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t

er presents an investigation about fatigue behaviour of an aluminium triply periodic minimal surfac

s, printed with Selective Laser Melting. Aim of the paper is to experimentally characterize const

amplitude fatigue strength and to assess if current methodologies for predicting random fatigue s

aterials can be extended also to lattice structures, in a homogenized setting. The investigation is

y a detailed analysis of samples fracture surface, corroborated by numerical analyses, and a compre

n on the evolution of the damage observed in the experiments.

h highlights

igue strength of a TPMS lattice structure manufactures in AlSi10Mg by L-PBF

nstant amplitude fatigue characterization at different stress ratios

ndom fatigue characterization at different RMS levels

tailed characterization of the failure mechanisms

igue life under variable amplitude well predicted by the Miner’s rule

s: Advanced materials, Lattice structures, Damage accumulation, Random fatigue

duction

ce structures are architected materials constituted by the periodic repetition of a unit cell in th

neous at the micro-scale. They can be treated as meta-materials at the macro-scale and offer the po

peculiar combination of physical properties that cannot be obtained with solid materials. Their

s (thermal, optical, mechanical...) depends on three main factors: cell topology, relative density a

[1]. Depending on the type of topology, lattice structures can be subdivided into two classes: stru

t-based lattices. In the former, the unit cell is composed by struts connected at the nodes [2–4] whil
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e unit cell is composed by thin walls [5, 6]. Among sheet-based lattices, Triply Periodic Minimal

structures have attracted particularly the interest of researchers in the last few years. TPMS st

ined by non-self intersecting surfaces with zero mean curvature that can be described by mathe

s [7–11] and partition the volume in two distinct and not communicating sub-volumes.

recent improvements in metal 3D printing techniques and their consequent commercial diffusi

gly shifted the focus to metallic lattices, that were successfully implemented in a broad range of app

]. For example, the possibility to parallel the values of elastic modulus of human bone, as wel

meability and the high porosity make titanium TPMS lattices distinctly suitable for biomedical i

, 14]. Furthermore, the presence of two not communicating sub-volumes with smooth boundaries

mal conductivity offer the possibility to implement metallic (in particular aluminium) TPMS lattices

angers, feed spacers and catalytic supports [15–19], with a significant improvement in their perfor

prediction of macroscopic (or effective) mechanical response of metallic lattices, as well as ass

es for structural integrity are crucial to successfully exploit the advantages they offer. Although th

r of metallic lattices is a fully-addressed topic in literature, there are still open points concerning

[20]. Most of the works present in literature about experimental fatigue characterization of metallic

te compression-compression fatigue, given the lower complexity of the experimental set-up [21–24

ow that fatigue properties of lattice structures are strongly dependent on the topology of the u

und that TPMS structures generally outperform strut based lattices, as they do not display sig

cal singularity: for strut based lattices, the presence of nodes leads to stress concentrations, acting a

and lowering the fatigue strength [9, 20, 24]. Other works showed that manufacturing defects can

the fatigue resistance of lattices obtained by additive manufacturing [25–29], similarly to AM bulk

tic and fatigue properties might be significantly different from those of materials obtained by conv

. It is well known that the fatigue behaviour of AM metals is affected by the presence of manufa

nd microstructural inhomogeneities [30–33], which in turns depend on the thermal history of the m

ing direction, the powder characteristics and the process parameters. Given the small dimension o

constitutive elements (struts or walls, depending on the topology), the effect of surface features

ced than the one of internal defects [28, 34, 35]. However, the use of classical literature tools,

gawa-Takahashi diagram [36] or the critical distance theory [28], allow to correctly describe imper

n factor on their fatigue strength.

atigue behaviour of metallic lattices under loading conditions different from compression-compres

died to a lesser extent. Only a limited number of works addressing this issue for strut based lattice

–39], showing that the effect of stress ratio on the fatigue limit is different from base material be

rally observing a lower sensitivity to mean stress. However, a comprehensive understanding ab

of the stress ratio on the fatigue strength of TPMS structures and their fatigue failure mechanism

Furthermore, industrial and commercial components are often subjected to variable loading con

ple, the load acting on a biomedical implant during service is far from being at constant amplitude

o and aerospace components are generally subjected to random vibrations during operating miss

ue strength of metallic lattices under variable amplitude loading has not been investigated in li
2
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represents another important open topic for many practical applications [20].

paper addresses the constant amplitude and random fatigue strength of an aluminium Schwarz p

ttice structure fabricated with selective laser melting (SLM). The paper has two main aims: (i)

the effect of the stress ratio on the fatigue strength and on the failure mechanisms of a TPMS

and (ii) to propose a method for life prediction under variable amplitude loading conditions. A

ntal characterization of constant amplitude fatigue strength is performed and the effect of the mea

gated, both on the fatigue strength and on the failure mechanism. The failure mechanisms analyses

amples fractographies are corroborated by numerical analyses, performed with the local stress a

in [28]. Random fatigue tests are carried out and the results are analysed with the Miner’s rule, ex

ts of constant amplitude characterization, to obtain the damage index [44]. We found that classica

well applicable for random fatigue life of our lattice structure, observing that the experimental di

mage variable is comparable to the dispersion of the fatigue diagram. The paper is structured as

n 2, the experimental results are reported, and a detailed analyses of the failure mechanisms and

is provided. Constant amplitude tests results are then analysed in Section 3, while random fatig

sed in Section 4. The obtained remarks are discussed in Section 5 and Section 6 outlines the outc

