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Abstract. In this paper cyclic stress-strain predictions using the Local Strain Approach and the Finite 
Element method in AIMgSi 1 alloy specimens were investigated. The stable hysteresis loops and the 
cyclic curve of the material were obtained experimentally using the "one specimen for each strain 
leve!" method. Elastic Finite Element analyses were performed in order to determine the stress 
concentration factors of two different types of flat tension bar specimens: (i) with opposite 
semicircular edge notches and (ii) with shoulder fillets. These factors were compared with the ones 
available in literature. Local Strain Approach methods and elastic-plastic Finite Element analyses, 
considering both the kinematic and the isotropic hardening rules, were used to compute inelastic 
stresses and strains for severa! loadings of flat tension bar specimens with opposite semicircular edge 
notches. These results were compared and discussed. 

l. INTRODUCTION 

In the last decades, the use of aluminium alloys in the 
structural production industry suffered a significan! 
increase. AIMgSi 1 alloy is often used in these 
applications mainly due to its high strength, good 
corrosion resistance and high toughness combined with 
good formability and weldability. However, the 
eventual existence of structural discontinuities in 
mechanical components induces localised plastic 
strains which, in the presence of cyclic loading, can 
lead to fatigue crack initiation and, consequently, 
structural collapse. It is therefore imperative to perform 
an accurate characterisation of the localised 
component's cyclic stresses and strains. This task is 
often done using either Local Strain Approach 
methods, such as Neuber's rule [ 1] or the Molski
Glinka method [2], or Finite Element analysis. 
However, commercial Finite Element codes are often 
limited to the kincmatic and isotropic hardening rules, 
which originate identical results for monotonic and 
proportional loading, but severely different results in 
the case of load reversa! or non-proportional loading. 
Thus, sorne difficulties may arise when such codes are 
used to model elastic-plastic localised stress-strain 
states. Therefore, thesc studies are dcfinitely a relevan! 
JSSUC. 

The main objectives ofthis paper were to: (i) obtain the 
stable hysteresis loops and the cyclic curve of the 
material; (ii) dete1mine the stress concentration factors 
of two different types of flat tension bar specimens by 
elastic Finite Element analyses and (iii) compute 
inelastic stresses and strains for severa! loadings of one 

type of specimen using Local Strain Approach methods 
and elastic-plastic Finite Element analyses, considering 
both the kinematic and the isotropic hardening rules. 
These results were compared and discussed. 

2. EXPERIMENTAL DET AILS 

A T6 heat-treated AlMgSi 1 alurninium alloy was 
considered for research purposes. lts chemical 
composition and monotonic mechanical properties are 
shown in tables 1 and 2, respectively. 

Table l. M a in chemical composition of AlMgSi 1 alloy 
(weight. %). 

Si Mg Mn Fe Cr Zn 
0.7-1.3 0.6-1.2 0.4-1 0.5 0.25 0.2 

Table 2. Monotonic mechanical properties ofT6 heat
treated AlMgSi 1 alloy. 

Ultimate tensile strength, O' [MPa] 300 
UTS 

Monotonic yicld strength, O'Ys [MPa] 245 

Young's modulus, E [GPa] 70 
Poisson 's coefficient. 1' 0.32 

Low-cycle fatigue tests were perfom1ed in a computer
controlled servo-hydraulic DARTEC machine with a 
1 OOkN capacity. The tests were performed, in 
agreement with the ASTM E 606 Standard [3], in strain 
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control with -1 nominal strain ratio RE and 8xl0-3s'1 

nominal strain rate dEidt. Figure 1 illustrates the major 
dimensions of the used specimens. 

1 
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Fig. l. Geometry ofthe low-cycle fatigue specimens 
(all dimensions in mm). 

The cyclic stress-strain curve was determined carrying 
out fully-reversed constant strain-controlled low-cycle 
fatigue tests using the method of "one specimen for 
each strain leve!" and defining the stable hysteresis 
cycle as the one at which the specimen reached 50% of 
the fatigue life. The specimens were tested with 1.2%, 
1.6%, 1.8%, 2%, 3% and 4% ranges of strain. The 
failure of the specimens was defined as the number of 
cycles corresponding to a 10% load drop in relation to 
the load achieved during the stable hysteresis cycle [ 4]. 

