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 A B S T R A C T

Fusion-based additive manufacturing (AM) techniques face some challenges for aluminium due to the necessity 
of material melting resulting in insufficient bonding. The present work provides a novel insight into the 
combination of fusion-based and solid-state AM approaches to successfully generate structures from different 
aluminium alloys. Specifically, the friction-based solid-state AM technique of friction surfacing (FS) is used to 
generate an interlayer structure on AA2050 substrate material. On top of this structure, additional AA5087 
is deposited via Wire and Arc Additive Manufacturing (WAAM). For the FS interlayer structure, two different 
alloys, AA5083 and AA7050, are explored. Additionally, the effect of inter-layer rolling is investigated for the 
final WAAM structure. The built structures are investigated with special focus on the interfaces, i.e., FS deposit-
to-substrate and WAAM deposit-to-FS deposit interfaces. In the cross sections, no defects could be detected at 
the FS deposit-to-substrate interfaces and the structures did not show visible cracks at the WAAM deposit-to-FS 
deposit interfaces. The investigation showed that the mechanical properties of the WAAM structure improve 
when inter-layer rolling is applied, leading to homogeneous mechanical properties across the interfaces. The 
study highlights that FS as friction-based solid-state AM process is capable to build interlayer structures 
for material combinations, which cannot be achieved directly via a fusion-based process. The approach of 
combining different AM techniques can be advantageous not only to achieve a dissimilar material combinations 
but also to build hybrid structures with locally optimized properties.
 

 

 

 

1. Introduction

The layer-by-layer manufacturing of a structure, known as Additive 
Manufacturing (AM), has received much attention by research and 
industry in the last decades, especially to produce lightweight struc-
tures [1]. Various metallic materials can be processed [2], where the 
most common approaches are based on material melting and solid-
ification in order to build the desired structure [3]. For lightweight 
structures, aluminium alloys are widely used due to their high strength-
to-density ratio. Aluminium–lithium alloys are a relatively recent al-
loy family that possess higher Young’s modulus and strength as well 
as lower density than other alloys [4]. Although aluminium–lithium 
AM research has been conducted [5–8], it is not mature enough for 
industrial implementation yet.

The combination of conventional forming, such as casting or forg-
ing, with AM is a hybrid manufacturing approach that takes advantage 
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of both traditional and AM capabilities [9–11]. This can enable the 
use of alloys, such as aluminium–lithium, that can be challenging for
a deposition via AM. AM enables high geometrical flexibility, resulting 
in the capability of producing geometries close to the final product, 
leading to waste reduction compared to subtractive manufacturing. 
However, building large components can be lengthy and the benefits
of AM are often suboptimal when manufacturing simple geometrical 
features. Therefore, the combination of both processes can also lead 
to sustainable manufacturing of efficient designs with the potential to 
produce multi-material structures. Wire and Arc Additive Manufactur-
ing (WAAM) is a wire-based Directed Energy Deposition (DED) AM 
technology that operates in open architecture without the need for an 
inert or vacuum atmosphere. It also has a relatively high deposition
rate compared with other metal AM processes [12]. Therefore, it is 
particularly suitable for hybrid manufacturing.
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When compatible alloys are used, the wrought and AM material
interface performs well [13–15]. However, the joint between wrought
products and WAAM material can suffer from defects similar to those
found in fusion welding joints. Eimer et al. [13,14] studied the mi-
crostructure and mechanical properties of the interface between alu-
minium rolled plates and WAAM deposits. The investigation of an 
AA2050 plate with AA2319 WAAM deposit combination showed a
high porosity level at the fusion zone and a softening of the plate in 
the heat-affected zone. The authors pointed out similarities between
the detrimental phenomena occurring during fusion welding and the 
deposition of the first AM layer on a substrate via a fusion-based 
approach. These welding challenges have been widely reported for
aluminium–lithium alloys. A high porosity level is often observed in
aluminium–lithium fusion welds, as the lithium increases the molten
pool reactivity with oxygen, promoting the formation of an oxide layer 
that increases hydrogen absorption and prevents gas pores from escap-
ing during solidification [16]. These phenomena have been reported 
since the 70’s [17] and are still being investigated now [18]. Cracking 
can also occur during the fusion welding of aluminium–lithium alloys 
when their chemical composition generates a solidification path prone
to eutectic formation [16]. Therefore, the addition of WAAM features 
directly onto aluminium–lithium plates is fundamentally challenging. 
Solid state welding is often used to overcome these fusion welding 
challenges, and defect-free aluminium–lithium joints can be produced
via Friction Stir Welding [19,20]. Solid-state processed materials could 
therefore be a solution as an interlayer structure between a wrought 
aluminium–lithium substrate and a WAAM structure.

