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Abstract

Additive manufacturing (AM) opens up a design freedom beyond the limits of
traditional manufacturing techniques. Electrical windings created through AM could
lead to more powerful and compact electric motors, but only if the electrical
properties of the AM printed part can be shown to be similar to conventionally
manufactured systems. Until now, no study has reported on the suitability of AM
parts for electrical applications as there are few appropriate materials available to AM
for this purpose. AlSi10Mg is a relatively good electrical conductor that does not have
the same reported issues associated with processing pure aluminium or copper via
selective laser melting (SLM). Here, experiments were conducted to test the effects of
geometry and heat treatments on the resistivity of AISi10Mg processed by SLM. It
was found that post heat treatments resulted in a resistivity that was 33% lower than
the as-built material. The heat treatment also eliminated variance in the resistivity of
as-built parts due to initial build orientation. By conducting these tests, it was found
that, with this material, there is no penalty in terms of higher resistivity for using AM
in electrical applications, thus allowing more design freedom in future electrical
applications.
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Highlights:

3D printed AlISi10Mg can be used in electrical applications once heat treated
Electrical resistivity values once heat treated are comparable to cast alloy values
Resistivity of as-built AISi10Mg increases by 27% depending on build orientation
Heat treatment can reduce as-built resistivity by 33%

Graphical abstract:

Decreased
isotropic resistivity

T6-like

Annealed

As-Built Orientations

1| Page



1 Introduction

Additive manufacturing (AM) has been called many different names over the past
30 years. From Rapid Prototyping (RP)[1] and Rapid Tooling[2] to Rapid Manufacturing
(RM)[1] and 3D Printing (3DP)[3]. It is creating opportunities to design parts that could
not otherwise be easily made using traditional subtractive (e.g. CNC machines) or
formative (e.g. metal casting) techniques. AM provides a new tool for designers, who can
then follow rules to Design for Additive Manufacturing (DfAM)[4] and create optimised
AM parts. This new design freedom can reduce part counts, create complex internal
geometry, and remove excess material.

The golden age of electric motors was the mid to late 1800s where rapid advances
in design and manufacturing occurred. More recently, electrical machines have enjoyed
several advances related to new types, topologies, and operation[5]. Electrical machines
continue to improve performance in terms of power density, efficiency and reliability. Yet,
modern electric motors still depend on conventional manufacturing methods that go back
to the 1960s and 70s. These conventional methods have a negative effect on
repeatability and reliability. In aerospace, this is a major bottleneck preventing electrical
machines from finding a much more important role in the sector[6,7].

Advanced manufacturing of electrical machines has been explored[8-10],
including, recently, AM[11-13]. Yet, they have not used the redesign techniques seen in
aerospace, biomedical applications. Antenna design has also been advancing rapidly
through the adoption of AM with many new designs[14-16] and patents[17] being
published. The benefits of weight reduction have been shown through the use of design
optimisation methods[18-20]. Applying DfAM creates a part better suited for AM[21-23].
New families of electrical machines can potentially be created that were impossible to
manufacture using traditional methods[24-26]. However, before this can happen, a
thorough understanding is needed of how the AM printed materials behave electrically,
mechanically, and magnetically[27,28].

A critical component of an electrical machine is its windings, which are usually
comprised of a series of coils. The coils are wires made of a conductive material
surrounded by a resistive insulation material. The conductive core must have a low
electrical resistivity to minimize Joule losses (I2R loss where I is current and R is
resistance) that manifest as heat. Typically materials are copper, silver, gold, or
aluminium, see Table 1. Several attempts to produce such wires with an AM process have
been reported[29-31]. But such processes usually create thin films of either silver[32] or
copper[33] and cannot create the large 3D coils needed for motors.

Main Element Description Electrical resistivity (uQ-cm) Density (g/cm3)
Silver Pure Ag 1.586 [34] 10.492 [34]
Copper Commiercially pure Cu 1.7241 [35] 8.94 [36]

Gold Pure Au 2.192 [34] 19.37 [37]

Copper GRCop-84 alloy 2.45 [38] 8.87 [38]
Aluminium Pure Al 2.6548 [39] 2.688 [37]
Aluminium 1350 electrical alloy 2.82 [40] 2.705 [40]
Aluminium  AISi10Mg cast alloy 4.91,4.26-5.56 [41,42] 2.659 [41]
Copper Yellow Brass (70% Cu, 30% Zn) 8.85 [36] 8.44 [36]

Table 1: Electrical resistivity and density of common metals and alloys used in electrical applications at room
temperature.

