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Abstract

Alloy development can simplify low-cost gas metal arc weld (GMAW)-based 3-D
printing by making it easier to print quality parts with minimal metallurgical or welding
experience. Previous work found good properties in aluminum alloys, particularly in the
aluminume-silicon 4943 (Al-5.5%Si-0.4%Mg) and 4047 (Al-11.6%Si) alloys. These alloys were
easy to print, but could benefit from alloying to increase ductility and to minimize or redistribute
porosity. The purpose of this study was to modify 4943 and 4047 alloys and rapidly screen their
performance for use as feedstock for improved 3-D printability. The 4047 and 4943-based alloys
were modified with additions of magnesium, strontium, titanium boride, and combinations
thereof. Wedge-shaped castings were used to efficiently screen alloying additions over the same
ranges of solidification rates as those observed in GMAW-based 3-D printing. The alloying
additions were most effective at modifying the high-silicon 4047 alloy whereas no change in
microstructure was observed in the low-silicon 4943 alloy. Strontium was an effective modifier
of the high-silicon alloy. Titanium boride was not observed to have a grain refining effect on
aluminum dendrites on its own, although the combination of strontium and titanium boride
produced the most refined eutectic structure in the high-silicon alloy. Future work should
evaluate the singular effects of strontium, titanium boride, and the combination of strontium and
titanium boride additions in weld-based 3-D printing.
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1. Introduction

The process of additive manufacturing with metals currently begins with powder or
filament. Energy is applied (in the form of an electron beam or laser) and a part is built layer by
layer [1]. It is typically utilized in specialized industries such as for aerospace applications,
medical implants, and surgical models [2]. Since less waste is produced by additive
manufacturing compared to traditional manufacturing methods, the carbon footprint of
manufacturing is reduced when additive processes are utilized [3]. For instance, the buy to fly
ratio, commonly used by aerospace companies to represent the ratio between raw material weight
and final part weight, is much smaller in additive manufacturing [4]. In subtractive
manufacturing this number can be as large as 15-20 whereas in additive manufacturing this
number is closer to 1.

Additive manufacturing was first demonstrated with laser curing of photopolymers on a
layer-by-layer basis in the 1960’s [2,5]. Yet it was not until the mid-2000’s that metal 3-D
printers became commercially available [6]. These metal printers utilized electron beams or
lasers to selectively sinter or melt thin layers of metal powder according to instructions provided
by a computer model in print resolutions on the micrometer scale. Common metal powders
include stainless steels, Ti-6Al-4V, and nickel-based super alloys. Some electron beam or laser
printers utilize wire feedstock to eliminate issues related to metal powder feeding and
distribution [7]. An alternate method to 3-D print metal powders involves selectively printing a
layer of liquid adhesive onto a thin layer of metal powder and subsequently sintered to burn off
the adhesive and to sinter the metal particles [8]. Some of these metal powder printing techniques
can be prohibitively expensive with equipment priced between $500,000-1.5 million [9].

A more affordable metal 3-D printing technique utilizes gas metal arc welding (GMAW)
technology and can be more than 500 times less expensive than traditional 3-D printing methods
[10]. This technique is operated with a combination of open source electronics [11,12] and open
source software [13]. Not only is the equipment more economical than laser and powder
methods, but the consumable weld wire is much more affordable, on the order of $4.50/pound
for 0.062” diameter stainless 316 wire versus $10 per pound for an equivalent powder [14]. The
low-cost GMAW-based printer can also produce parts in a matter of minutes or hours that would
typically require days or weeks for laser or electron beam and powder printing methods. The
concept of weld based printing, however, is not new as the first methods that can be described as
weld-based 3-D printing were patented in 1972 to continuously weld circular vessels [15] and
later in 1976 to produce large metal shafts and structural vessels [16]. GMAW-based 3-D
printing is also known as wire and arc additive manufacturing (WAAM) [17]. This method of
printing is closely related to single-layer multi-pass welding [18].

