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Onpenesenne MexaHM4eCKUX CBOICTB 3j1eMeHTOB ADC mocie crapeHust
€ MOMOIIbI0 HHCTPYMEHTAJIbHOI OLIeHKH TBEPAOCTH U JIPYTHX MeTO/A0B
HCNBITAHUSI MAJIBIX 00pa3loB

I'. b. Jlenkeii, I11. IllaBan, Il1. Po:xaxermii, T. Kosec, I1I. Monac, P. beie3nan

bait 3onran Jlta., UHCTUTYT JOTUCTUKM W TPOU3BOACTBEHHBIX CHUCTEM, MUIIKOIbII,
Benrpus

C ucnonvsosanuem dKCHEPUMEHMATLHBIX OAHHbIX U KOHEYHOIIEMEHMHO20 MOOeTUPOBAHUS AHANU-
3UPYIOMCA DKCHepUMEenmanbHble Memoobl UHCMPYMEHMANbHOU OYeHKU Mmeepoocmu U UHOeHMUpo-
6anus manvlx obpaszyos. Jlannvie Memoobl MONCHO UCNONb308AMb NPU ONpeoeieHul HeKOMOpbIX
Heu36ecmmblX Mexanuyeckux COUCme mamepuand, Ko20a Hem G03MOJICHOCIU Gblpe3amb oopasysl
CMAaHOApMHLIX PA3MeEPO8 U3 UCCIe0YeMOl KOHCMPYKYUU.

Knroueswie cnosa: HWHCTPYMCHTAJIbHAA OLICHKA TBEPAOCTH, UHACHTUPOBAHNUC MaAJIbIX
06pa3u013, KOHCYHO3JIEMCHTHOC MOACIUPOBAHUC.

Introduction. During the operation of nuclear power plants (NPP) mechanical
properties of the structural materials can change due to several factors such as
irradiation, temperature, load level and fatigue loading, corrosion, etc. Such a
change in material properties influences the lifetime of the equipment (ageing). It
is essential for the fitness for service assessment to have reliable information on
actual mechanical properties of an operating structure. In most cases, it is not
allowed to cut larger pieces from an operating component to manufacture specimens
and perform destructive laboratory tests, because it may have significant impact on
the component’s integrity. The determination of the necessary data is possible with
non-destructive or semi-destructive techniques.

1. Instrumented Hardness Test. In several cases, the hardness measurement is
the only accepted non-destructive testing method whose results can be used to
assess the actual mechanical properties such as yield stress or tensile strength.
Since the scatter of the properties calculated directly from the pure hardness value
is usually too large and the number of properties to be assessed is limited, methods
have been developed for the evaluation of the mechanical properties from the
load—indentation curve using instrumented hardness testing. The most reliable
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method is the so-called automated ball indentation (ABI) test [1]. This method
requires quite a complex measurement device (Fig. 1) and application on a real
structure can be problematic. For handling the difficulties in the case of on-site
measurements, a simplified measurement procedure has been implemented for
manually operated instrumented hardness tester neglecting the download cycles.
The method has been successfully tested on different materials of real components
at the Mechanical Testing Laboratory of BAY-LOGI. True stress—true strain curves
were derived from the indentation curves and the results were validated with
tensile tests and with finite element modeling as well.

Fig. 1. Instrumented hardness tester on a component.

1.1. Test Parameters and Evaluation Method. The Mat-Tec Unihard S3 type
portable instrumented indentation test machine was used, for which an extra
aluminum frame was designed and manufactured, in order to clamp the machine
properly on the tested equipment surface (Fig. 1). In the case of carbon steel 4
magnet blocks and in the case of austenitic steel two fixing belts could be used.
The maximum applied indentation load was 500 N. The indenter was tungsten
carbide cone with 1 mm tip radius. The load and indentation depth curves were
recorded and evaluated. The ABI method was used [1] to determine the true
stress—true plastic strain curve, the yield stress and the ultimate tensile strength of
the tested materials. These parameters were also determined with tensile tests carried
out at room temperature and were compared with the indentation test results.

Using the true stress—true strain curve determined with tensile tests and with
the indentation tests, the load—indentation depth curve also was determined using
finite element methods in order to validate the results obtained from the instrumented
hardness testing. Three different material types were tested: austenitic steel, carbon
steels with and without Liiders strain. Some kind of statistical analysis was also
carried out to determine the uncertainty of the instrumented hardness measurement
with conservative approximation.

1.2. Results of the Hardness Test. The results of the finite element method
(FEM) validation show that the indentation curves and the finite element results
along the loading part of the curve are in good agreement (Fig. 2.)
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FEM validation of indentation test
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Fig. 2. FEM validation of the evaluation method.

The true stress—true strain curves determined from indentation curves are in
good agreement with those determined from tensile tests (Figs. 3—5.). The yield
stress and the ultimate tensile strength calculated with ABI method fitted well with
the tensile test results. The differences were not more than 3.7% in the case of yield
stress, and 4.5% in the case of ultimate tensile strength for each tested material
type. The calculated measurement uncertainties were 5.85% for yield stress and
7.46% for the ultimate tensile strength. The measurement uncertainty calculation
was based on a conservative method. To determine this with more accuracy, the
work be will continued in the future and more extended analysis of the test
parameters will be needed.
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Fig. 3. True stress—true strain curve of austenitic steel.

