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Abstract

The objective of the submitted paper is to anatheeinfluence of the load on the calibration of raibardnes
and hardness testers. The results were validatdigagurement Systems Analy$MSA), Analysis of Varianc
(ANOVA) and Z-score. The relationship between thadl and micro-hardness in calibration of miberdnes
testers cannot be explained by Kick's Law (Meyandex “n” is different from 2). The conditions of Kicl
Law are satisfied at macro-hardness calibratios védues of “n”"are close to 2, regardless of the applied
The apparent micro-hardness increases with theaser of the load up to 30 g; the revarsentation siz
effect (ISE) behavior is typical for this intervafl the loads. The influence of the load on the mests micre
hardness is statistically significant for majortycalibrations.
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1. Introduction

The Vickers test is the standard method for meaguhe hardness of metals, particularly
those with extremely hard surfaces: the surfacsulgected to a standard pressure for a
standard length of time by means of a pyramid-sthaji@mond with a vertex angle of 136°.
The diagonal of the resulting indentation is meesdumder a microscope. The Vickers testing
method is the most accurate and sensitive hardtests method. It is unsuitable for
inhomogeneous and coarse-grained materials. A tighig prepared surface is required
before the test. The micro-hardness measuremeentiédl to the Vickers method, is
frequently used for measurement of small itemshor kayers hardness and identification of
individual phases in metallography. The micro-hasintester is usually a part of an optical
microscope. Like in any test of mechanical propsttithere is the obvious requirement for
reliability of measurement results, which is unkahle without sufficient quality of the
measurement process [1].

The advantage of the Vickers test is macro-hardimekpendence (by definition) on the
test force, because the indentations with varicagahals are geometrically similar. The
stability of macro-hardness despite of force chaisyedescribedby Kick's Law [2]. The
measured micro-hardness of solids, on the othed,idepends on the applied indentation test
load. This phenomenon, known as the indentatioe sffect (ISE), usually involves a
decrease in the apparent micro-hardness with isitrga@pplied test load, i.e., with increasing
indentation size [3].

The aim of the submitted work was to study the Itssof indirect calibration of the
micro-hardness and macro-hardness testers depenalingthe applied load (ranges
10 g + 100 g and 5 kg + 120 kg). The results wesduated by Z-score, one factor analysis of
variance (ANOVA) and Measurement Systems AnalydiSA).
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2. The equipment and CRMs

The Vickers testers are not legal measuring ingntm (Act No. 142/2000 Z.z.). Their
metrological confirmation is limited to direct omdirect calibration. Metrological
confirmation shall be designed and implemented twsuee that the metrological
characteristics of the measuring equipment satiséy metrological requirements for the
measurement process [4].

The micro-hardness tester Hanemann, type Mod D32t pf optical microscope
NEOPHOT 32 (magnification of indentations measudegice 48%) and the hardness tester
HPO 250 (magnification 70) were calibrated. According to the direct calitmat(\V/10) the
function and metrological characteristics of theQHE50 tester satisfy the requirements of the
standard [5].

Certified reference materials (CRM) in the formaohardness reference block were used
as standards for calibration. Their specified hasdrH and the standard uncertainiyxu are
presented in Table 1. The CRMs No. 1 and 5 werd fmecalibration of both testers.

Table 1. The characteristics of CRMs.

No.| H.of CRM LerM year of calibration
1 | 194 HV10 1.55 HV10 2007

2 | 195 HV0.05| 4 HVO0.05 2007

3 | 242 HV0.05 | 5.4 HV0.05 2008

4 | 259 HV10 1.55 HV10 2008

5 | 482HV10 3.15 HV10 2008

6 | 519 HV0.05| 6.75 HVO0.0b 2008
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Fig. 1. The linearity of micro-hardness tester, CRbl 2.

The linearity of testers was evaluated by CAQ Ralsbftware. The reference lengths of
diagonals (calculated for the used CRM and loaéyeveompared with measured values. The
bias of linearity is satisfactory only for loads, BD and 100 g during the calibration of the
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micro-hardness tester using CRM No. 2 (Fig. 1). bias of linearity during the calibration of
the macro-hardness tester using CRM No. 1 is daifab all loads except for 10 kg and using
CRM No. 5 is suitable for all loads except for 20,and 30 kg.

