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b Opole University of Technology, Faculty of Mechanical Engineering, Mikołajczyka 5, 45-271 Opole, Poland 
c CEMMPRE, Department of Mechanical Engineering, University of Coimbra, Rua Luís Reis Santos, Pinhal de Marrocos, 3030-788 Coimbra, Portugal   

A R T I C L E  I N F O   

Keywords: 
Fracture surface analysis 
Austenitic stainless steel 
Notched specimen 
Fatigue life estimation 
Fractographic analysis 

A B S T R A C T   

The objectives of this study were to investigate the fracture surface topography of X8CrNiS18-9 
austenitic stainless-steel specimens for different loadings and notch radii and to supplement the 
knowledge about the fracture mechanisms for fatigue performance. Cases with three different 
values of the notch radius ρ and the stress amplitude σa were analysed. The fracture topographies 
were quantified by the areas over their entire surfaces with the aid of an optical confocal mea-
surement system. The results showed a well-correlated root mean square height Sq and void 
volume Vv, identifying the characteristics of the entire fracture method. A fracture surface 
topography fatigue damage model was developed based on the product of the stress amplitude σa 
by the Sq to the Vv ratio. Overall, the predictions were close to the fatigue lives found in the 
experiments.   

1. Introduction 

Developing models for fatigue life assessment of notched components is complex because there are many variables involved in the 
analysis [1–5]. The stress concentration effect, combined with cyclic stress [6] and strain [7] histories, can cause permanent micro-
structural changes which are likely to result in fatigue failure. Nevertheless, due to the increasing complexity of current engineering 
components, geometric discontinuities are inevitable and may introduce complex local stress–strain distributions which are strongly 
dependent on the notch configuration [8]. Therefore, the development of safe and accurate fatigue design models is one of the main 
goals of modern industry. Over the last years, different engineering approaches have been proposed. However, until now, there is no 
universal models, which opens perspectives for the consolidation of new models and new fatigue damage parameters. 

Within the most recent proposals, we would like to mention the model introduced by Gao et al. [9] who studied the stress gradient 
effect on the fatigue life considering the Theory of Critical Distances (TCD) whose key concept is the determination of a critical fatigue 
quantifier, e.g. stress or strain, nearby the geometric details [10]. They found that the fatigue lives estimated from an effective strain 
defined using the TCD were in good agreement with the experimental results. Vantadori et al. [11] proposed a criterion for the fatigue 
life estimation in high-strength steels, in which the influence of non-metallic inclusions was considered. The authors proposed a 
multiaxial fatigue criterion based on the Carpinteri’s model [12] in combination with the √area model [13]. Their criterion was also 
found to have satisfactory accuracy. Recent comprehensive review papers on the notch effect and the fatigue life modelling can be 
found in the references [8,14]. 
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Several fatigue life prediction models based on a variety of factors, sensitive to the loading scenario or the material type, have been 
proposed. Based on the material sensitivity coefficient, various theories and methods have been developed [15–17]. In addition, 
various models have been created to account for the loading history [18]. The influence of corrosion as well as the technological 
treatments of the material are also important factors in design [19–21]. This has motivated the development of alternative methods to 
deal with these complex effects. For example, Śnieżek et al. [22] examined the influence of the functioning environment on stainless 
steel fatigue and found semi-elliptical cracks using a measuring technique based on direct-current electrophoretic deposition. 

The study of the fatigue crack paths is also extremely important in the case of building materials. This allows to understand whether 
or not a failure is benign as well as allows to estimate the fatigue crack growth rates [23]. Golewski [24] used the digital image 
correlation technique for fly ash concrete, which was found to be accurate under mode II fracture and useful for new crack tip tracking. 
Chapetti [25] developed different fracture mechanics and proved that the critical crack size was related to the fatigue limit variations 
associated with the loading ratio. An extensive reflection about the advancements in the field of fatigue damage detection mea-
surement techniques are described elsewhere [26]. Robak [27] developed an algorithm for assessing the fatigue life of notched ele-
ments by applying the concept of fictitious radius based on the Neuber method. The algorithm considers the variability of the 
microstructural length, which depends on the number of cycles to failure. The function thus obtained can be used to select the 
appropriate value for this length, which simplifies the calculation procedure needed to estimate the fatigue life. 

