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Recommended Reading 
This document is not meant to be a thorough review of the leading work in this field, but rather 
an overview and series of instructive examples of important issues concerning the measurement 
of the chemical, physical, and engineering properties of hydrogen storage materials. The 
following resources are a good place to find more detailed information on the key topics. 

1   Hydrogen Storage 
The book “Solid-state hydrogen storage: materials and chemistry”, edited by Walker.1 

The book “Hydrogen Storage Materials (Materials Science Forum)” edited by Barnes.2 

The review article “Hydrogen-storage materials for mobile applications” by Schlapbach and 
Züttel.3 

European Commission Joint Research Centre Institute for Energy (JRC) Scientific and Technical 
Reports by D. P. Broom, “Hydrogen Sorption Measurements on Potential Storage Materials”.4 

The book “Hydrogen Storage Technology Materials and Applications” edited by Lennie Klebanoff 
(CRC Press, Boca Raton, FL, USA, 2013). 

2   Hydrides 
The book “Hydrides” by Wiberg and Amberger.5 

3   Metal Hydrides 
The book “Metal Hydrides” edited by Muller, Blackledge, and Libowitz.6 

The book “Transition Metal Hydrides” edited by Dedieu.7 

The review article “A panoramic overview of hydrogen storage alloys from a gas reaction point 
of view” by Sandrock.8,9 

4   Off-board Regenerable Hydrogen Storage Materials 
The article “Ammonia–borane: the hydrogen source par excellence?” by Frances H. Stephens, 
Vincent Pons and R. Tom Baker.10 

The chapter “Aluminum Hydride” by Ragaiy Zidan in the book, “Handbook of hydrogen storage: 
New Materials for Future Energy Storage”.11 

5   Physisorption Storage 
The review article “Hydrogen adsorption and storage on porous materials” by K.M. Thomas.12 
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6    Thermodynamics 
The review article “Materials for hydrogen storage: current research trends and perspectives” 
by A.W.C. van den Berg and C.O. Arean.13 

The article “Heat of Adsorption for Hydrogen in Microporous High-Surface-Area Materials” by B. 
Schmitz, U. Muller, N. Trukhan, M. Schubert, G. Ferey, and M. Hirscher.14 

“Perry's Chemical Engineers' Handbook” by R. H. Perry and D. W. Green.15 

B. N. Roy (2002). Fundamentals of Classical and Statistical Thermodynamics. John Wiley & Sons. 
ISBN 0-470-84313-6.16 

F. Reif (1965). “Chapter 5 – Simple applications of macroscopic thermodynamics”. Fundamentals 
of Statistical and Mechanical Physics. McGraw-Hill. ISBN 0070518009.17 

7   Engineering Mechanical Properties 
The chapter “Hydrogen Storage in Metals” by R. Wiswall in the book “Hydrogen in Metals II”.18 

The chapter “Metal-Hydride Technology: A Critical Review” by P. Dantzer in the book “Hydrogen 
in Metals III”.19 

The chapter “Applications” by G. Sandrock, S. Suda, and L. Schlapbach in the book “Hydrogen in 
Intermetallic Compounds II”.20 

The book chapters 9, 10 and 11 in “Engineering Properties of Hydrogen Storage Materials”.21 

The book, “New Quantitative Approach to Powder Technology” by Y. Wanibe and T. Itoh.22 

The book, “Bulk Solids Handling”, by D. McGlinchey.23  
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Section 7: Measurements of Engineering 
Mechanical Properties of Hydrogen Storage 
Materials 
Knowledge of the mechanical properties behavior of materials is critical in the engineering 
design of materials-based scaled-up hydrogen storage systems. Mechanical properties such as 
porosity, packing density, lattice volume expansion, decrepitation, compaction and grain 
interlocking, segregation of component phases, mechanical forces, mechanical durability of 
structured materials all have a large impact on the performance, efficiency, durability and cost 
of the storage system. Engineered systems will rely heavily on the ability not only to modify the 
material and system’s mechanical properties, but also on our ability to measure these 
properties accurately and in a manner that is highly representative of how the materials will 
behave in a full-scale system and, in this case, over repetitive use (cycling). 

Some important considerations are: 1) the relative impact of mechanical properties of hydrogen 
storage materials on total system performance, 2) how mechanical properties data can be used 
to aid in the engineering design of a storage system, and 3) what types of mechanical properties 
data are currently available, useful, or not available but needed. 

This section of the Best Practices document provides a review of measurement techniques 
currently being used for measuring mechanical properties of hydrogen storage materials. As this 
has not been done extensively in the hydrogen storage field, this section also includes an 
evaluation of common mechanical property measurement methods used in other applied 
materials fields that may be appropriate for hydrogen storage materials. The main focus of this 
section is to clarify problem areas in these measurements and to establish common methods 
and best practices. The following key aspects (and difficulties) of mechanical property 
measurements are covered herein: 

Topics covered:  

• Appropriate methods for measuring mechanical properties of different hydrogen 
storage materials (reversible hydrides, off-board regenerable, and physisorption 
hydrogen storage materials). These will include both solids and liquids over a wide range 
of operating temperatures (77 K to 500 K). 

• An evaluation of the accuracy or issues related to the accuracy of different 
measurement techniques when applied to hydrogen storage materials.  

• The ability to make measurements under hydrogen at typical application pressures. 

• Methods and the importance of performing measurements at specific materials 
hydrogen storage concentrations. 
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• The ability to perform simple and accurate measurements on materials that require 
controlled environments (airless setup or inert gas glove box operations). 

• The validity of translating measurements on small samples to full systems scale 
performance. 

• The impact on the measurement technique of materials being in loose powder, 
compressed powder, bulk compact forms or a liquid.  

• The ability to generate useful data for modified materials including the use of additives, 
designed materials morphology, or incorporated mechanical enhancement components 
and structures.  

• The impact on mechanical property changes due to cycling or, in the case of off-board 
regenerable materials, decomposition. 
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Mechanical Properties of Hydrogen Storage 
Materials 
1   Background and Theory 
 

The following is a brief introduction to the general concepts of the mechanical properties of 
materials. For a detailed review of capacity, kinetics, thermodynamics and cycle-life properties 
of hydrogen storage materials, please refer to Section 1-5 of Thermodynamics of the Best 
Practices document “Recommended Best Practices for the Characterization of Storage 
Properties of Hydrogen Storage Materials”.24  

This document can be downloaded from: 

http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/best_practices_hydrogen_storage.pdf. 

 

1.1   Definitions 
 

The density of particles, powders, and compacts is an important property that often has a 
significant impact on the performance of hydrogen storage. With proper procedures (see 
density measurement section 2.1) the mass of a sample can be determined with sufficient 
accuracy using a laboratory analytical balance. However, in determining various different types 
of density, it is often the ability to make accurate volume measurements of the same material 
that is the most difficult. This is particularly true for powder and porous materials, where clear 
definitions of density are critical. 25  In many cases the terminology can be confusing or 
overlapping. For this reason, the definitions of commonly utilized terms that are important for 
hydrogen storage materials development are presented below. 

Because many volume and, thus, density measurements are dependent on the measurement 
method and conditions, as well as sample history or preparation, it is critical that published 
data be presented with a clear description of: 

1) what type of data (e.g. bulk or poured density, tapped density, compressed pellet 
density) is being presented, 

2) what equipment was used to measure it, 

3) how the measurements were performed,  

4) what under what conditions the measurements were made, and 

5) how the sample was prepared or handled prior to measurement. 

http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/best_practices_hydrogen_storage.pdf
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1.1.1   Material Level Definitions 
 

Powder: A powder is a dry, bulk solid composed of a large number of very fine particles that 
may flow freely when shaken or tilted. Powders are a special sub-class of granular materials, 
although the terms powder and granular are sometimes used to distinguish separate classes of 
material. In particular, powders refer to those granular materials that have the finer grain sizes, 
and that therefore have a greater tendency to form clumps when flowing. Granulars refers to 
the coarser granular materials that do not tend to form clumps except when wet. 

Porous material: A material containing pores (voids). The skeletal portion of the material is 
often called the "matrix" or "frame". The pores are typically filled with a fluid (liquid or gas). 

Pores: Voids that connect to the surface of a particle are referred to as open pores. Interior 
voids inaccessible from the surface are called closed or blind pores. 

Interparticle Void Volume (Vvoid): Is the space between particles that does not include pores or 
external void volumes at the surface of a powder sample. 

For example, for a powder sample this is defined as: 

Equation 1 Vvoid(powder) = 1/ρbulk − 1/ρsk 
 

External Void Volume (Vvoid ext): For lack of a standard definition, is referred to as the void 
volume between a uniform surface and that of a closely fitting envelope surrounding an object. 
If a perfect plane were to be laid on one of the surfaces of a solid object, there would be many 
voids sandwiched between the two surfaces. External void volume does not include pores that 
penetrate the interior of the object. While vague, but this volume can provide an indication of 
surface roughness.  

For example, the void volume for a pressed powder pellets is: 

Equation 2 Vvoid(pellet) = 1/ρenv−1/ρsk 
 

Crystal Density (or Theoretical Density) (ρsc): The crystal density of a substance is the average 
mass per unit volume of a pure crystalline substance, exclusive of all voids and defects that are 
not a fundamental part of the atomic or molecular packing arrangement. The crystal density is 
an intrinsic property of the substance, and hence should be independent of the method of 
determination. The crystal density can be determined either by calculation (theoretical density) 
or by measurement of a pure crystalline (mono-crystal) sample.  



Background and Theory 

Page 22 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

X-ray Crystal Density (ρXC): The X-ray crystal density is the Crystal Density specifically 
determined using crystallographic data (size and composition of the unit cell) of a perfect crystal 
and the molecular mass of the substance.  

True Density (ρT): True density is the density of the solid portion of a material that excludes the 
volume of any open and closed spaces or pores. The true density of a single or even multi-
component material may approach the theoretical density (crystal density) of the material. The 
degree to which the measured true density matches the theoretical density can be indicative of 
the purity and degree of crystallinity of the material.  

Apparent Particle (or Skeletal) Density (ρsk): The apparent particle density is similar to the true 
density except the volume of closed pores, bubbles, or spaces, within a particle are also 
included. Gas pycnometry measures the volume of the material accessible to the probe gas. For 
materials with inaccessible, non-solid spaces, gas pycnometry provides the apparent volume 
and, thus, apparent density of the material. If the true density of a material is known, the closed 
pore volume can be determined from the difference between the apparent volume and true 
volume. 

Particle Density: Particle density addresses both the crystal density and the intra-particulate 
porosity (sealed and/or open pores). Particle density depends on the method of measurement 
that is used to measure the particle’s volume. Particle density can be determined using one of 
the two following methods.  

Pycnometric density is determined by measuring the volume of gas displaced by a 
powder sample using a gas displacement pycnometer. The measured volume of gas 
includes the volume occupied by open pores but excludes the volume occupied by 
sealed pores or pores inaccessible to the gas. Pycnometry typically uses helium as the 
test gas due to its small molecular size and high diffusivity. Thus, most open pores are 
accessible to the gas. The pycnometric density of a finely milled powder is generally not 
very different from the crystal density.  

Mercury porosimeter density (also called granular density) uses mercury as the 
measurement fluid. This method also excludes contributions from sealed pores. 
However, it includes the volume of open pores larger than a certain size limit. This pore 
size limit or minimal access diameter depends on the mercury intrusion pressure applied 
during the measurement. Mercury typically does not penetrate the finest pores 
accessible to helium. One advantage of this method is that granular density distributions 
can be obtained by measuring mercury porosimetry densities at different intrusion 
pressures. 

Apparent Powder Density (ρA): The apparent powder density is similar to the bulk density 
except that it does not include the voids within the pieces, and the voids among the pieces of 
the powder sample.  
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Envelope Density (ρE): Envelope density is determined from the volume of the solid material, 
open pores, and closed pores. System density is given by a single, consolidated quantity of 
material with no interparticle voids between packed particles. The envelope volume is an 
imaginary, closely conforming skin that envelops the material and may include the volume of 
small surface irregularities. When skeletal and true densities are both known, the total pore 
volume, percent porosity, and solid fraction of the sample can be calculated. 

Bulk Density (ρB): The bulk density of a material such as powders includes the volume of the 
solid material, open and closed pores, and interparticle voids. Bulk density is not an intrinsic 
property of a material. It can change depending on how the material is handled. For example, a 
powder poured into a cylinder will have a particular bulk density. If the cylinder is disturbed, the 
powder particles may settle, resulting in a higher bulk density. The total volume of interparticle 
voids may change with packing, leading to the concept of Tap Density. 

Packing Density (ρB): The packing density of a material is essentially the bulk density of a 
material after condensing or packing by some means, such as: compression, vibration, tapping, 
etc.  

Tap Density (ρTAP, ρ0, ρf): Tap Density is given by the mass of a sample and the measurement of 
the volume of a mass of the sample after tapping the container. Tap density is specific method 
of measuring packing densities. “Tapping” causes the particles to move and align into a closer 
packing formation. At the limit of complete compression of the material (such as compression at 
high forces in a die), the void volume and compressed density can be determined as a function 
of the applied pressure. (ρ0 is the initial poured or untapped density and ρf is the final or tapped 
stated density) 

Packing Fraction (φ): is the ratio of the bulk or tap density to the skeletal density of a powder 
material.  

Equation 3 φ = ρB/ρsk 
 

where ρB is the bulk density and ρsk is the skeletal density.  

Excess adsorption (nex): is a term associated with physisorption hydrogen storage materials. It is 
the extra hydrogen present due to adsorption of hydrogen to the surface of the adsorbent. It 
represents excess hydrogen per unit sample over what would be present if the density of gas 
were the same all the way to the surface as it is in the bulk. The value can be positive, negative 
or zero. Excess adsorption is the material hydrogen storage capacity value that is directly 
determined using volumetric and gravimetric methods, and is often presented either in units of 
moles of H2 per kilogram of adsorbent (mole/kg) or as a percentage of the combined H2 and 
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sorbent mass  
(wt. %). 

 

Absolute adsorption (na): is a term associated with physisorption hydrogen storage materials. It 
is the total amount of hydrogen present in the space where the attractive potential from the 
surface is effective (adsorbed phase). It includes all of the gas in the adsorption boundary layer 
including the bulk phase gas and the surface excess gas. Because the boundary layer is a 
hypothetical construct, the absolute adsorption capacity cannot be measured experimentally. It 
can be a useful conceptual quantity but relies on uncertain assumptions regarding the arbitrary 
placement of the dividing line and surface shape between adsorbed and bulk gas. It is related to 
excess adsorption by 

Equation 4 na = nex + Vaρg, 
 

where Va is the adsorbate volume and ρg is the bulk hydrogen gas density.  

Total storage (or Total Material Storage) (nT): for physisorption hydrogen storage materials is 
the total amount of hydrogen (both adsorbed and gaseous) present within the volumes of 
material. This includes all hydrogen absorbed in the bulk, all gas adsorbed to the surface of a 
material, and gas present within the pores and cracks of individual particles or between particles 
in the envelope volume of the material. Thus, total adsorption often includes compressed gas, 
which is not present in the adsorption boundary layer. It provides a measure of the effectiveness 
of an adsorbent in increasing the storage capacity of a fixed volume when filled with the 
adsorbent. The total hydrogen storage amount for sorbent mass msorbent is equal to 

Equation 5 Nt= msorbent(nex + Vvρg), 
 

where the void volume has been defined for powders (Equation 1) and pellets (Equation 2). 
When presented as a fraction of total adsorbent volume (assuming a monolith), it has the form 

Equation 6 , 

 

where ρenv should be replaced with ρbulk for a powder sample. This total volumetric storage 
quantity can be considered as a material property (as opposed to a system property). Although, 
it does depend on material post-processing such as mechanical compaction and composite 
formation. 
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Total storage (or Total Material Storage) (nT): for reversible hydride hydrogen storage materials 
is the releasable hydrogen stored within the hydride but also includes the pressurized gas stored 
in the void volume. 

 

Many of these terms are often co-mingled in the literature, causing some confusion. One reason 
for this may be the differing perspectives of the study of powders of solid materials versus 
porous materials. As an example, the term “bulk density” is variously used for both apparent 
density and packing density. The bulk density and apparent density would only be the same if 
there were no interparticle spaces, or essentially for a single particle sample (with or without 
closed pores). As another example, the density obtained from filling a container with the sample 
material and vibrating it to obtain near optimum packing is also called “bulk density”.26 However, 
due to compaction, this is what is technically referred to, and referred to here, as the packing 
density. Similarly, the true density may be equivalent to the X-ray crystal density for pure 
crystalline materials. This may be the case for porous crystalline as well as well as powder 
materials. In the case of pure crystalline defect-free open-framework materials having no closed 
pores, the apparent density, skeletal density, true density, and crystal density will all be the 
same. The tables and figures below are presented to provide additional clarification for these 
terms. 
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Figure 1. Illustration of various volume types. At the top left is a container of 
individual particles illustrating the characteristics of bulk volume in which interparticle 
and “external” voids are included. At the top right is a single porous particle from the 
bulk. The particle cross-section is shown surrounded by an enveloping band. In the 
illustrations at the bottom, black areas shown are analogous to volume. The three 
illustrations at the right represent the particle. Illustration A is the volume within the 
envelope, B is the same volume minus the “external” volume and volume of open 
pores, and C is the volume within the envelope minus both open and closed pores.27  
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Volume Definitions 
Volumes Included in Definition 
Solid 

Material 
Volume 

Open 
Pore 

Volume 

Closed 
Pore 

Volume 

Inter-
particle 

Void Vol. 

External 
Void 

volume 

Absolute powder volume: (also called Absolute 
volume): The volume of the solid matter after exclusion 
of all the spaces (pores and voids) (BSI).  

X     
Apparent particle volume: The total volume of the 
particle, excluding open pores, but including closed 
pores (BSI).  

X  X   
Apparent powder volume: The total volume of solid 
matter, open pores and closed pores and interstices 
(BSI).  

X X X X  
Bulk volume: The volumes of the solids in each piece, 
the voids within the pieces, and the voids among the 
pieces of the particular collection (implied by ASTM 
D3766).  

X X X X X 

Envelope volume: The external volume of a particle, 
powder, or monolith such as would be obtained by 
tightly shrinking a film to contain it (BSI). The sum of the 
volumes of the solid in each piece and the voids within 
each piece, that is, within close-fitting imaginary 
envelopes completely surrounding each piece (Implied 
by ASTM D3766; see Table 2).  

X X X X X X X X X 

Geometric volume: The volumes of a material 
calculated from measurements of its physical 
dimensions.  

X X X X X 
Skeletal volume: The sum of the volumes of the solid 
material and closed (or blind) pores within the pieces 
(Implied by ASTM D3766).  

X  X   
True volume: Volume excluding open and closed pores 
(implied by BSI).  X     
Void: Space between particles in a bed (BSI).     X  

 
Table 1. Definitions of various types of volumes. BSI = British Standards Institute, 
ASTM = American Society for Testing and Materials.27 
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Depending upon the measurement method, various types of volumes as defined in Table 1 can 
be determined. Obtaining two or more volume values by different methods allows extraction of 
porosity information by the application of simultaneous equations.  

Bulk Volume:  

Equation 7 VB = VS + VOP + VCP + VI + VEXT 

Apparent Particle Volume:  

Equation 8 VAPart = VS + VCP 

Apparent Powder Volume:  

Equation 9 VAPow = VS + VOP + VCP + VI 

Envelope Volume (BSI):  

Equation 10 VE = VS + VOP + VCP + VI + VEXT  

Envelope Volume (ASTM):  

Equation 11 VE = VS + VOP + VCP + VEXT 

Skeletal Volume:  

Equation 12 VSK = VS + VCP  

 True Volume:  

Equation 13 VT = VS 

In the above equations, VS is the volume of the solid material, VOP the volume of open pores, VCP 
the volume of closed pores, VI the volume of interparticle voids, and VExt the external void 
volume.  
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Density Definitions 
Volumes Included in Definition 
Solid 

Material 
Volume 

Open 
Pore 

Volume 

Closed 
Pore 

Volume 

Inter-
particle 

Void Vol. 

External 
Void 

volume 
Absolute powder density: The mass of powder per 
unit of absolute volume (BSI).  X     
Apparent particle density: The mass of a particle 
divided by its apparent (particle) volume (BSI).  X  X   
Apparent powder density: The mass of a powder 
divided by its apparent volume (BSI).  X X X X  
Bulk density: (also called Bulk powder density): The 
apparent powder density under defined conditions 
(BSI). The mass of the particles divided by the volume 
they occupy that includes the space between the 
particles (ASTM D5004). The ratio of the mass of a 
collection of discrete pieces of solid material to the 
sum of the volumes of: the solids in each piece, the 
voids within the pieces, and the voids among the 
pieces of the particular collection (ASTM D3766).  

X X X X X X X X  

Effective particle density: The mass of a particle 
divided by its volume including open and closed pores 
(BSI).  

X X X   
Envelope density: The ratio of the mass of a particle to 
the sum of the volumes of: the solid in each piece and 
the voids within each piece, that is, within close-fitting 
imaginary envelopes completely surrounding each 
piece (ASTM D3766). The ratio of the mass of a particle 
to the envelope volume of the particle (implied by 
BSI).  

X X X X X X X X X 

Skeletal density: The ratio of the mass of discrete 
pieces of solid material to the sum of the volumes of: 
the solid material in the pieces and closed (or blind) 
pores within the pieces (ASTM D3766).  

X  X   

Tap density (also called Tap powder density): The 
apparent powder density obtained under stated 
conditions of tapping (BSI).  

X X X X  
Theoretical density: The ratio of the mass of a 
collection of discrete pieces of solid material to the 
sum of the volumes of said pieces, the solid material 
having an ideal regular arrangement at the atomic 
level (ASTM).  

X     

True density (also called True particle density): The 
mass of a particle divided by its volume, excluding 
open pores and closed pores (BSI). 

X     

 
Table 2. Definitions of various types of densities that follow from the volume 
definitions of Table 1. BSI = British Standards Institute, ASTM = American Society for 
Testing and Materials.27  
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1.1.2   System Level Definitions 
 

System Volume (VSYS): This is the volume of the container or vessel that holds the complete 
storage material, whether it is a single mass, powder, pellets or other forms. With respect to 
hydrogen storage materials development a system level volume should include the volume of 
the tank itself and the ancillary components of the storage system. According to the US DOE’s 
“Technical System Targets: Onboard Hydrogen Storage for Light-Duty Fuel Cell Vehicles”28, the 
system volume used in determining system level hydrogen storage properties is “the volume of 
the complete storage system, including all stored hydrogen, media, reactants (e.g., water for 
hydrolysis-based systems), and system components”.  

System Density (ρSYS): The system density is valuable in evaluating materials (and systems) at an 
application level. The system density consists of the mass of the complete storage system 
divided by the volume of the vessel. In determining system level storage capacities, “Generally 
the ‘full’ mass (including hydrogen) is used; for systems that gain weight, the highest mass 
during discharge is used. All capacities are net useable capacity able to be delivered to the 
power plant. Capacities must be met at end of service life.”28 

Total System Storage (nSYS): is all hydrogen in the tank, including hydrogen absorbed in the bulk, 
all gas adsorbed to the surface of a material, and gas present within the pores and cracks of 
individual particles or between particles in the bulk volume of the material. It is important for 
determining the actual hydrogen delivery from a storage tank. However, it requires specific 
knowledge of the complete hydrogen storage system, including weight and volume and thus is 
rarely reported. 

However, at a materials development level the exact nature of the mass and volume of the 
complete storage tank and components may not be known or even roughly defined. For this 
reason, publication or presentation of system’s level performance based on mass, volume or 
densities should be very clear about what actual masses and volumes are included (or 
excluded) in the determination of values. 

With respect to mass, for example, variations on such application oriented terms may include 
only the mass of the active storage material divided by the system volume, or mass of active 
material and inactive performance augmentation materials divided by the system volume. 
Examples of performance augmentation materials are additives that enhance thermal 
conductivity, structural integrity, resistance to impurities, etc. 

With respect to system volume, an example of further refinement on this definition can be 
found in the US DOE document “Targets for Onboard Hydrogen Storage Systems for Light-Duty 
Vehicles”29 where the “system volume” is defined as the exact or water volume given by the 
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minimum volume required by the storage vessel and the onboard hydrogen storage system. This 
includes every component required to safely accept hydrogen from the delivery infrastructure, 
store it onboard, and release conditioned hydrogen to the power plant. Note, in that document, 
the volumetric “Ultimate Full Fleet” capacity targets were estimated where “a correction factor 
of 15 percent above the average required volumetric capacity was used. The 15 percent volume 
adjustment is motivated by two factors. First, as the volumes quoted in Table 3 (of the 
referenced document) refer to exact or water volumes, they represent the minimum volume 
required by the storage vessel. The effective/box volume available onboard the vehicle is 
typically less. Within the spacing available, designers must allow for system serviceability, 
impact requirements, etc. The correction factor to estimate the packaging inefficiency may vary 
significantly based on the type of system and internal design requirements of each OEM. For 
example single versus multiple tank configurations will have different correction factors; 
plumbing routes for fill lines also impact volume. In practice, the realistic "engineering volume" 
consumed by a hydrogen storage system will always exceed its water volume. Second, three of 
the four vehicles in the NREL dataset are crossover or small-SUV-type. Packaging of hydrogen 
storage in these larger vehicles will generally be easier than in smaller ones. Taking these two 
factors into account, a target value slightly higher than the NREL average was adopted.” 

These are but a couple of examples of the variations in how “System” level mass and volumes 
are presented. Again, at a development level the exact nature of the mass and volume of the 
complete storage system may not be known or well defined. 

These different volumes as we have defined them here and the related densities are 
represented schematically in Figure 2. 
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Figure 2. Volume and Density Definitions: Illustration of volume and density 
definitions relevant to hydrogen storage capacities at a materials and systems level.  

 

1.2   Introduction 
 

In general, hydrogen storage materials can be classified into 4 different classes of materials: (1) 
conventional metal hydrides (also referred to as classic metal hydrides or intermetallic 
hydrides), (2) complex hydrides, (3) sorbents, and (4) chemical hydrides. The relevant features of 
these four materials classes can be found in the preface Subsection 5 of “Recommended Best 
Practices for the Characterization of Storage Properties of Hydrogen Storage Materials”24 and 
the excellent review by Yang et al.30 An overview of the hydrogen storage properties of these 4 
classes of materials is shown in their figure below. 

 



Background and Theory 

Page 33 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

 

 
Figure 3. Overview of the properties of the major hydrogen storage materials 
classes. Trends for technical challenges for each class are delineated by color code: 
Red indicates significant challenges remain towards achieving DOE targets; Green 
signifies satisfactory performance; Yellow indicates some improvement is 
required. Trends and reaction enthalpies are meant to be generally descriptive for 
the entire class; exceptions are possible for individual materials.30  

 

Each class of hydrogen storage materials will have mechanical property issues that need to be 
addressed to improve overall storage performance. Many of these mechanical properties issues 
are the same for all classes, such as the need to improve volumetric capacity by reducing void 
volume (generally through compaction). However, each class (and certain materials within a 
class) may have specific mechanical property issues.  

For example, intermetallic hydride forming alloys typically undergo large lattice expansion on 
hydriding followed by decrepitation into fine metal powders on hydrogen cycling. This effect can 
cause increased bulk density, large mechanical expansion forces, and decreased thermal 
conductivity, all of which impact the storage performance of these materials. 

Complex hydrides may also undergo significant lattice expansions on hydride formation, 
however some of the expansion force and thermal conductivity issues may be mitigated by the 
fact that hydrogen uptake and release occur through chemical decomposition and 
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recombination. This, by its nature, involves the physical mobility of reactants which can 
accommodate stress and provide for reduced void formation relieving some expansion force 
and thermal conductivity issues. At the same time, this mobility creates the opportunity for 
phase-segregation with cycling, which can lead to a form of mechanical/chemical degradation in 
performance. 

Sorbents or physisorption materials are generally not impacted by volume changes on hydrogen 
uptake. Nevertheless, generally low packing densities can lead to poor volumetric hydrogen 
storage capacities, which again may be improved by compaction. However, unlike most 
hydrides, compaction of physisorption materials may eventually lead to reduced surface areas, 
producing a loss in the intrinsic storage capacity of these materials. 

Chemical hydrides vary widely in their hydrogen storage process and characteristics. Thus, 
mechanical properties issues vary on a case-by-case basis. These may be as similar as the need 
for powder compaction, to as unique as the ability to form a liquid slurry of the reactants or 
products or the mechanical properties of the material with respect to transport into a reactor by 
flow methods or physical means. 

This document focuses on the most common mechanical properties issues associated with the 
majority of materials within these four classes. A large portion of the materials that are being 
developed for hydrogen storage applications are (by synthesis or as a result of hydriding) in the 
form of powders. The following sections cover important aspects of the mechanical properties 
of hydrogen storage materials including, to a large extent, powders. There appears to be a vital 
need to develop a better understanding of powder structures themselves as well as their 
physical properties and the impact on hydrogen storage performance. Sections 1.5 to 1.16 cover 
new advances that are being made in modeling physical properties of powder compacts of 
hydrogen storage materials. Currently there is limited experimental data on topics such as the 
packing densities, thermal conductivity, and gas transport in hydrogen storage materials, and 
the relationship between these properties and powder particle structures.  

Hopefully, this Best Practices section will provide some insight into: 

1. the work that is being pursued in these topics,  

2. the experimental methods that are being used to generate data to support system 
design and validate modeling efforts, 

3. issues associated with making such measurements, and 

4. the types of mechanical properties studies that are needed to advance our uderstanding 
of how to further improve the performance of hydrogen storage materials.  

 



Background and Theory 

Page 35 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

 

1.3   Volume Changes of Hydrogen Storage Materials 
 

It is well known that many hydrogen storage materials (hydrides and to some extent 
physisorption materials) undergo significant volume and density changes on the uptake or 
release of hydrogen. For example, the hydride CeMn1.5Al0.5Hx undergoes an extraordinary lattice 
volume expansion of over 35% on hydriding.31 A portion of the in-situ neutron diffraction 
measurements during deuteration are shown in Figure 4. The coexistence of the α and β phases 
up to the completion of the α - β phase transformation is apparent. A dramatic lattice expansion 
is observed after the completion of the α - β phase transformation. This change was attributed 
to further absorption of deuterium into the β phase with increasing pressure to form a solid 
solution deuteride (β′ phase). While the effects of deuterium absorption appear dramatic, all 
three phases (α, β and β′) continue to maintain the same P63/mmc crystal symmetry of the 
host-metal structure. 

 

Figure 4. A portion of the real-time neutron diffraction measurements of 
CeMn1.5Al0.5DX as the deuterium concentration is varied from 0 to 170 ncm3 D2/g-
sample (instrument D1B, λ = 2.521Å). The α phase solid solution disappears and the β 
phase deuteride grows with increasing deuterium content. At a concentration of x = 3 
HD/f.u. (f.u. = formula unit; CeMn1.5Al0.5D3) the β’ phase solid solution deuteride 
appears and grows as observed by a large lattice expansion.31 
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From these measurements relative content of the α and β phases have been calculated from 
the diffraction patterns and are plotted versus the total deuterium content of the sample in 
Figure 5a. Similarly the lattice parameters for the α, β and β′ phases have been extracted from 
these patterns and are presented in Figure 5b. A discrete lattice expansion can be observed in 
the transition from the α to the β phase. A continuous lattice expansion takes place within each 
of the three phases as the deuterium content is increased. This is more clearly illustrated by 
plotting the percent change in lattice parameters (Figure 5c). The expansion is small and 
isotropic for the α phase, small and anisotropic for the β deuteride, and large and anisotropic 
for the β′ solid solution. Overall, the volume expansion on the formation of the deuteride (and 
similarly for the hydride) is very large.  

 

Figure 5. a) α phase solid solution and β phase deuteride content of the sample, b) 
Lattice parameters a and c for the α phase solid solution and the β phase deuteride, 
and c) the percent change in the lattice parameters as a function of the sample total 
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deuterium content. The α phase expands isotropically, whereas the β (and β’) phases 
have a greater relative expansion in the a direction.31 

 

The volume expansion between the coexisting α- and the β-phase in metal hydrides corresponds 
in many cases to 10–20% of the metal lattice. Therefore, at the phase boundary a large amount 
of stress is built up and often leads to a decrepitation of brittle host metals such as intermetallic 
compounds. The final hydride is a powder with a typical particle size of 10–100 µm. Such lattice 
volume expansions are not uncommon for metal hydride hydrogen storage materials and, as 
such, must not only be determined, but must also be included as an important factor in the 
engineering design of the storage system.  

 

1.4   Decrepitation of Hydrogen Storage Materials 
 

The process of hydrogenation and dehydrogenation of a metal lattice usually causes lattice 
expansion and contraction with approximately 2 to 5 Å3 per H atom.32 In general, the strain 
caused by the difference in lattice dimensions at the metal-to-hydride interface causes defects 
leading to crack formation. Through this process, the hydriding of most intermetallic alloys and 
compounds ultimately causes fragmentation that result in the formation of irregular faceted 
particles.33 This process is referred to as decrepitation.  

Decrepitation takes place with each hydrogen absorption/desorption cycle. After repeated 
cycling, large particles disintegration into smaller and smaller particles. 34 This systematic 
reduction in the average particle size has been observed as the number of hydriding cycles 
increases.35,36 The dependence of particle size distribution on the number of hydriding cycles 
was investigated by Hahne and Kallweit.37 They observed a five-fold reduction in average 
particle size after 30 cycles. The degree of decrepitation depends on the number of cycles and 
the plastic behavior of the alloy or metal. Hydrides can reach a state of decrepitation at which 
particles become mechanically stabilized, and the size distribution does not change with further 
cycling.37 In the case of LaNi5, the particle slowly disintegrates to some minimum dimensions 
after which there is very little reduction in particle size. This may be due micro-plasticity 
exhibited in intermetallics, which are generally very brittle. Many of the elemental hydrides 
have metallic character and plastic deformation occurs during hydriding that accommodates the 
strain thus inhibiting significant decrepitation.  

The starting materials to make hydrides are often coarse metal particles, each on the order of 
several mm in size. Each particle generally consists of a host of single crystal domains, or grains. 
Grain boundaries within the particle are typically on the scale of micrometers. Once molecular 
hydrogen comes in contact with the particle surface, dissociation occurs through a catalytic 
reaction and generates atomic hydrogen (H) interstitials which transport relatively fast through 
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the grain boundaries (at low temperatures) and diffuse more slowly through the volume of the 
grain. At a given potential (or pressure and temperature) hydride formation will occur between 
the interstitial atomic hydrogen and metal lattice.38 For metal-hydrides this fragmentation 
process exposes fresh chemically active surfaces and is essential to achieving fast hydriding 
kinetics.39 

On the negative side, the fragmented nature of metal hydride particles inhibits heat transfer and 
thus the dissipation of heat from hydride formation.40 Heat transfer can be improved by the 
addition of expanded graphite41,42,43 and metal44,45,46 additives. Unfortunately, these chemically 
inactive materials reduce overall hydrogen storage density and permeability. The densification 
of decrepitated hydrides can improve hydrogen storage density and permeability, but the 
dependence of the effective thermal conductivity on the packed structure of hydride powders 
has only had a limited amount of investigation.  

