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1. Introduction

During exploitation the materials of constructions
start gradually accumulate the damage, which finally
causes fracture of the construction. The accumulation of
damage occurs as a result of the high cycle and low cycle
damage due to the cyclic overloads, which cause the elas-
tic-plastic deformation. Especially dangerous is the over-
load as cyclically varying stresses exceed the proportional
limit of the material and plastic strain starts, which results
the hysteresis loop of the plastic strain and causes the re-
duction in material fatigue life up to thousands or hundreds
cycles. It is defined that 75% of fracture of the mechanical
systems’ constructions occurs due to material fatigue [1 -
6].

The problems of metal fracture remain actual de-
spite years of long-lasting investigation of the cyclic load-
ing of metals. While selecting the material, it is necessary
to know properties of the material and the laws change of
their characteristics under different type loading in the ar-
eas of periodically varying elastic-plastic strain. In major-
ity of the modern mechanisms and devices under loading
the elastic-plastic deformation takes place in the stress
concentration areas, near 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. [1, 7].

The considerable part of experiments related with
the low cycle fatigue damage were carried out under the
axial loading, i.e. under tension-compression and less of
them at pure bending and the smallest part of scientific
publications consider the torsion. The considerable
amounts of the parts, operating in real exploitation condi-
tions, are exactly under cyclically varying torsion loading
(shafts of the mechanisms, springs and etc.).

Though the cyclically loaded parts work follow-
ing the symmetrical cycle, however, different transitional
forms also frequently occur. In real constructions the most
common is asymmetrical loading (e.g. in the stress concen-
tration areas, the crack areas), which results that both the
hysteresis loop’s width and also the fatigue life are highly
dependent on the stress ratio [1, 7, 8].

2. Experimental setup and used specimens

The experimental analysis of the monotonic and
also the low cycle torsion, considered in this paper, were
carried out at room temperature. The specimens were
tested under symmetric and asymmetric loading and strain
data was recorded up to crack initiation. For the experi-
mental fatigue analysis under monotonic and symmetric
and asymmetric low cycle torsion the experimental low
cycle setup, designed and made at Engineering design de-
partment of Kaunas University of Technology, was used.

Experimental setup consists of the testing machine with
maximum possible 7=5 kNm moment of torsion and the
electronic part, which records the stress strain diagrams,
semicycles and controls the motor reversal.
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Fig. 1 Specimen for monotonic and low cycle torsion:
a — hollow, b — solid

For the monotonic and low cycle symmetric tor-
sion experiments the tubular shape specimens with
t/d=1/20 working part were used. The specimens were
made of grade 45 steel rod, following the dimensions
shown in Fig. 1, a. During the cyclic torsion in the wall of
the tubular specimen is uniform stress state, i.e. there is no
influence of the stress gradient. The working part of the
specimen (/=30 mm) was chosen taking into account the
previously used torsion specimens. The fillet radius while
passing into the working part of the specimen, was
R =25 mm, aiming to decrease the stress concentration to
minimum (the theoretical stress ratio «, =1.03). For the

asymmetric low cycle torsion experiments the solid circu-
lar cross-section specimens have been used. All specimens
were made of the same grade 45 steel rod following the
dimensions presented in the Fig. 1, b.

To determine the torgue 7, the resistance wire
gauges were glued on the surface of the tenzometer device
with cylindrical working part d = 18.0 mm. The tenzometer
device was made of thermal treatment 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. 2 Tenzometer for torsion angle measurements

The torsion strain is measured by the attachment,
which identifies torsion angle ¢ in the working part of the
specimen. The device for torsion angle measurements, pre-
sented in Fig. 2, consists of two rings / and 2, each of them
has bolt fastened half rings, that are attached to the speci-
men 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=100Q ) 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 [9].

