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Abstract The effect of cyclic loading on facture

surface topology in notched components made by

aluminium alloys is not completely clear. Fractogra-

phy and fracture mechanics can help to understand this

interdependency. This paper aims to study the distri-

bution of the fracture surface roughness of notched

2017A-T4 aluminium alloy after bending fatigue

using an optical focus-variation surface measurement

technique by applying the fracture zone concept. The

effects of stress level at the notch root and the load

ratio on fatigue crack growth and fracture surfaces are

analysed. Profile and areal surface parameters of four

fracture surface regions were investigated at incre-

mental crack lengths of the specimens. Studies have

confirmed that the surface areas associated with the

main stages of fatigue phenomenon (i.e. crack initi-

ation, crack propagation, and final rupture) have

significant differences in roughness which can be

explained by the different loading scenarios. Overall,

fatigue fracture surfaces have smallest roughness

values at the crack initiation stage and a gradual

increase during the fatigue crack growth stage.

Keywords Surface metrology � Fatigue of metals �
Fractography �Bending loading � Fatigue crack growth

1 Introduction

There are numerous methods to study the different

mechanisms of fatigue phenomena, which are

reflected in the increasing number of fatigue testing

approaches for the most critical cases (McDowell

1989; Berto and Zappalorto 2011; Martins et al. 2020;

Moreira et al. 2020; Mendes et al. 2020). The failure

element on the fracture surface depends on the

material type and the loading conditions under which

it is subjected during its lifetime (Carpinteri et al.

2002; Faszynka et al. 2016; Branco et al. 2018; Correia

et al. 2018; He et al. 2021). This loading history can be

traced from the fracture surface topology using

fractography concepts.

2017A-T4 is a typical aluminium alloy (Rozumek

and Faszynka 2020) often used in structural elements

containing notches and other stress concentrators.

These geometrical details when subjected to cyclic

loading are susceptible to fatigue crack initiation

which can culminate in fatigue failure. Fracture

mechanics and fractography are two branches of

modern engineering currently used to investigate the

mechanical behaviour of structural elements during

and after fatigue failure, respectively (Zeravcic et al.

2006; Macek et al. 2017, 2020b, c, d; Branco et al.

2020; Kowal and Szala 2020). One of the methods of

fracture-surface topography analysis is FRASTA,

developed by SRI International (Kobayashi and

Shockey 2010) and further improved by (Cao et al.
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Gdańsk University of Technology, Gdańsk, Poland
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2014; Martelo et al. 2019). Another approach, called

total fracture area method, was used by Macek to

analyse the fracture topographies for various engi-

neering materials and loading cases, including single

bending, single torsion and their combinations (see,

for example, the reference (Macek et al.

2020a, 2021)). This and other cited works present

robust attempts to apply various fatigue fracture

surface parameters (such as Rx profile parameters,

areal Sx, volume Vx, as well as the fractal dimension

Df) to explain the effect of various fatigue variables,

namely loading type and specimen geometry. Crack

lengths and the number of cycles to failure were also

compared to the metrological parameters of fractured

surfaces, showing a direct interdependence.

Furthermore, stress concentrators are usually weak

points and may be potential locations for failure.

However, the notch behaviour cannot be dissociated

from the loading type and the loading level (Łagoda

et al. 2001; Kulesa et al. 2016; Skibicki and Pejkowski

2017). There are several fracture mechanisms in the

literature for describing the fracture process of

notched specimens under bending loading (Owsiński

and Niesłony 2016; Wu et al. 2018). In the literature,

these fracture mechanisms were examined based on

quantitative analysis of fracture surface morphology

using fractographic parameters (Slámečka et al. 2010;

Macek 2019a, b; Lauschmann et al. 2019). Evaluation

of surface roughness for the specimen regions during

testing were also studied previously (Wang et al.

2013). Optical surface profiling was useful in these

cases (Kaplonek et al. 2016; Świrad et al. 2019).

