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Abstract Steadily rising demand for glider weight reduction has driven the devel-
opment of vacuum-assisted high-pressure die-cast (HPDC) Al alloys for automo-
tive structural components. Aural-5 is a strontium-modified HPDC alloy utilizing
manganese (Mn) to reduce die soldering, eliminating detrimental needle-shaped
Fe-bearing β-phase intermetallic and improving ductility. HPDC Aural-5 contains
shrinkage porosity, dendrites with Al-Si eutectic colonies, externally solidified crys-
tals (ESCs), shear/band structure, and large second-phase particulates. Porosity,
ESCs, and large second-phase particles work as crack initiation sites, negatively
impacting tensile properties. In this study, friction stir processing (FSP) is employed
for microstructural modification of a thin-walled HPDC Aural-5 by eliminating
porosity and breaking down dendrites, second-phase particles, eutectic colonies,
ESCs, and shear/band structures to create wrought microstructure with homoge-
nized particle distribution. Mechanical property characterization indicates ~30 and
~35% enhancement in yield strength and ductility and associated marked effects on
~69% improvement in tear toughness according to the ASTM B871 test.
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Introduction

In recent decades, automotive original equipment manufacturers have been trying
to produce a low-cost solution for vehicle lightweighting to meet zero carbon emis-
sion goals. To achieve that target, high-pressure die-cast (HPDC) aluminum cast-
ings alloys are increasingly used/considered for structural applications, e.g., shock
towers, pillars, and floor rails for weight reduction. Multi-component, heavy struc-
tural steel load-bearing structural assemblies were replaced with single HPDC Al
casting with intricate structural profiles to achieve similar functionality with less

A. Samanta · H. Das · G. J. Grant · S. Jana (B)
Pacific Northwest National Laboratory, Richland, WA 99352, USA
e-mail: Saumyadeep.Jana@pnnl.gov

© The Minerals, Metals & Materials Society 2023
Y. Hovanski et al. (eds.), Friction Stir Welding and Processing XII,
The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-031-22661-8_4

41

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22661-8_4&domain=pdf
mailto:Saumyadeep.Jana@pnnl.gov
https://doi.org/10.1007/978-3-031-22661-8_4


42 A. Samanta et al.

unpredictability [1]. The use of HPDC Al casting provides the opportunity for a
reduction in part counts and weight. With the advancement of electric vehicles,
hybrid powertrains and vehicle electrification are becoming ampler in the automo-
tive industry. For lightweighting electric vehicles, HPDC Al castings can play a
crucial role in designing lightweight housing for batteries and various powertrain
and transmission components. Typical HPDC Al alloys use high Fe in alloy compo-
sition to avoid die soldering. However, high Fe content leads to the formation of
needle-shaped β-AlFeSi5 phases, which has harmful effects on the overall mechan-
ical properties, especially ductility. Moreover, HPDC Al alloys contain gas and
shrinkage porosity which act as a stress concentration and crack initiation sites under
mechanical loading. HPDCAl alloys also contain acicular Si and large second-phase
particulates, which negatively impact tensile strength and ductility [2, 3]. Therefore,
the combination of a number of microstructural features and the alloy chemistry
negatively impacts the mechanical properties [4] of HPDC Al alloys.

Improvements in die-casting technology (vacuum-assisted HPDC method and
high vacuum die-casting method) help in reducing casting defects such as porosity
[5]. Alloy chemistry is often altered to improve mechanical properties. Several low
Fe containing premium HPDCAl alloy compositions (Silafont, Castasil, Aural, etc.)
were developed with improved mechanical properties [6]. Adding 50–200 ppm of
strontium (Sr) can transform acicular Si into a fine, fibrous structure [7, 8]. The
ductility and manufacturability are significantly improved with the addition of Sr
modifier without compromising strength. It satisfies the growing interests of the
HPDC aluminum market. Although vacuum-assisted HPDC process with Sr- and
more Mn-based material chemistry helped some of the issues of HPDC Al alloys,
they still consist of shrinkage porosity in the middle section, dendritic microstructure
with Al-Si eutectic colonies, shear/band structure beneath the die-wall, and large
second-phase particulates.

This study applies friction stir processing (FSP) on thin-walled vacuum-assisted
HPDC Aural-5 alloy, a popular Sr-modified premium quality Al alloy primarily
used for automobile structural components. FSP is a widely used thermomechan-
ical processing tool to effectively eliminate casting defects and modify the cast
microstructure of aluminum alloys [9, 10]. FSP imposes severe plastic deformation
on the workpiece material through a rotating tool-driven complex material mixing
and microstructural change. As a result, the mechanical and metallurgical proper-
ties of workpiece material are altered through dynamic recrystallization and refine-
ment of constituent phases [11]. FSP can elevate the tensile properties of HPDC Al
alloys through porosity elimination and microstructure refinement [12]. FSP-driven
microstructure modification can lead to enhanced strength and ductility [13] and
associated marked effects on improved resistance to fatigue failure [14] and fracture
toughness [15]. This study investigates FSP-driven microstructural modification on
Aural-5 and change in tensile properties. Finally, tear toughness and strength are
compared between FSP and without FSP according to the ASTM B871 test.
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Experimental Methods

This study conducted FSP trials on HPDC Aural-5, a Sr-modified and low Fe (~0.09
wt.%) containing alloy. FSP experiments were carried out on flat plate geometry.
The thickness of Aural-5 plates was measured to be 2.4 ± 0.1 mm. The nominal
composition of Aural-5 is reported in Table 1.

