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Hydrogen delaying the formation of Guinier-Preston zones in aluminium alloys

Guillaume Hachet®!"*, Xavier Sauvage®*

“Groupe de Physique des Matériaux, Normandie University, UNIROUEN, INSA Rouen, CNRS, 76000 Rouen, France

Abstract

The consequences of hydrogen on the formation and growth of GP zones during natural ageing in an Al-5Cu alloy
is investigated experimentally down to the atomic scale and numerically using ab initio calculations. As observed
through scanning/transmission electron microscopy, the hardening kinetic is delayed due to a slower growth of GP
zones during natural ageing when hydrogen is incorporated. According to ab initio calculations, the delayed hardening
results from hydrogen trapped in vacancies that reduce significantly the diffusion coefficient of copper and the self
diffusion of aluminium. This reduction of the diffusion coefficient is either due to hydrogen being in the path of the
atom that exchange with the vacancy (and increasing the energy barrier) or due to hydrogen being dissociated from

the vacancy (and leading to a less stable state).
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1. Introduction

Aluminium alloys are widely used in industry for
their various advantages: they are light weighted metal-
lic alloys, have a high corrosion resistance and good
mechanical properties [I,, |2]. Since the early work of
Guinier [3] and Preston [4], it has been demonstrated
that the increase of hardness in age hardened Al-Cu al-
loys is due to the formation of nanoscaled zones that
have been first detected by small-angle X-ray scattering
(SAXS) known as the Guinier-Preston (GP) zones [3].
When such alloy is quenched, then aged at room tem-
perature (i.e.: naturally aged), the formation of these GP
zones is activated by the excess vacancies after quench-
ing, which are slowly annihilated near residual dislo-
cations and grain boundaries. When an Al-Cu alloy is
heat treated, the precipitation sequence is [6-8]: Super
Saturated Solid Solution — Cu clustering — GP zones
— 0" — 0 — 0. The formation of GP zones is ob-
tained quickly at ambient temperature, thus the copper
clustering sequence is usually neglected to describe the
precipitation sequence of this alloy.

GP zones in Al-Cu alloys are circular nanoscaled
disks parallel to {100} planes, isolated in one layer
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[9,10]. The precipitation in Al-Cu alloys has been ex-
tensively studied in the literature through hardness mea-
surements, transmission electron microscopy (TEM),
differential scanning calorimetry (DSC) and strength
models have been developed to correlate the increase
of hardening to the precipitation state [§, [11]. Atom-
istic calculations have been used to predict the evolu-
tion during ageing of the precipitation [5,[12,13] in ad-
dition to determine the formation energy of particles,
their geometries and interaction with dislocations [14—
17]. These parameters can be then implemented in clas-
sical nucleation and growth theories or/and clusters dy-
namics [18, [19]. Publications about naturally aged al-
loys and the role of excess vacancies are numerous, but
less information is reported on GP zone nucleation and
growth during the first step of natural ageing.

Besides, aluminium alloys are among materials bear-
ing the highest potential to contain, and to facilitate the
transport of hydrogen fuel due to their various advan-
tages and they are already used in fuel-cell-based, elec-
tric vehicles [20]. More generally, since hydrogen is be-
coming a key component of the energy transition world-
wide, it can either be used as an energy carrier or di-
rectly as a fuel in vehicles, including automobiles and
planes. However, due to its small size and high mo-
bility, hydrogen influences the mechanical properties of
metals and alloys leading to premature failures of engi-
neering structures. This phenomenon is called hydrogen
embrittlement (HE) and several models have been pro-
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posed in the literature to describe the underlying physi-
cal mechanisms (see for details [21-23]). For all mod-
els, HE involves the energy reduction of one process
in the presence of hydrogen to activate a mechanism
(e.g.: grain boundary segregation [24, 25], Cottrell at-
mosphere of dislocation [26, |27], shielding effect pro-
moting slip band localisation [28-30], enhancement of
vacancy formation [31-433], and so on...). These mod-
els can describe accurately HE of pure metals, but can
fail describing HE in more complex materials (e.g. in
alloys) where mechanical properties are dependent on
the distribution of strengthening precipitates and their
interactions with defects, in particular dislocations.

Aluminium alloys are also not immune to hydrogen
ingress and when hydrogen is introduced as a solute,
it easily diffuses and segregates to crystalline defects
[34, 135]. Ab initio calculations have shown that hy-
drogen atoms strongly interact with vacancies in alu-
minium [36-38]. Previous studies focusing on the hy-
drogen/vacancy interactions in metals have shown that
hydrogen decreases the formation energy of vacancy
clusters containing hydrogen [33, 37] and the vacancy
migration energy [39]. Hydrogen may also delay the
clustering of solutes and the coarsening of precipitates
in some Al alloys [35, 40]. Therefore, it is critical to
understand how these interactions impact the kinetic
and thermodynamic of precipitates in aluminium alloys
(which may evolve even at room temperature) to predict
microstructural evolutions and eventually to reduce the
damaging effect of hydrogen. In this study, the influ-
ence of hydrogen on the early stage of GP zone forma-
tion during natural ageing in an Al-5Cu alloy is investi-
gated. The following section is focused on experimen-
tal data that highlight the influence of hydrogen on GP
zone nucleation and growth during the first step of nat-
ural ageing. Then, ab initio calculations are presented
to first demonstrate the impact of copper on the interac-
tion between hydrogen and vacancy. The second part of
the ab initio calculations is focused on the effect of hy-
drogen on the diffusion of vacancy and copper in FCC
aluminium.

