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1. Introduction

Many structural components contain the zones of
geometrical parameters change, shoulders, keyways, oil
holes, welded joints and termed notches. When such ele-
ments are loaded, local stress and strain concentrations are
generated in such zones of geometrical parameters change
[1, 2]. Plastic strain in these areas appears in small material
volumes. During cyclic loading the cyclic plastic deforma-
tion in the area of stress and strain concentrations can se-
verely reduce the durability of the construction. Plastic
strains in these areas are limited by adjacent elastic
strained zones, therefore the conditions of loading with
limited strains in these areas are very similar.

The low cycle loading experiments are very com-
plicated and expensive, particular at elevated temperature
because of temperature control and stress strain curves
recording. That is why the attempts to obtain characteris-
tics of low cycle loading from monotonous tension curves,
hardness or other parameters, but without cyclic loading
are made. Heat treatment is widely used in nuclear power
equipment and other engineering components. Under low
cycle loading tempered or normalized steels cyclically sta-
bilized or hardened, therefore high strength steels are cy-
clically softened [3].

It is very important to analyze the reliability of
structures under low cycling loading. The probabilistic
methods of reliability determination of corrosion and heat—
resistant steels are analyzed in this work. Durability calcu-
lation is based on the statistical method by the use me-
chanical characteristics and low cyclic loading parameters.

The parameters of low cycle loading fatigue
curves according plastic strain m, and C, and elastic strain
m, and C, for corrosion and heat-resistant steels at room
and elevated temperatures were determined under tension
compression and at symmetric ( R=—1) strain limited con-
ditions. In works [4, 5] detailed statistical analysis showed
that parameters of Coffin curves the best correlate with
modified plasticity (o-u /o, )Z , 1.e. the parameter depending

on ultimate tensile and yield strengths and reduction of the
area at fracture, at room and elevated temperatures. The
relationship between the parameters of fatigue curves and
mechanical characteristics was conformed according to
normal distribution. Only the results of experiments of
Kaunas University of Technology laboratory were ana-
lyzed. In this work the results of the investigation of 55
corrosion and heat-resistant steels, 36 their weld metals at
room (20°C) and 46 corrosion steels at elevated (250°C—
550°C) temperatures were selected from materials investi-
gated in the laboratories of Kaunas University of Technol-

ogy and other countries (Slovakia, Russia, Hungary).

2.Mechanical characteristics and low cycle fatigue
curves parameters

The low cycle fatigue characteristics of materials
are significant for estimating the reliability and durability
of construction elements during exploitation [6]. The pa-
rameters of low cycle loading with limited strain are un-
derstood as the durability or low cycle fatigue curves,
which are composed in coordinates Ige&—Ig N and

lg 6 —Ig N according the number of cycles till crack N,
or fracture N, appears. The durability of the material un-

der loading with limited strain is expressed by Coffin’s
equation

SN =C, (1)
where & is the range of plastic strain or the width of plas-
tic hysteresis loop; N is the number of cycles up to crack

formation or fracture; m » and C p are characteristics of

the material, which are proposed by Coffin: m, =0.5 and

C, = O.SIn(l/(l—Z)), where Z is reduction of the area at
fracture, while S.S. Manson [8] proposed the expression
C, =(m1f1-2)".

The hysteresis loop describes cyclic behavior of
the material and its resistance to fatigue. Under loading
with limited strain, the cyclic hardened, softened or stable
materials are damaged of fatigue, because at this loading
there is no quasistatic damage. The shape of hysteresis
loop vary during the low cycle loading with limited strain
for hardened and softened materials, therefore it is pro-
posed to calculate equivalent plastic strain by expression

1 k

T Zé’k where k. is the number of semicycles up to
c 0

crack, or to the applied width of plastic hysteresis loop for
durability £./2 [3].

