Mechanics of Materials 160 (2021) 103972

ELSEVIER

Contents lists available at ScienceDirect

Mechanics of Materials

i\;lECHAI\I ICS
MATERIALS

journal homepage: www.elsevier.com/locate/mechmat
Strain sequence effect on fatigue life and fracture surface topography of s

7075-T651 aluminium alloy

Wojciech Macek * " Ricardo Branco ", José Domingos Costa ® Candida Pereira“

8 Gdansk University of Technology, Faculty of Mechanical and Ocean Engineering, 11/12 Gabriela Narutowicza, Gdansk, 80-233, Poland
® University of Coimbra, CEMMPRE, Department of Mechanical Engineering, 3030-788, Coimbra, Portugal
¢ Centre for Rapid and Sustainable Product Development, Polytechnic Institute of Leiria, Rua de Portugal, Marinha Grande, 2430-028, Portugal

ARTICLE INFO ABSTRACT

Keywords:

Surface metrology
Fatigue of metals
Fractography
Low-cycle fatigue
Aluminium alloys

The paper studies the effect of strain-loading sequence on fatigue lifetime and fracture surface topographies in
7075-T651 aluminum alloy specimens. Fatigue tests were performed in two ways: (i) constant-amplitude loading
and (ii) two series of variable amplitude loading with non-zero mean strain values. The topography of the fatigue
fractures was measured over their entire surfaces with the help of an optical confocal measurement system. The
results of fatigue tests in the form of equivalent strains, €,eq, such as the weighted mean of strain components, €1,

€42, and fatigue life, N¢, were used as the sum of the partial number of cycles Ny, and N». This study indicates,
inter alia, that the values of the fracture surface parameter core height Sk, found in the two-step loading pro-
gram, are linearly dependent on the equivalent strain, and logarithmically dependent on the fatigue life.

1. Introduction

Aluminium alloys are widely used in many applications due to their
good strength-to-weight ratio and corrosion resistance, which results
from the formation of a passive oxide layer on the surface (Baragetti
et al., 2020; Branco et al., 2019; Carpinteri et al., 2008; Pejkowski and
Skibicki, 2019; Rozumek and Faszynka, 2020; Tomczyk and Seweryn,
2017). Nevertheless, pure aluminium has poor monotonic properties, e.
g. ultimate tensile strength and yield strength values are about 45 MPa
and 17 MPa (Moutarlier et al., 2020). However, for the 7075-T651
aluminium alloy, these values rise to 561 MPa and 501 MPa, respec-
tively (Cunha et al., 2021). Moreover, the 7075-T651 aluminium alloy
exhibits better strength relative to the other wrought alloys, but is rather
sensitive to pitting, crevices, and the marine environment (Baragetti and
Arcieri, 2020; Pandey et al., 2017; Srinivasan et al., 2018; Zebrowski
et al., 2019).

Investigations into fracture mechanisms are pivotal to develop reli-
able engineering components. The analysis of fracture surfaces often
demonstrate the presence of cracks which makes the material suscepti-
ble to fatigue crack propagation (Branco et al., 2021; Milner and
Hutchens, 2021; Pawliczek and Rozumek, 2020). Various methods have
been employed to study crack propagation during the material fatigue
process, as well as after damage. Numerous mechanisms of crack
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nucleation and propagation have been described in aluminium alloys
and other metallic materials. Such mechanisms include those based on
trimodal microstructure interactions (Tan et al., 2020) or the develop-
ment of micro-cracks mainly at grain boundaries (GB) and triple junc-
tions (Madivala et al., 2019). Zhang et al. (2020) have made successful
attempts to find a ductile fracture criterion. Their criterion can accu-
rately predict the onset of ductile fracture for A16016-T4 in the medium
stress triaxiality. Ductile fracture criteria in the macro-forming domain
has been investigated by Ran and Fu (2016). The results of their simu-
lations were compared to those of an experiment to determine the most
suitable criterion for flanged upsetting and extrusion processes. Also,
many observation techniques, including optical microscope (OM),
scanning electron microscope (SEM), energy dispersive spectrometer
(EDS), and finite difference method (FDM) have been used to investigate
processes such as the hot tears mechanisms in the cast AC4BAl engine
(Yu et al., 2021). In addition, there has been a lot of work on predicting
the fatigue crack growth (FCG) rates numerically (Borges et al., 2020;
Vukelic and Brnic, 2016).

