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ABSTRACT

In the present work, the fatigue resistance values of Scalmalloy specimens obtained by selective laser melting (SLM) additive manufacturing (AM) are experimentally
studied. The fatigue levels of specimens with and without notches after applying different surface treatments, such as sand blasting, shot peening, isotropic finishing,
and polishing alone or in combination, are analyzed. To understand the fatigue behavior of this material, the surface finishes and internal residual stresses of the
specimens are analyzed. Moreover, the fracture surface of each sample is observed by electron microscopy to determine the failure mechanism. There is a clear
separation between two different types of failure: (1) rupture by a crack generated on the surface associated with high applied stress values and (2) failure by a crack

generated on an internal defect associated with low applied stress values.

1. Introduction

In some industrial sectors, such as the aerospace and automotive
fields, reducing the weights of elements is very important for increasing
efficiency because it leads to reductions in energy consumption and
increases in payloads. Additive manufacturing, with the optimization of
topologies and the use of lightweight alloys with high specific strengths,
can reduce the weights of high-performance structural elements [1-4].
Titanium and aluminum alloys are the most common alloys for obtain-
ing low-weight, high-strength structural elements [5-12]. There have
been many studies about the AM of Ti alloy components, especially by
SLM, and about methods for improving their mechanical properties
[8-12]. However, Al alloys present more difficulties in being used for
SLM production of structural pieces [5-7]. The low flowability, high
reflectivity, high thermal conductivity and high susceptibility to
oxidation of Al alloy powder necessitate a high laser power for SLM
production resulting in increased porosities and residual stresses
[13,14].

Among all Al alloys, cast Al-Si alloys are broadly used for SLM
fabrication, especially AlSi10Mg and AlSi12 [5-7,15]. In addition, many
analyses have been carried out to reduce porosity and improve me-
chanical properties through the optimization of manufacturing param-
eters [6,14,16] and through thermal and mechanical treatments after
production [7,17-19]. For structural applications in aerospace and
automotive applications, other hardenable alloys, such as the 2xxx, 6xxx
and 7xxx series, are usually preferred. However, the wide range of
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solidification temperatures, high solidification shrinkage and thermal
contraction of these alloys, and high energy density needed for pro-
cessing by SLM cause these alloys to present some problems when pro-
cessed by SLM, such as hot cracking [20-24], pores produced by the
unstable processability of these alloys [25] and the partial evaporation
of components [26]. A general view of the technology associated with Al
alloy additive manufacturing can be seen in other research [13,17,22].
There has been much research to reduce these problems and obtain high-
density pieces free from cracks. Some researchers have tried to eliminate
hot cracking and reduce porosity by optimizing process parameters
mainly in Al 7075 [21,23,27,28]; while hot cracking is reduced, it
cannot be completely eliminated. Other scholars have proposed adding a
small percentage of other elements to eliminate hot cracking and reduce
porosity. Martin et al. [22] covered 7075 and 6061 powder with 1 vol%
hydrogen-stabilized zirconium, changing the grain morphology during
solidification, eliminating hot cracking and improving the mechanical
properties of the SLM-produced material. Montero-Sistiaga et al. [20]
added 4 wt% Si to 7075 powder to decrease the melting temperature and
reduce the grain size during solidification, preventing the formation and
propagation of cracks. Dadbakhsh et al. [26] added 6 wt% zinc oxide to
6061 powder to eliminate hot cracks; although this addition drastically
reduces the number of cracks, they are not completely eliminated.
Conversely, the addition of 2 wt% CaBg [24] or 0.7 wt% Ti [29] to 2024
powder eliminates the hot cracks in 2024 SLM-produced pieces. Despite
all these efforts to eliminate hot cracks and improve the mechanical
properties of these SLM-produced alloys, there are no analyses to date of
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their effects on improving the fatigue properties of these materials.

Special interest has been paid to the addition of Sc and Zr to Al-Mg
alloys (5xxx series), which have been shown to produce high mono-
tonic and fatigue strength, high ductility, and good creep and corrosion
resistance [30,31]. On the one hand, increasing the Mg content produces
strong solution strengthening [32]. On the other hand, nanoparticles of
Al3Sc act as grain refiners and precipitation hardening agents [31].
Additionally, the precipitation of nanoscale particles of Al3(Sc, Zr) im-
proves the strengths of AIMgScZr alloys through the stabilization of the
grain structure during annealing treatments by inhibiting recrystalliza-
tion softening [33,34]. These special characteristics, which have been
studied for alloys used for pieces manufactured by traditional methods,
have made the addition of Sc and/or Zr to Al alloys used for AM espe-
cially interesting.

