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• A combination of X-ray tomography and
micro-testing has demonstrated a powerful solution for characterizing in-situ
microvoid growth and coalesce in aluminium alloy AlSi10Mg.
• Process conditions (as-built, hot isostatic pressing (HIP) and HIP+T6)
have shown a signiﬁcant impact on 3D
pore evolution within AlSi10Mg.
• Under tensile deformation, microvoids
in the as-built condition do not change
markedly while the most substantial
change occurs in the HIPped material
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a b s t r a c t
The optimisation of processing parameters to produce high densiﬁcation AlSi10Mg parts by laser powder bed fusion (LPBF) has received considerable attention in recent years. Nonetheless, it is important to consider the potential presence of as-built large pores in real world applications, e.g. due to limitations of the available LPBF
system, time and cost constraints associated with producing near-perfect density and so on. In this work, recycled
powder was used to fabricate AlSi10Mg specimens with sub-optimal densiﬁcation by LPBF and an experimental
investigation into the evolution of specimen porosity occurring under increasing tensile load was performed. A
combination of high-resolution X-ray micro computed tomography (XμCT) and an in-situ micro-testing stage
was employed to acquire 3D images at different loading stages. Specimens were tested in the as-built condition
and following hot isostatic pressing (HIPping) or HIPping with T6. As-built porosity did not change markedly in
the lead-up to brittle-like fracture. Pores within ductile HIPped specimens were uniformly elongated up to the
onset of damage propagation and pore coalescence. Pore shape change occurred largely without volume change
at small extension. HIPping plus T6 produced a compromise between as-built and HIPped conditions in terms of
the extent of pore modiﬁcation observed prior to failure.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Laser powder bed fusion (LPBF), also broadly referred to as ‘selective
laser melting (SLM)’, is a popular metal powder additive manufacturing
⁎ Corresponding author.
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(AM) technique in which 3D parts are produced by fusing predeposited metal powder using a high-energy laser beam. In industrial
sectors including medical, aerospace and automotive, LPBF is becoming
increasingly prevalent for the ability to fabricate near-net shape engineering parts directly from a computer aided design (CAD) model,
therefore providing robust design ﬂexibility without the limitations of
traditional manufacturing techniques that necessitate a series of steps
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pores [26–28]. The use of XμCT in conjunction with image analysis software allows efﬁcient evaluation of internal pore frequency, volume fraction, location and size/shape in 3D [11,12,29,30]. Moreover, XμCT
affords the ability to directly incorporate microstructural features (i.e.,
size and position of voids) into ﬁnite element models without having
to approximate or assume internal features (e.g., [31]). It should be
noted that porosity measured using XμCT can be signiﬁcantly higher
than estimates obtained using 2D imaging methods due to the ability
to characterise ﬁner pores [12,32].
In existing literature, the mechanical properties of AlSi10Mg parts
have generally been measured using conventional experimental rigs.
Such procedures give the global mechanistic response without revealing
internal failure mechanisms. A material's mechanical response is controlled by microstructure and deformation at the microscale level. It
has been theoretically and numerically well documented that ductile
failure occurs under the effect of void nucleation, void growth, and
void coalescence [33–36]. Since porosity can play a signiﬁcant role in failure, investigating 3D micro-level damage mechanisms of internal porosity under mechanical loading is an important engineering task. This type
of in-situ experimental work is scarce in the literature. Whilst there have
been many studies aimed at optimising LPBF processing parameters for
the production of high densiﬁcation AlSi10Mg parts and understanding
their mechanical performance, one must consider that highly optimised
processing may not always be feasible in a real world scenario, e.g. due to
limitations of the available LPBF system or economic constraints, and the
presence of large pores may be unavoidable. The in-situ study of suboptimal AlSi10Mg parts is therefore also of practical importance.
In very recent years, there have been a few studies where the combination of XμCT and an in-situ micro-testing stage was employed to
study damage mechanisms in LPBF fabricated stainless steel [37,38]
and Cu\\Sn alloy [39]. Recently, Samei et al. [40] studied the evolution
of pores in a single untreated AlSi10Mg specimen using in-situ XμCT
scanning at incremental levels of tensile strain. In the present paper,
in-situ tensile testing with XμCT was performed on LPBF-fabricated
AlSi10Mg specimens in as-built (untreated), HIPped and HIPped plus
T6’d conditions. Void accumulation and shape change at increasing tensile extension are evaluated for each condition. The specimens were fabricated using recycled powder (known to result in sub-optimal
densiﬁcation [32]) in order to study the evolution of lack-of-fusion defects of worst-case size. This follows recent works involving ex-situ mechanical testing [15] and fatigue modelling [41] of similarly sub-optimal
AlSi10Mg. We believe this is the ﬁrst time the application of XμCT with
in-situ micro-testing for the characterisation of damage mechanisms in
thermally treated AlSi10Mg has been reported in literature.

