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A B S T R A C T

Currently, selective laser melting (SLM) is among the most widespread of the additive manufacturing (AM)
technologies. Commercially available SLM systems can offer both continuous wave (CW) and pulsed wave (PW)
emissions of the laser power. It has been demonstrated that relative density and geometric features can be
affected by the laser emission parameters, but their effects on the material properties have not yet been in-
vestigated. In this study, specimens were produced from the same AlSi10Mg powder using two commercially
available SLM machines operating with CW and PW emissions. Optimal process conditions were used, as in-
dicated by the SLM suppliers. This choice was made to provide the most effective comparison between the
material performances obtained using different industrial SLM systems. The specimen microstructures were
investigated using scanning electron microscopy coupled with electron backscatter diffraction analysis.
Moreover, thermal analysis, microhardness measurements, and compression tests were performed to investigate
the thermal and mechanical properties. It was revealed that a slightly finer microstructure was obtained using
the PW laser, while the increased thermal load during CW laser melting resulted in larger liquid pools, enhanced
phase modifications, and better mechanical properties.

1. Introduction

Currently, selective laser melting (SLM) processes have reached a
promising industrial diffusion. The producers of SLM machines offer
industrial systems, which differ from each other in their powder de-
position methods, laser scanning strategies, laser power, number of
laser sources, building chamber size, atmosphere composition, and
preheating temperature. Moreover, every producer offers a different
consolidated set of process parameters for each powder type.

However, one of the most important characteristics for laser mate-
rial processing is the laser beam emission type, i.e. continuous wave
(CW) or pulsed wave (PW). As the laser beam is the heat source used to
locally melt the single powder layer in SLM processes, the temporal
distribution of available power must be considered a key parameter. In
fact, heating and cooling rates are notably linked to the thermal history
of the laser emission. Similar effects were observed in laser welding
processes of different alloys such as steels and aluminium alloys [1–3].
Demir et al. investigated the effect of the exposure time and pulse
overlapping on a maraging steel [4], and they found that a CW laser is
preferable for producing fully dense large parts, while PW is more

suitable for thin and precise structures. Most of the commercially
available SLM systems, like EOS, Concept Laser, SLM Solutions, Trumpf
and Sisma adopt CW lasers while just Renishaw offer the PW laser mode
in the SLM equipment.

The production of aluminium alloy parts through additive manu-
facturing (AM), once considered a challenge owing to the surface oxide
layer, high reflectivity, and high thermal conductivity of the material,
has now reached a certain industrial maturity, and has proven parti-
cularly attractive in the automotive and aerospace fields. To date, most
of the scientific investigations of AM with aluminium powders have
used SLM machines based on CW lasers [5–9]. In this respect, sig-
nificant effort has been expended to optimise the process parameters for
producing fully dense aluminium parts with CW lasers [5–7,10–12].
However, it has been reported that pulsed lasers may be more suitable
for SLM, as they are able to induce good metallurgical bonding between
layers with a smaller heat-affected zone [13–15]. Some attempts at
using pulsed lasers for producing steel, titanium, and tungsten parts
have been reported [16–20]; the pulsed lasers generated high power
densities, giving rise to vaporisation and a recoil effect, and resulting in
lower average power usage. A limited number of studies have explored
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the effects of using pulsed lasers for SLM of aluminium components
[21,22]. To the best of the authors’ knowledge, only one study [23] has
performed a numerical comparison of CW and PW lasers for producing
aluminium parts. Another study focused on comparing the effect of CW
and PW laser power emissions on the aspect ratio of the liquid pool and
the material deposition rate using homemade SLM equipment with AISI
316 L powder [24]. However, no systematic experimental comparison
between the effects of CW and PW lasers on the microstructure and
mechanical properties of materials has been conducted using optimised
process conditions and commercially available systems in the available
literature.

The present study aims to investigate the effect of using continuous
or pulsed lasers on the microstructure and mechanical properties of
AlSi10Mg specimens produced with SLM. The feasibility ranges for
many parameters or even their definitions (i.e. powder layer thickness,
exposure time, and laser travel speed) are quite different for the two
systems, which significantly limits the usefulness of comparisons made
by varying single/multiple parameters. Hence, to perform an industrial
and reliable comparison between the two emission modes, samples
were built with two commercial machines using optimal process
parameters, as suggested by the supplier of each SLM system. The
mechanical, microstructural, and thermal properties of the fabricated
parts were then investigated.

