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Abstract 
Titanium and its alloys are widely used in applications ranging from aeroengines and 

offshore equipment to biomedical implants and sporting goods, owing to their high ratio of strength 
to density, excellent corrosion resistance, and biomedical compatibility. Among the titanium alloys 
used in aerospace, Ti-6Al-4V (an α+β alloy) is the most widely used, in applications in which the 
temperature may reach 350°C, at which point it retains good fatigue and fracture properties as well 
as moderate tensile strength and ductility. These alloy properties are dependent on variables such as 
crystalline structure, alloy chemistry, manufacturing techniques and environmental conditions 
during service. These variables influence the microstructure and mechanical properties of titanium 
alloys. With regard to the alloy chemistry and operating environment, the focus of the present work 
is to understand the influence of boron and hydrogen on the microstructure and selected mechanical 
properties of cast Ti-6Al-4V.  

The addition of boron to cast Ti-6Al-4V (0.06 and 0.11 wt% in this work) refines the coarse 
“as cast” microstructure, which is evaluated quantitatively using FoveaPro image analysis software. 
Compression testing was performed using a Gleeble 1500 instrument, by applying a 10% strain at 
different strain rates (0.001, 0.1 and 1 s-1) for temperatures in the range 25-1100°C. The tests were 
performed to evaluate the effect of boron on the mechanical properties of the alloy. It was observed 
that there is an increase in the compressive strength, predominantly at room temperature, of cast Ti-
6Al-4V after the addition of boron. Metallographic evaluation showed that this increase in strength 
is a likely result of reductions in both the prior β grain and α colony dimensions, which is caused by 
boron addition.  

Studies in a hydrogen environment at 150 bar showed that cast Ti-6Al-4V exhibited lower 
yield strength and lower ultimate tensile strength in comparison with those properties measured in 
an air environment. No significant change in the ductility was observed. It was also noted that in a 
high strain range (≈2%) the low cycle fatigue (LCF) life was significantly reduced in hydrogen 
compared with air. Microstructural and fractographic characterization techniques were used to 
establish the role of hydrogen on the deformation mechanism by analysing the crack propagation 
path through the microstructure. It is seen that cracks tend to propagate along the interface between 
prior β grain boundaries and/or along the α colony boundaries. 

Keywords 
Titanium alloys, Boron, Hydrogen, Castings, Metallography, Fractography, Tensile testing, 
Compression testing, Low cycle fatigue (LCF). 
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Appended Papers 
 

This thesis comprises an introduction to the research and the following appended papers: 
 
Paper I: 
 
R. Pederson, R. Gaddam, M-L. Antti, Microstructure and Mechanical Behavior of Cast Ti-6Al-4V 
with Addition of Boron, submitted to Central European Journal of Engineering, July 2011. 
 
Paper II: 
 
Raghuveer Gaddam, Pia Åkerfeldt, Robert Pederson, Marta-Lena Antti, Influence of Hydrogen 
Environment on the Mechanical Properties of Cast and Electron Beam Melted Ti-6Al-4V, presented 
at 12th World Conference on Titanium, June 20- 24th, 2011, Beijing, China. 
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1. Introduction  
Since the 1950s titanium and its alloys have been the most widely used engineering material 

in failure critical applications such as aeroengines, pressure vessels, gas turbines and bio-implants. 
Their widespread use is attributed to their superior properties in comparison with other materials - 
properties, such as low density, high strength and high corrosion resistance. The high strength-to-
density ratio (specific strength, see Figure 1.1) means that around 85% of failure critical parts in the 
aerospace industry used at temperatures up to 600ºC are made of titanium alloys [1].  

 

 
Figure 1.1 Strength to density ratio of titanium alloys in comparison with other metals at various 

temperatures [2]. 
 

Titanium in an unalloyed form is 45% lighter than steels. However the production cost is 
higher in comparison with steels, a result of several factors. The high reactivity of titanium with 
hydrogen, oxygen and nitrogen means that it must be melted, cast and cooled under vacuum or an 
inert atmosphere. Furthermore, titanium must be cast in special non-reactive moulds made of oxides 
such as zirconium dioxide (ZrO2), which are inherently expensive. Another cost connected to the 
production of titanium is the post vacuum heat treatment needed to control the intake of hydrogen. 
Finally, scrap material utilization in production is relatively low because of the expensive 
processing routes for recycling needed for composition control. In addition to the added costs 
mentioned above, cast ingots show inferior mechanical properties because of the coarse 
microstructure. Hence additional processing steps such as forging, rolling and extrusion are 
required to obtain the desired structure and mechanical properties – these additional steps also 
increase the production cost [1, 3-6]. 

Forged or extruded forms of titanium alloys (referred to as wrought products) are mainly 
used in structural components subjected to high stresses. For components that are not highly 
stressed, titanium castings are preferred because casting produces a near net shape without any need 
for additional processing steps, resulting in a lower cost of production. However, it is observed that 
about 2% of titanium castings are used in highly stressed components after performing hot isostatic 
pressing (HIP) on cast ingots, which bestows mechanical properties comparable with wrought 
products [1, 3-6].  

Among commercially available titanium alloys, Ti-6Al-4V (Ti-64) is the most widely used 
in the aerospace industry, accounting for 60% of total titanium alloy production [7]. Ti-64 is 
unique, as it combines attractive properties such as good fatigue and fracture strengths (optimized 
through different heat treatments), good formability (it is available in all types of mill products) – a 
result of its moderate tensile strength, and high ductility up to 350ºC [1]. Ti-64 is available in 
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almost all product forms such as castings, forgings, sheet, plate, bars and extrusions. 90% of all 
titanium castings are Ti-64, which possesses good fatigue crack propagation resistance and high 
fracture toughness because of their coarse microstructure. However, it has inferior tensile properties 
and is less resistant to fatigue crack initiation than wrought products [1, 3-8]. Recently it has been 
observed that the addition of 0.1-1 wt% boron to cast Ti-64 during melting significantly improves 
tensile and fatigue properties. The improvement has been attributed to refinement of the cast 
microstructure. This minimizes the number of thermomechanical processing steps needed to obtain 
the final product, thereby reducing production cost [9-11].  

1.1 Background   
A major challenge in the global aerospace industry today is the need to reduce the 

environmental impact of burning fossil fuels in aeroengines. This is addressed in two ways: i) 
lowering the fuel consumption in new engines by lowering the engine weight, which can be 
achieved by selecting, where appropriate, new lighter materials for certain engine parts; and ii) 
increasing the engine working temperature, thereby improving the efficiency of the engine. This can 
be achieved either by optimization of existing materials and/or selection of new materials that can 
sustain higher temperatures. 

The current work was initiated by Volvo Aero Corporation (VAC) in Trollhättan, Sweden - 
a manufacturing company within the aerospace industry. The main focus of VAC is the 
development and manufacture of parts and components for different types of aeroengine. In 
addition, the development and manufacture of the turbines driving the fuel pumps of the European 
Space Agency (ESA) rocket Ariane 5 is one of VAC’s fields of expertise. In aerospace applications, 
titanium alloys are one of the most important material groups because of their widespread 
applicability in aeroengines, and their potential for use in space rocket applications. 

The focus of the current research is to understand how alloying elements affect the 
properties of selected titanium alloys. In particular, the effects of boron and hydrogen on a specific 
titanium alloy (Ti-64) are explored and presented in this thesis. 

1.2 Aim and scope  
The scope of the present study can be phrased as a research question:   

 
What is the effect of boron and hydrogen on the microstructure and mechanical properties of      

cast Ti-6Al-4V?   
 

In this thesis, the approach taken is as follows.   
 

1. Study the effect of small additions of boron (0.06 and 0.11 wt%) on selected properties of 
cast Ti-6Al-4V through: 
 
(a) microstructural characterization of Ti-64 alloy with different boron additions;    
 
(b) evaluation of strength using uniaxial compression testing of Ti-64 alloys containing 

boron at various temperatures and with various strain rates.   
 
     2.  Investigate the effect of a hydrogen environment (150 bar) on selected mechanical properties           
of cast Ti-6Al-4V through: 
 

(a) tensile and low cycle fatigue (LCF) testing in both air and hydrogen;  
 
(b) fractographic studies and the correlation between crack initiation and propagation with 

the microstructure.   
�
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1.3 Organization of the thesis 
The work is organized as follows. 

 
Chapter 2: Fundamental metallurgical aspects of titanium alloys, with an emphasis on the 
microstructure and mechanical properties of standard cast Ti-64.  
 
Chapter 3: Experimental methods used in the present work. 
 
Chapter 4: Review of the effects of boron addition on the microstructure and mechanical properties 
of titanium alloys. 
  
Chapter 5: Review of the influence of hydrogen in titanium alloys with a focus on the effect of a 
hydrogen environment on mechanical properties.  
 
Chapter 6: Summary of appended papers.  
 
Chapter 7: Conclusions and future work. 
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2. Metallurgical aspects of titanium and its alloys   
Titanium is a transition metal found in the Earth's crust (approximately 0.4-0.6 wt%) that 

exhibits high reactivity with other elements in the periodic table, forming substitutional solid 
solutions, interstitial solid solutions and intermetallic compounds. The interaction of titanium and 
other elements can be explained by the metallurgy of titanium and its alloys, which is the focus of 
the present chapter. 

2.1 Crystalline phases  
Titanium comprises one or more phases depending on the chemical composition, 

temperature and cooling rate. Commercially pure (CP) titanium exists in two phases: α (hcp) 
between room temperature and 882°C and β (bcc) at temperatures above 882°C, see Figure 2.1. At 
882±2°C pure titanium undergoes an allotropic phase transformation α⇔β; this transformation 
temperature is termed the βtransus. The transformation temperature is dependent on the alloying 
elements and on the purity of the metal. In CP titanium and titanium alloys, the transformation β→α 
takes place either by a diffusion-controlled nucleation and growth process or by a diffusion-less 
transformation (a martensitic transformation), depending on the cooling rate and the alloy 
composition [1, 4, 5]. The growth of the α phase within a prior β grain occurs along a preferred 
orientation following the Burgers relationship [4, 5]: 

 
{0001}α //{110}β and  <1120> α // <111>β  

 
This relationship shows that during cooling α forms on families of close packed planes (slip planes)  
and close packed directions that exist in the β phase (see Figure 2.1). 

 
Figure 2.1 Crystal structure of α (hcp) and β (bcc) phases in titanium and the most common slip 

planes [5]. 
 

In addition to α and β, other crystalline phases such as α’ (hcp) and α” (orthorhombic), are 
able to form in titanium and its alloys through a martensitic transformation. Intermetallic 
compounds such as Ti3Al, Ti2B and TiB may form, depending on the temperature and alloy 
composition [6, 12]. 

2.2 Alloying of titanium 
In the present work, the term “alloying” is used to denote the interaction of titanium with 

other species, which may include metals, non-metals, gases etc. Titanium interacts with other 
elements to form interstitial and substitutional solid solutions. The Hume-Rothery rules indicate 
that extensive substitutional solid solubility of one metal in another only occurs if the diameters of 
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the metals differ by less than 15% [13]. Thus titanium forms substitutional solid solutions with most 
alloying elements for which the titanium/alloying element atomic diameter ratio lies between 0.88 
and 1.15 (see Figure 2.2). In addition, interstitial elements such as hydrogen, carbon, oxygen and 
nitrogen form interstitial solid solutions when the atomic diameter ratio lies below 0.59 (the Hägg 
rule [14], Figure 2.2). Insoluble elements such as boron and silicon result in the formation of 
intermetallic compounds [15, 16]. 

 

 
 

Figure 2.2 Arrangement of alloying elements in relation to the atomic diameter of titanium [15]. 
 

Titanium alloys are of different types, depending mainly on the morphology of crystalline 
phases formed when various alloying elements are added. Alloying elements that are soluble in 
titanium can either (i) stabilize the α or β phase by raising or lowering the βtransus, depending on the 
number of electrons per atom (e/a) of the alloying element, or (ii) act as solid solution strengtheners 
without affecting the βtransus. Alloying elements with an e/a ratio less than 4 stabilize the α phase 
(i.e. simple metals and most interstitials), whereas elements having an e/a ratio greater than 4 
stabilize the β phase (i.e. transition metals and noble metals), as listed in Table 2.1 [1, 17]. Most 
common titanium alloys are divided into three different classes: α, α+β and β alloys, which are 
further subdivided into near α, metastable or near β, as shown in Figure 2.3 [5, 18]. 
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Table 2.1 Amount and effect of commonly used alloying elements in titanium [1]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
α and near α alloys 

 Pure titanium and titanium alloys comprising a high volume fraction of α phase (hcp) are 
known as α alloys. The addition of small amounts of β stabilizers (1-2 wt%) to the titanium melt 
results in the formation of near α alloys with an increased amount of β phase at room temperature 
(see Figure 2.3), for example Ti-6Al-2Sn-4Zr-2Mo (Ti-6242). Alpha alloys are known for their 
good ductility and creep resistance. Near α alloys exhibit high temperature strength and oxidation 
resistance [1, 5, 18]. 
 

 
 

Figure 2.3 Classification of titanium alloys based on phase stabilizing elements [5]. 

 

α+β alloys 
Alloys that show a balanced composition of both α and β phases caused by the addition of 

one or more α stabilizing elements together with β stabilizing elements are known as α+β alloys 
(see Figure 2.3). Ti-64 is the most common α+β alloy, possessing higher strength, toughness, 

Alloying element Amount (wt%) Effect on structure 
Al 2-7 α stabilizer 
Sn 2-6 α stabilizer 
V 2-20 β stabilizer 
Cr 2-12 β stabilizer 
Cu 2-6  β stabilizer 
Mo 2-20 β stabilizer 
Zr 2-8 Solid solution strengthener 
Si 0.05-1 Improves creep resistance 
C 0.10-0.20 α stabilizer 
N 0.02-0.07 α stabilizer 
O 0.10-0.20 α stabilizer 
H 0.010-0.015 β stabilizer 
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corrosion resistance and elastic modulus than other α+β alloys. The hot forming properties of α+β 
alloys are good, but the high temperature creep strength is not as good as most near α alloys [1, 5,  
18].  
 
Near β and β alloys 

Alloys that consist of between 10 and 15 wt% of β stabilizers along with small amounts of α 
stabilizers are termed near β alloys (see Figure 2.3). Near β alloys have high strength, toughness, 
excellent hardenability and forgability over a wide range of temperature; an example is Ti-6Al-2Sn-
4Zr-6Mo (Ti-6246) [5].  

Alloys that contain a high volume fraction of β are known as β alloys (see Figure 2.3). Most 
of the β titanium alloys contain small amounts of α stabilizers that permit second-phase (α) 
strengthening to high levels between room temperature and intermediate temperatures (400 to 
600°C). Beta alloys may also be termed metastable β, since β partially transforms into α by cold 
working at ambient temperature, or heating slightly to elevated temperatures (900°C). The addition 
of elements such as V, Mo and Nb lowers the βtransus and does not readily promote the formation of 
metastable phases. Beta alloys show high strength, creep resistance, fracture toughness and 
corrosion resistance. However, they have relatively high density and low ductility compared with 
other types of alloy. Beta alloys are prone to ductile-brittle transformation and therefore are not 
intended for use in cryogenic applications [1, 5, 18]. 

 2.3 Manufacturing titanium alloys: from ore to solid metal 
The manufacture of titanium and its alloys from ore to a finished product involves various 

stages of processing (see Figure 2.4): i) reduction of titanium ore into a porous form, referred to as 
titanium sponge; ii) melting of titanium sponge or sponge and a master alloy followed by casting to 
form an ingot; iii) primary processing steps, which involve conversion of the ingots into mill 
products, and finally iv) secondary processing steps to obtain a finished product (sheet, plate, wire 
etc.). Because of the number of steps involved, partly owing to the high reactivity of titanium with 
interstitial elements, the final product is relatively expensive to make. The most important steps that 
result in the expensive processing route occur in primary processing, as shown in Figure 2.4 (top 
image). It is vitally important to prevent the formation of hard, brittle and refractory titanium 
oxides, titanium nitrides or complex titanium oxynitride particles since they may act as crack 
initiation sites. Another important consideration is to maintain low levels of residual or interstitial 
elements, as titanium is known to interact with these elements decreasing the ductility of the final 
product [1, 4-6].   

Commercial titanium is most commonly extracted from the following minerals: rutile 
consisting of 93-96% TiO2, ilmenite (TiFeO3) containing 44-70% TiO2, and leucoxene containing 
90% TiO2. There are a number of different processes available to produce metallic titanium. The 
Kroll process is widely used, which involves a reaction between TiO2 and Cl2 gas. The resulting 
titanium tetrachloride (TiCl4) is purified further and finally reduced to metallic titanium sponge via 
a distillation process using magnesium, as shown in Figure 2.4. The titanium sponge obtained is 
cast using processes such as investment casting, permanent mould casting and rammed graphite 
casting, described elsewhere [1]. The titanium sponge must be melted under a protective 
atmosphere (helium or argon) to control the alloy chemistry [1, 4, 5, 19]. 
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Figure 2.4 Overview of titanium production route from ore to final product [1]. 
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Casting of titanium alloys is quite complex because titanium has a high reactivity with other 
elements in the molten state, for which special melting and casting practices are required to avoid 
alloy contamination. Methods such as resistance heating, induction heating and tungsten arc melting 
have been used to melt small quantities of titanium. However, these methods were never developed 
into industrial processes. During the 1970s, cold hearth melting (CHM), consumable-electrode 
vacuum arc remelting (VAR) and induction skull melting (ISM) were developed to produce large 
quantities of contamination free titanium in ingot form [3, 6, 20, 21]. Other melting methods 
include plasma arc melting (PAM), electron beam melting (EBM), plasma transferred arc (PTA) 
and laser melting [1, 22]. 

A short description of the most common industrial melting practices used to produce 
titanium castings is given below.  

Vacuum Arc Remelting (VAR). This process involves melting and remelting, where a self-
consumable electrode is melted by means of a direct current arc under vacuum or a low partial 
pressure of argon. The molten metal pool formed solidifies in water-cooled copper crucibles. The 
crucible is tilted to pour the metal into a mould after removing the electrode. The advantage of this 
process is that dissolved gases such as hydrogen and nitrogen can be removed efficiently and 
macrosegregation is minimised [1, 4, 22].  

Induction Skull Melting (ISM). This process is similar to VAR in operation but was 
developed to avoid contamination of reactive alloys by employing a segmented water-cooled 
copper crucible, a slag consisting mainly of refined CaF2, an induction coil, and vacuum system. 
The segments within the crucible allow induction heating to be used as the energy source by 
applying a magnetic field to the metal to be charged inside the crucible. The magnetic field 
generated by the induction coil passes through the crucible segments and titanium is heated inside 
the crucible. The molten charge, forms a thin layer of metal that solidifies along the crucible base 
and walls. This layer is called a “skull” [20, 23, 24].   

Cold Hearth Melting (CHM). Cold hearth melting is performed using either a plasma torch 
or an electron beam. It utilizes a water cooled copper vessel (the hearth) containing the molten 
titanium. In both cases, the energy input from the source (the electron beam or the plasma torch) is 
balanced against the rate of heat extraction from a water-cooled copper hearth. This allows a thin 
layer of solid titanium alloy (the "skull") to be in contact with the hearth. As the molten titanium 
alloy is only in contact with solid titanium, further contamination by the hearth can be prevented. 
The potential advantages of CHM compared with VAR are: i) complete dissolution of any nitrogen 
or oxygen rich defects because of the controlled holding time of the titanium alloy; ii) reduced 
solute segregation; iii) trapping of high density inclusions such as W and WC at the bottom of the 
hearth because of effective gravity separation and iv) the ease of casting directly into shapes such as 
slabs or bars rather than large round ingots [4, 24, 25].  

