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The precipitate structure and precipitation kinetics in an AleCueMg alloy (AA2024) aged at 190 �C,
208 �C, and 226 �C have been studied using ex situ Transmission Electron Microscopy (TEM) and in situ
synchrotron-based, combined ultra-small angle X-ray scattering, small angle X-ray scattering (SAXS), and
wide angle X-ray scattering (WAXS) across a length scale from sub-Angstrom to several micrometers.
TEM brings information concerning the nature, morphology, and size of the precipitates while SAXS and
WAXS provide qualitative and quantitative information concerning the time-dependent size and volume
fraction evolution of the precipitates at different stages of the precipitation sequence. Within the
experimental time resolution, precipitation at these ageing temperatures involves dissolution of
nanometer-sized small clusters and formation of the planar S phase precipitates. Using a three-
parameter scattering model constructed on the basis of TEM results, we established the temperature-
dependent kinetics for the cluster-dissolution and S-phase formation processes simultaneously. These
two processes are shown to have different kinetic rates, with the cluster-dissolution rate approximately
double the S-phase formation rate. We identified a dissolution activation energy at
(149.5 ± 14.6) kJ mol�1, which translates to (1.55 ± 0.15) eV/atom, as well as an activation energy for the
formation of S precipitates at (129.2 ± 5.4) kJ mol�1, i.e. (1.33 ± 0.06) eV/atom. Importantly, the SAXS/
WAXS results show the absence of an intermediate Guinier-Preston Bagaryatsky 2 (GPB2)/S00 phase in the
samples under the experimental ageing conditions. These results are further validated by precipitation
simulations that are based on Langer-Schwartz theory and a Kampmann-Wagner numerical method.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The 2000 series aluminum alloys are important advanced
functional materials due to their high yield strength, good fracture
toughness and excellent fatigue properties [1]. The mechanism that
accounts for these superior material characteristics is precipitation
hardening, in which a heat treatment process produces fine pre-
cipitates due to changes in solid solute atom solubility in a super-
saturated solid solution [2]. The presence of these fine precipitates,
in turn, provides barriers to the motion of dislocations, thereby
increasing the resistance of the alloy to plastic deformation.

Due to the extremely important role that the 2000 series
lsevier Ltd. All rights reserved.
aluminum alloys play in the aviation industry, much attention has
been devoted to understanding their structures and properties
[3e5]. Particularly, comprehensive investigations have been made
to elucidate the morphological dependence of the precipitates on
material composition [6], thermal treatment history [7], and im-
purity elements [8] to optimize the materials performance for
designed applications. To achieve this, ex situ methods such as
transmission electron microcopy (TEM) [4,9], three dimensional
atom probe [10,11], and X-ray diffraction [12] have been used to
examine the precipitate structure and morphology. Indirect
methods such as hardness testing [13], specific resistivity [14],
electrical conductivity [15], and differential scanning calorimetry
[16] have also been used to provide information associatedwith the
changes in the quantity of the precipitates. From a structure-
characterization point of view, an in situ direct investigation of
the entire precipitation process over all the relevant length scales,

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:fan.zhang@nist.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2016.03.058&domain=pdf
www.sciencedirect.com/science/journal/13596454
www.elsevier.com/locate/actamat
http://dx.doi.org/10.1016/j.actamat.2016.03.058
http://dx.doi.org/10.1016/j.actamat.2016.03.058
http://dx.doi.org/10.1016/j.actamat.2016.03.058


1 Certain commercial equipment, instruments, software or materials are identi-
fied in this paper to foster understanding. Such identification does not imply
recommendation or endorsement by the Department of Commerce or the National
Institute of Standards and Technology, nor does it imply that the materials or
equipment identified are necessarily the best available for the purpose.

F. Zhang et al. / Acta Materialia 111 (2016) 385e398386
which acts to reveal the morphology and kinetic growth mode of
the precipitation phases, remains elusive.

At the same time, despite the large amount of experimental,
theoretical, and modeling effort which allows the precipitation
processes to be understood on an atomic scale, the complete pre-
cipitation sequence in AleCueMg based aluminum alloys (AA20x4
series alloys) is still in debate [9,16e18]. For example, one of the
possible precipitation sequences proceeds as follows: supersatu-
rated solid solution / co-clusters/Guinier-Preston Bagaryatsky
(GPB) zones/ GPB2 zone/S00 / S'/ S [2,19]. In this sequence, the
co-clusters are predominantly a CueMg binary phase and are
transient [20]. The S phase, which is the thermal equilibrium phase,
has an established crystal composition of CuMgAl2 [20]. S0 has a
crystal structure almost identical to that of the S phase, but is semi-
coherent and slightly strained. Additionally, in AleCueMg alloys,
the precipitation hardening is thought to be a two-stage process. In
the first stage, the rapid formation of CueMg co-clusters is
responsible for the initial age hardening [21,22]. The second stage
in the sequence accompanies the formation of the thermodynamic-
equilibrium S phase, and does not finish until the transition to-
wards S phase is complete [2]. It is also known that under identical
physical and chemical conditions, the second stage requires a
significantly longer time to complete. What is controversial is the
presence of a transient, nonequilibrium phase of GPB2 zone/S00. To
settle this debate, again, it calls for a direct and in situ probe that is
capable of characterizing the entire precipitation process.

To meet these challenges, we sought to perform a systematic
investigation of the formation kinetics and structure evolution of
the precipitates in a commercial aluminum alloy 2024 (AA2024),
mostly using synchrotron-based in situ small angle X-ray scattering
(SAXS) and diffraction techniques. SAXS, as a scattering technique,
examines the structural inhomogeneities within the materials un-
der investigation. It is known to be highly sensitive to very small
precipitates in alloys [23e26]. When combined with simultaneous
in situ diffraction experiments, it offers an opportunity to unveil the
structural transformations of the precipitates in AA2024.

From a technique point of view, it has been over 60 years since
Guinier's pioneering studies of precipitates in alloys using SAXS
[27,28]. Nevertheless, it is important to recognize that the lowX-ray
flux from lab-based X-ray sources makes in situ and in operando
characterization of precipitate formation processes challenging, if
not completely impossible, and a fixed X-ray energy may present
problems with X-ray fluorescence that is usually difficult to miti-
gate. Synchrotron sources, with their energy tunability and high X-
ray flux, overcome these restrictions and greatly expand the
applicability of SAXS in probing the static morphology and kinetics
of precipitates in alloys. Despite this, other hurdles still exist. For
example, precipitates in alloys often have multiple length scales,
complex shapes, and high volume concentrations. Elucidating
these parameters in situ often involves a scattering-vector magni-
tude, q, range (where q ¼ (4p/l) � sin(q), with 2q being the scat-
tering angle and l being the X-ray wavelength) that is not
commonly accessible using a pinhole SAXS camera setup alone, and
the determination of scattering background, necessary for charac-
terization of small precipitates such as Guinier-Preston zones or
cluster defects, often requires the scattering intensity to be
extended to higher q regimes to determine the level of thermal
fluctuations and instrumental background scattering [29]. These
requirements demand new measurement capabilities.

