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The use of metal additive manufacturing technologies in railways sector can provide increased flexibility in
terms of spare part logistics. Combined with lightweight metals such as Al-alloys, the product performance
can also be enhanced in terms of weight reduction, vibration and noise control. The railway sector is more
likely to exploit large and bulky parts produced by laser powder bed fusion (LPBF), which should have
appropriate mechanical properties. Therefore, the whole production chain should be analyzed considering
the heat treatment steps suited for a distributed and resource efficient manufacturing scheme. Accordingly,
this work analyzes the additive manufacturing of AlSi7Mg alloy by LPBF and its consecutive heat treat-
ment steps. In particular, the impact of LPBF process productivity, heat treatment type and atmosphere
composition were considered to analyze the most appropriate route for the needs of the railways appli-
cations. The results show that with an appropriate direct aging treatment in air, mechanical characteristics
of the alloy could be improved, despite that the high layer thickness used in LPBF could increase process
productivity. The absence of a quenching step was found to be favorable for large parts, while the absence
of an inert gas such as Ar in the heat treatment did not generate any reduction in the mechanical properties.

Keywords additive manufacturing logistics, laser powder bed
fusion, lightweight design, parts on demand

1. Introduction

The well-known and recognized production capabilities of
additive manufacturing (AM) techniques can be applied to a
wide range of industrial sectors, one of which is the railway
industry. In the railways sector a key need regards the supply of
spare and discontinued parts (Ref 1). Often such components
are stored with quantities to match the possible requirements of
up to 30 years. Indeed, such conditions are far from optimal in
terms of resource usage. Once the spare part is required, it
should be often shipped from centralized warehouses and
assembled in the required location. When spare parts are
finished or discontinued, they are often produced on demand
requiring long lead times. Trains are often used for a long
duration of time reaching decades. Indeed, designs and
materials used in this timeframe can be improved. The usage
of stocked spare parts renders also such possibilities to be
limited. A decentralized and in-demand manufacturing of spare
parts can be made possible through additive manufacturing
processes (Ref 2). In particular, metallic components with small

to medium sizes can be produced locally using digital files and
powder feedstock using laser powder bed fusion (LPBF) (Ref
3).

In recent years, the railway industry has started to inves-
tigate the use of AM technologies for maintenance purposes
(Ref 4, 5). The possibilities also extend toward the use of AM
technologies for production of lightweight components (Ref 6,
7). An important point that regards the metal AM processes, in
particular LPBF, regards the fact that they are incorporated
within a complete manufacturing cycle (Ref 8, 9). Often the
LPBF produced parts will require post-processing techniques
spanning from heat treatments to surface finishing (Ref 10, 11).
For a sustainable decentralized manufacturing of spare parts,
the complete manufacturing cycle should be operatable in
service stations with ease. Hence, beyond the mechanical
property requirements, materials that are easier to heat treat are
required. From this perspective, Al-alloys present a valid
option. Aluminum is a lightweight metal with relatively low
melting point (660 �C). The heat treatments are applied
intrinsically at temperature ranges (150-400 �C) that require
simpler furnaces and low energy consumption (Ref 9). Al-Si-
Mg alloy systems are commonly used in LPBF that provide a
good balance of processability and mechanical strength (Ref
12). Amongst these alloys some of the most popular ones are
AlSi10Mg and AlSi7Mg (Ref 13-17). These alloys processes
by LPBF commonly need to undergo stress-relieving and aging
treatments. During the LPBF process, the fast cooling rates
generate thermal stresses within the material (Ref 18). When
the part is released from the base plate, these stresses are
relieved by geometrical distortions (Ref 19). A stress-relieving
treatment is required before releasing the part from the build
plate. While the fast cooling of the LPBF process is highly
advantageous for high mechanical strength, the stress relieving
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stage may result in grain coarsening and the agglomeration of
the Mg2Si phase that results in a lower tensile strength and a
higher elongation at rupture (Ref 20). Therefore, an aging
treatment accompanies this stage to improve the mechanical
strength.

