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Welding and joining of hybrid components consisting of additively manufactured (AM) parts and
conventionally processed parts offer new opportunities in structural design. In the present study,
AlSi10Mg specimens were fabricated using two different manufacturing processes, i.e., laser-based
powder-bed fusion of metals (PBF-LB/M) and casting, and welded by means of friction stir welding (FSW).
Material strength of dissimilar welded joints was found to be governed by the as-cast material, which

is characterized by a very coarse microstructure resulting in inferior hardness and tensile properties.
During fatigue testing, cast-cast specimens performed slightly better than their hybrid AM-cast
counterparts with respect to lifetime, being rationalized by most pronounced strain inhomogeneities in
the AM-cast specimens. With the aim of cost reduction, FSW can be employed to fabricate graded large
parts as long as the AM as-built material is placed in the region demanding superior cyclic load-bearing

capacity.

Additive manufacturing (AM) is developing steadily in the last
years as it allows to overcome challenges related to conventional
manufacturing processes based on a tool free near-net shape
production of components directly from three-dimensional
(3D) model data [1]. This new kind of processing has provided
unprecedented possibilities for industries to produce compo-
nents with complex freeform geometries, where such geometries
are not achievable using conventional manufacturing techniques
[2, 3]. Among various types of AM processes, powder-bed based
AM technologies represent the most promising candidates for
producing complex components with good geometrical accu-
racy. However, the main challenge of these processes is the lim-
ited size of the build chamber, and therefore, the limitation in
terms of dimensions of produced components. Thus, the part
size limitation of AM components using powder-bed techniques
leads to the necessity to employ welded component design, i.e.,
parts consisting of the combination of an AM component and

a conventionally manufactured part (i.e., cast, milled), the latter
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being manufactured in large volume at much lower cost. In this
regard, there is still a considerable lack of data (from modeling
and experiments) related to investigations on the weldability and
joinability of AM components as well as the structural integrity
and reliability of their welded joints, especially hybrid joints con-
sisting of AM parts and conventionally processed parts. This con-
clusion holds true for all metallic alloys considered in AM so far.

Considering lightweight structures, aluminum (Al) alloys
have gained most attention as materials for fabrication of com-
plex structures processed by laser-based powder-bed fusion of
metals (PBF-LB/M). The inherited complex thermal history con-
sisting of repeated melting, rapid solidification, and multiple
reheating cycles accruing during the PBF-LB/M process, leads
to grain refinement and formation of unique silicon (Si) net-
works resulting in superior mechanical behavior as compared to
as-cast alloys [1]. The precipitation-hardenable AISi10Mg alloy
represents one of the commonly used Al alloys with respect
to PBF-LB/M AM techniques [4-6]. It is well known that the
mechanical properties of AISi10Mg alloy are highly dependent
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on the morphology and size of Si precipitates [7]. Rapid solidi-
fication can significantly influence the distribution of eutectic
Si and, thus, affect the mechanical performance of AlSil0Mg
alloys. In contrast, traditional casting processes are known to be
characterized by low cooling rates, therefore, resulting in acicu-
lar or spherically shaped Si as a consequence [7]. Considerable
differences in the microstructure of AM AlSil0Mg as compared
to conventional as-cast material were already reported numer-
ously, e.g., in [7]. Due to the different rates of solidification and
cooling as well as the intrinsic heat treatment, an ultrafine super-
saturated Si network forms during AM processing. Such cell-
like structures so far were only found in AlSil0Mg specimens
fabricated via PBE-LB/M, whereas distribution of brittle lamellar
B-Al5FeSi was highlighted in as-cast specimens instead. As a
result of the unique cellular structure of Si in AM Al-Si alloys,
the toughness can be enhanced simultaneously [8].