3. Experimental

The calibration of both testers was carried outtlvg approximately equally skilled
researchers (A, B) with five indentations at eaddhMCand each load/test force F (Table 2
according to [6]) with an application time of 15cemds. The hardness, measured in
individual calibrations is on Fig. 2a for operafoand Fig. 2b for researcher B. The measured
micro-hardness is significantly low when the lod€@sg or 20 g were applied. The hardness is
relatively stable at the loads above 30 g, or ilemately decreases with increasing load. The
load sensitivity increased with increasing spedifiardness of the used CRM.
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Fig. 2. The relationship between CRM, load and mltardness, a) researcher A, b) researcher B.

Table 2. The loads in Newtons used for measurenfethie micro-hardness and hardness tests.

9 10 20 30 40 50 60 70 80

N | 0.09807 0.1961 0.2942 0.39228 0.4903 0.58842 0%864 0.78456

g 90 100 5000 10000 15000 15620 20000 300Q0
N 0.8826 0.9807 49.03 98.07 147.11 153.2 196.1 294.2
9 31250 40000 50000 60000 62500 1000Q0 120000

N 306.5 392.28 490.3 588.42 612.9 980.7 1176.84

Table 3. No. of calibration, load,.léf CRM, p-value (normality), average hardnebb As), standard deviation
Sy, p-values of ANOVA.

No load F H p-norm. ﬁAB Sy p Urel p Erel P Trel p HV
1 | 10-1009g| 195HV0.05 0.0970 191 23.861 0.13493 4GB0 | 0.19269 0.04643
2 |10100¢| 194 HVIC 0.C 23F | 30.27% | 0.2144¢| 0.0922: | 0.2975. | 0.0023(
3 5-60 kg 194 HV10| 0.1144 194 2.115 0.04186 0.0030616562| 0.00394
4 |10-1009g| 242 HV0.0% 0.0287Y 264 20.329 0.2108643m3| 0.07789 0.3777D
5 | 10-100g| 259 HV1O| 0.0807 282 17.880 0.01414 @GR010.46603 0.00161
6 | 10-100 g 519 HVO0.0% 0.0 481 81.547 0.00399 0.8016.90398| 0.00807
7 | 10-100g| 482 HV1O| 0.003 422 95.361 0.00007 @6000.63883 0.00239
8 | 5120 k¢ | 482 HVAC( 0.C 48C | 10.47¢ | 0.0004( | 0.0002( | 0.0714( | 0.0001(

The normality and the outliers were evaluated flesf involving all calibrations with one
= 100 iteteEms). The doubts concerning the

CRM by both researchers at all loads (n

normality of distribution will be finally dissolvedf the procedure for the tests of the
concordance between the method error distributr@hthe theoretical distribution is applied
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[7]. The normality was determined by Freeware Psecgapability Calculator software, using
the Anderson—Darling test @ 0.05 for file with normal distribution). The staard methods
of MSA assume normal probability distribution. Bnmality is not confirmed, the error of the
measurement system is overestimated [8]. Accordirigable 3, the normality was confirmed
for 33 % of micro-hardness files and for 50 % ofcmeahardness files. Grubbs’ test
(significance leveb = 0.05) was used for detection of statisticalietgl The outliers do not
occur, the measurement process is not affectegdwjiad disturbances (e.g. gross errors).
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Fig. 3. The relationship between discriminationaaitl standard deviatiop $or a) micro-hardness and for b)
macro-hardness, the line d*B overlaps d*A.

A general rule of thumb is that the effective resoh - discrimination d* (the value of
the smallest scale division, the step of the drdnthe indentations measuring device), as
compared with the process variation expressed andsird deviation s (Table 3), both
figured in HV units, ought to be at most one—td@ih

HV, - HV,
ds - dl

d* = ; 1)

where d andds are mean values of length of two diagonals of “katd(HVs) and “softest”
(HV31) of 5 indentations. All measurements of micro-ma&ss do not satisfy the requirement
of effective resolution. Fig. 3a exemplifies “infiafent” relationship for micro-hardness,
CRM No. 2 and Fig. 3b “sufficient” relationship faracro-hardness, CRM No. 5. Increasing
the load and hardness improves the relationshipd®at d* and s
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Fig. 4.Z-score, a) micro-hardness, b) macro-hardness.

