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1. Introduction

During exploitation damage gradually appears in
the constructions materials and results their fracture. The
gradually accumulated damage depends on material prop-
erties, magnitude and character of the time-dependent
stress and strain variation, environment conditions. It was
observed, that 75 % of fracture in mechanical constructions
is causes by the material fatigue. Especially dangerous are
the overloads, as cyclically varying loading exceeds the
proportionality limit of the material and causes plastic
strain and formation of the hysteresis loop, while durability
of the material decreases to thousands or hundreds of cy-
cles [1]. In most mechanisms and devices under loading
the elastic-plastic strain appears in stress concentration
areas, near the sudden change of the shape, e.g. in key
seats, near shafts diameter changing places, as a result of
incorrectly chosen fillet radius, in welded joints, because
of the various welding defects and etc. [2, 3]. Under cyclic
elastic-plastic loading, after the cycle number of hundreds
— thousands, the fatigue crack appears which commonly
causes failures with hardly predictable outcome.

The problems of metal fracture remain actual de-
spite years of long-lasting investigation of the cyclic load-
ing of metals [4]. While selecting the material, it is neces-
sary to know properties and change laws of their character-
istics under different type loading in the areas of the peri-
odically varying elastic-plastic strain. Most common are
the following three types of loading: tension-compression,
bending and torsion [5].

If compared to tension-compression and bending
tests, the number of performed low cycle torsion loading
tests is not so considerable. It should be noted, that a large
amount of the parts in real operating conditions, i.e. shafts,
springs and others parts of the mechanisms, are exactly
under cyclically varying torsion loading [6, 7].

2. Experimental setup and used specimens

All performed experimental analyses: monoto-
nous tension, monotonous torsion, low cycle tension-
compression and low cycle torsion were carried out under
ambient temperature. For both the mentioned cases, the
specimens were under symmetric loading and experimental
data was registered up to crack initiation.

For monotonous tension and low cycle tension-
compression fatigue analysis the experimental low cycle
setup, designed and made at Machine Design Department
of the Kaunas University of Technology, was used.
Experimental setup consists of 50 kN testing machine and
an electronic part, which is designed to record the stress
strain diagrams, semicycles and control the motor reversal.
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Fig. 1 Specimen for monotonous and low cycle tension-
compression

The specimens of circular cross-section have been
used for the monotonous tension and low cycle tension-
compression experiments. The specimens were made of
the grade 45 steel rods, following the dimensions presented
in Fig. 1.

For the monotonous and low cycle torsion fatigue
tests the experimental low cycle setup with 7=500 Nm
torgue and the same electronic equipment, as in tension-
compression analysis, was used.
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Fig. 2 Specimen for monotonous and low cycle torsion

Tubular shape specimens with #/d=1/20 working
part were used for the experiments. The specimen is shown
in Fig. 2. During the cyclic torsion uniform stress state is
produced within the wall of the tubular specimen, i.e. the
stress gradient does not have the influence. To fulfil the
working part of the test, the same fillet radius R =25 mm
was used for both the torsion and tension-compression
specimens, aiming to decrease the stress concentration to
minimum (the theoretical stress concentration coefficient
a, =1.03).

To determine the torque 7, resistance wire gauges
were glued on the surface of the device with cylindrical
working part d=18.0 mm. This device is made of the ther-
mal treatmed grade 60S2A spring steel (HRC 42-45). The
working strain gauges were glued to the cylinder’s surface
along the main strain directions e; and e; (at 45° angle, in

opposite sides).
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Fig. 3 Tenzometer for torsion angle measurements

The torsion strain is measured by the attachment,
which identifies the torsion angle ¢ in the working part of

the specimen. The device for torsion angle measurements,
presented in Fig. 3, consists of two rings / and 2, each of
them has bolt fastened half rings, that are attached to the
specimen by means of the 4 conical tip bolts, locating them
at identical angles. Two spring steel plates 3 and 4 are fas-
tened to the top ring. Working gauges (R=100Q2) are
glued along tension-compression sides of the plates. Free
end of each plate rests on bolt-adjusted bottom retainer
ring. During torsion of the specimen, the rings turn relative
to each other and sprung steel plates act as cantilever rods
during bending.