The weldability of AM components is one of the main issues
for industrial application to fabricate hybrid structures with
unlimited sizes and also complex geometries in an economical
way. Previous studies show the feasibility of fusion-welding pro-
cesses, like laser welding [9] and electron beam welding [10] to
join PBF-LB/M Al components. Microstructural results revealed
a high percentage of porosity in the weld zone. However, the use
of optimal welding parameters, such as a lower welding speed,
can result in a larger weld pool and a lower cooling rate lead-
ing to degassing of the melt and, thus, minimal porosity [9].
To prevent detrimental aspects such as deterioration of mate-
rial properties and porosity in the weld area, pressure welding
provides for the possibility of achieving a sound welded joint.
Among the solid-state joining processes, friction stir welding
(FSW) was reported to be a promising joining technique for the
welding of AM components [4, 11-14]. Accordingly, El Has-
sanin et al. [15] successfully applied FSW process for joining
Ti6Al4V and AlSi10Mg specimens produced via PBF-LB/M. The
achieved welded joints were free from macroscopic defects and
revealed a significant decrease in porosity in both weld and heat-
affected zone (HAZ) compared to the base material. Prashanth
et al. [16] applied friction welding for joining of Al-12Si com-
ponents produced by PBF-LB/M. Their investigation showed
hardness degradation in the weld zone compared to the base
material caused by the transformation of the cellular Si network
into Si particles. Another investigation by Zhao et al. [17] con-
firmed this finding and introduced the effect of severe plastic
deformation (SPD) during friction stir processing (FSP) on the
spheroidization of the fine cellular networks of Si precipitates
leading to significantly reduced tensile strengths in the pro-
cessed area. In recent studies published by some of the present
authors [4, 11, 18], the microstructure-property—performance
relationships of friction stir-welded/processed Al components
produced by PBF-LB/M were studied. The results showed that
FSW/ESP can significantly affect the microstructure, namely
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grain size as well as precipitation morphology and distribution
in the welded zone resulting in remarkable changes in mechani-
cal behavior and integrity of welded joints. Considering the find-
ings presented in the different studies [4, 9-11, 15-20], there is
still a considerable lack of information on the microstructural
evolution and its direct effect on the mechanical behavior of
hybrid-welded joints. This especially holds true in case of FSW
of AM AlSi10Mg components with as-cast counterparts. Thus,
it is necessary to conduct comprehensive research on this topic
in order to allow for production of cost-efficient, geometrically
complex and tailored hybrid components being characterized
by a safe and reliable response under complex loads. Com-
pletely different microstructural features in the as-cast and the
AM components result in various mechanical performances
and, hence, FSW can be exploited to tailor microstructure and
mechanical properties of Al alloys by fabricating graded parts

following a cost-efficient approach.

Microstructural evolution

Figure 1 shows representative optical microscopy (OM) micro-
graphs captured in the cross sections of similar and dissimilar
FSW joints. In general, the images show clean welds without any
signs of hot cracks or porosities. For the welds displayed in (a)
and (c), a wave-like structure on the advancing side (AS) can be
seen, which is in line with literature reporting on similar weld
zones in [4] and [21]. It is well documented that SPD in FSW
leads to the transportation of matter, leaving these wavy features
in both the thermo-mechanically affected zone (TMAZ) and the
stir zone (SZ) [21, 22]. Here, by direct comparison of the similar
and dissimilar joints in (a) and (c), the differing initial material
conditions become visible. The retreating side (RS), which is
subjected to a material condition change, is characterized by an
entirely different appearance. In (b), the cast-cast specimen does
not show any wave-like structures on the AS and, moreover, gen-
erally features a rather consistent SZ. It is also worth noting that
scan tracks are evident in the microstructure of the AM parts,
while FSW caused dissolution of such tracks. This can be also
linked to the SPD and the concomitant increase of temperature
during FSW [4].

Electron backscatter diffraction (EBSD) inverse pole fig-
ure maps (IPF) of a hybrid-welded specimen are displayed
in Fig. 2. In the AM part [(a)], the typical microstructure
known from literature [4, 23], being characterized by clearly
recognizable melt pools and no overall preferred orientation,
is formed. The microstructure of the AM specimen consists of
coarse columnar grains and some equiaxed grains with aver-
age grain sizes of approximately 14 and 11 pm, respectively.

Coarse grains are formed in the center of melt pools, while
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Figure 1: (a) Cross section of FSW AM specimens [4]; (b) cross section of FSW as-cast specimens; (c) FSW cross section of AM and as-cast specimens’

hybrid joint.

equiaxed grains are introduced in the melt pool boundaries
revealing changes in thermal gradient [24]. The growth direc-
tion of columnar grains is parallel to the building direction,
pinpointing the strong impact of heat flow and thermal gra-
dient in the final microstructure of this alloy processed via
PBF-LB/M. Similar to the findings of Moeini et al. [4], the
weld zone in (c) features a severely deformed microstructure
being characterized by major grain refinement and random
grain orientations. The grains in the stir zone are in a size
range of approximately 1 to 3 pm and show slight elongation
towards the top right corner. Similar to [4], formation of grain
clusters with similar orientations can be seen and rational-
ized by the plastic flow and heat input of the weld process
[25]. In contrast, the IPF map of the as-cast part in (b) shows
coarse grains with diameters of more than 1 mm. The mate-
rial features large second-phase particles that are similar in
size to some of the largest grains found in the as-built part,
highlighting the disparity between the two welding partners.
Figure 3 highlights the composition of these precipitates in the
as-cast condition and the FSW zone. After casting (a), both Si-
rich, identifiable by their black color in the secondary electron
(SE) image, and Mn-Fe-rich particles (white) form irregular
patterns. Si particles appear in elongated needle-like shapes
with lengths of up to 200 um, indicating insufficient eutectic
modification [26] as a result of low cooling rates, whereas
the Mn-Fe particle formation does not seem to follow a gen-
eral pattern. According to Seifeddine et al. [27], investigating
differently cast AlSil0Mg, both a fine microstructure as well