 

Figure 6. Reversible portions of the pressure–composition isotherms obtained at 298 K 
on thermal cycled V0.995C0.005HX.47  
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A good example of this is the hydrides of vanadium and some vanadium alloys. 47,48 Although the 
VH, V–C–H, and V–Zr–C–H systems cannot experience the intrinsic chemical disproportionation 
reactions that occur in LaNi5HX 

49
 and other ternary hydrides, minor changes were observed in 

the isotherms for vanadium hydride and some vanadium-alloy hydrides after several hundred 
absorption–desorption cycles across the β–γ plateau region. Room temperature isotherms of 
V0.995C0.005HX taken after 11 and 1000 thermal cycles are shown above in Figure 6.  

The morphology of decrepitated powers can affect packing, which in turn can lead to internal 
gas impedance and container deformation. The morphology of the powders also affects heat 
transfer. Most hydride powders have poor heat transfer coefficients and require engineering for 
thermal enhancement (e.g., Al foam, internal fins, etc.). This is made worse by decrepitation 
leading to the loss of thermal contact with the heat transfer media. The end result is that the 
decrepitation that occurs with each hydriding cycle may have an important and unpredictable 
effect on the Cycle-Life properties of a hydrogen storage material.  

The decrepitation process is something that should be taken into account in making Cycle-Life 
measurements. In general, decrepitation is one of several processes that take place in the first 
few to tens of cycles and is wrapped up in what is commonly called the Activation process. In 
Cycle-Life measurements, the material will likely show increased capacity in the first activation 
cycles before reaching a more steady-state cycling behavior (usually a slow loss in capacity). It 
was pointed out in prior chapters that it is important to make sure the sample is fully activated 
before ascribing long-term hydrogen storage properties to a material. This is equally true for 
Cycle-Life measurements and is best achieved by recording complete uptake and release data in 
the first 20 or so cycles.  

An example is given below of hydrogen-induced decrepitation of a typical intermetallic alloy 
during hydride formation. Arun and Ramaprablu performed an X-ray diffraction study on 
hydrogenated Zr0.2Tb0.8Co3 that revealed that the alloy does not decompose upon 
hydrogenation. They then performed particle size measurements on Zr0.2Tb0.8Co3 and ZrMnFe 
alloys before and after hydrogenation. Those measurements demonstrated that the 
decrepitation in Zr0.2Tb0.8Co3 is far less than that in the much harder material ZrMnFe.50 Particle 
size distributions for both alloys and their hydrides are shown in Figures 7 and 8. These were 
measured using and optical microscope and SEM images. The Zr0.2Tb0.8Co3 alloy was subjected to 
35 hydrogen absorption/desorption cycles, while the ZrMnFe alloy was only cycled 8 times. 
While the method is simple, the results show a much more prominent decrease in particle size 
for the ZrMnFe alloy due to hydrogen induced decrepitation. 
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Figure 7. Particle size distributions in Zr0.2Tb0.8Co3 and Zr0.2Tb0.8Co3Hx.50 
 

 

 

 
Figure 8. Particle size distributions in ZrMnFe and ZrMnFeHx.50 
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1.5   Mechanical Changes and Durability of Hydrogen Storage Materials 
 

Changes in the mechanical-physical properties of hydrogen storage materials with use (such as 
hydrogen uptake and release cycling) may not only result in degradation of the material’s 
storage properties, but can also cause serious systems engineering level challenges. For 
example, hydrogen absorption in metal hydrides typically causes lattice volume expansion 
(section 1.3), which leads to varying degrees of decrepitation (section 1.4). These two effects 
combined with cycling and vibration in normal hydrogen storage applications can cause 
densification and interlocking of microscopic particles, which, by subsequent expansion during 
hydriding, can impart enormous forces on a containment vessel.  

An example of the detrimental effect such material volume expansion can have on a hydrogen 
storage vessel is shown in Figure 9. 

 

 

Figure 9. Hydride hydrogen storage vessel deformation caused by material expansion 
on hydride formation.51 

 

Expansion induced stress depends on: 

• The compressibility of the media as it changes chemical form during hydrogen uptake, 

• The composition of the media, which at equilibrium, depends on the temperature and gas 
pressure, 

• The history of cycling and/or the loading/discharge rates of the media, and 

• The propensity of the media to “lock-up” during expansion. That is, the inability of the 
media to flow freely so that it occupies the full available volume during expansion. 

A schematic rendition of the process of how hydride-induced expansion forces can impact a 
storage system is illustrated in Figure 10 below. 
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Figure 10. Schematic illustration of material volume expansion upon hydriding and the 
detrimental effect it can have on a storage system without explicit materials safety 
engineering design. 

 

Clearly, knowledge (and accurate data) on a material’s hydrogen storage mechanical properties 
is vital in the design of intrinsically safe, durable, and optimally performing materials-based 
hydrogen storage systems. Some of the mechanical properties to be evaluated are: Lattice (or 
other) volume changes on hydrogen uptake, propensity for decrepitation and/or degradation on 
cycling, and the physical interactions of powders and compacts with extensive use. 
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1.6   Particle Size of Powders and Compacts 
 

The influence of particle size on performance 

Particle size influences many properties of hydrogen storage materials. Besides the effects 
particle size may have on reaction kinetics, heat transfer, adsorption capacity, etc., the size and 
shape of powders influences scaled-up engineering properties such as compaction, heat 
transfer, and permeation. The ability to measure particle size is critical for analyzing storage 
materials after processing (such as by mechanical milling, etc.) as well as to optimize the 
material’s compaction and hydrogen storage properties. In addition, determining the particle 
size of powders to be mixed with additives can be important to achieve an even distribution of 
the additive because similar and narrower distributions are less prone to segregation.  

Particle Diameter 

It is important to note that is the symbols used for diameter vary. The traditional notation 
followed in the United States uses the character “d” followed by a subscript to define the 
manner in which the diameter has been computed. ISO standards refer to diameter using the 
character “x” with the same subscripts.  

Caution should be taken when using term “particle diameter” as a quantitative measure of the 
particle size. The term “diameter” implies particles having spherical shapes. In most cases, 
however, powders are more irregular in shape and thus, the term “diameter” may be 
interpreted in different ways.  

The analyses of the shape factor (or divergence from a spherical shape) often produce different 
results depending on the type of particle size measurement method used. Different methods 
rely on the different physical principles, which may be affected differently by particle shape 
factors. As an example, using sieving to quantify particle sizes will tend to emphasize the second 
smallest particle dimension because of the way particles must orient themselves to pass 
through the mesh opening. A sedimentometer, which measures the rate of fall of particles 
through a viscous medium, will cause flatter plate-like particles to orient to maximize drag while 
sedimenting. For such irregular particles, this can skew the reported particle size to smaller 
values. On the other hand, a light scattering instrument will average the various dimensions as 
the particles flow randomly through the light beam, producing a distribution of sizes from the 
smallest to the largest dimensions.  

A schematic representation of a sphere versus an example of a true particle shape and the 
“shape factor” is presented in Figure 11. 
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Figure 11. SHAPE FACTOR Many techniques make the general assumption that every 
particle is a sphere and report the value of some equivalent diameter. However, 
microscopy or automated image analysis are the only techniques that can describe 
particles with multiple values related to the shape of particles with larger aspect 
ratios.52 

 

Microscopy or automated image analysis are the only techniques that are able to describe 
particle size using multiple values. For example the non-spherical particle shown in Figure 11 
could be described using an image analysis system to provide: the longest and shortest 
diameters, perimeter, projected area, or again by equivalent spherical diameter. In such 
analysis, it is common to report a particle size distribution in terms of the equivalent spherical 
diameter on the x-axis and percent on the y-axis. In general, the x-axis value is typically 
displayed as length rather than equivalent spherical diameter only for elongated or fibrous 
particle materials.  

Various expressions for particle diameter have been put forth by Allen,53 Svarovsky,54 and other 
authors such as the equivalent sphere diameters, equivalent circle diameters, and statistical 
diameters. An important issue put forth by Allen is that determination of a particle size should 
be conducted by a technique such that the obtained results represent a property of the powder 
that is critical for the powder application. For example, powders used in chemical reactions 
should be characterized by their surface area. 

Equivalent Sphere-based Particle Diameters 

The equivalent sphere description refers to the diameters of regular, homogeneous spheres that 
would have the same property as the particle being measured. The term dv (or xv) refers to 
volume diameter and is defined as the diameter of a regular, homogeneous sphere that has the 
same volume as the particle being measured. Equivalent spherical diameters represent three-
dimensional properties of the real particle, and thus are most reliable when used for practical 
applications that are influenced by volume-based properties (density, surface area, etc.) 
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Drag diameter (dd): Diameter of a sphere that has the same resistance to motion in the same 
fluid (having same viscosity), moving at the same velocity as the particle 

Free-falling diameter (df): Diameter of a sphere having the same density and the same free-
falling speed as the particle in the same fluid 

Surface diameter (ds): Diameter of a sphere having the same surface area as the particle 

Surface volume diameter (dsv): Diameter of a sphere having the same surface to volume ratio as 
the particle 

Stokes’ diameter (dst): Diameter of a free falling sphere (i.e., particle having attained the Stokes 
velocity) in the laminar flow region 

Sieve diameter (dA): Diameter of a sphere equivalent to the size of the minimum square 
aperture through which the particle will pass 

Volume diameter (dv): Diameter of a sphere having the same volume as the particle 

 
Table 3. Definitions of Volume-Based Diameters.55  

 

Equivalent Circle-based Particle Diameters 

When the method of measuring particle size is based on the projected profile of a particle, 
evaluation of the particle’s diameter is based on equivalent two-dimensional circles (see Table 
4). For this reason, equivalent circles analysis is used mostly for optical or electron microscopy-
based techniques. While these expressions are very useful for observing and reporting the sizes 
of spherical particles, the results of irregular particles can be erroneous if adequate precautions 
are not taken. The orientation of an irregular particle at rest can significantly influence the 
calculated diameter, and the more irregular a particle, the greater the possibility of surface 
details being obscured. An obvious solution is to sample a large number of random particles in 
order to minimize variations. However, the number of particles that need to be sampled 
depends on the sample and can vary from as few as a few hundred to many thousands of 
particles. The development of software for image analysis has aided in speeding up and 
automating the process of size analysis. At the same time, it is important that the strengths and 
limitations of any image analysis software are well understood. Clearly, an initial test is to 
conduct measurement and analysis using certified size standards. 
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Projected area diameter (da): Diameter of a circle having the same area as the projected area of 
the particle at rest in a stable position 

Projected area diameter (dp): Diameter of a circle having the same area as the projected area of 
the particle at rest in a random orientation 

Perimeter diameter (dc): Diameter of a circle having the same perimeter as the projected area 
of the particle, irrespective of the particle orientation 

 
Table 4. Size Definitions Based on Equivalent Circle Diameter.55  

 

A serious limitation of the spherical and circular definition is the inability to describe the shape 
of the particle. Materials may contain particles with large aspect ratios. Projected image 
methods may not be able to discern the true size of particles depending on orientation, and the 
shape of the particles may be of significant importance in the performance of the material (such 
as anisotropic thermal conductivity). 

Equivalent Statistical-based Particle Diameters 

Statistical diameters are probably the most useful to define the shape of a particle and the most 
useful for particles with a large aspect ratio. This analysis involves the calculation of a linear 
dimension measured with respect to a defined direction. The use of these expressions is 
common while using microscopy-based measurement techniques. Advanced software that 
automates image analysis greatly improves the reliability and ease of such investigations. 
Examples of common statistical-based particle diameters are presented in Table 5. 

 

Feret’s diameter (dF): Mean value of the distance between pairs of parallel tangents to the 
projected outline of the particle 

Martin’s diameter (dM): The mean chord length of the projected outline of the particle 

Unrolled diameter (dR): The mean chord length through the center of gravity of the particle 

Maximum chord diameter (dCH): The maximum length of a line limited by the particle contour 

Shear diameter (dSH): Particle width obtained with an image-shearing device  

 
Table 5. Size Definitions Based on Statistical Diameters.55  
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Particle Size Analysis 

While it may seem convenient to describe a sample by its “average” particle diameter, a single 
number does not describe the distribution of particle sizes in a sample and may be very 
misleading with respect to the properties of the material. The best practice is to report both a 
central point of the distribution along with one or more values to describe the width of 
distribution. 

Particle sizes can be expressed in terms of mean, median and modal diameters, which are 
determined from the diameter distribution of the measured sample (using one of the definitions 
of diameter described above). 

Mean Diameter: The arithmetic Mean Diameter is the sum of the diameters of all the individual 
particles in the distribution divided by the total number of particles in the distribution. The 
geometric mean is the nth

 root of the products of the diameters of n particles in the system. The 
mean diameter of a powder can be its length, surface, volume, or moment mean diameter.  

The ASTM E79956 generalized form of the equations for different Mean Diameter values is: 

Equation 14  

 

Where: 

D = the diameter 

D = the average diameter 

(p-q) p > q = the algebraic power of Dpq 

Di = the diameter of the ith particle 

Σ = the summation of Dip or Diq, representing all particles in the sample 

Some of the more common representative diameters are: 

D10 = arithmetic or number mean 

D32 = volume/surface mean (also called the Sauter mean) 

D43 = the mean diameter over volume (also called the DeBroukere mean) 
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Median Diameter: The Median Diameter is the size at which half of all the particles in the 
distribution are coarser than the Median Diameter, and the other half are finer.  

Modal Diameter: The Modal Diameter is the most frequently occurring size value of the 
particles measured and is, thus, the peak of the frequency distribution. It appears as the 
diameter of the highest peak in the distribution.  

For symmetric distributions such as the one shown in Figure 12 all three representative 
diameters are equivalent: mean = median = mode.  

 

 

Figure 12. Symmetric Distribution where Mean = Median = Mode.52 
 

For a non-symmetric distribution the mean, median and mode will be three different values as 
shown below in Figure 13.  
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Figure 13. A non-symmetric distribution. Mean, median, and modal diameters will be 
three different values.52 

 

It is important to note that the mean value can be the same for significantly different shapes of 
distribution and size range over which the distribution is spread. At a minimum, the use of more 
than one definition (e.g., stating both the mean and modal diameters) may provide some 
information about the non-symmetrical nature of the distribution. For example, Figure 14 shows 
a measurement of the differential volume as a function of the particle size and indicates the 
occurrence of the different size measures (mode, mean and median diameters) for the same 
distribution. 
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Figure 14. An example of the particle size distribution of a powder obtained by laser 
light scattering.55  

 

In addition to a central diameter value (whether it be mean, media, or modal) other terms are 
needed to describe the width of the distribution of particle sizes. The most commonly used 
statistical values in the field of particle analysis are standard deviation and variance. An example 
of standard deviation is shown in Figure 15 where 68.27% of the total population lies within +/- 
1 standard deviation, and 95.45% lies within +/- 2 standard deviation of the mean.  
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Figure 15. Example of a normal distribution where the mean value is flanked by 1 and 
2 standard deviation points.52 

 

Although still occasionally cited, the use of standard deviation has declined since the hardware 
and software advanced beyond assuming normal or Rosin-Rammler distributions. Once “model 
independent” algorithms were introduced, many particle scientists began using different 
calculations to describe distribution width. A common value used for laser diffraction results is 
the span, in which the volume diameters over the range of 10-90% of the particles are divided 
by the Median Diameter (Equation 15 and Figure 16). 

Equation 15 Span = (DV0.9 – DV0.1) / DV0.5 
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Figure 16. THREE X-AXIS VALUES D10, D50 and D90.52 
 

One term to describe the distribution width is to normalize the standard deviation by dividing by 
the mean. This is known as the Coefficient of Variation (COV) or the relative standard deviation 
(RSD). The ISO13320 standard for laser diffraction particle size analysis measurements 
encourages the measurement of any sample at least 3 times, calculating the mean, standard 
deviation, and COV (standard deviation/mean), and the standard sets pass/fail criteria based on 
the COV values.57 

Particle Size Analysis: Number vs. Volume distributions 

There are a number of ways to evaluate the particle size distribution of a material. The choice 
may depend on the physical properties of interest. For example, is it the number of particles, 
surface area, or mass of the particles that is of most interest (e.g. catalysis vs. bulk H2 storage)? 
In a number distribution, each particle is counted by some analytical technique and assigned a 
size (diameter), which has equal weighting. As an example, consider the nine particles shown in 
Figure 17. Three particles are 1 μm, three are 2 μm, and three are 3 μm in size (diameter).  
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Figure 17. Illustration of particles 1, 2 and 3 µm in size. Calculations show percent by 
volume for each size range.52 

 

The distribution results for these particles are shown in Figure 18. On a number basis (a), each 
particle size accounts for one third of the total. On a volume basis (b), the results demonstrate 
that 75% of the total volume comes from the 3 μm particles, and less than 3% comes from the 1 
μm particles. 

 

a)      b)   

Figure 18. Percentage composition of sample a) on a number basis and b) on a volume 
basis.52 
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When presented as a volume basis it becomes clear that the majority of the total particle mass 
or volume comes from the 3 μm particles. Nothing changes between the left and right graph 
except for the basis of the distribution calculation. 

The type of particle size distribution measured varies depending on the experimental technique 
being employed. Microscopes or image analyzers collect results as a number distribution. Laser 
diffraction methods collect results as a volume distribution. It is often possible using data 
analysis software to convert the results from a number basis to a volume basis or vice versa. 
Care should be taken when converting results from one basis to another. Transform image 
analysis results from a number to volume basis is common. However, converting a volume result 
from laser diffraction to a number basis can lead to errors and is only suggested when 
comparing to results generated by microscopy. Figure 19 below shows an example in which a 
laser diffraction result is transformed from a volume to both a number and a surface area-based 
distribution. Notice the large change in median from 11.58 μm to 0.30 μm when converted from 
volume to number. The error associated with these conversions may have an impact on how the 
results are interpreted for hydrogen storage materials. For example, ideal physisorption 
materials will have a large surface area to volume ratio (surface area providing adsorption sites 
and volume creating unwanted weight). As seen in Figure 18 and Figure 19 the majority of the 
volume (hence mass) of a powder may be in a few large particles, whereas the majority of the 
surface area is attributed to the large number of smaller particles. Thus, for high gravimetric 
physisorption capacities, a narrow distribution of particles with high surface areas would be 
desirable. However, the conversion from volume distribution to surface area distribution is 
highly dependent on the shape of the particles. In this case, one would want to have reliable 
data for a materials surface area distribution. 

 

Figure 19. Volume distributions converted to area and number distributions.52 



Background and Theory 

Page 55 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

1.7   Porosity of Powders and Compacts 
 

It is useful to have a good knowledge of the range of pore sizes in a porous solid. The pore sizes 
in a porous solid must be of a suitable size to admit, hold, and discharge individual gas 
molecules. If the pores are too small, the gas molecules cannot enter. If they are too large, most 
of the molecules of gas in the pore behave as a gas under pressure with rapid movement and 
molecular collisions. They are not packed as tightly and are bound to the surface in the 
adsorbent structure.58,59 

The individual pores may vary greatly both in size and in shape within a given solid and between 
materials. The conventional classification for pore size has been defined by the International 
Union of Pure and Applied Chemistry (IUPAC) and is summarized below. The classification is 
arbitrary and was developed on the basis of the adsorption of nitrogen at 77 K on a wide range 
of porous solids.60 The basis of the classification is that each of the size ranges corresponds to 
characteristic adsorption effects.  

 

CLASSIFICATION OF PORES ACCORDING TO THEIR WIDTH59 

 PORE TYPE  WIDTH 

 Micropores   Less than ~ 20 Å (~2 nm) 

 Mesopores   Between ~ 20 (~2 nm) and ~ 500 Å (~50 nm) 

 Macropores   More than ~ 500 Å (~50 nm) 

 

Porous materials may contain pores made up of highly regular structures or consists of cracks, 
crevices, and tortuous passageways. For all of these materials three distinctly different types of 
density measurements are possible, one that includes and one that excludes these pores. And a 
third definition that defines sample volume in terms of the volume of a container into which a 
known quantity of material (powder or pieces) can be filled or packed. This last density includes 
not only the pore spaces within the material but also the spaces among the particles or pieces. 
The following is a summary of these three different density definitions:  

1. Absolute or True density, excludes both the intraparticle spaces and the interparticle 
spaces (closed pores).  

2. Skeletal of Apparent density: includes the intraparticle but excludes interparticle spaces 
(closed pores).  

3. Bulk density or Packing density: includes both intra- and interparticle spaces.  
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These terms are defined in detail in section 1.1  

For reporting hydrogen storage capacity measurements, it is important to make clear the 
distinction between the true density and skeletal density, which may be different for highly 
microporous materials. The skeletal or apparent density includes both the volume occupied by 
the solid material of the adsorbent and the closed (or inaccessible) pore volume: 

Equation 16 𝝆𝑺𝑺 =  𝒎
𝑽𝑺𝑺

=  𝒎
𝑽𝑻+𝑽𝒑𝒑𝒑𝒑

 

 

where m is the mass of the adsorbent VSK is the skeletal volume and Vpore is the pore volume. 
The skeletal or apparent density can be determined from the slope of the helium buoyancy 
correction.61 For a pure crystalline sample with no closed pores, the skeletal density is the same 
as the crystallographic density.  

These three different definitions of density use quite different equipment to be measured. 
Helium can fill all open spaces including that of the pores of sizes as small as 0.3 nm. Therefore, 
the resulting density from using helium is the skeletal or apparent density, which is being ever 
more frequently referred to simply as the “helium density”.  

Note however, that the assumptions listed above, in particular that helium does not adsorb to 
the material during helium density measurements, are not always valid for many high-surface 
area materials.62 While it is typical to use helium measurements on hydrogen storage materials 
samples to determine an “apparent volume” there may be some concern that the sample itself 
will adsorb significant amounts of the inert gas causing large errors in the “apparent” void 
volume of the sample cell. This becomes an important concern for high-surface area materials 
being measured at low (cryogenic) temperatures where inert gas uptake may be large. In such 
cases, the void volume of the sample cell, with the sample in it, is usually determined from 
helium expansion measurements at room temperature and low pressures. Under these 
conditions the effect of helium adsorption is generally considered to be small enough to have 
little impact on the volume calibration. However, this may not necessarily be the case.63,64 

The relationship between materials and system volumes can be expressed as follows (and were 
shown schematically in Figure 2): 

Equation 17 Free Volume: Vf  ≈  VHe  

Equation 18 Vf   =  Vempty vessel  –  Vpk  +  Vvoid   +  Vpore 

Equation 19 Vf  = Vempty vessel   –  Vskeletal  
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Because knowledge of the skeletal density of the material is crucial to the accuracy of both 
gravimetric and volumetric measurements, great care should be taken in the determination of 
the skeletal density of samples being measured.  

 

1.8   Particle Shape and Modeling 
 

Hydrogen-induced fracture can result in faceted particles having irregular shape (e.g. Figure 20) 
in contrast to faceted particles produced from growth of single crystals. This behavior has been 
observed for a wide variety of intermetallic metal hydrides for which particle size distributions 
have been measured (e.g., in Reference 37). Only recently has efforts to predict the size 
distribution and shapes of irregular hydride particles theoretically been pursued. Smith and 
Fisher have developed a multiphysics modeling approach for heat conduction in metal hydride 
powders. The simulations include particle shape distribution, size distribution, granular packing 
structure, and effective thermal conductivity which is reported to produce quantitative 
experimental agreement with metal hydride powders of various compositions.65,66,67,68 More 
specifically, the simulations cover modeling of particle shape and size distribution, quasi-static 
packing through the energy-based simulation of granular jamming, and heat transfer through 
direct solution of the heat diffusion equation. In addition, a structure-transport theory inspired 
by recent experiments on fine powder was developed to relate non-cohesive jammed system 
properties to experimental packings with solid density below that of the non-cohesive jammed 
system. The following is an overview of the modeling, correlation with experimental 
measurements, and conclusions of that work. 
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Figure 20. Ti1.1CrMn particles with crack fissures produced from cyclic hydriding and 
dehydriding. The particles produced after further cycling have irregular faceted 
shapes.65  

 

In this cited work, Smith et al. reported that particle shape and size distributions resulting from 
fracture cannot be replicated by a simple single-particle unit cell model, such as those of 
Asakuma and co-workers69,70 and Zehner, Bauer, and Schliinder.71 Reduced conduction through 
the gas phase as a result of boundary scattering and interfacial impedance mismatches of 
thermal energy carriers depend on the confining pore geometry of the packed powder. The gas-
phase boundary scattering mechanism has often been interpreted as the Smoluchkowski effect 
in the packed bed literature.71 Metal hydride particles inherently exhibit small contact areas in 
the packed state resulting in reduced solid-state heat transfer. Thermal conduction in the solid 
phase may also depend strongly on whether all or some of the particle is in the hydrided or 
desorbed state. Currently, the extent to which each of these mechanisms limits heat transfer in 
metal hydride powders, and other types of porous media in general, is not well understood or 
quantified. 

Smith et al. used an idealized statistical geometric model to simulate the particle size and shape 
distribution of decrepitated metal hydride powders.65 The major underlying assumptions of their 
model were the following: (1) infinitely extending planar surfaces are formed from instances of 
fracture and (2) planes of fracture have isotropic statistical orientation and position throughout 
the material. Both assumptions are well justified for polycrystalline metals, such as Ti1.1CrMn. 
This model is described as a 3D Poisson plane field, which is closely related to the 2D Poisson 
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line field that has been studied previously.72 Simulation of this geometric field of planes is 
accomplished through sequential sectioning of a unit cube centered at the origin with randomly 
oriented and positioned planes. Their model was implemented numerically, and can be 
interactively accessed through nanohub.org.73 The resulting ensemble of particles formed by the 
intersection of 200 planes in the Poisson field is presented in Figure 21. Qualitatively, the field 
reflects many of the features of decrepitated metal hydride particles, including faceted particle 
shapes and a volume of individual particles spanning nearly six orders of magnitude. 

 

 

Figure 21. Particles generated by intersections of planes in the 3D Poisson field. 
Particles are colored according to their volume V relative to the volume-weighted 
average particle volume V for the ensemble. Particles intersecting the domain 
boundary (black edges) are excluded to neglect edge effects.65 

 

To validate the model, Smith et al. had particle size distribution measurements performed on 
the high-pressure metal hydride alloy, Ti1.1CrMn, using laser diffraction. 74  The author’s 
cumulative size distribution of aqueous sonicated Ti1.1CrMn in addition to those of several other 
metal hydrides from the literature is displayed in Figure 22. 
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Figure 22. Modeled and experimental cumulative size distributions for cycled metal 
hydride powders.75 Volume effective sphere diameter D is plotted for theoretical size 
distributions. D is normalized by its median value D50. Kernel density estimates of the 
simulated distributions are shown.65 

 

The different metal hydrides showed similar particle size distribution despite being different AB2 
and AB5 alloys. The largest difference was for the largest particles, and was suggested to be due 
to the presence of agglomerates and differing degrees of cycling. It was noted however, that 
there was not a strong correlation between how many cycles each sample underwent and the 
mean particle size, which is consistent with the degree of decrepitation being highly dependent 
on the alloy composition and mechanical properties. The Poisson plane field modeling effort 
found that the computed particle size distribution was in the middle of the spread of 
experimental size distributions, indicating a good match between modeling and experimental 
results.65  

 

1.9   Packing Theory and Simulation 
 

To improve the volumetric capacity of hydrogen storage powder materials, it will be necessary 
to increase powder packing densities of these materials at a materials and system level. The 
optimal packing density (best capacity and kinetic hydrogen storage performance) will be very 
different from one material to another. This optimized powder packing depends not only on the 
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materials static properties (particle size, size distributions, shape, porosity, and mechanical 
characteristics), but also on the behavior of the materials with repetitive hydrogen uptake and 
release cycles (such as lattice expansion, decrepitation, segregation, etc. for reversible 
materials). Packing theory, simulation and testing may play an important role in the 
development of real-world systems using powder-based hydrogen storage materials. The 
following is a brief introduction to packing theory and simulations relevant to hydrogen storage. 

The efficiency of packing a powder can be presented by the powder’s particle or solid Volume 
Fraction. This is the powder’s apparent particle volume divided by the bulk volume. Packing 
fraction is the volume taken by a number of particles in a given space of volume after some form 
of packing. It represents the percentage of volume in a packed powder taken up by the 
powder’s solid matter and inaccessible pores. Together with the mass, the packing fraction 
defines the packing density.  

Random close packing (RCP) is an empirical parameter used to describe the 
maximum volume fraction of powder particles obtained when they are packed randomly. 
Because of the difference in shapes and sizes of powder particles, RCP does not have a precise 
geometric definition but rather is defined statistically and measured empirically. The 
measurement of RCP consists of filling a container randomly with the test powder, and then 
shaking or tapping the container until the powder will not compact any further. The volume 
fraction at this point is the RCP. It has been shown that the volume fraction increases with the 
number of taps until the RCP is reached, and that the volume fraction increases as the 
tapping amplitude decreases. Thus RCP is the packing fraction given by the combination of the 
limit as the tapping amplitude goes to zero, and the limit as the number of taps goes to infinity. 

The particle volume fraction at RCP depends on the shape of the particles being packed. If the 
powder consists of particles of different sizes, then the volume fraction depends non-trivially on 
the size-distribution and can be arbitrarily close to 1.0. For powders composted of particles of 
essentially one size the value for RCP depends on the particle shape. For spheres this number 
has been measured to be 0.64 or 64%.76 Analytical predictions have shown that the volume 
fraction in RCP cannot exceed a density limit of 63.4% for spheres of one diameter.77 This is 
significantly smaller than the maximum theoretical filling fraction of 0.74048 that results from 
hexagonal close packing. This difference demonstrates that the "randomness" of RCP is vital not 
only to the definition, but also to the actual nature of packed powders. 

Based on the cumulative particle size distribution in the previous section (Figure 22), Smith and 
Fisher studied athermal (i.e., low particle kinetic energy) jamming of frictionless metal hydride-
like particles.65 The structure of systems of tetrahedra prepared by such methods have shown 
agreement with experimental results. 66,78  

The mechanics model used by Smith and Fisher permitted computation of energy, forces, and 
moments for contact between two arbitrarily shaped dissimilar particles. The generality of the 
model is especially important for metal hydrides because of the random shape of particles in the 



Background and Theory 

Page 62 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

Poisson plane field. To simulate jamming, these metal hydride particles were arranged in a 
dilute setting with random particle position and orientation in a periodic cubic supercell. 
Detailed expressions for forces and moments and the numerical methods employed for 
structural optimization are described in Reference 66. 

The jammed microstructure obtained through their simulation is depicted in Figure 23. The 
simulations revealed that small particles are well distributed and contact other small particles. 
Conversely, large particles may be isolated from other large particles and at most will only 
contact two other large particles.  

 

 

Figure 23. Jammed packing of 400 particles randomly sampled from the Poisson plane 
field at a density of (φ) = 0.633. Particle color indicates volume V relative to the 
volume-weighted average particle volume V. The cube-shaped periodic supercell is 
indicated by black edges.65 

 

1.10   Compaction of Hydride Storage Materials 
 
Complex metal hydrides like the Ti-doped sodium alanate SAH (Sodium Aluminum Hydride) and 
mixtures of LAMH (Lithium Hydride and Magnesium Amide) offer a high gravimetric hydrogen 
storage capacity (e.g. SAH: 3.2 wt. % H2; 1:1 LAMH: 8.2 wt. %) but have relatively low “crystal” 
or “X-ray” densities, which affects their volumetric capacity. 
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In a recent analysis of automotive hydrogen storage requirements at a materials level, Pasini et 
al. mapped out “crystal” densities and the associated “crystal” volumetric hydrogen storage 
capacities of many hydrides as a function of the materials gravimetric capacity (Figure 24).79 

 
 

Figure 24. Volumetric capacity (top) and density (bottom) as a function of the pure 
material gravimetric capacity. The solid bottom curve corresponds to the linear fit of 
the top graph.79 

 

The material’s “crystal” density is only the first of three different volumes that control the 
volumetric storage capacity of a materials-based hydrogen storage system. The second is the 
“packing” density (or void space in the bulk material), and the third is the system volume which 
includes empty space in the storage tank and the volume of the tank and all ancillary 
components of the storage system. While the “crystal” density is a function of the material, the 
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“packing” density and system volume are properties that have the potential to be improved 
through materials engineering design and system engineering design.  

Improving volumetric capacity through materials engineering has focused in large part on 
increasing “packing” densities through powder compaction. Examples of improvements in the 
packing density of hydrogen storage materials have generally focused on uniaxial compression 
of confined powder samples (typically in cylindrical tube presses). However, there are many 
different methods for densification and measuring the packing density of powders, and often 
several different control parameters in each process that will ultimately affect the compacted 
product. Some different methods of powder compaction include: 

1. Pressing: powder is compressed in a die which may be composed a wide variety of 
components, motions and forces. 

2. Tapped Densification: is obtained by mechanically tapping a graduated measuring 
cylinder or vessel containing a powder sample. After observing the initial powder 
volume or mass, the measuring cylinder or vessel is mechanically tapped, and volume or 
mass readings are taken until little further volume or mass change is observed. The 
mechanical tapping is achieved by raising the cylinder or vessel and allowing it to drop, 
under its own mass, a specified distance. Devices that rotate the cylinder or vessel 
during tapping may be preferred to minimize any possible separation of the mass during 
tapping down. 

3. Vibrational Densification: is the densification of bulk solids by vibration, known as 
vibratory compaction. This involves supplying energy to a bed of particles at a selected 
frequency and amplitude for a period of time. 

4. Centrifugal Casting: powder is spun in a mold and packed by centrifugal force. A uniform 
density is obtained as a result of centrifugal force acting on each particle of the powder. 

5. Powder Deaerator: material is aspirated and held on a filter drum by vacuum. It is 
simultaneously pressed between the filter and pressure drums. The combination of 
vacuum and pressure causes a deaerating and densification of the powders. At the end 
of the densification process, the product is stripped off the filter drum by a kniff edge. 

6. Slip Casting: a slurry consisting of the powder and a liquid is poured in to porous mold. 
The free liquid in the slurry is absorbed by the mold causing a solid layer of powder 
material on the surface of mold. The mold may be vibrated to increase the density of 
powder. The components are dried and possibly sintered to provide strength. 

