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Laser powder bed fusion is an additive manufacturing process characterized by different advantages like the
manufacture of samples with complex geometry without the use of tools and/or molds. Generally, the man-
ufactured samples are characterized by high tensile strengths which, however, can be affected by the presence
of defects due to the unoptimized process parameters. In a large applications field, a low density of the as-built
AlSi10Mg samples is a very important parameter to considered, e.g., due to both the loss of the tensile strengths
correlated with a premature failure of the samples and the increase in time and costs associated with the
manufacturing process. In addition, different post-process heat treatments can increase these effects leading to
an ineffective manufacturing process. In this scenario, the present work shows the analysis of spherical and
lack-of-fusion pores induced by the laser powder bed fusion process on the AlSi10Mg samples and their
variations after different heat treatments (direct aging and T6). At the same time, the influence of pores on the
Vickers microhardness and the tensile properties has been studied in the same AlSi10Mg samples (bars and
billets) that were printed with single- and double-laser machine setup. Different process parameters were also
analyzed and compared. The study was supported by the microstructural and pore analysis performed by
optical microscopy along the XZ plane (build direction) and the XYplane. Finally, the greatest effects of pores
were observed on the Vickers microhardness values; in fact, two different relationships between micro-
hardness and density variation are discussed. The T6 heat treatment leads to a rounding of the pores already
formed in the as-built samples and to a formation of new small pores.

Keywords AlSi10Mg laser powder bed fusion, gas pores, heat
treatments, mechanical properties, process parameters,
Vickers microhardness

1. Introduction

AlSi10Mg alloy is a hypoeutectic aluminum alloy based on
Al-Si-Mg ternary system, characterized by low density, low
thermal expansion and excellent mechanical properties, which
make it optimal for aerospace and automotive fields. The
production of high-quality metallic powders allows the use of
the AlSi10Mg alloy in additive manufacturing (AM) processes
obtaining good-quality samples. The as-built samples show a

very fine microstructure where the a-Al matrix is surrounded
by the network of eutectic silicon that makes the AlSi10Mg
much resistant, but less ductile (Ref 1, 2). Cabrini et al. (Ref 3),
who analyzed the selective laser-melted AlSi10Mg alloy,
highlighted the presence of brittle and acicular b-Al5FeSi
phases in the as-built samples, and e-Mg2Si precipitates after
heat treatments at temperatures between 200 and 500 �C. Cao
et al. (Ref 4) showed that the brittle and acicular b phases are
responsible for the decrease in mechanical properties in Al-Si
alloy. On the other hand, Cerri et al. (Ref 5) emphasized the
effects of the Mg2Si phases in increasing the UTS and the yield
strength. In that study, the precipitation hardening phenomena
were induced in as-built samples by the pre-heated build
platform. Despite the metallurgical aspect, the mechanical
behavior can be conditioned by the process parameters
optimization for the AM technology due to the defects
generated within the manufactured parts.

In selective laser melting (SLM), also known as a L-PBF
(laser powder bed fusion) process, samples are manufactured
by scanning metallic powder layers with a laser beam, which is
characterized by a specific laser power (P, [W]), depending on
the type of machine. During the printing process, the physical
object is built layer by layer on the build platform to its
maximum height following a CAD (Computer-Aided Design)
project (Ref 6). L-PBF is characterized by four main process
parameters: laser power, scan speed vs

!; mm
s
� �� �

, layer thickness
(t, [mm]), and hatch spacing (h, [mm]) that define the energy
density function w ¼ P

vsht
; J
mm3

h i� �
. As widely discussed in

the literature, process parameters may explain variations in
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UTS (ultimate tensile strength), ry (yield strength) and ductility
through their influence on both the microstructure and the
presence of pores. As reported in the study of Wang et al. (Ref
7), with the increase in energy density from 25 to 60 J

mm3 , the
relative sample density tends to increase from 92.0 to 93.0%,
while at w ¼ 10 J

mm3 it settles around 97.5%. Consequent to
these variations, UTS and ry increase. Similar results were
obtained by Hyer et al. Ref 8: relative material density
increased when energy density was in the range between 25 and
60 J

mm3, while it decreased from 99.5 to 93% for energy density
up to 100 J

mm3.
In this scenario, Aboulkhair et al. Ref 9 showed how the

process parameters’ variation can affect the pores’ formation in
SLMed AlSi10Mg. They affirmed that one of the most effective
parameters is the hatch spacing h because a lack of overlap
between two adjacent laser tracks is generated on the XY plane
if h increases. Moreover, another problem is related to the layer
thickness t that must be reduced (if the hatch spacing is
increased) to satisfy the intra-layer cohesion. Tang et al. (Ref
10) proposed Eq 1 to verify whether the overlap between
adjacent molten pools is sufficient:

h

W

� 	2

þ t

D

� �2
� 1 ðEq 1Þ

where h and t are hatch spacing and layer thickness [mm], as
defined above, while W is the melt pool width [mm] and the D
the melt pool depth [mm]. In the same context, different
combination of the scan speed and the laser power can decrease

the density due to the lack of a perfect fusion and the
consequent non-adherence between the new layer and the
previously scanned layer. Bai et al. (Ref 11) show the decrease
in density using a combination of high scan speed and low laser
power due to the inability of the laser beam to provide adequate
melting energy.

Other authors focused their attention on the defects gener-
ated in as-built samples manufactured by L-PBF process.
Anderson et al. (Ref 12) showed how the presence of different
amounts of trapped gas within the gas atomized powder and the
satellites on the particles� surface is related to the density. In the
latter case, the presence of satellites can induce flowability
problems during powder deposition causing a density decrease
in the manufactured sample. Instead, Shi et al. (Ref 13)
highlighted the effects induced by the pre-heated build platform
on the density of AlSi10Mg samples manufactured with
different energy density values. The results show a slight
increase in density with increasing the build platform temper-
ature from 35 to 200 �C and using an energy density of 77 J

mm3

. On the other hand, the same authors concluded that the
variation in the energy density function induces a greater effect
on pores� formation than the pre-heating temperature of the
build platform. Focusing on the mechanical properties, an
interesting study about pores and their effects was conducted by
Tiwari et al. (Ref 14). The authors showed a decrease in UTS
and yield strength of about 46 and 17%, respectively, due to the
relative density decrease from 99.2 to 95.5%. The maximum
effect was shown on elongation, which decreased by 80%. On
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the other hand, pores are critical defects that dominate the
fracture mechanism and, consequently, the fatigue life, during a
fatigue test (Ref 15). Xu et al. (Ref 16) highlighted that pores
generate a stress/strain concentration in the material around
their surface; this effect increases with pore size. In addition,
the stress/strain concentrations increase if the distance between
two pores is lower than their radius by considering the
perpendicular direction to the load axis. Furthermore, pores
with an irregular shape are characterized by higher stress
concentration than spherical ones as analyzed by (Ref 17).