as small and favorably distributed iron-bearing phases and

©The Author(s) 2022

Si particles govern the strength and ductility of cast Al-Si-
Mn alloys. Compared to the very fine Si networks present in
AM-fabricated AlSi10Mg [23], the particles seen in Fig. 3(a)
are rather coarse and arranged randomly. Thus, along with
the significantly larger grain size, an overall weaker material
response of the as-cast part has to be expected.

After welding and the associated SPD, the precipitations in
(b) are broken into significantly smaller parts, ranging in size
from approximately 1 to 20 um. In addition, as a consequence
of SPD, their shapes and proportions are changed due to par-
tial dissolution, resulting in equiaxed appearances and reduced
sizes for both the Si and Mn-Fe particles. Changes in the AM
condition are in line with previous findings by Moeini et al. [4],
reporting on dissolution and transformation of the eutectic Si
networks initially present in AM AlSi10Mg when subjected to
FSW. It is thought that in the stir zone, particles from the AM as
well as from the as-cast side are shuffled and rearranged forming
patterns as seen in Fig. 3(b).

Mechanical properties

Micro-hardness

Figure 4 displays micro-hardness mappings across both a hybrid
AM-cast and a cast-cast specimen. The left AM part in (a) is
characterized by an almost homogeneous hardness of 120 HVO0.1,
while the as-cast part on the right side, except occasional hotspots
presumably due to the coarse Si-rich particles, exhibits hardness
values in the range of 50 to 85 HVO0.1. The weld zone shows an
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Figure 2: EBSD IPF maps depicting the different material states discussed in this work: (a) AM part (building direction (BD) is marked), (b) as-cast part,
(c) magnified AM-cast weld zone, (d) magnified cast-cast weld zone, (e) transition from cast part to weld zone. Grain orientations are plotted with
respect to the loading direction (being horizontal as indicated in the schematic).

intermediate hardness for the wave-like structures discussed
above, while hardness in the remaining welded zone was found
to be similar to the as-cast material. For the cast-cast specimen
in (b), the weld zone features similar base hardness values in
direct comparison to both of the as-cast specimens, however,
also a notable absence of hotspots. A decrease in SZ hardness to
about 80 HV0.1 was also observed by Moeini et al. [4] for hybrid
AM-AM specimens. Surprising softening of the SZ, despite the
grain refinement, was attributed to the dissolution, agglomera-
tion, and subsequent rearrangement of the Si-rich networks [11]
being initially present in AM AlSi10Mg and responsible for the
high hardness and strength of the as-built condition.

©The Author(s) 2022

Comparing the two weld zones, the cast-cast specimen
exhibits lower hardness values (i.e., 50 HV0.1) compared to
that of the AM-cast joint. To explain this phenomenon, further
investigations considering the weld zone microstructure have
been conducted by means of EBSD as displayed in Fig. 2(d)
and (e). The left map in (d) shows random texture as a result of
SPD, including fragmentation and recrystallization of the ini-
tial microstructure as has been discussed earlier [cf. Fig. 2(c)].
By comparing the IPF maps in (c) and (d), it can be deduced
that the equiaxed and recrystallized grains introduced in the
SZ of the AM-cast joint appear to be much finer compared to
the cast-cast specimen. Compared to casting, the significantly
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Figure 3: SE micrographs and corresponding energy-dispersive X-ray spectroscopy (EDS) elemental maps depicting (a) the structure of as-cast
precipitates and (b) partly dissolved and rearranged precipitates in the FSW zone as a result of SPD.

