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Abstract

Experiments were conducted on several alloys representing the Al-Cu-Ag-Mg system to determine the applicability
of using these alloys for AM. Alloys were formulated and prepared utilizing a powder blending technique using a
pre-alloyed master alloy powder containing Al, Mg, Ti, and Zr with elemental powders of pure Cu and Ag. These
powder were processed using laser-based directed energy deposition to produce specimens that were treated to
represent the post-process aged only and post-process solution heat treated and aged conditions. Microhardness
and microstructural characterization was then conducted. Results of this investigation showed that an aluminum alloy
containing between 6 and 8% Cu and 1 to 4% Ag, while also containing 0.3% Mg, Ti, and Zr, displayed excellent
response to precipitation strengthening for both post-process treatments. Alloys that were completely solutionized
and aged after processing where able to achieve microhardness values exceeding 180 VHN, which are significantly
higher than the commonly used Al-10Si-0.5 Mg alloy for AM processes. The high microhardness achieved with the
experimental alloy could be attributed to a uniformly distributed network of fine 8" and Q precipitates, which was
confirmed through TEM. Depending upon the desired post processing treatment (aging only or solutionizing and
aging), the results indicate that an alloy composition within this system may be defined to provide optimal strength.
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Introduction

Throughout industry, aluminum alloys have been used in
applications requiring light weight, moderate strength, and good
general corrosion resistance. Many of these alloys are based on the
precipitation strengthened (heat treatable) aluminum alloy systems
that provide ultimate strengths between 310 MPa, for alloy 6061-T6,
and 570 MPa, for alloy 7075-T651 [1]. However, in applications where
the design is dominated by specific strength, high strength alloys, such
as 2219-T851, 2024-T851, and 7075-T651, are broadly employed. All
of these alloys are readily available in sheet and plate product form
and possess good formability and machinability, enabling them to be
fabricated into complex parts and used in a wide range of applications.
However, the use of additive manufacturing (AM) for producing
aluminum components has been limited to the Al-10Si-0.5Mg alloy,
which is based on a casting alloy composition having low sensitivity
to solidification cracking and moderate strength [2]. Although
this alloy is being utilized extensively for AM, the properties of the
alloy hinder its use in applications requiring higher strength. If an
aluminum alloy that approaches the strength of current high strength
aluminum alloys, while also being suitable for AM, becomes available,
significant opportunities will arise within various industry sectors.
This alloy would fully exploit the benefits of AM in a broad range of
applications requiring high strength and low weight. A comparison of
typical ultimate tensile strength of several precipitation strengthened
aluminum alloys, along with the Al-10Si-0.5Mg alloy is shown in
Figure 1 [1,3]. In Figure 1, typical strength is shown for material
represented by the various alloy and temper designations, except for
the Al-10Si-0.5Mg alloy, which represents a post-process stress relief at
300°C for 2 hours. As illustrated in the figure, there may be significant
opportunities to expand the application of AM of aluminum if an
alloy could be identified to approach the properties of high strength
aluminum alloys that are currently available. Hence, the focus of
this research was to develop an aluminum alloy having significantly

improved strength over the Al-10Si-0.5Mg alloy, while also offering
characteristics and attributes required for the AM process.

Alloy Design Approach
The alloy design criteria that was employed during development
600

©

o

£ 500

£

= —

c

2 400 -

m -

2 3 2 o —

@ L - [ D)

e 2l 13 g (o] |E

i N - 4

2 R ] N = <

£ 200 3 a

= © i

2 <

o 100

2

2

0 L L L L L |
Alloy

Figure 1: Typical ultimate tensile strength of several high strength aluminum
alloys in comparison to the Al-10Si-0.5Mg alloy currently used for additive
manufacturing (alloy Al-10Si-0.5Mg represents post-process stress relief at
300°C for 2 hours) [1,3].
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entailed maximizing strength while ensuring the ability of the alloy to be
processed using AM. To achieve these qualities, a unique precipitation
hardenable alloy system was identified that exhibited nil sensitivity to
solidification cracking and would be considered chemically stable in
powder form prior to and during AM processing. This resulted in an
alloy being identified based on the Al-Cu-Ag-Mg system [4]. These
alloys exhibit a significant response to precipitation strengthening,
show very low sensitivity to solidification cracking, preserve the
quality of powder prior to processing, minimize vaporization losses
of important alloying elements during processing, provide a stable
oxide that has a relatively low hygroscopic nature, and show improved
surface quality during the AM process [4-9].