In this scenario, the aim of the present manuscript is to study
the 2D statistical distribution of pores within different 300 mm-
high AlSi10Mg bars and billets manufactured via L-PBF,
before and after different post-process heat treatments. In
addition, the effects induced by pores and heat treatments on
Vickers microhardness were studied. Finally, the results were
also compared to those by Cerri et al. (Ref 5), who analyzed
AlSi10Mg SLMed bars characterized by a lower layer thick-
ness than was used in the present work and a hatch spacing of
170 lm.

2. Material and Methods

Pre-alloyed gas-atomized AlSi10Mg powder, with a size
distribution between 20 and 60 lm, was used for the L-PBF
process. The chemical composition of the powder is reported in
Table 1.

Six bars and three billets, from which the tensile samples
were obtained, were manufactured using an SLM280TM�

(SLM Solutions Group AG, Lübeck, Germany) machine
equipped with 2 9 400 W IPG fiber lasers and a build
platform of 280 9 280 mm2. This machine setup allows to
obtain two different zones as shown in Fig. 1(a) where a
schematic representation of the manufactured samples was
illustrated. The red zones are characterized by a single-laser
(SL) process, while the yellow zones by two lasers (DL) that
work in parallel. During the printing process, argon was used to
reduce the oxygen content below 0.2%.

The bars (10 9 10 9 300 mm3) and billets
(10 9 100 9 300 mm3) were printed according to the scan
strategy shown in Fig. 1(b) where the layer ‘‘n + 1’’ was
rotated by 67� compared to the previous layer ‘‘n’’.

The L-PBF process used the skin-core strategy for printing
where each layer was formed by the external frame (EF), which
is scanned first, and the area inside the frame or center zone
(CM) is represented by the dotted arrows in Fig. 1(b) and
scanned then to the EF. Each arrow that schematically
represents a laser scan track is inclined by 56.5� (a angle),
and all are arranged parallel to each other. For better
characterization, all bars were divided along the height into
two parts, namely the top (heights from 150 to 300 mm) and the
bottom (from 0 to 150 mm). In addition, the EF and the CM
zones were analyzed along the XZ plane (EFXZ, CMXZ) and the
XY plane (EFXY, CMXY) as highlighted through different
planes in Fig. 1(c). The other process parameters used for
producing the bars are illustrated in Table 2. The same process
conditions were used to manufacture the billets which were
mechanically processed to obtain 26 cylindrical samples having
the dimensions illustrated in Fig. 2 according to ASTM E8/
E8M-13a standard specification. Due to the cutting, facing and
contour touring operations performed on all tensile samples, the

EF was removed and, therefore, all microstructural and pores
analyses were related to the CM. For a better understanding of
the results, the analyzed tensile samples cross section (Fig. 2)
can be considered as the CMXZ (Fig. 1a) thanks to the position
of mutual parallelism between the tensile sample axis of
symmetry and the xy plane of the build platform (Fig. 1a).

Pores’ analysis was performed with a DMi8 Leica� optical
inverted microscope (OM) equipped with LAS-X 2D image
analysis software. All samples were mechanically ground by
SiC papers and subsequently polished with colloidal suspen-
sion. According to ISO 13322-1:2014, a measurement area has
been systematically defined by considering 6 micrographs at a
magnification of 1009. The relative density was calculated on
the same polished surfaces where the Vickers microhardness
tests were carried out. Focusing on the tensile samples, it was
calculated (Appendix A) on their cross section (Fig. 2). A
density of 2.68 g

cm3 was considered for AlSi10Mg samples

characterized by 0% porosity as reported by Bai et al. (Ref 11).
In the present manuscript, bars were studied in the as-built

condition and after different heat treatments. Direct aging was
performed at 175, 200 and 225 �C for 6, 8 and 16 h while, for
the T6 treatment, bars and billets were solution treated at
505 �C for 4 h, water-quenched and aged at 175 �C for 4 h. The
temperature in the electric muffle furnace was controlled by a
digital K-type thermocouple in contact with the samples. The
microstructure of as-built and heat-treated SL-90 bars was
analyzed through optical and scanning electron microscopies
(SEM: Nova NanoSEM, FEI Thermo Fisher Scientific, Hills-
boro, OR, USA), while the microstructural analysis of the DL-
90 bars was omitted according to the study performed in (Ref
5). For a better understanding, SL-90 and DL-90 indicate the
single- and double-laser zones (Fig. 1a), respectively, where the
bars analyzed in this work were manufactured.

Vickers microhardness profiles were performed both on XZ
and XY planes at the top and bottom regions, and distinguish-
ing the CM and EF zones, in the as-built and heat-treated bars.
Three microhardness profiles, from the bottom to the top
regions, were performed on each XZ plane (EFXZ, CMXZ), each
consisting of 54 measures. On the CMXY area, however, ten
random measurements were performed. All HV measures were
carried out with a load of 500 gf for an indentation time of 15s
according to UNI EN ISO 6507. Finally, Vickers microhardness
values were also compared to as-built and T6 heat-treated bars
printed with a layer thickness of 50 lm analyzed in (Ref 5).
Whenever the results of this study are compared to those in
(Ref 5), the present samples are referred to as SL-90 (single-
laser) and DL-90 (double-laser) while those from (Ref 5) are
designated as SL-50 DL-50, referring to their different layer
thickness of 90 lm (this work) and 50 lm (Ref 5), respectively.

Tensile tests were performed at room temperature with Z100
Zwick/Roell servo-hydraulic machine according to ASTM E8/
E8M-13a standard specification.