To address these needs, we have recently developed an in situ,
synchrotron-based measurement technique that is capable of
rapidly quantifying atomic structures and microstructures over a
size range from less than 0.5 Å up to z30 mm. Employing this
technique, in conjunctionwith TEM and thermodynamic modeling,
we have investigated the precipitate growth and dissolution
kinetics in solution-annealed AA2024 under different artificial
ageing conditions. With the unprecedented scale range that this
technique covers, we were able to follow, for the first time, the in
situ, simultaneous growth of the S precipitates and dissolution of
GPB zones/small clusters in AA2024 alloys under different
isothermal ageing conditions and resolve the evolution of the
precipitates both in atomic structure and in microstructure. It is
worth noting that many critical aspects of the performance of
AA2024 alloys, such as mechanical behavior [30,31], resistance to
corrosion [32], etc. are closely related to the microstructures that
emerge at different processing states. Therefore, it is vital to un-
derstand the microstructures across all relevant length scales for
the ultimate goal of comprehensive material design and
optimization.

In the next section, we will briefly introduce the details of the
materials, the characterization techniques, experimental pro-
cedures, and computational methods. Wewill then discuss the data
reduction and analysis procedure, followed by a presentation of our
detailed experimental results and finally offer some concluding
remarks.
2. Materials and Methods

2.1. Materials

Commercially available bare T3-temper aluminum alloy 2024
(AA2024) sheets were acquired and used for the experiments dis-
cussed in this paper. The AA2024 sheets were manufactured by
AMAG rolling1 and meet the standard specification of ASTM B209
[33]. The nominal thickness of the sheet was 0.508 mm (0.020
inch). The as-received alloy was cut into pieces ofz5 mm � 5 mm.
2.2. In situ USAXS/SAXS/WAXS experiments

This technique is based on the ultra-small angle X-ray scattering
(USAXS) instrument at the Advanced Photon Source (APS), Argonne
National Laboratory and combines USAXS with pinhole-camera-
based small-angle X-ray scattering and wide-angle X-ray scat-
tering (WAXS).

We conducted our measurements at the USAXS beamline 15-ID
at the APS [34]. This instrument makes use of Bonse-Hart type
double-crystal optics and extends the scattering vector range of
small-angle X-ray scattering (SAXS) down to 10�4 Å�1(2� 10�5 Å�1

when using higher energy X-rays [35]), which is normally inac-
cessible to pinhole SAXS cameras. Additionally, the scattering in-
tensity from a Bonse-Hart instrument is absolute calibrated, i.e., we
measure the quantitative differential scattering cross section, a
characteristic property of the sample material, without the need for
a separate scattering intensity standard. We used collimated,
monochromatic X-rays in the standard 1-D collimated transmission
geometry to measure the scattering intensity as a function of q. In
our experiments, the X-ray wavelength was 0.738 Å, which corre-
sponds to an X-ray energy of 16.80 keV. The beam size was
0.8 mm � 0.8 mm, and the X-ray flux was z1013 photon/s. The
measured USAXS q range was from 1 � 10�4 Å�1 to 0.2 Å�1.

To provide better statistics and a lower scattering background at
high q, we used a PILATUS 100 K detector (Model: 100 K-S, Dectris,
Baden, Switzerland) [36] in a conventional pinhole small-angle
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scattering geometry. To match the detector pixel size of
172 mm� 172 mm,we set the beam size at 0.15mm� 0.15mm.With
a sample to detector distance 534 mm, this pinhole SAXS camera
coves a q range from 0.03 Å�1 to 1.3 Å�1. We set the exposure time
for each SAXS frame at 20 s to maximize counting statistics without
saturating the detector. The q calibration was conducted using a
silver behenate calibration standard. The combination of USAXS
and pinhole SAXS measurements enables a better and more accu-
rate measurement of an extended-range SAXS profile, including a
better determination of the scattering background, from
1 � 10�4 Å�1 to 1.3 Å�1. More details about this setup can be found
elsewhere [37].

To evaluate the growth of crystalline precipitates formed in
AA2024 during the ageing process, we made use of a second
PILATUS 100 K detector to measure wide angle X-ray scattering
(WAXS) in a q range between 1.2 Å�1 and 4.3 Å�1. The sample-to-
detector distance for the WAXS camera was 199 mm. Similar to
SAXS, we set the beam size at 0.15 mm � 0.15 mm. For each WAXS
frame, the exposure time was 30 s. We calibrated the q values and
sample-to-detector distances using two sets of NIST standard
reference materials: 640d (Si) [38] and 660a (LaB6: lanthanum
hexaboride) [39]. The combination of overlapping
USAXS þ SAXS þ WAXS measurements thus provides a seamless q
range from 1 � 10�4 Å�1 to 4.3 Å�1, with a corresponding intensity
range of about 10 decades.

Prior to in situ measurements, the specimens were solid-
solutionized in air at (535 ± 1) �C for at least 3 h, and then
quenched in water to room temperature [20,40,41]. The specimens
were then immediately transferred to a sample cell, in which the
temperature was controlled by a Linkam TH600 thermal stage
(Linkam Scientific Instruments Ltd., Tadworth, UK) with a tem-
perature resolution of 0.1 �C. We performed three sets of in situ
experiments to follow the formation of the precipitates at
isothermal ageing temperatures of 190 �C, 208 �C, and 226 �C,
respectively. These temperatures were chosen such that they are
within the suitable temperature range for precipitation heat
treating [42]. The heating rate from room temperature to the target
temperatures was set at 50 �C per minute.

For each ageing series, we conducted the combined measure-
ments in a repeated sequence of USAXS, SAXS, and WAXS. It took
z12 min for each set of combined measurements. Depending on
the ageing temperature, we allowed the total ageing time to vary
between 9 h and 13 h. As an empirical criterion for the determi-
nation of the measurement duration to completion at any one
temperature, we required no substantial changes to be observed for
the last three consecutive USAXS datasets versus ageing time.
2.3. Ex situ TEM experiments

To properly construct a scattering model, a detailed under-
standing of the typical morphology and composition of the con-
stituent phases of AA2024 after the solid-solutionization and
ageing process is required. For this purpose, we prepared TEM
samples following a similar sample-preparation protocol to the
combined USAXS/SAXS/WAXS study. For the data shown in this
paper, TEM samples, after thinning, were solutionized at 535 �C for
5 h, and then quenched in water to room temperature.
Table 1
Chemical composition of AA2024 alloy (mass % of total).