The most widely used aluminum alloy for AM is designed around
the Al-Si system; however, as was alluded to earlier, most alloys used
in engineering applications are based on alloying elements such as
Cu, Mg, Zn, and Si to produce precipitation strengthening phases. To
be used in additive manufacturing, these alloys must have inherent
characteristics that enables them to be processed by AM. An important
consideration is good weldability, which is primarily identified as
sufficient resistance to solidification cracking. The susceptibility
to solidification cracking for alloys of aluminum have been well
established through experimentally derived solidification-cracking
curves, which have been empirically developed to assess solidification
cracking based on composition. These curves represent solidification
cracking sensitivity based on a composition reflecting a binary, ternary,
or quaternary alloying system. Shown in Figure 2 is solidification crack
sensitivity exhibited by the Al-Cu-Mg alloy system under solidification
rates and thermal stresses dictated by welding [7]. In the figure, crack
sensitivity is shown as contour lines for total crack length based on the
amount of copper and magnesium within the alloy for the aluminum-
rich corner of compositions. Alloys containing relatively high levels of
Cu and low levels of Mg, owing to a decrease in the amount of the Al-
Cu-Mg ternary eutectic [10], are relatively insensitive to solidification
cracking, and hence, are of interest in the present study.

High levels of Cu in Al-Cu alloys have historically been used for
welding applications requiring low solidification crack sensitivity, and
they have also been used for AM. Research by Taminger and Hafley
have shown microstructures of alloy 2219, having a nominal Cu
content of 6.3% and produced using the electron beam-based directed
energy deposition process, to be free of cracking and exhibit complete
layer fusion with very little porosity [5-8]. In Al-Cu alloys containing
moderate amounts of Mg, such as 2519, additions of Cu above 6% and
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Figure 2: Solidification cracking sensitivity of Al-Cu-Mg alloys [7].

controlling Cu content to below 0.5% have been found to exhibit very
low sensitivity to solidification cracking during welding [11].

Another important alloy design consideration is strength, which for
the alloy system being considered involves optimizing the precipitate
strengthening reactions. In the Al-Cu-Mg system, the precipitates
that may exist include 6 (Al,Cu), S (Al,CuMg), and T (Al,CuMg,) [12-
14]. Figure 3 shows the aluminum rich corner of the Al-Cu-Mg phase
diagram, indicating the precipitate phases that form as a function of
composition after long term aging at 190°C [7]. When added to Al-Cu-
Mg, Ag has shown to stimulate an increased age hardening reaction
[15,16]. Teleshov et al. stated that the effect of Ag on precipitation in Al-
Cu-Mg is connected with the changes in the solid solution mechanism
of decomposition during artificial aging [17]. Hence, the addition of Ag
promotes the formation of each precipitate. In the Al-Cu-Mg alloy, the
primary strengthening precipitate relies on the Cu/Mg ratio [15,18,19].
For an advanced aluminum alloy for engineering components, the area
of interest lies in the a+0 region of Figure 3, where the alloy possesses
a very high Cu:Mg ratio.

The 0 (AL,Cu) phase is an equilibrium precipitate that forms in
materials with a high Cu:Mg ratio [20]. 6 possesses a body centered
tetragonal structure on the {100} planes in the aluminum matrix, but
with the addition of Ag, AlzCu takes on a different form, designated Q.
The Q (AL Cu) phase precipitates as thin hexagonal plates which grow
on the {111} planes in the aluminum matrix [21,22]. In this high Cu:Mg
region, with the addition of Ag, Q precipitates form a fine, uniform
strengthening network. The precipitation sequence in an Al-Cu-Ag-
Mg alloy with a high Cu:Mg ratio is as follows [14,23-26]:

Qs > Mg-Ag co-clusters > Q) phase+0’ phase > 6+Mg, Ag, Cu
enriched phases.