4. Z-score

The Z-score graphical method for the visualizatibmesults is routinely applied in inter-
laboratory comparisons.
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z ==, 2

n

X, is the hardness at one indentation on CRM, medsatradividual load by one researcher,

X is average hardnessi(x:s, Tab. 3) and ,s* is standard deviation of the {#g Tab. 3).
The results with ;| < 2 are satisfactory and;|| > 3 are unsatisfactory [9]. The values of Z-

score are satisfactory or conditionally satisfactdor most of micro-hardness tester
calibrations. Unsatisfactory values are typicallfov loads, 10 g or 20 g, for example Fig. 4a
(No. 7; H = 482 HV10). The dependence of the value of Zeadrmacro-hardness tester
calibration, for example Fig. 4b (No. 8. 482 HV10) on the load is smaller than that of
micro-hardness, but it is not completely eliminat€de values of Z-score for micro-hardness
decreases with the increase of the hardness of GRifiexception for calibration No. 2.
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Fig. 5.The relationship between load F apg r

5. The repeatability, relative maximum error and urcertainty

The mean diagonal: g=ditdp* d53 *d,*ds

®)

The repeatability of testegris calculated:

fra = 100x% %, @)

ds is the average diagonal length of the indentatigth the longest and;done with the
shortest diagonals.
H +H,+H,+H,+H,

®)

The average measured hardness of CRV:

5
The maximum permissible error at specific condgiof calibration is:
E=H-H.. (6)
Maximum relative error:
H-H
Ere| = 100)( H £ ) (7)

Cc

H= Ha or He (average of researcher A or B). The maximum valuespeatability and
error of the tester are cited in [5]. The averagdues of g (Fig. 5) and E, (Fig. 6)
moderately decrease with increasing load.

The uncertainty of indirect calibration is calcelat
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_ 2 2 2 2
Uqtm = \/UCRM +Ucrm-p T Up t Uy - (8)

The standard uncertainty of the CRM usegkr()) is shown in Table 1. The uncertainty
resulting from drift of CRM hardnessti was dismissed. It is impossible to determine this
value, because used CRMs were calibrated only @teadard uncertainty of hardness tester:

LY
H = ’
Jn

s4 is standard deviation of the testing of CRM (stadddeviation of the results of indirect
calibration), Student’s factor for n = 5 (trialsepeated measurements of one researcher) is
t=1.15,a0 = 0.317 [6].

The uncertainty u rises from inaccuracy of the device, measuring dregonals of
indentations.

)

—_ ﬁ5[']’15 .

ms d\/é,

d= /0.1891Hi , (11)

F is the relevant test load (N) and. i$ the specified hardness of CRM. The value of
discrimination 9,,= 0.001 mm for HPO 250 and, .= 0.000313 mm for Hanemann (note:

the abovementioned discrimination d* is in HV ujits

u (20)
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Fig. 6.The relationship between load F ang.E
The error of calibration: b=H-H_, =E. (12)
The expanded uncertainty (coverage factor k #32),, = ki, . (13)
The maximum permissible error of the tester, initigdhe measurement uncertainty:
AH iy e = Urmw +[B) (14)
Relative maximum permissible error of the testelafive expanded uncertainty):
AU
Uy, = % x100%. (15)

The value of relative expanded uncertainty, tbr micro-hardness decreases with the
increase of the load and hardness of CRM is shawkig. 7a (average value of researcher A
and B). For CRMs with lower hardness, the relatigmbetween uncertainty and the load is
weak. The values of uncertainty of macro-hardnes tthe highest value at a load of 5 kg,
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another increase of load results in its stabilagtiare shown in Fig. 7b (average value of
researchers A and B).

It is necessary to remember that indirect calibratf micro-hardness testers is not a
routinely practiced process unlike with the macapemess testers. Small dimensions of
indentations, especially with irregular shape aemasured with difficulty. Small difference in
reading of dimension of diagonals has a signifiefféct on the value of micro-hardness and
makes the influence of individuality and skill ofsearcher possible. Unsatisfactory
calibration results could be improved by greategmiigcation (with demands on the quality
of the metallic surface), selection of researchigheir competence, including education,
preparation and experience), higher quality of CRNh low uncertainty), strict observance
of operating instructions (standardized methodsl the conditions of the environment. It is
possible that a high value of uncertainty of calilum is a result of low capability (high value
of %GRR) [10]. The uncertainties and coverage facwould be calculated using other
methods [11, 12, 13] as well.
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Fig. 7. The relationship between load F angftr a) micro-hardness and for b) macro-hardness.

One-factor analysis of variance (ANOVA) was used dgaluation of the influence of
load on the W, Ee, et @and hardness. The p values are shown in Tablegvalue p < 0.05
is for statistically significant influence of thedd on monitored quantity.

The load affects the values ofelJand Eg statistically significantly in micro-hardness
calibrations with hard CRMs and in all macro-hainealibrations. On the other hand, the
values of  are not affected. Except for one example, the ovli@ardness is affected by the
load.

