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Abstract 
 
The statistical aspects of fatigue crack growth life of base metal (BM), weld metal (WM) and heat affected zone (HAZ) in friction stir 

welded (FSWed) 7075-T651 aluminum alloy has been studied by Weibull statistical analysis. The fatigue crack growth tests were per-
formed at room temperature on ASTM standard CT specimens under three different constant stress intensity factor range controls. The 
main objective of this paper is to investigate the effects of statistical aspects of fatigue crack growth life on stress intensity factor ranges 
and material properties, namely BM, WM and HAZ specimens. In this work, the Weibull distribution was employed to estimate the sta-
tistical aspects of fatigue crack growth life. The shape parameter of Weibull distribution for fatigue crack growth life was significantly 
affected by material properties and the stress intensity factor range. The scale parameter of WM specimen exhibited the lowest value at 
all stress intensity factor ranges.  
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1. Introduction 

Friction stir welding (FSW) is a relatively new solid state 
joining method. The welding process was invented by W. 
Thomas and a team of his colleagues at The Welding Institute 
(TWI) in 1991 and patented in 1995 [1]. In this process, a 
specially designed, non-consumable, rotating tool is slowly 
plunged into material to be joined and traversed along the 
length of the material. FSW is seen as one of the most impor-
tant welding developments in two decades because it is able to 
avoid some of the defects that have been seen in conventional 
fusion welds, and it also has better mechanical properties in-
cluding low residual stresses. Aluminum alloys are widely 
used in the aircraft industry due to their high strength to den-
sity ratio. Typically, a welded structure will be subjected to 
fatigue loading during the service period. Numerous studies 
have been conducted to understand the fatigue crack growth 
behavior of FSWed aluminum alloys over the years [2-11].  

Most of the experimental studies have been carried out on 
FSWed aluminum alloys and were concentrated on constant 
amplitude cycle loading. The studies were investigated to 

understand the effects of microstructure, residual stress and/or 
hardness around the welded zone on fatigue crack growth 
behavior. However, they did not focus on its inhomogeneous 
material properties and/or the statistical properties of fatigue 
crack growth life. The constant amplitude cycle loading test-
ing method is useful for obtaining the direct relationship be-
tween fatigue crack growth rate and the stress intensity factor 
range (SIFR) [12], however, it is difficult to clearly understand 
the effects of microstructure, residual stress and the scatter of 
fatigue resistance. The constant SIFR control can maintain the 
stress intensity factor range which is constant during the test. 
This approach is very useful for investigating the effects of 
material property on the variability of the fatigue crack growth. 

Generally, the fatigue crack growth behavior of FSWed 
aluminum alloys is controlled by intrinsic factors such as ma-
terial property, microstructure, and extrinsic factors, such as 
environment and loading condition. For engineering applica-
tions of reliable fatigue crack growth life prediction of FSWed 
joints, it is necessary to clarify and investigate the probability 
distribution function of fatigue crack growth life in a view 
point of damage tolerance analysis. 

The objective of the present study is to investigate the ef-
fects of statistical aspects of fatigue crack growth life on the 
material properties, BM, WM and HAZ in FSWed 7075-T651 
aluminum alloy and driving force (SIFR). The effects are 
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evaluated using Weibull distribution. In the last part, special 
attention was paid to both inhomogeneous metallurgical fea-
tures and driving force. 