3. PREDICTION METHODOLOGIES 

The local inelastic stresses and strains can be 
calculated by two methodologies: (i) Local Strain 
Approach, namely by the Neuber's rule [!] or the 
Molski-Glinka method [2] and (ii) Finite Element 
Analysis. 

3.1 Local Strain Approach 

Cyclic stress-strain curves are generally obtained from 
uniaxial stress condition tests, being usually expressed 
by a Ramberg-Osgood [5] stress-strain relationship. i.e. 

1 

~E = ~cr +( ~cr );. 
2 2E 2K' 

( 1) 

While the cyclic stress-strain curve describes stress and 
strain stable amplitudes, it cannot, generally, describe 
the hysteresis loop branches. A material is said to 
exhibit Masing-type [6] behaviour when the 
magnification of the cyclic stress-strain curve equation 
by a factor of two describes the branches of the 
hysteresis loops. This means that the hysteresis loops 
are described by 

1 

~E = ~(j + 2 ( ~(j );. 

2K' 
(2) 

The origin ofthis curve is at the compressive tip ofthe 
correspondent hysteresis loop. An alternative 
description of the hysteresis loop branches for non
Masing behaviour is given by the so-called Master 
curve. It can be defined as the unique curve that 
envelops the ascending (loading) branches of the 
hysteresis loops; being generally obtained from 
matching the hysteresis loops' upper branches by their 
translation along the linear response portion [7]. The 
equation ofthe Master curve can be expressed as 

1 

~E = ~cr + 2 (-~-cr_-_B.::._o );. 
2K' 

(3) 

where 30 is the increase in the proportional stress limit. 
An approximate value of 30 can be directly estimated 
from the cyclic stress-strain curve, considering the 
minimum proportion range, by [7] 

Bo =( ~cr )-cr'o (4) 

3.2 Hardening rules 

In general, commercial Finite Element codes are 
limited to the kinematic and isotropic hardening rules 
using von Mises yield surfaces. These rules predict 
identical results for uniaxial monotonic tension 
loading, but severely different results in the case of 
load reversa!. These two hardening rules are illustrated, 
for uniaxialloading-unloading behaviour, in figure 2. 

isotropic 

Fig. 2. K.inematic and isotropic behaviours. 

As shown, kinematic hardening predicts that yielding 
in reverse loading occurs with a 2cr' vs stress change. 
while isotropic hardening predicts yiclding only with a 
2<i111a, stress change, i.e. twice the highest stress leve! 
reached prior to unloading. Therefore. kinematic 
hardening predicts the Bauschinger effect [8] while 
isotropic hardening does not. This fact can lead to 
significant discrepancies when modelling cyclic stress
strain behaviour. 
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3.3 Finite Element modelling 

Flat tension bar specimens with opposite semicircular 
edge notches and with shoulder fillets were 
investigated. Their geometries are shown in figure 3. 

Fig. 3. Geometries modelled by Finite Element analysis. 

Modelling was performed with Cosmos/M Finite 
Element code [9]. Two-dimensional linear elastic 
analyses were performed employing 8-node 
isoparametric quadrilateral elements with a 3x3 full 
integration [1 0]. Modelling of specimens was 
performed considering compatible Finite Element 
meshes, which were obtained by performing a 
convergence or mesh refinement study of the solutions 
obtained from monotonic axial tension loading 
analyses. The obtained convergence curves allowed 
error estimations by the comparison of the last two or 
three solutions [11]. Since the geometry and loading of 
the specimen with opposite semicircular edge notc~es 
presents both longitudinal and transversal symmetnes, 
only a quarter of the specimen was considered. Its final 
mesh, consisting of 4205 elements and 25578 degrees 
offreedom (d.o.f.), is presented in figure 4. 

Fig. 4. Mesh of the specimen with opposite 
semicircular edge notches. 