3. Experimental analysis
3.1. Investigation of the monotonous loading

During the experiments of monotonous loading,
the monotonous tension and monotonous torsion curves
were obtained. The curves of the monotonous tension and
torsion in coordinates o; - ¢;, and T, — Ymar are presented in
Figs. 4 and 5. The determined mechanical characteristics
of the grade 45 steel under tension are given in Table 1 and
under torsion — in Table 2.

The curves of monotonous tension in o; - e; coor-
dinates were obtained applying the equalities
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Fig. 4 Curves of the monotonous tension and torsion

The curves of monotonous torsion in
o, - e; coordinates were obtained by the Egs. 2.
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Fig. 5 Curves of monotonous tension and torsion

The curves of monotonous tension in T, — Vimar
coordinates were obtained by

o =%; 7, =15, 3)

The curves of monotonous torsion in T, — Ymax
coordinates were obtained by the Eq. 4.

Toax =75 Vmax =7 “4)
It is seen from the Figs. 4 and 5 that monotonous

tension and torsion curves in o; - e¢; coordinates are closer
than the same curves in 7,,,; — ¥, cOordinates.

Table 1
Mechanical characteristics of the grade 45 steel under
tension
oy, MPa | oy, MPa | 0,, MPa | o, MPa | e, % v, %
319 320 673 1000 13.1 43.8
325 334 686 993 12.5 37.6
324 328 688 995 13.0 40.6
X
323 | 327 ] 682 | 996 | 129 | 407
Table 2
Mechanical characteristics of the grade 45 steel under
torsion
7, MPa | 793, MPa | 17,, MPa V2, Yo
174 226 425 23.4
224 209 435 252
188 211 420 19.7
X
195 [ 215 | 426 | 227

3.2. Low cycle stress strain curves

Under stress limited low cycle loading, the deter-
mined hysteresis loop width dependence both on the num-
ber of loading semicycles £ and loading level &, is pre-
sented in Fig. 6. The mentioned data was obtained during
the tension-compression experiments, using loading levels
from o, =1.08 to o, =1.93, where
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here oy is loading stress amplitude, J, is width of the hys-
teresis loop of plastic strain for loading semicycle k, o
and e, are stress and strain of proportionality limit [1].
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Fig. 6 Hysteresis loop width dependence both on the num-
ber of loading semicycles £ and loading level &,

for grade 45 steel under tension-compression

Fig. 6 shows, that at increasing the number k£ of
the loading semicycles, the hysteresis loop’s width & for
grade 45 steel is not changing, i.e. remains constant, con-
sequently we have stable material.

Low cycle torsion stress limited loading experi-
ments were carried out using the loading levels from
7, =1.12 to 7, =1.94. Fig. 7 shows, that increasing the

number of loading semicycles & for the grade 45 steel hys-

teresis loop width ¢ is not changing as under tension-
compression, i.e. it remains constant.
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Fig. 7 Hysteresis loop width dependence on the number of
loading semicycles k£ and loading level 7, for grade

45 steel under torsion low cycle loading

Width of the hysteresis loop during tension-
compression for the cyclic anisotropic materials is wider at

even semicycles and smaller at uneven, i.e. J,,,, > 9,

even uneven *
For the case of torsion, the width of the hysteresis loop
remains constant. Therefore, the hysteresis loop width de-
pendence on the number of semicycles is written as fol-
lows [1]

_ — 5 ) s
O = Al,z(eo _TTjk (6)

where A4, A, and « are cyclic characteristics of the mate-
rial, e, is relative initial strain, 5, is cyclic proportionality
limit.

To determine tension-compression constants A
and 4,, and torsion constant 4 under stress limited low
cycle loading, 51)2 = f(e,) graphs of the semicycle hys-

teresis loop width dependence on initial strain have been

used [1], i.e.
T (7
©3)

Dependences of semicycle’s loop width on the
initial strain are shown in Figs. 8 and 9, whereas deter-
mined cyclic characteristics of the material are given in
Table 3.
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Fig. 8 Dependence of the hysteresis loop width on the ini-
tial strain of grade 45 steel under low cycle tension-
compression for the first and second loading semi-
cycles
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Fig. 9 Dependence of the first semicycle hysteresis loop’s
width on initial strain for grade 45 steel under low
cycle torsion

Table 3
Cyclic characteristics of the grade 45 steel
Tension-compression Torsion
4] 4| 5 | a 4 | 5 | a

Grade 45 steel
093 | 101 [ 165 ] o [ 114 ] 140 ] o0

Carrying out the low cycle tension-compression
tests, it was obtained, that grade 45 steel is accumulating



plastic strain in tension direction (Fig. 10). Thus, the ac-
cumulated plastic strain after loading semicycles k, can be
expressed as follows [1]

— — — k=
epk =€ — 0y + Z(_l) 5]{ (8)
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Fig. 10 Curves of accumulated plastic strain e, till crack

initiation, under stress limited tension-compres-
sion, depending on the number of semicycles k and
loading level o,

Carrying out the low cycle torsion tests, it was ob-
tained, that grade 45 steel does not accumulate plastic
strain.

