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1. Introduction

To improve the durability of the critical impor-
tance constructions, it is necessary to analyze how working
conditions and material properties are influencing the
strength and reliability of these constructions. In the con-
struction the fatigue damage under low cycling loading is
one of the most frequent failure mode. Because the accu-
mulation of plastic strain generally occurs in small vol-
umes of the material, particularly in parts and structures
near the stress concentrators, such as geometrical disconti-
nuities, shoulders, keyways, oil holes, welded joints, tech-
nological, welded and foundry defects, termed notches [1 -
4]. Those components are surrounded by the elastically
deformed material. That is why the conditions of loading
with limited strain in these areas are similar to real con-
structions and machines.

For low cycle durability calculation the parame-
ters 4,, @, s;, characterizing the low cycle stress-strain

curves, are used. The cyclic proportionality limit stress s,
and parameters o and 4, are determined at symmetric

tension—compression low cycle loading. This loading cycle
is the most universal and most correctly shows the charac-
teristics of the materials, because at elastic plastic cyclic
deformation almost evenly develop tension and compres-
sion deformations. Because it is complicated and rather
expensive to determine precise values of these characteris-
tics, particularly at elevated temperature, considering tem-
perature control and the cyclic stress-strain curves re-
cording, the dependences of the parameters 4,, « , §, on

main mechanical characteristics of the material were inves-
tigated. In our previous work detailed statistical analysis
showed that those low cycle stress-strain curves character-
istics correlate the best with modified plasticity criterion
(o-u /0,,)Z , i.e. the parameter depending on ultimate ten-

sile and yield strengths and reduction of the area at fracture
[, 6].

In this work the materials are additionally speci-
fied in to three groups by chemical composition of the
main metal, such as 22K, 19MN5, 10ChNI1M,
10GN2MFA, 12Ch2NMFA, 15Ch2MF, 15Ch2MFA,
15Ch2MFAA, 15Ch3NMFAA and others. Analytical de-
pendences of the cyclic stress-strain parameters « , 4,
and the proportionality limit stress 5, on the modified
plasticity criterion (o,/0,,)Z for Cr-Ni, Cr-Ni-Mo,
Cr-Ni-Mo-V steels and theirs weld metals at room and
elevated (250°C - 350°C) temperature are considered. The

data of investigation of 75 welded joint materials at room
temperature and 40 at elevated temperature are obtained by

the methods and testing equipment with computer control
and recording of stress-strain curves in Low Cycle Fatigue
laboratory of Kaunas University of Technology during 30
years.

2. Determination of low cycle stress-strain curves char-
acteristics

At the best usable relationship it is assumed the
relationship between standard mechanical characteristic

G, Oy» oy, O, Z(where o, is the proportional

pl>
limit, o, is the fracture stress and Z is the reduction of

area at fracture) and cyclic characteristics. The low cycle
loading experiments were carried out under symmetrical
tension compression and strain controlled conditions. Low
cycle loading with &k semicycle curve is described by the
equation [5]

£, =5, + AI(EO —%T]k“ (1)

where &, is cyclic strain; S, is stress amplitude for k
semi cycle; e, is initial stain; 5, is the cyclic proportion-
ality limit stress and 4, , o are constants.

Under strain limited conditions &, =2e, = const .

To calculate the low cycle strain and stresses the following
S S

= St — €,
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pl O pi
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units are used: S, =
e

pl pl

The parameters 4, and a of low cycle loading

under limited strain are calculated by the & semicycle dia-
gram using the equations

1 -8
a= lo A 2
logk © 4 (2,-5,/2) @
or graphically from the equation
o logo, —logo, 3)
logk
and when k=1
4= @
e, —5r/2
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or graphically from the equation

1)
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Due to unsettled of cyclic stress-strain curves for
1-9 semicycles the values of &5, —&, were rejected. The

parameters A4, and o were determined from Eqgs. (1) - (5)
and experimental results of all materials tested under low
cycle straining. When « < 0 — the materials cyclic harden,
when « > 0 — the materials cyclic soften and when o =0
— the materials are stable.