Despite of the fact that the curves, the yield stress and the ultimate tensile
strength calculated with ABI method fitted well with the tensile test results, the
results have some scatter and not always provide accurate data for further
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True stress- true strain curve
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Fig. 4. True stress—true strain curve of carbon steel without Liiders strain.
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Fig. 5. True stress—true strain curve of carbon steel with Liiders strain.

assessment. Nevertheless, the ABI method does not provide fracture mechanics
properties, so other alternative way should be applied. The selected method is the
small punch test (SPT), which is one of the miniature specimens’ testing techniques
and belongs to the semi-destructive testing methods.

2. Small Punch Test. In the framework of a research programme, the small
specimen test techniques, like SPT, were studied to understand the size effect and
to find an up-to-date measurement technique to assess the ageing problems of
structural materials of NPP. The aim of our work was to evaluate the mechanical
properties of 15SH2MFA, 22K, X6CrNiTi 18-10 (08H18N10T) and their welds and
heat-affected zone at room temperature, to compare these data with the results from
conventional testing techniques and the above mentioned ABI test. The SPT is a
useful technique in residual lifetime assessment owing to the lower tests evaluation
cost compared to destructive methods and has higher lifetime evaluation accuracy
than the nondestructive test techniques. But the SPT has a disadvantage: the
loading originates biaxial stress state in the specimen during the test which causes
complication in the determination of the correct material properties.
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The tests have been carried out with the typical specimen size of the SPT. In
most literature sources, the SPT specimen has 8 mm diameter and 0.5 mm
thickness [2] (Fig. 6). The force—displacement curves are registered in each test.
The diameter of the ball (2.5 mm) and also the geometry of the testing clamping
device were chosen in accordance with most of the test equipment found in the
literature. The SPT was performed according to the guidelines of the European
Code of practice [3].

A 9>\ 4
i i
A-A
The geometry of the small The half of the 3D model
punch test specimen of the testing device

Fig. 6. SPT specimen and device.

The aim of the tests was to determine the yield strength of the steels by the
so-called two-tangent method from the registered force—displacement curves. The
result of the SPT test was validated by finite element method using MSC.Marc&
Mentat code [4].

The typical SP force—displacement curves had four distinct regions (Fig. 7).
The first part is the elastic bending, the second is the plastic bending, the third part
is the membrane stretching and the last one is the region of plastic instability. The
force P, corresponds to the limit of the elastic region and the beginning of the
plastic deformation [2]. The tests were made by an Instron 8874 servo-hydraulic
biaxial tensile tester machine (Fig. 8) at room temperature. The displacement is
measured with an extensometer and a deflection meter at the same time.
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Z
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Displacement (mm)
Fig. 7. Typical SP force—displacement curve.
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Small punch test Sections of the specimens

Fig. 8. The testing machine and the sections of the specimens after the test.

2.1. SPT FEM Model. The SPT can be modeled as a 2D axis-symmetric
model, because the specimen, the clamping device and the load have cylindrical
symmetricity. The model is shown in Fig 9. The conjecture is that the materials
with high strength can cause deformation in the testing tool itself, so it is modeled
by three parts. The upper die has two parts, because there is a large deviation in the
results in the case of high-strength steels. The upper die (Fig. 9, upper die 2/1) can
move up 0.1 mm during the test by the leverage of the specimen. This movement
can compensate the deviation in the elastic-bending zone between the measurement
and the FEM results. The three parts of the device are linked with a spring to each
other in the model to consider the elasticity of the clamping device. The mesh of
the lower die is finer than the upper ones, because higher deformation can be
expected in the device. The same consideration was taken in the case of the ball
and the specimen, too. The ball and the disk were inserted into displacement in the
horizontal direction. The puncher is modeled as a rigid contact body and it is
represented by a curve which is on the upper part of the ball. Its position is
changing during the test. The device, the ball and the SP specimen are modeled as
a deformable contact body. The total number of the finite elements in the model is
1213, the specimen has 650 four-node type quadrilateral elements.

Upper die 2/2 Puncher (imodeled
| h\ by a rigid curve)
P Ball
Upper die
21 T
Boundary
conditions

Specimen

Fig. 9. FEM of the SPT.
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The material properties are defined using true stress—true plastic strain curves,
which are obtained by tensile tests. In favour of the more precise results, the curves
are extended with a fitting curve in the higher strain value region. The next two
diagrams show the hardening curves of the 22K and X6CrNiTi 10-18 (Figs. 10 and
11). The experimental test of the 1S H2MFA material is in process yet and the FEM
result is not published here. Figure 12 shows the distribution of the total equivalent
plastic strain field in the SP specimen after the test. Making comparison of the
force—displacement curves from the test with the FEM analyses, very good
agreement can be obtained (Figs. 13 and 14).
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Fig. 10. True stress—true plastic strain curve (22K).
Fig. 11. True stress—true plastic strain curve (X6CrNiTi 10-18).