A few powder bed fusion processes have processed these materials. For example,
Electron Beam Melting (EBM) with copper has had some electrical measurements
reported[43,44]. However, in both cases, the method reported does not directly measure
resistivity. But rather it back calculates surface conductivity and assumes isotropic
properties[45]. Selective laser melting (SLM) has been used with copper[46,47],
silver[48], gold[49], aluminium[50]. But few have reported on their electrical properties,
and none have reported if these properties were isotropic or not.
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While silver, copper, and gold have a lower resistivity than aluminium, the cost of
silver and gold prevent them from being used for anything other than thin film
conductors. Pure copper is widely used in electrical applications but has proven difficult to
process with AM. Challenges arise in reaching a high density[51], issues of oxidation[43],
an inability to process without a high power laser due to its high thermal
conductivity[52], high reflectivity[53] and an unstable melt pool[46]. Pure aluminium has
similar AM processing issues and as a result, mainly alloys have been processed.
However, recently relatively pure aluminium has been printed[54], achieving a density of
99.5%. An advantage that aluminium has over copper is that while it has approximately
60% higher resistivity than copper, it weighs about 30% less. Aluminium also costs
significantly less than copper which has had high fluctuations in price in the past. Thus
aluminium can carry more current per kilogram or per dollar than copper. This gives it an
advantage in applications where weight or cost is an important design requirement such
as in aerospace[55], automotive[56], or in high-frequency applications[57].

While pure aluminium has a better conductivity than any of its alloys it is too soft
to be processed in the manufacture of electric wires. Thus the 1350 alloy has been
developed for electrical purposes. It is 99.5% pure aluminium and has 61.2% the
conductivity of copper[40]. Commercially pure copper is rated at 100% according to the
International Annealed Copper Standard (IACS). However, when pure aluminium is
melted and cooled quickly, it shrinks quickly resulting in hot tears and cracking[58]. The
casting industry has developed a range of alloys which contain some silicon and
magnesium to help counteract this phenomenon while also increasing strength. AlSi10Mg
is a casting alloy that was adopted early by AM as an easy to process metal powder for
SLM[50].

Some have processed this material and reported some electrical conductivity
measurements, but each has lacked vital information crucial to adopting it for actual
electrical applications. One paper reported on a mix of 1% by weight carbon nanotubes in
AlSi10Mg processed with SLM. But the claimed resistivity was in the order of one-tenth of
that of pure silver and failed to characterize the base alloy[59]. Another claimed
conductivity with respect to various heat treatments[60] but ignored initial build
orientation. They also used an indirect measurement method which cannot be used to
determine bulk properties. Another paper compared a single as-built AlISi10Mg sample to
one which was annealed[61]. But it also failed to include initial build orientation and used
the same indirect measurement method which resulted in values which were 10% lower
than that expected for cast versions of this alloy (Table 1).

While this alloy has been studied extensively in AM processes[62,63], there has
not been any focus on pure electrical characterization. Rather the focus has been on
reporting the microstructure and physical-mechanical properties. Emphasis has been on
how to optimise processing parameters[64,65] or heat treatments[66,67]. Those who
have reported electrical properties have not correlated them to both initial build
orientation and heat treatment. As well, only non-contact indirect surface measurement
methods have been used which assume isotropic conductivity[45]. While this can be
done with cast versions of this alloy which are isotropic, the grain structure and texture
of this alloy produced by AM is distinct from that of cast. To design AM parts for electrical
applications, the actual AM properties are needed and are not to be assumed to be the
same as cast. This paper will examine the electrical resistivity of an AISi10Mg alloy using
a four-wire (Kelvin) test method. This method can directly determine bulk electrical
properties. This paper will also compare the effect on resistivity of initial build orientation
to as-built conditions and heat treatments.

2 Material and methods
2.1 Material and SLM equipment

An argon gas atomised AlSi10Mg metal powder alloy was obtained from LPW
Technology Ltd. (UK) which was spherically shaped with 99.5% of it in the range of 20-
63 microns. It had a chemical composition as seen in Table 2. It was processed on a

3|Page



Renishaw plc (UK) AM250 SLM machine which was equipped with a 200 watt (SPI Laser
(UK)) redPOWER ytterbium fibre laser with a wavelength of 1070nm (£10nm) and a spot
size of 70pm. The base plate heater was set to 80°C and maintained throughout the
build process. A vacuum and argon purge was used in the build chamber in order to keep
oxygen content below 900 parts per million.