(each requiring requisite material consumptions, energies and costs)
[1,2].
With very high strength-to-weight ratio, corrosion resistance and
thermal conductivity, heat treatable Al\\Si alloys are widely used in
aerospace and automotive applications. The Al\\Si alloys can be
strengthened, without changing other mechanical properties, by adding
Mg due to the precipitation of Mg2Si. AlSi10Mg is one of the most commonly used Al\\Si alloys, traditionally manufactured by die casting.
However, casting requires part-speciﬁc tooling with cost and lead
time implications. Furthermore, this process results in large grains
with poor mechanical response (in view of the Hall-Petch relationship)
as a result of low cooling rates [3]. As such, manufacturers are constantly
striving to develop new cost-effective techniques to produce parts with
enhanced accuracy.
Silicon content in AlSi10Mg makes composition near eutectic and inhibits solidiﬁcation cracking. It is known that the presence of Si in this
alloy improves the ﬂuidity of molten aluminium. Furthermore, Si has a
narrow solidiﬁcation range and absorbs laser [4,5]. These features make
LPBF an ideal route for producing AlSi10Mg components with high densiﬁcation if processing parameters used in LPBF are optimised [6].
The main inﬂuential parameters on densiﬁcation in LPBF are the
feedstock powder characteristics (powder size, morphology and size
distribution) and energy density (a function of four different processing
parameters: laser power, scanning speed, scan spacing and layer thickness) that regulates the degree of powder particles to be consolidated
[7]. In addition, unlike other metallic materials (e.g. titanium, steel and
nickel), laser processing of aluminium can be challenging due to high
reﬂectivity that necessitates the use of high laser powers for melting
[5], and high thermal conductivity that causes rapid dissipation of heat
from the scanned area [8]. These factors can stimulate porosity in fabricated parts. To address this, the inﬂuences of processing parameters and
build conditions on internal porosity of AlSi10Mg fabricated by LPBF
have been the subject of extensive research in recent years. Such interdependency was often investigated by altering a single process parameter while holding other inﬂuential variables constant. It has been found
that porosity within LPBF-fabricated Al alloys is formed by a number of
mechanisms. Residual gases or gases that become trapped during processing form small spherical pores (<100 μm) [9–11]. Excessive laser
energy can cause localised vaporisation and formation of spherical “keyhole” pores deep within solidiﬁed melt pools [7,10,11]. Keyhole porosity
can manifest as irregular (non-spherical) shapes with rapid solidiﬁcation and instability [7,9,10]. Large irregular pores are created between
adjacent powder layers when there is insufﬁcient laser energy or scanning overlap for effective fusion [9,10]. Oxide ﬁlms present in the powder or introduced under certain processing conditions can also prevent
consolidation and result in irregular defect formation [7,8,12,13].
The effects of typical aluminium heat treatments, including hot isostatic pressing (HIPping) and T6 (solutionising and artiﬁcial ageing),
on porosity and mechanical performance of LPBF-fabricated AlSi10Mg
have been investigated (e.g. [14–20]). When compared to the cast counterpart, the LPBF-fabricated alloy exhibits superior mechanical strength
due to microstructure reﬁnement by rapid solidiﬁcation [10,21–23].
Post-treatments cause coarsening of the microstructure that reduces ultimate tensile strength (UTS) and hardness whilst it increases ductility
[21–23]. Densiﬁcation of the as-built material can be improved considerably by HIPping, which collapses micro-pores [11,12,20].
With regards to pore characterisation, porosity has frequently been
analysed using traditional cross-sectioning and 2D imaging methods,
e.g. optical microscopy (OM) and scanning electron microscopy (SEM)
on cut and polished specimen surfaces (e.g. [7,9,10,24,25]). With these
approaches, only those pores at the free surface can be characterised
and no information is provided on the sub-surface condition where
pore-morphology may differ. As pores possess complex morphologies
and can be responsible for material failure mechanisms their evaluation
should be made in 3D. Hence, there is now an increasing trend in the use
of X-ray micro computed tomography (XμCT) for analysing internal

