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ABSTRACT 

The thesis investigated the effect of partial substitution of Cr or Ti with 2-6 at.% Fe, or 0.05-

0.10 at.% Rh/Pd on the structure, hardness, corrosion behaviour and hydrogen storage 

characteristics of an arc-melted Ti35V40Cr25 at.% alloy. The effects of an annealing and a 

quenching heat treatment on the properties were also investigated. 

Melting of the eight alloys was done in a water-cooled, copper-hearth arc melting furnace 

under an argon atmosphere. Each of the eight ingots was cut into three: one as the as-cast 

sample and the other two separately quartz-sealed and loaded in two batches in a heat 

treatment oven and heated to 1000 °C for 1 hour. The first set of quartz tubes were 

immediately removed and broken in cold water to quench the alloy, hence locking the 

microstructure. The second batch was loaded into the furnace, heated to 1000 °C for 1 hour 

and then slowly furnace-cooled. The alloys (as-cast and heat treated) were characterised for 

phase identification using optical microscopy, X-ray diffraction (XRD), and scanning 

electron microscopy (SEM) with Electron Diffraction X-ray Spectroscopy (EDS) using an 

Oxford system. Thermo-Calc software was used to model the phases using the Solid Solution 

4 and Titanium 3 Databases. The hardness values (under a 2 kg load) of all samples were 

recorded. Potentiodynamic corrosion tests were performed in 6M KOH at 25 °C, and Tafel 

curves were recorded from -1.4V to -0.2V with a scanning rate of 1mV/sec. A Sievertôs 

apparatus was used for pressure composition temperature (PCT) measurements at 30, 60 and 

90 °C.  

All the alloys contained a primary bcc (V) phase. The secondary phases were a combination 

of ŬTi, Ti(Cr,V)2 Laves phases (C14, C15 or C36) and a minor ɤTi phase. The cell volume of 

the primary (V) phase decreased with addition of Fe and 0.05 Rh but increased with 0.1 Rh 

and Pd.  

The hardness of the base alloy increased with additions of Fe and 0.10 at.% Pd, but decreased 

with additions of Rh and 0.05 at.% Pd. Additions of Rh, Pd and 2 at.% Fe decreased the 

corrosion rate, while additions of 5 and 6 at.% Fe increased the corrosion rate. The reversible 

hydrogen storage capacity (RHSC) of the base alloy, otherwise known as useful capacity, 

was enhanced with addition of Pd and Rh, but decreased with Fe addition. 

Both annealing and quenching increased the hardness of the 0.05 at.% Rh and all the Fe 

containing alloys. Heat treatment decreased the hardness of the base alloy, both Pd alloys and 
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the 0.10 at.% Rh samples. Quenching decreased the hardness of the 0.10 at.% Rh and both 

Pd-containing alloys.   

The corrosion rate of the 0, 5 and 6 at.% Fe, 0.05 at.% Rh and the  Pd-containing alloys 

decreased after annealing.at.% FeThe rate increased after annealing the 2 at.% Fe and 0.10 

at,% Rh samples. The as-cast sample containing 2 at.% Fe had the lowest corrosion rate 

(0.0004 mm/y) and the quenched 6 at.% Fe was the least corrosion resistant sample with a 

corrosion rate of 0.037 mm/y. 

The quenched 5% Fe alloy had the highest hardness (460 MPa), while the annealed 0.10 at.% 

Rh sample had the lowest (388 MPa).  

The quenched 0.05 at.% Pd sample had the highest RHSC (2.28 wt%) while the lowest 

RHSC of 0.44 wt% was observed in the as-cast 2 at.% Fe sample.  

Annealing improved the RHSC of all samples except the base Ti35V40Cr25 and 6 at.% Fe 

alloys, while quenching was detrimental to RHSC of all the samples but the 2 at.% Fe, 

0.05 at.% Pd and 0.10 at.% Rh alloys. 

Increasing the addition of palladium from 0.05 to 0.10 at.% Pd showed no significant 

improvement on RHSC of the base alloy, thus addition of 0.05 at.% Pd would be sufficient. 

The RHSC of the annealed 0.05 Rh alloy (2.25 wt% H) was close to the value of the 

0.10 at.% Pd, so rhodium could be considered as an alternative to the quenched 0.05 at.% Pd. 

The RHSC was 1.56, 0.44, 0.75 and 0.68 wt% for 0, 2, 5 and 6 at.% Fe as-cast alloys 

respectively. Although the 2 at.% Fe alloy had the lowest RHSC, it could find its application 

as electrode in 6M KOH solution electrolyte because of its low corrosion rate. 
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CHAPTER 1: Introduction  

 

 BACKGROUND  1.1

 

Currently, most automobiles, trains and planes are fuelled almost exclusively by petroleum 

products such as gasoline and diesel and most power plants use oil, natural gas and coal as 

fuel. Without fossil fuels, there would have been no industrialisation. As important as fossil 

fuel is, it creates four major problems: 

i. Air pollution  - Combustion products of the internal combustion engine are carbon 

monoxide (a poisonous gas), nitrogen oxides (the main source of urban smog) and 

unburned hydrocarbons (the main source of urban ozone).
1
 

ii.  Environmental pollution  - The process of transporting and storing oil has a 

detrimental impact on the environment whenever something goes awry; an oil spill, 

pipeline explosion or well fire can create an environmental disaster.
2
 

iii.  Global warming - The carbon dioxide released from every vehicleôs exhaust is a 

greenhouse gas which is slowly raising the temperature of the planet, with the 

consequent dramatic climate changes that could affect everyone on the planet.
3
 For 

example, if the ice caps melt, sea levels will rise significantly, flooding and 

destroying all coastal cities. 

iv. Dependence - When Middle East oil producers decide to raise the price of oil, the 

rest of the world has little choice but to pay the higher price. 

In the future, hydrogen will probably play an important economic role as a raw material and 

as a source of energy, hence becoming a viable alternative to fossil fuel.
2
 Hydrogen has been 

used for a variety of purposes: the hydrogen decrepitating (HD) process has been applied to 

successfully produce SmCo5, Sm2(Co, Fe, Cu, Zr)17 and Nd2Fe14B-type magnets.
3
 Other 

wide areas of applications of hydrogen include petroleum and chemical companies, food 

industries, aviation industry, manufacturing industries, and in a limited capacity, as clean 

fuel and power.
4
 The waste product of electrical power generated from hydrogen is water, 

which is environmentally friendly, unlike radioactive waste from redundant nuclear  power 

plants. 

http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/engine.htm
http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/diesel-locomotive.htm
http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/turbine.htm
http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/gasoline.htm
http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/question105.htm
http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/oil-refining.htm
http://science.howstuffworks.com/question190.htm
http://science.howstuffworks.com/question190.htm
http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/ozone-pollution.htm
http://science.howstuffworks.com/46001-earth-explained.htm
http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/question473.htm
http://auto.howstuffworks.com/fuel-efficiency/fuel-economy/gas-price3.htm
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Hydrogen energy has to be stored before use, because, like petrol or diesel fuel, it is a use-

as-you-go energy source.
5
 However, one major aspect of using hydrogen will be the 

challenges of safe storage facilities.
6
 For use in fuel cell cars, hydrogen storage will be 

required on-board in vehicles, at hydrogen production sites, hydrogen-refuelling stations, 

and stationary power sites.
7
 This has led substantial research in reversible hydrides for 

hydrogen storage, especially for mobile use.
8
 

Hydrogen storage in metal hydrides has been described as a measure of interaction between 

metal and hydrogen. 
9-12

  Hydrogen storage alloys (HSAs) are intermetallic compounds 

capable of absorbing hydrogen by forming hydride phases of suitable stability.
13

 So HSAs 

are alloys which have potential use as hydrogen, or energy storage compounds
14

. They also 

include metallic materials that have a unique ability to reversibly absorb and release 

significant amounts of hydrogen electrochemically or from the gas phase.
15, 16

 Developing 

safe, reliable, compact, and cost-effective hydrogen storage technologies are one of the most 

technically challenging barriers to its widespread use as a form of energy.
15

 Hydrogen can 

be stored in three forms
3
: 

¶ Gaseous hydrogen (Figure 1.1) 

¶ Cryogenic hydrogen (Figure 1.2) 

¶ Advanced materials (Figure 1.3) 

Safety challenges are high in the first and second methods as the storage are usually in high-

pressure tanks (up to 700 bars). Between 2007 and 2012, a total of 204 hydrogen accidents 

occurred as a result of usage and storage, where ~102 were linked to failure in piping fittings 

and valves.
17

 Compressed gas and liquid hydrogen tanks are much larger and heavier than 

what is ultimately desired for most practical applications.
5
 Physical storage of cryogenic 

hydrogen involves cooling to -253°C, at pressures of -350 bar
 
in insulated tanks

 6
, which 

adds to storage costs
3
.  

  

Figure 1.1 Schematic diagram showing 

storage of gaseous hydrogen in HP tank
3
. 

Figure 1.2 Schematic diagram showing 

storage of cryogenic hydrogen in HP tank
3
. 
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In view of the above hydrogen storage challenges, researchers are evaluating light-weight, 

safe, composite materials that can reduce the weight and volume of compressed gas storage 

systems, mostly through alloying of metallic elements
18

. 

Storage of hydrogen in advanced materials has been found to be safe and cost effective
18

. 

Hydrogen can be stored on the surfaces of solids by adsorption or within solids by 

absorption as shown in Figure 1.3. In adsorption (Figure 1.3a), hydrogen attaches to the 

surface of a material either as hydrogen molecules (H2) or hydrogen atoms (H). In 

absorption (Figure 1.3b), hydrogen molecules dissociate into hydrogen atoms that are 

incorporated into the solid lattice framework. This method may make it possible to store 

larger quantities of hydrogen in smaller volumes at low pressure and at temperatures close to 

room temperature. Finally, hydrogen can be strongly bound within molecular structures, as 

chemical compounds containing hydrogen atoms (Figure 1.3 c and d). 

 

a) Surface adsorption  b) Intermetallic hydride   c) Complex hydride    d) Chemical hydride 

Figure 1.3. Schematic diagram showing the storage of hydrogen in solids. 
3
 

 

 

Currently, the only safe alternative to fossil fuel is having an on-board metallic alloy that 

can store a significant amount of hydrogen fuel to power a car. The only by-product is 

oxygen and a trickle of water, neither of which will cause any harm to human health or the 

environment.  

Intermetallic hydrogen storage alloys are categorised into four major groups; namely A2B, 

AB2, AB5, and AB
21

. 

1. A combination of an alkali earth metal A and a transition metal B forms A2B alloys, 

e.g. Mg2Ti.  

2. The AB2 alloys, also known as Laves phase alloys, that are suitable for hydrogen 

storage, contain titanium, zirconium or hafnium at the A-site and a transition metal at 

B-site (e.g. Mn, Ni, Cr or V).  
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3. The AB5 alloys combine a hydride-forming metal A, usually a rare earth metal (La, 

Ce, Nd, Pr, Y or a mixture known as Mischmetal), with a non-hydride forming 

element such as nickel.  

4. Combination of two transition metals forms AB alloys e.g. FeTi. 

Solid solution alloys are formed by dissolving a hydrogen-absorbing metal element in 

another
21

. These alloys are based on elements such as V, Ti, Pd and Zr. Zr- and Ti- based 

solid solutions are usually too stable and palladium is too expensive. Solid solution alloys 

based on vanadium have good absorption properties.  

Solid solution alloys, commonly based on a V and Ti bcc solid solution, that contain a small 

amount of Laves phase (preferably C14), are called Laves phase-related bcc solid solution 

alloys e.g. based on Ti-V-Cr
22

. 

 WHY CHOOSE A LAVES PHASE-RELATED BCC SOLID 1.2

SOLUTION ALLOY?  

Ti-V based Laves phase-related bcc solid solution hydrogen storage alloys have been 

intensely studied for use as negative electrodes in nickelïmetal hydride (Ni-MH) batteries
23

. 

The V-based bcc phase is the major hydrogen-absorbing phase, while the C14 Laves phase 

not only absorbs hydrogen, but also acts as a catalyst in electrochemical hydrogenation/ 

dehydrogenation of the bcc phase. The  

Ti-Cr-V based alloys have a high effective hydrogen storage capacity of over 2 wt%, with a 

theoretical storage capacity of 3.8 wt%
24

. 

For this research work, the Ti-V-Cr based alloys have been chosen, as South Africa has 

extensive reserves of titanium, chromium and vanadium. 

This work will add to the pool of knowledge on storage capacity of metallic hydride alloys, 

thereby facilitating the industrial applications, for example in fuel cell cars and commercial 

use as electrodes in metallic hydride batteries.  
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 RESEARCH AIM AN D OBJECTIVE S 1.3

 

The aim of this research work was to develop and assess titanium alloys based on the Ti-Cr-

V system for hydrogen storage. 

The specific objectives were to: 

a) Produce, process and characterise as-cast alloys for hydrogen storage. 

b) Investigate the effect of substituting Fe or PGMs (Pd and Rh) at Cr/Ti sites on 

structure, corrosion properties, hardness and hydrogen storage characteristics of the 

alloys. 

c) Determine the effects of various heat treatments on the structure, corrosion 

properties, hardness and hydrogen storage characteristics 

d) Identify the most promising Ti-Cr-V-Fe-PGM composition for future work in 

producing, processing and characterising powder metallurgy alloys for hydrogen 

storage. 

 

 

 SIGNIFICANCE OF THE STUDY - INDUSTRIAL 1.4

APPLICATIONS  

 

Study of hydrogen storage is significant because hydrogen is the ideal candidate as an 

energy carrier for domestic, mobile and stationary applications, while averting adverse 

effects on the environment, and reducing dependence on imported oil 
16

. 

Development of a solid metallic hydrogen storage alloy as proposed in this work becomes 

very significant, as the use of liquid hydrogen requires the addition of a refrigeration unit to 

maintain a cryogenic state, thus adding weight and energy costs, and a resultant 40% loss in 

energy 
21

. Designs involving the use of methane as a hydrogen source require the addition of 

a steam reformer to extract the hydrogen from the carbon which adds weight, additional 

space requirements and the need for a device to isolate CO2 
22

. High-pressure storage of 

hydrogen gas is limited by the weight of the storage canisters and the potential for 

developing leaks
2
. In addition, storage of hydrogen in liquid or gaseous forms poses 

important safety risks for on-board transport applications 
23

. 

About 20% of the worldôs 4,221,000 tons of titanium is mined in the form of TiO2 in South 

Africa 
24

. Therefore, this work was aimed at promoting the use of an abundant, locally 
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available mineral, which is a key objective in the Beneficiation Strategy tabled in  

Parliament by the Department of Mineral Resources (DMR) in 2010 
24

. 

Modifier elements such as platinum group metals (PGMs) coated on hydrogen storage alloys 

enhance both the absorption and desorption of hydrogen, even under rapid charging and 

discharging times 
25

. As South Africa produces ~74% of the global PGM supply 
155

, the 

proposed inclusion of PGMs to the hydride alloys will enhance the relevance of this country 

in the area of hydrogen storage  technology in addition to enhancing the GDP. 

In an attempt to investigate the hazard in inhaling exhaust smoke from diesel engines, 

Silverman
26

, chief of environmental epidemiology for the National Cancer Institute, reported 

that in her 50 years study of 12 000 miners, the non-smoking miners who were heavily 

exposed to diesel fumes underground had seven times the normal lung cancer risk of 

smokers. So the use of hydrogen in the form of hydride-containing batteries as a fuel in 

mines would greatly reduce the health- and fire- hazards posed by the use of diesel. 

Hydrogen storage alloys are sometimes used as anodes in NiMH batteries, hence the need to 

investigate the corrosion behaviour of the alloy in a similar medium. 

 

 THESIS STRUCTURE 1.5

Chapter 2 reviews relevant literature in five sections. The first is a brief overview of the 

alloys. This is followed by phases and phase diagrams in the ternary Ti-V-Cr and pseudo-

binary TiCr2 ï V system. The third section discusses the important practical properties of 

hydrogen storage alloys, the fourth section reviews relevant published work on Ti-V-Cr 

based hydrogen storage alloys, while the last section provides a brief overview of 

electrochemical corrosion measurement. 

The experimental methodology, equipment and materials are described in Chapter 3. 

Chapter 4 presents results of laboratory work, in Chapter 5 the effect of substituting Fe on 

properties of the base alloy (Ti25V40Cr35) is discussed, while in Chapters 6 and 7 the effects 

of Rh and Pd on properties of the base alloy are discussed respectively. The effect of heat 

treatment on the properties of the alloys is discussed in each chapter. A summary of the 

results is given in Chapter 8, the conclusions are presented in Chapter 9 and 

recommendations for future work are given in Chapter 10.   
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CHAPTER 2: Literature review  

 

 OVERVIEW  2.1

A brief overview of alloys is given, followed by information on the binary (Ti-V, V-Cr, Ti-

Cr) and pseudo-binary (TiCr2 - V) phase diagrams of the Ti-V-Cr system. The important 

practical properties of hydrogen storage alloys are discussed. Relevant published work on 

Ti-V-Cr based hydrogen storage alloys is reviewed, specifically: properties of HSAs, the 

effects of substituting one or more elements and the influence of production methods and 

heat treatment on the hydrogen storage properties. In the last section, measurement of 

electrochemical/corrosion properties is reviewed. 

 OVERVIEW OF ALLOYS  2.2

A metallic alloy is a mixture or metallic solid solutions composed of two or more 

elements
27

. Complete solid solution alloys give a single solid phase microstructure, while 

partial solutions give two or more phases that may or may not be homogeneous in 

distribution, depending on thermal (heat treatment) history. Alloys usually have different 

properties from those of the component elements. In this work, the major elements Ti, Cr 

and V are considered. 

 

 HYDROGEN STORAGE PROPERTIES OF MATERIALS  2.3

In order to assess the suitability of material for widespread use as a hydrogen store, the 

physical and chemical properties include those related to safety and design of hydrogen 

storage systems. Other practical considerations are the cost of the material and its raw 

constituents, and their natural abundance. However, the properties of prime technological 

importance are those relating to hydrogen sorption, which include the following
33

 : 

a. Storage capacity (reversible, gravimetric and volumetric) 

b. Long-term cycling stability 

c. Gaseous impurity resistance 

d. Ease of activation 

e. Thermodynamic properties (enthalpy of adsorption and enthalpy of hydride 

formation and decomposition) 

f. Kinetic properties (hydrogen adsorption and absorption) 

 

http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Solid_solution
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Phase_(matter)
http://en.wikipedia.org/wiki/Homogeneous_(chemistry)
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2.3.1 Storage capacity 

 

Reversible storage capacity 

The reversible storage capacity of a material is the quantity of hydrogen absorbed and 

desorbed between the lower and upper operating pressures of a hydrogen store
20

. The United 

States DOE 2020 targets
45

 suggest that the minimum and maximum delivery pressure from 

storage system should be 5 and 12 bar (abs) (0.5 and 1.2 MPa). Any change in this pressure 

range is likely to change the reversible capacity of a given material to a certain extent.
44

 The 

reversible storage capacity for an interstitial hydride will be determined by the width of the 

plateau in the Pressure-Composition-Isotherm (PCI) as shown in Figure 2.1. The test was 

performed at 60°C (333 K), with a charging pressure of 2 MPa and delivery pressure of 

0.3 MPa.
42

  

 
Figure 2.1 Hydrogen absorption and desorption PCIs for LaNi5.

42
 

 

For any given hydride, including binary compounds, the absorption plateau pressure will 

increase with increasing temperature, and will generally follow the vanôt Hoff relationship:
53

 

Ὅὲ ὖ  
ЎὌ

ὙὝ

ЎὛ

Ὑ
ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣςȢρ 

where P is the operating pressure, æH is the enthalpy of hydride formation or 

decomposition, æS is the entropy of formation or decomposition, R is the universal gas 

constant and T is the operating temperature in K. 
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The natural logarithm (ln) of plateau pressures in PCT curves for 3 or more isotherm 

temperatures are used to obtain the vanôt Hoff plot. Let the slope of the line be m and the 

intercept be c, it then follows that: 

ЎὌ Ὑά  

and  ЎὛ Ὑὧ 

However, in situations where one of the three PCT curves does not have plateau, the van`t 

Hoff equation can be solved simultaneously. Suppose the respective plateau pressures P1 

and P2 were obtained from two PCT curves measured at isotherms temperatures T1 and T2. It 

then follows that from Equation 2.1:  

ὒὲ ὖ
ЎὌ

ὙὝ
 
ЎὛ

Ὑ
ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢςȢρὥ 

ὒὲ ὖ
ЎὌ

ὙὝ
 
ЎὛ

Ὑ
ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢςȢρὦ 

Equation 2.1a ï Equation 2.1b gives: 

ЎὌ  
ὒὲ ὖ ὒὲ ὖ

ρ
ὙὝ  

ρ
ὙὝ

ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢȣȢςȢς 

Make ȹS the subject of Equation 2.1a to get: 

ЎὛ  
ρ

ὙὝ
ЎὌ ὒὲ ὖ ὙȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢȣ ςȢσ 

In situations where two plateaus were observed, i.e. the vanôt Hoff graph could not be 

plotted, Equations 2.2 and 2.3 were used to determine the values of ȹH and ȹS respectively. 

 

Gravimetric storage capacity 

The gravimetric storage capacity is the amount of hydrogen stored per unit mass of material. 