Vacuum arc remelting is commonly used twice or more in industrial practice to produce 
ingots of standard and premium titanium alloy grades. This method ensures homogeneous 
distribution of the alloying elements. Sometimes a combination of CHM and VAR methods are also 
used.  During solidification, the ingot structure developed is strongly dependent on the cooling rate; 
a higher cooling rate results in a finer and more uniform structure. The macrostructure of as-cast 
titanium ingots can be divided into three zones depending on the cooling rate: i) region closest to 
the water cooled copper crucible wall consisting of fine equiaxed grains (chill zone); ii) a region of 
large columnar grains (several thousand microns in size) growing into the material, and iii) a zone 
lying at the centre along the ingot axis with equiaxed grains. Casting methods often produce 
inhomogeneous structures because of variations in cooling rate, which can result in 
macrosegregation. The ingots obtained after melting may contain melt related defects such as 
interstitial stabilized defects known as high interstitial defects (HID) because of the high reactivity 
with nitrogen and oxygen; tungsten rich inclusions (W, WC) known as hard density inclusions 
(HDI); α stabilized (Al, Sn) rich regions; β stabilized (Cr, Cu) rich regions termed β flecks, and 
voids. In addition, segregation may be present, which is affected by several factors including the 
alloy partitioning coefficient (K=Cs/Cl, where Cs is the concentration of solute and Cl is the 
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concentration of liquid), rate of solidification, diffusion, grain size and mode of crystal formation. It 
has been noted that alloying elements with K<1 have a natural tendency to segregate, either on a 
macro or micro scale by partitioning to the liquid phase and lowering its melting point. Typical 
examples are β flecks, which are a form of macrosegregation containing large concentrations of β 
stabilizers. In α+β alloys, heating close to βtransus and rapid cooling will result in macrosegregation, 
and elements such as Cr, Cu, Fe and Mn present in titanium alloys are more prone to form β flakes. 
Since melting is the primary source of all these defects, once formed it will be difficult to eliminate 
them by subsequent processing steps, including remelting. Therefore particular attention is required 
during the melting of titanium alloys, which includes selection of crucible material and melting 
furnaces [1, 4, 6, 15, 25]. 

The titanium ingots obtained after casting are termed “as cast” Ti. As cast Ti alloys have 
restricted ranges of requirements on the presence of interstitial and residual elements, as mentioned 
in Table 2.1 [1, 6]. The titanium ingots obtained after melting and casting can be further processed 
into different shapes using thermomechanical processes such as: rolling, forging, wire drawing and 
extrusion, as shown in Figure 2.4. Processing is performed in two stages: i) primary processing, in 
which ingots of coarse and inhomogeneous structure are broken down into mill products such as 
billet, bar, plate and sheet by preheating and forging in the single β phase field, (at temperatures 
between 100 and 150ºC above βtransus, or shaping of the ingots using different casting processes 
directly from the melt; ii) secondary processing, in which the desired shape is achieved by 
performing isothermal hot forging, diffusion bonding or superplastic forming techniques. The 
products obtained after secondary processing are termed wrought products [1, 4-6].  

2.4 Microstructure of titanium alloys  
The development of microstructure in titanium and its alloys during the casting process is 

schematically shown in Figure 2.5. It can be seen that during cooling below the melting temperature 
(1668°C) β-Ti nucleates and grows to form complete β grains. Upon further cooling below 882°C 
(Tβtransus), β-Ti transforms to α-Ti, where α starts to grow in the form of individual laths (αlath) 
within the β grains, forming α colonies (αcolony). The size of these colonies is dependent on the 
cooling rate and prior β grain size [1, 4, 5, 25]. The addition of soluble elements such as α or β 
stabilizers to titanium makes it difficult to observe the dendrite morphology in titanium alloys 
because of the phase transformation β → α+β that occurs during cooling. It has been noted that the 
addition of insoluble elements such as boron and silicon creates a dendritic morphology, which 
could be essential in the design of cast components [26]. 

 

 
 

Figure 2.5 Schematic sketch of microstructural evolution in titanium when cooled from liquid to 
below Tβtransus [26]. 

 
Ti-64 is an α+β alloy has a βtransus around 1000°C, below which both α and β phases coexist. 

A typical cast Ti-64 microstructure is called transformed β since the cast alloy is cooled from above 
the βtransus, as shown in Figure 2.6(a). The microstructure that is formed on slow cooling from above 
the βtransus is termed a Widmanstätten structure, see Figure 2.6(b). It consists of lamellae αlath (1-3 
μm in thickness) in a transformed β matrix. During slow cooling through the βtransus the α laths not 
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only nucleate at grain boundaries but also grow in front of other laths. Several parallel α laths with 
the same orientation form colonies (αcolony), see Figure 2.6(b). The α colonies formed are 
preferentially oriented along particular directions following a Burgers relationship, as mentioned in 
section 2.1. Such colonies are distributed randomly within a prior β grain in a Widmanstätten 
structure, as shown in Figure 2.6(b). Therefore rapid cooling of a lamellar structure below the βtransus 
results in the formation of finer laths and smaller α colonies, whereas slow cooling results in thick α 
laths and coarse α colonies, typically observed in castings [1, 4-6, 27].  
 

(a)  (b)  
 

Figure 2.6 (a) Microstructural development in Ti-64 at different intermediate temperatures by slow 
cooling from above the βtransus, (b) Typical Widmanstätten microstructure in cast Ti-64. 
 
In addition, during slow cooling through the α+β phase field, grain-boundary α (αgb) can 

form along prior β grain boundaries, whose thickness increases and becomes more continuous at 
lower cooling rates. It is also observed that retained β is present along the interfaces of α lamellae 
within the colonies and at the interface of αgb and the prior β grain boundaries. By rapid cooling or 
quenching from a temperature above the martensitic start temperature, β transforms to α phase by 
diffusionless transformation, giving a metastable acicular martensitic structure. The microstructure 
formed after quenching to 25°C depends primarily on the cooling rate [1, 4, 16, 27].  

2.4.1 Microstructural modification 
The microstructures obtained during casting are coarse because of the low cooling rates. 

These structures need to be modified since they possess inferior mechanical properties. Hence, to 
improve the properties various methods that promote refinement of microstructure through 
recrystallisation and grain growth and/or formation of a new microstructure are used. In practice, 
the microstructure of cast titanium alloys may be modified using the processes described below [1, 
4-6, 28]. 

 
(1) Hot isostatic pressing. 

Defects such as voids or pores associated with casting are considered part of the 
microstructure. The porosity present in the cast microstructure is eliminated by performing hot 
isostatic pressing (HIP). A standard HIP operation is performed by applying a pressure of 103 MPa 
between 900 and 960°C for 2 hours in an argon atmosphere, followed by cooling to 427°C in an 
inert atmosphere, and final cooling to room temperature in air. This process causes some thickening 
of αlath, depending on the HIP temperature [1, 6, 25].  
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(2) Heat treatment: 
Heat treatment is generally carried out to modify the coarse microstructures of cast titanium 

alloys by eliminating the grain boundary α phase, large α colonies and individual α laths, to produce 
a finer structure for certain applications. A conventional heat treatment for cast Ti-64 involves 
holding in the α+β phase (e.g. 954ºC) for 1 hour, then fan cooling with inert gas and subsequent 
aging at 621ºC for 2 hours. Another common heat treatment method for cast Ti-64 consists of 
solutionising in the β phase field (in vacuum) at 1038±14ºC for 2 to 3 hours followed by oil 
quenching. This is followed by overaging at 704±14ºC for 2.5 to 3 hours and furnace cooling in 
argon to room temperature. The process is called β solution treatment and overaging (β-STOA) and 
results in finer α laths with a smaller colony size. Many other heat treatments are used for titanium 
castings; among them the most commonly used are mill annealing (MA) and β annealing (BA), 
which are not discussed here [1, 6, 28]. 
 
(3) Thermomechanical processing. 

The microstructures of α+β cast titanium alloys can be modified by performing different 
thermomechanical processing (TMP) steps. Typical TMP steps involve homogenization (solution 
heat treatment), deformation, recrystallization, ageing and stress relief annealing which result in 
different microstructures. The most common microstructures that are produced by performing 
different TMP steps are bi-modal and fully lamellar [5, 19, 29]. A short description of the 
microstructures and the TMP methods is presented below:  
 

(a) Fully lamellar microstructure. Lamellar microstructures result from a simple annealing 
treatment at 30-50ºC above the βtransus after subsequent plastic deformation in the β and α+β phase 
regions to avoid large β grain sizes. The microstructure obtained depends on the cooling rate after 
annealing, where a slower cooling rate results in a coarse Widmanstätten microstructure i.e. longer 
α laths and thicker grain boundary α and large α colonies, as shown in Figure 2.6(b). The most 
important parameter is the cooling rate from the β phase field [4, 5]. This type of structure is present 
in titanium castings that are not processed further. 
 

(b) Equiaxed microstructure. The microstructure obtained is the result of extensive 
mechanical working in the α+β phase region and subsequent solution heat treatment at temperatures 
in the two-phase field, where lamellar α breaks up into equiaxed α as a result of the recrystallization 
process. Extended annealing coarsens the equiaxed microstructure [5].  

 
(c) Bi-modal microstructure. The bi-modal microstructure is obtained by extensive 

deformation in the α+β region and subsequent solution heat treatment below the βtransus. This results 
in globular primary α (αp) recrystallized along the β grain boundaries, and equiaxed α grains in 
transformed β and α along the prior β grain boundary. The transformed β consists of a 
Widmanstätten structure with a fine αlath forming in an αcolony. These microstructural features are 
dependent on various factors: recrystallization temperature, cooling rate, extent of deformation 
temperature and time. Here, the volume fraction of the primary α (αp) is dependent on the solution 
heat treatment temperature and the deformation temperature. Bimodal microstructures can also be 
considered to be a combination of lamellar and equiaxed microstructures [4, 29, 30].   

2.5 Mechanical properties of titanium alloys  
Factors that influence the mechanical properties of titanium alloys are alloying and 

processing. Alloying contributes to an increase in the strength (solid solution strengthening), which 
determines most of the physical properties (e.g. density, elastic modulus, coefficient of thermal 
expansion), and largely controls the chemical resistance of the material (corrosion, oxidation). 
However, it is also known that the addition or presence of interstitial elements, mainly C, O and N 
in the alloy could result in an improvement of the strength (see Figure 2.7(a)) but at the expense of 
a drastic reduction in ductility (see Figure 2.7(b)). Besides alloying, processing of the alloy allows a 
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careful balance of the α and β phases, modifying the microstructures (as discussed in section 2.4.1) 
by performing different thermomechanical treatments [1, 4, 5].  
 

 
  

Figure 2.7 Effect of interstitials (C, N, O) as alloying elements on the (a) tensile strength and (b) 
ductility of CP-Ti [1]. 

2.5.1 Tensile properties 
The typical room temperature (RT) yield strength of conventional titanium alloys lies in the 

range 800-1200 MPa in any material condition. Among these strength values, around 50-90% is 
retained at high temperatures (93-530°C) [1]. It is well known that the cast alloys show inferior 
tensile properties compared with wrought alloys in most conditions. However, it is possible to 
produce cast alloys with similar yield strength and ultimate tensile strength to that of wrought as 
shown in Table 2.2, by performing subsequent post casting treatments such as HIP and heat 
treatments [1, 5, 31]. 

 
Table 2.2 Comparison of room temperature tensile properties of titanium alloys for cast and 

wrought conditions [1, 11, 32]. 
 

Material 
condition 

Yield strength 
(MPa) 

Ultimate tensile 
strength (MPa) 

Elongation, 
% 

Reduction 
of area, % 

CP-Ti 
As cast 480 550 18 33 

Wrought 510 635 20 26 
Ti-64 

As cast 896 1000 8 16 
Cast+HIP 
(900°C)* 852 929 8 16 

Wrought# 946 1025 11 21 
                     * and # represent average values for different material conditions. 
 
 From Table 2.2, it can be observed that there is a large variation in the tensile strength 
values when comparing cast to wrought material. This shows that apart from processing, the 
alloying elements have an influence on the tensile properties of titanium alloys. It is observed that 
the contribution to the variation in mechanical properties of commonly used alloying additions such 
as interstitials (C, H, N, O) and residual iron (Fe) is around 60%, see Table 2.3 [31, 33]. This means 
that the addition of 0.05 wt% of oxygen increases the ultimate tensile strength by 60 MPa. The 
same amount of nitrogen and carbon increases the strength by 125 MPa and 35 MPa, respectively. 
However, it is known that adding 0.05 wt% Fe enhances the strength only by 10 MPa, which is 
similar to hydrogen [16]. Hence it can be said that hydrogen is an important element that produces a 
major change in mechanical properties [31]. 
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Table 2.3 Contribution of alloying elements to the variation in mechanical properties of titanium 
alloys [31, 33]. 

 
 
  
 
 
 
 

 
 
 
 
 
 

2.5.2 Fracture toughness 
In the aerospace industry a fail to safety approach is commonly used to design components. 

This mainly follows a damage tolerance criterion that could be used to establish a connection 
between damage and the material condition. Here, the damage tolerance of a material is termed 
fracture toughness (KIC), which describes the material behaviour in the presence of cracks of a 
critical size that lead to unstable crack growth [34].  

The fracture toughness values of titanium alloys are about half those of steels and may vary 
within titanium alloys by a multiple of two or three. This is because the fracture toughness of 
titanium alloys is highly dependent on the alloying elements, microstructure, texture and the 
environment. It has been observed that among the alloying elements, oxygen (>0.20 wt%) and 
hydrogen (>150 ppm) significantly reduce the fracture toughness of titanium alloys. Hence, these 
contents should be kept low to obtain a high fracture toughness. Along with the alloying elements, 
the microstructure obtained from processing has a large influence on fracture toughness. It is shown 
that alloys with a transformed β structure, i.e. α lamellar microstructures, exhibit higher toughness 
values than equiaxed microstructures. This can be further understood by comparing the fracture 
toughness values for cast and wrought Ti-64 (see Figure 2.8), where it is seen that cast material has 
a higher fracture toughness. The high toughness of cast titanium alloys is associated with its coarse 
lamellar microstructures i.e. coarse α colonies, which have the ability to deflect the growing cracks 
resulting from the texture associated with the α colonies. This leads to a slower crack growth rate, 
i.e. extra energy is consumed because of a rough crack front profile [1, 4, 5, 35].  

2.5.3 Fatigue strength 
Fatigue is a material property that measures the strength capability of the material when 

subjected to cyclic loading. Fatigue behaviour can be sub-divided into: (a) fatigue crack initiation 
and (b) fatigue crack propagation (the rate at which a pre-existing crack propagates). The fatigue 
failures that occur are of two types: low cycle fatigue (LCF) where failure cycles are between <104 
and 105 and high cycle fatigue (HCF) where the failure cycles are greater than 106 cycles [34]. 

The fatigue behaviour of most titanium alloys is highly sensitive to their alloy chemistry, 
microstructure, environment, test temperature and loading conditions [1, 4, 5]. The fatigue strength 
of CP-Ti is mainly dependent on the grain size, interstitial level and the degree of cold work. A 
reduction in α grain size from 110 to 6 μm enhances HCF by 30% for CP-Ti. On the other hand, it 
is shown that increasing the oxygen content or rate of work hardening also enhances the fatigue 
strength [1, 5]. Hence it can be said that the HCF of CP-Ti is highly dependent on the interstitial 
content, similar to the tensile properties of titanium alloys, as described in Table 2.3.  

 

Element 
Yield 

strength 
(%) 

Ultimate 
tensile 

strength 
(%) 

Al 1.57 1.62 
C 0.97 6.79 
H 15.08 21.76 
Fe 19.87 17.84 
N 7.65 4.43 
O 15.25 9.04 

Total 60.39 61.48 
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Figure 2.8 Comparison of fracture toughness of Ti-64 for cast and wrought plate [1]. 
 
In the case of near α and α+β titanium alloys, in addition to the factors mentioned above, the 

fatigue strength is strongly influenced by the distribution and morphology of the individual α and β 
phases [4]. The representative LCF properties of Ti-64 alloy for cast and wrought conditions are 
shown in Figure 2.9. Here it is seen that cast Ti-64 has a lower fatigue life than wrought Ti-64 at 
strain ranges (Δε) higher than 1%. However, the cast and wrought LCF strengths are essentially the 
same for strain ranges less than 1% at 370°C [1].  

 

 
 

Figure 2.9 Comparison of cast and wrought Ti-64 LCF life [1]. 
  
The important microstructural features affecting the fatigue strength of titanium alloys are 

the prior β grain size, α colony size and width of α laths for lamellar microstructures. From Figure 
2.9 it can be seen that the cast alloy (Ti-64 with coarse a lamellar microstructures) shows lower 
fatigue strength compared with the wrought material. This is because cast alloys have a coarser α 
colony size, which subsequently increases the effective slip length and hence lowers the fatigue 
strength [4, 29]. Other important factors that affect fatigue strength are the environmental 
conditions such as atmosphere and temperature. It is observed that in CP-Ti the HCF life is higher 
in vacuum than in argon gas, and it is lowest in air [36]. The LCF life of Ti-64 is higher in vacuum 
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than in air, as crack initiation is drastically delayed. In Ti-6246, it was observed that there was a 
change of fatigue crack initiation site, i.e. from the α/β interface in air to trans α laths in vacuum 
[37]. From [37], it was noted that the fatigue crack initiation in cast titanium alloys usually takes 
place by shear across a colony, or shear along grain boundary α, or initiates at pores. 

2.5.4 Fatigue crack growth 
Fatigue crack growth (FCG) is an important material property, especially during the second 

stage of fatigue failure. This is a measure of the remaining fatigue life in terms of crack growth in 
the presence of an initial fatigue crack and before final fracture [34]. This is normally investigated 
on pre-cracked tensile specimens, where the fatigue crack growth rate (da/dN) is plotted against the 
amplitude of stress intensity at the crack tip (ΔK), see Figure 2.10. It is shown that FCG in titanium 
alloys is mainly influenced by the microstructure, for example in Ti-64 the lamellar microstructure 
has a slower fatigue crack growth behaviour than the equiaxed (globular) structure (see Figure 2.10) 
at constant amplitude and stress ratio (R = σmin to σmax). Hence, it is shown that cast titanium alloys 
which comprise of coarse lamellar structure exhibit higher resistance to FCG than wrought 
materials [1, 5, 31]. 

The microstructural parameter that has the strongest influence on FCG is the α colony size. 
A coarser α colony size provides better resistance to fatigue crack propagation [5]. It has also been 
noted that FCG is highly sensitive to the environment (air, hydrogen and/or a vacuum). It has been 
shown that the rate of FCG is higher in air than in vacuum for any microstructural condition. 
However, it has also been shown that the effect of environment is stronger for the lamellar structure 
as it contains longer effective slip lengths, which allow faster crack growth [4, 38].  

 

 
 

Figure 2.10 Influence of microstructure on fatigue crack growth (FCG) [1]. 
 

The effects of microstructure on mechanical properties are qualitatively summarized in 
Table 2.4 for sizes of different microstructural features (such as prior β, α colony) with different 
microstructures. The size of the α colonies resulting from different cooling rates after β heat 
treatment is the most important microstructural feature affecting the mechanical properties in α+β 
alloys with a lamellar microstructure.  It has been shown that a decrease in α colony size results in a 
reduction in the effective slip length, therefore improving the yield strength, ductility and the 
fatigue strength. On the other hand, a larger α colony size results in improved fatigue crack 
propagation resistance and fracture toughness in α+β alloys [4, 24, 29]. 
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Table 2.4 Correlation between microstructure and mechanical properties of α+β titanium  
alloys [5]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6 Applications of titanium alloys in aerospace 
Titanium alloys find a wide range of applications, from consumer goods to aircraft 

structures, because of their excellent high strength to density ratio, corrosion resistance and 
biocompatibility. Extensive use of these alloys is found in aerospace applications where the 
combination of low weight, high strength, corrosion resistance in different environments, and high 
temperature stability are prime requisites. Other key attributes relating to the use of titanium in 
aerospace are space limitations (replacing Al alloys), operating temperature (replacing Al alloys), 
weight (replacing Ni alloys and steels) and composite compatibility (replacing Al alloys) [7, 39].  

