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Abstract

This paper experimentally investigates the effect of the specimen volume (size-effect) on the Very-High-
Cycle-Fatigue (VHCF) response of SLM AlSilOMg specimens. Tension-compression tests are carried out on
hourglass and Gaussian specimens with different risk-volumes produced in horizontal and vertical direction.
Experimental results show that size-effects significantly influence the VHCF response regardless of the
building orientation. Furthermore, size-effects are more evident for SLM specimens than for traditionally
built specimens, pointing out that the design of SLM components cannot rely on the results obtained by

testing traditionally built specimens.

Keywords: VHCF; Additive Manufacturing (AM); Selective Laser Melting (SLM); Aluminium alloy; size-effect.



1. INTRODUCTION

In the last years, components manufactured through Additive Manufacturing (AM) technologies
have been used in a growing number of industrial applications [1, 2]. The efforts of academic and
industrial researchers are currently focused on the development of safe design methodologies [3,
4] for AM components to guarantee their Structural Integrity (SI, [5, 6]). Indeed, due to the additive
process, the microstructure and the resulting mechanical properties of AM parts are intrinsically
different from those of traditionally built (TB) components [7] (e.g., obtained through casting or
subtractive processes, like machining). For applications in which quasi-static loads are involved,
components are generally designed (or redesigned) through topology optimization algorithms [8,
9]. During the optimization process, the allowable stresses are the yield strength or the tensile
strength of the material, which are generally close or better than those of TB parts [5], mainly due
to the fine microstructure resulting from the AM process [10-12]. Moreover, the limited ductility of
as-built AM parts can be properly controlled through traditional or specific heat treatments or
through an optimization of the process parameters [13]. For these reasons, brackets [14], heat
exchanger [15] or biomedical implants [16], can be reliably designed by considering the maximum

applied static load and safely employed.

On the other hand, the Sl of components subjected to fatigue loads is still an issue [17-19]. The main
criticality associated with the worse fatigue behaviour of AM parts, if compared to that of TB parts,
is the formation of large defects within the material during the manufacturing process [20]. The
stress distribution is locally modified due to the presence of manufacturing defects and a local stress
concentration arises, fostering the crack nucleation process and originating premature fatigue
failures. Therefore, for a conservative design of AM components subjected to fatigue loads the size
of the defect in the component volume should be known or reliably estimated. To this aim, the X-

ray microcomputed tomography (microCT) technique can be exploited for a non-destructive
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assessment of the most critical defect [21, 22] and, consequently, for the estimation of the fatigue
response. However, this technique is very expensive and time-consuming and can be applied only if
the component has been already produced, not permitting design modifications or reviews. An
alternative faster and cheaper method considers the defects originating the fatigue failure in small
specimens during laboratory tests. In this second case, size-effect must be carefully taken into
account, since the decrement of the fatigue response with the size or the material volume, in High
Cycle Fatigue (HCF) [23] as well as in Very High Cycle Fatigue (VHCF) [24, 25], can be relevant.
Generally, size-effect is experimentally verified by testing specimens with different size [24, 25] and
the fatigue response for larger parts is statistically predicted. Despite its important implications on
the SI of components to be designed, size-effects on the fatigue response of AM components have

been rarely investigated in the literature, especially if the VHCF response is considered.

The experimental activity in the present paper aims at assessing size-effects on the response at very
high number of cycles, VHCF, of AlSi10Mg specimens produced through the Selective Laser Melting
(SLM) process. Ultrasonic fully reversed tension-compression fatigue tests up to 10° cycles have
been carried out on Gaussian specimens [26] with large risk-volumes and on hourglass specimens
built in horizontal and in vertical directions. Fracture surfaces have been observed with the Scanning
Electron Microscope in order to investigate the failure origin. Size-effect has been statistically
assessed by comparing the defect size, the P-S-N curves and the VHCF strength at 10° cycles for
horizontally built and vertically built specimens in order to investigate the influence of the building
direction. Finally, the VHCF strength decrement due to size-effects in SLM specimens has been
compared with the decrement found for TB specimens [25], in order to discuss the differences and

the implications on the design of AM parts.



2. MATERIALS AND METHODS

In this Section details on the SLM process, on the geometry of the specimens used for the

assessment of size-effects and on the fatigue tests are reported.

2.1. SLM of AlSi10Mg specimens: powder and process parameters

The specimens used for the fatigue tests were produced with an SLM Solutions 500 HL quad 4x400W
system by setting standard industrial process parameters. AlSi10Mg powder, produced through an
atomization process, was characterized by an average size of 45 um and 80% of particles lying in
the [20; 63] um range. The specimens were built with their main axis lying both parallel to the
building direction (vertical samples) and perpendicular to it (horizontal samples) in order to assess
also the influence of the building orientation. A combined contour — meander scanning strategy was
used: as a consequence, the outer layer of samples, approximately 400 um thick, was built with a
different orientation with respect to the inner portion. The reduced section of horizontal samples
was sustained by suitable supports. The process parameters and the powder chemical composition
are summarized in Table 1.

