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Abstract

Wire and arc additive manufacturing (WAAM) of metallic materials is expected to become part of the new industrial
revolution. The possibilities for complex designs and superior mechanical properties can in many cases replace traditional
manufacturing processes such as casting. In order to benchmark the properties of aluminium WAAM components, a
comparative study was performed with two different casting techniques: permanent casting with steel mould and sand mould
casting. Aluminium-silicon alloys with near eutectic composition were used for the comparison. Porosity levels, secondary
dendrite arm spacing, grain size distribution, tensile strength and microhardness were considered for the comparison. The
WAAM material exhibited superior mechanical properties originating from a finer dendritic and eutectic microstructure
compared with the castings. A slight anisotropy in tensile ductility was observed in the WAAM material, probably due
to a coarse microstructural zone between individual beads. All investigated materials had low levels of porosity, <1% by
area fraction. The comparative study has shown that WAAM of aluminium-silicon alloys is well suited for high-integrity
applications.
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1 Introduction

The potential to create complex metallic components
with superior functional and mechanical properties has
encouraged extensive research on additive manufacuring
(AM) [1, 2]. Economical as well as environmental benefits
such as reduced production lead times and material usage
are driving forces for the adaption of AM into the industry.
AM has already been utilised in manufacturing of boat
propellers, aircraft engine brackets, fuel nozzles and water
distribution manifolds, among others [3-5].
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Wire and arc additive manufacturing (WAAM) is one
of the most promising AM techniques. Being a successor
of layer-wise welding patented by Baker [6], WAAM
employs metallic wire and electric arc welding for strategic
deposition of material on a substrate. The deposited material
is subjected to repeated solidification and remelting, giving
good adhesion between layers and a complex thermal
history. WAAM shows very high deposition rates compared
with other AM processes, i.e., up to 10 kg/h for ferrous
alloys and 1 kg/h for aluminium [7].

The main volume of literature on metal additive
manufacturing is based upon titanium and its alloys [8].
Research has also been conducted on ferrous materials,
nickel superalloys, magnesium alloys, intermetallics and
high-entropy alloys [9-15]. WAAM of aluminium and its
alloys has been challenging for several reasons. Extensive
pore formation is often experienced due to a high affinity
to oxygen and a large difference in liquid- and solid-
state hydrogen solubility [16, 17]. Poor inert gas shielding
from air, hydrocarbon contaminants on the filler wire
and moisture are common sources for porosity [18]. A
clear relation between increasing porosity level and shorter
fatigue life has been shown by Sonsino and Ziese [19], as
pores act as stress concentration sites for nucleating cracks.
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Several aluminium alloys are susceptible to hot tearing
and solidification cracking during WAAM or layer-wise
welding, due to an extensive shrinkage upon solidification
and long solidification intervals. Hence, alloys suitable
for WAAM are restricted to a limited number of alloy
systems. Selected wrought alloys from the 2xxx (Al-
Cu), 4xxx (Al-Si), and 5xxx (Al-Mg) systems have been
shown feasible for WAAM [20-24]. Haselhuhn et al. [25]
compared the mechanical properties of several aluminium
alloys manufactured by WAAM and found the Al-Si alloy
AA4047 with near eutectic composition highly suitable for
WAAM. A similar result was reported by Heard et al. [26].

Few literature sources encompass cooling rates and
resulting properties of WAAM components. However,
established knowledge from casting technology can provide
valuable insight on these terms. Since casting represents
a competition to WAAM technology, a comparative study
between WAAM and casting could be rewarding. Thus,
this study will examine the microstructural and mechanical
properties of eutectic Al-Si alloys subjected to WAAM
and two different casting methods. The latter includes steel
mould and sand mould casting.

2 Materials and methods

The aim of this study was to compare the properties of
eutectic Al-Si alloys after different processing routes. The
performed activities are summarised in Fig. 1 and described
in detail in the following paragraphs.

