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Abstract. Combination of high-resolution time-of-flight (TOF) neutron diffraction,
scanning electron microscopy (SEM) and small angle neutron scattering (SANS) have
been used to study hardening precipitation in 2014Al and 2124Al alloys. Neutron
diffraction experiment revealed presence of tetragonal CuAl2 phase (θ/θ´ precipitates)
in 2014Al alloy and orthorhombic CuMgAl2 phase (S-precipitates) in 2124Al alloy.
SEM image analysis revealed that the θ/θ´-precipitates have platelet morphology while
the S-precipitates exhibit rod-like shapes. From SANS data analysis the characteristic
dimensions of precipitate particles and their polydisperse ditributions were estimated.
Key words: neutron diffraction, small angle neutron scattering, scanning electron
microscopy, precipitation hardening

1. INTRODUCTION

Aluminum alloys of 2xxx series are widely used in aerospace industry at
room temperature for their high mechanical strength. However, in the range of
temperatures above 400 K, their mechanical performance decrease due to
overaging precipitation processes. The creep behavior of aluminum and its Al-Cu
alloys processed by ingot metallurgy has been extensively investigated [1-14]. In
the range of high temperatures, the creep activation energy of the process for pure
aluminum was identified to the aluminum self-diffusion energy = 142 kJ / mol [15,
16]. This reveals that vacancy diffusion is a key factor in the creep phenomenon as
the rate controlling process of dislocation motion through a dislocation-climb
mechanism. However, for age-hardenable alloys, a universally accepted value of
the activation energy for the creep process is not available. Moreover, very
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different stress exponents (n) in the power law creep are found. This is due, in part,
to the facts that creep tests are commonly carried out at temperatures at which
precipitation in age-hardenable alloys evolves depending on the test conditions
[17]. Dislocation dynamics is also influenced by alloying elements involved in the
precipitation process [18]. Precipitation plays a crucial role in the creep behavior of
these alloys [19, 20]. It is clear that the influence of precipitation during the creep
test must be characterized for a rigorous analysis of the creep data at different
temperatures. However, solid-state precipitation is barely considered in the
literature [11]. In fact, little agreement is found in the literature on the mechanisms
that governs the creep of Al-Cu alloys [12-14]. On the contrary, the precipitation
sequence in Al-Cu-Mg-Si-Mn alloys is well established [21-23] and its dependence
on the phenomenon dependence on testing conditions (temperature and stress)
among others has been extensively studied. The precipitation process occurring in
2xxx aluminum series alloys are related to Cu, Mg and Si elements. The chemical
composition of the alloy greatly influences the evolution of precipitates
composition during ageing at moderated temperatures (< 550K). In particular, two
main precipitation sequences have been described depending on the Mg content of
the alloy. Alloys with low Mg content present CuAl2 precipitates meanwhile alloys
with high Mg content present CuMgAl2 precipitates (see, for example, [21, 23]).
Then, it has been determined that the kinetics of this precipitation sequence
is strongly dependent on temperature and stress among other factors has been
extensively studied [24]. For example, an over-aged condition, θ-precipitates, is
achieved at three hours of thermal treatment at 453 K. With further annealing time,
precipitates coarsening (Ostwald ripening), occurs. Even in this over-aged
condition, alloying elements produce a strengthening effect with respect to pure
aluminum in creep conditions [1]. The two main strengthening contributions come
from the solid solution and coherent precipitates present in the alloys. The
strengthening effect is strongly dependent on the heat treatment suffered by the
alloys. In the present research, we study the effect of exposure to creep conditions
on the precipitation sequence in 2014 and 2124Al alloys by means of TOF neutron
diffraction, SEM and SANS. Thereby, the lattice parameter under different
exposure times at 473K is determined, and both precipitate and coherent
precipitates size distributions are calculated under the same conditions.
2. MATERIALS AND EXPERIMENTS

In this research, two series of 2014Al and 2124Al aluminum alloy powders,
which respective chemical compositions are shown in Table 1, were investigated.
As it can be seen from this table, Si and Mg are the elements whose contents are
significantly different from one alloy to the other. The samples were subjected to
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different heat treatment durations (t = 0, 0.3, 1, 3, 10 and 100 hours) at temperature
T = 200 °C.
Table 1. Chemical composition of 2014Al and 2124Al alloys.
Element
Si
Fe
Cu
Mn
Mg
Cr
Alloy
2014Al
0.72±0.01 0.083±0.002 4.40±0.10
0.012
0.52±0.01 <0.002
2124Al 0.113±0.005 0.104±0.002 4.17±0.05 0.59±0.01 1.50±0.01 <0.002