Additionally, friction-stir based methods have been used for the
inter-layer processing of fusion-based AM structures. For instance, fric-
tion stir processing (FSP) was shown to enhance the mechanical prop-
erties of additive structures [21,22]. Due to the nature of these ap-
proaches, friction stir-based solid state layer deposition techniques are
also highly interesting for building interlayer structures. Solid-state
layer deposition processes like friction surfacing (FS) operate below the 
materials melting temperature and the layer deposition is enabled via
friction and plastic deformation. This approach allows the deposition of 
various similar and dissimilar metallic materials, for instance, titanium
alloys [23], aluminium alloys [24], Inconel [25] or steels [26]. A 
distinct feature of solid-state layer deposition processes is the abil-
ity to join metals with physically and metallurgically very different
properties, such as aluminium onto steel [27]. The FS technique has
some drawbacks such as being a discontinuous process [28] applicable 
to a limited range of geometry in 2.5 dimensions. It is also difficult
to produce small FS features. Despite these limitations, the technique
has large potential to build an interlayer structure, i.e., achieve the
critical material combination via FS and continue the deposition with a 
fusion-based process afterwards. To the best knowledge of the authors,
there is no research study available that systematically investigates the
combination of FS structures with a fusion-based AM approach.

This study aims to determine the capabilities of multi-layer fric-
tion surfacing (MLFS) to build an interlayer structure between an
aluminium–lithium plate and a WAAM deposit to overcome the chal-
lenges mentioned above. For this investigation, AA2050 was chosen
as the substrate material due to its high potential in the aircraft 
industry [29]. Moreover, previous studies reported successful FS layer
deposition of AA5083 on AA2050 substrates [30,31]. AA5087 was 
selected as the WAAM alloy as its strength can be significantly im-
proved by rolling [32] as opposed to 2000 series alloys that require
a heat treatment. Two different aluminium alloys, i.e., AA5083 and 
AA7050, are included in the investigation for the multi-layer FS struc-
ture. AA5083 is expected to show good compatibility with the AA5087 
WAAM deposit and AA7050 is a high-strength aluminium alloy, aiming
for a high-performing joint. The hybrid structures containing substrate,
FS interlayer structure and WAAM structure (WAAM with and without
inter-layer rolling), are investigated in detail. A special focus is on the 
characterization of the interfaces, i.e., FS deposited material-substrate
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and WAAM deposited material-FS deposited material, with regard to 
mechanical properties. For that purpose, micro-flat tensile specimens
were extracted from these regions of the structure. The results provide
valuable insight into the strength of the respective interfaces and the
comparison of the different approaches used for hybrid structures. The 
results underline the potential of FS deposits for interlayer structures 
for challenging dissimilar material combinations.

2. Materials and methods

2.1. Materials

AA5083 and AA7050 alloys were investigated for the MLFS deposit 
as interlayer structure between AA2050 substrates and AA5087 WAAM 
deposit. AA2050-T84 rolled plates (300 mm length, 130 mm width,
12.5 mm thickness) are used as substrates. Fig.  1 presents the schematic
of the approach investigated in this study. Table  1 lists the alloys, their 
temper states, main alloying elements and application during this work.
Details on the individual used consumable materials and processes are 
provided in the following sections.