3.2. Low cycle fatigue curves
Fig. 11 presents curves of low cycle fatigue and

reduction of area y for grade 45 steel under stress limited
tension-compression loading.
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Fig. 11 Curves of low cycle fatigue and reduction of the
area of cross-section i under stress limited ten-
sion-compression

Fig. 12 presents low cycle fatigue curves of grade
45 steel under stress limited torsion.

Under strain limited low cycle loading, the accu-
mulation of plastic strain e, is not available. Experimen-

tal analysis of low cycle strain limited loading was carried
out at tension-compression levels from e, =3.42 to

€omar =16.15 and for the
€omin =4.56 t0 e, =19.63 . Figs. 13 and 14 present low

torsion levels — from

cycle fatigue curves under strain limited loading in coordi-
nates lg S —Igk, and lgz —Igk, .
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Fig. 12 Low cycle fatigue curve under stress limited tor-
sion loading

100

N
o

~
° \&?%
32| _
e~ 0 =198k"%
1 ™S =

5 =314k,
1 ‘

100 1000 10000 k - 100000

Fig. 13 Fatigue curves of grade 45 steel under strain lim-
ited tension-compression: / — in coordinates
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Fig. 14 Fatigue curves of grade 45 steel under strain lim-

ited torsion: /—in coordinates Igd& —Igk,;
2 —in coordinates /g & —Igk,
Table 4
Values of Coffins constants C and m
Steel 45
Cz | C3 | ny | my | ms
Low cycle tension-compression
314 [ 198 [ 042 | o051 | 1.14
Low cycle torsion
727 | 440 [ 049 | 058 | 088

4. Damage under low cycle loading

Under tension-compression and stress limited
loading, fracture of the specimen occurs due to quasistatic



damage d , caused by the accumulated plastic strain e, ,
and fatigue damage d, , caused by the cyclic plastic
strain, which is caused by the hysteresis loop width gk s

whereas total damage may be written [1]
d=d%+d, ©)

where d is total damage.
Fatigue damage is calculated by the equation

2l

B
=

(10)

ﬁM“

ko_
where Z&k is fatigue damage accumulated during the &
1

ko _
loading semicycles, Zé‘k is fatigue damage accumulated
1

till crack initiation.
Quasistatic damage

de =2 (11)

where e, is accumulated plastic strain during & semicy-
cles of loading, whereas ¢, is the maximum uniform strain

under monotonous loading which corresponds o, .

If stress limited loading is approached as non-
stationary strain limited loading, when the damage, accu-
mulated during one semicycle £, is expressed as

J,
d, = T k_ (12)
2.0
1
Then condition of the crack initiation is
5 5
—+ 2_ oo =1 (13)

The analysis of strain limited low cycle loading
when strain is limited and quasistatic damage is not occur-
ring was performed. In this case, damage of the specimen
is predetermined only by the cyclic plastic strain, i.e. under
strain limited loading, the fatigue curve in coordinates
IgS —Igk, has a shape of straight line. The constants m

and C have been determined by the equation of straight
line
Igs =-mlgk, +IgC (14)

or

(15)

where & is average width of the hysteresis loop.
From the fatigue curve, formed under strain lim-

ited loading, in coordinates Ig S— Igk,. and Ige —Igk,
and applying the L.Coffin’s equation

Sy = Cok ™ (16)

In expression (16), the average width of the plastic
hysteresis loop was calculated by the equation:

— ke _
5, =135 (17)
k.5
therefore
ke |
26, =Gk (18)
1
Applying the coordinates /g & —Ig k., we obtain
™ = C (19)
and
C;/ml
kc - 6_‘1/’”1 (20)
After the applied Eq. (20)
ke Cl my [my
R ) an

