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ABSTRACT

Fully reversed bending/torsion fatigue tests were performed with use of solid cylindrica smooth
specimens under the moment control. The specimens were subjected to AlCu4Mgl constant-
amplitude pure bending, pure torsion and two combinations of proportional and of nonproportiona
bending with torsion. The investigated fatigue lives ranged between 5:10* and 10’ cyclesto failure,
All the results can be described with one criterion of the parameter of strain energy density in the
critical plane. The critical plane is the plane where the parameter of shear strain energy density
reaches its maximum value. The fatigue life is influenced by a sum of parameters of normal and
shear strain energy densities with some coefficients in the assumed critical plane. The calculated
fatigue lives are included in the scatter band of the experimental data of a factor 3 as for pure
bending.

1 INTRODUCTION

Many machine elements are subjected to complex fatigue loading that generate a multiaxia state
of stress. At present, multiaxial fatigue of materials is intensively tested by many researchers.
There are many criteria of multiaxial fatigue based on stresses, strains and strain energy density.
The energy criteria are very often applied at present. They include both stress and strain states.
From among the energy criteria we can distinguish a certain group of criteriaincluding strain and
stress states in a certain plane, so-called critical plane. These criteria reduce the multiaxial stress
dtate to the equivaent uniaxia one. Varvani-Farahani [1] proposed the criterion determining
fatigue life on the basis of a sum of norma and shear strain energy densities in the plane of
maximum shear strain. Fractions of particular energies in the damage process are determined on
the basis of the material constants. This parameters can be, however, applied only under cyclic
loading and in the plane stress state. A similar criterion was proposed by Pan at d. [2]. It is based
on the Glinka criterion and uses some other weights of particular strains. The criterion proposed by
Lee et a. [3] aso includes the sum of shear and normal strains with a certain coefficient. This
criterion includes energy densities of both éastic and plastic strains in the critical plane. Lately
the generalized criterion of multiaxial random fatigue was proposed [4]. It is an energy criterion
based on the critical planeidea[5, 6]. In enables to determine fatigue life under multiaxial stress
state for cyclic, variable-amplitude, proportional and nor+proportional loading. In this paper the
authors describe fatigue tests for constant-amplitude pure bending, pure torson and two
combinations of inphase and out-of-phase bending with torsion using the proposed energy
criterion.

The aim of this paper is determination of usability of the strain energy density parameter for
fatigue life assessment of duralumin AICu4Mgl under in-phase and out-of phase bending with
torsion.



2 FATIGUE TESTS
The material chemical composition and mechanical properties of AICu4Mgl aluminium are given
in Tables 1 and 2. The tests were performed under cyclic in- and out-of -phase loading with the
zero mean value. All the tests were performed under controlled bending and torsional moments.
Diameters of the specimens were 10 mm for pure bending, pure torsion and in-phase bending with
torsion. For out-of-phase bending with torsion, the diameter was 8.5 mm. Geometry of the
specimensisshownin Fig. 1.

Table 1: Chemical composition of the tested AICu4Mgl auminium aloy [%]
Materia Cu Mg S Mn Fe Ti Zn Cr

AlCudMgl 3547 0410 0208 0310 0.7 0.2 05 01

Table 2: Mechanica properties of AICu4Mgl auminium aloy

Material E[MP4] Ry2 [MP4] Ry [MP4] n
AlCudMgl 72060 395 545 0.32
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Figure 1: Geometry of the specimen for fatigue tests

The tests were performed at two fatigue tests stands: MZGS 100 and MZGS 200L. More than 150
specimens were tested. The results of this research are presented as graphsin Figs.2-4. The fatigue
test results are included in the scatter band with the coefficient 3. It can be observed that Wohler's
curves for pure bending (m=7.0275) and pure torsion (m=6.8683) are paralle in practice, however
the fatigue life for pure bending is much higher than that for pure torsion.

We can find that in the tested material phase displacement influences fatigue life increase for both
t;=s,and t,=0,5s . Increase of torsional stress participation in the loading combination influences
reduction of fatiguelife.

3 THE ENERGY CRITERION OF MULTIAXIAL FATIGUE
An energy parameter for the multiaxia loading state was proposed in [4]. The damage parameter
can be characterized by three basic assumptions:
1. Fatigue cracking is caused by the part of strain energy density which corresponds to work of
normal stress s, (t) on normal strain ey(t), i.e. W, (t) and work of shear stress t,((t) on shear
straing,(t) indirection S, on the plane with norma 1, i.e. W, (t);



energy density reachesits maximum, Wy gna(t);

Direction S on the critica plane coincides with the mean direction where the shear strain

In the limit state, the material strength is determined by the maximum value of a linear

combination of parameters of normal W, (t) and shear W, ((t) strain energy densities, i.e.

max{bW(t) +kW, ()} =Q,

@

where b is constant for selection of a particular form of (1) and k, Q are materid constants
obtained from uniaxial fatigue tests.
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Figure 2: Wohler fatigue curvesfor pure bending and pure torsion for AICu4Mgl aluminium
aloy
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Figure 3: In-phase bending with torsion - Wohler fatigue curves for AICu4Mgl aluminium alloy
(I =t4s705,j =0°) and (I =t/s=1,j =0°)