2. Experimental methods
2.1. Materials, processing and heat treatments
AlSi10Mg blocks of 20 mm thickness were manufactured in an argon
environment (oxygen content 100 ppm) using a Concept Laser M2
Cusing system at the University of Birmingham. Composition of the
alloy powder (size range 15-53 μm) supplied by LPW Technology is
given in Table 1. The powder, which has similar non-spherical morphology to the powder studied by Read et al. [7], was recycled for processing.
The blocks were processed using the following LPBF parameters: 150 W
laser power; 500 mm/s scanning speed; 45 μm scan spacing; 30 μm
powder layer thickness. We note that these parameters were selected
based on the previous study [11] and are unlikely to be transferable

Table 1
AlSi10Mg composition (Wt%).

2

Al

Si

Mg

Fe

Ni

Zn

Ti

Mn

Pb

Sn

Bal.

9.92

0.291

0.137

0.04

0.01

0.006

0.004

0.004

0.003
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(i.e. giving full consolidation) even with fresh powder. However, we reiterate the aim of this work is to investigate void growth and coalescence rather than process optimisation or void nucleation (resolution
of XμCT is not suitable for this early stage of damage mechanism in
any case), therefore sub-optimal densiﬁcation was deemed appropriate.
Blocks, as opposed to ﬁnal specimen geometries, were initially fabricated as thin test specimens may be particularly susceptible to surface
defects. The specimens were then machined from the blocks. Since the
dimensions are several times smaller than those of conventional tensile
testing specimens, machining methods may signiﬁcantly affect mechanical properties and roughness. Electro discharge wire machining
(EDM) appears to be an effective method for extracting a miniature
specimen [42,43] and was employed for this aim. EDM, a non-contact
method, utilises an electrically charged thin wire to remove material
and hence cutting-related residual stress is expected to be insigniﬁcant
[44]. EDM also provides good shape tolerance and surface ﬁnish. The
cutting-affected depth with EDM is around 125 μm from the cut surface
[45]. Nominal specimen geometry, shown in Fig. 1, was dimensioned to
suit the in-situ tensile testing machine described in Section 2.2. Specimen blocks were built in the thickness (Y) direction by raster scanning
in the transverse (XZ) plane. Island scanning strategy of 5 × 5 mm2 was
used. For heat treatment of machined specimens, standard HIPping and
T6 procedures for AlSi10Mg were used, summarised in Table 2.
In order to ﬁrstly determine critical deformation stages at which Xray scans would be acquired during in-situ tensile testing, an ex-situ
(uninterrupted) tensile test was performed for samples in as-built,
HIPped and HIPped + T6’d conditions. Samples were strained until failure using a Deben CT5000 testing stage. Nominal stress vs. extension
curves for preliminary ex-situ tensile tests are shown in Fig. 2. Note
that extension values were measured based on the machine cross
head and therefore involve the combined effect of actual deformation
and compliance of the Deben machine. Therefore, the plots show nonlinear curve in the elastic zone, which is not uncommon for in-situ Xray testing in tensile mode [38]. The as-built material achieves a high
maximum load but it is the most brittle. Heat treatment lowers the tensile strength and increases ductility, as has been previously observed
[12,14–16,18,21–23]. Extension to failure measured by the cross head
is more than twice in comparison with the as-built material. The mechanical response of the HIPped + T6’d condition can be regarded as a
compromise between as-built and HIPped in terms of strength and ductility. The UTS of the as-built, HIPped and HIPped + T6’d specimens was
calculated as 320 MPa, 130 MPa and 162 MPa respectively. Fractured
specimens are also shown in Fig. 2.