In the literature, there are some attempts to

correlate the surface roughness and volumetric defects

with fatigue life. This has been investigated for

axisymmetric complex surfaces (Aono and Noguchi

2005), for short cracks under mixed mode loading

(Zhang and Fatemi 2010), or for fatigue crack growth

at the subgrain scale (McDowell 1989). A smaller

number of papers has tried to investigate the relation-

ships between fatigue and fracture parameters and

fracture surface roughness (Arakawa and Takahashi

1991; Slámečka et al. 2010; Kobayashi and Shockey

2010). Nevertheless, the correlation between fracture

roughness parameters and fatigue properties for

notched samples made of aluminium alloy has not

been systematically investigated yet. Therefore, in this

study, different fracture zones associated with the

fatigue phenomenon will be first compared using areal

and profile parameters for notched specimens of

2017A-T4 aluminium alloy under fatigue loading.

More specifically, this paper aims to investigate the

effects of bending stress level and stress ratio on

fatigue crack growth rates and then correlate the

effects with the associated values of the fracture

surface parameters measured on different locations of

the fracture zones, i.e. different areas and profiles of

fracture surfaces collected in the experiments.

2 Experimental procedure

2.1 Material

The chemical composition and the main monotonic

properties of the tested material, a 2017A-T4 alu-

minium alloy, are given in Tables 1 and 2, respectively

(Rozumek and Faszynka 2016). The microstructure of

the material, examined from a metallographic micro-

scope with different magnifications is exhibited in

Fig. 1. As can be seen, it is characterised by banded

grain arrangement in the direction of rolling direction.

2.2 Bending fatigue tests

The cyclic bending fatigue tests were carried out on a

MZGS-100 fatigue machine (Rozumek and Faszynka

2020) to evaluate the fatigue crack growth rates. The

tests were conducted under load-control mode, with

the objective of controlling the applied bending, at a

load frequency of 28.0 Hz. A portable microscope

with a constant magnification of 25 9 with a microm-

eter accuracy of Da = 0.01 mm was used to measure

the crack length during the tests while recording the

associated number of loading cycles.

The specimen geometries, presented in Fig. 2,

consisted of flat beams with a one-sided external

V-notch. The notch geometry has an angle of 60� and a

radius (q) of 0.2 mm. The tests were performed from

crack initiation to total failure (i.e. separation of

Table 1 Monotonic quasi-static tension properties of the

2017A-T4

Material ry, MPa rus, MPa E, GPa m (–)

2017A-T4 382 480 72 0.32
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specimens into two pieces) and three stress ratios

(R = rmin/rmax = - 1, - 0.5, and 0) and two max-

imum nominal normal stress amplitude (ra,max).

Details about the loading cases and the numbers of

cycles to failure, Nf, are summarized in Table 3. The

specimens were numbered according to their fatigue

durability. Samples S1 and S7 have the smallest and

largest number of cycles to failure, respectively.

Maximum normal stress amplitude at the notch

root, ra,max, can be defined using the following

relationship:

Table 2 Composition of a substance of the 2017A-T4 (wt%)

Material Cu Mn Zn Mg Fe Cr Si Ti Al

2017A-T4 4.15 0.65 0.50 0.69 0.70 0.10 0.45 0.20 Bal

Fig. 1 Microstructure of the 2017A-T4 aluminium alloy at magnifications: a 200 9, b 500 9

Fig. 2 Geometry of tested

beams (dimensions in

millimetres)
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ra;max ¼ raKt ð1Þ

where ra is nominal normal stress applied and Kt is the

theoretical notch factor. For q = 0.2 mm, Kt is equal

to 3.76 (Rozumek and Faszynka 2017). The nominal

stress amplitude (ra) was determined from the

formula:

ra ¼ 6MB

bh2
ð2Þ

where MB is the bending moment, b is the width, and h

is height of the cross-section (see Fig. 2).