finer AM microstructure seems to promote the formation of
smaller grains inside the SZ when compared to cast-cast weld
zones. This, in turn, explains the higher SZ hardness within the
wave-like structures being present in the AM-cast specimen due
to more efficient grain boundary strengthening. Furthermore,
the inclusion of finely distributed Si particles stemming from
the well-known PBF-LB/M Si networks seems to contribute. The
cast-cast TMAZ in Fig. 2(e) is characterized by a distinct bor-
derline towards the as-cast material on the right. Here, a single

about 200 um wide, differently oriented grain separating the

©The Author(s) 2022

material condition zones is seen. As this area features a rather
soft orientation shift towards the base material, a second grain
originating from the source material can be ruled out as origin
and it has to be assumed that this buffer zone forms during the
welding procedure as a result of plastic material flow at the SZ
border. Further investigations into the mechanisms at play when
welding the mentioned material combinations are still required,
as assessment of the influence of individual process variables,
e.g., welding temperature, is beyond the scope of present work.
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Figure4: Micro-hardness mapping of the weld cross section of (a) FSW AM-cast and (b) FSW cast-cast.
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Figure 5: Tensile properties (UTS and EF) of the three hybrid FSW
combinations across AM and cast specimens. AM-AM data were
recompiled from [4].

Quasi-static behavior

The behavior under monotonic tensile loading is shown in

Fig. 5. Representative stress-strain curves are displayed for the

©The Author(s) 2022

conditions considered, i.e., AM-AM, cast-cast, as well as AM-
cast. Data for the AM-AM condition were recompiled from [4],
with respect to the building direction used in this study. For the
sake of brevity, only one of the tensile tests is plotted for each
condition. Both ultimate tensile strength (UTS) and elongation
to failure (EF) can be deduced from the results shown. As test-
ing showed scatter for some of the conditions, a table containing
all acquired results is attached to the diagram. By comparing
tensile properties of different conditions, the AM-AM specimen
displays the best results by a large margin, featuring a UTS of
over 300 MPa and EF of more than 6%. The specimens involving
as-cast parts exhibited adverse tensile properties, i.e., very low
UTS values (less than 130 MPa) with EF values lower than 2%.
EF was measured to be around 1% for the cast-cast joint and
0.5% for the AM-cast specimen. These results appear similar
to the findings of Seifeddine et al. [27] for AISi10Mg processed
by sand casting. Inhomogeneous microstructure of cast com-
ponents was reported to be the main reason for the inferior
mechanical properties [27]. The formation of brittle and coarse
intermetallic phases, e.g., p-phase needles during casting, led to
the inhomogeneous microstructure. These coarse intermetallic
phases deteriorate the mechanical properties of the alloy as they
are sites prone to stress concentration and crack initiation. Very
recently, Neuser et al. [28] also concluded that the solidifica-
tion rate has a large impact on the mechanical properties of
cast AlSi10Mg. Therefore, the relatively low UTS and EF values

obtained in the present work can be attributed to the formation
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of coarse and brittle secondary phases during the slow solidifica-
tion process, caused by the large mold used in this study.

It was already shown by Moeini et al. [4] that friction stir-
welded AM-AM specimens with similar building direction
are characterized by inferior tensile and fatigue performances
compared to their as-built counterparts. This was attributed to
the coarsening and agglomeration of the fine Si networks in the
SZ acting as the crack initiation point. Additionally, dissolution
of the continuous Si network degraded the mechanical perfor-
mance inside the significantly deformed weld zone, leading to
localized material softening. Analogously, the present study also
features inhomogeneous specimens; however, this time the as-
cast base material acts as a weak point, always being the failure-
initiating zone. Here, it is expected that the SZ with ultrafine
microstructure possesses superior tensile properties compared
to the coarse as-cast material. In order to validate these expec-
tations, additional tensile tests have been conducted and moni-
tored using digital image correlation (DIC). Figure 6(a) depicts
the results obtained for a hybrid AM-cast specimen at a load
level being close to failure. The color code represents the vertical
strain on the visible specimen surface. Results clearly indicate
a heterogeneous strain response. The upper and middle parts,
representing the AM and weld zones, respectively, are charac-
terized by up to 10 times lower strain values as compared to
the as-cast part below. Particularly high strains can be seen in
the middle of the as-cast material, already highlighting the final
crack initiation zone. Specimen failure was observed as brittle,
with no obvious necking around the fractured region. Fracture
initiation during fatigue testing was found to exclusively occur
in one of two distinct areas, i.e., close to the weld zone or at
the radius below [cf. Fig. 6(b)]. Specimen geometries like the
one used in present work are known to feature slightly varying
stress levels across their gauge length as a result of notch effects
[29]. Accordingly, crack initiation always occuring at the two
distinct spots mentioned is likely to be a superimposed effect of
microstructural inhomogeneities and geometrical notches. In
case of the specimens studied here, such effects create unfavora-
ble stress fields in the microstructurally weak as-cast region. For
clarity, these considerations are schematically summarized in
Fig. 6(b), also highlighting the observed crack initiation points
with regard to the material combinations considered.

