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ARTICLE INFO ABSTRACT

Article history: Fatigue crack propagation tests have been performed in several heat-treated aluminium

Available online xxxx alloys under constant amplitude loading. All experiments were performed, in load control,
in a servo-hydraulic closed-loop mechanical test machine. The tests were carried out using

Keywords: middle tension, M(T), specimens. The influence of stress ratio and thickness were analysed.

Aluminium alloys Crack closure was monitored in all tests by the compliance technique using a pin microga-

Crack propagation

uge. A strong stress ratio and material dependence effects on the fatigue crack growth were
Crack closure

observed. These effects are discussed in terms of the different dominant closure mecha-
nism. The crack growth behaviour of heat-treated aluminium alloys depends mainly on
whether the dominant closure mechanism is plasticity-induced or roughness-induced.
The enhancement of roughness-induced closure promotes higher crack growth resistance
in these alloys. Roughness-induced closure dominates crack closure in aluminium alloys
age hardened by naturally ageing and also artificially aged alloys with higher contents of
Mn and Cr elements. In alloys aged hardened by artificially ageing and simultaneously with
a lower content of these alloying elements plasticity-induced closure is dominant.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Crack closure has played a central role in the study of fatigue crack propagation. A large number of researches have made
attempts to understand the influence of the mean stress on the fatigue crack growth rate based on the crack closure argu-
ment (e.g. [1,2]).

Except for high stress ratios or high AK values, the fatigue crack growth can be affected more or less by the crack closure
induced by plasticity in the two-parameter crack growth rate relation zone, Paris regime, or by oxidation and surface rough-
ness in the near threshold regime. The influence of mean stress on the fatigue crack growth rate has been explained with
success by the crack closure using the normalized load parameter U [2].

It is generally accepted that fatigue crack growth in the Paris regime is only weakly dependent on the materials micro-
structure when represented against AK.¢ [3]. However, when da/dN is plotted against AK a number of examples of micro-
structure-dependent fatigue crack growth were reported in the literature (e.g. [3-5]).

In a work of Bergner and Zouhar [4] crack growth rates of various aluminium alloys were observed to vary by a factor of
about 20 at some values of AK. They suggests the presence of material-dependent effects of crack closure and environment
to explain that discrepancies.

Fatigue crack growth in Al-Mg-Si alloys can be highly influenced by the dispersoid content due to Mn or Cr being present
[6] as well as by the type of age-hardening heat treatment [4-6].
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In all cases, accordingly with Bergner and Zouhar [4], the crack growth behaviour depends mainly on whether an alloy
presents plasticity-induced crack closure only, or additionally other retarding mechanisms such as roughness-induced clo-
sure [5,6].

The present work intends to analyse the fatigue crack propagation in heat-treated aluminium alloys. For this purpose,
fatigue crack propagation tests have been performed in 2017-T4 aluminium alloy as well as in 6082-T6 aluminium alloys
with different Mn and Cr contents. The influence of stress ratio and thickness is analysed.

2. Experimental details

This research was conduced using AICuMgSi (2017) aluminium alloy with a T4 heat treatment as well as AIMgSi1 (6082)
aluminium alloys with a T6 heat treatment. The T4 and the T6 treatments are full heat treatment processes comprising the
operations of solution treatment, quenching and age-hardening. The age-hardening of the T4 heat treatment is performed at
room temperature (naturally ageing) while in T6 is performed by artificially ageing (160 °C during 10 h for 6082 aluminium
alloy).

The alloys’ chemical composition and mechanical properties are shown in Tables 1 and 2, respectively. Alloys 6082-
T6(A) and 6082-T6(B) differ mainly in the manganese and chromium contents.

Fatigue tests were undertaken, in agreement with ASTM E647 [7] standard, using middle-tension, M(T), specimens. For
2017-T4 aluminium alloy 1.8 and 10 mm thickness specimens were used. The thickness of 6082-T6 aluminium alloy spec-
imens was 3 mm (alloy A) and 6 mm (alloy B). The specimens were obtained in the longitudinal transverse direction from a
laminated plate. Fig. 1 illustrates the major dimensions of the samples used in the tests. The notch preparation was made by
electrical-discharge machining. After that, the specimen surfaces were mechanically polished.

All experiments were performed in a servohydraulic, closed-loop mechanical test machine with 100 kN capacity,
interfaced to a computer for machine control and data acquisition. All tests were conducted in air and room temper-
ature, at a frequency of 20 Hz and a stress ratio of O or 0.4. The specimens were clamped by hydraulic grips. The
crack length was measured using a travelling microscope (45x) with an accuracy of 10 um. Collection of data was
initiated after achieving an initial crack length 2a, of approximately 12 mm. The tests where performed in load con-
trol mode. Crack growth rates were determined by the incremental polynomial method using five consecutive points
[7].