 
2. Previous experimental procedure 

The commercial aluminum alloy 7075-T651 is welded by 
the FSW. Welding plates are machined to the size of 100 mm 
x 250 mm x 6 mm and welding experiments are conducted 
using the FSW method. The welding process is carried out on 
optimal conditions according to the previous work. Details of 
the welding and sample preparation techniques can be found 
in Ref. [13], and will be briefly described here. A specially 
designed cone shape tool was used for the FSW, which has a 
shoulder part of diameter of 20 mm and a screw pin measur-
ing 5.85 mm. From a 6 mm thick FSWed plate, LT-oriented 
compact tension (CT) specimens were fabricated as shown in 
Fig. 1. The shape and dimension of the CT specimen is also 
shown in Fig. 2 with testing conditions. Before starting the 
fatigue crack growth test, the specimens grinded at both front 
and back surfaces until they reached a specimen thickness B = 
5.0 mm, and also, all specimens pre-cracked which leads the 
notch tip from 10 mm to 11 mm. For the conditions of FSW in 
the previous study, the best tool rotating speed and welding 
speed combination was 800 rpm/0.5 mm/sec for the 6 mm-
thick the FSWed 7075-T651 aluminum alloy specimens [14]. 

The other conditions are also shown in the reference. 
The fatigue crack growth tests were conducted at room 

temperature and in laboratory air 10 Hz load frequency and 
loading ratio, R = 0.1 under three different stress intensity 
factor ranges (SIFR, ΔK), as shown in Fig. 2. 

 
3. Selected data in this work 

The figures below showed the fatigue crack growth curves 
(a-N curves) for BM, WM and HAZ specimens, under condi-
tion of SIFR, in Fig. 3 for 8.0 MPa(m)1/2, in Fig. 4 for 11.5 
MPa(m)1/2 and Fig. 5 for 15.0 MPa(m)1/2. The a-N curves were 
approximately linear shape which represented the typical re-
sult of constant SIFR testing. However, the relationship was 

 
 
Fig. 3. a-N curves for ΔK = 8.0 MPa(m)1/2. 
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Fig. 4. a-N curves for ΔK = 11.5 MPa(m)1/2. 
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Fig. 5. a-N curves for ΔK = 15.0 MPa(m)1/2. 

 

 
 
Fig. 1. Schematic diagram of specimen cutting for BM, HAZ and WM. 

 

 
 
Fig. 2. Shape and dimension of CT specimen and the testing conditions. 
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almost linear, the slope of each curve was different, and the 
results intersected with each other.  

For the constant stress intensity factor range control tests, 
considering the variability of fatigue crack growth curves, the 
fatigue crack growth life (FCGL) data from arbitrary crack 
length to 6.0 mm increment for Fig. 3, Figs. 4 and 5 were ana-
lyzed in BM, WM and HAZ specimens, respectively. In this 
work, the five specimens for each material and each SIFR 
have been considered. 

 
4. Weibull statistical analysis of FCG Life 

To estimate the effects of statistical aspects of fatigue crack 
growth life on material properties, BM, WM and HAZ, and 
the driving force quantitatively, the distribution properties for 
each data must be analyzed. As shown in the above experi-
mental results, the fatigue crack growth life can be expressed 
as a random variable. Many studies concerning the statistical 
properties of fatigue crack growth life have been performed. 
Today, in the reliability engineering fields, Weibull distribu-
tion is one of the preferable probability distributions, and is 
widely used for lifetime data analysis in reliability research 
[15]. Also, one of many advantages is the flexibility of the 
Weibull distribution, and its easy interpretation of the distribu-
tion. The cumulative distribution function (CDF) is presented 
by the following distribution [15],  

( ; , , ) 1 exp NF N
a

ga b g
b g
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where N is random variable, α is shape parameter that presents 
shape of distribution, β is scale parameter that presents special 
fatigue crack growth life and γ is location parameter that 
means minimum fatigue crack growth life. 

In this work, concerning the limitation of the number of 
data, the two-parameter Weibull distribution, which can be 
used in fatigue crack growth life prediction of the FSWed 
7075-T651 aluminum alloy joints, will be considered. So, it 
was considered a two parameter Weibull distribution, namely, 
location parameter, γ = 0. At this time, the cumulative distri-
bution function (CDF) and probability density function (pdf) 
are represented by the following equation, respectively,   
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where shape parameter, α, means not only shape of probability 
density function but also failure mode and shape of failure rate 
function. As one of the examples, Fig. 6 shows the two-
parameter Weibull plot from experimental results of BM 
specimens for SIFR, ΔK = 8.0MP(a)1/2. In the figure, N11→17 

means the fatigue crack growth life from initial crack length of 
11.0 mm to 17.0 mm. This figure suggests that the Weibull 

distribution provides a good correlation for representing the 
distribution properties of fatigue crack growth life. The statis-
tical distribution of fatigue crack growth life (FCGL) is ex-
pressed by a Weibull distribution function. 