.

riments

e material, unit cell and specimen geometry

attice structure selected for this work is a Schwarz primitive (Figure 1a) with a unit cell size of 4 m

thickness of the cell walls is approximately 0.24 mm, giving an as-designed relative density of 22%

the geometry of the specimens used for the experiments. The specimen has a cross section of 5x5

ction of 9 cells at the designed density and three additional cells per side with graded density to

ition from the structure to the grips. The grips are designed so as to make possible the application

nd compression loads. The base material is the aluminium alloy AlSi10Mg, whose main static pr

in Table 1 [45]. Specimens were printed with the vertical axis aligned with the building direc

f Selective Laser Melting with a SLM-Solutions (Lubeck, Germany) 280 v1.0 printer, with a lase

and scanning speed of 1150 mm/s. The layer thickness was set to 50 µm and the hatching dis

. Process parameters were optimized for printing surface-based lattices. The static properties of th

s obtained from tensile tests performed on this specimen geometry are reported in Table 1.

Static properties of AlSi10Mg base material [45] and Schwarz primitive lattice structures (relative density 22%

, yielding limit σy , ultimate tensile strength UTS and strain at failure εf

E [MPa] σy [MPa] UTS [MPa] εf [%]

Base material 68000 220 410 6.20

Schwarz primitive lattice 3820 18.1 29.0 2.42
3
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Unit cell size 4 mm

Minimum wall thickness 0.24 mm

Relative density 22%

(a) (b)

(a) Unit cell topology (Schwarz primitive TPMS) and geometrical parameters, (b) geometry of specimens used for s

perimental tests

stant amplitude fatigue tests

aim of fatigue characterization at constant amplitude is twofold. Firstly, to set the reference li

ve) and to model the effect of the mean stress on the fatigue life for the analysis of random tests

, to characterize how the fatigue strength and the failure mechanisms are affected by the stress ra

ue tests at constant amplitude were carried out on a 10 kN electrodynamic testing machine Instron

ontrol at a frequency of 35 Hz and following the pertinent standards ASTM E739 and ISO 12107

condition for the tests was set to a stiffness drop of 20% with respect to the reference stiffness, m

00th cycle, while the run-out condition was set to 107 cycles. For R = −1, five different stress lev

ted with two tests for each level. This experimental plan gives a replication index, defined acco

0% that is compliant for research and development testing. The five stress levels investigated wer

.5 MPa, 3.5 MPa, 3 MPa ad 2.5 MPa, giving durations that range from about 2× 104 to 5 × 106

ue limit was found with the modified staircase method, as proposed in [47], with 5 tests. To inv

t of the mean stress, we carried out six tests at three stress levels for three different stress ratios:

and R = −∞.

2 reports the data of constant amplitude tests. Together with test ID number, stress amplitude σ

nd reference stiffness K0, the number of cycle at damage initiation Ni and the number of cycles to

d using different definitions, are listed. The number of cycles at damage initiation was determined ac

s the number of cycles at which we observe an increment of 1% of the strain amplitude. The ident

e is illustrated in Figure 2a, where the evolution of the strain amplitude εa (blue dots) is plotted a

of cycles for Test CA8. The solid line is the 1% offset line, computed with respect to the averag

plitude between cycles 103 and 104, while the red dot spots the number of cycles at damage in

ber of cycles to failure N was defined according to [28], as shown in Figure 2b. Here on the
f,D

4
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ber of cycles, while on the y-axis is the mean strain, εm. The green dots are the experimental poi

is the ratcheting line, defined as the interpolation of εm up to the number of cycles at dame in

dashed line is the interpolation of the last points of the chart [28]. Nf,D is defined as the inter

o interpolating lines, and it is spotted in the plot by the red circle. Previous literature works [28

hat these two quantities are suitable to identify the points corresponding to damage initiation and

ion (i.e. failure). However, for variable amplitude fatigue tests, they cannot be determined, as th

e and the mean stress are not constant trough the test, thus making impossible to define the 1

the ratcheting line. To overcome this issue, we defined the number of cycles to failure from the s

drop ∆K/K0, as the cycles at which we observe a given percentage drop. Table 2 reports the

corresponding to a drop of 2%, 5% and 20%, Nf,2%, Nf,5% and Nf,20% respectively. We found

of cycles with 2% of stiffness drop, Nf,2%, is very similar to the number of cycles at damage initiat

e seen from the plot in Figure 2c, where Nf,2% is plotted versus Ni in double log-scale, the poin

marks according to the stress ratio, are aligned on a line with unitary slope and passing from th

line), and most of them falls into the 20% error bands, highlighted in light blue. Similarly, from