This can be expressed as a weight percentage (wt%) kg H2 per kg material, or mol/kg 
19

. In 

the case of a metal hydride, it is a clearly deýned quantity and is typically calculated from 

the ratio of the mass of hydrogen stored within the metal or compound to the mass of the 

host material including the absorbed hydrogen
20

. The capacity in wt%, Cwt%, is given by
141

: 

ὅ Ϸ 
ϳ

ϳ
 ρππϷȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢ2.2 

where H/M is the hydrogen-to-metal or material host atom ratio, MH is the molar mass of 

hydrogen, and Mhost is the molar mass of the host material or metal. 
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The 2010 target set by US DOE in collaboration with the automotive industry
177

 was   

6 wt%, which was later reduced to 4.5 wt%. The 2020 target is currently set at 5.5 wt% and 

a net system storage cost of less than $10 kWh or $333/kg Hstored
-1

. The target for 2020 is 1.8 

kWh/kg (0.055 kg H2/kg system)
45

. 

 

Volumetric storage capacity 

The volumetric storage capacity deýnes the amount of hydrogen stored per unit volume of 

the material
19

. In the case of hydrides, this quantity is the amount of hydrogen stored per 

unit volume of the bulk metal. The units for this include kg.m
-3

 and mol.m
-3

. It can also be 

expressed as an energy storage density, the 2020 requirements is a volumetric energy 

density of at least 1.3 kWh.L
-1

 (0.04 kg.L
-1

).
46

  

 

2.3.2 Long-term cycling stability 

The long-term cycling stability of a material is defined as its ability to retain its reversible 

storage capacity during repeated hydrogen charge and discharge cycles. The 2020 US DOE 

storage targets specify an ability to undergo 1500 hydrogenation/dehydrogenation cycles
177

. 

Metal hydrides invariably undergo physical and chemical degradation during prolonged 

hydrogen cycling
47

. This is true even for the compounds that are the most resistant to 

degradation
67

. If the metal hydride can be made stable and free of impurities, the cycling 

stability would be greatly enhanced
48, 49

. 

 

2.3.3 Gaseous impurity resistance 

Gaseous impurities could also cause adverse effects on the hydrogenation properties of an 

alloy. There are very few documented studies on the effect of gaseous impurities on 

hydrogen stores.
50

 However, it was found that the hydrogen capacity of the super-activated 

carbon AX-31M was reduced by the presence of nitrogen at a level of 500 ppm.
51

 The 

reduction reached 30% at pressures above ~5.0MPa and a working temperature of 150K. 

Gaseous impurities that could be found in hydrogen storage alloys, such as 

Ti0.98Zr0.02Cr0.05V0.43Fe0.09Mn1.5, are N2, CH4, CO, CO2, O2 and H2O.
48 
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2.3.4   Ease of activation 

In a microporous adsorbent, the hydrogen absorption/desorption processes are delayed 

because of environmental adsorbates in the internal pore structure and external surfaces of 

solid
52

; which can be contaminants and remnants of solvents in alloys produced using wet 

chemistry
33

. Generally, the contaminants and remnants are removed by exposing the sample 

to vacuum at elevated temperatures
53
. Samples can also be þushed through with an inert gas 

to remove pre-adsorbed species
53

. The removal process is monitored by weight change 

during degassing (gravimetric system) or decrease in the pressure (volumetric system).
23

 

2.3.5 Thermodynamic properties  

The operating temperature and pressure ranges of hydrogen stores are governed by their 

thermodynamic properties
52

. Although they are considered in conjunction with the reversible 

storage capacity and the kinetic hydrogen sorption properties of a material, these values are 

a fundamental measure of the hydrogen storage properties of a particular host.
20

 

2.3.6 Kinetic properties 

The kinetic hydrogen sorption properties of a hydrogen store determines the rate at which it 

can be charged and discharged. A good hydrogen store should take up and release hydrogen 

in a practical time frame. Goodell et al.
6
 proposed a practical way of measuring the rate 

using parameters T1/2  (the time in minutes to reach half completion) and R1/2 (the reaction 

rate at this time). 

Enthalpy of adsorption 

Strength of the interaction between a molecule and the adsorbent surface or pore structure is 

provided by its enthalpy of adsorption
53

. The enthalpy of adsorption can be deýned in a 

number of ways, such as: the transformed molar surface excess enthalpy, transformed 

differential surface excess enthalpy, transformed differential enthalpy, transformed integral 

molar enthalpy, differential surface excess enthalpy and the differential enthalpy of 

adsorption. The last of these, also called isosteric enthalpy of adsorption,
54

 is the most 

acceptable and it is typically determined experimentally from the following expression 
135

: 

ЎὌ
ὙὝὝ

Ὕ Ὕ
Ὅὲ
ὖ

ὖ
ȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢȣȣȣȢςȢσ 
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where T1 and T2 are two closely spaced measurement temperatures, P1 and P2 are the 

pressures at which a given quantity of hydrogen is adsorbed, and R is the universal gas 

constant. 10 K is a typical temperature difference, so that T2-T1=10K, and, due to the 

convenience of using liquid nitrogen and liquid argon, T1 = 77 K and T2 = 87 K are often 

chosen
55

.  

 

Enthalpy of hydride formation and decomposition 

The enthalpy of hydride formation or decomposition is commonly calculated from Pressure-

Composition-Isotherms using a graph of the natural log of the plateau pressure versus 

inverse temperature, which is commonly known as a vanôt Hoff plot. 
53

 Following 

Equation 2.1, the slope of the line gives the enthalpy term and the intercept gives the 

entropy. 

Surwarno et al. 
56

 prepared ~5g argon arc melted buttons of Ti0.8V0.2 and Ti0.9V0.1 (at.%) 

alloys. The alloys were cut into smaller pieces for hydrogenation in their as-cast form. It was 

observed that the microstructure of the alloys had large grains with diameters exceeding 

500µm. The grain size of Ti0.8V0.2 which has a ɓTi structure was found to be smaller than 

that of Ti0.9V0.1 with a mixture of ŬTi and ɓTi phases (ŬTi hcp dominating). It was also 

found that both alloys absorbed hydrogen within 1 minute, but the quantity absorbed 

depended on the hydrogenation temperature (3.95% H mass fraction at room temperature 

and 3.0-3.7% at 450°C). 

  

In another study by Yang et al. 
63

, titanium and nickel powder were mixed in a mass ratio 

1:1, then sintered at 850°C for four hours using solid phase sintering under an argon 

atmosphere. XRD showed that the sintered alloy had the Ti2Ni phase coexisting with TiN, 

Ni, TiNi 3 phases. The alloy had a maximum discharge capacity of 205mAh/g at a discharge 

current of 60 mA/g, and this value decreased as the number of cycles increased. 

 

Investigations on the hydrogen storage behaviour of flat sheet of near-Ŭ titanium alloy 

(Ti600), Ŭ+ɓ titanium alloy (TC21) and ɓ titanium alloy (Ti40) was carried out by Xiaoli et 

al.
64

. The specimens were polished mechanically to remove the surface oxide and surface 

finished by cleaning the surface ultrasonically with acetone before the hydrogen 

absorption/desorption test. The results show that the initial temperatures of hydrogen 
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absorption/desorption for Ti600 were 573°C and 578.5°C, 580°C and 628.1°C for TC21 

alloy and 515°C and 540°C for Ti40 alloy. The hydrogen absorption/desorption behaviour 

of Ti600 was similar to that of TC21 and the hydrogen absorption/desorption properties of 

Ti40 was the best. 

 

In the work of Santos and Huot 
65

, TiCr1.2(FeV)x (x= 0.4, 0.5, 0.6 at.%) bcc solid solution 

alloys were considered attractive candidates for hydrogen storage due to their relatively 

large hydrogen absorbing capacities near room temperature. The microstructures of these 

alloys were found to consist of dendrites and the co-existence of bcc solid solution and C14 

Laves phase in all compositions. The hydrogen storage capacity increased with decreasing 

content of (FeV). The best results were obtained for the TiCr1.2(FeV)0.4 alloy, which 

achieved 2.79 mass% of hydrogen storage capacity and 1.36 mass% of reversible hydrogen 

storage capacity. 

 

Young et. al
87

 studied effect of annealing (between 800 and 1100°C ) on hydrogen storage 

properties of Ti15.6Zr2.1V40.0Cr11.2Mn6.9Co1.4Ni22.5Al 0.3. They found bcc, TiNi, and C14 

phases in the as-cast sample. Annealing at 800 and 900°C increased the main hydrogen 

storage BCC phase abundance and decreased the C14 and TiNi catalytic phases and Zr and 

TiO2 debris. Annealing at 1000°C promoted the formation of Ti2Ni phase. A ʙ-VNi phase 

appeared after annealing at 1100°C. Annealing at 900°C for 12-h optimized the storage 

capacity, high-rate performance, and activation due to a favourable balance in abundance 

between the hydrogen storage phase (bcc) and the catalytic phases (C14 and TiNi). 

Electrochemical loading of hydrogen in single and binary mixtures of the intermetallic 

compounds, TiNi, TiFe, Zr30Ni70 and Zr70Ni30 (at.%) have been carried out after mechanical 

milling 
66

. It was observed that hydrogen storage of the 50/50 (by weight) TiNi/ZrNi binary 

mixtures was enhanced after high energy milling (at 450 rpm for 12 h). Good 

electrochemical loading (98 mAh/g) was exhibited at 25°C for a binary mixture of the high 

energy milled TiFe/Zr30Ni70 alloys in ratios 50/50 and 30/70. However, this capacity 

decreased by ~12% on increasing the temperature to 55°C. An increase of ~65% hydrogen 

capacity was observed for the 70/30 TiFe/Zr30Ni70 binary mixtures over the same 

temperature range (25-55°C). 
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Two alloys with compositions: Ti33.5Cr34.7V (Alloy A) and Ti9.5Cr14.7Mn2V (Alloy B) (wt%) 

were produced and the hydrogen storage properties were compared by Wang et al..
181

 

Increasing the Ti/Cr ratio in the Ti9.5Cr14.7Mn2V alloy and excluding Mn improved the 

hydrogen storage capacity. In addition, Alloy A absorbed 3.6 wt% hydrogen in the first 

cycle, while Alloy B absorbed 2.4 wt% H2 at 25°C and only desorbed at 400°C. It was 

concluded that Alloy B was inferior to A in terms of hydrogen uptake and release. 

A study was conducted on hydrogen absorption properties of Tiï0.2Pd alloy immersed in 

2.0% and 0.2% acidulated phosphate fluoride (APF) solutions using thermal desorption 

analysis (TDA)
66

 revealed that during the early stage of the immersion in the 2.0% APF 

solution, the mass of absorbed hydrogen was lower than 500ppm. This value was found to 

be lower than that of commercially pure titanium. In the 0.2% APF solution, the alloy 

absorbed 100ï200 mass ppm and one-half or two-thirds of that of commercial pure titanium. 

In neutral 2.0% NaF solution, hydrogen absorption was negligible. 

 

2.3.7 Effect of substituting elements on hydrogen storage properties 

There are several studies on the evaluation of hydrogen storage capacity of different alloys, 

the effect of substituting elements and the influence of heat treatment on hydrogenation 

characteristics.  

Effect of V and Cr on Ti-based alloys 

The influence of vanadium V on the H storage of (TiCr)95V5, (TiCr)90V10 and (TiCr)65V35 

(at.%) alloys with Ti/Cr = 5/8 was studied.
67

 It was observed that increasing V content 

increased the hydrogen uptake. Among the alloys studied, (TiCr)65V35 had the highest H2 

storage capacity and desorption ratio of 2.86 wt% and 61 wt% respectively. 

Shirasaki et. al.
80

 found that the hysteresis factor of pure V was almost unchanged, but that 

of heat treated Ti-Cr-xV (x = 5, 15, 30, 60) decreased with increase in cycle number. The 

plateau pressure of Ti-Cr-V alloys in absorbing process dropped significantly with increased 

cycle number, but there was no change in the PCT curve for pure vanadium. 

Substituting some Fe atoms in FeTi by metals such as Cr and V eased activation of the alloy 

and the hydriding pressure was also lowered.
81, 

82 
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Alloying of vanadium up to 40% in (Ti0.8Cr)1-xVx with the particular ratio of Ti/Cr = 0.8 

resulted in insignificant changes of the hydrogenation properties
132

. For each sample, similar 

and significant hydrogen uptake (1.4 wt%) was observed due to the capacities of lower 

hydrides (ɓ1, ɓ2) and the hydrogen solid solution (Ŭ) with higher stability. 

Ghosh et al.
57

  found that the V-4Ti-4Cr alloy solidified to a bcc solid solution phase and the 

V-39Ti-54Cr alloy formed a V-substituted cubic TiCr2 Laves phase. V-50Ti and V-40Ti-

20Cr alloys upon solidification formed a bcc solid solution phase that showed a tendency of 

phase separation into V-rich and V-poor regions. The phases in V-40Ti-20Cr alloy were 

either rich or poor in V and Ti, while Cr was almost homogeneously distributed between the 

phases.  

Ti0.17Zr0.08V0.34Pd0.01Cr0.1Ni0.3 electrode alloy was investigated by XRD, SEMïEDS, ICP, 

EIS and chargeïdischarge measurement
73

. It was found that the alloy is composed of a V-

based solid solution main phase with bcc structure and C14 Laves phase with hexagonal 

structure. The alloy electrode has a higher discharge capacity within a wider temperature 

region from 303 K to 343 K. The charge transfer resistance decreases with increasing 

temperature 

TiCrV and Ti0.8Cr1.2V (at.%) alloys were produced by vacuum arc melting and the cyclic 

hydrogen absorption-desorption characteristics were evaluated.
93

  Cyclic hydrogen capacity 

values of 2.5 wt% and 2.0 wt% were obtained (even after 15 cycles) for TiCrV and 

Ti0.8Cr1.2V alloys respectively. This is in agreement with the work of Wang et al.,
181

  in that 

decreasing Ti/Cr ratio led to a decrease in hydrogen uptake. 

Tominaga et al.
74

 (cited in Akiba and Okada 
4
) reported Ti-(0-35)V-Cr alloys containing 

more than 15 at.% V were mainly bcc phase and absorption-desorption capacities of ~2.4 

mass%, but alloys with less than 10% V contained Laves phase and hydrogen capacities of 

less than 1.8 mass%. 

 

Okada et al.
75

 reported the highest hydrogen capacity of 3.0 mass% in Ti-(5-7.5 at.%)V-Cr 

alloys, similar to Ti-Cr-(1-25 at.%)-Mo alloys reported by Kamegawa et al.
77

 (cited in Akiba 

and Okada
4
). This capacity is the highest reported so far for the 313 K isotherm.  

Research was carried out on the use of ferrovanadium to substitute for vanadium to reduce 

the cost of a Ti34Mn18Cr16V32ī5x (V4Fe)x alloy where x = 0, 2, 3, 4, 5 (at.%). Hydrogen 
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desorption capacity increased with increasing x from 0 to 3, and decreased with further 

increase in x from 3 to 5 
76

. The best PCT (pressure-composition-temperature) performance 

with an effective hydrogen desorption capacity of 1.93 wt% and low cost was found at x = 3. 

In the study of hydrogen storage characteristics of TiMn2-xVx (x = 0.8, 1, 1.2) alloys, it was 

observed that the hydrogen storage capacity increased with increasing x 
77

. Increasing the V 

content promoted the transition from coexisting Laves and V-based bcc phases to single 

phase V-based bcc.  

It was found that partial substitution of Cr by VFe improved the reversible capacity of 

TiCr1.8-x(VFe)x (x = 0, 0.2, 0.4, 0.6, 0.8) at.% alloy at low x and then slightly decreased it 

when VFe exceeded 0.6 
78

. The maximum hydrogen storage capacity was 3.4 wt% at x = 

0.8. With increased VFe substitution for Cr, the phase structure changed from Laves to bcc 

and the crystal cell parameters of the bcc phase increased.  

Miyamura et al.
217

 studied the effect of partial substitution of Fe and Ti by V on hydrogen 

storage properties of Ti-Fe alloys by producing TiFeV3, Ti3FeV, TiFeV, TiFeV0.7, 

Ti0.3Fe0.6V0.1 and TiFe0.3V (at.%) alloys. It was found that vanadium additions increased the 

hydrogen storage capacity of the alloy, by lowering the equilibrium pressure of hydrogen. 

The highest absorption capacity, in terms of hydrogen-to-metal ratio (H/M), at 60°C was 

1.0 wt% for TiFeV0.7 

Work on Vx (Ti,Cr,Fe)100īx alloys (Ti/Cr+Fe = 1.0, Cr/Fe = 2.5, x = 20ï55 at.%) 
199

 showed 

that with increasing V content, the hydrogen absorption capacity and desorption capacity 

both increased, and the plateau pressure decreased. BCC and Laves phases appeared when x 

< 30 and a single bcc phase appeared when x Ó 30. While investigating the effect of Cr 

content on hydrogen storage properties of TiV25Crx Mn35-x (x = 0 ï 30 at.%), it was found 

that the incubation time was very short (10 ï 90 s) for alloys with x = 0 and x = 10, but was 

250 ï 300 s for x = 20 and 30 
79

. The time to reach maximum capacity increased with 

increasing chromium content. 

Considering the influence of Cr on hydrogen storage properties of Ti-rich ternary alloys 

Ti0.7V0.3-xCrx (x = 0.2 ï 0.3) and Ti0.8V0.2-xCrx (x = 0.07 ï 0.2 at.%), it has been shown that 

the alloy with the lowest content of chromium, Ti0.8V0.13Cr0.07, fast/immediate 

hydrogenation occurred at room temperature
159

. However, increase in the Cr content led to 
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slower hydrogen absorption kinetics and an increase in the incubation time, and reduced the 

apparent activation energy of hydrogen desorption. 

It was found that factors affecting the plateau pressure and hydrogen absorption and 

desorption of V30Ti32Cr31.91Fe6.09 alloy were: Ti/(Cr+Fe) ratio, Cr/Fe ratio, Ti/Cr ratio, 

lattice parameter and electron-to-atom e/a value
84

. It was also observed that lattice 

parameters and e/a value had a large influence on the hydrogenation properties. The critical 

value of e/a was found to be 5.25. When e/a < 5.25, the alloys had high absorption capacity, 

which decreased rapidly when e/a > 5.25. 

The reversible desorption capacity of V40(TiCr)51Fe8Mn alloy was found to decrease with 

the cycle numbers from 2.2 wt% at the beginning to 1.86 wt% at the 10
th
 cycle at 26°C. 

89
  It 

was also observed that during the first 10 cycles, oxides of the main elements formed rapidly 

and this led to deceleration of hydrogen uptake. Stability in desorption capacity after the 15
th
 

cycle was a result of formation of a dense, passive chromia layer around the alloy particle 

which hindered reversible desorption capacity. 

The work of Cho et al. 
90

 on ternary Ti-V-Cr alloys showed that the hydrogen storage 

capacities and effective hydrogen uptake was strongly dependent on the Ti:Cr ratio, with the 

maximum value at Ti:Cr = 0.75. In addition, the lattice parameter increased with increasing 

Ti:Cr ratio.  

The Zr-Fe-V-based alloys were systematically investigated for the possible use in hybrid 

storage devices
91

.  (Zr0.7Ti0.3)1.04Fe1.8V0.2 shows the best overall properties with a reversible 

hydrogen capacity of 1.51 wt%, and hydrogen desorption pressure of 11.2 atm at 0 °C. The 

alloy also showed excellent stability without obvious capacity loss even after 200 hydrogen 

absorption/desorption cycles. 

Wang et. al.
67

 rapidly solidified (NiMnAl)4.2Co0.3Fe0.5 at 900°C and found that the process 

can decrease the hydrogen equilibrium plateau pressure and the plateau slope. The activation 

time, discharge rate and discharge capacity was improved, but cycling performance was 

poor.  

Studies into enhancement of hydrogen storage capacity of Ti-V-Cr-Mn bcc phase alloy were 

carried out by Yu et al. 
86

. In the work TiïxVï10Crï(50īx)Mn (x= 20, 24, 28 and 32), alloys 

were prepared by magnetic levitation melting. The result of PCT analysis showed that 
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increasing the V content led to flattening of the hydrogen desorption plateau and depression 

of the hydrogen desorption plateau pressure. As V content increased, the two phases bcc and 

C14 Laves changed to a single phase bcc. The maximum and effective hydrogen storage 

capacities were 3.98 and 2.51 wt%, respectively when x=32. 

Effect of Fe on Ti based alloys 

In the study on the effect of iron substituting cobalt in Ti12Zr21.5V10Cr7.5Mn8.1FexCo8-x 

Ni32.2Sn0.3Al0.4 (x = 0 ï 5) (at.%) it was observed that hydrogen storage characteristics were 

not really influenced by the addition of Fe 
206

. This is in contrast to Murshidi et al.
101

. The 

work of Young
108

 and Murshidi
101

 implies that Fe may or may not influence hydrogen 

uptake, depending on the alloy in question. 

It has been shown that substitution of V for Fe reduced hydrogen uptake in 

Ti0.8Zr0.2V2.7īxMn0.5Cr0.8Ni1.0Fex (x = 0 ï 0.5) (at.%) 
109

. In addition, it was noticed that with 

increased  Fe content, the proportion of the C14 Laves phase gradually decreased, while that 

of the V-based solid solution phase increased. 