Alloy Cu Mg Mn Si Fe Ti

AA2024 4.77 1.65 0.79 0.48 0.36 0.05
Subsequently, the samples were aged at an isothermal annealing
temperature of 226 �C for 9 h. After another water-quench, the
samples were examined at room temperature using a JEOL JEM
3010 microscope (Nanolab Technologies, Milpitas, CA).
2.4. Thermodynamic modeling

The development and evolution of numerical methods in recent
years have made it possible to not only predict material properties
but also accelerate materials discovery and deployment. Particu-
larly, computational thermodynamics modeling enables a direct
correlation between microstructure, processing, chemistry, crys-
tallography, kinetics and material thermodynamics. To elucidate
the observed precipitation kinetics in the current experiment, we
have modeled the precipitation kinetics using TC-PRISMA precipi-
tation software code [43e45]. TC-PRISMA applies Langer-Schwartz
theory [46] and Kampann-Wagner numerical analysis [47,48] to
simulate the nucleation and growth of precipitates in multicom-
ponent and multiphase alloy systems, where the time-dependent
evolution of the particle size and volume fraction over the entire
course of precipitation are predicted by solving a set of rate equa-
tions. We used Alealloy databases TCAL4 [49] and MOBAL3 [50] for
thermodynamic and diffusion mobility parameters, respectively.
3. Results and discussion

3.1. Composition and precipitate morphologies

The chemical composition of the AA2024 alloy specimens used
in this study is listed in Table 1. These data were obtained using
standard test methods for analysis of aluminum and aluminum
alloys by spark atomic emission spectrometry, consistent with
ASTM E1251 Test Standards [51]. The alloys were supplied in the
form of bare T3-temper AA2024 sheet. Both the Fe and Si contents
identified in this analysis were close to the maximum values (0.5%
mass for each) allowed for AA2024.

The AA2024 alloy we studied resides in the a þ S field of the
ternary AleCueMg phase diagram [52]. We performed compre-
hensive TEM investigations on the heat-treated AA2024 specimens
to identify the types of constituent phases present in the sample,
reveal the overall grain structure, and discriminate among the
various morphologies that emerged.

Fig. 1 shows dark-field TEM micrographs of the constituent
phases identified in the AA2024 sample under TEM-226 conditions
(details of heat treatments for all specimens used in this study are
listed in Table 2) and their corresponding selected-area electron
diffraction (SAED) patterns. These phases include CuMgAl2 (S
phase), Al12(Fe,Mn)3Si, Al7Cu2Fe, Mg2Si (b phase), AlFeMgSi, and
Al2Cu (q phase). The presence of these phases is consistent with
previous findings [53,54], where most of these constituent phases
have already been previously identified using X-ray and electron
diffraction methods. However, we note that, to the best of our
knowledge, AlFeMgSi has not been described previously, and its
presence here may be associated with the relatively high concen-
tration of Fe and Si and the specific processing conditions this
commercial alloy received during the manufacturing process.

We determined both the phase compositions and lattice
Zn Pt Ni Sn Cr Al

0.05 <0.05 0.08 0.06 <0.05 balance



Fig. 1. TEM micrographs and associated diffraction patterns of phases identified in the AA2024 alloy in the TEM-226 condition: (1a) dark field image in (�1 1 �1) S and (1b) SAED
pattern of (1a) with zone axis [1 �2 �1] Al//[1 �3 �4]S; (2a) dark-field image in (0 0e2) Al12(Fe,Mn)3Si and (2b) SAED pattern of (2a) with zone axis [0 1 0] Al12(Fe,Mn)3Si; (3a) dark-
field image in (1 0 3) Al7Cu2Fe and (3b) SAED pattern of (3a) with zone axis [�3 2 1] Al7Cu2Fe; (4a) dark-field image in (�2 0 1) Mg2Si and SAED pattern of (4a) with zone axis [1 0 2]
Mg2Si; (5a) dark-field image in (2 0 0) AlFeMgSi and (5b) SAED pattern of (5a) with zone axis [0 1 2] AlFeMgSi; and (6a) dark-field image in (1 �11) Al2Cu and (6b) SAED pattern of
(6a) with zone axis [1 4 0] Al2Cu.

F. Zhang et al. / Acta Materialia 111 (2016) 385e398388
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parameters of the constituent phases based on the TEM diffraction
patterns. These results are shown in Table 3. We note that all these
results were obtained with the TEM-226 sample at room temper-
ature. Particularly, although there is evidence in the literature [20]
that suggests two types of S precipitates could co-exist in
AleCueMg alloys (S and S0), it is also accepted that the crystal
structures of the two phases are almost identical, and the main
difference is that the S0 phase is semi-coherent with the matrix. For
this reason, many recent publications make no distinction between
the S phase and the S0 phase. In our analysis here and below, we do
not attempt to distinguish between S and S0 precipitates. Despite
the large number of constituent phases we identified, we note that
their estimated number densities vary greatly, with the equilibrium
S phase being the most common. We also found that the crystal
structure of the S phase, determined from our TEM measurements,
is very close to that proposed by the widely-accepted Perlitz-
Westgren model, which shows that S precipitates have a compo-
sition of CuMgAl2 and an orthorhombic structure (Cmcm space
group with lattice parameters of a ¼ 0.400 nm, b ¼ 0.923 nm, and
c ¼ 0.714 nm) [55]. With the structure and composition of the S
phase, we calculated its mass density. Using this information,
Table 4 summarizes the calculated X-ray scattering length densities
and contrasts for the S phase in an FCC aluminum matrix.

As a side note relevant to the SAXS analysis later on, we iden-
tified large insoluble constituent phases (greater than 3 mm in size)
such as Al7Cu2Fe using TEM. Such insoluble constituent phases are
undesirable due to their overall negative impact on the mechanical
properties of the alloys. However, their existence is inevitable for
commercial alloys because the cost to reduce the total impurity
level below that for maximum solubility is often prohibitively high.
For AleCueMg alloys such as AA2024, the insoluble constituent
phases mostly arise from Fe or Si impurities, due to the low solu-
bility of Fe and Si in Al in AleMg alloys. We also point out that the
insoluble constituent phases are normally coarse, and have sizes
ranging from several mm to tens of mm.

3.2. Overview of microstructure evolution based on in situ SAXS
measurements

Fig. 2 shows a typical set of reduced (background subtracted)
USAXS, SAXS, and WAXS data for the AA2024 samples. Here, the
SAXS and WAXS data are offset along the vertical direction for
clarity. The data were acquired in situ for the SWAXS-226 sample at
an isothermal ageing temperature of 226 �C. The data were
measured in the sequence of USAXS, SAXS, and WAXS. The USAXS
scattering intensity data were absolute calibrated using the pri-
mary calibration capability of the Bonse-Hart type USAXS instru-
ment [56,57]. The SAXS andWAXS datawere acquired such that the
20-bit linear range (counter depth) of the Pilatus detector was
optimally utilized. As part of the experiment, we carefully estab-
lished limited, yet overlapping q ranges between the applicable q
ranges of the USAXS and SAXS measurements, and of the SAXS and
WAXS measurements, respectively. Using these overlapped q
ranges, we confirmed the validity of data merging of neighboring
datasets. For the purpose of better numerical stability, we used the
Irena package to numerically smear the SAXS data with the USAXS
slit length prior to merging with the slit-smeared USAXS data. We
used the combined USAXS and SAXS data to extract quantitative
morphological information on each sample. The WAXS data were
not scaled, because we were primarily interested in determining
the phase identification and growth kinetics of the precipitates
from these data.

