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Abstract. Aluminium alloys of the 6000 series are largely used in structural applications. In automotive 
structures the type of solicitation is a random loading. However, fatigue crack growth under variable load 
amplitudes in this series of aluminium alloys are not so well understand as in the 7000 and 2000 series. 
So, in this work a fatigue crack propagation study was done in 6082 aluminium alloy using both constant 
and variable load amplitudes. The tests were carried out using MT specimens in a servohydraulic 
machine at a frequency of 25 Hz. For the constant amplitude tests four different stress ratios were 
analysed: R=-0.25, 0.05, 0.25 and 0.4. The threshold of the stress intensity factor range, L'lKth was also 
obtained for the four values of R. Crack closure was monitored in al! tests by the compliance technique 
using a pin microgauge. The crack opening loads were derived from the load-crack opening displacement 
records after mathematics derivation and used to calculate L'lKerr values from which the da/dN- L'lKcrr 
curves are obtained. The crack closure parameter U was obtained and related with L'lK and the stress 
ratio. A relationship between L'lKth and R was also obtained. Sorne tests of overload were a!so realised 
and correlation between the crack propagation rate and the effective stress intensity factor were 
attempted. 

l. INTRODUCTION 

For many fatigue-critica! parts of structures, fatigue 
crack propagation under service conditions generally 
involves random or variable amplitude, rather than 
constant amplitude loading conditions. Significant 
accelerations and/or retardations in crack growth rate 
can occur as a result of these load variations. The load 
history is therefore a major factor in determining fatigue 
life. 

Crack growth retardation following tensile overloads, 
has been investigated by severa! authors [1 ,2]. Most of 
the data on tensile overloads reported in the literature 
deals with large single peak overloads (50-150% ), 
primarily on aerospace materials. There is very little 
data available for the material studied in this work, 
although, with wide application on structures. 

Crack closure has played a central role in the study of 
fatigue crack propagation [3]. A large number of 
researches have made attempts to understand the 
influence of the mean stress [ 4,5] on the fatigue crack 
growth rate based on the crack closure argument. 

Crack closure [6] has been attributed to plasticity, 
oxidation and surface roughness. Except for high stress 
ratios or high L'lK values, the fatigue crack growth can 
be affected on more or less extension by the crack 
closure induced by plasticity in the two-parameter 

crack growth rate relation, Regime II or by oxidation 
and surface roughness in Regime I of propagation. The 
influence of mean stress on the fatigue crack growth 
rate have been explained with success by the crack 
closure using the normalised load ratio parameter U as a 
function of R a!one [5,7]; or R and Kmax [8]; and R and 
L'lK [9]. 

In the present work the authors intende to analyse if the 
influence of the mean stress on the fatigue crack growth 
rate can be explained by the crack closure phenomenon. 
For this propase, MT specimens were submitted to 
fatigue tests using four stress ratios values. Also, tests 
with single peak overloads were performed, and 
attempts were made to examine if closure can explain 
the retardations observed on fatigue crack growth rate. 
Only two levels of overload were investigated in this 
work for R=0.05. Others tests are in progress varying 
the parameters L'lKbasc' R and the overload ratio. 

Therefore, the main objectives of this work are: i) 
experimental study of the fatigue crack propagation, 
taking measures of the crack length and crack closure; 
ii) analysing the crack closure variation with Kmax. (or 
L'lK), for the different R values; iii) obtaining the da/dN-
11Kc1-r curves to verify if the influences of R will be 
eliminated; iv) study of fatigue crack growth rate 
retardation dueto single peak overloads application. 
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2. EXPERIMENTAL DET AILS 

The material used for this research was an AlMgSil 
(6082) aluminium alloy with T6 heat treatment. The 
chemical composition and the mechanical properties are 
shown in tables 1 and 2 respective! y. 

O"c [MPa] Hardness [HB] 

245±2.7 95 

Fatigue tests were conducted for the Middle-Tension 
(MT) specimens with a thickness of 3 mm, in agreement 
with the ASTM E647 standard [1 0]. The specimens 
were obtained in the LT direction from a laminated 
plate with lx2 m2

• Figure 1 illustrates the major 
dimensions of the samples used in the testes. The notch 
preparation was made by electrical-discharge 
machining. After, the specimens surfaces were polished 
mechanically. 

