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LOADING WAVEFORM, ETC.) EFFECTS
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COMPARISON OF THE CALCULATED AND EXPERIMENTAL
FATIGUE LIVESUNDER NON-PROPORTIONAL BENDING
WITH TORSION OF 10HNAP STEEL

Z.Marciniak , D. Rozumek, E. Macha

Opole University of Technology, ul. Mikotajczyka 85-271 Opole, Poland

Abstract The paper contains the results of fatigue testsL@fiNAP steel under non-
proportional bending with torsion. The circular sstftospecimens were tested. The tests were
carried out at the fatigue test stands MZGS-200Rd BIZGS-200L. The best results of
experimental and calculation lives consistence tf@ considered materials was obtained
using the criterion of maximum shear stresses éndfitical plane and the Palmgren-Miner
hypothesis of damage accumulation.

1. Introduction

Non-proportional loadings very often occur whilevéee of machine elements [1]. In
literature we can find many various fatigue failwrieria for description of material tests
under multiaxial loading. Test results are desdib&h stress [2], strain [3] and energy [4]
criteria. The well known and often applied criteware proposed by Gough and Pollard [5],
McDiarmid [6], Papadopoulos [7], Brown and MilleB]] Macha [2]. Nishihara and
Kawamoto [8] published the test results for fourtenals: two steels, cast iron and
duralumin. Specimens were subjected to cyclic bendvith torsion with different phase
displacements between stresses and different rafiagress amplitudes. In [9], Liu and
Zenner were engaged in tests of non-proportioreditay; they applied the criterion of shear
stress intensity. Under bending with torsion theyunid that increase of the phase
displacement between loadings from Oa@ caused 20% drop of the strength limit for
trapezoid-shaped loading, and 15% increase oftteegth limit for triangular loadings.

The aim of this paper is comparison of the caledatnd experimental fatigue lives
obtained under proportional and non-proportionaidieg with torsion for L0HNAP steel.

2. Experiment

10HNAP steel was subjected to fatigue tests. Thiemais a low-alloy constructional
steel. It is a general-purpose steel of higherstasce to atmospheric corrosion. Chemical
composition and some mechanical properties of 10PANAeel are presented in Tables 1
and 2.

Table 1. Chemical composition of 10HNAP steel in %
C Mn Si P S Cr| Ni| Cu Fe
0.11| 0.52 | 0.26| 0.0980.016| 0.65| 0.35| 0.26| Bal.

Table 2. Monotonic and fatigue mechanical propsiie L0HNAP steel
Oy Oy Oat No E v
MPa MPa MPa cycles GPa
418 566 300 |3.1347-16 215 0.29

Specimens of round sections were tested (see JFithdly were cut from the sheets 16 mm in
thickness according to the rolling direction.
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Fig. 1. Shape and dimensions of a specimen

The specimen surface was grinded and polished. @iameters of the specimens were
applied: d = 7.5 mm for variable-amplitude loadiagd d = 8 mm for polyharmonic loading.
The tests were realized at Opole University of hedbgy, at two fatigue tests stands:
MZGS-200L (variable-amplitude loading) under freqog 20 Hz, and MZGS-200PL
(polyharmonic loading); the dominating frequencyasw29 Hz [10]. Fig. 2 shows the applied
30-second stress paths, registered during the fegs. 2a and 2b show variable-amplitude
stress paths registered unéer 1, and in Fig. 2c one can see polyharmonic spafiss for
As=0.5.
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Fig. 2. Stress paths (a) proportional (variabledéogie), (b) non-proportional (variable-amplitude)
and (c) non-proportional (polyharmonic)

2.1. Procedurefor fatigue life assessment

Fatigue life of the specimens was calculated adogrib the algorithm shown in Fig. 3.
In the block 1 of the algorithm 820 s loading higte were registered during polyharmonic
tests, and for variable-amplitude tests more th@@02s loading histories were measured.
Stresses were calculated using the elastic mod#ieomaterial. In the block 2, the critical
plane position was determined with the damage aatatran method The equivalent stress
histories were calculated for the established mwsibf the plane with the maximum damage
degree (the block 3).
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1. Registration and calculations:
Gii(t)a 8ii(t)a (]19.] = XY, Z)

l 2. Determination of the critical plane position I

|

| 3.Calculation of the stress history Gq(t) |

‘ 4. Cycle and half-cycle counting I

|

| 5. Calculation of the damage degree S(Tq) |

6. Calculation of the fatigue life Ty

Fig. 3. A general algorithm of fatigue life calctitans for materials under
multiaxial service loading