Table 2
Heat treatment parameters.
HIPping

T6

2 h @ 500 °C / 100 MPa
5 °C/min heating/cooling

5 h @ 530 °C
Water quench
8 h @ 160 °C
Air cooling

the HIPped + T6’d specimens the results were recorded for a single
specimen only. However, as the in-situ results (shown in Section 3)
were consistent with the preliminary ex-situ test (Fig. 2), and given
that time and cost are very high for interrupted testing, further experiments were not deemed essential. In the as-built and HIPped cases, repeatability for the pairs of specimens was very strong. The two as-built,
two HIPped and single HIPped + T6’d specimens are referred to herein
as A-1, A-2, H-1, H-2 and HT6 respectively.
Tensile testing was performed using a Deben CT5000 in-situ testing
stage in conjunction with XμCT. The X-ray microscope used in this
work was the ZEISS VersaXRM-410, which has a minimum spatial resolution of 0.9 μm, minimum voxel size of 0.1 μm, maximum power output
of 10 W and maximum voltage of 150 kV [46]. The CT5000 used has a
maximum 5kN tensile/compression load capacity, maximum extension
of 10 mm and motor speed range of 0.1-1 mm/min [47]. The experimental setup is shown in Fig. 3. The combination of the VersaXRM-410 and
CT5000 machine has been previously tested (e.g. for syntactic foam;
more information can be found in the work of Kartal et al. [48]). The
sample was mounted into the machine's jaws, housed within a 3 mm
thick vitreous glassy carbon tube that provides low X-ray attenuation.
Tensile testing was operated under displacement control at the ambient
temperature. The extension was kept constant at the targeted value
during XμCT scanning, before being increased to the next target scanning point, and so on. The ﬁrst scan of each test was taken at a very
light load in order to capture the unstrained conﬁguration of internal
pores. The strain levels for subsequent scans were determined using
the results obtained from ex-situ testing (Fig. 2). Applied extension
and load were controlled and recorded by means of Deben stage control
software. Note that specimen dimensions were speciﬁcally chosen to
ensure that the specimens could be loaded beyond UTS whilst the capacity of the load cell (5kN) would not be exceeded, and that elongation
to failure would occur within the maximum extension limit of the machine. Reducing the sample cross section would not signiﬁcantly improve scan time and would increase the risk of plastically deforming
the gauge length during setups. Therefore, a smaller cross section was
not preferred.
Each scan was performed using a beam energy of 140 kV (140 keV xray photons) and a power of 10 W. An optical magniﬁcation of 4× was
used to achieve high resolution images. The pixel size was set to be
2.86 μm for a 1024 × 1024 pixel projection image that provides a cylindrical ﬁeld-of-view (FOV) with 2.9 mm diameter and length. In order to
obtain the best signal-to-noise ratio, a minimum of 5000 intensity
values on each projection was required [46]. Since aluminium density
is lower than many other high-Z alloys, a relatively short exposure (12
s) was sufﬁcient. A total of 2400 projections over 360° rotation was acquired for each scan. It should be noted that higher resolution (e.g., 1 μm
pixel resolution) could have been achieved with the same FOV but this
would increase scan time by a factor of four for every two times better
pixel resolution. Similarly, higher pixel size resolution with a smaller
FOV directly affects the exposure time. Considering time and cost associated with a number of scans in this work, the scan setups were
deemed to give the optimum high resolution for the tests conducted.
It should be noted that the XμCT system used here can produce a larger
ﬁeld of view by using an alternative lens (i.e., 0.4×). This option would
produce low-resolution tomography useful for inspection purposes or
optimising process parameters with relatively short scanning time

2.2. In-situ tensile testing
Following the ex-situ tests, two specimens were subjected to in-situ
testing in each condition. Due to a disruption during in-situ testing of

Fig. 1. Nominal tensile specimen dimensions in mm (3.10 mm Y thickness); specimen
symmetric about centre planes.
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Fig. 2. Ex-situ nominal stress vs. extension for as-built and treated specimens (left); fractured ex-situ specimens (right): as-built (a), HIPped (b) and HIPped + T6’d (c) (ﬁgure available in
colour online).

(~1 h per scan). However, such experimental set-up would not permit
investigation of damage accumulation of pore size below 100 μm. Strategies for effective use of XμCT were discussed elsewhere [26].
At each stage of deformation, scans were performed at three different locations within the specimen gauge length: adjacent top, middle
and bottom sections with 2.9 mm length to ensure internal void evolution was fully visible along the entire gauge length. Fig. 4 shows the
scanning locations. Xradia XMReconstructor software was used to reconstruct 2D radiographs into 3D and beam hardening and centre
shift artefacts were removed.

2.3. Image processing
The software Avizo 9 was used to analyse internal porosity by
thresholding XμCT images taken at incremental specimen extensions.
Analysis was performed on a discrete 650 × 650 pixel (px) crosssection (with axes x and y) within the circular FOV along the full length
(z axis). A non-local means ﬁlter was applied and features smaller than
1px were neglected. For quantitative porosity analysis the top, middle
and bottom scans were combined into a single image using the merge
feature on Avizo. To evaluate the evolution of pore geometry under
load we consider changes in 3D Feret caliper descriptors, shown in
Fig. 5. The Feret dimensions Dmax, Dmin and Dmed of a particle are the
maximum length, corresponding minimum width belonging to the
same plane and maximum breadth orthogonal to the width respectively. As measurements depend on orientation, the maximum length
and corresponding width/breadth were determined based on the
Avizo's default 31 directions for Feret analysis.