The effect of desorption temperature and substitution of Fe for Cr on the hydrogen storage 

properties of arc-melted Ti-Cr-V alloys was investigated by Jeong-Hyun et al. 
89

. When the 

H desorption was measured at seven temperatures, the usable hydrogen increased slightly 

with increase in temperature. For Ti0.32Cr0.43īxV0.25Fex (x = 0, 0.03, 0.05, 0.08, 0.1) alloys, 

Ti0.32Cr0.35V0.25Fe0.08 alloy was the  most promising for practical applications such as fuel 

cells. 

A study on the effect of Fe addition on hydrogen storage characteristics of a 

Ti0.16Zr0.05Cr0.22V0.57 (at.%) alloy showed that there was a noticeable decrease in hydrogen 

uptake in alloys that contained 3-5 at.% Fe and the lattice parameter also decreased linearly 

110
. 

Lee and Perng 
92

 found that the absorption rate of TiFe1-xMx (M = Cr, Mn) alloys was 

strongly dependent on the Cr content and heat treatment. TiFe0.9Cr0.1 in the as-melted 

condition had the highest rate, while TiFe0.95Cr0.05 after annealing had the lowest rate. It was 

also observed that TiFe0.9Mn0.1 could absorb hydrogen without activation, although the 

absorption rates were much lower than those of TiFe0.8Mn0.2. The incubation time of 

TiFe0.9Mn0.1 was ~2 h and it took more than 2 days to reach the saturated value. 
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Homogenization treatment of TiFe0.9Mn0.1 did not substantially improve the hydrogenation 

rate. 

Partial substitution of Cr with Fe on hydrogen storage properties of the TiCr1.9Mn0.1 alloy 

showed that hydrogen storage capacity decreased with increasing Fe content. The capacity 

was 1.78, 1.74 and 1.48 wt% for 0.4, 0.5 and 0.6 at.% Fe respectively. 
111

  

The study of microstructure and hydrogen storage properties of the titanium-rich 

Ti0.8Zr0.2V2.7Mn0.5Cr0.8īxNi1.25Fex (x = 0.0- 0.8) revealed that discharge capacity decreased 

from 350mAh/g at x=0 to 260mAh/g at x=0.8
112

. However, the cyclic stability and the high 

rate dischargeability increased ýrstly (from 60% at x = 0 to 69% at x = 0.3) and then 

decreased (to 65% at x = 0.4 and 30% at x = 0.8). Discharge capacity increased from 42% (x 

= 0) to 69% (x = 0.4) and then dropped to 21% (x = 0.8) after 200 cycles. 

The Zr-Fe-V-based alloys were systematically investigated for the possible use in hybrid 

storage devices
113

.  (Zr0.7Ti0.3)1.04Fe1.8V0.2 shows the best overall properties with a reversible 

hydrogen capacity of 1.51 wt%, and a hydrogen desorption pressure of 11.2 atm at 0°C. The 

alloy also showed excellent stability without obvious capacity loss even after 200 hydrogen 

absorption/desorption cycles. 

 

Effect of PGMs on Ti based alloys 

TiFe was produced by arc-melting and the surface modified with Pd. The effect of chemical 

surface modification with Pd on H2 storage was then assessed. The work showed that Pd 

deposition improved hydrogenation properties at moderate H2 pressure 
188

. It has also been 

shown that surface modification of a TiFe alloy with Pd nanoparticles promoted 

hydrogenation of the alloy, even after exposure to air 
35

.  

Typical of hydrides of Platinum Group Metals (PGMs), palladium hydride shows 

exceptional catalytic properties and kinetic reversibility of hydrogen,  but gravimetric and 

volumetric H densities are low due to their high atomic mass and low n in MHn (all known 

PGM hydrides have n Ò 1) .
45, 100, 115

  

Work on the effect of palladium on hydrogenation behaviour of arc-melted TiFe1-xPdx (0.05 

Ò x Ò 0.30) at.% alloys showed that the lattice constant increased with the increased in 
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palladium content
116

. The plateau pressure and activation temperature were lowered as x 

increased, although the hydrogenation capacity was not significantly affected. 
193

 

Zhang et. al.
7
 ball milled Mg67Co33 and Mg67Co33ïPd for 120h and analysed the 

properties.  High resolution transmission electron microscopy (HRTEM) and selected area 

electron diffraction (SAED) analyses showed that the alloys all had BCC structures. 

Introduction of 5.0 at.% Pd significantly increased the initial discharge capacity of 

Mg67Co33  (from 10 mAh g
ī1

  to a maximum of 530 mAh g
ī1

). The hydrogen diffusion 

coefficient of the Mg67Co33 was enhanced with Pd. 

In hydrogen absorption-desorption studies of Ti33V33Cr34 (with 0, 0.05 and 0.5wt% Pd), 

increasing the Pd content improved the activation properties and steady absorption capacity, 

and resulted in a smaller desorption plateau 
72

.  

 

Effect of Zr, Co, Ni, Al, Sn, B, Mn, Hf and Ce on Ti-based alloys 

The maximum hydrogen storage capacity of TiMn hydrogen storage alloys when Zr was 

substituted at the Ti site and V, Fe, Cr and Al at the Mn site, was found to be 1.71 wt% at 

25°C 
121

. However, at higher temperature, the hydrogen sorption capacity decreased and the 

plateau increased. The æH and æS of hydrogen absorption were -21.7kJ/mol and 

99.8J/mol.K. Desorption values were 25.4kJ/mol and 108.5J/mol./K; indicating a signiýcant 

hysteresis effect. All the alloys were found to contain the hexagonal C14 Laves phase.  

Pickering
102

 produced ten alloys from the Ti-V-Mn, Ti-V-TM-Mn and Ti-V-Nb-Mn 

systems. The highest reversible hydrogen capacity of 1.56 wt% was found in Ti0.50V0.51Mn1 , 

with enthalpy and entropy values of -26.63 kJ/mol.H2 and 111.77 J/mol.H2. The 

Ti0.55V0.42Cr0.11Mn1 had the lowest reversible capacity of 1.06 wt%, with a ȹH of -

27.73 kJ/mol.H2 and a ȹS of 103.93 J/mol.H2  

Addition of Al and V to Ti improved the mechanical properties and hydrogen uptake 
103

. Ti 

and a Tiï6Alï4V alloy were hydrogenated at different temperatures between 150°C and 

750°C using elastic recoil detection analysis (ERDA) with 3 MeV particles and Rutherford 

backscattering spectrometry (RBS) with 6.585 MeV particles. It was observed that hydrogen 

absorption began at 550°C in Ti and at a slightly higher temperature in Tiï6Alï4V. 

Titanium showed cracks after the hydrogenation process, but the Tiï6Alï4V samples were 

more mechanically stable. A natural hydrogen desorption was observed in both materials 
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with time; the desorption from 100 - 20% took place within 40 days in Tiï6Alï4V 

hydrogenated at 750°C and for the Ti alloy hydrogenated at 600°C, dehydrogenation to 75% 

concentration occurred within 140 days and then remained stable.  

 

Hydrogen absorption/desorption properties of Ti-M-V-B (M=Cr, Mn) were examined by 

Uno et al. 
104

 at hydrogen pressures of 0.01-7MPa and a temperature of 30°C. The 

Ti37Mn25V38Bx alloys were prepared by arc-melting, while Ti31Cr30V39Bx (x = 0, 6 at.%.) 

alloys were prepared by the suction casting method. XRD showed that Ti37Mn25V38  had a 

bcc single phase and Ti37Mn25V38Bx (x = 2 - 10) comprised two or three phases indexed as a 

BCC phase and C14 Laves phase. The P-C isotherms revealed that the Ti37Mn25V38 has the 

largest hydrogen capacity of 2.98 wt% at 6.3MPa, and the capacity decreased gradually with 

increased x. A similar trend was observed in Ti31Cr30V39Bx alloys, which suggests that boron 

reduces hydrogen uptake. 

In the study of the effect of Sn substitution at the Ti site on the hydrogen storage properties 

of FeTi1-xSnx (x = 0.02 and 0.05), there were increases in plateau pressures, enthalpy (æH) 

and entropy (æS) values, but a decrease in hydrogen saturation contents 
82

. Both FeTi and 

FeTi0.98Sn0.02 needed ~12 cycles of activation to attain the saturation hydride compositions 

of FeTiH2 and FeTi0.98SnH1.6 respectively, while FeTi0.95Sn0.05 needed 1 to 2 cycles of 

activation to attain the saturation composition of FeTi0.95Sn0.05H1.4. 

Abrashev et al. 
106

 studied the microstructure and electrochemical properties of TiFe1-xCox (x 

= 0.1, 0.3) and TiFe0.7Ni0.2Co0.1 (at.%) alloys produced by milling in a high-energy planetary 

mill for 15, 20 and 30 hours. The electrochemical cycle life of the electrodes showed that 

Co-containing alloys had lower discharge capacity and better corrosion stability compared 

with the TiFe alloy. Contrarily, the Ni-containing alloy did not show a significant difference 

in the discharge capacity and cycle performance for samples after varying milling times. 

Chen et al. 
107

 synthesised Ti1+xCr1.2Mn0.2Fe0.6 (x = 0, 0.02, 0.05, 0.1) alloys by induction 

levitation melting and investigated the hydrogen storage behaviour. The results showed that 

the unit cell volume expanded with increasing Ti content and Ti1.02Cr1.2Mn0.2Fe0.6 had the 

highest storage capacity of 1.61 wt%. 

Copper was studied
108

 as a modifier for Ti12Zr21.5V10Cr7.5Mn8.1Co8.0-xNi32.2CuxSn0.3Al0.4 

(x = 0 to 5 at.%) alloys. As the Cu content increased, the maximum and reversible hydrogen 
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storage decreased, but the high rate dischargeability fluctuated. A maximum hydrogen 

uptake of 1.4 wt% was observed at x = 0, i.e. with no copper added. 

The effect of aluminium on hydrogen storage of (V30Ti35Cr25Fe10)100-xAl x (x= 0.6 to 6 at.%) 

alloys was studied by Yigang et al. 
109

. No significant reduction was found when the Al 

content was 0.6, 0.7, 0.8 and 0.9 at.%, but when the Al content was increased further, 

absorption and desorption of hydrogen decreased noticeably. The maximum hydrogen 

uptake was found to be 3.6 wt% at x = 0, i.e. V30Ti35Cr25Fe10 without Al. 

The presence of Si and Al in V55Ti20.5Cr18.1Fe6.4 has been shown to have a positive effect on 

the cyclic capacity 
110

, promoting transformation from fcc to bcc and enhancing the 

pulverisation resistance. The maximum hydrogen uptake of V54.8Ti20.4Cr18Fe6.4Si0.1Al0.3 was 

2.23 wt%. 

Ti10V84īxFe6Zrx (x = 1 - 8) alloys were produced by induction levitation melting and its 

hydrogen uptake characteristics were investigated
111

. Zr substitution for V had the best 

hydrogen absorption/desorption capacity at x = 1. However, for x = 2 to 8, the activation 

behaviour improved, but the hydrogen absorption/desorption capacity decreased. 

While investigating the hydrogen storage characteristics of TiCr1.8 + x wt% LaNi5 (x = 5, 10, 

15 and 20), the hydrogen storage capacity decreased with increasing LaNi5 content.
 112

  

Storage capacities at x = 5 and x = 10 were almost the same, similarly the capacity at x = 15 

and x = 20 were similar. However, electrochemical characteristics were greatly improved as 

x increased, with a maximum discharge capacity after 5 charge/discharge cycles of 55 

mAh/g at x = 20.  

A comparative study of the hydrogenation characteristics of two alloys shows that 

Ti0.85VFe0.15 (at.%) could absorb a maximum of 3.7 wt% hydrogen and 

Ti0.85V0.95Fe0.15Zr0.05 was able to absorb 3.5 wt%, showing that substituting Zr for V slightly 

reduced the hydrogen uptake. 
113

  

Excessive substitution of Co for Ni decreased the cycling stability of a 

Ti0.8Zr0.2V2.7Mn0.5Cr0.8Ni1.25īxCoxFe0.2 (x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25) alloy
114

.  

As x increased, the discharge capacity decreased from 340.5 to 305.6 mAh/g and the high 

rate dischargeability (HRD) gradually decreased from 66.8% to 55.0%. 
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Addition of Ce was found to be an effective way to inhibit formation of the C14 Laves 

phase, improve the flatness of the plateau (i.e. the pressure at which H uptake begins), 

increased the hydrogen capacity and the H diffusion rate of Ti27.25Cr28.05V37.25Fe7.45Ce1.0.
 116

 

This work and that of Miao et al.
113

 indicate that C14 Laves is detrimental to hydrogen 

storage in bcc alloys. 

VïTi based hydrogen storage electrode alloys with Zr, Mn, Cr Ni, Co and Fe alloying 

additions were produced by induction levitation melting
59

. Studies on the mechanisms for 

improving the cyclic stability of Ti0.8Zr0.2V2.7Mn0.5Cr0.6Ni1.25Fe0.2, 

Ti0.8Zr0.2V2.7Mn0.5Cr0.4Ni1.25Fe0.4, Ti0.8Zr0.2V2.7Mn0.5Cr0.6Ni1.15Co0.1Fe0.2 and 

Ti0.8Zr0.2V2.7Mn0.5Cr0.6Ni1.25Fe0.8 (at.%) alloys showed that Cr and Co enhanced the cyclic 

stability, resistance to corrosion and pulverisation of these V-Ti based hydrogen storage 

electrode alloys 
59

. 

It was established that Mn retarded hydrogen uptake in TiFe0.9Vx and TiFe0.8Mn0.1Vx (x = 0, 

0.05 and 0.1 at.%) as the hydrogen absorption increased with increased vanadium content, 

although the increase was more significant without the presence of Mn 
47

. 

Addition of V to FeTi intermetallic significantly increased the hydrogen absorption kinetics 

at the cost of a marginal increase reduction of hydrogen storage capacity
151

. The maximum 

storage capacity was found to be ~1.2 and 1.1 mass% for the FeTi intermetallic and FeTi-3.1 

mass% V respectively. 

An Investigation conducted on effect of partial substitution of Cr with Mn on hydrogen 

storage properties of TiCr1.4-yMnyFe0.6 (y= 0.1, 0.2, 0.3) alloys showed that Mn reduced 

hydrogen storage capacity
90

. Increasing Mn content from 0.1 to 0.3 at.% reduced hydrogen 

storage capacity from 1.48 to 1.26 wt% 

Work by Chao et al. 
156

 on Ti0.33-xZrxCr0.47V0.20, Ti0.27-xZrxCr0.36V0.37 and Ti0.20-x ZrxCr0.25V0.55 

(at.%) alloys produced by arc-melting showed that substituting zirconium for titanium 

decreased hydrogen storage capacity and increased the slope of the isotherm. 

When Hf was substituted for Zr in Ti40Hf40Ni20 and Ti45Zr38Ni17 (wt%) alloys, it was found 

that Zr was a better substitute for Hf 
162

 as the hydrogen uptake for Ti40Hf40Ni20 and 

Ti45Zr38Ni17 was 1.4 and 1.5 wt% respectively. 
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In a study of hydrogen absorption characteristics of Ti0.42Zr0.08Fe0.50 and its comparison with 

TiFe and Ti0.45Fe0.45B0.1 (at.%) 
134

, it was observed that the maximum solubility of hydrogen 

(H/M ratio) was 0.065 - 0.07 for Ti0.42Zr0.08Fe0.50, 0.04 - 0.05 for TiFe and 0.08 - 0.09 for 

Ti0.45Fe0.45B0.1, which suggested that B promoted hydrogen uptake. 

Zhao et al. 
63

 studied part substitution of Ti by Zr in Ti2-xZrxNi (x = 0, 0.2, 0.4) (at.%). 

Results showed that Zr retarded the discharge capacity, which is in agreement with Basak et 

al. 
112

 and Murshidi et al. 
101

. 

Hydrogen absorption/desorption properties of (40-x)Ti-40V-10Cr-10Mn-xSc (x=0, 5, 10, 15) 

were investigated
212

. It was observed that hydrogen absorption capacity of a Sc-free sample 

was larger than the Sc-containing samples. The absorption/desorption capacity increased 

with increasing Sc content and the maximum absorption capacity of 3.577 wt% was 

obtained at 15 at.% Sc. 

Investigation on the structure and hydrogen storage properties of TiMn2-5x(V4Fe)x (x = 0.30, 

0.35) (at.%) showed that TiMn0.50(V4Fe)0.30 had better hydrogenation properties than a 

TiMn0.25(V4Fe)0.35 alloy, implying that higher Mn : V4Fe favoured hydrogen uptake 
152

. 

Lee and Perng 
123

 investigated the effect of boron and carbon on hydrogenation properties of 

TiFe, TiFeC0.001, TiFeB0.001, Ti1.1Fe, Ti1.1FeC0.001 and Ti1.1FeB0.001 (at%).  Results of the 

investigation showed that B and C slowed down activation rates of hydrogen uptake. 

Martínez and Santos
169

 found that the hydrogen storage capacity attained a value of 3.6 wt. 

(%) for TiCr1.1V0.9 alloy in a time of 9 minutes, 3.3 wt. (%) for a TiCr1.1V0.45Nb0.45 alloy in a 

time of 7 minutes, and 3.6 wt. (%) for TiCr1.1V0.9 + 4%Zr7 Ni10 with an increase of the 

hydrogen absorption kinetics attained in 2 minutes. This indicates that the addition of Nb 

and 4%Zr7Ni10 to the TiCrV alloy acts as catalysts to accelerate the hydrogen absorption 

kinetics. 

Arc-melting of Ti25V35Cr40Mx (M = B or C and x = 0, 0.1, 1, or 5) alloys were carried out by 

Shen et al. 
208

to investigate the effect of interstitial boron and carbon on hydrogenation 

properties. The effective hydrogen desorption capacities were increased from 0.80 H/M for 

the sample without doping to 0.86 H/M for Ti25V35Cr40B1 and 0.87 H/M for Ti25V35Cr40C0.1. 

 

Towata et al. 
127

 investigated the effect of partial niobium and iron substitution on short-term 

cycle durability of Ti-Cr-V hydrogen storage. The investigation revealed that partial 
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substitution of iron improved the durability and reduced the hydrogen storage capacity of 

Ti16Cr34V50. Contrarily, partial substitution of niobium improved durability, but did not 

affect the hydrogen storage; a similar result was obtained for Ti25Cr50V25. After 10 cycles of 

hydrogen absorption and desorption, the effective hydrogen absorption and desorption 

decreased to 84.9% of its initial values for Ti25Cr50V25 and 94.2% for Ti16Cr34V50. 

 

The reviewed literature is summarised in Table 2.3 

 

2.4.1. Effect of production methods on hydrogen storage alloys 

Alloys can be produced from metallic oxide by first reducing the oxide to the metallic states 

and the metals are then mixed, melted and pulverized
127

. In order to shorten this long 

expensive route, Ryosuke and Yoshinori 
128

 examined a shorter method of forming a Ti-V-

Cr alloy by first reducing the most stable oxides powder, V2O5 and TiO2, (both <1ɛm in 

particle size) using liquid Ca and CaCl (independently) in a sealed stainless vessel and the 

reduced oxides were mechanically mixed in a mortar. They later used a similar reduction 

method to produce binary alloy Ti-V from a high melting V2O3 in place of V2O5. From this 

work it was observed that by using calcium as reductant, high purity titanium with only 500 

ppm oxygen could be obtained even from titanium oxide containing 40% oxygen.  

Ryosuke and Yoshinori
128

 also studied binary Ti-V alloys and the intermetallic TiCr2 

compound, aiming at a ternary Ti-V-Cr alloy in the future. The well-homogenized Ti-V 

solid solution and ŬTiCr2 were obtained from a mechanical mixture of V2O3 and TiO2 and of 

Cr2O3 and TiO2, respectively. The by-product CaO was removed in-situ by dissolving it into 

molten CaCl2 to complete the reaction. The morphology of the powders was commonly 

coral-like, slightly sintered fine particles. Their large surface areas seemed suitable for 

hydrogen absorption. These alloy powders showed a hydrogen storage capacity of 1.8 wt% 

after the normal activation treatment. 
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Table 2.1 Effect of alloying additions on hydrogenation properties. 

Element  Alloy(s) produced x (at.%) Phases Effects 

V 
(TiCr)95V5, (TiCr)90V10 

(TiCr)65V35 
5, 10, 35 

fcc, bcc, hcp 

Cr2Ti 
Increasing V: increased H uptake. 

V TiMn2-xVx 0.8, 1, 1.2 
BCC and 

Laves 
Storage capacity increased with x 

V TiFeV3, Ti3FeV, 

TiFeV0.7, TiFeV, 

Ti0.3Fe0.6V0.1, TiFe0.3V 

0.1, 0.7, 1, 

3 

C14 laves V increased storage capacity 

V Vx (Ti, Cr, Fe)100īx Ti/Cr+Fe=1 

Cr/Fe = 2.5   

x = 20ï55 

x <30: bcc + 

Laves.  

xÓ30 BCC 

Absorption and desorption capacity 

increased with V increase  

V TiïxVï10Crï

(50īx)Mn  

20, 24, 28 

and 32 

BCC and 

C14 Laves 

H uptake increased and plateau 

pressure reduced with V increase. 

Ti:Cr TiCrV and Ti0.8Cr1.2V 50:50, 

40:60 

BCC (V) and 

FCC 

Decreasing Ti:Cr ratio decreased 

hydrogen uptake. 

