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ABSTRACT 

Aluminum can react with water and produce hydrogen. Researchers have developed 

different methods to promote the reaction of aluminum with water for hydrogen generation. Most 

of these methods considered ball milling of aluminum necessary prior to the reaction. In spite of 

numerous works on activation of aluminum powder to react with water, the activation process of 

aluminum powders is not optimized, and there is not enough knowledge on the kinetics and 

mechanism of the reaction. This research is to fill this gap.  

Considering the energy consumption in ball milling, firstly, we optimized the milling time based 

on the highest rate of hydrogen generation. Then, contributions of milling process to activation of the 

aluminum powder were evaluated. We found that microstructural refinement has a significant 

contribution in promoting the reaction. Therefore, we studied the mechanism of grain refinement of 

aluminum particles during ball milling. We used electrochemical tests to better understand the 

reaction of aluminum with hot water and effect of addition of water-soluble salts was also studied.  

The shrinking core model was modified to predict the kinetics of the reaction. 

It was found that ball milling promotes the reaction in two ways: a) increasing the instability 

of the microstructure (by refining the microstructure) and, b) decreasing the particle size of the 

powders. A considerable increase in amount of the grain boundaries was found as the reason for 

instability of the microstructure. Deformation banding and subgrain rotation were identified as 

the mechanisms responsible for introducing new boundaries during milling. 

For the pure aluminum, the small size and the laminated structure of particles at the medium 

stage of milling increased the rate of the reaction, and further milling destroyed the laminated 

structure and consequently decreased the reaction rate. For the aluminum-salt mixtures, there is 

no optimum milling time as it was observed for the pure aluminum powder. However, more 

milling after a certain time does not have any significant influence on the reaction rate of 

aluminum-salt mixture. The addition of water-soluble salts (potash or salt) considerably 

increased the hydrogen generation rate. Comparison of different distributions of the salt in the 

aluminum particles revealed that chemical aspect of the presence of salt is negligible compared 

to the structural modifications. Finally, considering the changes in thickness and porosity of the 

hydroxide layer formed on the aluminum particles, the traditional shrinking core model was 

modified for the reaction of aluminum particles with hot water. 
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CHAPTER 1 

INTRODUCTION 

 

1.1. Overview of Chapter 1 

This chapter briefly introduces the potential of aluminum to react with water and generate 

hydrogen. Fuel cells, hydrogen sources, ball milling, hydrogen production from reaction of 

magnesium, zinc and aluminum, and the advantages of the latter will be discussed. Problems and 

knowledge gaps related to use of aluminum-water reaction for hydrogen production will be 

addressed. In order to avoid repetition, this chapter does not include the literature review on 

aluminum-water reaction. A literature review for each part of the study is provided in the 

introduction section of each manuscript. 

 

1.2. The Necessity of Replacement of Fossil Fuels with Hydrogen 

The dependence on fossil fuels as the main energy source and energy carrier results in emission 

of pollutants and has created serious environmental problems. On the other hand, hydrogen is a 

carbon-free fuel, which is oxidized by water as a combustion product. Considering the renewable 

primary energy sources for splitting water, hydrogen is considered as a clean and abundant 

energy carrier in a carbon-free cycle. Hydrogen can act as a solar storage medium and transform 

solar energy where and when it is needed. In the future development of new energy options, 

hydrogen will play an important role.  
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1.4. Different Sources of Hydrogen 

Hydrogen can be generated by different methods. However, currently except the steam 

reforming method (removal of hydrogen from hydrocarbons), the rest of methods are not 

economically applicable for industries.  

 Steam reforming: Fossil fuels are used to produce hydrogen. Hydrocarbons can react 

with water vapor at high temperatures (700-1100oC): 

CH4 + H2O = CO + 3H2        1.1 

CO + H2O = CO2 + H2        1.2 

Although steam reforming is the dominant source of hydrogen nowadays, this method 

depends upon consumption of fossil fuels and it generates CO2 as byproduct. 

Therefore, the hydrogen produced by this method cannot be considered as a clean 

source of energy.  

 Electrolysis: Applying direct electrical current to water, water molecules can split to 

hydrogen and oxygen. This method is rather expensive ($3 to $6 per kilogram of 

hydrogen instead of a little more than $1 for steam reforming method).  

 Thermolysis: At temperatures over 2500oC, water decomposes. Obviously, this 

method is not economically feasible on a large scale.  

 Biological hydrogen production: Water can be split by some types of algae in 

bioreactors. This method is under development to meet targets of Department of 

Energy (DOE). 

 Photocatalytic water splitting: Water can be split to its constituents by photons from 

solar energy. Different types of catalysts have been developed to promote kinetics of 

this method. Potentially, this method is one of the most promising ones for mass 

production of hydrogen without any significant carbon footprint. 

 Reaction of metals with water: This method will be discussed in detail in the next 

section. The advantage of this method is that it can produce hydrogen onboard for 

vehicular purposes. 
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1.5. Reaction of Metals with Water to Generate Hydrogen 

Reaction of a reactive metal with water can generate hydrogen and oxide/hydroxide of the 

metal. This reaction is exothermic at room temperature and the produced hydrogen can be used 

in fuel cells. Zinc, magnesium and aluminum are the metals that their reaction with water for 

hydrogen generation has been investigated.  

There are few studies on reaction of zinc and water for hydrogen generation [7-9]. Zinc-

oxide and hydrogen are products of this reaction: 

Zn + H2O = ZnO + H2          1.3 

H. H. Funke at al. studied reaction of zinc nanoparticles with water vapour and found that 

formation of a layer of ZnO hinders the reaction [7]. A. Beman et al. also found that formation of 

the oxide layer is an important step in determining the kinetics of the reaction [8].  

Compared to aluminum or magnesium, zinc a heavier metal; 1 mole of zinc is 65.5 g, while it 

is 27 g and 24 g for aluminum and magnesium, respectively. One mole of zinc produces one 

mole of hydrogen, therefore, 1 g of zinc produces 0.03 g of hydrogen. Considering a wholesale 

price of $2.3 per Kg of zinc, 1 Kg of hydrogen produced by reaction of zinc with water would 

cost at least $75.3.  

Reaction of magnesium and water has received more attention compared to that of zinc. The 

stoichiometry of reaction of magnesium is the same as zinc: 

Mg + H2O = MgO + H2          1.4 

Magnesium has a much higher reactivity compared to zinc. Nevertheless, the reaction results 

in formation of a protective layer of magnesium oxide or hydroxide on the surface of metal, 

which slows down the kinetics of the reaction. M. H. Grosjean et al. investigated the effect of 

ball milling on corrosion mechanism and hydrogen production of magnesium [10-12]. They 

found that ball milling shifts the corrosion potential to less negative potentials [12]. On the other 

hand, they found that there is an optimum milling time after which further milling has a negative 

impact on hydrogen production [10]. In another study, they found that the optimum milling time 

corresponds to the highest specific surface area. Therefore, the maximum hydrogen production 

rate depends on the surface area of the particles [13]. They also found that addition of water 
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soluble salts can have a significant effect on hydrogen production rate, which also depends on 

the type of the salt [14].  

Magnesium scrap also can be used as a source for hydrogen [15]. S. H. Yu et al. studied 

effects of concentrations of salt and acids on hydrogen production from magnesium metal scraps 

[16]. They found that concentration of citric acid has a larger effect compared to the effect of 

salt.  

In addition to magnesium, reaction of MgH2 with water also has been studied for hydrogen 

production [17]. Effect of different parameters such as pH, type and concentration of the acid 

used in the solution and temperature has been studied [18-19]. S. H. Hong et al. studied effect of 

ball milling and addition of magnesium oxide to MgH2 and found that both parameters have 

positive effect on hydrogen generation rate [20]. 

Compared to zinc, magnesium a light metal; 1 mole of magnesium is 24 g, which makes it 

one of the lightest metals. One mole of magnesium produces one mole of hydrogen, therefore, 1 

g of magnesium produces 0.083 g of hydrogen. Considering a wholesale price of $2.5 per Kg of 

magnesium, 1 Kg of hydrogen produced by reaction of magnesium with water would cost $30. 

Compared to the price of the hydrogen produced by zinc ($75 per 1 Kg hydrogen), magnesium is 

more affordable, which explains the higher numbers of studies on hydrogen generation from 

magnesium compared to zinc. 

In spite of high affinity of magnesium to react with water, and the rather affordable produced 

hydrogen compared to zinc, magnesium is highly flammable when it is powder or ball milled. 

This drawback introduces some safety precautions that must be addressed if magnesium is to be 

used largely for hydrogen generation.   

 

1.6. Reaction of Aluminum with Water 

Aluminum has a high affinity to react with water. Aluminum reacts with water; hydrogen is 

released and aluminum changes to more stable oxide or hydroxide forms. The reaction consumes 

aluminum and water, and produces hydrogen and aluminum oxide/hydroxide. The reaction can 

happen in three general ways (see reactions 1.5, 1.6 and 1.7). For a given amount of aluminum, 

the amount of produced hydrogen is fixed; 1 g of aluminum produces 0.11 g (1270 ml) of 
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hydrogen. However, the amount of the water consumed and the byproduct depends on the 

temperature and pH of the reaction: 

Al + 3H2O    = ½(Al2O3.3H2O) + 1.5H2       -427.98 kJ/mol,     (1.5) 

Al + 2H2O    = ½(Al2O3.H2O) + 1.5H2         -415.24 kJ/mol,     (1.6) 

Al + 1.5H2O = ½(Al2O3) + 1.5H2                  -407.7 kJ/mole.     (1.7) 

The number next to each reaction represents enthalpy changes [21]. The produced Al2O3.3H2O 

or Al(OH)3 phase (alumina hydrate) can be in the form of bayerite or gibbsite. The Al2O3.H2O 

phase (aluminum oxyhydroxide) can be in the form boehmite or diaspore, and theAl2O3 phase 

(aluminum oxide) can be alpha or gamma alumina.  

It is experimentally proved that the reaction byproduct is generally bayerite around room 

temperature, boehmite with boiling water and alumina at supercritical conditions. All the reactions 

are exothermic at room temperature and produce considerable amount of heat, however, from 

reaction 1.5 to 1.7, the produced heat decreases. 

Similar to magnesium, aluminum also is a light metal. 1 mole of aluminum is 27 g; after 

magnesium, aluminum is the lightest industrial metal. One mole of aluminum produces one and 

half mole of hydrogen. 9 Kg of aluminum is needed to produce 1 Kg of hydrogen. Considering a 

wholesale price of $2 per Kg of aluminum, 1 Kg of hydrogen produced by reaction of aluminum 

with water would cost $18. Compared to the price of hydrogen produced by zinc and magnesium 

($75 and $30 per 1 Kg hydrogen, respectively), aluminum is much more affordable. The rather 

affordable price of hydrogen produced by aluminum explains the higher numbers of studies on 

hydrogen generation of aluminum compared to magnesium. Moreover, aluminum does not have 

the safety issues regarding catching fire, which is the case for magnesium.  

In 2008, (DOE), released a reports regarding the pros and cones of hydrogen generation by 

reaction aluminum with water. Moreover, they reported on cost, efficiency and applicability of 

the method. Some of the facts are summarized as fallow [22]: 

• Volumetric Hydrogen Capacity: 46 g H2/lit. 

• Gravimetric Hydrogen Capacity: 3.7 wt%. 

• 15.5 KWh Energy is needed for production of 1 Kg of aluminum (140 KWh for 9 Kg). 
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•  33.6 KWh per 1 Kg of hydrogen => Efficiency = 25%. 

•  Given the DOE target of flow of 1.6 g H2/sec for vehicular purposes=> ~ 8 Kg aluminum 

is needed to satisfy 80 KW of energy to run an intermediate car. 

•  8 Kg Al (3 Lit) + 10 Kg H2O (10 Lit) = 18 Kg (13 Lit) is the weight and volume of the 

needed aluminum and water to run an intermediate car. 

 

1.7. Aluminum- as Anode in Aluminum-Air Batteries 

Aluminum can also be used as a source of energy in aluminum-air batteries. Here, instead of 

reaction with water, aluminum reacts with the oxygen in air and generates electricity.  

The anode half-reaction is:  

Al + 3OH− = Al(OH)3 + 3e−.        (1.8) 

The cathode half-reaction is:  

3/4O2 +3/2H2O + 3e− = 3OH−.        (1.9) 

The total reaction is: 

 Al + 3/4O2 +3/2H2O = Al(OH)3.        (1.10) 

These batteries have one of the highest energy densities among different batteries. However, 

their widespread use has been limited because of issues regarding the high price of anodes and 

removal of byproduct after consumption of anodes. The aluminum used is anode turns to 

aluminum hydroxide. The produced aluminum hydroxide can be recycled to aluminum for 

further use as anode (Fig. 1.3). S. Yang et al. calculated a total efficiency of 15% for aluminum-

air batteries and concluded [23]: 

“From our design analysis, it can be seen that the cost of aluminum as an anode can be as low 

as US$ 1.1/kg as long as the reaction product is recycled. The total fuel efficiency during the 

cycle process in Al/air electric vehicles (EVs) can be 15% (present stage) or 20% (projected) 

comparable to that of internal combustion engine vehicles (ICEs) (13%). The design battery 

energy density is 1300 Wh/kg (present) or 2000 Wh/kg (projected). The cost of battery system 

chosen to evaluate is US$ 30/kW (present) or US$ 29/kW (projected). “ 
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The produced film is thermodynamically stable, and is not water soluble; therefore, the 

aluminum substrate is protected against the reaction with water even at high temperatures.  

The investigations on promoting the aluminum-water reaction for hydrogen production can 

be categorized into three methods [22, 31]: 

1. Increasing the pH of water (toward more alkaline solutions) so that the aluminum 

hydroxide becomes soluble and the bare aluminum surface is exposed to water 

molecules.  

2. Alloying aluminum with low melting point metals (LMPs) like Ga, In, Hg, etc., 

which makes the barrier layer destroyed and water can reach the aluminum surface. 

3. Addition of water soluble salt or ceramic particles to the aluminum matrix. The 

mechanism for improving the reaction will be discussed in chapter 7.  

Another method for improving the reaction is ball milling of aluminum particles. The 

activation process by ball milling was not categorized as a separate method because ball milling 

is used parallel to any of the above mentioned methods rather than a standalone activation 

process.  

 

1.9. High Energy Ball Milling 

High energy ball milling was initially introduced by John Benjamin as a method for 

production of oxide dispersion strengthened (ODS) alloys [32-33]. This method has been 

extensively used for production of nanocomposites, nanostructured materials, metal matrix 

composites and synthesis of new materials [34]. There are different types of mills for high 

energy milling such as planetary ball mill, SPEX, Attritor, etc. Planetary ball mill is the most 

popular mill for laboratory researches. Fig. 1.4 shows the schematic of motion of balls and 

particles in a vial in a planetary ball mill. 

The main difference between high energy milling by planetary ball mill, Spex, Attritor mill, 

etc. and conventional milling is that the former applies much larger doses of energy to particles 

over time [34]. This large input energy makes high energy mills capable of producing materials 

with special properties that could be synthesized by conventional mills. On the other hand, the 

large amount of energy consumed by high energy mills is potentially a burden in industrial 
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application of this method. That is because the electrical energy spent for production of the 

powders by high energy mills is added to the final price of the products.  

 

 

 

 

 

 

 

 

Fig. 1.4 Schematic showing the balls and particles motion in a vial of a planetary ball mill 

[34]. 

Researchers have adopted two ways to decrease the energy needed for production of powder 

products by high energy mills. The first is to find the minimum time needed to produce the 

desired products. For the products that are synthesized by a reaction, whether the reaction occurs 

gradually or suddenly during milling, the minimum milling time can easily be determined by the 

time that is required for whole amount of reactants to be transformed/reacted to form the desired 

products [35-38]. However, for production of nano-crystalline powders by severe plastic 

deformation where no reaction is involved, or for activating a powder product for a reaction, it is 

not straightforward to determine the needed minimum milling time. Accordingly, researchers 

introduced the “steady state time”, which is defined as the milling time after which further 

milling has negligible effects on the powder products [33-34, 39-42]. Changes in size and shape 

of particles, preferred orientation and presence of lattice imperfections (e.g. grain boundaries, 

dislocations etc.) can be used as the criteria for determination of the steady state. 

The second way of decreasing the energy consumed by high energy mills is to make the 

milling more efficient in a way that the system reaches the steady state in a shorter period of 

time. Changes in ratio of rotation of vials compared to disk [43-44], balls size [36, 45-48], mill 

speed [43-45, 47, 49-53], filling ratio of vials [36, 45, 48-51, 54] and charge ratio [36, 38, 55-56] 
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have been studied to optimize the milling process. Although there is no agreement in literature 

on the effect of most of the mentioned variables, the unanimous conclusion is that a higher speed 

and a larger charge ratio result in a faster formation of final products. However, a higher speed of 

a mill requires higher energy inputs. A larger charge ratio also means that for a given amount of 

feed (balls + powder), a less amount of powder is produced. Therefore, although an increase in 

either mill speed or charge ratio decreases the steady state time, it still may increase the price of 

final products.  

Changes in microstructure of ductile metals (such as aluminum) during ball milling can be 

explained by two mechanisms; cold welding and fracture. At the beginning of ball milling where 

particles are ductile, impacts produce hard aggregates of particles by cold welding [39-41, 57]. 

As milling continues and deformation causes work hardening in microstructure of particles, 

fracture mechanism activates. For ball milling of a single phase ductile metal, steady state 

milling time is defined as the milling duration after which fracture and cold welding of particles 

reach equilibrium. Particle size of the powder does not change after steady state, although 

fracture and cold welding of particles continue. Fig. 1.5 schematically shows the fracture and 

cold welding during collisions. As it will be discussed in chapter. 2, ball milling of aluminum 

powder for the purpose of hydrogen production can be stopped at a time much shorter than the 

steady state time. 

 

 

 

 

 

 

 

 

Fig. 1.5 Schematic shows the fracture and cold welding of particles during collisions [34]. 
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1.10. Objectives of the Project 

This research aims to understand and optimize the activation process of aluminum powder 

to react with water and generate hydrogen. There are six objectives to be achieved in this project: 

1.10.1. Optimizing the Milling Time 

Ball milling has been widely used as an activation process for aluminum powder. However, 

not enough attention had been paid to the fact that the high energy ball milling is an energy 

consuming process that can markedly add to the final price of the produced hydrogen. Therefore, 

milling time should be optimized for the minimum energy consumption. Moreover, prolonged 

ball milling can have a deleterious effect on the efficiency of the reaction. Therefore, chapter 2 

(manuscript #1) was prepared to understand the effect of milling time and optimize the milling 

duration.  

1.10.2. Contribution of Milling in the Activation Process 

Ball milling has been known as an effective method to mix the second phase with aluminum 

particles. Nevertheless, other contributions of ball milling to modification of the reaction had 

remained obscure. Chapter 3 (manuscript #2) identifies and explains different effects of ball 

milling on improving aluminum-water reaction. 

1.10.3. Mechanism of the Reaction 

In spite of numerous works on the reaction of aluminum with hot water to generate 

hydrogen, a thorough evaluation of the reaction mechanism needed further investigation. No 

electrochemical experiments had been performed in the literature to understand the mechanism 

of the reaction in correlation to hydrogen generation results. This gap in knowledge motivated us 

to perform electrochemical tests to explain the reaction mechanism. The obtained results are 

discussed in chapter 4 (manuscript #3). 

1.10.4. Mechanism of Grain Refinement during Ball milling 

As will be discussed in chapter 3 and chapter 4, microstructural refinement of aluminum has 

a significant effect on kinetics of the reaction. This refinement occurs through formation of new 

low and high angle grain boundaries. There had been no thorough investigation on effect of 

severe plastic deformation during ball milling on grain subdivision mechanism in aluminum. 
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Chapter 5 (manuscript #4) explains deformation mechanism and microstructural evolution of 

aluminum powder during ball milling. 

1.10.5. Modeling the Reaction 

The previous works have not proposed realistic model of hydrogen generation, or have used 

the simple core-shell model. Because some of the conditions of the traditional core-shell model 

are distinctly different from that of the reaction of aluminum particles in hot water, a 

considerable difference has been observed in literature between the theoretical and experimental 

data. Therefore, we modified the core-shell model to make it more appropriate for the type of 

observed reactions. An explanation of the assumptions of the traditional core-shell model and the 

changes that were made are provided in chapter 6 (manuscript #5). 

1.10.6. Effect of Addition of Water-Soluble Salts on the Reaction 

Among the mentioned methods in section 1.3, the first two were not included in the scope of 

this research as they are not promising to be applied in the clean sustainable industries: 

 The first method is applicable when the pH is higher than 11. The use of high pH 

solutions for the reaction with aluminum involves dealing with corrosive/irritant 

materials, which are often not environmentally friendly.  

 Although LMPs can effectively improve the reaction, they are expensive. The use of 

LMPs to improve reaction of water with alloyed aluminum significantly increases 

the price of the produced hydrogen (for example, the whole sale price for aluminum 

and gallium is $2-3 and $800, respectively). Moreover, LMPs are mostly toxic, 

which makes their use limited. 

Considering these problems, the present project is focused on the last method because 

water-soluble salts or ceramic particles are not expensive, not toxic and not corrosive. Since 

water-soluble salts (such as NaCl or KCl) are cheaper and more abundant compared to the 

ceramics that can be used for promoting the reaction (such as Al2O3, SiC, MgO, AlOOH, etc.), 

this project specifically focused on activation of aluminum particles by the addition of water-

soluble salts. Chapter 7 (manuscript #6) provides results and discussion regarding the effect of 

addition of salt (NaCl) or refined potash (KCl) to the aluminum matrix on the hydrogen 

generation rate. 
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CHAPTER 2 

EFFECT OF STRUCTURAL EVOLUTION OF ALUMINUM POWDER DURING 

BALL MILLING ON HYDROGEN GENERATION IN ALUMINUM-WATER 

REACTION 

 

 

2.1. Overview of Chapter 2 

Ball milling is an energy consuming process and needs to be optimized to reduce the cost of 

the produced hydrogen. The effect of milling time on the kinetics of the reaction of aluminum 

and water will be explained in this chapter. The main factor that determines the optimized 

milling time is the hydrogen generation rate. Therefore, the shortest milling duration that results 

in the highest hydrogen generation rate is considered as the optimum milling time. The 

microstructural evolution of aluminum particles during milling is evaluated by examining the 

morphology, cross section, surface and size of the ball milled particles. Using the results from 

investigation of the microstructural evolution, the changes in hydrogen generation rate are 

correlated to the milling time.  

This chapter is presented as manuscript #1 (Effect of Structural Evolution of Aluminum 

Powder during Ball Milling on Hydrogen Generation in Aluminum-Water reaction). The PhD 

candidate’s contributions to the manuscript are: a) Ball milling the powder. b) Preparation of the 

experimental set-up to measure hydrogen production accurately. c) Hydrogen measurement tests 
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and study of the particles before and after the reaction. d) Analyzing the data, reviewing the 

relevant literature and preparing the manuscript. 

 

 

 

The manuscript was published in 2013 in International Journal of Hydrogen Energy: 

 S.S. Razavi-Tousi, J.A. Szpunar, Effect of structural evolution of aluminum powder 

during ball milling on hydrogen generation in aluminum–water reaction, Int J Hydrogen 

Energ, 38 (2013) 795-806. 

 

http://dx.doi.org/10.1016/j.ijhydene.2012.10.106 

 
The manuscript presented here is different from that of published in two parts: 

 The first three figures in the present manuscript are extra to figures of the published 

paper. They are added to clarify the hydrogen measurement procedure. 

