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In the last years, the production of hypoeutectic Al-Si waveguide components by metal additive manufacturing
has gained increasing attention in the telecommunications industry. The performances of waveguide components
are influenced primarily by dimensional tolerances, surface electrical conductivity, surface roughness, and
dimensional accuracy. Among these properties, electrical conductivity is known to be strongly influenced by the
structural and microstructural characteristics of the alloys.

In this work, microstructural and structural properties of an hypoeutectic Al-Si alloy, namely the AlSi7Mg
alloy, were studied using FESEM, DSC, and XRD to understand how different thermal treatments (stress relieving,
T5, and T6) affect the surface electrical conductivity. In the end, the most suitable thermal treatment to be
applied to this alloy to maximize its electrical conductivity and, therefore, its appeal for microwave waveguide

components is identified.

1. Introduction

Waveguide components are widely used in microwave and
millimeter-wave antenna-feed chains developed for different applica-
tions, including satellite communications, navigation, and earth obser-
vation [1]. In the last years, the production of waveguide components
using metal Additive Manufacturing (AM) has been thoroughly inves-
tigated [2]. In particular, due to their good electrical and thermal con-
ductivity, hypoeutectic Al-Si alloys, broadly and successfully processed
by Laser Powder Bed Fusion (PBF-LB/M), are recognized as a suitable
material for the production of waveguide components of industrial in-
terest [3].

One of the key features determining the suitability of a metallic
material to produce these components is surface electrical conductivity.
It is well known in the scientific literature that electrical conductivity is
strongly affected by the structural and microstructural characteristics of

the alloys. In particular, crystalline lattice distortion, supersaturation,
and sizeable secondary phases can ruin the electrical conductivity
making necessary a change in microstructure to improve this property
[4-6]. This holds especially in the case of secondary phases having
considerably higher resistivity than the matrix, as in Al-Si hypoeutectic
alloys. The higher resistivity of the Si phase, 11 orders of magnitude
higher than that of a-Al, hinders the electronic transport in the alloy
through scattering phenomena that reduce the mean free path of elec-
trons [4,7].

On the other hand, the extremely high and localized heating and
cooling rates involved in the PBF-LB/M process promote a microstruc-
tural refinement consisting in the transition from plate-like to fibrous Si
eutectic and an extension of Si solid solubility [8,9]. Even though the
modification of the eutectic morphology has been demonstrated favor-
able in terms of electrical conductivity, the increased supersaturation
along with the lattice distortion generated upon the PBF-LB/M process

* Corresponding author at: Department of Mechanical Engineering, Politecnico di Milano, Via G. La Masa 1, Milano 20156, Italy.

E-mail address: silvia.marola@polimi.it (S. Marola).

https://doi.org/10.1016/j.mtcomm.2024.109339

Received 25 January 2024; Received in revised form 30 April 2024; Accepted 23 May 2024

Available online 24 May 2024

2352-4928/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:silvia.marola@polimi.it
www.sciencedirect.com/science/journal/23524928
https://www.elsevier.com/locate/mtcomm
https://doi.org/10.1016/j.mtcomm.2024.109339
https://doi.org/10.1016/j.mtcomm.2024.109339
https://doi.org/10.1016/j.mtcomm.2024.109339
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtcomm.2024.109339&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

S. Marola et al.

hurt the electrical conductivity of the hypoeutectic Al-Si alloys. An easy
and efficient way to recover electrical conductivity is to apply a thermal
treatment to the components allowing for the precipitation of solutes, a
relaxation of the crystalline lattice, and a modification of the micro-
structural features, i.e. spheroidization and growth of eutectic Si and
precipitates [10].

In this work, microstructural and structural properties of an hypo-
eutectic Al-Si alloy, namely the AlSi7Mg alloy, were studied using Field
Emission Scanning Electron Microscopy (FESEM), Differential Scanning
Calorimetry (DSC) and X-Ray Diffraction (XRD) to understand how
different thermal treatments, Stress Relieving (SR), T5, and T6, affect
the surface electrical conductivity. In the end, the most suitable thermal
treatment to be applied to this alloy to maximize its electrical conduc-
tivity and, therefore, its appeal for microwave waveguide components is
identified.

