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Abstract
The main focus of this thesis is the characterization of defects and microstructure in highenergy ball milled magnesium hydride powder and magnesium-based multilayered
composites. Enhancement in kinetics of hydrogen cycling in magnesium can be achieved
by applying severe plastic deformation. A literature survey reveals that, due to extreme
instability of !-MgH2 in transmission electron microscope (TEM), the physical
parameters that researchers have studied are limited to particle size and grain size. By
utilizing a cryogenic TEM sample holder, we extended the stability time of the hydride
phase during TEM characterization. Milling for only 30 minutes resulted in a significant
enhancement in desorption kinetics. A subsequent annealing cycle under pressurized
hydrogen reverted the kinetics to its initial sluggish state. Cryo-TEM analysis of the
milled hydride revealed that mechanical milling induces deformation twinning in the
hydride microstructure. Milling did not alter the thermodynamics of desorption. Twins
can enhance the kinetics by acting as preferential locations for the heterogeneous
nucleation of metallic magnesium. We also looked at the phase transformation
characteristics of desorption in MgH2. By using energy-filtered TEM, we investigated the
morphology of the phases in a partially desorbed state. Our observations prove that
desorption phase transformation in MgH2 is of “nucleation and growth” type, with a
substantial energy barrier for nucleation. This is contrary to the generally assumed “coreshell” structure in most of the simulation models for this system. We also tested the
hydrogen storage cycling behavior of bulk centimeter-scale Mg-Ti and Mg-SS multilayer
composites synthesized by accumulative roll-bonding. Addition of either phase (Ti or SS)

allows the reversible hydrogen sorption at 350°C, whereas identically roll-bonded pure
magnesium cannot be absorbed. In the composites the first cycle of absorption (also
called “activation”) kinetics improve with increased number of fold and roll (FR)
operations. With increasing FR operations the distribution of the Ti phase is
progressively refined, and the shape of the absorption curve no longer remains sigmoidal.
Up to a point, increasing the loading amount of the second phase also accelerates the
kinetics. Microscopy analysis performed on 1-2 wt.% hydrogen absorbed composites
demonstrates that MgH2 formed exclusively on various heterogeneous nucleation sites.
During activation, MgH2 nucleation occurred at the Mg-hard phase interfaces. On the
subsequent absorption cycles, heterogeneous nucleation primarily occurred in the vicinity
of “internal” free surfaces such as cracks.
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Chapter 1
Introduction

1-1- Hydrogen as an energy vector
Fossil fuels have been powering our growth and development since the Industrial
Revolution in the 18th century. By looking at today’s distribution of primary energy
production (Figure 1-1) we realize that more than 85% of global energy originates from
the underground fossil-based reservoirs. That includes crude oil and natural gas plant
liquids, coal, and natural gas. This acute monopolization in our primary energy source
has caused numerous difficulties, e.g. excessive carbon dioxide emission and global
warming, environmental hazards involved in off-shore drilling and spills, dependence on
fragile political administrations governing the oil rich regions of the world, and
unsustainable nature of these resources. It might be safe to claim that making the
transition towards a sustainable, environment-friendly primary source(s) of energy is the
major challenge facing our modern civilization.
One potential way forward is diversification and decentralization of the energy
resources [1]. So instead of massive hubs of generating energy (i.e. power plants), we
would have localized, widespread center-points each generating relatively small packs of
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Figure 1-1- World primary energy production (1970-2007) categorized by source. Data gathered from [2].

energy with smaller carbon footprint, preferentially via “green” techniques like hydro,
wind, wave, solar, biomass and geothermal. It is in this context that hydrogen as a vector
for energy provides a promising pathway.
By definition, an energy vector “allows to transfer in space and time, a quantity of
energy” [3]. Examples for existing energy vectors include electricity and heat exchanging
fluids. In other words, an energy vector would facilitate storage (“transfer” in time) and
transportation (transfer in space) of energy, both in short and long ranges. Figure 1-2
schematically demonstrates how hydrogen fits this outlook. One of the more attractive
aspects of hydrogen in this respect is its compatibility with the intermittent nature of the
renewable pathways to generate energy. The excess energy produced in peak hours can
be stored as hydrogen and used during peak demand time. This concept is now gradually
being put to use in remote, off-the-grid communities with access to renewable recourses
for energy. One example of a recently initiated such system is the Hydrogen Assisted
Renewable Power (HARP) project in Bella Coola community, British Columbia. Using
this facility Bella Coola, which is not connected to BC Hydro’s provincial electricity
"

2"
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grid, can use its available run-of-the-river hydropower to generate hydrogen via
electrolysis, store the hydrogen for the peak demand time and generate the required
electricity using fuel cells [4].

Figure 1-2- Hydrogen as an energy vector, connecting various production techniques to the final utilization.
Shaded boxes for production also entail significant carbon dioxide emission (Adapted from [1])

In order for the realization of this hydrogen-centered energy system, hydrogen
storage plays a vital role. Reliable mechanism for the storage of hydrogen, with minimum
energy expenditure and maximum safety, is the crucial link between “clean” hydrogen
production and its end-user utilization.

1-2- Hydrogen Storage
Depending on the final application of the stored hydrogen, the operating
requirements of the hydrogen storage system can wildly vary. If the storage system is
meant to be integrated into an on-board transportation circuit the constraints are much
more stringent compared to a stationary storage unit. Some of these requirements for

"
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hydrogen storage system intended for transportation applications can be mentioned as
below [1]:
-

Low operating pressure (less than 4 bar)

-

Operating temperature within the range of -50 to 150°C

-

Reversibility (i.e. being able to absorb/desorb hydrogen for not less than 500
cycles)

-

High gravimetric and volumetric hydrogen densities (around 9 wt.% and
greater than or equal to 70 g of H2 per liter of storage system)

The imposed design constraints for stationary applications are less aggressive, compared
to above, allowing for higher operating temperatures and pressures. They can also take up
large spaces.
Categorically, the following are the storage options for hydrogen, as described by
the United States’ Department of Energy [5]:
-

Gaseous and liquid hydrogen storage

-

Material-based hydrogen storage

Currently the pressurized hydrogen gas and cryogenically liquefied hydrogen are the two
main commercially available options for hydrogen storage. Steel cylinders can store
hydrogen at 200 bar, reaching a gravimetric density of around 1 wt.% of hydrogen. Using
the modern carbon fiber composite cylinders we can now reach hydrogen pressures in the
range of 700-1000 bar, yielding gravimetric density of up to 10 wt.% of hydrogen [1].
Besides the hazards- both real and publicly assumed- of operating at these high hydrogen
pressures, the energy cost to reach these pressures leave the above options in a less
competitive state. Another deficiency of the gas and liquefied hydrogen storage systems
is low volumetric density, despite their acceptable gravimetric capacity. This can be a
major impediment when volume constraints are imposed on the design of the storage
system, e.g. in transportation application.
To alleviate the concerns regarding working with high-pressure hydrogen gas and
also to increase the volumetric density of the storage systems research is focused on the
so-called “material-based” hydrogen storage systems. The idea being that by using the
interaction of hydrogen with various materials, one can reach a higher density of
hydrogen atoms as compared to the gas phase. Depending on the nature of the interaction
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between hydrogen and the host material, one can extract the stored hydrogen by applying
a change in a physical parameter of the system, e.g. temperature or partial hydrogen
pressure.
Material-based hydrogen storage can be categorized as below [5]:
-

Metal hydrides

-

Chemical hydrides

-

Carbon-based materials, high surface area materials

Metal hydrides provide a possibility to reversibly store and extract hydrogen via
the hydride formation and decomposition reaction, respectively. This is the focus of the
present thesis and will be studied in detail in the following sections. Chemical hydrides
are used in a technology (the technology is referred to as Chemical Hydrogen Storage)
where hydrogen is produced by the chemical reaction of a hydride, generally with water
or an alcohol. This reaction is not easily reversible and the “by-products” of the hydrogen
generation reaction should be regenerated in a plant. The last category, carbon-based and
high surface area materials, takes advantage of the small surface forces to adsorb
hydrogen molecule on large surface area materials, e.g. metal organic frameworks (MOF)
or different forms of carbon. As the magnitude of these surface interactions are small,
these storage techniques only operate at low temperatures (~77K for MOFs).

1-3- Hydrogen in Metals
Once exposed to an oxide-free surface of a metal, hydrogen molecule can
dissociate into atomic hydrogen and interstitially diffuse into the metallic crystal structure
[6]. The following reaction demonstrates this process:
H2 (gas) ! 2H (metal)

(1-1)

Usually though the surface of the metal is covered with a layer of oxide or
hydroxide that prevents the prompt dissociation and penetration of hydrogen into the
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metal. Hence, for the above reaction to proceed, we first need to break through the oxide
layer by increasing the hydrogen pressure or temperature. This process is sometimes
referred to as activation [7]. After the introduction of the atomic hydrogen to the metal, it
can diffuse within the structure with high diffusivity rates even at room temperature. This
fast diffusivity of H atom in metals can be mainly linked to the interstitial nature of the
dissolved hydrogen atoms, and as a result its diffusion not being controlled by vacancy
concentration [6].
1-3-1- Thermodynamics of hydride formation
Many metals react with hydrogen to form hydrides. Depending on the nature of
the metal-hydrogen bonding, these hydrides can be classified into three main groups [P.
88 in Ref. 8]: ionic, covalent, and metallic.
Ionic hydrides (also known as saline hydrides) are the hydride of the alkali and
alkaline earth metals with large electropositivity. These hydrides are generally crystalline
with high heats of formation and high melting points. Covalent hydrides (group BX, and
Group AIII to AIV in the periodic table) can be solid, liquid or gaseous. Prominent
covalent hydride formers include carbon, silicon, boron and the halogens. The bonding
between the element and hydrogen is the non-polar electron-sharing covalent type.
Metallic hydrides, formed mainly by the first three columns of the transition metals (BI to
BIII) and also Pd and Ni, are formed by the continuous interstitial dissolution of
hydrogen within the metallic structure and subsequent phase transformation to the
hydride phase once the corresponding stoichiometric ratio has been reached (e.g. ZrH2,
VH, VH2, PdH). The bonding character in these hydrides is metallic.
The thermodynamics of metal hydride formation can be demonstrated using the
pressure-composition isotherms (Figure 1-3-A). At low concentrations of dissolved
hydrogen in the metal (region I in Figure 1-3-A), thermodynamic equilibrium of the
reaction (1-1) above requires the following:

1
µ ( P,T ) = µ H ( P,T,c )
2 H2

!
"

6"

(1-2)
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Figure 1-3- (A) Schematic pressure-composition isotherm diagram, with " marking the solid solution of
hydrogen in metal and # the hydride. (B) van’t Hoff plot for calculating the enthalpy of hydride formation
$H. (Adapted from [7])

where µ H 2 and µ H are the chemical potentials of molecular hydrogen and of the atomic
hydrogen in the solid solution, respectively. At low pressures (P < 100 bar) hydrogen can

!

be approximated to be an ideal gas. This would allow us to write:
!

µ H 2 = H H0 2 " TS H0 2 + RT ln PH 2

(1-3)

where H H0 2 and S H0 2 are the enthalpy and the entropy of the hydrogen gas at the standard
!
state. For the chemical potential of the dissolved hydrogen the following holds:
!

!

# c &
µ H = H H " TS Hid + RT ln%
(
$b " c '

(1-4)

here H H is the enthalpy and S Hid is the vibrational (non-configurational) entropy of the
!
hydrogen in solid solution. The last term in equation (1-4) is the configurational entropy.

!

There, b denotes the number of interstitial sites per M atoms (c=H/M). Now if we apply
!
the equilibrium condition, i.e. equation (1-2) we reach the condition below:

"
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$b # c'
"H H # T"S H = RT ln P1/ 2 + RT ln&
)
% c (

(1-5)

1 0
1
where "H!
H H 2 and "S H = S Hid # S H0 2 . In region I of Figure 1-3-A, since we
H = HH #
2
2
are dealing with dilute solutions, i.e. c<<b, we can simplify equation (1-5) as below:

!

!

c = K" PH1/22

(1-6)

This equation is known as the Sievert’s Law, and K is the Sievert’s constant. At
!
higher hydrogen concentrations the hydride phase (#) starts to nucleate (region II in
Figure 1-3-A), generally with a different crystal structure of that of the metal and the
solid solution. In this stage the system has three phases present (", #, and the hydrogen
gas), with two components (metal and hydrogen). Referring to the Gibbs phase rule as
stated below:

f =C "P +2

(1-7)

where f is the degree of freedom in the system, C the number of components, and P the
!
number of phases, respectively, we reach the degree of freedom of one. Hence in the twophase region, at a given temperature the hydrogen pressure is constant (as depicted in
Figure 1-3-A). This equilibrium pressure is related to the enthalpy ($H) and entropy ($S)
of the hydride phase formation ("!#) through the Van’t Hoff equation below:

" P % (H 0 1 (S 0
eq
ln$$ o '' =
) *
P
R T
R
# eq &

(1-8)

Since this reaction involves moving from an initial gas phase (hydrogen) to a final
!
crystalline hydride phase (#), the entropy change is approximately equal to the standard
entropy of hydrogen (S0=130 J/K.mole [P. 192 in Ref. 8]). So the change in entropy term
can safely be deemed constant, independent of the metal that is forming the hydride. The

"
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enthalpy change in the hydride formation reaction can be calculated by plotting ln(Peq) at
different temperatures versus 1/T and measuring the slope of the resulting trend line. This
slope, based on the Van’t Hoff equation, is equal to ($H/R). This approach is also
schematically demonstrated in Figure 1-3-B.

1-3-2- Kinetics of hydride formation
In order for the hydride phase (#) to form, the applied hydrogen pressure should
be above the equilibrium pressure Peq. The “driving force” for the hydrogenation reaction
can then be defined as the deviation from the equilibrium pressure, or:

"P = PH 2 # Peq

(1-9)

The kinetics of the reaction can be expressed in terms of the ratio of the reacted
!
portion of the material to that of the original initial amount (reacted fraction: %). The rate
at which the reaction proceeds can be correlated to the driving force. The nature and
degree of this dependence is linked to the rate-limiting step in the reaction.
The approach generally taken for studying the kinetics of the hydrogenation
reaction (or any other diffusive phase transformation) is known as the Johnson-Mehl,
Avrami, Kolmogorov (JMAK) equation [9] as given below:

% #t ( n
" = 1 # exp' *
&$ )

(1-10)

In the equation above, the time constant & is determined from the rates of
!
nucleation and growth. The exponent n in the JMAK equation can be determined by
curve fitting the experimental data and its value points to the mode of nucleation and
growth [10]. Table 1-1 correlates different n values to various states of nucleation and
growth. As can be observed in this table, the disadvantage of this “overall kinetics”
approach is that same values of the exponent n can imply multiple potential mechanisms
in nucleation and growth. Hence direct observation at different stages of the phase
"
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transformation provides a much clearer picture of the kinetic details of the phase
transformation.
Table 1-1- Values of n in the JMAK equation as correlated to the modes of
nucleation and growth (adapted from [10]).

1-4- Magnesium as a Hydrogen Storage Medium
Magnesium-hydrogen phase diagram at 1 bar hydrogen pressure is shown in
Figure 1-4 below. At atmospheric pressure, hydrogen has little solubility in magnesium.
The stoichiometric magnesium hydride in standard conditions, "-MgH2, has a Rutile-type
crystal structure. This phase can undergo multiple polymorphic phase transitions under
increasing pressure. Table 1-2 lists the crystallographic information of metallic
magnesium and all those variations of MgH2 [11].
"
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Figure 1-4- Magnesium-hydrogen phase diagram at 1 bar hydrogen pressure [12].
Table 1-2- Crystallographic data for Mg and MgH2 polymorphs (adapted from [11]).

