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Improving the quality of mechanical tests based on
experiments with the use of reference objects
and inter-laboratory comparisons

Tadeusz Szymczak!, Andrzej Wierzejski?, Jacek Gorecki3

ABSTRACT:

The aim of the paper is to present the research procedure to improve performing mechanical tests. The arti-
cle shows the results from experiments carried out with the use of reference objects and inter-laboratory
comparisons. Details of the research technique for determining the mechanical parameters of strength
screws and testing technical springs, are presented. The tensile characteristics of the screw material are
provided with the indication of all the necessary mechanical parameters important for engineering practice,
i.e. within the elastic and elastic-plastic range. In the case of the spring, the values of its deflection are
presented, resulting from multiple loading to a specific force value and subsequent unloading. The obtained
results are compared with the properties of the reference object using mathematical statistics and the
requirements of the standard on proficiency testing. As a result, the competences of the research teams
in the scope of performing the mentioned types of mechanical tests are confirmed.
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1. Introduction

Mechanical tests represent the kind of experiments, performed on products or specimens.
Selecting the research object depends on the aim of the test. If it is to determine the mechanical
parameters of the material, the tests should be carried out using specimens. This makes it pos-
sible to determine: Young's modulus, proportional limit (PL), elastic limit (EL), yield point (YP),
ultimate tensile strength (UTS), relative elongation after fracture (RE), and relative reduction of
area (RR) [1, 2]. When the response of the finished product under loading is followed, mechani-
cal tests should be carried out without any changes in the geometry and material-structural
features of the selected object [3, 4]. It is also worth taking care with the manner of mounting of
the object, which should reflect the operational conditions. This is so the test results can be
directly used for the working conditions [5]. Despite the difference in shapes and sizes of tested
objects, tests determining mechanical parameters and following the behaviour of the finished
product can be easily proven as the types of loading are the same, both: static and fatigue.
However, some differences may be related to the values of the loading velocity, amplitude
and frequency of the input signal. Depending on the experimental assumptions, the mechanical
tests can be conducted up to the fracture of a tested object or a specific value of the physical
quantity collected.
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The tested object in a form of specimens requires several stages, such as: (a) indicating
representative zones, (b) designing the specimen, (c) arrangement of the specimens in the
regions for examining material behaviour, (d) manufacturing the specimens using a specific
technology [6-8].

In the case of components, laboratory activities should be directed to the design and pro-
duction of a mounting system, which, unlike the method - enabling the introduction of speci-
mens by means of dedicated grips and faces controlled by the hydraulic or pneumatic system -
is multi-element and diverse, depending on the shape and the tested object dimensions.

The measurements of physical quantities, which are the parameters of the loading signal
and the reactions of the tested object, are followed by means of specific types of measuring
sensors. The force cell and displacement sensor as measuring subassemblies integrated with
the testing machine are used during experiments conducted with both types of tested objects.
Uni-axial or biaxial extensometers are employed for determining elongation or shortening in
tests carried out on specimens. Their use in trials where the test object is in a form of a finished
product is practically impossible globally, but possible locally, as long as the shape of the tested
component enables the sensor to be mounted, and the test result from the selected area will
bring us closer to a reliable assessment of the tested product. When component response is
determined based on displacement/deformation maps the Digital Image Correlation (DIC)
technique is recommended [9-11].

Although tests with the use of specimens and finished products give different results, never-
theless they are very complementary. Their reciprocity results from the combination of the data
collected. In the case of the test on specimens, it is possible to evaluate the material examined
and to improve the design, while the test on finished products approaches the quality of the
manufactured product. This way, complete data can be obtained supporting operating condi-
tions, diagnostics as well as expert activity in order to indicate the causes of possible failures.
For these reasons, the evaluation of the technical condition of the product should be carried out
with the use of both types of tested objects. Mechanical tests require not only knowledge of the
mechanics of materials and structures [12-16] and requirements from the document of general
instructions [1, 17, 18], but also the relevant experience [19-22]. Experience is usually gathered
over many years of practice by performing tests on various structural materials as well as spec-
imens and tested objects in different shapes. A helpful procedure to verify or improve profes-
sional competences in the field of mechanical tests is experiment with the use of reference
materials [23] or inter-laboratory tests. The first of these experiments can be carried out inde-
pendently, as a direct analysis of the results - by comparing them with mechanical parameters
assigned to the tested object with a certificate or feature. Inter-laboratory tests require at least
two participants, conducting tests according to a specific instruction, in the same environmental
conditions, using the same type of examined object and test parameters of measuring sensors
enabling the recording of the physical quantities from the beginning of the test up to its final
stage.

