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Abstract: In the automotive industry, there is a drive to reduce environmental impact, energy
consumption, and costs related to the manufacturing of forged aluminum suspension components.
The replacement of extruded stock with cast forging stock is one option that offers substantial
potential for such savings. The casting technology, low-pressure casting (LPC), allows for production
of high-quality cast forging stock with minimal surface segregation and smaller diameters than
those achieved with traditional casting technologies. This study is a proof-of-principle, conducted
to directly compare the microstructure and mechanical properties of LPC and extruded material
after forging, through both generic and full-scale industrial forging trials. The results show the
advantages of the cast material, including higher robustness against surface grain growth after
forging and a positive correlation between mechanical properties, both strength and ductility and
the introduction of plastic deformation. Overall, the work demonstrates how forged aluminum
components produced from LPC forging stock can achieve mechanical properties and performance,
on par with extruded forging stock, showcasing industrial relevance through the production of a
safety-critical automotive component.

Keywords: aluminum forging; automotive industry; cast forging stock; microstructure; mechanical
properties

1. Introduction

The high-end OEMs have turned to forged aluminum alloys as their material of choice
for chassis components such as suspension arms, steering knuckles, and wheel carriers, with
a foreseen increase of about 5% by 2025 in Europe [1]. This is attributed to aluminum alloy’s
desirable properties enabling the possibility of achieving high strength, corrosion resistance,
and formability, combined with light weight and recyclability. Among manufacturing
technologies, forging is an attractive process for producing high-precision components with a
minimal need for post-processing operations. The process often involves several pre-shaping
operations before the final forging step, which contributes to minimizing the material
waste and ensuring optimal surface quality and optimal material flow in the die [2,3].
Forgings are particularly favored for safety-critical parts within the automotive industry
due to their high structural reliability [4,5]. Traditionally, extruded aluminum alloys
have been used as feedstock material, providing a fibrous microstructure with desirable
properties such as strength, ductility, and high-cycle fatigue resistance [4,5]. However, a
well-known challenge in forgings of extruded material is the growth of columnar coarse
surface grains during post-forging solution heat treatment [6-10]. This poses a risk to
fatigue performance and can initiate fracture during use [11,12]. The existing literature
highlights the significance of optimizing the thermomechanical process to minimize such
surface layer growth [9,13], exploring novel forging processes that introduce solution heat
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treatment prior to forging, followed by aging and providing a T5 temper in contrast to the
traditional T6 temper (solution heat treatment and aging after forging). Zhao et al. [10],
Gokchil et al. [13], Hua et al. [14] and Hu et al. [15], all explored the microstructure and
mechanical properties achieved through such novel process routes for extruded AA6082
aluminum alloy. Their studies demonstrate that this state-of-the-art forging process route
can yield high mechanical properties and a reduced thickness of the coarse surface grain
layer. However, extrusion, as a step in the production chain, adds cost and contributes to the
overall energy consumption of the manufacturing process. Research aimed to explore the
possibilities of eliminating extrusion as part of the production route for forged aluminum
components is therefore of high interest within the automotive industry.

By replacing extruded rods with cast rods as forging stock, a new, low-cost, and more
efficient production route can be established, offering potential savings of 20% on a material
level [6,16]. Despite its potentially large impact on the industry, the exploration of replacing
extruded material with cast forging stock remains limited. Bobba et al. [17] conducted
lab-scale compression trials on cast AA6061 aluminum alloy, evaluating forging behavior,
microstructure, and hardness to determine optimal forging temperature. Birol and Ilgaz [8]
and Birol et al. [18] documented the microstructural differences between cast and extruded
AA6082 aluminum alloy in an industrially forged suspension component, emphasizing
the uniform grain structure and superior surface quality of components forged from cast
stock. Chang et al. [19] explored post-processing heat treatment methods, such as infrared
heat treatment, to enhance the properties of an industrially forged car cantilever in T6
condition, reporting that cast AA6082 aluminum alloy exhibited slightly lower strength
but higher ductility than the extruded material. Hosoda et al. [20] and Nakai and Itoh [21]
evaluated the influence of strain rate on the microstructure and achieved properties after
hot-forming of cast AA6061 aluminum alloy, showing a relationship between resulting
grain structure and achieved properties such as strength and fracture toughness. Notably,
data on mechanical properties such as strength and fatigue in forged components from cast
stock is only found in some of the existing literature, with minimal overlap between the
studies on alloy or experimental setup. There is also a clear need for additional research
contributing to exploring the parameters influencing the microstructure and properties of
forged components from cast material, as is established for extruded material.

