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SYNOPSIS

Additive manufacturing can be used to produce complex, custom geometries,
consolidating different parts into one. This 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.
This project aimed to characterise porosity in both solid and lattice cube samples
produced by laser powder bed fusion, with the differences in porosity induced by
changes in the process parameters, and subsequently, characterising the effect
porosity has on corrosion. The alloy used in this investigation is AlSi10Mg, which is
widely used in the aerospace and automotive industries. Samples were studied before
and after corrosion using X-Ray computed tomography (CT scanning), metallographic
examination and scanning electron microscopy (SEM), as well as compression testing
for the lattice cubes. It was found that higher laser power leads to more porosity and
lower surface roughness. CT scanning was a very effective method to study corrosion
using aligned CT images of before-after states. Porosity did not have an effect on the
corrosion during the early corrosion stages (168 hours). The manufacturing process
parameters induced differences in porosity and surface conditions, but did not strongly
affect corrosion. It is probable that crack initiation sites such as internal porosity and
defects are filled with corrosion product, delaying the onset of cracking and failure, and
the corrosion product that fill the voids adding to the full strength of the lattice will also
slightly increase the compressive strength of the samples.

Keywords: metal additive manufacturing, laser powder bed fusion, corrosion,
AlSi10Mg, porosity, X-Ray tomography
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CHAPTER I: INTRODUCTION

Aluminium alloys have a large range of applications where lightweighting is desirable.
Traditionally, aluminium alloys, such as AlSi10Mg, are manufactured using casting
processes that yield parts with well-known and extensively characterised properties.
Today, an alternative method is available, namely additive manufacturing (AM). This
process can produce similar and even more complex parts compared to casting, but
the properties of these parts are not yet as widely characterised.

By using additive manufacturing, complex geometries like lattice structures can be
produced and parts can be consolidated which in turn reduces the required number of
assemblies [1]. AM terminology follows the ISO/ASTM 52900:2015 (E) standard,
where powder bed fusion is described as a process that uses thermal energy to
selectively fuse powder bed regions [2]. This process can use an electron beam or a
focused laser beam. This project used laser powder bed fusion (L-PBF). L-PBF uses
a laser to melt a metallic powder according to a design specified on a digital model.
This is done in consecutive layers, until the component is completed [1].

The L-PBF process has sharp thermal cycles (high temperature gradients) caused by
rapid and repeated melting and solidification.  This, along with solid-state
transformations as well as directional heat transfer, create a few challenges during
production [3]. Among these challenges are residual stresses, which causes distortion
and poses a cracking risk, an increased surface roughness compared to cast alloys,
difficulty in obtaining fully dense parts, and a need for post processing [4]. The high
temperature gradients can also make the as-built parts susceptible to solidification
defects such as inhomogeneities in the microstructure, porosity and inclusions, as well
as micro-cracks that form during solidification [5].

The alloy used in this project is AlISi10Mg, which is mainly used in the automotive and
aerospace industries, as well as in electronics cooling [6—-8]. The effects of defects on
corrosion properties is still being investigated and the question remains regarding to
what extent defects, such as porosity, will affect corrosion progression. In order to
answer this question, this project analysed the corrosion of AlSi10Mg L-PBF solid and
lattice structures, both with different porosity contents and surface conditions induced
by varying one of the manufacturing process parameters. The non-destructive
characterisation of the solid cubes was described in the article in the APPENDIX. This
article is in its final proof stage and has been accepted for publication.

HYPOTHESIS

AM of solid and lattice AISi10Mg cubes, using L-PBF, will display different corrosion
effects for different microstructures, porosity contents and surface roughness
conditions, which are obtained by varying one of the L-PBF process parameters. The
process-induced porosity will play a crucial role in the corrosion progress that will be
specifically relevant to complex designs with thin walls, such as lattice structures.
Higher corrosion resistance is expected for finer microstructures, smaller amounts of
porosity and smoother surfaces. Analyses of these corrosion effects will enable
optimisation of the process parameters for desired outcomes in AM, L-PBF.

In order to explore this hypothesis, this dissertation provides background theory in
Chapter Il, the materials and methods used in Chapter Ill, results and discussion of
results in Chapter IV and conclusions in Chapter V.
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CHAPTER II: BACKGROUND

1. Additive Manufacturing (AM)

Additive manufacturing (AM) techniques can be divided into seven process categories,
of which one is PBF, which was used in this project. [2]. With PBF, the heat source
is most often either an electron beam (EB) or a laser (L). PBF can produce a near net-
shaped part after printing, without needing additional steps such as casting, machining
or sintering. However, it will still require post-processing such as heat treatment,
baseplate and support removal, leftover powder removal and surface treatment such
as polishing, depending on the application [1].

AM techniques vary in their maximum possible component size, production times,
ability to produce complex geometries and product quality in terms of dimensional
accuracy and defects. With PBF, the time for production can be quite high because of
limits related to feed rate of the powder, low layer thickness and scanning speed. This
makes it more suitable for smaller parts. The smaller powder particles compared to
other processes allow for a better surface finish and more intricate geometries.
Improved dimensional accuracy is achieved with electron beam and laser due to
controlled melting and solidification, as compared to DED (directed energy deposition),
especially with the DED wire feedstock-electric arc process where intricate shapes are
not possible. The main factors affecting the product surface quality include type of alloy,
shape, morphology and size of the powder, focal spot size of the heat source and
parameters of the chosen process [1].

1.1 Laser Powder Bed Fusion (L-PBF)

Laser powder bed fusion (L-PBF) is a fast growing manufacturing technigue, with
significant quality improvements in recent years, which uses a laser to melt a metallic
powder according to a design specified on a 3D design program. This is done in layers,
until the component is completed [1]. The process starts with the designing of a part
in a 3D-CAD program. This model is sliced into layers and transferred to the L-PBF
machine. Then, the metal alloy powder is placed on a substrate as a thin layer. The
laser then melts the powder in layers, according to the model information it received.
This is done in an inert atmosphere, leaving behind a merged solid layer of the part
being produced. The laser repeats this for each layer, until the part is completed [1,9].

1.2 L-PBF parameters

Figure 1 shows the parameters that control the L-PBF process. The most important
parameters are laser power, scanning speed, layer thickness and hatch spacing [4].
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Figure 1: Process controlling parameters [4]

Hatch spacing refers to the distance between two laser beams in sequence [10]. Hatch
spacing and the three other main parameters are illustrated in Figure 2.

Figure 2: lllustration of the four main process parameters in L-PBF [11]
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The parameters that affect L-PBF can be split into four categories, namely laser,
powder, temperature and scan-related [4]. Different combinations of these variables
lead to changes in quality of the printed parts. These changes are observed in the
mechanical properties, microstructures and surface finish of the parts. A relatively
recent study has shown that shielding gas flow can also influence the quality of the
printed parts [12]. It provides an inert atmosphere to avoid nitration or oxidation by
reducing the pick-up of reactive gases in the liquid metal. The shielding gas is also
used to remove by-products of the process, such as spatter particles [12]. This means
the gas flow needs to be homogeneous over the build platform, to ensure sufficient
removal.

The processing and design parameter ranges for L-PBF is shown in Table Figure 1. It
should be noted that this table only gives a general overview across a range of L-PBF
machines and for different materials.

Table 1. Ranges for typical L-PBF processing and design parameters [1]

Parameter Range
Power (W) 50-1000
Scan speed (mm/s) 10 -1 000
Maximum build size (mm x mm x mm) 500 x 280 x 320
Dimensional accuracy (mm) 0.04-0.2
Surface roughness Ra (um) 7-20

2. The porosity of L-PBF parts

There are three main types of porosity in L-PBF parts, namely spherical pores (usually
entrapped gas), lack of fusion defects and keyhole pores [13]. The unmelted powder,
or lack of fusion defects (LOFDs) come from insufficient overlap during the melting
process, or insufficient power for melting. This either creates an area of poor bonding
or in extreme cases also unmelted powder in the cavities remaining [14]. With keyhole
pores the mechanism is different. Here a depression well is formed with vapour which
becomes unstable and this can create a keyhole pore. Examples of each of the three
porosity defects are shown in Figure 3.
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Figure 3: Examples of possible defects (left) spherical pores, (centre)
unmelted powder and (right) keyhole pore [13]
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Porosity in L-PBF parts is usually influenced by scanning speed, laser power, the
thickness of the layers and energy density, amongst many other parameters. Energy
density is a simple relation used to evaluate the process parameters but needs to be
used carefully [15]. Equation 1 defines energy density as a function of beam power
(P), scan speed (V), layer thickness (L) and hatch spacing (H) [16]:

. P .

Energy density = -~ Equation 1
If power, layer thickness and hatch spacing are kept constant, this equation shows that
the scan speed and energy density are inversely proportional. However, this
relationship does not take spot size of the laser into account, or many other unique
properties of different laser beams, powder sizes, ambient conditions and material
specific properties. This means that the concept of energy density must be used only
as a rough indicator and should be used with care - even with the same energy density
significantly different melting conditions can occur.

From the schematic illustration in Figure 4 it can be seen that high scanning speeds,
and therefore low energy density, lead to lack-of-fusion pores forming and on the other
hand, low scanning speeds with high energy density create keyhole pores. It can also
be seen that porosity never fully reaches 0%, even at intermediate levels. Depending
on the material, the optimal energy density will change.

& Energy density

Power = constant
T Keyholing ! :Lack—of-fusion
= . porosity ! ! porosityb
= : :
= . :
=) | '
o ' '
: :
: E
Fully : :
dense

Scan speed =

Figure 4. A typical trend of part porosity with changes in scan speed and
energy density (at constant power) [16]

Finding an optimal combination of process parameters has been shown to minimise
porosity down to 0.01%, so 99.99% dense [17]. The onset and transition in pore types
were shown to differ between keyhole mode and lack-of-fusion pores, with the lack-of-
fusion transition being much sharper than the keyhole mode with changing power [17].
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3. Thealloy AlSi10Mg

AlSi10Mg is an aluminium alloy containing approximately 10% Si and 0.35% Mg. Itis
typically used in the automotive and aerospace industries due to its high strength to
weight ratio, and has good thermal conductivity so is also used for cooling/heat
dissipation of components in electronics [6—-8]. The typical chemical composition is
shown in Table 2 for the additive manufactured (AM) and cast AlSi10Mg alloy.

Table 2. Chemical composition range of AISi10Mg in AM and Casting

Si Mg Ti Zn Cu Ni Al
9.00 —|0.25 —|0.00 —| 0.00 —|0.00 —|0.00 —

AM 6] 11.00 |0.45 |05 |0.10 |005 |0.05 Bal.
9.00 — | 0.40 — 0.00 —|0.00 —|0.00 —

CastA3601[8,18] | 1500 |00 |%%° |o050 |060 |050 Bal.

3.1 Microstructure

Figure 5 shows the typical microstructure of the L-PBF as-built AlSi1OMg alloy in
Figure 5(a), with Figure 5(b) showing a high magnification image taken with SEM to
illustrate the eutectic silicon (Si) that segregates on the a-Al grain boundaries.
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Figure 5: Microstructure of (a)the as-built L-PBF AISilOMg with (b) high
magnification SEM image revealing Si segregated on the boundaries
of a-Al [19]

The eutectic, acicular Si is present as inter-dendritic arms along the a-Al grain
boundaries, with the a-Al grains present in columnar form [5,19]. Figure 6 shows an
isometric view of an AM cube in Figure 6(a), with the typical microstructure for two of
the planes in Figure 6(b) and Figure 6(c). This microstructural anisotropy can cause
anisotropy of mechanical and other properties in the manufactured part.
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Figure 6: (a) Isometric view of L-PBF cube showing 3 views, microstructure of
as-built (b) XY-plane and (c) XZ-plane (Adapted from [20])

The amount of Si that remains in the liquid is reduced through fast cooling by extending
Si solubility in the Al, which means the a-Al solidifies preferentially in the cellular
structure, thereby leaving residual Si to accumulate at the grain boundaries [20].

3.2 Characterisation of L-PBF parts

The microstructure is initially defined by the rapid cooling rate of the L-PBF process,
which leads to an ultra-fine-grained structure [21]. For an Al-Si system, the aluminium
matrix is cellular and supersaturated with a surrounding silicon particles network [22].

Conventional Al-alloy castings form large needle- or rod-like silicon (Si) particles in the
aluminium (Al) matrix, however with L-PBF; the microstructure is typically eutectic with
very small silicon particles. The aluminium matrix is initially cellular-dendritic. The fine
and fibrous silicon dispersion improves the mechanical properties of the as-built alloy.
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There are three distinguishing zones in the melt track of cellular nature, namely the C
zone (coarse cellular), the F zone (fine cellular) and the T zone (transitional) [23].

This is shown in a close-up in Figure 7 and as the basis image in Figure 8(a). There
is a transition zone between the coarse cellular zone and the fine cellular zone,
indicated with yellow dashed lines.
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Figure 7: Microstructure with three distinguishing zones outlined. (Adapted
from [23])

In the T zone in Figure 8(b) it can be seen that the network of eutectic Al-Si is partly
broken by silicon coarsening into idiomorphic particles. This is attributed to the
diffusion rate increase of silicon. Figure 8(c) shows the melt pool interior with F zone.