3. Experimental analysis
3.1 Monotonic loading

During the monotonic torsion experiments the
monotonic torsion curve was defined. The monotonic tor-
10N CUrve in T, — Ymar cOordinates is shown in Fig. 3. The
defined mechanical characteristics of grade 45 steel under
torsion are presented in Table 1.
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Fig. 3 Monotonic torsion curve

3.1 Asymmetric low cycle loading

It was mentioned earlier, that in real constructions
most common is the asymmetric loading, which results that

hysteresis loop’s width é_'k is highly dependent on the stress

Table 1
Mechanical characteristics of grade 45 steel

Series | 7,,MPa | 793, MPa | r,, MPa Y Yo

1 174 226 4245 23.4

2 224 209 435 25.2

3 188 211 420 19.7
Mean

X 195 | 215 | 46 | 227

ratio 7, . Fig. 4 shows the stress amplitude dependence
both on the mean stress and the stress ratio [7].
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Fig. 4 Stress amplitude dependence both on the mean
stress and stress ratio 7, when o, = const : I — gra-
de D16T1 aluminium alloy; 2,3 — grade 15Ch2MF
steel after thermal treatment and tempering;
4,5 — delivered state grade 45 steel; o — r, =-1.0;

o« —r,=-075 1 -r,=-05

The hysteresis loop’s width é)Tk of the semicycles
depends both on the stress amplitude &, and mean stress
G, . These equations and the method for their determina-

tion (Fig. 4) have been used in research works of
M. Daunys, H. Medeksas and R. Sneiderovic to calculate
the results of tension-compression experiments [1, 7, 8].
Thus this dependence may be written

o =-1g(90-9)z, + 5, (1
or

o =ctggpo, +0, 2)
and introducing the notations ctgg =x and o =0, , the
following is obtained

c,,=0,+kK0, 3)
where o, is conditional stress.

For symmetric cycle, &, =0 and results
Ocn =0, =0 4)

While using the earlier mentioned equations, the
experimental results, despite the stress ratio in coordinates
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5, are coincident with the results of the symmetric
cycle and the following may be written

= _ s,

5]{ = AI,Z(econ].z __T) (5)
22

To simplify the calculations, it was taken, that cy-

clic proportional limit 5, is independent on e, [1], the

number of semicycles k and on stress ratio .. Therefore,

for the asymmetrical cycle, in all the equations used for the

symmetrical cycle, the initial strain e, is replaced by e, ,
which is defined from the monotonic diagram by &, .

For anisotropic materials, two parameters x : k|
are for uneven and x, for even semicycles and conse-
quently e, for uneven and e, for even semicycles.
These parameters characterize the dependence of the strain
diagrams on the stress ratio 7, [8].

The experiments were carried out under negative
asymmetric loading cycles. The cycles were corresponding
to loading of the real constructions and the following stress
ratio were chosen: 7, =-0.75 and r,=-0.5.

The experiments of the asymmetric low cycle tor-
sion were carried out under constant hysteresis loop’s

width of the first semicycle (é_‘1 =const ). The calculated

amplitude stress dependence both on the mean stress and
the stress ratio 7, is shown in Fig. 5.
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Fig. 5 Calculated amplitude stress dependence both on the
mean stress and the stress ratio r_; J, = const for

grade 45 - r,=-0.75;
A—r,=-05

steel; o — 7 =-1.0;

o
From the Eq. (2), as », = —""-, we can express

max

I+7,

Do =14k, ~ (6)
where
Econl'.z = O_pl,'Z = Eapl,Q (7)

During the symmetric (7, = -1.0) and asymmetric

stress-limited torsion experiments under stress ratio

(r,=-0.75 and r,= -0.5), the hysteresis loop’s width de-

pendence on the number of loading semicycles k£ was de-
termined. Fig. 6 shows, that as the number of the loading
semicycles k increases, for grade 45 steel, the loop width

J, remains constant, thus we have a cyclic stable material.

