5\

o ~
F g
4 = o
z ':.( ‘ =
2 Wy it

€ 3

DEVELOPMENT OF TITANIUM ALLOYS FOR HYDROGEN
STORAGE

Jimoh Mohammed Abdul
Student number: 672848

A thesis submitted to the Faculty of Engineering and Built
Environment, Univesity of the Witwatersrand, Johannesburg, in
fulfilment of the requirements for the degree of Doctor of Philosophy

in Engineering

Johannesburg, 261



DECLARATION

~

Al hereby declare that the thesis submitted
Metallurgical and Material Science, at the University of the Witwatersrand is my own work

and has not previously been submitted before for any other degree or examination to any
other University. | further declare that all sources cited are indicatedckndveledged by

means of a comprehensive I|Iist of referenceso

Name: J.M. Abdu(672848) Signature

4" Day of December 2015
(Day) (Month) (Year)

Copyright © Univesity of the Witwatersran®016



DEDICATION

To the Almighty God for his mercy and protection over me; and for making the Ph.D. a
reality despiteall odds

To my late parents for their care.

To my beloved wife and children for their understanding and support.



ABSTRACT

The thesis investigatdtie effect of partial substitution of Cr or Ti with&at.%Fe, or 0.05
0.10at.%Rh/Pd on the structurehardness corrosion behaviour and hydrogen storage
characteristics of an aroelted TgsV4oCros at.% alloy. The effects cdn annealing and a

guenching heat treatment on the properties were also investigated.

Melting of the eight alloys was done in a wateoled, coppeheartharc melting furnace
underan argon atmosphere. Each of the eight ingots was cut into: thneeas theascast
sample and the other two separately qusetaled and loaded in two batches in a heat
treatment oven and heated 1®00°C for 1 hour.The first set of quartz tubes were
immediately removed and broken in cold water to quench the alloy, hencagdoitie
microstructure. The second batch was loaded into the furnace, heated to 1000 °C for 1 hour
and then slowly furnaceooled.The alloys (asast and heat treated) were characterised for
phase identification using optical microscopy;ray diffraction (XRD), and scanning
electron microscopy (SEMyith Electron Diffraction Xray Spectroscopy (EB) using an
Oxford system. Therm@alc software was used to model the phases tisegplid Solution

4 andTitanium 3 Databasedhe hardness values (undar2 kg load)of all sampleswere
recorded Potentiodynamicorrosiontestswere performedn 6M KOH at 25°C, and Tafel
curves were recorded frori.4V to -0.2V with a scanning rate of 1mV/se&. Sieverd s
apparatus was used fpressure composition temperatRCT) measurementt 30, 60 and
90°C.

All the alloys contained a primary bcc (V) phase. The secondary phases were a combination
of UTi ,,LaAvee€r p¥ases (Cl1l4, C15 or C36) and a
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 additibRe and 0.1@t.%Pd but decreased
with additiors of Rh and 0.0%t.%Pd. Additiors of Rh, Pd and 2t.% Fe decresed the
corrosion rate, while additieof 5 and 6 at.% Fe increased the corrosion rate. The reversible
hydrogen storage capacity (RHS@f) the base allgyotherwise known as useful capacity,
was enhanced with addition of Pd and Bin decreased with Fel@ition.

Both annealing and quenching increased the hardrfe$® 0.05at% Rh andall the Fe

containing alloysHeat treatmentlecreased the hardnaedghe base alloy, both Pd allogad
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the 0.10at% Rh samples. Quenching decreatfeslhardnesf the 0.10 at.% Rh and both

Pd-containingalloys

The orrosion rate of th®, 5 and 6 at.% Fe, 0.05 at.% Rh and the-c&taining alloys
decreased after annealiag% F&he rate increased after annealing that2 Fe and 0.10
at% Rh samplesThe ascastsample containing @t% Fe had the lowest corrosion rate
(0.0004 mml/y) and the quenchedaB®o Fe was the least corrosion resistant sample avith

corrosion rate of 0.03fmly.

The quenched 5% Fadloy hadthe highest hardness (460 MPahile theannealed.10at%
Rhsamplehad thdowest (388 MPa).

The quenched.05 at% Pd sample had the highest RHSC (2.28 wt%) while the lowest
RHSC of 0.44 wt% was observedtireascast2 at.%Fe sample.

Annealingimprovedthe RHSC of all samples except tlaseTissV40Crs and 6at% Fe
alloys, while quenching was detrimental to RHSC of all the samplesthau® at% Fe,
0.05at.%Pd and 0.@ at.%Rhalloys

Increasing e addition ofpalladium from0.05 to 0.10 at.% Pd showedno significant
improvementon RHSC ofthe base alloythus addition of 0.05 at.% Ralould besufficient.
The RHSCof the annealed 0.05 Rlalloy (2.25 wt% H)was close to the valuef the
0.10at% Pd, sahodiumcould be considered as alternative to the quenched 0186 Pd.
The RHSC wasl.56, 0.44, 0.75 and 0.68 wt% for 0, 2, 5 and 6 at.%a$@astalloys
respectivelyAlthough the 2at% Fe alloy had théowestRHSC 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

1.1 BACKGROUND

Currently, mostautomobilestrainsand planesare fuelled almost exclusively by petroleum
products such agasolineanddieseland most power plants usd, natural gas and coal as
fuel. Without fossil fuels, there would have beenimaustridisation As important as fossil

fuel is, it creates foumajorproblems:

I Air pollution - Combustion products of the internal combustion engineanaon
monoxide(a poisonous gas), nitrogen oxides (the main source of urban smog) and
unburned hydrocarbons (the main sourcarbfin ozong*

ii.  Environmental pollution - The piocess of transporting and storing oil has a
detrimental impact on the environment whenever something goesawoyl spill,
pipeline explosion or well fire can create an environmental disaster.

iii. Global warming - The carbon dioxide released from everyivahl e 6s e x ha
greenhouse gawhich is slowly raising the temperature of tipdanet with the
consequent dramatic climate changes that could affect everyone on the planet.
example,if the ice caps meltsea levels will rise significantly, flooding and
destroying all coastal cities.

iv. Dependence When Middle East oil producers decide to raisepghee of oil the

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

In the future, hydrogen willnppbably play an important economic role as a raw material and
as a source of energy, hence becoming a viable alternative to foséiHftgrogen has been

used for a variety of purposdble hydrogen decrepitatinglD) process has been applied to
successflly produce SmCg Smy(Co, Fe, Cu, Zry and N@dFeB-type magnets.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 powef.The waste product of electrical power generated from hydrogen is water,
which is environmentally friendly, unlike radioactive waste fresdundannuclear 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

Hydrogen energy has to be stored before heeause, like petrol or diesel fuel, it is a-use
asyou-go energy source.However, one major aspect of using hydrogen will be the
challenges of safe storage facilitte§or use in fuel cell cars,ytirogen storage will be
required orboard in vehicles, tahydrogen production sites, hydrogesiuelling stations,
and stationary power sitésThis has led substantial researchreversible hydrides for

hydrogen storage, especially for mobile Bse.

Hydrogen storage in metal hydrides has been described aasamm®f interaction between
metal and hydroger’™? Hydrogen storage alloys (HSAs) are intermetallic compounds
capable of absorbing hydrogen by forming hydride phases of suitable stddlityHSAs

are alloyswhich have potential use as hydrogen, or energy storage compaufidsy also
include metallic materials that have a unique ability to reversibly absorb and release
significant amounts of hydrogen electrochemically or from the gas phd&&eveloping
safe,reliable, compact, and cesffective hydrogen storage technologaeone of the most
technically challenging barriers to its widespread use as a form of eriefiggrogen can

be stored in three forms

1 Gaseous hydrogen (Figure 1.1)
1 Cryogenic hydrogefFigure 1.2)

1 Advanced materials (Figure 1.3)

Safety challenges are high in the first and second methods as the storage are usuatly in high
pressure tanks (up to 700 baBgtween 2007 and 2012, a total of 204 hydrogen accidents
occurred as a result of ugaand storage, where ~102 were linked to failure in piping fittings
and valves! Compressed gas and liquid hydrogen taales much larger and heavier than
what is ultimately desired for most practical applicatidfysical storage of cryogenic
hydrogeninvolves cooling to-253°C, at pressures e850 barin insulated tank§, which

adds to storage codts

Figure 11 Schematic diagram showing Figure 12 Schematic diagram showing
storage of gaseous hydrogen in HP fank storage of cryogenic hydrogen in HP tank



In view of the above hydrogen storage challenges, researchers are evaluatingititit
safe, composite materials that can reduce the weight and volume of compressed gas storag

systems, mostly through alloying of metallic elem&hts

Storage of hydrogen in advanced materials has been found to be safe and cost'&ffective
Hydrogen can be stored on the surfaces of solids by adsorption or within solids by
absorption as shown in dtire 1.3. In adsorption (Figure 1.3a), hydrogen attaches to the
surface of a material either as hydrogen moleculeg @# hydrogen atoms (H). In
absorption (Figure 1.3b), hydrogen molecules dissociate into hydrogen atoms that are
incorporated into the ddl 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

chemicalcompounds containing hydrogen atoms (Figure 1.3 ¢ and d).
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a) Surface adsorption b) Intermetallic hydride c) Complex hydride d) Chemical hydride

Figure 13. Schematic diagram showing themage of hydrogen in solid$

Currently, the only safe alternative to fossil fuel is having afba@ard metallic alloy that
can store a significant amount of hydrogen fuel to power a car. The osgyobwct is
oxygen and a trickle of water, neither of which will cause any harm to iineath or the

environment.

Intermetallic hydrogen storage alloys are categorisedfmtomajor groups; namely /8,
AB,, ABs, and AB™.

1. A combination of an alkali earth metal A and a transition metal B forpiBsafloys,
e.g. MgTi.

2. The AB; alloys, also known as Laves phase alloys, that are suitable for hydrogen
storage, contain titanium, zirconium or hafnium at theitd and a transition metal at
B-site (e.g. Mn, Ni, Cr or V).



3. The ABs alloys combine a hydride®rming metal A, usually a ra earth metal (La,
Ce, Nd, Pr, Y or a mixture known as Mischmetal), with a-hgdride forming
element such as nickel.

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

Solid solution alloys ardormed by dissolvinga hydrogenabsorbingmetal element in
anothef’. These alloysare based on elements suchvasTi, Pd and ZrZr- and Ti based
solid solutionsare usually too stable and palladium is too expensive. Solid solution alloys

based on anadium havgoodabsorption properties

Solid solution alloyscommonly based on a V and Ti bcc solid solutiat contain a small
amount ofLaves phasépreferably C14)are called_aves phaseelatedbcc solid solution

alloys e.g. based on-WM-Cr*2

1.2 WHY CHOOSE A LAVES PHASE-RELATED BCC SOLID
SOLUTION ALLOY?

Ti-V based Laves phaselated bcc solid solution hydrogesiorage alloyshave been
intensely studied for usas negativelectrods in nickeli metal hydride (NiMH) batterie§’.

The V-basedbcc phaseis the major hydrogeabsorbing phase, whithe C14 Lavephase
not only absorb hydrogen, but alsactsas a catalysin electrochemical hydrogenation

dehydrogenation of theccphase The

Ti-Cr-V basedalloys have aigh effective hydrogestorage capacitgf over2 wt%, with a
theoretical stagecapacityof 3.8 wto8*.

For this research workhe Ti-V-Cr basedalloys 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.



1.3 RESEARCH AIM AN D OBJECTIVE S

The aim of this research wovkas to develop and assess titanium alloys based on {6e Ti
V system for hydrogen storage.

The specific objectivewere to:

a) Produce, process and characteriseast alloys for hydrogen storage

b) Investigate the effect of substituting Be 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
propeties, hardness and hydrogen storage characteristics

d) Identify the most promising TCr-V-FePGM composition for future work in
producing, processing and characterising powder metallurgy alloys for hydrogen

storage.

1.4 SIGNIFICANCE OF THE STUDY - INDUSTRIAL
APPLICATIONS

Study of hydrogen storage is significant becabgdrogen is the ideal candidate as an
energy carrier for domestic, mobile and stationary applicatiotéle averting adverse

effects on the environment, and reducing dependence on importéd oil

Development of a solid metallic hydrogen storage alloy as proposed in this work becomes
very significant, as the use lifuid hydrogen requires the addition of a refrigeration unit to
maintain a cryogenic state, thus adding weight and energy codts, r@sultant 40% loss in
energy’’. 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 devicedlate CQ ?°. High-pressure storage of
hydrogen gas is limited by the weight of the storage canisters and the potential for
developing lealks In addition, storage of hydrogen in liquid or gaseous $oposes

important safety risks for eboard transporpplications,

About 20% of the worldos 4,221, 000inSootms o

Africa ?*. Therefore, this workvas aimed at promoting the use of an abundant, locally



available mineral, which is a key objective in the Beneficiatitnategy tabled in
Parliament by th®epartment of Mineral Resources (DMiR)2010%.

Modifier elements such as platinum group metals (PGMs) coated on hydrogen storage alloys
enhance bothhe absorption and desorption of hydrogewen under rapid charging and
discharging time$°. As South Africa produces ~74% of the global PGM supplythe
proposed inclusion of PGMs to the hydride alloys will enhance the relevance of this country

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

In an attempt to investigate the hazard in inhaling exhaust smoke from diesel engines,
Silvermari®, chiefof environmental epidemiology for the National Cancer Institute, reported
thatin her 50 years study of 0 miners, the neamoking miners who were heavily
exposed to diesel fumes underground had seven times the normal lung cancer risk of
smokers.So he use of hydrogen in the form of hydridentaining batteries as a fuel in

mines would greatly reduce the healéimd fire hazards posed by the use of diesel.

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

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

1.5 THESIS STRUCTURE

Chapter 2 reviews relevant literature in five sectiofise first is abrief overview of the
alloys. This is followed by phases and phase diagrantiseiternary T+V-Cr and pseudo
binary TiCr, 7 V system The third section discusses the impatrtaractical properties of
hydrogen storage alloys, the fourth section reviews relevant published work\GiCiTi
based hydrogen storage allpywhile the last section provides a brief overview of

electrochemical corrosion measurement.

The experimental metilology, equipment and materials are described in Chapter 3.
Chapterd presents results of laboratory wonk Chapter 5 the effect of substituting Fe on
properties of the base alloy ¢3V 40Crss) is discussedwhile in Chapters 6 and 7 the effects

of Rh and Pd on properties of the base alle discussedespectively. The effect of heat
treatment on the properties of the alloys is discussed in each chagemmary of the
results is given inChapter 8 the conclusionsare presented in Chapter and
recommendations for future wogke given in Chapter 10



CHAPTER 2: Literature review

2.1 OVERVIEW

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

Cr) and pseuddinary (TiCk - V) phase diagrams of the -Vi-Cr system. Themportant
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 influenpeodiction methods and

heat treatment on the hydrogen storage properties. In the last section, measurement of
electrochemical/corrosion properties is reviewed.

2.2 OVERVIEW OF ALLOYS

A metallic alloy is a mixture ormetallic solid solutios composed of two or more
element$’. Complete solid solution alloys give a single sgiftasemicrostructure, while
partial solutions give two or more phases that may or may nohdpeogeneousn
distribution, depending on thermal (heat treatment) history. Alloys usually have different
properties from those of the component elements. In this work, the major eléme@ts

and V are considered.

2.3 HYDROGEN STORAGE PROPERTIES OF MATERIALS
In order to assess the suitability of material for widespread use as a hydrogen store, the
physical andchemical 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 sorptidrich include the following} :

a. Storage capacityéversible, gravimetric and volumetric)

b. Longterm 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 propertieghydrogen 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)

2.3.1 Storage capacity

Reversible storage capacity

The reversible storage capacity of a material is the quantity of hydraigembed and
desorbed between the lower and upper operating pressures of a hydrogériT$terehited
StatesDOE 2020targeté® suggest that theinimum andmaximum delivery pressure from
storage system should beabd12 bar (abs)0.5 and 12 MPa). Any change in this pressure
range is likely to change the reversible capacity of a given mateaatectain exterft’ The
reversible storage capacity for an interstitial hydride will be determined by the width of the
plateau in the Pressufsompositionlsotherm (PCI) as shown in Figure 2.1. The test was
performed at 60C (333 K), with a charging pressuof 2MPa and delivery pressure of
0.3MPa.”?
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For any given hydride, including binary compounds, the absorption plateau pressure will

increase with increasirtgmperature, and will generally follow the aHloff relationship?®

. YO ¥YvY
oy —,—-888888888888888888888¢H
Y'Y 'Y
where P S t he operating pressur e, &eH i s
decomposition, &S 1 s the entRrsothewniverdal gaso r m:

constant and is the operating temperaturekn



The natural logarithmlrf) of plateau pressusein PCT curves for 3 or more isotherm
temperatures are used to obtain the@vatoff plot. Let the slope of the line ba and the
intercept be, it then follows that:

YO 'Ya&
and Y'Y Yo
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 pRssures
andP,were obtained from two PCT curves measured at isotherms tempeflataresr,. It
then follows that from Equation 2.1:

... Yo YY .

