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Controlled Mn and Zr additions to Al-Cu alloys have allowed for the improved retention of mechanical properties
after extended 350°C exposures by stabilizing the main strengthening 6 (Al,Cu) phase. Ultimately, 6°/L1, (Al;Zr)
co-precipitate formation stabilizes 6’ most effectively; however, Zr diffuses sluggishly and has low solubility
in aluminum castings. Increasing the Zr segregation rate would allow for faster and more effective 6°/L1, co-
precipitation. It is demonstrated that the Zr segregation rate is faster when the Zr matrix content is higher. A much
higher Zr matrix content was achieved by rapid cooling during additive manufacturing (AM) that produces 6’/L1,
co-precipitation faster, which is shown by scanning transmission electron microscopy and atom probe tomography
experiments. It was also found that Zr continuously segregates to 6’ interfaces up to the most aggressive heat
treatment studied such that planar L1, precipitates remain after the metastable 6’ dissolves. In this manner, we
demonstrate that 6’ coherent interfaces serve as perfect templates to form stable planar L1, precipitates that can
provide strength at higher temperatures than traditional 8’ strengthened AlCu alloys. This work introduces an
alloy design strategy that uses metastable precipitates to quickly nucleate and grow co-precipitates with a desired
geometry that contain slow diffusing elements. These ideas can be applied to engineer more heat resistant alloys

by taking advantage of high solute matrix contents enabled by rapid cooling during additive manufacturing.

Introduction

Increasing the operating temperature of lightweight Al alloys can en-
able more fuel-efficient internal combustion engines (ICEs) and can re-
duce weight in regenerative braking systems for electric vehicles (EVs).
Al-Cu and Al-Cu-Si alloys have been widely used in ICE applications
because they are castable, strong, and affordable [1-4]. The strength
from these alloys results from a matrix populated with a high number
density of high-aspect-ratio ’ precipitates (Al,Cu) [5]. The 6’ phase of-
ten manifests as a high-aspect-ratio octagonal prism-shaped precipitate
with 2 coherent interfaces (CIs) in the (001) plane, 4 semi-coherent in-
terfaces (SCIs) in the (001) plane, and 4 SCIs in the (110) plane [6]. 6’
precipitates, however, are thermodynamically metastable and transform
into coarse, low-aspect-ratio 6 precipitates (Al,Cu) above approximately
250°C [7]. The SCI has a much higher interfacial energy of ~ 500 mJ,/m?
than the CI (200 mJ/m?2), and therefore, is the least stable interface [8].

Reducing interfacial energy through solute segregation and creating a
0’/L1, co-precipitate structure has recently been demonstrated to stabi-
lize 6’ precipitates to higher temperatures [4, 9-13], which is a concept
similar to other core-shell structured precipitates in Al and Ni-based su-
peralloys [14-18].

Mn, Zr, Ti, Fe, and Sc are microalloying elements that segregate to
0’ interfaces and improve their thermal stability [4, 9-13]. Sc, Zr, and Ti
additions segregate to the 6’-CIs forming 6’/L1, co-precipitates. Sc is the
fastest diffusing trialuminide former and can segregate to 6’-Cls to delay
the 0’/ 0 transformation, while Ti and Zr are slow diffusers and require
additional 6’ stabilization for their effective segregation [19-21]. Mn
additions provide for this intermediate stabilization. The faster diffusing
Mn segregates to CIs and SCIs stabilizing 6’ to 300°C, which allows for
Ti and Zr to form 6°/Al;(Zr, Ti; ) co-precipitates at the CI that stabilizes
0’ to 350°C [6]. Interestingly, Zr continues to segregate to 6’ up to the
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Measured composition of cast and AM-ACMZ alloys by ICP-OES. Wt.% and at.% values

are displayed.

Alloy Al Cu Mn Zr Si Fe Zn Ni Ti
AM-ACMZ (wt.) 89.9 8.6 0.45 0.9 0.06 0.09 - -
cast-ACMZ (wt.)  93.03 6.4 019 013 001 0.1 0.04 0.01 0.09
AM-ACMZ (at.) 9550 3.88 023 028 006 0.05 - -
cast-ACMZ (at.) 9690 283 010 004 001 005 0.02 0.00 0.05

most extreme heat treatment in a previous study (350°C for 5,000h)
[6]. Density functional theory (DFT) calculations have shown that the
0’-CI /Al3Zr interface has a near zero interfacial energy compared to
the 200 mJ/m? 9’-Cl/a-Al interface, which drives Zr to segregate at that
interfacial location [8].