Fig. 3 shows the complete sets of merged USAXS and SAXS data
acquired from the SWAXS-190, SWAXS-208, and SWAXS-226
samples during isothermal ageing at 190 �C, 208 �C, and 226 �C,
respectively. It is clear from Fig. 3 that the combined USAXS and
SAXS data exhibit the following general characteristics. First, the
presence of low-q scattering between 1 � 10�4 Å�1 and
z1 � 10�3 Å�1 indicates the presence of structural in-
homogeneities at length scales that are too large to be resolved
using the USAXS setup (sizes greater than z 1 mm). This low-q
scattering could possibly originate from the grain structure as well
as the large Fe-rich or Si-rich insoluble phases identified by TEM.
More importantly, it is clear that these large structures did not
change appreciably during all the artificial ageing processes, since
little change was observed for the low-q scattering. This lack of
change in the microstructures at coarse length-scales > 1 mm is
consistent with previous findings where optical microscopy failed
to reveal any microstructural changes after age hardening [1].
Moreover, in this low-q regime, the desmeared differential scat-
tering cross section dS(q)/dU (data not shown) follows a power-law
form as a function of qwith the slope being approximately�4. This
behavior suggests that the scattering objects responsible for this
scattering are roughly three-dimensional with a smooth interface.

Second, across the q range between 1� 10�3 Å�1 and 0.1Å�1, we
observed a monotonic increase in the scattering intensity as a
function of time, as highlighted by the arrows in Fig. 3. This increase
in intensity can be associated with a growth in the volume fraction
of precipitates and possibly also in their size. The rate of increase
was initially relatively rapid, but it then slowed down. The scat-
tering intensity of the two-dimensional SAXS data showed no
dependence on the azimuthal angle, indicating that the formation
of the precipitates under the given experimental conditions was
isotropic in nature.

Last, we observed a monotonic decay in the scattering intensity
at q's higher than 0.1 Å�1. Such behavior indicates that very small
scatterers (<1 nm diameter), initially present in the sample, dis-
appeared over time, suggesting gradual dissolution of sub-
nanometer scattering inhomogeneities. In order to understand
the nature of this scattering entity, we performed a set of in situ
TEM experiments. As an example, the inset of Fig. 3(c) shows the
SAED TEM data upon heating to 226 �C. The diffuse scattering,
highlighted by the arrows, is a signature of the formation of very
small clusters [58]. Moreover, this diffuse scattering disappears
after approximately 2 h of annealing at 226 �C (data not shown),
consistent with the observed monotonic decay in the scattering
intensity mentioned above. Earlier HRTEM and 3DAP studies by
Marceau [59], Ringer [60], Sha [61], and others [62,63] on similarly
heat-treated AleCueMg alloys also point to the presence of sub-nm
atomic clusters, whose formation is known as the first step in the
precipitation sequence from a supersaturated solution. Based on
this evidence, we made the assumption that the scattering in-
tensity at q values higher than 0.1 Å�1 can be attributed to such
clusters. These overall characteristics were observed in all three
temperature series.

3.3. Analysis of structural evolution from in situ WAXS
measurements

Fig. 4(a) shows the time-dependent WAXS data from the
SWAXS-226 sample under isothermal ageing at 226 �C. For clarity,
we opted to display one out of every five WAXS datasets in this
figure. The key characteristic of the WAXS data is the growth of
broad diffraction peaks, such as the one highlighted by both the
arrow and the inset of Fig. 4(b), which corresponds to the 112
reflection of the S phase precipitates. To quantitatively evaluate the
peak profile, we performed least-squares analyses to this peak. The
FWHMof this peak for the SWAXS-226 sample as a function of time
is shown in Fig. 4(b), where we clearly observe a decrease in the
peak width as ageing progresses. This observation again suggests



Table 2
Heat treatment procedures for the USAXS/SAXS/WAXS samples and TEM sample.

Designated names Details

SWAXS-190 T3 þ solutionized at 535 �C for 5 h þ water quenched þ heated to 190 �C at 50 �C/min þ annealing at 190 �C
SWAXS-208 T3 þ solutionized at 535 �C for 5 h þ water quenched þ heated to 208 �C at 50 �C/min þ annealing at 208 �C
SWAXS-226 T3 þ solutionized at 535 �C for 5 h þ water quenched þ heated to 226 �C at 50 �C/min þ annealing at 226 �C
TEM-226 T3 þ solutionized at 535 �C for 5 h þ water quenched þ heated to 226 �C at 50 �C/min þ annealing at 226 �C for 9 h þ water quenched

Table 3
Phase compositions for AA2024 alloy, determined from TEM results from the TEM-
226 sample.

Phase Crystal structure Lattice parameter (Å)

Al12(Fe,Mn)3Si Im3 a ¼ 12.6
Al7Cu2Fe P4/mnc (tetragonal) a ¼ 6.32, c ¼ 14.76
Mg2Si (b) Fm-3m a ¼ 6.34
Al2Cu (q) I4/mcm (tetragonal) a ¼ 6.03, c ¼ 4.86
AlFeMgSi P6/mmm (hex) a ¼ 6.62, c ¼ 14.63
CuMgAl2 (S) Cmcm a ¼ 3.93, b ¼ 9.42, c ¼ 7.16
Al (a) Fm-3m a ¼ 4.01

Fig. 2. An illustration of the combined slit-smeared USAXS, SAXS, and WAXS mea-
surements. The SAXS and WAXS data are offset along the vertical axis for clarity. Here,
USAXS, SAXS, and WAXS data were captured in sequence. The sample was SWAXS-226
under an isothermal ageing temperature of 226 �C. The duration of the USAXS mea-
surements was z6 min. The exposure times for SAXS and WAXS measurements were
20 s and 30 s, respectively.
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the growth of precipitates in AA2024 under the chosen experi-
mental conditions.

We calculated the d spacings corresponding to the peak posi-
tions identified in the WAXS data, and used these d spacings to
identify the phases in the AA2024 specimens. Fig. 5 serves as an
example to demonstrate the typical results. Here, we show the
diffraction intensities as a function of d spacing for the first and last
sets of in situ WAXS data from sample SWAXS-226. The stick pat-
terns correspond to calculated diffraction patterns based on known
crystallographic lattice parameters and atomic positions from the
International Center for Diffraction Data database [64]. The peak
positions are slightly shifted (by a factor of 1.004) to account for the
thermal expansion at the elevated temperature used.

Fig. 5 shows that most of the diffraction peaks originate from
CuMgAl2 (S), Cu2FeAl7, and the Al matrix (stick pattern not shown).
The absence of peaks from other crystallographic phases identified
in the TEM results suggests their presence only occurs at number
densities or volume fractions that are below the detection limit.
Also not surprisingly, we observed no diffraction peaks from the
small clusters identified in either the SAXS or theWAXS data due to
their very small size (hence poorly defined crystallographic
structures).

The peaks related to the S phase and Cu2FeAl7 also displayed
different behaviors. The S-phase peaks were initially nonexistent,
but grew steadily with time. This behavior is better illustrated by
the inset in Fig. 4. Furthermore, the S phase peaks remained broad
at the end of the measurements, which indicates that the size of the
crystallites remains small. On the other hand, the Cu2FeAl7 peaks
were sharp from the beginning, and also showed signs of growth
while maintaining their sharpness. The sharpness of these peaks
indicates the large size of the Cu2FeAl7 crystalline domains, which
is consistent with the findings from the TEM study. These obser-
vations are consistent across our WAXS data acquired at different
temperatures.