V4Fe Ti34Mn18Cr16V32ī5x 

(V4Fe)x 

0, 2, 3, 4, 5 BCC and 

Laves 

Desorption capacity increase with 

xÒ3, decreased for x>3. 

VFe TiCr1.8-x(VFe)x 0, 0.2, 0.4, 

0.6, 0.8 

BCC and 

Laves 

x<0.6  Improved reversible capacity 

storage capacity increased with x 

Pd TiFe 
Pd deposition 

on surface 
BCC TiFe 

Pd deposition on surface improved 

hydrogenation properties. 

Pd TiFe1-xPd 0.05ÒxÒ0.3 BCC (V) Plateau pressure + activation T 

reduced with increase in x 
Pd Ti33V33Cr34  0, 0.05 and 

0.5 

BCC (V) Pd favoured Hydrogenation. 

Zr, V, 

Fe, Cr, 

Al  

Ti0.97Zr0.019V0.439Fe0.097 

Cr0.045Al 0.026Mn1.5 

0.019, 0.439, 

0.045, 0.026, 

0.097 

hcp C14 Laves Max. storage capacity at is 1.71 wt% 

but 1.86 wt% for the pure TiMn1.5 

system. 

Cr, Mn Ti37Mn25V38Bx and 

Ti31Cr30V39Bx  

 0 and 6  BCC at x=0; 

x=6: 

BCC+Laves  

Boron reduced H uptake. 

Cr Ti0.7V0.3-xCrx (A) and  

Ti0.8V0.2-xCrx (B) 

0.2 - 0.3 (A) 

0.07 - 0.2 (B) 

FCC and BCC. For B with 0.07 Cr - immediate 

hydrogenation. Increase in Cr: slow H 

absorption kinetics and increased 

incubation time 

Cr TiV 25Crx Mn35-x 0-30 C14 and C15 

Laves 

Cr slows down absorption rate 

     

Fe Ti12Zr21.5V10Cr7.5Mn8.1Fe

xCo8-x Ni32.2Sn0.3Al 0.4 

0-5 hcp C14 Laves 

+ BCC 

Fe has no effect on H storage 

characteristics 

Fe Ti0.8Zr0.2V2.7īxMn0.5Cr0.8

Ni1.0Fex  

0 - 0.5 C14 Laves and 

BCC 

Fe reduced H uptake. 

Fe Ti0.32Cr0.43īxV0.25Fex  0, 0.03, 0.05, 

0.08, 0.1 

BCC and 

Laves 

Useable H slightly increased to 

maximum at 0.08.  

Fe Ti0.16Zr0.05Cr0.22V0.57-xFex 0-0.5 BCC and C14 

Laves 

H uptake decreased with increase in Fe 

Fe Ti0.8Zr0.2V2.7Mn0.5Cr0.8īx 

Ni1.25Fex  

0.0ï0.8 C14 laves Discharge capacity increased for x 

Ò0.4) and then dropped for xι0.4. 

Ni, Fe Ti16Cr34V50 0.11 BCC (V) Fe retarded H uptake; Ni - no effect 
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Table 2.1 (cont.) 

Element  Alloy(s) produced x (at.%) Phases Effects 

M = Cr, 

Mn 

TiFe1-xMx 0.05, 0.1  Mn slows down activation rate; Cr 

improves absorption rate 

Al, V  Tiï6Alï4V  ŬTi phase Mechanic and H uptake properties 

improved. 

Sn FeTi1-xSnx  0.02 and 0.05 BCC TiFe phase Sn increased plateau pressures, æH and æS, 

decreased hydrogen saturation contents 

Co TiFe1-xCox, 

TiFe0.7Ni0.2Co0.1  

0.1, 0.3 BCC TiFe phase Co lowers discharge capacity, Ni has no 

real effect on H uptake. 

Cu Ti12Zr21.5V10Cr7.5Mn8.1Co8.0

-xNi32.2Cux Sn0.3Al 0.4  

0 to 5 hcp C14 + BCC Cu decreased H uptake. 

Al  (V30Ti35Cr25Fe10)100-xAl x  0.6 to 6 FCC and BCC Al decreased H uptake. 

Si, Al V55Ti20.5Cr18.1Fe6.4 , 

V54.8Ti20.4Cr18Fe6.4Si0.1Al 0.3 

0.1, 0.3 FCC and BCC Si and Al improved cyclic capacity. 

Ce Ti27.25Cr28.05V37.25Fe7.45Ce1.0 1 CeO2,  BCC (V) 

and C14 Laves 

Ce improved plateau flatness, enlarged 

hydrogen capacity and increase the H 

diffusion rate. 

Cr, Co Ti0.8Zr0.2V2.7Mn0.5Cr0.6Ni1.25

Fe0.2/ Fe0.4 /Ni1.15Co0.1Fe0.2 

/Fe0.8 

0.4, 0.6Cr; 

0.1Co 

BCC(V) and 

C14 Laves 

Cr and Co enhanced cyclic stability 

Co Ti0.8Zr0.2V2.7Mn0.5Cr0.8N

i1.25īx CoxFe0.2  

0.00 - 0.25 C 14 Laves 

and BCC (V) 

Increase in Co: Cycling stability + 

discharge capacity reduced. 

     

Mn TiFe0.9Vx and 

TiFe0.8Mn0.1Vx  

0, 0.05, 0.1 cubic TiFe;  

Ti and Ti2Fe  

Mn retards H uptake. 

Zr Ti0.33-xZrxCr0.47V0.20,               

Ti0.27-xZrx Cr0.36V0.37 and       

Ti0.20-x ZrxCr0.25V0.55 

 BCC(V) C14 

Laves 

addition of Zr: H storage capacity 

decrease, plateau pressure increase 

Zr Ti10V84īxFe6Zrx  1 ï 8 x=1:BCC (V) 

x=2-8: BCC (V) 

and Laves  

Zr improved activation behavior but reduce 

H absorption capacity 

Zr Ti0.85VFe0.15 

Ti0.85V0.95Fe0.15Zr0.05 

0.05 C 14 Laves and 

BCC (V) 

Zr slightly reduced H uptake 

Zr Ti40Hf40Ni20   Ti45Zr38Ni17   Hydrogen uptake for Ti40Hf40Ni20 and 

Ti45Zr38Ni17 was 1.4 and 1.5 wt% 

respectively. 

B, Zr Ti0.42Zr0.08Fe0.50 , TiFe, 

and Ti0.45Fe0.45B0.1 

0.1, 0.08  Zr retarded and B promoted H uptake 

Zr Ti2-xZrxNi  0, 0.2, 0.4  Zr retarded H uptake. 

     

LaNi5 TiCr1.8 + x wt%LaNi5  5, 10, 15, 20 C14 Laves increase in LaNi5: Storage capacity 

reduced, discharge capacity improved  

Mn:VFe TiMn2-5x(V4Fe)x  0.30, 0.35 BCC (V) and 

Laves 

higher Mn : V4Fe favoured hydrogen 

uptake. 

B, C TiFe, TiFeC0.001, Ti1.1Fe, 

TiFeB0.001, Ti1.1FeC0.001 and 

Ti1.1FeB0.001 

0.001 TiFe and TiFe2  B and C slow down activation rate. 

B, C Ti25V35Cr40Mx 0, 0.1, 1, or 5 BCC. Small ppt. 

removed after 

anneal 

B, C slightly improved desorption 

capacity. 
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The effect of preparation method on hydrogen storage of a Ni/MH battery alloy by 

centrifugal casting and gas atomization was investigated by Young et al. 
129

. It was 

discovered that alloys produced by centrifugal casting had a better cycle life, improved low 

temperature performance, but were slower in activation. The production cost was found to 

be lower in case of gas atomisation; it also had the advantage of high cycle life and charge 

retention, but suffers from higher bulk oxygen content and thicker surface oxide, thus, 

inferior battery performance characteristics. 

 

In the work of Abe and Kuji
 130

 on the hydrogen absorption properties of a TiFe alloy 

synthesized by ball milling and post-annealing, the two samples prepared by ball milling for 

10 and 40 h were able to absorb hydrogen readily after heat treatment at 573K for 3 h. 

However, the TiFe milled for 40 h could not desorb hydrogen completely. This indicated 

that the hydride of TiFe synthesized for a longer milling time is stable, corresponding to a 

lower plateau pressure. However post-annealing between 500°C and 600°C was found 

effective for achieving a wide plateau area without reducing the hydrogen capacity. The 

maximum plateau pressure was ~1.0MPa for TiFe. 

  

Hu et al. 
131

 prepared a metastable TiCr2 alloy by both mechanical grinding (MG) and 

mechanical alloying (MA). Result of PCT tests revealed that the maximum hydrogen 

absorption and desorption capacities for the MA sample were ~1.0 and ~0.4 wt% at 50°C 

(2.5 MPa hydrogen pressure) and those for the MG sample were ~0.7 and ~0.5 wt%. 

Therefore, MA was superior to MG in processing TiCr2 alloy for hydrogen storage. 

 

Wang 
180

 prepared a Ti0.37V0.38Mn0.25 alloy by MA and vacuum arc-melting (VAM) to study 

the differences in hydrogen storage capacities. The alloy samples produced by MA showed 

an amorphous structure and maximum hydrogen absorption of 1.76 wt%, while those 

prepared by VAM exhibited a single phase BCC structure with no Laves phase, and 

maximum hydrogen absorption of 3.62 wt%. It was also observed that after 100 

absorption/desorption cycles, the MA powders, which did not pulverize as much as those of 

the VAM powders, showed a smaller decline in hydrogen-absorption capability. 

 

The influence of melting methods and heat treatment on microstructure and hydrogen 

absorption properties of Ti-V-Cr and Ti V-Cr-Fe alloys were examined. The Ti30Cr50V20 
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alloy (A) was prepared by arc-melting, and the Ti27.8Cr42.2V25Fe5 (B) alloy was produced by 

vacuum induction melting (VIM ). After heat treatment at 1200-1400°C for 1 min to 6 hours, 

alloy A was water quenched and B was gas quenched in the furnace. The lattice constant and 

microstructure on surface and side of crucible was found to be different for alloy A
69

. The 

absorption capacities and thermodynamic properties did not vary much between alloys A 

and B. High temperature heat treatment improved homogeneity: the fast cooling rate refined 

the grain size and increased the lattice constant. 

Neutron diffraction measurement on Ti(1-y)VyHx (0 Òy Ò 0.5; 1.6Ò x Ò 1.92) showed that the 

transition from the cubic gamma-phase to the tetragonal delta-phase observed in the system 

was strongly influenced by a partial substitution of titanium by vanadium 
122

. The tetragonal 

phase did not occur for y = 0.35 and 0.50. 

Microstructures of Ti-rich alloys are either Ŭ, near Ŭ, ɓ or Ŭ+ɓ titanium
30

. Ibaraki et al. 
136

 

discovered that when a Ti-6Al-4V titanium alloy was heat treated in vacuum or a neutral 

atmosphere (from room temperature to a 3 cycle treatment of 930°C-500°C, then furnace 

cooled), the hydrogen storage capacity, toughness, formability, and creep resistance 

improved, and the microstructure changed from abnormal to normal Ŭ-Ti or Ŭ+ɓ Ti. The 

microstructure is termed abnormal Ŭ, near Ŭ, ɓ or Ŭ+ɓ structure if it looks like, but is not the 

same as Ŭ, near Ŭ, ɓ or Ŭ+ɓ respectively. 

In the investigation on hydrogenation properties of Pd-Ti and Pd-Ti-H (0 - 30 at.% Ti) 

alloys, it was discovered that the hardness of the alloys hydrogenated at high pressure were 

higher than the non-hydrogenated alloy, and that the Ŭ-phase Pd-Ti-H alloys had higher 

hardnesses than the ɓ-phase or Ŭ+ɓ-phase alloys 
39

. This was attributed to a pre-precipitation 

effect of H gas, which was consistent with the observed X-ray line broadening for these 

alloys. 

Annealing (i.e. homogenisation treatment) of arc-melted TiFe0.9Mn0.1, TiFe0.8Mn0.2, 

TiFe0.95Cr0.05 and TiFe0.9Cr0.1 (at.%) alloys at 900°C in vacuum for 80 h eliminated 

segregation 
92

. It was reported that the hydrogenation incubation time of these alloys was ~2 

h. It took more than 2 days to reach the saturated value, implying that annealing slowed 

down, rather than improved, the hydrogenation rate. However, for the subsequent 

hydrogenation cycles, the rates of hydrogen absorption were very rapid and the saturated 

contents were reached in 10 minutes for all as-cast and annealed samples. 
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A V3TiNi 0.56 alloy was produced by arc-melting then heat treated in temperature range 700-

1200°C for 24 hours, followed by furnace cooling to room temperature
171

. It was observed 

that heat treatment at 700°C had the same plateau pressure as for the as-cast alloy. Heat 

treatments between 800°C and 1000°C brought about a flatter plateau pressure. For 

temperatures above 900°C, it was observed that the grain size of the major phase (V-based 

BCC solid solution) increased and the network structure of the TiNi secondary phase, which 

favours hydrogen uptake, was degraded, thereby causing a decrease in the high rate 

capability and the cycle life. The optimum heat treatment temperature for the alloy was 800 - 

890°C. 

A Ti-Zr-Ni-V-Cr-Mn-Fe alloy was prepared by Chuang et al. 
140

 and the influence of heat 

treatment at: 450°C, 650°C, 850°C or 1050°C for 4 hours on the hydrogenation properties of 

the alloy investigated. It was shown that heat treatments at all the temperatures investigated 

increased the degree of crystallisation of the atomised powder. The discharge capacity was 

also enhanced, but the hydrogenation properties were best with a heat treatment at 850°C. 

In order to investigate the influence of Ce and heat treatment on plateau property of 

Ti32Cr46V22, Liu et al.
141

 produced Ti32Cr46V22 and Ti32Cr46V22Ce0.4 (at.%) by magnetic 

levitation melting and heated them to 1400°C for 5 minutes, then quenched into iced water. 

Their work revealed that Ce addition and heat treatment effectively improved the þatness of 

plateau and enlarged the hydrogenation capacity of the Ti32Cr46V22 alloy, due to both 

lowering the oxygen concentration and homogenisation of composition and microstructure. 

At low hydrogen pressure and temperature, palladium-nickel (Pd-Ni) co-deposition by 

electroless plating significantly improved the kinetics of hydrogen charging of 

La0.40Ce0.48(Nd,Pr)0.16Ni3.34Co0.64Al0.63Mn0.58 at.% AB5-type alloys 
142

. 

A Ti0.32Cr0.43V0.25 (at.%) alloy was ball milled using tungsten carbide and stainless steel 

balls and heat treated at 1200°C for 2 hours, 1200°C for 8 hours, 1000°C for 2 hours and 

then 800°C for 2 hours. Heat treatment improved the hydrogen storage properties, such as 

hysteresis in the hydrogen absorption curve and phase transformation 
143

, especially for heat 

treatment at 1200°C. 

Hang et al
144

. produced Ti10V77Cr6Fe6Zr (at.%) by induction levitation melting, then heat 

treated it at 1100°C for 8 hours, 1250°C for 5 minutes and quenched in water. The sample 

heat treated at 1250°C had the best overall hydrogen storage properties
54

, with a hydrogen 
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desorption capacity of 1.82 wt%, a dehydriding plateau pressure of 0.75 MPa and a plateau 

slope factor of 0.1. The slope factor, which is a measure change in the H/M ratio, could be 

caused by change in pressure (P), is expressed as: 

Ὓ   
  

 Ⱦ
   é...éééééééééééééééééééé (2.6) 

Alloys having a low Sf are preferred, as this indicates that a small increase in pressure results 

in an increase in H/M ratio. 

Yamamoto and Kanda 
145

 investigated the corrosion behaviour of AB5 type hydrogen 

storage alloy in alkaline solution. The work revealed that the effect of heat treatment on 

corrosion resistance is not significant.  

 

 

 PHASE DIAGRAMS IN TH E TI -V-CR SYSTEM 2.4

After a review of literature on Ti-based alloys, the decision was made to study alloys from 

Ti-V-Cr system. The major constituents of alloys in this work are titanium, chromium and 

vanadium, so the binary (Ti-V, Cr-Ti, Cr-V) and pseudo-binary (TCr2 - V) and ternary phase 

diagrams are reviewed. Other minor constituents are iron (Ò 6 at.%), rhodium (Ò 0.1 at.%) 

and palladium (Ò 0.1 at.%).  

2.4.1. Binary  systems 

According to Enomoto
39

, the binary Ti-V phase diagram in Figure 2.1 shows that the (ɓTi) 

and (V) phases form a continuous bcc solid solution above ~880°C. The monotectoid 

reaction: (ɓTi) ź (ŬTi) + (V) occurs below 850 °C because of the miscibilty gap in the (ɓTi) 

phase.  

Wei and Flower
34

 reported that neither the gap nor a stable monotectoid reaction was likely 

to occur in the binary Ti-V system, and that the reported miscibility gap in the phase was 

possibly due to oxygen impurity. 

In the binary Cr-Ti phase diagram (Figure 2.2)
39

, Cr-Ti alloy solidifies as a continuous 

isomorphous bcc solid solution (ɓTi,Cr). The phase diagram contains three equilibrium solid 

phases, two solid solutions, (ŬTi) and (ɓTi,Cr); and an intermetallic compound, TiCr2, where 

the compound phases are designated Ŭ-, ɓ- and ɔTiCr2. The TiCr2 phases are the Laves 

phases C14, C15 and C36 respectively.  
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Smith
36

 showed that the binary Cr-V phase diagram (Figure 2.3) contained a completely 

miscible bcc solid solution (V,Cr) where no intermediate compounds exist.  

 

Figure 2.2 Ti-V phase diagram.
39

 

 

Figure 2.3 Ti-Cr phase diagram.
39
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Figure 2.4 V-Cr phase diagram.
39 

 

2.4.2. TiCr 2 - V pseudobinary system 

The pseudobinary system in Figure 2.4 through TiCr2-V was reported by Samsonova
37

. The 

alloys were produced from iodide Ti, high purity electrolytic Cr (99.99%) and carbothermic 

V (99.75%). A combination of thermal analysis, powder XRD, powder X-ray diffractometry 

and metallography was used for thermal analysis of the alloy.  

The system shows the peritectoid reaction ɓTiCr2 + ɓ ź ŬTiCr2. ɓTiCr2 and ŬTiCr2 

correspond to ternary hexagonal C14 (ɓ) and cubic C15 (Ŭ) Laves phases respectively. 

Crystallographic parameters for ɔTiCr2 were not available
38

. The TiCr2ïV system is not 

consistent with the phase boundaries in Figure 2.2 because it shows allotropic 

transformation from ɓ to ŬTiCr2 at ~1220°C. 

A list of solid phases in this system adapted from Enomoto
39

 is shown in Table 2.1. 

According to Murray
40
, the ŬTiCr2 compound is a cubic C15 Laves phase, the ɓTiCr2 (C14) 

compound is a higher temperature form of TiCr2 with a higher Cr content than ŬTiCr2 and 

the ɔTiCr2 (C36) compound can only be found above ~1270°C. 
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Figure 2.5 Pseudobinary TiCr2 section through the Cr-Ti-V phase diagram.
37,38

 

 

Table 2.2 Cr-Ti-V crystal structure and lattice parameter data.
38

 

Phases 
Composition 

range, at.% 

Pearson 

symbol 

Space 

group 

Strukturbericht 

designation 

Lattice parameters, 

nm 

a c 

(ŬTi) 
0 - 0.2Cr 

0 - ~ 3V 
hP2 P63/mmc A3 0.29506 0.46835 

(ɓTi) 
0 ï 100Cr 

0 ï 100V 
cl2 Im3m A2 0.33065 

ŬTiCr2 
63 ï 65Cr 

118
 

0 ï 7.5V 
139,140

 
cF24 Fd3m C15 0.6957 

ɓTiCr2 
64 ï 66Cr 

65, 66
 

0 ï 4V 
hP12 P63/mmc C14 0.4921 0.7945 

ɔTiCr2 64 ï 66Cr hP24 P63/mmc C36 - - 

 

The cell volumes of different Ti-Cr phases obtained from AtomWorks are: (ŬTi) ï 

35.66 Å3; C14 ï 168.17 Å3; C15 ï 333.10 Å
3 and C36 ï 327.5 Å3. All belong to the 

same space group (P63/mmc), except for C15, which belongs to the Fd3m space 

group. Information from other references listed in Table 2.2 show that the cell 

volumes may vary, e.g. the range for C14 Laves could be: 161-171 Å
3
; C15: 332-335 

Å
3
; ŬTi: 35.16-36.24 Å

3
. The isothermal sections through Ti-V-Cr system at 1000°C 

is shown in Figure 2.6. 
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Figure 2.6. Isothermal sections through Ti-V-Cr system at 1000°C
39

 

 

 

 

Table 2.3. Possible cell volume of Laves and other phases. 

 

S/NO Space 

group 

Element/ 

Compound 

Cell volume 

(Å
3
) 

Ref. 