2.1 Materials

The chosen material for WAAM was the Al-Si alloy
AA4047 in the form of a wire with diameter 1.2 mm. The
alloy chemical composition is given in Table 1. AA4047
provides excellent weldability with a low degree of porosity
and is not considered susceptible for hot cracking. WAAM

AA4047 Al-12 Si
l_l v l )

WAAM Steel rr.would Sand mould
casting casting

Microstructure
Mechanical properties
Porosity content

Fig. 1 Flowchart for comparative study of eutectic Al-Si alloys
manufactured by WAAM and casting
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was performed on a fixed substrate, consisting of an
AA6082 (Al-Mg-Si) rolled plate in the T6 condition with
dimensions 15 mm thickness, 260 mm width and 334 mm
length.

A direct chill (DC) cast ingot with near-eutectic Al-
Si composition was chosen for casting. It was produced
by Hydro Aluminium, R&D Centre, Sunndalsgra, Norway.
The alloy composition is given in Table 1. It should
be mentioned that 150 ppm of Sr was added to the
melt in order to refine the flaky silicon eutectic formed
during solidification. The modification mechanism has been
described by Shamsuzzoha and Hogan [27].

2.2 WAAM

The WAAM assembly consisted of a six degrees of freedom
robot arm (ABB IRB2400), the AA6082 plate clamped to a
stationary substrate table, gas metal arc welding (GMAW)
power source (Fronius TPS 400i) and the AA4047 wire.
The target WAAM design was a 70-mm-high, 100-mm-
wide and 180-mm-long massive block. A CAD model of the
WAAM deposit is shown in Fig. 2a, where also tensile bar
specimen orientations and the reference coordinate system
are indicated. X and Y directions are defined as parallel and
perpendicular to the deposition direction, respectively. The
Z direction is defined as the through thickness orientation.
The robotic movement was implemented as G-code through
the RobotStudio® software. The block design enabled
tensile testing in three perpendicular directions. The as-built
WAAM block is shown in Fig. 2b.

The WAAM block constituted of 39 layers with 17 weld
passes in each layer. In total, 658 passes with length of 180
mm was deposited. The passes in each layer was deposited
in a ‘zigzag’ pattern, i.e. from A to B then B to A. A dwell
cooling time of 60 s was performed after each pass. The
dwell time was increased to 120 s upon completion of one
layer, i.e. after every 17th pass. The deposition direction was
parallel to the X direction (see Fig. 2a). Total build time was
18 h.

Two distinct sets of GMAW parameters were chosen.
A high-energy arc mode for the three initial layers was
used in order to avoid an undulating surface and to ensure
good bonding to the substrate plate. The second parameter
set was a low-energy arc steady state mode and was kept
constant throughout the remaining building process. All
utilised parameters are presented in Table 2 as an average of
the median value from each weld pass. The arc energy (AE)
was calculated through Eq. 1. U and I are torch voltage and
current, respectively. T'S is the robot travel speed. Contact
tip to work distance (CTWD) was held constant at 12 mm.
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Table 1 Chemical composition of investigated materials in wt.% [28]

Product Si Fe Sr Cu Mn Mg Zn Ti Al
WAAM 11.6 0.13 0.03 0.004 0.001 0.002 0.002 0.02 Balance
Cast 12.7 0.13 0.01 0.001 0.004 0.008 0.002 0.01 Balance
2.3 Casting 2.4 Characterisation

The Al-12Si DC cast ingot was melted in an induction
furnace at 700730 °C before 150 ppm Sr was added to the
melt. The melt was then casted by two different techniques:
permanent steel mould casting and sand mould casting.
Steel mould casting was performed with a preheated mould
held at 200 °C. The temperature was monitored by a K-
type thermocouple with an adequate sensibility for the
current temperature range. Other thermocouples with higher
accuracy could also have been selected. The steel mould had
a blunt end to resemble a weld bead geometry (see Fig. 3).
The mould bottom experiences a directional solidification
regime which resembles WAAM and was the area of
microstructural and microhardness investigations. A riser on
top of the steel mould ensured sufficient backfilling giving a
dense casting. The liquid metal was poured by a tilt-casting
principle in order to avoid turbulence. Due to the relatively
high thermal conductivity of steel and the narrow design, a
high cooling rate was achieved.