2. Materials and methods

AlSi7Mg samples, as 10x10x10 mm? cubes and test cavities in WR75
and WR28 waveguides (Fig. 1), were produced by Beam-IT SpA using an
SLM®280"™" machine by SLM Solutions. The powders employed for the
PBF-LB/M were provided by Zare srl (Italy) and are characterized by the
chemical composition reported in Table 1, by a spherical shape and by a
particle size distribution with a dy ¢, a dso, and a dgg of 28 pm, 43 pm, and
64 pm respectively. The parameters employed for the sample production
are the following: laser power 350 W, scan speed 1150 mm/s, hatch
distance 0.17 mm, and layer thickness 50 pm.

The samples were subjected to shot blasting using a Nordblast SD9
machine using a combination of glass and zirconia microspheres with a
diameter in the range 63 — 150 um as reported by Calignano et al. in a
previous study [11]. The shot blasting is a simple and fast finishing
process used to remove residual sintered particles attached to the
component surface and to reduce surface roughness. Then all the sam-
ples were subjected to three different thermal treatments: the SR (arti-
ficial aging at 300 °C for 2h), the Beam-IT proprietary T5 (artificial
aging at low temperature), and T6 (solubilization at 510 °C for 2h +
water quench + artificial aging at 160 °C for 8h) treatments. The results
obtained from the heat-treated samples were compared with those of an

WR75

&
k=4
[0}
°
g -
=
c
E f
g s11 measured N £
s21 measured L
ki | o= s11 de-embedded \! 13
'I'lf ~-=--s21 de-embedded ‘!’,‘
50 L === s11 nominal "'i
6 [--- s21 nominal ]
i
-60 z ;

95 96 97 98 099 10 1041
Frequency (GHz)

(a)

102 103 104 105

Materials Today Communications 39 (2024) 109339

Table 1
Chemical composition of the AlSi7Mg0.6 powders provided by Zare.
Al Si Mg Ti Fe Zn Mn Cu
wt% Bal. 65- 05-  01- < < < <
7.5 0.7 0.18 0.15 0.07 0.05 0.02

untreated one, indicated as-built (AB) from hereafter. Fig. 2 reports a
schematic representation of the thermal treatments performed on the
samples.

Cubic samples were employed to evaluate the microstructural fea-
tures and the structural and thermal characteristics, while the test cav-
ities were employed to determine the equivalent surface electrical
resistivity upon thermal treatment.

Microstructural analyses were carried out on polished samples
etched using a dilute Keller solution using a ZEISS SUPRA TM 40 FESEM.
Image analysis for the determination of the perimeter and cross-
sectional area of the secondary phases was carried out on at least 5
micrographs using the software Image J. XRD was performed in Bragg-
Brentano geometry with a PANalytical X’Pert PRO diffractometer by
Philips using the K, emission line of a Cu filament. Patterns were ac-
quired in the 26 range from 20° to 140° at steps of 0.013°. The face-
centered cubic (fcc) Al lattice parameter was computed with the
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Fig. 2. Schematic representation of the different thermal treatments investi-
gated in this work.
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Fig. 1. WR75 (a) and WR28 (b) test cavities. Photos, CAD, and corresponding measured, de-embedded and nominal radio-frequency performance (S11: reflection

coefficients; S21: transmission coefficient).
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cosOcotd method to evaluate the degree of Si supersaturation upon heat
treatment. Thermal analyses were made under N, atmosphere using a
NETZSCH DSC 214 Polyma in the temperature range from 50 to 450 °C
at the heating rate of 20 °C/min, equilibrating the heat flux at both
temperatures.

The electrical surface resistivity was determined by measuring the
scattering reflection (S11) and transmission (S21) parameters of the
WR75 and WR28 test cavities (Fig. 1) through a vector network analyzer
calibrated at the input waveguide ports via the thru-reflection-line
technique. Subsequently, a best-fitting procedure has been applied, by
which the filter geometry has been varied up to fit the radio-frequency
measurements.

