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Abstract

Atom-probe tomography, transmission electron microscopy, X-ray diffraction and first-principles calculations are employed to study:
(i) compositional evolution of GPII zones and 6 precipitates; and (ii) solute segregation at o-Al/0’ interfaces in Al-1.7 at.% Cu
(Al-4 wt.% Cu) alloys. GPII zones are observed after aging at 438 K for 8 h, whereas higher aging temperatures, 463 K for 8 h and
533 K for 4 h, reveal only ¢ precipitates. Most GPII zones and ' precipitates are demonstrated to be Cu-deficient at the lower two aging
temperatures; only the 533 K treatment resulted in 6’ stoichiometries consistent with the expected Al,Cu equilibrium composition. For
alloys containing ~200 at. ppm Si we find evidence of Si partitioning to GPII zones and 6 precipitates. Significant Si segregation is
observed at the coherent a-Al/¢ interface for aging at 533 K, resulting in an interfacial Si concentration more than 11 times greater than
in the o-Al matrix. Importantly, the Si interfacial concentration undergoes a transition from a non-equilibrium delocalized profile to an
equilibrium localized profile as the aging temperature is increased from 463 to 533 K. Consistent with these measurements, first-principles
calculations predict a strong thermodynamic driving force favoring Si partitioning to Cu sites in (. Silicon segregation at, and partition-
ing to, € precipitates results in a decrease in interfacial free energy, and concomitantly an increase in the nucleation current. Our results
suggest that Si catalyzes the early stages of precipitation in these alloys, consistent with the higher precipitate number densities observed
in commercial AI-Cu-Si alloys.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction model system for describing the fundamentals of precipita-

tion hardening [1]. This sequence commences with the for-

The binary Al-Cu system is a well-studied precipitation
strengthening system because it forms the basis for a wide
range of age-hardening alloys that are technologically
important. The precipitation sequence observed on aging
these alloys, GPI — GPII(0") — ¢ — 0, is often used as a
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mation of coherent GPI and GPII zones. GPI zones are
described as consisting of single layers of pure Cu atoms
on {001}, planes. An accepted structural model of
GPII consists of two Cu {00 2} layers separated by three
Al planes [2,3], with the stoichiometry Al;Cu. First-princi-
ples calculations [4] also strongly support these structural
models. Metastable @', the main strengthening phase, has
a body-centered tetragonal crystal structure with the stoi-
chiometry Al,Cu [5,6]. The precipitation sequence ends
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with the transformation of the ¢ phase to the incoherent
equilibrium 6 phase, Al,Cu, that possesses a tetragonal
C16 crystal structure.

Given its importance for strengthening Al, a large num-
ber of studies of the Al-Cu precipitation sequence have
focused on the properties of metastable 6 precipitates [7—
11]. These precipitates exhibit a high-aspect-ratio plate-like
morphology with coherent (00 1) #'||[{0 0 1},.a; interfaces
parallel to their broad faces and semi-coherent interfaces
at their peripheries [7]. This morphology is often rational-
ized by a large anisotropy in the interfacial free energy
(y) and elastic strain energies between the coherent and
semi-coherent interfaces, with the broad coherent inter-
faces possessing a smaller y value than the semi-coherent
interfaces. Aaronson et al. [8,9] estimated the interfacial
energy anisotropy factor to be ~12. Recent first-principles
calculations, which decoupled the contributions of interfa-
cial and elastic-strain energies, reported an anisotropy fac-
tor of ~3 [10,11].

The increasing use of Al-Cu alloys in commercial appli-
cations (e.g. cast 319 alloys for automobile engine blocks)
continues to drive further studies of the properties of ¢’ pre-
cipitates [12-18]. Relatively little is known, however, con-
cerning the compositional evolution of @' precipitates
since its nanometer-scale platelet-like morphology makes
quantitative analytical electron microscopy analyses extre-
mely difficult. This is reflected in the scant literature on
solute-atom segregation at the platelets’s cores and at the
a-Al matrix/precipitate interfaces. This dearth of informa-
tion is unfortunate since this data is essential for the devel-
opment of accurate models of precipitation kinetics and
strengthening. For example, segregation at interfaces is a
result of a decrease in 7y, which leads to a Gibbsian interfa-
cial excess of solute (I') and retards precipitate coarsening.
Moreover, deviations from the expected precipitate stoichi-
ometry, in the form of excess concentrations of solute in
the precipitate core, may indicate the existence of heteroge-
neous nucleation [19] and identify mechanisms that limit
the coarsening rate. Since commercial process optimization
tools rely upon accurate predictions of alloy microstructure
as a function of processing conditions, it is desirable to
understand and quantify the impact of nanoscale chemical
composition on precipitation kinetics.

Three-dimensional (3-D) atom-probe tomography
(APT) is capable of addressing these issues [20], and is cur-
rently the most suitable instrument at the subnano- to
nano-scale for studying the compositions of nanoscale '
platelets and their heterophase interfaces with the o-Al
matrix. Prior evidence for magnesium segregation at coher-
ent a-Al/Al3Sc(L1,) heterophase interfaces, utilizing APT,
demonstrates the power of this approach for measuring
small values of I' [19]. Nevertheless, prior APT studies of
precipitation in Al-Cu-based alloys by different groups
have reported differing results [21-25]. For instance, Karlik
et al. [23] have summarized the conflicting results [21,22]
pertaining to the compositions of GP zones. Additionally,
Shollock et al. [24] and Sano et al. [25] performed

APT analyses of @ precipitates in Al-1.7Cu-0.34
Mg-0.1Agat.% and Al-2.7Cu-0.5Mg-0.1Ag-0.26Mn—
0.04Zr at.% alloys, respectively, and reported different Cu
concentrations for the @' phase. Shollock et al. [24]
obtained an Al;Cu stoichiometry for the ¢’ phase, whereas
Karlik et al. [23] found a stoichiometry of Al,Cu. Further-
more, there have been relatively few APT studies of the
temporal evolution of 6 platelets, with the majority of
studies focusing on precipitate nucleation. Employing
atom-probe field-ion microscopy and APT, respectively,
Ringer et al. [26] and Honma et al. [27] investigated
whether trace additions of tin could enhance ¢’ nucleation.
Similarly, little is known regarding solute interfacial segre-
gation in Al-Cu alloys: Cu segregation at a small-angle
grain boundary has been studied in thin films [28], and Sri-
vastava et al. [29] studied segregation at equilibrium 0
precipitates.

In view of the above, the objective of this work is to
study the nanoscale chemical composition in the Al-Cu
precipitation sequence, and to elucidate whether these com-
positional differences correlate with variations in the
observed precipitation kinetics. Specifically, using a combi-
nation of 3-D local-electrode atom-probe (LEAP) tomog-
raphy, X-ray diffraction (XRD), transmission electron
microscopy (TEM) and first-principles calculations, we
examine: (i) the compositional evolution of GPII zones
and ¢ platelets; and (i) Si solute segregation at coherent
a-Al/ @ interfaces in Al-1.7 at.% Cu (Al-4 wt.% Cu), with
~200 at. ppm additions of Si. The ternary Al-Cu-Si system
was studied to clarify the role of Si in the faster precipita-
tion kinetics observed in commercial Si-containing 319
alloys [30]. For aging at 438 and 463 K, our analyses reveal
clear evidence of significant partitioning of Si at the cores
of the GPII zones and 6 precipitates, consistent with Si
playing a catalytic role in nucleating these phases. At
533 K, the Si core concentration of 6" decreases in favor
of forming a Si-rich, localized segregation profile at the
coherent o-Al/@ interface. We quantify this segregation
with the relative Gibbsian interfacial Si excess, and use this
data to estimate the segregation-induced reduction of inter-
facial free energy. Additionally, first-principles calculations
of solute substitutional energies and partitioning behavior
provide energetic explanations for the experimentally mea-
sured phenomena.