Table 1: Specimen production: AlSi10Mg chemical composition and SLM parameters meters

AlSi10Mg powder
Si Mg Cu Ni Fe Mn Ti Al
10 0.4 < 0.25 < 0.05 <025 <01 0.15 bal
SLM parameters
Power tezzgf;zre Scan speed Spot size dZ?;;,;e thé:lf:gss
350 W 150° C 1.15m/s 80 um 170 pm 50 um

For the quasi-static tests, standard dog-bone specimens, produced in horizontal and in vertical
direction, were used [27, 28]. For the ultrasonic fatigue tests, two specimen geometries with

different risk-volumes, hourglass and Gaussian, were tested. The risk-volume, V.5, corresponds to



the material region with a stress amplitude large enough to originate a fatigue crack if a critical
defect is present. According to the literature [23, 24], almost all the fatigue failures originate in the
material region characterized by a stress amplitude larger than the 90% of the maximum applied
stress, Vyq. Accordingly, the risk-volume is assumed as the Vy (i.e., Vyisk = Vgp), in the following.

Standard hourglass specimens with a Vo, = 250 mm? were designed according to [26, 29]. Gaussian
specimens, whose gage length has a profile described by a Gaussian function, were used for
increasing the Vo, up to 2330 mm3. Indeed, the Gaussian profile ensures a uniform stress
distribution along the gage length and permits to increase the tested Vy,. A similar V4, increment is
prevented in standard dog bone specimens due to a non-uniform stress distribution within the gage
length [30]. The geometries of the tested hourglass and Gaussian specimens are shown in Figure 1a

and 1b, respectively.
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Figure 1: Geometry of the tested specimens (not is scale, dimension in mm): a) hourglass specimen; b)

Gaussian specimen.

For the design of the specimens, the dynamic elastic modulus, E;, was measured through the
Impulse Excitation Technique (IET, [31]). The E; was similar and not dependent on the building
orientation (i.e., the difference was small): therefore, the geometry of the specimens was the same,
regardless of the building orientation. Support structures along the specimen length were used for
manufacturing the horizontally built specimens. No heat treatment was applied after the production

of the specimens, which were mechanically removed from the building platform.



The specimens were tested after a mechanical manual polishing. In particular, the specimens were
gripped with a spindle, put in rotation and thereafter manually polished with sandpapers with
increasing grit (from #120 to 12004#). Indeed, with the mechanical polishing a thin layer of material,
averagely smaller than 0.2 mm is removed. In addition, the allowance required for polishing is
smaller than that required if the specimens are machined (i.e., in the range [0.5:1] mm, according
to [32, 33]). Therefore, a smaller layer of material is removed from the surface, thus permitting to
more properly assess the influence of surface and subsurface defects, together with internal
defects. This procedure, commonly followed before VHCF tests [27, 34, 35], permits moreover to
avoid premature failures due to large surface scratches and to assess the influence of surface and
subsurface defects, which would be removed with other processes (e.g., machining of the
specimens after the AM process). The surface roughness R, of the tested specimens before and
after the polishing process was measured on five specimens by using a Mitutoyo Surftest SV-500
instrument. The average roughness before the polishing process was equal to 6.2 um for the
horizontally built specimens and equal to 5.7 um for the vertically built specimens. After the

polishing process, the average surface roughness Ra reduces to 1.4 um for both specimen types.

2.2. Quasi-static and fatigue tests up to 10° cycles

Preliminary quasi-static tests were at first carried out to validate the process parameters. In
particular, tensile tests on dog-bone specimens were carried out with a standard tensile testing
machine (electromechanic MTS 2/M machine), following the ASTM E8/E8M-09 standard. The strain
rate of the tests was equal to 0.015 mm™? and the strain was measured with an extensometer. The
Vickers hardness, HV, was also measured on the cross-section of the hourglass and Gaussian

specimens, according to [27].



The ultrasonic fatigue testing machines (UFTMs) developed at the Politecnico di Torino were used
for the ultrasonic (loading frequency of 20 kHz) VHCF tests. Fully reversed tension-compression
tests were carried out up to 10° cycles. The stress amplitude within the risk-volume was kept at the
desired value with a feedback signal corresponding to the displacement amplitude measured at the
free specimen end or to the strain amplitude measured by a strain gage attached to the horn. The

applied stress amplitude was verified through a strain gage calibration.