D8 —— -—888888888888888888BPw
YY Y

... YO YY .
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Equation 2.14& Equation 2.1b gives:
y 08 0&

YO ﬁ8888888888888888&ﬁ8(&
YY Y7Y

Make g She subject of Equation 2.1a to get:
VY YO G Y8888888888888888 @

In situations wherdwo plateauswere observedi.e. thev a n 6 t Hof f graph

plotted Equations 2.2 and 2.3 wer e Suespedively.o de

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¥4) kgrkg material, or mol/kg®. In

the case ofametly dr i d e, it is a clearly deyned (
the ratio of the mass of hydrogen stored within the metal or compound to the mass of the
host material including the absorbed hydrd§efihe capacity in Wt%C,«%, is given by*:

& b ’—J PTITIIBB888888888888&.2

whereH/M is the hydrogefto-metal or material host atom ratio,,Ms the molar mass of

hydrogen, andii,qsiis the molar mass of the host material or metal.



The 2010 target set by US DOE aollaboration with the automotive industfy was
6 wt%, which was later reduced to 4f%. The 2@0target is currently set at 5v8% and
a net system storage cost of less thEBKWh or $333/kg Hred’. The target for 2020 is 1.8
kWh/kg (0.055 kgH./kg systemy.

Volumetricstoragec apaci ty

The volumetric storage capacity deynes th
the materidf. In the case of hydrides, this quantity is the amount of hydrogen stored per
unit volume of the bulk metalhe units for this include kg.thand mol.r. It can also be
expressed as an energy storage density,2020 requirements is a volumetric energy
density of at least 1.3 kWh1(0.04 kg.L*}).4®

2.3.2Long-term cycling stability

The longterm cycling stabity of a material is defined as its ability to retain its reversible
storage capacity during repeated hydrogen charge and discharge cycl2820’b& DOE
storage targets specify an ability to undergo 1500 hydrogenation/dehydrogenatio tycles
Metal hydides invariably undergo physical and chemical degradation during prolonged
hydrogen cycling’. This is true even for the compounds that are the most resistant to
degradatioff. If the metal hydride cabe made stable and free of impurities, the cycling
stability would be greatly enhané¢&d*

2.3.3Gaseous impurity resistance

Gaseous impurities could also cause adverse effects on the hydrogenation properties of an
alloy. There are very few documented sasdion the effect of gaseous impurities on
hydrogen store® However, it was found that the hydrogen capacity of the sag@rated

carbon AX%31M was reduced by the presence of nitrogen at a level of 500'pphe
reduction reached 30% at pressures abeév@MPa and a working temperature of 150K.
Gaseous impurities that could be found in hydrogen storage .allsysh as
Tio.06Zr0.0:Cro.08V 0.43F€.00MN1 5, are Ny, CHs, CO, CQ, O,andH,0.*
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2.3.4 Ease of activation

In a microporous adsorbenthe hydrogen absorption/desorption processare delayed
because of environmental adsorbatethminternal pore structure and external surfaces of
solic®% which can becontaminarg and remnarstof solvens in alloys produced using wet
chemistry>. Generally, the cdaminants and remnants are removed by exposing the sample
to vacuum at elevated temperatdfes Sampl|l es can al so be pushce
to remove predsorbed speci#s The removal process is monitored by weight change

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

2.3.5Thermodynamic properties

The operating temperature and pressure ranges of hydrogen stores are governed by thei
thermodynamic properties Although they are considered in conjunction wita 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 particufar host.
2.3.6 Kinetic properties

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

can be charged and discharged. A good hydrogen store should take up and release hydroge
in a practical time frameGoodell et al® proposed a practical way of measuring the rate
using parametsrTy, (the timein minutes to each half completionand Ry, (the reaction

rate at this timg

Enthalpy of adsorption

Strength of the interaction between a molecule and the adsorbent surface or pore structure is
provided by its enthalpy of adsorptidnThe enta | py o f adsorption ¢
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 @ss enthalpy and the differential enthalpy of
adsorption. The last of these, also calisdsteric enthalpy of adsorptigfi is the most
acceptable and it is typically determined experimentally from the following expré&sion

Y'Y

- 0
YO ~ ,,Y'Oéﬁ—8888888888888&8888;85
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where T; and T, are two closely spaced measurement temperatéeand P, are the
pressures at which a given quantity of hydrogen is adsorbedR asmdhe universal gas
constant. 1K is a typical temperature differencep thatT,-T;=10K, and, due to the
convenience of using liquid nitrogen and liquid argon=T77 K and } = 87 K are often

chosen”.

Enthalpy of hydride formation and decomposition

The enthalpy of hydride formation or decomposition is commoalgulated from Pressure
Compositionlsotherms using a graph of the natural log of the plateau pressure versus
inverse temperature, which is commonly known as advafoff plot. > Following
Equation2.1, the slope of the line gives the enthalpy term dmed imtercept gives the

entropy.

Surwarnoet al.*® prepared ~5g argon arc melted bustaf TiggVo- and ThoVo1 (at%)

alloys. The alloys were cut into smaller pieces for hydrogenation in theasagorm. It was
observed that the microstructure tbie alloys had large grains with diamestexceeding
500um. The grain size of JiVoowh i ¢ h T stracture wds found to be smaller than

that of ThoVoaWi t h a miTixatnudli pbh @ $ &i sibp ddihinating). It was also

found that both alloys ksorbed hydrogen within 1 minytéut the quantity absorbed
depended on the hydrogenation temperature (3.95% H mass fraction at room temperature
and 3.03.7% at 450C).

In another study by Yanet al. 3, titanium and nickel powder were mixeddrmass atio

1:1, then sintered at 8%0 for four hours using solid phase sintering under an argon
atmosphere. XRD showed that the sintered alloythadi,Ni phase coexisting with TiN,

Ni, TiNizphases. The alloy had a maximum discharge capacity of 205mAhfgjsatharge
current of 60 mA/gandthis value decreased as the number of synlereased.

Investigatios on the hydrogen storage behaviour of flat sheet of-bDeart i t ani um
(Ti 600), U+b titanium all oy ( TCatbyXisalred b
al.*%. 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 tempesati hydrogen
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absorption/desorption for Ti600 were 8Z3and 578.5°C, 58 and 628.1°C for TC21

alloy and 518C 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 Hu8t TiCry (FeV) (x= 0.4, 0.5, 0.6t.%) bce 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 thexisterte 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 theHiE&V) 4 alloy, which
achieved 2.79 mass% of hydrogen storage capanidyl.36 mass% of reversible hydrogen

storage capacity.

Younget. af’ studied effect of annealing (between 800 and 1TQ0on hydrogen storage
properties of TiseZr2.1V 40.0Cr1.2Mng gC0 4Niz2 sAlg3. They foundbcg TiNi, and C14
phases in thescast sample. Annealing at 800 and 900ncreased the main hydrogen
storage BCC phase abundance dadreased th€14 and TiNi catalytic phases and Zr and
TiO, debris. Annealing at 100Q promoted the formation of N i p h a-¥Ni phasd B
appeared afr annealing at 110Q. Annealing at 900 for 12-h optimized the storage
capacity, higkrate performance, and activation due to a @eable balance in abundance
betweerthe hydrogen storage phase (baondthe catalytic phases (C14 and TiNi).

Electrochental loading of hydrogen in single and binary mixtures of the intermetallic
compounds, TiNi, TiFe, ZsNizo and ZroNiso (at.%) hae been carried out after mechanical
milling ®. 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 &tCfor a binary mixture of the high
energy niled TiFe/ZrNizo alloys in ratios 50/50 and 30/70. However, this capacity
decreased by12% on increasing the temperature t6&5An increase of ~65% hydrogen
capacity was observed for the 70/30 TiFeddr;o binary mixtures over the same

temperatureange (2555°C).
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Two alloys with compositions: T4Crss 7V (Alloy A) and Tig sCri4MnyV (Alloy B) (wt%)

were produced and the hydrogen storage propenire compared by Wangt al.'®
Increasing the Ti/Cr ratio in th€igsCrsMnyV alloy and excluding Mnimproved the
hydrogen storage capacity. In addition, Alloy A absorbed 3.6 wt% hydrogen in the first
cycle, while Alloy B absorbed 2vt% H, at 25C and only desorbed at 4%UD. It was
concluded that Alloy B was inferior to A in terms ofdnggen uptake and release.

A study was conducted on hydrogen absorption propertiesi 6tZRd alloy immersed in
2.0% and 0.2%ecidulated phosphatefluoride (APF) solutions usinghermal desorption
analysis (TDAJ® revealed that during the early stage loé immersion in the 2.0% APF
solution, the mass of absorbed hydroges 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 1000 mass ppm and ofimalf or twothirds d 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 diffeysnt allo
the effect of substituting elements and the influence of heat treatment on hydrogenation
characteristics.

Effect of V and Cr on Tibased alloys

The influence of vanadium V on the H storage of (T§&¥43, (TiCr)goV 1o and (TiCrksVass
(at.%) alloys with Ti/Cr = 5/8 was studilt was observed that increasing V content
increased the hydrogen uptake. Among the alloys studied, {dWgs)had the highest H

storage capacity and desorption ratio of 2v8% and 61wt% respectively.

Shirasakiet. al®® found thatthe hysteresis factor of pure V was almost unchanged, but that
of heat treated TCr-xV (x = 5, 15, 30, 60) decreas®&vith increase in cycle number. The
plateau pressure of -Gr-V alloys in absorbingrocessiroppedsignificantly with increased
cycle numberbut there was no change in the PCT curvetoe 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 lowéTegl

14



Alloying of vanadium up to 40% in (§ECr)i.xVx with the particular ratio of Ti/Cr = 0.8
resuledin insignificant changes of the hydrogenation propertieBor each sample, similar
and significant hydrogen uptake (1.4 wt%) was observed due to the capacit@geof |
hydrides (bl, b2) and the hydrogen solid s

Ghoshet al®’ found that the WVATi-4Cr alloy solidified to a bce solid solution phase and the
V-39Ti-54Cr alloy formed a Msubstituted cubic TiGrLaves phase. ¥0Ti and \f40Ti-

20Cr alloys upon solidification formed a bcc solid solution phase that showed a tendency of
phase separation into-Nch and \(poor regions. The phases in4@Ti-20Cr alloy were
eitherrich or poor in V and Ti, while Cr was almost homogeneouslyibigedbetweerthe

phase.

Tio.17Zr0.08V0.348h.01Cr0.1Nig 3 electrode alloy was investigated by XRD, SEHEDS, ICP,

EIS and chargalischarge measureméhtlt was found that the alloy is composed of a V
based solid solution main phase with bcc structuie @14 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 TbgCr oV (at.%) alloyswere produced by vacuum arc melting and the cyclic
hydrogen absorptiodesorption characteristics were evaludfedCyclic hydrogen capacity
values of 2.5vt% and 2.0nmt% were obtained (even after 15 cycles) for TiCrV and
Tio.sCri.2V alloys respectively. This is in agreement with the work of Wetng.®* in that

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

Tominagaet al’ (cited in Akiba and Okad4) reported Ti(0-35)V-Cr alloys containing
more than 15 at.% Were mainly bcc phase and absorptidesorption capacities of ~2.4
mass% but alloys with less than 10% V contained Laves phase and hydrogen capacities of

less than 1.8 mass%.

Okadaet al.”® reported the highest hydrogen capacity of 3.0 mass%-{B-Ti5at.%)V-Cr
alloys, similar to TiCr-(1-25 at.%)Mo alloys reported by Kamegavet al.’’ (cited in Akiba
and Okad9. This capacity is the highest reported so far for the 313 K isotherm.

Research was carried out on the use of ferrovanadium to substitweEnfatium to reduce
the cost of a ByMn18CrigV3s 2 % §V4Fe)k alloy wherex = 0, 2, 3, 4, 5 (at.%). Hydrogen
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desorption capacity increased with increasinffom 0 to 3, and decreased with further
increase ik from 3 to 5°. The best PCT (pressucempositiontemperature) performance

with an effective hydrogen desorption capacity of W8 and lowcost wadound atx = 3.

In the study of hydrogen storage characteristics of BiMp (x = 0.8, 1, 1.2) alloys, it was
observed that the hydrogen storage capacity increased with incredSitigcreasing the V
content promoted the transition from coexisting Laves arshdd bcc phases to single

phase Vbased bcc.

It was found that partiasubstitution of Cr by VFe improved the reversible capacity of
TiCrigx(VFe) (x = 0, 0.2, 0.4, 0.6, 0.8) at.% alloy at lonand then slightly decreased it
when VFe exceeded 08 The maximum hydrogen storage capacity was 3.4 wt¥%=at

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

and the crystal cell parameters of the bcc phase increased.

Miyamuraet al?"’ studied the effect of partial substitution of Fe and Ti by V on hydrogen
storage properties of -He alloys by producing TiFey TisFeV, TiFeV, TiFe\§s,
TiosFe.eVo.1 and TiFg 3V (at.%) alloys. It was found that vanadium addisamcreased the
hydrogen storage capacity of the alloy, by lowering the equilibrium pressure of hydrogen.
The highestabsorption capacity, in terms of hydrog®eametal ratio (H/M), at 68C was
1.0wt% for TiFeVp 7

Work on \ (Ti,Cr,Fe) ¢ g alloys (Ti/Cr+Fe = 1.0, Cr/Fe = 2.%,= 20/ 55 at.%)"°° 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 whetr
< 30 and a single bcc phase appeared whén 3 0 . Whil e investigat
content on hydrogen storage properties of d@r, Mnss« (x=01 30 at.%), it was found

that the incubation time was very short {190 s) for alloys withx =0 andx = 10, but was

2507 300 s forx= 20 and B8 “°. The time to reach maximum capacity increased with

increasing chromium content.

Consideringthe influence of Cr on hydrogen storage properties efichi ternary alloys
Tio7Vo.3xCrx (x = 0.27 0.3) and TggVo2xCrx (X = 0.0771 0.2 at.%), it has k@ shown that
the alloy with the lowest content of chromium, ¢dVo1LCroo7 fast/immediate

hydrogenation occurred at room temperatirdowever, increase in the Cr content led to
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slower hydrogen absorption kinetics and an increase in the incubiatgrand reduced the
apparent activation energy of hydrogen desorption.

It was found that factors affecting the plateau pressure and hydrogen absorption and
desorption ofV3Ti3.Crs1.01F6s5.09 alloy were: Ti/(Cr+Fe) ratio, Cr/Fe ratio, Ti/Cr ratio,
lattice parameter and electrdo-atom e/a valué®. It was also observed that lattice
parameters ane/avalue had a large influence on the hydrogenation properties. The critical
value ofe/awas found to be 5.2%Vhene/a < 5.25 the alloys had high absorption capacity,
which decreased rapidly whefa > 5.25.

The reversible desorption capacity ofgMiCr)siFesMn alloy was found to decrease with

the cycle numbers from 2.2 wt% at the beginning to 1.86 wt% at theytle a 26°C. ® 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 aftef the 15
cycle was a result of formation of a dense, passivendlartayer around the alloy particle
which hindered reversible desorption capacity.

The work of Cho et al. ° on ternary TiV-Cr alloys showed that the hydrogen storage
capacities and effective hydrogen uptake was strongly dependent on the Ti:Cr ratibewith
maximum value at Ti:Cr £.75. In addition, the lattice parameter increased with increasing
Ti:Cr ratio.

The ZrFeV-based alloys were systematically investigated for the possible use in hybrid
storage devicés (Zro.7Tip.3)1.04€1.8V0.2 Shows thebest overall properties with a reversible
hydrogen capacity of 1.5&4t%, and hydrogen desorption pressure of Ain2 at 0°C. The

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

absorption/desorption cycles.

Waryg et. al®’ rapidly solidified (NiMnAl) -Coy 4 ey sat 900°C and found that the process
can decrease the hydrogen equilibrium plateau pressure and the plateau slope. The activatior
time, discharge rate and discharge capacity was improved, but cpeifmymance was

poor.

Studies into enhancement of hydrogen storage capacity\wfdr-Mn bcc phase alloy ere
carried out by Yet al.®. In the work Ti xVi 10Cii ( 5 ©NIn (x= 20, 24, 28 and 32}lloys

were prepared by magnetic levitation melting. Thsulteof PCT analysis showed that

17



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 anc
C14 Laves changed tasingle phasebcc. The maximum and effective hydrogen storage

capacities were 3.98 and 2.51%, respectively wher=32.

