than a purpose=-built hardness tester.

The measurement of indentation radial crack lengths emanating from the
corners of the indentations posed considerable problems for the
participants. Although overall lengths were of the order of 70 um in
material A, a number of participants suggested they were not
sufficiently long or well defined to measure. No specific illumination
instructions were given, but it is likely that participants attempted to
use the same conventional measurement system as for nmeasuring
indentations, which would not illuminate narrow cracks particularly
well. In consequence, there was a large scatter of results. Material B
did not produce adequately well-defined single cracks, and multiple
cracking rendered measurement uncertain. Nevertheless, some participants

recorded measurements without comment.

6.3 HVD.2

There were few reported problems in identifying the NPL microchardness

indentations despite the fact the some were ignored as not measursble.
Two participants were not certain as to the identification of
indentations in material B, and one commented that the dJdamage around

some indentations rendered them unsultable for measurement. Sone
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additiénal damage may have occurred after the NPL characterisation. Only
one participant commented that he would not consider the result on
material B reliable because of the uncertainties of indentation
geonetry.

No problems were reported by participants in making ' their own
indentations, and only one laboratory could not do the test. The
majority of participants needed to make only ten indentations in
naterial A to obtain ten acceptable readings, but it needed an average
of 13.2 (and in one case 20) in material B to obtain ten acceptable
ones. None reported any chipping damage to the indenters used, but some
reported that they were unable or reluctant to remove the indenters from

the instruments for examination because of problems of realignment,

6.4 HKO.2

Thirteen participants possessed appropriate equipment for this test.
There were no reported problems in identifying and measuring the
NPL-made Knoop indentations, nor in placing their own indentations, in
either of the materials. Most laboratories required only 10 indentations
in material A to obtain 10 satisfactory results, and the average
requirement was 11 (with a maximum of 14) for material B. No damage to

indenters was recorded.
7. ANALYSIS OF RESULTS

7.1  HR45N

Figures 2 - 5 and Table 3 summarise all the test data. The NPL data show
that the discs are reascnably consistent in properties, but a few showed
wider variations among the five indentations made than the majority
(Figures 2,3}. There was no correlation between the small variations in
individual indentations in the 74 HR45N test block and the recorded data
on the ceramics, suggesting that the repeatability of testing with the
instrument used was limited to about % 0.5 about the mean result 74.3.
Standard deviations in the ceramic in each block varied from 0.1 to 0.8
for material A and 0.2 to 3.2 for material B, with overall standard
deviations of the mean results for all test discs of 0.4 for material A

and 0.3 for material B. In other words, the consistency of mean results
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from the ceramics was of the same order as the consistency of indenting

a reference block over g period of time.

Figures 4 and 5 show, in histogram form, a comparison of the NPL data
with those from participants indenting using the HRAS5N method. For
individual discs, mean results are within 1 scale division for all but
two participants for material A, and within 0.5 scale division for all
but two participants'for material B. Laboratories 26 and 28 appear to
read consistently higher than the others for both materials., Close
inspection of these figures revesls that all laboratories measure
consistently either higher or lower than others. This suggests that
there are systematic differences between machines, probably in the
individual diamonds used. Because it was not possible to circulate a
reference test block to obtain a baseline to confirm such variations,
one is forced to conclude that in the absence of the use of a
high-hardness HR4S5N test block, considerable variations in mean results
can arise. In addition, the calibration of a machine using a test block
on a different scale (HR3ON, HRA, HRC, etc}, while being a useful check
that the machine is functioning in the correct manner, does not
necessarily guarantee that the correct results are obtained on a
different scale or different part of the same scale. This 1is
particularly the case with Laboratory 28, where despite acceptable
calibration with & 62.1 HRUSN test block, large deviations from the NPL
results, and from all the other participants, have occurred at above 75
HR4SN. Examination of the indentations in question revealed that they
were not spherical pits, but had a large angular area protruding on one
side. Such a geometry could not have arisen as a result of slight
chipping of the diamond, as this would tend to produce indentations with
inward deviations to their periphery, not outward ones. It is suspected
that there was major damage on the scale of a 120-140 um effective
indentation diameter, but limited to within the scale of 200-230 um
diameter of the test block indentations at 62.3 HR4SN such that the test
block read correctly after the tests on the ceramics. In this respect
the results of Laboratory 28 should be ignored in the overall
assessment, underlining the need to inspect the form of small Rockwell

indentations in wvery hard materials,
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7.2 HV1.0

Table 4§ summarises the optical readings of both NPL and participants'
indentations in material A in terms of the average diagonal lengths of
at least five indentations, and Table 5 is the equivalent for
material B. The averages and standard deviations are calculated in the

normal arithmetic manner,

NPL readings of the initial set of indentations on material A are in
quite a narrow size band. Average results for the different test
specimens cover the range 30.4 to 31.3 um, about 3% variation. Standard
deviations on the set of five indentations are typically 0.5 pum, varying
between 0.2 and 0.8 pm. Participants' measurements of these indentations
showed a considerably wider spread of mean values: 29.6 to 32.5 um, with
standard deviations up to 1.0 ym., Mean results were both higher and
lower than the corresponding NPL figures by up to 1.8 um in the extreme
case, as demonstrated by Figures 6 and 7.

In the case of material B (Table 5) the acceptability of indentations
for measurement was, as expected, much reduced. The coarse-grained
inhomogenous wmicrostructure caused fragmentation at corners of
indentations with a risk of loss or displacement of indentation corners.
Some participants needed to make in excess of 10 indentations before
obtaining 5 acceptable ones from the measurement point of view. NPL's
initial indentations had mean values in each test specimen ranging from
38.1 to 40.4 pm, about 5% variation, with standard deviations ranging
from 0.6 to 2.9 pm, about three times that of material A. Participants’
mean results on remeasuring the NPL indentations ranged from 36.9 to
41.3 ym (Figure 8), somewhat wider than the NPL range, and standard
deviations ranged from 0.3 to 3.3 um (Figure 9). Again mean results were
both higher and lower than those made by NPL by up to 2.9 um at
greatest. A small proportion of the acceptable NPL indentations were
deemed unmeasurable by the participants, either as a result of different
acceptability criteria or due to further losses of fragments around
indentations. The gverages quoted may therefore be for less than Ffive

indentations.

Unlike the case with the HR45N, a comparison of the mean HV1.0 results
for the two materials {(Figures 6 and 8) shows no obvious systematic

relationship between the two sets of results for the participants. Those
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obtaining results high compared with NPL measurements on material A did
not necessarily also obtain high results on material B,
e.g. participants 21 and 26.