 The graph of the particle size vs. milling time was slightly changed compared to that 

of the published paper.  

The copyright permission to use the manuscript in the thesis was obtained and provided in 

the Appendix section. The references for this chapter along with references from other chapters 

are provided at the end of the thesis.  
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Effect of Structural Evolution of Aluminum Powder during Ball Milling on 

Hydrogen Generation in Aluminum-Water reaction 

S.S. Razavi-Tousi, J.A. Szpunar 

Department of Mechanical Engineering, University of Saskatchewan, S7N 5A9 Saskatoon, Saskatchewan, 
Canada  

 

2.2. Abstract 

Effect of milling time on structure of pure aluminum powder and consequently on efficiency 

of aluminum-water reaction and hydrogen production is studied. The concept of steady state 

milling time is examined to determine the optimum milling time for the best hydrogen yield. 

Dimensions of particles before and after the reaction are measured to establish a role of size and 

shape of particles on kinetics of the reaction. It is demonstrated that the formation of interlayer 

spaces within the investigated aluminum particles effectively increases hydrogen yield. 

Moreover, prolonged ball milling eliminates the interlayer spaces and decreases the rate of 

reaction of water with the powders.  

Keywords: Hydrogen Generation, Ball Milling, Steady State Time, Microstructure, Reaction 

Mechanism 

 

2.3. Introduction 

During the past 10 years many researchers have considered reaction of aluminum powder 

with water to generate hydrogen [58-59]. The major difficulty for this reaction is the passivation 

of aluminum powder surface by a protective oxide/hydroxide layer that slows the reaction and 

may stop it. This problem can be overcome using alkaline solutions that dissolve the protective 

layer on surface of aluminum [28, 60-64]. Moreover the reaction of aluminum powder with 

supercritical water [65-66] or reaction of aluminum nano-powder with water [67-68] to produce 

hydrogen have been examined and were successful. 
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High energy ball milling (also called mechanical alloying or mechanical activation) of 

aluminum powder with or without additives has been considered as an alternative. The role of 

ball milling is to activate aluminum particles by increasing their surface area and mixing them 

with additives. So far reaction of water with aluminum powder milled with low melting point 

metals like Ga, In, Bi, Hg and Zn [69-74], water soluble salts like NaCl and KCl [73-78] and 

ceramic powders like Al2O3(α), Al2O3(γ), TiO2, C, SiO2 and aluminum(OH)3[78-86] have been 

reported. In many cases the reaction rate was fast and aluminum powder was consumed 

completely to generate hydrogen.   

Although high energy ball milling of aluminum powder is capable of promoting aluminum-

water reaction, less attention has been paid to the amount of energy needed to activate aluminum 

powder. Ball mills usually consume a lot of electrical energy during the milling process. This 

electrical energy should be considered while calculating the final price of the hydrogen generated 

by this method. Moreover prolonged milling time increases unwanted impurities in the milled 

powders because of balls/vial abrasion [87]. Therefore it is necessary to optimize milling time 

for lower energy consumption and a higher hydrogen yield. 

Steady state time is a milling duration after which further ball milling has negligible effects on 

the powders [34]. Steady state milling time is therefore a parameter that characterizes maximum 

recommended energy consumption; this value should not be exceeded in the milling process. 

Researchers studied the steady state milling time of aluminum powders for high energy ball 

milling and often recorded morphological changes, particle size distribution, average particle 

size, accumulated strain energy in aluminum lattice and orientation of crystallites. Such 

structural characteristics determine steady state time for milling of aluminum powder [40-41, 88-

95].  

To the best knowledge of the authors, no research has examined the steady state milling concept 

for reaction of milled aluminum powders with water. However, there are studies that concluded 

that ball milling after a certain time does not have significant effect on hydrogen yield [74-75].  

Also extended milling after some particular time can decrease hydrogen yield. A. N. 

Streletskii et al. found also that hydrogen yield decreases as energy supplied to activate 

aluminum powders exceeds a particular value [84]. They justify this decrease to oxidation of the 
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aluminum powder during milling and supported that explanation with chromatographic analysis. 

E. Czech et al. milled aluminum powder in air and recorded an optimum milling time for the 

highest hydrogen production [78]. They also explained decrease of hydrogen production by 

oxidation of aluminum powder during milling. M. Q. Fan et al. ascribed the decrease of 

hydrogen production to a higher reactivity of milled aluminum-Hg-NaCl powder with air [71]. In 

another work the observed decrease  is related to a change in crystallite size of In in aluminum-

In-Zn-NaCl powders [73]. H. W. Wang et al. observed a deleterious effect of a heavy ball 

milling on hydrogen production of aluminum powder mixed with nano-TiO2 [85]. They relate 

this effect to migration of TiO2 nanoparticles away from surface of the aluminum particles in the 

heavily milled samples. 

This two-fold effect was also observed for reaction of ball milled Mg with water. M. S. 

Grosjean et al. observed a similar trend of change in hydrogen generation for ball milled Mg and 

MgH2 powders [10, 13]. They found that ball milling can increase hydrogen yield as long as it 

increases the surface area of the powder, otherwise it has a negative effect on hydrogen yield 

[12].  In spite of the fact that milling time is an effective parameter, no study rationalized the 

correlation between efficiency of the reaction and microstructural evolution of aluminum powder 

during milling. This rationalization could help researchers to find a proper milling time for the 

lowest energy consumption during milling and the highest hydrogen yield during reaction with 

water.  

In this paper, we investigate steady state time for ball milling of a monolithic pure aluminum 

powder. The hydrogen production efficiency of the aluminum powders milled for different times 

is correlated to microstructural changes during milling process. In order to investigate the effect 

of aluminum microstructure on efficiency of the reaction, ball milling was done in argon 

atmosphere to prevent the effect of oxidation of the aluminum powder during ball milling on 

hydrogen yield.  Moreover additives like salts, ceramics or metals were not added to the 

aluminum powder. Therefore the hydrogen generation rate is low in the absence of any 

promoting additive but, it directly shows how kinetics of the reaction depends on microstructure 

of the aluminum powder. 
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2.4. Experimental Procedure 

2.4.1. Ball Milling 

Aluminum powder of 99.8% purity (MFCD00134029, the 0.02% impurity was not 

determined by vendor) was provided by Alfa Aeasar Company. Stearic acid (97% purity, Fisher 

Scientific-AC17449-0010) was used as process control agent (PCA) and 3 wt% of it was mixed 

with the aluminum powder prior to milling. High energy ball milling was done in a planetary ball 

mill (Torrey Hills- ND2L) with stainless steel cups (285 ml capacity) and balls (28 of 16 mm and 

6 of 18 mm diameter) in an argon atmosphere (99% purity). Ball to powder weight ratio was 

30:1 and mill speed was maintained at 200 RPM for durations of 0.25, 0.5, 1, 2, 4, 7, 11 and 19 

hours. 

2.4.2. X-ray Analyses of Powders 

Microstructure of the powders was characterized by a Bruker D8 Discover X ray 

diffractometer with a chromium target. In order to obtain improved peak parameters, X-ray 

diffraction (XRD) peaks were analyzed as follows: 

Kα2 stripping was done applying the Rachinger method [96], considering Kα1 = 2.289760 and 

Kα2 = 2.293663. It was assumed that the Kα1 and Kα2 line profiles are identical in shape and not 

necessarily symmetrical, and that the α2 peak is half of the intensity of the α1 peak, and is shifted 

from it toward larger angles by
 







 

 tan22          (2.1) 

where Δλ is the dispersion separation λ(α2) - λ(α1) in angstroms.  

Pseudo-Voigt profile fitting was used to decompose a complicated powder diffraction pattern, 

assuming it can be represented by the weighted mean between a Lorentz and a Gauss function: 
 

]exp[)1(]1[ 2
15.0

5.0
12

5.0

ik
k

iko
k

o
ik XC

H

C
XC

H

C
G 





      (2.2) 

where C0 = 4, C1 = 4×ln2, Hk is the full-width at half-maximum (FWHM), Xik = (2θi - 

2θk)/Hk.γ is a refinable "mixing" parameter describing the amount of Gaussian profile versus the 

amount of Lorentzian profile; and thus describing the overall profile shape. 
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Crystallite size of the samples was calculated using the Williamson-Hall method for at least 

three peaks [97]: 

Bs
2 = Bt

2 – Bi
2            (2.3)

 sin2/9.0cos  DB           (2.4) 

Where Bs is FWHM for structural broadening, Bt is FWHM for combination of structural and 

instrumental broadening, Bi is FWHM for instrumental broadening, λ is the wave length, θ is 

peak position, D is crystallite size and η is lattice strain. 

2.4.3. Hydrogen Measurement 

The hydrogen measurement setup is illustrated in Fig. 2.1. Aluminum powder (amount of 2 

gr) was added into an Erlenmeyer flask containing 200 ml distilled water at temperature of 80oC 

with a constant stirring rate of 120 rpm. The produced hydrogen gas was passed through a 

desiccant (CaCl2) to absorb moisture, and then an ADM2000 flowmeter measured its flow with 

an accuracy of 0.1 ml/min. The flowmeter was connected to the computer and an ADM Trend 

software acquired data. The flow was measured for the first 1.5 h of the reaction for each sample 

and then normalized for 1 gr aluminum powder. 

 

 

 

 

 

 

 

 

 

 

 

 

A hydrogen yield curve vs. time was obtained by integrating the flow data over time. Some 

measurements were repeated to make sure that the experiment is capable of giving reproducible 

results. We did not continue measuring hydrogen flow after 90 min of the reaction because the 

Fig. 2.1The set up and flowchart of hydrogen measurement experiment. 
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2.4.4. Scanning Electron Microscope (SEM) 

Morphology and cross section of the powders after ball milling and after the reaction were 

examined with a Hitachi SU6600 SEM. In order to study effect of the reaction on morphology of 

the aluminum powders, reaction was stopped before the aluminum powders reacted completely 

with water. The by-product powder was washed with cold water and dried at room temperature.  

To study cross section of the particles, a small amount of the powder was added to a 

conductive carbon resin powder, mixed and mounted. The mounted samples were polished with 

abrasive grinding papers from 600 to 1600 grit followed with additional grinding with diamond 

pastes. Finally to get a high quality surface, samples were polished using Buehler VibroMet for 

few hours. 

2.4.5. Particles Size Measurement  

The particle size distribution of the powders was measured by a Laser Particle Size Analyzer 

(Mastersizer Particle Size Analyzer, Malvern Instruments Ltd.). Samples were deagglomerated 

in 99.9% ethyl alcohol prior to measurement and their D50 is presented as the median particle 

size.  

2.5. Results and Discussion 

2.5.1. Steady State Milling Time  

Fig. 2.4 shows the morphology of the aluminum powder milled for different times. One can 

see an increase in particle size to about 500 µm, followed by a decrease to less than 50 µm. The 

morphological changes during ball milling of ductile powders can be explained by assuming that 

there is a competition between two mechanisms: fracture and cold welding [40-41, 98]. During 

the first 30 min of milling, the aluminum particles are ductile and tend to deform and cold weld. 

Impacts of balls flatten the as received aluminum particles (Fig. 2.4(a) & (b)), and they cold weld 

to form bigger disc-shape particles (Fig. 2.4(c)). The plastic deformation makes particles hard 

and brittle, therefore fracture mechanism activates after 1 h milling. Accordingly the big plate-

like particles fracture to form smaller flake-like particles (Fig. 2.4(d) & (e)). Fracture mechanism 

is dominant over cold welding between 4 h to 11 h where flake-like particles change to equiaxed 

ones and particle size of the powder decreases (Fig. 2.4(f), (g) & (h)).  
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Fig. 2.4SEM images of (a) as received 
and milled aluminum powder for (b) 
0.25 h, (c) 0.5 h, (d) 1 h, (e) 2 h, (f) 4 

h, (g) 7 h, (h) 11 h and (i) 19 h. 
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One can consider 7-11 h as steady state milling time because further milling up to 19 h has 

only negligible effect on morphology and size of the particles. Nonetheless, it is important to 

note that after stabilization of particles size, microstructural refinement can still take place and 

terminate at a later time[99]. 

Fig. 2.5 shows effect of ball milling time on the average particle size of the aluminum 

powder. It clearly shows that ball milling up to 7-11 h results in marked changes, but further 

milling after 11 h has no significant effect.  

 

 

 

 

 

 

 

 

 

We used XRD to study the accumulated strain energy in the aluminum lattice and orientation 

of crystallites as criteria for steady state time. Fig. 2.6(a) shows effect of milling time on FWHM 

of (111) peak of the powders. The FWHM increases after 1 h milling and becomes stagnant after 

11 h milling. The severe plastic deformation during ball milling creates lot of imperfections 

(grain boundaries, dislocations, stacking faults, etc.) in lattice of the milled powders. The 

presence of imperfections results in peak broadening and an increase in FWHM. The increase of 

FWHM vs. milling time stops after 11 h of milling which implies that the aluminum lattice is 

saturated with imperfections.  

Fig. 2.5 Effect of milling time on average particle size of the 
aluminum powders. 
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Another criterion for steady state that can be extracted from XRD profiles is orientation of 

crystallites in ductile materials. This factor can be used to determine steady state milling time 

because preferred orientation of crystallites changes during milling time. A remarkable preferred 

orientation shows up when particles are flattened and it disappears when particles shape changes 

to equiaxed at the end of milling [39, 41-42].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6(b) shows effect of milling time on ratio of intensity of (200) to (111) reflection. The 

ratio increases rapidly up to 1 h milling and then decreases gradually. This phenomenon can be 

explained by the fact that some orientations can be readily deformed while some are resistance to 

deformation [42]. One can see that the preferred orientation effect disappears as milling 

continues and a milling time longer than 11 h has a negligible effect on the ratio of intensity of 

Fig. 2.6 Effect of milling time on (a) FWHM of (111) reflection and 
(b) ratio of intensity of (200)/(111) reflection. 
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Fig. 2.8 SEM images of the particles milled for (a) 4 h, (b) 7 h, (c) 11 h and (d) 19 h. 
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Fig. 2.9 shows SEM images of 4, 7, 11 and 19 h milled powders after 2 h of the reaction. One 

can see that the morphology of the particles have not changed after the reaction. Moreover, a 

layer of aluminum hydroxide covers the surface of particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9 SEM images of the particles milled for (a) 4 h, (b) 7 h and (c) 11 h after 2 h reaction 
with water. 

Fig. 2.9 shows that morphology of the hydroxide layer for all the samples is the same as that 

of so called fibrillar boehmite [100-102]. The boehmite structure is rather coarse for 4 h milled 

sample compared to that of 7 and 11 h samples. Moreover only a few hexagonal shape particles 
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are observed in the 11 h milled sample, which can be classified as the gibbsite phase based on 

their morphology [103-107]. Considering Fig. 2.8 & 2.9, one can conclude that the aluminum 

particles were not fragmented during reaction with water. Also the produced hydroxide layer is 

almost the same for all the samples and it cannot be the reason for the difference in hydrogen 

yield observed in Fig. 2.7. 

As the next step, cross sections of the particles were examined to check if microstructure of 

the particles can explain the difference in hydrogen yield. Fig. 2.10 shows SEM images of cross 

section of the particles milled for 1, 4, 7, 11 and 19 h.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10 SEM images of cross section of 
particles milled for (a) 1 h, (b) 4 h, (c) 7 h, (d) 

11 h and (e) 19 h. 
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It can be seen that the particles after one hour milling are not affected by fracture and cold 

welding but only flattened by deformation (Fig. 2.10(a)). 4 h milled particles are formed by cold 

welding of a few flattened particles (Fig. 2.10(b)), which produces a laminated structure with 

layers of 1 to 10 µm thickness. Microstructure of 7 h milled particles is similar to that of 4 h 

milled sample, but has more layers with smaller thicknesses (between 1µm to 5 µm) that are cold 

welded to form these particles (Fig. 2.10(c)). Fig. 2.10(d) shows that the laminated structure no 

longer exists after 11 h milling. More impacts during milling for up to 19 h can compress the 

particles so they have a more uniform matrix without pores or interlayer spaces (Fig. 2.10(e)). 

Indeed, by further milling after 7 h, the laminated structure is pressed by balls and the space 

between layers is eliminated by cold welding of layers. These sequences were also observed by 

other research for ball milling of aluminum or others ductile powders [40, 98, 108]. 

Fig. 2.10 suggests that most probably the 4 h or 7 h milled powders have a higher specific 

surface area than that of 19 h milled powder, albeit the particles size of 19 h milled powder is 

smaller. Surface area of particles is an important parameter that can determine how fast a 

reaction occurs. For example, a large surface area of nano-particles explains the spontaneous 

reaction of aluminum nano powders with water [31, 67]. 

To understand whether the interlayer space of the laminated particles contributes in the 

reaction, we studied cross section of the milled particles after the reaction with water. Fig. 2.11 

shows the backscatter electron (BSE) SEM images of cross section of 7 and 19 h milled particles 

after 2 h of the reaction. One can observe that the laminated structure of 7 h milled particle has 

two phases (Fig. 2.11(a)); a white core which is surrounded by a gray shell (the black matrix is 

the carbon resin). The core represents the aluminum phase and the shell is ascribed to the 

boehmite phase. This core-shell microstructure is seen at all the layers in the laminated particle. 

The presence of the boehmite shell on the internal layers in the particle implies that water 

penetrated to the interlayer spaces during the reaction. As Fig. 2.10(c) shows, the interlayer space 

in the 7 h milled particle is within 1-4 µm. This range is enough wide for a liquid with low 

viscosity (such as water) to penetrate into the interlayer space and react with aluminum surface.   

The core-shell microstructure is seen also in 19 h milled sample (Fig. 2.11(b)). A small 

portion of the boehmite phase is seen inside the particle, which means there was not much space 

for water to penetrate inside the particle during the reaction.  
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Fig. 2.11BSE SEM images of cross section of particles milled for (a) 7 h and (b) 19 h after 2 h 

reaction with water. 

Fig. 2.12(a) & (b) show SEM image of a 7 h milled particle after the reaction and Fig. 2.12(c), 

(d) & (e) depict its energy-dispersive X-ray spectroscopy (EDS) elemental map for C, aluminum 

and O respectively. The orange color represents the carbon resin that surrounds the particle. The 

red color represents aluminum atoms; one can see that the aluminum content is higher in the core 

compared to the surrounding shell. Oxygen (green) is present in the shell while the core is almost 

free of oxygen. The presence of oxygen in the shell results from the boehmite phase. 

Fig. 2.13(a) & (b) show SEM image of an 11 h milled particle after the reaction and Fig. 

2.13(c), (d) & (e) depict its EDS elemental map for C, aluminum and O respectively. Fig. 2.13(a) 

shows that the particle is not laminated, but some of the laminate layers still exist after 11 h 

milling. In spite of the presence of interlayer spaces in the particle in Fig. 2.13(b), Fig. 2.13(e) 

shows that no oxygen is present at the aluminum layers beneath surface of the particle. This 

means water could not reach this area and produce hydroxide phase. Accordingly one can 
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assume that, in the case of the particles milled for 11 h, there may be some interlayer spaces that 

are not interconnected and therefore have no significant role in increasing rate of the reaction. 

 

 

 

 

 

 

 

 

Fig. 2.12 (a) & (b) SEM image of cross section of a particle milled for 7 h, and the corresponding 
elemental map for (c) C, (d) aluminum and (e) O. 

 

 

 

 

 

 

 

 

 

Fig. 2.13 (a) & (b) SEM image of cross section of a particle milled for 11 h, and the 
corresponding elemental map for (c) C, (d) aluminum and (e) O. 
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Fig. 2.14 shows the EDS of the particle presented in Fig. 2.11(b). It can be seen that the water 

hardly penetrated into the particle and the hydroxide phase mostly has formed on the surface of 

the particle. Moreover a presence of Fe atoms also was detected by the EDS detector (Fig. 

2.14(d)). Presence of Fe in the milled powder is ascribed to the abrasion of stainless steel balls 

and vial that introduces Fe. The abrasion can be always present but there is more Fe in 19 h 

sample because of the higher hardness of aluminum particles and the longer period of milling 

[87]. 

 

 

 

 

 

 

 

 

 

Fig. 2.14 The corresponding elemental map for the particle showed in Fig. 2.11(b). (a) C, (b) Al, 
(c) O and (d) Fe. 

One can explain different reaction rates illustrated in Fig. 2.7 considering the differences in 

microstructures illustrated in Fig. 2.10 to Fig. 2.14. The particle sizes of the as received powder 

and the powders milled for 0.25, 0.5 and 1 h are big (Fig. 2.5) and their microstructure have not 

enough imperfections (Fig. 2.6(a)), therefore they do not start reacting  with water. Milling up to 

7 h results in a decrease in the particle size, an increase in the lattice imperfections (grain 

boundaries, dislocations, stacking faults, etc.) and a change in the microstructure to a laminated 

one (Fig. 2.10(b) & (c)). The interlayer spaces in the laminated microstructure supposedly 

increase the surface area that is in contact with water (Fig. 2.11(a)). Accordingly there is a 
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remarkable increase in the hydrogen production by increasing milling time to 7 h. Increasing 

milling time from 7 h up to 19 h results in a small increase in lattice imperfections, also the 

change in particle size is negligible. Moreover the laminated microstructure with interlayer 

spaces that were accessible for water no longer exists for samples milled more than 7 h. 

Consequently increasing milling time from 7 h to 19 h causes a decrease in hydrogen yield. 

One should note that beside a change in the surface area (based on particle size and laminated 

structure observations), a change in lattice imperfections also affects the rate of the reaction. 

Generally, nanocrystalline materials show higher reactivity compared to large grained materials 

[34-35, 109-110]. In the case of aluminum-water reaction, W. Wang et al. found that rate of 

reaction of aluminum with water increases as grain size decreases [111]. H. Leth-Olsen et al. 

found that a nano crystalline layer formed on surface of a rolled aluminum sheet is the preferred 

place for corrosion attack [112]. W. Vedder et al explained that during reaction of aluminum 

with water, electrons are removed faster at grain boundaries. Therefore hydroxyl ion 

concentration increases at grain boundaries which results in a rapid attack on the protective layer 

[113].  

A grain size of 20 µm was measured by SEM for the as received aluminum powder. Using 

Williamson-Hall method, a lattice microstrain of more than 0.2% and crystallite sizes of 59 and 

54 nm were calculated for 11 and 19 h milled samples respectively. This significant decrease in 

grain size during ball milling can increase the affinity of the aluminum powder to react with 

water. However a higher hydrogen yield for 4 and 7 h milled samples compared to 11h and 19 h 

samples implies that influence of surface area on kinetics of the reaction is stronger than the 

presence of imperfections.  
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2.6. Conclusion 

Hydrogen generation of aluminum-water reaction was correlated to structural evolution of 

aluminum powder during high energy ball milling. Milling progress was demonstrated based on 

changes in morphology, particles size and X-ray characteristics of the powders. SEM 

observations from the hydroxide layer formed on the surface of particles suggest that milling 

duration has no significant influence on the morphology of the aluminum hydroxide phase 

formed as by-product of the reaction. Examination of cross section of the particles revealed that 

beside a decrease in particle size, milling can introduce new surfaces inside particles. The 

interlayer spaces inside particles are blocked and then eliminated for milling durations more than 

an optimum time. Longer milling after the optimum milling time is not recommended because it 

consumes electrical energy, decreases hydrogen yield and increases iron contamination of the 

powders.  
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CHAPTER 3 

ROLE OF BALL MILLING OF ALUMINUM POWDERS IN 

PROMOTION OF ALUMINUM-WATER REACTION TO GENERATE 

HYDROGEN 

 

3.1. Overview of Chapter 3 

In the previous chapter, the effect of milling time on the structural evolution of aluminum 

particles and consequently the hydrogen generation rate was explained. It was noted that ball 

milling can change the morphology, internal structure and crystallite size of the particles. This 

chapter aims to categorize different effects of milling process on hydrogen generation capability 

of the activated particles. Different contributions of milling are categorized as: a) morphological 

changes, b) introduction of crystallographic imperfections to the lattice, and d) removal of the 

native oxide film. The morphological changes (particles size, shape and internal structure) were 

discussed in the previous chapter, thus, are just briefly explained in this chapter as one class of 

the contributions of ball milling. Afterward, this chapter mainly focuses on the two latter 

contributions. 