Al Si Mg Fe Mn Cu Pb Zn Ti Ni

89.13 9.71 0.408 0.501 0.061 0.051 0.043 0.040 0.021 0.015
Table 2: Chemical composition in weight percentage of the AlSi10Mg alloy powder provided by LPW.

2.2 Laser scanning parameters

Samples were processed using an optimized parameter set of an exposure time of
140us with a point distance of 80pm and a hatch spacing of 130um resulting in a laser
scan speed of 571mm/s[68]. A checkerboard pattern/“island scanning” strategy[69] was
used with a field overlap of 10pm and was rotated on each 25um thick layer. Parts were
spaced out on the build plate as shown in Figure 1.

2.3 Preparation of samples

Test bars were designed and printed at 6.5mm x 3.5mm x 50mm so that an
expected resistance for each bar would be at least 100uQ. Four test bars were created
for each test case. Three initial build orientations (horizontal, 45 degrees, vertical) were
tested with three post heat treatments (none/as-built, typical anneal, T6-like heat treat)
resulting in 9 test cases and 36 total test bars. The orientation of the bars is classified
according to the normal of the cross-section of the bar which also correlates to the
direction of the longest edge of the bar.

Figure 1: Build plate with electrical test bars printed in vertical, 45-degree, and horizontal initial build orientations
along with 5mm sample cubes.

Twelve test bars (four of each orientation) and two 5mm cubes were removed
from the build plate to be tested in an as-built condition. A typical annealing heat
treatment[70] was performed on a similar set of samples by placing the test bars and
cubes in a preheated furnace set to 300°C for 2hrs and then removing to be air cooled. A
T6-like heat treatment[67] was performed on the remaining 12 test bars and 5mm cubes
by placing them in a preheated furnace set to 520°C for 1hr and then quenching in 20°C
water. The quenched test specimens were then dried and put into a different preheated
furnace, set to 160°C, for 6hrs and then removed to be air cooled.
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Test bars were surface ground using 800 grit grinding paper by hand to remove
the rough as-built finish. Samples were held using jigs to keep specimens as square as
possible and were ground down to remove all surface defects. Samples were individually
measured a minimum of three times in five places using callipers to accurately determine
the cross-sectional area and length of each. The 5mm test cubes were sectioned to
expose the XY plane (top view) and YZ plane (side view). They were then ground and
polished to a mirror finish using established aluminium polishing guidelines. Test cubes
were initially imaged and then etched using Keller’s reagent for 10 seconds to help reveal
the microstructure with further imaging.

2.4 Characterization of microstructure and properties

Test cubes were imaged using a Nikon Eclipse LV100ND microscope with a
2560x1920 pixel colour sensor. These images were used for microstructure analysis.
Images were also used to determine density measurements through threshold selection
of contrasting areas in the open-source software Fiji (a version of Image] software).

Test cubes were also imaged and analysed using an FEI XL-30 field emission
scanning electron microscope (SEM) with backscattered electron detection. Images were
taken using an acceleration voltage of 20kV along with an energy dispersive x-ray (EDX)
spectrometer for elemental composition analysis which was performed using an Oxford
Instruments ISIS system.

Nanoindentation was performed on the test cubes using a Micro Materials Ltd.
(UK) NanoTest NTX based machine with a calibrated Berkovich indenter. Fifteen indents
were made per sample, spaced 30um apart with a force of 100mN.

2.5 Electrical test methodology

Electrical resistance testing was performed using a Valhalla Scientific Inc. (USA)
4300B digital micro-ohmmeter. This four-wire Kelvin resistance measurement meter was
calibrated to within 5% accuracy by an external vendor and verified internally through
tests using precision low-resistivity resistors and current shunts.

Each sample was tested a total of five times, once on its own for a base reading,
and then two more times where each instance was a combination of two measurements
in succession, being flipped around in the test stand (Figure 2) to reverse the sample.
Each reading was clamped using a force of approximately 4000N in order to minimize
contact resistance between the probes and sample. Measurements were then averaged
with the corresponding standard deviations determined.

M

Figure 2: Electrical test jig and setup showing polished aluminium test sample clamped between four-wire Kelvin

probes.