The mean and standard deviation data have been converted into hardness
numbers in Tables 6 and 7 to put the spread of data intd the terms
norgally used to express data. The average of the two indentation
diagonals was used in the calculation of esach hardness number, and this
has had the effect of significantly reducing the spread of results. For
material A, NPL mean results of 1831 to 2004 HV1.0, and standard
deviations up to 100 scale units compare with a range of 1759 to 2116
HV1.0 for participants' measurements, with standard deviations up to 129
scale units. For material B, NPL's range of 1151 to 1283 HV1i.0 with
standard deviations up to 159 compare with the participants' range of
1091 to 1385 with standard deviations up to 238.

Whereas the Rockwell HRUSN data are essentially independent of the

machine operator, HV1.0 data depend on two human factors:

(1) personal bias in placing a measurement cross-wire at the corner of

the indentation;

{2) ability of the eye to resolve the position of the indentation
corner within the optical limitations of the system and the

contrast produced.
These are in addition to machine factors:
(3} load applied
(4)  calibration of the magnification of thg system

{5) saccuracy of the indentation resulting from accuracy of geometry of

the indenter and its alignment in the machine,

Participants were asked to check magnifications and calibrations with a
graticule or other suitable device, so factor {4) should result in a
consistent bias in all participants' measurements. Factors (3) and (5)

are not involved in participants' wmeasurements of NPL's indentations,
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and so the comparison of NPL's measurements and participants'’
remeasurements of the same indentations is principally a comparison of

the human factors.

It is desirable to distinguish hetween the elements of randomness of
measurement and randomness of small genuine size wvariations of
indentations. To do this requires comparison of individual indentation
diagenal lengths measured by NPL and each participant. However, since
there was no instruction given as to which of the two diagonals should
be recorded first, this test can only be carried out on the mean results
of pairs of diagonals. It was felt that the best statistical test to use

was to determine the correlation coefficient:

Sxy
r % §s
Yy
E!x—i[;x—-[ . .,
where Sxy = el is the covariance
PSS B4
g2 = z §~T is the variance of x
52 = By=y)® o en ' F
y no1 is the variance of y

It was felt that a wvalue of r = 1, implying full correlation of
measuresgent groups x and y, means in the present case that the
variations in real indentation size are truly followed by the both sets
of measurements. A value of r = O implies complete randomness of the
sets, while a value of r = -1 implies that the two sets are completely
anticorrelated, which in the present case has to be interpreted as a

freak case of randomness (or a most peculiar eye conditiont)

Correlation ceefficients for the NPL and participants' sets of
peasurements are given in Tables 4 and 5, and are illustrated more
clearly in Figure 10, There is a wide spread of correlation coefficients
from - 0.86 to 0.99, the range being wider for material B than for
material A, Interpretation of these results depends upon the assumptions
one makes about the consistency of the NPL observations. If the NPL
observations by only two persons truly reflect the real variations in
indentation sizes, then the participants' measurements correlate guite

well in material B for more than 50% of the participants, but in
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material A for only 20% of the participants. However it is likely that
there 1is an element of randomness in the NPL results to the level of
perhaps 0.3 um, which is about the same as the standard deviation of

measurements treated as averages of the diagonal pairs. In this event,

it would explain why correlation was poorer for material A than for B.
Material A has a smaller real variation in indentation size than B as a
consequence of its low porosity level and homogeneous fine grain size,
The correlation sought between NPL's and participants' measurements is
thus more likely to be obscured by random errors in material A than in
material B. Figure 11 shows a plot of NPL and participant standard
deviations = (plotted as joined pairs of points) against computed
correlation coefficient. There appears to be no distinct correlation
between these factors for material A, but a marked one for material B in
cases where the standard deviations exceed about 1.5 um. From this one
can draw the conclusicn that recorded data from participants can be said
to follow the NPL-observed variations if the standard deviations exceed
1.5 pm. In view of the small population of indentations used {5), there
are questions as to the significance of the computed correlation
coefficients, but it seems likely that observational uncertainties rule
the results on material A, and also on material B in cases where

apparent standard deviations are less than 1 upm.

Also shown in Tables 4 and 5 are the mean results and standard
deviations of tests made by the participants with their own machines.
Eighteen participants were asble to perform the tests. NPL checked three

participants' data on material A, and two on material B.

The mean results were typically within 0.5 um of those recorded by the
same participant on NPL indentations for material A, and only two
deviated by more than 1 pym. The NPL measurements on Laboratory 14's
indentations showed significantly lower results, more in line with the
general trend. On material B, deviations were larger, up to 2 ym or
more. The two NPL check measurements made confirmed participants'
results, Standard deviations on material A were similar to those
recorded on NPL's indentations with two exceptions (Laboratories 9 and
24). NPL confirmed the figures for Laboratory 9. The mean result for
Laboratory 24 was a consequence of bias from one large indentation out
of the 10 made. The rémaining nine gave a result very much in line with

the rest of the data. On material B, standard deviations tended to be
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larger than those recorded on NPL's indentations, probably a consequence
of variations of individuals' assessment of measurability in contrast to
the preselection of those NPL indentations they measured. Figures 12 and
13 illustrate the wvariation in mean results for materials A and B

regpectively.

The radial crack lengths measured from tip to tip are reported as
averages in Table 8 and Figure 14, These data were obtained from
participants' own indentations. Mostly, cracks in material A were
well~formed and posed no measurement difficulties although some
participants declined to take part in the exercise because of
difficulties of adequate resolution of crack ends with the optical
system available. Cracks in wmaterial B tended to be poorly formed,
irregular, and frequently bifurcated. A number of participants refused
to measure them as having insufficiently well-defined geometry. Those
who did undertake the measurements gave a wide spread of results with
high standard deviations. One laboratory commented that in their
opinion, it required HV10 indentations to produce adeguately well
defined cracks for the purpose of measurement of fracture toughness. The
results of the present exercise show that there is a need to exercige
care over illumination and resolution conditions, and that variations in

perception of length are as high as 220 pm, & considerable error.

