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Abstract

Aluminum foils and single crystals of varying thickness and purity were charged with hydrogen using gas plasma, electrochemical and
chemical methods. The concentrations of hydrogen introduced were monitored by gas extraction and prompt y-activation analysis
measurements. X-ray diffraction measurements indicated that within experimental error there was either a small lattice contraction or a
zero change in lattice parameter after charging. It was found that during cathodic and chemical charging an AI(OH), layer formed on the
surface. Extensive experiments revealed that unless the surface layer formed during the charging process was removed, the concentration
of H measured with either analysis method was erroneously high. The plasma charged samples do not form an Al(OH), layer on the
surface, but instead form H—vacancy complexes at the surface which diffuse into the volume and then cluster to form H,, bubbles. The
structure of the hydrogen solutes introduced by the charging methods is discussed and the diffusivity of a hydrogen—vacancy complex at
300 K is estimated. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

Although studies of the solubility of hydrogen in molten
and solid aluminum in the temperature range of 573-1473
K [1-5] have been carried out, little is known of the
hydrogen solubility and structure in the vicinity of room
temperature. The diffusivity and permeability of hydrogen
in auminum has been studied in the temperature range
285-328 K [6], but no independent measurement of the
solubility was made. Recent measurements of the solu-
bility of hydrogen in aluminum [7] at room temperature
determined that very large concentrations (>1000 appm)
of hydrogen could be introduced using electrochemical,
chemical and ultrasonic water bath charging techniques at
room temperature. After charging, X-ray diffraction
showed that the very high hydrogen concentrations re-
sulted in either a small decrease or a zero change in lattice
parameter. This is in direct contrast to observations in
other fcc metals, theare a considerable lattice expansion of
approximately 2.9 A~ per H atom is exhibited [8].

In the present paper, high concentrations of hydrogen
were introduced into aluminum at room temperature using
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electrochemical, chemical and gas plasma methods. The
concentrations were monitored by gas extraction, lattice
parameter, and prompt y-activation analysis (PGAA). The
structure of the hydrogen solutes were investigated and the
diffusivity of the hydrogen—vacancy complexes at 300 K
were estimated.

2. Experimental procedures

For the experiments described in this paper and in Ref.
[7], polycrystalline specimens were cut from aluminum
having purities of 99.99% (thickness of 130 um (series
A)), 98.6% (thickness of 50 wm (series B)), and 99.999%
(thicknesses of 100 pwm (series C) and 1000 pm (series
D)). For small angle neutron scattering (SANS) experi-
ments specimens were cut from single crystals grown from
the 99.999% auminum in vacuum by a Bridgman tech-
nique (series E and F). The cutting was by spark erosion
and was followed by careful polishing to ~1000-p.m thick
so as to minimize the damage to the surfaces. SANS
experiments also utilized stacks of the 130-p.m foils (series
A) to obtain sufficient material for the neutron scattering.
All specimens were given a final anneal a 833 K in a
vacuum of 10™* Pa
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Hydrogen charging was carried out using three methods
— cathodic charging in H,SO, or HCI, using NaAsO, asa
hydrogen recombination ‘poison,” by etching in NaOH (pH
10-12) containing NaAsO, as a hydrogen recombination
‘poison,” and by immersion in aH, gas plasma at voltages
ranging from 0.5 to 1.2 keé/. While each of the three
charging methods produced high concentrations of hydro-
gen in the aluminum, they differed in several important
respects. The electrolytic charging utilized a Pt anode and
current densities of 1-200 mA cm™°. During the elec-
trolytic charging an AI(OH), layer formed on the
aluminum surface. It could be removed by mechanically
wiping the surface immediately after electrochemical
charging. Unless it was removed, spurious concentrations
of hydrogen were measured during analysis as discussed
below.

Hydrogen concentrations in specimen Series A and B
obtained using the H, gas plasma method at current
densities from 7x10™* to 0.75 mA cm 2 and charging
times range from 357 to 4320 min were studied. It was
found that at H ion current densities >0.5 mA cm % H
concentrations >1000 appm were obtained as measured by
both the gas extraction and PGAA methods. In some cases
concentrations approaching 3000 appm were obtained
using charging times sufficient to alow equilibration of H
throughout the foil thickness. The surfaces after plasma
charging were clean and did not have an Al(OH), layer.