7. Extruding: both hot and cold extrusion processes are used for compacting powders. In 
cold extrusion the powder is mixed with binder and the mixture is often compressed 
into billet before being extruded. The binder may be removed from the material, in 
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particular, before or during possible sintering. In hot extrusion the powder is compacted 
into billet and is then heated to the extruding temperature (typically in non-oxidizing 
atmosphere) and pressed through an extrusion die. 

8. Rolling: the powder is fed in between two rollers, which compress and interlock the 
powder particles to form a sheet of sufficient strength. It may then be sintered, or re-
rolled and heat treated. 

9. Iso-static Molding: is used to obtain materials with uniform density and strength in all 
directions. In this method, the powder is placed in an elastic (deformable) mold which is 
compressed with gas at high pressure. 

Each of these methods will produce different results depending not only on the control 
parameters of the process (such as vibration frequency, amplitude, duration, applied pressure, 
temperature, etc.) but also on many properties of the powder materials themselves (such as 
resilience, friction, particle shape and size, material density, additives, original handling of the 
samples, etc.).  

For this reason, it is very important that published or presented results describe in detail not 
only the method of compaction employed, but the known properties of the material (such as 
particle size distribution) and all of the parameters of the compaction process. 

The following are two examples of studies on the ability to improve performance in hydrogen 
storage materials through powder compaction. 

Example 1: 

One example of mechanical and performance properties testing on compacted hydrogen 
storage materials is the work on complex hydrides and amides done by United Technologies 
Research Center under contract to the DOE.80 A selection of their results is presented below. 

The LAMH material was much more difficult to compact than sodium alanates and required the 
addition of expanded natural graphite (ENG) binder in order to obtain samples with a sufficient 
strength.80 Kinetic measurements from Ti-doped sodium alanates powder and pellets were 
analyzed in order to obtain values of the model parameters in the kinetic expressions that are 
used in the detailed COMSOL Multiphysics™ model.81,82 This model was developed to gain a 
better understanding about the impact on H2 absorption rates of thermal gradients that occur 
during refueling. From the modeling, small diameter aluminum tubing with aluminum fins was 
projected to provide sufficient heat transfer in order to reach 90% of the materials H2 storage 
gravimetric capacity in about 10.5 minutes. Figure 25 clearly shows the benefit of compaction 
on the volumetric capacity of the sodium alanates bed.  
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Figure 25. Volumetric capacity of the sodium alanates bed including the aluminum fin 
and tube heat exchanger, optimized for a 10.5 minute refueling time with sodium 
alanates in powder or compacted form.80 

 

In addition to compaction studies, UTRC investigated the benefit of adding aluminum powder or 
ENG to improve the heat transfer properties of these materials. The results showed that the 
effective thermal conductivity of the sodium alanate/aluminum mixtures follows the series 
model for thermal conductivity. This makes aluminum powder fairly ineffective in improving the 
thermal conductivity of sodium alanates as a large aluminum volume fraction would be 
required.83 It was found that it is better to use aluminum fins in a fin and tube heat exchanger. 
With this configuration an effective thermal conductivity of 4 W m-1 K-1 can be achieved with 
only 4 volume percent of aluminum and using compacted sodium alanates pellets.  

The results of testing expanded natural graphite demonstrated that the effective thermal 
conductivity of sodium alanates mixed with ENG followed a parallel model for thermal 
conductivity.83 This produced high values of the thermal conductivity at a relatively low volume 
fraction of ENG. Best results were obtained when using ENG “worms”. This additive introduces 
anisotropic thermal conductivity upon uniaxial compaction. The highest value of the thermal 
conductivity was determined to be perpendicular to the pressing direction and in the direction 
of the heat exchanger tube. A COMSOL model was developed and used to extract information 
about the thermal conductivity anisotropy from the thermal conductivity measurements. 
Ultimately, through the combined experimental measurements and modeling, it was 
determined that heat exchanger tubes no longer require fins when using compacted sodium 
alanates pellets with about 5 wt. % ENG “worms” to improve the thermal conductivity. 
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Thermal conductivity measurements showed that LAMH required a larger weight fraction of 
ENG “worms” (e.g. 15 wt. %) than sodium alanates (e.g. 5 wt. %) in order to obtain high thermal 
conductivity values in the direction of the heat exchanger tube that would allow a rapid 
refueling process when it would be possible to substantially improve the slow H2 absorption 
kinetics and reversibility of the current LAMH material. 

Ultimately, the experimental and modeling information was employed in a collaborative effort 
to predict hydrogen storage capacities at a system level.80 The results of the gravimetric and 
volumetric capacity of these two hydride hydrogen storage systems are shown in Figure 26. 

 

 

 

Figure 26. Effect of BOP Components on the Gravimetric and Volumetric Capacity of H2 
Storage Systems using sodium alanates or LAMH.80 
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The conclusion of that effort was that while the compacted forms of the materials show 
dramatic improvements over loose powders, the gravimetric and volumetric capacities of both 
hydride systems were below the U.S. DOE 2010 targets. Thus, reducing the BOP weight and 
volume is critical when developing on-board reversible metal hydride H2 storage systems.  

Example 2: 

Another example of simulation modeling and the need for mechanical properties data is the 
work by Lozano et al. which examined a tubular tank configuration for hydrogen storage based 
on sodium alanates. 84 , 85  In this work the influence on performance of adding thermal 
conductivity enhancers and compacting the materials were measured and included in system 
storage bed simulations.  

Estimates of the effective thermal conductivity of Ti-doped sodium alanates powders with and 
without expanded graphite flakes (EG) was measured using a 15 mm diameter cell equipped 
with five type-K thermocouples (Figure 27). The cell was designed to enable measurements up 
to temperatures of 400 °C and pressures up to 200 bar. The temperature measurements 
throughout the hydride bed with this cell made it possible to analyze the heat flow during the 
reactions and to estimate the effective thermal conductivity of the bed. 

 

 

Figure 27. Thermocouple positions in the 15 mm diameter cell for heat flow analysis 
during absorptions and desorptions.85 

 

The positions of the thermocouples in the measurement cell seen in Figure 27 were chosen in 
order to estimate the effective thermal conductivity of the material bed. The thermocouple 
positions were arranged in such a way that a parabolic radial temperature profile could be 
measured with uniform and sufficient temperature variation between thermocouple positions 
T1, through T2, to T3. Hydrogen content was measured on the 3rd hydrogen desorption (5 bar) 
using a Sieverts apparatus. The initial temperature was 125 °C. An example measurement is 
shown in Figure 28. 
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Figure 28. Desorption of NaAlH4 at 5 bar and 125 °C. Initial temperature was 125 °C. 
The temperature profile was fit and the desorption rate was calculated in order to 
estimate the effective thermal conductivity of the hydride bed.85 

 

An example of the measurements and fit to a temperature profile is given in Figure 29. 

 

Figure 29. An example of the temperature of the hydride bed with respect to the 
distance from the center of the cell. The fitting was used to estimate the effective 
thermal conductivity of the hydride bed.85 
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The estimated thermal conductivities are summarized in Figure 30 for material without and with 
a small amount of carbon addition as a milling lubricant. The addition of carbon during milling 
leads to a roughly 50% higher thermal conductivity, amounting to around 0.8 W m-1 K-1. The 
values obtained for the material without carbon are in good agreement with values reported in 
the literature86 providing some validation of the measurements and analysis. 

 

 

Figure 30. Estimated effective thermal conductivity of hydride bed for NaAlH4 with 
and without carbon addition during desorption at 5 bar H2 in comparison with 
literature values near room temperature from Reference 86. The temperatures 
reported are the mean temperatures of the hydride bed.85 

 

Next, sodium alanate material was mixed with 0, 5, 18 and 50 wt. % flakes of EG by ball milling. 
The different ratios displayed very different absorption behavior and temperature profiles. It 
was observed that the highest peak of the temperature profile measured during absorption was 
lower for higher EG concentrations. The temperature increase was nearly 100 °C for the mixture 
without EG, whereas the mixture with 50 wt. % EG had a temperature increase of < 1 °C.  

The estimated thermal conductivities of the mixtures with EG flakes are presented in Figure 31. 
The mixture with 5 wt. % EG has an estimated thermal conductivity between 1.3 and  
1.8 W m-1 K-1, which almost doubles compared to the material without EG. Higher EG content in 
the hydride bed leads to higher values of the effective heat conductivity.  
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Figure 31. Estimated effective thermal conductivity of hydride bed of sodium alanate 
material mixed with different contents of EG. Measured under desorption at 5 bar.85 

 

Note that according to the error calculations done by Lozano, the estimation method is only 
appropriate for low values of thermal conductivity as represented by the error bars in the 
figure.85 At high values of the thermal conductivity (> 2 W m-1 K-1), the temperature profile used 
for the estimations becomes quite narrow. This, combined with the error of the temperature 
measurement, leads to high uncertainties. However, both the narrow temperature profile and 
the much lower thermal excursions indicate that the effective thermal conductivity clearly 
increases with higher EG content. 

One of the major advantages of metal hydrides over compressed hydrogen for storage, even at 
high pressures, is their idealized greater volumetric hydrogen density of hydrides based upon 
the host material density. However, activated hydrides are almost always powders and the 
effective volumetric hydrogen density is reduced due to the void volume present inside the bed. 
This is especially true of loose powders versus compacted powders. For example, loose sodium 
alanate material of this example investigation had a porosity of more than 60%. Thus, less than 
half of the volume of the hydride bed is actually occupied by the hydrogen absorbing material. 

In addition to storage bed optimization through the addition of thermal conductivity enhancers, 
Lozano et al. also investigated improvements in volumetric hydrogen storage capacity using 
powder compaction.85 Compacts of hydrides have several advantages over loose powder in a 
hydride bed. Besides the greater volumetric hydrogen density, compacts are much easier to 
handle, and their effective thermal conductivity should increase since the particles are closer to 
each other, facilitating heat conduction through the solid phase. A potential negative is that the 
lower porosity of a compact may result in higher resistance to hydrogen permeation. In their 
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work, Lozano et al. produced sodium alanate compacts by compressing desorbed alanate (with  
5 wt. % carbon from the milling process) in cylindrical molds of 4 and 8 mm diameter using a 
hydraulic axial press. All preparation was carried out inside a glove box with purified argon 
atmosphere. 

The packing density (represented as apparent density in the publication) of the compacts were 
determined geometrically using the compact mass and measured cylindrical volume. The 
apparent densities of compacts as a function of applied compaction pressure are shown in 
Figure 32.  

 

 

Figure 32. Apparent density and porosity of 4-mm and 8-mm compacts of sodium 
alanate material in the desorbed state.85 

 

The hydrogen sorption kinetics of compacts produced under different pressures was measured 
using a Sieverts’ apparatus.87 Absorption and desorption behavior of compacts are presented in 
Figure 33 and Figure 34 respectively. Measurements were made for both low 1.3 g cm-3 
compaction pressure of 200 MPa (a in both figures) and high 1.65 g cm-3, 700 MPa (b in both 
figures) density samples. Samples included three of each of the 4 mm and 8 mm compacts 
together in the same sample cell. The hydrogen absorption and desorption measurements of 
the low density compacts proceeds faster during the first two or three cycles compared with the 
high density material.  
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Figure 33. Hydrogen absorption by sodium alanate compacts at 100 bar and 125 °C. (a) 
Compacts of initial low density (1.3 g cm-3). (b) Compacts of initial high density 
(1.6 g cm-3).85 

 

 
Figure 34. Hydrogen desorption from sodium alanate compacts at 0 bar and 160 °C. 
(a) Compacts of initial low density (1.3 g cm-3). (b) Compacts of initial high density 
(1.6 g cm-3).85 

 

Through this compaction study, it was shown that after consolidation under different pressures, 
the apparent density of the sodium alanate material compacts can be increased from 0.6 g cm-3

 

to over 1.8 g cm-3, tripling the effective volumetric hydrogen storage capacity of the desorbed 
material. Compaction with pressures from 0 MPa up to 700 MPa steadily increased the apparent 
density of the materials, but at pressures greater than 1400 MPa the increase in density tapers 
off, asymptotically approaching the theoretical density of the desorbed material (1.88 g cm-3). 
Cycling the compacts increased the sorption kinetics and hydrogen capacity. Lozano et al. 
explained this through changes of the internal packing arrangement and expansion of the 
compacts, as well as through an increase of the interface area. The low porosity of the compacts 
may reduce permeability for hydrogen flow, causing lower hydrogen uptake in the first cycles. 
During these cycles, volume expansion of the hydride creates pathways for hydrogen by 
expanding and fracturing the compacts. This results in higher hydrogen uptake and faster 
kinetics. This effect occurs in earlier cycles in the low density compacts due to higher initial 
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porosities. Measurements showed that the apparent density after cycling approached the same 
value (1 to 1.1 g cm-3) for both low and high density compacts.  

From this study, Lozano et al. concluded compaction of the powder provides advantages in 
increased storage capacity and safety.85 Higher hydrogen uptake by the compacts was obtained 
compared to unconsolidated powder. This may be due to lower particle segregation leading to 
more intimate interactions for the solid-solid reaction in the compacts. Compacts also proved to 
be safer to handle in contact with air and water compared to the unconsolidated power.85  

 

1.11   Vibrational Densification of Powder Particles  
 

The “Bulk Density” is a property of powders that has important meaning for hydrogen storage 
materials. It is defined as the mass of the particles of the material divided by the total volume 
they occupy. The total volume includes particle volume, interparticle void volume, and internal 
pore volume. The bulk density affects the total volumetric storage capacity of the system.  

It is important to note that the bulk density is not an intrinsic property of a material; it can 
change depending on how the material is handled. For example, a powder poured into a 
cylinder will have a particular bulk density; if the cylinder is disturbed (such as through road 
vibration), the powder particles will shift and usually settle closer together, resulting in a higher 
bulk density. For this reason, the bulk density of powders is usually reported both as “freely 
settled” (or “poured” density) and “tapped” density (where the tapped density refers to the bulk 
density of the powder after a specified compaction process, usually involving vibration of the 
container). 

A potential issue particularly associated hydride powders is that when fine particles are 
densified by vibration they tend to interlock. Upon expansion the friction and shear forces 
between particles prevent free-flow motion and translate expansion forces to the surrounds. 
The degree to which to forces are imposed on a surrounding containment vessel depends on the 
degree to which the powder is compacted and interlocked. The upper limit of a fully compacted 
material would impose forces approaching that of an expanding single monolith. Thus, the 
characterization of powder densification as a result of vibration may be particularly important 
for many hydrogen storage applications. 

Such studies have not been performed extensively on hydrogen storage materials. However, this 
is an important industrial issue in the production, transport and packaging of granular materials. 
In particular, there has been extensive work on the identification of the factors that affect bulk 
density, including how the material has been handled throughout its processing history. A 
common phenomenon is the increase in bulk density that takes place when a container of 
granular materials is shaken, tapped or vibrated. A good reference that presents highlights of 
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the history of this topic, ranging from very fundamental investigations on the development of 
packing algorithms and microstructural analysis to more practical experimental and numerical 
studies is a paper by Zhang and Rosato.88 In the same paper, the authors report on their findings 
from experiments and discrete element simulations on the relaxation behavior of assemblies of 
uniform spheres that are vertically oscillated. Physical measurements of the bulk solids fraction, 
qualitatively reproduced in the simulations, reveal noticeable trends in the data dependent on 
the vibration amplitude and frequency. Based on extended simulations, a ‘phase’ chart depicting 
the percentage improvement in bulk density in terms of amplitude and frequency was then 
obtained. They conclude that the behavior revealed in this chart may be characteristic of density 
relaxation in bulk solids. 

The Zhang and Rosato experimental apparatus was comprised of an acrylic cylinder containment 
vessel of diameter D formed from stacked rings that were mounted onto a shaker.88 An 
accelerometer attached to the piston provided feedback control through which precise 
adjustments to the frequency and amplitude could be made. Figure 35 shows a schematic of the 
experimental system used in that study. 

The experimental procedure involved first measuring the initial (before vibrations are applied to 
the piston) bulk solids fraction. Particles (acrylic spheres, d = 3.175 mm) were slowly poured into 
the cylinder and then the top layer was removed by sliding the top ring across. This was done to 
ensure that the cylinder was filled with a level surface to a height of 30d. The poured bulk solids 
fraction ν0 (where ν(n) is the solid fraction at n taps and n = 0 indicates the starting apparent 
density) could then be computed from the volume of the cylinder and weight of its contents. For 
the aspect ratio D/d = 20 used in the experiments, they obtained an average value ν0 = 0.604 
that is typically associated with a loose random packing.89 This was followed by vibration 
experiments carried out by filling the cylinder with mono-disperse acrylic spheres (d = 3.175 
mm) to an undisturbed bed depth H ≈ 95.3 mm. The filled cylinder was rigidly mounted onto the 
shaker head, which was sinusoidally oscillated over a range of amplitudes 0.04 ≤ a/d ≤ 0.24 
(where a is the amplitude), and frequencies (ω) between 25 and 100Hz (corresponding to 
relative accelerations Г ≡ a ω2/g between 0.94 and 11.54). For each selected frequency and 
amplitude, the shaker was run for ten minutes, with each experiment repeated several times to 
confirm the results. In order to reduce the buildup of static charge, the inside tube wall and 
particles were treated with a household antistatic agent. In measuring the bulk solids fraction v1 
after the vibrations were stopped, a level particle surface was formed using the same procedure 
as described in the pouring experiments. From those measurements, they found improvements 
in the solids fraction,  
((ν1 – ν0) x 100/ν1) versus acceleration Г for increasing values of amplitude a/d.  
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Figure 35. Schematic of particle vibration experimental apparatus.88 
 

The study revealed four trends in the behavior of ν versus Г that depend on the level of the 
displacement amplitude. Figure 36 shows that for a/d = 0.04, the solids fraction increases with Г, 
but the improvement is only about 3.3% at Г = 5.1. Observations of the vibrated bed indicated 
that there was little or no bulk motion with the exception of some activity of the particles at the 
top surface for Г > 2. We conjecture that at these excitation levels the bulk density increases 
through slow, cooperative particle rearrangements throughout the assembly, analogous to the 
“push filling” mechanism suggested by An et al.90  

 

 

Figure 36. Solids fraction versus relative acceleration at a/d = 0.04. The solid line is a 
best-fit curve to show the trend.88 
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Figure 37a shows that when a/d is between 0.06 and 0.10 a maximum exists in the bulk solids 
fraction (νm ≈ 0.636, corresponding to an improvement > 5%) when Г is between 5 and 7, 
followed by a slight expansion of the bed (or a reduction in ν) with a further increase of Г. Near 
the peaks (at Г = Гc), particles near the cylinder walls were seen to remain in contact with each 
other and to travel downwards in a collective manner, a phenomenon indicative of convective 
motion that has been reported in other studies. Further observations made near the walls and 
on the surface at Гc revealed a random close packing of spheres (v = 0.6366) arrangement of the 
particles as illustrated in Figure 37b. The authors concluded that the influence of the cylinder 
walls in the presence of the slow convection was responsible for the creation of these 
structures, which in turn contribute to the overall increase in bulk solids fraction. They noted 
that Nowak et al. also pointed out that the walls of the cylindrical container used in their 
experiments may have influenced the compaction process.91  

 

 

Figure 37. (a) Solids fraction versus relative acceleration at a/d = 0.06, 0.08 and 0.10; 
the lines are best fit curves to show the trends in the data. (b) Illustration of particle 
arrangement near the cylinder wall at Гc.88 

 

This example study also found distinct oscillations in the solids fraction versus Г when a/d = 0.16 
(Figure 38). At this amplitude level, convection could still be observed as particles adjacent to 
the walls moved downward.  
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Figure 38. Solids fraction versus relative acceleration at a/d = 0.16. The solid line is a 
best-fit curve to show the trend.88 

 

At the highest amplitude level used (a/d = 0.24), the solids fraction versus Г remained almost 
constant and little improvement in density was attained. At these conditions, a marked 
expansion of the bed depth occurred and the system resembled a dense, energetic “gas” of 
particles. 

The authors then performed discrete element simulations of the experimental measurements 
employing the soft “partially latching spring model” developed by Walton et al. for elastic-plastic 
collisions. 92  Although there were quantitative differences between the simulated and 
experimental results, the simulations did generate all of the important critical phenomena and 
were in reasonable qualitative agreement with the experiments. Following that validation 
phase, a series of case studies was carried out spanning vibration amplitudes and frequencies  
0.02 < a/d < 0.48 and 10 Hz < Г < 90 Hz. Figure 39 presents their results in the form of a chart of 
the improvement in bulk solids fraction as a function of amplitude and frequency. A region of 
optimal improvement in packing densities by nearly a factor of 50 is clearly visible (lightest color 
in the amplitude-frequency space) which was in agreement with the experimental results. At the 
poorest levels of improvement, the vibrated system was found to be in a relatively high 
energetic state, which settled to a static configuration with little or no increase in bulk density.88 
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Figure 39. Chart showing improvement (increase) in solids fraction as a function of 
vibration amplitude and frequency for an 8000 particle system in which L/d = 25.88 

 

This example describes some of the methodologies that could be employed in the study of 1) 
the deliberate vibrational compaction (for improved volumetric capacity and heat transfer) of 
powdered hydrogen storage materials, or 2) the unintended compaction of hydrogen storage 
materials due to vibration when used in mobile applications. 

The study presented above was for ideal spherical particles. The behavior of highly irregular, 
fractured particles (e.g., activated hydrides) may be considerably different. Besides the 
improvement in volumetric densities obtained by densification of powders, another important 
consideration, particularly for hydrides, is the potential for large bulk lattice volume expansion 
forces in compacted powders. The interlocking of particles that may lead to expansion force on 
hydrogen absorption in hydrides will be a function not only of such vibrational densification but 
also on particle shapes and surface morphology. In this respect, densification measurements 
and microscopy will play an important role in the investigation of the mechanical properties of 
actual hydrogen storage powder materials. 
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1.12   Heat Transfer 
 

In proceeding with the engineering design of a hydrogen storage system, it may be very 
important to accurately model effective thermal conductivity taking into account the packing 
structures of powder materials. For example, a packed hydride powder may be considered a 
granular material with a jamming point that represents the state at which a granular material 
develops rigidity and mechanical stability.93 The jamming threshold density φj is the density at 
which this transition occurs.  

When the length scale through which heat is transported is smaller than the diffusive length 
scale (the mean free path between scattering events) the transport regime is referred to as 
ballistic. Multiscale features present in granular materials can result in ballistic and diffusive 
behavior throughout a heterogeneous medium. The reduction of heat flow through the gas 
phase occurs as a result of interfacial interactions of thermal energy carriers with the confining 
pore geometry of a granular medium. Smith and Fisher simulated heat transfer in a metal 
hydride powder bed taking this transition of thermal carriers into account. Details of the theory 
behind the heat transfer modeling can be found in reference 65. 

The mean effective conductivity of the jammed system at a density just below the jamming 
point was computed for a range of solid-gas conductivity ratios as displayed in Figure 40. The 
ratios approach an asymptote for high solid conductivities. The authors concluded that the solid 
phase does not form a high-conductivity path through which heat preferentially flows.65 The 
structure of the granular medium induced by the jamming of these highly irregular, faceted 
particles is responsible for this behavior. Heat is forced to flow through the gas phase in order to 
reach highly conductive solid islands. Such poor solid continuity is consistent with observations 
in the literature of very low effective conductivity of evacuated metal hydride powder.37 Under 
vacuum, no gas is present in the pores of the powder, and therefore only radiative transfer 
through vacuum between solid particles and conduction through the solid phase contact 
network is available to transfer heat. 
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Figure 40. Mean effective conductivity as a function of solid-fluid conductivity ratio 
κS/κg for the jammed system at φ = 0.633. Error bars represent bounds of the principal 
values of the effective conductivity tensor κ. Theoretical data presented are based on 
the granular effective medium approximation (GEMA)94,95 and the Zehner-Bauer-
Schliinder (ZBS) model.65,71 

 

Figure 41 presents the calculated temperature field for the jammed system at a density just 
below the jamming point. Solid phase islands can be observed that are nearly isothermal 
because of the lack of connectivity of these islands.  
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Figure 41. Temperature field of the jammed system with κs/κg = 103 at φ = 0.633. The 
field is induced by a unitary periodic temperature fall applied to the primary 
simulation supercell along the indicated direction.65 

 

The compositional makeup of a typical metal hydride hydrogen storage system consists of: 1) 
Transition metals, such as Ni and Ti with thermal conductivities that span nearly an order of 
magnitude from 21.9 to 90.7 W m-1 K-1 at room temperature,96 2) Pressed solid pellets of H2 
storage alloys (e.g., LaNi4.7Al0.3 and HWT) with thermal conductivities on the order of  
10 W m-1 K-1,37 and 3) H2 gas with a thermal conductivity of 0.183 W m-1 K-1 at 300 K.96 The 
general result is that the ratio κs/κg for a metal hydride powder system is likely > 100. Given such 
a high conductivity ratio, it is unlikely that enhancement of the intrinsic conductivity of metal 
hydride particles will yield significant enhancement of the effective thermal conductivity of the 
system given the non-percolating solid-phase granular topology in the powder produced by the 
above simulations.65 

Using this model, the dependence of the effective thermal conductivity of the hydride storage 
system �̅� on the Knudsen number Kn for hydrogen was then determined by expressing κg as a 
function of Kn.65 The Knudsen number Kn is a dimensionless number defined as the ratio of the 
molecular mean free path length of a hydrogen molecule to a representative physical length 
scale. Figure 42 shows that moderately to highly conducting solids (κS ≈ 20 W m-1 K-1) yield very 
similar effective thermal conductivities. Because the Knudsen number Kn scales inversely with 
gas pressure, the modeling results reflect the high-pressure limit of effective thermal 
conductivity in which the Smoluchowski effect is diminished. 
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Figure 42. Mean effective conductivity 𝜿� for the jammed system at φ = 0.633 as a 
function of Knudsen number Kn for solid conductivities κS and H2 gas at 290 K.65 

 

1.13   Generalized Powder Structure / Thermal Transport Modeling 
 

In the work of Smith and Fisher presented above, the simulated jammed density of particles 
from the Poisson plane field (φ = 0.665 ± 0.015) is much higher than from experimental typical 
measurements of packed metal hydride powders. They explain that attractive surface 
interactions between micron sized metal hydride particles reduce the actual powder densities 
well below the jamming density, and that such interactions are known to decrease packing 
density dramatically,97 but that the non-cohesive jamming point remains a reference state after 
such systems have undergone compaction.98,99 In cohesive packings, agglomerates form as 
jammed domains with cohesion98 embedded in void space.99 These agglomerates form a fractal-
like structure with high dimensionality of 2.53.99  

Based on the hypothesis that hydride powders form this type of structures, Smith and Fisher 
then created a model based on a low-density packing of metal hydride powder with a granular 
backbone having local density and structure close to that of the non-cohesive system.65 In this 
case the cohesive granular medium is modeled as bi-porous; pores reminiscent of the non-
cohesive jammed state are formed with larger pores present due to the steric hindrance of 
cohesive clusters. The granular effective medium approximation (GEMA) was employed to 
model the effective thermal conductivity of cohesive metal hydride powder (Figure 43).  
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Figure 43. Illustration of a hypothetical cohesive microstructure of metal hydride 
powder. Inspired by References 98 and 99, the microstructure is bi-porous with 
aggregate jammed regions having micropores with conductivity κj and void regions 
forming macropores with gas phase conductivity κg.65 

 

The validity of the hypothesis of Smith and Fisher was supported by experimental effective 
thermal conductivity data at high gas pressure (small Kn) of various hydride powders as shown in 
Figure 44.65 Measured κS values for solid pellets of LaNi4.7Al0.3 and HWT are approximately  
10 W m-1 K-1.37 This corresponds well with the modeled curve of the effective thermal 
conductivity of the bi-porous structured material with a solid-phase conductivity of 10 W m-1 K-

1.65 From their model results (Figure 44), it appears that at high pressure, thermal conductivity 
depends weakly on solid conductivity compared to density. This again supports the proposition 
that little enhancement of metal hydride powder thermal conductivity can be achieved by 
increasing the intrinsic thermal conductivity of solid metal particles. Instead, strategies should 
be employed to modify the packing structure of the particles. A logical next step would be to 
apply the models to composite compacts such as hydrides and low thermal conductivity 
physisorption materials with thermally conductive additives such as ENG. 
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Figure 44. Theoretical prediction of effective thermal conductivity for a bi-porous 
cohesive metal hydride powder in H2 gas at high pressure (i.e., Kn → 0). Triangles 
represent data for packed metal hydride powder in high pressure H2 gas near 290 K 
(Ti1.1CrMn at 230 bar (Kn ~0.001)39, LaNi4.7Al0.3 at 20 bar (Kn ~0.008) and HWT at 40 bar 
(Kn ~0.004)37).65 

 

The results above were based on the high pressure limit of gas-phase conductivity in which the 
Smoluchowski effect is inoperative. Taking into account the above effects of reduced density, 
Smith and Fisher then modeled the powder structure under varying hydrogen gas pressures.65 
The results are compared in Figure 45 to experimental data for the high pressure metal hydride 
Ti1.1CrMn.39 Their calculated results are displayed for two densities to reflect the effect of 
volumetric expansion of particles during hydriding. At low pressure (high Kn) the experimental 
data follow the theoretical results with a solid conductivity of 2 W m-1 K-1; at high pressure the 
experimental data follow the theoretical results for solid conductivity of 10 W m-1 K-1. 
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Figure 45. Normalized effective conductivity κe/κo as a function of Knudsen number Kn 
of the present theory. The dashed curves represent values for the density of φ = 0.3 for 
cycled and packed Ti1.1CrMn in Reference 39, while the solid curve represents values 
at higher density (φ = 0.325) as a result of volumetric expansion upon hydriding (see 
Table 2). Curves for φ = 0.3 are shown for various values as a reference. Solid squares 
represent the experimental data of Reference 39 for cycled Ti1.1CrMn, where Knudsen 
number Kn was estimated with a characteristic pore size equal to the median particle 
diameter determined in the present work, D50 3.6 µm.65 

 

From Figure 45 it appears that the “solid” phase has a conductivity that depends strongly on H2 
gas pressure. At first this might appear to relate to hydride formation within the solid, but the 
authors point out that this is unlikely because the divergence between experimental and 
modeling results are below the pressure at which the hydride forms. Instead, the authors 
suggest that at intermediate pressures, cracks within the particles themselves reduce the 
“effective solid” conductivity. 
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1.14   Bulk Changes of Hydrogen Storage Materials 
 

In addition to structural, physical, and morphological changes at the particle level with hydrogen 
uptake and release cycling, hydrogen storage materials are known to exhibit significant bulk 
changes. These include expansion, migration, and channeling, all of which will affect the 
mechanical properties of the bulk material and consequently the engineering systems design.  

An example of this was seen in the scaled up alanate hydrogen storage system developed by 
Sandia National Laboratory in partnership with General Motors.100 In that work, scaled-up beds 
of alanates were tested for performance characteristics such as fill time and capacity. Sandia 
developed experimentally based models for heat transfer, mass transfer, and chemical kinetics 
to facilitate the design and analysis of the scaled-up test system. However, permeability was not 
explicitly measured during the design process of the storage system. Model validation testing of 
the full-scale system then showed that transport bottlenecks existed due to hydrogen flow 
limitations in the porous solid. Following this, the permeability properties of the alanate 
compacts were measured at various pressures and temperatures. With this data, an accurate 
model was produced that was appropriate for the range of flow regimes present within a 
hydrogen storage system for automotive applications. 

With the advanced models and scaled-up test bed, the coupled heat transfer, mass transfer, and 
chemical kinetics models were validated through two methods: 1) a filling measurement that 
resulted in the time resolved quantity of hydrogen absorbed, and 2) a direct pressure drop 
measurement across the bed.100 Figure 46 shows the filling measurement for the sodium alanate 
hexahydride absorption process. The measurement showed that hydrogen uptake was faster 
than the rate predicted using only bulk permeability. To resolve the total measured effective 
permeability through the bed a channeling model needed to be included. A channeling model 
with the best fit to the actual transport within the system was found to consist of channeling in 
2% of the cross-sectional flow area. 
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Figure 46. Verification measurements of the coupled models using the large-scale bed. 
Results indicate that the characteristic permeability of the bed is larger than the bulk 
permeability of the sodium alanate composite.100 

 

However, as can be seen in Figure 46, application of the wall-channeling model under predicts 
the absorption rate initially before over predicting the absorption at later times. The authors 
hypothesized that the initial low predicted flow rate was due to the model under predicted 
permeability and that the over predicted capacity indicates inaccuracies with the kinetics model 
that was used.  

 
Figure 47. The comparison of measured and calculated mass flow rates for 4 individual 
tubes is inconsistent.100 
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To evaluate the bed permeability, four hydride tube vessels were modified to allow hydrogen to 
flow into the tube on one end and out the other, where a fixed pressure drop was applied to 
each tube and the flow rate measured. The results show the model over predicts the hydrogen 
flow rate for a tube temperature of 30 °C, although the agreement is better for a tube 
temperature of 71 °C. In contrast to Figure 46, the comparison shown in Figure 47 suggests that 
the model used over predicted the permeability.100 

The test bed was then disassembled to investigate the origin of the apparent contradictions in 
the permeability model shown in Figure 46 and Figure 47.100 The sodium alanate composite was 
removed and a flow channel of ~ 0.127 mm was observed. This indicated that the alanate 
material had pulled away from the wall and formed a small free flow channel. Additional flow 
channels were observed in the form of both discontinuous fissures and continuous worm holes 
(see Figure 48). These observations showed that the wall channel that was used in the model 
was too large. Furthermore, the observed fissures and worm holes provide radial pathways into 
the material. It was concluded that including these factors in the model would improve the fit to 
the measured absorption rate.  

 

  

Figure 48. The presence of continuous “wormholes” was observed (left) in addition to 
discontinuous fissures (right).100 

 

This example demonstrates the need to evaluate and include bulk mobility and changes in 
hydrogen storage materials as a part of future systems design. 

 

1.15   Apparent Density Changes with Cycling 
 

In addition to the examples in the previous section, the studies of Lozano et al. also provide a 
good example of an investigation into what happens to compacts of reversible hydrogen storage 
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materials when they are cycled.85 After each of the absorption/desorption kinetics 
measurements (shown in Figure 33 and Figure 34) the sample cell was opened to inspect the 
compacts and measure their apparent density. The measured apparent densities of the initially 
low and high density 4 mm and 8 mm compacts are presented in Figure 49. The values shown 
are the averages of the three compacts of same diameter and compression. 

 

 

Figure 49. Apparent densities of compacts after hydrogen absorptions and desorption 
cycles for compacts of initial low (1.3 g cm-3) and high (1.6 g cm-3) density.85 

 

From these measurements, they found that the apparent density of the compacts decreases for 
both low and high density compacts. After several cycles, the apparent density of both low and 
high density compacts approach the same value of about 1.1 g cm-3, which corresponds to a 
porosity of approximately 45%. Inspection of compacts showed that after cycling the surface is 
no longer smooth or shiny and fissures appeared on the surface of the initially high density 
compacts.  

