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Abstract

Additive manufacturing (AM) has gained considerable interest due to its ability to produce lightweight parts with hierarchical
microstructures. However, the current constraints on the build chamber size in powder-bed fusion type AM processes limit
its industrial application. A hybrid welded joint, consisting of an AM-processed and a conventionally manufactured part, can
be employed to produce larger components. Due to the varying processing conditions, these hybrid welded joints contain a
wide range of microstructural heterogeneities, which influences the mechanical properties of the joint. Using a numerical
model to predict the mechanical behavior of welded joints by considering the microstructural variations is essential for
the safe and reliable implementation of hybrid welded joints. This study aims to predict the local tensile behavior of each
region of a hybrid friction-stir welded joint of AlSi10Mg produced by laser-based powder bed fusion and casting using a
microstructure-sensitive model as well as the global tensile behavior by considering the properties of each region using a
joint macroscopic model. The results from this modeling approach agree well with the experimental results. Therefore, this
method can predict the mechanical behavior of hybrid welded joints and can establish the structure—property relationship
in each weld region.

Keywords Additive manufacturing - Friction stir welding - Casting - Crystal plasticity - Multiscale modeling -
Aluminum-silicon alloy

1 Introduction

Additive manufacturing (AM) processes fabricate parts
by depositing layer upon layer of material based on three-
dimensional (3D) computer-aided design data. This
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facilitates AM to produce parts with intricate structures that
are not achievable by conventional manufacturing processes.
Among various AM processes, laser-based powder bed
fusion of metals (PBF-LB/M) is the most widely used
technique, especially for aluminum alloys, due to its ability
to produce components with high geometrical accuracy.
AlSi10Mg produced by PBF-LB/M is being widely
investigated due to its lightweight characteristics and good
mechanical properties. Nonetheless, the current limitation
of the build chamber size restricts the usage of the PBF-
LB/M process to produce only parts with relatively small
dimensions. This part size constraint limits the application of
PBF-LB/M AlSi10Mg parts in the automobile and aerospace
industries. The part size limitation of the PBF-LB/M process
can be overcome by employing a hybrid welded joint
(HWIJ) consisting of AM-processed and conventionally
manufactured (e.g., cast, milled) parts [1, 2].

The weldability of the AM-processed components has
been widely investigated [3—8]. Emmelmann et al. [3]
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studied the effect of laser welding on PBF-LB/M processed
AlSil2 alloy. The microstructural analysis revealed a high
accumulation of pores in the weld zone (WZ). A similar
accumulation was also observed when the electron beam
welding was used to join PBF-LB/M AISi10Mg workpieces.
The solidification of the melt pool after the fusion weld pro-
cesses led to a high percentage of porosity in the WZ. The
porosity can be reduced by effectively controlling various
welding processes, such as weld speed [3, 4]. To avoid the
solidification-associated defects in the weld area, Hassanin
et al. [5] investigated the applicability of solid state weld-
ing processes to join Ti6Al4V and AlSi10Mg specimens
fabricated by the PBF-LB/M process. They concluded that
friction stir welding (FSW) can produce defect-free welded
joints. Prashanth et al. [6] tested the mechanical properties
of the friction stir welded PBF-LB/M AlSil2. The results
showed a degradation of the hardness in the WZ and heat-
affected zones (HAZ). The tensile strength of the welded
joint was also inferior to the PBF-LB/M AlISil2. However,
the ductility of the welded specimens was considerably
higher than that of the AM-processed specimens. Previous
studies by some of the present authors [7-9] on the friction
stir welded/processed PBF-LB/M Al parts also concluded
the degradation in the hardness and tensile strength and infe-
rior low-cycle fatigue properties at higher strain amplitude.
These variations in the mechanical properties can be attrib-
uted to the change in the morphology of the Si-rich phase
due to severe plastic deformation [6-9]. Recently, some of
the authors of the present study [1] examined the microstruc-
ture and mechanical properties of the hybrid FSW joint of
AlSi10Mg produced by PBF-LB/M and casting. The proper-
ties of the PBF-LB/M-cast joint were significantly inferior to
the PBF-LB/M-PBF-LB/M joint but more or less similar to
the cast-cast joint. The cast part was found to be the reason
for such a drastic decrease in the properties of the hybrid
joint, and the crack initiation always occurred in the cast
region. Despite the availability of experimental investiga-
tion, there is still a lack in the numerical aspect of the HWJ.