Table 1 Chemical composition of SLM ALSI10Mg
powder (wt.%)

Al Si Fe Mg Cu Mn Ti Other

Bal. 10.0 0.12 0.31 0.03 0.005 0.040 < 0.01
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3. Results and Discussion

3.1 Microstructure and Porosities Before and After Heat
Treatments

The as-built microstructure of EFXZ is reported in Fig. 3(a),
(b) where the cross section of the laser scan tracks can be
observed. Their geometry is conferred by the scan strategy
reported in Fig. 1(b).

Focusing on the high magnification micrograph (Fig. 3b) of
the EFXZ zone (Fig. 3a), the microstructure shows the presence
of columnar grains between two overlapped laser scan tracks,
while the equiaxed grains within the layer as discussed in (Ref
18) through the CET (columnar-to-equiaxed transition). High-
er-magnification SEM micrographs show (Fig. 3c,d) the a-Al
matrix (yellow arrows, panel 1) surrounded by the Si-eutectic
particles (yellow arrows, panel 2). Figure 3(d) shows a SEM
micrograph emphasizing the cellular structures that are formed
during the SLM process of the AlSi10Mg alloy, as also reported
by (Ref 19). In Fig. 3(b), it is possible to observe the
progressive refinement of the microstructure from the layer
boundary to the center due to the heat fluxes generated during
the SLM process. In fact, the boundaries of the laser scan tracks

and of the molten pool are characterized by a coarse zone and
heat-affected zone (HAZ) (Refs 9, 20).

The high-magnification SEM micrograph shown in Fig. 4
illustrates the Si particles that precipitate within the a-Al matrix
due to the L-PBF process (Refs 21, 22). At the same time, their
amount increases from the bottom to the top regions due to the
pre-heated build platform which influences the Si atoms
diffusion from the SSS a-Al (Refs 5, 21, 23). As discussed
and analyzed in (Ref 5), the pre-heated build platform induces
not only an increase in Si particle amount but also the
precipitation phenomena of the e-Mg2Si phase (Ref 23).

Figure 5(a) shows a micrograph of the CMXY area showing
the laser scan tracks’ intersections. It is thus possible to observe
different molten pools, characterized by the typical ellipsoidal
shape. Their cross sections along the XZ plane are shown in
Fig. 5(b) with the yellow dotted lines revealing their bound-
aries. The same optical micrograph reveals the two typical kind
of pores: (1) spherical pores (< 100 lm) with a circular
geometry; (2) lack-of-fusion pores or LOF (> 100 lm)
characterized by an irregular shape with their major axis direct
on the XY plane (Ref 9). The random pores� distribution, which
is predominately formed by spherical pores, is visible in
Fig. 5(a), (b) for the CMXY, CMXZ areas and in Fig. 5(c),(d) for
EFXY, EFXZ zones, respectively.

Usually, the LOF pores are localized between two adjacent
molten pools due to an improper optimization of process
parameters, or an inhomogeneous powder bed, or a material
discontinuity arising from weak inter-particle bonding (Refs 9,
24, 25).

Spherical pores are instead generated by different gases
present within the build chamber or trapped into the gas-
atomized powder (e.g., Ar or N) due to its radial pressure
distribution within molten Al (Refs 7, 13, 26). On the other
hand, hydrogen is the only gas soluble in molten aluminum. Its
absorption is caused by the decomposition of moisture in air
2H2O ! 2H2 þ O2ð Þ and/or by aluminum oxidation
3H2Oþ 2Al ! Al2O3 þ H2ð Þ as reported by (Ref 27). From
an analytical point of view, the hydrogen pores can be formed
during the L-PBF process of the AlSi10Mg alloy due to the
combination between the short time tMð Þ from melting to
solidification of the molten pool and the terminal velocity vTð Þ

Fig. 1 (a) AlSi10Mg bars (10 9 10 9 300 mm) printed by a single (blue zones, gray bars) and by double lasers (yellow zone, white bars); (b)
scan strategy with á = 56.5� and contour thickness of 200ı̀m; (c) graphical representation of different analyzed zones: the CM (light blue) and
the EF (gray) (Color figure online)

Table 2 Process parameters used for producing
AlSi10Mg bars and billets: external frame (EF) and
center zone (CM)

Process parameters Values for the CM Values for the EF

Laser power 370W 330W
Scanning speed 1400 mm

s 600 mm
s

Layer thickness 90 lm
Hatch spacing 70 lm
Pre-heated build platform 150 �C
Laser beam diameter 100 lm
Energy density 41:9 J

mm3 87:3 J
mm3
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for the pores (Ref 28). These quantities are expressed through
Eq. 2 and 3:

tM ¼ lM=vs ðEq 2Þ

vT ¼ 2g=9gð Þr2p ðEq 3Þ

where lM is the molten pool length [m], vs is the scan speed m
s
� �

,

g is the acceleration of gravity m
s2
h i

, g is the kinematic viscosity

[St] of aluminum and rp is the pore radius [m]. Pores nucleated

at the melting front can escape easier from the pool than those
nucleated on the solidification front (Fig. 6) due to the position
with respect to the interface between the molten pool and the
atmosphere of the build chamber.

Figure 7 shows the microstructure at low magnification after
thermal treatments. Figure 7(a)-(c) illustrates the microstructure
on the CMXY surface after direct aging for 16 h at 175, 200 and
225 �C, respectively. At the investigated magnification, only for
the T6 heat treatment a coarsening of the Si particles is shown
in Fig. 7d. This is probably due to the rejection of Si from the

Fig. 3 (a) OM micrograph showing the microstructure of EFXZ in the as-built case. (b) High-magnification micrograph of the microstructure
shown in the panel. The dotted yellow lines indicate the boundaries of the scan tracks. The blue and red panels show SEM micrographs of the
equiaxed (c) and the columnar (d) grains (Color figure online)

Fig. 2 Graphical representation of a tensile sample obtained through turning operations from the billets. The green arrow indicates the build
orientation, while the white circle the tensile sample cross section (Color figure online)
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supersaturated a-Al matrix during the SHT (Solution Heat
Treatment), as reported by Li et al. (Ref 1). The microstructural
configuration that characterizes the L-PBF process remains
partially visible even after the T6 heat treatment due to the
accumulation of Si particles along the scan tracks or molten
pool boundaries rather than at their center (Ref 29) as shown in
Fig. 7d. On the other hand, SEM observations illustrate that the
eutectic silicon forming the network structure in the as-built
samples coarsens at 225 �C, as shown by the comparison of
Fig. 8(c) with 8(a) (175 �C-4 h) and Fig. 8(b) (200 �C-6 h).
SEM micrographs (Fig. 8d) also confirm the significant
microstructural re-arrangement produced by the T6 heat
treatment, with much coarser [note the different scale needed
in Fig. 8d to visualize the microstructure, compared to
Fig. 8(a)-(c)], re-crystallized a-Al grains, identifiable through
their channeling contrast. Larger, polygonal Si particles are
more randomly distributed and do not form a network
surrounding extremely fine, cellular a-Al grains as it happened
in the as-built and directly aged samples. Pores (indicated by
yellow arrows) and acicular Fe-rich intermetallic (indicated by
orange arrows) are also visible in this sample.

