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Synopsis
Additive manufacturing can be used to produce complex and custom geometries, consolidating different
parts into one, which in turn reduces the required number of assemblies and allows distributed
manufacturing with short lead times. Defects, such as porosity and surface roughness, associated with
parts manufactured by laser powder bed fusion, can severely limit industrial application. The effect these
defects have on corrosion and hence long-term structural integrity must also be taken into consideration.
The aim of this paper is to report on the characterization of porosity in samples produced by laser
powder bed fusion, with the differences in porosity induced by changes in the process parameters. The
alloy used in this investigation is AlSi10Mg, which is widely used in the aerospace and automotive
industries. The sample characteristics, obtained by X-ray tomography, are reported. The design and
production of additively manufactured parts can be improved when these defects are better understood.
Keywords
additive manufacturing, L-PBF, AlSi10Mg, porosity, surface roughness, density.

Introduction
Additive manufacturing (AM) is fast becoming an important production method in the fourth industrial
revolution, due to the possibilities it presents in terms of complex as well as custom geometries (DebRoy
et al., 2018; Dilberoglu et al., 2017; Korpela et al., 2020; Tofail et al., 2018). This allows shorter lead
times through reduction of parts required for assembly by merging parts (DebRoy et al., 2018; Korpela
et al., 2020; Tofail et al., 2018).
AlSi10Mg is popular in conventional casting methods, and substantial research effort has been
applied to manufacture it successfully by AM. The addition of magnesium (Mg) gives an advantage by
improving heat-treated strength due to the formation of Mg2Si precipitates (Sercombe and Li, 2016).
There are three main pore types associated with AM, namely spherical pores, lack-of-fusion defects,
and keyhole pores. Spherical pores are usually a result of gas that becomes trapped in the melt pool
during the rapid solidification which is characteristic of laser powder bed fusion (L-PBF). They are
generally very small in size. Lack-of-fusion pores are created when there is insufficient overlap in layers
during the melting process. Insufficient overlap can mean that an area of poor bonding is created or, for
extreme cases, unmelted powder is trapped in the remaining cavities. As overlaps are difficult to fully
re-melt, lack-of-fusion pores are formed (Zhang, Li, and Bai, 2017). Keyhole pores occur in a vapourfilled depression well which collapses and forms large, rounded pores.
Porosity in AM, and especially L-PBF, is influenced by laser power, scanning speed, hatch spacing,
layer thickness, and energy density (Tang, Pistorius, and Beuth, 2017). When scanning speed, layer
thickness, and hatch spacing are kept constant, higher laser power (and higher temperature) is expected
to create deeper melt pools, which cause keyhole pore formation (Bayat et al., 2019; Khairallah et al.,
2016; Mohr et al., 2020; Shrestha et al., 2019; Stugelmayer, 2018; Zhao et al., 2020). Lower laser
powers are expected to lead to lack-of-fusion pore formation (Bayat et al., 2019; Majumdar et al., 2019;
Mohr et al., 2020; Stugelmayer, 2018). Similar to lower laser power, faster scan speed at fixed other
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parameters also leads to lack of fusion and similarly, slower
scan speed leads to more keyhole pore formation. This is shown
schematically in Figure 1. It has also been shown that parts never
truly reach full density, i.e. 0% porosity, even at optimal process
parameters.
An optimal combination of processing parameters can
minimize porosity to below 0.01%. The transition of lack-offusion pores is seen to be much sharper than for keyhole pores,
where the transition is more gradual, as laser power is increased
(du Plessis, 2019). This is illustrated in Figure 2. The optimal
power for minimal porosity is seen to be lower for the lower scan
speed. The alloy used in this experiment was L-PBF Ti6Al4V.
Characterizing porosity is especially important, as various
studies have shown it to have a detrimental effect on the
mechanical properties of AM parts. This specifically includes
fatigue strength, where research revealed that pores act as crack
initiators and that near-surface pores are the most critical (Zerbst
et al., 2019a, 2019b, 2019c). Another study of AlSi10Mg formed
by AM found that areas with significant unmelted powder will
undergo local cracking (Read et al., 2015). Investigations into
defect formation and anisotropic properties indicated that the
anisotropy of both tensile ductility and fatigue properties is
intensified by defects, specifically irregularly shaped porosity
such as lack-of-fusion defects (Zhang, Li, and Bai, 2017; Tang
and Pistorius, 2017; du Plessis, Yadroitsava, and Yadroitsev,
2020).