In work [3] it was proposed to change plastic de-
formation 6 in Eq. (1) by &, because the range of total
strain & remains constant at cyclic loading with limited
strain therefore the durability is proposed to be evaluated
by the equation

o=

eN™ =C 2

This equation, when &>(3.0-3.5)e,,, is correct

pro>



for the majority of materials, then, m, >m, C,>C [3],
and when &<(3.0-3.5)e

creases, therefore low cycle fatigue curves are defined in
this work by the equation

» the durability greatly in-

£=C, N +C,N " 3)

C

P> =p
are parameters of low cycle fatigue curves according to
elastic and plastic strains accordingly.

where ¢ is total elastic plastic strain; m,, C,, m

e

3. Statistic evaluation of low cycle fatigue parameters

The corrosion and heat-resistant steels and their
weld metals [4, 5] investigated in this work were divided
according temperature into 2 groups: 1) at room tempera-
ture; 2) at elevated temperature. Dependences of the pa-

rameters of low cycle fatigue curve m,, C, according

plastic strain and m,, C, according elastic strain on modi-
fied plasticity (0',, /O'y )Z for steels at room temperature
and 95% confidence interval ranges (dotted line) to theo-
retic line are given in Fig. 1. Fig. 2 represent the results of
parameters m,, C, dependences on modified plasticity
for steels at elevated temperature.
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Figs. 1 and 2 show that the 95% confidence interval
ranges (dotted line) to theoretic line are narrower at room
temperature comparing with the results at elevated tem-
perature.

Rectangular diagrams of parameters m, for steels

and their weld metals (Fig. 3) show that the scatter interval
of the results is not wide (within limits x,, +x, ). In these

diagrams the median values x,, for the investigated n

max

number of materials are also represented, which divides the
scatter of the results into two equal parts. Defined area
(within quartiles limits x,,; + x, 5 ) describes the 50% scat-

ter of the middle values. Statistical characteristics of low
cycle fatigue curve parameters m,, C,, m,, C, according

to elastic and plastic strain at room (20°C) and elevated
(250°C - 550°C) temperatures are given in Table 1. Mean
values of the parameters are similar to median values; the
implication is that here are no strongly outstanding materi-

als. The mean values of scatter results of parameters m,,

and C, according elastic and plastic strain for corrosion
and heat-resistant steels at room temperature are greater
comparing with the results at elevated temperature, how-
ever parameters m, and C, are smaller at room tempera-

ture than at elevated temperature.
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Fig. 1 Dependences of low cycle fatigue curves parameters on modified plasticity (o-u /o, )Z for steels at room tempera-

ture: a- m,, b - C,, c- m,, d - C,
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Fig. 2 Dependences of parameters m, (a) and C, (b) on modified plasticity (o-u / o, )Z for steels at elevated temperature
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Fig. 3 Rectangular diagrams of parameters m , for steels (a) and weld metals (b) at room temperature

Parameter m, of low cycle fatigue curves for

analyzed steels and their weld metals at room and elevated
temperatures has left skewness compared with normal dis-
tribution, while parameter m, for those steels at elevated

temperature has right skewness. Kurtosis coefficient shows
that the results of parameters m, and m, for corrosion

and heat—resistant steels and weld metals at room and ele-
vated temperatures are spread wider interval comparing
with normal distribution.

Correlation analysis is statistical relation strength
between analyzed variables, which is expressed by correla-
tion coefficient. Pearson correlation coefficient measures
the linear relation strength. Correlation analysis is not used
to determine nonlinear correlations. When linear model is
not adequate, it is necessary to use nonlinear model.

In previous works the accomplished statistical
analysis conformed that the parameters of Coffin curves
the best correlate with modified plasticity (o-u /O'y)Z at

room and elevated temperatures. The results in Table 2
confirm that the parameters of low cycle fatigue curves
m,,C,,m,, C, for steels, their weld metals and modified

plasticity (Gu / o, )Z at room and elevated temperatures are

correlated. Pearson correlation coefficient has the mini-
mum value |— O.402| for corrosion and heat-resistant steels

coefficient C, at elevated temperature and the maximum

value |0.747| for those steels coefficient C, at room tem-

perature.

Analytical dependences of Coffin parameters on
modified plasticity for analyzed steels and weld metals at
room and elevated temperatures are given in Table 3. The
dependences of m,, C,, m,, C, are used for forecasting
the preliminary durability of a material by Eq. (3).