The statistical results of image analysis of pores in as-built
bars are reported in Fig. 8, for the SL-90 (Fig. 9a,b) and DL-90
samples (Fig. 9c,d) measured in the CMXZ and the EFXZ of the
same bar. The analysis was performed at the bottom (Fig. 9a,c)
and top regions (Fig. 9b,d) analyzing the relative frequency of
the equivalent diameter of the pores (Appendix A). Focusing on
the SL-90 case (Fig. 9a,b), the CMXZ surfaces on the bottom
and top bars show analogous distributions of equivalent pore
diameters ( £ 25 lm) with maximum frequency of 10 lm
(about 40% of all pores). So, the densities at the bottom and top

samples are 99.62 ± 0.01% 2:67 g
cm3

� �
and 99.76 ± 0.01%

2:67 g
cm3

� �
, respectively. On the other hand, the EFXZ surfaces

are characterized by several pores with a larger diameter (up to
125 lm); it can be emphasized that the statistical distribution of
the EFXZ in Fig. 9b shows a homogeneous frequency of pores
up to 80 lm. The densities of the bottom and top EFXZ samples
are lower than those related to CMXZ surfaces being 97.74 ±
0.09% 2:62 g

cm3

� �
and 97.22 ± 0.11% 2:62 g

cm3

� �
, respec-

tively. This slight variation in density between top and bottom
regions was obtained due to the almost similar ratio between
the total pore area and the total analyzed area

P6
j¼1
bAj

� �
: 0.023

and 0.028, respectively. In more details, the top region is
characterized by higher big pores than the bottom for the fact
that the former shows 316 pores with a total area of 6.92 9105

lm (2190.4 lm2/pore) and the latter 630 pores with a total area
of 5094 9105 lm (895.4 lm2/pore). In this case, further
investigations will be performed to understand what process
conditions can influence the difference between these top and
bottom regions in terms of pores dimension and quantity. The
correlations between the SL-90 machine setup and the energy
density values, or between the bar position within the build
chamber and the printing process, may be taken as the main
causes to analyze. Considering the DL 90 bars, all statistical
distributions are narrower and show higher values of relative
frequencies (45 ‚ 60% for equivalent diameters of 10 lm) than
the SL-90 bars, as also analyzed in Cerri et al. Ref 5. Similar to
SL-90 bars, the distribution related to the EFXZ surface reveals
the presence of a few very large pores (up to 150 lm) as shown

in Fig. 5(d). The densities are 99.20 ± 0.06% 2:66 g
cm3

� �
and

99.33 ± 0.02% 2:66 g
cm3

� �
in the core (i.e., calculated from

the CMXZ data) and 86.99 ± 0.22% 2:33 g
cm3

� �
and 95.50 ±

0.09% 2:56 g
cm3

� �
in the skin (i.e., calculated from the EFXZ

data). Figure 9(e),(f) shows the statistical distribution of pore
sizes on the CMXY surfaces of the SL-90 and DL-90 bars in as-
built conditions, comparing the bottom regions (black profile)
to the top regions (red profile). In both graphs, a magnification
of the equivalent diameter axis was considered comparing
Fig. 9(e),(f) with Fig. 9(a)-(c), for the following reasons: (1) the
relative frequency tends to zero for sizes higher than 15 lm; (2)
only the shape of the gas pores can be influenced by the low
temperature of the pre-heated build platform. In this context, it
is possible to observe that the build platform induces a slight
difference between the bottom region and the top region in
terms of quantity of small pores. In fact, the pores with an
equivalent diameter lower than 5 and 7 lm for SL-90 and DL-
90 bars, respectively, are characterized by a higher relative
frequency considering the top region rather than the bottom
region. The same results are obtained by (Ref 13). On the other
hand, comparing the results shown in Table 3, the bottom
regions are characterized by larger pores than the top regions
for all analyzed CM zones.

As noted in Introduction, the energy density values affect
the as-built material density more than does the pre-heating
temperature of the platform. De facto, plotting the results
(Fig. 10) reported by other authors (Ref 9, 11, 23, 30-37) a
consistent trend emerges showing very low density (porosity)

values at ED lower than 30 2:33 g
cm3

� �
, while the maximum

(� 2.68 g/cm3) at energy densities roughly comprised between
35 and 60 2:33 g

cm3

� �
, which includes the CM regions from

the present work (35.8 2:33 g
cm3

� �
; red points in Fig. 10) and

the L-PBFed AlSi10Mg bars analyzed in (Ref 5) (41.9
2:33 g

cm3

� �
, blue point in Fig. 10). The lower density of the

EF zones of the SL and DL AlSi10Mg bars studied in this

manuscript 87:3 2:33 g
cm3

� �� �
is also consistent with the

generally decreasing density at the highest energy densities.

Fig. 4 SEM micrograph of the as-built AlSi10Mg samples where
the yellow arrows indicate the Si eutectic network, while the red
ones the Si particles that precipitate within the á-Al matrix (Color
figure online)
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Fig. 5 OM micrographs acquired on CMXY (a), CMXZ (b), EFXY (c) and EFXZ (d). The yellow dotted lines indicate the molten pool
boundaries (Color figure online)

Fig. 6 Schematic representation of gas pores formation during the SLM process
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Table 4 reports the density of the AlSi10Mg bars before
and after heat treatments. The percentage volume of pores
increases with temperature. As a consequence, after the T6
heat treatment the density decreases from 99.87 ± 0.01 to

98.26 ± 0.08% 2:63 g
cm3

� �
and from 99.83 ± 0.01% to

98.03 ± 0.02% 2:63 g
cm3

� �
at the bottom and top regions,

respectively, in the SL-90 bar. The same density (porosity)

trend occurs in the DL-90 samples, except for the difference

between the bottom 97:08� 0:12%; 2:60 g
cm3

� �
and the

top 98:07� 0:12%; 2:63 g
cm3

� �
regions.