For railways sector, a straightforward and simple heat
treatment stage is required. The spare parts to be produced are
often bulky fitting into the entire build chamber of commercial
systems. Figure 1 shows an example part produced in a ø300
mm 9 400 mm build chamber. Such components should be
heat-treated without generating distortions throughout the
process. From this point, the avoidance of a quenching stage
often used in the aging heat treatments is highly favorable.
Aging treatments are usually carried out in inert atmosphere.
The avoidance of the inert gas can also be beneficial in terms of
resource usage.

In the literature, several types of heat treatments have been
applied to the AlSi7Mg alloys (Ref 17, 21-26). While most of
the works concentrate on the optimum mechanical properties
for aerospace and aviation sectors, where the impact of the heat
treatment type to its usability in a decentralized production
scheme is not of the primary interest. Often these heat
treatments are found to be long adding up to the lead times
and cost (Ref 27). Concerning the heat treatment atmosphere,
while the majority of the works employ inert gases and vacuum
environment has also been tested, processing in air appears to
be not assessed (Ref 28). Hence, the additive manufacturing
cycle planning for applications in decentralized spare part
manufacturing remains an open issue. Accordingly, this work
studies the LPBF and the successive heat treatment of AlSi7Mg
alloy with the aim to provide a feasible recipe for the railways
sector by providing a shorter and simpler manufacturing cycle.
The LPBF process was studied to ensure high density at
different layer thicknesses with the aim to assess the suitability

of using higher layer thicknesses to reduce the lead time. Three
different heat treatments ranging between conventional T6 to
simplified routes have been tested in inert gas and air. The
mechanical properties are assessed in the experimented condi-
tions to identify the most suitable route for manufacturing high
strength parts.

2. Materials and Methods

2.1 Powder Feedstock

Gas atomized AlSi7Mg powder with 20-63 lm particle
diameter range and D50 = 47 lm was employed throughout
the study (Carpenter Additive, Philadelphia, PA, USA). The
nominal chemical composition and the measured one by the
powder provider are shown in Table 1, while the SEM image of
the powder is shown in Fig. 2. The powder bulk density was
1.24 g/cm3, while nominal solid density of the alloy is 2.68 g/
cm3.

2.2 LPBF System

ATrumpf TruPrint 3000 LPBF system was used in the work
(Ditzingen, Germany). The system was equipped with a single-
mode fiber laser (RedPower Qube, SPI, Southampton, UK),
which operates in continuous wave (CW) emission and 450 W
maximum power. The optical system is composed by a
dynamic zoom optic and galvanometric mirrors with a nominal
minimum beam diameter of 100 lm. The build volume is
cylindrical with 300 mm diameter and 400 mm maximum
build height. Build plate preheating with up to 200 �C can be
employed. The LPBF system was operated with N2, and the O2

content is kept under 3000 ppm throughout the build process.

2.3 Heat Treatment Systems

For the heat treatment of the specimens useful for the
characterization of the different post-process conditions, two
different types of furnaces were used. A Lenton Thermal
Design furnace was used for heat treatments in air without the
use of an inert gas. The furnace has an internal chamber lined
internally with refractory bricks and is equipped with a
resistance system controlled by a thermocouple inside the
chamber to govern the temperature. A Heraeus Instruments
furnace was suitably equipped to work under preheated argon
insufflation conditions. The furnace had a process chamber with
dimensions 300 mm 9 250 mm 9 400 mm, with a 350 L
capacity, lined with refractory material. Inside the treatment
chamber a reduced sealed sub-volume has been installed, and
constant flow of preheated inert gas was maintained within it, in
order to have an inert treatment environment with homoge-
neous temperature.

2.4 Characterization Equipment

Density of the LPBF produced samples was measured based
on Archimedes principle (Precisa 100A-300M, Turin, Italy).
For the chosen conditions, metallographic cross sections were
prepared by cutting and polishing. Optical microscopy images
were recorded (Mitutoyo Quick Vision ELF QV-202, Kana-
gawa, Japan), and apparent density was calculated by image
processing software as the fraction of the total area of the pores
over the total area of the deposit. Vickers hardness was

Fig. 1 Example of a medium sized component produced by LPBF
in AlSi7Mg alloy. The build plate diameter is 300 mm, while the
part height is 385 mm
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measured on samples with sufficiently low porosity, with 5 kg
applied load. On selected samples SEM/EDS analysis were
performed to well identify microstructural constituents.