The morphology of the material can be examined within the material
(Fisher and Marquis, 2016; Hebda et al., 2020; Wang et al., 2019) and on
its surface (Kida et al., 2017; Lauschmann and Siska, 2012; Macek et al.,
2020c). Xu et al. (2021) conducted fractographic examination to ac-
count for the influence of shear impact loading. They identified different
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Table 1
Monotonic mechanical properties of the 7075-T651 aluminium
alloy [5].
Yield strength (MPa) 501
Ultimate tensile strength (MPa) 561
Young’s Modulus (GPa) 71.7
Elongation (%) 9.7
Reduction in area (%) 29.1
94
27 19 27
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Fig. 1. Specimen geometry used in low-cycle fatigue campaign (units: mm).

fracture mechanisms, depending on the rate of loading. The failure
revealed a brittle-ductile mixed-mode fracture mode under quasi-static
conditions. Three-dimensional surface profilometry has also been used
to study the tribological response of SiC fracture surfaces (Huang and
Feng, 2006). In addition, a dynamic friction model with overstress and
relaxation has been developed. Post-failure techniques measuring frac-
ture surface parameters after common fatigue tests, or even for service
loads with strain-load sequences, may have potential to estimate the
lifetime and must be experimentally validated (Cisko et al., 2019). In
some works, scientists have tried to combine different methods, linking
them to fracture mechanisms or fatigue life, especially using surface
roughness values evaluated along the fractures surface areas (Macek
et al., 2020; Pomberger et al., 2020; Sampath et al., 2018; Slamecka
et al., 2010) and considering different uniaxial and multiaxial loading
conditions (Macek, 2019a, 2019b; Macek et al., 2021; Macek et al.,
2020a, 2020b). Therefore, in this paper, we attempt to link the fracture
surface topography parameters with the fatigue loading conditions
under variable amplitude. Surface analysis was performed on the entire
fracture area, without partition into regions of initiation and propaga-
tion. Verification of the influence of the strain sequence on the fracture
surface texture was carried out and described with core height, Sk,
which represents the height of the core surface. Sk parameter is a value
obtained by subtracting the minimum height from the maximum height
of the core surface.

This paper starts with the study of fatigue behaviour of 7075-T651
aluminium alloy specimens under constant-amplitude and two-step fa-
tigue loading. Then, the fracture surface topography is analysed using a
three-dimensional optical confocal scanning microscope. Fracture
topography measurements are carried out using the entire fracture area
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method. After that, the effect of fatigue loading sequences on the frac-
ture surfaces, in connection with the fracture surface topography mea-
surements associated with the tested fatigue scenarios are investigated.

Following the Introduction, the paper is organised as follows: Section
2 describes the materials and methods used for this research. Section 3
gathers information on the experimental fatigue and fracture surface
program. Section 4 presents the main outcomes of the fatigue campaign
and the fracture surface parameters. The paper ends with a summary of
the most relevant findings. Finally, appendixes A and B show the 3D
view, photo simulation, Sk and volume parameters, as well as a com-
parison of both sides of the specimen.

2. Materials and methods

2.1. Fatigue testing campaign

Fatigue experimental results were taken from the paper presented by
Cunha et al. (2021). The specimens used in this research were made
from a 7075-T651 aluminium alloy supplied in the from a 20 mm thick
plate. The main monotonic mechanical properties of the tested alloy are
listed in Table 1. The specimens geometries, schematised in Fig. 1, were
manufactured according to the ASTM E—647 standard and had a gauge
section with a length of 19 mm and a diameter of 6 mm. Stress-strain
data were recorded using a 12.5 mm long gauge extensometer clam-
ped directly to the specimen via two separated knife-edges. Tests
stopped when total failure has occurred.

Fatigue tests were performed under uniaxial strain-controlled con-
ditions using sinusoidal wave forms and a constant strain rate (de/dt = 8
x 1073 s71). The loading scenarios comprised: (i) constant-amplitude
and (ii) two-step loading histories. Regarding the former case, see
Fig. 2(a), the tests were conducted under fully-reversed conditions (R =
—1) with a constant strain amplitude (e;). Concerning the latter, two
loading sequences were studied, namely a symmetrical-asymmetrical
sequence and an asymmetrical-symmetrical sequence. The
symmetrical-asymmetrical sequence (see Fig. 2(b)) consisted of an
initial step with a strain amplitude €,; applied under fully-reversed
conditions (Re;; = —1) followed by a second step with a positive mean
strain (R2 = —1) and a strain amplitude e,>. The asymmetrical-
symmetrical sequence (see Fig. 2(c)) consisted of a first step with a