For FSP experiments, a scrolled shoulder tool was used, as shown in Fig. 1a.
The tool has a conical threaded pin with three flat segments equally separating the
threads. Position control mode is used during FSP experiments. Penetration depth
was kept at 2.15 mm. Tool rotation is counterclockwise at 2° tilt angle for single-pass
FSP experiments. Therefore, the advancing side (AS) and retreating side (AS) are
illustrated in Fig. 1b.After several initial experiments, one FSP conditionwas chosen,
which gives defect-free microstructure consolidation. The tool rotational speed was
kept at 1200 RPM, and the traverse speed was 0.7 m/min.

Metallographic specimens were extracted from the as-cast and nugget zone
of FSPed samples for microstructure characterization. In addition, full-thickness
subsize ASTM E8 specimens were machined from the middle of the nugget region,
as shown in Fig. 1b, and from an unprocessed Aural-5 plate to characterize the
tensile properties. Gauge length and width of bulk tensile specimens were kept at
15.8 and 3.4 mm. During the tensile testing, a computer-controlled tester set the
initial crosshead velocity as 0.005 mm s−1 at room temperature.

Table 1 Elemental composition of Aural-5

Al Si Mg Mn Fe Ti Sr

Balance 6.88 0.25 0.56 0.09 0.06 125 ppm

Fig. 1 a Schematic representation of the FSP tool used in the study, b location of tensile specimen
with respect to FSP nugget
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Results and Discussion

Microstructure Evolution

The microstructure of as-cast HPDC Aural-5 is characterized before performing any
FSP experiments. A typical low-magnification full-thickness cross-sectional image
of HPDC Aural-5 is shown in Fig. 2a. Most of the porosity is concentrated near the
middle section, whereas the die-wall areas are mostly porosity-free. As illustrated
in Fig. 2b, which is a higher magnification view of the red rectangle of Fig. 2a,
shows three distinct layers of microstructure: (1) a surface layer or die-wall, (2) a
middle layer or mid-wall, and (3) a layer between the surface layer and middle layer
(the so-called shear/defect band). The surface layer is ~200–250 μm thick with a
very refined microstructure and little to no porosity. The middle layer contains high
porosity.Most porosity is shrinkage porosity, as illustrated in Fig. 2c. The die-casting
industry typically observes these two layers [16]. Less porous, refinedmicrostructure
at die-wall is generated through faster solidification during the HPDC process, and
a relatively slower solidification rate determines coarse porous microstructure of
mid-wall. A third layer of microstructure named as shear/defect band is observed
for Aural-5 in between die-wall and mid-wall. A shear band is typically formed in
some HPDC and vacuum-assisted HPDC Al and Mg alloy containing very fine and
dendritic primary grains with high percentage of eutectic colonies [17]. It is formed
by slip between the surface layer and the inner adjacent region due to significant
shear occurring either during die filling or during pressure intensification [18].

A typical higher magnification micrograph of HPDC Aural-5 is shown in Fig. 3a,
indicating that it contained large dendritic externally solidified crystals (ESCs) and
disintegrated ESCs in between the in-cavity solidified primary grains and eutectic
(marked by blue arrows). The ESCs are nucleated and grown externally within the
shot chamber before being injected into the HPDC cavity. ESCs can have an adverse
effect on tensile properties by expediting the crack initiation and propagation under
loading [19]. As shown in Fig. 3a, the ESCs and fragmented ESCs were much larger
than the in-cavity solidified grains [17]. Most ESCs and fragmented ESCs were
located in the mid-wall; however, there was a small fraction of ESCs in the die-wall
and shear band. Additionally, Fe–Mn-containing second-phase particles can be seen

Fig. 2 Microstructure of vacuum-assisted HPDC Aural-5 plate: a overview of the cross-section;
b shear/defect band formation below die-wall/skin; and c shrinkage porosity in the middle section
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Fig. 3 Presence of a amixture of large dendritic ESCs and fragmented ESCs; b large second-phase
particles; and c fine fibrous eutectic Si structure

between the dendrites (marked by red arrows in Fig. 3b). The addition of Sr led to
an extensive refinement of the morphology of eutectic Si. As illustrated in Fig. 3c,
Al–Si eutectic colonies contain fine fibrous networks of eutectic Si.