2. Experimental evidence of the hydrogen influence
on the GP zone formation and hardening Kinetics

2.1. Experimental details

The investigated material is provided by
Goodfellow® with the following composition (wt.%):
5.3%Cu-0.7%Fe-0.4%Si-0.3%Pb, Al balance (standard
AA2011, called Al-5Cu further). Disc shaped samples
(with a diameter of 6 mm and a thickness of 1 mm)

are solutionised at 810K during 1h, water quenched,
then naturally aged at room temperature either in air or
Shin a 0.1 M NaOH solution. Before the introduction
in the solution, samples are quickly (few minutes)
mechanically grinded using SiC foil paper with a
particle size of 8 um to remove the oxide layer grown
during the solution heat treatment. Aqueous solution
containing NaOH is aggressive towards aluminium and
its oxide, it prevents the formation of a passive layer
and leads to H incorporation in the alloy [34,41]]. After
5hin NaOH, the samples are further aged in air at room
temperature and the hardness evolution is compared to
the alloy directly aged in air. The increasing hardness
resulting from the GP zone nucleation and growth is
firstly measured by micro-hardness measurements,
using a Future tech FM7 device at room temperature.
The micro-hardness values presented in this study are
the average of at least 6 indents obtained with a micro
Vickers diamond indenter using a load of 500g and
a dwell time of 10s. High angle annular dark field
scanning TEM (HAADF-STEM) images are recorded
with collection angles ranging from 50 to 180 mrad
using a JEOL ARM 200 microscope, operated at
200kV. Thin foil specimens are prepared with a
twin-jet electro-polisher (TENUPOL 5 from Struers®)
using a mixture of 30%HNO; — 70%CH;OH (%vol)
at 243 K. Final thinning is carried out by low-energy
ion milling conducted with a GATAN® Precision ITon
Polishing System.

2.2. Hardness kinetic variations of the naturally aged
Al-5Cu alloy due to hydrogen

After water quenching, the hardness of the alloy is
91+1 HYV, and it increases progressively to reach a max-
imum of 117£2HYV after ~ 50 i (see fig. [[). When the
alloy is aged 5h in NaOH solution to introduce hydro-
gen, the microhardness is significantly lower than the
alloy directly aged in air: after 5h, the hardness of the
alloy naturally aged in air is 105+2HV while it is only
95+2HV when NaOH treatment is carried out. How-
ever, after several additional hours (50 to 200 hours) at
room temperature in air, the micro-hardness further in-
creases and catches up the hardness of the material with-
out hydrogen. This suggest that hydrogen atoms quickly
desorb from the alloy and do not significantly affect the
final microstructure (fig. [[l). To confirm these measure-
ments, HAADF-STEM observations are carried out fur-
ther.

Naturally aged materials are observed by HAADF-
STEM in (001) zone axis to clearly exhibit GP zones.
They are observed after being naturally aged 1 and 9
days. When the alloy is directly aged 1 day in air, small
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Figure 1: Vickers micro-hardness evolution as a function of the nat-
ural ageing time when the alloy is diractly aged (DA) in air and after
Sh in NaOH.

GP zones appear, as shown in fig. Pla and they become
significantly larger after 9 days (fig. 2lc). When it is
aged 5h in NaOH, GP zones are not visible after 1 day
(fig2lb), but become visible after 9 days (fig2ld), with
an average diameter similar to those observed in the al-
loy directly aged 1 day in air (fig[2la). These obser-
vations are consistent with the delayed hardening (fig.
[[). However, the hardnesses of the alloy aged in both
conditions are relatively similar after 9 days (fig. [,
suggesting that hydrogen does not affect the final mi-
crostructure, which obviously is not the case when fig
Rlc and2ld are compared.

GP zone diameters d are directly measured on
STEM-HAADF images and their distributions are plot-
ted in fig. Bl There is no distribution for the alloy stored
in 5hin NaOH, then aged 1 day in air because GP zones
could not be observed (fig. Blb). Longer natural age-
ing gives larger GP zones with a mean diameter varying
form 1.4nm=+0.5 nm after 1 day to 2.6 nm+0.8 nm after
9 days. Besides, the diameter distribution becomes sig-
nificantly broader during natural ageing. When the al-
loy is stored 5 h in NaoH prior to 9 days in air, the mean
diameter is 1.7 nm+0.5nm with a narrow distribution
similar to that of the alloy aged during 1 day directly in
air.

Due to the limited foil thickness, some GP zones are
partially imaged and the true diameter d; of GP zones
can be determined from the apparent diameter d using

[18,142]:
_(nmd;[/4+6
d= (76“1, )dt, (H

with ¢ the thin foil thickness. In this work, thin foil
thickness 6 was measured by electron energy loss spec-

troscopy. Assuming an electron mean free path in alu-
minium of 120 nm [43], the thickness of thin foils was
systematically between 40 nm and 100 nm.

The density of GP zones may be also estimated, fol-
lowing [18,42]:

_ Ne+Ny+ N, @)
"ETSd o)

with N, N, N, the number of GP zones counted in
the x, y and z axes, parallel to the [100], [010] and [001]
directions, respectively and S the surface of observation
(S = 5.1073um). Since only GP zones perpendicular to
(001) Al planes are visible on HRSTEM images (fig.
D), the number of precipitates in the z-direction (N,) is
obtained from N, and N, using:

3)

N. = 0.5% (N, + Ny)(d’ al 6).

Vs

Assuming that the thickness of all GP zones is half
the aluminium lattice parameter (a4; = 0.404 nm), their
volume fraction writes as:

2
nd;aa

fv=np A

“)

Fast Fourier transforms (FFTs) of each HAADF im-
ages are also displayed in fig[2l Spots in FFTs at the
{110} positions are clearly exhibited for the alloy di-
rectly aged during 1 day, but they disappear after 9 days
when GP zones are well developed. These spots also
appear for the alloy aged 5h in NaOH, followed by 1
day in air with a stronger intensity as compared to the
directly aged alloy. These spots do not completely dis-
appear after 9 days and thus seem to be linked to fea-
tures appearing before GP zones. {110} reflections are
forbidden reflections on diffraction pattern and they ap-
pear only on FFTs of HRSTEM images. Similar reflec-
tions on FFT patterns have been reported in naturally
aged Al-Zn-Mg alloys. Authors have attributed these
features to either Al;Zn dispersoids or artefacts caused
by the TEM sample preparations [44]. Since we do not
have such dispersoids and since similar preparation con-
ditions were applied for all thin foils, these spots can
only be the result of real features revealed by images.
Since they disappear when GP zones are well devel-
oped, they might results from Cu clusters that form prior
to GP zones [6-8]. To study these clusters, a mask is ap-
plied on the FFTs of each image having strong signals
at the {110} positions (fig. Hla), isolating these spots.
Then, a reconstructed image showing areas responsible
of the strong {110} signals is obtained using an inverse
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Figure 2: HAADF-STEM micrographs of the precipitation evolution of the Al-5Cu alloy directly aged in air (a and c) and 5h in NaOH followed
by an ageing in air (b and d). The total natural ageing time is 1 day (a and b) or 9 days (c and d). All samples are oriented in the (001) zone axis

and their corresponding FFTs are set in the bottom right corner.