3. Statistic evaluation of cyclic stress-strain curves
parameters

The machines used in nuclear power energetic,
metallurgy and other industries are operating at different
temperatures. Therefore the results of the materials inves-
tigated in work [5] were divided according in-service tem-
perature into groups: 1) at room temperature; 2) at elevated
temperature. In this work the materials are specified in to
three groups by chemical composition: 1) Cr—Ni; 2) Cr—
Ni—-Mo; 3) Cr—Ni-Mo—V. The numbers of percentage of
the investigated materials are given in Table 1. As we can
see 65.2% of the analyzed of alloyed steels were tested at
room temperature. In this work the largest part of the in-
vestigated materials fall in to chemical classified Cr—Ni—
Mo—V group at room and elevated temperature.

Kurtosis coefficient and skewness coefficient are
rating numerical characteristics, which describe empirical
distribution asymmetry and flatness of the parameter’s data
comparing with normal distribution. Histogram of stress-
strain curves parameter 4, for Cr—Ni—Mo steels weld met-

als at room temperature is represented at Fig. 1. It has the
left skewness compared with normal distribution
(4, =0.25). The kurtosis coefficient (£, =—-0.33) evi-

dence that analyzed parameters of 4, for Cr-Ni-Mo of

alloyed structural steels weld metals at room temperature
are spread in a wider interval comparing with normal dis-
tribution.

To reduce the variance of the results, to define the
more precise mean value and obtain the better correlation
relationship between the analyzed data, clearly distinct
results were eliminated, considering the graphic view, us-
ing N. Smirnov criterion and the quartile width method.
Rectangular diagram in Fig. 2 shows that the scatter inter-
val of the results of the parameter s, for Cr—Ni-Mo—-V

steels weld metals at elevated temperature is not wide
(within limits x ) and there are

min ~ xmax

no clearly distinct results. The represented median value

x,,. of investigated n number of materials divides the scat-

ter of the results into two equal parts. Defined area (within
quartiles limits x,,; —x,.s) describes the 50% scatter of

the middle values. Statistical characteristics of the propor-
tionality limit stress s, and the cyclic stress-strain curves
parameters at room (20°C)and -elevated

(250°C-350°C) temperatures are given in Table 2. There is
no strongly outstanding result of the materials because
mean values of the parameters are similar to median val-
ues.
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Fig. 1 Histogram of parameter A, for Cr-Ni-Mo steels
weld metals at room temperature
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Fig. 2 Rectangular diagram of parameters 5, for

Cr—Ni-Mo-V steels weld metals at elevated tem-
perature

Table 1

Number and percentage of the material’s groups

Group of the material Room temperature

Elevated temperature

Number % Number %
Cr-Ni 20 26.7 10 25.0
Cr-Ni-Mo 27 36.0 12 30.0
Cr-Ni-Mo-V 28 37.3 18 45.0
Total 75 100.0 40 100.0




Table 2
Statistical characteristics of stress-strain curves parameters 4,, « , 5, of weld metals at room and elevated temperatures
Cr-Ni Cr-Ni-Mo Cr-Ni-Mo-V
Parameters
Room temperature

Sy a 4 Sy a 4 Sy a 4
Number of materials 15 17 17 22 22 21 23 22 21
Mean value 1.66 0.013 1.67 1.74 0.016 1.57 1.84 0.022 1.63
Median value 1.62 0.010 1.71 1.77 0.017 1.57 1.83 0.024 1.63
Minimum value 1.55 -0.002 1.42 1.38 -0.002 1.39 1.6 -0.003 1.49
Maximum value 1.87 0.040 1.84 2.11 0.036 1.78 2.25 0.055 1.85
Kurtosis coefficient -0.14 0.73 0.50 -0.78 -1.32 -0.33 -0.32 0.10 -0.38
Skewness coefficient 0.89 1.12 -1.05 -0.41 -0.07 0.25 0.56 0.14 0.45

