
  
Abstract— A method for quantitative analysis of fatigue fracture 

surfaces is proposed. The method consists of determining the spatial 
distribution of significant fractographic features using the Scanning 
Electron Microscopy. The results obtained under constant amplitude 
fatigue tests show that different crack propagation can be identified 
by this technique. Significant effects due to load ratio changes have 
been quantified. The technique developed is then applied to fracture 
surfaces obtained under variable amplitude loading. The analyses of 
the results bring out differences in crack growth mechanisms under 
the studied test conditions. 
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striation; variable amplitude (VA) loading 

.  

I. INTRODUCTION 
O characterize the behavior of a material in fatigue 
propagation, Paris law [1] is often used. This law relates 

the crack growth rate da/dN and the cyclic amplitude stress 
intensity factor ∆K. This relationship can show several stages 
separated by transitions [2–4]. In predominant the micro 
structural size, the ambient environment and the frequency of 
solicitation can modify the behavior of the crack growth 
curves ( da/dN  vs.  ∆K) and the transitions [3]. 

An energetic approach [5, 6] based on the theoretical model 
of Weertman [6] permits a better comprehension of 
mechanisms of propagation with a possible correlation 
between macroscopic and microscopic mechanisms. However, 
when fatigue failures occur, engineers need tools to read the 
fatigue fracture Surfaces. The main difficulty, which is 
encountered with this respect, is to find a direct correlation 
between the fracture topography and the stress operating on 
the structure. As our knowledge and understanding of fracture 
phenomena improves, so does the amount of information, 
which we can obtain from a failure analysis of metallic 
components. In the past, an investigator usually was satisfied 
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with identifying the type of failure, the locating fracture 
origin, determining the material compositions, microstructure 
and properties and providing a general explanation for the 
failure [7]. Today, with the development of scanning electron 
microscopy, which has become an indispensable tool for the 
analysis of fracture surfaces, it is possible to identify the 
different fractographic features representative of fatigue 
failures, such fatigue striations, crystallographic facets or 
dimples [8,9]. Ever since the observations of Forsyth [10] 
concerning the formation of fatigue striations, different 
authors have shown that there is a good   correlation between 
striation spacing and macroscopic crack growth rate [11]. 
  Since the inception of the scanning electron microscope 
(SEM), researchers in the fracture of metals have attempted 
quantitative measurements on scanning electron microscope 
fractographs in one way or another. In recent years, several 
major contributions to the quantitative analysis of fracture 
surfaces have focused on various aspects of the problem.  
This paper presents the results of a method of quantification of 
fracture surfaces resulting from constant amplitude cyclic tests 
[12] and it is applied to examples of variable amplitude 
loading conditions. The results analyzed with respect to 
different parameters governing the crack propagation. 

II.  1BEXPERIMENTAL CONDITION 

A. 4BMaterial 
The material considered in this study is a high strength 

aluminum alloy 2024 T351. 
Tables I and II gives the nominal composition and 

mechanical properties of the material. 
 

TABLE I 
NOMINAL COMPOSITIONS 

Element Si Fe Cu Mn Mg Cr Zn Ti Al 
% 0.1 0.2

2 
4.4
6 

0.6
6 

1.5 0.0
1 

0.0
4 

0.0
2 

Rem 

 
TABLE II 

MECHANICAL PROPERTIES 
Yield Strength 

MPa 
300 

Tensile Strength 
MPa 
502 

Elongation 
% 
1.1 

Cyclic Yield 
Strength MPa 

500 
 

B. 5BTest conditions 
Constant amplitude (CA) fatigue crack growth tests were 

conducted using an Instron servo-hydraulic machine at five R 
ratios of 0.01, 0.1, 0.33, 0.54, and 0.70. 
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The variable amplitude (VA) loading tests were derived 
from a statistical load history characterizing the loading 
conditions on a transport aircraft wing [13]. The loading type 
and the different load levels are shown in Fig. 1and Table III 
respectively. 
 

 
Fig. 1 Type of loading studied 

 
TABLE III 

DIFFERENT LOAD LEVEL 
 
Type of the 

spectrum 

Step 1 
Pmin = 80 
Pmax = 150 

R = 0:53 

Step 2 
Pmin = 160 
Pmax = 392 

R = 0:41 

Step3 
Pmin = 323 
Pmax = 600 

R=0.54 

Step 4 
Pmin = 138 
Pmax = 325 

R = 0:41 
n1 n2 n3 n4 

A 
B 
C 
D 

1 
10 
10 
10 

1 
10 
10 
10 

1 
10 
50 
100 

1 
2 
2 
2 

 
After the tests, the broken surfaces were examined under 

scanning microscope, at different magnifications varying from 
200 to 10000 to identify and quantify different fractographic 
features. A method for quantitative analysis of fatigue fracture 
surfaces is proposed, the following technique method 
presented in [13, 14] is used. 
In the present study the relative amount on the main 
fractographic feature are: 