Electrical resistivity (p) measured in uQ-cm was calculated by p=RA/L where R is
the measured resistance in pQ2, A is the cross-sectional area of the sample measured in
cm?, and L is the length of the sample in cm.
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3 Results

3.1 Microstructure and Density

Density measurements were taken for all heat treatment states to establish a
baseline between samples and examine if a low or highly variable porosity could
contribute to variations in resistivity. To establish relative density measurements, the
polished 5mm test cubes were compared using the microscope and thresholding using
computer software. It was found that densities had an average of 99.72%, with only a
small variation between all samples, as seen in Table 3. This suggests that the
differences in resistivity of the samples should be due to the microstructure of the alloy
and not due to voids from an increased amount of porosity or from large variations in
porosity.

As-built  Annealed T6-like Heat Treatment
XY plane (Top) 99.73% 99.76% 99.87%
YZ plane (Side) 99.82% 99.30% 99.87%

Table 3: Relative average densities of 5mm test cubes.

To establish the grain and microstructure of the same 5mm test cubes, optical
micrographs were compared. All images in Figure 3 were taken under the same light and
camera settings. Melt pool boundaries can be clearly seen in the as-built samples as
elongated ellipses in the XY (top) plane and as trough-like features in the YZ (side)
plane. Annealed sections still show some of the boundaries of the original melt pools but
are fainter and more difficult to see. The T6-like heat treated samples do not show any
discernible boundaries and are homogeneous in appearance. This suggests that there is a
difference between the samples, and any variances between measured resistivity can be
attributed to these observed differences.

As-Built Annealed T6-like Heat Treat
XY ' S e
plane ;
(Top) i
1250m | e Tl st o b ‘125|,|m
) ) o
YZ A «
plane . Ak gy oy i
(Side) ‘ : | o ;
12§pm ' 125um 125prri'

Figure 3: Optical micrographs of the polished 5mm test cubes.

To further expose the grain structure the polished cross-sections were etched with
Keller's reagent for 10 seconds and then imaged using optical and SEM techniques, as
shown in Figure 4 and Figure 5. The as-built samples show very clear grain boundaries
with regions of fine grain structures in the centre of melt pool boundaries, larger grain
structures nearing the edge of the melt pool boundary, and varied disrupted structures at
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the edges of the melt pool boundaries, representing a heat affected zone (HAZ)[69]. The
annealed sample’s microstructure is similar to the as-built, however, the grain structures
do not appear to be as clearly defined and are more representative of the HAZ structures
seen in the as-built samples. The T6-like heat treated samples show a very different

structure, with no clear grain or melt pool boundaries, but showing regions of different
sized spheroid structures.

As-Built Annealed T6-like Heat Treat
- :;; 3 % ? 1 " R PR AN “‘,E.“' o\ ,‘.. re

XY
plane
(Top)

YZ
plane
(Side)

Figure 4: Optical micrographs of the 5mm test cubes after being etched by Keller’'s reagent showing grain structure.
Silicon-rich areas are seen as dark features, with aluminium areas being shown as lighter regions.

As-Built Annealed T6-like Heat Treat

Figure 5: SEM images of the etched 5mm test cubes showing close-up grain structure. Silicon-rich areas are seen as
light features, with aluminium areas being shown as darker regions.
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EDX was used to reveal silicon-rich areas, as seen in Figure 6, and determine the
elemental composition of the areas imaged. Silicon-rich features were seen in SEM
imaging as lighter compared to the darker aluminium. As-built samples showed clear
regions of highly concentrated silicon at the boundaries of the grains. The annealing
process breaks these silicon-rich areas up into smaller spheroids. The T6-like heat
treatment results in agglomeration of these spheroids into larger silicon-rich regions.
Despite the microstructure changes, the elemental composition of the samples remained
consistent, so any changes in resistivity are not due to changes in the composition of the
alloy.

As-Built Annealed T6-like Heat Treat

EDX Al 88.62% Al 88.72% Al 89.87%
- Si: 10.73 Si: 10.75 Si: 9.64
Iifé?awt Mg: 0.26% Mg: 0.24% Mg: 0.24%

Fe: 0.39% Fe: 0.28% Fe: 0.26%

Figure 6: SEM images of the etched 5mm test cubes with corresponding silicon elemental mapping and overall
elemental composition expressed as a weight percentage.

3.2 Mechanical Properties

To determine the hardness of the test samples relative to the various conditions,
the results from the nanoindentations performed were compared as shown in Figure 7. It
was found that the average hardness of the as-built samples was 1.54GPa, annealed was
1.16GPa and T6-like heat treatment was 1.39GPa. These values match the trend
reported by Aboulkhair[68] and suggest that these post heat treatments are predictable
processes that can be applied to AlSi10Mg AM parts.
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Figure 7: Nanoindentation hardness of 5mm test cubes with corresponding standard deviation.