The hydrogen distributions through the specimen thick-
nesses during charging by the various methods were
estimated from the hydrogen diffusivity, 2x10™** m* s™*
[6], at the charging temperature. As shown in Table 1, for
the charging times used, a uniform H distribution was
attained in specimen series A, B and C, was not attained in
specimen D, and was almost attained in specimen series E
and F. For the gas plasma method, the distribution of the H

Table 1

introduced below the surface by the plasma was deter-
mined by the TRIM [9] program and the average depth of
implantation was calculated to be 194 A.

The concentration of hydrogen in the aluminum was
determined using two methods, both of which agreed well
for comparably charged specimens. The first utilized a
high temperature vacuum extraction technique with the
amount of H, released being determined by gas chroma-
tography. The second method employed prompt y-activa
tion analysis (PGAA) where the intensity of emission of
vy-rays of 2223.23 keV/ energy measures the amount of
hydrogen in the sample [10]. The sensitivity of both
methods was approximately 50 appm. Extensive experi-
ments revealed that unless the surface layer formed during
cathodic charging was removed, the concentration of H
measured with either analysis method was erroneousy
high. The surface layer was found to be Al(OH), and on
heating for the gas chromatography measurements the
hydroxide decomposed to Al,O, and H, resulting in a
erroneously high measured concentration of hydrogen. The
PGAA method also gave anomalous high values of H/M
as it measures the total H concentration regardless of
whether the hydrogen is present as solute H or in Al(OH)s,.
Table 2 compares the H concentration of hydrided poly-
crystalline foils with different surface treatments after
charging. Samples 1a, 1b, 3a and 4a had their surfaces
cleaned after charging and the surfaces of samples 2a, 2b,
3b and 4b were not cleaned after charging. Comparisons
between samples 1a and 2a, 1b and 2b, 3a and 3b, and 4a
and 4b show that the samples that had the AI(OH), layer
removed before analysis had values of H/M an order of
magnitude less than those samples which had no surface
cleaning.

Experiments were also conducted to estimate the maxi-
mum amount of H introduced using the cathodic charging

Distance diffused by H and vacancies during the H charging times and the times required to achieve a homogeneous distribution of H and vacancies

calculated using the measured diffusivities [6,16,18]

Specimen series Charging Vacancy Hydrogen Time required Time required
method diffusion diffusion for a for a
and time distance distance homogeneous homogeneous
(min) during H during vacancy H distribution
charging charging distribution (min)
(wm) (pm) (min)
99.99% purity foil, 456%10° 21 148 4.20x10* 8.80x 10°
130-pum thick (Series A) (Plasma)
98.6% purity foil, 1.44x10° 12 83 2.55x10° 1.30x 10°
50-pm thick (Series B) (Plasma)
99.999% purity fail, 1.44x10° 12 83 2.49x10* 5.21x10°
100-pm thick (Series C) (Cathodic)
99.999% purity foil, 2.88x10° 17 120 2.49x10° 5.21x10*
1000-p.m thick (Series D) (Chemical)
99.999% single crystal 2.86x10* 54 370 2.49% 10° 5.21x10*
1000-pm thick (Series E) (Plasma)
99.999% single crystal 3.13x10* 56 390 2.49x10° 5.21x10*
1000-m thick (Series F) (Plasma)
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Table 2

A comparison of the H concentrations measured for cathodically charged aluminum (Series B) with the surface film removed and present for the gas
chromatographic (GC) and prompt y-activation analysis (PGAA) methods of H/M analysis

Sample Cathodic Charging H/M (appm) and Surface treatment
current density time method of analysis after charging
(mA cm™?) (min)

la 20 24 250+50 (GC) Cleaned

2a 20 24 476050 (GC) Not cleaned

1b 20 24 0250 (PGAA) Cleaned

2b 20 24 460050 (PGAA) Not cleaned

3a 50 3935 570+50 (GC) Cleaned

3b 50 1898 11740+50 (GC) Not cleaned

4a 50 60 210+50 (GC) Cleaned

4b 50 60 262050 (GC) Not cleaned

method. Table 3 shows the H concentrations for 11
samples, charged for varying times and current densities.
All of these samples had the AI(OH), layer removed after
charging. The highest concentration was found to be 770
appm; consistent with the conclusion that the highest H
concentrations in the cathodic charged specimens in Table
2 (2a, 2b, 3b and 4b) are mainly due to the Al(OH), layer
on the surface.

