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The trapping mechanisms for hydrogen isotopes in Al–X Cu (0.0 at%oXo3.5 at%) alloys were in-
vestigated using thermal desorption spectroscopy (TDS), electrical conductivity, and differential scanning
calorimetry. Constant heating rate TDS was used to determine microstructural trap energies and occu-
pancies. In addition to the trapping states in pure Al reported in the literature (interstitial lattice sites,
dislocations, and vacancies), a trap site due to Al–Cu intermetallic precipitates is observed. The binding
energy of this precipitate trap is (1873) kJ mol�1 (0.1970.03 eV). Typical occupancy of this trap is high;
for Al–2.6 at% Cu (a Cu composition comparable to that in AA2219) charged at 200 °C with 130 MPa D2

for 68 days, there is ca. there is 3.15�10�7 mol D bound to the precipitate trap per mol of Al, accounting
for a third of the D in the charged sample.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Current materials used for hydrogen storage such as steels are
prone to hydrogen embrittlement, in part due to hydrogen trap-
ping at defects. This embrittlement causes concerns over struc-
tural integrity and safety. While austenitic stainless steels (SS) are
less prone to these issues than high-strength ferritic steels, em-
brittlement is still a concern at higher pressures and temperatures
[1]. As interest in hydrogen as an alternative fuel source has risen,
there has been a corresponding search for other materials for
hydrogen transport and storage. Aluminum alloys are promising
materials for many structural applications due to their low density
(2.7 g cm�3 vs. 7.8 g cm�3 for SS) and reasonable yield strength
(�290 MPa for AA 2219/T6 vs. �230 MPa for annealed 304). They
are particularly attractive to hydrogen environments because of
their extremely low solubility for hydrogen (5.6�10�6 mol
H2 m�3 MPa�0.5 for pure Al [2,3] vs. 17 mol H2 m�3 MPa�0.5 for SS
[1,2] at ambient temperature) and hence their relative immunity
to embrittlement in dry hydrogen environments [4–7]. However,
microstructural defects in Al may trap hydrogen, changing the
effective retention and diffusivity of hydrogen in Al alloys sig-
nificantly [3,4,8–21].

Young and Scully [9] conducted a comprehensive study of hy-
drogen diffusivity and trapping in pure Al. Using thermal deso-
rption spectroscopy (TDS) on as-received, cold-worked, and
y).
annealed Al wire, they derived the binding energies of hydrogen to
vacancy (27.3 kJ mol�1) and dislocation (68.6 kJ mol�1) traps.
These deep and plentiful traps are likely responsible for large
discrepancies in the apparent diffusivity of and solubility for hy-
drogen in Al reported in the literature. The concentration of
trapped hydrogen often exceeds the concentration of soluble hy-
drogen [3,8].

The precipitates and solid solution of Al alloys may act as ad-
ditional trap sites. In the 2xxx series of alloys and in the Al–Cu
binary alloys considered here, age hardening forms Al–Cu inter-
metallic precipitates that strengthen the material. Previous work
investigating Al–Cu precipitates has determined the temporal
evolution of the precipitates phases [22]:

α θ θ θ→ → ″ → ′ →GP1 GP2/ ;

where α is the Al–Cu solid solution, GP1 zones are planes of Cu
typically oriented along the {0 0 1} α-Al plane. As Cu continues to
leave the solid solution, GP2/ϴ″ zones form as “sandwiches” of
two Cu disks in the {0 0 2} layers separated by three Al planes.
These metastable precipitates evolve slowly into intermetallic
spherical precipitates: transitioning first to the body-centered
tetragonal ϴ′ Al2Cu phase and ending eventually with the equili-
brium incoherent ϴ Al2Cu precipitates that have a tetragonal C16
crystal structure. Each of these phases exerts a tensile stress fields
and are likely traps for hydrogen isotopes.

Increasing Cu content leads to an increase in the amount of
hydrogen retained in solid Al–Cu alloys [23]. Internal friction ex-
periments have placed an upper bound for a binding energy to Cu
in solution to 5 kJ mol�1 (0.05 eV) [24]. Tritium autoradiography
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experiments have shown that in Al–Cu (unlike Al–Si alloys), all of
the metastable and stable precipitate phases seem to trap hydro-
gen [17].