2. Tested objects and details of the experimental technique

2.1. Strength screws, test methodology and evaluation criteria

An example of a tested object - classified as a reference component - is the strength screw
(Fig. 1a). Apart from the typical geometrical features, such as thread diameter, thread pitch
and length, there is a combination of numbers on the screw head (Figs. 1b, c¢), which are directly
related to the mechanical parameters of the structural material used to manufacture the
element. The first one represents the 0.01th value of ultimate tensile strength, while the second
reflects the tenth part (0.8 in this case) of the ratio expressed by the proportion of the yield
strength to ultimate tensile strength. In the case of a strength screw in technical class 8.8, the
number designation should be expanded as follows: ultimate tensile strength (UTS) = 800 MPa,
yield point (YP) = 640 MPa.
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Fig. 1. Screw with metric thread (a) and screw heads with the examples of the strength classes: 8.8 (b), 10.9 (c)

Specimens for determining the mechanical parameters of the screw material should have
the same features, especially in the measuring zone, as the specimens used in the tensile test
[1,17] (Fig. 2). It is related to the requirement for the homogeneous stress state of the measur-
ing section. There can be no material discontinuities or geometrical imperfections, because
their presence affects the obtained results, giving unreliable conclusions. Depending on the
technical capabilities of the test stands, the gripping parts may be threaded or machined, result-
ing in manufacturing a specimen. Nevertheless, with respect to the requirements [17, 18] con-
cerning the testing of the structural material used for the production of screws, one should
strive to use certified washers and nuts (Fig. 3) up to the specified value of the screw thread
diameter and the loading.
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Fig. 2. A specimen made of a screw of 8.8 technical class

The components shown in Figure 3: the washer and the strength nut are directly used in
the region at the screw head and in the opposite threaded zone (Fig. 4). In the test, they play
the role of resistance surfaces, cooperating with the surfaces of the installing zone, located
in specialized strength sleeves (Figs. 5a, b). Special grips, as the washers and strength nuts,
are designed for a specific loading value. In the discussed case of assembly components, it was
a value of 150 kN (Fig. 5¢).

Strength tests of the screw material should be carried out in accordance with the provisions
of the following standards:

a) PN-EN ISO 898-1 entitled: “Mechanical properties of fasteners made of carbon steel and
alloy steel - Part 1: Screws, screws and studs with specified property classes - Coarse thread
and fine pitch thread” [17],

b) PN-EN ISO 3506-1 entitled: “Fasteners - Mechanical properties of corrosion-resistant stain-
less steel fasteners - Part 1: Screws, screws and studs with specified grades and property
classes” [18],

c) PN-EN ISO 6892-1 entitled: “Metallic materials - Tensile test - Part 1: Test method at room
temperature” [1].

In the discussed case, the tests were carried out at room temperature with the use of the
8802 INSTRON servo-hydraulic testing machine, operating in a closed feedback loop. The test
was performed with the use of a monotonically increasing displacement signal with a velocity of
0.4 mm/min. The strain changes were recorded using a uni-axial extensometer. The expanded
uncertainty of the force measurement was 0.6325 kN (probability approx. 95%, extension
factor k = 2).
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Fig. 3. Washer and nut for testing the structural material of strength screws in the tensile test, in various technical
classes: (a) and (b) as well as (c) and (d) respectively for the M8 x 1.25 screw up to the load value of 69 kN
(washer) and 55 kN (nut); for M12 x 1.75 screw up to a load of 150 kN (washer) and 124 kN (nut)
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Fig. 4. Specimen with a washer and nut for mounting the object in the grips shown in Fig. 5

(®) (9

Fig. 5. Specialist grips for determining the mechanical parameters of the strength screws:
(a) general view, (b) view of the area for mounting the tested object, (c) nameplate
with catalogue number, component number and loading capacity

Selected results from tensile tests, such as the value of yield point, ultimate tensile strength,
relative elongation after fracture and relative reduction of area, were compared with the re-
quirements of PN-EN ISO 898-1 [17].

2.2. Technical spring, testing methodology and evaluation criteria

Technical springs are a type of component for which it is practically impossible to manufac-
ture specimens. Therefore, these elements are tested without any interference with the material
and construction features. The main purpose of the experiment with the use of a technical
spring is to determine the reaction of the tested object under loading, obtaining the values of
the force, shortening or elongation. In the case of inter-laboratory comparisons, the aim of the
test may be more detailed, indicating a displacement value as a physical quantity used to evaluate
the competences of the participating teams.