By introducing the m, =1-m,/m, and applying
the Eqgs. (13) - (21), we obtain

—_ - _ < ooy
OE" | 08" Ok &,
+ +..+

m ms m = 1 (22)
C2C3 3 C2C3 y C2C3 3

Because of good agreement between the experi-
mental and calculated data, Eq. (22) was used to calculate
the damage in works [8, 9].
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Fig. 15 Curves of low cycle fatigue under stress limited
loading, respectively: [ — tension-compression,
2 —torsion, 3 — theoretical curve of the tension-
compression, when only fatigue damage is taken
into account, 4 — theoretical curve of the torsion, as
only fatigue damage is taken into account



The curve 3 in Fig. 15 presents the fatigue dam-
age under stress limited tension-compression as only fa-
tigue damage is taken into account and is close to the fa-
tigue curve under stress limited torsion (curve 2), because
under stress limited torsion loading, strain accumulation is
not observed, i.e., the quasistatic damage does not occur.

The curve 4 confirms Eq. (22), as it shows satis-
factory agreement to fatigue curve under stress limited
torsion, because during the torsion experiments the qua-
sistatic damage was not observed. The curves 3 and 4 con-
firm that according to the results of cyclic tension-
compression it is possible to calculate the durability under
cyclic torsion. Besides, the durability under cyclic torsion
(in coordinates o; - V,) is higher than under cyclic tension-
compression loading, because under cyclic torsion there is
no accumulation of plastic strain, i.e. there is no quasistatic
damage.

5. Conclusions

Grade 45 steel was investigated under monoto-
nous tension, monotonous torsion, the low cycle tension-
compression and low cycle torsion with stress and strain
limited loading, using the circular cross-section specimens
for tension-compression and thin walled specimens — for
torsion.

1. It was determined, that characteristics of the
cyclic stress strain curves for the analyzed grade 45 steel at
cyclic tension-compression, and under cyclic torsion, are
similar. For both the analyzed loading cases the parameter
o =0, i.e. the material is cyclically stable. Values of the
parameters A, which characterizes the hysteresis loop width
of the first semicycle, are also similar.

2. During the stress limited loading, under cyclic
torsion, the accumulation of plastic strain was not ob-
served, i.e. under stress limited torsion, there is no qua-
sistatic damage.

3. The durability under cyclic torsion is higher (in
coordinates o; - NV,), than that under cyclic tension - com-
pression loading, because under cyclic torsion there is no
accumulation of plastic strain, i.e. is no quasistatic damage.
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MAZACIKLIO DEFORMAVIMO IR SUIRIMO
KREIVES ESANT TEMPIMUI-GNIUZDYMUI IR
SUKIMUI

Reziumé

Straipsnyje nagrinéjamas plieno 45 mazaciklis
nuovargis esant apribotiems jtempiams ir deformacijoms
bei tempimui-gniuzdymui ir sukimui.

Nustatyta, kad tiriamoji medziaga yra cikliskai
stabili tiek tempiama bei gniuzdoma, tiek sukama (para-
metras 0=0), o deformavimo diagramy forma abiem ap-
krovimo atvejais yra panasi, nes parametrai 4 yra panasiis
tiek esant tempimui bei gniuzdymui, tiek sukimui. Ciklinio
sukimo metu, esant apkrovimui su apribotais jtempiais,
vienpusé plastiné deformacija nekaupiama, t. y néra kva-
zistatiniy pazeidimy. Straipsnyje panaudotos analitinés
priklausomybés nuovargio paZeidimams apskaiciuoti gerai
tenkina ciklinio sukimo duomenis, nes teoriné ciklinio su-
kimo nuovargio kreivé gerai sutampa su eksperimentine
kreive, gauta esant apribotiems itempiams, ir yra artima
teorinei ciklinio tempimo bei gniuzdymo nuovargio kreivei
ivertinanciai tik nuovargio pazeidimus esant apkrovai su
apribotais jtempiais.

Tai rodo, kad, esant cikliniam sukimui, ilgalaikis-
kumas (koordinatése o; — N,) yra didesnis uz ilgalaikisku-
ma esant cikliniam tempimui bei gniuzdymui, nes Siuo
atveju plastiné deformacija nekaupiama t. y. néra kvazis-
tactiniy pazeidimuy.

M. Daunys, R. Cesnavi¢ius

LOW CYCLE STRESS STRAIN CURVES AND
FATIGUE UNDER TENSION-COMPRESSION AND
TORSION

Summary

The presented paper analyses low cycle fatigue of
the grade 45 steel under stress and strain controlled low
cycle tension-compression and torsion.