The equivalent stress historye(t) was calculated according to the following aiie[2]:
- criterion of the maximum shear stresses on titiearplane

Oq(1) = 0, (1) BinRa) + 21, (1) [Eos@a) (1)

wherea - the angle determining the critical plane positio
- criterion of the maximum normal stresses on fitecal plane

Oqq(t) = 0, (1) [B0S’ (a) — T, (1) sina) (2)
- criterion of the maximum normal and shear stregsethe maximum shearing plane

0q4(t) = (2-B)(0, (1) oS’ (a) — T, (t) sin(2a)) +
: 3
+B(—%ox(t)sin(2a)+rxy(t) cosQa)J ®)

where:

_0.,(Ny)
B=—"—12 4
T_1(Ny) “)

is the ratio of fatigue strength limits under bewgiand torsion for a number of cycles
N; = 10°, assumed according to Sanetra [11]. Next, cyaleshelf-cycles were counted with
the rain flow algorithm, and a damage degree)S{Bs calculated with use of the Palmgren-
Miner hypothesis of damage accumulation [12, 13]:

k n.
3 —Im for  Ogqa 2ally
i=1
Sp|\/|(T0) = N{OMJ ®)
O_eo,ai
0; for  Ogga <alOy,

where
Oeq,ai— amplitude of the equivalent stress,
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m — coefficient of the Wdohler curve slope undending,

0, — fatigue limit under bending,

No — number of cycles corresponding to the fatigmatlioa,

n — number of cycle with amplitudeeq . determined from the stress histooy(t) at
observation time ¢

a — coefficient including amplitudes below the dag limit while fatigue damage
accumulation (a = 0.5 was assumed),

k — number of intervals in the amplitude histogram.

Calculations were also done with hypotheses byrSere— Kogayev [14] and Corten — Dolan
[15], where significant differences between caltatess and experimental results were
observed. In order to neglect influence of the sstrgradient, fatigue characteristics for
alternating bending were used for calculations.

Fatigue life Tywas calculated according to the following equation:

__ T

T =__0 6
o 7 G (To) ©)

where T — observation time.
3. Thetest resultsand their analysis

The tests were realized under combined bending tergion for two ratios of nominal
stressesj; = 0.5 and 1, and for different cross-correlatioeftioients, . = 0, 0.5 and 1,
under variable-amplitude histories [10]. The camdint of loading irregularity for bending
and torsion was | = 1. The MATLAB program wasdi$er generation of random signals;
next the signals were subjected to digital filoatibby a narrow-band filter. The dominating
loading frequency was 20 Hz. The periods of loadepetition were equal to 2000 seconds.
Fatigue tests of specimens made of 10HNAP steele wested under nine loading
combinations (see Table 3). The mean experimemnas lunder different ratios of nominal
stressesk; and cross-correlation coefficients, for both tested steels were compared in Fig.
4. From the comparison of experimental data it appé¢hat the correlation coefficients,r
stresse®max and the ratio of stressis strongly influence the fatigue life. In 10HNAP ke
under non-proportional stresses foy= 1 the mean experimental life is 1.8 times greated
for Ao = 0.5 it is 5.2 times greater in relation to prdmoral stresses. Polyharmonic tests were
performed for thirteen combinations of non-propmrél bending with torsion under the
constant cross-correlation coefficient = 0.16 and different ratios of maximum stresses
(Table 4).