2. Methodologies
2.1. Experimental methods

Aluminum (ALCOA) of two different purities was used
in conjunction with high-purity (99.99%) Cu (Alfa Aesar)
to prepare Al-1.7 at.% Cu (Al-4 wt.% Cu) specimens.
The first Al source was 99.99% pure, while the second
source contained two main impurities, ~216 at. ppm Si
and ~267 at. ppm Fe. These alloys were melted in an alu-
mina crucible in a resistance-heated furnace and direction-
ally solidified in a graphite mold. The high-purity Al alloy
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Table 1

Chemical analyses of the alloys.

Si (wt.%) Cu (wt.%) Fe (wt.%)

Alloy A

0.0012 (0.0011 at.%) 4.0 (1.74 at.%) 0.0004 (0.0002 at.%)
Alloy B

0.022 (0.0216 at.%) 4.0 (1.74 at.%) 0.054 (0.0267 at.%)

is denoted alloy A and the second (“impure”) one alloy B.
Table 1 presents the results of the chemical analyses per-
formed by Shiva Technologies Inc. (Syracuse, NY). The
cast samples were homogenized in air at 758 K for 24 h,
followed by water quenching. They were subsequently aged
in air at one of three different temperatures, 438, 463 and
533 K (165, 190 and 260 °C) for 8, 8 and 4 h, respectively.
These aging conditions were chosen to study the temporal
evolution of the precipitation sequence from GPII to ¢'.

After the aging treatments the samples were character-
ized using a conventional Rigaku X-ray diffractometer with
Cu Ko radiation at Northwestern University, and with syn-
chrotron radiation at the Advanced Photon Source (APS)
at the Argonne National Laboratory, using the Dow-
Northwestern—-DuPont beam line. Synchrotron radiation
with an energy of 17.477keV and a wavelength of
0.0709 nm was utilized; the samples were polished to a flat-
ness of 1 pm.

Specimens for TEM were prepared by punching discs
with a 3 mm diameter from thin foils with a thickness of
~200 pm, followed by jet polishing with a Struers Tenu-
pol-5 at —40 °C, using a 5 vol.% perchloric acid in a meth-
anol electrolyte. TEM was performed employing an
Hitachi 8100 microscope at 200 kV.

APT sample blanks with a square cross-sectional area of
approximately 300 x 300 um” and a 1 cm length were pre-
pared by a combination of slicing and mechanical grinding
[31,32]. A two-step electropolishing procedure was used for
making tips from these blanks. A 10 vol.% perchloric acid
in methanol solution was used for coarse polishing, and the
final polishing was performed using a solution of 2 vol.%
perchloric acid in butoxyethanol.

APT experiments were performed in either the electrical
or laser pulsing modes using a Cameca (formerly Imago
Scientific Instruments, Madison, WI) LEAP tomograph
[33-40] in the Northwestern University Center for Atom-
Probe Tomography (NUCAPT). APT data collection
using the electrical pulsing mode was performed at a spec-
imen temperature of 30 4+ 0.3 K, with a voltage pulse frac-
tion (pulse voltage/steady-state DC voltage) of 20%, a
pulse repetition rate of 200 kHz and a background gauge
pressure of <6.7 x 107® Pa (5 x 107'° torr). For picosec-
ond laser (wavelength = 532 nm) pulsing, a pulse repetition
rate of 500 kHz was utilized, with the specimen maintained
at 30 + 0.3 K. Additionally, we performed a series of
experiments that involved varying the laser energy per
pulse from 0.5 to 4 nJ, and observed no measureable effect
of laser beam heating of the wire tips because of its high
thermal diffusivity. Therefore, we used a laser energy of

2nJ per pulse, which facilitates collecting datasets of
~107-10® atoms per specimen.

Care was taken to establish the equivalence of electrical
and laser pulsing, using the same sample. The average
detection rate ranged from 0.04 to 0.08 ions pulse™' for
the APT analyses. The LEAP tomographic data were
analyzed employing IVAS 3.0 (Cameca, Madison, WI).
The a-Al/# interfaces were delineated with 3.5 at.% Cu iso-
concentration surfaces for samples aged at 438 K, and
9 at.% Cu isoconcentration surfaces for samples aged at
463 or 533 K. Efficient sampling procedures [41] were used
to generate these isoconcentration surfaces. The parame-
ters employed for the isoconcentration surfaces are: (i)
voxel size =1 x 1 x 1 nm?; (ii) delocalization distance =
3nm; and (iii) sample count threshold = 3%. Composi-
tional information as a function of depth was obtained
with: (i) 1-D concentration profiles through the regions of
interest; and (ii) the proximity histogram method [42]. All
error bars correspond to two standard deviations from
the mean value for the compositional analyses. The count-
ing statistics error, 1/v/N, was used for the number density
calculation, where N is the total number of ¢ platelets.
Additional details concerning experimental and analysis
procedures are given elsewhere [19,43].

2.2. Computational methods

The energies for Si segregation at coherent and semi-
coherent a-Al/¢ interfaces, AE,., [44], were evaluated using
first-principles calculations based on the PW91 generalized
gradient approximation [45] to density functional theory
[46-47], as implemented in the Vienna Ab-initio Simulation
Package [48]. The projector augmented wave method
[49-50] was used to describe the core—valence electron
interaction, and tests were performed to ensure that k-
point sampling density was sufficient to ensure that segre-
gation energies converged to ~0.02 eV per solute atom. A
300 eV cutoff energy was used for the plane-wave basis.

Segregation was modeled at coherent and semi-coherent
a-Al matrix/ 6 ' precipitate interfaces using distinct
interfacial supercells (Fig. 1). Both models adopt the exper-
imental  matrix/precipitate  orientation  relationship
(00 1)y|l{0 0 1} Ay and [0 1 O]y|[[0 1 O]a; [13], which and are
based on earlier models [10,11]. The coherent system is rep-
resentative of the interface at the broad flat faces of the ¢
platelet, which exhibits a small misfit strain of 0.7%, as
ag =~ apy. Our model cell consists of two symmetry-equiva-
lent Al/6' interfaces separated by seven planes of Al-
{00 1} and nine planes of ¢, for a total of 108 atoms. Prior
studies indicate that slabs of this thickness yield converged
interfacial properties [51]. To minimize solute—solute image
interactions, the dimensions of the supercell parallel to the
interfacial plane (cell vectors a and b) were expanded, result-
ing in a 2 x 2 geometry with dimensions |a] =2ay and
[b] = 2ay.

The semi-coherent model (Fig. 1, bottom panel) cap-
tures the interfacial properties at the periphery of the ¢/
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Fig. 1. Relaxed supercells used for the Al/6interfacial segregation
calculations. Top: coherent interface; bottom: semi-coherent interface.
Al atoms are grey, Cu atoms are black; shading is used to convey the
position relative to the plane of the page. The red atom in the semi-
coherent supercell illustrates the position of a solute at a bulk-like site in
the Al matrix. (Sub)lattice planes are labeled according to their position
relative to the interface planes. For example: “Al;” identifies the Al plane
adjacent to the interface; “Al,” refers to a bulk-like plane in the Al matrix;
“O;C“” refers to the interfacial Cu layer within the 6’ precipitate. Note that
in the semi-coherent interface Al and Cu sites within ¢’ can reside in the
same planes parallel to the interface. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

platelets. Unlike the coherent system, the semi-coherent
interface must accommodate a 42% lattice-parameter mis-
match between as; and ¢y along one direction (cell vector
a) in the interfacial plane. This misfit is minimized utilizing
a semi-coherent geometry [11] with |a] = 2¢y &~ 3a,), yield-
ing a —5.1% misfit. In the orthogonal interfacial direction,
b, the misfit is the same as in the coherent system, 0.7%,
and we apply a double-cell geometry, |b| = 2ay. In the c-
direction (normal to the interface) seven {100} layers of
Al and @ separate two symmetry-equivalent interfaces,
resulting in a total of 168 atoms.