FFT function (fig. @lb) Assuming that these areas cor-
respond to Cu clusters, their sizes are measured and the
obtained distributions are displayed on figllc. Contrary
to GP zones, these nanosized particles are not detectable
without this image filtering and disappear when the al-
loy is directly aged in air during 9 days (no signal is
observed at the {110} positions of the FFTs of figPlc).

The precipitate density is directly obtained by counting
the observed clusters. The cluster size is estimated from
the average of the longest and shortest distances mea-
sured on images. The obtained distributions are similar
for all states but the average diameter is significantly
smaller for samples stored in 5h NaOH

The determined GP zone and Cu cluster densities np,



Table 1: Quantitative measurements of the GP zone and cluster densities np, apparent diameter d and volume fraction fy in the Al-5Cu alloy

directly aged in air or after Sh in NaOH.

1 day 9 days
Air NaOH Air NaOH
GP <d > (nm) 1.4+0.5 2.6£0.8 1.7+£0.5
zones np (103 nm™>) 2.4x0.1 3.6+0.1 1.6%0.1
fv (%) 0.1 0.4 0.1
Cu <d > (nm) 1.4+0.5 1.3+04 1.1+0.4
clusters np (102 nm™) 0.8+0.1 1.8+0.1 1.1+0.1
fv (%) 0.06 0.12 0.04
0.6 ‘ ‘
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Figure 3: Distribution of GP zone diameters measured on HRSTEM A
images in alloy directly aged in air during 1 day and 9 days (DA) and § 03} =g~
5hin contact of hydrogen, then aged in air (5 h NaOH). The measure- e
ments were carried out on of 200 GP zones for each distribution. g
r 02}
0.1
0.0 ‘ ‘

apparent diameters d and volume fraction fy are sum-
marised in table [Tl

These experiments clearly indicate a significant
change of microstructure due to hydrogen incorpora-
tion: there is a delay of GP zone formation, observable
using microhardness and HAADF-STEM. Complemen-
tary information is detailed in where DSC
measurements have been performed on this alloy dif-
ferently aged. Hydrogen strongly interacts with excess
vacancies [33,138-4(0], and thus seems to delay the for-
mation of GP zones probably by reducing the diffusion
of copper or/and by increasing the energy barrier of GP
zones nucleation. Ab initio calculations are then carried
out to get a deeper understanding of fundamental mech-
anisms leading to the delayed formation of GP zones
when hydrogen is introduced on the alloy.

0.0 0.8 1.6 24 3.2
Cluster diameters (nm)

Figure 4: Determination and distribution of the copper clusters’ size.
a. HAADF-STEM image of Al-5Cu aged 5hin NaOH and 1 day in air
with the masks applied on the corresponding FFT. b. Inverse FFT im-
age showing regions with strong {110} signal on FFT. c. Distribution
of the cluster diameters measured on filtered images corresponding to
2la, Plb and Plc. The measurement were carried out 200 clusters for
each distribution.

3. Influence of copper atoms on the hydrogen-
vacancy interactions in aluminium

Ab initio calculations are performed to quantify the
variation of copper diffusion when the atom is close to a
hydrogen vacancy complex. The first step is to estimate
the interaction enthalpy between vacancy and hydrogen

Hirer . in aluminium and in a diluted Al-Cu alloy. The



aim is to determine if this complex is more stable in
the vicinity of copper atom before determining the in-
fluence of H on the diffusion variation of copper.

3.1. Computational details

The following ab initio calculations used density
functional theory (DFT) in the Quantum Espresso code
]. Pseudopotentials built with the projected aug-
mented wave method [@, ] are used with a kinetic
energy cutoff of 600eV. The exchange-correlation is
described with the generalised gradient approximation
with the Perdew-Burke-Ernzerhof functional [@]. All
calculations are performed at constant pressure with a
0.2eV Methfessel-Paxton broadening [51]]. All simu-
lations cells are 4x4x4 repetition of the primitive cell
and the Brillouin zone was sampled using a 8x8x8
Monkhorst and Pack [@]. Atomic positions are relaxed
until all ionic forces are inferior to 10 meV/A for static
and for climbing nudged elastic band (C-NEB) calcu-
lations. With these parameters and using the method
described in previous study [@], the obtained lattice
parameters and elastic constants are deduced and given
in table 2l The experimental values are also given and
showing that these parameters describe accurately both
metals at atom scales [@].

Table 2: Lattice parameters and elastic constants of pure Al and Cu.

a (nm) Ci (GPa) Cn (GPa) Cyy (GPa)
Al 0.40394 116 61 33
[54] 0.405 114 62 28
Cu 0.36304 177 124 80
[54] 0.361 176 125 82

3.2. Interaction between hydrogen and vacancy in the
vicinity of copper
The first calculations aim at determining the inter-
action enthalpy of hydrogen vacancy complex H{;‘;‘Z’_ "
with and without Cu atom in its vicinity. This enthalpy
determined at zero pressure (p = 0) is defined by:

Hy y = Hy) o y(p)=Hy, (p)=H,  (p)+Hyp (p), (5)

with H;) _,, and H,} , the enthalpies of the supercell
containing the hydrogen-vacancy complex and the hy-
drogen free vacancy, respectively. The enthalpies H,;
and HZ’; ;i are from the vacancy free systems with and
without hydrogen in solid solution, respectively. Since
the tetrahedral interstitial sites are the most stable sites
for hydrogen near vacancy in pure Al ], we in-

troduced hydrogen in these sites for pure Al and in a

diluted Al-Cu system. For the latter, the different inter-
stitial sites (7] sites) are not equivalent when the copper
atom is in the vicinity of the vacancy as shown in fig.
However, due to the crystal symmetry, the distance
between Cu and H when H is in T is identical to the dis-
tance between Cu and H when H is in 75. These equiva-
lent positions are called P; (with dg;_ 1 =0.04nm). The
distance between Cu and H is also identical when H is in
T5, T4, Ts and T, these equivalent positions are called
P, (dgiszo.OS nm). Finally, the position P; stands
for H in sites 77 and Ty (dgf‘_Hzo.ll nm). Therefore,
Hier  has to be calculated for only 3 positions in a
diluted Al-Cu system.