This trend is also reported by Majeed et al. (Ref 38), who
analyzed the influence of T6 and T4 heat treatments on relative
density and porosity of SLMed AlSi10Mg samples. Similarly,
Girelli et al. (Ref 39) reported that SHTs at 510 and 540 �C
reduce the relative density by 1.5 and 3.7%, respectively.
Figure 11(a)-(d) illustrates the relationship between the max-
imum and the minimum dimensions of all pores (Appendix A)
analyzed in the present paper (the black and red points are

referred to pores in as-built and T6 heat-treated bars, respec-
tively). Both Fig. 11(a), (b) (SL-90 bars) and Fig. 11(c), (d)
(DL-90 bars) show an increase in the aspect ratio (AR) from the
as-built to the T6 heat-treated cases (Appendix A). In fact, the
red linear fits (T6 samples) shown in Fig. 11 tend to get closer
to the blue dashed lines (AR = 1) than the black linear fits (as-
built samples).

So, the T6 heat treatment induces a moderate spheroidiza-
tion of the pores in the SL-90 and DL-90 bars. This is also
directly illustrated in Fig. 12, which does confirm a moderate
rounding (Appendix A) of some pores (e.g., see the circled
pore) when the same area (on the CMXY surface) is imaged in
the as-built condition (Fig. 12a) and after the T6 heat treatment
(Fig. 12b).

Due to the exposure to the high temperature, the pressure
variation at the interface between the gas and the material
around it causes a variation in surface energy according to the
Young–Laplace equation (Ref 40):

Dp ¼ c
1

R1
þ 1

R2

� 	
ðEq 4Þ

Fig. 7 Microstructure of the CMXY surface of AlSi10Mg bars after direct aging for 16 h at 175 (a), 200 (b) and 225 �C (c), and after the T6
heat treatment (d). The yellow arrows indicate a molten pool that remained visible after the T6 heat treatment
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where Dp is the pressure variation [Pa], c is the interfacial
tension [N/m] and R1;R2 are the principal radii of the sharp
edges [mm]. Girelli et al. (Ref 39) explain the density variation
through the increment of gas pressure within the pores
consequently to the increase in temperature. If the temperature
is sufficient to reduce the yield strength of the material around
the pore, then the gas pressure can deform it. On the other hand,
Chaijaruwanich et al. (Ref 41) suggested the activation of inter-
pores Ostwald ripening. Gu et al. (Ref 42) show the same
tendency to reduce the pore surface energy after the solution
heat treatments in the range between 530 and 540 �C. Finally,
the same authors (Ref 42) show the formation of small new
pores during the T6 heat treatment as also shown in Fig. 12 (the
arrow points out to a small pore formed after the T6 treatment,
panel b, at a location where none was present in as-built
condition, panel a).

Figure 13 reports the roundness and the maximum dimen-
sion (length) of all analyzed pores, before (Fig. 13a) and after
the T6 heat treatment (Fig. 13b). As previously reported, gas
and LOF pores are characterized by a spherical shape with
smaller (< 100 lm) size, and an irregular shape with bigger
(>100 lm) size, respectively. The orange (roundness > 0.5,

length < 100 lm) and the yellow (roundness < 0.5, length >
100 lm) regions in Fig. 13 represent these different kinds of
porosity. According to Fig. 13(a) where 99.9% of pores
represent the spherical pores, the bars are characterized by a
greater quantity of gas pores than LOF pores confirming the
discussion about the graphs shown in Fig. 8(e), (f). After the T6
heat treatment (Fig. 13b), the pores� population piled even more
toward roundness values close to 1. Accordingly, changes to
the pores’ distribution after the T6 heat treatment mainly
concerned the pores with an equivalent diameter < 20 lm, as
shown in Fig. 14(a). The red profile (T6 heat treatment) has
lower relative frequencies for small pores (<10 lm) than the
black one (as-built) and higher relative frequencies for pores
with an equivalent diameter >10 lm. The density variation
after the T6 heat treatment can caused by the previously
discussed phenomena (Refs 39, 40, 42). In addition, this
variation can also occur due to the microstructural variation
taking place during the SHT (Fig. 8) and due to the
precipitation phenomena induced by the artificial aging (Refs
38, 43). Figure 14(b) shows the same results obtained after the
analysis of the tensile samples cross section before and after the
T6 heat treatment.

Fig. 8 SEM micrographs of AlSi10Mg microstructure after direct aging for 6 h at 175 (a), 200 (b) and 225 �C (c), and after T6 heat treatment
(d)
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3.2 Analysis of Vickers Microhardness and Mechanical
Properties

Figure 15(a), (b) shows the Vickers microhardness profile
(columns) of the bars along the build direction, over their entire
300 mm length, together with the trends of density values
(dashed-dotted lines) according to Table 3, for the SL-90
(Fig. 15a) and DL-90 as-built bars (Fig. 15b).