2.2. Friction surfacing

Friction surfacing (FS) is a solid-state joining process first mentioned 
1941 in a patent by Klopstock and Neelands [33]. The FS process can be 
divided into four steps with two main process phases, i.e., plasticizing
and deposition phase. After the stud is positioned above the starting 
position, a predefined rotational speed and, in case of force controlled
operation, an axial force, or a predefined axial feed rate, in case of 
feed rate controlled operation, is applied. The rotating stud is pressed 
onto the substrate surface and causes frictional heating at the materials’ 
interface. As a result, the tip of the stud starts to deform and plasticize. 
The outer part of the stud tip material is pressed outward and starts to
form the so called flash [34], which is a characteristic of the FS process.
Continuous torque input changes the main heat source from hard body 
friction to viscoplastic shearing at the interface between the stud tip
and the already deposited material in the plasticizing area [35,36]. 
When this stage is reached, a relative translational movement between 
substrate and stud is superimposed and enables layer deposition along
the programmed path. The deposition ends either by reaching the target
coordinates or when the stud is consumed.

The main FS process parameters are rotational speed, axial force or 
feed rate as well as the travel speed for the relative translational move-
ment. The process parameters determine the energy input and have 
to be selected in accordance with the materials to be deposited [37].
Furthermore, it is well known that the FS process parameters and
resulting temperatures affect the resulting deposit geometry [38].

In the course of this study, a custom-designed friction welding 
machine (RAS, H. Loitz Robotik, Germany) has been used. The RAS 
has a vertical spindle system (max. rotational speed up to 6000 rpm) 
in combination with computer-aided numerical control (CNC) of the 
machine table (work area 1.5 m × 0.5 m) in the horizontal plane. The 
machine has a stiff design and can therefore provide axial forces up to 
60 kN without significant deflection. The forces in all spatial directions, 
the spindle torque as well as displacements are recorded.

For this study, AA5083 H112 and AA7050 T74511 have been used 
as consumable stud materials (125 mm length, 20 mm diameter). A
backing plate of AA2024 T3 (300 mm length, 130 mm width, 8 mm 
thickness) has been mounted between substrate and worktable. Prior to 
the first layer deposition, the substrate surface was ground using P100 
grit sandpaper [39] and the surface in the FS area has been further 
cleaned with acetone using a lint-free cloth.

For the AA5083 FS build, all layers were deposited at constant 
process parameters, as shown in Table  2. Since it is more challenging
to achieve sufficient bonding between FS layer and substrate mate-
rial with AA7050, the parameters had to be adjusted accordingly.
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Fig. 1. Schematic illustration of the deposition approach used in this study to create a hybrid structure (a) with multi-layer friction surfacing (MLFS) interlayer structure (b) for 
ire and Arc Additive Manufacturing (WAAM) (c).
Table 1
Aluminium alloys used in this study for substrate material, FS and WAAM deposition.
 Alloy Temper state Alloying elements [wt.%] Use  
 
AA2050 T84

Cu (3.2–3.9), Li (0.7–1.3),
substrate

 
 Ag (0.2–0.7),Mg (0.2–0.6),  
 Mn (0.2–0.5), Zr (0.6–0.14)  
 AA7050 T74511 Zn (5.7–6.7), Cu (2–2.6), MLFS deposit  
 Mg (1.9–2.6)  
 AA5083 H112 Mg (4–4.9), Mn (0.4–1), MLFS deposit  
 Cr (0.05–0.25)  
 AA5087 As-deposited and rolled Mg (4.5–5.2), Mn (0.7–1.1), WAAM deposit  Cr (0.05–0.25), Zr (0.1–0.2)  
Table 2
Process parameters for first and subsequent layer deposition via MLFS for AA5083 and AA7050 on AA2050 substrate 
material.
 Material Layer Axial Rotational Translational 
 force speed speed  
 [kN] [rpm] [mm/s]  
 AA5083/AA2050 1st, 2nd, . . . 8 1200 6  
 AA7050/AA2050 1st 12 1000 8  
 2nd, 3rd, . . . 12 500 4  
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Parameters with higher rotational and translational speed were ap-
plied for the first layer to substrate (LTS), i.e., AA7050 on AA2050,
deposit, which generate thinner layers but have shown higher bonding 
strength [40]. Since parameters with lower rotational and translational
speed generate thicker layers, these parameters have been applied for
the subsequent layers, i.e., AA7050 to AA7050 layer to layer (LTL), to
reduce the amount of layers necessary and thus increase productivity in 
generating the MLFS interlayer structures. After each layer deposition, 
the build was allowed to cool down to room temperature. The main
process parameters used for depositing the different layers are listed
in Table  2. The MLFS builds showed a high reproducibility and stable 
layer deposition behaviour, leading to homogeneous layer geometries
and appearance of the stacks, as shown in Fig.  2. For the investigation 
of the MLFS-substrate interface, nine layers were deposited on top of 
each other in order to provide sufficient material for tensile specimen 
extraction. For the final structures with WAAM deposit on top of
the MLFS interlayer structure, four layers (AA5083) and five layers 
(AA7050) were deposited, respectively, to reach a stack height of at 
least 5 mm.

