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Expanding Lightweight Design Potential by Hybrid Joining
of Aluminum Sheets with Aluminum Casting Through
Compound Sand Casting and Induction Heating

Christopher Locke,* Raffael Pichler, Martin Guggemos, Wolfram Volk,

and Daniel Giinther

Combining light metals like aluminum to produce lightweight structures offers a
high weight-saving and contributes to a circular economy in automotive car body
construction. Compound casting is a promising process for producing car body
parts. Difficulties arise in creating metallic continuity between insert and casting.
Insert coatings are used to remove the oxide layer and thereby improve the
wettability of the melt. This study uses a hybrid joining method to improve the
metallic bond between insert and casting. Induction heating differently influences
the strength properties of age- and nonage-hardenable inserts. Compression
shear tests characterize the metallic bond strength. Microscopic images show the
influence of the process variables on the compound quality. Reproducible sound
metallic bonding with low scattering is achieved by enhancing the compound
casting process through induction and no insert coating. Cast wall thicknesses
down to 4 mm contribute to further lightweight potential as they have the same
strength level as the reference sample. A decisive factor is the insert temperature
in the compound zone. Thereby, insert preheating conditions play a crucial role.
Additional heat treatment of hardenable compounds leads to a further increase in

phase-out of internal combustion
engines,””! alternative vehicle drives,”!
and change of consumer preferences,!
to name a few. Therefore, lightweight
materials and design concepts are the focus
of the automotive industry.® By 2030, the
proportion of cast alloys in lightweight
vehicles will reach over 50% in addition
to sheet metal and profiles.[! The latter is
a challenge for the casting industry with
its production sites and development
facilities, as it relies heavily on automotive
manufacturers as a supplier. A shift toward
structural castings for electric vehicles is
observed.”! Developments like giga- or
mega-casting large structural components
through high-pressure die casting under-
line this shift, where the aim is to substitute
a car body section with as many components

metallic bond strength.

1. Introduction

1.1. Background

The European automotive industry is undergoing a transforma-
tion driven by legal requirements to reduce emissions,!"
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as possible into one large casting, thereby
simplifying the following assembly”® due
to the elimination of subsequent processes.
In manufacturing car body parts, multima-
terial design is an alternative lightweight car body concept,” where
different materials are combined within one component, for
example, metals of the same subcategories but different grades,”
like aluminum casting and aluminum wrought alloys.

Automotive manufacturers and suppliers have renewed inter-
est in solutions realized through compound casting processes
based on the attempt to produce large-area structural castings.!'!
A characteristic feature of compound casting is casting a metallic
melt onto a metallic or nonmetallic insert in the mold."”
The insert and casting material combinations can be versatile.
In this study, the focus is on the combination of Al sheet metals
with an Al casting metal (Al-Al).

Combining sheet metal and cast metal in one component
makes it possible to meet a complex set of requirements for
structural components in the car body. Sheet metal materials
have excellent formability, which can absorb energy through
plastic deformation in a crash scenario. From a manufacturing
perspective, a cast component can replace many separate
sheet metal parts, reducing production costs by eliminating
downstream joining operations (see giga- or mega-casting).
Additionally, using a combination of aluminum materials offers
significant potential for lightweight construction due to their low
density compared to steel. Al-Al compounds contribute to a
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circular economy regarding sustainability because they contain
the same base material.

The connection between the melt and the insert is realized
through bonding mechanisms such as form-locking, force-fit,
or metallic bonding."* All bonding mechanisms can generally
Dbe used if the necessary conditions are fulfilled. However, creat-
ing a metallic bond between aluminum alloys is challenging due
to the fact that its natural oxide layer has a high melting point*
and acts as a wetting barrier for the melt."®! Studies on Al-Al
solid-liquid compound casting focused on using different
measures to improve metallic bonding between aluminum
alloys. One special measure is using a metallic coating to remove
the Al oxide layer from the insert and improve the wetting of the
Al melt on the insert.

1.2. Solid-Liquid Compound Casting

Papis et al. joined Al alloys on a laboratory scale using Zn-coated
inserts. The Zn coating on the insert was applied through zincate
treatment and a following galvanization. Droplets from the Al
melt on the insert created a defect-free metallic bond with no
formation of intermetallic products.!'® Riibner et al.’”! Korner
et al."® and Schwankl et al.l'”! further optimized the Zn coating
process for compound casting via high-pressure die casting,
focusing strongly on the pretreatment of the insert and thereby
improving the metallic bonding between Al alloys. In the study
by Korner et al. a maximum compression shear strength of
around 50 MPa was reached and in the study by Schwankl
et al. a maximum compression shear strength of around
70 MPa was achieved. Other studies have investigated Al-Al
solid-liquid compound casting using other casting processes.
Liu et al. fabricated compounds via squeeze casting, using a
Zn coating from the zincate process with additional galvaniza-
tion, achieving a tensile bond strength of 155 MPal*” and around
200 MPa.”"! Feng et al. investigated the influence of Ni and Cu as
coatings in squeeze casting and gravity die casting. It is reported
that Ni is the more suitable coating compared to Cu because a
smaller compound zone is formed.”? A study from Bakke et al.
focused on improving the metallic bond with flux-coated inserts
in gravity die casting using a graphite mold. Using flux coatings
prevented metallic bonding. Without flux coating, a metallic
bond could be achieved.l” Zhang et al. created a metallic bond
without using a coated insert. Instead, a sufficient mold design
and casting system was used to remove the oxide film and
improve the metallic bond resulting in an average tensile bond
strength of 178 MPa in the as-cast state.”*!