Fig. 4. Specimen scanning locations (dimensions in mm).

3. Results and discussion
3.1. Void accumulation
Internal porosity volumes for in-situ specimens at 0 mm extension
are given in Table 3. Maximum pore equivalent diameters are also

Fig. 3. In-situ tensile testing setup (left); specimen ﬁxed into machine jaws (right).
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Specimen H-1 exhibits unusually high porosity (1.10%), i.e. markedly
higher than H-2 (0.28%) and higher than the HIPped + T6’d specimen
(0.65%). This is attributed to the presence of large pores that could not
be collapsed by HIPping, possibly due to sensitivity to pore size [11] or
alternatively due to pore connections with the specimen surface
preventing closure. The size of the largest pore in H-1 is notably greater
than H-2. Interestingly, this afforded the opportunity to study the inﬂuences of larger pores and increased porosity on tensile response. It
should be noted that porosity analysis performed at 0 mm extension
in this work was not intended to show the effects of the heat treatment
on the size, shape and volume of pores. In other words, the porosity of
H-1, H-2 and HT6 samples prior to the heat treatments was not measured. Such analysis can be found elsewhere [11].
In-situ nominal stress vs. extension curves (consistent with the exsitu tests) and fractured specimens are shown in Fig. 6 (calculating
true strain from the extension would only be possible if the FOV included the entire cross section (e.g. [39])). Strong repeatabilty is evident for the as-built and HIPped specimen pairs. We observe the
curves are virtually identical for the HIPped specimens up to fracture,
despite noticeable difference in initial porosity, i.e. the larger porosity
did not have an appreciable effect on tensile capacity. All specimens
were split through the middle region. The sudden drops along the
curves correspond to the points during each test at which extension
was kept constant and XμCT scans were carried out. Immediately
after testing was interrupted there was a noticeable drop from the
targeted scan point; some noise following the initial drop corresponds
to the samples being loaded several times within a short period of
time (~10mins) until the change in targeted test value became insigniﬁcant prior to the scan. In addition, stress relaxation still occurs for
a constant displacement value over time, particularly in the plastic deformation zone due to energy dissipation and this brings about a decrease in the stress value required to hold the same amount of
strain. Given that each scanning set (top, middle and bottom) took approximately 24 h to complete, further stress relaxation could occur,
changing the internal structure of the material and thus distorting
the image produced. To account for this, samples were left at a constant level of extension for a period of 1 h before each scan was conducted, thereby mitigating any negative effect on the scanned image
quality [48].
Damage accumulation vs. extension for combined and individual
sub-volumes obtained from each test sample is shown in Fig. 7. Volume
fraction within A-1 and A-2 did not change appreciably under tension
up to the ﬁnal scans. Some minor variation is attributed to shifting of
pores in/out of the analysis frame with extension. In H-1 the overall porosity volume remains constant from 0 to 0.45 mm before gradually rising to 1.65 mm as fractions in top and bottom sub-volumes increase.
There is subsequently a sharp increase as damage accumulates primarily in the middle section. In-situ testing of H-2 was performed with additional scanning increments at the late stage of deformation, showing

Fig. 5. Pore Feret caliper 3D descriptors.

Table 3
In-situ specimen porosity (0 mm extension).
Specimen

Porosity (%)

Max. pore Deq (μm)

A-1
A-2
H-1
H-2
HT6

3.87
3.26
1.10
0.28
0.65

603.98
667.76
580.79
382.43
426.21

shown in Table 3. The equivalent diameter (Deq) is regularly used to
quantify pore size and is the diameter of a sphere of equivalent volume,
i.e.:
Deq ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 6V pore
,
π

ð1Þ

in which Vpore is the pore volume determined with the help of 3D
image thresholding software. The as-built specimens involve 3–4% porosity. As explained, recycled powder was used for fabricating specimens with signiﬁcant porosity for examination. A very similar as-built
quality (96.4% densiﬁcation) was reported by Kan et al. [15] in their
ex-situ investigation on sub-optimal AlSi10Mg. Densiﬁcation increases
with post-thermal treatments. HIPping collapses pores and improves
densiﬁcation, whilst subsequent T6 causes some void reopening.