Fractographic investigation is a fundamental area of modern engineering which takes place after the fatigue failure of elements 
[28–31]. In particular, three-dimensional (3D) fractography appears to be a promising field for quantitative analysis [32,33]. Pre-
viously reported research showed promising positive results for the field parameters Sx and Vx as well as for the fractal dimension, in 
the context of the description of fatigue fracture surfaces [34–37]. The fractographic identification of failure events not only provides 
an in-depth understanding of fracture mechanisms but can also be useful for the development of fatigue life estimation models. The 
entire fracture surface method [38,39], successfully used in previous studies [38,39], has shown high potential to correlate the 
fractographic damage with the fatigue loading. However, it has not been applied to fatigue life estimation so far. In this paper, it is 
introduced a new fracture surface topography fatigue damage model based on the product of the nominal stress amplitude σa by the Sq 
to the Vv ratio. The model is tested in a austenitic stainless steel, and it is expected to be applied to other fatigue cases in the future. 

Nomenclature 

A definition area (mm2) 
α opening angle of v-notch (◦) 
E Young’s modulus (GPa) 
Kt Stress concentration factor (-) 
Ncal predicted fatigue life (cycles) 
Nf fatigue life (cycles) 
ρ notch radius (mm) 
σa stress amplitude (MPa) 
σy02 yield stress (MPa) 
σu ultimate tensile strength (MPa) 
ν Poisson’s ratio (-) 
P topographic stress factor (MPa) 
PE prediction error (-) 
Ra arithmetic mean deviation of the roughness profile (mm) 
Sa arithmetical mean height (mm) 
Sq root mean square height (mm) 
Sp maximum peak height (mm) 
Sv maximum pit depth (mm) 
Sz maximum height (mm) 
Vv void volume (mm3/mm2) 
Vm material volume (mm3/mm2) 
Vmc core material volume (mm3/mm2) 
Vmp peak material volume (mm3/mm2) 
Vvc core void volume (mm3/mm2) 
Vvv pit void volume (mm3/mm2) 
RMSE root mean square error 
R2 coefficient of determination 
SSE sum of squared error 
SSR sum of squared regression 
SST total sum of squares  
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2. Experimental tests 

2.1. Fatigue research 

The fatigue tests were carried out in a previous research by Robak [27]. The tests were conducted on cylindrical specimens with a 
circumferential notch (see Fig. 1) manufactured from X8CrNiS18-9 austenitic stainless steel. The basic mechanical properties of the 
studied material, determined in a previous study [27], were as follows: Young’s modulus, E = 200 GPa; offset (0.2%) yield stress, σy02 
= 180 MPa; ultimate tensile strength, σu = 825 MPa; and Poisson’s ratio, ν = 0.31. The experiments were conducted on a tensile- 
compression hydraulic testing system under constant-amplitude loading. The notch radii in the specimens were 0.2, 0.5, and 0.7 
mm, which corresponded to stress concentration factors, Kt, equal to 4.70, 3.09, and 2.67, respectively. Three specimens were used at 
each loading level. The nominal normal stress amplitudes considered in this research were 160, 220, and 240 MPa. A summary of the 
fatigue life (Nf) results registered in the experiments for the three combinations of loading levels and notch radii (i.e. nine different 
cases) is exhibited in Fig. 2. The fatigue life Nf was defined as the number of cycles for which the specimen separated into two pieces, i. 
e. total failure. 

