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Effect of Bismuth and Magnesium Addition on the Selective Laser

Melting of Aluminium Alloys

Abstract

It has been shown by the authors at previous work that the major problem of selective laser
melting (SLM) of aluminium alloys is the oxidation that takes place. The formed oxides were
responsible for the high porosity of the aluminium SLM components. The presence of
Marangoni forces at low laser power appeared to disrupt partially the generated oxides,
leaving those between the scanned layers. The increase of the laser power led to the parts’
density increase. However, both tested alloys, 6061 and AlSi12, were still porous under 100
W laser power, which is sufficient for many other metals used at the SLM process, such as

steel and titanium alloys.

This paper considers the development of methods that could either disrupt or avoid the
formation of these oxide films in order to increase the relative density at low laser powers.
Firstly, the process was carried out under nitrogen atmosphere instead of the standard
argon one using the alloys 6061 and AlSil0Mg. Both tested alloys contained magnesium as it
was reported to facilitate the formation of nitrides. The latter have a beneficial effect on
other manufacturing processes that involve casting and sintering of aluminium alloys.
However, in the case of SLM no changes in the relative density accompanied with no
changes in the microstructure of the produced specimens when nitrogen was used at both

alloys. The main reason for this was the sort liquid lifetime of the melt pool.

The second investigated method was the addition of bismuth at the previously tested alloys
6061 and AlSi12 while using the same laser power (100 W). The added amount of bismuth
was bellow its liquid solubility in the alloys and it resulted in a significant increase of the
eutectic AlSi alloy density. Therefore, the alloying these aluminium alloys with bismuth
appeared to be an effective way for reducing the oxidation defects and producing parts with
high relative density without the need of high laser powers. A mechanism that could have
taken place was the reduction of the melt pool’s surface tension which led to increased
wetting of the surrounding solidified material. Bismuth is expected to weaken the oxides

and possibly to alter the Marangoni flow of the melt pool.
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1. Introduction

Selective Laser Melting (SLM) is a Rapid Prototyping (RP)/Manufacturing (RM) technology
used for the production of metallic solid and porous structures that have suitable physical
properties to put them in to use. It is used either to produce one of or batches of parts
which are bespoke to their corresponding applications. SLM, in common with a number of
other RP/RM techniques builds parts in a layer by layer fashion. This requires thin (typically
20 to 100um) uniform layers of fine metal powders to be deposited on a moving substrate
in order to be fused together by selectively laser scanning them according to the model’s 3D

CAD data.

A big advantage of SLM, which distinguishes it from the powder sintering used in other
similar RP/RM processes, is the complete metal powder melting which leads to higher
density and better mechanical properties, and which eliminates the need for binders and for
post processing. In addition, the nature of the process makes it more cost and time effective
for more complex geometries when compared with conventional manufacturing techniques
due to the absence of any tooling, and leads to a significant reduction of design constrains.
This ability of producing fully functional parts directly from metal powders that can be used
in place of parts that they would normally be machined or cast is the reason of widening the
RP applications’ spectrum making the process suitable for RM applications in many areas

such as in the medical, dental, aerospace, and electronics sector.

The production of parts using SLM often requires the use of fine powders of reactive metals
and these present significant handling problems, both from a safety and materials
processing perspective. However, these problems have been overcome during the
industrialisation of the technology and these powders are now stored and used under
protective atmospheres, which minimise contact with air and moisture before and during
production. These changes improve the spreading of the powder to form the thin powder

layer, it reduces the fire and health risks from the fine powders, and minimises the
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formation of oxides and hydrates that may affect part integrity. This approach has worked
well with stainless steels, titanium alloys and other reactive materials but has yet to work as
well with aluminium and aluminium alloys. It is relatively easy to produce 100% dense
stainless steel and titanium parts, and these parts can reliably reproduce the properties of
bulk materials (Tsopanos, 2008, Mullen, 2010). However, for processing aluminium alloys to
produce near 100% dense parts, the laser powers required have had to be significantly
higher (Buchbinder et al., 2008). Further increase of the powder was necessary for obtaining
a satisfactory part quality and mechanical properties comparable to those of a cast or
machined component. 330W are reported as necessary for manufacturing high quality
aluminium components (Schleifenbaum et al., 2010). Also observed is the tendency of the
melt pools to ball or for powders not to be incorporated into the melt pool (Olakanmi et al.,
2009) especially when processing in less well controlled atmospheres. These processing
problems and the need for more expensive higher powdered lasers has restricted the use of
aluminium and its alloys in SLM and has significantly increased the costs of processing, both

in terms of capital and running costs.