During precipitate formation, Ag traps Mg atoms creating clusters
which then act as heterogeneous nucleation sites for Q [27]. The Q
precipitation is achieved by the diffusion of Cu atoms to these Mg-Ag
clusters where they grow into platelets until the concentration of Cu
reaches that of Q (ALCu) [19]. Although the chemistry and crystal
structure of Q) is very similar to that of equilibrium 6, these precipitates
are a variation of 0 that result from the collaboration between Mg and
Ag [9]. 0 precipitates form concurrently with Q during aging [14]. Xiao
etal. and Bai et al. found that increasing the amount of Ag and Cu lead
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Figure 3: Aluminum rich corner of the AI-Cu-Mg phase diagram,
demonstrating the phases present at each composition after aging long
term at 190°C[7].
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to more growth of the Q phase, resulting in improvements in strength
[21,27]. Because Q) are coherent precipitates, they are able to withstand
shearing by dislocation, making them a very efficient strengthening
agent if uniformly distributed to form a network of precipitates [25].
This is achievable through peak aging. The Q precipitates are found to
occur on aging above 100°C and are stable and coherent up to an aging
temperature of about 250°C [20,25,28].

The Al-Cu-Ag-Mg alloys have shown promising material
properties for use in advanced applications because of their high
strength to density ratio, good heat resistance, good durability and
corrosion resistance, good machinability and formability, low cost, and
ready availability [21,23,29]. Prior work on this system by Al-Obaisi
et al. has found that while Ag is required to precipitate Q, additions of
Ag to Al-Cu without Mg does not precipitate Q [9]. The cooperation
of Mg and Ag is essential to the formation of the Q precipitate [30].
Huang et al. found that the Al-Cu-Ag-Mg system showed increased
mechanical properties over Al-Cu-Mg with no Ag or Al-Cu-Ag with
no Mg [31]. The Al-Cu-Ag-Mg alloys strengthened by the dispersion of
Q phase precipitates have also been found to provide a combination of
high strength, good fracture toughness, and improved creep resistance
over Al-Cu-Mg alloys [14]. Previously researched wrought alloys based
on this system have shown tensile strengths of 459 MPa, 499 MPa, and
534 MPa, to be achievable [20,21,23]. The potential of these new alloys
are being explored for applications within the aerospace industry, with
several programs already researching Al-Cu-Mg-Ag wrought alloys for
use in the new-generation of supersonic passenger aircraft [17].

Other considerations for an advanced aluminum alloy for AM
regards the impact of the alloy on the process. The AM process, as it
pertains to metallic systems, utilizes a high intensity laser or electron
beam to melt and resolidify material at relatively high solidification
and cooling rates. Deposition of the numerous layers that forms the
three dimensional object also results in significant residual stress being
generated during the process. In many instances, the feedstock used
to produce the object is in powder form and the characteristics of
the powder, especially at the surface, may play an important role in
consistency of the process and quality of the material produced.

Based on the desire to create an alloy having improved strength, as
well as the considerations above, an advanced aluminum alloy system
was formulated. Compositions of interest were broadly based on the Al-
Cu-Ag-Mg system, with alloying levels being established to maximize
strength and optimize processing within AM systems. As described
above Cu, Ag, and Mg play a role in establishing the precipitation
network responsible for developing strength. Higher levels of Cu,
coupled with controlled levels of Mg, would minimize sensitivity to
solidification cracking. The majority of the primary alloying elements
involve species, notably Cu and Ag, having higher vapor pressure than
aluminum in the liquid form and act to minimize vaporization losses
that are prevalent under high energy intensity processing. Although
Mg is an active alloying element, its content would be kept low to
reduced crack sensitivity, minimize vaporization, and suppress the
formation of thick Mg-oxide (MgO) on the surface. Small amounts
of Mg in aluminum have been found to reduce oxidation, with higher
content resulting in the formation of MgO films that readily hydrate in
the presence of low levels of moisture to Mg(OH), [32]. The chemical
absorption of moisture to form a hydrated surface on aluminum
powder during storage or processing can have significant impact on the
reliability of the process and potential for forming hydrogen porosity
within the builds [33,34]. Surface tension driven forces within the
melt pool may also alter the deposition geometry during processing,