The studies show that different Al-Al compound casting pro-
cesses can achieve a metallic bond depending on process-specific
parameters and insert pretreatments. A study by Locke et al.”**!
showed that only by inductive insert preheating of a zinc-coated
steel sheet in a 3D-printed sand mold created a metallic bond
between the sheet and the aluminum casting alloy, resulting
in a shear tensile strength of up to 22 MPa. Another study by
Locke et al®® investigated the production of thin-walled
steel-Al structures by enhancing the compound sand casting
process by inductive sheet preheating to form a hybrid process
reaching compression shear strengths between 43 and 93 MPa.
This hybrid joining process has not yet been applied to Al alloys.
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Thermally joining steel to Al or Al to Al raises numerous diffi-
culties. For steel-Al joints, the differences in material properties,
such as melting point, thermal conductivity, and coefficient of
thermal expansion, make the joining process challenging.
Additionally, the specific oxide layer of each base metal hinders
the formation of a metallurgical compound due to poor wetting
by the melt and the high melting point of the oxide. Therefore,
the oxide layer is the main challenge in Al-Al solid-liquid com-
pound casting because of the similar thermophysical properties
between insert and casting.

1.3. Novelty and Aim of this Study

Based on the previous studies,*>*®! the novelty of this study is to
investigate the applicability of inductive sheet preheating to the
Al-Al system in compound sand casting to improve metallic con-
tinuity. The aim is to expand further the lightweight design
potential of Al-Al structures in sand casting. In the wider con-
text, compound casting can be described as a joining process.
Enhancing the compound sand casting process through induc-
tion heating to form a hybrid joining process enables new
manufacturing possibilities. Combining Al alloys offers a high
weight-saving potential and contributes to a circular economy
due to the same alloy base material. The compound system in
this study consists of the sheets EN AW-5754 (AlMg3) and
EN AW-6082 (AlSilMgMn) as inserts and an EN AC-42100
(AlSi7Mg03) casting alloy. Inductive preheating tests are
intended to show the heating behavior and the influence on
the mechanical properties of the insert materials. The influenc-
ing variables in the hybrid joining process, such as casting tem-
perature, induction power, coatings, casting wall thickness, and
insert alloys on the metallic bond, are investigated. In addition,
the influence of a T6 heat treatment on the EN AW-6082/EN
AC-42100 combination is investigated. Compression shear tests
and microstructural analyses present the investigations on the
metallic bond strength.

2. Inductive Preheating of Aluminum Sheet
Metals

2.1. Measuring the Heating Behavior

Figure 1 shows the setup to measure the heating behavior of
inductive preheated Al sheets in dependence on compound
zone size (20 x 30 or 10 x 30 mm?), inductor-to-sheet distance
(7 or 10 mm), induction power (70 or 80%), and insert alloy.
Therefore, a 1 mm borehole with a depth of 5 or 10 mm is drilled
in the short side of the insert. It is ensured that the inductor head
is positioned in the middle of the compound zone. The induction
unit (Powerduction 160 LG, inductor type 90, GYS GmbH,
Aachen, Germany) is positioned on the left side of the insert
to heat it. The overall heating capacity of the induction system
is 16 kW, selectable in 1500 W steps. The total heating time
is 15 s. The thermocouple tip touched the bottom of the borehole
to measure the temperature in the preheated sheet. Copper con-
ductive paste is previously added to improve thermal conductivity
between the insert and thermocouple. For this kind of measure-
ment, the inserts are not coated. Further, inserts with Ni and
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Figure 1. Setup to measure the heating behavior of inductive preheated Al sheets.

Zn coating were preheated to analyze the influence on the
coating qualitatively. This investigation uses the following
conditions: 20 x 30 mm?* compound zone, 7mm inductor to
sheet distance, 50%, 70%, 90% induction power, and a total
heating time of 15s.

2.2. Preheating for Tensile Testing and Tensile Test

Figure 2 illustrates the setup for preheating the insert alloys for
the following tensile test. The inductor and the insert are cen-
tered against each other. The distance between the inductor
and insert is 7 mm. An induction power from 50% to 90% is
used. The total heating time is 15 s. After preheating, flat tensile
specimens are milled out according to DIN 50125 type E.
The tensile properties are measured using a universal testing
machine (ZT 150, ZwickRoell GmbH & Co. KG, Ulm,
Germany). The yield strength Ry, in MPa, tensile strength
Ry, in MPa, and elongation at break A in % with a test speed
of 1 mm min~' at room temperature are measured. In addition,
reference samples are tested without preheating. For each
parameter set, three samples are tested.

side view front view
A]
sampling
/ tensile specimen
50 mm
v centre of the
----- -- -1r--t-r-1-fF - inductor head
and sheet metal
+—>
7 mm

[ inductor head [ ferrite [ Al sheet

Figure 2. Setup to preheat Al sheets for tensile testing.
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2.3. Hybrid Joining Process to Produce Al-Al Compounds