Low-cycle fatigue (LCF) behavior and fracture analysis

Cyclic deformation responses (CDRs) of both cast-cast as well as
AM-cast specimens are shown in Fig. 7. In order to counteract
effects stemming from material and strain heterogeneity as effi-
ciently as possible, all tests were conducted using an extensom-
eter with a gauge length of 10 mm, monitoring almost the entire
specimen gauge volume. Three specimens have been fatigued

for every condition and stress amplitude of which only one
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specimen is presented in the following for the sake of brevity.
As no pronounced scatter was observed with respect to resulting
stress amplitudes for a given strain amplitude, the CDRs pre-
sented can be seen as representative. For the strain amplitude of
0.2%, one CDR being representative for the AM-AM condition
(with the building direction (0°-0°) as recompiled from [4]) is
depicted, demonstrating the considerable difference in specimen
lifetime. No further testing of AM-AM parts (i.e., for all loading
amplitudes lower than 0.2%) was considered here as lifetimes
would not be within the LCF regime. Furthermore, increasing
stress amplitudes up to the fifth cycle, which can be deduced for
all the specimens tested, do not represent material response but
rather the control characteristic of the used testing machine as
the load was increased stepwise during the first few cycles in
order to avoid buckling of the miniature specimens. Generally,
all CDRs of specimens containing as-cast material are almost
equal, irrespective of the conditions and strain amplitudes con-
sidered (slight cyclic hardening in all cases).

It is expected that such cyclic hardening can be traced back
to an increase in dislocation density due to the local plastic
deformation as has been reported for LCF testing of different
alloys by Niendorf et al. [30] and Zhang et al. [31]. However,
experimental proof is currently missing and will be subject of
future work. Figure 8(d) and (e) shows the evolution of the plas-
tic strain in dependence of the number of cycles. Results shown
indicate more intense plastic deformation and cyclic harden-
ing for the cast-cast specimens compared to the AM-cast joint.
Cyclic plastic strain amplitudes of the cast-cast joint are about
50% higher than those of the AM-cast counterpart (e.g., when
comparing the initial values for 0.15%) owing to the different
material combinations being present inside the volume probed
by the extensometer [cf. schematic depicted in Fig. 6 (b)]. The
effect of various conditions on fatigue life will be detailed and
discussed in the following paragraph. The aforementioned cyclic
specimen behavior can be rationalized by the results obtained
by tensile testing. As is shown in Fig. 5, data revealed signifi-
cantly lower yield stresses for the welded specimens contain-
ing as-cast base material. For the AM-cast specimens, most of
the plastic strain likely is present in the as-cast region with the
AM base material featuring predominantly elastic deforma-
tion. Consequently, the AM part, experiencing primarily elastic
strain at these loads, detrimentally affects the cyclic response
as it contributes less to total strain as compared to the as-cast
material at a given load. This, in turn, results in increased stress
amplitudes as the as-cast part has to contribute proportionally
larger amounts of strain in case of the hybrid specimens. The
higher plastic strain being seen in case of the cast-cast specimens
results from the larger as-cast material volumes contributing to
the overall plastic strain amplitude at a given stress. Half-life
hysteresis loops of the specimens shown in Fig. 8 as well reveal

that cyclic plasticity is slightly different in cast-cast and AM-cast
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Figure 6: (a) Strain calculations (vertical direction) for an AM-cast specimen during tensile testing and (b) a schematic overview summarizing the
different material zones, properties, and failure initiation points as well as positioning of the extensometer blades.

specimens, with higher values seen in the cast-cast condition.
The area of a hysteresis loop is an indicator for the energy dis-
sipation per cycle. Thus, this characteristic can be linked to the
dislocation activity and cyclic plastic deformation [32, 33]. By
comparing stress amplitudes of both conditions based on the
half-life hysteresis loops, it can be deduced that the cast-cast

©The Author(s) 2022

joints generally experienced slightly lower stress amplitudes
than AM-cast specimens, which again is an indication of lower
deformation resistance being rationalized by the inferior base
material strength.

An overview of all tested specimens and their respective
number of cycles to failure is given in Fig. 7. Especially the
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Figure 7: Cyclic deformation responses of hybrid cast-cast and AM-cast specimens at constant total strain amplitudes of (a) 0.15%, (b) 0.175%, and
() 0.2%. For comparison, a part of the CDR of an AM-AM specimen, recompiled from [4], is also shown in (c). Total specimen lifetime (cycles to failure)

for all fatigue tests conducted is shown in the attached table.