For the comparison of the results of experimental
and calculated durability by Eq. (3), which are distributed
according to normal low, there were determined such scat-
ter limits: fourfold, ninefold, sixteenfold. The scatter be-
tween experimental and calculated durability results for
steels and their weld metals (according analytical depend-
ences given in Table 3) at room and elevated temperatures
is presented in Table 4. Scatter of the results between ex-

perimental N7” and calculated N ch"l durability for steels at

elevated (250°C - 550°C) temperature is 19% greater than
the scatter of the results at room (20°C) temperature. The
scatter of comparison results of experimental and calcu-
lated durability for steels and their weld metals are similar
at room temperature. The comparison between their dura-
bility at room temperature is shown in Fig. 4. When

N;-”l >10000 the relation N“]}”I / N7" is greater than 10, it

means that in Table 3 proposed analytical dependences are
correct to use when N;“l <10000.
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Table 1

Statistical characteristics of low cycling curves parameters m,,C,, m,, C, atroom and elevated temperatures

P2

Weld metals of corrosion

Corrosion and heat-resistant Corrosion and heat-resistant .
steels at room temperature steels at elevated temperature and heat-resistant steels at
Parameters room temperature
m, (08 m, C, m, (08 m, C, m, (08 m, C,

Number of materials | 42 42 42 40 36 36 34 29 25 24 23 22

Mean value 0.791| 189 | 0.152 | 2.40 |(0.735| 154 | 0.200 | 2.58 | 0.608 | 93.1 | 0.171 [2.38
Median value 0.811| 212 | 0.137 | 1.81 |(0.798| 193 | 0.197 | 2.35 | 0.665 | 52.7 | 0.157 |1.63
Minimum value 039 | 444 0.06 0.65 ]0.36 | 6.05 0.11 0.83 0.24 2.88 0.05 10.51
Maximum value 1.12 | 555 0.30 6.49 |1.10 | 347.8 | 0.34 5.08 0.97 348 0.36 16.96

Kurtosis coefficient [-0.06 | 0.56 | -0.46 | 0.71 |-0.94 | -1.10 | -0.73 | 030 | -0.50 | 1.16 | -0.42 (0.74

Skewness coefficient |-0.63 | 0.39 0.78 1.25 |-0.38 | -0.36 | 0.52 0.71 | -0.19 | 1.38 047 |1.32

Table 2
Correlation analysis of parameters m, ,C,, m,, C, and modified plasticity (o-u / o, ) Z
at room and elevated temperatures
Material Pearson correlation coefficient
my, Cp m, Ce
At room temperature
Corrosion and heat-resistant steels -0.660 -0.461 0.610 0.747
Corrosion and heat-resistant steels 0.559 0.707 0.545 0.466
weld metals
At elevated temperature
Corrosion and heat-resistant steels -0.567 -0.402 0.501 0.436
Table 3
Analytical dependences of low cycle curves parameters on modified plasticity (o-u / o, )Z at room and elevated tempera-
tures
At room temperature At elevated temperature

Corrosion and heat-resistant steels

m, =1.00-0.1490, /o, |2 m, =1.08-0.189(c, /o, )z
C,=294-738(c,/0,)Z C,=266-60.7(c,/c,)Z
m, =0.073+0.059(c, /o, )2 m, =0.105+0.052(c, /o, )2
C, =0260+1.61(c, /o, )2z C,=1.44+0.645(0, /o, )2

Weld metals of corrosion and heat-resistant steels at room temperature

m, =0.363+0.244(0, /o, )z

C,=-79.7+181(0, /0, )Z
m, =0.057+0.114(c, /o, )2
C,=0.147+2.26(c, /o, )2




Comparison of experimental N7* and calculated N ;-”[

17

Table 4

durability for corrosion and heat-resistant steels and their

weld metals at room and elevated temperatures

Number of specimens, when scatter of results between experimental and
Material Total calculated durability is
number of fourfold ninefold sixteenfold
specimens number | % number | % number | %
At room temperature
Corrosion and heat-resistant 449 142 32 212 47 260 58
steels
Weld metals of corrosion 228 88 31 145 50 173 60
and heat-resistant steels
At elevated temperature
Corrosion and heat-resistant 362 58 16 100 28 139 39
steels
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weld metals (b) at room temperature
4. Conclusions

1. The mean value of parameter m,, for corrosion

and heat-resistant steels and their weld metals at room at
elevated temperatures is greater than Coffin’s suggested
constantm=0.5. The obtained mean value at room tem-

perature for steels m,=0.791, for weld metals

m, =0.608, at elevated temperature for steels m, =0.735.