7.3 HV0.2

Results are presented in Tables 9 and 10 for materials A and B
respectively. The mean results on all test discs of =msterial A& as
measured by NPL are closely grouped in the range 13.1 to 13.9 um, with
standard deviations up te 0.5 um (Figures 15 and 16) indicating a fair
degree of consistency of material and measurement criterion combined,
Participants’ mean measurements are more broadly spread, 12.1 to 14.2 pm
with standard deviations up to 0.7 um. Differences between NPL and the
participants are typically up to 1 pm in mean values, with one result at
1.5 pm, Correlation coefficients obtained as described for HV1.0
indentations are poor, with no results above 0.82, suggesting that
either the NPL measurements or the participants measurements (or both)
are subject to random errors of around 0.5 um or greater which obscure
true size variations. This fact is not surprising considering all the

optical resolution problems at this level of measurement. Material B
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showed a range in NPL-measured mean values of 14.7 to 16.7 um, a
considerably broader spread than for materisl A, with correspondingly
larger standard deviations up to 1.7 pm (Figures 17 and 18), clearly
reflecting the inhomogeneous nature of the material. Participants
readings were 15.3 to 17.7 um with standard deviations up to 2.1 pm.
Differences in mean wvalues between NPL and participants are equally
positive or negative up to 1 um. Correlation coefficients were
remarkably high for ﬁany sets of data, as Figure 19 shows, but, as
demonstrated by Figure 20 which shows a correlation between correlation
coefficient and standard deviation, this is principally a result of the
high standard deviations. Thus, as in the analysis of the HV1.,0
indentations, one concludes that only when real size variations exceed
1 um i3 it possible to argue that random measurement errors are not the

principle contribution to scatter.

In terms of the hardness numbers as conventionally determined, Tables 11
and 12 show a very wide spread of results with differences in mean value
between NPL and participants up to 280 hardness numbers {and in one
case, 537) for material A, and up to 260 hardness numbers (and in one
case, 417) for material B. These differences in material A are larger
than the scatter in mean NPL results for the series of specimens, but
those in material B are similar to the overall spread of the NPL

results. In percentage terms they readily exceed 10% for both materials.

Data on indentations made by nineteen participants are given in Tables 9
and 10. Results on material A (Figure 21} are very similar to those
recorded by the participants on NPL indentations. Differences do not
exceed 0.8 uym and are typically less than 0.3 pm, and standard
deviations are of the same order. Five sets of indentations were
remeasured by NPL as a check. Only those indentations from participant 6
were measured to be significantly different from the participant's
values, confirming that the low results obtained by the participant are
principally due to individual bhias Ilarger than that of any other

participant.

Results on material B (Figure 22) showed a higher degree of scatter, but
similar to that measured by the participants on the NPL indentations.
Remessurements by NPL of the somewhat low values recorded by participant

il were confirmed, and since the equivalent values on material A were
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slightly higher than NPL's measurements, it has to be concluded that if
the result on B is genuine, it is due to freak choice of indentation
locations. Considerable difficulties arose with some of the

remegsurements owing to inconclusive identification of the indentations.

7.4  HKO,2

Results of HKO.2 measurements are summarised in Tables 13 and 14. The
NPL results on material A are moderately consistent, mean values varying
from 35.9 to 41.6 pm with standard deviations in the range 0.3 to
1.6 um, but with one result at 4.0 um {Figures 23 and 24). Participants'
measurements were mostly within 1 pm in mean result with similar levels
of standard deviations., Despite the relatively large standard
deviations, correlation coefficients were widely spread with a number
being negative, indicating the considerably larger element of randomness
in determining the positions of the ends of the indentations than in the
HV1.0 or HVO.2 indentations.

NPL's results on material B also show a wide spread {Figures 25 and 26)
from 41.4 to 48.3 ym in mean value, with standard deviations of 1.2 to
3.0 pym. The participant’'s results covered a similar range, 41.2 to
49.4 pm in mean value and 1.2 to 3.0 um standard deviation. Correlation
coefficients were much higher than with material A, with only five
results being less than 0.5 ({(Figure 27). The correlation between
correlation coefficient and standard deviation shown in Figure 28
appears to confirm that random errors of measurement predominate when
standard deviations are less than about 1.5 pm, but even up to 3 um

there are poor levels of correlation with some participants.

Thirteen participants were able to make their own HKO.2 indentations,
and these were spread at least as widely as those of NPL's indentations:
36.0 to 40.4 pm in A, with standard deviations of 0.2 to 1.6 ym, and
42.3 to 47.1 pm in B, with standard deviations of 1.3 to 6.7 pm (see
Figures 29 and 30). Check remeasurements were made by NPL in a few _
cases, notably where there appeared to be large differences between the
NPL indentations and those of the participants. In all cases, the check
data were within one standard deviation of the participant's values,

implying that the indéntation sizes were genuinely different.
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Because of the relatively large Jlong-axis dimension of the HK0.2
indentations compared with the square-based HV0.2 indentations, the
large standard deviations recorded for the HK0.Z2 measurements are
ameliorated to some degree in the calculation of Knoop hardness number
{Tables 15 and 16). Nevertheless, the ranges of mean hardness numbers,
1650 to 2110 HKO.2 for material A and 1216 to 1670 HK0D.2 for materisal B,
based on NPL measurements, and 1545 to 2488 HK0.2 for A, and 1178 to
1681 for B based on participants' measurements, are considerably wider
than those found for the HVO.2 tests.

8. DISCUQSION

8.1 Materials Problems

The two materials were chosen deliberately to show different
characteristics., Materisl A, with is homogeneous fine-grained structure,
would always have many grains under the indenter area, and thus should

behave in a uniform, relative consistent manner.

Material B, with much coarser grain size, two-phase structure and
significant residual porosity, was chosen g#s an example of an
inexpensive, general-purpose ceramic which would not respond ideally in
hardness tests. This reasoning turned out to be true in the
round~robing. Material A gave reproducible results in the initial NPL
tests, and also when these same indentations were remeasured by
participants. It appeared straightforward to identify NPL's
indentaticns, and they were still in good condition. As far as the

spread of data shows, the set of test specimens were very similar in

nature.

Figure 31 shows a correlation for material A between HV1.0 data and
those obtained on other hardness scales by the two NPL participants.
There is no correlation with the HR45N, indicating that at least one of
the test series was subject principally to random errors. With HV0.2,
there was a much more convincing correlation with most of the pairs of
data lying in a band more or less parallel to the HV1i,0 = HV0.,2 line
plotted in the Figure. With HKO0.2 indentations, there was a very wide
spread of points and no distinct correlation can be seen. Thus small

variations in mean indentation size between the test specimens could
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only be resolved by Vickers-type tests, and using such tests, hardness
numbers were consistent to within & 50 HV1.0 or + 80 HVO.2. It has to be
borne in mind that the specimens could have been significantly
inhomogeneous on the test surface. Rockwell indentations were in a
different zone to the line of HV1i.0 indentations. The microhardness
indentations were towards the disc centres where densities could have
been slightly different. It is not feasible to test for such
inhomogeneity in all the test blocks, so it has to be assumed that the

blocks are homogeneocus.