The calculated pressure for "-to-' transition is 0.387 GPa, and for '-to-#
transition this pressure is around 3.84 GPa. The transformation to (’ happens at yet
higher pressures. It will be discussed (in Chapter 2) that one of these high pressure phases

"
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('-MgH2) can also form during a high impact energy powder processing technique, called
high-energy ball milling. The hydride phase that is stable at standard condition, "-MgH2,
has an enthalpy of formation of $H=-74.4 kJ/mole [13]. Using the Van’t Hoff equation
(equation (1-8) above), this would yield the equilibrium desorption (or: decomposition)
temperature of 279°C at 1.013 bar (1 atm) of hydrogen pressure. As mentioned above,
this temperature is too high for any potential on-board storage application (Target
temperature for transportation applications: -50 to 150°C).
But for stationary applications, magnesium with the ideal gravimetric hydrogen
capacity of 7.6 wt.% is considered to be competitive. The main hindrance for the
widespread use of magnesium in storage systems is the slow kinetics in its absorption and
desorption reactions. Also the first absorption cycle for the as-prepared powder is
extremely slow (Activation period) [7]. Even after activation, the sorption kinetics of pure
magnesium remains poor. The main reason for this sluggish kinetics is the very small
dissociation probability of H2 molecule on the surface of non-transition metals [14]. It has
been demonstrated that one route to enhance the (de)hydrogenation kinetics in
magnesium is using severe plastic deformation techniques [15]. This can also be achieved
by the addition of catalytic species to facilitate the dissociation of the molecular
hydrogen. The combination of the two approaches above has yielded enhanced
magnesium-based storage systems. Recent developments in this respect have now
resulted in a few commercially available magnesium-based stationary hydrogen storage
systems (See [16] as an example).

1-5- The Motivation and Scope of this thesis
In the present thesis we are looking at two severe plastic deformation processes
that can be utilized to enhance the hydrogen sorption kinetics of magnesium, i.e. highenergy ball milling and accumulative roll bonding. Below, an overview of each of these
techniques is provided.
High-energy ball milling is a powder processing technique used for pulverization,
mixing, alloying or formation of metastable phases [17]. There are number of designs
available as for the geometry of the milling equipment. In the present research our focus
"
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is on planetary configuration of this technique (See Figure 1-5-A). In this technique, the
powder sample, along with the grinding balls, is loaded in a milling vial, usually made
from the same material as the balls. The mounted vial is then rotated in a planetary
fashion, as schematically shown in Figure 1-5-B, with both orbital and rotational
motions. This motion pattern results in high-energy impingements of the balls onto the
target specimen powder, yielding repeated welding, fracture, and re-welding of the
powders.
In Chapters 2 and 3 of this chapter we will study high-energy ball milling of
magnesium hydride powder. A short duration of ball milling can significantly enhance
the sorption kinetics of the hydride powder. Our motivation in approaching this
phenomenon is attempting to correlate this final improvement in the property of the
hydride phase to parameters and features in the microstructure. Knowing this correlation
and the potential mechanism will enable us to optimize our preparation techniques, such
that they would yield better final sorption properties.
In Chapter 4, we will study accumulative roll bonding the preparation of
magnesium-based composites for hydrogen storage applications. Accumulative roll
bonding was originally developed to fabricate bulk nanostructures of single-phase metals
and alloys [18]. This was achieved by repetitive rolling and folding (or cutting and
restacking) of that metal or alloy in sheet form (See Figure 1-6-A for the schematic).

Figure 1-5- (A) a typical planetary ball mill machine, (B) schematic of the movement pattern within the
vial of an operating planetary milling machine (Taken from [17]).

"
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In our approach, we use the accumulative roll bonding methodology to prepare
magnesium-titanium and magnesium-stainless steel (SS) composites. Figure 1-6-B
provides a schematic for the adopted technique for the preparation of the Mg-Ti
composites (details to be discussed in Chapter 4). In this section of the thesis we shift our
outlook from hydride phase powder processing to that of the preparation of the
magnesium in metallic state. Also we aim to design our composite preparation technique
such that it would be directly transferable to an industrial set-up. Our motivation in this
part of our research is to study the metal to hydride phase transformation and how it can
be kinetically tuned by adding varying amounts of the secondary phase (Ti and SS) in the
composite.
In both of the cases, ball milling of the magnesium hydride powder and ARB of
Mg-Ti and Mg-SS composites, our emphasis is the detailed characterization of the
microstructure and its correlation with the resulting hydrogen sorption properties.

Figure 1-6-(A) Schematic of the accumulative roll bonding processing (Taken from [18]), (B) Schematic of
the procedure we used for preparing Mg-Ti multilayered composites (See chapter 4).
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Chapter 2
TEM Analysis and Sorption Properties
of High-energy Milled MgH2 Powders

A version of this chapter has been published in: Danaie M, Mitlin D. Journal of
Alloys and Compounds 2009; 476(1-2): 590-598.
DOI: http://dx.doi.org/10.1016/j.jallcom.2008.09.078

2-1- Introduction
Magnesium hydride (MgH2) holds promise for solid-state hydrogen
storage due to its high capacity for hydrogen (7.6 wt. %), relatively low price and
abundance.

However, this hydride’s poor sorption kinetics impedes its

widespread utilization. High-energy mechanical ball milling is known to enhance
the sorption kinetics of magnesium hydride powder [1]. The milling process
changes the powder microstructure, but in ways which are still subject to debate.
Gaining additional insight regarding the microstructural evolution during milling
is important both scientifically and from a process optimization perspective. The
fact that mechanical milling is also frequently used for alloying and dispersing the
catalyst materials in powder systems makes this knowledge even more critical.

!"#
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Lattice strain, powder particle size and grain size of the powder all change
simultaneously during milling. Additional microstructural defects, possibly also
important for sorption, may be introduced by the milling process. Accurate
measurement of these parameters, each with potential effects on final desorption
properties, poses a materials characterization challenge. There is no clear
consensus among the researchers in terms of which microtructural parameters
play the major role in determining the desorption kinetics. Some groups report
that desorption kinetics show a drastic enhancement when particle size falls below
a threshold value, while grain size reduction is almost ineffective [2, 3]. Others
believe that decrease in both particle and grain size would result in lower
desorption temperatures [4]. Some researchers even report a deterioration of
desorption kinetics upon decreasing the grain size of the powder particles [5]. The
contribution of microstructural defects, such as dislocations, twins or stacking
faults, to the enhanced or degraded sorption is generally neglected.
Part of the ambiguity mentioned above stems from the fact that direct
microstructural characterization is very difficult to perform on milled hydride
powders. The most direct way to quantify microstructural parameters such as
grain size and defect type and content is through transmission electron
microscopy (TEM) analysis. TEM has been attempted in a number of studies, but
with very limited success [6, 7, 8, 9]. This is because at ambient sample
temperature, normally used for analysis, magnesium hydride is extremely unstable
under an electron beam. Within a minute of beam exposure it transforms into
metallic magnesium or to an oxide [8, 9]. This problem is even more acute for the
highly mechanically deformed samples [See Appendix I for more discussion on
the stability of MgH2 within the TEM environment].
TEM characterization of large single crystals of undeformed magnesium
hydride has been successfully performed using a cryogenic TEM holder [10].
However, nothing similar has been achieved for the more technologically
pertinent mechanically milled powders. Instead, the methodology that is most
widely utilized to estimate the grain size and the defect content in hydride
powders is an indirect approach of de-convoluting the different contributions to x-
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ray diffraction (XRD) peak broadening. Scanning electron microscopy (SEM) is
often used a complementary tool for particle size analysis. Using the XRD peak
broadening approach is accompanied by some assumptions and restrictions. XRD
analysis yields a single mean value for the grain diameter, assuming a spherical
morphology of the grains. While this type of analysis is useful for predicting
general trends during milling, the exact grain size values should be interpreted
cautiously. This is because the presence of twins and stacking faults in the
microstructure results in a reduced measured grain size diameter, relative to what
one would directly observe using TEM [11]. Furthermore, XRD does not provide
information about the type, scale or distribution of such defects in the
microstructure.!!
The goal of the present study is to apply the direct observation technique
of cryogenically cooled TEM to analyze MgH2 powder in its milled state and after
subsequent annealing. By combining direct observations via TEM with more
conventional techniques used for hydride analysis such as Differential Scanning
Calorimetry (DSC) / Thermo-gravimetric Analysis (TGA), XRD and particle size
statistics, we are able to provide a more comprehensive description of the hydride
microstructures and ultimately aid in the development of improved powder
formulations.

2-2 Experimental Procedures
Magnesium hydride (MgH2) powder was purchased from Gelest Inc. with
97 wt.% purity, the balance being magnesium. Two batches of powder were
milled for 30 minutes in a Fritsch Pulverisette 6 planetary mono-mill. We used
10:1 ball to powder weight ratio, with agate balls and vial, at 650 rpm rotation
speed. All powder milling and handling steps were performed in a dry argon
glove box. Half of the milled batches were then annealed at 400°C and hydrogen
pressure 2 MPa for two different times, 2hours and 16 hours. The four types of
powders that were analyzed are the as-received magnesium hydride, the milled
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magnesium hydride, and the milled and subsequently annealed magnesium
hydride for 2 and 16 hours.
We used a simultaneous differential scanning calorimeter (DSC) and
thermo-gravimetric analyzer (TGA) (SDT Q600, TA Instruments) to monitor the
desorption behavior of the powder samples. During thermal analysis, the powders
were held in alumina cups and heated to 600°C with 10°C/min heating rate. The
analysis was performed under constant flow of argon to prevent oxidation. All
four batches were exposed to air for approximately 24 hours prior to testing, so as
to obtain a consistent degree of oxidation on the powder surfaces.
We used a Malvern 2000SM Mastersizer laser scattering particle size
analysis system to obtain quantitative MgH2 particle size distributions. The
manufacturer specified resolution range of the system was sub-µm to 2 mm. An
anhydrous alcohol reagent (Anhydrous Ethyl Alcohol 90% ±1% v/v; Methyl
Alcohol approx. 5% v/v; 2-Propanol approx. 5% v/v as dispersant) was used as
suspension media. All samples were ultrasonicated for equal durations prior to the
measurement. All measurements were performed in same stirring speed and
obscuration level.
For a qualitative analysis of the as-received powders we used scanning
electron microscopy (SEM). We used Hitachi S-4800 SEM operating at 7 kV
accelerating voltage, and imaging using the secondary electron signal. The
powder samples where mounted on conductive carbon tape onto aluminum SEM
stubs in an argon glove box before microscopy session.
We used a Bruker-AXS, D8 Discover diffractometer system with an area
detector and Cu-K! radiation for X-ray diffraction (XRD) experiments. X-ray
diffraction was used for general phase identification. XRD spectra were also
analyzed for grain and lattice strain measurement. Integral breadth analysis (IBA)
was utilized for de-convoluting the broadening effects of grain size and lattice
strain for the powders. Using the following relation [12]:

(" 2# )
2

2

tan # 0

!

!

= K$ /D%

" 2#
+16e 2
tan # 0 sin # 0
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2

and plotting (" 2# ) /tan 2 # 0 versus (" 2# /tan # 0 sin # 0 ) , where !2" is the integral
breadth of the peaks, and " 0 is the position of the peak maximum. The grain size
(D) and microstrain (e) can be calculated from the fitted line slope and ordinate
!
!
intercept, respectively. The microstrain peak broadening is due to the presence of
!
dislocations in the material [12]. We used the following #-MgH2 reflections for
the analysis: 110, 020, 121, 130. These peaks were well resolved from those of
other potentially present phases, e.g. magnesium and magnesium oxide. Peak
fitting was performed on EVATM commercial software. Instrumentation
broadening was automatically accounted for in the software used for the analysis.
TEM analysis was performed using a JEOL 2010 microscope, operating at
200kV accelerating voltage. The TEM observations were performed using a
cryogenic holder held near 90 K. This was done to significantly increase the
stability time of the hydride powder under the electron beam. At cryogenic
temperature, sample degradation occurred relatively slowly. Even in the milled
sample, which was the least stable, no beam-induced microstructural degradation
was observed after 5 minutes of beam exposure in one area. TEM samples were
prepared by dry dispersion of the powders on amorphous carbon grids and in
argon glove box, directly before the TEM session.
We used the commercial software, Desktop MicroscopistTM, for
simulating experimental electron diffraction patterns. The crystallographic data
reported in [13] and some data from the XRD database on EVA software were
used for generating the simulations (data tabulated in Table 2-1). In the
simulation, hydrogen superlattice reflections were excluded since their intensity is
significantly less than that of the magnesium. Image analysis software, Image JTM,
was used for measuring the grain boundary area of the milled, and milled and 2
hour annealed samples. In both cases, approximately 1000 grains were analyzed.
Dark field TEM micrographs were use for the measurement.
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2-3- Results
Figure 2-1 shows DSC and TGA results for desorption of the four
samples. Judging by either the onset of the endothermic reaction or the onset of
appreciable weight loss, a milling cycle of 30 minutes decreased the onset of
desorption by approximately 45 °C. However, the subsequently annealed powder
samples showed degraded improvements in the desorption kinetics.
Table 2-1- Crystallographic data used for generating electron diffraction simulations [See text for
the source].
Crystal
Unit Cell (nm)
Phase
Wyckoff Positions
Structure
a
b
c
!
!"MgH2!

P42/mnm (136)

0.45176

Pbcn (60)

0.45246

0.45176

0.30206

!
#"MgH2

0.54442

0.49285

!

Mg (2a): 0, 0, 0
H (4f): 0.304, 0.304, 0
Mg (4c): 0, 0.3313, 0.25
H (8d): 0.2727, 0.1089,
0.0794

Mg

P63/mmc (194)

MgO

Fm-3m (225)

0.32095

0.32095

0.52107

Mg (c2): 0, 0, 0
Mg (4a): 0, 0, 0

0.4227

0.4227

0.4227

O (4b): 0.5, 0.5, 0.5

!
!
In fact, the 16 hour annealed sample had a slightly higher onset of desorption
temperature than the as-received powder. The total weight loss difference between
the as-received powder and the milled batches is not very significant and may be
attributed to the effect of milling. Since milling was performed in argon
atmosphere a small portion of the hydride likely has transformed into magnesium
due to localized heating and could not be recovered upon annealing. In all three
cases, the total weight loss is comparable to what is commonly reported in
literature [1, 2, 3, 4, 5, "#].
Figure 2-2 shows the SEM micrographs of the four powder samples. The
as-received powder has a “flake-like” morphology, with relatively mono-
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dispersed size distribution. Milling does not entirely pulverize the powders,
creating a visibly multimodal distribution. Figure 2-3 shows the quantitative
particle size distributions of the three powder batches, obtained from the laser
scattering measurement. The as-received powder (Figure 2-2A) shows a fairly
tight mono-modal particle size distribution, peaked at a particle diameter of 52
µm.

Figure 2-1- (A) DSC and (B) TGA results for the desorption of the as-received hydride, 30 minute
milled hydride (m30min), and milled and annealed hydride (m30min-a2hrs and m30min-a16hrs).
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After 30 minutes of milling this size distribution is drastically changed. The
particle size distribution is multi-modal, with major peaks at 1.7 and 20 µm. Such
distribution is attributed to the incompleteness of the milling cycle, where 30
minutes was not enough time to pulverize all the powder. The 30 minute milled
distribution also shows a minor presence of particles that are in-fact larger than
what was observed in the as-received powder. This is due to agglomeration. The
16-hour annealing cycle causes particle sintering and coarsening. The millinginduced multi-modal size distribution is eliminated, in favor of a broad
distribution peaked at 10 µm.
Table 2-2 shows the mean grain size and lattice strain, as obtained from
the IBA analysis of the XRD peaks of !-MgH2. According to IBA analysis, ball
milling has reduced the grain size to less than half of its initial value and
significantly increased the lattice strain. Performing IBA analysis on both
annealed samples yields a negligible value for strain and a grain size comparable
to the as-received powder. As will be shown in the subsequent results, the milled
microstructure contains twins. This would drive the calculated grain size to a
lower mean than for the same grain size distribution in an untwined material [11,
12].
Table 2-2- Mean grain size and lattice strain obtained from the IBA analysis of the !-MgH2 XRD
peaks.
Average Grain
Sample
Lattice Strain
Size (nm)

!

As-received

25

Negligible

Milled

11

5.6"10-4

Milled and annealed for 2 hrs.

21

Negligible

Milled and annealed for 16 hrs.

24

Negligible
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Figure 2-2- SEM micrographs of magnesium hydride powder (A) As-received, (B) Milled for 30
minutes, (C) Milled for 30 minutes and annealed for 2 hours, and (D) Milled for 30 minutes and
annealed for 16 hours.

Figures 2-4 through 2-7 display TEM micrographs of the microstructure of
the milled MgH2 powder. The TEM analysis was limited to the sub-µm particles
since the larger ones were not electron transparent. The as-received hydride
powder particles could not be analyzed because of their large size. The
observation made from this analysis will apply to the particles that were
pulverized by the milling and hence undergone significant plastic deformation.
Figure 2-4A shows a lower magnification bright field image of a number
of particles in the milled hydride powder. Simulation of the selected area
diffraction (SAD) ring pattern (Figure 2-4B) indicates that the powder particles
are !-MgH2. Some faint continuous rings from the surface oxide are also present
in all the micrographs. On a number of occasions we observed a mixture of ! and
" hydride phases in the milled powder, agreeing with the XRD data. However, the
" hydride was by far a minority phase in the microstructure.