Figure 15(a) shows that, going from the bottom surface of

Fig. 9 Statistical distribution of porosity for SL-90 (a, b, e) and DL-90 (c, d, f) samples analyzed along EFXZ, CMXZ and CMXY of the bars.
The graphs (a, c) and (b, d) are referred to the bottom and top regions, respectively. (e, f) compare the bottom region to the top region

Table 3 Averaged values of the area per pore (lm2/pore)

Bottom Top

CMXZ CMXY CMXZ CMXY

SL-90 149 ± 6 100 ± 3 85 ± 3 64 ± 3
DL-90 645 ± 25 640 ± 25 293 ± 12 246 ± 10
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the bar (z = 0) to the top surface (z = 300 mm), HV profiles
measured along the z-axis exhibit a decreasing trend in both
CMXZ and EFXZ planes, while the density values remain
constant at 2.68 and 2.62 g

cm3, respectively. So, it is reasonable

to assume that the decrease in HV depends on aging induced, in
the L-PBFed AlSi10Mg bars, by the temperature of the SLM
building platform, set at 150 �C. At this temperature, the Si-
and Mg-supersaturated Al matrix gives rise to the precipitation
of very fine Si and Mg2Si particles as illustrated in Fig. 4 (Ref
5). Precipitation hardening is stronger at the bottom of the bar
than at the height of 300 mm due to the longer exposure time of
the bottom region during the SLM process. The same
decreasing trend of the SL EFXZ profile along the z-axis is
also found in SL CMXZ values. The latter are approximately 10
HV higher due to the higher density in the CM region (a
difference of 0:06 g

cm3). A decreasing trend is analogously

found in Fig. 15(b) for the DL bar on both EFXZ and CMXZ

surfaces, again due to aging effects. Notably, the HV profile on
the DL EFXZ surface shows a plateau in the bottom region,
unlike all other measurements. This is probably due to the
higher porosity: indeed, density changes by about 0.33 g

cm3

between the CMXZ 2:66 g
cm3

� �
and the EFXZ zones

2:33 g
cm3

� �
. The material is obviously weakened by higher

porosity, counteracting the aging effects generated by the pre-
heated build platform: the porous material indeed tends to
collapse under the load transmitted by the pyramidal diamond
Vickers indenter as reported by Tiwari et al. (Ref 14).

Figure 14(c) shows the Vickers microhardness profile
measured on the XYplane (perpendicular to the build direction)
of SL-90 bottom (orange columns) and top (brown columns)
samples before and after the heat treatments. In the as-built
conditions, the hardness difference between bottom and top
samples is confirmed. After aging at 175 �C for 8h, the
hardness of the top samples increases (from 115 ± 5 HV to 132
± 2 HV) due to precipitation phenomena, as demonstrated by
Casati et al. (Ref 24) through DSC analysis. The bottom
samples, on the other hand, might have faced an overaging
process, and their microhardness decreases from 132 ± 3 to
127 ± 1 HV. As a result, the microhardness difference between
the two regions is largely levelled out. After 16 h at 175 �C, HV
values between top and bottom samples are fully homogenized,
and the same is true for all the other direct aging heat treatments
performed. The decreasing trend of the HV values with
increasing treatment temperature is a combined effects of
microstructural coarsening (Fig. 8) and density variation (Ref
5).

The lowest HV values are found in the T6 samples, due to
the complete microstructural change as reported in Fig. 8 as
well as the increased porosity, as shown by the dashed curves.
Whereas, however, the microstructural configuration of the
bottom and top regions is completely homogenized after the T6
heat treatment, the DHV between the bottom and top regions
(Table 5, 6, Fig. 15) is caused by the variation in density. For
example, considering the DL bar (orange and yellow columns),

Fig. 10 Density values as a function of energy density obtained in
the present study and reported in (Refs 5, 9, 11, 30-37)

Table 4 Density values of SL and DL AlSi10Mg bars before and after heat treatments along the build direction and XY
plane. The results from this work are also compared to the SL-50 and DL-50 samples previously characterized in (Ref 5)

Planes HT conditions

SL DL

Bottom, % Top, % Bottom, % Top, %

CMXY-90 As-built 99.87 ± 0.01 99.83 ± 0.01 99.15 ± 0.03 99.36 ± 0.02
175 �C/8 h 99.81 ± 0.02 99.64 ± 0.02 … …
175 �C/16 h 99.72 ± 0.01 99.78 ± 0.01 … …
200 �C/8 h 99.73 ± 0.02 99.60 ± 0.02 … …
200 �C/16 h 99.67 ± 0.02 99.66 ± 0.01 … …
225 �C/8 h 99.29 ± 0.02 99.29 ± 0.02 … …
225 �C/16 h 98.92 ± 0.02 99.19 ± 0.02 … …
T6 98.26 ± 0.08 98.03 ± 0.02 97.08 ± 0.12 98.07 ± 0.02

CMXZ-90 As-built 99.62 ± 0.01 99.76 ± 0.01 99.20 ± 0.05 99.33 ± 0.02
T6 98.15 ± 0.06 97.95 ± 0.04 97.58 ± 0.10 98.12 ± 0.08

CMXZ-50 (Ref 5) As-built 99.00 ± 0.01 98.5 ± 0.03 99.9 ± 0.01 99.2 ± 0.05
EFXZ-90 As-built 97.74 ± 0.09 97.72 ± 0.11 86.99 ± 0.22 95.50 ± 0.09
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the variation between bottom region (81 ± 2 HV) and the top
region (86 ± 1 HV) is accompanied by a density variation of +
1%. The same results are obtained with the SL-50 and the DL-
50 AlSi10Mg bars analyzed in Cerri et al. (Ref 5). The DHV
between the top and bottom regions is confirmed by the

mechanical properties variation in terms of ultimate tensile
strength and yield strength as analyzed in (Ref 18).

The Vickers microhardness is directly correlated with and
affected by the porosity (Ref 44) as illustrated in Fig. 16(a),
where the effect of density on HV values is reported. In this
graph, HV and density values analyzed in the present manu-

Fig. 11 Graphs show the maximum and minimum dimension of all pores analyzed before and after the T6 heat treatment for SL-90 (a, b) and
DL-90 (c, d) bars. The dashed blue line represents the pore�s aspect ratio equal to 1 (Color figure online)

Fig. 12 OM micrographs acquired at the same location on the CMXY surface before and after the T6 heat Treatment
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script (orange, red and white symbols) were compared to those
obtained in the literature (black square symbols) and (Ref 45).
Focusing on the same graph, the HV values related the top
regions of the as-built bars (orange symbols) show a behavior
fully comparable to that reported by (Ref 45). Instead, the HV
values associated with the bottom regions (red symbols) show
higher microhardness values than those reported by (Ref 45) for
the same densities, due to the higher permanence time on the
build platform pre-heated at 150 �C than it occurred with the
cubic samples in (Ref 45). Finally, the T6 heat-treated bars
show the same trend, namely a decrease in microhardness with
decreasing density, but the curve is almost rigidly shifted
toward lower HV values due to the microstructural changes as
previously discussed (Section 3.1).