Effect of Fe on Ti based alloys

In the study on the effect of iron substituting cobalt inx4r; 5V 10Cr7 sMng 1FeC0s.«
Nis2 S sAlpsa (X=0T 5) (at.%) it was observed that hydrogen storage characteristics were
not really influenced by the addition of E®. This is in contrast tdurshidi et al’. The

work of Yound® and Murshidi®* 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
TiosZrosV2 . MnosCrogNirgFe (x =01 0.5) (at.%)**°. In addition, it was noticed that with
increasd Fe content, the proportion of thdLLaves phase gradually decreaseile that

of the \-based solid solution phase increased.

The effect of desorption temperature and substitution of Fe for Cr on the hydrogen storage
properties of arenelted TiCr-V alloys was investigated by Jeotdyun et al . When the

H desorption was measured ssventemperatures, the usable hydrogen increased slightly
with increasan temperatureFor Tio.32Cro.4 3xV0.25F6 (x = 0, 0.03, 0.05, 0.08, 0.1) alloys,
Tio.32Cro.35V0.25F&.08 alloy was the most promisig for practical applications such as fuel

cells.

A study on the effect of Fe addition on hydrogen storage characteristics of a
Tio.16Zr0.05Clo.22V 0 57 (at.%) alloy showed that there was a noticeable decrease in hydrogen

uptake in alloys that contained53at.% Fe and the lattice parameter also decreased linearly
110

Lee and Perng® found that the absorption rate of TigBl, (M = Cr, Mn) alloys was
strongly dependent on the Cr content and heat treatmento URg in the asmelted
condition had the highest rate, while Ti&ro o5 after annealing had the lowest rate. It was
also observed that TiggMng 1 could absorb hydrogen without activatiocmlthough the
absorption rates were much lower than those of gld¥ap,. The incubation time of

TiFeoMno; was ~2 h and it took more than 2 days to reach the saturated value.

18



Homogenization treatment of TifgMno 1 did not substantially improve the hydenation

rate.

Partial substitution of Cr with Fe on hydrogen storage propertigbeofiCry gMng 1 alloy
showed that hydrogen storage capacity decreased with imgréaes content. The capacity
was 1.78, 1.74 and 1.48 wt% for 0.4, 0.5 and 0.6 at.%spectively™*

The study of microstructure and hydrogen storage propertiegshef titaniumrich
Tio.sZro.2V2.72Mno.5Cro.g kNi1.2sF6 (X = 0.0- 0.8) revealedhat discharge capacity decreased

from 350mAh/g a=0 to 260mAh/g ak=0.8"% However the cyclic stability and the high
rate dischargeability =@t &3 axd0.3) andltthery ( f
decreased (to 65% at= 0.4 and 30% at = 0.8). Discharge capacity increased frég%

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

The ZrFeV-based alloys were systematically investigated for the possible use in hybrid
storage devicé$® (Zro;Tios)1.04€1.8Vo.2 Shows the best overall properties with a reversible
hydrogen capacity of 1.54t%, and a hydrogen desorption pressure of afnPat 0°C. The

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

absorption/desorptiooycles.

Effect of PGMs on Ti based alloys

TiFe was produced by aroelting and the surface modified with Pd. The effect of chemical
surface modification with Pd onjtstorage was then assessed. The work showed that Pd
deposition improved hydrogenation properties at moderateréssure®®. It has also been
shown that surface modification of a TiFe alloy with Pd nanoparticles promoted

hydrogenation of the alloy, evefter exposure to ait".

Typical of hydrides of Platinum Group Metals (PGMs), palladium hydride shows
exceptional catalytic properties and kinetic reversibility of hydrpgleat gravimetric and
volumetric H densities are low due to their high atomic naasslown in MH,, (all known
PGM hydrideé&h3ve n O 1)

Work on the effect of palladium on hydrogenation behaviowaremelted TiFe Pd; (0.05
OxO 0.30) ahoweth thathe latbicg £onstant increased with the increased in
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palladium conterit®. The plateau pressure and activation temperat@me lowered asx
increasedalthough the hydrogenation capacity was not significantly affettad.

Zhang et. al’ ball milled Mg ;Cossand Mg:Cossi Pd for 120h and analysed the
properties. High resolution transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) analyses sted that the alloys alhad BCC structurs.
Introduction of 5.&at.% Pd significantlyincreasedthe initial discharge capacity of
Mge7Cosz (from 10mAhg ' to a maximum of 530mAhd'%). The hydrogen diffusion
coefficient of the Mg/ Coz3 was enhanced with Pd.

In hydrogen absorptiedesorption studies of F3dV33Crz4 (with 0, 0.05 and 0.5wt% PBd
increasinghe Pd content improved the activation properties and steady absorption capacity,
and resulted in a smaller desorption plat€au

Effect of Zr, Co, Ni, Al, Sn, B, Mn, Hf and Ce on Tbased alloys

The maximum hydrogestorage capacity ofiMn hydrogen storage allgywhen 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 %L, However, at higher temperature, the hydrogen sorption capacity decreased and the
plateau ince as ed . The a&eH and &S eré -21lykd/dholanodg e n
99.8J/mol.K.Desorptionvalues were 25.4kJ/mohad 108 . 5J/ mol . / K; i nd
hysteresis effect. All the alloys were found to contain the hexagonal C14 Laves phase.

Pickering® produced ten alloys fromhe Ti-V-Mn, Ti-V-TM-Mn and Ti-V-Nb-Mn
systemsThe highest resrsible hydrogen capacity of 1.56 wt% was found gyMos:Mny ,
with enthalpy and entropyvalues of -26.63kJ/mol.H, and 111.7d/mol.H. The
TiossV0.4Lr0.1:MN; had thelowest reversible capacity of 1.06 wt%with a ¢pH of -
27.73kJ/mol.H, anda g Sof 103.93J/mol.H,

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

and a Tii 6AlT 4V alloy were hydrogenated at different temperatures betweerf(%Mhd
750°C using elastic recoil detection analysis (ERDA) with 3 MeV particles and Rutherford
backscatteringpectrometry (RBS) with 6.585 MeV patrticles. It was observed that hydrogen
absorption began &5CC in Ti and at a slightly higher temperature ini @GAIT4V.
Titanium showed cracks after the hydrogenation procesghedii 6AlT 4V samples were

more mechanically stable. A natural hydrogen desorption was observed in both materials
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with time; the desrption from 100- 20% took place within 40 days in TBAIT 4V
hydrogenated at 78Q and for the Ti alloy hydrogenated at 800 dehydrogenation to 75%

concentration occurred within 140 days and then remained stable.

Hydrogen absorption/desorption propestof TiM-V-B (M=Cr, Mn) were examined by
Uno et al. ®* at hydrogen pressures of 0-BMPa anda temperature of 3. The
Tiz7MnysV3gBx alloys were prepared by amcelting while TiziCrzoV3gBx (X = 0, 6 at.%.)
alloys were prepared hthe suction casting method. XRD showed thag;Min,sV3s had a
bcesingle phase and FMn,sV 3B« (X = 2 - 10) comprised two or three phases indexed as a
BCC phase and C14 Laves phase. THe iBotherms revealed that the;7Mn,sV3g has the
largest hydrogen gacity of 2.98n% at 6.3MPa, and the capacity decreased gradually with
increasd x. A similar trend was observed in3JTrzoV 39Bx alloys, which suggests that boron

reduces hydrogen uptake.

In the study of the effect of Sn substitution at the Ti sit¢henhydrogen storage properties

of FeThxSn(x= 0. 02 and O0.05) , there were incre.
and ent r opybut@eeBreasevimmhydiogen saturation contén®oth FeTi and
FeTi.osSn.02 Needed ~12 cycles of acthi@n to attain the saturation hydride compositions

of FeTiH, and FeT§9sSnH, ¢ respectively, while FefisSnos needed 1 to 2 cycles of

activation to attain the saturation composition of esBrn.oH1.4.

Abrashevet al. *°® studiedthe microstructureand electrochemical properties of Tik€oy (x

= 0.1, 0.3) and TiRrgNip Loy 1 (at.%)alloys produced by milling in a higlnergy planetary

mill for 15, 20 and 30 hours. The electrochemical cycle life of the electrodesdioat
Co-containing alloys had lower discharge capacity and better corrosion stability compared
with the TiFe alloy. Contrarily, the Ngontaining alloy did not show a significant difference

in the discharge capacity and cycle performdnceamplesaftervarying milling times.

Chenet al. % synthesised Ti,Cri2MngFeys (x = 0, 0.02, 0.05, 0.1) alloys by induction
levitation melting and investigated the hydrogen storage behaviour. Thes stsvied that
the unit cell volume exparetl with increasingTi content and higLCr1 2MngFey s had the

highest storage capacity of 1.61 wt%

Copper was studiet?® as a modifier for TiZrs: &V10Cr.sMng 1C0s.0xNiz2 LCUSN sAl 0.4

(x=0to 5 at.% alloys. As the Cu content increased, the maximum and reversible hydrogen

21



storage decreased, but the high rate dischargeability fluctuated. A maximum hydrogen
uptake of 1.4 wt% was observedxat 0, i.e. with no copper added.

The effect of aluminium onyldrogen storage of @A¢TizsCrasFei0)100xAlx (X= 0.6 to 6 at.%)

alloys was studied byigang et al. '®. No significant reduction was found when the Al
content was 0.6, 0.7, 0.8 and 0.9 atBat 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%xat 0, i.e. V3oTizsCrasFe o without Al.

The presence of Si and Al insdi20 £Crig.1F65.4has been shown to have a positive effect on
the cyclic capacity’'® promoting transformation fronficc to bcc and enhancing the
pulverisation resistance. The maximum hydrogen uptalkésfTioo 4CrigFes 4Sio 1Alo 3 was
2.23 wt%.

Ti1oVs axFesZrk (x = 1-8) alloys were produced by induction levitation melting and its
hydrogen uptake characteristics were investigate@r substitution for V had the best
hydrogen absorption/desorption capacitykat 1. However, forx = 2 to 8, the activation

behaviourimproved but the hydrogen absorption/desorption capacity decreased.

While investigating the hydrogen storage characteristics of, F#€r wt% LaNis (x = 5, 10,
15 and 20) the hydrogen storage capacitiecreasedwith increasing LaNj content!*?
Storage capacdésatx =5 andx = 10 were almost the same, similarly the capacity=atl5
andx = 20 were similar. However, electrochemical characteristics were greatly improved as
X increasedwith a maximum discharge capacity after 5 charge/diggharyclesof 55

mAh/g atx = 20.

A comparative study of the hydrogenation characteristics of two alloys shows that
Tio.gsVFen15 (at.%) could absorb a maximum of 3.7 wt% hydrogen and
Tio.g5V0.95F&.15ZF0.05 Was able to absorb 3vii%, showing that substituting Zor V slightly
reduced the hydrogen uptak&

Excessive substitution of Co for Ni decreased the cycling stability eof
Tio.8Zr0.2V2.7MNo.sCro.sNi1.2 5COF&.2 (x = 0.00, 0.05, 0.10, 0.15, 0.20ch0.25) alloy™.

As x increasedthe 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 IGives
phase, improve the flatness of the plateae. the pressure at which H uptake begins),
increasd the hydrogen capacity and the H diffusion rate ef.%ECrg.05V37.25F€7.45Ce1.0. 1°
This work and that of Mia@t al'®® indicate that C14 Laves is detrimental to hydrogen

storage in bcc alloys.

ViTi based hydrogen storage electrode alloys with Zr, Mn, Cr Ni, Co and Fe alloying
additions were produced by induction levitation mefihgtudies on the mechanisms for
improving the cyclic stability of To.8Zr0.2V 2. 7Mno sCro.eNi1 25 2,
Tio.8Zr0.2V2.Mno sCro.aNi1 256 4, Tio.8Zr0.2V 2.7MNg sCro.eNi1.15C o 1F& 2 and
Tio.8Zro.2V2.Mng sCro gNi1 o9& 5 (at.%) alloys showed that Cr and Co enhanced the cyclic
stability, resistance to corrosion and pulverisation of thesg Wased hydrogen storage

electrode alloys®.

It wasestablished that Mn retarded hydrogen uptake ingl¥eand TiF@.sMng.1Vyx (x = 0,
0.05 and L at.%) as the hydrogen absorption increased with incteaseadium content

although the increase was more significant without the presence 8f Mn

Addition of V to FeTi intermetallic significantly increaséhe hydrogen absorption kinetics
at the cost o marginal increase reduction of hydrogen storage capatifjhe maximum
storage capacity was found to be ~1.2 and 1.1 mass% for the FeTi intermetallic aBdLFeTi

mass% V respectively.

An Investigation onducted on effect of partial substitution of Cr with Mn on hydrogen
storage properties of Ti€gyMnyFeye (y= 0.1, 0.2, 0.3) alloyshowed that Mn reduced
hydrogen storage capacily Increasing Mn content from 0.1 to 0.3 at.% reduced hydrogen

storage apacity from 1.48 to 1.26t%

Work by Chaoet al.**® on Tip 33+ZrxCro. 4N 020, Tio.22xZr+Cro.38V0.37and Tb 20x ZxCro 22V 0,55
(at.%) alloys produced by amelting showed that substituting zirconium for titanium

decreased hydrogen storage capacityinoreased the slope of the isotherm.

When Hf was substituted for Zr in 45Hf40Nizo and TisZrsgNip7 (wWt%) alloys it was found
that Zr was a better substitute for Ef as the hydrogen uptake for 4dfif40Nizo and
TissZrsgNizz was 1.4 and 1.5 wt% respectively.

23



In astudy of hydrogen absorption characteristics i, 2ro od~& 50 and its comparison with
TiFe and T4 e 4901 (at.%)™** it was observed that the maximum solubility of hydrogen
(H/M ratio) was 0.065 0.07 fa Tigp.42Zrood& 50 0.04- 0.05 for TiFe and 0.08 0.09 for
Tio.ade.4980.1, Which suggested that B promoted hydrogen uptake.

Zhao et al. ®® studied part substitution of Ti by Zr in s5kZrNi (x=0, 0.2, 0.4) (at.%
Results showed that Zr retarded the discharge capacity, which is in agreemdsdsaitat

al. 12 andMurshidiet al **,

Hydrogen absorption/desorption properties ofMi-40V-10Cr10Mn-xSc &=0, 5, 10, 15)
were investigated? It was observed that hydrogen absorption capacigySifree sample
was larger than the Smwntainng samples. The absorption/desorption capacity increased
with increagng Sc content andhe maximum absorption capacity of 3.5&®6 was
obtained afl5at.% Sc.

Investigation on the structure and hydrogen storage properties ob.d4MiFe) (x = 0.30,
0.35) (at.%) showed that TiMB((ViFehso had better hydrogenation properties than a
TiMno.5(V 4Fe) 35 alloy, implying that higher Mn : e favoured hydrogen uptak®.

Lee and Pernif® investigated the effect of boron and carbon on hydrogenation properties of
TiFe, TiFeCé,ooj, TiFea).ooj, TilllFe, T-h_.]_FECO.ool and TEL.]_FEB).oo;L (at%). Results of the
investigation showed that B and @wkd down activation rates of hydrogen uptake.

Martinez and Santd¥ found that the hydrogen storage capacity attained a value of 3.6 wt.
(%) for TiCr 1Vogalloy in a time of 9 minutes, 3.3 wt. (%) failiCry 1Vo.49N\bg 45alloy in a

time of 7 minutesand 3.6 wt. (%)or TiCr11Vog + 4%Zr; Nijg with an increase of the
hydrogen absorption kinetics attained in 2 minutes. This indicates that the addition of Nb
and 4%ZNiyo to the TiCrV alloy acts as catalysts to accelerate the hydrogen absorption

kinetics.

Arc-melting of ThsV35CroMyx (M =B or C andk = 0, 0.1, 1, or balloys were carried out by
Shenet al. *®%o investigatethe effect of interstitial boron and carbon on hydrogenation
properties.The effective hydrogen desorption capacities weceeased from 0.80 H/M for
the sample without doping to 0.86 H/M ford\ 35CryoB1and 0.87 H/M for TisV 35Cr40Co 1.

Towataet al.*?’ investigated the effect of partial niobium and iron substitution on-séert

cycle durability of TiCr-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
Ti16Cr34Vso. Contrarily, partial substitution of niobium improved durabilityut did not
affect the hydrogen storagesimilar result was obtained for ;5CrsoV 25 After 10 cycles of
hydrogen absorption and desorption, the effective hydrogen absorptébrdesorption

decreased to 84.9% of its initial values fogsCirsoV 25 and 94.2% for TieCrasVso.

The reviewed literature is summarised in Tab® 2.

2.4.1.  Effect of production methods on hydrogen storage alloys

Alloys can be produced from metallic oxide fingt reducing the oxidéo the metallic states

and the metals are then mixed, melted and pulvéfizeth order to shorten this long
expensive route, Ryosuke and Yoshindfiexamined a shorter method of forming aVFi

Cr alloy by first reducing the most stable oxides powdefsvand TiQ, (both <1c¢
particle size) using liquid Ca and CaCl (independentlyd sealed stainless vessel and the
reduced oxides wermechanicalf mixed ina mortar. They later used a similar reduction
method to produce binary alloy-Vi from a high melting ¥Os in place of \AOs. From this

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

ppm oxygen couldd obtained even from titanium oxide containing 40% oxygen.

