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Abstract

Control of mechanical stresses formed with the deposition of nickel coatings plays an important role
in the diagnosis of coatings’ technical condition. Large internal stresses can lead to cracking or flaking
of coatings which is completely unacceptable for critical parts and assembly units used, for example, in
space technology for which reliability is of paramount importance. An important aspect of internal stresses
monitoring is the measurement error of the instruments used. The purpose of this work was to determine
the characteristics of the device sensors, which make the assessment of their manufacturing possible at the
preliminary stage of the measuring equipment assembling in order to maintain the required accuracy of
subsequent measurements.

In most cases the measurement error assessment is possible only after the equipment manufacture and
calibration. In this paper it is proposed to evaluate the accuracy characteristics of device sensors based on
the precision (repeatability and reproducibility) of the primary informative parameter recording. In the case
of the NT-800 device that was developed at the Institute of Applied Physics of the National Academy of
Sciences of Belarus the effect of precision characteristics deterioration on the eventual measurement error
is demonstrated. Determining the precision parameters before establishing correlation dependences between
the primary informative parameter and the measured characteristic is proposed in order to reject poorly
manufactured sensors and reduce labor costs.

In particular, measurements of the magnitude proportional to the magnetic breakaway force were
carried out using the NT-800 device with nickel specimens simulating coatings with a thickness of 200
to 700 um and a rolling value from 0 to 40 %. It was established that in the case of well-made sensors
the variation coefficient calculated from the dispersion of repeatability is in the range 0.2-0.6 %, and the
variation coefficient calculated from the dispersion of reproducibility does not exceed 0.9 %. In the case of a
sensor with the sensitive element parameters worsened, the variation coefficient of repeatability and reprodu-
cibility were up by one and a half times. Deterioration of the precision characteristics resulted in signifi-
cant changes in the readings of the calibrated instrument. Thus the absolute measurement error for a sensor
with a poorly made sensitive element turned out to be approximately 3 times higher in the range of 200—
300 MPa than that for a sensor with good precision parameters.

Keywords: accuracy, repeatability, reproducibility, internal stress, magnet breakaway force.

DOI: 10.21122/2220-9506-2021-12-3-230-238

Aopec ona nepenucku: Addpress for correspondence:

Kpenv A.11. Kren A.P.

Hn-m npuxnaonoi ¢usuxu Hayuonanvrou axademuu nayx benapycu, Institute of Applied Physics of the National Academy

. Axademuueckas, 16, e. Munck 220072, berapyco of Science of Belarus,

e-mail: 762-33-00@gmail.com Akademicheskaya str., 16, Minsk 220072, Belarus
e-mail:7623300@gmail.com

Jna yumuposanusa: For citation:

A. Kutsepau, A. Kren, Y. Hnutsenka. A. Kutsepau, A. Kren, Y. Hnutsenka.

Evaluation of the Magnet Breakaway Force Measurement Accuracy Evaluation of the Magnet Breakaway Force Measurement Accuracy

of the NT-800 Sensors for Early Detection of Defects of the NT-800 Sensors for Early Detection of Defects

of Their Manufacturing. of Their Manufacturing.

IIpuGOps! 1 METOIBI H3MEPEHHI. Devices and Methods of Measurements.

2021.—-T. 12, Ne 3. — C. 230-238. 2021, vol. 12, no. 3, pp. 230-238.

DOI: 10.21122/2220-9506-2021-12-3-230-238 DOI: 10.21122/2220-9506-2021-12-3-230-238

230



IIpubopsr u Mmemoowl usmepeHuil
2021.—T. 12, Ne 3. — C. 230-238
A. Kutsepau et al.

Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 230-238
A. Kutsepau et al.

OuneHka TOYHOCTH U3MEPEHUS MATHUTOOTPBIBHOIO YCHJIUA
narunkamu npudopa HT-800 nyst panHero BoisiBjIeHUS
nedeKToB UX U3rOTOBJICHUS

A.1O. Kyrenos, A.Il. Kpens, E.B. 'nyrenko

Huncmumym npuknaonou gusuxu Hayuonanvnou akademuu nayxk benapycu,
yi. Akademuueckas, 16, e. Munck 220072, berapyco