Recent studies with the low-cost GMAW-based printer developed substrate release
mechanisms [19,20] that enable the printers to operate as standalone units without expensive and
time intensive cutting methods or other techniques to remove parts from the substrates. Previous
work with the low-cost GMAW-based 3-D printer has shown that aluminum-silicon weld alloys
may benefit most from alloy modification [21]. Alloys such as 4047 (Al-11.6%Si) and 4943 (Al-
5.5%Si-0.4%Mg) were easy to weld and exhibited good mechanical properties [21]. The
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ductility and strengths of these alloys maybe further improved by a redistribution of porosity,
refinement of the eutectic silicon morphology, and grain refinement.

1.1 Eutectic Modification Strategies in Hypoeutectic Al-Si Alloys

The eutectic structure of hypoeutectic aluminum-silicon alloys is commonly modified
from a coarse, sharp, plate-like structure to a fine, fibrous structure with rounded edges to
improve mechanical properties such as ductility and to redistribute porosity [22]. A method of
modifying the eutectic structure in aluminum-silicon alloys using alkaline fluorides was first
patented by Pacz [23]. Since then researchers studied the mechanisms attributed to sodium’s
ability modify the eutectic structure of aluminum-silicon alloys [24,25,26,27]. While effective,
sodium was observed to fade rapidly in cast alloys and was difficult to control [28,29]. Although
typically applied to cast aluminume-silicon alloys, Cross & Olson applied similar practices to
modify the eutectic structure of aluminum-silicon weld alloys [25]. Cross & Olson evaluated
whether additions of sodium could survive the welding thermal environment in sufficient
quantities to interact with the weld solidification mechanisms and produce a refined structure.
They observed that even small additions (0.001 wt% sodium) were sufficient to enhance eutectic
modification over that of rapid cooling produced during welding. Thus, methods utilized by the
foundry industry to modify aluminum-silicon eutectic structures could be applied to weld alloys.

While sodium has been shown to be an effective eutectic modifier, its efficacy fades
rapidly and can be difficult to control [28,29]. Strontium has been identified as a suitable
alternative to sodium that is easy to control [29]. Additionally, strontium-modified aluminum-
silicon alloys melt easily, are easier to control the eutectic modification, and are more stable than
sodium-modified alloys [30]. In comparing the modification effect of sodium versus strontium,
Tiedje, et al., observed both elements to be effective modifiers although the sodium-modified
alloy exhibited a finer and more uniform structure than the strontium-modified alloy [31]. On
average, they also observed strontium additions to increase porosity in cast aluminum-silicon
alloys. Lu, et al. studied the combined effect of both sodium and strontium additions in near
eutectic aluminum-silicon alloys but did not observe any additional benefit to using two
modifiers [30].

Based on the comparative work of sodium and strontium modifications, many researchers
have studied the effects and mechanisms responsible for strontium modification of aluminum-
silicon alloys (Table 1). While the fundamental mechanisms for strontium modification are not
fully understood [22], it has been observed that no significant gains in mechanical properties are
observed at strontium additions in excess of approximately 300 ppm in a near-eutectic
aluminume-silicon alloy [32].
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Table 1. Strontium Levels in Hypoeutectic Al-Si Alloys as Reported in the Literature

Si Content (wt%) | Sr Content (ppm) Reference
1 200 [33]
400 [34,35]
3
1500-3000 [36]
150 [37]
5 50-3000 [38,39]
70-245 [40]
6 70-245 [40]
50 [41]
150 [42]
200 [40]
400 [43,34]
7
70-245 [44]
70-500 [22]
100-150 [45]
250-350 [31]
200 [46]
400 [47]
9
50-200 [48]
200-600 [49]
150 [50]
200 [33,51]
10 250 [30]
290 [52]
400 [34]
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0-1000 [53]
30-290 [54]
30-720 [55]
90-140 [56]
100-1000 [32]
300 [57]
11-11.7 50-200 [48]
100-375 [29]
400 [34,35]
1000 [58]
12-12.5
70-245 [40]
250-350 [31]