Ryosuke and Yoshindff also studied binary TV alloys and the intermetallic TiGr
compoundg aiming ata ternary TiV-Cr alloy in the future. The wehomogenized TV
sol id sol uiwereobtaiaed flom @ Meck@nical mixture gOy¥and TiQ and of
Cr,03 and TiQ, respectively. The bproduct CaO was removéatsitu by dissolving it into
molten CaC]to complete the reaction. The morphology of the powders was commonly
coratlike, slightly sintered fine particles. Their large surface areas esgauitable for
hydrogen absorption. These alloy powders shoabygdrogen storage capacity of 8%

after the normal activation treatment.
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Table 21 Effect of aloying additions on hydrogenation properties.

Element| Alloy(s) produced |x (at.%) Phases Effects
(TiCI’)95V5, (TiCr)90V10 fCC, bCC, th . .
\Y} (TiCr)esVss 5, 10, 35 CcrTi Increasing V: increased H uptake.
V TiMN o, Vy 0.8,1,1.2 E;:Vi:nd Storage capacityncreased with x
V TiFeVs, TigFeV, 0.1,0.7,1, | Cl14 laves V increased storage capacity
TiFeVy, TiFeV, 3
TigF&eVoa, TiFe 3V
Vv Vy(Ti, Cr, Fe) g a Ti/Cr+Fe=1| x <30: bcc + | Absorption and desorption capacity
Cr/Fe =2.5| Laves increased with V increase
x=2055 |[xO30 B{(
V TiTxV1 10Ci 20, 24,28 | BCC and H uptake increased and plateau
( 59NN and 32 Cl4 Laves | pressure reduced with V increase.
Ti:Cr | TiCrV and TpgCr oV | 50:50, BCC (V) and | Decreasindi:Cr ratio decreased
40:60 FCC hydrogen uptake.
ViFe | TizgMnigCrigVs o x5 0,2,3,4,5| BCC and De§orption capacity increase with
(V4Fe) Laves xO03, decreased f
VFe TiCrygx(VFe) 0,0.2,04, | BCCand x<0.6 Improved reversible capacity
0.6,0.8 Laves storage capacity increased with x
Pd TiFe Pd depositio BCC TiEe Pd deposmpn on surfa_ce improved
on surface hydrogenation properties.
Pd TiFe.4Pd 0. 050y BCC (V) Plateau pressure + activation T
reduced with increase in x
Pd Ti33V33Craa 0, 0.05and BCC (V) PdfavouredHydrogenation.
0.5
Zr,V, |TigoirlooiVoaadFoer [|0.019, 0.439|hcp C14 Lave{Max. storage capacity at is 1.71 wt9
Fe, Cr, [CrgoafAlo.02dMNy 5 0.045, 0.026 but 1.86 wt% for the pure TiMnR
Al 0.097 system.
Cr, Mn |Tis;MnysV3gByand 0 and 6 BCC at x=0; |[Boron reduced H uptake.
Ti31Cr30V398X X=6:
BCCH_aves
Cr Tio7Vo.3xCrx (A) and 0.2-0.3 (A) |FCC and BCQFor B with 0.07 Cr immediate
Tio.gV0.2xCrlx (B) 0.07-0.2 (B) hydrogenation. Increase in Cr: slow
absorptiorkinetics and increased
incubation time
Cr TiV 25Cry MNgs 0-30 C14 and C15| Cr slows down absorption rate
Laves
Fe Ti12Z11 8V 16Cr7 sMng 1Fe|0-5 hcp Cl4LavegFe has no effect on H storage
«C0gx Nizp 2SSy Alg 4 + BCC characteristics
Fe TiosZro2Vo . MnosCrog (0-0.5 C14 Laves an(Fe reduced H uptake.
Niq gFe; BCC
Fe Tig.30Crg.a 3V 0.25F € 0, 0.03, 0.05/BCC and Useable H slightly increased to
0.08, 0.1 Laves maximum at 0.08.
Fe Tig.16Zr0.05Cl0.22V 0. 572xF6 [0-0.5 BCC and C14|H uptakedecreased with increase in
Laves
Fe Tig.sZrg.2V 2.7MnNg.5Cro.g 0.0/ 0.8 C14 laves pischarge capacity increased for
Ni1.o5F6; 00. 4) and then d
Ni, Fe | Ti1sCraaVso 0.11 BCC (V) Fe retarded H uptake; Nino effect
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Table 2.1 (cont.)

Element/Alloy(s) produced X (at.%) Phases Effects
M = Cr, |TiFe, M, 0.05,0.1 Mn slows down activation rate; Cr
Mn improves absorption rate
Al, V [Tii 6Ali 4V UTi p h a|Mechanic and H uptake properties
improved.
Sn  |FeTi.,Sn 0.02 and 0.05/BCC TiFe phas(Sni ncr eased pl at eal
decreased hydrogen saturation contents
Co |[TiFe.Co, 0.1,0.3 BCC TiFe phas(Co lowers discharge capacity, Ni has ng
TiFey NigCop.1 real effect on H uptake.
Cu  [TiypZra1V1CrysMng 1Cos 9|0 to 5 hcp C14 + BCC{Cu decreased H uptake.

«Nizz LU Sy Al g 4

Al (V30T i35CrsF€10)100xAl x 0.6to 6 FCC and BCC |Al decreased H uptake.
Si, Al |VssTisCrigiFes.a, 0.1,0.3 FCC and BCC |Si and Al improved cyclic capacity.
V54 gTi20.4C11gF €5 4Sip 1Al o 3
Ce  |Tiz25Cr8.05V 37.25F€r.45C€Lo |1 CeQ, BCC (V)|Ce improved plateau flatness, enlarged
and Cl4Laves |hydrogen capacity and increase the H
diffusion rate.
Cr, Co |TiggZrg V2 MngsCroeNiq 250.4, 0.6Cr; BCC(V) and Cr and Co enhanced cyclic stability
Fey o Fe&y4/Niq1Coy1Fey» |0.1Co Cl4Laves
[Fey g
Co Tig.eZrg.2V2.7MnNg.sCra.gN | 0.00- 0.25 C 1l4Laves Increase in Co: Cycling stability +
i1.0 5COF&.o and BCC (V) | discharge capacity reduced.
Mn |TiFey.qV, and 0, 0.05,0.1 |cubic TiFe; Mn retards H uptake.
TiFey.sMng.1Vy Ti and ThFe
Zr Tig33xZCro a7V 0.20 BCC(V) C14 |addition of Zr: H storage capacity
Tig 2752k Cro3eVo.37and Laves decrease, plateau pressure increase
Tio.20x ZCro.25V 0,55
Zr TioVg ad6Zry 17 8 x=1:BCC (V) |Zr improved activation behavior but red
x=2-8: BCC (V) |H absorption capacity
andLaves
Zr  |Tig.gsVFey 15 0.05 C 14Laves and|Zr slightly reduced H uptake
Tio.g5V 0.95F€.15Zr0.05 BCC (V)

Zr TiggHf4oNiog TissZragNii7 Hydrogen uptake foFisHf40Nise and
TissZrzgNiz was 1.4 and 1.5 wt%
respectively.

B, Zr | Tig.uoZroodes0, TiFe, 0.1, 0.08 Zr retarded and B promoted H uptake
and ThaFeyaBos

Zr TioZryNi 0,0.2,0.4 Zr retarded H uptake.

LaNis | TiCry g+ X wt%LaNi 5,10, 15, 20 | Cl4Laves increase in LaNi Storage capacity

reduced, discharge capacity improved
Mn:VFe | TiMn,.s(V 4Fe) 0.30, 0.35 BCC (V) and |higher Mn : \4Fefavouredhydrogen
Laves uptake.

B, C |TiFe, TiFeG oo, TiisFe, (0.001 TiFe and TiFe |B and C slow down activation rate.
TiFeBy 0oy, Tip1FeG op1@and
TiyFeBom

B, C |TixsV3sCrigMy 0,0.1, 1, or 5 |BCC. Small ppt|B, C slightly improved desorption

removed after

anneal

capacity.

27



The effect of preparation method on hydrogen storaga ofi/MH battery alloy by
centrifugal casting and gas atomization was investigated by Yeting. '*. It was
discovered that alloys produced by centrifugal casting had a better cycle life, improved low
temperature performanckut were slower in activationThe production cost wasudnd to

be lower in case of gas atomisation; it alsd beeadvantage of high cycle life and charge
retention but suffers fromhigher bulk oxygen content and thicker surface oxide, thus

inferior battery performance charactadst

In the work of Abe and Kujt*® on the hydrogen absorption propertiesaoTiFe alloy
synthesized by ball milling and peashnealing, the two samples preparedhblf milling for

10 and 40 h were able to absorb hydrogen readily after heat treatment at 573K for 3 h.
However, the TiFemilled for 40 h could not desorb hydrogen completely. This indicated
that the hydride of TiFe synthesized for a longer milling time is stableesmonding to a

lower plateau pressurddowever posannealing 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. %!

prepareda metastable TiGralloy by both mechanical grindinMG) 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 toe MG sample were ~0.7 and ~0v&t%.

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

Wang'® prepareda Tio 37V03dVIng 25 alloy by MA and vacuum armelting (VAM) to study

the differances 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 aworption 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 hydreglesorption capability.

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

absorption properties of -M-Cr and Ti A Cr-Fe alloys were examined.The TizoCrsoV2o
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alloy (A) was prepared by aroelting and theTi,; Crso 2V 25F 65 (B) alloy was produced by
vacuum induction meltingVIM ). After heat treatment at 12a@100°C for 1 min to 6 hours,

alloy A was water quenched and B was gas quenched in the furnace. The lattice constant anc
microstructure on surface and side of crucible was found to be different for &floyHte
absorpton capacies and thermodynamic propess did not vary muchbetweenalloys A

and B. High temperature heat treatment improved homogettetyast cooling rate refined

the grain size and increased the lattice constant.

Neutron diffraction measurement oiT)VyHy (0O/O0 . 5 ; x(11.98 €howed that the
transition fromthe cubic gammaphase tdhe tetragonal deltgphase observed in the system
was strongly influenced by a partial substitution of titanium by vanadfiiriihe tetragonal
phase did not occur fgr= 0.35 and 0.50.

Microstructuresof Fr i ch al |l oys are ei t h&rbartkietah®ar U
discovered that when a-BAl-4V titanium alloy was heat treated in vacuum or a neutral
atmosphere (from room temperature to a 3 cycle treatment of IZWC, then furnace
cooled), the hydrogen storage capacity, toughness, formability, and creepncesista
improvedand the microstructure chBingedi THebm
mi crostructure is termed abnor mal U, near

same as U, near U, b or U+b respectively.

In the investigation on hydgenation properties of Pd and PdTi-H (0 - 30 at.% Ti)
alloys, it was discovered that the hardness of the alloys hydrogenated at high pressure w
higher than the nehydrogenated allgya n d t h -phase Pdiied alldys had higher
hardnesses thahte-p b a s e -phase alloys. This was attributed to a ppecipitation
effect of H gas, which was consistent with the observe@dyXline broadening for these

alloys.

Annealing (i.e. homogenisation treatment) of -arelted TiF@dMno.1,, TiFe.sMno.,
TiFep.95Cro.0s and TiF@.oCr.1 (at.%) alloys at 900°C in vacuum for 80 h eliminated
segregatiori>. 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 thedliaignslowed

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 altast and annealed samples.
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A V3TiNigs6 alloy was produced by aroelting then heat treated in temperature range 700
1200°C for 24 hours, followed by furnace cooling to room temperatutewas observed

that heat treatment at 70D had the same plateau pressure as for theasslloy. Heat
treatments between 80D and 1000C brought about a flatter plateau pressufFer
temperatures above 900°C, it was observed that the grain size of the major pbasedV

BCC solid solution) increased and the network structure of the Tddnskary 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 yhuanget al. **° 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 crystallisatiortled 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
TizCragV 2o, Liu et al’** prodiced TkoCraeV2, and TiaCraV2oCey.s (at.%) by magnetic
levitation melting and heatdademto 1400°C for 5 minutes, then quenched into iced water.
Their work revealed that Ce addition and |
plateau and enlged the hydrogenation capacity of the;,TrseV2, alloy, due to both

lowering the oxygen concentration and homogenisation of compaosition and microstructure.

At low hydrogen pressure and temperature, pallachickel (PdNi) co-deposition by
electroless pling significantly improved the kinetics of hydrogen charging of
Lag 40Ce.4dNd,Pr) 16Niz 300 64Al 0 62MNo s3at.% ABs-type alloys'®?.

A Tip.32Cro.43Vo.25 (at.%) alloy was ball milled using tungsten carbide and stainless steel
balls and heat treated at 1200°C for 2 hpa290°C for 8 hours1000°C for 2 hours and
then 800°C for 2 hourdleat treatment improved the hydrogen storage properties, such as
hysteesis in the hydrogen absorption curve and phase transformi&iespecially for heat
treatment at 1200°C.

Hanget al**. produced TigV7:CrsFesZr (at.%) by induction levitation meltinghen heat
treatedit at 1100°C for 8 hours, 1250°C for 5 minutes and quenched in Wéiersample
heat treated at 1250°@ad the best overall hydrogen storage propéfti@sth a hydrogen
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desorption capacity of 1.82t%, a dehydriding plateau pressure of 0.75 MPa and aaplate
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:

Y - €. ..eéceeéeeéeeéeecéecéeeée (2.6)

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

in an increase in H/M ratio.

Yamamoto and Kanda® investigated the corrosion behaviour of ABpe hydrogen
storage alloy in alkaline solution. The work revealed that the effiebieat treatment on

corrosion resistance is not significant.

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

After a review of literatur@n Ti-based alloys, the decision was made to study alloys from
Ti-V-Cr system.The major constituents of alloys in this wake titanium, chromium and
vanadium, so the binary (M, Cr-Ti, Cr-V) and pseuddinary (TCg- V) and ternaryphase

di agrams are reviewed. Ottheat .mio)n,0 OA BE@INiISU M
and pal Daat¥%um (O

2.4.1Binary systems

According toEnomotd®, the binary iV phase di agram in Figure
and (V) phases form a continuous bcc solid solution above ~880°C. The monotectoid
reaction: (bTi) 2z ( UOCbheyause of tha/miscibilty gap in g6 e | o v

phase.

Wei and Flowet* reported that neither the gap nor a stable monotectoid reaction was likely
to occur in the binary TV system, and that the reported miscibility gap in the phase was

possibly due to oxygen impurity.

In the binary CfTi phasediagram (Figure 2.3y, Cr-Ti alloy solidifies as a continuous

i somor phous bcc sThdphate dagranucontamsthree bgtilibriu@ sglid
phases, two solid solutions, (UTi)wherd (b1
thecompund phases ar-ebnde %iTjedals phdseslare the Laves
phases C14, C15 and C36 respectively.
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Smith*® showed that the binary 6&f phase diagram (Figure 2.3) contained a completely

miscible bcc solid solution (V,Crwyhereno intermedite compounds exist.

Temperature °C

C

Temperalture

1]
200 1= v errr

1670°C

15040 -

10400 S

BOE"C

Weight Percent Yanadium
40 st 60

A nant T Aaaaads T

18415°C

(BTi,V)

1 1 S S

90 100
Atomic Percent Vanadium v
Figure 22 Ti-V phase diagrart.
Weight Percent Chromium
20 a0 40 50 60 70 80 80
Ly i) SN I L

Il }
S " e T -

(BTi.Cr)

20 i 40 1]
Atomic Percent Chromium

Figure 23 Ti-Cr phase diagrar.

32



Weight Percent Chromium

g 1o = 30 4 50 o 70 80 30 0o
18504 b v ! e il v v y | o
1810°C
1900
IS
k5
a
L 1883%
p= | !
=
[ THA -
L
[}
[« 8
E
o
F
14303
{v.Cr)
IFCT R P e g . e
e o Y 30 10 51 50 70 a0 50 100
v Atomic Percenl Chromium or

Figure 24 V-Cr phase diagrarfi

2.4.2TiCr, - V pseudobinary system

The pseudobinary system in Figure 2.4 through Fi€mwas reported by Samsond¥aThe
alloys were produced from iodide Ti, high purity electrolytic Cr (99.99%) and carbothermic
V (99.75%). A combination of thermal analysis, powder XRD, powdeay<diffractonetry

and metallography was used for thermal analysis of the alloy.