Sand moulds were made by using a permanent mould
casting with riser as impression. Liquid Al-12Si melt was
poured into the sand mould by the tilt principle and held
for 30 min before dissembling the sand mould. The mould
held a constant temperature of 20 °C throughout the casting.
Sand moulds have lower thermal conductivity compared
with moulds made of steel, and resulted in a low cooling
rate of the casted material. By this approach, it was possible
to examine three different regimes of cooling rates and
resulting properties; WAAM, steel mould casting and sand
mould casting.

Fig.2 AA4047 block
manufactured by WAAM. X and
Y directions are defined as
parallel and in-plane
perpendicular to the deposition
direction, respectively. Z
direction is along the through
thickness of the component

The produced materials were subjected to metallographic
inspection by light optical microscopy and scanning
electron microscopy (SEM). Samples were prepared for
microstructural examination through standard metallo-
graphic procedures including mechanical grinding with
water-lubricated silicon carbide discs and polishing on
cloths with water-based diamond suspensions. Vibratory
polishing using colloidal silicon dispersion with diame-
ter equal 0.02 wm was used at the final stage to obtain
a deformation-free and mirror-like finish. The area frac-
tion of porosity in the inspected materials was examined
by optical microscopy. Areas (10 mm x 10 mm) con-
sisting of ~150 images with 100 x magnification were
stitched together by the Leica Application Suite software
to obtain a credible porosity map. The measurement loca-
tions and corresponding macrographs of the WAAM wall
are shown in Fig. 4. The image mosaic was further pro-
cessed by the open-source software ImageJ in order to
quantify the area percentage porosity. Dendritic microstruc-
tures were revealed by etching in Keller’s reagent for 15 s.
The secondary dendrite arm spacing A, was estimated by
counting N arms over a length L through the relation A, =
L/(N—1) [29]. Crystallographic data was retrieved by SEM
electron backscatter diffraction (EBSD) followed by post-
processing applying the TSL OIM Analysis 7 software. An
area of 500 um x 500 pum was examined for each mate-
rial condition by EBSD. The index step size ranged from
1 to 2 um, dependent on the average grain size of each
material.

(a) CAD model showing tensile specimen ori-

entation and position

(b) Deposited WAAM block
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Table2 GMAW input parameters for WAAM

Parameter Layers 1-3 Layers 4-38
Current 7 (A) 162 137

Voltage U (V) 23.2 21.9

Travel speed 7'S (m/min) 0.54 0.54

Wire feed speed WES (m/min) 7.6 6.3

Arc energy AE (kJ/m) 418 333

Contact tip to work distance (CTWD) (mm) 12 12

Both the WAAM and the steel mould casting materials
were subjected to tensile testing in a servohydraulic MTS
810 tensile machine with stroke rate ~2 mm/min until
fracture occurred. Three perpendicular directions were
tested from the WAAM block, i.e. along the X, Y and Z
directions (see Fig. 2a). Tensile testing of castings was
restricted to one direction due to mould design limitations.
The gauge area was in the central part of the casting (Fig. 3).
Tensile results were subjected to two-tailed Student’s ¢ test
for two independent means with significance level 0.05.
Vickers microhardness testing was performed applying
0.1 kilogram force (HV(.1) using a Leica VMHT MOT
microhardness indenter. Each indentation had a centre-to-
centre distance of 350—400 um, in accordance with ISO
6507-1:2018. The indentations were patterned as a matrix
in order to highlight eventual hardness fluctuations. For
the WAAM block, the face perpendicular to the deposition
direction (i.e. YZ-plane) was investigated by means of
microhardness.

3 Results and discussion
3.1 Microstructure

Solidified castings and welds of aluminium alloys are
seldom fully dense. Entrapped gas and shrinkage during
solidification can leave voids and cracks in the solidified
structure, reverting the mechanical integrity of components.
Thus, porosity is generally unwanted. The area percentage
porosity found in the examined materials is presented in
Fig. 5. The WAAM material shows low levels of porosity
in bulk, less than 0.2% (area percentage). It can be added
that cavities were evenly spread out in the structure. The
pore geometry was solely governed by entrapped gas which
exhibited a spherical shape.