A very interesting observation was that the compacts expanded more during hydrogen 
desorption than absorption. This is shown more clearly in Figure 50. The expansion during 
absorptions is consistently less than for desorptions and even exhibits slight shrinking in some 
cycles.  
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Figure 50. Dimensional change of diameter, height and volume of the compacts after 
each absorption and desorption. a) Initial low (1.3 g cm-3) and b) high (1.6 g cm-3) 
density.85 

 
The formation and decomposition of alanates involves long-range transport of metal species. 
This unusual expansion behavior in the compacts may be due to this restructuring of particles 
because of this transport of species and the release of hydrogen gas to form bubbles or fissures.  

The expansion of the compacts is an important mechanical property that must be considered 
when designing a storage system. Not only is there a potential loss in volumetric capacity in 
allowing for this expansion, but other property (such as thermal conductivity) improvements of 
the compacts may degrade with cycling due to bulk expansion. Such issues point out the need 
for more advanced (and perhaps more complex) materials engineering design. 

Note: the unusual behaviors in these measurements mentioned above show interesting 
similarities with other measurements made by Dedrick et al.200 This is discussed in detail at the 
end of section 2.5 where a potential explanation for the behavior is presented. 

 

1.16   Durability of Compacted Hydride Storage Materials 
 

An example of first steps in developing materials engineered compacts is the work by UTRC to 
develop and test the durability of such advanced compacts. Because hydrogen storage systems 
are expected to experience 1,500 cycles over their lifetime, UTRC performed a series of tests to 
study the effect of H2 absorption and desorption cycles on the strength of sodium alanate 
pellets.80, 101 Sodium alanate pellets were reinforced with aluminum mesh to improve the 
strength of the pellets. However, while the strength increases over unreinforced pellets, the 
strength of both types of pellets rapidly degrades upon cycling due to a substantial expansion of 
the pellets (Figure 51). 
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Figure 51. Effect of H2 absorption and desorption cycles on the biaxial flexure strength 
of sodium alanate pellets with and without internal mesh reinforcement.80 

 

1.17   Particulates and Impurities from Hydride Storage Materials 
 

The three categories of H2 storage systems (on-board reversible hydrides, on-board reversible 
physisorption materials, and off-board regenerable hydrides) have issues related to H2 quality 
that need to be addressed.102 In most cases, the hydrogen storage materials are powders or 
powder compacts. These materials will inevitably entrain particulates into the hydrogen 
supplied to the energy conversion device. This is clearly not desirable and so means will need to 
be investigated and developed to either prevent particulate separation from the bulk storage 
material or to prevent particulates from leaving the hydrogen storage system. Particulate filters 
have been recommended in order to contain the cryo-adsorbent and on-board reversible metal 
hydride materials within the pressure vessel while meeting the SAE J2719 APR2008 H2 purity 
guideline (particulate size: < 10 µm; particulate concentration: < 1 µg L-1).80 The standard test 
method ASTM D7650 standard has been identified for assessing the presence of particulates in 
hydrogen released by the storage systems.80  

In addition to solid particulates, gas, vapor, or liquid impurities originating from the hydrogen 
storage materials may also be detrimental to the downstream equipment. An example of testing 
solutions for these problems was the effort by UTRC to characterize chemical and physical 
adsorbents for removing NH3 from hydrogen that is released by the chemical hydride ammonia 
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borane (AB) and the metal hydride LAMH.80 They found that most of the sorbents had a NH3 

dynamic sorption capacity of about 2 wt. %. They also found that there were trade-offs in 
capacity, regenerability, and cost of the various sorbents they tested. This is an area of research 
and in particular measurements that need further development and attention. 

 

1.18   Segregation and Incomplete Reactions of Hydrogen Storage Materials 
 

Wrapped up in mechanical and engineering properties in general are the issues of 
decomposition and segregation of the components of hydride-based storage materials. Some of 
these issues are thermodynamic in nature, but may be able to be controlled or overcome by 
good system design that prevents thermal spikes due to poor heat conduction. Intimately tied to 
thermal transport is the mechanical design and durability of the engineered hydrogen storage 
materials. 

It is well known that if a ternary or intermetallic hydride of the form ABzHx is composed of 
elements in which one of the elements forms a very stable binary hydride AHx, the intermetallic 
hydride is usually metastable and will tend to disproportionate into AHx and additional B-
enriched compounds or hydrides.103,104,105,106,107 The disproportionation reaction requires the 
diffusion of metal atoms, so its impact is usually small around room temperature. When the 
ternary hydrides are cycled to elevated temperatures for desorption of gas, however, 
disproportionation can cause losses in reversible storage capacity and degrade the PCT 
curves.106,107 This problem is particularly severe for hydrides of the LaNi5 alloys. As shown in 
Figure 52, the partial substitution of some of the Ni by Sn greatly reduces the rate of 
degradation from disproportionation.106  
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Figure 52. Effect of Sn substitution on the reversible hydrogen storage capacity of  
LaNi5-XSnX hydrides after cycling between 295 K and 510 K.106  

 

 
Similar improvements have been found for Al, Ge, and Si substitution. Furthermore, degradation 
from disproportionation can usually be reversed by vacuum annealing at 600 K, since 
disproportionation does not involve the formation of irreversible phases such as oxides or 
carbides, which are common during contamination reactions.104 There have also been a few 
studies on the behavior of the ABHx and AB2Hx systems during temperature cycling. Wanner et 
al. 107,108 have reported that Ti0.98Zr0.02V0.43Fe0.09Mn1.5H1.95 had only a 6% loss in capacity after 100 
cycles between 318 K and 393 K, while Lee and Lee109 found a 22% capacity loss from 
Zr0.9Ti0.1Cr0.9Fe1.1H3.2 after just 1200 cycles between 298 K and 593 K. Enhanced diffusion rates 
of the host metal atoms at increasing temperature will promote phase segregation and the 
disproportionation reaction. 

Segregation of component phases impacts the performance of hydrogen storage materials 
based on decomposition-reformation reactions. One way to address this issue is the 
introduction of additives that improve performance. In one example, the effect of Li3N additive 
on the Li-Mg-N-H system was examined with respect to the reversible dehydrogenation 
performance.110 A screening study with varying Li3N additions (5, 10, 20, and 30 mol %) 
demonstrated that all additions are effective for improving the hydrogen desorption capacity 
(Figure 53).  
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Figure 53. Effect of Li3N additive on the hydrogen desorption performance of the Li-
Mg-N-H sample at 0.1 MPa and 200 C in the 2nd cycle. The inset highlights the 
evolution of hydrogen capacity as a function of the Li3N addition, with the deviation of 
0.05 wt. % in capacity values.110 

 

The incorporation of 10 mol % Li3N was shown to increase the practical capacity of this system 
from 3.9 wt. % to approximately 4.7 wt. % hydrogen at 200 C, which drives the dehydrogenation 
reaction toward completion. Importantly, the capacity enhancement remained stable up to the 
10 de-/rehydrogenation cycles that were tested (Figure 54).  
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Figure 54. Hydrogen desorption performance of the 10 mol % Li3N added Li-Mg-N-H 
sample under 0.1 MPa at desired temperatures in the 2nd and 10th cycles: (a) 200 °C 
and (b) 180 °C. Rehydrogenation was performed at 200 °C under 5 MPa hydrogen 
pressure.110 

 

In that investigation, systematic X-ray diffraction was used to understand the reason for these 
improvements. XRD patterns showed that for the Li3N-added samples, no diffraction peaks from 
Li3N were present. However, characteristic diffraction peaks from LiNH2 and LiH phases 
appeared. This indicated that Li3N additive transforms into LiNH2 and LiH phases and which 
remain during hydrogen cycling. The study’s combined structure/property investigations 
suggested that LiNH2 “seeding” is responsible for the capacity enhancement, which reduces the 
kinetic barrier associated with the nucleation of the intermediate LiNH2. It was also concluded 
that the excess presence of LiH is effective for mitigating the ammonia release, which is another 
potential cause of capacity degradation with cycling in the amide materials. 

 

1.19   Reversible Hydride Storage Systems 
 

An example of simulation modeling and the need for mechanical properties data on reversible 
hydrogen storage systems is the work by Lozano et al. which examined a tubular tank 
configuration for hydrogen storage based on sodium alanates (Figure 55).85 
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A simulation model was used to optimize total system weight of the storage system. Their 
optimization criterion was: total mass of hydrogen has to be charged in a given time rather than 
prescribing percentages of the total hydrogen storage capacity. The effects of material 
compaction, addition of expanded graphite, and different tubular tank diameters were 
evaluated. For their model system, it was found that compaction of the material was the most 
influential factor for optimizing the storage system.  

The system configuration they investigated was a shell and tube design, in which heat transfer 
fluid was flowing around the tubular tank for cooling/heating purposes and gaseous hydrogen 
dispersed to the hydride via a central filter tube.  

 

Figure 55. Cross-section of a tubular tank filled with sodium alanate material.84 
 

Two material modifications were considered to improve the performance of the system. These 
were 1) compaction of the active material and 2) addition of expanded graphite (EG) to the 
active material for thermal conduction enhancement. Loose powder was compared with 
compacted material. The compacted material had the advantage of higher volumetric hydrogen 
density and higher thermal conductivity. However, it was found that the permeability decreases 
and the volumetric heat release on hydrogenation increases.  

The absorption behavior of tubular tanks of different internal diameters was simulated for loose 
powder, compacts and compacts with addition of EG.84 The conditions applied to the system 
simulations were: 

1. Time to charge = 4.5 kg H2 in 10 min 

2. Total hydrogen capacity of the storage system = 5 kg H2 

3. Tank wall material is stainless-steel 1.4571 

4. Pressure for absorption and tank wall thickness calculation is 100 bar 
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5. Temperature for absorption and tank wall thickness calculation is 250 °C 

The total optimized system weight was calculated and plotted as a function of the tank internal 
diameter, Figure 56. For loose powder, the minimum total system weight was 640 kg for a 
tubular tank with an internal diameter of 35 mm. In the case of compacts, with and without EG 
addition, the minimum system weight was between 350 and 400 kg respectively. 

 

 

Figure 56. Calculated system weight of a tubular storage tank filled with sodium 
alanate material as a function of the internal diameter. The temperature of the heat 
transfer fluid and the initial temperature of the system was 110 °C. The heat transfer 
coefficient of the heat transfer fluid side was 500 W m-2 K-1.84 

 

Lozano et al. found that there were two contrary effects that explain the optimal diameters for 
the minimum total system weight as shown in Figure 56. First, as the internal tank diameter was 
increased, the ratio of mass of hydride bed to mass of tank wall increases, improving 
performance. Figure 57 shows the calculated ratio of the mass of hydride to the tank mass for 
loose and compacted materials as a function of the internal tank diameter. The ratio increases 
for internal diameters from 10 mm to 40 mm. For larger diameters the ratio tends 
asymptotically to a constant value. The opposing effect is that when the internal diameter was 
increased, the resistance to heat transfer and hydrogen transport also increases, lowering the 
performance of the system.  
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Figure 57. Ratio of mass of hydride bed to mass of tank wall as function of the internal 
diameter of the tubular tank. The ratio for compacts refers to materials with and 
without addition of EG.84 

 

The simulations showed that proportional mass of the hydride to tank is significantly higher for 
compacted material than for loose material (Figure 57). Using the optimum tube diameters, the 
compaction of sodium alanate material was calculated to produce a total reduction of almost 
45% of the weight of a tubular storage tank compared to loose powder.  

It was expected that the enhanced thermal conductivity through the additional EG would lead to 
optimal diameters with less total system weight, since the heat transfer should be improved. 
However, these simulations showed that the additional EG in the compacted material did not 
achieve lower optimal system weights (Figure 56). Only at diameters > 40 mm was it observed 
that the weight of the system was the lower for compacted material with 5 or 10 wt. % EG. The 
author’s explanation was that the addition of EG increases the inactive weight of the system. In 
addition, while enhanced heat transfer should allow larger vessel diameters, after a certain 
point increasing the diameter has little effect on the mass ratio of the hydride to the tank 
(Figure 57), at least not enough to compensate for the additional weight of the EG. 
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1.20   Physisorption Materials 
 

Many physisorption hydrogen storage materials such as MOF-5 have intrinsically low thermal 
conductivities. This can limit the performance of adsorption-based hydrogen storage systems. 
One possibility to improve the thermal properties of these materials is to add thermal 
conductivity enhancers. However, these additives likely contribute very little to the adsorption 
capacity themselves and, thus, may reduce the overall mass and volume hydrogen storage 
capacity. This combined with the low bulk density of most physisorption materials points to the 
interest in investigating ways to increase the material density. An example of such work is the 
study by Purewal et al. that examined the hydrogen storage properties of a series of high 
density MOF-5 composites containing 0−10 wt. % expanded natural graphite (ENG), which 
served as a thermal conduction enhancer.111 

The measurement of hydrogen capacity in physisorption materials provides the excess 
adsorption capacity as the direct output. However, it is the total storage capacity that is most 
relevant at an applications level. The total capacity includes both the excess hydrogen near the 
adsorbent surface plus the bulk hydrogen gas residing throughout the entire void volume 
(intracrystalline pores, intercrystalline voids, interstitial or interparticle spaces).  

MOF-5 is commonly synthesized as a powder (crystallite size less than 1 μm) with low bulk 
density (0.13−0.2 g cm-3). It is advantageous, therefore, to prepare pellets or extrudates from 
the powder to reduce the size or presence of pores, voids, and especially interparticle spaces, 
where the amount of higher density adsorbed hydrogen will be small.112,113,114 Compacted 
pellets are more attractive than loose powders for on-board hydrogen storage applications due 
to the potentially larger volumetric storage density and the improved ease of handling. In a 
previous study Purewal et al. found that compaction of MOF-5 into pellets produced modest 
decreases in the gravimetric hydrogen storage capacity, offset by much larger increases in the 
volumetric capacity.115 It has been shown that compaction decreases micropore volume due to 
amorphization of the MOF-5 crystal structure.116 However, it was possible to reduce this effect 
by controlling the pellet density. Similar results for the compaction of MOF-177117,118 and 
activated carbons119 have also been reported. 

In their paper Purewal et al. pointed out that presentation of the sorption results require clear 
definitions of different Adsorbent Density and Hydrogen Storage Capacity terms.111 These are 
presented in detail in section 1.1. Using these definitions, Purewal et al. determined various 
material density and hydrogen storage capacity values for the MOF-5 samples they prepared 
and studied with the following results: 

Skeletal density (ρsk): using helium pycnometer, a value of ρsk = 2.03 g cm-3 was determined.  

Single-crystal density (ρsc): The theoretical MOF-5 crystallographic density is 0.605 g cm-3.  
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Envelope density (ρenv): The envelope density was used only for pellets, not for powder MOF-5 
(for which the ρ bulk density is used instead). Envelope density was calculated from the physical 
dimensions of a single pellet.  

Bulk density (ρbulk): The bulk density of powder MOF-5 depends on factors such as particle size, 
electrostatic interactions between particles, and the method of density measurement varying 
between 0.13 and 0.2 g cm-3. In this case, the powdered MOF-5 bulk density was measured after 
the powder had settled following tapping or vibration. It was measured to be ρbulk = 0.13 g cm-3 

using a calibrated volume and approximately 10 s of tapping.  

The bulk density was used for powder MOF-5 and the envelope density was used to describe 
compacted MOF-5/ENG monoliths to provide a realistic estimate of the density of an actual 
sorbent bed.111 The specific void volume for pellets was: 

Equation 20 vv(pellet) = 1/ρenv − 1/ρsk 
 

while for the MOF-5 powder it was defined as: 

Equation 21 vv(powder) = 1/ρbulk − 1/ρsk 
 

The bulk system density of MOF-5/ENG pellets was based on the volume of a rigid storage tank 
occupied by a random packing of cylindrically shaped pellets. The packing ratio of mono-size 
solid spheres after settling is typically close to 60%, although the packing ratio for cylindrical 
pellets could be improved by stacking them in close-packed arrays.120  

With respect to material hydrogen storage capacity, the absolute adsorption (na) is related to 
the excess adsorption (nex) by  

Equation 22 na = nex + vaρg, 
 

where va is the adsorbate volume and ρg is the bulk hydrogen gas density. In this current 
example it was assumed that va is constant with respect to adsorption amount and temperature 
and that ρa = na/va equals an average adsorbate density. The magnitude of va should be close to 
the  
MOF-5 intracrystalline open pore volume, vpore = 1/ρsc − 1/ρsk = 1.2 g cm-3).  

The Total Material Storage is given by  

Equation 23 Nt= msorbent (nex + vvρg), 
 

where msorbent is the sorbent mass and the void volume has been defined for powders (Equation 
21) and pellets (Equation 20). When presented as a fraction of total adsorbent volume 
(assuming a monolith), it has the form 
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Equation 24 , 

 

where ρenv should be replaced with ρbulk for powder MOF-5. This total volumetric storage 
quantity is considered as a material property (as opposed to a system property). Although, it 
does depend on material post-processing such as mechanical compaction and composite 
formation. 

The addition of 10 wt. % ENG to MOF-5 and compaction to 0.5 g cm-3 was found to increase the 
thermal conductivity relative to neat MOF-5 of the same density by a factor of 5.121  

Purewal et al. performed detailed measurements of the hydrogen storage capacities of  
MOF-5/ENG compressed composites between 77 and 295 K.111 The effect of varying ENG 
content and pellet density on the excess and total hydrogen storage properties of the MOF-5 
composites was investigated systematically.  

In this example, hydrogen adsorption was measured on a volumetric Sieverts-type instrument. 
The samples were outgassed for 3 hours at room temperature and 3 hours at 403 K under 
continuous vacuum prior to hydrogen measurement. The void volume of the sample holder was 
determined by helium expansion for each sample. To improve accuracy, a calibration test for 
each MOF-5/ENG sample was done using an equivalent displacement volume of nonporous 
Al2O3 powder and identical measurement settings. The maximum instrument error was about 
0.3 mmol of hydrogen, compared to the 10 mmol of H2 that was typically adsorbed by each 
sample.  

The adsorption kinetics were rapid for the MOF-5 composites at all temperatures, even for the 
high density pellets (equilibrium was reached within 3 min).111 Isotherms were measured for 
temperatures between 77 and 295 K with temperature stabilities within 1 K. 

First, hydrogen adsorption isotherms at 77 K were measured for a complete set of ENG/MOF-5 
composites (0− 10% ENG) for several densities. The measured samples were  

• powder MOF-5 (ρbulk: 0.13 g cm-3)  

• 0% ENG (ρenv: 0.31, 0.41, 0.52, 0.60, 0.79 g cm-3)  

• 1% ENG (ρenv: 0.49 g cm-3)  

• 5% ENG (ρenv: 0.32, 0.47, 0.65 g cm-3)  

• 10% ENG (ρenv: 0.32, 0.48, 0.72 g cm-3)  
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The 77 K isotherms for all medium density (i.e., 0.5 g cm-3) composites are shown in Figure 58. 
The plotted isotherms include both adsorption and desorption curves. Excess adsorption for the 
medium density composites are compared with powder MOF-5 in the top panel. In the lower 
panel, the total volumetric storage (calculated using Equation 24) is compared with the density 
of cryo-compressed H2 at 77 K. Total hydrogen storage and at 100 bar, along with total usable 
stored hydrogen delivered at 5 bar, is also illustrated for the 0% ENG data at 77 K in the lower 
panel.  

 

 

Figure 58. Hydrogen adsorption isotherms measured at 77 K for medium density  
(ρenv ≈ 0.5) composite pellets. Powder MOF-5 data is included for comparison. (a) 
Excess adsorption isotherms, where the excess amounts are presented as a 
percentage of the combined hydrogen and sample mass. (b) Total volumetric 
hydrogen storage; cryo-compressed hydrogen is included for comparison. Hydrogen 
storage at 100 bar and delivery at 5 bar is illustrated for the 0% ENG data series.111 
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The volumetric total storage increases with sample density for the MOF-5 composites. Results of 
their 77 K measurements on the complete series of samples showed that for 0.5 g cm-3 density 
0% ENG pellets, there is a 41% improvement compared to cryo-compressed hydrogen and a 23% 
improvement compared to powder MOF-5.111 The addition of ENG produces only a small 
decrease for volumetric storage relative to neat MOF-5 media of equal density. For the 
composites with density 0.5 g cm-3, the penalty for the addition of 10% ENG is a 6% decrease in 
total volumetric storage. For 0.7 g cm-3 composites, the “weight penalty” for 10% ENG addition 
is only a 3% decrease in storage.  

Purewal and colleagues did an in-depth analysis to compare the fit of three different sorption 
models (Unilan, Tóth, Dubinin−Astakhov) with their data.111 They found that the Unilan model 
was the most successful in matching the data, requiring only five temperature invariant 
parameters to accurately fit the data across a wide temperature range. The Unilan model (i.e., 
uniform energy distribution and Langmuir local isotherm) is an attractive empirical model for 
describing hydrogen adsorption in MOF-5. It uses the (monolayer) Langmuir equation to 
describe the local isotherms. This model treats energetic heterogeneity by assuming a uniform 
distribution of adsorption enthalpies between Emax and Emin and zero elsewhere.122,123,124,125,126  

Following this they performed a series of hydrogen uptake measurements on the samples at 
several temperatures between 77 K and room temperature. The results of those measurements 
are shown in Figure 59. Hydrogen storage at 100 bar for selected MOF-5/ENG composites is 
plotted versus temperature (77−295 K) using the Unilan model.111  

In panel (a) the relative contributions to total hydrogen storage at 100 bar made by excess 
adsorption, absolute adsorption, and free H2 in the volume vg= vv − va are presented. The sum of 
the absolute adsorption and free hydrogen equals the total storage. Panel (b) gives the same 
comparison for the 0% ENG pellets of density 0.52 g cm-3. It can be seen that for a loosely 
packed powder, the majority of stored hydrogen is bulk hydrogen gas outside of the adsorbate 
volume. In contrast, for the compacted MOF-5 absolute adsorption makes up a much larger 
percentage of the total hydrogen storage with only a small fraction of the stored hydrogen 
consisting of free gas.  

Figure 59c presents the volumetric absolute adsorption (na) at 100 bar for MOF-5/ENG 
composites plotted as a function of temperature. It can be seen that compacting powder MOF-5 
to a density of 0.52 g cm-3 increases the absolute adsorption by a factor of approximately 3.  

Figure 59d presents total volumetric hydrogen storage at 100 bar versus temperature. Values 
are also shown for single crystal and loose powder MOF-5. The single crystal data were derived 
from the powder data by using a density of ρsc = 0.605 g cm-3 versus the powder density of  
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ρbulk = 0.13 g cm-3. The single crystal MOF-5 values represent an upper limit for volumetric 
hydrogen storage of compacted MOF-5. The 0% ENG sample at 0.52 g cm-3 gave the highest 
volumetric storage results. 

 

Figure 59. Total hydrogen storage at 100 bar versus temperature for selected  
MOF-5/ENG composites, using Unilan model parameters from Table 2b. (a) Hydrogen 
storage in powder MOF-5 at 100 bar; compares the relative contributions to total 
hydrogen storage made by excess adsorption, absolute adsorption, and bulk H2. (b) 
Hydrogen storage at 100 bar in neat MOF-5 pellets with density 0.52 g cm-3. (c) 
Absolute hydrogen adsorption at 100 bar, on a volumetric basis, for MOF-5/ENG 
composites. (d) Total hydrogen storage at 100 bar plotted versus temperature. (e) 
Total hydrogen delivery between 100 and 5 bar. (f) Excess hydrogen delivery, defined 
here as the difference in excess adsorption, between 100 and 5 bar.111 
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Figure 59e presents the total hydrogen delivery (isothermal) between 100 and 5 bar plotted as a 
function of temperature. Based on these measurements and analysis, cryo-compressed 
demonstrated more deliverable hydrogen at 77 K than most MOF-5/ENG composites (with the 
exception of 0% ENG 0.5 g cm-3 pellets and single-crystal MOF-5). However, above 77 K the  
MOF-5/ENG composites exceeded the deliverable hydrogen capacity of cryo-compressed hydro-
gen. The largest improvement occurred for the 0.52 g cm-3 pellets with 0% ENG at a temperature 
of approximately 122 K. The isothermal delivery being 24.7 g L-1 or about 23% and 41% greater 
than the respective values for powder MOF-5 and compressed H2.  

Based on the combined impact of ENG addition and pellet density on thermal conductivity and 
hydrogen storage capacity of MOF-5 media, Purewal et al. found that optimal properties were 
obtained for ENG additions of 5−10 wt. % and pellet densities near 0.5 g cm-3. This clearly 
demonstrates the potential advantage that can be achieved through the use of additives and by 
the mechanical compression of physisorption hydrogen storage materials. 

 

1.21   Off-board Hydride Storage Materials 
 

The physical form and mechanical properties of off-board regenerable hydrogen storage 
materials is extremely important to the functioning of viable systems. In particular these 
properties are crucial in the mobility, transport, and transfer of these materials because the 
materials themselves are not stationary, but must be transferred in and out of the storage 
system.  

There are many concepts that could be used to transport chemical hydrides like AB (Ammonia 
Borane) in their solid form on board a vehicle. In one example, a flexible screw feeder concept 
was selected for an experimental evaluation (Figure 60).80  
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Figure 60. Solid Transport of a Surrogate Material with a Flexible Screw along a 
Complex Path.80 

 

The test system for this study was built using standard off-the-shelf components. An extruder 
for plastics was outfitted for hydrogen generation, by insulation, insertion of multiple 
thermocouples, and placed in a plastic case under an inert atmosphere to prevent any hydrogen 
generated from reacting with oxygen in the atmosphere. Tests involved moving a simulated AB 
material through a complex path with several bends using a flexible screw mechanism. 
Measurements were performed to quantify solid transport rate as a function of the flexible 
screw pitch, rotational speed and bend angle. Hydrogen was successfully generated from the 
reactor with AB/MC as the chemical hydride simulant. However, the auger reactor consistently 
clogged. This solid transport method was rejected as a viable technology after practical 
problems were experienced with transporting AB powder through a heated zone by means of an 
auger.80 This is another area of research and measurement of the mechanical properties of 
hydrogen storage materials that needs further development and attention. 
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The following ASTM Standards should be considered for doing measurements on the flow 
properties of off-board hydrogen storage powder materials: 

ASTM D6128 

This method covers the apparatus and procedures for measuring the cohesive strength of bulk 
solids during both continuous flow and after storage at rest. In addition, measurements of 
internal friction, bulk density, and wall friction on various wall surfaces are included. 

ASTM D6773 

This test method covers the apparatus and procedures for measuring the unconfined yield 
strength of bulk solids during both continuous flow and after storage at rest. In addition, 
measurements of internal friction, bulk density, and wall friction on various wall surfaces are 
included. 
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2   Mechanical Properties Measurement Methods 
 

2.1   Density Measurements 
 

Generally speaking, to measure density one must measure the mass and volume of a sample. 
Often, particularly for fine powders or highly porous materials, it is the accurate measurement 
of sample volume that is the most difficult. Volume measurement methods for skeletal, bulk, 
and tap density determinations are presented in detail in subsections 2.1.2 – 2.1.4  below. 

With respect to the volume measurement, it is critical that one specify exactly what volume is 
being measured to provide the desired density (i.e. skeletal density, bulk or poured density, 
tapped density, compressed pellet density, etc.). Detailed definitions of the different types of 
volumes and densities are presented in section 1.1. This is particularly true for powder and 
porous materials, where clear definitions of density are critical.25 In many cases the terminology 
can be confusing or overlapping. For this reason, the definitions of commonly utilized terms that 
are important for hydrogen storage materials development are presented below. 

Because many volume and, thus, density measurements are dependent on the measurement 
method and conditions, as well as sample history or preparation, it is critical that published 
data be presented with a clear description of: 

1) what type of data (e.g., bulk or poured density, tapped density, compressed pellet 
density) is being presented, 

2) what equipment was used to measure it, 

3) how the measurements were performed,  

4) what under what conditions the measurements were made, and 

5) how the sample was prepared or handled prior to measurement. 

 

2.1.1   Mass Measurements 
 

Mass is most often determined using standard high-accuracy analytical balances. Given the 
adsorptive and/or reactive nature of most hydrogen storage materials, it can be important that 
the material mass be measured in an inert or vacuum environment. This is easily done using a 
balance in an inert gas glove box or making measurements with a balance in a controlled 
atmosphere chamber such as a magnetic suspension balance or gravimetric instrument. For 



Mechanical Properties Measurement Methods 

Page 110 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

hydrogen storage materials measurements it is critical (especially for physisorption materials) 
that the sample’s mass be weighed in its pure form after all impurities and adsorbents are 
thoroughly removed via an appropriate bake-out procedure. This typically involves heating the 
sample under a moderate to high vacuum. The temperature used will depend on the stability of 
the material and types of impurities. The duration of a bake-out also depends on the material 
properties (pore size, surface area, etc.) and the type of impurities. Ideally, one would like to be 
able to monitor the outgassing of the sample with equipment such as a mass spectrometer. To 
avoid further adsorption of impurities certain materials should be weighed under an inert gas.  

If sample buoyancy is a significant issue, the sample mass should be weighed under vacuum. For 
a simplistic example, a 1 g (not counting adsorption) sample of high surface area carbon with an 
idealized skeletal density of 2.62 g cm-3 will have a buoyancy effect of 0.7 mg when weighed in a 
1 atm argon atmosphere (or 0.07 % difference between the mass weighed under argon or 
vacuum). This is on the order of the accuracy of many laboratory balances. Note that the gas 
displacement volume of the sample was considered in this simple example to be the skeletal 
volume of the sample, however, adsorption of the surrounding gas (argon) increases the 
effective volume of the sample increasing the buoyancy effect. In the case of high-surface-area 
materials, this increase in effective volume (and buoyancy) can be considerable.127 Thus, this 
example error is at best a minimum value. 

Remembering that hydrogen capacities are often expressed as ratios or percentages, this effect 
on measuring the mass of the sample may have little effect on the outcome. For example, if the 
same 1 gram sample adsorbs 10 mg H2 per sample, then a change in the measurement of the 
initial sample’s mass due to buoyancy would be: 0.01 / (1 - 0.0007 + 0.01) = 0.9908 wt. % H2 
[sample mass measured in argon] versus 0.01 / (1 + 0.01) = 0.9901 wt. % H2 [sample mass 
measured in vacuum]. This buoyancy error will remain the same (percentage) as the sample size 
decreases, for example, if one is attempting measurements on very small samples (e.g. 100 mg). 
Note however, that this is referring to the measurements of the initial mass of the sample, not 
the buoyancy effect present when measuring hydrogen uptake with a balance in a hydrogen 
atmosphere, which can be a much larger effect. For instance, the same sample in 200 bar H2 
would have a buoyancy effect of an equivalent mass change of approximately 7 mg, which is on 
the order of the 1 wt. % H2 assumed hydrogen capacity mentioned before and thus must be 
taken into account as a correction in the calculation of hydrogen uptake.  

It is clear that the accuracy of a density measurement is subject to the accuracy of the sample 
mass measurement. Given that sample masses are often much less than 1 g and that hydrogen 
uptake is often less than 1 wt. %, it is important that the balance being used for density 
measurements have a precision and accuracy that is at least one order of magnitude and 
preferably two or three orders of magnitude better than this.  

 



Mechanical Properties Measurement Methods 

Page 111 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

2.1.2   Skeletal Volume and Density by Gas Pycnometry  
 

A key factor in making accurate density measurements is the accuracy and precision with which 
the sample’s skeletal volume is measured. A gas pycnometer is also known as a constant volume 
gas pycnometer. A gas pycnometer operates by detecting a pressure change resulting from 
displacement of gas by a solid object. In its most simple form a gas pycnometer instrument 
consists of two chambers; one with a removable gas-tight lid to hold the sample and a second 
chamber (reservoir or reference) of a known (calibrated) volume. There will be a valve to admit 
input gas to the reference chamber, and a dosing valve to equalize the pressure between the 
two volumes. There may be only one pressure sensor on the reference volume or two 
independent pressure sensors, one on the reference volume and one on the sample holder 
volume. A simple form of the apparatus is shown in Figure 61. In practice the sample may 
occupy either chamber; that is, gas pycnometers can be constructed such that the sample 
chamber is pressurized first, or such that the reference chamber is filled with the higher 
pressure, or both cases. An analysis of various designs and parameters was done by Tamari.128 

The typical two-step operation of a gas pycnometer is shown in Figure 61. An object of unknown 
volume VS is sealed in the sample changer of known volume VSH. In the first step (a) a pressure 
differential is created between the two volumes. This is often done by first evacuating (or 
providing a low pressure to) the sample holder volume, closing the dosing valve and then filling 
the reference volume with a higher pressure. The pressures are then measured in each volume 
and recorded after the gas has reached thermal equilibrium. In the second step (b) the valve 
between the two volumes is opened and after an appropriate period of time the gas will be in 
thermal and pressure equilibrium between the two volumes. 
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Figure 61. Schematic operation of a gas pycnometer. 
 