The system shows the ,peri tzeet) Dh TNnCHE €t i o
correspond to ternary hexag o rmphakesreSpeatively. b )
Crystallographic parasmt e r s  § were nod avail&bté®. The TiCpiV system is not
consistent with the phase boundaries in Figure 2.2 because it shows allotropic
transformati o@~f22060n b t o UTi Cr

A list of solid phases in this system adapted from Enoffidgo shown in Table 2.1.
Accordingto Murra§®, t hectmp€&und is a cubic al8 Lav
compound is a higher temperature form of Bi@ri t h a hi gher GCrandcont
t h e HA36)Campound can only be found above ~1270°
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Figure 25 Pseudobinary TiGrsection through the €Fi-V phase diagrarm’®

Table 22 Cr-Ti-V crystal structure and lattice parameter déta.

Lattice parameters,
Ph Composition | Pearson | Space | Strukturbericht nm
ases o

range, at.% | symbol group designation a c
(uT|g 2 hP, | P6/mmc A3 0.29506 0.46835

071 100Cr
(bT 07 100V cl2 Im3m A2 0.33065
- . /637 65Cr®
UT o q 0i 7.5V 139140 cF24 Fd3m C15 0.6957

. 65, 66

bTi,d 8‘.:. ! 4‘\5/6cr hP12 | P6&ymmc c14 0.4921 | 0.7945
2 Ti,(647 66Cr hP24 P6;/mmc C36 - -

The cell volumes of different T¢r phases obtained from AtomWorks afe:T) ii

35.66 A% C141 16817 A% C157 33310A% and C36i 3275 A% All belong to the
same space grougP®/mmq, except for C15, which belongs to ti@3m space
group. Information from other references listed in Table 2.2 show that the cell
volumes may varye.g.the range for C14 Laves could be: 1611 A3; C15: 332335

A3  UTi 36.28/6. THe 6sothermal sections through-iCr system at 100C

is shown in Figure 2.6.

34



rd
W K
LI
J,'r 2N g [[11]
[
¢ w5 ’
i !
ETiCrgd o8 e e
" _:"' [ ] ffrlh!-"-ﬂ W &l ".'.:-
& L :__r aliCrg ] r‘If--.
g / "
¥ 7 UG
Lol =
&7 4 aTitr ("%
e il 1'-:_
__.")lr l".[ b
W e ——
i Y
k) |’ W q0
W %
7 Y
Jr.;.- W K
/ nll'x
' ra e ) k] i O] i e o
T 1 o mn Al fnn au i [ L] v

Alanie Peraont Voaewd e

Figure 26. Isothermal sections through-ViCr system at 100C*°

Table 23. Possible cell volume of Laves and other phases.

S/NO Space Element/ Cell volume | Ref.
group Compound (A3
1 P6/mmc |UTi 35.22 >
2 P6/mmc | TigoesVoou 35.33 |
3 P6/mmc | TigosVo.o19 36.24 | *®
4 P6/mmc | Tiq oV 197 168.17 | ™
5 P6/mmc | Cryo3Ti1 o7 167.81 15
6 | P6/mmc | V(TiFe) 164.17 | '°
7 | P6/mmc | Ti(CroosaTio.01d2 332.13 | '°
8 | P6&/mmc | Ti(Cro.esaTio.oz2 335.46 |
9 P6/mmc | Tiy1Vordei s 166.45 |
10 | P6&/mmc | TiVosFe 16 165.92 |
11 | P6&/mmc | (CrFe)Ti 161.7 | '®
12 | P6&/mmc | TiogoFe 197 35.16 8
13 | P6/mmc | (CrogFe )Ti 163.15 | *
14 | P6/mmc | TCrisd e 163.63 80
17 | P6/mmm | TiggVoo 4991 | ™
18 | Fd3m TiCr, 336.28 81
19 | Fm3m Ti 67.97 | ¥
20 | Fd3m Ti, 0Cr 97 334.39 15
21 | Fd3m Cr,Ti 334.50 8
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The Laves phase is an intermetallic compound with the #@ichiometry 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 Clipkiase
V-Cr systemto the intermediate stability C36 structure or ralgtely, to the stable C15
phasé®.

Maelandet al.* 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 al
room temperature of these stablec 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 wato develop titanium alloys (Tr-V based) for hydrogen storage.
Titanium was discovered in Cornwall in 1791 by INgdim Gregof®, 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 (24Ba) and a high ducttly (50%) but the
commercial grade contains some impurities which raise the tensile strength to as much as
700MPa and reduceudtility by 20% “*. Because of its high fatigue strength and creep
properties, titanium (in commercially pure and alloyed forms) become an increasingly
important engineering material in the aircraft industry. Its high melting point (1725°C) has

contributed to its usas a componei jet engine constructidh

2.5 ELECTROCHEMICAL CORR OSION MEASUREMENT

Most metal corrosion occutBrough electrochemical reactions at the interface between the
metal and an electrolyte The rate of the reaction is evaluated in termshefcorrosion
current. The natural logarithm of the absolute value of the corrosion current versus the

potential isplotted as a Tafel curve, as shown in Figuie 2.

The corrosion current values can be transformed to corrosion rate values (e.g. mm/y) using
Equation 2.%"

Q
0YY 0 —0w88888888888888888888888888B¢

whereK is a constant that depends on the unit of corrosion rate;
K = 3272 for mm/y (mmpy), or = 1.288 x>¥6r milli-inchesly (mpy)

ior= cOrrosion currrent density, €A/ Cm
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EW = Equivalent weight = 1/electron equivalent (Q) where:

(o]

. 0
Ed)—88888888888888888888888888888(@

wheren; = the valence if" element of the alloy
f, = the mass fraction of ti& element in the alloy
Wi = the atomic weight of th&' element in the alloy.

InsertingEquation 2.8 in 2.7, the penetration rate (corrosion rate) CR or mass loss (ML) of
an alloy is given by:

0Y v z‘;,‘98888888888888888888888888&3(&)

B

D0 0 Ow88BB8888888888888888888888¢p

The \alues of constaafor use in the equations above are given in Taldle 2.

0
=204
w -400 Extrapojated anodiE current
= Extrapolated cathodic current
E -B00
o
=
o
o
—Bj]:'l‘:, E—— il
E(‘nrr / i
-1040 v :
L e
-1200 i ‘/, 1
-35 -30 -25 =20 -15 -10 -5 0
Logyg (absolute current]

Figure 27. Classic Tafel curve*
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Table 24 Value of constants used in corrosion rate calculstfon

Peﬂﬁ'i[trst(lgr:?;ate | corr UNItS J un K, Unit of K,
mly pA/cm? glent 0.1288 mpy g/HA cm
mm/y pA/cm? glent 0.03272 mm g/pA cmy
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CHAPTER 3. Experimental procedure

3.1. Overview

This chapterdescribes 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 employecescelibd The equipment used

for the experimental work, the material preparation for metallography, the corrosion tests
and the pressweompositionisotherm tests are alsgiven. The use of Therm@alc
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 wprle. to develop and assess titanium alloys
based on the TCr-V system for hydrogen storage, relevant literature was revieldte

work of Choet al!¥, a composition region waséntified in the TV-Cr phase diagram as
having the highest hydrogen uptake. This informed the choice of the base a\byJiis.

The research gaps in their work are: no other alloying additions were made and the alloys
were not heat treated, but only assessed in teasiondition.

South Africa has the worlddéds third | argest
largest producer of vanadium, as titaniferous magnetite ore in, 2@hind Chin&® 4°
Vanadium slag is produced from the steelmaking process, and is then refined to

ferrovanadium.

The choice of adding iron to the-Vi-Cr alloy was made because the ligkly low cost of
ferrovanadium compared to refined vanadium would make partial substitution of V with
FeV a financially viable option if the hydrogen storage capaeigs not substantially
reduced by ironTheprices in Octobe015 are:

Ferrovanadium 13.5USD/kg

Vanadium metal (99.9% pure)2200USD/kg

The platinum group metals (PGMs) Rh and Pd were chosen foré¢hagive abundance in
South Africa. Pd and Rh aemongthe economically significant PGMs, as South Africa is
t he wor | do sduteeaadihesegondlargest Pdoproducer after Ri%sia.
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Literature showed that heat treatment has varying effects on hydrogenation characteristics of

5151'153156

alloy , therefore, there is a need to investigate effects of heat treatmeniVe@ITi

Ti-V-Cr-Fe, TtV-Cr-Rh, T+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 andwdcsa in binary alloy”.
® 8

Ua o > 3 > 3 pTT

n o O o e ey 3.1)
0 P =8 QW QO

0P oTOB Q@O Q6 0 oo Q@E Q6P T

wd o

The equation for converting from aton#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 componentse.g. for quaternary alloy as in the case of tegearch work.
\

OO

pTT
p 8 [~} 8 p 8 =} 8

0 0P 070w 0 U WHENQO

OPO T ETEIE @ P ITOB & 6 0 To80 0 %0 0o oe®moeoal |

J

The compositioafrom weight to atomi®bo calculationgor four and higher order systems

was doneon a computer spreadsheet.

The starting materials for the alloys were powders: iron-@&bmesh, 99% purity, 0.01%
C and 0.015% P and S); chromium (<0.3mm, 99.8% purity) vanad®@® (nesh, 99.5%
purity), titanium €325 mesh, 99.5% purity), Rhodium (99.9% purity) and palladiusr¢d

purity).

The required mass of each powder was weighed out on an electronic scale, as listed in
Table3.1. Before melting, the powder constituents were compacted using a 20mm diameter

die under a pressure of 2kRPa.
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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 weteted, coppecrucible are

melting furnace (Figure 3.1) under argon atmosphere. The ingots were turned over and
remeted 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 readines

for heat treatment.

Table 31 Mass of elements for aroelting of 10g samples.

Mass (9)

Arlllg.y Composition (at. %) Ti \% Cr Fe Rh Pd
Al TisV 40Cras 2.37 | 4.03 | 3.60 - - -
A2 TioV 40ChaF& 227 | 402 | 349 | 0.22 - -
A3 TinaV 40CrasFey 217 | 401 | 3.38| 0.44 - -
A4 TixV 4CraFes 2.07 | 4.00| 3.27 | 0.66 - -
A5 Ti24.975V 40Cr24.975RNo.05 2.37 | 4.03| 3.60 - 0.01 -
A6 Ti24.95V 40Cr34.05RMg.1 2.36 | 4.03 | 3.59 - 0.02 -
A7 Ti24.975V 40Cl4.975P th.os5 2.37 | 403 | 3.60 - - 0.01
A8 Ti24.95V 40Cr34.95P Ch.1 2.36 | 4.03 | 3.59 - - 0.02

Figure 31. Photographk of watercooled coppecrucible furnac€Mintek, South Africa)

(a) Exterior
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3.5. Heat treatment of samples

Heat treatment processeSe¢tion 2.5.3) having positive effects on-M4Cr alloys with

similar compositions to the alloya this work were closely examined. For instance, heat
treat ment at 1400AC for 5 minutes wthes f o
plateau and enlarge the hydrogenation capacity of.£V -, alloy®®. According to Cho et

al'*3 heat treatmenat 1200°C for 2 hours improved the hydrogen storage properties of
Tio.32Clo.4aVo.25. Itoh et al**® found that fgh temperature heat treatment improved
homogeneity, a fast cooling rate refined the grain size and increased the lattice constant of
TizoCrsoV2o and Th7.&Craz 2V osF6es alloys. According to the pseudmnary TiCk-V phase
diagrant®® *° (Figure 2.4), the alloys and the heat treatment temperatures in the examined
| i teratur e f alhencethetchoicenof hedt eeatfmentpempesati®@0°C

for TizsCrasV 0.

The specimens sealed in the evacuated quartz ampoules were loaded in two batches in a he:
treatment oven and heated to 1000 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 10G0for 1 hour and then slowly furnaceoled.

3.6. Metallographic preparation

3.6.1Mounting
Mounting of the specimens was done on a Struers CitoPfes$he 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.

3.6.2Grinding and polishing

Grinding of the specimens was done on a Leco Spectrum System 2000 AutSgrirrer
machine was set to a grinding speed of 150 rpm for 5 minutes under a pressure of 20 N and
waterwas useds lubricanton silicon carbide alasive papersThese grinding parameters

were maintained for successive grindiaging 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 wihl5 pum with Buehler MasterMet non
crystalising colloidal silica suspension for 2 minutes under a pressure Mfal@ wheel

speed of 100pm.
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3.7. Characterisation of the alloys

The alloys (both asast and heat treated) were characterised for phase idéitificging
optical microscopy, Xay diffraction (XRD), and scanning electron microscopy (SEM) with
energydispersive Xray spectroscopy (EDX) using an Oxford® system.

3.7.1 Optical microscopy

After polishing, the specimens were etched with HF by swaldbing to 7 seconds. The
microstructure of the alloys was examined uralegica Microsystems Compound
Microscop® DMi8.

3.7.2 XRD

Phases of the asast and hedteated alloys were determined by XRD analyssng Xpert
High Scor€ phase identification software on a Bruker [Phaser Xay® diffraction
machinewithCeK U r adi a g+ 16mo9®.r om 2

3.7.3SEM

Analysis of the alloys was done using a FEI Nova NanoSEM 2@anning electron
microscope (SEM) fitted witlEDAX® advanced microanalysis solution and a Zeiss Sigma
FE-SEM with alow kV optimised backscatter detector, HD BSDr the samples at low
acceleration voltages (750V to 3kV) and low probe curteite samples were viewed
using backscattered electron imagi®SE) to distinguish between the phases. EDX was
performed on selected areas to analyse compositional variations in the dlloys.
approximate amount of the phases was determined by image analysis using ImageJ

freewaré’®.

3.8. Hardness test
A FutureTech FTFM700°, Microhardness tester (Figure 3.7) was used for the Vickers hardness

tests with a 2 kg load. The hardness values were measured five times foict#s asd heat

treated samples and the average values were recorded.

3.9. Corrosion tests

Potentiostaticorrosion teston the alloys wereperformed using an AutoL&xorrosion test
apparatus and electrochemical cell in Figure 3.8. The electrochemical cell edobsstri-

electrode platinum reference electrod®g/AgCl counter electrode,and test alloy & the

working electrode in 8 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 irresild 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 from1.4V to-0.2V with a scanning rate of 1mV/s.

3.10.Pressure Composibn Temperature PCT measurements

Before the PCT test, an initial activation process was performedbp c uat i ng t he
apparatus ab73 K for 30 minutesAfter the activation process, Sievertdype apparatus

was used for the measurement of phessure composition (PCT) curves. After crushing the
samples into particles <75 um 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 30inutes. This was followed by slow cooling to room temperature in
hydrogen. The alloys absorbed most of the hydrogen and pul¥@mizbis step. After the
absorption process, the samples were heated up to 573 K and chaslesacuated with a
mechanical pmp for 1 hour to dehydrogenate completely for PCT measurements at 303,
333 and 363 K.

Figure32.Comput er controlled Sievertoos
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3.11Thermo-Calc modelling

ThermoCalc modelling is included in this workénable prediction of the expectpdases
determine the equilibrium conditions and the amoumthafses in the alloys.

The Titanium database (TTTI3) and the solid solution database (SSOL4) were used for the
ThermaCalc modelling. A Therm&alc code/tempite (.tcm)shown in Figur 3.2below

was used for modelling the equilibrium phases WICr system using TTTI3 database, 1
degree of freedom and 40 atWeand 35 at.%Cr composition. Indented lines were edited

appropriately depending on the alloy systén@ alloy composition and the database to be

used in the model.

go data Cont.)
swi ttti3 (ttti3 - titanium
database, ssol4 - general database) Al ttti3 (File name)
def - sys step
ti v cr (alloy system) NORMAL
|l -s post
CONSTITUENT s-d-axT -c
get s-d-aynp(*)
gop -3 plot
s-cn=1 SCREEN
s- ¢ p=101325 set - tit
s- ¢ t=1200 Ti 55V40Cras (Title of plotted
s- ¢ x(v)=.40 at.% diagram)
composition ]» plot
s- ¢ x(cr)=.35 SCREEN
l-c set - label
@& d
c-e S-t-ms
s-a-v X
1 s- s xn 250 2000
T plot SCREEN
473 set - interactive
2173
3
save
(cont.)
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CHAPTER 4: Results

Overview

The results are presented in six sections. The first section presents the analysed
compositions of the asast alloys compared with the nominal (targeted) compositions. The
next four sections presetite following results for as cast and heat treated alloys A®&:

the microstructures and phase informatibardness corrosion properties and hydrogen
storage characteristics. The sixth section presents the TH@afoaalculations of phases in

each otthe 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 id.Table
All the subsequent alloys (A7) were based on the /-Cr alloy Al.

Table 41. Targeted and analysed compositions of the alloys.