Where
7, = T : gk - k2 (8)
Tpl 7/p[

here 7, is shear stress at the initial semicycle, 7, and y,

are the stress and strain of proportional limit under torsion.
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Fig. 6 Dependence of hysteresis loop width both on the
number k of the loading semicycles and loading
level 7, for solid specimens made of grade 45 steel

under low cycle torsion: a— r.=-0.75(5,,5,);
b—r,=-05(5,05,)

Table 2
Cyclic characteristics of the grade 45 steel
Hollow specimens, 7, =-1.0 Solid specimens, 7, =-1.0
A Sy a A Sy
1.1 1.40 0 1.1 1.40 0
Solid specimens, r = -0.75
Ay A Sy a K, K,
0.51 0.55 1.45 0 -0.25 -0.26
Solid specimens, 7, =-0.5
A, Ay St a K, K,
0.23 0.29 1.40 0 -0.25 -0.26




During the experiments of the low cycle asym-
metrical torsion, differently than under symmetrical tor-
sion, it was determined, that grade 45 steel accumulates
plastic strain along the initial torsion direction (Fig. 7, a,
b). Then the accumulated plastic strain in initial torsion
direction after k loading semicycles is calculated as follows

k _
e =0 -G+ 2 (-1)"5, 9)
1

where o, is stress of the initial semicycle.
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Fig. 7 Curves of the accumulated plastic strain till crack
initiation for solid specimens of grade 45 steel under
low cycle torsion: a— r,=-0.5; b — r,=-0.75
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Fig. 8 Loop width dependences of first and second semicy-
cles on the conditional initial stress for grade 45
steel under low cycle torsion: / —hollow and solid
specimens 4, (r,= -1.0); 2,3 —solid specimens
A,,4, (r,= -0.75); 4,5—solid specimens 4,4,
(r,=-0.5)

Loop width dependences of the first and second
semicycles on the conditional initial strain are presented in
Fig. 8. The defined cyclic characteristics of the material are
given in Table 2.

4. Accumulated damage under stress-limited loading

Thus, the specimen under stress limited torsion
fractures due to quasistatic damage d, , caused by the ac-

cumulated plastic strain e, , and due to fatigue damage
d, , resulted by the cyclic plastic strain, which is charac-

terized by the hysteresis loop’s width 5_/{ . Therefore total
damage d may be written

d=di+d., (10)

Fatigue damage is calculated using the following
equation

_M»

dy = an

- M“‘»

L
where Z 0, 1s fatigue damage accumulated during & load-
1

k,

ing semicycles, ng is fatigue damage accumulated till
1

the crack initiation.
Quasistatic damage

2 (12)

where e, is accumulated plastic strain after k& loading
semicycles, whereas e, is uniform strain under monotonic

loading.

The analytical curves of the cyclically stable
grade 45 steel, as only fatigue damage is taken into ac-
count, were calculated applying the following equation
[7,9, 10]

< =« S Palas

52 & ’ 6"(‘ “Exc
a3

-G

= —a

0, - &
a3

(AN O

=1 (13)

Table 3 presents characteristics of the Coffin’s
curves C,, Cs, my, my, ms, which were obtained from the
experimental data [9] for the grade 45 steel under low cy-
cle strain limited torsion loading.

Table 3
Values of Coffin’s constants C and m
C2 C3 m myp ms
727 440 0.49 0.58 0.88

Fig. 9 shows graphical relationship between the
quasi-static and fatigue damage for the analysed grade 45
steel under different stress ratio. The mentioned figure in-



dicates, that Eq. (10) constants are ¢ =/ =1, whereas dam-
age accumulation by using Eqgs. (10)-(12) is presented in
Table 4.

It is seen from Fig. 9 and Table 4, that under
asymmetric loading the quasistatic damage depends on the
stress level and is increased at highest loading levels
(r,=-0.75, when 7 =1.80-70.6%; r =-0.5, when
7 =1.95 — 82.2%). When stress level decreases, the part of
quasi-static damage also decreases (#,=-0.75, when 7 =

=1.33-27.8%; r.=-0.5, when 7=1.41-48.1%).

