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ABSTRACT. The paper contains the fatigue test results of specimens with rectangular
and round cross-sections, made of 10HNAP (S355J2G1W) steel. The rectangular
specimen height to width ratio was 1.5. The tests under cyclic bending with torsion were
carried out for the following ratios of normal to shear stresses amplitudes o, / 7, = 0.5,
1, 2 and the loading frequency was 26.5 Hz. Nominal stresses were chosen for the
equivalent stress amplitude according to the Huber-Mises hypothesis equal to 360 MPa.
Unilaterally restrained specimens were subjected to bending with torsion for different
nominal normal stresses g, = 99, 180, 272 MPa and the nominal shear stresses 7, =
136, 180, 199 MPa to the crack initiation. The tests were performed in the high cycle
fatigue regime for the stress ratio R = - 1 and phase shift between bending and torsion
equal to ¢=0° and 90°.

INTRODUCTION

Bending with torsion often occurs [1, 2] in machelements such as shafts [3, 4] or
beams [5] applied in many fields of industry. Rowmpecimens are usually subjected to
fatigue tests of materials under combined bendiil tersion, while other sections are
not so often tested. Non-zero gradients of normaind shear stresses occur under
such biaxial loading. During fatigue life calcutats it is necessary to reduce the
multiaxial stress state to the uniaxial one (usuatirresponding to bending), so the
fatigue failure criteria must be applied. They da divided into stress, strain and
energy based criteria. The most often applied amified criteria are the following:

(i) the stress criteria proposed by Gough and Rbl[&], Nishihara-Kawamoto [7],
Findley [8], McDiarmid [9], Zenner et al. [10], Maa [11], Dang Van [12], Sonsino
[13], Papadopoulos [14]

(ii) the strain criteria formulated by Brown andIMr [15], Lohr and Ellison [16], Socie
et al. [17], Bantachfine et al. [18],

(i) the energy criteria proposed by Liu [19], Wani-Farahani [20], Ellyin et al. [21],
Chen et al. [22], Lagoda and Macha [23] and otBét.[

Only some of these criteria were considered underproportional loadings. Their
usability in fatigue life calculations is evaluate@jether with the chosen hypothesis of
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damage accumulation, and the calculated fatigue MNfy is compared with the
experimental one H,.

The aim of this paper is to compare the calculdéddue lives with experimental
ones obtained from tests under proportional angbroportional bending to torsion with
different amplitude ratios and two different cr@estions of specimens made of
10HNAP steel.

EXPERIMENTS

For fatigue test were selected specimens with mgear (area 42.2 mthand round
(area 50.3 mnA) cross-sections, made of 10HNAP (S355J2G1W) coctnal steel.
The material is a low-alloy of higher resistancatmospheric corrosion structural steel.
Figure 1 shows a shape and dimensions of speciribeg.were cut from the sheets 16
mm in thickness according to the rolling directidie specimen surfaces were ground
and polished. The used steel is weldable, in imgulostate; its chemical composition
and mechanical properties are presented in Tabtegl2. The test results presented in
this paper were obtained in Department of Mechaaled Machine Design, Opole
University of Technology. The tests were carried authe test stand MZGS-100Ph
(Fig. 2). This machine allows to realize cyclic bemg with torsion and phase
displacement between the bending moment and ta@sioament in the range 0 + 180
[5]. The tests were realized under loading with ¢betrolled force (in the considered
case, the moment amplitude was controlled) andngadequency 26.5 Hz. The fatigue
tests were performed for a high number of cycledeuthe stress ratio R =- 1.
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Figure 1. Shape and dimensions of specimens vajlrond cross-section and (b)
rectangular cross-section, dimensions in mm
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Table 1. Chemical composition of 10HNAP steel in %

C Mn Si P S Cr Ni Cu Fe

0.11 0.52 0.26 0.098 0.016 0.6% 0.3b 0.26 Bal.