Table 3. Nominal stresses under variable-amplibetading with torsion in 10HNAP steel at
the stand MZGS-200L

Combination off omax | Tmax 3. = Tmax Standard | Standard | Correlation

loading MPa | MPa | " 0 deviation | deviation coefficient
JHo (MPa) | \fu, (MPa) lot

KWL1 212 | 212 1.0 53.43 53.43 0
KWL2 212 | 212 1.0 53.43 53.43 1
KWL3 301 | 150 0.5 75.86 37.80 1
KWL4 342 | 171 0.5 86.19 43.09 0
KWL5 342 | 171 0.5 86.19 43.09 1
KWL6 212 | 212 1.0 53.43 53.43 0.5
KWL7 320 | 160 0.5 80.65 40.32 0.5
KWL8 384 | 192 0.5 109.75 55.24 0
KWL9 320 | 160 0.5 80.65 40.32 1
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Fig. 4. Comparison of mean fati¢ lives depending on different parameters of thesstistate

Table 4. Nominal stresses under polyharmonic bendith torsion in 10HNAP steel at the
stand MZGS-200PL

Combinz_altion Omax | Tmax 3 = Tmax Sta_nd_ard Sta_nd_ard
of loading | MPa | MPa | 9~ O deviation deviation
JHo (MPa) | /i, (MPa)

K01 475 90 0.189 183.76 31.41
K02 475 130 0.274 185.32 47.74
K03 475 170 0.358 185.33 60.78
K04 475 210 0.442 182.51 74.04
K05 420 90 0.214 170.38 31.85
K06 420 130 0.309 159.20 49.65
KO7 420 170 0.405 170.38 62.14
K08 420 210 0.500 168.25 82.08
K09 330 130 0.394 137.52 49.23
K10 330 170 0.515 133.96 62.14
K11l 330 210 0.636 134.62 83.17
K12 250 170 0.68 96.25 57.55
K13 250 210 0.84 91.00 79.83

Power spectral density was characterized by faguency peaks with the dominating
peak 29 Hz. The coefficient of loading irregulantyas | = 0.99 for bending and | = 0.97 for
torsion. While testing, 820 s histories of bendamgl torsional moments were registered. They
were applied for stress calculations in a lineastt range.

After calculations and considerations with the abawethods it was found that the best life
estimation was obtained according to the critenbmaximum shear stresses on the critical
plane and the Palmgren-Miner hypothesis of damagenaulation. The comparison of the
calculation and experimental results were presemtdélg. 5. From these figures it appears
that:
(i) under variable-amplitude stress histories (Big):
- for 10HNAP steel, 77 % of the results of fatigue kstimations are included into the
scatter band with coefficient 2, and 100 % - itht® scatter band with coefficient 3.
(ii) under polyharmonic stress histories (Fig. 5b):
- for 10HNAP steel, 73 % of the results of fatigife estimation are included into the
scatter band with coefficient 2, and 97% - into shatter band with coefficient 3.
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Fig. 5. Comparison of the calculated liveg With experimental onesg}J, for: a) variable-amplitude
loading and b) polyharmonic loading

The results of life estimation according to thdezron of maximum normal stresses on the
critical plane for variable-amplitude loading caoé the scatter band with coefficient 3 and
then the calculation life was overestimated. In ¢hse of polymarmonic loading, 64 % of
10HNAP steel were included into the scatter banth woefficient 3. It can be found that
according to the criterion of maximum normal anéahstresses on the plane of maximum
shearing (variable-amplitude loading), 90 % of tbsults for LOHNAP steel are included into
the scatter band with coefficient 3. In the casealyharmonic loading, 97 % of 10HNAP
steel were included into the scatter band with foagent 3.

4. Conclusions

Basing on the calculated and experimental fatiguesifor the tested material, we can
formulate the following conclusions:

1) The best agreement between the calculated andieguetal results for variable-amplitude
and polyharmonic loading was obtained accordingh® criterion of maximum shear
stresses on the critical plane and the PalmgrereMiamage accumulation hypothesis.

2) The considered criteria of maximum normal and sis¢@sses or normal stresses on the
critical plane with use of the Palmgren-Miner damagcumulation hypothesis showed the
overestimated calculation lives, exceeding therassuscatter band with coefficient 3.

3) Application of damage cumulation hypotheses by 188e-Kogayev and Corten-Dolan for
all the considered criteria was not successfugritcant divergence was observed.
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