Figure 1—A typical trend of part porosity with changes in scan speed and
energy density (at constant power) (Tang, Pistorius, and Beuth, 2017)

Non-destructive testing (NDT) is advantageous for
understanding sample integrity or density without destroying the
sample. Common NDT methods are the Archimedes method, gas
pycnometry, ultrasonic testing, and X-ray computed tomography
(CT) scanning. The Archimedes method is relatively simple,
cheap, and fast. It calculates density based on the part’s mass
measured in air and in liquid (such as water or acetone). The
density of the part is calculated according to Equation [1]:
[1]
where ρ is the part density, ρL is the temperature-dependent
density of the liquid, ma is the part mass in air, and mL is the
part mass in the liquid. Acetone is recommended only in its
pure form, as it is hygroscopic, otherwise de-ionized or distilled
water is preferred to minimize air bubbles (Spierings, Schneider,
and Eggenberger, 2011). The disadvantage of this method is
that it can only determine bulk density relative to the fluid used
for measurement, as well as assuming 100% material density.
Porosity present in the part is then determined by comparing the
Archimedes density to the reference density for the material. This
also means localized pores cannot be individually evaluated (Wits
et al., 2016).
Gas pycnometry is a process that measures part volume by
displacement of an inert gas such as helium (He). Part density
is calculated by measuring the mass and volume of the parts
separately. As with the Archimedes method, pycnometry is
relatively easy, but the disadvantages of this method are higher
equipment costs and volume detection is limited only to parts
that are relatively small. This method measures skeletal density,
which means that the gas penetrates all open (surface connected)
pores and hence excludes them from the measurement. This
means that porosity is then again determined by comparing the
calculated density to the reference density (Wits et al., 2016).
X-ray CT scanning can be used for both dimensional and
porosity analysis, among other applications (du Plessis and le
Roux, 2018; du Plessis et al., 2018a). X-rays are used to form a
‘shadow’ image of the sample, as the rays are projected around
and through the sample. The sample is rotated in front of a
stationary X-ray source and the scan records these images from
the various angles presented. This is followed by a software
algorithm that calculates X-ray density at each point using backprojection, creating the 3D volume data (du Plessis, Yadroitsava

Figure 2—Porosity values as a function of laser power for two scan speeds (in mm/s) (du Plessis, 2019)
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and Yadroitsev, 2020). The final result is a high-quality 3D image
with a clear view of where pores are located, as well as the size
range of the pores (du Plessis et al., 2018a).
A comparison of NDT methods by Wits et al. (2016) indicated
that CT scanning can measure pore areas that are smaller than
the detectable size for microscopic methods, as well as predict
densities more accurately than the Archimedes method. It also
allows further analysis of the porosity present in the parts,
such as sphericity, pore distribution, and defect volume both on
the surface and inside the sample (du Plessis, Yadroitsava and
Yadroitsev, 2020; Wits et al., 2016).

Materials and methods
This study used AlSi10Mg samples that were printed at RMIT
University in Melbourne, Australia. A total of 25 solid cubes were
printed using an SLM500 Quad laser system from SLM Solutions,
with dimensions 10 × 10 × 10 mm3, and material composition
as described in Maconachie et al. (2020). Differences in porosity
content were induced by varying the printing process parameters,
specifically the laser power. Five different power settings were
used, namely 210, 280, 350, 420, and 490 W, with five samples
printed for each power setting. The other parameters used in the
printing are listed in Table I.
Different characterization methods were used as described
below. X-ray CT scanning was used in two ways: once to
measure the volume of the cube for a density analysis method
based on volume and scale mass, and once to do a conventional
CT-based porosity analysis. The system used was a GE Nanotom
S and the software used for image analysis was Volume Graphics
VGSTUDIO MAX 3.3.