In both interface models the magnitude of the supercell
vector, |c|, normal to the interfacial plane was optimized by
minimizing the total energy of the “clean” interface (no sol-
ute atoms) with respect to cell length, while allowing for the
simultaneous relaxation of atomic positions. All segrega-
tion calculations were performed using these fixed cell
parameters. Additionally, atomic positions were relaxed
such that residual forces on all atoms were <0.02 eV A~

In addition to these interfacial calculations, a series of
bulk calculations were performed to estimate 0 K point-
defect formation energies and the relative heats of solution
for substituting Si solute atoms in the Al matrix and ¢’ pre-
cipitates. The defect energies are those for vacancy and

anti-site formation within the bulk ¢’ phase. These were
evaluated using a 2 x 2 x 2 supercell containing 96 atoms
(95 for a vacancy calculation). Calculations of the Si heat
of solution in ¢ were performed using a 2 x 2 x 2 super-
cell. A 4 x4 x4 cell (256 atoms) was used to study the
energetics of Si insertion into bulk Al. All bulk calculations
included relaxation of internal atomic positions, while
keeping the external cell parameters fixed. Energies were
converged with respect to k-point sampling to better than
1 meV atom .

3. Results
3.1. X-ray analyses: identity of the precipitates

Fig. 2a—d displays XRD powder patterns of the Al-Cu
alloys in the solutionized or solutionized plus aged condi-
tions. Solutionized samples of both alloys were found to
be single-phase solid solutions of Cu in o-Al (Fig. 2a).
For aging at 438 or 463 K, conventional XRD experiments
did not exhibit extra reflections corresponding to a second
phase. Synchrotron radiation experiments on these samples
yielded XRD patterns consistent with the presence of GPII
zones and/or ¢’ platelets (see below). GPII zones nominally
have a tetragonal crystal structure, with lattice parameters
a=>b=0.404 nm, ¢ = 0.768 nm [3,21]. The ¢ phase is also
tetragonal, with lattice parameters a = b = 0.404 nm,
¢ =0.58 nm [6]. These lattice parameters were used to cal-
culate the planar spacings of the GPII zones and ¢’ phases.
Fig. 2b displays XRD patterns for samples aged at 438 K
for 8 h. The two extra peaks at 20 values of 14.75° and
36.07° belong to GPII zones and are indexed as the
(110) and (2 2 4) reflections, respectively, which are high-
lighted in the insets. Since the d-spacings of the (11 0)
planes of 6 and GPII are identical, no conclusive evidence
for the presence of ¢ platelets was detected using XRD for
samples aged at 438 K. Alternatively, samples aged at
463 K for 8 h and analyzed using synchrotron radiation
exhibit evidence for ¢ platelets (Fig. 2¢). The extra peak
observed at 20 = 23.75° is the (1 2 1) reflection of the ¢
phase, as highlighted in the inset. Finally, 6’ platelets are
visible for the 533 K for 4 h aging treatment: Fig. 2d and
its inset present XRD patterns with the (10 1) peak of
the 0’ phase highlighted. No peak corresponding to GPII
zones is detected after aging either at 463 K for 8 h or at
533 K for 4 h.

3.2. TEM analyses

TEM analyses of the aged alloys (Fig. 3) were found to
be consistent with the XRD studies. GPII platelets are
observed in samples aged at 438 K for 8 h, as shown in
the (1 00) zone bright-field micrograph in Fig. 3a. The
(100) streaking associated with the GPII platelets is
observed in the corresponding diffraction pattern. ¢ plate-
lets are detected in samples aged at 463 K for 8 h or 533 K
for 4 h, as displayed in the (1 0 0) zone bright-field micro-
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Fig. 2. (a) Solutionized samples showing a single-phase solid solution of copper in a-Al; (b-d) representative diffraction patterns for samples aged at (i)
438 K for 8 h, (ii) 463 K for 8 h and (iii) 533 K for 4 h, respectively. The insets highlight the reflections from the precipitates. (a and d) were obtained using
a conventional diffractometer; synchrotron radiation was used for (b) and (c).

graphs of Fig. 3b and ¢. No GPII zones were detected in
samples aged at the two higher temperatures.'

3.3. LEAP tomographic analyses: mass spectra,
microstructure and composition

Fig. 4a and b compares the relevant portions of the
mass-to-charge state (m/n) spectra obtained using electrical
or laser pulsing. Aluminum occurs in the singly charged
(*’Al'") and doubly charged (*’AI*") states, but the Al
hydrides (*’AlI'H, 27AI]HI) that appear due to the pres-
ence of residual hydrogen in the ultrahigh-vacuum sample
chamber are always singly charged. The two Cu isotopes
(“Cu'* and ®Cu'", not displayed) and their hydrides are
also present in the singly charged state. Of particular con-

! Although only the (12 1) reflection is shown in Fig. 2c, synchrotron
radiation was able to detect both the (12 1) and (1 0 1) reflections in this
sample. A conventional X-ray diffractometer was used to analyze the
533 K aged sample shown in Fig. 2d. This technique was capable of
detecting only the (1 0 1) reflection.

cern is Si, whose major isotope in the singly charged state
(*Si'") may coincide with the singly charged Al hydride
peak (*’AI'H"). We find that laser pulsing using
2 nJ pulse ™" results in Si being evaporated only in the dou-
bly charged state (**Si*"). This, and the absence of a dou-
bly charged Al hydride peak, permits us to measure the
bulk Si concentration utilizing the doubly charged Si peak
at an m/n value of 14 (Fig. 4a). Neither the singly charged
Al hydride peaks nor the *Si*" peak can be resolved
employing electrical pulsing. Furthermore, the proportion
of 2’ AI** in the mass spectra is small employing laser puls-
ing, presumably because of the smaller standing dc voltage.
We therefore conclude that picosecond laser pulsing yields
better mass resolving power (m/Am) than does electrical
pulsing.

None of the four isotopes of the impurity element Fe
(present in samples fabricated from alloy B) are detected
in the mass spectra, either in the singly or doubly charged
states, because Fe has a negligible solid solubility in Al
(0.014 at. ppm at 503 K [52]). Iron, however, forms inter-
metallic compounds with Al and it is difficult to detect a



6192 A. Biswas et al. | Acta Materialia 59 (2011) 6187-6204

Fig. 3. (a) Bright-field transmission electron microscope micrograph
depicting GPII platelets in the (1 0 0) 5; zone obtained after aging at 438 K
for 8 h; (b and c) the ¢ precipitates in the (1 00),; zone observed after
aging at 463 K for 8 h (b) and 533 K for 4 h (c), respectively.

small-volume fraction of an Fe intermetallic phase(s)
employing APT.

3.3.1. Aging at 438 K for 8 h

Consistent with the XRD and TEM measurements, thin
GPII platelets are observed with APT in samples aged at
438 K for 8 h. The number density, N,, of the GPII plate-
lets in alloy A is Ny = 1.77 & 0.1 x 10** m; electrical and
laser pulsing experiments yield similar values of N,. Fig. 5a
exhibits a 3-D APT reconstruction of ~9 x 107 atoms
obtained from alloy A using electrical pulsing; only ~10°

(a) 10° - o
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10 4
@ [
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Fig. 4. Comparison of mass spectra obtained using electrical and laser
pulsing. (a) Peaks for 2’AI*" and 2Si**; (b) peaks for *’Al'", 2 AIH" and
2TAIH, .