® 0. 0 B,
O

T:99Ts 199 T, OHinP;

© Hin P,
© HinP3

TlooTI T.C9T;
Figure 5: Illustration of the hydrogen possible positions near vacancy
in a diluted Al-Cu. The vacancy in the Al matrix (grey) containing
copper (blue) is represented with the grey square. The different possi-

ble positions for hydrogen atoms are represented with various shades
of red.

The interaction enthalpies between hydrogen and va-
cancy in pure aluminium and in a diluted Al-Cu are dis-
played in fig. The interaction enthalpy is always
attractive when hydrogen is close to the vacancy, both
in pure Al and in diluted Al-Cu. In pure aluminium,

H{Ziﬁ y = —0.34¢V, similar to the interaction energy
reported in previous work using ab initio calculations
(Eimer = —0.335eV [36] and E = -033eV

]) but lower than experimental data (—0.45 +0.07eV
[IE]). In diluted Al-Cu, H{}Zi’_  1s also negative, mean-
ing that vacancies attract hydrogen, but the attraction is
stronger when the vacancy is not bound to a Cu atom.
Small variations are also observed depending on the po-
sition of H in the lattice: if H is inserted in Py (i.e.:
sites T} and T, in fig. [3)), the attraction is the weakest
with Hir (Py) = =0.29¢eV. If H is inserted in P; (i.e.:
sites 77 and Ty in fig. B), Hi"" . (P3) = —0.31eV and
the attraction is the strongest when H is in P, position
(i.e.: sites from T3 to T in fig. B, with H{'" . (P,) =
—0.33eV. These interaction enthalpy variations show
that copper atoms have an influence on the interaction
between hydrogen atoms and vacancies in FCC alu-
minium matrix, but hydrogen still segregates near va-



cancies even with a copper atom in its vicinity and the
most stable sites for H corresponds to P, and Pz posi-
tions.
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Figure 6: Interaction enthalpy between vacancy and hydrogen in pure
Al and in diluted Al-Cu system. For diluted Al-Cu, energies are dis-
played as a function of the distance between Cu and H atoms.

4. Atomic scale modelling of hydrogen consequences
on the diffusion of copper in aluminium

Further, the diffusion coefficient of copper in alu-
minium is evaluated using the five jump frequency
model from LeClaire [56], which has been used in pre-
vious studies to describe the diffusion of vacancies in
aluminium matrix [57] or substitutionnal solute (includ-
ing copper) in different matrix, including aluminium
[58-60]. The first step to determine D¢, is to calcu-
late the self diffusion coeflicient for Al, D4; and the im-
pact of hydrogen on it. Therefore, the influence of H on
the self-diffusion coeflicient of Dy; is firstly investigated
then the consequence of H of D¢, is studied.

4.1. Hydrogen impact on self diffusion in pure alu-
minium
Since the interaction between vacancy and hydrogen
is attractive in diluted Al-Cu, the self-diffusion coeffi-
cient for Al (Dy4;) and the diffusion of copper (D¢, ) near
hydrogen vacancy complex is determined, further. The
self diffusion coeflicient D4; can be defined as [I56]:

DalT) = fowo(T)a(TY*CL(T), (©6)

with fy a correlation factor, which is constant and
equal to 0.7815 for FCC crystals, a(T) the lattice pa-
rameter of aluminium determined at finite temperature
following the method described in [53, 61] by consid-
ering the atomic vibrations of aluminium atoms (see

for more details on its determination at fi-

nite temperature). The concentration C(’)(T) (with j =
Vac or Vac — H) is the equilibrium concentration of
vacancies or hydrogen-vacancy complexes, respectively
and defined as [60, [62]:

> Hfac B TSf[lC
CX"‘(T)=exp(——V P ) (7)
B

where kg and T are the Boltzmann constant and the

: f f

temperature of the syst.em, respectively. Hj, . and L.S’Vm_
are the vacancy formation enthalpy and entropy written

in the hydrogen free system as:

f _ gsp N-1 sp
HVac - HVac - N HBulk’ (8)
5o N-1_,
SVuc - S\S/[;c - TS;ZH(’ (9)
with H,, , S\’ , H;, and S}’ the enthalpy and

entropy of the supercell of a perfect crystal with and
without a vacancy, respectively. The obtained forma-
tion enthalpy H‘ch is equal to 0.64 eV, in agreement with
the literature [3'8, 63, 164]. In previous work, Naghavi
et al have shown how the self diffusion coefficient of
Cobalt is impacted by modifying § ‘f,m_ [60]. Hence,
we have explicitly calculated S}’ and S with the
PHON program [65], which calculates force constant
matrices and phonon frequencies in both crystals. For
hydrogen vacancy complexes, their equilibrium concen-
tration C(‘)/ ac=H (T is:

H),. . -TS},
CVuc—H T) = _ " Vac-H Vac—H , 10
3 = exp o (10
~ r o gf — )
assuming that §y,, _, = Sy, . and with H;, _, de
fined as [38,161]:
N -1

f — S Xy

Hy y=Hy, y— N Hy = 05X Hy,, (11)

with Hy, the enthalpy of the hydrogen molecule at zero
pressure p = 0 MPa as a reference. It leads to H"f/ucfH =
1.05 eV, close to data reported in the literature (1.32eV
[66] and 1.02eV [38]).