Load-displacement behaviour was monitored at specific intervals throughout each of the tests using a pin microgauge
elaborated from a high sensitive commercial axial extensometer (+0.625 mm of maximum displacement). The gauge pins
were placed in two drilled holes of 0.5 mm diameter located above and below the centre of the notch (see Fig. 1). The dis-
tance between these holes was 3.5 mm. In order to collect as many load-displacement data as possible during a particular
cycle, the frequency was reduced to 0.5 Hz. Noise on the strain gauge output was reduced by passing the signal through a
1 Hz low-pass mathematical filter.

Variations of the opening load, Pop, were derived from these records using the technique known as maximization of the
correlation coefficient [8]. This technique involves taking the upper 10% of the P-§ data and calculating the least squares cor-
relation coefficient. The next data pair is then added and the correlation coefficient is again computed. This procedure is re-
peated for the whole data set. The point at which the correlation coefficient reaches a maximum can then be defined as Pop.

The fraction of the load cycle for which the crack remains fully open, parameter U, was calculated by the following
equation:

Kmax — Kop )
Kmax - Kmin

where Kmax, Kmin, and Ko, are the maximum, minimum and crack opening stress intensity factor, respectively. The values of
the effective K range parameter, AKs, were than calculated by the expression

AKeft = Kinax — Kop = UAK 2)

U=

The fatigued fracture surfaces roughness was evaluated. The laser equipment Mahr RM600-3D was used for these
measurements. The optical distance sensor works with an infrared laser whose beam is focused on the surface of the
sample. The size of the spot is 1 pm and the resolution of the equipment is 0.01 um. The geometry of the surface of
fatigue specimens was determined through analysis of profiles of the fracture surface, parallel to the main crack prop-
agation direction.

Table 1

Chemical composition of the analysed alloys (weight%).

Alloy Si Mg Mn Fe Cr Cu
2017-4 0.50 0.60 0.70 0.40 0.10 4.00
6082-T6 (alloy A) 1.05 0.80 0.68 0.26 0.01 0.04
6082-T6 (alloy B) 0.98 1.08 0.90 0.32 0.25 0.07
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Table 2

Mechanical properties of the aluminium alloys.

Alloy aurs (MPa) ays (MPa) & (%)
2017-T4 427 272 22
6082-T6 (alloy A) 300+2.5 245+2.7 9
6082-T6 (alloy B) 290+ 1.9 250+2.4 12

Fig. 1. Geometry of the M(T) specimen used (dimensions in mm).

3. Results and discussion

The influence of stress ratio and thickness on the fatigue crack growth rate for aluminium alloy 2017-T4 can be seen in
Fig. 2. The data was obtained using specimen thickness of 1.8 and 10 mm tested at stress ratios of R = 0 and R = 0.4. The fa-
tigued fracture surface of the 10 mm thickness specimen tested under R =0 is superimposed in the figure for comparison.

A strong R-ratio effect on the fatigue crack growth rate was observed for 1.8 mm thickness specimens. The same behav-
iour was also observed for 10 mm thickness specimens, but only for AK values lower than 9 MPa m'/2. The crack growth rate
da/dN generally increases with the stress ratio R. For aluminium alloy 6082-T6 only a moderate R-ratio is generally observed
as reported in previous work [9].

Fig. 2 shows that specimen thickness has no significant influence in the crack growth behaviour of this alloy except for
R=0 and for AK values above 9 MPam'?,

Indeed the crack growth behaviour observed for the 10 mm thickness specimen tested at R = 0 is quite uncommon. This
behaviour was so unexpected that two more testes were performed under the same condition, which showed similar trends
and thus confirmed the crack growth rates depicted in Fig. 2. The crack growth rate curve for the 10 mm thickness under
R =0 presents three distinct regions. Initially, for AK values lower than 9 MPa m'/?, da/dN values are similar to the crack
growth rates observed for 1.8 mm thickness specimen tested at the same R. Then a transition period is observed for AK val-
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Fig. 2. Effect of stress ratio and specimen thickness on fatigue crack growth rate for alloy 2017-T4.
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ues between 9 and 10 MPa m'/2, Finally, for AK values above 10 MPa m'/?, the crack growth rates present approximately the
same values as the ones obtained for R=0.4.

This behaviour is attributed to the abrupt change of the propagation mechanisms in this test condition, which promotes
initially a fatigued fracture surface of higher roughness and then a lower roughness surface zone as observed in Fig. 3 (see
also Fig. 2). Therefore, for AK values lower than 9 MPa m'/, a high level of roughness-induced closure, which promotes high-
er crack growth resistance, must be expected as indeed observed in Fig. 4.

As fatigue crack growth rate has shown stress ratio dependence, a crack closure analysis was carried out to correlate the
results with AKeg. The crack closure level can be represented by plotting the normalised load ratio parameter U, defined by
Eq. (1), as a function of AK as depicted in Fig. 4 for aluminium alloy 2017-T4.