The specimen temperature [36] was also continuously detected during the tests with an infrared
pyrometer and kept below 25°C by cooling the specimens with two vortex tubes. Fig. 2 shows the

UFTM testing machines used for the experimental tests on hourglass and on Gaussian specimens.

Gaussian

. Hourglass
specimens

specimen

Figure 2: UFT machines used for testing the hourglass and the Gaussian specimens.

3. EXPERIMENTAL RESULTS

In this Section, the experimental results are statistically analysed and discussed, focusing on the

effect of the specimen size and the building direction on the VHCF response.



In the following, HH and HV refer to the hourglass specimens horizontally and vertically built,
respectively; whereas GH and GV refer to the Gaussians specimens horizontally and vertically built,

respectively.

3.1. Microstructure, tensile properties and Vickers hardness

Preliminary microstructural analyses were at first carried out with the SEM. For both the horizontally
and vertically built specimens, the microstructure was characterized by overlayed melt pools, which
appear as semicircles in a polished section parallel to the building direction (Figure 3a) and as
elongated stripes in the section parallel to the building plate (Figure 3b). At higher magnification
(Figure 3c), the microstructure was characterized by an interconnected Si network dispersed within
the supersaturated Aluminum a matrix. This microstructure is typical of as-built specimens [37]. For

more details on the analysis of the microstructure the reader can refer to [28, 38]..

Figure 3: Representative microstructure of the tested AISi10Mg specimens.

The quasi-static mechanical properties are thereafter analyzed. The yield strength o,,, the ultimate
tensile strength g, and the elongation to failure &; were assessed through a tensile test. The results
are summarized in Table 2, together with the measured Vickers hardness. For the horizontally built
specimens, the Vickers hardness reported within the two round brackets is the Vickers Hardness

close to the material area where support structures were removed.



Table 2: tensile properties and Vickers hardness of the tested horizontal and vertical hourglass and
Gaussian specimens.

Tensile properties

o, [MPa] o, [MPa] &r [%]
Horizontal 287 £ 5 413 + 7 55+ 0.1
Vertical 271 + 4 419 + 8 41 £+ 01
Hardness
Specimen type HH GH HV GV
Hardness [HV] 128 + 1.5 (122) 134 + 4 (121) 125 + 1.7 146 + 4

The mechanical properties obtained through quasi-static tensile tests, g,,, o, and &, on horizontal
and vertical specimens were found to be close to those reported in the literature [39] and are
analyzed and discussed in detail in [27, 28]. It is worth noting that the analysis of the tensile
properties permits to validate the process parameters. According to the literature [40 Mower, 41
Bagherifard], tensile properties are generally experimentally measured with dog-bone specimens,
as in the present paper, and are not expected to vary depending on the specimen type.

More attention was dedicated to the analysis of the Vickers hardness, correlated to the
microstructure, according to [23]. The Vickers hardness of the Gaussian specimens was measured
in [27] for the horizontally built specimens and in [28] for the specimens built in vertical direction.
For the horizontally built specimens, the average value within the cross-section is very similar, with
a difference smaller than 6 HV, whereas the HV is slightly smaller close to the support region for
both the hourglass and the Gaussian specimens, being about 121 HV. This reduction may be
justified by considering the microstructure emerging close to the support region, which coincides
with the downskin area of the sample. Figure 4 clearly shows that a 200 um thick layer exists at the

very bottom of horizontally built samples: with respect to the bulk of SLMed parts, such layer is
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characterized by a coarser microstructure, which arises from the lower cooling rate locally caused
by the presence of the underlying non-solidified powder. Indeed the eutectic Al-Si structure
presents features which are intermediate between the cellular and dendritic domains of
solidification mode. Moreover, numerous pores are concentrated inside this layer, presumably
because of the local energy concentration induced by the insulating effect of underlying non
solidified powder. Similar characteristics were found in the supported areas of SLMed steel parts
too, as reported in [42]. On top of this transitional layer, the typical SLMed microstructure emerges,
giving rise to the well-known alternation of fine and coarse areas inside semicircular melt pools. For
vertically built specimens such variation in microstructure and, consequently, hardness was not
revealed, but the difference between the Vickers hardness of hourglass and Gaussian specimens is
larger: indeed, it reduces from 146 HV to 125 HV. Since the same process parameters were
considered when the specimens were manufactured, the difference could be due to the process

variability and, probably, to local heat accumulation in thinner samples, as discussed in [43].

Figure 4: optical micrograph depicting the microstructure in the support region of GH and HH

samples.
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3.2. VHCF tests: S-N plot

Fig. 5 shows the S-N plot of the experimental data. All the fatigue failures originated from defects
randomly distributed within the risk-volume. As for [25-28], the local stress, s;,cq1, ClOse to the

defect originating the fatigue failure was considered in place of the stress at the specimen center.
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Figure 5: Experimental tests on HH, GH, HV and GV specimens: S-N plot.

