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Effect of ball milling (BM) of an aluminum powder on hydrogen generation through a reaction
with hot water was investigated. BM increased surface area of the aluminum particles, increased
crystalline imperfections in the aluminum lattice, and removed a native oxide film on surface of
the particles. The increase in surface area of the particles was studied by measurement of particle
size and examination of cross section of the particles. The effect of crystalline imperfections was
studied by room temperature recovery and high temperature annealing of the ball-milled par-
ticles. The effect of the native oxide film and its thickness was studied by exposing ball-milled
aluminum particles to air for different durations. Hydrogen production capability of different
aluminum powders after each of the above mentioned treatments was tested and correlated to
microstructural changes.
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I. INTRODUCTION

ALUMINUM (Al) can serve as a water splitting
agent for the production of hydrogen. The gravimetric
hydrogen capacity for the reaction of Al with water is
3.7 wt pct, and the volumetric hydrogen capacity is 46 g
H2/L. Despite a high affinity of Al to react with water,
Al is intrinsically resistant to corrosion in neutral pHs.
Upon exposure to air or water, a protective oxide/
hydroxide layer forms on the Al surface. This layer
protects Al against further oxidation in contact with air
or water. The reaction of an Al particle and water at a
neutral pH forms a core–shell structure.[1] The core is Al
and the shell is the hydroxide phase formed around Al.[2]

The ion species or/and water[3] diffuse through the
hydroxide layer and reach the Al core. The reaction
occurs at the interface of Al core and the hydroxide
shell. At a neutral pH, Al containing ions diffuse
outward and reach the surface of the shell. Because
the solubility of Al ions in water is negligible, Al(OH)3
or AlOOH deposit on the surface of the shell and add to
its thickness. Diffusion of ion species or/and water is
considered the rate limiting step for the reaction.[4,5] As
the hydroxide layer thickens and densifies, the diffusion
of ion species or/and water becomes slow and conse-
quently, the hydrogen generation rate diminishes.[6]

Scientists have accomplished extensive research to
promote the reaction of Al with water for hydrogen
generation. Ball milling (BM) of monolithic Al pow-
ders[2,7–9] or Al powders with low melting point (LMP)
metals such as Ga, In, Bi, Hg, and Zn,[10–17] water
soluble salts such as NaCl and KCl,[12,13,18–22] and

ceramic powders such as Al2O3(a), Al2O3(c), TiO2, C,
SiO2, and Al(OH)3

[22–30] have been considered to acti-
vate Al reaction with water.
Each type of the second phase particles can promote

the reaction of Al with water in distinctive ways. The
presence of LMP metals can promote the reaction by
different mechanisms: destruction of Al intercrystalline
contacts,[14,31] diffusion of Al nanoparticles through
LMP metals to the reaction sites,[32] formation of micro-
galvanic cells,[11–13,15] destruction of the native alumina
film, and diffusion of Al through a LMP metal layer to
reach water,[14,15,33–35] and also shifting the operating
potential of Al to more negative values.[33] In the case of
ceramic particles, Deng et al.[24,25] explained that a
dispersion of oxide particles in the Al matrix can modify
the protective layer and make it less strong. Dupiano
et al.[23] claimed that the dispersions of a ceramic phase
can introduce new diffusion paths for OH� ions. The
presence of water soluble salt particles in the Al matrix
promotes the reaction by increasing the specific surface
area of Al particles. Water dissolves the salt particles in
the Al matrix, and thus fresh surfaces of Al are
introduced for the reaction.[20,36] Moreover, dissolution
of the salts introduces Cl� ions, which can diffuse into
the hydroxide layer and induce a localized dissolution of
Al at the metal/oxide interface.[12,18,37,38]