Results of constant amplitude fatigue tests: stress amplitude σa, stress ratio R, reference specimen stiffness K0, n

amage initiation Nf,i, number of cycles at damage propagation Nf,D number of cycles to failure corresponding to a

, 5% and 20%

ID # σa [MPa] R K0 [N/mm] Ni Nf,D Nf,2% Nf,5% Nf,20%

CA1 8.0 -1 20914.0 15554 29749 17004 27456 29768
CA2 8.0 -1 20780.9 14967 24830 15890 23253 25135
CA3 4.5 -1 21003.0 121518 248101 121459 204341 254040
CA4 4.5 -1 21352.9 142824 251718 161413 223475 263082
CA5 3.5 -1 20913.4 307393 441720 340198 406964 448861
CA6 3.5 -1 21194.9 450240 595979 514915 584285 627280
CA7 3.0 -1 20850.4 819887 1023180 863649 994095 1028098
CA8 3.0 -1 21195.2 1092471 1272339 1129062 1223624 1284325
CA9 2.5 -1 20741.1 4430892 5479111 4968554 5389242 5534026
CA10 2.5 -1 21480.8 3143150 3434647 3249888 3503270 3647203
CA11 2.0 -1 20633.3 6445048 8234185 7378690 7919788 8512332

CA12 2.0 -1 21341.1 Run-out : NRO = 107, ∆K/K0 = −1.55%
CA13 2.0 -1 20747.4 Run-out : NRO = 107, ∆K/K0 = −0.27%
CA14 1.5 -1 20933.8 Run-out : NRO = 107, ∆K/K0 = −0.89%

CA15 4.5 0 20769.7 71852 121230 86943 115555 121291
CA16 4.5 0 20505.7 62405 112479 73019 108181 113064
CA17 3.5 0 20918.2 218776 302921 204381 283464 308972
CA18 3.5 0 21398.7 201270 310101 241082 289550 311037
CA19 2.5 0 21038.5 1369760 1820641 1614890 1761333 1832353
CA20 2.5 0 20521.7 1745995 1957207 1850468 1922174 1963227

CA21 3.5 0.5 20586.5 155814 214898 182967 210648 215242
CA22 3.5 0.5 20642.8 152197 218282 156594 211302 219068
CA23 2.5 0.5 20005.6 679862 891318 819894 880354 897913
CA24 2.5 0.5 20943.2 1019257 1258146 1148783 1229112 1263312
CA25 2.0 0.5 20768.6 3631209 3948306 3781712 3871346 3953669
CA26 2.0 0.5 20959.7 4809632 7220938 6203150 7146118 7224534

CA27 6.0 −∞ 21130.4 87090 190049 79461 138390 217453
CA28 6.0 −∞ 20698.4 84675 184218 76403 135666 210975
CA29 4.5 −∞ 21042.2 378343 704114 238418 521059 846970
CA30 4.5 −∞ 20985.1 358552 769157 298770 545251 898414
CA31 3.5 −∞ 21053.2 3975428 9098889 3484358 6892678 9688832
CA32 3.5 −∞ 21100.7 4117164 Run-out 3053253 6724115 Run-out
5
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e 2d, where Nf,20% is plotted versus Nf,D, we can infer that the number of cycles with 20% of

lmost equal to the number of cycles at damage propagation. In conclusion, these results show t

damage initiation can be well described by Nf,2%, while the failure can be characterized by Nf,20

nce, Nf,20% is assumed as the point of fatigue failure and will be referred to as Nf in the following

script.

3 reports the results for the modified staircase method [47] for the identification of the fatigue

he stress level was set initially to 2.5 MPa and subsequently it was increased or deceased by 0

g whether we observed a failure or a run-out. Besides the five tests that were actually carried

test was added, as indicated in [47], at a stress level of 2 MPa, as the last test ended with a fa

. The fatigue limit, σa,lim, computed as the average of the tests in the up-down sequence, resulte

(a) (b)

(c) (d)

(a) Identification of number of cycles at damage initiation Ni and (b) number of cycles to failure Nf,D [28] for T

Nf,2% versus Ni, (d) Nf,20% versus Nf,D
6
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Figure 3 shows the results of the constant amplitude tests on the S-N diagram, for all the stres

d. The plot reports the stress amplitude σa versus the number of cycles to failure Nf , in log-log sc

hat a positive mean stress has a detrimental effect on the life, as tests conducted at R=0 and R

ose at R=-1. On the contrary, the application of a negative mean stress leads to longer fatigue

ferred considering tests at R=−∞.