Zn

Ti

<0.005
0.011

<0.05
<0.05

For evaluation of main structural parameters of crystalline phases in Al
alloys high-resolution time-of-flight (TOF) neutron diffraction have been used.
SEM method allowed to detect the presence of precipitate particles and to
characterize their morphology. SANS method have been used to estimate typical
dimensions of coherent precipitates and their variation with heat treatment
duration.
The neutron TOF diffraction experiments have been performed on Fourier
stress diffractometer FSD at the IBR -2 fast pulsed reactor in FLNP JINR
(Dubna, Russia) [25, 26]. The FSD diffractometer was specially designed for
residual stress studies in bulk industrial components and new advanced materials
[27]. On FSD, a special purpose correlation technique is used to achieve high
resolution level of the diffractometer - a combination of the fast Fourier chopper
for the primary neutron beam intensity modulation and the reverse TOF method for
data acquisition [28, 29]. This makes it possible to obtain high-resolution neutron
diffraction spectra Δd/d ≈ 2·10-3 for backscattering detector (2θ = 140°) and Δd/d ≈
4·10-3 for ±90°-detectors at d = 2 Å with the fairly short flight distance (~6.6 m)
between Fourier chopper and neutron detectors.
SANS experiments have been performed on the YuMO neutron small-angle
spectrometer at the IBR-2 reactor in FLNP JINR (Dubna, Russia) [30]. The
instrument is designed to study materials structure in nanoscale range. YuMO is
characterized by a high neutron flux (2 × 107 n/cm2/s) and a wide range of
transmitted momentum Q = 0.007 ÷ 0.5 Å-1.
3. NEUTRON DIFFRACTION ANALYSIS

As a rule, TOF diffractometers exhibit a rather wide range of interplanar
spacing and, consequently, possess a large number of simultaneously observed
diffraction peaks with the almost similar contribution of the resolution function to
their widths. In addition, the functional dependence between the diffraction peak
width and the interplanar spacing enables one to estimate microstrain and the size
of coherently scattering domains (crystallites) in a rather simple way [31, 32]. In
scale of interplanar spacing dhkl the resolution function of the neutron TOF
diffractometer is defined by the expression
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(1)

where t0 is the neutron pulse width, t = 252.778·L·λ is the total time of flight (in
microseconds), L is the total flight distance from a neutron source to detector (in
meters), λ is the neutron wavelength (in Å). The first term is the time component of
the resolution function, i.e., a TOF uncertainty; the second is the geometric
component of the resolution function, which characterizes all geometric
uncertainties during scattering at different angles; and the third is a flight path
uncertainty.
From Eq. (1) it follows that the width of the individual diffraction peak as a
function of the interplanar spacing dhkl can be written in the following form
d 2 = C1 + C2·d 2,

(2)

where C1 and C2 are some constants related with t0 and Δθ, respectively, i.e. the
time and geometric components of the diffractometer resolution function. A routine
method for determining these values is a diffraction experiment with standard
specimen, which assumes no microstrain and rather large crystallites.
According to Williamson–Hall analysis for real crystals the diffraction peak
broadening effect due to the presence of microstrain ε and finite crystallite size 〈D〉
is expressed by the formula
β2 = (2εd)2 + (kd 2/〈D〉)2,

(3)

where a Gaussian approximation for distribution functions is assumed,  = Δa/a is
the variance of the unit cell parameter (microstrain), 〈D〉 is the average size of
crystallites, k is a dimensionless coefficient close to unity which takes into account
the shape of crystallites. Combining the expressions for d 2 and β2 the diffraction
peak width at half maxima as a function of interplanar spacing d can be obtained as
d 2 = C1 + C2d 2 + С3d 2 + C4d 4,

(4)

where С3 ≈ (2ε)2 and C4 ≈ (k/〈D〉)2 are contributions to the diffraction peak
broadening due to microstrain and finite crystallite size, correspondingly. The
dependences d 2(d 2) will be linear with higher slope as compared to standard
specimen if the peak broadening is caused by the presence of microstrain only and
finite crystallite size effect is negligible (large crystallites). In case of small
crystallites, the peak broadening due to size effect is well pronounced and gives
characteristic parabolic dependence. Accordingly, plotting these dependences in a
sufficiently large range of dhkl, one can easily separate contributions to diffraction
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peak broadening due to microstrain ε and finite crystallite size 〈D〉 and determine
these microstructural parameters independently [33].
Additionally, the average lattice microstrain can be estimated from
diffraction peak width parameter W1 obtained from Rietveld fit [34] of TOF
neutron diffraction data. In this case, the general formula for width of diffraction
peaks measured with Fourier diffractometer is:
W2 = WTOF2 + W12d2 + W22d4 = WTOF2 + (Wang2 + Wstrain2)d2,

(5)

where WTOF  1/Vmax is the time contribution to the resolution function defined by
maximal Fourier chopper speed Vmax during measurement, Wang  /tg is
geometrical contribution to resolution function and Wstrain is peak broadening
contribution due to microstrain.
4. RESULTS AND DISCUSSION