The crystal plasticity (CP) model has been extensively
used to determine the mechanical behavior of PBF-LB/M
AlSi10Mg [10-13]. The authors of the present study
[12, 13] applied a microstructure-sensitive hybrid CP-J2
model to the dual-phase representative volume elements
(RVE) to predict the tensile and fatigue behavior of the
PBF-LB/M AlSil0Mg and its heat-treated counterparts.
The validation with the experimental results showed that
the applied modeling framework can accurately predict
the mechanical behavior of the PBF-LB/M alloys. For
the welded joints, Toursangsaraki et al. [14] used a
micro-macro modeling approach to determine the tensile
properties of an AA2195-T6 FSW joint by considering the
microstructural aspects of each joint region. To predict the
properties of each weld area, they created the synthetic
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RVE:s from the experimentally observed microstructure. In
addition, they have enriched the CP model to consider the
effect of precipitate hardening that occurs in the material.
The tensile behavior of each region predicted by the CP
model agreed well with results obtained using the digital
image correlation (DIC) method. Afterward, they used
the predicted stress—strain curve of each joint region to
estimate the global tensile behavior of the welded joint.
The macrojoint model that considered the behavior of each
region predicted the global stress—strain curve as well as
the failure location accurately. Therefore, this method can
be employed to predict the tensile behavior of AM-cast
hybrid FSW joint and to establish the structure—property
relationship for each joint region.

The wide range of microstructural variations observed in
an HW]J affects its structural integrity. Therefore, the effect
of the microstructural features of each region on its mechani-
cal properties must be established to implement the hybrid
joint in industrial applications. A microstructure-based
numerical modeling approach is an efficient way to achieve
it. This study aims to predict the tensile behavior of each
joint region (AM, cast, WZ, and HAZ) using a hybrid CP
and J2-plasticity formulation and of the entire AM-cast FSW
joint using the result from micromechanical modeling. The
results from the micromechanical modeling approach and
the joint macro model are compared with the experimen-
tal results to assess the accuracy of the applied modeling
approaches.

2 Specimen fabrication and microstructural
characterization

For the present study, sheet material (150 mm x40 mm X5 mm)
was fabricated using the gravity die-casting and PBF-LB/M
processes. For PBF-LB/M, a SLM 280" (SLM Solutions,
Liibeck, Germany) machine and commercially available
AlSi10Mg powder material were used. The parameter set for
manufacturing of the specimens included a scanning speed
of 1170 mm/s, a laser power of 400 W, a layer thickness of
60 um, and a hatch spacing of 0.2 mm. Moreover, argon was
used as a shielding gas during manufacturing. For a more
detailed description of the manufacturing process, the reader
is referred to a previous study of the authors [1]. The sheets
were then welded together in a butt-joint configuration with
the AM sheet on the advancing side (AS). This was done using
the FSW process on a PTG heavy industries FSW machine
(cf. Fig. 1a) with the process parameters shown in Table 1.
An offset of 1 mm towards the as-cast material was applied
to encourage a high density in the welded area, while the
AM portion of the joint was still plasticized 1.5 mm into the
nugget area. The welding experiments were conducted using
suitable clamping and fixing devices. All specimens were
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Fig. 1 a Technical specifica-
tions of the used FSW machine,
b macroscopic overview of

the weld seam, reproduced
from Ref. [15], and ¢ etched
cross-section of the weld area,
recompiled from Ref. [1]

(b)

Table 1 Process parameters used for FSW experiments

Process parameters Values

Tool rotation speed 800 rpm

Tool travel speed 400 mm/min

Pin length 5-5.1 mm

Tool pin geometry Metric M5 thread
Tool shoulder diameter 12 mm

Tool pin material X40CrMoV5-1
Tool inclined angle 2°

Control type Position-controlled

Position offset towards cast sheet 1 mm

tested in the condition directly resulting from the process
considered, meaning no post-process heat treatments were
considered. No welding preparation was carried out either;
i.e., the sheets were welded in as-built (PBF-LB/M) and
machined (cast) surface conditions. As can be seen in Fig. 1,
FSW with the aforementioned parameter set resulted in sound
welds without apparent inside or outside welding defects.
For a comprehensive analysis of the resulting microstructural
and mechanical features, the reader is referred to a previous
publication [1], which serves as the basis for the present study.