Fig. 7 shows the effects of BM, WM and HAZ on Weibull 
parameter at a SIFR, ΔK = 8.0 MPa(m)1/2. As shown in this 
figure, apparently, the shape parameter was affected by the 
material properties, BM, HAZ and WM. The highest value 
was revealed in the BM specimen, and the smallest value was 
observed in the WM specimen. The WM specimen showed 
that the fatigue crack growth life data were more scattered and 
widely distributed. It coincides well with the results of Fig. 3. 
In other words, the FSWed microstructure and crack growth 
path greatly could greatly affect the fatigue crack growth life.  

In order to investigate the effects of shape parameter of fa-
tigue crack growth life on the stress intensity factor range, the 
estimated shape parameter of the BM specimen is shown in 
Fig. 8. As shown in this figure, the shape parameter increased 
when the stress intensity factor range was increased. For the 
BM specimen, the scatter of fatigue crack growth life gener-
ally decreased when the stress intensity factor range was in-
creased.  

Fig. 9 shows the effects of the Weibull scale parameter on 
BM, WM and HAZ specimens at low stress intensity factor 
range, ΔK = 8.0 MPa(m)1/2. As shown in this figure, appar-
ently, the scale parameter was also affected by the material 
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Fig. 6. Weibull plot of fatigue crack growth life, N for BM specimen. 
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properties, BM, HAZ and WM. The highest value of the char-
acteristic of fatigue crack growth life appeared in the WM 
specimen, and the smallest value was observed in the BM 
specimen. Afterwards, the characteristic life of fatigue crack 
growth for WM exhibits an anomalously longer life compared 
to the BM and HAZ specimens at the low stress intensity fac-
tor range. Fig. 10 shows the effects of scale parameter of fa-
tigue crack growth life on the stress intensity factor range for 
material properties, especially for the BM specimen. As 
shown in the figure, the characteristic life of fatigue crack 
growth for the BM specimen decreased when the stress inten-
sity factor range was increased.  

The observed results for the BM specimen clearly show that 

the variability of fatigue crack growth life and the fatigue 
crack growth characteristic life are both affected by material 
properties and the stress intensity factor range. Thus, in order 
to statistically evaluate the effects of material properties and 
stress intensity factor range on fatigue crack growth life, a 
comparison of distribution characteristics of fatigue crack 
growth life in three kinds of material properties and three dif-
ferent stress intensity factor ranges were investigated. 

Fig. 11 shows the effects of the shape parameter of fatigue 
crack growth life distribution on material properties and stress 
intensity factor ranges. It is clearly shown that the value of the 
shape parameter increased when the stress intensity factor 
range was increased for WM, HAZ and BM, and also, the 
slope of the shape parameter was seen to be the largest in the 
HAZ specimen. Under all of the stress intensity factor ranges, 
the shape parameter value of the WM specimen is the smallest, 
except in the middle SIFR, ΔK = 11.5MP(a)1/2 because of the 
fatigue crack growth life for the WM specimen are more scat-
tered and widely distributed. It is interesting to note that the 
variability of fatigue crack growth life in the middle region of 
the stress intensity factor range is smaller than that of low and 
high SIFR, especially in the case of the WM specimen. 

It is evident from Fig. 11 that the largest variability of fa-
tigue crack growth life was seen in the WM specimen at a 
relatively low SIFR, ΔK = 8.0 MP(a) 1/2. 