The presented WAAM material exhibited a very low
porosity content compared with values reported in the
literature. Wang et al. [22] manufactured thin walls by
WAAM with the AA4043 AIl-5Si alloy and measured
a density ranging between 99.2 and 99.8%, dependent
on welding parameters. Thus, the density was similar
or slightly lower compared with the results presented in
this study. For the same alloy AA4043, Ortega et al.
[30] measured an area percentage porosity ranging from
0.90 to 1.88%+0.23%. An AA4047 WAAM thin wall by
Haselhuhn et al. [25] possessed an average area porosity of
0.8%=+0.1%, i.e. more porous than the presented AA4047
WAAM block.

For other alloy systems commonly subjected to WAAM,
porosity levels are similar to the aforementioned. Ryan et
al. [31] measured the porosity of AA2319 thin walls as a
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(a) WAAM block in YZ plane

(b) Permanent steel mould casting

(¢) Sand mould casting

Fig.4 Examination positions for porosity content, microstructure and
microhardness in the investigated materials
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Fig.5 Average area porosity of investigated materials over an area of
100 mm?. The steel mould casting was almost fully dense, followed
by the WAAM block having slightly higher porosity. The sand mould
casting has the highest amount of porosity

function of deposition parameters and wire manufacturer.
The porosity deviated significantly from 0.3 to 3.0% by
area. Fang et al. [32], on the other side, measured a relatively
low area percentage (0.36-0.85%) in AA5183 thin walls.
Kohler et al. [33] compared the porosity content of AA5356
and AA4047 by visual inspection (no statistical data was
given), and concluded AAS5356 being denser. However,
porosity is dependent on a wide range of parameters, such
as deposition mode (GMAW/GTAW), wire quality, input
deposition parameters and possibly component design (thin
wall versus block).

Among all examined materials, the steel mould casting
showed the lowest amount of porosity. A mixture of
entrapped gas and shrinkage porosity was evenly distributed
in the structure. The same characteristics were also found
in the sand mould casting, but with relatively higher levels
of porosity compared with the steel mould casting. The
casting porosity levels are comparable with the observations
of Tiedje et al. [34], who examined chill and sand castings
of Sr-modified Al-12.5Si alloys. The area percentage of
porosity in the sand mould castings in [34] and this study
was almost identical, close to 0.6% by area.

All investigated materials possessed a dendritic
microstructure as shown in Fig. 6 for WAAM and Fig. 7 for
the castings. Individual weld beads deposited along the X
axis in Fig. 6a indicate a fluctuating dendrite structure in the
transverse YZ plane, and is imaged at higher magnification
in Fig. 6b. It is well known that primary « dendrites prefer-
ably grow along the largest heat flux upon solidification.
This phenomenon is easily seen in the WAAM beads in
Fig. 6b, with long « dendrites aligned towards the through
thickness Z direction. The driving force for nucleation of

@ Springer
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(b) Transverse YZ plane of the WAAM block showing coarser dendrites close to the

fusion interface. Epitaxial growth on coarse dendrites is visible

Fig.6 AA4047 WAAM microstructure, etched by Keller’s reagent

aluminium is high during solidification of deposited beads
in WAAM, manifested by numerous thin dendrites having
underdeveloped secondary arms. The SEM image in Fig. 8a
confirms the presence of a very fine eutectic structure in the
WAAM material. The bright script-like Al;s(Fe,Mn)3Sio
phase can also be seen, being the last constituent to solidify
[35].

Deposition of a new layer on top of another leads
to remelting of the existing weld bead during WAAM
processing. This ensures adhesion between each layer, and
can be seen as bright lines on the cube macrograph in
Fig. 6a. At the weld bead interface, i.e. at bright lines,
the material deposited in the former layer is partially
remelted. The low temperature eutectic will then become
liquid while a-phase aluminium trunks stay in solid state
where they ripen. Upon solidification of the newly deposited
material, primary dendrites nucleate in an epitaxial manner

@ Springer

on the coarsened dendrites from the fusion interface. Hence,
solidification results in a columnar dendritic microstructure,
which can imply anisotropic mechanical properties of the
WAAM material.