2.3 Focus-variation fractography and 3D

reconstruction

Morphologic measurements of the fracture surfaces

were performed with an Alicona G4 optical pro-

filometer using focus-variation technology with 9 10

magnification lens. Due to the restricted field of view,

10 rows and 7 columns were stitched together to map

the entire fracture area. Each individual micrograph

had a vertical resolution of 79.6 nm and a lateral

resolution of 3.9 lm. The fracture surface maps were

processed with MountainsMap software for quantita-

tive analysis and visualisation. A similar configuration

of equipment and software for surface analysis was

used in the previous studies (Allum et al. 2020; Kahlin

et al. 2020).

Four profiles (P1–P4) and four areas (A1–A4) were

extracted from the measured surfaces in accordance

with the direction of crack propagation. Figure 3

shows the locations of the studied profiles and areas on

the fracture surface. The measured profiles were 2 mm

long, and the areas were rectangles with an area of

1 mm 9 0.5 mm. The paths P1–P4 and the areas A1–

A4 were selected at the center of the fracture surface

because crack symmetry was observed. In addition,

the fatigue crack initiated from the notch centre and,

therefore, the center axis is more representative.

Figure 4 presents the 3D views of specimen

fractures S1 to S7 with the marked areas A1 to A4

(Fig. 4a–g) and the marked profiles P1 to P4 (Fig. 4a–

g) in pseudo colour views. The scale represents the

z-axis height of the individual fatigue fracture surface

points. Overall, important differences in the colour

gradients can be observed which can be associated

with the different stress levels and applied stress ratios.

We can see that the lower values are present near the

notch region.

2.4 Crack growth description

Fatigue crack growth rates, determined as a function

of the stress intensity factor range, were described

using the Paris equation (Paris and Erdogan 1963):

da

dN
¼ C DKIð Þm ð3Þ

where DKI = Kmax - Kmin is stress intensity factor

range, and C and m are material constants determined

experimentally by using a best fitting technique. Stress

intensity factor (SIF) range DKI, may be written for

bending as:

Table 3 Loading scenarios of the tested specimens

Specimen ra,max (MPa) R Nf (cycles)

S1 698 0 12�103

S2 349 0 17�103

S3 698 - 0.5 20�103

S4 698 - 1 22�103

S5 698 - 1 24�103

S6 349 - 0.5 52�103

S7 349 - 1 322�103

Fig. 3 Locations of the studied profiles and areas on the fracture
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DKI ¼ Y1Drn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p a þ a0ð Þ
p

ð4Þ

where Drn is the nominal stress range for bending

evaluated from the gross area, a0 is the notch depth, a is

crack length, and Y1 is the correction factor dependent

on the specimen geometry and loading type. The

correction factor for bending was calculated from the

following formula (Pickard 1986):

Y1 ¼ 5=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

20 � 13 a þ a0ð Þ=hð Þ � 7 a þ a0ð Þ=hð Þ2
q

ð5Þ

where h is the height of the specimen (see Fig. 2).

3 Results of the notched specimens

3.1 Experimental fatigue behaviour

Figure 5 represents the number of cycles to failure Nf

obtained from notched specimens with different load

ratios (Fig. 5a) and stress levels at the notch root

(Fig. 5b). At the same stress amplitude, fatigue life

decreases with the increase of stress ratio, due to the

mean stress effect. For second figure (Fig. 5b), the

increase in stress level reduces the fatigue lifetime.

The length of fatigue cracks was measured using a

light microscope on both sides of the specimen. Over

the cyclic fatigue bending tests, the cracks propagated

in a symmetric manner along the both sides of the

specimens. Fatigue cracks initiated from the notch tip.

Figure 6 plots the crack length against the number of

cycles obtained in the experiments for the specimens

tested under cyclic bending loadings.

Briefly, the results shows that fatigue crack initi-

ation and fatigue crack growth rates are faster for

higher stress levels at the same stress ratio, and are

faster for higher strain ratios at the same stress level. In

the first case, it can be justified by the mean stress

effect which increases with the stress ratio increase,

while in the second case it can be explained by the

higher crack driving force associated with higher

stress levels.