Cu atoms (red) are displayed. Fig. 5b displays a portion
of this reconstructed volume containing a GPII platelet
viewed edge-on. The same GPII platelet is visualized along
a direction normal to the broad flat face of the platelet
(Fig. 5c), along with its isoconcentration surface; only
20% of the Al (blue) atoms are displayed. Atomic planes
of the o-Al matrix are visible in Fig. 5c, and their spacing
matches the interplanar spacing of the {2 00} planes of
Al (0.202 nm). The broad flat faces of the GPII platelets
are parallel to {2 0 0} planes as GPII is coherent with the
o-Al matrix, {200} ;; these platelets are 2.02 + 0.45 nm
thick, with a diameter of 21.8 & 3.1 nm.

The compositions of these GPII platelets were measured
individually using a 1-D concentration profile along the axis
of a cylinder placed perpendicular to each platelet (cylinder
diameter: 7 nm; number of ions per step: 50; step size:
~0.04 nm). Fig. 6a demonstrates this for GPII platelets
delineated by isoconcentration surfaces. A composition
histogram (Fig. 6b) extracted from the same dataset for alloy
A indicates a Cu concentration ranging from ~10 to 40 at.%,
with the majority of precipitates exhibiting concentrations
less than the GPII stoichiometry of 25 at.% Cu. GPII zones
in alloy B (not displayed) exhibit a similar deficiency in Cu.

Alloy B exhibits a factor of three increase in the N, value
of GPII platelets (5.67 + 0.1 x 10* m ) with respect to
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-N12 nm
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Fig. 5. 3-D reconstructions of a sample of alloy A aged 438 K for 8 h, obtained using electrical pulsing. Cu and Al atoms are displayed in red and blue,
respectively. One GPII platelet is highlighted in (b); (c) shows that the {2 0 0} planes of Al are parallel to the broad face of the platelet. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

alloy A. In further contrast to alloy A, the GPII platelets in
the Si-containing alloy B display considerable Si partitioning
relative to the a-Al matrix. The average Si concentration of
172 GPII platelets in alloy Bis 0.107 £ 0.008 at.%, while the
average Si concentration in the o-Al matrix is
0.0206 £ 0.002 at.%. Thus, the Si partitioning constant,
the ratio of the Si concentration in GPII divided by its value
in the a-Al matrix, is 5.19. The observation in alloy B of a lar-
ger Ny value, combined with the elevated concentrations of
Siin GPII, suggests that Si plays a catalytic role in the heter-
ogeneous nucleation of GPII platelets. A similar catalytic
effect on the nucleation of Al;Sc precipitates has been
observed in Al-Sc alloys containing Si [53].

3.3.2. Aging at 463 K for 8 h

Aging for 8 h at 463 K yields thin and broad platelets of
0', as illustrated in 3-D reconstructions from alloys A
(Fig. 7a) and B (Fig. 7b), where only Cu atoms (red) are

displayed; in both of these cases, only 10% of the total
Cu atoms detected are displayed. The datasets collected
using electrical pulsing contain ~1.6 x 107 atoms
(Fig. 7a); those for laser pulsing contain ~4.0 x 107 atoms
(Fig. 7b). Synchrotron XRD experiments establish the exis-
tence of the ¢ phase in these samples. Similar to GPII, the
broad face of a ' precipitate is coherent with {2 0 0},_a1.
The average precipitate thickness and diameter for 20 pre-
cipitates are 7.95+ 1.47 nm and ~180 nm, respectively.
The large diameter of the @' platelets makes it impractical
to report statistically significant differences in N, between
alloys A and B. Compared to the N, value of GPII platelets
in samples aged at 438K, the ON, value
(1.51 £ 0.4 x 10*' m~? is an order of magnitude smaller.
Fig. 7c displays a 3-D reconstruction from alloy B, where
0 precipitates are delineated by 9 at.% Cu isoconcentration
surfaces. This dataset contains ~5.0 x 107 atoms and was
obtained using laser pulsing.
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Fig. 6. (a) GPII platelets in alloy A imaged via APT after aging at 438 K for 8 h. The composition of each platelet was measured independently using a 1-
D concentration profile along the cylinder. (b) Composition histogram showing a range of copper concentrations from ~10 to 40 at.% Cu.

To determine the concentration of Cu in the ¢’ core, a 1-
D concentration profile was computed for the same 20
precipitates (alloy A) used to determine the precipitate
dimensions. The Cu concentration ranges from 20.2 + 2.7
to 35.28 4+ 1.12 at.%, as demonstrated by the composition
histogram (Fig. 7d). The equilibrium @ stoichiometry is
Al,Cu, but the majority of the ¢ precipitates for this aging
condition are Cu deficient. Similar results for the Cu con-
centration were obtained for alloys A and B.

The proximity histogram (proxigram) method [41-42]
was used for in-depth compositional analyses. Table 2 sum-
marizes the compositions of the o-Al matrix and the 0’ pre-
cipitates for a precipitate exhibiting a nearly stoichiometric
Cu composition (Table 2, top panel) and a representative
Cu-deficient 0’ precipitate (Table 2, bottom panel), respec-
tively. Notably, Si exhibits enhanced concentrations in
both & precipitate types and is depleted in the a-Al matrix.
The Si partitioning coefficients (Kf;/ 41 for these two types
of (' precipitates are 7.4 and 5.4, respectively. The Si parti-

.. . . 0 Ja—Al 0 / -
tioning coefficient is K%/* ™ = 5 where ¢/ and %A are

— _a—Al
Csi

the core concentrations of Si in the ¢ precipitate and a-Al
matrix, respectively.

3.3.3. Aging at 533 K for 4 h

The 0 platelets in samples aged at 533 K for 4 h are
thicker and broader than those detected for the 463 K
treatment. As the N, value is also smaller by an order of
magnitude (1.47 x 10*°m™—>), they become progressively
more difficult to detect. The difference in N, values of ¢
precipitates between alloys A and B could not be ascer-
tained for this aging condition due to poor statistics. A
portion of a @ precipitate from alloy B with a diameter
of >200 nm and thickness of ~50nm is displayed in
Fig. 8. This dataset was collected using laser pulsing and
contains ~6.0 x 107 atoms; it exhibits a Cu core-concentra-
tion of 34.94 4+ 1.2 at.%, which is close to the stoichiome-
tric concentration (33.33 at.%). Concomitantly, there is a
50% reduction in the Si core concentration on aging at
533 K as compared to 463 K aging, which decreases from
0.103 + 0.008 to 0.052 4+ 0.015 at.% Si.
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Fig. 7. Typical thin and large diameter platelet of ' precipitate obtained after (a) aging alloy A and (b) alloy B at 463 K for 8 h. Only copper atoms (red)
are displayed in (a) and (b). (c) ¢ isoconcentration surfaces for alloy B. (d) Composition histogram for alloy A. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.3.4. Heterophase interfacial segregation

Two sets of samples of alloy B, one aged at 463 K for 8§ h
and the other at 533 K for 4 h, were analyzed, with an
emphasis on heterophase interfacial solute segregation at
the coherent a-Al/0’ interface. Due to its small areal frac-
tion, we were not able to capture similar data for the
semi-coherent interface. Care was taken to choose ' pre-
cipitates that were perpendicular to the analysis direction,
due to the spatial depth resolution of 0.1 nm. The proxi-

gram methodology [41,42] was used for this analysis (bin
size of 0.7 nm; see Appendix A), where the concentration
was measured with respect to distance from a 9 at.% Cu
isoconcentration surface.

Fig. 9a and b displays a 0’ platelet from a sample aged at
463 K for 8 h; it is perpendicular to the (2 0 0)-type analy-
sis direction and exhibits a Cu concentration close to the
stoichiometric value (33.3 at.%). These interfaces are
coherent with the o-Al matrix (Fig. 9c); its proxigram is
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Table 2

Partitioning of alloying elements between the o-Al matrix and ¢’
precipitate after aging at 463 K for 8 h. Top rows: example of a nearly
stoichiometric precipitate. Bottom rows: a representative Cu-deficient
precipitate.