2.3. Wire and Arc Additive Manufacturing

A Fronius CMT Advanced 4000R power source was used with the 
Cold Metal Transfer (CMT) Pulse C0879 + P synergic line and a 1.2 mm 
3 
Fig. 2. Dissimilar MLFS builds, showing (a) AA5083 deposited onto AA2050 and (b) 
A7050 deposited onto AA2050.

diameter AA5087 commercial wire. With this deposition process, the
material transfer occurs via dip transfer and spray mode. The process 
parameters, identical to those used by Gu et al.[32] in their study of the
effect of rolling on AA5087 WAAM are indicated in Table  3. Deposits
were made directly on the substrate for references, and on top of the 
MLFS for the core study. In both cases, the surface was finished using 
an abrasive disc and cleaned with isopropanol.

The process parameters of the first two layers were adjusted to 
increase the heat input and compensate for the heat sink due to the
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Fig. 3. Samples for testing are extracted along the deposition length from the multi-layer friction surfacing (MLFS) stacks (a) for cross tension testing (CTT) and (b) and micro-flat 
ensile testing (MFTT) (c, d), as also performed in [31] for AA5083 MLFS deposits.
 
Fig. 4. Schematic overview of the cross section (a) with AA5087 WAAM build deposited onto AA5083 or AA7050 MLFS builds on AA2050 substrates, showing the extraction
position of the micro-flat tensile specimens (b). Setup for micro-flat tensile testing with (c) mounting of the specimen in the test stage.
 

 
 

 

 

proximity of the substrate. This is a standard method implemented
when depositing on a substrate to control the wall base width [13], see 
Table  3. Using these deposition conditions, a magnesium loss caused 
by this element’s low vaporization point of 0.3wt%, is expected [32]. 
150 mm long single bead walls were deposited with alternating start 
and stop position.

Inter-pass rolling was applied through a 100 mm diameter roller by
a hydraulic cylinder as described by Gu et al. [32]. A load of 45 kN and
a rolling speed of 10 mm/s were used. Inter-pass rolling was applied 
between each deposited WAAM layer 30 s after deposition. For both, 
un-rolled and rolled conditions, 180 s of waiting time was applied
between each layer deposition.

2.4. Sample preparation & metallography

Cross sections of the built structures were prepared following com-
mon metallographic practices. Electrochemical etching of the samples
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Table 3
Process parameters for the deposition of AA5087 via WAAM. 
 Process parameter Values  
 Travel speed 10 mm/s  
 Wire feed speed [m/min] Layer 1 and 2 : 7 m/min

Layer 3 to 10: 6 m/min
 

 Shielding gas flow rate 20 L/min  
 Contact to workpiece distance 15 mm  
 Heat input (layer 3 to 10) 177.9 J/mm [32]  

was done using Barker’s etching solution (15 V, 70 seconds) to reveal
the grain structure. The images of the cross section were taken using a 
light microscope VHX-6000 (Keyence, Germany).
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Fig. 5. Micrograph of AA5087 onto AA2050 via WAAM: (a) overview of transverse cut and (b) higher magnification macrograph of the AA5087-AA20250-interface after polishing,
clearly showing cracks.
 

 

 

 

 

 

 

 

 

 

 

2.5. Mechanical testing

2.5.1. Hardness
Micro-hardness measurements were performed for the cross sections 

of WAAM-MLFS welds as well as for the MLFS deposits (no WAAM on
top) using Durascan 70 G5 (Emco-Test, Austria) automated hardness 
machine. A Vickers indenter was used applying a load of 200 g, respec-
tively, with a holding time of 10 seconds. The indents were distributed
at equidistant spacing of 0.5 mm.