Recently, some new alloys based on the addition of Sc and/or Zr to
AlMg alloys [35-39] have been developed, especially for AM. A recently
developed material is Scalmalloy®, developed by APWORKS GmbH
[40]. This material is an aluminum alloy with high contents of Sc and Zr.
This alloy offers an interesting synergy with additive manufacturing
technologies since the rapid cooling that occurs in it allows the material
to remain in a nonequilibrium state, preserving a significant amount of
solute in solid solution. The Scalmalloy after AM presents a bimodal
microstructure with zones of equiaxed fine grains combined with zones
of coarse grains. The temperature regime and particle precipitation
behavior characteristics are responsible for the duplex grain micro-
structure. During manufacturing, in the melt pool areas close to the melt
pool, base particles of Al3(Sc, Zr) and Al-Mg oxides act as nuclei for Al
matrix solidification, resulting in a very fine-grained microstructure. In
the hot melt pool areas (T > 800 °C), most particles dissolve, and coarse
columnar grains grow [41]. The equiaxed fine grains, the bimodal
microstructure and the precipitation of Al3(Sc, Zr) make this low-
anisotropy alloy very strong, ductile and susceptible to receiving a
subsequent precipitation hardening treatment [41-45].

Concerning the fatigue strength and effects of different AM param-
eters and treatments on the fatigue behaviors of Al alloys, most analyses
have been carried out with the ALSi10Mg alloy. There are many analyses
about the effects of roughness [17,46,47], thermal treatment [17,19,48]
and surface treatment, such as sand blasting, shot peening and laser
shock peening [16,48-53].

In recent years, there have been several studies comparing the me-
chanical behaviors of Scalmalloys with other AM-based Al alloys
[35,36,54] and analyzing the effects of AM parameters, roughness, heat
and thermomechanical treatments on the microstructures and me-
chanical properties of Scalmalloys [41,43,44,55-60]. Moreover, there
are few analyses on the fatigue crack growth behaviors of Scalmalloys
[61-63]. However, there are other aspects of the fatigue behaviors of
Scalmalloys that have either not been considered for analysis or not been
analyzed deeply enough. For instance, the effects of shot peening and
laser sock peening have received insufficient attention [56,64]. Addi-
tionally, to our knowledge, the effects of the stress gradient produced by
the notches and fatigue behaviors of Scalmalloys with lives longer than
107 cycles have not been analyzed.

In the present work, we experimentally analyze the fatigue strengths
of notched and plain Scalmalloy specimens obtained by selective laser
melting (SLM)-based additive manufacturing (AM) with different sur-
face finishes and treatments. The analysis is carried out for high- and
very-high-cycle fatigue (<10° cycles). The paper is organized as follows.
First, the materials and methods used for the analysis are presented.
Section 3 shows the results of monotonic tension testing, surface
roughness and residual stress distribution produced by treatments. Af-
terward, the fatigue test results for notched and unnotched specimens
are presented, and SEM images of the fracture surfaces are shown. A
discussion of the results can be found in Section 4. Finally, some con-
clusions are obtained.
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2. Methodology
2.1. Material

The specimens used in this study were manufactured by SLM addi-
tive manufacturing at AnyShape, and all of them received an aging heat
treatment consisting of a temperature of 320 °C for 4 h. Table 1 shows
the chemical composition of the powder and that measured in specimens
manufactured. The values given for the powder are those specified by
the producer. The manufacturing parameters were the commercial pa-
rameters used by the manufacturers of the specimens, with a 30-ym
layer thickness. All specimens were manufactured in the z direction; that
is, the layers were perpendicular to the test loading axis.

2.2. Geometry of specimens

Four different geometries, shown in Fig. 1, were used for the analyses
performed. The first type of specimen, A, was used for tensile tests. The
second type of specimen, B, with dp,;; = 6 mm, was used for plain fatigue
tests. The third geometry, C, similar to the previous geometry, included
a circular notch (R = 1.5 mm) so that the net section had a diameter of d
= 6 mm. C was intended for notched fatigue tests. The stress concen-
tration produced by the notch related to the net section was k; = 1.7.
Finally, a fourth geometry, D, indicated prismatic specimens with rect-
angular sections of 20x10 mm; it was used to perform measurements of
roughness and residual stresses. To eliminate the small geometrical
distortion produced during manufacturing and treatment, the ends of all
A, B and C specimens were machined to guarantee a correct alignment of
the loads and central zones of the specimens.