According to Fig. 5, the experimental data are characterized by a large scatter, mainly associated
with the scatter of the defect size. However, the influence of the specimen volume is visible by
analyzing experimental failures and the experimental runouts. Indeed, for the same number of
cycles to failure, N¢, the experimental failures occurred at larger stress amplitudes for the hourglass
specimens with small Vy,. The same trend can be seen by comparing the stress amplitude associated
with the runout specimens. The experimental data for the vertically built specimens show in,

general, a larger scatter, both in the hourglass and Gaussian specimens.
3.3 Defect analysis: location, type, and size

In order to properly compare the VHCF response of hourglass and Gaussian specimens, the defects
at the origin of the VHCF failures (critical defects in the following) were analyzed with the SEM. It is

worth noting that, in this analysis, only defects originating the fatigue failure, i.e., those controlling

12



the fatigue response, have been considered. Indeed, even if other types of defects are present
within the material volume, they have no effect on the VHCF response. For this reason, since the
aim of the present work is to investigate size-effect on the critical defect size and, accordingly on
the VHCF response, an analysis of the material defectiveness or a defect sampling was not
considered, since it is out of the scope of the present work. Moreover, for defect rating, other
inspection techniques, like the micro-CT, would be more appropriate.

The defect location within the cross-section was at first taken into consideration. Fig. 6 shows the
radial distance from the specimen free surface of the critical defects. The radial distance has been
computed as the minimum distance between the specimen free surface and the edge of the defect
closest to the surface. According to [23], this distance permits to discriminate if a defect is a surface

or an internal defect from the fracture mechanics point of view.

Free surface
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Figure 6: Radial distance from the specimen free surface of the critical defects in HH, HV, GH and GV

specimens.

According to Fig. 6, almost all the defects are concentrated close to the free surface. For HH and GH
specimens, all the defects are concentrated in a region of material with a maximum distance from
the surface smaller than 500 um. In particular, they are mainly close to the area where the support
structures are removed, which is the weakest region within the cross-section. On the other hand,

for vertically built specimens deeper critical defects were also found, with the 83% of the critical
13



defects close to the surface (distance smaller than 500 um) and about the 17% of the critical defects
at a distance from the surface in the range [0.5 - 1.5] mm. In particular, critical defects are more
dispersed for GV specimens, characterized by a cross-section with almost uniform microstructure

and no weak regions.

Thereafter, the defect type was investigated (Fig. 7). Four types of critical defects, according to the
classification provided in [44], were found: pores (Fig. 7a), defects due to improper layer bonding
(ILB defect, Figure 7b), defects due to incomplete fusion (IC, Fig. 7c) and irregular surface defects
(irregular SD, Fig. 7d). Incomplete fusion defects and defects due to improper layer bonding show
similar morphology and appearance, even if their origin is different. Indeed, according to Fig. 7c,
unmelted powder particles are generally visible in incomplete fusion defects, whereas a “stacked”
appearance, without any unmelted material, is typical for improper layer bonding defects [45, 46].
With irregular surface defects, the Authors refer to those defects whose origin is not clear, but that
mainly form during the removal of the supporting structures in horizontally built specimens or to
subsurface defects revealed by the manual polishing. It is worth noting that more detailed
classifications can be found in the literature [45]. However, the analysis of the effect of defects on
the VHCF response carried out in the following Sections does not depend on the classification

considered, since the defect size is the most influencing parameter, according to [23].

Critical defects on the fracture surfaces are representative of the defects that control the fatigue
response. It is worth noting that images of defects obtained on polished sections would probably
more clearly show the characteristic of each type of defect. However, rare and large defects, i.e.,
those that originate the fatigue cracks and that, accordingly, control the fatigue response, can be
hardly found on polished surfaces and can be only revealed through fatigue tests. Moreover,

representative images of defects on the fracture surfaces are more effective to show the critical

14



defects. On the other hand, defects found on polished samples may not be representative of the

characteristics of the critical defects.

(d)

Figure 7: Types of critical defects: a) pore; b) Improper layer bonding (ILB) defect; c) defect due to

incomplete fusion (IF); d) irregular surface defect (Irregular SD).