Vickers microhardness measurements were performed on samples
polished up to 1 pm, through a Future Tech FM-810 Micro Vickers
hardness tester by applying a load of 500 gf and a dwell time of 15s. A
mean HV value was derived from at least five measurements.

3. Results and discussion

At first glance, it is possible to see that all the thermal treatments
performed on the AlSi7Mg samples strongly affect the microstructural
features of this alloy, Fig. 3. In particular, upon every temper, the
morphology of the eutectic Si and the amount of Si solubilized in the Al
matrix are changed in the alloy. As already well known from the liter-
ature [8], the sample in the AB state display a microstructure made of a
fibrous Si eutectic forming an almost continuous network around the
a-Al cells of few microns in size (Fig. 3a). In some cases, nanometric Si
precipitates can be observed inside the Al cells (red arrows in Fig. 3a),
indicating Si supersaturation due to the high cooling rates involved in
the process. When the AlSi7Mg alloy is subjected to artificial aging at
low temperature (T5 temper), the microstructure begins to change, and
it is possible to observe abundant precipitation of Si nanocrystals inside
the Al cells and a fragmentation of the eutectic Si (Fig. 3c). The presence
of precipitation confirms the high supersaturation level of the AB sam-
ple. After the T5 thermal treatment, it is still possible to recognize the
peculiar microstructure characteristic of the Al-Si alloys processed by
PBF-LB/M, but there is a reduction of Si supersaturation possibly pro-
moting relaxation of the crystalline lattice. Increasing the artificial aging
temperature to 300 °C (SR treatment), it is possible to observe a further
change in the microstructure. After this temper, Si appears spheroidized
and almost homogeneously dispersed inside the Al matrix (Fig. 3b). Due

Materials Today Communications 39 (2024) 109339

to the abundant eutectic fragmentation and the coalescence of the
nanometric precipitates, Si always appears to be sub-micrometric in size.
Moreover, the cellular microstructure observed for the AB and T5 is
almost entirely lost. When the AlSi7Mg samples are subjected to a sol-
ubilization treatment at high temperature followed by quench and
artificial aging at low temperature (T6 temper), the microstructural
features totally change. As visible from Fig. 3d, after this temper, the
microstructure is made of an Al matrix containing large Si platelets,
homogeneously dispersed throughout the sample. The features deriving
from the PBF-LB/M process are entirely lost upon this temper.

From the micrographs reported in Fig. 3, it appears that the thermal
treatments have a strong effect on the Si morphology in the different
AlSi7Mg samples. Considering these morphological changes is of
particular interest because it is reported in the literature that the cross-
section dimension of the secondary phase, Si in this specific case, is
strictly related to the electrical resistivity of the alloys due to a change in
the mean free path of electrons caused by scattering phenomena at the
interface between matrix and secondary phases. In particular, the re-
sistivity (p) is reported to increase when the P/S ratio increases, in which
P and S represent the perimeter and the cross-sectional area of the sec-
ondary phase, respectively [7,12,13]. The graph in Fig. 3e represents the
trend of the P/S ratios for the AlSi7Mg samples subjected to the different
thermal treatments considered here. The results reported in that graph
suggest that the samples subjected to the SR and T5 tempers possess a
better electrical conductivity than the others, possibly thanks to the
presence of more rounded Si cross-sections and the reduced distortion of
the crystalline lattice.

Further analyses were performed using DCS and XRD (Fig. 4) to
verify if the thermal treatments used in this work can promote Si pre-
cipitation and lattice relaxation. In particular, the DSC was employed to
investigate the temperature range from 100 to 400 °C, in which the
precipitation of secondary phases occurs (Fig. 4a). What was observed is
that, in the AB sample, there are two exothermic signals associated with
Si and minority compound precipitation [8], while in the heat-treated
samples precipitation has already occurred. In particular, the sample
subjected to the T6 temper displays a broader precipitation signal
centered at approximately 300 °C suggesting that Si is partially precip-
itated after this heat treatment, but some elements (e.g. Mg) are still in
solution in the a-Al matrix. On the contrary, samples subjected to the T5
and SR tempers do not display any precipitation signals, indicating that
the supersaturated elements were rejected from the Al crystalline lattice.

