
 

 

  
Abstract— A stereophotogrammetrical analysis in scan electron 

microscopy is used to investigate the fracture morphology of the 
high-strength low-alloy steel generated under combined bending-
torsion fatigue loading. The type of loading is described by loading 
ratio Z= τa / (σa + τa ) (σa is the bending amplitude and τa is the 
torsion amplitude). The fatigue life of investigated specimens was in 
the order of 106 cycles (high cycle fatigue). Roughness characteristics 
studied in two mutually perpendicular directions on facets in the 
region of crack initiation were found to be sensitive to the crack front 
positron. The investigation of surface topography revealed the 
presence of the opening Mode I in all investigated crack front 
locations. 
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I. INTRODUCTION 
HIS article deals with quantitative analysis of fracture 

surface generated by fatigue. A schematic fracture surface 
map is a valuable result of visual or microscopic observation. 
It seeks to isolate and identify the features on the surface 
which show how the sample failed. Such a map can be a 
valuable way of presenting information which shows clearly 
how a crack was initiated and how grew with time. Currently 
scanning electron microscopy showed numerous microcracks 
and other details of fracture surface topology.  Images 
obtained by scanning electron microscopy can be used for the 
three-dimensional reconstruction of object [1]. Quantitative 
fractography has been used as a tool in material research from 
seventieth last century. The fracture surface can be considered 
to be a degradation process the gauge [1-7]. Quantitative 
fractography has been shown to be outstanding importance for 
understanding ductile and cleavage fracture, determining 
fracture mechanism in metallic materials, acquiring 
information of details needed for making progress in fracture 
mechanics [1-3]. For example first applications on steel [1] 
showed that fracture surfaces originating at varying conditions 
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differ significantly in their quantitative characteristics. Two-
dimensional characteristics were mostly used via stereo-
photogrammetry [4-5]. 

The fracture surface roughness depends on loading Mode. 
Tension loads produce Mode I or opening loads. This is most 
common loading. Torsion loading of a surface crack produces 
both Mode II and Mode III. The surface roughness usually 
extremely enhanced when a high portion of lower to medium 
amplitudes of shear loading modes II and III is applied [1-2,6-
8]. In such cases the crack usually propagates in extremely 
complicated manner making local arrests and forming 
branch/twist morphology or so-called factory roofs [6-8]. For 
this surface are typical such geometrical formation as steps and 
facets. In the contrary a high amount of opening loading mode 
or, sometimes, a high-amplitude of shear loading lead to a 
macroscopically flat surface.  

The efforts to approach fractography in a more quantitative 
way has led to many interesting studies on the interconnection 
between the surface morphology and loading conditions. 
However, the most crucial problem in the quantitative 
fractography remains to be a significant lack of experimental 
data from fracture surfaces created by multiaxial loading 
[9,10]. Roughness parameters (for example RV , Ra or RL) 
significantly increased above a critical value of loading ratio 
Zc

 
≈ 0.5 (the torsion loading component is equal to the bending 

one). The roughness parameters were calculated for long 
profiles (length 0.4mm). This long profiles covered lot of steps 
and facets. Therefore, their roughness parameters are not able 
to described properties of individual geometrical formation as 
steps and facets. This paper deals with details of the 
morphology produced by a combined bending-torsion loading 
and investigation of surface topography revealed the presence 
of the opening Mode I in all investigated crack front locations. 

II. EXPERIMENTAL PROCEDURE 
The sinusoidal bending-torsion loading (R= −1) was applied 

to smooth cylindrical specimens made of the high-strength 
low-alloy Cr-Al-Mo steel. Its mechanical properties of are 
σu = 950MPa. Loading settings and achieved fatigue life data 
are collected in Table 1. The fatigue tests were made using the 
fatigue machine MZGS -100 of the polish origin at the room 
temperature. Fig. 1 shows geometry of specimen. 
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Fig.1. Geometry of the specimen 

 
Table 1 Experimental data – loading history :  τa amplitude 

of shea loading, τa bending amplitude if of shea loading., Nf 
number of coefficient of loading, coincidence of loading 

)/( aaaZ σττ += cycle to failure [11,12,13] (Bending-
torsion : B-T, Pure torsion: PT, Pure bending: PB): 
 

 