Compositions (at.%)

Alloys Targeted Analysed
Al TizsV40.Crss Tizs 3V354Clae3
A2 Ti24 V40 CrasFe Tiz1gVaoCrasgFes
A3 TizzV40.CrazFey Ti2s4V37.4CrgFes.
A4 Tiz2V4oCrszFes Tizs6V360CrsssFess
A5 Ti24.98V 40:Cras.97Rho 05 TizggV36.0Crss1
A6 Ti24.95V40:Cras05 Ry 1 Tiz1.4V41.4Crs7 1
A7 Ti24.98V 40:Cr34.97Pth.05 Tiz38V412Crss6°
A8 Ti24.05V 40:Cr34.05:Ph 1 Tizg5V36.0CrssePths*

*Analysed compositions of Rh and Pd are not given, as the detection limit of the SEM EDXti84.2

4.2. Microstructures of alloys Al to A8

4.2.1. Microstructures and phase analysis of alloy Al (Ek:V 40:Cr 35)

The optical and SEM micrographs agcast, annealed and quenched alloy Al 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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The microstructure of Alloy Al (Figure 4.%)as 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-cast, annealed and quenched, contained5la.% Ti, 40

46at.% V and ~3at.%Cr. As listed in Table 4.2, all three A1 samples contained a black

h ¢ pTi 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 distjnish between the secondary
phases by microscopy and EDX, as the phases are small, so analyses may be diluted by the
(V) matrix.

The Tkrich phases in the asst and annealed samplesl Bamilar compositionsAs shown

in Table 4.2, annealing introduced a C14 Laves phase, decreased the bcc (V) unit cell
vol ume, while the hcp UTi vol ume was wunch
slightly increased the bcc (V) unit cell volume, and introduced a hexagohal phas e.

etal®r eported that pWwE sasbetobtanedsai 0tGP@and 0Kf U t o

The ascast sample contained ~90% bcc (V) phase, which was slightly decreased to 86.5%
after annealing and 85.7% after quenching. Fine secondarypipaéon is visible in the

optical micrograph of the quenched (Figured).1

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 raticsectredary

phases changed from 4.4 to 5.4 after annealing and 2.4 after quenching.
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Table 42. EDX compositions and XRD crystallograpimarameters of phases in alloy Allif:V 40:Crzs).

Sample (tagp?ﬁsBeSE Co(rgtP(?/()s)Eion . Pha?(;) gr%%c))rtion Crystallographic description
micrograph) Ti v Cr T|/C_2r SEM Optical Phases| Space a® |c®) | cellvol. (&%

ratio | BSE XRD |group (no.)

_— ;’{'er;“"(“cy )"ght (202.'7(; (%2_'4% 305_92) 06 | 89.7 | 895 ?\/(;C 7 (02‘;’3) T 3.0246| - 27.67
Lr};irfr?gf o (61%1) (15'25; (105_é(; 44 | 103 | 115 |0Ti U‘p(fgo‘4§“* 2.98 |4.72 36.24
g:ier;‘?g)"ght (11%2(; (40%1) (315_5 05 | 8.5 | 90.8 ?\/C)C "(()2"‘2’8‘) 3.0235| - 27.64

Annealed Lr;;irl?ri‘g)‘"ar (7593 (13‘?'22) (1297'61) 54 | 135 | 92 |0Ti ?20% 2.98 | 4.73 36.24

o 6“’({34?‘1 4.93 |7.96 167.81

ouenched g:'er;?g )“ght (225.41) (‘?S (3:3 07 | 857 | 736 R/C)C "(()2"‘2";‘) 3.0380| - 28.04

L’};ir,?r?g;* ar (559.,.8 (229?.5 (222_'6‘; 24 | 143 | 264 |¥Ti f""{f‘g‘lﬁ‘)é‘ 455 | 2.78 49.91

* Standard deviation in parentheses
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Figure 42. XRD patternsof ascast and heat treated alloy Al.

4.2.2. Microstructures and phase analysis of alloy A2 (Ti24:V40:Cr34:Fe2)

The optical and SEM micrographs ofeast, annealed and quenched alloy A2 are shown
in Figure 4.3. The XRD patterns are shown in Figure 4.4 an&fER¢ composition and

XRD measured crystallographic parameters are listed in Table 4.3.

The microstructure of Alloy A2 (Figure 4.8)as a primary, light grey, bcc (V) phase, with
a black intergranular phase (D) in all three samaed a dark grey intergratar phase in
the ascast and quenched samples. Thaeeee fine needldike and spherical precipitates

surrounding some of the black secondary phase partiigse 4.3¢)

Table 4.3 shows that thecc (V) phase @) in all the three sampleBhe XRD analys
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 introducen C36 Laves phase. Quenching introduced twinmmthe
secondary phase particles in Figure 4.3 iiib shown inside the digl@lie C15 Laves in

the ascast and C36 Laves phase in the annealed sample were too small for EDX to

analyse.
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The optical and SEM BSE micrograph showed-785% bcc (V) phase, 187% dark
phase and-2 % light grey phase. The proportion of the bcc (V) phase increased 10 ~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 phasg¢ the cell volume
increased marginally. The Ti content increased %y at.% after quenching, and a

significant increase in secondary cell volume was observed in the black interg&hijar
as it changed to hcp C36 Laves phase.

The Ti/Cr ratio in the bcc phase remained relatively constant a0.6.%or all three

samples. The Ti/Cr ratio in the secondphases increased from 0.6 to 4.4 after annealing
and 2.2 after quenching.
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Figure 44. XRD patterns of asast and heat treated alloy A2.
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Table 43. EDX compositions and crystallographic parameters of phases in alloyiA¥ £:Crs.Fe).

Composition Phase proportion . .
Phase (at.%)* (% area) Crystallographic description
Sample tag in BSE
P r%ic?ograph) T Vv Cr Fe Ti/Cr | SEM Obtical Phases Space a c | Cellvol.
ratio | BSE | P XRD  |group (no.)| (&) A (A3
Primary light 17.7 | 435 | 36.5 "Oda )
arey (C) @) | we | 22 2.3(0.7) 05 | 785 712 | BCC(V) (229) 3.0030 27.08
Black inter 230 | 414 | 355 v 0¢ T8 & d
Ascast granular (D) (3.7) 2.4) | (1.9 2.0(0.2) 0.6 20.2 26.7 UTi (194) 298 | 4.73 36.24
247 | 37.8 | 34.0 0@ T4 @ d
Dark grey (E) 08 | 09 | 04 3.5(0.3)| 0.7 1.3 2.1 | C14 Laves (194) 485 | 7.94 | 1617
"oQd
C15 Laves (229) 6.94 - 3344
Primary light 17.7 | 435 | 36.5 "Oda )
arey (C) 19 | 13 | 29 2.3(0.2) 05 | 820 849 | BCC(V) (229) 3.0136 27.37
Black inter 65.9 | 18.6 | 14.9 - 0@ T8 &
Annealed granular (D) (5.2) 2.8) | 2.2 0.6 (0.2) 4.4 18.0 15.1 UTi (194) 298 | 4.73 36.24
0@ T4 @ d
C36 Laves (194) 491 | 16.00|] 3345
Primary light 21.8 | 40.0 | 35.6 "Odoa )
arey (C) 5 | w3 | @2 26(1.7) 06 | 815 76.0 | BCC(V) (229) 3.0136 27.37
Black inter 49.1 | 26.8 | 22.7 0@ T8 &
Quenched granular (D) (5.7) 3.0 | 28) 1.3(0.4) 2.2 16.5 22.0 | C36Laves (194) 8.81 | 457 | 354.54
473 | 21.6 | 247 0@ T4 @ d
Dark grey(E) 37 | @5 | @) 6.4 (0.5)| 1.9 2.0 2.0 | Cl14 Laves (194) 493 | 796 | 167.8

* Standard deviation in parentheses
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4.2.3. Microstructures and phase analysis of Alloy A3 (TisV 37:Cr 33:Fe).

The optical and SEM micrographs of thecast, annealed and quenched alloy A3 are
shown in Figure 4.5the XRD patterns are shown in Figure 4.6 and the EDX
compositios and XRD measured crystallographic parameters are listed in Table 4.4.

The microstructure of Alloy A3 (Figure 4.%)as a primary, light grey, bcc (V) phase,
i nt er g fTaandudark grey Bves phases. The vanadium content of the bcc phase

increased after heat treatment.

Both annealing and quenching increased the bcc cell volume of-tiastasample from
26.95t0 27.08°but had no effect on the volume o

(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. -‘bhat%)smmicond
lean in other constitues when compared with the primary phase. However, the dark

grey phase htha composition range of neagquiatomic 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 (0 The
phase from 8.80 to 43.60 after anneglimgf less o 9.9 after quenching, howevethe

ratio in the dark grey phase slightly decreased to 4.4 in annealed sample and 3.5 in
guenched sample.
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Table 44. EDX compositions and crystallographic parameters of phasd®y A3.

Composition Phase proportion Crystallographic description
Phase (at.%)* (% area)
Sample (tag in BSE Ti/ICr | SEM Phases Space a c |Cell vol
micrograph i ' :
graph) T v cr Fe | ratio | BsE | OPtical XRD |[group (no)| A [A | A
Primary light 24.4 | 37.4 | 33.0 5.2 "Odoa )
grey(C) 28) | @5 | o) | 3.1 0.7 67.5 81.2| BCC (V) (229) 2.9981 26.95
! Black (D) 783 | 112 | 89 | 15 _ 0@ Ta & o
As-cast intergranular G4) | 29 | @0 | (06) 8.8 325 16.3 UTi (194) 2.98 (4.73] 36.24
0o T4 & &
C14 Laves (194) 4,93 (7.96| 167.81
Primary light 216 | 39.3 | 349 | 43 "Odoa )
grey (C) 07 | @6 | @5 | 13 0.62 90.0 84.0 BCC (V) (229) 3.0030 27.08
Black (D) 93.3 | 3.8 2.1 | 1.03 N O Fa & &
Annealed intergranular @.0) | 07| ©2) | (0.9 43.6 8.0 11.5 UTi (194) 2.98 [4.73| 36.24
65.5 16.3 | 14.9 3.4 "Odoa
Dark grey 67 | 31| @5 | (0.8 4.4 2.0 4.5 BCC (V) (229) 3.05 | - 28.26
Primary light 18.2 | 40.5 | 35.2 6.1 v~ s
0.5 74.3 73.4| BCC (V) ['Oda (229) 3.0030] - 27.08
grey (C) 20 | @8 | 2o | 26 V) (229)
tenched | Black (D) 785 | 98 [ 79 | 38 S| 00 Ta a6y
Q intergranular 24 | 07| a2 | o 9.9 20.0 21.5 UTi (194) 2.98 (4.73] 36.24
58.8 | 20.3 | 16.8 | 4.1 Fd3m
Darkgrey (E) ©3) | @4 | @ | @1 3.5 5.7 5.1| C15 Laves 227) 6.94 | - |334.39

* Standard deviation in parentheses
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Figure 46. XRD patterns of asast and heat treated alloy A3.

4.2.4. Microstructures, and phase analysis of alloy A4

The optical and SEM micrographs of-east, 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 Tahle 4

The microstructure of the alloy A4 samples (Figure & 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 ddahe baves

phases in the asast and quenched samples, as the phases were too small.
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Table 45. EDX compositionsnd crystallographic parameters of phases in alloy A4.

Composition Phase
Phase (at.%)* p(roc/)pgrrgg)n Crystallographic description
Sample | (tagin BSE 2
micrograph) : Ti/lCr | SEM : Phases | Space group Cell vol.
Ti \% Cr Fe | io | Bse |Optical | "y o) (no) ad | cd) &)
Primary light | 155 | 44.0 | 355 | 5.0 "Odoa )
grey (C) 22 | @5 | 04 | @9 0.40 | 85.5| 88.0 BCC (V) (229) 3.0000 27.00
] Black (D) 795 | 11.0 | 85 | 1.0 . Do Fa & ©
As-cast intergranular | (5.4) | 2.7) | @.5) | (0.2) 9.40 14.5 12.0 UTi (194) 298 | 473 | 36.24
0@ T8 & &
C14 Laves (194) 493 | 7.96 | 167.81
Primary light | 15,5 | 44.1 | 355 | 4.9 "Odoa )
grey (C) 12 | a8 | 26 | 30 0.44 | 735 | 73.2 BCC (V) (229) 2.9981 26.95
Annealed Black (D) 625 | 196 | 1567 | 2.2 0@Ta & 6
ac . . . . - verd a a
intergrandlar | 3.8) | @5) | L5) | ©03) 4.00 | 265 | 26.8 ¥-Ti (191) 455 | 2.78 | 49.91
Primary light | 17.5 | 423 | 346 | 5.6 "Odoa )
grey (C ) 07| es | ws | @3 0.57 76.4 64.5 BCC (V) (229) 2.9892 26.71
Black inter | 66.5 | 17.2 | 143 | 2.0 : OTa & &
Quenched granuiar ) | (4.) | 2.0) | 2.2) | ©0.4) 470 | 236 | 355 ¢-Ti (101) 46 | 2.82| 51.68
0 16 & @
C36 Laves (194) 491 | 16.00| 334.50

*Standard deviation in parentheses.
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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 A® after annealing and 26.7A° after quenching. The cell volume ¢0 T)i
increagd from 36.244%in the ascast sample to 49.94° after annealing and 51.66

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 TitCr ratin -Tit he U
phase from 9.40 to 4.00 after annealing and 4.70 after quenching.
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Figure 48. XRD patterns of asast and heat treated alloy A4.

4.2.5. Microstructures and phase analysis of alloy A5 (TBh.975V 40:Cr 34.975 R 05)

The optical and SEM micrographs of-@ast, 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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The microstructure of A5 is a primary, light grey, bcc (V)thvintergranular Laves
phasesin 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 treatmenad no effect on the amouwit primary phasé¢from 82.2 to 81.8% ithe

annealed sample and 82% in quenched sgmple

Annealing increased the cell volume of the bec gisefrom 27.37 to 28.0R° andof
the secondary phaseom 36.25 inthe ascast sample to 167.81*AQuenching
increased the Laves cell volume to 49839 but had no effect otthe bec (V) cell

volume.

Annealing decreasethe Ti/Cr ratio from 0.9 to 0.8 in the bcc (V) phase, while
guenching decreased it to 0.7. There waslzserved decrease in the Ti/Cr ratio thoe
secondary phase after heat treatment, from 5.3 after casting to 4.4 after annealing and
4.0 after quenching. i aicular (U T) iphase was foundear the bcc (V) grain

boundaries
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Table4.6. EDX compositions and crystallographic parameters of phases in alloy A5.

Composition Phase proportion . -
Phase (at.%)* (% area) Crystallographic description
Sample tag in BSE :
P r;ic?ograph) Ti Y cr Rh TilCr | SEM Optical Phases| Space ad) | c@d Cell vol.
ratio | Bsg XRD |group (no.) (A%
Primary light 285 | 38.8 | 32.7 "Odt
- 0.9 82.2 | 24.3 |BCC (V 3.0257( - 27.70
As-cast grey (C) B38| 22| 1.7 V) (229)
Blackinter- 71.8| 146 | 135 | 05 o |[0@ Ta & d
granular (D) 5.8) | 3.0 | 28 | (0.4 5.3 17.8 | 75.7 UTi (194) 2.98 | 4.73 36.25
Primary light 26.5 | 40.0 | 33.5 "Oda
- 0.8 81.8 [ 545 |[BCC (V 3.0398| - 28.09
Annealed grey (C) 1.9 | (2.0) | (3.8) V) (229)
Blackinter- 68.0| 165 | 15.4 Cl4 |0o T4 & d
granular ©) | @4 | @n | en| - | A% | 182 |45 | (Laves)| (194) | 498 | 796 16781
Primary light 241 | 416 | 343 i "Odd )
o i grey (C) @1 | @ | @0 0.7 82.0 [ 64.0 [BCC (V) (229) 3.0136 27.37
uenched -
Blackinter- 66.6 | 16.6 | 16.8 i 40 180 | 36.0 i vefd a a 455 | 278| 4999
granular (D) 41 24 | @7 ' ' ' (191) ' ' '

* Standard deviation in parentheses
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Figure 410. XRD patterns of asast and heat treated alloy A5.

4.2.6. Microstructures and phase analysis of alloy A§Tizs.05V 40:Cras.05Rhg 1)

The optical and SEM micrographs of-east, annealed and quenched alloy A6 are
shown in Figure 4.11, the XRD results in Figdrd2 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). Tablesthdws the composition tfie phasesThere

was no significant change in the phase proportions of both bcc and secondary phases
aftereitherheat treatment.

The cell volume of bcc (V) was unchanged after heat treatment. The secondary phase

volume increaseftom 34.48 to 167.8° after annealing antb ~50 A* after quenching.
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Table 47. EDX compositions and crystallographic parameters of phases in alloy A6.