Currently, the availability of cast forging stock in desirable dimensions is limited. This
could be related to the high investment cost of a horizontal casting line, giving relatively low
production volumes. Furthermore, cast material exhibits a segregation zone at the surface,
which has a slightly different chemical composition compared to the core. This zone must
be scalped off prior to forging, adding scrap and costs to the product. Addressing these
challenges, a promising solution lies with the low-pressure casting (LPC) technology [22],
developed and now implemented in production by Hydro Aluminium Ré&D. This LPC
technology enables the production of small diameter cast billets (80 mm or wider) with
high surface quality and low surface roughness. Notably, the surface segregation depth
in LPC billets is significantly lower compared to those billets produced with traditional
casting technologies [16]. Nunes et al. [23] provide a comparative analysis of low- and high-
pressure casting technologies, highlighting the reduced tendency of defect formation in low-
pressure casting technologies. While LPC material has primarily found application within
extrusion, reportedly increasing yield and productivity [24], its potential in aluminum
forging remains unexplored despite the improved quality and available dimensions.

The current study sought to explore the potential of LPC material as a viable option for
aluminum forging through an industrial proof-of-principle study. The primary objective
was to benchmark and directly compare the obtained microstructure and properties of the
LPC material to those in a commercially available forged suspension component made
from extruded forging stock. The work was performed as a collaboration between Hydro
Aluminium Primary Metal, SINTEF and Raufoss Technology. The study is divided into
two parts: generic forging trials and full-scale industrial forging trials. The industrial scale
trials were performed by Raufoss Technology in their running production line, producing a
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front lower control arm (FLCA). The FLCA and the thermomechanical process are shown
in Figure 1a,b, respectively. The FLCA production line included solution heat treatment
prior to forging, providing a T5 condition, which is the current state-of-the-art within
forging of extrusions [10,13-15]. In this forging process, pre-shaping via cross-wedge
rolling (CWR) was an essential step. The effect of pre-forming prior to forging on the LPC
material was thus also explored in this study during the generic forging trials. Overall,
the work emphasizes the potential of LPC material, exploring both microstructure and
mechanical performance including tensile and fatigue performance, which have been
minimally reported in the current literature and providing direction for further process
optimization and research needs.
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Figure 1. (a) Image of the fully assembled front lower control arm produced in this study. (b) Ther-
momechanical process for the production of the front lower control arm at Raufoss Technology.

2. Materials and Methods
2.1. Generic Forging Trials

The material investigated in this work belongs to the AA6082 alloy group. For the
generic forging trials, rods were prepared in three conditions:

1.  Asextruded: material provided by Raufoss Technology from their standard extruded
forging stock.

2. As cast and homogenized: 90 mm LPC material was provided by Hydro Aluminium
Primary Metal, produced at the Husnes plant. Homogenization was performed at
550 °C for 2 h, followed by rapid cooling in air.

3. Pre-formed cast: in this case, the homogenized LPC material was pre-formed via CWR
by Raufoss Technology. The CWR component was taken out from the production line
after CWR and cooled down to room temperature prior to extracting the required
specimens for the forging trial.

For each material condition, specimens with the dimensions of 38 x 180 mm were
prepared. For the extruded material, the specimen was collected from the center of the rod.
For the as cast, two specimens were extracted side-by-side within the diameter of the cast
billet. From the CWR component, a segment which had the required diameter of 38 mm
(initial diameter reduction close to 53%) was used to extract the required forging specimen.