Element a-Al matrix (at.%) 0/ -precipitate (at.%)

Nearly stoichiometric 0'-precipitate

Al 99.52 £+ 0.06 64.62 +1.12
Cu 0.47 £+ 0.06 3528 £ 1.12
Si 0.013 £ 0.006 0.096 £+ 0.018
Typical Cu-deficient 0'-precipitate

Al 99.19 £ 0.06 79.16 £ 0.6
Cu 0.782 £ 0.06 20.72 £0.6
Si 0.024 £+ 0.01 0.129 £ 0.012

Fig. 8. 0 precipitate (indicated by arrow) obtained after aging alloy B at
533 K for 4 h, using green laser pulsing. Al atoms are represented in blue
and Cu atoms in red. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

displayed in Fig. 10. The solid vertical line indicates the
location of the heterophase interface between the o-Al
matrix and the €' platelet, which is at the inflection point
of the Al concentration profile. The spatial concentration
profiles of the @ platelet and o-Al matrix are displayed
on the right- and left-hand sides of this line, respectively.
No perceptible localized Si segregation in the vicinity of
the a-Al/0 coherent heterophase interface is detected.
Analyses of Cu-deficient ¢’ platelets for the same aging con-
dition reveals similar high Si concentrations at the precipi-
tate core (Table 2, bottom panel), with no localized Si
segregation at the coherent interface.

Fig. 11a and b displays a portion of the 0 platelet
obtained after aging an alloy B specimen at 533 K for
4h, and performing a similar analysis with the broad
coherent face of the 0’ platelet perpendicular to the analysis
direction ({2 00) type). The same values of the analysis
parameters were used to create the isoconcentration sur-
face (Fig. 11b). The proxigram calculated based on this

du g

wu Qg

Coherent interface

‘ O (Al,Cu) i :

(c) { Semi-coherent interface

Fig. 9. (a) 0 precipitate from alloy B aged at 463K for 8h; (b)
isoconcentration surfaces (9 at.% Cu) delineating the coherent matrix
precipitate interface, as depicted in (c).

9at.% Cu isoconcentration surface is displayed in
Fig. 12. The striking result is definitive evidence for local-
ized Si interfacial segregation at the coherent a-Al/0’ inter-
face. The Si concentration at the interface is ~3 times the
value observed in the core of the ¢ platelet and is localized
within 7.5 nm of the interface. Additionally, the majority of
segregated Si is confined at the ¢’ side of the interface. As
the magnitude of the Si concentration profile increases as
the aging temperature is increased from 463 to 533 K, the
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Fig. 10. Proxigram from a sample of alloy B aged at 463 K for 8 h. Green
laser pulsing is used.

lower-temperature  Si
equilibrium.

The relative Gibbsian interfacial excess provides a quan-
titative thermodynamic expression for solute segregation,
which is given for a ternary alloy by [54]:

segregation profile is not in

o L0 0 o o 0 0 o
el — [ — [ CAICSi calCsi _ Csi€cu — CsiCeu (1)
si —14Si Cua o 0 v 0 0 o
Ca1€cu — Car€cu Ca1€cu — CAI€Cu

where I'! is the Gibbsian interfacial excess of Si relative to
Cu and Al I's;, I'c, and I's; are the Gibbsian interfacial ex-
cesses of Si, Cu and Al, respectively; and ¢ and cf’/ are the
concentrations of an element i (i = Al, Cu or Si) in the a-Al
matrix and ' platelets. In Fig. 12, Al and Cu exhibit delo-
calized interfacial excesses, as opposed to the localized
interfacial excess of Si. The shaded areas in the proxigram
represent the individual I';s. The values of I'; are deter-
mined using proxigram concentration profiles from

ri=pay (@ - d) @

where p is the atomic density, Ax is the distance between
the p concentration data points in the proxigram, c* is
the concentration of an element i at each data point [55],
and k = o on the a-Al matrix side and k = 6’ on the precip-
itate side of the heterophase interface. (The theoretical
atomic density of a @ precipitate is 63.38 atoms nm >,
based on its unit cell dimensions [6], which is close to that
of Al.) A similar method was used for determining interfa-
cial excesses for 1-D concentration profiles across grain-
boundaries in a binary alloy [56,57]. Marquis et al.
[19,58,59] and Isheim et al. [60] employed this method for
quantitative analyses of interfacial segregation of solute
atoms across heterophase interfaces. The Gibbs dividing
surface that is placed at the inflection point of the Al con-
centration profile coincides with the origin of the proxi-
gram. The relative Gibbsian interfacial excess
concentration does not depend on the location of the Gibbs
dividing surface [54,61-63]. The relative Gibbsian interfa-
cial excess of Si with respect to Al and Cu (Eq. (1)), is

Fig. 11. (a) 0’ precipitate from a sample of alloy B aged at 533 K for 4 h
that is perpendicular to the analysis direction; green laser pulsing is used.
(b) Isoconcentration surface created with respect to 9 at.% Cu; this surface
delineates the coherent interface with the o-Al matrix.

0.39 + 0.078 atom nm 2. A summary of the relevant quan-
tities used in this analysis are given in Table 3.

3.3.5. First-principles calculations

To explain the observed partitioning of Si solute atoms
in the Si-containing B alloys, we performed a series of first-
principles calculations (at 0 K) of bulk point-defect and
solute-solution energies, as well as interfacial solute-segre-
gation energies. This methodology has previously been
used to examine solute energetics in several other systems
[64-69]. We begin by discussing the interfacial segregation
calculations.
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Fig. 12. Proxigram from a sample of alloy B aged at 533 K for 4 h. The
shaded area indicates interfacial segregation. Green laser pulsing is used.

3.3.6. Interfacial segregation calculations

The segregation energy, AE, is defined as the differ-
ence in the respective heats of solution, 4Ej, for insertion
of a Si solute atom at a site near the matrix/precipitate
interface, AE, (int), vs. insertion at a bulk-like site in
the Al matrix, AEy, (bulk):

AE, = AE,(int) — AE,(bulk) (3)

Given the similar atomic radii of Al, Cu and Si, we
assume that Si occurs only as a substitutional solute atom.
For segregation at an Al site, the expression for AE., sim-
plifies to the difference in total energy for a supercell having
a solute atom in the matrix (within the “bulk” or center
layer of the Al slab, Al plane in Fig. 1), and another with
a solute atom substituting for an Al atom in a plane other
than the bulk Al plane. Taking the example of Si segrega-
tion at the Al, layer (the layer in the Al slab immediately
adjacent to the interface), this energy is expressed as:

AEy, = E(Si — Al) — E(Si — Aly) 4)

Eq. (4) applies whether the Al segregation site resides in
the Al matrix (Al; Al,_;, etc.) or at an Al sublattice site in
0 (i.e. 0™, 0*). We adopt a sign convention such that sites
having AE,, <0 are energetically favorable for solute
segregation.

In addition to segregation at Al sites, we also considered
segregation at Cu sites within @'. For this scenario a slightly
modified form of Eq. (4) is required. Assuming, for exam-
ple, that segregation occurs at the coherent 0/" layer, then:

AEsol<int) = E(SI - H;Cu) - (EO - :uCu + :uSi) (5)

Table 3

Details of the interfacial segregation analysis after aging at 533 K for 4 h.

and
AESOl(bulk) = E(Sl — Albulk) — (Eo — Uay + #Si) (6)

where Ej refers to the energy of the interface supercell in
the absence of solutes, and p, are the chemical potentials
of n = Cu, Si or Al. Substituting Egs. (5) and (6) into Eq.
(3) yields:

AEyq = E(Si— 0) — E(Si — Alyi) + iy — . (7)
which requires an evaluation of the chemical potentials of
Cu and Al atoms. If local thermodynamic equilibrium is
established, these quantities may be extracted using the fol-
lowing two thermodynamic relations [70,71]:

par(matrix) = p(0) = py (8)
and
2pm(0') + pc (0) = E(0) 9)

Here E(6) is the energy per formula unit of bulk ¢'. That
is, the chemical potential for Al must be the same in both
the Al matrix (uaj(matrix)) and in 6" phase (pa(0')), other-
wise the system could lower its energy by transferring Al
atoms from one phase to the other, in violation of our
assumption of local equilibrium. Since pa; and E(0') can
be determined from calculations on bulk-like slabs of Al
and ¢, sufficient information exists to solve for pcy(¢'),
and calculate AE,.