3.3 Electrical Properties

To determine the DC electrical resistivity of the test bars, each sample was
measured five times using a digital micro-ohmmeter with results being averaged and the
corresponding standard deviation calculated. In the as-built samples, the range of values
for each sample varied much greater than that of the annealed or T6-like heat treated
samples, as noted in the standard deviation seen in Figure 8. Both the annealed samples
and T6-like heat treated samples showed no correlation between orientation and
resistivity and were relatively similar to each other in terms of resistivity, with the
average annealed resistivity being 5.943 uQ-cm and the average T6-like heat treated
samples being 5.940 pQ-cm. However, the as-built samples showed a strong trend
correlating resistivity and orientation. Among as-built samples, ones built vertically
showed a lower resistivity with an average of 7.78 uQ-cm, with horizontal samples being
the highest in the group at an average of 9.87 uQ-cm, with 45 degrees in between the
two at 9.01 uQ-cm. The average of the as-built samples was 8.88 pQ-cm. This indicates
that the microstructure found in the as-built samples created anisotropic electrical
resistivity and contributed to the difference found in both annealed and T6-like samples.
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mAs-Built @Annealed 0OT6-like Heat Treat
Figure 8: Averaged electrical resistivity of test bars under tested conditions with calculated standard deviations.

4 Discussion

Electrical resistance in solid conductors is due to a disruption to the periodic lattice
structure found in the material at the atomic scale[45]. This disruption could be due to
imperfections in the crystal lattice (grain boundaries, vacancies, dislocations), or from
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foreign elements occupying spaces in the lattice (impurities). In the case of alloyed
metals with a secondary element comprising more than 5% of the total concentration,
the impurity resistivity is the dominant form of electrical resistivity[45]. However, when
the impurities are no longer randomly distributed but form their own ordered state, the
resistivity can no longer be easily estimated or calculated through derived equations. In
such cases, further analysis is needed to fully understand the materials electrical
properties. A potential result of this ordered state is that the material no longer acts in an
isotropic manner. Ohms law is typically written as I = V/R where I is the applied current
to the sample, V is the voltage drop across the sample and R is the resistance of the
sample. However, this law can also be written as J=0F where J is the current density, o
is the materials electrical conductivity and E is the static electromagnetic field in the
sample. This refined model is tensor-based and allows for o to be expressed as either a
2x2 or 3x3 matrix for anisotropic materials[71]. To fully determine this matrix, a
characterisation of the structure of each phase as well as the interphase boundaries
would be needed[72]. This anisotropicity is the situation that exists in the as-built SLM
samples due to the rapid cooling of the SLM process which is in the order of 10° K/s[73].
Other materials processed by pulsed laser deposition have also seen anisotropic electrical
resistivity[74].

This rapid cooling rate results in a unique grain growth and microstructure
compared to the cast version of the AlSi10Mg alloy, as previously reported[63,75,76].
Initially, a-Al solidifies into needle-like grains oriented towards the heat source (primarily
in the Z built direction). As it solidifies, it rejects Si into the remaining liquid, which cools
and leaves a saturated Si-rich structure surrounding these Al-rich cores which defines the
cellular boundaries seen in Figure 5. Three slightly different grain structures can be seen
in the as-built samples; a finely grained melt pool core, a coarser boundary of the melt
pool, and a disordered heat affected zone (HAZ) around the melt pool boundary[69].
Both the coarse and fine structures are elongated in the build direction and are
surrounded by Si structures. HAZ areas show more fragmented Si structures due to the
reheating that occurs from overlapping laser scan patterns. The annealing process breaks
up these Si structures into small spherical particles[61]. The T6-like heat treatment
further diffuses Si into the main a-Al areas[67] and precipitates Si into larger particles.
Thus both the annealing process and T6-like treatments result in the breaking down of
the original as-built ordered Si structures.

The difference between resistivity in the as-built samples to annealed and T6-like
heat treated samples indicates that microstructure is the cause of the differences in
electrical properties. As all samples were built at the same time, using the same
processes, using the same test equipment, with similar elemental composition and
densities, allowing only post heat treatment and corresponding microstructure to account
for the difference, all other variables having been eliminated. The relatively high and
consistent density of the samples seen in Table 3 cannot account for the differences in
resistivity as a correlation between porosity of SLM parts with electrical conductivity has
recently been shown as a linear relationship[77] with high porosity contributing to higher
resistivity. Tang[61] also reported a correlation between Si microstructures and electrical
conductivity of as-built and annealed samples despite using a measurement setup which
assumed isotropic properties.