Initial testing
Initial testing done at the University of Pretoria included
measuring dimensional accuracy and mass, using a New Classic
ML Mettler Toledo scale, which has a draft shield to improve
accuracy. The mass in air was taken as an average of three to
four individual measurements. These values were used in the
subsequent density calculations.

Density measurements
Three methods were used to determine the bulk density of the
samples (average density), namely Archimedes, gas pycnometry,
and a CT-based density method described previously in du Plessis
et al. (2018b).
Archimedes density measurements were done using a New
Classic ML Mettler Toledo scale, accurate to four decimals, and
distilled water. Four individual measurements of the samples
in water were taken. The water temperature was measured
to ensure accurate water density was used. Density was then
calculated according to Equation [1].
Gas pycnometry was carried out using a Micromeritics
AccuPyc II 1340 gas pycnometer with helium gas at a calibrated
pressure of approximately 19.5 psig (134.45 kPa). Five volume
measurements were obtained per sample, and the average used to
calculate density.
The CT-based density calculations were based on the mass
scale of the samples in air and the CT-determined volume of the
cube, segmented carefully to include all pore spaces.

NanoCT scan porosity measurement
The analysis method used a procedure identical to that outlined
in du Plessis et al. (2018c), which minimized bias in the
The Journal of the Southern African Institute of Mining and Metallurgy

segmentation process. Porosity percentage values are used here,
despite much more information being available. This additional
data will be used in future work for further detailed analysis of
pore morphologies.

Surface roughness
Surface roughnesses of the samples were obtained using optical
microscopy with an Olympus DSX 510 at Wirsam Scientific.
The microscope uses Olympus Stream software to plot a surface
map of the sample and return surface roughness values, such as
arithmetical mean height (Sa) along with a colour-scale map of
the surface. Surface roughness was measured in a minimum of
three separate areas (1960 µm × 1960 µm each) on both the top
surface and the side surfaces, to obtain an overall representative
average. The distance between each layer scanned by the
microscope was 12.1 µm, whereas the height range scanned
differed between samples due to different surface conditions.

Results and discussion
Three density methods were used to calculate the difference in
density of the samples from the different laser power sets. This is
shown in Table II. An increase in laser power is shown to lower
the measured bulk density of the samples, and all three methods
are consistent in this trend.
In the table A refers to Archimedes density, GP is gas
pycnometry density, and CT is the CT scan density. AlSi10Mg has
a theoretical density of approximately 2.68 g/cm³.
From Figure 3 it can be seen that the pycnometer and CTbased densities correlate well, whereas the Archimedes density
is lower. This lower value might be attributed to air bubbles
attached to the surface of the sample when submerged in water,
which affects the measured mass of the sample in water. The
rough surface is conducive to air bubbles attaching and this was
physically observed.
CT scan images of one representative sample from each laser
power set are shown in Figure 4. From left to right the power
settings were 210, 280, 350, 420, and 490 W. It can be seen that
the first two cross-sections on the left have very small amounts
of porosity, which corresponds to the lower power settings. The
Table I

Printing parameters used
Parameter
Layer thickness (µm)
Laser velocity (mm/s)
Hatch spacing (µm)
Scan strategy

Value
50
921
190
One contour scan followed by hatch tracks in zigzag
pattern with 90 degree change per layer

Table II

 ensity of samples of each laser power set, according
D
to three measurement methods
Laser Power (W)		

A

210
280
350
420
490

2.550
2.549
2.512
2.431
2.365
VOLUME 121

Density (g/cm³)
GP

CT

2.610
2.608
2.574
2.495
2.419

2.613
2.609
2.576
2.516
2.444

APRIL 2021

145

◀

Characterization of additively manufactured AlSi10Mg cubes with different porosities