An additively manufactured version of Al-Cu-Mn-Zr (AM-ACMZ) al-
loy was recently fabricated [22]. AM-ACMZ has refined microstructural
features, such as a bimodal micron-scale grain structure and nanoscale
0 intermetallic particles that form during non-equilibrium eutectic so-
lidification. These features lead to both improved strength and tensile
elongation compared to cast-ACMZ.

Rapid solidification during the AM process is another advantage of
AM-ACMZ that leads to the matrix becoming supersaturated in solute
elements, such as Zr [23-27]. A matrix supersaturated in Zr allows for
spherical Al;Zr L1, nanoprecipitate nucleation and growth with a high
number density and volume fraction. In addition, 6#°/L1, co-precipitates
formed after a relatively short thermal exposure (300°C, 200h), which
was only found in cast-ACMZ after extended exposures to 350°C [6, 27].
Strengthening for cast-ACMZ is primarily from 6’ precipitates, while AM-
ACMLZ is strengthened by a complex microstructure containing 6’, eutec-
tic 6, and spherical Al;Zr-L1, precipitates with fewer coarser ¢ precipi-
tates in the melt pool boundaries compared to the melt pool interior as
a result of different solidification rates [27]. The complex microstruc-
ture of AM-ACMZ suppresses 6’ precipitation with only 0.2 vol.% of that
phase in the as-printed version compared to 2.8 vol% in cast-ACMZ after
solutionizing and aging the alloy [28, 29]. Previous AM-ACMZ studies
were primarily focused on understanding microstructure/mechanical
property relationships, such as linking L1,, 6’, and 0 precipitate size and
number density to strength. These studies did not systematically inves-
tigate solute segregation rates to #’ interfaces or L1,/6’ co-precipitate
formation within AM-ACMZ [22, 27]. Understanding the mechanistic
commonalities and differences of solute segregation to ¢’ interfaces in
cast versus additively processed microstructures is the motivation be-
hind the present study.

The 6’ microstructure, interfacial 6’ solute segregation behaviors,
and L1,/6’ co-precipitate formation are compared in cast and AM-
ACMZ using high-angle annular dark-field (HAADF) scanning transmis-
sion electron microscopy (STEM) and atom probe tomography (APT).
The results presented in this study show that Zr segregation rates to
precipitate interfaces are faster in the AM alloy due to the higher matrix

Table 2

Zr content. Also, Zr is shown to continuously segregate to L1, precipi-
tates at 6’-Cls, and planar L1, precipitates remain after 6’ dissolves. The
information presented here can be used to develop new AM based alloy
design strategies to increase the thermal stability of 6’ as well as use
metastable precipitates as templates to form desired stable precipitate
geometries [30].

Materials and methods
Alloy fabrication

The processing procedure for the AM-ACMZ alloy is described in
detail by Shyam et al. [22]. Briefly, this alloy was fabricated by laser
powder bed fusion (LPBF) with a 370 W laser power, 1300 mm s~!
laser speed, a 95 pm laser spot size, 0.15 mm hatch spacing, a 30 um
layer thickness, and 200°C preheat temperature. A full description of
the fabrication process for cast-AMCZ is described by Shyam et al. [4].
The chemical compositions of the studied alloys determined using in-
ductively coupled plasma optical emission spectroscopy (ICP-OES) are
given in Table 1. The 7x higher Zr content in AM-ACMZ compared to
cast-ACMZ was inspired by previously published AM Al alloys, and was
done to improve processability and supersaturate the matrix with Zr,
which is only possible in the AM alloy due to rapid solidification during
the additive process [23, 24].

Microscopy sample preparation and data analysis

Electron-transparent thin-foil specimens for STEM imaging were pre-
pared using standard slicing, grinding, and electropolishing methods
(e.g., Struers Tenupol dual-jet system). HAADF- STEM images were ob-
tained using an aberration-corrected (CEOS GmbH, Heidelberg) JEOL
2200FS instrument. Additional details are provided elsewhere [4].