This chapter is presented as manuscript #2 (Role of Ball Milling of Aluminum Powders in 

Promotion of Aluminum-Water Reaction to Generate Hydrogen). The PhD candidate’s 

contributions to the manuscript are: a) Ball milling the powder and aging the ball milled powders 

in air and argon. b) XRD and SEM examination of the powders and analysing the data. c) 

Reviewing the relevant literature and preparing the manuscript. 
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The XPS test and its relevant data analyses were performed in ACSES centre in University of 

Alberta. Apart from that, all of the experiments were performed in U of S and by the PhD 

candidate.  

The manuscript was published in Metallurgical and Materials Transactions E: Materials for 

Energy Systems (METTRANS E).  

DOI: 10.1007/s40553-014-0024-7 

The manuscript presented here is different from that of published in two parts: 

 In order to avoid repetition in content, some parts of the experimental section were 

deleted and referenced to chapter 2.  

 Fig. 1 in the manuscript was deleted as it contained the same message as Fig. 2.5 in 

chapter 2.  

The copyright permission to use the manuscript in the thesis was obtained and is provided in 

the Appendix section. The references for this chapter along with references from other chapters 

are provided at the end of the thesis.  
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Role of Ball Milling of Aluminum Powders in Promotion of Aluminum-

Water Reaction to Generate Hydrogen 

S.S. Razavi-Tousi, J.A. Szpunar 

Department of Mechanical Engineering, University of Saskatchewan, S7N 5A9 Saskatoon, Saskatchewan, 

Canada  

 

3.2. Abstract 

Effect of ball milling of an aluminum powder on hydrogen generation through a reaction with 

hot water was investigated. Ball milling deceased particle size and thus increased surface area of 

the aluminum particles, increased crystalline imperfections (grain boundaries and dislocations) in 

the aluminum lattice, and removed the native oxide film on surface of the particles. The effect of 

crystalline imperfections was studied by room temperature recovery and high temperature 

annealing of the ball milled particles. The effect of the native oxide film and its thickness was 

studied by exposing ball milled aluminum particles to air for different durations. Hydrogen 

production capability of different aluminum powders after each of the above mentioned 

treatments was tested and correlated to microstructural changes.  

Keywords: Hydrogen, Ball Mill, Aluminum, Deformation 

 

3.3. Introduction 

Numerous studies have been performed to promote the reaction of aluminum with water for 

hydrogen generation. Ball milling of monolithic aluminum powders [114-117] or aluminum 

powders with low melting point (LMP) metals such as Ga, In, Bi, Hg and Zn [69-74], water 

soluble salts such as NaCl and KCl [73-78, 118] and ceramic powders such as Al2O3(α), Al-

2O3(γ), TiO2, C, SiO2 and aluminum(OH)3[78-86, 119] have been considered to activate 

aluminum  reaction with water.  

Each type of the second phase particles can promote the reaction of aluminum with water in 

distinctive ways. A presence of LMP metals can promote the reaction by different mechanisms: 
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destruction of aluminum intercrystalline contacts [29, 69], diffusion of aluminum nano-particles 

through LMP metals to the reaction sites[111], formation of micro-galvanic cells [70, 72-74], 

destruction of the native alumina film and diffusion of aluminum through a LMP metal layer to 

reach water [30, 69, 72, 120-121] and also shifting the operating potential of aluminum to more 

negative values [120]. In the case of ceramic particles, Z.Y. Deng et al. explained that a 

dispersion of oxide particles in the aluminum matrix can modify the protective layer and make it 

less strong [80-81]. P. Dupiano et al. claimed that the dispersions of a ceramic phase can 

introduce new diffusion paths for OH- ions [79]. A presence of water soluble salt particles in the 

aluminum matrix promotes the reaction by increasing the specific surface area of aluminum 

particles. Water dissolves the salt particles in the aluminum matrix, and thus fresh surfaces of 

aluminum are introduced for the reaction [76, 122]. Moreover, dissolution of the salts introduces 

Cl- ions, which can diffuse into the hydroxide layer and induce a localized dissolution of 

aluminum at the metal/oxide interface [74, 118, 123-124]. 

Most of the above mentioned works have explained the mechanism and progress of the 

reaction focusing on the role of the second phase particles. In spite of variety of the works on 

activation of aluminum through ball milling with the second phase particles, the role of ball 

milling in modification of the reaction has remained obscure. Regardless of the role of ball 

milling in embedding the second phase particles in the aluminum matrix, ball milling can 

contribute to the activation of aluminum particles in three ways. First of all, ball milling 

increases the specific surface area of an aluminum powder by decreasing its particle size or/and 

introducing cracks and interlayer spaces inside the aluminum structure [117]. Secondly, ball 

milling, as a severe plastic deformation method, increases lattice imperfections (grain 

boundaries, dislocations, etc.), which consequently increases affinity of the milled powder for the 

reaction [35]. Thirdly, ball milling breaks the native oxide film on the surface of the particles and 

exposes fresh surfaces for the reaction [34, 116]. Although the effects of ball milling on 

activation of aluminum powders are generally known, it is not clear how and to what extent each 

of the ball milling activation mechanisms can contribute to the modification of aluminum-water 

reaction.  

The present work attempts to analyze different functions of ball milling in modification of 

aluminum-water reaction. We set the temperature of the reaction at 80oC because this is the 
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optimum temperature for operating PEM (proton exchange membrane) and many other types of 

fuel cells. In order to purely study the effects of ball milling, we did not add any second phase 

powder to promote the kinetics of the reaction.  

 

3.4. Experimental Procedure 

3.4.1. Ball Milling 

The detail of ball milling procedure is similar to the manuscript #1. It is not repeated here in 

order to keep the thesis concise.  

3.4.2. Aging and Annealing Process 

In order to study effects of the native oxide film and room temperature aging on hydrogen 

production of the milled powders, we exposed a portion of the milled powder to air and stored 

the rest of the powder in an argon atmosphere (99.9% purity). During hydrogen measurement 

tests, we added the powders that were kept in argon to water in an inert atmosphere. Therefore, 

considering the argon atmosphere of the ball milling process, these powders did not form an 

oxide film prior to the reaction with water.  

In order to study effect of lattice imperfections of the milled aluminum powders on hydrogen 

production rate, we used a tube furnace with an argon atmosphere to anneal the milled aluminum 

powders. The heating rate of the furnace was 10oC/min and the annealing temperature was 

550±2oC. We annealed the powders for 1, 40 and 360 min and turned off the furnace till it 

reached to the room temperature, then we took the samples out of the argon atmosphere. 

Considering the argon atmosphere in the furnace, the annealing process did not change the oxide 

layer but just increased grain size and released lattice strain of the samples. 

3.4.3.  X-ray Analyses 

A Bruker D8 Discover X ray diffractometer with a copper target characterized microstructure of 

the powders. We treated the diffraction patterns with the Rietveld refinement method, using the 

MAUD program, to calculate crystallite size and micro-strain of the powders. The as received 

aluminum powder annealed for 3 h at 550oC was used as the standard sample to evaluate 

instrumental parameters. To estimate the quality of fittings, we evaluated the refinement of each 
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pattern using the weighted pattern factor (Rwp), the expected pattern factor (Rexp) and the 

goodness of fit (GoF) values [125].  

𝑅 = (∑ ( )∑ ) /    (3.1) 

𝐺𝑜𝐹 =     (3.2)           𝑅 = ( ∑ )   (3.3)  

where IiO and IiC are the observed and calculated intensities at the ith step, wi = (1/IiO) is the 

weight factor, N is the number of observations and P is the number of adjusted parameters. We 

obtained acceptable fittings with Rwp<15% and GoF<2 for all the Rietveld refinements. 

3.4.4. Hydrogen Measurement 

The detail of hydrogen measurement procedure is similar to the manuscript #1.  

3.4.5.  Scanning Electron Microscopy 

The detail of scanning electron microscope (SEM) procedure is similar to the manuscript #1.  

3.4.6.  X-ray Photoelectron Spectroscopy (XPS) 

An AXIS 165 spectrometer (Kratos Analytical) performed XPS tests with a monochromatic 

aluminum Kα source (hν = 1486.6 eV) used at a power of 140 W. The base pressure in the 

analytical chamber was lower than 5×10-8 Pa. The analysis spot was 400×700 µm and the take-

off angle was 90o. The survey scans were collected for binding energy spanning from 1100 eV to 

0 with analyzer pass energy (PE) of 160 eV and a step of 0.4 eV and high-resolution spectra with 

PE = 20 eV and step of 0.1 eV. Charge compensation was not required. Aluminum oxide 

thickness was evaluated using the method suggested by Strohmeier [126]. Instrument software 

Vision2 performed the component analysis of high-resolution spectra of Al2p and calculation of 

the areas of oxide and metallic peaks. 
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3.5. Results and Discussion 

3.5.1 Ball Milling Effect: Morphological Changes 

Fig. 3.1 shows the cross section of an as received aluminum particle and aluminum particles 

milled for 1 h, 4 h, 7 h, 11 h and 19 h. Apart from changes in shape and size of the particles 

resulted from ball milling, one can notice that the 7 h and 4 h milled particles have a laminated 

structure. Cold welding of flattened aluminum particles produces this laminated structure [40]. 

The presence of interlayer spaces between the layers of the 4 h and 7 h milled particles is 

assumed to increase their specific surface area.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 SEM images of cross section of (a) the as received aluminum particle and the aluminum 

particles milled for (b) 1 h, (c) 4 h, (d) 7 h, (e) 11 h and (f) 19 h. 

Fig. 3.2 shows hydrogen flow vs. time for the reaction of water with the aluminum powders 

milled for different times. One can see that the hydrogen flow increases as milling time increases 
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up to 7 h, but after 7h milling it decreases. The higher hydrogen production rate of 4 h and 7 h 

milled samples is because of the presence of internal surfaces due to the laminated structure of 

these samples. Further milling up to 11 h or 19 h eliminated the internal surfaces. Therefore, the 

reaction happens just on the outer surface of 11 h and 19 h milled samples and hydrogen 

production rate decreases.  

 

 

 

 

 

 

 

Fig. 3.2 Hydrogen generation flow vs. time for the reaction of water with the aluminum 
powders milled for different durations. 

Considering Fig. 3.1 & Fig. 3.2, one realizes that ball milling increases the specific surface 

area of the aluminum powders in two ways: firstly by reducing the particle size that presumably 

correlates inversely by specific surface area, secondly by generating interlayer spaces inside the 

particles. Since the reaction of aluminum and water initiates on and continues through the 

surfaces (either on or in particles), ball milling improves kinetics of the reaction by providing 

more aluminum sites reachable for water.  

Several studies have reported that ball milling improves reaction of aluminum powders with 

water by modifying the size or specific surface area of aluminum particles [71, 73, 75-76, 78, 84-

85, 114, 117-118, 127]. Among the mentioned studies, some reported that although ball milling 

activates aluminum powders, extended milling after a particular time can decrease the hydrogen 

yield [71, 73, 78, 84-85, 117, 127]. The two-fold effect of ball milling time remained 

unexplained in most of the mentioned studies. Some researchers ascribed this effect to oxidation 
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of aluminum particles during ball milling [71, 78, 84]. However, they did not perform cross 

sectional examination of the aluminum particles to investigate the role of internal surfaces on the 

reaction rate. In the present work, we performed milling in an argon atmosphere, thus, no 

oxidation happened during milling. In the absence of oxidation, Fig. 3.1 & Fig. 3.2 allow to 

establish that a prolonged ball milling can reduce the hydrogen generation rate by eliminating 

internal surfaces inside aluminum particles produced during early stages of milling.  

3.5.2. Ball Milling Effect: Deformation 

Ball milling, as a severe plastic deformation technique, introduces lattice imperfections such 

as grain boundaries and dislocations to microstructure of milled particles. Fig. 3.3 shows electron 

backscatter diffraction(EBSD) patterns of an as received and an aluminum particle milled for 11 

h. Different colors represent different orientations and the white and black lines represent grain 

boundaries with misorientation of 5o-15o and over 15o, respectively. The average grain size 

(misorientation cut-off: 15o) of the aluminum particles was about 100 µm before milling which 

changed to 0.33 µm after 11 h milling. The proportion of atoms that lie at inter-crystalline 

regions as a total of surface area becomes significant as the grain size decreases. A decrease of 2 

orders of magnitude in the grain size introduces many grain boundaries to the aluminum lattice.  

 

 

 

 

 

 

 

Fig. 3.3 EBSD patterns of the as received aluminum particle (step size: 0.65 µm) and the 

particle milled for 11 h (step size: 0.03 µm), note the difference in the scale bars. 
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To knowledge of the authors, effect of aluminum grain size on the hydrogen generation rate 

has not been studied so far. However, effect of aluminum lattice imperfections, mainly as a 

reaction promoting driving force, has been noted in few studies. E. David et al., Z. Zhao et al and 

H. Luo et al. discussed that deformation of aluminum particles by ball milling promotes the 

hydrogen production rate, but they did not perform experiments to prove that [75, 114, 118]. W. 

Wang et al. observed that a finer grain aluminum has a higher hydrogen generation rate [111]. 

They ascribed that to a presence of a LMP metal layer on grain boundaries, which facilitates 

reaction of aluminum with water. W. Veddar et al. and R. K. Hart also noticed that the reaction 

of aluminum and hot water mainly occurs at grain boundaries [113, 128].W. Veddar et al. 

ascribed the higher corrosion that occurs at grain boundaries as a result of intense removal of 

electrons from grain boundaries, which increases hydroxyl ion concentration and results in more 

rapid destruction of the protective film. They found that the hydroxyl attack on the grain 

boundaries is 4 times as fast as on the surface  grains [113]. P. Dupiano et al. aged ball milled 

aluminum powder for 1200 h at 40oC in air and found a significant decrease in hydrogen 

generation rate [79]. However, no further investigation was performed to explain the aging 

effect. E. Czech et al. Ball milled a mixture of aluminum-NaCl powder and annealed the 

produced powder at 550oC for 1 h [78]. They measured hydrogen generation rate before and after 

annealing and found no significant difference. However, the effect of ball milling and annealing 

on the lattice imperfections has not been reported. 

3.5.2.1.Recovery Effect 

In order to study effect of lattice imperfections on kinetics of the reaction, we treated the 

milled powders with room temperature aging and high temperature annealing. Fig. 3.4 shows 

hydrogen generation of the 7 h milled samples kept in argon atmosphere at room temperature for 

2.5, 8 and 16 days. One observes a lower hydrogen generation rate for the samples aged for the 

longer times. Since the samples were not exposed to oxygen prior to the reaction, the only 

explanation for the different reaction rates is room temperature recovery and possibly grain 

growth. In order to explain the effect of aging time on the reaction rate, we performed Rietveld 

refinement on XRD patterns of the 7 h milled samples aged for 1, 2, 5, 9 and 18 days. We found 

that crystallite size of the samples did not change significantly with aging time, although micro-

strain decreased with time. Fig. 3.5 shows changes in micro-strain of 7 h milled powder vs. aging 

time. The micro-strain decreases by over 30% between 1-18 days of aging. Room temperature 
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instability (recovery, recrystallization or grain growth)is a well-known phenomenon for ultrafine 

grained or nanocrystalline metals [129-132]. As the crystallite size of the 7 h Ball milled 

aluminum powders was rather stagnant (95-105 nm), one can gather that just recovery and 

dislocation rearrangement happened during the aging time. Accordingly, the change in 

microstructure of the deformed aluminum particles toward a more stable state is the reason for 

the lower hydrogen generation rate of the aged samples.  

 

 

 

 

 

 

 

Fig. 3.4 Hydrogen generation of the 7 h milled samples aged at room temperature in argon 

atmosphere for 2.5, 7 and 16 days. 

 

 

 

 

 

 

 

Fig. 3.5 Effect of aging time on micro-strain of the7 h milled powder. 
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3.5.2.2. Annealing Effect 

Fig. 3.6 shows hydrogen generation of the 19 h milled sample and the 19 h milled samples 

annealed at 550oC for 1, 40 and 180 min at an argon atmosphere. One observes that annealing for 

1 or 40 min results in remarkable changes in hydrogen generation rate. However, further 

annealing after 40 min up to 180 min does not significantly affect the reaction rate. The results of 

Rietveld refinement of XRD of the annealed samples are shown in Fig. 3.7(a) & (b). The 

crystallite size increased and micro-strain in the samples decreased with annealing time.  

 

 

 

 

 

 

 

Fig. 3.6 Hydrogen generation of the as produced 19 h milled sample and the 19 h milled sample 

annealed at 550oC for 1, 40 and 180 min at argon atmosphere. 

Thermodynamically, a presence of a high amount of grain boundaries increases 

microstructural instability and thus, fine grains in deformed metals have a higher affinity for 

reactions than coarse grains in recrystallized metals. However, a higher affinity of the fine grain 

metals for reactions does not necessarily lead to a higher corrosion rate. An obvious 

contradiction exists among results of different works reporting effect of grain size/residual stress 

on corrosion resistance of different metals [133]. The disagreement has been reported for 

corrosion resistance of different alloys of the same metal. For example in the case of aluminum 

alloys, it was reported that grain size reduction and deformation result in a better corrosion 

resistance [134-138], while other papers results show the opposite [112, 139-140]. One can 

however explain the existing contradiction assuming different corrosion mechanisms. For 

example, a decrease in grain size results in an increase in corrosion rate of a metal with primary 
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intergranular corrosion mechanism, while an opposite effect would be expected for a metal with 

a pitting corrosion mechanism. K.D. Ralston et al. discussed that a finer grain size increases 

corrosion resistance of a metal that forms a protective layer [141]. The finer grain size increases 

reactivity and thus, a uniform protective film forms faster and protects the metal from further 

corrosion. On the other hand, the deformed state of a metal can make it more susceptible to 

corrosion if protective film on the metal is not formed.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7 Effect of duration of the annealing process at 550oC on (a) crystallite size and (b) micro-

strain of the 19 h milled powder. 

The protective nature of the oxide film on aluminum surface varies in different oxidizing 

media and at different temperatures. Regarding the reaction of aluminum with hot water at 

neutral pHs, the oxide film on surface of aluminum gradually transforms to a hydroxide film, this 

film is less protective  than the oxide layer [142]. After the oxide film is hydrated, ion species 
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can diffuse through the film and reach and oxidize the aluminum substrate [143]. Higher 

temperatures increase diffusivity of the ion species, which makes the hydrated layer less 

protective. Considering the semi-protective nature of the hydroxide film on the surface of the 

aluminum immersed in hot water, a finer grain size and deformed aluminum substrate cannot 

reduce the corrosion by a fast and uniform formation of the protective layer. But the deformed 

state of the microstructure promotes the corrosion by increasing the affinity of water to react 

with the aluminum substrate. Consequently, as Fig. 3.4 & 3.6 show, the rate of the reaction 

between the deformed aluminum particles and hot water decreases as the microstructure is 

stabilized by either room temperature aging or high temperature annealing. There is a negligible 

difference between hydrogen generation rate of 40 and 180 min annealed samples (Fig. 3.6), 

while the difference is considerable for different crystallite size and micro-strain of the 

mentioned samples (Fig. 3.7 (a) & (b)). Hence, it is concluded that a significant change in the 

stored deformation energy in the aluminum lattice does not necessarily lead to a significant 

change in hydrogen production rate, but it depends on the range in which the crystallite size and 

micro-strain change. 

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

Reviewing the literature on activation of aluminum by ball milling, one can realize that 

breaking and removal of the native oxide film on the surface of aluminum particles is the most 

known effect of this process. Although elimination of the native oxide film by ball milling is 

well established, one must note that this role of ball milling is effective as long as milled 

aluminum particles are not exposed to air before the reaction. A new native oxide film forms 

upon exposing the milled aluminum powder to air. In order to study effect of the native oxide 

film, we exposed part of the Ball milled powders to air and kept part of it in an argon atmosphere 

and then performed the hydrogen generation test on these powders.  

Fig. 3.8 shows hydrogen generation from the 7 h milled aluminum powders kept for 8 days in 

argon or air after ball milling. The overall shape of the curves for the powder kept in air or argon 

is quite the same, but for the 7 h milled aluminum powder kept in argon the reaction initiates 

faster than the one kept in air. The delay in starting the reaction for the air kept powder is so 

called “induction period” or “incubation time”. There are two explanations for presence of an 

incubation time before aluminum reaction with water starts. The first explanation is that the time 
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is needed for hydration of the native aluminum oxide film by water. When the hydration front 

reaches the aluminum substrate, hydrogen generation starts [142, 144]. The second explanation 

is dissolution of the native oxide film in water and precipitation of the dissolved ions (in pH of 3-

10) as aluminum oxide hydroxide on the surface of aluminum substrate [145-147]. Regardless of 

what explanation is closer to reality, the outcome of the both is that before hydrogen generation 

starts, aluminum-O bonds in the oxide film should be broken and replaced by aluminum-

hydroxide bonds. The time needed for substitution of the aluminum-O bonds in the film with 

aluminum-hydroxide bonds delays hydrogen generation of the air kept sample compared to the 

one kept in argon. 

 

 

 

 

 

 

 

Fig. 3.8 Hydrogen generation of the 7 h milled aluminum powders kept for 8 days in argon or 

air. 

One may notice that even the sample that was kept in argon does not initiate hydrogen 

production instantly. We attribute the delay in hydrogen generation of the sample kept in argon 

to agglomeration of the aluminum particles when they are immersed in water. We observed that 

the 7 h milled aluminum particles tend to form clusters as they meet water and it takes some time 

until the stirring dissolve this agglomeration. The time needed for the surface of aluminum 

particles to be covered entirely by water explains the delay in hydrogen generation from particles 

kept in argon.  
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There are few studies that considered effect of air storage of activated aluminum powders on 

incubation time with contradictory results. A.V. Ilyukhina et al. found that air storage of 3 min 

milled aluminum particles with LMP metals does not affect incubation time [69]. P. Dupiano et 

al. also found no change in incubation time after 40oC aging of a milled aluminum powder [79]. 

On the other hand, Z. Zhao et al., A. N. Streletskii et al. and A. V. Parmuzina et al. noticed 

significant changes in incubation time as storage in the air was extended [72, 84, 118]. We tend 

to agree more with the result of the latter authors, because if the activation process of aluminum 

powders removed the oxide film, an exposure to air should form the film on the surface and a 

longer aging time should slow down the hydrogen generation. Dupiano et al. collected data 

points using big time intervals [79], and the incubation period, even if it existed, could not be 

identified. A.V. Ilyukhina et al. ball milled the aluminum powder for 3 min [69]; such a short 

milling time could only partially remove the oxide film, thus they did not observe any change in 

the incubation time even after 63 days of air storage. 

In order to verify the effect of duration of air storage on incubation time, we kept the 7 h 

milled powders in air for different durations up to 23 days. Fig. 3.9 shows hydrogen generation 

of the 7 h milled aluminum powders kept for different times in air. The hydrogen generation rate 

decreases dramatically as the powder was kept for longer periods in air.  

 

 

 

 

 

 

 

Fig. 3.9 Effect of duration of the room temperature aging in air on hydrogen generation of the 7 h 

milled aluminum powders. 