Elevated temperature

Number of materials 5 3 6 9 10 10 15 15 15
Mean value 1.74 -0.003 1.57 1.71 -0.003 1.38 1.70 0.018 1.40
Median value 1.72 -0.005 1.58 1.70 0.001 1.37 1.70 0.018 1.36
Minimum value 1.64 -0.009 1.43 1.64 -0.034 1.10 1.61 0.001 1.16
Maximum value 1.85 0.004 1.69 1.78 0.018 1.71 1.78 0.042 1.73
Kurtosis coefficient 0.53 - -1.42 -0.17 -0.25 -1.33 -0.63 1.12 -0.76
Skewness coefficient 0.41 1.06 -0.25 0.16 -0.60 0.20 0.025 0.52 0.52

In previous works [5, 6] the accomplished statisti-
cal analysis conformed that the results of the parameters
sy, aand 4 of cyclic stress-strain curves correlate the

best with the modified plasticity criterion (o, /o,,)Z at

room and elevated temperatures. Accordantly the depend-
ences of the cyclic stress-strain parameters « on the modi-

fied plasticity criterion (o-u / o-o‘z)Z for integrated group of

Cr—Ni—Mo-V steels weld metals and 95% confidence in-
terval boundaries (dotted line) for the theoretical regression
line at elevated temperature are depicted in Fig. 3. The
same dependences of the proportionality limit stress 5, on

the mechanical characteristic for integrated group of Cr—
Ni-Mo-V steels weld metals at elevated temperature and
95% confidence interval ranges (dotted line) to theoretic
line are represented in Fig. 4. As we can see from Figs. 3
and 4 the scatter of the results, dependences for the charac-
teristics @ and s, of cyclic stress-strain curves on the
modified plasticity criterion, that fall in to 95% confidence
interval boundaries to theoretic line are better for separated
group than for integrated group at elevated temperature.
The number of percentage for the results inside 95% confi-
dence interval for cyclic stress-strain curves parameters «
on the modified plasticity criterion of Cr—Ni-Mo—-V steels
weld metals is 53.3%, while for the integrated group it
includes only 21.2%. Analogical results are for the de-
pendence of the characteristics 5, on the modified plastic-
ity criterion (o,/0,,)Z. It is 60% for Cr-Ni-Mo-V
welded joints and 40% for integrated group. Therefore we
can say that with 95% guaranty the scatter of the results of
proportionality limit stress 5, and low cycle stress-strain
curve’s parameters ¢« , 4, on the modified plasticity crite-
rion is better for separated group than the scatter of results
for integrated group.

Correlation analysis is statistical relation strength
between analyzed variables, which is expressed by correla-

tion coefficient. Pearson’s correlation coefficient describes
the strength of linear dependence between the random and
normally distributed results. Correlation analysis is used to
determine linear correlations [7]. If linear model is not
adequate, it is necessary to adapt nonlinear model. It other
works it was determined, that the best approximation
choice for the analyzed parameters is linear regression,
accordingly the accomplished statistical analysis con-
formed that the low cycle stress-strain curve’s parameters
correlate the best with the modified plasticity criterion
(6,/0,,)Z at room and elevated temperatures. The result

given in Table 3 confirmed, that the parameters 4,, o and
s, of low cycle stress-strain curves for the grouped weld

metals are linearly dependent on the modified plasticity
criterion (o, /0,,)Z at room and elevated temperatures.

Pearson correlation coefficient vary from the minimum
value |— O.24| for the parameter « of integrated group of

weld metals at room temperature to the maximum value
|0.99| for Cr-Ni steelsweld metals of alloyed structural

steels at elevated temperature. The correlation coefficient
for the classified by the chemical composition groups of
the weld metals is better than for integrated group at room
and elevated temperature. Therefore we can say, that the
grouping of the random and normally distributed results by
the chemical composition influences the stronger linear
relationship between the parameters 4,, «, s, of low

cycle stress-strain curves and the modified plasticity crite-
rion (o-u /0'0_2)2 for weld metals at room and elevated

temperatures.