1.2 Grain Refinement in Hypoeutectic Aluminum-Silicon Alloys

Strontium has been observed to be an effective modifier of the eutectic structure of
hypoeutectic aluminum-silicon alloys, but can result in enlarged, columnar dendrites which
negatively affect mechanical properties [57]. A review of the grain refinement mechanisms
proposed for Al-Ti-B additions in aluminum silicon alloys was presented by Easton and St John
[59]. Although prior literature debated whether grain nucleation occurred on TiB2, AlB,
(Ti,Al)B2, or AlzTi phases, experimental work performed by Easton and StJohn with aluminum
castings provided evidence that grain nucleation occurred on TiB2 phases and the optimum
amount of Al-5Ti-1B additions was to 0.05wt% Ti [59,60]. The Al-5Ti-1B master alloy has
approximately equal atomic ratios of titanium and boron, resulting in an excess of titanium that
has been shown to improve the grain refining effect of TiB» [59,60].

The addition of Al-5Ti-1B to a strontium-modified Al-10Si-0.35Mg alloy was observed
to be effective at modifying the eutectic structure while refining grain sizes [61]. Mallapur, et al.,
also observed improved mechanical properties in an Al-Ti-B grain-refined, strontium-modified
A356 aluminum alloy [62]. Murty, et al. observed that at traditional Al-5Ti-1B additions of
0.01wt% Ti in aluminum alloys may be ineffective when silicon is present in the alloy due to a
mutual poisoning effect [63]. The poisoning effect could not be fully explained, but Al-5Ti-1B
additions in excess of 0.01wt% Ti were suggested in the presence of silicon. Lee, et al., observed
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that for high silicon levels (8 wt% or higher), that no significant reductions in grain size were
observed beyond Al-5Ti-1B additions to 0.5wt% Ti [64].

1.3 Alloying Considerations for Welding

The chemistries of aluminum weld alloys are designed to achieve optimal mechanical
properties when diluted with a base metal during welding [65]. However, in weld-based 3-D
printing, there is no dilution of the weld filler metal with a base metal. The design of an optimal
alloy for weld-based 3-D printing must avoid alloying additions that commonly cause cracking
in welds (Figure 1) while also having the ability to be printed into a part with good
microstructural and mechanical properties with no assistance from dilution [66].
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Figure 1. Influence of alloying additions on the weld crack susceptibility in aluminum welds
[66].

As solidification range increases, crack susceptibility also increases [18]. Alloying
additions that increase the solidification range increase crack susceptibility and should be
avoided. By contrast, good starting points for alloy modifications may lie in regions on the phase
diagram with short solidification ranges such as compositionally pure and eutectic compositions.
Grain refinement, such as adding titanium boride in aluminum alloys, has also been shown to
reduce cracking susceptibility [18]. Alloying additions that cause the formation of brittle
structures such as aluminume-iron intermetallics or magnesium disilicides can also limit weld
performance and should be avoided.

1.4 The Role of Wedge Castings in Alloy Development
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Wedge-shaped castings are a novel method to evaluate the effect of solidification rate
upon mechanical and microstructural properties of aluminum alloys. Caton, et al., evaluated the
cracking susceptibility of two aluminum-silicon-copper alloys cast into a wedge shape designed
to induce a wide range of solidification rates [67]. Boileau and Allison later used the wedge-
shaped mold developed by Caton, et al., to evaluate the influence of solidification rate on the
fatigue properties in aluminume-silicon-copper alloys for light-weight vehicle components [68].
Wedge-shaped castings have also allowed researchers to efficiently evaluate the kinetics of
microstructural evolution in aluminum-iron-silicon alloys [69], aluminum-magnesium-silicon
alloys [70,71], aluminum-manganese alloys [72], aluminum rich alloys alloyed with lanthanide
series elements [73], and in metallic glasses [74].