Results of the modified staircase method [47] for the identification of the fatigue limit at R=-1, where failure (sy

symbol ◦) and fictitious test (symbol ∗) are reported for the corresponding stress level σa

σa [MPa] Modified Staircase

2.5 × ×
2 × ◦ ∗

1.5 ◦
× failure, ◦ run-out, ∗ fictitious test

Figure 3 – S-N diagram for tests at constant amplitude with different stress ratios

dom fatigue tests

dom fatigue tests were carried out in force control with the equipment described for constant am

ests, by applying a suitable stress time-history extracted from random signals. As for constant

t end condition was set to a drop of 20% of the stiffness, with respect to the reference, compute

th cycle. To generate the stress time-history, we started from a signal sampled for 40 s obtained

ectrum density (PSD) of the stress in the most critical point of an industrial heat-exchanger subj

vibrations [52]. The reference PSD has a root mean square (RMS) of 1.80 MPa, thus also the recon

al has the same RMS. Figure 4a shows the PSD of the signal, while Figure 4b shows a signal

from the PSD. The turning points (i.e. the points where the direction of the load is reverse

and resampled at a constant frequency of 35 Hz. The signal was then adapted to different RMS
7
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amplification factor. Cycles with an amplitude lower than half of the fatigue limit were removed t

ests, as no damage associated to them is expected. The resampling and filtering procedure on t

as performed with a dedicated routine in Matlab that, given a random signal, extracts the turnin

pute the amplitude according to the Rainflow method [53]. Each time signal used for experimen

approximately 28000 turning points or 14000 cycles and it is repeated up to failure (i.e. the applie

s composed by the loop repetition of a random signal sampled at constant frequency).

(a)

0 10 20 30
-8

-6
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-2

0

2

4

6

8

St
re

ss
 [M

Pa
]

Time [s]

(b)

ure 4 – (a) PSD used to reconstructed random signals and (b) random signal sampled for 40 s with RMS=1.80 MP

al of 9 specimens were tested under random fatigue loading conditions. 6 samples were tested with

e average equal to zero, as the one shown in Figure 4, with 4 different RMS levels. Other 3 samp

ith a signal with positive time-average σ̄, obtained by adding an offset equal to the value of the RM

signal. These tests were carried out to evaluate the effect of a mean stress upon fatigue life under

e conditions. Table 4 reports, for each test, the RMS of the original applied spectrum, the crest fac

s the maximum stress in time over the RMS, the stress time-average, the reference specimen stiffn

ber of cycles to failure corresponding to a stiffness drop of 2%, 5% and 20%.
8
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Results of random fatigue tests: RMS of the signal, signal crest factor (CF), time-average of the signal, reference

nd number of cycles to failure corresponding to a stiffness drop of 2%, 5% and 20%

RMS [MPa] CF σ̄ [MPa] K0 [N/mm] Nf,2% Nf,5% Nf,20%

Test 1 1.80 4.23 0 19671.2 704842 1240104 1608310

Test 2 2.08 3.82 0 20748.6 341882 648152 849765

Test 3 3.12 3.81 0 20658.8 99241 178434 207058

Test 4 2.08 4.27 0 21143.7 263663 591011 730739

Test 5 1.25 3.79 0 20780.5 2331110 3174203 3858900

Test 6 1.25 3.36 0 20437.1 2555504 3400415 4013305

Test 7 2.08 4.57 2.08 20740.9 247759 465389 498700

Test 8 1.25 4.14 1.25 21471.7 1569883 3045335 3458700

Test 9 3.12 4.09 3.12 20609.8 72235 112815 115700

ure 5, the RMS of the random signal used for the tests is plotted against the number of cycles to fa

logarithmic scale. The points for tests with zero time-average are plotted in red, while data for te

time-average are plotted in blue. The data are well aligned in the chart, showing that the relation

ithms of RMS and Nf is linear. Coherently with constant amplitude fatigue tests, those with time

an zero exhibit a shorter life.

Figure 5 – Endurance curve for random fatigue tests: RMS of the random signal versus number of cycles to failure

lysis of failure mechanisms and fracture surfaces

r fatigue testing, some samples were statically broken to characterize the failure mechanisms, and

are affected by the stress ratio. Tests performed at variable amplitude and constant amplitude

acterized by similar failure mechanisms, with cracks propagating perpendicularly to the load d

shows a three dimensional picture of the fracture surfaces of six different tests. For constant am

R=-1 and higher stress levels (top-left panel), we observe the coexistence of two failure mechanism
9
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Figure 6 – Failure mechanisms analyses for constant amplitude at R=-1 and variable amplitude fatigue tests

is characterized by a single fracture plane (highlighted in blue), while the secondary one is chara

ture on two different planes (highlighted in light-blue and red). The secondary failure mechanis

with a lower frequency, approximately one sample over six, and it is caused by the activation of

points, that leads to cracks propagating on different planes. For tests at constant amplitude an

els (bottom-left panel), we observe only one failure mechanism, with single-plane fracture, as th

activate a lower number of initiation points. Similar considerations can be drawn for variable am

p and bottom right panel), characterized by the same failure mechanisms, depending on the RMS

better understanding of the exact position of the cracks in the cell, some fracture surface were a

canning Electron Microscope (SEM). Figure 7 shows the fracture surfaces of two specimens t

amplitude at R=-1. The sample in Figure 7a (Test CA4, see Table 2) was tested at a stress lev

th a duration of 2.6 × 105 cycles, while the sample in Figure 7b (Test CA9) was tested at a str