The correlation analysis of weld metals, grouping
them by chemical composition, showed, that cyclic charac-
teristics and the modified plasticity criterion are significant
by correlated by linear regression. Accordinglyanalytical
linear dependences of these parameters for weld metals of
Cr—Ni, Cr—Ni-Mo, Cr-Ni-Mo-V alloyed struc-
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Fig. 3 Dependence of parameter « on modified plasticity criterion (O'u / O'O.z)Z at elevated temperature and 95% confidence
interval (doted line): a — for integrated group of weld metals; b — for Cr—Ni—-Mo—V steels weld metals
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Fig. 4 Dependence of proportionality limit stress s, on modified plasticity criterion (o-u / UO,z)Z at elevated temperature
and 95% confidence interval (doted line): a — for integrated group of weld metals; b — for Cr—Ni—Mo—V steels weld

metals
Table 3
Correlation analysis of the parameters 5, & , 4, and the modified plasticity criterion (o-u /005 )Z at room and elevated
temperature
Chemical compo- Pearson correlation coefficient
sition (groups) Room temperature Elevated temperature
Sr o A, S a A,
Cr-Ni 0.73 -0.63 0.63 0.93 0.99 -0.72
Cr-Ni-Mo 0.43 -0.47 0.48 0.58 0.76 -0.59
Cr-Ni-Mo-V 0.44 0.51 0.36 0.65 0.58 -0.69
Integrated group 0.37 -0.24 0.34 0.53 0.50 -0.37

tural steels at room and elevated temperature are given in
Table 4.

The experimental and calculated results were
distributed according normal law in the intervals:
x+1.96s with the propobility P=0.95 (95% of the
normal curve area); X ts with the propobility P = 0.68;
X*+1.96s with the propobility P= 0.95. Here x is the

mean value of the cyclic stress—stain curves characteristics
sy, a and A4;; s is standard deviation [8]. The

. . — 1
comparison of experimental 5,7

and calculated 5,

parameters of integrated and grouped Cr—Ni-Mo—V
steelsweld metals at room temperature are shown in Fig. 5.

The intervals are narrower for Cr—Ni—-Mo—V group than
for the integrated group (because the correlation cofficients
are better) therefore the standart deviation is smaller.
However, in the intervals x+0.675-s, x*s,
x£1.96-s the scatter of results is better for the group of
the materials, classified by chemical composition, than for

the integrated group at room temperature. The comparison
of the experimental 57 and calculated 57 parameters at
room temperature showed, that the scatter of the results,
within the intervalx+1.96s is 4% greater for the

integrated group of weld metals of alloyed structural steels
comparing with the results of grouped Cr—Ni—-Mo-V steels



Table 4

Analytical dependences of the parameters « , 4,, 5, on the modified plasticity criterion (o-u /00, )Z at room and elevated

temperature

Weld metals of Cr—Ni alloyed structural
steels

Weld metals of Cr—Ni—Mo alloyed struc-
tural steels

Weld metals of Cr—Ni-Mo-V alloyed
structural steels

Room temperature

a=0.053-0.040(c, /0., )Z

4,=126+0426(c, /5,,)Z
5, =127+0.395(0, /0,,)Z

a =0.051-0.036(c, /0y, )Z
A4, =1.30+0.284(0, /05, )7
5, =1.18+0.575(c, /0,,)Z

a =-0.023+0.044(c, /0, )Z
4,=1.45+0.179(0, /0,,)Z
5, =1.43+0.410(0, /0,,)Z

Elevated temperature

a=-0.073+0.053(c, /0y, )2
4, =2.08-0.369(0, /oy, )7
5, =1.20+0.381(c, /oy, )Z

a=-0.071+0.070(c, [y, )2
4, =2.53-1.156(c, /0y, )2
5, =1.60+0.121(c, /0,,)Z

a=-0.013+0.027(c, /oy, )Z
4, =2.04-0.588(c, /0y, )7
5, =1.55+0.136(0, /oy, )Z
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Fig. 5 Comparison of experimental 5, and calculated s,

weld metals; b — for Cr—-Ni-Mo-V steels weld metals

weld metals. The analogical results are obtained for pa-
rameters o and A, of weld metals at room temperature.
The scatter of the results at elevated temperature for all
grouped weld metals in interval x+1.96s with the

probilistic P~ 0.95, is 100% . However, in the narrower
intervals x£0.675s and x+ts with the probabilities

P=~0.50 and P~ 0.68 accordingly, the scatter of results is
better for all the groups of materials, classified by chemical
composition, than for the integrated group. Therefore, it is
possible to conclude that grouping of the random, normally
distributed data by the chemical composition gives more
valuable information, because the stronger linear relation-
ship between the low cycle stress-strain curves’ parameters
and the modified plasticity criterion is obtained for differ-
ent groups at room and elevated temperature.