Norman, et al., proposed a wedge casting to evaluate many different amounts of
scandium additions to aluminum under a wide range of solidification temperatures [75]. Norman,
et al., later extended this work to evaluate scandium’s influence on the grain refinement and
weldability of 2000 and 7000 series aluminum alloys [76]. In their 2003 study, Norman, et al.,
successfully cast aluminum-scandium alloys at solidification rates comparable to those observed
in fusion welding. The approach of Norman, et al., to evaluate the influence of alloying elements
on weldability, was extended to this study to screen several alloy modifications for GMAW-
based 3-D printing [76]. By matching solidification rates in appropriate casting experiments with
those in GMAW additive manufacturing, alloys can be rapidly screened for optimal properties in
3-D printing. Common modifiers to aluminum-silicon alloys, strontium and titanium boride,
were evaluated for their ability to reduce porosity and further increase ductility of 4047 and 4943
3-D printed materials. The results are discussed in the context of low cost GMAW-based 3-D
metal printing.

2. Materials & Methods
2.1 Description of Permanent Mold

The permanent mold used in this study was a wedge shaped casting modified from
Norman, et al. (Figure 2) [75].
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pe=—

120 mm

Figure 2. Schematic drawings of the wedge casting and permanent mold. Wedge profile (left)
and the modified permanent mold (right).

This mold was chosen as it could induce a wide range of cooling rates, allowing for comparisons
between cast alloys and 3-D printed alloys. The mold was machined from two 99.00% copper
bars. Four holes for thermocouple insertion were located in the side to allow for cooling rate
measurement from the centerline of the wedge while minimizing the length of thermocouple
within the mold. The holes were 2.25 mm in diameter to provide a tight fit for the Type K
thermocouples with a protective stainless steel sheath (0.25 mm wall thickness).

2.2 Alloy Melting & Pouring

Eleven alloys based upon 4047 (approximately 11.6 wt% Si) and 4943 (with
approximately 5.5 wt% Si and 0.3 wt% Mg) were analyzed in this study (Table 2). Additions of
magnesium, strontium, titanium boride, and combinations thereof were evaluated for the
influence on the microstructural and mechanical properties of aluminum-silicon alloys similar to
4047 and 4943.

Table 2. Target Compositions of Experimental Alloys. All values given in wt%.

Si Mg Sr Ti Al
10.8-12.4| - - - Bal,
10.8-12.4 | 0.2-05 - - Bal,
10.8-12.4 | 0.2-0.5 | 0.02-0.04 Bal.

10.8-12.4 | 0.2-0.5 - 0.04-0.06 | Bal.
10.8-12.4 - 0.02-0.04 | 0.04-0.06 | Bal.
10.8-12.4 | 0.2-0.5 | 0.02-0.04 | 0.04-0.06 | Bal.
5-6 0.2-0.5 - - Bal.
5-6 0.2-0.5 | 0.02-0.04 - Bal.
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5-6 0.2-0.5 - 0.04-0.06 | Bal.
5-6 - 0.02-0.04 | 0.04-0.06 | Bal.
5-6 0.2-0.5 | 0.02-0.04 | 0.04-0.06 | Bal.

Charge materials consisting of 99.999% pure aluminum and Al-36wt%Si were preheated in a
silica crucible in a resistance box furnace for 1 hour at 300°C to drive off any oils or organic
materials that could increase porosity in the melt. Following this preheat, the crucible and
preheated charge material were moved into a Thermolyne type 46200 high temperature furnace.
This furnace had two argon gas inlets: One directly to the top of the melt surface and one in the
bottom of the furnace. 99.999% pure argon gas was flowed through both gas inlets at
approximately 0.05 L/sec. No active degassing, in which inert gas is bubbled through the melt,
was performed since the metal was melted in an inert atmosphere.