Figure 3 shows schematically the setup for the hybrid joining
process through compound sand casting and induction heating
to produce a metallic bond between the Al alloys. An overlap
joint sample enables only a pure metallic bond due to its geo-
metrical form. The insert, with or without coating, is placed
on a 1.5 mm thick sand rim on the left mold half and fixated
by the right mold half. The inductor head is placed into a pre-
designed opening for insert preheating. An induction power of
0% or 70% is used. The distance between the induction head
and insert is 7 mm (5 mm sand mold wall thickness +2 mm dis-
tance between sand mold and inductor). The right half of the
mold was designed accordingly for the variable cast wall thick-
ness of 10, 6, and 4 mm. The wall thicknesses are relevant in
sand casting and are oriented according to DIN EN ISO
8062-3. The casting temperature is set at 720+5°C and
760 + 5 °C and was controlled by a thermocouple before casting.
After 10s of inductive insert preheating, the argon lance is
pulled out of the end of the sprue, and the Al melt is poured
into the mold. The total induction heating duration is 15s.
In addition, a thermocouple is previously placed in the center
of the compound zone on the casting side to measure the casting
temperature and cooling curves as a function of the casting wall
thickness. It is ensured that the thermocouple does not come
into contact with the insert.

2.4. Sampling for Further Characterization

The sampling and experimental overview of the Al-Al compound
characterization is summarized in Figure 4. The shear tensile
sample is removed from the casting system after successfully cre-
ating a metallic bond between the Al alloys. Two compression
shear samples (position 1 and 2) are extracted by metallography.
For each position, three compression shear samples are tested.
The samples have a width of 5.5mm and a compound zone
surface of 8.5 x 24 mm?. Detailed information on the test setup
for metallic bond strength and microstructure characterization
and procedure can be found in an earlier study by Locke et al.**!
It is important to mention that the compression shear tests
are stopped after 1 mm of stamp distance to protect the test
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Figure 3. Setup for hybrid joining through compound sand casting and induction heating.
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Figure 4. Sampling and experimental overview for Al-Al compound characterization.

setup from damage. The maximum force is documented to
determine the compression shear strength 7comp= Fmax/A.
Metallographic samples were taken along the longitudinal axis
to analyze the microstructure of the metallic bond in zone A,
B, and D, E.

2.5. T6 Heat Treatment

Al-Al shear tensile compounds of EN AW-6082/EN AC-42100
underwent a shortened T6 heat treatment which consists of
the three following steps: 1) solution annealing at 500 °C for

2h, 2) water quenching at room temperature, and 3) artificial
ageing at 165 °C for 6h. AlSr10 refining agent was added to
the EN AC-42100 alloy. Table 1 shows the amount of Sr mea-
sured through an optical emission spectrometer (OES). The com-
bination of coarse a-Al and sharp-edged, eutectic silicon
significantly worsens the mechanical properties in the as-cast
state. Sr promotes the growth of Si crystals in different direc-
tions, forming finely, roundish silicon-rich phases.””) For this
reason, melt refining agents were added to the melt. After heat
treatment, compression shear samples were extracted according
to Figure 4 to investigate the influence on the metallic bond
strength.

Table 1. Amount of alloying elements in EN AC-42100 with added refining agents in wt%.

Al Si Mg Mn Fe Cu Zn Ti Sr
EN AC-4210084 bal. 6.5-7.5 0.25-0.45 <0.1 <0.2 <0.05 <0.07 0.08-0.25 -
OES measurement 92.5 6.9 0.27 0.04 0.1 0.002 0.007 0.14 0.0193
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3. Results and Discussion

3.1. Influence of Inductive Preheating on the Heating Behavior
of Al Sheet Metals

Figure 5 and 6 show the temperature-time curves of the
induction-heated inserts for EN AW-5754 and EN AW-6082 in
dependence on the compound zone size, inductor-to-sheet
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Figure 5. Temperature curves of EN AW-5754 with changes in the param-
eters of compound zone size, inductor to sheet distance, and induction
power.
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Figure 6. Temperature curves of EN AW-6082 with changes in the param-
eters of compound zone size, inductor to sheet distance, and induction
power.
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distance, induction power, and insert alloy. In order to differen-
tiate the influence of the individual parameters, the maximum
temperatures are compared with each other and the curves
are grouped together regarding inductor-to-sheet distance by
dashed (10 mm) and solid lines (7 mm). In Figure 5 of the dashed
lines, the compound zone size is changed from 10 x 30 to
20 x 30 mm?* with an induction power of 70%. The difference
in maximum temperature is 19 °C. With a further change in
induction power from 70% to 80%, the maximum temperature
increases with a difference of 61°C for the 20 x 30 mm* com-
pound zone and 59°C for the 10 x 30 mm? compound zone.
Comparing the parameters compound zone size and induction
power with each other, the induction power has a greater influ-
ence on the maximum temperature. Comparing the dashed lines
with the solid lines, it can be clearly seen that the influence of the
inductor-to-sheet distance has the greatest effect on the maxi-
mum temperature. For example, comparing the combinations
of 10 x 30mm” and 70% induction power with a change in
inductor-to-sheet distance from 10 to 7 mm, the maximum dif-
ference in maximum temperature is 130 °C.