In the discussed case, the test object was a ground cylindrical (coil) spring with the number
of turns - 15 (Fig. 6a). The dimensions of the spring were as follows: height was of 162 mm, di-
ameter reached 48 mm, wire diameter was equal to 6 mm.

(b) G} Upper 1
Loading column

grip

T-slot plate

Fig. 6. Cylindrical (coil) spring on the test stand: a) reconfigured in a horizontal position,
b) in a testing machine (8874 INSTRON) mounted vertically

Usually, the participation of two research teams leads to differences in the mounting of
the test object, resulting from the variety of test stands (Figs. 6b, ¢). Thus, there may be a case
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in which the tested object will be examined in two different positions: horizontal (Fig. 6b) and
vertical (Fig. 6¢). In such experimental events, the same values of the preload should be ensured
to minimize the influence of the test object mass on the result, especially in the case of its hori-
zontal orientation (Fig. 6b). At the same time, it should be indicated which of the mentioned
spring positioning cases is the operational one (Fig. 6b). Regardless of the test stand used,
marking should be carried out on its individual components, indicating the method of fixing,
the system for applying the loading and measuring sensors (Fig. 6). In the case of mounting
a spring, the same alignment with the direction of the force vector should be maintained and
the value of the force determined, causing the initial stress in the tested object. In the case of
the component from Figure 63, it was the value of 2 N. During the test, in addition to the force
value, the spring deflection should be recorded as a controlling parameter. For the tested object
from Figure 6a, the nominal value of the force at which the measurements were carried out
was equal to 900 N +3 N (using a mechanical actuator, Fig. 6b), and 900 N +2.5 N (using the
8874 INSTRON testing machine, Fig. 6¢).

In the assessment of the competences for the participants of the inter-laboratory compari-
son, the value “t” was used to determine the spring deflection employed in the study of the
significance of the difference between two mean values determined in the inter-laboratory test.
It was based on the assumption of a normal distribution of a set with unknown standard devia-
tions and with small specimen numerousness, below 122. The Ho: X, = X, hypothesis and the
related formula (1) were adopted. If the null hypothesis is true, then the statistic according to

(1) has the t-Student distribution with n, + n, -2 degrees of freedom [24]

X, -X,
t= T (1)

\/n1512+n1522 (1+1j
n1+n2—2 n n,

where: X1 and X2 - average values; m - the number of measurements of test No. 1, n, - the

number of measurements in test No. 2; S, - estimator of the standard deviation of test No. 1;

S,

- estimator of the standard deviation of test No. 2.
In the case of this type of comparison, the research hypothesis is of great importance. It was
formulated as follows: mean values of deflection of the tested object obtained by participant
No. 1 and participant 2 are the same. Due to the same number of measurement results (n),
obtained by both participants of the inter-laboratory comparison, the number of degrees of
freedom according to: n-1 = 3 -1 = 2 was used to read the tg value. The case of a different
numerousness of measurement results would lead to the use of degrees of freedom determined
by the expression: n1 +n2 - 2.

Apart from the statistical analysis of the measurement results carried out using the formulas
for the student’s t-significance test, the En number was determined using the guidelines of
the PN-EN ISO IEC 17043: 2011 standard [25].

X, -X
— Z1 Z2 (2)

n / 2 2
Uy +Us,

where: “721 is the average value of the result obtained by participant No. 1; /‘722 is the mean
value of the result obtained by participant number 2; U, represents the mean value of the
expanded uncertainty of the measurements made by participant number 1; U,, represents
the mean value of the expanded uncertainty of the measurements made by participant number 2.
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The criterion for evaluating the value of the £, number was carried out according to the
following text [25]:
‘En‘ <1.0 - shows a satisfactory result and does not require any additional treatment,

‘En‘ >1.0 - indicates an unsatisfactory result and requires additional treatment.

3. Results

3.1. Strength screw

The results of the tensile tests of the strength screw material are presented by the stress-
strain characteristics (Fig. 7) and mechanical parameters such as: Young’s modulus (E), propor-
tional limit (PL), elastic limit (EL), conventional yield point (YP), relative elongation after frac-
ture (RE), relative reduction of area (RR), (Table 1). Apart from the values of the above-
mentioned mechanical parameters, their location on the tensile curves was marked, allowing
for the graphical observation of differences between the values of parameters of the same type
(Fig. 7). They were visible for the value of the conventional elasticity limit, yield point and ulti-
mate tensile strength. Their explanation should be related to the slight differences in the mate-
rial properties of the tested screws, but not to a significant technical disadvantage. The ultimate
tensile strength values differed by no more than 40 MPa. In the case of differences in this me-
chanical parameter, the cause is related to the local initiation of a significant permanent defor-
mation at the stage preceding the formation of the necking, the location of which directly affects
the value of the relative elongation. Therefore, material fracture occurred at a 1.3% difference
overall deformation values. It is worth emphasizing that in the case of the proportional limit
value, the differences were small and did not exceed 10 MPa, giving the basis for the conclusion
that the tested material had a stable level of stress related to the elastic response under loading.
This behaviour is of particular engineering importance as it determines the stress level up to
which the structural material can be loaded and unloaded, without the occurrence of macro-
and micro-scale permanent deformation.