In this simplistic example it is assumed that the system is maintained at a constant temperature 
T and there is no net loss or gain of gas (the number of gas molecules n is constant throughout 
the experiment). Under these conditions, the gas displacement volume of the sample is 
determined as follows. In the first step (or initial state) the sample holder has been evacuated or 
filled to a measurable low pressure and the calibrated reservoir is charged with gas at a higher 
pressure. In this initial state (Figure 61a) the gas balance equation is: 

Equation 25 PSi(VSH – VS) + PRiVR = nRT, 
 

where PSi is the initial measured pressure in the sample holder, VSH is the pre-calibrated volume 
of the sample holder, VS is the gas displacement volume of the sample, PRi is the initial measured 
pressure in the reservoir, VR is the pre-calibrated volume of the reservoir (or dosing volume), n is 
the total moles of the gas present, R is the gas constant, and T is the temperature of the gas 
(which is assumed to be the same everywhere). The equation assumes that the gas (helium) is, 
for all practical purposes, an ideal gas at the measured pressure and temperature, that the valve 
has no change in volume on going from the closed to the open state and that the sample has no 
appreciable gas adsorption. 
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When the valve is opened and the gas has had enough time to come into thermal equilibrium 
with its surroundings, the equilibrium pressure condition becomes: 

Equation 26 PSE(VSH – VS) + PREVR = nRT, 
 

where the total moles of gas is preserved. Equating the nRT terms, the two equations combine 
to give: 

Equation 27 PSE(VSH – VS) + PREVR = PSi(VSH – VS) + PRiVR 
 

Solving for the gas displacement volume of the sample (VS) gives: 

Equation 28        VS = ((PSE – PSi)VSH + (PRE – PRi)VR) / (PSE – PSi) 
 

One possibility for pycnometry measurements on hydrogen storage materials is that if the 
instrument being used to measure hydrogen uptake properties is a volumetric instrument, it 
may be capable of making sample volume measurements as well, using an inert gas. In this case, 
the volume of the empty sample holder VSH must be accurately measured to be able to apply 
Equation 28. This can be done with any gas. Because the free gas volume of the sample holder 
with sample is needed for volumetric hydrogen sorption measurements, most instruments are 
already set up for making these volume measurements. It is simply a matter of measuring the 
empty sample holder volume first and then performing a pycnometry measurement on the 
sample of interest using the same sample holder. The volume measurement of the empty 
sample holder is given by:  

Equation 29 VSH = VR(PRi – PRE)/(PSE – PSi) 
   

Gas pycnometers exist in a variety of configurations. This includes simple manual systems to 
highly sophisticated automated systems. They may have only one pressure transducer, or two or 
more, as well as multiple calibrated reference volumes. Sophisticated apparatus and software 
will have some or all of the following features: 

• made of components compatable with the gases and samples to be used 

• have active system temperature control 

• make corrections for temperature variations 

• reduce temperature gradients in the gas 

• do not use valves or other components that will impact temperature stability 
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• take valve volume changes into account 

• allow for proper degassing (bake-out) of samples 

• have reference volumes appropriately matched to sample quantities 

• are set up for use with different gases 

• take account for the potential non-ideal behavior of the test gas 

• have high-resolution pressure transducers with temperature compensation and 
automatic zeroing features 

• allow for airless sample transfer and testing 

• are designed for ease of handling powder samples 

All of these features contribute in varying degrees to improved accuracy in the measurement of 
a sample’s gas displacement volume. Note that the last point is critical for very fine powder 
samples that may be difficult to transfer (due to issues such as static electricity). To arrive at an 
accurate density measurement, both the volume and mass must be measured on the same 
sample without the loss, contamination, or physical changes to the sample. This can be very 
challenging with fluffy low density powders, especially those that are air reactive, contain 
impurities, or will adsorb significant amounts of water, oxygen, etc. For such materials, the 
instrument and procedures used should be able to address these issues. It is advisable to make 
trial runs with a control sample and worst case scenarios (such as very small sample quantities, 
lost material, air exposed samples) to have a measure of the degree to which these issues 
contribute to error in the density measurements. 

Some other important considerations that can impact the accuracy and precision of the gas 
pycnometry measurements are: 1) the test gas should be of high purity to avoid contaminating 
the sample and affecting both mass and volume measurements, 2) the sample must be free of 
any volatile substances that can contribute partial pressures causing error, and 3) temperature 
gradients, instabilities, or errors in temperature measurement should be reduced to a minimum. 
Samples, particularly high surface area materials, should be outgassed by heating under vacuum 
at an appropriate temperature for time long enough to ensure that most, if not all, impurities 
have been removed.  

Typically helium is used for pycnometry because it is non-reactive and a small enough molecule 
to be able to access small pores in the material. Other gases may be used specifically because of 
the way the gas adsorbs to the surface or because of the difference in the size of the gas 
molecule. Doing measurements with different gases having different size molecules may provide 
information about the different pore sizes of a material.129 
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Another consideration for some materials is that helium may adsorb to the surface in significant 
enough quantities as to cause errors in the skeletal volume measurement. While this is typically 
assumed to not be the case at near ambient conditions, it should not be overlooked, and 
becomes worse at low temperatures and high pressures. Sircar130,131,132 and others26,133, 134 have 
addressed this issue extensively. More information on the subject of important considerations in 
the measurement of gas displacement volume can be found in Sections 5.3 and 5.11 of the 
document “Recommended Best Practices for the Characterization of Storage Properties of 
Hydrogen Storage Materials”.24 

 

2.1.3   Bulk density measurement 
 

The bulk density of a powder is determined by measuring the volume of a known weight of 
powder sample, that may have been passed through a sieve, into a graduated cylinder  
(Method I)135, or by measuring the mass of a known volume of powder that has been passed 
through a volumeter into a cup (Method II) or a measuring vessel (Method III). These methods 
are described well in the United States Pharmacopeial Convention 616.136 Method I is commonly 
used and consists of passing a quantity of material sufficient to complete the test through a 
sieve, to break up agglomerates into a dry graduated 250 mL cylinder. This must be done gently 
to avoid changing the nature of the material and without compacting. The sample is then 
carefully leveled without compacting the powder. The apparent volume is measured to the 
nearest graduated unit. The bulk density is calculated by dividing the mass of the powder in the 
graduated cylinder by the measured bulk volume. 

 

2.1.4   Tap density measurement 
 

The tap density is the bulk density that has been increased after mechanically tapping a 
container holding a powder sample. Tap density is measured by mechanically tapping a 
graduated cylinder or vessel containing the sample and measuring the volume after each series 
of taps until there is no further change in volume. The mechanical tapping is achieved by raising 
the cylinder or vessel and allowing it to drop under its own weight a specified distance. Devices 
that rotate the cylinder or vessel during tapping may be preferred to minimize any possible 
separation of the mass during tapping down. Three different methods for performing Tap 
Density measurements are presented in the United States Pharmacopeial Convention 616.136 
The ASTM standard test method for the determination of Tap Density of metallic powders and 
compounds is ASTM B527-06.137 A schematic diagram representing a typical Tap Density 
measurement instrument is shown below. 
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Figure 62. Schematic diagram of a Tap Density measurement instrument.136 
 

2.2   Particle Size Measurements 
 

Particle sizing methods can be separated into three basic classes: 

• Ensemble Methods: all particles in a sample are measured at the same time. Size 
distribution data is "extracted" from a combined signal for all particles. 

• Counting Methods: individual particles are measured and counts of similar size particles 
are places into "size bins" to construct a distribution. 

• Separation Methods: an outside force/process is used to separate particles according to 
size. The quantities of the separated different sizes are determined. 

A variety of instruments can be used for the analysis of dry powders and powders dispersed in 
suspension. A good review of the methods and protocols for particle size measurements of 
powders can be found in the NIST best practices guide on the subject, as well as the ASTM 
"Standard Guide for Powder Particle Size Analysis”.138 Whenever possible, it is desirable to 
analyze powders dispersed in a state similar to that in which they will be used. For this reason, 
and because powder materials for hydrogen storage are often reactive with liquids, it is 
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generally recommended to use dry measurement techniques. In the choice of methods, one 
should consider that some techniques allow measurements on materials having a very broad 
size range while others enable analysis over a fairly narrow size distribution.  

 

2.2.1   Considerations in Particle Size Analysis 
 

Particle size analysis can be very challenging due to a number of factors including spacial 
distribution, particle shape, porosity, etc. No less challenging is the practice of assigning a single 
number (diameter) to a particle that is 3-dimensional and very unlikely to be a perfect sphere.  

Particle Diameter: 

The term “particle diameter” should be used with caution to represent a quantitative measure 
of particle size. While diameter is an exact descriptor for the size of a sphere, real powders are 
generally composed of irregular shapes that can vary significantly from that of a sphere.  

The determination of a particle size should be conducted using a technique that gives results 
relevant to the property of the powder that is critical for the material’s application. For example, 
powders used in chemical reactions should be characterized by their surface area. Because 
diameter represents a three-dimensional property of a particle its use is most valid for 
applications that are influenced by some volume-based properties (density, surface area, etc.). 

The following are some commonly used Volume-based diameters:139,140 

Drag diameter (dd): Diameter of a sphere that has the same resistance to motion in the same 
fluid (having same viscosity), moving at the same velocity as the particle 

Free-falling diameter (df): Diameter of a sphere having the same density and the same free-
falling speed as the particle in the same fluid 

Surface diameter (ds): Diameter of a sphere having the same surface area as the particle 

Surface volume diameter (dsv): Diameter of a sphere having the same surface to volume ratio as 
the particle 

Stokes’ diameter (dSt): Diameter of a free falling sphere (i.e., particle having attained the Stokes 
velocity) in the laminar flow region 

Sieve diameter (dA): Diameter of a sphere equivalent to the size of the minimum square 
aperture through which the particle will pass 

Volume diameter (dv): Diameter of a sphere having the same volume as the particle 
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Equivalent circle diameters are often used when powders are being examined using methods 
that provide only the projected profile of particles, such as for optical or electron microscopy-
based techniques. Again these expressions are valid for spherical particles, however, the 
irregular shaped particles can produce inaccurate resluts if adequate precautions are not taken. 
In particular, the orientation of the irregular particle at rest and the resulting projected image 
can significantly influence the calculated diameter. The following are some commonly used 
Circular Diameter definitions:139,140 

Projected area diameter (da): Diameter of a circle having the same area as the projected area of 
the particle at rest in a stable position 

Projected area diameter (dp): Diameter of a circle having the same area as the projected area of 
the particle at rest in a random orientation 

Perimeter diameter (dc): Diameter of a circle having the same perimeter as the projected area 
of the particle, irrespective of the particle orientation 

Equivalent sphere: 

If one is able to determine some other unique one-number parameter such as mass or volume 
of a particle, this number can be converted into an equivalent spherical particle with the same 
mass or volume, etc. This equivalent sphere then provides a unique one-dimensional number 
(diameter) to represent the size of the particle. Of course, this has its issues, because particles of 
very different shapes can have the same equivalent volume, and the experimental method used 
to measure size may be more or less affected by shape. For example, for particles with a large 
aspect ratio, the equivalent sphere diameter will be quite different if measured by sieve 
analysis, sedimentation rate, laser diffraction, or microscopy. With microscopy for instance, the 
results will vary considerably depending on whether one chooses to measure maximum length, 
minimum length, area, or some other metric for the “size” of the particle. The table below 
shows how cylindrical particles of the same diameter can have very different equivalent-volume 
spherical diameters by a factor of about 6 and extremely different aspect ratios by a factor of 
200. Because different methods will be affected in different ways by the aspect ratio, the results 
could be significanly different. For instance, taking a sample consisting of the same number of 
each length of particles in the table, the results of a counting technique based on minimum 
diameter microscopy would count all of the particles as being the same size. Whereas, a seiving 
or sedimentation rate technique would likely find very different sizes depending strongly on the 
aspect ratio. 
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Size of cylinder Aspect 
Ratio 

Equivalent 
Spherical 
Diameter 

Height  Diameter 

2  20  0.1:1  10.6  
10  20  0.5:1  18.2  
20  20  1:1  22.9  

100  20  5:1  39.1  
400  20  20:1  62.1  

 

So, while it is convenient to describe particles by a spherical equivalent, the actual shape of 
particles can have a strong impact on the materials mechanical properties. One common 
method to express the average shape of particles is Wadell’s sphericity (Ψ): 

Equation 30            𝛹 =  𝑺𝑺𝒑𝑺𝑺𝑺𝒑 𝑨𝒑𝒑𝑺 𝒑𝑺 𝒕𝒕𝒑 𝑬𝑬𝑺𝑬𝑬𝑺𝑬𝒑𝑬𝒕 𝑺𝒑𝒕𝒑𝒑𝑬𝑺𝑺𝑬 𝑽𝒑𝑬𝑺𝒎𝒑
𝑺𝑺𝒑𝑺𝑺𝑺𝒑 𝑨𝒑𝒑𝑺 𝒑𝑺 𝒕𝒕𝒑 𝑷𝑺𝒑𝒕𝑬𝑺𝑬

 =  𝜋
1
3(6𝑉𝑃)

2
3

𝐴𝑃
 

 
Where VP is volume of the particle and AP is the surface area of the particle. The sphericity of a 
sphere is 1 and, by the isoperimetric inequality, any particle which is not a sphere will have 
sphericity less than 1. The following are Wadell’s sphericity (Ψ) for common particle shapes: 

 

Shape Wadell’s sphericity (Ψ) 

Sphere 1.00 
Rounded particle 0.82 

Cubic 0.81  
Angular 0.66 

Flaky 0.54 
Platelet 0.22 

 

Particle Size Distribution: 

Once an equivalent particle size distribution of a sample has been measured, one typically 
presents some statistical description of the size distribution. Once again, it is important to 
present as many details of the measurement process and resulting distribution as possible, 
because simple numbers such as the mean or median values can be misleading.  

Mean diameter, median diameter and modal diameter are often used to describe a distribution 
of particle sizes in a powder sample: 

Mean Diameter: The mean diameter of a powder can be expressed according to the measured 
characteristics. For example, by the number, length, surface volume and weight of the particles. 
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The arithmetic mean is calculated by dividing the sum of the diameters of all the individual 
particles in the distribution, by the total number of particles in the distribution. The geometric 
mean is calculated by calculating the nth root of the products of the diameters of the n particles 
constituting the system under study.  

Median Diameter: The median diameter is the diameter at which half of all the particles have a 
larger diameter and the remaining half have smaller diameters. Thus, the median diameter is 
the 50% size of a cumulative distribution curve of the particle sizes. 

Modal Diameter: The modal diameter is the most frequently occurring diameter of the particles 
in the sample being measured. It is represented by the peak of the differential size distribution 
curve. 
 

For a Normal (or Gaussian) distribution, the mean, median, and modal diameters are all 
equivalent (see Figure 63).  

 

 

Figure 63. Example of a distribution of particle diameters with a perfect Normal or 
Gaussian) distribution, blue = count, green = cumulative.  

 

However, it is not uncommon for real powder samples to have particle size distributions which 
are somewhat, or even significantly different that a Gaussian. In the example of Figure 64, two 
different distributions are shown which have the same median values, but a significantly 
different shape and, thus, very different modes and means.  
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Figure 64. Comparison of mean, median and mode of two log-normal distributions 
with different skewness.141  

 

Figure 65 presents an extreme, but not necessarily uncommon case of a bimodal distribution in 
which the sample contains few or no particles with a diameter represented by the mean and 
median and the modal diameter is poorly representative of the bulk of the particles.  

 

 

Figure 65. Example of a bi-modal distribution of particle diameters (2 Gaussians), blue 
= count, green = cumulative.  
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As these examples point out, using a single number to try to describe the particle size properties 
of a material can be very misleading. It is highly recommended that the particle size distribution 
measurements be shown along with as many details as possible about how the sample was 
collected and prepared, the measurements were made, and the results were analyzed.  

Equally important as obtaining accurate particle size information is how that information is 
reported. There are common standards that are often used in reporting particle size data. The 
ASTM E1617-97 (2007), Standard Practice for Reporting Particle Size Characterization Data 
covers the means for reporting particle size measurement data. The ISO standard, ISO 9276-1 
through 6, describes the Representation of Results of Particle Size Analysis.  

The following is an extended list of ASTM Standards for Particle Size measurements and 
reporting. 

 

ASTM Standards for Particle Size Measurement of Powders 
 B330-12 Standard Test Method for Fisher Number of Metal Powders and Related 

Compounds  

 B761-06(2011) Standard Test Method for Particle Size Distribution of Metal Powders 
and Related Compounds by X-Ray Monitoring of Gravity Sedimentation 

 B822-10 Standard Test Method for Particle Size Distribution of Metal Powders 
and Related Compounds by Light Scattering  

 C110-11 Standard Test Methods for Physical Testing of Quicklime, Hydrated Lime 
and Limestone 

 C690-09 Standard Test Method for Particle Size Distribution of Alumina or Quartz 
Powders by Electrical Sensing Zone Technique 

 C958-92(2007) Standard Test Method for Particle Size of Alumina or Quartz by X-Ray 
Monitoring of Gravity Sedimentation 

 C1070-01(2007) Standard Test Method for Determining Particle Size Distribution of 
Alumina or Quartz by Laser Light Scattering  

 D4438-85(2007) Standard Test Method for Particle Size Distribution of Catalytic Material 
by Electronic Counting  

 D4464-10 Standard Test Method for Particle Size of Catalytic Materials by Laser 
Light Scattering 

 D5861-07 Standard Guide for Significance of Particle Size Measurements of 
Coating Powders  

 E2490-09 Standard Guide for Measurement of Particle Size Distribution of 
Nanomaterials in Suspension by Photon Correlation Spectroscopy (PCS) 

 F577-03(2009) Standard Test Method for Particle Size Measurement of Dry Toners 

 F2149-01(2007) Standard Test Method for Automated Analysis of Cells – the Electrical 
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Sensing Zone Method of Enumerating and Sizing Single Cell Suspensions 

ISO 22412:2008 Particle size analysis -- Dynamic light scattering (DLS)  

ISO 13320:2009 Particle size analysis -- Laser diffraction methods  

ISO 13317-1:2001 Determination of particle size distribution by gravitational liquid 
sedimentation methods -- Part 1: General principles and guidelines 

ISO 20998-1:2006 Measurement and characterization of particles by acoustic methods -- 
Part 1: Concepts and procedures in ultrasonic attenuation spectroscopy 

ISO 13322-1:2004 Particle size analysis -- Image analysis methods -- Part 1: Static image 
analysis methods 

ISO 13317-1:2001 Determination of particle size distribution by gravitational liquid 
sedimentation methods -- Part 1: General principles and guidelines 

ISO 9276-1:1998 Representation of results of particle size analysis -- Part 1: Graphical 
representation 

ISO 9276-5:2005 Representation of results of particle size analysis -- Part 5: Methods of 
calculation relating to particle size analyses using logarithmic normal 
probability distribution 

ISO 9276-1:1998 Representation of results of particle size analysis -- Part 1: Graphical 
representation 

ISO 9276-2:1998 Representation of Results of Particle Size Analysis -- Part 2: Calculation 
of average particle sizes/diameters and moments from particle size 
distributions 

ISO 9276-3:1998 Representation of Results of Particle Size Analysis -- Part 3: Calculation 
of means and moments of particle size distributions 

ISO 9276-4:1998 Representation of Results of Particle Size Analysis -- Part 4: 
Characterization of a classification process 

ISO 9276-5:1998 Representation of Results of Particle Size Analysis -- Part 5: Validation of 
calculations relating to particle size analyses using the logarithmic 
normal probability distribution 

ASTM E1617-97 Standard Practice for Reporting Particle Size Characterization Data 
 
Table 6. Chart of ASTM and ISO Standards for Particle Size Measurements and 
Reporting of powders. 

 

2.2.2   Methods for Measuring Particle Size 
 

Table 7 illustrates some of techniques for particle size analysis, the physical principle on which 
the technique is based, and the general sample concentration and size range over which these 
techniques are applicable. 
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Some important considerations before selecting an instrument for particle size and size 
distribution analysis include, but are not limited to: (1) the amount of sample available, (2) the 
desired number of points on the size distribution (for data interpretation and/or resolution), and 
(3) number and frequency of analyses required (ie. laboratory versus on-line methods). 

 

Method Physical principle medium Sample 
(g) 

Size (µm) Time* Measured 
Equivalent 
Spherical 
Diameter 

Volume 
Fraction range 

(%) 

Microscopy: 
Optical 

Particle counting Liquid/gas <1 400-0.5 S-L Projected Area NA 

Microscopy: 
Electron 

 Vacuum <0.1 400-0.001 S-L Feret  

Sieving: air sieving air 50 8000-37 M Sieve NA 

Sieving: liquid sieving liquid 5-20 5000-5 L  NA 

Sedimentation: 
Gravity 

sedimentation liquid <5 100-0.5 M-L Mass  

Sedimentation: 
Centrifuge 
(Optical) 

sedimentation liquid 0.01-2 300-0.02 M Projected Areas  

Sedimentation: 
centrifuge (X-
Ray) 

sedimentation   0.01-100   Instrumental 
Dependent 

Sedimentation: 
Analytical Ultra 
C. 

sedimentation  <0.1 0.001… M-L Hydrodynamic  

Light Scattering: 
Diffraction 

 Liquid/gas <0.1-2 3000-0.05 S Volume  

Light Scattering: 
Dynamic (Quasi-
Elastic) 

 liquid <0.1 0.5 (1)-
0.002 or 
0.003-6 
according 
to NIST 

S Hydrodynamic <0.005 

Light Scattering: 
Tracking 

 liquid <0.1 >20nm    

Elect. Sensing 
Zone (Optical) 

 liquid <1 (1200) 250-
0.4 

S-M Volume  

Elect. Sensing 
Zone (Particle 
Counting, Coulter 
Counter) 

Particle counting   0.4-1200   >0.1 

Gas Adsorption Surface area Gas/vacuum <5 5-0.005 L Surface-Volume NA 
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dBET analysis 

Acoustic 
Attenuation 
Spectroscopy 
(Ultrasonic) 

ultrasonic   0.05-10   >1 

Electroacoustic 
Spectroscopy  

ultrasonics   0.1-10   >1 

Laser Light 
Diffraction 

Electromagnetic 
wave interaction 
and scattering 

  0.04-1000   0.01-5 

Colloid Vibration 
Current 

ultrasonic   <10   >1 

Electronic Sonic 
Amplitude 

ultrasonics   <10   >1 

Micro-
electrophoresis 

Electromagnetic 
wave interaction 
and scattering 

  5-100,000   NA 

*Analysis times; S-short, less than 20 min., M=moderate (20-60min), L=long, more than 60 minutes 

Table 7. Chart of Particle Size Measurement Methods and Sample Properties.142 
 

2.2.3   Selecting a particle size technique 
 

General particle size distribution is sufficient information for the majority of particle 
characterization applications. But some techniques are higher resolution than others. Laser 
diffraction and dynamic light scattering are powerful techniques that are “resolution limited” 
compared to high resolution techniques which are based on particle counting (such as electro 
zone counting or image analysis). For this reason, if the goal of the measurement is finding small 
populations of particles larger or smaller than the main distribution, then an investigation of the 
sensitivity to second distributions should be part of the selection process. 

Another important consideration may be a broad analysis of the shape of particles in a material. 
Particle shape influences bulk properties of powders including flow and compaction behavior, 
which may be important in powder-filled hydrogen storage beds, or compacts of storage 
materials. In the case of off-board storage materials that will be loaded, removed, or utilized in a 
fluid suspension, particle shape can have a significant influence on the viscosity of the 
suspensions. Microscopy and image analysis are the only techniques that provide an accurate 
ability to collect and evaluate particle shape information. Manual microscopy provides basic 
qualitative size and shape information, but automated image analysis generates quantitative 
data that is statistically significant. For this reason, both dynamic and static image analysis are 
growing techniques replacing manual microscopy. 
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Hydrogen storage materials that cannot be suspended in a liquid will limit the use of certain 
Laser Diffraction methods and preclude Dynamic Light Scattering, Electroresistance, Acoustic 
Spectroscopy, and Sedimentation techniques. Hydrogen storage materials that are air sensitive 
may further exclude the use of Laser Diffraction and Air Elutriation methods. 

Sieve analysis 

Sieve analysis is often employed because of its simplicity, low cost, and ease of interpretation. 
Methods may be simple shaking of the sample in sieves until the amount retained becomes 
more or less constant. Alternatively, the sample may be washed through with a non-reacting 
liquid (usually water) or blown through with an air current. 

Advantages: This technique is well-adapted for bulk materials.  

Disadvantages: Many applications are concerned with particles too small for sieving to be 
practical. A very fine sieve, such as 37 μm, is exceedingly fragile, and it is very difficult to get 
material to pass through. Another disadvantage is that the amount of energy used to sieve the 
sample is generally arbitrarily determined. Over-energetic sieving can cause attrition of the 
particles and thus changes the results. On the other hand, insufficient energy fails to break 
down loose agglomerates. Although manual sieving procedures may not be practical for many 
applications, automated sieving technologies using image fragmentation analysis software are 
available. These technologies can sieve material by capturing and analyzing a photo of material. 

Air Elutriation analysis 

Powders may be separated by means of an elutriator, which consists of a vertical tube up which 
fluid is passed at a controlled velocity. Sample particles are introduced into the vertical tube, 
often through a side tube. Smaller particles are carried up with the fluid stream while the larger 
particles settle against the fluid current. By starting with low flow rates, small less dense 
particles will attain terminal velocity and flow out with the fluid. These particles are collected in 
an overflow device and separated from the rest of the material. The fluid flow rates are then 
increased to separate larger size particles. This process is then carried out in a sequence of 
separation for analysis. Such systems can be further refined by having the overflow from the 
first tube pass vertically upwards through a second tube of greater cross-section, and then on to 
any number of such tubes arranged in series to separate particles in a sequence of batches. 

Advantages: Samples are analyzed using centrifugal classification and the technique is non-
destructive. Each cut-point can be recovered for future size-respective chemical analyses. This 
technique determines particle size as a function of settling velocity in an air stream (as opposed 
to water, or some other liquid). 

Disadvantages: A bulk sample (about ten grams) must be obtained. It is a fairly time-consuming 
analytical technique. The actual test method has been withdrawn by ASME due to obsolescence 
and therefore calibration materials are therefore no longer available. 
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Photoanalysis  

Photoanalysis procedures consist of taking a photo of a sample of the materials to be measured 
and using software to analyze the photo.  

Advantages: Compared to sieve analyses, which can be time-consuming and inaccurate, 
photoanalysis methods can provide rapid and accurate measurements. Image analysis provides 
far more data values and options than any of other technique. Measuring each particle allows 
unmatched flexibility for calculating and reporting particle size results. Image analysis 
instruments may report distributions based on particle length as opposed to spherical 
equivalency, and they may build volume distributions based on shapes other than spheres. 
Another advantage is that the material can be analyzed without being directly handled or 
suspended in a solution. 

Disadvantages: Images may have to be acquired using Scanning Electron Microscopy (SEM) for 
samples with particles smaller than about 1 micron. Such equipment must be able to do air-less 
sample transfers for materials that are air sensitive. For accurate measurements, methods must 
be employed to separate clusters of particles. 

Microscopic counting methods 

An extension of photoanalysis is that particle size distributions (PSDs) can be measured 
microscopically by sizing against a calibrated scale and counting. For a statistically valid analysis, 
millions of particles must be measured. For this to be done manually is impractical. However, 
automated analysis of systems and software are commercially available. 

Advantages: Microscopic evaluation often gives a great deal of information that other methods 
are unable to give. 

Disadvantages: It may be difficult to distinguish between particles that are overlapping which 
may be counted as bigger particles. This can lead to significant errors in reported size 
distribution. 

Optical counter 

In a light counting apparatus, particles are fed through a counting chamber, where a focused 
laser beam is partially blocked as the particle passes. A detector reads the reduction in light 
intensity that is related to the optical cross-section of the particle. This data can be converted to 
a size distribution. 

Advantages: The method is quick and easily calibrated using standards. 

Disadvantages: The dynamic size range is limited and may require several runs to cover a wide 
range of particle sizes. Similar to resistance methods, the sample must be suspended in a 
conductive fluid, which may be incompatible with hydrogen storage materials. 

http://en.wikipedia.org/wiki/Photoanalysis
http://en.wikipedia.org/wiki/Electron_microscope
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Electroresistance counting methods 

A Coulter counter is an example of this method. It is an apparatus for sizing particles suspended 
in electrolytes. It is typically used in bio-medical research. Poorly conductive particles alter the 
effective cross-section of the conductive micro-channel or orifice. If these particles are less 
conductive than the surrounding liquid medium, the electrical resistance across the channel 
increases, causing the electric current passing across the channel to briefly decrease. The 
number of particles for a given volume of fluid can be counted by monitoring the pulses in 
electric current. Because the size of the change in the electric current is related to the size of the 
particle, the method enables a particle size distribution to be measured. 

Advantages: Very small sample aliquots can be examined. 

Disadvantages: The sample must be dispersed in a liquid medium which may not be feasible for 
some hydrogen storage materials. The results are only related to the projected cross-sectional 
area that a particle displaces as it passes through an orifice. This is a physical diameter, not 
really related to mathematical descriptions of particles. Also, conductive particles are a common 
concern for the application of this method. This is rarely an issue because the conductivity 
difference between most conductive materials and ions in liquid is so great that most 
conductive materials act as insulators in a Coulter counter. However, it is a consideration to be 
addressed before making measurements on metal or carbon powders.  

Sedimentation techniques 

Sedimentation techniques involve the measurement of the terminal velocity acquired by 
particles suspended in a viscous liquid. Sedimentation time is longest for the finest particles, so 
this technique is useful for sizes below 10 μm, but sub-micron particles cannot be reliably 
measured due to the effects of Brownian motion. A typical apparatus disperses the sample in 
liquid and then measures the density of the suspension in a vertical column at timed intervals. 
Other techniques determine the optical density of successive layers using visible light or X-rays. 

Advantages: This technique determines particle size as a function of settling velocity which is 
important for suspensions, but which is not necessarily directly related to particle size. Thus, it 
may not be appropriate for applications employing dry powders. 

Disadvantages: Sample must be dispersed in a liquid medium, which may not be appropriate for 
hydrogen storage materials. For those that can be studied in a liquid medium, it is possible that 
some particles may (partially or fully) dissolve in the medium altering the size distribution, 
requiring careful selection of the dispersion media. Density is highly dependent upon fluid 
temperature remaining constant. X-rays will not count carbon (organic) particles. Many 
instruments can require relatively large samples (e.g. two to five grams). 

http://en.wikipedia.org/wiki/Coulter_counter
http://en.wikipedia.org/wiki/Aliquots
http://en.wikipedia.org/wiki/Brownian_motion
http://en.wikipedia.org/wiki/X-rays
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Laser diffraction methods 

Advances in the development of sophisticated data processing and automation have made laser 
diffraction the dominant particle size distribution technique. The most basic laser diffraction 
system can measure solid particles in suspensions and emulsions. With the addition of a dry 
powder feeder the instrument can then also measure dry powders in air. The method measures 
the “halo” of diffracted light produced when a laser beam passes through a dispersion of 
particles in air or in a liquid. The angle of diffraction increases as particle size decreases. The 
method is particularly good for measuring sizes between 0.1 and 3,000 μm. This is a low 
concentration technique, so dilution is often required. The complex refractive index of the 
sample and diluent must be known for optimum accuracy. 

Advantages: Speed, ease of use, and flexibility. Use with liquid or air suspensions. This technique 
can be performed on very small samples. A particular advantage is that the technique can 
generate a continuous measurement for analyzing process streams. 

Disadvantages: Converting a volume result from laser diffraction to a number basis can lead to 
errors depending on the shape factors of the particles. 

Dynamic Light Scattering  

Dynamic Light Scattering (DLS), also known as quasi-elastic light scattering (QELS), uses the 
Brownian motion of sub-micron particles in a suspension. A laser beam is scattered by particles 
in which the motion causes rapid fluctuations in scattering intensity around a mean value. The 
method can measure suspensions and emulsions of particles from 1 nm to 1 μm. Both the lower 
and upper limits are sample dependent. The lower limit is influenced by concentration and how 
strongly the particles scatter light. A low concentration sample of weakly scattering particles 
near 1 nm can be difficult to reproduce. The upper size limit is determined mainly by the density 
of the particles. Particles settled on the bottom of the sample cuvette cannot be inspected by 
the laser light source. Particles with a high density will settle more quickly than low density 
particles. The upper limit of DLS may be 8 μm for emulsion samples where the two phases have 
similar density. The upper limit of particles with a density of 1.7 g cm-3 may be around 1 μm. 

Advantages: The method can measure very small particle sizes and only a small amount of 
sample is needed. DLS does not require any knowledge of the sample’s refractive index unless 
one wants to convert from intensity to volume distribution or concentration. What is required is 
viscosity, especially for higher concentration samples. Detailed DLS investigations could involve 
a study of dilution to determine the nature of the particle-particle interactions and presence of 
multiple scattering. Sophisticated DLS systems can also measure other sample characteristics 
including zeta potential, molecular weight, and second virial coefficient. Generating this 
additional information may require a greater skill set of the operator. 
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Disadvantages: DLS has relatively low resolution and is most appropriate for applications 
involving particles in suspensions. 

Acoustic spectroscopy or ultrasound attenuation  

This method employs ultrasound for collecting information on the particles dispersed in fluid. 
The particles will absorb and scatter ultrasound similarly to light. In the case of ultrasound, 
transmitted energy versus frequency is measured. The ultrasound attenuation frequency 
spectrum is used to determine the particle size distribution.  

Advantages: The method can be applied to any fluid system with no dilution or other sample 
preparation. Calculation of particle size distribution is based on theoretical models that are well 
verified for up to 50% by volume of dispersed particles. The method allows particle size 
determination down to 10 nm. 

Disadvantages: As with many other methods, liquid dispersion of the particles is required. 

 

2.2.4   Particle Size Measurements of Hydrogen Storage Materials 
 

Particle size is one physical property that can have a strong impact on the performance of 
hydrogen storage materials. Thus, accurate particle size analysis has an important role in the 
developing advanced materials. However, materials for hydrogen storage cover a very wide 
range with very vastly different physical properties. Examples are: liquids (Liquid Organic 
Hydrogen Carriers), highly structured bulk materials (MOFs), and nanomaterials (CNTs) among 
others. Therefore, the methods used to do particle size analysis will be highly material 
dependent and may be very different from one type of material to another. 

For example, for nanomaterials with highly structured shapes such as SWNTs or nanoclusters, 
the best option may be to measure the dimensions of a finite set of particles using microscopic 
techniques to arrive at a particle size distribution of a particular sample. This was done for ropes 
or ribbons of single-walled carbon nanotube (SWNT) bundles by Cheng et al. using HRTEM 
observations on the as-synthesized samples.143 The figure below shows typical images of 
isolated SWNTs. 
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Figure 66. HRTEM images of the as-synthesized SWNTs by the catalytic decomposition 
of hydrocarbons. (a) Bundles of aligned SWNTs. (b) Two bundles of aligned SWNTs and 
an isolated SWNT. (c) Two isolated SWNTs. (d) An isolated SWNT with a wavy 
morphology. (e) An isolated SWNT having the largest observed diameter of 4.3 nm.143 

 

Figure 66 (a) shows a well-aligned SWNT bundle with a diameter of 30 nm, four parallel SWNTs 
aligned one-by-one, and an isolated SWNT with a diameter of 1.7 nm, as denoted by a, b and c, 
respectively. Most of the isolated SWNTs that were observed in that study have diameters 
ranging from 1.2 to 2.0 nm, as shown in portion c of Figure 66 (a), portion “a” of Figure 66 (c) 
and Figure 66 (d). A few very large SWNTs were also observed, such as those shown in portion 
“b” of Figure 66 (c) (3.2 nm) and in Figure 66 (e) (4.3 nm), where the nominal projected 
diameters were given in parentheses.  

