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Abstract

Aluminum is one of the most active metals with high affinity to oxygen. In reality however,
its reactivity is drastically reduced by the presence of a nanometer-thin oxide film which prevents (or
slows down) its corrosion in environmenté in which the pH ranges from about 4 to 9. Increased
reactivity and uniform corrosion is observed typically only in high alkaline or high acidic solutions in
which the film dissolves.

It has been recently discovered at UBC that the passivation of aluminum in aqueous solutions
of neutral and near-neutral pH can be prevented when Al is mechanically alloyed with a non-metallic
second phase, such as alumina, carbon or metal oxides [1, 2]. In this work another variant of this
system, the Al-WIS (Water-soluble Inorganic Salts such as KCI or NaCl) system, is introduced. The
rapid and massive corrosion reaction of the mechanically alloyed AI-WIS system, which takes place
in tap (or marine, or ground) water, releases remarkably high amounts of hydrogen gas. This system
can therefore be utilized as in situ, on demand hydrogen generation method through aluminum-
assisted water split reaction.

Al-WIS powders were prepared by high-energy ball-milling. Powder mixtures as well as salt-
free (leached-out) Al powders were characterized using SEM, EDS, XRD, XPS and BET methods.
Reaction enthalpy was determined using DSC and the pH shift during the reaction was monitored with:_
a pH meter. The effeéts of WIS concentration, chemistry of other additives, powder particle size,
temperature, and milling conditions on the reaction kinetics were investigated. The H, yield andvAl-. B
WIS reaction efﬁciency were high. From 1 g of mechanically alloyed Al powder, up to 1.25 litres of
hydrogen gas were generated in the first hour of the reaction, i.e. efficiency up to 92% was achieved.
Besides pure gaseous hydrogen, only pure solid aluminum hydroxides were. formed as the reaction

‘ '.: products. Bayerite (Al(OH)3) was predominantly formed at T < 60°C whereas boehmite (AIOOH) at T

> 100°C. Both phases were present in the temperature range between 60°C < T < 100°C.
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1. Introduction and Objectives

Since the industrial revolution, fossil fuels have powered the technology and
tfansportation networks. The worldwide increased demand for more energy on one side and
massive depletion of fossil fuels on the other side has prompted researchers to look for
alternative fuel sources. Pollution and enormous environmental problems caused by
conventional fuels as well as stricter green house emission controls in some countries are other
reasons for increased search for fuel alternatives. A variety of alternative fuels have been
proposed. Out of these, hydrogen offers the greatest environmental benefits. However,
appropriate and safe storage, both for stationary and mobile applications, is complicated, mainly
because of the very low boiling point of hydrogen (20.28 K at 1 atm) and low density in its
gaseous state (0.0899 g/L at 273 K) [3]. Metal hydrides are a safe alternative for hydrogen
storage but the total amount of hydrogen stored in the hydride is low (generally 1 to 2 wt. % and
when heated to temperatures higher then 250°C max. 8 wt. %) [4]. Another sound alternative,
which eliminates the need for storage, is the on-board on-demand hydrogen generation. In this
method H; gas after being released from a chemical compound through chemical reaction,
powers directly a fuel cell or internal combustion engine. A suitable chemical system is
characterized by high gravimetric hydrogen storage capacity, safe and reliable hydrogen release
mechanism, controllable reaction kinetics, reaction constituents’ availability and affordability, as

well as the reaction products regeneration possibility.

One of the non-fossil, natural, abundant and safe chemical carriers of hydrogen is water
and most commonly water electrolysis is used to split water in its components: H, and O,. A

novel method of hydrogen generation through aluminum-assisted water split reaction was

investigated in this thesis. It has been found previously [1, 2] that the passivation of aluminum




can be prevented in neutral (pH 7) or near neutral pH conditions in water by grinding aluminum
with an additive, such as alumina (Al,O3) or boehmite (AIOOH). By doing so, aluminum metal
reacts continuously with water and produces appreciable amounts of hydrogen. Generally,
aluminum has a very high affinity to oxygen and rapidly forms an-oxide film on its surface [3, 5,
6]. This film prevents aluminum from reacting with water because the dissolution rate of the
oxide in solutions of neutral pH range (pH 4 to pH 9) is very low. Reaction of aluminum at high
rates with water is only possible in highly alkaline or highly acidic aqueous solutions in which

the oxide film can be dissolved and hydrogen produced.

This research is a continuation of experimental work performed in the Ceramics Group of
UBC in the last several years. The research was initiated by Prof. Asok Chaklader and led to two
US patents “Hydrogen Generation from Water Split Reaction” [1, 2]. The present work also

resulted in US patent application [7].

Specific objectives of this project are as follows:
1. Investigate the new Al-WIS (Water-soluble Inorganic Salts)-Water system and compare it to
the previously studied Al-Alumina-Water system for H, generation,
2. Evaluate the influence of various processing and reaction parameters on water split reaction,
3. Study the role of ball-milling and the role of additives to the Al-H,O system,
4. Optimize the parameters and maximize the H; generation yield and reaction rate,
5. Use SEM, EDX, XPS, BET and XRD to characterize the powders and reaction products,

6. Advance understanding of the process mechanisms and effects of the process parameters on

the reaction.




2. Literature Review

2.1. Hydrogen as Fuel

Hydrogen has the highest energy content per unit weight of any known fuels (energy of
combustion (LHV): 120.7 kJ/g for H,, 42.5 kJ/g for gasoline) and it can be used with very high
efficiency and zero or near-zero emissions at the point of use [8, 9, 11]. Through its reaction with
oxygen, hydrogen may release energy explosively e.g. in heat engines or “quietly” e.g. in fuel
cells, to produce water as its only reaction by-product. With progress in development of fuel
cells and hydrogen-fuelled combustion engines hydrogen will becofne the most significant

energy carrier of clean energy.

Hydrogen gas does not occur naturally in large quantities on Earth. It occurs in a variety
of chemical compounds like water or hydrocarbons, which must be chemically transformed from
‘a primary source to extract H, fuel. Steam reforming of natural gas is currently the most widely - -

used method of hydrogen production. Close to 96% of the hydrogen produced worldwide is
presently generated from fossil fuels such as natural gas, oil and coal. Most of the produced
hydrogen is used as a chemical, rather than a fuel, in a variety of commercial applications. The
refinery sector (diesel fuel desulphurization, gasoline de-aromatization) and the chemical
industry (production of ammonia-based fertilizers, methanol and hydrochloric production)
account for most of the world hydrogen consumption.v Hydrogen produced from fossil fuels,
when purified and free from carbon monoxide, has the potential to be used for powering
vehicles, running turbines or fuei cells to generate heat and electricity. However, the ultimate

goal is to find inexpensive and efficient routes to create hydrogen in sufficient quantities using

non-fossil natural resources and renewable energy sources.




2.2. Hydrogen Generation Methods

2.2.1. Steam Reforming

“ Steam reforming of natural gas is currently the most common commercial form of
hydrogen production worldwide. In this process, gases such as methane (CHy), propane, or
ethane (also liquid hydrocarbons or methanol) are combined with high temperature steam (700°C
to 1000°C and pressures in the order of 2.5 MPa) where they react in presence of a catalyst to
hydrogen and carbon monoxide [3, 11]. A subsequent water-gas shift reaction treats the carbon
monoxide with more steam and oxidizes it catalytically into carbon dioxide thereby producing

even more hydrogen. The following reactions represent the methane steam reforming process:

Step 1: CHs + H,O — CO + 3H, 2.1)
Step 2: CO + H,0 — CO, + H, (2.2)

Heavy hydrocarbons are converted to hydrogen by using a similar reaction called partial
oxidation method where oxygen, steam and fuel are fed into the system in a controlled manner
and oxidized. Steam reformation of natural gas is one of the best understood and least expensive
method today. It currently accounts for approximately 80% of global hydrogen production [8].
The disadvantage of this hydrogen production method is its dependence on the potentially
limited and volatile natural gas or fossil fuels supply and the emission of CO, into the

atmosphere [10, 11].

2.2.2. Coal Gasification

Coal gasification is the second most used method for hydrogen production. In the coal

gasification process pulverized coal is converted into gas by rapid oxidation of the coal with

steam and oxygen (air) at temperatures up to 2000 K [11]. Significant emissions of carbon




dioxide and also other pollutants such as sulphur and carbon monoxide are associated with coal

gasification [11]. Coal gasification is the oldest method of hydrogen production..

2.2.3. Water Electrolysis

Water electrolysis is a well-established industrial process in which electricity is used to
split water into hydrogen and oxygen, generating hydrogen in a 1:1 molar ratio (2 H,O — 2H, +
0,) with cell efficiencies in the order of 75 to 85%. In order to keep the produced gases isolated,

the two reaction areas are separated by an ion conducting separator (diaphragm) [3].

Even though electrolysis is the most common and very well understood method of
hydrogen production from non-fossil resources, hydrogen generation by Water electrolysis is the
most energy intensive and therefore costly method. However, hydrogen produced using
electrolysis has the potential to be completely emissions free if the electricity used is generated
~ from clean, renewable sources such as wind and solar [9, 10]. As aluminum smelting is also
electrical energy-intensive, hydrogen generation through Al-assisted water split may be

compared to water electrolysis (Appendix A).

2.2.4. Biomass Gasification

Biomass gasification is currently one of the most advanced methods of producing
hydrogen from renewable resources [12]. A wide variety of agricultural wastes and other
biomass sources can be used to produce hydrogen. In the biomass gasification process, biomass
such as forestry by-products, straw, municipal solid waste or sewage is heated at high
temperatures in a reactor and transformed to mainly hydrogen, carbon monoxide, and methane
(CH,). Using steam reformation processes, methane is converted into hydrogen and carbon

dioxide. The hydrogen content of the gas is determined by the process parameters: pressure and

temperature [11].




2.2.5. Other Methods

A variety of novel approaches to H, generation are being investigated on the laboratory
scale. These include innovations in deriving hydrogen thermochemically from hydrocérbons;
thermochemical, pbqtoelectrip or photocatalytic split-of water and other chemical compounds
such as HBr, as well as the biological hyiirogén generatioﬁ by algae and bacteria. However, for

most of these methods, hydrogen storage and delivery to the user remain a major challenge.

2.3. Hydrogen Storage

Very large quantities of gaseous hydrogen can be stored underground in depleted oil or
gas fields, and salt or rock caverns [10]. Intermediate to small quantities of H; gas are stored
stationary in fuel vessels or tanks in either compressed (pressures up to 8000 psi) or liquidized
form (at -253°C). Hydrogen can also be stored in a hydrogen compound such as a metal.hydride,
from which the hydrogen is removed by applying heat. For use in transportation, the on-board
storage of hydrogen must be realized. Limited gas reservoirs, increased risks of a pressurized gas
container or expensive and technologically challenging cooling solutions for cryogenic hydrogen
are the major disadvantages of on-board hydrogen storage. An alternative, the on-board on-
demand hydrogen generation is an elegant solution as it produces as much H;, fuel as needed

close to the site where it is consumed [9, 10] .

2.3.1. On-demand Hydrogen Generation by Water Splitting

The most promising route to produce hydrogen from non-fossil natural resources is by

splitting water, which is a natural carrier of hydrogen. There are several systems - either in




development or already in commercial use - that are able to produce hydrogen on-demand by

generation of hydrogen gas from water using chemical reactions.

In one of the methods, used by Millennium Cell [13), pure hydrogen is generated by the

catalytic decomposition of sodium borohydride in aqueous solutions:

NaBH, + 2H,0 — NaBO, + 4H, 2.3)
| Even though aqueous solutions of NaBH, have won more interest as a large scale high-
purity hydrogen gas generator system in the last few years, the system is generally difficult to
control as the reaction is highly exothermic and the hydrogen yield is temperature sensitive.
Additionally, the reaction must take place at a high alkaline pH and requires an expensive
catalyst (Ru, Rh or Pt) [14, 15]. Further disadvantage is the high cost (~ 60 to 80 US$/kg) and

limited availability of the NaBH4 compound.

Other potential sources for hydrogen are chemically decomposable metal hydrides. NaH,
MgH, and CaH; after reacting with water provide acceptable hydrogen production rates and

good yields to supply small fuel cells with hydrogen [16].

NaH + H,O — NaOH + H, or (2.4)

MgH, + 2H,0 — Mg(OH), + 2H, (2.5)

These reactions are used in technologies developed by Powerball T echnologies [17] and Safe
Hydrogen [18] to generate high-purity hydrogen gas on-demand.
Alkaline metals, such as sodium (Na) or potassium (K) react spontaneously and violently

in presence of water,

Na + H,0 — NaOH + H, or | | (2.6)

K +H;0 — KOH + H, 2.7)




These reactions are highly exothermic, continue until metals are fully reacted and are
therefore not easy to control. Additionally, the reaction products are strongly alkaline and thus

corrosive, dangerous to handle and potentially polluting to the environment [3].

A few methods of hydrogen generation are based on aluminum-water reaction. Andersen
et al. [19] patented a process of producing hydrogen by reacting aluminum with water in the

-presence of sodium hydroxide, NaOH, as a catalyst.

2Al + 3H,0 + catalyst — 3H; + Al,O3 + heat (2.8)

The reaction rates in the highly alkaline NaOH solutions are high as long as the metal is
physically separated from the solid reaction products. The reaction is complete and yields 100%
of H gas. However, the authors state that any chemical reaction that progresses in the presence
of sodium hydroxide does not represent an attractive source of hydrogen for use by the general

public as elevated safety procedures must be applied.

Watanabe et al. [20] patented a method for producing hydrogen gas utilizing a so called
mechano-corrosive reaction of metals in water. Aluminum or Al alloys are turned into fine
particles by applying friction movement to the surface under water. The reactivity of the metal is
increased because continuously fresh aluminum surfaces are created by removing or destroying
of the protective oxide layer. Additionally, numerous cracks and lattice defects which are formed
during friction movements enhance further the chemical reacti\}ity of the surface. H; gas is
produced as long as the metal can be oxidized. The authors claim that this method is safe, of low

cost and suitable especially for industrial waste metals.

A novel and unique method of generating hydrogen from water is through aluminum
assisted water-split reaction using mechanical mixtures of metal-ceramic composites. This
method was proposed in two patents by A. Chaklader [1, 2]. The water split reaction by

aluminum takes place in water at neutral or near neutral pH (4 < pH < 10). The pure hydrogen is
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released as gas and the oxygen combines with the aluminum to form aluminum hydroxide

compounds.

2Al + 6H,0 — 3H,+ 2A1(OH);3 (2.9)

The process requires that Al and the promoter are fine grained and intimately blended
together. The addition of a promoter (alumina or boehmite) prevents the passivation of the
aluminum metal during H; generation at a mild pH. The on demand hydrogen generation is
simple, safe and pollution-free, and the high hydrogen storage capacity of 11 wt % is promising
(see Appendix B). The amount of H; generated from an Al-calcined boehmite B700-H,O system
was reported to be 515 cc Hy /1 g of Al at 50 °C after one hour of reaction. This thesis builds on

this discovery by investigating alternative (e.g. water soluble) promoters of this reaction.

2.4. Aluminum and its Production

Aluminum is the most abundant metal, and the third most abundant element in the Earth's
crust (about 8 % by weight); however, elemental aluminum does not occur in nature. The main
source of aluminum is bauxite ore. On average 4 to 5 tonnes of bauxite are needed to produce
two tonnes of alumina, from which one tonne of aluminum can be produced. Aluminum is a
silvery-white, light metal with a specific density of 2.70 g/cm® and a melting point of 660°C.
Pure aluminum is soft and highly ductile so that it can be easily formed, machined, or cast; is
nonmagnetic and a good conductor of heat and electricity; has excellent corrosion resistance due
to a protective coating of aluminum oxide formed on the surface. Al alloys are repeatedly
recyclable for environmental sustainability. Its low mechanical strength can be significantly
increased by alloying. Aluminum alloys may contain as much as fifteen percent of metals such

as silicon, chromium, copper, iron, magnesium, manganese, nickel, titanium and zinc.

Aluminum and aluminum alloys found many engineering applications from food packaging, to




construction and aircraft industry especially because of their combination of lightness with

strength, their non-toxic qualities, as well as their high corrosion resistance.

Two industrial processes are applied to produce aluminum from bauxite. The first one,
the Bayer process, is used to obtain aluminum oxide from bauxite; the second one, the Hall-
Héroult procéss,; is used to produCe aluminum from alumina by electrolytic reduction. Figure 2.1
illustrates schematically the primary aluminum production process. Most smelters produce
aluminum of 99.6-99.9% purity. High purity Al (99.99%) is used for special applications where

high ductility or conductivity are required.

Bauxite mine

v

Bauxite with about 40 — 55% aluminum oxide

v

Bayer process

v

Aluminum oxide Al,O;

v

Hall-Héroult Process

v

Primary aluminum

v

Cast house

Figui‘e 2.1 Primary aluminum production (schematically).

The aluminum smelting process is energy intensive, with electricity accounting for 25 to
35 percent of the total production costs. Only paper, gasoline, steel, and ethylene manufacturing
consume more energy [12]. To reduce costs, aluminum smelters are often located in areas which

have access to abundant power resources. Canadian aluminum smelters operate entirely on

hydropower [12]. On average, it takes approximately 15 kWh of electricity to produce one




kilogram of primary aluminum from alumina. Design and process improvements have

progressively reduced this figure from about 21 kWh in the 1950's.