Tensile tests were performed with constant strain rate at
_e=2.5*10�4 s�1 using a hydraulic test machine AST28 at 23 �C
and according to the ASTM E8M � 16a.

In order to assess the influence of the heat treatment types on
the material equilibrium phase diagram was calculated using
the measured chemical composition (JMatPro-V12).

3. Experimental Study

3.1 Selection of the LPBF Process Parameters

Different parameter sets were investigated in order to
achieve fully dense parts. In particular, the study aimed at
defining two sets of process parameters with low and high layer
thickness (z) values. Layer thickness has a direct impact on the
process productivity as higher layer thickness can potentially
decrease the recoating time and improve the overall build rate
(BR). The beam diameter was fixed at 100 lm, while the scan
pattern was fixed as meander and 100 �C of build platform
preheating was used. The gas speed was found to be adequate
at 0.8 m/s, while higher speeds generated powder bed denuda-
tion and lower ones an excessive generation of smoke. Laser
power (P) was varied between 210 and 450 W encompassing
between relatively moderate power levels to the maximum one.
The scan speed (v) was varied between 1000 and 2500 mm/s.
The hatch distance (h) was varied between 0.08 and 0.20 mm
corresponding to values smaller and higher than the employer
laser beam diameter. Layer thickness was varied at two discrete

levels at 30 lm and 50 lm corresponding to higher detail and
higher productivity conditions, respectively. The density of all
samples was analyzed by the Archimedes method. The
experimental conditions are summarized in Table 2. Selected
samples were also further analyzed by taking cross sections to
reveal the internal porosity.

The results were evaluated as a function of the energy
density (E) parameter as given by the following equation.

E ¼ P

z � h � v ðEq 1Þ

While the energy density is a compound parameter gather-
ing all the main process parameters, the results were grouped as
a function of the layer thickness to choose an appropriate
condition for the consecutive stages using the two levels of
layer thickness. The productivity of the chosen conditions was
also evaluated by calculating the theoretical build rate (BR) as
given by the following equation (Ref 29).

BR ¼ z � h � v ðEq 2Þ

It should be noted that the theoretical build rate does not
consider the jumps between consecutive scan vectors and parts
as well as border scans.

Selected conditions for each layer thickness were further
evaluated. For the heat treatment study, cylindrical samples
with ø10 mm 9 100 mm dimension and cubic samples with 5
9 5 9 5 mm3 were produced. The cylindrical samples were
machined to the final geometry of done bone specimens with ø6
mm diameter at the calibrated region. The cubic samples were
used for microstructural and hardness analysis. Figure 3 shows
the images of cylindrical bars and cubes samples produced in
two different layer thicknesses.

Table 1 The nominal and measured chemical composition of the powder feedstock

Wt.% Mg Si Zn Ti O Mn Fe Cu N Al

Nominal 0.45-0.60 6.50-7.50 < 0.050 0.04-0.20 < 0.20 < 0.030 < 0.10 < 0.050 < 0.20 Bal
Measured 0.45 7.36 0.002 0.08 0.09 0.003 0.08 0.006 < 0.01 Bal

Fig. 2 Morphology of the AlSi7Mg powder used in the
experimental work

Table 2 Investigated parameter ranges in the
experimental work for the selection of the LPBF process
parameters

Fixed factors Value

Beam diameter, ds (lm) 100
Gas speed, vg (m/s) 0.8
Scan pattern Meander
Build platform preheating 100 �C

Variable factors Levels

Power, P (W) 210-450
Scan speed, v (mm/s) 1000-2500
Hatch distance, h (mm) 0.08-0.20
Layer thickness, z (mm) 0.03; 0.05
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3.2 Heat treatment Study

The heat treatment study was aimed to investigate an
appropriate recipe for small to medium sized bulky parts to be
used in railways applications also taking productivity and
economical concerns into account. The effect of environment
was investigated by carrying out the heat treatments in air and
under argon. The argon atmosphere in the furnace for heat
treatment can be advantageous for limiting oxide formation on
component surface. On the other side, heat treatments per-
formed in air are less costly, in terms of both inert heat
treatment furnace cost and gas price. From the point of view of
investment costs, an air treatment furnace costs about a quarter
of an inert treatment furnace.