Hocmynuna 30.07.2021
Hpunama k neuamu 02.09.2021

KoHTpoib MexaHNUeCKIX HANPSHKEHUH, BO3HUKAIOIINX ITPH HAHECEHNH HUKEJIEBBIX TOKPBITHIA, HTPaeT BXKHYTO
POJIb TIPU IMATHOCTUKE UX TEXHUUECKOT'O COCTOSTHHUS. Bosble BHyTpEHHUE HAMPSKEHUST MOTYT IPUBOJUTH K pac-
TPECKUBAHNIO WM OTCIIANBAHHIO MTOKPBITHI, YTO COBEPIIEHHO HEMOMYCTHMO JUISI OTBETCTBEHHBIX AeTalel n cOo-
POUHBIX €TUHUII, HCIOJIB3YIOIUXCS, HAIPHMEpP, B KOCMHUYECKON TEXHHKE, JUI KOTOPBIX HaJIEKHOCTh UMEET MEpPBO-
CTEeTIeHHOE 3Ha4YeHHe. BayKHBIM acIIeKTOM KOHTPOIIS BHYTPEHHNX HANPSDKEHHI SBISAETCSA MOTPEITHOCTh M3MEPEHNH
UCTIOIB3yeMbIX TPUOOopoB. Llenbro HacTosIIel paboTh SIBISLIIOCH ONPEEIeHUE XapaKTEPUCTUK JaTYNKOB IPHOOPOB,
TMO3BOJIFOIINX OLEHUTH Ka9eCTBO MX M3TOTOBIIEHHS Ha IIPEIBAPUTEIBLHOMN CTaii COOPKH M3MEPHTENBHON TEXHHKH,
JUISL COOMIO/ICHUS HEOOXOMMOI TOUHOCTH MOCIIEYIOIIIX N3MEPEHUI.

B GonpIIMHCTBE CITydaeB OIEHKA TOTPENTHOCTH U3MEPEHNI BO3MOKHA TOJIBKO MTOCIIE H3TOTOBICHUS 000pyI0-
BaHMA U MPOBEICHUS IpayupoBKHU. B HacTosmel paboTe NpeiIokeHo OLEHUBAaTh TOYHOCTHBIE XapaKTEPUCTHKU
JATYUKOB NMTPUOOPOB NCXOAS U3 TIPELI3HOHHOCTH (TIOBTOPAEMOCTH M BOCTIPOM3BOIMMOCTH) PETUCTPAIINH IIEPBUY-
Horo uHopmaTuBHOro napamerpa. Ha npumepe npudopa «HT-800», paspadoranHoro B IHCTUTyTe NpUKIaAHON
¢m3nkn HarmonanbsHOM akaneMun Hayk benapycu, moka3aHo BIMSHHE yXyAIICHNS XapaKTePUCTHK TPEIH3HOHHO-
CTH JIJaTYMKOB Ha UTOTOBYIO MOTPEITHOCTh U3MepeHU. IIpenoskeHo onpeensTh napaMeTphbl IPEUU3UOHHOCTU 10
YCTaHOBJIEHHS KOPPEIAIIMOHHBIX 3aBUCHMOCTEH MEXIy NMEPBHYHBIM MH()OPMATHBHBIM ITAPaMETPOM H H3Mepsie-
MOH XapaKTEePUCTUKOMN € LIENbI0 OTOPAKOBKU HEKAUECTBEHHO U3TOTOBJICHHBIX IATUUKOB U CHIDKCHHUS TPY103aTpaT.

B wacTtHOCTH, IPOBENCHBI M3MEPEHNSI BETHIHUHBI, IPOMOPIHOHATEHON MarHUTOOTPBIBHOMY YCHIIHIO (MMe-
IoIIel KOPPEISIMOHHYIO CBSI3b C OCTATOYHBIMM HampsbkeHusmu), npuoopom HT-800 Ha HukeneBbIx oOpasuax,
MMUTUPYIOMUX TOKPBITHS, TonmmHOoN oT 200 1o 700 MxMm n BennuuHoU npoxaTtku oT 0 10 40 %. YcranosieHo,
YTO B CIy4ae KaueCTBEHHO HU3TOTOBJICHHOTO NEPBUYHOTrO Mpeodpa3zoBartesis K03(h(UIMEHT BapUalluy JUCHEPCUU
noBTOpsieMocTH Haxomurtces B amamazoHe 0,2-0,6 %, a KOd(QQUIIMCHT BapHaIliy, PACCINTAHHBINA 110 3HAUYCHH-
SIM JIUCTIEPCUU BOCIPOU3BOIUMOCTH, He mpesbimaet 0,9 %. B ciyuae gatumka ¢ yXyaAIIeHHBIMH IapaMeTpaMu
YyBCTBUTEJIHHOTO JIEMEHTa KO (PHUIIMEHTH BapHalliK MTOBTOPSIEMOCTH M BOCIPOU3BOANMOCTH ObIIH B 1,5 paza
BBIIIE. YXYALICHUE XapaKTEPUCTHUK MPEIHU3HOHHOCTH MIPUBENO K 3HAUNTEIILHOMY YBEIHUEHHIO IOIPEITHOCTH U3-
MEPEHHUsI OCTATOYHBIX HANpsDKeHUH. Tak, aOCONFOTHAS TTOTPEITHOCTh U3MEPEHUH HANPSHKEHUH Y HEKa4yeCTBEHHO
U3TOTOBJIEHHOTO AaTuuka B auanasoHe 200-300 MIla 6buta mpubau3uTensHO B 3 pasa BbIIIE, YeM Y JaTUMKA
C BBICOKHMH TIOKa3aTeNSIMU NTPEIIM3HOHHOCTH.