In Figure 6 of the dashed lines, the compound zone size is
changed from 10 x 30 to 20 x 30 mm? with an induction power
of 70%. The difference in maximum temperature is 3 °C. With a
further change in induction power from 70% to 80%, the maxi-
mum temperature increases with a difference of 53 °C for the
20 x 30 mm?* compound zone and 56 °C for the 10 x 30 mm?
compound zone. Comparing the parameters compound zone
size and induction power with each other, the induction power
has a greater influence on the maximum temperature.
Comparing the dashed lines with the solid lines, it can be clearly
seen that the influence of the inductor-to-sheet distance has the
greatest effect on the maximum temperature. For example, com-
paring the combinations of 10 x 30 mm? and 70% induction
power with a change in inductor-to-sheet distance from 10 to
7mm, the maximum difference in maximum temperature is
88 °C. This also shows how locally limited the electromagnetic
field of the inductor is. This must be given special consideration
when designing hybrid lightweight structures. When comparing
the two insert alloys, the influence of the chemical composition
of the inserts is small compared to the impact of the compound
zone, inductor-to-sheet distance, and induction power. However,
the EN AW-5754 insert achieves higher maximum temperatures
than the EN AW-6082 insert. Under the same conditions, this can
be explained by the thermal conductivity of the inserts. The ther-
mal conductivity is 140-160 W mK™" for EN AW-57541%81 and
170-220 WmK ™" for EN AW-6082.1*") EN AW-6082 inserts thus
dissipate the heat from the bonding zone more quickly into the
rest of the sheet. This makes rapid preheating more difficult.
Overall, the following order of influence on preheating can be
determined with 1) the highest influence and 4) the lowest influ-
ence: 1) inductor-to-sheet distance, 2) induction power, 3) com-
pound zone size, and 4) chemical composition of the insert alloy.

The preheating behavior of the steel sheets in ref. [26] shows a
different heating behavior compared to the presented Al inserts.
A rapid heating rate is observed below the Curie temperature of
the steel sheets, resulting in an overall higher maximum temper-
ature. Herein, a rather linear heating process can be viewed due
to the lack of ferromagnetic properties in the Al alloys. Due to the

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

8508017 SUOWIIOD BAITe8.D el (dde ay) Ag peussncb aJe Sa o O ‘8sn JO Se|n. 10} Akeiq)T 8UljuQ /8|1 UO (SUONIPUCO-PUR-SWBIW0 A 1M Alelq1jpul [Uo//:Sdy) SUOIPUOD pue SWis 1 8y 8es *[GZ0z/TT/2T] uo ARiqiauliuo A8 |IM ‘G| Jejoyureld Aq 6500vZ02 WePe/Z00T 0T/I0p/Woo" A8 | Aelq iUl jUO"peoUeApe; /Sty wouy pepeojumod ‘TZ ‘v202 ‘8792.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

different material properties and influencing parameters, pre-
heating the insert must be carefully considered in practice.

3.2. Influence of Inductive Preheating on the Tensile Properties
of Al Sheets

Figure 7 and 8 show the influence of induction power on the EN
AW-5754 and EN AW-6082 inserts used regarding yield strength
Rp2 in MPa, elongation at break A in %, and tensile strength
Ry, in MPa. For the EN AW-5754 alloy, the induction preheating
hardly influences the tensile strength properties. The yield
strength of 122 MPa in the reference state decreases slightly with
increasing induction power. At 90% induction power, the yield
strength is 105 MPa. Compared to the reference state, the
decrease is 14%. The decrease in yield strength is due to a tem-
porary increase in dislocation mobility and an increase in grain
size, as the alloy composition is not precipitation hardenable.
The elongation measurements at break show no linear influence
of the induction power. One possible cause is the compensation
of the plastic reserve due to a decrease in dislocation density
caused by diffusion. The elongation values vary regardless of
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Figure 7. EN AW-5754 tensile properties are influenced by induction
heating.
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Figure 8. EN AW-6082 tensile properties are influenced by induction
heating.
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the induction power between 26% in the reference state and
20% at 90% induction power. The tensile strength decreases only
very slightly by inductive preheating from 243 MPa in the refer-
ence state down to 240 MPa with 90% induction power.

Induction preheating strongly influences the tensile strength
properties of the EN AW-6082 insert negatively. A decrease in
all measured tensile strength values can be observed. As the
chemical composition is precipitation hardenable, the decrease
can be linked to coarsening of precipitates. The yield strength
decreases from 295 MPa in the reference state to 110 MPa with
90% induction power. This corresponds to a strong decrease of
63%. The elongation at break decreases from 16% in the refer-
ence state to 11% with 90% induction power and reduces by
30%. The tensile strength decreases significantly from
338 MPa in the initial state to 194 MPa with 90% induction
power, resulting in a decrease of 43%. The decrease is also
due to the formation of strength-reducing phases after induc-
tion heating.

Due to the age-hardenable character of the EN AW-6082 alloy,
a significantly stronger influence of inductive preheating on the
tensile properties can be observed compared to the EN AW-5754
insert. Here, induction heating is a very short heat treatment and
significantly influences the EN AW-6082 insert properties nega-
tively, which is disadvantageous for application. It can be
assumed that the impacting melt in the compound zone
increases the insert temperature even further. Maximally up
to the melt temperature in the compound zone, see Figure 17.
Here, it becomes clear that the Al insert sheet metal in com-
pound casting is exposed much longer to temperatures beyond
the temperatures during inductive preheating, which strongly
favors the diffusion-driven coarsening of the precipitates.
Accordingly, the sheet’s strength reduction should be even
greater during compound casting.