Table 2

Summary of low-cycle fatigue testing campaign (Cunha et al., 2021).
Test 1 2 3 7 9 14 15
€41 (%) 1.25 1.00 0.50 1.25 1.00 0.50 0.50
€42 (%) - - - 0.50 0.50 1.25 1.00
Re1 -1 -1 -1 -1 -1 0.20 0
Re2 - - - 0.20 0 -1 -1
N; (cycle) 167 302 11084 33 68 2216 2216
N (cycle) - - - 2092 3719 26 319

N¢ (cycle) 167 302 11084 2125 3787 2242 2535

:‘ o8 > .
N - N o o O
time time time
€ €
failure t failure t failure
n, n, n n n
(a) (b) (c)
Fig. 2. Outline of loading sequences followed in low-cycle fatigue tests: (a) fully-reversed constant-amplitude loading (R, = —1), (b) symmetrical-asymmetrical
sequence (Rg; = —1, Rga = 1 - (2e42/€41), and c) asymmetrical-symmetrical sequence (Ry; = 1 - (2€41/€a2), Re2 = —1). R, represents the stain ration and is

defined by emin/€max-
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Fig. 3. Original and marked final surfaces in pseudo-color and grey views for specimen 15 (side B). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 4. SWT damage parameter versus number of reversals to failure (Np).
Strain amplitude and maximum stress were computed from the fully-reversed
strain-controlled tests using the half-life cycle (Neves, 2019).

positive mean strain (R.; = —1) of strain amplitude €, ; followed by a
second step with a strain amplitude e, applied under fully-reversed
conditions (R, = —1). The first step of the loading sequence tests was
applied for a limited number of cycles (N;) defined as 20% of the total
fatigue life (N¢) of the constant-amplitude case carried out at the same
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strain amplitude. Table 2 provides a summary of the strain amplitudes
and strain ratios considered in this research.

2.2. Fracture surface measurement

Measurements of the surface topography were made using a Leica
DCMS8 non-contact 3D optical surface metrology system, equipped with
a confocal microscopy unity as well as interferometry and optical pro-
filometry units. The latest evolution is an all-in-one versatile system that
provides fast 3D surface measurement solutions for metrology obser-
vation tasks (Tsigarida et al., 2021). All measurements were made using
a 5x lens, using the Focus Variation technique with an increased speed
factor, therefore the measurement time was significantly reduced. It is
designed to complement confocal measurements at low magnification.
However, the focus variation acquires topographies in a wide field
mode, which means that the complete field of view on the sample sur-
face is illuminated. Due to the restricted field of view (FOV), more
precisely 3508 x 2640 pm, pictures were stitched together to map the
entire fracture area. Each individual micrograph had a vertical resolu-
tion of <150 nm with an optical resolution of 0.94 ym. The numerical
aperture for 5x objective magnification was 0.15.

For the entire fracture area method, measurements on other 3D op-
tical profilers (Alicona IF G4 and Sensofar S neox) with different mag-
nifications (e.g. 10x, 5x) were also tested and it was concluded that
parameters such as points density have a negligible impact on the sur-
face topography measurements.

After measurements, Leica (*.plux) files were imported into the
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Fig. 5. Cyclic stress-strain response registered in the strain-controlled fatigue tests: (a) fully-reversed constant-amplitude loading with ¢, = 1.00%, (b) symmetrical-
asymmetrical loading sequence (e,; = 1.00%, &, » = 0.50%), (c) asymmetrical-symmetrical loading sequence (e,; = 0.50%, &, » = 1.00%).
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(b)
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Fig. 6. Extracted fracture areas for: (a) fully-reversed constant-amplitude loading, (b) symmetrical-asymmetrical loading sequences, and (c) asymmetrical-

symmetrical loading sequences.

MountainsMap surface metrology software and resampled into height
maps at a resolution automatically determined by the software. Surfaces
were analysed in relative coordinates (X, Y, and Z axes), with the Z axis
in heights from the lowest point by default. No additional filters were
used. Fatigue fracture surfaces were measured for total areas and both
sides of the fracture surface, termed here side A and side B. Additionally,
the whole current surface was reduced to a circle of 5.6 mm diameter to
eliminate the final break, discontinuities and “non-sampling” areas.
Based on the example of specimen 15 (side B), Fig. 3 shows a selected
measuring area marked with a circle.