III. STEREOPHOTOGRAMETRY AND THREE-DIMENSIONAL 
RECONSTRUCTION OF FRACTURE SURFACE 

The analyzed areas are at a distance about 1 mm from the 
crack initiation on the specimen surface. Three-dimensional 
data of the surface morphology were obtained by means of the 
stereo-photogrammetry [3-4] using the scanning electron 
microscope Leo S440 and the commercial software Alicona 
MeX (Alicona. GmbH, Graz, Austria). The measurements 
were made in the Erich Schmid Institute of Materials Science 
(Leoben, Austria). Stereoimages were taken with 
magnification 200 for global roughness analysis and 800 for 
local study of facets and steps. Stereoimages were taken by 
tilting the specimen by an angle 7º-10º in dependence on local 
surface relief complexity. The output of elevation models 
consisted of up to 500000 nonequidistantly localized points. 
For global analysis the square area of size 0.16 mm2 was 
chosen with its centre at the distance of 0.8 mm from the crack 
initiation. Using Delauny triangulation [11], two sets of 50 
profiles were traced for all analyzed areas. In order to evaluate 
different position of the progressing macrocrack front, the first 
set laid in the crack propagation direction and the second one 
perpendicular to this direction. Selected profiles for local 
analysis are shown on Fig.2. The morphology of  pure bending 
specimen and for  first two bending-torsion specimen is 
geometry very similar (For this reason we show only the first 
of the fracture surface of the sample. geometric formulation of 
profiles in all three cases, virtually the same.). 

 

 
 

 
 

 
 
Fig.2 Details of fatigue fracture surface. The crack initiation 
site on the specimen surface is at distance at about 1mm in the 
negative X-direction. Type of loading: (a) PB, pure-bending, 
Zc = 0;  (b) B-T, combined torsion-bending, Zc = 0.73, (c) PT, 
pure-torsion Zc = 1. 

IV. FRACTOGRAPHY AND ROUGHNESS PARAMETERS 

A. Roughness parameters 
In order to evaluate different aspect of roughness, several 

types of parameters were adapted. Probably most frequently 
used roughness parameter is maximum valley depth RV, which 
is defined as ratio of sum of height differences between 
adjacent profile points to projected profile length [12, 13]: 

 Loading σa  
[MPa] 

τa 
 [MPa] 

Z  
[−] 

Nf 
[103] 

PB 620 0 0 4475 
B-T 396 132 0.25 1478 
B-T 245 246 0.5 1635 
B-T 140 385 0.73 1229 
PT 0 390 1 1715 
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Where LP   is projected profile length and yi is height of 

adjacent profile points.  
One often used example of amplitude parameter is average 

height Ra of primary profile [12, 12, 13]: 
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where N is a number of points, yi and  ym are vertical surface 

coordinates and their mean value. Another roughness 
parameters are based on central moments of the probability 
density function p(z) of surface heights.  The average height is 
one of amplitude parameters. Profile amplitude parameters 
depending only on changes in vertical z-coordinate are 
represented by the arithmetic roughness Ra and the vertical 
profile range Rz, which is simply given as a difference between 
the highest and the lowest points of the profile. The central 
moment of k-order can be written as [12, 12, 13]: 
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Representatives of second, third and fourth central moments 

are root mean square roughness Rq, skewness RSk and kurtosis 
Rku of primary profile [10,12, 12, 13]: 
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B. Fractal parameters 
A fractal dimension is an index for characterizing fractal 

patterns by quantifying their complexity of system as a ratio of 
the change in detail to the change in scale. Several types of 
fractal dimension can be measured theoretically and 
empirically. Fractal dimensions are used to characterize a 
broad spectrum of objects ranging from the abstract to 
practical phenomena to quantitative fractography. 

For the description of fractal properties of surface or profile 
are often used fractal dimension. The concept of a fractal 
dimension rests in unconventional views of scaling and 
dimension. Such familiar scaling relationships can be defined 

mathematically as: 
 

NN ε∝                 (5) 
 
where the variable N stands for the number of new sticks,  ε 

for the scaling factor, and D for the fractal dimension. 
 Other fractal characteristic often used in fractography is 

Hurst exponent. The generalized Hurst exponent, has been 
denoted by H in honor of both Harold Edwin Hurst (1880–
1978). H is directly related to fractal dimension, D, and is a 
measure of a data series' "mild" or "wild" randomness. 

V. ANALYSIS OF FRACTURE SURFACE 
Profiles in two mutually perpendicular directions were 

compiled in order to cover uniformly both investigated facets 
as it is shown in Fig.3a (pure-bending). In this case in 
comparison to torsion loading and torsion-bending loading are 
facet not clear.  Along the Y-direction, the facet I twists from 
the macroscopic (horizontal) plane by an angle of 7° - see 
Fig. 3a (pure-bending). Twist angle of facet II is the same as 
that of the facet I. Calculated values of roughness parameters 
are summarized in Table 2.  