The tests were performed in a computer-controlled 
servohydraulic DARTEC machine with lOO KN of 
capacity. The specimens were clamped by hydraulic 
grippes. All the testes where performed on load control 
at a frequency of 25 Hz. The crack length was measured 
using a travelling microscope (30X) with an accuracy of 
1 o ¡l111. 

For the constant amplitude testes four different stress 
ratios were analysed: R=-0.25, 0.05, 0.25 and 0.4. The 
parameter llKth was determined using the K-decreasing 
procedure for da!dN<3xl0·6 mm/cycle. 

The influence of single peak tensile overloads was 
investigated at R=0.05 applying a tensile overload of 
50% at llK=5.9 MPa m· 112 followed, after recover, by a 
100% overload at llK=8.2 MPa m· 112

• 

Load-displacement behaviour was monitored at specific 
intervals throughout each of the testes using a pin 
microgauge. The gauge pines were placed in the two 
boles of 0.5 mm diameter located above and below the 
center of the notch (figure l ). The distan ce between 
these points was 3.5 mm. The load-displacement 
records were obtained at a frequency of 0.5 Hz. Noise 
on the strain gauge output was reduced by passing the 
signa! through a 1 Hz low-pass mathematical filter. 

From the load-displacement records, vanatiOns of the 
opening load Por' were derived using the technique 
known as maximisation of the correlation coefficient 
[11]. This technique involves taking the upper 10% of 
the P-E data and calculating the least squares correlation 
coefficient. The next data pair is then added and the 
correlation coefficient is again computed. This 
procedure is repeated for the whole data set. The point 
at which the correlation coefficient reaches a maximum 
could then be defined as Por·· 

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

U= l!Kejf 
l!K 

Where, 
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Fig. l. Geometry of the MT specimen used in this work 
(dimensions in mm). 

3. RESULTS AND DISCUSSION 

3.1 - Infl uence of R on da/dN 

The influence of the stress ratio on the fatigue crack 
growth can be seen in figure 2, considering the four 
values of R: -0.25, 0.05, 0.25 and 0.4 . For R=-0.25 the 
relationship llK=Kmax was used. Strong influence of the 
stress ratio on the fatigue crack growth rate was 
observed. As llK increases, the influence of R on da/dN 
decreases. 
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Fig 2. da/dN versus llK for R=-0.25, 0.05, 0.25 and 
0.4. 

The crack growth rate da/dN increases with R; this 
trend is more pronounced between R=0.05 and R=0.25 
than that between R=0.25 and R=0.4. For the high 
values of da/dN, near 1 o·4 mm/cycle, the influence of R 
is nearly absent between R=0.25 and R=0.4. Also, a 
small influence of R on da/dN was obtained between 
R=-0.25 and R=0.05. 

Table 3 summarises the Paris law parameters obtained 
for the four stress ratios analysed. 

Table 3. Paris law parameters: da/dN versus llK 
( mm! 1 MP 112

) cvc e; a m 

R e m Correlation 
-0.25 1.7xl0·8 4.05 0.9991 
0.05 4.lxl0-8 3.66 0.9979 
0.25 5.6xl0·8 3.78 0.9994 
0.40 1.2x10·7 3.39 0.9996 

3.2- Opening load stress intensity factor 

Since fatigue crack growth rate has shown a strong 
dependence on stress ratio, a crack closure analysis was 
carried out to correlate the results with the llKerr 
parameter initially proposed by Elber [5]. Crack 
opening loads were determined from load-displacement 
records adquired by the computer. 

Figure 3 present the variations of K0 ¡/Kmax as a function 
of Kmax for the four values of the stress ratio: R=-0.25, 
0.05, 0.25 and 0.4. For R=0.4 crack closure measures 
were only observed for the lower values of Kmax· The 
points indicated in this figure represent values of 

K0¡/Kmax above R. This figure shows that in general 
K0¡/Kmax decreases as Kmax increases until the mínimum 
value Kop=Kmin was attained, where Rerr=R. For 
example in point A, where Kmax =4.9 MPa m· 112 Kop= 
Kmin, and Reff=R=0.25. For R=-0.25 and 0.05 this 
condition was not attained. From the trend of the curve 
for R=-0.25, Kop=O is estimated to occur at point C for 
Kmax""15 MPa m·112

• The ratio K0 ¡/Kmax is lower for the 
lowers stress ratios. 
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Fig 3. Ko¡/Kmax versus Kmax for R=-0.25, 0.05, 0.25 and 
0.4. 