2.5.2. MLFS-substrate interface
Additional MLFS stacks were produced in order to investigate the 

bonding of the MLFS stack to the substrate, i.e., no additional WAAM
was performed. Different samples were used to characterize the bond-
ing via (i) cross tension testing (CTT) and (ii) micro-flat tensile testing 
(MFTT). Specimens for both testing approaches were extracted along 
the stacks, leaving a distance of 25 mm to the start and end of the stack, 
see Fig.  3. The MFTT specimens were extracted perpendicular to the 
LTS interface plane with approximately 50% of the gauge length inside 
the MLFS stack material and present a thickness of 1 mm. The MFTT is 
performed on a 5 kN load cell tensile machine (ZwickRoell, Germany)
in displacement control at 0.1 mm/min. The CTT specimen provide 
a larger gauge section with a testing area of 10 × 10 mm2. The CTT 
specimens are tested using a compression test setup using a fork-like 
tool. The tests were performed on a 100 kN tensile machine (Zwick-
Roell, Germany) in displacement control at a speed of 0.125 mm/min. 
The results for AA5083/AA2050 are discussed in detail in a previous 
study [31] and here just briefly provided for completeness.

2.5.3. WAAM-MLFS interface
MFTT was chosen to quantitatively characterize the WAAM/MLFS

interfaces. Via electro discharge machining (EDM), blocks with the con-
tour of the micro-flat tensile specimens perpendicular to the interface 
with about 50% of the test length within the WAAM as well as the MLFS 
material respectively, as shown in Fig.  4, were taken from the selected 
samples. The individual micro-flat specimens were then milled from the 
EDM blocks.

Micro-flat tensile were tested at a speed of 0.1 mm/min, using
a Deben MICROTEST microtensile test stage (Deben UK Ltd, United 
Kingdom) as depicted in Fig.  4 with the data acquisition software Deben 
MICROTEST Version 6.3.30 (Deben UK Ltd, United Kingdom). Due to 
its dimensions and the integrated controller, the system can be used
inside confined spaces e.g. underneath an light optical microscope in 
order to observe microscopic changes on the tested specimens, i.e., local 
necking.
5 
Fig. 6. Results from cross tension testing (CTT) and micro-flat tensile testing (MFTT) 
for specimens extracted from MLFS stacks built on AA2050 substrates using (a) 
AA5083 [31] and (b) AA7050 consumable studs. The results of AA5083 (a) were 
partially adapted from [31].

3. Results

3.1. Reference WAAM sample (without MLFS interlayer layers)

For referencing purposes, AA5087 was deposited directly via WAAM
onto the AA2050 substrate. Fig.  5 shows macrographs of the interface, 
where liquation cracking can be observed. This behaviour is common
in the partially melted zone (PMZ) in the root area of dissimilar 
joints [41], as reported by Hong et al. [42] for AA6061 to AA7075 
aluminium resistance spot welding and Huang et al. [43] for gas
metal arc welding of AA2024, AA6061 and AA7075 with various 
filler materials. Since WAAM is a fusion-based approach, these zones
are process-characteristic, clearly demonstrating the issue faced when 
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Fig. 7. Cross sections before and after etching for WAAM-MLFS structure on AA2050 substrate with WAAM deposit in the ‘as deposited’ condition for (a.1, a.2, c.1) AA5083 and 
b.1, b.2, c.2) AA7050 MLFS interlayer structures.
 

 
 

 

 

 

depositing onto an AA2050 substrate directly, justifying the need for 
an FS interlayer structure.

3.2. Investigation of MLFS deposited material (without WAAM)

The deposition of multi-layer AA5083 FS structures onto AA2050 
substrate has already been investigated in depth in previous studies [30,
31] and is presented here only for completeness, see Figs.  6(a) and
9a. Consistently high values in strength along the MLFS stacks and a 
homogeneous hardness along the build direction can be noticed.