2.3. Surface treatments

All cylindrical specimens received a sand blasting treatment. Sub-
sequently, the specimens of each type were distributed in groups, each of
which received a different surface treatment, as explained below.
Specimens type A and B were divided into five groups with the following
treatments: sand blasting (SB) without additional treatment, polishing
(POL), isotropic finishing (called superfinishing) (SF), shot peening (SP),
and shot peening plus isotropic finishing (SPSF). Type C specimens were
divided into three groups: SB, SP and SPSF. According to the AMS 2430
standard, the application parameter for the shot peeing treatment are:
intensity 16-20 N, shots size AGB-35 (glass beads with hardness
500-550 HV) and a coverage of 200 %. Polishing treatment was applied
manually on a lathe until a surface finish of R, = 0.06 pm was achieved.
The measurement of the diameter before and after polishing allowed us
to determine that polishing eliminated a layer of 80 pm in thickness and
160 pm in diameter. Isotropic finishing is a kind of vibratory finishing
combined with some chemical agent, designed by Curtiss—-Wright®.
Both treatments, SP and SPSF, were carried out by the company Cur-
tiss—-Wright. Finally, specimen type D, used for roughness and residual
stress measurements, was divided into six groups: five groups with the
same five treatments as the other type of specimens, SB, POL, SF, SP and
SPSF, and another group including only the thermal treatment without
sand blasting, which was called the as-built (AB) specimen group.

As a summary, Table 2 shows the surface treatments applied to the
different specimens and the abbreviations herein used.

2.4. Tensile strength

The tensile tests were carried out in a 100-kN MTS servo-hydraulic
testing machine. The tests were carried out with a displacement con-
trol and a speed of separation of the jaws of 0.5 mm/min. Three speci-
mens were tested for each combination of surface treatments: SB, POL,
SF, SP and SPSF.



S. Aguado-Montero et al.

International Journal of Fatigue 181 (2024) 108146

Table 1
Chemical compositions of the Scalmalloy powders [26] and specimens manufactured.
Element Al Mg Sc Zr Mn Si Fe Zn Cu Ti o] v
Powder wt.% (min) Bal. 4.00 0.60 0.20 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(max) 4.90 0.80 0.50 0.80 0.40 0.40 0.25 0.10 0.15 0.05 0.05
Specimens wt.% Bal. 3.81 0.61 0.28 0.47 0.12 0.15 0.01 0.00 0.00 0.00 0.00
2.8. Study of fracture surfaces
o Fracture surfaces were analyzed using FEI TENEO SEM, and images
® b S of all fatigue fracture surfaces were taken. The main objective of SEM
analysis was to determine the crack initiation, fatigue crack growth
mechanisms and the position, size, and type of the critical defect where
RE0 R100 the crack initiated.
o
26 | Lo 5 ~
< R4S o6 3. Results
26
3.1. Tensile strength
o 3 =1 O Fig. 2a shows the results of the tensile tests for specimens of the five
® 20 groups of treatments. The figure includes the most important properties
that are deduced from these tests. The figure shows that there are no
a) (@12 b) 212 c) 212 d) significant differences between the groups of specimens. Fig. 2b shows

Fig. 1. Different types of specimens designed for the tests.

Table 2
Resume for the abbreviation and applied surface treatments.

Surface treatment Abbreviation Applies to specimen type
No treatment AB D

Sand Blasting SB A,B,Cand D

Polishing POL A,Band D

Isotropic finishing SF A,Band D

Shot peening SP A,B,Cand D

Shot peening -+ isotropic finishing SPSF A,B,Cand D

2.5. Surface finish

The surface finish was characterized by a Mitutoyo Surftest 500/501
roughness tester. Ten measurements were taken for each surface treat-
ment using the prismatic geometry specimens described in a previous
section. Moreover, a laser confocal microscope SENSOFAR S NEOX and
a scanning electron microscope FEI TENEO were used to analyze the
surface topography.

2.6. Residual stresses

The residual stresses near the surfaces of specimens with different
treatments were estimated on the prismatic geometry specimens using
the blind hole technique (Sint MTS3000) and the integral method [65].
Four measurements were taken for each combination of treatments.

2.7. Fatigue tests

The fatigue tests were carried out in a 100-kN RUMUL Testronic
resonance machine at a frequency of approximately 110 Hz and with
zero mean stress (R = -1). Tests that reached a lifetime of 108 cycles were
considered run-out tests. Twelve unnotched specimens were tested for
each combination of treatments—SB, POL, SF, SP and SPSF—while only
eight notched specimens were tested for treatment combinations SB, SP
and SPSF.

the result of one of the tests carried out on an SP specimen.