-Pseudo-cleavage Facets or Herringbone Patterns [HB] 
These facets are crystallographic in nature and owe their 

name to the typical Herringbone shape (see fig. 2b). These 
features are also called « fish-bone structure » which is 
encountered at low K values this structure differs from the 
cleavage by the facet that crack path differs slightly from the 
defined crystallographic planes fig.2b. 
 -Striations 1 (S1), which are classical ductile striations [15] 
which can be correlated to the macroscopic crack growth rate.  
-Striations 2 (S2), they are more pronounced markings than 
striations 1 and the spacing between these striations seem to 
be independent of the macroscopic crack growth rate(fig.2a) 
-Dimples 1 (D1) which represent decohesions observed at low 
K values (fig.2b) 
-Dimples 2 (D2) which are classical dimples observed at 
relatively high K values (fig.2a). 

 
Fig. 2a 

 
 
 

 

 

 

 
 

Fig. 2b 
Fig. 2 Different fractographic features: (1) Ductile Striations S1, 

(2) Fragile Striations S2, (3) Pseudo-cleavage (HB), (4) Dimples D1, 
(5) Dimples D2 

III. EXPERIMENTAL RESULTS 

A. Result under Constant Amplitude Loading 
The crack curve showing da/dN as a function of ∆K is 

given in Fig. 3. The results are comparable to those obtained 
by Wanhill [3] for similar material. We noted that in the Fig. 
3, the existence of transitions (T1, T2, T3) characterized by a 
change of slope on the curves when the relation da/dN vs ∆K 
is different. The different transitions observed are identified in 
Table 3. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Evolution of the crack growth rate da/dN with respect to the 
amplitude stress intensity factor  ∆K 
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TABLE IV 
TRANSITIONS   IN CRACK GROWTH BEHAVIOUR 

R 0.01 0.10 0.33 0.54 0.70 

T1 ∆K 
Kmax 

da/dN 

8.5 
8 
10-8 

7.5 
8.5 
10-8 

6 
9 
8 10-9 

6 
12 
7.5 10-9 

5 
15 
8 10-9 

T2 ∆K 
Kmax 

da/dN 

12 
12 
1.30 10-7 

11 
12 
1.30 10-7 

9 
12 
1.70 10-7 

7 
15 
7.2 10-8 

- 
- 
- 

T3 ∆K 
Kmax 

da/dN 

30 
30 
3 10-6 

24 
35 
3 10-6 

21 
31 
1.60 10-7 

13 
- 
7 10-7 

12 
37 
4 10-7 

 
In a first approach, only two classes of features were 

considered: a first one including the pseudo-cleavage  areas 
and striations and a second one including D1 and D2 dimples. 
Typical results are given in Fig. 4 for R = 0:33. It can be 
noticed that at low Kmax values, almost the entire surface is 
occupied by pseudo-cleavage facets. At Kmax= 9 MPa m1/2  

values corresponding to T1 transition, dimples   appear and 
their relative percentage increases with Kmax until reaching a 
maximum. 

 
Fig. 4 Evolution of pseudo-cleavage features at R=0.33 

 
With further increasing Kmax values this percentage 

decreases before increasing abruptly close the final rupture. 
This evolution of dimple percentage suggests that D1 and D2 
result from two different mechanisms. This final increase of 
this percentage can be correlated with the T3(Kmax=31 MPa 
m1/2   transition in the crack growth curves. 

A typical example of the results obtained at R = 0:10 and R 
= 0:70 is given in Figs 5 and 6. At R = 0:10, the percentage 
of striations reaches a maximum value for Kmax values ranging 
from 12 to 28 MPa m1/2, i. e. from T2 to T3 (see Table 3). At a 
higher R value of 0.70, it can be observed that the evolution of 
the percentage of striations is qualitatively similar to what is 
obtained at R = 0:10, but quantitative differences exist. 
Striations are observed at higher Kmax, the peak in the curve at 
a Kmax for R = 0:70 of around 40 MPa m1/2 instead of 28 MPa 
m1/2 for R = 0:10. The peak level at R = 0:70 is around 40% 
while is of 60% at R = 0:10. 

 
Fig.5 Evolution of significant fractographic features at R=0.01 

 

 
Fig.6 Evolution of significant fractographic features at R=0.70 

 
The differences with respect of the R ratio are also visible 

in the evolution of the dimples D2. As can be observed in 
Figures 5 and 6 at the lower R value the relative percentage of 
dimples is much lower than that of the striations. In the mid 
Kmax range a plateau is observed at about 20%. At high Kmax 
values the sharp drop in the striated area is accompanied by a 
sharp increase in the dimpled area.  

