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Abstract

The assessment of the residual lifetime of critmaiponents of industrial plants requires the
knowledge of mechanical properties prior to opergtirespecting all technological operations
realized throughout the manufacture of the comppnand the knowledge of mechanical

properties after actual time of operation (actuachanical properties). The conventional

mechanical tests require relatively large volumeesting material and extracting it from an

operating component can impair its integrity. Theead for evaluating the actual mechanical
properties by direct testing method has led to kbgweent of innovative techniques based on
miniaturized specimens. Among these, a technigliedcthe Small Punch (SP) test has emerged
as a promising candidate. It enables measurenfetiteorealistic material properties at the

critical locations in the component both prior aafter long-term operation. Yield stress and

tensile strength at ambient temperature are detednirom empirical correlations between SP
and standardized test results. In the present pdweeempirical correlations obtained in two

laboratories for determination of yield stress dedsile strength of low alloy steel of type

14MoV6-3 in as received state from the results BftSsts are compared and the differences
obtained are discussed. The results obtained ddratmshe significance of loading system

stiffness on the results of SP tests at laboratmperature.

Keywords. SP test, load-displacement curve, stiffness oftélséing machine, stiffness of the
testing rig, yield stress, tensile strength

1 Introduction

The residual lifetime assessment and potentiapémsible failure of in-service components is a
critical issue in the safety and reliability anadysf industrial plants, in particular for operain
power stations and petrochemical plants which ppeaaching the end of their design lives [1].
The conventional mechanical tests require relatidarge volume of testing material and
extracting it from an operating component can imftsiintegrity. In such situations, mechanical
tests based on small specimens test techniquesffarient for characterizing the mechanical
properties of components. A promising candidbdsed on very limited amount of testing
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material to be sampled is the Small Punch Testigak. It is mechanical testing method used
at the present time to obtain tensile, fracture @eep characteristics with the specimens of disc
shape 0.25-0.5 mm thick and 8-10 mm diameter. B 20WA 15627 “Small Punch Test
method for Metallic Materials” [2] was issued by KE(European Committee for
Standardization). In 2012 the solution of bilatgmaject, focused on the comparison of Codes
of Practice for determination of tensile and fraetaharacteristics by SP tests between EU and
China, was initiated in the frame of Czech-Chin8sentific and Technological Cooperation.
The participants of the project were Material & Klatrgical Research Ltd. (MMR), Ostrava,
Czech Republic and School of Mechanical Engineeritast China University of Science and
Technology, Shanghai, China. Both European Codéraftice [2] and Chinese Code of
Practice [3, 4] give guidance on the proceduregddiiowed when carrying out Small Punch
tests aimed at evaluation of tensile and fractiiaacteristics of the metallic materials. On the
basis of common experimental programme, realizedoith laboratories on low alloy steel of
14MoV6-3 type in as-received state and after l@rgat operation at 540°C, the database of
results of standardized tensile tests, impact, tésisture toughness tests and the SP tests results
in temperature range -193°C - +20°C was obtained.

In the present paper the empirical correlationsiokt in both laboratories for determination of
yield stress and tensile strength at ambient teatpes from the results of SP tests are compared
and the differences obtained are discussed.

2 Experimental material and methods
A pipe g 457 x 28 mm in the as-received state nuddew alloy steel of 14MoV6-3 type was
used as the testing material. Chemical compositfdhe testing materials is shownTable 1.