Pa, with a duration of 5.5 × 106 cycles. Test CA4 (Figure 7a) is characterized by the two-plane

m as reported in the section view in top-left. The orange circles indicate the cells totally failed by

e in detail A. In particular, we can distinguish two cracks propagated up to the total failure of

from two planes with a slight offset. The yellow circles mark the cells whose failure is characteriz

e and by static failure, as the one in detail B, where most of the surface is broken statically and

d not-propagated crack is present in the bottom part. Looking at the cell wall in the upper left

re, the manufacturing layers, parallel to the picture plane, can be distinguished. In the magnified

right) it is possible to spot two nucleation points of the crack, in correspondence of surface defect

rkable presence of internal defects (mainly pores) does not lead to crack nucleation, in agreeme
10
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Figure 7 – Test CA9
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(a)

(b)

Fracture surfaces of samples tested under variable amplitude at R=-1: (a) Test CA4 (σa = 4.5 MPa) and (b)

MPa)
11
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Figure 8 – .25 MPa)
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(a)

(b)

Fracture surfaces of samples tested under variable amplitude: (a) Test 3 (RMS=3.12 MPa) and (b) Test 6 (RMS=1
12
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observations [28]. Test CA9 (Figure 7b) is characterized by a single plane of fracture, with the brok

ated on the bottom part of the section, differently from what observed for test CA4, where the brok

distributed on the entire surface. This difference can be attributed to the different stress level,

plitudes activate a lower number of nucleation points, thus favouring the localization of the damag

Detail A shows a cell totally broken by fatigue; also in this case two cracks can be seen, propag

es with a slight offset. Detail B shows a cell with a crack that propagated for almost half of the

bottom part), from which it is possible to clearly spot the differences between brittle failure and

Finally, detail C shows a cell mainly characterized by brittle failure, with two small and not-pro

ucleated from the outer surface of the cell wall.

nalyses of the fracture surfaces of samples tested under variable amplitude fatigue conditions reveal

m very similar to the one observed for constant amplitude tests. Figure 8 shows the fracture sur

s tested under random fatigue, Test 3 (Figure 8a) and Test 6 (Figure 8b). Test 3 was performe

evel of RMS, i.e. 3.12 MPa, while Test 6 at the lowest level of RMS, i.e. 1.25 MPa, both of them w

rage (see Table 4). The fracture surface of test 3 shows two planes of fracture, with cracks sprea

e section, and a prevalence of cracks that do not lead to the failure of the entire cell, as those in det

n the contrary, the fracture surface of Test 6, i.e. the test at lower RMS, shows a more localized p

in the upper part of the section, with a prevalence of cracks that propagated up to the failure of th

e one in detail B. As observed for constant amplitude tests, all the cracks nucleated from surface de

ndence of small scratched, imperfections or powder particles stuck on the surface (spatter), while n

nated by internal defects. Finally, by looking at detail C in Figure 8a and detail B in Figure 8b

crack propagation can be observed, as a consequence of the peak stresses, which lead to a not-c

pagation rate.

nalyses carried out on specimens tested at R=0 and R=0.5 show that the failure mechanism is pra

ted by positive mean stress. The samples show one or two fracture planes perpendicular to t

s. On the contrary, the failure mechanism of samples tested at R=-∞ differs significantly. As sh

dimensional picture in Figure 9, pertinent to test CA29, the fracture surface is jagged and not

top view of the section (top-right images) shows the presence of one single crack (detail A) in th

hile several cracks can be seen in the other two planes perpendicular to the one of the image. T

(y − z plane) in the bottom part of the figure confirm that, for this load ratio, cracks propagate

s parallel to the load direction, as the one highlighted in detail B, consequently to the different loc

ion in the cell.

ysis of constant amplitude tests results

erical analyses

rroborate the fracture surfaces analyses presented in the previous section and to better elucid

ailure mechanisms of the investigated TPMS structure, numerical analyses were carried out. The

lyses is to identify the location inside the cell of the most critical points for fatigue failure, from
13
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igure 9 – Fracture surface analysis of test CA29, tested at R=-∞: 3-dimensional picture, top view and lateral view

ight originate. To this aim, we adopted the numerical framework developed in [28], which cons

ss approach based on the critical distance theory [54] which compute an equivalent amplitude str

ts of finite element analyses. The framework is implemented in an in-house built Matlab1 routine

commercial FE solver Abaqus2. CT scan were performed on a portion of one sample, with a N

nd a resolution of 19.2 µm/voxel, to reconstruct the as-built geometry. One cell was analysed, with

y conditions. In the analyses, we used the properties of the base material reported in Table 1, the

R=-1 was estimated as 75 MPa [55], while the critical distance value was assumed equal to 100µ

e that, despite simulating one single cell does not provide any information about the statistical va

ecimen of local stresses, target of these analyses is to evaluate the distribution of the local stresse

b, MathWorks, United States

s, Dassault Systèmes Simulia Corp, United States
14
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ence volume element and not to provide a numerical estimation of the fatigue strength to be co

erimental results.