Once molten, the crucible was pulled out of the furnace and the melt was stirred
thoroughly with a stainless steel probe prior to pouring a small button for chemical verification
via optical emission spectrometry (OES). The button surface was ground smooth with a lathe. A
minimum of three burns were used to verify alloy chemistry. Alloy chemistries were monitored
and corrected for silicon, iron, magnesium, titanium, boron, and strontium levels

A boron nitride coated stainless steel cup was used to collect an approximately 120 mL
specimen. The cup was placed in an insulating support and a thermocouple was inserted into the
center of the melt for cooling rate analysis. A second OES button and the first wedge casting
were poured. No active degassing was performed since we melted in a closed, relatively inert
(Ar) environment. Once the specimens were cool, the remaining two wedges and a third OES
button were poured. A third OES button was poured after the third wedge to verify the initial
wedge chemistry and the final wedge chemistry were within the target range (Table 3).

Table 3. Actual Compositions of Experimental Alloys. All values given in wt%.

Si |Mg| Sr Ti Al
121 - - - Bal.
1151 0.3 - - Bal.
11.3 | 0.3 | 0.027 - Bal.
11.2 ] 0.3 - 0.053 | Bal.
11.3| - |0.028 | 0.053 | Bal.
11.4| 0.3 | 0.025 | 0.057 | Bal.

6 |03 - - Bal.
5.7 | 0.3 ]0.023 - Bal.
55 | 0.3 - 0.055 | Bal.
56 | - ]0.029 | 0.050 | Bal.
5.5 | 0.3 ]0.031 | 0.040 | Bal.
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2.3 Alloy Testing & Analysis

One wedge of each alloy was sectioned into four pieces for microstructural analysis
(Figure 3).

30 mm
Al

w01

¥ 1000°s K/s

v

100 mm

Figure 3. Schematic drawing of the wedge castings with dashed lines to represent cut sections.

The sections were mounted in epoxy, polished to 0.05 um silica, and etched using
Keller’s reagent for 30 seconds. Secondary dendrite arm spacing (SDAS) was measured across
three or more secondary dendrite arms in an edge-to-edge fashion using ImageJ software [77].
The SDAS was calculated by a simple ratio of dendrite length (L) over total number of
secondary dendrite arm spaces (N) (Equation 1).

SDAS = % (Equation 1)

A cooling rate could subsequently be calculated for this SDAS given a fitting factor (B) for a
specific alloy and a constant (n) (Equation 2).

-1
S.DM) i

Cooling Rate = (T (Equation 2)

For 4043 aluminum, B = 50 um (Ks™)" and n = 0.33, a unitless number [78,79]. Heard, et al.
found agreement between calculated and experimental data when these 4043 aluminum constants
were applied to 4047 aluminum [80]. The same computational approach was applied to this
study to evaluate the cooling rates in modified Al-5.5%Si-0.4%Mg and Al-11.6%Si alloys. This
analysis indicated that the 7-12um SDAS corresponding to approximately 250 K/sec cooling
rates reported for 3-D printed specimens was in the region approximately 25-50 mm above the
cast wedge tip and close to the wedge sides [21]. These cooling rates could not be verified using

10
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the more traditional method using cast thermal modeling software Magma. Magma could not
model solidification in the wedge tip due its small geometry; the generated mesh elements could
not fully span the wedge tip geometry and in some instances thin walled elements formed. Thin
walled elements are undesirable in Magma, which uses a finite volume method, because they
have a small connection with the rest of the part which affects the calculated thermal transfer.

Two subsize rectangular tensile specimens were machined from the remaining wedges,
providing four total tensile specimens per alloy (Figure 4) [81].

25 mm

Figure 4. Schematic drawing showing the approximate origin of tensile bars.

Prior to tensile testing, the internal (closed) porosity of the tensile specimens was
measured using the Archimedes’ method as described previously [20]. Tensile specimens were
pulled to failure at a strain rate of 10 sec™ according to ASTM B557 as described previously
[21]. Only specimens that broke within the gauge section were used for further analysis.

3. Results
3.1 Microstructural & Thermal Analysis

The unmodified high-silicon alloy and the high-silicon alloys modified with magnesium
and titanium boride exhibited primary silicon precipitates near to or surrounded by primary

aluminum dendrites (Figure 5). Alloys modified with strontium exhibited a cleaner and more
refined microstructure.
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Figure 5. Comparative microstructures of the high-silicon alloys. Scale bar represents 250 pum in
all images.