Material B proved to be much more inhomogenecus than material A. As
Figure 32 shows, there was no correlation between the HV1.0 results and
those of any other test type. The HRHSN tests had a spread about as
broad as that for material A, suggesting that it could be considered as
equally mechanically homogeneous on the scale of 150 um. On the scale of
30 um, the HV1.0 indentations gave a spread in mean hardness numbers of
+ 70 HV1.0, while on the scale of a microhardness indentations, covering
only 230-250 pm?, the spread was + 200 HV0.2 or HKO.2. It was perfectly
feasible for a swmall indentation to be greatly affected by invisible
subsurface pores or, equally well, closely packed groups of alumina
grains with no porosity or 1little secondary phase. Although this
material proved to be variable and it was difficult to obtain useful
data from analysis of the results, it has shown up dangers in relying on

numerical hardness data for such materials.

On a further note, variations of t 0.5 HRUSN represent =z 0.5 um
variation In mean penetration depth. With material A of hardness
88 HRUSN, this represents t 2.8 pm in the 136 um diameter indentation
produced, or x 2.1%, equivalent to 2 4% in hardness number determined
from the (dimensions)? of an optically measured indentation. This figure
is similar to the spread of mean HV1.0 results determined conventionally
of + 5%. A variation of 2+ 0.5 HR4SN is thus a perfectly reasonable
spread of results to expect. In material B, the same spread in HR4SN
wouid lead to only a % 2% variations in an optically measured value
compared with t 6% variation in the HV1.0 results. Again this indicates

the level of inhomogeneity below the scale of 150 um.
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8.2 Participants' Difficulties

Aside from the limited availability of HRY4SN and HKO.2 tests within the
set of participants, the principal difficulties encountered were said to
be identification of the NPL-made micro-indentations in material B, and
the number of indentations this material required in corder to obtain 5
(HV1.0) or 10 (HVD.2, HKO0.2) acceptable ones from the measurement point
of wview. None of the participants stated that they had difficulties with
the optical contrast, nor in judging where the measurement cross-wires
should be placed, but clearly there were wide differences between NPL
and participant measurements in a number of cases indicating the

adoption of radically different criteria.

Overall, the worst problems appeared to be with the radial crack length

measurement in material B owing to bifurcation.

8.3 Optical Measurement Criteria

It should be noted that no optical criteria were given to participants
as to how to place the measuring cross-wires at the corners of
indentations. Their own judgement was required, and this can result in a
significant bias to the results of any individual. It is interesting to
note that the NPL researchers are almost in the middle of the population
as determined by the range of differences in results between NPL and the
individual participants. However, it does not appear possible to
calculate individual biases from this exercise because of lack of
consistency of real indentation size and the random error involved, but
they could be as large as + 1 um in Vickers indentations and ¢+ 3 pm in

Knoop indentations.

The participants' stated eyesight conditions covered the range from
20/20 vision to astigmatic, and ages varied from 19 to 54. NPL operators
were aged 19 (20/20 vision) and 58 {short-sighted). Attempts were made

to correlate results with eyesight and age, but no clear pattern emerged

to explain the spread of data. The results are thus most likely to be

contrelled by & combination of random variations in the real indentation

sizes, random errors in measurement, and individual bias.
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8.4 Limitations of Hardness Tests for Hard Ceramics

Table 17 summarises the estimated relisbility of hardness measurements
on the two materials in each of the tests. Five aspects are listed and
are described in the table footnotes. The variasbility of the materials
themselves, based on the spread of mean NPL results, is of the same
order as the spread of results on each specimen determined blind by each
participant. Comparing NPL and participant measurements of the NPL
indentations reveals that the bias of the participants relative te NPL
was usually less than the two factors above. Comparing the participants'’
neasurements on the NPL indentations and their own set reveals the
possible machine bias due to variations in loading, diamond geometry and

calibration of magnification.

The overall ability of any two observers operating any two machines to
agree that a material is or is not harder than a set level, e.g. in
conformance with g specification.'is dependent on all the factors above.
The manner is which the possible errors and bisses combine is uncertain,
and the end result will depend on how this is done., The final assessment
in Table 17 is based on simple root sum of squares of factors (2} to
{4). These figures are confirmed by the correlation coefficient data in
Figures 11, 20 and 28 which indicate the typical differences in
indentation sizes that are required in order that two observers
correlate to a level with r > 0.9, Material variability has not been
added as it may be the factor that needs to be investigated as part of
testing to a specification. '

The final assessment shows that the possible resolvability in Rockwell
testing is about * 1 HR4S5N for both materials, which is proportionately
a much larger difference for high hardness material A than low hardness

paterial B in terms of percentage variation in penetration depth.

The Vickers and Knoop tests all have similar levels of uncertainty in
hardness number for both materials ({150 to 230 wunits) despite
differences in percentage variations of indentation dimensions, and
Knoop measurements are no less variable than Vickers indentations at the
microhardness level. Possible larger errors in percentage terms with
material B are offset by the larger indentation size and the small

hardness number resulting.
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1t should be neted that the possible érrors can be significently reduced
by reducing participant bias, or the combination of participant and
machine biases. For this, wider availability of high-hardness test
blocks would be required in order that observers can redefine their
measurement criteria. The use of low-hardness test blocks may not be a
sufficiently sensitive means of identifying changes the observer should
make to his criteria, and, as we have seen with HRYSN data from
participant 28, may ‘not reveal calibration prcblems due to damaged
indenters.

8.5 Recommendations for Standardised Tests

1. Hardness tests may used for engineering ceramic materials provided
that it is recognised that errors and biases lead to high levels

of uncertainty which increase with increasing hardness level.

2. Microstructural features must be much smaller than the size of the

indentation used.

3. An adequate number of indentations must be used, preferably 10 or
more of good geometry. {Part of the possible scatter in mean HV1.0

test results may be due to the use of only 5 indentations.}

b, Badly damaged indentations must be ignored. Cracking from corners
has to be accepted, but the impression of the corners must be

undamaged.

5. The machine/observer combination must have a means of calibration,

preferably a high-hardness test block, especially for HRUSN.