e 10 shows the plot of the local equivalent stress amplitude σ
[s]
a,eq, normalized with respect to t

fatigue limit σ
[s]
a,lim. The superscript [s] stands for ’solid’ and indicates that the quantity refers t

and not to a homogeneous quantity. σ
[s]
a,eq is evaluated as the Sines equivalent stress, as proposed

lyses were conducted for 3 different stress ratios, R=-1, R=0 and R=-∞. Looking at the figure,

s the loading direction, it is clear that the location of the most critical points is similar for R=-1 an

s different for R=-∞. In the first two cases, the critical regions are slightly below the upper end of

tly above the lower end, and are almost aligned on the x−y plane. Instead, for the last case, where

ted to compressive load for the entire load cycle, the critical points are in the region subjected to

teral cavities. It is reasonable to expect that these points are the nucleation points of the crack

rallel to the loading direction observed from the fractography of the samples tested at this stress ra

). In conclusions, the numerical analyses show that the position of critical points for fatigue failure

gly to the stress ratio, thereby corroborating the experimental observation of different failure mech

– Results of the numerical analyses to individuate the most critical points for fatigue failure [28], performed on a

ometry: normalized local equivalent stress amplitude for three different stress ratios

curve estimation

fitting of the S-N curve was performed on the results of experimental tests at R = −1, consider

The number of cycles to failure of each test was set as the cycle at which we observed a drop of the

as discussed in section 2.2. As proposed by ISO standard 12107 [47], the S-N diagram data can b

near regression in the double log plane. Defined Nf the number of cycles to failure and σa the a

e relations between the two quantities is:

log10(Nf ) = b0 + b1 log10(σa)

dard deviation of the dependent variable, σlogN , is computed as:

σlogN =

√√√√
∑n

i=1

(
Yi − Ŷi

)2

n− p
15
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is the number of samples used for the fitting, p = 2 is the number of estimated parameters, Yi is t

thm of the number of cycles to failure of the i-th experimental observation (i.e. Yi = log10(Nf,i)) a

10 logarithm of the model estimate for the i-th observation according to Equation 1.

e 11 shows the results for constant amplitude fatigue tests at R=-1 and the fitting of the S-N cur

ers of the fitting and the curve dispersion σlogN , computed according to Equation 2, are listed in

nt for possible damage in the infinite-life region (σa < σa,lim), the Haibach rule [56, 57] was used.

Table 5 – Parameters of the fitting and curve dispersion for linear regression, according to Equations 1

b0 b1 σlogN

S-N curve parameters 8.14 -4.23 0.13

ivalent stress amplitude definition

definition of the equivalent stress amplitude is functional to correctly consider the effect of the mea

mage for the analysis of random test results. In fact, even if the stress applied has zero time-averag

ight have a mean component, thus requiring a correction of the amplitude. For our data, we fou

ation of the classical corrections proposed by Goodman and Soderberg well describes the effect

he equivalent stress amplitude, σa,eq, is computed according to the Goodman equation if the mea

e while, if the mean stress is negative, the Soderberg equation is adopted. This choice is motivated

failure mechanisms observed, depending on the sign of the mean stress. Defined σa and σm the a

mean component of the cycle, and σy and UTS the yielding and ultimate effective strength (see T

– Constant amplitude fatigue curve (R=-1) of AlSi10Mg Schwarz primitive TPMS (experimental points and bi-lin

ach rule)
16
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the definition of σa,eq:

σa,eq =





σa

1− σm
UTS

if σm ≥ 0

σa

1− σm
σy

if σm < 0

gure 12, the equivalent stress amplitude (Equation 3) is plotted against the number of cycles to

with the results the regression line (dashed black line) computed from tests at R=-1 and the 95%

otted black lines) are reported. For R=0 (blue squares), the points are aligned on the regress

that the model for the equivalent stress amplitude we adopted is appropriate for this stress ratio. F

d at R=0.5 (red triangles) and R=−∞ (green pentagons), the points for the two highest stress le

e scatter bands of the S-N curve and, overall, they are aligned with the points for R=-1. Instead

ress level, we observe that one test at R=0.5 and the two tests at R=−∞ are outside the confidenc

to the fatigue limit. The presence of these points outside the scatter bands might indicate that th

in Equation 3 is not fully able to describe the effect of the mean stress on the life for some speci

ations higher than 106 cycles). However, as most of the points are inside the scatter bands and g

simple model to handy analyse the random fatigue tests results, we considered the accuracy of ou

table.

ysis of random tests results

done for constant amplitude fatigue tests, the number of cycles to failure, Nf , was computed as t

we observe a 20% of stiffness drop, with respect to the reference (stiffness at cycle number 100

, the load that was applied to the sample was recorded to reconstruct the effective stress histor

he stress history was then analysed with the Rainflow method [53], by means of the dedicated