2. Materials and methods

Commercially available gas atomised AlSi10Mg powder was used,
and its composition is reported in Table 1. The composition was con-
firmed using electron dispersive spectroscopy, and was found to be
consistent with the supplier’s specification, as presented in Table 1. The
powder morphology was observed using optical and scanning electron
microscopy (Fig. 1), and was found to be mainly spherical with a few
satellites. The internal microstructure was characterised by silicon
segregation, and exhibited a typical fine dendritic structure. Powder
diameters ranged from 20 to 63 μm, with an average size of approxi-
mately 45 μm.

The powder was processed using two SLM machines: (i) Renishaw
AM 250 system, equipped with a PW ytterbium fibre laser; and (ii) SLM
Solutions SLM 500 system, equipped with a 400W CW fibre laser.
Samples were fabricated in the form of small parallelepipeds lying on
the building plate. The process parameters were suggested by the
equipment suppliers, and are reported in Table 2.

Prior to any further analysis the density of the produced samples
was measured by means of Archimede’s principle and was found to be
fully satisfactory. Both production systems allowed to obtain densities

Table 1
Chemical composition of the AlSi10Mg powder (wt. %) according to specifi-
cations (1st row) and as measured by EDS (2nd row).

Si Mg Cu Ni Fe Mn Ti Al

10 0.4 < 0.25 < 0.05 < 0.25 < 0.1 < 0.15 bal.
9.22 0.41 – – 0.16 – – bal.

Fig. 1. SEM and OM micrographs of the used AlSi10Mg powder.

Table 2
Process parameters used for the SLM building of the AlSi10Mg samples.

Laser emission PW laser CW laser
Parameter Value Value

Laser power (W) 300 350
Build plate temperature (°C) 170 150
Exposure time (μs) 120 –
Laser travel speed (mm/s) – 1150
Point distance (μm) 130 –
Spot size (μm) 130 80
Hatch distance (μm) 140 170
Layer thickness (μm) 25 50
Atmosphere Argon Argon

Fig. 2. Schematics depicting specimen geometry for compression testing with
indication of the building direction and loading direction during compression
tests.

Fig. 3. DSC analyses of as built samples, produced using PW and CW laser
emission.
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higher than 99.5%. A thermal analysis was conducted to evaluate the
critical points of the built samples. For this purpose, two systems were
used: (i) differential thermal analysis (DTA, model Q600, TA
Instruments) in the temperature range of 200–700 °C, with a heating
rate of 20 °C/min for measurement of the melting point; and (ii) dif-
ferential scanning calorimetry (DSC, model Seiko DSC220C) to detect
thermal signals related to phase transformations and precipitation
phenomena, performed in a temperature range of 0–500 °C with a
heating rate of 10 °C/min. DSC results were also used to compute the
activation energies of the precipitation phenomena using Kissinger’s
method [25]. Kissinger’s method is based on a number of assumptions,
including that the equilibrium states resulting from transformations are
independent of the temperature, and that only transformations invol-
ving a single thermally activated process are considered. Nevertheless,
widespread consensus about the applicability of Kissinger’s method for
solid-state precipitation phenomena in metallic alloys was found in the
literature [26–29].

The microstructure of the built specimens was evaluated with op-
tical microscopy (OM, model Leitz Aristomet) and scanning electron
microscopy (SEM, Leo1430 Zeiss; FEG SEM, SU70 Hitachi). The crys-
talline texture of the specimens was investigated using electron back-
scatter diffraction (EBSD) performed on XZ sections (Oxford INCA
Crystal, with SEM operating at 20 kV, step sizes of 0.5–2 μm depending
on the magnification). Mechanical properties were evaluated using
microhardness measurements (Future Tech Corporation FM-700, 200 g
load applied for 15 s) and compression tests (MTS 2/M universal testing

machine, equipped with a 10 kN load cell). Prismatic specimens with an
almost square base of approximately 3 x 3mm were machined from the
built samples, with the main axis parallel to the building direction (Z-
type specimens) or lying in the XY plane (XY specimens), as shown in
Fig. 2. The height to equivalent diameter ratio of the specimens was
between 1.85 and 1.95. Three specimens of each type were compressed
with a cross-head speed of 0.05mm/min, corresponding to a strain rate
of about 0.65%/min. Tests along the Z-direction were stopped at 20%
deformation, whilst those along the XY-direction were stopped at 15%
deformation.