The eutectic structure of alloys not containing strontium was coarse and consisted of
flakes with sharp edges (Figure 6). The addition of strontium significantly refined the eutectic
structure of the high-silicon alloys in terms of overall size and length. Strontium also rounded the
eutectic edges. Alloys containing both strontium and titanium boride exhibited a finer eutectic
structure than alloys only modified with strontium However, the combination of strontium and
titanium boride allowed aluminum growth in the magnesium containing alloy but this aluminum
growth less pronounced in the strontium-titanium boride alloy that did not contain magnesium.

AISiMgTiB| ® % |AISiMgSrTiB

‘""“,_f 1

S T
AL Ly

n
=
'\

7%/

-
r

12


http://link.springer.com/article/10.1007%2Fs40962-017-0133-z
http://link.springer.com/article/10.1007%2Fs40962-017-0133-z

Preprint: Haselhuhn, A.S., Sanders, P.G. & Pearce, J.M. Hypoeutectic Aluminum-Silicon Alloy Development for GMAW-Based 3-D Printing
Using Wedge Castings International Journal of Metalcasting (2017). doi:10.1007/s40962-017-0133-z

Figure 6. Comparative eutectic microstructures of the high-silicon alloys. Scale bar represents
25um in all images.

Few differences were observed in the microstructure of the low-silicon alloy (Figure 7).
The dendritic and eutectic structures of the Al-5.5Si-0.03Sr-0.05TiB alloy appeared to be more
refined than in the other low-silicon alloys. Additionally, the eutectic phase appeared to form
larger colonies in the Al-5.5Si-0.03Sr-0.05TiB alloy than in the other alloys.

AISiMgSrTiB AISiSrTiBLFL s

Figure 7. Comparative microstructures of the low-silicon alloys. Scale bar represents 250um in
all images.

No significant differences were observed upon closer examination of the low-silicon

alloy eutectic phases (Figure 8). The eutectic structures of all alloys appeared to be small and
with rounded edges, similar to the strontium modified high-silicon alloys.
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Figure 8. Comparative eutectic microstructures in the low-silicon alloys. Scale bar represents
25um in all images.

The low-silicon alloys exhibited larger solidification ranges than the high-silicon alloys
(Figure 9). The low-silicon alloys also exhibited lower eutectic growth temperatures and shorter
eutectic growth times than the high-silicon alloys (Figure 10). All modifications decreased the
eutectic growth temperature of the high-silicon alloy, whereas titanium boride additions
increased the eutectic growth temperature of the low-silicon AlSiMg alloy. Strontium additions
decreased eutectic growth temperatures more than any other alloying modification. In the high-
silicon alloy, there was almost no difference in the cooling response of the magnesium-titanium
boride alloy and the strontium-titanium boride alloy, and these curves could not be distinguished
from one another.
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Figure 9. Cooling curves of cast alloys. Al-5.5% Si alloys (left) and Al-11.6% Si alloys (right).
They are separated for clarity.
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Figure 10. Eutectic growth temperature of cast alloys.

All alloys exhibited porosity of 0.4% or less (Figure 11). The porosity of the low-silicon
alloy was lower than that for the high-silicon alloy. Additions of strontium or titanium boride to
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magnesium-containing alloys increased porosity levels, although porosity levels significantly
decreased when both strontium and titanium boride were added to magnesium-containing alloys.
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Figure 11. Average porosity of the cast experimental alloys. Error bars represent £2 standard
error (nominally 95% confidence intervals).

3.2 Mechanical Properties

Few significant differences were observed in the yield strengths of either aluminum-
silicon alloy (Figure 12). Any modification to the high-silicon alloy (magnesium, strontium,
and/or titanium boride) significantly increased the yield strength. Low-silicon alloys containing
magnesium exhibited higher yield strengths than the low-silicon that did not contain magnesium.