3.3. Influence of inductive preheating on the sheet metal
coating

Figure 9 shows the coated insert surface after induction heating
as a function of the coating type, insert alloy, and induction
power. At 50%, no recognizable surface changes can be observed.

Considerable surface changes can be seen with increasing
induction power due to the increasing insert temperature.
At the insert, EN AW-5754 + Zn, blistering occurs at 70% induc-
tor power. At 90%, blisters are more prominent due to a preced-
ing temperature front. In ref. [30], it is described that the
Zn-coated inserts must be subjected to degassing annealing in
order to expel the trapped hydrogen before casting, as reheating
of zincate-coated and subsequently Zn-galvanized Al inserts in
the casting tool leads to bubble formation at the interface
between the insert and the coating. It is recommended to evapo-
rate the hydrogen by means of a defined heating ramp and hold-
ing at 200 °C. In future studies, this must be taken into account
when conducting experiments. However, it shows that great care
must be taken to pretreat the sheet with Zn, which makes it
difficult to use in practice. The melting temperature of zinc is
420°C.BU It can be assumed that the compound casting process
and higher induction power significantly exceed the melting
point of the zinc coating.
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Induction power = 90 %
Heating time =15 s
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Figure 9. Qualitative comparison of the influence of induction preheating on the Al sheet metal and coating.

The electroless nickel coating shows a different behavior
under inductive heating. Macroscopic blistering of the coating
was not observed for both insert alloys EN AW-5754 and EN
AW-6082. Only at 90% inductor power the coloring of the sheet
is visible. One assumption is that the coloring is from the oxidi-
zation of the Ni coating because Al alloys do not show annealing
colors. The coloring between both insert alloys is clearly different
and more pronounced in EN AW-5754 due to the higher temper-
ature input. The higher temperature input correlates well with
the results from the preheating experiments in Section 3.1. In
ref. [32], the melting temperature of a Ni coating with 3-15%
P is between 860 and 890 °C. This temperature range was not
reached by the shown experiments. Another assumption is that
other alloying elements oxidize or that Ni and alloying elements
oxidize on top of each other.**

Furthermore, in Figure 9, the half-circle-shaped temperature
front in the insert is visible, for example. This indicates a stron-
ger heating of the insert in the edge areas than in the center.
This results in a build-up of thermal energy, whereas the heat in
the center can dissipate into the rest of the insert. If the insert is
rotated 180° from the image, this corresponds to the initial posi-
tion of the insert in the hybrid joining process in Figure 3.

Adv. Eng. Mater. 2024, 26, 2400549 2400549 (7 of 15)

Sample positions 1 and 2 are shown using the combination
EN AW-5754 + Ni with 70% induction power as an example.
This finding implies that position 1 is supplied with less thermal
energy due to heat dissipation. Therefore, the insert zone at posi-
tion 1 is colder than position 2. The analysis of the combination
EN AW-6082 + Zn was not carried out due to the poor heating
behavior of Zn in the experiments. Overall, 70% induction
power is the most favorable configuration for the hybrid joining
process because no discolorations/oxidations occur that might
influence the metallic bonding.

3.4. Parameter Study on the Metallic Bond Strength

3.4.1. EN AW-5754/EN AC-42100

Table 2 shows the parameter sets of the compounds, and
Figure 10 shows the resulting metallic bond strength.
Generally, the metallic bond strength at position 1 compared
to position 2 is predominantly lower due to the lower thermal
input explained in the previous section. The EN AW-5754/EN
AC-42100 compound results show that the Zn coating produces
poor results (Znl-Zn4). No metallic bond could be achieved

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

B5US0 |7 SUOLULLOD) BAITERID) B|ed!(dde B Aq peuenoh a1e Sojoile YO ‘88N JO SajnJ 10} A%eiqiT 8uljuO AB|IM UO (SUORIPUOD-PUB-SLUBY WD 3] 1M A1 1[BU1|UO//SARY) SUORIPUOD PUe SWLB | 84} 89S *[G20¢/TT/ZT] uo AriqiTauliuo A|IM ‘g1 Bjouureld Ag 6vS007202 Wepe/zo0T 0T/I0p/wod™As|m A elq 1 [pul|uo"peoueApe;/sdny woy papeojumod ‘T¢ ‘7202 ‘8r9e.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

Table 2. Coating configuration, casting temperature, induction power, and
casting wall thickness of the Al-Al compound EN AW-5754/EN AC-42100.

ps? T [°C P [%] G [mm]
Zn1*» 720 0 10
Zn2*? 760 0 10
Zn3? 720 70 10
Zn4? 760 70 10
Ni1? 720 0 10
Ni2? 760 0 10
Ni3? 720 70 10
Ni4? 760 70 10
Ni4.19 760 70 6
Ni4.2% 760 70 4
x1 720 0 10
x2% 760 0 10
x3? 720 70 10
x4% 760 70 10
x4.1% 760 70 6
x4.2% 760 70 4

3PS: Parameter set with coating configuration Zn: zing, Ni: nickel, x: no coating. Tc:
Casting temperature. P;: Induction power. Cy: Casting wall thickness; ®No metallic
bond occurred. The shading indicates the parameter change within one coating
configuration.

without the thermal support from the inductor. After removing
the compound from the sand mold, the casting and insert fell
apart. For this reason, Znl and Zn2 are not shown in
Figure 10. The poor metallic bond strengths correlate with the
results for the Zn coating from Section 3.3. Further details

www.aem-journal.com

are given in Figure 11. Poor wetting of the insert and a gap for-
mation between the cast and insert alloy can be observed in posi-
tions 2 and 1 of the parameter set Zn4. For this reason, no further
experiments were carried out with EN AW-6082. The overall
metallic bond strength is below 10 MPa.