– Equivalent stress amplitude (defined according to Equation 3) versus number of cycles to failue, for experimen

erent stress ratios
17
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nted in Matlab. In this way the time history was decomposed in a series of cycles with a given am

n component, and, by means of Equation 3, the equivalent amplitude of the given i-th cycle, said

ined. Finally, the damage variable D, associated to the test, was computed according to the Min

D =

Nf∑

i=1

1

N̂
[i]
f

[i]
f is function of the equivalent stress amplitude of the i-th cycle σa,eq

[i] and is computed acco

1. If the damage evolution under variable loading conditions is well described by the Miner’s r

variable D should assume values close to 1, and the deviation of its base 10 logarithm should corres

tion of the S-N curve (i.e. σlogD ≈ σlogN ) [58–60]. The procedure to evaluate the damage is schema

3, where the histogram of the Rainflow counting output is shown, as well as the equivalent stress am

together with the S-N curve.

idering all the tests, the damage variable D is distributed in the range [0.68, 1.36], with values that

. Figure 14a shows the log-normal probability plot for the variable D. The distribution fits

ntal data: all the points are aligned according to the regression line (solid line) and lie inside t

ce bands (dashed lines). The mean value of the base 10 logarithm of D is 0.0154 while the standard d

0.115. In agreement with the theory, the standard deviation of the logarithm of the damage is com

andard deviation of the S-N curve (σlogN = 0.13, see Table 2) and the modal value of D is approx

. In Figure 14b, the damage variable is plotted against the RMS of the random signal, showing

are inside the 95% scatter bands of the distribution (dashed black lines, computed according to th

14a), regardless from the RMS and the time-average. Although the statistical scatter of the da

with the scatter observed for constant amplitude fatigue life, we observe that tests performed at th

– Computation of the damage associated to the stress history shown in Figure 4: results of the Rainflow counting (h

mbination of stress amplitude and mean component), comparison of the equivalent stress amplitude histogram wit

r the correction to account for mean stress effect through Equation 3.
18



Journal Pre-proof

Fig al

RMS lev scatter

bands. R

5. Disc

The ce could

be well d e model

proposed damage

is similar applied

and base ue tests

parallels ing the

relatively

Figur 5a) and

Test 6 (R ure Nf ,

while on random

tests (re e (blue

curves) f sts with

lower du , with a

progressi a phase

where th cterized

by a pro 4 × 106

cycles, F ) shows

an evolu damage

througho nged up
Jo
ur

na
l P

re
-p

ro
of

(a) (b)

ure 14 – (a) Log-normal probability plot for the damage variable, (b) damage variable versus RMS of random sign

el (1.25 MPa) show damages lower than 1 (approximately 0.7, see Table 4), despite being inside the

esults are discussed in the next session, focusing in particular on this aspect.

ussion of results

results reported in Section 4 show that random fatigue strength for an aluminium Schwartz latti

escribed by combining the use of the Miner’s rule (Equation 4), the S-N curve at R=-1 and th

in Equation 3 to account for the mean stress effect on the life. The approach proposed to describe

to the standard methods used for solid materials (see for example [44, 56, 57]), hence simple to be

d on solid theoretical fundaments. However, despite the experimental scatter for random fatig

the scatter of constant fatigue tests, in this section we discuss the possible motivations underpinn

low damage values observed for tests performed at an RMS level of 1.25 MPa.

e 15 shows the evolution of the stiffness drop during the life for Test 3 (RMS=3.12 MPa, Figure 1

MS=1.25 MPa, Figure 15b). On the x-axis is the life normalized by the number of cycles to fail

the y-axis is the stiffness drop normalized to the reference stiffness, in percentage. The curves for

d curves) are compared with the results of tests CA4 and CA9 performed at constant amplitud

or R=-1 and similar fatigue life (see the legend in the plot). Constant and variable amplitude te

ration (2 × 105 cycles, Figure 15a) show a similar evolution of the stiffness drop during the life

ve decreasing phase up to approximately 0.8 of Nf , with a total stiffness loss of 5%, followed by

e stiffness drop decreases up to specimen failure. These results suggest that both tests are chara

gressive damage. On the contrary, constant and variable amplitude tests with higher duration (

igure 15b) show remarkable differences in the stiffness drop evolution. Random Test 6 (red curve

tion similar to the one of Test 3 described previously, thus highlighting the presence of progressive

ut the entire life. Differently, for constant amplitude test, the specimen stiffness remains uncha
19
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t 90% of Nf , then a sudden drop can be observed. A similar behaviour was observed also for th

amplitude tests performed at low stresses, suggesting that in these cases most of the life is spen

initiation phase.

ar conclusions can be inferred by observing the portions of life corresponding to a stiffness drop of

, in the bar plots in Figure 16. Data for all constant amplitude fatigue tests at different stress ra