Composition Phase
roportion (% Crystallographic description
Phase (at.o%)* P parea) (% ystallograp P
Sample | (tagin BSE
micrograph) - v or Rh | TVCr | SEM | o . | Phases Sr’zice ad) e Cell vol.
ratio | BSE | P XRD g(no )p (A%
Primary light| 28.5 | 38.8 | 32.7 BCC "Odt
- 0.9 84.8 78.7 3.0275| - 27.75
As-cast grey (C) 3.8) | (2.2) | (1.7) V) (229)
Black inter | 62.3 | 19.1 | 186 | 0.5 - |0 Ta & d
granular (D)| 6.3) | 3.4) | (32) | (0.4) 3.3 15.2 21.3 UTi (194) 292 [4.67| 34.48
Primary light| 26.5 | 40.0 | 33.5 BCC "Odoa
- 0.8 82.5 76.0 3.0398| - 28.09
grey (C) (1.9) | (2.0) | (3.8) V) (229)
Annealed Black int 57.3 | 22.9 | 19.8 Cla |0 T4 6
ack inter ) ) ) i v Ta a d
granular (D)| (2.3) | (0.7) | (1.8) 2.9 175 24.0 Laves (194) 4.93 | 7.96| 167.81
Primary light| 24.1 | 41.6 | 34.3 BCC "Odd
- 0.7 83.0 77.0 3.0275| - 27.75
grey (C) 1.1) | (1.49) ]| (2.0 V) (229)
Black inter | 58.5 | 22.3 | 19.2 . | Dgra & @
Quenched granuiar )| (7.0) | 3.9) | 32) | - 30 |17.0 23.0 | ¥-Ti (101) | 455 |278| 4999
C36 |0 T4 & d
- - - - - - - - Laves (194) 4,91 ]116.00 334.50

* Standard deviation in parentheses
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The vanadium content in the bcc phase was 38.8 ataéhys 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 significantlgtedfeThe SEM and optical
images of alloy A6 (Figure 4.18howa predominantly bcc (V) phase. Table 4.7 seow

that the area proportion of bcc (V) was&26.

Table 4.7 showthat 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 plee decreased from 3.3 to 2.9 after annealing and to 3.0 after quenching.
This could imply formation of a small, Fich phase that was not observed by SEM.

The SEM-BSE micrographs showhe formation ofacicular precipitats near the

boundary of bcc/secondaphases after heat treatment.
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Figure 411. XRD patterns of alloy A6.
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4.2.7. Microstructures and phase analysis of alloy ATTi.4.05V 40:Crz4.97Pth,05)

Optical and SEM micrographs of-aast, 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 Awas a primary, light grey, bcc (V) phaséth minor,
darkintergranular 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 14f®a% after quenching and decreastightly to

10.8% after annealing.

Annealing decreased the cell volumetu Lavesphaserom 59.68 to 49.942 but had
no effect on the bcc phase. Quenching increased the bcc cell volume from 27.75 to
28.09A3 but decreased the volume of the secondary pHases59.68 t62.09A3,

The area proportion ahe bcc (V) phase was found to be-86%, while the black
intergranular secondary phase occupied the remainiigl Ede&b6 (Table 4.8).

The Ti/Cr ratio in the d&r 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. Precipaatof the secondary phase at the bcc

(V) grainboundaiesincreased after heat treatment.
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Table 48. EDX compositions and crystallographic parametephaies in alloy A7.

Composition Phage . o
Phase (at.%)* proportion Crystallographic description
Sample | (tagin BSE (% area)

micrograph) Ti \% Cr Pd -Ir-la{t(l:or %I;I\é Optical P)?s;es Space group (no.) a(&) |c(A Vgigs)
Ascast gr”er;,]?g)“ght (11846) ?243 ?16363 - 0.5 | 88.5 82.5 E'VC):C ‘Oda (229) 3.0275| - 27.75
ergranar | 49 | @4 | 25| 0 | 21| 15| 175 |(aves| oms oy | 291 | - | 590
Annealed Srrg;]e(lg)“ght (11891) ?4517) (32672) ] 05895 802 R/(;C I’Czdﬂé(' (,22,9) 3.0275 - | 27.75
megranuar | (29 | @) | @y | | 40| 105| 18fxT | Pfy" | ass | 279) s959
Quenchet grner;’]?g)“ght (2018 (412.66) ?1?4&; - | 06 |86.0| 812 ?\/C)C :owa '(2'29') 3.0398| - | 28.09
megrenuar | (17 | ©08) | @o)| o) | 40| 140| 108[xT | P R | 461 |28 s20s

* Standard deviation in parentheses
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Figure 413. Microstructure of alloy A7.
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4.2.8. Microstructures and phase analysis of alloy A8Ti sV 40:Cr 34.9:Pdo 1)

The optical and SEM micrographs of -aast, annealed and quenched alloy A8 are
shown in Figure 4.15, the XRD results are in Figure 4.16 and the EDX composition and

Figure 414. XRD patterns in alloy A7.

XRD measured crystallographic parameters are listed in Table 4.9.

The microstructure of Alloy A8was a primary, light grey, bcc (V) phase and
intergranular secondary phases. The bcc (V) phadberascast sample contained
19at.% Ti, 44 at.% V and 37 at.% Cr. The annealed and quenched samples had similar

compositions.
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Table4.9. EDX compositions and crystallographic parameters of phases in alloy A8.

Composition Phas_e . L
Phase (at.%%)* proportion Crystallographic description
Sample | (tag in BSE (% area)
micrograph) : Ti/Cr | SEM . Phases| Space Cell vol.
T v Cr Pd | ratio | Bse |OPiCa | vrp group (no.)| & A | c@ (A%
Primary light 19.1 | 436 | 37.3 - "Odoa d
roney [T ©) 08) | 36) | 4.6) 0.5 | 91.4 | 88.5 |BCC (V) (229) 3.0275 27.75
Black (D) 63.7 | 185 | 17.8 ] - |0 Ta & @
intergranular .4) | 11) | ©.6) 3.6 8.6 11.5 UTi (194) 295 | 4.69 40.72
Primary light 22.2 | 40.8 | 37.0 - "Odo
0.6 | 90.0 83.8 [BCC (V) 3.0274 - 27.75
rey (C 1.1 14 2.2 229
pmestg o702 T 148 T 350 TETT
ac . : : - - Ve Td & W
intergranular 45) | 22| ©23) 4.7 10.0 6.2 UTi (194) 295 | 4.67 35.22
Primary light 222 | 403 | 375 - ‘Oda d
o X grey (C) 27 | @5 | 65 0.6 | 94.9 92.6 [BCC (V) (229) 3.0275 27.75
uenche " =
Black (D) 63.4 | 18.8 | 17.9 - Cl4 | 0o T4 & w
intergranular 4.4 | 28 | (1.7 35 51 7.4 (Laves) (194) 330 | 11.80) 128.50

* Standard deviation in parentheses
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Figure 415. Microstructures of alloy A8.
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Annealing reduced the vanadium content in both phases. Quernadp significant
effect on theV content inthe second phasebut slightly decreasedt from 43.6 to
40.3at.% inthe BCC phase. The abundance of the bcc (V) phase increased by 3.5 at.%
after quenchingbut the volume was not affected by heat treatment. Howeher
secondaryphaseunit cell volume decreased by 5.%° after annealing(U T) iand
increased by 87.7&3after quenchingC14 Lave}.

Table 4.9 showthat the proportion of the bcc phase was98@6. The Ti/Cr ratio ithe
primary phase wathe same (0.6) foboth quenched and annealed samples, but 0.5 in
theascast alloy. Quenching had no significant effect on the Ti/Cr ratibeasecondary
phase, while annealing increased it from 3.6 to After heat treatmenthe acicular

secondary phadermed fine precipitates around the grain boundaries

e A 5 cASE — Armealed Quenched
6000
@- BCC Y
A - C14 Laves
5000 ¥ -aTi
® o
= Ak a
2 4000
E o
£ 3000
< °
£ I [
]  J v
£ 2000 I\ ‘&
- 0
1000
l LA
vV
0 . . A A .
0 20 40 60 80 100
28 (Degree)

Figure4.16. XRD patterns of alloy A8.
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4.3. Hardness of alloys Al to A8

The Vickers hardness (HYvalues of the asast, annealed and quenched alloys are

shown as follows:

1 Base alloy Al and the iron containiafioys (A2A4) in Figure 4.17
1 Rhodium containing alloys (A5 and A6) in Figure 4.18
1 Palladium containing &ys (A7 and A8) in Figure 4.19

In the basealloy Al, heat treatment slightly reduced the hardness fronH¥L5as
cast) to 4081V, after annealing and to 4@%v, after quenching, as shown in Figure
4.17 a. In the alloys with iron added, annealing increased the hardness slightly, while

guenching caused a larger increase in hardness.

In alloy A2 (2 at.% Fe), heat treatment increaseal hlrdness (Figure 4.17 b). The
guenched sample had the highest hardness oH¥2) while the ascast and annealed
samples had hardness values of 430 andH\BGrespectively. With the addition of 5
at.% Fe (alloy A3), the asast and annealed hardnesaese the same at ~42V,.
However there was a noticeable increase to 46QHfter quenching, as shown in
Figure 4.17 (c)

The hardness of the-aast alloy containing 6 at.% Fe increased from 425 toH\38

after annealing and to 446V, after quenchingFigure 4.17 d).

Among the samples of the ir@ontaining alloys (Tk.0.5V40CrsosF6, X =0, 2, 5, 6
at.%), the quenchedase alloyhad the lowest hardness and that.% Fequenched
sample had the highest hardness.

Heattreatment marginally increased the hardness of samples containing 0.05 at.% Rh
from 409 to 414V, after annealing antb 413HV; after quenching (Figure 4.18 a).
However, with an addition of 00lat.% Rh (Figure 4.18 b), heat treatmeetreased

the hardess from 410 to 388 H\after annealing antb 395 HV; after quenching. The

heat treated0.05 at.% Rhsampls had the highest hardnesgl14 HV,, while the
annealed0.10 at.% Rhsample had the lowest hardness of the rhodium containing

alloys.
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For the0.05at.% Pdalloy (Figure 4.19 a), the hardness decreased slightly from 410 to
402 HV; after annealing antb 406 HV; after quenchingln the0.10 at.% Pdlloy, the
hardness was reduced from 425 to 392,H¥ter annealing ando 405 H\, after
guenching. Thesacast 0.10 at.% Pslamplehad 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, thequenched 5 at.% Fe samplad thehighest hardness of 460V, while the
annealed 0.10 at.% Rh samphd thdowesthardnes®f 392 H\..

460 460 ~
436 440
440 440 A 430
= =
I
: 420 A 415 \IuT 420 A
@ 408 @
e 405 e
b= =
S S
I 400 A T 400 A
380 - 380 -
360 360
As-cast Annealed  Quenched As-cast Annealed Quenched
Samples Samples
a) Al (0 at.% Fe) b) A2 (2 at.% Fe)
460
460 - 460 -
446
438
440 A 440 -
425
3 421 422 i
»n 420 - (7)) 420 +
[%] [%]
[ ()
c c
B =
£ 400 4 T 400 A
380 380 1
360 360
As-cast  Annealed  Quenched As-cast  Annealed  Quenched
Samples Samples
c) A3 (5 at.% Fe) d) A4 (6 at.% Fe)

Figure 417 Hardness (HY) of ascast and heat treated,d¢ 5V 40Crzso0.sF6 (x=0, 2,
5, 6 at.%) alloy.
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Figure 418 Hardness (HY) of ascast and heat treatehd4 sV 40Crss.0.R M (X = 0.05,
0.10 at.%) alloy.
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Figure 419. Hardness (HY) of ascast and heat treated,d4 5V 40Crzs.0.5Pd (x = 0.05,
0.10 at.%) alloy.

77



4.4. Corrosion behaviour of ascast and heat treated alloys in KOH
solution

4.4.1. Potentiodynamic behaviour in6M KOH solution

The potentiodynamibehaviourof the iron-containingascast, annealed and quenched
samples in a solution of 6M KOH apgesented 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.

0 0 T
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-400 -400
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: Xk
L -800 = &, -800 -
8 g ‘\
S -1000 S 1000 \\\
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-1400 1 Annealed -1400
Quenched
-1600 ; -1600
0.00001 0.001 0.1 10 1000 0.00001 0.001 0.1 10 1000
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Figure4.20. Potentiodynamic curves of-aast and heat treated,J4 sV 40Cr3s.0. 56 (X
=0, 2, 5, 6 at.%) alloy.
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Figure 421. Potentiodynamic curves akcast and heat treatedd¢ sV 40Crss.0.5R
(x=10.05, 0.10 at.%) alloys.
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Figure 422. Potentiodynamic curves of-aast and heat treateddé 5V 40Crss0.5Pd (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 rate@Figures 4.23 to 4.95were calculated from the corrosion current

densitiedgn Figures 4.20 to 4.2a2ndEquations 2.7 to 2.10.
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Figure 423. Corrosion rates of asast and heat treatedhd4 5V 40Cr3s05F€ =0, 2, 5,
6) at.% alloy.
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Figure 424. Corrosion rates of asast and heat treated,d4d sV 40Crss.0.5Rhy (X = 0.05,
0.10 at.%) alloy.
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In the Fefree alloy Tps:V40:Crss (Figure 4.20 a), the lowe&.or of -860mV occurred

in the quenched samplhile the highest value e#10mV was found in the annealed
sample. The asast sample had the highégt; of 1.00 uA/cnf and the lowest value of
0.11pA/cm? was recorded for the annealed sample. The annealed sample had the
lowest corrosion rate of MA@ mm/y while the ascast sample had the highest corrosion
rate of 0.011 mm/y (Figure 4.23 a).

With addition of 2 at.% Fe, the Tafel behaviour ocftast and heat treated samples were
similar (Figure 4.20 b). ThE¢,, decreased fror821 t0-869 mV afterquenching but

increased slightly to-800 mV after annealing. Both heat treatments marginally
increased the corrosion ratagich was highest (0.0017 mm/y) in the quenched sample

and lowest (0.0004 mmly) in the-east sampléFigure 4.23 h

The E¢,r for the ascast 5 at.% Fe sample w&27 mV, while theEg,,; for the annealed
and quenched samples were similarG80 and 670 mV respectively (Figure 4.20c).
The ascast sample had the highest corrosion rate of @4y (Figure 4.23c), while
the anneal@ and the quenched samples maglch lower corrosion rates of 0.001 and
0.002 mmly.

The E¢or Of theascast, annealed and quencitedt.% Fesamples werel220,-700 and

-410 mV respectively, with the correspondigg values of 1.43, 0.06 and 4.66 pA/em
(Figure 4.20 d). Figure 4.23 d shows that the lowest corrosion rate of 0.002 mm/y was
found in the annealed samplshile the quenched sample had the highest value of
0.037 mmly.

In the0.05 at.% Rhalloy, theE.q for the ascast, annealed and quenclsaanples were
very similar at790,-711 and-780 mV, while the correspondinig values were 0.081,
0.061 and 0.13 pA/ci(Figure 4.21 a). The addition of rhodium caused a reduction in
the corrosion rates. The annealed sample had the lowest corrdsiaf @007 mm/y
and the highest corrosion rate of 0.00d4/y was found in the quenched sample, as

shown in Figure 4.24 a.

The Ecor values were slightly lowered with addition of 0.4t.% Rh and further

reduced with heat treatmer830 mV for the agast sample;910 mV for the annealed
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and a similar-920 mV for thequenched sample (Figure 4.21. bjeat treatment
marginally increased the corrosion rate. Figure 4.24 b shows thatthastasample had
the lowest corrosion rate (0.0010 mmly), followeyg the annealed sample (0.0015
mm/y) and the quenched sample (0.0023 mml/y).

With addition of 0.05 at.% Pd, th&,, range was ~40 mV, with the lowest-866 mV
(annealed) and the highest -&25mV (quenched), as shown iRigure 4.22 aThe
highest corrosion rate of 0.018¥m/y was found in the quenched sample, wiole

rates were found for the -@ast and annealed samples (0.0014 and O.000&k
respectively), indicating that the annealed sample was more resistant to corrosion
(Figure4.25 a)

An increase in palladium content to 0.10 at.% Pd decreas&gthsubstantially for all
three samples: teB802 mV (ascast),-862 mV (annealed) and the lowest-#013 mV
(quenched), as shown in Figure 4i22The lowest corrosion rate was faliin the
annealed sample (0.00k8m/y) and the highest (0.008 mm/y) in the quenched sample.
The corrosion rate of the-asst sample was 0.0025 mmly.

Comparing all the asast and heat treated alloys (Al to A8), the highgst of
-400mV occurred in the 6 at.% Fe quenched sample, while the lowest value of
1240mV was found in the asast sample of the same alloy. The highgst of
4.66pA/cm? and corresponding corrosion rate of 0.0369 mm/y was found in the
guenched sample with 6 atPBe, wth the second highest corrosion rate of 0.034 mm/y

in the 5 at.%e ascast sample.

The lowest icor value of 0.035 upA/cth and corresponding corrosion rate of

0.0004mm/y was recorded for the-aast 2 at.% Fe sample.
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4.5. Hydrogen storagecharacteristics of the Tis:V 40:Cr 35 alloys

4.5.1. Absorption/desorption behaviour

The pressureompositiontemperature (PCT) datiestedat 3@, 333 and 363K is
captured irFigures 4.26 to 4.28nd the data are summarised in Table 4.10.