Based on the state of the art on heat treatment for aluminum
AM components, the first selected condition was the standard
T6 heat treatment. This condition has been used as benchmark,
to compare the mechanical properties of the sample produced in
this campaign with literature data. Two additional heat
treatments were applied, modifying the temperature of the
isothermal holding of the solution annealing step and/or
removing it completely from the process. The new treatments
have been designed aiming to maintain similar or improved
mechanical characteristics compared to the results achievable
with standard T6 (particularly tensile strength and the elonga-
tion) (Ref 30, 31). The process steps for each heat treatments
are described as follows.

1. Standard T6: This treatment is typically used for conven-
tional cast products and consist of solution annealing fol-
lowed by aging. It causes in the LPBF materials, the

coarsening of eutectic silicon particles. The solution
annealing was carried out at 540 �C for 30 mins followed
by fast quenching in water. The aging stage was carried
out at 165 �C for 6 h followed by cooling in air.

2. Modified T6: This heat treatment was defined aiming to
reduce the coarsening of Si particles. In this case, the T6
treatment solution annealing was applied at a lower at
400 �C for 30 min followed by fast quenching in water.
The aging stage was at 165 �C for 6 h followed by cool-
ing in air. This treatment was carried out only under Ar.

3. Direct aging: This heat treatment was defined to under-
stand the effect of avoiding the first phase of T6 standard
related to solution annealing and quenching treatment
phase. In fact, for bulky parts the use of water quenching
can be problematic overall. The cooling rates can be dif-
ferent between the larger and thinner regions generating
possible stress and distortions, geometrical deviations and
ruptures during quenching. The direct aging treatment
was applied at 165 �C for 6 h followed by cooling in air,
removing the solution annealing stage.

The heat treatments were applied to LPBF produced
samples with two parameter sets using low and high levels of
layer thickness. Heat treatments were applied under Ar and in
air. The experimental conditions are summarized in Table 3.
Microstructures and tensile properties have been evaluated on
materials in the tree different heat treatment conditions. For
comparison, the as-built conditions were also analyzed. Each
condition was tested with three replications.

Fig. 3 Samples for the material characterization produced with different layer thicknesses
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4. Results

4.1 Selection of the Process Parameters for the Reduction
of the Part Porosity

The measured Archimedes density values of the specimens
as a function of energy density grouped for the different layer
thickness levels are shown in Fig. 4. In the experiments, the
resultant energy density values ranged between 18 and 113 J/
mm3. The data follow the common increasing density, plateau
region and a decaying behavior as the energy density progres-
sively increases (Ref 32). The measured data have a rather large
dispersion around the higher values of energy density due to
keyhole porosity, which has been previously observed with
AlSi7Mg (Ref 16). Moreover, the measured density values are
between 2.46 and 2.65 cm3/g. Between approximately 38 and
64 J/cm3, the density levels saturate around 2.65 cm3/g for both
of the layer thickness levels, reaching up to approximately 99%
of the nominal density. The main causes of porosity are
expected to be the lack of fusion (at lower energy density
levels) and keyhole porosity (at higher energy density levels).
Such plateau regions commonly correspond to the maximum
density values reachable for a given material close to a full
densification. While the density values are commonly com-
pared to a nominal one, providing a percentage may be
misleading due to the variations in the final chemical compo-
sition.

Two conditions at 30 and 50 lm layer thicknesses were
identified in the plateau region as shown in Table 4. The
parameter sets corresponded to the same laser power (P = 345
W), scan speed (v = 1500 mm/s), and hatch distance
(h = 0.12 mm). The energy densities were 64 and 38 J/mm3,
while the build rates were 19 and 32 cm3/h for 30 lm and
50 lm layer thicknesses, respectively. These conditions were
found suitable for the comparative analysis employing different
layer thicknesses, which are summarized in Table 4. The
chosen parameter sets were also assessed through the cross-
section analysis, and the porosity was analyzed through optical
microscopy analysis. The apparent density was found to be
higher than 99% for both the conditions as reported in Fig. 5.
Therefore, it can be concluded that the chosen conditions are
suitable for manufacturing parts with good mechanical prop-
erties. These conditions were used in the heat treatment study.