Most of the abovementionedworks have explained the
mechanism and progress of the reaction focusing on the
role of the second phase particles. In spite of variety of the
works on activation of Al through BM with the second
phase particles, the role of BM in modification of the
reaction has remained obscure. Regardless of the role of
BM in embedding the second phase particles in the Al
matrix, BMcan contribute to the activationofAl particles
in three ways. First of all, BM increases the specific
surface area of anAl powder by decreasing its particle size
or/and introducing cracks and interlayer spaces inside the
Al structure.[2] Second, BM, as a severe plastic deforma-
tion method, increases lattice imperfections (grain

S.S. RAZAVI-TOUSI, Graduate Student, and J.A. SZPUNAR,
Professor, are with the Department of Mechanical Engineering,
University of Saskatchewan, Saskatoon, SK S7N 5A9, Canada.
Contact e-mail: ser105@mail.usask.ca, s.razavitousi@gmail.com

Manuscript submitted January 25, 2014.
Article published online July 23, 2014

METALLURGICAL AND MATERIALS TRANSACTIONS E VOLUME 1E, SEPTEMBER 2014—247



boundaries, dislocations, etc.), which consequently in-
creases affinity of the milled powder for the reaction.[39]

Third, BM breaks the native oxide film on the surface of
the particles and exposes fresh surfaces for the reac-
tion.[9,40] Although the effects of BM on activation of Al
powders are generally known, it is not clear how and to
what extent each of the BM activation mechanisms can
contribute to the modification of Al-water reaction.

The present work attempts to elucidate the reaction
mechanism and to analyze different functions of BM in
modification of Al-water reaction. We set the temper-
ature of the reaction at 353 K (80 �C) because this is the
optimum temperature for operating proton exchange
membrane (PEM) and many other types of fuel cells. In
order to purely study the effects of BM and the reaction
mechanism of Al with hot water, we did not add any
second phase powder to promote the kinetics of the
reaction. Therefore, the hydrogen generation rate is low
in the absence of any promoting additive, but this test
directly shows how kinetics of the reaction depends on
microstructure of the Al particles.

II. EXPERIMENTAL

A. Ball Milling

The detail of BM procedure is similar to Reference 2.
Alfa Aeasar Company provided Al powder of 99.8 pct
purity (MFCD00134029). The average particle size of
the Al powder was 190 lm. We used Stearic acid (97 pct
purity, Fisher Scientific-AC17449-0010) as process con-
trol agent (PCA) and mixed 3 wt pct of it with the Al
powder prior to milling. The role of PCA was to prevent
excessive cold welding and agglomeration of the parti-
cles at the beginning of milling. A planetary ball mill
(Torrey Hills- ND2L) with stainless steel cups (285 mL
capacity) and balls (28 of 16 mm and 6 of 18 mm
diameter) milled the powders in an argon (Ar) atmo-
sphere. Ball to powder ratio was 30:1, and the mill speed
was maintained at 200 RPM for durations of 0.25, 0.5,
1, 2, 4, 7, 11, and 19 hours.

B. Particles Size Measurements

A Laser Particle Size Analyzer (Mastersizer Particle
Size Analyzer, Malvern Instruments Ltd.) measured the
particle size distribution of the powders. Samples were
deagglomerated in 99.9 pct ethyl alcohol prior to the
measurements and their D50 is presented as the median
particle size.

C. Aging and Annealing Process

In order to study effects of the native oxide film and
room temperature aging on hydrogen production of the
milled powders, we exposed a portion of the milled
powder to air and stored the rest of the powder in an Ar
atmosphere. During hydrogen measurement tests, we
added the powders that were kept in Ar to water in an
inert atmosphere. Therefore, considering the Ar atmo-
sphere of the BM process, these powders did not form
an oxide film prior to the reaction with water.

In order to study effect of lattice imperfections of the
milled Al powders on hydrogen production rate, we
used a tube furnace with an Ar atmosphere to anneal the
milled Al powders. The heating rate of the furnace was
10 �C/min, and the annealing temperature was
823 K ± 275 K (550 �C ± 2 �C). We annealed the
powders for 1, 40, and 360 minutes and turned off the
furnace till it reached to the room temperature, then we
took the samples out of the Ar atmosphere. Considering
the Ar atmosphere in the furnace, the annealing process
did not change the oxide layer, but just increased grain
size and released lattice strain of the samples.