The common aerospace application areas for titanium alloys are airframes and aeroengines, 
where about 7 to 36% of the structural weight of the fuselage and jet engine can consist of Ti alloys. 
Figure 2.11 shows how the growth of titanium usage has developed for Boeing airframes over the 
past 50 years. One of the major applications of titanium alloys in the aerospace industry is 
components such as compressor blades, discs and large front fan blades in an aeroengine. Major 
efforts have been invested in developing the materials for aeroengine applications with a motivation 
to increase the working temperature, which will improve the fuel burning efficiency. The fan blades 
and discs that are used at temperatures below 300°C were initially made of Ti-64. The development 
of a near α alloy (Ti-6242) has pushed the temperature limit to 550°C for near α alloys that are used 
for compressor discs. IMI 834 is presently the titanium alloy used at the highest temperature, up to 
600°C. However, the upper limit of temperature is set by the oxidation resistance of the respective 
alloys and their creep strength. Further enhancement in the temperature limit, up to 650 and 800°C, 
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can be obtained for alloys containing titanium aluminides Ti3Al and TiAl, which are designated as 
intermetallics [3, 5, 7, 39]. 

 

 
 

Figure 2.11 Increase in application of titanium alloys in commercial Boeing aircraft [5]. 
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3. Experimental methods  
This chapter describes the material studied and the experimental methods that have been 

used in the present study. Detailed information is provided in the appended papers (Paper I and 
Paper II). The method that was used for the quantitative microstructural characterization in Paper 
I is described in detail here.  

3.1 Materials and environment 
The materials used in the present study were cast Ti-64 containing varying amounts of 

boron after hot isostatic pressing (HIP) according to a aerospace standard specification [1]. In 
addition, electron beam melted (EBM) Ti-64 was used to compare the mechanical properties of this 
newly developed near net shaping process to cast Ti-64. More details of the material conditions can 
be found in the appended papers (see section 2.1 in Paper I and Paper II).  

The materials used in the present study were mechanically tested in different environments. 
In Paper I, the materials were studied at different temperatures between 25 and 1100°C in ambient 
air (see section 2.4 in Paper I). In Paper II, the materials were studied in two different 
environments at room temperature: ambient air and hydrogen (see section 2.2 in Paper II). The 
hydrogen environment was obtained by pressurizing the test chamber using pure hydrogen (<0.02% 
ppm oxygen) with the specimen placed inside. The pressurizing time was 0-2 hours until the desired 
hydrogen pressure (150 bar) was attained. 

3.2 Microstructural characterization 
As described in sections 2.4 and 2.5, the chemical composition and the material processing 

route determine the microstructure and the corresponding mechanical properties of titanium alloys. 
Metallographic preparation and subsequent microstructural characterization were carried out in the 
present study (see section 2.2 in Paper I and section 2.5 in Paper II) to be able to correlate the 
mechanical properties with the microstructure.  

3.2.1 Metallographic preparation 
Samples were prepared metallographically by precisely cutting cross-sections with an 

aluminium oxide cut off wheel (Bakelite bond) using a water cooled Struers® Secotom10 cutting 
machine. Water cooling during cutting of titanium alloys is necessary to prevent local overheating 
because of the alloy’s relatively low thermal conductivity in comparison with other metals. The 
cross-sections were hot mounted (at 150°C for 6 min) with phenolic powder using a Buehler® - 
Simplimet3 hot mounting press machine. In the case of the analysis of the fatigue crack path (in 
Paper II) the samples were cold mounted using epoxy curing for 12 hours. The samples obtained 
were subjected to mechanical polishing, which involves planar grinding and polishing using a semi-
automatic grinder/polishing machine (Buehler® Phoneix 4000). The samples were first ground 
using 320 grit SiC paper with a continuous water flow, with a force of 27 N at 300 rpm, until the 
samples were plane.  The initial polishing was carried out using a 9 μm diamond spray (Metadi) on 
an ultrapolishing cloth with a load of 27 N at 150 rpm in contra mode for 10 minutes. Final 
polishing was performed with 0.05 μm Mastermet® solution on a Microcloth/Chemtex® cloth, 
applying a load of 27 N in compression at 150 rpm in contra mode for 10 minutes with an attack 
polishing agent (1:5 of hydrogen peroxide and colloidal silica). The polished specimens were 
subsequently etched using two types of etching reagent, as shown in Table 3.1, to reveal the 
microstructural features.  
�

3.2.2 Microstructural examination 
 An Olympus Vanox-T AH-2 microscope was used for optical examination of the 

microstructure. Scanning electron microscopy (SEM) was performed using a JEOL JSM-6460LV 
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instrument to obtain high resolution micrographs. Both methods were employed using different 
magnifications to examine the microstructural features (see Paper I and Paper II). The electron 
micrographs were obtained using both secondary electrons (SE) and back scattered electrons (BSE), 
to differentiate the phases present in the material. 

 
Table 3.1 Etchants used for metallographic polishing 

�

Microstructural feature� Etchant� Etching time 
�

Alpha colony structure� ABF: 1g ammonium bifluoride 
NH4FHF+99 ml H2O.� 60 s�

Alpha laths, phases, grain 
boundary α�

Kroll's reagent: 2ml HF+4ml 
HNO3+94 ml H2O�

15 s�

3.2.3 Quantitative microstructural analysis 
Quantitative metallographic techniques were used in the present study, as they are important 

tools in materials characterization. There are few standards available to perform these 
measurements one is ASTM E112-10 Standard test methods for determining average grain size 
[40]. It is used to obtain the average grain size manually from light optical micrographs using 
traditional methods such as point count and line-intercept methods.  

In the present work (Paper I), the stereological procedures developed by Tiley et al. [41] 
and Searles et al. [42] were applied to the micrographs obtained from polarized optical microscopy 
and SEM images for quantification of microstructural features using Adobe Photoshop with the 
FoveaPro plugin. These methods were used to characterize the cast Ti-64 microstructure before and 
after the addition of boron. In order to perform the measurements, the prime requirement is the 
quality of the image, since it has a large influence on the accuracy and reliability of any stereology 
procedure. To obtain reproducible results, the electron micrographs acquired from SEM in grey 
scale are used, whereas polarized light optical micrographs were used to measure the α colony size. 
The grey scale images obtained were converted to black and white by applying a threshold as 
shown in Figure 3.1(a-b). Furthermore, these methods can be performed automatically and semi-
automatically on threshold images obtained from different fields of view (FOV) on each cross 
section, where the fraction of points that fall in any of the phases are measured as the volume 
fraction for each FOV.  

 

 
 

Figure 3.1 Secondary electron micrographs of cast Ti-64 (a) grey scale image (b) threshold of 
image (a). Black is α phase, white is β phase. 

 
Volume fractions of different phases [41, 42] 

In order to measure the volume fraction of different phases, the grey scale images obtained 
using SEM were converted to black and white by applying a threshold as shown in Figure 3.1(b). 
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To measure for example the total α, a regular grid of points was overlaid onto the high 
magnification image. The phase fraction of α is obtained by dividing the number of points that lay 
within the α laths (consisting of α phase) by the total number of points, as shown in Figure 3.2.  

 

 

Figure 3.2 Volume fraction measurements of phases using grey scale micrograph. The larger white 
dots identify where a point intersects the β phase [42]. 

Alpha (α) colony size [41, 42] 
A colony in the microstructure of titanium alloys can be defined as a cluster of α laths inside 

a prior β grain with the same crystallographic orientation. Measurement of the colony size is 
important because it is a measure of the allowed effective slip length across similarly oriented laths 
[29]. However, it is difficult to determine the size of the colonies without making assumptions 
about their shape and morphology, as colonies in Ti-64 have irregular shapes. Tiley et al. [41] 
proposed a stereological method, where the so called mean intercept length is determined to 
measure the colony size, which was referred to as the “colony scale factor”. The method proposed 
consists of drawing random lines on low magnification optical micrographs and marking each 
intersection of the lines at a colony boundary, as shown in Figure 3.3. The length of the lines 
divided by the number of marks provides the colony scale factor, which gives the α colony size.  
Tiley et al. [41] showed that measurement of this mean intercept length is only a measure of the 
colony size, without consideration of the shape of the colony.  

 

 
 

Figure 3.3 Polarized optical micrograph of cast Ti-64: α colony size measurement using 
random line segments. Black points show intersection of colony boundaries with random line grid. 
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Thickness of α laths [41, 42]  
The thickness of the α laths is measured using high magnification images acquired from 

SEM (see Figure 3.4(a)) to measure the true thickness of a membrane that is intercepted by a plane. 
The method consists of overlaying a grid of lines onto the threshold image and marking the 
intersection points of the lines where they cross the α/β lath boundaries, see Figure 3.4(b). The 
resulting line grid shows where the intersections break the individual lines into smaller segments, 
see Figure 3.4(c). A new set of grid lines is generated at a rotated angle and the process is repeated 
until 360º rotations are completed. The length of these segments is noted to calculate the average 
lath thickness using the expression: 

Thickness = 1.5 (1/λ)mean (eq. 3.1) 
 

where (1/λ)mean is the average inverse of the line length. 
 

 
 
Figure 3.4 Secondary electron micrographs of cast Ti-64 (a) grey scale image, (b) threshold image 

with random lines, where grey is α phase and white is β phase, and (c) Overlay grid showing 
thickness of α laths (αlath). 

 

Thickness of grain boundary α [41, 42] 
The width of α at the grain boundaries can be measured in a similar way to the thickness of 

α laths described above. The lengths of the line segments that intersect the grain boundaries are 
measured when a grid of random lines is overlaid on the image, see Figure 3.5(a-c). Similar 
expression to those used to measure the α lath thickness (eq. 3.1) can be used where (1/λ)mean is the 
average inverse of the line length intersected at the grain boundary with the line grid. 
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Figure 3.5 Secondary electron micrographs of cast Ti-64 (a) grey scale image showing grain 
boundary α (αgb), (b) overlay of random lines, (c) overlay grid showing segmented lines intersected 

along the grain boundary α. 
 

Length of α laths [41, 42] 
The α laths grow within a prior β grain at certain orientations, resulting in the formation of 

edges when one α lath intersects another α lath. The edges formed appear as triple points in a two 
dimensional image, see Figure 3.6(a). From this, the mean edge length (MEL) of the alpha laths is 
measured using:  

 
MEL = 2n/A, (eq. 3.2) 

 
where n is the number of triple points and A is the image area. 

The triple points are counted by marking the points where the α laths intersect each other, 
selecting a particular colour. The mean edge length is calculated automatically by measuring the 
number of nodes after the image is skeletonized, as shown in Figure 3.6(b). 
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Figure 3.6 Secondary electron micrographs of cast Ti-64 (a) grey scale image (b) skeletonized 
image of laths showing α lath lengths (αlath) intersected at triple points (see arrows). 

3.3 Mechanical testing 

3.3.1 Hardness testing 
Hardness is a material property defined as the resistance to localized plastic deformation. 

The hardness is measured by applying a force on an indenter (such as a small sphere, or diamond in 
a pyramid or cone shape) onto the surface of the material; and the corresponding hardness number 
(Brinell or Vickers) is obtained from the diameter of the indent [34]. In the present study, Vickers 
hardness measurements were performed, where the Vickers Hardness Number (VHN) is defined as 
the load divided by the pyramidal area of the indentation, in kgf/mm2. The two types of hardness 
test performed were macrohardness and microhardness further details are found in Paper I. 

3.3.2 Tensile testing 
Tensile testing is the most common mechanical test performed on materials, where the 

sample is subjected to a continuously increasing uniaxial tensile load at a constant strain rate while 
simultaneously measuring the elongation of the specimen until failure [34]. In the present study 
(Paper II), room temperature tensile tests were performed in both air and hydrogen environments 
(see Figure 3.7) according to the standard ASTM E-08 [43], to evaluate the effect of hydrogen on 
cast Ti-64 (see section 2.3 in Paper II). From these tests the elastic modulus (Young’s modulus E), 
yield strength (YS), ultimate tensile strength (UTS) and ductility, defined as the reduction of area 
(RA) were obtained, see section 3.1 in Paper II.  
 

 
 

Figure 3.7 Schematic illustration of testing in a hydrogen environment. 

3.3.3 Compression testing 
 Compression testing is another important mechanical testing method that can be performed 
on materials, and is used for studying the plastic deformation behaviour at high strains (up to 2%). 
The tests comprise of compression of a small cylindrical test sample with an aspect ratio >1 
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between two anvils by applying a constant load for varying strain rates [34]. There exists a wide 
range of compression testing equipment; one is the Gleeble thermomechanical simulator. The 
problem associated with this test method is the high friction between the specimen and the anvils, 
which if not controlled results in adiabatic heating and barrelling of the specimen [34]. In the 
present study compression tests were performed from room temperature to 1100°C at different 
strain rates on a Gleeble 1500 instrument at the University of Oulu, Finland to study the effect of 
boron on cast Ti-64. Details of the test method are provided in section 2.4 of Paper I. 

3.3.4 Low cycle fatigue testing 
 Fatigue is a material property defined as failure occurring under conditions of dynamic 
loading after a certain period of time [34]. Fatigue failures are classified into two types: high cycle 
fatigue (HCF) (>105 cycles to failure) and low cycle fatigue (LCF) (<105 cycles to failure). In order 
to understand fatigue failure, fatigue testing was performed under constant stress or constant strain 
whilst applying cyclic loading. In the present study, strain controlled LCF was performed according 
to ASTM E606 [44] in ambient air and hydrogen environments for cast Ti-64, see section 2.4 in 
Paper II.  

3.4 Fractographic characterization  
The test specimens obtained after tensile and LCF tests were subjected to fractographic 

analysis using optical microscopy and scanning electron microscopy (section 2.5 in Paper II). 
Fractographic analysis was carried out in a conventional manner where the fracture surfaces were 
stored in a plastic container to prevent the fracture surface from contamination. The fracture 
surfaces were digitally photographed using a camera on the stereomicroscope before performing the 
analysis. To analyse the fracture surfaces in SEM, they were cleaned using acetone for about 10 
minutes in an ultrasonic bath. The cleaned fracture surfaces were characterized using a JEOL JSM-
6460LV SEM with low vacuum using back scattered electrons (BSE) to identify the fracture 
topography [45].  

After recording the fracture surfaces, a metallographic analysis of the fracture path was 
carried out. The fracture surfaces were coated with an organic based adhesive coating (Laquer- 
Metacoat) to protect them from damage, and sectioned parallel to the fatigue loading direction. The 
sectioned samples were further ground near to the crack initiation and crack propagation region, 
followed by a similar metallographic preparation as described in section 3.2.1, to reveal the 
microstructure beneath the fracture surface. 
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4. Boron in titanium alloys 
In this chapter the effects of boron (B) on the microstructure and the mechanical properties 

of titanium alloys are discussed using the literature and the results obtained in the present work on 
cast Ti-64 (Paper I). 

4.1 Background to boron modified titanium alloys 
As mentioned in section 2.3, intermediate processing steps are necessary for most titanium 

alloys, to break down the normally coarse grained microstructure formed in the cast ingot, to obtain 
a fine grained microstructure through recrystallisation with improved mechanical properties. These 
steps however add an additional cost to the final product [1, 9]. In recent years it has been found 
that the addition of solute atoms such as boron, silicon and beryllium to titanium alloys (e.g. CP-Ti, 
Ti-64, Ti-6242) during the initial melting process result in refinement of the as cast structures [10, 
46-49]. Thus intermediate processing steps could be eliminated. This approach is similar to grain 
refinement in aluminium and magnesium alloys by the addition of solutes [50, 51]. Much attention 
has been directed towards the addition of boron to titanium and its alloys because it can restrict the 
grain growth in the cast structure effectively through the formation of an intermetallic compound 
(TiB).  

The earliest studies involving alloying of titanium with boron were carried out in the 1950s, 
when an increase in stiffness was observed after an addition of 0.5 wt% B [52, 53]. However, work 
in the 1980s highlighted the difficulties associated with the addition of boron, notably segregation 
of borides and loss of toughness in titanium welds [54]. Later studies [55-57] explored the 
possibilities of using boron in the form of TiB precipitates (i.e. 10-40 wt%) as reinforcement in the 
titanium metal matrix to manufacture composites. In these studies, it was observed that the presence 
of TiB in the form of whiskers within the matrix improved mechanical properties such as tensile 
strength, fatigue strength and stiffness. In addition, it was also noted that there was a loss of 
ductility and fracture toughness. Regardless of the degradation of properties in composites, several 
researchers added boron (<1 wt% B) in the form of elemental powder or as TiB2 precipitates to 
titanium alloys [11, 58, 59], because it is known that TiB can easily be formed even at low 
concentrations in the Ti-B phase system. From these studies, it was shown that there is a significant 
improvement in the mechanical properties of cast titanium alloys after the addition of boron, 
notably tensile strength and hardness [58, 59]. These observations were attributed to the refinement 
of the as cast microstructure resulting from heterogeneous nucleation of eutectic TiB precipitates 
along the prior β grain boundaries [11]. The grain refinement theory proposed by Tamirisakandala 
et al. [11] has also been supported by other research groups [46, 48, 60]. The beneficial effects 
observed by adding boron were recently explored further, where it was noted that the addition of 
≈0.1 wt% B to Ti-64 resulted in a significant increase in tensile properties, mainly ductility [11]. In 
addition, it was observed that there was an improvement in fatigue strength, fracture toughness and 
creep resistance of different boron modified titanium alloys under various conditions [11, 32, 58-
64]. By adding small amounts of boron, it is possible to produce semi-finished products such as 
billets and plates by rolling and extrusion that show better properties than alloys without boron [65, 
66].  

4.2 Ti-B phase system  
 Boron is an α stabilizer that has limited solid solubility in solid titanium phases (α or β), but 

is completely soluble in the liquid phase [53], as shown in Figure 4.1. From Figure 4.1 it can be 
seen that the solubility of B in the α-Ti phase is less than 0.05 wt% at 890°C (1157±2K), whereas 
the B content in β-Ti is approximately 0.05 wt% at 1400°C (1167K) and slightly greater than 0.1 
wt% at 1660°C (1813±10K). Observations by Tamirisakandala et al. [10], showed that the 
solubility of B in α is less than 0.02 wt% at 25°C. However it was observed that the solubility limit 
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of B in β-Ti could be altered by the addition of aluminium and vanadium [67].  
 

 

                           Figure 4.1 Binary Ti-B phase diagram [67]. 

Alloying of boron with titanium makes the formation of substitutional or interstitial solid 
solutions highly unfavourable  since the atomic radius ratio B/Ti is 0.66 [68]. This fact eliminates 
the severe embrittlement problem caused by interstitial elements such as hydrogen, carbon and 
oxygen [69]. However, an increase in the βtransus temperature by up to 60°C was observed for Ti-64 
with 1.7 wt% B under equilibrium conditions, which is attributed to the supersaturation of B in 
solid solution caused by rapid solidification [70]. 

The addition of boron to titanium creates intermetallic compounds such as TiB, Ti3B4 and 
TiB2 for concentrations of boron (wt%) of about 18%, 22% and 30% respectively shown in Figure 
4.1. Among these, TiB (orthorhombic structure) is formed via the eutectic reaction L→βTi+TiB at 
1540°C with the binary eutectic composition of 1.7 wt% B. The TiB precipitates formed do not act 
as nucleation sites for β-Ti since they are formed only after the alloy has solidified as β. The 
volume fraction of TiB and the corresponding microstructure for a specific boron content form the 
basis of the classification of the Ti-B phase system. Thus the Ti-B phase diagram shown in Figure 
4.1 can be classified into two types: (i) Ti-B alloys and (ii) Ti-B composites. Ti-B alloys whose 
compositions are less than 1.7 wt% B are hypoeutectic, where the volume fraction of TiB is less 
than 8%, and its microstructure, processing, and property combinations are similar to the alloys 
without B. Ti-B composites are those whose composition is greater than the eutectic (1.7 wt% B) 
i.e. hypereutectic. These are considered as metal matrix composites, consisting of higher volume 
fractions of coarse TiB (>100 μm) precipitates [67, 71].  

Because the Ti-B phase system can be classified further based on TiB, it is important to 
know the advantages gained through the formation of TiB precipitates in Ti-B alloys and Ti-B 
composites. These are summarized below [55, 56, 72-74]:  
 

• The density of TiB (4.46 g/cm3) is very close to that of titanium (4.51 g/cm3) but the 
stiffness is about five times higher (371 GPa). Therefore, the TiB phase provides significant 
increases in strength and stiffness without increasing density. 