1 P63/mmc ŬTi 35.22 
51

 

2 P63/mmc Ti0.981V0.011 35.33 
114

 

3 P63/mmc Ti0.981V0.019 36.24 
126

 

4 P63/mmc Ti1.03V1.97 168.17 
101

 

5 P63/mmc Cr1.93Ti1.07 167.81 
15

 

6 P63/mmc V(TiFe) 164.17 
170

 

7 P63/mmc Ti(Cr0.986Ti0.014)2 332.13 
170

 

8 P63/mmc Ti(Cr0.964Ti0.036)2 335.46 
13

 

9 P63/mmc Ti1.11V0.78Fe1.11 166.45 
117

 

10 P63/mmc TiV 0.84Fe1.16 165.92 
197

 

11 P63/mmc (CrFe)Ti 161.7 
178

 

12 P63/mmc Ti0.801Fe0.197 35.16 
48

 

13 P63/mmc (Cr1.6Fe0.4)Ti 163.15 
22

 

14 P63/mmc TCr1.56Fe0.44 163.63 
80

 

17 P6/mmm Ti0.8V0.2 49.91 
114

 

18 Fd3m TiCr2 336.28 
81

 

19 Fm3m Ti 67.97 
182

 

20 Fd3m Ti1.07Cr1.97 334.39 
15

 

21 Fd3m Cr2Ti 334.50 
78
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The Laves phase is an intermetallic compound with the AB2 stoichiometry. It can exist as 

the cubic C15 (3C), hexagonal C14 (2H) or dihexagonal C36 (4H) structures. Annealing at 

elevated temperatures for long times sluggishly transforms the metastable C14 phase in Ti-

V-Cr system to the intermediate stability C36 structure or alternately, to the stable C15 

phase
36

. 

Maeland et al. 
42

 found that the structure of titanium, which is hcp at room temperature, can 

react with hydrogen at an appreciable rate only at elevated temperatures. Rapid reactions at 

room temperature of these stable bcc solid solution phases with hydrogen were observed 

when small amounts of a third element with a radius more than 5% smaller than that of 

titanium was introduced. 

The focus of this work was to develop titanium alloys (Ti-Cr-V based) for hydrogen storage. 

Titanium was discovered in Cornwall in 1791 by William Gregor
43

, an English priest. 

Titanium is a bright silvery metal and, when polished, resembles steel in appearance. In its 

pure form, it has relatively low tensile strength (216 MPa) and a high ductility (50%) but the 

commercial grade contains some impurities which raise the tensile strength to as much as 

700MPa and reduce ductility by 20% 
43

. Because of its high fatigue strength and creep 

properties, titanium (in commercially pure and alloyed forms) has become an increasingly 

important engineering material in the aircraft industry. Its high melting point (1725°C) has 

contributed to its use as a component in jet engine construction
94

.   

 

 ELECTROCHEMICAL CORR OSION MEASUREMENT  2.5

Most metal corrosion occurs through electrochemical reactions at the interface between the 

metal and an electrolyte
44

. The rate of the reaction is evaluated in terms of the corrosion 

current. The natural logarithm of the absolute value of the corrosion current versus the 

potential is plotted as a Tafel curve, as shown in Figure 2.7.  

The corrosion current values can be transformed to corrosion rate values (e.g. mm/y) using 

Equation 2.9
44

:  

ὅὙ ὑ 
Ὥ  

”
ὉὡȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢςȢχ 

where K is a constant that depends on the unit of corrosion rate; 

K = 3272 for mm/y (mmpy), or        = 1.288 x 10
5
 for milli -inches/y (mpy) 

icorr = corrosion current density, ɛA/Cm
2
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                      ” ÁÌÌÏÙ ÄÅÎÓÉÔÙ 

EW = Equivalent weight = 1/electron equivalent (Q) where:  

ὗ  
ὲὪ

ὡ
ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢςȢψ 

where ni = the valence if i
th
 element of the alloy 

 fi = the mass fraction of the i
th
  element in the alloy 

         Wi = the atomic weight of the i
th
 element in the alloy. 

Inserting Equation 2.8 in 2.7, the penetration rate (corrosion rate) CR or mass loss (ML) of 

an alloy is given by: 

ὅὙ ὑ 
Ὥ  

”В
ὲὪ
ὡ

ȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢςȢω 

ὓὒ  ὑὭ ὉὡȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢςȢρπ 

The values of constants for use in the equations above are given in Table 2.4 

. 

 

                 

Figure 2.7.  Classic Tafel curve. 
44

 

 

 

Ecorr 
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Table 2.4 Value of constants used in corrosion rate calculations
44

. 

 

Penetration rate 

units (CR) 
I corr units ɟ units K 1 Unit of K 1 

m/y µA/cm
2
 g/cm

3
 0.1288 mpy g/µA cm 

mm/y µA/cm
2
 g/cm

3
 0.03272 mm g/µA cmy 
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CHAPTER 3: Experimental procedure  

 

3.1.  Overview  

This chapter describes the experimental procedures that were followed to produce, 

characterise and evaluate the mechanical properties of the alloys. The materials used, the 

alloy production and heat treatment processes employed are described. The equipment used 

for the experimental work, the material preparation for metallography, the corrosion tests 

and the pressure-composition-isotherm tests are also given. The use of Thermo-Calc 

programming for calculating the equilibrium phases in the alloys concludes the chapter. 

3.2. Choice of alloy composition 

In accordance with the main aim of this work, i.e. to develop and assess titanium alloys 

based on the Ti-Cr-V system for hydrogen storage, relevant literature was reviewed. In the 

work of Cho et al.
147

, a composition region was identified in the Ti-V-Cr phase diagram as 

having the highest hydrogen uptake. This informed the choice of the base alloy Ti25V40Cr35. 

The research gaps in their work are: no other alloying additions were made and the alloys 

were not heat treated, but only assessed in the as-cast condition.  

South Africa has the worldôs third largest reserves of vanadium deposits, and was the second 

largest producer of vanadium, as titaniferous magnetite ore in 2014, behind China
148, 149

. 

Vanadium slag is produced from the steelmaking process, and is then refined to 

ferrovanadium.  

The choice of adding iron to the Ti-V-Cr alloy was made because the relatively low cost of 

ferrovanadium compared to refined vanadium would make partial substitution of V with 

FeV a financially viable option if the hydrogen storage capacity wass not substantially 

reduced by iron. The prices in October 2015 are: 

Ferrovanadium - 13.5 USD/kg 

Vanadium metal (99.9% pure) ï 2200 USD/kg  

The platinum group metals (PGMs) Rh and Pd were chosen for their relative abundance in 

South Africa. Pd and Rh are among the economically significant PGMs, as South Africa is 

the worldôs leading Rh producer and the second largest Pd producer after Russia.
150
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Literature showed that heat treatment has varying effects on hydrogenation characteristics of 

alloys
151,153-156

, therefore, there is a need to investigate effects of heat treatment on Ti-V-Cr, 

Ti-V-Cr-Fe, Ti-V-Cr-Rh, Ti-V-Cr-Pd alloys. 

 

3.3. Materials processing and procedure 

Alloy compositions are usually measured by weight % or atomic %. Equation 1 shows how 

to convert from atomic weight composition to atomic mass and vice-versa in binary alloy 
64

. 

ύὸ Ϸ ὃ  
ȢϷ   Ȣ    

ȢϷ   Ȣ    ȢϷ   Ȣ    
ρππ 

ὥὸ Ϸ ὃ  
ύὸ Ϸ

ὃ
ὥὸȢύὩὭὫὬὸ έὪὃ

ύὸ Ϸ ὃȾὥὸȢύὩὭὫὬὸ έὪὃ ύὸ Ϸ ὄȾὥὸȢύὩὭὫὬὸέὪὄ
ρππ 

The equation for converting from atomic % to weight % in higher order alloys is similar to 

that of binary systems, except that an additional term is added to the denominator for each 

additional components
64

 e.g. for quaternary alloy as in the case of this research work. 

ύὸ Ϸ ὃ  
 Ϸ  Ȣ   

 Ϸ   Ȣ   Ϸ  Ȣ    Ϸ  Ȣ    Ϸ  Ȣ   
ρππ   

ὥὸ Ϸ ὃ  
ύὸ Ϸ ὃȾὥὸύὩὭὫὬὸέὪὃ

ύὸ ϷȾὥὸȢ  ύὸ έὪ ὃ ύὸ Ϸ ὄȾὥὸȢύὸ έὪ ὄ ύὸ ϷȾὥὸȢ  ύὸέὪ ὅ ύὸ Ϸ ὈȾὥὸȢύὸέὪ Ὀ
ρππ 

 

The compositions from weight to atomic % calculations for four and higher order systems 

was done on a computer spreadsheet. 

The starting materials for the alloys were powders: iron (325-290 mesh, 99% purity, 0.01% 

C and 0.015% P and S); chromium (<0.3mm, 99.8% purity) vanadium (-325 mesh, 99.5% 

purity), titanium (-325 mesh, 99.5% purity), Rhodium (99.9% purity) and palladium (99.9% 

purity).  

 

The required mass of each powder was weighed out on an electronic scale, as listed in 

Table 3.1. Before melting, the powder constituents were compacted using a 20mm diameter 

die under a pressure of 220 kPa. 

 

 

3.1) 

..3.2 
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3.4. Alloy production  

Prior to melting, the furnace was evacuated and filled with argon gas 3 times to extract 

oxygen. Melting of the alloy compacts was done in a water-cooled, copper-crucible arc-

melting furnace (Figure 3.1) under argon atmosphere. The ingots were turned over and 

remelted three times to ensure homogeneity. After melting, the ingots were cut to three 

pieces. Two cut samples were vacuum sealed in separate silica glass ampoules in readiness 

for heat treatment. 

 

Table 3.1 Mass of elements for arc-melting of 10g samples. 

 
 

Mass (g) 

Alloy 

no. 
Composition (at. %) Ti  V Cr  Fe Rh Pd 

A1 Ti25V40Cr35 2.37 4.03 3.60 - - - 

A2 Ti24V40Cr34Fe2 2.27 4.02 3.49 0.22 - - 

A3 Ti23V40Cr33Fe4 2.17 4.01 3.38 0.44 - - 

A4 Ti22V40Cr32Fe6 2.07 4.00 3.27 0.66 - - 

A5 Ti24.975V40Cr34.975Rh0.05 2.37 4.03 3.60 - 0.01 - 

A6 Ti24.95V40Cr34.95Rh0.1 2.36 4.03 3.59 - 0.02 - 

A7 Ti24.975V40Cr34.975Pd0.05 2.37 4.03 3.60 - - 0.01 

A8 Ti24.95V40Cr34.95Pd0.1 2.36 4.03 3.59 - - 0.02 

 

   

 

(a) Exterior 

 

(b) Interior 

Figure 3.1. Photographs of water-cooled copper-crucible furnace (Mintek, South Africa). 
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3.5. Heat treatment of samples 

Heat treatment processes (Section 2.5.3) having positive effects on Ti-V-Cr alloys with 

similar compositions to the alloys in this work were closely examined. For instance, heat 

treatment at 1400ÁC for 5 minutes was found to effectively improve the þatness of the 

plateau and enlarge the hydrogenation capacity of a Ti32Cr46V22 alloy
96

. According to Cho et 

al.
143

, heat treatment at 1200°C for 2 hours improved the hydrogen storage properties of 

Ti0.32Cr0.43V0.25. Itoh et al.
133

 found that high temperature heat treatment improved 

homogeneity, a fast cooling rate refined the grain size and increased the lattice constant of 

Ti30Cr50V20 and Ti27.8Cr42.2V25Fe5 alloys. According to the pseudo-binary TiCr2-V phase 

diagram
139, 140

 (Figure 2.4), the alloys and the heat treatment temperatures in the examined 

literature fall within the ɓ phase, hence the choice of heat treatment temperature of 1000°C 

for Ti25Cr35V40. 

 

The specimens sealed in the evacuated quartz ampoules were loaded in two batches in a heat 

treatment oven and heated to 1000 °C for 1 hour. The first set of ampoules were 

immediately removed and broken in cold water to quench the alloy. The second batch was 

loaded into the furnace, heated to 1000 °C for 1 hour and then slowly furnace-cooled. 

 

3.6. Metallographic preparation 

3.6.1  Mounting  

Mounting of the specimens was done on a Struers CitoPress10
®
. The resins used were 

PolyFast phenolic hot mounting resin with carbon filter and ClaroFast hot mounting acrylic 

resin containing methy methacrylate for transparent embedding of specimens.  

3.6.2  Grinding and polishing 

Grinding of the specimens was done on a Leco Spectrum System 2000 Autogrinder
®
. The 

machine was set to a grinding speed of 150 rpm for 5 minutes under a pressure of 20 N and 

water was used as lubricant on silicon carbide abrasive papers. These grinding parameters 

were maintained for successive grinding using 1200, 2400 and 4000 grit. The specimens 

were cleaned of grinding particles under running tap water between each stage. After 

grinding, the specimens were polished with 0.15 µm with Buehler MasterMet non 

crystalising colloidal silica suspension for 2 minutes under a pressure of 10 N and wheel 

speed of 100 rpm. 



43 

 

3.7. Characterisation of the alloys 

The alloys (both as-cast and heat treated) were characterised for phase identification using 

optical microscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM) with 

energy dispersive X-ray spectroscopy (EDX) using an Oxford® system. 

3.7.1 Optical microscopy 

After polishing, the specimens were etched with HF by swabbing for 5 to 7 seconds. The 

microstructure of the alloys was examined under a Leica Microsystems Compound 

Microscope® DMi8. 

3.7.2 XRD 

Phases of the as-cast and heat-treated alloys were determined by XRD analysis, using Xpert 

High Score
®
 phase identification software on a Bruker D2_Phaser X-ray

®
 diffraction 

machine with Cu-KŬ radiation from 2q = 10
o
 to 90

o
.  

3.7.3 SEM 

Analysis of the alloys was done using a FEI Nova NanoSEM 200
®
 scanning electron 

microscope (SEM) fitted with EDAX
®
 advanced microanalysis solution and a Zeiss Sigma 

FE-SEM with a low kV optimised backscatter detector, HD BSD, for the samples at low 

acceleration voltages (750V to 3kV) and low probe currents. The samples were viewed 

using backscattered electron imaging (BSE) to distinguish between the phases. EDX was 

performed on selected areas to analyse compositional variations in the alloys. The 

approximate amount of the phases was determined by image analysis using ImageJ 

freeware
179

.  

 

3.8. Hardness  test 

A FutureTech FT FM700
®
, Microhardness tester (Figure 3.7) was used for the Vickers hardness 

tests with a 2 kg load. The hardness values were measured five times for the as-cast and heat 

treated samples and the average values were recorded. 

3.9. Corrosion tests 

Potentiostatic corrosion tests on the alloys were performed using an AutoLab
®
 corrosion test 

apparatus and electrochemical cell in Figure 3.8. The electrochemical cell consisted of a tri-

electrode: platinum reference electrode Ag/AgCl counter electrode,  and test alloy as the 

working electrode in 6 M KOH aqueous solution as the electrolyte. 
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The alloy samples were cut into rectangles and a copper wire of suitable length was attached 

to one side of the specimen with aluminium tape and covered in cold-resin for 24 hours, 

leaving only the test surface exposed. When cured, the test surface was ground to 120 grit. 

The corrosion experiments were performed at 25°C, and potentiodynamic Tafel curves were 

recorded from -1.4V to -0.2V with a scanning rate of 1mV/s. 

 

3.10.  Pressure Composition Temperature PCT measurements 

 

Before the PCT test, an initial activation process was performed by evacuating the Sievertôs 

apparatus at 673 K for 30 minutes. After the activation process, a Sieverts-type apparatus 

was used for the measurement of the pressure composition (PCT) curves. After crushing the 

samples into particles <75 µm diameter, 1 g of each alloy was sealed into a stainless steel 

reactor. The samples were heated up to 573 K, and hydrogen at 3 MPa was introduced into 

the apparatus for 30 minutes. This was followed by slow cooling to room temperature in 

hydrogen. The alloys absorbed most of the hydrogen and pulverized in this step. After the 

absorption process, the samples were heated up to 573 K and chamber was evacuated with a 

mechanical pump for 1 hour to dehydrogenate completely for PCT measurements at 303, 

333 and 363 K. 

 

Figure 3.2. Computer controlled Sievertôs apparatus. 
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3.11. Thermo-Calc modelling 

 

ThermoCalc modelling is included in this work to enable prediction of the expected phases, 

determine the equilibrium conditions and the amount of phases in the alloys.  

The Titanium database (TTTI3) and the solid solution database (SSOL4) were used for the 

Thermo-Calc modelling. A Thermo-Calc code/template (.tcm) shown in Figur 3.2 below 

was used for modelling the equilibrium phases in Ti-V-Cr system using TTTI3 database, 1 

degree of freedom and 40 at.% V and 35 at.% Cr composition. Indented lines were edited 

appropriately depending on the alloy system, the alloy composition and the database to be 

used in the model. 

 

 

go data  

sw ttti3 (ttti3 - titanium 

database, ssol4 - general database)  

def - sys  

ti v cr (alloy system)  

l - s  

CONSTITUENT 

get  

go p - 3 

s- c n=1  

s- c p=101325  

s- c t=1200  

s- c x(v)=.40  at.%  

    composition  

s- c x(cr)=.35  

l - c  

@& 

c- e 

s- a- v 

1 

T 

473  

2173  

3 

save  

 (cont.)  

 

 Cont.)  

 

A1 ttti3  (File name)  

step  

NORMAL 

post  

s- d- a x T - c 

s- d- a y np(*)  

plot  

SCREEN 

set - tit  

Ti 25V40Cr 35 (Title of plotted 

diagram)  

plot  

SCREEN 

set - label  

d 

s- t - m- s 

x  

s- s x n 250 2000  

plot SCREEN  

set - interactive  
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CHAPTER 4: Results        

 

Overview 

The results are presented in six sections. The first section presents the analysed 

compositions of the as-cast alloys compared with the nominal (targeted) compositions. The 

next four sections present the following results for as cast and heat treated alloys A1 ï A8: 

the microstructures and phase information, hardness, corrosion properties and hydrogen 

storage characteristics. The sixth section presents the Thermo-Calc calculations of phases in 

each of the alloys. 

4.1.  Comparison of the actual and nominal compositions of all alloys  

The targeted (nominal) and the actual compositions analysed by EDX are listed in Table 4.1. 

All the subsequent alloys (A2-A7) were based on the Ti-V-Cr alloy A1. 

Table 4.1. Targeted and analysed compositions of the alloys. 

 Compositions (at.%) 

Alloys Targeted  Analysed  

A1 Ti25:V40:Cr35 Ti25.3:V38.4:Cr36.3 

A2 Ti24:V40:Cr34:Fe2 Ti21.9:V40:Cr35.6:Fe2.6 

A3 Ti23:V40:Cr33:Fe4 Ti24.4:V37.4:Cr33.0:Fe5.2 

A4 Ti22:V40:Cr32:Fe6 Ti24.6:V36.0:Cr33.1:Fe6.3 

A5 Ti24.98:V40:Cr34.97:Rh0.05 Ti29.8:V36.0:Cr34.1* 

A6 Ti24.95:V40:Cr34.95:Rh0.1 Ti21.4:V41.4:Cr37.1* 

A7 Ti24.98:V40:Cr34.97:Pd0.05 Ti23.8:V41.2:Cr35.0* 

A8 Ti24.95:V40:Cr34.95 :Pd0.1 Ti28.0:V36.0:Cr35.6:Pd0.5* 

*Analysed compositions of Rh and Pd are not given, as the detection limit of the SEM EDX is 0.2 at.%. 

 

4.2.  Microstructures of alloys A1 to A8 

4.2.1. Microstructures and phase analysis of alloy A1 (Ti25:V40:Cr 35) 

 

The optical and SEM micrographs of as-cast, annealed and quenched alloy A1 are shown in 

Figure 4.1, the XRD results are in Figure 4.2 and the EDX composition and XRD measured 

crystallographic parameters are listed in Table 4.2. 
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a) Optical micrograph   b) SEM-BSE micrograph 

As-cast (A1) 

   

c) Optical micrograph   d) SEM-BSE micrograph 

Annealed (A1A) 

    

e) Optical micrograph   f) SEM-BSE micrograph 

Quenched (A1B) 

Figure 4.1. Microstructures of alloy A1 (Ti25:V40:Cr35).  

 

C D 
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The microstructure of Alloy A1 (Figure 4.1) was a primary, light grey, bcc (V) matrix phase 

(C- confirmed by XRD) and a mixture of darker, intergranular phases (D). The bcc (V) 

phase in all three samples i.e. as-cast, annealed and quenched, contained 18-25 at.% Ti, 40-

46 at.% V and ~35 at.% Cr.  As listed in Table 4.2, all three A1 samples contained a black 

hcp Ŭ-Ti phase, while in the annealed sample, a small amount of a hcp C14 Laves phase was 

also identified by XRD (Figure 4.2). It is difficult to distinguish between the secondary 

phases by microscopy and EDX, as the phases are small, so analyses may be diluted by the 

(V) matrix.   

The Ti-rich phases in the as-cast and annealed samples had similar compositions. As shown 

in Table 4.2, annealing introduced a C14 Laves phase, decreased the bcc (V) unit cell 

volume, while the hcp ŬTi volume was unchanged. Quenching removed the ŬTi phase, but 

slightly increased the bcc (V) unit cell volume, and introduced a hexagonal ɤTi phase. Jafari 

et al.
70

 reported that phase transition of Ŭ to w-Ti can be obtained at 0 GPa and 0 K.  

The as-cast sample contained ~90% bcc (V) phase, which was slightly decreased to 86.5% 

after annealing and 85.7% after quenching. Fine secondary precipitation is visible in the 

optical micrograph of the quenched (Figure 4.1 e). 