D. X-ray Analyses

A Bruker D8 Discover X-ray diffractometer with a
copper target characterized microstructure of the pow-
ders. We treated the diffraction patterns with the
Rietveld refinement method, using the MAUD pro-
gram, to calculate crystallite size and micro-strain of the
powders. The as-received Al powder annealed for
3 hours at 823 K (550 �C) was used as the standard
sample to evaluate instrumental parameters. To estimate
the quality of fittings, we evaluated the refinement of
each pattern using the weighted pattern factor (Rwp), the
expected pattern factor (Rexp), and the goodness of fit
(GoF) values[41]:
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where IiO and IiC are the observed and calculated
intensities at the ith step, wi = (1/IiO) is the weight
factor, N is the number of observations, and P is the
number of adjusted parameters. We obtained acceptable
fittings with Rwp < 15 pct and GoF< 2 for all the
Rietveld refinements.

E. Hydrogen Measurement

The detail hydrogen measurement procedure is sim-
ilar to Reference 2. We added 2 g Al powder into an
Erlenmeyer flask contained 200 mL distilled water at
temperature of 353 K ± 276 K (80 �C ± 3 �C) with a
constant stirring rate of 120 rpm. The produced hydro-
gen gas passed through a desiccant (CoCl2) to absorb
moisture, and then an ADM2000 flowmeter measured
its flow with an accuracy of 0.1 mL/min. The flowmeter
was connected to the computer, and ADM Trend
software acquired the data. We measured the flow for
the first 1 to 2 hours of the reaction for each sample and
then normalized the results for 1 gr Al powder. We did
not continue measuring hydrogen flow after 2 hours of
the reaction because the collected data were sufficient to
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investigate effect of microstructure on the rate of Al-
water reaction.

We obtained a baseline curve by measuring the flow
from 200 mL distilled water at temperature of 353 K
(80 �C) with a constant stirring rate of 120 rpm with no
Al powder added. The baseline data were subtracted
from the data obtained from the reactions to ensure that
the measurements did not include water moisture or
expansion of air in the flask during heating.

F. Scanning Electron Microscopy

A Hitachi SU6600 field emission scanning electron
microscope (SEM) examined cross section of the pow-
ders after BM. We added a small amount of the powder
to a conductive carbon resin powder, mixed and
mounted it. We polished the mounted samples by
abrasive grinding papers from 600 to 1600 grit followed
by additional grinding with diamond pastes. Finally, to
get high quality surfaces, the samples were polished
using a Hitachi IM4000 Ar ion milling system. A
Nordlys Nano Oxford detector collected electron back-
scattered diffraction (EBSD) patterns at a voltage of
20 kV with a tilt degree of 70 deg.

G. X-ray Photoelectron Spectroscopy (XPS)

An AXIS 165 spectrometer (Kratos Analytical) per-
formed XPS tests with a monochromatic Al Ka source
(hm = 1486.6 eV) used at a power of 140 W. The base
pressure in the analytical chamber was lower than
5 9 10�8 Pa. The analysis spot was 400 9 700 lm, and
the take-off angle was 90 deg. The survey scans were
collected for binding energy spanning from 1100 eV to 0
with analyzer pass energy (PE) of 160 eV and a step of
0.4 eV, and high-resolution spectra with PE = 20 eV
and step of 0.1 eV. Charge compensation was not
required. Aluminum oxide thickness was evaluated
using the method suggested by Strohmeier.[42] Instru-
ment software Vision2 performed the component ana-
lysis of high-resolution spectra of Al2p and calculation
of the areas of oxide and metallic peaks.