Using the above equations, Fig. 13 displays the calcu-
lated segregation energy of a Si solute atom as a function
of distance from the coherent Al/@ interface. Two segrega-
tion energies are reported for each layer: for layers contain-
ing Al atoms (Al, and H;Al) these energies correspond to the
two symmetry-distinct segregation sites. Consistent with
the proxigram data in Figs. 10 and 12, our calculations
demonstrate that there is no significant energetic driving
force for Si segregation at sites on the matrix side of the
interface (Al;, Al;_;, Al;_,), as AEs, ~ 0 here. Similarly,
there is no significant attraction expected to Al sites within
0’ (i.e. at the GZAI and 0;{11 layers). Alternatively, Si segrega-
tion at the Cu sites in ' is predicted to be strongly favor-
able, with large AE. s of —0.2 to —03eV atom ™!,
suggesting that elevated Si concentrations on the ¢ side
of the interface is thermodynamically reasonable.

Silicon AE,s for the semi-coherent interface are plotted
in Fig. 14. Due to the lower symmetry of this interface,
each atomic layer parallel to the interface contains four
geometrically distinct sites. We studied segregation at each
of these sites, and thus report four AE..s per plane. Unlike

o-Al matrix (at.%) 0 -precipitate (at.%)

Confined interfacial excess (atoms/nm?)

Relative confined interfacial excess (atoms/nm?)

Al 99.88 £0.016 65.005+1.2 -
Cu 0.106 4 0.016 3494+ 1.2 -
Si 0.014 £ 0.008 0.0527 +0.015 0.38 £0.078

0.39 +£0.078
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Fig. 14. Calculated Si segregation energies as a function of solute position
relative to the semi-coherent Al/0' interface. Circles (squares) represent
segregation to Al (Cu) sites. Multiple segregation energies are listed for
each interfacial plane, reflecting the presence of several distinct sites per
plane. The most favorable sites for segregation within a given plane are
indicated using a dashed line.

what was found for the coherent system, Si segregation at
the semi-coherent interface is expected to occur on both
sides of the interface: our calculations predict the
existence of two sites within the Al; plane with AE, <
—0.1 eV atom™'. One of these sites is highly attractive for
Si, having AE,, = —0.33 eV atom™'. This site is positioned
such that it continues the crystal structure of the 6 Cu sub-
lattice into the Al matrix. It may therefore be chemically
similar to a Cu site in €'. As discussed above, Cu sites are
attractive for Si segregation at the coherent interface.
Indeed this site’s AE, is similar to what we calculated
for Cu sites in @ at both interfaces.

On the 0 side of the semi-coherent interface, Cu
sites also provide highly attractive segregation sites
(AEes <—0.3eV atom™ '), similar to the coherent system.
However, unlike the coherent interface, where no Al sites
in 0" are favorable for Si occupation, one Al sublattice site
in 0 is strongly attractive for Si (AEg,=
—0.25eV atom™"). It is notable that this site is located
within the 0, layer, which is immediately adjacent to the
interface. Deeper into ¢’ (at the 60/ | layer) Si segregation
to Al sublattice sites is predicted to be negligible,

consistent with calculated AE.s to Al sites in the coherent
system, suggesting that it is not energetically preferable for
Si to occupy bulk-like sites within the Al sublattice of ¢'.
That is, segregation of Si at ' Al sublattice sites is limited
to sites that are immediately adjacent to the interface.

3.3.7. Bulk point defect and solute—solution calculations

As described, one of the key findings of our LEAP
tomographic experiments is the Cu deficiency of the GPII
and 0 precipitates observed at 438 and 463 K. This defi-
ciency may be caused by limited Cu diffusion at the aging
temperatures: see Section 4.2 below. Another possibility,
which we explore using first-principles calculations, relates
to the energetics of vacancies and anti-site defects in the 6’
phase. Regarding vacancies, the top panel of Fig. 15 dis-
plays the energy of formation of a vacancy at 0 K on either
the Cu or Al sublattice-sites of ¢'. The vacancy formation
energy on the Cu sublattice, 0.88 ¢V, is 0.95¢eV smaller
than on the Al sublattice sites, 1.83 eV, suggesting that
vacancies may lower the Cu concentration in (. Similarly,
the bottom panel of Fig. 15 reveals that 0.74 eV less energy
is required to form an Al anti-site defect, 0.55 eV, on the ¢’
Cu sublattice (denoted “Alc,”, corresponding to an Al-
rich/Cu-deficient defect) than to substitute a Cu atom on
an Al sublattice site (Cugay, 1.29 €V). While these energetics
are qualitatively consistent with the measured Cu defi-
ciency in @', the magnitude of the calculated formation
energies suggests that the resulting point defect concentra-
tions are too small to alter the stoichiometry of the precip-
itate significantly. For example, at 463 K the concentration
of Cu vacancies is N ~ 10~'° atomic fraction, while the
concentration of Alc, defects is ~107° atomic fraction.
These values are four to eight orders of magnitude smaller
than what is needed to account for the experimental data,
and therefore we conclude that these defects do not play a
significant role in accounting for the Cu deficiency of ¢'.

A second key observation of our LEAP tomographic
experiments is the partitioning of Si atoms to ¢’ precipitates
in alloys containing ~200 at. ppm Si. Here we examine the
extent to which this behavior can be attributed to bulk
thermodynamics by computing the relative heats of

3
25 I 9’ vacancy formation energy
2 Al sublattice

Cu sublattice

S
0

[ o anti-site formation energy

eV
&
T | T I T [ T | T | T

)
T

Cuy,

—_
LI L L

Fig. 15. Calculated formation energies for vacancies (top) and anti-site
defects (bottom) in bulk ¢ as a function of sublattice location. “Alc,”
refers to the anti-site formation energy of an Al atom on a Cu sublattice
site.
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Fig. 16. Top: calculated relative heats of solution for Si insertion into ¢’ as
a function of sublattice site. Bottom: comparison of the calculated relative
heats of solution for Si insertion into bulk Al and a Cu sublattice site in ¢'.

solution for Si insertion into the bulk Al matrix vs. into ¢’
precipitates at 0 K. The top panel in Fig. 16 demonstrates
that, of the two sublattices in the 6 phase, the Cu sublattice
sites are the most energetically favorable by
0.29 eV atom ' for Si substitution. This behavior is consis-
tent with our interfacial segregation calculations, where the
most favorable sites for Si segregation in €' are Cu sublat-
tice sites. The bottom panel, Fig. 16, compares Si substitu-
tion into these Cu sublattice sites with substitution into
bulk Al. As shown, Si occupation of the ¢ Cu sublattice
sites is strongly preferred, by 0.40 eV atom™', over Al
matrix sites. We conclude that the observed partitioning
of Si to the € phase can be at least partially attributed to
the bulk thermodynamics of the 6’ phase.

4. Discussion
4.1. 3-D LEAP tomographic analyses of GPII zones

The 438 K for 8 h aging treatment produces thin plate-
let-like precipitates that are identified as GPII platelets;
no ¢ platelets are observed for this case. Prior XRD studies
of aging at this temperature, by Hardy [12,13] and Silcock
et al. [14], are in general agreement with this result. In addi-
tion to a majority GPII phase, Silcock et al. [14] detected
about 20 vol.% @ precipitates after aging an Al-4 wt.%
Cu alloy for 3.5days. Boyd and Nicholson [17] used
TEM for their 438 K aging studies of a similar alloy and
observed that the GPII zones commenced transforming
to 0’ precipitates only when the aging time was >48 h.