The steel mould casting material had long primary den-
drite trunks and underdeveloped secondary dendrite arms
(see Fig. 7a). Primary a-phase dendrites were generally
longer and thicker in the steel mould casting compared
with the WAAM microstructure. The sand mould casting
microstructure consisted of well-developed dendrites, rela-
tively coarse eutectic and primary silicon flakes. The eutec-
tic lamellae distance fluctuated significantly (see Fig. 7b).
The relatively coarser microstructures of the castings com-
pared with the microstructure developed by WAAM are
clearly shown by the high-magnification SEM images in
Fig. 8.

The casting materials experienced a lower cooling rate
than the WAAM counterpart, and resulted in two distinct
effects in the solidified microstructure. Firstly, a lower
cooling rate in casting enables primary a-phase trunks to
ripen and create a coarser microstructure. This is consistent
with the well-established dendrites formed in the sand
mould casting. Secondly, coarser Al-Si eutectic is formed
with decreasing cooling rates, clearly showed in Figs. 6 and
7.

An EBSD orientation image of the AA4047 WAAM
material is shown in Fig. 9. The dominating textures of
primary « dendrites have been determined as {124} < 112 >
R, together with {110}< 112 > and {l111}< 112 > Brass
components. These textures have also been observed in
welded joints of commercial pure aluminium alloy AA1050
by Mironov et al. [36]. A less pronounced {102} < 221 >
T-texture was also observed in the WAAM material. The
WAAM grain structure was dominated by epitaxial growth
over the bead interface. Interlaying AIl-Si eutectic was
relatively fine-grained and barely resolvable by the current
EBSD setup. The average grain size of the investigated
WAAM Y Z-plane area was 8.6 um.

EBSD orientation maps of the castings are shown in
Fig. 10. Casting materials were dominated by eutectic
structures rather than primary dendrites, compared with the
WAAM material. For instance, the examined area in the
sand mould casting was purely eutectic. The average grain
sizes for the steel mould casting and sand mould casting
were ~9.5 um and ~20.2 um, respectively.

However, the reported average grain size of each material
can be misleading regarding fineness of structures due to
different fractions of dendrites and eutectic. Generally, the
Al-Si eutectic has a finer grain size than « dendrites and
can therefore influence the average grain size results. It is
important to note that the WAAM microstructure exhibits
both significantly finer primary dendrites and interlaying
eutectic than the castings. The grain diameter distribution
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Fig.7 Al-12Si casting
microstructure, etched by
Keller’s reagent

(b) Sand mould casting. Well developed den-

(a) Steel mould casting, showing long columnar

dendrites

presented in Fig. 11 clearly illustrates this phenomenon. The
number fraction of grains with a diameter less than 5 um
drops significantly from WAAM to casting materials.
Secondary dendrite arm spacing (Ap) data of all
investigated materials are summarised in Fig. 12. The
WAAM material possessed a median A, equal 641 pum.
The result implies a slightly finer dendritic structure than
the AA4047 WAAM component by Haselhuhn et al. [25],

Fig.8 SEM micrographs
showing relative microstructural
differences as a consequence of

processing method
J
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(a) AA4047 WAAM block

drites, coarse Al-Si eutectic and primary Si are

visible

who obtained a median A, of 8.2 um. Median A for the
steel mould casting was double the length of the WAAM
material, i.e. 1446 um. The sand mould casting exhibited,
as expected, the coarsest dendritic structure with median A
of 2946 pum.

The cooling rate in the examined materials can be
estimated based on the secondary dendrite arm spacing
Az. Earlier work has shown that aluminium alloys with

0
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(b) Al-128Si steel mould casting

(c) Al-12Si sand mould casting
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Fig.9 EBSD of AA4047
WAAM block in the YZ plane.
Average grain size 8.6 pm

(a) Inverse pole figure

high silicon content tends to follow the relation given in
Eq. 2 [26]. Here, B and n are material constants and X\,
the secondary dendrite arm spacing. For (hypo)eutectic Al-
Si alloys, B and n have values of 50 (K/s)* and 0.33,
respectively [37, 38].