  

The Ti/Cr ratio in the primary bcc phase did not change much: decreasing slightly from 0.6 

to 0.5 after annealing, and increasing to 0.7 after quenching. The Ti/Cr ratio in the secondary 

phases changed from 4.4 to 5.4 after annealing and 2.4 after quenching. 
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Table 4.2. EDX compositions and XRD crystallographic parameters of phases in alloy A1 (Ti25:V40:Cr35). 

Sample 

Phase 

(tag in BSE 

micrograph) 

Composition 

(at.%)*  

Phase proportion   

(% area) 
Crystallographic description 

Ti  V Cr  
Ti/Cr 

ratio 

SEM 

BSE 
Optical 

Phases 

XRD 
Space 

group (no.) 
a (Å) c (Å) Cell vol. (Å

3
) 

As-cast 

Primary light 

grey (C ) 

22.0 

(0.7) 

42.8 

(0.4) 

35.2 

(0.8) 
0.6 89.7 89.5 

BCC 

(V) 
Ὅάσά 
(229) 

3.0246 - 27.67 

Intergranular 

black  (D) 

66.1 

(1.6) 

18.9 

(1.2) 

15.0 

(0.8) 
4.4 10.3 11.5 ŬTi 

ὖφȾάάὧ  
(194) 

2.98 4.72 36.24 

Annealed 

Primary light 

grey (C ) 

18.0 

(1.2) 

46.1 

(0.8) 

35.9 

(1.9) 
0.5 86.5 90.8 

BCC 

(V) 
Ὅάσά 
 (229) 

3.0235 - 27.64 

Intergranular 

black  (D) 

70.8 

(5.6) 

16.2 

(3.2) 

13.1 

(2.6) 
5.4 13.5 9.2 ŬTi 

Ὂάσά 
(225) 

2.98 4.73 36.24 

       
C14 

Laves 
ὖφȾάάὧ  

(194) 
4.93 7.96 167.81 

Quenched 

Primary light 

grey (C ) 

25.1 

(2.4) 

40.4 

(3.5) 

34.5 

(4.4) 
0.7 85.7 73.6 

BCC 

(V) 
Ὅάσά 
 (229) 

3.0380 - 28.04 

Intergranular 

black  (D) 

53.8 

(5.1) 

23.8 

(2.6) 

22.4 

(2.6) 
2.4 14.3 26.4 ɤTi 

ὖφȾάάά  
(191) 

4.55 2.78 49.91 

                   *  Standard deviation in parentheses
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Figure 4.2. XRD patterns of as-cast and heat treated alloy A1. 

 

4.2.2. Microstructures and phase analysis of alloy A2 (Ti24:V40:Cr34:Fe2) 

The optical and SEM micrographs of as-cast, annealed and quenched alloy A2 are shown 

in Figure 4.3. The XRD patterns are shown in Figure 4.4 and the EDX composition and 

XRD measured crystallographic parameters are listed in Table 4.3. 

The microstructure of Alloy A2 (Figure 4.3) was a primary, light grey, bcc (V) phase, with 

a black intergranular phase (D) in all three samples, and a dark grey intergranular phase in 

the as-cast and quenched samples. There were fine needle-like and spherical precipitates 

surrounding some of the black secondary phase particles (Figure 4.3 e) 

Table 4.3 shows that the bcc (V) phase (C) in all the three samples The XRD analysis 

revealed that the sample also contained a small amount of C15 Laves which could not be 

detected by the SEM. The annealing treatment removed the dark grey fcc C15 and hcp C14 

Laves phases and introduced the C36 Laves phase. Quenching introduced twinning in the 

secondary phase particles in Figure 4.3 iiib shown inside the circle (E). The C15 Laves in 

the as-cast and C36 Laves phase in the annealed sample were too small for EDX to 

analyse. 
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a) Optical micrograph   b) SEM-BSE micrograph 

As-cast (A2) 

    

c) Optical micrograph   d) SEM-BSE micrograph 

Annealed (A2A) 

    

e) Optical micrograph   f) SEM-BSE micrograph 

 Quenched A2B 

Figure 4.3. Microstructure of alloy A2. 

E 
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The optical and SEM BSE micrograph showed 71 - 85% bcc (V) phase, 15-27% dark 

phase and 1-2 % light grey phase. The proportion of the bcc (V) phase increased to ~82-

85% after annealing and decreased to between 76 and 82% after quenching. The proportion 

of the dark phase reduced to between 15 to 18% after annealing and 16 to 22% after 

quenching.  

Annealing had no effect on composition of the primary phase, but the cell volume 

increased marginally. The Ti content increased by ~5 at.% after quenching, and a 

significant increase in secondary cell volume was observed in the black intergranular (ŬTi) 

as it changed to hcp C36 Laves phase. 

The Ti/Cr ratio in the bcc phase remained relatively constant at 0.5-0.6 for all three 

samples. The Ti/Cr ratio in the secondary phases increased from 0.6 to 4.4 after annealing 

and 2.2 after quenching. 

 

 

  
 

Figure 4.4. XRD patterns of as-cast and heat treated alloy A2. 
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Table 4.3. EDX compositions and crystallographic parameters of phases in alloy A2 (Ti24:V40:Cr34:Fe2). 

Sample 

Phase 

(tag in BSE 

micrograph) 

Composition 

(at.%)*  

Phase proportion    

(% area) 
Crystallographic description 

Ti  V Cr  Fe 
Ti/Cr 

ratio  

SEM 

BSE 
Optical 

Phases 

XRD 

Space 

group (no.) 

a 

(Å) 
c 

(Å) 
Cell vol.  

(Å
3
) 

As-cast 

Primary light 

grey (C ) 

17.7 

(1.1) 

43.5 

(1.6) 

36.5 

(2.2) 
2.3 (0.7) 0.5 78.5 71.2 BCC (V) 

Ὅάσά   
(229) 

3.0030 - 27.08 

Black inter-

granular  (D) 

23.0 

(3.7) 

41.4 

(2.4) 

35.5 

(1.4) 
2.0 (0.2) 0.6 20.2 26.7 Ŭ-Ti 

ὖφȾάάὧ 
(194) 

2.98 4.73 36.24 

Dark grey (E ) 
24.7 

(0.8) 

37.8 

(0.7) 

34.0 

(0.4) 
3.5 (0.3) 0.7 1.3 2.1 C14 Laves 

ὖφȾάάὧ   
(194) 

4.85 7.94 161.7 

        C15 Laves 
ὊὨσά   
(229) 

6.94 - 334.4 

Annealed 

Primary light 

grey (C ) 

17.7 

(1.9) 

43.5 

(1.3) 

36.5 

(2.9) 
2.3 (0.2) 0.5 82.0 84.9 BCC (V) 

Ὅάσά   
(229) 

3.0136 - 27.37 

Black inter-

granular (D)   

65.9 

(5.2) 

18.6 

(2.8) 

14.9 

(2.2) 
0.6 (0.2) 4.4 18.0 15.1 Ŭ-Ti 

ὖφȾάάὧ 
(194) 

2.98 4.73 36.24 

        C36 Laves 
ὖφȾάάὧ 

(194) 
4.91 16.00 334.5 

Quenched 

Primary light 

grey (C ) 

21.8 

(1.5) 

40.0 

(1.3) 

35.6 

(1.2) 
2.6 (1.7) 0.6 81.5 76.0 BCC (V) 

Ὅάσά   
(229) 

3.0136 - 27.37 

Black inter-

granular (D) 

49.1 

(5.7) 

26.8 

(3.0) 

22.7 

(2.8) 
1.3 (0.4) 2.2 16.5 22.0 C36 Laves 

ὖφȾάάὧ 
(194) 

8.81 4.57 354.54 

Dark grey (E) 
47.3 

(3.7) 

21.6 

(2.5) 

24.7 

(1.4) 
6.4 (0.5) 1.9 2.0 2.0 C14 Laves 

ὖφȾάάὧ   
(194) 

4.93 7.96 167.8 

                   *  Standard deviation in parentheses
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4.2.3. Microstructures and phase analysis of Alloy A3 (Ti25:V37:Cr 33:Fe). 

The optical and SEM micrographs of the as-cast, annealed and quenched alloy A3 are 

shown in Figure 4.5, the XRD patterns are shown in Figure 4.6 and the EDX 

compositions and XRD measured crystallographic parameters are listed in Table 4.4. 

The microstructure of Alloy A3 (Figure 4.5) was a primary, light grey, bcc (V) phase, 

intergranular Ŭ-Ti and dark grey Laves phases. The vanadium content of the bcc phase 

increased after heat treatment. 

 

Both annealing and quenching increased the bcc cell volume of the as-cast sample from 

26.95 to 27.08 Å
3
 but had no effect on the volume of ŬTi. However, an additional phase 

(C15 Laves) with a large cell volume appeared after quenching. 

The abundance of bcc (V) was increased by heat treatment, by 6.8% after quenching 

and by 22.5% after annealing. The secondary ŬTi phases are rich in Ti (49-67 at.%) and 

lean in other constituents when compared with the primary phase. However, the dark 

grey phase had a composition range of near-equiatomic proportions.  

The Ti/Cr ratio in the primary phase decreased from 0.70 to 0.62 after annealing and 

0.50 after quenching. There was a noticeable increase in the Ti/Cr ratio in the (ŬTi) 

phase from 8.80 to 43.60 after annealing, but less (to 9.9) after quenching, however, the 

ratio in the dark grey phase slightly decreased to 4.4 in annealed sample and 3.5 in 

quenched sample. 
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Table 4.4. EDX compositions and crystallographic parameters of phases in alloy A3. 

 

Sample 

Phase 

(tag in BSE 

micrograph) 

Composition 

(at.%)*  

Phase proportion   

(% area) 

Crystallographic description 

Ti  V Cr  Fe 
Ti/Cr 

ratio  

SEM 

BSE 
Optical 

Phases 

XRD 

Space 

group (no.) 

a  

(Å) 
c 

(Å) 
Cell vol. 

(Å
3
) 

As-cast 

Primary light 

grey (C ) 

24.4 

(2.8) 

37.4 

(2.5) 

33.0 

(1.0) 

5.2 

(3.1) 
0.7 67.5 81.2 BCC (V) 

Ὅάσά   
(229) 

2.9981 - 26.95 

Black (D) 

intergranular   

78.3 

(5.4) 

11.2 

(2.9) 

8.9 

(2.0) 

1.5 

(0.6) 
8.8 32.5 16.3 Ŭ-Ti 

ὖφȾάάὧ  
 (194) 

2.98 4.73 36.24 

        C14 Laves 
ὖφȾάάὧ  

 (194) 
4.93 7.96 167.81 

Annealed 

Primary light 

grey (C ) 

21.6 

(0.7) 

39.3 

(2.6) 

34.9 

(2.5) 

4.3 

(1.3) 
0.62 90.0 84.0 BCC (V) 

Ὅάσά   
(229) 

3.0030 - 27.08 

Black (D) 

intergranular   

93.3 

(1.0) 

3.8 

(0.7) 

2.1 

(0.2) 

1.03 

(0.9) 
43.6 8.0 11.5 Ŭ-Ti 

ὖφȾάάὧ  
 (194) 

2.98 4.73 36.24 

Dark grey 
65.5 

(6.7) 

16.3 

(3.1) 

14.9 

(3.5) 

3.4 

(0.8) 
4.4 2.0 4.5 BCC (V) 

Ὅάσά 
(229) 

3.05 - 28.26 

Quenched 

Primary light 

grey (C ) 

18.2 

(2.0) 

40.5 

(1.8) 

35.2 

(2.0) 

6.1 

(2.6) 
0.5 74.3 73.4 BCC (V) Ὅάσά (229) 3.0030 - 27.08 

Black (D) 

intergranular   

78.5 

(2.4) 

9.8 

(0.7) 

7.9 

(1.2) 

3.8 

(1.0) 
9.9 20.0 21.5 Ŭ-Ti 

ὖφȾάάὧ  
 (194) 

2.98 4.73 36.24 

Dark grey (E) 
58.8 

(9.3) 

20.3 

(4.4) 

16.8 

(4.4) 

4.1 

(1.1) 
3.5 5.7 5.1 C15 Laves 

Fd3m  

(227) 
6.94 - 334.39 

                   *  Standard deviation in parentheses 
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a) Optical micrograph   b) SEM BSE micrograph 

 As-cast A3 

    
c) Optical micrograph   d) SEM BSE micrograph 

 Annealed A3A 

    
e) Optical micrograph   f) SEM BSE micrograph 

Quenched A3B 

Figure 4.5. Microstructures of as-cast and heat treated alloy A3. 
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Figure 4.6. XRD patterns of as-cast and heat treated alloy A3. 

 

4.2.4. Microstructures, and phase analysis of alloy A4 

The optical and SEM micrographs of as-cast, annealed and quenched alloy A4 are 

shown in Figure 4.7, the XRD results are in Figure 4.8 and the EDX composition and 

XRD measured crystallographic parameters are listed in Table 4.5. 

 

The microstructure of the alloy A4 samples (Figure 4.7) was a primary, light grey, bcc 

(V) matrix and dark grey intergranular phases. There is evidence of twinning in many 

of the dark intergranular phase particles. EDX analysis could not be done on the Laves 

phases in the as-cast and quenched samples, as the phases were too small. 
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a) Optical micrograph   b) SEM BSE micrograph 

 As-cast A4 

    
c) Optical micrograph   d) SEM BSE micrograph 

 Annealed A4A 

    

e) Optical micrograph   f) SEM BSE micrograph 

Quenched A4B 

Figure 4.7. Microstructures of as-cast and heat treated alloy A4. 
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Table 4.5. EDX compositions and crystallographic parameters of phases in alloy A4. 
 

 

 

 

 

 

 

 

 

 

 

*Standard deviation in parentheses.  

Sample 

Phase 

(tag in BSE 

micrograph) 

Composition 

(at.%)*  

Phase 

proportion  

(% area) 

Crystallographic description 

Ti  V Cr  Fe 
Ti/Cr 

ratio 

SEM 

BSE 
Optical 

Phases 

XRD 

Space group 

(no.) 
a (Å) c (Å) 

Cell vol. 

(Å
3
) 

As-cast 

Primary light 

grey (C ) 

15.5 

(2.2) 

44.0 

(2.5) 

35.5 

(0.4) 

5.0 

(4.9) 
0.40 85.5 88.0 BCC (V) 

Ὅάσά    

(229) 
3.0000 - 27.00 

Black (D) 

intergranular 

79.5 

(5.4) 

11.0 

(2.7) 

8.5 

(2.5) 

1.0 

(0.2) 
9.40 14.5 12.0 Ŭ-Ti 

ὖφȾάάὧ 
(194) 

2.98 4.73 36.24 

        C14 Laves 
ὖφȾάάὧ 

(194) 
4.93 7.96 167.81 

Annealed 

Primary light 

grey (C ) 

15.5 

(1.2) 

44.1 

(1.8) 

35.5 

(2.6) 

4.9 

(3.0) 
0.44 73.5 73.2 BCC (V) 

Ὅάσά  

(229) 
2.9981 - 26.95 

Black (D) 

intergranular 

62.5 

(3.8) 

19.6 

(2.5) 

15.7 

(1.5) 

2.2 

(0.3) 
4.00 26.5 26.8 ɤ-Ti 

ὖφȾάάά  
(191) 

4.55 2.78 49.91 

Quenched 

Primary light 

grey (C ) 

17.5 

(0.7) 

42.3 

(2.5) 

34.6 

(1.8) 

5.6 

(2.3) 
0.57 76.4 64.5 BCC (V) 

Ὅάσά 
(229) 

2.9892 - 26.71 

Black inter-

granular (D) 

66.5 

(4.1) 

17.2 

(2.0) 

14.3 

(2.2) 

2.0 

(0.4) 
4.70 23.6 35.5 ɤ-Ti 

ὖφȾάάά  
(191) 

4.6 2.82 51.68 

        C36 Laves 
ὖφȾάάὧ 

(194) 
4.91 16.00 334.50 
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The primary phase proportion decreased from 85.5 to 73.5% after annealing and slightly 

increased to 76.4% after quenching, while the cell volume decreased from 27.00 to 

26.95 Å
3
 after annealing and 26.71 Å

3
 after quenching. The cell volume of (ŬTi) 

increased from 36.24 Å
3 in the as-cast sample to 49.91 Å

3
 after annealing and 51.68 Å

3 

after quenching.  

 

The primary phase showed a marginal increase in Ti/Cr ratio from 0.40 to 0.44 after 

annealing and 0.57 after quenching. Heat treatment reduced the Ti/Cr ratio in the Ŭ-Ti 

phase from 9.40 to 4.00 after annealing and 4.70 after quenching.  

 

  
 

Figure 4.8. XRD patterns of as-cast and heat treated alloy A4. 

 

 

4.2.5. Microstructures and phase analysis of alloy A5 (Ti24.975:V40:Cr 34.975:Rh0.05) 

The optical and SEM micrographs of as-cast, annealed and quenched alloy A5 are 

shown in Figure 4.9, the XRD results are in Figure 4.10 while the EDX composition 

and XRD measured crystallographic parameters are listed in Table 4.6. 
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a) Optical micrograph   b) SEM BSE micrograph 

As-cast A5 

    

c) Optical micrograph   d) SEM BSE micrograph 

Annealed A5A 

    

e) Optical micrograph   f) SEM BSE micrograph 

Quenched A5B 

Figure 4.9. Microstructures of alloy A5. 
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The microstructure of A5 is a primary, light grey, bcc (V) with intergranular Laves 

phases. In the quenched sample, the Ti content in the primary phase decreased slightly 

to 24.1 at.%, while V and Cr increased to 41.6 and 34.3 at.% respectively.  

 

Heat treatment had no effect on the amount of primary phase (from 82.2 to 81.8% in the 

annealed sample and 82% in quenched sample). 

 

Annealing increased the cell volume of the bcc (V) phase from 27.37 to 28.09 Å
3 
and of 

the secondary phases from 36.25 in the as-cast sample to 167.81 Å
3
. Quenching 

increased the Laves cell volume to 49.99 Å
3
 but had no effect on the bcc (V) cell 

volume. 

Annealing decreased the Ti/Cr ratio from 0.9 to 0.8 in the bcc (V) phase, while 

quenching decreased it to 0.7. There was an observed decrease in the Ti/Cr ratio for the 

secondary phase after heat treatment, from 5.3 after casting to 4.4 after annealing and 

4.0 after quenching. An acicular (ŬTi) phase was found near the bcc (V) grain 

boundaries.  
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Table 4.6. EDX compositions and crystallographic parameters of phases in alloy A5. 

Sample 

Phase 

(tag in BSE 

micrograph) 

Composition 

(at.%)*  

Phase proportion   

(% area) 
Crystallographic description 

Ti  V Cr  Rh 
Ti/Cr 

ratio 
SEM 

BSE 
Optical 

Phases 

XRD 

Space 

group (no.) 
a (Å) c (Å) 

Cell vol. 

(Å
3
) 

As-cast 

Primary light 

grey (C ) 

28.5 

(3.8) 

38.8 

(2.2) 

32.7 

(1.7) 
- 0.9 82.2 24.3 BCC (V) 

Ὅάσά   
(229) 

3.0257 - 27.70 

Black inter-

granular  (D) 

71.8 

(5.8) 

14.6 

(3.0) 

13.5 

(2.8) 

0.5 

(0.4) 
5.3 17.8 75.7 Ŭ-Ti 

ὖφȾάάὧ  
 (194) 

2.98 4.73 36.25 

Annealed 

Primary light 

grey (C ) 

26.5 

(1.9) 

40.0 

(2.0) 

33.5 

(3.8) 
- 0.8 81.8 54.5 BCC (V) 

Ὅάσά   
(229) 

3.0398 - 28.09 

Black inter-

granular (D) 

68.0 

(4.4) 

16.5 

(2.7) 

15.4 

(2.7) 
- 4.4 18.2 45.5 

C14 

(Laves) 
ὖφȾάάὧ  

 (194) 
4.93 7.96 167.81 

Quenched 

Primary light 

grey (C ) 

24.1 

(1.1) 

41.6 

(1.4) 

34.3 

(2.0) 
- 0.7 82.0 64.0 BCC (V) 

Ὅάσά   
(229) 

3.0136 - 27.37 

Black inter-

granular (D) 

66.6 

(4.1) 

16.6 

(2.4) 

16.8 

(1.7) 
- 4.0 18.0 36.0 ɤ-Ti 

ὖφȾάάά 
(191) 

4.55 2.78 49.99 

                   *Standard deviation in parentheses  
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Figure 4.10. XRD patterns of as-cast and heat treated alloy A5. 

 

 

4.2.6. Microstructures and phase analysis of alloy A6 (Ti24.95:V40:Cr34.95:Rh0.1) 

The optical and SEM micrographs of as-cast, annealed and quenched alloy A6 are 

shown in Figure 4.11, the XRD results in Figure 4.12 and the EDX composition and 

XRD measured crystallographic parameters are presented in Table 4.7. 

 

The microstructure of A6 (Figure 4.11) was a primary, light grey, bcc (V) and black 

intergranular secondary phase(s). Table 4.7 shows the composition of the phases. There 

was no significant change in the phase proportions of both bcc and secondary phases 

after either heat treatment.  

The cell volume of bcc (V) was unchanged after heat treatment. The secondary phase 

volume increased from 34.48 to 167.8 Å
3
 after annealing and to ~50 Å

3 
after quenching.
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Table 4.7. EDX compositions and crystallographic parameters of phases in alloy A6. 