!

25!

Chapter 2- TEM Analysis & Sorption Properties of Milled MgH2 Powder

Figure 2-3- Particle size distributions of the as-received, milled and milled and 16hrs annealed
MgH2 powders.

The two common features of the grain structure of the milled powders
were irregularly shaped grains of various sizes and larger grains containing nanoscale twins. Figure 2-5 shows an example of a larger !-MgH2 crystallite
(arrowed). The dimension of this particular grain was almost an order of
magnitude larger than the mean value reported by XRD, though other grains with
comparable dimensions were also observed. Similar grains, of varying
dimensions, are the most commonly observed feature of the microstructure. The
grain shows mottled (non-uniform, blocky) contrast, previously reported for
highly deformed ionic minerals such as phyllosilicates [15, 16].
Figure 2-6 shows an example of an area with a high population of nanoscale twins. Some of these twins are imaged in dark field, using a portion of the
streaked twin reflection, arrowed in the SAD. The presence of twins was the
prominent feature of the ball-milled microstructure. Researchers have reported
twins in ball-milled intermetallic Mg2NiH4 [17]. To our knowledge, twins have
not been previously observed in ball-milled magnesium hydride powders.
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Figure 2-4- TEM micrographs of the milled MgH2 powder: (A) Bright field image of a cluster of
powder particles, (B) corresponding diffraction ring pattern with !"MgH2 simulation.

Figure 2-5- TEM micrographs of the milled MgH2 powder: (A) Bright field image, (B) dark field
micrograph, obtained using g = 020 , of the same area highlighting a typical !-MgH2 grain within
an individual particle (C) corresponding indexed !-MgH2 SAD.
!

Figure 2-6- TEM micrographs of two overlapping milled !-MgH2 powder particles: (A) Bright
field micrograph; (B) Dark field micrograph highlighting the presence of multiple twins, obtained
using the streaked twin reflection (arrowed in (C)).

!

27!

Chapter 2- TEM Analysis & Sorption Properties of Milled MgH2 Powder

In addition to areas containing a high density of twins, some grains contained
isolated twin segments. This is illustrated in Figure 2-7. The arrow in the bright
field – dark field pair point to the same region where an isolated twin was imaged
in dark field using a streaked portion (arrowed) of the 110 !-MgH2 ring pattern.
The streaking confirms the high aspect ratio morphology of the imaged crystal.
The microstructure of the milled and annealed powders is shown in
Figures 2-8 to 2-13. Figures 2-8 to 2-10 depict the microstructure of the 2 hour
annealed specimens, while Figures 2-10 to 2-12 depict the 16 hour annealed
specimens. The annealed powders were noticeably more stable under the electron
beam than the milled powders.
Figure 2-8 demonstrates that the annealed microstructure mostly consisted
of nano-scale !-MgH2 grains. Similar to the milled powder, the grains ranged in
size, and were often significantly larger than the reported XRD mean. As
mentioned in the Experimental section, the presence of twins in the microstructure
may drive the XRD grain sizes to lower values than what would be directly
observed by TEM. TEM analysis detected only a trace amount of "-MgH2 phase
in the annealed powders. The " phase was not present in sufficient quantities to be
detected by XRD.
Figure 2-9 indicates that twinned sections are still present after 2 hours of
annealing. However, they were detected far less frequently after the annealing. A
general trend that is observable when comparing the two batches is that the
twinned sections detected after annealing were coarser than in the as-milled
powders. This can be observed when comparing Figure 2-9 and Figure 2-7, which
show twins at the same magnification.
Figure 2-10 shows the same area depicted in figure 2-9, but after a longterm exposure to electron beam. The hydride phase has transformed to a
combination of Mg and MgO phases, as observed in the resulting diffraction
"

pattern. Dark filed imaging, using a portion of 0111 reflection ring of Mg, reveals
that the desorbed grain structure is in a pronounced contrast with the initial grain
morphology of the hydride phase. The magnesium grain size is substantially
!
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smaller than the parent hydride phase. This observation is in agreement with the
literature [10].

Figure 2-7- TEM micrographs of the milled !-MgH2 powder demonstrating the presence of nanoscale twins within individual grains: (A) Bright field image; (B) Dark field micrograph of the same
area; (C) corresponding SAD of !-MgH2. Arrows point to the same location in both images and to
the portion of the 110 ring pattern used for dark field imaging.
!

Figure 2-8- TEM micrographs of the milled and 2 hour annealed MgH2 powder: (A) Bright field
micrograph; (B) Dark field micrograph demonstrating the presence of powder particles that are
essentially a single crystal. The dark-field image was obtained using the arrowed portion of the
011 !-MgH2 reflections (C).

Figure 2-9- TEM micrographs of the milled and 2 hour annealed MgH2 powder: (A) Bright field
micrograph; (B) Dark field micrograph, obtained using a portion of the 011 !-MgH2 ring pattern,
highlighting the presence of twins (arrowed); (C) corresponding SAD.

!
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Figure 2-10- TEM micrographs of the the same area observed in figure 2-9 after a long exposure
to electron beam: (A) Bright field micrograph; (B) Dark field micrograph, obtained using a portion
of the 01-11 Mg ring pattern, showing the fine grain structure of Mg; (C) corresponding SAD. The
simulation corresponds to Mg ring pattern. Some rings of MgO can also be observed.

Figure 2-11 shows an example of a relatively large !-MgH2 single grain in
the 16 hour annealed microstructure. The grain did not display twins. Since the
grain was far from a symmetric zone axis we were able to image the surface
magnesium oxide without the interference of any hydride reflections (See Figure
2-10C). The rings in the SAD are continuous, indicating no preferred texture and
a very fine grain size. The individual oxide grains imaged in Figure 2-10C were
truly nanoscale, being on the order of single nanometers.
Figure 2-12 shows a series of fine !-MgH2 grains, which were imaged
using a portion of SAD ring pattern. The scale of these grains is similar to the
mean value reported by XRD. Another feature of the milled and 16 hour annealed
microstructure is the occasional presence of coarse twinned sections. Figure 2-13
shows a bright field – dark field pair of an individual hydride grain, taken near the
[001]! zone axis. The dark field image indicates that there is a section of the grain
(arrowed) that has a different orientation from the rest of the grain. This section’s
morphology is consistent with that of being a twin, rather than a separate grain. Its
size is much larger than the twins, which were observed in the as-milled material.
From the TEM data we can obtain the grain area distributions in the milled
and in the milled and 2 hour annealed powders. Figure 2-14 presents histograms
of the grain area distribution of both batches, measured from dark field TEM
micrographs using !-MgH2 reflections. The two distributions look similar, except
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for the higher frequency of the large grains in the annealed microstructure. There
is a difference in the average grain boundary area per grain between the milled
and annealed samples: 65 nm2 versus 586 nm2.

Figure 2-11- TEM micrographs of the milled and 16 hour annealed MgH2 powder: (A) Bright field
micrograph; (B) dark field micrograph, obtained using g = 110! reflection; (C) dark field
micrograph obtained using a portion of the 002 MgO ring pattern (first continuous ring), and; (D)
corresponding SAD.

Assuming a spherical grain size yields average grain diameters of 4.5 and
13.5 nm. However, observing the area distribution histogram it is evident that the
majority of the grains (first two sets of bars) are in the same range. It is the
minority presence of larger grains that drives up the average values in the
annealed powder.
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Figure 2-12- TEM micrographs of the milled and 16 hour annealed MgH2 powder: (A) Bright field
micrograph; (B) dark field micrograph, imaged using a portion of the 110 !-MgH2 ring pattern,
showing several nano-scale !"MgH2 grains; (C) Corresponding SAD.

Figure 2-13- TEM micrographs of the milled and 16 hour annealed MgH2 powder: (A) Bright field
micrograph; (B) Dark field micrograph, imaged using g = - 110 reflection, showing a large
individual ! grain with a coarse twin segment which appears dark (arrowed); (C) Corresponding
SAD.
!

Figure 2-14- Histograms of the individual grain areas for the milled and the milled and 2 hour
annealed powders, obtained from dark field micrographs.
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2-4- Discussion
It is instructive to consider the ways in which milling may enhance
hydrogen desorption. For desorption to occur, the hydrogen ions must diffuse to a
surface where they must re-associate into molecules. Meanwhile, metallic
magnesium must nucleate and grow in place of the hydride. Any of these three
steps may be the rate limiting. Since this study was limited by the difficulty of
characterizing the as-received powders in sufficient detail we are cautious not to
provide a statement regarding which combination of the microstructural features
are essential for enhanced desorption. However, what we do know is that the
enhanced hydrogen desorption that is achieved through mechanical milling is
almost completely lost through a high temperature hydrogen anneal.
Two factors that will have some influence on the onset of desorption are
the presence of the thermodynamically unstable gamma phase and the break-up of
surface oxide and hydroxide. The thermodynamically unstable !-MgH2 phase,
present after milling, should transform to magnesium faster than the remaining "MgH2 [3]. However, this phase was only present in trace amounts and should not
influence the entire DSC/TGA desorption curve. Researchers who detected this
phase also observed a minor secondary low-temperature peak in the DSC data [3],
which we did not. Though the powders had nearly identical air exposure prior to
the DSC/TGA analysis, it is conceivable that the oxide/hydroxide re-grown on the
freshly cleaved surfaces may not be as thick or as tenacious as the one formed on
the as-received samples. It is also possible that the surface steps created by the
passage of the dislocations during the milling cycle may act as preferential
catalytic sites for hydrogen re-association: a step believed by some researchers to
be the rate limiting phenomena for hydrogen desorption in MgH2 (see reference
[18] and the citations therein). However, the higher desorption temperature of the
annealed powders implies that the native oxide alone cannot account for these
differences.
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Our experiments show that milling has a tremendous effect of changing
the particle size, while the subsequent anneal coarsens the particles only
incrementally. The drastic change in the particle size is quite expected since the
as-received hydride particles are generally - though not entirely - brittle. A
reduced particle size would tremendously increase the surface area available for
hydrogen recombination. However, we see that in the annealed samples of similar
surface area, the enhanced sorption is lost. This implies that increased surface area
alone does not guarantee better kinetics.
Milling also provides a fairly modest change in the average grain size. Infact, the grain size reduction in the milled samples may not be as significant as the
x-ray analysis indicates since the milled samples may have a higher density of
deformation twins. Any changes in the grain size are likely to be due to repeated
transgranular particle fracture during milling. While dynamic recrystallization is
another known mechanism for grain size reduction during high-energy milling
[19], it is unlikely to be responsible for the grain size reduction in the hydride. In
an argon environment with essentially negligible partial pressure of hydrogen
(glove box), thermodynamics would favor the nucleation of magnesium
accompanied by the release of hydrogen, rather than the re-nucleation of the
magnesium hydride.
The reduction of grain size would shorten the diffusion distance of
hydrogen to the !-MgH2 grain boundaries and increase the number of high
diffusivity paths to the surface. Twin interfaces may have a similar effect in acting
as fast diffusion paths. Similarly, dislocations introduced by milling may provide
for additional pipe diffusion. However, since the annealed samples have a similar
grain size to the milled ones, we can conclude that a sole increase in the grain
boundary density is not enough to enhance desorption.
Another possible contribution to the lower MgH2 desorption temperature
in the milled state is the stored enthalpy given off due to the elimination of
dislocations, a secondary effect being the elimination of twins. In heavily coldworked materials dislocations are known to be a significant source of released
energy [20]. It is instructive to consider the total contribution to the enthalpy from
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the elimination of dislocations. The slip systems in !-MgH2 have not been
determined experimentally. However, we can reasonably assume that they are
analogous to Rutile (TiO2) [21] (the prototype for !). A possible Burgers vector b
is <001>, which equals 0.302 nm for !-MgH2. Other slip systems would yield
Burgers vectors similar in magnitude. The x-ray microstrain e may be related to
dislocation density " and the grain size D by the following relation [22]:
!
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Using the values of 11 nm for D and 5.6#10-4 for e yields a dislocation
!
density of 1x1015 /m2 and a dislocation spacing of 31 nm. Since a microstructure
contains a distribution of grain sizes, a dislocation spacing of 31 nm implies that
smaller grains contain either one or no dislocations.
The stored energy is the product of the energy of one dislocation and the
dislocation density [20]. The energies of screw and edge dislocations are
discussed in detail by Hirth and Lothe [23], and can be approximated by the
following expression assuming an average population of edge and screw
dislocations [20]:
!
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!
R is the upper cutoff radius and may be taken as half the separation
!
between dislocations [23]. The inner cutoff radius R0 is taken as 4b. The shear
modulus G and Poisson’s ratio $ are calculated from the published elastic
constants of !-MgH2 [24], to be 25 GPa and 0.42 respectively. The final result,
calculated for the given dislocation density, is an enthalpy of 236 J/mol, a value in
agreement with previous reports on heavily cold-worked nanocrystalline
materials, e.g. [25]. If this energy was on the same order of magnitude as the heat
of hydride formation, one could argue that the release of cold-work adds a
!
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significant driving force to the hydride => metal transformation. However, 236
J/mol is miniscule compared to the 75 kJ/mol heat of formation for !-MgH2 [26],
indicating a negligible thermodynamic contribution.
An alternative role for the dislocations introduced by the milling process is
to act as heterogeneous nucleation sites for the magnesium phase. It is known that
the transformation of !-MgH2 to Mg proceeds through nucleation of many Mg
crystallites in place of a single hydride grain [10]. There is a 15.7% volume
decrease upon dehydrogenation and a corresponding tensile strain associated with
precipitation of the metal. By nucleating on the positive edge component of the
dislocation, some cancellation of the opposite sign stresses occurs and the
magnesium metal nucleation barrier is reduced. A finer nano-scale grain size may
also alter the thermodynamic stability of the hydride through the well-known
Gibbs-Thomson effect. A similar argument could be made regarding nano-scale
twins acting as heterogeneous nucleation sites and possessing a reduced
thermodynamic stability.

2-5- Summary and Conclusions
We analyzed the microstructure of a high-energy mechanically milled
magnesium hydride (!-MgH2) powder. The powder was milled for 30 minutes in
an argon environment, with half of the batch being subsequently annealed at 400
°C under pressurized hydrogen. The as-milled sample displays a hydrogen
desorption temperature roughly 45 °C lower than the annealed powder. The
sorption enhancement is reduced when the milled powders are annealed for 2
hours, and completely lost when the anneal lasted 16 hours.
For microstructural analysis, we focused on powder particle size and
distribution, grain size and morphology, and defect density and type. The effect of
milling was a tremendous reduction in the powder particle size, a creation of a
multi-modal particle size distribution, and an introduction of significant
microstrain into the hydride. The hydride grain size was also reduced by a factor
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of two by the milling process. Post-milling anneals eliminated the microstrain,
doubled the grain size and smoothed the particle size distribution.
Using a cryogenically-cooled liquid nitrogen sample holder we were able
to successfully image the milled hydride microstructure using TEM. This has not
been previously possible since at ambient temperatures the hydride is extremely
unstable under the electron beam. We were able to image the individual hydride
grains within the powder particles and compare grain boundary area distributions
in the milled and the annealed powders. TEM analysis indicated that the as-milled
microstructure contains nano-scale twins, which are reduced in density and
coarsened by annealing.
An analysis of the energy associated with the stored strain indicates that
the additional energy associated with the accumulated dislocations cannot
significantly alter the thermodynamics of hydride dissociation. Rather, we believe
that both the dislocations and the nano-scale twins influence the kinetics of the
process.
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Chapter 3
Analysis of Deformation Twins and the
Partially Dehydrogenated Microstructure in
Nanocrystalline Magnesium Hydride
(MgH2) Powder

A version of this chapter has been published in: Danaie M, Tao SX, Kalisvaart P, Mitlin
D. Acta Materialia 2010; 58(8): 3162-3172.
DOI: http://dx.doi.org/10.1016/j.actamat.2010.01.055