Figure 3—Density calculated with three different methods, as a function of laser power, with error bars

Figure 4—Representative CT cross-sectional images for each of the five different laser power settings, showing porosity (black dots) and also indicating the presence of some dense inclusions (white dots encircled in red). Arrow indicates build direction

last two cross-sections on the right are seen to contain a greater
number of pores, which are larger and are rounded, which
corresponds to the higher laser power and subsequently higher
energy density. This large, rounded porosity at high power is
attributed to keyhole mode porosity formation.
The encircled areas in Figure 4 show the presence of
high-density inclusions, which could potentially be due to
contamination from the powder itself, as Al alloys usually contain
iron (Fe) impurities. The system used by RMIT University does
not print other metal alloys, so the contamination is not from a
previous build. Higher density particles from the powder itself
could include iron (approx. 7.9 g/cm³), chrome (approx.
7.2 g/cm³), manganese (approx. 7.3 g/cm³), nickel (approx.
8.9 g/cm³), titanium (approx. 4.5 g/cm³), or copper (approx.
8.9 g/cm³). It is also quite possible that some of the inclusions
are Al2O3 (3.99 g/cm³) if oxidation occurred during spattering,
even in the inert gas atmosphere used for printing. The density
of the inclusions is higher than that of the alloy, thus they appear
brighter in the scans. It is clear that as laser power increases,
the number of high-density inclusions decreases. This can
be attributed to higher temperatures or larger or deeper melt
pools creating more melting/remelting and homogenization of
the material. The samples have pins on the upper surface to
help identify them and to keep samples from the different laser
power sets separated. The number of pins indicates which laser
power was used, with one pin referring to 210 W, up to five pins
referring to 490 W. The green vertical arrow indicates an upwards
building direction.
Table III shows the total percentage of porosity, obtained from
the CT results, corresponding to each laser power set, as well as
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the relationship between power and porosity in a graph insert.
As seen in Figure 4 and in Table III, the lowest power (E1)
sample has slightly greater porosity than E2. This can be
explained as due to lack of fusion porosity at 210 W and the
ideal melting with lowest porosity content at 280 W compared to
210 W. The difference is statistically significant, as the 210 W
laser power resulted in an average of 0.16% porosity with a
variance of 0.0024 and standard deviation of 0.0495, whereas
the 280 W laser power resulted in an average of 0.08% porosity
with a variance of 0.0001 and standard deviation of 0.0103.
As laser power increases further, the total porosity increases,
due to more keyhole porosity, which is consistent with previous
work (du Plessis, 2019). The error bars are calculated using the
difference between the average porosity and the maximum and
minimum porosity values for each laser power set.
The CT porosity analyses are shown in 3D representations
in Figure 5. The porosity percentages of those specific region-ofinterest (ROI) cubes are added as inserts, with the overall average
of the porosity from all 10 × 10 × 10 mm³ cubes in each laser
power set in parentheses.
Here it is clearly seen that the lower laser power samples
have relatively little porosity, especially compared to the samples
manufactured at the higher laser powers. The higher laser power
samples are seen to have much higher porosity and the pores are
more spherical in shape, whereas the lower power samples have
less spherical, lack-of-fusion type porosity.
The presence of lack-of-fusion porosity at high values in
E1, compared to E2, is not consistent with the measured density
values in Figure 3 and Table II and therefore requires explanation.
Despite the small average values of 0.16 and 0.08%, all density
The Journal of the Southern African Institute of Mining and Metallurgy
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Table III

Porosity percentage of each power set and plotted as a function of laser power
Laser power (W)

Average porosity (%voids)