We further analyzed the growth of the diffraction peaks at
different temperatures. Briefly, we focused on the growth of a
Table 4
Scattering length densities and contrasts of the matrix and S precipitates.

Mass density ( � 103 kg/m3) Scattering length d

Al 2.7 22.08
CuMgAl2 3.57 28.62
single peak from a selected precipitate phase, and analyzed its peak
profile to extract the peak height, peak width, and peak center
across all of theWAXS data in a series. Here, for simplicity, we opted
to use a modified Gaussian function to describe the peaks. We then
calculated the integrated intensity, after normalization by the
incident flux at the time of the measurements. This normalization
was important because some of the data were acquired using the
non-top-up mode of the APS [65], where the X-ray intensity varies
with time.

The results for the diffraction peak at z2.57 Å are shown in
Fig. 6. This peak, corresponding to the 112 reflection of the S pre-
cipitates, is well separated from other peaks, and it demonstrates
clear growth across the temperature range. From Fig. 6, it is clear
that the peak growth is strongly temperature-dependent. Not
surprisingly, we found that the higher the temperature, the faster
the growth rate. Additionally, we note that during later stages of
artificial ageing, although the integrated peak intensity increases,
the peak center barely changed. The lack of change in peak center,
at the same time, suggests that the crystal lattice parameters were
stable. The FWHM of this peak, as shown earlier in Fig. 4(b), de-
creases as a function of time, which implies that the precipitate is
indeed growing. We conclude that the change in the integrated
ensity (1014 m�2) Scattering contrast with respect to Al (1028 m�4)

0
42.77



Fig. 3. Combined USAXS and SAXS data from SWAXS-190, SWAXS-208, and SWAXS-
226 samples under isothermal ageing temperatures of 190 �C, 208 �C, and 226 �C,
respectively. The time difference between consecutive datasets was z12 min. The
inset in (c) shows the SAED TEM data upon heating to 226 �C. The diffuse scattering,
highlighted by the arrows, is a signature of the formation of very small clusters.

Fig. 4. WAXS data from SWAXS-226 sample under an isothermal ageing temperature
of 226 �C. The duration of this series was approximately 10 h. The time difference
between consecutive measurements was z12 min. To show the WAXS data with more
clarity in (a), only one out of every five WAXS datasets is shown in this figure. The
evolution of the diffraction peak near 2.45 Å�1 (S phase, 112 reflection) as a function of
time with a linear intensity scale is presented in (b). The emergence of this peak is
shown in the inset, with its FWHM shown in the main plot.

Fig. 5. Phase identification of the in-situ WAXS data. Thick red and blue stick patterns
refer to predicted peak positions for CuMgAl2 and Cu2FeAl7, respectively. Thin blue and
red lines trace the data for the SWAXS-226 �C sample, measured initially and after
540 min, respectively. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)
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diffraction intensity and the peak width from the S phase peaks
could be attributed to the nucleation and growth of the
precipitates.

3.4. Quantitative microstructure model

We analyzed the combined USAXS and SAXS data series using
the small-angle scattering analysis software suite, Irena, in the Igor
Pro environment [66]. In our analysis, we adopted a minimalist



Fig. 6. Evolution of the integrated peak intensity at d ¼ 2.570 Å (or q ¼ 2.445 Å�1) at
190 �C, 208 �C, and 226 �C, respectively. This peak corresponds to the 112 reflection of
the S phase precipitate. Estimated standard deviation uncertainties are within ±5% of
the values shown in the figure.

Fig. 7. Illustrations of the SAXS model components used in the data analysis. The low-q
power law represents baseline scattering from larger microstructures that the available
q range cannot completely resolve. (a) Data and their fits at the start and end of the in
situ ageing treatment at 208 �C. This highlights that initially, only spherical clusters
were present. At the end of the ageing treatment, the scattering intensity above the
baseline is solely accounted for by S phase precipitates. (b) Data and associated fit
acquired at 72 min into the in situ ageing treatment at 208 �C. This intermediate
dataset clearly shows the simultaneous contributions from the baseline, clusters, and
the S phase precipitates to the acquired scattering intensity.
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approach in constructing our scattering models, i.e., we limited the
number of fitting parameters to the lowest possible while requiring
the model be consistent with the physical nature of the underlying
system. An illustration of our microstructure model is shown in
Fig. 7. For this model, we have three major assumptions. First, the
increase in scattering intensity between 1� 10�3 Å�1 and 0.1 Å�1 is
attributed to the nucleation and growth of plate-shaped S phase
precipitates with long dimensions (diameter) fixed at 200 nm and a
varying short dimension (thickness) which follows a Lifshitz-
Slyozov-Wagner (LSW) size distribution [67]. Second, the
decrease in scattering intensity at q's higher than 0.1 Å�1 is
attributed to the dissolution of small spherical clusters (GPB zones)
with fixed radius. Third, the entire dataset collected at a given
temperature shares a common scattering-intensity baseline, i.e.,
the intensity increase due to the plate-like precipitates and the
intensity-decrease due to dissolution of small spherical clusters are
on top of a fixed baseline that does not change appreciably with
time. We will examine each of these three assumptions below.

Using dark-field TEM, we examined the morphology of the S
phase precipitates along several different crystallographic orien-
tations, including (1 3 1), (1 1 �1), (�1 1 �1), (�2 0 2), and (2 2 0)
directions. Along each orientation, the S precipitates' projections
are needle-shapedwith a nominal length of approximately 200 nm.
From a geometrical point of view, needle-shaped projections along
different orientations form strong evidence that S precipitates are
2D planar objects, i.e., disks. This conclusion is consistent with
previous reports where S precipitates were identified as platelet-
shaped [9,20,68]. The disk thickness has a dimension of <10 nm,
as illustrated in Fig.1.We assumed that this thickness follows a LSW
size distribution, which describes the changes of
thermodynamically-driven inhomogeneous precipitate structure
over time [69]. In addition, USAXS analysis shows that precipitates
that are needle shaped, spherical, or disk shaped with diameters
greatly different from 200 nm are inconsistent with the scattering
data. This forms the basis of the first assumption.

The USAXS/SAXS scattering intensity in the q range higher than
0.2 Å�1 strongly indicates the presence of sub-nm scale scattering
inhomogeneities. Within the framework of the existing literature
and our model, we attribute this intensity as scattering from very
small (sub-nm) clusters. Due to the small nominal size of these
clusters, their contribution to the total scattering intensity is not
significant. We opted not to discriminate the changes in cluster size
and cluster volume simultaneously. Instead, in order tomonitor the
dissolution kinetics, we assumed that the clusters are spherical and
their size distribution does not change with time. In other words,
only volume is changing. This forms the basis for the second
assumption.

The assumption of a scattering baseline is manifested by the
overall behavior of the data shown in Fig. 3. While we do not
attempt to delineate the origin of this scattering baseline, we note
that with the number of constituent phases identified from the
TEM results and the recognition that these samples are off-the-
shelf, mass-produced alloys, it is reasonable to assume stable
microstructural component(s) exist at the chosen ageing temper-
atures that also contribute to the scattering curves in the observed q
range, hence the third assumption.