This figure shows that the crack closure data are basically in accordance with the observed variation in the crack growth
rates presented in Fig. 2, i.e., higher closure levels for lower da/dN values. The values of U increased with R, i.e., the crack
closure level decreased with the stress ratio. Moreover, for R = 0 parameter U decreases with decreasing AK, i.e., the crack
closure level is more important for low AK values.

At R = 0.4 there is no crack closure (U = 1) for AK values above approximately 7 MPa m''“. However, for AK values lower
than 7 MPa m'/? U dropped steeply with decreasing AK. This behaviour is related to the increase of crack closure which is
promoted by oxidation and surface roughness in the near threshold regime.

However there is a significant discrepancy between the crack closure level depicted in Fig. 4 for 10 mm thickness
specimens and the correspondent crack growth rates presented in Fig. 2 for AK values approximately above
10 MPa m'/2, It is proposed that this discrepancy is mainly due to the phenomenon of partial closure, i.e., the premature
contact between crack faces in the initially high roughness zone while the crack faces are still open near the crack tip
located in the region of lower roughness (see Fig. 3) as illustrated in Fig. 5. Therefore, a significant contribution to fa-
tigue damage occurs in the load range below the opening load when measured remotely from the crack tip by the com-
pliance technique.

The phenomenon of partial closure, can be taking into account by the following simple expression [10]:

:Kmax 7%K0p (3)
Kmax - Kmin

The values of U", calculated for AK values above 10 MPa m'/? by Eq. (3), are also superimposed in Fig. 4. This figure shows
that the crack closure level taking into account partial closure (black circles) is still slightly high in comparison with the da/
dN trends observed in Fig. 2. This behaviour can be explained by the stress state expected for this thickness, because for high-
er thicknesses plane strain prevails and, therefore, the crack faces contact happens only in a small region near the specimen
surfaces.

The change of effective stress intensity factor AKeg can be calculated from U and AK according to Eq. (2). The objec-
tive is to investigate whether the crack closure by itself permits the reduction of all the da/dN — AK curves depicted in
Fig. 2 to a unique curve da/dN — AK.¢ independent of stress ratio and specimen thickness. Fig. 6 shows the da/dN — AKeg
data for aluminium alloy 2017-T4 for the 1.8 and 10 mm thicknesses at the two stress ratios R=0 and R = 0.4 analysed.
For the 10 mm thickness specimen at R=0 parameter U" was used for AK>10 MPa m'/?, but the results obtained with-
out taking into account the partial closure phenomenon are also superimposed in the figure (grey circles) for
comparison.

The fatigue crack growth rate data tend to fall within a very narrow scatter band when da/dN is plotted against AKqg
according to

da _
dN

12

U*

C(AK o)™ (4)
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Fig. 3. Image of fatigued fracture surface of 10 mm thickness specimen tested under R = 0. AK values in MPam'/2.
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Fig. 4. Influence of the stress ratio on the crack closure level for alloy 2017-T4.
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Fig. 5. The phenomenon of partial closure, after Paris et al [10].
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Fig. 6. Fatigue crack growth rate versus AKeg for aluminium alloy 2017-T4.
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Therefore, crack closure by itself permits the reduction of all the da/dN — AK curves to a unique curve da/dN — AKeg inde-
pendent of the stress ratio R and thickness once crack closure effect is correctly accounted for. The parameters C and m of Eq.
(4) obtained for aluminium alloy 2017-T6 are 5.461 x 10~° [mm/cycle, MPa m'/?] and 4.35, respectively. These parameters
were obtained with a correlation coefficient of 0.987.

Fig. 7 compares the crack growth behaviour of alloy 2017-T4 at the stress ratio of R = 0 with data for alloys 6082-T6(A)
and 6082-T6(B) obtained in a previous work [9] This figure shows that crack growth rates for alloy 2017-T4 are significantly
lower than that for alloy 6082-T6(A), and are only slightly higher than the ones obtained for alloy 6082-T6(B).

Fig. 8 presents the variation of Kop/Kmax as a function of AK at R = 0 for all the alloys. This figure shows that the crack clo-
sure data are in accordance with the observed variation in the crack growth rates presented in Fig. 7, i.e., higher closure levels
for lower da/dN values.

Fig. 8 also shows that in general K,,/Kmax decreases steeply as AK increases until a minimum K,p/Kmax value of approx-
imately 0.2 is attained, after which this ratio remains basically constant. For alloy 6082-T6(A) the constant Kop/Kmax ratio is
achieved at AK = 5.5 MPa m"/2. For higher values of AK closure values are generally independent of AK. For alloys 6082-T6(B)
and 2017-T4 this condition was not attained. From the trend of the curve for these alloy, Kop/Kmax = 0.2 is estimated to occur
only after AK=20 MPa m'/%.