The world trade price for 1 tonne of primary aluminum is currently US $1,850 or US $

0.90/1b (September 2005) comparing to US $1,575 in December 2003 [21].

Secondary aluminum production (from Al scrap) accounts for roughly one-quarter of the
total aluminum production worldwide. The melting and purification of scrap to produce
secondary aluminum consumes less than 6 percent of the energy required to produce primary
aluminum [12]. Depending on quality, the price for secondary aluminum is currently US $0.60

to 0.70/1b (September 2005).

2.5. Reaction of Aluminum with Water - Corrosion of Aluminum

Generally, “Corrosion is an irreversible interfacial reaction of a material (metal, ceramic,
polymer) with its environment which results in consumption of the material or in dissolution
into the material of a component of the environment. Often, but not necessarily, corrosion
results in effects detrimental to the usage of the material considered.” (Definition by
International Union of Pure and Applied Chemistry (IUPAC)) [101].

The corrosion of a metal covered with a thin film of condensed moisture or a metal
immersed in an aqueous solution is determined by complex chemical and electrochemical
corrosion reactions at the metal/electrolyte interface. An electrochemical reaction is a reaction
involving the transfer of charges as part of a chemical reaction as different areas of the surface
act as anode and cathode. At the anodic areas the metal is oxidized while at the cathodic areas

the dissolved oxygen is simultaneously reduced or hydrogen is evolved. Typical electrochemical

reactions in corrosion are metal dissolution (Al - AI** + 3¢") at the anode and oxygen reduction
(02 +2H,0 + 4e” - 40H ) and the H; evolution reaction (in acidic environment common is:

2H;0"+2¢ = H; + 2H,0) at the cathode. A typical chemical reaction, which does not involve

a transfer of charge, is the precipitation of metal hydroxides (A’ + 30H™ — Al(OH);3). An




insulating or semiconductive oxide film on the metal forms a barrier for electronic and ionic
charges protecting the metal from oxidation and dissolution. Consequently, the properties of the

oxide layer will determine the reactivity and corrosion behaviour of the metal.

2.5.1. Surface Oxide Film on Aluminum and its Formation

Aluminum is one of the most reactive metals, surpassed only by magnesium and
beryllium. However, aluminum shows an excellent resistance to corrosion in air, water, many
soils and chemicals, and most foods. The high corrosion resistance exhibited by aluminum and
aluminum alloys is attributed to the formation of a highly protective oxide film which, if
damaged, reforms almost immediately in most environments. The inert film attains a thickness
of about 10 A within seconds on the freshly exposed metal surface [22, 24]; continuation of
growth is noticeably influenced by the environment, being accelerated by increasing temperature
and humidity. Impurities and alloying metals will alter the formation and behaviour of the film.
The barrier film formed on Al and Al-alloys is of duplex nature. It consists of an amorphous,
compact and stable inner layer of oxide covered with a porous, less stable outer layer which is
more susceptible to corrosion [22, 25, 26]. The outer layer of the air-formed oxide films is
assumed to consist of bayerite, AI(OH);. However, the entire oxide is often referred to as
amorphous aluminum oxide films because electron diffraction fails to disclose the true structure
of the very thin films [27, 28]. An air-formed oxide film has a temperature-dependent limiting
thickness and is about 2 to 5 nm thick when grown at room temperature and ~ 100 nm when
grown at temperatures as high as 500°C [22, 29, 30]. Immersion in water results in oxide film

thickening since the thin air-formed oxide film transforms in water to solid gel-like hydroxo-

complexes of undefined structure and idealized formula of Al[Ox(OH),(H20),] [23, 33]. In the




process of aging, the gelatinous alumina transforms in aqueous solutions into pseudo-boehmite -

and finally bayerite according to [32, 34]:

AI[O,(OH),(H20),] —> (AIOOH), - H,0 — A(OH)s (2.10)

The structure as well as the chemical and physical properties of the oxide film can be
very different as they depend on the growth conditions and environment. Besides spontaneous
oxide formation in air, oxides can be grown anodically or thermally. Anodic films, for example,
that were grown by anodization in borate and tartaric acid solutions are thin, dense, coherent and
amorphous, whereas films grown in sulphuric and phosphoric acids are thiék, porous and
crystalline [29, 35]. Thermally grown oxide films which are formed during heating in oxygen or
air at temperatures up to 425°C are amorphous, whereas films grown above 425°C show y-Al,O;
crystals which form locally under the afnorphous layer [36]. The composition and quality of
oxide films grown in water depend primarily on the reaction temperature as well as the water
constituents. At lower temperatures (up to 80°C) predominantly bayerite, AI(OH)3 (expressed
also as ALO3; * 3H,0) and pseudoboehmite are formed, while at higher temperatures boehmite,

AIOOH (expressed also as Al,O3; - H,O) grows on the Al surface [35, 37].

2.5.2. Kinetics of Oxide Film Formation

The Mott-Cabrera model is one of the models describing the formation and growth kinetics of
the passive film. This model assumes that the film growth is due to the transport of metal cations
AI** across the oxide film to the film/solution interface where they react with the electrolyte.
The migration of the cations through the film is assumed to be assisted by the high electric field
created by oxygen atoms on the outer amorphous oxide layer [36]. Oxide growth occurs

simultaneously at the oxide/electrolyte interface by AI** metal ion migration outwards, and at

the metal/oxide interface by O> ions migration inward [38, 39]. The rate-limiting step for the




film growth is the emission of metal cations from metal into the film at the metal/oxide interface
[40, 41].

The initial stages of oxide film formation on monocrystalline Al in air were studied by
Brune et al. [43]. The (111)Al surface with a very low defect density was investigated at 300 K
and in an atmosphere where oxygen concentration was well controlled. The chemisorbed oxygen
atoms nucleate preferentially at step edges forming islands up to 20 A in diameter. Upon further
oxidation these islands fill up the entire (111) aluminum surface and form ultimately a full
monolayer of chemisorbed oxygen on the metal substrate [43, 44]. Jennison et al. predicts that
in the next 2 to 3 O-layers (5 to 7 A), Al ions will prefer distorted tetrahedral sites over the

normal octahedral sites formed by oxygen [44].

2.5.3. Anomalies in the Oxide Film on Aluminum

“Easy Paths”

The microscopic surface roughness of the substrate plays a crucial role in the diffusion of
oxygen through the amorphous oxide layer and the formation of the so called “easy paths” [36,
45]. The inwards diffusion of molecular oxygen through the amorphous aluminum oxide layer
and the formation of y-Al,O3 nuclei under the film during the process of thermal oxidation at
“temperatures in the range 300 - 425°C in air or oxygen is not random over the surface. The
inward diffusion of oxygen follows “easy paths” that are located in the oxide film above and
along metal ridges. Ridges on the Al substrate surface are associated with metal treatment prior
to native oxide growth. The nature of “easy paths” and oxygen transport mechanism is still in
discussion. The formation of cracks due to the development of tensile stresses above ridges (i.e.
due to the difference in thermal expansion coefficient between the oxide and aluminum) or the

less dense amorphous oxide film in the ridge region are the two possible explanations that were

offered in literature [36, 45].




Locally enhanced oxidation on pre-existing ridges was also observed during anodic
oxidation of aluminum in acidic solutions in which porous oxide films are formed [46]. Higher
local conductivity, higher concentration of point defects and accumulation of impurities

especially on ridges are some of the assumptions for the enhanced oxide growth at ridges.

Flaws

The morphology of the aluminum surface influences the growth and the morphology of
the coating deposited on the metal in aqueous acidic solutions at room temperature [47, 48].
Preferential deposition was observed where grain boundaries or cellular boundaries intersect the
surface forming ridges on the substrate and flaw sites in the protective oxide film. Grain
boundaries are sites where an increased segregation of impurities occurs. These local impurities
build-ups serve as cathodic sites during corrosion whereby flaws provide easy paths for
electronic conduction through the otherwise insulating oxide. The geometry of the network of
cathodic and anodic cells seems to be determined by the crystallographic orientation of grains at
the surface, whereas their dimension is primarily dependent on the purity of the metal [47]. The
presence of metallic impurities, even at concentrations that are in ppm range, affects the overall

topography of the oxide by local film dissolution and pits nucleation. [49, 50, 51]

2.5.4. Surface Oxide Charge

The surface charge on the oxide film is important for the interaction with charged species
such as dissolved anions or dipole present in the solution. The isoelectric point of the air-formed
oxide film on aluminum when immersed in aqueous solutions has been determined to be a pH of
9.5 [52]. Because the outermostt surface of an Al oxide film is terminated with a layer of

hydroxyl groups, in neutral to acidic solutions the oxide film will have a positive surface charge;

the surface will acquire a negative charge in solutions of pH > 9.5.




2.5.5. Dissolution of the Aluminum Oxide Film

The theoretical thermodynamic stability of the protective oxide and the corrosion
behaviour of aluminum in aqueous solutions of varying pH may be expressed using the
potential-pH or Pourbaix diagram, shown in Figure 2.2. Aluminum, which was passivated at
lower temperatures (T = 25°C) with a film of bayerite, remains passive over a wide pH range -
from about pH 4 to pH 8.5, indicating that the solubility of the protective oxide film on
aluminum in neutral aqueous solutions at T = 25°C is very low. The solubility increases and is

high in strong acidic and alkaline solutions, some exceptions apply (e.g. for concentrated nitric

acid and ammonium hydroxide).

Figure 2.2 Potential versus pH diagram for Al-H,0 system at 25°C [53].
(Copyright permission has been granted by the publisher (NACE International)).




In strong alkaline environments aluminum oxide or hydroxide dissolves to produce

aluminate ions AI(OH), , sometimes also expressed as AlO; :

Al(OH); + OH — Al(OH);~ (2.10)
ALO; +3H,0 +2 OH — 2 Al (OH),~ (2.11)

. qe . + .
In strong acidic environments AI** ions are formed:

AI(OH); + 3H;0" — A" + 6H,0 (2.12)

ALOs + 6H;0" — 2A1 + 9H,0 (2.13)

Because of the small radius and high charge of the aluminum cation, water molecules
bind to AI** forming the stable hexahydrated aluminum ions [Al(H,0)¢]** in écidic solutions (pH
<4) [54, 55]. In neutral and near-neutral solutions (4 < pH < 9) the dissolved product varies
from [Al(OH)]*" .to many different de-protonated hydroxo-complexes such as: [Al(OH)(H,0)s])*

[A(OH),(H20)4]" , [Al(OH)3(H,0)3] or [A(OH)4(H,0)] ™ [32].

The behaviour of Al in aqueous solutions of different pH is described in Chapter 2.5.7
and all essential reactions are presented in Table 2.5. The boundaries of passivity and the
reaction product species that will be found in the solution depend on the temperature, pH,
oxygen concentration, nature of the anionic species present in the solution and the form of the
oxide or hydroxide present as their solubility varies [56]. Pseudoboehmite is more soluble than

bayerite, and bayerite more soluble than corundum.

2.5.6. Precipitates in Al-O-H System and their Thermal Decomposition

The precipitates of aluminium after reaction with water are monomeric and polymeric
hydroxy species, colloidal polymeric solutions and gels, as well as the crystallized solids, such as

Al(OH);, AIOOH and the poorly crystallized pseudoboehmite. All the precipitates are based on
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hydrated positive ions or hydroxylated aluminates. Table 2.1 lists some of the aluminum oxide

and aluminum hydroxides properties.

Table 2.1 Aluminum oxides and hydroxides.

Name Formula Crystal Density AH;
System [g/cm’] [kJ/mol]
Corundum AL O; trigonal 3.98 -1654
Bayerite Al(OH)3 monoclinic 2.53 -1277
Boehmite - T AIOOH . | orthorhombic | . 3.01 -088
Pseudoboehmite | Al(OH); “nH;O
(n>3)

The crystal structure of tﬁe solidé differs greatly from each other. Bayerite has a hydroxyl
lattice structure that approximates hexagonal close-packing. The Al atoms occupy 2/3 of the
available octahedral sites so that the basic structure can be described as a sandwich of aluminium
atoms between a double layer AB of hydroxyl groups. Within the sandwich, the AI(OH)
octahedra are joined along edges forming hydroxyl sheets. Slight distortion of the octahedra
lowers the symmetry of the structure to monoclinic. The stacking order of the hydroxyl group

double layer is AB-AB-AB.

Boehmite has a layered structure comprising oxygen and hydroxyl ions with interstitial
aluminum ions, held together by hydrogen bonding between the hydroxyl groups of adjacent

layers. The orthorhombic boehmite is characterized by a more open, channel-like structure.

The crystal structure of corundum, a-Al,Os, consists of hexagonal close packed
arrangement of oxygen anions (0*) and AI** cations that occupy 2/3 of the octahedral

interstices. All oxygen octahedra share one face and three edges. The layer sequence is

ABABAB. The hexagonal corundum has the highest density (3.98g/cm?) of all the aluminas.




When aluminum hydroxides such as bayerite, boehmite or pseudoboehmite are heated at
ambient pressure and at low water vapour pressure, they will be thermally dehydrated and
different transition aluminas will be formed. The transformation and recrystallization sequence is
affected by the starting material, particle size, heating rate, purity and partial pressure of water in
the heating atmosphere. The dehydration of alumina species during the heating process leads up
to 33% mass loss, increase in density from 2.42 to maximum 3.98g/cm’ (density of corundum
(a-A1203)), and development of large internal porosity [34].

2.5.7. Localized Corrosion of Aluminum in Solutions of Neutral and Near-
Neutral pH

In environments in which the surface film is insoluble, corrosion of aluminum and
aluminum alloys occurs usually locally at weak spots in the oxide film. There are two main
causes for localized corrosion. The first one has an electrochemical mechanism and is caused by
a difference in corrosion potentials in local cells formed in or'on the metal surface. This
difference is caused by the presence of cathodic microconstituents in form of insoluble
intermetallic compounds or metal particles. The second one is caused by the presence of ions,

such as chlorides or sulphates, in the neutral aqueous solution.

2.5.7.1. Localized Corrosion in the Presence of Metallic Impurities

Métallic impurities or alloying metals added to aluminum dramatically decrease the
corrosion resistance of aluminum.in water [35]. All the common metallic impurities found in
aluminum, except magnesium, have much less negative standard electrode potentials than
aluminum and are therefore able to induce a local galvanic corrosion in the aluminum matrix.
The standard electrode potentials of some typical impurities in Al are listed in Table 2.2.

Alloying elements incorporated in the passive film may influence the electronic behaviour of the

oxide.




Table 2.2 Standard electrode potentials vs. SHE (Standard Hydrogen Electrode) at 25°C for
some metals.

Metal Mg® | AT | Mo® | F& | C& | CF
Standard Electrode
Potential [V] -2.37 -1.664 -1.18 -0.440 0.337 0.91

The most common form of corrosion induced by impurities is pitting and intergranular
corrosion. Pits, which result from the local pitting corrosion, are predominantly found in thé
vicinity of small metal particles/intermetallic compounds that were deposited or embedded on or
in the aluminum surface. Weak passivity and/or the création of local galvanic cells are named as
the reasons for pit initiation [35]. Localized pitting corrosion depends on the composition of
aluminum, concentration of impurities and the composition of the solution. Pitting is diminished
when aluminum of high purity grade is exposed to water. Intergranular or intercrystalline
corrosion proceeds along grain boundaries in heterogeneous aluminum. Local electrochemical
cells are created between the intermetallic compound or trace elements, the aluminum matrix and

the precipitate at the grain boundary. Potential differences lead to corrosion.

The formation of alkaline pits around the intermetallic compounds (or cathodic
precipitates such as AlFes) was observed by Aballe et al. [57, 58]. A possible cause for the
formation of these pits and for the local Al dissolution is the local pH increase (alkalinization)

which is produced as a consequence of the oxygen reduction reaction in aerated NaCl solutions.

2.5.7.2. Localized Corrosion in Presence of lons in the Aqueous Solution

Pitting corrosion and electrochemical behaviour of aluminum and aluminum alloys in the
presence of various ions in neutral, weakly acidic and weakly alkaline aqueous solutions (pH

ranging from pH 4 to pH 9.9) have been widely investigated [25, 56, 59, 60]. Particular attention

has been given to pitting corrosion in the presence of chloride ions. Chloride ions, Cl, seem to




be the most aggressive anions that accelerate corrosion, increase the corrosion rates and lead to
film breakdown [60, 61, 62]. Other ions such as perchlorates and phosphates have a reduced but
also an enhancing effect on corrosion, whereas ions such as sulphates, molybdates or
dichromates have an inhibiting effect on Al corrosion [25, 56, 63]. The nature of anions, their
"adsorption and incorporation at surface oxide ﬁim affects the growth and the dissolution

behaviour of the oxide, the degree of hydration and its surface charge [64, 65].

Different pitting corrosion mechanisms in chloride solutions have been proposed but the
exact detailed mechanism of pit initiation is still uncertain. In one of the models Cl ions breach
the oxide film by film thinning, i.e. local dissolution of the oxide film [64]. Another model takes
into account adsorption of chloride ions on the oxide surface, penetration of chloride ions
through the oxide film via oxygén vacancy transport [64] or via faults and microfissures [63],
and localized dissolution of aluminum at the metal/oxide interface in three consecutive single
electron transfer steps [57, 64]. By using radiotracer techniques, it was shown that C1™ ions get
incorporated into the oxide film [32, 67] and that CI™ ions migrate through the growing oxide
film inwards, however, at rates slower than O* ions [38]. The Cl migration is not independent
of the migration of AI** and O ions. Generally, the transport of the anionic species depends not

only upon their sizes and charges, but also on the electric field and the structure of the oxides.