Fig. 4 3D views of the S1–S7 specimens with marked (a–g) areas A1–A4 (h–n) profiles P1–P4. Pseudo-colour views represent the

z-axis coordinate in relation to the minimum point

Fig. 5 Number of cycles to failure Nf of notched 2017A-T4

alloy specimens for a three different load ratios R, b two values

of stress at the notch root ra,max
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Different magnifications were chosen to present the

path of the main fracture about 0.7 mm long (Fig. 7a).

Figure 7b shows the final course of a crack with a

length of about 250 lm. The image was cut out from

Fig. 7a and enlarged, in order to conduct detailed

analysis of the crack development. Figure 7 shows the

microstructure of the tested sample, where the dura-

bility of Nf = 322,000 cycles was observed. The main

crack has a very irregular nature and runs trans-

crystalline through the grains of the solid solution a. In

the 2017A-T4 alloy, numerous side cracks of various

lengths (from a dozen to about 100 lm) depart from

the main crack. In many cases, they are generated at

the grain boundaries of a solid solution.

3.2 Fracture surface measurement

Figure 8a displays the topographies and profiles (P1–

P4) for all investigated fracture surfaces (S1–S7). In

general, there is an increase in the size of the peaks and

valleys with the crack length. Only in the case of the

P1 profile we can see are large faults due to the stress

Fig. 6 Fatigue crack length

(a) versus numbers of

loading cycles (N) under

bending with profiles P1–P4

and areas A1–A4 marked on

the cross section

Fig. 7 Fatigue crack propagation in 2017A-T4 alloy (specimen S7) at magnification: a 200 9, b 500 9
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concentration effects at notch bottom. Regarding the

surface zones (A1–A4) for the investigated specimen

fractures, it can be distinguished that with the crack

propagation, the surface of the fracture tends to be

rougher.

Figure 9 represents all measurement results for Rx

profiles parameters (Fig. 9a), Sx areal parameters

(Fig. 9b), and Vx volume parameters (Fig. 9c). Table 4

defines the used parameters according to the ISO 4287

and ISO 25,178 standards.

3.3 Topography analysis of selected fracture areas

Figures 10 and 11 extend the topography analysis of

selected areas of the measured fracture zones. Namely,

Fig. 10a and 11a show stitching the original micro-

scopic images made to realize three-dimensional

measurements using the focus-variation technique.

Photo simulation (Figs. 10b, 11b) is a visualization in

simulated picture mode and also allowing to choose

the light settings, displays great image quality and

high resolution, giving us a general view of the

surface. 3D view of the surface (see Figs. 10c and 11c)

displayed the topography within interactive 3D visu-

alization, while in pseudo-colour view of the surface

(Fig. 10d and 11d) colours represents of heights on a

measured area. Furrows study (Figs. 10e, 11e) calcu-

late parameters with regard to the valleys network, as

depth and density of furrows. These renderings are

obtained through Fourier transform applied on topo-

graphic height profile functions that simulate furrows

about peaks and valleys along the surface for better

qualitative visualization of the material’s texture.

Whereas slope distribution (Fig. 10f, 11f) shows slope

and orientation of all triangular tiles composing the

fracture surface, and analyze their distribution, where

Fig. 8 a Profiles P1–P4 for specimens S1–S7, and b areas A1–A4 for specimens S1–S7
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the normal vector of each tile is used as a reference for

calculation. Also a useful function from the point of

view of these studies is converted into a series—

profile curves (Figs. 10g and 11g), which convert into

a series of profiles, using the whole surface. The series

of profiles plot also shows analyze of multiple profiles

extracted from the same surface from a statistical point

of view, namely the mean curve and the upper and

lower envelope. The last parameter taken into account

in this study is peak count distribution (Fig. 10h and

11h) showing the distribution of the peak heights.

The 2D and 3D topographic images showed

different morphologies for the S7 A1 (see Fig. 10a–

d) and S7 A4 (see Fig. 11a–d) surface sections.