KiroueBble ci10Ba: TOUHOCTh, TOBTOPSIEMOCTb, BOCIIPOU3BOMMOCTb, BHY TPEHHHUE HATIPSKEHU S, MATHUTOOTPBHIBHOE
ycuiue.
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Introduction

Nickel coatings are most often used for thermal
protection of mechanical engineering products, as
well as space and aviation industry products. One
of the main durability and reliability conditions of
such products is compliance with the technological
process of coating, the violation of which can
lead to the appearance of unevenly distributed
or high mechanical stresses. If the magnitude of
stresses exceeds the adhesion force it may lead to
delamination, and uneven distribution can lead to
cracking. Thus the control of residual stresses plays
an important role in diagnosing the state of both
individual products and various elements of load-
bearing structures in general, and the development
of new reliable testing methods is a paramount task
to improve the quality and reliability of products.

At present a number of devices have been
developed for internal stresses monitoring using
various measurement principles: X-ray, ultrasonic,
magnetic, and others [1-5]. The calibration of each
of them is a unique procedure. For example standard
samples with certain crystal lattice parameters can
be used for diffractometers. However these samples
cannot be used to calibrate instruments using other
physical measurement principles. This is because
their readings will be influenced by the different
characteristics of the samples such as the presence
of plastic deformation, residual magnetization, etc.

This fully applies to the NT-800 device
developed at the Institute of Applied Physics of
the National Academy of Sciences of Belarus. This
fully applies to the NT-800 device developed at the
Institute of Applied Physics of the National Academy
of Sciences of Belarus. The principle of operation of
this device is based on recording the magnitude of
the magneto-detachable (ponderomotive) force when
a permanent magnet interacts with a ferromagnetic
base. The value of the force as shown in [6] depends
on two factors: the thickness of the coating and
the level of internal stresses. And the sensitivity of
measurements to operating voltages is much higher
in weak magnetic fields. However, this leads to an
increase in the requirements for the magnet breaka-
way force recording accuracy, the value of which
also decreases and is in the range of 80-300 mN.
Calibration of the NT-800 device presupposes the
use of additional equipment — a testing machine
and specially prepared nickel samples. The work
requires tests on stepwise tension-compression of
samples with simultaneous fixation of the magnitude

of the magnet breakaway force and the stresses
created by the tensile machine. To remove residual
stresses, the samples must first undergo vacuum
annealing. Thus the calibration procedure itself is
rather complicated, labor-intensive and expensive.

The fact that the metrological characteristics of
sensors: the error (or uncertainty) of measurements —
are evaluated only after the end of the calibration
is an even greater problem. This often leads to
the fact that a poorly manufactured sensor is
rejected only after the entire test cycle, when the
samples are already unusable and the repetition
of the calibration procedure requires new costs.

The aim of the work was to determine the cha-
racteristics of the sensors which make it possible to
assess the quality of their manufacture at the prelimi-
nary stage, in order to reduce labor costs and maintain
the required accuracy of subsequent measurements.

Equipment and materials

The NT-800 is designed to assess the level of
effective stresses build a map of stress distribution
over the surface area as well as measure the thickness
of nickel coatings in the range from 200 to 800 pm.

One of the main elements of the device are
primary measuring transducers (sensors), which can
be one of two types: 1) for use on flat surfaces and
2) for testing in hard-to-reach places of products.
The formation of the measuring signal and the direct
registration of the magnet breakaway force are
carried out using them.