The adsorption of chloride on aluminum is highly localized and coincides often with
oxide imperfections or grain boundaries and corresponds with the location of pit sites [67]. The
amount of chloride taken up by the passive film is smallest at a pH of about 9.5 and increases
with decreasing pH [52]. The adsorption of CI” increases also at more anodic potentials and with
the increase of temperature [61]. Tomcsanyi et al. observed that the amount of adsorbed chloride
decreased after the onset of pitting [32]. Anionic ions once adsorbed at the surface or.

accumulated in the oxide film may affect the corrosion reaction in several ways [62]. Firstly, C1

21



ions adsorbed at the oxide/solution interface make it negatively charged and thus charge transfer
of oxygen ions from water into the oxide is inhibited. Secondly, CI may react with aluminum
oxide and form oxo;, hydroxo- and chlorocomplexes; and lastly, adsorbed CI ions which
penetrated into the oxide, will drastically change the properties of the oxide film from poorly

conducting into a well conducting hydrated oxy-chloride.

McCafferty observed that pitting is initiated under the oxide film. According to this
finding, the author states that there is no necessity to dissolve the oxide film down to the
underlying metal substrate in order for a corrosion pit to initiate [64]. Chloride ions and water
molecules have to be present at the metal/oxide interface so that a local chloride-assisted
dissolution reaction beneath.the film can start and hydrogen blisters can develop, grow and
finally rupture due to the build-up of hydrogen pressure [52]. The pH within the internal pit
electrolyte was calculated as pH 2.28 [52]. The acidic environment in the pit is produced by
locally dissolved and hydrolyzed aluminum ions whefeas Cl ions prevent repassivation by
maintaining charge neutrality in the blister. An acidic environment in pits (pH 1 to pH 3) was
also reported by other authors [35]. Szklarska-Smialowska states that pits can develop in
chloride solutions only when acidic conditions are established within the pits. The time
necessary for the attainment of a critical pH is seen as the induction tifne [35]. AICl;, AI(OH),Cl
and Al(OH)Cl, salts were found within Al pits as reaction products [61]. These salts

precipitating directly on the bare Al surface may prevent locally the metal from passivation [68].

Slight pitting corrosion occurs also when increasing the pH of the solution and moving
towards more alkaline conditions. However, in alkaline solutions pitting may have a different

origin. Silva et al. who studied the morphology of pits in Al 2024 alloy in chloride solution at pH

8.2 implies that pitting is influenced by sub-surface microstructure. Pits nucleate from




microstructural defects such as grain boundaries or second phase particles as well as from

recrystallized and deformed interfaces [69].

The dissolution process of pure aluminum in near neutral pH solutions is very slow. The

corrosion rates of the Al-6061 alloy in aqueous solutions with various NaCl concentrations are

presented in Table 2.3. The corrosion of > 99.5% pure Al samples in NaCl solutions of different

pH is presented in Table 2.4. Al-6061 alloy, which shows an increased corrosion, has been added

for comparison purpose. The evolution of H, in the pH range from 4 to 8 is difficult to detect due

to its insignificant amount; Hj evolves slowly above pH 8 and vigorously above pH 12 [70].

Table 2.3 Corrosion rates of AlI-6061 alloy in NaCl aqueous solutions [71].

NaCl solution | NaCl solution | NaCl solution | NaCl solution
0% 0.05% 1% 3%
pH 2 [Cn‘ir‘;rlj’ys;‘:r‘]rate 0.20 0.78 136 2.35
pH 6.92 Fn‘;;rlj’ys;‘:r‘]rate 0.02 0.11 0.16 0.22
pH 12 ﬁgg‘/’;;‘;?]rate 2.29 3.03 5.76 6.55

Table 2.4 Corrosion of > 99.9% pure Al specimen and Al-6061 alloy in NaCl solutions of

different pH.
Al
. [NaClj H Al loss Reference
purity p
99.99 0.5M 5.7 No corrosion [63]
pH 4.2 0.0009 g/cmz in 68 hrs
pH7 0.0009 g/cm” in 25 hrs
99.99 0.5N pH 8.6 0.0036 g/cm® in 26.5hrs [70]
pH 9.6 0.0147 g/em®  in 45hrs
AL6061 pH 2 0.0032 mg/cm” in 48hrs
o 1% pH 6.92 0.0012 mg/cm? in 48hrs [71]
y pH 12 0.0135 mg/cm? in 48hrs




Corrosion and passivation processes of aluminum were predominantly studied in non-
equilibrium or at conditions at which corrosion is accelerated: when the metal is anodically or
cathodically polarized and different potentials are applied; when the solution is oxygenated and
additional ions are introduced; when the solution is of alkaline or acidic pH and when the
temperature is increased, or when other metals are dispersed in aluminum.

The reactions that govern the corrosion of aluminum in solutions of different pH are the
anodic, the cathodic and the oxide dissolution reaction, see Table 2.5. The anodic Al dissolution
reaction in alkaline solutions in the presence of native oxide is the direct metal dissolution
reaction by migration of Al ions through the film (Al + 40H™ = Al(OH)s + 3¢”) and an indirect
metal dissolution reaction by consecutive oxide film formation (Al + 30H = Al(OH); +3e")
and dissolution (AI(OH);+ OH™ = AI(OH),"). The rate of corrosion in alkaline solutions is
: détermined by the anodic reaction; the formation of AI(OH),  at the metal/oxide interface is the
slow step of the reaction [72, 73, 74]. The cathodic reaction for Al corrosion in weakly alkaline
solutions is primarily the reduction of water to hydrogen (2 H,O + 2¢” = H, + OH"). The
reaction rate is strongly potential dependent [73] but pH and film thickness independent [74].
The electrons e react with water at the metal/film interface. The cathodic reaction, in which
hydrogen gas is produced, dominates when high negative potentials are applied. OH™ jons which

are formed at the same time increase the alkalinity at the film/solution interface causing

hydration, dissolution or film structure changes [73].




Table 2.5 The anodic, cathodic and oxide dissolution reactions of aluminum in acidic and

alkaline environments.

Anodic reaction

Cathodic reaction

Film dissolution reaction

Acidic

Al = AP +3e”

2 I‘Ig;()+ +2¢ = H2 + 2H20
(H; evolution reaction)

02 + 4H+ +4e = 2H20
(O, reduction)

0, +2H,0 +4¢” = 40H
(O, reduction)

Al(OH); + 3H;0" = AP’* +6H,0

ALO; + 6H;0" — 2AP" + 9H,0

Alkaline

Al+30H = Al(OH); + 3¢~

Al+40H = AI(OH), +3e
(in weak alkaline solutions)

3H,O +3e = 3/2H, +30H™
(H; evolution reaction)

0, +2H,0 + 4¢” = 40H~
(O, reduction)

AlOH);+ OH™ = Al(OH),~

ALOs+3H,0 +20H —2AI(OH),~

2.5.7.3. Corrosion of Aluminum in Presence of Alumina Particles and Chloride
lons in the Aqueous Solution

The corrosion behaviour of aluminum metal composites (AMCs) in neutral sodium

chloride solutions was investigated by De Salzar et al. [75]. AMCs are Al alloys that are

reinforced by alumina (Al,O;) particles. Studied were the possible reactions between the matrix

components (Al, Si, Mg, Fe, Cu) and the matrix components with Al,O; particles during

annealing at 560°C as well as the influence of the reaction products and the reinforcement

particles on corrosion. Due to heat treatment new intermetallic phases such as Mg,Si or Al;Fe

precipitated and were found in the Al matrix. Additionally, the formation of spinel (MgAl,04) on

the outskirts of the Al,O3 particles and an Mg depleted zone around the Al,O particles was

identified. Matrix dissolution was observed predominantly around spinel coated alumina

particles and intermetallic compounds. As these newly created compounds behave either anodic

or cathodic in relation to the adjacent zone, local potential differences between these zones were

the proposed reason for the pitting corrosion in aluminum based composites reinforced with

alumina.




2.5.8. Influence of Microstructure and Deformation on Aluminum Corrosion

Generally, the number and type of constituents, grain size and grain orientation, defect
concentration ahd type, as well aé the metallurgical treatment, affect the corrosion behaviour of
aluminum and its alloys. Cold work and thermal treatment determine predominantly the
distribution of the constituents and the magnitude of residual stresses in the metal. Leth-Olsen et
al. and Afseth et al. showed that plastically deformed aluminum corrodes faster in water
solutions, as compared to strain-free aluminum [76-80]. Cold and hot rolled Al alloys show an
increased susceptibility to corrosion especially in the most upper surface-layer of the rolled
sheet. The drastic loss of corrosion resistance was first éttributed to enhanced surface shear
deformation and higher density of fine intermetallic precipitates in the upper, 1 um thick, layer
after thermo-mechanical processing as oppose to the underlying bulk. However, in later
publications and after the microstructural analysis the authors state that the presence of a strong
grain refined surface layer to which high local strains have been introduced during rolling, is not
the reason for corrosion {78, 79]. As the surface layer was more active after annealing and the
content of impurities or alloying elements was higher, the proposed reason for the increased
electrochemical reactivity at the surface after thermo-mechanical treatment of the Al alloys was
mainly the enhanced secondary precipitation of intermetallic particles, such as Mn or Fe, on

grain boundaries during annealing. The finer the dispersion of intermetallic particles, the higher

the number of potential corrosion initiation sites on the metal surface.

Huang et al. studied the role of oxide film debris on the aluminum microstructure during
rolling. The presence of oxide debris or a second phase in cold rolled aluminum enhances the
rate and changes the nature of the development of the overall microstructure [8§1]. With

relatively low load the structure was rapidly refined and the fraction of high angle boundaries

was increased. To obtain a similar structure in pure aluminum, much higher loads and severe




plastic deformations are required. The formation of an ultrafine microstructure (mixture of small
cells and subgrains) is caused mainly by the changed slip pattern of the matrix when small

alumina particles are present [81]. The influence on corrosion was not presented.

2.6. High Energy Ball-Milling

In this work, high energy ball-milling is used for the fabrication of Al-additive powder
composites. High energy ball-milling is a mechanical processing technique used usually for the
synthesis of various intermetallic compounds, amorphous phases and nanocomposite powders.
High energy ball-milling of solid powders involves repeated impacts between balls, balls and
powder, and between balls and the vial walls. These impacts cause plastic deformation, fracture
and cold welding of powder particles trapped at the collision points, and thus lead to formation
of composite particles (if two or more solid phases are involved). This composite structure
becomes increasingly finer with continued milling. The rate of refinement of the internal
structure (particle size, crystallite size, lamellar spacing) is roughly logarithmic with processing
time [82]. Mechanical alloying will start during further milling when solid state reactions
between the starting phases are acﬁvated and the component particles are converted into an
alloy. Mechanical alloying is favoured in the early stage of the milling process when one of the
components present in the powder is a ductile metal [82]. Generally, three different system
combinations are possible: ductile-ductile, ductile-brittle and brittle-brittle. The ductile-brittle
system is the most applicable to this work. Aluminum, a ductile metal, acts as host or binder,
whereas brittle metals, intermetallic compounds, non-metals or ceramics can be chosen as the

second phase.

The refinement mechanism during mechanical alloying and the final microstructure of the

powders greatly depend on the constituents present in the system. Using a ductile-brittle material
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combination (mixture) the ductile metal powdér partic':les get flattened in the first minutes of
milling by the ball-powder-ball collisions, while the brittle phase or intermetallic particles get
fragmented. These fragmented brittle particles tend to become occluded by the ductile
constituents and trapped in the ductile particles along the interlamellar spacings. With further
milling the lamellae get refined, the interlamellar spacing decreases and the brittle particles —

assuming they are insoluble - get uniformly dispersed in the ductile matrix [82].

Repeated plastic deformation of powder particles during ball-milling increases the grain
boundaries density and induces a large number of defects in the crystalline structure, such as
dislocation, vacancies, and stacking faults. Structural defects increase the interatomic diffusion
and allow a solid-state reaction to proceed. In addition, severe plastic deformation as well as

continuous breaking up the crystal into smaller pieces is the cause for microstrain formation

[83].

2.6.1. Factors Affecting Mechanical Milling

The high energy ball milling process is complex and affected by many factors. These

factors include;

e  Type of mill (Attrition Mill, Planetary Ball Mill, Rod Mill, Shaker)

¢  The materials of milling tool (e.g., ceramics, stainless steel, and tungsten carbide)
e Types, size and number of milling media (e.g., balls or rods)

e Milling atmosphere (e.g., air, nitrogen, and an inert gas)

e Milling environment (e.g., dry milling or wet milling)

¢ Milling media-to-powder weight ratio

e Milling temperature




e Milling time
e Powder properties and its characteristics.

The optimization and control of the milling conditions is important as many powder
properties such as the final stoichiometry, particle size distribution, the degree of disorder and
homogenization, will be affected. For that reason some of the factors need to be explained in

more detail.

Milling media, including balls and container, may abrade a substantial amount of milling
material into the milled powder. This will contaminate the powder and alter its chemistry.
Contamination can be minimized by using same materials for vial and balls and by choosing
high density and high abrasion resistant grinding materials. Additionally, it is favorable when the

density of the balls is high enough to create enough impact force on the powder.

The size of the balls determines the milling efficiency. The larger and denser the balls, the higher
the impact energy to the powder particles will be. However, best results were obtained when

balls with different diameters are used [82].

Milling atmosphere is a potential source of contamination during ball milling. For reactive
metals such as aluminum when milled in air, oxygen contamination is the most severe. The
presence of air in the vial has been shown to produce oxides in the powders [82]. Inert gases,

typically argon or helium, are widely used to prevent oxidation or contamination of the powder.

Ball-to-powder weight (17,: ;) ratio has a significant effect on the size of particles obtained
and on the time required to achieve a particular phase in the powder. Increasing the #,,: W, ratio
accelerates the process of alloying since the number of opportunities for the powder particles to

be reacted and interdiffused increases with the weight and/or number of balls. The disadvantage

of using too high weight ratios is the high concentration of contaminants found in the final




product [84]. Best results were obtained when W;,: W, ratios in the range between 10:1 and 20:1

were used [85].

The time of milling is one of the most important parameters. Milling times required to achieve a
specific condition in the powder vary depending on the type of mill used, the intensity of milling,
the ball-tb-powder ratio, and the temperature of milling. Milling times have to be decided for
each combination of the above parameters and for the particular powder system. For mechanical
alloying milling times of up to few hundred hours have been applied [86]. However, too long
milling times will increase the level of contamination and lead to the formation of some

undesirable phases.

Regarding the particle size, the ionger the milling is the smaller the pafticles are. The particle
size decreases exponentially with time and reaches for some systems a small value of only few
microns after a few minutes of miHing. For other systems, the powders first coarsen to a size as
large as several hundred microns due to cold welding and agglomeration and then disintegrate

exponentially to few microns [84].

2.6.2. High Energy Ball-Milling with SPEX 8000

SPEX 8000 mill was used primarily in the course of this work. SPEX 8000 is a high-
energy shaker mill most suitable to produce mechanically alloyed powders (see Figures 3.1 and
3.2 in Chapter 3). The vial which contains the sample and grinding balls is secured in the clamp
and swung energetically not only back-and-forth but also laterally several thousand times a
minute. With each swing of the vial the balls impact against the powder and the end of the vial,
both milling and mixing the sample. The balls develop velocities in the order of 5 m/s making

the impact unusually high [82]. Ball milling is usually performed on dry powder mixtures at

ambient temperature. However, the temperature rises during milling and depends on the kinetic




energy of the balls and exothermic processes during milling. At the time of impact, the local

temperature may raise up to 350°C [86].

Applications:

Mechanical alloying using high energy ball-milling has been successfully used in laboratories
and industry to produce versatile equilibrium and non-equilibrium alloy phases with enhanced
material properties, such as higher strength and fracture toughness, higher electrical or thermal
conductivity or higher chemical stability. Jangg et al. [87] used mechanical alloying to
synthesize novel aluminum alloys with fine dispersions of oxides and carbides in the aluminum
matrix for applications in the aerospace industry. The dispersion of carbides (Al4C3) was
achieved by adding graphite during milling to aluminum, whereas the in-situ oxide formation
(Al,03) was controlled by adjusting the oxygen content in the milling atmosphere. Manna I. et
al. and Shaw L. et al. report about a number of amorphous and nanocrystalline aluminum alloys,
such as Al4pZr40Siz0, AlesCussZrs and AlgsFe;Cr,Tiy, that were produced by mechanical alloying
as they are technologically relevant due to low density and high strength [88, 89, 90]. Recently,
mechanical alloying was applied for the synthesis of nanosized crystalline magnesium alloyé and
magnesium hydrides as well as aluminum hydrides (LiAlH4, NaAlHy) [91, 92]. These alloys are
promising as novel hydrogen storage materials. Chaklader A. used for the first time ball-milled

aluminum-boehmite (AIOOH) composite powders for hydrogen generation from water split

reaction at neutral and near neutral pH [1, 2].