In total, five of each variant were forged in the generic forging trial. A schematic
illustration of the generic forging trial procedure is shown in Figure 2, including images of
the forged component. The forging stock was preheated to 500 °C, with a holding time of a
minimum of 10 min (45 min total time in the oven). Then, the specimens were forged using
a 1000 ton hydraulic press, with a tool temperature of 430 °C £ 5 °C and a forging speed of
20 mm/s. The billet and tool temperature were selected based on production parameters
in the explored industrial production trial and common forging parameters utilized for
aluminum in the literature and industry [4,7,10,13,16,20,21]. The forging speed was limited
by the utilized hydraulic press.
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Figure 2. Illustration of the steps during the generic forging trials.

After forging, the components were cooled in water followed by a post-forging heat
treatment to T6, including solution heat treatment at 550 °C for 15 min at temperature,
followed by water quenching and finally aging at 185 °C for 4 h in a pre-heated furnace.
The specimens were stored at room temperature for 24 h after quenching prior to aging.

Tensile test specimens (according to ISO 6892-1 [25]) were extracted from the forged
components in two different positions and directions as shown in Figure 3a, the longitudinal
(L) and transverse (T) directions. The longitudinal direction was parallel to the initial
extrusion and cast direction of the forging specimens. The dimensions of the tensile
specimens are shown in Figure 3b. In total, three parallels in each direction were tested.
The average results are presented, including the deviation among the obtained three values,
indicated by =+.

11 mm
(b) Transverse . P T

Longitudinal 30 mm 1
Il 1
, 62 mm M8

57.5 mm

Figure 3. (a) [llustration of the forged component and position of the tensile specimens in transverse
and longitudinal direction, (b) dimensions of the extracted tensile specimens.

The macrostructure of the forged components was evaluated via cutting out a cross-
section, as indicated in Figure 3a, which was fine ground followed by etching in a caustic
soda solution (3 kg NaOH in 45 L water) for 10 min. The microstructure was investigated on
smaller sections that were mounted in epoxy followed by grinding and polishing according
to standard metallographic procedures for aluminum. To reveal the microstructure and
grain size, the polished cross-sections were anodized with Barkers Reagent (5% HBF, in
water, 20 V for 60 s). Images were obtained using stereo and optical microscopy (bright
field and polarized light settings were used).

2.2. Full-Scale Production Trials of FLCA

FLCA with integrated ball joints, as depicted in Figure 1a, were forged by Raufoss Tech-
nology using the LPC forging stock (cast and homogenized, as introduced in Section 2.1).
The production route involved several pre-forming steps before forging, as illustrated
in Figure 1b. The process parameters were kept unchanged to directly compare and
benchmark the final forged suspension component from the LPC stock with the standard
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suspension component made from extruded stock in the running production. In total, 25
FLCA were produced with LPC forging stock. Five were evaluated in as-produced T5
condition, aged using their in-house aging process after forging. Additionally, three FLCA
underwent a post-forging heat treatment to achieve a T6 condition. The heat treatment
included solution heat treatment at 560 °C for 15 min, followed by quenching, storage at
room temperature for 24 h, and aging at 185 °C for 4 h in a preheated furnace.

Subsequently, all components were subjected to standard product quality control.
The mechanical properties were assessed through tensile testing [25]. The positions of the
extracted tensile test specimens are shown in Figure 4a, including specimens from the bulk
area (standard position) and the pin area, both in longitudinal direction to the initial cast
and extruded direction of the forging stock. The pin area of the FLCA corresponds to the
section of the CWR component used as feedstock material in the generic forging trials,
which represented the pre-formed cast forging stock. Tensile specimens were only extracted
from the pin area for three selected components. Results for the FLCA produced from
extruded forging stock were based on five randomly selected production trial test results
from 2022. Additional testing of the pin area was conducted for one component. Macro
and microstructure were evaluated following the same procedure as for the generic forging
trials, as described previously. The grain size was estimated by measuring minimum
100 grains, using the obtained optical microscopy images.

Figure 4. (a) Position of the tensile test specimens of the forged front lower control arm. (b) Setup for
the in-house fatigue trials of fully assembled front lower control arms.

The fully assembled FLCA produced with LPC forging stock, featuring integrated
ball-joints and bushings, underwent in-house component fatigue testing using the setup
shown in Figure 4b. The fully assembled component underwent single-axis cyclic fatigue,
with forces of up to 28 kN until failure. Five FLCA were tested, and the results for three
of those components are provided and compared to the currently established average for
components produced with extruded forging stock.