6. Measurement systems analysis (MSA)

Measurement systems analysis is an experimental rmathematical method of
determining how much the variation within the measient process contributes to overall
process variability. The measurement process, ngnin a capable measurement system
(which consists of measurement equipment, sampiegronment, method, researchers ...) is
capable as well.

Table 4. The capability indices.

No. | %R | %X| %EV| %AV | %PV | %GRR| ndc
1 5 55| 31.7] 54.6| 75.] 66.0 1.604
2 0 55| 35.9| 354/ 864 50.4 2.417
3 0 | 66| 70.1 0.0 713 701 1.404
4 0 30| 68.1] 39.00 78.¢ 78.9 1.098
5 5 30| 56.1] 23.8] 60.9 60.9 1.887
6 0 55| 25.1| 45.2] 51.7 51.7 2.334
7 0 70| 25.0/ 354 434 434 2.980
8 15| 40| 498 0.0] 494 49.8  2.4%5
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The computation of the hardness measurement syspability according to the GRR
method of MSA (analysis of repeatability and repratility) was carried out in accordance
with [8]. The Palstat CAQ software with significantevela = 0.01 and confidence level
a = 0.01 (5.150) was used for calculation. The values of capabititlices are presented in
Table 4.

The measurement system ought to be under statistararol before capability is
assessed. The process is under control, if allesuage between control limits of the control
chart. The outside ranges were found at three (fllab. 4. column %R).

The area within the control limits of the X-bar tmh chart represents measurement
sensitivity (“noise”). One half or more of the aages should fall outside the control limits. If
the data show this pattern, then the measuremesierayshould be adequate to detect
variation between the values of hardness, affebtedevels of the applied load F. If the
opposite was the case, then the measurement systerd lack the adequate effective
resolution. The fact that only 50 % of files hawdfisient sensitivity (Tab. 4, column %X)
relates to insufficient discrimination d*.

The %EV index represents the cumulative effect ehsurement equipment, measuring
method and environmental conditions on the vaiitgbilt is a function of average range of
trials of all researchers.

The %AV index represents the effect of researcharthe variability, for example their
liability, responsibility and competence. It is an€tion of the maximum average researcher
difference. A low value of the index proves goodnpatence of all researchers. Higher (or
unstable) value of index shows evidence of varighlaity of their work.

The %GRR index represents the process capabilitypractice. For acceptable
measurement system %GRR < 10 %, and > 30 % foragoeptable. The analyzed
measurement system and the process running ia it@racceptable — capable for all CRMs.
It is possible that non-capability is typical foriomo-, but also for macro-hardness
measurement [14].

The %PV is sensitive to variability of applied lgaH, it is a function of their range. The
value of %PV indirectly defines the suitability e§uipment for a specific measurement. A
value of %PV above 99 % has excessively accurdteyea90 % suitable, above 70 %
satisfactory and above 50 % inaccurate equipment.

The number of distinct categories (“ndc”, basedWheeler's discrimination ratio) is
connected with the question of the resolution chsueement equipment. The “ndc” is greater
than or equal to 5 for capable processes. Resluils “wdc” values between 2-5 may be
conditionally used for rough estimates. As can éensin Table 4, the values of “ndc” are
insufficient, eventually (50 %) may be used forgbwestimates.

7. Discussion

The micro-hardness HV is calculated in VHN, using standard formula:

HV = Ad)ZP : (16)
when P is taken in N and d jom, then 4 = 0.1891 and hardness is in MPa, implying that
1VHN = 9.8 MPa [3]. It is well-known that the appat micro-hardness of solids depends on
the applied indentation test load. This phenomekoown as the indentation size effect (ISE)
usually involves a decrease in apparent micro-ressiwith increasing applied test load F. In
order to describe the normal ISE behavior of malgriseveral relationships between the
applied indentation test load &d indentation diagonal lengthhave been given in the
literature. The simplest way to describe the ISHéyer’'s Law
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P=Ad", 17)

where the exponent “n”, the Meyer’s index (numbiera measure of the ISE aridis a
constant.

Table 5 shows the values of Meyer's index “n” andhl(columns gu+g), In A a+g)) @s a
slope (n) and an intercept (In A) of a straighteliaf the linear relationship between the
applied load (In P (g)) and average diagonal af findentations (In dufn)). The parameter A
is dependent on the relationship between the appbad and average diagonal of the
indentations for tested material and on the charistics of the equipment used (for example
for heat treated cobalt alloy In A = -1.806um" obtained by a Hanemann tester and
In A =-6.744 ghm" by a PMT-3 tester, respectively) [3].