Our LEAP tomographic compositional analyses of these
GPII zones (Fig. 6b) exhibit Cu concentrations of 10—
40 at.% and therefore do not agree with the expected GPII
stoichiometry, Al;Cu [3]. Likewise, other atom-probe
experiments do not detect a 100% pure Cu layer in either
the GPI or GPII zones [23], as anticipated by extant struc-
tural models. To the best of our knowledge, the study by
Hono et al. [21] represents the only attempt at a composi-
tional analysis of GPII zones by APT. They reported
40-50 at.% Cu in GPII zones in their study of an Al-
1.7 at.% Cu alloy aged at 383 K for 133.3 h. Even though
the atom probe tomograph offers the highest spatial

resolution among all the available analytical techniques,
resolution of an individual atomic layer of Cu in GP zones
is still difficult. This difficulty is, in part, due to the fact that
an atomic plane from the sample is no longer an atomisti-
cally flat plane after field evaporation and reconstruction.
In addition, the composition of a GP zone is not entirely
well defined, due to the ambiguity associated with how
many Al atomic layers surrounding the Cu-rich layers
should be considered as part of the zone. As the thickness
of the zones gets smaller, this ambiguity will lead to larger
uncertainty in the composition of the zone. For both of the
reasons above, the APT measurements of the composition
and thickness of the GPII zones should be considered with
some caution.

4.2. 3-D LEAP tomographic analyses of O'platelets: 463 K
and 533 K

LEAP tomography of specimens aged at 463 K for 8 h
exhibits 0 precipitates with an aspect ratio (diameter/thick-
ness) >20. Our thickness value, 7.95 + 1.47 nm, is consis-
tent with the results of Silcock et al. [14], but our
compositional analyses exhibit a range of Cu core concen-
trations of ~20-35 at.% (Fig. 7d), which deviate from the
stoichiometric value of 33.3 at.%. It should be noted that
0’ precipitates are thicker than GP zones, and thus the
errors in composition due to thickness quoted above
should be smaller for € precipitates than for GP zones.
Further, we do not find a correlation between the thickness
of a ¢ precipitate and its Cu concentration in the 463 K
aged specimens, which suggests that the measured Cu defi-
ciency of these precipitates is not merely due to the effects
of thickness. A difference in the evaporation fields of the
o-Al matrix and the 6 platelets may explain this discrep-
ancy [58]. However, the facts that (i) there exists some ¢’
precipitates (~10% of the total; Fig. 7d) with near-
stoichiometric Cu core concentrations and (ii) the samples
aged at 533 K for 4 h exhibit ¢ Cu core concentrations
close to the stoichiometric value suggest that field-
evaporation artifacts cannot explain the Cu deficiency.

Kinetic limitations during precipitate growth, perhaps
due to a small diffusivity of Cu in Al, may result in Cu-defi-
cient precipitates. The root-mean-square (RMS) diffusion
distance of Cu in Al is V4D:, where D =2.89 x
1072 m? s~ ! is the tracer diffusivity of Cu in Al at 463 K
[72] and ¢ is the aging time; the RMS diffusion distance
for t =8 h is 57.7 nm. This distance is very similar to the
average center-to-center spacing between ' precipitates,
57.3 nm. Since the relevant diffusion distance is the precip-
itate edge-to-edge spacing, and this distance is smaller than
the center-to-center spacing, it is unlikely that the rate of
Cu diffusion in Al can account for the Cu deficiency of
the ' precipitates.

The off-stoichiometry of the ¢ precipitates aged at 463 K
raises the question of the site occupancy of the excess Al
atoms in the platelets. We are not aware of any articles
addressing whether anti-site defects or Cu vacancies are
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energetically favorable in the 6’ phase. Furthermore, no
information is available regarding the ability of ¢ precipi-
tates to dissolve Al or Cu. Our first-principles calculations
address these issues directly. They indicate that the Cu sub-
lattice sites are the most energetically favorable sites for
vacancy formation in ', and that the formation of Al
anti-sites on the Cu sublattice (Alc,) is more favorable than
the formation of point defects of the opposite sense (Cup,)).
Although these point-defect types would appear to favor a
Cu-deficient/Al-rich €' stoichiometry, their large formation
energies suggest that they do not have a significant impact
on the stoichiometry. Solubility data for Si in 0 is also
unavailable. Based on our first-principles solute-solution
calculations, we expect that in Si-containing alloys the Si
atoms strongly prefer Cu sublattice sites in 6’ precipitates
over Al sites in either the Al matrix or the @ precipitates.
Thus, Si will compete with Cu to occupy Cu sublattice sites
in 0, thereby contributing to the observed Cu deficiency of
0’ in Si-containing alloys.

Although Si is one of the main elements in commercial
0'-precipitation-strengthened Al-Cu alloys [30,73,74], there
are few studies on the role of Si in the precipitation behav-
ior of the ¢ phase in AI-Cu alloys. Mitlin et al. [75] inves-
tigated the effect of Si on an Al-0.86Cu-0.97Si at.% alloy
and proposed that Si had a catalytic effect on the precipita-
tion of @ precipitates. In support of this hypothesis, they
provided TEM and electron diffraction evidence for a
highly irregular precipitate morphology: €' precipitates
containing Si platelets. However, no chemical analyses of
these structures were performed. We observe a similar cat-
alytic effect of Si on GPII platelets at 438 K and 8 h aging,
where the N, value of GPII platelets is a factor of three
greater for the Si-containing alloy compared to the Si-free
one. This effect on the precipitation of & platelets could
not, however, be directly verified by the current LEAP
tomographic analyses because of the difficulty associated
with capturing statistically significant numbers of large
diameter (=180 nm) 0’ platelets.

In addition to reporting evidence of Si atoms in GPII
zones and @' precipitates, our observation of segregation
of Si at the a-Al/@ coherent interface is another new and
significant finding. Table 4 summarizes the change in Si
concentration within the a-Al matrix, at the matrix/precip-
itate interface and at the 0’ core for samples aged at 463 vs.
533 K. Additionally, Table 4 displays data for K f:/ Al this
ratio is 3.8 for the sample aged at 533 K, which is a factor
of two less than the value obtained for aging at 463 K (7.4).
The smaller value of KSU{/ Al at 533 K is due to a reduction
in the Si concentration in the ¢ platelet core (cg;) compared

Table 4

to aging at 463 K. While the Si core concentration
decreases upon increasing aging temperature, the Si con-
centration at the coherent heterophase interface responds
in the opposite sense, increasing by nearly a factor of six
with increasing aging temperature. Assuming that the
entropy of segregation is small, the latter is indicative of
a nonequilibrium kinetic effect, as an attractive enthalpic
interaction with an interface implies that the Gibbsian
excess of a solute must decrease with increasing
temperature.

Combining the above observations, one possible expla-
nation for the behavior of Si in these alloys is as follows:
Si catalyzes the nucleation of the GPII zones as manifested
by a threefold increase in the /N, value in the Si-containing
alloy B. On further aging [76], € platelets evolve by repre-
cipitation, preceded by dissolution of GPII zones. TEM
studies [77] have confirmed the heterogeneous nucleation
of 0 precipitates on GPII zones with some assistance from
dislocations [76]. The fact that both the GPII zones after a
438 K aging treatment, and the ¢’ platelets on aging at
463 K exhibit similar Si core concentrations lends further
credibility to this explanation. Moreover, first-principles
calculations for Si partitioning demonstrates that Si is
strongly attracted to 0’ platelets. Consequently, Si most
likely catalyzes the nucleation of ¢ platelets. The addi-
tional thermodynamic driving force provided by stabilizing
the formation of 6 precipitates has the effect of decreasing
the net reversible work for forming a critical size nucleus
[78]. In addition to this bulk thermodynamic effect, segre-
gation of Si at the matrix/precipitate interface may also
impact the kinetics of precipitate nucleation. In particular,
Si may lower the interfacial free energy (y) by migrating to
the interface. Since the nucleation current is influenced
strongly by 7y, any reduction in y will increase the 6’ nucle-
ation rate.