III. RESULTS AND DISCUSSION

A. Ball Milling Effect: Morphological Changes

Figure 1 shows effect of milling time on particle size
of the Al powder. One observes that BM up to 1 hour
increases the particle size. More BM after 1 up to
4 hours sharply decreases the particle size, while further
milling after 4 hours does not significantly change it.
The initial increase in the particle size is attributed to
cold welding of the ductile Al particles that result from
the balls impacts. One the other hand, the balls impacts
deform ductile particles during BM, which consequently
increase the hardness of the particles because of work
hardening.[40] The work-hardened Al particles fracture
to smaller ones as BM continues resulting in the
decrease in the particle size after 1 hour of milling.
During 4 to 19 hours of BM, two mechanisms of cold

welding and fracturing of the particles reach some
equilibrium; therefore, BM results in no remarkable
change of the particle size. Previous studies have
established the effect of BM time on the particle size
of a ductile powder and the trend observed in Figure 1 is
typical.[43–45]

Figure 2 shows the cross section of an as-received Al
particle and Al particles milled for 1, 4, 7, 11, and
19 hours. Apart from changes in shape and size of the
particles resulted from BM, one can notice that the 7
and 4 hours milled particles have a laminated structure.
Cold welding of flattened Al particles produces this
laminated structure.[43] The presence of interlayer spaces
between the layers of the 4 and 7 hours milled particles
increases their specific surface area.
Figure 3 shows hydrogen flow vs time for the reaction

of water with the Al powders milled for different times.
We did not observe hydrogen generation for the as-
received Al powder and also the powders milled for 0.25,
0.5, and 1 hour, for that reason they are not reported in
Figure 3. In other words, we did not observe formation
of bubbles, and no flow was measured by the flowmeter.
The zero hydrogen generation of some aluminum
powders in reaction with water during the first hour
up to 80 hours of immersion has been observed in
different works.[1,20,24,46]

This zero hydrogen generation can be explained in
two ways; the reaction did not start, or, the reaction
started, but it was very slow so that no hydrogen flow
was measured (the accuracy of the flowmeter for our
experiments was 0.1 mL/min). Even the 1 hour milled
particles, which most probably their oxide film was
removed during milling, did not produce any measur-
able hydrogen. Thermodynamically, the reaction occurs,
when the oxide film is removed. Therefore, it can be
concluded that the zero hydrogen production of the as-
received particles and the powders milled for 15,
30 minutes, and 1 hour can be explained by a very slow
reaction rate because of the limited specific surface area
and rather low affinity for the reaction.
One can see that the hydrogen flow increases as

milling time increases up to 7 hours, but after 7 hours

Fig. 1—Effect of milling time on average particle size (D50) of the Al
powder.
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milling, it decreases. The higher hydrogen production
rate of 4 and 7 hours milled samples is because of the
presence of internal surfaces due to the laminated
structure of these samples. Further milling up to 11 or
19 hours eliminated the internal surfaces. Therefore, the
reaction happens just on the outer surface of 11 and
19 hours milled samples and hydrogen production rate
decreases.

Considering Figures 1 through 3, one realizes that
BM increases the specific surface area of the Al powders
in two ways: first by reducing the particle size, second by
generating interlayer spaces inside the particles. Since
the reaction of Al and water initiates on and continues
through the surfaces (either on or in particles), BM
improves kinetics of the reaction by providing more Al
sites reachable for water.

Several studies have reported that BM
improves reaction of Al powders with water by mod-
ifying the size or specific surface area of Al parti-
cles.[2,7,10,13,18–20,22,28,29,47] Among the mentioned stud-
ies, some reported that although BM activates Al
powders, extended milling after a particular time can
decrease the hydrogen yield.[2,10,13,22,28,29,47–49] The
twofold effect of BM time remained unexplained in
most of the mentioned studies. Some researchers
ascribed this effect to oxidation of Al particles during
BM.[10,22,28] However, they did not perform cross-
sectional examination of the Al particles to investigate
the role of internal surfaces on the reaction rate. In
the present work, we performed milling in an Ar
atmosphere, thus, no oxidation happened during
milling. In the absence of oxidation, Figures 1 through

Fig. 2—SEM images of cross section of (a) the as-received Al particle and the Al particles milled for (b) 1 h, (c) 4 h, (d) 7 h, (e) 11 h, and (f)
19 h.
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3 allows to establish that a prolonged BM can reduce
the hydrogen generation rate by eliminating internal
surfaces inside Al particles produced during early
stages of milling.