Detailed analysis of trapping energies is often complicated by
multiple phases with similar trapping energies, and because the
temperatures accessed during charging and investigations often
cause the coarsening and/or dissolution of precipitates. The mi-
crostructural features responsible for particular trap binding en-
ergies are inferred from relative energies and occupancies based
on systematic compositional or thermo-mechanical changes made
to the materials. This becomes more and more difficult as the
number of different microstructural features that may serve as
trap sites increases. Further, typical analysis of TDS presumes a
first order desorption process, a condition that may not be met if
binding energies are larger than the energies required to cause
coarsening or dissolution [25–27]. Other alloys, such as steels,
share these challenges and researchers have relied on differential
scanning calorimetry (DSC) and X-ray diffraction to further sup-
port their inferences [28].

Hydrogen-trapping energies for various phases in Al–Li–Cu–Zr
have been determined, but the team that performed the study did
not observe significant trapping in binary Al–Cu alloys [25].
Nonetheless, traps have been attributed to not only Mg2Si (β), but
also Al2Cu (θ) phases in AA 2024/T3 (Al–4.35 Cu–1.5 Mg (com-
positions in wt%; Mn composition not specified, but presumably
0.5–0.6)) [10]. A subsequent study of AA 2024/T351 attributed the
higher energy trap observed there instead to Mg-containing
S-phase (Al2CuMg) [13]. Neither work determined the binding
energy or occupancy of the trap, however.

Due to the discrepancies in trapping measurements to Al–Cu
precipitates in the literature, this work uses high pressure
(140 MPa) deuterium (D2) charging at elevated temperatures
(200–300 °C), variable ramp rate TDS, electrical conductivity, and
DSC to study the binding energy and typical occupancy of these
precipitate traps.
2. Experimental

2.1. Materials and deuterium charging

Nine different castings of Al–X Cu (0.0 at%oXo3.5 at%) were
cut into strips ca. 2 cm�2 cm�1.34 mm. The greatest impurities
were determined to be Si, Fe, and Zn; all are less than 7�10�3 at%.
Compositions of these are given in Table 1. Deuteriumwas charged
into the sample in 130 MPa D2 for either 68 days at 200 °C or 30
days at 300 °C. The expected bulk concentration (mol D/mol Al) in
pure Al would be 4.45�10�7 and 2.59�10�6 for these respective
methods [2,3]. The extended treatment at elevated temperatures is
expected to create ϴ′ and ϴ precipitates at both aging tempera-
tures (GP zones are only observed at lower temperature aging and
for aging shorter than a day) [22].
Table 1
Compositions of Al–Cu alloys studied.

Alloy name Cu [at. %] Si [at. %]×10−4 Fe [at. %]×10−4 Zn [at. %]×10−4

Al–0.0 Cu 0.00068 23 20 2
Al–0.1 Cu 0.0816 29 13 19
Al–0.2 Cu 0.209 42 14 25
Al–0.4 Cu 0.414 48 15 37
Al–0.8 Cu 0.837 31 16 17
Al–1.3 Cu 1.28 37 17 19
Al–1.7 Cu 1.70 39 17 25
Al–2.6 Cu 2.61 50 17 5.1
Al–3.4 Cu 3.44 54 17 64
Upon the completion of the charging, the furnace is air cooled
to ambient temperature and the samples are immediately placed
in a freezer of �54 °C where D diffusion in the sample is very slow
(1.7�10�12 m2/s [2,9]). Deuterium is an isotope of hydrogen with
a single neutron; it was chosen for this study because it is not
naturally abundant in the earth (only 0.0115% of natural hydrogen
is deuterium) and environmental deuterium in the vacuum system
is well below the detection limit of the residual gas analyzers used
in this experiment. Deuterium is a good model for hydrogen in-
teraction in the material, having the same solubility and trapping
and a diffusivity, D, that is known to scale as =D DD H

m
m

H

D
, wherem

is the mass of the respective isotope and the subscripts D and H
refer to deuterium and hydrogen, respectively.