AM-cast condition suffers from exceptional lifetime scatter (805
to 14.084 cycles for a total strain amplitude of 0.15%), which
complicates LCF data interpretation. Generally, the cast-cast
condition demonstrates better fatigue performance with lower
overall scatter; however, the difference is not significant enough
(e.g., lifetimes for 0.15%) to be considered indisputable. The
results obtained in the present study have to be compared with
data available in the literature. Basically, hybrid joints contain-
ing as-cast material experience drastically reduced LCF life-
times compared to the as-built specimens [34, 35] or AM-AM
joints [4]. As has been discussed earlier, the as-cast region acts
as the weakest link and is, therefore, responsible for the early
fatigue failures in large parts. It is widely known that during
cyclic deformation of cast Al alloys, defects such as porosities,
oxides, intermetallic phases, inclusions, and second-phase par-
ticles being present in the microstructure influence the fatigue
response [36-42]. Consequently, the large second-phase parti-
cles seen in the present study as well as oxide films developing
during casting facilitate crack initiation and growth by creating
local stress fields around themselves, eventually leading to rapid
failure. This effect becomes most obvious at high total strain
amplitudes and high plastic strain amplitudes, respectively, and
eventually reduces fatigue lifetime to less than 100 cycles. Here,

©The Author(s) 2022

the pronounced lifetime scatter for AM-cast specimens can be
rationalized through the smaller absolute volume fraction of
the as-cast material [contributing to the entire specimen gauge
volume, cf. Fig. 6 (b)] compared to the cast-cast condition. Even-
tually, the former specimen locally experiences proportionally
higher plastic strains in the weak material than the individual
as-cast zones in the cast-cast specimen do. Accordingly, failure
mechanisms are affected by the random distribution of second
phases in the relatively small as-cast region, finally promoting
more pronounced lifetime scatter. Consequently, the cast-cast
condition exhibits slightly better fatigue performance due to less
localized plastic strain in the as-cast parts. As a result, the ben-
eficial contribution of a more stable AM microstructure seems
to be offset by the higher stress amplitudes as a direct result of
strain-controlled testing. Consequently, more plastic deforma-
tion in the weak as-cast region of the hybrid parts results in the
relatively poor fatigue performance highlighted. Microstructural
observations and the assessment of mechanical behavior in pre-
sent work show that, despite lower overall strength, hybrid joints
can still be employed to manufacture larger components with
graded mechanical properties with high cost efficiency. How-
ever, special attention has to be paid to heterogeneity of the parts

realized to ensure structural stability. It can be deduced from
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Figure 8: Half-life hysteresis loops of hybrid cast-cast and AM-cast specimens at constant strain amplitudes of (a) 0.15%, (b) 0.175%, and (c) 0.2%. For
comparison, an AM-AM hysteresis loop, recompiled from [4], is also shown in (c). (d) and (e) display the cyclic plastic strain response of the three cast-
cast specimens and AM-cast specimens, respectively. Data were collected every 25 cycles.

data shown that the AM material can be used for the side of
the component where superior mechanical properties, i.e., high
strength and good ductility, are required. Such aspects have to
be adapted in the design of hybrid components. Additionally,
optimizations of the microstructure, e.g., through heat treat-
ment, have to be explored in future work in order to adjust the
weak as-cast material, however, without detrimentally affecting
the properties of the AM part.

Representative fracture surfaces of fatigued specimens are
shown in Fig. 9. For the sake of brevity, only AM-cast speci-
mens are illustrated, as cast-cast specimens are characterized
by identical fracture behavior and surfaces. As has been dis-
cussed before, failure of all specimens was observed in the as-
cast base material, being characterized by rapid and brittle crack
growth crossing the few grains being present in the specimen
cross section. The fracture surfaces themselves are character-
ized by a rather smooth appearance indicating transcrystalline
crack growth. Well-known features of fatigued specimens, i.e.,

areas being related to fatigue crack initiation and propagation

©The Author(s) 2022

characterized by sub-micron fatigue striations as well as an
final overload fracture area, cannot be derived. Especially for the
specimens being fatigued at total strain amplitudes of 0.15 and
0.175%, elongated notch-type defects can be seen throughout
the fracture surface, supporting the theory of crack initiation
at elongated second-phase precipitations. This is in line with
data available in literature. Fan et al. [43] used a computational
finite element-based approach, and concluded that large par-
ticles led to concentrations of plastic strain. This resulted in a
more pronounced microstructural sensitivity towards the high-
cycle fatigue regime. The involvement of coarse eutectic Si plates
and needles (as a result of insufficient eutectic modification)
in cracking is also documented in [44]. Chan et al. [45] dem-
onstrated the microstructural dependence of cast B319 Al and
found that fatigue crack growth occurred starting from mul-
tiple crack initiation sites. Influencing factors on crack initia-
tion were pores, particle fracture, and rapid crack growth along
interdendritic cell boundaries. As no signs of crack propagation