2.2. Fracture surface topography 

The fracture surface topographies were recorded using a Sensofar 3D optical profilometer (S-Neox). Measurements were made 
using the focus variation method at magnifications of five and ten times. This method uses the sharpness of the reflected light surface 
image with the best focus in an optical microscope to assess the heights of the surface irregularities. The 3D parameters and the 3D 
visualisation of the treated surfaces were determined using the Digital Surf MountainsMap software. The height parameters Sx and 
functional parameters (volume) Vx used in the fractographic analysis were calculated according to ISO 25,178 standard. Detailed 
information about their physical meaning can be found in previous articles [40–43]. 

In accordance with the entire fracture method, the entire fracture surface of the specimens made of X8CrNiS18-9 austenitic 
stainless steel was extracted to a circular region of interest (ROI) with a diameter of 8 mm. The Sx parameters used in this research, are 
the root mean square height Sq, and the arithmetical mean height Sa, defined by the following equations: 

Sq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
A

∫∫

A
Z2(x, y)dx dy

√

(1)  

Sa =
1
A

∫∫

A
|z(x, y) |dx dy (2) 

where A is the definition area; z is the surface height in position ×, y; x and y are the lengths in the perpendicular directions. The 
following Sx parameters were also used: maximum pit height Sv defined as the absolute value of the height of the largest pit within the 
defined area; maximum height Sz that is the height between the highest peak and the deepest valley and the maximum peak height Sp. 
Fig. 3 shows the calculation of the ISO 25,178 functional volume parameters from the Abbott–Firestone curve. The Vx parameters 
describe the characteristics of the volume of the appropriate size with respect to the surface area of the surface being examined. Fig. 3a 
shows the conversion of the region of interest (ROI) into a series of profiles. Fig. 3b presents the volume parameters in relation to the 
profiles and the Abbott–Firestone curve (blue line). 

3. Results 

The results of the fatigue tests for the X8CrNiS18-9 austenitic stainless steel, shown in this section, as referred to above, were 
obtained for three different stress amplitudes σa and notch radii ρ. The visualisation of the ROI, together with the results of surface 
topography measurements, is shown in Fig. 4. For each sample, the fracture surface obtained in the tests, the pseudo-colour view of the 
surface with the marked ROI, and the values of the surface height Sx and functional Vx parameters are presented sequentially in Fig. 4. 
In each case, the image under study has been labelled with the value of the obtained fatigue life Nf. 

Fig. 1. Specimen geometry (dimensions in millimetres).  
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Fig. 5 presents boxplots showing the dependencies of all analysed surface topography parameters, both the Sx and Vx families, on 
the notch radius ρ and the stress amplitude σa. On each box, the central mark is the median, the edges of the box are the 25th and 75th 
percentiles, and the whiskers correspond to the most extreme surface topography parameter values. Each box visually represents the 
measured three Sx and Vx data points for each group ρ (see Fig. 5a) and σa (see Fig. 5b). For the notch radius ρ and the stress amplitudes 
σa, the individual parameters followed a similar trend because each σa level corresponded to a ρ level. Overall, we can see that the 
largest scatter of the surface topography parameters (i.e. both Sx and Vx) occurred for the intermediate values, i.e., ρ = 0.5 mm and σa 
= 220 MPa (see Fig. 5a and 5b, respectively). The Sq and Vv parameters showed the best fit with respect to notch radius ρ, as 
demonstrated by the higher correlations of determination R2 which reached 0.9668 and 0.9859, for cubic fittings, respectively. The 
same parameters in terms of stress σa, also for cubic fitting, showed values of R2 equal to 0.9489 and 0.9764, respectively. 

Fig. 6 presents the scatter plots along with the fit curves generated by the basic fitting function of the MATLAB program (for the 
best-fitted cases), showing the dependencies of all analysed surface topography parameters (Sx and Vv) on the fatigue life Nf. The Nf - 
Sx and the Nf - Vx datapoints are represented by the scatter plots with circular markers, while the fitted functions are plotted by the full 
lines. The coefficient of determination R2, defined by the following formula: 

R2 =
SSR
SST

= 1 −
SSE
SST

(3) 

where SST = SSR + SSE. SSE is the sum of the squared error, and SSR is the sum of the squared regression, indicates the proportional 

Fig. 2. Stress amplitude σa and notch radius ρ, grouped by fatigue life Nf.  