2.2. Electrical conductivity

The electrical conductivity (s) measurements were taken at
ambient temperature with an SigmaCheck Eddy Current con-
ductivity meter manufactured by ETHER NDE. Four separate
measurement frequencies (60, 120, 240, and 480 Hz) were used on
every specimen and the meter was calibrated independently at
each measurement frequency using pure Al and pure Cu. Changing
the frequency changes the depth of the measurement and is done
to ensure the through-thickness homogeneity. Uncharged speci-
mens with less than 1.3 at% Cu were solutionized at 550 °C for 72 h
to establish the dependence of electrical conductivity on the Cu in
solution. The maximum solid solubility for Cu in Al is 2.4 at% [29],
so these samples are assumed to be fully solutionized.

Electrical resistivity, ρ, is the inverse of electrical conductivity,
ρ¼1/s, and increases proportionally to solute content, C. As pre-
cipitates nucleate and grow, C decreases, decreasing ρ and in-
creasing s. Charged specimens were measured to determine these
electrical conductivity changes due to precipitate evolution during
charging and/or the D present in the materials. Finally, samples
were tested after various segments of thermal ramps to determine
the solute/precipitate temporal evolution.

2.3. Differential scanning calorimetry

In this study, a STA 449 F3 Jupiter manufactured by Netzsch
was used for DSC measurements. By calibrating with both an inert
reference (empty crucible) and a sapphire sample of known heat
capacity, the data for the heat capacity of Al–Cu samples of interest
are also obtained. In this study, uncharged Al–Cu samples were
used to identify the temperature range where the precipitates
dissolve.

2.4. Thermal desorption spectroscopy

The mass and electrical conductivity of the samples at ambient
temperature were measured before and after TDS experiments. A
scale accurate on the order of micrograms manufactured by Met-
tler Toledo measured the masses of the samples. On average, the
total transfer time between removing the sample from the freezer
to starting the TDS ramp was 15 min. Much of this time was spent
in pumping down the TDS system at ambient temperature.

The system used in these experiments is shown schematically
in Fig. 1. Constant heating rate tests from 0.5 °C/min to 10 °C/min
were performed. To start, a sample was placed in the loading
chamber in the quartz furnace at room temperature. After sealing
the system, the chamber was then pumped down to around
12 mTorr before the barrier between the ultra high vacuum
chamber (ca. 1�10�9 Torr) was opened. The experiment began
when the chamber achieved a pressure of 1�10�6 Torr. A residual
gas analyzer (RGA) was used to monitor the partial pressure of D



Fig. 1. Schematic of the thermal desorption spectroscopy (TDS) system used. The
sample is heated in an infrared quartz furnace and rests in a sample holder
mounted to a thermocouple to measure the temperature.
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Fig. 2. Electrical resistivity, ρ, of solutionized Al–C Cu (Co1.3 at%). The linear re-
lationship ρ¼(7.670.1)�Cþ(26.6070.08) allows the determination of the
amount of Cu in solution in charged or partially desorbed samples.

Fig. 3. A plot showing the conductivity change of Al–X Cu (0.8 at%oXo3.5 at%)
witness samples after undergoing the 300 °C/30 day or 200 °C/68 days aging in air
(the same times and temperatures as in D-charging). The increase in conductivity
due to charging indicates that there was precipitate nucleation and growth under
the charging conditions imposed. There is more Cu in precipitates in samples that
were charged for a longer period of time.
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(from both mass 3 (HD) and mass 4 (D2)) outgassing from the
sample. The signal from these peaks was large enough that the
Faraday cup was able to detect these without the use of a channel
electron multiplier. The furnace temperature was measured by a
thermocouple in the quartz thimble that the tantalum sample
holder was attached onto. These Al–Cu samples were heated to a
maximum temperature not exceeding 550 °C to avoid melting.