• TiB has an excellent crystallographic compatibility with titanium, providing atomically 
sharp interfaces and excellent chemical compatibility. The chemical stability of the TiB-Ti 
interface results from the absence of intermediate phases between TiB and Ti. 

• The coefficient of thermal expansion of TiB (6.2 x 10−6/°C) is comparable with that of 
titanium (8.2 x 10−6/°C), eliminating residual stresses at the interfaces. 
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• TiB precipitates as needles or single crystal whiskers with an aspect ratio of 10 and a typical 
length of 10 μm with a narrow stoichiometry.  
In the present study, the compositions investigated are 0, 0.06 and 0.11 wt% B (section 2.1 

in Paper I), which are considered to be Ti-B alloys. Hence the subsequent focus is primarily on Ti-
B alloys. 

4.3 Effect of boron on microstructure and mechanical properties 

4.3.1 Microstructure�
Initial studies on the effect of boron on microstructure were reported by Likhachev et al. 

[75], where small B additions to α-Ti alloy (Ti-4Al-2V) resulted in a refinement of the 
microstructure by 2-3 times. Similar observations were noted in cast alloys such as CP-Ti, Ti-0.5Si, 
Ti-64, where adding less than 0.05 wt% B produced a marked reduction in the prior β grain size 
[58]. This has been attributed to the formation of TiB precipitates at the grain boundaries, which act 
as heterogeneous nucleation sites for prior β. However, from the equilibrium Ti-B phase diagram, 
as discussed in section 4.2, it is seen that the solid solubility of B in solid titanium is negligible 
(<0.02 wt% B). Hence, for grain refinement to take place there must be a critical amount of boron 
in order for TiB to form during cooling. Therefore, Tamirisakandala et al. [10] proposed a 
mechanism based on experimental observations, stating that boron contributes to grain refinement 
during solidification of titanium in four stages (see Figure 4.2). From Figure 4.2 the following can 
be observed: i) inoculation of Tiβ nuclei at T<Tliquidus; ii) growth restriction of β grains through the 
formation of boron rich layers on further cooling; iii) during cooling below Teutectic the remaining 
liquid transforms to β-Ti and TiB precipitates at the β grain boundaries via eutectic reactions; and 
iv) cooling below the Tβtransus, the β phase starts transforming to α phase, which under certain 
cooling conditions initially leads to the formation of grain boundary α with some TiB precipitates. 
If the boron concentration is below the critical level, the boron rejected during solidification is 
dispersed into the remaining liquid without affecting grain refinement. According to the proposed 
mechanism [10], the TiB needles precipitate along the prior β grain boundaries, which were also 
observed in the present study (see Fig. 3(e-f) in Paper I). 

 

                             

     T<Tliquidus                                                                                         Teutectic<T<Tliquidus 

            �  

     T<Teutectic                                                                                                            T<Tβ-transus 

Figure 4.2 Schematic sketch of the grain refinement process in boron modified titanium          
alloys [10]. 
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During the second stage of the mechanism proposed by Tamirisakandala et al. [10], in the 
range Teutectic<T<Tliquidus, there will be an additional constitutional supercooling resulting from 
solute enrichment, which in turn provides the driving force for nucleation and increases the 
nucleation rate. An additional barrier caused by excess B in the second stage at the solid/liquid 
interface reduces the growth rate of β-Ti. These combined effects (increase in nucleation rate and 
reduction in growth rate) result in significant reduction of prior β grain sizes in a variety of titanium 
alloys, see Figure 4.3(a) and Figure 4.4. This growth restriction is highly pronounced at about 0.1 
wt% B, especially in Ti-64 in which the β grain size decreases from 1700 to 200 µm [11]. A further 
increase in boron to above 0.1 wt% does not decrease the grain size further, as shown in Figure 
4.3(a) [10, 11, 48]. Along with the reduction of the prior β grain size, it is observed that there is 
refinement of the α colony size in the cast structure as well, because the maximum α colony size in 
titanium alloys is limited by the prior β grain size [29, 59, 64]. The refinement of α colonies is 
observed because of the strong partitioning of B during solidification and the presence of TiB (50 
μm or less in length) at the grain boundaries, which increase the β grain boundary surface area and 
assists the nucleation of equiaxed α from the β phase [48, 57, 59, 76]. The reduction in α colony 
size is similar to the reduction in prior β grain size with the addition of 0.10 wt% B, see Figure 
4.3(b). Such observations (reduction of prior β grain size and α colony size) were also noted for the 
alloys tested in the present study (see Fig. 3(a-c) in Paper I). In addition, it is observed that the 
length of the α laths is significantly reduced (see Fig. 5 in Paper I), which leads to the formation of 
equiaxed prior β grains in the boron modified titanium alloys, which has also been reported recently 
by Roy et al. [59]. In the current work it was also found that the thickness of the α lath and the grain 
boundary α increased with boron content (see Fig. 5 in Paper I). 

Above the eutectic composition i.e. hypereutectic alloys, the TiB phase grows rapidly 
leading to the formation of coarse TiB precipitates [71]. The coarser primary TiB precipitated above 
hypoeutectic are high in volume fraction and increase the stiffness, strength and wear resistance. On 
the other hand, there is a change in fracture behaviour from ductile to brittle [10, 11, 48, 77]. It is 
observed that the TiB precipitates help in restricting the grain growth during subsequent heat 
treatment and thermo mechanical processing operations, which means that grain refinement in these 
alloys is stable at high temperatures [71, 78]. However, it has recently been reported that there are 
some changes in the microstructural response to heat treatment in Ti-64-B alloys with 1 wt% B, 
when compared with that of Ti-64. This is attributed to the variations in the volume fractions of 
phases and the influence of TiB on the β to α phase transformation kinetics [79]. 

 

 

(a)                                                            (b) 

Figure 4.3 Variation of microstructural features with boron content. (a) grain size (prior β) in 
various titanium alloys [80], (b) alpha colony size in Ti-64 [64]. 
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                   (a)                                            (b)                                            (c) 

Figure 4.4 Polarized optical micrographs of: (a) Ti-64-0B, (b) Ti-64-0.06B and (c) Ti-64-0.11B. 

4.3.2 Mechanical properties 
Early studies on titanium alloys and the effect of boron on mechanical properties show that 

the tensile ductility and tensile strength of cast Ti-0.5Si-B and CP-Ti-B alloys improve with a 
boron content of about 0.05 wt% [58]. In the Ti-64 alloy it is observed that the tensile strength of 
cast Ti-64-B alloy increases significantly with boron additions up to 0.55 wt%, and the ductility 
increases with very small amounts of boron (≤0.1 wt%) [11]. However, with an increase in boron 
(>0.1 wt%), the ductility decreases drastically because of an increase in the volume fraction of TiB 
precipitates. It is also reported that the addition of boron (≤0.1 wt%) improves the tensile strength 
at high temperatures (around 450°C) in most of the titanium alloys investigated, including Ti-64 
[32, 81, 82, 83]. Similar results are found when Ti-64-B alloys are compression tested up to 400°C 
[57]. The results obtained in the present study (see section 3.3 in Paper I) also confirm that there 
is an increase in strength with the addition of boron, up to 500°C. In this work the yield strength 
was found to increase by about 15% at room temperature. 

Further studies into the influence of boron on the high temperature mechanical behaviour 
of Ti-64 alloy, above the βtransus were carried out by Sen et al. [84]. Their results showed that the 
microstructural refinement resulting from the addition of boron did not influence the strength and 
the mechanical behaviour at high temperatures (750-1000°C). Similar results were found in the 
present study, where the yield stress was reduced at high temperatures (>700°C) for both Ti-64 and 
boron modified Ti-64 alloys. It was also noted that the yield strength decreases with decreasing 
strain rate at these temperatures (see section 3.3 in Paper I). 

Studies were carried out into the effect of boron on the fatigue properties of Ti-64 at room 
temperature and at elevated temperature (450°C) [32, 64]. It was observed that the high cycle 
fatigue strength at room temperature increased by 50% with the addition of 0.55 wt% B. It was 
also noted that there is an increase in fatigue strength for cast and extruded Ti-64-B alloys at high 
temperature. However it was found that the effect of prior β grain size reduction on fatigue strength 
appeared to be nominal, but it was observed that the presence of TiB particles in the alloy appeared 
to be beneficial because of the strong, coherent interface between TiB and the matrix. This could 
hinder crack initiation [64].  

Recent studies discuss the effect of boron on high temperature creep of titanium alloys [85, 
86]. It was noted that cast and extruded Ti-64 with 1 wt% B exhibited improved creep resistance. 
However, it was also noted that the secondary creep rates for these alloys were significantly lower 
than those for Ti-64 between 400 and 450°C. �
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5. Hydrogen in titanium alloys 
 This chapter discusses the influence of hydrogen on titanium and its alloys with the main 
focus on hydrogen embrittlement and the effect of hydrogen on mechanical properties. The main 
findings obtained in the present study (from Paper II) are also discussed. 

5.1 Background 
Hydrogen is the lightest and the most abundant element, and can infiltrate titanium during 

various processing steps and/or in association with a hydrogen containing environment. Processing 
steps refer to melting of titanium sponge or pickling processes performed on finished components 
after secondary manufacturing processes. The reuse of scrap material that has been exposed to a 
hydrogen environment during service can add hydrogen to the molten material. The hydrogen 
picked up during processing can be removed by performing a vacuum annealing treatment between 
700 and 900°C. Because of the high affinity of hydrogen for titanium, residual hydrogen will 
always be present in the titanium ingot [1, 87-89]. 

The interaction between hydrogen and titanium is complex; it is important to know the key 
attributes of hydrogen in titanium. These are: hydrogen acts as a strong β stabilizer; hydrogen has a 
high solubility at low partial pressure; hydrogen forms brittle hydrides under certain conditions; 
hydrogen expands the α and β titanium lattices. These characteristics primarily depend on the 
absorption of hydrogen [87-89]. It is shown that the absorption of hydrogen by titanium is governed 
by two principal factors: adsorption of hydrogen on the surface, and lattice diffusion of the 
adsorbed hydrogen into the bulk material. Absorption is the process whereby hydrogen enters the 
first atomic layer below the metal surface. Adsorption is the process whereby atoms, ions or 
molecules of gas, liquid or dissolved solids adhere to a surface. Lattice diffusion is the process in 
which hydrogen infiltrates many atomic layers below the metal surface [89-91].   

Hydrogen is absorbed into titanium interstitially and diffuses rapidly through the metal. The 
rate of hydrogen diffusion varies in different phases (i.e. α and β titanium). It is reported that lattice 
diffusion of hydrogen is lower in α than β titanium [89, 92]. This is further supported by several 
experiments performed on pure Ti at different temperatures to establish the diffusion coefficients 
for different phases. Below are the expressions used for calculating the diffusion coefficients for 
hydrogen in different titanium phases and Ti-64 as a function of temperature  [93-96]: 

 
Dα = 3 x 10−6 exp [(−14700±650)/RT]  (eq. 5.1) 

 
Dβ = 1.95 x 10−7 exp [(−6640±500)/RT]  (eq. 5.2) 

 
DTi−64 = 6.6 x 10−7 exp [(−65438)/RT]   (eq. 5.3) 

 
where D is the diffusion coefficient (m2/s), T is the temperature (K), and R is the gas constant (note: 
Cal �mol−1K−). 

Equations 5.1 and 5.2 yield the following: at 25°C (298 K) Dα = 1.45 x 10-16 m2/s and Dβ = 
5.45 x 10-12 m2/s. These calculations show that the mobility of hydrogen in the β phase is higher 
than in the α phase. A similar trend is observed for hydrogen at 200°C (473 K), where Dα = 9.5 x 
10-13 m2/s and Dβ = 2.8 x 10-10 m2/s (eq. 5.1 and eq. 5.2). However, it is found that D for hydrogen 
in Ti-64 alloys varies between 10-13 and 10-10 m2/s for different microstructures at 20°C (using eq. 
5.3). This indicates that hydrogen diffuses relatively quickly in α+β alloys compared with pure α 
alloys, even though only about 5-10% β is present [97]. Small amounts of β phase are sufficient to 
absorb the hydrogen, however the rate of hydrogen diffusion increases with the distribution of the β 
phase. For example, in Ti-64 it was noted that diffusion of hydrogen was greater by approximately 
two orders of magnitude in a coarse lamellar microstructure than in a fine equiaxed microstructure. 
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This is attributed to the continuous β phase present at the α/β boundaries in the lamellar structure, 
which is located at the prior β grain boundaries and in between the α colonies [98-100]. In addition, 
it is reported that fine grained titanium absorbs more hydrogen than coarse grained titanium [89, 
92].  

5.2 The Ti-H phase system 
The Ti-H phase diagram shown in Figure 5.1 is a binary eutectoid with hydrogen stabilizing 

the β phase (a β stabilizer). The hydrogen atoms that are soluble in titanium can occupy two 
possible interstitial positions, i.e. the tetrahedral and octahedral sites. It is found experimentally that 
hydrogen preferentially occupies the tetrahedral sites in α-Ti and β-Ti. The solubility limit of 
hydrogen in α-Ti is quite low, about 0.1 wt% (≈4.7 at.%) at the eutectoid temperature (298ºC), see 
Figure 5.1. This is because the atomic radius of hydrogen (0.041 nm) is very large, which prevents 
it from occupying the tetrahedral sites of α-Ti (radii 0.034 nm). This results in negligible solid 
solubility of hydrogen (<0.04 at.%) in α-Ti at room temperature, as it is not possible to retain 
greater than the equilibrium concentration of hydrogen. However, it can be seen from Figure 5.1 
that the solubility of hydrogen in β-Ti is higher, about 1 wt% (35 at.%), at temperature greater than 
298ºC. This is because of the close match between the size of the tetrahedral sites in β-Ti (radii 
0.044 nm) and the atomic radius of hydrogen. Like most other common structural metals, the 
activity of hydrogen in both the α and β phases of titanium decreases with decreasing temperature, 
therefore the hydrogen solubility decreases with decreasing temperature such that at room 
temperature very little hydrogen is soluble in either phase [1, 89, 96, 98, 101-103].  

 

 
 

Figure 5.1 Ti-H phase system [102]. 
 
When titanium is alloyed with hydrogen at higher temperatures it reacts to form α phase and 

hydrides through a eutectoid transformation directly from β phase (see Figure 5.1). Alloying with 
hydrogen significantly lowers the α→β transformation temperature from 882 to 298°C, since the β 
phase is stabilized. Hydrides can be formed in both α and β phases of titanium when there is 
excessive hydrogen present in the alloy system, which can be achieved by lowering the temperature 
to below 300°C. The most common types of hydride that form are: gamma (γ), fct (face centred 
tetragonal); epsilon (ε), fct (face centred tetragonal); delta (δ), fcc (face centred cubic) and strain 
induced bcc (body centred cubic) hydride. The type of hydride that will form depends on the 
hydrogen concentration [102, 104-107].  
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The hydrides formed in titanium result in a volume expansion of the lattice in both the α and 
β phases. It is shown that hydride formation in the β phase creates an increase in volume of 
approximately 5.35 vol.% near to its hydrogen solubility limit. On the other hand, when a hydride is 
formed in the α phase, the lattice is expanded by 18 vol.%. This volume increase within the α lattice 
results in elastic and plastic strains, which increase the solubility of hydrogen in α titanium and 
make the nucleation of hydrides difficult. Hence, in a strain-free α lattice, hydride precipitation 
occurs near room temperature, rather than near the eutectoid transformation temperature (298°C), 
see Figure 5.1. The application of an external stress and the presence of plastic deformation tend to 
increase the rate of nucleation and growth of the hydride. The formation of these brittle hydrides is 
apparently a result of the decrease in hydrogen solubility in α and β titanium near room temperature 
[89, 102, 107, 108]. 

The hydrides formed in the Ti-H system depend on the rate at which hydrogen is absorbed 
into titanium, which is affected by several parameters, including: partial pressure of hydrogen, 
surface cleanliness, temperature (>400ºC), microstructure, alloy content, applied stress and strain, 
and environmental conditions (such as hydrogen gas purity). It is shown that the partial pressure of 
hydrogen surrounding the material controls the amount of hydrogen that can be absorbed in any 
temperature; it shows a linear dependency on the square root of the hydrogen pressure. This 
indicates that increasing the hydrogen pressure causes hydrogen absorption to occur rapidly at 
lower temperatures, where the dissociation of hydrogen molecules to atomic hydrogen occurs 
directly at the surface. The other parameter that influences absorption is the temperature, where it is 
observed that the rate of absorption is higher above 400ºC. Below 400ºC, it is noted that absorption 
of hydrogen is greatly affected by the alloy content and the microstructure. Here the significance of 
microstructure on the absorption of hydrogen primarily depends on the alloy composition. It is 
found that by adding β stabilizing elements the hydrogen solubility is lowered, resulting in the 
formation of hydrides. On the other hand, the addition of α stabilizers such as aluminium retards the 
formation of hydrides by increasing the hydrogen solubility in the alloy [87-89, 91]. 

5.3 Hydrogen embrittlement of titanium alloys 
Although hydrogen embrittlement of metals and alloys has received significant attention 

over a long period of time it is still to some extent not a well understood phenomenon [89, 109]. It 
is known that sufficient amounts of hydrogen in titanium alloys can increase the tendency for 
hydrogen embrittlement. Here the susceptibility to embrittlement varies considerably from alloy to 
alloy, and sometimes even within the same alloy for given different heat treatments. This is because 
titanium and its alloys have the ability to form brittle hydrides even at room temperature, as 
discussed in section 5.2, if a sufficient amount of hydrogen is present in the metal (internal 
hydrogen) and/or exposed to the hydrogen environment (external hydrogen) [106, 107]. External 
hydrogen can exist as a molecule (pure hydrogen gas, H2), a dissociated molecule (2H), or in a 
compound such as water (H2O), or hydrogen sulphide (HS) [89, 90]. Embrittlement of titanium 
alloys is mainly observed through a significant loss of ductility and/or early crack propagation 
because of a reduction in the threshold stress for crack propagation [96, 98, 107, 110, 111].  

Many mechanisms have been proposed to explain hydrogen embrittlement in metals and 
alloys. With regard to titanium alloys, the most important mechanisms responsible for hydrogen 
embrittlement are: hydrogen-enhanced decohesion (HEDE) [89]; hydrogen-enhanced local 
plasticity (HELP) [112]; stress induced hydride formation [107] and adsorption-induced dislocation 
emission (AIDE) [113]. A brief description of these mechanisms is given below.  

1) HEDE: hydrogen atoms lower the surface free energy of atomic planes and promote 
breaking of atomic bonds.  

2) HELP: hydrogen atoms diffuse into the material and concentrate at the crack front 
leading to an increase in local stress at the crack tip. This amplifies local plastic deformation and 
the propagation of cracks when stress is applied externally.  

3) Stress-induced hydride formation: the formation of brittle hydrides and their cleavage in 
the presence of sufficient hydrogen, or in the presence of a stress ahead of the crack once the 
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solubility limit is reached. The crack propagates through repeated formation and cleavage of 
hydrides under the applied stress.  

4) AIDE: adsorption of hydrogen atoms at the crack tip weakening metal-atom bonds, 
creating dislocations at the crack tip surfaces, which enhance crack growth. 

5.3.1 Types of embrittlement  �
Hydrogen embrittlement in titanium alloys can be classified into two based on the source of 

hydrogen. 
(1) Internal hydrogen embrittlement (IHE): hydrogen enters the metal during 

manufacturing, processing and/or service. This process can occur in structural components with a 
hydrogen concentration not more than 0.1-10 ppm when subjected to high stresses. A brittle hydride 
is formed at the surface, in the bulk, or in front of a crack when sufficient hydrogen is present or a 
stress is present. The crack formed subsequently grows by cutting through hydrides at a critical 
stress that initiates internal cracks. This effect is commonly observed in the temperature range 
between -100 and 100°C, and is most severe near room temperature. It is a process that may also 
lead to structural failure of a component that has never been exposed to a hydrogen environment in 
extreme conditions. It is reported that >150 ppm of hydrogen is required to observe IHE in most 
titanium alloys [96, 98, 101]. The mechanism that is responsible for IHE are commonly identified 
as the formation of hydrides because of higher hydrogen concentration and/or applied stress 
[89,107]. 
 (2) Hydrogen environment embrittlement (HEE): occurs when the material is subjected to 
an external environment containing hydrogen (e.g. hydrogen gas), over a wide range of pressure 
and/or temperature. HEE involves a combination of an applied stress and a chemical reaction that 
takes place in which atomic hydrogen is produced (predominantly on clean crack surfaces localized 
at the crack tip). This is followed by hydrogen uptake at the crack tip, lattice diffusion of hydrogen 
ahead of the crack tip into the stress field at the crack propagation zone, and subsequent 
embrittlement, as shown in Figure 5.2 [89, 107, 111, 114].  