It was determined, that analysed material is cycli-
cally stable, in both the tension-compression and torsion
cases, because the parameter o = 0. The shape of the stress
strain diagrams for both the analysed loading cases is simi-
lar, as parameters A4 are similar for the tension-compression
and the torsion. During the cyclic torsion, under stress lim-
ited loading, the accumulation of plastic strain is not ob-



served, i.e. quasistatic damage does not occur. The analyti-
cal dependences applied for the fatigue damage calculation
showed good agreement with the cyclic torsion data, since
the theoretical fatigue curve for cyclic torsion showed
good agreement with the experimental curve for the stress
limited case — and is close to the theoretical fatigue curve
under stress limited cyclic tension-compression loading,
when estimating only fatigue damage.

This shows, that under cyclic torsion, the durabil-

ity (in o; — N, coordinates) is higher than the durability
under cyclic tension-compression, because in this case the
plastic strain is not accumulated, i.e. the quasistatic dam-
age does not occur.

M. laynuc, P. YecnaBuuroc

KPUBBIE MAJIOITMKJIOBOI'O AE®@OPMHWPOBAHUNA
U PA3PYHIEHUMA ITPU PACTSDKEHUN-CXXKATUN U
KPYUEHIU

Pe3smomMme

B crathe mpenacTaBieH aHanM3 pe3yabTaTOB Ma-
JIOLUKJIOBOM yCTalOCTH cTanu 45 Mpu OrpaHUYCHHBIX Ha-
NpsOKEHUSIX W JeopManusix, B YCIOBHSX PacTSDKCHHUS-
CKaTHSA U KPYIEHHUSL.

11

VY CTaHOBIIEHO, YTO UCCIIEIOBAaHHBI MaTepUall siB-
JSIeTCSl  UUKJIMYECKH CTAaOWJIBHBIM IIPU  pacTsSHKEHHH-
cKaTHu ¥ KpydyeHuu (mapametp o = 0) u st 060ux ciyda-
€B Harpy3ku auarpammbl Ae(opMHpOBaHUS OJIM3KU 110
(dopme, B CBSI3U C TE€M, UTO 3HAUYEHHS MapaMeTpoB A Ui
000HX CITy4aeB HArpy3KH OTIMYAIOTCA Mano. [Ipu mukmm-
YEeCKOM KPYYCHHH C OTPaHMYCHHBIM MOMEHTOM KPYUYCHUS
OTCYTCTBYET HaKOIUICHHE OJHOCTOPOHHEH IIaCTHYeCKO
nedopmanuy, T. €. HeT KBa3UCTATHMYECKUX MOBPEKIACHHMN.
AHanMTHYECKHE 3aBUCHMOCTH, MCIIOJIb30BaHHBIC JJIsl pac-
Yyera YCTaIOCTHBIX MOBPEXKICHUH, Iajl XOPOLIYIO CXOMIHU-
MOCTb C JaHHBIMU IIMKJIMYECKOTO KPYy4eHHMs, TaK KaK Teo-
peTuyecKasi yCTalocTHasi KpUBasi XOPOILIO CXOAUTCS C IKC-
MEPUMCHTANBHON KPUBOIM KpydYeHHs MPH OTrpaHUYCHHBIX
HATPSOKCHUAX M OJIM3Ka K TCOPETUYECKOH YCTaJOCTHOM
KPUBOH MpPU HUKIHYECKOM PaCTSKECHHH-CKATHH, KOTJa
NpU Harpy3Kke ¢ OrpaHWYCHHBIMH HANPSHKCHHUSMH yUYHTHI-
BAIOTCSI TOJIBKO YCTAJIOCTHBIC IOBPEKICHUSL.

[Tony4yeHHBIe pe3yNbTaThl MOKA3bIBAIOT, YTO JOJI-
TOBEYHOCTh (B KOOpIHWHATaX 0; — N,) MPH IUKIMYECKOM
KpPY4€HHH OOJIBIIE, YeM JIOJITOBEYHOCTD MPU IIMKIMISCKOM
PaCTSHKEHUN-CKATHH, TaK KaK B CIy4ae KPY4eHHs OTCYTCT-
ByeT HAKOIUICHWE IUIACTHYECKOH nedopmanuu, T. €. HeT
KBa3HCTATHYECKUX MOBPEKICHUH.
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