Moreover, based on the tabular summary of the values of all the determined mechanical
parameters (Tab. 1), a 5% difference in the values of the relative reduction of area can be
noticed. It indicates the unequal behaviour of the material in a complex state of stress, in this
critical state, followed by rapid development of damage leading to breaking the construction
material. Nevertheless, in the case of the tested material, the range of the post-critical state
is relatively large, falling within the range of stress values from 950 to 600 MPa, respectively,
with values of total deformation associated with them as: 0.04% and 0.14%.

(a) (b)
1100 5 ¢ UTS . 1100 .
1000 3 " Strength screw in 8.8 class 1000 - EL Strength screw in 8.8 class
900 o= 500 | Vg@e = —====2=5
— 800 — 800 re
© N © Nyp
a 700 EL @ 700 i
= s00 PPL > 2 600 \
¢ 500 °) E=212437MPa; (E=245395MPa @ 500 PL
£ 400 | PL=672MPa | |PL=664MPa £ 400
© 300 f EL=873MPa | |EL=826MPa < 300
200 § yp=883MPa | |YP=835MPa 200
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0 0.0250.050.075 0.1 0.125 0.15 0.175 0 0005 001 0015 002 0.025
Strain [mm/mm] Strain [mm/mm]

Fig. 7. Tensile characteristics of a steel screw material for the 8.8 strength class: up to fracturing (a), in the initial
section of the curve containing a perfectly linear-elastic section and part of the strengthening region (b)
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The comparison of the obtained test results from the tensile tests (Fig. 7, Table 1) with the
requirements of PN-EN ISO 898-1 [17] showed the high quality of the tested structural material
of the strength screws. The values of all mechanical parameters, adopted for the purpose of
comparison, significantly exceeded the minimum values of their equivalents included in the
mentioned standard.

Table 1

Mechanical properties of the structural material for screws in 8.8 strength class; E - Young’s
modulus, PL - proportional limit, EL - elastic limit, YP - yield point, UTS - ultimate tensile
strength, RR - relative reduction of area, RR - relative reduction of area

Specimen E PL EL YP UTS RE RR UTS/YS
number [GPa] [MPa] [MPa] [MPa] [MPa] [%] [%]

1 212 672 873 883 965 14.1 58.6 1.09

2 245 664 826 835 929 15.4 53.6 1.11
Average values 228 668 850 859 947 14.8 56.1 1.10
Extended

measurement +12 +3 +17 +17 +13 +0.6 +1.8

uncertainty

][Vii;]i]mum values (according to PN-EN ISO 898-1 640 800 12 52 1.25

3.2. Technical spring

Values of the compressive force and deflection of the spring with the mean values and
expanded uncertainty are included in Table 2. The obtained results indicated that the required
force value was maintained at its assumed nominal level (900 N) with the extended measure-
ment uncertainty not exceeding (RNP) +2 N. Attention is drawn to the almost two-fold differ-
ence between the RNP of the test results carried out by both participants of the inter-laboratory
comparison. They were the result of using different test stands. Participant No.1 has used
a multi-element measurement set with a horizontal positioning of the tested object (Fig. 6b),
while participant No. 2 has employed a testing machine (with a compact and dedicated loading-
measuring configuration), which enabled the spring to be tested in a vertical position (Fig. 6¢).
Nevertheless, the location of the tested object had no effect on the deflection values, leading to
an almost equal value of the expanded measurement uncertainty.

The statistical results of the research are presented with the following values: limits of
confidence intervals, relative precision, standardised residual and its mean value (Tab. 3).
The measurement values determined were within the confidence intervals.

In the case of both participants of the inter-laboratory comparison, the relative precision of
the force measurements was below 0.1%. Deflection measurements had a precision not exceed-
ing 0.6%. Both participants of the trials obtained the rest of the standardized “z” less than 2
(compliant with the standard quality criterion of the result according to PN-EN ISO / IEC 17043
[25]), which indicates the “satisfactory” result.

