COMPARISON OF ALSI10MG AND AL 6061 PROCESSED THROUGH DMLS
Benjamin A. Ful cher*, David K. Lei gh*

*Harvest Technologies, Belton, TX 76513
ADepart ment of Mechanical Engineering, The Un

Abstract

Direct Metal Laser Sintering (DMLS) processingabhiminum alloys has been primarily
limited to a casting grade afuminum, AlSi1OMg. The reasons for tisboice of AISi10Mg by
machine manufacturers are presently unknown; however, it is suspected that the reduced
coefficient of thermal expansion (CTE) due to the presence of Silicon may enhance DMLS
processability. Aluminum 6061 (A061) is a commonly usedlloy across a wide range of
industries and applications, and Harvest has observed a high interest in-iafiL@actured
Al 6061 products. However, the higher CTE value potentially presents greater challenges in
controlling the shrinkagenduced warp commoumuring DMLS. The work presented in this
paper was performed in an effort to understand differences in manufacturability as well as
mechanical properties of DMLSrocessed AlISi10Mg and Al 6061.

1. Introduction

Casting, welding, and DMLS of aluminum alloyssposeveral challenges: First, aluminum
rapidly forms an oxide layer when exposed to air which requires strong fluxas orert
atmosphere. Second, water vapor or any adsorbed hydbegeimg species can result in
hydrogen porosity during solidificatioras molten aluminum has a high solubility limit for
hydrogen which diminishes rapidly upon solidification. Third, aluminum has a high thermal
diffusivity which requires a high energy input to overcome conductive cooling into the
surrounding material. Someuminum alloys (6xxx series in particular) are also susceptible to
hot tearing and hot cracking in casting and welding proceBsasturecan occur in the solid
state due to thermal contractighot cracking) or above the solidus temperature due to
solidification shrinkage (hot tearing).

AISi10Mg is currently the most commonly used aluminum allofpMLS, presumably due
to the ease of processing. Alumingilicon alloys are primarily used in castings due tdarthe
high melt fluidity and relativelylow shrinkagg1, 2]. Adding more than a few percent of silicon
to aluminum significantly improves these properties, reducing the likelihood ofehdng
during solidification. Lower shrinkage results in reductdain levels and therefore less
susceptibilityto crackng during solidification.Furthermorejf the melt isfluid enoughit is able
tofl h e al o HAill,any créclks ¢hiat form while theaterial is in its mushy stat8ilicon, with
a high heat of fusiongontributes toan alloys fluid life by releasing heat into the melt during
solidification, thereby slowing the solidification and reducing strain rate in the mushy zone.



Sol i dificatordifiusf Boug B alfoaelevant to hot tearing larger &l
results in greaterchance for hot tearing becausss liquid is availabléor interdentriticfeeding
when the material reacheake solidus oreutectic temperatureNeareutectic alloys such as
AISi10Mg have a relatively loveel (40 K), whereasAl 6061 has a relativgllargeael (70 K)
which is further increased mon-equilibrium solidification andast cooling rateandin DMLS.
In casting processes, the hot tearing of aluminum alloys is reduced by increasing the mold
temperature, and reduciniget pour temperatui@]. The solidification range for an AISi10 alloy

is represented in thAl-Si binary phasen Figure 1, and the norequilibrium solidification
behavior of an AMg alloy is displayed irrigure?2.
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Figure 1. Al-Si binary phase diagram illustratirthermal behavior of AlSi10 alloy4]
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Figure 2. Norrequilibrium solidification of an AMg alloy withcomposition G. Solidification
begins with the rejection afsolid-solution crystals. If time is insufficient for diffusion of Mg
into the solidified core, microsegregation occurs aéldincrease$5] .



Given the potential diiculties associated with processing Al 6061 in DMLS it is not
surprising that it is not widely used in the additive manufacturing industry. However, Al 6061 is
commonly used across multiple industries, is often used for CNC prototyping, and Harvest has
observed a desire from aerospace customers for DMLS Al 6061 components.

2. Results and Discussion

Scan track testing was performed for Al 60AISi10Mg microstructure and mechanical test
samples were built according the default EOS parameter set, and Al 68&thples werduilt
according to the parameters listedTiable 1. Note that two builds were performed in Al 6061,
referred to asersionl (v1) andversion 2 ¥2). The second build employed a preheat scan in an
effort to alleviate cracking issues obserugthe first build.