APT specimens were fabricated using standard lift-out and sharp-
ening methods as described by Thompson et al. using a Thermo Fisher
Nova 200 Dual Beam scanning electron microscope/focused ion beam
(SEM/FIB) [31]. APT needles were fabricated from both melt pool
boundaries and melt pool interiors. The APT experiments were run us-
ing a CAMECA LEAP 4000XHR in voltage mode with a 70K base tem-
perature, 20-30% pulse fraction, and a 0.5% detection rate. The APT
results were reconstructed and analyzed using CAMECA’s interactive

The matrix Cu, Mn, Zr, and Si contents (in at.%) for different heat treatments for AM-ACMZ as measured by APT.
The reported values are an average of several APT datasets (# needles) and the error is the standard deviation.
The Zr diffusion distance is calculated using the expression x = \/@, where x is the mean diffusion distance, D
is the diffusivity of Zr in pure Al using the parameters in Knipling et al. [19], and t is the diffusion time. D was

calculated using the Arrhenius equation (D = D,e” A RT), where D, is the maximal diffusion coefficient (7.18 x
10-2 m2s~! for Zr), E,, is the activation energy for diffusion (242 kJ mol~! for Zr), T is the absolute temperature,

and R is the universal gas constant.

Heat Treatment # needles Zr diff. distance (nm) Matrix Cu Matrix Mn Matrix Zr Matrix Si

As-fabricated 6 0 0.39+0.17 0.16+0.03 0.30+0.03  0.012 + 0.003
300°C, 200 h 8 5.5 0.18 + 0.01 0.13 + 0.07 0.10 + 0.03 0.006 + 0.005
300°C, 573 h 4 8.9 0.16 £ 0.07  0.02 + 0.01 0.02 + 0.01 0.003 + 0.001
350°C, 24 h 7 8.5 0.33+0.03 0.09+0.03 0.06+0.02 0.001 + 0.004
350°C, 220 h 5 42.1 0.37 +£0.01  0.02 + 0.01 0.04 + 0.01 0.003 + 0.006
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The matrix Cu, Mn, Zr, and Si contents for different heat treatments within cast-ACMZ as measured by APT.
The lower matrix Cu content for the 350°C, 850 h heat treatment could be due to localized effects because the
APT needles were taken from an approximately 10 um region of interest within one grain. The reported values
are an average of several APT datasets (# needles) and the error is the standard deviation. The Zr diffusion

distance calculation is described in Table 2’s caption.

Heat Treatment # needles Zr diff. distance (nm) Matrix Cu Matrix Mn Matrix Zr Matrix Si

As-aged 9 0 0.15 + 0.03 0.10 + 0.02 0.04 + 0.00 0.04 + 0.01
300°C, 200 h 12 5.2 0.19 + 0.03 0.06 + 0.02 0.03 +0.01 0.02 + 0.01
300°C, 1524 h 7 14.3 0.15 + 0.03 0.07 + 0.03 0.02 + 0.01 0.02 + 0.01
300°C, 2113 h 9 17.0 0.20 + 0.02 0.05 + 0.03 0.02 + 0.00 0.03 + 0.01
300°C, 5014 h 9 26.2 0.20 + 0.03 0.07 + 0.03 0.01 +0.01 0.01 +0.01
350°C, 200 h 5 40.2 0.38 + 0.05 0.06 + 0.02 0.03 +0.01 0.02 + 0.01
350°C, 850 h 5 82.8 0.14 + 0.02 0.03 + 0.01 0.01 + 0.00 0.00 + 0.00
350°C, 2000 h 9 127.0 0.38 + 0.05 0.05 + 0.03 0.02 + 0.00 0.03 + 0.01
350°C, 5000 h 4 200.9 0.31 + 0.04 0.07 + 0.03 0.01 +0.01 0.01 +0.01

visualization and analysis software (IVAS 3.8). Interfacial composition Results

profiles are proximity histograms using a 10 at. % Cu isoconcentration
surface from isolated regions of interest only containing coherent (C)
or semi-coherent (SC) interfaces. Manual background subtraction was
performed for Mn, Zr, and Ti by subtracting background immediately
before and after the mass spectral peaks encompassing a similar time
window as the peaks themselves. The APT calculated matrix compo-
sitions for AM and cast-ACMZ subject to different heat treatments are
shown in Tables 2 and 3, respectively.