3-1- Introduction
Magnesium hydride (!-MgH2) with its low cost and high gravimetric hydrogen
capacity (7.6 wt.%) is a useful material for hydrogen storage applications in stationary
fuel cells, where its high thermodynamic stability is less of an impediment. However, a
key drawback is the hydride’s sluggish hydrogenation/dehydrogenation kinetics,
especially after prolonged sorption cycling. Numerous theoretical and experimental
studies have been recently conducted to attempt at addressing this critical issue, e.g. [1, 2,
3, 4, 5, 6, 7]. Bloch and Mintz [8] provide a good summary of the early views on the rate
limiting kinetics of the magnesium hydride. Several rate-limiting mechanisms have been
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proposed: 1) the slowness of the Mg-MgH2 phase boundary movement due to slow
diffusivity of the hydrogen ions primarily through the hydride but also perhaps through
the metal [9, 10, 11]; 2) the diffusion of hydrogen along a metal-hydride interface [12]; 3)
surface passivation/poisoning due to adsorbed oxygen or sulfur-containing species [8]; 4)
the high activation energy of hydrogen dissociation/re-association on MgH2 surface [13].
The measured activation energy for desorption can be (and has been) attributed to
any one of these mechanisms. For example, it is well known that the activation energy for
hydrogen recombination on pure ! (Rutile) MgH2 is relatively high. The literature-quoted
values include 144 kJ/mole and 172 kJ/mole (see reference [13] and the citations therein).
Activation energy of 160 kJ/mole was also recently reported to correspond to hydrogen
diffusion through the !-MgH2 phase being the rate-limiting step in desorption [11].
Moreover recent modeling work also indicates that because of the interdependence of
hydrogen diffusion and dissociation mechanisms a single rate limiting step may not exist
at all [14].
High-energy ball milling of MgH2 is known to significantly improve this
hydride’s desorption kinetics [15]. This effect has been attributed to various
characteristics of the processed powder. Reduction in particle size below a threshold
value [16, 17], reduction of particle and grain size [18] (while some researchers report an
adverse effect of decrease in grain size [19]), the formation of a sub-stoichiometric
hydride phase [20, 21], milling-induced formation of the metastable "-MgH2 [16], and
introduction of dislocations [22] are among the proposed explanations for this
phenomenon.
Even the actual mechanism of MgH2 to Mg (and vise versa) phase transformation
is poorly understood. A number of researchers have utilized the Johnson-Mehl-Avrami
(J-M-A) isothermal kinetics framework for nucleation and growth (NG) phase
transformation in order to gain insight regarding hydrogenation and dehydrogenation [9,
11, 23]. The results based on J-M-A methodology often provide multiple or even
contradictory nucleation and growth scenarios. Some researchers also postulate that a
diffusion-limited “shrinking-core” model would better simulate the hydrogen sorption
transformations in Mg and in MgH2 [e.g. 24].
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Despite literally hundreds of published works on the subject, both the effect of
high-energy milling and the mechanism of the MgH2 ! Mg phase transformation are not
fully understood. This is largely due to paucity of direct and site-specific microstructural
information regarding the hydride, which is very unstable under an electron beam at
ambient conditions. Transmission electron microscopy (TEM) allows for direct analysis
of highly deformed nanocrystalline materials, yielding site-specific information about
phase distribution, defects and crystallography. At ambient temperature high-energy
milled magnesium hydride is extremely unstable under the electron beam, almost
instantly decomposing into a mixture of metallic Mg and MgO upon beam exposure [22].
This has discouraged researchers from using TEM for studying the hydride, instead
concentrating the microscopy efforts on the metallic magnesium or on various secondary
catalyst phases. Rather than TEM, the vast majority of microstructural characterization
on magnesium hydride is achieved via indirect methods such as x-ray or neutron
scattering techniques. These methods are invaluable in achieving an averaged global
insight of the constituent phases and microstructure, but are less useful for tracking sitespecific aspects of phase transformations.
The first goal of this study is to elucidate the effect of high-energy mechanical
milling on the magnesium hydride microstructure by providing direct microstructural
evidence. This will be accomplished by using transmission electron microscopy (TEM) to
characterize the defects and Density Functional Theory (DFT) to model their effect. A
cryogenic sample holder cooled to liquid nitrogen temperature (~90 K) will be utilized
since it allows for TEM analysis of MgH2 powder without rapid beam-induced
decomposition [22] (Also see the Appendix I). The second goal of this study is to gain
mechanistic insight regarding the MgH2 to metallic magnesium phase transformation.
Both conventional and energy-filtered TEM (EFTEM) will be employed to analyze
partially desorbed magnesium hydride. The latter technique is uniquely suited for
analyzing a mixed metal-hydride microstructure, since we are able to conclusively image
the hydride and the metal phases without having to rely on overlapping electron
diffraction patterns.
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3-2- Experimental Procedures
Commercial magnesium hydride (MgH2) powder was purchased from Gelest, Inc.
with 97 wt.% purity, the rest being metallic magnesium. The powder was milled in a
Fritsch Pulverisette 6 planetary ball-milling unit for 30 minutes at 650 rpm rotational
speed. Agate balls and vials, with a ball to powder weight ratio of 10:1 were used for
grinding. Milling was performed in a high purity and dry argon glove box (Unilab glove
box manufactured by Braun, Inc.). The water vapor and oxygen content in the glove box
was less than 0.1 ppm total. After milling some of the powder was subsequently annealed
for 15 hours at 350°C under 30 bar (3 MPa) hydrogen pressure. High purity hydrogen gas
(Hydrogen 6.0 research grade purchased from Welco-CGI gas technologies) was utilized
for annealing. A portion of the annealed batch was subsequently milled again, using
identical parameters as in the first round of milling. Thus a total of three types of samples
were analyzed in this study: 1) MgH2 milled for 30 min, labeled Milled; 2) MgH2 milled
for 30 min and hydrogen annealed for 15 hours, labeled Milled-Annealed; 3) the
preceding sample milled again for 30 minutes, labeled Milled-Annealed-Milled. This
study also refers the As-received MgH2 powder as a comparative baseline. Additional
analysis was performed on Milled hydride specimens that were partially desorbed to lose
3 wt.% hydrogen out of a total theoretical capacity of 7.6 wt.%. This was achieved in a
Sievert’s volumetric apparatus (HyEnergy!) at a temperature of 380°C.
Thermal desorption of powder samples was studied using a differential scanning
calorimeter (DSC), SDT Q600, TA Instruments. All measurements were performed in
standard alumina cups and under a constant flow of pure argon (200 mL/min) to prevent
oxidation. In order to analyze the kinetics of desorption for different powder samples we
performed Kissinger analysis [25]. Based on the theory of non-isothermal iso-conversion
kinetics analysis the following relation holds for the activation energy (E) and preexponential term (k0) for the rate constant k=k0exp(-E/RT):

(3-1)
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where ! is the heating rate (°C/min), Tf " is the temperature corresponding to a specific
degree of completion in the transformation ( f " ) and b is a state variable. For Kissinger
analysis the temperature of the maximal transformation rate ( Tf max ) is of interest and
!
ln " f # can be approximated to be zero. The activation energy is calculated from the slope
!
"
1
! at four different heating rates
of ln 2 versus
. The experiments were conducted
Tf max
Tf max

!

(!: 5, 10, 15, and 20 °C/min). Temperature and heat flow calibrations were carried out at

!

each heating rate value prior to the corresponding experiment. The melting points of two
!
standard samples were used for temperature calibration, zinc (Tm= 419.5 °C) and indium
(Tm= 156.6 °C).
In order to see the effect of milling on the thermodynamics of reaction, enthalpy
of desorption and absorption in two powder samples, Milled and As-received, was
measured using a high-pressure DSC, Q20 TA Instruments. Heating rate of 1 °C/min was
used, starting at four different initial hydrogen pressures. Enthalpy values for absorption
were also measured by gathering DSC signal on cooling down following the desorption
steps. Cooling rate of 5 °C/min was used for absorption steps. Van’t Hoff plots for
desorption and absorption were generated using the temperatures and pressures
corresponding to the onset of corresponding reactions [26].
TEM analyses were performed on two microscopes, JEOL 2010 and JEOL
2200FS, the latter equipped with an in-column energy filter (Omega filter) and both
operating at 200 kV accelerating voltage. TEM samples were prepared by dispersing the
powder samples directly onto copper grid supported amorphous carbon films. This was
done in our argon glove box, where the samples were stored until the microscopy
sessions, reducing the samples exposure to air to the minimum possible. Conventional
bright field - dark field imaging and selected area diffraction were done on the JEOL
2010 microscope using a cryogenic sample holder cooled down to 90 K. the cryo-holder
was used so as to increase the stability time of the hydride phase under the electron beam.
We were able to investigate the microstructure of MgH2 specimens, with minimal
indication of beam-induced desorption, for about 10-15 minutes. The commercial
software Desktop Microscopist" was used for simulating the experimental selected area

!
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diffraction (SAD) patterns, using the well-known space group information for the metal
and the hydride phases.
The JEOL 2200FS microscope, also equipped with a cryo-holder, was used for
energy-filtered imaging (EFTEM) and electron energy loss spectroscopy (EELS)
analysis. In order to characterize the features in the EELS spectra, electron beam-induced
desorption of hydride powder was monitored at ambient temperature, in-situ. EELS
spectra were acquired in image mode and with condenser lens highly defocused, to
maintain a slow rate of desorption of the initially hydride sample. The full width at half
maximum of the zero-loss peak was around the average of 0.9 eV. The spectrometer’s
dispersion was set at 300 !m/eV.
EFTEM experiments were carried out to locate hydride and metal phases, in the
partially desorbed powder sample, by using their corresponding characteristic volume
plasmon features. The slit width of 2 eV was used for selecting different parts of the
EELS spectra. MgH2 is known to have a plasmon peak around 14 eV (14.2 ±0.5 eV in
[27]) while metallic Mg is known to demonstrate a plasmon peak at 10 eV (10.0 ±0.5 eV
in [27]). Series of micrographs were acquired under energy shifts of 10 eV and 14 eV, to
monitor the metal and hydride phases, respectively. In order to minimize the contribution
of diffraction contrast, no objective apertures were used during EFTEM experiments.

3-3- Results
3-3-1- Deformation Twins: Experimental
Figure 3-1 illustrates the outcome of the Kissinger analysis for desorption
activation energy. The calculated values are presented on the side of the graph. The Asreceived hydride powder had an activation energy for desorption equal to 196 kJ/mol.
The calculated activation energy for desorption of the Milled powder sample is 127
kJ/mole. This is in good agreement with previously reported values for ball milled MgH2
powder (for example E=120 kJ/mole in [28]). The Milled-Annealed sample exhibited a
double peak in DSC heat flow signal. While various explanations have been proposed for
the double DSC peak, the Milled-Annealed sample did not contain the high-pressure !MgH2 phase that has been attributed to the lower temperature peak of the doublet [17].
!
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The two peaks did not vary significantly in their activation energy values, with the lower
temperature peak having E = 141 kJ/mol, and the higher temperature peak yielding E =
151 kJ/mol. The Milled-Annealed-Milled sample had the lowest activation energy for
desorption, with E = 100 kJ/mol.

Figure 3-1- Kinetic analysis for the desorption of the three powder samples. Calculated values for
activation energy (E) appear on the right. Activation energy for as-received powder is also presented for
comparison.

Figure 3-2- Van’t Hoff plots generated using high pressure DSC, yielding the following enthalpy of
reaction values: As-received desorption, !H = 78 kJ/mole; As-received absorption, !H = -70 kJ/mole;
Milled desorption !H = 75 kJ/mole; Milled absorption !H = -70 kJ/mole (negative means exothermic).

!
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We also investigated to see whether high-energy mechanical milling
thermodynamically destabilizes !-MgH2. Figure 3-2 shows the resulting Van’t Hoff
plots. There is a quantifiable hysteresis between the hydride formation plateau and the
hydride decomposition plateau. In the As-received state the enthalpy for hydride
formation is -70 kJ/mol while the enthalpy for hydride decomposition is 78 kJ/mol. In the
Milled state the enthalpy for hydride formation is -70 kJ/mol while the enthalpy for
hydride decomposition is 75 kJ/mol. This difference between absorption and desorption
thermodynamics is associated with the asymmetry of the nucleation barrier for the
hydride versus the metal and the irreversible work associated with each [29]. When the
powders are milled the enthalpy for hydride decomposition is lowered by 3 kJ/mol. The
enthalpy for hydride formation is unaffected since all the strain and defects introduced
during the milling of the hydride are eliminated with the nucleation of the fresh metal,
which is subsequently hydrogenated. A reduction of 3 kJ/mol in the enthalpy will have
some affect on the desorption temperature. For example in a rough vacuum with a
hydrogen partial pressure of 0.01 atm, a sample with "H = 78 kJ/mol will begin to desorb
at 190 °C, while a sample with "H = 75 kJ/mol will begin to desorb at 173 °C.
TEM/EFTEM characterization was performed on the Milled, Milled-Annealed,
and Milled-Annealed-Milled batches of the hydride powder samples. The as-received
MgH2 powder was not electron transparent. Figure 3-3 shows a representative
microstructure of the Milled hydride sample. A prominent feature in the milled
microstructure was large density of deformation twins. Figure 3-3A shows a multiply
twinned grain in Milled powder sample, close to a symmetrical zone axis (ZA). Figure 33B shows the selected area diffraction (SAD) pattern obtained from this grain. The
simulation of the diffraction pattern, shown in Figure 3-3C, demonstrates that the ZA is
close to [ 2 12 ] !-MgH2. The twinning plane is (101) while the twinning translation is
!<111>. A schematic twin boundary structure is depicted in Fig. 3-3D. The mirror
symmetry holds for the magnesium cations but not for the hydrogen anions. The twinning
!
geometry agrees with the reported twinning mode in Rutile (TiO2) [30], which has the
same crystal structure as !-MgH2, i.e. P42/mnm (136), and close value for c/a ratio (0.64
in Rutile versus 0.67 in !). The proposed twinning mode also agrees with cryo-TEM
analysis of bulk MgH2 [12], where {011}-type twin boundaries were reported from trace
!
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analysis. It is important to note that the proposed positions of the hydrogen in this
schematic of the twin interface were obtained by assuming the same twinning
displacement as for the Mg atoms. The actual hydrogen locations cannot be confirmed
experimentally by TEM. In fact according to DFT analysis presented in the next section,
the hydrogen atomic positions are slightly displaced relative to what is shown here.

Figure 3-3- TEM analysis of a Milled powder particle: (A) Bright field micrograph; (B) Selected area
diffraction SAD; (C) Simulation of the diffraction pattern which shows that the matrix ZA is close to [-212], and the observed twinning plane is (101). (D) schematic of the twin geometry looking down [010] (ion
sizes not to scale); The numbers show the depth of the ions with reference to (010) plane; TEM analysis of
a Milled powder particle: (E) dark field micrograph obtained using the matrix spot g = -202 !-MgH2; (F)
dark field micrograph obtained using g = 020 !-MgH2 twin reflection.

!
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Figure 3-3E shows a dark field micrograph obtained using the matrix spot g =
2 02 !-MgH2. Figure 3-3F shows a dark field micrograph obtained using g = 020 !-

MgH2 twin reflection. Figure 3-3 demonstrates that all the twins in the grain have the
!

same orientation with respect to the matrix and are densely distributed throughout the
hydride particle.
Figure 3-4 shows the representative grain morphology of the Milled-Annealed
sample. Dark field images of two grains in Figure 3-4B were obtained using a 110 type
!-MgH2 reflection labeled in 3-4C. The thin faint continuous rings in the diffraction
pattern correspond to MgO, which is always present on the hydride surfaces even at UHV
conditions. Both grains imaged in dark-field show evidence of dislocation slip traces
made in the surface oxide (most visible on top corner of leftmost grain). The dislocations
were introduced by the high-energy milling, but were removed by the heat treatment. We
have observed some remaining deformation twins after milder anneals than the one
utilized in this study. In those cases the twins were always much coarser in scale and
spacing than that in the initial as-deformed microstructure. The annealing performed here
was purposely sufficiently aggressive such that we were sure that the twins would be
eliminated. The conclusion that the annealed hydride did not contain any twins was
reached after an exhaustive TEM examination of over 200 particles, taken from two
different Milled-Annealed batches.
Figure 3-5 demonstrates the hydride microstructure when the powder is milled for
another 30 minutes following the annealing cycle (Milled-Annealed-Milled sample). An
arrow points to the same area in the bright field and the dark field micrographs where two
twinned grains show strong diffraction contrast. We can now confidently state that in
addition to increasing the dislocation density and refining the grain size, high-energy
mechanical milling induces deformation twinning in !-MgH2.

!
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Figure 3-4- TEM micrographs of Milled-Annealed powder sample: (A) bright field micrograph, (B) dark
field micrograph obtained using g = 110 !"MgH2 reflection; (C) corresponding SAD pattern.

Figure 3-5- TEM micrographs of several Milled-Annealed-Milled powder particles: (A) bright field
micrograph, (B) dark field micrograph obtained using a portion of the 110 !-MgH2 ring pattern (C)
diffraction pattern and simulation of !-MgH2. Arrow points to the same area in the bright field and the dark
field micrographs where two twinned grains show strong diffraction contrast.