4. Conclusions

1. Correlation coefficient of the parameters « ,
A, and s; for integrated group is smaller |0.02|—|0.49|
than for Cr—Ni, Cr—Ni—-Mo, Cr—-Ni—-Mo— V steels weld
metals at room and elevated temperature.

2. With 95% guaranty the scatter of the results of
proportionality limit stress 5, and cyclic stress-strain pa-
rameters « , A4, on the modified plasticity criterion for

separated groups is smaller than the scatter of results for
integrated group.
3.The scatter of the results, within the interval

cai

2.7
—cal -
ST //
2.1 - o -
o3 9 .
e A - 61%
09 00 —71%
1.8 -y -
o -100%
LS L
1.5 .
12,5 15 1.8 21 ¥ 27
b

! parameters at room temperature: a — for integrated group of

x+1.96s is 4% greater for integrated group of weld

metals comparing with the results of grouped Cr—Ni, Cr—
Ni—Mo, Cr—Ni—-Mo—V steels weld metals at room tempera-
ture. The number of the results for all weld materials’
groups at elevated temperature between the experimental
a®f, 47", 577 and calculated a, Af“l, Eﬁ“’ parame-
ters that fall in to the interval x+1.96-s boundaries is
100%. But in the narrower intervals x£0.675-sand X £s
the scatter of results is from 10% to 52% better for all the
groups of materials, classified by chemical composition,
than for the integrated group.

4. Proposed analytical dependencies are recom-
mended for preliminary evaluation of the low cycle stress-
strain parameters and durability. Accomplished analysis
showed that additional grouping of the materials by the
chemical composition has influence while defining the
parameters by the modified plasticity criterion at room and
elevated temperatures.
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LEGIRUOTUJY PLIENUY SUVIRINIMO STULIY
MEDZIAGU DEFORMAVIMO DIAGRAMU
PARAMETRU STATISTINIS [VERTINIMAS
KAMBARIO IR AUKSTESNEJE TEMPERATUROJE

Reziumé

Straipsnyje analizuojami 75 legiruotyju plieny su-
virinimo sitiliy medziagy tyrimo kambario temperatiiroje ir
40 medziagy tyrimo aukStesnéje temperatiiroje duomenys,
gauti 1970-2000 m. KTU Masiny projektavimo katedros
laboratorijoje. Siame darbe medziagos papildomai skirs-
tomos | Cr-Ni, Cr-Ni-Mo, Cr-Ni-Mo-V grupes pagal
legiravimo elementus. Nustatyta atskiry $iy medziagy gru-
piu ciklinés proporcingumo ribos 5, ir mazaciklio nuovar-
gio jtempiy deformacijy kreiviy parametry « , 4, priklau-
somybés nuo modifikuoto plastiSkumo kriterijaus
(6,/0,,)Z . Pasiilytos Cr-Ni, Cr-Ni-Mo, Cr—Ni-Mo-V
legiruotyjy plieny suvirinimo sitiliy medziagy deformavi-
mo charakteristiky analitinés priklausomybés nuo modifi-
kuoto plastiSkumo kriterijaus kambario ir aukstesnéje tem-
peratiiroje. Deformavimo charakteristiky eksperimentiniy
ir skai¢iuojamuyjy rezultaty palyginimas parodé, kad papil-
domas medziagy grupavimas pagal legiravimo elementus
gali biiti panaudotas tikslesnéms deformavimo charakteris-
tikoms nustatyti pagal modifikuoto plastiSkumo kriterijy.