Fig. 12. The total equivalent plastic strain distribution in the specimen after the test.
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Fig. 13. FEM results comparison with measurement (22K).
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Fig. 14. FEM results comparison with measurement (X6CrNiTi 10-18).

2.2. Analysis of the Effects of the Friction, the Gap in the Clamping Device
and the Tolerance of the Specimen Thickness. Performing finite element analysis
for the clamping device without the 0.1 mm gap between the upper parts, the
results of the test and calculation show a large difference in the first, elastic-bending
region. Consideration of the gap in the model provides good agreement between
the test and calculation. The expectation of the clamping device deformation
proved to be correct. In case of the 22K material, the gap is not needed.
Consequently, the difference in the strength of the materials causes inaccuracy in
the measurement, so the steels with high strength need compensation (Fig. 15). The
different friction coefficients are causes difference in the results of the maximum
forces as it can be seen in Fig. 16. There is no effect in the elastic-bending region
however, there is large difference in the plastic instability zone. Work [2] provides
an equation to determine the tensile strength based on the maximum force from the
force—displacement curve, but that expression is valid for larger ball diameter. That
equation is derived from 10 types of steels used for power plant components. The
tolerance of the specimen thickness = 0.005 mm is assumed in [5]. The question is
that how bigger tolerance affects the results? The results show high dependence on
the tolerance of the thickness, so the thickness of the specimens is one of the most
important parameter in this test (Figs. 17 and 18). The allowed tolerance causes no
deviation, but higher difference in the thickness changes the results, particularly
the value of the maximum force.
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Fig. 15. Effect of the gap in the loading frame.
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Fig. 17. FEM results for the different friction coefficients.

2500

0.51

TG ()5

2000 e 7=0.49
1500 /

z
P /
S 1000 /
500
0
0 05 1.0 15 20 25

Displacement [mm]

Fig. 18. FEM results for the tolerance of the specimen thickness.

2.3. Determination of the Yield Strength from the SP Curves. There is a new
way to evaluate the yield strength of materials [6]. For this the P, value is
necessary, which is the maximum load at the upper surface of the specimen when
the material properties begin to change, the elastic bending region turns into the
plastic bending region (Fig. 7)
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where « is the material constant (for X6CrNiTi 10-18, a=0.477; for 22K,
a=0.36), Py is the yield load, and ¢ is the thickness of the specimen (0.5 mm).
The comparison of the yield strengths from the Eq. (1) and from tensile tests are
presented in Table 1.

Table 1
Comparison of the Measured Yield Strengths
Steel Yield strength Yield strength Yield strength
from SP (MPa) from FEM (MPa) from tensile test (MPa)
22K 244 245 250
X6CrNiTi 10-18 270 276 305
I y=5702.8x +2.4 ;18
y=10559x - 2.8741 }
400 - 1000 +———f-——————-  m—
Z | = |
o | & }
= | g |
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= | = |
y =532.86x + 157.94 !
: y= 862.93x*4‘ 120.61
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0 0.5 0 0.5
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22K X6CrNiTi110-18

Fig. 19. Determination of the P, yield load from SP curves with two-tangent method.

Two tangent lines should be drawn on the force—displacement curve (one for
the elastic-bending zone and the other is for the plastic bending region). Then the
intersection point should be projected to the force axis of the diagram. The
obtained value is the P, (Fig. 19).

Conclusions. Analyses of the automated ball indentation test and the small
punch test are performed using experimental tests and finite element simulation.
Both test techniques have been applied for determination of the material properties
of NPP structural materials. The ABI test shows some scatter in the results
however it is practically applicable when only non-destructive test technique is
permitted. The validation of the SPT was also completed and the results from finite
element analyses corroborated the measurement results. The yield strength
determination shows that the calculation results are good agreement with the
results of the tensile tests. These methods can be applied when some material
properties are unknown and there is no way to cut larger pieces from the structure
to determine them with standard size specimens.

Pe3ome

[3 BUKOPUCTAaHHSIM E€KCIIEPUMEHTAIBHUX JIAHUX 1 CKIHUEHHOEIEMEHTHOTO MOJICIIO-
BaHHS aHAJI3YIOTHCS €KCIIEPUMEHTANbHI METOIN IHCTPYMEHTAIBHOI OIIHKH TBEp-
JIOCTI 1 1HJIEHTYBaHHS MaJKX 3pa3kiB. J[aHi METOIM MOKHA BUKOPUCTOBYBATH IPU
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BH3HAUYEHHI JIEIKUX HEBIJOMUX MEXaHIYHUX BIIACTUBOCTEH MaTepiany, KON HEMa€E
MOJKJIMBOCTI BHpi3aTh 3pa3ku CTaHAAPTHUX PO3MIpIB 13 JOCIHiIKYBaHOI KOHCT-
PYKITi.
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