These Si structures create the varied nature of the as-built orientation differences
in resistivity. As seen in Figure 5, the Si is patterned in a network of cellular structures in
the XY plane compared to the elongated dendritic structures in the YZ plane. The result is
a-Al concentrated in elongated needle-like shapes which align generally with the Z build
direction. In this study, the vertical built samples have electricity passed into the XY
plane in the build direction. Since the electricity passing into the XY plane is able to travel
mostly in these concentrated elongated a-Al areas, the number of times it crosses the Si
structures is minimized. As Si is a much inferior electrical conductor than Al (and acts as
an insulator at room temperature)[45], electricity that passes through fewer Si
structures will have a lower resistivity. Here this is seen in the lower resistivity of the
vertical samples compared to the horizontal ones.
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The breaking up of these segregated Si structures is the key to the lower
resistivity found in the annealed and T6 samples. Even though this annealing process is
sometimes referred to as a “stress relief” by some equipment manufacturers, a true
stress relief should not alter grain structure which is not the case by this process and
should be reclassified as annealing which does also perform a stress relief. As the
performed heat treatments break down the Si-rich structures, electrons can find better
pathways to flow through the Al material avoiding having to pass through these solid Si
structures. Thus the annealed resistivity is equivalent to the T6-like heat treatment due
to the breakdown of the original Si-rich structures even though the final grain structures
are different from one another.

The resistivity in the results is slightly higher than literature values for this alloy.
This difference could be the result of the tested heat treatments and corresponding grain
structure as compared to cast versions. Generally, applying a T6 type heat treatment
increases resistivity compared to the annealed version of a cast alloy. But since
traditional manufacturing processes have a drastically different starting grain structure
than AM, a more refined annealing process may be needed beyond the typical anneal to
minimize resistivity. Therefore the values reported in these tests may not represent the
lowest possible resistivity that can be achieved with this alloy.

While this alloy has not been used in electrical design applications traditionally,
the number of additively manufactured aluminium alloys are limited. By providing the
resistivity of this alloy, the potential for it to be used either directly in electrical
applications or as a starting point for new lower resistivity AM alloys can begin. The AM
design freedom can allow electrical designers to use the material properties of this alloy
in new and creative ways that overcome the limitations of the material resistivity.

5 Conclusions

In this study, the resistivity of test specimens that were built from the aluminium
alloy AISi10Mg using additive manufacturing was measured. These test specimens were
built in either a vertical, horizontal, or 45-degree orientation. They were then either left
in an as-built condition or were annealed or treated with a T6-like heat treatment. The
samples were at least 99.72% dense. This high density would allow all samples to have
any resistivity differences to be accounted for by different grain structures. It was found
that the resulting grain structures did, in fact, create different resistivity.

As-built samples have concentrated elongated a-Al structures that are elongated
along the Z build direction. At the boundary of these structures is a silicon-rich area
segregating each of these structures from each other. Electricity is able to pass easier
through aluminium than silicon, thus the more times it needs to pass through silicon, the
higher the resistivity. As-built samples show solidly defined Si-rich structures, whereas
annealing breaks up these structures and the T6-like heat treatment provides a
coarsening of the Si-rich regions.

The resistivity of as-built samples showed a trend of lower resistivity for vertically
built samples, and higher resistivity for horizontal samples. This agrees with the premise
where the current in vertical samples passes through more connected aluminium
structures and the current in horizontal samples passes through more Si-rich areas. Both
annealed and T6-like heat treated samples showed no correlation between build direction
and resistivity. Both also showed approximately equal values for resistivity at an average
of 5.94 uQ-cm which is slightly higher, but comparable, to known resistivity values for
this alloy. Therefore, the use of AM to create electrical based designs leads to little
penalty in higher resistivity once an appropriate heat treatment is applied.

This is the first study to directly measure the electrical resistivity of AlSi10Mg and
correlate the effect of additive manufacturing initial build orientation to post heat
treatments. As such it opens up a new area of research for electrical design by making
use of additive manufacturing as a new manufacturing technique. It allows new electrical
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component designs that can make use of the freedom AM allows over traditional
manufacturing methods. This could be especially useful in designing coils for electric
motors, novel antenna designs, or other electromagnetic devices.
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