Table 2
Measurement results
No. Participant No. 1 Participant No. 2
900.5/900.1/900.4 66.19/66.26/65.95 900.8/900.3/900.5 66.43/66.24/66.44
1/2/3
[N] [mm] [N] [mm]
Average value 900.3 66.13 900.5 66.37
Extended
measurement +1.7 +0.24 +0.8 +0.25
uncertainty
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The results of verifying the hypothesis of equality of mean deflection values are presented
in Table 4. Its value was compared with the tgr limit value read from the Student’s t-tables, with
the significance level of 0.05 and the number of degrees of freedom 2. The determined value of t
was smaller than the limit value of tgr from the Student’s t-tables for a=0.05 and 3-1=2
degrees of freedom, which authorises the adoption of the formulated research hypothesis about
the equality of mean values of deflection, determined by both participants of the comparative

program.

Table 3
Statistical processing of the test results
--- Compressive force --- (Participant No. 1)
Left side of the Right side of the Relati
Measurement confidence confidence :eiigilsn Standardised Mean value
number interval at interval at K[JO/] residual "z" of ,z"
(1-0)=0.95 (1-o0)=0.95 0
1/2/3 899.7 901.0 0.05 0.801/1.121/ 0.747
0.320
--- Deflection --- (Participant No. 1)
1/2/3 65.64 66.63 0.53 0.349/0.779/ 0.752
1.128
--- Compressive force --- (Participant No. 2)
Left side of the Right side of the Relati
Measurement confidence confidence :eiigilsn Standardised Mean value
number interval at interval at l[JO/] residual "z" of ,z"
(1-a)=0.95 (1-a)=0.95 ?
1/2/3 899.8 901.3 0.06 1.060/0.927/ 0.706
0.132
--- Deflection --- (Participant No. 2)
1/2/3 66.03 66.71 0.37 0.532/1.154/ 0.769
0.621
Table 4
The result of the significance test for equality of mean values of the spring deflection
No The value of t according Limit value of tgr from the Student's t-table
’ to the formula (1) for n-1 degrees of freedom
1 0.968 to.0s;2 = 4.303

Value of the En, number calculated, based on the measurement results obtained by both par-
ticipants of the inter-laboratory study, was equal to 0.68. With regard to the evaluation criteria
of the tested value, the obtained result indicates a satisfactory result and does not require any
additional proceeding.

4. Summary

Tests with the use of specimens made of strength screws - as a reference object, made it
possible to determine all mechanical parameters, both in the elastic and elastic-plastic ranges,
including those necessary to evaluate the quality of the material examined and, at the same
time, confirm the competence of the testing team. This type of experimental procedure can be
successfully used in improving the competence of the research team. The research hypothesis
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concerning the equality of mean values of the spring deflection obtained by both groups of
the inter-laboratory procedure was confirmed statistically (t < tg), indicating the competences
of the participants of the comparison in the mentioned type of test.

A significant increase in the competences of the research teams is possible by conducting
tests with the use of reference objects and inter-laboratory tests.
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Doskonalenie jakosci prowadzenia badan mechanicznych
na przykladzie testow z wykorzystaniem obiektéw odniesienia
oraz poréwnan miedzylaboaratoryjnych

STRESZCZENIE:
Celem pracy jest zaprezentowanie postepowania badawczego dla doskonalenia wykonywania badan
mechanicznych. W artykule przedstawiono wyniki badan pochodzace z préb mechanicznych zrealizowanych



Improving the quality of mechanical tests based on ex-periments with the use of ... 251

z udzialem obiektow odniesienia oraz bedacych udzialem poréwnania miedzylaboratoryjnego. Zaprezen-
towano szczegdty techniki badawczej, dotyczacej okreslania parametréw mechanicznych $rub wytrzymato-
$ciowych oraz badania sprezyn technicznych. Zamieszczono charakterystyke rozciagania materiatu $ruby
ze wskazaniem wszystkich niezbednych parametréw mechanicznych istotnych dla praktyki inzynierskiej,
tj. z zakresu sprezystego oraz sprezysto-plastycznego. W przypadku sprezyny zaprezentowano wartosci
jej ugiecia, wynikajace z kilkukrotnego obcigzania do okreslonej wartosci sity i nastepujacego odciazania.
Uzyskane wyniki badan odniesiono do cech witasnych obiektu odniesienia oraz poréwnano wzajemnie
z wykorzystaniem zagadnien statystyki matematycznej oraz wymagan normy dotyczacej badan biegtosci.
W efekcie potwierdzono kompetencje zespotéw badawczych w zakresie wykonywania wymienionych
rodzajow préb mechanicznych.
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testy mechaniczne; poréwnania miedzylaboratoryjne; polepszanie jakosci; kompetencje