In addition to the ramped TDS experiments, interrupted TDS
experiments were also conducted. The furnace was programmed
to bring the temperature of the sample to the intended start
temperature held isothermally for 5 min to insure temperature
stabilization then is heated at a predetermined constant rate to the
incremented stop temperature and also held isothermally before
cooling to room temperature. The temperature increment was
100 °C – so for these samples, the TDS was interrupted 3 times (at
200 °C, 300 °C, and 400 °C). In between each of these increments,
the mass and electrical conductivity of the sample were measured.

A multi-peak Polanyi–Wigner fit implemented in GNU Octave
[30] to the TDS data determines trapping peaks. The Polanyi–
Wigner equation for desorption rate, R(t), is [31]:

( ) = ( ) (− ) ( )βR t uN t E k Texp / ; 1d B

Where υ is the attempt frequency, N(t) is the number density of
reactants on the surface, β is the order of desorption, Ed is the
effective activation energy for the dominant recombination and
desorption process, and T¼T (t) is the sample temperature. While
a multi-variable fit to this equation may provide a reasonable es-
timate of the trapping energy from a single desorption rate,
changing the desorption rate may reduce the free parameters and
reduce the uncertainty of the derived trapping energy. When the
sample is subject to an increasing temperature ramp, it will desorb
D from the trap with the lowest to highest binding energy. If all
conditions are maintained and the heating rate is adjusted, the
peaks will shift; this shift can be plotted on a Kissinger plot to
determine the binding energy [32]. As the heating rate increases,
desorption peaks shift to higher temperatures. It is possible to find
Ed by calculating the slope of the best fit line through the data in a
semi-log plot:

=
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Where R is the ideal gas constant, Tm is the peak temperature, and
Φ is the thermal ramp rate.
3. Results

3.1. Electrical conductivity

Fig. 2 shows the electrical resistivity of solutionized samples
(Co1.29 at% Cu). A linear fit to this data shows that:

ρ = ( ± ) × + ( ± ) ( )C7.6 0.1 26.60 0.08 ; 3

where ρ is given in nΩm and C is given in at% Cu. The intercept
of 26.6070.08 nΩm is equivalent to an electrical conductivity of
37.670.1 and is in good agreement with the values reported for
pure Al at ambient temperature (36.6–37.7 MS/m [29,33,34]). The
slope of (7.670.1) nΩm/at% Cu is also in reasonable agreement to
literature of dilute Al–Cu alloys [34,35].

Electrical conductivity is also used to track the temporal evo-
lution of the material during charging runs. As seen in Fig. 3, the
thermal aging at 200 °C and 300 °C increases the conductivity by
4 and 2 mS/m respectively for the sample with the lowest amount
of copper. This is likely due to precipitate nucleation and growth
that deplete the solute Cu concentration. There is a larger change
after aging at 200 °C than at 300 °C, possibly due to the extended
time at the lower temperature. Further, D in solution and traps
does not change the electrical conductivity substantially, as sam-
ples subjected to the same thermal treatment in air recorded the
same changes in electrical conductivity. This is likely due to D
residing in interstitial sites (rather than the substitutional sites
where Cu resides) and due to the much lower concentrations of D
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Fig. 4. A plot showing the conductivity change for samples charged at 200 °C
during interrupted thermal desorption spectroscopy (TDS) experiments. The elec-
trical conductivity decreases when the sample is raised above 300 °C due to the
dissolution of precipitates.
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Fig. 6. Example of Polanyi–Wigner peak fit of desorption spectra from Al–3.4 at%
Cu charged at 200 °C for 68 days then heated at 5 °C/min. Each peak indicates a trap
site and integrating each peak can give the amount of deuterium in each trap site.

Table 2
Peak positions and amount of D2 desorbed from Al–2.6 at% Cu charged at 200 °C
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than Cu. Throughout the rest of the article, we assume the con-
ductivity is wholly determined by the amount of Cu in solid
solution.

The incremented TDS experiments (Fig. 4) show less than 1 mS/
m decrease in electrical conductivity between ambient tempera-
ture and 300 °C, but show around 7–8 mS/m decrease between
300 °C and 500 °C. This is due to the dissolution of precipitates,
which results in the increase of Cu in solution.