T

o \»

0.5 1 @
04
0.3

1.0

0.9 1
dy N

0.7

o — solid (r=-1.0)
—solid (r=-0.5)
A — solid (r=-0.75)

~

0.0 T T T T T
00 01 02 03 04 05 06 07 08 dy

o>

0.2 1
0.1 1

S

1.0

Fig. 9 Quasistatic and fatigue damage relation under stress
limited symmetric and asymmetric loading

Table 4
Accumulated damage under asymmetric loading
Solid specimens, 7, = -0.75
T 1.80 1.64 1.56 1.41 1.33
dy 0.303 0.406 0.416 0.428 0.715
dy 0.728 0.559 0.432 0.395 0.275
d 1.031 | 0966 | 0.847 | 0.823 | 0.990
Solid specimens, 7, =-0.5
T 1.95 1.80 1.72 1.64 1.41
dy 0.182 0.314 0.362 0.400 0.544
dy 0.839 0.678 0.656 0.622 0.503
d 1.021 0.992 1.018 1.022 1.047

Fig. 10 shows the experimental low cycle fatigue
curves for symmetric and asymmetric cycles and also the
fatigue curves, as only fatigue damage is taken into ac-
count. It is seen from this figure, the same as from the Ta-
ble 4, that quasistatic damage more significant decrease in
the fatigue life under higher strain level. At medium load-
ing levels, when 7 =1.60 and asymmetry r = -0.75, the
experimental curves show, that fatigue life, if compared to
the theoretical fatigue curves, diminishes from N_=2840

to N_=1830 cycles. Under the same loading level 7 =1.60
and asymmetry 7, =-0.5, results decrease in fatigue life
from N_=9050to N_= 5010 cycles.
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Fig. 10 Experimental curve for grade 45 steel under stress-
limited asymmetric loading (7, = -0.75; -0.5): low
cycle (#,= -0.75) fatigue curves (1) compared to
theoretical (2), as only fatigue damage is taken into
account, low cycle (r,= -0.5) fatigue damage (3)
compared to theoretical (4), as only fatigue damage
is taken into account

5. Conclusions

Grade 45 steel under stress-limited monotonic
torsion, low cycle symmetric and asymmetric torsion load-
ing was analysed, using hollow and solid specimens of the
circular cross-section.

1. It was determined that for the analysed grade
45 steel the hysteresis loop width is independent on the
number of the loading semicycles k& under symmetric
(r.= -1.0) and asymmetric (7,= -0.75, -0.5) torsion, i.e.
this steel is cyclically stable and parameter o = 0.

2. Under the asymmetric loading, when stress ra-
tio are r, = -0.75 and r, = -0.5, the accumulation of the

plastic strain in the direction of the initial loading, which
does not occur during the symmetric loading cycle was
determined.

3. The analysed case of the symmetric loading
showed smaller fatigue life if compared to that of the
asymmetric loading, whereas under asymmetric loading,
due to the accumulation of plastic strain, the quasistatic
damage occurs, which reduces the fatigue life at the high-
est levels of loading (7, = -0.75, as 7 = 1.80 —70.6%;

r, =-0.5, when 7 = 1.95 — 82.2%) and at low levels of
loading (». =-0.75,as 7 = 1.33 — 27,8%;
7 =1.41-48.1%).

r. =-0.5, when

T
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M. Daunys, R. Cesnavicius
MAZACIKLIO ASIMETRINIO SUKIMO TYRIMAS
Reziumé