Using these assumptions, we arrived at a 3-parameter model,
with the parameters being the volume of the small clusters, the



Fig. 8. Evolution of (a) the scattering volume of the S precipitates, (b) nominal LSW
thickness of the S precipitates, and (c) the scattering volume of the clusters, during
isothermal ageing treatments at 190 �C, 208 �C, and 226 �C, respectively. Estimated one
s uncertainties are within ±2.5% of the values shown on the plots. The solid curves in
Fig. 8(c) represent least-squares fits of the data using an equation form of
V ¼ V0 þ C � exp(-k � t), where t is time and k is a temperature-dependent kinetic
reaction rate.
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volume of the precipitates, and the nominal thickness of the pre-
cipitates. While this model is simple, we believe that it captures the
major elements of physical precipitation and dissolution events in
AA2024 for the reasons stated above, and it is consistent with
existing literature on the precipitation sequence of AleCueMg al-
loys. To demonstrate this model, we show two datasets acquired at
208 �C in Fig. 7(a). Here, the nominal radius of the small clusters
was set to 0.41 nm, which is in qualitative agreement with the size
of 24-atom cluster found in the early stage of commercial AA2024
at 170 �C [61]. The data acquired at 12 min and 492 min were the
first and last data sets acquired at this temperature, respectively. In
both cases, we found that this simple model describes the data
satisfactorily. Most notably, when comparing the 492min datawith
the 12 min data, the modeled precipitate scattering intensity not
only accounts for the relatively large intensity increase between
0.01 Å�1 and 0.1 Å�1, but also the relatively small intensity increase
near 0.002 Å�1. This observation presents additional evidence for
the validity of the plate-like morphology of the S precipitates.
Furthermore, we show the scattering data acquired at 72 min into
the in situ ageing treatment at 208 �C and its associated model
components in Fig. 7(b). This intermediate dataset shows the
simultaneous contributions from the baseline, clusters, and the S
phase precipitates to the acquired scattering intensity. We'd like to
point out that Fig. 7 also exemplifies an important characteristic of
small-angle scattering of precipitates in metallic systems. In these
systems, precipitates are often only partially responsible for the
observed scattering intensity profiles. A scattering baseline, which
could originate from many sources including parasitic scattering,
scattering from large structures, structural defects and constituent
phases, should be accounted for whenever possible. Otherwise, SAS
analysis risks erroneous results. Without a sufficiently broad q
range, this low-q behavior and the scattering baseline are difficult
to establish with precision [29]. However, we assert that, with our
combined approach, this issue is well taken care of from a metro-
logical point of view.

3.5. Model results and interpretation for SAXS data

Using the above model, we analyzed the scattering profiles in
the data series acquired with isothermal ageing treatments at
190 �C, 208 �C, and 226 �C. Using a custom-made least-squares
fitting routine within the framework of Irena, we sought for the
fitting parameters that best account for the growth of the pre-
cipitates and the dissolution of the clusters. The results, including
the evolution of the nominal thickness and the total scattering
volumes of both the precipitates and the clusters are shown in
Fig. 8. As one would expect, Fig. 8 shows that the continuous
growth of the precipitates is temperature-dependent. It follows the
general trend that the higher the temperature, the faster the pre-
cipitate growth process. The size of the precipitates also appears to
be temperature-dependent with a lower temperature leading to a
smaller nominal LSW thickness of the precipitates, and thus,
smaller precipitates. At the end of the series, the thickness of the
precipitate plates was between 3 nm and 6 nm. These values and
the development of the thickness as functions of time agree well
with our ex situ TEM findings, and also qualitatively agree with
results found in a recent in situ artificial ageing experiment of
plastically deformed 7075 aluminum alloy [70].

While the volume fraction of the precipitates increases mono-
tonically with time, the volume fraction of the small clusters, on the
other hand, decreases monotonically as shown in Fig. 8(c). We
modeled the evolution of the cluster scattering volume fraction
using a simple function V ¼ V0 þ C � exp(ek � t), where t is time
and k is a temperature-dependent kinetic rate. The fitting results
are shown in Table 5. An Arrhenius plot based on the fitted rates is
shown in Fig. 9. We found the activation energy responsible for the
dissolution of the small clusters in AA2024 to be



Table 5
Dissolution kinetic rate analysis of the scattering volumes of the
clusters at different temperatures.

Temperature (�C) k (min�1)

190 0.00171 ± 0.00016
208 0.00920 ± 0.00116
226 0.02787 ± 0.00193
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(149.5 ± 14.6) kJ mol�1, which translates to (1.55 ± 0.15) eV/atom.
We note that this activation energy was acquired using the
assumption in the SAXS analysis that the sub-nm cluster size is
fixed. Given the very small size of the clusters, this assumptionmay
serve as a realistic approximation to the physical reality. Yet, we
emphasize that it is still an assumption. We also note that our ac-
quired dissolution energy based on this assumption is similar to the
values identified for the GPB zones in various aluminum alloys
[16,71,72].

Our modeling approach was successful, overall. However, as
shown in Fig. 8(a) and (b), it fails to capture the development of the
S precipitates in the very early stage of the SWAXS-190 sample
series. This is due to the fact that the scattering baseline is signif-
icant in the relevant q range where the scattering intensity of S
precipitates emerges. When the amount of the S precipitates is very
small (<1% by volume), its contribution to the overall scattering
intensity cannot be conclusively determined due to the instru-
mental measurement uncertainty. At the same time, correct
determination of the functional form of the precipitation kinetics
and the subsequent determination of the activation energy requires
the volume fraction of the S phase precipitates during the early
stage of isothermal ageing at 190 �C. The cluster scattering, on the
other hand, is well above the scattering baseline (background) and
therefore not subject to this limitation. To unequivocally determine
the growth kinetics of the S precipitates across all temperature
series, we made use of the scattering invariant as an alternative,
model-independent way of evaluating the scattering volume.

For an incompressible two-phase system, the scattering
invariant is defined as

Q ¼
Z∞

0

q2 � IðqÞdq ¼ 2p2Vp
�
1� Vp

�jDrj2; (1)
Fig. 9. Arrhenius analysis of the cluster-dissolution rates determined using the anal-
ysis shown in Fig. 8(c). Vertical bars are computed standard deviation uncertainties
from fits.
where Vp is the volume fraction of the precipitates, and jDrj2 is the
scattering contrast in absolute terms. In theory, this analysis allows
the calculation of the volume fraction of each component in a two-
phase system when the contrast is known. However, in practice,
this analysis is often difficult due to the challenges inmeasuring the
scattering intensity over a sufficiently wide q range to make the
calculation of the scattering invariant reliable. For this analysis, the
4 decades in q afforded by the combined USAXS and SAXS mea-
surements is clearly beneficial. Additionally, in order for Eqn. (1) to
be valid, the scattering intensity I(q) must be absolute-calibrated,
which is provided by the USAXS instrument as described in the
Materials and Methods section. A last requirement for Eqn. (1) is
the isotropy of the scattering intensity, which was established by
the fact that the 2D SAXS scattering intensities from all samples are
circularly symmetric around the incident beam direction.