For tensile testing, a screw-driven MTS criterion
testing system was employed. Testing was conducted in
displacement control using a constant crosshead speed of
2 mm/min. An MTS miniature extensometer, featuring a
gauge length of 5 mm, was used for strain measurements.
For all tensile tests conducted within this study (of each
welded region), miniature specimens with a gauge section

PTG Heavy Industries Friction stir welding machine
Torque 160 Nm
Rotation speed 4000 rpm
Force in X/Y/Z 30/30/60 kN
Speed in X/Y/Z 6000/6000/1500 mm/min
Travel distance 2300/1500/300 mm
Axis B +20°
Axis C 450°

of 8§ mm X3 mmX 1.6 mm (1 mm for HAZ specimens)
were cut parallel to the welding direction using electrical
discharge machining. All surfaces of the specimens were
ground using silicon carbide grinding paper up to a grit
size of P1200. For HW], the results obtained from tensile
tests in Ref. [1] were used in this study.

For microstructural characterization of the hybrid joint,
secondary electron (SE) and electron backscatter diffrac-
tion (EBSD) investigations were carried out using a Zeiss
ULTRA GEMINI (Oberkochen, Germany) high-resolution
scanning electron microscope (SEM). The analysis of SEM
and EBSD data revealed a wide range of microstructural
heterogeneities along the length of the HWJ, as shown in
Fig. 2. The AM region is characterized by coarse columnar
and some equiaxed grains, with a continuous network-pat-
terned Si-rich phase around the Al cells inside each grain
[7, 16]. In contrast, the cast region has much larger grains
with a size of approximately 1 mm and a long elliptical
secondary phase dispersed in it. The size of the elliptical
Si-rich phase is similar to that of the large columnar grains
observed in the AM microstructure. Due to severe plastic
deformation during FSW, grain refinement occurs in the
WZ. In addition, the Si-rich network in the AM region and
the Si-rich elliptical particles are broken to form equiaxed
particles [1]. The HAZ shows the characteristics of both
the base material and WZ. Since the thermo-mechanically
affected zones are extremely small, they could not be char-
acterized separately. These microstructural variations lead
to a heterogenous mechanical behavior along the joint,
as evident from the microhardness map shown in Fig. 2.
Therefore, each region’s microstructural characteristics
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Loading

direction

Fig.2 Microstructure and microhardness map of the friction-stir
welded hybrid joint. The EBSD inverse pole figures are plotted along
the loading direction (AS - advancing side; RS - retreating side; and

must be considered to predict the mechanical behavior of
the AM-cast HWJ.

3 Micro-macro modeling of AM-cast hybrid
welded joint

Since a large variation in microstructure is observed along
the length of the HWJ, the effect of microstructural charac-
teristics of each joint region must be investigated in-depth,
to understand and predict the mechanical properties of the
entire joint. Thus, to accurately predict the tensile behav-
ior of the HWJ, a micro-macro modeling approach must be
used. Figure 3 shows the schematic diagram of the applied
modeling approach. A suitable material model that consid-
ers the material’s microstructure to describe its mechani-
cal behavior and an RVE that mimics the experimentally
observed microstructure are required to predict the tensile
behavior of each region in the micro scale. Then, a scale-
bridging technique has to be employed to convert the result
from microscale to macroscale results. The stress—strain
curves of each region obtained from the micromechanical
model must be applied to each region in the joint macro
model to predict the HWJ’s tensile properties. The following
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BD - build direction). Except for the EBSD map of the HAZ on the
AM side, all the images have been reproduced from previous studies
of the authors [1, 12]

sections will explain in detail all the aspects considered in
the present study.

3.1 Constitutive modeling framework
and scale-bridging

The present study uses a hybrid constitutive model [12,
13] to describe the tensile behavior of each joint region. It
consists of a CP model for the Al phase and a J2-plasticity
model for the Si-rich phase.

A rate-independent phenomenological CP model is
used to describe the behavior of the Al phase. A brief
overview of the CP model is given here. For a detailed
description of the model, the reader is referred to previous
studies [17-19].

The total deformation (F=F.F,) is obtained from the
reversible lattice deformation (F,) and irreversible lattice
deformation (F,). Since plastic deformation in a polycrys-
talline material is caused by dislocation movement along
activated slip systems, the plastic velocity gradient is defined
as the sum of all slip rates along all the slip systems.