3.2. Surface finish

Fig. 3 shows the roughness measurements (R, and R,) for different
surface treatments. Each box represents the average of ten measure-
ments plus/minus the standard deviation. As seen in the figure, the
surface roughness is very high in specimens that have not received any
surface treatment (AB). This finishing improves slightly when applying
sand blasting (SB). The shot peening treatment (SP) does not seem to
have a significant effect on the surface roughness produced by the pre-
vious sand blasting. Additionally, isotropic finishing treatments or
superfinishing (SF) improve the roughness produced by sand blasting
and shot peening. The average values and the standard deviation for the
polished specimens (POL) are one order of magnitude smaller than the
best value of the other treatments. Fig. 4 shows confocal microscopy
images of the surfaces obtained with the treatments. The figure shows
how the superfinishing mainly reduces the high-frequency irregularity
but does not substantially affect the low-frequency irregularity. Fig. 5
shows the SEM images of the surfaces obtained with different treat-
ments. The as-built surface shows powder particles adhered to the sur-
face, while sand blasting and shot peening have eliminated those
particles and made the surface increasingly uniform with similar char-
acteristics for both treatments, although craters produced by shot
peening are larger than those produced by sand blasting. Finally, the
effects of superfinishing are similar for the sandblasted and shot peened
surfaces.

3.3. Residual stresses

Residual stress measurements for each treatment combination are
shown in Fig. 6. Solid lines represent the average values of the four
measurements carried out for each treatment combination. Dashed lines
represent the range of the measurements obtained. The specimens that
have received exclusively the heat treatment, denoted by AB (as built),
do not present significant residual stresses. It is interesting to note that
although the objective of sand blasting (SB) is to clean the surface by
eliminating adhered particles, it produces a thin surface layer with
compressive residual stresses. The depth of the layer is approximately
150 pm, while the maximum residual compressive stresses produced are
approximately 100 MPa. This residual stress field is not modified sub-
stantially by the subsequent application of the isotropic finishing or
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Fig. 2. Tensile test results. (a) Tests for specimens of the five groups of treatments and (b) results of one of the tests carried out for an SPSF specimen.
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Fig. 4. Confocal microscope images of the treated surfaces.

superfinishing (SF) treatments. Notably, the specimens that received the
sand blasting treatment followed by polishing (POL) contain hardly any
residual stresses; thus, it is determined that this last treatment removes
most of the layer of material affected by the previous treatment. Finally,
the maximum residual compression stress values appear after the
treatment of shot peening (SP), taking values reaching 250 MPa. The

depth of the residual stress field produced is close to 300 pm. Appre-
ciably, applying a subsequent treatment of isotropic finish or super-
finishing (SPSF) has no effect on the residual stresses, which have values
almost identical to those obtained after shot peening.
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Fig. 5. SEM images of the treated surfaces.

3.4. Fatigue tests symbols represent failures produced from cracks initiated on the surface,

and hollow symbols represent failures initiated from an internal defect

The results of the fatigue tests are shown in Fig. 7. Fig. 7a contains in the specimen. Triangular symbols represent failures due to internal

the S-N curves of the smooth specimens, while Fig. 7b shows those defects very close to the surface, which have only been found in polished
curves for the notched specimens. Dots are experimental results, and the specimens.

lines show the S-N curves fitted to the experimental results. Solid In all specimen groups, except for the unnotched samples that
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Fig. 6. Residual stresses measured.

received the shot peening treatment (SP and SPSF), the S-N curves have
two zones with markedly differentiated slopes. The stress level at which
the transition from one slope to another occurred is different for each
specimen group; therefore, it depends on both the applied surface
treatment and the specimen geometry.

In the case of the unnotched specimens (Fig. 7a), those that did not
receive shot peening (SB, SF and POL) show no significant differences in
the first zone of their respective S-N curves (high values of applied load
and lives under 2x10° cycles). However, we appreciate some di-
vergences between their respective S-N curves for high lives, corre-
sponding to relatively low applied loads. In this situation, the isotropic
finishing treatment managed to slightly improve the fatigue strengths of
the samples. Surprisingly, specimens that received the polishing treat-
ment perform more poorly than those that do not, even though they
have substantially better surface finishes.

In the unnotched specimens that received shot peening (SP and
SPSF), we did not observe a clear change in the slope of the S-N curve. In
addition, the fatigue curves for these two treatments are almost indis-
tinguishable from each other. Thus, the isotropic finishing and super-
finishing treatments do not seem to have any effect on the samples that
previously received shot peening. In the tests in which the applied load
is greater than approximately 200 MPa, the shot peening treatment
significantly improves the fatigue resistance. However, as we approach
the very high cycle fatigue regime, the results of all specimen groups

International Journal of Fatigue 181 (2024) 108146

seem to converge to similar values; thus, polishing, isotropic finishing
and shot peening treatments have very little effect in this situation.