Fig. 6. In-situ nominal stress vs. extension for all specimens (left); fractured in-situ specimens (right): A-1 (a), A-2 (b), H-1 (c), H-2 (d) and HT6 (e) (ﬁgure available in colour online).
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Fig. 7. Porosity volume vs. extension: A-1 (a), A-2 (b), H-1 (c), H-2 (d) and HT6 (e) (ﬁgure available in colour online).

prior to loading and were deemed to be negligible). As-built specimens
contain a large number of pores at 0 mm and distributions of pores with
Deq ≤ 150 μm do not vary signiﬁcantly with extension. Some minor ﬂuctuation in quantities of small pores, more noticeable in A-1, may be attributed to shifting in/out of the FOV during tensile loading. In both
specimens there is also some ﬂuctuation in the number of pores with
Deq between 150 and 500 μm (particularly 250 and 300 μm) under tension. This is thought to be caused by the close proximity of neighbouring
pores in the highly porous specimens. Two separate pores that share a
single voxel would be counted as one feature (no attempt to manually
separate pores was made to avoid misinterpretation of results) but
could be counted as two separate pores at subsequent extensions due
to analysis sensitivity alone. As will be later shown visually, the

an exponential increase in porosity through the middle section where
fracture occurred. Overall porosity in HT6 increases with extension,
namely due to a rise in the middle section where damage propagated,
but a sharp secondary increase is not observed at the ﬁnal scanning
point. Volume fraction does not increase in top and bottom locations
away from the damage epicentre.
Figs. 8 and 9 show the frequency distributions of pores with Deq > 25
μm in the merged volumes of all tested specimens at increasing extension (results are split across two ﬁgures for axis readability; A pore
size of Deq > 25 μm, which is <10× the pixel size of 2.86 μm, is considered as geometric measurements of very small features that are especially sensitive to thresholding are inherently unreliable. Pores with
Deq ≤ 25 μm contribute to <1% of the total volume in all specimens

Fig. 8. Distribution of pores with 25 μm < Deq ≤ 150 μm at increasing extension: A-1 (a), A-2 (b), H-1 (c), H-2 (d) and HT6 (e) (ﬁgure available in colour online).
6
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Fig. 9. Distribution of pores with Deq > 150 μm at increasing extension: A-1 (a), A-2 (b), H-1 (c), H-2 (d) and HT6 (e) (ﬁgure available in colour online).

Fig. 10. Pores with Deq > 50 μm in A-1 middle section at 0 (a) and 0.84 mm (b) extension.

Fig. 11. Pores with Deq > 50 μm in A-2 middle section at 0 (a) and 0.91 mm (b) extension.

morphology of pores does not change appreciably in A-1 and A-2, which
agrees with unchanging porosity volume. There is no change in the
number of large pores with Deq > 500 μm in the as-built specimens.
By comparison, HIPped specimens contain signiﬁcantly fewer pores at
0 mm and there is a marked increase in size and overall frequency
with extension. The frequency of pores with Deq between 25 and 50
μm clearly rises, as nucleated new pores and/or pre-existing very
small pores grow to detectable size under tension. Relative to 0 mm,

H-1 and H-2 contain more than 3× and 4× the amount of pores in the
25 and50 μm range respectively at ﬁnal extension. It is impossible to
elucidate whether these newly detected pores were present prior to
loading or introduced during specimen deformation, e.g. reopening of
pores closed by HIPping. At Deq = 250 μm and above, pores increase
in size and coalesce under tension, resulting in a small number of very
large pores at the ﬁnal increment. We observe a higher number of
large initial pores in H-1 relative to H-2 in the absence of loading.
7
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Fig. 12. Three largest initial pores in H-1 middle section at increasing extension (xz and yz views): 0 (a), 0.45 (b), 1.0 (c), 1.3 (d), 1.65 (e) and 1.85 mm (f); perspective view at 1.85 mm (g).

downwards through the sub-volume with extension, but morphology
remains virtually unchanged (this can be observed clearly by comparing
the 2D slices). This follows no appreciable variation in porosity volume
fraction observed earlier in Fig. 7. We also see a number of very slender
connections between large pores, which may be responsible for ﬂuctuations in the numbers of ‘individual’ pores counted at different loading
increments as earlier discussed. We note that the ﬁnal scans were
taken at approximately 90.5 and 95.3% of the failure extensions for A1 and A-2 respectively. Thus, shape modiﬁcation was not observed reasonably close to brittle fracture (it is impossible to capture the exact
onset of fracture by means of interrupted testing). A brittle-like failure
mechanism without signiﬁcant change in pore shape at the ﬁnal scan
can be attributed to grain size reﬁnement and process parameter dependent pile-up dislocation density that is particularly located at the
grain boundaries in which further slips are hindered by the existing dislocation density. In addition, ﬁne grains reduce the average distance between Si particles [21], which results in enhanced plastic strain gradient,
and are obstacle for further slip, thus increasing sample strength and reducing ductility. Samei et al. [40] reported growth and coalescence of
pores in their untreated AlSi10Mg specimen that exhibited a more