Fig. 12 shows the effects of scale parameter on material 
property and stress intensity factor range. As shown in this 
figure, the characteristic life of fatigue crack growth for all 
material properties decreased when the stress intensity factor 
range was increased. Under all of the stress intensity factor 
range conditions, the scale parameter value of fatigue crack 
growth life for the BM specimen is smaller than that of the 
HAZ and WM specimen. The results above clearly demon-
strated that the fatigue crack growth life in the WM specimen 
for low SIFR, ΔK = 8.0 MP(a)1/2 is much higher than that of 
the BM and HAZ specimen under all test conditions. 
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Fig. 11. Effects of shape parameter on material property and SIFR. 
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5. Discussion 

In terms of carefully controlled constant stress intensity fac-
tor range fatigue crack growth testing conditions, the crack 
growth curves have considerable scatter as described in Figs. 
3-5. These results indicated that the material’s fatigue crack 
growth properties are inhomogeneous. Fig. 13 shows the mi-
crostructural configurations for the BM, HAZ and WM 
specimens. It is interesting to note that the scatter of crack 
growth process appears to be influenced by the location and 
the size of existing precipitation, the grain size and the grain 
orientation, etc. The microscopic fracture surfaces were ob-
served after the fatigue crack growth tests. Thus, as an exam-
ple, Fig. 14 shows the fracture surfaces of the BM, HAZ and 
WM specimen in the low SIFR, ΔK = 8.0 MP(a)1/2. Most 
fracture surfaces demonstrated a fatigue striation pattern. 
However, the WM specimen showed some cleavage fracture 
surface, with a small fraction of fatigue striation and micro 
voids at low SIFR. These may be due to the fact that the WM 
specimen leads to an increase in the fatigue crack growth life 
and it has more scatter/variability. 

Furthermore, the crack tip plasticity was evaluated in order 
to understand the effects of the stress intensity factor range on 
the variability of FCGL. As mentioned in the above section, 
the shape parameter increased when the stress intensity factor 

range was increased. This indicates that the variability of local 
material fatigue crack growth resistance obviously decreased 
when the SIFR was increased, because of the mean effect of 
the driving force. The plastic zone size where the specimen is 
permanently deformed was controlled by the yield strength of 
the material properties and the applied stress intensity factor 
range. It can be estimated by the following Eq. [12], 
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Fig. 15 shows the schematic illustrations of the plastic zone 

size for BM and WM specimens according to the stress inten-
sity factor range. It was expected from Fig. 15 that the fatigue 
crack growth life of WM would be larger than that of BM 
specimen at the same driving force (SIFR level). 

Consequently, the scatter/variability of fatigue crack growth 
life was influenced by microstructural features and/or me-
chanical driving force. The randomness of local material’s 
fatigue crack growth resistance could be the dominant source 
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Fig. 12. Effects of scale parameter on material property and SIFR. 
 

 
 
Fig. 13. Microstructural configurations: (a) BM; (b) HAZ; (c) WM. 

 
 

 
 

 
 

 
 
Fig. 14. Samples of SEM showing fracture surface for BM, HAZ and WM. 
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of irregular fatigue crack growth. 

 
6. Conclusions 

The Weibull distribution was employed to estimate the sta-
tistical aspects of fatigue crack growth life of BM, HAZ and 
WM specimens of FSWed 7075-T651 aluminum alloy joints. 

It was possible to estimate the variability of fatigue crack 
growth life of FSWed 7075-T651 aluminum alloy joints by 
using Weibull distribution. The variability of fatigue crack 
growth life was influenced by microstructural parameters and 
mechanical driving force (SIFR). Thus, the shape parameter of 
Weibull distribution for fatigue crack growth life was signifi-
cantly affected by material properties, BM, HAZ and WM, 
and the stress intensity factor range. 

This approach will be useful for understanding the variabil-
ity of fatigue crack growth life of BM, HAZ and WM speci-
mens of FSWed 7075-T651 aluminum alloy joints. 
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Fig. 15. Comparison of cyclic plastic zone size for BM, WM. 

 