Most of the problems that are seen when SLM processing of aluminium and its alloys are
the same as those observed with conventional casting and welding, and these are related to
the formation of thin adherent oxide films on the surfaces of both molten and solid
aluminium alloys (Campbell, 2003). In conventional casting these oxide films are associated
with casting defects such as porosity, that occurs between two oxide films or where a single
oxide is folded, or as lines of weakness produced by oxide films that become incorporated
into the casting (Fox and Campbell, 2000). The high degree of porosity seen in aluminium
SLM parts is mainly due to the formation of oxide films (Louvis et al., 2011) and these films
are likely to remain a significant problem in SLM unless techniques for reducing their effect

are developed.

Casting techniques such as the Cosworth process have been developed to avoid turbulence
in the molten metal, and careful mould design is used to avoid regions where two separate
melt fronts meet (Campbell, 2003). The use of anti gravity casting combined with careful
design also deposits the oxide films that form as the metal flows on to the side walls of the
mould rather than them becoming incorporated in the melt. None of these techniques are

applicable to SLM. SLM relies on converting the solid powder into a melt pool, from which
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material freezes to form the new solid component. This solid weld bead must also fuse to
the underlying and surrounding solid if a dense strong component is to be produced. Both
the solid and the melt will have surface oxide films that modify the wetting behaviour of
both the solid and the liquid, unless the temperature is high enough to decompose the
oxide (Higher than 1327°C according to (Sarou-Kanian et al., 2003), or the atmosphere has a

low enough oxygen content to stop the oxide forming (10-> p02 at 600°C) (Gaskell, 1995).

It has been shown in previous work (Louvis et al., 2011) where low laser power was used (50
W and 100 W) that oxide films are formed within SLM processed aluminium and that these
oxide films can be revealed by deep etching using a sodium hydroxide solution. These oxide
films appear within the regions between line scans, and because oxides are formed on both
surfaces they can trap a region in-between that may include pores and possibly loose
powder, probably coming from the deposition of the next layer. At the examined low laser
powers the disruption of the oxide films occurred at the upper and lower surfaces of the
melt pool but not to the sides. It is likely that with higher laser powers these walls are
disrupted by the increased melt pool size and extra super heat that increase the convection
and Marangoni flows within the melt pool. These improvements are significantly different to
what was observed by (Olakanmi et al., 2009) with increased CO, laser powers where there
was greater spheroidisation of the single layers scanned. The difference occurs because
Olakanmi et al. built directly onto the powder bed while SLM processing normally builds
upon a pre existing solid. When building on a powder bed the breaking of the oxide will
allow the molten metal to spheroidise to reduce its surface energy, while when building on
a pre existing solid the breaking of the oxides allows the metal to react with the substrate

spreading out and reducing its surface energy by a different mechanism.

The problems associated with using more powerful lasers and superheating the materials
are both ones of cost and of loss of control of the process, as the melt pool size increases.
Therefore other methods of either removing or breaking up the oxides are required. If the
example of casting and welding is taken, the most obvious method to break up the oxide is
the use of fluxes. However, again these technologies are not directly transferable. Fluxes
remove and disrupt the oxides but in doing so leave a slag or mixed oxide/flux layer on the
surface of the metal. In conventional casting this is not a problem but with SLM it is, as the

next layer is built on top of the last and any slag will interfere with this process Also many
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fluxes use either fluorides or chlorides to disrupt the oxides and the fluorides will attack the
laser optics used within the SLM unless the system is carefully designed. These problems
are further compounded by the laser vaporising metal oxide and flux into the gas stream
where reactions may occur far from the component build. A number of other processes

have therefore been examined to find novel ways of reducing the effect of the oxides.