Figure 8(d-f) shows the effect that solution heat treatment has on the microstructure.
The microstructure coarsens more as temperature is increased from 450 °C to 550 °C,
each for two (2) hours [23]. For the lower solution treatment temperature, the silicon
particles are still small and dispersed uniformly in the matrix, but as the temperature
increases, the silicon particles start coarsening. Artificial ageing further coarsens the
microstructure, as shown in Figure 8(g-i). This coarsening shows that the
supersaturated silicon in the as-built aluminium matrix is precipitated out with heat
treatment. This decrease in number of particles can be due to particle coalescence or
Ostwald ripening. Ostwald ripening is when small particles dissolve and are then
deposited onto larger particles [23].
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Figure 8: Microstructural evolution of L-PBF AISilOMg with (a-c)as-built
condition, (d-f) solution heat treatment and (g-i) solution treatment
and artificial aging [23]

Schematically, the eutectic silicon in the supersaturated Al-matrix is rejected so that
they can form small particles, thereby blurring the cellular boundaries, as shown in
Figure 9 from Phase A to Phase B. The silicon particles tend to precipitate along the
cellular boundaries, coarsen and then distribute evenly over the matrix surface, as
shown in Figure 9 with Phase C [23].
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Figure 9: Microstructural evolution schematic during solution treating and
artificial ageing [23]

The higher strength of the as-built Al-alloy is attributed to its fine microstructure which
is a result of the rapid melting and solidification it experiences during printing [20,21].
As the microstructure coarsens, the strength is adversely affected. This is
demonstrated in the Hall-Petch equation, shown in Equation 2 [24]:

0y af+\/D_GS Equation 2
Where oo is the yield strength, otis the friction strength opposing dislocation motion,
Kyis a strengthening coefficient which is unique for each material, and Dacs is the grain
size [24]. The equation shows that the strength of a material has an inverse
relationship to its grain size, meaning as the grain size becomes smaller, the strength
increases [25].

3.3 Alloy properties

Table 3 shows the typical mechanical properties for AM-AISi10Mg in the as-built
condition as well as after a T6 heat treatment. A T6 heat treatment refers to solution
heat treating (five hours at 530 °C, water quench [26,27]) and artificially ageing (11-12
hours at 160 °C [26,27]) to peak hardness [28].

Table 3: Mechanical properties of L-PBF AlSi10Mg as-built and in T6
condition [19]

Mechanical Properties As-built T6 condition
Ultimate Tensile Strength (MPa) 333+15 292+4
Yield Strength (MPa) 268+2 23912
Elongation (%) [19] 1.4+0.3 3.9+0.5
Elongation (%) [22] 4 10
Hardness (HV) 125+1 100-105
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Table 4 shows the mechanical properties obtained after a typical stress relief treatment,
which is two (2) hours at 300 °C, followed by air cooling [3,6,26,27,29,30]. The heat
treatment is done in a vacuum- or argon-atmosphere oven.

Table 4: Mechanical properties of L-PBF AISi10Mg after stress-relieving heat
treatment [29-31]

'\4?322222? As-built Stress-relieved
Tensile Strength (MPa) 302-443 257-319
Yield Strength (MPa) 177-277 151-207
Elongation (%) 3.9-8.0 7.0-19
Elongation (%) [32] 6-9 11-12
Hardness (HV) 125-127 1075

The values as seen in Table 3 and Table 4 are a combination of values obtained from
three different sources. These sources most likely used different process parameters
for L-PBF, which can lead to the large variation in values seen. It can be seen from
Table 3 and Table 4 that the elongation values found for the as-built samples vary.
This is due to each source using different process parameters, L-PBF machines and
powders. They are not recommended values, but values obtained in specific studies
[19,22], and from powder suppliers [29,33]. In Table 5 the mechanical properties of
the as-cast die-cast A360 is compared to the as-built L-PBF AISi1lOMg. As there is no
anisotropy in die-cast A360 compared to anisotropy in L-PBF AISi10Mg, this will create
a difference in mechanical property values obtained for both.

Table 5: Mechanical properties comparison between die-cast A360 and L-PBF
AISiOMg for as-produced state

Mechanical Properties As-built AISi10Mg A360-F
[Tge’;:"leasztg?;‘i]th (MPa) 333, 425-478 300-350
Ei;g’lig;”z](%) 1.4-4.0 3-5
21203050 6,69 ”
Eg;k;éssga;jigzi“’ (HV) 120-127, 116-136 95-105

There is good correlation for yield strength. The strength (both tensile and yield) and
the hardness are much higher for L-PBF than for the die-cast alloy. In Table 6 the
properties are compared in the T6 condition.

Page 25 of 109
Back to ToC



Table 6: Mechanical properties comparison between cast A360 and L-PBF
AlISiOMg for T6 condition

Mechanical Properties AlSi1l0Mg-T6 [19] A360-T6 [21,34,36]
Tensile Strength (MPa) 292 330-365
Yield Strength (MPa) 239 285-330
Elongation (%) 3.9 1.6
Elongation (%) 10 [22] 3.5
Vickers hardness (HV) 100-105 130-133

From Table 6 it is clear that the die-cast A360 exhibits improved hardness after a T6
treatment, but the L-PBF AlSi10Mg has decreased values compared to as-built. For
L-PBF, the T6 treatment improves elongation at the cost of reduced strength and
hardness. Table 7 shows the mechanical properties comparison between AlSi10Mg
made by L-PBF and by casting.

Table 7. Mechanical properties comparison between AlSi10Mg produced by L-
PBF and by casting for as made and T6 [37]

Mechanical Properties L-PBF L-PBF-T6 Cast Cast-T6
Tensile Strength (MPa) 160 192 193 309
Yield Strength (MPa) 159 171 99 242
Elongation (%) 1.59 1.77 6.52 6.89
Vickers hardness (HV) 1072 109+3 67+3 1086

From the tables it can be seen that the as-built L-PBF AlSi1OMg has hardness values
comparable to the die-cast Al in the T6 condition. This is attributed to the refined
microstructure obtained during L-PBF, compared to the cast microstructure [38]. The
difference in T6 responses between the L-PBF and the cast alloy is based on the
different strengthening mechanisms that govern. The finer microstructure of the L-
PBF alloy results in strengthening by the Hall-Petch effect, which states that the
smaller the grain size, the stronger the alloy [25]. On the other hand, the T6 heat
treatment strengthens mainly by precipitation hardening. However, coarsening of the
L-PBF microstructure occurs during the solution heat treatment resulting in a lower
strength in the T6 condition than in the as-built condition.

A study done by Mertens et. al. [38] compared the mechanical properties of the as-
built AISi10Mg with stress-relieved and T6 conditions. For hardness, the as-built had
the highest value, followed by stress-relieved, and lowest for T6. The same trend was
seen for the ultimate tensile strength (UTS). An inverse relationship was seen for the
elongation, as T6 had the highest elongation, and as-built the lowest.

The vyield strength, however, had a different response. The T6 condition resulted in
the highest yield strength, and stress-relieved the lowest. Microstructural examination
of the stress-relieved sample did not show significant differences compared to as-built,
so the improvement in ductility is attributed to relief of residual/ internal stresses.
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However, the T6 microstructure showed an altered microstructure, where the fine
lamellar structure has become completely globular [38].

These are some indicative examples. The study by Aboulkhair et. al. [19] used 200 W
laser power and 25 um layer thickness with a Renishaw AM250 L-PBF machine to
print their samples. The tensile samples were ‘dog-bone’-shaped according to the
ASTM E8/E8M-15a standard [39]. The results obtained by SLM Solutions [29] was
with one of their own machines, with 400 W laser power and 30 pum layer thickness.
The tensile samples were tested according to the ISO 6892-1 standard [40].

Table 8 gives the thermal properties for the AlISi10Mg manufactured parts before post-
processing.

Table 8: Thermal properties of L-PBF AISi10Mg [32,33]

Thermal Properties Metric
Thermal conductivity (W/m-°C) 110-120
Specific heat capacity (J/kg-°C) 910 £ 50

3.4 Influence of Alloying Elements and heat treatment

This Al-alloy has a low density with a high thermal conductivity, along with a very high
electrical conductivity and high specific strength. It also has high corrosion resistance
[6]. Several papers refer to these properties as a desirable combination for the
aerospace and automotive industries where light weight combined with the ability to
conduct heat away from the source quickly is required [15,37,41].

AlISi10Mg is one of the most widely researched alloys for aluminium laser powder bed
fusion (L-PBF), with a relatively high silicon (Si) content [22]. A lower Si content than
with the Al12Si alloys can be beneficial to limit the amount of free, excess Si particles
which can provide a path of less resistance for cracks to grow. Fatigue cracks have
been found to propagate along the Si particle — AlSi matrix interface [42]. For samples
in a tensile test it was seen that the fracture path mainly proceeds through the free Si
particles [42]. The addition of magnesium (Mg) to the Al-Si alloy can help improve
heat treated strength as opposed to the alloys without Mg, as it forms strengthening
Mg2Si precipitates, thereby also reducing the amount of free Si [22]. Heat treatment
is required for AM parts, despite achieving adequate strengths in the as manufactured
state, because it also reduces anisotropy (differences in properties as a function of
direction) by changing the microstructure [43]. Heat treatment is also often used to
reduce residual stress, which can cause anisotropic properties due to local variations
in the stress build-up [43]. However, microstructure also plays a role in anisotropy, as
mentioned in the description for Figure 6. Heat treatment can also improve the
microstructure. Itis also important to have a good combination of strength and ductility.
It is evident in Table 3 that the as manufactured sample has good strength but is also
very brittle. The T6 heat treatment and stress relief treatment both increase the
ductility [19,22,29,32].

To understand why the Si and Mg additions are beneficial, it is important to understand
the properties of elemental Al powder. Aluminium powder on its own exhibits reduced
flowability (powder’s ability to flow in a preferred way [44]) compared to when it is
alloyed, making deposition of the powder layer for laser melting difficult [22].
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This is mostly due to the inherent low density of aluminium and the powder’s irregular
shape. The irregular shape is a result of oxide islands forming during atomisation,
creating pinning points and interfering with the surface tensions trying to form
spheroids [22]. Gas atomisation is a process where molten metal is subjected to a jet
of air, helium, nitrogen or argon at high velocity and subsequently dispersed. Nitrogen
or argon is used to reduce the oxygen content and prevent oxidation during
atomisation and powder production [45].

Figure 10 shows the powder morphology for AlISi10Mg, in comparison with a Ti-6Al-
4V powder. It can be seen that the Ti-alloy powders are more spherical than the Al-
alloy grains [22,46]. Both the AISi10Mg and Ti-6Al-4V powders from Figure 10(a) and
Figure 10(b) respectively were gas atomised [46]. The AISilOMg and Ti-6Al-4V
powders from Figure 10(c) and Figure 10(d) respectively were obtained from
Electro Optical System (EOS) GmbH, Germany [47,48].

Figure 10: SEM images of (a) AlSilOMg and (b) Ti-6Al-4V powder [46] with
50 um scale bar and (c) AISi10Mg [47] and (d) Ti-6Al-4V powder [48]
with 100 pm scale bar

Another characteristic of aluminium is its high reflectivity, meaning a higher than usual
laser energy for melting is needed. The amount of absorption will differ from the
already melted solid to the fresh powder, creating temperature gradients during
overlapping scans. This in turn can lead to balling (spherical particles that cluster on
the surface of the manufactured component [49]) via convective heat flow. The
addition of silicon to the alloy increases the absorptivity, allowing the alloy to be melted
more easily [22].
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Along with its high reflectivity, aluminium also has high thermal conductivity. This
means that not only does a large amount of energy from the laser get reflected, but
the heat is also conducted away from the melt pool quite rapidly [22].

The silicon addition is beneficial in this regard as well, as the Al-Si alloy system has a
smaller range of temperatures wherein it solidifies, thereby experiencing more
isothermal solidification. This decreases the risk of distortion and cracking [22].

With the alloy in powder form, the size distribution as well as shape becomes important,
since a more spherical shape will improve flowability. However, too fine particles can
reduce flowability and if the particles are too large, then the required laser energy for
melting the entire particle is increased. If there is already porosity present inside the
powder (as is typical for gas atomisation), this can introduce porosity into the printed
part [50]. The typical particle size of the powder for LPBF of AlSi10Mg ranges from 20
to 63 pm [29].

4. Micro- and NanoCT scanning

MicroCT scanning (Computed Tomography) is used for determining not only that there
Is structural integrity, but also for dimensional accuracy in the build of AM parts. It is
also a non-destructive test (NDT). The process uses X-rays to form a ‘shadow’ image,
as they project past and through the sample. This can pick up the presence of
inclusions, cracks or pores [51].

The porosity is quantified and identified and the distribution throughout the sample is
verified. Micro- and NanoCT scanners are available, with the MicroCT scanner having
a larger size capacity than the NanoCT machine. Unlike normal radiography, the CT
scan records these images from various angles while the sample is rotated, thereby
creating a full 3D image. This is followed by an algorithm that uses back-projection to
calculate the density of the material at each point [51].