B. Ball Milling Effect: Lattice Imperfection Changes

In spite of the numerous works on BM of Al for the
reaction with water, not enough attention has been paid
to the role of BM in introducing lattice defects to the Al
lattice and consequently, its effect on hydrogen produc-
tion rate. BM, as a severe plastic deformation technique,
introduces lattice imperfections like grain boundaries
and dislocations to microstructure of milled particles.
Figure 4 shows EBSD patterns of an as-received Al
particle and an Al particle milled for 11 hours. Different
colors represent different orientations, and the white and
black lines represent grain boundaries with misorienta-
tion of 5 to 15 deg and over 15 deg, respectively. The
average grain size (misorientation cut-off: 15 deg) of the
Al particles was 32 lm before milling which changed to
0.33 lm after 11 hours milling. The proportion of atoms
that lie at intercrystalline regions as a total of surface
area becomes significant as the grain size decreases. A
decrease of 2 orders of magnitude in the grain size
introduces many grain boundaries to the Al lattice.
To the knowledge of the authors, effect of Al lattice

imperfections on hydrogen generation rate has not been
studied so far. However, effect of Al lattice imperfec-
tions, mainly as a reaction promoting driving force, has
been noted in few studies. David and Kopac, Zhao
et al., and Luo et al. discussed that deformation of Al
particles by BM promotes the hydrogen production rate,
but they did not perform experiments to prove
that.[7,18,19] Wang et al. observed that a finer grain Al
has a higher hydrogen generation rate.[32] They ascribed
that to the presence of a LMP metal layer on grain
boundaries, which facilitates reaction of Al with water.
Veddar and Vermilye[4,50] and Hart[50] also noticed that
the reaction of Al and hot water mainly occurs at grain
boundaries. Veddar and Vermilye ascribed the higher
corrosion that occurs at grain boundaries as a result of
intense removal of electrons from grain boundaries,
which increases hydroxyl ion concentration and results
in more rapid destruction of the protective film. They
found that the hydroxyl attack on the grain boundaries
is 4 times as fast as on the surface grains.[4] Dupiano
et al.[23] aged ball-milled Al powder for 1200 hours at
40 �C in air and found a significant decrease in hydrogen
generation rate. However, no further investigation was
performed to explain the aging effect. Czech and
Troczynski[22] Ball milled a mixture of Al-NaCl powder
and annealed the produced powder at 823 K (550 �C)
for 1 hour. They measured hydrogen generation rate
before and after annealing and found no significant
difference. However, the effects of BM and annealing on
the lattice imperfections have not been reported.

1. Recovery effect
In order to study effect of lattice imperfections on

kinetics of the reaction, we treated the milled powders
with room temperature aging and high temperature
annealing. Figure 5 shows hydrogen generation of the
7 hours milled samples kept in an Ar atmosphere at
room temperature for 2.5, 8, and 16 days. One observes
a lower hydrogen generation rate for the samples aged
for the longer times. Since the samples were not exposed

Fig. 3—Hydrogen generation flow vs time for the reaction of water
with the Al powders milled for different durations.

Fig. 4—EBSD patterns of the as-received Al particle (step size:
0.65 lm) and the Al particle milled for 11 h (step size: 0.03 lm),
note the difference in the scale bars.
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to oxygen prior to the reaction, the only explanation for
the different reaction rates is room temperature recovery
and possible grain growth.