2.The parameters of low cycle fatigue curves
m,,C,,m,,C, for steels and their weld metals are corre-

lated with modified plasticity (au/a',, )Z by linear regres-

sion at room and elevated temperatures.
3. The scatter of the results between experimental

N¢7 and calculated N ;"l durability for steels at elevated

temperature is 19% greater than the scatter of the results at
room temperature. The scatter of the results between ex-
perimental and calculated durability for steels and their
weld metals are similar at room temperature.

4. Analytical dependences of low cycle fatigue
curve parameters on modified plasticity for corrosion and
heat-resistant steels and their weld metals are enough cor-
rect to figure out the durability at room and elevated tem-
peratures. The scatter of the results is 2-3 times greater
than for one material experimental durability at low cycle

Fig. 4 Comparison of experimental N7” and calculated N ;"l

durability for corrosion and heat-resistant steels (a) and

loading.

5.Dependencies proposed in this work may be
used for preliminary durability evaluation of corrosion and
heat-resistant steels and their weld metals at low cycle
loading.
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M. Daunys, A. Stulpinaité

KOROZIJAI IR KARSCIUI ATSPARIU PLIENU
SUVIRINTUJU JUNGCIU MEDZIAGU MAZACIKLIO
ILGAAMZISKUMO STATISTINIS [VERTINIMAS
KAMBARIO IR AUKSTESNEJE TEMPERATUROJE

Reziumé

Straipsnyje analizuojama atominéje energetikoje
naudojamy korozijai ir kar$¢iui atspariy plieny ir jy suviri-
nimo siiilliy medziagy mazaciklio ilgaamziskumo priklau-
somybé nuo mechaniniy charakteristiky. Tyrimui panaudo-
ti 55 korozijai ir kar§¢iui atspariy plieny, 36 $iy plieny su-
virinimo sitiliy medziagy kambario temperatiiroje ir 46
plieny aukstesnéje temperatiiroje mazaciklio deformavimo
duomenys, gauti Kauno technologijos universiteto bei Slo-
vakijos, Rusijos ir Vengrijos mazaciklio nuovargio labora-
torijose. Nustatytos mazaciklio suirimo kreivés charakte-
ristikos C,,, m, pagal plasting deformacija ir C,, m, pagal
tampriaja deformacijg. Atliktas statistinis tyrimas patvirti-
no, kad suirimo kreiviy parametrai, taip pat modifikuotas
plastisSkumas (O’u / O'y)Z yra atsitiktiniai ir nepriklausomi
dydziai, pasiskirst¢ pagal normalyji désnj, ir maZzaciklis
ilgaamziSkumas tiesiskai koreliuoja su medziagy modifi-
kuotu plastiSkumu (Gu / o-y)Z . Pasiiilytos korozijai ir

kars¢iui atspariy plieny ir ju suvirinimo sitiliy medziagu
konstanty C,, m,, C, m, analitinés priklausomybés nuo
modifikuoto plastiSkumo kambario ir aukstesné¢je tempera-
turose. Apskaiciuoto ir eksperimentiskai gauto ilgaamzis-
kumo rezultaty palyginimas parodé, kad pasiiilytas meto-
das gali buti pritaikytas preliminariam tirty medziagy ma-
zaciklio ilgaamziskumo nustatymui.

M. Daunys, A. Stulpinaite

STATISTICAL EVALUATION OF LOW CYCLE
DURABILITY FOR CORROSIAN AND HEAT-
RESISTANT STEELS WELDED JOINTS MATERIALS
AT ROOM AND ELEVATED TEMPERATURE

Summary

In this work low cycle fatigue durability depend-
ence upon mechanical characteristics for corrosion and
heat-resistant steels and their weld metals used in nuclear
engineering was analyzed. The results of 55 corrosion and
heat-resistant steels, 36 their weld metals at room and 46
corrosion and heat-resistant steels at elevated temperatures
are obtained in the laboratories of Kaunas University of
Technology and in Slovakia, Russia, and Hungary. Pa-
rameters of low cycle curves according plastic strain C, m,,
and elastic strain C, , m, for these steels and their weld
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metals at room and elevated temperatures are analyzed.
Statistical analysis confirmed, that fracture characteristics
and modified plasticity are independent values, they have
normal distribution and durability has linear correlation
with the modified plasticity (Gu /Gy)Z. Analytical de-

pendences of constants C,, m,, C, m, on modified plastic-
ity are proposed for these materials at room and elevated
temperatures. The comparison of calculated and experi-
mental durability results showed, that the proposed ana-
lytical dependencies may be used for preliminary estima-
tion of low cycle durability of the investigated materials.