To prepare the scattering intensity input I(q) for Eq. (1), we first
made use of the Lake desmearing algorithm [73] to convert the slit-
smeared scattering cross section to a differential scattering cross
section. To calculate the scattering invariant from the S precipitates,
we started by calculating the overall scattering invariant for the
combined USAXS and SAXS data. We then numerically calculated
the contribution to the total scattering invariant from the small
clusters as determined from the aforementioned modeling
approach. After subtracting the cluster contribution, we further
removed the constant contribution from the scattering baseline to
arrive at the scattering invariant that is attributed to the growth of
the S precipitates.

With these considerations, we calculated the scattering in-
variants for the small angle scattering profiles over their measured
q ranges. We then calculated the absolute scattering volume of the
S precipitates, making use of both Eq. (1) and the scattering con-
trasts shown in Table 4. Fig.10(a) shows the scattering invariant as a
function of time for all three ageing series.We found that these data
are in good agreement with the scattering volume fractions
attained through least-squares modeling. This agreement serves to
confirm the validity of both sets of results. We modeled the
development of the scattering invariant as a function of time
following a simple function V¼ V0eC� exp(ek� t), where t is time,
k is a temperature-dependent rate, and V0 is the asymptotic term as
t / ∞. The fitting results are shown in Table 6. We then used the
temperature-dependent k and performed an Arrhenius analysis,
which is shown in Fig. 10(b). Through this analysis, we identified
the activation energy responsible for the formation and growth of S
precipitates in AA2024 to be (129.2 ± 5.4) kJ mol�1, i.e.
(1.33 ± 0.06) eV/atom. Theoretically, this activation energy is
related to the diffusion barrier as modeled in the homogeneous
nucleation process in pseudo-binary alloys [74,75]. Our measured
activation energy is fully consistent with the activation energy
(133 ± 6 kJ mol�1) acquired from DSC experiments [76,77] as well
as the model-predicted value 135 kJ mol�1 [77]. This agreement
provides a further indication of the soundness of our modeling
approach. Moreover, the V0 parameter serves as an indicator of the
maximum total volume fraction that the precipitates could attain if
this kinetic growth mechanism is followed to completion. We
found that V0 decreases with increasing temperature, as shown in
Fig. 10(c), which suggests that a longer precipitation process at a
lower temperature is beneficial for the growth of S precipitates.

3.6. Further discussion and numerical modeling

These in situ combined USAXS/SAXS/WAXS studies lead to a
further important conclusion. Under the constraint of the detection
limit provided by the X-ray scattering/diffraction instrument that
was used, the controversial intermediate GPB2/S" phase was not
found in the precipitation sequence of these AA2024 materials.



Fig. 10. (a) Scattering volume fraction of the S precipitates as functions of time,
determined by scattering invariant analyses (estimated one s uncertainties are within
±2.5% of the values shown on the plots). The solid curves represent least-squares fits of
the data using an equation form of V ¼ V0-C � exp(-k � t), where t is time and k is a
temperature-dependent kinetic reaction rate. (b) Arrhenius analysis of the reaction
rates. Vertical bars are computed standard deviation uncertainties from fits. (c) V0 vs.
temperature.

Table 6
Precipitation kinetic rate analysis of the scattering volumes of S precipitates at
different temperatures.

Temperature (�C) k (min�1) V0

190 0.00097 ± 0.00014 0.0747 ± 0.0076
208 0.00370 ± 0.00049 0.0477 ± 0.0030
226 0.01087 ± 0.00104 0.0361 ± 0.0006
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Such GPB2/S" phase precipitates were previously suggested to
be z 10 nm in diameter [9], a size that is clearly within the
detectable size range of combined USAXS/SAXS. Unlike the small
GPB zones that form within minutes after ageing temperature is
reached [78], a small number of GPB2/S" phase precipitates were
thought to survive even after over 40 h at ageing
temperature > 170 �C [9]. The SAXS data analysis method that we
adopted, however, ruled out the existence of this intermediate
phase. Additionally, as previously suggested, the GPB2/S" phase has
the composition of Al10Cu3Mg3 and an orthorhombic structure
(space group Imm2) with lattice parameters a ¼ 0.405 nm,
b ¼ 1.62 nm and c ¼ 0.405 nm, respectively [79]. Diffraction peaks
that belong to such a structure were also missing in the in situ
WAXS data. Given this evidence, we conclude that at least in these
specific AA2024 samples, we do not identify an intermediate GPB2/
S" phase.

It is also thought that the formation of the S phase does not
involve a transformation from any precursors [80]. While our re-
sults do not present any evidence for or against this argument, we
do note that the dissolution of the GPB zones and the formation of
the S phase occur simultaneously with the cluster-dissolution rate
approximately double that of the S-phase formation. It will require
further experimental or theoretical efforts to test whether these
two processes are inherently linked.

To better predict and interpret the observed precipitation ki-
netics, we performed numerical modeling based on the Kampmann
and Wagner (KW) type numerical analysis for the precipitation
process. Precipitate-composition wise, the equilibrium phase frac-
tions as a function of temperature are shown in Fig. 11. For the
ageing temperatures of interest, the predicted equilibrium phases
include the Al2Cu, S, Al15Si2(Fe,Mn)4 (also referred to as solution
phase t), Al7Cu2Fe and MgSi2. This prediction agrees remarkably
well with our TEM observations. Other than Al15Si2(Fe,Mn)4 (we
observed Al12(Fe,Mn)3Si), all of the predicted phases were
identified.

To model the precipitation occurring in the alloy, a set of con-
ditions needs to be set correctly. We assumed that the matrix phase
was the FCC phase and Al2Cu and S phases are possible precipitates.
Other equilibrium precipitates, Al15Si2(Fe,Mn)4, Al7Cu2Fe, and
MgSi2 were initially considered in the simulation but did not
appear during the simulated precipitation. The minimum radius for
the nucleus of a precipitating particle was assumed to be 0.5 nm.
The precipitation was modeled at the ageing temperatures of
190 �C, 208 �C, and 226 �C, respectively. We assumed an average
grain size of the FCC phase of 100 mm and an average grain aspect
ratio of 1. Bulk nucleation was assumed to dominate with the
number of nucleation sites set at 8.6 � 1027 m�3. We set the bulk
interfacial energies for the S phase and the Al2Cu phase at 35 mJ/
m3. For simplicity, the precipitates were assumed to be spherical
and to have a uniform composition based on a local equilibrium
calculation. The molar volumes of the phases were assumed to be
1.0 � 10�5 m3/mol.