 

 
 

Figure 5.2 Schematic illustration of kinetic process in HEE [114]. 
 
Surface adsorption of hydrogen plays an important role in most metals and alloys for HEE 

e.g. ADIE. However, if adsorption is bypassed, the rate controlling step for HEE is either 
absorption or subsequent lattice diffusion. Further studies made by Gray et al. [115] on alloys 
susceptible to HEE showed that lattice diffusion is the primary mechanism involved in HEE.  This 
has been verified using quantitative analysis of the alloys tested, where it is seen that there is an 
increase in the hydrogen content of embrittled alloys. Embrittlement modifies the mechanical 
properties of the material without forming a second phase (hydrides). This is attributed to the 
embrittlement caused by HELP. On the other hand, it was experimentally observed [107], there is a 
formation of stress induced hydrides in hydrogen environment that embrittles the titanium alloys at 
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low stress levels. Hence, the mechanisms that are responsible for HEE vary depending on the 
interaction of hydrogen with titanium. HEE is most severe near room temperature, where there is 
presumably little dissolved hydrogen present prior to failure. In this type of embrittlement the 
microstructure of the material plays a critical role in providing the path for lattice diffusion through 
different phases [114, 115].  

5.3.2 Previous studies on hydrogen embrittlement 
A large amount of research into the effect of hydrogen on titanium and its alloys has been 

performed [87, 91, 98, 101, 116-120]. In α and near α alloys it has been reported that hydrogen has 
a large effect on properties. The degradation of these alloys is mainly associated with the 
precipitation and decomposition of brittle hydride phases. In near α (Ti-6242) and α+β alloys (such 
as Ti-64), whose microstructures mainly consist of α phase at room temperature, the mechanical 
properties are primarily degraded through the repeated formation and rupture of the brittle hydride 
phase at, or very near, the gas-metal interface, when exposed to an external hydrogen environment 
at room temperature [121]. When only the α phase is present, degradation is insensitive to external 
hydrogen pressure, since hydride formation in the α phase can occur at any reasonable hydrogen 
partial pressure [122] .  

In the α+β alloys, with significant amounts of β phase, it is known that hydrogen 
preferentially diffuses within the β lattice and interacts with the α phase along the α/β boundaries. 
Under these conditions, the degradation of properties is dependent on the hydrogen pressure and the 
rate of hydrogen diffusion within the β phase. Since β titanium alloys have a very high solubility for 
hydrogen, they do not readily form hydrides, except at very high hydrogen pressures [89, 122, 123]. 
However, alloys high in aluminium such as Ti-64 have been found to be capable of withstanding 
considerable amounts of hydrogen compared with other alloys [87, 88]. Work performed by Paton 
et al. [101] and Nelson et al. [89, 122, 123] on HEE in titanium alloys shows that the alloy 
composition, microstructure, gaseous environment, test temperature and strain rate are the most 
important parameters with regard to embrittlement. From their work, the following relationships 
may be established, where the major criterion is the presence or absence of a continuous α-Ti 
matrix in the microstructure: 

(a) In the presence of a continuous α phase: embrittlement under constant strain rate is 
independent of hydrogen pressure. Embrittlement is enhanced by decreasing the strain rate. Failure 
is a result of the formation of a continuous hydride layer at or near the fracture surface. 

(b) In the presence of a continuous β phase: embrittlement is reported to be strongly 
dependent on hydrogen pressure (an increase in hydrogen pressure increases embrittlement) and 
involves transition from intergranular cracking at high pressure to transgranular failure below 
approximately 100 Pa  (≈0.001 bar). 

In the present work, the effects of hydrogen environment, strain ranges and microstructure 
on mechanical properties were investigated (see Paper II). Here it was found that properties such 
as tensile strength and LCF life were reduced in material with a coarse microstructure (cast Ti-64) 
when compared with a fine microstructure (EBM Ti-64), see Figure 3 in Paper II. Refinement in 
microstructure causes the β phase to be more discontinuous in EBM material, which might provide 
resistance to hydrogen attack through a reduction in the rate of hydrogen diffusion.  

5.4 Effect of hydrogen on mechanical properties  
The significant effects of hydrogen on the mechanical properties of titanium alloys are 

reductions in tensile ductility, fracture toughness and the reduction of stress needed for crack 
propagation [101, 110, 116-120, 124]. However it is also observed that there is a reduction in 
fatigue life either by enhancing the fatigue crack initiation or fatigue crack propagation process 
during cyclic loading [117, 119, 125]. Here the effect of internal hydrogen (IHE) and the external 
hydrogen (HEE) is reviewed. 



����

5.4.1 Internal hydrogen  
Lenning et al. [126] describe the effect of internal hydrogen on the mechanical properties of 

CP-Ti. They observed that the tensile strength at room temperature increases approximately linearly 
from 240 to 345 MPa with the addition of 32 at.% (0.98 wt%) H. However, they also noticed a 
drastic reduction in ductility (reduction of area) from 90% to 55% with the addition of 10 at.% 
(0.23 wt%) H, where the ductility dropped to zero at 32 at.% (0.98 wt%) H for notched specimens. 
Studies on α+β alloys [8, 116, 124, 127] showed that ductility is reduced with increased hydrogen 
content, at lower strain rates and lower temperatures. On the other hand, the study by Hardie et al. 
[128] shown that the ductility is not significantly affected by hydrogen upto 1500 ppm (0.15 wt%) 
in smooth Ti-64 specimens. Rather it was seen that at the concentration 1500 to 3000 ppm (0.15-0.3 
wt%) there was a pronounced embrittlement, which is attributed to the hydride precipitation at α/β 
interfaces. In notch Ti-64 specimens the sensitivity to embrittlement is greater, where it showed 
both slow and fast crack propagation, except in a narrow range between 60 and 200 ppm (0.006 and 
0.02 wt%) hydrogen where only fast cracking occured. Hence in α+β alloys the embrittlement is 
mainly termed low strain rate embrittlement, and is principally observed at room temperature. More 
recent studies on Ti-6242 [129] showed that with an increase in hydrogen content up to 300 ppm 
(0.03 wt%), there is a reduction in yield strength. A similar reduction in tensile strength was 
observed in Ti-64 with 0.2-1.2 wt% H [130, 131]. Recently, from in-situ tensile experiments 
performed on internally hydrogen charged Ti-64 plate, it was shown that tensile fracture is a 
mixture of intergranular and transgranular fracture [132]. The internal hydrogen in titanium alloys 
is also known to affect the fracture toughness, where an increase in hydrogen content from 8 to 130 
ppm (0.008 to 0.013 wt%) causes a reduction in fracture toughness from 145-100 MPa/m1/2 (in Ti-
64). However, it was observed that fracture toughness was not affected up to 490 ppm (0.049 wt%)  
hydrogen [133]  

The initial studies on the effect of internal hydrogen on the fatigue properties were made 
using CP-Ti and Ti-8Mn at room temperature [134]. It was observed that the fatigue life was not 
affected by the presence of 1.78 at.% (0.04 wt%) hydrogen. However Beevers et al. [135] showed 
that the fatigue strength was improved by the addition of about 140 ppm (0.014 wt%) hydrogen. 
This effect was not observed if the hydrogen content was above 140 ppm (0.014 wt%). Kolachev et 
al. [136] reported that there was no significant effect of hydrogen on the fatigue characteristics of 
titanium and its alloys, although an increase in the endurance limit of titanium occurred by 10-15% 
with an increase in the concentration of hydrogen from 0.002 to 0.03 mass%. Studies by Pao et al. 
[137] on Ti-64 showed that the hydrogen present in phases strongly affects fatigue crack growth 
(FCG) in titanium alloys. It was observed that internal hydrogen in Ti-6242S [138] has the largest 
influence on the FCG rate in the low temperature region 290 to 423 K (17-150°C), where hydride 
precipitation is assumed to be the embrittlement mechanism. In the intermediate temperature region 
423 to 673 K (150-400°C), the increase in FCG rate with temperature in hydrogen-charged Ti-
6242S is 35% larger than that of the as received, where hydrogen diffusion is apparently the rate-
controlling process.  

5.4.2 External hydrogen  
Pittinato [139] was the first to report the tensile properties of welded Ti-64 ELI (extra low 

interstitial) forgings in an external hydrogen environment (i.e. hydrogen gas pressures of 14.7 and 
50 psi (≈1 and 3 bar)), where little change was observed in tensile properties. There was, however, a 
slight decrease (≈1-3%) in the tensile properties of those samples tested in hydrogen environments, 
regardless of the additional testing parameters. However, studies by Walter et al. [88] using 
hydrogen pressures around 10,000 psi (≈690 bar) showed that the effect of hydrogen gas was severe 
on notched specimens compared with unnotched Ti-64. It was also reported by Nelson et al. [122, 
123] that external hydrogen severely embrittles α+β alloys under low hydrogen pressures at room 
temperature. This leads to a drastic reduction in ductility in the presence of a notch, compared with 
a smooth specimen, when tested in a high pressure hydrogen environment. In the present work, 
unnotched specimens showed no significant reduction in tensile ductility when tested under a 
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hydrogen pressure of 150 bar, see Figure 1 in Paper II.  
In the present work, it was observed that external hydrogen reduces the LCF life of cast Ti-

64. The observed reduction in fatigue life was significant in high strain ranges between 1 and 2%, 
see Figure 2 in Paper II. In lower strain ranges (<1%) no effect of hydrogen on LCF life was 
found. This was concluded because the LCF life measured in a hydrogen environment was similar 
to that measured in air. Studies performed by Pittinato [139, 117], show that there is an increase in 
the FCG rate of Ti-64 ELI and weld material in the temperature range between ambient and -100°F 
(-37.7°C) in a hydrogen atmosphere. At -200°F (-93.3°C) however, no significant difference 
between the crack growth rates in helium and hydrogen were observed. Later studies by Pao et al. 
[137] in an external gaseous hydrogen atmosphere at pressures less than 400 Pa (≈0.004 bar) did not 
show any increase in the FCG rate of Ti-6242S. However, with internal hydrogen at a level of 530 
ppm the FCG rate increased significantly. Evans et al. [140] studied the effect of a hydrogen 
environment (99.995% purity) on the FCG rate in rolled Ti-64, where it was observed that 
hydrogen gas at a pressure of 1 torr (≈0.001 bar) did not alter the FCG rate. Recently, Ding et al. 
[125] studied the effect of hydrogen gas at 0.245 MPa (≈2.45 bar) on mill-annealed Ti-6Al-4V, 
where a deflection of the crack at R=0.1 was observed, associated with localized brittle fracture of 
the α phase caused by a hydride, which could account for the reduced FCG rate in hydrogen 
compared with air. However, with a higher stress ratio, R=0.5, similar behaviour to that in air was 
observed.  

As mentioned above, it is known that titanium alloys are susceptible to external hydrogen at 
room temperature although the exact mechanism associated with embrittlement has not yet been 
clearly identified. Initial studies by Walter et al. [88] and Williams et al. [91] on Ti-64 showed that 
the degradation in properties in external hydrogen is not associated with the formation of brittle 
hydrides, since there were no signs of the formation of hydrides when titanium interacts with 
hydrogen gas, even at the highest pressures up to 10,000 psi (≈690 bar). In contrast, Nelson et al. 
[123] observed that Ti-64 is susceptible to embrittlement at 1 atm (≈1 bar) hydrogen gas pressure. 
This is mainly attributed to fracture of thin films of brittle hydrides that eventually formed in front 
of the crack. This has been verified by fractographic studies near the fracture surface. Recently, 
studies by Rusli [141] on Ti-811 showed that the primary mechanism for the degradation of 
properties in hydrogen (≈0.1 bar) is cracking of hydrides. In-situ measurements by Shih et al. [107] 
in hydrogen gas up to 26 kPa (≈0.26 bar) using α alloys (Ti-4Al) revealed the possible mechanisms 
that could explain external hydrogen embrittlement. The embrittlement mechanisms observed are 
dependent on stress intensity levels. Shih et al. [107] found repeated formation and cleavage 
fracture of hydrides at low stress intensity levels, and enhancement of the crack through localized 
plasticity at high stress intensities, since the rate at which the hydride could form in front of the 
crack is exceeded [107]. This shows that there is no consistent mechanism that could explain the 
external hydrogen effect, since it depends on a variety of factors. 

The fractographic investigations performed in the present work were not able to establish 
the exact hydrogen embrittlement mechanism responsible for the degradation of mechanical 
properties, especially LCF life at high strains, for cast Ti-64, see Figure 2 in Paper II. The reason 
for this was the difficulty in identifying the crack initiation sites as well as the ability to distinguish 
the crack propagation region in cast Ti-64. In addition, the present study explored the possibility of 
understanding better the LCF life degradation in a hydrogen atmosphere by analysing the 
microstructure along fatigue crack paths, since it is believed that the microstructure has a significant 
effect on hydrogen environmental embrittlement [123]. It was observed that cracks appeared to 
follow the interface at prior β grain boundaries, and/or the interfaces between the α colonies (see 
Figure 6b in Paper II), which is similar to the crack paths found in the specimens tested in air (see 
Figure 6a in Paper II). Hence, from this study it is not yet possible to clarify the dominating 
hydrogen embrittling mechanism.  
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6. Summary of appended papers 
In the present thesis the quest to answer the research questions has resulted in two research 

papers. In this chapter, a summary of the appended papers and the author’s contribution to each are 
given. 
 

6.1 Paper I 
 
Microstructure and Mechanical Behavior of Cast Ti-6Al-4V with Addition of Boron 
R. Pederson, R. Gaddam, M-L. Antti 
 

Paper I discusses the effect of adding small amounts of boron (0, 0.06 and 0.11 wt%) on 
the microstructure and mechanical behaviour of cast Ti-64 alloy. The microstructure is 
quantitatively characterized using an image analysis method (Adobe Photoshop installed with a 
FoveaPro plugin). The methods for quantitative microstructural characterization of titanium alloys 
have been successfully optimized. The results obtained from quantitative characterization show that 
the addition of boron refines the coarse microstructure of cast Ti-64 significantly. Additionally, 
compression testing performed on these alloys at different temperatures and with different strain 
rates showed a significant improvement in room temperature compressive yield strength 
(approximately 15%) when 0.06 wt% B was added to the standard cast Ti-64 alloy. The 
strengthening effect observed originated from the finer microstructure in the boron modified Ti-64 
alloys, which was retained up to 500°C before diminishing as the temperature exceeded 500°C.  
 
Author’s contribution: 
 

The author planned the experiments, performed quantitative microstructural analysis using 
FoveaPro, and conducted the hardness measurements. In addition, the author wrote the 
experimental and results sections of the paper.  
 

6.2 Paper II 
 
Influence of Hydrogen Environment on the Mechanical Properties of Cast and Electron Beam 
Melted Ti-6Al-4V 
Raghuveer Gaddam, Pia Åkerfeldt, Robert Pederson, Marta-Lena Antti 
 

Paper II discusses the influence of an external hydrogen environment on the tensile and 
LCF properties of cast Ti-64. In addition, the properties of material manufactured using the recently 
developed near net shape processing EBM (electron beam melting) are compared with cast Ti-64. 
Tensile tests showed that cast and EBM Ti-64 have lower yield strength and a lower ultimate tensile 
strength in hydrogen compared with air. No significant change in the ductility was observed for any 
of the two materials. From the LCF tests, it was observed that LCF life was significantly reduced 
for cast Ti-64 in hydrogen compared with air in high strain ranges (≈2%). However, there was no 
effect of hydrogen on LCF life in lower strain ranges. It has been noted that the EBM material 
exhibited superior properties to that of as cast material in hydrogen environment. In this paper, 
fractographic analysis could not elucidate the exact reason for the effect of hydrogen on the 
properties. From microstructural analysis of the crack paths it was noted that microstructure plays a 
crucial role in the effect of hydrogen on properties. Comparison of the microstructure and 
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mechanical properties of cast and EBM materials indicates that α colony size is an important 
microstructural parameter. 

 
Author’s contribution 
 
 The author performed microstructural and fractographic analysis, and contributed to the 
analysis and discussion of the results. In addition the author wrote the paper along together with the 
co-authors.  
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7. Conclusions and future work 
 

The objective of the study described was to understand the effects of boron and hydrogen, 
present either within the alloy or in the environment surrounding the alloy, on the microstructure 
and properties of the α+β titanium alloy (Ti-64).  

 
Boron, when present in small amounts (around 0.11wt%), refines the microstructure of cast 

Ti-64 during solidification. Refinement of the microstructure is attributed to the formation of TiB 
precipitates in the melt during solidification, and subsequent restriction of the growth of β grains. 
Microstructural refinement and the presence of TiB contribute to a significant improvement in the 
compressive strength at room temperature, a feature that is retained up to 500°C. Compression 
testing revealed that TiB precipitates crack under stress, primarily because of their brittle nature. 
The brittleness of these TiB particles may restrict the potential use of boron modified alloys in 
aerospace applications. Further investigations into the fatigue and creep properties are required to 
assess the magnitude of this risk.  

 
Mechanical tests performed on cast Ti-64 in a hydrogen environment showed that tensile 

properties such as yield strength and ultimate tensile strength are affected by the presence of high 
pressure (150 bar) gaseous hydrogen. However, no significant change in the tensile ductility 
(reduction of area) was found. With regard to low cycle fatigue (LCF) properties, a significant 
decrease in lifetime in high strain ranges was observed, but not in lower strain ranges. The exact 
mechanism responsible for this effect is not yet understood. A more comprehensive analysis of the 
test data, coupled with additional experimental research is required to establish the mechanisms that 
explain the deleterious effect of hydrogen on mechanical properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



��	�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
�

�

�

 
 
�

�



� �


 

References 
 
1. Donachie, M.J., Titanium: a techinal guide (book). 2000: ASM International. 
2. Hurless, B.E. and F.H. Froes, Lowering the cost of titanium, in The AMPTIAC. 2002. p. 3-9. 
3. Hellman U.L. and  T.C. Tsareff, Development of titanium alloys for cast gas turbine engine 

components. 1971, Air Force Materials Laboratory. p. AFML-TR-71-47. 
4. Lutjering, G. and, J. Williams, Titanium (book). 2003: Springer Verlag. 
5. Leyens, C., Titanium and titanium alloys (book). 2003: VCH Verlagsgesellschaft Mbh. 
6.  Guclu, M., Titanium and titanium alloy castings, in Casting: ASM Handbook. 2008, ASM 

International. p. 1128-1142. 
7. Boyer, R.R., An overview on the use of titanium in the aerospace industry. Materials 

Science and Engineering: A, 1996. 213(1-2): p. 103-114. 
8. Oh, J., et al., Correlation of fatigue properties and microstructure in investment cast Ti-6Al-

4V welds. Materials Science and Engineering: A, 2003. 340(1-2): p. 232-242. 
9. Tamirisakandala, S. and D. Miracle, An overview of titanium alloys modified with boron, in 

Ti-2007 Science and Technology, M. Ninomi, et al., Editors. 2007, The Japan Institute of 
Metals: Japan. p. 737-740. 

10. Tamirisakandala, S., et al., Grain refinement of cast titanium alloys via trace boron 
addition. Scripta materialia, 2005. 53(12): p. 1421-1426. 

11. Sen, I., et al., Microstructural effects on the mechanical behavior of B-modified Ti-6Al-4V 
alloys. Acta Materialia, 2007. 55(15): p. 4983-4993. 

12. Banerjee, S. and P. Mukhopadhyay, Phase transformations: examples from titanium and 
zirconium alloys (book). 2007: Elsevier Science. 