L attice parameter measurements were made immediately
after charging using step scans through the X-ray peaks
obtained with CuKa radiation. The lattice parameters
calculated from lines at various Bragg angles, 6, were
extrapolated versus cos” §/siné to increase the precision of
measurement. The precision of the change in lattice
parameter, da/a, was estimated to be 5x10~° from the
standard deviation of repeated measurements (including
repeated placement of the specimen in the specimen
holder) on a reference specimen. For the 99.99% pure
aluminum samples, which were hydrogen plasma charged,
dala, was measured for the (400) peak only, due to the
samples being heavily textured.

Table 3
Hydrogen concentrations measured in hydrided aluminum foil (98.6%
pure), where the Al(OH), layer was removed immediately after charging

Sample—fail J Charging H/M (appm)
98.6% Purity  (mAcm ?) time (min) and method
of H/M analysis
(%50 appm)
1 100 6911 770 (G/C)*
2 500 29 680 (G/C)
3 30 498 580 (G/C)
4 20 1392 520 (G/C)
5 47 312 510 (G/C)
6 40 1649 500 (G/C)
7 3 1352 450 (G/C)
8 20 923 420 (G/C)
9 0.5 1555 390 (G/C)
10 20 302 330 (G/C)
11 Not hydrided N/A 170 (G/C)

#G/C denotes that the solubility for that particular sample was
measured using gas chromatography.

3. Results and discussion

Introduction of hydrogen into the lattice of fcc solids
generally results in a considerable lattice expansion [1]
with almogtsall systems exhibiting a volume expansion of
oV,,=2.9 A". For the atomic volume (£2) of aluminum this
corresponds to 6V, /(2 = 0.175 per hydrogen atom. Table 4
shows the calculated lattice parameter change (da/a,),.
using the measured solute hydrogen concentrations for
each of the charging conditions used. Lattice expansions in
the range of +3x10 ° to +2x 10 * are expected for the
measured hydrogen concentrations. In contrast, the mea-
sured values of fal/a, (Table 4) are negative, i.e. a
contraction of the lattice occurred indicating that the solute
hydrogen induced lattice expansion is significantly less in
aluminum than in other metals.

These results can be accounted for by the formation of a
lattice vacancy at the surface accompanying the intro-
duction of a H solute followed by the diffusion of the
H—vacancy complex into the volume. In this model, the
vacancies are formed at the external surfaces and the
additional lattice sites formed are introduced at the external
surfaces rather than at internal vacancy sources. In the
situation where the H—vacancy complexes remain dis-
persed as individual defects, the volume change is:

ba_dL_1(Vy (g B A .
a, L, 3\V,) 3\™n"™g @

where C,, is the concentration of vacancies and 8, /(2 =
—0.35 is the lattice relaxation due to a vacancy in
aluminum [11]. From Eq. (1), the values of C,, and C,,/C,,
can be calculated and are shown in Table 4.

For the plasma charged sample (series A) an indepen-
dent determination of C,, was made using precision density
measurements, and the ratio of C,,/C,; calculated from this
data is 24 times greater than the calculated retio of C,,/C,,
determined from Eq. (1). The calculated ratio (from Eqg.
(1)) of C,/C, assumes that the H—vacancy complexes
remain dispersed throughout the lattice as individual
defects. However it is known experimentally [12—15] from
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Table 4

Values for the concentrations of hydrogen, C,, obtained on charging; a/a, calculated from C,;; the experimental values of 6a/a,; the calculated C, (Eq.

1); C,/C, (cdc) and C,/C, (expt.)