Cast-as-aged-Onm

Scanning transmission electron microscopy

As-aged cast-ACMZ and as-printed AM-ACMZ HAADF-STEM images

are displayed in Fig. 1a and d. There are two distinct differences in 0’
precipitate characteristics between these two microstructures: (1) cast-
ACMZ contains larger mean diameter 6’ precipitates than AM-ACMZ
(~275 nm vs ~130 nm) with similar precipitate thicknesses (~7-8 nm)

Cast-300C-200h-5.2nm

Cast-350C-200h-40.2nm

Fig. 1. STEM-HAADF images of the nanostructure in (a-c) cast and (d-f) AM-ACMZ in the (a) as-aged and (d) as printed states and after (b) 300°C, 200h, (c) 350°C,
200h, (e) 300°C, 220h, and (f) 350°C, 220h heat treatments. All images have the same magnification. The arrows in f show examples of Cu diffusing out of §’. The
distances displayed on top of the images are the Zr diffusion distances induced by the corresponding heat treatment as calculated using the equations in Table 2.
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Additive ACMZ

Cast ACMZ

50 nm

b)

300C, 573h, 8.9nm

300C, 220h, 5.5nm

350C, 220h, 42.1nm

d)

350C, 850h, 82.8nm

Fig. 2. Al and Zr APT atom maps of AM and cast-ACMZ with 10 at.% Cu (orange) and 2 at.% Zr (purple) isoconcentration surfaces revealing §’ and L1, precipitates,
respectively. All images are the same magnification. The values reported below the APT datasets are the heat treatment conditions followed by the diffusion distance

calculated using the expression x = 1/6Dt (see Table 2 caption for more details).

and (2) 6’ is on average in closer proximity to § in AM-ACMZ [27, 28].
Large 6’ precipitate size and spacing positively correlates with thermal
stability, while # inhibits #’ stability when in close proximity to 6 as
large 0’ precipitation-free zones (PFZ) around 6 precipitates were pre-
viously observed [32-34]. These observations are linked to better in-
herent 6’ coarsening resistance in cast-ACMZ compared to AM-ACMZ;
however, the higher Zr content (a 6’ stabilizer) in the AM-ACMZ matrix
could negate these effects.

STEM images reveal that there is no noticeable coarsening in the
cast or AM-ACMZ after 300°C aging, while there are visible differences
in the microstructures after 350°C aging. For cast-ACMZ, there appear
to be a lower number density of longer 6’ precipitates, while for AM-
ACMZ, the 0’ size and morphology appear to be the same, but their
number density and volume fraction decrease. This observation along
with the bright streaks coming out of the ”-SCIs suggest that Cu from 6’
is dissolving into the matrix (arrows in Fig. 1f). Interestingly, residual
planar Al;Zr L1, precipitates where 6’ precipitates existed before dis-
solution were also observed (see Supplementary Fig. 1). This scenario
is evidence that Al3Zr L1, formation on the 6’-CIs pins these interfaces
and prevents coarsening, while the proximity to # aides the dissolution
of 0’ precipitates as 6 can quickly consume the dissolved Cu.

Atom probe tomography

APT experiments reveal the solute segregation behaviors to ” inter-
faces, spacing between spherical L1, in AM-ACMZ, and the L1, PFZ
in proximity to §’. More details regarding spherical L1, nucleation,
growth, and coarsening are published elsewhere [27]. Fig. 2 displays
APT atom maps for AM and cast-ACMZ with 2 at.% Zr and 10 at.%
Cu isoconcentration surfaces revealing L1, and 6’ precipitates, respec-
tively. A high number-density of spherical L1, precipitates is formed
in AM-ACMZ after a 220h, 300°C heat-treatment. After 573h at 300°C,
the inter-precipitate distance and PFZ size are ~20-50 nm and ~20 nm,
respectively. The cast-ACMZ sample does not show small spherical L1,
particles embedded in the matrix for any heat treatment condition; how-
ever, L1, precipitation on the ’-CIs is present. L1, precipitation is also
found on the 6’-SCIs, which has yet to be observed in cast-ACMZ [6, 27].