Table 1. DMLS processing parameters used in this study

AlSi10Mg Al 6061 (vl) Al 6061 (v2)
Laser Power (W) EOS_DirectPart 370 70/370
Scan Speed (mm/s EOS_DirectPart 940 3,000 /940
Scan Spacing (mm) EOS_DirectPart 0.19 .19
Layer Thickness @m) 30 30 40
Platform Temperature (°C) 30 30 80

2.1. Al 6061 Scan Track Testing

Prior to building test samples in Al 6061, a scan track design of experiments was performed
to provide a general idea appropriate scan speed and laser powethe first scan track test,
laser powe(P) was varied from 70 to 370 W and scan spgdvas varied from 1000 to 3000
mm/s.In the second scan track test, the laser power was varied from 270 to 370 W and the scan
speed was varied from 500 to 1500 mn8san spacing was left at the defaa@®S value for
AISi10Mg of 0.19mm. The tracks were examined under microscope and characteby
appearance. The follomg descriptions explain the characters usethinle2 andTable3.

1 Ui Un-melted

X 1 Balling, broken tracks, unconnected tracks
Y i Balling, unconnected tracks

Z i Balling with connected tracks

R 1 Rough with connected tracks

1 AT Smooth with connectedarks

= =4 =4 A

In Table2 andTable3, the lowerleft corner corresponds with the highest laser energy input
ard the upperight corner corresponds with the lowest energy input. The best results in the two
studies tend toward higher laser energy.



Table 2. First Al 6061 scan track test

Power (W)
Test#1 370 295 220 145 70
0 3000
E 2500 Y Y
= | 2000 z Y
8 | 1500 z z Y
? | 1000 R Y Y
Table 3. Second Al 6061 scan track test
Power (W)
Test #2
est 370 345 320 295 270
- | 1500 Z Z Y Y Y
E 1250 Z A R R Y
= | 1000 R R R R
8 [ 750 R
9 500

After performing the scan track testing, laser power of 370 W and scan speed of 940 mm/s
were chosen for the first Al 6061 build. This combination ensures good melt characteristics
while the relatively high scan speed facilitai@gast build rate As previously mentioned, a
second build was run after the first in order to alleviate cracking issues observed in the first build
(see sectior2.2). The second build employed a preheat scan of 70 W at 3,000 mm/s which
corresponds with an umelted track in the scan track testingigure 3 displays three
representative scan tracks from the first test.



Figure 3. (upper Al 6061 scan track testing at P=220 W, S=1000 mm/s (fypémiddle)
P=370 W, S=2000 mm/s (ty@®; (lower) P=370 W, S=1000 mm/s (type A)

2.2. Microstructural Comparison

Specimens were sectioned with a {speed diamond saw and encapsulated in epoxy. Each
epoxymounted specimen was sequentially ground using a rotary polisher with 400, 600, 1200
and 4000 grit & papers immersed in water, then sequentially polished withn®,-¢ 8, and
lem diamond suspensi ons .-umkcolloidal silica suspersion. Thg u s e
specimens were rinsed with water and ethanol andrigid between each grinding/polisgin
step.

Specimens were etched using one of two techniques: The first technique used 2% aqueous
fluoroboric acid (HBE, ABarkerds reagento) for approxi mat
etching of the AISi10Mg and precipitate etching of the Al 60Bie second technique used the
same reagent with an electrical current applied at 25 VDC with the specimen as the anode. This
electrochemical etching results in grain orientation coloring when viewed with an optical
microscope equipped with crepslarizedf i | t e r s nt plated Aftar etehing, fecimens



were analyzed using a Zeiss Axiovert 405M optjpalarizing microscope, and a JEOL JSM
5610 scanning electron microscope equipped with energy dispersive spectroscopy (EDS).

2.2.1. Asbuilt CrossSection Image

The following images were taken of material in théagt (melted, stress relieved)
condition.

AlISi10Mg asbuilt micrographs

Optical microscope images efectrolytic etchedAISi10Mg in the asbuilt conditionare
shown inFigure4. In general there is little difference between the different melt pools. Melt pool
edges aretinted yellow or blue, with the central region alored magenta.The nelt pool
boundaies are extremely well defined and there is sporadic evidence of epitaxial solidification.
In Figure5 epitaxial slidification is evident in the middle of the melt pools as propagation of the
same color, though threelt pooledges tend to show greater orientation contrast.