For AA7050, the hardness mapping shows a hardness increase 
towards the top layer, Fig.  10b. In contrast to AA5083, AA7050 is a
precipitation-hardenable alloy and the subsequent FS layer depositions 
introduce additional thermo-mechanical input, affecting the layers al-
ready deposited, i.e., causing dissolution of the precipitates. In this 
regard, the hardness is characteristic for MLFS deposition of precipita-
tion hardenable aluminium alloys [44,45]. Furthermore, the substrate 
6 
of the AA7050 MLFS stack shows a larger heat-affected zone (HAZ),
which is a result of the higher process temperatures due to the higher
axial force compared to AA5083 consumable material. In terms of the 
MFTT results, Fig.  6(b), the AA7050/AA2050 material combination 
presents consistent results in terms of 𝑅𝑝0.2 along the stacks’ length,
where the results in terms of the ultimate tensile strength (UTS) show 
a larger scatter compared to the AA5083 MLFS stacks. However, the
CTT results for the AA7050 MLFS stacks, which provide the testing of a 
100×larger bonding area than the MFTT, show consistently high values 
along the AA7050 MLFS stacks. Overall, both consumable materials 
investigated achieved sufficient bonding to the AA20250 substrate
material without defects, in contrast to the previously discussed WAAM 
process, i.e., WAAM deposit of AA5087 onto AA2050, Fig.  5.

3.3. Investigation of WAAM-MLFS deposit

Cross sections of the WAAM-MLFS structures on a AA2050 substrate 
with the WAAM part in the ‘as deposited’ condition is presented in Fig. 
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Fig. 8. Cross sections before and after etching for WAAM-MLFS structure on AA2050 substrate with inter-layer rolling applied for the WAAM deposit for (a.1, a.2, c.1) AA5083 
nd (b.1, b.2, c.2) AA7050 MLFS interlayer structures.
 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 
 

7. The AA5087 WAAM part shows distinct pores, commonly observed 
for aluminium WAAM deposits and previously reported in depth for
this alloy [46]. For both MLFS interlayer structures from AA5083 and 
AA7050, the WAAM deposits indicate a sound bonding. Macrographs 
of the structures with inter-layer rolling of the WAAM part are shown
in Fig.  8. When inter-layer rolling is applied to the WAAM deposits, the 
amount of pores is significantly decreased, as previously reported [46].
Furthermore, the inter-layer rolling leads to a WAAM deposit that is 
thinner and wider. From the etched cross sections in Figs.  7 and 8, it is
observable that the grain size decreases with application of inter-layer
rolling, which is consistent with the investigation by Gu et al. [32]. 
For more details on the underlying mechanisms, the reader is referred 
to [32], which are skipped in the context of this study for brevity.

The hardness measurement results for the stacks with AA5083 and
AA7050 consumable stud material used for MLFS are shown in Figs.  9
and 10, respectively. In case of the AA5083 MLFS interlayer structure,
the AA2050 substrate presents a characteristic hardness profile after 
MLFS in terms of local hardness value measured affected depth, Fig. 
9, which is not further altered after WAAM or WAAM with inter-layer 
rolling. Since more MLFS layers are deposited for the reference case 
in comparison to the interlayer structures, the results indicate that the
main thermo-mechanical effect on the substrate is occurring during the 
deposition of the first four MLFS layers.

The WAAM stack in the ’as deposited’ condition, Fig.  9(b), has a 
homogeneous hardness within the MLFS as well as WAAM parts, which 
is in the range between 80 and 90 HV0.2. In contrast, the WAAM
sample with inter-layer rolling at 45 kN, Fig.  9(c), has a continuous 
increase in hardness along the build direction, with a hardness of 
approx. 120 HV0.2 at the top of the stack, which is 10% higher than 
the value reported by Gu et al. [32]. The higher hardness for inter-layer
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rolling compared to the ’as deposited’ WAAM condition can be related 
to the finer grains, deformation-induced high-density dislocations and 
sub-structures [32].