NX
. _ Ly
L=FF'=Y "M (1
a=1
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Fig.3 Schematic diagram of the micro—macro modeling approach used in the present study

where 7 is the shear rate of the aslip system a, N, denotes the
number of slip systems, and M denotes the Schmid tensor.
The Schmid tensor is the dyadic product of the slip direction
(d”) and the slip plane normal (r®).

M =d* @ n". )

The resolved shear stress (z%), which denotes the inter-
nal stress state, is approximated using the elastic strain on
each slip system.

7% =

| N

(FTF, 1) : M". 3)

Here, C and I denotes the fourth-order elasticity ten-
sor and the second-order identity tensor, respectively.
The shear rate can be formulated as a function of resolved
shear stress (%) and slip resistance (7%):

a |P

I
Y _yO ?Ll

]sgn(r"), 4)

where 7, is the reference shear rate and p, denotes the inverse
of the strain rate sensitivity. The evolution of the slip resist-
ance can be described by considering the influence of any
slip system (f) on a fixed slip system (@) using isotropic
hardening as follows:

La % ;L_\ﬁ P2
fr\c = hoqaﬂ<1——>
p=1 7

Here, g, 5 is the cross-hardening matrix, A is the harden-
ing rate, p, is a fitting parameter, and 7’ denotes the satura-
tion slip resistance related to the dislocation accumulation.
The diagonal and off-diagonal elements in the cross-hard-
ening matrix represent the coplanar and noncoplanar slip

dt )
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systems, respectively. The diagonal and off-diagonal ele-
ments are set as 1.0 and 1.4, respectively. The CP model is
implemented in ABAQUS [20] using a user-material sub-
routine (UMAT).

For the Si-rich phase, a J2-plasticity model is used.
According to von Mises yield criteria, when the second
invariant of the deviatoric stress tensor reaches a critical
value associated with the yield strength, plastic yielding
starts [21]. Thus, the von Mises function (¢) can be repre-
sented as [22]:

=125 5 - ¥ (). ©

where G” is the deviatoric part of the stress tensor and Y (&, )
denotes the yield strength as a function of plastic strain. An
associative flow rule where the plastic strain increment is
proportional to the gradient of yield surface is used.

The Voce law depicts the isotropic hardening behavior of
the Si-rich phase. The Voce law is represented as [12, 13]:

Y(5,) = o +K(1-e"%), 7

where o, is the initial yield stress and K and n denote the
saturation stress and the Voce law exponent, respectively.
For the J2-plasticity model, the standard model available in
ABAQUS [20] is used.

3.1.1 Parameterization of the CP and J2-plasticity models

The material behavior of the Al and Si-rich phases must be
characterized separately to calibrate the unknown parameters
of the CP and J2-plasticity models. Thus, the nanoindenta-
tion tests are performed on the Al and Si-rich phases in each
region using a Berkovich indenter. Multiple indentations
are performed to account for scatter in the nanoindentation
results due to the influence of one phase on another. The HAZ
on the cast side is neglected since there is no difference in
the hardness value between weld and cast zones (cf. Fig. 2).
Since the effect of the very-fine Si precipitates in the WZ can-
not be resolved in nanoindentation tests, the WZ RVE does

not consider the Si-rich phase. Based on the analysis of the
nanoindentation test results, the Si phase in the cast region is
considered as elastic material.

In the CP model, the reference shear rate (y,) and the fit-
ting parameter (p,) are 0.001 1/s and 2.5, respectively. The
three elastic constants of the Al phase are C,; =107.3 GPa,
C,,=60.9 GPa, and C,,=23.8 GPa [10]. The remaining
four CP model parameters (p;, 1 s hy, 7/) must be calibrated.
Young’s modulus and Poisson’s ratio for the Si-rich phase
are 66,700 MPa [10] and 0.33 [17], respectively. Three
remaining parameters (ay, K, and n) are unknown and must
be calibrated.

To extract the unique parameters, the inverse analysis pro-
cedure uses both the surface profile and force—displacement
curves. The trust-region reflective algorithm [23], available in
the open-source Python library SciPy [24], solves the inverse
analysis problem. The normalized root mean squared error
(cf. Equation 8), which considers the error of the force—dis-
placement and surface profile curves, is taken as an objective
function.