which may be operative during the build process due to residual heat
or varying parameters, and may be influenced by local composition.
Additions of Cu and Ag do not influence surface tension of liquid
aluminum, and small amounts of Mg have a negligible effect [1].
Finally, the use of small additions of Ti and Zr have been historically
used for grain refinement in aluminum alloys, and this would also be
reflected in an advanced aluminum alloy for AM.

Experimental

Considering the requirements for an advanced aluminum alloy for
AM, several alloys of interest representing the Al-Cu-Ag-Mg system
were blended using powers, which were subsequently used to produce
material through the directed energy deposition (DED) AM process
for evaluation. The range of alloying additions to aluminum that were
selected for evaluation comprised 6, 7, and 8 percent Cu and 2, 3, and 4
percent Ag. The target level of Mg was held constant at approximately
0.3 percent, and small additions of Ti and Zr (0.3%) were also included
in all alloys. A full factorial design was used to develop an experimental
plan which consisted of 2 variables (Cu and Ag) at 3 compositional
levels, yielding 9 total compositions. These 9 target compositions were
produced by blending a pre-alloyed Al-0.35Mg-0.30Ti-0.30Zr master
alloy powder with additions of pure Ag powder and pure Cu powder
to achieve the desired alloy compositions. Table 1 represents the 9
targeted alloy compositions.

The master alloy was argon atomized by Kymera International/
Ecka Granules, and was blended with a 99.9% pure Cu powder and
99.98% pure Ag powder to obtain the desired target compositions. The
elemental Cu and Ag powder were inert gas atomized by American
Elements. A powder sieve size of -150/+325 (d ;=50 um, d =75 pm,
d,,=100 um) was used for all powders to encourage blending and
accommodate the powder requirements for the DED process. The size
distribution of the powder used for blending was confirmed using a
Malvern Mastersizer 2000. Target compositions were blended based
on weight additions of Cu and Ag powder to 800 g of the master alloy
powder for each composition and blended using a rotary-style mixer
for 60 minutes. Three blended powders representing three target
compositions were also chosen at random and characterized using the
Malvern Mastersizer 2000 to verify the powder size range of the blends.

Deposits representing the experimentally blended powders were
produced using the High Power High Deposition (HPHD) system
at the Center for Innovative Materials Processing through Direct
Digital Deposition (CIMP-3D) at the Pennsylvania State University.
Experiments were conducted using a 12 kW ytterbium laser, custom
deposition head, and processing chamber for inert gas. The processing
head utilized water-cooled reflective optics having a 600 mm focal
length from a parabolic focus mirror. Powder was provided using four
nozzles positioned at the 90° quadrants with each nozzle being position

Alloy Cu (wt%) Ag(wt%) Mg (wt%) Ti(wt%) Zr (wt %)

1 6 2 0.3 0.28 0.2

6 3 0.3 0.28 0.2
3 6 4 0.3 0.28 0.2
4 7 2 0.3 0.28 0.2
5 7 3 0.3 0.28 0.2
6 7 4 0.3 0.28 0.2
7 8 2 0.3 0.28 0.2

8 3 0.3 0.28 0.2
9 8 4 0.3 0.28 0.2

Table 1: Characteristic alloy compositions achieved by blending to be additively
manufactured.
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30° off the beam axis. The nozzles, having an inside diameter of 2 mm,
were positioned 10 mm off of the substrate. Processing was conducted
below the focal length at a position that provided a laser spot size of 3.5
mm in diameter.