 

This d

temperatu

the oxide

in air. T

phenome

the delay

powders 

3.5.2.1, t

aluminum

In ord

extracted

thickness

aging tim

aging on 

Fig. 3.11

thickness

equations

 

 

 

 

 

 

 

 

Fig. 3

decrease can

ure aging on

e film can be

The oxide fil

enon can be 

y due to the

was smalle

the second p

m powder, w

der to study

d the delay ti

s of the oxid

me, oxide th

the incubati

1 shows effe

s also increa

s and their R

3.10 Effect o

n be justified

n the native 

e inferred fro

lm can grow

inferred from

e incubation 

er than that 

phenomenon

which dimini

y the effect 

ime by a lin

de film on su

hickness and

ion time. Th

ect of aging 

ases linearly

R square obta

of aging time

d by two phe

oxide film 

om the incre

w thicker as

m hydrogen

time, the am

from partic

n is because

ishes alumin

of room tem

near slope fit

urface of the 

d incubation 

he incubation

time on the

y with the ag

ained by a li

e on the incu

53 

enomena. Th

on the surfa

easing incuba

s the powde

n production 

mount of hy

cles aged fo

e of a room

num affinity 

mperature a

tting of the c

milled powd

time. Fig. 3

n time incre

e thickness o

ging time. T

near fitting t

ubation time

he first pheno

ace of the po

ation time as

er is expose

rate. Even w

ydrogen gen

or shorter tim

m temperatur

to react with

aging in air 

curves in Fig

der by XPS 

3.10 shows 

ases linearly

of the native

The insets in

to the curves

e of the hydro

omenon is th

owder partic

s the powder

ed longer to 

when the rea

nerated from

me. As expl

re recovery 

h water. 

on the incu

g. 3.9. We a

to find a cor

effect of nu

y as the agin

e oxide film

n Fig. 3.10 &

s.  

ogen genera

he effect of 

cles. A chan

r was kept lo

air. The se

action starts 

m the longer 

lained in se

of the defo

ubation time

also measure

rrelation bet

umber of da

ng time incre

m. The oxide

& 3.11 show

ation reaction

room 

nge in 

onger 

econd 

after 

aged 

ection 

ormed 

e, we 

ed the 

tween 

ays of 

eases. 

e film 

w the 

n. 



54 
 

 

 

 

 

 

 

 

 

Fig. 3.11 Effect of aging time on thickness of the native oxide film measured by XPS. 

Considering Fig. 3.10&3.11, one realizes that the aging at room temperature causes an 

increase in thickness of the oxide film, and accordingly, the incubation time increases. 

Extrapolating the incubation time to 0 day, we obtained that it takes about 26 sec for the fresh 7 h 

milled powder to start hydrogen generation. This 26 sec represents the time approximately 

needed for the aluminum particles to break their agglomerates by being stirred in water. An 

oxide thickness of 3.7 nm is calculated by extrapolating the oxide thickness to 0 day. The value 

of 3.7 nm roughly represents the thickness of the oxide film at its first day of formation. The 

oxide film linearly grew with aging throughout our measurements span. However, considering 

previous researches, we assume that the formation and growth of the oxide film was much faster 

at the initial seconds and hours of exposure to air. An initial fast growth of the oxide film on 

aluminum followed by a slow [148-149] and linear growth [150-151] has been reported in the 

literature. In the time span of our measurements, the film thickness increases at the rate of 0.027 

nm/day and this results in an increase rate of 19 sec/day for the incubation time. Assuming that 

progress in hydration of oxide film toward the aluminum metal sub-layer explains the incubation 

time [142, 144], and based on the derived equations from Fig. 3.10 & 3.11, we calculated that the 

hydration front moves with an average speed of 1.4×10-3 nm/sec. 

 



55 
 

3.6. Conclusion 

In addition to the role of ball milling in incorporating additives to aluminum powders to 

promote hydrogen generation during the reaction of aluminum with water, ball milling 

contributes in the production of hydrogen in three distinct ways: 

1. Ball milling increases surface of the particles by decreasing the particles size (as 

specific surface area is correlated reversely to particle size) and introducing a laminated 

structure inside the particles. The role of inter-layer spaces inside the particles is 

significant.  

2. Ball milling introduces crystallographic imperfections (grain boundaries and 

dislocations) into lattice of the aluminum particles, which increases affinity of the 

particles for the reaction. A partial annihilation of the crystallographic imperfections by 

either the room temperature recovery (decrease in the lattice micro-strain) or the high 

temperature annealing (decrease in the lattice micro-strain and increase in the crystallite 

size)markedly decreased the hydrogen generation rate. 

3. Ball milling removes the native oxide film formed on the surface of the aluminum 

particles. The absence of the protective film makes the reaction to start without the delay 

resulted from a hydration of the oxide film. However, the protective film forms on the 

fresh surfaces as the particles are exposed to air. The film grew in a linear trend in the 

span of our measurements (1-56 days), resulting in a linear increase in the incubation 

time of the reaction. Considering the slope of changes in the incubation time vs. the film 

thickness, we calculated that the hydration front proceeds toward aluminum substrate 

with the speed of 1.4×10-3 nm/sec. 

In spite of the common attention to the oxide removal by ball milling, the present results 

established that the role of ball milling in introducing crystallographic defects and new surfaces 

to the aluminum particles is more substantial for hydrogen generation. The presence of the native 

oxide film affects the start of the reaction, while the latter effects can substantially change the 

overall rate of hydrogen generation. 
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CHAPTER 4 

MECHANISM OF REACTION OF ACTIVATED ALUMINUM PARTICLES WITH 

HOT WATER 

 

 

4.1. Overview of Chapter 4 

In the previous chapter, the different contributions of ball milling to hydrogen production of 

aluminum-water reaction were discussed. This chapter explains the mechanism and 

electrochemistry of the reaction. This explanation focuses on two questions: 

 How the two main contributions of milling (microstructural refinement and the 

increase in the specific surface area) take part in the reaction from an electrochemical 

point of view? 

 How the reaction of aluminum with hot water is explained from an electrochemical 

point of view? 

Electrochemical tests together with investigation of the produced hydroxide layer on the 

surface of aluminum particles during the reaction are considered to answer those questions. Not 

only this chapter correlates the hydrogen production to the characteristics of the milled 

aluminum particles, but also elucidates the electrochemistry of reaction of aluminum with hot 

water, which had been a knowledge gap considering the limited studies on corrosion of 

aluminum particles in hot aqueous media. 
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This chapter is presented as manuscript #3 (Mechanism of Reaction of Activated Aluminum 

Particles with Hot Water). The PhD candidate’s contributions to the manuscript are: a) Open 

circuit potential and Tafel tests. b) Cross sectional and surface examination of the particles after 

reaction. c) Reviewing the relevant literature and preparing the manuscript. 

We got help from Dr. S.A. Lajevardi for preparation of the samples for Tafel tests and 

analyzing the Tafel and open circuit potential results. Therefore, his help was appreciated in the 

acknowledgment of the published paper. Moreover, Dr. R. Evitts was acknowledged because of 

his tips in answering the reviewers’ comments. We also received some additional comments 

from Prof. V. Birss after publication of the manuscript. The comments were applied in the thesis 

and she is acknowledged here.  

The manuscript was published in the journal of Electrochemica Acta: 

S.S. Razavi-Tousi, J.A. Szpunar, Electrochim Acta, 127 (2014) 95-105. 

http://dx.doi.org/10.1016/j.electacta.2014.02.024 

 
The manuscript presented here is different from that of published in few sections: 

 The decrease in OCP was explained based on pH changes in the published 

manuscript. According to Prof. V. Birss’s suggestion, this part was revised in the 

thesis and changes in cathodic and anodic lines in Evans diagram were used to 

explain OCP changes. 

 The cross sectional and EBSD studies are explained rather briefly here compared to 

the published work. It is because the microstructural changes were fully explained in 

chapter 2 and chapter 3. 

The copyright permission to use the manuscript in the thesis was obtained and provided in 

the Appendix section. The references for this chapter along with references from other chapters 

are provided at the end of the thesis.  
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Mechanism of Reaction of Activated Aluminum Particles with Hot Water 

S.S. Razavi-Tousi, J.A. Szpunar 

Department of Mechanical Engineering, University of Saskatchewan, S7N 5A9 Saskatoon, Saskatchewan, Canada  

 

4.2. Abstract 

Mechanism of reaction of aluminum particles with hot water for hydrogen generation is 

evaluated. The aluminum powder was activated by ball milling for different durations, which 

modified size and microstructure of the particles. Open circuit potential and Tafel tests were 

carried out to explain the effect of ball milling and growth of hydroxide layer on corrosion of the 

particles. Surface, cross section and thickness of the grown hydroxide on the aluminum particles 

were studied in a scanning electron microscope. The changes in corrosion potential of the 

aluminum powders are explained by cathodic and anodic lines in Evans diagram, which depend 

on microstructure and morphology of the aluminum particles, porosity, defects and thickness of 

the hydroxide layer, iron contamination on aluminum surface and pH of the solution. The 

hydrogen production test showed that a deformed microstructure and smaller particle size 

accelerates the corrosion rate of aluminum by hot water, the effect of the deformed 

microstructure being more significant at the beginning of the reaction. Effect of growth of the 

hydroxide layer on corrosion mechanism is discussed. 

Keywords: Hydrogen production; deformation; native oxide film; core-shell; passivation  

 

4.3. Introduction 

The corrosion behavior of aluminum at room temperature has been studied extensively in the 

past, however, less attention has been paid to understanding the reaction mechanism of 

aluminum in hot water. In addition to hydrogen generation, there have been few aspects for 

which the reaction of aluminum and hot water has been a subject of interest. Corrosion of 

aluminum alloys used in fuel cladding in reactors was studied using hot water treatment [152-

157]. On the other hand, the corrosion of aluminum with hot water was also studied as a method 
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to improve adhesion strength of polymer coatings to aluminum surface [158-160]. The corrosion 

of aluminum by hot water forms a porous hydroxide layer on the surface of aluminum, which 

remarkably increases strength of the bonding between aluminum and polymer coatings. The 

reaction of aluminum with hot water was also investigated to manipulate the oxide/hydroxide 

layer on the surface of aluminum components used in electronic industries [161].  

The above mentioned applications led scientists to gain a good insight into the mechanism of 

the reaction of bulk aluminum with hot water. R.S. Alwitt [146], W. J. Bernard et al. [144], W. 

Vedder et al. [113] and B. R. Baker et al [162] conducted methodical investigations dedicated to 

understand corrosion behaviour of  aluminum samples by use of hot water.  

On the other hand, in spite of the numerous studies on hydrogen generation through the 

reaction of ball milled aluminum particles with water, a thorough evaluation of the mechanism is 

yet to be understood. The main focus of the previous studies on hydrogen generation from Al-

water reaction was to activate aluminum in a way to generate higher amount of hydrogen in a 

short time period. To knowledge of the authors, no electrochemical route has been performed till 

date to understand the reaction between aluminum particles and hot water and how ball milling 

promotes the reaction.  

This study aims to fill the gap between the remarkable interest in production of hydrogen 

from reaction of ball milled aluminum particles with hot water and a deeper understanding on the 

mechanism of the reaction. We conducted the reaction at 80oC. Because this temperature is the 

optimum temperature for operating PEM (proton exchange membrane) and many other types of 

fuel cells. We neither manipulated pH of the water nor added any second phase powder to 

promote the kinetics of the reaction. Thus, the study purely considers the reaction mechanism of 

aluminum with hot water and effect of ball milling on the reaction kinetics. We examined four 

different powders (as received, 1 h, 7 h and 19 h milled), however, we focus on comparison of 

the as received and 19 h milled powders. That is because both as received and 19 h milled 

particles show equiaxed morphology and a non-laminated structurally. Thus, without 

interference of other variables, we can investigate effect of particle size and deformed 

microstructure on electrochemistry of the reaction and hydrogen generation.  
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4.4. Experimental 

4.4.1. Ball Milling 

The detail of ball milling procedure is similar to the manuscript #1. It is not repeated here in 

order to keep the thesis concise.  

4.4.2. Hydrogen Measurement 

The detail of hydrogen measurement procedure is similar to the manuscript #1.  

4.4.3. Scanning Electron Microscopy 

The detail of scanning electron microcopy (SEM) is mostly similar to the manuscript #1. On 

the case of the thickness of the produced hydroxide layer, the Microstructure Measurement 

software calculated thickness of the hydroxide layer on the surface of the particles by analyses of 

SEM images from cross section of the particles. The thickness data point for each sample was 

obtained by arithmetic averaging of 30-70 measurements. An Oxford Instruments Nordlys Nano 

detector was used as an integral part of the microscope to collect the electron backscattered 

diffraction (EBSD) patterns generated from the samples tilted at an angle of 70o relative to the 

microscope stage. The SEM for the EBSD characterization was operated at an acceleration 

voltage of 10-30 kV, depending on the grain size of the sample. Applying a misorientation cut-

off of 15o, the grain size of the samples was determined by a post processing module Channel 5-

Oxford Instruments. 

4.4.4. Open Circuit Potential and Tafel Measurements 

A Gamry potentiostat (interface 1030) obtained the open corrosion potential (OCP) of the 

powders vs. saturated calomel electrode (SCE) with a step size of 1 sec. We pasted the aluminum 

powders to microscope slides using conductive carbon paint (LEIT-C™) and applied a 0.95 cm2 

area by PortHoles electrochemical sample masks (Gamry3M Model 470). We used a solution of 

2.84 g sodium sulphate in 200 ml distilled water (equivalent of 0.1 mol/lit) as the electrolyte, 

which was conductive and neutral. For the Tafel tests, the potential was swept in the positive 

direction from a cathodic potential of -250 mVocp to an anodic potential of 250 mVocp with a step 

size of 1 sec. The situation for the OCP and Tafel experiments was similar to that of the 
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hydrogen measurement tests (stirring rate: 120 rpm, temperature: 80oC and distilled water 

volume: 200 ml). 

4.5. Results and Discussion 

4.5.1. Microstructure of Particles and Hydrogen Generation 

The evolution of particle size and microstructure by ball milling was investigated in chapter 2 

and chapter 3. It was found that ball milling decreases the particle size and increases 

crystallographic defects (grain boundaries, dislocations, etc.). Fig. 4.1 shows an electron 

backscattered diffraction (EBSD) pattern of an as received aluminum particle. The white and 

black lines represent boundaries with misorientation of (5-15)o (subgrain boundaries) and over 

15o (high angle boundaries), respectively. One can see that in the as received particle, grains are 

equiaxed and most of grains are between 50-100 µm.  

 

 

 

 

 

 

 

Fig. 4.1 EBSD patterns of an as received aluminum particle 

Because of the large strain induced as a result of heavy deformation in the 19 h milled 

particles, we could not obtain any EBSD pattern for the particular sample. However, we 

performed refinement by MAUD software on X-ray diffraction of the particles milled for 19 h. 

Fig. 4.2 shows the X ray diffraction pattern and the corresponding refinement result by Rietveld 

method. Using the Rietveld method [125], a crystallite size of 78 nm was calculated for the 19 h 

milled sample. Considering Fig. 4.1 and the result obtained from Fig. 4.2, we conclude that ball 

milling results in a significant decrease in grain size of the aluminum powder.  
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We observed that there was a short delay of 10-30 seconds before hydrogen generation started 

for the 7 h and 19 h milled samples. This delay is so called “induction period” or “incubation 

time” and is usually observed before hydrogen starts forming [142]. One can see that although 

ball milling for 7 h has a noticeable effect on hydrogen yield, further milling up to 19 h decreases 

hydrogen yield. As explained in Chapter 3 and Chapter 4, the higher hydrogen production rate of 

the 7 h milled particles can be ascribed to the presence of internal surfaces due to the laminated 

structure. Fig. 4.1 to Fig. 4.3 are provided and briefly explained in this manuscript to help 

elucidating the mechanism of the reaction that will be discussed in the rest of the manuscript. 

4.5.2. The Reaction Mechanism 

The mechanism of the reaction between aluminum and hot water strongly depends on the pH. 

The oxide or hydrated-oxide film on the surface of aluminum is soluble in solutions with pH 

higher than 11 or lower than 2 [113, 147]. At intermediate pHs, the solubility of aluminum ions 

in the solution is limited. Therefore, the aluminum ions dissolved by an anodic reaction 

precipitate on the surface of aluminum [113]. The precipitation forms a layer of Al(OH)3 at 

temperatures lower than 70oC or AlOOH at temperatures higher than 70oC [128]. After 

formation of the hydroxide layer, the reaction continues by penetration/diffusion of the water/ion 

species through the layer from water to aluminum sub-layer and vice versa. Aluminum ions 

diffuse outward as Al3+ in acidic solutions, Al(OH)2+/Al(OH)2
+ in neutral pHs or as Al(OH)4

-in 

basic solutions [64, 143, 146, 163-165]. The inward flow of ion species includes H2O molecules, 

H+ or OH-, depending on porosity of the hydroxide layer and pH of the solution. This should be 

noted here that the hydroxide layer has a porous structure. Supposedly, the pores are filled with 

water, which makes the diffusion of ion species possible.  

Fig. 4.4 shows the schematic of sequences of corrosion aluminum with hot water. The first 

stage is hydration of the native oxide film on the surface of aluminum. B. C. Bunker et al. argued 

that because of thermodynamic instability of aluminum hydroxide next to aluminum, an oxide 

layer always exists between the aluminum hydroxide and aluminum [142]. As the hydration front 

reaches to aluminum surface (and at the presence of thin oxide layer), ion species diffuses 

through the oxide layer and reacts with aluminum. The generated hydrogen gas forms bubbles 

beneath the oxide layer. Ion species that contain aluminum ion (Al3+) diffuse outward, however, 

as solubility of aluminum is limited in water, aluminum hydroxide (AlOOH or Al(OH)3 
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4.5.2.1. Changes in Corrosion Potential 

Potential of a reaction can be written in terms of Nernst equation [166]: 

𝐸 = 𝐸 − 𝑙𝑛𝑄           4.1 

where Eo is the standard reaction constant, R is the universal gas constant, T the Kelvin 

temperature, n the number of electrons in the balanced chemical equation for the half cell, and f 

is the Faraday constant. Q represents the ratio between activities of substances in two sides of the 

reaction. For a reaction that occurs at a constant temperature, the potential can change by 

changes in activity of reactants and products.  

Reaction of aluminum and water can be algebraically divided into separate oxidation and 

reduction reactions. The E-I relation of each half reaction can be written in terms of Butler-

Volmer equation. On the Evans diagram, the corrosion potential can be determined from 

interception of the anodic and cathodic lines. Fig. 4.6 (a) shows the Evans diagram for reaction 

of aluminum and water. The corrosion potential and corrosion current can be determined from 

the intercept of the cathodic (3H+ + 3e = 3/2H2) and anodic (Al = Al3+ + 3e) lines. Any change in 

slope or position of the cathodic or anodic lines results in a change in corrosion potential and 

corrosion current of the overall reaction. For example, Fig. 4.6 (b) shows the effect of shifting 

the anodic line to more negative potentials on the potential and current of the reaction.  

Accordingly, the significant change in corrosion potential in Fig. 4.5 can be explained by the 

changes in cathodic and anodic lines in the Evans diagram. The sharp decrease in corrosion 

potential means that either or both cathodic and anodic lines shifted toward more negative 

potentials during the reaction. This shift can be explained by hydration of the oxide film, change 

in concentration of aluminum ions in the solution, developing cracks in the oxide film and 

change in pH toward more alkaline solution.  

One can see that for the 19 h and 7 h milled sample, the corrosion potential increases slightly 

after 300-400 sec of reaction. This increase also can be explained by shifting the anodic and/or 

cathodic lines in Evans diagram toward more noble potentials. The cathodic line (3H+ + 3e = 

3/2H2) can move upward when iron contamination (caused during milling, see Fig. 2.14) 

deposits on the surface aluminum. On the other hand, the anodic line (Al = Al3+ + 3e) can move 
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equivalent of an increase of 19 times in the specific surface area. Since the reaction can just 

occur on the surface of aluminum, hydrogen production should increase linearly with the 

increase in surface. Considering production of about 100 ml hydrogen after 60 min reaction of 19 

h milled sample, the as received powder should produce about 5 ml hydrogen during the same 

period. However, the hydrogen production of the as received aluminum powder was negligible. 

The almost zero hydrogen production of the as received powder implies that the decrease in 

particle size is not the only effect of ball milling on the reaction, otherwise, the hydrogen 

production should have changed linearly with the square of size of non-laminated spherical 

particles.  

4.5.3.2. Effect of Deformation 

The second effect of ball milling is introducing crystalline imperfections such as grain 

boundaries and dislocations. Under thermodynamic viewpoint, grain boundaries increase 

microstructural instability and thus, fine grained and deformed metals have a higher affinity for 

reactions than coarse grained and recrystallized metals. However, corrosion rate of fine grained 

metals is not necessarily higher than coarse grained metals. Contradictory results have been 

reported for the effect of grain size and deformation on the corrosion behaviour [112, 134-140].  

K.D. Ralston et al. explained that formation of a protective layer on the surface of a metal 

determines the effect of grain size on the corrosion [141]. A finer grain size increases corrosion 

resistance of metals that form a protective film. The finer grain size increases reactivity and thus, 

a uniform protective layer forms at a faster rate and protects the metal from further corrosion. 

Conversely, deforming a metal can increase the corrosion rate if a film on the metal is not 

formed or formed in a non-protective way. 

The protectiveness of the oxide/hydroxide film on aluminum surface depends on oxidizing 

media and temperature. In the case corrosion of aluminum using hot water, the oxide film on the 

surface of aluminum gradually transforms to a hydroxide film, which the latter is less protective 

compared to the former [142]. As temperature increases, diffusivity of the ion species increases 

and the hydrated layer becomes less protective. Therefore, the hydroxide film on the surface of 

the aluminum immersed in hot water has semi-protective properties. Accordingly, the deformed 

aluminum substrate does not reduce the corrosion by a fast and uniform formation of the 
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protective layer, but promotes the corrosion by increasing the affinity of water to react with the 

aluminum substrate. This rationalization is in accordance with the observations made by W. 

Veddar et al. and R. K. Hart; they noticed that reaction of aluminum and hot water mainly occurs 

at grain boundaries [113, 128].E. David et al., Z. Zhao et al and H. Luo et al. also noted that 

deformation of aluminum particles by ball milling promotes the hydrogen production rate [75, 

114, 118], which confirms semi-protectivity of the hydroxide layer on the surface of aluminum.  

Based on the above discussion, the deformed state of aluminum particles promotes the 

reaction and effect of microstructure should be considered while comparing hydrogen generation 

of the as received and highly deformed powders. The negligible hydrogen production of the as 

received sample compared to the highly deformed powders is because not only ball milling 

decreases the particle size of the powder, but also introduces crystalline imperfection to 

aluminum lattice, which increases the affinity of aluminum to react with water. 

4.5.3.3. Effect of Microstructure on the Hydroxide Layer 

We examined surface and cross section of the particles after different periods of reaction with 

water to study the effect of microstructure on the reaction. We observed that there is not much 

difference between the outside morphology of the hydroxide layer grown on the as received and 

19 h milled particles. The evolution of morphology of the hydroxide layer by emersion time was 

very similar to what observed by P.R. Underhill et al. and A. C. Geiculescu et al. [159, 168-169]. 

Fig. 4.8 provides the SEM images of surface of the as received and 19 h milled particles after 1 h 

immersion in hot water. The hydroxide layer is formed by stacking of 10-20 nm thickness flakes. 