<

1 exp
NMRSE = — 51)71
mmC( ) V7 Z{ (8)

q
1 exp
[ — 2 Dwm
mm(DeXp q ;

where subscripts FD and ST represent force—displacement
and surface topology curves, respectively, and superscripts
exp and sim denote the experiment and simulation, respec-
tively. f and D illustrate the force and the displacement
value. The calibrated values are given in Table 2, and the
fitted curves are shown in Fig. 4.

3.1.2 Scale-bridging

A first-order computational homogenization technique is used
for scale-bridging. In this scheme, the macroscopic stress and
strains are obtained by volume averaging the microscopic
quantities [25]. The general form of first-order homogeniza-
tion is given as follows:

Table 2 Calibrated parameters of the CP and J2-plasticity models of different weld regions. The parameters of AM region was calibrated in the
previous study of the authors [12]. For detailed description of inverse analysis procedure refer the text in Section 3.1.1

Weld regions CP model parameters Voce law parameters

pil=1 29MPa] #[MPa] hy [MPa] o,[MPa] K [MPa] nl-1
AM [12] 52 93 190 1117 271.38 803 20
HAZ 66 75 197 1121 302.5 445.78 64.05
Cast 80 35 155 898 - - -
wZzZ 76 48 229 1143 - - -
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Fig.4 Comparison of the force—displacement and the surface profile
curves obtained from experimental test and numerical model using
the calibrated parameters. See text for details regarding the calibra-

F= L

Edv.
Vu

VSM -

®

Here, & and & denote the microscopic and macroscopic

quantitieg, respectively, and V§,, is the volume of the syn-
thetic microstructure.

3.2 Generation of the joint macromodel
and the synthetic microstructure of each region

For macroscopic modeling, a 3D joint macromodel is cre-
ated in ABAQUS and meshed using C3D8 elements. Each
zone is separated based on the dimensions observed in the
experimental tensile specimen, as shown in Fig. 5 a and
b. The tensile properties from the RVE of each region are
assumed to be homogeneously distributed in that region on
the macromodel.

An understanding of the heterogeneous microstructure
and the evolution of the local stress—strain is required to
investigate the mechanical behavior of the FSW joint [14].
Therefore, a statistically equivalent RVE must be created for
each weld region, and the CP model must be applied to study
the behavior at the grain scale. The RVEs of AM, HAZ, and
WZ (cf. Fig. 5 c—e) regions are created using Kanapy [26].
Since the RVE size does not influence the prediction of the
tensile properties [12], the RVEs of AM, HAZ, and WZ are

tion method and refer Table 2 for calibrated parameters. For AM
results, the reader is referred to the previous publication [12]

created such that each RVE has a minimum of 500 grains
and has a minimum number of elements to reduce compu-
tational time. The statistical inputs required by Kanapy are
extracted using MTEX [27] from the EBSD maps shown
in Fig. 2. Using these inputs, the Kanapy creates the RVE
with the required grain morphology and then assigns the
representative orientations to the RVE grains using an orien-
tation assignment algorithm [28] based on the surface area.
Figure 5 c—e also compare the RVE data with the experimen-
tally observed EBSD data. It can be seen that the orientation
distribution function plot of the RVE and EBSD maps agree
well with each other. The plots of the equivalent diameter
and aspect ratio reveal that the probability densities of RVEs
are higher than that of the EBSD data. This is due to the
maximum and minimum cut-off values used during the RVE
generation. However, the plot shows that the RVE captures
the grain morphologies that are predominantly observed in
the EBSD maps. After creating the RVEs, the Si-rich phase
is randomly distributed in the RVEs based on the volume
fraction in SE of each region (except WZ RVE) using Python
code. For a detailed description of the RVE generation using
Kanapy, the reader is referred to the previous publications of
the authors [12, 13]. For the cast region, a single-grain RVE
with elongated Si-rich particles is created using DREAM.3D
[29] (cf. Fig. 5 f) using the statistical information of both
the Al and Si-rich phases from the experimental EBSD
map shown in Fig. 2. The orientation of the largest grain
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Fig.5 The joint macro model and the RVE of each weld region with f Dual-phase RVEs of AM, HAZ, and cast regions, respectively (Si-
the statistical comparison of the RVE data with the experimentally rich phase is represented in brown). e Single-phase RVE of the WZ
observed EBSD data. a and b Macromodel of a hybrid FSW joint without the Si-rich phase