In order to explain the effect of aging time on the
reaction rate, we performed Rietveld refinement on XRD
patterns of the 7 hours milled samples aged for 1, 2, 5, 9,
and 18 days. We found that crystallite size of the samples
did not change significantly with aging time; however,
micro-strain decreasedwith time. Figure 6 shows changes
in micro-strain of 7 hours milled powder vs aging time.
The micro-strain decreases by over 30 pct between 1 and
18 days of aging. Room temperature instability (recov-
ery, recrystallization, or grain growth) is a well-known
phenomenon for ultrafine grained or nanocrystalline
metals.[51–54] As the crystallite size of the 7 hours Ball-
milled Al powders was rather stagnant (95 to 105 nm),
one can gather that just recovery and dislocation rear-
rangement happened during the aging time. Accordingly,
the change in microstructure of the deformed Al particles
toward a more stable state is the reason for the lower
hydrogen generation rate of the aged samples.

2. Annealing effect
Figure 7 shows hydrogen generation of the 19 hours

milled sample and the 19 hours milled samples annealed
at 823 K (550 �C) for 1, 40, and 180 minutes at an Ar
atmosphere. One observes that annealing for 1 or
40 minutes results in remarkable changes in hydrogen
generation rate; however, further annealing after 40 up
to 180 minutes does not significantly affect the reaction
rate. The results of Rietveld refinement of XRD of the
annealed samples are shown in Figures 8(a) and (b). The
crystallite size increased and micro-strain in the samples
decreased with annealing time.
Thermodynamically, the presence of a high amount of

grain boundaries increases microstructural instability
and thus, fine grains in deformed metals have a higher
affinity for reactions than coarse grains in recrystallized
metals. However, a higher affinity of the fine grain
metals for reactions does not necessarily lead to a higher
corrosion rate. An obvious contradiction exists among
results of different works reporting effect of grain size/
residual stress on corrosion resistance of different
metals.[55] The disagreement has been reported for
corrosion resistance of different alloys of the same
metal. For example, in the case of Al alloys, it was
reported that grain size reduction and deformation
result in a better corrosion resistance,[56–60] while other
papers results show the opposite.[61–63] One can, how-
ever, explain the existing contradiction assuming differ-
ent corrosion mechanisms. For example, a decrease in
grain size results in an increase in corrosion rate of a
metal with primary intergranular corrosion mechanism,
while an opposite effect would be expected for a metal
with a pitting corrosion mechanism. Ralston et al.[64]

discussed that a finer grain size increases corrosion
resistance of a metal that forms a protective layer. The
finer grain size increases reactivity and thus, a uniform
protective film forms faster and protects the metal from
further corrosion. On the other hand, the deformed state
of a metal can make it more susceptible to corrosion if
protective film on the metal is not formed.

Fig. 5—Hydrogen generation of the 7 h milled samples aged at room
temperature in Ar atmosphere for 2.5, 7, and 16 days.

Fig. 6—Effect of aging time on micro-strain of the 7 h milled
powder.

Fig. 7—Hydrogen generation of the as produced 19 h milled sample
and the 19 h milled sample annealed at 823 K (550 �C) for 1, 40 and
180 min at Ar atmosphere.
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The protective nature of the oxide film on Al surface
varies in different oxidizing media and at different
temperatures. Regarding the reaction of Al with hot
water at neutral pHs, the oxide film on the surface of Al
gradually transforms to a hydroxide film, this film is less
protective than the oxide layer.[3] After the oxide film is
hydrated, ion species can diffuse through the film and
reach and oxidize the Al substrate.[65] Higher tempera-
tures increase diffusivity of the ion species, which makes
the hydrated layer less protective. Considering the semi-
protective nature of the hydroxide film on the surface of
the Al immersed in hot water, a finer grain size and
deformed Al substrate cannot reduce the corrosion by a
fast and uniform formation of the protective layer. But
the deformed state of the microstructure promotes the
corrosion by increasing the affinity of water to react with
the Al substrate. Consequently, as Figures 5 and 7 show,
the rate of the reaction between the deformed Al particles
and hot water decreases as themicrostructure is stabilized
by either room temperature aging or high temperature
annealing. There is a negligible difference between
hydrogen generation rate of 40 and 180 minutes annealed
samples (Figure 7), while the difference is considerable
for different crystallite size and micro-strain of the

mentioned samples (Figures 8(a) and (b)). Hence, it is
concluded that a significant change in the stored defor-
mation energy in theAl lattice does not necessarily lead to
a significant change in hydrogen production rate, but it
depends on the range in which the crystallite size and
micro-strain change.