In this example study, the diameters of 74 isolated SWNTs were measured, with an accuracy of 
about ± 0.1 to 0.15 nm based on HRTEM images similar to those shown in Figure 66. From these 
measurements a diameter distribution of the SWNTs in the sample was deduced, and are shown 
in the figure below. It can be seen that more than 75% of the SWNTs have diameters ranging 
from 1.2 to 2 nm, with a Gaussian mean diameter of 1.69 ± 0.34 nm. The conclusion in that 
particular study was that the SWNTs synthesized by the group’s hydrocarbon catalytic 
decomposition method have larger diameters than those grown both by the laser vaporization 
method, whose diameters have a mean value of 1.38 nm144 or a Gaussian mean value of 1.39 ± 
0.1 nm, as fitted by the authors to the STM measurements by Wildöer et al.145 and by the 
electric-arc method with diameters of about 1.4 nm.146 
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Figure 67. Diameter distribution of the SWNTs obtained by the catalytic 
decomposition of hydrocarbons using data obtained from HRTEM images. The 
Gaussian fit to these data gives a mean diameter of 1.69 ± 0.34 nm for the SWNTs.143 

 

In another example, as a part of their model validation effort, Smith et al. had particle size 
distribution measurements performed on the high pressure metal hydride alloy Ti1.1CrMn using 
laser diffraction.65 To prepare the materials in a fully activated (and decrepitated) state, the 
alloy was cycled with hydrogen, hydriding and dehydriding the alloy as described in reference 
39. Some of the laser diffraction particle size distribution measurements were performed with 
the sample in an air environment. Because Ti1.1CrMn is moderately pyrophoric the sample 
required controlled oxidation to passivate the exterior surfaces of metal hydride particles prior 
to those measurements. 

The laser diffraction method employed requires the sample powder to be dispersed in a fluid 
media (air or water) to achieve accurate measurements of particle size distribution. Both wet 
and dry methods were utilized and are outlined in IS013320-1.147 The wet method was 
employed primarily to assess particle size in the absence of agglomeration. In this case the 
powder particles were dispersed in water with and without ultrasonic excitation. The particle 
size distributions of the sonicated samples were measured as a function of sonicating time to 
determine when agglomerates were completely fragmented. The result was that three minutes 
of ultra-sonication were required in order to achieve adequate dispersion of the passivated 
particles.65 Laser diffraction measurements were performed on the sonicated and un-sonicated 
samples dispersed in water. The dry laser diffraction PSD measurements were performed by 
dispersing and accelerating the powder sample in air by a pressure differential induced across a 
Venturi tube in which shear stresses act to reduce agglomeration. The resulting particle size 
distributions of the material under differing measurement and preparation conditions are 
displayed in Figure 68. 
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Figure 68. Particle size distributions of passivated Ti1.1CrMn by laser diffraction.74 Air 
titration (dry) and aqueous (wet) methods were used to disperse particles.65 

 

The wet measurements showed a reduction in measured particle size upon sonication. 
However, agglomerates still appeared to be present, as reflected by a small secondary peak near 
20 µm.65 The dry method resulted in much smaller median particle diameters of 1.4 and 2.0 µm 
for 4 and 1 bar applied pressure, respectively. The difference between the measurements at 
different flow rates indicated that particles had undergone attrition (and thus, particle size 
reduction).74 Sparks were observed during acceleration of particles at 4 bar indicating fresh 
pyrophoric surfaces and supporting the idea of attrition of the samples at higher flow rates. The 
authors concluded that these results support the notion that metal hydride particles possess an 
abundance of internal cracks. This is the case even after the particle size reduction due to 
hydrogen cycling decrepitation has stabilized. Important lessons from this example at a 
fundamental understanding level and a practical measurement level is that 1) microstructure 
within particles must be accounted for in the modeling of hydrogen diffusion kinetics and heat 
flow in metal hydride powders and, 2) particle size distribution measurement results can vary 
significantly depending on how the measurements are performed and how the samples are 
prepared.  
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2.3   Surface Area Measurements 
 

2.3.1   The Langmuir Surface Area Measurement Method 
 

Whenever a gas is in contact with a solid there will be an equilibrium established between the 
molecules in the gas phase and the corresponding adsorbed species (molecules or atoms) which 
are bound to the surface of the solid. The Langmuir equation (also known as the Langmuir 
isotherm, Langmuir adsorption equation or Hill-Langmuir equation) describes the dependence 
of the surface coverage of an adsorbed gas on the pressure of the gas above the surface at a 
fixed temperature. The equation was developed by Irving Langmuir in 1916.  

The Langmuir equation is: 

Equation 31 𝜽 =  𝜶∙𝑷
𝟏+ 𝜶∙𝑷

 , 

 

where θ is the fractional coverage of the surface, P is the gas pressure or concentration, and α is 
Langmuir adsorption constant which increases with an increase in the binding energy of 
adsorption and with a decrease in temperature. The Langmuir model makes the following 
assumptions: 

1. the surface containing the adsorbing sites is a perfectly flat homogeneous plane with no 
corrugations, 

2. the adsorbing gas adsorbs into an immobile site, 

3. all sites are equivalent, 

4. each site can hold at most one molecule of A (mono-layer coverage only), and 

5. there are no interactions between adsorbate molecules on adjacent sites. 

Examples of Langmuir curves are shown in the figure below. 
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Figure 69. Langmuir isotherm. The value of the Langmuir constant increases from blue, 
red, green and brown.148 

 

There are many other types of isotherm (Temkin, Freundlich ...) which differ in the assumptions 
made in deriving the expression for the surface coverage. The Langmuir isotherm is simple, and 
as such may not describe the adsorption interaction sufficiently to derive accurate surface area 
measurements. The example in the figure below compares a Langmuir isotherm with that of a 
BET isotherm. 

 

Figure 70. Langmuir isotherm (red) and BET isotherm (green).149 
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2.3.2   The BET Method 
 

BET analysis (named for the authors of the method Stephen Brunauer, Paul Hugh Emmett, and 
Edward Teller) is an analytical technique for measuring the specific surface area of a material. 
The theory behind the method was published by the three authors in 1938.150 

BET theory is an extension of the Langmuir theory, which relates the coverage of monolayer of 
molecules on a solid surface to gas pressure or concentration of a medium above the solid 
surface at a fixed temperature.  

BET theory extends this model to multilayer adsorption with the following assumptions: 

1. gas molecules physically adsorb on a solid in layers infinitely, 

2. there is no interaction between each adsorption layer, and 

3. the Langmuir theory can be applied to each layer. 

The model leads to the following BET equation: 

Equation 32 , 

 

where p is the equilibrium pressure, po the saturation pressure of the adsorbate at a given 
temperature, 𝑣 is the adsorbed gas quantity or concentration, 𝑣𝑚 is the monolayer adsorbed 
gas quantity, and 𝑐 is the BET constant given by: 

Equation 33 , 

 

where E1 is the heat of adsorption for the first layer, and EL is the heat of adsorption for 
subsequent layers and is equal to the heat of liquefaction.  

Plotting experimentally measured values of  (y-axis) versus  (x-axis) 
produces an adsorption isotherm. This plot is called a BET plot (Figure 71). 
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Figure 71. BET plot.151 
 

According to Equation 32, the plot should be linear. However, in practice the linear relationship 
of this equation is maintained only in the range of . The slope A and the y-
intercept I of the data line are used to calculate the monolayer adsorbed gas quantity  and 
the BET constant c according to: 

Equation 34  

 

Equation 35  

 

The BET method is commonly used for determining surface areas of solids by measuring the 
adsorption of a gas. A total surface area Stotal and a specific surface area SBET are determined 
from: 

Equation 36  
 

Equation 37  
 

where  is in units of volume 𝑁 is Avogadro's number, 𝑠 is the adsorption cross section of the 
adsorbing species, 𝑉 is molar volume of adsorbate gas, and 𝑎 is the mass of adsorbent. 
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While the BET equation is applicable to nonporous solids and materials consisting of pores of 
large diameter it is not necessarily applicable to microporous adsorbents. The type of porosity  
(macro-, meso- or micropores) is key to the applicability of the BET equation. It is difficult to 
separate mono/multilayer adsorption from micropore filling. The size and shape of adsorptive 
molecules may also have a strong impact on the results of BET analysis. At one extreme very 
narrow cylindrical micropores leads BET analysis to produce surface areas significantly smaller 
than the total geometric area because of the assumption that molecules are adsorbing on a flat 
surface, which is small compared to the circumference of a cylinder. At the other extreme, BET 
analysis of materials with super-micropores (> 0.7 nm) leads to an overestimation of the surface 
area by including molecules in the center of the pores that do not touch the surface. 

The linearity of a BET measurement can also affect the accuracy of the analysis. The range over 
which the analysis is performed should be reported along with results. Rouquerol et al. 
suggested a formal procedure for identifying the acceptable linear range over which BET 
analysis can safely be applied.152 The metrics are that the BET constant c must be positive and 
the BET equation should be limited to a pressure range where 𝑣(po – p) or 𝑣(1 – p/po) increases 
continuously with p/po.  

An example pointing out this issue was presented in a publication by Quantachrome and is 
shown below in Figure 72. This is BET data for an argon adsorption isotherm at 87.3 K on a 
faujasite zeolite (surface area: ca 1200-2300 m2/g). 153,154 Based on Rouquerol’s criterion, all of 
the data points above a relative pressure of 0.053 should be eliminated from the BET 
calculation.  

 

Figure 72. Plot of the term n(Po – P) vs. P/Po.153 
 

The resulting plot is shown in Figure 73 where the BET equation was applied for relative 
pressures from 0.01 to 0.053 producing a linear plot with a positive BET constant c. 
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Figure 73. BET plot for argon on a faujasite zeolite at 87 K.153 

 

An example is shown below of the measured surface areas of many low temperature adsorption 
materials considered for hydrogen storage and the related hydrogen storage capacity. 

 

 

 
Figure 74. Maximum hydrogen storage capacity versus BET SSA of different porous 
materials: MOFs (open squares), filled squares, carbon materials (triangles), zeolites 
(crosses), Prussian blue analogues (circles).155 
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2.4   Measurements of Mechanical Durability of Hydrogen Storage Materials 
 

2.4.1   Lattice Volume Expansion Measurements 
 

AB5-type intermetallic hydrides based on LaNi5 have found wide applications as active electrode 
materials in rechargeable batteries. In the case of pure LaNi5, the storage capacity declines 
dramatically during repeated charge-discharge cycles. This decline is believed to be due to 
decrepitation of the alloy during the hydriding-dehydriding process, which causes isolation and 
enhanced corrosion of the resulting fine alloy particles.156Error! Bookmark not defined. Decrepitation or 
pulverization is a result of the large volume expansion, which occurs upon hydride formation. 
AB5-type hydrides typically exhibit a discrete solid-solution (α-phase) to metal-hydride (β-phase) 
phase transition which is accompanied by volume expansion of up to 25 vol. %. Notten and 
coworkers proposed that internal stresses created at the phase boundary are relieved through 
crack formation, which ultimately leads to pulverization of the material.157 They suggested that 
a reduction of the discreet lattice expansion upon hydriding will lead to enhanced cycle life 
properties.158 

Many investigations have shown that the cycling stability of LaNi5 can be improved by partial 
substitution of nickel with cobalt, aluminum, silicon, manganese or a combination of these 
elements.159,160,161,162,163 Among all the substitutions cobalt appears in many cases to significantly 
aid in maintaining cycle life. Unfortunately, the influence of cobalt on the cycling stability was 
not well understood, but it is generally believed that cobalt is important for reducing 
pulverization during hydriding. 

For most AB5-type hydrides, the α-to-β phase transition is observed as a single plateau in the 
gas-phase pressure-concentration isotherm (PCT) curves, as well as in potential versus 
concentration electrochemical measurements. However, the alloy LaNi4Co exhibits two plateaus 
during both hydrogen absorption and desorption. The presence of a double plateau in both 
absorption and desorption and throughout the cycle life of LaNi4Co indicates the formation of a 
stable intermediate phase of stoichiometry LaNi4CoH≈4 referred to as the γ-phase. 

One example of lattice volume expansion measurement to gain insight into the fundamental 
mechanisms of improved electrochemical cycle-life performance of metal hydrides is the study 
that was conducted by Chartouni and Gross on Co substituted LaNi5.164 In that work, phase and 
crystal structure changes during the electrochemical hydriding and dehydriding of LaNi4Co were 
investigated using in situ X-ray diffraction.  
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Figure 75. Electrochemical cell for in situ XRD. The MH-electrode is slightly pressed 
against the Be-window in order to maintain the electrode at the same position upon 
cycling. The Polymer foil, separating the Be-window from the MH-electrode is 
clamped to the cell cover using an O-ring. Counter and MH-electrodes are wired out 
through the corresponding holes in the cell cover.164 
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In situ time resolved X-ray diffraction during gas-phase hydrogen absorption and desorption was 
developed by Gross et al. to investigate the hydrogen storage properties of doped NaAlH4.165 In 
this example, a similar concept was applied to develop a special electrochemical cell to do in situ 
X-ray diffraction during electrochemical charge/discharge cycles (Figure 75).  

This new setup provided a real time probe to observe phase transition, crystal structure 
changes, and activation effects in situ. Using this method, it was found that the double plateau 
behavior, seen in the gas-phase PCT measurements of LaNi4Co, is also present in the 
electrochemical potential-composition isotherms. In addition, crystal lattice information derived 
from these measurements helped to explain the long cycle life of cobalt containing AB5-type 
battery alloys. The formation of an intermediate γ-phase hydride between the hydrogen solid-
solution α-phase and the fully hydrided β-phase was clearly observed during absorption and 
desorption. The volume expansion in the formation of the γ and β hydride phases is highly 
anisotropic. Lattice expansion in the α-phase to γ-phase transformation occurs mainly in the 
basal plane, whereas the transition from the γ-phase to the β-phase causes a lattice expansion 
in the c-axis direction. It is believed that the two-step phase transition in this Co-substituted 
alloy generates less internal stress than the single-step volume expansion of the archetype LaNi5 
compound. This reduces the stress-induced decrepitation that occurs during electrochemical 
cycling. Consequently, the metal hydride electrode maintains larger particle sizes and, thus, 
smaller surface areas subject to corrosion by the electrolyte, which is the principle cause of 
capacity loss. 

PCT (Pressure/Potential-Concentration-Temperature) Measurements 

Measurements of the chemical equilibrium potential versus the hydrogen content of a LaNi4Co 
electrode were first measured for both charging and discharging (Figure 76). The plot in the 
inset shows gas-phase hydrogen absorption and desorption PCT measurements of the same 
alloy.  

The appearance of a double plateau can be readily observed in both types of measurements. 
This double plateau behavior was first observed by Van Mal et al. in their studies on the effects 
of varying the cobalt content in substituted LaNi5-xCox.166 Since this behavior is reproduced in 
both the electrochemical and the gas phase measurements, it is clearly a property of the 
material.  
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Figure 76. Electrochemical potential measurements of LaNi4Co at room temperature 
for the 20th cycle (charge ● and discharge ○). The active electrode potential was 
measured vs. a Hg/HgO/6M KOH reference electrode in the same electrolyte. Each 
point was measured at zero current after a rest time of 5 minutes.164 (Inset for 
comparison: gas phase hydrogen charging PCT of the LaNi4Co measured at 40 °C 161)  

 

In Situ XRD/Electrochemical Cycling Measurements  

During the in situ XRD/electrochemical cycling experiment, a series of 244 consecutive 2θ scans 
were measured during the first five charge-discharge cycles of a LaNi4Co electrode to provide a 
real-time view of the phase and crystal structure changes that take place during cycling (Figure 
77). The corresponding contour plot is shown in Figure 78. Large angle scans (34° to 85°) were 
made at specific hydrogen concentrations to obtain a larger number of reflections for more 
accurate lattice parameter and structural calculations. 
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Figure 77. A compiled series of X-ray diffraction measurements during electrochemical 
cycling, showing phase changes and the structural behavior of the active material. The 
values in mAhg-1 signify the discharge capacities for the corresponding cycles.164 
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Figure 78. A contour plot of the X-ray diffraction intensities vs. time for the compiled 
series of X-ray diffraction measurements shown in Figure 77.164 

 

The phase transitions during charging and the reverse transitions during discharge can be clearly 
discerned from the formation and disappearance of the characteristic diffraction peaks of each 
phase. These XRD measurements confirmed the chemical potential and PCT results by directly 
demonstrating the transition of the α-phase hydrogen solid solution to the γ-phase hydride 
followed by the formation of the β-phase hydride. All three phases maintained hexagonal crystal 
symmetry, but the decreasing peak positions show that there are lattice expansions on going 
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from the α-phase to the γ-phase and then to the β-phase. The difference in the lattice 
expansions of each transition is associated with different hydrogen occupancies of interstitial 
sites in the alloy.167 The different site occupancies of the two hydride phases is responsible for 
the observed difference in the equilibrium potentials (plateau pressures) of the α to γ and the γ 
to β phase transition.  

Activation Effects 

In contrast to more conventional measurements, one of the powerful and unique aspects of this 
time resolved in situ XRD technique is that it enables the direct observation of the activation 
processes. In the first cycle, some percentage of the peaks of the α-phase are present over the 
entire charge-discharge procedure. Furthermore, the γ-phase peaks show low intensities and 
also do not completely disappear with the transition to the β-phase. Finally, the β-phase shows 
only very weak peak intensities. This indicates that some portion of the particles of the 
electrode material were not hydrided in the first cycle. It also demonstrates that the γ to β 
phase transition was far less complete than the α to γ phase transition. During the first cycle, 
many particles are still relatively large and therefore have low surface to volume ratios. In the 
electrochemical charging process, the transport of hydrogen into the bulk is rate limiting by 
surface mechanisms. The limited surface areas of the larger particles reduce the total amount of 
hydrogen that can diffuse into the bulk of the particle to form a hydride. Under the given 
charging conditions  
(50 mA g-1) large particles will only become partially hydrided in the first few cycles. In addition 
to this, the alloy material is initially covered with a surface oxide layer. This layer causes poor 
electrical contact with the current collector. Electrically isolated particles will not charge at all 
and those with poor contact will only be partially hydrided. 

With each charge-discharge cycle the lattice expansion and contraction causes the alloy to 
decrepitate to smaller particles, which reduces diffusion distances and creates new oxide-free 
active and conductive surfaces. Moreover, cycling reduces surface oxides to the metallic state, 
greatly enhancing the electrical contact between active material and the current collector. 
When the activation process is complete, the entire electrode will hydride and dehydride. In this 
study, the lack of any residual unhydrided material demonstrates that the activation process 
was completed by the fifth cycle.  

Lattice Volume Expansion Measurements 

The lattice parameters of each of the three phases were determined at each scan taken during 
the fifth cycle. These are presented in Figure 79, which illustrates that the lattice expansion is 
highly anisotropic for both phase transitions.  
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Figure 79. Calculated lattice parameters a and c during charge and discharge ( α-
phase, ○ γ-phase, and □ β-phase). The error in calculating the lattice parameters using 
only three peaks is significant (on the order of ±0.02 Å). The values after charging 
(between the dashed lines) were taken at zero current after a rest period of 30 min.164 

 

The lattice expansion in going from the α-phase to the γ-phase is principally in the basal plane 
(a/b axis), whereas for the γ to β transition only the c lattice parameter increases. The discrete 
lattice volume expansion in going from the α-phase to the γ-phase is ∆Vα-γ/Vα = 12.2 ± 0.1% and 
the discrete lattice volume expansion in the γ to β transition is ∆Vγ-β/Vβ = 9.5 ± 0.1%. The total 
volume expansion is ∆Vα-β/Vα = 22.8 ± 0.1%.  

Improved Cycle Life Performance 

The authors of the study concluded that the existence of two separate hydride phases and the 
stepwise increase in lattice volume in LaNi4Co contributes greatly to the extended cycle life 
capacity of this alloy. This concept is presented schematically in Figure 80, which includes the 
measured volume changes on hydriding LaNi5 and LaNi4Co. 

Unlike the hydriding of LaNi5, volume changes in LaNi4Co occur in two steps; the α to γ phase 
transition and the γ to β phase transition. The different lattice dimensions of the coexisting 
phases create large mechanical stresses at the phase transition boundary. Since both the PCT 
and XRD measurements show a relatively large volume fraction of the γ-phase, it was concluded 
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that the two types of phase boundaries are separated by enough distance that they create 
stress locally and independently. The separate phase transitions have much smaller lattice 
expansion than that found for the single phase transition of LaNi5. This results in a lower 
localized stress, which reduces decrepitation and therefore lowers the rate of corrosion of the 
active material. 

 
Figure 80. Schematic representation of the two-step lattice expansion associated with 
the α-to-γ and the γ-to-β phase transitions.164 

 
By using in situ XRD/electrochemical measurements, a dynamic insight into phase transitions 
and lattice expansions can be achieved with a view to improving the mechanical stability and 
thus performance of commercial hydrides. 

 

2.4.2   Strength of Materials Measurements 
 

One mechanical property of hydrogen storage materials that may in some cases be important to 
the function and durability of the hydrogen storage system is the material’s strength. That is, it 
may be desirable that the bulk material maintains its form during use. There are several reasons 
why this may be important, for instance, to maintain good thermal contact and heat transfer 
through all stages of the hydrogen storage life-cycle. For example, if a compressed powder 
compact is to maintain good heat transfer through its bulk and to some heat transfer device, 
then the compact should be structurally sound enough to maintain its form and not break apart 
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with use. Another possible reason would be if the storage material (e.g. a physisorption 
material) plays some critical role in the structural integrity of the system. For example, the 
material is needed to provide strength in maintaining the structure of a conforming tank. Thus, 
strength of materials measurements may be an important part of the design and development 
of certain hydrogen storage systems. 

An important consideration in this respect is that while the materials strength properties of 
physisorption materials may (but not necessarily) be stable during hydrogen uptake and release, 
this is unlikely to be the case for hydrides. This is because hydride-based systems store hydrogen 
through chemical means that will undoubtedly modify the mechanical strength properties of the 
material during the process of releasing (or absorbing) hydrogen. For these materials the 
mechanical strength properties will need to be tested during hydrogen release (off-board 
regenerable hydrides) or at a regular interval during cycling (on-board reversible hydrides).  

While the materials strength requirements will be very different from material to material and 
system to system, a starting point with respect to the best practices in the measurement of the 
materials strength properties is to look at what is being done in other fields of materials 
development. Because many of the materials that have been investigated for hydrogen storage 
are ultimately in powder form, it is worth looking at what is being done in the fields of Powder 
Metallurgy and Ceramics. In particular, the investigations of mechanical properties of powder 
compacts. A host of references exist for these well-developed fields of materials  
science.168,169,170,171,172,173 

The following ASTM and ISO standard test methods may be applicable to strength of materials 
measurements of hydrogen storage materials. 

• ASTM B312-96(2002) Standard Test Method for Green Strength for Compacted Metal 
Powder Specimens 

• ASTM B331-95(2002) Standard Test Method for Compressibility of Metal Powders in 
Uniaxial Compaction 

• ISO 3995:1985 Metallic powders – Determination of green strength by transverse rupture 
of rectangular compacts 

The compaction properties of powders are characterized by their compressibility and 
compactability. While compressibility is the ability of the powder to deform and consequently 
be reduced in volume under pressure, compactability is the ability to form mechanically strong 
compacts. Compaction of powder consists of the simultaneous processes of compression and 
consolidation of a two-phase (particulate solid-gas) system due to an applied force. 

Compression of Powders 
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With the application of external mechanical forces, there is usually a reduction in volume due to 
closer packing of the powder particles. This is often the main mechanism of initial volume 
reduction. As the load increases, rearrangement of particles becomes more difficult and further 
compression leads to some type of particle deformation. When the compression forces are 
released, if the deformation is reversible then the deformation is said to be elastic. In some 
compressed powder materials an elastic limit may be reached such that removal of the applied 
force above this level does not immediately reverse the deformation. In this case, the bulk 
volume reduction comes from plastic deformation and/or viscous flow of particles into the 
remaining void spaces. This mechanism dominates in materials in which the shear strength is 
less than the tensile or breaking strength. In materials for which the shear strength is greater 
than the tensile strength, particles may be preferentially fractured into smaller fragments fill 
into void spaces.  

Four stages may occur during compression:  

1. Initial repacking of particles.  

2. Elastic deformation of the particles until the elastic limit (yield point) is reached.  

3. Plastic deformation and/or brittle fracture then predominates until the voids are 
essentially eliminated.  

4. Compression of the solid crystal lattice then occurs. 

Consolidation of Powders 

Consolidation is the increase in the mechanical strength of a material due to particle/particle 
interactions. The compression of powders in a die can be divided up into several stages. One 
example description of these stages is listed below.174 These are:  

1. Consolidation time: time to reach maximum force.  

2. Dwell time: time at maximum force.  

3. Contact time: time for compression and decompression excluding ejection time.  

4. Ejection time: time during which ejection occurs.  

5. Residence time: time during which the formed compact is within the die.  

A host of strength of materials testing can be performed on powder compacts, from 
observations of samples at regular intervals during cycling to yield pressure testing and three-
point cross-bending measurements. In general, the goal is to produce powder compacts of 
hydrogen storage materials that have densities that have been increased by compression to a 
maximum value that has little to no impact on the material’s hydrogen storage capacity and 
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hydrogen permeability. At the same time, one would like to maximize the formation strength or 
stability of the material without detriment to hydrogen storage properties. Typically the 
formation strength increases with increased density caused by compression.  

Examples 

The following are some examples of the observations or measurement of changes in the 
mechanical strength properties that have been made of some hydrogen storage materials. 

With a theoretical storage capacity of 7.6 wt. %, MgH2 has been one of the most studied 
materials for hydrogen storage. Unfortunately, its high thermodynamic stability and slow 
hydrogen uptake and release kinetics have prevented widespread use in storage 
applications.175,176 Much work and progress has been made in improving kinetics by reducing 
particle size and the addition of catalysts.177,178,179,180,181 The addition of Nb2O5 catalyst has been 
particularly successful.182,183,184 In a recent study on the scaled-up testing of a MgH2 based 
powder storage bed, a degradation in hydrogen storage capacity and kinetics with cycling was 
observed.185 This degradation led to a loss of half the capacity and a significant reduction in 
kinetics after only 20 cycles (Figure 81).  

 

 

Figure 81. Performance degradation of scaled-up device in desorption (A) and 
absorption (B) modes.185 These observations motivated the study of MgH2 based 
powders moderately pressed in the form of pellets with the addition of some binding 
agent in order to retain stable mechanical consistency and structure with persistent 
free paths for hydrogen diffusion. The use of pellets instead of powder should 
improve the hydrogen transport inside the storage vessel avoiding pressure gradients 
and further compaction of the material. Moreover, in principle, each pellet should 
behave as an independent system reducing scaling up effects on the a/d kinetics.186 
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On opening the Mg-H bed it was found that the Mg powder had been compacted in situ (Figure 
82). It was concluded that local overheating and the resulting compaction lead to the 
degradation in hydrogen storage properties observed.  

 

 

Figure 82. Mg/MgH2 powder compaction during cycling experienced in the reactor 
studied in reference 185.186 

 

With the realization that the performance degradation may have been due to changes in the 
mechanical properties of the materials on cycling, a follow-up study was performed on the 
hydrogen storage properties and the mechanical stability of compressed pellets of catalyzed 
MgH2.186,187 Improvement of thermal conductivity had been reported for MgH2 mixed with 
expanded natural graphite and compacted into disks.188 In the investigation by Khandelwal, 
Agresti and coworkers aluminum powder was added to the catalyzed MgH2 to enhance the 
thermal conductivity and mechanical stability of the compressed pellets. That investigation 
provides one good example of the modification and testing of the mechanical properties of 
hydrogen storage materials. 

In the referenced study, MgH2 powders mixed with Nb2O5 (5 wt. %), and graphite (1 wt. %) were 
ball-milled for 20 hours. The catalyzed MgH2 powder materials were prepared with the addition 
of 0, 5, and 20 wt. % Al powder by ball-milling for 5 min. The powders were pressed into pellets 
(0.3 g, 0.7 cm diameter and 0.7 cm height) following an approach developed earlier.189 In 
addition some Al containing powder samples were annealed under vacuum at 450 °C in a 
Sieverts apparatus for 10 min prior to hydrogen testing. Hydrogen desorption was measured at 
320 °C and an H2 pressure of 1.2 atm. Absorptions were performed at 320 °C and 15 atm. 
Desorption cycles are shown for the 4 samples in Figure 83. 

The cat-MgH2 pellet sample with 0% Al (Figure 83a) maintained its 5.6 wt. % with 20 cycles but 
lost some kinetic performance. The pellet gradually lost its mechanical consistency during the 20 
cycles, returning completely to a powder. Mg undergoes a volume expansion of 32% on forming 
MgH2; this induced stress during absorption is the likely cause of the pulverization of the pellet.  
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The cat-MgH2-Al20 pellet sample with 20% Al (Figure 83b) and an initial capacity of 4.3 wt. % 
dropped to 3.6 wt. % after 50 cycles. This decrease was explained by the formation of Mg-Al 
phases during cycling. 190 The pellet started to mechanically degrade before 20 cycles and was 
completely pulverized by 50 cycles.  

 

Figure 83. Desorption cycles performed at 320 °C and 1.2 atm H2 of pellets cat-MgH2 

(a), catMgH2-Al20 without preheating (b), cat-MgH2-Al20 with preheating (c) and cat-
MgH2-Al5 with preheating (d).186 
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A similar pellet was annealed under vacuum before hydrogen testing (Figure 83c). The initial 
hydrogen capacity was lower (3.3 wt. %) but was essentially stable for 50 cycles. The mechanical 
degradation was started before 50 cycles but was not as severe as the un-annealed sample.  

The annealed cat-MgH2-Al5 pellet with 5% Al (Figure 83d) had a higher capacity of 5.3 wt. % with 
much faster kinetics and reduced capacity and mechanical degradation. The pellet remained 
mechanically intact after 50 cycles. 

In this example study, the pellets were visually inspected before, during and after cycling 
(pictures are shown in Figure 84). From the images, it can be seen that the pellets without 
aluminum have expanded in size with cycling, while the 5 wt. % Al containing pellets did not.  

 

 

Figure 84. Pictures of the pellets after different cycles. (a), (b) and (c) were the pellets 
cat-MgH2 after 10, 20 and 50 hydrogen a/d cycles, respectively, while (d), (e) and (f) 

were the pellets catMgH2-Al5 preheated at 450 °C after 10, 20 and 50 hydrogen a/d 
cycles, respectively.186 

 

XRD measurements and analysis were performed as a part of this work by Agresti et al. They 
found Mg, significant quantities of the intermetallic eutectic phase Al12Mg17, and residual 
amounts of MgH2, MgO, and Al in the cycled and desorbed cat-MgH2-Al20. The same sample 
after hydrogenation contained Al12Mg17 and Al3Mg2 in addition to MgH2. This agreed with the 
study of the hydrogenation of ball milled Mg-Al powders by Crivello et al.191,192 which was shown 
to follow two completely reversible steps:  

Equation 38 Al12Mg17  +  9H2  ⇔  9MgH2  +  4Al3Mg2 

 

Equation 39 4Al3Mg2  +  8H2  ⇔  8MgH2  +  12Al 
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The XRD pattern of the cat-MgH2-Al5 dehydrogenated pellet after heat treatment and 50 cycles 
showed no evidence of Mg-Al intermetallic phases. According to the Mg-Al phase diagram, the 
smaller amount of Al was sufficient to form a solid solution of Al in Mg but not a eutectic phase. 
The authors found from the XRD analysis that lattice parameters of Mg were smaller than those 
of pure Mg, supporting the presence of a Mg(Al) solid solution.193  

In the same study PCT measurements were made on the annealed cat-MgH2-Al5 pellet (Figure 
85). There was only a single plateau and the values of the enthalpy (ΔH = -73 kJ mol-1 H2) and the 
entropy (ΔS = -135 J K-1 mol-1 H2) from the van’t Hoff plot (inset of Figure 85), were in good 
agreement with those of pure MgH2, further indicating the lack of a Eutectic Mg-Al phase.194  

 

 

Figure 85. Lattice pressure-composition-isotherms at different temperatures for the 
cat-MgH2Al5 pellet preheated at 450 °C. The inset shows the corresponding van’t Hoff 
plot.186 

 

It was concluded that the better mechanical stability of the 5% versus 20% Al content samples 
was due to the presence of Al only in solid solution versus in the Al12Mg17 intermetallic phase. 
The eutectic Al12Mg17 phase, being fragile, can cause an embrittlement of the whole material. 
The ductility of the material can be improved by reducing the amount of this phase,195 even in 
view of its localization along grain boundaries of the hosting Mg alloy.196  
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Mechanical testing was performed in the referenced study on hydrogenated pellets with and 
without 5 wt. % Al before and after 50 cycles (Figure 86). The results supported the prior 
observations. The better performance of the 5 wt. % Al containing pellets was attributed to the 
presence of an Al matrix surrounding the MgH2 particles.  

 

 

 

Figure 86. Results of the compression tests to estimate the mechanical strength of the 
pellets without and with 5 wt. % Al.186 

  

This conclusion was supported by SEM analysis, which showed the formation of a connected 
aluminum matrix. The imaging results demonstrated that cycling increased the homogeneity of 
the aluminum matrix/MgH2 phase composite.  

In this example the authors concluded that the mechanical strength of pellets made by mixing 
catalyzed MgH2 with aluminum powder as a binding agent and pressing into pellets improves 
the hydrogen storage performance and mechanical stability with hydrogen cycling.186,187 It was 
found that a preheating treatment of the pellet to the temperature sufficient to form 
intermetallic phases and/or solid Mg-Al solutions (450 °C) increases the resulting performance 
of the material. Better mechanical stability was observed for pellets with 5 wt. % Al versus those 
with 20 wt. % Al. The enhanced stability of the pellets was attributed to the presence of the Al in 
solid solution with Mg. This example demonstrates that the strength of materials can impact the 
mechanical and hydrogen storage properties of materials and provides an example of how these 
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properties can be well investigated using a combination of standard material science 
techniques. 

 

2.4.3   Cycling and Mechanical Durability  
 

The ability to test and quantify hydrogen storage performance and mechanical durability with 
cycling of hydrogen storage materials is critical for systems development. A good example of 
this type of measurements comes from a recent study of the cycle durability of sodium alanates. 
Johnson et al. reported on the cycle testing of a reduced-scale sodium alanate sample in 
preparation of the production of a scale-up demonstration system.197 For this work a sample 
holder was designed to hold about 20 grams of material. It incorporated three thermocouple 
wells; one embedded in the sample and two monitoring the wall temperature as shown in  
Figure 87.  

 

 

Figure 87. Sample holder for a 100-cycle durability test of sodium alanate.197 

 

The sample holder attached to the hydriding system is shown in Figure 88. A Sieverts-type 
apparatus was used for semi-automated cycling of sample. The following hydrogen sorption 
procedure was carried out for all 100 cycles of the test. The sample was preheated to 140 °C, 
then exposed to hydrogen at 1800 psi for 30 minutes while the temperature was ramped to 155 
°C to improve the absorption kinetics of the tetrahydride phase. For the desorption part of each 
cycle, the pressure was lowered and the sample temperature was increased from 155 °C to 200 
°C and then held for 1 hour. The temperature ramping rate was designed so that the 
tetrahydride phase would fully decompose by the time the temperature reached 175 °C, then 
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the hexahydride phase began to decompose at around 190 °C. The 1 hour duration was 
sufficient to completely desorb the sample.  