2 Materials and Methods

The specimens of this project were produced using two MCP Realizer SLM100 machines
(MTT Tooling Technologies, UK) of maximum powers 50W and 100W. As shown in the
schematic of the SLM process on figure 1, powder layers are uniformly spread on a
substrate using a custom made powder deposition mechanism which is suitable for
aluminium powders. Each layer is scanned with a ytterbium fibre laser beam (wavelength: A
= 1.06 pm, beam spot diameter: 80 pm) according to CAD data. The melt powder particles
fuse together, forming a layer of the part, and the process is repeated until the top layer.
The part is then removed from the substrate and the unfused powder can be reused for the
next build. The process is performed under inert environment which is normally argon while
the oxygen level is 0.1-0.2% . During process the chamber atmosphere which is kept at an

overpressure of 10-12 mbar, is continuously recirculated and filtered.

Scanning mirrors

Fibre Laser

Solidified part

Recoating
mechanism

Wiper Blade
Base plate

Figure 1: SLM operating principle (Louvis et al., 2011)



The input data at the SLM for making a part comprise of the geometrical data stored as a
CAD file and the laser scanning process parameters. The main process parameters whose
effect on the density of the aluminium SPL parts was investigated include: laser power; the
laser scanning speed which depends on the exposure time on each the laser spots that
constitute the scanned path, and the distance between them (point distance); and the
distance between the laser hatches (figure 2). Cubic specimens 10x10x10mm were built
using combinations of the other parameters, and their relative density was determined
gravimetrically. The laser followed a meander pattern while the scanning direction was kept
the same for every layer in order to make the scan tracks easier to observe. The
recommended 45um average particle diameter powders, and the fact that increasing layer
thickness leads to poor interlayer bonding and deteriorates the balling effect (Olakanmi,
2010) were the reasons for setting the layer thickness to the typical value of 50um. The

substrate of the specimens was heated to 180°C during laser processing.
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Figure 2: Laser scanning parameters (Louvis et al., 2011)



Experiments were carried using a range of techniques, mainly identified within the
processing of metal matrix composites (MMCs), which may increase integrity of the
components. In casting and the manufacture of MMCs it has been shown that the alloy
composition has a significant effect on the castability of the alloy (Papworth, 1997). The
techniques that were tried on SLM included modifying the processing gas and the alloys
used. Nitrogen was used instead for argon for some of the experiments, while the oxygen
level was kept the same (0.1-0.2%). During these experiments two alloys containing
magnesium were processed: the wrought alloy 6061 which contained 1 wt% Mg, and the

casting alloy AlSi10Mg (nominally Al, 10 wt% Si, 0.35 wt% Mg).

The fluidity of aluminium alloys can be further increased by the addition of other alloying
conditions including bismuth. Bismuth is now commonly used as a replacement for lead in
self lubricating (anti galling) aluminium alloys, but it is also been shown to increase the
castability of aluminium alloys. Bismuth has, however, almost no solubility in solid
aluminium and limited solubility in molten aluminium, and is known to segregate to surface.
Bismuth was added at two aluminium alloys investigated in previous work (our paper), 6061
and AlSi12. Oversaturated alloys 6061-bismuth and AlSi12-bismuth were initially produced.
These two master alloys (1kg each) were mixed with 6061 and AlSi12 ingots (Skg)
respectively prior to atomization which was carried out by CERAM, UK. The alloys before
atomisation contained Bi below the liquid solubility limit and so only one liquid formed
within the sprayer. As it is possible that an amount of bismuth could be lost during
atomisation, quantitative elemental analysis of the powder was carried out by inductively
coupled plasma - optical emission spectroscopy (ICP-OES). This showed that 6061 contained
2.5 wt% Bi and AlSi12 contained 2.8 wt% Bi.

The optical micrographs were obtained using a Nikon Epiphot optical microscope after
polishing the specimens down to 50 nm (Metaserv Universal Polisher). The polished
specimens were subsequently etched with Keller’s reagent_(aqueous solution of 1 vol%
hydrogen fluoride, 1.5 vol% hydrochloric acid and 2.5 vol% nitric acid) in order to reveal

their microstructure.