6. The geometry of the diamond indenter must be checked at intervals
especially in the high-load HR45N tests, by inspecting either the
diamond or the quality and shape of the indentation.

7. It should be recognised that possible systematic errors in
hardness numbers are in the range 10-15%, or even greater on high
hardness materials (> 2000 HV or HK}, when the numbers are to be

compared with a specified level.
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8. Rockwell hardness numbers above asbout 85 HRUSN risk large errors

due to poor discrimination between different hardness levels.

9.  CONCLUSIONS

1. The VAMAS international hardness round-robin has been analysed and
assessed to enable some recommendations to be made and limitations
to be established with- regard to the hardness testing of hard

ceramics.

2. Observer biases and random errors are the major sources of
possible error in hardness measurements which contribute towards
errors of 10-15% in hardness numbers produced by Vickers and Knoop
tests, Machine biases are * 0.7-0.9 in HRUSN tests.

3. There is & clear need for the use of a high-hardness test block
for the calibration of HRUSN machines for operation above 75 HRUSN
to reduce machine bias. Test blocks are also required to ensure

observers have correct measurement criteria for HV and HK tests.

4, In using hardness tests to compare & material with a specification
or other independent source of data, the errors listed at 2, above
must be recognised as a limitation. These errors will be less in

instances where a single observer ranks materials.
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Grit size, Lap type Time, Load,*
Hm 8 N
20 Petrodisc M- 60 100
6 Petrodisc M 300 200
6 DP Plan® 600 200
3 DP Plan® 600 200
1 DP Plan® 600 200

1
1

Total load applied to 6 specimens

Petrodisc M is a rigid filled polymer lap with embedded diamond grit

DP Plan is a synthetic woven cloth
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Table 2 - Eyesight and Age

Participant Age Eyesight Glasses Comment
code®
4 52 3 N Mildly
5 39 5 Y
6 25 2 N Very mild
9 23 2 N
11 23 | 1 N
12 hg b Y
13 24 1 N
14 b1 5 Y
15 28 . 1 N
16A 33 3 Y Contact
lens
16B 19 2 N
16C 33 2 Y
19 28 2 N
20 21 1 N
21 25 1 N
22 24 2 Y
23 27 b N
24 25 4 N
25 39 4 N
26 36 4 N
27 25 2 ' y
28 54 4 N
NPL 1 19 1 N
NPL 2 58 2 Y

* The eyesight code used was that shown in Appendix II, i.e. 1 = 20/20

vision, 2 = short-sighted, 3 = long-sighted, 4 = middle-sighted,
5 = significantly astigmatic.
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Table 8 - Crack length data, HV1.D

Disc Material A, um Material B, pm
No. Mean s.d. No. Mean s.d. No.
i 87.1 5.2 14 78.7  12.9 10
5 - -
& - -
9 58.0  10.2 17 64.3 124 15
11 6h.2 6.4 19 65.4 8.0 4
12 84.5 1.6 10 n.m.
13 85.6 6.6 10 n.m,
14 - ' -
15 - -
164 77.4 7.6 10 67.9  12.0 . 8
19 - -
20 - ~
21 70.8 b.7 10 n.m.
22 n.m. n.m.
23 82.1 7.7 12 38.0 2.5 12
24 68.5 8.7 20 72,7  10.7 7
25 67.9 6.2 10 68.9 - 1
26 67.3 7.5 10 61.2  10.9 10
27 84.8 5.3 10 . 57.1 4.0 3
28 70.6 4.8 10 75.1 13.4 10
Overall
mean and 74.5 9.5 64.9 11.5
s.d. of
means

5.d. = standard deviation, n.m. = not measured
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Figure 1 Scheme of layout of indentations in test discs
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Comparison of mean HRUSN results on material B produced by

NPL and individual participants.

Figure 5
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Comparison of mean diagonal lengths of HV1.0 indentations in

Figure 12

material as placed by NPL and by the participants, as measured

by the participants. Check measurements by NPL are shown as

broken lines.
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Figure 14 Measurements of total radial crack lengths emanating from

corners of HV1.0 indentations placed by the participants in

both materials.
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Appendix I

VAMAS

Test Procedure for Hardness Testing of Ceramics Programme

1 MATERIALS
Two test specimens are supplied in the form of polished discas.

{1) a 99.9% A1203, 2 ym grain size, density typically > 3.95 Mgm'3
("Vitox™, Morgan Mabtroe Ltd, Anderman Diviaion, UK) - "white™,

(2) a 95% A1203, 5 pm grain size, density typically 3.70 Mgm"B, porosity
~ 5% by volume, second-phase content ~ 15% by volume ("Sintox FA",
Lodge Ceramies Ltd, UK} -« "pink".

2 PURPOSE

Hardness teating of hard ceramics has not been standardised. The purpose
of this exercise is to evaluate the reproducibility with which different
laboratories using different testers can measure hardness. The materials
have been chosen to represent two types of behaviour. The 99,9% A1203
white material has high hardness, little load-dependence of hardness,
low porosity, and a fine grain size. Testing thia material should reveal
the limits of precision attainable. On the other hand, the 95% A1203
pink material is two-phase, has a higher level of porosity and is
generally more difflcult to test satisfactorily. Testing this material
should reveal the difficulties that conventional multiphase materials
pose. The exercise covers Vickers, EKnoop and Rockwell auperficial

hardness tests.

3 RATIONALE

The supplied specimens have a set of Vickers and Knoop indentations in
them. Participants are asked to measure the size of the indentations
according to a set procedure. These indentations will already have been
measured by NPL. The purpose is to establish reproducibllity of reading.

Partlcipants are then asked to make thelr own hardness measurements

according to set procedures, and to return the blocks to NPL for
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remeasurement. The purpose 1s to establish machine reproducibility.
Participants are asked to supply details of thelr test machines and
whether they have been able to follow all aspects of the test procedure

recommended .

5 QUTLINE TEST PRCCEDURE

4.1 Layout of indentations

Figure 1 shows the layout of the NPL-produced indentations, placed in
defined arrays on the specimens., Also shown are areas in which
participants are asked to make their own indentations in order that they
can be located later by NPL. Note that the NPL-introduced HV1.0
indentations act as locators for the 1line of NPL wmicrohardness
indentatlions. Participants are asked to make a similar set of
indentations in the areas indicated in Figure 1.