 

 

 

 

Figure 88. Sample holder attached to the hydriding system.197 

 
The hydrogen capacity data from several absorptions between 5 and 96 cycles is presented in 
Figure 89. A reduction in the hydriding kinetics is clearly observed for both hydride phases as 
well as a drop in the capacity at 30 minutes of absorption.  
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Figure 89. Absorption data from the 100 cycle tests.197 

 

The capacity reduction was shown as a function of cycle in Figure 90. Note that the hydrogen 
capacity is an “effective capacity” because the fixed duration of the measurement means that 
the final capacity is also a function of kinetics. 

 

 

Figure 90. Small sample capacity degradation as a function of cycle number for ten 
minute and thirty minute refueling times.197 
 

One way to get a feeling for the impact of a change in kinetics on the final capacity values is to 
plot the effective capacity at two different times (in this case after ten and thirty minutes, 
shown in Figure 90). The ten minute capacity decreased at a greater rate (0.006 wt. % per cycle) 
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than the thirty minute capacity (0.003 wt. % per cycle). Another possibility to have a feeling for 
the relative impact of the effects of intrinsic capacity loss versus kinetics effects would be to fit 
each sorption curve (typically with a double exponential) and extrapolate the capacity of each 
cycle to infinite time. 

The authors of the study concluded that several causes for the observed kinetics (~capacity) 
degradation were possible including:  

1. Sample contamination with organic material entrained in the hydrogen stream  

2. Oxidation of the alanate from O2 and/or H2O entrained in the hydrogen stream  

3. Morphological changes in the material that reduces the reactive surface area of the solid 
reacting species  

4. A decrease in catalytic activity due to changes in the titanium catalyst  

To better understand potential causes of the observed degradation in performance, the total 
hydrogen capacities of each phase of the material were measured.197 These tests indicated that 
both alanate phases of the material after 100 cycles showed nearly a 10% reduction in full 
capacity relative to that measured for the un-cycled material. Therefore, the reduced effective 
capacity was not just due to declining kinetics and was not phase dependent.  

With this knowledge the authors then perused investigations of possible contamination of the 
materials. The hydrogen gas used for cycling the alanate had undetectable levels of 
hydrocarbons, 5.6 ppm of water, and 1.3 ppm levels of oxygen. In their assessment these levels 
of water and oxygen were insufficient to cause the observed degradation.197  

Next, the materials were examined for morphological changes using SEM/EDX on the fresh and 
cycled materials.197 SEM imaging indicated the presence of two distinct types of particles. A 
spherical phase was more prevalent in the fresh materials while a fine cluster was more 
common in the cycled materials. EDX measurements showed that the spherical phase tended to 
be predominately aluminum with very little detectable titanium, while the fine clusters tended 
to be titanium rich sodium particles.  

To test whether these morphological effects was the source of degradation, the cycled material 
was ball milled again and then measured for hydrogen uptake. The results are shown in Figure 
91. After re-milling, the hexahydride capacity was fully restored. The tetrahydride kinetics were 
restored and the capacity recovered to within 0.17 wt. % of the fresh material. This indicated 
that much of the degradation in this sample was due to morphology changes, not 
contamination.197  
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Figure 91. Relative kinetic and capacity comparison for fresh, aged, and re-milled 
samples undergoing 30 minute absorptions at 122 bar and 150 °C.197 

  

In a follow-on study, a scaled-up demonstration hydrogen storage system was developed by 
Sandia.197 The system consisted of four identical storage modules and was tested for similar 
performance degradation issues. Each module contained twelve tubes filled with sodium 
alanate arranged in a staggered 4 by 3 array all enclosed within a heat exchanger shell. One of 
these modules is shown in Figure 92.  
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Figure 92. Demonstration System hydrogen storage module.197 
 

Details of the results of testing can be found in a report prepared by Sandia.197 To summarize, 
the kinetics of both phases diminished and final capacity decreased with cycling similarly to the 
small sample degradation presented above. The authors concluded that while the results of 
initial cycle testing were not directly comparable to the small sample results due to the 
differences in the cycle procedure, they did indicate a similar degradation rate in the vehicle-
scale system. Additional degradation was observed with further cycling. Due to the continued 
drop in hydrogen capacity, the scope of the work was modified. 

In this additional part of the study the capacity loss was investigated by disassembling one of the 
modules to remove and section individual tubes.197 A novel procedure, developed earlier in the 
program, was performed in order to deactivate any potentially unstable oxides that might have 
formed from air or moisture contamination.198 The procedure involved exposing the module to 
a 25 psi overpressure of CO2 for a period of about one hour. Any sodium alanates that had been 
oxidized would react with CO2 to form more stable carbonates.  

The CO2 exothermically reacts with alanate-oxides. Monitoring of changes in the bed 
temperature upon introduction of CO2 was performed using a handheld thermocouple and an 
infrared camera. The temperatures at the end of the bed’s alanate containment tube rose to 
nearly 70 °C. This was close to the equilibrium temperature for the carbonate reaction at the 
applied pressure. IR imaging (shown below in Figure 93) indicated that the reaction was 
restricted to the first several inches of the tubes. These novel measurements proved very useful 
and demonstrated through the reaction with CO2 that at least some fraction of the sodium 
alanate materials were oxidized. 
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Figure 93. Infrared image of Module 3 while exposed to 25 psi CO2. The exotherm 
suggests carbonate formation from oxidized alanates.197 

 

Following the CO2 treatment, the module was disassembled and two tubes were sectioned in an 
inert gas glove box. The tubes were subjected to a final CO2 treatment prior to sectioning and IR 
measurement showed that the middle section of the tube still contained unconverted oxides. 
However, the oxidation appeared to have not reached the far end of the tube. By sectioning it 
was observed that sodium alanate had sintered into a solid cylinder over most of the length and 
shrunk away from the inner wall of the tubes and, thus, could be removed easily.  

Through visual observations of the material, there was not a strong indication of oxidation from 
the physical appearance of the sodium alanate. The material appeared much the same as it had 
when it was initially loaded, except for the sintering.  

In order to quantify the degree of oxidation, measurements were performed using a 
Simultaneous Thermogravimetric Modulated Beam Mass Spectrometer (STMBMS) instrument. 
The measurements involve heating a sample contained in a Knudsen cell under vacuum to 
produce a molecular beam that is characterized with a quadrupole mass spectrometer. 
Measured signals provide information on the quantity and the evolution rate of volatiles 
including CO2. An experiment was run in which 3.0 mg of NaHCO3 was mixed with 65 mg of a 
sample taken from the inlet region. The mass spectrometer CO2 signal from the experiment with 
the added sodium bicarbonate was over 100 times larger than the CO2 signals from the inlet 
sample by itself. In the sample from the inlet by itself the CO2 evolves between 70 and 150 °C. In 
the experiment with the added NaHCO3, the CO2 and H2O evolve between 100 and 175 °C. This 
suggests that the CO2 that evolves from the sample inlet does not evolve from pure NaHCO3 in 
the sample.  

The results allowed a quantitative predication of the amount of alanate oxides that would have 
to have been present in the bed. The observed capacity degradation in the bed was nearly 10% 
of the starting hydrogen capacity. Assuming that each mole of sodium bicarbonate originated 
from one mole of sodium oxide, one would expect to see that nearly 10 mol % of the sodium 
was oxidized and subsequently converted into sodium bicarbonate upon CO2 treatment, but this 
was not observed. It was concluded that the contamination process was much more complex 
potentially including oxidation of the aluminum, and titanium present in the materials. 

The CO2 treatment used in this example has proven to be a very important tool in the 
investigation of materials degradation. In this case it explained some, but not all of the observed 
capacity loss. Further investigation is warranted to determine the source of capacity loss 
whether it is from contamination, segregation, mechanical separation, etc. This study 
introduced new and valuable tools in the study of the engineering properties in the 
development of hydrogen storage materials. 
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2.5   Induced Mechanical Force Measurements 
 

It is known that pressure due to volume expansion of some storage materials during hydrogen 
absorption can cause serious detriment or failure to storage vessels (see section 1.5). This effect 
presents itself with classic metal hydrides, which experience significant expansion of the crystal 
lattice during hydrogen absorption. For the containment vessel to be impacted by this lattice 
expansion, the metal hydride powders must be compacted in a way that the crystal expansion 
forces cannot be accommodated in any other way except by strain imposed on the vessel. This 
can occur through a process of particle size reduction and packing due to decrepitation and 
powder densification (possibly by vibration). Decrepitation is the systematic physical 
pulverization of larger particles into smaller ones due to high strain induced by hydrogen cycling 
(see  
section 1.4). Following decrepitation, the particles tend to settle and realign under the influence 
of gravity and/or vibration causing densification of the powder (see section 1.10). With further 
hydrogen cycling, the high density powder sections of the bed expand. Because of settling, there 
is little or no void space in the vessel around the powder and so the expansion is directed 
outward, exerting large forces on the wall of the containment vessel. In extreme cases, 
structural failures of the containment vessel can occur, causing a release of hydrogen gas and 
exposure of the reactive storage materials to the surrounding environment. For this reason, a 
hydride containment vessel would have to withstand not only the hydrogen gas pressure but 
also the mechanical pressure exerted by bulk material expansion. This may add unreasonable 
weight and cost to the storage vessel. A better option is to include in the engineering design of 
the containment system a means to prevent the powders from compacting and/or mitigate the 
transfer of the hydride expansion forces to the vessel.  

Prior to pursuing any system design based on potential material volume expansion forces, an in-
depth analysis of hydrogen storage materials mechanical behavior should be completed. A 
recent study by Charlas et al. provides a good example of an in depth study of the mechanical 
characteristics and effects on the storage bed of metal hydride absorption/desorption cycles.199 
Storage materials will not all behave the same in this respect. Complex hydrides have generated 
a lot of interest for the reversible chemical storage of hydrogen. The very promising Ti-doped 
alanates are a good example. It is known that, like conventional metal hydrides, sodium alanates 
expand and contract during the sorption of hydrogen. From a simple calculation of the single 
crystal density of stoichiometric sodium alanates, the solid material volume decreases by 33% 
during dehydrogenation or increases by 49% on hydrogen uptake.  

Equation 40 MIXTURE A (Stoichiometric Ti-doped NaAlH4)200 
2.17 g cm-3      2.02 g cm-3     1.46 g cm-3   
100 NaH + 100 Al +4Ti + 12 NaCl    ⇔    33Na3AlH6 + 66Al +4Ti + 12 NaCl    ⇔     100NaAlH4 + 4Ti + 12 NaCl  
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This is more than twice the (fully dense) material volume expansion than is found in the 
LaNi4.78Sn0.22 alloy that caused the vessel expansion shown below. 51,201  

 

Figure 94. Hydride hydrogen storage vessel deformation caused by material expansion 
on hydride formation.51 

 

However, it is important to understand that many complex hydrides take-up and release 
hydrogen through decomposition/formation reactions rather than the dissolution of atomic 
hydrogen and formation of hydride through M-H bonding of hydrogen in interstitial sites of an 
intermetallic compound. This is particularly true of the Ti-doped sodium alanates reactions 
described in Equation 40. The hydrides NaAlH4, Na3AlH6, and NaH are not equivalent in their 
Al/Na ratios (1, 1/3, and 0 respectively). This means that long range transport of some form of 
Na or Al must occur to form the hydrides. This means that particles of the constituent 
compounds NaAlH4, Na3AlH6, NaH and Al are either formed or consumed in the reversible 
reactions of Equation 40.202 Ultimately, the material volume changes that occur on going from 
Na+Al to the hydride NaAlH4, are simply the difference in densities in the (growth of) product 
particles and the (consumption of) reactant particles. It can be imagined that (through whatever 
means) the mobility of metal atoms allows the growth of particles into unconstrained directions 
(e.g. voids in the powders). Even with highly compressed powders, this mobility should allow the 
relaxation of local strain that may present itself differently on a bulk scale than what is observed 
for interstitial metal hydrides. In the case of interstitial metal hydrides, lattice expansion takes 
place in single crystal domains causing crack formation and particle-to-particle forces. Crystal 
structures remain relatively intact and so expansion occurs in the crystal domain that does not 
necessarily accommodate stress in the same manner as hydride formation through 
decomposition/formation reactions. Ultimately, bulk forces may be significantly different for 
some complex hydrides compared to interstitial metal hydrides. 

An additional consideration is whether confining a hydrogen storage material in a compressed 
state will have any effect on the storage properties of the material itself. This was the driver 
behind the investigations by Dedrick et al. on experimental measurements of expansion forces 
in Ti-doped sodium alanates.200,203 In two sets of investigations the pressure exerted by the bulk 
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expansion of a sodium aluminum hydride bed was measured as a function of hydrogen content. 
An initial system was designed to measure pressure exerted on a metal diaphragm during 
hydriding of a stoichiometric (Equation 40) Ti-doped sodium alanate sample.203 The test 
apparatus is shown in Figure 95. 

 

a)      b)   

Figure 95. a) Solid mechanics model of expansion pressure testing system, and b) 
mechanical properties test cell.203  

 

In this setup desorbed alanate material was compressed into the bottom of the cell at different 
compaction loadings. A membrane was fixed at the top surface of the alanate. Hydrogen gas 
could pass on either side of the cell membrane such that the force on the membrane was only 
that of the expansion of the alanate, which was hydrided in situ. A strain gauge was attached to 
the top of the plate to measure deformation in the plate with hydride expansion. 

The equation for the maximum stress at the center of a circular plate with a clamped outer edge 
and a uniform expansion pressure is: 

Equation 41  
 

and the strain is given by: 
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Equation 42  
 

where σ = stress, ε = strain, q = pressure, ν = Poisons ratio, a = radius of the plate, t = thickness 
of the plate, and E = Young’s modulus. 

 

 

 
Figure 96. Finite element modeling of deflection forces in the strain measurement 
plate and an image of the plate after deformation.203 

 

Plate wall stain was measure on desorbed alanate samples, which were compressed to 
measured densities of 0.7, 0.9, and 1.0 g cm-3. At these densities the maximum expansion 
pressure from alanate expansion was determined from the strain measurements to be about 7 
bar, thus contributing very little to the overall wall pressure. No measurable effects on capacity 
or sorption rates were observed. The authors concluded that when constrained, the alanate 
material appears to self-compact during absorption with very little additional force on the vessel 
wall.  

The materials were then tested at a maximum compaction density of 1.2 g cm-3, approaching 
the crystal density of the unhydrided material.  
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Figure 97. Strain gauge and capacity measurements for alanate compressed to  
1.2 g cm-3 or 90% of single crystal density of NaAlH4.203 

 

At this density the measurement (Figure 97) indicated mechanical pressure exerted on a wall of  
~70 bar in addition to gas pressure. The measurements also demonstrated high gas flow 
restriction along with unfavorable absorption characteristics (max capacity 2.3 wt. %). Thus, 
while the measurements at lower packing density were found to exert negligible pressure up to 
capacities of 3.3 wt. %, these results were disconcerting and pointed out the need for a more 
detailed and precise study.200 It was concluded that the current measurement apparatus lacked 
direct calibration and temperature compensation which adversely affected the measurement 
accuracy. 

The strain measurement of a hydride-containing vessel wall can be difficult for two reasons: 1) 
the temperature excursions intrinsic to the uptake and release of hydrogen can cause significant 
strain measurement errors, and 2) the strain induced by the gas pressure can complicate the 
measurement of mechanical expansion-induced strain. In practice, these difficulties can be 
overcome with advanced instrumentation design, which includes temperature compensation 
and gas pressure induced signal calibration. One example of another method for measuring 
stress and strain in a hydride-containing vessel wall was described by Nasako et al.204  

For the above reasons a second study was completed by Dedrick et al. utilizing a new 
apparatus.200 To more closely simulate full-scale bed designs a new cell was constructed with 
the sample in cylindrical geometry and measuring the radial expansion force. Temperature 
compensation was added to the pressure sensing circuit, and direct calibration capabilities were 
incorporated in the measurement procedures. The measurement apparatus consisted of two 
parts: 1) a hydrogen pressure vessel to allow in situ cycling of the hydrogen storage material and 
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2) an expansion force sensing vessel. The expansion force sensing vessel was designed to 
measure the material bulk expansion without the influence of the gas pressure by maintaining 
equal gas pressure on each side of the sensing element. A rendering of the experimental system 
is shown in Figure 98. 

 

 

Figure 98. Experimental hardware developed for the expansion force measurements 
included an external hydrogen pressure vessel and an internal force-sensing vessel.203 

 

The expansion force-sensing vessel was an open-ended 304 series stainless steel cylinder of 
0.030 inch wall thickness. Two transducer-quality strain gauges were affixed to the surface of 
the cylinder. Axial expansion of the material is limited by an aluminum structure (Figure 98). The 
sensing vessel is capped on each end by a PTFE spacer that functions to provide a physical and 
thermal barrier between the hydrogen storage material and the surrounding components. 
Tolerances were designed into the structure to accommodate thermal expansion of all materials 
and to maintain the sensing vessel in a normally unconstrained state.  

The two bi-axial strain gauges were mounted on the expansion force-sensing vessel using a 
special high temperature adhesive (M-Bond 610) (Figure 99a). Each bi-axial gauge consisted of 
two sensors oriented perpendicular to each other. The bi-axial gauges were positioned such that 
one sensor was in the radial direction to measure the expansion forces. The perpendicular 
sensor was therefore in the axial unconstrained direction, and used to provide temperature 
compensation. The two sensors of the bi-axial gauge experienced the same temperature 
changes and thus the same thermal resistance changes. The two sensors of each gauge were 
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wired in a Wheatstone bridge configuration (Figure 100). If each sensor of a gauge, including the 
leads, has the same resistance then the bridge is balanced and, regardless of temperature, the 
two outputs cancel. Figure 99b shows the electrical resistance diagram of the sensors in a bi-
axial gauge. The values R1, R2 and R are resistance values of the short lead wires connected to 
the solder pad. Given that the resistance of the sensors is the same, then R should be equal to 
the sum of R1 and R2.  

 

a)    b)    

 
Figure 99. a) Bi-axial strain gauge attachment to expansion force-sensing vessel, and b) 
and bi-axial sensor setup.200  

 

Temperature compensation is essential if one is to accurately measure strain since it can be on 
the order of 0.5 ppm K-1 (ppm; thermal coefficient of electrical circuit parts). For this particular 
test case, the temperature increase was 200 K potentially producing temperature related errors 
as high as a 100 ppm. This thermal error can be substantial on test specimens with low average 
strain measurements and may be lost in the noise if special attention is not given to the setup.  
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Figure 100. Wheatstone Bridge Circuit.200Error! Bookmark not defined. 

 

Figure 100 shows the Wheatstone bridge circuit used in this reported measurement, where  
VEX = excitation voltage, V0 = Bridge output voltage, R1 and R2 = bridge completion resistances,  
R3 and R4 = strain gauges, and RL = lead wire resistance. If the lead resistance is the same in each 
arm, RL is a constant and the bridge circuit voltage reduces to:  

Equation 43  

 

Note that all lead resistance must be the same or the bridge will not balance and will lead to 
erroneous strain measurements. In the temperature compensated setup, R3 was the active 
gauge and R4 was the temperature compensation gauge. Temperature change causes the 
resistance in R3 and R4 to change equally, removing most of the temperature effects from the 
measurements. It was also important that the lead wires were routed close to each other so 
that they were all at the same temperature to reduce any other temperature related errors in 
the measurements. When a strain is applied to R3 a voltage which is proportional only to the 
strain was measured. Thus, the measured output of the bridge is generated solely by the strain 
from the test cell. For this reason it is also important that no strain exist in the axial direction.  

The procedures described by Dedrick et al. included rigorous and direct calibration 
methodologies to ensure the highest level of accuracy.200 A direct gas pressure calibration 
method was designed to characterize each of the sensing vessels. The method was performed 
externally from the hydrogen pressure vessel, using aluminum caps with O-ring seals. Helium 
was introduced into the expansion force sensing cell and a correlation of pressure and strain 
was generated. This calibration was completed at various temperatures to capture the effect of 
variations in the strength and modulus of elasticity of the stainless steel of the cell.  
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Figure 101. Example of direct calibration of expansion force sensing vessel. The 
pressure response is highly linear.200  

 

The three calibrated sensing vessels each had a pressure response of 0.9 psi/με. Analytic and 
numerical calculations predict a pressure response of 1.1 psi/με. This difference between 
prediction and actual measurements (Figure 101) was suspected to be caused by physical 
properties estimation error of the cylinder, gauge misalignment, and/or strain-sensing error 
caused by the bonding process.200 Direct calibration was used to reduce the impact of such 
effects. However, the differences point out the importance of direct calibration.  

In addition to temperature compensation by the Wheatstone bridge, any residual temperature 
response was also incorporated into the external direct calibration. Eleven total temperature 
response tests were performed on cylinder #3. The magnitude of the response was 
approximately 0.6 ± 0.125 με/K (0.5 psi/K). This temperature response was removed from the 
strain signal by measurement of the cell temperature during experiments. The existence of the 
residual temperature response was assumed to likely be due to elemental differences in wires 
or contact resistances. The following is an assessment by Dedrick et al. of the errors involved in 
their measurements.200  

Sources of measurement error include:  

• Amplifier balance/calibration: Balance and calibration process was accurate to within 1 
με.  
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• Temperature response: Temperature variation was kept below 40 K during testing – this 
would result in a signal error of 5 με at 0.125 με/K temperature response error.  

• Amplifier drift: Maximum drift rate observed was 0.2 με/hr. Measurements were 
completed within 24 hours providing a maximum drift of 4.8 με.  

• Calibration gas pressure measurement (especially below 100 psi): This error was 
negligible due to the calibration record of the pressure transducer and the linear response 
of the sensing vessel. 

• Lead resistance changes: These variations were not accounted for due to minimal 
environmental changes and small temperature response of the lead wire material (Cu).  

They found that direct calibration eliminates the following sources of error:  

• Sensor placement/misalignment with the axial and radial direction.  

• Inaccurate material properties estimation. 

• Inaccurate vessel dimensions (thickness and diameter). 

• Uncompensated lead resistance. 

Additional errors were present due to gas flow resistance and/or thermal expansion. This 
caused a transient pressure signal that was not specifically correlated to the hydrogen 
uptake/release of the hydride material. The result of the study’s error analysis was that the 
measurements were accurate to within < 11 με (12 psi). 

In the second investigation, the authors used a slightly modified sample composition. They 
found in prior work that compositions that contain excess aluminum were more appropriate for 
full-scale systems.205 Hydrogen capacities exceeding 3.8 wt. % were routinely achieved and 
higher packing densities were attainable due to the increase in aluminum content. Due to the 
significant differences in performance between Mixture A and Mixture B, additional wall 
pressure measurements were undertaken using the excess aluminum composition. The 
following non-stoichiometric mixture was for the expansion measurements. It contains a single 
crystal density decreased by 29% during desorption (with a 40% expansion in absorption):  

Equation 44 MIXTURE B (Non-stoichiometric Ti-doped NaAlH4)200Error! Bookmark not defined. 
2.23 g cm-3     2.09 g cm-3     1.59 g cm-3   
100 NaH + 127 Al +4Ti + 12 NaCl  ⇔  33Na3AlH6 + 93Al +4Ti + 12 NaCl ⇔ 100NaAlH4 + 27Al+ 4Ti + 12 NaCl  
 

Measurements of the above Mixture B were completed at 1.0, 1.1, and 1.16 g cm-3 compression 
densities. The results from each density were found to be similar. The following is a summary of 
the measurements (all for the 1.16 g cm-3 density sample). 
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The first two absorption tests on all samples produced a complex pressure signal that was not 
well understood and difficult to correlate to any specific physical process (see cycles 1 and 2 in 
Figure 102). The authors speculate that strain is introduced to the pressure sensor during 
loading of the alanate precursors. This strain is then relieved during the first few sorption cycles 
and does not reappear. Regardless of the cause, what is observed as a pressure excursion was 
on the order of 100 psi – a small quantity compared to the gas pressures present. After the first 
two cycles, the pressure change on subsequent absorptions was small and of the same order as 
the system error (12 psi).  

 

 

Figure 102. Pressure measured during absorption cycles 1 - 4 demonstrates that the 
sample initially relaxes, then exerts minimal pressure during absorption.200  

 

No pressure changes were observed during the decomposition of the sodium aluminum 
tetrahydride (NaAlH4) phase. However, the authors did find that as the system is heated to 
decompose the sodium aluminum hexahydride phase (Na3AlH6), a steady increase of pressure 
up to ~ 250 psi was observed, and decreased as the reaction neared completion (Figure 103).  
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Figure 103. Decomposition of the tetrahydride phase exerts minimal pressure. Up to 
250 psi of pressure is exerted, possibly due to thermal expansion.200  

That measurement was followed by reheating the desorbed material bed but no pressure 
change was observed. Both temperature ramping pressure measurements are shown in (Figure 
104). The authors of the study concluded that the pressure measured during desorption was 
due to the thermal expansion of the sodium aluminum hexahydride phase.200  

 

 
 



Mechanical Properties Measurement Methods 

Page 176 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

Figure 104. Pressure due to hydride heating is only observed during decomposition of 
the hexahydride phase. Heating of the decomposed bed does not result in a pressure 
signal.200  

 

The presence of two different gauges in the test cell gave the experimenters the ability to check 
the spatial similarity of the bed’s behavior. Figure 105 presents a typical pressure profile for 
each gauge during decomposition. The pressure sensor in the center of the bed recorded up to 
300 psi higher pressure than the sensor near the edge. Pressure differences were observed 
between the two sensors especially during the first 1 wt. % of decomposition. These were 
attributed to gas pressure gradients within the sample.200 

 

 

Figure 105. Gas pressure gradients are present within the bed during the first 10 
minutes (1 wt. %) of desorption. “S1” represents the gauge near the mid-point of the 
bed (high pressure) while “S2” is placed near the edge (low pressure).200  

 

In general, there was a poor correlation between exerted pressure and hydrogen capacity of the 
sodium alanates at all measured densities.200 It was concluded that mechanical pressure due to 
the hydrogenation of sodium alanates is not significant enough to influence full-scale system 
design. However, it was noted that gas pressure gradients within the material may limit reaction 
rates, especially for high aspect ratio beds. It was recommended that strain be monitored in the 
development of large-scale systems during operation to verify that trends do not change over 
many cycles. Other compositions, chemistries, and geometries may exhibit different behavior 
and should be analyzed individually as necessary.  
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This series of investigations pointed out many of the important issues that must be considered 
when making these complex materials expansion measurements with a high degree of accuracy. 
These measurements will play an increasingly important role in the development and 
engineering design of materials-based hydrogen storage systems. 

There is a possibility that these measurements and the measurements of cycling studies of 
alanates by Lozano et al. (section 1.15 Apparent Density Changes with Cycling) point to real 
physical property changes that are occurring in these compacted materials in the first few 
cycles.85 In the Lozano et al. measurements of hydrogen absorption on 4 and 8 mm compacts 
the apparent densities of the alanates change in the first 3 cycles (Figure shown again below for 
clarity). 

 

 

Figure 106. Apparent densities of compacts after hydrogen absorption and desorption 
cycles for compacts of initial low (1.3 g cm-3) and high (1.6 g cm-3) density.85 

 

They found that the apparent density of the compacts decreases for both low and high density 
compacts, and that the apparent density of both low and high density compacts approach the 
same value of about 1.1 g cm-3 after the third cycle. The decrease in density was significantly 
greater for the high starting density compacts and most of the change occurred in the first two 
cycles. Also an interesting observation was that the compacts expanded more during hydrogen 
desorption than absorption (shown more clearly in Figure 50). This would appear to be the same 
behavior observed in Dedrick et al.’s work above that observed pressures on the cell wall during 
the first two to three cycles were more dramatic in desorption than absorption.200 

One possible explanation put forth by Dedrick et al. is that the wall pressures they measured 
came from the hydrogen gas being released in the cell being blocked by poor permeation and, 
thus, causing a buildup of gas pressure. This may be possible. One way to do this is to overlay 
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the van‘t Hoff pressures of the decomposition of NaAlH4 and Na3AlH6 against temperatures on 
their TPD data of Figure 104. This is shown in the figure below. 

 

 

Figure 107. Van’t Hoff equilibrium pressures of NaAlH4 and Na3AlH6
206 overlaid on cell 

pressure measurements observed during decomposition of the hexahydride phase.200 

 

It can be seen that the measured pressure rise is below the Na3AlH6 decomposition pressure just 
up to what appears to be a secondary increase in pressure. It may not be by accident that the 
inflection point occurs almost exactly at the van‘t Hoff pressure. If that were the case, then poor 
local hydrogen permeability would allow the pressure to build up locally to the equilibrium 
decomposition pressure. The decomposition reaction would then be thermodynamically slowed 
to a rate that is less than or matches the temperature ramping rate. There is not enough data in 
this one comparison to conclusively support this mechanism, but it is certainly worth further 
consideration. The second pressure peak cannot be easily explained in the absence of NaAlH4 
and may, in fact, be due to other physical phenomena. 

The next question regards the disappearance of these pressure peaks after 2 to 3 cycles. This 
may be explained with the aid of the observations of Lozano et al.85 Not only did their compacts 
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expand in the first 2 to 3 cycles, but inspection of the compacts showed that after cycling the 
surface was no longer smooth or shiny and fissures appeared on the surface of the initially high 
density compacts. Clearly morphological changes are occurring to the compacted powders in 
the first cycles, most likely to accommodate expansion forces, buildup of gas pressure, and 
interfacing of the reactive component phases. Such long-range compositional and morphological 
reorganization is credible given that the hydrogen uptake and release in these alanate materials 
occurs through multicomponent formation and decomposition reactions. It appears that the 
materials reach an organizational equilibrium after the first few cycles that relax the initially 
induced mechanical forces and potentially compositional imbalances. 

These observations bring up interesting questions about not only the mechanisms involved, but 
also whether the materials could be improved by secondary compaction or the effects of 
additives. Certainly further investigations and improved accuracy in this area is warranted.  

 

2.6   Mass Transport Measurements 
 

Typically mass transport (hydrogen permeation and uptake) studies are made by performing 
hydrogen kinetics measurements at a system level. (See Section 2: Kinetics Measurements of 
the document “Recommended Best Practices for the Characterization of Storage Properties of 
Hydrogen Storage Materials”24) However, these techniques do not give details of how hydrogen 
gas flows through and is absorbed/adsorbed in the material in a storage bed. For this, a 
technique that allows time resolved special resolution of hydrogen concentration is required. 

Hydrogen-sensitive, in situ neutron imaging has the capability of mapping hydrogen 
concentration profiles in real-time in three dimensions during absorption/desorption cycling of 
hydrogen storage systems.207,208,209,210,211 A recent study by Jacobson et al. showed that neutron 
imaging can be a powerful and invaluable analytical tool to aid in the engineering design of 
hydrogen storage tanks for vehicular and stationary applications.207 In this work, a series of 
neutron radiography and tomography measurements were used to study the transient and 
steady-state distributions, respectively, of hydrogen within a LaNi4.78Sn0.22-based hydrogen 
storage bed during and after various absorption and desorption steps.  

The development of materials-based hydrogen storage vessels for hydrogen-powered passenger 
vehicles places severe mass and volume constraints on storage systems that must not only 
reliably and safely contain these materials but also permit potentially significant heat transfers 
during both hydrogen absorption and desorption.40 Most designs for hydride-based hydrogen 
storage beds incorporate various features such as highly conductive porous metallic foams, fins, 
or films to enhance heat transfer within the powder and to the exterior, as well as to allow 
sufficient hydrogen gas permeation.40,212,213,214,215,216 The design of modern storage beds have 
been aided by numerical modeling. 19,40Error! Bookmark not defined.,217,218 However, there is a need to 
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reveal the complexities of the gas-powder interactions that take place in real-life systems. 
Detailed assessments of temperature gradients and variations in hydrogen content within the 
beds would be extremely valuable for refining these calculations.  

Neutron transmission imaging methods allow investigations capable of penetrating the metal 
components and provide quantitative hydrogen concentration profiles.219 Two-dimensional (2-
D; radiography) and three-dimensional (3-D; tomography) neutron imaging techniques allow 
nondestructive in situ visualization and quantification of hydrogen transport and concentration 
gradients at various stages of absorption and desorption throughout the cycling of a hydrogen 
storage system.220,221 The intent of the work by Jacobson et al. was to assess real-time 2-D/3-D 
imaging of hydrides contained in hydrogen storage beds that contain internal components for 
enhancement of heat and mass transfer.207  

The Jet Propulsion Laboratory (JPL) has developed, fabricated, and delivered two hydrogen 
sorption cryocoolers that provide cooling at 19 K to instruments for the Planck flight mission 
which was launched in May 2009.222,223 Each Planck Sorption Cryocooler (PSC) contains six 
hydride compressor elements that operate in serial heating and cooling cycles to provide a 
closed-loop refrigerant circulation.222 A flight version of the PSC compressor element is shown in 
Figure 108a. The compressor element hydride bed vessel consisted of 316L stainless steel 
circular tubing with a porous stainless steel tube located along the center of the bed to promote 
axial distribution of gas during absorption and desorption. Bed heating was provided by a single 
heater assembly spaced along the inner wall in grooves of the open-pore 11% dense Al foam. 
The heater-foam components are shown in the photograph of Figure 108b. The hydrogen 
storage material was  
616 g of high-purity LaNi4.78Sn0.22 powder, which filled the aluminum foam. The completed 
hydride bed (Figure 108c) would be installed in the compressor element (CE, Figure 108a) for 
the flight application. The space between the inner hydride bed and the outer Al housing of the 
CE formed a gas gap heat switch (GGHS).212,224 The novel GGHS reduced the input power 
required during heating of the CE sorbent bed by nearly 80%.224  

The in situ neutron imaging experiments were performed on a hydride bed identical to the one 
shown in Figure 108c. The engineering details of these cryocooler hydride beds are similar to 
those, which must be dealt with in future hydrogen sources for hydrogen powered cars.  

  



Mechanical Properties Measurement Methods 

Page 181 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

 

Figure 108. Images of (a) the Planck Sorption Cryocooler (PSC) Compressor Element 
(CE) containing an inner hydride sorbent bed and the gas gap heat switch assembly, 
(b) the porous Al foam and heater assembly of the inner hydride bed prior to 
assembly, and (c) the complete CE hydride sorbent bed after filling with LaNi4.78Sn0.22 
alloy, which was the status of the bed used during the neutron-imaging 
experiments.207 

 

An optimized bed configuration and GGSH is shown schematically in Figure 109.225 

 

 

Figure 109. Cross sectional view of a prototype Planck Sorption Cryocooler (PSC) 
compressor element (CE) showing the gas gap spacing of 0.75 mm between the inner 
bed that contains the sorbent alloy and the outer housing. Powder of the hydrogen 
sorbent alloy LaNi4.78Sn0.22 fills the voids in the aluminum foam pieces (from Reference 
225). There was no gold plating on the CE used during the neutron imaging 
experiments.207 
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Motivated by advances in digital imaging and the interest to study hydrogen fuel-cells226, new 
neutron radiography facilities were built in 2003 at the NIST Center for Neutron Research 
(NCNR)227 and upgraded in 2006228 to provide high-resolution digital radiography capabilities. 
The radiography and tomography experiments performed by Jacobson et al. were done at the 
NIST Neutron Imaging Facility (NNIF), the layout of which is shown schematically in Figure 110.  