3. Results
3.1. Generic Forging Trials
3.1.1. Initial Microstructure of the Forging Stocks

The initial microstructure of the extruded, as-cast and pre-formed cast forging stocks
is shown in Figure 5b—d, obtained from the cross-section illustrated in Figure 5a, i.e., the
microstructure is viewed parallel to extrusion (ED) and casting direction (CD). Both the
extruded and cast forging stock exhibited the expected microstructure, elongated grains
with a clear extrusion texture for the extruded and equiaxed grains for the as cast material,
with an average grain size of 81 um. The pre-formed cast microstructure consisted of
elongated and slightly deformed grains resulting from the CWR pre-forming process, in
which the material was compressed and elongated simultaneously.
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(@) Forging stock

Extrusion/
Cast direction

(b) Extruded (c) As cast (d) Pre-formed cast

Figure 5. (a) Illustration of investigated cross-section in forging stock. Initial microstructure of the
(b) extruded, (c) as cast and (d) pre-formed cast forging stock. ED: extrusion direction. CD: casting
direction.

3.1.2. Microstructure and Mechanical Properties after Forging

The microstructure was examined after the post-forging T6 heat treatment. The cross-
sections of the forged components were viewed, as illustrated in Figure 6a. The macro and
microstructure images are shown in Figure 6b—d. In the case of extruded forging stock
(Figure 6b), coarse surface grains were observed on both the inside and outside of the
component. The thickness of the coarse surface layer averaged between 0.72 and 0.76 mm
on the outer edge. For the as cast forging stock (Figure 6¢), the coarse surface grain layer
was thinner, measuring between 0.28 and 0.34 mm. The pre-formed cast forging stock
(Figure 6d) exhibited a surface layer thickness between 0.42 and 0.50 mm.

Region 1 Region 2

(b) Extruded

Figure 6. Macro and microstructure in highlighted region in (a) of the forged components for
(b) extruded, (c) as cast and (d) pre-formed forging stock.

The cross sections shown in Figure 6 are oriented transversely to the extrusion/casting
direction. Consequently, the extruded forging stock exhibited a very fine grain structure,
making it difficult to distinguish between each grain. For the cast forging stock, the cast
microstructure was observed to be intact in the highlighted region 1, while in region 2 a
deformed grained morphology was observed. For the pre-formed cast, the microstructure
consisted of fine small grains, smaller than for the cast, but still larger than for the extruded
material. Like the microstructure for the cast forging stock, region 2 consisted of deformed
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grains. Due to the significant deformation and resulting small grain size, the grain size
could not be measured with sufficient confidence from the obtained images and utilized
characterization technique.

The results from the conducted tensile tests are listed in Table 1, detailing the yield
strength (Rpo.2), tensile strength (Rm), elongation at fracture (A), and the percentage re-
duction of the area at the fracture (Z), from the longitudinal and transverse directions
(see Figure 3a). In the longitudinal direction, the extruded material achieved the highest
strength, both Rpo2 and Ry,. However, in the transverse direction, the strength difference
between the feedstock materials was smaller. The extruded material experienced a re-
duction in strength of approximately 30 MPa when changing the direction of the tensile
specimen, indicating an anisotropy of the mechanical properties. The cast and pre-formed
cast materials displayed a slight increase in strength of 10 MPa when changing from the
longitudinal to the transverse direction, suggesting more isotropic properties. Nevertheless,
the pre-formed cast material had the lowest strength while achieving a higher Z value,
surpassing 50% in both directions as compared to the as cast and extruded materials after
forging. For the cast material, the Z value was sensitive to the direction of the test specimen,
approaching a value close to the pre-formed cast only in the transverse direction.

Table 1. Mechanical properties achieved in components forged with generic forging tool after T6 heat
treatment. Results show the average + deviation between the performed parallels.