3. Experimental Procedures

3.1. Materials

Atomized aluminum powder from Alcoa, 101 common grade (99.7% Al, main
impurities: Fe (max 0.25%) and Si (max 0.15%) as well as 0.6% Al,Os on the surface of powder
particles, with average particle size of 35 pm, was used as received without any pre-treatment for
all experiments. Aluminum oxide, ALO; A16 SG (Alcoa), was used as reference additive. For
the most part water-soluble inorganic salts (WIS) such as potassium chloride, KCI (technical
grade, McArthur Chemical), sodium chloride, NaCl (99.9%, Fisher Chemicals) and sodium
nitrite NaNOQ (99.9%, Fisher Chemicals) were applied as additives. Several other additives were
used for testing and comparison purposes. As inorganic water-insoluble additives predetermined
were quartz (Si0,), silicon carbide (SiC 600RA) and kaolin ((Al,Fe,Mg),[(OH)4/SiOs] (white
diamond)); whereas the water-insoluble Polyaethylene Glycol 2000, PAG, from Fluka AG and
the water-soluble Poly(vinyl alcohol), PVA, 88-89%, hydrolyzed, from J.T. Baker Chemicals
were selected as organic additives.

The term “additive” is used to describe the material milled with Al when preparing the

powders.

3.2. Powder preparation

Aluminum-additive powder mixtures were prepared by high-energy ball-milling in a
SPEX 8000 shaker mill. The balls and vial inner lining were made of alumina. The grinding vial
had an internal diameter of 38 mm and a length of 44 mm, corresponding to a capacity of about
55 ml. Up to 2.5 g of aluminum-additive powder mixtures were introduced into the vial. The
duration of milling was varied from 7.5 minutes to 4 hours. In a typical experiment, a 50/50 wt%
mixture of an additive and aluminum powders were loaded tdgether with 70 alumina balls (5 +
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0.15mm diameter each), and ball-milled in air atmosphere for either 10 minutes (optimized ball-
milling time for non-salt additives) or 15 minutes (standard time for salts). The ball-to-powder

mass ratio corresponded to 13:1 when using 2.2 g of powders. The water-soluble inorganic salts
were pre-ball-milled separately for 5 minutes to reduce their initial particle size. Other additives

were used as-received. The mill and milling media are depicted in Figures 3.1 and 3.2.

Figure 3.1 Ball mill SPEX 8000.

After ball-milling, 2 g of the mechanically alloyed powder mixture consisting of
aluminum and additive was placed into a teabag-like confined filter container and exposed to a
relatively large amount of tap water (water/solids =~ 1000, by mass). The tap water temperatures
were varied between 20 and 70°C. Most of the experiments were performed at the standard
water temperature of 55°C. The pH of the tap water fluctuated slightly between pH 6.5 to pH

7.1. The progress of the water split reaction was monitored through the measurement of released
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H, that was captured by water displacement in an inverted cylinder. The volume of hydrogen
produced was compared to the volume of H; gas stored at 25°C. Theoretically, according to the
reaction (3.1) and (3.2), a volume of maximum 1359 cc hydrogen gas can be produced from 1g

of Al during a complete corrosion reaction of aluminum metal with water at 25°C.

Al+3H,0 - 1.5H, + Al(OH); 3.1)

Al +2H,0 — 1.5H, + AIOOH (3.2)

Figure 3.2 Vial, grinding media and Al-additive powders.

Table 3.1 lists the experimental ball-milling conditions under which Al-additive powder
mixtures were fabricated. For hydrogen generation experiments freshly prepared powders were
used. Table 3.2 lists the ball-milling and experimental conditions under which the hydrogen

generation reactions of Al-additive-H,O systems were carried out.
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Table 3.1 Ball-milling parameters for Al-additive systems.

Additive Al/Additive Total Ball-to- Ball-Milling | Ball-Milling
Ratio Amount of | Powder Mass time Atmosphere
BM Powders Ratio
, [wt%o] 2] [min]

ORGANIC:
PVA 50/50 2 14 10 Air
PAG 50/50 2 14 10 Air
INORGANIC:
SiC 50/50 2 14 10 Air
SiO, 50/50 2 14 10 Air
Kaolin 50/50 2 14 10 Air
Al O; (A16) 50/50 2 14 10 Air
SALTS:
NaCl 50/50 2.2 13 15* Air
KCl 50/50 2.2 13 15* Air

*In addition pre-ballmilling of salts for 5 min

Table 3.2 Ball-milling parameters and experimental conditions for hydrogen generation
reaction of Al-additive-H,O systems. ~

Additive Al/Additive Ratio | Ball-Milling time Amount of Reaction
Powder /Amount Temperature
[Wt%] [min] of Water Twater
[g/ml] [*C]
Al-KCl 50/50 7.5, 15, 30, 60, 2/2000 55
120, 240*
Al-KCI 95/5,90/10, 85/15, 15* 2/2000 55
80/20,.70/30, 60/40, '
50/50, 30/70, 10/90
Al-KCl 50/50 15* 2/2000 22,40, 55, 70, -
100

*In addition pre-ballmilling of salts for 5 min




To study the influence of additives many organic and inorganic additives were applied.
They were listed in Section 3.1.

To study the influence of additive concentration on hydrogen generation, AI-KCl powder
mixtures with various compositions were alloyed (BM = 15 min) and reacted in tap water at
55°C. The investigated Al-K'Cl concentration ratios in weight per cent were: 95-5, 90-10, 85-15,
80-20, 70-30, 60-40, 50-50, 30-70 and 10-90.

The milling time was varied from 7.5 min to 4 hrs (7.5, 15, 30, 60, 120, 240 min) for the
Al-salt systems.

To investigate the influence of water quality on hydrogen generation from deformed Al

| powders, three types of water were tested: distilled water, sea water and a KCl-saturated aqueous
solution. The vast majority of experiments were performed in tap water.

To study the influence of temperature, experiments were performed in water at 22, 40,
55, 70 and 100°C; most of the experiments were carried out in tap water at 55°C.

To test the effect of pH on the hydrogen generation reaction, experiments were conducted
in solutions with a pH between pH 3.5 to pH 9. Slightly acidic solutions, such as pH 5, pH 4 and
pH 3.5 were adjusted by addition of acetic acid (C,H40;), whereas the slightly alkaline solution,

pH 9, by the addition of potassium hydroxide (KOH) to tap water.

3.2.1 Leaching of Ball-Milled Al-Salt Powder Mixtures

To study the influence of the additive on hydrogen generation kinetics, Al-additive and
additive-free Al systems were compared. Additive-free Al powders were prepared from
mechanically alloyed Al-salt powder mixtures by leaching-out the water-soluble system
component. Al-NaCl(50wt%) and Al-KCI(50wt%) powder mixtures were washed for up to 3

hours in cold tap water (T = 12°C) using a magnetic stirrer. The remaining powder (i.e.

predominantly Al) was filtered into a paper filter bag and used for hydrogen generation




experiments. The solution, which contained the dissolved salt and also the smallest Al particles
that could not be captured by the filter, was placed in a dryer at 65°C. After the water has

evaporated, the amount of the leached-out salt was determined by weighing.

3.2.2 Annealing of Ball-Milled Powders

To study the effect of defects and strain induced in aluminum during the process of high
energy ball-milling on hydrogen generation, some of the Al-additive systems were annealed in
Argon atmosphere (99.998%) and compared to the equivalent not-annealed powder systems. Al-
NaCl(50wt.%) powder mixtures were annealed at 550°C for 30 minutes. Al-Al,O3(50wt%)
powders, which were ball-milled for 10 minutes, were annealed at 600°C for 1 hour. Al-
ALO3(50wt%) was also heat-treated at 700°C and 800°C, which is above the melting point of
aluminum (Tmeie a1 = 660.37°C), for up to 1 hour. For better handling, some of the ball-milled

powders were compacted to pellets at 3350 psi using a hydraulic press.

3.3. Microstructural Characterization

Following microstructural techniques were used for the physical and chemical

characterization of the as-received powders, ball-milled powders and the reaction products.

3.3.1. Scanning Electron Microscopy (SEM / EDS)

Particle morphology, microstructures, elemental composition and the distribution of
elements within the particles before and after ball-milling as well as after the reaction were
examined using a Hitachi S-3500N scanning electron microscope equipped with energy

dispersive x-ray spectrometry (EDS). The working distance for EDS was 15mm. Powder

specimens were spread on conductive carbon tape and placed on aluminium stubs. To reduce




surface charging caused by non-conducting specimens some of the powder samples were gold-

or carbon-coated.

3.3.2. X-Ray Powder Diffractometry (XRD)

Phase identification, crystallite size and microstrains were determined from x-ray
diffractograms. X-ray diffraction patterns (XRD) were recorded with a Siemens D-5000
diffractometer using 40 kV/30 mA and Cu K, radiation (A = 1.5405 A). The diffraction patterns
were recorded at an angular speed of 1.2°(26)/min. The counting time was 2 s/step. Data
accumulation and processing was performed using Diffrac”™ software from Bruker Analytical
X-ray Systems. Phase identifications were performed with help of PDF database and EVA V4.0
software.

The mean c_rystallﬁite size (D) of the ball-milled Al pbwder was determined from the
broadening (j3) of the str;)ngeét aluminum peak in the X-ray diffraction pattern, the (111) peak at
26 =38.47°. The analyzed (111) metal peak was corrected by subtracting the background noise
as well as the Ko, contribution by employing the Rachinger correction. The broadening B of the
profile is defined as:

B=Ap/Hp (3.3)

where, Ap is the total area under the peak and Hp.is the peak height. The total area under the peak
was calculated using the Trapezoidal Rule method and additionally corrected by the amount of
instrumental broadening. The amount of the instrumental broadening was determined by using
barium fluoride (BaF,) as a standard. The determination of crystallite size (D) is based on the
Scherrer equation:

D =kMpcos 0 (3.4)

where ) is the radiation wavelength (for Cu K, A=1.5405 A), k = 0.90 and 0 is the Bragg angle.

Because of repeated plastic deformation of the Al lattice during the process of high energy bal-
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milling, it has to be assumed that microstrains have contributed to the Al (111) peak broadening.
The separation of the microstrain contributioﬁ to peak broadening was determined by using the
Aqua and Wagner method [94]:

(B)* = (1/D)* + (2¢ d*)? (3.5)

where d* = 1/d = 2sin® / A and ¢ is the crystalline strain.

3.3.3. X-Ray Photoelectron Spectroscopy (XPS)

The oxidation state and elemental composition of the surface were analyzed using x-ray
photoelectron spectroscopy. The Leybold MAX 200 X-ray spectrometer equipped with an Al K,
x-ray source (1487 eV) was operated at 15 kV and emission current of 20 mA. The aperture was
set for an area analysis of 4 x 7 mm?. The binding energy scale of the spectrometer was
calibrated using an Au 4f (Epinding = 84.0 €V) substrate. The pass energy of the hemispherical
analyzer was maintained at 48 eV for the narrow scan. The peaks were fitted using an

asymmetric Gaussian/Lorentzian mixed function.

3.3.4. Surface Area Measurement by BET Analysis

Surface area measurements were performed with Quantachrome Autosorb-1 Surface
Area Analyzer on as-received, ball-milled and additive-free aluminium powders as well as on
reaction products. Powder samples (0.5 to 2 g) were out-gassed for at least 6 hrs (150°C, 5 mm
Hg) prior to analysis. Adsorpion-desorption isotherms were measured at 77 K. The specific
surface area was estimated using multi-point adsorption data from the linear segment of the N,

adsorption isotherm in the relative pressure range of 0.05 to 0.2 using Brunauer-Emmett-Teller

(BET) theory.




3.4. Reaction Characterization

3.4.1. Differential Scanning Calorimetry (DSC)

The quantity of reaction heat (reaction enthalpy) released during the corrosion reaction of
mechanically alloyed Al-additive powders in water was measured by using a C80 Calvet
differential scanning calorimeter from Setaram. The apparatus is designed as a twin calorimeter
comprising two identical cells. The cells - a sample and a reference cell - are located at identical
height in a shielded calorimetric block and maintained in an isotherm or temperature
programmable (heating, cooling) mode. The caloric effect during an experiment is recorded by
means of the thermal power difference between the thermopiles of the sample cell and the
reference cell.

To activate the reaction the aqueous solution with ball-milled Al-additive powder was
heated up to 50°C at a heating rate of 2°C/min and held at this isothermal condition for 3 hours
before cooling down to room temperature at a rate of 100°C/min. No pressure increase during the
reaction was assumed as the sample cell was not pressure-tight and as only very small amounts
of reactive Al were used (10 mg). Equivalent weights of alumina-additive-water mixtures were
used as reference system. In the reference sample aluminum and reacted aluminum (aluminum
hydroxides) were replaced by alumina.

The measured DSC heat flow profile contains the heat generation rate of the chemical
reaction. The integration of the baseline-corrected heat flow over time gives the reaction
enthalpy for a particular system.

The Al-H,O reactions (3.6) and (3.7) are exothermic. The standard enthalpies of reaction
AH°n have been calculated for reactions (3.6) and (3.7) using standard enthalpy of formation

AH°t data, which are included in Table 3.3 [3, 96].

Al+3H,0 — 3/2H, + AI(OH); o (3.6)



Al +2H,0 — 3/2H, + AIOOH 3.7)
2A1+ 3H,0 — 3H; + AlLO; (3.8)

— 0
AHorxn =AH f Bayerite, Boehmite or a-alumina — 11 AHof Water (39)

Table 3.3: Standard enthalpies of formation and standard enthalpies of reaction AH',, for
Al-H,0 as per reaction (3.6), (3.7) and (3.8).

AH% AH% AH®,, calc.
at 25°C, 1 atm at 25°C, 1 atm at 25°C, 1 atm
[kcal/mol] [kJ/mol] [kJ/mol]

Bayerite 1 : 1

AI(OH) -304.8 1274 -418
Boehmite 2)

AlOOH -988 -417
H,0 68.3" 285.6"
Alumina 1

ALO; -1668 -811.5

DPerry R.H. Chem. Eng. Handbook “Holleman-Wiberg Inorganic Chemistry

3.4.2. pH Measurements

The pH of tap water and pH changes in aqueous solution before, during and after
hydrogén generation reaction was monitored by using the ®250 pH meter frpm Beckman. The
instrument was equipped with a gel-filled cbmbinatién electrode. To investigate pH changes
during hydrogen generation, the volume of reaction water was significantly reduced from 2000
ml to 30 ml. The change in concentration of the H30" or OH™ ions in aqueous solutions is
reflected as a pH shift. Using the relations below, the concentration of the hydronium and

hydroxyl ions was determined.

pH = -log[H;0"] (3.10)
pOH = -log[OH ] (3.11)
Kw=[H:0'][OH ]=1x 10" (3.12)

where K, is the ion-product constant of water at 25°C.




4. Results and Discussion

4.1. Characterization of As-Received Materials

The powders from Alcoa (aluminum and alumina) and powders from Fisher Chemicals
(KCI and NaCl salts) have been characterized with respect to the particle size, particle size
distribution, and morphology. Figures 4.1 — 4.5 show SEM micrographs of the commercially
available, as-received aluminum powder (Fig. 4.1), the additive potassium chloride, KCl as-
received (Fig. 4.2) and after 5 minutes of milling (Fig. 4.3), as well as the additive aluminum

oxide, Al,03 A16 as-received (Fig. 4.4 and Fig. 4.5).

WD13.8mm 20.0kV: x1 .0k . 50um

Figure 4.1 SEM micrograph of as-received Al.
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émm 20.0kV x50 1mm

Figure 4.2 SEM micrograph of as-received KCI.

WD1'5% Omm 2050kV x5.0k  10um

Figure 4.3 SEM micrograph of KCI after ball-milling (BM = 5 min).
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WD15.0mm 20MO0kV x1.0k  50um

Figure 4.4 SEM micrograph of as-received Al,03 A16 (x1000).

Figure 4.5 SEM micrograph of as-received Al,O3 A16 (x30 000).
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The atomized Al powder particles have an irregular shape and range from 5 to 100 pm in
size (meane size: 35 pm). KCI and NaCl powder particles are up to 400 um large cubic crystals.
Their size is substantially reduced after 5 minutes of ball-milling and ranges from 1 to 5 um.
Al,O3 A16 agglomerates form large spheres of up to 100 pm in diameter and consist of 300 to
400 nm small primary alumina particles. These obtained results correspond well with the
manufactures specifications of the powders.

The as-received Al powders were further characterized by using BET, XPS and XRD
methods. The specific surface area of as-received Al powders was 0.30 m?/g. The Interfacial
Analysis & Reactivity Laboratory (IARL) of UBC conducted the elemental surface analysis of
the as-received Al powder by using XPS. Figure 4.6 presents the XPS survey scan and Figure
4.7 the high resolution Al 2p core—level scan of the upper 10 nm thick surface layer of the as-
received Al powders. In the 0 to 1400 eV survey the following peaks for as-received Al powders
were detected: the aluminum peaks (Al 2p at 75.0 eV and Al 2s at 119.8 eV); the oxygen peaks
(O 1sat 532.6 eV and O Auger at 978.2 ¢V) and the carbon peaks (C 1s at 285.4 eV and C
Auger at 1223 eV) which originate from surface contamination caused by the vapour residuals of
the oil pump. The Al 2p core level peak consists of the elemental component, Al petal, at 72.8 eV
and a broader oxide component, Alyige, at 75.3 eV. While the Alyig. shoulder grows with oxide
layer thickness, the Al meta peak reduces in size and disappears totally when the oxide layer
exceeds the thickness of 10 nm. From Figure 4.7 and the intensity ratio of the oxidic to metallic
components, the oxide film thickness of as-received Al powders was estimated between 3.2 to
9.6 nm. According to literature, an air—-formed oxide film has a thickness of 2 to 5 nm; its

thickness varies and depends mainly on formation temperature and environment conditions [22,

28, 29, 30, 31].
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Figure 4.6 XPS survey scan of as-received Al powders.
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Figure 4.7 High resolution Al 2p core—level XPS spectrum of as-received Al powders
(AIM = AlMetal; Ale = Aloxide)-
The elemental composition of the surface obtained by XPS was compared with EDX

bulk analysis, see Table 4.1. XPS data reveal that the 10 nm near-surface volume of Al particles
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consists rﬁainly of oxygen (48.4 at%) and aluminum (27.5 at%). Thin layer of carbon on the
particle surface distorts the résults. EDX data collected from bulk of the Al particles reveal that
Al powders contain 3.8 wt% oxygen in their structure. No other impurities have been detected.
The chemical analysis published by Alcoa [98], shows that the produced Al powders have only
0.6 wt% of aluminum oxide on the Al particle surface. The difference may be explained by the
use of different analytical methods, the presence of adsorbed oxygen and by the limited‘
information depth carried by the back-scattered electrons during EDX (the interaction depth of
the electron beam with the specimen at 20 kV is around 4 um for Al) [99].