The result is a 3D image with higher contrast, location and pore information, such as
the distance from pore to surface, amongst others [51]. MicroCT scanning allows for
an image with a clear view of where the porosity and corrosion are present in the
specimens.

This is illustrated in Figure 11 and Figure 12. Figure 11 shows the porosity analysis of
two different cubes where Figure 11(a) shows a large amount of porosity along with
irregular shaped pores and Figure 11(b) shows mostly contour porosity.
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Figure 11: CT scan analysis showing cube porosity for different samples

with (a) high porosity and (b) contour porosity [52]

Figure 12 shows two other cubes, with Figure 12(a) displaying subsurface porosity
near the top surface and Figure 12(b) has almost no porosity.
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Figure 12: CT scan analysis showing cube porosity for different samples
with (a) subsurface porosity and (b) almost no porosity [52]

5 Density methods and measurements

Non-destructive testing (NDT) is useful to determine sample integrity or density without
having to destroy the sample. NDT methods that are used often are the Archimedes
method, gas pycnometry and X-ray Computed Tomography (CT) scanning.

5.1 Archimedes method

The Archimedes method has the advantage of being relatively simple, cheap and fast.
It calculates density based on the part's mass measured in air and measured in liquid
(such as water or acetone). It is useful to have a scale that is accurate to at least four
decimals. A draft shield will also help to improve accuracy of results as measurements
are sensitive to external environmental influences around the sample [53].
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The density of the part is calculated according to Equation 3 [54]:

p=—"_xp; Equation 3

B (ma-my)

Where p is the density of the part, p. is the temperature dependent liquid density, ma
is the part mass in air, and m. is the part mass in the liquid. Acetone is recommended
only in its pure form, as it is hygroscopic (absorbs moisture from air), otherwise de-
ionised or distilled water is preferred to minimise air bubbles, which will affect the mass
measurements [55]. The disadvantage of this method is that it can only determine
bulk density relative to the fluid used for measurement, as well as assuming a literature
value for 100% dense material. This assumed value can change depending on
chemical content, presence of inclusions and microstructure. Porosity present in the
part is then determined by comparing the Archimedes density to the reference density
for the material. This also means localised pores cannot be individually evaluated [54].

5.2 Gas pycnometry

Gas pycnometry is a process that measures part volume by displacement of an inert
gas, usually helium (He). Part density is calculated by measuring the mass and
volume of the parts separately. As with the Archimedes method, pycnometry is
relatively simple, 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
porosity is then again determined by comparing the calculated density to the reference
density [54]. The principle of gas pycnometry is depicted graphically in Figure 13.
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Figure 13: Gas pycnometry principle [56]
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5.3 CT scanning

Wits et. al. [54] compared NDT methods and found that CT scans can not only
measure pore areas that are smaller than the detectable size for microscopic methods;
but also predict higher accuracy densities than Archimedes. It also allows further
analysis of the porosity present in the parts, such as measuring sphericity, calculating
pore distribution and evaluating defect volume both on the surface and inside the
sample [54,57].

6. Corrosion testing

6.1 Salt spray testing

Salt spray testing is an accelerated corrosion test, designed to simulate saline
atmospheric environments. It involves placing prepared samples in trays supported
on racks, or suspending the samples from the racks in the salt spray fog chamber.
The samples are placed at an angle of 15 to 30° from the vertical, to minimise the
possibility of droplets stagnating on a horizontal surface (condensation pooling). The
chamber is closed, and the test time and chamber temperature are set. The salt
solution is atomised and delivered at a constant rate to form a free-falling mist which
can settle uniformly over the samples [58,59].

The applicable standard for salt spray testing apparatus is ASTM B117-18 [60]. The
salt solution consists of 5 parts by mass sodium chloride (NacCl) dissolved in 95 parts
of water. The NaCl should contain less than 0.3% by mass total impurities. The pH
should range between 6.5 and 7.2 [60].

Both the ASTM standard as well as the ISO standard (ISO 9227:2012) [61] state that
the amount and type of specimen depends on the metal being tested [60,61]. The
parameters should be agreed upon between the interested parties [61]. In the military
industry a test time of 168 hours is used [62]. The ISO 9227:2012 standard specifies
a temperature of 35 °C +2 °C for a neutral salt spray, as well as recommending
exposure times starting from two (2) hours to six (6), 24, 48, 96, 168, 240, 480, 720
and up to 1 000 hours [61].

Acetic acid salt spray testing can be done if neutral salt spray testing does not yield
significant results. Itis a recommended test for aluminium alloys with organic coatings.
The temperature and salt concentration remain the same as for the neutral salt spray,
but the pH is lowered to between 3.1 and 3.3 using glacial acetic acid [61].

Previous studies with L-PBF AISi10Mg using salt spray testing have been done. One
study by Lancea et. al. [63], used exposure times from 100 hours in 50 hour
increments up to 250 hours. Salt solutions of both 5% NaCl as well as 10% NaCl were
used. They concluded that this type of accelerated corrosion test was an efficient way
to determine the corrosion behaviour [63]. The study by Zaharia et. al. [64] used ISO
9227 [61] with 5% NaCl and an accelerated test with 10% NaCl for a honeycomb lattice
structure. A total exposure time of 240 hours was used, with a time step at 96 hours.
They found that the corrosion rate increased with an increase in exposure time [64].
Another study by Zakay & Aghion [65] used a salt solution of 5% (NH,),SO, +
0.5% NacCl for 40 days at 40 °C. They tested samples in the as-built condition as well
as heat-treated at 200 °C, 300 °C and 400 °C [65].
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The results showed that the samples heat treated at both 200 °C and 300 °C had the
lowest corrosion rate, followed by the untreated samples. The samples heat treated
at 400 °C had the highest corrosion rate [65].

A study was carried out by Forn et. al. [66] on corrosion behaviour of a copper (Cu)
and silicon (Si) containing Al-alloy produced by semi-solid rheocasting, using acetic
acid salt spray testing. Samples in the as-cast, T5 (artificially aged) and T6 (solution
treated and artificially aged) conditions were tested. The cross-sectional surfaces of
the samples are shown in Figure 14. The T6 sample shows the smallest pitting depth
of the three samples.

As-cast

K / - "
Y b

-..,.

‘ > » )

v ,“_ o - ¢ . - y o “

& 3 - Aoa Dl o ¢ X » H " ... }'.:-

Figure 14: Cross sections after 72 h in acetic acid salt spray [66]

Forn et. al. [66] identified the intermetallics present in the samples through SEM
analysis. The as-cast and T5 samples contained AlFeSi, AlFeMgSi, AlCu, Si and
AlCuFeMn particles. The T6 sample only contained Si and AICuFeMn particles.
Corrosion occurred preferentially through eutectic Si regions and around the
intermetallics. This was linked to their cathodic behaviour compared to the a-Al. The
T6 corrosion process occurred through two mechanisms. Firstly, advancing of
corrosion around the intermetallics (Figure 14 T6a) and secondly by semi-circular
pitting of the matrix. When the Si particles are spread further apart it hinders the
advance of the corrosion around them [66].

7. Surface roughness

Usually Al parts manufactured using L-PBF can have a surface roughness ranging
from 7 um up to 20 um [1,67]. Surface roughness depends on aspects such as part
geometry, surface orientation, powder size, laser power, layer thickness and scan
speed [68]. Spatter, partially melted powder and balling can lead to extensive bad
surface conditions [69]. Of these three, spatter particles are the largest at roughly
200 um in size. These patrticles are larger than the mean powder size as they spatter
from the melt pool and land on the surface of the powder bed, melting back into the
next layer (combining with other particles). However, when this spatter is too close to
the contours, the melting is only partial, and remains on the surface [69].
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The size of the partially melted powder particles are close to the size of the powder
bed particles, i.e. 20 um to 50 um [69]. The balling effect is seen at higher scan speeds,
decreasing surface quality. The elongated melt pool experiences a division effect
which causes the balling [4]. It should be noted that extensive lack-of-fusion, lack of
contour scanning and other interrelated parameters of the L-PBF process can also
lead to higher surface roughness [68].

Surface roughness is usually measured with a machine that uses a calibrated stylus
to measure the differences in surface texture along a line and giving the average value.
The surface profile can also be acquired in CT scanning at a high resolution, allowing
investigation of the surface profile such as in [52,70,71]. This is illustrated in Figure
15.
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Figure 15: CT scan analysis showing surface roughness measurements for four
different cubes, with the CT-derived areal roughness Sa values
superimposed on the corresponding images [52]

Surface roughness can also be measured using an optical microscope with analytical
software to plot a surface map of the sample and return surface roughness values,
such as Sa (difference in each measurement point’s height compared to the average
of the surface [72]) and S: (surface profile defined as the maximum height between
the largest peak and largest pit in an area [73]), along with a colour scale three-
dimensional (3D) map showing the dips and peaks of the surface. This method uses
Sa rather than Ra, as the software takes the line roughness profile parameter Ra
(average of individual measurements over a line’s valleys and peaks [74]) and expands
it three-dimensionally, i.e. it calculates over an area rather than just a line.
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This is the same method as with the CT-based roughness method, using the optical
microscope to obtain the surface points instead of X-ray tomography. This makes Sa
the arithmetical mean height, the average of the Z (x,y) ordinate within the area
analysed [75]. The Sa principle is shown in Figure 16.

Arithmetical mean
of these absolute
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This figure demonstrates one example. In actuality, all surface
height changes are evaluated.

Figure 16: Schematic of the Sa measurement principle (left) [75] and (right) [72]

8. Al-alloy corrosion
Aluminium and its alloys are susceptible to various forms of corrosion, such as:

1) Pitting

2) Galvanic

3) Intergranular
4) Stress

5) Crevice

6) Uniform

7 Exfoliation

Pitting corrosion occurs if there are low levels of chloride anions present in the
electrolyte and the “pitting potential” is exceeded [76]. Pitting takes place as a galvanic
reaction between alloying elements, meaning purer alloys are more resistant [77]. The
standard for evaluation of pitting corrosion is ASTM G46-94 [78].

The mechanism of pitting of metal in a NaCl solution is illustrated in Figure 17.
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Figure 17: Pitting of metal in NaCl solution (Adapted from [79])

This mechanism can be broken down into four (4) parts. First, the metal is pitted in
the NaCl solution (chloride anions) by the formation of metal ions at an anodic site,
leading to local instability of the surface layer and environment. Second, there is rapid
dissolution (metal oxidation) within the pit with oxygen reduction on the adjacent
surface, making it a self-propagating process, and increasing the pH on the surface
adjacent to the pit [79,80]. Thirdly, the metal ions’ rapid dissolution creates excess
positive charge in the pit, thereby relocating chloride ions into the pit. This leads to a
higher metal chloride concentration in the pit along with hydrogen ions. With Al, the
aluminium chloride film can stabilise the pit. Finally, the hydrogen and chloride ions
increase metal/ alloy dissolution [79,80]. With Al, the aluminium chloride hydrolyses
into aluminium hydroxide AI(OH)s, which decreases the pH again, increasing the
corrosion rate [80]. When Al(OH); precipitates on the edges of the pit, it covers it and
eventually slows down the corrosion progression by impeding ion exchange [80,81].

The presence of porosity in the metal can also negatively impact resistance to
corrosion in these chloride environments [5] by acting as pre-existing pits for the
solution to enter.

Galvanic corrosion occurs between aluminium electrolytically connected to another
metal which is more cathodic [77].

Intergranular corrosion is described as a selective attack process on grain boundaries
without necessarily attacking the actual grains [76]. These grain boundaries can be
depleted or enriched with alloying elements [77].

Stress corrosion cracking (SCC) is one of the most serious types of corrosion, as it
can cause sudden component failure if not identified promptly [76]. SCC mainly
appears only as cracks, without visible corrosion product [77]. It requires a susceptible
alloy, tensile stresses to open cracks and an agueous environment [76].

Crevice corrosion needs a gap (crevice) to be present, such as an overlap of parts [76].
The crevice becomes devoid of oxygen, leading to dissolution of the aluminium and
the formation of pits [77].

Page 37 of 109
Back to ToC



Uniform corrosion occurs in very high (alkaline) or low (acidic) pH solutions. In these
environments, the aluminium oxide that forms is unstable, therefore less protective
than usual [76].

Exfoliation corrosion is a risk during heavy deformation processes such as cold rolling,
where the grains are flattened [76]. Exfoliation corrosion grows simultaneously
through numerous grain boundaries that run parallel to the surface of the metal. The
metal that remains behind between the corroded boundaries then separates like the
pages of a book [77].

The different types of corrosion are shown schematically in Figure 18.

More noble Metal or
metal nonmetal
No corrosion Uniform Galvanic Crevice

Tensile stress

—

Exfoliation Pitting Intergranular Stress-corrosion
cracking

Figure 18: Types of corrosion (Adapted from [82])

Corrosion behaviour of AM Al-alloys has been described in previous studies [3,83].
Cabrini et. al. [3] investigated the behaviour of the heat-treated AISi1OMg alloy by
means of an intergranular corrosion test (only) according to the 1ISO 11846 standard
[84].

Leon et. al. compared the AM Al-alloy with its cast counterpart, Al-A360, using an
immersion test (ASTM G31-12a [85]) and a polarisation test. The pitting corrosion was
evaluated using ASTM G46 [78]. The results showed that the AM alloy has slightly
better corrosion resistance than the cast alloy due to its finer microstructure [83].