!
3-3-2- Thermodynamic Stability of Deformation Twins: DFT
!
We performed Density Functional Theory (DFT) simulations to examine the
thermodynamic stability of deformation twins in !-MgH2. All calculations were
performed using DFT as implemented in the Vienna Ab-Initio Simulation Package
(VASP) [31, 32]. The Kohn-Sham equations were solved using a basis of Projector
Augmented Wave-functions with a plane-wave energy cut-off 300 eV [33], and using
pseudopotentials [34] to describe the core electrons. The Perdew-Wang 1991 generalized
gradient approximation was used for the electron-exchange correlation potential [35]. A
total of 13x13x13 k points were used to model the Brillouin zone for the four metal unit

!
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cell structures. With this number of k points, the influence of the distribution of the k
points on the calculated total energies became less than 0.02% and therefore this number
of k points was deemed sufficiently large. For larger cells k points were scaled down
proportionally, e.g. for a lattice parameter of double length, only half number of k points
were required. Therefore for eight and sixteen metal cells (see Figure 3-6B and C, z axes
were doubled and quadrupled), 13x13x7 and 13x13x3 k points were used. For all
structures the lattice parameters, the volume and the atom positions were allowed to
relax. The formation energies are defined as, "H f = E MgH 2 # E Mg(hcp ) # E H 2 where E MgH2 ,
E Mg(hcp ) and E H 2 are energies obtained from their respective calculations, normalized to

the number of metal atoms present in
! the unit cell. At H/M=2, as is the case
! in our study,
!

this is the same as normalization per H2 molecule.
!

Figure 3-6- Multiple deformation twins. In order to highlight the twin structures (the black lines), supercells
are shown. (A) Four metal atoms cell with 100% deformation twins (2x2x2 supercell); (B) Eight metal
atoms cell with 50% deformation twins (2x2x1supercell); (C) Twelve metal atoms with 33% deformation
twins (2x2x1 supercell).

The optimized Rutile MgH2 (i.e. !-MgH2) structural data are shown in Table 3-1.
Figure 3-7A presents the optimized twin structure in !-MgH2. Notice the slight variation
in hydrogen atoms positions from what we anticipated, by only considering the geometry
of shear, in Figure 3-3D. Figure 3-7B marks some of the atomic positions, referred to in
Table 3-1. In !-MgH2 the hydrogen ions are arranged approximately octahedrally around
the magnesium ions, which in turn are arranged trigonally around the hydrogen ions. The
calculated formation energy of Rutile MgH2 is -77 kJ/mol (with ZPE correction), which
is well within the range reported in literature, e.g. [29]. Three cells (Figure 3-6A, B and
!
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C) are considered to model different density of multiple deformation twins, i.e. (A), (B),
and (C) are with 100%, 50%, 33% of deformation twins in the cells. The calculated
formation energy for all of three cells is the same as for !-MgH2 (77 kJ/mol). Therefore
even an unrealistically high density of deformation twins does not thermodynamically
destabilize the hydride.

Figure 3-7- (A) The optimized structure of twinned !-MgH2. (B) A side view of the twin interface.

Table 3-1- The crystal data for Rutile MgH2 and deformation twin MgH2. The calculated lattice constants
and interatomic distances. Unit is Å.

Rutile
Twin
Lattice constants
a=4.45, c=2.99 a=5.37, b=4.90, c=4.44
Mg-H 1.94, 1.94, 1.92
1.98, 1.93, 1.90
2.72 (ac)
Interatomic distances
2.63(ab)
H-H
2.46 (ab)
2.69(ac)
3.22 (be)

3-3-3- Partially Desorbed Microstructure: Experimental
Figure 3-8A shows the Electron Energy Loss Spectra (EELS) of the hydride phase
and its time-resolved evolution during in-situ room temperature desorption in the TEM.
The !-MgH2 volume plasmon peak is around 14.7 eV. Desorption starts to occur after a
short time. This is accompanied by the appearance of the volume plasmon peak
corresponding to metallic Mg that is around 10.7 eV. Metallic magnesium having a

!
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higher density of “free” electrons, as compared to the ionic MgH2, exhibits a plasmon
peak with smaller full-width at half maximum. With increasing the exposure time the
14.7 eV peak diminishes and the 10.7 eV peak grows in intensity. After 574 seconds of
beam exposure the particle is devoid of any hydride phase (red plot in Fig. 3-8A). The
peak around 21 eV is due to plural plasmon scattering in resulting magnesium phase. The
broad peak around 22-26 eV can be attributed to plural scattering in MgH2 (~28 eV),
potential MgO phase (~23 eV [36]), or carbon volume plasmon (20-34 eV [37]) from the
support thin film.
The temporal evolution in the microstructure can be further traced by constructing
EFTEM micrographs of the plasmon peaks. Micrographs presented in Figure 3-8B show
the stages of beam-induced desorption of a hydride particle by using the Mg plasmon and
the !-MgH2 plasmon energy shifts. Initially the bulk of the particle is fully MgH2. There
is some evidence of metal Mg formation near the particle surface. After about 400
seconds of electron beam exposure, the majority of the particle has transformed into Mg,
with some hydride left near the particle center. While it may be argued that this is strong
evidence of the “core-shell” morphology that has been proposed for both desorption and
absorption in MgH2 [24], as we will show it is not representative of the ex-situ elevated
temperature dehydrogenation sequence.
The EFTEM results of partially desorbed Milled sample are presented in Figures
3-9 through 3-12. In all cases the bright field micrograph is labeled (A) while the 10 eV
(Mg plasmon peak) and the 14 eV (MgH2 plasmon peak) energy filtered micrographs are
labeled (B) and (C), respectively. Figure 3-9 depicts a large partially desorbed hydride
particle along with several smaller satellite hydride particles. In this partially
dehydrogentated state (roughly 40% of the hydride, by weight, is transformed to
magnesium) there is little evidence for a shell of magnesium that is growing at the
expense of a shrinking hydride core.

!
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Figure 3-8- (A) Time-resolved series of low-energy loss spectra from in-situ desorption of Milled sample;
(B) An example of room-temperature in-situ desorption as observed by EFTEM. Initial state bright field
micrograph is shown in top-center. Left column shows Mg at t ! 0 seconds beam exposure and after 421
seconds. Right column shows MgH2 after 15 and 413 second exposures.

Figure 3-9- Partially desorbed relatively large hydride particle in the Milled condition. (A) bright field
micrograph; (B) Mg - 10eV and (C) MgH2 - 14eV energy-filtered micrographs.

Instead there is an isolated metallic magnesium grain that has formed on the surface of
the large hydride particle. The magnesium grain shows some residual diffraction contrast,
which is unavoidable in the absence of a rocking electron beam feature on the microscope
[38].

!
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Figure 3-10- Another example of a partially desorbed relatively large hydride particle in the Milled
condition. (A) bright field micrograph; (B) Mg - 10eV and (C) MgH2 - 14eV energy-filtered micrographs.

Figure 3-11- Several smaller metal and hydride particles taken from a partially desorbed Milled condition
sample. (A) bright field micrograph; (B) Mg - 10eV and (C) MgH2 - 14eV energy-filtered micrographs.

Figure 3-12- Another example of smaller metal and hydride particles taken from a partially desorbed Milled
condition sample. (A) bright field micrograph; (B) Mg - 10eV and (C) MgH2 - 14eV energy-filtered
micrographs.

Figure 3-10 confirms this mechanistic picture: one or several metallic magnesium grains
having heterogeneously nucleated on the surface of a large hydride particle. Meanwhile a
large portion of the particle including other regions near its surface, remain a hydride.
Figures 3-11 and 3-12 show the other scenario encountered in the partially desorbed
!
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specimens: Smaller particles that are either fully transformed to metal or remain fully
hydrided. There again is not evidence for a “core-shell” structure.
!
3-4-Discussion

3-4-1- Effect of Twins on the Thermodynamics and Kinetics of Desorption
Our TEM analysis indicates that high-energy mechanical milling induces a high
density of deformation twins in magnesium hydride powder. This is not surprising since
the two basic prerequisites for deformation twinning [39] are present in this system: First
a non-close-packed (tetragonal) ionic crystal structure with less than 5 independent slip
systems that cannot readily deform by shear. And second a high-strain-rate mode of
deformation inherent to planetary milling process. The critical question to address here is
the significance of the deformation twins with respect to desorption properties of the
hydride powder.
As we showed in Figure 3-1 the effect of milling is most pronouncedly observed
in lowering desorption activation energy. However high-pressure DSC experiments
(Figure 3-2) demonstrated that milling does cause a fairly minor thermodynamic
destabilization. This agrees with the PCT measurements reported by Huot et al. [40].
Previously we have shown that the dislocation density in a high-energy milled MgH2
powder is at the upper limit of highly deformed materials [22] (Chapter 2 of this thesis).
From XRD broadening we calculated the density to be 1x1015 /m2 and a dislocation
spacing of 31 nm. However this resulted in an energy release of only 236 J/mol due to
their annealing - a negligible thermodynamic destabilization. Based on the DFT analysis
performed here we can now safely argue that deformation twins will make a similarly
negligible contribution to the lowering of the enthalpy of hydride decomposition. Most
likely the 3 kJ/mol destabilization comes from a mechanism proposed by Berube and coworkers [1], consisting of high-energy milling inducing localized regions in the hydride
with excess volume.
Our hypothesis is that a significant portion of this enhancement is in fact
attributable to the high diffusivity of the hydrogen ions along the twin boundaries. This
!
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hypothesis agrees well with a recently published NMR study on MgH2-based powder
systems [41]. In this study the authors demonstrated that hydrogen hopping rate (!H) in
ball milled MgH2 powder is drastically higher than that in commercial, coarse-grained
MgH2, even below 225° C. It is also shown that !H is far less temperature-dependent in
milled powder and more closely related to the sample history i.e. the microstructure. We
agree with the ultimate conclusion in Ref [41], stating that the effect of milling on
enhancing desorption kinetics is not simply due to reduction in the diffusion distances.
But rather it has to do with higher hydrogen mobility in ball-milled microstructure.

3-4-2- Partially Desorbed Microstructure
We used EFTEM to examine a partially desorbed (ex-situ, elevated-temperature)
Milled hydride sample and compared the results with in-situ desorption under an electron
beam at ambient temperature. The main conclusion to be drawn from comparing in-situ
versus ex-situ results is that the former is not representative of the latter. Hence in-situ
TEM desorption studies cannot be utilized to understand the true mechanisms of elevated
temperature dehydrogenation.
If metal nucleation were energetically easy one would observe many magnesium
nucleation sites and growth fronts per hydride particle. In the extreme case, when
nucleation is energetically easy but subsequent growth of the metal is diffusion limited,
one would observe a continuous growing shell of magnesium surrounding a shrinking
core of hydride, i.e. a “core-shell”. However the ex-situ results demonstrate the difficulty
of nucleating during desorption. Isolated grains of magnesium formed on a large hydride
particle signal heterogeneous nucleation with a large energetic barrier. The small hydride
particles that are either fully transformed or non-transformed also imply heterogeneous
nucleation. From these results we can rule out “growing metal shell and shrinking
hydride core” model for dehydrogentation of MgH2.
It is known that the strain energy associated with a solid-state phase
transformation impedes the progression of the reaction. In case of a ductile matrix, plastic
deformation can dissipate some of this elastic energy. This happens in the case of hydride
precipitation in metals (see for example [42] for Nb-H system and [43] for Zr-H system),
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where a network of dislocations is nucleated around the hydride precipitate. These
dislocations can also potentially later act as preferential sites for heterogeneous
nucleation. The phase transformation from MgH2 to metallic Mg is accompanied by a
significant reduction in volume (24.6%), generating large strain energy in the process. It
is unlikely that !-MgH2 would easily yield during bulk nucleation of magnesium. This is
especially true for the powders that are already heavily deformed by milling. Hence
heterogeneous nucleation on exposed surfaces is the preferred mechanism.
Many factors may lead to some particles desorbing preferentially. One such factor
is the crystallographic orientation of the grains relative to the surface and hence to the
nucleating magnesium crystallite. Schober has shown that during nucleation and growth
Mg and MgH2 maintain the following orientation relation [12]: (100)MgH2 || (0001)Mg
and [001]MgH2 || [-1-120]Mg. Surface nucleation on magnesium should begin where the
(100) and (010) faces of MgH2 are exposed to the surface. The grain-to-grain variation in
the density of deformation-induced defects and their orientation relative to the surface
may also be a factor. Another factor may be particle-to-particle variations in the structure
or intactness of the nano-scale MgO layer that always covers the MgH2 [44]. Unintended
minority catalytic phases may also play a role such as residual magnesium oxide particles
that are inherited from the as-received powder. It has been shown that direct milling of
MgH2 with MgO powder can yield improved desorption kinetics [45]. Even a minute
volume fraction of oxide ground to nano-scale dimensions and dispersed throughout the
microstructure may give a significant catalytic boost to the hydride particles that are
contacted. Again, any of these factors would become important only when uniform and
dense nucleation of magnesium is difficult.
Finally we would like to point out that the two key findings of this study deformation twins and magnesium nucleation - provide for a fairly consistent
phenomenology of MgH2 " Mg phase transformation. The behavior is analogous to
what is observed during solid-state precipitation in bulk metallic alloys. Nucleation of a
chemically and crystallographically dissimilar phase with a different density than the
parent matrix is difficult, proceeding heterogeneously on surfaces and on high-energy
defects such as high-angle grain boundaries. In bulk alloys there are relatively more grain
boundaries than free surfaces. In the hydride powder the situation is reversed since many
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smaller particles are single crystal. In cases when the geometric spacing of such defects is
relatively coarse, so will be the spacing of the nuclei. The critical process that allows for
the rapid completion of this thermodynamically favorable but kinetically limited reaction
is solid-state diffusion. A sufficient flux of atoms or ions towards or away from the
growing nucleus is essential. The observed twins may promote fast hydrogen transport
away from the growing magnesium front, allowing the heterogeneously nucleated
magnesium grains to fully consume MgH2 at a faster rate. This is a secondary and
complementary pathway for eliminating hydrogen from the matrix in addition to its
interstitial diffusion through the growing metal and along the interphase-interface.
!
3-5- Summary and Conclusions
In the present study we used TEM to examine the microstructure of high-energy
planetary ball milled as well as of partially desorbed MgH2 powder. The focus was on
understanding the nature of crystallographic defects induced by high-energy ball milling
and the mechanism of dehydrogenation. TEM analysis demonstrates that milling MgH2
powder causes deformation twinning in the hydride. An annealing heat treatment under
pressurized hydrogen eliminates the twins, while a subsequent milling cycle induces their
presence again. The observed mode was (011)-type twin planes with the twinning
directions being 1/2<111>.
High-energy mechanical milling results in a minor (3 kJ/mol) thermodynamic
destabilization of !-MgH2. Since DFT predicts that deformation twins do not affect the
thermodynamic stability of !-MgH2, other explanations for this slight destabilization
must be sought. Milling does cause a pronounced decrease in the activation energy for
hydrogen desorption. Our hypothesis is that a significant contributor to the millinginduced kinetic enhancement is due to this higher diffusivity of the hydrogen ions
through the twin boundaries.
We conducted EFTEM studies on partially desorbed milled hydride sample to
investigate the nature of the MgH2 " Mg phase transformation. We also compared these
results to in-situ TEM desorption experiments. The primary conclusion of this
comparison is that the in-situ TEM desorption sequence is not representative of the bulk
!
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elevated-temperature ex-situ dehydrogenation mechanism. The ex-situ results show
aspects of the desorbed microstructure previously unreported: Metallic magnesium
crystallites heterogeneously nucleate on the large hydride particles. The number of nuclei
per particle is few and no evidence exists for a continuous growing shell of metal around
the shrinking hydride core. The smaller particles are either fully transformed to
magnesium or remain entirely a hydride. Several scenarios are proposed for this
observation including the particle-to-particle variations in the crystallography of the
individual grains relative to the particle surface, differences in the structure of the surface
oxide, variations in defect content, or the proximity of residual magnesium oxide phase.
!
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Chapter 4
Hydrogen Storage in Bulk Mg-Ti and MgStainless Steel Multilayer Composites
Synthesized via Accumulative Roll-Bonding
(ARB)

A version of this chapter has been submitted to International Journal of Hydrogen
Energy (List of authors: Danaie M, Mauer C, Mitlin D, Huot J, Date submitted: 24
August 2010), Manuscript reference No.: HE-D-10-02104