The correlation between the variation in density (Dq) and
the microhardness variation (DHV) is also analyzed considering
the same regions in as-built condition and after the heat
treatment. This experimental procedure nullifies the microstruc-
tural and precipitation contributions on the Vickers microhard-
ness.

Through the results obtained in this work (black symbols),
the microhardness variation becomes larger as the increase in
density grows larger, too. The largest density variations

0:25 g
cm3 � 0:35 g

cm3

� �
, which are highlighted through the

dotted yellow ellipse, were obtained considering the density
values of the EFXZ, CMXZ and CMXY bottom zones of the DL
bar. In fact, as previously discussed through Fig. 4 and Table 3,
the high Dq between these zones causes a strong decrease in the
hardening effects induced by the precipitation phenomena.

The changes in Vickers microhardness were correlated with
the density variation through a linear fit (Eq 5) and a second-
order polynomial fit (Eq 6):

Dq ¼ 17:94DHV� 18:58 ðEq 5Þ

Fig. 13 Roundness and maximum dimension (length) of pores analyzed on the AlSi10Mg samples (XZ plane) in as-built condition and after
the T6 heat treatment

Fig. 14 Statistical distribution of pores before and after T6 heat
treatment related to the bars (a) and tensile samples (b)
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Fig. 15 Vickers microhardness profiles of as-built SL (a) and DL (b) AlSi10Mg bars performed along the EFXZ (orange columns) and the
CMXZ (green columns) surfaces. Vickers microhardness values of SL-90 AlSi10Mg bars measured on the XY plane before and after the T6 heat
treatment. The dashed lines are referred to the density values
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Dq
0 ¼ 1:45DHV2 � 2:29DHVþ 15:43 ðEq 6Þ

The second-order polynomial fit (blue curve in Fig. 16b
Adjusted R2 = 0.90) provides a better match to the data than the
linear fit (red line-Adjusted R2 = 0.77). In Fig. 16(b), the DHV
and the Dq values obtained from the results shown and
discussed in (Ref 44) were plotted through the green symbols:
their trend is also consistent with the polynomial fit. Moreover,
it is possible to conclude that, even with different L-PBF
process parameters and different heat treatment conditions
employed in (Ref 44), the correlation between changes in
Vickers microhardness and changes in sample density was
unaffected.

Figure 17 illustrates the mechanical properties of the as-built
and T6 AlSi10Mg tensile samples in relation to the distance
from the build platform. As previously discussed for the HV
values (Fig. 14a,b), also the UTS and YS values are charac-
terized by decreasing trends from 0 to 300 mm due to the
precipitation phenomena. The ductility values, instead, do not
show the same trend most likely because the Si-eutectic
network, which dominated the fracture mechanism of the as-
built samples, does not vary from bottom to top regions (Ref 5,
19, 46-48). At the same time, the pores can be considered as a
secondary contribution on the fracture mechanism due to the
high-density values of the tensile test samples cross section
(Table 4) (Ref 49, 50). After the T6 heat treatment, the UTS and

YS values were homogenized between the bottom and top
regions due to the microstructural variation obtained after the
SHT (Fig. 7, 8). As concern the elongation values, which were
analyzed in (Ref 19), part of the T6 heat-treated samples is
characterized by a ductile fracture (also reaching 15%), while
another by a more fragile behavior (reaching 7 ‚ 9%). Also in
this scenario, the elongation values may be not significantly
affected by the pores thanks to the high values shown in
Table 5.

4. Conclusions

The present paper studied the porosity in a laser powder
bed-fused Al-Si-Mg alloy and its relation to Vickers micro-
hardness and mechanical properties. Direct aging and T6 heat
treatments were also analyzed in terms of their effects on
microstructure, pores and Vickers microhardness. Only the
mechanical properties of the as-built and T6 heat-treated
samples were discussed due to their high-density values
characterizing the CM of the direct aging samples. The
following conclusions could be determined:

(1) Lack-of-fusion pores (>100 lm, roundness < 0.5)
and spherical pores (< 100 lm, roundness > 0.5)
were found in all samples; but only the 0.01% of all
pores consists of LOF pores.

(2) As the build platform was pre-heated to 150 �C, the bot-
tom regions of the CM zones are characterized by larger
pores than the top regions. However, the greatest differ-
ences in density can be attributable to the energy density
variation from 41.9 to 87.3 J

mm3 between the center
(CM) and external frame (EF) of the samples, respec-
tively.

(3) The as-built bars are always characterized by a decrease
in microhardness values along the total height (300 mm)
in both CM and EF regions, due to the aging phenom-
ena induced by the pre-heated build platform in the bot-
tom region. In the bars built with a dual-laser scan, high
porosity in the bottom layer (Dq � 0:3 g

cm3 between the
bottom and the top parts of the bar) partially offsets the
effects of aging. The same decreasing trend was ob-
served even for the mechanical properties for both the
single and dual laser. In these cases, the amount of
small pores and the high-density values do not take part
significantly on ductility variation.

(4) The T6 heat treatment induces moderate spheroidization
and coalescence of the smallest pores (< 15 ‚ 20 lm),
as well as the formation of new pores. The complete
destruction of the cellular structure that character-
ized the as-built and directly aged bars and the
reduction in density caused a remarkable decrease
(� 30%) of the Vickers microhardness in the T6
samples. This microstructural variation removes the
effects induced by the pre-heated build platform.

(5) Considering all samples in both as-built and heat-treated
conditions, the best fit between the relative density and
microhardness variations is
Dq

0 ¼ 1:45DHV2 � 2:29DHVþ 15:43.