C. Ball Milling Effect: Removal of the Native Oxide Film

Reviewing the literature on activation of Al by BM,
one can realize that breaking and removal of the native
oxide film on the surface of Al particles is the most
known effect of this process. Although elimination of
the native oxide film by BM is well established, one must
note that this role of BM is effective as long as milled Al
particles are not exposed to air before the reaction. A
new native oxide film forms upon exposing the milled Al
powder to air. In order to study effect of the native oxide
film, we exposed part of the Ball-milled powders to air
and kept part of it in an Ar atmosphere and then
performed the hydrogen generation test on these
powders.
Figure 9 shows hydrogen generation from the 7 hours

milled Al powders kept for 8 days in Ar or air after BM.
The overall shape of the aired and Ar curves is quite the
same, but for the 7 hours milled Al powder kept in Ar,
the reaction initiates faster than the one kept in air. The
delay in starting the reaction for the air kept powder is
so called ‘‘induction period’’ or ‘‘incubation time’’.
There are two explanations for the presence of an
incubation time before Al reaction with water starts.
The first explanation is that the time is needed for
hydration of the native Al oxide film by water. When the
hydration front reaches the Al substrate, hydrogen
generation starts.[3,66] The second explanation is disso-
lution of the native oxide film in water and precipitation
of the dissolved ions (in pH of 3 to 10) as aluminum
oxide hydroxide on the surface of Al substrate.[5,67,68]

Regardless of what explanation is closer to reality, the
outcome of the both is that before hydrogen generation
starts, Al–O bonds in the oxide film should be broken
and replaced by Al-hydroxide bonds. The time needed
for substitution of the Al–O bonds in the film with

Fig. 8—Effect of duration of the annealing process at 823 K
(550 �C) on (a) crystallite size and (b) micro-strain of the 19 h milled
powder.

Fig. 9—Hydrogen generation of the 7 h milled Al powders kept for
8 days in Ar or air.
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Al-hydroxide bonds delays hydrogen generation of the
air kept sample compared to the one kept in Ar.

One may notice that even the sample that was kept
in Ar does not initiate hydrogen production instantly.
We attribute the delay in hydrogen generation of the
sample kept in Ar to a possible formation of oxide
layer because of the presence of oxygen impurity in Ar,
or a slight exposure to air during handling of the milled
powders. The affinity of Al to react with oxygen is high
in a way that the ball-milled powder can hardly be fully
protected against formation of the film. In other words,
a film may exist on the surface of the ball-milled
powders; however, the film could not thicken similar to
that of the powders that were completely exposed to air
for a long time.

There are few studies that considered effect of air
storage of activated Al powders on incubation time;
however, their results are contradictory. Ilyukhina
et al.[14] found that air storage of 3 minutes milled Al
particles with LMP metals does not affect incubation
time. Dupiano et al.[23] also found no change in
incubation time after 40 �C aging of a milled Al powder.
On the other hand, Zhao et al.,[18] Streletskii et al.,[28]

and Parmuzina et al.[15] noticed significant changes in
incubation time as storage in the air was extended. Chen
et al.[69] found that not only the incubation time is
affected by the storage time, but also the hydrogen yield
of the reaction decreases by longer storage periods. We
tend to agree more with the result of the latter authors,
because if the activation process of Al powders removed
the oxide film, an exposure to air should form the film
on the surface and a longer aging time should slow down
the hydrogen generation. Dupiano et al.[23] collected
data points using big time intervals, and the incubation
period, even if it existed, could not be identified.
Ilyukhina et al.[14] ball milled the Al powder for
3 minutes; such a short milling time could only partially
remove the oxide film, thus, they did not observe any
change in the incubation time even after 63 days of air
storage.