The roughness values RV, RSk and Rku in the direction of the 
crack growth (profiles x1, x2, x3 and x4) are, in average, 
distinctly higher than those in the direction of the crack front 
(profiles 1y to 8y). The fracture surface caused pure bending 
loading size up to be macroscopically very flat, however the 
roughness parameters calculated for facets closed case of  pure 
torsion and combined loading in the case that ZC ≤ 0.6 [11]. 

 In the case bending-torsion  Z  = 0.25, Along the Y-
direction, the facet I twists from the macroscopic (horizontal) 
plane by an angle of 10°, Twist angle of facet II is -1°. 
Calculated values of roughness parameters are summarized in 
Table 2. 

In the case bending-torsion  Z  = 0.25, Along the Y-
direction, the facet I twists from the macroscopic (horizontal) 
plane by an angle of 10°, Twist angle of facet II is -1°. 
Calculated values of roughness parameters are summarized in 
Table 3.  

In the case bending-torsion ZC  = 0.5, Along the Y-direction, 
the facet I twists from the macroscopic (horizontal) plane by 
an angle of −8°, Twist angle of facet II is 5°. Calculated values 
of roughness parameters are summarized in Table 4.  

In all this cases of fractal characteristic no dependence 
between loading and D or H was observed.  

 
 
 

 
 
 

 

 
 
 

Table 2. Profile roughness - pure bending. 
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Table 3. Profile roughness − bending−torsion Z = 0.25. 
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Table 4. Profile roughness − bending−torsion Z = 0.5. 
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Figure 3. Topography of facets in Fig.2. Profiles for 
pure−bending (P: 1x−5x, Q: 2x−6x, R: 3x−7x,S: 4x−8x). 
Profiles for combined torsion−bending (K: 1x−9x, L: 2x−10x, 
M: x3−6x −11x, N: 4x−7x−12x, O: 5x−8x−13x). Profiles for 
pure−torsion (C: 1x−5x, D:2x−4x, E: 3x−7x , F:4x−8x ). 
 
 
 
 
 
 
 
 
 
Table 5  Profile roughness − bending−torsion. Z =0.73 
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Pr RV Ra[µm] Rq[µm] RSk Rku D H 

1y 0.45 3.06 3.36 0.12 −1.34 0.7 1.03 

2y 0.27 2.70 3.79 0.19 −1.46 0.89 1.02 

3y 0.42 4.26 4.77 −0.12 −1.59 0.7 1.02 

4y 0.49 4.71 5.04 1.17 −0.37 0.67 1.02 

5y 0.54 2.65 3.17 0.14 0.23 0.7 1.09 

6y 0.56 4.74 5.03 0.13 −1.18 0.8 1.03 

1x 0.49 3.77 4.53 −0.15 −1.62 0.8 1.03 
 

2x 0.38 1.96 2.31 −0.14 −1.09 0.7 1.32 

3x 0.20 0.22 0.28 −0.16 −1.01 0.68 1.07 
 

4x 0.36 2.74 2.63 −0.12 −0.81 0.79 1.08 

5x 0.41 1.02 1.17 0.14 −1.04 0.66 1.05 

6x 0.77 4.53 4.56 −0.63 −1.18 0.7 1.03 

7x 0.66 3.31 2.62 0.86 −1.35 0.8 1.12 

8x 0.22 3.28 3.95 −0.17 −1.56 0.84 1.2 

9x 0.37 3.56 3.75 1.12 −1.45 0.7 1.01 

10x 0.34 3.37 3.05 0.38 −1.11 0.72 1.00 

11x 0.29 3.57 3.75 −0.16 −1.19 0.8 1.13 

12x 0.17 2.16 2.47 1.12 −0.54 0.7 1.03 

13x 0.18 2.25 2.37 −0.17 −1.57 0.8 1.14 

 
 
 
 
 
 

Table 5  Profile roughness – Pure torsion. Z = 1 
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There is shown in Fig. 2 (combined bending−torsion Z = 0.73) 
fracture surface for combined bending−torsion loading. Along 
the Y−direction (starting from the profile K), the facet I 
changes its inclination to the macroscopic crack plane (a valley 
in between O and K), whereas facet III goes down steadily 
with an increasing slope, the small facet II dropped sharply 
with comparison to facet I – see Fig. 3 (combined 
bending−torsion). Along the X−direction, the facet I twists 
from the macroscopic (horizontal) plane by an angle of 15°. 
Twist angle of the facet III is about a third of that of the facet I 
and small facet II have twist angle 3°. Calculated values of 
roughness parameters are summarized in Table 5.  