Ultimately however this did not appreciably alter the point at which signiﬁcant damage began to accumulate, as seen in Fig. 7. HT6 contains
greater initial quantity of pores than the HIPped specimens but fewer
than the as-built specimens. The frequency of pores within HT6 appears
to rise slightly with increasing extension, albeit not to a signiﬁcant extent. This suggests that the rising number of detectable pores within
HIPped specimens under tension is at least partly due to reopening of
pores collapsed by HIPping; pores closed by HIPping may already have
been reopened by T6 (hence a higher quantity prior to loading) and
therefore a similar rise in quantity would not be observed during loading of HT6. Between 0.7 mm extension and the ﬁnal scanning increment
at 0.8 mm, the largest pore increases from Deq = 492.05 to 544.55 μm,
indicating pore growth. This was not accompanied by extensive pore
coalescence, as will be later shown.
3.2. Pore shape change
Pores with Deq > 50 μm in the middle section of A-1 and A-2 at initial
and ﬁnal extensions prior to fracture are shown in Figs. 10 and 11 respectively (Deq > 50 μm is chosen for image clarity). Pores shift

Fig. 13. Pores with Deq > 50 μm in H-2 middle section at increasing extension (xz and yz views): 0 (a), 0.5 (b), 1.05 (c), 1.4 (d), 1.55 (e), 1.65 (f), 1.75 (g) and 1.85 mm (h); perspective view
at 1.85 mm (i).
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Fig. 14. Path of damage progression through H-2 middle section: 1.65 (a), 1.75 (b) and 1.85 mm (c) extension.

progressed through the sub-volume at 1.85 mm. Although it is impossible to know the exact extension at which damage begins to accumulate,
it is clear that coalescence had not commenced at 1.65 mm extension for
either H-1 or H-2, i.e. at roughly 90% of the extension for the ﬁnal scan
that revealed signiﬁcant damage. In other words, the onset of damage
accumulation did not occur signiﬁcantly earlier in H-1 with higher initial porosity and higher number of large pores. The path of damage progression from 1.65 to 1.85 mm within H-2 is shown in Fig. 14. Between
1.65 and 1.75 mm, damage propagates from the bottom of the largest
pore and is terminated on the edges of neighbouring smaller pores at
the point of scanning at 1.75 mm (this can also be seen from xz and yz
views in Fig. 13f and g). This implies void growth occurred rapidly towards the pores and was temporarily captured. Increasing the extension to 1.85 mm then causes void growth to continue through the part
thickness. The void appears to open at a declined angle towards a prominent pore in the vicinity below, which demonstrates signiﬁcant pores
can dictate the path of opening as it occurs. Hipping causes considerable
reduction in dislocation density and results in more homogeneous microstructures, with Si particles randomly scattered in the Al-matrix
and therefore solid solution strengthening is reduced. These microstructural changes make slip transfer easier under loading and hence void
growth and coalescence can be clearly observed. Coalescence in HIPped

ductile response than the specimens examined here. Unloaded porosity
was considerably lower than A-1 and A-2 (~0.05% at zero strain compared to >3%) and the mean pore diameter (~6 μm at zero strain) is
below the size range considered in this study for thresholding reliability.
However, dissimilar ﬁndings can be linked to differences in material
ductility stemming from the use of different powder, LPBF processing
parameters, build conditions etc., as opposed to differences in pore volume and detectable size given that pores visibly evolved within denser
HIPped specimens.
Internal porosity within H-1 and H-2 evolved clearly under tension.
The three largest initial pores in the middle section of H-1 at increasing
extension are shown from xz and yz views in Fig. 12. The pores remain
isolated and are elongated in the loading (z) direction from 0 to
1.65 mm extension (with downward shifting under tension). The ﬁnal
scan at 1.85 mm before failure shows damage and coalescence of the
pores. Samei et al. [40] observed similar coalescence by higher resolution scanning of their optimised untreated specimen devoid of pores
of this magnitude. Fig. 13 shows pores with Deq > 50 μm at increasing
extension in the middle section of H-2. From 1.4 mm the number of visible features rises due to enlarging of pores previously below the detectable size or reopening of those closed by HIPping, as previously
discussed. Signiﬁcant damage has developed by 1.75 mm and