3.2. Differential scanning calorimetry

Using DSC, the evolution of the precipitates can be observed.
The heat capacity results (Fig. 5) show relatively no micro-
structural changes until ca. 350 °C, when the Cu precipitates begin
to dissolve because the precipitate dissolution increases the heat
capacity. This supports the notion that the as-charged micro-
structures are likely to contain a high fraction of stable ϴ pre-
cipitates and virtually no GP zones that would make themselves
evident from changes at lower temperatures [36,37]. This is as we
expect from the very long charging times.

3.3. Thermal desorption spectroscopy

In Fig. 6, three distinct trap states are seen from the peak fit's
good agreement with the desorption data. Lattice and dislocation
traps are inferred from their good agreement with Ref. [9]. In other
spectra measured at higher ramp rates, a peak that is in good
agreement with the vacancy peak is observed. Here, though, the
expected position of the vacancy peak is above the maximum
temperature of our desorption experiments that is set to prevent
sample melting. The precipitate trap is inferred here because it is
unique to this study and the peak area increased with increasing
Cu content. At lower ramp rates (o0.83 °C/min), a small peak
appears between the peaks attributed to vacancies and disloca-
tions that is not observed at higher ramp rates. Due to the high
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Fig. 5. Heat capacity of Al–X Cu (0.84 at%rXr3.4 at%). There is an increase in heat
capacity 300 °C to 500 °C because of the dissolution of precipitates.
temperatures (4350 °C) that it is observed at, it may be associated
with precipitate dissolution. This would likely not be a first-order
process and we observed this extra peak in only a limited number
of experiments, so we make no effort to deduce its origin further.

Our analysis of the other peaks is consistent with first order
desorption from dilute concentrations of traps. Making this as-
sumption allows us to estimate the amount of D found in each trap
site by integrating the TDS peaks. This is reported in Table 2. The
concentration of D2 desorbed from the α-Al lattice is comparable
to the expected D2 solubility in pure Al [3] and there is almost as
much D2 in each of the two trapping peaks.

As seen from Fig. 7, the general shape of spectra does not
change (consistent with our assumption of a dilute concentration
of first order traps). Each peak position shifts with a change in
thermal ramp rate and can be followed on a Kissinger plot.
4. Discussion

4.1. Trapping in Al–Cu vs. pure Al and a comparison of charging
techniques

Fig. 8 displays both the desorption results at 10 °C/min from
pure Al reported in Ref. [9] and from Al–2.6 at% Cu of this study
with trap states labeled from low temperature to high. The Al–Cu
sample here was charged with D at 200 °C for 68 days, whereas
the pure Al sample in Ref. [9] was charged with H at ambient
temperatures using an electrolytic cell. Despite these differences in
charging methodology, the three peak positions present in both
samples are in good agreement. The experimental procedure for
and desorbed at 5 °C/min.

Trap sitea Peak position
[°C]

Concentration of D [mols D/
mols Al]

Lattice 234 3.80�10�7

Precipitates 329 3.15�10�7

Dislocations 383 3.00�10�7

Total – 9.95�10�7

Expected D in lattice [3] – 4.61�10�7

a Lattice and dislocation traps are inferred from their good agreement with Ref.
[9]. The vacancy peak found there occurs above the maximum temperature of our
desorption experiments, which is set to prevent sample melting. The precipitate
trap is inferred here because it is unique to this study and the peak area increased
with increasing Cu content.
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placing the hydrogen in the trap sites may slightly differ, but both
result in hydrogen at trap sites. The mechanics of hydrogen des-
orption are the same using TDS; however, there is an addition
peak in the fit for the Al–Cu sample at around 325 °C. This peak
position appears consistent throughout the ramped TDS data for
all runs in this work and the size increases with increasing Cu
content. This is consistent with literature reports of hydrogen re-
tention in Al–Cu alloys [23]. The good agreement between the
other peaks observed in Ref. [9] provides additional evidence that
there is, indeed, an additional trap site present in the Al–Cu alloy.