M. Haynuc, A. CtynnuHaite

CTATUCTUYECKUIN AHAJIN3 MAJIOLIMKJIOBOM
JJOJITOBEYHOCTU MATEPUAJIOB CBAPHbBIX
COEJIMHEHWI KOPPO3MOHHOCTOMKUX U
XKAPOCTOMKUX CTAJIEM B YCJIIOBUSIX
KOMHATHOM U IMMOBBILLEHHOW TEMIIEPATYPbI

PesmomMme

B crarpe aHanmmsmpyercsi 3aBUCHMOCTD MaJIOIHK-
JIOBOW JIOJITOBEYHOCTH OT MEXAHWYECKHX XapaKTepHCTHK
JUIs1 KOPPO3MOHHOCTOMKHX U XKAPOCTOWKHX CTaJled U Mate-
pHATIOB MX CBAapHBIX IIIBOB, HCIOJNB3YEMBIX B aTOMHOMN
sHepreTuke. [ mcciaenoBaHMS WCIONB30BAaHBI JAaHHBIC
MaJOLMKIOBOM YCTaJIOCTH 55 KOPPO3HMOHHOCTOMKUX U
XKapOCTOWKMX cTaneil 36 MaTepuanoB UX CBapHBIX IIIBOB B
YCIIOBHSIX KOMHATHOW TemmepaTypbl U 46 KOPPO3HOHHO-
CTOMKHMX U JKapOCTOMKHX CTaJjieid, B yCJIOBHSX IOBBIIICH-
HOW TeMmIieparypsl, NoyueHHble B KayHacckoM TeXHOo-
TMYECKOM YHHUBEPCHUTETE, a TaKKe B JIAOOpaTOpHUsIX Majo-
uukioBoil ycranmoctu CrnoBakuu, Poccun u Benrpun. Omn-
pelenieHbl XapaKTepUCTUKN KPUBOH MaJIOIMKIOBOH yCTa-
noctu m,, C, 10 miacTn4eckoi nepopmaunu u m,,C,

o
no ympyroi nepopmaimu. [IpoBeieHHBIE CTATUCTUYECKUE
UCCIIEJOBaHMS MOATBEPAMIIN, YTO TTapaMeTPbl KPUBBIX Ma-
JIOLMKJIOBOM YCTalOCTH, TaKke Kak MOIAU(UIMPOBaHHAs
MJIACTUYHOCTD (Gu /ay )Z , €CTb CIy4YaillHbIE W HE3aBHCH-

MBbI€ BEIUYMHBI, PACHPEEICHHbBIE 10 HOPMAIIBHOMY 3aKO-
Hy, a MAaJOIMKIOBas JOINOBEYHOCTb HMEET JIMHEHHYIO
KOPPEIINI0 ¢ MOIU(PHUIIMPOBAHHON TUIACTHYHOCTHIO Ma-
TepuaioB (o, / 0, )Z . lIpeIoKeHbl aHATUTHYECKHE 3aBH-

cumocti Koucrant m, ,C,, m , C, oT MOXHHUIMPOBAH-

HOM MJIACTUYHOCTH B YCJIOBUAX KOMHATHON M TOBBIIIEH-
HOH TemmepaTypax. ComocTaBieHUe pe3yibTaToOB pacuer-
HOM M 53KCHEPHUMEHTAIbHOM JOJTOBEYHOCTEH MOKa3ajo,
YTO TPEIOKCHHAS METOANKA MOXKET OBITH MICIIOJIb30BaHA
JUTS TIpeBApUTEIFHON OIEHKH JOJTOBEYHOCTH TPH MAJo-
UKIOBOM HATpYKECHUH.
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