To check the fracture surface dependency on the fatigue loading
scenarios, selected functional parameters, namely the core height (Sk),
were selected according to the ISO 25178-2 standard (“ISO - ISO
25178-2:2012 - Geometrical product specifications (GPS) — Surface
texture: Areal — Part 2: Terms, definitions and surface texture param-
eters,” n.d.; Todhunter et al., 2017). This functional parameter showed
the highest compliance regarding the fatigue parameters. The

parameters carry out a separation of the height distribution represented
by the Abbott curve into three parts: (1) related to the peaks (Spk); (2)
related to the core area (Sk); and (3) related to the valleys (Svk). A
graphical interpretation of the Sk parameters is provided in Figs. A1 and
A2 of Appendix A.

2.3. Lifetime and strain analysis

The low-cycle fatigue campaign, as explained above, comprised
different loading scenarios. After determining the number of cycles to
failure (Ny) for the tests conducted under constant-amplitude loading,
the testing program for variable-amplitude loading was designed in such
a way that the number of cycles of the first step (N;) was always 20% of
Nt value of the case performed with the same strain amplitude. The
second step was applied until total failure has occurred and the associ-
ated number of cycles was represented by No. Thus, N¢ can be defined by
Eq. (1).
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Fig. 9. Comparison of core height, Sk, parameters for fully-reversed constant-
amplitude loading, symmetrical-asymmetrical sequences, and asymmetrical-
symmetrical sequence.

Ne=N; +N; (€H)

For the analysis of the relationship between the strain amplitude and
the fracture surface parameters, presented later in this article, the
equivalent strain amplitude (eaeq) is used:

Mechanics of Materials 160 (2021) 103972

€1eq =D1°€41 + Da-€ap (2)

where D; and D, represent the fatigue damage associated with the steps
1 and 2, respectively; and e,; and e,y are the strain amplitudes of the
steps 1 and 2, respectively. In this study, the fatigue damage associated
with each step was accounted for using the Miner-Palmgren linear
damage rule. For a two-step loading case, it leads to:

no om
vt 3)
where n; and n; are the numbers of cycles applied at the first and second
strain levels, respectively; and N; and N are the fatigue life at the first
and second strain levels. In this study, unlike the classical approaches
based on the stress-life relationships, the fatigue at the first (N;) and
second (N3) strain levels were defined using the Smith-Watson-Topper
(SWT) parameter:

SWT = £,-Cunax @

where €, is strain amplitude and op,ax is the maximum stress. This fatigue
quantifier uses stress and strain terms, which make it more suitable to
deformation-sensitive materials. In addition, it is also able to account for
mean stress effects occurring in the case of the asymmetrical steps. The
SWT parameter versus fatigue life relationship for the 7075-T651
aluminium alloy, determined from fully-reversed strain-controlled
conditions, is presented in Fig. 4 (Neves, 2019). As can be seen, the fitted
functions are quite close to the experimental points.

3. Results
3.1. Low-cycle fatigue results

The fatigue lives obtained in the tests for constant-amplitude and
step loading conditions are listed in Table 2. As can be seen in the table,
under constant-amplitude fatigue lives diminish as the strain amplitude
increases, which agrees with the general trends found in the literature
for metals subjected to strain-controlled conditions. In the case of the
step loading tests, fatigue lives for tests 8 and 9, which have the same
strain amplitudes but applied in opposite sequences, the number of cy-
cles to failure is quite similar. Regarding the tests 10 and 13, although
the strain amplitudes are also similar, the loading sequence affected the
fatigue life.