M. Daunys, A. Stulpinaite, R. Sniuolis

STATISTICAL EVALUATION OF LOW CYCLE
STRESS-STRAIN CURVES PARAMETERS FOR
ALLOYED STRUCTURAL STEELS WELD METALS
AT ROOM AND ELEVATED TEMPERATURE

Summary

The results, received in KTU Department of Ma-
chine Design laboratory in 1970-2000, of 75 weld metals

10

of alloyed structural steels at room temperature and 40
welded joints at elevated temperature were analyzed in this
paper. The results of the materials were additionally di-
vided in to Cr—Ni, Cr—Ni—-Mo, Cr—Ni-Mo-V groups. The
proportionality limit stress s, and the parameters « and
A, of cyclic stress—stain curves linear dependences on the
modified plasticity criterion (o,/c,,)Z for separated

groups of weld metals of alloyed structural steels were
investigated. Analytical dependences of cyclic stress-strain
parameters on the modified plasticity criterion for Cr—Ni,
Cr—Ni—-Mo, Cr-Ni—-Mo-V welded joints are proposed at
room and elevated temperatures. The comparison of cyclic
stress-strain curves calculated and experimental character-
istics results showed that additional grouping of the mate-
rials by the chemical composition has influence while de-
fining the parameters by the modified plasticity criterion at
room and elevated temperatures.

M. aynuc, A. Ctynnunaiire, P. H{apyosmuc

CTATUCTUYECKU AHAJIU3 [TAPAMETPOB
JE©OOPMUPOBAHU S U MATEPHMAJIOB CBAPHBIX
[IBOB JIETUPOBAHHBIX CTAJIEN B YCJIOBUSIX
KOMHATHOM U TIOBBIIIIEHHOW TEMITEPATYPbI

PezomMe

B crarbe aHanu3upyroTcs JaHHbIE 75 MaTEepHaIoB
CBapHBIX IIBOB JITUPOBAHHBIX CTajlell B yCIOBHAX KOM-
HaTHOH TeMmepaTypsl U 40 MaTepuanoB CBapHBIX IIBOB B
YCIIOBHSIX MOBBIIIEHHON TeMIIepaTyphl, MOIy4deHsl B 1970—
2000 r. B maboparopun Kadeaps! IPOEKTHPOBAHHS MAIIUH
Kaynacckoro TexHonorn4eckoro yHusepcurera. B nansoi
paboTe MaTepHaibl JAOMOIHUTENBHO pactpenenensl B Cr—
Ni, Cr—Ni-Mo, Cr—Ni-Mo—V TpyIsl 0 JETHPYIOIUM
3JIEMEHTaM. 3aBHCHUMOCTH MEXIY IHKIOBOW MPOMOPIHO-
HaJIBHOW TpaHUIeH §; W MaJOIUKIOBOH yCTaJlOCTH Mapa-

MeTpaMU JUarpaMMu jaedopMmauuu o , A, OT KpUrepus
MOAUGUIIUPOBAHHON ILIACTUYHOCTH (o-u /O'o.z)Z paccre-

JIOBAaHBI OTAENBHO [UIS KaXJOW TPYIIbl MaTepHAaloB.
[pemrosxxeHbl aHATMTHYECKUEC 3aBUCHMOCTH ITapaMeTpOB
Sy, @ U A OT KpuTepuss MOIUGHUIMPOBAHHON TUIACTHY-
voctu it Cr—Ni, Cr—-Ni—-Mo, Cr—Ni-Mo—V marepuanos
CBapHBIX IIBOB B YCJIOBHSX KOMHATHOW W IOBBIIICHHON
TemnepaTypbl. CpaBHEHHE PEe3yIbTATOB PACYCTHBIX M IKC-
MEPUMEHTAIBHBIX XapaKTEPUCTUK Je(hOopMaIliy MOKa3aH,
YTO JIOTIONIHUTEIBHOE PACHPEHCICHHE MaTEPHUAIIOB MOXKET
OBITH WCITONB30BAHO JJIS YCTAHOBKH TapameTpoB Aedop-
MaIliu OT KPUTEPHs MOAU(DUIIMPOBAHHON TIACTHYHOCTH.
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