4.2 Effect of Heat Treatment on the Material Properties

4.2.1 Material Microstructure. The evolution of the as-
built microstructure as consequence of the different heat
treatments applied in Ar is reported in Fig. 6. Similar
microstructures were observed in air. Concerning the as-built
sample the eutectic interdendritic silicon particles are well
evident. In Fig. 6, the microstructure of aged T6 type samples is
shown, where the solidification structure is fully disappeared.
Standard T6 treatment causes a coarsening of Si particle (white
particles) which reaches size up to 2-5 lm. The EDS analysis
shows a Si-enrichment higher than 60%. Modified T6 treatment
seems less effective in terms of Si particle coarsening, being the
size of these light particles lower than 0.5 lm. The enrichment
of Si evaluated by EDS analysis was up to 10-15%, since the
analysis is affected by the matrix contribution. However, in
modified T6 sample the presence of a second type of precipitate
is observable, which are too small to be identified by EDS
analysis. It can be supposed that the precipitation of Mg-rich
phase starts during solution treatment, and it is completed
during aging, producing coarser precipitates respect to those are
obtained in standard T6 treatment. On the other hand, the direct

Fig. 4 Measured Archimedes density of the specimens as a
function of energy density grouped for different layer thicknesses

Table 4 The chosen parameter sets for the heat
treatment studied

Parameter Low z High z

Layer thickness, z, lm 30 lm 50 lm
Power, P, W 345 345
Scan speed, v, mm/s 1500 1500
Hatch distance, h, mm 0.12 0.12
Energy density, E, J/mm3 64 38
Build rate, BR, cm3/h 19 32
Archimedes density, q, g/cm3 2.645 � 0.004 2.634 � 0.001
Optical apparent density, qA 99.3% 99.1%

Table 3 Fixed and variable factors of experimental
campaign

Variable parameters Levels

LPBF parameter set Low z = 30 lm
High z = 50 lm

Heat treatment atmosphere Air
Ar

Heat treatment type Standard T6
Modified T6
Direct aging
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aging treatment does not destroy the solidification microstruc-
ture, allowing the precipitation of very fine precipitates inside
the dendritic spaces. The composition of these particles,
presumably Mg-rich precipitates, was not revealable by EDS
probe, due to their very fine size.

4.2.2 Microhardness. Figure 7 shows the measurements
of the microhardness samples produced in different conditions.
It can be observed that the hardness was not substantially
affected by the layer thickness as well as by the protective gas
used in the heat treatment. Direct aging allows to obtain higher
hardness values with respect to all the other conditions, as-built
sample and heat treatments. The two different T6 heat
treatments led to a reduction in hardness compared to the as-
built conditions.

4.2.3 Tensile Properties. Figure 8 compares the mechan-
ical properties of the materials in the different heat treatment
conditions and different layer thicknesses. Figure 8a depicts the
ultimate tensile strength. As-built specimens made by with
30 lm layer thickness have higher tensile strength. This
phenomenon is probably related to the number of material
thermal cycles, which results in higher work hardening with
lower layer thickness. Regarding the effects of the different
atmospheres, there are no significant differences between the
use of air and argon. The oxidation, limited to the surface layer
of the samples, is removed from the sample during the sample
machining, and the sublayers have a microstructure depending
only by the heat treatment conditions. Aluminum alloys in fact,
although easily oxidizable, form a passivating compact layer of
oxide on the surface that does not allow oxygen in the air to
penetrate and therefore the oxidation stops at a layer of a few
microns thickness. It can be observed that the T6 treatments
reduce the tensile strength compared to the as-built conditions,
and the effect is higher for the modified treatment. On the other
side, the direct aging allows to obtain higher tensile strengths
with respect to all the other conditions, as-built sample, and
other heat treatments. The yield strengths show the same trend
of hardness and ultimate tensile strength (Fig. 8b) showing that
the highest value is obtained by direct aging. The standard T6
condition generally increases the yield strength with respect to
as-built and T6 modified treatment.

The as-built samples show relatively low ductility, which
can be associated with the hardening caused by the rapid
solidification occurring in the LPBF process. The effects of this

phenomenon can be mitigated by heat treatments that reduce
internal stresses in the material. This behavior is confirmed by
the results obtained in this work. It can be observed in Fig. 8c
that the elongation is generally increased by all the treatments
and the effect is higher for both the T6 treatments. The
maximum elongation increase was obtained using the modified
T6 treatment.