The jump frequency wy(T) is defined as [56]:
Hy 12
wo = Vo exp kT (12)
with v the attempt frequency equal to V(3/5)kz/hfp

(h and 6p are the Planck constant and Debye temper-
ature of aluminium, respectively) [54, 67]. H[' is the



migration enthalpy of vacancies or hydrogen vacancy
complexes. Since all calculations are performed at zero
pressure, it is assumed that the migration enthalpy H{'
is equivalent to the migration energy Eg' [60,168], which
is obtained from the transition states of the C-NEB cal-
culations of vacancy (with or without H) diffusing from
one site to another.

Without H, the vacancy migration enthalpy presented
in fig. [lis found Hy, . = E}, = 0.59¢V, in agreement
with the literature [[63]. Assuming Al atoms exchange a
similar way with the vacancy in pure Al and in a diluted
Al-Cu, hydrogen can either be still associated to the va-
cancy (when H is in Py) or dissociated from the vacancy
(when H is in P3). The migration energy of a hydrogen-
vacancy complex (with H in P; and P3) is also obtained
using C-NEB calculations and results are also presented
in fig. [/l When H is still associated to the vacancy dur-
ing the Al atom displacement, an increase of the migra-
tion energy is observed (EY,,._,(P1) = 1.08eV) while
EY . (P3) =0.61€V, close to EY; . However, the final
state is less stable when H is in P3, the energy difference
corresponding to the hydrogen-vacancy binding energy.

1.2
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Figure 7: Energy variation of Al atom migrating in pure Al near va-
cancy and hydrogen-vacancy complex.

The self-diffusion coeflicient calculated as a function
of the temperature is displayed in fig. [§] The coefficient
Dy, obtained from our ab initio calculations is close to
the values reported in the literature in a range of 360 K
to 933 K [163,169-71]. In presence of H, Dy, is always re-
duced but the diffusion coefficient is less impacted when
H is in P3 than when it is in P; (due to the increase of
migration energy Ej,__,,(P1) = 1.08¢eV).

The diffusion of impurities or vacancies usually fol-
lows an Arrhenius type temperature dependence [S6]:

Dp(T) = Do exp (—k%), 13)
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Figure 8: Calculated self-diffusion coefficient for Al, including previ-
ous work of Mantina et al [63], Lundy and Murdock [69], Messer et
al |71, Volin and Ballufi [7(]

with Dy a pre-exponential factor and Q the activa-
tion energy. From ab initio calculations (fig. B)), curves
are fitted using eq. (I3) to quantify the change of Dy
and Q due to hydrogen incorporation. The results are
given in table 3l Without hydrogen, calculated data are
similar to those reported in the literature but an impor-
tant increase of the activation energy is obtained when
hydrogen-vacancy complexes exist.

Table 3: Pre-exponential factor Dy and activation energy Q of self-
diffusion coefficient for Al with and without H. A comparison with
data from the literature is also provided [63,169-71]. * are for experi-
mental data and ** are for ab initio calculations

Dy (10°m?s™) Q(@V) T (K)

*[69] 171 1.48  720-920

* [70] 17.6 131 360-480

*[71] 13.7 128  550-750
% [63] 7.75 1.26
Without H 241 1.23
With H in P, 241 2.13
With H in P;3 2.41 1.66

Although the interaction enthalpy between a vacancy
and a H atom is negative, these calculations show that
in pure Al, hydrogen delays the diffusion of vacancy by
increasing the vacancy migration enthalpy (when H is
in P; only) and vacancy formation enthalpy (when H is
in P; and P3). Thus, hydrogen should also impact the
diffusion of copper, as studied in the next section.



4.2. Copper diffusion in the vicinity of hydrogen-
vacancy complexes in Al matrix

The influence of hydrogen on the diffusion coefficient
of copper (D¢,) is investigated in this section using the
five jump frequency model developed by LeClaire [@].
The model includes several assumptions: (i) the solute
diffusion is controlled by a vacancy mechanism, (ii) the
interaction between solute and vacancy is only limited
to monovacancy being in the nearest neighbour of the
solute and (iii) Cu atoms do not interact with other Cu
atoms (diluted system). It has been demonstrated that
such model accurately describes the diffusion of solute
in aluminium [@, ] or in cobalt [@]. This approach
considers that solute atoms diffuse predominantly with a
vacancy mechanisms through the five jump frequencies
w;,i = 0,4 defined by [56]:

Hy
wi(T) = viexp T (14)
w; corresponds to the jump frequency for Al atom-
vacancy jumps between a pair of sites that are both near-
est neighbours of Cu atom. w; is the jump frequency for
Cu atom-vacancy exchange. ws is the jump frequency
of Al, which dissociates the vacancy and Cu. wy is
the opposite of w3z (i.e.: jump frequency of Al atom,
which binds Cu and the vacancy). The fifth jump is wy,
the self-diffusion of Al (see eq. (12) in section 3.2).
The attempt frequency v; is equal V/(3/5)kg/h6p (like
in the previous section), with 6 the Debye temperature
of aluminium or copper depending on the atom that is
exchanged with the vacancy.

® 0%
B:
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[100]
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Figure 9: Illustration of 4 atom jumps based on the LeClaire model
(the fifth jump, wp correspond to the jump frequency of an Al atom
without copper).

NEB calculations are performed to determine the mi-
gration energies of the different jumps without H and
with Hin P; and P; positions. Like in section[4.]] these
positions are chosen over P, in order to have H either
still associated with the vacancy before and after the
jump or dissociated from it . Besides, all calculations

are performed at zero pressure, therefore it is also as-
sumed that the migration enthalpies H;" are equivalent
to the migration energies E!" [@?@]

Results are plotted in fig. When H is still as-
sociated to the vacancy, the migration energy is always
larger than when the atom is exchanged with a hydrogen
free vacancy. When H is the furthest from the mobile
atom, H is dissociated from the vacancy and the final
state has an higher energy than its initial state corre-
sponding to the interaction energy between H and va-
cancy. Consequently, when H is in Py, E}' is lower
than E7', while it is symmetrical when the vacancy is
not linked to a hydrogen atom.
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Figure 10: Energy variation of atoms corresponding to the different
jump frequencies for vacancy and hydrogen vacancy complexes. a.
Energy migration of Al that does not dissociate copper with the va-
cancy. b. Energy migration of Cu in Al matrix. c. Energy migration
of Al that dissociates (orange) and associates (dark-magenta) the va-
cancy with Cu atom.