Observing the A1 and A4 surfaces for S7 specimen,

it is noticed the difference in granularity and surface

geometry of the fracture plane. In the A4 zone, larger

differences in surface grain are visible, while in A1 it

is noticed directionality, which is manifested by

elongated grains. Figures 10e and 11e show contours

between the furrows that give the representative

structures of the A1 and A4, respectively. The A4

region is characterized by greater depth of furrows and

mean density of furrows. As for the slope distribution

(see Fig. 10f and 11f), the mean angle of slope is

14.71� for the A1 area, while for it is 16.50� for the A4

area. Regarding the profile series plots, for A1 and A4,

these are Figs. 10g and 11g, respectively. These

figures show a much larger range of scattering of the

profile values for the A4 area, which is related to the

greater range of pits and valleys. However, when it

comes to peak count distribution (see Figs. 10h and

11h), a greater maximum number of peaks per square

millimeter occurs for A4 area (over 40), while for the

A1 area, it is below 25. For both surfaces, the

maximum peak values oscillate around 40 lm, but

for the A1 area, they are more spread over the entire

range (less than 20 lm to over 60 lm).

4 Discussion

Figure 12 shows the graphs of the fatigue crack

growth rate (da/dN) as a function of the stress intensity

factor range (DKI) under bending loading described

using the Paris equation (Eq. (3)). Analysis of the

graphs in Fig. 12 shows that the change in the stress

value from rmax = 349 MPa to rmax = 698 MPa

significantly influences the increase in the fatigue

crack growth rate for the tested R coefficients.

bFig. 9 Measurement results based on: a Rx profiles parameter;

b Sx areal parameters; and c Vx volume parameters

Table 4 Selected parameters for the fatigue fracture surface description according to ISO 4287 and ISO 25178

Profile parameters (Rx), ISO 4287

Rz lm Maximum height of the profile

Ra lm Arithmetic mean deviation of the

assessed profile Ra ¼ 1

lr
r
lr

0

z xð Þj jdx

Rq lm Root mean square deviation of

the assessed profile

Height parameters (Sx), ISO 25178

Sq lm Root-mean-square height Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

A

RR

A
z2 x; yð Þdxdy

q

Sv lm Maximum pit height Absolute value of the height of the largest pit within the

defined area

Sz lm Maximum height Height between the highest peak and the deepest valley

Sa lm Arithmetical mean height Sa ¼ 1

A

RR

A
z x; yð Þj jdxdy

Functional parameters (volume) (Vx), ISO 25178

Vm mm3/mm2 Material volume Parameters describing the characteristics of the volume

of the appropriate size to the surface area of the surface

being examined
Vv mm3/mm2 Void volume

Vmc mm3/mm2 Core material volume

Vvv mm3/mm2 Pit void volume
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Fig. 10 A1 area of the S7 specimen: a texture—true colour view of the image; b photo simulation; c 3D view of the surface; d pseudo-

colour view of the surface; e furrows; f slope distribution; g converted into a series—profile curves; h peak count distribution histogram

123

W. Macek

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Fig. 11 A4 area of the S7 specimen: a texture—true colour view of the image; b photo simulation; c 3D view of the surface; d pseudo-

colour view of the surface; e furrows; f slope distribution; g converted into a series—profile curves; h peak count distribution histogram
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Moreover, the change of the stress ratio (e.g. from

R = - 1 to R = 0) also causes an increase in the

fatigue crack growth rate which can be explained by

the mean stress effect. Note that by changing the stress

value from rmax = 349 MPa to rmax = 698 MPa (for

R = - 1) with a constant value of the SIF range

(DKI = 20 MPa�m1/2), fatigue crack growth rate

increases from da/dN = 3.25�10–8 m/cycle (for rmax-

= 349 MPa) to da/dN = 1.52�10–7 m/cycle (for rmax-

= 698 MPa). This represents an increase more than

four-fold. For the loading ratio R = - 0.5 and R = 0

this increase is more than twofold.

The coefficients C and m in formula (3), determined

on the basis of experimental tests, were calculated

using the least squares method and are presented in

Table 5, where the correlation coefficients r are also

given at the significance level a = 0.05. The results of

bending tests have a relative error not exceeding 20%.