DO NOT ATTEMPT TQO RE-POLISH OR RE-~GRIND THE SPECIMENS. THEY MAY BE
CLEANED, BUT USE ONLY ETHANOL.

b2 Measurement of NPL-produced Vickers and Knoop indentations

Participants are aaked to use a microscope filtted with a fllar measuring
device {moveable cross-wires) or a microhardness tester with a
purpose~built measuring device. The overall magnification of the
measuring device must be checked by use of a reference graticule, and
the calibration obtained must be applied to all the measurements made,

Illumination of the microscope 1a an important factor in making
measurements. Best illumination can be obtained by following the
procedure given in Reference 1. In particular the aperture stop should
be restricted to the field of view (or smaller) in order to reduce light
scattering around and beneath the indentations. The illumination may not
be adjustable in microhardness testers. The system should be focussed to

bring the indentation corners to their sharpest appearance.

Participants are asked to measure both diagonals of the Vickers
indentations and the long diagonal of the Knoop indentations, and to
record their measurements on the attached sheet. The set of Vickers and
Knoop indentations shown schematically in Flgure 1 are most readily
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tocated by focussing the microscope or measuring system on the
teat-piece edge and traversing the test-plece for a distance of 3 mm
along the centre-line of the indicated band. This should locate the
firat of the set of HV1.0 indentations. The next indentation is 0.25 mm
further on, and 30 on across the specimen, Microhardness indentations

are 0.1 mm apart along the same line.

IMPORTANT NOTE

The sequences of indentations inserted by NPL will include some which
are considered to be unacceptable because of excesslve cracking,
fragmentation, or chipping. The teat sheets attached to these
instructions will refer to identified indentations numbered in seguence
from the edge of the test-piece, including those which are unacceptable.
Thus the participant will be asked to measure, for example, indentation
numbers 2,4,7,8 and 9 out of a total of, say, 9 indentations of a
particular type numbered in sequence from the one nearest the speclmen
edge. Similarly, when participants make and record thelr own
indentations, the same scheme should be adopted in order that NPL can
identify the participants indentations for remeasurement later.

4.3 Participants' indentaticns

Particlipants are asked to place their own 1indentations in the areas
indicated in Figure 1 in the sequence shown. The following preferred
indentation types are suggested, with alternatives in brackets if the

preferred types are not avallable:

Rockwell Superficial HRU5N (Rockwell A)
Vickers macrohardness HV1.0 (Hv2.5)
Vickers microhardness HVO.2 (HV0.1)
Knoop microhardness EXO.2

Minimum numbers of & of each macrohardness determination and 10 of each
microhardness are required, with measurements recorded on the attached
sheet., These can be made either before or after measuring the
NPL~introduced indentations,
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5  CALIBRATION CHECKS ON PARTICIPANTS' MACHINES

5.1 Roeckwell machines

The standard calibration procedure as recommended by the manufacturer
should be employed. The machine should have recently been serviced and
checked., A high hardness test block should be used to ensure the machine
is reading accurately. A minimum of 5 test indentations should be made.
Any discrepancy between the test~block nominal value and that abtained
on the machine should be noted. The test block should be used before and
after undertaking tests on the supplied specimens, It is preferred that

the calibrations are made on the same scale as used for the tests,

The indenter used should be a single crystal or a polycrystalline
diamond, and should be inspected before and after the test for any

damage.

The preferred test scale is the superficial N scale, 45 kg load, since
this load can be tolerated by most strong ceramics. If a superficial
tester is not avallable, the A scale may be used on the 99.9% A1203
white material {the 95% A1203 pink material may crack),

5.2 Vickers macrohardnessa

The preferred load is 1.0 kg, considered to be the highest practical
load at which cracking is not excessive, If this load is not available,

a higher load, such as 2.5 kg, may be used.

If the tests are to be made on a standard Vickers {30 kg) machine with

reduced load, the optical measuring system should not be used since it

is not sufficlently accurate for measuring small indentations.
Measurements ahould be made by calibrated optlical micrascope (aee 4.2
above) or using the optical system of a microhardness tester {see 5.3
below). {This does not apply if the tests are made on a microhardness
tester.)

Make an indentation in a metal test block and check that the indentation
diagonals are of equal length., If not, follow the normal adjustment
procedure to align the diamond. When symmetrical indentations are
produced, use a standard test block of as high hardness as possible,
preferably greater than 700 HV, and make at least 5 indentationas.
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Measure the diagonal lengths, calculate hardness and standard deviation,
and report on the attached form. '

If an electronic load cell is available, check the load applied to the
specimen during indentation, Use the calibrated load t¢ make hardness
calculations. [This ia intended particularly to check high-load machines
not normally calibrated or used at low loads where frictional effects
may be significant.]

5.3 Vickers and Knoop microhardness

Set up the optical illumination as recommended above, or according %o
the manufacturer's recommended procedure. Make some trial indentations
in a standard test block. Check that the Vickers indentation diagenals
are of equal length and that the indentation is not skewed. Adjust if
necessary., With the Knoop indenter check the indentation is of a regular
kite shape, and is not skewed. Use an objective magnification of at
least x2% and an overall magnification of at least x400. Use a graticule
to calibrate the filar or other wmeasuring device to check the

magnification accuracy.

Check the machine calibration and the operator's measurement criterion
by placing at least 5 indentations in a standard test block of at least
700 HY or 700 HK. Record the results on the attached forms, and also

record any unresolved problems of measurement,

If possible, check the force being applied by use of a load cell. Record

any differences between nominal and actual force.

If possible, inapect the diamond indenters before and after testing and
report any chipping or other defects in their appearance. Note any ridge
on the apex, or any flats on the edges,

6 TEST INDENTATIONS

Areas of the specimen for indenting by participants are shown in Fig.i,
Indentations should be made in the sequence shown. The minimum number

and minimum spacing between acceptable indentations must be as follows:
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-6 -
Type | Scale Number Minimum Spacing
Rockwell HRUSHN {or HRA) 5 3 mm
Vickers HV1.0 (or HV2.5) 5 0.2 mm (0,5 mm)
Vickers HYVO0.2 (or HVO.1)} - 10 0.1 mm
Knoop HKO.?2 10 G.1 mm

It may well be found that some indentations are not measurable owing to
eracking or chipping. Participants are asked to use their own judgement
as to the acceptability of each indentation. Even if ot acceptable,
they should be included on the attached form in order that individual

indentations can be identified and checked by NPL if necessary.

Both axes of the Vickers indentations should be measured, the average
taken, and the hardness number calculated according to the formula:

HY = 1.854% P/dvz

where d_ is the mean diagonal length in mm, and P is the applied force
{actual force as determined by a load cell if possible) in 'kg'.