Elastic moduli are shown in Fig. 8d. for all the tested
conditions. A general increase of the elastic modulus values is
obtained by the heat treatments. The maximum increase,
compared to the as-built conditions, was achieved for the direct
aging treatment. No variations were noted for the different
LPBF process conditions or for the use of the standard or
modified T6 treatment.

5. Discussion

The aim of this study was to investigate how different heat
treatments lead to different mechanical behavior giving the key
to achieve the target properties of the final component operating
in different application sectors. In the case of the project in
question, for components to be used in the railway sector, the
aim is to obtain good mechanical properties such as high yield
strength, low deformations and fatigue resistance. Taking into
consideration also a possible industrialization of the component
obtained through additive manufacturing, it has been investi-
gated also the possibility of carrying out treatments in air rather
than in more expensive inert gases such as argon, or to avoid
water quenching treatments for complex components, which
could lead to local deformations. The effect of layer thickness
on the final properties has been also evaluated, considering that
large layer thickness has a positive impact on production rate.

In order to better understand the effect of the heat
treatments, an equilibrium phase diagram was calculated as
seen in Fig. 9. The heat treatment conditions modify the
hardened solidification microstructure of the as-built materials,
and, as consequence, influence the mechanical properties. The
first effect is to reduce the hardening level, reducing residual
stresses and dislocation density, with a general increase of the
material ductility. The modified T6 treatment condition deter-
mines, as for the standard treatment, the almost complete

Fig. 5 The chosen conditions for the heat treatment studies obtained with P = 345 W, h = 0.12 mm, v = 1500 mm/s with variable layer
thickness.
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disappearance of the original solidification microstructure, with
a more limited coarsening of the Si eutectic particles formed
during the solidification process. However, at the selected
temperature of 400 �C, the Mg-Si intermetallic phase is stable,
since it is formed for temperature lower than 490 �C, as
predicted by the equilibrium phase diagram. As consequence,
this phase starts to precipitate during solution step, producing a
coarser distribution which is less effective in the improving the
material strength. The direct aging, conducted at 165 �C for 6

hours, allows to reduce the residual stress and hardening level
of the as-built material, without affecting the Si particle size.
On the other side, this treatment is suitable to produce a fine
intermetallic precipitation with a positive effect on both the
material strength and the ductility.

Overall, the results show that high productive LPBF process
with a larger layer thickness (z = 50 lm) can be employed
combined with a direct aging treatment in air. In combination
an economically more viable process and shorter cycle time is

Fig. 6 Comparison of microstructures of samples produced in different heat treatment conditions applied under argon
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determined to be useful for the application requirements.
Although the static tensile properties tested here are indicative
toward also the fatigue behavior, more studies are required on
the matter. The LPBF process applied at low layer thickness
upon direct aging provides a higher elongation, which may also
be beneficial for avoiding a fragile behavior toward a better

fatigue resistance. Another important factor remains the
corrosion properties, which was not the main concern of this
study. In summary, the proposed manufacturing cycle can be
readily used for parts that are not safety critical. The use of
painting and coating stages can be also assessed for corrosion
protection depending on the application area of the component.

Fig. 7 Vickers hardness measurements of the as-built and heat-treated specimens

Fig. 8 Tensile strength measurements of the as-built and heat-treated specimens
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6. Conclusions

This work showed a systematic analysis of an additive
manufacturing cycle for railways industry. The AlSi7Mg alloy
was processed by LPBF, and different heat treatment conditions
were analyzed seeking a solution adaptable to spare part
manufacturing in a decentralized manner. This confirmed that
the Al-alloys used with the LPBF technology can provide a
valid option for spare part manufacturing based on digital data.
The Al alloy can be processed at relatively high build rates and
combined with tailored heat treatments to achieve desirable
mechanical properties. The results showed that a direct aging
treatment was able to maintain the solidification structure
without compromising extensively the highly strong
microstructure achieved during the additive manufacturing
phase. The impact of the final additive manufacturing route on
the fatigue properties as well as the corrosion resistance
remains open points for future investigations.
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