Despite its finer microstructure, the presence of intermetallics or second-phase
particles can cause reduced corrosion resistance, as well as inferior mechanical
properties [5].
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8.1 Surface roughness effect on corrosion

A lower surface roughness can increase the corrosion resistance of L-PBF samples.
This was evidenced in a study by Leon and Aghion [86] where polished and unpolished
samples of AlSi10Mg were corroded in a 3.5% NaCl immersion for 30 days, and the
corrosion rate and depth was measured.

The polished samples displayed a much higher resistance to the corrosion, as the rate
and depth were both lower than for the unpolished samples. The unpolished sample,
upon initial visual inspection, already revealed a lower resistance due to corrosion
products and multiple pitting sites [86].

The cross-sectional views also displayed that the pits in the unpolished sample
penetrated deeper and were more irregular in shape compared to the polished sample.
The higher surface roughness, and therefore passive surface area around the pit,
acted as a cathode, with the pit tip as the anode, and amplified the corrosion [86]. The
NaCl solution acts as an electrolyte, and the internal pit arrangement in the unpolished
samples allows for the possibility of electrolyte stagnation. This creates severe
autocatalytic corrosion [86]. This concept is illustrated in Figure 19.
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Figure 19: Anodic and cathodic reactions on single metal (Adapted from [87])

The cross-sectional views are shown in Figure 20.
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(a) l Unpolished I (b) | Polished

Figure 20: Cross-sectional views of pitting attack with (a) unpolished and
(b) polished specimens after immersion test for L-PBF AISi1lOMg corroded in a
3.5% NaCl immersion for 30 days [86]

8.2  Porosity effect on corrosion

Porosity has been shown to influence corrosion of AM-AISi10Mg [67,83,88,89]. As
with a higher surface area, pores can act as preferential sites for the initiation of
localised corrosion [67]. The study done by Leon et. al. [83] attributed the difference
in corrosion behaviour to the porosity present in each sample, as well as the difference
in microstructures. It was concluded that the AM alloy had a higher corrosion
resistance due to less irregular pores being present than in the cast alloy. Despite the
improved corrosion resistance, the authors felt that the porosity still had a negative
impact on the AM alloy, as the corrosion progression followed the pores where the
melt pool overlapped [83]. Another study has found that reducing porosity content
from 1.56+0.84% to 0.54+0.16% noticeably decreased the amount of corrosion that
took place [89].

8.3 Corrosion product

Metal corrosion is electrochemical in nature, where the anode is oxidised into a positive
ion and released from the surface of the solid metal. For an aluminium alloy in an
agueous solution, the anode is the metal itself, the aqueous solution is the electrolyte
and the cathodic reactions are reduction of hydrogen and oxygen. The reduction
reactions are as follows [80]:

2H* + 2e” - H, (4)

02 +2H20+4'e_ - 40H™ (5)
(where pH is >7)
0, +4H* + 4e~ > 2H,0 (6)

(where pHis < 7)
The oxidised aluminium reaction is [80]:
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Al = AP + 3¢~ ()

These redox reactions lead to the formation of corrosion product, with the reaction as
follows [80]:

AP +30H - Al(OH); (8)

This aluminium hydroxide forms as an insoluble, amorphous white gel [80].

For L-PBF AlISi10Mg in contact with an aqueous NaCl solution the redox reactions
occur as follows for aluminium oxide formation [5]:

2A1 + 3H,0 - Al,05 + 6H* + 6e~ (9)
0, + 2H,0 + 4e~ - 40H™ (10)
Oxygen that dissolves in the electrolyte (aqueous solution) can diffuse into the

interface between the Al alloy and electrolyte can initiate another reduction reaction,
leading to the formation of hydroxyl ions as in reaction (10).

This can contribute to the Al oxidation, allowing for the formation of either an aluminium
oxide or hydroxide [5]:

Al +30H™ - Al(OH); + 3e~ (11)
2Al + 60H™ - Al,05 + 3H,0 + 6e~ (12)

These corrosion products (AI(OH") and Al,Os) have a charge transfer that is higher
than that of the Al substrate. This allows them to decrease the diffusion occurring in
the anodic Al alloy region [5].

The stability of corrosion products is largely dependent on the pH scale of the
environment it is in. Very high (alkaline) or low (acidic) pH environments lead to
unstable film formations, such as with uniform corrosion. The corrosion/product
stability is estimated using the Pourbaix diagram in Figure 21.
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Figure 21: E-pH diagram for pure Al at 25 °C in aqueous solution [90]

It can be seen that in the pH range of approximately 4 to 9 there is less likely to be
corrosion, but rather formation of a passive Al,O; layer. However, as soon as alloying
elements are added, or chloride anions are present, this estimation becomes more
complex. A revised E-pH diagram is given in Figure 22. From this revised diagram it
is clearly seen that localised corrosion is possible in the “passive” region.

Specifically pitting or uniform corrosion can occur in the pH range where passivation
usually occurs, at both high and low potential (Vsce) [90].
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Figure 22: E-pH diagram with corrosion mode based on experimental data for
AA5086 in 0.5M NaCl environment [90]

The corrosion product that forms during corrosion is therefore clearly also dependent
on the elements present in the corrosive environment. The most common corrosion
product that forms is the passive Al,O; layer. However, this ‘aluminium oxide’ that
forms is not always stable or passive [91]. One main advantage of aluminium
hydroxides forming is that they are useful when coating or bonding the aluminium
product, as the hydroxides can bond well with adhesives and lacquers. Too much
hydroxide product, however, will lead to a destabilised surface layer which is also
relatively hygroscopic [91].

Various oxide compounds have been detected as corrosion product for aluminium
exposed to atmospheric elements. The first compound to form is usually aluminium
oxide Al,Os which is then covered by other oxide and hydroxide forms like Bayerite,
AI(OH);.3H,0, and including the hydrated variant tucanite, Al(OH)s.%2H,0, which has
an amorphous structure [92]. Furthermore, the corrosion product that forms first
contains a large amount of water, leading to the formation of the hydrated amorphous
compounds. This aluminium oxide/ hydroxide is a white gel that can cover the
corrosion pits. When the water has evaporated the compound looks more like a white
powder [93].

Secondary reactions can also create various corrosion products that remain
amorphous at room temperature, regardless of the corrosion type that initiated the
formation. An important note is the high volume ratio of corrosion product to corroded
metal, Al(OH);.nH,O/Al, to the order of 6.5 [93].
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8.4 Review studies on Al corrosion

The corrosion behaviour of components produced by AM still requires in-depth study,
in terms of environmental interaction, which can impact both the integrity as well as
the performance of the components. Welding process development in recent years
has indicated that AM metallic parts experience corrosion based on variations in
microstructure and inherent differences caused by the additive manufacturing
processes [94].

Therefore, it can be hypothesized that corrosion susceptibility will also be affected by
any aspects that affect or induce microstructural changes and defects in the
component material [94].

A review by Berlanga-Labari et. al. [94] has compiled the results from other reviews
regarding Al AM corrosion. One result noted that features associated with some AM
processes can create potential nucleation sites for corrosion, including grain direction,
porosity, segregation of the solutes, dislocation networks, surface roughness, oxides
and residual stresses. Another noted the molten pool boundary (MPB) effect, inherent
to some AM processes, implying the presence of thermal stresses and segregation of
the chemical elements, as well as non-equilibrium phases at the MPB, which affects
corrosion behaviour. Additional processing, such as treating the surface, may be
required to minimise corrosion risk. These treatments include anodising, coating and
plasma electrolytic oxidation (PEO) [94].

Another conclusion was that annealing lowered the AM parts’ corrosion resistance due
to microstructural coarsening. The modification of Al-alloys with scandium (Sc) was
shown to decrease corrosion susceptibility in an electrochemical environment in the
AM part even more than in a cast alloy. This is due to the absence of active cathodic
and anodic surfaces. The grain boundaries are also modified by laser melting to
minimise or even eliminate dissolution of the aluminium-scandium precipitate (AlsSc),
thereby improving corrosion resistance [94].

The silicon particles form a continuous network in the as-printed part, and are
distributed uniformly in the Al-matrix, guaranteeing low corrosion current density during
potentiodynamic testing. However, they are transformed into isolated particles during
annealing or heat treatment, creating connectivity loss between particles of Si, which
creates localised areas of lower corrosion resistance. Their density will also decrease
as the annealing temperature is increased, causing a decrease in fretting wear
resistance [94]. Melt pool boundaries (MPB) with a higher Si content can cause a
thinner passive oxide layer to form locally, as high density MPBs negatively affect the
passive layer’s uniformity. This non-uniformity and Si-phase enrichment along MPBs
will decrease the propensity for a thicker passive layer to form [5,89].

There was a general consensus that AM parts have higher corrosion resistance than
the cast Al counterparts, with similar surface finishes, due to the finer microstructure.
Laser melting further improves resistance through the formation of a thick, stable and
dense passive oxide film. It was also noted that uniform pitting distribution was
experienced in the early immersion stages of heat treated AM-AISi10Mg alloys.

It was concluded that the passive layer was more protective during the initial immersion
period, with localised attacks near the Si particles that coarsened during heat treatment.
The heat treatment also caused a potential difference between the Al matrix and
coarse Si galvanic couple [94].
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Another result further explained that the charge transfer resistance of the samples was
higher than the passive/corrosion layer resistance. This confirmed that initially the
behaviour of the corrosion was controlled by uniform corrosion with metastable surface
pitting. As the passive layer is more compact and stable, faster rates of cooling and
solidification limit aluminium dendrite and Si precipitate coarsening, decreasing
potential differences between them in that area and decreasing susceptibility to pitting
or selective attacks. AlSi10Mg has experienced selective penetration, as a region of
non-equilibrium, due to the Si particles that are isolated and then segregated in MPBs.
The lower potential difference also decreases the susceptibility of intergranular
corrosion, although the addition of Mg is also said to decrease intergranular corrosion
[94].

Salt spray corrosion testing usually results in pitting corrosion, due to the presence of
chlorides in solution. However, some corrosion product is also formed. One result
used energy dispersive spectroscopy (EDS) analysis to identify the product as Al,0O;
on the surface and Al,O3; with MgCl, inside the pits [94]. Table 9 shows a summary of
different corrosion tests and their relationship to specific detection techniques.

Table 9: Corrosion tests and detection techniques (Adapted from [94])

Al-alloy & Detection Corrosion

manufacturing | Corrosion Test Solution :
Technique Type
process
L-PBF- Immersion / 0 Pitting /
AlSi10Mg Potentiodynamic 3.5% NaCl | OM, SEM-EDS Fatigue
L-PBF- Salt fog / 1 M Nacl SEM-EDS, Pitting /
AlSi10Mg Potentiodynamic SEI, BEI Uniform
L-PBF- Immersion / 0 Pitting /
AlSi10Mg Potentiodynamic 3.5% NaCl | OM, SEM-EDS Exfoliation
L-PBF- EIS/ _ SEM Preferential
AlSi10Mg Potentiodynamic and selective
Where:

OM = Optical microscopy

SEI = Secondary electron imaging

BEI = Back-scattered electron imaging

EIS = Electrochemical Impedance Spectroscopy
EDS = Energy Dispersive Spectroscopy

From Table 9 it is seen that potentiodynamic testing with different concentrations of
sodium chloride solutions is often employed to check for susceptibility for corrosion.
This is then usually identified using SEM and EDS techniques [94].

9. Lattice structures

Lattice structures are porous cellular designs with complex architectures allowing
unique properties such as low mass and high surface areas, with applications in
medical and aerospace industries [95].
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L-PBF is uniquely suited to manufacture thin wall structures such as lattices, as it has
the ability to produce consolidated complex geometries [1].

Commercially available software packages can be utilised to create a practical cellular
material design for use in engineering applications [95]. An in-depth study was done
on lattice design in [96] with focus on designs to improve the fatigue performance.

9.1 Types of lattices

Examples of different types of unit cells are illustrated in Figure 23, with Figure 23(a)
showing four designs based on struts and Figure 23(b) four designs based on a
minimal surfaces. They all share the same overall density, but have differences in
pore size and minimum feature thickness due to the differences in design [95].

(@) Strut-based design (b) Minimal surface design
Rhombic dodecahedron Diamond Gestruct Gyroid l-wP Primitive

R-sb
Porosity, %

63 61 63 62 62 63 65 62
Stiut/Sheet thickness, ym

332 491 651 288 157 188 152 250

Figure 23: Different types of unit cells for lattice designs using (a) strut -
based design and (b) minimal surface design [95]

Figure 24 shows the corresponding lattice structures that are created by repeating the
unit cell designs in each direction. Figure 24(a) illustrates the strut-based lattice
designs and Figure 24(b) depicts the minimal surface based designs.
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Figure 24: Corresponding repeated lattice structures for (a) strut-based
design and (b) minimal surface design [95]

Each lattice design in Figure 24 has the same overall density, and include a minimum
of ten unit cells in the X, Y and Z directions [95].

Minimal surface designs are based on sheets that are usually self-supporting, with the
curvature at each surface point having a zero average. This allows the stresses to be
more evenly distributed [95].