3. Results

The effect of the processing atmosphere and alloying elements on the density was
evaluated by altering the main process parameters and showing in graphs the relationship
between them. Metallographic analysis of the specimens’ sections revealed any
microstructure differences of the modified alloys and the way these affected the oxidation

problem of aluminium alloys.
3.1 The effect of Magnesium under Argon and Nitrogen processing atmospheres.

Nitrogen atmospheres are used to allow spontaneous infiltration of aluminium alloys into
metal matrix composites (MMCs) (Aghajanian et al., 1989, Aghajanian et al., 1991, Lee et al.,
2000, Kon et al., 2001) and to increase part density in conventional sintering of aluminium
alloys (Schaffer et al., 2006). It is reported that the nitrogen atmosphere helps aluminium
sintering because of the formation of AIN rather than oxides. Kent et al. (2009) showed that
the fine rod-shaped AIN crystallites, 100-200nm in length, which were formed normal to the
sintered aluminium surfaces, enhanced aluminium diffusion. They based this conclusion on
the presence of aluminium between the AIN layers that covered the sintered particles. Also
it has been observed that at elevated temperatures, AIN has a significantly lower contact
angle than aluminium oxide with aluminium (Rosazza Prin et al., 2001, Laurent et al., 1988)
and this will increase the infiltration of porous aluminium green parts with aluminium

(Sercombe and Schaffer, 2004).

However effective nitridation is only possible if magnesium is present as nitrogen reacts
with Mg when it is vaporised, forming MgsN, which subsequently reduces the aluminium
oxide by converting it into AIN and magnesium oxide (Sercombe and Schaffer, 2004). Other
mechanisms of the AIN formation on magnesium containing alloys are also possible, and
these depend on the magnesium content as well as the oxygen partial pressure (Scholz and
Greil, 1991). Lumley et al. (1999) considered how magnesium itself affects oxide-covered
aluminium powder by sintering compressed mixtures of elemental aluminium with 0.1-
1wt% magnesium powders; they observed that compaction ruptured the aluminium oxide
film revealing metallic aluminium where magnesium diffusion was easier. The magnesium
reacted with the aluminium oxide (SOA) resulting in its replacement by a thicker layer

(~50nm) of spinel (MgAl,04). This reduction of the alumina layer was considered beneficial



for solid-state diffusion and led to density increase when magnesium concentration was 0.1
to 1wt%. The spinel formation by the reaction of magnesium with alumina at the metal-
oxide interface is also claimed to promote wetting as sessile drop experiments under argon
atmosphere have shown; Sangghaleh and Halali (2009) compared pure Al/Al,0; with Al-
Mg/Al,03 systems by adding up to 10 wt% Mg where wetting was achieved at temperatures
as low as 900°C. Sercombe et al. (1999) made specimens by depositing aluminium
powder/polymer slurry through a syringe on a layer by layer fashion, and by subsequent
sintering of the dried parts. Because there was no powder compaction prior to sintering that
would result in partial aluminium oxide rapture as in the experiments of Lumley et al.,
greater amounts of Mg (4%) were necessary for its effective diffusion through the oxide. In
this case increase in density was noticed only when the sintering was carried out under
nitrogen atmosphere. It is therefore possible that nitrogen and magnesium may function in

a similar way during SLM helping to increase wetting and thus reduce porosity.
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Figure 4: Effect of processing atmosphere and laser scanning speed on AlSi10Mg at 50 W.