3.3- Norma!ised load ratio parameter 

Other forms of crack closure data can be represented by 
plotting the normalised load ratio parameter U defined 
by Eq. (1) as a function of llK. Figure 4 shows that U 
tends to increases with llK for all values of R. For 
R=0.4 and above llK=2.5 MPa m· 112 U takes a constant 
value of unity. Thus, the values of U increases with the 
stress ratio, being the influence of R on U more 
significant for the lower values of llK. The curves for 
R=-0.25 and R=0.05 are very close. So, it can be 
concluded that there was only a small influence of the 
compressive part of the cycle on the crack closure load, 
for this negative stress ratio R=-0.25. 

3.4- Normalised load ratio parameter 

The results presented befare about the influence of the 
stress ratio and on the crack closure shows the expected 
behaviour: as R increases Ú increases also, i.e. U tends 
to the unity. 
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Fig 4. U versus ~K for R=-0.25, 0.05, 0.25 and 0.4. 

From the values of U calculated, the curves da/dN-~Kerr 
were derived. The objective is to analyse if the crack 
closure by it self permits reduce all the da/dN-~K 
curves ata unique curve da/dN-~Kerr independent of R. 
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Fig 5. da/dN versus ~Kcrr for R=-0.25, 0.05, 0.25 and 
0.4. 

Figure 5 show these results for the four stress ratios. Al! 
results tends to fall within a width for all values of R 
when da/dN is plotted against ~Kerr according to 

.!!:!!:_ = C1K 111 

dN ejf 
(3) 

Three different Paris curves can be identified from the 
results plotted in figure 5. Table 5 summarises the 
parameters of the Paris curves of the three regimes 
indicated. 

Table 5. Paris law parameters: da/dN versus ~Kerr 

(mm/ 1 MP 112
) cyc e; a m 

Regim e Limits of 
Corre!. m 

validity 
e 
1 3.8x10·8 7.2 1.3<~K<l.7 0.8827 

7 
IIa 4.6x10·7 1.9 1.7<~K<2.7 0.9080 

6 
Ilb 1.3x 10'7 3.3 2.7<~K<10 0.9978 
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Fig 6. ~K111 versus R. 

Figure 6 presents the vanatwn of the thresholds 
values ~K111 against the stress ratio R. A considerable 
drop on thresholds values was obtained when the stress 
ratio change from -0.25 to 0.4. The effective value of ~ 
K1h, ~Kth,err, is also indicated for comparison and was 
obtained from figure 5. Table 6 summarises the data 
values used in figure 6. From these results a linear 
correlation was stabilised between ~Kth and R with a 
correlation coefficient of 0.9846. 

11K1¡, = -1.007 R + 2.184 (4) 
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Table 6 Thresholds values for the four values of R 
R Thresholds values , llKth (MPa m-

112) 

-0.25 2.39 
0.05 2.20 
0.25 1.93 
0.4 1.75 

3.5 Single tensile peak overloads 

In figure 7, data obtained from single peak overloads in 
the París Regime is plotted in terms of the crack length 
against the number of cycles. Up to now only one 
dataset including two overloads of 50% and 100% were 
obtained and included in this figure. Others tests are in 
progress varying the parameters llKbase• R and the 
overload ratio OL. It is clear from this figure that the 
amount of crack growth retardation increases as the 
leve! of the overload ratio is increased. Del ay cycles and 
delay distances can be determined from this plot, but its 
va!idity is questionable because this test was not 
performed with a previous constant llK leve!. 
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Fig 7. Crack length versus number of cycles for 
single tensile peak overloads. R=0.05. 