The crystal structure of the as-received Al was determined from XRD data. The
characteristic peak positions and intensities correspond perfectly to the synthetic aluminum
found in ICPDS database [95]. The predominant peak is the (111) at 20 = 38.47°. Other
characteristic peaks are located at following 20: (200) at 44.74°, (220) at 65.13°, and (311) at

78.22°. Aluminum crystallizes with face-centred cubic (FCC) lattice structure (a, = 4.049A).
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Figure 4.8 XRD pattern of as-received Al powders.
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Table 4.1 The elemental composition of the Al powder surface obtained by XPS and of Al bulk

obtained by EDX.
Composition Al 0) C
Sample:
As-received Al
27.5 at% 48.4 at% 24.1 at%
XPS (41.1 wt%) (42.9 wt%) (16 wt%)
EDX 96.2 wt% 3.8wt% | -

4.2. Characterization of Ball-Milled Powders

Various aluminum-additive systems were produced using high energy ball-milling by
varying the additive and milling time. Water-soluble inorganic salts (WIS), such as KCl and
NaCl were used predominantly as additive, and for comparison purposes the chemically inert
and water-insoluble alumina, Al,O3; A16 was also applied. The milling times were varied from
7.5 minutes to 4 hours, whereby the ball-milling time, BM = 15 min, was chosen as a standard
and used in most of the experiments. The details to the Al-additive systems were given in
Chapter 3. Because mechanical alloying of aluminum with an additive is a necessary processing
step that changes the morphology of the Al powder in such a way that it loses its passivity in
water, various analytical methods were applied to characterize the microstructure of the ball-

milled powders.

4.2.1. Surface Morphology and Particle Size Analysis

Figures 4.9 and 4.10 show SEM micrographs of Al-KCI(50wt%) powder mixtures that
were mechanically alloyed for 15 min. The particles are irregular, often agglomerated and their
size varies from few to several tens of pm. The morphology of these particles changes drastically
when the water-soluble salt was leached out from the powder mixture leaving only very thin and

cold welded Al foils fragments behind. SEM micrographs of leached out Al are shown in Figures
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4.11 and 4.12. These particles are highly porous and characterized by largely increased surface
area. Specific surface area (SSA) measurements on leached out Al revealed that its SSA
increases from 0.30 m%/g for as-received Al powder to 9.68 m*/g (~ 32-fold) for 15 min alloyed
powders.

The incorporation and distribution of chemically inert and water insoluble additives, such
as Al,03 A16, on the mechanically alloyed powder particle surface is seen in Figures 4.13 and
4.14. The alumina crystals, that are fairly uniform in size (~400 nm small), are homogenously
imbedded in the ductile aluminum matrix after 15 min of alloying, covering entirely the surface
of the particles.

The change of particle size with ball-milling time is presented on the Al-KCl system in
Figure 4.15. There is a clear decreasing trend in the particle size with increase of milling time.
The average particle size reduces from 50-60 um after 15min of milling to 5-10um after 60 min
of milling. Particle refinement is caused by repeated fracturing and cold welding during high
energy baﬂ-milling.

The distribution of Al, K, and Cl in AI-KC1(50wt%) powders after 15 and 60 min of
milling was analyzed by EDS mapping, see Figure 4.16. It can be seen that the fine solid salt
particles are distributed more homogenously in the Al matrix when mill¢d for 60 min and are
less homogenously distributed when milled for 15min. In the latter, Al and KCl dominant areas
were detected. However, unlike alumina crystallites, salt crystallités cannot be identified. Salts
have low hardness and cleave easily, especially parallel to their (100) planes. This accelerates

their re-distribution in the Al metal during the process of high energy ball-milling.

49



Figure 4.9 SEM micrograph of AI-KCI (1:1) after 15 min ball-milling (x1000).

7. 1mm 20 (0KV: x5.0]

Figure 4.10 SEM micrograph of AI-KCI (1:1) after 15min ball-milling (x5000).
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WD 6.4mm 20.0kV x1.0k  50um

Figure 4.11 SEM micrograph of 15 min ball-milled and leached-out Al (x1000).

WD 6.4mm 20.0kV x5.0k  10um

Figure 4.12 SEM micrograph of 15 min ball-milled and leached-out Al (x5000).
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Figure 4.13 SEM micrograph of Al-Al;03 A16 powder mixture after ball-milling
(BM = 15 min). (x 1500)

Figure 4.14 SEM micrograph of AI-Al;03 A16 powder mixture after ball-milling
(BM = 15 min). (x 7000)
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Figure 4.15 SEM micrographs of AlI-KCI(50wt%) powder mixtures after mechanical alloying
a) and b) 15 min, c) and d) 30 min, e) and f) 60 min.
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a) BM = 15 min

b) BM = 60 min

Figure 4.16 Spatial element distribution in AlI-KCI(50wt%) powders after mechanical
alloying: a) BM = 15 min, b) BM = 60 min.
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Figure 4.17 shows XRD patterns of the Al-KCI(50wt%) powder mixtures ball-milled for
15 and 60 minAthat are compared to hand-mixedv (not milled) Al-KCl(SOWt%) powders. As
milling time increases, the aluminum (111) and (200) peaks intensity at ‘2® =38.47° and 44.74°
decreases and the peaks become broader. The decrease in peak intensify can be attributed to the
distortion of the Al crystal structure due to cold working during milling. Peak broadening is
ascribed to reduction in Al crystallite size and to changes in the lattice of Al during SPEX
milling. Continuous Al lattice deformation induces microstrains and is the reason for increased
concentration of defects and dislocations.

The XRD patterns in Figure 4.17 clearly show only two phases -in the powder mixtures:
that of Al and KCI. No other phases or solid solutions have been formed during the applied

longer milling periods.

KCl

2 S
(111) Al
(200) Al
BM = 60 min
Ao M A

Intensity

BM =0 min

50 55 60

“ ” A l A BM=15nli.:
5 4‘0 4I5
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2 Theta

Figure 4.17 XRD diffractograms of non-milled and mechanically alloyed AI-KCI(50wt%)
powders after BM = 15 min and 60 min.

The change in crystallite size with the increase of ball-milling time was determined as

described in Section 3.3.2 by analyzing the peak broadening of the (111) Al reflex at 20 =




38.47°. As seen in Table 4.2 the average crystallite size of the Al in A-KCI(50wt%) powder
mixture reduces to 136 nm after 15 min of milling and reaches 60 nm after 2 hrs of milling. The
microstrains induced in Al increase with ball-milling duration from 0.004 after 15 min of milling

and reach a value of 0.01 after 2 hrs of milling.

Table 4.2 Crystallite size and microstrain of ball-milled Al in AI-KCI(50wt%) powder mixtures

obtained from XRD.
Sample Crystallite Size Microstrain
[nm]

Al as-received 211

Al-KCI(50wt%) BM=15min 136 0.004
Al-KCI1(50wt%) BM=1 hr 72 0.009
Al-KCI(50wt%) BM=2 hrs 60 0.010
Al-KCIl(50wt%) BM=4 hrs 56 0.015

Generally, annealing of solids at elevated temperatures reduces the number of induced
defects [31, 82]. The effect of annealing on Al in Al-NaCl(50wt%) powder mixtures after 15 min
of ball-milling is presented in Figure 4.18. Annealing was performed on pressed powders
(pellet) in argon atmosphere at 550°C for 30 min. The (111) diffraction peak of the annealed Al
has a slightly higher intensity then the Al that was not annealed. Whether some of the defects

and microstrains induced in the plastically deformed lattice of aluminum during the milling

process recovered, cannot be decided on.
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Figure 4.18 (111) Al diffraction peak of annealed and non-annealed Al-NaCl(50wt%)
powders (ball-milling time BM = 15 min) obtained by XRD.

4.2.2. Elemental Analysis of Ball-Milled Composite Powders

4.2.2.1. X-Ray Photoelectron Spectroscopy (XPS) of Powder Surface
4.22.1.1.  XPS Survey Scans

The elemental composition of the aluminum surface and chemical state of the near-
surface atoms was studied using XPS. Figure 4.19 illustrates the XPS survey scan of Al-
NaCl(50wt%) powder mixture after ball-milling for 15 min. Figure 4.20 shows the XPS survey
scan of leached-out Al powder (this Al originates from Al-NaCl(50wt%) powder mixture that
was ball-milled for 15 min). Figure 4.6 in Section 4.1 presented the XPS spectrum of as-received
Al powders, for comparison purpose. All specimens were analyzed in the binding energy range

from 0 to 1400 eV.
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Figure 4.19 XPS survey scan of AI-NaCI(50wt%) powder mixture, ball-milled for 15 min.

The XPS spectrum of leached-out Al, see Fig. 4.20, is very similar to the spectrum of the
as-received Al and consists of: the aluminum peaks (Al 2p at 75.0 eV and Al 2s at 119.8 eV); the
oxygen peaks (O 1s at 532.6 eV and O Auger at 978.2 eV); as well as the carbon peaks (C 1s at
285.4 eV and C Auger at 1223 eV) which originate from s.urface cbntamihation caused by the
vapour residuals bf the oil pump. Only one additional pe.ak wés foun& in the spectrum. It is the
small peak of Cl 2p at. 192.6 eV.

For freshly ball-milled aluminum-salt, Al-NaCl(50wt%), powder mixture with BM = 15
min, peaks of sodium (Na 2p at 23.72 eV, Na 2s at 65.52 eV, Na Auger at 498.32 eV, 531.92 eV
and 564.92 eV as well as Na 1s at 1072.72 eV) and chlorine (Cl 2p at 200.72 eV, Cl 2s at 271.12

eV and Cl Auger at 1306.32 eV) were additionally detected and are visible in the XPS broad

scan in Figure 4.19.
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Figure 4.20 XPS survey scan of 15 min ball-milled and leached-out Al powder.

The elemental composition of the powder particles surface obtained by XPS is given in
Table 4.3, where two processed samples are compared with as-received Al powder. Besides a
thin carbon film, that ifnpures the surface and contributes largely to the analysis values (~ 25
at%), the 10 nm of the near-surface predominantly consists of oxygen (48 at%), unless salts are
present in the powdér matrix. Salts, which were mixed into Al in weight ratio 1:1, are distributed
relatively evenly and cover almost half of the surface (48.7 at%). Traces of NaCl (0.3 at%) were
detected in the leached-out Al. Where these salts are, whether they are in the intergranular

spacing or on the Al surface (as salt remnants from aqueous solution), can only be speculated.

Table 4.3 The elemental composition of the Al and AI-NaCl powders obtained by XPS.

Composition [at%]
Al o Na Cl C
Sample
As-received Al 27.5 48.4 - - 24.1
Leached-out Al 24.1 48.6 0.1 0.2 26.9
Al-NaCl (BM=15min) 143 12.0 22.3 26.4 25.0




4.2.2.1.2. High Resolution XPS of O 1s and Al 2p

The structure, composition and thickness of the oxide layer influence largely the
corrosion behaviour of aluminum in aqueous environments and dictate the surface reaction
kinetics. To understand the rapid corrosion of ball-milled Al in water the collection of oxide
related data is therefore crucial. The positions of characteristic XPS peaks give information to
preferred bonding and oxidation state of the atoms. The XPS O 1s and Al 2p were therefore
analysed in high resolution mode. Figure 21 a) represents the narrow scans of the O 1s and
Figure 4.21 b) the narrow scans of the Al 2}5 core level peaks of the leached-out Al, Al-
NaCl(50wt%) powder mixtures ball-milled for 15 min, and the as-received Al powders, for
comparison purpose.

The XPS O 1s peak contains information about the bonding of oxygen and indicates the

contribution of chemisorbed water, OH™ groups and the O species (highest to lowest binding
energy, respectively). The O 1s binding energy of pure 0%, OH™ and H,0 species was found in
literature and is used as reference to identify which species dominates in the surface of the
measured powders [93, 100]. As seen in Table 4.4, the peak positions of the hydroxyl oxygen
(OH_) and the oxide species (Oz') are 1.6 to 2.6 €V apart, whereas the water peak is shifted 0.6 to

1.6 eV away from the OH peak.

Table 4.4 Reference binding energies for the O Is core-level.

O 15 species o~ oH H,0
Binding Energy 529.50 532.17 533.7
[eV] 531.3% 532.9%
DChen C., 1997 McCafferty E., 1998

The O 1s peak of as-received and produced Al powders, see Figure 4.21 a), is located at

532.25 eV and is relatively broad (2.5 to 3 eV FWHM) for all the samples. According to Table
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4.4, where the reference binding energies for the O 1s core-level peaks are listed, it can be
concluded that all three peaks may overlap and that all of the species may be present. However,
the clearly predominant species in the near-surface area of the analysed Al powders is the
hydroxide or hydroxyl (OH—) species. In Chapter 2, it has been indicated that the oxide film most
likely consists of bayerite, AI(OH); [32, 34, 37].

The XPS Al 2p peak belongs to the Al metal and is located at 75 eV on the broad scan.

However, with increasing exposure to an oxidizing atmosphere the Al 2p peak splits and its
oxidic shoulder drifts from the elemental peak and grows with the growth of oxide layer
thickness [93, 100]. By measuring the intensity ratios of the oxidic to metallic components, the
oxide film thickness may be calculated.

The Al 2p core level peaks acquired from three different powder samples contain the
elemental component, Alperar, and a broader oxide component, Aloxige, to higher binding energy
values in the upper 10nm thick surface layer (Figure 4.21 (b)). The Al 2p (Almetar) peak is located
at 72.8 eV, whereas the Al 2p (Aloxige) at 75.3 eV. From the spectrum it is apparent that the
oxide film thickness on the Al particles is the lowest for ball-milled Al-NaCl powders and
highest for leached-out Al. The ball-milled Al-NaCl powders were freshly prepared and loaded
to the XPS vacuum chamber no later than 30 minutes after ball-milling in air atmosphere. The
leached-out Al powders were washed in water for approx. 3 hrs and were then air-dried for
several days. Consequently, their surface was exposed to two different environments much
longer and a thicker oxide film could develop. The oxide film thickness difference between
leached-out and as-received Al may be attributeci to different oxide growth kinetics in dry and
wet atmosphere. It has been reported that thicker oxides are grown in wet environments [28, 32,

33, 67] and our results support it. Table 4.5 gives a rough estimation of the oxide film thickness

on Al and composite powders.
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Figure 4.21 High resolution (a) O 1s and (b) Al 2p core-level XPS spectra of leached-out
Al and Al-NaCl(50wt%) powder mixtures, ball-milled for 15 min, compared
to as-received Al powders.




Table 4.5 Aluminum oxide film thickness estimated from Al 2p peaks intensities.

Sample Al oxide / Al Metal Al Oxide Al Oxide
Thickness Thickness

. [atomic ratio] [nm]
As-received Al . : 3.88/1. 1.6 lambda* - 32-96
Washed-out Al 8.88/1 2.3 lambda* 46-13.8
Al-NaCl (BM=15min) 1.15/1 0.8 lambda* 1.6-4.8

* lambda is the inelastic mean free path of Al wi¢e (lambda may vary between 2 to 6 nm)

4.2.2.2. Energy Dispersive X-Ray Analysis (EDS) of Ball-Milled Composite
Powders

Aluminum has very high affinity to oxygen so that oxidation or hydration of the metal
surface proceeds instantaneously. The standard enthalpy of formation AH® is: -1668 kJ/mole for
aluminum oxide (a-Al;O3), -1274 kJ/mole for bayerite (AI(OH)3), and -988 kJ/mole for
boehmite (AIOOH) [3, 96]. During ball-milling when fresh Al surfaces are continuously created
and exposed to the milling atmosphere these fresh surfaces may react with oxygen in the very
short time between ball collisions. As ball-milling takes place in air and also ball-milled powders
are handled and stored in air, there is a high probability that additional alﬁminum oxide would be
formed. Therefore, the variation in oxide concentration [O] was investigated. The oxygen
concentration in fresh prepared and aged AI-KCI(50wt%) powders in function of ball-milling
time was examined by using EDS. The results are summarized in Table 4.6. The [O] change was
related to oxygen concentration measured in as-received Al powders. The net increase in oxygen
concentration in fresh ground and 3 weeks aged AI-KCl powders is presented in Figure 4.22.
The freshly ball-milled powders were exposed to air for a maximum of 15 minutes before they

were loaded to the SEM vacuum chamber. After the measurement the powders were kept on

specimen stubs in air and were characterized again 3 weeks later.