Figure 4. Optical micrographs of sbuilt AISi1l0Mgelectrolyticetch XY plangleft), and XZ
plane (right)

Figure 5. Optical micrographs of abuilt AISi10Mg electrolytic etch; XZ plane



SEM imagesof the XY plane for AISi10M in Figure 6 show a cellular solidification
structue with cells approximately 0@ . 5 e m i nelsliszei.ncTrheeasce i n si ze
at the melt pool boundaries. These larger cells are likelyg hhaterial that has been heated up to
just below the melting temperature, resulting in coarsening of the microstructure. This region is
surrounded onone sideby@#82 ¢ m band of detached dendrites/ c
pools devel bp at fydor@ectedmnticeosructure.

8066

Figure 6. SEM images of AlSi10Mg 4mlilt, chemical etchXY plane

In Figure7, the eellsin the XZ planeshow some evidence of epitaxial solidification near
the melt pool bottoms, though the sides of the melt pools tend to haxepitaxial cells aligned
in the direction of greatest heat transfer. The detached cells seen in theng¥ap@abserved on
the underside of the coarsened cells. Since these are evident as spots in both the XY and XZ
plane, it is apparent that they are actually nodular in shape. Additional anslyssdedo
determine if this is due to solidification ofetoriginal melt pool or heating from the overlapping
melt pool, though it is likely the latter.

Figure 7. SEM images of AlSi10Mg -#miilt, chemical etchXZ plane



cracking and porosity is observed throughout the material. The chadke XY planeare
suggesting biaxi

Al 6061 (v1) asbuilt micrographs
Images of ashuilt, polished Al6061 (v1) samples are shown iRigure 8. Significant
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Figure 8. As-built, polished Al 6061v1) XY plane (left) and XZ plane (right)

Figure9 is an SEM image of a crack in the-lagilt Al 6061 in the XY plane. Tendrils
that connect opposing crack faces suggest that fracture occurred when this material was still in

i mues dr gebween thesolidus and liquidus temperatures.
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Figure 9. SEM image of Al 6agv1) crack in theXY plane




In Figure 10, melt pool boundaries are revealed as well as grain orientation cdiotrast
the asbuilt Al 6061 Epitaxial solidification isclearly evidentfor the Al 6061, unlike the
AISi10Mg. Grain orietations span manypuild layersand can consume large portions of a
particul ar meracks arp predondinsly itergcamular. in nature this behavioiis
expected from the previodigure which showed evidence of haaring in the fracture surfaces.
However, unlike traditinal hot tearing which is due to macroscopic geometric constraints, the
cracks observed here occur on a much smaller lesggile and occur throughout the melt pool.
Cracks also tend to correspond with greater changes in grain color (grain orientatiah), whi
suggests that fracture is due to anisotropic contraction during solidification and cddiang.
crackingis remarkably consisteatong the Z axiand spans across multiple powder layers.

Figure 10. Optical mcrographof Al 6061(v1) as built, electrolytic etch; XZ plane

Al 6061(v2) asbuilt micrographs

The second build of Al 6061 (with preheat scanning) shows marked improvement over
the first build, although there is still work to be done to completely eliminatkiog and
porosity. The preheat scan effectively reduces thermal gradients during cooling and thereby
reduces thermal cracking. While there are some regions of significant cracking in the second
build of Al 6061, most of the material exhibits only finede cracks that are difficult to see
without using darield imaging.
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Figure 11. Optical micrographs oAl 6061(v2) as-built, polished;XZ plane Bright-field images
are shown on the left with corresponding dfigtd imageson the right.

2.2.2. HeatTreatedCrossSection Image

The following images were taken of material in thdast (melted, stress relieved), and
heat treated (HIP, solutionized, aged) condition.

AlSi10Mqg heatdtreatedmicrographs

The XY plane micrographsf the heatreated AlISi1OMg inFigure 12 show that the
original cellular microstructure has been converted into coarsened nodular particles.
Furthermore, the grain orientation no longer follows the melt pools as in-thglasondtion.

The XZ plane micrographs iRigure 13 show some particles aligned along previous cellular
growth directions. The grain orientation is irreguland does not consistently span multiple
powder layers as in the Al 6061.
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Figure 12. Optical micrograph of AISi1OMd6, electrolytic etch; XY plane

Figure 13. Optical micrograph of AISi10MJ 6, electrolytic etch; XZ plane

Al 6061 (v1) heattreatedmicrographs

Figure 14 shows that grain orientation is largely consistent across the XY plat¢ha
cracks no longer correspond with significant changes in grain orientdi@nmicrograph in
Figure 15 is similar to the aguilt Al 6061 (seeFigure 10), though the pool boundaries are
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