Sample 

Phase 

(tag in BSE 

micrograph) 

Composition 

(at.%)*  

Phase 

proportion   (% 

area) 

Crystallographic description 

Ti  V Cr  Rh 
Ti/Cr 

ratio  

SEM 

BSE 
Optical 

Phases 

XRD 

Space 

group 

(no.) 

a (Å) c (Å) 
Cell vol. 

(Å
3
) 

As-cast 

Primary light 

grey (C ) 

28.5 

(3.8) 

38.8 

(2.2) 

32.7 

(1.7) 
- 0.9 84.8 78.7 

BCC 

(V) 
Ὅάσά    
(229) 

3.0275 - 27.75 

Black inter-

granular  (D) 

62.3 

(6.3) 

19.1 

(3.4) 

18.6 

(3.2) 

0.5 

(0.4) 
3.3 15.2 21.3 Ŭ-Ti 

ὖφȾάάὧ 
(194) 

2.92 4.67 34.48 

Annealed 

Primary light 

grey (C ) 

26.5 

(1.9) 

40.0 

(2.0) 

33.5 

(3.8) 
- 0.8 82.5 76.0 

BCC 

(V) 
Ὅάσά    
(229) 

3.0398 - 28.09 

Black inter-

granular (D) 

57.3 

(2.3) 

22.9 

(0.7) 

19.8 

(1.8) 
- 2.9 17.5 24.0 

C14 

Laves 
ὖφȾάάὧ 

(194) 
4.93 7.96 167.81 

Quenched 

Primary light 

grey (C ) 

24.1 

(1.1) 

41.6 

(1.4) 

34.3 

(2.0) 
- 0.7 83.0 77.0 

BCC 

(V) 
Ὅάσά    
(229) 

3.0275 - 27.75 

Black inter-

granular (D) 

58.5 

(7.0) 

22.3 

(3.9) 

19.2 

(3.2) 
- 3.0 17.0 23.0 ɤ-Ti 

ὖφȾάάά 
(191) 

4.55 2.78 49.99 

- - - - - - - - 
C36 

Laves 
ὖφȾάάὧ 

(194) 
4.91 16.00 334.50 

                   *  Standard deviation in parentheses  
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The vanadium content in the bcc phase was 38.8 at.% (as-cast), and increased slightly 

after annealing and quenching. Quenching had no effect on the cell volume of bcc (V) 

and the abundance of the phase was not significantly affected. The SEM and optical 

images of alloy A6 (Figure 4.11) show a predominantly bcc (V) phase. Table 4.7 shows 

that the area proportion of bcc (V) was 82-85%. 

Table 4.7 shows that after heat treatment, the Ti/Cr ratio in both the primary phase and 

secondary phases decreased. In the primary phase, a marginal decrease from 0.9 to 0.8 

was observed in annealed sample and 0.7 in quenched sample. The Ti/Cr ratio in the 

secondary phase decreased from 3.3 to 2.9 after annealing and to 3.0 after quenching. 

This could imply formation of a small, Ti-rich phase that was not observed by SEM. 

The SEM-BSE micrographs show the formation of acicular precipitates near the 

boundary of bcc/secondary phases after heat treatment. 

 

 

Figure 4.11. XRD patterns of alloy A6. 
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a) Optical micrograph   b) SEM BSE micrograph 

 As-cast A6 

        

c) Optical micrograph   d) SEM BSE micrograph 

Annealed A6A 

         

e) Optical micrograph   f) SEM BSE micrograph 

Quenched A6B 

Figure 4.12. Microstructures of alloy A6. 
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4.2.7. Microstructures and phase analysis of alloy A7 (Ti24.98:V40:Cr34.97:Pd0.05) 

 

Optical and SEM micrographs of as-cast, annealed and quenched alloy A7 are shown in 

Figure 4.13, the XRD results are in Figure 4.14 and the EDX composition and XRD 

measured crystallographic parameters are listed in Table 4.8.  

The microstructure of alloy A7 was a primary, light grey, bcc (V) phase with minor, 

dark intergranular phases. Heat treatment increased the proportion of secondary phase 

from 17.5 to ~20% in the optical micrographs but for SEM BSE micrograph the 

proportion increased from 11.5 to 14.0 area % after quenching and decreased slightly to 

10.5% after annealing. 

Annealing decreased the cell volume of the Laves phase from 59.68 to 49.99 Å
3
 but had 

no effect on the bcc phase. Quenching increased the bcc cell volume from 27.75 to 

28.09 Å
3
 but decreased the volume of the secondary phases from 59.68 to 52.09 Å

3
. 

The area proportion of the bcc (V) phase was found to be 86-90%, while the black 

intergranular secondary phase occupied the remaining 10-14 area % (Table 4.8). 

 

The Ti/Cr ratio in the dark phase increased from 2.1 to 4.0 after both treatments. 

Annealing had no effect on the Ti/Cr ratio in primary bcc (V) phase, while quenching 

marginally increased it from 0.5 to 0.6. Precipitation of the secondary phase at the bcc 

(V) grain boundaries increased after heat treatment. 
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Table 4.8. EDX compositions and crystallographic parameters of phases in alloy A7. 

Sample 

Phase 

(tag in BSE 

micrograph) 

Composition 

(at.%)*  

Phase 

proportion   

(% area) 

Crystallographic description 

Ti  V Cr  Pd 
Ti/Cr 

ratio 

SEM 

BSE 
Optical 

Phases 

XRD 
Space group (no.) a (Å) c (Å) 

Cell 

vol.(Å
3
) 

As-cast 

Primary light 

grey (C ) 

18.6 

(1.4) 

44.8 

(2.2) 

36.6 

(1.3) 
- 0.5 88.5 82.5 

BCC 

(V) 
Ὅάσά  (229) 3.0275 - 27.75 

Black (D) 

intergranular  

50.5 

(4.8) 

25.7 

(2.4) 

23.8 

(2.5) 

0.4 

(0.1) 
2.1 11.5 17.5 

C15 

(Laves) ὊὨσά  (225) 
3.91 - 59.68 

Annealed 

Primary light 

grey (C ) 

18.1 

(1.9) 

45.7 

(4.1) 

36.2 

(2.7) 
- 0.5 89.5 80.2 

BCC 

(V) Ὅάσά  (229) 
3.0275 - 27.75 

Black (D) 

intergranular 

66.0 

(4.9) 

17.6 

(3.2) 

16.4 

(1.8) 
- 4.0 10.5 19.8 ɤ-Ti 

ὖφȾάάά  
 (191) 

4.55 2.79 49.99 

Quenched 

Primary light 

grey (C ) 

21.6 

(0.8) 

42.6 

(1.0) 

35.8 

(1.4) 
- 0.6 86.0 81.2 

BCC 

(V) 
Ὅάσά  (229) 3.0398 - 28.09 

Black (D) 

intergranular 

65.3 

(1.7) 

18.3 

(0.8) 

16.4 

(1.0) 

0.4 

(0.0) 
4.0 14.0 19.8 ɤ-Ti 

ὖφ Ⱦάάά  
 (191) 

4.61 2.83 52.09 

                   *  Standard deviation in parentheses  
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a) Optical micrograph   b) SEM BSE micrograph 

 As-cast A7 

    

c) Optical micrograph   d) SEM BSE micrograph 

Annealed A7A 

    

e) Optical micrograph   f) SEM BSE micrograph 

 Quenched A7B 

Figure 4.13. Microstructure of alloy A7. 
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Figure 4.14. XRD patterns in alloy A7. 

 

4.2.8. Microstructures and phase analysis of alloy A8 (Ti 25:V 40:Cr 34.9 :Pd0.1) 

 

The optical and SEM micrographs of as-cast, annealed and quenched alloy A8 are 

shown in Figure 4.15, the XRD results are in Figure 4.16 and the EDX composition and 

XRD measured crystallographic parameters are listed in Table 4.9. 

The microstructure of Alloy A8 was a primary, light grey, bcc (V) phase and 

intergranular secondary phases. The bcc (V) phase in the as-cast sample contained 

19 at.% Ti, 44 at.% V and 37 at.% Cr. The annealed and quenched samples had similar 

compositions. 
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Table 4.9. EDX compositions and crystallographic parameters of phases in alloy A8. 

Sample 

Phase 

(tag in BSE 

micrograph) 

Composition 

(at.%)*  

Phase 

proportion  

(% area) 

Crystallographic description 

Ti  V Cr  Pd 
Ti/Cr 

ratio 

SEM 

BSE 
Optical 

Phases 

XRD 

Space 

group (no.) 
a (Å) c (Å) 

Cell vol. 

(Å
3
) 

As-cast 

Primary light 

grey (C ) 
19.1 

(0.8) 

43.6 

(3.6) 

37.3 

(4.6) 

- 
0.5 91.4 88.5 BCC (V) 

Ὅάσά  
(229) 

3.0275 - 27.75 

Black (D) 

intergranular 

63.7 

(1.4) 

18.5 

(1.1) 

17.8 

(0.6) 
- 3.6 8.6 11.5 Ŭ-Ti 

ὖφȾάάὧ  
 (194) 

2.95 4.69 40.72 

Annealed 

Primary light 

grey (C ) 

22.2 

(1.1) 

40.8 

(1.4) 

37.0 

(2.2) 

- 
0.6 90.0 83.8 BCC (V) 

Ὅάσά  
(229) 

3.0275 - 27.75 

Black (D) 

intergranular 

70.2 

(4.5) 

14.8 

(2.2) 

15.0 

(2.3) 

- 
4.7 10.0 6.2 Ŭ-Ti 

ὖφȾάάὧ  
 (194) 

2.95 4.67 35.22 

Quenched 

Primary light 

grey (C ) 

22.2 

(2.7) 

40.3 

(2.5) 

37.5 

(3.5) 

- 
0.6 94.9 92.6 BCC (V) 

Ὅάσά  
(229) 

3.0275 - 27.75 

Black (D) 

intergranular 

63.4 

(4.4) 

18.8 

(2.8) 

17.9 

(1.7) 

- 
3.5 5.1 7.4 

C14 

(Laves) 
ὖφȾάάὧ  

 (194) 
3.30 11.80 128.50 

                   *  Standard deviation in parentheses  
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a) Optical micrograph   b) SEM BSE micrograph 

 As-cast A8 

    

c) Optical micrograph   d) SEM BSE micrograph 

 Annealed A8A 

 

    

e) Optical micrograph   f) SEM BSE micrograph 

Quenched A8B 

Figure 4.15. Microstructures of alloy A8. 
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Annealing reduced the vanadium content in both phases. Quenching had no significant 

effect on the V content in the second phase, but slightly decreased it from 43.6 to 

40.3 at.% in the BCC phase. The abundance of the bcc (V) phase increased by 3.5 at.% 

after quenching, but the volume was not affected by heat treatment. However, the 

secondary phase unit cell volume decreased by 5.5 Å
3
 after annealing (ŬTi) and 

increased by 87.78 Å
3 
after quenching (C14 Laves).  

Table 4.9 shows that the proportion of the bcc phase was 90-95%. The Ti/Cr ratio in the 

primary phase was the same (0.6) for both quenched and annealed samples, but 0.5 in 

the as-cast alloy. Quenching had no significant effect on the Ti/Cr ratio in the secondary 

phase, while annealing increased it from 3.6 to 4.7. After heat treatment, the acicular 

secondary phase formed fine precipitates around the grain boundaries. 

 

  

Figure 4.16. XRD patterns of alloy A8. 
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4.3. Hardness of alloys A1 to A8 

 

The Vickers hardness (HV2) values of the as-cast, annealed and quenched alloys are 

shown as follows:  

¶ Base alloy A1 and the iron containing alloys (A2-A4) in Figure 4.17 

¶ Rhodium containing alloys (A5 and A6) in Figure 4.18 

¶ Palladium containing alloys (A7 and A8) in Figure 4.19 

In the base alloy A1, heat treatment slightly reduced the hardness from 415 HV2 (as-

cast) to 408 HV2 after annealing and to 405 HV2 after quenching, as shown in Figure 

4.17 a. In the alloys with iron added, annealing increased the hardness slightly, while 

quenching caused a larger increase in hardness. 

In alloy A2 (2 at.% Fe), heat treatment increased the hardness (Figure 4.17 b). The 

quenched sample had the highest hardness of 440 HV2, while the as-cast and annealed 

samples had hardness values of 430 and 436 HV2 respectively. With the addition of 5 

at.% Fe (alloy A3), the as-cast and annealed hardnesses were the same at ~421 HV2. 

However, there was a noticeable increase to 460HV2 after quenching, as shown in 

Figure 4.17 (c) 

The hardness of the as-cast alloy containing 6 at.% Fe increased from 425 to 438 HV2 

after annealing  and to 446 HV2 after quenching (Figure 4.17 d).  

Among the samples of the iron-containing alloys (Ti25-0.5xV40Cr35-0.5xFex, x = 0, 2, 5, 6 

at.%), the quenched base alloy had the lowest hardness and the 5 at.% Fe quenched 

sample had the highest hardness. 

Heat treatment marginally increased the hardness of samples containing 0.05 at.% Rh 

from 409 to 414 HV2 after annealing and to 413 HV2 after quenching (Figure 4.18 a). 

However, with an addition of 0.10 at.% Rh (Figure 4.18 b), heat treatment decreased 

the hardness from 410 to 388 HV2 after annealing and to 395 HV2 after quenching. The 

heat treated 0.05 at.% Rh samples had the highest hardness ~414 HV2, while the 

annealed 0.10 at.% Rh sample had the lowest hardness of the rhodium containing 

alloys. 
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For the 0.05 at.% Pd alloy (Figure 4.19 a), the hardness decreased slightly from 410 to 

402 HV2 after annealing and to 406 HV2 after quenching. In the 0.10 at.% Pd alloy, the 

hardness was reduced from 425 to 392 HV2 after annealing and to 405 HV2 after 

quenching. The as-cast 0.10 at.% Pd sample had the highest hardness and the annealed 

0.10 at.% Pd sample had the lowest hardness of the palladium containing alloys (Figure 

4.19 b).    

Overall, the quenched 5 at.% Fe sample had the highest hardness of 460 HV2, while the 

annealed 0.10 at.% Rh sample had the lowest hardness of 392 HV2.  

  
a) A1 (0 at.% Fe)  b) A2 (2 at.% Fe) 

  
c) A3 (5 at.% Fe)  d) A4 (6 at.% Fe) 

Figure 4.17  Hardness (HV2) of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xFex  (x = 0, 2, 

5, 6 at.%) alloy. 
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a) A5, 0.05 at.% Rh b) A6, 0.10 at.% Rh 

 

Figure 4.18 Hardness (HV2) of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xRhx (x = 0.05, 

0.10 at.%) alloy. 

 

 
 

a) A5, 0.05 at.% Pd b) A6, 0.10 at.% Pd 

 

Figure 4.19. Hardness (HV2) of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xPdx (x = 0.05, 

0.10 at.%) alloy. 
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4.4.  Corrosion behaviour of as-cast and heat treated alloys in KOH 

solution 

 

4.4.1. Potentiodynamic behaviour in 6M KOH solution  

The potentiodynamic behaviour of the iron-containing as-cast, annealed and quenched 

samples in a solution of 6M KOH are presented in Figure 4.20. The curves of the 

rhodium containing alloys are shown in Figure 4.21, while those of the palladium 

containing alloys are shown in Figure 4.22. 

 

  
a) A1, 0 at.% Fe    b) A2, 2 at.% Fe 

  
c) A3, 5 at.% Fe   d) A4, 6 at.% Fe 

Figure 4.20. Potentiodynamic curves of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xFex (x 

= 0, 2, 5, 6 at.%) alloy. 
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a) A5, 0.05 at.% Rh   b) A6, 0.10 at.% Rh 

Figure 4.21. Potentiodynamic curves of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xRhx 

(x = 0.05, 0.10 at.%) alloys. 

 

 

  
 

a) A7, 0.05 at.% Pd   b) A8, 0.10 at.% Pd 

Figure 4.22. Potentiodynamic curves of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xPdx (x 

= 0.05, 0.10 at.%) alloys. 
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4.4.2. Corrosion rates of the alloys in 6M KOH solution 

 

The corrosion rates (Figures 4.23 to 4.25) were calculated from the corrosion current 

densities in Figures 4.20 to 4.22 and Equations 2.7 to 2.10.  

  
a) A1, 0 at.% Fe        b) A2, 2 at.% Fe 

  
c) A3, 5 at.% Fe    d) A4, 6 at.% Fe 

Figure 4.23. Corrosion rates of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xFe (x = 0, 2, 5, 

6) at.% alloy. 
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a) A5, 0.05 at.% Rh    b) A6, x = 0.10 at.% Rh 

Figure 4.24. Corrosion rates of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xRhx (x = 0.05, 

0.10 at.%) alloy. 

 

  
a) A7, 0.05 at.% Pd   b) A8, 0.10 at.% Pd 

Figure 4.25. Corrosion rates of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xPdx (x = 0.05, 

0.10 at.%) alloy. 
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In the Fe-free alloy Ti25:V40:Cr35 (Figure 4.20 a), the lowest Ecorr of -860 mV occurred 

in the quenched sample, while the highest value of -410 mV was found in the annealed 

sample. The as-cast sample had the highest icorr of 1.00 µA/cm
2
 and the lowest value of 

0.11 µA/cm
2
 was recorded for the annealed sample. The annealed sample had the 

lowest corrosion rate of 0.001 mm/y, while the as-cast sample had the highest corrosion 

rate of 0.011 mm/y (Figure 4.23 a). 

With addition of 2 at.% Fe, the Tafel behaviour of as-cast and heat treated samples were 

similar (Figure 4.20 b). The Ecorr decreased from -821 to -869 mV after quenching but 

increased slightly to -800 mV after annealing. Both heat treatments marginally 

increased the corrosion rates, which was highest (0.0017 mm/y) in the quenched sample 

and lowest (0.0004 mm/y) in the as-cast sample (Figure 4.23 b). 

The Ecorr for the as-cast 5 at.% Fe sample was -327 mV, while the Ecorr for the annealed 

and quenched samples were similar at -660 and 670 mV respectively (Figure 4.20c). 

The as-cast sample had the highest corrosion rate of 0.034 mm/y (Figure 4.23c), while 

the annealed and the quenched samples had much lower corrosion rates of 0.001 and 

0.002 mm/y. 

The Ecorr of the as-cast, annealed and quenched 6 at.% Fe samples were -1220, -700 and 

-410 mV respectively, with the corresponding icorr values of 1.43, 0.06 and 4.66 µA/cm
2
 

(Figure 4.20 d). Figure 4.23 d shows that the lowest corrosion rate of 0.002 mm/y was 

found in the annealed sample, while the quenched sample had the highest value of 

0.037 mm/y. 

In the 0.05 at.% Rh alloy, the Ecorr for the as-cast, annealed and quenched samples were 

very similar at -790, -711 and -780 mV, while the corresponding icorr values were 0.081, 

0.061 and 0.13 µA/cm
2
 (Figure 4.21 a). The addition of rhodium caused a reduction in 

the corrosion rates. The annealed sample had the lowest corrosion rate of 0.0007 mm/y 

and the highest corrosion rate of 0.0014 mm/y was found in the quenched sample, as 

shown in Figure 4.24 a.  

The Ecorr values were slightly lowered with addition of 0.10 at.% Rh and further 

reduced with heat treatment: -830 mV for the as-cast sample, -910 mV  for the annealed 
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and a similar -920 mV for the quenched sample (Figure 4.21 b). Heat treatment 

marginally increased the corrosion rate. Figure 4.24 b shows that the as-cast sample had 

the lowest corrosion rate (0.0010 mm/y), followed by the annealed sample (0.0015 

mm/y) and the quenched sample (0.0023 mm/y).  

With addition of 0.05 at.% Pd, the Ecorr range was ~40 mV, with the lowest at -566 mV 

(annealed) and the highest at -525mV (quenched), as shown in Figure 4.22 a. The 

highest corrosion rate of 0.0137 mm/y was found in the quenched sample, while low 

rates were found for the as-cast and annealed samples (0.0014 and 0.0006 mm/y 

respectively), indicating that the annealed sample was more resistant to corrosion 

(Figure 4.25 a). 

An increase in palladium content to 0.10 at.% Pd decreased the Ecorr substantially for all 

three samples: to -802 mV (as-cast), -862 mV (annealed) and the lowest at -1013 mV 

(quenched), as shown in Figure 4.22 b. The lowest corrosion rate was found in the 

annealed sample (0.0019 mm/y) and the highest (0.008 mm/y) in the quenched sample. 

The corrosion rate of the as-cast sample was 0.0025 mm/y. 

Comparing all the as-cast and heat treated alloys (A1 to A8), the highest Ecorr of             

-400 mV occurred in the 6 at.% Fe quenched sample, while the lowest value of -

1240 mV was found in the as-cast sample of the same alloy. The highest icorr of 

4.66 µA/cm
2
 and corresponding corrosion rate of 0.0369 mm/y was found in the 

quenched  sample with 6 at.% Fe, with the second highest corrosion rate of 0.034 mm/y 

in the 5 at.% Fe as-cast sample. 

The lowest icorr value of 0.035 µA/cm
2
 and corresponding corrosion rate of 

0.0004 mm/y was recorded for the as-cast 2 at.% Fe sample.  
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4.5. Hydrogen storage characteristics of the Ti25:V 40:Cr 35 alloys 

 

4.5.1. Absorption/desorption behaviour 

 

The pressure-composition-temperature (PCT) data tested at 303, 333 and 363K is 

captured in Figures 4.26 to 4.28 and the data are summarised in Table 4.10.  