These flakes are aligned almost perpendicular to the particle surface but oriented randomly, 

which results in formation of a porous microstructure.  

Fig. 4.9 shows effect of immersion time on the thickness of the hydroxide layer grown on the 

surface of the particles. Error bars represent the standard deviation of the thickness 

measurements. We observed a wide range of the hydroxide thicknesses for different particles of 

the same powder, which resulted in big standard deviations of the measurements especially for 

longer immersion times. The growth of the layers is fast at the beginning of the reaction and then 

becomes gradual; the trend is similar to that of hydrogen generation (Fig. 4.3).  
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Fig. 4.8 SEM images of surface of the hydroxide layer formed on (a) the as received and (b) 19 h 

milled particles after 1 h immersion in hot water. 

Considering the effect of a deformed microstructure on the reaction, we expected a thicker 

hydroxide layer on the 19 h milled particles compared to the as received one. However, it is 

brought out in Fig. 4.9 that the difference between the hydroxide thickness of the as received and 

19 h milled particles is negligible. The similar thickness of the hydroxide layer on the particles 

with different microstructures does not mean the particles have had the same progress of the 

reaction.  

Fig. 4.10 shows SEM images of cross section of the hydroxide layer grown on the as received 

and 19 h milled particles. The hydroxide formed on the 19 h particle comprises two layers; a 

dark one that is next to the aluminum surface and a white one that forms the outer surface of the 

hydroxide layer. We did not detect any distinct double layer on the surface of as received 
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Fig. 4.10 SEM images of cross section of the hydroxide layer grown on (a) the as received and 

(b) 19 h milled particles. Note the difference in the scale bar. Arrows mark the thickness of the 

oxide. 

While all of the above mentioned studies considered time as the parameter that determines 

formation of the inner layer, our observation establishes that in addition to the time, the 

microstructure of aluminum also affects formation of the inner layer. In other words, time is the 

influential factor because it determines the extent of the reaction. This means in the same period 

of time, the non-porous layer forms faster on an aluminum microstructure that 

thermodynamically has a higher affinity to react with water, compared to a more stable 

aluminum microstructure.  
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In spite of equal thicknesses, the hydroxide layer on the 19 h milled sample is denser than that 

of the as received one, implying that more hydroxide phase was deposited on the 19 h milled 

particle. Therefore, the presence of the double layer hydroxide suggests that for a unit of surface 

area, the 19 h milled particle reacted more than the as received particle.  

The difference between hydroxide layers clarifies why the minimum in corrosion potential of 

the 19 h milled happened sooner than that of the as received particles (Fig. 4.5). As the 19 h 

milled particles react faster with water, more hydroxide phase precipitates on their surface and 

formation of a densified inner layer happens at a shorter time. Densification of the hydroxide 

layer on the surface of aluminum moves the anodic line to more noble potentials. Accordingly, 

the OCP increases as the interception of the cathodic and anodic lines moves up in the Evans 

diagram. Fig. 4.11 shows high magnification SEM of cross section of the hydroxide layer on the 

19 h milled particle after 540 sec of the reaction. The white part on the left is aluminum and the 

grey part on the right is the hydroxide layer.  

 

 

 

 

 

 

 

Fig. 4.11 SEM image of cross section of the hydroxide layer on the 19 h milled particle after 540 

sec of the reaction. 

There is a noticeable gradient between volume of pores in the external surface of the layer and 

inner part of the layer next to the aluminum substrate. The outer surface of the layer is porous 

while the inner part is almost free of pores. On the other hand, because of a lower extent of the 
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Comparing Fig. 4.13 and Fig. 4.14, one observes that immersion in hot water for 60 min 

causes Tafel curves of different samples to converge together. The same trend can be seen in Fig. 

4.5; at first few minutes of the immersion the corrosion potential is very different for the 

different samples, however, corrosion potentials converge to similar values after 60 min of the 

immersion. Therefore, the longer the immersion time, the less difference between corrosion 

properties of the different samples is observed. The microstructure of the particles does not 

change during the test; the only change is growth of the hydroxide layer on surface of the 

particles. Accordingly, we conclude that the passivating effect of growth of the hydroxide layer 

on the particles prevails over the difference in microstructures.  

At the beginning of the reaction where the hydroxide layer is thin and mostly porous, highly 

deformed particles corrode faster at relatively more active potentials. As the reaction continues, 

the hydroxide layer becomes thick and dense and water cannot anymore penetrate through 

hydroxide layer. Then, the controlling step is diffusion of ion species through the non-porous 

part of the hydroxide layer. The dependence of the reaction on diffusion of ion species (the 

kinetics effect) prevails over the higher affinity of the highly deformed structure for the reaction 

(the thermodynamic effect), thus after 60 min of the reaction, particles with different 

microstructures show the similar corrosion behavior. 

4.6. Summary 

1. As aluminum particles are exposed to hot water, water molecules attack the native 

oxide film on the surface of particles. The oxide film is hydrated by hot water, which 

facilitates diffusion of ion species. Besides, formation of cracks and defects in the 

hydroxide layer, change in concentration of aluminum ions in the electrolyte and change 

in pH can promote the anodic dissolution of aluminum. As reaction continues, the 

hydroxide layer thickens and densifies, which slows down the kinetics of the reaction.  

2. In spite of similar thickness and external morphology of the hydroxide layer 

grown on the as received and highly deformed particles, cross sectional examination of 

the particles suggested that hydroxide layer formed on the highly deformed particles is 

denser than that of the as received particles. 

3. The passivating effect of the hydroxide layer depends on impermeability of the 

layer than its thickness. For the highly deformed particles, the reaction occurs faster and 
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more hydroxide deposits on the surface of aluminum, thus formation of a dense 

impermeable layer occurs at a shorter period of time compared to the as received 

particles. 

4. The effect of a deformed microstructure on the reaction behavior is significant at 

the beginning of the reaction where the hydroxide layer is thin and porous. Highly 

deformed particles react at more active potentials with higher corrosion currents 

compared to the as received particles. As the hydroxide layer gradually thickens and 

densifies, the passivating effect of the hydroxide layer neutralizes the high affinity of the 

deformed particles for the reaction. 
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CHAPTER 5 

MICROSTRUCTURAL EVOLUTION AND GRAIN SUBDIVISION MECHANISMS 

DURING SEVERE PLASTIC DEFORMATION OF ALUMINUM PARTICLES BY 

BALL MILLING 

 

 

5.1. Overview of Chapter 5 

Chapter 3 explained different contributions of ball milling on the reaction of aluminum with 

water, and revealed that grain refinement of aluminum particles has a significant contribution in 

the rate of hydrogen generation. Chapter 4 explained the effect of grain refinement of aluminum 

particles on the electrochemistry of the reaction. It was concluded that the particles of smaller 

grain size have a more active corrosion potential in water and react faster. However, it was not 

defined how grain refinement occurs. 

Ball milling is the method used in this research and many other research to refine 

microstructure of particles. Compared to the extensive amount of studies on deformation of bulk 

metals by severe plastic deformation methods, the knowledge of mechanism of deformation of 

metallic particles during ball milling can hardly be considered satisfactory. This is in spite of 

thousands of publications in the literature on production of advanced metallic powders by this 

method. For the very first time, we used EBSD technique to thoroughly investigate grain 

refinement and deformation mechanism of aluminum particles during ball milling. 
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This chapter is presented as manuscript #4 (Microstructural Evolution and Grain Subdivision 

Mechanisms during Severe Plastic Deformation of Aluminum Particles by Ball Milling). The 

PhD candidate’s contributions to the manuscript are: a) Powders preparation. b) EBSD 

investigation of the cross section of the particles. c) Post processing and analyses of the EBSD 

results. d) Reviewing the relevant literature and preparing the manuscript. 

Because of the importance of the details of EBSD patterns presented in Fig. 1(a-f) and Fig. 

2(a-f) in this chapter, these figures could not be reduced in size to fit one page, and are presented 

in rather large size. 

The manuscript was submitted to the journal of Acta Materialia. Its current status is under 

review.  

The copyright permission to use the manuscript in the thesis was obtained and provided in 

the Appendix section. The references for this chapter along with references from other chapters 

are provided at the end of the thesis.  
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Microstructural Evolution and Grain Subdivision Mechanisms during Severe 

Plastic Deformation of Aluminum Particles by Ball Milling 

S.S. Razavi-Tousi, J.A. Szpunar 

Department of Mechanical Engineering, University of Saskatchewan, S7N 5A9 Saskatoon, Saskatchewan, Canada  

 

5.2. Abstract 

Electron backscattered diffraction (EBSD) technique was used to investigate the 

microstructure of aluminum particles deformed by high energy ball milling. The length of 

different types of boundaries was calculated for different samples. The results showed that 

deformation mechanism as well as the rate of grain subdivision considerably change as milling 

time increased. At the beginning of the milling, deformation banding subdivided grains, and 

dynamic recovery formed a cellular structure of low angle boundaries. By further milling, 

particles were flattened; an increase in aspect ratio of the grains was clearly observed and cold 

welding of the particles contributed to formation of high angle grain boundaries. Lattice rotation 

progressively increased the misorientation between grains and high angle grain boundaries 

(HAGBs) were formed, which resulted in formation of new small equiaxed grains by continuous 

dynamic recrystallization (DRX). Subgrains rotation was found as the main mechanism of 

formation of new high angle grain boundaries. 

Keywords: Mechanical Milling, Impacts, Geometrical and Incidental Dislocation 

Boundaries, Orientation, Grain Refinement 

 

5.3. Introduction 

During last two decades, researchers paid extensive attention to the high energy ball milling 

of metallic powders to produce various products with superior properties. This milling method is 

named depending on the type and purpose of the processing such as mechanical milling [172], 

mechanical alloying [34], mechanically induced self-propagating reaction [35] and cryomilling 
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[173]. In spite of some differences, the shared concept among all the mentioned methods is that 

cold welding and fracture mechanisms determine the morphology, and severe plastic 

deformation determines the microstructure of the milled particles.  

The experimental and theoretical studies have established mechanisms of morphological 

changes of metallic particles during ball milling. The changes in size, shape and internal 

structure of ductile particles during milling time can be summarized as following [33, 40-41, 

117, 174-175]: particles are deformed, flattened, cold welded, laminated, work hardened and 

fractured. The final shape of the milled particles is equiaxed after steady state, and the final size 

is determined by surface properties and hardenability of the particles, which consequently 

determine the equilibrium between fracture and cold welding mechanisms.   

On the other hand, the current understanding of deformation and grain refinement 

mechanisms during milling is not established. A lack of comprehensive understanding is 

partially related to many complexities of the milling method that makes it considerably different 

from other severe plastic deformation methods that deal with bulk materials. For example; the 

deformation mode and stress direction acting on each particle continuously change during 

milling, no texture is developed by deformation, some impurities may be dispersed in the 

particles, the deformation happens through impacts and the strain rate is high, also some local 

increases in temperature may exist, and new surfaces are continuously formed during milling. 

There have been various studies aimed to evaluate the deformation and grain refinement 

mechanisms induced by ball milling. The most accepted model was proposed by H. J. Fecht 

[176-177], who considered that grain refinement during milling follows three steps: a) 

localization of deformation in shear bands with high density of dislocations, b) annihilation and 

recombination of dislocations, which result in formation of a nanostructure network of subgrain 

boundaries, and c) grain boundary sliding that forms nano grains that are randomly oriented. 

Most of the studies on the formation of nanostructures by ball milling confirm that at the very 

end stages of deformation, subgrain rotation or/and boundary sliding explain formation of nano 

grains that were formed from the subgrains. But, there is no agreement as to the role of shear 

bands in the grain refinement during ball milling. Referring to H. J. Fecht’s model, some 

researchers ascribed the initial grain refinement during ball milling to the formation of shear 
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bands [178-181]. On the other hand, there are studies reporting that grain refinement occurs 

during ball milling without presence of shear bands [175, 182-185]. Moreover, even in the 

presence of shear bands, other deformation mechanisms like slip and twining also occur [186].  

In comparison with deformation of bulk metals and/or based on other observations, different 

deformation and refinement mechanisms have been considered for the early to mid stages of ball 

milling: shear banding [176-177], twining [185], shear banding and slip/twining [186], slip and 

twining [175],slip and grain subdivision similar to bulk materials [183, 187], and fracture and 

cold welding induced refinement[178, 181]. Apart from the comparisons to the deformation of 

bulk materials, all of the observations made by transmission electron microscope (TEM) were in 

the nano regime [175, 178-183, 185-187], namely between ten and few hundred nanometres. On 

the other hand, the results that were based on analyses of broadening of X ray diffraction (XRD) 

peaks [176-177, 181, 184, 188] were also limited to nano range, because the calculation of 

crystallite size and microstrain by XRD is not reliable if the crystallite size exceeds the 

submicron range.  

Accordingly, although the mechanism of deformation/grain refinement at the very end of 

milling (grain/crystallite size of 10-500 nm) is fairly established, there is a significant lack of 

knowledge on grain refinement mechanism during early and mid stages of milling, which was 

the motivation for this study. In order to investigate the deformation mechanism during ball 

milling, we used electron backscattered diffraction (EBSD) method rather than XRD or TEM 

that were used in the previous works. EBSD can examine bigger areas than TEM, which 

increases statistical reliability of data. Moreover, in contrast to analyses of broadening of XRD 

peaks, EBSD provides direct observation of boundaries, which is not limited to very small 

crystallite sizes. 

In spite of the extensive use of EBSD for evaluation of microstructure of bulk materials, the 

use of this method for powders has been very limited. There are just four studies that used EBSD 

to characterize surface [189-190] or cross section [191-192] of particles. One can consider two 

reasons for such a limited use. Firstly, contrary to bulk materials, particles do not have a frame of 

reference for analyzing the orientation, thus the texture measurement becomes useless. Secondly, 

preparation of the EBSD samples from small particles is much more difficult than that of bulk 

materials.  
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Nevertheless, the present study shows that high quality EBSD patterns can be obtained from 

deformed aluminum particles, and novel data can be extracted that elucidate deformation and 

grain refinement mechanisms during the early to mid stages of ball milling. Our work does not 

extend to TEM study of the deformed particles at the end stages of milling, because that part is 

already extensively investigated in the literature.  

 

5.4. Experimental Procedure 

5.4.1. Powder Preparation 

The detail of ball milling procedure is similar to the manuscript #1. It is not repeated here in 

order to keep the thesis concise.  

5.4.2. Sample Preparation for EBSD 

To study cross section of the particles, a small amount of the powders was separately added to 

a conductive carbon resin powder (SPI ConductoBed™ Carbon Black Filled Conductive Epoxy), 

mixed and cold mounted. The mounted samples were polished with abrasive grinding papers 

from 600 to 1600 grit followed with additional grinding by 3 and 0.04 µm diamond pastes. The 

30 min, 1 h, 2 h and 4 h milled samples then were polished using a Buehler VibroMet for less 

than one hour. However, Vibromet polishing for the not deformed samples (the as received and 

15 min milled particles) caused corrosion pitting on the surface, thus this stage of polishing was 

not applied for them. Finally, all samples were ion milled for 2 min at a voltage of 2 kV by a 

Hitachi IM4000 argon ion milling system. 

5.4.3. EBSD Measurements 

A Hitachi SU6600 field emission scanning electron microscope (SEM) equipped with a 

NordlysNano Oxford detector with an angular resolution of 0.1owas used to collect EBSD 

patterns from cross section of the particles. Channel 5-Oxford Instruments software was used for 

the post processing of the obtained patterns. The SEM for the EBSD characterisation was 

operated at acceleration voltages between 10-30 kV; the smaller grain size, the lower 

acceleration voltage was used for the samples. There was a remarkable change in the shape, 
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particle size and grain size of the powders induced by milling. The grain size and particle size 

changed from ~110 µm and ~200 µm for the as received sample to ~2 µm and 75 µm for the 4 h 

milled sample, respectively. Accordingly, we could not maintain either a similar step size or a 

similar scan area for different samples. Whenever it was possible, a rectangular scan was 

collected, otherwise, the particles shape dictated the shape of the EBSD scans.  

We found that because of the particulate nature of the system under investigation, different 

particles in the same powder can have rather different microstructures. In other words, different 

particles in a powder milled for a particular time may have experienced different extent and 

mode of deformation. Therefore, in order to increase the reliability of the data, we obtained 

EBSD of at least five particles for each sample. Each single graph/pattern in this study is either a 

typical one among or an average obtained from few patterns.  

 

5.5. Results and Discussion 

5.5.1. Microstructural Evolution of the Particles 

Fig. 5.1 shows the inverse pole figure (IPF) map in the Z direction (normal to the cross 

section of the particle) for the as received sample and the 15 min, 30 min, 1 h, 2 h and 4 h milled 

particles. Fig. 5.2 shows the band contrast of the patterns presented in Fig. 1, which is 

superimposed with grain boundaries with misorientation of 1-5o (red), 5-15o (blue) and 15-62o 

(black). In this work, we name the 1-5o, 5-15o and 15-62o grain boundaries as low angle grain 

boundaries (LAGBs), medium angle grain boundaries (MAGBs) and high angle grain boundaries 

(HAGBs), respectively. 

The processing method (air atomization) used for the production of the as received powder 

determines their microstructure. The particle (Fig. 5.1(a) and Fig. 5.2(a)) includes few big grains 

(the average grain size: ~110 µm) with a small amount of HAGBs and MAGBs inside, but 

contains significant amount of LAGBs that are irregularly distributed in the grains. The presence 

of few large grains inside the particle implies that there were just few nuclei in the molten 

droplet that initiated the solidification in different orientations. However, the undercooled 
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condition made the solidification fast in a way that grains were left with a chaotic distribution of 

LAGBs inside.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 IPF patterns of cross section of (a) an as received particle and (b) 15 min milled sample. 

Colors and black lines represent orientations (normal to the cross section) and HAGBs, 

respectively. See to the text for explanation of the arrows and signs. 

(b) 

(a) 
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Fig. 5.1 Continued: IPF patterns of cross section of (c) 30 min and (d) 1 h milled samples. Colors 

and black lines represent orientations (normal to the cross section) and HAGBs, respectively. See 

to the text for explanation of the arrows and signs. 

(c) 

(d) 
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Fig. 5.1 Continued: IPF patterns of cross section of (e) 2 h and (f) 4 h milled samples. Colors and 

black lines represent orientations (normal to the cross section) and HAGBs, respectively. See to 

the text for explanation of the arrows and signs. 

(e) 

(f) 
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Fig. 5.2 Grain boundaries superimposed on band contrast patterns of cross section of (a) the as received 

particle and (b) the particle milled for 15 min, which their IPF pattern were shown in Fig. 5.1. Boundaries 

with misorientations of 1-5o, 5-15o and 15-62o are presented by red, blue and black, respectively. 

(a) 

(b) 
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Fig. 5.2 Continued: Grain boundaries superimposed on band contrast patterns of cross section of 

(c) 30 min and (d) 1h milled particles, which their IPF pattern were shown in Fig. 5.1. Boundaries 

with misorientations of 1-5o, 5-15o and 15-62o are presented by red, blue and black, respectively. 

(c) 

(d) 
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Fig. 5.2 Continued: Grain boundaries superimposed on the contrast patterns of cross section of 

(e) 2 h and (f) 4 h milled particles, which their IPF patterns were shown in Fig. 5.1. Boundaries 

with misorientations of 1-5o, 5-15o and 15-62o are presented by red, blue and black, respectively. 

(e) 

(f) 
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Fig. 5.1(b) and Fig. 5.2(b) show the microstructure of a particle milled for 15 min. The 

average grain size obtained for 15 h milled particles showed a negligible decrease compared to 

that of the as received one. One can see that in the middle of the particle, deformation caused 

fragmentation of few grains by inducing LAGBs and MAGBs. Nevertheless, other grains are 

rather intact after deformation. We observed such a non-uniform deformation in all of the 15 min 

milled particles. The different deformation response of different grains can be explained by the 

so called “stable or unstable” crystallographic orientations [193] in relation to the stress direction 

(that is known just at the time of the impact for a shapeless particle). However, the localization 

of the deformation at the middle of the particle is more likely because of a considerably 

inhomogeneous stress applied to the particles during impacts.  

A distinct difference between the deformation of particles by ball milling (particles are 

trapped in collisions of ball-ball or ball-vial) and other deformation methods is that particles are 

very less constrained compared to a bulk metal deformed by rolling, equal-channel angular 

pressing (ECAP), extrusion, etc. A typical deformation situation for ball milling can be described 

as: an equiaxed particle that is compressed between two flat surfaces (two heads-on colliding 

balls or a ball colliding wall of the vial); the particle is just constrained at two contact points. 

Such a deformation results in the highest strain at the centre of the particle and less deformation 

at the free surfaces. There is no simulation in the literature on strain distribution in a metallic 

compressed particle. However, M. Kazeminezhad et al. simulated flattening of a wire with a 

circular cross section by a compressive force, and found that the strain at the centre of the section 

can be up to eight times more than the outer parts. Therefore, not only different particles in the 

same powder can be deformed to different extents [33, 194], but also different points in one 

particle may be deformed differently [186]. The different history of deformation of different 

particles, the non-uniform distribution of strain in a particle, and the presence of the stable and 

unstable crystallographic orientations explain the significant inhomogeneity that we observed in 

and among deformed particles in the 15 min milled particles. We observed that this 

inhomogeneity decreased as the powder was milled for longer durations.  

Fig. 5.1(c) and Fig. 5.2(c) show the microstructure of a particle milled for 30 min. Most of the 

grains are affected by deformation, which resulted in presence of domains of different 

orientations inside grains. Most of the original grain boundaries are still distinguishable, 
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however, grain subdivision resulted in a decrease in the average grain size to 68 µm. The 

presence of misorientations of 1-5o is higher in the 30 min milled particle in a way that in some 

grains LAGBs exist in all around the grain interior. 

Fig. 5.1(d) and Fig. 5.2(d) show the microstructure of a particle milled for 1 h. Each grain 

includes several domains of different orientations. The misorientation between the domains 

inside the grains ranges between that of LAGBs to HAGBs. There is a considerable amount of 

HAGBs inside grains that is not continued to form a circle as a new grain, but made the grains 

interior banded to regions of different orientations. The boundaries and orientation of the original 

grains are hardly distinguishable because of the formation of new HAGBs, distortion of the 

grains shape and formation of various new orientation areas inside the original grains. 

Although the reduction in grain size is not considerable (the average grain size measured for 

the 1 h milled particles is 60 µm), the rearrangement of LAGBs after 1 h milling is noticeable. 

Contrary to the 15 min and 30 min milled samples where deformation resulted in production and 

chaotic distribution of LAGBs, Fig. 5.2(d) shows formation of a cellular network of LAGBs for 

the 1 h milled particle. In addition to LAGBs, some MAGBs and a few HAGBs also contributed 

to formation of the cellular structure inside grains. Apart from the cell walls that are mostly made 

from LAGBs, the area inside the cells is almost free of any boundary with a misorientation of 

bigger than 1o. In other words, the misorientation induced by deformation inside the grains is 

tidily accommodated by formation and rearrangement of LAGB and MAGB rather than a 

cluttered presence of LAGBs.  

Prolonging the milling time to 2 h completely changes the microstructure of the powder (Fig. 

5.1(e) and Fig. 5.2(e)). There is a significant microstructural refinement and the average grain 

size of the particles reduces to 6 µm after 2 h milling, which is one order of magnitude smaller 

than that of 1 h milled particles. The majority of the grains are elongated and are sectioned by 

transverse LAGBS and MAGBs (Fig. 5.1(e)). Such a lamellar structure (or so call “bamboo”, 

“ribbon” or “pancake” structure) was observed for all of the 2 h milled particles that we 

analyzed. 