There were no differences in the yield strengths of the high or low-silicon alloys that contained
magnesium.
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Figure 12. Average 0.02% offset yield strength of the cast experimental alloys. Error bars
represent +2 standard error.

The additions of magnesium-strontium, magnesium-strontium-titanium boride, and
strontium-titanium boride provided the highest ultimate tensile strength in the high-silicon alloy
(Figure 13). The low-silicon magnesium, magnesium-strontium, and magnesium-titanium boride
alloys exhibited higher ultimate tensile strengths than their high-silicon counterparts. In contrast,
the high-silicon strontium-titanium boride alloy had a higher ultimate tensile strength than its
low-silicon counterpart. The low-silicon alloys exhibited greater ductility (% elongation) and
greater variability in their performance than the high-silicon alloys (Figure 13). Magnesium
additions worsened the ductility of high-silicon alloys, although ductility could be recovered
with strontium additions. Titanium boride worsened the ductility of magnesium-containing low-
silicon alloys. On average, the strontium-titanium boride alloys exhibited the greatest ductility
when magnesium was not present.
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Figure 13. Average ultimate tensile strength (left) and elongation at break (right) of the cast
experimental alloys. Error bars represent +2 standard error.

4. Discussion

No significant differences were observed in the microstructures of the low-silicon alloys.
Therefore, large differences in mechanical properties were not anticipated or observed. The short
eutectic growth time in the low-silicon alloys resulted in a fine silicon eutectic structure. A
reduction in the size and aspect ratio of silicon particles in aluminum-silicon particles has been
previously reported with faster cooling rates [82]. Magnesium additions to aluminum-silicon
alloys results in solid solution strengthening, explaining why the Al-5.5Si-Sr-TiB alloy exhibited
lower yield and ultimate tensile strengths than magnesium-containing alloys.

The depression in eutectic temperature with magnesium additions has been reported by
Heusler and Schneider [48]. They observed a magnesium addition of 0.35wt% in an Al-11Si
alloy to reduce the eutectic temperature from 577°C to approximately 575°C. This same trend
was observed in this study upon the addition of 0.3wt% magnesium to an Al-11.6Si alloy.
Heusler and Schneider also observed a decrease in eutectic temperature upon the addition of
strontium [48]. The depression in eutectic temperature was observed in strontium-modified Al-
10Si alloys that did not contain magnesium [22,55]. This depression in eutectic growth
temperature increases the nucleation driving force and growth velocity, allowing for faster
nucleation of the modified eutectic structure [55]. A single accepted explanation for the decrease
in eutectic temperature with the addition of modifying elements does not exist. However, it has
been proposed that a decrease in eutectic temperature indicates an increase in the difficulty and
location of eutectic nucleation [22]. An additional transformation was observed in the
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magnesium-containing alloys at approximately 555°C, corresponding to the formation of Mg.Si
phases (Figure 9) [83].

The higher porosity in the high-silicon alloys limited mechanical properties such as
ultimate tensile strength and ductility. Porosity was observed in the fracture surfaces of the high-
silicon alloys, particularly the alloys containing MgSrTiB, MgTiB, and SrTiB additions. Pores
act as stress concentrators and can cause materials to prematurely fail in tension. It was originally
expected that the low-silicon alloy would exhibit higher porosity due to lack of interdendritic
feeding between closely spaced dendrites [84]. In fact, porosity in fracture surfaces of the low-
silicon alloys was almost nonexistent. It was observed during melting that there was interaction
between the aluminum-silicon melt and the silica crucibles and this reaction increased with
increasing silicon levels in the melt. These silica levels could contribute to porosity by allowing
for heterogeneous nucleation of pores. Magnesium oxidizes easily and magnesium oxide
additions can also contribute to porosity by serving as heterogeneous nucleation sites for pores
[85]. Thus, it was expected that magnesium-containing high-silicon alloys would exhibit higher
porosities than the alloy without magnesium.