Fig. 3. Graphical presentation of the functional (volume) parameters: (a) series of surface profiles and (b) functional (volume) parameters of the 
Abbott–Firestone curve according to ISO 25,178 standard. 
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amount of variation in the response variable Y expressed by the independent variable X in the regression model. 
The root mean square height Sq and void volume Vv were the most fitted, and this result was also confirmed by another study [44]. 

This relationship can be seen in Fig. 5 with respect to (a) the notch radius ρ and (b) the stress amplitude σa as well as in Fig. 6 for the 
fatigue life Nf. The values of both Sq and Vv increase for higher stress amplitudes σa and notch radii ρ. However, the aforementioned 
surface topography parameters decrease with increasing fatigue lives Nf in the cubic fit manner. For higher fatigues lives, the values are 
relatively similar, while for lower lives there is a significant variation from case to case. 

Fig. 4. Visualization of the fracture surfaces with investigated ROIs marked for specimens with (a, b, c) σa = 160 MPa and ρ = 0.2 mm, (d, e, f) σa =

220 MPa and ρ = 0.5 mm, and (g, h, i) σa = 240 MPa and ρ = 0.7 mm. 
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4. Discussion 

4.1. Fracture surface topography fatigue damage model 

The fatigue damage model used is this study is based on the most suitable topography parameters identified in the previous section, 
i.e. Sq and Vv, as well as on the applied nominal stress amplitude σa. In the current approach, a new parameter P (see Eq. (4)), defined 
from the Sq to Vv ratio multiplied by the stress amplitude σa, was introduced. Fig. 7 shows the correlation between the new parameter 
P and the fatigue life for the tested cases. As can be seen, the results can be fitted by linear functions with a high correlation coefficient, 
which is an interesting outcome. The fit residuals, as a bar plot, are also displayed in the bottom part of the same figure. The fit re-
siduals are defined as the difference between the ordinate data point and the resulting fit for each abscissa data point. This subplot also 
shows the result for the norm of residuals which is a measure of the goodness of fit, where a smaller value indicates a better fit than a 
bigger value. Apart from the good correlation between the new parameter P and the fatigue life Nf, the additional advantage of such an 

Fig. 4. (continued). 
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approach is that it considers the topography of the fracture surface directly, and accounts for indirectly the notch radius without the 
need of an explicit modelling of the stress gradient at the notch root, which is one of the underlying concepts of several current fatigue 
design approaches. 

P =
Sq
Vv

σa (4) 

The observed fatigue life Nf and the predicted fatigue life Ncal computed from the fracture surface parameter model (see Eq. (5)) is 
compared in Fig. 8. As can be seen, the calculations are very well correlated with the experimental lives, regardless of the stress 
amplitude and the notch radius. It is clear that all datapoints are within scatter bands with factors of 1.5 and are placed either in the 
conservative side or in the unconservative side. In the same figure, the present results are compared to the predictions obtained by 
Robak [27], for the same cases, which were based on the concept of fictious radius, as explained in Section 1. In this second approach, 
the datapoints are shifted to the right side of the figure, i.e. the conservative region but are more distant from the experimental lives 

Fig. 4. (continued). 
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than the former approach. 

Nf = − 4132 × P+ 1.094 × 106 (5) 

A more effective evaluation of the predictive capabilities of both models can be carried out via a statistical study that accounts for 
the probability density functions based in the prediction error PE, defined as follows: 

PE = Log
(
Nf

)
− Log(Ncal) (6) 

where Nf is the observed fatigue life, and Ncal is the calculated fatigue life. The best model is generally the one that ensures lower 
values of the standard deviation and mean errors closer to zero. As far as can be seen in Fig. 9, the proposed model captures well both 
the notch effect and the loading scenario, because the mean errors are quite almost zero (see Table 1) and the standard deviations are 
slightly smaller (see Table 1) than that of the model of reference [27]. As already anticipated in Fig. 8, the model based on the fictitious 
radius is more conservative than that of the present study. 