Table 5. The indices of ISE for individual filegyreelation coefficients r for relationship betwderd and In F
(joined results of A and B).

No. 1 2 3 4 5 6 7 8
Nasg 2.239¢ 2.334¢ 2.018¢ 2.063: 2.040¢ 2.514: 2.923¢ 2.030¢
INApg | -3.130¢ | -3.062: -2.372. -2.052¢ -1.999¢ -2.6997 -3.988° | -1.530:
r 0.9915 0.9924 0.9995 0.9830 0.9977 0.9831 0.9809.9999

When a very low load is used, the measured micrdress is usually high; with an
increase in test load, the measured hardness desteauch a phenomenon is referred to as
indentation size effect (ISE) with < 2. The ISE has been attributed to a number of sause
which may be divided into two groups. The firstigpoof causes includes experimental errors
resulting from the measurement of the indentatiae ¢for example the limitations of the
resolution of the objective lens) and determinatbthe applied load [15]. The second group
includes properties of the material under study.oAgithe latter are: work hardening during
indentation, load to initiate plastic deformatidgmdentation elastic recovery, mixed elastic -
plastic deformation response of material, sizeistbdation loops formed during indentation,
strain gradients associated with dislocations, nitateon edges acting as plastic hinges and
indenter - specimen friction resistance coupledhwitstic resistance of the specimen [3].

In contrast to the normal ISE, a reverse type & iSalso known. The apparent micro-
hardness increases with increasing applied test bvad n> 2. Reverse ISE has been
explained in terms of the existence of a distoizede near the crystal-medium interface,
effects of vibration and indenter bluntness at loads, the applied energy loss as a result of
specimen chipping around the indentation and theemion of median or radial cracks
during the indenter loading half-cycle. Howeverg tphenomenon still remains poorly
understood [16].
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The loads were divided into groups: A for 10 + 3@Bdor 40 + 60 g and for C 70 +~ 100 g
in respect of micro-hardness and A for 5 + 15 kdgpB20 + 40 kg and C for 50 + 120 kg in
respect of macro-hardness. The index “n” was catedlfor particular groups. The indexn
2 in group A for all micro-hardness calibrations<2.5704 in average). The group B (n =
1.61508 in average) and especially group C (n 943 in average) have normal ISE
behavior despite of expectance (higher load shautdease the tendency for behavior
according to Kick’'s Law). The expected behavior vadgained for macro-hardness. The
relationship between the load and the diagonaisdgntation satisfies conditions of Kick's
Law (n = 2.0504 for group A, 1.99645 for B and 205 for C). The relationship between
load and dimensions of indentation for groups efltads and CRMs are in Fig. 9.

4 microhardness hardness
c
¥ 3 mA
o
£ 2 oB
o
Q14 mC
=

0

194 195 242 259 482 519 194 482
hardness Hc (HV)

Fig. 9. Meyer's index “n” for individual groups @dads.

The relationship between Meyer's index “n” and indial indices of capability is shown
in Fig. 10 and “ndc” in Fig. 11. The capability tife measurement process increases (the
value of %GRR decreases, r = 0.8077) with increasim’ towards more reverse ISE
behavior (and higher hardness). The value of “ridcieases likewise
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Fig. 10. The relationship between Meyer's index ifmdices of capability.
8. Conclusions

1. The relationship between the load and micro-halimegalibration of a micro-hardness
tester cannot be explained by Kick’s Law (the valti®leyer’s index “n” differs from 2).
2. The conditions of Kick's Law are satisfied in madrardness calibration, the values of

n” are close to 2 independently of the applieddloa
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3. The micro-hardness increases with an increaseeofahd up to 30 g; the reverse ISE
behavior is typical for this interval of the loadke equipment used and abovementioned
conditions of measurement.

4. The influence of the load on the measured micrahiness is statistically significant for a
majority of calibrations.

5. The uncertainty decreases with an increase ot and micro-hardness.

6. The quality (capability) of a micro-hardness measgnt process on CRMs with more
significant reverse ISE behavior (inversely proporal to %GRR and proportional to
“ndc”) was higher.

7. The Z-score method confirmed a statistically sigaift influence of low loads on the
value of the hardness.

35
3 *
2,5 +
o 2 * /
2 15 *
1 *
0,5
0 T T T T |
2 2,2 2,4 2,6 2,8 3
Meyer'sindex n
Fig. 11. The relationship between Meyer’s index amid “ndc”.
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