Then, the diffusion coefficient of copper D¢, is ob-
tained using [@]:

Dcu(T) = frana(TYCYT), (15)

with £, a correlation factor, similar to fy in eq. (@),
which is written [Iﬂ]:

_ 2w + w3F(a)
T 2w + 2wy + w3F(a)’

f (16)



where @ = w4/wy and

10a* + 180.502 + 92702 + 1341«
204 + 40.2a3 + 25402 + 597 + 436 )
(17)

F(a) = 7—(

The concentration Cé(T) is similar to Cé(T) of eq. (@
and is written as:

H] - TS! + AG,
Yk (18)

C;(T) = exp {—

with the AG,, corresponding to the binding energy
between copper and vacancy. This energy is linked
to the concentration of copper atoms near vacancies
and can be determined using the jump frequencies ra-
tio within the assumptions detailed in the beginning of
this section [56]:

w3

w4

ﬁ) (19)

Identical to section ]l the concentration and migra-
tion energy of hydrogen-vacancy complexes are calcu-
lated for systems having hydrogen in P; and P3 and the
resulting coefficient diffusion of copper is plotted in fig.
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Figure 11: Calculated diffusion coefficient of Cu as a function of T
with and without H compared to previous work of Mantina et al [58],
Du et al [73], Peterson and Rothman [74], Anand et al [73] and Mur-
phy [76]

While a slightly higher diffusion coefficient is ob-
tained at low temperature compared to literature data,
relatively consistent values are obtained at high temper-
atures (T < 500 K). Moreover, the diffusion coefficient
of copper is systematically lower in presence of hydro-
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gen. Assuming that hydrogen atoms stay in its intersti-
tial site, the effect is more important when H is far from
the copper atom (in P3) than when it is close to Cu (in
P1). This result is obtained because when H is far from
Cu, the energy barrier to associate the hydrogen vacancy
complex (E}'") or to dissociate it with the Cu atom (E%')
is large. Besides, when Cu atom is exchanged with
the vacancy, it dissociates H-vacancy complex (which
is less stable than the initial state). These effects have a
more important impact on the diffusion coefficient than
having hydrogen in P;, which increases the migration
energy of copper E7'.

Assuming that the diffusion of copper also follows
an Arrhenius type temperature dependence (eq. [13), Dy
and Q can also be estimated for Cu in pure Al, by fit-
ting curves of fig. [[1l The fitted results are displayed in
table d Without hydrogen, the calculated data are sig-
nificantly lower than those reported in the literature. An
important increase of the activation energy is also ob-
tained when hydrogen is linked to the vacancies, but the
variation of the activation energy is less pronounced for
D¢, than for Dy;.

Table 4: Pre-exponential factor Dy and activation energy Q of the dif-
fusion coefficient of Cu in FCC Al with and without H. A comparison
with data from the literature is also provided [58, [73-76]. * are for
experimental data and ** are for ab initio calculations.

Do (10°m2s) Q(V) T (K)

*76] 29 135  777-908

*[75] 15 131 623-903

* [74] 65 140 594-928
* 73] 44 1.39
% [58] 4.4 1.25
Without H 1.9 1.16
With H in P, 1.7 1.48
With H in P3 1.7 1.59

5. Discussion

The experiments of section [2] show a delay of the
formation and growth of GP zones when hydrogen is
introduced in solid solution. In the following section,
a classical strength model is applied to correlate the
microstructure evolution observed through HAADF-
STEM with the hardness measurements. Then, results
from experiments are compared with the diffusion coef-
ficients obtained in section[3and discussed further.



5.1. Relationship between structure evolution and
hardness

Classical strengthening model is applied to estab-
lish a relationship between the hardness measurements
and the HAADF-STEM observations (model developed
in previous work for Al alloys [8, 11, 77, [78]). It is
assumed that the microhardness is linked to the yield
stress oy through a Tabor factor (T = 2.8) [[79] and oy
is linked to the stress needed to induce dislocations or
to make them mobile (i.e.: the critical resolved shear
stress) Ty through a Taylor factor (M = 3.1) [8, [77]:

T
Ty = —HYV.

i (20)

The stress Ty can be determined from microstructural
features and additive contributions; which may be con-
sidered as a first approximation as [18, [11}, [77]:

Ty =To+Tqg+Tgp + Tes + Tp 21)
where 1 is the friction stress, 7, the forest harden-
ing due to dislocations, 7,4, the stress contribution of
the grain boundaries, 7, the stress contribution Cu of
solid solution and 7p the stress contribution of parti-
cles. The stress contributions 7, T4 and 7, are assumed
constant for all ageing times and they are determined
from hardness measurements of the alloy naturally aged
10 minutes, assuming that all the copper atoms are in
solid solution. The stress contribution 74, may be writ-
ten [8,78]:

T4y = HXJ. (22)

u

with X, the mass fraction of Cu in solid solution in
the Al matrix. H and n two constants equal to 7.2 MPa
and 1, respectively [78,|80]. Then, the concentration of
copper in solid X, is updated for each state by know-
ing the volume fraction of precipitates (Cu clusters and
GP zones) inducing a variation of 7;,. When the al-
loy is naturally aged, Cu atoms agglomerate as clusters
then quickly form GP zones. According to the HAADF-
STEM images, the kinetic is slower when the alloy is
in contact of hydrogen prior to ageing in air. Both GP
zones and Cu clusters affect hardness due to interactions
with dislocations. Since they are nanoscaled with a di-
ameter d; inferior to dc = 10nm, a critical diameter be-
low which dislocations shear these particles (and when
the particles are larger than d¢, they are by-passed by
dislocations) [11], the shear stress 7p for a moving dis-
location writes as [18, [11]:

1 3 2 1.5 dz 0.5
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with b and u, the Burgers vector and shear modu-
lus equal to 0.286 nm and 27 GPa [L1], respectively.
d; and fy are experimental data (table [T) and they are
used to determine 7p for each condition. It is impor-
tant to note that eq. (23) was established for spherical
particles, which is clearly not the case for GP zones.
However, previous studies have shown that this equa-
tion gives also consistent results for GP zones |8, [14].