There were few differences among the yield and ultimate tensile strengths of the
experimental alloys studied. All modified high-silicon alloys exhibited greater yield strengths
than the non-modified alloy. The high and low-silicon alloys benefited from magnesium
additions as the Al-Si-Sr-TiB alloys exhibited lower yield strengths. There were no significant
differences in ultimate tensile strengths among the high-silicon alloy. The low-silicon Al-Si-Sr-
TiB alloy that did not contain magnesium exhibited lower ultimate tensile strength than its
magnesium-containing counterparts.

There were also few differences in total elongation amongst the alloys. The addition of
strontium to a high-silicon alloy with magnesium increased ductility. In aluminum-silicon alloys,
ductility is limited by cracking of the silicon eutectic particles [86]. Wang, et al., observed that
cracking in A356 and A357 cast aluminum alloys was most prominent in silicon particles with
large aspect ratios, limiting tensile properties [82,86]. Modification of A356 and A357 cast
aluminum alloys with strontium was observed to decrease the overall size and aspect ratio of the
silicon eutectic particles [82]. The smaller, sphere-like silicon particles limited stress
concentration and cracking, ultimately leading to greater ductility in the alloy [86]. The low-
silicon alloys exhibited greater elongation at break than the high-silicon alloys, except when
strontium and titanium boride were added to the alloys.

A quality index can be used as a method to quantify and compare the quality of different
alloys and processes using ultimate tensile strength (UTS) and percent elongation (%E)
(Equation 3) [87, 88].

Quality Index (MPa) = UTS + (150 = log,y %E) (Equation 3)
The low-silicon alloys exhibited higher quality indexes on average than the high-silicon alloys

(Figure 14). However, the high-silicon alloy containing titanium boride and strontium additions,
with and without magnesium, exhibited quality indexes that were statistically equivalent to the
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low-silicon alloys. Although magnesium acts as a solid solution strengthener increasing UTS, it
can decrease elongation and ductility which is undesirable.
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Figure 141. Calculated quality index for each experimental alloy. Error bars represent +2
standard error.

The wedge casting approach was a convenient approach to rapidly screen alloying
additions in feedstock for weld-based 3-D printing. However, this approach does not fully
account for the unique thermal environment of weld-based 3-D printing. For instance, during the
deposition of new weld layers, the previous layers are reheated when exposed to the high
temperature metal. This thermal environment can have significant impact upon 3-D printed part
properties. Further work is necessary to evaluate the performance of these modified aluminum-
silicon alloys in a 3-D printed part. This the wedge casting approach to screen alloying elements
may be beneficial to other industries. For metal parts with complex geometries and solidification
rates, wedge castings may be a simple and rapid first step to screen alloying additions.
Alternatively, wedge castings could be used to evaluate the effect of cooling rate of a particular
alloy to determine if more or less cooling may benefit the cast or 3-D printed part.

5. Conclusions

In order to develop an easy-to-print aluminum alloy, previous work indicated that 4047
and 4943 weld alloys may benefit the most from further alloying modifications. Wedge-shaped
castings were used to screen alloying additions to 4047 and 4943-based weld alloys to improve
mechanical properties such as ductility and to redistribute porosity. Wedge-shaped castings
allowed researchers to induce the same solidification rates during casting as during weld-based
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3-D printing. The addition of magnesium, strontium, titanium boride, and combinations thereof
were evaluated for their influence on microstructural and mechanical properties.

The modified high-silicon alloy (4047) exhibited the greatest change in microstructure
whereas the modified low-silicon alloy (4943) did not exhibit changes in microstructure after
modification. Strontium was observed to be an effective eutectic-modifier in the high-silicon
alloy. The combination of strontium and titanium boride in the high-silicon alloys produced the
finest eutectic structure. Higher porosity levels limited the mechanical properties of the high-
silicon alloy. However, the alloys containing both strontium and titanium boride without the
presence of magnesium exhibited the greatest ductility on average. Future work should evaluate
the singular effects of strontium, titanium boride, and the combination of strontium and titanium
boride in weld-based 3-D printing.
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