Deposits representing each powder blend was produced using
approximately 6 tracks in the horizontal plane and multiple layers to
achieve a build height of 100 cm using a hatch or track spacing of 2.5
mm. Build height per layer was approximately 0.8 mm using a powder
flow rate of 7.8 g/min. Laser power was 3.0 kW to the part at a travel
velocity of 10.6 mm/s. The build chamber utilized an argon atmosphere
having an oxygen level of approximately 100 ppm, and argon gas was
provided to assist powder feeding at a rate of 3.0 /min. Employing
these parameters, the powder blends were used to deposit material onto
a 12.7 mm thick aluminum alloy 6061 substrate to produce specimens
approximately 20 mm wide, 200 mm in length, and 100 mm in height.
Alloys 1 through 7 were successfully printed on 6061 aluminum plates
to produce material for testing. Powder representing Alloys 8 and 9
were compromised due to extremely humid storage conditions and
therefor were not processed.

After producing the specimens, a sample of each alloy was obtained
from the center portion of each build at a height of approximately
50 to 60 mm from the substrate. These samples were forwarded to
Westmoreland Mechanical Testing & Research Inc. for chemical
analysis by inductively coupled plasma (ICP). Samples were tested for
Cu, Ag, Mg, Zr, and Ti content. These measured compositions for each
alloy, excluding Alloys 8 and 9, are displayed in Table 2.

A set of two slices from each build were obtained for evaluating
properties and characteristics of the material after post process heat
treatments. These slices were also examined using optical microscopy
for indication of deposition characteristics, porosity, and cracking. The
two post process heat treatments evaluated were post-process aged
only and post-process solution heat treated and aged conditions. These
slices were obtained by removing the cross-sections from the center
plane along the build length, and each slice was approximately 8 mm
in thickness. These cross-sectional slices were further subdivided into
12 samples approximately 10 mm wide and 17 mm high; all being
approximately 8 mm in thickness. These 12 samples were randomly
selected for use in the two post process heat treatment experiments.
Post-process aging only experiments were conducted using a Omegalux
LMEF-3550 box furnace at a temperature of 160°C for 0, 2, 4, 8, 12, 16,
20, 24, and 28 hours. Samples that were evaluated for post-process
solution heat treatment and aging were solutionized using the same
furnace at 510°C for 75 minutes, followed by a water quench and aging
at 160°C for 0, 2, 4, 8, 12, 16, 20, 24, and 28 hours.

After the heat treating experiments, Vickers hardness
measurements were taken on a LECO M-400-GI microhardness
indenter. Averages of 10 microhardness measurements were obtained
for each sample representing the 7 compositions for the post-process

Alloy # Target Compositions

Alloy 1 Al-6Cu-2Ag-0.28Mg-0.28Ti-0.20Zr
Alloy 2 Al-6Cu-3Ag-0.28Mg-0.28Ti-0.20Zr
Alloy 3 Al-6Cu-4Ag-0.28Mg-0.28Ti-0.20Zr
Alloy 4 Al-7Cu-2Ag-0.28Mg-0.28Ti-0.20Zr
Alloy 5 Al-7Cu-3Ag-0.28Mg-0.28Ti-0.20Zr
Alloy 6 Al-7Cu-4Ag-0.28Mg-0.28Ti-0.20Zr
Alloy 7 Al-8Cu-2Ag-0.27Mg-0.26Ti-0.19Zr

aged only and post-process solution heat treated and aged conditions.
Selected samples were also characterized by various techniques.
Samples of Alloy 1, representing the peak aged condition after solution
heat treatment and aging (solution treated and aged for 20 hours), were
cold mounted and etched in Keller’s reagent. These samples were then
imaged using optical microscopy and scanning electron microscopy.
An additional sample of Alloy 1 representing this condition was also
utilized for transmission electron microscopy after thinning using
a focused ion beam. Optical micrographs were obtained on a Nikon
Epiphot inverted metallurgical microscope. Images from the SEM were
taken on the Quanta 250 SEM, and TEM images were obtained using a
FEI Talos F2000x microscope.