To study cross-sectional micrographs of FSPed plate, metallography specimens
were extracted at 125 mm away from the plunge location. Figure 4a illustrates
a microstructural overview at low-magnification of Aural-5 after FSP. The basin-
shaped nugget region has distinct AS and more diluted RS boundaries. Two loca-
tions within the nugget zone of the FSP2 were chosen for a detailed study of the
microstructure. In Fig. 4b, a high magnification image of the FSP-HPDC interface
shows the transition of the FSPedmicrostructure to the parent HPDCmicrostructure.
A gradual change is observed from the dendritic structure in the as-cast region to
the wrought microstructure in the processed zone. Within the nugget zone, as-cast
dendrites are disintegrated to form a wrought microstructure. A thermomechanical
affected zone (TMAZ) works as a transition zone from the severe plastic defor-
mation zone to the as-cast material. In Fig. 4c, a high magnification image of the
nugget zone shows that dendrites and Al-Si eutectic colonies were fragmented. This
location was at the same position as the surface-layer edge. Therefore, it can be
concluded that the FSP processing eliminated the high-density eutectic regions and
made a more uniform distribution of elements across the cross section. In addition,
the ESCs were also eliminated after FSP. Furthermore, the shrinkage porosities were
removed completely from the middle section after FSP, and second-phase particles
were refined.

Tensile Properties

Eight full thickness E8 specimens for HPDC condition and three for FSP condition
were tested. Figure 5 compares the engineering stress versus percent elongation plot
between two specimens from HPDC and FSPed conditions. Those two specimens
denoted the maximum and minimum ductility of each condition, and others fell in
between. It shows that FSP can increase yield strength and % elongation to failure
after processing.Theyield strength (YS) ofHPDCAural-5 alloy is ~101.3±5.5MPa,
whereas that is increased by ~30% to ~131.5 ± 3.8 MPa after FSP. The change in
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Fig. 4 Cross-sectional microstructural features of FSPed Aural-5 alloy plate: a nugget zone shape
and size; b interface between HPDC and FSP regions; c wrought microstructure with uniformly
distributed Si and second-phase particles

UTS is statistically insignificant. It is ~243.8± 6.6MPa after FSP compared to 257.4
± 11.7 MPa for the as-cast Aural-5 condition. Aural-5 was a highly ductile material;
however, FSP was still able to improve the ductility further. The elongation to failure
for HPDC Aural-5 was 13.5± 3.8%, whereas after FSP, it increased by 35% to 18.3
± 1.7%.

Fig. 5 Comparison of
engineering stress versus
percent elongation between
HPDC and FSP condition



Enhanced Tensile and Tear Toughness Properties of Thin-Wall … 47

Tear Toughness

According to ASTM standard B871-01 [20], standard tear test specimens were
machined for HPDC and FSPed material. The schematic of specimen geometry is
illustrated in Fig. 6a. The rectangular-shaped tear test specimens have an 11mmdeep
60° V-notch with a 0.025mm notch radius. For FSP, the specimens were machined in
two different orientations. In transverse orientation, the notch tip was placed 2 mm
inside the boundary of the AS. The notch tip was placed along the centerline of
the tool traverse direction for longitudinal orientation. After placing the specimen
in MTS 810 materials testing system with a 10 kN load cell, 220 N preload was
applied. During the test, a loading rate of 0.02 mm/s was used at ambient temper-
ature and force–displacement data were recorded. In addition, thickness and net
section width between the notch root and back edge of the specimen was measured,
and the load–displacement data were normalized accordingly.

The tear test is very useful as an indicator of the toughness of thin aluminum
sheets. Representative force–displacement curves of HPDC and two orientations of
FSPed Aural-5 are illustrated in Fig. 6b. The slopes of the loading part of the curves
are very similar to each other. However, both FSP configurations required higher
force to initiate crack than HPDC. Additionally, FSP in longitudinal configuration
needed more force than FSP in transverse configuration. Total energy required for
crack initiation and propagation is calculated by numerical integration of the area
under the force–displacement curve. As illustrated in Fig. 6c, FSPed specimens
required higher energies for crack initiation and propagation than HPDC specimens.
Therefore, FSP treatment on Aural-5 induced higher tear toughness and resistance
to crack initiation and propagation than the HPDC condition in longitudinal and
transverse orientation.

Fig. 6 Tear toughness test: a sample geometry; and comparison of b the force–displacement curve
and c unit total energy
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Conclusion

The microstructure of vacuum-assisted HPDC Aural-5 alloy consists of process-
related high shrinkage porosity in the mid-wall area, α-Al dendrites, presence of
ESCs, surface-layer edge beneath the die-wall with a high volume fraction of Al–
Si eutectic colonies and large second-phase particles. Even though Sr modifica-
tion significantly refined eutectic silicon and vacuum assistance reduced porosity in
Aural-5, there is significant variation in the strength and ductility. After FSP, the as-
cast microstructure is substantially modified by eliminating porosity, breaking down
α-Al dendrites into a wrought microstructure. It also eliminates ESCs and breaks
down Al-Si eutectic colonies into uniform distribution of fragmented Si particles.
The shear/band structure is also broken down during FSP. The Fe–Mn-containing
second-phase particles are also refined to some extent and redistributed homoge-
neously across the processed zone. This microstructure modification significantly
improved tensile strength and ductility. Additionally, FSP-modified microstructure
demonstrates more resistance to tear and an increase in tear toughness.
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