In the case of the notched specimens (Fig. 7b), all the treatments
present an S-N curve with two sections with very different slopes. We
observed that shot peening increases fatigue life in all cases, although its
effect is more significant for lives under 10° cycles. For lives close to 108
cycles, the effect of shot peening is much smaller than that at 10° cycles.
Again, we observed that the isotropic finishing treatment after shot
peening has no appreciable effect on the fatigue resistance of the
samples.

3.5. Analysis of fracture surfaces

The SEM analysis of all fracture surfaces resulting from fatigue tests
provides important information about the type of failure of the groups of
specimens subjected to different combinations of surface treatments.
Three different fault typologies were detected.

The first failure type is the initiation of a crack from an internal
defect. Fig. 8 shows two examples of this failure mode. In one case, the
defect lacks fusion (Fig. 8a), while in the other (Fig. 8b), the defect is a
pore. These types of failures are associated with tests of unpolished
specimens in which the applied load is low. The load level below which
this failure mode occurs depends on the treatment received by the
samples. Fig. 7 shows by means of hollow symbols all the specimens that
suffer this type of failure.

The second type of failure consists of the initiation of one or more
cracks from the surface of the specimen, as shown in Fig. 9. This
mechanism is associated with unpolished specimens subjected to high
stress levels, usually producing lives under 10° cycles. These high loads
frequently produce multiple initiation sites, as shown in the figure.

The third type of failure detected is associated with polished speci-
mens. In these samples, the removal of a layer of approximately 80 pm of
material causes internal defects present in the material at a certain depth
from the surface to appear very close to the surface. In some cases, such
as those shown in Fig. 10, the defect is almost tangential to the surface.
This phenomenon can explain why high-fatigue-life polished specimens
have the lowest fatigue strength of all unnotched specimen groups.

4. Discussion

From the results of the experiments there are some points which
should be considered.

Regarding the behavior in the tensile tests, according to Fig. 2, it can
be verified that there is very little difference among the specimens with
different surface treatments, as expected, given that the treatments only
affect a small part of the section of the specimen that is close to the
surface. Hence, it can be concluded that the surface treatments used do
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Fig. 7. Fatigue test results in smooth (7a) and notched (7b) specimens. Solid circular symbols, cracks initiated on the surface; hollow circular symbols, failures due to
internal defects; triangular symbols, failures due to internal defects very close to the surface in polished specimens.
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113 microns

Fig. 8. Examples of type 1 fracture surfaces, corresponding to internal defect failures. (a) SP, 165 MPa, 3.9 10° cycles. (b) SP, 250 MPa, 5.9 10° cycles. (c) Starting
defect in (a). (d) Starting defect in (b).

Fig. 9. Examples of type 2 fracture surfaces, corresponding to surface crack failure. (a) SPSF, 300 MPa, 5.2 10° cycles. (b) SP, 350 MPa, 14,500 cycles. (c) One of the
cracks in (a). (d) One of the cracks in (b).

not significantly modify the static resistance of the samples. Conversely, by the bimodal nature of the microstructure of the selective-laser-melted
the small strain hardening produced in this alloy and the high level of Scalmalloy elements [59,66].

fracture deformation relative to other AIMg alloys can be appreciated Relative to fatigue behavior, it is worth noting the presence of
[35,36]. This characteristic behavior can be explained to a large extent different initiation points of the cracks that cause failure. For smooth
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Fig. 10. Examples of fracture surfaces corresponding to failures initiated from an internal defect very close to the surface in polished specimens. (a) POL, 200 MPa,

6.1 10* cycles. (b) POL, 165 MPa, 2.2 10° cycles.

specimens, there are three different methods of initiating cracks. In
polished specimens, all faults are initiated from defects very close to the
surface. These defects approach the surface as a result of the 80-pm
contour layer removed during polishing, moving the defects in the
junction zone between the contour of the section and the inner zone to
the surface. With the rest of the treatments, failures are initiated on the
surface or inside the specimen. In general, for short lives, failures start
on the surface, while for long lives, they start inside. Fig. 7a shows two
different shaded areas distinguishing the types of failure. For the SB and
SF treatments, from 10° to 108 cycles, failures start inside the specimens
(blue zone), while for relatively short lives, they do so from the surface
(gray zone). For SP and SPSF treatments, failures initiate from internal
defects at higher stress levels than for SB treatment and with shorter
lives, from 4x10° to 108 cycles. For notched specimens, the change from
surface initiation to internal initiation occurs for all treatments at life-
times between 3x10° and 10° cycles, as shown in Fig. 7b.