with various regions separated based on their dimensions. ¢, d, and

is then extracted from the EBSD map and assigned to the = parameters of the respective joint area (cf. Table 2). Fig-
RVE grain. A periodic boundary condition is applied to each ~ ure 6 compares the result from the micromechanical mod-
RVE [19]. The RVEs and the macromodel are loaded along  eling approach (solid lines) of each weld region with the
the transverse direction (X-direction). experimental tensile test results (dashed lines). It can be
clearly seen that the result from the applied hybrid consti-
tutive framework predicts the tensile behavior of the AM,

4 Results and discussions HAZ, and cast regions with reasonably good accuracy. On
the other hand, Fig. 6 shows a significant difference in the

4.1 Prediction of the local tensile properties using hardening rate between the simulation and the experimental
hybrid micromechanical model curves in the WZ. A large variation is also observed in the
experimental tensile tests of the WZ. These are attributed to

The local tensile properties of each weld region are pre-  the varying hardness inside the WZ (cf. Fig. 2). Therefore,

dicted using the RVE, shown in Fig. 5, and the calibrated the tensile results of the WZ are dependent on the region of
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Fig.6 Comparison of results from the micromechanical modeling
approach with that from the tensile test of each weld region. The AM
results are reproduced from the previous publication of the authors
[12]

specimen extraction. Similarly, the nanoindentation results,
used for parameter calibration, are also location dependent.
In this study, multiple nanoindentation tests were performed
on a localized region in the WZ. These nanoindentations
could have been performed on the high hardness region,
which would have influenced the plasticity parameters of
the CP model. On the other hand, the tensile specimens
extracted from the WZ contain both the high and low hard-
ness regions. The difference between the predicted and the
experimental results could be reduced by using nanoinden-
tation curves obtained from the wider FSW region for the
parameter extraction. Irrespective of that, the result of the
WZ from micromechanical modeling is used as an input for
the macro modeling approach since the total strain applied
to the macro model is less than 2%, till which the deviation
of experiment and simulation results of the WZ region is
negligible.

The tensile behavior varies widely along the length of
the HWJ, as illustrated in Fig. 6. A vast difference can be
observed in the tensile properties of the two base materials.
The cast region has the lowest strength among the different
weld regions. The yield and ultimate strength of the cast
region are approximately 60 MPa and 123 MPa, respectively,
and the elongation to failure (EF) is about 1%. On the other
hand, the AM region has the yield and ultimate strength of
220 MPa and 400 MPa, respectively, and an EF of 4.2%.
The difference in tensile behavior between the PBF-LB/M
and the cast AlSi10Mg is due to the shape and morphology
of the Si particles, which is known to significantly affect the
mechanical behavior of Al-Si alloys [30]. Due to the slow
cooling rate during casting, the Si phase is precipitated to

long elliptical or acircular particles distributed randomly in
the Al grains, as shown in Fig. 2. In contrast, the PBF-LB/M
process is characterized by multiple reheating cycles and
rapid solidification. This leads to a unique network mor-
phology of the Si-rich phase, which contains both eutectic
Si and eutectic Al [16], around Al cells (cf. Fig. 2), and
fine Si precipitates dispersed throughout the Al cells. Due
to rapid solidification, the solid solution strengthening in
AM AlSi10Mg occurs because of the difference in the
atomic radii of Si and Al, creating a strain field, which in
turn hinders the dislocation motion [31]. Along with the
solid solution strengthening, the hindrance to the disloca-
tion movement by the Si-rich phase at cell boundaries and
Si fine precipitates due to Hall-Petch and Orowan looping
mechanisms, respectively, provide much higher strength to
AM AlSi10Mg than its cast counterpart [31]. The effect of
the solid solution strengthening and the Orowan looping
mechanism due to the Si fine precipitates dispersed in the
Al cells can be seen in the evolution of the stress—strain of
the Al phase, as illustrated in Fig. 7 a. These strengthening
mechanisms are not modeled in the CP model. Instead, these
behaviors are captured during the nanoindentation tests of
the Al phase in each weld region, which in turn is reflected
in the stress—strain curves through calibrated CP parameters.
Due to the above-mentioned strengthening mechanisms, the
strength of the Al phase in the AM region is much higher
than that in the cast region. In the cast region, due to the
lower strength of the Al phase, a homogeneous stress distri-
bution occurs in the Al phase, as evident from Fig. 7 c. On
the other hand, much higher stress is accumulated in the Si
particles (cf. Fig. 7 g). This could act as a crack initiation
region. Seifeddine et al. [32] showed that failure of a cast
Al alloy is caused by brittle fracture of the needle-shaped
intermetallic secondary phase. In contrast, in the AM RVE,
an inhomogeneous distribution is seen in the Al phase due
to the grain orientations (cf. Fig. 7 b), and high stresses are
distributed in the Si-rich phase (cf. Fig. 7 f).