1

Identification Position/Direction II\{/fI(;j I\I/}In,la 2 Z%
Extruded-T6 Longitudinal 39154+ 0.5 406.5 + 0.5 10.0 £ 0.3 42.0 £ 0.0
Cast-T6 Longitudinal 356.5 + 0.5 376.5 + 0.5 9.7 £0.1 28.0 = 5.0
Pre-formed cast-T6 Longitudinal 344.8 1.0 3625+ 0.1 115+ 0.6 515+ 15
Extruded-T6 Transverse 363.3 2.6 382.0+29 8.9+ 0.1 45.0 +£ 0.8
Cast-T6 Transverse 370.3 £ 0.9 3933 +1.2 122+ 0.8 48.7 £ 0.9
Pre-formed cast-T6 Transverse 3575 +22 3777 £2.0 1224+ 0.3 50.0 £ 2.9

1 Z: percentage of reduction of area at fracture [25] was measured manually after fracture.

3.2. Full-Scale Production Trials of FLCA

The macro and microstructure of the forged FLCAs from cast and extruded forging
stock are compared in Figure 7, showing the two different positions: the bulk and pin area.
These two positions represent areas where the material has achieved a different degree
of forming, referred to as low in the bulk area and high in the pin area. In position 1, the
pin area, coarse surface grains were evident in both the extruded and cast forging stock
components. The maximum thickness of the coarse surface grain layer measured 3.3 mm
for the extruded stock and only 1.2 mm for the cast stock. In position 2, the bulk, coarse
surface grains were observed for the extruded forging stock, while no significant surface
grain was observed for the cast forging stock in this region.

A clear difference between the two forging stocks was also found in the microstructure,
as highlighted in Figure 7. The grains in the FLCA produced from cast forging stock were
coarser compared to the extruded, but with a deformed characteristic. In this specific
position, the average grain size was estimated to be between 20 and 30 pum for the extruded
FLCA and approximately 35 and 45 um for the cast FLCA, transverse to the ED and CD.

The results from the mechanical testing of the forged FLCAs are shown in Figure 8a,b
in T5 condition and are listed in Table 2. The tensile test specimens were extracted from two
positions, shown again in Figure 8c. The T6 mechanical properties were also documented
in the standard bulk area for the as cast forging stock.
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Figure 7. Macro and microstructure in selected positions in the forged front lower control arms.
(Top): extruded forging stock. (Bottom): cast forging stock. The front lower control arm and the

investigated positions are highlighted on the suspension component on the left.
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Figure 8. (a) Bulk area with low deformation; (b) pin area with high deformation; (c) image of the
front lower control arm and position of the extracted tensile test specimens.

Table 2. Mechanical properties achieved in the forged FLCA, for extruded and cast forging stock in T5
condition in standard bulk and pin area, and in T6 condition for the cast forging stock as a reference
in the standard bulk area. Results show the average + deviation between the performed parallels.

R R A VA
ofr e ™ p0.2 m
Identification Position MPa MPa % o
Extruded-T5, Reference from Bulk area (standard) 376.3 £ 4.0 3992 £55 12.1 £ 09 36.8+1.2
current production Pin area 388 405 12 38
Cast-T5 Bulk area (standard) 3455+ 2.5 3781 +1 13.7 4+ 0.8 424+ 3.0
ast= Pin area 369.8 £ 6.5 381.3 £ 6.8 141 +0.7 50.3 £2.9
Cast-T6 Bulk area (standard) 376.0 + 2.0 4035+ 1.5 13.1+1.2 45.0 + 2.0

1 7: percentage of reduction of area at fracture [25] was measured manually after fracture.

Overall, the suspension component produced from extruded forging stock achieved
higher yield and tensile strength on both positions compared to the suspension component
produced from as cast in the T5 condition. The achieved Z value was on the other hand
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higher for the as cast material in both positions. The Z value for the cast material was
also found to increase from around 40% in the low deformation area to above 50% in the
pin-area, the area which was known to have achieved the highest accumulated degree of
deformation. For the extruded material, no difference was found in the Z value between
the two positions. As shown in Table 2, in T6 condition, both a higher yield and tensile
strength was achieved in the FLCA produced with cast forging stock compared to the T5
condition. At the same time, the as cast forging stock maintained a high Z value also in the
T6 condition, superior to the extruded forging stock.