Table 2. Mechanical properties of 10HNAP steel

Yield stress| Ultimate stress Elastic modulus Poisson's ratig oy Nt
ovs (MPa) | oy (MPa) E (GPa) v (MPa) | (cycles)
418 566 215 0.29 300 ciulog

The tests were carried out for different amplitudésending moments p4 = 5.64,
10.17, 15.38 Nh and torsional moments= 8.23, 10.89, 12.08 [&h, corresponding
to the nominal amplitudes of normal stressgs= 99, 180, 272 MPa (in case of
rectangular cross-section at the middle of shosfgcimen sides 5.3 mm) and the
nominal amplitudes of shear stressgs 136, 180, 199 MPa to the crack initiation. The
tests under bending with torsion were realizedterratio Mz, / Mta = 0.47, 0.94, 1.87
(Fig. 3). Loadings were selected for the followgplitude ratios of normal to shear
stressesio,/ 1, = 0.5, 1 and 2. The tests were realized underlsameous bending with
torsion (in phase@= (° and out of phase@= 90).

Figure 2. The fatigue test stand MZGS-100Ph: 1 eispen, 2 — head, 3 — base of the
machine, 4 — bending lever, 5 — torsional lever,rBotor, 7- rotating disk, 8 — plane
springs, 9 — strip
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Figure 3. Scheme of the specimen loading

THE TEST RESULTSAND THEIR ANALYSIS

The tests allowed to determine a number of cycletohe fatigue crack initiation.
From the test results it arises (Fig. 4) that higaggue lives appear for specimens with
rectangular cross-sections for all combinationberiding with torsion and phase shifts
@. Fatigue life N of round specimens for phase shpft 9¢ is greater than fop = O°
for all the considered stress amplitude ratios.hStendency of Nvariation is not
observed in rectangular specimens. In specimerts igittangular cross-section under
the same amplitude loading apd= O° (64 = 0.5, ando, = 14) as well agp= 90 (o, =
0.5t,), two different lives were found. Six specimens each series were tested.
Different lives were a result of different initiatis of crack paths. In one case, fatigue
crack growth was observed at the lateral surfaces footh sides the top and the
bottom. Here, lower lives were recorded € 0.5, 05 =1, and@ = (°, 6, = 0.5, andg
= 90C°). In the other case, the crack growth was obseateithe lateral surfaces only
from the top or from the bottom, and then higheesi were recorded{= 0.5, 05 =T,
and@= (, 6, = 0.5, andp = 90).

The tests were performed in order to verify thegtag criteria by Gough-Pollard [6], the
modified criterion by Huber-Mises [25], the moddieriterion by Tresca-Guest [25]
and Nishihara-Kawamoto [7].

Fig. 5 shows relations between the shear stresditadet, and the normal stress
amplitudeo, for the tested round cross-section specimenswaadlifferent numbers of
cycles to failure forp = C°.
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Figure 4. Comparison of mean fatigue lives for gpeas with round and rectangular
cross-sections and phase shift between bendingpasidnal loading equal to:
(@ @=0C and (b)p=9C
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Figure 5. Limit state in round cross-section sp&timfor two numbers of cycles to
failure Ne under bending and torsign= 0°

Graph 1 in Fig. 5 shows the Gough-Pollard modéip& quadrant) describing the limit
state for N = 310° cycles, and solid line 2 is the curve for N110° cycles. Broken
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line 3 is related to the equivalent stress equa3@0 MPa, obtained according to the
Huber-Mises hypothesis for different ratios of natrand shear stresses.

The curve 1 can be described by the equation (ia)Mkhich takes the following form
at the fatigue strength for; ¥ 310° cycles

2 2
% | 4[Ta | =3 (1)
300 162
From Fig. 5 it appears that there is a good contgruof test results for the verified
combinations of bending and torsion with the Go@gtlard curve for N= 110
cycles.

The equivalent stresses according to the consideitedia are as follows:
- the modified Huber-Mises criterion (mode H-M) [25

2 2 4
_ 0, 3( 21, 3( 2t, 21,
Ogq =—=4|1+— + 1+ coq2¢)+0.562 : 2
: fzJ 4“ J z(oa 9 2 )

- the modified Tresca-Guest criterion (mode T-G)|[25

2 2 4
o 2t 2t 2T
0. =—2 [1+] 22| + [1+2 =2 | cod2¢)+| =2 | ,
= VZ\/ (Gaj \/ (Oaj i(P) (Gaj

3)
- the Nishihara-Kawamoto criterion (N-K) [7]
foro=0°
\/(k2 +1)02a + (3— kz)oa\/cyg +412 +412K?
Ooq = 5 : (4)
for =90

/

oo [t B T ]
eq —

4(1+p) '

where: k=%2\/§ - limit ratio (for calculation assumeal / 15 = 1.85), = 1 —
Taf

coefficient of sensitivity for loading phase shift.