As seen in Table 4.6 the gross oxygen concentration in freshly milled powders increases

steadily from 3.83 wt% for 15 min ball-milled powders to 13.67 wt% for 4 hours ball-milled

powders. The powders include oxide debris from the original native oxide film that was present

on the as-received Al powder particles (3.79 wt%). It was not attempted to determine the

percentage of oxidation during or the percentage of oxidation right after ball-milling. After 3
weeks of aging the powders continued to oxidize and reached oxygen concentrations of 4.11
wt% for 15 min ball-milled powders and 20.26 wt% for 4 hours ball-milled powders. Even
though the aging time was the same for all investigated powders, the increase in oxygen is the

lowest for powders ball-milled for 15 min and highest for powders ball-milled for 4 hours (see

Figure 4.22). The largely increased surface area which increases with ball-milling duration (due

to particle refinement) and the higher surface reactivity which depends on the degree of

deformation as well as on the defect concentration in Al and its oxide (that also increases with

ball-milling duration), are the most probable reasons for oxide amount increase. The fraction of

adsorbed oxygen and/or water on the particle surface could not be identified.

Table 4.6 Gross oxygen concentration in fresh milled and 3 weeks aged AI-KCI(50wt%)
powders, obtained by EDS.

Sample Oxygen concentration in Oxygen concentration in
fresh ground powder 3 weeks old powders

fwt%] [wt%]

Al source, no BM 3.79 3.79

Al-KCl, BM=15min 3.83 4.11

Al-KCl, BM=1hr 7.94 9.48

Al-KCl, BM=2hrs 9.32 14.05

Al-KC]l, BM=4hrs 13.67 20.26
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Figure 4.22 Net increase in oxygen concentration in fresh ground and for three weeks aged Al-
KCI(50wt%) powders.

4.3. Hydrogen Generation through Al-assisted Water Split Reaction

As discussed in Chapter 2.5, the corrosion reaction of aluminum in water at near-neutral
pH conditions at 25°C is generally very slow due to the nm-thin passive film of oxides and
hydrated oxides preventing (or slowing down) access of the reactants to the metal surface. These
oxide films on aluminum have very low solubility in neutral and near-neutral pH water solutions.
Localized corrosion, such as pitting and intermetallic corrosion, has been observed in the
presence of aggressive ions and metallic impurities or alloying metals respectively [25, 35, 56,
59, 60]. The oxide film solubility increases when the solution’s pH is shifted into the alkaline or
acidic region (9 < pH < 4). When the protective film is dissolved, a rapid corrosion of Al in
water will proceed.

In this section the massive and “atypical” corrosion of Al in water at near-neutral pH

accompanied with the development of exceptional high amounts of hydrogen gas will be
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presented. The prerequisite for this rapid reaction, in which the re-passivation of the aluminum
metal fails, is mechanical alloying of Al powders with an additive, as described in Chapter 3.
The Al-assisted water split reaction is very complex not only because of a series of simultaneous
partial cathodic and anodic reactions involved but also because of the surface oxide, the
environment and the metal itself. When bayerite, AI(OH)s;, or boehmite, AIOOH, are the reaction

products, the overall reactions can be written as:

2Al + 6H,0 — 3H, + 2A1(OH); 4.1)

2Al + 4H,0 — 3H, + 2AI00H (4.2)

There are several factors which influence the atypical Al corrosion reactions (4.1) and
(4.2) leading to massive hydrogen gas generation. Some of the most significant parameters,
which will be discussed below, are: the properties and concentration of the additive, powder

particle size, alloying conditions, temperature, pH, and the chemistry of the solvent.

4.3.1. Influence of the Additive on Hydrogen Generation

4.3.1.1. Additive - free Aluminum-H,O Systems

As-received Al powders and Al powders ball-milled for 15 min and 60 min without the
addition of a second ﬁhase, were exposed to water (tap water, pH 6.5 to 7.1) or corrosion
promoting aqueous solutions. The progress of the overall Al-assisted water split reactions (4.1)
and (4.2) was measured by capturing the generated hydrogen gas. The complete corrosion of 1 g
of Al metal at 25°C and 1 atm pressure, results in a maximum of 1359 cc generated hydrogen
gas.

The H, generation results obtained from as-received and ball-milled additive-free

aluminum powders in different environments are summarized in Table 4.7. No H, generation




was observed for as-received Al powders in cold water (T = 20 + 2°C). The experiment was
aborted after 14 days. Some H, generation was observed at increased water temperature (T =
55°(£). Hydrogen evolution started after 15 min and after 1 hour of exposure ~ 90 cc hydrogen

| gas/1g of Al was collected. This amount corresponds to a corrosion of ~ 6.5 % of the Al to
aluminum hydroxides. Comparable H, generatiori reaction progress was measured in 0.007 M
KCI. Increased H, evolution reaction of Al powders was monitored in KCl saturated and pH 10
aqueous solutions at Twaer = 55°C (see Table 4.7). The progress of the H, generation reaction in
the first 60 minutes is shown in Figure 4.23. The induction period, in which no H, generation is
measured, decreased to 5 min for Al powder in pH10 solution; the highest H; yields from as-
received Al powders were obtained in saturated KCl solutions (155 cc Hy/1g of Al after 60 min

of reaction).

Table 4.7 Hydrogen generation from as-received and ball-milled additive-free Al powders
during corrosion in different environments. (Twaer= 55°C).

Al - H,O System Ball-milling Induction time H, yield after 60min
duration of corrosion
[min] [min] [cc Hy/1g Al]

as-received Al 0 15 90

as-received Al hand mixed

with KC1 (1:1) 0 15 20

as-ref:elved Al in pH10 0 5 110

solution

as-received Al in saturated 0 8 155

KClI solution (T = 55°C)

ball-milled Al 15 10 10 to 50

ball-milled Al 60 5 125

ball-milled Al hand mixed

with KCI (1:1) 15 15 | 12

ball-milled Al in saturated 15 5 18

KClI solution (T = 55°C)
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Figure 4.23 Hydrogen generation from as-received and ball-milled Al-only powders in
the first hour of corrosion in different environments. (Tyaer= 55°C).

As-received Al, mechanically alloyed for 15 min without any additives, shows only very
limited reactivity even in aggressive environments. As shown in Figure 4.24, BM Al-only
powders tend to form large metal flakes - up to a millimeter in size - due to cold welding during
the high energy ball-milling process. The largely reduced surface area may be the reason for the
reduced corrosion susceptibility when comparing to as-received Al powders with mean particle
size of 35 um. The amount of hydrogen collected fr’om Al-only powders ball-milled for 15 min
was not reproducible and fluctuated between 10 and 50 cc Hy/1g of Al. Al-only powders ball-
milled for 60 min generated higher amounts of hydrogen (125 cc Hy/1g of Al), see Table 4.7.
Because corundum (milling media materials) was confirmed in the powders - see XRD
diffractograms in Figure 4.25 - the probable reason for H; fluctuation (when using short milling
times) as well as the increased Al activity (when using longer milling times) is the incorporation

of hard abrasives debris coming from balls and crucible walls particles and the formation of a

two-phase matrix by amalgamation with the ductile and sticky Al.
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Figure 4.24 SEM micrograph of ball-milled Al-only powders (ball-milling time BM = 15min).
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Figure 4.25 XRD diffractograms of as-received and ball-milled Al-only powders.
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4.3.1.2. Aluminum-Additive-H,O Systems

Different Al-additive systems (50/50wt%) have been explored and the amount of
generated H, compared. As additives chosen were water-soluble and water-insoluble organic and
inorganic materials. Potassium chloride (KCl) and sodium chloride (NaCl) were the most used
system compounds. The chosen additives differ from each other significantly. Not only their
chemical composition and chemical reactivity with Al and H,O, but also their physical
properties, such as initial particle size, hardness or mechanical strength, vary greatly.

As shown in Figures 4.26 and Table 4.8, all additives after being mechanically blended
with Al in a comparable ball-milling process have an accelerating effect on the corrosion of Al
regardless of their variation in chemistry and physical properties. Figure 4.26 presents
graphically the effect of various additives on the hydrogen generation reaction of Al in water,
whereas Table 4.8 gives the amount of hydrogen gas generated in 1 hr during corrosion reaction

of Al in water, and lists the initial particle size of the used additives.

1200

1000-

800+

600"

400

200+

Amount of generated hydrogen gas in 1 hr
[cci1g Al]

Figure 4.26 Effect of various Al-additive systems on the amount of hydrogen gas generated in
one hour during corrosion reaction of Al in water. (Tyaer = 55°C)
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The loweét H; yields were obtained from Al blended with organic additives and the
highest when using common water-soluble inorganic salts (WIS), such as NaCl and KCL. In the
first hour of the reaction, 270 cc H; for PVA and 1095 cc H, for KC1 were released from 1 g of
Al, or 20% and 80% respectively from theA aluminum present in the system was corroded to
aluminum hydroxide. For the water insoluble additives, which were employed as-received, a
correlation between particle size and H, generation rate was c;bserved. The smaller the additive
particle size the higher the hydrogen yield was. This result did not apply to salts. Water-soluble
inorganic salts are characterized By very large initial particle size, yet the highest hydrogen
yields were obtained by using them as an additive. The reason is that salt crystallites can be
reduced in size much more efficiently than any other tested inorganic materials due to their low
hardness and easy cleavage during the process of high energy ball-milling (in pre-ball-milling

and subsequent mechanical alloying with Al).

Table 4.8 Initial particle size of additives and the effect of various additives on hydrogen yield
after 1 hr of Al corrosion in water.

Initial Particle | Amount of generated H,
Additive Size [cc/1g Al in 1hr]
fum] Twater= 55°C
ORGANIC:
PVA <1000 270
PAG <4000x500 310
(slab form)
INORGANIC:
SiC 8-10 380
Si0, 150 460
Kaolin <2 540
AL O3 (A16) 0.4 540
Al O3 (y alumina) 0.04 590
SALTS:
NaCl <300 970
KCIl <350 1095




The H, yield obtained from Al in the Al-salt-water systems is 250% higher than the H,
yield obtained from the AI-PAG system and 100% higher than the H, yield from the Al-ALO; or
Al-AlOOH system found in literature [1,2]. Using KCl as additive, more than 80% of the
aluminum have been corroded to AI(OH)3 and/or AIOOH after 1 hour of reaction, and more than
70% using NaCl. In these reactions hydrogen yields of 1095 éc and 970 cc H, gas /1g Al
respectively, were obtained. Multiple H, generation experiments using ball-milled Al-WIS and
Al-Al,O3 powders and same conditions were performed to test the reproducibility of the
experimental results. The mean hydrogen yield was determined to 1115 + 4% cc /1 g Al for Al-
KCI(<0.5wt%NaNO3)-H;0 system and 505 + 7% cc /1 g Al for Al-Al,03-H,0 system after one
hour of water split reaction.

From all tested materials, AI-KCl powder mixtures form the most hydrogen efficient
two-component systems, followed by Al-NaCl powder mixtures (~ 10% less efficient). The
finest water-insoluble inorganic powders lay far behind the Al-salt systems.

The hydrogen generation reaction for Al-salt-H,O systems as a function of time is
presented in Figure 4.27. Typically three reaction stages can be distinguished. The first stage, in
which no or very little hydrogen is generated, is called induction period. This stage lasts from a
few seconds for salts and several hours for Al-only powders. The second stage is characterized
by a very fast reaction during which hydrogen is produced at its highest generation rates of 60 to
450 cc Ha/min per 1g Al for Al-salt systems. The third and final stage shows considerably
slowed down hydrogen generation rates of < 1 to 20 cc Hy/min per 1g Al. Hydrogen evolution
continues in this slowed-down mode as long as the powders are in contact with water. The
precipitated aluminum hydroxide most likely affects the reaction by hindering the water access

to the remaining Al metal. Regrinding of the incomplete reacted powders usually reactivates the

Al that is still contained in the sample, leading to a faster corrosion completion of the metal.




The induction period, reaction rate and total hydrogen yield depend not only on the
additive but also on many other factors that will be presented and described in the following

sections.
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Figure 4.27 Typical stages of hydrogen generation during the first hour of Al-H,O reaction
on the basis of Al-salt-H,0 systems. (Tyaer = 55°C)

4.3.1.3. Aluminum-H,O Systems with Leached-out Additive

In this section hydrogen generation from additive-free Al-H>O systems will be
demonstrated. Additive-free Al powders were prepared from mechanically alloyed Al-additive
powder mixtures by removing (leaching-out) the water-soluble system component. Water-
soluble inorganic salts, such as NaCl and KCl, are best suitable for these experiments due to their
high solubility in water, including cold (< 20°C) water. According to EDS and XPS results
presented in Section 4.2, essentiélly pure Al was (;btéined after a thoroughly washing process of

the Al-salt powder mixtures. The remaining salt concentrations were found well below 1 wt%.
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The amount of hydrogen gas generated from such leached-out Al-H,O system during 2 hours of
reaction is shown in Figure 4.28. The reactivity and hydrogen evolution from Al with leached-
out KCI and leached-out NaCl, as well as standard Al-NaCl powder mixtures are compared.
From Figure 4.28 it can be seen that ball-milled salt-free Al powders behave like Al-salt powder
mixtures in water. They maintain the same water split reaction rate, have similar induction
periods and comparable hydrogen yields. Leached-out Al-H,O systems yielded between 900 and
950 cc H; gas in one hour and approximately 1000 cc in two hours of corrosion. The reaction
efficiency is 65 to 70% and 74% respectively.

Two important conclﬁsions can be drawn from obtained results. Firstly, because the
water split reaction remains unchanged in the additive-free Al-H,O systems, .the presence of a
salt or any other additive is not required for the rapid corrosion reaction of aluminum. However,
structural changes in aluminum and its oxide formed during mechanical alloying, as well as the
increased porosity and increased surface area may be some of the reasons for the increased
corrosion of such “additive-free” aluminum powders. As reported earlier in Section 4.2.1, the
specific surface area of leached-out Al increases more than 30 times from 0.30 m?/g for as-
received Al powder to 9.68 m?/g after 15 min of ball-milling Al with a salt. Secondly,
differences in H, yield and reaction kinetics when using Al-KCl and Al-NaCl systems were
reported earlier (see Fig. 4.27). Because there is no H, yield difference between any of the
leached-out Al powders, some chemical influence of the second phase is suggested. Besides the
dominant mechaniétiJc influence of additives during the process of mechanical alloying, there is a
notable but limited chemical influence that affects the mechanism of the Al corrosion reaction.

The absence of Na*, K* and CI” ions in the aqueous solution or the absence of Na*, K* and C1~

ions at the corrosion site seems to be the reason for the corrosion setback.
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Figure 4.28 Comparison of hydrogen generation from Al-NaCl-H,O(%) with leached-out
Al-H;0 systems(KCIl o; NaCl 4) during 2 hours of corrosion reaction.

4.3.2. Influence of Additive Concentration on Hydrogen Generation

Using potassium chloride, which is one of the most effective additives employed in this
work for hydrogen generation through Al-assisted water split reaction, the influence of additive
concentration on hydrogen generation was studied. The effect of the amount of KCI in Al-KCl
powder mixture on the total amount of hydrogen produced in 1 hour per 1g of Al metal is
presented in Figure 4.29. The data were normalized per gram of aluminum metal.

As seen in the plot, the higher the concentration of the KCl salt (or second phase) in the
powder mixture, the more thoroughly the corrosion reaction of the Al contained in the sample is.
The amount of H, generated from Al-KCl powders with [KCI1] > 90% equals nearly the

theoretical limit for hydrogen generation (1359 cc per 1g of Al metal at 25°C), presented in the

graph with broken line.
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Figure 4.29 Effect of the amount of KCI in AI-KCI powder mixture on the total amount of
hydrogen produced in 1 hour. All data are normalized per gram of aluminum
metal.

4.3.3. Influence of Additives and Impurities on Hydrogen Generation-

4.3.3.1. Influence of Other Additives on Hydrogen Generation

Additional additives, either other salts or inorganic materials added to a system, influence
the corrosion kinetics of the Al-additive systems. Depending on their amount and chemistry they
can either favor or hinder the aluminum corrosion reaction. Additives were added to the Al-
additive system as the third component in relatively small quantities (up to 10 wt% of the
additive).

Two additive types have been tested: elemental magnesium, Mg, and sodium nitrite,
NaNO;. Their effect on hydrogen generation reaction is shown in Figures 4.30 and 4.31. Figures

4.30-1 and 4.30-2 present the effect of Mg on the reaction kinetics and hydrogen yield of the Al-
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KCI(50wt%, BM=15min) system in the first 15 min and 60 min, respectively. Magnesium
metal, as seen in Fig. 4.30-1, shortens the induction period from 2 min for the Al-KCl system
without additives to 45 sec when 1 wt% of the Al is replaced by Mg. Immediate reaction was
observed when 5 wt% Mg or more were added. The addition of Mg also leads to an increase of
the reaction rate in the first 5 min (up from 130 cc Hy/min for Al-KCl to average 170 cc Hy/min
for Al-Mg-KCl). Hydrogen yield shows dependence frohq magnesium quantity, too. For the Al-
Mg-KCl systems the H, amount is more than 10% higher after 15 minutes and less than 10%
higher after 60 min of the reaction when comparing with bare Al-KCl system. The generated H,
amount is expressed in cc Hy per 1g of the metal alloy since Mg, like Al, reacts with water
vigorously forming hydrogen. Even though the H, yield from the water-split reaction with Mg is
lower, (theoretically, 1 g of Mg produces maximally 1006 cc H, gas at 25°C as oppose to 1359
cc H; obtained from 1 g Al, see stoichiometries below), the overall yield of the Al-Mg-KCl

corrosion reaction is higher.