9.2 Design considerations

When designing a lattice structure, various aspects need to be considered. The first
is the unit cell design. The unit cell is defined as being the smallest element which
characterises the entire lattice. Three methods are used to design the unit cell, namely
the primitive-based, implicit surface based and topology optimisation methods. The
primitive based method uses primitive geometrics to construct the unit cell, the implicit
surface uses mathematical equations to define the cell’'s surface and the topology
optimisation obtains cell geometry through calculations that focus on optimising the
topology [97].

Another aspect in lattice design consideration is the mechanical behaviour. The
properties of the material itself combined with the lattice properties and amount of
porosity will affect the yield strength and elastic modulus as well as the ductility. These
material properties are also affected by the lattice density and design. When a properly
designed lattice replaces a solid interior, the properties can be tailored to the
application but never exceeds the basic properties of solid [97].

When the designs are strut-based, the Maxwell criterion can be used to classify
whether the design is stretch- or bending-dominated. The equation for the Maxwell
criterion M is shown in Equation 13 [95]:
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M=b-3j+6 Equation 13

Where b is the number of struts and j is the number of joints.

When M < 0 the structure is bending-dominated,
When M = 0 the structure is stretch-dominated and
When M > 0 the structure is over-rigid

The criterion is applied to simple strut-based structures only [95]. If the struts are
bending-dominated it means they will bend under lattice compression which will result
in shear failure. Stretch-dominated struts will fail in a layer-by-layer manner as they
are stiffer [95]. The struts are classified schematically in Figure 25(a) and examples
are shown in Figure 25(b).
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Figure 25: (a) Bend B or Stretch S dominated classification and (b) examples
[95]

Lattice structures can experience a unique mechanical response. Initially, it follows
the typical linear elastic response up to the point where it yields (either fails or buckles),
followed by either a plateau or repeated yield and recovery cycles (for layer-by-layer-
failure) and ending with the final densification [95]. This is illustrated in Figure 26.
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Figure 26: Effective stress-strain plots from compression of a square
honeycomb, indicating effective modulus, failure stress,
densification strain and energy density [95]

If the lattice structure has a sufficient number (typically more than six) of unit cells in
the X, Y and Z directions, it can be treated as an open-cell foam instead of a solid
structure [95].

The linear response area relates the structure density as well as the bulk elastic
modulus to the effective elastic modulus of the lattice using Equation 14 [95]:

2
E = a, X Egiq X [ : ] Equation 14
Psolid

Where E is the effective elastic modulus, a2 is a constant, Eseid is the bulk elastic
modulus, p is the density of the lattice structure and psoiid is the density of the solid.
The constant a2 is dependent on material properties as well as accuracy of
manufacturing. It can vary from 0.1 to 4, but stays constant for each specific process
and material [95].

This equation shows that density on its own can control the effective elastic modulus.
This implies that as long as the overall filled space has a minimum of six unit cells in
the X, Y and Z directions, a unit cell design with 50% density can utilise any size of
unit cell for the lattice and the material stiffness will remain the same. The exponent
“2” is used in ideal bending-dominated lattices, whereas an exponent “1” would be
used for ideal stratch-dominated lattices [95].

Finally, the third aspect to consider is the manufacturing limits. Up to a certain
horizontal strut length, strut-based designs can be printed without support [95]. On
the other hand, sheet-based designs like the minimal surfaces can usually print without
any supports needed. This means the manufacturing limits also constrain the
possibilities in design [95].
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The limits that play the largest role are minimum feature size and the employed contour
and hatch scanning strategy. Minimum feature size, in turn, is also limited by the size
of both the laser spot and powder, as well as the slicing accuracy of the 3D model [95].
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1. Materials

CHAPTER lll: MATERIALS & METHODS

AlSi10Mg samples were used in this project. They were manufactured at the Royal
Melbourne Institute of Technology (RMIT) University in Melbourne, Australia. A
SLM500 Quad laser system, manufactured by SLM Solutions (SLM refers to Selective
Laser Melting, another term for L-PBF), was used to produce 25 solid cubes, with
dimensions 10 x 10 x 10 mm3, as well as 25 lattice cubes, with dimensions of
The powder feedstock material composition is described by
Maconachie et. al. in [98], and shown in Table 10.

16 x 16 x 16 mm3.

Table 10: Composition of the AISi10Mg powder before L-PBF [98]

Al

Si

Cu

Fe

Mg

Zn

Cr

Ni

Mn

Ti

\Y,

N

Bal.

10.2

<0.01 | 0.19

0.34

0.01

0.01

0.01

<0.01

0.01

0.005

0.002

0.12

The particle size distribution of the powder is shown in the graph in Figure 27.
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Figure 27: Particle size distribution chart [98]

110

Five (5) different laser power settings were used to artificially induce different porosity
contents, with five samples produced at 210, 280, 350, 420 and 490 W each.

Table 11: Parameters used in this L-PBF process

Parameter Value
Layer thickness (um) 50
Laser velocity (mm/s) 921
Hatch spacing (um) 190

Scan strategy

One contour scan followed by hatch tracks in
zigzag pattern with 90 degree change per layer.
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A photo of the solid cube samples is shown in Figure 28. Each sample has pins on
the top surface to aid in identifying them. The pins on the left of the samples in the
image refer to the laser power used to produce the samples. The pins on the right
indicate the number of the sample in its respective laser power set. To ensure the
correct sample is used, the identification is done by making sure that the gap (indicated
by the small yellow boxes) on each sample is on the same side, i.e. both top or bottom.
This helps to avoid confusion between E3X5 and E5X3 for example.

Figure 28: AISi10Mg solid cube samples, with E1 as the lowest laser power
and E5 as the highest laser power [99]

One sample of each laser power for the lattice samples are shown in Figure 29. They
were marked on the side using the same numbering convention as the identifier pins
for the solid cubes, to help with identifying them.
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AlSi10Mg lattice cube samples, with E1 to E5 from left to right [99]

Figure 29:

The plans for all of the samples are shown in a grid in Figure 30 for the solid cubes,

and Figure 31 for the lattice cubes, where En refers to the different laser powers and
Xn refers to the number of the sample in each laser power set. For the solid cubes it

is noted that one sample from each laser power set is kept separate for microstructural

evaluation.
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X1 X2 X3 X4 X5
Microstructural NSS:72holirs
E1 o oat AASS120hours |- NSS 120 hours NSS 168 hours
examination g
+ microstructure
Microstructural NSS 72'hours
E2 VLA AASS 120 hours NSS120hours NSS 168 hours
Microstructural NSS 72 hours
E3 Al T AASS 120 hours NSS-120hours NSS 168 hours
Microstructural NSS 72 hours
E4 AT AASS120hours | “NSS 120hours NSS 168 hours
examination .
+ microstructure
Microstructural NSS 72 hours
ES S dinatian AASS 120 hours NSS.120hours NSS 168 hours
Figure 30: Plans for the solid cube samples for Neutral Salt Spray (NSS) and

For the lattice cubes in Figure 31 it is noted that one sample from each laser power

Acetic Acid Salt Spray (AASS)

set is kept separate for compression testing before corrosion.
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X1 X3 X4 X5
Before corrosion =1 NSS 72 hours NSS 168 hours
E1 compression ' AASS 120 hours NS 120hours + compression
Before corrosion s NSS 72 hours NSS 168 hours
E2 compression | AASS 120 hours Nk 120hours + compression
Before corrosion ; c-NSS 72 hours NSS 168 hours
ES compression EMSS : 88_hieur$;§ AASS 120 hours NS 120nours + compression
Before corrosion : vl NSS 72 hours NSS 168 hours
E4 compression |: ":| AASS 120 hours Nas120naurs ] 4 compression
Before corrosion |:- | NSS 72 hours NSS 168 hours
ES compression | ' AASS 120 hours NSS 120hours ) compression
Figure 31: Plans for the lattice cube samples for Neutral Salt Spray (NSS) and

Acetic Acid Salt Spray (AASS)

2. Dimensions and Mass

Initial testing involved determining the dimensional accuracy of the samples and
measuring the mass. Dimensional accuracy was carried out using a Vernier Caliper.

The mass was measured using a New Classic ML Mettler Toledo scale, which is
accurate up to four (4) decimal places. It also has a draft shield to improve accuracy
[100].

The scale was used for both mass in air (ma) and mass in water (mL) measurements.
An average of three to four individual measurements were used. These values were
also used in the subsequent density calculations.

3. Density measurements

The three methods used to determine bulk sample density (average density) were
Archimedes, gas pycnometry and a CT-based density method described in detail in
[101].
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3.1 Archimedes

Archimedes density was measured using the same scale described in Chapter llI:
Section 2. “Dimensions and Mass”, along with distilled water to minimise air bubbles.
The setup illustration is shown in Figure 32.

Figure 32: Archimedes setup sketch (Scale from [100])

The temperature of the water was also measured to ensure the correct water density
(pu) was used in the calculations. The density was calculated according to Equation 3.
This was done for the solid and lattice cubes.

3.2 Gas pycnometry

The system used here was a Micromeritics AccuPyc Il 1340 Gas Pycnometer with
helium (He) gas at a calibrated pressure of approximately 19.5 psig, which is
134.45 kPa. The results give five volume measurements per sample, and the average
of those were used to calculate density. The pycnometer is shown with calibration
standards in Figure 33.
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[T micromeritics
AccuPyc Il 1340

Gas Pycnometor

Figure 33: Gas pycnometer and calibration standards [99]
Both solid and lattice cubes were measured.

3.3 CT-based method

The density calculations of the CT-based method were based on mass in air of the
samples, taken at the CT facility in Stellenbosch, and the CT-determined volume of
each cube. The cubes were carefully segmented to include all pore spaces.

4. Surface roughness

The method used in this project to determine surface roughness was optical
microscopy. It was carried out at Wirsam Scientific in Johannesburg using an
Olympus DSX 510. The microscope uses the Olympus Stream software to create a
surface topography map of each sample, and this data is used to calculate surface
roughness values such as Sa and Sz. A three-dimensional (3D) colour scale map of
the surface is also generated where the dips and peaks can clearly be seen. The
microscope is shown in Figure 34, with a close up of a solid cube sample under the
eyepiece.

Surface roughness was measured over a minimum of three 1 960 pm x 1 960 pum
separate areas on the top surface as well as the side surfaces, to obtain overall
representative averages for the top and sides. The pitch (distance between each layer
scanned) was 12.1 um, whereas the height range scanned differed between samples
due to different surface conditions.

The top surface is the final layer of the L-PBF process, as such it is likely to be the
most affected by the process parameters. The bottom surface was excluded as it was
not representative of the parameters, due to the samples being manufactured on
supports which lead to an irregular surface. The side surfaces were also analysed to
obtain a general idea of the side surface roughness, and how they differ from the top.

Page 57 of 109
Back to ToC



Figure 34: Olympus DSX 510 with close-up of sample under eyepiece [99]
This was only done for the solid cubes.

5. Metallographical examination

Selected samples were cross-sectioned for metallographical examination. One
sample from each laser power set was cross-sectioned according to the illustration in
Figure 35. This allowed for each of the YZ-, XZ- and XY-planes to be exposed for
examination. This was only done for the solid cubes.

Figure 35: Cross-sectioning of the solid cube [99]
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The cross-sectioning was done using an ATA Brillant 220 cutting machine. The cutting
was done with a diamond blade, as the samples are small, to minimise material loss
during the cutting process. The cut samples were then mounted using an ATA
Opal 410 Mounting press, with black bakelite hot mounting resin from Struers.

After mounting, each sample underwent grinding and polishing. The grinding started
at 220-grit. This was followed by 400, 500, 800, 1200 and finished with 4000-grit.
Polishing was done using first 3 um and then 1 um diamond paste and finished with
colloidal silica.

The samples were then etched using a solution of 0.1% hydrofluoric acid (HF) with
distilled water to enhance the microstructure. The material safety data sheet (MSDS)
for hydrofluoric acid (HF) was consulted prior to etching, and in accordance the etching
was carried out in a fume cabinet while wearing rubber gloves and using tongs to hold
the sample in the etchant.

The cross-sectional surfaces were examined using optical microscopy, using both a
Zeiss AXIO Imager and later a Nikon Eclipse ME600. The Zeiss AXIO Imager.Alm is
shown in Figure 36(a) and the Nikon Eclipse MEG600 in Figure 36(b).

Figure 36: (a) Zeiss AXIO Imager light optical microscope and (b) Nikon Eclipse
MEG600 light optical microscope [99]

After optical microscopy, the samples were also examined using scanning electron
microscopy (SEM). The ZEISS 540 Ultra Plus FEGSEM in Figure 37(a) was used for
microstructural analysis. Also as part of the metallographical examination, the
elemental composition was confirmed with SEM-EDS, using the JEOL JSM IT300LV.
The JEOL SEM is shown in Figure 37(b).
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Figure 37: (a) Zeiss 540 Ultra Plus FEGSEM and (b) JEOL JSM IT300LV [99]

The final step was to conduct Vickers Hardness tests on the mounted samples, as
differences in hardness correlate with differences in microstructure. The tester used
is similar to the one in Figure 38.