Another characteristic of the fatigue curves, especially for unnotched
specimens, is that for intermediate lives of 10° to 10° cycles, the fatigue
strengths of the SP and SPSF specimens are high, for 107 cycles, the
strengths for all treatments are almost the same, and for lives above 107
cycles, the strengths of the SB and SF specimens are slightly higher than
those of the SP and SPSF specimens. A possible explanation for this trend
is that while initiation occurs on the surface, the high residual
compressive stresses produced by the SP increase the small crack growth
resistance of the shot-peened specimens. By decreasing the cyclic stress
level, the residual compressive stresses close to the surface in the SP and
SPSF specimens stop the small cracks emanating from the surface.
However, the cracks initiated inside the specimens and outside the
compressive residual stress field may continue growing. This stop in the
surface cracks does not occur in the SB and SF specimens, which have
low compressive residual stresses. For low stresses, surface cracks stop in
the SB and SF specimens due to the presence of compressive residual
stresses close to the surface, as shown in Fig. 6. Then, failures are
initiated inside the specimens. For those stresses, initiation occurs in
areas without compressive residual stresses with any type of specimen
treatment. Moreover, for the SP and SPSF specimens, the residual
stresses inside have higher tensile stresses than the SB and SF specimens
to compensate for the higher compressive stresses on the surface. This
phenomenon causes crack initiation to start earlier; however, as the
initial crack grows toward the surface, in the SP and SPSF specimens,
growth is delayed, counteracting the effect of the short duration of the
crack initiation by starting in an area of significant residual tensile
stresses. A possible explanation for the convergence of fatigue curves in
the high-life zone is as follows. For lifetimes between 10° and 107 cycles,
the delay produced by residual surface stresses in the SP and SPSF
specimens compensates for the earlier crack initiation produced by
tensile residual stresses, resulting in a similar life at the same stress
levels. However, for lifetimes greater than 107 cycles, where the dura-
tion of the initiation and growth phase of small cracks is considerably

longer than that of long crack propagation, the delays in growth toward
the surfaces of the SP and SPSF specimens do not compensate for the
earlier initiation phase produced by the tensile residual stresses; there-
fore, the total life becomes shorter in the SP and SPSF specimens than in
the SB and SF specimens.

Regarding the notched specimen tests, the SN curve for the SB
specimens shows a clear fatigue limit, and all failures are initiated on the
surface. For nominal stresses below 120 MPa, stresses close to the sur-
face are insufficient to initiate a crack or to make it grow after initiation.
Conversely, stresses in the interior, which are close to the nominal stress,
are insufficient to initiate an internal crack. Thus, a fatigue limit is
produced. In contrast, for the SP and SPSF specimens, failures are
initiated on the surface and from internal defects. The compressive re-
sidual stresses produced by SP stop cracks from initiating on the surface
at a high nominal stress level (= 170 MPa). Below this stress, cracks
initiate from the interior, where there are small positive residual
stresses, producing fatigue lives between 10° and 108 cycles. For lives
near 108 cycles, the nominal strength in the net section of the specimens
is close to the fatigue limit obtained for SB specimens. Again, the curves
for the SP and SPSF specimens become closer to that for SB as the
number of cycles increases, although they do not merge or cross, at least
for lives lower than 108 cycles.

To understand the fatigue behavior of this material, a preliminary
analysis based on fracture mechanics was carried out to follow cracks
emanating from the surface. The objective was to associate the value of
the global stress amplitude below which surface cracks do not initiate or
stop growing just after initiation to a fatigue crack growth threshold of
this material. A thorough analysis of the fracture surfaces and the defects
producing the critical cracks has been planned for the near future. This
analysis will allow a precise and detailed study of crack evolution
considering surface and internal cracks and their growth. This study will
consider the compressive residual stress fields produced by the surface
treatments and the high stress gradient produced by the notch for
notched components.

Initially, only a semicircular surface crack emanating from the sur-
face of the notched or unnotched specimens was considered, and the
evolution of AK while growing under different nominal stress ampli-
tudes was analyzed. The stress gradient and stress fields produced by
notches and surface treatments, respectively, have been included in the
analysis. In all cases, the AK distribution was obtained with NASGRO 6.0
Software and using the SCO2 crack geometry (semielliptical surface
crack in plate — univariant WF) [67]. Using the SCO2 crack geometry,
and due to its weight function formulation (WF), it is possible to
incorporate the effect of stress gradients in the calculation of AK, as is
the case for residual stresses and notched geometries. Considering that
only small cracks are going to be considered in this analysis, the AK
values for each load and crack length have been obtained by assuming a
semi-infinite space under the same stress field as that produced in the
specimen. Therefore, instead of the real geometry of the specimen
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shown on the left of Fig. 11 (solid cylinder), the specimens shown on the
right of Fig. 11 (semi-infinite space) have been used for the analysis.
Note that the geometry on the right is far from the cylindrical geometry,
but the approximation is very precise, assuming that the crack length, a,
is much smaller than the specimen radius, R.