Fig. 5 shows some examples of the cyclic stress-strain response
registered in the experimental strain-controlled fatigue tests, either
under constant-amplitude and two-step loading conditions. As can be
seen, under constant-amplitude loading (Fig. 5(a)), the material shows
smooth variations of both maximum tensile and maximum compressive
stresses in most of the test, since the values of the mid-life cycle are close
to those of the initial cycle. At this strain amplitude, a close look at the
hysteresis loop shapes shows a strain-softening behaviour, i.e. a decrease
of the uncontrolled stress as the number of cycles increases. In a second
stage, when the total failure is approaching, this effect becomes more
visible, and there is a clear reduction of the maximum tensile stress over
time. Regarding the two-step tests, the changes of the hysteresis loops
are greater if a loading block is applied during the first stage or the
second stage of the test. Comparing the symmetrical-asymmetrical
(Fig. 5(b)) and the asymmetrical-symmetrical (Fig. 5(a)) cases, it is
clear that the cyclic deformation response depends on the loading
sequence, e.g. the strain-softening behaviour of the first step of the
asymmetrical-symmetrical test is different from the second step of the
symmetrical-asymmetrical test. However, the deformation sensitivity of
the tested alloy is not much significant, which can be explained by its
face-centred cubic crystal structure with high stacking fault energy
(Neves, 2019).
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Table 3
Summary of the low-cycle fatigue testing campaign under variable-amplitude loading (Neves, 2019).
Test 4 5 6 7 8 9 10 11 12 13 14 15
€a1 (%) 1.50 1.50 1.25 1.25 1.00 1.00 0.70 0.50 0.70 0.70 0.50 0.50
€a,2 (%) 0.70 0.50 0.70 0.50 0.70 0.50 1.50 1.50 1.25 1.00 1.25 1.00
Gmax,1 (MPa) 580.9 575.0 563.5 556.1 544.1 534.3 540.2 558.7 550.1 524.4 503.4 526.8
Gmax,2 (MPa) 535.6 555.0 559.1 542.1 541.2 517.5 572.2 570.0 560.3 530.7 579.7 547.0
N; (cycle) 24 24 33 33 68 68 265 2216 265 265 2216 2216
N, (cycle) 861 2893 559 2091 637 3719 117 48 150 267 26 319
Nt (cycle) 885 2917 592 2124 705 3787 382 2264 415 532 2242 2535
N, (cycle) 668 2190 559 2487 653 3018 343 2234. 372 471 2636 2318
3 greatest difference between the A and B sides occurred for the fully-
10° P reversed constant-amplitude sample with strain amplitude &, = 1.25%,
L . i 1 0, -
F | o Asymmetrical-symmetrical // reach?ng 1.7.3 %. Theref(.)re, for most of the surfac.e top}ography param
r . . V2 7 eters in this type of loading, it does not matter which side of the broken
L | o Symmetrical-asymmetrical Y / . . L . .
, / specimen is analysed. Detailed information about the 3D view, photo
L / Y 1 simulation, core height and volume parameters of the extracted areas for
I V2 I/:|/ each strain level is presented in Appendix A.
/
I 4 / . .
7/ Y 4. Discussion
o /
Q@ / P
g 102 // / 4.1. Influence of fatigue life Ny and strain components ¢, on the fracture
O I 7 /
- L P surface
2 i 7 ACy
P-4 L / =
L // / The results of surface topography measurements were analysed in
- // // the form of a selected parameter - the core height, Sk - in relation to the
L s // number of cycles to failure, Ny, and the strain amplitude, €, or €a¢q. The
y, 7 Vi results were obtained for the fracture surfaces before selection of a circle
‘// // with a diameter of 5.6 mm and after narrowing the measurement area,
4 as well as for both sides (A and B) of the broken samples. For the ana-
/ —— 1.5 factor . .
] / . lysed cases, the core height versus the number of cycles to failure rela-
10 ] 5 3 tionship is shown in Fig. 7. Depending on the strain sequences applied,
10 10 10 various fatigue fracture results were obtained. The results of the
N; (cycle) research undertaken in this work indicate a strong influence of the strain

Fig. 10. Experimental fatigue life, Ny, versus predicted fatigue life, Np, under
variable amplitude loading.

3.2. Post-mortem measurement of the crack surface

After the fatigue tests, the fracture surfaces were measured using the
non-contact 3D optical surface metrology system. The cases verified in
this study showed the greatest compatibility based only on the core
height (Sk) parameters of the ISO 25178-2 standard that are associated
with the functional characteristics of the element.

Fig. 6 presents extracted fracture areas after low-cycle fatigue testing
for (a) fully-reversed constant-amplitude loading (Fig. 6(a));
symmetrical-asymmetrical loading sequences (Fig. 6(b)); and
asymmetrical-symmetrical loading sequences (Fig. 6(c)). All 3D surface
parameters, as referred to above, were calculated on the entire surface
which was reduced to a circle with 5.6 mm diameter, in order to elim-
inate the final break, discontinuities and “non-sampling” areas.