Fig. 5.1(f) and Fig. 5.2(f) show the microstructure of a particle after 4 h of milling. The 

microstructure consists of both lamellar and equiaxed grains. Compared to the 2 h milled sample, 
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the diameter along the longitudinal and transverse directions of the lamellar grains decreased. 

Similar to the 2 h milled sample (Fig. 5.2(e)), LAGBs and MAGBs are mostly aligned with the 

transverse direction of the high aspect ratio grains. However, contrary to the 2 h milled sample, 

HAGBs also section the high aspect ratio grains, which results in a decrease in the aspect ratio 

and grain size of the 4 h milled sample. An average grain size of 2.3 µm was measured for the 4 

h milled particles. 

5.5.2. Formation of the Lamellar Structure 

During ball milling particles were continuously impacted in random directions. However, the 

formation of a lamellar structure (Fig. 5.1(e) & (f)) implies that at some point the strain was 

accumulated in a particular direction. Our SEM observation showed that most of the particles 

started flattening after 30 min and changed to thin flakes after 2-4 h of milling [117]. T. H. 

Courtney formulated the amount of strain that a metallic particle undergoes by one impact [174]: 

𝜀 = −𝑙𝑛 1 − ( ) /         (5.1)   

where ε is the strain, v is the balls speed (m/s), ρ is the density of the balls (7.8 gr/cm3), h = 

2D where D is the particle diameter (for the as received powder: 192 µm), Hv is the hardness 

(0.226 GPa) and R is the ball radius (17 mm). 

The average velocity of balls was formulated by Y. Lin et al [195]: 

v = 0.5πFd          (5.2) 

where d is radius of the vial (0.037 m) and F is the rotational frequency (3.3 sec-1), thus, an 

average velocity of 0.195 m/s is calculated for the balls. Putting the average velocity in Eq. 5.1, 

an average strain of 0.05 is obtained. For deformation of an equiaxed particle, strain can roughly 

be obtained by ln(D/Df) [196], where Df is the diameter of the particle after deformation induced 

by one impact. Thus, a strain of 0.05 changes the initial particle size of 192 µm to 182 µm. Such 

a change is very smaller than the enough strain to make an equiaxed particle flattened with 

elongated grains as seen in Fig. 5.1(e) and Fig. 5.1(f). Considering an average strain of 0.05, we 

calculated the particle size after the impact and put it in Eq. 5.1, which gives a new amount of 

strain for the next impact with the same velocity. The new amount of strain was used to obtain 
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the particle diameter after the second impact, and we continued this calculation to understand 

approximately how many impacts are needed to reduce the diameter of the particle to half. The 

result of this calculation is presented in Table. 5.1; one can see that at least ten impacts 

(cumulative strain: 0.71) with the average velocity are needed to make an equiaxed as received 

particle to a semi-disk shape one. We considered that the hardening of the particle is negligible, 

otherwise even more impacts are needed. On the other hand, impacts during milling are 

randomly oriented toward an equiaxed particle and it is highly improbable that a particle receives 

ten successive impacts in the same direction. Therefore, flattening of the particles and formation 

of a lamellar structure cannot be explained by accumulation of small strains. 

Table. 5.1 Effect of the average velocity impacts on the applied strain and consequent change in 

diameter of a particle, calculated by Eq. 5.1 and Eq. 5.2. 

 

 

 

Considering the distribution of balls velocities instead of applying the average velocity, the 

flattening of the particles can be explained. Simulation of ball motion in vials showed that 

although an average velocity can be determined for the balls, the distribution of velocities ranges 

between 0 to a maximum velocity (vmax) [54, 197]. Y. Lin et al. calculated vmax [195]: 

vm = 2πFR    (5.3) 

A vmax of 2.1 m/s is calculated and a maximum strain of 0.79 is obtained by Eq. 5.1, which 

means an as received particle can be compressed to 87 µm by one maximum velocity impact. 

After a particle is partially flattened by a maximum velocity impact, the strain induced by lower 

velocity impacts also can contribute in further flattening. That is because a flattened particle is 

more likely to be impacted in a direction almost perpendicular to the disk surface rather than 

parallel to that. Accordingly, although the smaller impacts can deform the particles, at least one 

impact with a velocity about the maximum is needed to initiate the flattening. We observed the 

lamellar structure for all of the 2 h and 4 h milled particles. Therefore, we conclude that 
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deformation of particles occurred by at least one big impact followed by smaller strains built up 

upon the initial flattening strain. 

This should be noted that although the compressive impact is known as the main deformation 

mode during ball milling [44, 198], particles may also be deformed by a shear force between 

balls or a combination of shear and compression [55, 195]. Nevertheless, in all different possible 

modes of deformation of particles, a disk shape particle is more likely deformed along the disk 

surface. Therefore, after receiving one big impact that makes the particle flattened, smaller 

impacts mostly accumulate in the same direction and the particle is more flattened and grains are 

more elongated. These disk shape particles are fractured to smaller flakes by further milling [41, 

117]. 

5.5.3. Calculation of the Length of Boundaries  

Researchers have widely used misorientation distributions obtained by EBSD to evaluate 

microstructural evolution during deformation. This evaluation is usually based on comparison of 

the relative (or normalized) misorientation distribution [199-204]. This distribution simply shows 

how the ratio of different misorientations changes by deformation, which can be generated by 

most post processing software. However, this method of evaluation has limitations; it does not 

give the actual length of grain boundaries with different misorientations. Moreover, the 

comparison of relative frequencies of misorientations can be misleading. For example, let 

consider the following situations for a sample during a processing: a) Length of HAGBs 

increases while length of LAGBs is constant. b) Length of LAGBs decreases while length of 

HAGBs is constant. c) Length of LAGBs increases and length of HAGBs increases by a higher 

extent. In all of the three assumed situations, the relative frequency of misorientation distribution 

shows that HAGBs increases compared to LAGBs, but without capability to distinguish which 

situation occurred.  

D. Synder et al. also noted this insufficiency of comparisons between the relative 

misorientation distributions [205]. L. Sun et al. used the actual value (occurrence) of the 

misorientations by reporting frequency per area [206]. However, even reporting the occurrence 

of each misorientation range does not provide the actual length of different boundaries. 
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Moreover, the comparison between frequency of misorientations per area for different samples 

must be limited to EBSD patterns of the same area and the same step size (pixel size).  

In this work, in order to have the actual length of different boundaries per area, we performed 

a simple processing on the misorientations data. Firstly, one needs to understand the algorithm 

by which the software obtain misorientation distribution: 1) the misorientation of every pixel is 

measured compared to its neighbours, 2) the cumulative frequency (occurrence) within every 

misorientation interval (or the binning, for example 1-2o, 2-3o, 3-4o, …, which is user defined) is 

calculated, 3) the cumulative frequency in each interval is divided to the occurrence of all 

misorientations and the result is plotted as the relative frequency distribution.  

In order to calculate the actual length of different boundaries per area, firstly, the frequency of 

counted pixels in each misorientation interval should be multiplied by the pixel length (step 

size), which gives the length of the boundary with that particular misorientation. Then the total 

number of pixels in the pattern should be multiplied by one pixel area (square of the step size), 

which gives the total area of the pattern. The total area of the pattern should be multiplied by the 

ratio of number of indexed (solved) pixels to the total number of pixels so that the area of the 

pixels that are not solved is excluded from the calculation. Finally, the length of the boundary 

obtained in the first step should be divided to the area obtained in the last step. The method is 

summarized as Eq. 5.4: 𝐷 = ×× × = × ×         (5.4) 

where DAi is the total length of boundaries with misorientation i per area, Ni the frequency of 

counted pixels with misorientation i, ds the step size, NT the total number of pixels in the pattern 

and Rs is the ratio of the indexed pixels to the total number of pixels. This method can calculate 

and compare the boundary length per area for EBSD patterns with different area, step size and 

hit rate.  

5.5.4. Evolution of Boundaries by Milling  

We used Eq. 5.4 to calculate length of different boundaries per area, and added up the length 

of boundaries within the range of 1-5o, 5-15o and 15-62o as the overall length of LAGBs, 

MAGBs and HAGBs, respectively. EBSD patterns of at least three particles from each powder 
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were used to calculate the average length per area. Fig. 5.3 shows the effect of milling time on 

the overall length of LAGBs, MAGBs and HAGBs per area. The error bars represent the 

standard deviation of the measurements.  

 

 

 

 

 

 

 

 

 

Fig. 5.3 Effect of milling time on the overall length of LAGBs (1-5o), MAGBs (5-15o) and 

HAGBs (15-62o) per area calculated by Eq. 5.4. The error bars represent the standard deviation 

of the measurements. 

During the first 30 min of the milling, LAGBs increases slightly (from 1.6 µm/µm2 to 1.7 

µm/µm2), which can be regarded as insignificant considering the error bars. Prolonging milling 

up to 1 h results in a decrease in length of LAGBs to 1.37 µm/µm2. The length of HAGBs is very 

small in the as received sample (0.066 µm/µm2) and is almost doubled by 1 h milling (0.12 

µm/µm2). The length of MAGBs is tripled by 1 h milling and increases to 0.2 µm/µm2. Further 

milling up to 4 h results in a significant increase in length of LAGBs, MAGBs and HAGBs.   

5.5.4.1. Deformation and Dynamic Recovery at Early Stages of Milling 

The slight increase in the length of LAGBs during the first 30 min of milling (Fig. 5.3) is 

ascribed to the effect of deformation on production of dislocations, which consequently produces 

dislocation walls that are distinguished in EBSD patterns as boundaries with small 
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misorientations. Fig. 5.4 (a) & (b) show the higher magnification patterns of the areas marked 

with rectangles in Fig. 5.1(a) and 1(b). One observes a presence of noticeable length of LAGBs 

at the regions that because of deformation are oriented rather differently compared to their 

surrounding area.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4 High magnification IPF and band contract patterns of the areas marked with rectangles 

in Fig. 5.1(a) and 1(b). The arrows mark deformation bands. “DB” represents deformation band 

induced boundaries, and “TD” represents transition bands. 

It has been established that deformation of an FCC metal with high stacking fault energy 

(such as aluminum) occurs through slip. Slip occurs through dislocations glide, i.e. in each grain 

(b) 

(a) 
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that deforms dislocations are generated from sources (e.g. grain boundaries), and glide inside the 

grain to accommodate the applied strain. This mechanism increases the amount of dislocations 

inside grains, which consequently increases instability of the microstructure. For the medium and 

high stacking fault energy metals, dislocations can cross slip and climb, which help them to 

decrease the instability by rearranging themselves as a low energy dislocation structure (LEDS) 

[207-209]. This rearrangement of gliding dislocation to dislocation boundaries results in 

formation of a cellular structure, which the cell walls are dislocation boundaries and there are no 

much dislocations in the cells interior [183, 210]. These boundaries that formed by mutual 

trapping of gliding dislocations are so called incidental dislocation boundaries (IDBs) [211]. 

Further deformation adds more dislocations to the cell walls, which can increase their 

misorientation and change them to LAGBs.  

Fig. 5.4 shows that ball milling for 15 and 30 min resulted in introducing new LAGBs 

cluttered at the deformed regions of the particles. Further milling up to 1 h results in 

rearrangement of LAGBs to a tidy cellular structure (Fig. 5.2(c)). This rearrangement includes 

annihilation of LAGBs in the interior of cells, which as Fig. 5.3 shows, consequently results in a 

decrease in the length of LAGBs for the particles milled for 1 h. Accordingly, we conclude that 

dynamic recovery occurred during 30 min to 1 h of milling that resulted in a decrease of 20% in 

the length of LAGBs.   

5.5.4.2. Grain Subdivision by Deformation Banding 

Formation of IDBs by deformation is non-crystallographic, i.e. they are not aligned to any 

particular direction and their formation is not to accommodate any texture dictated by 

deformation. Because of their small misorientation, IDBs are categorized as LAGBs, however, it 

does not mean that all the LAGBs observed in Fig. 5.2 are IDBs. Deformation banding can also 

generate boundaries that, contrary to IDBs, are to accommodate the strain and depend on the 

orientation and rotation of grains. Basically, deformation banding occurs in large grains that are 

unstable due to their crystallographic orientation [201]. For such a grain, it is energetically easier 

to split to regions (bands) that deform with fewer than five independent slip systems, but those 

regions collectively accommodate the applied strain over the constrained grain [200, 212]. Fig. 

5.4 shows that deformation banding (marked with arrows) occurs in the 15 min and 30 min 

milled particles. The change in the orientation can be sharp, which results in deformation band 
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induced grain boundaries. The MAGBs and HAGBs marked by DB in Fig. 5.4 illustrate 

formation of boundaries by deformation banding. If the change in orientation occurs gradually 

with a cumulative misorientation from one side of the band to the other side, it is named 

transition band [212]. Example of transition bands are marked by TB in Fig. 5.4. Therefore, in 

addition to formation of the LAGBs that are IDBs and have no textural preferences, boundaries 

of low to high misorientations can be formed to accommodate emergence of different 

orientations inside grains. Because of contribution of the latter group of the boundaries in 

accommodating the strain, they are called geometrically necessary boundaries (GNBs) [211].  

The microstructure of the 15 min, 30 min and 1 h milled particles has similarities and 

differences compared to the typical microstructure of bulk aluminum alloys deformed to low or 

moderate strains. They are similar because grain subdivision by GNBs and formation of IDBs 

occur in the milled aluminum particles. However, contrary to the previous works, we did not 

detect formation of cell blocks containing IDBs that neatly fragment large grains by cell block 

boundaries (GNBs) aligned in a particular direction [207-208, 212]. For example, in the grain 

named “I” in Fig. 5.1(d), one observes formation of three banded areas (A, B and C) that are 

aligned to different directions and appear to have experienced different extent of deformation. 

Formation of such a microstructure can be explained by the fact that during ball milling, a 

particle may be repeatedly strained in different directions with an inhomogeneous distribution of 

the strain in the particle.  

5.5.4.3. Low Angle Grain Boundaries in the Highly Strained Particles 

Fig. 5.3 shows that after the minimum at 1 h, the length of LAGBs increases by further 

milling up to 2 h and 4 h. This means after the dynamic recovery that annihilated some LAGBs, 

further deformation induced formation of more LAGBs. The increase in the LAGBs length in a 

highly strained microstructure sounds contrary to the previous works that observed a significant 

decrease in relative frequency of LAGBs after deformation to large strains [200-202, 204]. Apart 

from the differences between deformation of bulk materials and deformation of particles by ball 

milling, this contradiction can be explained by the difference in the methods for presentation of 

the misorientation distribution. As explained in section 5.5.3, we used the actual value of grain 

boundaries in this work instead of the relative misorientation distribution that is usually used in 

the literature. For the sake of comparison, the data on relative frequency of misorientations is 
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cannot be explained by the same explanation used for the increase in the length of LAGBs for 

the 15 min and 30 min particles.  

The increase in the length of LAGBs can be explained by the large changes in orientation 

inside the lamellar grains. As Fig. 5.1(e) and Fig. 5.1(f) show, the orientation inside the lamellar 

grains can considerably change from one end to another end of the ribbon like grains. Fig. 5.6 (a) 

shows higher magnification patterns of the grain marked as “L” in Fig. 1(e). Fig. 5.6(b) shows 

the change in orientation along the line drawn from point “A” to “B” compared to the point “A”. 

The graph shows that misorientation increasingly changes up to 35o along a length of 45 µm in 

the longitudinal direction of the grain.  

Depending on the stacking fault energy of dislocations, a grain can accommodate a noticeable 

amount of change in orientation in two ways. For materials with low stacking fault energy, 

dislocations can be arranged in a diffuse geometric pattern along the slip planes that defines a so-

called “Taylor lattice” [207, 211-212]. For high stacking fault energy materials, the easier 

mobility of dislocations promotes the boundary formation. Therefore, a change in orientation can 

be satisfied by formation of cell/subgrain boundaries, which misorientation of each boundary is 

to fulfil a fraction of the overall misorientation. This concept of boundary formation is very 

similar to that of deformation banding. However, deformation banding, by definition, is 

fragmentation of a large grain to a banded structure on a coarse scale [212], which is not 

obviously the case for the rather small ribbon like grains observed in Fig. 5.1(e) and Fig. 5.1(f). 

Whether or not the formation of LAGBs/MAGBs in the ribbon like grains can be named as a 

small-scale deformation banding, these boundaries are to accommodate the misorientation along 

the longitudinal direction of the grain and thus, they are geometrically necessary for the 

microstructure. Considering these boundaries as GNBs is contrary to the model proposed by D. 

A. Hughes and N. Hansen that considered that in the bamboo like structures in highly strained 

metals “IDBs are sandwiched between long GNBs” [208]. The type of boundaries (GNB or IDB) 

sandwiched between in the ribbon grains can be distinguished by the overall change in the 

orientation inside grains. The subgrain boundaries formed between HAGBs can be considered 

IDBs if there is no significant change in the orientation of a ribbon like grain along its length.  
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Such a case was observed by Y. Huang et al. [213] and P.J. Apps et al. [201]; the ribbon like 

grains are subdivided by subgrain boundaries where there is no significant change in orientations 

along the longitudinal direction of the grains. Those subgrain boundaries can be considered as 

IDBs formed by mutual trapping of dislocations to decrease the instability of the microstructure. 

On the other hand, the MAGBs and LAGBs observed in Fig. 5.6(a) contributed in the big change 

in the orientation of the grain. This contribution is presented as accumulating steps in Fig. 5.6(b) 

toward an end orientation, which each step represents a LAGB or MAGB. Therefore, the 

increase in the length of LAGBs (Fig. 5.3) in the 2 h and 4 h milled particles is explained by the 

formation of GNBs that mostly interconnect the ribbon like grains along their transverse 

direction. 

5.5.4.4. Evolution of Medium and High Angle Grain Boundaries during Milling 

While the maximum change in the length of LAGBs during milling is limited to 40% of their 

length in the as received particles, the length of MAGBs and HAGBs changes up to 10 and 36 

times compared to their length in the as received particles, respectively. It is known that 

misorientation of cell boundaries (IDBs) can gradually increase because of addition of more 

dislocations to the boundaries. However, the rate of increase in misorientation of IDBs is very 

smaller than that of GNBs [206, 214-215], and a critical increase in misorientation of IDBs has 

been rejected [211, 216-217]. Therefore, considering the transient nature of IDBs [202, 212], an 

increase in their misorientation by addition of more incidental dislocations is not considered as 

mechanism for formation of HAGBs. We consider four mechanisms that contribute in formation 

of MAGBs and HAGBs: deformation banding, increase in aspect ratio of grains, cold welding of 

the particles and rotation of subgrains. The first three mechanisms are explained in this section, 

and rotation of subgrains together with dynamic recrystallization will be addressed in the next 

section. 

Deformation Banding 

As explained in section 5.5.4.2, deformation banding introduces HAGBs and MAGBs by 

subdividing large grains. Fig. 5.4 shows that although deformation banding can form HAGBs, 

most of the boundaries formed by this mechanism are LAGBs formed in transition bands or 

MAGBs. One cannot ascribe the increase in the length of HAGBs and MAGBs after 2h and 4 h 
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of milling to deformation banding because the grain size of those samples (D2h : 6µm, D4h : 2.6 

µm) are too small for deformation banding. The HAGBs in the banded areas (for example 

marked by arrows in Fig. 5.1(d)) may be directly formed by deformation banding, or may be 

evolved through rotation of a previously deformation banded area (with a medium or low 

misorientation compared to the original grain) to a higher misorientation, which produces 

HAGBs. Even if all the MAGBs and HAGBs added to the microstructure by 1 h milling ( a sum 

of 0.32µm/µm2) are considered as the result of deformation banding, the contribution of 

deformation banding in the overall length of produced HAGBs and MAGBs by 4 h of milling 

(3.1 µm/µm2)  is not significant. 

Increase in Aspect Ratio of Grains 

Elongation of the original grains increases the length of HAGBs in the microstructure. J.Y. 

Chae et al. [218] and P.S. Bate et al. [219] modeled the effect of strain on increase in the surface 

area of spherical and tetrakaidecahedronal grains, respectively. Y. Huang et al. [213] and H. 

Jazaeri et al. [202] also analysed their EBSD observation to separate the “geometry” and “grain 

subdivision” contributions in the increase of HAGBs during deformation. The above mentioned 

modeling and experimental analyses on the effect of deformation geometry on length of HAGBs 

are based on the amount of strain, which is not applicable for elongation of grains in the ball 

milled particles because the value of strain is not known. Therefore, in order to have an 

approximate estimate, we simply calculate the geometry effect of deformation on the increase in 

length of HAGBs through a 2D rectangular model. Let consider a square of length L that is 

deformed to a rectangular of L×R in L/R (Fig. 5.7(a)). The area is constant while the 

circumference increases because of the increase in the aspect ratio (R). The increase in the 

circumference because of the geometry effect (G) can be calculated by Eq. 5.5: 𝐺 = 𝑪𝒊𝒓𝒄𝒖𝒎𝒇𝒆𝒓𝒆𝒏𝒄𝒆𝒂𝒇𝒕𝒆𝒓𝑫𝒆𝒇𝒐𝒓𝒎𝒂𝒕𝒊𝒐𝒏𝑶𝒓𝒊𝒈𝒊𝒏𝒂𝒍𝑪𝒊𝒓𝒄𝒖𝒎𝒇𝒆𝒓𝒆𝒏𝒄𝒆 = √      Eq. 5.5   

Using the HKL software, we measured the average aspect ratio of the grains with high angle 

boundaries; the average increases by milling up to a maximum of R = 4.3 for the 2 h milled 

particles and then decreases by further milling. Using Eq. 5.5, the maximum increase in the 

HAGBs length because of the increase in the aspect ratio is 1.3 times. Although this value 

reflects the effect of increase in aspect ratio on geometrical increase in grain boundaries, the 
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Fig. 5.8 (a) SEM image of cross section of a 4 h milled laminated particle. The lines in the 

highlighted area represent the boundaries between the cold welded layers. (b) IPF pattern of the 

highlighted area. 
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Cold welding of randomly selected particles most probably results in formation of boundaries 

between them. In order to estimate the extent of the produced boundaries by cold welding of the 

layers, we compare a non-laminated cube shape particle with a laminated one formed by layers 

with a thickness of d (the schematic in Fig. 5.7(b)). This schematic represents a ball milled 

laminated particle by a laminated cube that all of its layers have the same thickness. Although 

the assumptions partially deviate from the reality of the particles (milled particles are shapeless 

and the thickness is not the same for all the layers), the model still approximately represents the 

length of boundaries produced by cold welding. Presuming that all the layers form boundaries 

(low to high misorientations) by cold welding, the length of boundaries added to the cube (DL) 

because of the laminated structure is obtained by: 

𝐷 = × 𝐿 =                                  Eq. 5.6 

Using the Microstructure Measurement software, we measured thickness of over one hundred 

layers in the different 4 h milled particles and obtained an average of 1.1 µm. Applying the 

average thickness in Eq. 5.6, a value of 0.9 µm/µm2 is approximated for the length of boundaries 

added to the microstructure because of cold welding.  

Although the produced boundaries may have small, medium or high misorientations, 

formation of HAGBs is more likely. Fig. 5.8(b) shows the EBSD of the selected area in Fig. 

5.8(a), which demonstrates the effect of cold welding of the layers on formation of boundaries. 

The pattern shows that cold welding of the layers forms boundaries that are mostly HAGBs. 

Considering the estimated value of 0.9 µm/µm2 for the contribution of cold welding in boundary 

formation, and comparing with 2.37 µm/µm2 (length of HAGBs in the 4 h milled sample), we 

conclude that cold welding contributes significantly to formation of new HAGBs.  