Results and Discussion

Optical microscopy conducted at low magnification (100X)
indicated that small spherical porosity in limited amounts was present
in all of the builds; however, no indication of solidification cracks was
observed. The porosity that was present was believed to be due gas
absorption of hydrogen [34], potentially present in the power or from
absorption of moisture on the surface of the powder particles. Although
the processing chamber provided a controlled inert atmosphere, high
humidity was present in the area of the AM system, which could of
enabled contamination of the powder prior to processing.

The results of Vickers microhardness testing is shown in Figures
4 and 5 for the post-process aged only and post-process solution heat
treated and aged conditions, respectively. Microhardness measurements
for all alloys, which is displayed using the measured compositions for
Cu and Ag, show promising result for an advanced aluminum alloy,
with every alloy exceeding the typical hardness of the Al-10Si-0.5Mg,
reported to be 100 VHN [3] after solution heat treating and aging. All
7 alloys in the solution heat treated and aged condition achieve peak
hardness between 150 VHN and 180 VHN. It must be noted that the
experimental alloys were blended from elemental powder, which may
have resulted in nonhomogeneous compositions throughout the build;
however, based on the variability of the data, which is represented
in the figures as error bars depicting + one standard deviation, it is
believed that the changes in alloying concentration representing the 10
mm by 17 mm samples were not substantial.

The curves representing post-process aging only at 160°C (Figure
4) indicated that some response to precipitation strengthening was
operative during aging. Alloy 7 containing 7.7 Cu and 1.9 Ag exhibited
the shortest time to achieve peak aging, with Alloys 2, 4 and 6 showing
peak hardness at aging time between 16 and 20 hours. As mentioned
earlier, although variability in composition could be expected, there
appears to be a trend in time for peak aging based on the amount of
Cu (Alloy 2 containing 4.9 Cu, Alloy 4 containing 5.4 Cu, and Alloy 6
containing 6.6 Cu). There appears to be a trend in the data for the peak
microhardness obtained during prolong aging, with the level of Cu also

Tested Compositions (wt %)

Cu Ag Mg Zr Ti

4.91 1.39 0.20 0.20 0.29
4.87 2.34 0.19 0.21 0.28
4.44 2.64 0.21 0.21 0.28
5.43 1.48 0.23 0.22 0.29
5.46 2.19 0.19 0.21 0.28
6.64 3.40 0.21 0.20 0.26
7.74 1.87 0.21 0.22 0.29

Table 2: Chemical Analysis of each blended experimental alloy measured by inductively coupled plasma.
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Figure 4: Average Vickers hardness measurements of post-process aged only samples, aged at 160°C.
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reflecting maximum hardness achieved. Several of the experimental
alloys (Alloy 2, 4, 6, and 7) attained hardness values after peak aging
that significant exceeded the hardness expected from the Al-10Si-
0.5Mg alloy after stress relief.

The microhardness values for samples that were post-process
solution heat treated at 510°C and aged at 160°C indicated results more
akin to classical aging or precipitation strengthening. The curves for
this treatment (Figure 5) reflect a full aging curve having characteristics
of under, peak, and over aging. Alloy 6 containing 6.6% Cu and 3.4%
Ag exhibited the fastest peak aging and the highest microhardness,
which exceeded 180 VHN. Alloy 1 (5.0% Cu and 1.4% Ag) and Alloy 5
(5.5% Cu and 2.1% Ag) also displayed high peak hardness but at aging
time approaching 20 hours. In one case, Alloy 2 having 4.9% Cu and
2.3% Ag, showed a decrease in microhardness during the initial stage
of aging after solutionizing, which may be indicative of a reversion
process in the alloys lean in Cu. Although the results indicated by the
microhardness data after solution heat treatment and aging clearly
show a response to precipitation strengthening, caution was observed
in drawing definitive conclusions based on composition and response
to aging because of potential inhomogeneity within the slices used to
obtain the heat treatment samples.