Overall, the bestlesorption results were found at3BOfor all samples. The desorption
curves are shown in Figures 4.26 to 4. 2Be hydrogen storage properties were then
calculated from the desorption data and graphs.
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Table 410. Summary of absorption/desorption data for alloys Al to A8.

303K 333K 363K
Temperature H capacity (max.) Useable | Useable H H ?rigi?ty Useable | Useable H H f::gi(;lty Useable | Useable H
Absorbed | Desorbed H (%) Abs. Des. H (%) Abs. Des. H (%)
AT 1.89 0.33 1.56 83 1.31 | 0.33 0.98 75 1.03 | 0.15 0.88 85
Al | A1A? 1.76 0.34 1.42 81 1.28 | 0.23 1.05 82 073 | 0.14 0.59 81
A1B7 1.23 0.25 0.98 80 078 | 0.21 0.57 73 0.7 0.07 0.63 90
A2 0.86 0.42 0.44 51 0.68 0.2 0.48 71 061 | 0.11 0.5 82
A2 [ 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 63 074 | 035 0.39 53 0.67 | 0.15 0.52 78
A3 1.22 0.47 0.75 61 071 | 0.33 0.38 54 0.26 | 0.09 0.17 65
A3 | A3A 1.17 0.31 0.86 74 0.81 0.1 0.71 88 072 | 0.14 0.58 81
A3B 0.85 0.4 0.45 53 073 | 031 0.42 58 054 | 0.14 0.4 74
A4 0.91 0.23 0.68 75 0.36 | 0.15 0.21 58 0.23 | 0.01 0.22 96
A4 | A4A 0.97 0.39 0.58 60 074 | 0.17 0.57 77 0.6 0.17 0.43 72
A4B 0.87 0.39 0.48 55 072 | 0.17 0.55 76 0.65 | 0.13 0.52 80
A5 2.25 0.75 15 67 2.08 | 034 1.74 84 1.77 | 0.17 1.6 90
A5 | ABA 2.57 0.32 2.25 88 252 | 0.26 2.26 90 245 | 0.17 2.28 93
A5B 1.87 0.22 1.65 88 153 | 0.23 1.30 85 097 | 0.18 0.79 81
A6 2.24 0.37 1.87 83 1.36 | 0.30 1.06 78 0.76 | 0.26 0.5 66
A6 | ABA 2.41 0.36 2.05 85 139 | 0.31 1.08 78 092 | 027 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 25 0.34 2.16 86 215 | 0.33 1.82 85 1.27 | 0.21 1.06 83
A7 | A7A 2.51 0.3 2.21 88 218 | 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 2.51 0.35 2.16 86 2.06 | 0.33 1.73 84 1.2 0.22 0.98 82
A8 | ABA 2.59 0.32 2.27 88 227 | 0.27 2 88 1.26 | 0.20 1.06 84
A8B 1.95 0.32 1.63 84 135 | 0.22 1.13 84 0.78 | 0.18 0.6 77
Maximum 2.59 0.75 2.28 93 252 | 0.35 2.26 91 245 | 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
17 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 Al to A8 is shown in Figures 4.29 to 4.31. The
thermodynamic properties of-aast and heat treated alloys Al to A8 are shown in
Table 4.11.

For the ironfree base alloy Al, the plateau pressure of theaas sample at 3K
decreased from 0.410 0.09MPa by annealing and increased to (Mi®a by
guenching. The highest RHSC of 1Ww6% was found in the asast sample at 3K,
as shown in Figure 4.29 a. The RHSC decreased at higher testing temperatures.

For the 2 at.% Fe alloy, the desorptiomvas for the annealed and quenched samples

at 3K and of the agast sample aB63K , are plotted in Figure 462b. The

plateau pressure decreased from 1.30 MPa to 0.68 MPa after annealing, but increased
to 2.34 MPa after quenching. The highest RHSQeaif 1.26 wt% was found in the
annealed sample at 3K, while further increase in temperature decreased the RHSC

to 0.56 at333 Kand further to 0.51 wt% &63 K The quenched samples showed a
similar trend, with the second highest RHSC of W% at 33 K.

At 5 at.% Fe, the annealed sample had the highest RHSC of 0.86withs the
lowest value of 0.46 wt.% was observed in the quenched sample (Figure 4.29 c). The
plateau pressuseof the ascast and annealed samplegre 1.92and 1.86 MPa

respectivy, but there was no plateau after quenching (see Figure 4.26c¢).

For the 6 at.% Fe alloy, the-aast sample showed the highest RHSC of 0.68 wt% at
a testing temperature of 3R (Figure 4.29 d). The reduction in RHSC was more
pronounced at higher testingniperatures for the @sst samples compared to the
heat treated samples. The plateau pressutkedscast sample was 1.34 MPa but

there was no observed plateau after heat treatment.
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Figure 429. RHSC of the asast, annealed and quenchiég o 5V 40Crss0.5F6 (X = 0,
2,5, 6 at.%) alloy.

With the addition 0f0.05 at.% Rh, the optimum operating temperature for the alloy

was surprisingly found tde 363 K for the annealed samplevith a RHSC of
2.28wt% (Figure 4.30 a), whilthe RHSC & 363K was 1.60 and 0.7®t% for the

ascast and quenched samplesspectively. Annealing had no effect on the plateau
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pressure ofhe ascast samplealthoughthe plateau pressure increased to 0.21 MPa

after quenching.

With an addition of 0. at.% Rh, the asast sample had the highest RHSC of
1.87wt% at 3@ K, while the RHSC was 2.05 and 2.01 wt% for the annealed and
guenched samples respectively. The plateau pressure decreased from 0.29 MPa in the
ascast sample to 0.2¢Pa in the annealesampleand 0.25MPa in the quenched

sample.

For the 0.05 at.% Pd alloy, increasitige testing temperature decreased the RHSC
for all conditions (Figuré.31 a). The RHSC was highest (2.28 wt%) in the quenched
sample aB803 K and the lowest in the same sample8G8K. The plateau pressure

increased from 2.16 to 2.21 MPa after annealingta@28MPaafter quenching.

In the0.10 at.%Pdalloy, the annealed samples had the highest RHSC at all three test
temperaturegFigure 4.31 b). An increase in testing temperature decreased the RHSC
for all conditions (Figure 4.31 b). Thhighest reversible storage capacity of

2.27wt% was found in the annealed sample testSd)aiK.

From all the PCT measured at330the annealedasnple containing O(at.%Pd
had the highest RHSC of Bt%, while the lowest reversible capacity (0.46 wt%)
was observed in the quenchedat®6 Fe sample. The quenchedh2o Fe sample
had the highest plateau pressure of 2.34 Ma. &-castsample vith 0.05 at.% Rh
had the lowest plateau pressure (0.02 MPd)e highest entropy of ~158mol.K
was found in the quenched 0.40% Rh sample, while the asast5 at% Fesample

hadthe lowest entropy of 22.57 J/mol.K.

The entropyeeS i s a n of how far tkeaviH isystem is from a perfect, ordered
condition The theoretical value ddS is the entropy of hydrogen gawhich is
approx.-135Jmol.K); ahigher value is an indication of higher degree of disorder in

the MH systerf®. Table 4.11 showed | ar ge di ffer entede bet we
containing alloys and the theoretical valuesplying a higher degree of disorder in

the MH systems. The annealedse alloyshowedthe highest degree of order, while

the ascast sampl&vith 5 at.% Fe showed the l@st degree of order.

90



m As-cast ®Annealed = Quenched m As-cast mAnnealed m Quenched

2.5 1 2.5 1

2.25
2.26
2.28

2.05
2.01

RHSC (Wt.%)

303 333 363 ’ 303 333 363
Temperature (K) Temperature (K)
a) A5, 0.05 at.% Rh b) A6, 0.10 at.% Rh

Figure 430. RHSC of the asast, annealed and quencheghd &V 40Crss.0.5Rhx (X =
0.05, 0.10 at.%) alloy.
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Figure4. 31 RHSC of the asast, annealed and quencheg .V 4CrzsxPd; (x = 0.05,
0.10 at.%) alloy.
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Equations 2.2 and 2.3 show that two plateau pressByesnd P,, are required to
t he

c al

cul at e

ent hal py @aH

and entropy

*®S

heat treated A2, A3 and A4 samples, as plateaus were only seen in one of the three

isotherm curves.

Table 411. Thermodynana properties of alloys Al to A8.

Plateau
Alloy no. Sample pressure (k Ja/emHOI) 8 /n?zISK)
(MPa) '
As-cast 041 40.59 121.49
Al Annealed 0.09 45.90 131.90
Base alloy

Quenched 0.90 27.43 89.60
As-cast 1.30 110.40 36.00

A2
204 Ee Annealed 0.68 - -
Quenched 2.34 - -
As-cast 1.92 51.80 22.57

A3
50 Fe Annealed 1.86 - -
Quenched - - -
As-cast 1.34 31.50 106.20

A4
6% Ee Annealed - - -
Quenched - - -
As-cast 0.02 41.79 104.11

A5
0.05% Rh Annealed 0.12 44.20 110.18
Quenched 0.21 37.21 110.13
As-cast 0.35 41.98 128.19

A6
0.10% Rh Annealed 0.49 42.77 142.32
Quenched 0.43 46.74 155.58
As-cast 0.11 31.92 87.24

A7
0.05% Pd Annealed 0.15 32.83 91.68
Quenched 0.15 32.83 91.68
As-cast 0.14 32.06 88.01

A8
0.10% Pd 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 3.1) was run using the Solid Solution 4 (SSOL4) and
Titanium (TTTI3) ThermeCalc database&raphs were plotted to shotwet effect of
temperature on phase proportion in the range 1900 to 250°C. The alloys and
respective Figure numbers fthe SSOL4 and TTTi3 graphs are summarised in
Table 4.12.

Table 412. Figure numbers of the Thera@alc propertydiagrams showing
calculation otthe phases in alloys Al to A8.

Database
Alloy SSOL4 | TTTi3
Al Figure 4.2 | Figure 4.3
A2 4.34 4.35
A3 4.36 4.37
A4 4.3 4.39
A5 440 441
A6 4.42 4.43
A7 4.44 4.45
A8 4.46 4.47

4.6.1 Calculation of phases in Al

Both SSOL4 and TTTI3 databases of Thei@alc softwareshowedfour phases in
Al. SSOL4 predicts that only liquid phase exists beyond 1692%Cliquid phase
begins to solidify to BCC_A2#1 4692°C and the Liquid to BCC_A2#1 rai®1 at
1656°C.The solidification proces®nds at 1619°C. Further reduction in temperature
doesnot change the phase until 600T(°C) 0627 when some of the BCC_A2#1
transforns to BCC_A2#2. An HCP_A3JYhaseforms at 610°C and coexists with
BCC_A2#1until 250°C.

The TTTI3 database predicts that A1 will have only liquid phase for TOT943.
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°Crhe anount ofBCC_A2 begis to decreaselue to formation of a

C15 FCCphaseat 815°C,which grows until 392°C when HCP_A3 is formed. All
three phase8CC_A2, C15 FCC and HCP_A3 coexist unsb2C.
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Experimentally, the four phases found in wire: BCC (V), C15 Laves, C14 Laves
(Ti) and C14 Laves (Grslii07). Only BCC was predicted correctly Ilye SSOL4

database while twphasesC15 and BCCwere predicted correctly by TTTI3.

610 f27 Ti25v40Cr35 1619 1692
1.0 N I
A
== 1. X=T-27315 Y=NP(BCC_A2#1)
0.9 — 2 XeT-2735 Y=NP(LIQUD)
= 3 X=T.27315 Y=NP(BCC_A242)
= 4 X=T-27315 Y=NP(HCP_A3)
08
07
06
Fos 1
z
0.4
03
4
0.2
0.1 2
1656
0.0
250 500 750 1000 1250 1500 1750 2000
TEMPERATURE_CELSIUS
Figure 432. SSOL4 ThermeCalc calculabn of phases in Al.
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Figure 433. TTTI3 ThermaCalc calculation of phases in Al.
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4.6.2 Calculation of phases in A2

The SSOL4 databasgavefive phases in A2while TTTI3 hadfour. Above 1685°C,
SSOL4 databaskadonly liquid phase in A2. The liquid phase starts solidifying to
BCC_A2#1 at 1685°Cuntil 1590°C when the solidification is complete. Only
BCC_A2#1 exists between 1590°C to 731°C. BCC_A2#2 $oan731°C due to
depletion of BCC_A2#1. The new phase, BCC_Ag#@ws until 500°C when HGP
A3 forms. Four phases, BCC_A2#1, BCC_A2#2, HCP_A3 andli [Eoexistbelow
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 prestnedn
1492 and 927°C. A new phase, C15 FCC ®an927°C due to reduction in the
amount of BCC_A2; the new phase grows till 354°C when the fourth phase,
HCP_A3 forns. Three phases, C15 FCC, BCC_A2 and HCR_&gxist below
354°C.

Three phases, C14, CHnd Simple tetragonal were found experimentally. When
compared with the results from Therr@alc models, none of the phases predicted
by theSSOL4 database was found experimentallyile only C15 was foundsing
TTTI3.

731 Ti24ve0Crad4F:z2 1590 1685

1L l \
1 V-BBCT_A2f
0L = V=ABTLICU
J S X-T31S V-NFET

750 1060 |2ﬁ! léﬂﬂ |7’5( 2000
TEMPERATURE_CELSIJS

Figure 434. SSOL4 ThermeCalc calculation of phases in A2
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Figure 435. TTTI3 ThermeCalc calculation of phases in A2.

4.6.3 Calculation of phases in A3
Both SSOL4 and TTTI3 databashkad five phases in A3. According to SSOL4

database, only liquid phase was found atT678°C. At 16780 T 0663, 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 ®an773°Cand 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 willexist but both liquid and BCC_A2 will coexist between
1530°C and 1473°C. Between 1473°C and 927°C only BCC_A2 exists i h&S3.

C15 FCCphase forrmat 927°C and the BCC_A2 starts depleting due to the growth
of the new phase. HCP_A3 fosmat 316°C and TIMB2 was formed at 287°C. All
except the liquid phase coexist from 316°C to 200°C.

The C14, C15 and) Twere found experimentally in A3.dde( e x ¢ e pitthes8 Ti )
three phases were found the SSOL4 database but TTT[#edicted formation of

C15
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Figure 437. TTTI3 ThermeCalc 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 ifh&diquid phase was
observed above 1670°C where solidification to BCC_A2#1 begins. At 16@d&C,
ratio of liquid to BCC_A2#1 becomes 50:50 and solidification is completed at
1538°C. BCC_A2#1 sits depleting at 796°C when the third phase, BCC_A2#2
forms. The fourth phaséFeTi) forms at 705°C and the fift{ U Tai 398°C. All

except the liquid phase coexist below 398°C.

Similar to the SSOL4 databasehe TTTI3 database also identified 5 phase#\4.

The Liquid phase was identified above 1524°C. Solidification to BCC_A2 begins at
1524°C andthe ratio of BCC_A2 tothe liquid phaseis 50:50 at 1490°C.
Solidification to BCC_AZ2is completed at 1455°C. C15 FCC farmt 1051°C,
TIM_B2 (TiFe)at 373°Cand HCP_AJ U Tai 2p3°C.

C14 Laves, C8 Laves andocc phases were found experimentally. Only C15 was
predicted correctly ithe TTTI3 databasewhile none of the phases predictedthg

SSOL4 databassorrespondo theexperimental results.
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Figure 438. SSOL4 ThermeCalc calculation of phases in A4.
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Figure 439. TTTI3 ThermeCalc calculation of phases in A4.

4.6.5 Calculation of phases in A5

Both SSOL4 and TTTI3 databasealculatedfour phases in A5. SSOLghows the

liquid phase above 1692°C, BCC_A2#1 onlytiet e mper at ur e r ange ¢
1619, BCC_A2#2 in the range 6130T(AC) 062
Solidification begins at 1692%@vhile the ratioof the liquid phaseto BCC_A2#1lis

50:50 at 1656°C.

The TTTI3 databaseshows thdiquid 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 15Hfdthe
guantities of the two phases become equal at 1527°C. The four phases coexist from
and below393°C Phases found experimentally are BCCTandC14 Laves.
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Figure 440. SSOL4 ThermeCalc calculation of phases in A5.

Figure4.41 TTTI3 ThermeCalc calculation of phases in A5.

4.6.6 Calculation of phases in A6

Based orthe SSOL4 database, A& liquid above 1692°C. Solidification begins at
1692°C and ends at 1619°C. Only BCC_AZ#ims between 1619°C and 626°C,
BCC_A2#2formsat 626°C and disappesat 613°C. HCP _A3ormsat 613°C and
coexiss with BCC_A2#1 until the program terminadtat 50°C.
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