In the case of the constant-amplitude test, the samples with higher
values of strain amplitude (e,) had greater Z-axis height differences
within the crack surface (see Fig. 6(a)). Regarding the symmetrical-
asymmetrical ((Fig. 6(b)) and asymmetrical-symmetrical (Fig. 6(c))
loading sequences applied in the first step (e,1) of the variable-
amplitude loading tests, the results show that there is no practical ef-
fect on the Z-axis height values, i.e. there is no relevant changes. On the
contrary, the values of strain amplitude applied in the second step (e, 2)
of the variable-amplitude loading tests had a greater impact on surface
topography parameters (Fig. 6(c)).

Another interesting outcome is that both sides of the broken samples
showed similar values of the measured surface topography parameters.
As far as the maximum values of the surface height are concerned, the

sequences applied in the low-cycle fatigue tests on the fracture surface
roughness characterised by the core height parameter. The proportion of
the variance for a dependent variable, expressed by the R-squared (R?),
is approximately 0.91. It is also clear that the measurements carried out
for the original fracture areas and those obtained from the reduced areas
are quite similar. On the other hand, there is a reduction of the core
height parameter with the increase of the fatigue lifetime.

Regarding the relationship between the core height, Sk, parameter
and the equivalent strain amplitude, €, Or €,¢q, the trend, referring to the
examined specimens subjected to different strain loading conditions, are
shown in Fig. 8. It can be seen that the core height parameter increases
with the strain amplitude. This may be explained by the higher fatigue
crack growth rates associated with higher strain levels, causing higher
roughness. Overall, there is a good correlation between both variables,
which can be fitted by a linear relationship. The proportion of the
variance, expressed by the R-squared (R?), is around 0.92. In addition,
similarly to the previous case, the differences associated with the mea-
surements obtained with the original and the reduced areas is not
significant.

Comparison of core height, Sk, parameters in the context of fully-
reversed constant-amplitude loading as well as symmetrical-
asymmetrical and asymmetrical-symmetrical loading sequences is
shown in Fig. 9. The boxes are drawn between the first and third
quartiles, with additional lines drawn along the second quartile to mark
the median. Minimums and maximums outside the first and third
quartiles are depicted with whiskers, while mean markers are denoted
by x. The width of the boxes shows that the differences between both
parts of the broken samples (side A and side B) and for the reduced and
total measured areas are negligible. Small differences in the geometry of
the fractures of both parts of the samples are confirmed in Appendix B.
The validation was made by adjusting the angle of rotation of the sample
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Fig. 11. Abbott-Firestone plots for: (a) fully-reversed constant-amplitude loading, (b) symmetrical-asymmetrical loading sequence, and (c) asymmetrical-
symmetrical loading sequence (cases of Table 2). The horizontal axis represents the bearing ratio (%), and the vertical axis represents the depths (milimeters).

in the Z axis and then mirroring it. The surfaces prepared in this way,
together with the measurement results, can also be used for further
comparative analyses focused on the cracking mechanisms. Such ana-
lyses may be carried by using, for example, the FRASTA method
(Kobayashi and Shockey, 2010; Sampath et al., 2018) but this approach
is not the subject of this paper. In the present paper, for further fracture
surface topography analyses, the entire fracture method based on the
reduced area will be used, due to the reduction of the unmeasured points
near the fracture edge.

4.2. Evaluation of fatigue life under variable amplitude loading

In order to test the predictive capabilities of the proposed fatigue life
assessment method, additional low-cycle fatigue tests under variable-
amplitude loading (i.e. symmetrical-asymmetrical and asymmetrical-
symmetrical sequences) were taken into account (Neves, 2019).

Table 3 listed the cases presented in Table 2 for variable amplitude
loading and well as the new cases. Fatigue life predictions were per-
formed using the SWT damage parameter in conjunction with the
Miner-Palgren linear damage rule (see Section 2.3). The maximum stress
values obtained in the experiments for the half-life cycle of the first step
loading (0max,1) and the second step (0max2) loading as well as the
predicted fatigue life (N},) are compiled in Table 3. Fig. 10 plots the
predicted fatigue life (N},) against the experimental fatigue life (N) for
the different loading cases. For the sake of comparability, factor bands
with factors of 1.5 were plotted. It is worth to note that the predictions
based on the proposed approach fall within a narrow range, which is an
interesting outcome. In addition, the predictions are slightly conserva-
tive, which is also another positive aspect. Overall, these results clearly
demonstrate that the SWT damage parameter combined with the
Miner-Palgren rule can appropriately capture the effect of load sequence
on fatigue behaviour of the 7075-T651 aluminium alloy under two-step
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loading.