The aging curves after solutionizing for Alloy 1 (Al-5.0Cu-1.4Ag)
showed a consistent increase in hardness until reaching the peak age

condition at 20 hours. The peak hardness of the solution heat treated
and aged sample was 173 VHN, while the peak hardness of the post-
process aged only sample was 110 VHN. The aging curves for this alloy
are displayed in Figure 6. Because of the high hardness after peak aging
paired with the consistent aging observed for this alloy, it was chosen
for further characterization in the solution heat treated and peak aged
condition. Because of the high microhardness exhibited at peak aging
after post-process aging only (166 VHN) and post-process solution
heat treatment and aging (186 VHN), Alloy 6 (Al-6.6Cu-3.4Ag) was
also further evaluated by mapping microhardness after solutionizing
and peak aging with local composition for the entire build slice.

The combined aging curves for Alloy 6 is shown in Figure 7. The
as-built aging curve for this alloy displayed a slight drop in hardness
initially, with the peak age hardness of 165 VHN being reached after 20
hours. The post-process solution heat treated and aged curve showed
a significant dip in hardness after 8 hours of aging, followed by a rapid
increase to the peak age condition after 16 hours, with a peak hardness
of 187 VHN. Alloy 6 achieved the highest peak age hardness value of all
tested alloys. This alloy targeted a combination of high copper and high
silver contents, encouraging high amounts of Q precipitation.

A comparison of peak-age microhardness after solution treatment
and aging for experimental Alloys 1 and 6 to hardness values of selected
commercial aerospace and additive manufacturing alloys is illustrated
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in Figure 8. Alloy 1 attained peak hardnesses averaging 173 VHN after
solution heat treatment at 510°C and aging for 20 hours at 160°C, while
Alloy 6 attained peak hardnesses averaging 186 VHN after solution
heat treatment at 510°C and aging for 16 hours at 160°C. Alloy Al-
10Si-0.5Mg is reported to attain a hardness of 100 VHN after being
stress-relieved at 300°C for 2 hours, or 123 VHN if left in the as-built
condition [35]. The literature indicates alloy 6013-T651 attains a peak
hardness of 149 VHN [36], alloy 2024-T6 achieves a peak hardness
of 142 VHN, and alloy 7075-T6 exhibits a peak hardness of 175 VHN
[37,38]. Based on results of microhardness measurements, which is
illustrated in Figure 8, it appears that the experimental alloy system
shows significant promise in offering improved strength for AM
applications.

As was mentioned, Alloy 1 was selected for additional
microstructural characterization. Optical micrographs of this alloy,
after post-process solution heat treatment and aging for 20 hours at
160°C to obtain the peak-age condition, are shown in Figures 9 and
10 for perspectives in both the x-direction and the z-direction of the
build, respectively. Strengthening precipitates were not expected to
be observed at these magnifications; however, black/dark purple and
grey second phases were visible, as pointed out by red arrows on the
micrographs. In the z-direction, grain boundaries were visible at high
magnification (500X) and appeared to show a fine cellular structure.
In order to identify these phases, samples were further characterized

using SEM. The images for Alloy 1 in the post-process solution heat
treated and peak aged condition are shown in Figure 11. Along with
the secondary electron image are EDS maps for Al, Cu, Ag, Ti, and Fe
obtained for precipitates visible within the image. It was observed from
the EDS maps, and anticipated, that the aluminum matrix contained
evenly dispersed silver, copper, iron, and titanium with the bright
white precipitates contain primarily aluminum, copper, and iron. It
is believed that the large, white precipitates represent the equilibrium
Al Cu phase or a ternary composition containing Al, Cu, and Fe.