In contrast to 5xxx aluminium alloys, AA7050 is a precipitation-
hardenable alloy, i.e., size and distribution of the precipitates are 
the major strengthening mechanism. For MLFS stacks, precipitation-
hardenable alloys are known to have a continuous hardness increase 
towards the top layer, i.e., the layer that did not undergo subsequent 
thermo-mechanical processing cycles, Fig.  10(a). For the AA7050 MLFS 
stack with AA5087 WAAM layers on top in the ’as deposited’ condition,
shown in Fig.  10. Within the WAAM ‘as deposited’ part, Fig.  10(b), a
homogeneous hardness similar to the WAAM sample ‘as deposited’ with 
AA5083 MLFS consumable material, Fig.  9(b), is observed. The WAAM 
part for the sample with inter-layer rolling, Fig.  10(c), has a similar 
profile compared to the sample with AA5083 MLFS consumable mate-
rial, Fig.  9(c), with no significant effect on the AA7050 MLFS interlayer 
structure. The results of the AA7050 MLFS interlayer structure with 
inter-layer rolling indicate that the precipitates, which are the major
strengthening mechanism of this alloy, are not significantly affected. As 
discussed above, the AA5083 showed an effect of inter-layer rolling for 
WAAM on the hardness. For this alloy, the grain size is crucial for the
hardness, indicating that a slight refinement in grain size might have 
occurred leading to slight hardness increases in some parts of the MLFS
deposit.

For both WAAM conditions, ‘as deposited’ and with inter-layer
rolling, there is a drop of hardness at the interface between AA5087
WAAM material and AA7050 MLFS. Overall, the inter-layer rolling 
leads to an increased hardness for AA5087 WAAM deposit. For the
substrate material, no distinct influence could be observed comparing
WAAM ’as deposited’ and with inter-layer rolling.
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Fig. 9. Hardness mapping results for (a) MLFS stack (9 layers, AA5083), (b) MLFS (4 layers, AA5083)-WAAM (10 layers, AA5087) stack ‘as deposited’, (c) MLFS (4 layers, 

A5083)-WAAM (10 layers, AA5087) stack with inter-layer rolling and (d) average hardness along build direction for five lines in the centre of the respective stacks.
Table 4
Yield strength, ultimate tensile strength and elongation obtained for MFTT with specimens taken from WAAM-MLFS interface.
 MLFS WAAM deposit Yield UTS Elongation  
 alloy condition strength [MPa] at fracture  
 [MPa] [%]  
 AA5083 As-deposited 169.50 ± 3.83 247.52 ± 11.94 30.20 ± 3.88 
 AA5083 Rolled 251.83 ± 29.46 273.87 ± 44.43 18.31 ± 8.48 
 AA7050 As-deposited 201.00 ± 3.16 272.07 ± 8.13 25.36 ± 2.65 
 AA7050 Rolled 267.40 ± 16.61 291.54 ± 27.73 18.07 ± 7.38 

AA5083 WAAM-as deposited [32] 142 291 22.4  
AA5083 WAAM-as rolled [32] 239 355 20.1  
 
 

 

The results obtained from MFTT1 with specimens extracted from 
the WAAM-MLFS interface are presented in Table  4 and underline
the effect of the inter-layer rolling. The mechanical properties of the 
AA5087 WAAM on AA5083 MLFS interface are significantly improved 
when inter-layer rolling is applied, increasing the yield strength and 

1 The data recorded by the testing equipment, i.e., stress-strain curves for 
he individual specimens, is presented in Appendix.
8 
the ultimate tensile strength compared to the structure with the ’as
deposited’ WAAM condition, Table  4. On the other hand, elongation 
is reduced. For the AA5087 WAAM on AA7050 MLFS interface, the 
inter-layer rolling results in an increase of the yield strength and 
ultimate tensile strength while the elongation is reduced compared to 
the respective structure ‘as deposited’ WAAM condition, Table  4.

The yield strength values obtained here for both ‘as deposited’ 
and with inter-layer rolling are comparable to those obtained in the
work of Gu et al. [32] for WAAM AA5087 on AA5083, however, their
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Fig. 10. Hardness mapping results for (a) MLFS stack (9 layers, AA7050) [31], (b) MLFS (5 layers, AA5083)-WAAM (10 layers, AA5087) stack ‘as deposited’, (c) MLFS (5 layers,
AA7050)-WAAM (10 layers, AA5087) stack with inter-layer rolling and (d) average hardness along build direction for five lines in the centre of the respective stacks.
 