In all cases, the correlation coefficients, r, assume

values close to 1, which indicates a significant

correlation between the results of experimental tests

Fig. 12 The results of experimental tests on the fatigue crack growth compared with those calculated according to Eq. (3) for loading

ratio: a R = - 1 (S4, S5, S7), b R = - 0.5 (S3, S6), c R = 0 (S1, S2)
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and those obtained using Eq. (3). Predictably, the

values of the C coefficients and m exponents vary with

the tested stress ratios R, which proves that the R value

has plays an important role on fatigue crack growth

behaviour.

For further surface morphology analysis, Ra, Sa

and Vv were selected from the parameter groups

profile Rx, area Sx and volume Vx, respectively. The

measurement results of selected parameters are shown

in Fig. 13. The horizontal arrow on the abscissa axes

shows the number of cycles to failure Nf, with the

actual number indicated above.

In general, roughness can be said to increase along

the length of the crack. This trend is clearly observed

in Fig. 13a, except for S7 specimen where arithmetical

mean height Ra of profile P1 is greater than profile P2.

For A1 and A2, arithmetical mean height Sa and void

volume Vv (see Fig. 13b, c) have this relationship in

only three cases (S3, S4, S5). This is because the

roughness in the immediate vicinity of the notch (i.e.

at the initiation site) is higher.

The shape of the charts for all parameters (see

Fig. 13a, b, c) is clearly different for that of the S7

specimen, which manifests itself in the lowest P3

value for the profile and A3 for the surface.

Table 5 Coefficients C and

m of Eq. (3) and correlation

coefficients r for the

functions shown in Fig. 12

Specimen Figure Graph R C, m(MPa�m1/2)-m/cycle m r

S4 10a 1 - 1 2.307�10–9 0.994 0.994

S5 10a 2 - 1 1.026�10–9 0.994 0.994

S7 10a 3 - 1 1.467�10–10 0.991 0.991

S3 10b 1 - 0.5 1.829�10–9 0.996 0.996

S6 10b 2 - 0.5 5.549�10–10 0.994 0.994

S1 10c 1 0 2.910�10–9 0.991 0.991

S2 10c 2 0 1.513�10–9 0.989 0.989

Fig. 13 Values of roughness parameters in number of cycles N context, for four a Ra profile parameters; b Sa areal parameters; and

c Vv volume parameters
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Furthermore, Sa and Vv values for the A4 area are not

the largest for this case. Compared to the others, the S7

sample has a much higher Nf, which significantly

reduces the roughness of the last area.

Samples S6 and S7 for Ra and Sa, Vv, respectively,

show the highest values for P3 and A3. These are the

samples with the highest fatigue life and with the

lowest roughness in terms of the entire fatigue

fracture, which clearly agrees with the fact that faster

cracking results in greater surface roughness.

Figure 14 presents the average roughness values of

all samples for individual zones. As noted in analysis

of Fig. 13, roughness in the immediate vicinity of the

notch (i.e. at the crack initiation site) is higher. This

fact can be confirmed in Fig. 14a for the Ra values.

Averaged Ra value is the smallest for P2, and for P1,

P3 and P4 greater percentages about 30.5%, 34.9%

and 55.4%, respectively. In contrast, Sa and Vv (see

Fig. 14b, c) tend to increase from A1 to A4, and show

a very well-defined trend, which is an important

outcome.

For all tested specimens (S1–S7), in order to check

the correlation between the parameters measured in all

areas A1 to A4, with the parameters measured on the

profiles P1 to P4, the data are summarized in the

Figs. 15 and 16. These are, for Fig. 15, displayed an

Fig. 14 Average roughness values for individual zones of all fractures: a Ra, b Sa, c Vv