13. Hume-Rothery, W. and G.V. Raynor, The structure of metals and alloys (book). 1962: 
Institute of metals. 

14. Barrett, C.S. and T.B. Massalski, Structure of metals (book). 1966: McGraw-Hill Elmsford. 
15. Jaffee, R.I., The physical metallurgy of titanium alloys. Progress in Metal Physics, 1958. 7: 

p. 65-163. 
16. Moiseyev, V.N., Titanium alloys: Russian aircraft and aerospace applications (book). 

2005: CRC Press. 
17. Collings, E.W., The physical metallurgy of titanium alloys (book). 1984: American Society 

of Metals (ASM). 
18. Weiss, I. and S.L. Semiatin, Thermomechanical processing of alpha titanium alloys - an 

overview. Materials Science and Engineering: A, 1999. 263(3): p. 243-256. 
19. Fray, D.J., Novel Methods for the production of titanium. International Materials Reviews, 

2008. 53(6): p. 317-325. 
20. Piwonka, T.S. and C.R. Cook, Induction melting and casting of titanium alloy aircraft 

components. 1972, Air Force Materials Laboratory (AFML). 
21. Schuyler, D.A., et al., Development of titanium alloy casting technology. 1976, Air Force 

Materials Laboratory (AFML). 
22. Froes, F.H., et al., Cost-affordable titanium: The component fabrication perspective. Journal 

of Metals, 2007. 59(6): p. 28-31. 
23. Reed, S. and J. Narayan, Investment casting of titanium using the induction skull melting 

process, in Aluminium International Today. 2004. 16(3): pp. 7-8. 
24. Suzuki, K., An introduction to the extraction, melting and casting technologies of titanium 

alloys. Metals and Materials Transactions, 2001. 7(6): p. 587-604. 
25. Kobryn, P.A., Casting of titanium alloys. 1996, Wright Laboratory. 
26. Bermingham, M.J., et al., Microstucture of cast titanium alloys. Materials Forum, 2007. 31: 

p. 84-89. 



����

27. Ahmed, T. and H.J. Rack, Phase transformations during cooling in alpha+beta titanium 
alloys. Materials Science and Engineering: A, 1998. 243(1-2): p. 206-211. 

28. Brooks, C.R., Heat treatment, structure and properties of nonferrous alloys (book). 1982. 
American Society for Metals. 

29. Lutjering, G., Influence of processing on microstructure and mechanical properties of 
alpha+beta titanium alloys. Materials Science and Engineering: A, 1998. 243(1-2): p. 32-
45. 

30. Ding, R., et al., Microstructural evolution of a Ti-6Al-4V alloy during thermomechanical 
processing. Materials Science and Engineering: A, 2002. 327(2): p. 233-245. 

31. Nastac, L., et al., Advances in investment casting of Ti-6Al-4V alloy: a review. International 
Journal of Cast Metals Research, 2006. 19(2): p. 73-93. 

32.  Chen, W. and C.J. Boehlert, The elevated-temperature fatigue behavior of boron-modified 
Ti-6Al-4V(wt%) castings. Materials Science and Engineering: A, 2008. 494(1-2): p. 132-
138. 

33. Chong, D., Use of titanium castings without a casting factor. 1992. Wright Laboratory. 
34. Dieter, G.E., Mechanical Metallurgy (book). 1988: McGraw-Hill Book Company. 
35. Rosenberg, H.W., et al., Fracture properties of titanium alloys. Application of fracture 

mechanics for selection of metallic structural materials. 1982, Metals Park, OH: American 
Society for Metals. 

36. Ismarrubie, Z.N. and M. Sugano, Environmental effects on fatigue failure micromechanisms 
in titanium. Materials Science and Engineering: A, 2004. 386(1-2): p. 222-233. 

37. Demulsant, X. and J. Mendez, Influence of environment on low cycle fatigue damage in Ti-
6Al-4V and Ti-6246 titanium alloys. Materials Science and Engineering: A, 1996. 219(1-2): 
p. 201-211. 

38. Schroeder, G., et al., Fatigue crack propagation in titanium alloys with lamellar and bi-
lamellar microstructures. Materials Science and Engineering: A, 2001. 319: p. 602-606. 

39. Peters, M., et al., Titanium alloys for aerospace applications. Advanced Engineering 
Materials, 2003. 5(6): p. 419-427. 

40. ASTM E112-10, Test methods for determining average grain size. ASTM Annual Book of 
Standards, 2011. 03.01.  

41 Tiley, J., et al., Quantification of microstructural features in alpha/beta titanium alloys. 
Materials Scince and Engineering: A, 2004. 372(1-2): p. 191-198. 

42. Searles, T., et al., Rapid characterization of titanium microstructural features for specific 
modelling of mechanical properties. Measurement Science and Technology, 2005. 16: p. 
60-69. 

43.  ASTM- E0008, Test Methods for Tension Testing of Metallic Materials. ASTM Annual 
Book of Standards, 2011. 03.01.  

44. ASTM- E0606, Practice for Strain-Controlled Fatigue Testing. ASTM Annual Book of 
Standards, 2011. 03.01. 

45. Michael J.M., et al., Fracture surface analysis. Advanced Materials & Processes, 2007. 
December: p. 21-23. 

46.  Bermingham, M.J., et al., Grain-refinement mechanisms in titanium alloys. Journal of 
Materials Research, 2008. 23(1): p. 97-104. 

47. Bermingham, M.J., et al., The mechanism of grain refinement of titanium by silicon. Scripta 
Materialia, 2008. 58(12): p. 1050-1053. 

48. Bermingham, M.J., et al., Effects of boron on microstructure in cast titanium alloys. Scripta 
Materialia, 2008. 59(5): p. 538-541. 

49. Bermingham, M.J., et al., Beryllium as a grain refiner in titanium alloys. Journal of Alloys 
and Compounds, 2009. 

50. Quested, T.E. and A.L. Greer, Grain refinement of Al alloys: Mechanisms determining as-
cast grain size in directional solidification. Acta Materialia, 2005. 53(17): p. 4643-4653. 



� ��

51. StJohn, D.H., et al., Grain refinement of magnesium alloys. Metallurgical and Materials 
Transactions: A, 2005. 36(7): p. 1669-1679. 

52. Palty, A.E., et al., Titanium-Nitrogen and Titanium-Boron Systems. Transactions of 
American Society for Metals, 1954: p. 312. 

53. Ogden, H. and R. Jaffee, Titanium-Boron Alloys. Journal of Metals, 1951. 3: p. 335-336. 
54. Inouye, H., et al., Boron-induced toughness loss in Ti-6A1-2Nb-1Ta-0. 8Mo. 1984, Oak 

Ridge National Lab. 
55. Gorsse, S. and D.B. Miracle, Mechanical properties of Ti-6Al-4V/TiB composites with 

randomly oriented and aligned TiB reinforcements. Acta Materialia, 2003. 51(9): p. 2427-
2442. 

56. Chandran, R., et al., TiBw-reinforced Ti composites: processing, properties, application 
prospects, and research needs. Journal of Metals, 2004. 56(5): p. 42-48. 

57. Tamirisakandala, S., et al., Powder metallurgy Ti-6Al-4V-xB alloys: Processing, 
microstructure, and properties. Jpurnal of Metals, 2004. 56(5): p. 60-63. 

58. Zhu, J., et al., Influence of boron addition on microstructure and mechanical properties of 
dental cast titanium alloys. Materials Science and Engineering: A, 2003. 339(1-2): p. 53-62. 

59. Bilous, O., et al., Effect of boron on the structure and mechanical properties of Ti-6Al and 
Ti-6Al-4V. Materials Science & Engineering: A, 2005. 402(1-2): p. 76-83. 

60. Roy, S., et al., Development of solidification microstructure in boron-modifiedalloy Ti-6Al-
4V-0.1B. Acta Materialia, 2011. 59(14): p. 5494-5510. 

61. Sen, I., et al., Micromechanisms of damage in a hypereutectic Ti-6Al-4V-B Alloy. Materials 
Science and Engineering: A, 2009. 518(1-2): p. 162-166. 

62. Boehlert, C.J., et al., In situ scanning electron microscopy observations of tensile 
deformation in a boron-modified Ti-6Al-4V alloy. Scripta Materialia, 2006. 55(5): p. 465-
468. 

63. Schwendiman, K.A., Critical life prediction research on boron-enhanced Ti-6A1-4V, M.S 
thesis in Department of Aeronautics and Astronautics. 2007, Air Force Institute of 
Technology: Ohio. p. 143. 

64. Sen, I., et al., Fatigue in Ti-6Al-4V-B alloys. Acta Materialia, 2010. 58: p. 6799-6809. 
65. Srinivasan, R., et al., Direct rolling of as-cast Ti-6Al-4V modified with trace additions of 

boron. Materials Science and Engineering: A, 2008. 487(1-2): p. 541-551. 
66. Ivasishin, O.M., et al., Processing, microstructure, texture, and tensile properties of the Ti-

6Al-4V-1.55B eutectic alloy. Metallurgical and Materials Transactions: A, 2008. 39(2): p. 
402-416. 

67. Murray, J.L., et al., The B-Ti (Boron-Titanium) system. Bulletin of Alloy Phase Diagrams. 
1986. p. 550-555. 

68. Hyman, M.E., et al., Microstructure evolution in TiAl alloys with B-additions - conventional 
solidification. Metallurgical and Materials Transactions: A, 1989. 20(9): p. 1847-1859. 

69. Ogden, H. and R. Jaffee, The Effects of Carbon, Oxygen, and Nitrogen on the Mechanical 
Properties of Titanium and Titanium Alloys. 1955, TML-20, Battelle Memorial Inst. 
Titanium Metallurgical Lab., Columbus, Ohio. 

70. Tamirisakandala, S., et al., Effect of boron on the beta transus of Ti-6Al-4V alloy. Scripta 
materialia, 2005. 53(2): p. 217-222. 

71. Tamirisakandala, S., et al., Titanium alloyed with boron. Advanced Materials and Processes, 
2006. 164(12): p. 41-43. 

72. Decker, B.F. and J.S. Kasper, The crystal structure of TiB. Acta Crystallographica, 1954. 7: 
p. 77. 

73. Panda, K.B. and K.S.R. Chandran, Synthesis of ductile titanium-titanium boride (Ti-TiB) 
composites with a beta-titanium matrix: The nature of TiB formation and composite 
properties. Metallurgical and Materials Transactions: A, 2003. 34A(6): p. 1371-1385. 



����

74. Panda, K.B. and K.S.R. Chandran, First principles determination of elastic constants and 
chemical bonding of titanium boride (TiB) on the basis of density functional theory. Acta 
Materialia, 2006. 54(6): p. 1641-1657. 

75. Likhachev, V.A., et al., Influence of boron on the mechanism of plastic deformation and 
rupture of α Titanium alloys. Fiz. Metal. metalloved., 1979. 47(4): p. 834-842. 

76. Hill, D. et al., Formation of equiaxed alpha in TiB reinforced Ti alloy composites. Scripta 
Materialia, 2005. 52(5): p. 387-392. 

77. Cheng, T.T., The mechanism of grain refinement in TiAl alloys by boron addition - an 
alternative hypothesis. Intermetallics, 2000. 8(1): p. 29-37. 

78. Cherukuri, B., et al., The influence of trace boron addition on grain growth kinetics of the 
beta phase in the beta titanium alloy Ti-15Mo-2.6Nb-3Al-0.2Si. Scripta Materialia, 2009. 
60(7): p. 496-499. 

79. McEldowney, D.J., et al., Heat-treatment effects on the microstructure and tensile 
properties of powder metallurgy Ti-6Al-4V alloys modified with boron. Metallurgical and 
Materials Transactions: A, 2010. 41(4): p. 1003-1015. 

80. Chandravanshi, V.K., et al., Effect of minor additions of boron on microstructure and 
mechanical properties of as-cast near alpha titanium alloy. Metallurgical and Materials 
Transactions: A, 2010. 41(4): p. 936-946. 

81. Tamirisakandala, S., et al., Processing, microstructure, and properties of beta titanium 
alloys modified with boron. Journal of Materials Engineering and Performance, 2005. 14(6): 
p. 741-746. 

82. Chen, W. and C.J. Boehlert, The 455°C tensile and fatigue behavior of boron-modified Ti-
6Al-2Sn-4Zr-2Mo-0.1 Si (wt%). International Journal of Fatigue, 2010. 32(5): p. 799-807. 

83. Chandravanshi, V.K., et al., Effect of boron on microstructure and mechanical properties of 
thermomechanically processed near alpha titanium alloy (Ti-1100), Journal of Alloys and 
Compounds, 2011. 509: p. 5506–5514. 

84.  Sen, I. and U. Ramamurty, High-Temperature (1023 K to 1273 K [750° C to 1000° C]) 
Plastic Deformation Behavior of B-Modified Ti-6Al-4V Alloys: Temperature and Strain 
Rate Effects. Metallurgical and Materials Transactions A, 2010. 41(11): p. 1-11. 

85. Cowen, C.J. and C.J. Boehlert, Microstructure, Tensile, and Creep Behavior of Boron-
Modified Ti-15Al-33Nb (at.%). Metallurgical and Materials Transactions: A, 2008. 39(2): p. 
279-293. 

86. Boehlert, C.J., The creep behavior of powder-metallurgy processed Ti-6Al-4V-1B(wt%). 
Materials Science and Engineering: A, 2009. 510-511(C): p. 434-439. 

87. Williams, D.N., Report on hydrogen in titanium and titanium alloys. 1958, Battelle 
Memorial Institute. 

88. Walter, R.J. and T. Chandler, Effects of high pressure hydrogen on metals at ambient 
temperature 1969, Rocketdyne: California, USA. 

89. Nelson, H.G., Hydrogen embrittlement, in treatise on materials science and technology, 
C.L. Briant and S.K. Banerji, Editors. 1983, Academic press. p. 275-359. 

90. Völkl, J. and G. Alefeld, Diffusion of hydrogen in metals, in Hydrogen in Metals I. 1978. p. 
321-348. 

91. Williams, D.N., et al., The reaction of titanium with hydrogen gas at ambient temperatures 
Journal of The Less-Common Metals, 1969. 19(4): p. 385-398. 

92. Wipf, H., et al., Hydrogen diffusion in titanium and zirconium hydrides. Journal of Alloys 
and Compounds, 2000. 310(1-2): p. 190-195. 

93. Papazoglou, T.P. and M.T. Hepworth, The diffusion of hydrogen in titanium. Trans. Met. 
Soc. AIME, 1968. 242(4): p. 682-685. 

94. Sevilla, E.H. and R.M. Cotts, Tracer diffusion coefficients of hydrogen at high 
concentration in b.c.c. host metal lattices. Journal of the Less Common Metals, 1987. 129: 
p. 223-228. 



� �

95. Weimin, G., et al., Thermodynamics approach to the hydrogen diffusion and phase 
transformation in titanium particles. Journal of Alloys and Compounds, 2011, 509: p. 2523–
2529. 

96.  Madina, V. and I. Azkarate, Compatibility of materials with hydrogen. Particular case: 
Hydrogen embrittlement of titanium alloys. International Journal of Hydrogen Energy, 2009. 
34(14): p. 5976-5980. 

97. Pederson, R., et al., Use of high temperature X-ray diffractometry to study phase transitions 
and thermal expansion properties in Ti-6Al-4V. Materials science and technology, 2003. 
19(11): p. 1533-1538. 

98. Tal-Gutelmacher, E. and D. Eliezer, The hydrogen embrittlement of titanium-based alloys. 
Journal of Metals, 2005. 57(9): p. 46-49. 

99. Fishgoit, A.V. and T.V. Ivanova, A method for determination of the diffusion coefficient of 
hydrogen in titanium alloys by chemical etching. Materials Science, 1998. 34(4): p. 567-
573. 

100. Hack, J. and G. Leverant, The influence of microstructure on the susceptibility of titanium 
alloys to internal hydrogen embrittlement. Metallurgical and Materials Transactions: A, 
1982. 13(10): p. 1729-1738. 

101. Paton, N.E. and J.C. Williams, Effect of hydrogen on titanium and its alloys, in Hydrogen in 
metals. 1974. p. 409-431. 

102. Manchester, F. D. and A. San-Martin, Phase Diagrams of Binary Hydrogen Alloys. 
Manchester, F. D. editor, 2000. ASM International, Materials Park, OH: p. 238-258. 

103. Vitt, R. and K. Ono, Hydrogen solubility in alpha titanium. Metallurgical and Materials 
Transactions: B, 1971. 2(2): p. 608-609. 

104. Shih, D.S. and H.K. Birnbaum, Evidence of FCC titanium hydride formation in [beta] 
titanium alloy: An X-ray diffraction study. Scripta Metallurgica, 1986. 20(9): p. 1261-1264. 

105. Bourret, A., et al., In-situ high resolution observation of hydride precipitation in titanium. 
Scripta Metallurgica, 1986. 20(6): p. 861-866. 

106. Numakura, H. and M. Koiwa, Hydride precipitation in titanium. Acta Metallurgica, 1984. 
32(10): p. 1799-1807. 

107. Shih, D.S., et al., Hydrogen embrittlement of alpha titanium: In situ TEM studies. Acta 
Materialia, 1988. 36(1): p. 111-124. 

108. Tal-Gutelmacher, E. and D. Eliezer, High fugacity hydrogen effects at room temperature in 
titanium based alloys. Journal of Alloys and Compounds, 2005. 404-406(SPEC. ISS.): p. 
613-616. 

109. Louthan, M., Hydrogen Embrittlement of Metals: A Primer for the Failure Analyst. Journal 
of Failure Analysis and Prevention, 2008. 8(3): p. 289-307. 

110  Williams, D.N., The hydrogen embrittlement of titanium alloys. Journal of Institute of 
Metals, 1962-63. 91: p. 185-190 

111. Alvarez, A.M., et al., Hydrogen embrittlement of a metastable beta-titanium alloy. Acta 
Materialia, 2004. 52(14): p. 4161-4175. 

112. Birnbaum, H.K. and P. Sofronis, Hydrogen-enhanced localized plasticity - a mechanism for 
hydrogen-related fracture. Materials Science and Engineering: A, 1994. 176(1-2): p. 191-
202. 

113. Lynch, S.P., Environmentally assisted cracking: Overview of evidence for an adsorption-
induced localised-slip process. Acta Metallurgica, 1988. 36(10): p. 2639-2661. 

114. Nelson, H.G., Testing for hydrogen environment embrittlement: Primary and secondary 
influences, in Hydrogen embrittlement testing: a symposium presented at the seventy-fifth 
annual meeting, American Society for Testing and Materials, Los Angeles, Calif., 25-30 
June 1972. 1974, ASTM International. p. 152-169. 

115. Gray, H.R., Testing for hydrogen environment embrittlement: Experimental variables, in 
Hydrogen embrittlement testing: a symposium presented at the seventy-fifth annual meeting, 



����

American Society for Testing and Materials, Los Angeles, Calif., 25-30 June 1972. 1974, 
ASTM International. p. 133-151. 

116. Beevers, C.J., et al., Fracture of titanium-hydrogen alloys. Journal of the Less Common 
Metals, 1968. 14(4): p. 387-396. 

117. Pittinato, G.F., Hydrogen-enhanced fatigue crack growth in Ti-6Al-4V ELI weldments 
Metallurgical and Materials Transactions: B, 1972. 3(1): p. 235-243. 

118. Williams, D.N., Effects of hydrogen in titanium alloys on subcritical crack growth under 
sustained load. Materials Science and Engineering: A, 1976. 24(1): p. 53-63. 

119. Pao, P.S. and J.E. O'Neal, Hydrogen-enhanced fatigue crack growth in Ti-6242S. Journal of 
Nuclear Materials, 1984. 123(1-3): p. 1587-1591. 

120. Tal-Gutelmacher, E. and D. Eliezer, Hydrogen cracking in titanium-based alloys. Journal of 
Alloys and Compounds, 2005. 404-406: p. 621-625. 

121. Williams, D.P. and H.G. Nelson, Gaseous hydrogen-induced cracking of Ti-5Al-2.5Sn. 
Metallurgical and Materials Transactions: A, 1972. 3(8): p. 2107-2113. 

122. Nelson, H.G., et al., Environmental hydrogen embrittlement of an alpha-beta titanium alloy: 
effect of hydrogen pressure. Metallurgical and Materials Transactions: B, 1973. 4(1): p. 364-
367. 