Hatch distance = 0.15 mm

The effect of nitrogen atmosphere was examined on the alloys 6061 and AlSi10Mg. The
selected hatch distance (0.15 mm) was the optimum found during the development of the
SLM scanning parameters for 6061 at 50 W (Louvis et al., 2011). The scanning speeds the
combinations of point distances 65, 75 and 85 pm and varying exposure times of intervals
(200 ps) were the same with those used at that parameters development, resulting in the
same set of scanning speed. No improvement in the resulting relative density was observed
with neither 6061 (figure 3) nor AISilOMg (figure 4) when nitrogen was used instead of
argon. The relative density curve of AlSi10Mg followed somewhat similar pattern with that

of 6061 while both alloys where at all cases less than 84% dense.
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Figure 5: Optical micrograph of an XY section of a 6061 sample which is (A),(C) processed

under argon (B),(D) processed under nitrogen

This agrees with the porosity shown on the section micrographs and with the microstructure
of the 6061 samples as no difference was detected between those made under argon with
those made under nitrogen atmosphere (figure 5). The AlSi10Mg samples also had the same
level of porosity and same microstructure in both cases (figure 6) and no rod shaped nitrides
had been formed. This can be explained by the sort liquid times of the melt pool that don’t
permit a prolonged period over which the AIN can form, as in the cases of sintering and
MMC's infiltration. In addition, Sangghaleh and Halali (2009) found that the necessary time
for wetting of Al-Mg/Al,0; systems at 1100 °C was at least a few hundred seconds. Another
reason of the AIN absence could be the oxygen level (0.1 to 0.2%) which promoted the
generation of oxides on the melt pool that subsequently vaporised, as it was shown for 6061
processed under argon (Louvis et al., 2011), instead of having free magnesium vapour that

could react with nitrogen. Therefore, it is more likely that in all 4 combinations of
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atmospheres and alloys, double layers of mixed aluminium magnesium oxides were formed

and resulted in porosity between the hatches.

Figure 6: Optical micrograph of an XY section of an AlSi10Mg sample which is (A),(C)

processed under argon (B),(D) processed under nitrogen

3.2 Aluminium alloys containing bismuth

Another possible method to increase component density and integrity is to alter the
strength of the oxide film. Papworth and Fox (1998) alloyed aluminium alloys with small
quantities of bismuth to reduce the pressures required to squeeze cast metal matrix
composites. This work was based on earlier evidence showing that the addition of bismuth
increased the fluidity of molten aluminium. It was observed by Papworth et al. that the
effect of bismuth on fluidity appeared to be due its segregation to the metal oxide interface,
where it possibly weakens the oxide and its bond to the underlying metal. Other possible
effects are that the layer of bismuth, which forms a less stable oxide, may cover the surface
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of the molten aluminium, hindering oxygen movement to the aluminium, and thus slows

down the formation of aluminium oxide film. Whatever effect is occurring t will alter the

oxide films and so affect the surface tension of the molten alloy.

The aluminium-bismuth phase diagram (Smithells et al., 2004) shows that the solid solubility

of bismuth in solid aluminium is negligible. However its maximum liquid solubility at the

monotectic temperature (657°C) is 3.4 wt% and any further addition would lead to the

formation of 2 immiscible liquid phases of different compositions. When a hypo-monotectic

Al-Bi alloy freezes the bismuth is rejected from the solid both to any surfaces and to form

liquid globules within the alloy. At temperatures below its melting point (270°C) the bismuth

solidifies forming pure particles of bismuth within the aluminium alloy.
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There are two ways that bismuth may be expected to facilitative the SLM processing of
aluminium alloys. Firstly it is reported (Papworth and Fox, 1998) to weaken the oxide films
making them easier to break up and it also increases fluidity possibly increasing the stirring
of the melt pool. Based on this work on MMCs and data on increased fluidity, bismuth was
selected as an additive for the aluminium alloys to see if it would reduce porosity. Initial
experiments using 6061 with bismuth did not show any beneficial effect when SLM
processed at a laser power of 100 W (figure 7) as the maximum density of the same alloy
without bismuth at the same processing conditions was 89.5% (Louvis et al., 2011).
However, when bismuth was added to a near eutectic aluminium-silicon the SLM parts

produced showed a higher relative density than any of the other alloys tested by the

authors (figure 8).
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Porosity of 6061-Bi and AlSi12-Bi specimens is also shown at their sections (micrographs on
figures 9 and 10). All pores have irregular shapes with sharp edges, which is an indicative
result of the oxides formed around them. In figure 10, as in the case of the AISi10Mg alloy
(figure 6), the grains at the edges of the consecutive microwelds are relatively larger than
the rest areas. This grain growth is probably a result of the lower temperature and the lower
cooing rate at the melt pool boundaries, as well as due to heating twice the overlapping
areas of neighbouring meltpools. Similarly, Olakanmi et al. (2011) who applied varying

energy densities on AlSi12 powder noticed the generation of finer microstructures at faster

cooling rates.