Fig. 15 Quantiles of the data Ra parameter versus the quantiles of data for: a Sa parameter; and b Vv parameter
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empirical quantile–quantile plot, makes an empirical

the quantiles of Ra parameters versus the quantiles of

the data in the Sa values (Fig. 15a) and the Vv

parameter (Fig. 15b), respectively. These plots pro-

duce approximately straight lines suggesting that the

two sets of data have the same distribution. On the

other hand, Fig. 16 shows the fit surface to all

analyzed fracture surface data (Ra, Sa, Vv). A thin-

plate spline interpolant approach was used to generate

the surface in the plot. Function f(Sa, Vv) is a thin-

plate spline computed from coefficient structure,

where Sa is normalized by mean (12.36) and standard

deviation (7.758), and where Vv is normalized by

mean (20.2) and standard deviation (12.63). As can be

seen, the fitted function is very well defined for these

parameters, with a sum of squared errors (SSE) equal

to 7.883 9 10–23, and a determination coefficient (R2)

equal to 1.

5 Conclusion

In this study, local surface properties of V-notched

rectangular cross-section bars made of 2017A-T4

aluminium alloy subjected to bending loading were

investigated. The effect of different stress ratios and

different stress levels on fatigue crack growth rates

and fractography parameters were examined. The

following conclusions were drawn:

– Fatigue crack initiation and fatigue crack growth

rates were significantly affected by the stress ratio

and the stress level. In addition, profile Rx

parameters, Sx areal parameters and Vx volume

parameters were also affected by the above-

mentioned loading variables;

– The analysis conducted using the profiles param-

eters showed that, in general, there is an increase in

the size of peak and valleys with the crack length.

Averaged Ra values from all samples showed the

following dependencies for the profiles: P1 greater

than P2 (30.5%); and P3 and P4 greater than P2

(34.9% and 55.4%, respectively).

– For the analysed fatigue fracture zones (A1 to A4),

the arithmetical mean height Sa and void volume

Vv evidenced the same relationship than that of the

profile parameters (P1[ P2\ P3\ P4) for three

cases only. However, the averaged values for Sa

and Vv showed a clear trend: A1\A2\A3\
A4. This is because Sa and Vv are calculated for

extracted areas and volumes, respectively (and not

only from profiles collected immediately at the

vicinity of the crack initiation site).

– In the crack initiation zone (A1, P1) there are

smaller furrows, which is also manifested by a

smaller mean angle of slope, than in the final

rupture area (A4, P4).

To conclude, it should be highlighted that mea-

surements of fracture surface based on quantitative

fractography analyses can contribute to a better

understanding of the fatigue failure process. In this

paper, the relationship between the fatigue loading

parameters and the associated topography parameters

is evident for aluminium alloys subjected to cyclic

bending. Moreover, the proposed approach grounded

on in individual zones of fatigue fractures and the total

fracture surface method can capture the effects of

stress ratio and stress level.

Fig. 16 Interpolation by fitting a surface to the data Ra vs. Sa and Vv parameters
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fractography of fatigue cracks: a new solution in 3D. Pro-

cedia Struct Integr 23:107–112. https://doi.org/10.1016/J.

PROSTR.2020.01.071

Macek W (2019a) Post-failure fracture surface analysis of not-

ched steel specimens after bending-torsion fatigue. Eng

Fail Anal. https://doi.org/10.1016/j.engfailanal.2019.07.

056

Macek W (2019b) Fractal analysis of the bending-torsion fati-

gue fracture of aluminium alloy. Eng Fail Anal 99:97–107.

https://doi.org/10.1016/j.engfailanal.2019.02.007

Macek W, Łagoda T, Mucha N (2017) Energy-based fatigue

failure characteristics of materials under random bending

loading in elastic-plastic range. Fatigue Fract Eng Mater

Struct. https://doi.org/10.1111/ffe.12677

Macek W, Branco R, Szala M et al (2020a) Profile and areal

surface parameters for fatigue fracture characterisation.

Materials (basel) 13:3691. https://doi.org/10.3390/

ma13173691

Macek W, Branco R, Trembacz J et al (2020b) Effect of mul-

tiaxial bending-torsion loading on fracture surface param-

eters in high-strength steels processed by conventional and

additive manufacturing. Eng Fail Anal. https://doi.org/10.

1016/j.engfailanal.2020.104784
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