The roughness values Ra and Rq in the direction of the crack 
growth (profiles 1y−6y) are, in average, distinctly higher than 
those in the direction of the crack front (profiles 1x−13x). An 
increase of RV, RSk and Rku values can be observed in 
Y−direction (profiles 1y−6y) graduating from facet I to facet 
III. The skewness values approach the zero value typical for 
the normal distribution particularly on the facet I.  

In Fig.2 c (pure−torsion) is shown fracture surface for 
pure−torsion loading. Along the Y−direction (from the profile 
C to profile F), the facet I down steadily with an constant slope 
– see Fig. 3 (pure−torsion). and facet II goes down steadily 
with an increasing slope– see Fig. 3.  Along the X−direction, 

Pr RV Ra[µm] Rq[µm] RSk Rku D H 

1y 0.65 4.94 5.01 −0.13 −1.08 0.7 1.32 

2y 0.53 5.38 5.41 0.16 −1.44 0.68 1.07 
 

3y 0.41 3.23 4.03 0.14 −1.16 0.79 1.08 

4y 0.76 4.73 5.04 −0.15 −1.47 0.66 1.05 

5y 0.64 4.32 4.43 −0.13 −1.27 0.8 1.13 

6y 0.54 4.32 4.45 −0.13 −1.31 0.7 1.03 

7y 0.45 3.14 3.07 0.37 −1.35 0.8 1.14 

8y 0.37 1.63 1.88 −0.30 −1.35 0.72 1.00 

1x 0.37 1.70 2.74 1.13 1.24 0.7 1.03 

2x 0.32 2.76 2.94 −0.15 −1.44 0.89 1.02 

3x 0.45 3.14 4.07 0.37 −1.05 0.8 1.13 
 

4x 0,36 3.85 3.99 −0.14 −1.05 0.7 1.32 

5x 0.17 1.73 1.70 0.47 −1.42 0.7 1.03 

6x 0.36 1.34 1.76 0.32 −1.06 0.89 1.13 

7x 0.34 3.11 3.43 0.44 −1.30 0.9 1.03 

8x 0.36 1.63 1.88 −0.13 −1.85 0.85 1.12 
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the facet I twists from the macroscopic (horizontal) plane by 
an angle of 15°. Twist angle of the facet II is 7o. Calculated 
values of roughness parameters are summarized in Table 6. An 
decrease of RV, RSk and Rku values can be observed in 
X−direction (profiles 1x−8x) graduating from facet I to facet 
II. 

VI. DISCUSSION 
In the case of pure−bending the crack propagates in the 

direction A under mixed mode I and II. In comparison to the 
combined bending torsion and pure−torsion is the fracture 
surface macroscopically In the case of combined 
torsion−bending loading, the crack front propagates in the 
direction A under the local mixed mode I+III along the facets I 
and III. The crack front on the facet II propagates in the 
direction A under mixed mode I and III, but effect of mode III 
decreased and possibly the effect of mode II on cracking 
slightly increased. Along the high step connecting facets (see 
Fig. 1), the front propagates in the direction B under the local 
mode I supported by the mode II. Such combination of mode I 
and II propagation in cases of prevailing torsion is necessary 
to prevent too high local deflections of the crack front from the 
horizontal plane. 
      In the case of pure−torsion, the crack front propagates in 
the direction A under the local mixed mode I/III along the 
facets I and II. Along the high step connecting facets (see Fig. 
3), the front propagates in the direction B under the local mode 
I probably supported by the mode II. In comparison to low 
cycle fatigue (see [10]) the angle between y−axis and step 
connecting facets is higher (the angle 45o for high cycle fatigue 
to 15o for low cycle fatigue). Similar result can be found in 
[15−18]. 

VII. CONCLUSION 
 

The presence of mode I in all propagation phases confirms a 
negligible importance of a single (pure) mode III crack growth 
mechanism in fatigue of metallic materials. 

The roughness parameters RL and Rq show that roughness of 
facets depended on the loading ratio and decreased  with 
loading ratio Z. The roughness parameters in A−direction are 
clearly higher than the roughness parameters in B−direction. 
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