Al+3H,0 — 1.5H, + AI(OH); (4.3)

Mg + 2H,0 — H, + Mg(OH), (4.4)

It can be concluded that the addition of Mg positively influences the reaction kinetics and

accelerates the reaction of Al.

Sodium nitrate (NaNO3), a water-soluble inorganic salt known for its oxidizing
properties, is another additive that was applied. Figures 4.31-1 and 4.31-2 present the effect of
NaNO; on the reaction kinetics and hydrogen yield of the Al-KCI(50wt%, BM=15 min) system

in the first 15 min and 60 min, respectively.
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Figure 4.30 -1 Effect of Mg on the induction time and reaction rate of the Al(Mg)-KCI-H,0
system in 15 min of water split reaction.
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Figure 4.30-2: Effect of Mg on hydrogen yield and reaction rate of the Al(Mg)-KCI-H,0O
system in 60 min of water split reaction.
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Figure 4.31-1 Effect of NaNOjs on the induction time and reaction rate of the AI-KCI(NaNO3)
system in 15 min of the water split reaction.
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Similar to Mg, NaNOs decreased the induction period of the Al-KCl system with the
increase of NaNOj concentration in the powder mixtures from 2 min for the Al-KCl system
without additives to 30 sec when 0.25wt% of NaNO; was added. Instant reaction was observed
when 4wt% of NaNO; was blended into the AI-KCl powder. The reaction rate increased in the
first 5 min from 130 cc H,/min for Al-KCl to 160 cc Hy/min for Al-KCI(0.25wt%NaNO;) and
Al-KCl(4wt%NaNOs3). The reaétion rates were slightly lower for Al-KCI1(0.5wt%NaNOs;) and
Al-KCl(1wt%NaNO3). The total H; yields after 15 min and 60 min of reaction also depended on
the amount of NaNQO; added. Best H; yields were obtained when 0.25wt% and 4wt% of NaNO;
was added, 1145cc H, and 1105 cc Hj, respectively, after the first hour of reaction. This amounts

to a corrosion of 85% of the Al enclosed in the system.

4.3.3.2. Influence of Water Quality on Hydrogen Generation

The majority of the Al corrosion experiments were performed with tap water at 55°C. To
investigate the influence of water quality on corrosion of deformed Al, th;ee additional types of
water qualities were fested (distilled water, sea water and KCl-saturated aqueous solution) and
the results compared to that of tap water.

Figure 4.32 shows the influence of water quality on hydrogen generation of the Al-
KCI(50wt%, BM = 15 min) systems during the first 60 min of corrosion reaction. As seen in the
plot, the hydrogen generation reaction progresses with similar kinetics, independent of the water
used e.g. tap water, distilled water, or marine water. H, yields and hydrogen generation rates of
the Al-KCl powder mixtures in tap water, distilled water and KCl-saturated aciueous solution are
comparable. Consequently, the effect of impurities commonly found in tap water (e.g. salts of
alkaline and alkaline earth elements), distilled water or even KCl-saturated aqueous solutions

seems to have a minimal influence on the rapid corrosion phenomenon of Al. Surprisingly, the
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strongly increased concentration of potassium and chlorine ions in the KCl-saturated aqueous
solutions (Tsamration = 55°C) does not accelerate or increase the corrosion as reported in many
papers [25, 56, 59, 60]. However, reduced H; yields and reaction rates as well as extended
induction times were measured for marine waters. It seems that some of the impurities present in
sea water (other then chlorides) block the corrosion reaction so that a slowed down kinetics is
observed. Sea water samples were taken from English Bay. Chemical water analysis was not

performed; however slightly increased pH was measured (pH = 7.9).
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Figure 4.32 Influence of water quality on hydrogen generation of the AI-KCI(50wt%) system
during 60 min of water split reaction.

4.3.4. Influence of Ball-Milling Time on Hydrogen Generation

One of the most significant process parameters during mechanical alloying is the milling
time. For the Al-salt systems the milling time was varied from 7.5 min to 4 hrs. Figure 4.33

reflects the effect of ball-milling time on corrosion or the amount of hydrogen produced from 1g

Al powder in the Al-KCI(50wt%) system after 15 min and 60 min of reaction.




The corrosion of Al in water increases steadily with ball-milling duration. The total H,
yield increased from 900cc (when milled for 7.5min) to 1240cc H, (when milled for 1 hour) after
60 min of reaction time, increasing the efficiency from 67% to 92%, respectively. The induction
period decreased from 2 min after 15 min of grinding to an immediate reaction start after 60 min
of grinding. The reaction rate is the highest for powder mixtures that were mechanically alloyed
for 60 min or longer. The H; yield from Al powder that was ball-milled for 1 hr was the highest
and amounted to 1200 cc Hy/1g of Al In this particular case more than 90% of the Al contained
in the sample participated in the water split reaction forming aluminum hydroxide. The
predominant part of the reaction (> 95%) occurred in the first 15 min. Al that was ball-milled for
4 hours had the highest recorded reaction rates in the first 5 min, but yielded less than 1000 cc

hydrogen gas /1g of Al
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Figure 4.33 Effect of grinding time on the amount of hydrogen produced from 1g Al powder
after 15min and 60min of the Al-H>O reaction. AI-KCI(50wt%) system.
Twater = 35°C.

82



Hydrogen generation from Al. powders that were ball-milled for 15 min and 4 hours and
re-ground after partial reaction is showﬁ in Figure 4.34. Regrinding 6f partly corroded powders
may re-activate the unreacted Al in the subsequent run, see Figure 4.34. Attempts to re-activate
the spare Al by regrinding failed for the 4-hrs-milled and 60-min-reacted powders. Powders that
were initially ball-milled for 15 min, produced additional 150 cc H, after regrinding them twice.
Powders that were ball-milled for 4 hrs produced merely 25 cc more H,. This result indicates
that no unreacted Al metal was left in the powder — the corrosion was completed yielding a total
of 1005¢c H /1g Al and a reduced efficiency of 74%. The reason for this H, deficiency most
likely lies in Al oxidation during and just after ball-milling as milling and handling of powders
takes place in atmospheric conditions. The longer the milling process the more Al will be
sacrificed. Similar trend was also reported in Section 4.2.2.2 where increased oxygen
concentration in extended time ball-milled Al powders was measured (EDS results). From the
amount of generated H, it was estimated that in the case of Al that was ball-milled for 4 hrs
around 25% of the Al was oxidized. This result matches well with results obtained by EDS (~ 27
wt%). Mechanical alloying in a protective/inert gas atmosphere and reduced/optimized milling

times is therefore recommended.
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Figure 4.34 Effect of regrinding of partly reacted powder mixtures that were initially ball-
milled for 15 min and 4 hrs. Reaction time: 60 min for each run; Regrinding
time: 15 min; Al-KCI(Iwt%NaNQ3) system, Tyarer = 55°C.

4.3.5. Influence of Aluminum Heat Treatment on Hydrogen Generation

Some of the important aspects of microstructure on aluminum corrosion are: the
mechanical and thermal treatment history, grain size, as well as defects and their distribution.

The microstructure of the Al powders changes especially during the process of high
energy ball-milling. The longer the milling time the more severe the damage is. Not only grain
refinement and crystallite size reduction but also introduction of many defects and dislocations
as well as induction of microstrains were indicated in Chapter 2. Heat treatment such as

annealing is broadly applied to recover dislocations and reduce residual stresses present in

metallic materials after cold-working.




Ball-milled Al-NaCl(SOwt%) and Al-Al,O3(50wt%) powder mixtures were annealed at
elevated temperatures for either 0.5 or 1 hour in Argon atmosphere (99.998 %) to prevent Al
oxidation. Al-NaCl were annealed at 550°C, whereas Al-Al,O; powders were heat-treated at
temperatures as high as 700°C and 800°C which is above the melting point of Al (T = 660°C).
Their reactivity in water was tested immediately after annealing. The amount of generated
hydrogen from annealed Al-NaCl(50wt%) and Al-Al,O3(50wt%) powder mixtures was
compared with the amount of hydrogen generated from equivalent not-annealed samples. The
results are shown in Figures 4.35 and 4.36.

Annealed and not-annealed aluminum as well as aluminum that underwent melting and
solidification transformation show similar kinetics and generate comparable amounts of
hydrogen gas. Based on these experiments, it can be stated that in the process of melting-
recrystallization all of the induced strains were eliminated from the Al structure. Consequently,
lattice deformations, which are produced in Al during the process of high energy ball-milling,
are not the reason for the massive corrosion reaction and they are also not a factor which
influences the Al-assisted water split reaction.

The morphology of the single Al particles seems to be preserved during the heat
treatments probably due to the oxide layer around them, compare Figures 4.37-1 and 4.37-2.

The longer induction period during the Al-H,O reaction, when using annealed powders,
indicates that some changes occurred in the oxide layer. Extended induction periods without
loses in Hj yield, were also observed for aged ball-milled powders. Loss of water and

densification of the oxide may be valid for heat treated powders, while film thickening could be

the explanation for aged powders (see XPS analysis in Section 4.2.2.1).




900

800 -

700

600 -

500 -

400 -

300 +

200 -

Amount of Generated H2 [cc/1g Al]

100 -

not annealed
reference sample

annealed at

Al-NaCl(50wt%) system

0,
550°C for 0.5hr T water = 55°C
Al T e =660deg C
5 10 15 20 25 30 35 40 45 50 55 60

H2 Generation Time [min]
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Figure 4.37-1 Al-Al,03 before heat treatment. BM = 10 min.

WD15. 1mm 20 .0kV x10k

Figure 4.37-2: Al-Al,0; after heat treatment at 800°C. BM = 10 min.
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4.3.6. Influence of Temperature on Hydrogen Generation

4.3.6.1. Influence of Water Temperature

Water temperature has a considerable effect on Al corrosion and hydrogen generation.
Hydrogen generation experiments in water at 22, 40; 55, 70 and 100°C were performed. The
water temperature was set by thermostat. The effect of reaction heat on water temperature was
negligible due to the large excess of water (~ 1000x more H,O than Al, by mass). Table 4.9
reflects the effect of water temperature on the amount of hydrogen produced from 1g Al powder
of the AI-KCI(1wt%NaNQs3) system, BM=15min, after 15 min and 60 min of corrosion reaction.

H, yield and generation rate tend to increase whereas the induction time tends to decrease

water, with an increasing rate at moderate temperatures and very fast and completely in boiling
water (T =100°C). Hydrogen was not collected in boiling water. The experiment was performed
in an open system for 1 hour. It is assumed that the entire Al contained in the sample was

corroded, because no Al was detected by XRD in reaction products.

Table 4.9 Effect of water temperature on induction time and the amount of hydrogen produced
from 1g Al powder of the AI-KCI(Iwt%NaNQ3) system after 15min and 60min of
Al-HO reaction. (BM = 15 min)

with the increase of water temperature. The Al corrosion reaction progresses very slowly in cold

Water Temp. | H; yield after 15 min H; yield after 60 min Induction
[°C] time
[cc/lg Al] [%] [cc/lg Al] [%] [min]
22 0 0 25 1.8 30
40 565 41.5 980 72.1 2.5
55 840 61.8 1050 77.3 0.25
70 1050 77.3 1210 89.0 0
100 ? ? 1359* 100 0

* Value based on XRD analysis of reaction products (no elemental Al has been detected)
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As seen, the Al - H,O reaction is promoted and appreciable amounts of hydrogen are
generated when water temperatures of 40°C or higher are provided. When water temperatures
are low and water/powder ratio is high, the reaction heat will be dissipated and the reaction rates

will be kept slow.

4.3.6.2. Influence of Reaction Heat

The Al-H,O reaction is exothermic [3, 96, 97]. The standard enthalpies of reaction AHCyn,
were calculated in Section 3.4.1 and calorimetric measurement results are presented in Figure
4.39. Generally, only de-passivated aluminum reacts with water at neutral or near-neutral pH
releasing heat to the surrounding environment. For ball-milled Al-KCI-H,O and Al-Al,0;-H,0
systems the reaction heat effect on water temperature change during hydrogen generation
process was investigated. Bulk water temperature changes were barely measurable when small
amounts of powder (~ 1g) and excessive volume of water (~ 1000 cc) were used. By decreasing
the ratio of water/powder from 1000 to 15, the approximate temperature variation during the
water split reaction could be monitored even in an open system, e.g. a beaker. The results for the
Al-KCI(50wt%)-H,0 and Al-Al,O3(50wt%)-H,O system are presented in Figure 4.38. As
.starting temperature, the standard water temperature of Twater start = 35°C was used. A standard
hydrogen generation curve for Al-KCl and AI;A1203 was projected into Figure 4.38 from a .
similar experiment to correlate the reaction rate with temperature changes in the system.

When mixing Al-additive powder mixiures into water, :[he bulk ‘temperature rises after 1
to 2 minutes up to 60°C for Al-Al,O3 and steeply up to 79°C for Al-KCI powders due to massive
reaction of aluminum with water (exothermic reaction, AH xy payerite = - 418 kJ/mole) ). During
this period the hydrogen generation rate is highest. After the temperature has reached a
maximum it then decreases exponentially and normalizes. The H; reaction rate continues to be

high but will decrease steadily by time. Reaction heat is not measurable at moderate and slow
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reaction rates because the heat generated at an interface dissipates to water, reaction solids and
the environment. Even so, the localized temperature increase amplifies the corrosion rate and

promotes the reaction and hydrogen generation.

12 80
o 11 - " H, Yield i
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Figure 4.38 Temperature change during the hydrogen generation reaction of the

AI-KCI(50wt%) and Al-Al,0;3 system. Tyater sian= 33°C; Volume p20= 30ml.

The quantity of reaction heat (reaction enthalpy) released during the reaction of ball-

milled Al-additives powders with water was determined from heat flow measurements using a
differential scanning calorimeter (DSC), see Figure 4.39. The integration of the heat flow over
time gives the reaction enthalpy AH, for a particular system. Using the DSC graph the
calculated AH,, for the Al-H,O reaction are: -353.2 kJ/mole for the Al-KCI-H,O system and -
180.8 kJ/mole for the Al-Al;03-H,O system at Twaer = 50°C (see also Table 4.10). These values
are lower then the theoretical AH,, for the Al-H,O reaction because not the entire Al contained
in the powder sample reacts to aluminum hydroxides. The amount of reacted Al was estimated

by using DSC measurements data and AHx, data for a complete Al-H,O reaction at 50°C (AHxq
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Bayerite = - 421 kJ/mole at 50°C [97]). The results are presented in Table 4.10. In the Al-
KCI(50wt%)-H,0 84% and in the Al-ALO3(50wt%)-H,O system 43% of the Al contained in the
powder corfoded forming AI(OH); (bayerite is the predominant aluminum hydroxide formed in
Al-H,O reactions in water temperatures up to 80°C). The results are réasonable as the H, yields
obtained from hydrogen generation experiments are in similar range (500 cc to 600 cc H; for the

Al-AlL,O3(50wt%)-H,0 system and 1100 cc to 1200 cc H; for the Al-KCI(50wt%)-H,0).

80 80

70 A

70
Heat Flow

60 60

NV %) —
A 30
” _/ // />\ Al-KCI-H,0 System at T = 50°C )
00N :
0 ’\/ / /7777 [T

0
2000 4000 6000 8000 10000 12000

Time [sec]

Heat Flow [mW]

Temperature [deg C]

Figure 4.39 Heat flow change as function of time during the hydrogen generation reaction
of the AI-KCI(50wt%) system in 3 hours.

my; = 0. Olg; Twater start— 23 C Twater 500C:' Volume H20™ 0.9 ml

91




Table 4.10 Estimation of the Al amount reacted with water using DSC measurements data and
AH,,, data for complete Al-H,O reactions at 50°C.
AI-KCI(50wt%)-H,0 and Al-Al,03(50wt%)-H;0 systems at 50°C.

Sample AHyy, at 50°C ' AHp at 50°C
[kJ/mole] [kJ/mole]
Al-KCI(50wt%)-H,O -353.2
(from DSC graph)
if 100% Al reacted -421
84% Al reacted -353.3
(equivalent to 1139cc Hy/1g Al)
Al-Al,O3(50wt%)-H,0 -180.8 '
(from DSC graph)
if 100% Al reacted -421
43% Al reacted -180.8

(equivalent to 583cc Hy1g Al )

4.3.7. Influence of Solution pH on Hydrogen Generation

Normally, a thin bxide film protects Al from corrosion in neutral or near-neutral pH
environment [22, 23]. Corrosion rate increases in solutions of highef and lower pH. Some
corrosion in as-received Al was observed in pH 10 aqueous solutions (Section 4.3.1.1, Figure
4.23). Accelerated cc;rrosion of Al takes place in highly acidic or alkaline solutions in which
aluminum oxides and hydroxides are soluble [24, 56].

For ball-milled Al-additive-H,O systems a massive corrosion was observed when using
water of neutral pH (pH = 6.5 - 7.1). The corrosion extent and progress were determined by the
amount and rate of generated hydrogen. Like the reaction temperature, bulk pH changes were
hardly measurable when small amounts of powder and excessive volume of water were used.
However, after decreasing the ratio of water/powder from 1000 to 15 a pH variation was
detected. The pH increase for the Al-KCI(50wt%)-H,O system is presented in Figure 4.40.