In order to verify the effect of duration of air storage
on incubation time, we kept the 7 hours milled powders
in air for different durations up to 23 days and then
measured their hydrogen production. Figure 10 shows
hydrogen generation of the 7 hours milled Al powders
kept for different times in air. The hydrogen generation
rate decreases dramatically as the powder was kept for
longer periods in air. This decrease can be justified by
two phenomena. The first phenomenon is the effect of
room temperature aging on the native oxide film on the
surface of the powder particles. A change in the oxide
film can be inferred from the increasing incubation time
as the powder was kept longer in air. The oxide film can
grow thicker as the powder is exposed longer to air. The
second phenomenon can be inferred from hydrogen
production rate. Even when the reaction starts after the
delay due to the incubation time, the amount of
hydrogen generated from the longer aged powders was
smaller than that from particles aged for shorter time.
As explained in Section III–B, the second phenomenon
is because of a room temperature recovery of the

deformed Al powder, which diminishes Al affinity to
react with water.
In order to study the effect of room temperature aging

in air on the incubation time, we extracted the delay
time by a linear slope fitting of the curves in Figure 10.
We also measured the thickness of the oxide film on the
surface of the milled powder by XPS to find a
correlation between aging time, oxide thickness, and
incubation time. Figure 11 shows effect of number of
days of aging on the incubation time. The incubation
time increases as the aging time increases. Figure 12
shows effect of aging time on the thickness of the native
oxide film. The oxide film thickness also increases with
the aging time. The solid line represents a power law
fitting to the experimental data. A thickness of 7.4 nm
was measured for the as-received particles, and is
presented in Figure 12. One can see that even after
54 days of the exposure of the milled powder to air, the
thickness of the oxide layer on the surface of the as-
received particles is bigger than that of the milled
powder. Considering Figures 11 and 12, one realizes
that the aging at room temperature causes an increase in

Fig. 10—Effect of duration of the room temperature aging in air on
hydrogen generation of the 7 h milled Al powders.

Fig. 11—Effect of aging time on the incubation time of the hydrogen
generation reaction.
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thickness of the oxide film, and accordingly, the
incubation time increases.

IV. CONCLUSIONS

In addition to the role of BM in incorporating
additives to aluminum powders to promote hydrogen
generation during the reaction of aluminum with water,
BM contributes in the production of hydrogen in three
distinct ways:

1. BM increases surface of the particles by decreasing
the particles size and introducing a laminated struc-
ture inside the particles. The role of interlayer
spaces inside the particles is significant in a way
that for prolonged BM times where the laminated
structure is eliminated, the hydrogen generation rate
considerably decreases.

2. BM introduces crystallographic imperfections into
lattice of the aluminum particles, which increases
affinity of the particles for the reaction. A partial
annihilation of the crystallographic imperfections
by either the room temperature recovery (decrease
in the lattice micro-strain) or the high temperature
annealing (decrease in the lattice micro-strain and
increase in the crystallite size) markedly decreased
the hydrogen generation rate.

3. BM removes the native oxide film formed on the
surface of the aluminum particles. The absence of
the protective film makes the reaction to start al-
most without the delay resulted from a hydration of
the oxide film. However, the protective film forms
on the fresh surfaces as the particles are exposed to
air. The film grew in the span of our measurements
(1 to 56 days) resulting in an increase in the incuba-
tion time of the reaction.

In spite of the common attention to the oxide removal
by ball milling, the present results established that the
role of BM in introducing crystallographic defects and
new surfaces to the aluminum particles is more
substantial for hydrogen generation. The presence of

the native oxide film affects the start of the reaction,
while the latter effects can substantially change the
overall efficiency of hydrogen generation.
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