Table 1 presents some statistical values computed from the Nf/Ncal ratios for the tested cases, namely the maximum and minimum 
values, the standard deviations, the variances, and also the mean deviations. For the model presented in this paper, the minimum and 
maximum values of the Nf/Ncal ratio are equal to − 0.1737 and 0.1680, respectively, which are almost symmetrical. In the case of the 
model based on the fictitious radius, not surprisingly, both values are positive, i.e. 0.0729 and 0.4808, respectively, which confirms its 
conservative nature. Regarding the variance, it can be seen that the values are relatively similar for both predictive approaches, 
respectively equal to 0.0155 for the presented model, and 0.0184 for the other approach. 

Fig. 5. Boxplots for height Sx and functional Vx surface parameters versus (a) notch radius ρ and (b) stress amplitude σa.  
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4.2. Observation of fracture zones 

Fig. 10a and 10b show three characteristic views of the fatigue fracture surface representative of the initiation, propagation, and 
final rupture regions for the specimen with the highest and the lowest fatigue life. Fig. 10a shows the fracture surface formation 
characteristics of the X8CrNiS18-9 austenitic stainless steel fatigued at a stress amplitude σa of 160 MPa and notch radius of ρ = 0.2 
mm. Fig. 10b shows the surface damage topography of the specimens fatigued at a stress amplitude of σa = 220 MPa and notch radius 
of ρ = 0.5 mm. 

For the specimen with the highest Nf value (see Fig. 10a), a large number of cracks can be observed around the circumference of the 
sample which denotes a multi-crack initiation process. As a result, deeper valleys in the initiation area can be found which is not visible 
in the propagation area. In contrast, for the lowest fatigue life case (see Fig. 10b), the roughness of the surface increases with the 
decrease of the distance to the rupture region, which can be explained by the increase of the fatigue crack growth rates as the crack 
grows. In both analysed cases, it is clear that the initiation area has a small number of deep furrows while the propagation area is more 

Fig. 6. Scatter plots for fatigue life Nf versus Sx and Vx parameters.  

Fig. 7. Topographic stress factor P versus fatigue life Nf with a linear fit.  
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Fig. 8. Comparison of the predicted fatigue lives Ncal and the observed fatigue lives Nf: dashed lines represent a scatter band of 2, while the thin full 
lines represent a scatter band of 1.5. 

Fig. 9. Probability density functions defined from the predictive error for both fatigue life prediction models considered in this study.  

Table 1 
Statistical values of the fatigue life prediction models.  

Model Mean deviation Standard deviation Variance Minimum Nf/Ncal Maximum Nf/Ncal 

Present study  − 0.0093  0.1245  0.0155  − 0.1737  0.1680 
Reference [27]  0.31715  0.1356  0.0184  0.0729  0.4808  
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(caption on next page) 
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even with smaller valleys. 
A more quantitative analysis of the surface roughness variations can be done by means of the so-called Abbott-Firestone curves. 

Fig. 11 plots both the histograms, represented in blue, which allow to observe the height distribution, and the Abbott-Firestone curves, 
represented in red, which shows the cumulating function of the depth distribution. As can be seen, widths of each bin are 0.3 µm to 1.4 
µm, depending on the height, and the number of bins is always 50 in total for each histogram. It is interesting to note, as expected, that 
initiation zones are characterised by the smallest values of height distribution, which tend to increase for the propagation and rupture 
areas. Comparing the plots for extreme fatigue lives, we can find higher values of the height distribution for the smallest fatigue life, 
which can be explained by the highest fatigue crack growth rates. 