Severe plastic deformation during the FSW process
breaks the Si-rich network and particles, producing globular
Si-rich particles and very fine Si precipitates dispersed in the
Al phase. This morphology provides better tensile properties
than the cast specimen. However, the removal of the solid
solution strengthening and the Si-rich network associated
Hall-Petch effect leads to an inferior tensile behavior com-
pared to the AM region. The change of Si morphology from
network to globular form has been found to improve ductility
at the expense of strength [12, 33]. However, it can be seen
from Fig. 6 that the ductility of the FSW zone is less than the
AM part. This can be attributed to the characteristics of the
cast specimen found in the weld zone, as evident from lower
hardness at the top right corner of the weld zone (cf. Fig. 2).
Basically, as both the AM and the cast region experience
grain and particle refinement during welding, the weld zone
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Fig.7 Phase stress—strain curves and von Mises equivalent stress
distribution of each weld region at their maximum applied strain.
a Stress—strain curves of the Al phase of AM, HAZ, and the cast
regions. b to d von Mises stress distribution in the Al phase of AM,
cast, and HAZ, respectively, at their respective maximum applied

that was originally an AM part still has a much finer particle
distribution than the weld zone that was initially a cast part.
Tensile specimens extracted from the weld zone, featuring
material from both sides, are, therefore, still affected by
the initial cast state, which is assumed to be the reason for
the reduced EF compared to the AM specimens. Figure 7 i
shows a heterogeneous stress distribution due to the grain
morphology and orientation observed in the WZ RVE.

The thermal load in the HAZ region during the FSW
process causes the Si-rich cell structure to disintegrate and
weaken the solid solution strengthening obtained during the
AM process, as evident from the stress—strain curve of the
Al phase in the HAZ region (cf. Fig. 7 a). In addition, the
thermal load during the FSW process causes a change in the
composition of the Si-rich phase [12, 33] in the HAZ, which
results in a small difference is seen in the tensile behavior of
the Si-rich phase, as shown in Fig. 7 e. Changes in the behav-
ior of the Al and Si-rich phases contribute to the strength
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(i)

strain. e Phase stress—strain curves of the Si-rich phase of three
welded regions. f to h Von Mises stress distribution in the Si-rich
phase of the two base regions and the HAZ of the Hybrid FSW joint.
i Von Mises equivalent stress distribution if the weld zone at the
applied strain of 2.7%

reduction in HAZ compared to the AM region. However, the
strength is much better than WZ and cast regions since the
HAZ region retains some characteristics of the AM process.
Due to the relative ease of plastic flow caused by the discon-
tinuous Si-rich network [12], the ductility of the HAZ region
is better than in the AM region. Similar to the AM RVE,
Fig. 7 d and h show an inhomogeneous stress distribution
with higher stress distribution in the Si-rich phase.

4.2 Prediction of the hybrid joint tensile properties

Uniaxial tensile simulation is performed on the joint mac-
romodel, shown in Fig. 5, with a J2-plasticity model using
ABAQUS [20]. Young’s modulus and Poisson’s ratio are
set as 65,000 MPa and 0.3, respectively. For describing
the plastic behavior of the joint regions, the plastic strain
and the corresponding stress values are extracted from the
stress—strain curve of each joint area obtained from the
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Fig.8 Tensile behavior of the joint macro model of the hybrid FSW
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experiment. The experimental results are recompiled from previous

micromechanical modeling approach (cf. Fig. 6). These
stress and plastic strain values are provided as input to
ABAQUS [20].