At R = 0:70 it can observed that the relative areas occupied 
by the two main fractographic features are almost the same in 
the mid Kmax range. Finally, the sharp decrease in striations is 
also associated with an increase in dimples at low R values. 
Striations are formed as result of slip mechanism and their 
relative spacing is associated to ∆K [9, 16]. 

B. Result under Variable Amplitude Loading 
The Figure 7 shows the relationship between the crack 

advance by flight with respect to Kmax for the different 
variable tests corresponding respectively to 
the load spectra A, B, C and D as defined in Fig. 1, compared 
to constant amplitude tests at R = 0:01 and R = 0:54. 
A detailed analysis of the these experimental data has been 
previously made [17]. The following remarks can be made: 

• The curve obtained for the spectrum A almost 
coincides with that for the test at R = 0:01; 

• The crack growth rate for spectra A, B, C and D 
increases as and when spectrum severity 
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(characterized by the number of high load cycles) 
increases. 

In Figures 8 and 9 the relative percentage of the main 
fractographic features are given with respect to Kmax. It can be 
noticed here that the spectrum A which consists of one 
loading cycle at each level is characterized by an evolution 
almost similar to that is observed at R = 0:01. This result is 
consistent with the crack growth curves (Fig. 7). 

 
Fig.7 Crack growth curves for variable amplitude tests 

 
For other spectra, characterized by more and more cycles at 

the highest load level, the evolution at the low Kmax values is 
similar to that observed at R = 0:01 while at the higher Kmax 
values the fractographic features are similar to that observed at 
R = 0:54 at constant amplitude loading. 

 

 
Fig. 8 Evolution of striated areas for Variable Amplitude Loading 

(VAL) compared to Constant Amplitude Loading (CAL) tests 
 

From the microfractographic analysis it follows that for 
spectrum A an equivalent R ratio would be 0.01 independently 
of Kmax. The same equivalent R ratio can be considered at low 
Kmax values for the other spectra. At higher Kmax values, 
however, the equivalent R ratio should be R = 0:54 for 
spectra B, C and D, i. e. the R ratio of the highest level. 
It is difficult at first sight to admit that the equivalent R ratio at 
low Kmax values is the same for all the spectra despite their 
different configurations. 

 
Fig. 9 Evolution of dimpled areas for Variable Amplitude Loading 

(VAL) compared to Constant Amplitude Loading (CAL) tests. 
 

In order to analyze this aspect in more detail, the distances 
between individual markings between different flights 
(blocks) were looked into to understand the micromechanism 
involved. 

It was noticed that at low Kmax values rippled coarse slip 
markings were observed almost at constant intervals for all the 
spectra, while at higher Kmax values different blocks can be 
easily distinguished (Figs 10 and 11). 
 

 
Fig. 10 High magnification fractographic for spectrum at low 

Kmax values showing rippled coarse slip markings 
 

 
Fig.11 Same as Fig. 10, at high Kmax values where individual 

loading blocks can not be distinguished 
 

In Figure 12, the ratio between the distance between 
markings ∆s and the macroscopic growth rate  ∆a is given 
with respect to Kmax. It is observed that this parameter starts 
at a high value of 4 for all the spectra and decreases to a value 
of 1 at higher Kmax values.  
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Fig. 12 Ratio of ∆s (distance between markings) and ∆a 

(macroscopic crack advance) with respect to Kmax for VAL tests. 
 

This evolution suggests that crack advances cycle by cycle 
during each flight only at high Kmax values where the distance 
between markings coincides with the macroscopic growth 
rate. It is proposed here, in analogy with constant amplitude 
crack growth mechanism [9] that at low Kmax values the crack 
advances by a step by step mechanism extending over several 
flights. 

Under such conditions, the crack is practically stationary 
during the separate flight and thus the damage in peak to peak 
load interval is realized within the active plastic zone ahead of 
crack tip. 

IV. CONCLUSION 
The evolution of the typical fractographic features has been 

correlated to the different loading regimes which are separated 
by characteristic transitions. Moreover, the influence of load 
ratio R and maximum stress intensity factor Kmax is taken into 
account by the analysis method. 

On the other hand, a phenomenal relationship between 
da/dN and ∆K can be given according to crack growth 
regimes. The relation takes into account the difference in 
behaviour of mechanisms governing the fatigue cracking. 

For the variable amplitude loading considered in this study, 
the fractographic analysis suggest the concept of an equivalent 
Reff load ratio based upon damage accumulation principle. 
When the crack advance results from a striation mechanism 
Reff corresponds with the R value of the highest loading level, 
although if is similar to GAG (Ground Air Ground) cycle for 
crack growth rates lower than 5x10-6 m/flight. 
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