4-1- Introduction
Magnesium hydride has long been considered a potential candidate for solid-state
hydrogen storage, due to its relative high hydrogen capacity (7.6 wt.%) and abundance.
Aside from the excessive thermodynamic stability of this hydride (!Hf= -77 kJ/mole), the
main obstacle has proven to be its slow hydrogen desorption and absorption kinetics.
Numerous theoretical and experimental studies have been recently conducted to attempt
at addressing this critical issue, e.g. [1, 2, 3, 4, 5, 6]. This sluggish kinetics has been
attributed to numerous factors, e.g. high activation energy for hydrogen dissociation and
recombination on MgH2 surface [7], low diffusivity of hydrogen through the hydride
phase [8], and slow mobility of the hydride/metal inter-phase interface during the phase
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transformation [9]. The focus of many studies has been to incorporate a suitable catalyst
via different methods into the magnesium matrix in order to enhance the reaction
kinetics.
The majority of the experimental studies in this field have used high-energy ball
milling to add the catalyst material to the magnesium powder. Even though this approach
has been invaluable in identifying viable catalyst systems, its prospects for scale-up to an
industrial level seem highly difficult and expensive (See [10] and references therein).
Due to exposure of large surface area of the storage media in this powder-based
technique the milling process has to be performed under controlled atmosphere, which
can be very challenging on an industrial scale. Also moving from a batch-scale process to
a continuous procedure is difficult to implement for ball milling. It would be more
convenient to take advantage of a technology, which is already widespread in the
industry, with existing sub-structure and know-how.
It is with the above-mentioned rationale that few groups have approached cold
rolling as an alternative route for manufacturing hydrogen storage composite systems.
Accumulative roll bonding (ARB) is a method for preparing ultra-fine grain structures in
metals and alloys [11]. This technique involves repetitive cold rolling and folding of a
single-phase metal [12] or an alloy in order to reach a refined grain structure. The same
methodology was later put to use for preparing bimetallic composites, mainly for
structural applications [13]. Repetitive cold-rolling and folding has recently been
demonstrated to be also pertinent for various hydrogen storage related applications,
including catalyst addition (Mg-2.5 at.% Pd [14]),formation of intermetallics (Mg6Pd [15,
16, 17], Mg2Cu [16], Mg17Al12 [18], Mg2Ni [19, 20]) and also preparation of alloy
systems (Ti-Cr [21], Ti-V-Mn [22]). It has also been demonstrated that Mg2Ni prepared
via repetitive rolling can operate as the negative electrode for Ni-MH batteries [23].
As-synthesized alloys and composites for hydrogen storage applications generally
show much slower hydrogen sorption kinetics during the initial hydrogenation cycle, as
compared to the subsequent cycles. This is certainly true for the magnesium-based
systems. The term “activation step” has come to describe this initial induction period,
highlighting the fact that the kinetics is not acceptable for actual functional utilization of
the material. Research done on understanding the mechanisms involved in this activation
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step is relatively sparse. As for non-catalyzed activation of pure magnesium, it has been
suggested that the thermally induced rupture of the surface oxide layer, which occurs at
around 400°C, is conducive to activation [24]. Also there are indications of the
significance of texture on the kinetics of activation, with a preferred orientation close to
[0002] showing a faster activation [25].
The goal of the present study is to further explore the possibility of synthesizing
bulk magnesium-based hydrogen storage materials with acceptable kinetics. To achieve
this we use repetitive cold rolling to fabricate magnesium - titanium and magnesium stainless steel multilayer composites. Our aim is to utilize a synthesis approach that could
translate into industrial production with minimal additional modification. In essence what
this means is that all the material handling is to be performed in ambient conditions,
without any inert atmosphere. In parallel, we seek to use bulk multilayers as a model
system to provide phenomenological insight into the origin of activation. We expect that
the fundamental scientific findings of this study would be fully transferable to more
established “classic” hydrogen storage materials synthesis routes such as high-energy ball
milling.

4-2- Experimental Procedures
Commercially pure magnesium ribbons were cold-rolled and folded for different
number of repetitions with pure titanium. The magnesium starting material was ribbons
about 0.15 mm thick and 3 mm wide, with +99% purity (purchased from Aldrich). The
titanium used was in the form of foils 0.0127 mm in thickness and 99.8% in purity (from
Alfa Aesar). The Ti foil and Mg ribbon were cut in proportions to yield the desired
composition. After cleaning all surfaces with acetone, the Ti foil was wrapped around Mg
ribbon and placed between two clean stainless steel plates (~1mm in thickness) and
passed through the rolling machine. For rolling we used a Durston DRM 100 with rolls of
6.5 centimeters in diameter and 13.0 centimeters in length. For all cases the rolling speed
of 20 revolutions per minute was used. After the first rolling pass, the sample was folded
in half, placed between the steel plates and rolled again. This was repeated by gradually
reducing the rolling gap. After reaching a homogeneous-looking, single piece sample the
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roll spacing was kept constant. Hence the thickness of the sample would be reduced to
about its half on each fold and rolling cycle (designated here as: 1 FR). The final
thickness of each of the samples was around 0.7 mm. Care was taken to maintain clean
working surfaces during sample preparation. All sample handling and preparation was
performed at ambient conditions.
We also prepared fold-and-rolled samples of magnesium with 316L stainless steel
(SS) with the same general preparation procedure. The only difference, however, was that
the SS samples were in the form of elongated flakes, which were 7 mm in length and
about 0.2 mm in thickness.
For Mg/Ti samples, we first varied the composition – refer to table 1- keeping the
number of folding and rolling (FR = 15) and gap distances in rolling constant. Secondly,
for the composition Mg- 22 at.% Ti (relative volume fraction of 82.3 Vol.% Mg) we
varied the numbers of FR and used four sets of FR conditions: 15, 30, 50 and 90. For MgSS samples we only utilized the first approach, while keeping the number of FR
operations constant at 15. Table 4-1 summarizes the volume fraction of each phase for
the experiments. Since 316L stainless steel is a multi-component alloy, we will refer to its
volume fraction rather than the more intuitive atomic percent, as is done for the Mg-Ti
multilayers.

Table 4-1- Labeling and respective volume fractions of the 15 FR
titanium and stainless steel samples.
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The hydrogen sorption properties of the samples were tested in a Sieverts’ type
apparatus. All hydrogen sorption and desorption tests were carried out at 350°C, with the
absorption hydrogen pressure set at 2 MPa and the desorption pressure around 0.05 MPa.
The amount of sample used for these measurements was typically around 150 mg.
A Bruker D8-Focus Diffractometer, with Cu K! radiation (" = 1.5406 Å), was
utilized for phase identification, grain size and dislocation density analysis. We
performed a modified Williamson-Hall analysis, taking into account the strain anisotropy
through assigning various contrast factors to different dislocation groups [26, 27]. We
used the software package MWP-fit developed by Ribarik et al. [28, 29] for this analysis.
Transmission electron microscopy (TEM) analysis was performed using a JEOL-2010
TEM equipped with a LaB6 filament and operated at 200 kV. Samples were mechanically
thinned to about 100 µm and then jet polished in a Fischione twin jet electropolisher
(Model 110) at room temperature. 15% (by volume) solution of perchloric acid in ethanol
was used for electropolishing.
We performed scanning electron microscopy (SEM) on the polished cross
sections of the prepared composites. In all cases back-scattered electron (BSE) signal was
used, yielding a compositional (Z) contrast in the final images. In number of occasions
we performed SEM on samples partially absorbed and quenched during their activation
step or after a number of cycles. Since the hydride is very reactive with water, these
samples were polished using an oil-based coolant liquid (Buehler’s Metadi) and diamond
paste. This prevented the decomposition of the hydride in the process of surface
preparation. Scanning electron microscopy was performed on a Hitachi S-3000N
microscope, equipped with a back-scattered electron detector. For all cases the
microscope was operated at 15 kV accelerating voltage.

4-3- Results

4-3-1- Mg-Ti 15FR, Effect of Ti Content
Cross-sectional microstructures of the 15FR Mg-Ti composites with four different
Ti loadings can be found in Figure 4-1. Since we are using back-scattered electron (BSE)
!
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signal for imaging, the titanium shows a brighter contrast compared to the lower atomic
number magnesium matrix. The red arrows on these micrographs mark the trace of the
rolling plane. One can observe that Ti flakes generally follow the rolling direction in
these micrographs. At the two higher Ti content samples (i.e. 22 and 40 atomic percent)
we can discern a layered structure in the Ti phase. This is due to overlap of the Ti foil
onto itself when wrapped around the Mg ribbon before the start of rolling (more likely to
happen for samples with higher Ti content, as can be seen in microsgraphs 4-1(C) and 41(D)). The observed thickness of the layers is close to that of the initial Ti foil.
By applying the multiple whole profile (MWP) fitting analysis to the XRD data of
the Mg-Ti samples we can track the average grain size and dislocation density in the
magnesium matrix (Figure 4-2). In graphs presented in Figures 4-2A and 4-2C the data
for a pure magnesium sample (with no Ti addition), undergone the same fold and roll
process is also presented for comparison. Increasing the Ti content, while keeping the
number of FR constant (15 here) in these composites has no substantial impact on the
average grain size of magnesium (Figure 4-2A), with the volume-weighted average grain
size being in the 80 nm range. Figure 4-2B shows a bright field TEM micrograph of a
typical region within the magnesium microstructure in the Mg-10 at.%Ti composite. The
hole in the top right corner of the sample also contains some MgO left over from the
electrochemical jet polishing process. Unfortunately the secondary Ti phase acted as
coarse inclusions during the electrochemical polishing, making it exceedingly difficult to
obtain sufficiently thin samples for quantitative defect analysis. What Figure 4-2B does
confirm, however, is the presence of very fine Mg grains. Much larger Mg grains, on the
order of 500 nm - 1000 nm, were also occasionally detected within the microstructure.
Since the diffraction peaks present for Ti were limited in number, the fit qualities for the
Ti grain size values were fairly poor.
As for the dislocation density in magnesium (Figure 4-2C), we observe an
increasing trend in dislocation population with increasing the Ti content. The dislocation
density reaches a saturation limit for Mg-22 at.%Ti, and drops off for Mg-40 at.%Ti. Pure
magnesium deformed at low temperatures can undergo partial recovery even at room
temperature [30, 31]. In order for the recovery process to proceed there needs to be a
minimum stored energy to derive the reaction [32].

!

71!

Chapter 4- Hydrogen Storage in Bulk Mg-Ti & Mg-SS Multilayer Composites

Figure 4-1- SEM micrographs showing the as-rolled microstructure of the Mg-Ti samples with different
compositions, all folded and rolled for 15 times. The arrow shows the approximate trace of the rolling
plane. The images are at the same magnification.

This condition seems to be met at 22 at.% Ti addition and 15 passes of folding
and rolling. On the other hand Ti, with higher melting point, requires higher temperatures
for recovery and stores a larger density of dislocations. Figure 4-2D shows the dislocation
density in Ti phase. In the Mg-5 at.%Ti composite, the Ti XRD peaks were too close to
the background to perform a meaningful analysis. The dislocation density values in Ti are
consistently an order of magnitude larger than those in magnesium matrix. In both cases
the reported values for dislocation density is the sum of all three types of dislocations in
the hexagonal crystal system, i.e. Burgers vector types a <2-1-10>, type c <0001> and
type a+c <-2113>.
The hydrogen sorption kinetics of 15FR Mg-Ti composites, with varying Ti
content is presented in Figure 4-3. Identically rolled pure magnesium is not shown since
it displayed negligible hydrogen absorption at the testing conditions. Figure 4-3A
indicates that during the initial hydrogen absorption (i.e. activation), increasing Ti content
yields improved kinetics. This result seems to hold up to 22at.%Ti, with no subsequent
improvement at 40 at.%Ti. On the first desorption cycle (Figure 4-3B) the 22 at.%Ti
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Figure 4-2- Mg-Ti composites with 15FR repetitions but with different Ti content. (A) XRD obtained (via
multiple whole profile fitting) average grain size of Mg as a function of Ti content. (B) Bright field TEM
micrograph of a representative region in the Mg portion of a Mg-10at.%Ti composite. (C) XRD obtained
dislocation density in Mg, and (D) dislocation density in Ti.

sample demonstrates the fastest kinetics. The desorbed capacity is lower than the
absorbed capacity. As will be confirmed by the XRD results, this is due to the irreversible
formation of TiH2, which cannot be desorbed at these testing conditions.
Figure 4-3C and 4-3D show the composites’ performance during the subsequent
absorption and desorption cycles, respectively. The pure Mg-5 at.%Ti data is not shown
since this composite displayed very slow second cycle absorption kinetics, yielding
almost no hydrogen absorption after 4 hours. At capacities less than approximately 1
wt.% hydrogen, the absorption rates of all three composites are quite similar. However
the maximum experimentally achievable capacity of the composites decreases with
increasing Ti content. The Mg-10 at.%Ti demonstrate the highest hydrogen gravimetric
capacity, followed by Mg-22 at.%Ti and finally Mg-40 at.%Ti. During second
desorption, the same held true: The Mg-10 at.%Ti composite was able to desorb the most
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Figure 4-3- Hydrogen sorption kinetics of 15FR Mg-Ti composites with varying Ti content, tested at
350°C: (A) First absorption (activation), (B) First desorption, (C) and (D) Second absorption and
desorption, respectively.

hydrogen, followed by 22 at.% Ti and 40 at.% Ti samples. As it is evident from a
comparison of Figure 3B and Figure 4-3D, the Mg-10 at.% Ti sample was not fully
activated by the initial absorption cycle. The sluggish kinetics led to a lower capacity
during cycle 1 compared to cycle 2.
A summary of the effect of Ti content on the sorption kinetics is provided in
Table 4-2, which compares the maximum possible reversible capacity due to
hydrogenation of magnesium and the experimentally measured ones at absorption cycle
2. When Ti content is low, hydrogen absorption by magnesium is very sluggish. This
leads to a kinetically limited capacity that is far less than the theoretical value. As Ti
content increases, so does the absorption kinetics, allowing most of the magnesium to
absorb hydrogen.

However, if the Ti addition is excessively high, complete

hydrogenation of magnesium is again hindered.
The complete pressure-composition isotherm curve for Mg-22 at.%Ti sample is
presented in Figure 4-4A. At 350°C, the equilibrium hydrogen pressure is around 0.6
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MPa, which is close to that value for pure magnesium hydride [1]. Moreover the
maximum observed hydrogen capacity is around 4 wt.%, confirming that after first
absorption cycle only magnesium participates in reversible sorption.
Table 4-2- Theoretical versus experimental (recorded on the second
sorption cycle) hydrogen capacities of different Mg-Ti composites. The maximum
(theoretical) capacity here only takes into account magnesium.

Figure 4-4- (A): Pressure – composition curve of the 15FR Mg- 22at.%Ti composite at 350°C. (B) XRD
patterns of the composite in the as-rolled state and after the PCT experiment (desorbed). (C) XRD patterns
of as-rolled compared to the absorbed state of Mg-22 at.%Ti sample (50FR).
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The difference observed between absorption and desorption thermodynamics is generally
associated with the asymmetry of the nucleation barrier for the hydride vs. the metal and
the irreversible work associated with each [33].
The crystal structures of the phases present in both absorbed and desorbed states
were determined from XRD. Figure 4-4B compares the XRD plots of the as-rolled Mg-22
at.%Ti (15FR) sample to that of the same sample but after undergoing the PCT
experiment (PCT curve presented in Figure 4-4A). Both plots have been normalized with
respect to the 0002 Mg reflection intensity. The intensities of the diffracted Ti peaks are
relatively low. This is due to the absorption of X-ray by the magnesium matrix, leaving
behind a weak diffracted intensity from the embedded Ti phase. Assuming a mass
absorption coefficient of 39.55 cm2/g for Mg (for Cu-K! radiation) [34], at 40° in 2" the
x-ray beam loses 90% of its intensity after passing about 57 µm of Mg. The as-rolled
state shows a strong rolling texture. This texture has diminished in the post-PCT state,
and Ti has fully transformed to TiH2 (Fm-3m – 225 , a= 4.45Å). The heat of formation
for TiH2 has been reported to be -130 kJ/mole [35], which means that the equilibrium
hydrogen pressure for this hydride at 350°C is around 2.7 kPa (0.027 atm), much lower
than our operating pressure during desorption (~0.05 MPa). Hence the hydrogen
absorbed in generating TiH2 is not reversible under our experimental conditions. Figure
4-4C compares the XRD of the as-rolled state of one of the composites (Mg-22 at.%Ti
sample – 50FR) to that of the absorbed state, showing MgH2 as the active hydrogen
cycling phase.