The long axis of the Knoop indentation should be measured, and the

hardness number calculated according to the formula:

HK = 14,229 P/dkz

where dk is the long diagonal length, and P is the applied force {actual
force as determined by a load cell if possible) in 'kg'.

Tne Rockwell hardness number should be read directly from the scale to
the nearest 0.1.
7 REPORTING

The attached results sheets and specimens should be returned to NPL for

checking and collation of results.
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8  INDENTATION FRACTURE TOUGHNESS

An additional optional exercise is felt to be worthwhile if participants
are willing to undertake it. Using the HV1.0 series of indentatilons
introduced by the participants, it should be possible to didentify the
main c¢racks emanating from (or from near) the corners of the
indentation. Participants are requested to measured the total lengths of
the cracks from one side of the indentation to the other (l1 and 1, in
Fig.2) for each of the indentations in the order in which the
indentations were made. The measurements should not be made until at
least ' h after the indentations were made in order to allow crack
growth to stabilise. Please note on the results sheet the nature of the
jilumination or observation technique that was found to be the most

appropriate to identify the ends of the cracks,

Evaluation of the data will shed some light on the repeatability with
which crack lengths can be méasured as a guide to the possible
appropriateness of the indentation method for determining fracture
toughness,

REFERENCE
Peggs, G N, Leigh, I C, Recommended procedure for mlcro-indentation

Vickers hardneas test. NPL Report MOM 62, March 1983. (Copy available on

request.)
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3mm

NPL HR45N NPL HVO.2

NPLHKO2 /77777 NPL HV1.0

\-__

Participants zone Participants zone
for HV and HK for HR45N

Fig.1 lLayout of test speclmens showing position of NPL indentations

and zones in which participants indentations ahould be made.

- ; -

Fig.2 Measurements of c¢rack length of HV1.0 indentations.
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Appendix II

VAMAS

Hardnesas testing round robin

Results Sheets

Name s e A s AR e R N R R I A A I A B B O BB B B L O A

ﬁffiliatioﬁ L I I I T B B B A B B B

R RTINS O LN

Persons undertaking tests (if different)' -
Age Wearing Evesight

glasses
Y/N
ROCKWELL L4eavseccascnsvsvosossanns RN erumsse  sereeecsnia
Vickers (..o viosrasesranssssronne “ee teveats  asssresevaes
Vickers microhardness ...c.eaveess . srerans  sesesrerenans
Knocop microhardness ..eeveasronnna . cessene e esanvEacs

Details are treated 1in confidence and are to be used to correlate
results with age and condition of eyesight.

* 8
Please use following code.

1 20/20 vision 4  middle-aighted
2 short-sighted % significantly astigmatic
3 long-sighted

When completed these results forms should be returned to:
Dr. R. Morrell
Division of Materials Applications
Natlional Physical Laboratory
Teddington
Middlesex TW11 COLW
UK

DG KOT FORGET TC RETURN THE TEST SAMPLES OF ALUMINA!!
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-2 -
RESULTS SHEET 1 - ROCKWELL TESTS
Machine type (make, model}
Scale used: . HRH4EN HRA

Test block hardness ...iieseaverneneas

Measured values! before tests after tests

LR I ) NN

Means and standard
deviations

Teat results

Please record all results in sequence across block, with at least five
acceptable ones.

White alumina (1) verenvenan Pink alumina (1) e
{99.5%) {2) ciaieeinen (95%) 0
(3) teessessas (3} e
€ . () besiraenes
Enter "nm " for (5) ...iieieeen (5) ceeiiiiens
indentations (6  veviennnnn () srieirininnn
not measured (T} ceiivanens & O
{(8)  iiiiiaees {(8) veriiinunn

Means and

standard deviations

Comment on any measurement difficulties, changes in indenter conditibn, ete.
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RESULTS SHEET 2 ~  VICKERS MACRCHARDNESS TESTS

1. Measurement of NPL HV1.0 indentations.
Equipment used for measurement of indentations ...oveiveiieinnnns

Nominal magnification .......X Calibrated magnification ....,...%X
using graticule

. White alumina " Pink alumina
no. d,,mm d,,mm no. d1,mm d,,mm
(1) cernr  sesesans feeanaes Cesee mesnsaan Ceerarens
(2) cares  msmseens et aeaen teaser seseseas ceseanan
(4) crere aesasans ceeannse Ceere eesesens Ceeeeene
(6} isate  saasesns terearen sense aresrree ceav s

Overall means
and atd. devs.

* Number in sequence from indentation nearest the edge of the apecimen.

2. Participants indentations.

Machine type (make, model) ...ceveovecusnnnronasrssssesronosanans
Scale used: HV1.0 HV2.5

Calibration of load: Actual 1oad ..ieeerreKE Not done ......
Test block hardness ....cveseera

Indentations in the test block: (please make at least five)

Measured values: d,, mm dy, mm dpo.,, @0 BV
(1) cesaaaan Crerenas cereeaes seeersan
(2) Ceseaans crraeees Cevanenn ceerraee
(3) creerans ceeesens ceteenan terreans
(4) cesreaes vesannes verreens Chedsene
{5) creeanas cereenen cerranes sereeses

Mean and atandard deviation
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RESULTS SHEET 2 - CONT,

Ceramic tesat reaults,

Scale used HV1.0 HY2.5

Please record results in sequence across blocks, ineluding at least
5 you find acceptable, Enter "nm" for those you consider not measurable.

Indent no. d mm d,, mm 4 , mm HY
White alumina: 1 2 mean

(1) creenaens RN Cerriees cesaaans
(2) ceeesaes Cevesens N ceresaens
(3) ceraneas ceerenas Chesraes esrrean
nm = not  (4) resaens cersenns erieasan Ceenraas
measured  (5) Cereeans Pevasaen Ceceaene fereraan
(6) Cernaaee RN cersseen besranes
(7} verrerse T anessess teerenae ceeesaas
(8) ceeareas Chesesas ceerasas ceerernn
(9) ceerains chesarans RPN Ceereans
{10} eerenns cereaens Cerreens Peesuune

Mean and standard deviation

Pink alumina:

(1} caaena . Cessanae crnraaan ceaseenn
(2) LR R R ) N EREEERNE P N LR S N T ]
(3) ceevsians Crresies ceesruas cereanas
nm = not {4} feesraas carrress Creaases creaanse
measured (5) v cestr s ceseba s ersieses
(6) Ceseaana Ceeasres fhaeares Ceereaan
{7 Ceeraans Cereaeas creeeens .
(8) tesseres carasser aeasaeas P
(9) Creasees cesrarna veeerins Cheaea s
{10} Cerranas eceen . Cerrsaes Cersanae