0,150

0,125 -
* AB
0,100 - T6
B SR
0,075+ RT5
0,050
Sample

Fig. 3. Micrographs of the AlSi7Mg alloy subjected to different tempers (a-d) and trend of the perimeter over area ratio of the Si crystals (e). In particular (a)
represent the microstructure in the as built state, (b) the one after the stress relieving treatment, (c) that related to the T5 temper and (d) that associated with the T6
thermal treatment. The red arrows in (a) point at the nanometric Si precipitates inside the a-Al cells.
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Fig. 4. DSC curves related to the precipitation of Si and other impurities present in the alloy from the Al matrix (a). Changes of Al lattice parameter upon different

tempers (b).

These results were confirmed using the cosfcotd method to determine
the Al lattice parameter starting from the XRD patterns (Fig. 4b). Since it
is known in the literature that Si lowers the lattice parameter of Al [14,
15], it is possible to evaluate the amount of Si supersaturated in the Al
matrix upon the different tempers. In particular, Si supersaturation was
observed to follow the order AB > T6 > SR > T5, indicating the same
hierarchic behavior coming from the DSC measurements. Both the DSC
and XRD results confirm what was observed from the micrographs and
agree to recognize the T5 and SR tempers as the most suitable to increase
the electrical conductivity of the AlSi7Mg alloy.

The equivalent surface electrical resistivity results obtained on the
WR75 and WR28 test cavities, operating respectively at 10 GHz and at
30 GHz, are reported in Table 1. Resistivity increases following the order
T5 < SR < T6 < AB, which is the same hierarchy obtained using the
previous techniques though confirming that the samples subjected to the
T5 heat treatment are those possessing the best electrical conductivity
for the intended application. It is interesting to underline that this result
is reproduced for two test cavities tested at different operating fre-
quencies, i.e 10 GHz and at 30 GHz. The scatter in the values reported in
Table 1 is most likely related to other factors affecting the measurement,
such as the dimensional accuracy and the surface roughness, which are
beyond the scope of this work. (Table 2)

Overall, a simple characterization allowed us to evaluate the effect of
three different thermal treatments on the electrical conductivity of the
AlSi7Mg alloy. The eutectic Si morphology and the samples’ supersat-
uration are efficient parameters to account for when designing the
thermal treatment to be applied to a component, especially if the final
goal is to improve the electrical conductivity. Since both Si supersatu-
ration and electrical conductivity decrease following the order AB > T6
> SR > T5; the T5 and SR tempers were indicated as the most suited to
be applied when good electrical conductivity is the principal require-
ment for the final application. Microhardness tests were performed to
verify which temper leads to the higher mechanical properties. The

Table 2
Equivalent surface electrical conductivity measured on the WR75 and on the
WR28 test cavities subjected to different tempers.

WR75 WR28
Thermal Equivalent surface electrical  Equivalent surface electrical
treatment resistivity [pQcm] resistivity [pQcm]
AB 21 50
SR 17 25
T5 14 15

T6 18 32

results showed a consistent hardness difference; the sample heat treated
with the T5 temper is harder (122 + 1 HV) than the one subjected to the
SR treatment (84 + 1 HV). For these reasons, the T5 temper can be
identified as the best heat treatment to be applied to the AlSi7Mg alloy.

4. Conclusions

From the microstructural and structural characterization of both
cubic samples and waveguide test cavities in AlSi7Mg alloy by PBF-LB/
M it is possible to state that:

e The analysis of the eutectic Si morphology suggests that samples
subjected to the T5 and to the SR heat treatments possess the highest
electrical conductivity.

DSC and XRD analysis confirmed that the T5 and the SR thermal
treatments can promote the complete Si precipitation from the su-
persaturated Al matrix resulting from the rapid cooling rates typical
of the PBF-LB/M process. This finding suggests that these treatments
are the most promising for AlSi7Mg alloy in applications requiring
good electrical conductivity.

The equivalent surface electrical resistivity increases following the
order T5 < SR < T6 < AB.

The samples subjected to the T5 heat treatment result in the best
electrical conductivity and hardness, making this temper the
preferred choice for the production of waveguide components
operating at different frequencies.
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