Table 1 Control chemical analysis of the tube in the a®ingd state

C| wMmn| si|] s | PJ|] c] Mo] Ni|] V] A| N J X
mas. % - ppm

0.12] 0.57] 0.19 0.005 0.0409 057 0552 0[08 (.32 M|02.013] 114 12.Q

Metallurgical quality of the testing material wagpeessed by BRUSCATO factor X [5]:
X=(10.P+5.Sb +4.Sn+As)/100 1)

and J factor [6]:

J = (Si+ Mn)x (P +Sn)x 10 2.)
Table 2 Selected regimes of heat treatment of testing setgme

HT1 940°C/1 hour/water + 720°C/2 hours/air

HT2 940°C/1 hour/furnace +720°C/2 hours/air

HT3 940°C/ 1 hour/oil + 720°C/2 hours/air

HT4 940°C/1 hour/air + 720°C/2 hours/air

HT5 940°C/1 hour/water + 700°C/2 hours/air

HT6 940°C/1 hour/air + 740°C/2 hours/air

HT7 940°C/1 hour/oil + 740°C/160 min./air

Segments of the size 405 x 70 mm, cut from the,pimze heat treated by 7 different regimes
HT1 to HT7 (sed able 2) to obtain significantly different yield stressasd tensile strengths. In
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order to compare the effect of testing conditiond testing rigs, standardized round bar tensile
test specimens 8 mm in diameter, oriented in lowigial direction and semi-products of SP disc
specimens of 8 mm and 10 mm in diameter orienteR-in direction were manufactured in
mechanical workshop of MMR for both laboratories.

3 Results

3.1 Tensiletests

Tensile tests at ambient temperature were cartiéihahe laboratory MMR on servo-hydraulic
testing machine MTS 100 kN under stroke contrghatrate 1.5 mm/min. The same tests were
carried out at the School of Mechanical Engineel(8§E) in Shanghai on servo-hydraulic
testing machine Instron 8800 at the rate 1.0 mm/iResults obtained in both laboratories are
summarized ifTable 3. Values listed in the table are the average vabfidlsree measurements.
The results obtained show a good agreement bettheeaverage values of yield stress, tensile
strength, elongation and reduction of area detezchin both laboratories.

Table3 Comparison of tensile test results at ambient teaipee carried out in both
laboratories

Yield stress Tensile strength Elongation Reduction of area
Heat [MPa] [MPa] [%] [%]
treatment
MMR | SME | MMR SME | MMR | SME [ MMR SME
As-received | 350 375 492 505 31.8 31.2 81 79
HT1 664 646 725 712 24.7 21.8 78 81
HT2 319 323 462 457 25.6 | 38.3 78 79
HT3 616 607 701 694 25.5 25.4 77 80
HT4 403 409 536 535 30.3 29.1 83 81
HT5 426 435 554 563 30.0 26.2 81 81
HT6 384 - 519 - 335 - 80 -
HT7 541 - 638 - - - - -

3.2 Small Punch tests

Test specimen preparation was carried out in egobratory in accordance with the Codes [2,
3]. Disc specimens 8 mm in diameter and 0.5+0.0@%imthickness were used in MMR, disc

specimens 10 mm in diameter and 0.5+0.005 mm akrtieiss were used in Shanghai University.
The screw-driven testing machines were used in taloratories (Lab Test 5.10) with a

capacity of 5 kN at MMR, CSS 44000 with a capacify20 kN at SME. The testing rigs (see
Fig.1) with the lower die hole diameter D = 4 mm, purrcivéh punch tip diameter 2.5 mm (at

MMR) and steel ball with the hardness greater $#@2MRC (at SME) were used for SP tests in
the temperature range -193°C to ambient temperature
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Fig. 1 Cross - sectional scheme of the testing rig (1-smat, 2—punch, 3—receiving die, 4—
clamping die, 5— deflection measurement rod).

SP tests at both laboratories were carried outruodsshead control at crosshead speed of 1.5
mm/min.