0’-CI concentration profiles are displayed in Fig. 3. The results reveal
that more Zr segregates to §’-Cls in AM-ACMZ than cast-ACMZ for all
aging conditions. The Mn segregation behavior is found to be the same
for AM-ACMZ and cast-ACMZ after the ~200h at 300°C exposure, while,
after a ~200h at 350°C exposure, Mn does not segregate to 6’-CIs in
AM-ACMZ unlike the segregation behavior in cast-ACMZ. The lack of
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¢)  AM-350C-220h-42.1nm

d)

Cast-350C-200h-40.2nm

Mn
4 4 —7r

Distance, nm

Fig. 3. 60-CI concentration profiles created using proximity histograms from 10 at.% Cu isoconcentration surfaces within the APT data revealing Mn and Zr 6’-CI
segregation profiles for (a) AM-ACMZ after 220h, 300°C, (b) cast-ACMZ after 200h, 300°C, (c) AM-ACMZ after 220h, 350°C, and (d) cast-ACMZ after 200h, 350°C
heat-treatments. The ¢’-CIs were isolated from the SC interfaces before creating the proximity histograms. Although there are Al;Zr precipitates at the interface,
less than 25 at. % Zr was measured in these profiles. This is due to APT’s interfacial resolution limits and/or a non-uniform L1, structure at the interface as shown
in Figs. 2a and 5 of Poplawsky et al. [6]. The resolution limit causes mixing of the matrix, L1,, and 6’ compositions and reduce the overall Zr content. These graphs
with the Cu concentration profiles included (showing the interface location) can be found in Supplementary Fig. 3. The displayed distances in the graph titles are
the diffusion distances calculated using the method described in the caption of Table 2.

Mn segregation for AM-ACMZ is most likely linked to L1, precipitation
along the CIs, which replaces the 6’/Al-matrix interface with a C-0’/L1,
interface. The C-6’/L1, interface has an almost zero interfacial energy
unlike that of the C-8’/Al-matrix interface (~200 mJ/m?2), and therefore,
the driving force for Mn segregation is eliminated (more details can be
found in Supplementary Fig. 2) [6, 8].

Cu, Mn, Zr, and Si 2D contour plots (2DCPs) reveal the solute seg-
regation behaviors at the CIs and SCIs (Fig. 4). There are significantly
higher Zr contents on the 6’-CIs for AM-ACMZ for similar aging condi-
tions as cast-ACMZ consistent with the proximity histograms shown in
Fig. 3. In fact, AM-ACMZ shows more interfacial Zr segregation after
9h at 350°C than cast-ACMZ after 200h at 350°C. The Si segregation
behavior is similar between AM and cast-ACMZ. For all displayed heat
treatments (9h, 350°C is the maximum AM-ACMZ exposure), Mn segre-
gates to both the CIs and SCIs with more segregation to the SC interface.
Only 6’-CIs were captured for a 220h, 350°C exposure for AM-ACMZ and
did not show Mn segregation (Fig. 3), consistent with previously pub-
lished results showing the same evolution of the Mn segregation behav-
ior within cast-ACMZ after longer 350°C exposures [6]. Mn segregates to
the C and SC interfaces in the early stages of thermal exposure. After ex-
tended thermal exposure at 350°C (>1,000h), Mn no longer segregates
to 6”-SCIs and only segregates to some 0’-Cls. Therefore, it is safe to as-

sume Mn is not segregating to 0’-SCIs after a 220h, 350°C exposure for
AM-ACMZ. Overall, more Zr segregates to §’-ClIs and Mn ceases to segre-
gate to all 9’ interfaces after a shorter exposure to 350°C for AM-ACMZ
compared to cast-ACMZ, which is expected to positively and negatively
affect the thermal stability of 6’ precipitates, respectively.

Discussion
Zr matrix content and interfacial segregation rate

One unique aspect of AM-ACMZ is that the matrix Zr content in the
as-printed state is much higher than what can be achieved during cast-
ing due to rapid solidification conditions [23-26]. To understand the
0’-ClI Zr segregation rate, the Zr Gibbsian Excess (GE) was calculated for
over 50 #’-CIs and 10 heat-treatment conditions using the method de-
scribed by Krakauer and Seidman [6, 35, 36], and plotted against the
Zr diffusion distance for the alloy’s temperature/time exposure (shown
in Fig. 5a). An example GE calculation and a detailed description can
be found in Supplementary Fig. 5. The matrix Zr content vs. the Zr dif-
fusion distance is plotted in Fig. 5b. The data in Fig. 5a were fit with
linear functions, and the slopes represent the interfacial Zr segregation
rate.
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Fig. 4. Cross-sectional §” 2DCPs of (a) AM-ACMZ after 300°C, 220h, (b) AM-ACMZ after 350°C, 9h, (c) cast-ACMZ after 300°C, 200h, and (d) cast-ACMZ after 350°C,
200h heat treatments. The solid and dashed lines in the Cu plots highlight the C and SC interfaces, respectively. The schematic in (a) shows the viewing direction for
the 2DCPs. The displayed distances in the graph titles are the diffusion distances calculated using the method described in the caption of Table 2. Additional 2DCPs

can be found in Supplementary Fig. 4.