Fig. 12a shows the fatigue results for unnotched specimens and two
bands separating points representing failures initiated from the surface
from those initiated from internal defects. The red band, ranging from
160 to 170 MPa, separates the results of the specimens with SB and SF
treatments; the green band, ranging from 255 to 270 MPa, separates the
results of the SP and SPSF specimens. Fig. 12b shows the evolution of AK
for a small surface crack growing across the residual stress field pro-
duced by SB under different stress amplitudes. Note that the values of
AK represented are the positive part of AK during the loading cycle with
R =-1. Fig. 12c shows the AK evolution in the case of the residual stress
field produced by SP under different stress amplitudes. In the case of
Fig. 12b, assuming initial cracks smaller than 100 pm and taking into
account the limits of the red band in Fig. 12a mentioned before, it seems
logical to suppose that the stress intensity threshold, AKy,, is between
0.6 and 0.9 MPa\/m; this threshold is represented by gray band in
Fig. 12b, and it is a range given by some authors [49,50,56]. Considering
the low stress in the red band of Fig. 12a and the highest AKy, in the gray
band, Fig. 12b shows that for stresses lower than 160 MPa, a superficial
crack must be longer than 120 pm to grow and break the specimen. No
such type of superficial defect is found in the specimens that broke from
an internal defect. For shot-peened specimens, Fig. 12¢ shows that under
constant amplitude loading, AK decreases while the crack grows due to
the compressive residual stress field produced by SP. By assuming the
same AKy, value as before and a stress amplitude of 255 MPa, corre-
sponding to the lowest stress value of the green band of Fig. 12a, this
graph shows that a superficial crack must be longer than 190 pm to grow
and break the specimen. No such type of superficial defect can be found
in the specimens that break from an internal defect. Large initial defects,
such as those shown in Figs. 8 and 10, require relatively high thresholds
to stop under the same loads. For instance, 150-um initial surface defects
in sand-blasted specimens and 225-pm initial surface defects in shot-
peened specimens require threshold values close to 1.5 MPa\/m to
stop. These threshold values are in the range estimated by different
authors for this alloy [59-62,68-70]: 0.65 [60] to 1.96 MPa\/m [59]. A
precise estimation of the AKy, value that stops the growth of surface
cracks can be obtained once the fracture surface and the initial small
defects producing the failure are analyzed. Fig. 12a shows that for the SF
specimens, the stress level at which surface and internal crack initiation
is produced is slightly increased. This finding suggests that the initial
defects in these specimens are slightly smaller than those in SB speci-
mens. This phenomenon may occur because the finish eliminates a very
small surface layer, reducing the defect size; however, it might be a
statistical effect because relatively few specimens are tested at these
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stresses.

Fig. 12d shows the AK values of the polished samples, which do not
have the compressive residual stresses of the SB and SP groups, and the
specimens that have the lowest stresses in the tests. In this case, there is
no plateau, as in SB, or a decrease, as in SP, in AK; therefore, it is easy to
observe the growth of a small surface initial crack or defect and the
breakage of a specimen. Fig. 12d shows the band of the possible
threshold, AKy, and it shows that even a 40-pm-long surface defect
grows. As shown in Fig. 10, larger superficial defects are found in this
group of tests, which is why in this group, there is not a transition for the
type of failure; all the failures are initiated from the surface.

Following the same procedure for notched specimens, Fig. 13a shows
the fatigue results for the notched specimens and the two bands sepa-
rating points that represent failures initiated on the surfaces from those
initiated from internal defects. The red band of SB specimens ranges
from 100 to 105 MPa, and the green band ranges from 165 to 170 MPa.
Fig. 13b shows the evolution of AK for a small surface crack growing
across the residual stress field produced by SB under different stress
amplitudes, and Fig. 13c shows the AK evolution in the case of the re-
sidual stress field produced by SP under different stress amplitudes.
Again, under constant amplitude loading, AK decreases while the crack
grows due to the compressive residual stress field produced by SP.
Assuming the same threshold as in the unnotched specimens, AKy, = 0.9
MPa\/m. Fig. 13b shows that for a stress amplitude of 100 MPa in a
specimen with SB, a superficial crack must be longer than 125 pm to
grow and break the specimen, which is approximately the same value as
that in the unnotched specimens. Fig. 13c shows that for a stress
amplitude of 170 MPa in a specimen with SP, a superficial crack must be
longer than 190 pm to grow and break the specimen, which is the same
value as that in the unnotched specimens. Fig. 13b and 13c show that if
AKy = 1.5 MPa\/ m, as assumed before for unnotched specimens, the
crack lengths producing the change from the crack growing to not
growing are 160 pm for the SB specimens and approximately 240 pm for
the SP specimens. However, no such type of superficial defect can be
found in the specimens that break from an internal defect.