B 1/n
Cooling rate = (—) 2)
A2

Based on a calculation using Eq. 2, the WAAM block
material exhibited a median cooling rate close to 550 K/s,
Fig. 13. Median cooling rates of the steel mould and sand
mould castings were significantly lower, i.e. 50 K/s and
5 K/s, respectively. The deviation in cooling rate of both
the WAAM material and steel mould-casted materials is
high due to the underdeveloped secondary dendrite arms,
which complicates the quantification of A;. Equation 2
is also prone to large variations in cooling rate when X,
approaches zero. Consequently, the WAAM structure has a
large variation in estimated cooling rate despite a narrow
size distribution of A, (Fig. 12).

Fig. 10 EBSD orientation
images of castings

(b) Image Quality map
3.2 Mechanical properties

Isostatic tensile results for three perpendicular directions
in the AA4047 WAAM material and one direction of
the AI-12Si steel mould casting are shown in Fig. 14.
The steel mould casting possessed statistically significant
lower mechanical properties compared with the WAAM
counterpart (p < 0.05). The ultimate tensile strength
ors for WAAM ranged from 22646 to 233+5 MPa,
while being 219+4 MPa for the steel mould casting. The
steel mould product also showed lower ductility with 8%
elongation before fracture, compared with 11-14% for the
WAAM material. For comparison, Haselhuhn et al. [25]
manufactured AA4047 thin walls by WAAM and obtained a
ors of 180 MPa, which is significantly lower than the values
reported in this study.

The tensile results reveal a statistical significant
anisotropy in terms of strength and elongation between the
X and Y directions in the WAAM material (p < 0.05).
Similarly, a significant difference in elongation was found
between the X and Z directions. It should be noted that

(a) Steel mould casting grain structure. Aver- (b) Sand mould casting grain structure. Aver-

age grain size 9.5 pm age grain size 20.2 pm
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Fig. 11 Grain diameter distribution of the investigated materials. The
WAAM material exhibits a significantly higher fraction of grains with
diameter <5 um compared with the casted counterparts. The plots are
based on EBSD data from Figs. 9 and 10

the WAAM direction with lowest strength possessed high-
est ductility, i.e. the deposition direction X. The ductility in
each direction can be directly related to the orientation and
volume fraction of fusion interfaces. The interface between
each bead has a relatively coarser dendritic and eutectic
microstructure as seen in Fig. 6b, and may be vulnerable for
onset of microcrack nucleation and growth. An increasing
fraction of fusion interfaces in the gauge area of a ten-
sile specimen increases the probability for unstable crack
growth, which in turn yields lower ductility. As seen in
Fig. 15, the Y and Z directions cross more interfaces than the
deposition direction X. Thus, the X direction is most ductile.

T T T
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E 40 .
]
o
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:I:‘
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I I I
WAAM Steel mould cast Sand mould cast

Fig. 12 Secondary dendrite arm spacing (A;) for the investigated
materials. The median, upper and lower quartiles and whiskers are
shown. The sand mould data set had one outlier
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Fig. 13 Cooling rate of all investigated materials, based on the
secondary dendrite arm spacing X,. All data sets had outliers over the
upper whisker

It is well-known that the critical resolved shear stress
to initiate dislocation slip during plastic deformation is at
maximum 45° relative to the tensile direction for isotropic
materials. Weak interfaces oriented with higher resolved
shear stress are therefore expected to yield lower ductility.
This is in fact the case for the Y orientation in Fig. 15,
where the fusion beads cross ~45° over the gauge area.
Although the WAAM material is slightly anisotropic due to
small differences in E-moduli for the three perpendicular
directions, it can be considered isotropic in the elastic stage.
The resolved shear stress is thus highest for the Y tensile
direction, which corresponds well with the results from
tensile testing (Fig. 14).