Mean and standard deviation
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RESULTS SHEET 2 - CONT.
Indentation crack lengths: {measured as described in Fig.2)
{Insert "nm" for cracks visible but too poorly defined to measure, and
na" if no crack is visible emanating from near the indentation corner

on elther side of the indentation.}

White alumina _ Pink alumina
Indent no. 1y, om 1,, mm 1y, mm 1,, om

(1) LRCEE R A I A ) LR IR i ) LRI R ] I R R )
(2) LI A A ) TR I N A ] R RN LI N B
(3) LRI I A N ) . N I BRI LI B R R LR BN R R
(u) NN A LRI I B ] DR I N A ] I N RN ]
(5) IR R PN R ERCICRCN N NN EN
(6) A E e PR A P AT I ) PR RN
(7) LRE TR N ERC R A ) LRI A I ] PR R I )
(8) RN DRI B LRI B SR ) LI BN ]
(9) LI N L DR NN R EE B LS LI N N B ]
(10) R DRI R LR N N TSI N A

Means, + atd dev
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1. Measurement of NPL HV0.2 and HKO.2 indentations,
Equipment used for measurement of indentations ...... N

Nominal magnification .......% Calibrated magnification .......x

Vickers, HV0.2 Knoop, HKO.2
Indent no. d1, mm d,, mm Indent no. d), mm

White alumina:

(1) e e oaa LR T R LRI I N I I A ) LR ser e a e
(2) e RS RSN LRI A I ) LI ] LEL R RN B R I )
(3) PR ] R LR IR BRI N N LI ) LI RSN S R )
(q) LR ] LR R NI A ) LR R R I e LR AR SR )
(5} ------------- 4 s ssamnm e L] kR
(6) 4 a0 LR R B R LIRS R R A LR RN ] LR I R B I
(T) LI ] LR R I A *rane e LI a4 s umsn ERC RN
(8) a4 an LI R N ) LI R R ) e FEC R RN I A )
(9) e ww LR B N LI BN B ) L B ] NN
(10} ----- LR RN N B N ) LI S R B A ) I N B L LI

Means and std. devs,

Pink alumina:

(1) LI LRE I R O N ) LN A B ) . e I N N RN
(2) ke LU RN A N CRE RN R B A ) LR I RN
(3) P N ] LRSI N B ) LI SRR B LI Y LRI I R )
(u) L Y A4 s 4 s eHFr A a2 samsasmram s wmaa RN RN
(5) A D N N I e L | e ouw e ERCRE RS R N )
{6) PR ) LI B NN B I ] L RN N LI ) LI N R Y
(7) e aes mraramEs e N RN - e R A ]
(8} LRI Y s 4 s + LR RN S I 44 an FE R R )
(9) I L L R ) v aw DR TR I A ) LR LRSS R )
(10) ----- LRI S R A ) LI AR N ) L LRSI A I

Means and std. devs.
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2. Participants indentations.
Machine type (make, model} ....eoeevervecscasnransnccans .
Last serviced (mOnth/year) ..vseiivssensscconossvsssseses
Nominal optical magnification ...evvccienevviverruennraslX
Calibrated magnification ...cviiiveninsniiiniseinineneannX
Calibration of load:

Actual applied load .vievvrectavrienenscssssnarsanraras

Not done ....... B S I T
Calibration:

Tesat block hardneas eensws HV sessss HK

Test block resulta:
Vickers Knoop

d1,mm d, ,mm dpean Hv d ,mm HK

(1) LRI PRI I A R CRCRC N B R LRERU R I ) S P ET I P L IR )
(2) ERE R A LR I B LRE R A I L ) PR IR CRCRC N B
(3) PR R ) LRI LR ) LRI B LR I N - wwh e
(u) LN FRE R I ) L R ) LI R A B LR I S ¥ 44 s 4w
(5) LR I ) PR I N I N N I N LRI I )

Means and std devs
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Tests in alumina:
(Please use consecubtive numbering for all indentations including those you
conaider to be unacceptable, recording in the table below the numbers and
measurements of at least 10 that you consider acceptable.)

Indent d1,mm dz,mm dmean’mm HVO,2 Indent 4

no. no.

¢ O HKO, 2

White alumina:

.. an LR N R Ak e e CRC R I S ) CRC RN B N LR LR R ) 0L E e
e LRE TN B * a2 nEm e Eas LR R 22 08 s E s »aew LR P CRC R B B
LR NI #r e E e nn “e r e A LR N NN N 4 = am CRE R B LR )
. aaw e s umsaw PRI R LR I ) LRI ) RN PR R N ) DU I I I
PR LR B LR U I ) LI A A L R ) LI E N N ] DR A )
LI ) PR A ) R AR LRCRE S A LR N R LB LR NN L LRI
.- PR I LI A A Ra N T e L B e m RN RN - rE ko
ER N LU R B S LR I N 48 A s L ] LR I LR )
» . e LR A LRI SR LRI I ) LU I " PR R N LI I
LRI LR A ) LI N N LI N LN N LI ] LR ) LR I

Means and standard deviations

Pink alumina:

L) PRI A I Y LCIN NI R LR R N LR RN I B *wa LR LR I )
- s an CRE R R B LRI A LI B ) LRI ) LR LR N ) L
LI ) LI I B EE s e e "em s LR B ) e e *a s nEw DR )
- v e LRI I I FRC RO I Y LR R I N LRI N ) . e LRI B B LRI
. ke LR I DR I R LR I LRI LI ] IR ) LRI
LY D A N ] DR ) Ar A Er A ERC R R ) LR A n s e s oa LR R B
> . R DR ) LR N LU B B ) -s o L N L DR R A )
LN ERE I A ) “e ks rasw CEERE I B DR R ) LU ] CRCEE N I ] L RN
L] e b b LRI ) LR I ) LR A I B ERERCA ) L R LR
L) N NN ] a s e FRCRC I ) LI R S N ] LR IS I DU BRI

Means and standard deviatlons

Visual examination of indenter
Please comment on chipping or geocmetry of the diamond indenters used.

Before:

After:
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Distribution:

Participants 44 {see p.3)
NIST (VAMAS) 10
NPL distribution 24
Reserve 22
Total 100

Reprint 1992 20