The results of the various Al–Cu samples charged at 200 °C for
68 days and desorbed at 2.22 °C/min are presented in Fig. 9. The
total amount of D increases with Cu content and we identify this
increase occurs predominantly in the peak we attribute to pre-
cipitates, as well as the dislocation peak. Precipitates can increase
the dislocation density not only through more misfit dislocations
around semi-coherent precipitates, but also by generating them
due to the differences in the coefficients for thermal expansion
between the α-Al matrix and the precipitates.

The charging conditions of the samples do not greatly alter the
peak position of the traps. Instead, it affects the amount of D
trapped. As seen in Fig. 10, the higher temperature charging con-
ditions resulted in more D trapped as noted by the larger area
under the curve, consistent with an expected increase in D solu-
bility in Al and in trap occupancy (and, in the case of, e.g.
thermally-created dislocations, an increase in the number density
of traps).

4.2. Trap sites in Al–Cu alloys

The desorption energy is calculated using Eq. (2) on Fig. 11 and is
presented in Table 3. The trap binding energy, Eb, is estimated, as in
Ref. [9], by subtracting the activation energy for diffusion of H
through the Al matrix (found there to be 16.271.5 kJ/mol). There is
good agreement of peak positions in individual runs attributed to the
Al lattice (1st peak), dislocations (3rd peak), and vacancies (5th peak
listed in Table 3, though some ramp rates did not allow us to fit the
peak labeled as ‘4’). Additionally, we find our fitted values of Eb for
dislocations and vacancies are in excellent agreement with Ref. [9],
despite the different alloy, charging conditions, and total content of
hydrogen isotopes. Likely because of the smaller total concentration
of hydrogen isotopes in this study than that one (and therefore the
higher relative background below ca. 200 °C), the lattice peak cannot
be fit in the slower ramp rate tests here, so we do not consider the
two ramp rates here where we did fit it clearly to be adequate at
estimating Eb associated with lattice diffusion.
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Table 3
Summary of trapping data determined from thermal desorption spectroscopy
(TDS).

Desorption
peak

Trap site Pure Al deso-
rption energy,
Ed [kJ/mol] [9]

Al–Cu deso-
rption energy,
Ed [kJ/mol]

Binding
energy, Eb
[kJ/mol]

1 Lattice
interstice

15.374.8 –a –

2 Precipitates – 33.872.5 17.6
3 Dislocations 43.5717.5 40.576.0 24.3
4 ?b – 50.078.6 33.8
5 Vacancies 84.8732.2 68.876.6 52.6

a The lattice desorption energy calculated here is 36712 kJ/mol, but the fitting
error does not reflect the high uncertainty due to a poor ability to fit a peak at
lower desorption temperatures.

b A modest peak that is seemingly between the peak attributed to dislocations
and vacancies is visible only at low heating rates. Due to the high temperatures
involved, it may be correlated with precipitate dissolution.
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The 2nd desorption peak in Table 3 was observed in every
desorption experiment in this study, but does not appear in stu-
dies of pure Al. It most likely originates from Cu-containing pre-
cipitates, most notably the θ precipitates that are predominant
after aging at 200–300 °C for an extended period of time [22]. The
binding energy is much greater than the upper bound for Cu in
solid solution (5 kJ mol�1) [24]. Further, the amount of D in the
trap increases with Cu content. While the volume fraction of
precipitates increases with Cu content, the amount of Cu in solu-
tion does not (per our conductivity measurements). The peak was
not reported in Al–Cu binaries with more modest aging treatments
[25], which provides additional support for the conjecture that the
trap is due to θ precipitates that appear only after extended aging.
The peak seems to be absent from the data for AA 2024 [10,13],
perhaps due to the lower volume fraction of θ Al–Cu precipitates
at the expense of Mg-containing S-phase and due to not being
aged for as long. Some trap site due to these Al–Cu precipitates is
consistent with tritium autoradiography experiments of Al–Cu
alloys [17]. The modest binding energy suggests that θ would not
affect the effective diffusivity of hydrogen isotopes much in the
relatively dilute commercial alloys.