Fig. 8 compares the frequency of occurrence (Fig. 8a) and the size (Fig. 8b) of the different types of

defects. For defects with an irregular shape, the guidelines reported in [23] have been followed to
assess an equivalent defect size, |/ a..
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Figure 8: Defect analysis: a) frequency of occurrence; b) size of the critical defect subdivided for type and

tested specimen.
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According to Fig 8a, for the HH, HV and GH specimens, the pores are the most critical defects, with
a frequency of occurrence close to 70%; whereas, for the GV specimens, IF defects occur more
frequently (about 70%). For the horizontally built specimens, pores are the most critical defects
regardless of the tested volume. These pores mainly formed in the weak region where support
structures were removed, and, accordingly, a size-effect correlated to the defect type was not
observed. However, according to Fig. 8b, a size-effect correlated to the defect size is clear, as will
be discussed in the following. A concentration of failures in the region where supporting structures
are removed demonstrates that this is the weakest region within the risk-volume. Indeed, even if
defects are present in other regions of material, they are surely not critical. A defect becomes critical
depending on its size, on the stress distribution and on the local material properties. Since pores
concentrated in the region where supporting structures are removed are at the origin of the fatigue
failures in almost all horizontally built specimens, it can be inferred that these pores are the most

critical defects for the specimens built in the horizontal direction.

On the other hand, the critical defect type switches from pores for small volumes to IF defects for
the large Gaussian specimens in vertically built specimens. For justifying this behavior, Fig. 6b should
be considered. Indeed, for vertically built specimens, a weaker region is not present within the cross-
section. The critical defect size increases with the risk-volume (garnet red markers of GV specimens
are above the blue diamond markers of HV specimens) due to size-effect. Generally, according to
literature results [47, 48], IF defects and irregular defects are larger than pores. Since the probability
of finding of large defects increases with the risk-volume, it is more likely that these defects are IF
defects. This does not mean that pores do not form in large risk-volumes: indeed, large pores were
also found on the fracture surface of GV specimens, but they did not become critical due to their

smaller size or to their location within the risk-volume (internal defects are less critical than surface

16



defects, according to [23]). Fig. 9 shows an example of a fracture surface of a GV specimen with non-

critical pores and a large critical IF defect from which the fatigue crack originates.

Critical IF

Figure 9: Fracture surface of a GV specimen showing a critical IF defect and two non-critical pores with
smaller size.
Fig. 9 confirms that large pores can be also present in GV specimens, but they did not originate the
fatigue crack due to their smaller size. The size of pores present in the Fig. 7 (\/a_c =42 pm and
\/a_c = 69 um) is close to the range for pore size found for HV specimens (Fig. 7b). This confirms
that IF defects become the most critical defects in GV due to the risk-volume increment. Very large

IF defects could be also found in HV specimens, but this is unlikely, and a larger number of specimens

should be tested to find the same defect population.

In order to more properly assess the size-effect associated with the defect size, \/a, is assumed to
follow the Largest Extreme Value Distribution (LEVD), with cumulative distribution function (cdf),

Fm. The experimental data and the estimated Fm are shown in Fig. 10 (Fig. 10a for horizontally

built specimens and Fig. 10b for vertically built specimens).

17
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Figure 10: Critical defect size and estimated LEVD on a Gumbel plot: specimens built in horizontal direction;

specimens built in vertical direction.

The Gumbel plots in Fig. 10 highlight the size-effect associated to ,/a,, regardless of the defect type.
The critical defects in Gaussian specimens are significantly larger than the critical defects in
hourglass specimens for both building directions. For the horizontally built specimens, 80% of the

defects in Gaussian specimens are larger than the largest defect, ,/acmax, in hourglass specimens.

Moreover, \/a—cmax in HH is about the 60% of the \/a—cmax in GH. Similarly, for vertically built
specimens 60% of the defects in Gaussian specimens are larger than the largest defect in hourglass
specimens and \/a—cmax in HV is about the 60% of \/a—cmax in GV. However, for the specimens built
in vertical direction, the increment of the largest defect between hourglass and Gaussian specimens
(from 166 pum to 286 um) is larger than that found in horizontally built specimens (from 122 um to
198 um). Size-effect is therefore relevant by considering the defect size for both the horizontal and

vertical specimens.

Moreover, the building orientation influences the defect size. Indeed, defects in horizontally and
vertically built specimens are averagely the same, but rare and large defects are more likely in
vertically built specimens. For example, the largest defect in horizontally built hourglass specimens
is about 122 um, whereas three defects are larger than 122 pum in vertically built specimens, with

the largest defect with size equal to 166 pm. Similarly, in horizontally built Gaussian specimens all

18



the critical defects found experimentally were characterized by an equivalent size smaller than
200 pm, whereas for Gaussian vertically built specimens four larger defects with equivalent size up
to 290 um were experimentally found. The influence on the VHCF response of the anisotropy

associated to the defect size is investigated in a statistical framework in Section 3.4.
3.4. Size-effects on the VHCF strength

In this section the influence of the specimen volume on the VHCF response is investigated by

comparing the VHCF strengths. In order to account for the influence of the statistical distribution of

A/ a. on the fatigue response, the marginal P-S-N curves, defined according to [49], are compared:

Fr i) = [} Fy m(ix Jao f g (Jad)d e, (1)

where Fy (y; x) is the cdf of y, being y = loglO(Nf) and x = log;0(Siocal), FYI\/a—C(y; X; \/a_c) is the
cdf of the conditional distribution of the fatigue life (i.e., normally distributed and with mean
dependent on x and \/a—c) and f\/a—c(\/a_c) is the probability density function (pdf) of LEVD for \/a—c,
according to Section 3.3. The model has been validated by the Authors in [25, 27]. Fig. 11 shows the

estimated median and 0.1% P-S-N curves for specimens built in horizontal direction (Fig. 11a) and

in vertical direction (Fig. 11b).
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Figure 11: Median and 0.1% P-S-N curves for the tested specimens: a) horizontal building direction; b)

vertical building direction.
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According to Fig. 113, size-effect is relevant for horizontally built specimens. The slopes of the two
P-S-N curves are similar, being slightly larger for HH. However, the median and the 0.1% P-S-N
curves for the HH are above the corresponding curves for the GH: the increment of ,/a, with the
Vs has a significant effect on the VHCF response. The difference at 10° cycles is about 30% by
considering the median VHCF strength and about the same (28%) by considering the 0.1% VHCF
strength, since the scatter of the P-S-N curves for the HH and the GH data is similar. For the vertically
built specimens, the median P-S-N curve for the hourglass specimens is above that for Gaussian
specimens, but the difference is smaller (about 10% for the VHCF strength at 10° cycles). On the
contrary, the percentage difference increases by comparing the 0.1% VHCF strength, being about
35%. Therefore, even if the median VHCF strength difference is smaller than that of horizontally
built specimens, size-effect is also relevant for vertically built specimens. This is mainly associated
to the range of the defect size which increases with the risk-volume and thus affects the VHCF

response.

The comparison of the P-S-N curves and of the VHCF strengths highlighted the importance of taking
into account the scatter associated with the VHCF strength in the analysis. For a proper statistical
assessment, the VHCF strength at 10° cycles for each failure was statistically estimated. Indeed, in
a statistical framework, for each i-th specimen failed at Ny ; and at s;5¢4;,4, the quantile a;, ; of the
fatigue life (or of the P-S-N curve that passes through) can be estimated. Given the a;,; quantile,
the corresponding VHCF strength at 10° cycles for the i-th specimen can be obtained by substituting
Fy(y = 9;x) = ayp;, and by solving Eq. (1) with respect to x. According to this procedure, it is
possible to “shift” all the experimental failures to the corresponding experimental failure at 10°

cycles. Fig. 12 shows, for each failure, the estimated VHCF strength at 10 cycles.
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Figure 12: Estimated VHCF strengths at 10° cycles.

The Analysis of Variance (ANOVA) was employed to statistically compare the VHCF strengths at 10°
cycles. In Table 3, the Sum of Squares (SS), the Degrees of Freedom (DOF), the Mean Squares (MS)
and the estimated P-Values are reported. Two factors, volume and building orientation, and the

possible interactions between them were considered in the analysis.

Table 3: ANOVA to investigate the effect of risk-volume (size-effect) and building orientation and the
interaction between them on the VHCF response.

SS DOF MS P-value
Volume 3776 1 3776 0.000
Building orientation 3826 1 3825 0.000
Interaction 1020 1 1019 0.003
Error 3768 37 102
Total 12062 40

Table 3 further confirms that size-effect and building orientation significantly affect the VHCF
response at 10 cycles. For both the volume and the building orientation factors, the P-value is close
to 0. The ANOVA gives more strength to the results found by analyzing the P-S-N curves, since it
permits to consider also the scatter associated to the fatigue response, which is large for AM parts.
The interaction between the specimen size and the building orientation is statistically significant, as

expected by considering Fig. 11 and Fig. 12.
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These analyses confirm that size-effects significantly influence the VHCF response, pointing out the
importance of experimentally verifying it when components are to be designed by considering the

experimental results obtained through tests on specimens with small Vy,,.