On the other hand, as the geometry and loading of the 
specimen with shouldcr fillets presents only 
longitudinal synm1ctry, only half of this specimen was 
considered and its mesh, consisting of 9251 elements 
and 56028d.o.f., is presented in figure 5. 

8oth meshes were very finely spaced in the vicinity of 
the respective superficial critica! point, as illustrated in 
figures 4 and 5. 

Fig. 5. Mesh ofthe specimen with shoulder fillets. 

Maximum effective longitudinal local stress cr was 
measured at the critica! surface elements for severa! 
nominal axial stresses S, which were defined 
considering the smallest transversal section area of 
notched zone. The value of K1 was considered as the 
slope of the cr-S relation 's linear regression. 
Determination of local elastic-plastic strains and 
stresses was performed just for specimen with opposite 
semicircular edge notches, considering a plane stress 
elastic-plastic analysis. A Huber-von Mises plasticity 
model and both kinematic and isotropic hardening 
rules with a multilinear stress-strain cyclic curve were 
used, assuming large plasticity and a large 
displacement Updated Langrangian formulation. A 
force-controlled loading strategy, as the incremental 
control technique, and the Newton-Raphson method, as 
the iterative method, were used to achieve convergence 
under elastic-plastic conditions. The analyses were 
performed using, as loading boundary conditions, 
fully-reversed nominal stress loops with 400. 450. 500, 
550 and 600MPa ranges. 

4. RESUL TS AND DISCUSSION 

4.1 Low-cycle fatigue tests 

The cyclic mechanical properties obtained 
experimentally for the aluminium alloy are listed in 
Table 3. 

Table 3. Cyclic mechanical properties of T6 hcat
treated AIMgSi 1 alloy. 

Cyclic yield strength, CT'vs [MPa] 298 

Cyclic strain hardening exponent, 11 ' 0.064 
Cyclic strength coefficient, K' [MPa] 443 
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Figure 6 presents the stable hysteresis loops and the 
correspondent cyclic stress-strain curve. 

Stress, G [MPal 

400 

-400 

Fig. 6. Stable hysteresis loops and obtained cyclic 
stress-strain curve ofT6 heat-treated AlMgSi 1 alloy. 

As illustrated, the cyclic curve corresponds to the 
connection of the hysteresis loops' tips. The 
superimposed stable stress-strain hysteresis loops with 
matched lower tips and Masing curve are presented in 
figure 7. 
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Fig. 7. Superimposed stress-strain hysteresis loops with 
matched lower tips and Masing curve. 

It can be observed that, for the lowest imposed strain 
ranges. the stable loops present Masing-type behaviour, 
while. for strain ranges greater than 1.5%, their 
behaviour slightly deviates from the Masing-type. 
Thereforc a more precise mathematical description of 
the hysteresis loops can be expeeted for strain ranges 
lower than 1.5%. 

The estimated value 30 of the Master curve is close to 
zero, since a 594MPa minimum experimental stress 
proportion range was obtained. It can be concluded that 
the estimated Master curve coincides with the Masing 

curve. Therefore, a Masing-type curve is assumed for 
the remainder ofthis paper. 

4.2 Concentration factors 

The stress concentration factors determined for the flat 
tension bar specimen with opposite semicircular edge 
notches and for the one with shoulder fillets were, 
respectively, 2.232 and 3.972. For the remainder ofthis 
paper, these specimens will be referred as number 1 
(K1=2.232) and 2 (K1=3.972). The stress concentration 
factors of specimens 1 and 2 were, respectively, 11.6% 
higher and O. 7% lower than the ones published by 
Pilkey [12]. Figures 8 and 9 illustrate the results 
obtained by convergence studies for specimens 1 and 
2, respectively. 
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Fig. 8. Convergence study results for specimen l. 
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Fig. 9. Convergence study results for specimen 2. 

Figures 1 O and 11 illustrate the relative variation of the 
stress concentration factor with the number of degrees 
offreedom for specimens 1 and 2, respectively. 