We do not identify the 4th desorption peak in Table 3. It is
likely somehow associated with Cu, given that it is absent in the
desorption spectra of pure Al. It is also absent at high thermal
ramp rates in this study. This may be associated with GP zones
that could be formed by extended times at moderate tempera-
tures, but this seems somewhat unlikely from our electrical con-
ductivity of interrupted TDS and our DSC measurements. The high
temperature of the peak suggests that it may be correlated with
precipitate dissolution that would also occur more over the longer
runs at the lower heating rates. If associated with dissolution, the
peak does not correspond to a simple 1st order desorption process
and complicates binding energy analysis. A similar apparent
trapping energy is found in Cu-containing AA 2024 in both Ref.
[10] (where the authors attribute it to Mg, that is not present in
our study) and Ref. [13], where the authors attribute it to Mg-
containing S-phase (Al2CuMg). Neither work determines the
binding energy of each trap site. However, we estimate it with Eq.
(2) to be 46 kJ/mol, which is consistent with the value calculated
for the 4th peak of this study.

Past authors who observed trapping in Al–Cu precipitates did
not estimate a trapping energy associated with precipitate phases,
but we have attempted to understand our data in the context of
these past experiments. We have analyzed the data in Ref. [10] by
taking peak maxima and assuming the authors used the ramp rate
of between 5 and 6 °C/min and present this in Fig. 11 in the form of
error bars corresponding to the range of the heating rate. Four of
the peaks in that paper do seem to match well with peaks, but the
interpretation of these differ from the discussion there, so this
warrants a more detailed analysis. There is a low energy peak in
that data labeled ‘T1’ at ca. 100 °C reversible trap observed there
that is not observed in the most other studies, but may be present
in Ref. [13]. The authors of Ref. [10] dismiss the possibility of it
being adsorbed hydrogen because they expected no peak asso-
ciated with adsorbed hydrogen, but the very low energy would be
consistent with that or some other reversible process. The second
peak, ‘T2’, at ca. 250 °C is more consistent with the Al lattice peak
of this study and in Ref. [9] and this seems to be a more likely
mechanism than trapping by β Mg2Si precipitates, as the authors
of Ref. [10] speculate. This discrepancy is likely due to the mis-
assignment of T1. The next three peaks (unlabeled peaks at ca.
350 °C and 425 °C and ‘T3’ at ca. 450 °C) seem to correspond well
with what we have labeled as dislocations, an unidentified peak
associated with Cu, and vacancies, respectively. There is a final
large peak in that work that does not appear here, ‘T4’ at ca. 550 °C
that the authors attribute to the dissolution of θ Al2Cu precipitates.
We think it may instead be due to the Mg because (i) we do not
see the peak in our Mg-free alloys; (ii) we see dissolution θ pre-
cipitates at lower temperatures; (iii) in other studies, we have seen
that Mg has a high affinity for H in Al; and (iii) in those studies, we
have observed Mg evaporation near this temperature. That Mg
plays some role in this peak is also reinforced by Ref. [13], that
attributes the T4 peak to the Mg-containing S-phase precipitates.
5. Conclusion

This study of Al–X Cu (0.0 at%oXo3.5 at%) that has been
charged with 130 MPa D2 for either 68 days at 200 °C or 30 days at
300 °C and a thorough exploration of the existing literature for
hydrogen in Al and Cu-containing Al alloys allows us to reach the
following conclusions:

� As in pure Al, dislocations and vacancies act as traps for D in
binary Al–Cu alloys with similar trapping energies.
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� There is further trapping associated with increasing Cu content
that we attribute to ϴ Al2Cu precipitates with a binding energy
of 17.672.5 kJ mol�1 (0.1970.03 eV).

� For Al–2.6 at% Cu (a Cu composition comparable to that in
AA2219) charged at 200 °C with 130 MPa D2 for 68 days, there is
ca. there is 3.15�10�7 mol D bound to this precipitate trap per
mol of Al, accounting for a third of the D in the charged sample.

� There is an additional apparent high binding energy
(50.078.6 kJ mol�1 if first order desorption is assumed) trap
that is absent from studies of pure Al, but appears in other lit-
erature reports for Cu-containing alloys. This apparent trap
contains relatively little D and it may be associated with pre-
cipitate dissolution, based on the high temperatures that it is
found at.
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