3.5. Discussion

In this Section the experimental results are further analyzed, and the influence of the microstructure
is also considered. According to Section 3.1, while for the horizontally built specimens the variation
of the Vickers hardness among hourglass and Gaussian specimens is limited (it passes from 134 HV
in GH to 128 HV in HH and is equal to 122 HV in the support region), for the vertically built
specimens is larger, reducing from 146 HV in GH to 125 HV in HV. Since the process parameters
were the same for all the specimens, the variation could be mainly due to the intrinsic scatter
associated to the AM process, since many “hidden” factors could influence the final mechanical
properties (e.g., the position of the specimens on the building platform). However, it should also be
considered that, according to available literature [43, 50], thinner samples can exhibit lower
hardness because of local heat accumulation taking place during processing, since the surrounding
unmolten powder has lower heat dissipation capacity with respect to large bulk parts. This effect is
probably superseded by the influence of building orientation in horizontal samples but becomes
prominent in vertically built samples. Therefore, in the previous analysis this effect was not
considered, since the scatter in the Vickers hardness can be considered as intrinsically associated
with the manufacturing process. However, in order to exclude the influence of microstructure on
the VHCF response and on size-effect, the experimental data for the vertically built specimens have

been normalized by taking into account the Vickers hardness, according to [23]. Each experimental

(HVgy+120)

failure for HV has been multiplied by the ratio ,
(HVHV-I'120)

being HVy, and HV;, the Vickers

hardness of HV and GV specimens, respectively. For the horizontally built specimen, the data have
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not been normalized, since the HV differences were small and, moreover, almost all the defects
were in the area where support structures were removed, characterized by a similar Vickers

hardness in HH and HG. Fig. 13 shows the experimental failures for HV and GV, normalized by the

(HVgy+120)

and the estimated median and 0.1% P-S-N curve. The grey diamond markers are
(HVHV+120)

ratio

the original experimental data. It is worth noting that the data for the GV specimens have been

(HVGV+12 0)

to better isolate the influence of defect size on the VHCF
(HVgy+120)

normalized by the factor

response and, accordingly, to more properly assess how size-effect related to the defect size affects
the VHCF response. Indeed, according to [51], the Vickers hardness, correlated to the
microstructure, influences the VHCF response. With the proposed normalization, according to [23],
the dependency of the VHCF response on the microstructure can be eliminated, to more properly

assess the influence of defects and size-effect.
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Figure 13: Median and 0.1% P-S-N curves estimated by normalizing the HV experimental data.

According to Fig. 13, the differences between the curves increase, with a 17% reduction by
considering the median VHCF strength at 10° cycles and a 40% reduction by considering the 0.1%
VHCF strength at 10 cycles, pointing out that, for vertically built specimens, the hardness difference

partially hid the size-effect. Moreover, by repeating the ANOVA analysis with the normalized data,
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the interaction between the specimen size and the building orientation was found to be not

statistically significant with a significance level of 1% (P-value equal to 3.5%).

The experimental results on size-effect can be also compared to the results obtained in the literature
by testing specimens obtained through traditional manufacturing processes. In particular, in [25],
experimental tests on hourglass and Gaussian specimens with risk-volumes close to those
investigated in the present paper were carried out on an unrefined H13 steel and on a refined H13
steel subjected to an ESR process. Specimens were tested up to 10° cycles and the marginal P-S-N
curves were estimated by considering, for the VHCF region, a linear decreasing trend and a fatigue
limit. All the fatigue failures originated from defects, mainly inclusions, randomly dispersed within
the risk-volume. Table 4 compares the percentage decrement of the VHCF strength between the
hourglass and Gaussian specimens at the runout number of cycles (i.e., 10° cycles in the present
paper and 1010 cycles in [25]). The decrement was computed with respect to the VHCF strength of
hourglass specimens estimated from the marginal P-S-N curves. The aim of this analysis is to
gualitatively verify if size-effect on the VHCF response of traditionally built specimens and of AMed
specimens with similar risk-volume have the same influence. It is worth noting that the comparison
should be carried out by considering the experimental results on SLM AISi10Mg specimens produced
with traditional processes, but there are no available data in the literature. In [52, 53], the size-effect
on the VHCF response of Al alloy specimens has been investigated by testing specimens with
increasing diameter, but with risk-volumes different from those tested in the present paper.
Therefore, a proper comparison cannot be carried out, since the risk-volume is a fundamental
parameter. Moreover, the assessment of size-effects on the VHCF response of AMed AISil10Mg
specimens by analyzing literature data would be difficult, especially if the specimens are not

produced with the same process parameters. Indeed, different process parameters can partially
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hide the size-effect and therefore do not permit to properly assess the real influence of the risk-

volume on the VHCF response.

Table 4: Size-effect on the VHCF response: traditionally built specimens [25] and AM specimens (present
paper).

VHCF strength at the runout number of cycles

Quantile 50% 0.1%

H13 no ESR [25] 16% 23%
H13 ESR [25] 7% 8%
AISi10Mg horizontal 30% 28%
AlSi10Mg vertical 17% 40%

According to Table 4, size-effect in AM has a larger influence. Indeed, for traditionally built
specimens the decrement of the VHCF response due to size-effect is in the range [7-16]% by
considering the median VHCF strength and in the range [8-23]% for the 0.1% VHCF strength. The
decrement is larger for the unrefined steel (up to 23%), characterized by larger defects. On the other
hand, the ranges are larger for the SLM AISi10Mg specimens tested in the present paper, being [17-
30]% by considering the median VHCF strength and [28-40]% for the 0.1% VHCF strength. The
main reason is the larger increment of ,/a, with the risk-volume: the increment of the median
defect size is smaller than 10 um in [25], whereas it is larger than 50 um for the tested AlSilOMg

specimens.