Fig. 15. Feret caliper dimensions of largest pore in middle section of H-1 (a) and H-2 (b) at increasing extension (ﬁgure available in colour online).
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Fig. 16. Largest pore in HT6 middle section at increasing extension (xz and yz views): 0 (a), 0.43 (b), 0.7 (c) and 0.8 mm (d); perspective view at 0.8 mm (e).

elongated by 51.7% in the z direction at 1.65 mm before the signiﬁcant
void growth occurring between 1.65 and 1.75 mm. The lengths of
Dmed and Dmin also appear to increase prior to the onset of damage,
however there is uncertainty with transverse measurements owing to
the pore's location at the edge of the sub-volume (top right of xz and
yz views in Fig. 13). Like before, the equivalent diameter increases by
30.9% from 0 to 1.65 mm but increases by only 9.5% in the ﬁrst 1.05
mm. We again note uncertainty due to potential shifting in/out of view.
Images and Feret dimensions of the largest pore located in the middle section of HT6 at increasing extension are shown in Figs. 16 and 17
respectively (the pore lies partially in the top sub-volume at 0 mm but
the full pore is measured). From 0 to 0.43 mm the pore is elongated in
the z direction and widened as damage visibly starts to develop from
the edge of the sub-volume. There is an increase in Dmin as the void
grows from 0.43 mm to the ﬁnal scanning extension. A reduction in
Dmed is attributed to the location of the pore at the edge of the subvolume and lateral shifting of the pore partly out of view. Compared
to the HIPped specimens, damage begins to visibly propagate earlier
but extensive void growth and coalescence is not observed at the ﬁnal
scanning increment (94.2% of fracture extension) due to less ductile
failure.

Fig. 17. Feret caliper dimensions of largest pore in HT6 middle section at increasing
extension (ﬁgure available in colour online).

samples occurs by necking down of the material between adjacent voids
and by localised shearing deformation bands between separated voids.
Feret caliper dimensions for the largest volume pore in H-1 at increasing extension are shown in Fig. 15a. Between 0 and 1.65 mm the
longest dimension, orientated towards the loading direction, is elongated by 28.1% and the breadth is reduced by 22.4%. The third dimension remains fairly constant during this period (+2.1%), i.e. the pore
becomes longer and ﬂatter. The equivalent diameter increases by
19.6% from 0 to 1.65 mm, although the initial increase to 1 mm is only
4.0%, indicating pore shape modiﬁcation occurs largely without volume
change at small extension. The diameter then increases as damage
propagates between 1.65 and 1.85 mm and all pore dimensions rise dramatically due to void growth and coalescence. Feret dimensions for the
largest pore in the H-2 middle section are shown in Fig. 15b. The pore is

4. Conclusions
In this paper, sub-optimal AlSi10Mg specimens were fabricated by
LPBF using recycled powder in order to study pores of signiﬁcant size.
The evolution of internal porosity was analysed by in-situ tensile testing
with incremental XμCT scanning at increasing extension. Specimens
were tested in as-built, HIPped and HIPped + T6’d conditions.
The total volume, quantity and shape of pores within brittle-like asbuilt specimens exhibiting small failure elongation were unchanged at
the ﬁnal in-situ scanning increments (over 90% of fracture extension).
Porosity volume within ductile HIPped specimens increased uniformly
under tension up to the onset of substantial void growth and
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accumulation, at which point porosity drastically increased primarily in
the region where the specimens split. An increase in pore frequency is
likely the result of reopening of small pores initially collapsed by HIPping. Large pores that remained open were elongated in the loading direction and transversely ﬂattened before void growth development,
with shape change occurring largely without volume variation at
small extension. Prominent pores in the vicinity of initial damage appeared to dictate the path of void growth. The tensile response and
pore evolution for HIPped specimens with markedly different porosity
(1.10% and 0.28%) was not appreciably different. Damage propagation
began visibly earlier within the HIPped + T6’d specimen, however substantial void growth and coalescence was not observed in the build up
to less ductile failure.
The approach outlined here can be used to investigate the evolution
of pores of different size, shape and orientation within AlSi10Mg and
other alloys processed using varying LPBF parameters and build
conditions.
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