4.1. Neutron diffraction
During the experiment on the FSD diffraction spectra from Al alloy powder
samples of the both series are measured at room temperature in standard Ø8 mm
vanadium containers. All main diffraction peaks from Al phase are indexed in the
frame of the cubic FCC structure (sp. gr. Fm3m) with lattice constant a ≈ 4.047 Å.
In addition to the main Al phase, the measured TOF spectra also exhibited weak
peaks from the precipitate phases with roughly constant peak intensities, which
indicate an almost constant volume content of these phases during heat treatment.
The precipitate phases present even in T4 (initial) samples for both alloy series. For
2014Al alloy the additional phase was identified as θ/θ´ precipitates of the
tetragonal CuAl2 phase (sp. gr. I4/mcm) with lattice constants a ≈ 6.0748 Å,
c ≈ 4.8831 Å. In 2124Al alloy S-precipitates of the orthorhombic CuMgAl2 phase
(sp. gr. Cmcm) with lattice constants a ≈ 4.011 Å, b ≈ 9.251 Å, c ≈ = 7.152 Å are
observed (Fig. 1). These results are in good agreement with previously observed
phase compositions [35].
The measured diffraction spectra were processed using full profile analysis
based on the Rietveld method and main structural parameters for Al phase are
obtained. It was found that, depending on the heat treatment duration t, there is a
noticeable variation in the lattice constants and the peak width parameters, which is
apparently due to the formation of precipitates in the material (Fig. 2). The study of
diffraction peak broadening demonstrated that crystallite sizes contribute negligibly
to the peak broadening. On the contrary, microstrains make the main contribution
to the above phenomenon.
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Fig. 1 – Neutron diffraction spectra from 2014Al (a) and 2124Al (b) alloys. Strongest peaks from
tetragonal CuAl2 (θ/θ´ precipitates) and orthorhombic CuMgAl2 (S-precipitates) phases are visible.
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Fig. 2 – Lattice parameter (a) and microstrain (b) for Al-phase obtained from the Rietveld fits of
neutron diffraction spectra.

4.2. Scanning electron microscopy
The precipitation state for 3h and 100h of 2014 and 2124 alloys is shown in
figure Fig. 3 a), b). The appearance of the aluminum powder particles at low
magnification is characterized by the presence of very big incoherent precipitates
(> 500nm). These big precipitates, characterized as Al-Cu using the EDAX
analysis of the SEM, are typical of an over aged state, and are present both for the
3h and 100h samples in the 2014Al and the 2124Al alloys. This result indicates
that the solubilization process of the aluminum powders was not completed. The
solubilization and quenching process of 2xxx series aluminum powders is a very
complex task due to the special thermal behavior of the Al-Cu system; even when
small particle size powders are used. As it is shown in Fig. 3b), the same heat
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treatment can induce very different precipitation state for every individual powder
particle. For example, the particle located in the lower position of Fig. 3b
(delimited by a green line), presents almost twice the number of precipitates per

a)

b)

c)

d)

e)
f)
Fig. 3 – a) Typical appearance of a) 2014Al and b) 2124Al (100h) powder particles at low
magnification. White particles are big precipitates. c) and d) Small precipitates (indicated by red
arrows) for 2014Al and 2124Al (3h), respectively. e) and f) Small precipitates details for 2014Al and
2124Al (100h), respectively.
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unit area (white dots) than the particle located in the upper position (delimited by
the blue line). This effect can’t be related to either the solubilization+quenching
step or to the ageing treatment. These differences must be mainly related with the
aluminum powder particle localization into the container used for the
solubilization+quenching step. Those particles that were located close to the
container wall during the solubilization+quenching step will present a more
pronounced precipitation state. Apart from the big (> 500nm) precipitates, a small
population of small size precipitates are present in the all the samples studied.
The SEM analysis confirmed high-aspect-ratio platelet morphology for θ/θ´precipitates in 2014Al alloy while S-precipitates in 2124Al alloy exhibit rod-like
morphology. The main difference between small precipitate populations of 3h and
100h samples is that 100h samples present an increased precipitates density. On the
other hand, there is a very important difference between 100h samples of the
2014Al and 2124Al alloys. In the 2014Al alloy the small precipitates are dispersed
into the aluminum matrix. However, in the 2124Al alloy, a high degree of
precipitates agglomeration can be observed at high magnification. In fact these
agglomerates of precipitates resemble big precipitates at low magnification.
In addition, the SEM data indicate that the both type precipitates are not
monodisperse. For this reason, polydispersity in precipitate dimensions distribution
should be considered in SANS data analysis.