The slopes for the cast-ACMZ are similar regardless of the exposure
temperature with slopes of 0.04 and 0.02 for the 300 and 350°C heat
treatments, respectively. On the other hand, the AM-300C slope data
is ~5x larger than that of AM-350C, meaning that Zr segregates to 6™-
CIs 5x faster when Zr diffuses up to ~10 nm than for when Zr diffuses

>10 nm in AM-ACMZ. Interestingly, after Zr diffuses >10 nm, the 6™
CI Zr segregation rate matches that for cast-ACMZ. The differences and
similarities in the slopes can be linked to the matrix Zr content (Fig. 5b).

The matrix Zr content is supersaturated for the first two AM-300C
points (0 nm (as-printed) and 5.5 nm) with 15x and 5x more Zr than



J.D. Poplawsky, R.A. Michi, L.F. Allard et al.

a) Zr C Int Excess

5 =

o 1 T y =0.02x

E .

Bed

S 31 y-00x+126 .-

N il

@ ..-'l m Cast 300C
o249

% W Cast 350C
ST P

B qila g I +am300c
£ L A AM 350C
G 0 . y = 0.04x

0 50 100 150 200 250

Zr diffusion distance (nm)

Additive Manufacturing Letters 3 (2022) 100086

b) Matrix Zr Content
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Fig. 5. (a) The 6’-CI excess plotted against the Zr diffusion distance for over 10 heat treatment conditions. The plotted values are the weighted average GE for several
0’-Cls, and the error bars are the standard deviation. The individual interface GE values can be found in Supplementary Tables 1 and 2 and the plotted data points
can be found in Supplementary Tables 2 and 3. The slopes are the rate Zr segregates to 6’-Cls. All y-intercepts were set to 0 except for the AM-350°C data points
because of the change in slope after the matrix Zr content stabilizes. (b) The matrix Zr content vs. the Zr diffusion distance. The circled AM-ACMZ points show the
Zr diffusion distance required for the matrix Zr content to equal that of cast-ACMZ. The stable Zr content is plotted as a straight dotted line based on the stable
matrix Zr content after >200h, 350°C exposures (The Zr solubility limit has been calculated as approximately 0.001 at. % at 350°C according to Clouet et al.) [37].
The diffusion distances were calculated using the method described in the caption of Table 2. The Mn 6’-CI excess data is displayed in Supplementary Fig. 2. The
increase in matrix Zr content for the first cast-ACMZ 350°C data point is most likely due to a problem with the diffusion distance calculation for 300°C vs. 350°C in
which the error in the calculated diffusion distance is not linear with temperature for this system.

after Zr diffuses 210 nm, respectively. The AM-ACMZ Zr matrix content
matches that of cast-ACMZ after Zr diffuses 210 nm (circled point in
Fig. 5b), pointing to the fact that the driving force for Zr to come out of
the matrix when it is supersaturated is extremely high. This observation
explains the rapid spherical L1, precipitation (spaced approximately 20
nm apart) and L1,/6’-CI co-precipitation for AM-ACMZ as Zr diffuses up
to ~10 nm. L1,/6’-CI co-precipitation has only been scarcely observed
using HAADF-STEM imaging in cast-ACMZ when Zr diffuses >40 nm
(350°C, 200h) as the driving force for Zr to come out of the cast matrix
is lower than that of a supersaturated matrix (AM-ACMZ). Overall, the
rate Zr segregates to 6’-CIs is directly proportional to the Zr matrix con-
centration, and therefore, L1,/6’-CI co-precipitation occurs much faster
in AM-ACMZ than cast-ACMZ.