123. Nelson, H.G., et al. Environmental hydrogen embrittlement of an alpha-beta titanium alloy: 
effect of microstructure. Metallurgical and Materials Transactions: B, 1972. 3(2): p. 473-
479. 

124.  Briant, C.L., et al., Hydrogen embrittlement of commercial purity titanium. Corrosion 
Science, 2002. 44: p. 1875–1888. 

125. Ding, Y.S., et al., The effects of hydrogen on fatigue crack growth behaviour of Ti-6Al-4V 
and Ti-4.5 Al-3V-2Mo-2Fe alloys. Corrosion Science, 2009. 51: p. 1413-1419. 

126. Lenning, G. A., et al., Constitution and mechanical properties of titanium-hydrogen alloys. 
Trans. Met. Soc. AIME, 1954. March: p. 367-376. 

127. Ripling, E.J., Hydrogen embrittlement of a commercial alpha-beta titanium alloy. Journal of 
Metals, Transactions AMIE, 1957. 206: p. 502-503 

128. Hardie, D. and Ouyang, S., Effect of hydrogen and strain rate upon the ductility of mill-
annealed Ti-6A1-4V. Corrosion Science, 1999, 41(1): p. 155-177. 

129. Gerland, M., et al., Deformation and damage mechanisms in an alpha/beta 6242 Ti alloy in 
fatigue, dwell-fatigue and creep at room temperature: Influence of internal hydrogen. 
Materials Science and Engineering: A, 2009. 507(1-2): p. 132-143. 

130. Gu, J. and Hardie, D., Effect of hydrogen on the tensile ductility of Ti-6Al-4V. Part I: 
Orientation effects in slow straining. Journal of Materials Science, 1997. 32(3): p. 603-608. 

131.     Yuan, B. G., et al., Influence of hydrogen content on tensile and compressive properties of 
Ti-6Al-4V alloy at room temperature, Materials Science and Engineering: A, 2010, 527, p.               
4185–4190. 

132. Yuan, B.G., et al., Effect of hydrogen on fracture behavior of Ti-6Al-4V alloy by in-situ 
tensile test. International Journal of Hydrogen Energy, 2010. 35(4): p. 1829-1838. 

133. Hoeg, H., et al., Effect of hydrogen on the fracture properties and microstructure of Ti-6A-
4V, Metal Science, 1980. February: p. 50-56. 

134.  Berger, L.W., et al., Trans TMS-AIME, 1958, 212: p. 509. 
135. Beevers, C.J., Fatigue behaviour of alpha-titanium and alpha- titanium-hydrogen alloys, in 

The Science, Technology, and Application of Titanium., R. Jaffee, Editor. 1970, Pergamon 
Press. p. 535-543. 

136.  Kolachev, B. A., et al., Effect of hydrogen on fatigue resistance of VT6Ch titanium alloy. 
Materials Science, 2000. 36(4): p. 550-555. 

137. Pao, P., et al., Hydrogen-assisted fatigue crack growth in beta-annealed Ti-6Al-4V. Scripta 
Materialia, 1998. 40(1): p. 19-26. 

138. Pao, P., et al., Hydrogen-enhanced fatigue crack growth in Ti-6242S. Journal of Nuclear 
Materials, 1984. 122 & 123: p. 1587-1591. 



� ��

139. Pittinato, G.F., The effect of a hydrogen environment on the mechanical properties of forged 
Ti-6Al-4V ELI weldments. 1969, DAC. 

140. Evans, W., et al., Environmental interactions with fatigue crack growth in alpha/beta 
titanium alloys. International Journal of Fatigue, 1997. 19(93): p. 177-182. 

141. Rusli, R.H., Role of hydrogen environment induced hydrogen embrittlement of Ti-8Al-1Mo-
2V alloy. Materials Science and Engineering: A, 2008. 494(1-2): p. 143-146. 

 
 
 
 
 



����

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



� ��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

Paper I 
 
R. Pederson, R. Gaddam, M-L. Antti, Microstructure and Mechanical Behavior of Cast Ti-6Al-4V 
with Addition of Boron, submitted to Central European Journal of Engineering, July 2011. 
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



��	�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



� �
�

�

Microstructure and Mechanical Behavior of Cast Ti-6Al-4V with Addition of Boron 
 

R. Pedersona,b, R. Gaddama, M-L. Anttia 
aDivision of Materials Science, Luleå University of Technology, S-97187 Luleå, Sweden 

bDepartment of Materials Technology, Volvo Aero Corporation, S-46181 Trollhättan, Sweden 
 

 
Abstract 

The effect of boron (between 0.06 and 0.11 wt%) on the microstructure, hardness and compression 
properties of cast Ti-6Al-4V was investigated. Compression properties were examined in the 
temperature range from room temperature to 1000ºC. It was found that the addition of boron refines the 
as-cast microstructure in terms of prior beta grain size and alpha colony size. This microstructural 
refinement led to an increase in compressive yield strength from room temperature up to 700ºC. Three 
different strain rates (0.001, 0.1 and 1 s-1) were evaluated during compression testing from which it was 
found that the compressive yield strength decreased with decreasing strain rate from 600ºC up to the 
beta transus temperature. 
 
Keywords: Boron, Microstructure, Hardness, Ti-6Al-4V, Quantitative Metallography, Hot compression 
testing 
 
1. Introduction 
 
Titanium and its alloys are used in a wide range of structural applications: in the marine and chemical 
industries because of their high corrosion resistance in different environments [1]; in the biomedical 
industry for orthopaedic implants because of their biocompatibility [2]; and in the aerospace industry 
for components such as disks, blades, spools and shafts in aeroengines because of their high specific 
strength-to-weight ratio and high creep strength [3,4].  
 
Low statically stressed titanium alloy parts in aeroengines are usually manufactured from cast material, 
but for more highly stressed and dynamically loaded components the wrought form of the materials are 
used [3]. The improved mechanical properties in wrought titanium alloys, compared with cast materials, 
arise from the additional thermomechanical processing steps that provide a combination of deformation 
and recrystallization, which leads to a refinement of the initially coarse microstructure and thus 
improved mechanical properties. However, these additional thermomechanical processing steps add 
extra cost to the final product. Therefore there is significant interest from aeroengine component 
manufacturers to improve current thermomechanical processes and/or limit the number of necessary 
thermomechanical steps used in today’s manufacturing chains, whilst retaining or improving the 
mechanical properties. 
 
In recent years it has been observed that the addition of alloying elements such as boron (≈ 2 wt%) 
[5,6], silicon (≈ 4 wt%) [7] and beryllium (≈ 0.2 wt%) [8] refines the microstructure of cast titanium 
alloys. This could reduce the number of secondary thermomechanical processing steps necessary for 
producing the required microstructure and mechanical properties, resulting in a reduction in the overall 
cost of the finished products. Microstructural refinement enhances tensile properties, and in the case of 
boron addition improves ductility, as well as fatigue strength both at room temperature and at elevated 
temperature [9-14]. 
  
The aim of the present work is to investigate how the addition of boron to cast Ti-6Al-4V affects the 
microstructure and mechanical properties at ambient and high temperatures. This involves quantitative 
characterization of important microstructural features in cast Ti-6Al-4V, such as prior β grains, α 
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colonies and α plates/lamellae. The correlation of the microstructural features with hardness and 
compression properties is investigated here. For comparison, standard cast Ti-6Al-4V material was used 
as a reference material.  
 
2. Experimental methods: 
 
2.1 Materials 
Induction skull melted rod-like ingots, with dimensions 150 x 120 mm, of as cast Ti-6Al-4V (hereafter 
called Ti-64) and with different boron concentrations (0, 0.06 0.11 wt%) were obtained from Titanium 
Castings Ltd, UK for this study. The chemical compositions are shown in Table 1. Boron was added in 
the form of TiB2 particles of size between 1.7-5 mm. After casting, the ingots were hot isostatically 
pressed (HIP) at 900ºC at 100 MPa for 2 hours. 
 
After HIP, a 10 mm thick section was cut from each ingot for microstructural investigation, see Fig. 
1(a). Rods of diameter 6 and 8 mm of various lengths were machined from the ingot for hot 
compression testing along the radial direction as shown schematically in Fig. 1(b). From each slice in 
Fig 1(b) six different samples were removed along the radial direction, as shown in Fig. 1(c), where 
cross-sections 1, 3 and 6 were chosen for initial microstructural characterization. 
  
Table 1. Chemical compositions (in wt%) of cast Ti-64 alloy and its variants investigated in the current 
work. 
�

Alloy Al V B O Fe C N H Y Ti 
Ti-64 6.16 4.04 <0.001 0.20 0.20 0.010 0.002 <0.001 <0.001 Bal. 
Ti-64-
0.06B 6.24 4.06 0.06 0.19 0.18 0.012 0.003 <0.001 <0.001 Bal. 

Ti-64-
0.11B 6.18 4.02 0.11 0.24  0.19 0.007 0.004 <0.001 <0.001 Bal. 

 
2.2 Microstructural characterization 
The samples before and after hot compression testing were metallographically prepared using the three-
step polishing method proposed by Vanderfort for titanium alloys, which involved coarse grinding, 
intermediate and final polishing [14]. The etching procedure used to reveal the microstructures was 
carried out in two steps: 1) immersion of the samples for 60 seconds in ammonium bifluoride (ABF), 
which consists of 1 g NH4FHF + 99 ml H2O to reveal the α/β colonies; 2) immersion of the samples in 
Kroll’s reagent (2 ml HF + 4 ml HNO3 + 94 ml H2O) for 15 seconds to reveal α lamellae and grain 
boundary α. 
 
The specimens were characterized by using a light optical microscope (Olympus Vanox-T AH-2) and a 
scanning electron microscope (Jeol JSM-6460 LV). Scanning electron micrographs were obtained using 
both secondary electron imaging (SEI) and back scattered electron imaging (BSE). Quantitative 
analysis was performed using image based processing techniques employing Adobe Photoshop CS4 
Extended Version 11.0.1 coupled with commercial plug-in FoveaPro® 5.0 software developed by 
Reindeer Graphics, USA [16]. In addition, quantitative microstructural techniques developed by Tiley 
and co-workers for titanium alloys, described elsewhere [17-19], were used for different fields of view 
on the sample cross-sections. 
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Fig. 1. Schematic illustration of samples used for microstructural characterisation: (a) ingot slice; (b) 
location and position of the specimens that were removed from the ingot slice and used for 
metallographic examination; (c) the specimens in (b) were divided into six areas with area designations 
as 1-edge, 3-middle, and 6-center, with respect to the ingot.  
 
2. 3 Hardness measurements 
Hardness measurements were performed on as received materials using a Vickers indenter. In macro 
hardness testing, a load of 5 kg for 30 seconds was employed, and in the micro hardness measurements 
a test load of 300 g for 15 seconds was used. 
 
2.4 Hot compression testing 
Compression tests were performed using Gleeble 1500 thermomechanical testing equipment with 
lengthwise strain control. The test specimens were placed between two tungsten carbide anvils, which 
were coated with a film of tantalum to prevent sticking and minimize friction. Resistance heating of the 
specimens was used to attain the desired temperatures, which also permits rapid heating/cooling rates. 
Prior to deformation, specimens were heated at a rate of 20°C/s to the desired test temperature after 
which a holding time of approximately 3 minutes was applied in order to be able to make a few 
adjustments of the control system as well as to ensure a homogenous temperature distribution 
throughout the specimen. After compression, the specimens were furnace cooled in air to room 
temperature. The temperature was measured using a Pt/Pt-Rh thermocouple, which was welded onto the 
surface at the mid-height of the cylindrical specimens. The tests were performed in an evacuated 
chamber (0.013 kPa) to minimize α-case formation. The samples were deformed to 10% compressive 
strain with strain rates of 0.001, 0.01 and 1 s-1. These tests were performed at different temperatures 
from room temperature to 1000°C. During the testing sequence axial compression force, axial 
displacement and displacement rate, and temperature were registered. Cylindrical specimens of 6 x 8 
mm and 8 x 10 mm (diameter x length) were machined from the standard Ti-64 and boron added Ti-64 
ingots along the radial direction. The smaller diameter specimens were used for tests at lower 
temperatures, whereas the larger diameter specimens were used for tests at higher temperatures. 
 
3. Results  
 
3. 1 Microstructural characterization of as received material 
The large prior beta grains in the as received cast Ti-64 comprise α colonies and α lamellae as shown in 
Fig. 2(a-b), also known as a Widmanstätten type of microstructure. The optical and scanning electron 
microscopy (SEM) analysis of the materials after addition of boron showed significant grain refinement, 
Fig. 3. TiB precipitates are present in the form of needles, which are preferentially observed along the 
prior β grain boundaries, see Fig. 3(e-f), Fig. 4(a) and Fig. 4(b). However, it was also observed that TiB 
precipitates are present within the prior β grains, see Fig. 4(c).  



�	��

 

 
 
Fig. 2. (a) Optical micrograph of cast Ti-64 showing part of a prior β grain and α colonies. (b) 
Secondary electron micrograph of cast Ti-64 showing α laths and grain boundary α. 
 
The observed refinement of the microstructure caused by the boron addition was quantitatively 
evaluated: the prior β grain size decreased from approximately 1700 to 200 μm (Fig. 3(a-f)). This 
reduction in prior β grain size led to a shortening of the α laths and thus a reduction in the size of the α 
colonies, as seen in Fig. 5 and Table 2. It was also observed that the volume fraction of β decreased 
with the addition of boron. However, the volume fraction of α, the thickness of the individual α laths as 
well as the grain boundary α, were all found to increase with increasing boron content.  
 

 
 
Fig. 3. Optical and SEM micrographs of (a, d) Ti-64, (b, e) Ti-64-0.06B and (c, f) Ti-64-0.11B alloys. 
In (d-f) the α phase is gray, the β phase is white, and the TiB is dark gray. 
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Fig. 4. SEM micrographs showing the location and morphology of TiB precipitates in boron modified 
Ti-64 alloys. Micrograph (a) shows the TiB particles along prior beta grain boundaries, (b) shows a 
cross section of TiB needles, and (c) shows a TiB particle lying within a prior β grain crossing several 
individual alpha laths. �

 
 
Fig. 5. Results from quantitative measurements of selected microstructural features in cast Ti-64 with 
varying boron content.�
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Table 2. Summary of quantitative metallography of microstructural features  
�

Microstructural feature Ti-64 Ti-64-0.06B Ti-64-0.11B 

Volume fraction of β phase, % 17.1 ± 3.8 15.5 ± 2.8 13.5 ± 2.8 

Volume fraction of α phase, % 82.9 84.5 86.5 

Thickness of α lath, µm 2.7 ± 1.11 4.02 ± 1.25 3.90 ± 1.25 

Length of α lath, µm/µm3 0.12 ± 0.05 0.05 ± 0.02 0.09 ± 0.02 

Alpha colony size, µm 250.4 ± 150.2 53.4 ± 3.0 23.4 ± 3.0 

Thickness of grain boundary α, µm 4.7 ± 1.5 6.8 ± 2.2 7.0 ± 2.2 

�

3.2 Hardness 
Micro- and macro hardness values for the examined alloys are given in Table 3. Each value in the table 
is the average value of 54 measurements. The results indicate that both the micro- and the macro 
hardness of Ti-64 increase with addition of B. The reason for this is the significantly finer 
microstructure in the boron modified materials. This also agrees well with findings of others where it 
has been found that both the Young’s modulus and the yield strength increase in boron modified 
titanium alloys resulting from grain refinement [10-11, 20]. 
 

Table 3. Micro- and macro hardness results in as received conditions 
�

Alloy Micro hardness (HV) Macro hardness (HV) 
Ti-64 323 ± 33 323 ± 32 

Ti-64-0.06B 335 ± 20 350 ± 19 
Ti-64-0.11B 337 ± 25 353 ± 21 

 
3.3 Hot compression 
Fig. 6 shows the true stress-strain curves from the hot compression testing of Ti-64-0B, Ti-64-0.06B 
and Ti-64-0.11B tested with a strain rate of 0.001 s-1. Similar results were obtained for strain rates of 0.1 
and 1 s-1

. 
 
Microstructural examination performed on samples tested at elevated temperature revealed deformation 
zones with bent alpha laths, see Fig. 7. In addition, it was also found that TiB needles located in these 
deformation zones were fractured, forming cavitations in the alloy matrix. This was found in samples 
tested at all temperatures and for all strain rates, see Fig. 8. 
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Fig. 6. True stress-strain curves for Ti-64 and the two variants with B, tested at different temperatures 
and with a strain rate of 0.001 s-1. 

 
 

Fig. 7. SEM images of (a) Ti-64, (b) Ti-64-0.06B, (c) Ti-64-0.11B, compression tested at 700ºC with a 
strain rate of 0.001 s-1. 
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Fig. 8. SEM image of the microstructure in a Ti-64-0.06B sample compression tested at 500ºC with a 
strain rate of 0.001 s-1. Here a fractured TiB particle can be seen, forming cavities within the matrix 
material.  
 
The true stress-strain curves obtained for a strain rate of 0.001 s-1 showed that the compressive yield 
strength (σy at 0.2% strain) at room temperature increased significantly when boron was added to Ti-64, 
see Fig. 6. This effect decreased with increasing temperature and diminished at temperatures exceeding 
600ºC. The variation of compressive yield strength with temperature for the different strain rates is 
shown in Fig. 9. Here it can be seen that the yield strength appears to be independent of strain rate in the 
lower temperature region (<600ºC), but from 600ºC and higher the lowest strain rate shows a lower 
compressive yield strength than that measured for the two higher strain rates. 
 

 
 
Fig. 9. Variation of compressive yield strength (σy at 0.2% strain) with temperature for different strain 
rates. 
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4 Discussion 
 
4.1 Microstructure 
Addition of boron to the material results in smaller beta grains, smaller alpha colonies, shorter but 
thicker alpha plates, and thicker alpha along the prior beta grain boundaries. This microstructural 
refinement, found in the Ti-64 variants with boron addition, agrees well with the findings of others 
[5,6,11-13]. The hypothesis behind the observed grain refinement is similar to that proposed by 
Tamiraskandala et al [5], in which the boron contributes to the grain refinement during solidification in 
two steps: 1) inoculation of titanium β phase nuclei and 2) its growth restriction on further cooling 
because of the boron rich layer formed around the β grain boundaries. During solidification, when the 
temperature drops below the solidus temperature there is a eutectic reaction taking place in which the 
remaining liquid transforms to solid β phase and TiB forms at the β grain boundaries. During cooling 
down from the high temperature regimen the TiB particles then restricts the grain growth of the β 
grains. When the temperature drops below the beta transus for the material the β phase starts 
transforming to α phase. Under certain cooling conditions the first α phase that forms lies along the β 
grain boundaries, therefore it is called grain boundary α. This grain boundary α then coexists with the 
already existing TiB particles. The smaller β grain size, as found in the boron modified materials, 
provides an increased grain boundary area per volume of material. This increase in beta grain boundary 
area provides an increased number of nucleation sites for α phase along the beta grain boundaries [6]. 
However, since the β grain size limits the maximum α colony size, the smaller β grains found in the 
boron modified Ti-64 alloys leads to decreased α colony size, as indicated in the results shown in Fig. 5.  
 
In accordance with the hypothesis of how the TiB particles are formed, the TiB needles should lie along 
the prior β grain boundaries and this was also observed in the current work, see Fig. 3(e-f). However, in 
some areas the TiB precipitates were also found to lie within the prior β grains as seen in Fig. 4(c) 
mainly inside the α colonies bisecting several α laths. The reason for this is not yet completely 
understood, but since the initial size of the TiB2 particles added to the melt was on the order of mm and 
the size of the TiB precipitates found in the different alloys after casting were all on the order of μm, it 
is reasonable to expect that the initial TiB2 particles were completely dissolved into the liquid metal 
during the melting process, and then nucleated and precipitated as new solid particles during the 
solidification and cooling process. During the final stage of the melting process, when the metal 
solidifies, some regions of the material could be cooled with such a rate that some TiB particles 
precipitate within the beta grains rather than at a grain boundary. 
 