Fatigue trials using fully assembled FLCAs, i.e., after installation of the integrated
ball-joints and bushings, were performed on the components forged with the cast forging
stock in T5 condition. The results from these fatigue trials are listed in Table 3 for three of the
trials. Overall, the components produced from cast forging stock fulfilled the requirements
of lasting 18,040 cycles before failure, given by the automaker for this product. The results
also show that the component produced from the cast forging stock performed on par with
the average for components produced from extruded forging stock.

Table 3. Results from the full-scale fatigue testing of the fully assembled front lower control arms
with integrated ball-joint.

Identification Number of Cycles before Failure
Requirement 18,040
Extruded T5-reference average from current production 141,466
Cast T5-component (1) 162,360
Cast T5—component (2) 135,745
Cast T5—component (3) 139,794

4. Discussion

In both the generic forging trial and the LCA, columnar coarse surface grains were
observed in the components for the as cast and extruded forging stocks. The cross-sections
examined from the two trials show that the cast forging stock exhibited much less growth
of this layer compared to the extruded stock. The observed surface grain growth in the
extruded material was attributed to the accumulated strain resulting from the extrusion
process, providing a driving force for recrystallization during heat treatment. As shown in
this study, the cast material displayed a higher surface recrystallization resistance, even
after pre-forming and the introduction of a large degree of plastic deformation into the LPC
material from the CWR process. In the homogenized cast forging stock, dispersoids had
already precipitated in the structure prior to forging. The homogenization temperature
and time impact the distribution and density of the dispersoids, directly influencing the
hot formability of the alloy [9,26]. When precipitated in the microstructure, the dispersoids
were less effective at preventing grain growth when combined with high accumulated
strain [9,16]. The higher robustness and resilience against surface grain growth in the
forged component produced from cast material has also been demonstrated for other
forging processes, thus our results support the existing literature [6,8,19]. The reduction in
the columnar coarse surface grain layer was a significant advantage for cast forging stock
as it promotes a high surface quality, ensuring a reliable end product [11]. Additionally, the
final quality of the forged component will be less susceptible to process instabilities, such
as prolonged exposure to high temperatures during forming arising due to factors such as
production stops.

In many forging lines, pre-forming techniques such as CWR, compression, bending,
or edging are performed to optimize material yield during forging [2]. The microstructural
analysis performed in this study revealed a distinct microstructure in the pre-formed
cast material, characterized by compressed and elongated grains resulting from the CWR
process. These microstructural features resemble those of extruded material. The pre-
forming results in a fine-grained structure after forging, with a grain size in between what
was observed for cast and extruded stock, based on qualitative analyses. The impact of the



Metals 2024, 14, 90

10 of 13

pre-forming and the large degree of plastic deformation achieved via CWR prior to forging
was evident not only in the microstructure, but also reflected in the mechanical properties.
In the generic forging trial, no significant positive influence on strength, Rpp2 and Ry, was
found between the pre-formed cast and cast forging stock. However, a significant increase
in the Z value, especially in the longitudinal direction was found. In the forged FLCA from
the cast forging stock, a significant increase in strength and Z value was observed between
the two investigated areas, the low deformation (bulk) and high deformation (pin) areas
(see Table 2). The pin area of the FLCA corresponds to the section of the CWR component
used as feedstock material in the generic forging trials, i.e., pre-formed cast forging stock.
The presented results show that a high degree of plastic deformation was necessary to
obtain a high strength and ductility, represented by the Z value for LPC material. Similar
trends have been reported previously in hot-forming trials of the LPC material [27].