Straipsnyje nagrinéjamas plieno 45, apkrauto
simetriniu (7, = -1,0) ir asimetriniu (7, =-0,75; -0,5) suki-
mu, mazaciklis nuovargis esant apribotiems S$lyties jtem-
piams. Nustatyta, kad medziaga yra cikliskai stabili, nes
histerezés kilpos plotis tiek simetrinio, tiek asimetrinio
apkrovimo atveju yra pastovus. Esant simetriniam ciklui,
vienpusé plastiné deformacija nekaupiama, t. y. néra kva-
zistatiniy pazeidimy, o asimetrinio apkrovimo metu ima
kauptis vienpusé plastiné deformacija. Pasitilytos analitinés
priklausomybés apskaiciuoti ilgalaikiSkumui, esant asimet-
riniam apkrovimui, jvertinant sukauptos vienpusés plasti-
nés deformacijos sukeltus nuovarginius ir kvazistatinius
pazeidimus. Nustatyta, kad kvazistatiniai pazeidimai didé-
ja, didéjant apkrovimo lygiui ir, esant vidutiniams apkro-
vimo lygiams, ilgalaikiSkumas sumazéja nuo N, = 2840
iki N, = 1830 (7= 1,60; r,=-0,75) ir nuo N_= 9050 iki
N_=5010 (7 =1,60; r.=-0,5).
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INVESTIGATION OF LOW CYCLE ASYMMETRIC
TORSION

Summary

The presented paper considers low cycle fatigue
of the grade 45 steel under symmetric (7, =-1.0) and

asymmetric (7, = -0.75; -0.5) stress limited torsion. It was

defined, that the material is cyclically stable, because the
hysteresis loop width during symmetric and asymmetric
loading cycles is constant. Under the symmetric cyclic
loading, the plastic strain is not accumulated, i.e. qua-
sistatic damage does not occur, whereas under the asym-
metric loading the accumulation of plastic strain takes
place. The analytical dependences were proposed to calcu-
late the fatigue life under asymmetric loadings, taking into
account the fatigue and quasi-static damage due to accu-
mulated plastic strain. It was determined, that quasistatic
damage increases, while loading level increases and results
at the middle levels decrease of the fatigue life from
N, ==2840to N, = 1830 (7=1.60; r.=-0.75) and from

N,=9050 to N,=5010 (7 = 1.60; r.=-0.5).

M. laynuc, P. YecnaBuuroc

NCCIJIEJOBAHUE MAJIOLIMKIIOBOI'O
ACUMETPUYHOI'O KPYUYEHUA

PezomMme

B cratbe paccmaTpuBaeTCs MAJIOLMKIOBOE Kpy-
yeHue ctanu 45 npu cummerpudeckoM (7, =-1.0) u acum-

merpuueckoM (7, =-0.75; -0.5) nukiax MsIrkoro Harpysxe-

HUSA. YCTAaHOBIICHO, YTO HCCIEeIyeMas CTallb SBISETCS
[UKJIMYECKH CTaOMIBHBIM MaTepHaloM, TaK Kak LIMpUHA
HETIM YNPyroIIaCTUYECKOTO TUCTEpe3nca SBIAETCS IIO-
CTOSIHHOM KaK IPU CHMMETPHYECKOM, TaK W IPU aCUMMeET-
PHYECKOM HAarpyxXeHusx. [Ipu cHMMeTpHYHOM Harpyxe-
HUM HAKOIJICHUE OJHOCTOPOHHEH ITIacTUYecKoi aedop-
Maluu OTCYTCTBYET, a PU aCHMMETPUYHOM HarpyKeHUH
aTa nedopmanus HakarumBaercs. [IpeuioxKeHbl aHaTUTH-
YecKWe 3aBUCHMOCTH ISl pacueTa JOJTOBEYHOCTH NPH
ACHMMETPUYHOM HAarpy>XEHUH, YUHUTHIBas yCTaJOCTHBIC H
KBa3HCTAaTHYECKUE MOBPEX/ICHNS, WHUIMMPOBAHHBIC OJI-
HOCTOPOHHEH IIacTHYecKor nedopmanueir. OnpenerneHo,
YTO KBa3UCTAaTUUECKUE MMOBPEKICHHS YBEIUIUBAIOTCS IPH
YBEJINYCHUH YPOBHS MSATKOTO HArpy)KEHHUS U IIPU CPEIHUX
YPOBHSX YMEHBILNAIOT JONrOBEYHOCTH OT N, =2840 mo

N,=1830 (7 =1.60; r,=-0.75) u ot N,=9050 no N
=5010 (7= 1.60; r,=-0.5).
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