Table 5 Vickers microhardness and density values of the
as-built and T6 AlSi10Mg bars

AlSi10Mg bars

As-built T6

HV Density, % HV Density

SL-90
Bottom 129 ± 3 99.87 ± 0.01 90 ± 2 98.26 ± 0.02
Top 122 ± 4 99.83 ± 0.03 88 ± 3 98.03 ± 0.01
SL-50 (Ref 5)
Bottom 128 ± 3 99.00 ± 0.02 81 ± 2 97.17 ± 0.03
Top 121 ± 4 98.50 ± 0.04 95 ± 2 98.06 ± 0.02
DL-90
Bottom 115 ± 5 99.15 ± 0.02 87 ± 2 96.30 ± 0.01
Top 110 ± 3 98.07 ± 0.06 93 ± 3 97.20 ± 0.03
DL-50 (Ref 5)
Bottom 110 ± 2 99.90 ± 0.01 86 ± 1 98.03 ± 0.02
Top 111 ± 5 99.2 ± 0.02 91 ± 2 97.08 ± 0.01
The results from this work are related to those obtained in (Ref 5)

Table 6 Standard errors associated with the pore area

Areas Standard error, %

1 Ap < 1 lm2 10
2 1 lm2 £ Ap < 10 lm2 7
3 10 lm2 £ Ap < 30 lm2 6
4 Ap ‡ 30 lm2 4
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Fig. 16 (a) Effect of density on Vickers microhardness, (b) linear and polynomial fits between the microhardness variations and the density
variation
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Fig. 17 Tensile properties of the SL-90 and DL-90 as-built samples and of the T6 SL-90 AlSi10Mg samples
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Fig. 18 (a), (b) Binarized optical microscope image for image analysis and graphical representation of length and width of pores according to
(Ref 49)

Fig. 19 Graphical representation of the aspect ratio equal to 1 (blue line), 0.5 (green line) and 0.1 (orange line) to clarify Fig. 12 (Color
figure online)
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Appendix A

The pores� analysis was conducted according to ISO 46655-
1:2014, and the measurements have been systematically
performed on 6 micrographs at a magnification of 1009
(Fig. 18a) analyzing a total area of 24,936.41 9 103 lm2 for
each sample studied. The maximum and minimum dimension
of each pore and its roundness were considered to evaluate the
effect of T6 heat treatment. In the first case, the maximum and
minimum dimensions (Fig. 18b) represent the greatest (max-
imum Feret diameter) and the shortest (minimum Feret
diameter) distance between parallel lines drawn through 2
points on a feature�s boundary regardless of orientation, as
textually reported in (Ref 51). The ratio between the minimum
and maximum Feret diameters defines the aspect ratio (AR) of
the object analyzed. Figure 10 illustrates the aspect ratio

variation in all pores before and after the T6 heat treatment
performed on bars manufactured via single- and dual-laser
machine setup. In all graphs shown, the y- and x-axes represent
the minimum and maximum dimensions, respectively, of all
pores, while black and red lines the Linear Fits obtained by
selecting all points and applying the automatical analysis of
OriginPro 9.0.0 software. The same method was used to
determine the square of the Pearson correlation coefficient (R2).

At the same time, the blue, green and orange dotted lines
were drawn considering the aspect ratios of 1, 0.5 and 0.1,
respectively. For the three different lines, the following
equations were considered:

y ¼ x ðEq 7Þ

where y and x represent the minimum and maximum dimen-
sions, respectively. Figure 19 clarifies the interpretation of the
plots reported in Fig. 10 showing a graphic schematization of
the typical morphology in relation to the aspect ratio (AR) of
pores (Ref 51). The blue dotted line is referred to the AR equal
to 1 (maximum dimension coinciding with the minimum
dimension), while the green and orange dotted lines to AR are
equal to 0.5 and 0.1, respectively. These last functions are
described by Eq 9 and 10:

y ¼ 2x ðEq 8Þ

y ¼ 10x ðEq 9Þ

In the second case, the roundness (R) is defined as follows:

R ¼ 4pA
p2

ðEq 10Þ

where A and p are the area and the perimeter of the objects
analyzed through the image analysis. The object is a circle if the
R fi 1, while it becomes less round of R fi 0 (Ref 51).

Another considered parameter is the equivalent diameter
defined as the diameter of a circle that is characterized by the
same area of the object analyzed (Ref 51).

The average values of the pore per area [lm2/pore] were
obtained as:

a ¼
P

i Ap

� �
i

M
ðEq 11Þ

where Ap is the area of a single analyzed pore and M is the total
pore�s number.

The sample relative density was defined as follows:

Fig. 20 Drawn image to evaluate the error contribution that can be caused by the operator during image analysis: (a) clear image; (b) blurred
image
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q ¼ 1�
P

i Ap

� �
iP6

j¼1
bAj

ðEq 12Þ

where
P6

j¼1
bAj is the area of the 6 micrographs analyzed for

each sample, i.e., 24,936.419103 lm2.
The standard errors rxð Þ associated with pore area and

consequently to the sample density were calculated by adding
two contributions: one related to the operator and one to the
OM device.

The first contribution was calculated by comparing the
objects� areas contained into two images shown in Fig. 20(c),
(d). The first image (Fig. 20c) was drawn through GIMP Image
Manipulation Program to represent a micrograph with different
kinds of pores (black objects) in terms of size, morphology and
area which was calculated through the automatic image
analysis. These real areal values are obtained by selecting the
only black pixels given that there is a perfect distinction
between the central and external areas of the black object
(orange panel in Fig. 20c). The second one (Fig. 20d) shows the
same image in Fig. 20(c) but with pore boundaries that were
artificially blurred to represent the real work conditions found
during the manual image analysis. As matter of fact, analyzing
the high magnification optical micrographs, the pore boundaries
appear blurred as represented in the orange panel in Fig. 20(d).

For evaluating the standard errors associated with each pore
area, the automatic image analysis is carried out in Fig. 20(c),
while the manual image analysis is performed in Fig. 18(d) to
evaluate the areas of the blurred black objects. This image was
analyzed 20 times to obtain a good statistical population. So,

the standard errors rx ¼ r=
ffiffiffiffi
N

p� �
were calculated through the

standard deviation (r) and the N observations and, subse-
quently, associated with the pore area as shown in Table 6.

By the fact that the standard errors were associated with the
pore areas, it is necessary calculated an error eað Þ that will be
associated with the density values, as follows:

ea ¼
qmax � qmin

2

¼
1�

P
i
Apð Þ

i
½ �

minP6

j¼1
bAj

 !

� 1�
P

i
Apð Þ

i
½ �

maxP6

j¼1
bAj

 !" #

2
ðEq 13Þ

where q is the relative density, and bAj is the micrograph

area (lm2).
P

i
Ap

� �
i

� �

max

� 	
and

P

i
Ap

� �
i

� �

min

� 	
are the

overestimation and the underestimation of the total pore areas
calculated applying the standard errors shown in Table 6.
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