In the experiments with Ni coating, the wettability of the melt
was increased by the coating and is reflected in a higher metallic
bond strength. The influence of the different casting tempera-
tures can be observed here by comparing Nil with Ni2. A higher
casting temperature results in better metallic bond strength.
A casting temperature of 720 °C and the addition of inductive
preheating does not seem to have a stronger effect on the metallic
bond strength of Ni3. However, with a casting temperature of
760 °C and induction heating (Ni4), the metallic bond strength
increases with a lower scattering. The corresponding images
in Figure 11 show an increasing dissolution between the casting
and insert alloy, resulting in a Si-Mg-rich cast-like structure with
overall increasing temperature input through the melt and induc-
tion because the Si and Mg content in the alloys differ by a factor
of 7 and 10, respectively. Furthermore, in Nil, a Mg—P-rich phase
is formed in the compound area (Figure 12).

As the parameter set of Ni4 showed the best strength
results, the influence of the cast wall thickness on the metallic
bond strength was further investigated (Ni4.1 and Ni4.2).
The results show poor strength values. A possible explanation
can be found in Figure 13a). It shows the different
displacements of the Ni coating, depending on the wall
thickness, from 10 to 4 mm. In the 10 mm sample, the incoming
molten metal completely removes the coating from the com-
pound zone and completely dissolves the insert into a cast-like
structure through the combined temperature input through
melt temperature of 760°C and 70% induction power. This
effect is less pronounced with the smaller cast wall thicknesses.
The coating is distributed in the casting matrix and acts as a
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Figure 10. The metallic bond strength EN AW-5754/EN AC-42100 depends on the configuration.
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Figure 11. Microstructure analysis of the parameter study with EN AW-5754/EN AC-42100 in the former area of the compound zone between both alloys.

Images taken with 500x magnification.

weak point for crack initiation, resulting in low metallic bond
strength.

Further experiments were carried out without coating the
inserts as a reference (x1 to x4.2). It is particularly interesting
that, contrary to the current state of research, there is no need
for an insert coating if the insert is preheated inductively.

Adv. Eng. Mater. 2024, 26, 2400549 2400549 (9 of 15)

This is reflected in the strength results of x3 to x4 with up to
60 MPa and a low scatter range compared to x1 and x2. The dif-
ferent strength values strongly depend on the overall tempera-
ture input, creating a high dissolution between the casting
and the insert. This finding is clearly illustrated in
Figure 13Db). Here, the increasing temperature input leads to
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Figure 12. Element mapping of a Mg—P-rich phase in the configuration of Nil of the EN AW-5754/EN AC-42100 compound.
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Figure 13. EN AW-5754/EN AC-42100 compound. a) Microscopic overview images show a dislocation of the Ni coating. b) Increasing dissolution with

increasing temperature input between casting and uncoated insert.

increasing dissolution and, consequently, to an increase in
strength. At lower temperatures, the degree of dissolution is
insufficient, resulting in only localized bonding between the cast-
ing and insert. The remaining boundary between the casting and
insert overall affects the bond as a weak point for early failure.
It is also interesting to note that the same strength level is
achieved with lower cast wall thicknesses (x4.1 and x4.2) as with
10 mm cast wall thickness (x4). This means that there is great
potential for lightweight construction with a lower cast wall thick-
ness and the same strength. This hybrid joining process demon-
strates high process stability through reproducible strength
values to further expand lightweight design potential. Overall,

Adv. Eng. Mater. 2024, 26, 2400549 2400549 (10 of 15)

the experiments without insert coating, 760 °C casting tempera-
ture and induction preheating show the best strength results.
At this point, it must be emphasized that the determined
strengths without coating and the highest temperature input
(x4 to x4.2) are below the theoretically achievable strength, as
the test was stopped after a stamp distance of 1 mm to protect
the test setup from damage.

3.4.2. En AW-6082/En AC-42100

Table 3 shows the parameter sets of the compounds, and
Figure 14 shows the resulting metallic bond strength.
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Table 3. Coating configuration, casting temperature, induction power,
and casting wall thickness of the Al-Al compound EN AW-6082/EN
AC-42100.

ps? TP [°C P [%] Co® [mm] T6?
Ni1?) 720 0 10 -
Ni2? 760 0 10 -
Ni3? 720 70 10 -
Ni4?) 760 70 10 -
Ni2.19 760 0 6 -
Ni2.29 760 0 4 -
Ni4.1? 760 70 6 -
x1? 720 0 10 -
x2% 760 0 10 -
x3% 720 70 10 -
x4% 760 70 10 -
x4.1% 760 70 6 -
x4.2% 760 70 4 -
x4T6? 760 70 10 v/

AIPS: Parameter set with coating configuration Ni: nickel, x = no coating. Tc: Casting
temperature. P;: Induction power. Cy: Casting wall thickness. T6: Heat treatment
configuration. The shading indicates the parameter change within one coating
configuration.