The level of internal stresses is estimated by
the K, value, which is proportional to the magnet
breakaway force and is used to construct the
calibration curves. Figure 1 shows the calibration
dependence K= f(c) (ABC line). Here ¢ —applied
stress, formed in nickel specimen using universal
testing machine.

It is also shown in the Figure 1 that the change
of K, value is influenced by type I stress (ABC
line) as well as by residual stresses, formed by
plastic deformation. If the sample is unloaded at an
intermediate time (at point B), then after complete
removal of the load (o =0) points A and D don’t
match. This discrepancy is caused by the appearance
of plastic deformations in the sample which affect
K. Figure 1 illustrates the complex nature of the
graduation, which is also discussed in [7]. Therefore
a thorough experiment is required and in the absen-
ce of standards a different algorithm is required for
determining the metrological characteristics and

232



IIpubopsi u memoowl usmepeHull
2021.—T. 12, Ne 3. — C. 230-238
A. Kutsepau et al.

Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 230-238
A. Kutsepau et al.

assessing the sensor manufacturing quality at the
preliminary stage.

100
‘.AA

[e.e]

<
‘o
[ ]

les]
L 3

=
(=]

breakaway force Kf'
[«
<

3%
<

Magnitude proportional to a magnet

=

50 100 150 200 250 300 350 400
Applied stress o, MPa

Figure 1 — K, change depending on applied stresses for
an annealed sample with a thickness of 400 um (with
removed stresses) using a sensor for flat surfaces during
load (ABC) and unload (BD and CE)

To carry out work on the evaluation of the
metrological characteristics of the NT-800 device
sensors, that are proposed below we used special
nickel samples imitating coatings with various
thicknesses and internal stresses. The characteristics
of these samples are presented in the Table. The
cold rolling of the nickel samples ratio of which
is indicated in the table, allowed to form internal
stresses values of which cover the real range of
stress variation (0-200 MPa) in nickel coatings
using galvanic plating technology. The zero level of
internal stresses in nickel samples imitating coatings
was set up by heat treating: annealing the samples.

Table
Description of the nickel samples
Rolling

Sample number Thickness, um reduction ratio,

%
1 200 0
2 215 14
3 240
4 300
5 330 34
6 400 0
7 400 10
8 400 40
9 500 0
10 500 30
11 580 13
12 700 0

Determined metrological characteristics

As mentioned in ISO/IEC Guide 98-3:2008" and
ISO 5725-2-2002% a range of characteristics can be
presented as accuracy rate indicators: uncertainty,
error, trueness and precision. All the formulae used
herein are taken from ISO 5725-2-2002.

In the absence of a standard for the measured
quantity correctness means the closeness of the
average value obtained from a large series of
measurement results (or test results) to the accepted
reference value. The systematic error (bias) is
usually the trueness indicator. And precision refers
to the degree to which independent measurement
results obtained under specific specified conditions
are close to each other. This characteristic depends
only on random factors and is not related to the value
of the measured quantity. A measure of precision
is usually calculated as the standard deviation of
measurements made under specified conditions.
The extremes of precision measure are repeatability
and reproducibility.

That is from the metrology point of view such
characteristics as repeatability and reproducibility
do not require reference to the true value of the
measured value and can be used for preliminary
assessment of the sensor manufacturing quality.

Experimental research

It is important to understand such important
concepts as level of the test and cell in a precision
experiment (Figure 2).

A level of the test in a precision experiment
is a mean value of the measurements, from every
lab for one specific tested material or specimen (in
our case these are nickels specimen with different
rolling reduction ratios as in Table). A set of cells
related to one specimen can also be named as the
level of the test.

A cell in a precision experiment is a set of
measurement values for one specimen acquired in
one lab. There were 72 cells in this work in total.

"ISO/IEC Guide ~ 98-3:2008
measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM: 1995)

2180 5725-2:2019 Accuracy  (trueness
precision) of measurement methods and results — Part 2:
Basic method for the determination of repeatability and
reproducibility of a standard measurement method

Uncertainty  of

and
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Figure 2 — General test scheme for the precision assessment

Every lab has conducted 10 measurements
at every level for the repeatability evaluation.
And 6 labs were involved for the reproducibility
evaluation.

Arithmetic mean for the K, values were
calculated for every level for every lab as well as cell
standard deviation. After that mean values for each
level were calculated (averaged measurement results
between labs).