Depending on a material, the damage parameter can be determined in the plane of maximum
parameter of normal or shear strain energy density. From theoretical considerations for different
materials it results that the first criterion is lketter only for cast irons. For other materials (also
aluminium), we can obtain better results using the plane where the shear strain energy density
parameter reaches its maximum value as the critical plane. This plane was assumed as the critica
planein this paper.
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Figure 4. Out-of -phase bending with torsion - Wohler fatigue curves for AICu4Mg1 aluminium
aloy (I =t{s;=0,5,j =90°) and (I =t./s~1,j =90°)

In [4], the authors proposed the criterion in which the equivalent strain energy density is a linear
combination of normal and shear strain energy densities. Participation of particular energiesin the
damage process depends on constants b and k. In this case, the critical plane is determined by the
parameter of shear strain energy density. It is assumed that Q=W and the critical plane with
normal h and tangent S is determined as the mean position of one of two planes where the
maximum shear strain energy density occurs. The scalar product hos=0.

Thus, the criterion can be written as:

k -k
W, (t W, (1) +—W, (t
u(t) = @) )+ ( " (1), @
where the coefficient k is expressed as
S (M)

TN o

Depending on constant k and the assumed life level N determined from Eqgn. (3), we obtain
particular forms of the criteria presented in [6].



The obtained test results for duralumin AlCud4Mgl were applied for verification of the presented
criterion (Egn (2)). At the first stage, the critical plane position was determined. Next, on this
plane energy courses were determined according to criterion (Egn (2)), where the shear strain
energy density parameter is expressed as

W () =1 (06 (059N € .(0) ., (OF, @
where
t.()=11s,(t) +2IAhAssXy(t), (5)
e.(t)=1le, (t)+ m,me, (1) +, e, (1) + thﬁwsexy (1), (6)
| =-sina, f_=cosa, A_=0,l =cosa, m =sina, A, =0 (7

and the parameter of normal strain energy density is determined according to

W, (1) =§s (D&, (Osan s, (1) &, (D, ®

where
sh (t):,I\hzsxx(t)-}-Zi\hr,hhtxy(t)’ (9)
en (t) =12ew (t) + 1T ey (1) + A2 s (1) + 21, i, e (t) . (10)

Figure 5 shows the correlation of estimated fatigue life Ny calculated by Eqgn. 2 versus
experimental fatigue life No,,. For all the considered cases we obtained a good agreement between
theoretical and experimental results. The most calculation results for the equivalent amplitude of
the strain energy density parameter against the results for pure bending are included in the
experimental scatter band with the coefficient 3. Only some values obtained under combined
bending with torsion t =s, and a very few values from the remaining results are located outside
this range, but on the safe side.

4 CONCLUSIONS

From the fatigue test results obtained for duralumin AICu4Mgl under constant-amplitude pure

torsion, pure bending and two combinations of in-phase and out-of-phase bending with torson

(t;=0.5s,, t =s.) we can draw the following conclusions.

1. Fatiguelife of the tested material reduces with increase of torsional stress participation.

2. Phasedisplacement influencesincrease of fatigue life of the tested material.

3. The criterion of normal and shear strain energy density parameter in the critical plane, applied
for determination of fatigue life of amaterial similar to AICu4Mg1l enablesto obtain the results
similar to the experimental ones. Thecritical planeis determined with the maximum parameter
of shear strain energy density.
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Figure 5: Experimental fatigue life N, vs. calcul ated fatigue life Ny for AICu4Mgl aluminium
aloy with the scatter band of afactor 3

5 REFERENCES

[1] Varvani-Farahani A., A new energy- plane parameter for fatigue life assessment of various
metallic materials subjected to in-phase and out-of-phase multiaxial fatigue loading conditions,
Int. J. Fatigue, 22, 2000, pp.295-305

[2] Pan W.F., Hung C.Y., Chen L.L., Fatigue life estimation under multiaxial loadings, Int. J.
Fatigue, 21, 1999, pp.3-10

[3] Lee B.L., Kim K.S,, Nam K.M., Fatigue analysis under variable amplitude loading using an
energy parameter, Int. J. Fatigue, 25, 2003, pp.621-631

[4] Kardas D., Kluger K., Lagoda T., Ogonowski P., Fatigue life of AICu4Mgl aluminium aloy
under constant amplitude bending with torsion, 7" ICB/MFF, Berlin 2004

[5] Lagoda T., Macha E., Bedkowski W., A critical plane approach based on energy concepts:
Application to biaxial random tension-compression high-cycle fatigue regime, Int. J. Fatigue,
21, 1999, pp.431-443

[6] Lagoda T., Macha E., Generalization of energy multiaxia cyclic fatigue criteria to random
loadings, Multiaxial Fatigue and Deformation: Testing and Prediction, ASTM STP 1387,
SKaluri and P.JBonacuse, Eds, American Society for Testing and Materids, West
Conshohocken, PA, 2000, pp.173-190

With the support of the Commission of the European Communities under the FP5 contract No.
GIMA-CT-2002-04058 (CESTI).