 

 

 
 

 

 

 

 
 

 

reported UTS values were significantly higher. When the high-strength 
AA7050 aluminium alloy is used as MLFS consumable material, yield
strength and UTS obtained from the MFTT are higher compared to 
structures with AA5083, where the yield strength is overmatching 
the values reported by Gu et al. [32]. Comparing the results, it has 
to be mentioned that Gu et al. [32] investigated significantly larger
specimens containing multiple WAAM layers and their interfaces. The 
MFTT results presented in this study were obtained with specimens
extracted from the WAAM-MLFS interface, containing the fusion zone, 
Fig.  4.

Comparing the MFTT results for the MLFS-substrate interface and 
the WAAM-MLFS interface, the UTS values obtained for at the interface 
of MLFS layer-to-substrate is overmatching the values obtained for
the WAAM-MLFS interface specimens, see Fig.  6 and Table  4. This
might indicate a stronger bonding of the MLFS deposit to the substrate 
compared to the WAAAM-to-MLFS bonding. In terms of 𝑅𝑝0.2, the 
yield strength, the results for MLFS-substrate interface specimens are
comparable to WAAM-MLFS specimens results in the ‘as deposited’ 
condition. As already mentioned, the inter-layer rolling leads to very 
high yield strength for the 5xxx aluminium alloy. For the AA7050 MLFS 
consumable material, the MLFS-substrate specimens presented a yield 
strength comparable to the WAAM-MLFS specimens with inter-layer 
rolling.
9 
Overall, the results obtained highlight that sound bonding is achiev-
able between WAAM and previously deposited MLFS structures.
AA7050 MLFS produces a joint that performs higher than the WAAM 
deposit, enabling the use of the AA2050 substrate and AA5087 WAAM 
combination. The application of inter-layer rolling improves the me-
chanical properties of the overall structure.

4. Summary and conclusions

The presented work highlights that combining solid-state and
fusion-based AM techniques can be an appealing approach to build
hybrid structures, exploiting the advantages of a solid-state layer depo-
sition approach to achieve a material combination that is challenging
for fusion-based processes. Two different aluminium alloys were used 
as consumable materials to build the interlayer structure via MLFS.
Additionally, the effect of inter-layer rolling was investigated on the
following WAAM deposit. Hybrid structures build from three differ-
ent aluminium alloys were investigated. The main findings can be 
summarized as follows:

• Both, AA5083 and AA7050 MLFS deposited structures, are feasi-
ble alloys for interlayer structures between AA2050 substrate and
AA5087 WAAM deposit.
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Fig. A.11. Stress–strain curves for all tensile specimens taken from the WAAM-MLFS interface (Fig.  4) for MLFS consumable material of (a) AA5083 with WAAM ‘as deposited’, 
b) AA5083 with WAAM with inter-layer rolling, (c) AA7050 with WAAM ‘as deposited’ and (d) AA7050 with WAAM with inter-layer rolling.
 

 

 
 

 

 
 

 

 

• The implementation of the AA7050 MLFS interlayer structure led 
to a graded interface with improved properties compared to the
WAAM deposit, enabling this structure to be used for application.

• The investigation of the tensile strength at the interfaces of the
hybrid structures revealed that both interfaces (MLFS-substrate 
and WAAM-MLFS) present sound bonding. The inter-layer rolling
is capable to significantly increase yield strength and ultimate
tensile strength for both material combinations investigated in 
this work.

• The interlayer structure deposited via MLFS protected the sub-
strate from re-heating during WAAM layer deposition.

The next steps in future research are the investigation of larger 
specimens to assess the overall performance of the hybrid MLFS-WAAM
structures. Design application cases can also be explored to demonstrate 
the potential of this method to produce structural components.
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Appendix. Tensile testing results - WAAM-MLFS interface

The stress–strain curves for the individual MFTT specimens tested
for both MLFS consumable materials as well as both WAAM conditions
are presented in Fig.  A.11. The data underlines the significant improve-
ment of the WAAM-MLFS interface when inter-layer rolling is applied 
during DED layer deposition.

Data availability

Data will be made available on request.
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