Figure 38: Vickers Macrohardness tester [102]
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The loads used were dependent on the amount of porosity present, as higher loads
were more likely to strike pores during the indentation. In order to obtain an accurate,
representative value of the hardness of the solid samples, it is important to avoid pores.

Three loads were used, with 3 kgf (29.420 N) for the two lowest laser powers (E1 and
E2), 1 kgf (9.807 N) for the middle laser power (E3) as well as second highest laser
power (E4) and 0.5 kgf (4.903 N) for the two highest laser powers (E4 and E5).

6. Porosity

To investigate the porosity content, optical microscopy and SEM were used for planar
views and NanoCT (X-Ray nano-tomography) scanning for the in-depth, three-
dimensional view. The SEM from Figure 37(a) was used to obtain another view of the
different pores.

6.1 NanoCT scan porosity measurement

Du Plessis et. al. reviewed and discussed the use of X-ray tomography in additive
manufacturing in detail in [103]. The NanoCT scanning used a GE nanotom S system,
set to 120 kV and 90 pA for X-ray generation, and a voxel size of 10 um. The
equipment used at the Stellenbosch CT facility is fully outlined in [104]. Visualisation
and analysis of the scans was performed using Volume Graphics VGSTUDIO MAX
software (Version 3.4) to determine the pore distribution and location.

The full porosity analysis procedure used is outlined by du Plessis et. al. in [105], with
an image analysis workflow identical to one used in a previous study which looked at
the effect of hot isostatic pressing (HIP) on porosity content for Ti6Al4V cubes [106].
This process involved a de-noising filter, followed by surface determination using an
advanced function. This allows for sub-voxel precision, which means interpolation of
the best threshold between the air and the metal. This was locally optimised to the
grey values at each location.

7. Compression testing

Compression tests were performed on the lattice cubes. One lattice cube from each
laser power set was used to test compressive strength. The machines used were an
Instron Model 1342 with 25 kN capability and Instron Model 1342 with 50 kN capability.
The actuator uses oil hydraulics to control movement. The test criteria are specified
in Table 12.

Table 12: Compression test criteria

Control type Speed Extent of compression | Compress direction

Displacement 0.5 mm/min To full densification Build direction

Displacement control is referred to as a closed loop, with the crosshead displacement
versus force being fixed. This works well for compression testing, where the
movement of the crosshead is not affected by the movement of the sample as it starts
breaking. Load control, as an open loop, is more suited for fatigue testing as the force
is kept constant. Compression was done for before and after the corrosion tests.
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8. Salt spray

The corrosion test used was salt spray, using an ALP Technology Salt Spray Tester,
shown in Figure 39, with a controlled chamber temperature of 35 °C £2 °C, which is in
accordance with both ASTM B117-18 [60] and I1SO 9227:2017 [61] for a 5% NaCl
solution. In accordance with MIL-DTL-5541F 2006 [62] and the suggestions listed in
ASTM B117-18 and 1SO 9227:2017, a total time of 168 hours was used. This was
done for both the solid and lattice cubes.

Figure 39: Salt spray fog chamber with samples placed [99]

Two separate salt spray tests were performed. Firstly a neutral salt spray (NSS), with
a pH between 6.5 and 7.2 and then an acetic acid salt spray (AASS), where the pH is
lowered to 3.1 to 3.3. A summary of the test parameters is shown in Table 13.

Table 13: Salt spray parameters

Test Chamber NaCl solution pH range Standard
temperature

ISO 9227:2017 and

NSS 35°C 2 °C 50 g/l +5 g/l 65-72 | porao11o8

AASS 35°C +2 °C 50 g/l +5 g/l 3.1-33 ISO 9227:2017

The tests were performed at Scrooby’s Laboratory Service, using analytical reagent
(AR) quality sodium chloride (NaCl) with deionised water.

8.1 Neutral salt spray (NSS)

The initial salt spray testing (NSS) used four (4) samples from each laser power set
for both solid and lattice cubes, and was carried out using four (4) time steps. This
means one sample from each laser power set (five samples total each from lattice and
solid cubes) was removed at 24 hours, 72 hours, 120 hours and 168 hours. This
procedure is laid out in Table 14, with samples labelled as in Figure 30 and Figure 31.
The time steps were used to track the corrosion progression.
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Only four samples from each laser power set were used, as one sample from each set
was used for microstructural examination (solid cubes) and for before corrosion
compression testing (lattice cubes), as shown in Figure 30 and Figure 31 respectively.

Table 14: NSS experimental plan

Time step (h) Sample from each Total lattice Total solid
laser power set samples samples
24 X2 5 5
72 X3 5 5
120 X4 5 5
168 X5 5 5

8.2 Acetic acid salt spray (AASS)

The AASS test used two (2) sets of samples from the NSS test. The five solid and five
lattice samples taken out after 24 hours, and the five solid and five lattice samples
taken out after 72 hours. These 20 samples were placed in the acidic salt spray for
another total of 168 hours. The samples from the NSS 72 hour time step were
removed after 120 hours.

Afterwards the samples were checked in terms of weight and dimension loss.
Corrosion product was also collected for analysis.

9. After corrosion exposure

9.1 CT scanning

The same equipment (GE nanotom S system) was used as before corrosion exposure,
with the settings of 120 kV and 90 pA and 10 um voxel size, and the Volume Graphics
VGSTUDIO MAX software (Version 3.4) to determine the extent of the corrosion.

The same samples were NanoCT scanned to see how, if at all, the porosity influenced
the rate of corrosion. This was coupled with possible visualisation of the progression
of corrosion through the time step samples from the NSS test in Section 8.1, Table 14.

9.2 Corrosion product analysis

The corrosion product that was collected was analysed using the SEM from Figure
37(b) with SEM-EDS for elemental composition as well as XRD (at the University of
Pretoria) for phase analysis.

9.3 Compression testing

Compression testing was done according to the criteria in Table 12. Two sets of after
corrosion exposure lattice cube samples were used, to compare to the before
corrosion testing done as in Section 7. One set consisted of the five lattice samples
taken out after 168 hours in the NSS test, and the other five from the AASS test after
168 hours as indicated in Figure 31.
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CHAPTER IV: RESULTS & DISCUSSION
1. Dimensions and mass

1.1 Solid cubes

The dimensional accuracy of the solid cubes had good correlation between the
samples in each set, based on the dimensional deviation for each sample from 10 mm,
as well as across the laser powers. The variation in the X- and Y-directions was
0.10 to 0.14 mm. The Z-direction, or height of the sample, had a variation across all
samples in each laser power set and across all laser powers of 0.5 mm. This larger
variation compared to X and Y is most likely due to differences in height where the
samples were cut from the supports. The measured value varies depending on which
points are used to measure the sample from top to bottom. This is shown by the lines
in Figure 40.

Figure 40: Z-direction measurement variations, indicated by coloured lines

The sample masses ranged from a 2.62 g average for the lowest laser power to 2.54 g
average for the highest laser power. The three dimensions versus power are shown
in Figure 41(top) and mass versus power are shown in Figure 41(bottom).

The error bars for all graphs in the results were calculated using the difference between
the calculated average value and the minimum and maximum measured values to
show the range of values obtained.
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Dimensions vs Power
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Figure 41: Graphs for (top) dimensions and (bottom) mass versus laser
power (Solid cubes)

From the graph it is clear that the Z-direction varies the most. A clear trend is seen for
the mass, with a decrease in mass as the laser power increases.

1.2 Lattice cubes

Dimensional accuracy for the lattice cubes showed once again that there was good
correlation in the X- and Y-directions, with no variation. The Z-direction, or sample
height again varied. This time it was due to the absence of a solid surface, and the
irregular surface on the bottom surface that varied depending on where they were cut
off from the supports. There was a 0.3 mm variation overall.
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The lattice masses varied from an average of 4.75 g for the lowest laser power up to
4.85 g for the highest laser power. The dimensions and mass are displayed versus
power in Figure 42(top) and Figure 42(bottom) respectively.
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Graphs for (top) dimensions and (bottom) mass versus laser

power (Lattice cubes)

The graph clearly shows that the Z-direction varies dramatically here as well, with the
error bars showing the variation in each laser power set. The mass does not show a
clear trend, with a slight dip in mass at E4 (second highest laser power).

2. Density measurements

2.1 Solid cubes

Three density methods were used to calculate the difference in density of the samples
between the different laser power sets. This is shown in Table 15. 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.
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A refers to Archimedes density, GP is gas pycnometry density and CT is the CT scan
density. AISi1OMg has a theoretical density of approximately 2.68 g/cm3.

Table 15: Density of samples of each laser power set, according to three
measurement methods (Solid cubes)

Density (g/cm3)
Laser Power (W)
A GP CT
210 (E1) 2.550 2.610 2.613
280 (E2) 2.549 2.608 2.609
350 (E3) 2.512 2.574 2.576
420 (E4) 2.431 2.495 2.516
490 (E5) 2.365 2.419 2.444

An increase in laser power led to a decrease in bulk density measured, from roughly
2.6 g/cm3 down to 2.4 g/cm3. From Figure 43 it can be seen that the pycnometer and
CT-based densities correlate well, whereas the Archimedes density is lower.

This lower value is 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.
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Figure 43: Density calculated with three different methods, as a function of
laser power, with error bars.

The rough surface is conducive to air bubbles attaching and this was observed, as in
Figure 44.
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Figure 44: Air bubbles on solid cube surface when submerged, encircled

2.2 Lattice cubes

The three density methods were also used for the lattice cubes. The results are shown
in Table 16. A refers to Archimedes density, GP is gas pycnometry density and CT is
the CT scan density. AISi10Mg has a theoretical density of approximately 2.68 g/cm3.

Table 16: Density of samples of each laser power set, according to three
measurement methods (Lattice cubes)

Density (g/cm?)
Laser Power (W)
A GP CT
210 (E1) 2.381 2.516 2.594
280 (E2) 2.351 2.522 2.599
350 (E3) 2.448 2.527 2.615
420 (E4) 2.361 2.528 2.647
490 (E5) 2.374 2.529 2.675

The three methods are compared visually in Figure 45. It can be seen that all three
methods vary greatly from each other. The greatest variation was with the Archimedes
method. This is again attributed to air bubbles that attach to the surface when the
lattice is submerged. The slight difference in the trend between gas pycnometry and
CT scan can be explained as follows:

The CT method measures volume based on surface data to the accuracy of about
15 um, and mass for average density values. The higher density values compared to
gas pycnometry could be because CT measures an average surface, so small
variations in roughness are smoothed out. This means small surface ‘voids’ are
included in the CT calculated volume. The gas pycnometer will penetrate all voids,
even when they are as small as 1 um.
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Gas pycnometry will show smaller sample volume than CT, due to the surface
roughness, and because lattices have a larger surface area. This leads to a larger
deviation between gas pycnometry and CT results for the lattices compared to the solid
cubes.

Power vs Density
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Figure 45: Density calculated with the three different methods, as a function
of laser power

The lattice has an even higher surface area for bubbles to attach to, as shown in Figure
46. Along with a larger amount of air bubbles, the assumption of 100% material density
will lead to inaccurate results.

Figure 46: Air bubbles on lattice cube surface when submerged, encircled
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3. Surface roughness (Solid cubes)

The solid cubes’ surface roughness is shown as close-ups of the top surfaces of
representative samples in Figure 47, for each laser power. These images were
obtained using VGSTUDIO MAX. The average surface roughness (Sa) per laser
power is shown as a text inset above each image. The roughness decreased from
23.7 um at the lowest laser power to 10.5 pum at the highest laser power. The first two
top surfaces are seen to have a much higher surface roughness than the last two,
which corresponds to lower and higher laser power, respectively. 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 uses Sa as described
in Chapter Il: Section 7, Figure 16. The single pin on these samples indicate they are
the first sample in each laser power set.

for each of the five laser power settings, with Sa values as inserts.

Figure 48 shows how the surface roughness in general decreases with an increase in
laser power. The reason for the decrease in surface roughness with laser power
increase is most likely due to wider and more overlapping meltpools, which create a
relatively smoother top surface. The error bars show that the surface roughness varied
greatly in each laser power set.
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Figure 48: Plot of top surface roughness, Sa, as a function of laser power,
with error bars.

The colour scale maps obtained through the Olympus Stream software of the DSX 510
are shown in Figure 49.

Figure 49: Colour scale maps of samples from each of the laser powers with
(a) 3D view and (b) side view, of the top surface

Both the 3D as well as the side view maps also show a larger variation in the surface
roughness for the lowest laser powers, and smoother surfaces (less height variation)
at higher laser power.