Images of the fatigued fracture surface of M(T) specimens tested at R = O for the three alloys are compared in Fig. 9. It can
be clearly seen that alloys 2017-T4 and 6082-T6(B) have a considerable more irregular surface topography than alloy 6082-
T6(A). The surface roughness of the fatigued fracture surfaces was also evaluated. The values of R, and Ry,,.« are superimposed
in Fig. 9.

Although the roughness is characterized by a significant scatter, alloy 6082-T6(B) presented a relative higher roughness in
comparison to alloy 2017-T4. Furthermore, these measurements showed that for alloys 2017-T4 and 6082-T6(B) the mean
values of R,x were at least 2 and 3 times higher, respectively, in comparison to alloy 6082-T6(A), suggesting an effect of
roughness in the high crack closure level observed for these alloys.

In the work of Bergner et al [5] aluminium alloys were classified in two distinct groups. One of the groups (denoted “I") is
characterised by approximately equal crack growth rates at AKy = 10 MPa m'/?, of about (1.65 + 0.45) x 10~* mm/cycle. In
contrast, the other group (denoted “II") is characterised by varying da/dN at AKj. Crack growth rates of group II are always
lower than those observed for group I. They propose that the main criterion of differentiation between the alloys of groups I
and II is whether an alloy shows, respectively, plasticity-induced closure only or additionally other retarding mechanisms
such as roughness-induced closure.

Due to the higher degree of coherency of the main strengthening precipitates with the aluminium lattice for naturally
aged conditions, they are mainly sheared by dislocations promoting planar slip conducing to a higher roughness due to
an extensive crack deflection. Therefore, the naturally aged aluminium alloys are classified in group II [5]. Artificially aged
conditions such as T6, having a lower coherency of its precipitates with the aluminium lattice, a lower crack deflection
and roughness are expected because a significant fraction of precipitates are looped or bypassed. Thus, they are included
in group I [5].

Fig. 6 shows that alloy 6082-T6(A) being in artificially aged condition T6 and alloy 2017-T4 being in naturally aged con-
dition T4 are agreement of the above statements, as they present crack growth rates of approximately 1.69 x 10~* and
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[ | ®@2017-T4
- L
Q -4
g 10 F
= E
£ C
Z -
=
g L
el
l()-5 E
107
2 3 45 10 20
AK [MPam']

Fig. 7. Fatigue crack growth rates for different heat-treated aluminium alloys at R = 0.
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Fig. 8. Crack closure data for aluminium alloys. R = 0.
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Fig. 9. Images of specimens fatigued fracture surfaces.

2 x 107> mmy/cycle at AKy =10 MPa m'/??, respectively. However, alloy 6082-T6(B), although being in the same artificially
aged condition T6 as alloy 6082-T6(A), has significantly lower values of da/dN at AK,, approximately 7.5 x 10~ mm/cycle,
respectively, being better included in group II.

The basic distinction between the 6082-T6 alloys analysed in this work is the amount of Mn and Cr added as dispersoid-
forming elements. Although, some influence of the age-hardening heat treatment cannot be discharge, the lower crack growth
rates observed for alloy 6082-T6(B), in comparison to 6082-T6(A), can be mainly attributed to the higher dispersoid contend
in alloy 6082-T6(B). This effect enhances roughness-induced crack closure and, thus, improves the fatigue properties [6].

Therefore, it is suggested that distinct closure mechanisms must exist in the alloys. For alloy 6082-T6(A) plasticity and
roughness-induced crack closures must be present, being the last significant only near threshold. For the other alloys rough-
ness-induced closure must also be dominate in the Paris regime.

4. Conclusions

From the experimental study on fatigue crack growth behaviour in several heat-treated aluminium alloys the following
concluding remarks can be drawn:

1. A strong stress ratio and material dependence effects on the fatigue crack growth were observed

2. Specimen thickness has no significant influence in the crack growth behaviour of alloy 2017-T4.

3. For alloy 2017-T4 crack closure by itself permits the reduction of all the propagation curves to a unique curve da/
dN — AK.gr independent of the stress ratio and thickness once crack closure effect is correctly accounted for.

4. The crack growth behaviour of heat-treated aluminium alloys depends mainly on whether the dominant closure mech-
anism is plasticity-induced or roughness-induced. The enhancement of roughness-induced closure promotes higher crack
growth resistance in these alloys.
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5. In the alloy 6082 age hardened by artificially ageing and simultaneously with a lower content of Mn and Cr elements plas-
ticity-induced closure is dominant.

6. Roughness-induced closure dominates crack closure in alloys age hardened by naturally ageing and also artificially aged
6082 alloys with higher contents of Mn and Cr elements.
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