The lives Ny shown in Figs. 6-11 were calculated from Eqs.A2p) and compared

with the experimental lives d\, Figs. 6-8 present comparison ofaNand Ny, for
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specimens with round and rectangular cross-sectipimsse shifip = 0° and various
stresses amplitude ratiag, = 0.5, 04 = Ta 04 = 215 The solid line means ideal
conformity between N and Ny, and the broken lines present the result scatted$
of coefficients Nai/ Nexp = 3 (1/3).

From Figs. 6a — 11a for round specimens it appbatshe fatigue lives § calculated
according to the modified Tresca-Guest criterio §8e the most similar to the
experimental lives B, and they are included into the scatter band officent 3 for

all the applied amplitude ratios and stress phhasts sHowever the calculated livesdN

of rectangular specimens (Figs. 6b — 11b) for bpllase shifts angles and stress
amplitude ratios (except far, = 2t, in Fig. 8b) are included into the scatter band of
coefficient 3 and they are the most similar to therimental lives By, if the
calculations are performed according to the modiifieiber-Mises criterion (2). Let us
note that Ny (undero, = 2t, and@ = 0°) according to Eq. (2) in Fig. 8b is located at the
safe side, i.e. outside the scatter band of coeffic3 its value is more than 3 times
greater than the real fatigue life of the specimNgp.

In Figs. 6b, 7b and 9b for rectangular specimens ®&xperimental lives can be
observed. It is caused by various developmentsradks in the specimens. In the
specimens of lower life the fatigue cracks develbpé both sides of the specimen
(white marks), and in the case of higher lives ¢hecks developed at one side (grey
marks). In Fig. 11b unlimited life is obtained fectangular specimens.
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Figure 6. Comparison of fatigue lives of specimerth: (a) round and (b) rectangular
cross-sections obtained from calculationg &hd experiments dy, for phase shift
¢ =, and stress amplitudes= 0.5,
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Figure 7. Comparison of fatigue lives of specimetth: (a) round and (b) rectangular
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Figure 8. Comparison of fatigue lives of specimetth: (a) round and (b) rectangular
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cross-sections obtained from calculationg &hd experiments d\, for phase shift
¢ = 0°, and stress amplitudeg = 2,
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Figure 9. Comparison of fatigue lives of specimerth: (a) round and (b) rectangular
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Figure 10. Comparison of fatigue lives of specimeith: (a) round and (b) rectangular
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cross-sections obtained from calculationg &hd experiments d\, for phase shift
¢ =90, and stress amplitudeg = 1,
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Figure 11. Comparison of fatigue lives of specimeith: (a) round and (b) rectangular
cross-sections obtained from calculationg &hd experiments dy, for phase shift
¢@= 9, and stress amplitudeg = 2t,

CONCLUSIONS

Basing on the calculated and experimental fatigues Ifor the tested 10HNAP steel,

following conclusions can be formulated:

1. The fatigue lives of round specimens calculaéedording to the modified
Tresca-Guest criterion are the most similar toetgerimental lives and they are
included into the scatter band of coefficient 3 dtirthe applied amplitude ratios
and stress phase shifts.

2. Satisfactory conformity of calculated and exmpemtal fatigue lives was
observed for rectangular cross-sections specimdrenwhe modified Huber-
Mises criterion was applied.

3. In rectangular specimens with phase shit(° (o, = 0.5, 0, =15 and@ = 9C¢°
(ca = 0.5x5) two fatigue lives be found. It results from difat sides of fatigue
crack initiation.

4. In the case of phase shift change frotnt® 9¢ we can found fatigue life
increase for round cross-sections specimens astredls ratios.

5. In the case of stresses amplitude ratipbt, = 0.5, 1, 2 andp= 0° and 90 for
round and rectangular sections we can observeutatldge increase, except
rectangular sections withp(= 0°) and o, / 1, = 1, where fatigue life decrease
occurs.
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