The side surfaces of the samples showed a much smaller variation between laser
power, averaging between nine (9) and 11 pm Sa across all laser powers. Whereas
the top surface is influenced by the laser power where higher power creates a larger
meltpool and more of an overlap, the vertical side surfaces are not influenced by this.
Rather, at high laser power and with keyhole regime, the high temperatures can cause
particles to attach to the sides, but it depends on surface orientation and requires
further investigation to verify if this is what causes the larger error bar range for the
highest laser power.
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At low laser power and in lack-of-fusion regime, if there is extensive lack of fusion, it
creates spaces between tracks and layers, which increases surface roughness. This
effect is shown in Figure 50. The errors bars also show how, at the highest and lowest
laser power, the surface roughness varies much more than for the middle laser powers.
This shows that the middle power is more stable with continuous tracks and hence has
cleaner side surfaces, while irregularity in track width starts at lower and higher power.
However, the average values have a very small variation compared to the error bars.
This is shown in Figure 50. There is a larger variation in Sa values of the highest and
lowest laser power sets (E1 and E5) than for the middle laser powers, but the averages
across all the laser powers have a very small variation, ranging between nine and
11 pm. This shows that the side surfaces across all the laser powers are relatively
similar.
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Figure 50: Plot of side surface roughness, Sa, as a function of laser power,
with error bars
4. Metallographic examination

The cross-sectioning and subsequent mounted area visible is shown in Figure 51. The
exposed plane is labelled.
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Figure 51: Sectioning and mounted samples to show the three exposed
planes that were examined

The microstructure of the samples from all five laser powers is shown in Figure 52.
The initial appearance does not show a large difference in the microstructure between
each laser power. The purple arrows point out coarse cellular zones, similar to what
is described in Chapter II: Section 3.2 “Characterisation of L-PBF parts”, Figure 7.
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Figure 52: Microstructures of all five laser power samples

To further investigate whether there are significant differences in the structure,
hardness tests were performed on samples from each laser power set. A large change
in microstructure would lead to a large difference in hardness. The graph for Vickers
hardness versus laser power is shown in Figure 53. A minimum of five hardness
measurements were taken across the entire sample surface to obtain a representative
value, while aiming to avoid indentations on or near visible pores. The indentation
areas were chosen by making sure previous indents were not visible through the
eyepiece of the Vickers hardness machine and by visually checking that there is
sufficient coverage of the whole sample surface.

From literature in Chapter II: Section 3 “The alloy AISi10Mg”, hardness values for as-
built AISi10Mg ranged from 120-127 HV and in one case up to 136 HV.
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The values shown in Figure 53 are all higher than the typical values reported, apart
from the one that reported values up to 136 HV. However, their values were measured
from the surface to 2.5 mm into the samples, whereas the measurements here are all
at the same depth (exposed surface of mounted samples). They also used different
process parameters [35].

Power vs Hardness

155.0
150.0

145.0

140.0
135.0
130.0
125.0
120.0
115.0
110.0
210 280 350 420 490

Laser power, W

Vickers Hardness

Figure 53: Vickers Hardness versus laser power, with error bars

From the graph it is clear that the difference in hardness is very small, as the difference
in average hardness is below five (5) Vickers (4.3 HV). This is within the margin of
error of measurement for a single sample. This verifies that there is not a significant
difference in microstructure between the laser power sets. The larger error bars for
the higher laser powers are due to the increased amount of porosity. This means care
had to be taken when measuring, as pores could cause a much lower hardness result.
Also, by trying to avoid pores during measurement, there was an increased chance to
place an indentation over an inclusion, which would subsequently result in a much
higher hardness result.

The chemical composition was analysed using SEM-EDS over multiple areas to better
represent the whole sample. Special focus was on the magnesium (Mg) and silicon
(Si) amounts. Magnesium was found to range between 0.22 wt% and 0.44 wt%, while
silicon ranged between 10.03 wt% and 10.72 wt%. The highest laser power had the
lowest %Mg and highest %Si. This can be due to the vaporisation of Mg at higher
temperatures [4,107,108].

Referring back to the hardness values obtained in Figure 53, there was only a small
difference, and hardness is influenced by microstructure, not composition. This slight
variation in composition did not play a large role, as no heat treatments were performed
which could have precipitated Mg,Si. SEM-EDS has merely shown the effect laser
power has on the original chemical composition.
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5. Porosity measurements
5.1 NanoCT scan porosity measurement

5.1.1 Solid cubes

CT scan images of one representative sample from each laser power set is shown in
Figure 54. 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 last two cross-sections
on the right are seen to contain pores larger in quantity and size and are rounded,
which corresponds to the higher laser power. This large, rounded porosity at high
power is attributed to keyhole mode porosity formation.

The encircled areas in Figure 54 show the presence of high-density inclusions, which
could potentially be due to contamination from the powder itself, as Al-alloys usually
have iron (Fe) containing impurities present. The system used at RMIT University has
the advantage of only processing Al-alloys, so the inclusions are not contamination
from a previous build. Higher density particles from the powder itself could include
iron (~7.9 g/cm3), chrome (~7.2 g/cm3), manganese (~7.3 g/cm3), nickel (~8.9 g/cm3),
titanium (~4.5 g/cms3) or copper (~8.9 g/cm3). It is also quite possible that some of the
inclusions are Al203 (3.99 g/cm3) if oxidation occurred during spattering even in the
inert gas atmosphere used for manufacturing. The density of the inclusions is higher
than the alloy, thus appearing 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 meltpools creating more melting/remelting and
homogenization of the material. The pins in these images refer to the laser power
used to produce the samples, with one pin for 210 W and five pins for 490 W. The
green vertical arrow indicates the build direction.

Figure 54: 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

Table 17 shows the total percentage of porosity, obtained from the CT results,
corresponding to each laser power set, as well as the relationship between the two in
a graph insert. As seen in Figure 54 and Table 17, the lowest power E1 has slightly
more 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.
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The difference seems small in comparison to the difference with the higher laser
powers, however there is a statistically significant difference. 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 amount of porosity increases, which is due to more keyhole
porosity and consistent with previous work [17].

Table 17: Porosity percentage of each power set and plotted as a function of
laser power (graph inset), solid cubes

Laser power | Average porosity 7.00 Power vs Porosity
(W) (%voids)
6.00
210 0.16 5.00
R 400
280 0.08 z
S 300
350 0.56 2.00
1.00
420 2.40
0.00
200 250 300 350 400 450 500
490 559 Laser power, W

Figure 55 shows optical micrographs for low laser power (E1) showing lack-of-fusion
pores (encircled in purple), and high laser power (E5) showing the more spherical

pores (encircled in yellow).
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Figure 55: Optical micrograph of (a) lack-of-fusion pores at low laser power (E1)
and (b) spherical pores at high laser power (E5) (Encircled),
solid cubes

The CT porosity analyses are shown in 3D representations in Figure 56. The porosity
percentage of those specific region of interest (ROI) (4 x 4 x 4 mm?3) cubes are added
as inserts, with the overall average of the porosity from all 10 x 10 x 10 mm? cubes in
each laser power set in brackets next to it.
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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 are seen to have less
spherical, lack-of-fusion type pores.

The trend seen in the porosity should have an inverse relationship to the trend in
density seen in Figure 43 and Table 15, as higher porosity levels are expected to lower
the density. However, the presence of lack of fusion porosity at higher values in E1
compared to E2 is not consistent with the calculated density values in Figure 43 and
Table 15 and therefore requires explanation. Despite the small average values of 0.16
and 0.08% porosity, all density 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 density when irregular shaped pores are present on the
surface. Small variations in high-density inclusion content will not have an effect, as
all samples were made with the same powder and whether the inclusions melt or not
will not make a difference to the mass.

Such pores create open cavities allowing water or gas to enter the object in surface-
connected pores and are thus excluded from the measurements. The CT-based
segmentation also might select more of this or may be inaccurate - the CT volume
measurement for bulk density requires accurate calibration of the voxel size, unlike the
porosity % value in Table 17 and Figure 56. The shape of the porosity is 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.
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Figure 56: Porosity analyses, for a 4x4x4 mm?® 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 insert, and overall average of whole cube (10x10x10mm?) in
brackets, solid samples.
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5.1.2 Lattice cubes

Table 18 shows the average porosity percentages for each laser power, with graph
insert.

Table 18: Porosity versus laser power, graph insert with error bars (lattices)

Laservﬁ)/ower, Porosity % ) Porosity vs power
210 2.70
280 2.54 x w0
350 2.85
420 3.79 . i .
490 5.05 | T e -

The results show a general increase in porosity with an increase in laser power, which
is the same trend as in the solid cubes.

Figure 57 shows NanoCT slice images of the lattice structure. The slice images clearly
show the uneven top and bottom surfaces. All slices were taken from the centre of the
sample.

Figure 57: NanoCT slice images of the lattice structure for each laser power,
with zoomed in slices below each overview image

Zoomed in areas are shown below the overview image to highlight the trend in porosity
is similar to the solid cubes. As with the slice images of the cubes in Figure 54, it is
seen that there is increased microporosity in the struts with higher laser power.

Optical micrographs in Figure 58 show that at high laser powers, the lattice struts have
spherical pores, as well as at low laser power (encircled in yellow).
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Figure 58: Optical micrographs of spherical pores at (a) low laser power (E1)
and (b) high laser power (E4) (Encircled)

Figure 59 shows NanoCT scans of lattices from all laser power sets, with porosity
analysed.
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Figure 59: Porosity analyses of the lattice samples for each laser power

The colour scale bar on the left side of each lattice shows that the lattices have
variations in pore size, with the highest and lowest laser power having pores larger
than 1 mm in size. The second lowest and middle laser powers have similar size
ranges, and the second highest laser power has a slightly larger size range than the
former two.
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6. Compression testing (Lattice structures)

Figure 60 shows a photo of a compression test. The photo was taken soon after the
point where the first compressive yield stress had been reached for some of the
sample’s struts, and some struts have already experienced shear failure. The failure
is observed to occur in a diagonal 45 degree direction. As the failure occurs, there are
repeated yield and recovery cycles.

Figure 60: Compression test in action

The relationship between compressive strength and laser power is shown in the graph
in Figure 61. This is the maximum compressive yield strength reached at the peak of
the initial linear elastic region, before corrosion exposure.

1600 Compressive strength vs laser power
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Figure 61: Compressive strength vs laser power, before corrosion exposure,
lattice structures
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It can be seen that the compressive strength for all five (5) laser power sets are close
in magnitude, with a range of 8.9 MPa between the maximum and minimum strength.
This falls within the margin of measurement for one set. The compressive stress-strain
curves are shown in Figure 62. The purple arrow indicates where the compressive
strength was recorded, as the maximum yield value after the initial linear elastic region.

Before corrosion Compression
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Compressive strain, mm/mm

Figure 62: Compressive stress-strain curve for the five samples before
corrosion exposure, lattice structures

The compressive stress-strain curves for the samples before corrosion exposure show
a similar trend in the initial linear elastic response. The yield and recovery cycles vary
between the samples, and the start of full densification also varies. This is similar to
what was seen in Figure 26 of Chapter Il: Section 9.2 “Design considerations”. The
compressive yield strength is taken as the first yield point reached, which is also the
maximum yield strength.

7. Salt spray

7.1 Neutral salt spray (NSS)
Figure 63 shows the solid and lattice samples taken out after 72 and 168 hours.
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Figure 63: NSS after (a) 72 hours and (b) 168 hours

Some corrosion product has formed, but visually alone it cannot be said what the
extent of corrosion is and whether it differs between the time steps.

7.2 Acetic acid salt spray (AASS)

Figure 64 shows the samples from the acetic acid salt spray test taken out after
120 hours for the top image, and taken out after 168 hours for the bottom image.

Page 85 of 109
Back to ToC



Figure 64: AASS for (top) after 120 hours and (bottom) after 168 hours

Here it can be seen that there was more extensive corrosion product that formed than
with the NSS test. The samples taken out after 168 hours show even more corrosion
product than those taken out after 120 hours.

8. After corrosion exposure
8.1 CT scanning

8.1.1 Solid cubes

The NSS corrosion test results showed limited corrosion, even after
168 hours (7 days). Therefore, the AASS corrosion test was carried out the set of
samples from the NSS test that were subjected to only 24 hours NSS corrosion
exposure. This is due to virtually no corrosion observed in the 24 hour NSS samples.
With the AASS test, the corroded samples showed some low-density material
(corrosion product) on and near the surface. No significant pitting was observed, and
this could be due to the initial corrosion behaviour mainly being uniform corrosion with
metastable pitting on the surface. It could also be due to a passive oxide layer
decreasing the surface’s susceptibility to selective or pitting attacks. These
possibilities were mentioned in Chapter Il: Section 8.4 “Review studies on Al
corrosion”. An overlap of before/after scans to precisely image locations of corrosion
was performed. A deviation calculation (called nominal-actual comparison) visually
highlights the largest corrosion locations as well as locations of excess material (likely
corrosion product).
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Figure 65 shows a 3D image of a sample from the lowest laser power (E1) exposed to
AASS for 168 hours, with the corroded areas shown in an overlap by the blue regions,
and the corrosion product by the red material.
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Figure 65: Sample from the lowest laser power (E1), with corrosion overlap in
blue, and corrosion product in red, with 3D image inset after 168 hours AASS

Figure 66 shows a 2D cross-section of the of the “Corrosion indicator 1” site from
Figure 65.

Deviation [mm]

Figure 66: A 2D cross section from the E1 sample at “Corrosion indicator 1” site
after 168 hours AASS
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Figure 67 shows the 2D cross-section of the of the “Corrosion indicator 2” site from
Figure 65.
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Figure 67: A 2D cross section from the E1 sample at “Corrosion indicator 2” site
after 168 hours AASS

Figure 68 gives a comparison of a cross-section before and after corrosion, showing
the corrosion and corrosion product, for the lowest laser power (E1).