Figure 8 a compares the stress—strain curve from the joint
macro model with the experimental result. The experimental
results used here are taken from the previous study of some
of the authors of present study [1]. The predicted global
tensile stress—strain curve of the hybrid FSW joint agrees
well with the experimental curve, with a minor variation
in the elastic region. Therefore, this method can predict the
tensile behavior of the AM-cast FSW joint with reasonable
accuracy.

The von Mises equivalent stress distribution of the FSW
joint model shows a varying stress distribution along the
gauge length (cf. Fig. 8b). Due to the high gradient in the
material properties, higher stress accumulates in the WZ-
cast and WZ-HAZ interfaces. However, the maximum stress
occurring in the middle of the cast region is almost 130
MPa. This is more than the ultimate tensile strength of the
cast specimen obtained from the micromechanical model.
Similarly, higher plastic strain accumulation occurs in the
middle of the cast region and near the radius along the thick-
ness of the specimen (cf. Fig. 8c). This aligns with the DIC
measurement reported in the author’s previous study [1].
The maximum total strain along the loading direction in
these regions is 1.08%, whereas the maximum strain meas-
ured using DIC is 0.89% [1]. These regions of high strain
and stress accumulation in the cast region act as crack ini-
tiation sites of the AM-cast FSW joint. The plastic strain in
the weld zone is high at the WZ-cast interface and remains
relatively constant until the WZ-HAZ interface, where the
WZ remain elastic. Since the applied strain is low, the AM
and HAZ regions do not undergo any plastic deformation.
Similar to experimental observation in [1], no necking is

study of authors [1]. b Von Mises equivalent stress distribution, and
¢ plastic strain distribution along the loading direction (x-direction)

observed until the maximum elongation of the material, indi-
cating a brittle fracture.

The observations from micromechanical modeling and
the joint macromodel indicate that the applied modeling
approach can be used to predict the local and global tensile
behavior and help to understand the effect of microstructural
features on the tensile property of the joint. This understand-
ing can be used to tailor the heat-treatment process in order
to improve the mechanical properties of the AM-cast hybrid
FSW joint.

5 Conclusion

In the present study, the tensile behavior of a hybrid welded
joint of AlSi10Mg parts produced by additive manufactur-
ing (AM) and casting and joined using friction-stir welding
(FSW) is predicted at local and global scale. A representa-
tive volume element (RVE) is created for each joint region
by considering its microstructural features. A hybrid model
containing a crystal plasticity (CP) model for the Al phase
and J2-plasticity model for Si-rich phase is used to predict
the local tensile behavior of each region. The estimated
local stress—strain curve of each region is applied to the
joint macro model to predict the global tensile properties
of the AM-cast hybrid FSW joint. The main conclusions
are as follows:

1. The applied hybrid CP-J2 modeling approach accurately
predicts the local stress—strain curves of each region.
The overall global tensile behavior of the AM-cast FSW
joint estimated using the predicted local curves of each
region agrees well with the experimental results.
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2. The cast and AM regions are the weakest and strong-
est members of the hybrid FSW joint, respectively. The
large grain size and the elongated Si particles obtained
as a result of the slow solidification rate during casting
are the reasons for the lower strength and ductility of the
cast material.

3. The Orowan looping mechanism introduced by fine
Si precipitates as well as solid solution strengthening
obtained during AM process are reduced in their effect
due to severe plastic deformation in the weld zone (WZ)
and thermal load in the heat-affect zone (HAZ). This
reduces the strength of the Al phase, which, together
with the morphology change of the Si-rich phase,
reduces the overall strength of the WZ and HAZ regions
compared to the AM region.

4. The stress distribution in the cast RVE shows a homo-
geneous distribution in the Al phase and a much higher
stress accumulation at the edge of the Si particles, which
could act as potential crack initiation sites. In contrast,
an inhomogeneous distribution is observed in AM,
HAZ, and WZ RVEs due to the Si-rich phase and the
orientations of the Al grains.

5. The joint macro model illustrates a heterogenous stress
and strain distribution along the length of the weld joint.
The stress accumulation is higher in the WZ-cast and
WZ-HAZ interfaces due to the high difference in the
material behavior between these regions. A high strain
accumulation is observed in the middle of the cast region
and at the radius of the specimen. At these regions, the
stress reaches the ultimate strength of the cast specimen.
These are the sensitive areas for tensile failure, and this
observation aligns with the experimental results.
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