210

0.16

280

0.08

350

0.56

420

2.40

490

5.59

methods showed the E1 sample to be slightly denser. The most
likely explanation for this observation is that the bulk density
measurements inaccurately measure the bulk when irregularly
shaped pores are present on the surface. Such pores create open
cavities, allowing water or gas to enter the object in surfaceconnected pores, and are thus excluded from the measurements.
The CT-based segmentation also might select more of this type
of porosity or may be inaccurate – the CT volume measurement
for bulk density requires accurate calibration of the voxel size,
unlike the porosity percentage value in Table III and Figure 5. The
shapes of the pores are clearly more irregular at the lowest laser
power and more spherical at higher power. The long, irregular
pores are seen clearly in E1 versus the more spherical pores at
higher laser powers. A scale representation is inserted to show
the lengths of each side for all five cubes.
Figure 6 shows close-ups of the top surfaces of the
representative samples for each laser power. These images were
also obtained using VGSTUDIO MAX. As laser power is increased
it can be seen that the surface roughness decreases. The first two
top surfaces are seen to have a much higher surface roughness
than the last two, corresponding to lower and higher laser power,
respectively. The surface roughness values, Sa, are included as
inserts in the figure for visual comparison. The values themselves
were obtained using optical microscopy with an Olympus DSX
510, which is not dependent on track orientation relative to
scanning as it is a surface area scan, which takes the Ra line
profile parameter and expands it into three dimensions. The
top surface was analysed as it is the final layer in the printing
process, which means it is likely to be the most affected by
process parameters. The bottom surface was excluded as the
samples were printed on supports, leading to an irregular surface
that is not representative of the parameters.
The solitary pin on the samples indicates that the samples
were the first in each laser power set. The pins that range from
one to five indicate the laser power setting that was used, as
indicated by the powers in the inserts.
Figure 7 shows how the surface roughness in general
decreases with an increase in laser power. The decrease is most
likely due to wider and more overlapping melt pools, which
creates a relatively smoother top surface. The error bars show
that the surface roughness varied greatly in each laser power set.
The Journal of the Southern African Institute of Mining and Metallurgy

The error bars are calculated using the difference between the
average surface roughness, Sa, and the maximum and minimum
Sa values for each laser power set.
The side surfaces were measured to obtain a general idea of
the surface roughness on the sides, to see how they differ from
the top surfaces. The sides of the samples showed a much smaller
variation between laser power settings, averaging between 9 and
11 µm Sa across all laser powers.
This effect is shown in Figure 8. The errors bars also
show how, at the highest and lowest laser powers, the surface
roughness varies much more than for the middle laser powers.

Conclusions
From the results it can clearly be seen that higher laser power
induces a larger volume of porosity. The higher power leads to
more keyhole-type porosity, whereas the lower power samples
have more lack-of-fusion type pores. The results show that highdensity inclusions decrease in volume with higher laser power,
due to remelting, or deeper melt pool penetration.
While higher laser power seems to decrease the surface
roughness, it comes at the cost of larger volumes of porosity.
If only the variation of porosity with laser power is considered,
the optimal power for the given scan speed is in the range
210–280 W, with the lowest porosity at 280 W. However,
when considering the measured surface roughness, the lowest
porosity values for the top surface are obtained at higher powers.
Therefore, depending on the requirements, a suitable combination
of roughness and porosity minimization can be obtained. These
results indicate some of the challenges associated with L-PBF.
Typically, values for porosity < 0.5% are considered reasonable
and a roughness, Sa, in the range 20–24 µm might be acceptable
for some applications.
Understanding porosity formation and pore morphology
associated with laser-powder bed fusion manufactured parts aids
in improving parts to decrease the limiting effect these defects
can have on parts in industry.
Future work will include investigation of the effect of porosity
and surface conditions on corrosion and mechanical properties.
Work is also ongoing on detailed 3D pore morphology evaluation
using the CT data obtained in this work.
VOLUME 121
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Figure 5—Porosity analyses, for a 4 × 4 × 4 mm3 region of interest, of representative samples for each of the five laser power settings, from (top) low power to
(bottom) high power, with actual porosity value of ROI as inserts and overall averages in parentheses
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