As mentioned previously, with the EN AW-5754/EN AC-42100
compound, the metallic bond strength at position 1 compared
to position 2 is also predominantly lower due to the lower
thermal input explained in Section 3.1. The EN AW-6082/EN
AC-42100 compound results show that nickel coating increases
the wettability of the melt on the insert and consequently
increases the strength. As with EN AW-5754, a higher casting

www.aem-journal.com

temperature leads to higher strength (Nil, Ni2). The additional
induction has no influence on the strength, as the values are
largely within the scatter (Ni3, Ni4). As the combinations Ni2
and Ni4 achieved the highest maximum strengths, the influence
of the wall thickness was investigated with these parameters.
Reducing the wall thickness significantly reduces the strength
in each case (Ni2.1, Ni2.2, and Ni4.1). Optical images in
Figure 15 show that the Ni coating is not rinsed off and is only
partially dissolved. As a result, the coating acts as a kind of
separating layer and thus reduces the strength. In addition, large
gaps can be seen in the images at position 1, which contribute to
particularly low strengths due to the lack of bonding. In this
study, the Ni layer thickness is 5um. In future studies, the
coating thickness ratio to casting wall thickness may need to
be adjusted to enhance the metallurgical bond with the Ni
coating.

An increasing trend can be seen in the results without coating.
Poor strengths are achieved without additional induction (x1, x2).
With induction and a high casting temperature, the strength
increases to around 30 to 50 MPa, and the scatter decreases
(x4). As x4 achieves the best results, the influence of the casting
wall thickness was investigated with this combination. There was
no difference compared to the 10 mm cast wall thickness. This is
also reflected in the microstructure images in Figure 15. An addi-
tional T6 heat treatment leads to the highest strength level of
nearly 70 MPa for positions 1 and 2 (x4T6). Element mappings
in Figure 16 show the solubility of the elements with the forma-
tion of a cast-like microstructure, especially in zone A. In zone E,
the concentration gradient in Si and Sr between the cast and
insert material reveals the rest of the remaining insert. It would
be reasonable to assume that this is an EN AW-5754
insert because the Si contrast in the image is shallow.
Microhardness measurements with HV0.01 showed that the
hardness of the untreated reference sheet without coating
resulted in an average hardness of 64 +£2,1 HV. The rest of
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Figure 14. The metallic bond strength of EN AW-6082/EN AC-42100 depends on the configuration.
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Figure 15. Microstructure analysis of the parameter study with EN AW-6082/EN AC-42100 in the former area of the compound zone between both alloys.

Images taken with 500x magnification.

the heat-treated insert in the compound resulted in an average
hardness of 127.6+ 1,9 HV. Ten indentations were made in
the middle of the sheets at a distance of 0.3mm to avoid
increased hardness due to plastic deformation. The increase
in hardness in the sheet proves the presence of an EN AW-6082
insert, as EN AW-5754 cannot be heat treated.

Adv. Eng. Mater. 2024, 26, 2400549 2400549 (12 of 15)

3.4.3. Intermediate Conclusion on the Metallic Bond Strength

The results show that coating the inserts EN AW-5754 and EN
AW-6082 is unnecessary if inductive preheating is applied. The
critical process parameter that significantly impacts the metallic
bond is the maximum temperature of the insert within the
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Figure 16. SEM—EDX images of EN AW-6082/EN AC-42100 (x4T6) in areas A and E of the microscopic sample after T6 heat treatment.

compound zone when it comes into contact with molten alumi-
num. Induction heating significantly reduces the temperature
difference between the molten metal and the insert, effectively
facilitating proper diffusion conditions for forming a sound
metallic bond. However, the preheating conditions must be care-
fully considered (see Section 3.1). The enhancement with induc-
tion leads to higher and reproducible strength values and reduces
the scattering due to an overall increased insert temperature in
the compound zone.

The EN AW-6082 alloy shows lower process stability than the
EN AW-5754 alloy due to its age-hardenable character with
inductive preheating. Nevertheless, heat treatment can increase
the overall strength to achieve a more uniform and higher
strength level. Coating the inserts with Zn from zincate with sub-
sequent electroplating requires special care and handling. The
achieved metallic bond strengths of samples with uncoated
EN AW-5754 inserts and a cast wall thickness of 4-10 mm are
between 50 and 60 MPa at the best parameter combination of
760°C casting temperature and 70% induction power. For
uncoated EN AW-6082 samples and a cast wall thickness of
10 mm, the strengths are between 60 and 70 MPa at the best
parameter combination of 760°C casting temperature, 70%
induction power, and an additional T6 heat treatment.

Korner et al."® and Schwankl et al.™ evaluated the metallic
bond strength of Al-Al compounds with Zn-coated inserts in
high-pressure die casting (HPDC) using a similar compression
shear test setup. Korner et al. achieved a metallic bond strength
of around 50 MPa depending on the metallic mold temperature
of 205°C, a casting temperature of 740°C, and a casting wall
thickness of 6 mm. Schwankl et al. achieved a metallic bond
strength of around 60-70 MPa at a metallic mold temperature
of 190 °C, a casting temperature of 740 °C, and different plunger
velocities. The present study shows that equivalent metallic
bonded Al-Al joints can be achieved without insert coating
but with additional induction in sand casting, as in HPDC.