According to the previous analysis, by considering the sizes of the
first initial defects seen on the fracture surfaces, it can be said that there
is a crack growth threshold for cracks emanating from the surface, which
should be approximately between 0.6 and 1.5 MPa /m. Considering that
tests have been carried out with a stress ratio of R = -1, that only the
positive part of AK is considered, and that the cracks are small, this value
is between the effective threshold AKu efr for short cracks, where plas-
ticity- and roughness-induced closure have not been developed; the
value seems to be near 0.6-0.9 MPa /m [61,62,69], and the long crack
threshold value is near 1.5-1.96 MPa /m [59,61,62,68].

All this analysis and dissertation has dealt with cracks emanating
from the surface. It has been assumed that if the crack does not start from

(a<<R)

a

N

Fig. 11. Surface crack in a solid cylinder (left) and surface crack in a semi-infinite space (right).
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Fig. 12. A) s-N curves for unnotched specimens and stress bands where critical cracks change from surface to internal cracks; b) AK evolution of cracks growing from
the surface with different stress amplitudes for unnotched sand-blasted specimens; ¢) AK unnotched shot-peened specimens; and d) AK in a polished specimen.

the surface it will start from an internal defect. But this is only an
assumption, another detailed analysis will be needed in the future to
study the cracks starting from internal defects. In this case it will be
important to analyze the size and depth of the defect when comparing
the stress intensity factor with the crack growth threshold. In this case
there is an important issue, the crack in this situation is growing as if it
was in vacuum where crack growth rate and threshold are different.
These parameters are difficult to measure in this situation but they are
necessary to do a rigorous comparison.

5. Conclusions

From the previous analysis, by comparing the effects of different
surface treatments on the fatigue behaviors of notched and unnotched
Scalmalloy additive manufactured specimens, some conclusions could
be obtained.

-The polishing treatment had three main effects on the specimens:
The surface finish was substantially improved, it eliminated compressive
residual stresses that resulted from the sand blasting pretreatment and
brought internal defects toward the surface. A combination of these
three effects resulted in an overall decrease in the fatigue strength of the
material relative to SB or SP. In addition, internal defects close to the
surface and the lack of compressive residual stresses close to the surface
caused all failures to initiate from defects very close to the surface.

-The treatment of shot peening had a main effect on the appearance
of important residual compressive stresses near the surfaces of the
samples, superior to those generated by the previous treatment of sand
blasting. The surface roughness (R, and R,;) was not significantly
affected. Due to these residual stresses, an increase in the fatigue
strength of the material was observed in most cases. When the failure
was caused by an internal defect, that is, for lives longer than 10° cycles,
the effects of these residual stresses on the fatigue life were relatively

10

low. This effect decreased as the stress levels decreased and the fatigue
lives increased. In specimens without notches, the fatigue curves of SB
and SF tended to converge with the SP and SPSF curves in the zone with
many cycles, where the internal failure mode was predominant for SF,
SB, SP and SPSF. For notched specimens, the effect was similar, but the
fatigue curves did not converge totally for lives under 108 cycles. Tests
with lives above 10° cycles would give additional insight into this
tendency.

-The isotropic finishing treatment or superfinishing improved the
surface finish. Concerning fatigue, the effect of this treatment was very
limited. A detailed microstructural analysis that searches for possible
defects not eliminated by the treatment would allow a better under-
standing of the lack of fatigue strength improvement produced by the SF
treatment.

-In the groups of specimens whose S-N curve presented two zones
with differentiated slopes, the transition between failure types 1 and 2
(surface and internal) could be related to the change in slope. This
relationship did not apply to polished specimens, which responded to
failure mode 3 (defect very close to the surface).

-The change between surface and internal fatigue crack initiation
seemed to be associated with a fatigue crack growth threshold for small
surface cracks. This effect should be analyzed for internal cracks
considering the residual stresses in the initiation zone, the initial defect
size, the evolution of the crack growing across the residual stress field
and the different crack growth properties when the crack grew without
contact with the atmosphere. This study would give us further insight
into a possible threshold for these internal cracks in the same manner as
can be found in the literature [19,47], but considering lives reaching 108
cycles.
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