4.3. Small-angle neutron scattering
During SANS experiments Al alloy powder samples of the both studied
series were placed into a 1 mm thick quartz cuvette. All measurements are
performed at room temperature. Two ring wire He3-detectors at distances of 4 m
and 13 m from the sample position were used in our experiment. The scattered
intensity (differential cross section per sample volume) is registered as a function
of the momentum transfer modulus Q = (4π/λ) sin(θ/2), where θ is the scattering
angle and λ is the incident neutron wavelength. An incident neutron beam
distribution provides an available wavelength range of 0.5 ÷ 8 Å, which
corresponds to momentum transfer range Q of 0.0068 ÷ 0.54 Å-1. The measured
SANS spectra are converted to the absolute scale by normalization to the
incoherent scattering cross section of standard vanadium sample (Fig. 4) and
corrected for scattering from the setup and empty cuvette.
The SANS curves are fitted by function consisting of two terms. The first
term is a Porod-type contribution in the low-Q region corresponding to power-law
scattering from sharp boundaries of large-scale objects (coarse precipitates, grain
boundaries, dislocations, etc.). The second one corresponds to scattering from
precipitate particles, which can be described by the form factor of a cylinder with
radius R, and length L [36, 37]:
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where A is a constant, N is the particle number density, V is the volume of a single
precipitate, α is the angle between cylinder axis and Q vector, Δρ (contrast) is the
scattering length density difference between the matrix and the precipitates, J1 is
the first order Bessel function and C is the incoherent background.
Series 1: 2014Al
t=0 h (T4)
t=0.3 h
t=1 h
t=3 h
t=10 h
t=100 h

10

1

0.1

100

I(Q), a.u.

I(Q), a.u.

100

Series 2: 2124Al
t=0 h (T4)
t=0.3 h
t=1 h
t=3 h
t=10 h
t=100 h

10

1

0.1

0.01

Q, Å-1

0.1

0.01

Q, Å-1

0.1

a)
b)
Fig. 4 – Evolution of experimental SANS curves for 2014Al (a) and 2124Al (b) alloys with increase
of heat treatment duration.

The experimental SANS data are fitted with SasView software [38] using
described model. The different particle shapes are used to describe the precipitate
scattering contribution to the total SANS intensity: platelet (L << R) shape particles
for θ/θ´ precipitates in 2014Al alloy series samples and rod (L >> R) shape
particles for S precipitates in 2124Al alloy series samples (Fig. 5). In accordance
with the generally accepted approach [39, 40] a lognormal distribution of the
cylinder radius and length is used in the model for the correct consideration of the
polydispersity of the system and relevant fit of SANS profiles.
The structural parameters extracted by model are presented in Fig. 6 and Fig.
7. Dimensions of platelet shape θ/θ´ precipitates in 2014Al alloy are within the
following ranges: R = 132 ÷ 150 Å and L = 33 ÷ 50 Å. For cylindrical shape S
precipitates in 2124Al alloy typical dimensions are R = 19 ÷ 22 Å and L = 267 ÷
299 Å. It should be noted that precipitate particles in both alloys exhibit rather
moderate dynamics, which can be explained by overaged state of the material. The
polydispersity of particle radius determined by SANS analysis is estimated as 0.20.38 for 2014Al alloy and it exhibit higher values of 0.63-0.66 for 2124Al alloy.
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Fig. 5 – Examples of SANS data fits using different particle models: platelet shape for 2014Al alloy
(a), rod shape for 2124Al alloy (b).
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Fig. 6 – Radius and length of precipitate particles vs. heat treatment duration for alloys 2014Al (a)
and 2124Al (b).
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5. CONCLUSIONS

The complementary methods of TOF neutron diffraction, SEM and SANS
were used to study the relationship between phase compositions and structural
parameters of precipitate phases in 2014Al and 2124Al alloys. Neutron diffraction
reveals clearly the presence of crystalline phases of precipitates, which are
responsible for noticeable variation in the lattice parameter and lattice microstrain
values. The analysis of SEM images has confirmed the presence of nanoscale
precipitate particles and characterized their shapes and approximate dimensions.
Additionally, the SEM characterization has shown big differences in the
precipitation state of aluminum powder particles for a given heat treatment. This
result is mainly related with the distance to the container wall (affecting the
quenching step) of every individual aluminum powder particle. There are also
differences in the volume fraction of small (< 20 nm) precipitates among the
samples studied (Table 2).
Table 2. Volume fraction of precipitates estimated from SEM data. A typical error is around 0.02 %.
Alloy
Heat treatment
Volume of precipitates (%)
3h
0.2
2014Al
100 h
2.0
3h
0.1
2124Al
100 h
Agglomerates ¿?

The SANS data have provided details of the change in dimensions, volume
fraction and polydispersity of precipitate particles during ageing. The obtained
information is useful for better understanding of complex phenomena in nanoscale
precipitation processes and development of theoretical models. Thus, the present
work demonstrates the potentialities of combination of these experimental
techniques for deep investigation of phase interactions in modern lightweight
materials.
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