Additionally, EDS point measurements were taken to better identify
the composition of the matrix and intergranular constituents. Figure 12
displays a SEM image and elemental spectrums obtained through EDS
of an area near the image obtained in Figure 11. The image includes
several grain boundaries with one boundary exhibiting a long thin
constituent or segregation at the grain boundary, which is identified as
Spectrum 6 on the image. The elemental spectrums for this constituent
indicated a semi-quantitative composition of 77% Al, 15% Cu, 2% Fe,
and 1% Ag. Analysis of other grain boundary constituents also showed
similar compositions but with variation in Cu and Fe. Oxygen was
also identified in the spectrum, but was probably attributed to sample
contamination. Based on the results of the SEM and EDS analysis, it
is believed that the formation of eutectic compositions, potentially
ternary or higher, resulted in segregation at grain boundaries during
initial solidification and partially remained upon solutionizing. As
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anticipated, the matrix exhibited a uniform distribution of alloying
elements believed to represent the strengthening precipitates.

In order to confirm the presence of a fine strengthening network
in the Al-Cu-Ag-Mg alloy, TEM was employed for Alloy 1 in the post-
process solution heat treated and peak aged condition. Selective TEM
images for this material is shown in Figures 13 and 14 for the [001]
and near [111] zone axes, respectively. The strengthening precipitate ©,

which forms as thin plates on the {100} planes of the aluminum matrix,
are readily visible in Figure 13. Two variants of 0’ are exhibited as plate
edges on the {100} planes. The © precipitates are evenly dispersed
throughout the matrix and having plate diameters of approximately
30 to 50 nm. Figure 14, which was obtained at the near [111] zone
axis, shows three variants of Q precipitates on edge, which are believe
to be the three possible variants of the (001), 1l (111) orientation
relationship when observed for this zone axis. This has been confirmed
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Figure 11: (a) SEM images of mapping area; (b) EDS map of aluminium; (c) EDS map of silver; (d) EDS map of copper; (e) EDS map of iron; (f) EDS

map of titanium.

Figure 12: (a) Electron image indicating locations of point EDS measurements; (b) EDS Spectrum 6, long thin white constituent; (c) EDS Spectrum

7, grain boundary; (d) EDS Spectrum 8, round constituent.
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Figure 14: TEM images showing Q precipitates in Alloy 1 in the peak-aged condition, with the diffraction pattern obtained for the near [111] zone axis.

by prior research, which showed at least three variants of Q observable
along the <11 1> direction [14,22,38]. The Q also exhibited a uniformly
distributed network and was similar in size to 6’. Based on this analysis,
and confirmed through microhardness measurements, the 6 and Q
formed within this system is capable of demonstrating highly effective
precipitation strengthening.

Conclusion

Experiments were conducted on several alloys representing the
Al-Cu-Ag-Mg system to determine the applicability of using these
alloys for AM. Alloys were formulated and prepared utilizing a powder
blending technique using a pre-alloyed master alloy powder containing
Al, Mg, Ti, and Zr with elemental powders of pure Cu and Ag. These
powders were processed using laser-based directed energy deposition
to produce specimens that were treated to represent the post-process
aged only and post-process solution heat treated and aged conditions.
Optical microscopy of all alloys showed the presence oflimited spherical
porosity but no indication of solidifications cracking occurring during
the builds. Microhardness and microstructural characterization was

then conducted. Results of this investigation showed that an aluminum
alloy containing between 6 and 8% Cu and 1 to 4% Ag, while also
containing 0.3% Mg, Ti, and Zr, displayed excellent response to
precipitation strengthening when solutionized at 510°C and aged at
durations between 16 and 20 hours. Many of the alloys evaluated also
displayed appreciable strengthening when subjected to post-process
aging only at 160°C. Alloys that were completely solutionized and
aged after processing where able to achieve microhardness values
exceeding 180 VHN, which are significantly higher than the commonly
used Al-10Si-0.5Mg alloy for AM processes. The high microhardness
achieved with the experimental alloy could be attributed to a uniformly
distributed network of fine 8" and Q precipitates, which was confirmed
through TEM. Depending upon the desired post processing treatment
(aging only or solutionizing and aging), the results indicate that
an alloy composition within this system may be defined to provide
optimal strength.
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