The size distribution of the colonies and alpha laths were less scattered in the boron modified Ti-64 
materials than in the standard Ti-64, which is indicated by shorter error bars in Fig. 5. The reason why 
these features are more uniform in size in the boron modified Ti-64 is because of the reduced prior β 
grain size, see Fig. 3(a-c). However, alpha lath thickness and grain boundary alpha were both found to 
increase in size with boron addition, as shown in Fig. 5; this was also observed by Sen et al. [12] for 
similar material. This increase in grain boundary alpha thickness probably arises from the alpha 
stabilizing effect of boron, which increases the total volume fraction of alpha phase [21], as shown in 
Table 2. 
 
The deformation mechanisms are rather complex in Ti-64 as they depend on parameters such as 
temperature, strain rate and also on material state in terms of microstructure of the starting material [22-
28]. It is well documented for Ti-64 alloys that the softening mechanisms operating at low temperatures 
(≤600ºC) are strain hardening and dynamic recovery. At higher temperatures (700-1000ºC) 
globularization of alpha laths, which is an indication of dynamic recrystallisation (DRX), and bending 
of alpha laths are the dominant deformation related phenomena in Ti-64 with a lamellar structure 
comprising alpha colonies [26, 29-32].  
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The microstructure in the compression tested materials in the lower temperature region (≤600ºC) did not 
show any change in or transformation of the microstructure as compared with the initial microstructure. 
This means that the grain refinement effect on the properties remains, which was also observed in the 
measured mechanical properties (see Fig. 6). However, at higher temperatures (700-900ºC) flow 
softening occurred, which can be seen as bending of the alpha laths in the microstructure, Fig. 7, 
through plastic deformation. This phenomenon has been observed previously in the Ti-64 alloy [32, 33]. 
In addition, it was also noticed that the TiB precipitates in the boron modified variants of Ti-64 
fractured at all temperatures with the strain rates used, see Fig. 8. Others noted similar deformation 
behavior in Ti-64 alloys containing 0.05-1 wt% B [33-35], and Boehlert et al. [35] noted by in-situ 
tensile testing that TiB particles tend to fracture even below the yielding point of the matrix material.  
 
4.2 Mechanical behavior 
The compressive yield strength is approximately 15% higher at room temperature for both boron 
modified materials, as compared with the standard Ti-64. There is however no significant difference in 
yield strength between the two boron modified materials. At 500ºC the alloy with 0.11 wt% B still 
shows approximately 15% higher compressive strength as compared with the standard Ti-64, and the 
compressive yield strength of the 0.06wt%B modified alloy lies between the other two materials. At 
600ºC the compressive yield strength is almost the same in all three materials, Fig. 6.  
 
In α+β titanium alloys with lamellar structure, such as the Ti-64 variants in the current investigation, it 
is well known that the size of the α colonies is an important microstructural parameter that determines 
several mechanical properties such as yield strength and fatigue strength [36]. Hence the observed 
reduction in α colony size resulting from boron addition decreases the slip length and thereby increases 
the compressive yield strength. The effect of grain refinement on the compressive yield strength is 
observed up to ~500ºC, Fig. 6. In addition, the boron modified Ti-64 alloys show strain hardening 
behavior similar to the standard Ti-64 alloy, which has also been reported by Meester et al [22]. At 
600ºC the dynamic recovery effect gets stronger and at 700ºC takes over as the dominant parameter in 
preference to strain hardening. Dynamic recovery is the physical phenomenon in which the internal 
stresses that give rise to strain hardening are reduced by annihilation of dislocations [37]. Since 
dynamic recovery involves diffusion of atoms, this phenomenon is dependent on temperature and 
increases with increasing temperature. For the Ti-64 materials currently investigated dynamic recovery 
was apparent at 600ºC, seen by the flattening of all the compressive yield strength curves at this 
temperature in Fig. 6. 
 
From 700ºC and above, the compressive yield strength of all tested materials decreased after reaching 
the yield point, Fig. 6. This phenomenon is known as flow softening [38-39]. It is known that standard 
Ti-64 exhibits flow softening at temperatures between 700 and 900ºC, for which the reduction in the 
stress depends on both the strain rate and the temperature [24, 27, 28]. The strain rate dependence on 
flow softening was also confirmed in the current work, Fig. 9. Here it is evident that both the standard 
Ti-64 and the boron modified Ti-64 alloys exhibit flow softening at the lowest strain rate tested (0.001 
s–1). Similar findings were also reported by Sen et al. [33]. 
 
The compressive yield strength decreased with increasing temperature, which is also reported by others 
[24-28]. An interesting observation here however is that the compressive yield strength of the Ti-64 
with 0.0 wt% B, 0.06 wt% B and 0.11 wt% B were almost the same from a temperature of 800ºC and 
higher, even though the microstructure was significantly finer in the boron modified versions of Ti-64. 
In other words, it could be concluded that neither the grain refinement nor the presence of TiB needles 
in the microstructure of Ti-64 affects the high-temperature yield behavior. This is in agreement with the 
conclusions reported by Prasad et al [39] for Ti-64 alloys with different prior beta grain sizes.  
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In order to complete the analysis of the compression test results it should be mentioned that the 
compressive yield strength was found to increase with increasing strain rate and this includes both the 
standard Ti-64 alloy and the boron modified versions of Ti-64, Fig. 9. 
 
5. Conclusions 
The following conclusions can be drawn from the current work: 
 
Addition of 0.06 wt% B and 0.11 wt% B to cast Ti-64 leads to 

• Formation of TiB particles predominantly located in the prior beta grain boundaries; 
• Smaller prior beta grain size; 
• Smaller alpha colony size; 
• Shorter but thicker alpha lamellae; 

 
At room temperature the compressive yield strength increased by approximately 15% when 0.06 wt% B 
was added to the cast standard Ti-64 alloy. The main reason for this is the smaller alpha colony size. 
The strengthening effect of the finer microstructure in the boron modified Ti-64 versions diminishes at 
temperatures exceeding 500ºC.  
 
The TiB particles have a long thin shape and are brittle in nature and fractured during the compression 
tests. The brittleness of these TiB particles is a serious drawback for the potential use of these kind of 
materials in aerospace applications, but further investigations are required to explore the fatigue 
properties of this material before this risk can be neglected.  
 
The Foveapro software was proven to be a successful tool for quantification and measurement of the 
different microstructural features in titanium alloys. 
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Influence of Hydrogen Environment on the Mechanical Properties of Cast and 
Electron Beam Melted Ti-6Al-4V 
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1Division of Engineering Materials, Luleå University of Technology, S-97187 Luleå, Sweden 
2Department of Materials Technology, Volvo Aero Corporation, S-46181 Trollhättan, Sweden 
 
In order to save weight in a certain engine application the possibility of replacing the currently used material with cast Ti-6Al-4V is investigated here. The 
working environment for this particular engine part is pure hydrogen gas at high pressure. Therefore selected mechanical properties such as tensile and low 
cycle fatigue (LCF) in air and hydrogen atmosphere have been studied for cast Ti-6Al-4V. In addition to cast Ti-6Al-4V, the corresponding mechanical 
properties of a more recently developed additive manufacturing method, electron beam melting (EBM), is also investigated in hydrogen and compared with 
cast Ti-6Al-4V. Cast Ti-6Al-4V showed lower yield strength and lower ultimate tensile strength in hydrogen compared with air. However, no significant 
change in the ductility was observed. The LCF was significantly reduced in the hydrogen atmosphere, mostly at high strain range (≈ 2%). The EBM Ti-6Al-
4V in hydrogen showed higher yield strength, higher ultimate strength and higher ductility as well as improved fatigue life compared with cast Ti-6Al-4V 
under the same test conditions. Microstructural and fractographic characterization were also performed and the results are included.  
 
Keywords: hydrogen, titanium, tensile strength, ductility, fatigue, embrittlement, fractography 
 
1. Introduction 

Titanium alloys are known for their excellent strength to 
weight ratio and corrosion resistance in a wide range of 
environments1). However, it is well established that certain 
titanium alloys, including Ti-6Al-4V (Ti-64) are 
susceptible to hydrogen embrittlement at ambient 
conditions in high2) and low-pressure hydrogen3). The 
embrittlement observed in Ti-64 at low-pressure hydrogen 
has shown to be dependent on the microstructure.  

The aim of the present study was to explore selected 
mechanical properties of Ti-64 in hydrogen environment.  
 
2. Experimental Methods 
 
2.1 Materials investigated 

In the present study cast and electron beam melted 
(EBM) Ti-64 were investigated. Cast specimens were 
machined from commercially produced rings, which were 
hot isostatically pressed (HIP) at 899°C for 2 hours, 
followed by annealing at 843°C for 2 hours and then 
furnace cooling to below 538°C. EBM specimens were 
machined from bars manufactured using an ARCAM-A2 
equipment (Arcam AB, Sweden) followed by HIP at 954°C 
for 2 hours. 
  
2.2 Environment  

The test environments used were ambient air and pure 
hydrogen. For all hydrogen tests a pressurizing time of 
approximately 2 hours was necessary in order to reach the 
desired hydrogen pressure (150 bar) in the sealed test 
chamber. This means that the samples were exposed to 
hydrogen atmosphere under increasing pressure for up to 2 
hours before commencing the mechanical tests.  
 
2.3 Tensile testing 

Uniaxial tensile tests in hydrogen environment were 
performed according to ASTM E8 at ambient temperature. 
These tests were carried out on cylindrical specimens with 
a gauge length of 20 mm and a gauge diameter of 4 mm. 
The applied strain rate was 0.005 mm/mm/min. For 

comparison similar tests were also performed on cast and 
EBM Ti-64 in air.  
 
2.4 Low cycle fatigue testing 

Uniaxial LCF strain controlled tests in hydrogen 
environment were conducted according to ASTM E 606 at 
ambient temperature. The stress ratio was R=0 and the 
frequency was 0.5 Hz. The LCF specimens were 
manufactured with low stress grinding resulting in a 
surface roughness of 0.2 μm, with a gauge length of 16 mm 
and a gauge diameter of 6.3 mm. The strain ranges used 
were in between 0.5% to 2%. Similar LCF tests were also 
performed on cast Ti-64 in air. 

 
2.5 Microstructure and fractography 

Optical microscopy was used to examine the 
microstructure in cast and EBM specimens. Sample 
preparation was done using conventional metallographic 
techniques for titanium alloys, involving grinding, 
polishing, and etching using Kroll’s etchant.   

Scanning electron microscopy was used to investigate the 
fracture surfaces using JEOL JSM-6460LV operating with 
an accelerating voltage of 15kV.  

  
3. Results and Discussion 
 
3.1 Tensile properties 

The ultimate tensile strength (UTS) for cast Ti-64 was 
reduced by 4%, yield strength (YS) was reduced by around 
5% when tested in hydrogen. The ductility (i.e. reduction 
of area) was however not significantly reduced when tested 
in hydrogen. Similar observations for YS and ductility 
were also noticed for EBM material but UTS in EBM 
material was reduced by 11%, which is a larger decrease 
than for cast Ti-64. These results are shown in Figure 1. 

EBM material showed higher tensile properties (i.e. UTS 
and YS) both in air and hydrogen than cast Ti-64, whereas 
the ductility seemed to be the same (see Figure 1).  
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       Figure 1. Tensile properties (YS, UTS and ductility) of cast and EBM Ti-64 tested in air and hydrogen. 

3.2 LCF properties 
LCF properties for cast Ti-64 tested in air and hydrogen 

are represented using Δεt-Nf diagram (Figure 2), Δεt being 
the total strain range, and Nf the number of cycles to 
failure. It is observed that the LCF life is reduced for cast 
Ti-64 in hydrogen environment at strain ranges 1.0 - 2.0%. 
However, the LCF properties remained unaffected by 
hydrogen environment below 1.0% and therefore showed 
similar behavior both in hydrogen and in air.  

The EBM material showed significantly better LCF 
properties in hydrogen than cast material at all tested strain 
ranges (Figure 2). It should be noted however that only 
one test result at 2% strain exists for EBM material. 

 

 
 
 

Figure 2. LCF properties (Nf) of cast and EBM Ti-64 tested in hydrogen 
and cast Ti-64 tested in air. 

3.3 Microstructure and fractography 
The microstructural characterization showed that both 

cast and EBM Ti-64 exhibit a lamellar type of 
microstructure (Figure 3c,d). Cast Ti-64 is characterized 
by a coarse-grained structure due to the long time at high 
temperature associated with the casting process (Figure 
3a). Compared with the EBM material the microstructure 
in the cast Ti-64 consists of coarser prior β grains, thicker 
grain boundary α, higher aspect ratio of α laths and larger α 
colonies (Figure 3a,b). 

The mechanical properties of titanium alloys are strongly 
dependent on the microstructure1). Normally in engineering 
materials it is the grain size that is the most important 
microstructural parameter affecting the mechanical 
properties, such as the tensile and fatigue strengths. In Ti-
64 it is the α colony size, which is the most important 
microstructural feature, influencing the yield strength and 
LCF strength4).   

The reason why the yield strength of Ti-64 is mainly 
influenced by the α colony size is because the size of the α 
colony limits the effective slip length4). This explains the 
current results in which the yield strength of the cast Ti-64 
was found lower than the EBM Ti-64 material (Figure 1). 
In addition, EBM Ti-64 shows higher UTS than cast Ti-64 
(Figure 1) in both air and hydrogen environment. This is 
also due to the smaller prior β grains and α colony size 
(Figure 3d) in EBM Ti-64, which decreases the effective 
slip length.� The reduction in prior β grain size, which 
decreases the α colony size, could provide resistance to 
hydrogen diffusion and thus hydrogen embrittlement. 

 

 
 
 

Figure 3. Microstructure of Ti-6Al-4V in different conditions; (a,c) cast, 
(b,d) EBM, (c-d) higher magnification images of (a) and (b) respectively. 
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The LCF life (Nf) of cast Ti-64 was significantly reduced 
at strains above 1.0% in hydrogen atmosphere when 
compared with air, but at lower strains this difference 
diminished. In order to understand the reasons for this 
several fracture surfaces were investigated (Figure 4). The 
fracture surface features appeared similar in both air and 
hydrogen i.e. faceted (Figure 4a,b). It was difficult to 
distinguish between crack initiation site, crack propagation 
zone and the border to the final fracture area, especially for 
cast Ti-64 material. This difficulty has been noted in earlier 
work by others5). In the current work it can however be 
seen that the scale of the fracture surface features are all 
related to the size of the prior β grains and α colonies. This 
yields for specimens tested in both air and hydrogen 
environment, compare Figure 3a with Figure 4a,b. 
 

 
 
 

Figure 4. SEM fractographs of LCF specimens tested at a total strain of 
2% (a,d) cast Ti-64 tested in air (b,e) cast Ti-64 tested in hydrogen and 
(c,f) EBM Ti-64 tested in hydrogen. (d-f) magnified images of the areas 
highlighted by boxes in (a-c). The arrows indicate the direction of fatigue 
crack propagation.  

 
A large effort was invested in trying to locate striations 

on the fracture surfaces because these could help in 
explaining the effect of hydrogen. However, striations were 
only found in a few cast samples tested in air (below 1.4% 
strain) and one EBM sample (hydrogen at 2% strain).  
Because of the limit of striations found in this investigation 
no correlation was possible between striations and 
environmental effect on fatigue properties. Figure 5 shows 
the representation of the striations found on fracture 
surfaces of cast and EBM Ti-64. 

In addition to the fracture surface investigations, crack 
path profiles of both cast and EBM Ti-64 specimens were 
examined. It is observed that the degrading effect of 
hydrogen atmosphere on the fatigue life was most severe 
for the specimens tested with the highest strain, therefore 

only crack path profiles of these specimens were 
investigated (Figure 6). In order to get the crack path 
profile along the crack propagation area each specimen was 
carefully sectioned and ground until reaching the crack 
initiation area which was located at the surface of all 
investigated samples (marked with boxes in Figures 4a-c). 

In cast Ti-64, the crack propagation in the LCF specimen 
tested in air seems to follow the interface between either 
two α colonies or the interface between an α colony and a 
prior β grain boundary (Figure 6a). The crack propagation 
in the cast Ti-64 specimen tested in hydrogen follows the 
interface between grain boundary α and α colonies (Figure 
6b). However, the crack propagation in EBM Ti-64 
material follows a much more serrated path as compared 
with cast Ti-64 (Figure 6c). The reason for this is the 
smaller α colony size in the EBM Ti-64 material. This 
explains the difference in fatigue life between the cast and 
EBM Ti-64 tested in hydrogen (Figure 2).  

 

 
 
 

Figure 5. SEM fractographs showing the striations formed in (a) cast Ti-
64 in air and (b) EBM Ti-64 tested in hydrogen. The images are taken in 
the vicinity of the crack propagation area. The arrows indicate the 
direction of fatigue crack propagation. 
 

The crack path profiles of cast Ti-64 specimens tested in 
air and hydrogen appear similar, where the cracks seem to 
follow along the interface between α colonies and the 
interface between prior β grain boundaries and α colonies 
(Figure 6a,b). Thus, the effect of hydrogen environment 
does not seem to change the fatigue crack propagation path 
through the microstructure in the cast Ti-64 material. 
Consequently there must be some other phenomena that 
could explain the dramatic drop in LCF life occurring when 
tested with high strain in hydrogen environment, but not 
for low strains. 

Since hydrogen is known to diffuse easily within the β 
phase, a microstructure with long continuous β phase 
would lead to enhanced hydrogen diffusion into the 
material as compared with a microstructure where the 
existing β phase is less continuous3,6,7). In Ti-64, the 
amount of retained β phase existing in the material at 
equilibrium is only about 5-10% at RT8). The cast Ti-64 
material in the present study consists of a complete 
Widmanstätten type of microstructure with large α 
colonies, where each colony is built of parallel α lamellas. 
Most of the retained β phase that exist will be found lying 
between the α lamellas in these α colonies. If the α colony 
size decreases, so will the continuous β phase as well, and 
thus the rate of hydrogen diffusion through the β phase into 
the material will also decrease. In the present study this 
means that the diffusion of hydrogen into the EBM Ti-64 
material should be less than the diffusion into the cast Ti-



�
	�

64 material, because of the significant smaller α colonies in 
the microstructure of the EBM Ti-64 material. 

 

 
 
 

Figure 6. Crack path profiles along the crack propagation area of (a) cast 
Ti-64 tested in air (b) cast Ti-64 tested in hydrogen and (c) EBM Ti-64 
tested in hydrogen. The arrows indicate the direction of the fatigue crack. 

 
The observed LCF life dependence on strain range 

(Figure 2) could be explained by one of two common 
theories behind hydrogen embrittlement in titanium alloys. 
These two theories are hydrogen enhanced localized 
plasticity9) (HELP) and stress induced hydride formation10). 
The theory behind HELP explains that hydrogen atoms 
diffuse into the material and concentrate at the crack front 
leading to an increase in local stress at the crack tip. This 
enhances the local plastic deformation and crack 
propagation as a result of an externally applied load9-12). At 
high stress intensity the crack propagation rate is faster 
than the time necessary for hydrides to form at the crack 
front, therefore HELP here becomes the responsible crack 
propagation mechanism. However, below a certain 
threshold value of the stress intensity the time for hydride 
formation will be sufficient and the crack will then 
propagate through repeated formation and cleavage of 
these hydrides11). The formation and decomposition of 
stress induced hydride cracking is often claimed to be the 
main mechanism for hydrogen embrittlement in α+β 
titanium alloys3,7). 

However, in the present study it has not yet been possible 
to prove which one of the two embrittlement mechanisms 
that dominate. 
 

4. Conclusions 
Based on the results found in the present study the 

following conclusions could be made: 
1) Both the yield strength and the ultimate tensile strength 
were decreased in hydrogen for both cast and EBM Ti-64.  
2) Tensile ductility (reduction of area) was not affected by 
the hydrogen environment. 
3) The EBM Ti-64 material showed higher tensile strength 
as well as LCF properties compared with cast Ti-64, both 
in hydrogen environment and in air. 
4) The LCF properties were significantly reduced for cast 
Ti-64 at high strains in hydrogen when compared with air. 
For low strains however, the LCF life in hydrogen 
environment was similar to air. 
5) The α colony size is the most important microstructural 
feature affecting tensile and fatigue properties in hydrogen 
atmosphere.  
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