Relative stress concentration factor variations of 
-1.34x 1 o-3% and 49x 1 o-3% were obtained for 
25578d.o.f. (specimen 1) and 56028d.o.f. (specimen 2), 
respectively. Therefore, the associated final tria! 
solutions can be accepted as converged solutions. 
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Fig. 10. Relative variation ofK, for specimen l. 
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Fig. 11. Relative variation of K, for specimen 2. 

4.3 Stress-strain predictions 

For the sake of brevity and since predictions for both 
specimens were qualitatively similar, only the ones of 
specimen 1 will be presented for the remainder of this 
exposure. Figure 12 presents the obtained prediction 
results in terms of local stress and strain ranges. 

As expected, considerable differcnces result from thc 
use of either kinematic or isotropic hardcning rules. On 
the other hand, since experience shows fully-reversed 
loading of notched components to generally result in 
fully-reversed stress-strain responses, it can be 
concluded that the kinematic rule is more appropriate 
for model cyclic loading than isotropic rule, since the 
results obtained with the last one are asymrnetric [ 13]. 

lt is worthwhilc to notice that, although both Neuber's 
rule and the Molski-Glinka curves follow the same 
path, thcy deviate from the one of the kinematic rule, 
increasing this deviation with the stress-strain ranges. 
This fact can be explained by the existence of a 
multiaxial stress state at the notch root. In this situation 
an equivalent cyclic stress-strain curve must be derived 
from the uniaxial cyclic stress-strain one [ 14] .. 
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Fig. 12. ~cr vs. ~E predictions. 

In order to distinguish stress from strain predictions, 
the results illustrated in figure 12 were represented 
versus the correspondent nominal variable. In this way, 
figure 13 shows the nominal stress range versus the 
predicted local strain range, and figure 14 presents the 
predicted local stress range versus the nominal strain 
range. 

650 .--------------. 

¿:_ 
~ 550 

V: 
<1 

450 
Kincmatic- !:l. 
Ncubcr -O 
Glinka -O 

350 +--~--.--~----.----1 

Fig. 13. ~S vs_ ~E predictions. 
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Comparatively to the predictions of the kinematic 
hardening rule, it can be concluded that the ones of the 
isotropic rule lead to slightly lower values of ilE ( 
-8.65% for .llS=600MPa), but overestimate the values 
of .llcr (6.68% for .lle=0.46%), a consequence of its 
asymmetric behaviour. Neuber's rule predictions 
overestimate both .llcr and ilE values (3.89% for 
.lle=0.46% and 5.51% for .llS=600MPa). The fact that 
Neuber's rule may overestimate the local inelastic 
stresses and strains is also stated by other authors [2]. 
Molski-Glinka results originate the lowest values of ilE 
(-29.67% for .llS=600MPa), but predicted quite well 
the values of .llcr (0.17% for .lle=0.46%) especially for 
higher values ofnorninal strain range óe. 

5. CONCLUSIONS 

From the present study, the following conclusions can 
be drawn: 

l. For ilE ::;1.5%, the stable loops reflected a Masing
type behaviour, while, for .~lE> 1.5%, there was a slight 
deviation from it. 

2. Estimated Master curve coincided with the Masing 
one, supporting the Masing-type behaviour hypothesis. 

3. Stress concentration factors of 2.232 and 3.972 were 
found for specimens with opposite semicircular edge 
notches and with shoulder fillets, respective! y. 

4. Considerable differences resulted from the use of 
either kinematic or isotropic hardening rules. However, 
kinematic hardening is the most appropriate rule for 
cyclic loading, since it does exhibit a Bauschinger 
effect. 

5. Neuber's rule and Molski-Glinka curves followed 
the same path, but they deviate from the one of 
kinematic rule, increasing this deviation with the 
stress-strain ranges. This fact reflects the existence of a 
multiaxial stress state at the notch root. 

6. Comparatively to kinematic predictions isotropic 
rule originated slightly minor values of óE and the 
greatest values of ócr. Neuber's rule overestimated 
both ócr and óE values. Molski-Glinka originated the 
lowest values of óE and quite good values of ócr, 
especially for the higher values of nominal strain range 
óe. 
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