Figure 68: Comparison cross-section for E1 with (a) before and (b) after
AASS corrosion (outlined) (AASS for 168 hours)

In Figure 69 it is seen that there is slightly more corrosion for the second lowest laser
power (E2).
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Figure 69: Corrosion slice image of sample from second lowest laser power
(E2), with 3D image inset (AASS for 168 hours)

Figure 70 shows a comparison for the second lowest laser power (E2) for before and
after corrosion.

Figure 70: Comparison cross-section for E2 with (a) before and (b) after
AASS corrosion (outlined) (AASS for 168 hours)

For the middle laser power (E3), significantly more corrosion took place, as seen in
Figure 71.
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Figure 71: Corrosion slice image of sample from middle laser power (E3),
with 3D image inset (AASS for 168 hours)

This is compared to the before slice image in Figure 72.

Figure 72: Comparison cross-section for E3 with (a) before and (b) after
AASS corrosion (outlined) (AASS for 168 hours)

The second highest laser power (E4) has less corrosion product, but shows a bigger
corroded area (blue regions), as shown in Figure 73.
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Figure 73: Corrosion slice image of sample from second highest laser power
(E4) (AASS for 168 hours)

The before and after corrosion slice comparison is shown in Figure 74, for one corner
of the sample.

Figure 74: Comparison cross-section for E4 with (a) before and (b) after
AASS corrosion (outlined) (AASS for 168 hours)

Another comparison is shown in Figure 75, where it can be seen that corrosion
occurred mainly on two sides of the sample, with slight corrosion on the other sides.
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Figure 75: Another comparison cross-section for E4 with (a) before and (b)
after AASS corrosion (outlined) (AASS for 168 hours)

The highest laser power (E5) shows some corrosion product, with less corroded
regions than for E4. This is evident in Figure 76.
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Figure 76: Corrosion slice image of sample from highest laser power (E5)
(AASS for 168 hours)

Figure 77 shows a comparison for before and after corrosion for the highest laser power
(E5), where it is again seen that corrosion mainly occurred on two sides, with some
corrosion on a third side.
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Figure 77: Comparison cross-section for E5 with (a) before and (b) after
AASS corrosion (outlined) (AASS for 168 hours)

Figure 78 shows a close-up slice comparison for before and after corrosion for E5.
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Figure 78: Another comparison cross-section for E5 with (a) before and (b)
after AASS corrosion (outlined) (AASS for 168 hours)

8.1.2 Lattice cubes

Figure 79 shows NanoCT slice images for the lowest laser power, E1. The slices are
before and after corrosion exposure (AASS for 168 hours) comparisons. The
corrosion product appears more in the cavities near the edges of the lattice, rather
than in the centre. As shown in the small 3D insert, the slice image comparison was
done at the bottom edge of the lattice.
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Figure 79: NanoCT slice image comparison before and after corrosion
exposure for E1 (AASS for 168 hours)

Figure 80 shows before and after corrosion slice image comparisons for the highest
laser power, E5.
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Figure 80: NanoCT slice image comparison before and after corrosion
exposure for E5 (AASS for 168 hours)

These slice image comparisons for both E1 and E5 show that the corrosion did not
occur preferentially at any particular location. It is also clearly seen how corrosion
product has formed in the cavities of the lattice structure. The corrosion product is
discussed in Chapter IV: Section 8.2, where XRD suggests the presence of
amorphous compounds. As discussed in Chapter IlI: 8.3, the volume ratio of corrosion
product to corroded metal is quite high at 6.5. This is seen in these samples, where
there is a substantial amount of corrosion product, but careful inspection shows
negligible signs of corroded metal. So the corrosion for up to 168 h was not strongly
influenced by the different parameters leading to different porosity contents and
surface conditions. Such CT before/after scans have not been reported for corrosion
of metal AM to date.
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8.2 Corrosion product analysis

The corrosion product that formed was white and powdery. However, before it
completely dried, it appeared as shown in Figure 81. It can be seen that it appears
gelatinous.

Figure 81: Corrosion product that formed on a top surface after 168 hours in
AASS test

As it dried, it started to appear more like what can be seen in Figure 82. It looks less
viscous, but still not fully solid.

Figure 82: Corrosion product that formed on a side surface after 168 hours in
AASS test

When the corrosion product fully dried out, it was chalky in texture. This is shown in
Figure 83. The corrosion product was carefully scraped off so as to minimise or
exclude substrate in the powder sample.
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Figure 83: Dried corrosion product that formed on a side surface after
168 hours in AASS test

The corrosion product that was scraped off was analysed using SEM-EDS as well as
XRD analysis. The SEM-EDS results showed high levels of oxygen (O), moderate
levels of chlorine (Cl) and low levels of magnesium (Mg) and no sodium (Na). However,
XRD did not pick up any traces of oxides, hydroxides or chlorides. This suggests that
the corrosion product is amorphous, as XRD can only pick up crystalline phases. This
is in line with what was discussed by Gustafsson [80], Leygraf et. al. [92] and Vargel
[93], who all describe the initial Al(OH); as an amorphous product. It will be amorphous
initially, due to containing large amounts of water which hydrate it, as described in
Chapter II: Section 8.3. The dried powder seen here is in line with what is discussed
in the aforementioned section [93].

Initial SEM-EDS and XRD results suggest the presence of oxides or hydroxides of
aluminium. With SEM-EDS different areas were analysed to build a better picture.
Several regions had more than two (2) times the amount of oxygen (O) than aluminium
(Al). The powder submitted for XRD analysis yielded no phase results, only elemental
aluminium and silicon. The raw data graph for XRD is shown in Figure 84.
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Figure 84: Raw XRD data

The three (3) sharp peaks correspond to Al, as shown in Figure 85, which are the
finalised results. The Si peaks are smaller, but still visible, due to lower peak intensity.
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Figure 85: Finalised XRD data

As XRD is used to determine crystalline phases present in a sample it is only sensitive
to those phases. It cannot detect amorphous compounds. This coupled with the SEM-
EDS elemental results are what suggests the presence of amorphous oxides or
hydroxides, coupled with the literature by Gustafsson [80], Leygraf et. al. [92] and
Vargel [93].

8.3 Compression testing

Figure 86 shows the compressive yield strength vs laser power for before corrosion
exposure, after the neutral salt spray (NSS) and after the acetic acid salt spray (AASS).
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The graph shows the general trend for all three situations as columns with data labels,
to easily compare the actual values in line with the visual trend.

Compressive strength vs laser power and corrosion exposure
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Figure 86: Compressive yield strength versus laser power, before and after
corrosion, with data labels, lattice structures

It can be seen that the compressive yield strength (maximum compressive stress
reached at the peak of the initial linear elastic region, as indicated in Figure 62) varies
slightly between laser powers, as well as after each corrosion test.

The actual values show a difference of 8.9 MPa between the maximum and minimum
compressive strengths before corrosion, 7.6 MPa for after NSS and 11.7 MPa after
AASS. The higher difference after AASS compared to NSS can also be attributed to
more corrosion product present in those lattices than in the NSS lattices.

The possibility is that crack initiation sites are filled with corrosion product, delaying
the onset of cracking and failure. The corrosion product in the cavities will have a
higher compressive strength compared to no strength of the air in the void for the non-
corroded structure. It is therefore probable that the compressive strength of the
corrosion product adds to the full strength of the lattice, compared to that of the non-
corroded structure.

Figure 63 showed that the NSS test formed small amounts of corrosion product, and
that the AASS test formed significantly more (Figure 64). This is correlated in the
graph in Figure 86, where more corrosion product is linked to slightly higher
compressive strength. It is improbable that the effect of corrosion product delaying
onset of cracking in a compression test will be the same for a tensile test. The
compression test effectively pushes corrosion product into the cavities, whereas a
tensile test pulls the sample apart. For a tensile test it is more likely that the corrosion
product will have less of an effect than the areas of the sample degraded by the
corrosion exposure.
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CHAPTER V: CONCLUSIONS

Corrosion product within pores is seen clearly in CT scans and can be visualized with
aligned CT images of before-after states, which has not been reported yet for corrosion
of metal AM. The presence of porosity does not seem to affect the progression of
corrosion during the early corrosion stages. This implies that the alloy can delay
corrosion (specifically saltspray) with some pores present. The corrosion is not evenly
distributed but more on side surfaces and rough downskin surface than on the top
surface. The process parameters did not strongly affect the corrosion, despite
differences in porosity and surface conditions. The parameters also did not strongly
affect the microstructure, as it was similar across all the laser power sets.

It is seen that not much corrosion took place, but with slightly more corrosion product
in the keyhole-mode samples with higher power (E5) compared to low power (lack of
fusion regime, E1). While this is interesting, the main result is that porosity does not
seem to affect corrosion in the early stages of corrosion (first 168 hours). It might
affect the progression of corrosion later on.

CT scans clearly show some corrosion when before-after slice images are aligned.
The corrosion does not take place homogeneously over the samples. They also
clearly show more corrosion product formed after AASS than after NSS.

It is probable that crack initiation sites such as internal porosity and defects are filled
with corrosion product, delaying the onset of cracking and failure, and the corrosion
product that fill the voids adding to the full strength of the lattice will also slightly
increase the compressive strength of the samples.

1. Recommendations

Further investigation is required to determine the full effect of corrosion after the first
seven (7) days. Itis recommended that:

(@) Corrosion testing is carried out for a period longer than 168 hours.

(b) A larger sample size is used to have more samples per laser power set for
compression testing to gain a more representative average.

(c)  The larger sample size should include extra samples for corrosion testing as
well as elemental analysis and mechanical tests such as hardness, again to
gain a more representative average.

(d)  The corrosion product should be analysed in-depth with techniques such as
Fourier-transform infrared spectroscopy (FTIR) or Raman to determine what
exactly it is.

(e) Further in-depth CT scans to verify whether there was more corrosion product
formed at higher laser powers.

) Polarisation studies to determine pitting and repassivation potentials as a
function of sample porosity% and surface roughness.
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APPENDIX

The article “Characterization of additively manufactured AISi10Mg cubes with different
porosities” by C. Taute, H. Mdller, A. du Plessis, M. Tshibalanganda, and M. Leary has
been accepted by JSAIMM for publication and herewith follows the final proof.
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Characterization of additively
manufactured AISi10Mg cubes with
different porosities

C. Taute!, H. Moller!, A. du Plessis?3, M. Tshibalangandaz, and
M. Leary*

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 Mg,Si 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 vapour-
filled 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 a/., 2019; Khairallah et a/.,
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, Z.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-of-
fusion 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).

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

ma

p pL [1]

= ——X
(ma - mL)

where p is the part density, p, is the temperature-dependent
density of the liquid, m, is the part mass in air, and m, 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 ef 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 back-
projection, creating the 3D volume data (du Plessis, Yadroitsava

1 2
~@-speed 1200 -@-speed 800

Keyhole porosity

230 260 290 320 350
Laser power (W)

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 ef al., 2018a).

A comparison of NDT methods by Wits e 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 x 10 x 10 mm?, 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
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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 (S,) along with a colour-scale map of
the surface. Surface roughness was measured in a minimum of
three separate areas (1960 pm x 1960 pm 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 pm, 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 C7'is the CT scan density. AlSi10Mg has
a theoretical density of approximately 2.68 g/cm?.

From Figure 3 it can be seen that the pycnometer and CT-
based 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 |

Printing parameters used

Parameter Value

Layer thickness (um) 50

Laser velocity (mm/s) 921

Hatch spacing (um) 190

Scan strategy One contour scan followed by hatch tracks in zigzag
pattern with 90 degree change per layer

Table Il

Density of samples of each laser power set, according
to three measurement methods

Laser Power (W) Density (g/cm3)
A GP CT
210 2.550 2.610 2.613
280 2.549 2.608 2.609
350 2512 2.574 2.576
420 2.431 2.495 2.516
490 2.365 2419 2.444
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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 pres-
ence 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/cm?), chrome (approx.

7.2 g/cm?), manganese (approx. 7.3 g/cm?), nickel (approx.

8.9 g/cm?), titanium (approx. 4.5 g/cm?), or copper (approx.

8.9 g/cm?). 1t is also quite possible that some of the inclusions
are ALO; (3.99 g/cm?) 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 I1I shows the total percentage of porosity, obtained from
the CT results, corresponding to each laser power set, as well as

> 146 APRIL 2021 VOLUME 121

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-of-
interest (ROI) cubes are added as inserts, with the overall average
of the porosity from all 10 x 10 x 10 mm? 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 Il and therefore requires explanation.
Despite the small average values of 0.16 and 0.08%, all density

The Journal of the Southern Afiican Institute of Mining and Metallurgy



Characterization of additively manufactured AlISi10Mg cubes with different porosities

;?:Zglity percentage of each power set and plotted as a function of laser power
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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 surface-
connected 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 IIl 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, S,, 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 R, 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, S,, and the maximum and minimum
S, 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 pm S, 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 high-
density 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, S,, in the range 20-24 pm 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.
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Figure 5—Porosity analyses, for a 4 x 4 x 4 mm? 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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Figure 6—Close-up sections of the top surface of each representative sample for each of the five laser power settings, with S, values as inserts
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