5.5.5. Lattice Rotation and Evolution of Boundaries 

Deformation of a grain fragmented by LAGBs and MAGBs to subgrains is different from that 

of a grain that is not subdivided. For the former where the grain contains regions of rather 

different crystal orientations, the misorientation difference can be enough high to trigger 

activation of different slip systems for different regions [211]. Accordingly, depending on their 

locations in the orientation space, different fragments of a subdivided grain can rotate in different 
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directions [193]. Rotation of subgrains inside a grain to different end orientations can be 

promoted by three factors, which take place in deformation of the particles by ball milling: 

1) Inhomogeneity in amount and direction of applied strain to a subdivided grain 

assist rotation of different segments to different end orientation, even if the 

misorientation between subgrains of a subdivided grain is not big. 

2) X. Wu et al. argued that for an equivalent increase in strain, a high strain rate 

results in a higher flow stress compared to a low strain rate [216]. Therefore, rotation is 

promoted at high strain rates, which is supported by simulation results [220].  

3) Presence of large amounts of change in orientation along the ribbon like grains 

(the 2 h and 4 h milled samples) significantly promotes rotation of the subgrains. For 

example, considering 35o change in orientation from one end to another end for the grain 

presented in Fig. 6, it is almost inevitable for the subgrains at two ends of the grain to 

rotate differently, even if the direction and amount of applied stress is the same from one 

end to another end of the grain.   

Deformation can induce the subgrains with MAGBs to rotate and increase their misorientation 

by forming an incomplete or full circle of HAGBs. As an example, Fig. 5.9(a) shows the higher 

magnification of a part of the grain named “B” in Fig. 5.1(e). It shows formation of a region of 

111 orientation inside the grain that has mainly an orientation close to 101 (the orientations are 

referenced to the normal (z direction) to the cross section of the particle). Fig. 5.9(b) shows the 

presence of HAGBs and their misorientations superimposed on the band contrast pattern of the 

grain presented in Fig. 5.9(a). One observes that the misorientation between the newly formed 

111 region and the original grain ranges between 14-35o, which is a rather low misorientation 

range for HAGBs and implies that HAGBs that separate two regions were newly formed by 

rotation.  

5.5.6. Dynamic Recrystallization (DRX) 

We found two mechanisms that break the high aspect ratio grains to smaller segments. The 

first mechanism is the pinch-off effect in the lamellar structure: the surface tension from 

transverse LAGBs causes a capillary effect that results in necking followed by pinch-off of 

lamellar HAGBs, which consequently subdivides a lamellar structure to shorter segments. This 
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The second mechanism for formation of small equiaxed grains out of big lamellar ones is 

rotation of subgrains, which is so called “continuous dynamic recrystallization” or continuous 

DRX. It is named dynamic because it occurs during deformation, and it is named continuous 

because formation of a new equiaxed grain occurs by a gradual increase in misorientation of the 

subgrain compared to its neighbours rather than nucleation and growth mechanism. The grains 

formed by this mechanism are considered recrystallized because they are formed by HAGBs, 

they are not fragmented, and amount of misorientation (dislocations) is low inside them. Fig. 

5.1(f) shows presence of many equiaxed small recrystallized grains (some of them are marked by 

arrows) that their formation is ascribed to DRX.   

This should be noted here that lattice rotation does not necessarily result in recrystallized 

grains. This can be understood by comparison of the small equiaxed grain (Fig. 5.9(a)) with its 

surrounding matrix. Fig. 5.9 (c) shows the inverse pole figure (IPF) of the area in the circle that 

covers the small grain and its surrounding as marked in Fig. 5.9(a). Although the area of the 

small grain is not very different from that of the selected surrounding (the circle in Fig. 5.9(a)), 

the IPF shows that the orientation of the small grain is focused while that of the surrounding is 

widely distributed. The continuous spread of orientation (form 111 to 101) confirms that the 

HAGB formed between the two regions is most probably just formed by rotation. On the other 

hand, orientation of the small grain is focused and isolated from the matrix orientation. This 

implies that either mechanisms of recrystallization (GDRX or rotation induced DRX) created a 

new equiaxed recrystallized grain that is no longer correlated to its matrix. 

The difference between a recrystallized grain and a deformed or partially recrystallized one 

can also be understood by Kernel misorientation distribution. The Kernel misorientation is 

calculated based on an algorithm that disregards the boundaries in EBSD patterns, but takes into 

account the misorientation between pixels inside grains. Therefore, the higher amount of 

dislocations inside the lattice, the bigger Kernel misorientation is obtained for the matrix. Fig. 

5.9(d) shows the relative frequency of the Kernel misorientation distribution of the equiaxed 

grain and its surrounding matrix as marked in Fig. 5.9(a). The graph shows that the Kernel 

misorientation distribution is extended up to 3o for the surrounding matrix, while it is limited to 

less than 0.5o for the equiaxed grain.  
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The graph shows that for the as received particles, the misorientation of the HAGBs is most 

frequently distributed between 35-55o. Ball milling for 15 min does not change the distribution, 

which is because the length of produced HAGBs is negligible compared to the original ones (Fig. 

5.3). Further milling up to 30 min and 1 h results in a noticeable change in the distribution; there 

is a rise in the relative frequency of HAGBs with misorientations of 15-25o. This increase is 

explained by formation of new HAGBs by deformation banding and rotation mechanisms. Since 

both mechanisms generate new HAGBs of rather modest misorientations, the relative frequency 

shifts toward lower misorientations because of the formation of new HAGBs. Ball milling up to 

2 h and 4 h results in decrease in the relative frequency of HAGBs with misorientation of 15-25o, 

in a way that the distribution of the 4 h milled sample is similar to that of the as received sample. 

This change can be explained by formation of new HAGBs because of cold welding of the 

particles, and rotation of previously formed HAGBs toward higher misorientations compared to 

their neighbours. Comparing with the theoretically random textured sample (Mackenzie 

distribution), one observed that the 4 h milled sample still has relatively a higher length of 

HAGBs of 15-35o and a lower length of HAGBs of 35-62o. This difference can be understood 

considering the continuous formation of new HAGBs of rather modest misorientations in the 4 h 

sample, which shifts the distribution toward a relatively higher length of HAGBs of 15-35o. 

 

5.6. Conclusion 

Deformation mechanism of aluminum particles during the first 4 h of high energy ball milling 

was investigated. Since the direction of impacts was random, a significant inhomogeneity in 

microstructure of the particles milled for short periods of time (15 min, 30 min and 1 h milled 

samples) was observed. A lamellar structure was recorded for all of the highly strained particles 

(milled up to 2 h and 4 h), indicating that impacts accumulated the strain in a particular direction. 

The calculation of the average and maximum amount of strain caused by impacts suggested that 

at least one impact with highest speed is needed to flatten a particle. Only after the big impact, 

smaller impacts can contribute to deformation in a particular direction and the microstructure 

becomes lamellar.   
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Contrary to some previous works that considered shear banding as the most important 

mechanism in grain refinement during ball milling, our observation of over 50 deformed 

particles did not confirm any presence of the shear bands. Instead, slip, lattice rotation and 

deformation banding were confirmed as being responsible for mechanisms in deformation 

induced by milling. Deformation resulted in an increase of fraction of LAGBs, which was 

followed by dynamic recovery that arranged IDBs as a cellular structure. Deformation banding 

had a major contribution in accommodating the applied strain at the beginning of the milling 

where the grains were big. As further deformation decreased the grain size to less than 10 µm, 

rotation of subgrains had an important role in accommodating the strain.  

Ball milling for 4 h increased the length of HAGBs by 36 times compared to their length in 

the as received particles. We distinguished four mechanisms contributing to the increase of 

length of HAGBs during ball milling: 1) Deformation banding. 2) Geometry effect of the 

increase in aspect ratio of the grains. 3) Cold welding of the particles. 4) Rotation of subgrains. 

Among these mechanisms, the first two have rather modest effects while the last two have 

significant contributions. A gradual increase in misorientation of subgrain boundaries resulted in 

formation of small equiaxed grains separated by HAGBs from their surrounding matrix. 

Comparing the shape, size, Kernel misorientation inside the grain and boundary misorientation 

of the newly formed grains with those of their surrounding matrix, it was established that DRX 

resulted in formation of the fine equiaxed grains in the extremely strained particles.  
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CHAPTER 6 

MODIFYING THE SHRINKING-CORE MODEL TO EVALUATE THE KINETICS OF 
THE REACTION BETWEEN ALUMINUM PARTICLES AND HOT WATER 

 

 

6.1. Overview of Chapter 6 

Chapter 2-5 explained the effect ball milling on the microstructure of the particles, effect of 

microstructure of the particles on the mechanism and electrochemistry of the reaction, and 

consequently on the hydrogen production rate. Chapter 4 explicitly elucidated that deformation 

makes the particles active, therefore, particles react with water in faster rate. However, it was 

also shown that a higher affinity for the reaction does not necessarily promotes the hydrogen 

generation rate. That is because formation of the hydroxide layer on the particles that can 

significantly prevent the progress of the reaction. In other words, hydrogen production depends 

on both thermodynamic and kinetics of the reaction. Investigation of the kinetics of the reaction 

is essential, because it deals with some factors that basically are not considered in 

thermodynamic of the reaction (for example effect of diffusion of ion species or growth of 

hydroxide layer on reaction rate), and can effectively determine the hydrogen production rate.  

This chapter, with a focus on diffusion of ion species through the produced hydroxide layer, is 

to address the kinetics of the reaction. The shrinking-core model is used and modified to predict 

the effect of reaction time on hydrogen generation.  
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This chapter is presented as manuscript #4 (Modifying the shrinking-core model to evaluate 

the kinetics of the reaction between aluminum particles and hot water). The PhD candidate’s 

contributions to the manuscript are: a) Powder preparation and hydrogen measurement tests. b) 

Developing the model and fitting to the experimental results. c) Reviewing the relevant literature 

and preparing the manuscript. 

The manuscript is to be submitted to the journal of American Ceramic Society. 

The references for this chapter along with references from other chapters are provided at the 

end of the thesis.  
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Modifying the Shrinking-Core Model to Evaluate the Kinetics of the Reaction between 
Aluminum Particles and Hot Water 

S.S. Razavi-Tousi, J.A. Szpunar 

Department of Mechanical Engineering, University of Saskatchewan, S7N 5A9 Saskatoon, Saskatchewan, Canada  

 

6.2. Abstract 

The traditional shrinking-core model is modified to fit the situation applicable to the reaction 

of a deformed aluminum particle with hot water. Two main assumptions are changed compared 

to the original model. Firstly, it is considered that the thickness of the produced shell is bigger 

than thickness of the consumed core. Secondly, the diffusion coefficient of the shell is 

considered to change as the reaction progresses. The modified model is fitted to the experimental 

data and the result is compared to that of the original model. Finally, the diffusion coefficient 

obtained from the model is used to calculate the flux of water in the produced shell. 

Keywords: Shrinking-core model, aluminum hydroxide, hydrogen, diffusion 

 

6.3. Introduction 

Due to the applications of reaction of aluminum particles with hot water, researchers have 

attempted to formulate the kinetics of this reaction. The studies on formulating the kinetics of the 

reaction can be categorized into two groups. The first group of studies described the reaction 

through either/both traditional shrinking core or/and diminishing sphere model [62, 84, 223-224]. 

Although the assumptions considered in the mentioned models are partially similar to the 

condition of the reaction of aluminum particles with hot water, a mismatch between the 

experimental data and theoretical fitting was observed [62, 84, 223-224]. The second group of 

studies described kinetics of the reaction of metallic particle with water based on empirical or 

diffusion models. The empirical models can result in a good fitting to the experimental data [7, 

111, 225]. However, the empirical models do not provide any insight to the mechanism of the 

reaction. The diffusion model was developed by A. I. Ratko et al. [226], and later was used by H. 

Nie et al. [227]. Although this model was developed considering the mechanism of the reaction, 
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H. Nie et al. concluded that the diffusion coefficient changes with the time of the reaction, which 

indicated “inadequacy of the simplified model” [227]. 

The approach considered in this study is closer to the first group of studies: the kinetics of the 

reaction is formulated based on a shrinking-core mechanism of the reaction, which was 

concluded from observation of the reacted particles. However, there are two main differences 

between the assumptions of the traditional shrinking-core model and that of the core-shell 

structure. The first difference is that the diffusion coefficient of the shell (hydroxide layer) 

formed on the core (aluminum) changes with time. Some researchers found that the grown 

hydroxide layer is not uniform along its thickness [156-158, 162], which was explained by the 

change in the density of the formed hydroxide during the reaction time. As the reaction starts, the 

shell is formed from a hydroxide phase permeable to water. As reaction continues, the hydroxide 

densifies and pores become filled, therefore, water cannot penetrate anymore through the shell. 

This change in the porosity of the shell results in a change in the reaction rate, which has to be 

incorporated into the formulating of the kinetics of the reaction. 

The second difference between the assumptions of the traditional shrinking-core model and 

that of the reaction of aluminum particles with water is about the thickness of the shell. The 

traditional shrinking-core model was developed based on the leaching process [228], in which the 

thickness of the shell is the same as that of the consumed core. However, considering the 

difference between the density of the produced hydroxide layer and the consumed aluminum 

core, the thickness of the hydroxide layer is bigger than that of the consumed core.  

Considering the above mentioned differences, this work modifies the traditional shrinking-

core model for the reaction of aluminum particles with hot water. 
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6.4. Experimental 

6.4.1. Ball Milling 

The detail of ball milling procedure is similar to the manuscript #1. It is not repeated here in 

order to keep the thesis concise.  

6.4.2. Hydrogen Measurement 

The detail of hydrogen measurement procedure is similar to the manuscript #1.  

6.5. Development of the Model 

The development of the reaction rate equation is based on the assumptions made in the 

literature for development of the shrinking core model [228]. The model developed here is not a 

basically new one, but is modified based on the differences in the situation of the reaction of 

aluminum with hot water compared to that known as the shrinking core reactions.  

The assumptions in the traditional shrinking core model are: 

1. The reaction occurs between a solid particle and a fluid reactant.  

2. The reaction between the particle and the fluid results in formation and growth of 

a product around the particles. 

3. After formation of the shell, the reaction continues through diffusion of fluid (or 

ion species) through the shell. 

4. Diffusion of the fluid (or ion species) through the shell is the controlling step for 

the reaction. 

5. There is no composition/structure change in the shell during the reaction. 

6. The thickness of the shell equals to the diameter of the unreacted core subtracted 

from the diameter of the original particle. 

7. The shape of the particle is spherical. 

8. For a powder, all particles are the same size and react in the same way. 

9. There is no temperature gradient along the shell thickness. 

10. The thickness of the shell is the same for different particles. 
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Water molecules are considered as the fluid that reaches to the core and reacts with 

aluminum. The mass transfer equation at a hypothetical diameter within the hydroxide layer can 

be written as: 

{H2Otowards the core} – {H2Oconsumed by reaction} + {H2Ogenerated by reaction} = {H2Oaccumulated}         (6.1) 

H2Ogenerated by reaction = H2Oaccumulated = 0                       (6.2) 

Eq. 6.2 means that no water is generated/accumulated by aluminum-water reaction, therefore; 

 H2Otowards the core = H2Oconsumed by reaction            (6.3) 

Eq. 6.3 means that the amount of water that diffuses toward the core should be the same as the 

amount of water consumed by the reaction to generate hydrogen. This equation relates the rate of 

consumption of aluminum core to the diffusion equation of water in the shell. The correlation 

between the rate of consumption of aluminum core and diffusion of water will be formulized in 

Eq. 6.17 to explain the reaction rate based on the diffusion of water.  

The first steps of developing the model is borrowed from the literature [228]. The reaction can 

be written in terms of Eq. 6.4: 𝐴(𝑓𝑙𝑢𝑖𝑑) + 𝑏𝐵(𝑠𝑜𝑙𝑖𝑑) = 𝐶(𝑠𝑜𝑙𝑖𝑑) + 𝑑𝐷(𝑓𝑙𝑢𝑖𝑑)     (6.4) 

The rate at which A atoms (water atoms) react is determined by the flux of A atoms to the 

core. Flux by definition is the number of moles (or amount of mass) that passes an area (S) over 

time (t). At any hypothetical radius (Fig. 6.1) during the steady state, the flux of water toward 

core can be written as: 𝑄 =  ×            (6.5)  

where N, Q, and S are the number of moles, flux and the surface area, respectively. 

Considering the spherical shape of the particle, S can be replaced by4𝜋𝑟 .Moreover, based on 

Eq. 6.3, the flux of water toward core is equal to the consumption (consumption gives the 

negative sign) of water by the reaction [228], therefore: − = 4𝜋𝑟 𝑄 = 4𝜋𝑅 𝑄 = 4𝜋𝑅 𝑄  = constant    (6.6) 

where QAS and QAC are the flux at the surface of the particle and the boundary of the core, 

respectively. That means whatever amount of water that enters the shell is consumed at the core-
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shell boundary by the reaction with the aluminum core. The flux of fluid atoms can be written by 

Fick’s law: 𝑄 = 𝐷           (6.7) 

where CAis the concentration of A atoms. Putting Eq. 6.7 in Eq. 6.6 yields: − = 4𝜋𝑟 𝐷          (6.8) 

Integrating Eq. 6.8 over the thickness of the shell and concentration of A atoms from the 

surface of the particle to the core gives: − ( − ) = 4𝜋𝐷 𝐶         (6.9)  

where CAO is the concentration of A at the surface of the particle. 

In this step, the first modification to the model will be applied. We need to calculate how the 

overall thickness of a particle changes with the reaction. The overall volume of the particle (shell 

+ core) can be written as: 𝑉 = 𝑉 + 𝑉           (6.10) 

where VR, VRC and Vx are the overall volume of the particle, volume of the remained core and 

volume of the produced shell on the core, respectively.  

If “n” is the ratio of volume of the produced shell to volume of consumed core, one can write: 𝑉 = 𝑛(𝑉 − 𝑉 )          (6.11) 

where VRO is the volume the original particle.  

Therefore, considering Eq. 6.10&6.11 one can write: 𝑉 = 𝑉 (1 − 𝑛) + 𝑛𝑉          (6.12) 

Eq. 6.12 can be written as: 𝜋𝑅 =  𝜋𝑅 (1 − 𝑛) + 𝑛 × 𝜋𝑅        (6.13) 

Therefore:  𝑅 = [(1 − 𝑛)𝑅 + 𝑛𝑅 ] /         (6.14) 
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Eq. 6.14 predicts the overall radius of a particle with an initial radius of RO, which after the 

reaction the radius of the core reduced to RC.  

Now that the equation for the changes in overall radius of the particle is developed, Eq. 6.9 

can be modified by replacing the R value from Eq. 6.14: − ( − [( ) ] / ) = 4𝜋𝐷 𝐶        (6.15) 

Number of B moles in the core material (NB) is related to the density of B atoms (ρB: number 

of B moles in the unit volume of the core material) through Eq. 6.16: 𝑁 = 𝜌 𝑉      (6.16) 

Considering Eq. 6.3, the amount of water that diffuses toward the aluminum core should be 

the same as the amount of water that is consumed by the reaction. The amount of water 

consumed by the reaction is related to the amount of consumed aluminum by Eq. 6.4. Therefore, 

the consumption rate of B atoms (atoms from aluminum core) can be written as: −𝑑𝑁 = −𝑏𝑑𝑁 = −𝜌 𝑑𝑉 = −𝜌 𝑑 = −4𝜌 𝜋𝑅 𝑑𝑅     (6.17) 

Therefore: 𝑑𝑁 =      (6.18) 

Replacing Eq. 6.18 in Eq. 6.15 gives: − ( − [( ) ] / ) = 4𝜋𝐷 𝐶 𝑑𝑡     (6.19) 

In this step the next modification in the model is applied. Since the porosity of the hydroxide 

layer decreases over time, the diffusion coefficient should be a variable by time rather a constant 

value. We consider that DA changes by a hyperbolic function of time (Eq. 6.20). In this equation, 

Do is the diffusion coefficient at the time=0, k is a constant that determines the extent of effect of 

time on the diffusion coefficient and +1 is required to avoid an infinite DA at the beginning of the 

reaction: DA = D
     (6.20) 

and Eq. 6.19 turns to: 
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One can see that modification of the shrinking core model based on changing two 

assumptions particularly applicable for the reaction of aluminum particles with hot water resulted 

in a better fitting compared to the original model. However, even the modified model deviates 

from the experimental data as indicated by arrows. The deviation of the modified model from the 

experimental data can be ascribed to the following reasons: 

1. The model assumes that all particles are perfectly spherical. This is not the case 

for the 19 h milled particles that are equiaxed, but the shape of the particles is not 

spherical. Fig. 6.3 shows a high magnification SEM image of one typical particle from 

the 19 h milled sample before the reaction. One can see that since the particle was formed 

because of the fracture/cold welding mechanisms during ball milling [41], the surface is 

rough with many bumps and holes, which makes the shape of the particle rather different 

from a sphere.  This can be the reason behind the second mismatch marked by arrow. 

2. The model assumes that for a powder, the size of all particles is the same. 

However, this assumption also deviates from the situation of the powder used for the 

experiments. Fig. 6.4 shows the results of size distribution of the 19 h milled particles 

measured by a laser particle size analyzer. One can see that the distribution is slightly 

bimodal, and for each peak the distribution is broadened over a range of size.  

 

 

 

 

 

 

 

Fig. 6.3 High magnification SEM image of a typical 19 h milled particle before the reaction. 

3. The model assumes that there is no gradient in temperature along the hydroxide 

layer (shell). However, considering the exothermic nature of the reaction and that the 

reaction occurs at the boundary of the core (aluminum) and shell (hydroxide layer), one 
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can consider a declining gradient of temperature from the core-shell boundary toward the 

shell surface. This can be the reason behind the second mismatch marked by arrow. 

4. The model assumes that the thickness of the shell (hydroxide layer) is the same in 

different points of the same particle. However, our observations showed that the shell 

thickness can be different for different points of the same particle, and from one particle 

to another one.  

 

 

 

 

 

 

 

 

 

Fig. 6.4 Particle size distribution of the 19 h milled powder before the reaction. The D50 of the 

powder is 44 µm.  

Therefore, the deviation between the model fitting and the experimental data can be explained 

by the above mentioned discrepancies between the modified model assumptions and the 

experiment situation.  

6.6.2. Theoretical Comparison of the Modified Model with SCM and Reaction Control 
Model 

Fig. 6.5 shows the comparison of the normalized result of modified model (Eq. 6.23), 

traditional SCM and the reaction control model [228]. The X axis is t/τ, which t is time and τ is 

complete conversion time. The Y axis is the fraction of conversion. For the sake of comparison, 

the diffusion coefficient of modified model is considered constant. However, different “n” values 

(different ratio of volume of produced shell divided to volume of consumed core based on the 

density of the produced shell) from 0.25 to 4 were applied. One can see that at the beginning of 
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A and k are obtained from the fitting, and therefore from Eq. 6.20 one can calculate changes 

in the diffusion coefficient with time. From the Fick’s law: 

𝐽 = −𝐷 = −𝐷          (6.25) 

where xt is the distance for diffusion: 𝑥 = 𝑅 − 𝑟           (6.26) 

The relation between the core radius and fractional conversion can be written as: 𝑟 = 𝑅 (1 − 𝑋 ) /          (6.27) 

𝑥 = 𝑛𝑅 + 𝑅 (1 − 𝑋 )(1 − 𝑛) / − 𝑅 (1 − 𝑋 ) /      (6.28) 

Putting Eq. 6.28 and Eq. 6.20 in Eq. 6.25, the diffusion flux of ion species (J), which is 

considered water molecules in this case, can be obtained. In order to understand how J depends 

on time and microstructure of the sample, the hydrogen production of a fresh 19 h milled sample 

and those annealed for 1 min and 3 h were obtained. Fig. 6.6 shows the hydrogen production data 

used for the fitting with Eq. 6.24.   