The Ni coating has no advantages when applying induction,
particularly with thin-walled castings. This is mainly due to
the Ni-coating thickness compared to the natural oxide layer
of uncoated inserts, which is %10 nm thick. In contrast, the
Ni coating has a thickness of 5pm (5000 nm), making it
500 times thicker than the oxide layer of the Al insert. When

Adv. Eng. Mater. 2024, 26, 2400549 2400549 (13 of 15)

the total temperature input from both the induction and melt
temperature is sufficient, it can heat the insert material above
its solidus temperature, causing the oxide layer to break up
and wash away.

Contrarily, the total temperature input from induction and
melt is insufficient for Ni-coated inserts. As a result, with its
higher melting point, the coating remains intact as a separating
layer between the casting material and insert, leading to lower
strengths. This conclusion becomes clear when the overview
images in Figure 13 are compared. It is essential to adjust the
coating ratio to the smallest casting wall thickness in future work.

3.5. Casting Temperature in the Compound Zone

Figure 17 illustrates the measured melt temperature on the cast-
ing side of the compound zone in dependence on the casting wall
thickness. Overall, the measured temperature is lower for all cast-
ing wall thicknesses than the previously measured casting
temperature of 760 £ 5 °C in the crucible. The initial melt tem-
perature in the compound zone is around 660 °C. One explana-
tion is the heat dissipation through the sand mold. Similar
cooling curves with different cooling times are observed due
to the different casting wall thicknesses. However, the longer
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Figure 17. Melt temperature in the compound zone and cooling curves

with different cast wall thicknesses. Measured melt temperature in the cru-
cible before casting: 760+ 5 °C.
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cooling times are not relevant for metallic bonding. The inserts
have a melting interval due to their chemical composition. This is
610-640°C for EN AW-5754 and 585 and 650°C for EN
AW-6082. The melting intervals in the diagram intersect with
the measured casting temperature in the bonding zone. The tem-
perature curves show that melting and diffusion processes occur
in the two-phase region for a certain time. The time for interac-
tion between melt and insert is crucial for creating a sound
metallic bond. Overall, it is influenced by the casting with the
casting system itself, but especially by the initial temperature
of the insert when coming in contact with the melt. Without
induction preheating, the insert acts as a heat sink as the tem-
perature difference between the insert and the melt is large,
resulting in insufficient bonding and poor strength. This effect
is strongly compensated with inductive insert preheating, favor-
ing metallic bonding. Accordingly, the initial insert temperature
in the compound zone plays a significant role before the melt
comes into contact with the insert.

4. Conclusion

Compound sand casting with induction heating to form a hybrid
joining process is a promising manufacturing approach to com-
bine different Al materials and structures in one process step.
Contrary to the literature, coating the insert is unnecessary for
creating a metallic bond if the insert is sufficiently preheated
before casting, in this case with induction. Without induction,
coatings are helpful but have low reproducibility due to unstable
substrate temperature conditions. Special attention must be
directed to the preheating conditions in the compound zone
to reach sufficient insert temperature for metallic bonding. In
combination with a higher casting temperature, metallic continu-
ity is ensured. The EN AW-5754 inserts displayed compound
strengths ranging from 50 to 60 MPa, with a cast wall thickness
varying from 4 to 10 mm using the best parameter set of 760 °C
casting temperature, 70% induction, and no insert coating.
Under the same parameters, the EN AW-6082 inserts achieved
strengths between 35 and 60 MPa. The EN AW-6082 inserts
demonstrated an increased maximum strength of 70 MPa after
additional T6 heat treatment. Further, the weakening effect of
induction preheating on the mechanical properties of age-
hardenable Al alloys must be considered. As displayed, the
mechanical properties of age-hardenable compounds are enhanced
by T6 heat treatment, compensating for the lower strength in the
as-cast state. A cast-like structure predominantly characterizes the
metallic compound of the hybrid joined parts.

5. Outlook

In this study, flat sheets were used as inserts. Other insert geom-
etries, such as tubes or profiles, can be investigated. These can
serve as connections for further assembly processes. From an
engineering standpoint, complex formed sheets or profiles can
be integrated into additively manufactured sand molds due to
the high design freedom of binder-jetting. Further sample geom-
etries for different types of load must be investigated. How addi-
tional force-fit and form-locking contribute to the overall
compound strength is relevant for the design of hybrid
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components and must be carried out in future work. Additional
topology optimization enables further use of the lightweight con-
struction potential of Al-Al hybrid structures. However, it must
be considered that the inductor head geometry must be adapted
to the insert geometry to enable sufficient insert temperature in
the compound zone. Specific solutions for inductor heads can be
developed with manufacturers in the induction technology
industry. For car body construction, transferring this hybrid join-
ing method from gravity sand casting to low-pressure sand cast-
ing can advance the production of the series and enhance the
compound’s overall performance. Setting up a process simula-
tion would be helpful to gain further phenomenological insights.
However, no commercial software is known to model the
presented hybrid joining process. Work must be carried out
in cooperation with simulation software providers.
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