Fig. shows the variations of 7y estimated from
hardness measurements and eq. (20). These estimates
are compared to values calculated from model, eqs. @I+
[23), with only the contribution of GP zones and with the
contribution of GP zones and Cu clusters. The shear
stresses obtained from the strength model exhibit the
same trend than values estimated from hardness mea-
surements: (i) Ty increases with the ageing time and (ii)
Ty is always larger when the alloy is aged in air than
when it is stored in NaOH prior to ageing in air. How-
ever, the best match is obtained when both clusters and
GP zones are considered. This result confirms the de-
lay of GP zone nucleation and growth due to hydrogen
incorporation.

130.0
Hardness s
Strength model (GP zones only) ===
120.0 | Strength model (with Cu clusters)
= 110.0 -
o
=
2 100.0
90.0
80.0

Figure 12: Variation of 7y during natural ageing of AlCu, obtained
from the hardness measurements and from the strength model con-
sidering GP zones only and including particles appearing as copper
clusters.

5.2. Comparison between experiments and calculations

The microhardness measurements show a delay of
the hardening kinetic when the alloy is stored in 5h in
NaOH. The HAADF-STEM observations confirm this
delay and even after being naturally aged 9 days, mi-
crostructures are still different when the alloy is directly
aged in air or stored 5 h in NaOH. This difference can be
due to hydrogen reducing the diffusion of copper or/and
an increase of the energy barrier to form GP zones, lock-
ing copper agglomerates as clusters. Since hydrogen



strongly interacts with the excess vacancies [33,38-40],
our numerical study focused on the effect of hydrogen
on the diffusion of the copper in aluminium through ab
initio calculations.

According to fig. [[T] the ratio of diffusion coefficient
DYt j pFithoutHl i . 1076 at 300 K. Defining the ef-
fective diffusion length of copper as A¢c, = V6Dc,t,
then ACWLf”’H //lgj”’”“’H ~ 1073. The HAADF-STEM im-
ages of fig. [2l show that the structure is similar in the
alloy directly aged 1h in air and in the alloy stored
5h in NaOH and aged 9 days in air. Assuming that
this difference is only due to the impact of hydrogen
on the diffusion coefficient, then A¥™#(t = 9d) =
AgithoutH(t — 1d) and DgimH/DgthMH ~ 10—1. This
is consistent but much lower than results from ab ini-
tio calculations. However, during the first hours in
NaOH, hydrogen diffuses in Al-5Cu and some time
is required to create H-vacancy complexes, thus part
of them annihilate before the creation of a hydrogen-
vacancy complex. Besides, during the ageing in air af-
ter the 5h in NaOH, hydrogen may desorb from the al-
loy, which probably reduces the quantity of hydrogen-
vacancy complexes. These two features may explain the
difference of diffusion coefficient between experimental
observations and calculations. Nevertheless, the ab ini-
tio calculations are focused only on single H-vacancy
complexes while previous work has shown that depend-
ing on the hydrogen content, hydrogen-vacancy com-
plexes with several hydrogen atoms may be more stable
than single H-vacancy complexes [81]]. However, these
H atoms would be placed in additional tetrahedral in-
terstitial sites of the vacancy, decreasing even more the
diffusion coefficient and may lead to a non-Arrhenius
behavior of the diffusion coefficient (as observed for D/I;I/
in ref. [81]).

Ab initio calculations revealed that hydrogen and va-
cancy are attractive, even with copper in the vicinity of
the vacancy (and H is more stable far from Cu atoms,
in positions P, and P3). The previous calculations for
pure Al (sec. [4.1)) show that hydrogen affects the mobil-
ity of vacancy and thus should also impact the diffusion
of copper as confirmed in section £.21 However, it is
important to note that these ab initio calculations have
some limitations. It has been established that hydro-
gen enhances the formation of vacancies in aluminium
[33, [66] even though an increase of the formation en-
thalpy of hydrogen-vacancy complex is obtained (which
is also in agreement with the literature [38, |66]). This
is because ab initio calculations focus on monovacan-
cies bound exclusively to one hydrogen atom. Accord-
ing to previous ab initio calculations, up to 10 H atoms
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can be incorporated in one vacancy (12H atoms for
[82] and 13 H for [[37]). While increasing the number
of H-trapped atoms in one vacancy may increases the
formation enthalpy of the hydrogen-vacancy complex
[38], several hydrogen atoms included in one vacancy
can form H, molecules. This might reduce the forma-
tion energy of these complexes or lead to divacancies,
which have a stronger attraction with H [37]. In the
situation where several H are trapped in vacancies or
divacancies, the complex may reduce its formation en-
ergy considerably and would not impact the migration
energy of the vacancy (e.g.: when H atoms are far of
the moving atom). Theoretically, even an increase of
the self-diffusion due to H can not be excluded. Such
increase of self-diffusion has been reported for nickel
where the formation energies of hydrogen-vacancy fol-
lows the superabundant vacancy model with up to 6 H
atoms inserted [61]. However, the increase of the mi-
gration energy of these complexes due to H incorpora-
tion is smaller [83]. As a consequence, when one hy-
drogen atom is incorporated in one vacancy, hydrogen
delays its diffusion, but the opposite may occur when
more hydrogen atoms are incorporated in one vacancy,
and an increase of the vacancy mobility can even be ob-
tained [39]. Similar mechanisms cannot be excluded in
the diluted Al-Cu system, but experimental data show
that Cu diffusion is significantly reduced, thus based on
our ab initio calculations, single H-vacancy complexes
are probably dominant.