Crack closure results obtained during the overload test 
are shown in figure 8, in terms of a plot of U against the 
crack length. Prior to the overload, the U value is 
relatively stable, between 0.78 and 0.85. Upon 
application of the 50% overload, U decreases rapidly to 
a mínimum, corresponding approximately to 0.2 mm 
from the point of overload, and then increases gradually 
towards its pre-overload value. As shown in this plot, 
the mínimum value of U attained decreases as the 
overload ratio increases (U=0.6 for 0L=50% and U=0.4 
for OL= 100%). 

1.2 

OL = 50% OL = 100% 

012 012345 

0.8 

0.6 

0.4 

0.2 

5 10 15 20 
a[mm] 

Fig 8. U versus crack length for single tensile 
peak overloads. R=0.05. 
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Fig 9. da/dN versus llK. llKcrr for single tensile 
peak overloads. R=0.05 

Figure 9 shows the variations of the crack growth rate 
as a function of llK and llKerr. The crack growth rate 
increases with llK according the París law before the 
overload was applied. U pon application of the overload, 
an immediate retardation in crack growth rate was 
observed. The crack growth rate then gradually 
recovered until the París curve steady state leve] was 
attained. The results are consistent with the normal 
behaviour reported in the literature [2], but no 
acceleration was observed on application of the 
overload. For the first overload OL=50% (ilK=6 MPa 
m- 112

) a small decreases of crack growth rate was 
observed from 2x 1 o-5 mm/cycle befo re the overload to a 
mínimum of growth rate of 1.3xl o-5 mm/cycle u pon the 
application of the overload. However, at the second 
overload OL=IOO% applied with llK=8 MPa m- 112

, a 
strong decrease of the crack growth rate was observed, 
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where da/dN decreases from 9x10-5 mm/cycle to Sx!0-6 

mm/cycle due the application of the overload. When the 
results are presented as da/dN against llKerr the data is 
in a single scatter band giving a better correlation than ll 
K. 

The crack closure data, figure 8, plotted in terms of the 
normalised load ratio parameter U shows a consistent 
drop on application of the overload with the growth rate 
trend. The overload cycle results in crack tip blunting 
which tends to remove near tip closure and reduces far 
field closure. However, the removal of closure behind 
the crack tip may be offset by closure generated by the 
ductile crack growth increment formed by the overload 
cycle in which case the acceleration may not occur. As 
the crack grows into compressive residual stress field 
formed by the overload cycle it encounters increased 
levels of plasticity induced near tip crack closure. 
Therefore, the crack growth rates are then retarded. 
For thin specimens as the ones used in our tests with a 
thickness of 3 mm, the whole crack frontis approaching 
plane stress conditions. Assuming that closure is 
predominantly a near surface, plane stress phenomenon, 
it might then be expected that a greater retardation of 
the growth rate be observed. The same behaviour was 
observed in an Al-4.5Zn-2.5Mg aluminium alloy 
[12,13]. 

4. CONCLUSIONS 

l. A strong influence of the stress ratio R on the fatigue 
crack growth was observed in the 6082 aluminium 
alloy. da/dN increases as R increases and the influence 
of R decreases as llK in creases. 

2. Crack closure experimental data was obtained and 
plotted as the variation of the ratio Rerr=Ka¡/Kmax versus 
Kmax· As Kmax increases Rerr decreases until Rerr=R 
condition was attained. Ko¡/Kmax decreases with R. No 
crack closure was observed for R=0.4, except for the 
lowers Kmax values. 

3. The crack closure parameter U was also determined 
and plotted versus llK. It increases with R. The 
influence of R on U is more strong for the lowers llK 
values. Also, the influence of R on U is stronger for 
R=0.05 than for R=0.25 and is virtually insignificant for 
R=0.4, except for lower values of llK. 

4. Despite sorne scatter obtained in the curve 
da/dN-llKerr the results for the four stress ratios are 
under a same continuous band. Thus, crack closure 
seems to be able to explain the influence of Ron fatigue 
crack growth rate in the 6082 aluminium alloy in both 
regimes I and II of crack propagation. 

5. The crack closure data shows a consistent drop on 
application of the overload with the growth rate trend. 
The amount of crack growth retardation increases as the 
leve! of the overload ratio is increased 
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