Variation in Vickers microhardness as a function of
position in the WAAM material is shown in Fig. 16. Blue

240 | [JBWAAM X-direction 14
BBWAAM Y-direction
220 BB WAAM Z-direction 12
B Steel mould cast
_ 200 10
& =
S
2 150 8 &
5 o
2 S
2 160 6 =
n 5
140 4
120 2
0

100

€

Fig. 14 Yield stress (o), ultimate tensile stress (o7s) and elongation
at fracture (€) of investigated materials. The WAAM material
outperforms the steel mould casting, both in terms of strength and
tensile ductility
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Fig. 15 Representation of
circular tensile gauge area
(¢3mm x30mm) for the three
perpendicular X, Y and Z
directions. The tensile X
direction having highest
ductility cross less fusion bead
interfaces compared to the Y-
and Z directions

points indicate softer spots in the material. A clear relation
between the coarser microstructure at the bead fusion
interfaces (blue lines in Fig. 16) and low microhardness can
be seen. The highest hardness values are located in centre
locations of beads and close to 80 HV 1, being similar to the
results reported by Hirtler et al. [39] for a similar Al-12Si
alloy manufactured by WAAM.

Similar microhardness maps were developed for the
castings (see Fig. 17). The blunt end (i.e. bottom of the
casting) was chosen as the area of investigation. Several
trends can be drawn from the results. Both casting materials
seem to be softer towards the edges. Naturally, the cooling

Fig. 16 Vickers microhardness
map of AA4047 WAAM block
material in the YZ plane. Blue
lines indicate fusion interfaces
between individual beads. The
colour scale bar to the right
indicates hardness HV 1

@ Springer

rate is highest towards the mould walls. A high cooling
rate increases the driving force for nucleation of primary «
dendrites and creates a higher fraction of «-phase than of
Al-Si eutectic. As a-phase is softer than the fine eutectic,
edge softening originates from a depletion of interdendritic
eutectic at the edges.

Some relative differences in the hardness distribution
of the respective castings were also observed. Firstly, the
steel mould casting exhibited higher hardness than the sand
mould parallel. This is due to a finer microstructure of
the steel mould casting. Secondly, the sand mould casting
showed a highly fluctuating hardness. This heterogeneity
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Fig.17 Vickers microhardness
maps of casting materials. The
colour scale bars indicate
hardness HV ;

(a) Al-12Si steel mould casting

can be associated with the highly fluctuating eutectic
lamella distance of the Al-Si phase. In areas with fine
lamellae, the hardness is higher (red/orange colour) while
softer areas (grey/blue colour) occur in positions with
coarser eutectic microstructure.

3.3 Production efficiency

The WAAM block was built in 18 h and had a total
mass of 3790 g, resulting in an average deposition rate of
210 g/h. However, a large portion of the manufacturing time
was related to interpass waiting to chill the structure. If
WAAM is utilised for larger structures where the former
layer has cooled down sufficiently before the next layer is
deposited, continuous manufacturing can be attainable. For
the presented WAAM block manufacture, 11 h was used
for interpass cooling. For another design where waiting
time can be eliminated, the deposition rate with the given
WAAM parameters increase to approximately 550 g/h.
The deposition rate is one order of magnitude higher for
WAAM compared with powder bed AM methods [40], and
this highlights the potential of WAAM for production of
large-scale components.

Components made by WAAM consist of many weld
beads with a relatively homogeneous microstructure.
Mechanical properties are thus independent of component
design geometry. This is in opposition to casted materials,
which exhibits increasing fluctuation of through thickness
properties with increasing component dimensions. A thick
casting will generally consist of fine equiaxed grains in the
vicinity of the mould wall, columnar dendrites towards the
centre and coarse equiaxed dendrites in the centre. Such
microstructure heterogeneity may lower the mechanical
properties.

(b) Al-12Si sand mould casting

4 Conclusions

The microstructure and mechanical properties of
aluminium-silicon alloys with near eutectic composition
made by wire and arc additive manufacturing have been
benchmarked against two different casting methods. The
WAAM material exhibited superior mechanical properties
over castings due to a higher cooling rate during solidifica-
tion and consequently a finer microstructure. All materials
showed relative low levels of porosity, i.e. less than 1%
(area percentage). The WAAM material is made out of
individual beads which exhibit low through thickness varia-
tions of the microstructure in thicker sections. This feature
is in contrast to casting with lower cooling rates and large
thickness variations of the microstructure. WAAM is a
fairly slow manufacturing method compared with casting;
a deposition rate up to 550 g/h can be obtained with the
current setup. Thus, WAAM might be utilised when high
mechanical integrity is required or when casting mould
designs become very complex.
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