The examination of fracture surfaces by scanning electron microscopy (SEM) can provide interesting clues on the failure mecha-
nisms. Fig. 12 displays the micrographs taken with a Tescan Vega 4 microscope for the specimens with the highest fatigue life (Nf =

466,835 cycles; σa = 160 MPa; ρ = 0.2 mm) and lowest fatigue life (Nf = 75,116 cycles; σa = 220 MPa; ρ = 0.5 mm). For each case, 

Fig. 10. Characteristic zones of selected fatigue fractures: (a) highest (Nf = 466,835 cycles; σa = 160 MPa; ρ = 0.2 mm) and (b) lowest Nf (Nf =

75,116 cycles; σa = 220 MPa; ρ = 0.5 mm) fatigue life. 

Fig. 11. Height histograms and Abbott curves for initiation, propagation and final rupture zones: (a) highest (Nf = 466,835 cycles; σa = 160 MPa; ρ 
= 0.2 mm) and (b) lowest Nf (Nf = 75,116 cycles; σa = 220 MPa; ρ = 0.5 mm) fatigue life specimens. 
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views of the entire fracture surface as well as cropped (1 mm × 1 mm) areas from the initiation and final rupture zones are shown. At 
the initiation sites, there is clear evidence of plastic deformation marked on fracture surfaces, which is typical fatigue loading and 
denotes smaller fatigue crack growth rates. As the cracks propagate, the surfaces present obvious cleavage fracture characteristics, 
with many narrow cleavage facets distributed along the direction of the crack growth. For the final fracture zone, standard cleavage 
fracture with secondary microcracks was found. 

5. Conclusions 

The present paper demonstrated that the post failure application of fracture surface measurements is beneficial for investigating the 
fatigue life and the fatigue damage accumulation in notched specimens subjected to severe stress gradient effects. Based on the studied 
X8CrNiS18-9 austenitic stainless steel specimens, the following conclusions can be drawn: 

Fig. 12. SEM fractography for initiation and final rupture zones: (a) highest (Nf = 466,835 cycles; σa = 160 MPa; ρ = 0.2 mm) and (b) lowest Nf (Nf 
= 75,116 cycles; σa = 220 MPa; ρ = 0.5 mm) fatigue life specimens. 
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• The analysis of the fracture surface parameters (Sq and Vv) with the entire fracture area method showed that their values increase 
with higher values of the stress amplitude σa and the notch radius ρ, and decrease with an increase in the fatigue life Nf; 

• The relationship between the topographic stress factor P and the fatigue life Nf led to a good correlation than between both var-
iables, regardless of the notch radius and the stress amplitude, allowing to account for the stress gradients and the load scenarios 
directly from the fracture surface analysis, without the need of a explicitly modelling of the notch effect;  

• The proposed fracture surface topography fatigue damage model based on the topographic stress factor P, defined from Sq to Vv 
ratio multiplied by the stress amplitude, was capable to predict the fatigue life, accommodating implicitly the notch effect and the 
associated stress gradients;  

• The analysis of the surface topography of the fracture characteristic zones (i.e. initiation, propagation, and final rupture zones) 
confirmed that the lowest roughness was observed in the initiation zone, while the highest roughness was found in the final rupture 
zone except in the places with deep furrows. 

The proposed fatigue life prediction model, developed in the light of the entire fracture area method, opens new perspectives in the 
post-mortem characterisation of mechanical failures, allowing the correlation between the fatigue life and fracture surface topography 
characteristics in specimens subjected to severe stress gradients. Currently, the model has been successfully applied to high-strength 
steels subjected to uniaxial loading. Its main limitation is the fact that it requires the entire fracture surface which may hinder its 
application to engineering components with partial failure. In the future, other geometries, including smooth and notch configura-
tions, as well as other engineering materials and loading scenarios will be evaluated for compliance with the fracture surface criterion 
defined by the new topographic stress factor P. 
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