 

 

 
Figure 110. Schematic of the BT2 NIST Neutron Imaging Facility used for in situ 
radiography and tomography measurements. The hydride bed was mounted at (8) to a 
rotation stage with its axis in the horizontal, transverse direction so as to reduce the 
possibility that the powder would settle from its initial distribution.207 

 

The essential components of a radiography beam line are illustrated in Figure 111. The primary 
parameters to optimize in neutron radiography are the detector-to-sample distance z and the 
L/d ratio, where L is the distance between the detector and an aperture of diameter d. Samples 
are placed between the detector and aperture, and the resulting geometric spatial blur λg is 
defined as: 
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Equation 45 𝝀𝒈 =  𝒛𝒛
𝑳−𝒛

≈  𝒛𝒛
𝑳

 
 

 

 

 
Figure 111. Schematic representation of a typical neutron imaging configuration: a) 
schematic of the essential components of a neutron imaging facility; b) a sharp image 
of an object; c) blurring due to finite geometric unsharpness.207 

 

To minimize λg it is necessary to minimize z and d and maximize L. One factor in determining the 
largest object that can be radiographed in one image is the diameter of the neutron beam, 
which is linearly proportional to L. At the largest distance of L inside the NNIF (6.3 m), the 
resulting beam size is 26 cm in diameter. For dynamic measurements, the choice of high spatial 
resolution (high L/d value) results in a corresponding decrease (as the inverse square) in neutron 
intensity and, therefore, worse temporal resolution. The tradeoff between spatial resolution 
and temporal resolution results in nothing above L/d = 6000 being of practical use.229 In the 
present example, Jacobson et al. used the optimal beam conditions of L/d = 450, 250 spatial 
resolution, and 20 cm x 25 cm field of view to achieve rapid data acquisition and resolving of the 
primary components, as opposed to individual grains of metal hydride powder.207  

A neutron radiograph is the 2-D imaging of neutron intensity measured by a neutron detector 
plate. The intensity of the beam transmitted through the sample is a function of the atom 
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density, total neutron cross-section, and material thickness, among other things. In principle, 
individual isotopes can be distinguished, as the neutron cross-section can vary not only from 
atom to atom, but between isotopes as well. Separating individual components in neutron 
radiography can be challenging, but is made much easier in devices that have two different 
states, such as empty and filled hydrogen storage beds. In such cases, the empty bed can be 
removed from the images of the filled bed by dividing the filled bed radiograph by the empty 
bed radiograph.  

Energy-dependent values of total neutron cross-section for certain materials are tabulated in 
tables such as ENDF.230 Values in this study were estimated based on the measured energy 
distribution of the beam and the tabulated total neutron scattering cross section for hydrogen 
or deuterium. The assumption was that the chemical binding of hydrogen to LaNi4.78Sn0.22 does 
not significantly modify the effective hydrogen or deuterium total neutron scattering cross-
section. For certain hydrogenous compounds such as water, this is a poor estimate. To be able 
to precisely measure the actual special hydrogen or deuterium content would require an 
attenuation calibration measurement. For this study, estimating the cross section was adequate 
to demonstrate the range of questions that can be addressed using neutron radiography and 
tomography. 

Neutron tomography is a form of computed tomography that creates a three-dimensional image 
of an object by combining multiple planar images with a known separation by the detection of 
the absorbance of neutrons. The spatial resolution of the tomographic image is determined by 
the detector, the beam, and the angular step size used to rotate the object to obtain the 
projections. To achieve the same reconstructed spatial resolution or voxel dimension as the 
detector for all points in the reconstruction of the object, the angular step size must be chosen 
to be 60 < 2/r, where A is the detector pixel pitch and r is the distance between the center of 
rotation and the furthest spatial feature to be resolved (more details on this can be found in ref 
207). In the experiments of Jacobson et al., A = 127 µm and r = 16.5 mm so the length of the arc  
δθ < 7.7 mrad (0.44°) where δ is the angular step size and θ is the outer radial distance to the 
axis of rotation r.207 This means that to capture the full 3-D data set, at least 400 projections had 
to be obtained. Because the amount of time for such measurements can be substantial it was 
determined that the tomography measurements had to be done only for the case of when the 
density of the sample was at steady-state (static measurement rather than time resolved 
measurements during absorption or desorption). Tomographic measurements under non-
equilibrium conditions can result in reconstruction artifacts in the filtered back-projection 
algorithm.  

Dynamic time resolved measurements were probed using radiography. Radiography was used to 
capture transient behavior during gaseous deuterium absorption by the bed, and tomography 
was used to capture the full 3-D density distribution once equilibrium was reached after 
absorption/desorption steps.207 Radiography and tomography measurements were first 
performed on the empty bed in order to remove its contributions to the transmission 
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measurements of the loaded bed. Using deuterium extends the maximum measurable bed 
thickness. This and the fact that the neutron transmission through the LaNi4.78Sn0.22 powder was 
reduced to 10% only halfway through the unhydrided bed made it necessary to use D2 for the 
fully hydriding (deuteriding) measurements. 

An important consideration in this initial state subtraction was that the metal hydride powders 
in the bed had to remain stationary. This was aided by the fact that the powder expanded with 
absorption and locked itself into place inside the Al foam. The bed was also mounted 
horizontally to avoid resettling of the powder as the bed was moved.  

A detailed description of the data analysis can be found in reference 207, however, one 
important consideration to simplify the analysis was to ensure that the object axis was aligned 
with the axis of rotation and also aligned with an axis defined by the data set coordinate system. 
In practice, there is always a slight misalignment of the axes that can be corrected during data 
analysis. Some results of the neutron imaging and analysis are presented in Figure 112. These 
images illustrate representative sagittal slices associated with the storage bed (deuterium 
absorption), which were produced via tomographic reconstructions under steady-state 
conditions. 
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Figure 112. Sagittal slices through the tomographic reconstructions. (a) The total 
attenuation coefficients of (a) the empty bed, (b) the bed filled with 94.5 L of D2, and 
(c) the bed after desorbing 60 L of D2; subtracting the empty bed attenuation 
coefficient yields the D content of the bed, (d) after the absorption of 100 L and (e) 
after desorption of 60 L of D2.207 

 

The images of Figure 112 are for (a) the empty bed, (b) the fully hydrided bed, and (c) the bed 
after desorbing 60 L of D2. Black and white corresponds to attenuation coefficients of 0 cm-1 and  
1.0 cm-1, respectively. Subtracting the empty bed attenuation coefficient yields the D content of 
the bed, which is shown in Figure 112d and (e) for the fully hydrided bed and after desorption of 
60 L of D2, respectively.  

These neutron imaging experiments enabled the following observations that would be difficult 
to obtain otherwise: First, the large, open-pore structure of the aluminum foam is clearly visible. 
From Figure 112a it can be seen that the metal/hydride powder in the bed is non-uniformly 
distributed, with a decrease in density towards the center of the bed (at ~ 180 mm). Despite the 
non-uniform powder distribution, the D content of the filled bed appears rather uniform in 
Figure 112d. Figure 112e demonstrates that deuterium is released preferentially from the center 
region of the bed. It was proposed that this is likely due to the thermal control of the bed during 



Mechanical Properties Measurement Methods 

Page 187 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

desorption. The heater does not reach the end of the bed, and this cooler region will be slower 
to desorb deuterium than the rest of the bed.207 

In Figure 113 the mass of deuterium is plotted at various points along the length of the bed 
versus time during a series of multi-step absorption and desorption processes. After 10,000 
seconds the final stage of absorption had been reached and the D content can be seen to 
decrease with distance from the end of the bed (Figure 113a). This is consistent with the 
observation from the neutron imaging above of a decrease in the powder density towards the 
center region of the bed. The desorption rate (given by the deuterium concentration change in 
time) was also more uniform near the center of the bed (~ 180 mm) where the temperature was 
slightly more uniform. 

 

 

 
Figure 113. The D content at several points along the length of the bed during multi-
step (a) absorption and (b) desorption processes with distances measured from the 
beginning of the powder-filled region.207 

 

The same data is plotted in Figure 114 as spatial concentrations of deuterium at various times. 
The lower metal powder density at the center of the bed results in reduced absorbed D in this 
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region. Figure 114c shows the D released along the bed length indicating essentially full release 
from the center region (distances > 120 mm) has occurred within 1250 s, while the amount of 
desorption decreases towards the end cap where the temperatures are lower because of the 
positioning of the heating element. The neutron imaging demonstrated that the combination of 
gradients in powder density and local bed temperature resulted in a variation of D release along 
the length of the bed. 
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Figure 114. The mass of deuterium along the metal bed length at selected times during 
the same (a) absorption and (b) desorption processes as in Figure 113. (c) Total mass 
of D evolved from each point in the bed during the desorption process.207 

Tomographic cross-sections of the radial hydrogen distribution at three different points along 
the length of the bed following absorption of 12 L H2 are shown in Figure 115. The two long oval-
shaped dark spots in Figure 115a are the bends in the internal heaters at the end of the bed. 
Other images show the central gas delivery tube and five heater lines, run axially. In addition to 
the observed axial differences in hydrogen concentration (also observed in the deuterium 
measurements above), the imaging showed that hydrogen is absorbed preferentially at the 
outer radius for this particular set of experimental conditions. This was believed to be the 
consequence of radial temperature gradients during the absorption process.207 

 

 
 

Figure 115. Radial H distribution after absorption of 12 L of H2 at three different points 
along the bed: (a) near the end of the bed at the bends in the internal heaters, (b) near 
the center of the imaged area, and (c) at the opposite end of the imaged area. (d—f) 
are colorized images at the same locations; red indicates high H concentration, black 
no H concentration (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article).207 

 

This example shows that hydrogen-sensitive, in situ neutron imaging is a powerful technique 
that can be used to investigate real-time hydrogen concentration profiles in three dimensions 
during absorption/desorption cycling of prototype hydrogen storage systems. These methods 
allow a non-destructive analytical tool for understanding mechanical properties of hydrogen 
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storage systems that should prove very useful in the modeling and engineering design of future 
material-based hydrogen storage tanks for vehicular and stationary applications. 
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3   Options for Improving Mechanical Properties 
 

3.1   Increased Mechanical Durability of Hydrogen Storage Materials 
 

Decrepitation due to hydride formation can have significant implications for real-world 
applications including hydrogen storage. A closely related application with similar issues to 
gaseous hydrogen storage in metal hydrides has been the development of stable metal hydrides 
for battery applications. The degradation of metal hydride battery electrodes has been 
associated with oxide formation on the metal alloy surface, and thus degradation (capacity loss 
with cycling) is directly related to the surface area of the metal hydride. Because the surface 
area depends on material’s particle size, which is a function of the hydrogen cycling 
decrepitation behavior of the alloy, it has been found that alloys that were more resistant to 
decrepitation showed significantly better cycle-life behavior. 

The ability of LaNi5 (the parent AB5 compound) to absorb and desorb large amounts of hydrogen 
was discovered by Van Vucht et al. in the late 1960s.231 However, it took almost two decades 
before AB5 type materials were commercialized in NiMH batteries chiefly due to the poor 
electrochemical cyclability of LaNi5 in alkaline media. Improvements were achieved by partly 
replacing La atoms by other lanthanides, and Ni atoms by different transition metals in the AB5 
crystal structure. Willems and Van Beek succeeded in stabilizing LaNi5, and accomplished a 
breakthrough with these multicomponent compounds in the development of NiMH 
batteries.156,232 Further work on substitution within the AB5 stoichiometry proved to offer a wide 
variety of prospects for optimizing metal hydride batteries which contributed to a robust 
commercial sector for many years.233,234,235 

The following example study by Notten et al. demonstrates how modifying lattice expansion was 
correlated to stabilizing the degradation of metal hydride electrode materials. 236  X-ray 
diffraction of the as-prepared alloy materials was used to determine lattice parameters. In this 
work, single-phase, non-stoichiometric La(Ni/Cu)X compounds were prepared by annealing the 
materials at appropriate temperatures. The non-stoichiometric composition was varied in the 
range  
5.0 ≤ x ≤ 6.0, and the chemical composition was changed by varying the Ni/Cu ratio. The 
crystallographic and electrochemical characteristics of these single-phase compounds were 
found to be strongly dependent on both the non-stoichiometric and chemical material 
composition. 

It is typical of the non-stoichiometric compounds that they are characterized by an anisotropic 
crystal lattice deformation, implying that the a-axis decreases, while the c-axis simultaneously 
increases, with an increasing degree of non-stoichiometry. However, the introduction of larger 
Cu atoms into a structure with constant non-stoichiometric composition results in an isotropic 
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lattice expansion. On the basis of these and other crystallographic data, it was argued that an 
excess amount of B-type atoms is incorporated into the AB5 crystal lattice by substituting a 
portion of the La atoms with crystallographically oriented dumb-bell pairs of B-type atoms. It 
was proposed that the dumb-bells themselves consist of Ni atoms only, while the Cu atoms 
preferentially occupy the spacious areas neighboring the dumb-bells.236 

The study examined two sets of composition changes in the alloy La(Ni/Cu)X: 

1. one series in which the non-stoichiometric composition x was varied in the range  
5.0 < x < 6.0, while the Cu content of these materials remained constant;  

2. another series using the non-stoichiometric composition optimized in (1), in which the 
Ni/Cu ratio was varied over a broad range.  

In previous work the authors showed have shown that non-stoichiometric ABx (x > 5) 
compounds can be made by partially replacing the lanthanide atoms at the A positions in the 
AB5 crystal structure with dumb-bell pairs of B-type atoms.237,238 This special substitution 
mechanism is schematically represented in Figure 116. It should be noted that, for the sake of 
clarity, the sizes of the atoms within the ABx hexagonal unit cell are not drawn to scale. 

 

Figure 116. (a) Schematic three-dimensional representation of a nonstoichiometric 
ABX compound. The large atoms positioned at the corners of the hexagonal 
crystallographic unit cell represent La. The smaller atoms represent the B-type atoms. 
Three different  
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B-type positions are indicated. By replacing a La atom by a dumb-bell pair of B-type 
atoms, an excess of B-type elements can be incorporated into the structure, making 
the materials non-stoichiometric. (b) Planar view of the [110] plane, in which the 
atomic dimensions are drawn to scale. Note the overlapping atoms.194  

 

Figure 117. Lattice constants a and c as a function of the degree of non-stoichiometry 
for the single-phase starting materials with constant Cu content (LaNiX-1Cu), indicated 
by Cu1. For comparative reasons, the results obtained for the ternary LaNiX-2Cu2 
system (curves Cu2) and the binary LaNiX systems (curves Cu0) are also included.236 

 

The lattice constants from X-ray diffraction using the hexagonal hP6-CaCu5 crystal structure of 
the ABx compounds prepared with a constant Cu content are represented as a function of the 
fraction of La replacements by the curve Cu in Figure 117. Some results obtained in earlier work 
with the ternary LaNiX-2Cu2 system238 and the binary LaNiX system237,239 are also included, and are 
represented by the curves Cu2 and Cu0 respectively. Straight lines are obtained in almost all 
cases. As can be deduced from Figure 117, it is typical for all non-stoichiometric compounds 
within a homologous series that the a-axis decreases, whereas the c-axis increases with 
increasing degree of non-stoichiometry.  
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The introduction of Cu into the crystal structure induced both the a- and c-axes to increase, as a 
comparison of the curves Cu1 and Cu2 with curve Cu0. The displacements of the c-axis curves 
were all parallel and equidistant within the accuracy of the measurements. However, the a-axis 
was found to be dependent on the chemical composition of the homologous series: the slope of 
the Cu-free binary materials curve changed substantially compared with those found with the  
Cu-containing series (curves Cu1 and Cu2). 

 

 

Figure 118. Lattice constants a and c as a function of the Cu content of single-phase 
compounds with different stoichiometric compositions. The broken line corresponds 
to the dependence expected on the assumption that Cu is randomly introduced at the 
atomic positions (i) and (ii) of the AB5.4 compounds only.236 

 

Figure 118 shows the dependence that was found for the lattice constants as a function of the 
Cu content for materials with different stoichiometries. The lattice expansion for the AB5.0 
stoichiometry (open symbols) is clearly isotropic. The c-axis curves of the AB5.4 (full circles) and 
AB6.0 compounds (triangles) are both displaced parallel over the entire Cu concentration range 
with respect to the AB5.0 curve (open circles). This indicated that the substitution of Ni by Cu 
occurs in a similar way as in the stoichiometric AB5.0 compounds, suggesting that the dumb-bells 
(atomic position (iii) in Figure 116) were composed of Ni atoms only. More information on the 
crystal structure analysis can be found in the original publication by Notten et al.236 
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The most striking aspect of the electrochemical cycling results was that the cycling stability was 
strongly affected by the degree of non-stoichiometry and chemical composition. 
Electrochemically stable compounds are only obtained when the materials used have a 
minimum degree of non-stoichiometry combined with a certain amount of Cu. LaNi4.4Cu can be 
regarded as optimum in terms of both storage capacity and long-term cycling stability. 
Microscopic investigations of the cycled electrodes clearly showed that the improved cycling 
stability of non-stoichiometric compounds was related to reduced or even absent decrepitation 
of the hydride-forming powder particles (Figure 119).  

 

 

Figure 119. Storage capacity C, resulting from discharging (350 mAg-1), as a function of 
the number n of electrochemical charge-discharge cycles for various single-phase, 
non-stoichiometric ABX compounds with constant Cu content (LaNiX-1Cu). The total 
storage capacities Ct, as obtained from deep discharging (35 mAg-1), are indicated by 
triangles for the AB5.4 compound only.236  

 

In contrast to the stoichiometric compound, which was found to lose its storage capacity C(n) 
very rapidly upon electrochemical cycling (n), the cycling stability was considerably improved for 
higher values of x. The Cu-containing alloys became more stable with an increasing degree of 
non-stoichiometry. The AB5.4 compound was regarded as a very good compromise with respect 
to its high storage capacity and long cycle life. Inspection of the stability factors obtained for the 
Cu-containing AB5.4 alloy and those obtained for the corresponding binary AB5.4 alloy revealed 
that the cycling stability of the binary alloy was much poorer. 
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3.2   Reduction of Compositional Degradation 
 

One of the potential mechanisms for capacity loss with cycling that occurs with some hydrogen 
storage materials is the loss of reactive components that participate in the storage. For example, 
the loss of nitrogen through the evolution of ammonia in amide storage materials has been 
shown to contribute to capacity loss.240, 241 In addition, the release of ammonia into the 
hydrogen supply is detrimental to polymer electrolyte membrane fuel cells. The introduction of 
additives to the amides has been shown to not only improve the cycling capacity but also reduce 
the production of ammonia. One example is the work by Ma et al. which investigated the 
benefits of introducing LiNH2 and Li3N additives to Li-Mg-N-H.110 

Several recent efforts have explored the use of additive compounds to improve the reversible 
dehydrogenation performance of amide hydrogen storage materials.242,243,244,245,246 For example, 
the addition of LiBH4 was shown not only to enhance low temperature kinetics but to also 
suppress ammonia release. This was primarily attributed to the formation of solid solution 
Li4BN3H10 and the product seeding of Li2Mg(NH)2.244,245 The kinetic barriers in the Li-Mg-N-H 
system have been ascribed to the interface reaction of reactants and mass transport through 
the product layer.247 Li2Mg(NH)2 seeding has been reported to be effective in lowering the 
kinetic barrier associated with the product nucleation. 244,246  

In the work of Ma et al., systematic X-ray diffraction analysis indicated that Li3N additive 
transforms into LiNH2 and LiH phases, and that the LiNH2 “seeding” could be responsible for the 
observed enhancement in capacity. Some of the results of that study are presented in Figure 
120 which shows that by increasing Li3N additive, the desorption capacity increases, reaching a 
maximum value (4.7 wt. % H2) at 10 mol % Li3N addition. However, the addition of Li3N above 
this amount reduces the total capacity. The 10 mol % Li3N was shown to increase capacity 
approximately 20% more than the additive-free sample. This is approaching the theoretical 
capacity of 4.9 wt. % hydrogen (taking into account impurities and Li3N additive). 

In addition, Ma et al. also found that Li3N additives help to suppress ammonia release. As shown 
in Figure 121 the ammonia release from the samples with LiNH2 and Li3N additive was measured 
using MS. Less ammonia was observed for the sample with Li3N additive. Prior studies attributed 
this improved hydrogen purity to the presence of excess LiH which served as an effective 
ammonia trapping agent.248,249 In this case, excess LiH appears due to the decomposition of the 
additive Li3N. 
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Figure 120. Effect of Li3N additive on the hydrogen desorption performance of the  
Li-Mg-N-H sample at 0.1 MPa and 200 °C in the 2nd cycle. The inset highlights the 
evolution of hydrogen capacity as a function of the Li3N addition, with the deviation of 
± 0.05 wt. % in capacity values.110  

 

 

Figure 121. Mass spectroscopy results of the gas released from the Li-Mg-N-H samples 
containing different additives: (a) 10 mol % LiNH2 and (b) 10 mol % Li3N. Hydrogen  
(m/e = 2, open square) and ammonia (m/e = 17, closed circle) were monitored using 
MS. Ammonia signals were multiplied by 20 for clarity.110  
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This example demonstrating the identification of effective additives to improve the properties of 
the Li-Mg-N-H system also showed the value of mass spectrometry as an analytic technique to 
aid in the improvement of hydrogen storage materials.  
 

3.3   Powder Densification 
 

Many hydrogen storage materials exist as powders having low bulk densities. To improve system 
volumetric capacity, gravimetric capacity (since containment system weight increases with 
volume) and heat transfer, these powders should be compressed into the smallest functioning 
area possible. Thus, the study of powder densification plays an important role in the system 
design. There is extensive literature on the packing of granular materials; however, little exists 
on the controlled densification of nanometer scale powdered materials. 

One significant engineering challenge for hydrogen storage systems based on powdered hydride 
materials was to develop methods of tightly packing the low density hydride powder inside a 
finned heat exchanger contained within a composite vessel.250 In a project at UTRC, a powder 
loading method was developed to achieve both practical pressure vessel/heat exchanger 
assembly and high powder packing densities. A novel powder densification apparatus was 
designed and fabricated for the project that produced vibrations in two orthogonal directions in 
combination with other densification enhancements. Three different vessel configurations were 
used in the development of powder densification methods (Figure 122).  

 

Figure 122. Three configurations used to develop powder densification methods. (a) 
Column of powder; (b) Finned heat exchanger which can be disassembled; (c) 
Prototype 2 carbon fiber composite vessel with heat exchanger.250 
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Vessel (a) was constructed from a clear acrylic tube, allowing for visual inspection of the 
densification process. Tests with this vessel examined the more fundamental characteristics of 
powder densification for different: 1) vibration frequencies and amplitudes; 2) vibration 
directions – parallel and perpendicular to the densification axis; and 3) densification 
enhancement details, in order to provide information on the optimal and near optimal 
densification conditions to be applied in the other two vessel configurations. Test vessel (b) was 
used to develop a loading process for filling the space between a stack of horizontal fins. The 
final configuration (c) represented an actual prototype system with densification optimized in 
(a) and loading optimized in (b). 

 

 

Figure 123. Apparatus with independently controlled, dual axis shakers set up with 
powder vessel to examine fundamental powder densification characteristics.250 

 

In this study a unique apparatus was developed which used two electromagnetic shakers to 
vibrate the test configurations in independent orthogonal directions. For vessel (a), these 
directions were parallel and perpendicular to the densification axis. For vessels (b) and (c), these 
directions were perpendicular to and in the plane of the fins, but generally not parallel to the 
radial densification direction. The shaker apparatus with vessel (a) is shown in Figure 123.  

Two accelerometers were attached to the test vessel to measure the intensity of vibration. The 
signal generators used to drive each shaker could sweep the vibrational frequency as shown in 
Figure 124.  
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Figure 124. Frequency sweeping from 50 to 300 Hz to promote activation past particle 
rearrangements obstacles (amplitude variation is due to shaker characteristics and a 
minor structural resonance at 0.45 s).250 

 

Inert materials were measured first to test the system, then measurements were performed on 
attrition milled NaAlH4 (with 3%TiCl3 * 1/3 AlCl3 additives).250 Densification was found to occur 
under vibration alone, but higher densities could be achieved using enhanced settling methods. 
These results are shown in Figure 125. Final densification measurements on NaAlH4 with  
3% TiCl3 * 1/3 AlCl3 additives of 0.62 g cm-3 was significantly lower than that obtained with the  
6% TiF3 additive (0.75 g cm-3). This result motivated further studies on the different behavior of 
dehydrided versus hydrided states on powder densification. It was theorized that densification 
should increase after dehydriding the material; however, the measurements on hydrided and 
dehydrided materials gave the opposite result.250  
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Figure 125. Effect of horizontal and vertical frequency sweeping on densification or 
attrition milled NaAlH4 (with 3% TiCl3 * 1/3 AlCl3 additives) material followed by 
enhanced settling methods.250 

 

It was also apparent that the batch size of the attrition milled material had an effect on 
densification with the larger batch size having the lower density. Solid lubricants to facilitate 
particle rearrangement were explored. Graphite powder was added in 0.5 wt. % and 5 wt. % 
concentrations and attrition milled together with NaAlH4. Densification tests showed that SPEX 
milling of the control sample for 10 minutes resulted in a 33% increase in powder densification 
from 0.629 to 0.835 g cm-3 demonstrating that milling procedures are important to achieve not 
only rapid kinetics, but also high powder densification. The addition of graphite on densification 
was not as significant. High-resolution SEM images (Figure 126) did not show a significant visual 
difference in particle size or morphology between the attrition milled and SPEX milled powders.  
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Figure 126. High resolution SEM micrographs of 3% TiCl3 * 1/3 AlCl3 NaAlH4 powder 
which underwent three different milling procedures. Densities achieved were (a) 0.64, 
(b) 0.85 and (c) 0.72 g cm-3.250 

 

The UTRC project then investigated powder densification of a 100 g batch attrition milled 
material using the finned tube heat exchanger test configuration shown in Figure 122(b). Initial 
tests were not successful in meeting target densities, resulting in 0.57 g cm-3 and severe warping 
of the 0.004” thick aluminum fins. To remedy this, the fins were modified by creating shallow 
corrugations to increase their structural integrity as shown in Figure 127(a). A maximum density 
of 0.66 g cm-3 was achieved in the finned structure shown in Figure 127(b) which compared well 
with measurements using the column configuration of density for the 100 g batch attrition 
milled material of 0.629 g cm-3.  
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Figure 127. (a) Stiffened fin used to achieve an average density of 0.66 g cm-3 in stack 
(b).250  

 

In addition to the studies performed on sodium alanates, UTRC applied powder densification 
techniques to other novel materials.250 The results of those measurements are presented in 
Figure 128 in terms of the material volumetric density, calculated from the measured powder 
densities for three preparation conditions and the theoretical H2 capacity. Note that while 
LiMg(AlH4)3 has good gravimetric potential, its volumetric performance in the as-synthesized 
state is low. The authors of this work suggested that milling and other processing could improve 
densification of these powders as was demonstrated by their work on NaAlH4. 

 

 

Figure 128. Volumetric density of three novel storage materials in comparison with 
NaAlH4 (theoretical capacities).250 

  



Options for Improving Mechanical Properties 

Page 204 of 228 
Mechanical Properties Section: Recommended Best Practices for Characterizing 

Engineering Properties of Hydrogen Storage Materials.  V-91: January 11, 2016 
 

3.4   Application of Vibrational Powder Loading and Densification  
 

In a continuation of the small scale testing discussed above, UTRC applied powder densification 
techniques to the scaled-up system to test and validate the process at an applications level.250 A 
second prototype system was constructed with advances that included: 

1. Lighter weight end closure for the composite vessel 

2. Improved heat exchanger performance with the use of fins rather than foam 

3. Compact oil manifolds 

4. Greater powder densification 

In order to achieve this, the advanced powder loading approach discussed above was 
implemented. Using this loading method required biaxial shaking of the entire system. This 
system was assembled and filled by vibrational shakers in a nitrogen glove box. A sketch of the 
Prototype 2 design is shown in Figure 129. 

 

 

 

Figure 129. Sketch of the second prototype design.250 
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The system was fabricated in the following major steps: 

1. Form the heat exchanger fins and tubing 

2. Assemble the heat exchanger 

3. Fabricate the vessel lining in two pieces 

4. Weld the tubing to the integrated manifold section of the liner 

5. Insert the heat exchanger into the second liner section and weld the two liner pieces 

6. Wind the assembled liner with carbon fiber composite and proof test with dry gas 

7. Install the vessel onto the shaker rig within the assembly glove box 

8. Load the catalyzed NaAlH4 (3525 g) 

9. Install the combined porous metal filter/cap 

To determine specific positions of the eight heat exchanger tubes both steady state and 
transient thermochemical FEA simulations were conducted. FEA analysis was also used to 
optimize other system components such as the heat exchanger fin design. To minimize weight, 
thin 0.004” aluminum heat exchanger fins were used. However, reinforcing features were 
needed to strengthen them. Using FEA analysis, the pattern shown in Figure 130 and Figure 131 
were selected.  

 

 

Figure 130. (a) Fin stack showing reinforcing features; (b) example displacement 
contour plot from FEA to select best reinforcement design.250 
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Figure 131. Heat exchanger fin geometry; (a) fabricated fin with reinforcement 
features; (b) red circles indicate the cross section locations of the four 
thermocouples.250 

 

A set of 80 fins were installed with a spacing of 0.1875” between fins on the contoured heat 
exchanger tubing as shown in Figure 132.  

 

 

Figure 132. (a) Prototype 2 heat exchanger assembly with consolidated fin stack; (b) 
assembly with distributed fins.250 
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Aluminum foam was used to provide conduction enhancement in the two domed end sections 
of the system. The components including the main liner section were welded together and the 
tank was then wound with carbon fiber and high temperature epoxy. Upon completion, the 
empty system was pressure tested to 2250 psi. A support structure to hold the vessel and 
shakers was designed as shown in Figure 133. 

 

 

 
Figure 133. Solid model of shaker assembly with linear roller bearings and vessel 
support for independent biaxial vibration.250 

 

The NaAlH4 powder was loaded at a rate of between 100 and 200 g/hr using vibrational settling 
and compaction in the nitrogen glove box. A porous stainless steel filter was inserted into the 
center to provide hydrogen gas flow to and from the alanate materials. The weight of hydride 
loaded into the system was determined to be 3525 g.  
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Figure 134. Absorption data for the first experiment performed at pressures starting at 
1500 psi and dropping due to absorption in between each data point dosing.250 

 

The system was then tested using a Sieverts apparatus. A preliminary desorption test was 
performed at 150 °C with final desorption pressures of nominally 15 psi. An absorption test was 
then conducted with peak hydrogen pressures of 1500 psi. Hydrogen was supplied to the system 
in doses after which the pressure would drop as hydrogen was absorbed. The measured mass of 
hydrogen supplied to the system versus time is plotted in Figure 134. After 3 hours, 136 g of 
hydrogen had been stored within the system (13 g of that being compressed H2 gas). After an 
initial warm up period, the system was pressurized in doses with nominally 100 bar hydrogen. 
Temperature data from the thermocouples within and on the outside of the system are shown 
in Figure 135 as a function of time for the same uptake measurement. The waviness occurs due 
to the hydrogen dosing and pressure fluctuations. The exothermic hydrogen absorption reaction 
produces an increase in hydride/fin temperature above the circulated oil temperature for about 
45 minutes, after which the interior temperatures are seen to lag during fluctuations of the oil 
temperature due to thermal inertia (heat capacity).  
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Figure 135. Temperatures for the four internal thermocouples and heat transfer oil 
during a Prototype 2 absorption test.250 

 

A full analysis (including simulations) of the measurements provided information on the system 
performance relative to DOE hydrogen storage targets. From the results, UTRC proposed that 
potential improved performance could be achieved through the following optimizations:250 

1. An average loaded hydride density of 0.85 g cm-3. This density was obtained consistently 
in powder column densification tests on NaAlH4. Results from a number of experiments 
have demonstrated that a finned tube heat exchanger can be loaded to essentially the 
same density as measured in powder column tests, i.e. 0.85 g cm-3.  

2. Making minor improvements to the system design, the loaded hydride mass would be 
0.85 g cm-3 * 4900 cm3 = 4165 g for this prototype. Scaling the vessel to nominally full 
size which would be approximately 10 times larger than the current prototype (1.36 kg 
per vessel – four vessels integrated into an automobile), there will be a reduction in 
specific mass (mass per unit volume) which will be most significant for two components: 

3. The liner is needed for its gas impermeability, chemical inertness and as a form for 
filament winding. The 10X vessel can retain the 0.020” liner thickness which would 
result in the liner mass scaling as (Volume)^(2/3) or by a factor of 10^(2/3) = 4.64. With 
the prototype pressure vessel, the liner is over 70% of the mass, weighing 1375 g 
compared with 515 g for the composite overwrap, 
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4. The conventional hydrogen valve which is quite heavy, was not optimized for weight 
and could accommodate the 10X flow rates. As a first approximation use the same mass 
valve could be used for the 10X system, 

5. The above two adjustments result in a gravimetric efficiency of 0.63 (kg hydride / kg 
system), 

6. To meet a 2.3 wt. % system performance, the total effective wt. % of the material would 
need to be 2.3% / 0.63 = 3.65%, and 

7. At 0.85 g cm-3, 140 °C and 100 bar, the compressed gas storage is effectively 0.25%  
(kg H2 gas / kg hydride), 

8. Accounting for the compressed gas, the capacity of the material then would need to be 
3.65% – 0.25% = 3.40%. 

This study provides one example of the development of hydrogen storage systems based on 
materials engineering design supported by detailed measurements of various mechanical 
properties of advanced hydrogen storage materials. 
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Summary 
It is our intent that this overview of measurements of the engineering properties of hydrogen 
storage materials will aid research and development of advanced systems for hydrogen storage. 
In particular we hope to have clarified some of the recommended practices and caveats in 
performing high-quality experiments to measure many of the important mechanical properties 
of hydrogen storage materials. 
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Disclaimer 
 “This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, nor the authors of this work, nor their respective employers nor the institutions 
they represent make any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the authors, the United States Government or any agency 
thereof.” 
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