in certain directions could be found in the present study; it is
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Figure 9: Representative fracture surfaces after LCF testing at varying total strain amplitudes collected from three hybrid AM-cast specimens using
scanning electron microscopy (SEM). Strain amplitudes are noted in the individual overview pictures.

assumed that multiple crack initiation processes occurred in
parallel and once a critical load had been reached, the remain-
ing material failed rapidly, eventually creating fracture surfaces
almost resembling those from tensile testing. The influence of
aforementioned precipitations seems to decrease with increasing
stress amplitudes as the specimen tested at 0.2% only depicts a
few elongated notches, indicating a shift in failure mechanisms

towards the ultra-low-cycle fatigue regime.

Two different manufacturing processes have been employed to
create AISi10Mg specimens, i.e., laser-based powder-bed fusion
of metals and conventional casting. Using friction stir welding,
the two material conditions were joined, eventually representing
a hybrid joint. In order to analyze the microstructure, scanning
electron microscopy as well as optical microscopy were used.
Mechanical properties were characterized by means of micro-
hardness testing, tensile experiments, and strain-controlled
low-cycle fatigue tests. The key findings can be summarized as
follows:

1. The as-cast material is characterized by inferior hardness
and a very coarse microstructure compared to its AM coun-
terpart. Depending on the welding partners (i.e., cast-cast
or AM-cast), hardness values, grain size, and the overall
appearance of the weld zone changed. Tensile testing and
digital image correlation measurements revealed that defor-

©The Author(s) 2022

mation is localized in the as-cast region of the AM-cast spec-
imens. When directly comparing the different specimens,
the cast-cast condition shows slightly better tensile proper-
ties.

During fatigue tests, the as-cast region governs the
strength and lifetime of the hybrid specimens. As a
result, both specimen conditions are characterized by a
rather similar cyclic deformation response. The cast-cast
specimen showed slightly better total fatigue lifetimes.
This is attributed to most pronounced deformation
inhomogeneities, being extremely detrimental in terms
of strain and damage localization, in the hybrid AM-cast
specimen.

Fracture surface analysis reveals rapid, brittle crack growth,
resulting in rather smooth surfaces featuring elongated
notches. It is deduced that crack initiation is promoted by
large second-phase particles throughout the specimen cross
section. Thus, adapted post-process heat treatments will
allow for optimization of properties. Such treatments have
to strengthen the cast part without detrimentally affecting
the additively manufactured part.

Results obtained clearly reveal that friction stir welding
can be employed for the fabrication of large, defect-free
graded components at high cost-efficiency. However, dam-
age localization in the relatively weak as-cast part has to
be avoided. In order to strengthen the hybrid joint, not
only post-welding heat treatments will be an option. Due
to the high load-bearing capacity of the as-built condi-
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tion, AM specimens can be used in the region of the final
component, where higher cyclic loading is applied. Thus,
advanced design of hybrid components represents another

potential option.

Components of AlSil0Mg alloy were manufactured using dif-
ferent processes, namely AM and gravity die casting. The AM
specimens were produced using a commercially available SLM
system SLM 280HL (SLM Solutions, Libeck, Germany). The
machine is equipped with two lasers, one of them being the
400 W Yb:YAG fiber laser employed in the present work. Com-
mercially available powder material AISi10Mg (wt%) was used
to manufacture the AM specimens under inert conditions, i.e.,
in argon environment. The parameters used for manufacturing
the specimen volume were: scanning speed of 1170 mm/s, power
of 400 W, layer thickness of 60 pm, and hatch spacing of 0.2 mm.
The AM specimens with a size of 150 mm x 40 mm X 5 mm were
manufactured according to the schematic displayed in Fig. 10(a).
As-cast specimens were manufactured using material with a
similar nominal chemical composition (AlSi10OMnMg (wt%))
in gravity die casting. In this alloy, Mn serves to improve the
castability [46]. The material was first cast into a mold featuring
a base area of 700 x 200 mm?, an area of 710 x 210 mm? at the top
and a height of 100 mm. Afterwards, the casting was milled to
sheets with a size of 150 mm x40 mm X 5 mm, equal to the AM