In the generic forging trials, the pre-formed material underwent cooling to room
temperature after CWR. This was followed by intermediate storage and lastly re-heating
before the forging trial. The lack of observed strength increases between the pre-formed
and cast forging stock can be attributed to the suboptimal thermomechanical process
experienced by the material, differing from the FLCA production line, see Figure 1b.
Differences in the obtained strength in the longitudinal direction were also observed in the
T6 temper when comparing the generic and the FLCA forging trials for the cast forging
stock. These differences highlight the value of conducting trials at both lab and industrial
scale, as it contributes to an increased understanding of key factors influencing the obtained
properties. For instance, variations in the thermomechanical process and the product
design influence the experienced degree of plastic deformation in the tested material,
contributing to the observed differences. Industrial-scale trials provide the manufacturer
with valuable insight into potential areas for process optimization. For the FLCA, the
extruded material achieved a higher strength than the cast in T5 temper. However, the
cast forging stock achieved better ductility, represented by the Z value, a crucial feature
for the FLCA. Moreover, in T6 condition the cast material achieved properties on par
with the extruded material in T5. Thus, the cast material has the potential of achieving a
higher strength than what was obtained with the currently established T5 temper processes.
Additionally, the full-scale component fatigue trials demonstrate that the FLCA produced
from cast forging stock in T5 condition exhibited a high structural integrity and desirable
performance, meeting the OEM requirements for the current product. Nevertheless, future
work will focus on critically reviewing the thermomechanical process, exploring the effect
of adjusting the solution heat treatment temperature, time and/or the aging process.

In 6xxx alloys, there is a strong link between the chemistry of the alloy and the achiev-
able strength level. Therefore, the selection of alloy chemistry should align with the specific
requirements of the product. For AA6082 aluminum alloys, the obtainable strength is
influenced by factors such as the Mg/Si ratio, the hardening particles B” (MgsSig), and
microstructural features including grain size [14,28,29]. In this study, the grain size in the
forged FLCA components was measured to support the qualitative observations made
from the optical microscopy images (see Figure 7). It confirmed that the extruded material
exhibited a finer grain size than the cast material in the evaluated cross-section, transverse
to the initial extrusion and casting direction, contributing to a higher strength. However, in
complex forged components, assessing the grain size in one cross-section does not provide
a sufficient overview of the microstructural morphology and the observed differences in
grain size do not solely explain the observed differences in strength between the extruded
and cast forging stock. In aluminum alloys, dynamic recovery during hot deformation is
known to occur, leading to a dislocation substructure and subgrains with low-angle grain
boundaries [30]. Subgrains enhance dislocation density, contributing to increased ductil-
ity [31], as observed in the current study for the cast material. The formation of a subgrain
structure during the forging of cast AA6061 aluminum alloy was argued to be an important
factor in promoting a high strength and especially a high fracture toughness [20,21]. In
addition, deformation-induced dislocations also influence the precipitation during aging,
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strongly influencing the achieved mechanical properties [15]. The presented results em-
phasize the need for further research on forged components based on cast material. Such
extended investigation should include advanced characterization such as scanning (SEM)
and transmission electron microscopy (TEM) to explore the subgrain structure and the
strengthening particles present in the structure, to enhance the understanding. Simulations
of the forging processes would also be of high value to assess the accumulated plastic
deformation in different sections of the forged component and relate this to observed
differences in strength and microstructure. The value of such work has been shown for
other forged automotive components [2,3,32].

5. Conclusions

The current study highlights the potential for replacing extruded stock with LPC
forging stock in the production of forged aluminum components. Evaluation of the mi-
crostructure and mechanical properties achieved through an industrial proof-of-principle
study involved two different forging trials. Key findings include:

e  The microstructural investigations revealed a reduced surface grain growth in the
forged components produced from cast material, enhancing product reliability and
robustness against pauses in a production line.

e  The mechanical properties of the cast material were found to increase with the increas-
ing degree of plastic deformation, making the LPC material well suited for the forging
of complex components where the production process includes pre-forming. The
variation between obtained strength in T6 temper in the generic and the full-scale in-
dustrial production trials emphasizes the influence of product design, i.e., differences
in introduced deformation on the final properties.

e  Directly replacing extruded forging stock with cast in the FLCA production yields
comparable mechanical properties: a slightly lower strength, but with higher ductility
in T5 temper. In T6 temper the properties of the cast FLCA were in line with the
extruded material. Optimizing the thermomechanical process further is required to
achieve the desired properties in T5 temper.

e  The high ductility combined with the desirable microstructure promoted a high
structural integrity and ensured a high structural integrity, as evident from FLCA
fatigue trails.

In conclusion, the study provides a foundation for further exploration into alloy and
process parameter optimization for cast forging stock. Additional research focusing on further
microstructural analysis combined with simulations of the forging process would contribute
valuable insight that can advance the application of LPC in the automotive industry.
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