3. Results

3.1. Thermal analysis measurements

The low temperature thermal analysis indicates the presence of two
exothermic peaks at approximately 260 °C and 320 °C, as shown in
Fig. 3. These phenomena were recognised from DSC scans in a previous
work [30], and are related to the precipitation of Mg2Si particles and to
the rupture and spheroidisation of the Si network, respectively. Peak
temperatures, transformation enthalpies, and activation energies are
listed in Table 3. It can be observed that no remarkable variation in
peak temperatures was induced by the use of different laser emission
modes. On the other hand, the shape of the peaks varied slightly be-
tween the samples; the peaks overlapped more in the CW sample. A
clear trend in the transformation enthalpies for both process types was
also noted. In samples built using the CW laser, a slightly smaller
amount of Mg2Si precipitate was formed upon heating, and less silicon
underwent transformation. As far as the activation energies are con-
cerned, the difference between the computed values for Mg2Si pre-
cipitation is negligible. On the other hand, Si spheroidisation and pre-
cipitation is shown to have a higher activation energy in the CW
sample, and this variation, while small, is considered meaningful.

Results of the high temperature thermal analysis of samples pro-
duced using PW and CW laser emissions indicate that the alloy is
characterised by a solidus temperature of about 570 °C, as shown in
Fig. 4; this result is in good agreement with the relevant phase diagrams
[31]. The thermograms of the built samples displayed a shallow hump,
which is related to the melting of the eutectic Al–Si phase. No marked
modification in characteristic temperatures (see Table 4) or peak shape
was noted between samples built with different lasers.

3.2. Microstructural characterisation

Fig. 5a–c shows optical micrographs of the XZ section, i.e. parallel to
the building direction, of the SLM-built samples. A limited amount of
spherical porosities, which are due to gas entrapment, may be seen in
both samples. No cracks were noted across the samples. The images
clearly show a superposition of laser tracks caused by the layer-by-layer
building strategy. As expected, melt pools were half-cylindrical in
shape; however, marked differences can be noted between samples
built using different laser emission types. The laser tracks were thinner
in the sample built with the PW laser, probably due to the lower input
energy and thinner layer thickness used by that machine (see Table 5).
The most marked difference was in the curvature radius measured at
the tip of each melt track: samples built using the PW laser showed

Table 3
Characteristic temperatures, transformation enthalpies and activation energies obtained from DSC analyses.

PW laser CW laser

Peak temperature (°C) Transformation enthalpy (mJ/
mg)

Activation energy (KJ/
mol)

Peak temperature (°C) Transformation enthalpy (mJ/
mg)

Activation energy (KJ/
mol)

Peak 1 262,3 25,2 110 263,3 22,6 101
Peak 2 324,0 10,1 165 322,3 5,5 181

Fig. 4. DTA analyses of as built samples, produced using PW and CW laser
emission.

Table 4
Characteristic temperatures revealed by DTA analyses.

PW laser built sample CW laser built sample

Onset temperature
(°C)

Peak temperature
(°C)

Onset
temperature (°C)

Peak temperature
(°C)

570,4 604,7 568,6 601,1
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much larger curvatures. This also caused the track widths to be similar
in the two samples, even though in the CW sample they were measured
at a height double that in the PW sample. This may be a result of the
larger spot size used by the Renishaw machine. High magnification
micrographs were obtained using SEM on the XY plane; the images in
Fig. 5b–d show the fine fusion zone in the middle of the laser track. A
typical eutectic cellular microstructure, induced by rapid cooling and
typical of SLM processes, can be observed. Silicon formed an inter-
connected fine network surrounding the Si-rich aluminium matrix; this
microstructure is known to positively affect the mechanical properties
of the built parts. It is notable that no significant difference in micro-
structure type results from the use of different building strategies. The
average dimensions of the Si cells in the XY plane, evaluated by the
Heyn lineal intercept method according to standard ASTM E112-96
[32], were 0.52 μm ( ± 0.05 μm) and 0.55 μm ( ± 0.05 μm) in the PW
and CW samples, respectively.

EBSD analyses provided additional information on the orientation
of the columnar αAl matrix with reference to sample direction (see
Fig. 6; regions with low pattern quality or bad indexing were not
considered (black pixels in images c and d)). In the vicinity of the
boundaries between the melt pools, small equiaxed grains appeared,
particularly in the samples built with CW emission. Large columnar
grains are present in the central regions of the pools, and many of these
present a< 100> orientation along the Z-direction, i.e. the building
direction.