4-3-2- Mg-22 at.%Ti, Effect of number of FR
!
In order to investigate the effect of number of fold and rolls on the resulting
hydrogen sorption kinetics, we maintained the Ti content constant at 22 at.% and
prepared four samples with 15, 30, 50 and 90 operations of FR. Figure 4-5 presents the
typical microstructures of Mg- 22 at.% Ti composites rolled and folded for different
repetitions. With increasing number of FR operations, the Ti layers show progressively
more necking. Two clear examples of this are marked with white arrows in Figure 4-5C.
In 50 and 90FR composites, the Ti aggregates that are clearly layered are less discernible.
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This necking process results in a wider size distribution of Ti particles (Figure 4-6D).
Multiple necking of the hard phase in bi-metallic laminates prepared by cold rolling and
folding is well established [36].

Figure 4-5- SEM micrographs showing the as-rolled microstructure of the Mg-22 at.%Ti composites. The
arrows show the approximate trace of the rolling plane. White arrows in (C) mark necking events. The
images are at the same magnification, except for D).

The average grain size and dislocation density as a function of FR number,
calculated using MWP-fit analysis methodology is presented in Figure 4-6. The volume
averaged grain size essentially varies very little up to 50FR (Figure 4-6A), and after that
point drops significantly for 90FR sample. Again, since the number of peaks available for
Ti were limited, the margin of error in calculated dislocation density and grain size in Ti
is significant. The dislocation density values in magnesium matrix show an analogous
trend to what we observed in the case for varying Ti content (Figure 4-6B, also see
Figure 4-2B). The calculated ! value peaks at 15FR sample, and decreases for increasing
folding and rolling passes. Here it seems that the recovery in Mg has proceeded in a
larger extent in 90FR sample, showing a substantial reduction in the dislocation density.
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Dislocation density in Ti (Figure 4-6C), also similar to what we saw in the previous
section, shows consistently higher values compared to Mg.
The first hydrogen absorption cycle kinetics for the Mg-22 at.%Ti, with differing
FR number, is presented in Figure 4-7A. For the samples with lower numbers of FR (15
and 30) there appears to be a distinctive rise in the absorption rate during the activation
step after around 25 hours of hydrogen exposure. This step becomes flatter and less

Figure 4-6- Results of the multiple whole profile (MWP) fitting analysis on the XRD data for Mg-22
at.%Ti composites with different number of FR operations. (A) Mg volume weighted average grain size.
(B) Dislocation density in Mg. (C) dislocation density in Ti.
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Figure 4-7- (A) Comparison of the first absorption cycle for the 22at.%Ti composites, but with varying FR
number, tested at 350°C. (B) Hydrogen sorption cycling kinetics of the Mg-22at.%Ti 50FR composite.

prominent for samples with higher number of FR, almost non-existing for 90FR sample.
Figure 4-7B shows the cycling behavior of 50FR Mg-22at.%Ti composite. Even with this
many fold and roll operations, the initial absorption rate is very slow relative to that in the
subsequent cycles. In fact, the absorption kinetics improves up to cycle 5, after which
point they remain relatively stable. Similarly the desorption kinetics also improve with
cycling. This result demonstrates that though the fold and roll process is useful to
minimize the preliminary unacceptably slow sorption kinetics, it does not eliminate the
activation period entirely. Figure 4-7B also demonstrates that with a sufficiently high
distribution of the TiH2 phase it is possible to achieve a fairly rapid - on the scale of
minutes - absorption and desorption cycling of the MgH2-TiH2 composite.
In order to investigate the origin of the step observed on the first absorption curve
of the Mg-22 at.% Ti 15FR sample (Figure 4-7A), we quenched two pieces of this
composite at different stages of activation (See Figure 4-8A): One early within the initial
incubation stage (with 0.26 wt.% hydrogen uptake) and the other one at the wake of the
step (with 1.6 wt.% uptake of hydrogen). Figure 4-8B compares the XRD plots of these
two quenched samples with the as-rolled specimen. In the sample quenched at 0.26
wt.%H no MgH2 was detected. Since the peaks corresponding to TiH2 happen to be close
to major Mg and Ti reflections it is hard to rule out the presence of this phase. If we
assume that all the absorbed hydrogen in this case is in the form of solid solution in !-Mg
and !-Ti we can back-calculate the absorbed hydrogen. At 350°C and 2 MPa hydrogen
!
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pressure, magnesium dissolves 0.02 H/Mg (0.83 ppm) atomic ratio of hydrogen [37].
Hydrogen solubility in titanium at this condition is 0.072 H/Ti atomic ratio (1.506 ppm)
[38]. Given these values, for Mg- 22 at.% Ti, only 0.11 wt.% H can be absorbed
exclusively through solid solution at the given temperature and pressure. The rest of the
hydrogen (0.15 wt.%) has to be absorbed by forming a hydride phase, but the volume
fraction of the hydride is most likely below the detection limit of x-ray diffraction.
The sample quenched at 1.6 wt.%H (Figure 4-8B) shows no metallic titanium
present (the Ti-0002 reflection at 38.5° disappears), and by inference one can conclude
that all have transformed to TiH2. At the same time magnesium is partially transformed
into MgH2. This observation indicates that full hydrogenation of titanium happens in
advance of substantial formation of MgH2.

Figure 4-8- First absorption cycle for Mg-22 at.% Ti 15FR composite (A) Interrupted and full absorption
curves, (B) XRD patterns. (C) SEM micrograph of the cross-sectioned composite absorbed with 1.6wt.%H.
Arrows point to MgH2 (darker regions) nucleated in the proximity of TiH2.
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Figure 4-8C shows cross sectional micrograph of the 15FR Mg-22 at.%Ti
composite hydrogenated to 1.6 wt.%. In back-scattered electron imaging mode the MgH2
phase could be straight-forwardly identified relative to the metallic Mg matrix and the
cracks and free surfaces between the layers: The “globular” nucleated MgH2 phase shows
a darker contrast relative to the Mg matrix, whereas the two-dimensional traces of cracks
and non-metallurgically bonded interfaces show up as entirely black regions. Since the
characteristic metallic Ti reflections were unambiguously absent after 1.6 wt.% H
absorption, we assume that the secondary phase of the microstructure (brightest regions)
is TiH2. Considering the distribution of the MgH2 phase in these micrographs, one can
recognize that this phase tends to nucleate in close proximity to the TiH2 particles. A
secondary preferential location for MgH2 nucleation was at cracks and nonmetallurgically bonded interfaces, also known as “kissing bonds”. An asterisk marks one
such region, located in the top right corner of the micrograph. “Kissing bond” is a term
used in solid-state welding literature referring to a condition that the two metallic sheet
surfaces are sufficiently mechanically close together to appear joined when examined by
conventional microscopy, but actually do not form a true metallurgical bond [39, 40].
Such bonds may certainly be present within these composites, and would be permeable to
hydrogen gas during sorption.
An identical sorption-interruption experiment was conducted on the Mg-22 at.%
Ti 90FR sample. It took 20 hours to absorb this much hydrogen, with the absorption rate
being close to constant the entire time. As expected, the XRD analysis indicated that the
metallic Ti peaks were largely absent, and that some !-MgH2 did form. Figure 4-9 shows
the non-sigmoidal absorption curve (4-9A), the XRD patterns (4-9B), and the partially
(1.6 wt.%) absorbed microstructure (4-9C). With increasing levels of folding and rolling,
the distribution of the Ti (or TiH2) becomes finer and more dense. As a result, the
nucleation density of the MgH2 phase around the particles increases as well. SEM
characterization of this sample (Figure 4-9C) demonstrates that the preferred location for
MgH2 nucleation is neighboring Ti/TiH2 particles.
The distribution of the MgH2 proved to be different for the composites that have
undergone several absorption-desorption cycles. Figure 4-10 presents a representative
case for 15 FR Mg-22 at.%Ti (15FR) quenched at 2.5 wt.%H on the third absorption
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cycle (while absorbing). While some nucleation is observed near the TiH2 particles, much
of the Mg surrounding the TiH2 remain metallic even at this higher hydrogen content.
Rather, MgH2 growth seems more concentrated in the proximity of highly cracked
regions. Such cracks, arrowed on the right side of the image, were present in much more
copious numbers after hydrogen cycling. It is quite likely that they have formed as a
result of the stresses associate with the Mg to MgH2, and vise versa, phase
transformation. The expansion mismatch between the Mg (MgH2) and the TiH2 phase
should also generate such cracking. The regions that were not cracked, e.g. the middle to
left side of the micrograph, displayed markedly less MgH2 formation despite the presence
of the TiH2 phase.

Figure 4-9- First absorption cycle for Mg-22 at.% Ti 90FR composite (A) Interrupted and full absorption
curves (B) XRD patterns. (C) SEM micrograph of the cross-sectioned composite absorbed with 1.6wt.% H.
Arrows point to MgH2 (darker regions) nucleated in the proximity of TiH2.
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Figure 4-10- SEM micrographs from the Mg- 22 at.% Ti 15 FR composite, quenched at 2.5 wt.% H on the
third absorption cycle.

4-3-3- Mg-Stainless Steel Composites
!
In the previous section we examined hydrogen sorption properties of Mg-Ti
composites with the secondary phase (Ti) forming a hydride phase. It is interesting to
compare those results to that of magnesium - stainless steel, where the majority austenitic
iron phase of the steel will not form any stable hydrides at the testing conditions. Four
samples with different loadings of stainless steel (1, 5, 8 and 18 vol. %) were folded and
rolled for 15 times. Hydrogen sorption kinetics of these four samples for the first two
cycles is presented in Figure 4-11. The test on Mg-1 vol.% SS was discontinued after the
first cycle due to extreme slowness. Although their volume fractions are nearly identical,
both the initial and the composite geometries of the SS phase are different from the Ti
phase, precluding a direct comparison. However the general effect of the second phase
addition is quite similar: Up to a certain point, with increasing amounts of SS addition,
the kinetics continues to improve. However at even higher SS content, the kinetics begin
to degrade. Naturally, increasing the volume fraction of the SS decreases the overall
hydrogen capacity.
Figures 4-12A through 4-12C highlight the microstructure of the Mg-5 at.% SS
(A) and (B), and Mg-18 at.% SS (C) samples, both absorbed to 1 wt.% hydrogen. The
cross-sections illustrate that there is no homogeneous nucleation of the MgH2 phase.
Arrows point to typical nucleation sites, which include the SS-Mg interfaces, large cracks
and free surfaces. Even the MgH2 grains that do not appear to be associated with a visible
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defect have one edge with a planar morphology (e.g. MgH2 grains arrowed in Figure 48C), indicating heterogeneous nucleation on some defect. Of the heterogeneous
nucleation sites, another potential location for MgH2 formation may be on the “kissing
bonds” formed between sheets of layered magnesium. The sparseness of the nuclei even
at free surfaces suggests a strong crystallographic dependence of MgH2 on Mg
nucleation, with certain, perhaps low index, Mg surface orientations being favorable.

Figure 4-11- Hydrogen sorption kinetics of 15 FR Mg-SS composites, tested at 350°C: (A) Activation, (B)
1st desorption, (C) 2nd absorption, and (D) 2nd desorption. The test for Mg- 1vol.% SS was discontinued
after the first cycle due to sluggish kinetics.

4-4- Discussion
It is instructive to compare the results of the first section of the present study (Mg-Ti
composites) with the hydrogen sorption properties reported for the ball-milled Mg-Ti
system. After milling Mg-20 at.% Ti for 31 hours, Liang and Schulz [41], reported a
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maximum of 12.5 at.% Ti solution in the magnesium matrix, still maintaining the
hexagonal crystal structure. Upon first hydrogen absorption and desorption though the
dissolved Ti precipitates and, along with the free Ti embedded in Mg, forms TiH2, with
the rest of the hydrogen absorbed in MgH2 phase. Like our observations here, the
subsequent

hydrogenation

(dehydrogenation)

cycles

only

entails

formation

(decomposition) of MgH2. The activation of this sample takes about 8.3 hours, which is
much faster than our case (about 40 hours, see Figures 4-3A and 4-7A). Given that the
powder milling and handling was performed under inert atmosphere this is expected.
Similar to the observed activation behavior of our Mg- 22 at.% Ti samples with lower FR
numbers (15 and 30 FR samples in Figure 4-7A), they also report a step at which the
activation rate changes pace. They correlate this first step to the formation of TiH2, while
not presenting any experimental evidence for it.

Figure 4-12- Microstructure of Mg-SS composites interrupted on their first absorption cycle at ~1 wt.% H,
showing the nucleation sites of MgH2 (arrowed). (A) Hydride nucleation in Mg-5 vol% SS samples near
the stainless steel particles and at cracks. (B) Hydride nucleation in Mg-5 vol% SS samples near smaller
cracks and other heterogeneous nucleation sites. (C) Hydride nucleation in Mg-18vol%SS composite.
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The picture for folded and rolled Mg-Ti composites is more complicated than the
above. Figure 4-13 presents the derivatives (with respect to time) of the first absorption
step plots of Mg-Ti composites (For the original data refer to Figures 4-3A and 4-7A).
The derivative in each case was calculated after smoothing the raw data with a standard
floating-point average procedure in MATLAB. The effect of Ti content on the rate of
activation is presented in Figure 4-13A. The arrows at the top show the time
corresponding to the hydrogen uptake, taking only Ti into account (This can be easily
calculated to result in 0.4, 0.75, 1.5, 2.4 wt.% H for the four Ti loading values we used,
i.e. 5, 10, 22 and 40 at.% Ti, respectively). The corresponding time values were read from
the activation plots presented in Figure 4-3A, also considering the ~ 0.1% initial offset
due to volume expansion.

Figure 4-13- (A) and (B) First derivatives with respect to time of activation steps of Mg-Ti composites with
different compositions (raw data presented in Fig. 3A), and Mg-22 at.% Ti with various FR number (raw
data plot presented in Fig. 7A), respectively. (C) a schematic demonstration of two concurrent reactions
with different rate constants. (D) time derivative of the model data presented in (C).
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Figure 4-14- Schematic of the potential nucleation sites in Mg- composite system: (1) the incoherent
interface between the hard phase and the magnesium (2) cracks, (3) kissing bonds and (4) external surfaces.
Hydrogenation on location (4) was only occasionally observed.