Figure 4.41 presents the pH change during the corrosion reaction of two additional Al-additive-

H,O systems, Al-Al,03 A16 and Al-KCl(4wt%NaNO;). For the Al-KCI(50wt%)-H,O system,
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see Fig. 4.40, the bulk water pH starts shifting towards higher pH right after immersion of the
powder mixture into water. The pH rises steadily from pH 7 to pH 9 in the first 10 minutes of
reaction. The pH stabilizes thereafter at pH 9.4 and remains constant. The other two presented
systems show basically the same trend but the final pH is 8.95 for Al-Al,O; and pH 10 for Al-
KCl(4wt%NaNOs).

The hydrogen generation reaction is typically characterized by an induction period (time during
which no visible H, generation takes place) after the blended powders and the solution are
brought together. An induction period of 2 to 3 min for AlI-KCIl and ~ 1 min for Al-Al,O3 was
typically recorded at Twaier = 55°C. For some systems, such as the Al-KCI(4wt%NaNOs),
compare Fig. 4.31-1, immediate reaction was characteristic (no induction time). As the pH rises
right after contact of powder with water for all the systems - regardless of H; evolution and the
length of induction period - an immediate cathodic reaction must take place at the interface
oxide/solution which leads to formation or discharge of OH ™ species into the solution.

In order to further test the effect of pH on the hydrogen generation reaction, experiments
in solutions of different pH (from pH 3.5 to pH 9) were conducted. The hydrogen generation
from ball-milled AI-KCI(50wt%) powder mixtures in aqueous solutions of various pH as a
function of reaction time is presented in Figure 4.42. The pH shift determined after the reaction
of Al-KCI(50wt%) in aqueous »solutic‘)ns__o\f different start pH is given in Table 4.11.

The massive reacﬁon of bail-h;lilled Al-KCl powders ‘with water progresses at similar
reaction rates but with a delay when using aqueous solutions of different pH. The delay rises
with decreasing pH in acidic solutions: from 2 min in pH 6.8 (tap water), to 15 min in pH 5, 60
min at pH 4 and approx. 5 hrs in pH 3.5 solutions. The slightly increased volume of hydrogen
released during the induction period in pH 4 and pH 3.5 solutions may be attributed to other type
of corrosion, i.e. the localized pitting corrosion. A reaction delay (10 min) was also measured in

pH 9 solutions.
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Figure 4.40 pH and temperature change during hydrogen generation reaction of the
Al-KCI(50wt%) system.
Twater stare= 35°C; PHigp water=7; Volume mo= 30ml; BM ='15 min.
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Figure 4.41 pH shift during hydrogen generation reaction of different Al-additive-
H;0 systems (Al-A1,03(50wt%), AI-KCI(50wt%) and Al-KCIl(4wt%NaNO3).
Twater start= 35°C; pHigp water=7; Volume 0= 30ml; BM = 15 min
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As demonstrated in Table 4.11, a pH shift towards higher pH during the reaction was
measured for all the systems. This indicates that some or all of the H;O" species in acidic
solutions have been neutralized while the concentration of the OH  species in neutral or weak
alkaline solutions have been enriched. From the pH difference the concentration of discharged
OH ™ species and the molarity of the bulk solution were estimated (see Table 4.11). It may be
assumed, that the pH at the metal/solution interface, in pores or cavities, is locally much higher
then the pH of the bulk solution. Increased local alkalinization may be one of the reasons for
increased reactivity of BM Al in solutions of near-neutral pH. In an environment of pH > 11 the
reaction product species as well as the protective aluminum oxide film itself are much more

soluble so that Al re-passivation does not occur but a massive Al-H,O reaction could progress.
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Figure 4.42 Hydrogen generation from ball-milled AI-KCI(50wt%) powder mixtures in
aqueous solutions of different pH.
Twater start— 550C:' VOlSqution= 150 ml:' BM =15 min
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Table 4.11 pH shift during Al-H,0 reaction in aqueous solutions of different start pH.
Twater = 35°C; Volume j20= 150ml; AI-KCI(50wt%); 1g Al in powder mixture.

pH at pH at generated
reaction start | reaction end [OH ]
inlL

[Molar] -

9 9.8 8x 10°

6.8 9.91 1.2x10°

5 9.26 42x 10°

4 8.71 1.6x10°

3.5 6.4 47x 107

4.4. Characterization of Reaction Products

Besides pure but moist gaseous hydrogen and the solid or in-water dissolved additives,
aluminum trihydroxides and oxyhydroxides were predicted in reaction (1) and (2), Chapter 2,
and confirmed as reaction products. As far as process application is concerned, the formation of
boehmite, AiOOH, is generally more favourable as it requires leés water but produces the same

amount of H, gas, i.e.:

2A1 + 6H,0 — 3H, + 2AI(OH); (4.5)

2Al+ 4H,0 — 3H, + 2AI00H (4.6)

Figure 4.43 shows XRD diffractograms obtained from dried reaction products that were
formed during the reaction of Al with H,O in water, at temperatures up to 100°C, in the presence
of KCI(50wt%) as additive. Figure 4.44 presents SEM micrographs of the same powders.
Depending on reaction temperature three distinctive XRD patterns were identified. The first

pattern contains - in addition to KCl and some unreacted Al — only the phase ba}"erite, Al(OH);,
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which is formed predominantly during the reaction at water temperature up to 55°C. The second
pattern contains only boehmite, AIOOH, which is predominantly formed at Twager = 100°C. The
third pattern consists of both phases, bayerite and boehmite, which are formed in the temperature
region roughly between 60°C < Tywgier < 95°C. The bayerite peaks are sharp, indicating larger
crystallites, whereas the boehmite peaks are broad and of low intensity indicating the
nanocrystallinity of the material. SEM analysis confirms this, see Fig. 4.44. Bayerite (Fig. 4.44-
1) forms agglomerates of partly well developed, 2 to 7 um large crystals which vary widely in
their form and appearance. In contrast, the agglomerates of boehmite (Fig. 4.44-2) consist of fine
and loosely agglomerated hydroxide particles. Both reaction products are characterized by a very
large surface. The specific surface area of bayerite (72 m?/ g) is slightly lower than that of
boehmite (76 m*/g). This suggests that a large fraction of nanopores, which are not visible under

SEM, is present in the reaction products.

T = 100°C
:
/\J * it a el
~ N\

g 60°C <T<95°C
E

/) AIOOH

751( AI(OH)3

@ Al
Ke! J T =55°C
AA }\ Jl JLLMA |
10 15 60

2 Theta

Figure 4.43 XRD patterns of reaction products formed during the AI-KCI(50wt%)-H>0 reaction
at Twater = 55°C, 60°C < Twager < 95°C and Tweyser = 100°C.
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WD16.0mm 20.0kV. x5.0k 10um

Figure 4.44-1 SEM micrograph of reaction products formed during the Al-KCI(50wt%)-H,0
reaction at Tyaer = 55°C. (Bayerite).

WD10.5mm 5.00kV x5.0k ~ 10um

Figure 4.44-2 SEM micrograph of reaction products formed during the Al-KCI(50wt%)-H>0
reaction at Twaer = 100°C. (Boehmite).
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The precipitation of bayerite or boehmite is not influenced by additives, such as sodium
nitrate. Figure 4.45 shows XRD diffractograms of reacted Al-KCl-additive powders (additive
amount: up to 10wt% relative to KCI) in water at 60°C < Twaeer < 95°C. Both phases, bayerite
and boehmite are found in the reaction products. However, NaNOj increases the reactivity of Al,
as indicated previously (Section 4.3). This has also been found previously (section 4.3). When
comparing the (200) peak of Al at 44.74° it can be seen that the intensity of this peak decreases
with the increase of NaNQj; in the powder mixture. Its absence indicates that the Al-H,O
corrosion reaction was completed. Comparable results were also obtained when Al-KCl-

additives powders were reacted in water at 55°C and 100°C.

XRD on reacted Al-KCI powders at 60C < T < 95C
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Figure 4.45 XRD diffractograms of reacted AI-KCI-Additives powders in water at 60°C < Twater
< 95°C ([NaNO3] relative to KCIl amount).
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5. Conclusions and Recommendations

This work demonstrates that aluminum powders ball-milled with a second phase generate
exceptionally high amounts of hydrogen gas from solutions of neutral or near neutral pH,
through aluminum-assisted water split reaction. The highest hydrogen yields were obtained when
using water-soluble inorganic salts (WIS), such as KCl or NaCl. Using Al-WIS systems and KCl
as an additive more than 80% of the aluminum present in the powder reacted to AI(OH); and/or
AlOOH after 1 hour of corrosion reaction, releasing 1095 cc H; gas /1g of Al. These results
surpass by more than 100% the Al-additive systems found in the literature [1,2]. Crucial for the
fast Al-H,O reaction without Al re-passivation are the powder preparation, the appropriate
reaction parameters as well as the .reaction processes itself.

The following conclusions result from this work:

1. Powder preparation: Ball-milling of aluminum in the presence of a second phase is

one of the most important process parameters. It has been shown thaﬁ during the process of ball-
milling the fﬁorphology of the particles and structure of aluminum cha'ngesSigniﬁcantly when
additives are added. The degree of Al alteration is influenced strongly by milling conditions and
milling time. Therefore, these parameters need to be optimized as they also affect the reaction
kinetics of the Al-H,O system and the H; yield. By choosing a milling atmosphere other than..air,
Al oxidation can be avoided.

2. The additives: Second phase particles promote crystallite refinement, inhibit cold
welding of the ductile Al metal, introduce microstructural defects and strains to the Al lattice and
the oxide film, and increase notably the roughness and the surface area of Al. On the other hand,
additives are not required for the rapid hydrogen generation reaction from the Al-HO system.
“Additive-free” aluminum powders retain the reaction rate and produce substantially unchanged

H; yields. By removing the second phase (e.g. by using water-soluble system components such
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as salts) aluminum exposes its entire surface area with micro- or nano-porous structure, which
was attained during milling, to the reaction. Surface enlargement is considered as one of the
factors which favours the water split reaction. The specific surface area of Al powder particles
increased from 0.30 m?/g before milling to 9.68 m?/g after 15 min of milling.

3. Structure of Al: Structural defects and microstrains induced in Al are not a reason for

the increased reactivity of aluminum in water. When comparing annealed and not-annealed
aluminum as well as aluminum that underwent melting and solidification or re-crystallization,
similar kinetics was observed and comparable amounts of hydrogen gas were generated. Defects
in the oxide layer however, are largely unaffected by the relatively low temperatures (< 800°).
The poor quality oxide film, which results from ball-milling with a second phase, has an
enhancing effect on the Al-H,O reaction as it is porous and therefore permeable to water. The

film quality and oxide thickness are reflected mainly in the duration of the induction time.

4. Reaction parameters: Temperature, pH, the additive and its cohcentration, as well as
impurities alter the Al-assisted water split reaction and either inhibit or ‘accelerate the reaction
kinetics and amount of generated hydrogen gas. Highe; temperaturés generélly favour the
reaction kinetics: the higher the water temperature, the higher the hydrogen generation rate and
shorter the ind.u'ct'ion time. The solution pH influences primarily the induction time. Slightly
alkaline (up to pH 9) or slightly acidic aqueous solutions (up to pH 3.5) delay the H, generation
reaction (up to several hours for pH 3.5). It has been demohstrated that ball-milled Al powders
have the fastest reaction response in water of neutral or near-neutral pH. A pH shift (‘self-induced
alkalinization) observed in every system during the reaction, promotes most likely the corrosion
of Al powders. The reactivity of Al powders is chiefly increased when Al is mechanically
alloyed with a second phase. The higher the concentration and smaller the additive particle size
the more Al reacted. Highest reactivity aﬁd H; yields were obtained when water soluble

inorganic salts (KCI and NaCl) were used.
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5. Reaction processes: Local temperature increase due to the exothermic character of the

Al-H,0 reaction (AHxn Bayerite = - 418 kJ/mole) and local alkalinization due to the dominance of
the cathodic reaction are the most influential reaction processes. The temperature at the reaction
site is likely to be higher than the measured bulk temperature of the aqueous solution. Likewise,
the local pH and ionic content at the oxide/solution interface could also be grossly different than
the overall bulk values. Ball-milled Al-additive-H,O systems produce a self-induced pH shift
towards higher pH in the aqueous solutions (alkalinization). The corrosion reaction consequently
progresses in an alkaline environment. The lack of re-passivation of the active metal surface is

attributed to local alkalinization.

Future Work

As the mechanism of the massive corrosion reaction of ball-milled Al in neutral or near
neutral aqueous solutions remains unclear, further studies of materials and reaction
characterization are required. Much of attention should be given to the passive oxide layer, as it
appears that the oxide and not the metal microstructure decides about the progress and intensity
of the reaction. The characterization of the oxide film is difficult due to its low thickness (few
nm) on small (few um) particle agglomerates. However, finding evidences for the existence of
“easy paths” or flaws on top of ridges in the ball-milled Al surface would explain the migration
of water or ionic species through the film to the metal/oxide interface.

Further on, the origin for the self induced alkalinization is important as it reflects the
processes occurring at the oxide/solution interface. If the pH is high locally, e.g. pH > 10, the
oxide will dissolve and re-passivation will not occur. The knowledge of the local pH level would
help to understand the effect of localized alkalinization on hydrogen generation kinetics and Al

re-passivation.

102




Electrochemical characterization, which is in progress ), is essential to determine the
corrosion potentials and describe the mechanism of the anodic and cathodic reaction processes.

New Al-additive systems which would allow controlling the reaction kinetics, especially
at the beginning of the reaction when high reaction rates and high heat evolution are common,
are desirable. Ideally a linear reaction progress versus time, until the Al-H,O reaction is
completed, is desired.

The exploration of novel and energy efficient ways of H, generation through Al-assisted
water split is desired. The employment of scrap Al, minimization of Al processing and utilization

of reaction heat will lessen the energy consumption and make the technology more competitive.

%) Skrovan J., PhD thesis in progress, UBC-MTRL 2006
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H, Generation: Water Electrolysis versus Al-Assisted Water Split

Al-Assisted Water Split

Primary Aluminum

1 GJ Electrical Energy”

\ 4 v

|

Aluminum Scrap

1 GJ Electrical Energy”

y

18.5 kg Al produced?®

Recycling
of AI(OH);

308.5 kg Al produced”

Al + 3 H,0 = 3/2 H, + AI(OH); + Heat”
Heat losses: 0.26 GJ

y

y

1.9 kg H, gas produced
(at 90% efficiency)

v

On-board H; generation: no cost

Fuel cell
(60% efficiency, Ug = 0.7 V)

0.075 GJ electricity generated
(including delivery to user)

el

______

Al + 3 H,0 = 3/2 H, + AI(OH); + Heat”
' Heat losses: 4.3 GJ

A 4

Water Electrolysis

1 GJ Electrical Energy"

A 4

31.1 kg H; gas produced
(at 90% efficiency)

\ 4

5.5 kg H, gas produced”
(at 80% efficiency)

A 4

On-board H, generation: no cost

A 4

H, delivery to user:
variable cost

v

Fuel cell
(60% efficiency, Ug = 0.7 V)

\ 4

Fuel cell
(60% efficiency, Ueey = 0.7 V)

A 4

1.25 GJ electricity generated
(including delivery to user)

0.22 GJ electricity generated
(excluding delivery to user)

v xipuaddy



1. CANS 16.70 at 0.06/kWh (residential rate).

2. Total energy consumption for primary Al production (only Hall-Héroult process):
15 kWh /1 kg Al

3. Energy consumption for Al production from Al scrap is less then 6% of the energy
consumed for primary Al production.

23 W.T. Choate, J.A.S. Green, “U.S. Energy Requirements for Aluminium Production:
Historical Perspective, Theoretical Limits and New Opportunities”’, Report for the U.S
Department for Energy, February 2003. Processed Al is assumed.

4. Reaction enthalpy: -418 kJ/mol; may be partially recovered.

5. Water Electrolysis: 286.02 kJ + H,O (I)=H, + 2 O,
or 4.5 kWh needed to produce 1 m®> Hy gas  [Holleman-Wiberg)
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Appendix B

Hydrogen storage capacity in H,O and Al-H,0 systems:
Al +3H,0 — 3/2 H, + AI(OH);
Al +2H,0 — 3/2 H; + AIOOH

H, storage weight ratio [%] = [ni Muydrogen/( N2 Mar + 13 MH20 + Madditive) ] X 100 %

1. Hydrogen storage capacity in water:
H,O-> Hy+% 0O,
H, storage weight ratio [%] = 11.1 wt %

2. Hydrogen storage capacity in mechanically alloyed additive-free Al (when water not
considered):

Al + 3H,0 — 1.5 H;, + AI(OH);
H, storage weight ratio [%] =11.1 wt %
3. Hydrogen storage capacity in mechanically alloyed additive-free Al-H,O system:
Al +3H,0 > 1.5 H, + AI(OH)3 or Al +2H,0 — 3/2 H, + AIOOH
H, storage weight ratio [%] = 3.7 wt % or 4.8 wt %
4. Hydrogen storage capacity in mechanically alloyed Al(50wt%)-additive(50wt%)-H,O system:

Al+ 3H,0 + additive —> 1.5 H, + AI(OH); or
Al+2H,O + additive —> 3/2 H, + AIOOH

H, storage weight ratio [%] = 2.8 wt % or 3.4 wt%

*) All calculations assume 100 % reaction conversion.
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