Continuous Zr Segregation to 6’ interfaces

Interestingly, Zr continues to segregate to 0’-Cls after the matrix Zr
content stabilizes as shown in Fig. 5 after >20 nm Zr diffusion distances
(maximum exposure is 5,000h at 350°C). We note that the (Al3Zr)-
L1,/6’-Cl is a unique metallurgical feature where the tendency for Zr to
segregate does not change with time because the (Al3Zr)-L1,/6’ inter-
face has a near 0 interfacial energy making 6’-CIs near-perfect templates
for Zr segregation and subsequent (Al;Zr)-L1, formation [6]. As such,
the Zr segregation thermodynamics remain nearly constant due to sev-
eral unique events: (a) there is a deep energy well for Zr solutes near the
coherent interface and (b) as soon as a Zr atom fills an energy well, a new
energy well with the same depth is automatically created because the
second nearest neighbor is available for L1, structure formation. These
unique aspects regarding the solute segregation thermodynamics on the
(Al;3Zr)-L1,/6°-CI means the Zr segregation rate to the 6’-Cls (the slopes
in Fig. 5a) simply reflects the Zr concentration in the nearby matrix. Zr
will continue to segregate if given enough kinetic opportunity, i.e. time
and temperature, and the Zr matrix content remains above equilibrium
(calculated as approximately 0.001 at. % at 350°C) [37].

0’ templates for planar L12 formation

The way 6’ disappears in AM-ACMZ is unique in that it does not
appear to coarsen and transform into 6, rather the 6’-Cls are locked
by the L1, precipitates, and Cu dissolves out of ¢’ into the matrix (see
Fig. 1f and Supplementary Fig. 1). Interestingly, stable planar L1, pre-
cipitates remain where they previously formed on 6’-Cls, which provides
strength. A schematic of this phenomenon is shown in Fig. 6. Overall, 6’
is a template that forms stable planar Al;Zr-L1, precipitates instead of
their typical spherical shape that can provide a separate strengthening
mechanism for this alloy at higher temperatures [27]. This work intro-
duces the idea that metastable precipitates with unique interfacial prop-
erties can be used to attract slower diffusing solutes that form a unique
and desirable stable precipitate geometry. The high solute matrix con-
tents introduced by AM processing can expediate the stable precipitate
growth rate. This concept can be used to improve the thermal stability
of Al-Cu alloys as well as other high strength alloys.

Conclusions

The solute segregation behavior to 6’ interfaces was studied for cast
and AM-ACMZ alloys with a primary focus on interfacial Zr segregation
and planar L1, formation. The Zr segregation rate to 6’-CIs was found
to be directly proportional to the matrix Zr content, exhibiting unique
metallurgical properties. The near zero interfacial energy makes 6’-Cls
perfect templates for Al;Zr-L1, formation, and Zr continues to segre-
gate to 0’-Cls after extensive over-aging. The supersaturated Zr matrix
facilitated by rapid cooling during AM allows for faster Al3Zr-L1,/6’ co-
precipitate formation than cast ACMZ. SS S Stable planar L1, precipi-
tates remain after 6’ dissolves providing strength at higher temperatures.
Overall, the nature of the #’-CI is unique in that it can accept continu-
ous Zr segregation and is a perfect template to form a desired planar
L1, geometry. These results suggest that designing an AM 6’ strength-
ened Al alloy with a supersaturated Zr matrix content and a high 6’
precipitate density spaced >20 nm apart would produce a microstruc-
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Fig. 6. A schematic of ¢’ dissolution after L1, precipitation locks the CIs leaving behind planar L1, precipitates in the a-Al matrix. This shows how metastable 6’
precipitates are a template for forming stable planar L1, strengthening precipitates in Al. a) An L1,/6’ co-precipitate within the a-Al matrix. b) The ¢’ CIs are locked
by the L1, precipitation, while the SCIs close in on each other as Cu dissolves from the precipitates during high temperature exposure. c) Planar L1, precipitates
remain after 6’ dissolution where they previously precipitated on 6’ CIs. d) The a-Al matrix is littered with residual planar L1, precipitates after 6’ dissolution

providing strength to the material.

ture littered with stable planar L1, that would retain its strength for
lengthier exposures than cast Al-Cu alloys. Additionally, the concept of
using metastable precipitates as templates to form another desired sta-
ble precipitate geometry can be used to improve the thermal stability
of any alloy system containing precipitates with analogous interfacial
characteristics.
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