The objective of the test is to produce a loadidspment (punch displacement, crosshead
displacement) record (sefeig. 2) and/or load-specimen deflection record, which tams
information about the elastic-plastic deformatiow atrength properties of the material.
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Fig. 2 Load-displacement curve recorded during a smaltpuest of a ductile material

The following SP related parameters are used feoerdenation of yield stress and tensile
strength from such a load-displacement curve:
Fm [N] - maximum load recorded during SP test,
Fe [N] - load characterising the transition from lamity to the stage associated with the spread
of a yield zone through the specimen thicknesss tetermined according to both
Codes by two tangents method (§¢g. 1),
Um [mm] - displacement corresponding to the maximaoadlF,
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The load-displacement curves obtained can beadilte derive empirical correlations between
SP and standardised test results [1, 7-11] or ¢theybe analysed in terms of elastic-plastic finite
element methods [12-14]Fig. 3 shows the comparison of empirical correlations for
determination of yield stress at ambient tempeeafar 14MoV6-3 steel in as-received state.
Empirical correlations were expressed as the degreres of yield stress on parametgft)?
[15-17], where Eis the load characterizing the transition fromeérity to the stage associated
with the spread of the yield zone through the speai thickness (see Fig. 1), because it was
proved that the parametet/(R,)* eliminated any difference in disc specimen thicess on
load R [1, 18].
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Fig. 3 Comparison of empirical correlations for yield sseobtained at MMR and SME for
14MoV6-3 steel in the as-received state
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Fig. 4 Comparison of empirical correlations for ultimagngile strength obtained at MMR
and SME for 14MoV6-3 steel in the as-received state

Fig. 4 shows the comparison of empirical correlationsdetermination of tensile strength at
ambient temperature for 14MoV6-3 steel in as-remgbiwtate. Empirical correlations were
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expressed as the dependences of tensile strenggmmameter FH(u,hg) where F, is the
maximum load recorded during SP test and uis the displacement corresponding to the
maximum load F. In this case the parametef/fihy) is used to eliminate any differences in
disc specimen thicknesses agpdnd w, [1, 18].

4 Discussion

It is evident that mainly the correlations for atetenination of ultimate tensile strength are
significantly different in both laboratories. Tomain the significant differences in empirical

correlations for determination of tensile stren@itbm the results of SP tests the values of
maximum load during SP test,and displacement corresponding to maximum lgadhiained

in both laboratories are summarizedTiable 4. Values listed in the table are the average of
three SP tests.

Table4 Comparison of |5 and y, obtained in both laboratories during SP testsmabiant

temperature
Testing machine Testing rig miN] U [mm]
SME Shanghai 1355 1.845
CSS 44000 MMR, Ltd. 1446 1.857
Lab Test5.10 MMR, Ltd. 1450 2.005

Fig. 5 shows the differences in stiffness of test fixtuused for penetration tests carried out in
laboratory of SME on servo-mechanical testing mael@SS 44 000.
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Fig. 5 Differences in stiffness of test rigs used for pgeat@n tests carried out on the testing

machine CSS 44 000

Fig. 6 shows the differences in stiffness of testing nraeh (CSS 44 000, Lab Test 5.10) when
the testing rig used in MMR was applied in botholiatories. The comparison of the obtained
results have proved that the displacement corrabpgrio maximum load is affected mainly

by the stiffness of the testing machine while thaximum load recorded during SP test is
affected by the testing rig probably mainly by #mape of the chamfer edge of the receiving die
(seeFig. 1).
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Fig. 6 Differences in stiffness of testing machine (CSS0@@, Tab Test 5. 10 ) when used

MMR testing rig

5 Conclusions

Tensile tests results obtained in both laboratefesv good agreement.

Unlike the results of tensile tests, results oflhaetration tests at ambient temperature
differ significantly.

The empirical correlations for determination oflgtistress and ultimate tensile strength
from the results of SP tests obtained in each &boy are different. The difference can
be attributed first of all to the different stiffseof the loading systems.

The comparison of the results obtained in both ratosies have proved that the
displacement corresponding to maximum logdsuaffected mainly by the stiffness of
the testing machine while the maximum load recordiéihg SP test fis affected by
the testing rig probably mainly by the shape ofchamfer edge of the bore diameter of
the receiving die.

The results obtained suggest that empirical cdiogla obtained in different
laboratories cannot automatically be used for dateation of yield stress and tensile
strength at room temperature. This fact shouldakert into account when revising the
document CWA 15627 and during ASTM standards piaijman.
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