Cell standard deviation was calculated using a
formula:

1
Sy = Z(yijz_)_;ij)za
2z=1

n; =1

where i—lab number; j—level; z— measurement
number; y —cell; n —number of measurements in
one cell.

Since the presence of laboratories or values
incompatible with other laboratories or values
can change the repeatability and reproducibility
estimates, a decision should be made to exclude data
after careful analysis. There are two approaches for
such decisions: graphical compatibility analysis and
statistical testing. In order to simplify the calculations
and to present a visual interpretation of the results,
herein we began with the first option, in which two
measures are used, called Mandel’s statistics /4 and
k. 1t should be noted that they help to assess not only
the variability of the results of the measurement

method, but also the quality of measurements of
individual laboratories. The general procedure for
calculating Mandel’s statistics processing outliers
and then estimating variances of precision is shown
in Figure 3.

Statistic k£ is used to determine stability of
measurement results and their repeatability for
one laboratory by comparing the repeatability of
the standard deviation of the laboratory data with
the repeatability of the standard deviation of other
laboratories.

Statistic 4 is used to determine stability of
measurement results between laboratories, indica-
ting whether the overall measurement results of
an individual laboratory are not reliable.

Statistic 4 was calculated using formula:

h = Yy 7

ij >

mi(iy_

where /n — common mean value for every specimen
(every level); p — number of labs.

The results of calculating statistics £ and 4 for
two types of sensors are presented in Figures 4—7.

To determine which of the calculated £, values
are outliers, critical values lines were added to the
diagram (Figure 4), that were determined for levels
of significance of a =1 % and 5 % (for p = 6 these
are 1.87 and 1.66 for 1 % and 5 % accordingly) [8].

234



IIpubopsi u memoowl usmepeHull
2021.—T. 12, Ne 3. — C. 230-238
A. Kutsepau et al.

Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 230-238

A. Kutsepau et al.

If the value of statistic /# exceeds the line for 42 = 1.66,
corresponding to 5 % significance level, then the
according cell is marked as a possible outlier, and if

the value of statistic & exceeds the line for 7 =1.87,

corresponding 1 % significance level,

then the

according cell is marked as an outlier.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

A

Labi
Cell i+ Level of the —p.
s, |[ X, test j m, i
Specimen j
L ¥ L
Mandel’s Mandel’s

statistic kIJ

statistic hlJ

¥

Outlying labs identification,
analysis of possible reasons.
outliers processing

Labs
Cells
: ‘ Levels of the
i Specimen SIJ. Kﬁj test m
I '
[ I T :
h 4
] Intermediate
calculations
SLj %dj llj
¥
Repeatability Reproducibility
dispersion s, dispersion s,

Figure 3 — General precision dispersions evaluation procedure
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Figure 4 — Mandel’s % statistics for the measurements
using sensor for flat surfaces
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Figure 5 — Mandel’s % statistics for the measurements
using sensor for hard-to-reach places
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Figure 6 — Mandel’s k statistics for the measurements
using sensor for flat surfaces
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Figure 7 — Mandel’s k statistics for the measurements
using sensor for hard-to-reach places
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Statistic & was calculated using formula:
SiNPj

=

vV 25

In turn to determine which of the calculated k;
values are outliers or possible outliers, a procedure
was carried out similar to outlier analysis for
statistic 4. For p = 6 and the number of measurements
in the cell equal to 10, critical values equal to 1.47
and 1.3 for 1 % and 5 % accordingly.

The outliers and possible outliers were
determined among cells using diagrams presented
on Figures 4-7 these are all the values, exceeding
significance levels a=1% un 5% accordingly.
For example, for lab 1, test results on level 2 were
marked as outliers, levels 6 and 10 as possible
outliers (Figure 7). The calculation of Mandel’s
statistics and graphical analysis is necessary to
determine the reason of a worse repeatability in
individual labs and to eliminate those reasons, and
for subsequent statistical outliers testing. Since the
outliers and possible outliers are singular and do
not have a common underlying cause, we consider
outliers as true outliers and cells, that were marked
as outliers were deleted from calculations.