Overall, the best desorption results were found at 303K for all samples. The desorption 

curves are shown in Figures 4.26 to 4.28. The hydrogen storage properties were then 

calculated from the desorption data and graphs.  
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a) A1, 0 at.% Fe     b) A2, 2 at.% Fe 

 

c) A3, 5 at.% Fe      d) A4, 6 at.% Fe 

Figure 4.26. Selected desorption curves of as-cast and heat treated Ti25-xV40Cr35-xFex (x = 

0, 2, 5, 6 at.%) alloy. 
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a) A5, 0.05 at.% Rh    b) A6, 0.10 at.% Rh 

Figure 4.27. The desorption curves of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xRhx (x = 

0.05, 0.1 at.%) alloy at 303K. 

 

  

a) A7, 0.05 at.% Pd   b)   A8, 0.1 at.% Pd 

 

Figure 4.28. The desorption curves of as-cast and heat treated Ti25-0.5xV40Cr35-0.5xRhx (x = 

0.05, 0.1 at.%) alloy at 303K. 
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Table 4.10. Summary of absorption/desorption data for alloys A1 to A8. 

Temperature 

303K 333K 363K 

H capacity (max.) Useable 

H 

Useable H 

(%)  

H capacity 

(max.) 
Useable 

H 

Useable H 

(%)  

H capacity 

(max.) 
Useable 

H 

Useable H 

(%)  
Absorbed Desorbed Abs. Des. Abs. Des. 

A1 

A1
[1]

 1.89 0.33 1.56 83 1.31 0.33 0.98 75 1.03 0.15 0.88 85 

A1A
[2]

 1.76 0.34 1.42 81 1.28 0.23 1.05 82 0.73 0.14 0.59 81 

A1B
[3]

 1.23 0.25 0.98 80 0.78 0.21 0.57 73 0.7 0.07 0.63 90 

A2 

A2 0.86 0.42 0.44 51 0.68 0.2 0.48 71 0.61 0.11 0.5 82 

A2A 1.54 0.28 1.26 82 0.88 0.32 0.56 64 0.75 0.23 0.52 69 

A2B 1.04 0.39 0.65 63 0.74 0.35 0.39 53 0.67 0.15 0.52 78 

A3 

A3 1.22 0.47 0.75 61 0.71 0.33 0.38 54 0.26 0.09 0.17 65 

A3A 1.17 0.31 0.86 74 0.81 0.1 0.71 88 0.72 0.14 0.58 81 

A3B 0.85 0.4 0.45 53 0.73 0.31 0.42 58 0.54 0.14 0.4 74 

A4 

A4 0.91 0.23 0.68 75 0.36 0.15 0.21 58 0.23 0.01 0.22 96 

A4A 0.97 0.39 0.58 60 0.74 0.17 0.57 77 0.6 0.17 0.43 72 

A4B 0.87 0.39 0.48 55 0.72 0.17 0.55 76 0.65 0.13 0.52 80 

A5 

A5 2.25 0.75 1.5 67 2.08 0.34 1.74 84 1.77 0.17 1.6 90 

A5A 2.57 0.32 2.25 88 2.52 0.26 2.26 90 2.45 0.17 2.28 93 

A5B 1.87 0.22 1.65 88 1.53 0.23 1.30 85 0.97 0.18 0.79 81 

A6 

A6 2.24 0.37 1.87 83 1.36 0.30 1.06 78 0.76 0.26 0.5 66 

A6A 2.41 0.36 2.05 85 1.39 0.31 1.08 78 0.92 0.27 0.65 71 

A6B 2.35 0.33 2.02 86 1.22 0.33 0.89 73 0.86 0.17 0.69 80 

A7 

A7 2.5 0.34 2.16 86 2.15 0.33 1.82 85 1.27 0.21 1.06 83 

A7A 2.51 0.3 2.21 88 2.18 0.32 1.86 85 1.28 0.18 1.1 86 

A7B 2.45 0.17 2.28 93 2.18 0.19 1.99 91 1.01 0.11 0.90 89 

A8 

A8 2.51 0.35 2.16 86 2.06 0.33 1.73 84 1.2 0.22 0.98 82 

A8A 2.59 0.32 2.27 88 2.27 0.27 2 88 1.26 0.20 1.06 84 

A8B 1.95 0.32 1.63 84 1.35 0.22 1.13 84 0.78 0.18 0.6 77 

Maximum 2.59 0.75 2.28 93 2.52 0.35 2.26 91 2.45 0.27 2.28 96 

Minimum  0.85 0.17 0.44 51 0.36 0.1 0.21 53 0.23 0.01 0.17 65 

 

                                                 

1 ï As-cast 

2 - Annealed 

3 - Quenched 
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4.5.2. Reversible hydrogen storage capacity 

 

The influence of heat treatment on reversible hydrogen storage capacity (RHSC) at 

303, 333 and 363K for alloys A1 to A8 is shown in Figures 4.29 to 4.31. The 

thermodynamic properties of as-cast and heat treated alloys A1 to A8 are shown in 

Table 4.11. 

For the iron-free base alloy A1, the plateau pressure of the as-cast sample at 303K 

decreased from 0.41 to 0.09 MPa by annealing and increased to 0.90 MPa by 

quenching. The highest RHSC of 1.56 wt% was found in the as-cast sample at 303K, 

as shown in Figure 4.29 a. The RHSC decreased at higher testing temperatures. 

For the 2 at.% Fe alloy, the desorption curves for the annealed and quenched samples 

at 303 K and of the as-cast sample at 363 K , are plotted in Figure 4.26 b. The 

plateau pressure decreased from 1.30 MPa to 0.68 MPa after annealing, but increased 

to 2.34 MPa after quenching. The highest RHSC value of 1.26 wt% was found in the 

annealed sample at 303 K, while further increase in temperature decreased the RHSC 

to 0.56 at 333 K and further to 0.51 wt% at 363 K. The quenched samples showed a 

similar trend, with the second highest RHSC of 0.65 wt% at 303 K.   

At 5 at.% Fe, the annealed sample had the highest RHSC of 0.86 wt%, while the 

lowest value of 0.46 wt.% was observed in the quenched sample (Figure 4.29 c). The 

plateau pressures of the as-cast and annealed samples were 1.92 and 1.86 MPa 

respectively, but there was no plateau after quenching (see Figure 4.26c). 

For the 6 at.% Fe alloy, the as-cast sample showed the highest RHSC of 0.68 wt% at 

a testing temperature of 303K (Figure 4.29 d). The reduction in RHSC was more 

pronounced at higher testing temperatures for the as-cast samples compared to the 

heat treated samples. The plateau pressure of the as-cast sample was 1.34 MPa but 

there was no observed plateau after heat treatment.  
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  a)  A1, 0 at.% Fe    b)  A2, 2 at.% Fe 
 

  

c) A3, 5 at.% Fe    d) A4, 6 at.% Fe 

Figure 4.29. RHSC of the as-cast, annealed and quenched Ti25-0.5xV40Cr35-0.5xFex (x = 0, 

2, 5, 6 at.%) alloy. 

 

With the addition of 0.05 at.% Rh, the optimum operating temperature for the alloy 

was surprisingly found to be 363 K for the annealed sample, with a RHSC of 

2.28 wt% (Figure 4.30 a), while the RHSC at 363K was 1.60 and 0.79 wt% for the 

as-cast and quenched samples, respectively. Annealing had no effect on the plateau 
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pressure of the as-cast sample, although the plateau pressure increased to 0.21 MPa 

after quenching. 

With an addition of 0.10 at.% Rh, the as-cast sample had the highest RHSC of 

1.87 wt% at 303 K, while the RHSC was 2.05 and 2.01 wt% for the annealed and 

quenched samples respectively. The plateau pressure decreased from 0.29 MPa in the 

as-cast sample to 0.21 MPa in the annealed sample and 0.25 MPa in the quenched 

sample. 

For the 0.05 at.% Pd alloy, increasing the testing temperature decreased the RHSC 

for all conditions (Figure 4.31 a). The RHSC was highest (2.28 wt%) in the quenched 

sample at 303 K and the lowest in the same sample at 363K. The plateau pressure 

increased from 2.16 to 2.21 MPa after annealing and to 2.28 MPa after quenching.  

In the 0.10 at.% Pd alloy, the annealed samples had the highest RHSC at all three test 

temperatures (Figure 4.31 b). An increase in testing temperature decreased the RHSC 

for all conditions (Figure 4.31 b). The highest reversible storage capacity of 

2.27 wt% was found in the annealed sample tested at 303K. 

From all the PCT measured at 303K the annealed sample containing 0.10 at.% Pd 

had the highest RHSC of 2.28 wt%, while the lowest reversible capacity (0.46 wt%) 

was observed in the quenched  5 at.% Fe sample. The quenched 2 at.% Fe sample 

had the highest plateau pressure of 2.34 MPa. The as-cast sample with 0.05 at.% Rh 

had the lowest plateau pressure (0.02 MPa). The highest entropy of ~156 J/mol.K 

was found in the quenched 0.10 at.% Rh sample, while the as-cast 5 at.% Fe sample 

had the lowest entropy of 22.57 J/mol.K.  

 

The entropy æS is an indication of how far the MH system is from a perfect, ordered 

condition. The theoretical value of æS is the entropy of hydrogen gas, which is 

approx. -135 J/mol.K); a higher value is an indication of higher degree of disorder in 

the MH system
204

. Table 4.11 showed a large difference between æS of the Fe-

containing alloys and the theoretical values, implying a higher degree of disorder in 

the MH systems. The annealed base alloy showed the highest degree of order, while 

the as-cast sample with 5 at.% Fe showed the lowest degree of order.  
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a) A5, 0.05 at.% Rh   b) A6, 0.10 at.% Rh 

Figure 4.30. RHSC of the as-cast, annealed and quenched Ti25-0.5xV40Cr35-0.5xRhx (x = 

0.05, 0.10 at.%) alloy. 

 

  

a) A7, 0.05 at.% Pd   b) A8, 0.10 at.% Pd 

Figure 4. 31. RHSC of the as-cast, annealed and quenched Ti25-xV40Cr35-xPdx (x = 0.05, 

0.10 at.%) alloy. 

 

1
.7

4 

1
.7

4 

1
.6

0 

2
.2

5 

2
.2

6 

2
.2

8 

1
.6

5 

1
.3

0 

0
.7

9 

0.0

0.5

1.0

1.5

2.0

2.5
R

H
S

C
 (

w
t.

%
) 

Temperature (K) 

As-cast Annealed Quenched

1
.8

7 

1
.0

6 

0
.5

0 

2
.0

5 

1
.0

8 

0
.6

5 

2
.0

1 

0
.8

9 

0
.6

9 

0.0

0.5

1.0

1.5

2.0

2.5

R
H

S
C

 (
w

t.
%

) 
Temperature (K) 

As-cast Annealed Quenched

2
.1

6 

1
.8

2 

1
.0

6 

2
.2

1 

1
.8

6 

1
.1

0 

2
.2

8 

1
.9

9 

0
.9

0 

0.0

0.5

1.0

1.5

2.0

2.5

R
H

S
C

 (
w

t.
%

) 

Temperature (K) 

As-cast Annealed Quenched

2
.1

6 

1
.7

3 

0
.9

8 

2
.2

7 

2
.0

0 

1
.0

6 

1
.6

3 

1
.1

3 

0
.6

0 

0.0

0.5

1.0

1.5

2.0

2.5

R
H

S
C

 (
w

t.
%

) 

Temperature (K) 

As-cast Annealed Quenched



92 

 

Equations 2.2 and 2.3 show that two plateau pressures, P1 and P2, are required to 

calculate the enthalpy æH and entropy æS. These pressures were not calculated in the 

heat treated A2, A3 and A4 samples, as plateaus were only seen in one of the three 

isotherm curves.  

 

Table 4.11. Thermodynamic properties of alloys A1 to A8. 

Alloy no. Sample 

Plateau 

pressure  

(MPa) 

æH 

(kJ/mol) 

æS 

(J/mol.K) 

A1 

Base alloy 

As-cast 0.41 40.59 121.49 

Annealed 0.09 45.90 131.90 

Quenched 0.90 27.43 89.60 

A2 

2% Fe 

As-cast 1.30 110.40 36.00 

Annealed 0.68 - - 

Quenched 2.34 - - 

A3 

5% Fe 

As-cast 1.92 51.80 22.57 

Annealed 1.86 - - 

Quenched - - - 

A4 

6% Fe 

As-cast 1.34 31.50 106.20 

Annealed - - - 

Quenched - - - 

A5 

0.05% Rh 

As-cast 0.02 41.79 104.11 

Annealed 0.12 44.20 110.18 

Quenched 0.21 37.21 110.13 

A6 

0.10% Rh 

As-cast 0.35 41.98 128.19 

Annealed 0.49 42.77 142.32 

Quenched 0.43 46.74 155.58 

A7 

0.05% Pd 

As-cast 0.11 31.92 87.24 

Annealed 0.15 32.83 91.68 

Quenched 0.15 32.83 91.68 

A8 

0.10% Pd 

As-cast 0.14 32.06 88.01 

Annealed 0.13 35.48 100.76 

Quenched 0.45 37.37 114.42 
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4.6. Thermo-Calc calculations 

The command file (Section 3.11) was run using the Solid Solution 4 (SSOL4) and 

Titanium (TTTI3) Thermo-Calc databases. Graphs were plotted to show the effect of 

temperature on phase proportion in the range 1900 to 250°C. The alloys and 

respective Figure numbers for the SSOL4 and TTTi3 graphs are summarised in 

Table 4.12. 

Table 4.12. Figure numbers of the Thermo-Calc property diagrams showing 

calculation of the phases in alloys A1 to A8. 

Alloy 
Database 

SSOL4 TTTi3  

A1 Figure 4.32 Figure 4.33 

A2 4.34 4.35 

A3 4.36 4.37 

A4 4.38 4.39 

A5 4.40 4.41 

A6 4.42 4.43 

A7 4.44 4.45 

A8 4.46 4.47 

 

4.6.1 Calculation of phases in A1 

Both SSOL4 and TTTI3 databases of Thermo-Calc software showed four phases in 

A1. SSOL4 predicts that only liquid phase exists beyond 1692°C: the liquid phase 

begins to solidify to BCC_A2#1 at 1692°C and the Liquid to BCC_A2#1 ratio is 1 at 

1656°C. The solidification process ends at 1619°C. Further reduction in temperature 

does not change the phase until 610 Ò T(°C) Ò 627 when some of the BCC_A2#1 

transforms to BCC_A2#2. An HCP_A3 phase forms at 610°C and coexists with 

BCC_A2#1 until 250°C. 

The TTTI3 database predicts that A1 will have only liquid phase for T(°C) Ó 1543. 

Solidification begins at 1543°C when BCC_A2 begins to form. At 1528°C, equal 

amount of liquid and BCC_A2 exists; but only the BCC_A2 phase exists between 

1512°C and 815°C. The amount of BCC_A2 begins to decrease due to formation of a 

C15_FCC phase at 815°C, which grows until 392°C when HCP_A3 is formed. All 

three phases: BCC_A2, C15_FCC and HCP_A3 coexist until 250°C.  
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Experimentally, the four phases found in A1 were: BCC (V), C15 Laves, C14 Laves 

(Ti) and C14 Laves (Cr1.93Ti1.07). Only BCC was predicted correctly by the SSOL4 

database while two phases, C15 and BCC, were predicted correctly by TTTI3. 

 

Figure 4.32. SSOL4 Thermo-Calc calculation of phases in A1. 

 
Figure 4.33. TTTI3 Thermo-Calc calculation of phases in A1. 
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4.6.2 Calculation of phases in A2 

The SSOL4 database gave five phases in A2, while TTTI3 had four. Above 1685°C, 

SSOL4 database had only liquid phase in A2. The liquid phase starts solidifying to 

BCC_A2#1 at 1685°C until 1590°C when the solidification is complete. Only 

BCC_A2#1 exists between 1590°C to 731°C. BCC_A2#2 forms at 731°C due to 

depletion of BCC_A2#1. The new phase, BCC_A2#2 grows until 500°C when HCP-

A3 forms. Four phases, BCC_A2#1, BCC_A2#2, HCP_A3 and FeTi coexist below 

500°C. 

In the TTTI3 database, only liquid phase exists beyond 1536°C, but both liquid and 

BCC_A2 coexist between 1536 and 1492°C. Only BCC_A2 was present between 

1492 and 927°C. A new phase, C15_FCC forms at 927°C due to reduction in the 

amount of BCC_A2; the new phase grows till 354°C when the fourth phase, 

HCP_A3 forms. Three phases, C15_FCC, BCC_A2 and HCP_A3, coexist below 

354°C.  

Three phases, C14, C15 and Simple tetragonal were found experimentally. When 

compared with the results from Thermo-Calc models, none of the phases predicted 

by the SSOL4 database was found experimentally, while only C15 was found using 

TTTI3. 

 

Figure 4.34. SSOL4 Thermo-Calc calculation of phases in A2 
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Figure 4.35. TTTI3 Thermo-Calc calculation of phases in A2. 

 

 

4.6.3 Calculation of phases in A3 

Both SSOL4 and TTTI3 databases had five phases in A3. According to SSOL4 

database, only liquid phase was found at T > 1678°C. At 1678 ÒTÒ 1563, both liquid 

and BCC_A2#1 solid phase exist. The alloy consists of only BCC_A2#1 between 

1563°C and 773°C. The third phase BCC_A2#2 forms at 773°C and grows (due to 

depletion of BCC_A2#1) until the temperature falls to 400°C. HCP_A3 and FETI 

phases form at 400°C and coexist with BCC_A2#2 till 200°C. 

The TTTI3 database predicts that when temperature of A3 is greater than 1530°C, 

only liquid phase will exist, but both liquid and BCC_A2 will coexist between 

1530°C and 1473°C. Between 1473°C and 927°C only BCC_A2 exists in A3. The 

C15_FCC phase forms at 927°C and the BCC_A2 starts depleting due to the growth 

of the new phase. HCP_A3 forms at 316°C and TIM_B2 was formed at 287°C. All 

except the liquid phase coexist from 316°C to 200°C. 

The C14, C15 and ŬTi were found experimentally in A3. None (except ŬTi) of these 

three phases were found by the SSOL4 database but TTTI3 predicted formation of 

C15.
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Figure 4.36. SSOL4 Thermo-Calc calculation of phases in A3. 

 

 

 

Figure 4.37. TTTI3 Thermo-Calc calculation of phases in A3 
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4.6.4 Calculation of phases in A4 

Based on SSOL4 database, five phases were identified in A4. The liquid phase was 

observed above 1670°C where solidification to BCC_A2#1 begins. At 1604°C, the 

ratio of liquid to BCC_A2#1 becomes 50:50 and solidification  is completed at 

1538°C. BCC_A2#1 starts depleting at 796°C when the third phase, BCC_A2#2, 

forms. The fourth phase (FeTi) forms at 705°C and the fifth (ŬTi) at 398°C. All 

except the liquid phase coexist below 398°C. 

Similar to the SSOL4 database, the TTTI3 database also identified 5 phases in A4. 

The Liquid phase was identified above 1524°C. Solidification to BCC_A2 begins at 

1524°C and the ratio of BCC_A2 to the liquid phase is 50:50 at 1490°C. 

Solidification to BCC_A2 is completed at 1455°C. C15_FCC forms at 1051°C, 

TIM_B2 (TiFe) at 373°C and HCP_A3 (ŬTi) at 293°C. 

C14 Laves, C15 Laves and bcc phases were found experimentally. Only C15 was 

predicted correctly in the TTTI3 database, while none of the phases predicted by the 

SSOL4 database correspond to the experimental results. 

 

 

Figure 4.38. SSOL4 Thermo-Calc calculation of phases in A4. 
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Figure 4.39. TTTI3 Thermo-Calc calculation of phases in A4. 

 

 

4.6.5 Calculation of phases in A5 

Both SSOL4 and TTTI3 databases calculated four phases in A5. SSOL4 shows the 

liquid phase above 1692°C, BCC_A2#1 only in the temperature range 626ÒT(ÁC)Ò 

1619, BCC_A2#2 in the range 613ÒT(ÁC)Ò626 and HCP_A3 from 613ÁC to 200ÁC. 

Solidification begins at 1692°C, while the ratio of the liquid phase to BCC_A2#1 is 

50:50 at 1656°C. 

The TTTI3 database shows the liquid phase above 1542°C, single BCC_A2 phase 

between 1511°C and 815°C, C15_ FCC from 815°C and HCP_A3 from 393°C. 

Solidification of the liquid phase begins at 1542°C and ends at 1511°C, and the 

quantities of the two phases become equal at 1527°C. The four phases coexist from 

and below 393°C. Phases found experimentally are BCC, ŬTi and C14 Laves.  
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Figure 4.40. SSOL4 Thermo-Calc calculation of phases in A5. 

 
Figure 4.41. TTTI3 Thermo-Calc calculation of phases in A5. 

 

4.6.6 Calculation of phases in A6 

Based on the SSOL4 database, A6 is liquid above 1692°C. Solidification begins at 

1692°C and ends at 1619°C. Only BCC_A2#1 forms between 1619°C and 626°C, 

BCC_A2#2 forms at 626°C and disappears at 613°C. HCP _A3 forms at 613°C and 

coexists with BCC_A2#1 until the program terminated at 250°C. 






































































































































