6. Conclusions

This present work studied the consequences of hydro-
gen on the GP zone formation and growth in an Al-5Cu
alloy. When it is naturally aged in air, excess vacan-
cies diffuses and are annihilated in residual dislocations
and grain boundaries, allowing copper to diffuse lead-
ing to the nucleation of GP zones, which that harden
the alloys. When the alloy is in contact with hydro-
gen during the beginning of the natural ageing, a delay
of the hardening kinetics is noted with a change of the
microstructure observed through HAADF-STEM. Ac-
cording to the ab initio calculations performed in this
study, hydrogen-vacancy complexes are stable in the
vicinity of Cu in a diluted Al-Cu system. Therefore,
these complexes (containing one or more H atoms) af-
fect the diffusion of Cu in Al matrix leading to a delayed
nucleation and growth of GP zones.

Modelling at atomic scale the self-diffusion for
Al and the diffusion of Cu in Al in the presence
of hydrogen-vacancy complexes highlights two phe-
nomenons : (i) hydrogen in the path of the atom that ex-



change with the vacancy will increase the energy barrier
and (ii) hydrogen far from this atom will be dissociated
from the vacancy and it will be less stable after the atom
jump. As a consequence, the diffusion coefficient of
copper is always smaller in presence of hydrogen close
to or trapped in the vacancy. In addition, even if hydro-
gen always reduces the mobility of Cu in diluted Al-Cu,
it was demonstrated that the position of H in the lattice
of a diluted Al-Cu alloy influences the diffusion coeffi-
cient. Therefore, statistical study using techniques such
as kinetic Monte-Carlo simulations would be performed
in the near future to determine the evolution of the diffu-
sion coeflicient of copper as a function of the hydrogen
concentration. This statistical study would also help de-
termining the number of H atoms insides a vacancy for
a given temperature and H concentration, which is an
unknown parameter in the present work. Finally, these
results are obtained without studying the consequences
of hydrogen on the precipitate/matrix interface, which
will also be the object of a future study.
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Appendix A. Differential scanning calorimetry
measurements of differently aged
Al-5Cu

DSC measurements are carried out using a Q100
TA Instruments DSC apparatus. Samples are manufac-
tured in 2 mmXx2 mmx0.25 mm dimensions and with a
mass lower than 8 mg. The heat flow measurements
are carried out linearly from 253K to 783K at a rate
of 10K.min~!. Samples are cooled and then heated a
second time from 253 K to 783 K to record the baseline.
Then, the heat flows presented in this work correspond
to the difference between the two data set. GP zones
are observed using TEM with a JEOL-ARM200F mi-
croscope operated at 200k V.
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DSC measurements are carried out to exhibit the
exothermic and endothermic peaks of the precipitation
sequence, which may vary due to hydrogen. The heat
flow curves of five samples of Al-5Cu alloy differently
aged are displayed fig. Since, the time needed
to prepare samples after the heat treatment is about 1 h,
the heat flow curve of the material aged 1h in air may
be considered as the as-quenched state. In the DA alloy,
the endothermic peak corresponding to the dissolution
of the copper clustering and the exothermic peak cor-
responding to the formation of GP zones are observed
(peaks a and b in fig. but disappear after when
the material is aged 6h. It is obtained due to the ex-
cess vacancies lead to the formation of GP zones at
ambient temperature. When the alloy is aged 5h in
NaOH, these peaks seem to be still observed even up
to 24 h. This result is in agreement the one obtained us-
ing micro-hardness measurements and HAADF-STEM
observations: hydrogen affects the microstructural evo-
lution of naturally aged Al-5Cu alloys by reducing nu-
cleation and growth kinetics of GP zones.

exoup DA ——

aged 24h ab 5h NaOH ——
— C
2 ]
\;' b
3 3 c
o aged 6h d
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T
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Figure A.13: Heat flow curves of naturally aged Al-5Cu alloy in air
(blue) or 5h in NaOH (red). Peak a corresponds to the dissolution of
Cu clusters, peaks b and c¢ the formation and dissolution of GP zones,
peaks d the formation of 6" [6-8]. Heat flow curves of the alloy aged
5h NaOH include the time spend in the aqueous solution (i.e.: when
the alloy is aged is 6 h or 24 h, it is aged 5 h in NaOH then an additional
Thor 19h in air, respectively).

Appendix B. Lattice parameter value at finite tem-
perature

The lattice parameter a,(T) is determined at finite
temperature by calculating the free energy F(V, T') of thz
perfect crystal having a hydrostatic deformation, which
is defined as:

FV,T) = E(V) + Foip (V. T), (B.1)



with E(V), the static energy and F;;,(V, T') the contri-
bution from the vibrations of the crystalline lattice cal-
culated with the quasi-harmonic approximation (QHA)
using phonon frequencies w; [184]:

! .
Fun(V.T) = 5 ) hwo;(@.V)
9.J

+ kT Z In2 sinh

q.j

[L"(q’ V)], (B.2)

2kpT

with the first and second terms, the zero-point energy
and thermal contributions, respectively. The vibration
frequencies of phonons, w; are the eigenvalues of the
dynamic matrix for a wave vector ¢. The pressure P is
calculated for several volumes V, and the pressure vari-
ation depending on the volume is fitted with the Vinet
equation of states 53, 85]:

|ERUADES
(V/Vo)*?

3
exp{E(Ka - D[l - (V/Vo)'/3]}, (B.3)

P(V) = 3K,

with Ky the bulk modulus equal and K’ =
[0Ko(T)/0P]r. The lattice parameter ay; is obtained
from V; the volume of the cell at 0GPa and at fi-
nite temperature. Fig. [B.14la presents the isothermal
bulk modulus K7, compared with results from the lit-
erature [86, I87]. These calculations slightly underes-
timate the constant, which is also observed in nickel
[[53]. However, the difference, which could come from
the exchange-correlation potential [88] remained below
10%. From the relaxed Vy (fig. [B.14lb), the volume
thermal expansion coefficient ay (fig. B.I4lc) is deter-
mined and is close to the values available in the litera-
ture [89]. Then, the lattice parameter a4; is deduced and
presented in fig. [B.14ld.
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