Figure 10: Porosity and microstructure shown on a XY section of an AlSi12-Bi SLM sample
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4, Discussions

Various ways of countering the oxide defects were investigated. Neither the use of nitrogen
atmosphere instead of argon, nor the use of alloys containing magnesium led to any
improvement, although they have been proven effective for other thermal processes such
as sintering and production of MMCs. Bismuth however, had a significant impact on the
relative density of the produced parts. A comparison of the bismuth containing alloys with
the alloys 6061 and AlSi12 (Louvis et al., 2011) at 100 W laser power and at the best hatch
distance found which is 0.15 mm, shows clearly the advantage of the bismuth addition in

the eutectic aluminium-silicon alloy, especially at higher scanning speeds (figure 11A).

Sections, parallel to the scanned layers, of these 4 materials were compared using the
optical microscope (figure 11B). The selected specimens were made using three different
laser scanning speeds (dashed lines on figure 11A). These sections could be anywhere within
the 50 microns distance of two consecutive layers. As a small periodical variability of the
porosity is expected at every 25 microns which is the distance between the middle of a layer
and its border with the next one, the porosity shown in these micrographs is not accurately
representative of the specimens’ one. The uneven pores’ distribution at smaller relative
densities adds up to the fact that the gravimetrical method is more accurate for the
determination of the density. Small variations of the results between figures 11A and 118
can also be explained by the fact that alumina is 47% denser than eutectic and 42% denser
than 6061. This means that there is a small weight gain due to thicker oxide, and at the
same time a higher weight loss due to increased porosity. However, a comparison with the
results on figure 11A shows that these images are at least indicative of the specimens’
relative density. Again here, the AlSi12-Bi specimens that were made using slow scanning

speeds show clearly a denser structure.
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it can be derived, that during the SLM of bismuth containing alloys, the melt pool’s surface
tension drops, and reduces with this way its contact angle with the surrounding solidified
material. As this promotes better wetting, it results in more dense parts, at low laser energy
densities. There is however a limit of the beneficial action of bismuth, which is related with
the alloy’s melting point. When the laser scanning generates temperatures within the
sintering range, bismuth is not expected to affect the porosity so intensely. This could be an
explanation of why bismuth had a noticeable effect on the eutectic aluminium-silicon ailoy
which has a much lower melting point than 6061 when it was examined at 100W laser
power. A possible decreased oxide film thickness of the AlSi12-Bi alloy_had also facilitated
the diffusion of the aluminium atoms through it. This induced the sintering of unmelt

powder particles on the walls of the produced specimens.

5. Conclusions

Aluminium oxidation during SLM is unavoidable even under the most well controlled
process conditions as it can even occur because of the oxygen within the powder particles.
Therefore, other ways of reducing the oxide defects were investigated. The use of nitrogen
atmosphere instead of argon and the Mg content of the aluminium alloys didn’t affect the
SLM components’ density. This is because nitridation that could promote diffusion and
wetting wasn’t successful like in cases of casting and sintering. The addition of bismuth at
amounts below its liquid solubility on aluminium alloys resulted in the reduction of the
oxide defects and in the relative density increase. This was possibly done by the formation
of weaker oxides that can break up easier under the effect of Marangoni flow but also by
enhancing the liquid flow itself. When tested under 100 W laser power, bismuth led to
porosity reduction only for the AlSi12 alloy, possibly because of its lower melting point.
Better results are expected when using bismuth’s maximum solubility on AlSi12, after
confirming its uniform distribution in the powder, and when SLM processing this alloy at
lower oxygen levels. Under these conditions, determination of the minimum laser energy
density for the production of near fully dense components could show the full extent of
bismuth’s beneficial effect but it is also likely to reveal other possible factors for porosity in

aluminium alloys such as the effect of moisture.
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