The relative strength of this texture is different for the two types of

laser emission, and it appears to be stronger in the PW sample. The ratio
between the maximum and a random intensity of the peak in the (100)
pole figure is 32 for the PW emission, whilst it is only 8 for the CW
emission (see Fig. 6). Moreover, the PW emission is associated with a
strong tendency for epitaxial growth: columnar features appear to nu-
cleate inside one pool and then extend over the following pool. In
contrast, these features are nearly absent in the sample produced using
CW emission. Orientation imaging maps (OIMs) clearly show this as-
pect: in the PW sample, elongated grains that spread across more than
one melting pool are visible, whilst in the CW sample, melting pool
boundaries are easily observed.

3.3. Mechanical characterisation

The results of the compressive tests are shown in Fig. 7, and the
corresponding principal features are listed in Table 6. A clear difference
in the compressive behaviour of the specimens is observed. A stronger
difference between the Z and XY-directions is observed in the samples
produced using the PW laser emission, while the CW samples exhibit
mechanical behaviour that is more similar in the two directions. The
compressive strength was lower for PW-built specimens than CW-built
specimens, in accordance with the hardness measurement results shown
in Fig. 8. Microhardness values are higher for the CW emission than the
PW emission due to the lower cooling rate experienced by CW samples.
This is in good agreement with the melt pool sizes presented in Table 5.
In contrast, no large difference between the XY and Z directions, par-
ticularly for samples produced using the CW emission, can be detected.
All specimens showed ductile behaviour, and failure occurred by
buckling, which is clearly observable after about 5% deformation. De-
formation was allowed to continue until reaching 20% engineering
strain for the Z samples and 15% engineering strain for the XY samples
in order to observe deformation behaviour at large strains; no visible
cracks appeared in any of the samples. The stress values evaluated at
different strains for both directions are reported in Table 6 along with
the corresponding calculated percentage differences. It should be noted
that even at higher deformation levels, a greater difference between the

Fig. 5. OM and SEM micrographs of samples produced using PW (a, b) and CW (c, d) emission, showing XZ (a, c) and XY (b,d) views.

Table 5
Dimensions of the melt pool and extent of the HAZ in as built samples.

Geometrical features of the single melt
pool

PW laser emission CW laser emission

Melt pool height (μm) 350 (±1,9) 630 (± 2,6)
Melt pool width (μm) 1754 (± 2,3) 1746 (±1,8)
HAZ thickness (μm) 100 (±0,8) 116 (± 1,7)
Curvature radius (μm) 224 (±33) 100 (± 21)
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XY and Z compression directions for the PW-built sample can be ob-
served when shear deformation is relevant.

4. Discussion

The observed differences in the microstructure and mechanical
properties between the investigated samples can be linked to the
building strategy and process parameters, including the use of either
PW or CW laser emissions (see the schematics in Fig. 9a,b). In these
emission modes, the input energy is applied with very different tem-
poral profiles, which affect the melting and subsequent cooling of the
melt pool. Technological and microstructural differences resulting from
laser welding have been investigated in only a few studies in the lit-
erature [1,3]. It has been reported that the width and penetration of the
melt pool can vary as function of the laser emission. In details, the
penetration depth can be varied with both the power density and laser
mode emission (CW and PW), so the solidification and liquation me-
chanisms are slightly different, inducing different final properties in the
joint. Schematics of the melt pool volumes occurring in CW and PW
laser welding are shown in Fig. 9c and d, respectively.

The differences between the two laser emissions can be related to
the energy and thermal histories induced in the material. In PW laser
emission mode the liquid pool freezes between pulses, so the surface
tension gradient is the one force in opposition to the keyhole formation.
In addition to this, in CW mode the effect of the laser motion need to be
taken into account, too. Consequently, the CW laser mode emission can
provoke a large liquid pool, due to the delay of the keyhole onset [1].

The energy densities (E) of samples produced with CW and PW
emissions can be calculated according to Eqs. (1) and (2) [33], re-
spectively:
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where P is the laser power; texp is the exposure time (i.e. ton for PW or t
for CW emissions); v is the scanning speed; d is the point distance; s is
the hatch spacing; h is the layer thickness; ρ and MM are the theoretical
mass density and the molecular mass of the material, respectively; Tamb

and Tp are the starting ambient temperature and the build plate tem-
perature, respectively; and a and b are thermodynamic constants of
solid aluminium.

The above expressions take into account both the laser and build
plate heating as energy sources. The obtained energy densities were
50.79 J/mm3 for the CW sample and 79.12 J/mm3 for the PW sample.
In both cases, the energy input coming from the build plate temperature
played a very small role compared to the laser.