If the data on traditionally built Al alloys hourglass specimens with increasing diameter up to 12 mm
are considered [52, 53], the VHCF strength decrement at 10° cycles is smaller than 20%. This

support the evidence that size-effects in AMed parts tend to be larger, even if experimental tests
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on traditionally built specimens made of the same alloy and with the risk-volumes tested in the

present paper are necessary to prove this.

This further analysis warns against the risk of designing components by considering the
experimental VHCF results on TB specimens. The estimation of the effect of different factors, like
size-effect, by considering literature results on TB specimens could have serious consequences on

the structural integrity of the components, as proved in the present paper.

4. CONCUSIONS

In the paper, the influence of size-effects on the VHCF response of AlISi10Mg specimens produced
through the SLM process was experimentally investigated. Hourglass specimens, with a risk-volume
of 250 mm?3, and Gaussian specimens, with a significantly larger risk-volume of 2330 mm?3, were
subjected to ultrasonic fully reversed tension-compression tests. Hourglass and Gaussian specimens
were produced in horizontal and in vertical direction and tested in the as-built condition after a
manual mechanical polishing. The specimens were tested up to failure or up to 10° cycles and
manufacturing defects were the cause of all the VHCF failures. The following conclusions can be

drawn:

1) Horizontally built specimens show a Vickers hardness reduction close to the region where
support structures were removed. This behavior was found both in hourglass and Gaussian
specimens: the support region therefore represents a weaker region for horizontally built
specimens. On the other hand, for vertically built specimens, the Vickers hardness was found
to be uniform within the cross-section.

2) Defects originating the fatigue failures (critical defects) were concentrated close to the

surface for all the tested specimens. In particular, for horizontally built specimens, they were
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3)

4)

5)

concentrated in the region where support structures were removed (largest distance from
the surface smaller than 500 pum). No difference between hourglass and Gaussian specimens
was found. For vertically built specimens, critical defects were concentrated close to the
surface, but for Gaussian specimens 3 defects were farther from the surface (up to 1.5 mm
from the surface). The larger dispersion in vertical Gaussian specimens is related to the larger
tested volume, since, in vertically built specimens, weaker regions were not present, like in
the horizontal specimens (i.e. support region).

The most critical defects in horizontally built specimens were pores, being at the origin of
the critical fatigue crack in about the 70% of the fatigue failures. No size-effect correlated to
the type of defect was found and the main reason is that all the fatigue failures originated in
the weaker supports region where large pores were found to be more frequent. On the
contrary, for specimens built in vertical direction, the most critical defects were pores in
hourglass specimens, whereas became incomplete fusion defects in larger Gaussian
specimens. The main reason is the increment of the tested volume: indeed, rare incomplete
fusion defects, generally larger than pores, are less probable in the small volume of hourglass
specimens.

Assignificant size-effect associated with the defect size was experimentally found. The largest
defect in hourglass specimens was found to be about the 60% of the largest defect in the
corresponding Gaussian specimen for both building orientations.

The VHCF strength decrement was significant due to size-effect. For both building
orientations, the curves for the hourglass specimens were above the curves for the Gaussian
specimens. For the horizontally built specimens, the VHCF strength decrement was about
30% for the median and 0.1% VHCF strength at 10° cycles. On the other hand, for vertically

built specimens the decrement was smaller for the median VHCF strength at 10° cycles,
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about 15%, and larger for the 0.1% VHCF strength at 10° cycles, about 40%. The reason is
the larger range of the defect size in Gaussian vertically built specimens, which affects the
VHCF response. These results highlight the importance of properly assessing and accounting
for the scatter associated with the VHCF strength when the effect of different factors on the
fatigue response is investigated.

6) Size-effect in AM was compared to the size-effect found in the literature by testing
specimens made of two high strength steels (H13 steel) with similar risk-volume and
produced with traditional processes. For the latter, the decrement was found in the range
[7-16]% by considering the median VHCF strength and in the range [8-23]%, significantly

smaller than the range found for the tested AISi10Mg SLM specimens.

The experimental results in the paper confirm the importance of properly taking into account size-
effects when components are to be designed, especially if produced through AM process, for which
it has a stronger influence. Furthermore, size-effects, as well as other factors (e.g., the building
orientation), should be properly verified for AM parts to guarantee their structural integrity: AM
components cannot be safely designed by relying on literature results obtained by testing TB

specimens.
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