Figure 16a while data for all random fatigue tests are shown in Figure 16b. Here on the x-ax

f cycles to failure Nf while on the y-axis is the portion of life normalized with respect to Nf . For c

e tests at R=-1 (Figure 16a, top-left), the portion of life corresponding to a stiffness drop lower t

age initiation, see Section 3) increases with the number of cycles to failure. Tests with lower d

tiffness drop of 2% at about 60% of the life while tests with higher durations take about 90% of

ore, portion of life corresponding to a stiffness drop higher than 5% shows a slightly decreasing tre

ber of cycles to failure. On the contrary, no remarkable differences can be observed among the d

tests (Figure 16b). In this case, all the tests reach a 2% drop of the stiffness at approximately 60%

the portion of life spent for stiffness drop higher than 5% does not show any trend with the nu

failure.

ifferent evolution of the stiffness drop for random tests can be attributed to the presence of few c

ss levels that modify the damage evolution. Observing the random signal in Figure 4, that has a

Pa, we can spot several cycles with amplitude higher than 2 times the value of the RMS (i.e. 4

peak of stress higher than 6 MPa (i.e. about 3.5 times the RMS). Thus, also for tests perform

of 1.25 MPa we do expect the presence of some cycles with amplitude higher than 3.5 MPa, tha

e damage initiation phase. Despite the peaks load might not influence particularly the region of

racterized by a remarkable portion of life spent in damage propagation and for which we observe

(a) (b)

– Stiffness drop observed during the experiments for (a) Test 3 and (b) Test 6, compared to what observed for tests

nstant amplitude and R=-1 with similar duration
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(a)

(b)

– Life for different stiffness drop values (0-2%, 2-5% and 5-20%): portion of life (with respect to Nf,5%) for (a)

test and (b) random fatigue tests
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lose to the unity, the effect can be dramatically higher in the longer lives region, where almost 95%

ent in damage initiation and for which we observe damage indexes lower than one.

rding constant amplitude tests with non-zero mean stress, tests performed at R=0 and R=0.5

r comparable to the one observed for R=-1. On the contrary, tests at R=-∞ shows a different

ion: regardless from the duration of the tests, the portion of life needed to initiate damage is alm

tal life, thus suggesting a shorter nucleation phase followed by a long phase of damage propagatio

s in agreement with the failure mechanisms analyses, who revealed strong differences between te

mean stress and those with negative mean stress.

lusions

paper have addressed constant and variable amplitude fatigue strength of a TPMS Schwarz p

ructure made with AlSi10Mg aluminium alloy. Constant amplitude fatigue life at stress ratio R

ntally characterized and the effect of the mean stress on the life was studied by performing tests a

fferent from -1. Random fatigue tests were performed with stress histories having different RMS

ts were performed by adding a mean component to the signal equal to the RMS, to study the effec

ess on variable amplitude fatigue. An approach to evaluate the damage evolution under variable

proposed and validated by analysing the experimental results. The remarkable outcomes of this w

ed as follows:

sitive mean stresses have a detrimental effect on constant amplitude fatigue life. This effect can be m

h a combination of the classical Soderberg and Goodman model. Using the Goodman correction for

an stresses and the Soderberg correction for negative mean stresses allows to collapse all the exper

a on the S-N curve fitted for R=-1, regardless from the stress ratio.

e duration of random fatigue tests shows a linear dependence on the RMS of the signal used for t

a double-log chart. As for constant amplitude fatigue tests, introducing a positive mean componen

ess history leads to lower durations.

e failure mechanisms observed for constant amplitude tests at R=-1, R=0 and R=0.5 is similar

erved for random tests. Instead, constant amplitude tests at R=−∞ show remarkable differences

e random fatigue strength is well described by using the Miner’s rule combined with the correct

mean stress effect. The values of the damage variable associated to the experiential tests are log-n

tributed, with a modal value equal to 1 and a standard deviation equal to the scatter of the S-N c

eement with theoretical prediction.

hough the scatter of the damage variable is coherent with the one of constant amplitude tests, we o

t the damage associated to random tests performed at the lowest value of RMS is slightly low

. These tests are associated to a damage evolution different from tests with similar duration perfo

stant amplitude, as the presence of peak loads might modify the local damage propagation. The a
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euders, M. Thöne, A. Riemer, T. Niendorf, T. Tröster, H.A. Richard, and H.J. Maier. On the me

aviour of titanium alloy tial6v4 manufactured by selective laser melting: Fatigue resistance an

th performance. International Journal of Fatigue, 48:300–307, 2013.

eretta and S. Romano. A comparison of fatigue strength sensitivity to defects for materials manu

m or traditional processes. International Journal of Fatigue, 94:178–191, 2017. Fatigue and F

avior of Additive Manufactured Parts.

. Nezhadfar, R. Shrestha, N. Phan, and N. Shamsaei. Fatigue data for laser beam powder bed fused

nless steel specimens in different heat treatment and surface roughness conditions. Data in Brief, 25

.

. Nezhadfar, R. Shrestha, N. Phan, and N. Shamsaei. Fatigue behavior of additively manufactured

nless steel: Synergistic effects of surface roughness and heat treatment. International Journal of

188–204, 2019.
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