4.3. Distribution of fracture surface heights in the loading sequences
context

Fig. 11 shows the Abbott-Firestone plots for the fully-reversed con-
stant-amplitude loading, symmetrical-asymmetrical loading sequence,
and asymmetrical-symmetrical loading sequence (cases of Table 2). This
type of plot, which relates the distribution of heights and the cumulated
curve, is one of the surface characterization techniques that best
represent the functional characteristics of the surface. Therefore, it can
provide important information on the surface properties in a systematic
and quantitative approach.

The Abbott-Firestone plots show the bearing ratio curve and depth
distribution histogram (see Fig. 11). In general, for the Abbott-Firestone
plot, the minimum values of the Sk in all cases tested demonstrate that
the histogram distribution is more even. This is manifested by the fact
that the largest measured Sk values (e; = 1.25% and €57 = 1.25%) have
the lowest depth distribution values (about 10%). On the other hand, the
lowest Sk values, occurring for e, = 0.50% and €,7 = 0.50%, generate the
highest percentages, approximately equal to 12% and 15%, respectively.

On the Abbott-Firestone plots, the cases with the smallest strain
amplitude under fully-reversed constant-amplitude (e;) and smallest
strain amplitude in the second step under symmetrical-asymmetrical
loading (ea2) are characterised by the smallest values of height distri-
bution. Comparing the plots for both sides of the sample break (side A
and side B), they show a mirror image, and the differences are not
significant.

5. Conclusions

In this study, fracture surface properties of 7075-T651 aluminium
alloy specimens under constant- and variable-amplitude loading under
strain-controlled conditions were investigated. The triangular relation-
ship between: (1) the strain sequence for both symmetrical-
asymmetrical and asymmetrical-symmetrical conditions; (2) the sur-
face topography parameters in the form of core height, Sk, measured
using the entire fracture method, and (3) the fatigue life expressed in
number of cycles to failure N¢, was analysed. The following conclusions
can be drawn:

- The strong influence of the low-cycle fatigue strain sequences
applied during tests on the fracture surface roughness can be char-
acterised by the core height parameter, Sk;

Mechanics of Materials 160 (2021) 103972

- Fracture surface parameter Sk calculated using the entire area
method in the constant-amplitude and two-step loading tests is lin-
early dependent on the strain amplitude, €, or €,¢q, and logarithmi-
cally dependent on the fatigue life, Ng;

Differences between the values calculated for both parts of the
broken sample (side A and side B) as well for the values calculated
via the reduced area and the total area were negligible;

The combination of both the SWT damage parameter and the Miner-
Palgren linear damage rule provided accurate fatigue life predictions
and can capture the effect of loading sequence under two-step
sequences;

In the Abbott-Firestone plot, the cases with the smallest strain
amplitude components for constant-amplitude loading and for the
second step of the symmetrical-asymmetrical cases were charac-
terised by the smaller values of height distribution;

The minimum values of Sk for all cases tested were characterised by a
more even histogram distribution and a smaller percentage of depth
distribution (about 10%);

- The comparison of the Abbott-Firestone plots for both sides of the
fracture surfaces showed a high level of symmetry manifested by a
mirror-like image;

The very similar values of height distribution calculated also confirm
that, for the analysis of this type of samples, it does not matter which
side of the broken specimen is examined.

Moreover, measurements of fracture surface and their quantitative
analysis along with fractography contribute to a better understanding of
the fatigue failure process. Regular differences in fatigue fractures were
identified, while demonstrating the correctness of the total fracture
surface method.
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Appendix A. 3D view, photo simulation, Sk and volume parameters of the extracted area
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Fig. A2. 3D view, photo simulation, Sk and volume parameters of the extracted area for fractures after two series under different variable amplitude loading
conditions with non-zero mean strain values.

Appendix B. Fractured specimen both siedes comparison for photo simulation, 3D view of the extracted, rotated and mirrored areas


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
-
J—

W. Macek et al.

Mechanics of Materials 160 (2021) 103972

€2=0.50% side A

Rotated (19.5°)
mm

NS W b

€a=0.50% side B

Mirrored (in X and Z)

mm mm
2.0

0.05
0.04
0.03
0.02
0.01

2.11 mm 0.00
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