Fig. 12 shows the predicted volume fraction of S phase as a
function of time for the three different ageing temperatures. The
precipitation behavior is similar at all three temperatures. This is
most easily seen when the results are plotted on a log-based time
scale, as seen Fig. 12 (b). Initially, the nucleation dominates the
precipitation process and the volume fraction does not increase. In
the nucleation stage, the volume fraction is well below 0.1%, a



Fig. 11. Equilibrium phase fractions as function of temperature as predicted using the
TCAL4 thermodynamic database. The dashed green line represents the solution
treatment temperature and the two dashed red lines indicate the temperature range
for the ageing studies. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)

Fig. 12. Volume fraction of S phase as a function time at the 190 �C, 208 �C and 226 �C
ageing temperatures, as predicted using TC-PRISMA with TCAL4 and TCMOB3. (a) with
a linear scale to compare with the experiments in Fig. 8 (a), and (b) with log time scale
to compare the precipitation process at the different times.
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regime where the signal-to-noise ratio in our SAXS experiments
does not allow an accurate determination of the scattering volume.
The growth regime is indicated by the rapid increase in the volume
fraction. At 226 �C, the growth process occurs between 10 min and
35 min and at 220 �C the growth process occurs between 45 min
and 120 min. At 190 �C, the nucleation process is much longer and
the growth process does not become dominant until 300 min and
then continues for an additional 500 min. The simulations quali-
tatively agree with the experimental results (Fig. 8) as both the
experiments and simulations show that the nucleation stage is
short for 226 �C and 208 �C, and there is a rapid increase in the
volume fraction during the growth process. In Fig. 8, the growth
process dominates from approximately 10 mine200 min at 226 �C
and from approximately 10 mine350 min at 208 �C. A longer
growth dominate region at 190 �C is observed in both experiments
and simulations. While the experiments were not able to indicate
the transition from the nucleation to growth dominated regimes,
the experiments clearly show the volume fraction continues to
increase from 200 min to 800 min.

The experiments indicate that the equilibrium volume fraction
increases with decreasing temperature, in agreement with the
equilibrium phase fractions predicted in Fig. 11 that show a small
increase in the equilibrium phase fraction of the S phase with
decreasing temperature. The simulations show that, during the
coarsening regime, the equilibrium volume fraction is approached.
Close examination of the simulation values also shows that as the
temperature decreases, the equilibrium volume fraction increases;
however, the increase is extremely small compared with the
experimental observations. The equilibrium values at the annealing
temperatures are the following: at 226 �C it is 0.0727, 208 �C it is
0.0731, and at 190 �C it is 0.0733. The predicted time at which the S
phase volume fraction at 208 �C exceeds the 226 �C volume fraction
occurs at approximately 700 min. This cross-over time is approxi-
mately double what is observed experimentally. At 190 �C, the
predicted time when the volume fraction exceeds those at 226 and
208 �C is approximately 1200min (not shown in Fig. 12). Again, this
cross-over time is almost double what is observed experimentally.
It should also be noted that the predicted equilibrium volume
fraction at 226 �C is in good agreement with the experimental
extrapolations seen in Fig. 10(c). However, the simulations do not
predict as large a decrease in the equilibrium volume fractions at
208 �C and 190 �C.

We note that there are discrepancies between the model pre-
dictions and experimental findings, including the equilibrium vol-
ume fractions and the time scales for the nucleation dominated
regime. Many factors could contribute to this quantitative differ-
ence, but the assumed spherical geometry of the precipitates is the
most likely candidate. The larger surface-to-volume ratio of
platelet-shaped precipitates during later stages of growth allows
faster incorporation of diffusing solute atoms into the precipitate
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than an assumption of spherical precipitates would predict. Other
factors that could affect the quantitative agreement between the-
ory and experiment include the assumed grain size and shape,
dislocation density, and the temperature-dependence of the
interfacial energy [77]. From the experimental side, we calculated
the scattering length densities based on perfect crystallographic
data from the crystallographic database. In a real isothermal ageing
experiment, these scattering length densities will be slightly off
from the theoretical values, which in turn would result in a slightly
different experimental volume fraction. Notwithstanding these
reservations, we identified an excellent correspondence between
the measured and predicted S-phase precipitation kinetics and
final equilibrium phase diagrams.

4. Conclusions

The performance of AA2024, one of the most widely used
structural materials in the aerospace industry, is closely tied to the
precipitation hardening process. For this process, a direct structural
understanding of the precipitation kinetics under realistic artificial
ageing conditions is needed. In this paper, we presented a com-
bined experimental andmodeling study to address this need. Using
ex situ TEM, we identified the existence of multiple precipitate and
constituent phases, their morphologies, sizes, and atomic struc-
tures. Using in situ combined USAXS/SAXS/WAXS measurements,
we characterized the time-dependent structure and morphology of
the precipitates across a length scale range from sub-Angstrom to
micrometer, under three different artificial ageing conditions. The
in situ WAXS results clearly showed the emergence of the S-phase
precipitates as a function of time, while diffraction fingerprints of
the small clusters were absent. A detailed analysis of the integrated
intensity of the precipitate peaks showed precipitation kinetics
very similar to that identified from the USAXS/SAXS analysis.

Based on the TEM findings, we constructed a simple three-
parameter model for the combined USAXS/SAXS data. This model
enabled extraction of the detailed kinetic behaviors of the disso-
lution process of nanometer-sized small clusters and the formation
process of the much larger planar S-phase precipitates, including
the size, shape, and volume fraction of the precipitates. We found
that, while these two processes occurred simultaneously, the
cluster dissolution happened at a rate approximately double that of
the S-phase formation. We also extracted the dissolution activation
energy of (149.5 ± 14.6) kJ mol�1 and the activation energy for the
formation of S precipitates of (129.2 ± 5.4) kJ mol�1. Both values are
in good agreement with activation energies previously found by
other techniques.

We performed a computational-thermodynamics-based
modeling analysis to predict and validate the precipitation ki-
netics using TC-PRISMA software package. This analysis predicted
the equilibrium phase diagram as a function of temperature, as well
as the evolution of the volume fraction of the S phase as a function
of time at three ageing temperatures. The equilibrium phase dia-
gram predicted phases that were identified by TEM. The modeling
also revealed two general trends. 1. At any given fixed time, higher
temperature always leads to a large volume of the S precipitates. 2.
The equilibrium volume of the S phase precipitates is higher at
lower temperature. In general, there is a good agreement between
the modeling predictions and the experimental results.

Notably, ex situ TEM and in situ synchrotron SAXS and WAXS
results showed an absence of fingerprints of the often-debated
GPB2/S" phase, which suggests that at least in these samples un-
der the experimental ageing conditions, the GPB2/S" phasemay not
be part of the transformational sequence.

From a technique point of view, this study of the precipitation
kinetics has proven the need of using complimentarymethods such
as TEM and SAXS for the experimental characterization of the
precipitates. More importantly, we established the importance of
obtaining a good scattering baseline for an accurate analysis of
precipitate morphology and growth. For constructing a scattering
baseline, as well as capturing the possible simultaneous multiple-
component kinetics occurring at different length scales (for
instance, dissolution kinetics and S phase formation kinetics in this
case), a large scattering size range is required. For this reason, we
believe that the method that we developed, i.e., the combination of
USAXS/SAXS/WAXS, offers a unique opportunity to simultaneously
characterize precipitation kinetics and provide phase identification.
When coupled with realistic sample environments and multi-
plexing measurement schemes [81], it has the potential to open a
new paradigm for in operando investigations of industrially
important structural alloys and other advanced functional mate-
rials, such as gradient nanostructurematerials [82] and dual-anneal
diffusion multiple materials [83].
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