Charging conditions C, Calculated dala, C, C, C,/C, C,/C,
(appm) values of (expt.) (cdc) (expt.) (calc) (expt.)
sala, +5%10°°
(H only)
Cathodic charging:
IN H,SO,+NaAsO,, 700 +41x10°° —17x107* 1.8x10°° N/A 26 N/A
pH 1; 35°C, 50 mA cm 2
(Series C)
Chemical charging:
1IN NaOH; pH 12; 600 +35%10°° —-33%x10"* 31x10°° N/A 5.2 N/A
t=24 h (Series C)
Plasma charging:
T=76 h (Series A) 2880 +1.7x107* +7x10°° 14x10°° 33x10°? 0.48 16
T=24 h (Series B) 1300 +7.6X10°° —4x107° 9.9%x10°* N/A 0.76 N/A

small and ultra small angle neutron scattering (SANS and
USANS), indlastic neutron scattering (INS), and scanning
and transmission electron microscopy measurements (SEM
and TEM) that the H—vacancy complexes cluster together
to form H, bubbles. The resulting internal pressure can be
reduced as the compressive field of the H,-bubbles will
attract extra vacancies created by the initial 1-kev ions
[13-15]. The extra vacancies increase the volume of the
bubbles, giving rise to the experimentally determined large
velue of C, /C,,. Therefore the large difference between
the calculated and experimental value of C, /C, for the
series A sample can be attributed to the experimental
observation that in the plasma charged Al, H isin the form
of H, bubbles, and not as individual dispersed H-vacancy
defects.

The nature of the hydrogen and vacancies in the
cathodic and chemically charged samples (series C) have
not been investigated using the SANS, SEM, TEM and
INS techniques, but the negative relative change in lattice
parameter suggests that H—vacancy complexes are formed
from these charging processes. Whether these complexes
cluster to form H,-bubbles or remain as dispersed H—
vacancy complexes cannot be verified without additional
experimental information (i.e. SEM, TEM, INS and
SANS). In the cathodic and chemically charged specimens
it is expected that the H is also in the form of bubbles, but
that these form only from the H—vacancy complexes, as
there is no source of additional vacancies.

The diffusivity of a vacancy and hydrogen in aluminum
is given by Egs. (2) and (3):

D, =Dy exp( — E/KT) 2

Dy =Dg exp( — Ep/KT) 3

where Dy =1.1x10"° m® s™* [16,17] is the vacancy
diffusion prefactor, D{=9.2x10"° m® s™* [6] is the
hydrogen diffusion prefactor, Ej,=0.62 &/ [16,18] is the

vacancy diffusion activation energy, and Ej =0.57 &V [6]
is the hydrogen diffusion activation energy at T=300 K.
From D, and D,, the time for hydrogen (t,) and a
vacancy (t,,) to achieve a homogeneous distribution in the
charged foils is calculated and presented in Table 1. The
50-, 100- and 130-pm thick foils (series A, B and C) are
charged long enough for the hydrogen to reach a homoge-
neous distribution throughout the sample. The 1000-um
thick foils and single crystals have non-equilibrium H
distribution. If the vacancy mobility were not affected by
the presence of H, all samples would have an inhomoge-
neous vacancy distribution. Although the bubbles are
distributed inhomogeneoudly throughout the bulk, they
were observed throughout the volume of the 130-pm foils
(i.e. a @l depths) for charging times of the order of
456 10° min (Table 1) at 300 K. From these resuilts, the
diffusivity of the H—vacancy complex can be estimated to
be 3.9x107*° m? s™* at 300 K.

4. Conclusions

Hydrogen concentrations of the order of 1000 appm can
be introduced into aluminum at room temperature using
electrochemical and chemica charging, but care must be
taken to remove the AI(OH), layer immediately after
electrochemical charging to ensure a correct solubility
measurement.

Hydrogen concentrations of the order of 3000 appm can
be introduced by exposing the aluminum to a low energy
H, gas plasma Since this method does not produce an
AI(OH), layer on the surface of the aluminum it is the
most reliable method of introducing high H concentrations
into aluminum at room temperature.

Either a small contraction or a zero change in the lattice
parameter results when high H concentrations are intro-
duced into the aluminum matrix. This is consistent with
the formation of H—vacancy complexes at the Al surface,
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when H isintroduced. The diffusing species is suggested to
be the H—vacancy complex. The diffusivity of this com-
plex at 300 K for the plasma charged samples is estimated
to be D,,_, =3.9X10 * m* s,
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