After statistical outliers testing, we’ve calculated
the repeatability and reproducibility characteristics.
Repeatability variance was determined for each level
using formula:

> 1 N

i T ZS;(”U_I)'
2 (=1) "

77
i=1

Lab variance was determined for each level
using formula:
2 _

Sy =7 = >

where

i=1

Reproducibility variances were calculated after
the lab variances was determined using formula:

2 2 2
Sgj =S8yt S

For a better presentation, reproducibility and
repeatability variances were calculated into varian-
ce coefficients (VC) and displayed as a function
of K, (Figures 8 and 9).

<08 A
g A
2
206
< A
E 0.4 " .
= é L ..
5 0.2 ° © °
>
0
50 60 70 80 90 100

Magnitude, proportional to
the magnet breakaway force K ¢

e repeatability VC  a reproducibility VC

Figure 8 — Repeatability and reproducibility variation
coefficient using sensors for flat surfaces

1.6
X A
5 12 * s
.
S 08 4 X A
g A L
£ A S
-g 0.4 é A o °
§ A
0
50 60 70 80 90 100

Magnitude, proportional to
the magnet breakaway force K,

e repeatability VC 4 reproducibility VC

Figure 9 — Repeatability and reproducibility variation
coefficient using sensors for hard-to-reach places

Figure 8 shows, that repeatability VC
1s concentrated between 0.2-0.4 %, and
reproducibility VC is concentrated between 0.2—
0.6 %. Both characteristics are not dependent on
the magnet breakaway force, and the maximum
value of reproducibility VC does not exceed
0.9 %, while repeatability VC does not exceed
0.6 %. Figure 9 shows a similar picture, but all
VC values are =~ 1.7 higher, which means that the
sensor for hard-to-reach places had worse accuracy
characteristics.

Indeed, after the close inspection of the sensor
for hard-to-reach places it was determined that the
surface of the magnet had accumulated metallic
dust the presence of which worsened the sensor
accuracy. Several sensors were graduated with the
goal of evaluating their measurement accuracy then
stress measurement of these sensors was compared
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with the stresses induced by testing machine.
Wherein the surface of the sensitive element of a
sensor with worse precision characteristic was not
cleared.

As it can be seen in the Figure 10 worsening
the precision characteristics leads to significant de-
viation of sensor measurements when directly
measuring stress in nickel specimen.
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Figure 10 — Scatter plot of the difference between the
readings of the NT-800 and the tensile machine against
the applied stresses according to the readings of the ten-
sile machine

From the data shown in Figure 10, it can be
seen that degradation in precision performance
leads to significant changes in device readings.
Thus, the absolute measurement error of the sensor
for hard-to-reach places was = 3 times higher than
that of the sensor for flat surfaces in the range
of 200-300 MPa. Taking into account that the
dependence of the magnet breakaway force on
stresses is inverse (Figure 1) then the measurement
errors of sensors at high voltages should decrease.
In the case of a sensor for hard-to-reach places, this
pattern is not present. This confirms the importance
of defining the characteristics of precision:
repeatability and reproducibility and the possibility
of their use for rejection of sensors in the prelimi-
nary stage. Extensive research carried out later
yielded similar results. Sensors which had an
unstable operation of spring elements, friction
in the bearing units of motors, also had an
increased repeatability and reproducibility VC (by
more than 1.5 %) which ultimately affected the
absolute measurement error. These studies also
helped to establish that with the repeatability and
reproducibility VC not exceeding 1 %, the absolute
error in the stress range of 1-300 MPa does not
exceed 35 MPa, which meets the requirements of
most consumers.

Conclusion

The repeatability and reproducibility variation
coefficients allow you to get an idea of the accuracy
characteristics of the device, and compare different
devices and sensors with each other at the prelimi-
nary stage of their manufacture. This makes it
possible to identify sensors with insufficient quality
in time and avoid additional labor costs.

The mean values and variances of
the K, value were determined for all cells
(combinations of laboratory and test level). The
repeatability variances s> and reproducibility
variances s> were calculated, on their basis the
corresponding variation coefficients were calcu-
lated. I case of the sensor for flat surfaces, repe-
atability variation coefficients were concentrated
in the 0.2-0.4 % range and did not exceed 0.6 %,
and reproducibility variation coefficients were
concentrated in the 0.2-0.6 % range and did not
exceed 0.9 %. Repeatability and reproducibility
variation coefficients of the sensor with worsened
accuracy characteristics were 1.7 higher due to
impurity of the sensitive element.

It was determined that the values of variances
s,” and s, practically do not depend on the thickness
of the tested specimen or on its internal stresses and
can be used as an objective characteristic to make
decision on sensors rejection.
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