Even though the energy input in the PW process is higher that ap-
plied by the CW laser, it is believed that most of the differences between
the two batches resulted from the different cooling rates induced by the
processing strategies. Numerical simulations performed by Ding et al.
[23] showed that using a PW laser induces cooling rates which are
much larger than those obtained with continuous exposure. The DSC
experiments revealed that the transformation enthalpies for Mg2Si
precipitation and Si spheroidisation are higher in the PW sample. Pre-
sumably, the faster cooling in the PW sample induced a greater su-
persaturation of the solid solution and did not allow solute atoms to
diffuse to form precipitates. This phenomenon is particularly evident
for the second DSC peak. However, it may be expected that lower
transformation enthalpies might also be caused by a partial loss of al-
loying elements due to vaporisation during processing. This hypothesis

Fig. 6. (100) pole figures and OIM (referred to building direction) of samples produced using a PW (a, c) and CW (b, d) emission. Regions with low pattern quality or
bad indexing were not considered (black pixels in images c and d).
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can be excluded by considering that the EDS analyses showed no var-
iation in composition. The data also confirm that the difference be-
tween the applied energy densities is not sufficient to differentially
vaporise alloying elements. Moreover, a difference in the activation
energies, which are related to precipitation phenomena in the two
sample batches, may be observed. Whereas no appreciable difference is
apparent for Mg2Si precipitation, Si precipitation is characterised by a
lower activation energy in the PW samples. This may be explained by
considering that the higher cooling rates associated with PW emission
induce a larger amount of retained vacancies, which are known to play
a fundamental role in enabling the diffusion of silicon atoms through

the aluminium matrix [34–36]. Hence, a smaller activation energy
characterises Si precipitation and spheroidisation in the PW samples.

The microstructure of the AM AlSi10Mg indicates the presence of an
interpenetrated Al matrix and Si network, which impacts the properties
of the material. Unlike conventionally cast alloys, no dendritic structure
is formed as a result of the high cooling rates. Silicon appears as a
continuous network inside columnar grains, instead of growing as a
eutectic constituent between the arm spacing. As in other fast-cooling
systems, the elongated columnar grains tend to grow in the direction of
the thermal gradient, i.e. the radial direction inside the melt pools, with
crystals exhibiting [100] growth aligned along the direction of the
maximum thermal gradient. The different thermal load and distribution
results in two different shapes of the thermal gradient in CW and PW
samples: the latter has higher melt pool curvature, and hence the radial
directions are mostly parallel to the building direction. Consequently,
the resulting microstructure is more textured. Macroscopically, this
causes a more pronounced difference in the compression behaviour
between the XY and Z directions for PW samples. The difference in the
mean yield stress can be attributed to the different matrix micro-
structures resulting from the two processes. The slower cooling rate and
higher extent of re-warming after primary solidification in the CW
samples can explain the higher strength due to precipitation phe-
nomena (Si particles as well as Mg2Si precipitates). Supporting this
hypothesis, the DSC analyses show a slightly lower enthalpy for such
phenomena in the CW samples.

5. Conclusions

The present study investigated the effect of different laser power
emission strategies, i.e. PW and CW, on the microstructure and me-
chanical properties of AlSi10Mg parts built with commercially available
SLM systems.

The solid state transformations, which characterize the present
aluminum alloy, were heavily influenced by the different thermal his-
tories, which PW and CW samples experienced. On one hand, Mg2Si
precipitation was triggered in CW samples inducing an higher hard-
ening, as indicated by hardness measurements. On the other hand, PW
samples are characterized by lower activation energy related to Si
precipitation, because of the higher cooling rate inducing larger amount
of lattice defects.

As revealed by EBSD, AlSi10Mg solidifies with a columnar structure
with a strong tendency for epitaxial growth. The texture intensity on a
macroscopic scale is however reduced in CW samples because of the
more rounded and isotropic melting pool shape. This results in a re-
duced influence of the building direction of samples on compression
behaviour.

Fig. 7. Compression tests results on samples, produced using PW (a) and CW (b)
laser emission, along the two principal directions.

Table 6
Main mechanical properties calculated from the compression tests.

Specimens Yield stress
(0.2% pl.def.)

Stress evaluated at the
specified strain [MPa]

Stress percentage
difference in different
planes: XY vs. Z direction

[MPa] at ε=5% at ε=10% at ε=5% at ε=10%

PW-z 296 ± 20 −425.8 −494.6 14.7 % 13.6 %
PW-xy 203 ± 24 −371.2 −435.4
CW-z 350 ± 25 −506.7 −560.0 6.7 % 3.5%
CW-xy 274 ± 20 −474.7 −541.1

Fig. 8. Microhardness values representative of the two laser emissions in the
two principal directions.
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