As can be observed in Figure 4-13A, the derivative plots show two neighboring
peaks. These two can be seen quite distinctively in samples with 22 and 40 at.% Ti
contents. They look closely merged in 10 at.% Ti sample, and only one peak can be
observed for the 5 at.% Ti sample. The position of the arrows (same color-coding as the
graph) in this plot closely correlates with the first of these two peaks, Mg- 5 at.% Ti
sample being an exception showing a large discrepancy between the existing single peak
and the arrow. The observed double-peak in the time derivatives of the activation steps
correspond to the two overlapping sigmoidal curves for the hydrogenation of Ti and of
Mg. This is shown in a model data presented in Figure 4-13C, presenting two concurrent
reactions with different rate constants. To model the reaction kinetics here we have used
the equation r = 1- exp(-!.t2), where r is fraction transformed, ! is the reaction constant
and t is time. The overall reaction kinetics is represented by the addition of the two
individual sigmoidals (r1+r2). By acquiring the time derivative of the overall reaction
kinetics (Figure 4-13D) one can demonstrate the two separate reactions, each exhibiting a
peak marking the inflection point of the corresponding single-reaction sigmoidal curve.
The plots reported for the first absorption cycles of Mg-Ti composites (Figs. 4-3A and 47A) are in effect analogous to the (r1+r2) case of Figure 4-13C.
In the case observed in Figure 4-13A the first peak can be correlated to TiH2
formation. Our experimental observations on quenched samples shows that full
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hydrogenation of Ti precedes that of Mg (refer to Figure 4-8 and the relating text in the
results section). Here in Figure 4-13A also one can recognize the close proximity of the
time required to reach full Ti hydrogenation (arrows) to the first peak in d(wt.%H)/dt
versus time plot, marking the inflection point of the first sigmoidal curve as the point of
TiH2 formation. This independently suggests that the process of hydrogenation in Ti
reaches its completion before that of Mg.
The position of the first peak in the plots presented in Figure 4-13A may depend
on the geometrical distribution of the Ti phase, weather they lie close to the surface or are
deeply embedded within the magnesium matrix. It also depends on the size distribution of
Ti particles. This can be readily observed in Figure 4-18B. Here we are presenting the
time derivatives of the Mg- 22 at.% Ti samples activation steps folded and rolled for
various repetitions (Raw activation data can be found in Figure 4-7A). Derivative for
90FR data is not presented here due to high level of noise. For 15 FR and 30 FR samples
the two peaks are prominently present and the first peaks for both cases correspond well
to the time required for full Ti hydrogenation. Here the arrows mark the time required to
reach the capacity if only Ti is taken into account (here: 1.5 wt.% H), read from the
kinetics plot presented in Figure 4-7A. Both peaks for the 30 FR sample occur at shorter
times compared to the 15FR specimen. The only observed significant difference between
these two samples is smaller size of the Ti phase (refer to the micrographs in Figure 4-5).
The picture for 50 FR sample is completely different from the above, showing only one
broad peak in the d(wt.%H)/dt versus time plot. Looking back to the SEM micrographs
presented in Figure 4-5, 50 FR was the stage that the Ti particles started to show
extensive necking. That resulted in a much broader size distribution of the Ti phase, with
the necked regions being much smaller in size than the rest. This has caused the two
initially separate sigmoidals to merge, showing up as a single peak in Figure 4-13B.
Such sigmoidal shape is known to be associated with nucleation-limited reactions
[42], and is distinctly absent in Mg-Ti and Mg-Fe-Ti alloys were a high density of
heterogeneous nucleation sites is available [43, 44]. In contrast, the specimens that have
undergone more FR operations show fairly constant absorption rates from the start. This
means that available heterogeneous nucleation sites are abundant, which is evidently true
by looking at the microstructures at this stage (See Figure 4-5C and 4-5D). This causes
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the two reaction curves to merge with no trace of the sigmoidals (For example see 50FR
sample plot in Figure 4-13B). The fact that the Ti sigmoidal precedes that of the Mg in
majority of the cases means that the reaction rate constant is larger for Ti hydrogenation
(See Figure 4-13C). This can be both correlated to higher nucleation rate (TiH2 is
thermodynamically more stable) and also better kinetics (growth rate).
Another important trend to follow and interpret here is the activation kinetics in
Mg-Ti samples with different Ti loadings (See Figure 4-3A), also with various numbers
of folding and rolling (See Figure 4-7A). Our microscopy observations have shown that
the hydride growth front during activation step is more concentrated around the Ti
particles (See micrographs in Figures 4-8 and 4-9). This was not the case for the
subsequent cycles, meaning that the same close spatial correlation between the growing
hydride phase and the Ti phase was not observed for the samples quenched on their 2nd or
3rd cycles (See micrograph in Figure 4-10). The plausible explanation, since the Ti phase
is harder than the magnesium matrix, is the potential effect of the induced localized strain
surrounding the Ti particles on preferential hydrogenation of these regions. In the
experiments we performed on Mg-stainless steel composites, titanium was replaced with
a non-hydride-forming second phase with no catalytic behavior towards hydrogen. Since
stainless steel is still harder than the magnesium matrix the hypothesis mentioned above
can be put to trial more directly.
As shown in Figure 4-11A for the Mg-SS samples, increasing the SS content in
these composites produces an enhancement in the activation kinetics. The kinetics is
fastest for Mg-8 vol.% SS sample, showing a decline with more addition of SS (See the
plot for Mg-18 vol.% SS). Microscopy on the cross-sections of the quenched samples
(Figures 4-12) show that there are a number of preferential locations for MgH2
nucleation, namely: in the vicinity of the embedded SS particles, cracks, kissing bonds
and other defect sites within the magnesium matrix, and also the free external surface of
the composite. For samples with higher SS content, there seems to be a more dense
concentration of hydride grains neighboring this hard second phase (Figure 4-12C),
whereas at lower loadings of SS the contributions of the various nucleation sites tend to
be more evenly distributed (Figure 4-12B).
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Figure 4-14 provides a schematic of the available heterogeneous nucleation sites
for the hydride phase. Our observations suggest that type 1, i.e. close to the strain field
induced by the secondary hard phase, is the most favorable. Higher density of defects
(dislocations and twins) can lower the nucleation barrier of the new phase and also
facilitate higher diffusivity for hydrogen. These defects have been proven to be crucially
important in enhancing the kinetics for the reverse scenario, desorption of MgH2, as well
[45, 46]. Cracks and kissing bonds (sites 2 and 3 in Figure 4-14) can be deemed fairly
equally favorable. Increasing the population of the hard phase and hence increasing the
occurrence of the localized strain fields will be accompanied by an enhancement in
activation kinetics (As observed in Figure 4-3A and 4-11A). But there is a saturation
limit to this enhancement. Once the loading level of the secondary phase passes this
threshold, the strain fields overlap and lose their efficiency on the kinetics enhancement.
That is potentially the reason behind the observed slight deterioration of the activation
kinetics for the highest SS content case in Figure 4-11A. Also upon cycling these highly
deformed areas would disappear, and this can explain our microscopy observations after
number of cycles showing low correlation between the hydride grains and the secondary
hard phase.
Looking closer to the microstructure and phase distribution in the partially
absorbed samples, both for Mg-Ti (Figures 4-8 and 4-9) and Mg-SS (Figure 4-12), one
common observation is that the MgH2 phase rarely can be seen to be formed on the
external surface of the composites (type 4 sites in Figure 4-14). This is due to the
presence of the magnesium oxide layer. This layer can be physically ruptured during
folding and rolling processes (along the kissing bonds), and more so closer to the
secondary hard phase due to a more localized deformation. Also, density functional
theory (DFT) simulations have demonstrated that a defective Mg surface containing
vacancies has much lower (an order of magnitude lower) adsorption energy for hydrogen
molecule compared to the ideal surface [47]. Hence the observed spatial distribution of
the MgH2 phase during activation can also be attributed to the defective oxide layers in
the proximity of the above sites combined with the high density of defects in the same
regions.
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In summary, we believe that through two main general contributions the
activation kinetics of the Mg-Ti and Mg-SS folded and rolled composites are enhanced,
as compared to pure magnesium. The activation process can be divided into two steps:
surface activation and bulk activation [48]. Rolling and folding can enhance the kinetics
of the initial surface activation through the defects induced in the surface oxide layer,
rendering it more permeable to the incoming hydrogen molecules. Bulk activation
kinetics is also significantly enhanced due to the presence of highly deformed regions in
the vicinity of the harder second phase, providing energetically favorable locations for
heterogeneous nucleation of the hydride phase.

4-5- Summary and Conclusion
We have prepared bulk magnesium - titanium and magnesium - stainless steel
multilayer composites by accumulative roll-bonding (ARB). These structures created by
repetitive cold rolling and folding of stacked layers, demonstrate significantly faster
hydrogenation rate during the first hydrogen absorption cycle (also termed “activation”)
relative to cold-rolled pure magnesium. The composites are also hydrogen cycleable at
350°C. For example, by the fifth hydrogenation cycle, the Mg-22 at.% Ti composite that
has undergone 50 fold and rolled (FR) operations can absorb and desorb over 2.5 wt.%
hydrogen in minutes.
For both magnesium - titanium and magnesium - stainless steel, excessive
amounts of the hard phase addition reduced the operating hydrogen capacity. On the
other hand too little of each phase resulted in slower kinetics. In the case of the Mg-Ti
composites, the TiH2 that formed during activation was stable throughout the subsequent
absorption/desorption cycling.
Microscopy analysis performed on partially absorbed Mg-Ti and Mg-SS
composites during the first absorption cycle showed that initial MgH2 formed primarily in
the proximity of the second phase particles. Conversely, in the partially hydrogen
absorbed Mg-Ti samples that have undergone hydrogenation cycling, MgH2 nucleation
conspicuously occurred at gas permeable interfaces such as cracks. We therefore believe
that the primary role of either second phase at absorption cycle 1 is to provide
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heterogeneous nucleation sites for MgH2 formation. Other heterogeneous nucleation sites
become important once the sample is activated.
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Chapter 5
Conclusions

In this thesis we examined two processes that can be utilized to enhance the
hydrogen sorption kinetics of magnesium. Chapters 2 and 3 were focused on ball milling
of magnesium hydride (!-MgH2) powder, and in Chapter 4 we studied the accumulative
roll bonding of two magnesium-based multilayer composites (Mg-Ti and Mg-SS). In both
cases, we characterized the microstructure, in hydrogenated, desorbed or partially
desorbed state. The main motivation for the above was to find correlations between the
final observed properties of the processed hydride powder or the prepared composites and
the characteristics of the corresponding microstructure. Besides yielding a mechanistic
knowledge with regards to the hydrogen sorption and desorption reactions, this
understanding can enable us to optimize the processing parameters such that they would
be more conducive to enhanced properties.
As for the ball milled MgH2, we demonstrate that the hydride microstructure can
be directly studied by transmission electron microscopy (TEM), using a cryogenically
cooled TEM sample holder. One main prominent feature in the ball milled hydride
microstructure was presence of large density of deformation twins. Our extensive
microscopy observations on both milled and annealed hydride samples resulted in the
conclusion that ball milling induces deformation twins within the MgH2 grains. While
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both experimental measurements and DFT simulations rule out any thermodynamic
destabilization caused by the existence of the twins, the kinetics of desorption show a
substantial enhancement in presence of the twins. We believe this is either due to higher
diffusivity of the hydrogen ions through the twin boundaries or twins acting as favorable
locations for the heterogeneous nucleation of the metallic magnesium phase.
By examining the partially desorbed microstructure in ball milled MgH2, using
energy filtering TEM, we demonstrate that the dehydrogenation phase transformation is a
nucleation and growth process. Moreover, the nucleation step in this phase transition
seems to be quite difficult. This is confirmed by observing only a few nucleation sites
within the hydride matrix that construct the growth front. This is in contrast to the
generally assumed “core-shell” microstructure during desorption, which would be a
direct consequence of easy nucleation of the metallic magnesium phase.
With regards to the accumulative roll bonded composites; we demonstrate that
these structures show much faster activation kinetics as compared to cold-rolled pure
magnesium. For both Mg-Ti and Mg-SS cases, increasing the loading amount of the
secondary phase to the composite enhances the kinetics of the hydrogen sorption and
desorption reactions. This holds true only up to a threshold value, beyond which the
hydrogen capacity of the composite would be compromised. The loss in hydrogen
capacity in both cases is the direct result of the secondary phase not partaking in the
hydrogen sorption and desorption reactions. In Mg-Ti, titanium reactes with hydrogen to
form the stable TiH2 phase during the first hydrogenation cycle and stays as such
throughout the subsequent cycles. And in Mg-SS, stainless steel simply does not react
with hydrogen.
Microscopy analyses of the partially hydrogenated composites, on their activation
cycle, demonstrate that the nucleation of the hydride phase mainly occurs in the vicinity
of the added secondary phase (Ti or SS). This close correlation was not observed in the
fully activated composite samples. After number of hydrogenation and dehydrogenation
cycles, other heterogeneous nucleation sites, e.g. cracks, free surfaces, and kissing bonds,
come into play.
In both of the cases mentioned above we are dealing with the nucleation of a
phase (Mg in the ball milled MgH2 and MgH2 in the multilayer composites) within a
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matrix with significant difference in specific volume. This substantial volume change
during a solid-state phase transition can give rise to large coherency stress values that can
alter the equilibrium condition within such a system. This added stress term in the
nucleation energy barrier can suppress the nucleation of the secondary phase until larger
driving forces become available. In this context, the role of various crystallographic sites
suited to act as heterogeneous nucleation sites are crucial. Abundance of these sites can
result in enhanced kinetics of the reaction, by providing the possibility of nucleation at
smaller driving forces.
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Appendix 1
MgH2

in
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Transmission

Electron

Microscope

A section of this appendix has been published in: Danaie M, Malac M, Mitlin D. 2008;
14 (Suppl. 2): 278-288.
DOI: http://dx.doi.org/10.1017/S1431927608088429

As it was discussed in Chapters 2 and 3, magnesium hydride (MgH2) is extremely
unstable in TEM at room temperature and decomposes into a mixture of magnesium and
magnesium oxide. In this appendix we will provide some data on the extent of instability
of the hydride phase within the TEM and also, we will look into the thermodynamic
stability of this phase in the microscope’s environment.
In this experimental study we have measured electron doses required to
decompose magnesium hydride to metallic magnesium for two different powders: (1)
magnesium hydride powder that was ball milled in a pure argon atmosphere for 30 min
(10:1 ball to powder weight ratio and 650 rpm rotation speed), (2) half of the milled batch
was then annealed at 400°C in pressurized hydrogen (1.72 MPa). We used a JEOL
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2200FS TEM operating at 200 kV accelerating voltage to study the electron beaminduced degradation at room temperature. We acquired series of diffraction patterns, at
consecutively increasing irradiation doses, followed by radial integration and background
subtraction to study the effect of electron irradiation1. The decrease in integrated intensity
of the diffraction rings indicates the loss of long-range order and transformation of MgH2
into Mg and/or MgO.
Our measurements show that annealed MgH2 powder completely transforms into
magnesium after receiving 3.6 C/cm2 (Figure A-1) at room temperature, but milled
powder decomposes after 2.6 C/cm2 (Figure A-2). In the case of annealed powder the
initial large crystal of MgH2 transforms to a fine-grained Mg. Figure A-3 shows the
change in intensity of 110-MgH2 reflections with increasing electron dose. Not only the
milled sample is more susceptible to beam-induced degradation, but also its degradation
behavior is different from that of annealed material. Our XRD experiments on the same
samples have shown smaller grain size (14 nm versus 19 nm) and higher lattice strain
(1.41!10-3 rms strain versus none) for milled sample. It appears that the difference in
beam-induced damage properties of annealed and ball milled powders is closely related
to the desorption behavior of milled and annealed samples respectively (referring back to
Chapter 2, we know that milled powder sample shows faster desorption kinetics).

Figure A-1- Annealed MgH2 (a) and corresponding diffraction patterns for (b) newly exposed and (c) after
3.6 C/cm2. Simulation is for Mg and dashed line is 002MgO. Ring in (a) designates selected area.
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We recognize here that dynamic effects can also contribute to the integrated diffraction intensities.
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Figure A-2- Milled MgH2 powder (a) and corresponding diffraction patterns for (b) newly exposed –
simulation for MgH2- and (c) after 2.6 C/cm2 –simulation for Mg.

Figure A-3- Change in intensity of 110-MgH2 reflections with increasing electron dose for annealed and
milled samples.

This observation can be explained in the light of thermodynamic stability of the
hydride phase inside a TEM. For the reaction Mg + H2 (g) ! "-MgH2 at standard
conditions we have the following values for enthalpy and entropy [1]:
#H0 = -74.5 kJ/mole
#S0 = -135 J/mole.K
Having the above values, using the Van’t Hoff equation (lnPeq = #H0/(RT)!
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!S0/R), the table below lists the equilibrium hydrogen pressure values, as function of
temperature. This is assuming that hydrogen gas follows the ideal gas behavior within the
mentioned range of temperature and pressure.
Table A-1- Equilibrium hydrogen pressures as function of temperature for "-MgH2.

The vacuum in a TEM is usually in the range of 1E-8 Torr, i.e. 1.3E-11 atm.
Hence if MgH2 were to be studied at ambient temperature inside a TEM, it would be
thermodynamically unstable (PTEM << Peq). Whereas if we use a cryogenic TEM sample
holder (Liquid N2 temperature, 77K) the situation is reversed and the local pressure in
TEM is 33 orders of magnitude higher than the equilibrium pressure for the hydride, so
MgH2 is thermodynamically stable. This is the main reason that utilizing cryogenically
cooled TEM sample holder can extend the stability time of the hydride phase within the
TEM (as demonstrated in Chapters 2 and 3).
Beside the thermodynamic consideration mentioned above, we also have a beaminduced decomposition of the magnesium hydride phase. So even using the cryo-holder
for microscopy, the hydride phase would eventually transform to a combination of
magnesium and magnesium oxide. The difference here is the time-scale of the
decomposition. Beam-induced decomposition takes place much faster at room
temperature, since in that temperature the hydride phase is thermodynamically unstable
and a minute heating caused by the electron beam can derive the dehydrogenation
reaction forward. The main mechanism for the beam-induced decomposition is radiolysis,
i.e. atomic displacement caused by the high-energy electron through an inelastic
scattering incident [2]. This can readily happen for a light element like hydrogen.
!
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Importantly though, radiolysis is temperature dependent and can be reduced by cooling
the sample in the TEM.
So in summary, by cooling the magnesium hydride sample to cryogenic
temperatures inside the TEM we can extend the stability time of this phase due to two
main reasons. Firstly, in a cryo-stage TEM sample holder the hydride is
thermodynamically stable. Secondly, lowering the sample temperature damps the main
mechanism through which beam-induced degradation of the sample can occur
(radiolysis).
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