 

 

 

 

 

 

 

 

Fig. 6.6 The raw data on which Eq. 6.24 was fitted: hydrogen production of a fresh 19 h 

milled sample and samples annealed for 1 min and 3 h. 
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Fitting of Eq. 6.24 on data presented in was performed with R squares of 0.994, 0.987 and 

0.995 for the fresh 19 h milled sample and samples annealed for 1 min and 3 h, respectively. A 

and k values were obtained from the fitting and J was calculated based on Eq. 6.25. Fig. 6.7 

shows the calculated diffusion flux of water in the hydroxide layer of the samples that their 

hydrogen production was presented in Fig. 6.6. 

 

 

 

 

 

 

 

 

Fig. 6.7 The calculated diffusion flux of water in the hydroxide layer of the fresh 19 h milled 

sample and samples annealed for 1 min and 3 h. 

One can see that at the beginning of the reaction, there is a significant difference between the 

flux of water molecules in the hydroxide layer for different samples. However as the reaction 

continues, the difference becomes negligible. This implies that at the beginning of the reaction 

where the hydroxide layer is thin, the microstructure determines flux of water molecules. As the 

reaction continues, the effect of the grown hydroxide layer prevails over the microstructure and 

all samples have similar values of the flux. This result obtained from the model is consistent with 

our latest electrochemical findings [229]. 
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6.7. Conclusion 

All steps of the reaction were evaluated and the diffusion of ion species/water molecules was 

determined as the rate controlling step. The model was developed based on the core-shell 

structure and considering that the overall size of the particles and the diffusion coefficient of ion 

species in the hydroxide layer change with time. The developed model was fitted with R-square 

of 0.99, compared to 0.82 for the traditional core-shell model. The model was further developed 

based on the Fick’s law to calculate the flux of water molecules in the hydroxide layer. The 

results showed that at the beginning of the reaction, microstructure of the aluminum particles 

have a significant effect on the flux. However, the difference between the fluxes of different 

aluminum particles becomes negligible as the hydroxide layer thickens. 
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CHAPTER 7 

EFFECT OF ADDITION OF WATER-SOLUBLE SALT POWDERS ON THE 
HYDROGEN GENERATION RATE OF ALUMINUM-WATER REACTION 

 

 

7.1. Overview of Chapter 7 

Previous chapters explained the mechanism of reaction of aluminum with water and the effect 

of ball milling on the reaction. A model also was provided to explain the kinetics of the reaction. 

Although so far a deep insight to different aspects of the reaction of ball milled aluminum 

particles with water has been provided, no solution has been suggested to increase the rate of 

hydrogen generation. The highest hydrogen production rate we obtained for the pure ball milled 

aluminum powder was for the 7 h milled sample (about 200 ml/h for 1 gram of aluminum). This 

rate means even if the reaction does not slow down, it takes at least 6-7 h for 1 gram of 

aluminum to fully react with water and produce 1270 ml of hydrogen.  

This chapter explains that addition of water soluble salt powders to aluminum powder during 

ball milling is an affordable way to increase the reaction rate, and suggests a mechanism to 

explain the effect. As we explained in the first chapter, other methods of increasing the reaction 

rate (the use of LMPs, high pH solutions, ceramic particles) are not considered because of some 

practical issues regarding their usage in the future sustainable technologies.  

This chapter is presented as manuscript #6 (Effect of Addition of Water-Soluble Salt Powders on 

the Hydrogen Generation Rate of Aluminum-Water Reaction). The PhD candidate’s 
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contributions to the manuscript are: a) Powder preparation and hydrogen measurement tests. b) 

SEM and EDS analyses. c) Reviewing the relevant literature and preparing the manuscript. 

The manuscript is to be submitted to the journal of Power Sources. 

The references for this chapter along with references from other chapters are provided at the end 

of the thesis. 
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Effect of Addition of Water-Soluble Salt Powders on the Hydrogen Generation Rate of 
Aluminum-Water Reaction 

S.S. Razavi-Tousi, J.A. Szpunar 

Department of Mechanical Engineering, University of Saskatchewan, S7N 5A9 Saskatoon, Saskatchewan, Canada  

 

7.2. Abstract 

Aluminum powder was ball milled with different weight percentages of salt and potash. 

Scanning electron microscopy (SEM) was used to investigate the microstructure of the produced 

mixtures. The produced mixture was added to water and hydrogen generation rate was measured. 

The results showed that presence of salt or potash in the microstructure of aluminum can 

considerably increase the hydrogen generation rate. SEM results showed that a higher hydrogen 

generation rate of the mixtures milled for longer periods is correlated to a finer distribution of the 

second phase in the aluminum matrix. A higher percentage of the second phase can significantly 

decrease the milling time needed for activation of the aluminum particles.  

Keywords: Salt, Potash, Milling, Hydrogen, Microstructure 

 

7.3. Introduction 

There are many works in which water soluble salt particles were added to enhance the 

reaction between aluminum and water [28, 76-78, 127, 230-232]. One can categorize the effect 

of presence of salt to chemical and structural effects. It is proven that presence of Cl- in the 

solution promotes the corrosion of aluminum sheets by deteriorating the protective 

oxide/hydroxide layer [123-124, 233]. In the case of effect of addition of salt particles to 

promote hydrogen production, M.Q. Fan ascribed the effect of salt to the role of Cl- in 

facilitating the corrosion [74]. 

On the other hand, B. Alinejad et al. considered that salt particles modify the structure of 

aluminum particles by providing more surfaces for the reaction. They suggested a schematic 
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model to illustrate how a presence of salt particles promotes the reaction [76]. In their model, 

they assumed that salt particles cover the aluminum particles during ball milling. As the mixture 

is exposed to water, salt particles are dissolved and a fresh surface of aluminum is exposed to 

water. 

In spite of the number of works that used water-soluble salts to activate aluminum, no study 

was performed to distinguish whether the effect of addition of water-soluble salts is mainly a 

chemical or structural effect. The structural and chemical effects can be distinguished by 

introducing the same amount of a salt as either ball milled by aluminum powder or added to the 

hot water, and measuring the hydrogen production rate for the either case. Moreover, milling 

time, which changes the microstructure but does change the chemistry of the mixture, can also 

indicate the effect of presence of the salt. The above mentioned approaches in addition to 

changing the percentage and type of the water-soluble salts are considered in this work to 

evaluate the effect of presence of water-soluble salt. 

 

7.4. Experimental Procedure 

7.4.1. Ball Milling 

Aluminum powder of 99.8% purity (MFCD00134029) was provided by Alfa Aeasar 

Company. 50 wt% of sodium chloride (purity: +99%) was mixed to the aluminum powder and 

the mixture ball milled. High energy ball milling was done in a planetary ball mill (Torrey Hills- 

ND2L) with stainless steel cups (285 ml capacity) and balls (28 of 16 mm and 6 of 18 mm 

diameter) in an argon atmosphere. Ball to powder weight ratio was 30:1 and mill speed was 

maintained at 200 RPM for durations of 0.25, 0.5, 1, 2, 4, 7, 11 and 19 hours. In order to evaluate 

the effect of weight percentage and type of salts, mixtures of 25 wt% NaCl- 75 wt% Al, 25 wt% 

NaCl- 75 wt% Al and 50 wt% KCl- 50 wt% Al were also ball milled for durations of 2, 7 and 19 

hours. The KCl powder with a commercial purity was refined from the Saskatchewan potash 

(Potash Corp) products. 

7.4.2. Hydrogen Measurement 

The detail of hydrogen measurement procedure is similar to the manuscript #1.  
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durations. For example, the hydrogen generation of the 19 h milled sample during the first hour 

of the reaction increased from 100 ml to 1200 ml, which is considerable improvement.  

In order to understand effect of presence of salt on the morphology of the particles, the ball 

milled mixtures were studied by SEM. Fig. 7.2 shows morphology of (a) the as received 

aluminum particles, and the mixture ball milled for (b) 0.25 h, (c) 0.5 h, (d) 1 h, (e) 2 h, (f) 4 h, 

(g) 7 h, (h) 11 h and (i) 19 h. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.2 SEM images of (a) the as received aluminum particles and the mixture (salt-

aluminum) ball milled for (b) 0.25 h, (c) 0.5 h, (d) 1 h, (e) 2 h, (f) 4 h, (g) 7 h, (h) 11 h and (i) 19 

h. The scale bar is 500 um and is the same for all of the images (Magnification ×100.). 

The aluminum particles milled for 15 min and 30 min experienced no fracture but they are 

covered by salt particles. Beside aluminum particles, there are many very smaller salt particles 

that have no interaction with aluminum particles. Ball milling for 1 h and 2 h results in fracture 

of aluminum particles. The aluminum particles after 2 h are obviously smaller than the as 
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received particles. One can see that between 2 h to 4 h of milling, the particle size reaches to a 

steady state where more milling has no significant effect on the particle size.  

Comparing the results in Fig. 7.2 with the morphology of the pure aluminum milled for the 

same durations (Fig. 2.4) reveals the effect of presence of salt particles. The overall trend in the 

change in the morphology of the aluminum is similar to that of the mixture. However, the 

particle size of the pure aluminum continuously decreases up to 19 h milling, while for the 

mixture (Fig. 7.2) there is no significant change in morphology after 4 h milling. Therefore, the 

presence of salt particles made the reduction in particle size faster so that steady state was 

reached at a shorter period of milling. A similar effect of presence of brittle particles on 

improvement of milling efficiency has been reported in the literature [39-41, 57]. 

A thorough understanding of the effect of salt particles on the reaction mechanism requires 

investigation of microstructural changes inside the particles. For that purpose, the ball milled 

mixture of the powders were hot mounted in a carbon resin, cross sectioned, polished and 

examined by SEM and electron dispersive X ray spectroscopy (EDS). Fig. 7.3 shows the EDS 

results for mixture powders milled for a) 0.25 h, (b) 0.5 h, (c) 1 h, (d) 2 h and (e) 4 h. 

The very left images show the SEM of the particle, the next ones from left to right show the 

distribution of aluminum element, distribution of chlorine or sodium that represents salt, and 

distribution of carbon that comes from the carbon mount that holds particles, respectively. One 

can see that at the beginning of the ball milling (Fig. 7.3 (a)), the distribution of salt and 

aluminum particles is similar to what suggested by B. Alinejad et al. [76], i.e. the aluminum 

particle is covered by salt. However, their schematic model[76] is no longer accurate for the 

longer milling times where salt and aluminum make composite particles. 

Fig. 7.4 shows high magnification images (×4000) from particles milled for 30 min and 4 h 

that their low magnification images (×100) were presented in Fig. 7.1(c) & (f). In spite of the big 

difference between size of the particles presented in Fig. 7.4, both are covered with small 

crystallite of salt. Therefore, in the case of surface properties, there is no much difference 

between the particles milled for short and long time. 
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Fig. 7.4 Presence of salt particles on the surface of aluminum particles milled for 30 min and 

4 h. Magnification of both images is ×4000. 

For the mixtures milled for longer times, not only salt covers the surface of aluminum 

particles, but also salt particles are embedded inside aluminum particles (Fig. 7.3). The presence 

of salt particle inside aluminum particles is explained by the cold welding process during ball 

milling. Aluminum particles that are covered by salt are cold welded together, thus the salt 

particles are trapped inside new aluminum particles. Such a mechanism produces aluminum-salt 

composite particles. A similar mechanism for interaction of hard second phase particles with the 

metallic particles has been discussed in the literature [39, 41]. 

The longer the mixture is ball milled, the smaller is the distance between salt layers inside the 

aluminum particles. For the 4 h and longer milled mixtures, the salt particles are finely 

distributed inside aluminum particles in a way that the map resolution cannot anymore 

distinguish between salt and aluminum. Thus, a rather uniform distribution is detected for both 

elements (Al and Cl or Na). The results for 7 h, 11 h and 19 h were similar to 4 h, thus they are 

not reported in Fig. 7.3. 

In order to better understand the effect of milling time on distribution of salt and aluminum 

particles inside the produced composite particles, the cross section of the particles was studied by 

the line scan EDS. Fig. 7.5 shows the line scan EDS analyses for the particles milled for (a) 15 

min, (b) 30 min, (c) 1 h, (d) 2 h, (e) 4 h, (f) 7 h and (g) 11 h. 

 



 

 

 

 

 

 

 

Fig. 7

7 h and 

a 

b 

c 

d 

e 

f 

g 

7.5 Line scan 

(g) 11 h. The

EDS of the p

e Y axis is no

particles mill

ormalized inte

and the r

141 

 

 

 

 

 

 

 

 

 

 

 

 

 

ed for (a) 15 

ensity, X axis

red represents

min, (b) 30 m

s length (µm)

s Al. 

min, (c) 1 h, (

), the green li

(d) 2 h, (e) 4 h

ine represents

h, (f) 

s Cl 



142 
 

Fig. 7.5 shows that for the short time milled mixtures, the salt-aluminum distances are in 

order of few ten to hundred micrometers (Fig. 7.5(a), (b) & (c)), while the distance changes to 

few micrometers for the longer milled mixtures (Fig. 7.5(f) & (g)). The important result from 

Fig. 7.5 is that the frequency of the presence of salt and aluminum inside the composite particles 

changes by time. Note that the X axis length is reducing from (a) to (h); implying that the salt 

particles inside the aluminum matrix becomes more and more finely distributed.  

Considering Fig. 7.3 and Fig. 7.5, one can understand the mechanism of improvement of the 

reaction by the presence of salt particles. Ball milling produces composite particles composed of 

salt and aluminum. When the composite particles are immersed in hot water, the salt phase is 

immediately dissolved and leaves many fresh surfaces on and inside the aluminum particles. 

That means dissolving the salt results in porous aluminum particles with many voids/tunnels 

inside that provide space for penetration of water. The longer milling time, the better distribution 

of voids/tunnels is provided inside aluminum particles, which promotes access of water to spaces 

inside the particles. Accordingly, as Fig. 7.1 shows, the longer ball milling results in a higher 

hydrogen generation rate. Moreover, as the aluminum-salt ratio was fixed for all the powders, the 

chemical effect of presence of Cl- is the same for all, while the structural effect of salt changes 

by milling time. This implies that the chemical effect of the presence of salt is negligible 

compared to the structural effect.  

7.5.2. Effect of the Type of the Water-Soluble Salt 

Potash powder (KCl) with a ratio of 50:50 was added to aluminum during ball milling, and 

the hydrogen generation of the mixture in reaction with hot water was measured. Fig. 7.6 shows 

the hydrogen generation of the aluminum-potash mixture milled for 2, 7 and 19 h. One can see 

that 7 h of milling is enough to make the reaction to complete in few minutes, and ball milling 

over 7 h has no effect on hydrogen generation rate. Comparing with Fig. 7.1, one can see that 

ball milling of the salt-aluminum mixture with same ratio of the second phase has a different 

result: ball milling over 7 h up to 11 h and 19 h still increases the hydrogen generation rate. 

Moreover, even for the 19 h milled mixture of aluminum-salt, it takes over one hour for the 

reaction to complete (Fig. 7.1). However, it takes a few minutes for the mixture of aluminum-

potash milled for 7 h or 19 h to complete the reaction. Accordingly, potash has a markedly better 

effect compared to salt on improving the kinetics of the reaction. 
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Fig. 7.7 Hydrogen generation of the 25 wt% salt-aluminum mixtures milled for 2, 7 and 19 h. 

 

 

 

 

 

 

 

 

Fig. 7.8 Hydrogen generation of the 75 wt% salt-aluminum mixtures milled for 2, 7 and 19 h. 
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7.6. Conclusion 

The presence of salt particles during ball milling has a significant impact on hydrogen 

generation rate of aluminum in reaction with hot water. Morphological analyses by SEM, 

elemental map distribution and line scan by EDS were performed to evaluate the effect of salt 

particles. SEM studies showed that the refinement process of the powder is improved at the 

presence of salt particles. Moreover, the surface of the particles is covered by salt. Considering 

the zero hydrogen production of the aluminum-salt mixture without ball milling, the effect of salt 

is explained by modifying the microstructure rather than a chemical effect. EDS results proved 

that salt particles are embedded inside aluminum particles. Salt particles are dissolved upon 

immersing in hot water, leaving many voids/tunnels for water to penetrate inside aluminum 

particles, which consequently improves the hydrogen generation rate. This explanation is 

supported by the fact that a higher weight percentage of the salt in aluminum matrix results in a 

higher hydrogen generation rate. Finally, it was found that potash powder has a better effect on 

improving the reaction compared to salt. 
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CHAPTER 8 

CONCLUSION AND FUTURE WORKS 

 

8.1. CONCLUSION 

Activation of aluminum particles by ball milling with and without addition of water-soluble 

salts was studied. The purpose of activation was to use the aluminum powder as an agent to react 

with water and produce hydrogen. The refinement of aluminum microstructure by ball milling 

and its effect on the rate of reaction were evaluated.  Hydrogen generation was considered as the 

main criterion by which the progress of the reaction was measured. Moreover, the 

electrochemistry and kinetics of the reaction were studied. Finally, the effect of addition of 

water-soluble salts to aluminum on the hydrogen generation rate was evaluated. 

The first objective of this research was to evaluate and optimize the microstructural evolution 

of aluminum particles during ball milling and its effect on hydrogen production rate. The results 

showed that the particle size of aluminum powder significantly decreases during ball milling. 

The particle size of the as received sample was ~200 µm, which reduced to ~50 µm after 19 h 

ball milling. The particle size of the milled powder is important because it to a certain degree 

determines the available surface area of the particles for the reaction. However, the hydrogen 

measurement tests revealed that the highest hydrogen generation rate does not correspond to the 

finest powder (19 h milled powder), but to a powder that was milled for a shorter period of time 

(7 h). The examination of cross section of the milled particles revealed that the highest hydrogen 

generation rate is for the particles with a laminated microstructure. In other words, not only the 
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surface of the particles contributes to the reaction, but also the internal surfaces that can act as 

reaction sites. The EDS results confirmed penetration of water into aluminum particles milled for 

7 h, which caused a higher hydrogen generation rate. 

In addition to increasing the specific surface area of the powder that is correlated to the 

decrease in particles size, ball milling was found to promote the reaction of aluminum with water 

in two other ways. The first one was that ball milling breaks the native oxide layer on the surface 

of the particles. This oxide layer delays the hydrogen generation; this delay is so called 

“incubation time”. This represents the time needed for the oxide layer to be hydrated or dissolved 

by water, so that the reaction between aluminum and water can be initiated. Comparison of the 

milled powders that were kept in argon or air revealed that the longer storage of the powders in 

air results in a longer incubation time, while the powders that were kept in argon started the 

reaction much faster. The XPS results showed that the native oxide film on the surface of the 

milled powder grows thicker by time, which confirms that the storage in air increases the 

incubation time.  

The other contribution to improving the reaction was formation of grain boundaries and 

dislocations (crystallographic imperfections) in the microstructure of the particles. These 

imperfections make the microstructure unstable, therefore, the affinity of the aluminum to react 

with water increases. The effect of the mentioned lattice imperfections (grain boundaries and 

dislocations) on the hydrogen generation rate was studied by room temperature aging and high 

temperature annealing of the milled particles. The room temperature aging decreased the 

microstrain of the lattice. The high temperature annealing decreased the microstrain of the lattice 

and increased the grain size. In both cases, a decrease in hydrogen generation rate was observed, 

which suggested that the presence of grain boundaries and dislocations increases the affinity of 

the particles for the reaction.  

Electrochemical tests also were performed to determine the effect of ball milling on corrosion 

potential and Tafel curves of the powders and consequently on the reaction rate. Corrosion 

potential tests showed that OCP decreases at the beginning of the reaction and then slightly 

increases. The changes in OCP were explained by effect of reaction time on Evans diagram. 

Tafel tests showed that the corrosion current is rather high at the beginning of the reaction and 

then significantly decreases. The decrease in corrosion current was ascribed to the effect of 
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growing hydroxide layer on the surface of particles. Moreover, the corrosion potential tests also 

confirmed that milled particles have a more negative potential value, which suggests that ball 

milling caused thermodynamical instability of the particles.  

The importance of microstructural refinement on the reaction rate was the motivation for 

investigating the grain refinement mechanism of aluminum particles during ball milling. The 

EBSD studies showed that there are four major mechanisms that contribute to grain refinement 

during ball milling. 1) deformation banding, 2) cold welding of the particles, 3) increase in 

aspect ratio of the grains, and 4) lattice rotation induced during dynamic recrystallization. It was 

found that two critical steps are involved in the refinement process. The first step is formation of 

a network of low angle grain boundaries by dynamic recovery at the beginning of milling, which 

produces subgrains. The second step was rotation of the subgrains formed in the previous step to 

higher misorientations and consequently formation of new smaller grains.  

The last objective regarding the reaction of the activated aluminum particles with hot water 

was to provide a model that defines the kinetics of the reaction. This was done by modifying the 

shrinking-core model. Two main assumptions in the traditional model were revised and changed 

to reflect the more realistic reaction of an aluminum particle with water. The first correction was 

introduced to describe that the hydroxide layer (shell) has a bigger thickness than the consumed 

aluminum (core). The second illustrated the fact that the diffusion coefficient of the hydroxide 

layer changes during the reaction. Applying these two modifications to the traditional shrinking-

core model, the R-square of fitting of the model to the experimental data changed from 0.82 to 

0.99.  

After different aspects of the reaction of activation of aluminum particles with hot water for 

the purpose of hydrogen generation were evaluated, some experiments were performed to further 

improve the reaction rate. Salt and potash powders were added to aluminum during ball milling 

and the hydrogen production of the mixtures was measured. The results showed a significant 

improvement because of addition of water-soluble salts to aluminum. EDS and SEM results 

suggested that the main reason for improving the reaction rate is the structural modification of 

the particles by providing higher surface area (correlated to a smaller particles size and presence 

of salt layers inside particles) for the reaction. The additional surfaces were provided by 
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dissolution of the salts in hot water. It was found that chemical effect of presence of salts is 

negligible compared to their microstructural effects. 

8.2. FUTURE WORKS 

 In chapter 3, different contributions of milling to improvement of the reaction rate 

were discussed. It was found that both the decrease in particle size and increase in 

crystallographic imperfections have contributed significantly to enhancement of the 

hydrogen generation. However, the contribution of each effect was not quantified. It 

would be of interest to determine how much each effect is weighted regarding the 

hydrogen generation. Moreover, BET test can be used to measure the specific 

surface area of the milled powders and the results should be compared to the SEM 

observations. 

 The effect of presence of contamination in water and aluminum can be considered as 

a factor determining the hydrogen generation rate. It would be of interest to perform 

some experiments to evaluate the effect of purity of reactant. Moreover, TGA 

analyses can be used to determine the progress of the reaction based on study of the 

hydroxide layer formed on the surface of particles.  

 In chapter 4, the electrochemistry of the reaction of aluminum and water at 80oC was 

studied. The temperature was chosen based on the optimum temperature of PEM fuel 

cells. Considering the effect of temperature on the type of the hydroxide layer 

formed on the surface of aluminum, investigation of the effect of temperature on the 

reaction mechanism would be of interest. 

 In chapter 6, a model was proposed for reaction of a circular particle with water. 

This model can be further developed to consider effect of presence of water-soluble 

salt in the aluminum matrix 

 In chapter 7, it was shown that potash has better effect on improving the reaction 

compared to salt. A future work can consider testing other water-soluble salts and 

investigating why different salts have different effects. 
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