4.3. Reduction in interfacial free energy due to segregation of
Si

From the Gibbs adsorption isotherm for a system with
two phases and n > 3 components [79], a coefficient for
the reduction of y at a concentration c¢; due to segregation
of component i at the heterophase interface, assuming a
dilute solution model, is given by [19,56,58,60,80-82]:

0 re
V == —kBT L

dcily DoH3 s B s seeesbly Ci

(10)

where Henry’s law for dilute solutions is assumed, p; is the
chemical potential of component i, kp is Boltzmann’s con-

Evolution of Si concentration with aging temperature in the o-Al matrix and ¢’ precipitate core, and at the matrix/precipitate interface.

Si in the a-Al matrix
(at,o (J)

Si at the &'-precipitate core
(at.° n)

Si concentration at the interface

Si partitioning ratio
(-?I/)x-Al _ Cg‘ng o
si = oo (at. n)

463 K-8 h
533K—4h

0.0129 4 0.003
0.0140 £ 0.008

0.096 4 0.009
0.0527 £ 0.015

7.4 0.0272 4+ 0.004
3.8 0.1588 £ 0.042
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stant and 7 is the absolute temperature. At 533 K, the rel-
ative Gibbsian interfacial excess of Si is 0.39 &+
0.08 atoms nm > (Fig. 12). The total reduction of y due
to the interfacial solute excess is calculated by evaluating
the following integral [83,84]:

Cﬁnal

1 Vfinal i dC[
o rel / d')) = / ) o (1 1)
kBT . Fi N cinitial - Cj

Vinitial i

which yields a value of —7.0 mJ m™2. Here ¢t and ¢/
are the Si concentration of the a-Al matrix and the peak
concentration of Si at the a-Al/0' interface, respectively
(Table 4).

Similar solute segregation effects at a coherent hetero-
phase interface between precipitates and the o-Al matrix
have been reported for Al-Sc—-Mg. Marquis et al. [19,58]
observed magnesium segregation at the coherent a-Al/
Al;Sc interface, where the reduction of interfacial free
energy is —15 mJ m 2 and the driving force for segregation
is mainly electronic (chemical) in origin. Recently, qualita-
tive evidence of Cu segregation at the a-Al/Q’ interface was
obtained with energy-filtered TEM for the Al-Mg-Si—Cu
system [85]. The Q' phase is a metastable quaternary Al-
Mg-Si—Cu phase with a hexagonal crystal structure, which
occurs as rod-shaped precipitates: there are conflicting
reports concerning its stoichiometric composition [86-89].
LEAP tomography is an appropriate instrument to obtain
quantitative chemical information from precipitates and
their heterophase interfaces at the subnanometer scale.
Our current study demonstrates that Si segregation is mea-
sureable when the total Si concentration is only
~200 at. ppm.

5. Conclusions

A combination of experimental and computational tech-
niques (XRD, TEM, APT and first-principles calculations)
are employed to study precipitation in a series of Al-4 wt.%
Cu (Al-1.74 at.% Cu) alloys aged under varying conditions
and containing 200-300 at. ppm Fe and Si impurities. The
primary phenomena investigated are: (i) compositional
evolution of GPII zones and ¢ precipitates; and (ii) solute
segregation behavior at o-Al/@ interfaces. The major
results of this study include:

1. The large diameter and small number density of 6" pre-
cipitates (~180 nm and ~1.5 x 10*' m 3, respectively,
after aging for 8 h at 463 K) make the 3-D LEAP tomo-
graphic analyses challenging. The use of a wide field-of-
view detector and laser pulsing, however, permits the
collection of large datasets from which statistically sig-
nificant conclusions regarding precipitate composition
are drawn.

2. In contrast to the expected equilibrium composition of
Al;Cu, GPII zones (~2nm thick, ~22 nm diameter)
with a wide compositional range of 10-40 at.% Cu are
obtained for aging at 438 K. At higher aging tempera-

tures (463 and 533 K) only ¢ precipitates are observed.
Increasing the aging temperature from 463 to 533 K
leads to a thickening of the ¢ precipitates from ~8 to
~50 nm, and an order-of-magnitude decrease in number
density: from 1.5 x 10*' to 1.5 x 10* m~3.

3. After aging at 463 K for 8 h, the ¢ precipitates exhibit a
range of Cu-deficient core concentrations of ~20-—
35 at.%, which differ from the equilibrium composition
of Al,Cu. Limited Cu diffusion and/or the formation
of point defects (Cu vacancies and anti-site defects) were
ruled out as possible mechanisms leading to this Cu defi-
ciency. In contrast, alloys aged at 533 K for 4 h exhib-
ited precipitates with Cu core concentrations close to
the equilibrium value. The cause of the Cu deficiency
in the 0" precipitates at the lower aging temperatures
remains an open issue.

4. We observe evidence of partitioning of Si to the GPII
zones and ¢’ precipitates in the Al-Cu system. Addition-
ally, significant Si segregation is observed at the coher-
ent o-Al/0 interface, with aging at 533 K resulting in
an interfacial Si concentration >11 times that in the
o-Al matrix and a reduction of the interfacial free energy
by ~7mJ m 2. These effects are detected even though
the bulk concentration is only ~200 at. ppm Si. In
agreement with these experimental results, first-princi-
ples calculations predict a strong thermodynamic driv-
ing force favoring Si atom partitioning to Cu
sublattice sites in #' precipitates.

5. On the basis of (i) the larger number density of GPII
zones for Si-containing alloys, (ii) the observation of
Si segregation at o-Al/¢ interfaces and (iii) the calcu-
lated thermodynamics of Si partitioning to ¢, we con-
clude that Si catalyzes the heterogeneous nucleation of
GPII zones and ' precipitates.
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Appendix A
A.1. Bin size analysis in 3-D atom-probe tomography

A crucial parameter for quantitative analyses, employ-
ing 3-D atom-probe tomography, of heterophase interfa-
cial segregation is the choice of the correct bin size. The
bin size was varied from 0.1 to 3 nm to determine the most
appropriate value in terms of good statistics and an accept-
able error of £10%. Fig. A1 demonstrates the effect of the
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Fig. Al. Effect of bin size on the Si concentration profile for the sample
aged at 533 K for 4 h. Green laser (wavelength = 532 nm) pulsing is used.

Table Al
Effect of bin size on the sample count.
Bin (nm) 0.1 0.3 0.5 0.7 0.9 1.0

Sample count 1.3k 4.0k 6.5k 9k 11k 12k
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Fig. A2. Effect of bin size on the average and the area under the silicon
concentrations (at.%) profile.

variation of bin size on the Si concentration profiles. A lar-
ger bin size ensures better statistics and a smaller standard
deviation, while concomitantly reducing the spatial resolu-
tion. Table A1 demonstrates how the sample count changes
with bin size. Fig. A2 displays the variation of the o-Al
matrix and 6 core compositions and the area under the
Si concentration profile with bin size. The area under the
Si concentration profile graphically represents solute segre-
gation at the heterophase interface (Fig. 15). The average
composition of the a-Al matrix as well as the core compo-
sition of the @ precipitates achieves a plateau at a bin size
of 0.5 nm. Simultaneously, the area under the Si concentra-
tion profile ceases to vary, which is indicative of the desired
numerical stability of the analysis. Based on these results, a
bin size of 0.7 nm was chosen for the calculation of the rel-
ative Gibbsian interfacial excess concentration of Si with
respect to Al and Cu.
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