Building
direction

specimens. Similar (cast-cast) and dissimilar (AM-cast) mate-
rial combinations were welded in a butt-joint configuration [cf.
Fig. 10(b)] using FSW with a rotational speed of 800 rotations/
min and a travel speed of 400 mm/min. In order to avoid material
pre-shifting, the angle between pin and specimen surface was set
to 2°, which is frequently applied for welding of Al alloys. For the
hybrid welds, an offset of 1 mm towards the as-cast material was
applied. This was done to promote a high density in the welded
area, while the AM part of the joint still was plasticized 1.5 mm
into the nugget area. The stir tool was made from hot work steel
X40CrMoV5-1 and featured a shoulder diameter of 12 mm and a
pin with a metric M5 thread. The welding trials were carried out
using appropriate clamping and fixing devices, respectively. All
specimens were tested in the condition directly stemming from
the process considered, i.e., no post-process heat treatments were
considered. This procedure was chosen to investigate a worst-
case scenario as material inhomogeneities were expected to be
most detrimental in this as-welded state. Considerations of post-
welding heat treatments were out of scope of the present study
and will be subject of future work.

For microstructural characterization of the weld cross
section, OM and SEM were used. SEM investigations were
conducted on a Zeiss ULTRA GEMINT high-resolution micro-
scope being equipped with an EDS detector and an EBSD
unit. This SEM was also used for the analysis of the fracture
surfaces. The specimens were prepared by mechanical grind-

ing and polishing according to standard procedures. Keller’s

(b)
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Figure 10: (a) Schematic illustration of the AM specimens processed by PBF-LB/M and (b) exemplary specimens joint by FSW. The orientation of AM
specimens relative to the welding direction is shown by the black lines. The superimposed schematic highlights the position of the specimens used for
characterization. (c) Dimensions of tensile and fatigue specimens having a thickness of 2.0 and 1.5 mm, respectively. See text for details.
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reagent was used to etch the specimens for OM analysis. Vick-
ers micro-hardness mapping was performed using a KB 30 S
hardness tester. A force of 1 N (HV 0.1) was applied for 10 s
for each single indent on the cross-sectional surface of the
welded specimen according to the standard ASTM: E384-
11el. The center-to-center distance between the indents was
0.2 mm in the x-direction and 0.3 mm in the y-direction.

For mechanical characterization, specimens were cut using
electro discharge machining with their long axis oriented per-
pendicular to welding direction. Afterwards, specimens were
mechanically ground down to a grit size of 15 um for tensile
and fatigue tests, in order to remove any surface residue. Tensile
tests were conducted using flat dog-bone-shaped specimens with
gauge section dimensions of 12 mm x 3 mm x 2 mm as displayed
in Fig. 10(c). The tensile tests were carried out at room tem-
perature (RT) using an MTS793 test rig in displacement control
under a crosshead speed of 2 mm/min corresponding to a nomi-
nal strain rate of 0.004 1/s (calculated on basis of the specimen
gauge length). Four specimens were tested per condition.

The LCF experiments were carried out utilizing a digitally
controlled servo-hydraulic test rig (MTS Bionix) with a maxi-
mum force capacity of 25 kN under fully reversed push-pull
loading (R, = — 1) at a constant strain rate of 0.006 s and at
constant total strain amplitudes of 0.15, 0.175, and 0.2%. A
MTS extensometer with a gauge length of 10 mm was used to
measure and control strain. Three LCF tests per condition were
performed on flat dog-bone shaped specimens being character-
ized by gauge section dimensions of 12 mm x 3 mm x 1.5 mm
at RT. The specimen geometry employed was numerously used
in literature (e.g., [33, 47-49]) but, however, has not been cap-
tured by an official standard. In order to further assess the mate-
rial behavior, additional tensile tests have been conducted and
analyzed using DIC. These tests were carried out with a con-
stant crosshead speed of 0.25 mm/min and interruptions every
0.005 mm in order to take images of the specimen surface for
subsequent strain calculation using VIC-2D (Correlated Solu-
tions) with a subset size of 111 px and a step size of 5 px. Pic-
tures were recorded using a digital reflex camera (Nikon D3200)
equipped with a macro lens (AF-S Nikkor 105 mm/2.8G IF-ED)
being capable of taking photos with a resolution of 24.1 Meg-
apixels. Speckle patterns were applied using a paintbrush (after
the specimen had been ground down to a grit size of 5 yum and
subsequently polished manually). Sufficient illumination during

testing was ensured using common halogen spotlights.
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